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Summary

Ultrafast electron microscopy and spectroscopy using microwave cavities

For the research presented in this dissertation, work has been done on the development
and implementation of microwave cavities for ultrafast electron microscopy (UEM).
Using an electron microscope, images can be made with sub-Ångström resolution in
combination with several spectroscopic techniques, making it an invaluable tool for
material science. However, dynamical processes in the sample at these small length
scales occur at much smaller timescales than the typical exposure time of a camera.
In the field of UEM, the goal is therefore to add the relevant temporal resolution to
the imaging capabilities of an electron microscope. This is done by illuminating the
sample with an ultrashort pulse of electrons at a specific moment in time, revealing
only the state of the specimen at that instant. By synchronizing this illumination with
a so-called clocking pulse — which is often a laser pulse — that initiates a process
inside a sample before the electrons arrive, this so-called pump-probe scheme allows
for the time evolution of a process to be investigated by varying the delay between
the clocking pulse and the electron pulse.

Typically, electron pulses are created by photoemission, where an ultrashort laser
pulse is used to extract electrons from the electron gun. Although it is possible to
maintain the high brightness of the electron source through photoemission, it requires
expensive laser systems and intrusive modifications to the source. Therefore, an
alternative method is investigated in this dissertation, in which a continuous beam is
deflected periodically over a slit, resulting in electron pulses with the same brightness
while leaving the electron source intact. This deflection is done using a microwave
cavity, in which oscillating electromagnetic fields can be resonantly enhanced.

Apart from the creation of high-brightness pulses, the research presented here fur-
ther investigates the applications of microwave cavities for UEM. Using cavities, a
time-dependent force can be exerted on an electron pulse, allowing for the longitudi-
nal properties of the pulse to be modified to either improve the temporal resolution
or to reduce the energy spread of the electrons. This longitudinal manipulation is
particularly interesting for time-resolved electron energy loss spectroscopy, providing
a large degree of flexibility in the time and energy resolution.

This thesis is divided into three parts. In the first part, relevant knowledge on
microwave cavities for electron microscopy is discussed, and the design and charac-
terization of a cavity is presented. As many cavities have been used for the past four
years, reliable production of these cavities has been of pivotal role for this research.
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The cavities presented here are filled with a dielectric material, making them more
compact, and significantly decreasing the power dissipation of the cavity, both of
which facilitate the implementation inside a highly sensitive microscope. Part I fo-
cuses on the production of these cavities. Relevant knowledge on microwave cavities
is discussed, and the important steps taken to reproducibly fabricate these cavities
are presented, as well as several advanced designs, optimizing power consumption,
robustness, or allowing for multiple modes to be supported simultaneously. With the
optimized design a field strength of 2.84 ± 0.07 mT was demonstrated at an input
power of 14.2±0.2 W, which is significantly higher than the theoretical value of 350 W
that a vacuum pillbox would require.

In the second part, the implementation of a cavity in an electron microscope for the
creation of ultrashort electron pulses is presented. The performance of a cavity-based
microscope is investigated, and it is demonstrated that the two main figures of merit
of an electron beam — the emittance and the energy spread — are maintained in
pulsed operation. It is also shown here that the pulsed electron beam can be focused
to an RMS spotsize of 0.61 × 0.56 nm, comparable to that of a continuous beam.
Then, a theoretical framework is presented to investigate the future performance of a
cavity-based microscope.

The third part discusses a new method for performing time-resolved electron en-
ergy loss spectroscopy. Instead of the typical use of bending magnets, microwave
cavities can be used to disperse and detect energy losses in an efficient manner in a
so-called time-of-flight measuring scheme. They offer larger dispersions and higher
current throughput, resulting in a more efficient detection than conventional methods.
The use of two cavities for a time-of-flight measurement is demonstrated first. Then,
an improved method is presented in which a total of four cavities is used. The addi-
tional cavities are used to improve the flighttime resolution and to monochromate the
electron pulses, enabling the combination of state-of-the-art energy resolution with
pulsed electron beams. Using simulations, the energy resolution achievable in such a
setup is found to be 22 meV with 3.1 ps pulses. This opens up the possibility to per-
form ultrafast high-resolution EELS with an energy resolution of a few tens of meV
combined with few picosecond pulses, paving the way towards detecting short-lived
excitations at energies slightly above the Fermi level.
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Samenvatting voor leken

Ultrasnelle elektronenmicroscopie en -spectroscopie
met behulp van microgolf cavities

Een elektronenmicroscoop is een apparaat waarin kleine objecten zichtbaar gemaakt
kunnen worden. Door elektronen te gebruiken in plaats van zichtbaar licht kan een
hogere resolutie behaald worden, waardoor het mogelijk wordt om individuele atomen
zichtbaar te maken. Hierdoor is de elektronenmicroscoop een waardevol instrument
voor materiaalwetenschappers. Deze microscopen worden echter alleen gebruikt voor
het bekijken van statische of enkele langzaam veranderende processen, omdat veruit
de meeste veranderingen op deze kleine lengteschalen ontzettend snel gebeuren. Zo is
het bijvoorbeeld mogelijk om de chemische samenstelling van een materiaal te bekijken
wanneer er een evenwicht in het preparaat is, maar zodra er een chemische reactie op
gang komt, kan de samenstelling van het preparaat volledig veranderen binnen een
picoseconde, oftewel een miljoenste van een miljoenste seconde. Binnen het vakgebied
van de ultrasnelle elektronenmicroscopie is daarom het doel om processen op deze
tijdschalen meetbaar te maken, om op die manier een tijdsresolutie te verkrijgen die
relevant is voor atomaire processen.

De moeilijkheid hiervan zit hem in het feit dat de macroscopische apparatuur die
we gebruiken om een afbeelding te maken vele malen langzamer is dan de microscopis-
che processen waarin we gëınteresseerd zijn. Zo duurt het zelfs met de meest gea-
vanceerde camera’s vele malen langer dan een picoseconde om een opname te maken,
waardoor het proces al lang en breed gedaan is voordat de afbeelding gemaakt is,
en ieder beetje verandering onzichtbaar wordt. Om dit probleem te omzeilen hebben
wetenschappers een alternatieve meetmethode bedacht, die (vrij vertaald) de activeer-
en-detecteer methode heet. Met deze methode worden twee ontzettend korte pulsjes
gebruikt. De eerste, typisch een lichtpuls, wordt op een preparaat geschoten, waar-
door een dynamisch proces op gang komt, bijvoorbeeld doordat het licht het preparaat
opwarmt waardoor het materiaal gaat smelten. Na een goed gedefinieerde tijd wordt
vervolgens een tweede puls, in dit geval een puls van elektronen, gebruikt om het
smeltende preparaat gedurende een korte tijd te belichten, waardoor alleen op een
specifiek tijdstip informatie wordt verzameld over het smeltproces. Nadat het mate-
riaal vervolgens gestold is kan het proces herhaald worden bij andere aankomsttijden
van de detectiepuls. Door dit een aantal keer opnieuw te doen kan het volledige
tijdsverloop begrepen worden.
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Omdat er alleen informatie verkregen wordt over het proces wanneer er ook daad-
werkelijk elektronen aanwezig zijn, wordt op deze manier de tijd niet meer bepaald
wordt door de sluitertijd van de camera, maar door hoe kort we de elektronenpuls kun-
nen maken, wat veel makkelijker is. Het voornaamste doel van ons onderzoek van de
afgelopen vier jaar was dan ook om elektronenpulsen te maken die kort genoeg zijn om
atomaire processen te kunnen volgen. Deze elektronenpulsen maken we met behulp
van een elektromagnetische resonator, die in het Engels een cavity genoemd wordt.
Binnenin een cavity kan een variërend magneetveld worden gegenereerd, waarmee
een elektronenbundel periodiek afgebogen kan worden. Door vervolgens een nauwe
spleet op een afstandje te zetten, wordt de heen-en-weer zwiepende elektronenbundel
geblokkeerd, behalve gedurende de korte tijd dat hij precies op de spleet gericht is.
Op deze manier kan een continue stroom van elektronen omgezet worden in een reeks
van korte pulsen, zoals ook staat afgebeeld in (onder andere) figuur 2.6(a).

Het bijzondere aan een cavity is dat oscillerende elektromagnetische velden erin
opgeslagen kunnen worden. Door de cavity voortdurend te blijven voeden terwijl er
nauwelijks velden kunnen ontsnappen, stapelt de energie op, en worden deze velden
vele malen versterkt. Op deze manier wordt het mogelijk om op microscopische tijd-
schalen de elektronenbundel toch nog een macroscopische afbuiging te geven, waar-
door de pulsjes die door de spleet gaan ook daadwerkelijk kort genoeg zijn om atomaire
processen te bestuderen. Het voornaamste doel van de eerste jaren van dit onderzoek
was daarom ook om cavities te maken. Dit staat daarom ook beschreven in het eerste
deel van dit proefschrift. In dit deel wordt alle relevante kennis beschreven die we
hebben opgedaan over deze cavities, en wordt beschreven welke stappen we allemaal
hebben gemaakt om het productieproces onder de knie te krijgen. Gedurende dit
project zijn er namelijk in eerste instantie twee mislukte cavities gemaakt, vervolgens
drie probeersels om het maakproces te begrijpen, en tenslotte zes cavities die daad-
werkelijk voldeden aan alle eisen. Aangezien deze zes cavities ook allemaal gebruikt
zijn in de opstellingen, was het begrijpen en verbeteren van het productieproces een
doorslaggevende factor geweest voor het verloop van dit onderzoek.

In deel 2 wordt vervolgens het daadwerkelijke doel van het onderzoek beschreven:
de implementatie van een cavity in een microscoop. Hiervoor is een commerciële mi-
croscoop aangepast met behulp van het bedrijf Thermo Fisher Scientific (dat tijdens
de aanpassing nog FEI Company heette), waardoor er een vacuumkamer beschik-
baar is gekomen waarin een cavity gemonteerd kan worden. Deze aanpassing staat
beschreven in hoofdstuk 4, samen met de karakterisering van de elektronenpulsen na-
dat de cavity aangezet wordt. In dit hoofdstuk wordt een heel belangrijk resultaat
beschreven, namelijk dat de elektronenpulsen door de lenzen in de microscoop gefo-
cuseerd kunnen worden tot kleiner dan een nanometer, en, belangrijker nog, net zo
klein als wat mogelijk is zonder de cavity, wat ons laat zien dat de resolutie van de
microscoop behouden blijft. Alhoewel er nog geen daadwerkelijk activeer-en-detecteer
experiment is beschreven in dit proefschrift, is dit het bewijs dat het mogelijk moet
zijn om met picoseconden pulsen atomaire processen te bekijken. Deze karakter-
isatiemeting van de resolutie bij verschillende instellingen van de lenzen is ook te zien
op de omslag van dit proefschrift. In hoofdstuk 5, dat wellicht het minst leesbaar is
voor mensen buiten het vakgebied, wordt vervolgens met behulp van berekeningen en
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simulaties onderzocht wat de verwachte prestaties van de microscoop in de toekomst
zullen zijn.

Deel 3 van dit proefschrift beschrijft het gebruik van meerdere cavities op een rij
om naast het maken van pulsen ook de pulsen te kunnen vervormen en detecteren,
en beschrijft het idee waar ik zelf het meest trots op ben. Wat hier beschreven wordt
was namelijk begonnen als een spin-off project, maar groeide al snel uit tot een veel-
belovende methode. Het oorspronkelijke idee was dat met behulp van de tijdsafhanke-
lijke deflectie van een tweede cavity een elektronenpuls afgebeeld kan worden op een
detector. Iedere pixel van de detector komt dan overeen met een specifieke aankomst-
tijd bij de cavity. Wanneer vervolgens een preparaat in de elektronenbundel gehouden
wordt, botsen de elektronen met het materiaal, waardoor ze vertragen en later bij de
tweede cavity aankomen. Door dit verschil in aankomsttijd af te beelden kan infor-
matie verkregen worden over de sterkte van de botsingen. Hoewel er andere manieren
bestaan om dit in kaart te brengen, biedt dit soort metingen, ook time-of-flight metin-
gen genoemd, bepaalde voordelen, waardoor ze sporadisch door enkele vakgroepen ter
wereld onderzocht worden. Onze variant hiervan met twee cavities staat beschreven
in hoofdstuk 6. Hoofdstuk 7 beschrijft vervolgens wat het grote nadeel is aan dit
soort metingen, en, belangrijker nog, hoe dit nadeel voorkomen kan worden met be-
hulp van een derde cavity. Een vierde cavity kan vervolgens toegevoegd worden om
de elektronen bij het preparaat te vervormen om de resolutie te verbeteren. Figuren
7.1–7.3 beschrijven dit idee stapsgewijs, door eerst de meting te beschrijven met twee
cavities, vervolgens met een derde, en ten slotte met een vierde. Met toevoeging van
deze extra cavities verandert de methode ineens van een interessant alternatief naar
een krachtige techniek die resoluties kan halen die vooralsnog onmogelijk zijn met de
technieken van de gevestigde orde.

Om het proefschrift af te sluiten is er nog een hoofdstuk toegevoegd waarin wat
interessante mogelijkheden gepresenteerd worden om de time-of-flight metingen mee
uit te breiden, gevolgd door het gebruikelijke hoofdstuk waarin de belangrijkste con-
clusies nogmaals vermeld worden, samen met suggesties voor het verdere verloop van
het onderzoek.
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Chapter 1

Introduction

Abstract

The work presented in this thesis focuses on the applications of microwave cavities
for time-resolved electron microscopy. Using microwave cavities, ultrashort electron
pulses can be created and manipulated, making them ideal tools to incorporate in a
time-resolved electron microscope. In this chapter, a short overview is given of the
field of ultrafast electron microscopy, and the applications of microwave cavities are
discussed. Then, an outline for the rest of the thesis is given.
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1.1 Ultrafast material science

For over a century, scientists have wondered how a chemical reaction starts on a
microscopic level. A first insight in this process came in 1889, when Arrhenius inves-
tigated the rate k at which a chemical reaction proceeds, and how this depends on
temperature. The temperature dependency that he found can be formulated as

k ∝ exp(−Ea/kBT ) ,

with Ea some activation energy that has to be overcome before the reaction starts. In
this view, the reactants start out in a local energy minimum, in which any deformation
of the molecule is energetically unfavorable. However, if the system has enough energy,
in this case in the form of the thermal energy kBT , collisions become sufficiently strong
for the molecules to overcome the energy barrier and end up in a new configuration.
Later, the intermediate state of the molecule at this heightened energy was called
a transition state. Further theoretical developments predicted that these transition
states exist at timescales similar to those of molecular vibrations, which were at that
time impossible to measure [1].

This changed with the arrival of femtosecond laser technology. Using lasers, differ-
ent molecules and their excited states can be characterized using various spectroscopic
techniques. Zewail adapted these techniques using ultrashort laser pulses to charac-
terize chemical reactions with an unprecedented time resolution. First, a reaction is
initiated by exciting a molecule using an intense pump pulse. Then, a probe pulse is
used to characterize the molecule at a well-known time delay, revealing the state of
the molecule at a certain time after initiating the reaction.

In a first series of experiments, the group of Zewail was able to capture the tran-
sient behavior of the dissociation of iodine cyanide. They showed that both the cre-
ation and decay of the transition state happens at a characteristic timescale smaller
than 200 fs [2]. Since these transitions are the smallest steps in a chemical reaction,
it was now possible to determine every chain in a reaction, and the field of femto-
chemistry was born, for which Zewail was awarded the Nobel prize in chemistry in
1999.

Although the desired temporal resolution was reached, the spatial resolution of
these experiments is limited by the wavelength of the laser. To improve the spatial
resolution, X-ray photons can be used to probe the sample instead of optical photons.
Zewail, however, took a different approach by replacing the optical probe pulse by an
electron pulse. Due to the much larger cross-section of electrons compared to X-rays,
which differs by approximately a factor 106, present day tabletop electron setups have
a time resolution and detected particle flux comparable to large XFEL facilities [3].
Similar to the optical method, samples are investigated by first exciting them with
an intense optical pump pulse, and then probing them with an electron pulse. These
ultrashort electron pulses are typically generated through photoemission with a laser
pulse.

The main difficulty of using a pulse that contains enough electrons to make an
image, however, is the strong repulsive Coulomb force between the electrons. This
results first and foremost in temporal lengthening of the electron bunch. It also limits
the focusability of the electron beam, which is why these setups are mostly limited to
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crystallography. Nevertheless, the group of Miller succeeded in capturing the melt-
ing process of aluminum in reciprocal space with atomic resolution [4]. This was
achieved by keeping the setup compact to limit space charge broadening. Nowadays,
various schemes exist to counteract the lengthening of the bunch by inducing velocity
differences [5] or path length differences [6] between the electrons. Alternatively, a
nanosecond pulse train can be used to reduce space-charge effects. This so-called
DTEM approach allows for real-space imaging with a few nanometer resolution, as
well as for multiple consecutive time frames to be imaged in a single shot, albeit at
the cost of temporal resolution [7].

The group of Zewail chose a different path. They circumvented the space charge
problem by limiting the amount of electrons inside a pulse. The signal is then built
up by repetitive pumping and probing of the sample, while ample time is given in
between successive measurements for the sample to return to equilibrium. By gen-
erating ultrashort electron pulses inside a transmission electron microscope, Zewail
developed an instrument that provides the possibility of both reciprocal-space and
real-space imaging with atomic resolution [8], as well as electron energy loss spec-
troscopy [9] with sub-picosecond time resolution. The main disadvantage of this
approach is that it requires a robust sample that can withstand 105–107 repetitive
illuminations with an ultrashort optical pump pulse. Therefore, the so-called single
shot approach is a complementary technique, which generally focuses on the investiga-
tion of macromolecules and biological samples. Nevertheless, numerous applications
of the repetitive approach exist, and the amount of available methods to investigate
dynamical processes is ever growing with the addition of time resolution to tech-
niques such as Lorentz microscopy [10], cathodoluminescence [11], and photoemission
electron microscopy [12].

Apart from the addition of time resolution to readily available microscopy tech-
niques, the advent of pulsed electron beams has also given rise to new methods. A well-
known example is the method called photon-induced near-field electron microscopy,
or PINEM, where modulations in the energy of the electrons due to the presence
of electromagnetic near-fields are detected [13, 14]. Although this is not necessarily
a time-resolved technique, it does require high laser fluences, and therefore pulsed
lasers to excite the sample. By scanning the electron beam over a nanoscale structure
in the presence of such a laser field, the PINEM effect allows for plasmonic modes
to be characterized with high spatial resolution [15]. Furthermore, using electron
pulses both spatially and temporally smaller than the laser fields provides coherent
control over the spectral modulation [16]. It has been proposed that this can lead to
novel quantum measurement schemes, where this effect is used both to prepare and
to analyze spectral quantum states accurately [17].

Despite the many applications, the use of a pulsed electron beam comes at a high
cost. Most notably, due to the large difference between the illumination time and
the relaxation time of the sample, the average current of a pulsed electron beam is
orders of magnitude smaller than that of a continuous beam. Secondly, the temporal
length of the pulses created by photoemission is generally significantly longer than the
emission process itself, limiting the temporal resolution. Finally, many photoemission
sources in use have a significantly reduced performance due to the large emission area
from the photocathode. This third problem can be overcome, however, using sideways
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illumination of a sharp emitter, in which case the transverse coherence of the electron
source can be preserved [18, 19].

In this thesis, we will extend the toolbox available to ultrafast electron microscopy
by demonstrating several uses of time-dependent fields generated with microwave
cavities. Microwave cavities provide an alternative method of pulse creation, as well
as new techniques applicable solely to pulsed electron beams through longitudinal
phase space manipulation. Using these techniques to circumvent the difficulties of
conventional methods, we aim to partly bridge the gap between continuous and pulsed
microscope performance.

1.2 Microwave cavities

Although the use of a pulsed beam results in a lower current, and therefore increases
the difficulty in acquiring images, it also opens up the possibility to use time-varying
fields, adding new prospects to manipulate electron beams. In accelerator physics,
time-varying fields are extensively used to accelerate particles because they can easily
be applied successively, and because higher field gradients can be achieved compared
to static fields before electric breakdown phenomena occur [20]. For electron mi-
croscopy, the use of time-dependent fields has also been recognized already at an
early stage in the form of aberration correction. An important theorem in electron
microscopy was formulated by Scherzer [21], who showed that rotationally symmetric
electro- and magnetostatic lenses always have a positive spherical aberration coeffi-
cient in the absence of space charge. Lenses using dynamic fields, however, do not,
and therefore provide a means of aberration correction. For this reason, time-varying
lenses have attracted researchers ever since [22, 23]. Partly for this reason, microwave
fields have already been incorporated in a microscope by the groups of Ura [24] and
Oldfield [25] independently. Improvements in acceleration and aberration correction
could both directly improve the current that can be delivered in an electron probe.
In this thesis, however, we will focus in particular on the applications of microwave
cavities for time-resolved microscopy and spectroscopy, by using the time-dependent
forces to manipulate the longitudinal properties of an electron beam.

Inside a microwave cavity, different modes can be excited. Typically, two of these
modes are used, which are called the TM010 or TM110 mode. In this thesis, the use
of the TM110 mode is mostly discussed. This type of cavity, also called a deflection
cavity or streak cavity, has an on-axis transverse magnetic field which can be used to
periodically deflect an electron beam. This cavity is often used as a streak camera,
allowing for ultrashort pulses to be characterized [5], or for temporal changes to be
imaged [26]. However, they can also be used to create ultrashort pulses by periodically
deflecting an electron beam over a slit. Using a so-called conjugate blanking scheme,
it has been shown that pulses can be created without degrading the spatial coherence
of the electron beam [27]. Alternatively, multiple cavities can be used to counteract
any loss in spatial or temporal coherence [28].

The second type of cavity, called the compression cavity, has an on-axis longitudi-
nal electric field, with which a time-dependent (de)accelerating force can be exerted
on the electrons. In this way, a correlation between the longitudinal position and lon-
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gitudinal velocity of the electrons can be induced, principally acting as a longitudinal
equivalent of a lens. The main use of this is to longitudinally focus electron pulses,
allowing for the pulse length to be decreased [5]. This comes at the cost of energy
spread, as the longitudinal phase space density is conserved. However, these cavities
can also be used to longitudinally stretch the electron pulses, decreasing their velocity
spread, i.e. monochromating the electron beam. Alternatively, they can make longi-
tudinal images of a temporal distribution. This could e.g. be used in combination
with a streak camera to accurately detect temporal changes smaller than the pulse
length of the electrons, improving the resolution of the method presented in Ref. 26.

1.3 Scope of this thesis

In this work, applications of microwave cavities for ultrafast electron microscopy are
presented. This thesis is divided into several parts. Part I deals with the develop-
ment of dielectric TM110 cavities. By using a dielectric material, these cavities can
be made compact and power efficient, which facilitates the implementation in an elec-
tron microscope. Discussed in this part are the technological advances that are of
paramount importance to the rest of the work. Without a reliable and repeatable
cavity fabrication process, most of the work done in this project or any follow-up
would not have been possible, such as the synchronization of multiple cavities, or
the use of designs more advanced than a cylindrical pillbox. Presented in this part
is therefore the theoretical knowledge on cavities, and all measurements performed
to characterize the performance of cavities filled with a dielectric material. Two ad-
vanced designs are also presented. The first, called a dual-mode cavity, can support
two modes at different frequencies, extending the capabilities of a streak cavity. The
second is a design optimized for power consumption, allowing for large field strengths
can be generated with relatively cheap amplifiers, as well as circumventing the risks
of large power consumption inside a highly sensitive and expensive microscope.

In Part II, the implementation of such a dielectric cavity inside a transmission
electron microscope is demonstrated. Pulsed microscope performance is investigated,
showing that beam chopping with a cavity results in a high brightness pulsed electron
beam. Furthermore, a theoretical framework has been developed to describe the
propagation of an electron beam through a cavity. Within this framework, future
performance is predicted, and the important design criteria are determined. The
theory is compared to simulations, demonstrating its validity.

In Part III, the use of multiple cavities for spectroscopic purposes is demonstrated.
By also incorporating TM010 cavities, the longitudinal phase space of the pulses can
be altered, allowing for pulse compression or monochromation. This is particularly
powerful when applied to time-resolved electron energy loss spectroscopy. The use
of these cavities is demonstrated experimentally in the form of a time-of-flight setup.
Using simulations, the performance of a four-cavity time-of-flight setup is discussed
and demonstrated, which promises to combine sub-ps temporal resolutions with sub-
100 meV energy resolutions using currently available technology. This is one to two
orders of magnitude better than what has been achieved up to now. The advantages
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of the proposed measuring scheme compared to conventional methods are discussed,
elucidating the large advance in resolution that is predicted.

Finally, in Part IV, additional simulations and calculations are performed to inves-
tigate some of the interesting prospects of the proposed time-of-flight method. Then,
the thesis ends with a chapter to summarize all important conclusions, and to list a
few recommendations on future research.
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[21] O. Scherzer, “Über einige Fehler von Elektronenlinsen,” Z. Phys. 101, 593 (1936).

[22] N. C. Vaidya, “Synklysmotron lenses—A new electron-optical correcting system,”
P. IEEE 60, 2 (1972).

[23] G. Schönhense and H. Spiecker, “Correction of chromatic and spherical aber-
ration in electron microscopy utilizing the time structure of pulsed excitation
sources,” J. Vac. Sci. Technol. B 20, 2526 (2002).

[24] K. Ura and N. Morimura, “Generation of picosecond pulse electron beams,” J.
Vac. Sci. Technol. 10, 948 (1973).

7

http://dx.doi.org/ 10.1038/nature04298
http://dx.doi.org/ 10.1038/nature04298
http://dx.doi.org/ 10.1126/science.aaj1699
http://dx.doi.org/10.1038/nature08662
http://dx.doi.org/ 10.1088/1367-2630/12/12/123028
http://dx.doi.org/ 10.1088/1367-2630/12/12/123028
http://dx.doi.org/ 10.1126/science.1213504
http://dx.doi.org/10.1038/nature14463
http://dx.doi.org/ 10.1038/s41566-017-0045-8
http://dx.doi.org/10.1103/PhysRevLett.114.227601
http://dx.doi.org/10.1016/j.ultramic.2016.12.005
http://dx.doi.org/ 10.1007/BF01349606
http://dx.doi.org/ 10.1109/PROC.1972.8614
http://dx.doi.org/ 10.1116/1.1523373
http://dx.doi.org/10.1116/1.1318522
http://dx.doi.org/10.1116/1.1318522


[25] L. Oldfield, “A rotationally symmetric electron beam chopper for picosecond
pulses,” J. Phys. E: Sci. Instrum. 9, 455 (1976).

