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Figure 1: The cover shows a resonant microwave deflection cavity (front) which has been
mounted inside a modified 200 kV FEI Tecnai Transmission Electron Microscope
(TEM) (back). The cavity deflects the electron beam into a Lissajous pattern, which
can be observed on the fluorescent screen of the TEM. The monitor on the right shows
a diffraction pattern of graphene, captured using a pulsed electron beam. Photogra-
phy by Bart van Overbeeke.
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Summary

Ultrafast Transmission Electron Microscopy using reso-
nant microwave deflection cavities

In collaboration with Thermo Fisher Scientific, we have experimentally realized the
first Ultrafast Transmission Electron Microscope (UTEM) based on resonant microwave
deflection cavities. Here the continuous electron beam of a commercial 200 kV TEM
is periodically deflected by the oscillating transverse magnetic field of a resonant cav-
ity in TM110 mode, which is inserted in the microscope. The beam of periodically
deflected electrons is then chopped into few-100 fs pulses by a small aperture down-
stream. These pulses can be created while maintaining the peak brightness of the
original continuous beam. Synchronized to a mode-locked oscillator, this allows ul-
trafast electron microscopy with sub-picosecond resolution at high (3 GHz) repetition
rate at the original atomic spatial resolution of the TEM.

The main focus of this work has been on: design and development of new cavity
technology; studies on beam dynamics of cavities used as charged particle optics using
theory and charged particle tracking simulations; and experimental commissioning of
cavities mounted inside a 200 kV TEM. First, we have demonstrated that robust and
reliable dielectric filled cavities can be manufactured in a reproducible fashion. A very
power-efficient cavity design was realized by optimizing the relative sizes of the cavity
housing and the dielectric, generating a magnetic field amplitude of B0 = (2.84±0.07)
mT using an input power of only Pin = (14.2±0.2) W. Mounted inside a 200 kV TEM
with 10 µm apertures, such a magnetic field enables the creation of electron pulse
lengths of τ = 200 fs, without the need for a femtosecond laser system. Second, we
have shown both by analytical theory and charged particle tracking simulations that
the principle of conjugate blanking can be used to generate these pulses while fully
conserving the peak brightness of the continuous beam. Third, this has been experi-
mentally verified for both a single mode cavity ( f = 3 GHz) and a dual mode cavity
( f = 75 MHz) mounted inside a modified 200 kV FEI Tecnai. Synchronized to a mode-
locked oscillator, this enables ultrafast transmission electron microscopy with few-100
fs temporal resolution at the original spatial resolution of the TEM. Moreover, the
maximum repetition rate is only limited by either the laser oscillator or the sample.
In addition, the Lissajous pattern created by a cavity in dual mode, i.e. an elliptically
shaped cavity in which the two orthogonal TM110 modes are driven independently by
different higher harmonics of the same laser oscillator, enables temporally resolving
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viii Summary

laser-induced dynamics over a time interval as large as 13 ns, which is not possible
using an optical delay line.

A second interesting application of microwave cavity chopped electron beams is
high-resolution low-dose electron microscopy of radiation sensitive materials, requir-
ing no laser at all. In a collaboration with prof. Kisielowski from Lawrence Berkeley
National Laboratory, we have conducted diffraction experiments on pristine MgCl2

supports, showing that beam-induced sample damage can be reduced significantly
when a low electron beam current is applied, especially when this is done by tem-
porally structuring the beam into picosecond pulses. This enabled damage-free accu-
mulation of an electron dose of D = 40000 e/Å2, i.e. well sufficient to image a single
carbon atom in graphene, a result that potentially has a large impact for a vast range
of materials and fields, including high-resolution structural biology. Respecting these
dose rate limits enabled the first atomic resolution phase-contrast imaging of pristine
MgCl2 supports, revealing hidden properties of these highly sensitive samples that
were previously masked by air and beam damage.

Finally, one of the most exciting developments in the field of electron microscopy is
the coherent manipulation of the electron wavefunction using electromagnetic fields.
Our approach is to use the ponderomotive potential associated with the high optical
intensity of tightly focused laser pulses of a mode-locked Ti:Sapphire oscillator to
manipulate the quantum-mechanical phase of the electron. When combined with the
high average brightness of a microwave cavity-generated electron pulse train, this will
allow the development of robust and practical electron-optical elements operating at
sufficiently high frequency to be useful in practice. Accurate quantum-mechanical
simulations using a self-consistent numerical toolbox developed by dr. Talebi from
the Max-Planck Institute for Solid State Research in Stuttgart support the feasibility
of this approach.
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Samenvatting

Ultrasnelle transmissie-elektronenmicroscopie met be-
hulp van resonante microgolftrilholtes

Een microscoop is een instrument dat het mogelijk maakt om voorwerpen en structu-
ren te bestuderen die te klein zijn om waar te nemen met het blote oog. De ontwik-
keling van deze techniek heeft ontzettend veel impact gehad op het verloop van de
wetenschap. Door de microscoop weten we nu bijvoorbeeld dat planten, dieren en
wijzelf opgebouwd zijn uit honderden verschillende cellen met allerlei verschillende
vormen, eigenschappen en functies. Bovendien heeft de microscoop geleid tot de
eerste waarneming van bacteriën met als gevolg de geboorte van de microbiologie.

De maximale vergroting van deze ’optische’ microscoop is ongeveer een factor
1000 en wordt beperkt door de golflengte van het licht waarmee je het preparaat
bekijkt. Elektronen echter hebben een veel kortere golflengte dan licht en kunnen
gebruikt worden om nog veel kleinere structuren zichtbaar te maken. Door de uitvin-
ding en doorontwikkeling van de elektronenmicroscoop werd het mogelijk om binnen
cellen te kijken en werden virussen en tegenwoordig zelfs de structuur van eiwitmole-
culen zichtbaar gemaakt. Ook in de industrie zijn elektronenmicroscopen onmisbaar
geworden, bijvoorbeeld voor het bekijken van geïntegreerde circuits (chips) om hierin
fouten te ontdekken. Tegenwoordig is de resolutie van de elektronenmicroscoop zelfs
dusdanig hoog dat individuele atomen kunnen worden waargenomen. Dit komt over-
een met een vergroting van 1000.000 keer, een enorm indrukwekkende prestatie.

De elektronenmicroscoop heeft zich ontwikkeld tot een van de meest krachtige
instrumenten om de microscopische (of eigenlijk nanoscopische) wereld te bestude-
ren, maar dit is nog slechts het begin van de nanorevolutie. Stelt u zich eens voor
dat, behalve het maken van ultrascherpe foto’s van de allerkleinste structuren, het
óók mogelijk zou zijn om filmpjes te maken van deze systemen terwijl ze bewegen en
veranderen. Het zou enorm waardevol zijn om individuele atomen te kunnen volgen
tijdens de faseovergang van vast naar vloeistof, of te kunnen zien hoe individuele mo-
leculen worden opgebroken en gevormd tijdens een chemische reactie. Bijvoorbeeld,
de productie van nieuwe materialen of medicijnen is een aaneenschakeling van veel
van dit soort reacties. Met de elektronenmicroscoop kunnen we in detail zien hoe de
begin- en eindproducten eruitzien, maar wat er in de tussentijd gebeurt is nog onont-
gonnen terrein. De mogelijkheid om een chemisch proces stap voor stap te kunnen
volgen in de tijd, zou een gigantische hoeveelheid aan extra kennis opleveren, die
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x Samenvatting

productieprocessen flink zou kunnen verbeteren. Dit zou zeer waardevol kunnen zijn
voor de chemische en farmaceutische industrie. Een ander voorbeeld, van een eiwit
weten we dat de precieze vorm erg belangrijk is voor zijn functie. We weten ook
dat verschillende ziekten ontstaan door het zich verkeerd opvouwen van eiwitmole-
culen. Een ’molecular movie’ van dit vouwproces zou een schat aan extra informatie
opleveren die uiteindelijk misschien zelfs zou kunnen helpen bij de ontwikkeling van
nieuwe medicijnen vanuit de moleculaire basis.

