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Abstract

Electron Energy Loss Spectroscopy (EELS) is a powerful spectroscopic technique that has
been used for some decades by scientists and engineers to perform material analysis. It is
based on the measurement of the loss in kinetic energy of electrons which interact with a
sample; the energy loss distribution that then emerges is characteristic for the sample being
studied. It is measured with a magnetic prism spectrometer, which separates electrons with
a difference in kinetic energy based on the Lorentz force they are experiencing.

In this thesis, a new technique of performing EELS, called Time-of-Flight Electron Energy
Loss Spectroscopy (ToF-EELS) is presented; the aim of the project was to give a proof-of-
principle of this technique by building a setup and acquiring a time-of-flight EELS spectrum,
which gives the number of electrons as function of their energy loss.

The motivation for setting up and investigating such a new technique is because magnetic
prism spectrometers are generally quite expensive (∼ 100 k euro) and the energy resolution
of spectrometers in state-of-the-art transmission electron microscopes is limited to approxi-
mately 0.1 eV (after adding a Wien filter as monochromator).

The technique solves the issue imposed by the expensive spectrometer by making use of
miniaturized microwave TM110 cavities instead. These are small metallic resonators which
contain time-changing electromagnetic fields, and were developed in an earlier project on
ultrafast electron microscopy. In this project, they were used for the following two reasons:
(1) to create ultrashort picosecond electron pulses without loss of beam quality, and (2) to
separate electrons with a difference in kinetic energy due to sample interactions, based on
their time-of-flight.

The research method that has been used is as follows. Firstly, two microwaves cavities
have been characterized to see if they are suitable for performing Time-of-Flight EELS. Sec-
ondly, a test beamline was built to characterize the electron microscope / beam and electron
detector used. Thirdly, a beamline was set up to generate ultrashort electron pulses at a
high repetition rate (∼ 3 GHz) and to measure the energy loss spectrum of a monocrystalline
graphite sample. This spectrum was compared to a reference spectrum to demonstrate the
feasibility of Time-of-Flight EELS.

The main findings of this project were that the microwave cavities present at the beginning
had some major issues regarding their design / robustness, and could therefore not be used.
Consequently, two new cavities had to be designed. Characterization of these cavities showed
that these cavities performed much better and were suitable for the ToF-EELS experiment.

Secondly, it was demonstrated that ultrashort electron pulses with a temporal pulse
length of 3 ± 1 ps could be generated. This was done by focusing the continuous electron
beam of a 30 kV scanning electron microscope in the center of a cavity with a magnetic field
of 1.4± 0.2 mT and by placing a 10µm slit at 10 cm behind it. Comparing the pulse length

iii



with the theoretical value of 2.4 ps, shows that these values match well.
Thirdly, a proof-of-principle for performing ToF-EELS was given. It was shown that

an energy loss spectrum of a graphite sample could be acquired, with an energy resolution
of ∼ 13 eV and a characteristic peak at ∼ 25 eV. This peak corresponds to excitation of
plasmons in graphite, which was verified by measuring the energy loss spectrum with a
spectrometer in a 200 kV transmission electron microscope.

Finally, some recommendations have been made for future work: the energy resolution
of the setup should be improved (e.g. by decreasing the pulse length), the setup should be
made more flexible to work with, and a grid fully covered with sample material should be
used for a better quantitative comparison of a ToF-EELS spectrum with a reference spectrum.

Keywords: Electron energy loss spectroscopy, microwave cavities, electron microscopy,
time-of-flight, ultrashort electron pulses
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1
Introduction

Modern electron microscopes have a good spatial resolution, but are quite limited from a
time-perspective. In section 1.1 we will give some background information about this and
we will see how the time scale of ultrashort, subpicosecond processes can be achieved with
electron pulses instead of a millisecond limited camera. Creating electron pulses will be the
motivation for the topic of this project: that is, a completely new way of performing Electron
Energy Loss Spectroscopy (EELS). In section 1.2 we will discuss what EELS is. Finally, the
goal of this project and the outline of this thesis will be given in section 1.3.

1.1 Exploring the fourth dimension
The spatial resolution of microscopes has improved significantly since the first microscopes.
For optical microscopes, this resolution is limited by the Abbe diffraction criterion to approx-
imately 200 nm. The discovery of the electron by J.J. Thomson in 1897, and its associated
wave-nature, by L. De Broglie in 1924, have led to a ’newer’ generation of microscopes, in
which electrons are used instead of light: the transmission electron microscope (TEM), in-
vented by Ernst and Ruska in 1931, and the scanning electron microscope (SEM), invented
some time later. Although these first electron microscopes had a worse, or hardly a better
resolution than optical microscopes, they can – in principle – acquire a much higher res-
olution. This is because of the small De Broglie wavelength of electrons compared to the
wavelength of light. For example, in the 30 kV SEM that is used in the project described in
this thesis, the wavelength of electrons is 7 pm; this is much smaller than the wavelength λ
of light in the best optical microscopes (for which λ ≈ 550 nm).

Nevertheless, the spatial resolution of today’s electron microscopes is not limited by the
De Broglie wavelength of electrons, but mainly by spherical and chromatic aberrations in
electron lenses. In 1936, German physicist Otto Scherzer published a theorem about this
[1]. This theorem states that these aberrations are fundamentally unavoidable when dealing
with static rotationally symmetric electron lenses free of any space charge. As a consequence,
the resolution of electron microscopes is limited to approximately 100 times the wavelength
of electrons. Since then, several attempts to bypass this limitation have been investigated,
basically by working around the earlier mentioned assumptions in Scherzer’s theorem. An
example of this is the use of resonant microwave cavities as electron lenses. This was among
others investigated by Oldfield in the 1970s [2]. Because microwave cavities can contain a

1



1. Introduction

time-dependent field instead of a static field, Scherzer’s theorem does not apply to them.
Consequently, resonant microwave cavities can be used for the correction of both spherical
and chromatic aberrations. Another more recent example to bypass Sherzer’s theorem was
the work done in the Transmission Electron Aberration-corrected Microscope (TEAM) project
[3]. This project started in 2004 as a collaboration between four US laboratories1 and two
companies2, in order to improve the resolution of electron microscopes. Around 2009, the first
TEAMmicroscope was completed. This electron microscope, a modified FEI Titan operating
at 80 kV or 300 kV, contained two hexapole-type correctors for spherical aberrations; it was
able to obtain an impressive spatial resolution of 0.5 Å.

In addition to the improvements achieved with the spatial resolution of electron micro-
scopes, considerable progress has also been made with the temporal resolution. The temporal
resolution in conventional electron microscopy is defined as the smallest amount of time an
electron-sensitive material is exposed to electrons for recording, i.e. the shortest possible ex-
posure time. Historically, images were recorded with a photographic film that was typically
exposed to electrons for a few seconds [4]. With the advent of the semiconductor industry
in the second half of the 20th century this has changed quite a bit: photographic films have
largely been replaced by charge-coupled device (CCD) cameras and dedicated data acquisi-
tion hardware with computers operating them. With CCD cameras on modern TEMs, it has
become possible to make videos of processes with a temporal resolution of milliseconds. This
can, for example, be used to study the dynamics of crystallographic defects in deforming
metals [4].

Nevertheless, a lot of interesting dynamical phenomena in biology, chemistry and physics
occur on timescales much shorter than milliseconds. An example from biology is the folding of
peptides and small proteins [5, 6]. These molecules play an essential role in living organisms
and their function is highly dependent on their structure. Both peptides and proteins can
undergo conformational changes as a result of electrostatic Coulomb interactions between
their constituents – amino acids. For peptides and small proteins, such changes can take
place at timescales of nanoseconds up to several microseconds.

Another example of an ultrashort process is that of several phase transitions in physics.
Crystal-to-liquid phase transitions, for instance, can occur on timescales ranging from mi-
croseconds down to femtoseconds, with the actual time depending on the melting mechanism
(thermal or non-thermal melting) [7].

From the above, it may be clear that the conventional TEM has a good spatial resolution,
but that is still quite limited from a time perspective. This is mainly due to the large exposure
time of many cameras (∼ ms) compared to the time scale of the process of interest (� ms).
Therefore, in order to study the dynamics of ultrashort phenomena, a completely different
approach is required: a way of capturing events that is independent of the video rate or
exposure time of the camera, but without the loss of spatial resolution. Two solutions for
this that have been presented in the past are the stroboscopic approach (or single electron
approach) and the single shot approach. In both methods, pulses of electrons are emitted from
the source of the microscope and used for imaging, instead of a continuous beam of electrons.
In the single shot approach, on the one hand, a pulse contains a lot of electrons (several orders
of magnitude as we will see in a moment) and an image of a process is obtained with a single

1Argonne National Laboratory, Frederick Seitz Materials Research Laboratory (Urbana), Lawrence Berke-
ley National Laboratory and Oak Ridge National Laboratory

2FEI Company and CEOS GmbH
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1.1. Exploring the fourth dimension
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Figure 1.1: Pump-probe experiment in time-resolved electron microscopy: a pump pulse
(laser pulse) induces a non-equilibrium state in a sample at time t and the dynamics is
captured with a probe pulse (electron pulse) at time t + ∆t. By controlling the time delay
∆t, several moments can be recorded and a video of a dynamical process can be made.

shot. In the stroboscopic approach, on the other hand, a pulse contains on average one or
a few electrons. The idea is that by repeating the experiment with a lot of pulses at a high
repetition rate, the same image can be acquired as with many electrons in one shot.

The time of the emission of electrons with respect to a specific time of the dynamical
process is controlled in such a way that these two are correlated. This can be done in the
following way. First, one laser pulse induces a non-equilibrium state in a sample at time t.
Next, a second laser is pointed at the electron source of the microscope. This laser sends
a pulse to the electron source that generates a pulse of electrons by photoemission, with a
temporal pulse length τ comparable to the laser pulse length (see figure 1.1). This pulse
arrives at a time t + ∆t at the sample and captures the dynamics of the process at that
specific time. By precisely controlling the time delay ∆t, several moments of a process can
be recorded. When these moments are combined, a video of the dynamics of the process can
be constructed. This is analogous to optical and x-ray pump-probe experiments in which
a laser pulse is used to initiate the dynamics of a process (’the pump pulse’) and another
laser pulse to record the dynamics (’the probe pulse’) a time interval ∆t later. The main
difference is that the second laser pulse has been replaced by an electron pulse. This has the
advantage that a much higher spatial resolution can be achieved than in optical and x-ray
pump probe experiments, which are limited by the Abbe diffraction criterion. For pump-
probe experiments in optical microscopy the resolution is limited to approximately 200 nm
(as mentioned before) and for x-ray microscopy this is roughly one order of magnitude lower,
i.e. 20 nm.

Some pioneering work with the single shot approach was done at the Technische Univer-
sität Berlin by the group of Bostanjoglo et al [4]. They modified an existing 80 kV electron
microscope by operating its conventional tungsten thermionic emitter as a photoemission
gun, so that it would be able to carry out single shot pump-probe experiments. A Nd:YAG
laser (λ = 266 nm) in their setup is used to generate electron pulses at the photoemission
gun with a temporal resolution of 3− 10 ns. An image – or snapshot – of a sample is made
with a CCD camera, containing an electron sensitive phosphor material. In order to make

3



1. Introduction

Cathode-drive laser

Hydro-drive laser

Laser-pulse-
driven photo-
electron cathode

Sample
location

Electrostatic
Beam shifter

CCD camera
system

(a) DTEM at
Lawrence Livermore
National Laboratory
[8]

photocathode
FEG

accelerator

electron optics

specimen

electron optics

EELS Spectrometer

CCD
prism

DC
TC

delay line

fs IR
 la

ser

scattered beams

zero-loss beam

(b) UEM-2 at Caltech [9]

Figure 1.2: Time-resolved electron microscopes

a clear image on the camera, approximately 100 electrons per pixel are needed. This means
that for a CCD camera with a typical pixel array of 1k by 1k pixels, roughly ~108 electrons
per pulse are required. In case an image of a diffraction pattern is made, this can be less
(∼ 104 electrons/pulse), because all electrons are concentrated in a smaller amount of pixels.

Nevertheless, a lot of electrons get lost in the condenser lens of a TEM and in order
to obtain a better signal-to-noise (SNR) ratio, an amount of 108 electrons per pulse for
diffraction patterns, and possibly even more for real-space images is needed. This shows some
disadvantages of the single shot method. Firstly, the electron source has to be able to generate
very large currents. For an amount of 108 electrons in a pulse of 10 ns (with elementary charge
∼ 10−19 C), the source has to emit currents of milliamperes. A conventional thermionic
emitter is not able to generate such large currents; hence, this is why it needs to be operated
as a photoemission gun. Secondly, because of the large number of electrons in a small spatial
volume, electrons start to feel electrostatic Coulomb repulsions from other electrons. This is
the so called space charge effect and it widens the pulse and ultimately limits the resolution
in both space and time. For the microscope of Bostanjoglo, this means that the spatial
resolution was only as good as 200 nm; comparable with the resolution of the best optical
microscopes.

Some improvement on the single shot method was done by LaGrange et al. at the
Lawrence Livermore National Laboratory (LLNL) in California in 2006 and 2008 [10, 11].
They built a so called Dynamic Transmission Electron Microscope (DTEM), a device which
is quite similar to the photoemission microscope of Bostanjoglo (see figure 1.2a). By carefully
choosing microscope components and optimizing the parameters for the trade-off between
spatial and temporal resolution, they were able to reduce the influence of the space charge
effect; LaGrange has shown that their DTEM is capable of obtaining a spatial resolution
< 10 nm, at a just slightly longer pulse length of 15 ns. With this, pump-probe experiments
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1.1. Exploring the fourth dimension

of rapid irreversible (and reversible) processes can be performed. Examples are the laser-
induced nanolayer mixting in reactive multilayer foils (RMLFs) [11] and the crystallization
of amorphous nickel titanium films [12].

One way to work around the resolution issues imposed by the space charge effect, is by
using the stroboscopic approach instead of the single shot approach. As mentioned earlier,
the stroboscopic approach makes use of on average one or a few electrons per pulse. Hence,
electrons do not have Coulomb interactions with other electrons, and the space charge effect
is effectively absent.

Pioneering work with the stroboscopic approach was done by the group of Ahmed Zewail
at the California Institute of Technology. They have built two generations of electron mi-
croscopes that use the principle of single-electron imaging for the studies of rapid structural,
morphological and mechanical dynamics. The group called these microscopes ultrafast elec-
tron microscopes, with ’ultrafast’ referring to the new field of Ultrafast Electron Microscopy
(UEM). This field is – according to Zewail – defined as the field in electron microscopy
of subpicosecond time resolution, with at the same time a spatial resolution better than
∼ 50 nm.

The most recent version of electron microscope the group has built is the UEM-2 (see
figure 1.2b). This is a 200 kV TEM, containing a field emission gun (FEG) assembly with
a lanthanum hexaboride (LaB6) emitter as electron source. The gun can be operated as
either thermionic emitter or photocathode emitter, depending on the application. In order
to make a train of ultrashort electron pulses at the photo-emission source, a femtosecond
laser is used. This is a diode-pumped Yb-doped fiber oscillator (λ = 1030 nm) that produces
optical pulses of 200 fs to 10 ps, at a repetition rate from 200 kHz to 25 MHz. Optical pulses
from the laser are also used as pump-pulses to initiate a non-equilibrium state in the sample.
In order to make a single image, a train of approximately 108 electrons is needed. This all
assumes that the process can be pumped and probed many times, without the sample being
destroyed. Hence, the process being studied has to be reversible.

The spatial resolution that was obtained with the UEM-2 is 3.4Å. This was demon-
strated by Barwick et al. in the real-space imaging of graphitized carbon, that had a lattice
separation of the same distance [13]. The temporal resolution of the UEM-2 microscope is in
the femtosecond domain. It depends on the following two times for single-electron imaging:
(1) the temporal length of the optical pulse from the fs laser, and (2) the time associated
with the energy spread of electrons after being photoemitted from the electron source. For
the 200 kV UEM-2 microscope (with energy spread ∼ 1 eV), it can be calculated that both
times have an equal weight in the temporal resolution, see e.g. [14].

Examples of applications of UEM are the studies of metal-insulator phase transitions in
vanadium dioxide, the transformation of amorphous silicon from the liquid to the crystalline
phase and the direct visualization of the dynamics of nanoelectromechanical systems.

Another interesting application of UEM, that is related to the project described in this
thesis, is ultrafast time-resolved Electron Energy Loss Spectroscopy, done by Zewail in 2009.
Electron Energy Loss Spectroscopy (EELS) is a spectroscopic technique that has been used
by many scientists and engineers over the last decades for the study of material properties. A
sample of a material is analyzed with a continuous beam of electrons in a microscope and, as
a result, a static spectrum of the material is obtained. This spectrum is characteristic for the
material being studied. The group of Zewail has showed for the first time, that by creating
a pulse train of electrons, it is also possible to acquire a sub-ps time-changing spectrum of
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1. Introduction

a material, showing some features that cannot be resolved with conventional EELS. More
details about Zewail’s experiment can be found in [15].

At the group of Coherence and Quantum Technology (CQT) at the Eindhoven University
of Technology we are interested in developing a technique called Time-of-Flight EELS (ToF-
EELS), a potentially powerful new method for doing EELS. This technique uses some of
the features of stroboscopic imaging, such as creating a train of femtosecond electron pulses.
When combined with a femtosecond laser to pump a sample, it also becomes possible to do
ultrafast time-resolved EELS, like the group Zewail. Before all possibilities and the method
of ToF-EELS itself are being discussed, a brief introduction on conventional Electron Energy
Loss Spectroscopy will be given (section 1.2). After that, the scope of the project described
in this thesis will be defined (section 1.3).

1.2 Electron energy loss spectroscopy
As already discussed in the previous section, Electron Energy Loss Spectroscopy (EELS) is
a spectroscopic technique that is extensively used for the analysis of physical and chemical
properties of solids. It is often implemented as a feature of a modern transmission electron
microscope and with this technique, local information about e.g. the chemical composition,
thickness of the sample and information about mechanical and electronic properties can be
obtained. An example of an application will be given at the end of this section.

The technique behind Electron Energy Loss Spectroscopy works in the following way
[16, 17]. A monochromatic beam of electrons is pointed at a sample being studied. As soon
as the electrons hit the atoms in the sample, they can interact with them, and possibly
transfer a part of their kinetic energy during the interaction. The following two types of
interactions can occur: elastic scattering and inelastic scattering: in the case of elastic
scattering, the kinetic energy of the electron will (almost completely) be conserved and in
the case of inelastic scattering, kinetic energy will be lost to the sample.

The energy loss after scattering is usually measured with a magnetic prism spectrometer
(see bottom part figure 1.2b). This is a device that basically consists of a large electromagnet
with a uniform magnetic field. The incoming electrons experience a Lorentz force due to the
field and are typically bent under an angle of 90 degrees. For a given field, the radius of
bending depends on the velocity of incoming electrons. A smaller velocity corresponds to
a smaller bending radius. Hence, electrons that lose energy as a result of scattering can be
separated by a magnetic prism spectrometer based on having different kinetic energies. In
addition, the spectrometer also has a focus action. Electrons coming from an object point
that enter the magnetic spectrometer at different angles are all brought together in an image
point behind the spectrometer.