[26] P. Musumeci, J. T. Moody, C. M. Scoby, M. S. Gutierrez, M. Westfall, and
R. K. Li, “Capturing ultrafast structural evolutions with a single pulse of MeV
electrons: Radio frequency streak camera based electron diffraction,” J. Appl.
Phys. 108, 114513 (2010).

[27] A. C. Lassise, Miniaturized RF technology for femtosecond electron microscopy,
Ph.D. thesis, Eindhoven University of Technology (2012).

[28] J. Qui, G. Ha, C. Jing, S. V. Baryshev, B. W. Reed, J. W. Lau, and Y. Zhu,
“GHz laser-free time-resolved transmission electron microscopy: A stroboscopic
high-duty-cycle method,” Ultramicroscopy 161, 130–136 (2015).

8

http://dx.doi.org/ 10.1088/0022-3735/9/6/011
http://dx.doi.org/10.1063/1.3520283
http://dx.doi.org/10.1063/1.3520283
http://dx.doi.org/10.6100/IR739203
http://dx.doi.org/ 10.1016/j.ultramic.2015.11.006


Part I

Microwave cavities
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Introduction to Part I

In this thesis, the use of microwave cavities for time-dependent manipulation of an
electron beam is investigated. In order to facilitate implementation in an electron
microscope, these cavities can be filled with a dielectric material. The initial design
of a dielectric cavity, however, proved to be difficult to reproduce, whereas a prede-
termined resonant frequency is required to accurately synchronize these cavities to
either a laser system or to other cavities. In this part of the thesis, therefore, the
steps taken to arrive at a reproducible cavity design are presented.

In Chapter 2, the relevant theory of microwave cavities is treated. The field
distributions of two different types of cavities are shown, together with their effects
on an electron beam. The use of a dielectric material is also discussed, as well as
some important aspects such as the frequency response of a cavity and the coupling
of power into the cavity using an antenna.

The topic of Chapter 3 is the design and testing of a dielectric cavity with repro-
ducible properties, in particular the resonant frequency, which has been of paramount
importance for the rest of this thesis. Furthermore, a dual mode cavity is presented
that allows for operation at 75 MHz, and a power efficient design that allows for
higher field strengths to be achieved at a modest input power.





Chapter 2

Theory of microwave cavities

Abstract

In this chapter, all relevant theory of microwave cavities is presented, starting with
a general description of the modes inside a microwave cavity in Section 2.1. The
two relevant modes used in this thesis are treated, together with their effects on an
electron beam. The first one discussed is the TM110 mode. This mode will be used
in Part II to create ultrashort electron pulses, and in Part III as a streak camera.
After this, the TM010 mode is discussed, which will be used in Part III to modify the
temporal length of the pulses.

Next, the theory of dielectric filled cavities is discussed in Section 2.2. The use of
a dielectric material allows for both the size and the power dissipation of the cavity
to be reduced. The theory of both uniformly and non-uniformly filled cavities is
discussed. Using a non-uniform filling, the power efficiency can be further improved.
In Chapter 3, this is experimentally verified. In Section 2.3 the theory of a dual mode
cavity is presented.

Finally, important aspects of cavities are discussed in Sections 2.4 and 2.5, such
as the frequency response of a cavity, phase jitter, and the coupling of power into a
cavity using a linear antenna or a loop antenna.
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Figure 2.1 – Geometry of a uniformly filled pillbox cavity with length L and radius R.

2.1 Microwave cavities

A microwave cavity is a volume enclosed by a conducting material, in which standing
electromagnetic waves can be supported. In this work, microwaves at a frequency
around 3 GHz are used because of the low cost of components and the manageable
size of the cavities, since the free-space wavelength at this frequency is 10 cm. In this
section, the distribution of electromagnetic fields inside such a microwave cavity is
discussed.

In the absence of currents or charges inside the cavity, the spatial variation of the
fields E and B of an electromagnetic wave oscillating with an angular frequency ω
must satisfy the wave equation

(∇2 + µεω2)

{
E
B

}
= 0 (2.1)

with µ and ε the permeability and permittivity of the material inside the cavity.
Assuming a perfectly conducting boundary, the fields on the surface S of the cavity
are subject to the boundary conditions n×E|S = 0 and n ·B|S = 0, with n the
surface normal [1].

In this work, so-called pillbox cavities will be used, which have a circular cylindrical
geometry as is shown in Fig. 2.1. The different solutions to the wave equation inside
the cavity can be split up into two categories, which have either a purely transverse
magnetic field (TM modes), or a purely transverse electric field (TE modes). It is
therefore useful to separate the fields into longitudinal components Ez and Bz, and
transverse components Et and Bt. The different modes are further specified using
three integers l, m, and n. More specifically, for a uniformly filled circular cylindrical
cavity the longitudinal electric field of the TMlmn mode is given by

Ez = AJm

(
jm,l
R

r

)
cos (mθ) cos

(nπ
L
z
)
e−iωt , (2.2)

with A a constant, L the cavity length, R the cavity radius, and jm,l the lth root of
the mth Bessel function. Equation (2.2) is subject to the requirement that

µεω2 =
j2
m,l

R2
+
n2π2

L2
.
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(a) (b)

Figure 2.2 – (a) Longitudinal electric and (b) transverse magnetic field distribution of
the TM010 mode. Colors show the field strength (from blue via green to red), arrows
show the direction.

Knowledge of the longitudinal components is sufficient to determine the entire field
distribution. For the TM modes, the transverse components can be calculated us-
ing [2]

Et =
∇t(∂Ez/∂z)

k2 − n2π2/L2
,

Bt =
iµεω

k2 − n2π2/L2
ẑ×∇tEz ,

with ∇t the transverse components of the gradient.
To manipulate an electron beam, the easiest modes to work with are those with

n = 0, in which case the field distribution is uniform along the z-direction. The
electrons then feel a constant field oscillating as a function of time along the entire
length of the cavity. This leaves two different useful types of modes, which have either
a longitudinal electric field, or a transverse magnetic field. In this thesis, both of these
will be used, in the form of a TM010 compression cavity and a TM110 streak cavity.

2.1.1 TM010 mode cavity

For the TM010 mode, the fields can be written as

Ez = E0J0(kr) sin(ωt) ,

Bθ = −kE0

ω
J1(kr) cos(ωt) , (2.3)

where the wave number k is given by k = j0,1/R. These field distributions are shown
in Fig. 2.2.

The TM010 mode has an on-axis longitudinal electric field, which can be used
to add a time-dependent (de)acceleration to the electrons. In this work, the time-
dependent field will be used to temporally focus electron pulses, thereby decreasing
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Figure 2.3 – (a) Three different times of an electron pulse (green) moving through a
cavity. Red arrows show the electric force exerted on the electrons. Due to the change
of this force in time, the front of the pulse experiences more of a decelerating field,
whereas the back experiences more of an accelerating field. (b) Resulting pulse length
τ of a pulse moving towards a cavity, after which it is compressed, together with (c)
phase space diagrams of the pulse at different positions. Shown are the longitudinal
phase space (1) at the initial location, (2) right before and (3) right after compression,
(4) back focal plane of the cavity, and (5) image plane of the cavity. Red and blue lines
are guides to the eye, showing the transformation of the phase space ellipse.

the pulse length. This can be achieved by synchronizing the fields in the cavity in such
a way that the front of an electron pulse experiences a decelerating force as it enters
the cavity. As the pulse moves towards the exit, the field direction changes, causing
the electrons in the back to experience more of an accelerating force, as is shown in
Fig. 2.3(a). As the pulse then propagates, this will cause the pulse to compress.

Figure 2.3(b) and (c) show this compression during the following drift space in
more detail. Shown in Fig 2.3(b) is the pulse length τ of a pulse propagating towards
a compression cavity, after which it is compressed. Figure 2.3(c) shows phase space
diagrams corresponding to five specific positions in (b). In each of these diagrams,
all allowed combinations of position and velocity of the electrons are displayed by
an ellipse encompassing these combinations. Also shown are a line of constant initial
velocity (red) and position (blue). Since the pulse has a finite pulse length and energy
spread, the initial phase space area is also finite (1). As the pulse moves towards the
cavity, faster electrons will move forward relative to the center of the pulse, whereas
slower electrons move backward, shearing the ellipse (2). The compression cavity then
adds a linear correlation between the velocity and position of the electrons (3). In the
subsequent drift space, the electrons in the back move faster whereas the electrons in
the front move slower, causing the pulse length to decrease. Two interesting positions
are also shown, which are the back focal plane of the cavity (4), where each initial
velocity now corresponds to a specific longitudinal position, and the image plane (5),
where a (de)magnified image is made of the initial distribution. If the focal strength
of the cavity is too small, this will be a virtual image. Note that due to the addition
of a drift space in front of the cavity, the back focal plane is not the plane of minimal
pulse length, but it is the one that will be used later on in this thesis.
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As can be seen from the phase space diagrams, compression comes at the cost
of energy spread. The total phase space area, however, is conserved. Therefore, the
compressed pulse length that can be achieved depends on the initial energy spread of
the electrons and the focal strength of the cavity. Alternatively, due to conservation
of the total phase space area, pulses can be monochromated by stretching them.

Pulse compression

Although the field distribution of the ideal modes does not depend on z, this is no
longer true for a realistic cavity. In order to pass electrons through the cavity, holes
have to be made at the entrance and exit, which lead to fringe fields. To calculate
the effect of a compression cavity with an on-axis field profile given by Ez,0(z) on the
electron pulse, we will assume that the spatial extent of the electron beam is small
compared to the cavity radius, in which case the longitudinal field is approximately
uniform. The force F exerted on an electron is then given by

F = qeEz,0(z) sin(ωt+ φ)ẑ , (2.4)

with qe the electron charge, ω the angular frequency of the cavity, and φ the phase
at time t = 0, which we will define as the time at which the electron passes the
center of the cavity at z = 0. Figure 2.4 shows this force. The dashed line shows
the assumed field profile, whereas the solid lines show the force as a function of time
for three different phases φ. As can be seen from this, electrons arriving sooner or
later at the cavity will experience a different phase, resulting in a time-dependent
(de)acceleration.

After passing through the cavity, the change in the Lorentz factor γ of the electron
due to the longitudinal force is given by

∆γ =
qe

mec2

∫ ∞

−∞
Ez,0 (sin(ωt) cos(φ) + cos(ωt) sin(φ)) dz ,

with c the speed of light and me the electron mass. Using the approximation that the
change in velocity of the electrons is small enough not to influence the transit time, i.e.
ωt ≈ ωz/vz,0 with vz,0 the initial velocity, and assuming that the field distribution is
symmetric around z = 0, in which case the first term on the right-hand side integrates
to zero, this simplifies to

∆γ =
2qevz,0E0η

mec2ω
sin(φ) , (2.5)

where E0 is the maximum value of Ez,0(z). Here, we have defined a cavity efficiency
η to incorporate the field profile, which is given by

η =
ω

2vz

∫ ∞

−∞

Ez,0
E0

cos

(
ωz

vz

)
dz . (2.6)

In case of a perfect top hat profile, the cavity has the largest effect if the electrons
feel exactly half an oscillation period, i.e. if the cavity length L = π/(vzω) ≡ Lmax,
in which case η = 1. Note that although this requirement is easy to meet, a more
important requirement is to maximize the ratio between the useful power (E0η)2 and
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Figure 2.4 – Longitudinal force experienced by the electrons as a function of time.
The dashed line shows the spatial field profile of the cavity, whereas the solid lines show
the time-dependent force for different entrance phases φ. Electrons entering the cavity
at a different time experience a different phase of the field, resulting in either a net
accelerating or a decelerating force.

the input power. Actual TM010 cavity designs therefore need to find the right balance
between a high efficiency and low power losses. For more detail on these designs, see
Ref. 3.

Assuming that the change in kinetic energy is small compared to the total energy,
the resulting velocity vz at the exit of the cavity can be approximated by

vz = vz,0 +
2qeE0η

γ3
0meω

sin(φ) , (2.7)

with γ0 the initial Lorentz factor.
Each individual electron in a pulse experiences a different field depending on the

arrival time at the cavity, causing the pulse to be compressed at a distance fL from the
cavity. Defining ζ as the longitudinal electron coordinate relative to the pulse center,
this difference can be incorporated by adding a phase shift φ = φ0 − ωζ

vz
compared

to the average phase φ0. The longitudinal focal strength Pf,L = f−1
L of the cavity is

then given by

Pf,L = − 1

vz,0

dvz
dζ

=
ω

v2
z,0

dvz
dφ

=
2qeE0η

γ3
0mev2

z,0

cos(φ0) . (2.8)

The focal strength is thus the largest for φ0 = 0, for which the electron pulse also
leaves the cavity with the same average velocity. For other phases, focal strength
decreases, and the pulse experiences a net acceleration or deceleration.

Due to the change in longitudinal field at the entrance and exit, the cavity also
has radial fringe fields. For a pulse traversing the cavity in the compressing phase, the
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(a) (b)

Figure 2.5 – (a) Longitudinal electric and (b) transverse magnetic field distribution of
the TM110 mode.

electric field component will be directed radially outward at the entrance, and again
outward at the exit, acting as a negative transverse lens. Similarly, in the stretching
phase the cavity will act as a positive transverse lens. Independent of the actual field
profile, it can be shown that the transverse focal strength Pf,T due to these fringe
fields is related to the longitudinal focal strength through [4]

Pf,T = −Pf,L/2 . (2.9)

Although not used in this thesis, the possibility to defocus the electron beam is
another interesting aspect of compression cavities, since this can be used for aberration
correction [5].

2.1.2 TM110 mode cavity

The cavity used the most in this work oscillates in the TM110 mode. By defining
the magnetic field to be directed along the y-axis, the complete electric and magnetic
field distributions of this mode are given in cylindrical coordinates by

Ez =
2ωB0

k
J1(kr) cos(θ) cos(ωt) ,

Br =
2B0

kr
J1(kr) sin(θ) sin(ωt) , (2.10)

Bθ =
2B0

k
J ′1(kr) cos(θ) sin(ωt) ,

where the wave number k is given by k = j1,1/R. These field distributions are shown
in Fig. 2.5.

As can be seen, the TM110 mode has an on-axis transverse magnetic field, which
can be used to periodically deflect an electron beam. It is therefore also called a
streak cavity. This is generally used for two purposes, either to create electron pulses
by deflecting a beam over a slit, as shown in Fig. 2.6(a), or as a streak camera to
measure the temporal distribution of an electron pulse, as shown in Fig. 2.6(b).
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cavity slit cavity detector

(a) (b)

Figure 2.6 – (a) By periodically deflecting an electron beam with a TM110 streak cavity
over a slit, electron pulses can be created. (b) Using the time-dependent deflection of
the cavity, the temporal distribution of an electron pulse can be imaged on a detector.

Pulse chopping

When an electron beam moves through the center of the cavity, the electrons will
experience a transverse Lorentz force. Again assuming that the electron beam is
much smaller than the cavity, the force exerted on an electron is given by

F = −qevzBy,0(z) sin(ωt+ φ)x̂ , (2.11)

with φ the phase of the cavity at time t = 0, again defined as the time that the electron
reaches the center of the cavity, and By,0(z) is the on-axis field profile. Assuming that
the change in the longitudinal velocity of the electron is negligible during passage
through the cavity, the resulting transverse velocity is given by

vx =
−qevz,0
γ0me

∫ ∞

−∞
By,0(sin(ωt) cos(φ) + cos(ωt) sin(φ)) dt .

Again assuming a symmetric field profile around z = 0, this simplifies to

vx =
−2qevzB0η

γmeω
sin(φ) , (2.12)

where B0 is the maximum field amplitude, and η is the cavity efficiency, which is now
defined as

η =
ω

2vz

∫ ∞

−∞

By,0
B0

cos

(
ωz

vz

)
dz ,

again having a maximum value of η = 1.
If a slit of width s is placed on the optical axis at a distance l, only those electrons

will pass through that have experienced a phase φ for which |vx(φ)|/vz < s/(2l).
Assuming that the slit width is small compared to the total deflection, the resulting
pulse length τ is then given by

τ =
∆φ

ω
=

γmes

2|qe|B0lη
, (2.13)

with ∆φ the total range of microwave phases for which electrons can pass the slit.
As an example, for a slit of width s = 10 µm placed at a distance of l = 10 cm, and
non-relativistic electrons with γ = 1, a field amplitude of 3 mT is then required to
create 100 fs pulses.
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Note that Eq. (2.13) holds for an infinitely small electron beam. However, for a
beam size comparable to the slit size, Eq. (2.13) can still be used to calculate the
FWHM pulse length. In Part II, the actual beam size will be taken into account in
more detail.

2.2 Dielectric cavities

In order to incorporate a microwave cavity as an electron-optical element inside a
TEM, it is convenient to use cavities that are both compact, and have a modest
power consumption. For pillbox cavities operating at 3 GHz, this is not the case,
since the radii of TM010 and TM110 cavities are 38 mm and 61 mm respectively, and
the typical input power of these cavities at modest fields is in the order of 102–103 W.
In order to dissipate these powers, strong cooling systems are required, which can
induce unwanted vibrations in the microscope. Therefore, the geometry of a cavity
can be optimized to reduce the power consumption [3].

For a TM110 cavity, the power consumption can also be reduced by using a dielec-
tric filling. By filling the cavity with a dielectric material with a relative permittivity
εr, the wave number k increases by a factor

√
εr, and therefore the radius decreases by

a factor
√
εr. This decreases the total surface area of the metallic walls, and therefore

also the induced surface currents. The use of a dielectric material therefore makes the
cavity both more power efficient and more compact. In this section, we will calculate
the gain in power efficiency by using a uniform filling.

An important figure of merit for a resonant cavity is the quality factor Q, which
relates the time-averaged energy W stored in the cavity to the power loss Ploss. The
quality factor is defined as

Q =
ωW

Ploss
. (2.14)

As the electric energy We and magnetic energy Wm stored in the cavity at resonance
are equal, the total energy stored in the volume V of the TM110 mode is given by [6]

W = 2We =
1

2

∫

V

ε0εr|E|2 d3x (2.15)

=
B2

0ω
2

k2
ε0εrπR

2LJ2
0 (j1,1) . (2.16)

Power losses arise from currents induced in the metallic walls by the magnetic field
in the cavity. These losses are given by

Psurface =
1

2

∫

S

|n×B|2
µ2σδskin

d2x (2.17)

=
2πB2

0R

µ2σδskin
(R+ L)J2

0 (j1,1) , (2.18)

where σ is the conductivity of the wall, and δskin =
√

2
µωσ the skin depth.

By filling the cavity with a dielectric material, the total surface area decreases,
resulting in a reduced power loss in the metallic walls. However, some additional power
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Figure 2.7 – (a) Geometry of the partially filled cavity. A dielectric with radius Rd

is placed in a metallic cavity of radius Rc. In the center there is a hole with radius
Rh. (b) Electric field as a function of radius for several partially filled cavities, with the
circles at the start and end denoting Rd and Rc. Also shown is the field of a vacuum
cavity (black) and a dielectric cavity (red). The magnetic field strength at r = 0 and
the frequency are fixed for each curve.

will also be dissipated by the dielectric material itself. Writing the permittivity as a
complex number, power losses arise from a finite imaginary component [7]. Using the
so-called loss tangent tan δ = Re(εr)/Im(εr), the resulting dielectric loss is given by

Pvolume =
1

2
ωε0εr tan δ

∫

V

|E|2 d3x (2.19)

=
ω3B2

0

k2
ε0εr tan δ πR2LJ2

0 (j1,1) . (2.20)

In order to reduce the total power consumption, the dielectric material therefore needs
to have both a sufficiently large εr and a sufficiently low tan δ, such that the decrease
in surface losses is greater than the increase in volume losses. For the material used
in this work, this is the case, resulting in a typical decrease in losses by a factor ∼ 10.

Although the power loss decreases, the power stored in the cavity decreases more.
Therefore, dielectric filled cavities will have a lower quality factor. Note that the
increase in power efficiency due to the dielectric works only for the streak cavity.
For a compression cavity, use of a dielectric material would decrease the electric field
strength by a factor of εr at a fixed magnetic field strength, as can be seen from
Eqs. (2.3), whereas the reduction in losses is smaller than this factor.

2.2.1 Partially filled cavity

Up to now, cavities were assumed to be uniformly filled. In practice, however, this
is not the case for dielectric cavities, as electrons have to pass through a hole in the
center of the dielectric. Furthermore, leaving space around the dielectric material
allows for the insertion of an antenna and a tuning stub. In this section we will
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calculate the field distribution and power consumption using the geometry as shown
in Fig. 2.7(a), where a dielectric of radius Rd with a central hole of radius Rh is placed
in the center of a cavity with outer radius Rc.

For a non-uniform cylindrical cavity with a circularly symmetric cross-section, the
field solutions can still be described in terms of the Bessel functions of the first and
second kind Jν and Yν . For the TM110 mode, the longitudinal electric fields in the
three different regions are now given by

Ez(r, θ) = 2cB0 cos(θ)·



J1(k0r) if r ≤ Rh ,[
AJ1(

√
εrk0r) +BY1(

√
εrk0r)

]
if Rh < r ≤ Rd ,[

CJ1(k0r) +DY1(k0r)
]

if Rd < r ≤ Rc ,
(2.21)

where k0 is the wave number in vacuum. This equation is subject to the boundary
condition that the electric field parallel to each surface is continuous, i.e. that Ez(Rh)
and Ez(Rd) are continuous. Furthermore, due to the absence of surface currents
on the dielectric, the magnetic field is also continuous, implying that E′z(Rh) and
E′z(Rd) are continuous. These four requirements determine the constants A, B, C,
and D. Although analytical expressions exist for these constants [8], they will not
be given here. The wave number k0 is again determined by the requirement that
Ez(Rc) = 0, and has to be found numerically. Figure 2.7(b) shows the fields of
Eq. (2.21) for several values of Rd, together with the solutions of the vacuum cavity,
and the dielectric cavity with a central hole Rh = 1.5 mm. Here, both B0 and k0 are
fixed, in which case also the constants A and B are fixed, resulting in the same field
distribution within the dielectric. Colored circles in the graph show the positions of
Rd and Rc.

Varying Rd and Rc in such a way that the resonant frequency is kept constant
allows for an interesting solution to be found, in which the electric field amplitude
reaches its maximum inside the dielectric material, and slowly decays towards the
wall, resulting in small magnetic fields outside the dielectric material. This can be
seen from Fig. 2.7(b) for the values of Rd of 7 and 6, in which case the electric field
outside the dielectric slowly decays towards the outer wall. Because the magnetic field
scales with the gradient of the electric field, these solutions will have smaller magnetic
fields near the outside wall of the cavity, reducing the surface losses. An optimum
therefore exists, where the outer radius of the cavity is small enough to suppress the
standing wave outside the dielectric, but large enough to separate the walls from the
large magnetic fields inside the dielectric.

The effect of varying Rd on both Rc and on the power consumption is shown in
Figs. 2.8(a) and (b). The power consumption is split into three contributions, showing
that the decrease is mostly due to the reduced losses at r = Rc. As the outer cavity
radius Rc approaches that of a vacuum cavity, losses go up again due to the emergence
of strong magnetic fields outside the dielectric. Figures 2.8(c)–(f) show the electric
and magnetic field distributions for both a completely filled dielectric cavity and a
partially filled cavity with an optimized geometry. In all these figures, the dielectric
material has been assumed to have εr = 36 and tan δ = 1 ·10−4, and the cavity length
has been chosen to be L = 16.67 mm. For these numbers, optimizing the filling ratio
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Figure 2.8 – (a) Cavity size and (b) power consumption per unit of magnetic field
squared as a function of dielectric radius Rd when keeping the resonant frequency fixed
at 3 GHz. The power consumption is split into three contributions, namely surface losses
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and volume losses due to the dielectric. (c) Electric and (d) magnetic field distribution
of a dielectric cavity, compared to (e,f) those of an optimized cavity.

24



allows for a further reduction in power consumption by a factor 2.6. As a comparison,
the optimized cavity requires an input power of 15.5 W to generate a field strength
of 3 mT, whereas a vacuum pillbox equivalent would require 393 W.

2.3 Dual mode cavity

For a perfect circular cylindrical cavity, differently oriented modes are degenerate.
In practice, however, this degeneracy is broken by the presence of an antenna and a
tuning stub, causing the mode to orient itself in a particular direction. Small imper-
fections can further break up the degeneracy, in which case additional resonance peaks
appear. One particularly interesting type of cavity, however, purposefully breaks this
degeneracy, allowing for two orthogonal modes to be excited at different but well-
defined frequencies. This can for example be done by using a rectangular cavity with
unequal sides, an elliptical cavity, or by inducing any asymmetric shape perturbation.
This type of cavity is called a dual mode cavity.

The main reason to break this degeneracy is to be able to interchange between
a one-dimensional sinusoidal deflection and a two-dimensional deflection following a
Lissajous pattern such as the one shown in Fig. 2.9(a). If the two orthogonal modes
are both driven at different higher harmonics of a fundamental frequency f0, the total
Lissajous figure will be traced at this ground frequency. By using an aperture instead
of a slit, pulses can then be created at the difference frequency of the two harmonics.
In this work, a dual mode cavity is designed to support modes at both the 40th and
the 41st harmonics of a 75 MHz laser oscillator, allowing for the repetition rate of the
pulses to be synchronized to that of the laser.

Throughout this thesis, many calculations will be done on the effect of a single
mode cavity on an electron beam, whereas not much is said about the dual mode
cavity. However, here we will try to elucidate that the field distribution inside a dual
mode cavity closely resembles that of a single mode cavity, and that therefore its
effect on an electron beam will be expected to be the same.

We start with the assumption that only a small perturbation is made to lift the
degeneracy between the perpendicular modes, in which case the difference in the
radial component of the two modes is negligible. The total field distribution inside
the cavity is then given by

Ez(r, θ, t) = −J1(kr)

(
2ωxBx
k

cos(θ) cos(ωxt) +
2ωyBy
k

sin(θ) cos(ωyt)

)

= −J1(kr)

√
4ω2

xB
2
x

k2
cos2(ωxt) +

4ω2
yB

2
y

k2
cos2(ωyt) cos

(
θ − arctan

By cos(ωyt)

Bx cos(ωxt)

)
,

with ωx and ωy the angular frequencies and Bx and By the field strengths of the modes
with the magnetic field directed in the x- and y-direction respectively. Investigating
the three terms separately, we find first of all that the radial distribution of the sum of
the two modes remains the same. The individual amplitudes, however, of the summed
modes can be replaced by a time-varying amplitude E0(t) given by

E0(t) = −
√

4ω2
xB

2
x

k2
cos2(ωxt) +

4ω2
yB

2
y

k2
cos2(ωyt) . (2.22)
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Figure 2.9 – (a) Lissajous pattern resulting from deflecting an electron beam at the
fourth and fifth harmonic of a fundamental frequency f0 in two directions. (b) Ampli-
tude and orientation of the field distribution inside a dual mode cavity. For demonstra-
tion purposes, the fourth and fifth harmonic are used.