Het probleem is dat de dynamische processen die zich afspelen in de allerkleinste
structuren ook plaatsvinden op de allerkortste tijdsschalen. Meer specifiek, de mi-
nimale sluitertijd van een elektronenmicroscoop is ongeveer 1 milliseconde (10−3 s).
Tussenstappen tijdens het vouwen van een eiwit duren typisch enkele nanoseconden
(10−9 s), een trilling van een atomair rooster duurt enkele picoseconden (10−12), en
faseovergangen zoals het smelten van een metaal, een chemische reactie en een ato-
maire vibratie duren typisch enkele honderden femtoseconden (10−13 s). Vergeleken
met deze processen is de traditionele elektronenmicroscoop dus een hopeloos traag
instrument. Wij hebben in samenwerking met Thermo Fisher Scientific1 de afgelopen
jaren hard gewerkt om de elektronenmicroscoop sneller te maken, of liever ultrasnel.
Dit doen we door microgolftechnologie uit de deeltjesversnellerwereld toe te passen
in de bundel van een electronenmicroscoop.

Het idee is om de elektronenbundel van een commerciële elektronenmicroscoop in
ultrakorte pulsen te knippen door deze periodiek heen en weer te zwiepen langs een
smalle spleet, zie figuur 2. Hiervoor gebruiken we een oscillerend magnetisch veld
opgewekt in een resonante microgolftrilholte (cavity). Een resonante cavity of trilholte
is een speciaal ontworpen koperen doosje waarvan de afmetingen nauwkeurig zijn af-
gestemd op de golflengte van een inkomend microgolfsignaal. Door microgolven van
precies de juiste golflengte aan te bieden worden de opgewekte electromagnetische
velden resonant versterkt, waardoor de magnetische veldsterkte hoog genoeg wordt
om de elektronenbundel flink af te buigen. Een smalle spleet stroomafwaarts knipt
de continue elektronenbundel in pulsjes van ongeveer 100 fs, waarbij de focusseer-

1Marktleider op het gebied van elektronenmicroscopen. Vroeger FEI Company, wat weer een spin-off is
van Philips

cavity

Figuur 2: Principe van het ’bundelknippen’ met behulp van een resonante microgolfcavity. Tij-
dens elke microgolfcyclus wordt de elektronenbundel heen en weer gezwiept door
het oscillerend magnetisch veld van de cavity, waarbij ultrakorte elektronenpulsen
worden gemaakt als de bundel botst tegen een smalle spleet. Dit kan worden gedaan
met behoud van focusseerbaarheid van de originele bundel.
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baarheid van de originele bundel volledig behouden blijft. Gesynchroniseerd aan een
femtosecondelasersysteem kun je deze ultrakorte elektronenflitsen gebruiken om een
’stroboscopisch’ filmpje te maken met 10 biljoen (1013) frames per seconde én met de
spectaculaire atomaire resolutie van een high-end elektronenmicroscoop.

Tijdens mijn promotie hebben we hard gewerkt aan het begrijpen, ontwerpen,
doorontwikkelen en karakteriseren van de microgolfcavities. We hebben een com-
pact en energiezuinig ontwerp gerealiseerd, dat bovendien robuust, betrouwbaar en
gebruiksvriendelijk is. We hebben de cavity ingebouwd en getest in een commerci-
ële microscoop van Thermo Fisher en aangetoond dat de bundelkwaliteit inderdaad
volledig behouden blijft. Verder hebben we een dual mode cavity ontwikkeld waar-
mee het mogelijk is om de elektronenbundel in zeer complexe patronen af te buigen,
zie figuur 3. Een essentiële stap richting tijdsopgeloste experimenten, met wellicht
nog vele andere toepassingen. Daadwerkelijk een filmpje maken is door instabilitei-
ten en experimentele complicaties nog niet gelukt, maar de eerste proof-of-principle
experimenten zijn onderweg.

Een fascinerende volgende toepassing van deze nieuwe technologie is het bestu-
deren van de fundamentele wisselwerking tussen vrijbewegende elektronen met ul-
trakorte laserpulsen van hoge intensiteit. In samenwerking met dr. Nahid Talebi
van het Max Planck Instituut in Stuttgart hebben we uitgerekend dat een ’standaard’

Figuur 3: Experimentele demonstratie van een zogenaamd ’Lissajous patroon’ in de elektro-
nenmicroscoop. Door middel van een dual mode cavity wordt de continue elektro-
nenbundel periodiek in twee richtingen tegelijk afgebogen.

xi



xii Samenvatting

femtosecondelasersysteem gebruikt zou kunnen worden om de kwantummechanische
fase van de elektronenbundel gecontroleerd te kunnen manipuleren. Dit zou kunnen
leiden tot de ontwikkeling van nieuwe, exotische elektron-optische elementen met
allerlei unieke eigenschappen. Een zeer spannend vakgebied binnen de elektronen-
microscopie waarvoor onze ultrasnelle elektronenmicroscoop uitermate geschikt zou
zijn.

Een tweede belangrijke toepassing van ultrasnelle elektronenmicroscopie is het
afbeelden van stralingsgevoelige materialen met hoge resolutie. Waarschijnlijk de
grootste beperking van elektronenmicroscopie is namelijk dat niet alle materialen
geschikt zijn om te bekijken in een elektronenmicroscoop. Met name biologische ma-
terialen lijden onder de intense elektronenstraling en zijn onherstelbaar beschadigd
voordat je een fatsoenlijke afbeelding hebt kunnen maken. In samenwerking met
professor Christian Kisielowski van het Lawrence Berkeley National Laboratory, heb-
ben we laten zien dat de ’kritische dosis,’ ofwel de maximale elektronendosis die een
gevoelig preparaat kan verdragen voordat het kapot gaat, aanzienlijk verhoogd kan
worden wanneer het wordt bekeken met een lage bundelstroom. Dit is helemaal ef-
fectief wanneer dit wordt gedaan met een gepulste elektronenbundel! Dit heeft geleid
tot de eerste afbeelding met atomaire resolutie van magnesiumchloride, een materiaal
dat onmisbaar is in de industriële productie van polyethyleen (plastic), maar ook zeer
gevoelig is voor stralingsschade. Het zou ontzettend interessant zijn om een soort-
gelijk experiment te herhalen op biologische materialen. Mocht het lukken om met
gepulste elektronenbundels de kritische dosis van een biologisch preparaat dusdanig
te verhogen zodat het afbeelden met atomaire resolutie mogelijk wordt, dan zou dat
een geweldig resultaat zijn met een enorme impact binnen de elektronenmicroscopie.

xii
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Chapter 1
Introduction

Abstract

This thesis describes the realization of an Ultrafast Transmission Electron Microscope
(UTEM) based on resonant microwave deflection cavities. The work contains studies
on fundamental theory, cavity designs, implementation and characterization inside
the TEM. In addition, three different applications of these high-quality ultrashort
electron pulses are discussed, namely reducing electron beam-induced damage to
radiation sensitive samples, temporally resolving laser-induced dynamics in photo-
excited samples, and dynamic shaping of the electron phase distribution using the
intense light fields of ultrashort laser pulses. This introductory chapter describes the
motivation and a short historical background for the research described in this thesis.
In addition, a brief overview of the contents of each chapter is presented.
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2 Introduction