Magnetic prism spectrometers are nowadays often an integral part of a transmission
electron microscope. They are often combined with a CCD camera with a scintillator material
to convert incoming electrons into a light signal for the camera. Because electrons with a
different kinetic energy arrive at different positions on the CCD camera, information about
the energy loss can be obtained by reading out the signal strength on each position on the
camera. With this, an electron energy loss spectrum can be calculated (see figure 1.3a). This
spectrum contains the number of electrons as function of the energy loss and is characteristic
for a material.
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1.2. Electron energy loss spectroscopy
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Figure 1.3: Electron energy loss spectrum of two different specimen

An energy loss spectrum contains several features that reveal information about physical
properties or the chemical composition of the sample being studied. On the left side of the
spectrum the zero loss peak is visible. The zero loss peak corresponds to electrons that did not
lose any measurable kinetic energy. These are the electrons that scattered elastically through
the sample, but also electrons that did not scatter at all. Also phonons, quasiparticles that
represent modes of vibrations, are present in the zero loss peak. The reason for this is that
the energy loss that corresponds to a phonon excitation is typically in the order of meV. This
is not within the current measurable energy range of an EELS setup in a TEM.

At the right of the zero loss peak, inelastically scattering corresponding to outershell
electrons (conductance or valence) is visible in the spectrum. This typically occurs within a
region of a few tens of electronvolts and gives one peak (or more than one peak in a thicker
sample). The most important peak is because of the excitation of a plasmon. As we will see
in chapter 2 the excitation can be understood by the creation of a plasmon with an energy
E = ~ωp and hence this is visible as a peak in the spectrum. When a thicker sample is used,
i.e. a sample with a thickness larger than the mean free path of the inelastical scattering
process, multiple peaks can been seen in the spectrum. Each higher peak then occurs at
a multiple of the plasmon energy. This happens because the likelihood of scattering more
then once is larger for a thicker sample and is therefore related to the free mean path of the
scattering process.

At higher energy losses, features in the loss spectrum due to the inelastical scattering of
innershell electrons can been seen. A sudden edge in the spectrum is related to an ionization
threshold; the energy loss then corresponds to the binding energy of electrons. With the
ionization edges, an analysis can be made of which chemical compounds are present in a
material.

The energy resolution in an EELS setup in a TEM is determined by aberrations of the
magnetic prism spectrometer and how monochromatic the electron source is. Aberrations
can be almost completely eliminated by curving the polepieces of the spectrometer and using
weak multipole lenses for finetuning. This makes the resolution mainly depend on the energy
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spread of the electron source. A thermionic emitter such as tungsten and LaB6 filament have
a typically energy spread of 2.5 eV and 1.5 eV, respectively. For a field emission gun this
is slightly less: around 1.0 eV for a warm and 0.25 eV for a cold FEG. When the source
is combined with a monochromator such as a Wien filter, the energy spread can even be
reduced to around 0.1 eV, making this the energy resolution for EELS in a TEM setup.

There are many applications for EELS. One application of EELS from the semiconductor
industry is the determination of the bandgap energy in semiconductors. In a study done by
Park et al. in 2009, the direct bandgap energy of silicon oxide (SiO) was measured [18]. A
direct transition only occurs when an amount of energy equal to or more than the bandgap
energy is supplied to the electrons that have to overcome the bandgap. This gives a sharp
rise to the spectrum at the energy loss that corresponds with the bandgap energy. Park
was able to measure this for SiO films with different thickness and by determining the cross
points from the spectrum to be at 8.9 eV for SiO (see figure 1.3b).

1.3 Scope of this thesis
As discussed in the previous section, conventional Electron Energy Loss Spectroscopy is a
powerful spectroscopic technique to perform material analysis. It has been used extensively
by many scientist and engineers over the last decades, often as an integral part of a TEM
setup. However, EELS also has some disadvantages. The magnetic prism spectrometer used
to separate electrons with a different kinetic energy is quite expensive. A typical price of
such a spectrometer is in the order of 100k euro. Another disadvantage is the resolution limit
for TEM-EELS. As we saw in the previous section, this is around 0.1 eV.

In this thesis a completely new way of performing Electron Energy Loss Spectroscopy is
presented; the goal is to make a setup that acts as a proof-of-principle for doing Time-of-Flight
EELS experiments. It solves the issue imposed by the expensive magnetic spectrometer by
making use of miniaturized microwave cavities instead. These are small hollow boxes of metal
with time-changing electromagnetic fields inside and were developed in an earlier project by
A. Lassise [19]. Here we use these cavities for the following two reasons. Firstly, to create
a train of ultrashort, picosecond electron pulses in a stroboscopic way, without significant
loss of beam quality. Because this is done without the use of a cumbersome laser, a high
repetition rate (∼ 3 GHz) can be obtained. Secondly, to separate electrons with different
kinetic energies, based on their time-of-flight; hence, it replaces the expensive spectrometer.

The outline of this thesis is as follows. In chapter 2 the theory about RF cavities and
how cavities influence the dynamics and quality of an electron beam is discussed. With this
in mind, the theoretical principles behind Time-of-Flight Electron Energy Loss Spectroscopy
(ToF-EELS) will be explained. In chapter 3, the characterization and design of the RF
cavities will be discussed. There are two types of cavities: cavities that were present during
an initial stage of the project, and a new type of cavity that has been developed during the
project. The latter one has, as we will see in this chapter, some major advantages over the
first one and is therefore currently being used. In chapter 4, an overview of the experimental
setup for initial experiments and the current setup for ToF-EELS experiments will be given.
In the subsequent chapters – chapter 5 and 6 – the experiment done and results obtained
with these setups will be explained. These results include pulse length measurements and
obtaining an EELS spectrum. Finally we will end in chapter 7 with conclusions and some
recommendations for future work.
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2
Theory

Time-of-Flight Electron Energy Loss Spectroscopy (ToF-EELS) is a new way of performing
EELS, as was discussed in the Introduction. At the heart of this technique are miniaturized
microwave TM110 cavities. In section 2.1 the theory of these cavities will be described. This
includes a description of the electromagnetic fields, the dissipation of energy stored by the
fields and how a field can be coupled to a cavity. In section 2.2 we will see what this means
for the dynamics of an electron beam passing through a cavity and we will look at how TM110
cavities can be used to create ultrashort electron pulses. With this in mind, the principle of
Time-of-Flight EELS will be explained (section 2.3).

2.1 Microwave cavity theory
2.1.1 Electromagnetic fields
Consider an ideal cylindrical cavity with radius R, perfectly conducting walls, and a lossless
medium with permittivity ε and permeability µ (see figure 2.1). In order to find possible
solutions for electromagnetic fields inside the cavity, the Maxwell equations can be used; they
give, in combination with proper boundary conditions, a complete description of the possible
field configurations inside this geometry.

These field configurations are called modes. They are represented by patterns of standing
waves inside the cavity. For a cylindrical cavity geometry, either the magnetic field, or the
electric field along the z-direction for a mode is always zero. We call these modes transverse
magnetic (TM) if this is the case for the magnetic field, and transverse electric (TE) is
this is true for the electric field. When both the electric and the magnetic fields along the
z-direction are zero, then such a mode is referred to as transverse electromagnetic (TEM).

Modes are characterized by three integer numbers: l, m, and n. They represent different
standing wave solutions; l, m and n are the number of nodes of these waves in the θ-, r -
and z-direction, respectively. If we want to refer to a mode, then the integers are usually
added as a subscript to the particular mode. For example, in case of a transverse mode this
is written as TMlmn. For TE and TEM modes this is equivalent.

In this thesis, we are particularly interested in one kind of mode because of its physical
properties. This mode is the TM110 mode, or sometimes called the transverse magnetic
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Figure 2.1: Cylindrical cavity with length d and radius R. The cavity is filled with a medium
with permittivity ε and permeability µ. Electrons (e−) travel in the z-direction through the
cavity.

dipole mode. The non-zero field components of this mode in cylindrical coordinates are given
by the following equations [20]:

Ez(r, θ, z, t) = 2B0
ω0

k
J1(kr) cos(θ) cos(ω0t) (2.1)

Br(r, θ, z, t) = 2B0

k

J1(kr)
r

sin(θ) sin(ω0t) (2.2)

Bθ(r, θ, z, t) = 2B0

k

∂J1(kr)
∂r

cos(θ) sin(ω0t) (2.3)

where B0 is the magnetic field amplitude, Jn(kr) is the n-th order Bessel function, k = ω0
√
εµ

the wavenumber and ω0 the angular frequency of the electromagnetic waves. Figure 2.2 shows
a cross section of a cavity with the TM110 mode and illustrates how the electric and magnetic
fields look. As we can see from this figure, this mode has a longitudinal electric field E which
is zero on the z-axis and has a strong transverse magnetic field B along this axis.

Let us now assume that an electron with velocity v = vz ẑ enters the cavity and propagates
in the z-direction. Close to the z-axis, i.e. when r � R, the first order Bessel function and its
derivative in equation 2.2 and 2.3 can be approximated by: J1(kr)/r ≈ ∂J1(kr)/∂r ≈ k/2.
The magnitude of the electric field amplitude E0 in that case is, by definition, related to the
magnetic field according to E0 ≡ 2B0/

√
εµ. Furthermore, it is also assumed throughout this

thesis that the magnetic field on the z-axis is along the y-direction. The non-zero magnetic
field along the z-axis in Cartesian coordinates is then given by:

By(t) = B0 sin(ω0t+ ϕ) (2.4)

were we have introduced the phase ϕ as the phase of the magnetic field at time t = 0. For an
electron beam propagating in the z-direction, this means that the electrons inside the beam
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z

x

Figure 2.2: Cross section of the cavity with the electric field (left) and magnetic field
(right) of the transverse magnetic dipole mode. Notice that both fields do not depend on
the z-coordinate.

will experience a Lorentz force

F = −e(v×B)
= evzB0 sin(ω0t+ ϕ)x̂ (2.5)

in the cavity, with e the elementary charge, due to the presence of the transverse magnetic
field. Consequently, electrons will get deflected in the transversal plane, but they will not
get accelerated.

The angular frequency ω0 of the electromagnetic field in the cavity can be determined
from the boundary conditions. At the boundary of the cavity, that is when r = R, the
electric field in the cavity has to be zero for perfectly conducting walls. From equation 2.1
we can see that this is the case if and only if the first order Bessel function is zero at r = R.
This yields:

ω0 = 1
√
εµ

x11

R
= c
√
εrµr

x11

R
(2.6)

with c the speed of light in vacuum (c = 1/√ε0µ0), εr the relative permittivity defined
by εr ≡ ε/ε0 with ε0 the permittivity of free space, µr the relative permeability defined by
µr ≡ µ/µ0 with µ0 the permeability of free space and xij the j-th root of the i-th order
Bessel function (x11 ≈ 3.8317).

Let us now also assume that µr ≈ 1, which is true for most materials [21]. From equation
2.6 we can then see that the angular frequency only depends on R and εr of the medium
inside the cavity; by replacing the medium inside a cavity by a medium with a higher relative
permittivity without changing its dimensions, the angular frequency will decrease.

Alternatively, if we choose to fix the angular frequency, then we will have the freedom
to lower the radius of the cavity at an increase of the relative permittivity. This degree
of freedom has been used in the past to design miniaturized cavities by adding dielectric
material (with εr > 1) to a vacuum cavity (which has the smallest possible εr = 1). For
a non-ideal cavity, this leads to a significant reduction of power losses its metallic walls.
However, it also comes at the price of power losses to the dielectric material. Therefore, in
order to reduce the total power consumption, a dielectric with low losses has to be selected,
as we will see in the next section.
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2. Theory

2.1.2 Power loss, energy storage and quality factor
In the last section, we assumed an ideal cylindrical TM110 cavity with perfectly conducting
walls and a lossless medium. However, this is far from realistic. A real cavity generally has
a lossy medium and metallic walls with a finite conductivity. Because of this, some of the
energy of the electromagnetic fields inside the cavity will be dissipated, and the cavity will
require a constant feed of power. The quality factor (or Q-factor), defined by

Q ≡ ω0U

Ploss
(2.7)

is a common measure for this. It is the ratio of time-averaged energy U stored by the
electromagnetic fields in the cavity to the amount of power Ploss lost per cycle, by dissipation.
The larger the Q-factor for a given frequency, the less the amount of energy that is dissipated.
Hence, a larger Q-factor corresponds, in terms of energy loss, to a better performing cavity.

In order to calculate the quality factor for the TM110 cavity, we are now going to evaluate
the different contributions to equation 2.7. The time-averaged stored energy can be calculated
analytically by taking the following integral of the electric and magnetic fields over the cavity
volume:

U = 1
2

˚

vol

(
ε |E|2 + 1

µ
|B|2

)
dV

= πdB2
0R

2

µ
J2

0 (kR) (2.8)

with d the length of the cavity.
One cause for the power loss in equation 2.7 is due to Ohmic heating in the metallic

cavity walls. The magnetic field, with the field components given by equation 2.2 and 2.3,
generates a surface current Jwalls = µ−1n̂×B on the walls with n̂ the surface normal. This
surface current leads, because of the finite conductivity of the metal, to dissipation of power
by the walls [20]:

Pwalls = Rs
2

‹

walls

|n̂×B|2

µ2 dA

= 2πRB2
0Rs

µ2 (d+R)J2
0 (kR) (2.9)

with Rs ≡ 1/(σwδw) the wall resistance, σw the conductivity and δw the penetration
depth of the metallic walls. The depth that is commonly taken as penetration depth of
electromagnetic fields inside the walls for calculating power loss, is the skin depth, given by:
δw =

√
2/(µwσwω0), with µw the permeability of the metallic wall.

As we can see from equation 2.9, the power loss to the walls depends on the radius of
the cavity. By adding dielectric material to a vacuum cavity, the radius of the cavity can be
decreased and consequently the power loss will be less. However, adding dielectric material
comes at a price of power loss due to dissipation of the electromagnetic fields inside the
dielectric material. This is the second contribution to the power loss in eqn. 2.7.
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2.1. Microwave cavity theory

In order to calculate these losses, let us now treat the permittivity ε of the dielectric
medium as a complex permittivity ε ≡ ε′ − iε′′, with the real part related to the stored
energy and the imaginary part to the loss of energy to the cavity medium. The amount of
power that is dissipated by currents in the dielectric medium is [19, 22]:

Pdiel = 1
2ω0ε

′′
˚

diel

|E|2 dV

= πω0B
2
0c

2ε′′dε0R
2

ε′
J2

0 (kR) (2.10)

Only in the case the medium is a vacuum, the assumption of a lossless medium from the
previous section is still valid. In that case, there is no power loss and hence, Pdiel = 0.

We are now able to calculate the quality factor for each individual loss mechanism from
equation 2.7. The quality factor related to the dissipation of power in the walls of a cavity
with a lossless medium is:

Qwalls = 1
δw

µ

µw

1
( 1
d + 1

R )
(2.11)

For a cavity with perfectly conducting walls, but loaded with a lossy dielectric medium,
the quality factor is:

Qdiel = ε′

ε′′
= 1

tan(δ) (2.12)

with tan(δ) the loss tangent, a common measure for the dissipation of energy to the lossy
dielectric material for a given electromagnetic field. From equation 2.12 we can see that a
small loss tangent corresponds to a better Q-factor for the dielectric material. Equivalently,
the ratio ε′′/ε′ is less, meaning that the power loss to the dielectric is less.

Finally, the total quality factor of a TM110 cavity with a lossy dielectric and walls with
a finite conductivity can be calculated:

1
Qtot

= 1
Qdiel

+ 1
Qwalls

= tan(δ) + δw
µw
µ

(
1
d

+ 1
R

)
(2.13)

where the inverse additive property of the quality factor on the first line follows from the
definition of the quality factor (equation 2.7).

To summarize, by taking a dielectric material with a large εr and adding it to a vacuum
cavity, the radius of the cavity can be decreased and consequently, the power losses to the
walls will be less. We have now seen that, if this dielectric also has a low loss tangent, then the
power lost to the dielectric material is only small. In a previous project on UEM, A. Lassise
has shown that this can be used to significantly reduce the total power consumed [19]; he
demonstrated that it was possible to reduce the power consumption of a zirconium titanate
(ZiTiO4) loaded cavity operating at 3 GHz to less than one tenth of the power consumption
of that of a vacuum cavity. In chapter 3, this design, some disadvantages, and also a new
cavity design will be discussed in more detail.
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2.1.3 Mode coupling
As discussed in section 2.1.1 a TM110 mode is one of the possible solutions for modes that
fit in a cylindrical cavity. Such a mode is, however, not on forehand present. It needs to be
excited with an antenna (or waveguide) that couples RF power into the cavity. This can be
done with, for example, a linear antenna or a loop antenna.

To understand how this works, a field expansion of the electric and magnet field in a
cavity can be made, in terms of all possible modes that can be excited:

Eeiωt =
∑
∀n

enEne
iωt (2.14)

Beiωt =
∑
∀n

bnBne
iωt (2.15)

In these equations bn and en are the complex electric and magnetic field amplitudes of a mode
n and Bn and En their corresponding eigenfunctions, satisfying the Maxwell equations and
boundary conditions inside a cavity. Because the coupling of a mode n depends on the
magnitude of its amplitudes bn and en, we are interested in deriving an expression for them.
We will, however, not do the derivation here; an extended derivation can be found in literature
[23, 24]. The result for the complex amplitude bn and en for a small coupling region yields:

bn ≈ c1 P ·En + c2 M ·Bn (2.16)
en ≈ c3 P ·En + c4 M ·Bn (2.17)

with c1 to c4 proportionality constants, depending on among others the quality factor of
mode n, and P and M the electric and magnetic dipole moments generated by the antenna
(the coupler).

In case of a linear antenna, for example, there is no magnetic dipole moment (M = 0)
and the field in the cavity is coupled electrically. The amount of coupling then depends on
the inner product of the electric dipole moment P and the electric field En in the coupler
region. Because P depends on the length of the antenna [21], the amount of coupling can be
changed by changing this length.

For a loop antenna, the opposite is true (P = 0) and the field is coupledmagnetically. The
amount of coupling in that case depends on the inner product of the magnetic dipole moment
M generated by the loop and the magnetic field Bn through the loop region. Changing the
orientation of such a loop therefore changes the amount of coupling.

Another way to understand coupling is with the help of an electronic circuit analogy, see
figure 2.3. In this circuit, the cavity is represented by a parallel RLC circuit. The resistance
R represents the power losses in the cavity. These are the power losses due to dissipation
in the walls (eqn. 2.9) and due to dissipation in the dielectric (eqn. 2.10). The inductance
L and capacitance C correspond to the energy stored in the cavity (eqn. 2.8 for a TM110
cavity), with L representing the magnetic stored energy and C the electric stored energy.

It can be shown from equations 2.16 and 2.17, that the coupler (the antenna) can be
modeled as a transformer with turning ratio n [24], with n depending on the length or
orientation of an antenna. The transformer is connected to a power amplifier with an internal
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Figure 2.3: Equivalent electronics circuit of a cavity with an RF power coupler

resistance Rext that supplies RF power to the cavity. This is done via a transmission line
with characteristic impedance Z0 (typically Z0 = 50 Ω).