Finally, the azimuthal distribution also remains the same, but with a time-dependent
change in direction ∆θ(t) given by

∆θ(t) = − arctan

(
By cos(ωyt)

Bx cos(ωxt)

)
. (2.23)

Similarly, the resulting magnetic field distribution remains the same, except that it
has a time-varying amplitude B0(t) given by

B0(t) =
√
B2
x sin2(ωxt) +B2

y sin2(ωyt) , (2.24)

as well as the same time-dependent rotation ∆θ(t). Shown in Fig. 2.9(b) are the
amplitude and rotation of the magnetic field as a function of time, assuming the
fourth and fifth harmonic for simplicity. The red lines denote the entrance and exit
times of the electrons that will pass through the center.

Around t = 2nπf0 with n an integer, which is the field experienced by the electron
that will pass through the aperture, the orientation is approximately constant, and
the field amplitudes are approximately sinusoidal, causing the electrons to feel the
same field distribution as for a single mode cavity. At all other times, however, the
magnetic field amplitude is non-zero, resulting in a deflection away from the aperture.
Using the same maximum field amplitude, the effect of the two simultaneous modes
on the electrons is therefore expected to be the same to good approximation, except
that the repetition rate is reduced.

The power consumption increases by driving two modes simultaneously. Due to
the orthogonality of the modes, however, the power losses scale with the field strength
as

Ploss ∝
∫

S

|n× (Bx + By)|2 d2x =

∫

S

|n×Bx|2 d2x+

∫

S

|n×By|2 d2x

i.e. B2
x+B2

y is fixed for a fixed total power divided arbitrarily over the two modes, and
therefore also the maximum of the amplitude B0(t). Independent of the distribution
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of power over the two modes, the resulting pulse properties are therefore expected
to be the same at both single and dual mode operation, albeit in a reference frame

rotated over an angle arctan
(
By

Bx

)
. However, to facilitate the chopping, it is better

to evenly divide the power over the two modes, in which case the distances between
all lines in the Lissajous pattern are equal.

2.4 Lumped element model

In order to excite a mode in the cavity, it is connected to a microwave generator
through a transmission line. To describe this system, a lumped element circuit can be
used. This allows for both the frequency response and the phase stability of a given
cavity mode to be described.

At an arbitrarily chosen reference plane along the transmission line, which has a
characteristic impedance Z0, we will replace the cavity by an equivalent RLC network.
For a series network with a resistance R, an inductance L and a capacitance C, the
complex impedance ZL is given by

ZL = R+ iωL+
1

iωC
,

where ω is the angular frequency of the excitation signal. The quality factor of this
circuit is given by [3, 6]

Q =
ω0L

R
=

1

ω0RC
,

with ω0 the resonant frequency, so that the impedance can be rewritten as

ZL = R+ iRQ

(
ω

ω0
− ω0

ω

)
≈ R

(
1 + i2Q

∆ω

ω0

)
. (2.25)

with ∆ω = ω − ω0, and where the approximation ∆ω/ω0 � 1 has been used. From
this impedance, we find a voltage reflection coefficient Γv given by

Γv ≡
ZL − Z0

ZL + Z0
=
R− Z0 + 2iQR∆ω/ω0

R+ Z0 + 2iQR∆ω/ω0
. (2.26)

As can be seen from the definition of Γv, the impedance of the cavity ZL has to be
matched to Z0 to prevent reflections.

An often used quantity for a resonant circuit is the external quality factor Qext,
which relates the energy stored in the resonator to the losses outside the resonator cir-
cuit. Since these losses mostly arise at the RF generator, with its internal impedance
matched to the transmission line, the external quality factor for a series network is
given by Qext = ω0L

Z0
. Furthermore, defining the coupling factor as g = Q

Qext
, we find

an absorbed power Pabs as a fraction of the incoming power Pinc given by

Pabs

Pinc
= 1− |Γv|2 =

4g

(1 + g)2

1
4Q2

(1+g)2ω2
0
∆ω2 + 1

, (2.27)
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Figure 2.10 – Smith chart of (a) a series and (b) a parallel RLC network for g = 0.5
( ), g = 1 ( ), and g = 2 ( ).

i.e. the absorbed power is given by a Lorentzian lineshape with a FWHM bandwidth
of

BW =
(1 + g)ω0

Q
≡ ω0

Qloaded
, (2.28)

with the loaded quality factor Qloaded defined as the quality factor of the entire circuit.
The quality factor Q of the resonator itself is often called the unloaded quality factor.
Throughout the rest of this thesis, we will only talk about the unloaded quality factor.

As can be seen from Eqs. (2.27) and (2.28), the bandwidth of the resonance peak
depends on the coupling factor g. It is therefore important to determine whether the
cavity is undercoupled (g < 1) or overcoupled (g > 1). This can be done by looking
at the complex impedance, which is typically shown using a Smith chart [6], such as
the ones shown in Fig. 2.10. Such a chart can be seen as a polar plot of the complex
reflection coefficient, where the center of the chart denotes Γv = 0. The axes, however,
are modified to correspond to the normalized complex impedance ZL/Z0, where the
horizontal axis together with the circles passing through this axis shows the real part
of the impedance, and the curved axis together with its circles shows the imaginary
part.

As can be seen from Eq. (2.25), for a series network the real part of the impedance
is independent of ω. From this, we already know from looking at the Smith chart
that the frequency-dependent reflection coefficient lies on a circle with the origin on
the real axis, and going through the point Γv = 1. This is shown in Fig. 2.10(a) for
different values of g. As can be seen from this, it can be determined whether the
cavity is overcoupled or undercoupled by looking if the point Γv = 0 lies inside or
outside of the circle.
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Alternatively, the cavity can be described using a parallel RLC network with a
quality factor [6, 9]

Q = ω0RC =
R

ω0L
.

The impedance is then given by

ZL =

(
1

R
+

1

iωL
+ iωC

)−1

≈ R

1 + i2Q∆ω/ω0
, (2.29)

where the approximation ∆ω/ω0 � 1 has again been used. The voltage reflection
coefficient Γv is then given by

Γv =
R− Z0 − i2QZ0∆ω/ω0

R+ Z0 + i2QZ0∆ω/ω0
. (2.30)

Splitting the voltage reflection coefficient into a real part Γr and an imaginary part
Γi, this equation can be rewritten as

(
Γr +

Z0

R+ Z0

)2

+ Γ2
i =

R2

(R+ Z0)2
,

i.e. the frequency-dependent voltage reflection coefficient again lies on a circle in the
complex plane with the origin on the real axis, but now going through the point
Γv = −1. This is shown in Fig. 2.10(b) for different values of g. Note that for the
right value of R, the only difference between a parallel and a series representation
of the cavity is a phase shift of π radians in the reflected wave. However, since any
phase shift can be induced by moving the arbitrarily chosen reference plane, both
representations are equivalent. For a parallel network, the external quality factor is
now given by Qext = Z0

ω0L
, yielding the same absorbed power as in Eq. (2.27).

From the lumped element model the temporal jitter of the cavity can also be
found, which results from shifts in the resonant frequency due to e.g. temperature
instabilities. Assuming a fixed excitation frequency close to resonance, the change in
phase due to changes in the resonant frequency is given by [3]

dφ

dω0

∣∣∣∣
∆ω=0

=
d

dω0
arctan

(
Im [ZL]

Re [ZL]

)∣∣∣∣
∆ω=0

= −2Q

ω
.

For an instability in the resonance frequency ∆ω0, the resulting time jitter ∆t is then
given by

∆t =

∣∣∣∣
∆φ

ω

∣∣∣∣ =
2Q∆ω0

ω2
. (2.31)

2.5 Power coupling

Impedance matching can be achieved relatively straightforward by placing an antenna
inside the cavity for which the system is overcoupled, and then reducing the coupling
until sufficient power is coupled into the cavity. This does require some knowledge of
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the effects of an antenna on the coupling factor. Unfortunately, the theory of antennas
is extensive, and rarely solved analytically. Full treatment of the theory is beyond the
scope of this thesis, but the basic principle is discussed in this section. Furthermore,
power coupling is investigated in this section through numerical simulations using the
CST Microwave Studio software [10], which are then compared to the general ideas
derived from the theory. This is done by simulating the reflection coefficient, and
fitting the simulation data using

Γv =
ZL − Z0

ZL + Z0
,

combined with assumptions of the impedance ZL based on the theory of power cou-
pling.

The theory of power coupling uses the fact that a complete set of orthonormal
modes exists which are either solenoidal, i.e. having zero divergence, or irrotational,
i.e. having zero curl. It is the solenoidal modes that give the source-free modes inside
the cavity as discussed in Section 2.1, whereas the irrotational modes describe the
local field around the excitation source. The complete field distribution inside the
cavity due to an excitation current can therefore be written as a sum of these modes,
from which the excitation amplitudes can be calculated. In other words, a mode can
be strongly excited if the excitation field largely corresponds to the field of the mode.

We will look at two specific cases of coupling. In the first case, power is coupled
into a cavity mode using a linear antenna that carries a current density J. Assuming
excitation close to the resonance of the nth mode, it can be shown that the electric
field amplitude en of the nth solenoid mode is given by [9]

en = −iωµ0

∫
V

J ·En d3x

k2
n − k2

(
1 + 1−i

Qn

) , (2.32)

where En is the electric field distribution of the normalized solenoidal cavity mode,
ω and k = ω/c are the angular frequency and wave number of the excitation signal,
and kn and Qn are the wave number and quality factor of the nth mode. Solving
Eq. (2.32) requires knowledge of the current on the antenna, and therefore the exact
fields around the antenna, which are in general difficult to find. However, it does show
that in order to excite a certain mode with a large amplitude, an antenna current is
required at the position of high electric field, and with the current directed along this
field.

The second kind of excitation discussed here is through a loop antenna with a
certain magnetic dipole moment. Assuming again excitation close to the resonance
of the nth mode, it can be shown that the magnetic field amplitude hn of the nth

solenoid mode excited by an infinitesimal magnetic dipole of strength M0 is given by

hn =
k2M0 ·Hn

k2
n − k2

(
1 + 1−i

Qn

) , (2.33)

with Hn the magnetic field distribution of the normalized solenoidal cavity mode.
Again, solving this equation requires exact knowledge of the dipole moment, and
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Figure 2.11 – (a) Cross-sectional view of the cavity, showing the geometry used to
simulate the linear antenna. Red arrows show the electric fields in the cavity. (b)
Simulated voltage reflection coefficient as a function of radial position for linear antennas
with varying lengths. Solid lines show fits to the data. (c) Geometry of the loop antenna,
with the field direction shown in blue. (d) Simulated voltage reflection for loop antennas
with varying radii.

therefore the fields around the loop antenna. However, it shows that a loop antenna
can be used to couple power into the cavity by orienting the antenna dipole moment
along the magnetic field.

Applying Eqs. (2.32) and (2.33) to calculate the exact coupling goes beyond the
scope of this thesis. Therefore, we will use simulations to show that the cavity
impedance ZL scales proportional to e2

n and h2
n.

The effect of antenna placement is shown in Fig. 2.11, where the excitation of the
TM110 mode is simulated with an antenna that is radially displaced. Figure 2.11(a)
and (c) both show the geometry used with a linear antenna, and with a loop antenna,
respectively, with the electric field shown in red, and the magnetic field in blue. For the
loop antenna, displacement is chosen along the direction in which the magnetic field
is excited. For the linear antenna, the direction matters less, as the mode reorients
itself automatically along this direction.

Figure 2.11(b) shows the voltage reflection amplitude |Γv| for a linear antenna as
a function of displacement for different antenna lengths. Solid lines show fits resulting
from the assumption that ZL ∝ J2

1 (kr), i.e. that the excited field amplitude scales with
the electric field strength of the mode at the antenna, showing good correspondence.
Following the blue curve which corresponds to the smallest antenna length, no power
is coupled into the cavity for r = 0, where the electric field is zero. As the antenna is
displaced outwards, more power is coupled into the cavity, until the maximum electric
field is reached, after which coupling decreases again. With this antenna, the cavity
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Figure 2.12 – (a) Geometry of the simulations, where a loop antenna in the side
wall of the cavity is rotated under an angle θ with the magnetic field. (b) Simulated
voltage reflection coefficient for varying loop antenna radius and orientation angle. Solid
lines show fits to the data. (c) Measured voltage reflection coefficient in a comparable
geometry for varying loop antenna angle, for three different antennas sorted from small
to large area.

is undercoupled for all placements. Larger antennas show a similar behavior, except
that the cavity becomes overcoupled when placing the antenna at a position of high
electric field, in which case the reflection coefficient increases again.

Shown in Fig. 2.11(d) is |Γv| as a function of the radial placement of a loop antenna,
for which coupling is strongest in the center of the cavity where the magnetic field is
largest. Solid lines are now fits with ZL ∝ J2

1 (kr)/k2r2, i.e. an excited field amplitude
proportional to the magnetic field strength. Again, fits show a good correspondence.
Scaling of ZL with the size of the antenna is found to be more complex for both
situations.

Next, the scaling of the reflection coefficient with the direction of the excitation
dipole is investigated by simulating a loop antenna placed under an angle θ with the
magnetic field. This is shown in Fig. 2.12(a), which shows the loop antenna placed
in the side wall of the cavity. Figure 2.12(b) shows the simulated values of |Γv| for
varying loop radius r as a function of θ. Solid lines show fits resulting from the
assumption that ZL ∝ (M0 · Hn)2 ∝ cos2 θ, showing again good correspondence.
Figure 2.12(c) shows measurements performed on a similar system. Shown here are
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the measured values of Γv as a function of the antenna angle, for three loop antennas
with different areas, sorted from small to large. Very similar behavior is found.

Although exact calculation of the coupling factor is beyond the scope of this
thesis, qualitative agreement is found between the theory and the simulations. The
relation between antenna geometry and coupling is found to be complex, but generally
undercoupling is found for small antennas, and overcoupling for large antennas. For a
fixed antenna geometry, coupling does scale with antenna placement in a predictable
manner.
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Chapter 3

Dielectric TM110 cavity
design

Abstract

In this chapter the design and characterization of dielectric filled microwave cavities
oscillating in the TM110 mode is presented. Dielectric filled cavities are compact and
power efficient, making them suitable for the implementation in an electron micro-
scope. However, the incorporation of the dielectric material makes the manufacturing
process more difficult. Presented here are the steps taken to come to a robust and re-
producible cavity design. Also presented are two cavities with improved applicability.
The first, called a dual-mode cavity, can support two modes at different frequencies
simultaneously. The second is a cavity optimized for power consumption. With this
optimized cavity a magnetic field strength of 2.84 ± 0.07 mT is demonstrated at an
input power of 14.2± 0.2 W.

The work presented in this chapter will be submitted for publication as: “Design and characteri-
zation of dielectric filled TM110 microwave cavities for ultrafast electron microscopy”. W. Verhoeven,
J. F. M. van Rens, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten.
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3.1 Introduction

3.1.1 Microwave cavities for ultrafast electron microscopy

Since the formulation of Scherzer’s theorem in 1936 [1, 2], researchers have proposed
different methods of incorporating time-varying fields inside an electron microscope
to correct for spherical aberrations. However, due to the difficulty in generating
rapidly varying fields at that time, the actual current that could be transmitted was
too low in these schemes to make them viable. In the 1970’s, with the availability
of microwave technology, interest in pulsed electron beams started to grow again.
Oldfield et al. [3] and Ura et al. [4] both independently managed to implement a
two step method to create and then bunch electron pulses at GHz repetition rates,
achieving sub-picosecond pulse lengths [5].

Generation of these microwave fields can be done using a microwave cavity, in
which an electromagnetic standing wave is resonantly enhanced, allowing for large
amplitudes to be achieved. By using a cavity oscillating in the TM110 mode, which has
an on-axis magnetic field, the electrons passing through feel an oscillating transverse
Lorentz force, causing the beam to be deflected periodically. By placing a small slit
after the cavity, the deflected beam is chopped into ultrashort pulses. This principle
is shown in Fig. 3.1(a).

Recently, it has been shown that chopping a beam with a TM110 cavity can be
done while maintaining the emittance of the continuous electron source by using a
conjugate blanking scheme, resulting in high quality ultrashort pulses [6]. Using
state-of-the-art synchronization systems, the microwave signal can be synchronized
to a laser pulse [7, 8], allowing for pump-probe experiments to be performed with
a high resolution. Alternatively, these cavities can be used as streak cameras, al-
lowing for pulse characterization [9, 10] or imaging time variations in e.g. diffraction
patterns [11].

Microwave cavities are typically operated at frequencies around 3 GHz, due to
both the low cost of equipment in this frequency range, and the moderate size of
the cavities. Since most pump-probe experiments use a lower repetition rate to allow
for the sample to return into equilibrium, it has been proposed to deflect a beam
in two perpendicular directions at different harmonics of the desired repetition rate,
allowing for electron pulses to be created at the difference frequency [6]. This principle
is shown in Fig. 3.1(b), which schematically depicts an electron beam being deflected
by two harmonics of a fundamental frequency f0, resulting in a deflection following a
Lissajous pattern. By placing an aperture in the center, shown here in red, pulses are
created at the frequency f0. By using a so-called dual mode cavity that can support
both frequencies, these Lissajous patterns can be created with a single cavity.

3.1.2 Dielectric cavities

Application of microwave cavities to manipulate electron beams at energies of 30–
300 keV typically requires input powers in the range of 102–103 W, for which expen-
sive amplifiers are needed. Furthermore, this requires cooling systems with a high
capacity to dissipate all the power, which can cause unwanted vibrations. One way to
improve on this is to use a different cavity geometry, in which the power dissipation is
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B = B0 sin(ωt)

4f0

5f0

(a) (b)

Figure 3.1 – (a) Principle of beam chopping using a cavity. The oscillating magnetic
field periodically deflects the electron beam over a slit, resulting in ultrashort electron
pulses. (b) By deflecting the beam in perpendicular directions with two different fre-
quencies both locked to a frequency f0, the electron beam passes a pinhole (shown in
red) at the difference frequency.

Table 3.1 – Comparison of vacuum cavities and dielectric cavities at 3 GHz.
Compared here are the size and power consumption both theoretically for a
pillbox cavity, and experimentally for an optimized design.

vacuum cavity dielectric cavity
pillbox∗ Omega[12] pillbox∗ non-uniform

radius (mm) 60.98 66.20 10.16 36.80
P/B2

0 (106 W T−2) 43.7 18.0± 0.1 3.85 1.67± 0.04
∗Theoretical values from Eqs. (2.14)–(2.19) using σ = 5.8 · 107 S/m,
εr = 36 and tan δ = 1 · 10−4.

minimized. This approach was developed by Oudheusden et al. [12], who calculated
the optimum geometry for both a TM010 and a TM110 cavity. Figure 3.2 shows such
an optimized design, showing a cross-sectional view of an optimized TM110 streak
cavity. Power efficiency is improved by enhancement of the fields in a narrow throat
in the center, combined with a rounded surface to minimize the area, and rounded
corners. Due to the shape, these optimized cavities are referred to as Omega cavities.

For a streak cavities, an alternative method to increase the power efficiency is to
use a dielectric filling, which reduces both the size and the power consumption of the
cavity, as explained in Section 2.2. This is shown in Table 3.1, where the size and
power consumption of vacuum and dielectric cavities are compared. Shown here are
both the theoretical values of a cylindrical cavity, also called a pillbox cavity, and
measurements performed on cavities that are optimized for power consumption. The
dielectric cavity is optimized by using non-uniform filling as explained in Section 2.2.1,
and is presented in Section 3.3.3.

Although the design and implementation of a dielectric filled cavity was reported
before in Ref. 13 as a proof-of-principle, its resonant frequency proved to be difficult
to reproduce. To synchronize the cavity to a laser, however, a much better control
over the resonant frequency is required, as typical laser synchronization systems use
several components with a narrow bandwidth. For the synchronization system used

37



Figure 3.2 – Omega-shaped streak cavity. By both enhancing the fields in a throat
in the center and by using a rounded surface to minimize the area, power efficiency is
increased. The figure is adapted from Ref. 12.
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(1) (2) (3) (4)

Figure 3.3 – From left to right: (1) the previous cavity design, (2) the current design
using a screw cap, (3) a low-loss cavity, and (4) a copper plated cavity. All are filled
with a dielectric material, and allow for operation at 3 GHz.

in this work, a resonant frequency of the cavity is required of 2.9985 GHz, within a
margin of ∼ 1.5 MHz.

The difficulty in fabricating a dielectric cavity lies in the fact that the entire
surface of the metal housing enclosing the dielectric material has to be electrically
connected, but it also has to encompass the dielectric perfectly. If the housing is
too loose, the dielectric can move, while a too tight housing will exert stress on the
material, changing its properties. Both requirements cannot be met simultaneously
for a housing with a fixed length. Therefore, the cavities reported here are closed
using a screw cap, which ensures a good electric contact while the cap is tightened.
Alternatively, the metal can also be directly attached to the dielectric material through
a series of chemical and galvanic steps. Shown in Fig. 3.3 are some cavity designs.
From left to right are (1) the old design, (2) a screw cap housing which can either be
used as a single or dual mode cavity, (3) a design optimized for power consumption,
and (4) a copper plated dielectric.

In this chapter, the screw cap cavity design discussed in some detail. It is shown
that control over the stress applied to the dielectric is crucial for a reproducible
design. With this control, a cavity is fabricated for implementation in a 3 GHz UEM.
Next, two more advanced cavities are presented. The first is a dual mode cavity,
which can be used to create pulses at either 3 GHz or 75 MHz, and the second is a
cavity optimized for low power consumption, allowing for larger field strengths to be
generated. Finally, some preliminary results are presented on copper plated cavities.

3.2 Cavity design

The cavities presented here are filled with a ZrTiO4 ceramic doped with < 20 %
SnTiO4, which is produced by the company T-Ceram [14]. The relative permittivity
is quoted as εr =36.5–38 in the frequency range of 0.9–18 GHz, with a loss tangent
of tan δ = 2 · 10−4 measured at 10 GHz.

Currently, the dielectric cavities are used both in a 200 keV TEM and a 30 keV
electron beam setup. The cavity length is therefore chosen to be 16.67 mm, close
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Figure 3.4 – (a) Cross-sectional view of the screw cap cavity, with the dielectric in
dark green, copper housing in orange and screw cap in light gray, and a linear antenna
and tuning stub in dark gray. (b) Top view of the dual mode cavity, which is filled with
an elliptical dielectric. Shown in dark gray are the antenna and tuning stub along both
the short and long axes of the dielectric.

to the optimal length for 30 keV electrons. Although a longer cavity length would
increase the deflection of 200 keV electrons, the reduced efficiency η ≈ 0.68 for 200
keV electrons is considered acceptable.

Figure 3.4(a) shows a schematic cross-sectional view of a cavity. Each cavity
consists of a cylindrical dielectric placed inside a larger metal housing which a large
opening at the bottom. Around the dielectric there is ample room to insert an an-
tenna and a tuning stub. As will be demonstrated in the next section, the ability to
control the stress applied to the dielectric is of paramount importance. Therefore, the
cavity is closed using a cap with screw thread in the side which is tightened using a
torque wrench, allowing for the stress to be applied controllably while the cap remains
electrically connected. Cavity temperature is controlled using water cooling that can
be attached to either the housing or the screw cap. Power is coupled into the cavity
using a linear antenna, and the frequency can be tuned over a range of several MHz
using a metal tuning stub.

A circular hole along the center of the cavity with a radius of 1.5 mm allows for
the electrons to pass through. The housing, dielectric and cap are centered during
assembly through these holes with a small rod. Furthermore, it is important to
prevent electrons from hitting the dielectric to avoid charging. Therefore, the hole in
the cap is 2 mm on the outside, while it is 3 mm on the inside to avoid an asymmetry
in the fringe fields at the entrance and exit.

Figure 3.4(b) shows a top view of a dual mode cavity. Instead of a circular
cylindrical dielectric, an elliptical cross-section is used to break the degeneracy of the
differently oriented modes. Along both the short axis and the long axis an antenna
and a tuning stub are placed, giving nearly independent control over each mode.

A linear antenna is used to excite a mode in the cavity. As discussed in Section 2.5,
optimal power transfer depends both on the placement and length of the antenna.
Impedance matching can be expressed in terms of the coupling factor g, which is given
by

g =
1− |Γv|
1 + |Γv|

,
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where Γv is the voltage reflection coefficient. In practice, matching is done by taking
an antenna which is overcoupled, and then decreasing the length incrementally until
the reflected power drops below a desired value. Once matched, the reflected power
at resonance typically remains below a few percent during operation. Although in
this design the antennas are placed outside the dielectric material where the electric
field is low, overcoupling is relatively easy to achieve with a 50 Ω RF setup, resulting
in a typical antenna length of ∼ 5–10 mm.

Using a small metal tuning stub, the frequency of the cavity can be altered. It can
be shown that a small change in cavity volume ∆V leads to a shift in the resonant
frequency ∆ω given by [15]

∆ω

ω0
=

∫
∆V

1
µ |B0|2 − ε |E0|2 dv

∫
V0

1
µ |B0|2 + ε |E0|2 dv

(3.1)

with ω0 the unperturbed frequency, E0 and B0 the unperturbed cavity fields, and V0

the unperturbed cavity volume. Using a metal screw in the side wall of the cavity
where the magnetic field is large, the frequency can be shifted upwards by a few MHz.

Equation (3.1) can also be used to measure the field profile of the cavity. Us-
ing a small metallic bead to perturb the fields, the shift in resonant frequency can
then be measured, from which the field strength at the position of the bead can be
calculated [16].

3.3 Characterization

3.3.1 Screw cap design

The most important reason to use the screw cap design is to improve reproducibility
in both fabrication and assembly. In order to test this, two cavities were fabricated,
and five dielectrics machined to a radius of 7.50 ± 0.02 mm were placed inside both
cavities. Assembly of each combination was repeated four times. Figure 3.5(a) shows
the resulting average resonant frequency and the standard deviation for each of the
dielectrics, with the two cavity housings shown in different colors. The right axis shows
the corresponding relative permittivity of the dielectrics estimated using simulations
performed with CST Microwave Studio software [17] (MWS). The two cavity housings
give a difference in resonant frequency of 2.4 ± 0.9 MHz. The deviations between
different pieces of dielectric are an order of magnitude larger. It is currently unknown
whether this difference arises from machining inaccuracies, damages of the material,
or differences in the relative permittivity of the dielectric. Figure 3.5(b) shows a
histogram of the deviation from the average resonant frequency for each arrangement.
This shows that assembling the cavity can be done reproducibly within a few MHz.