1.1 Ultrafast transmission electron microscopy

Since the invention by Max Knoll and Ernst Ruska in 1931, the (transmission) electron
microscope (TEM) has developed into one of the most powerful and versatile tools to
study the microscopic world. The ability to capture images of submicron-sized objects
with atomic resolution,1 combined with diffraction and many spectroscopic capabili-
ties (such as EELS, EDS, EDX), makes electron microscopy into a key technology for
material characterization across a wide range of scientific research and industries.
Since Philips and (later) FEI Company have commercialized the technology, the tech-
nique has completely matured and is now routinely used in the development of many
everyday objects such as mobile phones, plasma screen televisions, and materials for
car and aeroplanes. Developments as phase-contrast microscopy and cryo-electron
microscopy have made the technique increasingly applicable for imaging of biological
materials as well. The exciting development of the desktop electron microscope, en-
abling < 15 nm resolution imaging of objects at a fraction of the price of a traditional
electron microscope, now even makes the technology accessible to small businesses,
university students, and even schools.[1] Although the electron microscope has rev-
olutionized our abilities to study both structure and composition on the nanoscale,
an enormous amount of information has remained undisclosed for electron micro-
scopists. Typically, the time scales of dynamic processes of atom-sized structures is
of the order of 100 fs. Because the minimal exposure time of a traditional electron
microscope is in the order of few milliseconds, all the interesting dynamics that occur
on shorter timescales are averaged out while the image is being captured.

Ultrafast spectroscopic techniques that exploit the few-femtosecond pulse dura-
tions created by mode-locked laser systems are capable of temporally resolving dy-
namic processes at these ultrashort time scales. In a so-called pump-probe scheme,
first a dynamic process is excited (pumped) by an ultrashort laser pulse and, after a
well-defined delay time, it is inspected (probed) by a second ultrashort laser pulse.
In this way a snapshot of the dynamic process is captured at a well-defined time
frame. By repeating this experiment while varying the delay between the pump and
the probe pulse, the dynamics of the laser-triggered process can be resolved in time
with femtosecond temporal resolution2. However, the spatial resolution of these tech-
niques is fundamentally limited by the wavelength of the light, which is three orders
of magnitude larger than the size of an atom. X-rays have a much smaller wave-
length than visible light and can be created at very short pulse durations as well.
However the required X-ray free-electron laser facilities are large, expensive and their
beam time is scarce. Furthermore, X-ray pulses are extremely destructive and the
non-existence of focusing lenses prevents real-space imaging in this part of the elec-
tromagnetic spectrum. Nevertheless, coherent diffractive imaging techniques have
been used to reconstruct an image from multiple X-ray diffraction patterns, even re-
sulting in atomic resolution.[2] However, this is still far from the flexibility offered by
electron microscopes.

The first attempts to combine the spatial resolution and flexibility of an elec-
tron microscope with the temporal resolution of femtosecond laser systems, were

1Corresponding to a magnification of at least 1,000,000 times.
2Corresponding to 10,000,000,000,000 frames per second.
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1.1 Ultrafast transmission electron microscopy 3

performed at the University of Berlin. The ’High-speed transmission electron mi-
croscope’ was able to capture a series of images with 200 nm resolution using 108

electrons per 10 ns pulse.[4] Later this technique was further developed at Lawrence
Livermore National Lab and termed dynamic TEM (DTEM), ultimately achieving a
spatial resolution of 10 nm.[5] In this technique, a photo-cathode is illuminated by a
nanosecond laser pulse, intense enough to extract enough charge to capture an entire
image within a single electron pulse. This single shot technique can be used to study
non-reversible processes, but the repulsive Coulomb interactions among the many
electrons in each pulse limit the spatial and temporal resolution.

A different approach was pioneered by Zewail et al. in Caltech of which the princi-
ple is shown in figure 1.1. Rather than capturing a frame in a single pulse containing
108 electrons, their ’Ultrafast (Transmission) Electron Microscope’ (UTEM or UEM)
captures a frame using 108 pulses of 1 electron. This stroboscopic approach fully elim-
inates the space-charge explosion and therefore allows ultrafast electron imaging, but
also diffraction and spectroscopy, with sub-picosecond timescales and sub-nanometer
resolution.[6, 7] This approach eventually resulted in the commercially available FEI

Tecnai Femto. In a recent exciting development in which the flat photo-cathode is
replaced by a nano-tip, the peak brightness of pulsed electron beams has become

Figure 1.1: (a) The ultrafast electron microscope as developed by Ahmed Zewail at Caltech.
A train of femtosecond optical pulses is split into two beams. One of the beams
(probe) is frequency-doubled and directed at a flat photo-cathode to generate ul-
trashort electron pulses. These electron pulses are used to probe a specific snapshot
of a dynamic process in the sample which is triggered by the second laser pulse
(pump). The dynamics of the laser-triggered process can be resolved in time by
varying the delay between the pump and the probe pulse. Image copied from[3].
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4 Introduction

similar to values reported for conventional continuous Schottky field emitters.[8, 9]
The possibility of performing high-resolution electron imaging, diffraction and spec-
troscopy with nanosecond to femtosecond temporal resolution causes the ultrafast
transmission electron microscope (UTEM) to be one of the most powerful research
tools to study ultrafast dynamics in the nanoscale world.

The lion’s share of ultrafast electron microscopy, diffraction and spectroscopy ex-
periments is performed using ultrashort electron pulses which are generated using
photo-emission. Notwithstanding truly impressive results,[10, 11] there are some
drawbacks to laser-triggered electron sources. Photo-emission typically requires high
energy laser pulses with a wavelength of λ≈ 400 nm. Creating these pulses involves
non-linear processes requiring high power laser pulses, binding the researchers to us-
ing laser systems based on chirped pulse amplification. Amplified laser systems are
extremely powerful tools, but are also bulky, expensive and require constant align-
ment by trained laser experts. Furthermore, inevitable laser pointing instabilities
result in fluctuations in electron beam current, which in turn is limited by the typi-
cally low repetition rate of the laser. Serious alterations are needed to the gun head
of the microscope to provide optical access to the tip, which is fragile and subject to
stringent vacuum conditions.

1.2 Resonant microwave cavities for UTEM

For these reasons, a promising alternative for laser-triggered UTEM involves chop-
ping the continuous beam of an electron microscope by the combination of a fast
blanker and a small aperture. Note that this is not a new idea:[12] already in the
1970s, picosecond[13] and even sub-picosecond[14] electron pulses were created at
GHz repetition rates using resonant microwave deflection cavities. Also fast electro-
static plate capacitors have been used to chop the beam of scanning electron micro-
scopes (SEM), eventually resulting in electron pulses of 100 fs pulse duration.[15]
More recently, the use of a photo-conducting switch was researched to create a laser-
triggered, electrostatic beam blanker which can be used for pump-probe experiments
in an SEM.[16] However, since the introduction of advanced laser-microwave syn-
chronization schemes,[17, 18] reducing timing jitter between electron pulses and
laser pulses to levels below 100 fs[19] and even 5 fs,[20] microwave cavities for
laser-triggered pump-probe experiments in electron microscopes regained interest.