Let us now assume that the internal resistance of this power amplifier is matched to the
characteristic impedance of the transmission line, i.e. Rext = Z0. The impedance of the
cavity, as seen by the power amplifier then is:

Zcav,ext = Zcav/n
2 (2.18)

We can now define a quantity β as the ratio of the amount of power Pext dissipated by
the load of the power amplifier to the amount of power dissipated in the cavity:

β ≡ Pext
Pcav

= <{Zcav,ext}
Z0

= R/n2

Z0
(2.19)

This quantity is generally known as the coupling coefficient; it is a measure for the amount
of power transferred to the cavity.

Three regimes for the coupling coefficient can be distinguished: 0 < β < 1 and β > 1,
which imply undercritical and overcritical coupling respectively, and β = 1, which implies
critical coupling. The latter case (β = 1) is the one we prefer. In that case the cavity
impedance R/n2 as seen by the power amplifier is matched to the impedance of the power
amplifier Z0 and the power transfer to the cavity is maximal. Equivalently, from network
theory we can then calculate the voltage reflection coefficient Γv at resonance, as seen by the
power amplifier:

Γv = β − 1
β + 1 (2.20)

and we see that there are no reflections for β = 1, as expected. In chapter 3 we shall use
this parameter Γv, which can be measured with a network analyzer, as a tool to optimize
coupling with antennas to our cavities.

2.1.4 Field perturbations
In this section, two ways of perturbing the electromagnetic fields inside the cavity are dis-
cussed: a bead and tuning stub. The perturbation with a bead is used to measure the
magnetic field inside the cavity (section 2.1.4.1). A tuning stub can be added to a cavity in
order to tune the cavity to the desired frequency if the resonance frequency slightly deviates
from it (section 2.1.4.2).
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2.1.4.1 Bead

In order to obtain information about the field profile in a cavity, we can apply the bead-
perturbation method as introduced by Maier and Slater in 1952. For a cavity on resonance,
the stored magnetic and electric energy are in balance. If, however, a small perturbation is
applied to a cavity, this balance will be disturbed and consequently, there will be a shift in
frequency until the balance is restored. Maier and Slater showed that for a small spherical
metallic bead perturbing the fields inside the cavity, the relative shift in frequency is [25]:

∆ω
ω0

= −πr
3

U

[
ε0E

2
0 −

1
2µ0

B2
0

]
(2.21)

with ∆ω ≡ ω−ω0 the frequency shift, ω the perturbed angular frequency, ω0 the unperturbed
angular frequency, r the radius of the metallic sphere, U the stored energy in the cavity given
by equation 2.8, and B0 and E0 the magnetic and electric field amplitudes.

From equation 2.21 we can notice the direction of the frequency shift: an increase in
frequency corresponds to a magnetic field and a decrease is related to an electric field.

In general, both the electric and magnetic fields contribute to the frequency shift and it
is not possible to distinguish the contribution from the electric field amplitude and magnetic
field amplitude with only a metallic bead. However, for a TM110 cavity, this is possible due
to our analytical knowledge of the fields inside the cavity: from equation 2.1 we can see
that there is no electric field on the z-axis. Hence, a shift in frequency along the z-axis is
proportional to the square of the magnetic field:

∆ω ∝ B2
0 (2.22)

The bead-perturbation method can be used to measure the field profile on different po-
sitions along the electron trajectory, i.e. the z-axis. However, a metallic stub alone does not
give conclusive information about if this is the right mode, only an indication. As we shall
see in chapter 3, it is still possible to have a mode that is not the TM110 mode, but one that
has a magnetic field and no electric field on the z-axis.

2.1.4.2 Tuning stub

A second way to perturb the fields inside the cavity is by introducing a tuning stub. The
tuning stub is a screw containing a dielectric of metallic material that can be inserted into the
side of the cavity to tune its resonance frequency ω0. When the stub is inserted, the effective
volume of the medium in the cavity changes and consequently, the resonance frequency
changes. With a dielectric stub, the frequency decreases and with a metallic stub, the
opposite happens.

A tuning stub can be used in case a cavity does not operate at the desired frequency due
to small fabrication errors. In this project, for example, this gives an extra way of tunability
to synchronize two cavities in frequency to perform Electron Energy Loss Spectroscopy (see
chapter 3). More information about the range of tunability, supported with simulations, can
be found in earlier work, see [19].
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2.2. Beam dynamics

2.2 Beam dynamics
In section 2.2, the theory regarding TM110 cavities was discussed. In this section, we will
look at the implications for the dynamics of a beam passing through this cavity. Firstly, the
principle of making electrons pulses (also called chopping) is qualitatively explained (section
2.2.1). Secondly, the trajectories of electrons passing through the cavity will be discussed
(section 2.2.2). With these equations, an equation for the pulse length and streak length can
be derived (section 2.2.3). Finally, emittance and energy spread – measures for the beam
quality – will be described (section 2.2.4).

2.2.1 Principle of chopping
A dielectric loaded TM110 cavity can be used to create ultrashort pulses of electrons. The
principle is schematically shown in figure 2.4. From the left, a continuous electron beam from
an electron microscope enters the cavity. When the cavity is turned on, electrons in this beam
experience a time-dependent magnetic field, given by equation 2.4. As a consequence, the
electrons in the beam will be streaked in the transversal plane. To maximize this streak, the
cavity length can be chosen such that the length equals half the period of the magnetic field
in the cavity:

d = vzπ

ω0
(2.23)

with d the length of the cavity in the z-direction and vz the longitudinal velocity of electrons.
When a slit is now placed at a certain distance behind the cavity, only some electrons

from the streak will pass through. As a result, a train of ultrashort electron pulses can be
created. This is an alternative way to generate ultrashort electron pulses, contrary to the
cumbersome pulse generation by photoemission with a laser, as discussed in the Introduction.
This way, a high repetition rate of pulses can be achieved, equal to the resonance frequency
ω0 of the cavity. However, because pulses are generated twice a period, there will be two
groups of electron pulses, each under a slightly different angle. Consequently, pulses within
each group are separated at an angular frequency of 2ω0.

Figure 2.4: Principle of chopping. An electron beam gets streaked by a TM110 cavity. By
placing a slit behind a cavity, only certain electrons will pass through. As a result, a pulse
train of electrons is generated.
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Figure 2.5: The dimensionless position x/x0 of electrons with a different entrance phase
ϕ as function of the dimensionless time t/tf due to streaking of the cavity. The cavity is
located on the interval t/tf ∈ [−1, 1]. The dotted lines correspond to the solid lines shifted
π radians in phase.

2.2.2 Electron trajectories
In the last section, the general principle of electrons being streaked in the transversal plane
by the cavity was qualitatively explained. In this section we are going to calculate the
momentum and the trajectories of the electrons from a beam passing through the TM110
cavity. For simplicity, we assume the center of the cavity to be placed at z = 0, having a
magnetic field given by equation 2.4 and the length d from the previous section. Since the
longitudinal velocity vz of the electrons is much larger than their transversal velocity vx, we
will approximate the velocity of the electrons by vz = z/t and let an electron enter the cavity
at time t = ti = − 1

2π/ω0 at a position xi and with a divergence x′i = vx/vz. The electron
leaves the cavity at time t = tf = −ti = + 1

2π/ω0. The phase ϕ in equation 2.4 then defines
the magnetic field strength at time t = 0 in the center of the cavity. We will refer to this
phase as the entrance phase of an electron. By integrating the Lorentz force (equation 2.5)
an electron experiences, the transversal momentum px in the cavity as function of time and
phase can be acquired:

px(ϕ, t) =
ˆ t

ti

B0evz sin(ω0t+ ϕ)dτ + px,i

= p0 (cos(ω0t+ ϕ)− sin(ϕ)) +mevzx
′
i for t ∈ [ti, tf ] (2.24)

with p0 ≡ −B0evz/ω0 and px,i = mevzx
′
i, the momentum of an electron entering the

cavity and me the rest mass of an electron.
A second integration with respect to time gives the position x of electrons:

x(ϕ, t) = x0
(
cos(ϕ)−

( 1
2π + ω0t

)
sin(ϕ) + sin(ϕ+ ω0t)

)
+x′ivz(t− ti) + xi for t ∈ [ti, tf ] (2.25)
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with x0 ≡ −B0evz/(meω
2
0). In figure 2.5, the transversal position of an electron with no

initial divergence is shown for different phases. We can clearly see that an electron experiences
a maximum deflection for a phase ϕ = 1

2π, and minimum deflection in case ϕ = 0.

2.2.3 Pulse and streak length
Now that the trajectories of electrons moving through a cavity are known, we can derive an
expression for the temporal pulse length of pulses generated by a slit. Let us assume for this
a slit is placed at a distance ` behind a cavity with length d. The slit has a width s and is
placed at a position a from the optical axis. Electrons that leave the cavity at time t = tf
will then arrive at the slit at time t = tf + `/vz, and only electrons that arrive at a position
a− 1

2s < x|t=tf +`/vz
< a+ 1

2s will pass through the slit.
In order to maintain the beam quality, we will focus the electron beam in the center

of the cavity. This will be explained in the next section in more detail. In addition, we
will also take the non-zero divergence of the electron beam into account, which causes the
beam to have a finite spot size σ at the position of the slit. This is illustrated in figure 2.6.
The figure shows an electron beam with radius ri when entering the cavity. It is focused
in the center of the cavity and being deflected by it, with the deflection depending on the
cavity’s entrance phase ϕ. From a certain minimum entrance phase until a certain maximum
entrance phase, electrons will pass through the slit, and electron pulses are generated. This
range of phases is indicated by ∆ϕ in figure 2.6 and is a direct measure of the temporal pulse
length τ ≡ ∆ϕ/ω0.

The minimum value of ϕ for which electrons go through the slit can be found from an
electron entering the cavity at position xi = +ri and that passes the slit at x = a + 1

2s
and the maximum value of ϕ can be found from an electron entering the cavity at position

cavity

slit

s

2ri

ℓ

seff

d

z

x

σ12

σ12

Δφ

Figure 2.6: Schematic used for the derivation of the temporal pulse length τ . An electron
beam is focused in the center of the cavity and deflected by it, with the amount of deflection
depending on the cavity’s entrance phase ϕ. From a certain minimum phase until a certain
maximum phase, electrons will pass through the slit and electron pulses are generated. This
range of phases is indicated by ∆ϕ in the figure, and is a direct measure for the pulse length
τ ≡ ∆ϕ/ω0.
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xi = −ri and that passes the slit at x = a− 1
2s.

This gives the range of phases ∆ϕ and hence, the temporal pulse length τ . In appendix
A.1, this derivation of the temporal pulse length is done. The result yields:

τ ≡ ∆ϕ
ω0

= 1
ω0

[
arccos

(
ξ
(
a− 1

2seff
))
− arccos

(
ξ
(
a+ 1

2seff
))]

(2.26)

with:

ξ(x) = x√
4x2

0 + (πx0 + 2` p0/pz)2
(2.27)

and pz the momentum of electrons propagating in the longitudinal direction, given by pz =
mevz, and seff the effective slit width due to the divergence of the electron beam. The effective
slit width is given by:

seff = s+ σ = s+ 2 (r′i`+ ri) (2.28)

with r′i = 2ri/d, the magnitude of the divergence of an electron with entering position
±ri focused in the center of the cavity.

Due to the non-zero divergence of the beam, or equivalently its spot size σ at the slit,
electrons from a larger phase interval ∆ϕ will go through the slit, compared to a zero-
divergence beam. This is equivalent to the situation of a zero-divergence beam going through
a slit with the slit width s replaced by the effective slit width seff, as was shown in figure 2.6.
It also shows an important result: if the slit width s is small compared to the beam spot size
at the slit (i.e. s � σ), then decreasing of the slit width will have no effect on decreasing
the temporal pulse length τ , because the pulse length will then be solely limited by the spot
size σ.

The temporal pulse length as function of the position of the slit is illustrated in figure
2.7. From this figure, we can see, that the pulse length is minimal for a slit placed on the
z-axis at a = 0 (for which ϕ ≈ 0) and only rapidly increases at slit positions corresponding
to entrance phases of ± 1

2π of the electrons. With the given parameters in figure 2.7, we can
see that pulses of ∼ 2.4 ps can be made.

In case the slit is placed around x = 0 and the distance ` between the cavity and slit
is taken large enough compared to the cavity length d, then it can be shown (see appendix
A.2) that the former expression for the temporal pulse length can be simplified to:

τ = seffme

2`B0e
(2.29)

The above expression resembles the expression for the temporal pulse length found in
earlier work [19], but with the slit width s replaced by the effective slit width seff, so that
the beam divergence also has been taken into account. This shows another important result:
increasing the distance ` between the slit and cavity cannot be used to make the pulse length
τ arbitrarily small because it is ultimately limited by the divergence r′i of the beam:

τ = lim
`→∞

seffme

2`B0e
= r′ime

B0e
(2.30)
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Figure 2.7: The temporal pulse length τ as function of the position a of a slit. The
parameters taken were: B0 = 1.4 mT, f0 = ω0

2π = 3.0 GHz, ` = 10 cm, r′i = 5 × 10−4,
s = 10µm, vz = 9.8× 107 m/s. These resemble a realistic beam scenario, as we will see in
later chapters. The minimum is located at a = 0 and is 2.4 ps.

Calculating this limit for the parameters given in the example of figure 2.7 shows that ` was
already chosen quite well in the example; the 2.4 ps pulses found in figure 2.7 approach the
calculated limit of 2.2 ps closely. Increasing ` therefore does not significantly decrease the
temporal pulse length.

Finally, in order to determine the magnetic field B0 in equation 2.29 a streak can be
made on a detector placed at a distance ` behind the cavity. The magnetic field B0 in the
cavity then follows from the streak length χ according to [19]:

B0 =
(meω0

4`e

)
χ (2.31)

which follows from the evaluation of the position x of electrons on the detector for both the
entrance phase ϕ = ± 1

2π.

2.2.4 Emittance and energy spread
In the last section, the argument of focusing in the cavity was used for the derivation of an
expression for the temporal pulse length. This has to do with the conservation of the beam
quality, as we will see in a moment.

Two common measures for the beam quality are the normalized transverse root-mean-
squared (RMS) emittance εn,x of the beam when considering the transverse direction, and
the energy spread σU when considering the longitudinal direction. The normalized transverse
RMS emittance, on the one hand, is given by:

εn,x ≡

√
〈x2〉 〈p2

x〉 − 〈xpx〉
2

mec
(2.32)

with
〈
x2〉 =

〈
(x− 〈x〉)2〉, 〈p2

x

〉
=
〈
(px − 〈px〉)2〉 and 〈xpx〉 =

〈
(x− 〈x〉) (px − 〈px〉)

〉
. The

normalized transverse emittance is a measure for the beam parallelism and therefore the
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focusability of a beam; a lower transverse emittance corresponds to a better focusable beam.
The energy spread, on the other hand, is given by:

σU ≡ vzσpz
= vz

√
〈p2
z〉 (2.33)

and tells us how monochromatic the beam is; a lower energy spread corresponds to a more
monochromatic electron beam.

When an electron beam enters and leaves a TM110 cavity, there will be a growth in
emittance and energy spread. In the previous project on UEM, it was shown that in order
to minimize both of these growth mechanisms, the beam needs to be focused in the center
of the cavity [19]. Hence, this was the motivation for us in the previous section: by focusing
a beam in the center of the cavity the beam quality is being conserved.

2.3 Physics of EELS
In the first chapter of this thesis, a brief introduction on EELS was given. It was explained
that electrons could interact with a sample and as a result, could lose a part of their kinetic
energy. In this section, we will look a bit more into the details of the physics behind the
interactions of electrons with the sample. We will briefly discuss elastic scattering, inelastic
scattering and plasmon excitations (section 2.3.1); this is relevant for a better understanding
of an EELS spectrum. We will also do some basic calculations of the angles of scattering,
in order to show that these are generally very small and that we therefore do not need to
worry about this with the implementation of the ToF-EELS setup. With that in mind, we
will discuss the theoretical principles of Time-of-Flight EELS (section 2.3.2).

2.3.1 Electron scattering
When an electron beam hits a sample, there are two types of interactions that can occur.
These are elastic scattering, in which an electron does no lose (any significant amount of)
kinetic energy, and inelastic scattering, in which kinetic energy from the electron is transferred
to the sample.

Let us now first consider the case of elastic scattering. In this case, electrons are attracted
by the Coulomb potential of the atomic nuclei. If an electron approaches a nucleus very
closely, the interaction strength of the potential is large and the electron gets deflected under
a large angle. This type of scattering is known as Rutherford scattering, because the angular
distribution of the electrons is similar to the angular distribution that Rutherford calculated
for the scattering of alpha particles.

However, most electrons do not closely approach the nucleus and are only deflected by a
small angle. The width θe of the angular distribution that electrons get deflected by can be
estimated from scattering theory [16]:

θe ≈
Z1/3λ

2πa0
(2.34)

In this equation, Z is the atomic number, λ is the De Broglie wavelength of the incident
electrons and a0 is the Bohr radius (a0 = 5.29× 10−11 m). For example, for 30 kV electrons

22



2.3. Physics of EELS

Figure 2.8: Possible processes that can occur due to inelastic scattering of an incident
electron with an atomic inner-shell or outer-shell electron. Image was taken from [17].

and a sample with carbon atoms (Z = 6) the angular width θ ≈ 38 mrad = 2.2 ◦. Hence most
incident electrons that scatter elastically are only deflected by a small angle by a sample.

In the case of inelastic scattering, electrons approaching the sample have an interaction
with the atomic electron from the sample, and consequently, they lose a part of their kinetic
energy to them. Depending on the material, the interaction can be explained in one of the
following two ways [17]. It can be described in terms of an excitation of an atomic electron
to a Bohr level with a higher quantum number, or in terms of a higher energy level in energy
band theory. In the latter case, the following processes can occur (see figure 2.8):

1. The incident electron excites an innershell electron. Because unoccupied electron states
only exists above the Fermi level EF , an energy amount comparable to or more than
the Fermi level is needed to accomplish this. After de-excitation, energy is released in
the form of electromagnetic radiation (x-ray) or the energy is absorbed by an outer
electron which then gets ejected (Auger emission).

2. The incident electron has an interaction with an outershell electron. The outershell-
electron gets excited. For a semiconductor or insulator, on the one hand, a transition
between the valence and conduction band can occur. A certain amount of energy is
then needed to overcome the band gap energy Eg. In the case of a metal, on the
other hand, the electron gets excited to a higher energy level in the same band or a
higher band, depending on the number of free states in an energy band. In both cases,
energy is released during de-excitation in the form of electromagnetic radiation (visible
spectrum) or radiationless (as heat).