To test the influence of stress on the dielectric, the resonant frequency of one of
these cavities was measured as a function of the closing torque applied to the cap.
This is shown in Fig. 3.6(a). This shows that with the application of stress on the
dielectric, the frequency drops drastically. Control over the stress applied on the
dielectric is therefore critical for a reproducible design.
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Figure 3.5 – (a) Resonant frequency for five different pieces of dielectric (in random
order), each placed in one of two cavity housings. The different housings are shown in
different colors. Error bars show the standard deviation after assembling each combi-
nation four times. The right y-axis shows the corresponding relative permittivity as
estimated using simulations. (b) Histogram of the deviations of all measured resonant
frequencies for each combination of dielectric and housing from the average.
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Figure 3.6 – (a) Resonant frequency as a function of the closing torque applied to the
screw cap. (b) Resonant frequency as a function of temperature for a cavity closed with
two different torques.
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Figure 3.7 – (a) Resonant frequency as a function of stub depth. (b) Coupling factor
as a function of the antenna length.

Figure 3.6(b) shows the change in resonant frequency as a function of the temper-
ature of the cavity, performed at two different closing torques. For a copper vacuum
cavity, the change is expected to be -50 kHz/K due to thermal expansion of the cop-
per, whereas a change of 373± 9 and 250± 3 kHz/K are found for a small and large
stress respectively. Although the permittivity of the material changes with different
temperature, this is typically only a few ppm, and is therefore not expected to have a
large influence. The change is therefore attributed to the different thermal expansions
of the dielectric and the housing, causing a change in stress on the material. Although
this larger change in resonant frequency increases the tunability of the cavity through
temperature, it also means that the requirements on thermal stability become more
stringent.

Next, a cavity housing with a radius of 11.94 ± 0.02 mm was manufactured to
be implemented in a TEM. The two requirements on this cavity are (1) a resonant
frequency of f0 = 2.9985 GHz to allow for synchronization to a femtosecond laser
oscillator, and (2) a good power coupling. Shown in Fig. 3.7(a) and (b) are the
resonant frequency and coupling factor of the cavity for varying stub and antenna
lengths respectively. With the stub, the resonant frequency can be increased by up
to 10.38 MHz. With the antenna, the impedance of the cavity can be accurately
matched to maximize power transfer.

Shown in Fig. 3.8 is the power reflection of the cavity tuned for insertion in a
TEM, showing that the cavity can be tuned to accept power at the desired frequency.
The absorbed power Pabs as a function of frequency f can be fitted with Eq. (2.27).
From this, a quality factor Q = (2.82 ± 0.04) · 103 is obtained. Comparing this
with simulations, the loss tangent of the material is calculated to be tan δ = (2.38±
0.05) · 10−4. However, the actual loss tangent is expected to be slightly lower, as the
measured quality factor tends to be lower than in simulations [12], likely due to small
imperfections or oxidation of the metal enclosure.
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Figure 3.8 – Power reflection as a function of frequency, showing that good coupling can
be reached at the desired frequency. From the fit, a quality factor Q = (2.82±0.04) ·103

is obtained.

3.3.2 Dual mode cavity

For a rotationally symmetric cavity, there is no preferential direction for the modes.
Due to the presence of the antenna and stub this degeneracy is broken, fixing the
mode orientation. Typically, a small transverse component remains, likely due to
imperfections, giving rise to a slightly elliptical streak [6]. For the dual mode cavity,
however, the cylindrical symmetry is broken to lift the degeneracy, allowing for the
perpendicular modes to be excited at different frequencies. This is currently done
by making a dielectric with an elliptical cross-section, and placing it in a circular
housing, as shown in Fig. 3.4(b). Along the short axis of the dielectric, the frequency
is higher than along the long axis.

Using a dielectric with a semi-minor axis of 7.030±0.005 mm and a semi-major axis
of 7.575± 0.005 mm placed inside the 11.94 mm cavity housing, the lower frequency
can be synchronized to the 40th harmonic of a 75 MHz laser oscillator, and the higher
frequency to the 41st harmonic. Figure 3.9 shows the power reflection as a function of
frequency for the two antennas of a dual mode cavity. Each antenna strongly excites
one of the perpendicular TM110 modes, and couples a negligible amount of power into
the other mode. Also present in this frequency range is a TE010 mode. However, it
is located several tens of MHz away from the TM110 modes, and its presence is not
noticeable during operation.

Figure 3.10(a) shows the electron beam on the detector after passing through the
dual mode cavity. This shows that both can indeed be accurately mode-locked to
result in a deflection following a Lissajous pattern. Figure 3.10(b) shows the pattern
inside a TEM. Synchronization and performance of the dual mode cavity inside a
TEM is beyond the scope of this thesis, but will soon be published by Van Rens et
al.
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Figure 3.9 – Reflection parameter of a dual mode cavity as seen through the two
antennas. In this frequency range, a TE010 mode can also be seen.

(a) (b)

Figure 3.10 – (a) Electron beam deflected onto a detector following a Lissajous pattern.
(b) Photograph of a Lissajous figure created on the fluorescent screen of a TEM to
demonstrate the possibility of implementation in a microscope.
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Figure 3.11 – Magnetic field strength as a function of input power of a cavity optimized
for low power loss.

3.3.3 Low loss cavity

Finally, an cavity optimized for power consumption was manufactured and tested.
The power loss of this cavity is minimized by placing a small dielectric inside a
larger metallic cavity. This causes the magnetic fields to be mostly confined inside
the dielectric material, decreasing metallic losses in the cavity walls, as explained in
Section 2.2.1.

A dielectric with a radius of 6.25±0.02 mm was placed inside a cavity with a radius
of 36.80± 0.02 mm. To determine the field strength of the cavity, a 30 keV electron
beam was deflected onto a detector over a distance of l = 27.0± 0.5 cm. Assuming a
top hat field profile inside the cavity, the field strength can then be calculated from
the length of the streak Lstreak on the detector using

B0 =
γmeω

4|qe|l
Lstreak . (3.2)

Shown in Fig. 3.11 is the magnetic field strength of this cavity as a function of
the input power. Solid line shows a fit of the data using B0 ∝

√
P , from which the

power efficiency is found to be (1.67 ± 0.04) · 106 W T−2. This is considerably lower
than the 18.0± 0.1 · 106 W T−2 that can be reached in an optimized vacuum cavity,
showing the main advantage of using a dielectric material.

At a total input power of 14.2 ± 0.2 W a magnetic field of 2.84 ± 0.07 mT was
achieved. Deflecting an electron beam over a 10 µm slit with this cavity would result in
pulses of 204±5 fs at 200 keV according to Eq. (2.13), or 106±3 fs at 30 keV. Table 3.2
summarizes the properties of the optimized cavity compared to the expectations from
MWS simulations.
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Table 3.2 – Simulated and measured properties of the low-loss cavity. For the simula-
tions, εr = 35.55 and tan δ = 1 · 10−4 are used.

MWS measured
f0 (GHz) 2.995 2.9998
Q 6.00 · 103 (5.02± 0.04) · 103

P/B2
0 (106 W T−2) 1.79 1.67± 0.04

3.3.4 Copper plated cavity

In the previous sections, it was shown that it is important to apply a controlled stress
on the dielectric material, which was done using a screw cap. Alternatively, stress
can be prevented by depositing a thin layer of metal directly on the material. To
investigate the feasibility of such a cavity, several dielectric cylinders were made with
varying radii. A thin layer of nickel of typically 100 nm is then chemically attached
to each dielectric. On top of this nickel, a thick layer of copper of ∼ 10 µm is
electrolytically deposited. Although both tuning of the resonant frequency and power
coupling have not been investigated yet, some preliminary results are shown here.

Two dielectric cylinders with a radius R = 10.05 ± 0.02 mm, and two with
R = 10.85± 0.02 mm were plated, after which a hole was drilled through each cavity.
The TM110 can be excited by placing a loop antenna in this central hole. Shown
in Fig. 3.12(a) are the calculated values of the permittivity from the measured fre-
quencies, with the smaller radius in black and the larger radius in red. A variation
of 0.4 is found in the permittivity, which translates into a variation of 8 MHz in the
resonance frequency. Furthermore, the quality factor of these cavities is found to be
Q = 1597± 20. This is lower than all other cavities presented in this chapter. A pos-
sible explanation is that the copper layer is too thin, or that the specified thickness is
not reached uniformly over the surface. Nevertheless, resonant modes can be excited.

Shown in Fig. 3.12(b) is the temperature dependence of a plated cavity, fitted by
a linear dependency. The fitted line gives a temperature increase of 6.5± 0.6 kHz/K,
which is considerably lower than the values found from Fig. 3.6(b). This shows the
main advantage of these cavities, as they are much more thermally stable. Although
stability issues have not yet been a problem, they might become important in the
future if larger input powers are required. Plated cavities can then provide a solution.

Note that for the fit in Fig. 3.12(b) the first data point is excluded, due to the fact
that the network analyzer is known to slightly drift in frequency after switching it on,
likely due to the oscillator warming up. It is therefore assumed that the first data
point was taken too early, although inclusion of this point does not have a significant
effect on the measured behavior.

As a next step, both the frequency tuning and power coupling have to be investi-
gated. To couple power into the cavity, an additional hole could be drilled in which an
antenna can be placed. This has to be done sufficiently accurate to not increase the
variation in resonant frequency between subsequent cavities, however. Alternatively,
some of the copper can be removed. Power can then be coupled in through an aper-
ture coupled waveguide or a microstrip antenna for example. To tune the frequency,
another hole can be drilled to insert a stub.
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Figure 3.12 – (a) Relative permittivity calculated from the resonant frequency for
each dielectric after copper plating. Blue marks correspond to a cavity radius of 10.05,
whereas red marks correspond to a radius of 10.85. (b) Shift in resonant frequency as
a function of temperature. Solid line shows a fit excluding the first data point, giving
a slope of 6.5± 0.6 kHz/K.

3.4 Conclusions

A robust and reproducible design for a dielectric microwave cavity has been presented.
Control over the resonant frequency of the cavity is crucial for synchronization to a
laser system or other cavities. This design has therefore enabled all the experiments
that will be presented in the rest of this thesis. Furthermore, the robustness of the
cavities allows for better characterization of the dielectric material, enabling more
advanced cavity designs. Two of these advanced designs were also presented in this
chapter.

The first, called the dual mode cavity, supports two perpendicular modes at differ-
ent well-defined frequencies. This allows for streaking the electron beam in a Lissajous
pattern, extending the range of pulse repetition rates that can be achieved with a cav-
ity. The second design was optimized for low losses. With this design, losses were
reduced to (1.67 ± 0.04) · 106 W T−2, and field strengths up to 2.84 ± 0.07 mT were
demonstrated.

The reproducibility is limited by the dielectric material, which showed by far
the largest deviations for currently unknown reasons. The tuning range achievable
with the combination of a stub, the controlled application of mechanical stress and
the temperature is large enough to correct for these deviations. Alternatively, each
dielectric can be characterized in a test cavity, after which a housing can be custom
made.
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Ultrafast electron microscopy
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Introduction to Part II

In 2012, Lassise showed that with a TM110 microwave cavity 100 fs pulses can be
created inside a TEM without loss of spatial coherence. In his initial calculation, he
found that this requires a field strength of 12 mT, and that the energy spread of the
pulses is expected to increase to 10.5 eV due to the electric fields inside the cavity.
Nevertheless, the method was deemed promising.

In this part, the development of a cavity-based UEM is discussed, consisting of
two chapters. The first of these experimentally demonstrates the conservation of
spatial coherence when chopping an electron beam with a TM110 cavity. The second
investigates the chopping of pulses theoretically, most notably to introduce methods
to reduce both the required field strength and the large increase in energy spread.

In Chapter 4, measurements on the performance of a cavity-based UEM are pre-
sented. This is currently done at a field strength a factor ten lower than the initial
design, resulting in pulses of roughly 1 ps. It is demonstrated here that these pulses
can be created without losing the high beam quality of a continuous electron source.

Then, in Chapter 5 a theoretical framework is presented, and the future perfor-
mance of a cavity-based UEM is investigated. Theory is also compared to extensive
particle tracking simulations, showing the road towards 100 fs pulses.





Chapter 4

Performance of a cavity-based
UTEM

Abstract

Ultrashort electron pulses with a high beam quality can be created at a high repeti-
tion rate by using a TM110 deflection cavity to periodically deflect a continuous beam
across an aperture. These pulses can be used for time-resolved electron microscopy
with atomic spatial and temporal resolution at relatively large average currents. In
order to demonstrate this, a cavity has been inserted in a transmission electron mi-
croscope, and picosecond pulses have been created. No significant increase in either
emittance or energy spread has been measured for these pulses.

At a peak current of 814±2 pA, the root-mean-square transverse normalized emit-
tance of the electron pulses is εn,x = (2.7± 0.1) · 10−12 m rad in the direction parallel
to the streak of the cavity, and εn,y = (2.5± 0.1) · 10−12 m rad in the perpendicular
direction for pulses with a pulse length of 1.1–1.3 ps. Under the same conditions, the
emittance of the continuous beam is εn,x = εn,y = (2.5 ± 0.1) · 10−12 m rad. Fur-
thermore, for both the pulsed and the continuous beam a full width at half maximum
energy spread of 0.95± 0.05 eV has been measured.

The work presented in this chapter is based on the following publication: “High quality ultrafast
transmission electron microscopy using resonant microwave cavities.” W. Verhoeven, J. F. M. van
Rens, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. Ultramicroscopy 188, 85 (2018).
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4.1 Introduction

Ultrashort high quality electron pulses at energies ranging from 30 to 200 keV have be-
come a useful and powerful tool to investigate dynamical systems on sub-picosecond
timescales through diffraction [1], imaging [2], or spectroscopy [3], offering a vast
amount of new information. Typically, inside an ultrafast transmission electron mi-
croscope (UTEM) electron pulses are extracted from a cathode via photoemission.
Using an intense pulsed laser, ultrashort electron pulses can be created inside a UTEM
containing up to several thousands of electrons per pulse [4]. Accurately timed with
a second laser pulse, dynamic processes can then be investigated with pump–probe
measurements. However, most photoemission systems use relatively large electron
sources, limiting the spatial coherence and therefore the resolution of the microscope.
One way to overcome this problem is to use sideways illumination of a Schottky
emitter. It has been shown that the emission characteristics of the source are then
maintained, allowing for high quality electron pulses to be created [5].

An alternative way to create high quality pulses is to use a blanking method,
in which a continuous beam is periodically swept across a slit or aperture. Several
different blanking methods have been proposed in which the spatial coherence of the
continuous source is maintained [6–8]. Creating pulses in this way has the advantages
that amplified laser systems are no longer required, and that no intrusive alterations
to the source have to be made. Instead, the system benefits from the vast amount of
research done on state-of-the-art continuous sources, including recent developments
that promise a higher brightness in the future [9]. Furthermore, any possible instabil-
ities in electron emission due to the intrinsic pointing instability of a drive laser are
circumvented.

Recently, it has been shown that pulsing a beam can be done using a microwave
cavity oscillating in the TM110 mode while maintaining the spatial coherence of a
continuous source [6]. This can be accomplished using a conjugate blanking scheme,
where the electron beam is focused at the center of the cavity, allowing for 100 fs
pulses with a high beam quality to be created. This principle is shown in Fig. 4.1.
Shown here is the deflection of (a) a parallel electron beam, and (b) a beam with a
crossover placed inside the cavity. In both cases, the cavity deflects the electron beam
around a fixed pivot point. By placing a crossover at this pivot point, each deflected
beam appears to come from the same virtual source, maintaining the focusability of
the beam. In this chapter we will demonstrate that the focus size of a pulsed beam
can indeed be minimized to the level of a continuous beam by correct placement of
this crossover.

In order to perform pump–probe experiments, the phase of these microwave cav-
ities has to be accurately synchronized to a pump laser pulse. Using state-of-the-art
synchronization schemes, timing jitter between the electron pulses and the laser pulses
can be suppressed to levels well below 100 fs [10, 11]. Alternatively, it has been pro-
posed to use a microwave signal as a pump pulse to drive electronic or semiconductor
devices for laser-free stroboscopic imaging with repetition rates in the GHz regime [7].
This is an interesting aspect of using microwave cavities, as they can provide a higher
repetition rate and therefore a higher average current for samples with a fast relax-
ation time.
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streak cavity
lens
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Figure 4.1 – Electron beam deflected along the red arrow by a cavity. Shown are the
paths at three different times in case of (a) a parallel beam, and (b) a beam focused in
the cavity. By focusing the beam, the virtual source size is conserved, allowing for the
pulses to be refocused with a lens.

For samples with slower relaxation times, it has been proposed to use two perpen-
dicular deflecting modes at different frequencies [6]. Electrons can then be created
at the difference frequency, allowing for the repetition rate to be lowered to tens of
MHz. These two modes can be placed in a single cavity, as was demonstrated in
Section 3.3.2. If lower frequencies are desired, a fast beam blanker can be inserted
below the cavity to pick specific pulses, which are now separated by tens of ns. In
this way, microwave cavities can also provide lower repetition rates for samples with
slow relaxation times, allowing for the repetition rate of the setup to be optimized for
each experiment.

In order to facilitate the implementation in a TEM column, the deflection cavity
is filled with a dielectric material, which allows for a reduction in both the size and
power consumption as demonstrated in Chapter 3. Here, the implementation of such
a dielectric TM110 deflection cavity in a TEM is presented. Design considerations are
discussed, and the performance of a cavity-based UTEM is demonstrated at 3 GHz.

4.2 Theory

4.2.1 Brightness

An important figure of merit for a charged particle beam is its current density per
unit of solid angle, called the transverse brightness. As the solid angle subtended
by the beam, and therefore the brightness, depends on the beam energy, the beam
quality is often expressed in terms of the reduced brightness Br, which can be defined
in differential form as [12]

Br =
1

V ∗
∂2I

∂A∂Ω
, (4.1)

with I the current through an area A at a solid angle Ω, and V ∗ = (1/2 + γ/2)V
the acceleration voltage V multiplied by a relativistic correction term, with γ the
Lorentz factor. It is important to note that the reduced brightness is a conserved
quantity under acceleration of the electrons and under linear transformations, such
as drift or focusing with an ideal lens. It therefore relates to the particle flux that
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α σx
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Figure 4.2 – (a) Ray diagram of an electron beam focused at a semi-angle α. Red
and blue rays show the effect of a finite emittance, i.e. an angular spread at a finite
beam size, increasing the focused beam size. (b) An electron beam with a finite energy
spread, leading to chromatic aberrations. Colored lines show electrons with different
energy that experience a different focal strength of the lens.

can be delivered in a probe, making it an important parameter for any probe forming
system [13].

Since the differential reduced brightness varies throughout the cross-section of the
beam, its maximum on-axis value is often used, called the axial or peak brightness.
Within the typical working regime of a microscope, a large portion of the emitted
electrons is cut away at the condenser aperture, leading to an approximately uniform
current distribution, after which it is focused at semi-angle α. Assuming a Gaussian
source profile and a beam size larger than the diffraction limit, this then results in
a uniform angular distribution and a Gaussian position distribution within the beam
waist, so that the peak brightness can be written as

Br =
1

V ∗
I

2π2α2σxσy

=
|qe|
mec2

I

4π2εn,xεn,y
, (4.2)

with σx and σy the root-mean-square (RMS) size of the beam waist, qe the elec-
tron charge, me the electron mass, c the speed of light, and εn,x and εn,y the RMS
normalized emittance in the x- and y-direction respectively. The emittance is given
by

εn,x =
1

mec

√
〈x2〉〈p2

x〉 − 〈xpx〉2

≈ γvz
c

√
〈x2〉〈x′2〉 − 〈xx′〉2 , (4.3)

with vz the velocity, px the transverse momentum and x′ = vx/vz the angular distri-
bution of the electrons, with a similar expression for the y-direction. In this equation,
〈. . . 〉 indicates the averaging over a distribution. Figure 4.2(a) shows a graphical
representation of the emittance of an electron beam, and its effect on the size of the
beam waist. Shown here is a parallel beam focused by an electron-optical lens. Red
and blue lines show the electron paths when an uncorrelated angular spread is present
due to a finite emittance, resulting in a larger beam waist.
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4.2.2 Energy spread

A second important property of an electron beam is the energy spread. Due to
the velocity dependent focal length of an electromagnetic lens, the focusability of
an electron beam is limited by chromatic aberrations. This principle is shown in
Fig. 4.2(b), where different colors are used to show the paths of electrons with different
energies. Since electrons with different energies experience a different focal strength of
the lens, the size of the beam waist increases. Although for an uncorrected microscope
the spherical aberrations are typically more influential [14, 15], a large deterioration of
the energy spread has to be prevented. Furthermore, a small energy spread improves
the energy resolution in EELS.

Electrons moving through a cavity will probe the off-axis electric fields of the
TM110 mode. This will not only cause the total beam energy to change, but also the
energy spread to increase. It can be shown that this additional energy spread can be
minimized, however, by using a shorter cavity length with a higher field amplitude in
order to maintain the same pulse length [16]. The tradeoff is that more power has to
be dissipated by the cavity, which brings along technical difficulties. Additionally, by
limiting the angle with which the electron beam is focused towards the cavity, energy
spread can also be reduced. In Chapter 5, this is explained in more detail, together
with calculations of the expected energy spread in different situations.

4.2.3 Pulse length

Finally, for a pulsed electron beam the pulse length is important, as this limits the
temporal resolution that can be achieved. When using the conjugate blanking scheme,
the electron beam is focused at the center of the cavity, causing it to diverge as it
moves past the cavity. As a result, it arrives at the chopping aperture with a certain
width w. Sweeping this beam with a magnetic field amplitude B0 and an angular
frequency ω over an aperture with width s results in a total pulse length of

τ =
γme(s+ w)

2|qe|B0l sin
(
f π2
) , (4.4)

where l is the distance from the cavity to the chopping aperture, and f ≡ Lcav/Lmax

the fractional length of the cavity Lcav compared to the maximum useful cavity length
Lmax = vzπ/ω for which electrons feel exactly half the oscillation period. As opposed
to Eq. (2.13) derived in Chapter 2 where the beam size was neglected, for the conjugate
blanking scheme the size of the electron beam w is as important as the slit size s. In
order to create short pulses, the focusing angle has to be small to restrain the size w
of the diverging electron beam at the chopping aperture. In case of comparable slit
and beam size, however, the FWHM pulse length reduces to Eq. (2.13).

4.3 Setup

For the experiments, a 200 kV FEI Tecnai TEM has been elongated by 203 mm
below the C2 aperture. In this elongation a TM110 cavity has been mounted, and an
additional aperture holder has been inserted below the cavity. Above the cavity an
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Figure 4.3 – Schematic overview of the adapted microscope column. Below the C2
aperture the column has been extended by 20.3 cm, in which a cavity, additional de-
flectors, and a chopping aperture have been inserted.

extra set of beam deflectors has been added. Figure 4.3 gives a schematic overview
of the adapted column.

In order to prevent an increase in emittance in pulsed mode, a crossover is placed
at the center of the cavity by fixing the C2 lens current. The field-of-view is con-
trolled with the minicondenser (MC) lens. This means that its original functionality
of altering the divergence at the objective lens is now lost. However, the appropri-
ate choice of apertures can partly mimic this functionality. The distance from the
crossover in conjugate blanking mode to the chopping aperture has been determined
to be l = 122.2 mm. Both apertures used for the experiments are 30 µm in diameter.

A water-cooled cavity has been designed with a resonant frequency ω/2π =
2.9985 GHz, and a length Lcav = 16.67 mm. The cavity is loaded with ZrTiO4,
a dielectric material with a high permittivity and low loss tangent. Input powers up
to 16 W can be used. Figure 4.4 shows the cavity design. Note that the cavity length
is smaller than the maximum length Lmax = 34.74 mm, reducing the efficiency of
the cavity to η = 0.68. In Section 5.4.2, the appropriate choice of cavity length is
discussed in more detail.

As the electron beam is swept back and forth by the cavity, pulses are created
twice every oscillation period. However, as these leave the chopping aperture under
different angles [6], half of these must be blocked. This is currently done with the SA
aperture.

Using a Faraday cup, the current of the beam is measured. The energy spread
of the beam is measured using a Gatan ENFINA spectrometer, with a dispersion
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Figure 4.4 – Design of the flange and cavity inserted in the TEM.

of 0.05 eV/ch. Furthermore, measurements will be compared to particle tracking
simulations using the General Particle Tracer (GPT) code [17], in which realistic
fields inside the cavity are taken into account, including fringe fields.

4.4 Results

Shown in Fig. 4.5(a) is the pulsed electron beam focused on the detector for varying
longitudinal positions of the crossover in the cavity. Moving from left to right, the
current through the C2 lens is increased, raising the focus position through the point
of minimal emittance growth. At either too low or too high C2 currents, the spot is
elliptical, with the long and short axes corresponding to the direction parallel to and
perpendicular to the sweeping direction of the cavity, respectively. With increasing
C2 current, the focused spots in Fig. 4.5(a) also rotate. This is due to the change in
MC current to refocus the beam into the detector, which also rotates the beam.

Figure 4.5(b) shows the angular distribution of the pulsed beam. Angles were
calibrated using a known diffraction ring at 10.6 mrad from a typical cross grating
sample [18], which is also shown in Fig. 4.5(b). From this, the focusing angle is
determined to be 8.74 mrad.

In Fig. 4.5(c) the energy spread measured with the spectrometer for both the
pulsed and the continuous beam is shown. The measurement with the pulsed beam
seems to give a slightly lower energy spread. However, the difference is well below the
resolution of the spectrometer, and is more likely to be due to small misalignments.
These can easily arise between the two measurements as different settings have to be
used for a continuous beam to prevent the spectrometer from saturating.

Figure 4.5(d) shows the corresponding emittance plotted against the difference
in focus position, where the direction parallel to the streak is taken to be along the
long axis of each elliptical spot. Also shown in this figure is the emittance found in
simulations. These show good agreement. Deviations are attributed to the error in
estimating the focus position from the lens current. The emittance of the continuous
beam under the same conditions has been determined to be εn,x = 2.5± 0.1 pm rad.
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Figure 4.5 – (a) Minimal focus size of the pulsed electron beam for varying focus
position within the cavity. C2 current is increased from left to right. (b) Angular
distribution of the pulsed beam, together with a known diffraction ring at 10.6 mrad
used as calibration. (c) Energy spread measured with a spectrometer for both the
pulsed and the continuous beam. (d) Emittance calculated for each spot in (a), plotted
against the focus position with respect to the center of the cavity. Curves show the
emittance expected from simulations, performed with a step size of 0.1 mm.
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Figure 4.6 – Measured duty cycle as a function of the cavity input power, fitted with
the expected behavior ∝

√
P .