Microwave cavities or resonators3 are specifically tailored, hollow metallic struc-
tures, in which electromagnetic energy can be stored in standing waves or modes.
Because of resonant enhancement, microwave cavities can be used to generate elec-
tromagnetic fields of high amplitudes with relatively low input power, which can be
used to manipulate charged particle beams. For example, a cavity in TM010-mode sup-
ports an oscillating, electric field pointing along the beam axis, which can be used to
accelerate or decelerate charged particles. Complementarily, a cavity in TM110 mode
supports an oscillating transverse magnetic field, which can be used for sideways de-
flection of charged particles. Both types of microwave cavities have been important
elements of the standard toolbox for particle accelerators for many years. Recently,

3Often also called radiofrequency (RF) cavities.
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1.2 Resonant microwave cavities for UTEM 5

resonant microwave cavities have become increasingly important in non-relativistic
beam lines as well. For example, a cavity in TM010 mode is used for the compression
of electron pulses in ultrafast electron diffraction setups[21], and as monochromator
in time-of-flight electron energy loss spectroscopy (ToF-EELS) setups[22]. Cavities in
TM110 mode have been used as streak camera for pulse length measurements[21],
time-resolved diffraction studies[23], time-of-flight electron energy loss spectroscopy
(ToF-EELS)[24] and of course beam chopping.[25] The principle of beam chopping
using such a deflection cavity in TM110 mode is pictured in figure 1.2. A cavity in
TM110 mode supports an oscillating magnetic field of amplitude B0, oriented per-
pendicular to the symmetry axis of a cylindrical cavity. A beam of electrons passing
through along this axis is transversely deflected at the resonance frequency of the
cavity, as shown in figure 1.2. In combination with a small aperture of diameter s
positioned at a distance l downstream, the beam is chopped to ultrashort pulses of
duration

τ= γm(s +w)

4qB0l
, (1.1)

in which γ the Lorentz factor, m is the electron mass, q the elementary charge and w
the diameter of the electron beam at the position of the chopping aperture.[26] For
200 kV electrons and typical parameters w = s = 10 µm, l = 10 cm and B0 = 3 mT; this
results in τ= 100 fs pulses without the need for an amplified laser system.

In 2012 Lassise et al. demonstrated the chopping of a 30 kV beam of a SEM into 3
GHz pulses while fully maintaining the peak brightness of the original beam.[25] Sup-
ported by a theoretical model and realistic particle tracking simulations, he claimed
that this should also be possible in a high-end transmission electron microscope.[27]
Synchronized to a mode-locked laser oscillator, this should allow ultrafast time-resolved
electron microscopy at the atomic resolution of the original microscope, but at much
higher average current and without the need for an amplified laser system to create
the pulses.

Figure 1.2: Principle of beam chopping. The continuous beam is swept back and forth over
an aperture, creating electron pulses at two times the resonance frequency. Be-
cause the two pulses create in each microwave period exit the aperture at slightly
different angles, one beam can diverted back to the optical axis using standard de-
flection coils while the other beam is blocked by the Selected Area (SA)-aperture
downstream. Parameters are defined in main text. Image copied from[26]
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6 Introduction

1.3 This research

In collaboration with Thermo Fisher Scientific, we have experimentally realized the
first Ultrafast Transmission Electron Microscope (UTEM) based on resonant microwave
deflection cavities. Here the continuous electron beam of a commercial 200 kV TEM
is periodically deflected by the oscillating transverse magnetic field of a resonant cav-
ity in TM110 mode, which is inserted in the microscope. The beam of periodically
deflected electrons is then chopped into sub-picosecond pulses by a small aperture
downstream. These pulses can be created while maintaining the peak brightness of
the original continuous beam. Synchronized to a mode-locked oscillator, this allows
ultrafast electron microscopy with sub-picosecond resolution at high (3 GHz) repeti-
tion rate at the original atomic spatial resolution of the TEM.

First some basic theory and terminology related to microwave cavities is intro-
duced (chapter 2). The design, development and commissioning of compact and
energy-efficient dielectric filled microwave deflection cavities is described in chapter
3. The thesis continues with an extensive theoretical study on the process of creat-
ing electron pulses by periodic beam chopping using microwave deflection cavities.
The study, supported by realistic charged particle tracking simulations, shows that
femtosecond electron pulses can be created with negligible decrease in beam quality
(chapter 4). Chapter 5 describes the implementation of these cavities in the newly
installed and modified electron microscope and presents the measurements demon-
strating the creation of sub-picosecond pulses with the conservation of peak bright-
ness. As a next step, we have developed microwave deflection cavities operating in
dual mode. The elliptical shape of these cavities lifts the x, y-degeneracy of the TM110

mode, creating two different resonant frequencies in the two orthogonal directions.
By driving both modes independently using different higher harmonics of the same
laser oscillator, the traversing electrons can be periodically deflected in two orthog-
onal directions simultaneously, creating a Lissajous pattern. This can be used as a
streak camera with a huge dynamic range of > 104, or to reduce the repetition rate
of the pulsed electron to 75 MHz. The latter is required for pump-probe experiments
using the 75 MHz Ti:Sapphire laser. The implementation of the dual mode cavity in
the TEM and the experimental demonstration of a Lissajous pattern are presented in
chapter 6. Again the peak brightness of the original beam is fully maintained.

The thesis continues by describing three applications of the cavity-based UTEM.
Chapter 7 describes a collaboration with prof. Christian Kisielowski from Lawrence
Berkeley National Laboratory, in which these ultrashort electron pulses were used to
study pristine MgCl2 supports, which are extremely sensitive to electron radiation.
The experiments demonstrate that beam-induced sample damage can be reduced sig-
nificantly when a low electron dose rate is applied, especially when this is done by
temporally structuring the beam into picosecond pulses. A result that potentially has
a large impact for a vast range of materials and fields, including high-resolution struc-
tural biology. Furthermore, we have performed multiple endeavors to demonstrate
the first proof-of-concept pump-probe experiment in a cavity based UTEM. Chapter 8
describes the unique set of difficulties that is introduced by this new technique and
presents our considerations in selecting a suitable proof-of-concept pump-probe ex-
periment. Many steps have been taken to prepare the setup for such an experiment,
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1.3 This research 7

especially in designing good alignment and automated measurement procedures and
improving the general stability of all elements throughout the setup. The achieved
improvements, procedures and recommendations to further improve the setup are
described in chapter 9. Finally, we end the thesis with a feasibility study for per-
forming fundamental light-electron interaction experiments in the cavity based UTEM
(chapter 10). Here the objective is to develop robust and practical electron-optical
elements, such as a Zernike phase plate and a coherent beam splitter, using the pon-
deromotive potential created by the intense light field of a focused ultrashort laser
pulse. These considerations are supported by quantum-mechanical simulations using
the self-consistent numerical toolbox developed by dr. N. Talebi. We argue that both a
Zernike phase plate and a Kapitza-Dirac beam splitter can be created by focusing the
laser beam of a standard off-the-shelf Ti:Sapphire laser oscillator to a micron-sized
focus.