A special case of inelastic scattering are plasmon excitations. When an incident electron
comes close to a weakly bound outershell electron, the outershell electron experiences a
repulsive Coulomb interaction. As a result, the outershell electron gets a bit displaced and a
region of net positive space charge is formed just behind the incident electron. If the speed
of the incident electron is large enough (i.e. larger than the Fermi velocity vF of the atomic
electron), then the atomic electrons behind the incident electron react oscillatory to the
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incident electron. They will form a trail with regions of positive and negative charge behind
the fast moving incident electron. These oscillations represent longitudinal waves and are
also known as plasmon wake oscillations. In terms of quantum physics, the excitation can
be described by the creation of a pseudoparticle called a plasmon. This pseudoparticle has
an energy E = ~ωp with ~ the reduced Planck constant and ωp the plasma frequency, given
by:

ωp =

√
ne2

m∗ε0
(2.35)

with n the number density of outershell electrons, e the elementary charge (e = 1.602×
10−19 C), m∗ the effective mass and ε0 the permittivity of free space (ε0 = 8.85×10−12 F/m).
During the creation of a plasmon, the incident electron loses an amount of energy. The reason
for the loss is that a region of net positive charge behind the incident electron has an attractive
force on the incident electron. Therefore, the electron gets decelerated and loses some of its
kinetic energy. This is equivalent to the creation of a plasmon with energy E = ~ωp. For a
lot of these electrons, this is visible as a peak in the energy loss spectrum, at the right of the
zero-loss peak (see figure 1.3a).

Most inelastically scattered electrons get, just like elastically scattered electrons, deflected
by small angles. From scattering theory the angular distribution can be estimated again.
For electrons arriving at a sample and losing an amount of energy E, the width θi of the
angular distribution of the scattered electrons is given by [16]:

θi = E

2γT (2.36)

with γ the Lorentz factor and T the non-relativistic kinetic energy of incident electrons,
i.e. T = 1

2mv
2. For the earlier given example of 30 kV electrons, and an energy loss of 60 eV,

the angular width θi = 1.0 mrad = 0.059 ◦. This demonstrates that inelastically scattered
electrons get deflected over even smaller angles than elastically scattered ones. Hence, for
most scattered electrons, the direction with respect to their initial direction is hardly changed;
they almost travel in a straight line through a sample.

2.3.2 Time-of-Flight EELS
So far, we have given an introduction of EELS, in chapter 1, and scattering, in the previous
section. We also discussed the theory of microwave cavities (section 2.1) and how cavities
can be used to make ultrashort electron pulses (section 2.2). Now, all the theory will be
brought together to discuss the topic of this thesis: Time-of-Flight Electron Energy Loss
Spectroscopy.

For this, consider the setup illustrated in figure 2.9. This setup schematically shows the
principle of Time-of-Flight EELS and can be divided into three parts: a chopping part, a
drift space and a streaking part. We will now see what happens in each part.

The first part is chopping part. A continuous monochromatic electron beam from an
electron microscope is focused in the center of a TM110 cavity. The electrons in the beam
are being streaked by the cavity. By placing a slit behind the cavity, only some electrons
in the streak will pass. Consequently, ultrashort electron pulses can be generated, as was
already discussed in section 2.2.1.
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slit sample TM110 cavityTM110 cavity detector

Figure 2.9: Principle of Time-of-Flight Electron Energy Loss Spectroscopy

The second part of the setup is the drift space. In this part of the setup, the sample being
studied is located. Electrons in pulses coming from the slit can interact with the sample.
As a consequence, they can lose part of their kinetic energy and typically get scattered over
very small angles with respect to the z-axis, as was explained in the previous section. The
drift space ensures that electrons with different velocities will have different arrival times at
the second TM110 cavity, which is located in the third part of the setup.

This third part is the streaking part. Here electrons with different velocities will be
separated by a second TM110 cavity according to their time-of-arrival or equivalently, their
time-of-flight. A different time-of-flight corresponds to a different entrance phase in the
cavity. As a consequence, electrons with different energies will be deflected on a different
position on a detector. Hence, the second cavity is used to separate electrons with a different
kinetic energy; it replaces therefore the expensive magnetic spectrometer as was discussed in
the Introduction.

The energy resolution that can be obtained with this setup, can be estimated by the
difference in time-of-arrival at the second TM110 cavity between electrons that lost a certain
amount of kinetic energy to the sample and electrons that did not. In appendix B, this
calculation is done for electrons moving at relativistic speeds. However, since the differences
in velocities between electrons are relatively small, we can treat the energy differences classi-
cally to a good approximation. In that case, the energy resolution ∆E that can be obtained
with the setup (as a ’rule of thumb’) becomes:

∆E ≈ 2τ
t0
E0 (2.37)

with E0 the kinetic energy of electrons in the electron beam, and t0 = Ld/v0, with Ld
the drift length between the sample and second TM110 cavity and v0 the velocity of electrons
coming from the electron microscope. For the earlier given temporal pulse length τ = 2.4 ps,
a 30 keV electron beam and a drift length Ld = 1.4 m, this gives: ∆E ∼ 10 eV as energy
resolution.

So far, we discussed the general principle of ToF-EELS. We did not mention any technical
details of the setup, such as beam optics and other experimental conditions (RF equipment,
vacuum conditions, etc). In chapter 4 these conditions will be described in more detail. First,
however, the design and characterization of the TM110 cavities that have been used for this
project will be discussed. This is done in the next chapter.
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3
Cavity design & characterization

In this chapter, the design and characterization of the TM110 cavities used for Time-of-Flight
EELS will be discussed. There are two types of cavities that have been used throughout this
project: cavities that were present during an initial stage, and a new type that has been
designed during this project. In figure 3.1, both cavity types are shown.

The first type of cavities are made of copper. Their design is based on the design of a
TM110 cavity from an earlier project on Ultrafast Electron Microscopy [19]. In section 3.1,
we will briefly discuss the two copper cavities that were produced for this project. We will
describe the determination of the TM110 mode to see if the cavities are suitable for ToF-
EELS. We will also discuss some new insights gained regarding to coupling of RF power.

Nevertheless, there are some major issues with these cavities. This was the motivation
for the design of a new type of cavity during this project. These have an aluminum housing
and have some notable advantages over the first ones and are therefore currently being used
in the ToF-EELS setup. In section 3.2, we will discuss the design (improvements) and
characterization of this new type.

All the cavities have been designed to work at a resonance frequency of 3 GHz. This
arbitrary frequency has been chosen for its simplicity and good and cheap RF equipment
available at this frequency. In addition, 3 GHz is the 40-th harmonic of 75 MHz; it can
therefore be used to extend the setup with a 75 MHz titanium-sapphire laser that pumps a
sample to do time-resolved EELS, as was discussed in the Introduction.

As dielectric medium, zirconium titanate (ZrTiO4) has been used. This is a ceramic
material with a high relative permittivity (εr ≈ 33) and a low loss tangent (tan δ = 5.5×10−5)
at 3 GHz [19], making it ideal to create miniaturized cavities with low dielectric power loss.

(a) Copper cavity (b) Aluminum cavity

Figure 3.1: Two types of cavities that have been used throughout this project. The stub is located
at the left side, the antenna at the right side and the beam goes through a hole in the center.
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3. Cavity design & characterization

3.1 Copper cavities
3.1.1 New insights
For the ToF-EELS project two new copper cavities have been produced that are based on
a cavity from an earlier project. We will refer to these new cavities as cavity 1 and 2. The
cavity from the previous project will be called cavity 0 throughout this thesis.

All the cavities have a inner length d = 16.4 mm according to equation 2.23 in order to
maximize the streak for electrons coming from a 30 kV scanning electron microscope (SEM).
Their inner radius is around 10 mm to fix the frequency at 3 GHz according to equation 2.6.

The excitation or coupling of a TM110 mode is done with a loop antenna from one side of
the cavity, which couples power magnetically to the cavity. By changing the turning angle of
the loop with respect to the cavity field, the amount of coupling is changed, as was discussed
in section 2.1.3. However, initial measurements showed that the amount of coupling with
the present loop antennas was not optimal. For cavity 1, for example, more than 20% of
the input power into the cavities was reflected, regardless of the turning angle. In addition,
the amount of coupling of cavity 1 and 2 changed irreversibly under different temperature
conditions and by opening and closing the cavity several times.

Therefore, in order to understand the coupling better and to optimize coupling, a number
of loop antennas with increasing loop area have been produced. For these antennas, the
magnitude of the voltage reflection coefficient Γv was measured as function of the loop
turning angle α with a network analyzer. The results of these measurements are shown in
figure 3.2a on a semi-logarithmic scale with loop antenna 1 the antenna with the smallest
loop area and loop antenna 3 the one with the largest area.

The measurements show that the amount of coupling, or equivalently, the amount of
reflection depends on both the loop area and the turning angle of the antenna. For a larger
loop area, the antenna has to be turned under a larger turning angle, in order to achieve the
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(a) Measurement for antennas with different
loop areas, with antenna 1 the smallest and
antenna 3 the largest.
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Figure 3.2: Magnitude of the voltage reflection coefficient Γv as function of the turning
angle α for different loop antennas, with α defined as the angle between the magnetic dipole
moment M of the loop and the magnetic field B in the cavity.
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cavity f1 (GHz) f2 (GHz) ∆f (MHz)
0 3.07 N/A 20
1 3.17 3.29 8
2 3.05 3.30 7

Table 3.1: Overview of the modes close to 3 GHz for all copper cavities; the frequency f1
is the lower frequency found, f2 is the higher frequency and ∆f is the range of tunability
with the dielectric stub.

lowest possible reflection. This behaviour was qualitatively verified with computer simulations
of antenna coupling in CST Microwave Studio. The results of these simulations are shown
in figure 3.2b for different antenna loop radii r and turning angles α and illustrate that this
is indeed the case.

The question now arises how this can be explained. From theory we know that the
complex amplitude bn of a mode excited in the cavity depends on the inner product between
the magnetic field Bn in the loop region and the magnetic dipole M generated by the loop
region. In case the antenna is perpendicular to the magnetic field of the TM110 mode,
there will be no coupling, as can be seen clearly seen in figure 3.2 for α = ±90 ◦. In other
cases, the coupling depends on the angle between Bn and M and also on the loop area size
Aloop, because the dipole moment generated by a current I depends on the area of the loop
according to |M| = I Aloop [21]. For too large areas, however, power in the fields will get
reflected back in the loop.

In terms of the equivalent circuit from section 2.1.3 we can see that for a larger loop
area, the turning ratio has to be adjusted to acquire impedance matching. This is done by
changing the loop turning angle α as we could already see in figure 3.2. For small loop areas
(e.g. r = 0.8), there will be no angles under which there are no reflections and the system
is undercritically coupled (β < 1). For a certain area, there will be no reflected power to
the power amplifier because there is a perfect destructive interference between the power
reflected from the antenna termination and the power radiated back from the cavity in the
loop. In that case, β = 1 at α = 0 and the system is critically coupled. Equivalently the
cavity impedance seen from the power amplifier is matched to the impedance Z0 of the power
amplifier (Z0 = 50 Ω). For larger loop areas, the cavity is overcoupled (β > 1) at α = 0 and
the loop angle has to be increased to match the cavity impedance to the impedance of the
power amplifier again.

With this in mind, the coupling of the loop antennas for the new cavities was optimized
by designing antennas with an area such that β = 1 at a small angle α. Also the antenna for
cavity 0 has been replaced because the existing one was heavily overcoupled at small angles.
Nevertheless, the earlier mentioned issues for coupling with respect to temperature stability
and opening and closing the cavity remained. In section 3.1.3 we will come back to this.

3.1.2 Modes
Subsequently, the modes of all cavities closely to the expected resonance frequency of 3 GHz
were measured with a network analyzer. The results are shown in table 3.1 and illustrate for
cavity 1 and 2 that there were two modes visible each time that could be the TM110 mode.
The frequency f1 represents the mode with the lower frequency, f2 the mode with the larger
frequency, and ∆f the frequency tunability of the cavity. As was discussed in section 2.1.4.2,
the frequency could be tuned with the tuning stub; for the copper cavities, this is a dielectric
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Figure 3.3: Normalized magnetic field profile of cavity 2 for positions along the z-axis.

stub at the opposite side to that of the loop antenna.
Table 3.1 demonstrates that the frequencies are not on 3 GHz and that there is also a

spread in frequencies. This is due to their bad design; in the next section we will come back
to this. The frequencies which are the closest together are 3.29 GHz and 3.30 GHz of cavity
1 and 2 respectively. In order to determine if this is a TM110 mode, the field profiles of these
modes were measured with the bead-perturbation method, as described in section 2.1.4.1. For
cavity 2, the normalized field amplitude for different positions on the z-axis is shown in figure
3.3 for 3.29 GHz; the field profile for cavity 1 shows similar behaviour and can be found in
appendix C.

At first, the field profile looks similar to the TM110 field profile found in earlier work
[19]. However, careful inspection shows that when setting the turning angle α of the loop
to α = 90 ◦, the mode is still present; this is inconsistent with the theory of coupling earlier
mentioned, which states that Bn ·M = 0 for α = 90 ◦.

Therefore, we can ask ourselves if this might be another transverse mode, which also
causes a positive shift in frequency in equation 2.21 when applying a metallic perturbation,
and is around 3.3 GHz. This is indeed the case; simulations in CST Microwave Studio show
that there is a TE mode at this frequency which has zero electric field at the z-axis and a
longitudinal magnetic field that matches the normalized measured field profile very well (see
figure 3.3 and 3.4). Hence, the modes at 3.29 and 3.30 GHz cannot be used for ToF-EELS.

The other two remaining modes that could be matched at the same resonance frequency
were that of 3.07 GHz of cavity 0 and 3.05 GHz of cavity 2. Their characterization data (field
profile, coupling, determination Q-factor) can be found in appendix C. It was determined
that the mode at 3.05 GHz was indeed a TM110 mode and can – in principle – be used for the
ToF-EELS experiments. The cavities have therefore been built into the initial Time-of-Flight
EELS beamline.

Nevertheless, there remained some major issues/design flaws with these copper cavities,
as we will see in the next section. This was ultimately the reason to change to a new, robust
type of cavity in which these issues have been solved.

3.1.3 Cavity issues
During the characterization of the copper cavities, a number of issues were faced. We will
briefly discuss them here:
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• The influence of stress on the reproducibility of the cavities: the cavity housing is closed
by a copper lid with allen screws (with a layer of teflon in between for cavity 1 and
2 to trap the dielectric inside the cavity). Closing the cavity with a different amount
of torque on these screws, changes the resonance frequency and coupling of the cavity.
This makes these cavities very difficult to handle and therefore not reproducible. In
addition, by putting RF power in the cavity, the cavity heats up and the amount of
coupling also changes.

• The use of loop antennas for coupling: customization of loop antennas is time-consuming
because loops with different loop areas have to be made in order to critically couple
RF power at a small tuning angle. In addition, the turning angle of the antenna can
change while tightening its screws, so critical coupling is from a practical point of view
difficult to achieve.

• Bad quality factor cavity 2 : cavity 2 performs with a quality factor of only 544 ± 2
remarkably worse than the original cavity (cavity 0), which has a quality factor of
(4.01± 0.02)× 103 (see appendix C).

The aforementioned issues have led to a new type of cavity, based on the design of A. Kemper,
that was developed during this project in parallel; these are the aluminum cavities. Their
improvements and characterization is discussed in the next section. They have eventually
replaced the copper cavities in the ToF-EELS beamline during a later stage of the project,
because of the following reasons:

• Stability of the reflected power for cavity 0 : at the RF power required for the fields,
it was difficult to stabilize the cavity at its resonance frequency. This was presumably
because the water cooling system (see chapter 4) was not able to appropriately cool
the cavity due to a bad thermal contact between the cavity housing and the dielectric.
Therefore, pulse-width modulation (PWM) had to be applied to the RF input signal,
in order to lower the effective amount of power. However, this in return caused new
issues such as a large percentage of electrons that go through the cavity without being
streaked.

(a) Electric field in the transversal plane (xy -
plane)

(b) Magnetic field in a longitudinal
plane (xz-plane)

Figure 3.4: Microwave Studio simulations of the first eigenmode above the TM110 mode:
this appears to be a transverse electric (TE) mode. 31



3. Cavity design & characterization

• Overheating cavity 2 : with the RF power on for a long period of time, the cavity, loop
antenna and RF cable to the antenna were overheated and damaged. As a consequence,
the cavity had to be removed from the setup, and also the other one, because this was
the only one that worked at the same frequency. This was the deciding moment to
replace the copper cavities by the aluminum ones, which had already been characterized
and tested at that moment.

3.2 Aluminum cavities
3.2.1 Design
In order to solve the issues mentioned in the previous section, a new type of cavity was
designed and two prototypes based on this design were produced. We will refer to these
cavities as cavity A and B throughout this thesis. These cavities were made of aluminum
and their design is shown in figure 3.5. They have a metallic stub to tune the resonance
frequency and a linear antenna to couple RF power electrically into the cavity.

The reason to use a linear antenna instead of a loop antenna is because it is (1) easier
to fix the position of this antenna and (2) the antenna is easier to customize. In the next
section, we will see that this has some practical advantages for the coupling of RF power.

To tackle the issue with stress on the reproducibility on the frequencies, the new cavities
have a turning lid from the bottomside that can be closed with a torque wrench. This has
the advantage that a well-defined amount of torque can be applied on the cavity while closing
it. Measurements show that this gives nicely reproducible results for the cavity frequency
while opening and closing the cavity a couple of times, as we will see in section 3.2.4. In
addition, the design with the turning lid has solved the problem of cooling, that perhaps was
also caused by how well a cavity housing was closed.

The quality factor of the aluminum cavities is also much better than that of cavity 2, as
we will see in section 3.2.2. However, it is not as good as the quality factor of the original
cavity (cavity 0), but this is among others due to the fact that aluminum has been used for
the housing. The aluminum used is, with a conductivity of σ = 3.6 × 107 Ω−1 ·m−1 [26], a
worse conductor than copper (σ = 5.8 × 107 Ω−1 ·m−1 [19]). The power losses to the walls
will therefore be larger (see equation 2.9) and hence, the quality factor of the aluminum
cavities will be lower than that of cavity 0. At the moment of writing new cavities have been
produced from copper, that should solve this problem in the near future.

Figure 3.5: Design aluminum cavity: the cavity has a linear antenna from the top, a metallic
stub from the side, and a cap with screwing thread to close the cavity.
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3.2. Aluminum cavities

3.2.2 Frequency and field profile
The aluminum cavities were designed to operate at a frequency of 3 GHz. However, for
performing Time-of-Flight EELS, it is only important that the frequencies of both cavities
overlap. A quick measurement with the network analyzer shows that this is possible: there
are two modes available slightly below 3 GHz, that can be overlapped at a frequency of
2.992 GHz (at room temperature). This was among others done using the tuning stub.
However, as we shall see in section 3.2.4, also a second way of tuning has been used to
overlap the frequencies: that is the amount of torque applied to the cavity turning lid when
closing the cavity housing.

In order to get an indication whether the modes at 2.992 GHz are TM110 modes, we can
measure the field profile of those modes. This is done with the bead-perturbation method, as
was discussed in section 2.1.4.1. The results of these measurements are shown in figure 3.6a
and 3.6b: these figures show the normalized magnetic field amplitude for different positions
along the z-axis in the cavity, measured with a metallic bead. Comparing these figures with
the simulated field profile of the TM110 mode in these cavities with Microwave Studio CST
(see appendix C) demonstrate that these profiles are as expected. Only cavity B shows has
slightly skewed profile; this was probably caused by damage to the dielectric material when
placing it in the cavity housing. Nevertheless, this is not seen as a large problem, because
the effect magnetic field strength for streaking is not dramatically changed.
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Figure 3.6: Normalized magnetic field profile of the aluminum cavities as function of the
position z in the cavity.