From this, it can be seen that the beam quality is unaffected by the cavity in the
direction perpendicular to the streak; parallel to the streak the growth of emittance
can be minimized by correct placement of the crossover. At the minimum, both
simulations and measurement give a negligible increase in emittance.

The minimum RMS spotsize found from these measurements is 0.61 by 0.56 nm,
at a focusing angle of 8.74 mrad and a peak current of 814±2 pA. From Eq. (4.2), we
find a peak brightness of 6.6 · 106 A/(m2 sr V). As a comparison, the RMS focus size
of the continuous beam has been measured to be 0.55 nm, resulting in a brightness
of 7.5 · 106 A/(m2 sr V). However, the actual brightness is presumably larger, since
the measured focus size also includes contributions from aberrations.

In order to estimate the field strength in the cavity and the associated pulse
length, the currents of both the continuous beam and the pulsed beam have been
measured with a Faraday cup at different cavity input powers. Figure 4.6 shows the
measured current in pulsed mode divided by the continuous current on the left y-axis
as a function of input power. The right axis shows the corresponding pulse length
acquired in the simulations with the same ratio. The solid line shows a fit with the
expected behavior ∝

√
P [19]. At an input power of 15.3 W, a magnetic field strength

of 1.45± 0.06 mT is expected from the fit.
At higher input powers, the measured current is smaller than expected. This could

be due to measuring errors or instabilities in the electron beam, or by a change in
the quality factor of the cavity as the temperature changes. In either case, a pulse
length of 1.33 ± 0.06 ps is deduced from the fitted curve, whereas a pulse length of
1.1± 0.1 ps is deduced from the current measurement.

Shown in Table 4.1 are the emittance, current and energy spread measured for both
the continuous and the pulsed beam. Also shown in this table are simulation results
starting with a continuous beam with the same parameters, and a magnetic field
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Table 4.1 – Measured parameters of the continuous beam and the pulsed beam, com-
pared to simulations with the same continuous beam as input and a magnetic field of
1.45 mT.

continuous pulsed GPT GPT outlook
εn,‖ (pm rad) 2.5± 0.1 2.7± 0.1 2.6 2.6
εn,⊥ (pm rad) 2.5± 0.1 2.5± 0.1 2.5 2.5
Iavg (pA) 814± 2 2.8± 0.3 3.4 0.6
∆Efwhm (eV) 0.95± 0.05 0.95± 0.05 1.0 1.0
τfwhm (ps) 1.3 0.22

strength of 1.45 mT inside the cavity. Good agreement is found between simulations
and measurements. The final column shows the predicted performance with 10 µm
apertures and a field strength of 2.84 mT, which was demonstrated with a dielectric
cavity in Section 3.3.3, showing that with available technology, pulse lengths towards
100 fs are within reach. Note that for these simulations the assumption was made
that despite the smaller C2 aperture the same current can be used with the same
transverse emittance.

4.5 Conclusions

To summarize, it has been experimentally verified that TM110 cavities can be used to
create a pulsed electron beam in a 200 keV TEM without a significant degradation
in beam quality. For pulse lengths of 1.1–1.3 ps, no measurable increase in energy
spread or deterioration in performance of the microscope is found. This makes an
RF-based UTEM a viable alternative to photocathodes.

Although the pulse length for these measurements is still in the ps regime, creation
of shorter pulses is already possible with current technology. By developing cavities
further, higher field strengths can be used, and it is expected that 100 fs pulse lengths
will soon be reached.

Note that the use of a dual mode cavity inside a TEM is not reported in this work.
However, similar emittance and energy spread has been demonstrated with a cavity
operating at 75 MHz. These results are soon to be published by Van Rens et al.

In the next chapter, we will investigate further the performance of a cavity-based
UEM using both a theoretical description, and simulations in a wider regime of pa-
rameters, such as different acceleration voltages or higher currents. Also discussed
are some important design criteria, such as appropriate choice of aperture size and
cavity length, which are outside the scope of this chapter.
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J. G. Gatzmann, S. Rost, J. Schauss, S. Strauch, R. Bormann, M. Sivis,
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Chapter 5

Theory of pulse creation with
a TM110 cavity

Abstract

In this chapter, a theoretical description is given of the creation of ultrashort pulses
using a microwave cavity. Using a Courant–Snyder formalism, expressions are given
for both the emittance and energy spread of the electron pulses created with a cav-
ity, allowing for different sources of energy spread growth to be recognized. Most
notably, the expected energy spread as a function of focusing angle, initial emittance,
and cavity geometry are determined, giving rise to some important design criteria
for a cavity-based UTEM. Furthermore, equations are given for the expected pulse
length and the number of electrons per pulse. All theory is compared to particle
tracking simulations, demonstrating that all assumptions made are correct to good
approximation.
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5.1 Introduction

In Chapter 4, it was demonstrated that high quality pulses can be created with a
microwave cavity. No significant increase in both emittance and energy spread was
found. However, this was done with a pulse length of 1.1–1.3 ps. For the initial
UTEM design, the energy spread was expected to increase to 10.5 eV when creating
100 fs pulses [1]. Furthermore, the required magnetic field strength was calculated
to be 12 mT, which is well above what can currently be achieved. Therefore, in this
chapter we give a theoretical description of the creation of ultrashort electron pulses
using a cavity, and we investigate how both the large increase in energy spread and
the required field strength can be reduced.

According to Liouville’s theorem, the six-dimensional phase space density of an
electron beam is conserved in the absence of non-conservative forces and granularity
effects in the beam such as the Boersch effect. The two-dimensional emittance, how-
ever, is not. Possible sources of emittance growth are coupling of motion between
different directions, or non-linear correlations caused by e.g. aberrations. Both of
these effects cannot be removed using (ideal) lenses, and should therefore be avoided.
For the theory in this chapter, we will assume that granularity effects, space-charge
effects and non-linearities in the forces are all negligible. This allows for the chopping
principle to be described with the Courant–Snyder formalism, in which all linear cor-
relations in the 6D phase space can be calculated, and their influence on the emittance.
Application of this theory to a TM110 cavity has been published in Ref. 2. Here, we
will repeat the important aspects, and use it to investigate the energy spread in more
detail. Useful expressions are derived that describe the influence of all relevant beam
parameters on the final emittance, energy spread, and temporal length of the pulses.

For the theory presented here, some assumptions will be made. Most notably, any
change in the position or velocity of the electrons will be assumed to be small, in
which case higher order effects can be neglected. In Section 5.5, the theory will be
compared to charged particle simulations to validate all assumptions.

5.2 Propagation of a pulse center through a cavity

First, we consider the propagation of the center of a pulse of electrons moving through
a cavity. As the electrons remain close to the center of the cavity, the magnetic field
is independent of the transverse position of the electrons to good approximation.
Furthermore, a perfect top hat profile is assumed for the field in the longitudinal
direction along a distance Lcav, and fringe fields are neglected. The magnetic field
inside the cavity is then given by

B = B0 sin(ωt+ φ)ŷ , (5.1)

where B0 is the magnetic field amplitude, ω the angular frequency, and φ the phase
of the field at time t = 0, which we will define as the time that the pulse reaches
the center of the cavity. Figure 5.1(a) shows the spatial extent of this magnetic field
as experienced by an electron moving through the cavity at a constant velocity for
φ = 0.
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Figure 5.1 – (a) Spatial extent of the magnetic field experienced by a particle moving
with a constant velocity through the cavity. (b) Similar to (a), but for the electric field.

Assuming that changes in the longitudinal velocity of the electrons are small
enough not to influence the force experienced throughout the cavity, the resulting
magnetic force in the x-direction can be written as

FB,x = −qeB0vz sin(ωt+ φ) for tb ≤ t ≤ te ,

where qe is the electron charge, and vz the longitudinal velocity of the pulse. Fur-
thermore, tb and te are the entrance and exit times of the pulse.

The transverse velocity vx,cav and position xcav of the pulse inside the cavity are
then given by

vx,cav = −qeB0vz
γmeω

(cos(ωtb + φ)− cos(ωt+ φ)) , and (5.2)

xcav =
qeB0vz
γmeω2

(ω(tb − t) cos(ωtb + φ) + sin(ωt+ φ)− sin(ωtb + φ)) , (5.3)

with γ the average Lorentz factor of the electrons. Figure 5.2(a) shows the trajectories
of the electrons through the cavity as given by Eqs. (5.2) and (5.3) as a function of
time for different phases φ experienced by the electrons.

The deflection by the cavity is largest if the length is chosen such that the electrons
feel exactly half an oscillation period of the field while traversing the cavity. However,
as we will see later, this is not necessarily beneficial. Therefore, the dimensionless
parameter f = Lcav/Lmax is defined as the ratio between the actual cavity length
Lcav, and the length Lmax = vzπ/ω required for maximal deflection. Assuming that
changes in the velocity are small, and defining t = 0 as the moment that the center
of the pulse reaches the center of the cavity, the substitutions tb = −fπ/2ω and
te = fπ/2ω can be made, resulting in an exit velocity and position given by

vx,end = −2qeB0vz
γmeω

sin(φ) sin(fπ/2) , (5.4)

and

xend =
qeB0vz
γmeω2

(2 cos(φ) sin(fπ/2)− fπ cos(φ− fπ/2)) . (5.5)

Apart from a deflection, a small displacement is also found, which is nonzero
for φ = 0. If the distance l between the cavity and the chopping aperture is large
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Figure 5.2 – (a) Transverse trajectories of a 200 keV electron beam moving through
a cavity with a magnetic field amplitude of 3 mT and a cavity length Lcav = Lmax ≈
34.7 mm. The two black lines show the entrance and exit of the cavity. (b) Relative
change in velocity due to both the magnetic field and the off-axis electric field. Half of
the phases are not shown, as they give the same energy shifts.

compared to the cavity length, the effect of this displacement on the streak becomes
negligible. However, it does result in a small difference in transverse velocity for the
two different pulses created each oscillation. Because of this, one of these two pulses
has to be blocked. This can be done by placing an aperture in either the backfocal
plane or the image plane of the objective lens. Alternatively, cavities can be driven to
streak elliptically, allowing for one of the two to be removed at the chopping aperture.

Although changes in vz were assumed to be small enough not to influence the
deflecting force, they are large enough to influence the energy spread of the beam,
and therefore still need to be taken into account. Changes in vz arise both from
the off-axis electric fields, and from a longitudinal component of the magnetic force,
which scales with vx. For the electric field, we will again use to approximation that
the electron beam is small compared to the cavity, so that the electric field can be
approximated as

E = B0ωx cos(ωt+ φ)ẑ . (5.6)

This field is shown in Fig 5.1(b) for φ = 0. Because the electrons are deflected towards
negative x by the magnetic field, they will experience a negative electric field, resulting
in an acceleration. For a phase φ = π the electrons are deflected towards positive x.
However, as the electric field direction also inverts for this phase, the electrons are
again accelerated. Chopping of a pulse with a cavity will therefore result in a small
increase in kinetic energy.

The change in longitudinal velocity due to the off-axis motion is given by

∆vz =
qeB0ω

γ3me

∫ t

tb

xcav cos(ωt+ φ)dt+
qeB0

γme

∫ t

tb

vx,cav sin(ωt+ φ)dt , (5.7)
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where the electric term causes a (de)acceleration of the electrons, and where the mag-
netic term causes the longitudinal velocity to decrease as the electron gains transverse
velocity, (approximately) conserving the kinetic energy under the magnetic force. Al-
though the magnetic term cannot change the energy spread of the electron beam, it
is included for completeness of the trajectories.

Since xcav and vx,cav both scale with B0, ∆vz scales with B2
0 . Similarly, this cor-

rection to the longitudinal velocity could be used to add a correction to the transverse
trajectories and vice versa, each time adding a term of a higher order in B0. We will
assume, however, that these higher order terms are negligible. Note the difference in
scaling with γ between the electric and magnetic term in Eq. (5.7), which arises from
the fact that γ is not conserved under electric forces, requiring relativistic equations of
motion. However, assuming that the change in γ is small, ∆vz can be approximated
to be proportional to the electric force.

Figure 5.2(b) shows the relative change in velocity calculated from Eq. (5.7). As
can be seen from Figs. 5.2(a) and (b), both the deflection angle and the relative
change in longitudinal velocity of the electrons exiting the cavity are small for typical
parameters. This justifies the assumptions made in deriving these trajectories.

5.3 Propagation of an electron ensemble through a
cavity

In the previous section, only the effects of the cavity on the pulse center have been
considered. As a next step, the effects of the cavity on the individual electrons will
be considered as well.

5.3.1 Courant–Snyder formalism

For an ensemble of electrons, the beam envelope can be described in a Courant–
Snyder formalism [3]. Assuming that the beam is Gaussian, the RMS contour can be

described in terms of the Twiss parameters α̂, β̂, and γ̂ (not to be confused with the
normalized velocity β = vz/c and Lorentz factor γ), as shown in Fig. 5.3. Shown here
is a 2D phase space distribution, with all markers denoting the individual electrons,
and the solid line the RMS contour. Also shown are several points on this ellipse
defining the Twiss parameters.

Taking the xx′ phase space as an example, where x′ = dx/dz = vx/〈vz〉 is the
divergence angle of a particle, the beam contour is given by the equation

εx = γ̂xx
2 + 2α̂xxx

′ + β̂xx
′2 ,

with εx =
√
〈x2〉〈x′2〉 − 〈xx′〉2 the geometrical emittance, which is to good approx-

imation related to the normalized emittance by εn,x = γvz
c εx. For the y- and z-

directions, we can use similar expressions, except that the longitudinal equivalent of
the divergence angle is defined as z′ = ∆vz/〈vz〉. Because the area of the ellipse is

πε, it follows that β̂γ̂ − α̂2 = 1.
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The ellipse equation can be rewritten as a matrix equation, which is given by

(
x x′

)
σ−1
x

(
x
x′

)
= 1 , (5.8)

with σx the 2× 2 beam matrix given by

σx = εx

(
β̂x −α̂x
−α̂x γ̂x

)
, (5.9)

again with similar expressions for the y- and z-directions. Using this formalism, any
element in the beam line can be represented by a matrix M that transforms this
beam matrix. In this way, calculating the effects of multiple elements simplifies to
the multiplication of a series of matrices.

To extend this formalism to the complete 6D phase space, the beam matrix σ is
now defined as

σ =




〈xx〉 〈xx′〉 〈xy〉 〈xy′〉 〈xz〉 〈xz′〉
〈x′x〉 〈x′x′〉 〈x′y〉 〈x′y′〉 〈x′z〉 〈x′z′〉
〈yx〉 〈yx′〉 〈yy〉 〈yy′〉 〈yz〉 〈yz′〉
〈y′x〉 〈y′x′〉 〈y′y〉 〈y′y′〉 〈y′z〉 〈y′z′〉
〈zx〉 〈zx′〉 〈zy〉 〈zy′〉 〈zz〉 〈zz′〉
〈z′x〉 〈z′x′〉 〈z′y〉 〈z′y′〉 〈z′z〉 〈z′z′〉



.

The effect of an element on this beam matrix can be expressed as a matrix M contain-
ing all linear correlations added between each of the 6 dimensions. The transformation
of the beam matrix can then be calculated using [4]

σf = MσiM
T , (5.10)
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where σi and σf are initial and final beam matrices. Although this calculation might
appear cumbersome, it is easiest to see the beam matrix as a systematic way to track
all correlations. Equation (5.10) then projects each of these correlations onto the
diagonal elements, which contain information of the actual beam size and divergence
in all three directions.

For the initial beam matrix, we will use a beam that is focused to a position z = zf
relative to the center of the cavity z = 0. Neglecting the y-direction and taking an
initial beam that is uncoupled in the x- and z-directions, the only non-zero elements
of initial beam matrix are the upper left 2 × 2 sub-matrix σx and the bottom right
2× 2 sub-matrix σz.

Denoting the initial RMS focusing angle as
√
〈x′2i 〉, the transverse Twiss param-

eters at the entrance of the cavity are given by

α̂x =
〈x′2i 〉
εx,i

(
fπvz
2ω

+ zf

)

γ̂x =
〈x′2i 〉
εx,i

β̂x =
1 + α̂2

x

γ̂x
, (5.11)

with εx,i the initial transverse geometrical emittance. For the longitudinal Twiss
parameters, a beam with an initial RMS energy spread σE,i and RMS pulse length
σt,i yields

α̂z = 0

β̂z =
v2
zσ

2
t,i

εz,i

γ̂z =
σ2
E,i

γ6m2
ev

4
zεz,i

, (5.12)

with εz,i the initial longitudinal geometrical emittance.

5.3.2 Cavity matrix elements

To calculate the cavity matrix, the effects of the cavity on an electron with a tra-
jectory deviating from the average is needed. For an electron with initial transverse
coordinates xi and x′i, the velocity and position inside the cavity are given by

vx(t) = vx,cav + x′ivz ,

and
x(t) = xcav + xi + (t− tb)x′ivz .

Longitudinal position zi can be accounted for by incorporating a particle-specific
phase shift in the field given by

φi = φ− ωzi
vz

.
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Longitudinal velocity z′i is taken into account using a different exit time te. Assuming
that particles enter at the same time, this results in

tb = −fπ
2ω

,

and

te =
fπ

2ω(1 + 2z′i)
.

The cavity matrix elements can now be found by taking the exit coordinates
due to differences in the initial coordinates, and linearizing them. Denoting Ci,j as
the matrix element describing the change in coordinate i due to coordinate j of the
particle, we then find

Cx,x = 1

Cx,x′ = fπvz/ω

Cx,z = −|qe|B0

γmeω

(
2 sin(φ) sin

(
fπ

2

)
− fπ sin

(
φ− fπ

2

))

Cx,z′ = −2|qe|B0vzfπ

γmeω2
sin(φ) sin

(
fπ

2

)

Cx′,x = 0

Cx′,x′ = 1

Cx′,z = −2|qe|B0

γmevz
cos(φ) sin

(
fπ

2

)

Cx′,z′ = −|qe|B0fπ

γmeω
sin

(
φ+

fπ

2

)
. (5.13)

For the change in the longitudinal velocity after traversing the cavity we can use
the same assumptions, and calculate the final velocity similar as in Eq. (5.7). This
gives the matrix elements

Cz′,x =
2|qe|B0

γ3mevz
cos(φ) sin

(
fπ

2

)

Cz′,x′ =
|qe|B0

γ3meω

(
fπ cos

(
fπ

2

)
sin(φ) +

(
fπ cos(φ) + 2(γ2 − 1) sin(φ)

)
sin

(
fπ

2

))

Cz′,z = − q2
eB

2
0

γ4m2
eωvz

(
2γ2 sin(2φ) sin2

(
fπ

2

)
+ cos(2φ) (fπ − sin(fπ))

)

Cz′,z′ = 1 (5.14)

5.4 Final pulse properties

Using the formalism of the previous section, the effects of a TM110 cavity on an
electron beam will be described next. Applying Eq. (5.10) to the initial beam matrix
defined by Eqs. (5.11) and (5.12), and using the matrix elements in Eqs. (5.13), the

74



final transverse beam matrix can be calculated. First, the change in emittance of
the beam will be derived from this. Since the inclusion of all parameters will give a
lengthy expression, we will divide it into several parts. Then, the effect on the energy
spread of the pulses is calculated.

5.4.1 Emittance growth

The normalized emittance is given by

εn,x =
γvz
c

√
〈x2〉〈x′2〉 − 〈xx′〉〈x′x〉 ,

i.e. it is proportional to the determinant of the upper left 2×2 elements of the beam
matrix σ. Calculating this determinant yields a lengthy expression, which can be
divided in a few parts. The first and most important part is acquired by first assuming
no initial energy spread, σE,i = 0, or emittance, εx,i = 0, yielding a final normalized
emittance

εcb
n,x,f =

|qe|B0

√
〈x′2i 〉vzσt,i

cmeω

·
∣∣∣∣2(ωzf cos(φ) + vz sin(φ)) sin

(
fπ

2

)
− fπvz cos

(
fπ

2

)
sin(φ)

∣∣∣∣ , (5.15)

with the superscript denoting that this is the term that dictates the requirement for
conjugate blanking. In the case of f = 1, we arrive at the already known requirement
of [1]

zf = − tanφ .

By removing the assumption that εx,i = 0, we find that the emittance growth of
(5.15) is given by

ε2
n,x,f = (εcb

n,x,f )2 + (εdiv
n,x,f )2

with the term εdiv
n,x,f given by

εdiv
n,x,f =

γvz
c
εx,i

√√√√
1 +

4q2
eB

2
0 sin2

(
fπ
2

)

γ2m2
e〈x′2i 〉

σ2
t,i ,

with the superscript denoting that this term arises from an increase in divergence
of the beam. Although this term seems to suggest an increase in emittance due
to a finite pulse length, closer inspection shows that it is just an artefact of the
assumption that we start with a pulse, as the emittance growth form this term is
simply due to the added divergence after streaking a pulse with an initial pulse length.
In practice, however, it is not the pulse length that determines the exit divergence,
but the chopping aperture. By choosing the aperture such that the final divergence
equals the incoming divergence, this emittance growth disappears.

Finally, by setting εx,i = 0, φ = 0 and zf = 0 a term is found that arises from a
finite energy spread, given by

εes
n,x,f = σE,i

|qe|B0f
2π2 sin

(
fπ
2

)

2γ4cm3
eω

2

√
γ2m2

e〈x′2i 〉+ 4q2
eB

2
0σ

2
t,i sin2

(
fπ

2

)
.
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In a typical electron microscope, however, energy spread is small enough that this
term can be neglected. For an RMS energy spread of 0.5 eV, for example, this term
will be of the order of 0.1 pm rad or smaller for 100 fs pulses.

The only relevant source of emittance growth emerges from correlations between
the arrival time at the cavity and both the position and angle at which the electrons
leave the cavity. Appropriate positioning of a crossover inside the cavity removes
this growth. Although the actual position of this crossover depends on the cavity
geometry and the phase φ at which the pulses are chopped — which in turn depends
on the position of the chopping aperture and the magnetic field strength — there is
always a value of α̂x at the entrance of the cavity, i.e. an initial beam divergence, at
which this contribution vanishes.

5.4.2 Energy spread growth

Next, the energy spread of the final pulses can be calculated. For simplicity, we will
choose the position of the chopping aperture in such a way that the phase φ = 0
is selected, and therefore zf = 0 to prevent emittance growth. Using Eqs. (5.14),
the effects of the cavity on the longitudinal velocity spread can then be calculated.
Furthermore, as the initial emittance εn,x,i and the pulse length σt,i are unaffected
by the cavity, the subscript i has become redundant, and will be dropped from here
on.

From the 〈z′z′〉 element of σf , the RMS energy spread can be calculated, which
can be written as

σE,f =
√
σ2
E,i + k2

t σ
2
t + k2

εε
2
n,x , (5.16)

where we have introduced the two proportionality constants kt, which represents the
energy spread per unit pulse length due to differences in the electric field probed by
the front and the back of the pulse, and kε, which represents energy spread per unit
emittance due to the finite transverse size of the crossover. These two parameters are
given by

kt =
q2
eB

2
0v

2
z (fπ − sin (fπ))

γmeω
, (5.17)

and

kε =
2|qe|cB0 sin

(
fπ
2

)

γ
√
〈x′2〉

. (5.18)

For large enough focusing angles, ktσt will be dominant. In this situation, energy
spread can be reduced by decreasing the cavity length while increasing the magnetic
field strength to maintain the pulse length. This is due to the fact that for a shorter
cavity with a higher field strength, the off-axis movement of the electrons around
φ = 0 as given by Eq. (5.3) decreases. Using a shorter cavity, the electrons therefore
experience less of the off-axis electric field. The increased field strength, however,
dissipates more power, which brings along technical difficulties.

Another way to decrease this contribution is to decrease the focusing angle, al-
lowing for the same pulse length with a reduced field strength according to Eq. (4.4).
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Figure 5.4 – (a) Growth in the FWHM energy spread for a 200 keV beam chopped
into pulses of σt = 50 fs as a function of the focusing angle (scaled to correspond to an
aperture placed at a distance of l = 0.1 m), for different values of the initial transverse
emittance. Solid curves show the total growth, whereas colored dashed curves show the
ktσt term, and the black dashed line shows the kεεn,x term. (b) Energy spread of the
same pulses, but now at a fixed aperture radius of R = 5 µm, and as a function of the
fractional cavity length f . The two different terms are again shown with dashed curves.
The thick red curve shows the field strength required to maintain the pulse length.

However, a smaller focusing angle increases the crossover size inside the cavity, be-
cause of which kεεn,x becomes dominant at some point. The additional fields probed
due to the increased crossover size at smaller angles then counteracts the decrease in
B0, leading to a minimum in energy spread growth.

Figure 5.4(a) shows the increase in energy spread as a function of focusing angle,
for a 200 keV electron beam with σE,i = 0 for different values of εn,x. For this plot,
B0 is varied alongside the focusing angle in order to maintain a RMS chopped pulse
length of 50 fs. This illustrates the effect of the different terms in Eq. (5.16). The
RMS angle on the x-axis is scaled by a factor 2l to correspond to an aperture radius
placed at a distance l = 0.1 m. Figure 5.4(b) shows the energy spread as a function
of the fractional cavity length f , together with the field B0 required to maintain the
pulse length σt.

These two graphs explain why such a high energy spread was expected from the
initial design reported in Ref. 1, where a fractional cavity length f = 1 was used,
together with a relatively large semi-angle of 0.15 mrad. Furthermore, they show
an important consideration to make when designing an ultrafast electron microscope
using a chopping cavity. For a given initial beam quality, a certain minimum growth
in energy spread can be expected. For a typical beam from a FEG, this minimum is
acceptable. However, in order to actually reach this minimum, either small focusing
angles or short cavities have to be used, both bringing along practical difficulties.

For small focusing angles, small chopping apertures have to be used, which easily
contaminate. For decreased cavity lengths, the required field amplitude increases. It
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Figure 5.5 – (a) An electron beam with radius R centered around position xd, streaked
over an aperture of radius R. (b) The resulting current distribution as a function of
time in the case of a 200 keV beam streaked over a R = 5 µm aperture at a field strength
of B0 − 3 mT.

is therefore likely that the optimal UEM instrument will require both control over
the angle with which the electron beam is focused in the cavity, and a well-designed
cavity that can support large field strengths.