7





Chapter 2
Theory of resonant microwave
cavities in TM110 mode

Abstract

This chapter treats the basics of microwave theory and introduces some important
definitions. First the electromagnetic field distributions of a TM110 mode are pre-
sented. Next, the use of a dielectric filling to reduce the required microwave power
is discussed. We proceed with a lumped element model of the cavity and intro-
duce the concept of impedance matching for optimal power coupling. Here, the an-
tenna is modeled as a transformer that couples power into the cavity via its mutual
impedance.1

1This chapter is partly based on the manuscript: W. Verhoeven, et al. "Design and characterization
of dielectric filled TM110 microwave cavities for ultrafast electron microscopy, (2018)." which has been
accepted by Review of Scientific Instruments and is available on the arXiv.[28] The dual mode cavity is
treated separately in chapter 6.
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10 Theory of resonant microwave cavities in TM110 mode

2.1 Cavity fields

In the absence of charges or currents, Maxwell’s equations for the electric and mag-
netic fields E and B can be written in the form of classical wave equations

∇2E = εµ∂
2E

∂t 2

∇2B = εµ∂
2B

∂t 2 ,

(2.1)

describing electromagnetic waves traveling with speed v = 1p
εµ . Here, ε and µ are the

absolute permittivity and permeability of the medium. More specifically, the general
solution of equation (2.1) is a linear superposition of waves of the form

E(r, t ) = E0 cos(ωt −k · r+φ)

B(r, t ) = B0 cos(ωt −k · r+φ),
(2.2)

in which φ defines the phase of the fields at time t = 0 and position r = (x, y, z) =
(0,0,0). Furthermore, the wave number k and angular frequency ω are related via the
dispersion relation

k = |k| =p
εµω= 2π

λ
, (2.3)

with wavelength λ. When these electromagnetic waves meet a perfectly conducting
surface, they are subject to boundary conditions

E∥ = 0,

B⊥ = 0,
(2.4)

causing the waves to be reflected and creating standing waves normal to the conduct-
ing surface. Confined to the interior of the three-dimensional metallic structure of
a resonating cavity, the number of possible solutions is reduced to a discrete set of
three dimensional standing waves, often called modes, of which the allowed values
of k and ω are dictated by the geometry of the cavity. In the cylindrical symmetry
of a pillbox cavity, these modes can be categorized into two sets: transverse electric
(TE) modes in which the longitudinal component of the electric field is zero (Ez = 0),
and transverse magnetic (TM) modes in which Bz = 0. In addition, they can be clas-
sified further using the three integers l ,m,n, specifying the number of nodes in the
r,ϕ, z direction respectively. For example the Ez component of the TMml n mode of a
cylindrical cavity of length L and radius a is given by

Ez = E0 Jm(kr )cos(mϕ)cos
(nπ

L
z
)

e−iωt , (2.5)

in which E0 is the on-axis electric field amplitude, Jm(kr ) is the mth-order Bessel
function of the first kind and k2 = εµω2 − n2π2

L2 .[29] The boundary condition Ez = 0 at
r = a is satisfied for Jm(ka) = 0, which results in the resonance frequencies

ωml n = 1p
εµ

√
x2

l m

a2 + n2π2

L2 . (2.6)

10



2.1 Cavity fields 11

Here we have defined xl m as the l th zero of the m-order Bessel function of the first
kind Jm(x). When Ez is known, the other field components can be calculated directly
from Maxwell’s equations. In this work we mainly focus on the transverse magnetic
dipole TM110 mode of which the nonzero field components are given by

Ez = 2ωB0

k
J1(kr )cos(ϕ)cos(ωt +φ),

Br = 2B0

k

J1(kr )

r
sin(ϕ)sin(ωt +φ),

Bϕ = 2B0

k

∂

∂r
J1(kr )cos(ϕ)sin(ωt +φ),

(2.7)

and are illustrated in figure 2.1. Here we have introduced the on-axis magnetic field
amplitude B0 ≡ k

2ωE0. Close to the z-axis (kr ¿ 1), equation (2.7) can be reduced to

Ez =ωB0x cos(ωt +φ)

Bx = 0

By = B0 sin(ωt +φ),

(2.8)

using the approximation J1(kr ) ≈ kr
2 and translating to cartesian coordinates. Because

of the rotational symmetry, x and y are interchangeable. Electrons propagating along
the symmetry axis of a resonant cavity in TM110 mode (x → 0) only experience a
transverse magnetic field oscillating at the resonance frequency of the cavity. This
can be used to deflect the electrons periodically.2 Applying equation (2.6) to the case
of a TM110 mode shows that the radius a for a given resonance frequency ω0 is given
by

a = x11

k
= 3.8317p

εµω0
. (2.9)

2Electrons travelling slightly off-axis will also experience small longitudinal electric fields that can affect
the energy of the particles. This will be addressed in chapter 4.

Figure 2.1: Electric (left) and magnetic (right) field distributions of an ideal pillbox cavity in
TM110 mode.
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12 Theory of resonant microwave cavities in TM110 mode

For a vacuum cavity (ε ≡ ε0 and µ ≡ µ0), this results in a radius of a = 60.9 mm for a
resonance frequency of ω0 = 2π×3 GHz. Filling the cavity with a dielectric material
with a large relative permittivity (εr ≡ ε

ε0
> 1) results in a smaller radius for the same

resonance frequency. For example, the sintered ceramic material ZiTiO4 doped with
<20% SnTiO4 has a quoted dielectric permittivity of εr = 36.5−38 in the 0.3-24 GHz
frequency regime.[30] A pillbox cavity in TM110 mode completely filled with this
material, would have a radius of only a ≈ 10 mm reducing the cavity size by roughly a
factor of six. With the application of inserting such a cavity in the confined space of an
electron microscope column, this is a very interesting property. Moreover, the power
required to generate the magnetic fields can be reduced by an even larger factor, as
will be shown in the next section.

2.2 Quality of a cavity

The principle of a resonating cavity is that while electromagnetic fields are reflecting
back and forth for many cycles, new electromagnetic fields are constantly coupled in,
coherently building up standing waves of high amplitude in which electromagnetic
energy is stored. The efficiency of this process can be quantified in terms of the
quality factor

Q =ω0
Uem

Ploss
, (2.10)

which is a dimensionless quantity that relates the time-averaged electromagnetic en-
ergy stored in the fields Uem to the power loss Ploss. The energy stored in electromag-
netic fields is given by[31]

Uem =
∫

V

1

2

(
ε|E|2 + |B|2

µ

)
dV , (2.11)

which for a TM110 mode is given by

Uem = B 2
0πa2L

µ
J 2

0 (x11). (2.12)

In case of a dielectrically filled cavity, the power loss consists of two contributions.
The first contribution is ohmic dissipation in the non-perfectly conducting walls of
the cavity. The time-averaged power loss by ohmic dissipation is given by

Pohmic =
Rw

2

∫
S

|n×B|2
µ2 dS (2.13)

in which Rw = 1/(σwδs ) is the resistance of the walls, defined by the wall conductivity
σw and the skin depth δs =

√
2/µwσwω, in which µw is the magnetic permeability of

the copper walls.[31] B is the magnetic field amplitude at the walls to which n is the
surface normal. For a pillbox cavity in TM110 mode, the ohmic power loss is given by

Pohmic =
2πB 2

0 a

µ2σwδs
(a +L)J 2

0 (x11). (2.14)
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2.3 Partially filled cavity 13

Substituting typical parameter values for copper-walled vacuum-filled cavity: a = 60.9
mm, L = 16.67 mm, µ= µ0 = 4π×10−7 H/m, σw = 5.84×107 S/m, δs = 1.19 µm, shows
that to support a magnetic field of B0 = 3 mT, we have to compensate for Pohmic = 396
W of power dissipated in the walls. However, if the cavity radius is decreased by
a factor

p
εr , the inner surface area of the copper walls and therefore the power

dissipated in the walls also decrease significantly. If the cavity is filled with a dielectric
with εr = 36, the power lost in the walls is reduced to Pohmic = 23 W.