3.2.3 Coupling and quality factor
After field measurements, the coupling of the modes at 2.992 GHz was optimized. In order
to get any coupling, the antenna in the new cavity design is placed on top of the cavity and
points in the longitudinal direction. The electric dipole moment P generated by the antenna
is then parallel to the electric field En for the TM110 cavity and the complex amplitude en
of the electric field in that case depends on the product between |P| and |En| according to
equation 2.17. Because the electric dipole moment P depends on the length l of the antenna
according to P = ql, we can change to length for a fixed antenna position to match the
impedance of the cavity Zcav,PA as seen by the power amplifier to the impedance Z0 of the
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Figure 3.7: The magnitude of the voltage reflection coefficient as function of the antenna
length. For |Γv| = 0, the cavity is critically coupled (β = 1) and power transfer to the cavity
is maximum.

power amplifier (Z0 = 50 Ω). In that case, there will be no reflections, and the power transfer
to the cavity will be maximum.

In figure 3.7, we can see measurements from the magnitude of the reflection coefficient
with a network analyzer, for different antenna lengths l. These measurements verify that the
length can indeed be used to minimize the reflections from the cavity, and with this in mind,
the linear antennas could be optimized to critically couple RF power to the cavities.

Subsequently, the quality factor of both aluminum cavities was determined. This was
done by measuring the magnitude of the voltage reflection coefficient |Γv| as function of
frequencies ω close to the resonance frequency ω0, and curve fitting this with a theoretical
model of the reflection coefficient |Γv|. The magnitude of the reflection coefficient is, as was
shown by Slater, related to the quality factor Qcav of the cavity by [27]:

|Γv| =

√
(σ − 1)2 (βδ)2 + (σ + β − 1)2

(σ + 1)2 (βδ)2 + (σ + β + 1)2 (3.1)

with β the coupling coefficient:

β = Qcav

Qext
(3.2)

according to the definition in section 2.1.3 , σ a parameter related to an offset1 in the
reflection coefficient curve, and δ given by:

δ ≈ 2Qext

(
∆ω
ω0

)
(3.3)

1The actual meaning of the parameter σ can be found in Microwave Electronics (Dover Publications, 1969)
by J.C. Slater [27]; it is defined as the reciprocal of the standing wave ratio SWR ≡ (1 + |Γv |)/(1− |Γv |) in
voltage, infinitely far off resonance.
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Figure 3.8: The magnitude of the reflection coefficient Γv as function of the frequency, with
a curve fit of equation 3.1 to determine the quality factor of both cavities.

In the former equations, ∆ω ≡ ω−ω0 is a angular frequency shift and Qext is the quality
factor that can be assigned to the dissipation of power by the power amplifier in section
2.1.3.

The measured reflection coefficient as function of frequency is given in figure 3.8 for both
aluminum cavities. By curve fitting equation 3.1 through this data, the parameters β, σ, the
resonance frequency f0 = ω0

2π and the quality factor Qcav of the cavity could be obtained.
The quality factor of the mode at 2.992 GHz of cavity A was determined to be Qcav =

(2.77±0.03)×103. This is less than the cavity 0, as earlier mentioned, but much better than
cavity 2. With a coupling coefficient of β = 1.03 ± 0.01 the mode is slightly overcoupled,
but the reflection coefficient still is smaller than -30 dB, and therefore, less than 10−3 of the
input power is reflected by the cavity.

The quality factor of the other cavity is slightly lower; it was determined to be Qcav =
(2.28 ± 0.02) × 103 with a coupling coefficient of β = 0.99 ± 0.01. The reflection coefficient
was measured to be lower than −40 dB, and consequently, less than 10−4 of the input power
was reflected by the cavity.

3.2.4 Torque
As discussed in section 3.2.1, the cavity housing has a cap with a screwing thread which
could be closed with a torque wrench. This ensures that a well-defined amount of torque can
be applied when the cavity housing is closed.

The amount of torque applied influences the resonance frequency. Measurements show
that by increasing the amount of torque, the resonance frequency drops (see figure 3.9). This
can therefore be used as an additional degree of freedom to tune the cavity frequency of the
TM110 mode, besides using the tuning stub.

In addition, by opening and closing the cavity with a torque wrench a couple of times,
reproducible results for the resonance frequency were obtained. Figure 3.10 demonstrates
this. We can see that by opening and closing a cavity a couple of times with a fixed amount of
torque, the standard deviation is 1.6 MHz. This is much smaller than the frequency difference
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when opening and closing the copper cavities, which could easily deviate more than 10 MHz.
In addition, this measurement was done with five different dielectrics, proving the robustness
of this design.

Therefore, the design with cap and screwing thread has advantages over the old design;
it gives reproducible results and eventually more control over the cavities in the setup.

3.2.5 Streak
So far, we have characterized the aluminum cavities with respect to frequency, field profile,
quality factor and coupling. In the last section we also looked at the influence of torque on
the resonance frequency and the reproducibility of those cavities.

Now the time has arrived to see whether the cavities work as expected. For this, they
have been built into the experimental setup (which will be discussed in the next chapter)
and an attempt to make a streak with both cavities was made.

Cavity A was placed at the left part of the setup (see figure 2.9) and acts as cavity to
make ultrashort electron pulses. On a phosphor screen at a distance of ` = 10± 1 cm behind
the cavity, a streak was made. For this, 10 W of power was put into the cavity and a streak
of χ = 0.52 ± 0.03 cm was obtained (see figure 3.11a). From equation 2.31 we can see that
this corresponds to a magnetic field amplitude B0 = 1.4± 0.2 mT.

Cavity B was placed at the rear part of the setup (see figure 2.9) and it is used to
separate electrons with different kinetic energies, based on their time-of-arrival. On an
electron detector at a distance of ` = 51± 1 cm behind the cavity B, a streak was made. For
this 11 W of power was put into the cavity, and a streak of with a length of χ = 1.94±0.02 cm
was acquired (see figure 3.11b). Calculating the magnetic field amplitude gives a slightly
lower value than cavity A; the magnetic field amplitude of cavity B was: B0 = 1.02±0.03 mT.
Hence, this was the reason to use cavity A to make ultrashort pulses and place it in the first
part of the setup, and cavity B as kinetic energy selector, and place at the end of the setup.

To conclude, the new cavities perform well, and can – in principle – be used for the

36



3.2. Aluminum cavities

(a) Streak cavity A: the de-
termined magnetic field am-
plitude was B0 = 1.4 ±
0.2 mT.

(b) Streak cavity B: the de-
termined magnetic field am-
plitude was: B0 = 1.02 ±
0.03 mT.

Figure 3.11: Electron streaks made with both cavities. With these streaks, the magnetic
field amplitude could be determined.

Time-of-Flight EELS. The next step before Time-of-Flight EELS is now to make ultrashort
electron pulses and see which temporal pulse length can be achieved. However, we will first
discuss the experimental setup (chapter 4) and look at measurements taken to characterize
this setup which are necessary to perform ToF-EELS (chapter 5).
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4
Experimental setup

In this chapter, the experimental setup will be discussed. Two setups have been built during
this project: a test beamline and the Time-of-Flight EELS beamline. The test beamline was
built during the first part of the project to characterize the scanning electron microscope
(SEM) and electron detector used for performing ToF-EELS. This beamline is discussed in
section 4.1. The second and final beamline is the Time-of-Flight beamline itself and an
overview of this beamline is given in section 4.2.

4.1 Test beamline
The test beamline was built during the first part of the project and is shown in figure 4.1.
The beamline was built to get a better understanding of the optics of the microscope and
consequently, to determine the focal point of the SEM for different lens settings. This is

Figure 4.1: The test beamline that was built during the first part of the project to charac-
terize the scanning electron microscope and electron detector.
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Figure 4.2: General schematic of the test beamline

important to know, if we want to focus the beam inside the center of the first TM110 cavity,
in order to minimize emittance growth (as was discussed in section 2.2.4). In addition,
the divergence and beam width can then be determined and an estimation of the expected
temporal pulse length can be made (as was done in section 2.2.3). The test beamline was
also used to determine the emittance of the beam and to determine the sensitivity of the
electron detector used for Time-of-Flight EELS.

The beamline is schematically shown in figure 4.2 and was built with CF flanges on
a 3 × 1.5 m2 optical table. It consists of an (outdated) 30 keV XL-30 scanning electron
microscope (SEM) donated by FEI Company, with the SEM column disconnected from its
vacuum chamber (as could be seen on the left side of figure 4.1). The SEM is equipped with
a tungsten filament as thermionic emitter and has several lenses which can be operated by
computer software. The Gun Upper/Lower lenses are used to shift and tilt the beam from the
filament in the right direction (through the center of the condenser lens) and the condenser
lens is used to focus the beam emitted by the tungsten filament to control the spot size and
current of the beam on the sample. The DC/AC Beamshift lenses can be used to shift and
tilt the beam through the center of the final lens and the final lens (objective lens) is used
to focus the beam in the center of the cavity. In order to operate the microscope beyond the
limits imposed by the original system software, a special application was supplied by FEI
Company that allowed direct control over the current to the SEM lenses.

At a position of 20.5 cm behind the SEM, a phosphor screen was placed on a translator
stage, to monitor the electron beam and to determine its size. The screen was placed at this
position, because it corresponds as good as possible with the first cavity in the Time-of-Flight
EELS setup. By placing a second phosphor screen at a position 45.5 cm behind the first one,
the beam size at this position could also be obtained. With this, the focal point of the SEM
for a fixed condenser lens setting could be determined.

In addition, the two screens can be used to measure the emittance when the focus be-
haviour of the final lens is known. This is based on a waist scan measurement, as we will see
in the next chapter.

The phosphor screens were monitored with a CCD camera with a magnifying lens on an
optical stage between the screen and camera (not indicated in figure 4.2). This was done in
order to obtain a higher spatial resolution of the beam on the CCD camera, which is necessary
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4.2. Time-of-Flight EELS beamline

when focusing the beam on one of the two screens, because the beam size is otherwise not
much larger than the size of pixels available on the CCD.

For Time-of-Flight EELS experiments, a dedicated electron detector has been used in-
stead of a phosphor screen, to be able to detect single electrons. The detector that has
been used is the TemCam-F216 from TVIPS GmbH. This detector has a P43 polycrystalline
scintillator to convert electrons to light [28], with the scintillator coupled via an optical fiber
to a 2048 × 2048 px2 CMOS sensor with a pixel size of 15.6 × 15.6µm2. The detector can
be read out by a computer, at a maximum speed of 8.5 fps, and was cooled to 0 ◦C to get a
better signal to noise ratio; more information about the detector can be found in app. D.

In the test beamline, the TemCam-F216 was placed at the end of the beamline for deter-
mining the sensitivity (counts/electron) of the detector. The sensitivity is known/specified
for 120 keV and 200 keV electrons, but not for 30 keV electrons, as is the case in our setup.
By knowing this number, an absolute EELS spectrum can in principle be obtained, showing
the number of electrons as function of their energy loss.

In order to determine the sensitivity, a copper Faraday cup was placed in front of the
electron detector. This Faraday cup was connected to an electrometer which measures the
amount of beam current going towards the detector. With this, the sensitivity of the electron
detector could be acquired.

In the next chapter, the results of the measurements done with the test beamline will be
discussed; after obtaining these results, the test beamline was disassembled and the Time-
of-Flight EELS beamline was built (see next section).

4.2 Time-of-Flight EELS beamline
The Time-of-Flight EELS beamline was built during the second part of the project and is
shown in figure 4.3. With this setup, ultrashort electron pulses were made and the Time-of-
Flight EELS experiment was performed.

Figure 4.3: The Time-of-Flight EELS beamline was built during the second part of the
project to make ultrashort electron pulses and perform the ToF-EELS experiment.
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Figure 4.4: General schematic of the Time-of-Flight EELS beamline

The beamline is schematically shown in figure 4.4 and a technical drawing can be found
in appendix E. At the left, we have the scanning electron microscope, with the optics as
discussed in the last section. Behind the SEM, two deflectors have been placed to steer the
beam through the cavity; they are used instead of the DC/AC Beamshift XY lenses in the
SEM, since these are needed to steer the beam through the center of the final lens.

At a distance of 21 cm behind the SEM, the first cavity (cavity A) was positioned. The
beam from the SEM is focused in the center of this cavity, and is being streaked by it. Streak-
ing takes place at an angle of 113 degrees counterclockwise with respect to the horizontal;
the reason for this is that it was not possible to mount the cavity flange at other angles such
that the magnetic field inside the cavity is parallel or perpendicular to the optical table.
Hence, this is why the streak in section 3.2.5 was tilted.

At a distance of 10 cm behind the cavity, a 10µm slit is placed at an angle perpendicular
to the streak direction. Only some electrons from the streaked beam will pass the slit, and
as a consequence, ultrashort electron pulses are generated.

Behind the slit, two phosphor screens are placed (phosphor screen 1 and 2). These screens
are used as a tool to see whether the continuous or chopped beam goes properly through
this part of the setup. The first phosphor screen is mounted on a motorized translator stage
together with a pinhole and the samples being studied. Depending on the operation, either
one of the samples, the pinhole or phosphor screen can be shifted into the beamline. For
beam alignment, this is the pinhole. To see the continuous beam, streak or electron pulses,
this is the phosphor screen and in order to perform ToF-EELS, this is one of the samples
mounted on a TEM grid.

The samples that are currently mounted on the sample holder for ToF-EELS are monocrys-
talline graphite and polycrystalline graphite, respectively. These samples have been chosen
for the following reasons:

1. Graphite has a well-documented energy loss spectrum available in literature [17]. Such
a spectrum can be used for comparison when performing ToF-EELS. In addition, we
are also able to measure the spectrum with the 200 kV TEM setup at CQT, which has
a dedicated spectrometer to perform conventional EELS.

2. Two graphite samples were already available at CQT from a former project on ultrafast
electron diffraction. This includes one polycrystalline graphite sample on a 2000 mesh
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4.2. Time-of-Flight EELS beamline

TEM grid with a thickness of ∼ 30 layers, with each layer having a thickness tlayer =
3.35Å [29]. The other sample was manually exfoliated and put on a 200 mesh TEM
grid and has an estimated layer thickness of 20 − 30 layers, based on light absorption
with optical microscope images as shown by Van Mourik [30].

3. The thickness of these samples is small compared to the mean free path λ of inelas-
tical scattered electrons. For a sample with a thickness t . 0.3λ the probability that
an incident electron on a sample gets scattered more than once, is negligible [17].
The spectrum does therefore not contain unwanted peaks corresponding to electrons
that scattered multiple times and distort the energy loss spectrum. In case of 30 keV
electrons hitting the aforementioned graphite samples, t = 30 tlayer = 1 × 10−8 m,
λ ≈ 3.2 × 10−8 m according to Tanuma et al. [31] and the former relation t . 0.3λ
holds.

Consequently, the graphite samples can be used to perform Time-of-Flight EELS without
having to remove unwanted features from the spectrum.

Once the electron pulses have gone through the sample, they enter a 1.42 m drift space
(pipe and cross pieces), such that they have a different time-of-arrival at the second cavity
(cavity B). Deflectors 3 and 4 are used to send the beam in a correct way through the drift
space and cavity, and with the focus solenoid, the beam is focused behind the cavity on the
electron detector.

As earlier discussed, cavity B is used to separate electrons in an electron pulse with
different kinetic energy due to the interaction with the sample. Therefore, electrons with
a different kinetic energy will be deflected on a different position on the TVIPS electron
detector, located 51 cm behind the cavity. With that in mind, an energy spectrum can be
obtained.

In order to couple RF power to the cavities, an RF setup was build. This setup is
schematically shown in figure 4.5 and will now be briefly explained.

At the top of the schematic, we can see a DC voltage source, which is connected to a
temperature stabilized voltage controlled oscillator (VCO); this VCO generates an RF signal
between 2.90 GHz and 3.08 MHz with the exact frequency depending on the tuning voltage
from the DC source. The RF signal is then divided into two channels, so that both cavities
receive a signal with the same frequency. This signal is amplified with a 16 W amplifier to get
magnetic fields comparable to those discussed in section 3.2.5; for lower magnetic fields, the
RF signal from the signal generator can be attenuated before it reaches the amplifier. This
can be done by a programmable attenuator connected to a pc, via a parallel port interface.

Between the attenuator and amplifier of cavity A, a phase shifter was placed. This device
was used to change the phase difference of the fields in cavity A and B, and consequently, the
position of the electron pulses on the electron detector. The phase shifter is a long metallic
pipe with adjustable length to change the difference in phase.

The RF signal after amplification is put in the cavities via a dual coupler. Part of the
power is reflected by a cavity and received by this same device. With an USB power meter
connected to the dual coupler, this power then is measured and send to a pc, and used to
optimize the resonance frequency in the cavities.

Due to dissipation of RF power in the cavities, the cavities heat up, expand, and the
resonance frequency changes (equation 2.6). In order to prevent this issue, the cavities were
placed on a heatsink connected through pipes with a water cooling system. This system
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Figure 4.5: Schematic of the RF equipment setup: a VCO generates an RF signal, with a
frequency depending on the tuning voltage provided. This signal is split up over two channels
and amplified before it is put in one of the cavities.

monitors the cavity temperature at the heatsink and maintains it at a setpoint temperature
with an accuracy of ∼ 10 mK. The setpoint temperature was chosen such that both cavities
operate at the exactly the same resonance frequency. Consequently, it is an additional way
of tuning the cavity, besides the tuning stub (section 2.1.4.2) and amount of torque applied
on the cavity housing (section 3.2.4).

In order to perform EELS, the beamline was put under vacuum with rotary pumps and
two turbomolecular pumps, to achieve a high vacuum of < 10−5 Pa. To keep the beamline
flexible, the setup has three valves. These can be used to separate parts of the setup in case
of maintenance; they can, together with the turbomolecular pumps, be controlled via a touch
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screen connected to a Programmable Logic Controller (PLC).
Finally, due to the earth magnetic field, the beam gets deflected unintentionally. To

minimize this effect, the optical table was oriented north-south [19] and a wire was put
around the setup (in a PVC pipe). A current through this wire generates a magnetic field,
which cancels the component of the earth magnetic field perpendicular to the table (which
roughly is ∼ 45µT in the Netherlands [32]). Nevertheless, it was found that a residual field
from the optical table was present; therefore, an effective magnetic field has to be applied
such that the beam goes through both the cavities and also hits the electron detector.
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5
Test beamline results

In the previous chapter, the test beamline was discussed. This beamline was built in order
to characterize the scanning electron microscope and electron detector used for ToF-EELS.

In this chapter, we will discuss the results obtained with this setup. Firstly, we will look at
the measurements done on the beam current of the SEM (section 5.1.1). Secondly, the results
of the divergence and beam width measurements will be explained. These measurements were
taken in order to determine the focal point of the SEM so that we could focus the beam in the
center of the first cavity to minimize growth in emittance and energy spread (section 5.1.2).
The divergence and beam width were also used to calculate the emittance of the continuous
electron beam (section 5.1.3) and to make an estimation of the expected temporal pulse
length, as was discussed in section 2.2.3.

Finally, the sensitivity (counts/electron) of the electron detector was determined. This
is described in section 5.2 and can in principle be used to obtain an absolute energy loss
spectrum, showing the number of electrons as function of their energy loss.