5.4.3 Temporal profile

Due to the fact that the beam needs to be focused in the center of the cavity, it will
have a transverse size at the chopping aperture, resulting in a typical current distri-
bution. Although the transverse size of the electron beam was already incorporated
in Eq. (4.4), we can derive a more accurate expression by taking a realistic current
profile into account. The current as function of time depends on the overlap between
the electron beam and the aperture. Figure 5.5(a) shows a specific moment in time
of an electron beam moving over an aperture.

For simplicity, the size of the beam is assumed to be equal to the size of the
chopping aperture, both with a radius R. In this case, the current through the
aperture as function of the deflection xd is given by

I(xd) =
I0
πR2

(
2R2 arctan

(√
4
R2

x2
d

− 1

)
− 1

2
xd

√
4R2 − x2

d

)
xd
|xd|

, (5.19)

for −R ≤ xd ≤ R, with I0 the current of the continuous beam. Assuming that the
deflection is large compared to the aperture size, the sinusoidal deflection over the
aperture can be approximated to be linear with time, so that the time-dependent
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current is found by inserting

xd(t) =
2|qe|B0l sin

(
fπ
2

)
t

γme
.

This results in an RMS pulse length given by

σt =
2γmeR√

30|qe|B0l sin
(
fπ
2

) . (5.20)

Furthermore, the amount of electrons per pulse can be calculated from Eq. (5.19).
For a given pulse length σt, we find a total amount of electrons per pulse ne of

ne =
4
√

10I0σt√
3π|qe|

. (5.21)

To create pulses with ne = 1 and an RMS pulse length of σt = 100 fs, a current is
then required of 0.69 µA. Experiments performed up to now with ∼ ps pulse lengths
and ∼ nA currents then typically have ∼ 10−2 electrons per pulse, i.e. much less then
one.

5.5 Particle tracking simulations

Inside a TEM, the emittance growth can easily be minimized by correct placement
of the crossover. Equations (5.20), (5.16) and (5.21) then give all the information
required to calculate the performance of the microscope in the regime where space
charge is negligible. In this section, these equations will be compared to particle
tracking simulations. Furthermore, pulsed performance of a microscope in several
different regimes is investigated.

These simulations allow for all the assumptions to be tested. First of all, simu-
lations start with a continuous beam being streaked over an aperture, instead of a
pulse being deflected. Furthermore, fringe fields are taken into account, as well as
any deviations from a constant magnetic field when going off-axis. Finally, non-linear
correlations are also present in the simulations and not in the theory.

In each of the simulations, we start at the condenser aperture, with a beam that
converges towards the center of the cavity, after which it diverges towards the chopping
aperture placed at a distance of 203 mm, similar to the experimental situation. The
cavity is placed halfway to the chopping aperture, and equal sizes are chosen for
the condenser and chopping aperture. The chopping aperture is placed such that
the electrons experiencing the φ = 0 phase pass through, i.e. it is displaced following
Eq. (5.5), allowing for the crossover to be fixed at the center of the cavity for emittance
conservation. All beam parameters are investigated a few cm behind the chopping
aperture, at z = 250 mm.

First, the effect of different cavity lengths is investigated compared to Lmax =
34.74 mm. Shown in Fig. 5.6(a) and (b) are the required magnetic field and the
resulting energy spread of the pulses, as a function of the RMS pulse length for a 200
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keV beam. The FWHM energy spread is calculated by taking the RMS value, and
multiplying it by

√
8 ln 2. Simulation results are shown as markers, and the theoretical

predictions as solid lines. In these simulations, the beam is assumed to start with an
emittance of εn,x = εn,y = 1 pm rad, and an energy spread of δEfwhm = 0.5 eV.
Apertures have been chosen with a radius of R = 5 µm.

These figures show the expected tradeoff when going to shorter cavity lengths. The
field amplitude required to reach a certain pulse length increases, but the resulting
energy spread of the pulses is lowered significantly.

Figure 5.7 shows the same plots, but now for varying beam energy. The cavity
length here is fixed at 16.67 mm, and again apertures of R = 5 µm are used. Devi-
ations from analytical calculations arise only for the shortest pulse lengths. As the
kinetic energy of the electrons increases, deflection becomes more difficult, both due
to the relative decrease in fractional cavity length f , and due to relativistic effects.
However, provided that large field strengths can be achieved, only a slight degradation
in energy spread is expected over a large range of energies.

Figure 5.8 shows the same plots for a 200 keV beam with varying initial emittance.
The aperture radius is also increased to 10 and 15 µm for the 20 and 100 pm rad
simulations respectively, since the aperture size is much less important for higher
emittance. As the emittance of the initial electron beam increases, the minimal growth
in energy spread increases. This minimum cannot be decreased by using shorter
cavities or smaller focusing angles, so that performance degrades if a very large current
is used. However, as we shall see in Section 5.5.1, in combination with a typical FEG
the beam will be more likely space charge limited in this regime. Alternatively, a
different scheme than conjugate blanking might become more beneficial.

In all of these simulations, a small increase in the emittance is found parallel to
the streaking direction, while a decrease is found in the perpendicular direction. This
is due to the change in angular distribution when deflecting a beam over a round
aperture. The virtual source size, however, does remain the same in both directions
to within a few percent. Furthermore, good correspondence is found between theory
and simulations in a broad range of beam parameters.

5.5.1 Multiple electrons per pulse

Up to now, a low current was assumed in which space charge effects are absent.
However, this yields pulses of much less than one electron per pulse, whereas most
experiments are performed in the regime of several electrons per pulse. Therefore,
simulations are presented here where space charge effects are included to estimate the
performance in this regime.

The first consideration that needs to be made is what current can be extracted
from a FEG. In theory, the current and the emittance can be related to the brightness
of the gun. In practice, however, this only holds within a certain regime. For low
currents, the emittance will become diffraction limited, whereas high currents require
a large collection angle in the gun, in which case the emittance becomes aberration
limited.

To account for this, theoretical probe sizes of a Schottky emitter described in Ref. 5
are used to calculate an effective emittance of the electrons. The brightness of this
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Figure 5.6 – (a) Required field amplitude as a function of pulse length for three
different cavity lengths for a 200 keV electron beam. (b) Corresponding energy spread
of the pulses.
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Figure 5.7 – (a) Required field amplitude as a function of pulse length for three
different beam energies at a fixed cavity length. (b) Corresponding energy spread of
the pulses.
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Figure 5.8 – (a) Required field amplitude as a function of pulse length for three
different values of the initial emittance. (b) Corresponding energy spread of the pulses.
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gun is 5 · 107 A m−2 Sr−1 V−1. Currents of 0.5, 1 and 1.5 µA are simulated, for which
the transverse emittance is calculated to be 100, 160 and 240 pm rad respectively.
Aperture sizes of 15, 20 and 25 µm were chosen respectively. To account for trajectory
displacement and Boersch effects, which are caused by random fluctuations in the
particle density instead of the average charge density [6], each individual electron is
tracked in the simulations. Values shown here are then averages over 400 pulses.

Shown in Fig. 5.9(a) and (b) are the required magnetic field strength and the
number of electrons per pulse as a function of pulse length for different currents of
the continuous beam. Again, good correspondence is found between the analytical
calculations and the simulations. The simulated amount of electrons per pulse is
slightly below the expected value, likely due to broadening of the electron beam
before it reaches the chopping aperture.

Figure 5.10(a) shows the RMS virtual source size in both the x- and y-directions,
i.e. parallel to and perpendicular to the streak direction respectively. Solid lines
show the expected source size given the input emittance. Although the source size
appears large, small focusing angles are used, so that it can easily be demagnified. It
should be possible to make even brighter pulses using a cold FEG, which can operate
at comparable emission currents [7]. Finally, shown in Fig. 5.10(b) is the resulting
energy spread. Also shown is the theoretical energy spread due to the cavity if no
space charge effects were present. Due to the Coulomb interactions, a large increase
in energy spread is found, as is expected. Note that only a small part of the TEM
column is included in these simulations. Although significant Coulomb effects are
expected in the rest of the column, a complete description of space charge effects
throughout the electron microscope is beyond the scope of this thesis.

Although in all simulations the pulse length was determined close to the chopping
aperture, no significant lengthening is expected before the pulse arrives at the sample.
For 200 keV electrons, an energy spread of 10 eV would lead to a chirp of 72 fs/m.
As the energy spread is smaller in most cases, and the distance from the chopping
aperture to the sample is typically also less than 1 m, no large deviations are expected.

5.6 Conclusions

In this chapter, the performance of a microwave cavity has been investigated theoreti-
cally. Both from the analytical expressions and from the simulations, no deterioration
in the spatial coherence of the electron pulses is expected due to chopping of the con-
tinuous beam with a cavity. However, an increase in energy spread is expected when
going to small pulse lengths. A minimal growth is expected depending on the emit-
tance of the continuous beam. Using short cavities with large field strengths, or
alternatively small focusing angles and chopping apertures, this growth can be kept
at acceptable levels.

Good correspondence was found between the simulated results and analytical ex-
pressions for the energy spread, pulse length and the amount of electrons per pulse. A
deviation in the regime of several electrons per pulse was found for the energy spread
due to Coulomb interactions as expected.
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Figure 5.9 – (a) Required field amplitude as a function of pulse length for different
currents with space charge effects included. (b) Resulting amount of electrons per pulse.
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Figure 5.10 – (a) Simulated virtual source size and (b) energy spread after chopping
a beam with space charge effects included.
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Part III

Ultrafast time-of-flight energy
spectroscopy
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Introduction to Part III

In this part, the work on time-of-flight EELS is presented. Time-of-flight methods
make use of a pulsed electron beam, allowing for energy losses to be measured through
deviations in the arrival time of the electrons, as opposed to using e.g. bending mag-
nets. The large advantage of a time-of-flight method is that by simply using a drift
space and a streak cavity, large energy dispersions can be achieved, whereas static
dispersive elements often require a significant magnification onto the detector after
dispersing the beam, as well as intricate designs to minimize the aberrations induced
by these elements. Time-of-flight methods therefore put less demands on the trans-
verse beam quality, allowing for the detection of energy losses with a higher current
throughput.

In Chapter 6, the use of deflection cavities for the detection of flight times is
discussed. An experimental setup is presented in which pulses are created by chopping
a beam with a TM110 cavity. Using a second synchronized TM110 cavity, the flight
time of the pulses can be measured by streaking the pulse across a detector. By
inserting a sample in between the cavities, energy losses can be detected through
changes in the flight time. Although in an initial experiment the resolution was
limited by the relatively low beam quality of the electron source, calculations and
simulations predict that an energy resolution comparable to typical time-resolved
EELS setups is possible with two deflection cavities.

In Chapter 7 it is shown that a drastic improvement in resolution can be achieved
by incorporating TM010 cavities into the setup. This is demonstrated both exper-
imentally and through simulations. Most notably, simulations show that by using
TM010 cavities both for monochromation and for improved flight time detection, sub-
100 meV energy resolutions are achievable with picosecond pulsed beams. This is a
very exciting prospect, as it combines pump-probe techniques with state-of-the-art
EELS resolutions.





Chapter 6

Streak cavities for ToF-EELS

Abstract

In this chapter, we demonstrate the use of two TM110 resonant cavities to generate
ultrashort electron pulses and subsequently measure electron energy losses in a time-
of-flight type of setup. The method utilizes two synchronized microwave cavities
separated by a drift space of 1.45 m. The setup has an energy resolution of 12± 2 eV
FWHM at 30 keV, with a temporal resolution of 2.7±0.4 ps. Both the time and energy
resolution are currently limited by the brightness of the tungsten filament electron
gun used. Through simulations, it is shown that an energy resolution of 0.95 eV
and a temporal resolution of 110 fs can be achieved using an electron gun with a
higher brightness. This provides a new method for time-resolved electron spectroscopy
without the need for elaborate laser setups or expensive magnetic spectrometers.

The work presented in this chapter is based on the following publication: “Time-of-flight elec-
tron energy loss spectroscopy using TM110 deflection cavities.” W. Verhoeven, J. F. M. van Rens,
M. A. W. van Ninhuijs, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. Struct. Dyn. 3, 054303
(2016).
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6.1 Introduction

The use of femtosecond electron pulses for electron energy loss spectroscopy (EELS) in
a pump-probe setup provides a powerful method to extract time-resolved information
from a specimen. First applied by Carbone et al. [1, 2], the dynamics of chemical
bonds was investigated through plasmon spectroscopy. Van der Veen et al. showed
that through core-loss spectroscopy structural changes could be mapped with sub-
picosecond resolution [3]. Furthermore, combined with the PINEM effect [4, 5], time-
resolved EELS has been used to image plasmonic modes in photonic structures [6, 7],
and to visualize the propagation of surface plasmon polaritons [8].

Electron energies are usually resolved using sector magnets or Wien filters. Since
these give small energy-dependent deflections of typically a few µm per eV [9], they
often require significant spatial filtering through slits. However, for ultrashort pulses
both the current and transverse coherence are limited, making these methods of lim-
ited value for time-resolved measurements. Therefore, time-of-flight (ToF) methods
provide an interesting alternative, in which energies can be measured without spatial
filtering. Recently, Gliserin et al. [10] demonstrated the use of a drift tube, in which
electrons are slowed down almost to a complete stop, causing differences in velocity to
translate into large differences in drift time. These drift times can then be measured
using a micro-channel plate detector connected to a time-to-digital converter. With
this, a high resolution can be achieved with a relatively large current throughput.

As an alternative approach, it has been proposed that the time-dependent deflec-
tion of a TM110 cavity can be used to measure differences in electron flight times [11].
These streak cavities have been used before for bunch length diagnostics, and they
provide a high temporal resolution. This makes them suitable ToF spectrometers. In
this chapter, the feasibility of using a TM110 cavity for the measurement of electron
flight times is demonstrated. The resolution of the setup presented here is currently
limited by the brightness of the tungsten filament electron gun used. Through simu-
lations, it is shown that both the energy and time resolution can be improved using
a high brightness gun.

6.2 Principle

Figure 6.1(a) schematically depicts the principle behind the ToF measurement. Elec-
tron pulses are first created by sweeping a continuous beam over a slit using a TM110

cavity. The pulsed beam then interacts with a sample, where it acquires a specific
energy loss distribution, which translates into a specific velocity distribution. After
propagating through a drift space, this will cause the electrons to arrive at the sec-
ond cavity at different times. The time-dependent deflection of this cavity will then
separate these electrons onto the detector, allowing for the differences in arrival time
to be measured.

From these arrival times, the corresponding energies can be calculated. For small
differences compared to the total kinetic energy, the energy can be approximated by

∆E

E0
≈ (γ0 + γ2

0)
∆v

v0
≈ −(γ0 + γ2

0)
∆t

t0
, (6.1)
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Figure 6.1 – (a) General principle of a ToF-EELS measurement using two cavities.
Pulses are generated by a first cavity, after which they interact with a sample. Electrons
with different energies are then separated temporally in the drift space, after which the
temporal distribution is streaked across the detector by the second cavity. (b) Electron-
optical elements added to the setup, together with the transverse envelope of the beam.
Dashed lines indicate the positions of the (c) phase space diagrams. Shown in these
diagrams is the relative transverse position and velocity of particles in a converging beam
moving through the cavity and onto the detector, with the color coding corresponding
to the arrival time at the second cavity. At the crossover of the beam, the different
arrival times are imaged onto the transverse position.
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with ∆E the energy difference, ∆v the corresponding difference in velocity, and ∆t
the difference in arrival time. In this equation, E0 = mc2(γ0−1) is the kinetic energy,
γ0 = (1−v2

0/c
2)−1/2 is the Lorentz factor, and v0 and t0 are the unperturbed velocity

and flight time of the electrons, respectively.

From equation (6.1) it can be seen that the resolution is limited by the initial
temporal spread of the pulse. As an example, for a 30 keV electron beam it takes
approximately 14.7 ns for the electrons to traverse the 1.45 m drift space that is
used in our setup. When pulses are created with a length of 100 fs, the instrumental
resolution is expected to be 0.45 eV.

Care must be taken that the energy spectrum can be imaged accurately on the
detector. For this, it is required that the electron beam size is smaller than the
deflection by the second cavity, which can be accomplished by adding two crossovers
to the setup. The first one has to be placed at the center of the first cavity to minimize
emittance growth as was demonstrated in Chapter 4. The second one is placed at the
detector, as is explained below. In addition to the two cavities, this scheme therefore
also requires two charged-particle lenses. Figure 6.1(b) shows all the electron-optical
elements used in the setup, together with the beam envelope when the cavities are
turned off.

Figure 6.1(c) explains the principle of imaging the arrival times using a lens and
a cavity in more detail. Shown here are transverse x–vx phase space diagrams of
the electrons at the positions indicated by the three dashed lines in Fig. 6.1(b), with
the color coding corresponding to different arrival times at the second cavity. Before
entering this cavity, there is a linear correlation between the position and velocity
since the beam is converging. In addition to this converging motion, electrons gain a
transverse velocity depending on their arrival time when traversing the cavity. Within
the crossover of the beam each position on the detector will then correspond to a
particular arrival time at the second cavity, which can be seen from the correlation
between the arrival times and the transverse positions in the third diagram. The
combination of an electron-optical lens and a cavity therefore allows for an accurate
image to be made of the arrival times, and thus the energy spectrum.

6.3 Experimental setup

In our setup, a continuous 30 keV electron beam is generated using a Philips XL-30
SEM with a tungsten filament gun. The condenser lens of the microscope is used to
control the beam current in the experiment. Since no imaging is done in this setup,
the final lens of the microscope can be used to focus the beam in the center of the
first cavity. An additional solenoid lens is used to refocus the beam on a TVIPS
TemCam-F216 detector [12]. In order to steer the beam through both cavities, two
sets of deflection coils are added.

Both for the generation of electron pulses and the measurement of the flight time,
TM110 streak cavities are used. Both cavities are filled with the dielectric material
ZrTiO4, which reduces both the size and the power consumption, as explained in
Chapters 2 and 3. The cavities are driven by a Mini-Circuits ZX95-3060C+ Voltage
Controlled Oscillator at a frequency of 2.9985 GHz. The signal of the VCO is split up
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underfocus focus overfocus

Figure 6.2 – Inverted contrast images of a TEM grid on the detector using a pulsed
beam for different focal strengths of the SEM final lens. Focal strength of the final lens
increases from left to right.

and sent through two Mini-Circuits ZHL-16W-43+ power amplifiers. The RF phase
difference between the two cavities can be adjusted using a phase shifter placed before
one of the amplifiers. At an input power of 10 W, the magnetic field amplitude is
B0 = 1.24± 0.12 mT.

A slit with a width of s = 10 µm is placed at a distance l = 10 ± 1 cm behind
the first cavity, and samples can be inserted immediately behind the slit. The drift
space between the slit and the second cavity is 145± 1 cm, and the distance from the
second cavity to the detector is 50± 1 cm.

To establish that the emittance is minimized after the first cavity, an image of the
sample is made with a pulsed electron beam. The resolution can then be optimized in
the sweeping direction by adjusting the focal position. Figure 6.2 shows this principle
when two crossing copper lines on a TEM grid are imaged. The electrons are streaked
in the horizontal direction by the first cavity, as can be seen from the growth of
emittance in this direction in the case of under- and overfocus, causing the vertical
line to slowly disappear at larger defocus.

Using two phosphor screens, the semi-angle of the beam is measured to be α =
0.41± 0.06 mrad, so that the beam width is w = 2lα = 80± 20 µm. The pulse length
given by equation (4.4) is then δtfwhm = 2.1± 0.5 ps. Using equation (6.1), this gives
a instrumental resolution of 9± 2 eV in theory.

6.4 Results

In order to demonstrate the feasibility of our ToF-spectrometer, a typical cross grating
sample [13], containing a polycrystalline gold layer deposited on a carbon film, has
been inserted into the setup. The measurements on this sample are shown in Fig. 6.3.

Figure 6.3(a) shows the full streak on the detector made with a continuous beam.
Since the period of the cavity is known, the length of the streak is used to calibrate
the arrival times. Figure 6.3(b) shows the signal on the detector for a pulsed beam,
color coded on a logarithmic scale. Shown here from left to right are a measurement
with a sample inserted, the same measurement after the streaking direction of the
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Figure 6.3 – (a) Image of the full streak on the detector. (b) Detector signal color
coded on a logarithmic scale, showing from left to right the EELS measurement, the
same measurement with the streaking direction of the second cavity reversed, and a
measurement without a sample. (c) The energy loss spectrum acquired from the left
image of (b), together with fits of the ZLP and the plasmon loss peak.
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second cavity has been reversed using the phase shifter, and a measurement without
the sample. This shows a clear signal arising from electrons that have lost energy to
the sample, with the direction of the tail corresponding to later arrival times.

Figure 6.3(c) shows the spectrum acquired by summing over the detector pixels
in the direction transverse to the streak, plotted against the energies that have been
calculated from the arrival times. The solid blue curve is a fit to the zero-loss peak
(ZLP), and the dash-dotted red curve is a fit to the peak at the plasmon resonance,
at a loss of approximately 20 eV. From the ZLP we find a FWHM energy resolution
of 12± 2 eV. The corresponding spread in arrival times is δtfwhm = 2.7± 0.4 ps. This
spread is an upper limit to the temporal resolution for the setup, since it is measured at
the end of the setup, and not directly at the sample. It therefore includes broadening
of the pulse throughout the drift space.

Note that the ZLP width is different for the two RF phases in Fig. 6.3(b). This
can be attributed to a misaligned solenoid lens, which gives rise to t–x correlations at
the entrance of the second cavity that either assist or oppose the streak, depending on
the streaking direction. Since this is difficult to account for during post-processing,
more care has to be taken in future measurements for the alignment of the solenoid.

6.5 Charged particle tracking simulations

In order to investigate the limits of the proposed technique, charged particle track-
ing simulations have been performed using General Particle Tracer code (GPT)[14].
Cavities are modeled using realistic fields, including fringe fields. First, the limiting
factors of the present setup are investigated.

The divergence of the electron beam was determined to be 0.41± 0.06 mrad when
a crossover is placed at the center of the first cavity. The normalized emittance of this
setup has been determined previously to be 9 ·10−10 m rad[15]. Typically, a tungsten
hairpin emitter has an energy spread of δEfwhm = 1.5–3 eV [16]. In the simulations,
the energy spread of the gun is assumed to be 2 eV, and a Gaussian beam profile is
taken for the continuous beam coming from the microscope. The continuous beam is
then swept over the slit in the simulations. With these numbers, pulses are found with
a pulse length of δtfwhm = 2.09 ps, and an energy spread of δEfwhm = 4.63 eV. This
increase in energy spread is caused by the nonuniform off-axis electric fields inside
the cavity, which induces a larger energy spread for an electron beam with a higher
emittance, as was shown in Chapter 5.

Energy loss can then be added to the pulse, after which the rest of the setup is
simulated. From the width of the ZLP on the detector, an energy resolution of 10.8 eV
is then found, close to the experimental value. The resolution is therefore not only
limited by the large pulse length, but also the increase in energy spread due to the
cavity.

Shown in Fig. 6.4(a) is the resolution of the setup for different field strengths in the
first cavity, together with the energy spread and temporal spread of the pulses created
at the slit. The left and right y-axes are linked together through equation (6.1).
Although the resolution can be improved by going to higher field strengths, the growth
in energy spread limits the resolution to 9.0 eV for this setup.
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Figure 6.4 – (a) Simulated energy resolution of the setup, together with the energy
spread and the temporal spread of the pulses for different field strengths inside the first
cavity. Left and right axes are linked together through equation (6.1). (b) Similar, but
now simulated for an electron source with parameters similar to a FEG.

However, both the pulse length and energy spread can be decreased by using
an electron gun with a lower emittance. This allows for the divergence angle to
be decreased, which results in a smaller pulse length at the same deflection field.
Furthermore, with a lower emittance the spread in off-axis electric fields probed by
the beam is smaller, decreasing the energy spread induced by the first cavity.

To demonstrate this, simulations have also been run using the parameters of a field
emission gun (FEG). These guns typically have an energy spread of δEfwhm = 0.3–
0.7 eV [16], and a normalized emittance at a given current of up to two orders of
magnitude smaller than a tungsten hairpin emitter. In these simulations, a 10 µm
aperture is placed 10 cm in front of the cavity to limit the divergence angle. The
beam is then deflected by the first cavity over a 10 µm slit. The FEG is assumed to
have an energy spread of 0.5 eV and a normalized emittance of 3 · 10−12 m rad.

Figure 6.4(b) again shows the initial energy spread and temporal spread and the
resolution for different field strengths in the first cavity. A minimum energy resolution
of 0.95 eV is now found at a field of 3 mT. The temporal resolution is found to be
110 fs at this field strength.

6.6 Conclusions

We have shown that a pair of pillbox cavities oscillating in the TM110 mode can be
used for time-resolved EELS measurements. In the first proof-of-principle measure-
ment a temporal resolution of 2.7 ± 0.4 ps combined with an energy resolution of
12± 2 eV is obtained at an energy of 30 keV. The main limitation of this method is
that short pulse lengths are required to reach good resolutions. In the next chapter,
we will demonstrate how this can be circumvented, making time-of-flight methods
viable alternatives to conventional methods.

96



Bibliography

[1] F. Carbone, B. Barwick, O. Kwon, H. S. Park, J. S. Baskin, and A. H. Zewail,
“EELS femtosecond resolved in 4D ultrafast microscopy,” Chem. Phys. Lett. 468,
4 (2008).

[2] F. Carbone, B. Barwick, O. Kwon, H. S. Park, J. S. Baskin, and A. H. Ze-
wail, “Dynamics of chemical bonding mapped by energy-resolved 4D electron
microscopy,” Science 325, 181 (2009).

[3] R. M. van der Veen, T. J. Penfold, and A. H. Zewail, “Ultrafast core-loss spec-
troscopy in four-dimensional electron microscopy,” Struct. Dyn. 2, 024302 (2015).

[4] B. Barwick, D. J. Flannigan, and A. H. Zewail, “Photon-induced near-field
electron microscopy,” Nature 462, 902 (2009).

[5] A. Feist, K. E. Echternkamp, J. Schauss, S. V. Yalunin, S. Schäfer, and C. Rop-
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Chapter 7

Longitudinal phase space
manipulation

Abstract

The possibility to perform high-resolution time-resolved electron energy loss spec-
troscopy has the potential to impact a broad range of research fields. Resolving small
energy losses with ultrashort electron pulses, however, is an enormous challenge due
to the low average brightness of a pulsed beam, which conflicts with the demands
of a high-resolution spectrometer. In this chapter, a new method is presented using
an improved time-of-flight detection scheme, which promises both an accurate energy
detection with a high current throughput, and efficient monochromation. Through
simulations it is shown that with currently available technology a full width at half
maximum energy resolution of 22 meV can be achieved with 3.1 ps pulses at a beam
energy of 30 keV. As the method relies on longitudinal phase space manipulation in
a way never demonstrated before, a proof-of-principle experiment is also presented.
By combining the fields of ultrafast science and high-resolution spectroscopy, this
technique opens up the way to detecting short-lived excitations within the regime of
highly collective physics.