The second power loss mechanism is absorption in the dielectric medium due to
the nonzero imaginary component ε′′ of the complex permittivity ε = ε′ + iε′′. This
contribution is given by

Pdielectric =
1

2
ω0ε

′′
∫

V
|E|2dV

= ω0B 2
0

µ
tan(δ)πa2LJ 2

0 (x11)

(2.15)

in which we have introduced the loss tangent tan(δ) ≡ ε′′
ε′ ≈ ε′′

ε for ε′′ ¿ ε′, which
is true for most dielectric materials.[31] Evidently the loss tangent should be cho-
sen as low as possible to minimize absorption of power in the dielectric. Assuming
tan(δ) = 1×10−4 for ZrTiO4, yields an additional power loss of Pdielectric = 12 W due to
absorption in the dielectric. However, the sum of Pohmic and Pdielectric for a dielectric
filled cavity is still significantly lower than Pohmic for a vacuum cavity. Substituting
the analytic expressions for Uem and Ploss in equation (2.10) results in an expression
for the theoretical quality factor of a pillbox cavity in TM110 mode. For a vacuum
cavity, the quality factor is given by

Qvac = 1

δs

µ

µw

aL

a +L
, (2.16)

and for a dielectric filled cavity

1

Q
= 1

Qvac
+ 1

Qdielectric
= δs

µw

µ

(
1

a
+ 1

L

)
+ tanδ, (2.17)

in which 1
Qdielectric

= ε′′
ε′ = tanδ. Substituting numbers again yields a quality factor of

Qvac = 11000 for a vacuum cavity and Q = 3500 for a dielectric filled cavity. Thus,
although filling the cavity with a dielectric decreases the total power loss Ploss, ap-
parently the electromagnetic power stored in the cavity ω0Uem decreases even more.
This might be counterintuitive, so remember that we are interested in keeping the
magnetic field amplitude at B0 = 3 mT. Equation (2.12) shows that filling the cavity
with a dielectric (hence reducing a) reduces the total energy Uem needed to create
a magnetic field of amplitude B0. Therefore the number of microwave cycles for
which the electromagnetic energy has to be stored in the cavity, needed for sufficient
build-up of magnetic field amplitude B0 (i.e. the Q-factor), is allowed to be lower.3

13



14 Theory of resonant microwave cavities in TM110 mode

2.3 Partially filled cavity

Of course a completely dielectric filled cavity is not realistic for electron beam deflec-
tion. In practice the electrons need a hole to propagate through. In addition, one
needs space for at least one antenna to couple the microwave power in, and a tuning
plunger to fine-tune the resonance frequency. This space can be created by drilling
sideports in the dielectric, but it is more elegant to leave a vacuum moat around the
dielectric, see also figure 2.2a. The conserved cylindrical symmetry allows analytic
calculation of the field distributions, but the expressions are lengthy and will not be
presented here. More interesting is the existence of a continuous spectrum of possi-
ble values for the radii of the hole ah , dielectric ad and the cavity ac that results in
a cavity with a resonance frequency of 3 GHz, of which the vacuum cavity and the
completely dielectric filled cavity are the two extreme cases. Figure 2.2b shows how
ac should be chosen for varying ad and fixed hole radius of ah = 1.5 mm to create a
TM110 mode at the resonance frequency of 3 GHz.[28] By varying the dielectric filling
ratio of the cavity, the shape of the electric and magnetic field distributions can be
changed. By choosing the dielectric filling ratio such that the magnetic field ampli-
tude at the cavity walls is minimized, the ohmic dissipation due to induced surface
currents can be reduced even further. This can be used to find a configuration that is
even more energy-efficient than the completely dielectric-filled cavity.

Figure 2.3a shows the power required to create a constant magnetic field ampli-
tude as function of the radius of the dielectric ad , for fixed hole radius ah = 1.5 mm.
The radius of the cavity ac is changed according to figure 2.2b to maintain the desired
resonance frequency of 3 GHz. The power consumption is split up in three contribu-

3A derivation of the expressions in this section can be found in[32].

(a) (b)

Figure 2.2: (a) Schematic cross-section of the partially dielectric filled ’moat’ cavity. (b) Rela-
tion of the radii of the cavity ac and the dielectric ad to create a TM110 cavity at 3
GHz, for ah = 1.5 mm.
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2.4 Cavity as RLC circuit 15

tions: the power dissipated in the top and bottom walls, the power dissipated in the
circular wall and the power absorbed by the dielectric. Figure 2.3a shows that the
ohmic dissipation in the walls changes drastically as function of the varying dielectric
filling ratio. Around the optimum dielectric filling ratio (ad = 6 mm and ac = 50 mm),
strong magnetic fields are fully confined within the dielectric leaving only small fields
outside, see figure 2.3b. As a result, the total power loss of the cavity is decreased
by another factor 2.6 with respect to the completely dielectric filled cavity. The opti-
mized partially dielectric filled cavity now requires 13 W of input power to generate
a magnetic field amplitude of B0 = 3 mT, compared to 396 W for a vacuum cavity.[28]

2.4 Cavity as RLC circuit

At this point it is insightful to think of the resonating cavity in terms of a lumped
element model. We assume a series circuit of a resistance R, capacitance C and in-
ductance L, driven by an ideal voltage source VS . Here R represents all the resis-
tive elements in which power is dissipated, while L and C are reactive elements in
which electromagnetic energy can be stored and exchanged. The equivalent complex

(a) (b)

Figure 2.3: (a) The microwave power dissipated in the top and bottom walls (blue), the power
dissipated in the circular wall (red), the power absorbed by the dielectric (yellow)
and the total power dissipated in the cavity (black), as function of radius of the
dielectric ad for constant hole radius ah = 1.5 mm, while the cavity radius ac is
varied such that the resonance frequency stays constant. (b) Distribution of the
magnetic field in a completely filled dielectric cavity (top left) and a cavity in which
the radii ad and ac are optimized for minimal power loss (bottom right). Note the
difference in magnetic field amplitude at the cavity wall.
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16 Theory of resonant microwave cavities in TM110 mode

impedance of this model is given by

Z = R + iωL+ 1

iωC
= R + i

(
ωL− 1

ωC

)
, (2.18)

of which the imaginary part vanishes at the resonance frequency

ω0 ≡ 1p
LC

. (2.19)

For this condition, the complex impedance Z is purely resistive (Z = R) and all the
time-averaged incoming power

Pin = 1

2
|VS ||I | = 1

2

|VS |2
|Z | = 1

2

|VS |2
R

(2.20)

is dissipated in the resistor. Equation (2.10) allows us to again calculate the quality
factor of this RLC circuit

Q =ω0
WL +WC

Pabs
= ω0L

R
= 1

ω0RC
, (2.21)

in which WC = 1
4 |VS |2C = 1

4
|I |2
ω2C

is the average electric energy stored in capacitor C ,
WL = 1

4 |I |2L is the average magnetic energy stored in inductor L and Pabs = 1
2 |I |2R is

the average power absorbed by the network (hence dissipated in resistor R). Note
that at resonance, WL = WC . When the cavity is excited slightly off-resonance, hence
assuming only a small detuning ∆≡ ω−ω0

ω0
¿ 1, equation (2.18) can be approximated

by

Z = R (1+2iQ∆) , (2.22)

in which we have used equations (2.19) and (2.21). Close to resonance, the average
power absorbed by the resistor is given by

Pabs =
1

2
|I |2R = 1

2

|VS |2
|Z |2 ×R. (2.23)
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Figure 2.4: (a) Absorbed power and (b) phase change as function of detuning.
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2.5 Power coupling 17

If we now substitute equation (2.22) and divide over the power generated by the
source Pin, we get

Pabs

Pin
= R2

|Z |2 = 1

1+ (2Q∆)2 . (2.24)

We see that the power absorbed by the network is described by a Lorentzian curve
around ω = ω0 with FWHM bandwidth BW = ω0/Q. The frequency-dependent phase
change ∆φ is then given by

∆φ= arctan
Im{Z }

Re{Z }
= arctan(2Q∆). (2.25)

Both the power coupling Pabs/Pin and the phase change ∆φ are plotted in figure 2.4
as a function of detuning ∆. To ensure maximum electron deflection without inducing
uncontrolled phase shifts, it is important to excite the cavity on-resonance.