5.1 Scanning electron microscope
As discussed in section 4.1, a special application was provided by FEI Company, in order to
operate the SEM beyond the limits imposed by the original system software. To get a better
understanding of how the microscope operates under these conditions, some characterization
measurements were taken. They will now be discussed.

5.1.1 Beam current
Firstly, the beam current of the scanning electron microscope was measured: as function of
the emission current of the tungsten filament in the SEM, and as function of the current
through the condenser lens. The goal of this was to see how the beam current increases with
the emission current, and to determine a suitable setting for the condenser lens: because the
condenser lens determines the beam width and divergence in the first cavity, and consequently
the temporal pulse length (section 2.2.3), we want to choose a setting such that the temporal
pulse length is small, but the beam current large enough so that the beam is still visible on
a phosphor screen.
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Figure 5.1: Measured current and calculated beam current range of the 30 kV SEM

The beam current was measured with a copper Faraday cup at zero potential connected
to an electrometer. However, measuring the beam current with a Faraday cup is subject to
measurement errors. This is because some electrons of the incoming beam hitting the cup
are backscattered and some others will generate secondary electrons. The actual current
of the beam will therefore be higher than the current Imeas measured, because there are
always some electrons that will get lost to the environment. However, it will also be lower
than a certain maximum current Imax. The latter case corresponds the ideal event that all
secondary and backscattered electrons are lost to the environment. In that case, the actual
beam current equals:

Imax = Imeas

1− (η + δ) (5.1)

with η the backscattering coefficient, giving the ratio of backscattered electrons per in-
coming electron, and δ the secondary electron yield, giving the ratio of secondary electrons
generated per incoming electron.

The actual beam current is thus in between Imeas and Imax. In order to find Imax, and
plot the beam current data, we now have to find out what the backscattering coefficient and
secondary electron yield is in our case.

The backscattering coefficient, on the one hand, heavily depends on the atomic number
Z of the material with which the incoming electrons interact. For a copper Faraday cup
(Z = 29) this results in η ≈ 0.3 according to Reimer [33].

The secondary electron yield, on the other hand, depends on the tilt angle φ and kinetic
energy of incoming electrons. If we assume that φ ≈ 0 (normal incidence) in the Faraday
cup, and have 30 kV electrons, then δ ≈ 0.08 [33].

In figure 5.1a, both the measured current with the Faraday cup and (calculated) beam
current range as function of emission current are shown; from this figure we get an indication
of how large the emission current has to be, for a fixed lens and condenser lens setting, to
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5.1. Scanning electron microscope

get a beam current between Imeas and Imax (indicated by the blue area).
Nevertheless, we do not expect the real current to be at Imax. This is only in the worst-

case scenario. In reality, it will be more likely that the real current will be a bit higher
then the measured current, because the Faraday cup was designed in such a way that always
some backscattered and secondary electrons will be collected by it (possibly after multiple
reflections).

Figure 5.1b shows the measured current and (calculated) beam current range as function
of the current going through the condenser lens. From this figure, we can notice that there
are three places with a local maximum in the beam current; these correspond with places
with a beam crossover in an aperture in the SEM, with the most right peak corresponding
to an crossover of the beam in the aperture just in front of the final lens. In order to get a
beam with a small width and divergence in the first cavity, the crossover therefore has to be
placed away from the aperture before the final lens, in the direction of the condenser lens.
This corresponds with a higher condenser lens current.

However, a higher condenser lens current also causes the beam current, and consequently,
the visibility of the beam on the first phosphor screen to decrease. Therefore, a condenser
lens current of 0.40 was chosen; this was a trade-off between having a small beam width and
divergence on the one hand, and a beam which is still visible on a phosphor screen on the
other hand.

With this in mind, the focal point of the final lens in the SEM was determined for different
final lens settings. This will be discussed in the next section.

5.1.2 Beam width, divergence and focal point
In order to focus the beam in the first cavity, the focal point of the SEM was determined for
different final lens settings, at a constant condenser lens current of 0.40. This was done in
the following way.

Firstly, the full-width half-maximum (FWHM) beam width was determined on two phos-
phor screens. These were placed at a different position in the test beamline, as was discussed
in section 4.1 and shown again in figure 5.2.

Secondly, the divergence was calculated. The divergence follows from the size of the
beams on both phosphor screens. It gives, in a first order approximation, the position of

Final 
Lens

Phosphor 
screen 1

Phosphor 
screen 2

σv

zfκ

ℓ1 ℓ2

Φ

σx,1 σx,2

Figure 5.2: Setup used to determine the beam size, divergence and focal point of the SEM
and normalized transverse emittance of the beam.
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5. Test beamline results

Figure 5.3: The position of the focal point z f of the SEM, for different final lens currents.
The focal point position was measured with respect to the first phosphor screen and the
condenser lens current was set to 0.40. From the curve fit, the position of the final lens Φ,
the crossover κ and the final lens strength ζ were determined.

the focal point zf of the SEM, measured with respect to the position of the first phosphor
screen. The results of this measurement are shown in figure 5.3.

Because the first phosphor screen was placed at the position of the center of the first
cavity in the Time-of-Flight EELS setup, a value of zf = 0 corresponds with focusing in the
cavity. From figure 5.3 we can see that this is the case if the final lens current is set to 0.32.
Hence, with a condenser lens current of 0.40 and a final lens current of 0.32, the beam is
focused in the cavity, and growth in emittance and energy spread is minimized.

The divergence of the beam at these lens settings is 5 × 10−4. This value has been
used to calculate the expected temporal pulse length τ , as was done in section 2.2.3. In
the next chapter we will say something more about this, when dealing with pulse length
measurements.

The question now arises how we can explain the behaviour in the graph of figure 5.3
quantitatively. In addition, we also want to determine the emittance of the continuous
beam, with a waist scan measurement. This method requires changing the focal length f of
the final lens, as we will see in the next section. However, we do not a priori know how much
current through the final lens corresponds with certain focal length f .

Therefore, we have to set up a model of the final lens, which can both explain the
behaviour in figure 5.3 and be used to get the focal length as function of current going
through the lens.

For this, we will assume that the final lens can be treated as a solenoid, with a focal
length f given by [34]:

1
f

= ζI2
FL (5.2)

with ζ a proportionality constant, relating the current IFL through the final lens to its
focal length f ; hence, ζ is a measure which determines the power of the lens.
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5.1. Scanning electron microscope

Furthermore, we will assume that electrons travel close to the optical axis and only make
small angles with respect to it (the paraxial beam approximation). In that case, the thin lens
equation

1
f

= 1
κ− Φ + 1

Φ + zf
= ζI2

FL (5.3)

can be applied to the situation depicted in figure 5.2. In this equation, κ is the distance
from the crossover in front of the final lens to phosphor screen 1 and Φ is the distance from
the final lens to phosphor screen 1. Rewriting equation 5.3 to an expression for the focus
position zf of the final lens, gives:

zf = κ− Φ
(κ− Φ) ζI2

FL − 1 − Φ (5.4)

We now have found the relationship for zf we were looking for to explain the final lens
behaviour. Curve fitting this relation through the data in figure 5.2 shows that the previous
assumptions were reasonable; the data fits the model well and the curve fit gives Φ =
0.39 ± 0.02 m for the final lens distance (with respect to phosphor screen 1). The other
parameters are: ζ = (4.1±0.1)×10−3 A−2m−1 for the relation between the final lens current
and its focal length and κ = 0.93 ± 0.03 m for the crossover distance, with respect to the
same phosphor screen.

The latter parameter, κ, can also be obtained in a different way. When the final lens is
turned off (i.e. IFL = 0), then the crossover point can be determined by looking at the width
of the beam at both screens, and calculating the point from which the beam diverges. The
value found in this way for the crossover point was: 0.9± 0.1 m. Therefore, the value found
for the crossover point κ by curve fitting seems to be a very realistic value.

The other parameters could not be compared with known values, because the lens power
and the effective place where the final lens is located, are not known from the microscope
documentation. Nevertheless, they seem not unreasonable and ζ has therefore been used
to relate the final lens current IFL to the focal length of the final lens, in order perform an
emittance measurement of the continuous SEM beam. This will be discussed in more detail
in the next section.

5.1.3 Emittance
In order to determine the emittance of the continuous beam of the scanning electron mi-
croscope, a waistscan measurement was taken. Normally this is done with a quadrupole by
varying the focal length f of this lens, and measuring the spot size on a detector. In this
case however, the final lens has been used instead of the quadrupole, and phosphor screen 2
was used as detector to measure the spot size σx,2 of the beam (see figure 5.2). According
to theory, the beam will have an RMS spot size σx on the detector given by [19]:

σx =

√
[`1`2 − (`1 + `2) f ]2

ε2
n,x

γ2β2σ2
vf

2 + (f − `2)2 σ2
v

f2 (5.5)

with `1 the distance from the (virtual) source to the final lens, `2 the distance from
the final lens to phosphor screen 2, f the focal length of the final lens, εn,x the normalized
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Figure 5.4: Waist scan measurement to determine the normalized transverse emittance εn,x
of the continuous beam from the SEM.

transverse root-mean-squared (RMS) emittance of the beam, β ≡ vz/c the ratio of the
longitudinal beam speed vz to the to speed of light c, γ = 1/

√
1− β2 the relativistic Lorentz

factor and σv the virtual source RMS size (see figure 5.2).
The former equation assumes that the paraxial beam approximation is valid and that

the beam is Gaussian, with an RMS spot size σx related to the full-width half maximum
(FWHM) beam size, according to [35]:

σx = FWHM
2
√

2 ln 2
(5.6)

Hence, we first have to calculate the RMS spot size from the FWHM beam sizes obtained
from measurements. For figure 5.4, this was done: the figure shows a waistscan measurement
with the RMS spot size on the second phosphor screen as function of the final lens focal length
f . Because the distance `1 = κ−Φ and `2 are known, we can curve fit equation 5.5 through
the data, leaving σv and the normalized transverse emittance εn,x as parameters to be fit.

The normalized transverse RMS emittance found in this way for the continuous beam
was: εn,x = (2.9 ± 0.2) nm rad at a beam current Ibeam ∼ 10−8 A, with a virtual spot size
found: σv = 24 ± 2µm. Looking at the smallest RMS spot size of the beam on the first
phosphor screen (which is 47 ± 9µm), this seems to be a very realistic value for this spot
size.

5.2 Electron detector
Subsequently, the sensitivity S of the TVIPS electron detector was determined. This was
done, because S is known for 120 keV and 200 keV electrons, but not for 30 keV electrons,
as is the case in our setup. By determining the sensitivity, an absolute EELS spectrum
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5.2. Electron detector

instead of an relative spectrum can in principle be acquired, giving the number of electrons
as function of their energy loss.

The sensitivity S (counts/incident electron) of the electron detector is given by:

S = e

Ibeamtexp

2n−1∑
p=0

#p · p (5.7)

with texp the exposure time of the electron detector, n the number of bits used to store
a pixel gray value (typically n = 8 or n = 16), p a pixel gray value with p ∈ [0, 2n − 1], and
#p the frequency that this pixel gray value occurs in an image taken with the camera.

From equation 5.7, we can see that we can determine the sensitivity of the camera by
exposing it to electrons for a certain time texp, taking an image with the camera, and measure
the beam current of the beam with the previously mentioned Faraday cup. From the image
taken, we can determine the total amount of counts

∑
#p · p by analyzing it with software.

However, the following things had to be taken into account:

• Darkfield correction: although the camera is cooled to 0 ◦C, as discussed in the last
chapter, there is still a significant amount of pixel counts due to thermal and electronic
noise. These counts have to be subtracted from an image taken to determine the
sensitivity appropriately. Therefore, a set of darkfield correction recordings was made
for each exposure time used.

• Flatfield correction: when illuminating the whole detector homogeneously with a beam,
the detector should produce an uniform image. However, due to inhomogeneities in
the scintillator material, and the structure of the fiber optics between the scintillator
and pixel array on the detector, this is not necessarily the case; certain artifacts, like
a hexagonal chicken pattern of the fiber optics, and scratches on the detector could be
present in an image. To correct images for this, a flatfield correction carried out by
TVIPS was used.

The sensitivity was determined for multiple measurements, in which both the beam current
and exposure time were varied. The average value of S found for those measurements was:
S = 58± 2 counts/electron. When we compare this value with the values found for 120 keV
and 200 keV electrons, which are 40 and 60 counts/electron respectively, then the order of
magnitude found for the sensitivity matches very well.

However, we expect the real sensitivity of the detector to be slightly lower. This is because
the current as measured with the Faraday cup might be lower than real beam current, as
was discussed in section 5.1.1. In chapter 7, we will therefore briefly come back to this and
present a possible future idea to determine the sensitivity, in a way which is independent of
a device such as a Faraday cup.
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6
Time-of-Flight EELS beamline results

In this chapter, Time-of-Flight Electron Energy Loss Spectroscopy will be described. Mea-
surements to determine the temporal pulse length τ of the chopped beam will be presented
at two different conditions and a comparison will be given between what we expect from
theory (section 6.1).

Finally, the Time-of-Flight EELS experiment will be discussed; the energy loss spectrum
of a monocrystalline graphite sample was measured with the ToF-EELS setup, and was
compared to a reference energy loss spectrum (section 6.2).

6.1 Pulse length
6.1.1 Phase shifter
Firstly, electron pulses were generated and imaged on the electron detector. For this, RF
power was put into both cavities. With the first cavity (cavity A) active and a slit placed
behind it, ultrashort electron pulses were generated and with the second cavity (cavity B),
these pulses were imaged on the electron detector. Figure 6.1a shows an electron pulse on
the detector, with its corresponding intensity profile in figure 6.1b, and demonstrates that
this works as expected. From the intensity profile, the position of the front and rear of a
pulse could then be determined. For convenience, we will use the left half maximum and
right half maximum in the intensity profile as measures for the rear and front of a pulse.
This is consistent with the full-width at half-maximum (FWHM) beam width used in other
chapters.

Secondly, the behaviour of the phase shifter was investigated. As discussed in section 4.2,
the phase shifter is used to change the difference in phase of the fields in cavity A and B,
and consequently, the position of the electron pulses on the detector. The phase shifter is a
coaxial cable with an adjustable optical path length, which corresponds to a change in phase
of 2π rad/10 cm for a 3 GHz RF signal.

With both cavities on, the transverse position x of the rear and front of each pulse on
the electron detector as function of the phase difference was measured. The results of this
measurement are illustrated in figure 6.2, with the horizontal error bars indicating the error
in phase corresponding to the reading error when adjusting the length of phase shifter (which
is ±0.5 mm).
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Figure 6.1: Electron pulse (a) on the electron detector and (b) the corresponding intensity
profile in arbitrary units (a.u.) as function of pixel position. The profile was determined by
rotating the image of the electron pulse on the detector by the angle of the streak, and by
summing all pixel values in the direction perpendicular to it.

In order to theoretically understand the behaviour of the data in figure 6.2, we can derive
an equation for the transverse position of electrons in (the center of) a pulse on the electron
detector as function of their cavity entrance phase ϕ. This was done in appendix A.1 (eqn.
A.6). The result yields:

x(ϕ) = 2B0eL

meω0
sin(ϕ) + xoffset (6.1)

with L the distance between cavity B and the electron detector and xoffset an offset term
due to the off-axis position and direction of the electron when it entered the cavity; the
equation explains the sine behaviour in figure 6.2.

However, for electrons in the front of pulse, the phase is slightly less, because these
electrons arrive earlier. Therefore, ϕ in equation 6.1 needs to be replaced by ϕ − 1

2∆ϕ for
these electrons, with ∆ϕ the difference in phase with respect to electrons in the center of the
pulse. Electrons in the back of a pulse encounter something similar. They arrive later and
have a phase ϕ + 1

2∆ϕ. By curve fitting the data in figure 6.2 now with equation 6.1, with
ϕ → ϕ − 1

2∆ϕ for electrons in front of a pulse and ϕ → ϕ + 1
2∆ϕ for electrons in the back

of the pulse, the phase difference ∆ϕ can be found. This is a direct measure of the temporal
pulse length τ of the pulses, because:

∆ϕ = ω0τ (6.2)

as was already discussed in section 2.2.3.
The temporal pulse length found in this way is τ = 3±1 ps, for a magnetic field amplitude

B0 and angular frequency ω0 as found in chapter 3, a slit width s and distance ` between
cavity A and slit given in chapter 4, and beam divergence r′i calculated in chapter 5. When
we compare this value to the theoretical value, which we calculated with equation 2.26 in
section 2.2.3 to be 2.4 ps, we can see that this satisfies quite well: this value falls within the
accuracy of the measured value for τ .
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Figure 6.2: Transverse position x of the front and rears of electron pulses on the electron
detector as function of the phase difference. From the difference in phase between the two
curve fits, the temporal pulse length can be determined.

Because a phase shifter measurement does not rely on one data point, it is therefore a
good way to determine the temporal pulse length. However, the relative error in the temporal
pulse length as was found here is still a bit high; therefore, more data points should be added
when performing such a measurement in the future (see Recommendations).

6.1.2 Magnetic field strength
Subsequently, the influence of the magnetic field B0,A of cavity A on the temporal pulse length
was investigated. For this, the following steps were taken. Firstly, RF power was coupled to
cavity B, while cavity A was not turned on, and the length of the streak generated by cavity
B on the electron detector was measured. The magnetic field strength was determined to be
B0,B = 0.79 ± 0.03 mT, which is slightly lower than in an earlier measurement (see section
3.2.5) due to changes in the setup; we will briefly come back to this in a moment.

Secondly, RF power was also coupled to the first cavity – cavity A. With the slit behind
this cavity at the zero entrance phase, ultrashort electron pulses were generated. These pulses
were then imaged with the phase shifter on the central part of the streak, which corresponds
to a small entrance phase ϕ in the second cavity.In that case the sine in equation 6.1 can be
approximated by sin(ϕ) ≈ ϕ and the temporal pulse length then follows from evaluating the
difference in position ∆x between the front and rear part of an electron pulse:

∆x = x(ϕ− 1
2ω0τ)− x(ϕ+ 1

2ω0τ) ≈ 2B0,BeL

me
τ (6.3)
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Figure 6.3: The temporal pulse length τ as function of the inverse of the magnetic field
amplitude B0.

Rewriting the equation to an expression for τ yields:

τ =
(

me

2B0,BeL

)
∆x (6.4)

with ∆x the full-width at half-maximum (FWHM) spacial pulse length and B0,B the
magnetic field amplitude in cavity B.

We now have a way to determine the pulse length as function of the magnetic field
amplitude B0,A in cavity A: by measuring the length ∆x of the pulses on the detector, for
each magnetic field amplitude, the temporal pulse length τ as function of B0,A can be found.

In order to vary B0,A, the digital attenuator, as discussed in section 4.2, was used to
damp the RF power coupled to the cavity; the damping of this attenuator was set from 0 to
10 dB, in steps of 1 dB.

By moving the slit behind cavity A, the zero entrance phase for each magnetic field
amplitude was selected. This is necessary, in order to obtain the shortest possible pulse
length, because the position of the zero entrance phase trajectory varies with the magnetic
field amplitude (see equation 2.25).