The work presented in this chapter is submitted for publication as: “Time-of-flight electron en-
ergy loss spectroscopy by longitudinal phase space manipulation with microwave cavities.” W. Ver-
hoeven, J. F. M. van Rens, W. F. Toonen, P. H. A. Mutsaers, and O. J. Luiten. arXiv:1711.10798
(2017).
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7.1 Introduction

Over the last decade, electron energy loss spectroscopy (EELS) inside a transmission
electron microscope has progressed towards the few meV regime, enabling the detec-
tion of fundamental excitations with an atom sized probe. With the availability of
monochromators on commercial microscopes, EELS has become a routine technique
for nanophotonic research [1–4]. Using state-of-the art monochromators, aberration
correctors, and EELS detectors, sub-10 meV resolutions have been achieved, mak-
ing it possible to resolve phonon loss peaks [5, 6] or gain peaks [7]. Owing to these
advances, transmission EELS can play a pivotal role in understanding some of the
greatest problems in condensed matter physics such as strange metal phases and
high-Tc superconductivity [8].

Combined with ultrashort electron pulses, the addition of time resolution to EELS
is proving to be an exciting new development. However, the energy resolution of typ-
ical time-resolved EELS setups is limited to 1–2 eV, due to the fact that conventional
EELS methods require significant spatial filtering of the electron beam. Because of
this limitation, time-of-flight (ToF) methods are emerging as an alternative, in which
electron energies are derived from the flight time across a drift space. These methods
put much less demands on the transverse beam quality, allowing for the detection of
energy losses without requiring spatial filtering [9].

In this chapter, we will demonstrate that ToF methods can be improved signifi-
cantly to the level of state-of-the-art conventional methods by employing microwave
cavities to manipulate the longitudinal phase space distribution of an electron beam,
thereby combining the possibility to perform pump-probe measurements with the im-
pressive capabilities of a high resolution spectrometer. In the method proposed here,
four cavities are used to first create pulses, then to modify the energy spread and tem-
poral length at the sample as desired, and finally to detect energy losses with high
accuracy and without any loss of current. Through simulations it will be shown that
22 meV energy resolution can be achieved combined with 3.1 ps temporal resolution.
Alternatively, if a better temporal resolution is required, pulses can be compressed at
the expense of energy resolution. We show that in the same setup a 2.8 eV energy
resolution can be combined with 20 fs pulses, providing a large degree of flexibility.

7.2 Method

In this chapter, a modified ToF method is presented using four microwave cavities.
The idea behind this setup is illustrated incrementally in Figs. 7.1–7.3, which explain
a ToF method using two, three and four cavities respectively. Shown in each figure is
the setup, with at each step a schematic representation of the time–energy phase space
area, enclosing the ensemble of electrons in the pulses. Also shown is the measured
signal after streaking the final temporal distribution onto the detector.

Figure 7.1 shows the idea of the ToF setup as demonstrated in the previous chap-
ter. Here, pulses are created using a TM110 cavity. After interacting with the sample,
the pulses are dispersed throughout a drift space, causing the different energies to
become temporally separated. This separation is measured using a second TM110

cavity. The resulting spectrum is then a convolution of the energy distribution and
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the dispersed pulse profile (Fig. 7.1(b) and (c)). However, to achieve meV energy
resolutions, either extremely short pulse lengths or impractically long drift times are
required. Therefore, we propose a modified ToF setup which removes this limitation
by incorporating a TM010 compression cavity. This is shown in Fig. 7.2.

By adding a TM010 cavity, a linear correlation between longitudinal position and
velocity can be added to the electrons, causing the pulses to compress as they move
through a drift space. At the longitudinal focus position of the compression cavity,
the different energy losses induced by the sample then become temporally separated,
independent of the initial pulse length or drift space, leading to a significantly im-
proved flight time resolution. The energy difference ∆E in this longitudinal focus is
related to differences in flight time ∆t through

∆E

E0
= (γ0 + γ2

0)
vz∆t

fL
, (7.1)

with E0 the initial kinetic energy, vz the average velocity, γ0 the average Lorentz
factor, and fL the distance from the compression cavity to the longitudinal focus.

Assuming an aberrationless compression, temporal separation is now achieved
independent of the drift length or pulse length. A larger drift length does increase
the temporal separation, making the detection easier, but it no longer determines
the resolution. Combined with a 30 keV electron beam and 1 m drift space, a 1 fs
accuracy in detecting the arrival time translates in an instrumental energy resolution
of 6.4 meV. The use of microwave cavities for the compression and temporal detection
of electron pulses with a few fs resolution has already been achieved experimentally
with high-charge electron bunches [10], demonstrating the power of the detection
scheme.

However, the total energy resolution still depends on the initial energy spread
of the electrons. Therefore, a four cavity setup is proposed, shown in Fig. 7.3, in
which cavity-based monochromation is added. The longitudinal phase space area, or,
equivalently, the longitudinal emittance, is conserved under (ideal) focusing or drift.
Therefore, by stretching the pulses towards the sample, smaller energy losses become
separated in phase space. As an optical analogy, by defocusing the pulse a demagnified
(virtual) image is made, allowing for a sharper focus by the second compression cavity.
The resolution of this setup therefore scales inversely proportional to the pulse length
at the sample.

Of course, stretching the pulses comes at the cost of temporal resolution. Further-
more, if the pulses become too large, nonlinearities in the compression field will give
rise to aberrations. However, typical pulse lengths that can be achieved are much
smaller than the period of the compression cavity, so that pulse stretching can still be
used for a significant reduction in energy spread, down to few tens of meV as will be
shown further on. Alternatively, pulses can also be compressed towards the sample
for a better temporal resolution at the cost of energy resolution, providing a large
flexibility. As with any method, the combination of resolutions achievable depends
on the longitudinal emittance of the pulses.
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Figure 7.4 – (a) ToF measurement without compression as was presented in Chapter 6,
compared to (b) a ToF measurement with compression, color coded on a logarithmic
scale. (c) Compressed pulses without a sample inserted. (d) EELS spectra for all three
measurements.

7.3 Experimental demonstration

In order to demonstrate the modified ToF detection scheme, a proof-of-principle mea-
surement was performed by adapting the ToF setup of the previous chapter. For the
proof-of-principle experiment, a compression cavity was added behind the sample, and
longer pulses were used. Pulses are compressed over a distance of fL = 0.93± 0.01 m
from an initial pulse length of 9.37 ± 0.02 ps to 354 ± 7 fs. Appendix 7.A shows in
more detail the measured pulse length as a function of the focal strength of the cavity.

Figure 7.4(a) shows again the result obtained in Chapter 6. Figures 7.4(b) and
(c) show the detector signal of the compressed pulse on a logarithmic color scale,
with and without a sample inserted in front of the compression cavity respectively.
This shows that indeed flight times can be resolved with a resolution determined by
the compressed pulse length, and not the initial pulse length, which would other-
wise completely obscure the differences in arrival time associated with the plasmon
losses, demonstrating the drastic improvement in the flight time resolution that can
be achieved by adding a compression cavity.

Figure 7.4(d) shows the three EEL spectra calculated using Eq. (7.1). All curves
are normalized by area. Good agreement is found in the plasmon loss region. With
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compression, an energy resolution is found of δEfwhm = 2.38 ± 0.07 eV, significantly
better than the 12± 2 eV found without compression. The resolution achieved with
the compressed pulses is in line with the expectations for a tungsten filament gun,
which typically has energy spread of 1.5–3 eV [11].

7.4 Simulation results

Although the current setup is not ideal for time-resolved spectroscopy due to the
relatively low brightness and high energy spread of the electron gun, it shows that the
modified ToF scheme works as expected. In order to investigate the performance of the
technique when monochromation is added, charged particle tracking simulations were
performed on the setup proposed in Fig. 7.3 using the General Particle Tracer code
(GPT) [12], which tracks the particle positions using a fifth order embedded Runge-
Kutta solver. Cavities are modeled using realistic on-axis field profiles. Off-axis fields
are calculated using a fifth order field expansion, yielding an accurate representation
of the fields in a cavity, including fringe fields. Solenoids are modeled by an analytical
solution that fits well with the field of the solenoid used in the experiments, resulting
in realistic spherical and chromatic aberrations.

The simulations start at the exit of a 30 keV SEM column with a continuous beam,
which is assumed to have a transverse emittance of εn,x = εn,y = 3 pm rad, with an
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added at the sample for 5 % of the particles. (b) Resulting EEL spectrum after streaking
each distribution on the detector

energy spread of δEfwhm = 0.5 eV [11]. Shown in Fig. 7.5 are all the elements used
in the simulations, and the transverse and longitudinal RMS size of the beam after
passing the slit. Shown here are two different situations, in which either an optimal
energy resolution is required (case 1, blue curve), or an optimal temporal resolution
(case 2, red curve). To facilitate the compression in the second case, the sample is
placed at a different position. For all other simulations, the sample is placed near the
second compression cavity.

For emittance conservation, the electron beam is focused in the center of the
cavity at a half-angle of 50 µrad, after which the beam is deflected at a magnetic field
amplitude of 3 mT over a 10 µm slit, placed at a distance of 10 cm. This yields pulses
with a RMS pulse length of σt = 38.8 fs, and an RMS energy spread of σE = 0.29 eV,
or δEfwhm = 0.68 eV.

The chopped pulses are then sent through the rest of the setup, where they are
either stretched or compressed when arriving at the sample. After interaction with
the sample, the pulses are compressed such that the different energy losses become
temporally separated at the center of the final TM110 streak cavity. Due to fringe
fields of the TM010 cavities, the beam is transversely defocused in the compression
phase and focused in the stretching phase [13], but this can be counteracted with the
solenoid, used to focus the beam on the detector. Although no requirements on the
beam size at the sample have currently been set, additional magnetic lenses can be
used to accomplish this.

Figure 7.6(a) shows the compressed phase space at the center of the streak cavity
z = 1.55 m for three different pulse lengths at the sample. As a demonstration, a
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fictitious loss peak is added in the sample at 100 meV, which scatters 5 % of the
particles. As the flight time from the compression cavity to the longitudinal focus
remains constant, the difference in arrival time between the unscattered and the
scattered electrons is fixed for all three situations. By first stretching the pulses, the
compressed pulse length decreases, resulting in a better separation in phase space of
the scattered electrons. For the longest pulse length, however, the temporal separation
deteriorates due aberrations of the compression cavity. Note that to make these
graphs, the streak cavity is turned off, to prevent the fields at the entrance from
distorting the phase space distribution.

Figure 7.6(b) shows the resulting spectra after streaking the distributions on the
detector with the final streak cavity. For the streaking cavity a magnetic field am-
plitude of 6 mT is used, resulting in an energy dispersion of 0.127 µm meV−1 at the
detector, which is more than enough to ensure that the detected image is not dis-
torted by e.g. chromatic aberrations of the solenoid or the transverse beam quality.
As expected, the resolution improves by stretching the pulses up to the point where
longitudinal aberrations take over.

Shown in Fig. 7.7 is the combined RMS temporal spread at the sample and RMS
energy resolution at the detector, indicated by the black circles, for varying fields
in the stretching cavity. As expected, a combination of resolutions can be reached
predominantly limited by the initial longitudinal emittance, up to the point where
aberrations from the TM010 cavities take over, after which the longitudinal focus
scales proportional to σ3

t . Both these limits are indicated by the solid lines. The
longitudinal aberrations arise from nonlinearities in the compression field, which is
sinusoidal with arrival time to good approximation. Assuming the compression of a
pulse with a Gaussian initial temporal distribution with a spread σt, the RMS spread
added to the energy spectrum due to the aberrations of the second compression cavity
is given by (see Appendix 7.B)

σE,ab =

√
5

12
ω2(γ0 + γ2

0)
E0

t0
σ3
t , (7.2)

with ω the angular frequency of the field in the cavity. The aberrations arise sooner in
the simulations due to the additional nonlinearities induced by the stretching cavity.
Optimizing the placement of all elements might shift the resolutions closer to the limit
of Eq. (7.2), although a significant improvement is not to be expected.

The best energy resolution found in the simulations is δEfwhm = 22 meV for pulses
with a pulse length of δtfwhm = 3.1 ps at the sample. Alternatively, by compressing
the pulses a temporal resolution of δtfwhm = 20 fs is found, with an energy resolution
of δEfwhm = 2.8 eV. The longitudinal emittance of these pulses is only a factor 34
above the Heisenberg energy-time uncertainty limit. Interestingly, the longitudinal
emittance can be decreased further, at the cost of current. This can be achieved by
standard monochromation techniques, or by chopping the stretched pulse a second
time. If the setup can be made stable enough, this is a viable prospective.
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7.5 Discussion and outlook

We conclude that ToF methods combined with longitudinal phase space manipu-
lation employing microwave cavities enables state-of-the-art energy resolutions with
ultrashort pulsed electron beams. This can be achieved with a relatively simple setup,
without the need for spatial filtering. As pulsed electron beam capabilities are pushed
further towards the attosecond regime [14], ToF methods will become ever more pow-
erful.

The method proposed here can easily be combined with diffraction techniques,
allowing for complete dispersion curves to be measured with a high accuracy as a
function of time. Furthermore, the method can be improved by adding longitudi-
nal aberration correction, for which different methods are already available [15, 16].
Pulses can then be stretched further, bringing few meV resolution within reach. In
chapter 8, both these prospects will be investigated further. With these added possi-
bilities, time-of-flight EELS will open up the way to detecting fundamental excitations
on all relevant length, time and energy scales.
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7.A Experimental pulse length determination

In order to characterize both the pulses and the compression cavity in the experiment,
the pulse length was measured for varying longitudinal focal strengths Pf,L. From
this, both the initial and minimal pulse length can be determined accurately.

Using the Courant–Snyder formalism, the expected pulse length as a function of
Pf,L can be calculated. The Twiss parameters at a distance L after the compression
cavity are given by

(
β̂z −α̂z
−α̂z γ̂z

)
= M

(
β̂z,0 −α̂z,0
−α̂z,0 γ̂z,0

)
MT ,

with

M = Mdrift(L) ·M lens(Pf ) =

(
1 L
0 1

)
·
(

1 0
−Pf,L 1

)
.

Assuming that the pulse entering the compression cavity is unchirped, i.e. αz,0 = 0,
the Twiss parameters in terms of the energy spread and temporal spread are given by

β̂z,0 =
v2
zσ

2
t,0

εz
,

γ̂z,0 =
1

εz

(
σE,0

(γ0 + γ2
0)E0

)2

.

From this, we find a temporal spread given by

σ2
t = (1− LPf,L)2σ2

t,0 +

(
(γ0 + γ2

0)−1 L

vzE0
σE,0

)2

,

which is the longitudinal equivalent to the well-known transverse waistscan equation.
In this equation, the first term on the right-hand side describes the compression of a
monochromatic pulse, and the second term describes the temporal dispersion due to
the finite energy spread of the pulse.

Shown in Fig. 7.8 is the performed waistscan, together with a fit using the waistscan
equation. From this fit, the initial pulse length is determined to be 9.37 ± 0.02 ps.
A compressed pulse length of 354 ± 7 fs is found. Shown in the inset is the region
around the minimal pulse length in more detail, showing good correspondence.

7.B Longitudinal aberrations

For an electron with initial time coordinate τ0 relative to the center of the pulse, its
time coordinate τf after compression is given by

τf (τ0) = τ0 −
sin(ωτ0)

ω
≈ 1

6
ω2τ3

0 .
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Figure 7.8 – Measured pulse length as a function of compression strength. The inset
shows the data around the compression point in more detail.

For an initial distribution ρ(τ0), the RMS compressed spread can then be calculated
using

√
〈τ2
f 〉 =

√∫ ∞

−∞
ρ(τ0)τf (τ0)2 dτ0 −

(∫ ∞

−∞
ρ(τ0)τf (τ0) dτ0

)2

Assuming that the stretched pulse can be described by a Gaussian initial temporal
distribution with a spread σt,0, this gives a compressed RMS pulse broadening due to
these aberrations given by

σt,ab =

√
5

12
ω2σ3

t .

Combining this result with Eq. (7.1) then gives the aberrations in the energy spectrum
given by Eq. (7.2).
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Chapter 8

Future ToF-EELS prospects

8.1 Introduction

One of the most intriguing applications of microwave cavities is the ability to manip-
ulate the longitudinal phase space of a pulsed electron beam. In Chapters 6 and 7
the basic principles were discussed when applied to a ToF-EELS setup, and proof-
of-principle experiments were presented. Using a total of four cavities, simulations
predicted that a resolution of 22 meV combined with 3.1 ps pulses can be achieved
using available technology. However, these chapters only covered a basic spectro-
scopic setup, whereas the cavity-based ToF method has much more to offer once the
technique is developed further. In this chapter, we will explore a few examples of
applications, as well as demonstrate improved functionality when additional electron-
optical elements are incorporated in the setup.

Discussed in the following sections is the investigation of four specific applica-
tions. Presented first is the applicability of the technique to time-resolved core-loss
spectroscopy, in which the excitation energies of core-electrons in a sample are mea-
sured. This is done by investigating the performance of the setup at energy losses
in the 0.1–10 keV range. Next, a transverse focusing scheme is added to the setup
to allow for simultaneous imaging of the EEL distribution and a diffraction pattern,
allowing for full dispersion curves to be characterized. Then, the possibility of com-
bining the ToF method with single-shot ultrashort electron diffraction (UED) setups
is demonstrated. Finally, some calculations are performed on the addition of a fifth
cavity for longitudinal aberration correction, again pushing forward the resolution by
an order of magnitude.

8.2 Applicability to core-loss spectroscopy

An important application of TR-EELS is to investigate changes in the core-loss spec-
trum after pulsed laser excitation [1]. It has been demonstrated that the energy levels
of core-electrons act as local probes of the chemical structure of the sample. The de-
tection of losses in the range of 0.1–10 keV in a pump-probe setup therefore provides
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Figure 8.1 – Simulated energy resolution as a function of energy loss, for a setup
aligned around a loss of either 0, 100 or 200 eV, showing the chromatic aberrations of
the detection principle.

an alternative method to investigate structural dynamics in a sample on ultrashort
timescales.

Up to now, only losses near the ZLP were considered. To extend the method to
core-loss spectroscopy, two requirements have to be met. The first is that a decent
spectral range can be covered of several tens to hundreds of eV, in which chromatic
aberrations can become a limiting factor. The second requirement is that losses at
energies as high as 10 keV should be detectable without being overshadowed by the
large tails of the much more intense ZLP.1

To investigate the chromatic aberrations added to the detected EEL spectra, losses
at large energies are added to the simulations. Figure 8.1 shows the simulated per-
formance of the setup when losses at larger energies are added. Shown here is the
FWHM energy width on the detector when a sharply defined energy loss in the form
of a delta peak is added at the sample. This was done for three different alignments
of the setup, optimizing the resolution around a loss of either 0, 100 or 200 eV. As
can be seen from each curve, the resolution deteriorates for energy losses further away
from the energy for which the setup was aligned.

This is caused mainly due to the fact that the compression cavity images the en-
ergy distribution onto the longitudinal positions of the electron pulses. Larger losses
are therefore compressed to positions before the center of the streak cavity, after
which they will temporally disperse again, negatively affecting the flight time resolu-
tion. However, a good resolution can still be achieved over a decent spectral range.
Interpolating the data aligned around 100 eV shows that a sub-25 meV resolution
is maintained over a window of 55 eV, in which case the resolution is likely limited

1See https://eelsdb.eu/ for a database of EEL spectra.
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by the detector pixels. Furthermore, the three curves show that the field-of-view can
easily be shifted with a small realignment of the setup. Alternatively, if a larger spec-
tral range with less resolution is needed, the power in the streak cavity can easily be
reduced, decreasing the transverse energy dispersion.

For the second requirement, it must be possible to resolve large losses while block-
ing the intense ZLP and its long tail. The use of a 3 GHz streak cavity to detect the
differences in arrival time then poses a problem because of the periodic deflection.
Arrival times can only be uniquely mapped onto the detector up to differences of
166 ps. Moreover, deflection becomes smaller and non-linear near the ±π/2 phases.
Assuming that the part of the streak is used which is linear to 90 %, a total arrival
time span of 82 ps can be used, yielding a maximum loss of 528 eV. For larger losses
than this, however, a dual-mode cavity can be used. In this case, a total time span
of 13 ns can be imaged, which is more than the flight time of the electrons, meaning
that losses of more than 75 % of the initial energy are still separable. Using phase
shifters, the region of interest can then easily be moved to a part of the Lissajous
figure where the deflection is approximately linear with arrival time.

8.3 Resolving dispersion relations of fundamental
excitations

A second important application is the detection and characterization of small phonon-
like excitations just above the Fermi level, particularly in the field of strongly cor-
related electron systems. Here, excitations are typically characterized by how the
energy h̄ω of an excitation depends on its momentum h̄k, i.e. the dispersion curve
ω(k). For traditional HREELS setups working in reflection, momentum is measured
by resolving the scattering angle [2]. In transmission, the momentum transfer to the
excitation can be determined from the diffraction angle. By filtering the electrons in
reciprocal space, momentum-resolved EEL spectra can be obtained.

An interesting alternative, however, is to image the EEL spectrum simultaneously
with the diffraction angles, similar to Ref. 3, allowing for the full dispersion curve to
be imaged in one measurement. For this, the ToF method has the advantage that
it uses longitudinal optics to image the EEL spectrum along the streak direction,
leaving open the ability to use the transverse optics to image a diffraction pattern
perpendicular to the streak.

To image a diffraction pattern, a parallel beam is desired on the sample. To get
a sharp EEL spectrum, a focused beam is desired, suppressing the diffraction. One
method to accomplish this simultaneously is to use quadrupole lenses, allowing for
different focusing schemes to be used in both transverse directions. This results in
a line-shaped beam on the sample. Figure 8.2 shows this principle, where instead of
a solenoid, two quadrupole doublets are used to control the beam size at both the
sample and at the detector. Shown here is the focusing scheme in the x-direction in
Fig. 8.2(a), where the EEL spectrum will be imaged, and the focusing scheme in the
y-direction in Fig. 8.2(b), where the diffraction pattern will be imaged. In addition to
this transverse focusing scheme, the longitudinal focusing is similar to the simulations
where an energy resolution of 22 meV was found.
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Figure 8.3 – (a) Diffraction pattern from the resulting focusing scheme without using
the streaking cavity. Shown are the simulated particle positions on the detector color
coded by y-momentum (top), and the resulting intensity distribution (bottom). The
diffraction is assumed to not have a preferential direction. (b) Simulations with the
streak cavity turned on, resulting in simultaneous imaging of both the energy loss and
transverse momentum change.

Figure 8.3(a) shows the resulting diffraction pattern on the detector from sim-
ulations. Also plotted is the intensity profile. For these simulations, no preferen-
tial momentum direction has been assumed, so that electrons are diffracted in a
polycrystalline-like ring pattern. Due to the one-dimensional focusing scheme, only
the y-component of the diffraction pattern is imaged. Using fitting routines, it should
be possible to extract both the intensity and the crystal structure accurately. Alter-
natively, electrons diffracted in the x-direction can be filtered using a slit.
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Figure 8.3(b) shows the combined diffraction and EELS pattern on the detector
after switching on the cavity, color coded by both x-momentum and energy. This
shows the feasibility of imaging the entire dispersion curve in one measurement. For
all these simulations, energy losses of 0, 100 and 200 meV are added at the sample,
together with the zeroth, first and second order momentum kicks corresponding to
a reciprocal lattice spacing of 30 µm−1, all scattering the electrons with the same
probability.

8.4 Single shot EELS

A very important development in UED is the recording of high quality diffraction
patterns in a single shot with sub-100 fs resolutions, as pioneered by Van Oudheusden
et al. [4, 5], allowing for the investigation of samples that are prone to radiation
damage or that have poor repeatability. Recently, great interest has been developed
in applying these methods to investigate inelastic phonon scattering [6]. For this
application, the ability to record spectral information would be a viable addition.
However, this is not straightforward, as these methods require accumulation of up to
106 electrons inside a single sub-100 fs bunch, which goes at the expense of transverse
beam quality.

Therefore, the possibility of single-shot EELS using the ToF method is explored
here. This method puts little requirements on the transverse beam quality, making
it ideal for single-shot setups, provided that high charge, low energy spread electron
bunches can be generated. Since UED setups often already use compression cavities,
the addition of a streak cavity then opens up a new way to investigate sensitive
samples. In this section, a setup is simulated to investigate the feasibility of single-
shot EELS measurements.

For this, simulations were performed based on the setup described in Ref. 4, where
the use of a compression cavity was investigated for single-shot electron diffraction.
This setup is shown in Fig. 8.4(a), with the simulated pulse length and RMS beam
size shown in Fig. 8.4(b). Here, an electron bunch with a charge of −0.1 pC, i.e.
containing ∼ 6 · 105 electrons, is extracted from a photocathode and accelerated to
120 keV. The diverging electron bunch is collimated using a condenser lens S12. It is
then both focused and compressed using a second magnetic coil S2 and a compression
cavity, resulting in a 30 fs electron bunch with a transverse radius of 400 µm at the
sample.

An important aspect behind this setup is the generation of so-called waterbag
bunches. These bunches have a uniform ellipsoidal distribution, in which space charge
forces are linear, and therefore reversible. It can be shown that this distribution can
be formed by extracting a very short pancake-like bunch from the cathode, which
under the right conditions evolves into a waterbag bunch [7]. The formation of these
waterbag bunches is important for the ToF method to work, since some drift space

2In the simulations, a so-called bucking coil is also placed on the other side of the cathode to
generate an equal but opposite magnetic field to negate the field at the cathode, which generally
improves the emittance of the bunches.
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Figure 8.4 – (a) Schematic overview of the original UED setup, together with (b) the
RMS transverse and longitudinal size of the electron bunches. Picture was adapted
from Ref. 4.

is required, in which a degradation in beam quality due to space charge should be
prevented.

In these simulations, a longitudinal emittance was found of εz = 20–30 ps eV.
Since the extraction of high quality bunches from a photocathode is a complete study
by itself, going beyond the scope of this work, we will restrict ourselves to the same
parameter set to extract the electrons. As a preliminary result, we will therefore aim
for an expanded pulse length of ∼ 6 ps at the sample, for which an RMS energy
spread of ∼ 5 eV is expected based on the longitudinal emittance.