2.5 Power coupling

Because in reality the voltage source does have an internal impedance, the concept
of impedance matching becomes important. First consider the general circuit of a
voltage source VS with internal impedance Z1 ≡ R1 + i X1 an a load with complex
impedance Z2 ≡ R2 + i X2. The time-averaged AC power actually dissipated in the
load is given by

P2 = 1

2

( |VS |
|Z1 +Z2|

)2

R2

= 1

2

|VS |2R2

(R1 +R2)2 + (X1 +X2)2 ,

(2.26)

which has an optimum for X2 =−X1 and R2 = R1. Therefore, maximum power trans-
fer is achieved when the complex impedances of the load and the source are each
others complex conjugates Z2 = Z∗

1 . This is called impedance matching and should be
applied for all elements throughout the network.

In our setup, the internal impedance of the voltage source is RS = 50 Ω, hence
purely resistive. To prevent reflections, a coaxial transmission line with a character-
istic impedance of Z0 = 50 Ω is chosen to conduct the microwaves from the source to
the cavity. Next, to achieve maximum power transfer into the cavity, also the input
impedance of the load Z2 = R(1+2iQ∆) should be properly matched to the network
Z1 = 50 Ω+ 0i , hence R = RS = 50 Ω and ∆ = 0. In practice, these requirements can
be met simultaneously by tuning the cavity resonance frequency, for example using a
tuning stub, and by varying the length of the antenna until maximum power coupling
is achieved.

When the cavity is improperly matched to the source, additional power is lost to
the source resistance RS . This can be described using an external quality factor

Qext =ω0
WL +WC

PRS

= ω0L

RS
= 1

ω0RSC
, (2.27)
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18 Theory of resonant microwave cavities in TM110 mode

which is the ratio of the total energy stored in the cavity and the power lost outside of
the cavity. Additionally we define the coupling factor

g ≡ Q0

Qext
, (2.28)

which also defines the degree of matching between the source and the network. Here
Q0 is the unloaded quality factor of the cavity, given by equation (2.21). The power
absorbed by the network is again described by a Lorentzian function

Pabs

Pinc
= 4g

(1+ g )2

1

1+ 4Q2
0

(1+g )2ω2
0
∆ω2

, (2.29)

however the bandwidth is now given by

BW = (1+ g )ω0

Q0
≡ ω0

QL
. (2.30)

Here, QL is called the loaded quality factor

1

QL
= 1

Q0
+ g

Qext
(2.31)

which describes the quality factor of the total system. In case of an impedance
matched (or critically coupled) system, the amount of power dissipated in the source
resistance is equal to the power dissipated in the cavity, hence g = 1, Qext = Q0 and
QL =Q0/2.

2.6 Coupling of electric and magnetic fields

Figure 2.5 shows the electric and magnetic field distributions for a critically coupled
vacuum cavity in TM110 mode excited at its resonance frequency by a linear probe
antenna with phase φ = 0◦ at the cavity-coax interface. Figure 2.5a shows that for
phase φ = 0◦, the positive charge on the antenna maximally excites electric fields
from the antenna to the cavity walls. Therefore the magnetic fields in the cavity are
zero for φ = 0◦, as shown by 2.5b. When an aperture is placed on-axis below the
cavity, an electron pulse is created for each zero-crossing of the magnetic field, hence
for φ= 0◦ and φ= 180◦.

A second observation is that the position of the antenna defines the orientation of
the TM110 mode and therefore the direction in which the electrons are deflected. An
antenna positioned at a certain x-position excites electric fields along the ±z-axis with
the dipolar spatial dependence in the ±x-direction. In addition, magnetic fields are
generated in the ±y-direction, which induce a magnetic Lorentz force on the electrons
pointing in the ±x-direction. Therefore the direction of the electron streak is aligned
with the off-axis position of the antenna.
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2.6 Coupling of electric and magnetic fields 19

(a) (b)

Figure 2.5: (a) Electric and (b) magnetic field of a critically coupled vacuum cavity in TM110
mode, excited by a linear probe antenna with phase φ= 0 at the cavity-coax inter-
face. For this phase, the cavity electric fields are maximal and the magnetic field is
zero. The electric and magnetic fields are in phase in the coaxial cable, and out of
phase in the cavity.
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Chapter 3
Design and characterization of
dielectric filled microwave
cavities

Abstract

In this chapter the design and characterization measurements for various dielectric
filled cavities are described. First the differences between the six-hex-bolted lid cav-
ity (1) and the screw cap cavity (2) are discussed. Next is presented how cavities in
TM110 mode are manufactured on a desired resonance frequency in a reproducible
way, while ensuring good power coupling and a uniform magnetic field distribu-
tion. Furthermore, the consequences of coupling microwave power into the cavity
are demonstrated, in which the important role of heating-induced mechanical stress
on the dielectric is emphasized. Finally, two new cavity designs are discussed: a cavity
optimized to minimize power consumption (3) and a concept of a stress-free design
(4) in which the copper is plated directly onto the dielectric.1

1This chapter is partly based on the manuscript: W. Verhoeven, et al. "Design and characterization
of dielectric filled TM110 microwave cavities for ultrafast electron microscopy, (2018)." which has been
accepted by Review of Scientific Instruments and is available on the arXiv.[28] The dual mode cavity is
treated separately in chapter 6.
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22 Design and characterization of dielectric filled microwave cavities

Figure 3.1: (1) Completely dielectric filled cavity with six-hex-bolts-cap and loop antenna. (2)
Partially dielectric filled ’moat’ cavity with a screw cap and linear probe antenna.
(3) Cavity optimized for minimal power consumption. (4) Copper-plated cavity.
All the cavities are made of copper and have a TM110 mode at 3 GHz.

3.1 Completely dielectric filled cavity

The cavity design at the beginning of the project is shown in figure 3.2 and is de-
scribed by Lassise et al.[25]. This design is based on a pillbox cavity in TM110 mode,
completely filled with dielectric material. The housing is made of copper, primar-
ily chosen because of the high electric conductivity. For the dielectric, the sintered
ceramic ZrTiO4 doped with < 20% SnTiO4 was chosen because of the high relative
permittivity and low loss tangent in the microwave regime. A copper lid, which is
mounted on and off using six hex bolts, holds the dielectric in position and closes off
the cavity. In addition, the cavity housing is water-cooled and thermally stabilized to
within 1 mK.