With this in mind, the temporal pulse length τ as function of the magnetic field amplitude
B0 was measured; the results of this measurement are shown in figure 6.3. From this figure
we can see that the temporal pulse length scales inversely proportional to the magnetic field
amplitude, i.e. τ ∝ 1/B0. This is as expected, because in case ϕ ≈ 0 is selected with the
first cavity, the temporal pulse length is given by equation 2.29.

However, three data points are slightly below the linear curve fit of τ versus 1/B0 in
figure 6.3. This is possibly due to an misalignment of the slit behind cavity A and reveals
a somewhat larger challenge: because several parameters, like the slit position, had to be
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6.2. Time-of-Flight EELS

controlled and monitored simultaneously, it was difficult to carry out the experiment. For
example, the reflected power in cavity A rapidly increased while changing the magnetic
field amplitude with the attenuator. Because waiting for the cavity to be stabilized was
time-consuming, measurements had to be performed quickly – at one time instance – while
changing e.g. the slit position to select the zero entrance phase, and changing the exposure
time of the electron detector to make full use of its resolution.

In addition, the shortage of control in the setup could – besides a lot of changes on the
setup during the project – also be the reason that the streak length of cavity B was smaller
than in the earlier measurement described in section 3.2.5: possibly the attenuation for cavity
B was still on.

In the future, therefore, parts of the setup should be automated in order to make mea-
surements easier to perform. In the next chapter, we will briefly come back to this and we
will present some recommendations of how this can be realized.

6.2 Time-of-Flight EELS
Now that we have demonstrated the creation of ultrashort electron pulses of ∼ 3 ps, the time
has arrived to perform the Time-of-Flight EELS experiment, and to show that this works as
expected. For this, the following steps were taken.

Firstly, RF power was put into cavity B alone, and a streak on the electron detector of
the continuous electron beam going through this cavity was made. Similar to the previous
section, this was used to verify the magnetic field amplitude in cavity B and to determine
the position and center of the streak.

Secondly, 9.2 W of RF power was put into cavity A, and by placing the slit behind it,
ultrashort pulses were generated on the electron detector (see figure 6.5a). These pulses were
imaged with the phase shifter on the central part of the streak; this corresponds to a small
entrance phase ϕ of electron pulses in cavity B, as discussed in the previous section.

Thirdly, the TEM grid with the monocrystalline graphite sample (see figure 6.4) was
placed into the beamline. Because only a small area of the TEM grid was covered with
sample material, the position of the translator had to be set with high accuracy to select an
area with sample material; otherwise there will be no interactions and Time-of-Flight EELS
would not work. In order to do this, the pulses going through the TEM grid were imaged on

Figure 6.4: Monocrystalline graphite sample on 200 mesh copper TEM grid with an esti-
mated layer thickness of 20 - 30 layers. Image was taken and adapted from [30].
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6. Time-of-Flight EELS beamline results

(a) electron pulse image
without the sample material

(b) electron pulse image
with the sample material

(c) electron pulse image
with the sample material,
and cavity B streaking in the
reverse direction

Figure 6.5: False-colour image on logarithmic scale of electron
pulses in the ToF-EELS setup. The reasons that the (zero-loss)
peak of each pulse (indicated in red) seems to be split into two
peaks is caused by the imaging of the TEM grid on that position.

the electron detector, with cavity B off. The places on the grid which have sample material
are then clearly distinguishable from the place that are not; the former appear as more dark
regions on the detector compared to the latter places. By positioning the translator such
that a region with sample material is visible on the detector, it ensures that interactions with
the material can occur.

Subsequently, cavity B was turned on again, and an image of the pulses going through
the sample was made with the electron detector, see figure 6.5b. As can be noticed, the pulse
on the detector now has a tail compared to the pulse that did not go through the sample
material, which is shown in figure 6.5a. The tail, pointing to the left in figure 6.5b, is due
to the energy loss of electrons that scattered inelastically with the sample material. These
electrons arrive at a delayed time ∆t at cavity B compared to the electrons that did not lose
any of their kinetic energy. They will therefore be deflected to another place on the detector:
at a distance ∆x from electrons without energy loss.

This is a first indication that Time-of-Flight EELS is working. Moreover, if the tail really
represents inelastically scattered electrons, then increasing the phase difference between the
two cavities with ∼ 180 ◦ should flip the streak direction. As a consequence, the tail should
then also point in the other direction. Doing this with the phase shifter shows that this
is indeed the case: the tail of the spectrum points towards the right in figure 6.5c when
increasing the phase by ∼ 180 degrees.

Notice that the (zero-loss) peaks of the electron pulses in figure 6.5, indicated in red,
seem to be split into two peaks. This is caused by the alignment of the solenoid: the electron
pulses were not focused accurately enough on the electron detector, and as a consequence,
a part of the TEM grid was visible in the image. Therefore, in future measurements, this
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(a) Time-of-Flight EELS setup
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(b) 200 kV TEM setup

Figure 6.6: Electron energy loss spectrum

should be taken into account.
The next step is to calculate the energy loss spectrum from the data in figure 6.5c. This

can then be compared with a known energy loss spectrum of graphite, to demonstrate that the
setup that has been built can indeed be used to perform electron energy loss spectroscopy in a
completely new way; it therefore acts as a proof-of-principle, as discussed in the Introduction.

In order to calculate the energy loss spectrum, the position of all electrons on the detector
has to be converted to a corresponding energy loss. This can be done by first calculating the
time delay ∆t of these electrons, compared to electrons that did not lose kinetic energy. For
small entrance phases ϕ in the cavity B, this time delay ∆t is given by:

∆t ≈
(

me

2B0,BeL

)
∆x (6.5)

with ∆x the difference in position with respect to electrons without kinetic energy loss. The
energy loss ∆E can then, in turn, be calculated from ∆t. In appendix B, we will derive an
equation for this (for electrons moving at relativistic speeds). Here, we will only present the
result:

∆E = E0 −

 1√
1−

[
E0+mec2√

E0(E0+2mec2)
+ c∆t

Ld

]−2
− 1

mec
2 (6.6)

with E0 the kinetic energy of electrons without energy loss and Ld the drift length of
electrons between the sample material and cavity B.

The latter equation can be used to calculate the energy loss spectrum from the data in
figure 6.5c. This spectrum is depicted in figure 6.6a, showing the electron counts (in arbitrary
units) as function of the energy loss of electrons. At the left side, we can see the zero-loss
peak; this peak corresponding to electrons that did not lose kinetic energy, because they
interacted elastically or did not interact at all due to the absence of sample material at some
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Figure 6.7: Electron energy loss spectra of the Time-of-Flight EELS setup, compared to
the energy loss spectrum obtained by convolving the TEM spectrum with a Gaussian with a
standard deviation of 13 eV.

places of the TEM grid. At the right from the zero loss peak, we can see electrons that lost
part of their kinetic energy due to elastic scattering, with a peak at ∼ 25 eV. This peak
corresponds to the excitation of plasmons, as described in section 2.3.2.

To show that Time-of-Flight EELS works as expected, the graphite sample used in the
ToF-EELS setup was also placed in the 200 kV TEM at CQT. As discussed in chapter 6.2,
this microscope has a dedicated magnetic spectrometer and it therefore be used to obtain
an EELS spectrum in the conventional way. This spectrum can then be compared with the
ToF-EELS spectrum. In figure 6.6b, the energy loss spectrum obtained with the 200 kV
TEM is illustrated.

However, the energy resolution of the TEM spectrometer is much better than the current
energy resolution of ToF-EELS; the former setup has an energy resolution of ∼ eV compared
to the energy resolution of ∼ 13 eV in the ToF-EELS setup (as was calculated in section
2.3.2). Therefore, in order to compare both spectra, the energy loss spectrum obtained with
the TEM was blurred. This was done by convolving the TEM spectrum with a Gaussian
with a standard deviation equal to the energy resolution of the ToF-EELS setup. The result
of this operation is shown in figure 6.7, together with the ToF-EELS spectrum.

The figure shows that the Time-of-Flight EELS spectrum and the convolved TEM spec-
trum are quite similar and that Time-of-Flight EELS works as expected. In both spectra,
the plasmon excitation peak is around ∼ 25 eV and the widening of the zero-loss peak in the
Time-of-Flight EELS spectrum compared to the original TEM spectrum is due to the energy
resolution of the setup. However, also electrons that did not interact with the sample mate-
rial are causing a widening of the zero-loss peak. This is the reason that the zero-loss peak
cannot be quantitatively compared to the zero-loss peak in the TEM spectrum. Moreover,
the ToF-EELS spectrum contains some noise. In the future, therefore, longer measurements
should be taken, and a TEM grid that is fully covered with sample material should be used.
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To summarize, we have now given a proof-of-principle for performing Electron Energy
Loss Spectroscopy. We demonstrated that we were able to make a low energy loss spectrum
for graphite, with an energy resolution of ∼ 13 eV and a characteristic peak at ∼ 25 eV
corresponding to plasmon excitations. Moreover, this peak disappears as we retract the
sample from the beamline, and by changing the phase difference between both cavities by
∼ 180 degrees, the direction of the spectrum is changed; the peak is then located on the
other side of the spectrum. However, there are also some improvements to be made: the
sample material should be replaced by a better one, for a quantitative comparison with a
reference spectrum, and in order to get a less noisy spectrum, longer measurements should
be taken in the future.
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7
Conclusions & recommendations

7.1 Concluding remarks
In this thesis, a new technique for performing Electron Energy Loss Spectroscopy was pre-
sented, called Time-of-Flight EELS. The goal of the project was to give a proof-of-principle
of this technique by setting up a beamline and acquiring a time-of-flight EELS spectrum,
which gives the number of electrons as function of their energy loss. However, before reaching
to this stage, certain steps had to be taken; the main results will now be discussed.

Firstly, two TM110 copper cavities that were produced for this project were characterized.
Because characterization and testing them in the beamline showed that these cavities per-
formed badly, two new cavities were designed. Measurements on these new cavities demon-
strated that they have a much better performance: cavity A and B have a quality factor
of (2.77± 0.03) × 103 and (2.28 ± 0.02) × 103 respectively, and their antenna coupling was
optimized to reflect less than 10−3 of their RF input power. In addition, the new cavities are
also much more reproducible / robust than the old ones due to the screwing cap design; the
TM110 modes of both cavities can now easily be overlapped in frequency (2.992 GHz at room
temperature) and opening and closing the cavities with a fixed amount of torque can be done
with a reproducibility of ∼ MHz, compared to > 10 MHz for the copper cavities. Hence, we
now have two well-operating cavities, suitable for performing Time-of-Flight EELS.

Secondly, a test setup was built to characterize the scanning electron microscope and
electron detector used for ToF-EELS. In this setup, the beam width and divergence were
measured, for different lens settings. Measurements showed that for a final lens current of
0.32 and a condenser lens current of 0.40, the beam was focused inside the center of the
first cavity. As a consequence, the growth in emittance and energy spread in this cavity
is minimized. The beam width and divergence measurements were also used to determine
the transverse normalized RMS emittance of the beam and its divergence. The emittance
was determined to be 2.9± 0.2 nm rad for a beam current ∼ 10−8 A, and the corresponding
divergence was 5× 10−4. The latter value was used to calculate the temporal pulse length;
the calculation showed that a pulse length of 2.4 ps could be obtained, which agrees the
measured pulse length quite well.

Thirdly, a beamline for Time-of-Flight EELS was built. By adding the new cavities to
this setup, it was demonstrated that ultrashort electron pulses could be generated. For this,
roughly 10 W of RF power was put into both cavities, which gave a magnetic field amplitude
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of 1.4± 0.2 mT and 1.02± 0.03 mT for cavity A and B respectively. By placing a 10µm slit
at 10 cm behind cavity A, we demonstrated that the continuous electron beam of the SEM
could be chopped into ultrashort pulses of 3 ± 1 ps, a value that agrees quite well with the
earlier mentioned theoretical value of 2.4 ps. Moreover, we have demonstrated that the pulse
length for a small entrance phase ϕ in the chopping cavity is proportional to the inverse over
the magnetic field B0, i.e. τ ∝ 1/B0. This agrees with what we expect from theory.

Finally, a monocrystalline graphite sample was placed in the ToF-EELS beamline and
we demonstrated that the goal of this project, a time-of-flight energy loss spectrum, can
be achieved with the setup. This spectrum has an energy resolution of ∼ 13 eV, which is
currently limited the earlier mentioned finite pulse length of 3 ps and by the drift length
of 1.42 m between the sample and cavity B. A characteristic peak, corresponding to the
excitation of plasmons in graphite, was observed at 25 eV. In order to validate the spectrum,
a reference spectrum was made in the TEM setup at CQT with a magnetic spectrometer.
By blurring this spectrum with the energy resolution of 13 eV, and comparing both spectra,
it could be seen that both spectra were similar with respect to their characteristic plasmon
excitation peak. Moreover, by changing the phase difference between the cavities by ∼ 180
degrees, the direction of the spectrum can be changed. This demonstrated that the electrons
in the plasmon peak entered at a later time; they were therefore streaked in the other
direction.

Nevertheless, there is still room for improvement. In the next section this will be described
in more detail and some recommendations and an outlook for future work will be given.

7.2 Recommendations and outlook
As discussed in the last section, a beamline was built that acted as a proof-of-principle
for Time-of-Flight EELS, and several experiments were performed to come to this stage.
However, there are still some interesting ideas that can be applied to the project in the
future. Here, we look at some of these ideas and we will also give some recommendations for
future work.

• The temporal pulse length τ of electron pulses should be made smaller : in order to
improve the energy resolution or to perform time-resolved EELS at sub-ps timescales,
it necessary to decrease the temporal pulse length of the electron pulses generated in
our setup. Two possible ways of doing this, are by:

– Changing the cross-over of the condenser lens in the SEM : at the moment, the
temporal pulse length is not purely limited by the slit used (which is 10µm), but
mainly by the divergence of the electron beam at the slit; this causes the effective
slit size (eqn. 2.28) to be ∼ 1× 10−4 m. Therefore, a less divergent beam should
be made. This can be done by e.g. creating a stronger condenser lens focus (see
figure 4.2). More electrons will then be cut-off by the aperture before the final
lens. As a consequence, a less divergent beam will reach the slit and the temporal
pulse length will be smaller.

– Increasing the magnetic field in the first cavity: the magnetic field in cavity A
is 1.4 ± 0.2 mT at an input power of 10 W, as discussed in section 3.2.5. By
increasing the amount of RF power coupled to the cavity, the magnetic field
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amplitude will be increased. For example, in case 40 W is put into the cavity,
the field will be twice as large, and τ will be half of the current temporal pulse
length. However, the design of the cavities also needs to be changed in that case,
because experiments with higher amounts of power already showed that the SMA
connector on the RF cable is not capable of handling such amounts of power; they
can get overheated and damaged. Another way to increase the magnetic field is
by replacing the aluminum cavities by the same type of cavity made from copper,
as was discussed in section 3.2.5: copper has a higher conductance, and cavities
from copper therefore have a lower power loss, at the same input power; hence,
this also results in a higher magnetic field amplitude.

• The Time-of-Flight EELS beamline should be made more flexible. Aligning the electron
beam and performing measurements with the current setup is rather time-consuming
and requires great precision. The following practical measures should be taken to make
the setup more flexible and faster to work with:

– The cavities should be replaced by easily removable, retractable cavities: during
this project, the cavities had to be removed a couple of times from the setup, for
example due to overheating (as discussed in section 3.1.3) and for beam alignment
(after replacing the tungsten thermionic emitter in the SEM). Because the cavities
were mounted in an inflexible way in the beamline, other parts of the setup also
had to be removed, and removing a cavity could not be done quickly. Therefore,
the cavities should be mounted in such a way that they are quickly retractable
from the beamline, for alignment purposes, and also easily removable, in case they
have to be replaced.

– The current deflectors to should be replaced by other ones: the deflectors currently
used (section 4.2) are from another setup at CQT and consist of four solenoids in
dipole configuration. These solenoids have an iron-core to significantly increase
the magnetic field compared to solenoids without this core and are actually meant
to manipulate MeV electron beams. As a result, they can have a remnant magnetic
field while changing the current through the solenoids during beam alignment and
often need to be degaussed. However, for 30 keV electrons, we do not need large
magnetic fields to deflect electrons, and hence degaussing is cumbersome, time-
consuming and should be avoided. Therefore, the deflectors should be replaced
by deflectors without iron-cores in their solenoids.

– Two additional power meters should be added: at the moment, two USB power
meters are connected to the dual coupler and we can either measure the reflected
power Prefl from a cavity (as discussed in section 4.2), or the RF power put into
the cavity (Pin). However, for experiments we are often interested in accurately
knowing and also monitoring the amount of power absorbed (Pin − Pref) by both
cavities. Therefore, two additional power meters should be added to the setup, so
that both the input and reflected power can be measured and monitored simulta-
neously.

– All translator stages should be motorized: at several places in the setup, a trans-
lator stage with phosphor screen was placed for among others beam alignment
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purposes. However, these translator stages are not flexible because during align-
ment they have to be manually put into the beamline and retracted again, some-
times multiple times. Therefore, all the translator stages should be motorized and
controlled by a computer (see also next recommendation).

– Parts of the setup should be automated (by software): in case of maintenance, or
in order to perform an experiment, several systems have to be activated, deacti-
vated, and/or adjusted, sometimes in a specific order. This takes time, requires
attention and hence, it makes the beamline prone to errors: as a consequence,
(expensive parts of) the setup might get damaged. Therefore, parts of the beam-
line should be automated. To begin with, the PLC system should be improved.
This system is used to keep control over the vacuum part of the system; at the
moment of writing, the system only provides basic functionality, such as venting
and opening/closing valves in the beamline; this is, however, not failproof: oper-
ation of the software in a certain order can lead to a vacuum crash. Therefore,
the PLC software has to be adapted/extended, in such a way that these events
cannot occur.
Secondly, software should be written to control and monitor the setup. At the
moment, there are some applications that can be used to monitor and/control
specific equipment in the beamline through a personal computer, e.g. beam steer-
ing devices, RF equipment or the motorized translator stages. However, these
are separated applications and some of them work in a quite cumbersome way.
For example, in case of the motorized translator stage, a number of the (relative)
position has to be manually entered every time when inserting a sample, the slit
or a phosphor screen into the beamline. Therefore, it might be good to make
one control/monitor application from which the most equipment in the beamline
can be operated and monitored, with less actions. Hence, this will give a better
overview of the setup and makes the setup more flexible and faster to work with.

• The sample should be replaced by a better one and longer ToF-EELS measurements
should be taken. At the moment, some electrons did not interact with the sample
material, because the TEM grid was not fully covered with material. This made it
difficult to compare the zero-loss peak in the ToF-EELS spectrum quantitatively with
the zero-loss peak in the reference spectrum. The current sample should therefore
be replaced by a better one. In addition, the spectrum was a bit noisy, and longer
measurements should be taken in the future.