To investigate the feasibility of a single-shot EELS setup, the original simulations
are adapted by moving the compression cavity further away from the cathode to
allow for the bunch to expand. Furthermore, a streak cavity is added to the setup,
as well as a third solenoid. Figure 8.5 shows the simulated propagation of a bunch
through the setup. Shown here are (a) the RMS size of the bunch, (b) the RMS pulse
length, and (c) the RMS uncorrelated energy spread, as the electrons move through
all elements. When exiting the cathode, the bunch quickly expands in all directions.
It is then collimated by solenoid 1, after which it drifts for 0.5 m to allow for it
to expand longitudinally until the desired pulse length is reached. As can be seen
from Fig. 8.5(c), the uncorrelated energy spread is reduced due to this expansion.
The bunch then interacts with the sample, after which it is compressed. Due to the
compression cavity, the bunch is defocused transversally. Using the second solenoid,
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Figure 8.5 – (a) RMS beam size, (b) RMS pulse length, and (c) RMS uncorrelated
energy spread in a single-shot EELS setup. Also shown are the locations of three
solenoids, as well as a compression cavity and a streak cavity.

it is collimated again. Finally, the compressed pulse is deflected by a streak cavity,
and focused by a third solenoid on the detector over a distance of 0.4 m.

The uncorrelated energy spread at the sample in this simulation is found to be
5.5 eV, with a pulse length of 5.1 ps. Shown in Fig. 8.6(a) is the compressed phase
space when four loss peaks at energies of 0, 20, 40, and 60 eV are added at the sample,
each scattering 25 % of the electrons. Color coding shows these losses. For each
individual loss, a RMS compressed pulse length is found of 100 fs, whereas the peaks
are spaced by 390 fs. The longitudinal dispersion is thus 19.6 fs/eV, slightly larger
than the 17.2 fs/eV expected from Eq (7.1). The RMS resolution in the longitudinal
image is then 5.1 eV, which is slightly better than the energy spread at the sample.
A likely explanation for this is that the uncorrelated energy spread at the sample is
calculated from the longitudinal emittance, which does not properly take higher order
correlations into account.

Figure 8.6(b) shows the transverse phase space at the detector, again color coded
by the energy loss at the sample. As can be seen, separation has become worse,
due to the large space charge forces inside the focus. The RMS energy resolution
at the detector has deteriorated to 8.85 eV. Nevertheless, losses can still be imaged
decently. Using a magnetic field strength of 3 mT and a cavity length of 16.67 mm, a
transverse dispersion of 4 µm/eV is found, which is slightly less than the theoretical
value of 5.3 µm/eV over a distance of 0.4 m.

Some resolution is lost due to the difficulty in focusing these bunches. In UED
setups that incorporate a streak cavity, a slit is typically used to decrease the electron
beam size in the streak direction, at the cost of current. Depending on the application,
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reduction of current can also be done by imaging the diffraction pattern in between the
two cavities, and then selecting electrons in the back focal plane of the second solenoid,
allowing for the energy to be measured of electrons diffracted under a specific angle.
After reducing the bunch charge, space charge effects are significantly reduced at the
final part of the setup, resulting in less deterioration of the resolution. Alternatively,
a lower initial bunch charge could be used. This would likely also decrease the initial
energy spread, allowing for an even better resolution to be achieved.

The main conclusion that can be drawn from these simulations is that the ToF
method is well-suited for high-bunch-charge setups. A compressed temporal distribu-
tion is achievable that is barely affected by space charge effects from the sample to
the detector. To translate this distribution into a transverse image on the detector
requires some more care, but either maximizing the transverse dispersion or optimiz-
ing the current should allow for a good resolution to be achieved. It is questionable
how well simulations can be used to predict the actual performance of the setup,
however. Most notably, the emission of pancake bunches is known to be much more
intricate than what is assumed for the simulations presented in this section. Never-
theless, bunches with a total of ne = 106 electrons with a longitudinal emittance of
εz < 50 ps eV have already been demonstrated experimentally [8], and theoretical
calculations predict that with ne = 105 an emittance as low as εz < 2.5 ps eV can
be achieved [9], making single-shot EELS a viable prospect. Nevertheless, more ex-
perimental evidence is needed in order to allow for an estimation to be made of the
ultimate performance.

8.5 Towards meV resolutions

As already mentioned in Chapter 7, even better energy resolutions are possible by
adding longitudinal aberration correction. In this section, some calculations will be
presented on the expected resolution limit when an aberration correction cavity is
added to the setup. Using this fifth cavity, the resolution can be improved by yet
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another order of magnitude, going beyond the capabilities of present state-of-the-art
monochromators.

The energy resolution is mainly limited by the compressed pulse length that can be
achieved, which is limited by the longitudinal aberrations due to the sinusoidal time
dependence of the force that the compression cavity exerts on the electrons. Therefore,
it is interesting to investigate what resolution can be expected when longitudinal
aberration correction is added.

Aberration correction is typically done by adding a higher harmonic cavity to
linearize the time-dependent force. Without correction, the velocity of an electron
after leaving the cavity is to good approximation given by

∆vz = C1 sin (ωτ) ,

with τ the temporal coordinate of the electron relative to the center of the pulse,
and where we have defined an amplitude C1 for simplicity. Assuming non-relativistic
motion, the temporal coordinate τf of the electron at the longitudinal focus is then
given by

τf = τ +
∆vz
vz

t0 ≈
1

6
ω2τ3

i −
1

120
ω4τ5

i +O(τ7
i ) ,

when C1 = −t0vz/ω, with t0 the average flight time to the focus.
To estimate the effect of aberration correction, we will add a third harmonic with

an amplitude C3. The change in velocity is then

∆vz = C1 sin (ωτ) + C3 sin (3ωτ) .

By now choosing C1 = −9vzt0/(8ω) and C3 = −C1/27, the final temporal coordinate
becomes

τf =
3

40
ω4τ5

i +O(τ7
i ) ,

i.e. the term proportional to τ3 vanishes, allowing for the pulses to be stretched
further. In return, a higher field strength is required for the first harmonic, and
higher order terms have become larger. Calculating the aberrated pulse length similar
to Appendix 7.B, an RMS temporal spread is found of

σt,ab =
9

8

√
21

5
ω4σ5

t,i . (8.1)

We can now calculate the requirements on the initial pulse if we want to suppress
the aberrations to an RMS value of 1 meV. Increasing the drift space to 1.5 m to
facilitate the detection of small losses, a compressed pulse length is then required of

∆t =
∆E

E0
(γ + γ2)−1 vz

L
= 233 as.

Combining this with Eq. (8.1) for a 3 GHz cavity and a 9 GHz corrector, we find a
maximum pulse length of σt,i = 3.80 ps to keep the aberrations below this value. To
actually reach a 1 meV energy spread through pulse stretching, however, a longitudi-
nal emittance of εz ≤ 3.8 fs eV would then be required. Simulations of in Chapter 7
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predicted an emittance of εz = 11.3 fs eV, which means that the resolution would
be limited by the initial longitudinal emittance. Either shorter initial pulses or addi-
tional monochromating with a traditional method would then be required to achieve
a 1 meV resolution.

This can be circumvented using a 1 GHz cavity for the compression and a 3 GHz
cavity for aberration correction, allowing for further stretching of the pulses, as the
minimal compressed pulse length with aberration correction scales with ω4. A com-
pressed pulse length of 233 as should then be achievable using an initial pulse length of
σt,i = 9.15 ps. An emittance of εz = 9.15 fs eV is then required, which is closer to what
simulations predicted. Slightly increasing the magnetic field strength in the chopping
cavity should already be enough to reach the required longitudinal emittance. With
an emittance-limited resolution of 1 meV, combined with an instrumental resolution
of 1 meV, the expected total RMS resolution is then ∼

√
2 meV.

Detecting these flight time differences is not easy, however. To image the com-
pressed temporal distribution on a detector using a deflection cavity with 6 mT, a
second drift space of 1.5 m gives a dispersion of 700 nm/meV. Some electron-optical
magnification would be needed, which might become difficult. For the 1 + 3 GHz cor-
rection scheme, for example, the RMS energy spread after compression has become
39.6 eV, which is large enough to induce significant chromatic aberrations. Further-
more, using a typical compression cavity with a Q-factor of 12 000 and a thermal drift
of 50 kHz/K, the required thermal stability would be 69 µK. Synchronization of four
cavities at a few hundred attosecond level likely also requires careful design of the RF
equipment.

Path length differences between different electrons can also limit the minimum
pulse length. Assuming that the pulse diverges over the first 1.5 m, and then converges
again over the second 1.5 m where it is focused on the detector, differences of 230 as in
the arrival time arise at a divergence angle of 0.123 mrad. Any steering of the electron
beam likely increases this difference, as well as the focusing and defocusing by the
TM010 cavities. Stray fields can also ruin the measurement, and should therefore be
shielded to adequate levels. Nevertheless, there are no fundamental reasons why this
should not be possible.

Bibliography

[1] R. M. van der Veen, T. J. Penfold, and A. H. Zewail, “Ultrafast core-loss spec-
troscopy in four-dimensional electron microscopy,” Struct. Dyn. 2, 024302 (2015).

[2] T. Nagao, T. Hildebrandt, M. Henzler, and S. Hasegawa, “Dispersion and damp-
ing of a two-dimensional plasmon in a metallic surface-state band,” Phys. Rev.
Lett. 86, 25 (2001).
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Chapter 9

Recommendations

9.1 Conclusions

In this thesis, applications of microwave cavities for ultrafast electron microscopy have
been presented. More specifically, both the creation of ultrashort high quality pulses
was demonstrated, as well as longitudinal phase space manipulation.

In Part I, all relevant theory and measurements on cavities have been discussed,
and the design, manufacturing, and testing of a dielectric filled cavity was presented.
It was shown that dielectric cavities can be manufactured reproducibly, which has
been crucial for the rest of this thesis. Throughout this work, a total of 8 dielectric
cavities have been manufactured to have a resonant frequency of 3 GHz, within an
acceptable tuning range. Furthermore, two improved cavities designs were presented.
The first, called a dual mode cavity, allows for two perpendicular modes at different
frequencies to be excited, with which electron pulses can be created at the difference
frequency. Although it is not used in this work, it is an important step towards
actual pump-probe measurements, as it allows for a much broader range of repetition
rates to be achieved. The second advanced cavity uses an optimized power efficiency
to generate larger field strengths. At a power dissipation of Ploss = 14.2 ± 0.2 W, a
magnetic field strength of B0 = 2.84±0.07 mT was measured. The ability to generate
large field strengths is important as it will allow for even shorter pulse lengths to be
achieved.

Part II presented the work on the creation of high quality pulses inside a TEM.
First, measurements were performed with 1.1–1.3 ps pulses, demonstrating that the
high coherence of the continuous beam is maintained after chopping with a TM110

cavity. This also demonstrates the feasibility of implementing a microwave cavity
inside a TEM column. Furthermore, a theoretical framework was presented and used
to calculate the expected future performance of a cavity-based UEM. With this theory,
some important design criteria were noted, such as the requirements on the cavity
length, the divergence angle of the incoming electron beam, and the required field
strength, to achieve ultrashort electron pulses without a significant change in either
the emittance or the energy spread.
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In part III, the use of microwave cavities for time-of-flight EELS measurements was
discussed. Using two synchronized cavities, it was demonstrated that energy losses
can be accurately detected. Part III also discussed the implementation of TM010

cavities. A single time-of-flight setup was proposed in which ultrashort pulses are
created using a TM110 cavity, followed by the monochromation and subsequent com-
pression of pulses with two TM010 cavities, after which a final TM110 cavity is used to
detect the flight times. This setup demonstrates the versatility of microwave cavities
as longitudinal electron-optical elements, and the powerful ways in which they can be
combined. While the use of two cavities can already provide a competitive resolution
when combined with ultrashort pulse lengths, it was demonstrated experimentally
that the addition of a third cavity greatly improves the method, by making the res-
olution independent of the initial pulse length or drift space. Then, it was shown
using particle tracking simulations that the addition of a fourth cavity improves the
resolution further, and adds a large degree of flexibility by allowing the pulse length
and energy resolution to be exchanged. A resolution of 22 meV combined with 3.1 ps
pulses was predicted, or alternatively a 2.8 eV resolution combined with 20 fs pulses.

Finally, in part IV a chapter was presented in which future applications of the time-
of-flight method are discussed. Discussed here are four future applications. First,
the application of the method to detect large energy losses was discussed, which
is important to apply to method to time-resolved core-loss spectroscopy. Then, a
method was presented to simultaneous image the EEL distribution with a diffraction
pattern, allowing for full dispersion curves to be imaged. Next, a preliminary result
on the applicability of the time-of-flight method for single-shot setups were presented.
Finally, some calculations were performed on the addition of aberration correction,
and how far the EELS resolution can be pushed by including a fifth cavity.

9.2 Recommendations

Although many applications of microwave cavities are discussed in this work, the
shortest pulse length achieved was 1.1–1.3 ps. Therefore, the most important next
step is to experimentally demonstrate the ultrashort high quality pulses predicted in
Chapter 5. Then, it can be investigated how short of a pulse length can ultimately
be achieved.

Furthermore, some improvements to the TEM are recommended. First of all, it
is important to have control over the focusing angle of the electron beam. This is
currently done by using appropriate apertures. However, for the small apertures very
little current is transmitted, making pump-probe measurements difficult. Ideally, a
system with three condenser lenses is therefore used.

As a second improvement, incorporation of a fast beam blanker is advised as a
pulse picker. Using a dual mode cavity, electron pulses can be spaced by ∼ 10 ns.
This should be enough to ramp up or down the voltage over a blanker, allowing for
specific pulses to be blanked, and therefore the repetition rate to be reduced. Since the
implementation of a dual mode cavity inside a TEM has already been demonstrated
by Van Rens et al., the combination and synchronization with a fast beam blanker
can be investigated. Furthermore, with the dual mode cavity it is currently unknown
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how to easily align the pulses temporally with a pump pulse. Scanning the delay
between the blanker and the dual mode cavity then allows for the arrival time to be
synchronized to an electronic signal, providing more insight.

For all future applications of TM110 cavities, further development of dielectric cav-
ities is recommended, allowing for higher field strengths to be achieved. Currently,
high input powers are averted due to the possibility of damages to the cavity. Fur-
thermore, due to the relatively large shift in resonant frequency with temperature,
with high input powers it also becomes more difficult to stabilize currently used di-
electric cavities. For this, copper plated cavities provide a solution. Although they
have larger losses and therefore require higher input powers, they are also expected
to be significantly more stable, possibly making this a good trade-off. However, cur-
rently there is not enough control over the resonant frequency and the coupling of
power into these cavities. Further development is therefore required. It could also be
investigated if dielectric materials can be used that have a better heat conductivity,
which would allow for easier cooling of the dissipated power.

Finally, some prospects of the time-of-flight method were discussed. These all
require a stable setup. Therefore, after experimentally demonstrating the method,
some open questions on both the stability of the electron beam and the phase stability
of the RF equipment can be investigated, elucidating the ultimate performance that
can be achieved.

127





Curriculum Vitae

Wouter Verhoeven, born in Hapert on the 13th of Februari 1989.

2001 – 2007 Voortgezet Wetenschappelijk Onderwijs
Pius-X College, Bladel

2007 – 2011 Bachelor in Applied Physics
Eindhoven University of Technology

Bachelor project at research group Physics of Nanostructures:
“Frequency dependence of organic magnetoresistance”

2011 – 2013 Master in Applied Physics
Eindhoven University of Technology

Internship at The University of Iowa, USA:
“Three-layered organic bistable devices”

Master project at research group Physics of Nanostructures:
“Ultrafast spin and heat transport after femtosecond pulsed laser
excitation in metals”

2014 – 2018 PhD research in Applied Physics
Eindhoven University of Technology
Research group Coherence and Quantum Technology





List of publications

Scientific journals

• “High quality ultrafast transmission electron microscopy using resonant mi-
crowave cavities”.
W. Verhoeven, J. F. M. van Rens, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten.
Ultramicroscopy 188, 85 (2018).

• “Theory and particle tracking simulations of a resonant radiofrequency deflec-
tion cavity in TM110 mode for ultrafast electron microscopy”.
J. F. M. van Rens, W. Verhoeven, J. G. H. Franssen, A. C. Lassise, X. F. D.
Stragier, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. Ultramicroscopy
184, 77 (2018).

• “Time-of-flight electron energy loss spectroscopy using TM110 deflection cavi-
ties”.
W. Verhoeven, J. F. M. van Rens, M. A. W. van Ninhuijs, E. R. Kieft, P. H. A.
Mutsaers, and O. J. Luiten. Struct. Dyn. 3, 054303 (2016).

• “Investigating the contribution of superdiffusive transport to ultrafast demag-
netization of ferromagnetic thin films”.
A. J. Schellekens, W. Verhoeven, T. N. Vader, and B. Koopmans. Appl. Phys.
Lett. 102, 252408 (2013).

• “On the role of minority carriers in the frequency dependence of organic mag-
netoresistance”.
P. Janssen, W. Wagemans, W. Verhoeven, E. H. M. van der Heijden, M. Ke-
merink, and B. Koopmans. Synth. Met. 161, 617 (2011).

Submitted

• “Time-of-flight electron energy loss spectroscopy by longitudinal phase space
manipulation with microwave cavities”.
W. Verhoeven, J. F. M. van Rens, W. F. Toonen, P. H. A. Mutsaers, and
O. J. Luiten. arXiv:1711.10798 (2017).

• “Dual mode microwave deflection cavities for ultrafast electron microscopy”.
J. F. M. van Rens, W. Verhoeven, E. R. Kieft, P. H. A. Mutsaers, and O. J.
Luiten.

131

http://dx.doi.org/10.1016/j.ultramic.2018.03.012
https://doi.org/10.1016/j.ultramic.2017.10.004
https://doi.org/10.1016/j.ultramic.2017.10.004
http://dx.doi.org/10.1063/1.4962698
http://dx.doi.org/10.1063/1.4812658
http://dx.doi.org/10.1063/1.4812658
http://dx.doi.org/10.1016/j.synthmet.2011.01.013
https://arxiv.org/abs/1711.10798


In preparation

• “Design and characterization of dielectric filled TM110 microwave cavities for
ultrafast electron microscopy”.
W. Verhoeven, J. F. M. van Rens, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten.

Patents originating from this work

• “Time-of-flight charged particle spectroscopy”. O. J. Luiten, P. H. A. Mutsaers,
J. F. M. van Rens, W. Verhoeven, and E. R. Kieft. Patent number 9984852,
May 29, 2018.

Conference presentations

• “Ultrafast time-resolved electron microscopy”. W. Verhoeven, J. F. M. van
Rens, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. 27th NVV symposium
on plasma physics and radiation technology, Lunteren, the Netherlands (2015).

• “Femtosecond electron imaging and spectroscopy”. W. Verhoeven, J. F. M. van
Rens, M. A. W. van Ninhuijs, E. R. Kieft, A. C. Lassise, P. H. A. Mutsaers,
and O. J. Luiten. Physics@FOM, Veldhoven, the Netherlands (2016).

• “Time of flight EELS using RF technology”. W. Verhoeven, J. F. M. van Rens,
W. F. Toonen, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. 26th conference
of the condensed matter division, Groningen, the Netherlands (2016).

• “Ultrafast electron microscopy using RF technology”. W. Verhoeven, J. F. M. van
Rens, W. F. Toonen, M. A. van Oostrom, E. R. Kieft, P. H. A. Mutsaers,
and O. J. Luiten. 40th annual meeting NNV AMO, Lunteren, the Netherlands
(2016).

• “Ultrafast electron microscopy and spectroscopy using microwave technology”.
W. Verhoeven, J. F. M. van Rens, W. F. Toonen, E. R. Kieft, P. H. A. Mutsaers,
and O. J. Luiten. 5th Banff meeting on structural dynamics, Banff, Canada
(2017).

• “Time-resolved EELS using microwave cavities”. W. Verhoeven, J. F. M. van
Rens, W. F. Toonen, E. R. Kieft, P. H. A. Mutsaers, and O. J. Luiten. Cold-
Beams, Eindhoven, the Netherlands (2017).

132



Dankwoord

Zonder de hulp van de vele mensen om mij heen was het me nooit gelukt om met
zoveel plezier aan dit project te werken. Daarom dat ik jullie hiervoor wil bedanken.

Allereerst wil ik natuurlijk Jom en Peter bedanken voor jullie begeleiding de
afgelopen vier jaar. Jom, ik heb ontzettend veel geleerd van jouw enthousiasme en je
positieve aanpak. In het begin kon ik net iets te veel blijven steken op ieder detail,
maar van jou heb ik geleerd altijd het doel te blijven zien. Je gaf me het idee dat
geen enkel probleem waarmee ik aan kwam zetten onoverwinbaar was, en je positieve
kijk heeft me van begin tot eind geholpen om met plezier verder te gaan. Peter, jou
kon ik de afgelopen vier jaar altijd om hulp vragen. Zelfs wanneer je het druk had
kon ik binnen lopen en een nieuw probleem voorleggen, en van de keren dat je mee
hielp in het lab heb ik veel van jouw ervaring kunnen leren. Zelfs nadat ik je van
de kartbaan had geduwd was je nog bereid te helpen — na de nodige portie wraak,
vanzelfsprekend... Allebei, ontzettend bedankt!

Jasper, de afgelopen vier jaar heb ik met veel plezier met je samen gewerkt. Mo-
gelijk waren onze skill-sets niet perfect complementair — we zagen bijvoorbeeld beiden
op tegen iedere regel code die geschreven moest worden — maar toch heb ik enorm
veel gehad aan jou. Ook buiten het werk heb ik met veel plezier met je opgetrokken,
en de vele reisjes die we gemaakt hebben zijn heel goed bevallen. Ik zal altijd met
plezier terug denken aan de keer dat we samen met Xavier door Miami en omstreken
hebben gereisd! Erik, jij was altijd bereid om ons te helpen, van informatie te ver-
schaffen, of mee te denken om onze vele problemen op te lossen. Ik heb me ook
kostelijk vermaakt op de twee conferenties in de VS en in Canada waar we samen
hebben opgetrokken.

Ook alle technici wil ik graag bedanken. Eddy, bedankt voor al het werk dat je
de afgelopen vier jaar hebt uitgevoerd voor ons. Jij was de belangrijke vertaalslag
van een simpele computersimulatie naar een daadwerkelijk werkend product. Iman
en Harry, ik heb veel van jullie kunnen leren over microgolf technieken. Bedankt voor
alle hulp bij het vele elektronica dat we nodig hebben gehad. Ad, ieder probleem waar
we zelf niet uit kwamen heb jij een oplossing voor kunnen bedenken, en zonder jouw
oorspronkelijke cavity met de schroefdop was het ons nooit gelukt om zoveel cavities
te maken en te gebruiken. Zonder jullie alle vier zou dit hele project nooit mogelijk
geweest zijn!

Daarnaast wil ik mijn Master studenten Mark en Wiebe ook bedanken. Jullie
hebben allebei een significant deel van de opstelling opgebouwd, jullie waren allebei
ontzettend bedreven in experimenteren, en jullie konden zelfstandig het project in

133



goede banen leiden. Hierdoor wist ik dat de opstelling in goede handen was, waardoor
ik mijn aandacht op andere zaken kon wenden, zoals het ontwerpen van betere cavities,
of het simuleren van de volgende stap in het project. Zonder jullie zouden we nooit
zo snel zo ver gekomen zijn met de EELS opstelling. Ook mijn Bachelor student, Jan,
en HBO studenten, Rik en Miklas, wil ik natuurlijk bedanken voor jullie bijdrage aan
het project.

I would like to thank all my colleagues at CQT. My first office buddies Rasmus and
Tarun, the old and experienced PhD’s Gijs and Steinar, the even older Xavier, Jim,
and the next generation Thomas, Silvia, Paul and Victor, I have enjoyed the many
occasions that we hanged out during and after work hours with each and every one of
you, and with all the students that joined our group during the last four years! Jaap,
ik heb met plezier een kantoor met je gedeeld. Betty, bedankt voor de administratieve
hulp gedurende de vele malen dat ik bij je kantoor aanklopte. Edgar, Servaas, Ton,
helaas heb ik nooit veel met jullie samen hoeven te werken, maar toch ben ik zeer
dankbaar voor jullie waardevolle expertise en input gedurende de colloquia, en ook
daar buiten.

Tenslotte wil ik al mijn vrienden en familie ook bedanken voor de gezelligheid
buiten mijn werk om! Pap, mam, Jeroen, Peter en Michelle, bedankt voor jullie
interesse in mijn werk, feedback tijdens het maken van dit proefschrift, en alle gezellige
momenten die we samen beleefd hebben. Laura, jou heb ik tijdens mijn promotie leren
kennen, en ook daar ben ik enorm dankbaar voor. Jij hebt me gedurende deze jaren
altijd ondersteund, interesse getoond in mijn werk, en mij op de juiste momenten
verteld wanneer ik aan het doordraaien was over minuscule details. Iedereen, bedankt!

134


	Summary
	Samenvatting voor leken
	Introduction
	Ultrafast material science
	Microwave cavities
	Scope of this thesis

	I Microwave cavities
	Theory of microwave cavities
	Microwave cavities
	TM010 mode cavity
	TM110 mode cavity

	Dielectric cavities
	Partially filled cavity

	Dual mode cavity
	Lumped element model
	Power coupling

	Dielectric TM110 cavity design
	Introduction
	Microwave cavities for ultrafast electron microscopy
	Dielectric cavities

	Cavity design
	Characterization
	Screw cap design
	Dual mode cavity
	Low loss cavity
	Copper plated cavity

	Conclusions


	II Ultrafast electron microscopy
	Performance of a cavity-based UTEM
	Introduction
	Theory
	Brightness
	Energy spread
	Pulse length

	Setup
	Results
	Conclusions

	Theory of pulse creation with a TM110 cavity
	Introduction
	Propagation of a pulse center through a cavity
	Propagation of an electron ensemble through a cavity
	Courant–Snyder formalism
	Cavity matrix elements

	Final pulse properties
	Emittance growth
	Energy spread growth
	Temporal profile

	Particle tracking simulations
	Multiple electrons per pulse

	Conclusions


	III Ultrafast time-of-flight energy spectroscopy
	Streak cavities for ToF-EELS
	Introduction
	Principle
	Experimental setup
	Results
	Charged particle tracking simulations
	Conclusions

	Longitudinal phase space manipulation
	Introduction
	Method
	Experimental demonstration
	Simulation results
	Discussion and outlook
	Experimental pulse length determination
	Longitudinal aberrations


	IV Outlook
	Future ToF-EELS prospects
	Introduction
	Applicability to core-loss spectroscopy
	Resolving dispersion relations of fundamental excitations
	Single shot EELS
	Towards meV resolutions

	Recommendations
	Conclusions
	Recommendations

	Curriculum Vitae
	List of publications
	Dankwoord