• The energy resolution of the setup should be improved. At the moment, the energy
resolution of a Time-of-Flight EELS spectrum is limited to ∼ 13 eV. This is due to
the drift length Ld of electrons between the sample and second TM110 cavity and due
to the temporal pulse length τ of the electron pulses. In order to improve the energy
resolution, shorter electron pulses should be generated (see first recommendation) or the
drift length should be increased. A longer drift makes electrons with a different kinetic
energy better separable at the second cavity. This is illustrated in the longitudinal
phase space plot in figure 7.1a. However, increasing the drift length is not very practical
because the setup already has a total length of ∼ 3 m. An alternative idea is to use a
TM010 (transverse magnetic monopole) cavity to improve the energy resolution. This
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Figure 7.1: Longitudinal phase-space plot of electron pulses in the beamline showing pz
versus z (a) without TM010 cavity and (b) with TM010 cavity.

cavity has a time-dependent longitudinal electric field, which a maximum along the z-
axis in the cavity, and a azimuthal magnetic field, which is zero along the same axis [19].
Such a cavity can therefore be used to stretch or compress pulses in the longitudinal
direction. Because the resolution depends on the temporal separation of electrons in
front of the second TM110 cavity, we can therefore use it to focus pulses in the front
of the second cavity. This idea is illustrated in the longitudinal phase-space plot of
figure 7.1b. It leads to the situation in which electrons with a different kinetic energy
(indicated by different colored lines in figure 7.1b) are better separable at the second
TM110 cavity, compared to the situation without the TM010 cavity (figure 7.1a). Hence,
the energy resolution will be better. However, in order to determine its full potential
and limitations, more research has to be carried out.

• The sensitivity of the electron detector could be measured/verified in a different way.
In section 5.2, the sensitivity of the electron detector was determined, by measuring
the beam current, exposure time and number of counts on the electron detector. The
sensitivity then found was 58 ± 2 counts/electron for 30 keV electrons. However, we
expect the real sensitivity to be lower, because the current measured with the Faraday
cup might be lower than the actual beam current, as was discussed in section 5.1.1.
Therefore, we will present a different approach to determine the sensitivity, as is used
by TVIPS GmbH [36]. By generating single electron events on multiple places on the
detector (~1 electron/300 pixels), and determining the local maximum pixel value of
each single electron event, an histogram of the number of single electron events as
function of the intensity can be made (see figure 7.2). The center of gravity of this
histogram then is a direct measure for the sensitivity of the electron detector. In this
way, we do not need to worry about measurement errors due to devices such as a
Faraday cup.
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Figure 7.2: Histogram with the number of single electron events on the electron detector
as function of the intensity. The center of gravity (54 counts) is a direct measure of the
detector’s sensitivity. Image was taken and adapted from [36].

• The setup could be extended to perform ultrafast time-resolved EELS. As discussed
at the beginning of chapter 3, the cavities were designed to operate at a resonance
frequency of 3 GHz, which is the 40-th harmonic of 75 MHz. When the setup is extended
with a 75 MHz (titanium-sapphire) laser, it also becomes possible to do ultrafast time-
resolved EELS, like the group of Zewail at the California Institute of Technology. The
laser is then used to induce a non-equilibrium state in a sample, which can be probed
at different time delays ∆t with electron pulses. Combining these measurements gives
a time-dependent energy loss spectrum, showing some interesting features that cannot
be resolved with conventional or Time-of-Flight EELS [14].
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A
Temporal pulse length

A.1 Derivation I
In this appendix, a derivation will be given for the temporal pulse length τ of the TM110
cavity. For this, we will consider a slit with width s placed behind a cavity with the conditions
as described in section 2.2.3. Only electrons that arrive at a position a− 1

2s < x|t=tf +`/vz
<

a + 1
2s will pass through the slit. Here, we will calculate the values of ϕ which satisfy this

criterion and will relate this to the temporal pulse length.
First, we will calculate the position and momentum of an electron with an entrance phase

ϕ that is focused in the cavity and leaves the cavity at time t = tf = 1
2π/ω0. When this

electron enters the cavity at time t = ti = −tf , it has a divergence x′i given by:

x′i = dx

dz

∣∣∣∣
t=ti

= − xi
vztf

(A.1)

since we are focusing in the center of the cavity. Substituting this expression for x′i into
equation 2.25 and evaluating the latter equation for t = tf gives the position of an electron
when leaving the cavity:

x|t=tf = x0
(
cos(ϕ)−

( 1
2π + ω0tf

)
sin(ϕ) + sin(ϕ+ ω0tf )

)
+ x′ivz(tf − ti) + xi

= x0
(
cos(ϕ)− π sin(ϕ) + sin(ϕ+ 1

2π)
)
− 2xi + xi

= 2x0
(
cos(ϕ)− 1

2π sin(ϕ)
)
− xi (A.2)

The momentum of an electron leaving the cavity at t = tf as function of ϕ is:

px|t=tf = p0 (cos(ϕ+ ω0tf )− sin(ϕ)) +mevzx
′
i

= p0
(
cos(ϕ+ 1

2π)− sin(ϕ)
)
−mexi/tf

= −2p0 sin(ϕ)−mexi/tf (A.3)
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With this, we are now able to calculate the position of electrons for an arbitrary time
tf ≤ t ≤ tf + `/vz between the cavity and the slit:

x(t) = x|t=tf +
px|t=tf
me

(t− tf ) for t ∈
[
tf , tf + `

vz

]
(A.4)

We can now look for the values of ϕ that satisfy the earlier mentioned criterion and
calculate a range of phases ∆ϕ from this. Since the beam is limited by its radius ri at
the cavity’s entrance, the minimum value of ϕ can be found from an electron with entering
position +ri that goes through the slit at x = a + 1

2s, and the maximum value of ϕ can be
found from an electron with entering position −ri, that goes through the slit at a− 1

2s. This
yields:

2x0
(
cos(ϕ)− 1

2π sin(ϕ)
)
∓ ri −

2p0` sin(ϕ)
mevz

∓ riω0`
1
2πvz

= a± 1
2s

⇔ 2x0 cos(ϕ)−
(
x0π + 2p0`

mevz

)
sin(ϕ) = a± 1

2s± ri
(

1 + 2ω0`

πvz

)
(A.5)

The former equation, equation A.5, is one of the type A cos(ϕ) +B sin(ϕ) = C. By using
the trigonometric identity A cos(ϕ) +B sin(ϕ) =

√
A2 +B2 cos(ϕ− ϕ0) with

ϕ0 = atan2 (B, A)

and atan2(y, x) the arctangent function with two arguments1, equation A.5 can be rewritten
to: √

4x2
0 +

(
x0π + 2p0`

mevz

)2
cos (ϕ− ϕ0) = a± 1

2seff (A.6)

with:

ϕ0 = atan2
(
−
(
x0π + 2p0`

mevz

)
, 2x0

)
(A.7)

and where we have introduced the effective slit length, due to the finite divergence of the
beam:

seff = s+ 2ri
(

1 + 2ω0`

πvz

)
(A.8)

Substituting equation 2.23 in the latter equation gives:

seff = s+ σ (A.9)

1In mathematics, the function atan2(y, x) calculates the principal argument of a complex number x+ iy
with (x, y) ∈ R2 and i2 = −1. Here we use it to be sure to get the angle from the right quadrant, which is
not possible with the standard arctangent function.
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A.2. Derivation II

with σ the spot size of the beam at the position of the slit (see figure 2.6). The spot size
is given by:

σ = 2(ri + r′i`) (A.10)
with r′i = 2ri/d, the magnitude of the divergence of an electron that enters the cavity at
position ±ri when being focused in the center of the cavity. Equation A.9 shows an important
result: due to the non-zero divergence of the beam, or equivalently the spot size σ of the
beam at the slit, a larger range of phases ∆ϕ will pass through the slit, compared to a zero-
divergence beam. This is equivalent to a zero-divergence beam going through a slit with the
slit width s replaced by the effective slit width seff.

Solving equation A.6 now for ϕ yields:

ϕ = arccos

 a± 1
2seff√

4x2
0 +

(
x0π + 2p0`

mevz

)2

+ ϕ0 (A.11)

Finally, we calculate the temporal pulse length τ by evaluating ϕ for both a − 1
2seff and

a+ 1
2seff. This gives:

τ ≡ ∆ϕ
ω0

= 1
ω0

[
arccos

(
ξ
(
a− 1

2seff
))
− arccos

(
ξ
(
a+ 1

2seff
))]

(A.12)

with the function ξ(x) given by:

ξ(x) = x√
4x2

0 + (πx0 + 2` p0/pz)2
(A.13)

and pz the longitudinal momentum of electrons, given by: pz = mevz.

A.2 Derivation II
In this appendix, a derivation will be given for the temporal pulse length τ , when the distance
` between the cavity and slit is large compared to the cavity length d and when the slit is
placed at a position a = 0. In that case, the arccosine of eqn. 2.26 can be approximated by
the first two terms of its Taylor expansion: arccos(x) = 1

2π − x −
1
6x

3 − · · · . The temporal
pulse length then is:

τ ≡ ∆ϕ
ω0

= arccos
(
ξ
(
a− 1

2seff
))
− arccos

(
ξ
(
a+ 1

2seff
))

≈ 1
ω0

[ 1
2π − ξ

(
a− 1

2seff
)
− · · · −

( 1
2π − ξ

(
a+ 1

2seff
)
− · · ·

)]
= 1

ω0

 seff√
4x2

0 + (πx0 + 2` p0/pz)2

 (A.14)
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A. Temporal pulse length

Looking back at the definition of p0 and x0 in section 2.2.2, we can see that these two
quantities are related by: p0 = meω0x0. Substituting this expression for p0 in equation A.14
gives:

τ = 1
ω0

 seff√
4x2

0 + (πx0 + 2x0ω0`/vz)2


= 1

ω0

 seff

x0

√
22 + (π + 2ω0`/vz)2

 (A.15)

Now carefully look at the factors in the square root of the denominator. In case the
distance between the cavity and slit is much larger than half of the cavity length, i.e. `� 1

2d,
or equivalently 2ω0`/vz � π > 2 (see eqn. 2.23), then the former equation can be simplified
to:

τ ≈ 1
ω0

[
seff

2x0ω0`/vz

]
= seffme

2`B0e
(A.16)
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B
Energy resolution

In this appendix, a derivation will be given for the expected energy resolution that can be
obtained with the Time-of-Flight EELS setup. For this, consider the cavity that is used to
separate electrons with a different kinetic energy to be placed at a distance Ld behind the
sample being studied; this distance is also called the drift length. Electrons that pass through
the sample and do not lose any of their kinetic energy E0, will arrive at a time t0 = Ld/v0
at the cavity, with v0 their velocity. However, electrons that do lose part of their energy due
to sample interaction, will arrive at a later time t1 = t0 + ∆t, with ∆t the time delay. Their
corresponding velocity v1 is then given by:

v1 = Ld
t1

= Ld
∆t+ Ld/v0

= Ldv0

v0∆t+ Ld
(B.1)

These electrons have a kinetic energy E1 = E0−∆E, with the difference in kinetic energy
given by:

∆E = E0 − E1

= E0 − [γ(v1)− 1]mec
2

= E0 −

[
1√

1− v2
1/c

2
− 1
]
mec

2 (B.2)

with γ(v) ≡ 1/ (1− v/c)−1/2, the relativistic Lorentz factor, c the speed of light in vacuum
and me the electron rest mass.
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B. Energy resolution

Substituting the expression for v1 (eqn. B.1) in the former equation for ∆E, yields:

∆E = E0 −

 1√
1−

(
Ldv0

(v0∆t+Ld)c

)2
− 1

mec
2

= E0 −

 1√
1−

(
v0

(v0∆t/Ld+1)c

)2
− 1

mec
2 (B.3)

The latter expression still contains the velocity v0. This velocity can be found from the
relativistic kinetic energy according to:

E0 = [γ(v0)− 1]mec
2

=
[

1√
1− v2

0/c
2
− 1
]
mec

2

Solving for v0/c yields:

v0

c
=
√
E0 (2mec2 + E0)
mec2 + E0

(B.4)

Substituting this expression for v0 into equation B.3 gives the change in kinetic energy:

∆E = E0 −

 1√
1−

[
E0+mec2√

E0(E0+2mec2)
+ c∆t

Ld

]−2
− 1

mec
2 (B.5)

When we now take the time interval ∆t = τ , with τ the temporal pulse length, as the
interval at which electrons with a difference in velocity v0−v1 are still separable when entering
the cavity, then the latter equation gives the expected energy resolution ∆E for relativistic
electrons.

However, in case electrons travel at a speed v0 much smaller than the speed of light c,
and, in addition v0∆t� Ld, then the latter expression for ∆E, or equivalently equation B.3,
can be simplified by using the binomial approximation:

(1 + x)α ≈ 1 + αx (B.6)

with x ∈ R that is close to 0 and α ∈ R. Applying the binomial approximation to equation
B.3, yields:
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∆E ≈ 1
2mev

2
0 −

[
1 + 1

2

(
v0

(v0∆t/Ld + 1) c

)2
− 1
]
mec

2

= 1
2mev

2
0 − 1

2mev
2
0

(
1

v0∆t/Ld + 1

)2

= 1
2mev

2
0

[
1−

(
1

v0∆t/Ld + 1

)2
]

(B.7)

The former expression can be simplified again by using the binomial approximation for
a second time. This gives:

∆E ≈ 1
2mev

2
0

[
1−

{
1− 2

(
v0∆t
Ld

)}]
=

(
2∆t
t0

)
E0 (B.8)

When we now again take the time interval ∆t = τ as interval on which electrons with a
difference in velocity v0 − v1 are still separable when entering the cavity, then the expected
energy resolution ∆E for Time-of-Flight EELS becomes:

∆E =
(

2τ
t0

)
E0 (B.9)
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C
Characterization data cavities

In this appendix, the characterization data of the copper cavities is given and briefly dis-
cussed. Firstly, the field profile of the mode at 3.30 GHz of cavity 1 is shown (appendix
C.1). Secondly, the data of the modes that could be matched in resonance frequency of
cavity 0 and 2 will be given (appendix C.2). This includes their field profile, coupling and
quality factor. Finally, we will look at the simulated field profile of the aluminum cavities,
to demonstrate that the measured field profiles in section 3.2.2 are in agreement with the
simulated one (appendix C.3).

C.1 Cavity 1: Field profile
In figure C.1, the normalized field profile of the mode at 3.30 GHz of cavity 1 is depicted. As
discussed in chapter 3, this mode is similar to the mode shown in figure 3.3 and also turns
out to be a transverse electric mode (TE).
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Figure C.1: Normalized magnetic field profile of cavity 1 for different positions along the
z-axis.
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C. Characterization data cavities

C.2 Cavity 0 and 2: Field profile, coupling and Q-factor
In figure C.2, the field profiles of the modes at 3.05 and 3.07 GHz of cavity 0 and 2 are
illustrated. These profiles are similar to what we expect from simulations done in earlier
work [19]. They demonstrate, together with the fact that the modes disappear when setting
the turning angle of the loop antennas to α = 90 ◦, that this mode is a TM110 mode.

In the next two figures, the magnitude of the voltage reflection coefficient Γv as function
of the resonance frequency f = ω0

2π is given. By curve fitting equation 3.1 through these
figures, the quality factor Qcav of the cavities was determined.

Cavity 0 has a quality factor Qcav = (4.01±0.02)×103 and its antenna loop was optimized
such that only ∼ 10−3 of its input power was reflected. This is equivalent with a reflection
coefficient of −30 dB.
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(b) Cavity 2

Figure C.2: Normalized magnetic field profile of the copper cavities 0 and 2 as function of
the position z in the cavity.
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(a) Cavity 0
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Figure C.3: The magnitude of the voltage reflection coefficient Γv as function of the
frequency, with a curve fit of equation 3.1 to determine the quality factor of cavity 0 and 2.
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C.3. Simulated field profile aluminum cavities

Also in case of cavity 2, the loop antenna was optimized to reflect only ∼ 10−3 of its
input power. However, the quality factor of this cavity is, compared to cavity 0, significantly
lower; it was determined to be only Qcav = 544± 2. This was one of the reasons to design a
new cavity in the meantime and to replace both cavities by these new ones (as is discussed
in section 3.1.3).

C.3 Simulated field profile aluminum cavities
Finally, we will give the simulated (normalized) field profile for the new cavities. This profile
is shown in figure C.4. Comparing the shape of the measured field profiles (see section 3.2.2)
with the simulated one shows that these are quite similar. The top of the profile is slightly
skewed due to the presence of the linear antenna at small positions z.
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Figure C.4: Microwave Studio simulation of the normalized magnetic field amplitude along
different positions z in the cavity. The top of the profile is not straight, but bit skewed due
to the presence of the linear antenna.
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D
Electron detector specification

Field of view
Image area of 32 x 32 mm².

Fast readout
Two readout ports, each sampling 
with 10 MPixel/sec, digitize the 
image information at full resolution 
within 1.8 sec. For a subarea of 
2k x 1k, frame rates of 3 fps can
be achieved.

Rolling shutter mode
For even faster readout the sensor
can be operated in the rolling shutter
(RS) mode whereby no beam shutter 
is needed. Frame rates of up to 
8.5 fps for a 1k x 1k subarea can be 
achieved.
This mode is well suited for 
searching the object of interest.

Fiber-optical coupling
Fiber-optical coupling of the electron-
sensitive layer (scintillator) with the
sensor increases the amount of light
collected in comparison with lens-
optical coupling and, as a result,
the sensitivity of the camera.

Optimized scintillators
TVIPS optimizes the scintillator for
individual demands. For each high
tension up to 400 kV, two standard
types (scintillator thicknesses) are
available: optimized for high 
resolution (HR) or for high sensitivity 
(HS).
On customer request individual
scintillators can be manufactured.

TemCam-F216 features and benefits                             

1x, 2x, 4xBinning factors

EM-MENU, tomography, single
particle collection, EM-SPECTRO, 
recording to hard disk

Software

Windows XP, Intel DualCore CPU,
Optical Gigabit Ethernet, PCI
Express x4 slot

System requirements

on-axisBottom mounted

blooming not presentAnti-blooming

~11%Resolution @ 200 kV
(NTF at Nyquist frequency)

~14:1 (HR)
~22:1 (HS)

SNR (for a single
electron @ 200 kV)

~ 60 counts (HR)
~ 100 counts (HS)

Sensitivity (for a single
electron @ 200 kV)

<1%Non-linearity
(after flatfield correction)

10 000 : 1 Dynamic range 
(maximum/noise)

1xGain factors

-10°C (regulated) Sensor cooling

polycrystalline phosphorScintillator type

1:1 fiber-opticsElectron-optical coupling

0.8x – 1.4x Post-magnification

1.8 fps, full resolution, 1x binning
3.0 fps, subarea, 1k x 1k, 1x binning
4.5 fps, full area, 2k x 2k, RS
8.5 fps, subarea, 1k x 1k, RS
8.5 fps, subarea, 2k x 1k, RS

Frame rates 

2 x 10 MPixel/sec Readout rate (16 bit)

31.9 x 31.9 mm² Field of view

72%Fill factor

15.6 x 15.6 µm² Pixel size

2048 x 2048 Format 

CMOSSensor type

TemCam-F216

Data in this brochure is typical and not binding.

TVIPS GmbH
Eremitenweg 1
D-82131 Gauting
Germany

Phone  +49-89-850-6567
Fax       +49-89-850-9488
E-Mail: info.de@tvips.com
www.tvips.com
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E
Time-of-Flight EELS beamline design
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E. Time-of-Flight EELS beamline design
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