A 3 mm hole is drilled along the symmetry axis of the dielectric to allow the elec-
trons to propagate through. The holes in the top and bottom of the copper housing
are only 2 mm in diameter to prevent charging of the dielectric. In addition, holes
are drilled in the sides of the copper and dielectric, allowing the insertion of a loop
antenna to couple in the microwaves, and a metallic or dielectric stub to fine-tune
the cavity resonance frequency. To find the impedance matching condition, the loop
antenna can be rotated to change the effective surface area projected on the plane
perpendicular to the magnetic field lines enclosed by the loop. Clearly the cavity devi-
ates from an ideal pillbox, because of the sideports drilled in the dielectric. However,
experiments confirmed by CST microwave studio simulations show that the adapta-
tions are no problem to achieve a uniform magnetic field profile and excellent power
coupling and quality factor.[25]

Still, there are two practical difficulties with these cavities. First of all, man-
ufacturing them reproducibly at a desired frequency, which is essential for laser-
microwave synchronization. It is known that microwave properties of dielectric ma-
terials may vary from batch to batch and even from piece to piece within each batch.
In addition these properties are dependent on temperature and applied microwave
power. Nevertheless, the combination of both realistic and accurate CST microwave
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3.2 Partially dielectric filled cavity 23

Figure 3.2: Completely dielectric filled cavity with a loop antenna and a lid which is closed
using six hex bolts.

studio simulations and the tunability offered by controlling the water temperature
and insertion of the tuning stubs, should be sufficient to design a cavity at a desired
resonance frequency to within the 1 MHz bandwidth of the laser-microwave synchro-
nization system.[17] However, this proved to be more difficult than expected. Taking
the dielectric in and out of the housing, or simply opening and closing the lid, resulted
in completely different resonance frequencies. It appeared that the amount of stress
exerted on the dielectric strongly affects the resonance frequency, power coupling and
even the temperature and microwave power dependencies of these properties. In the
procedure of tightening six bolts using a hex key, the amount of stress applied to the
dielectric is poorly controlled, resulting in unpredictable resonance frequencies.

The second difficulty of this design is to find the condition of impedance match-
ing to efficiently couple in the microwave power. Because of the varying microwave
properties, often several loop antennas with varying loop areas had to be hand-made
and tested to find critical coupling. In addition, when the correct rotation angle of
the loop antenna was found, tightening it would change the rotation and reduce the
coupling efficiency.

3.2 Partially dielectric filled cavity

Figure 3.3 shows a second design which addresses both these difficulties. First of
all, the dielectric is surrounded by a vacuum moat, eliminating the need for holes in
the dielectric for the antenna and tuning stub. In addition, the stub is now metallic
and the microwaves are coupled in via a linear probe antenna positioned on the top
wall. Practical advantages of a linear antenna are ease of construction and simple
impedance matching by incrementally decreasing the antenna length until optimal
power coupling is achieved. Secondly, the bolted lid is replaced by a screw cap that
can be closed in a controllable fashion using a torque wrench. This procedure allows
applying the amount of stress to the dielectric in a continuous, well-defined and re-
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24 Design and characterization of dielectric filled microwave cavities

producible manner. In addition, the thermal contact between the dielectric and the
housing is probably better than for the first cavity design. Finally, note that the di-
electric is slightly elliptical to create a cavity in dual mode. The dual mode cavity is
described in see chapter 6.

y

x

(a) (b)

Figure 3.3: (a) Top view and (b) side view of a partially dielectric filled ’moat’ cavity with a
screw cap and linear probe antenna. The piece of dielectric is elliptical to create a
cavity in dual mode, see chapter 6.
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estimated using simulations. (b) Histogram of the deviations of all measured reso-
nant frequencies for each combination of dielectric and housing from the average
resonance frequency.
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3.2 Partially dielectric filled cavity 25

To test the improved reproducibility of the new cavity design, two cavities have
been fabricated and five dielectrics have been machined to a radius of (7.50±0.02) mm
and placed inside both cavities. Assembly of each combination was repeated four
times. Figure 3.4(a) shows the resulting average resonant frequency and the stan-
dard deviation for each of the dielectrics, with the two cavity housings shown in
different colors. 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 machin-
ing inaccuracies, damages of the material, or differences in the relative permittivity
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26 Design and characterization of dielectric filled microwave cavities

of the dielectric. Figure 3.4(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.

In the screw cap based design, we now have three parameters to tune the reso-
nance frequency to the desired frequency f0 = 2.9985 GHz: the torque with which the
cap is screwed to dielectric, the temperature of the water-heated copper housing and
of course the insertion of the metallic stub. Figures 3.5 and 3.6 show how these pa-
rameters affect the resonance frequency of the cavity. First of all, note that increasing
the stress on the dielectric by increasing the closing torque of the screw cap, dras-
tically decreases the resonance frequency (figure 3.5a). Varying the closing torque
from 1 Nm to 5 Nm changes the resonance frequency by 15 MHz, which is about the
same as the combined tuning range offered by the tuning plunger (figure 3.6a) and
the water temperature (figure 3.5b). Moreover, note that based on thermal expansion
of the copper housing, one would expect the resonance frequency to decrease by 50
kHz/K of increasing water temperature. Instead, the resonance frequency increases
by (373±9) kHz/K or (250±3) kHz/K, depending whether a closing torque of 2 Nm or
5 Nm is used. Only a fraction of this (100 kHz/K) can be explained by a decrease in
relative permittivity of the dielectric because of its increasing temperature. Therefore
the remainder of the increase in resonance frequency is attributed to the fact that an
expanding cavity housing decreases the amount of stress on the cavity, and therefore
increases the resonance frequency. This explains the difficulty of designing the initial
hex-bolted-lid cavity onto the desired resonance frequency. Well-defined control over
the amount of stress exerted on the dielectric is essential for a reproducible design.

By exploiting the combined tunability of the closing torque, water temperature
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Figure 3.7: (a) Power reflection as function of signal frequency. The mode shows less than 0.1%
power reflection at the desired resonance frequency of 2.9985 GHz. The quality
factor is Q = (2.82±0.04)×103. (b) Bead-pull measurement indicating the magnetic
field amplitude as function of the z-coordinate of the cavity. Blue: entrance and
exit apertures diameters are 2 mm and 3 mm respectively. Red: both apertures are
2 mm in diameter.
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3.2 Partially dielectric filled cavity 27

and tuning plunger it is possible to correct for the deviation in resonance frequency
due to the uncertainty in dielectrics. When the cavity is at the desired resonance
frequency, one can optimize the power coupling by varying the antenna length. This
is done by using a bidirectional power meter or a network analyzer to measure the
ratio Preflected/Pforward or the voltage reflection coefficient Γv = ZL−Z0

ZL+Z0
. Here we start

with a long antenna to create an overcoupled situation and incrementally decrease
the antenna length until optimal coupling is achieved, see figure 3.6. Figure 3.7a
shows the spectrum of a partially dielectric filled screw cap cavity in TM110 mode. The
reflected power at the resonance frequency of f0 = 2.9985 GHz is -30 dB or 0.1%. A
Lorentzian fit demonstrates that the quality factor of this mode is Q = (2.82±0.04)×103,
which agrees CST microwave studio simulations when a loss tangent of tanδ= (2.38±
0.05)×10−4 is used.

The on-axis magnetic field distribution of this mode is determined using a ’bead-
pull’ measurement, see figure 3.7b. In such a measurement a small dielectric or
metallic bead acts as a local perturbation of the cavity volume ∆V /V0, which affects
the electric and magnetic fields. As a result, the resonance frequency is changed by

∆ω

ω0
=

∫
∆V

1
µ |B0|2 −ε|E0|2dV∫

V0

1
µ |B0|2 +ε|E0|2dV

. (3.1)

By measuring the change in resonance frequency as function of the position of the
bead while it is pulled through the cavity, the on-axis field profiles can be measured.
This is a method to verify that a certain resonance is in fact a TM110 mode, and to
measure the uniformity of the magnetic field along the symmetry axis. Figure 3.7b
shows that oblique field distributions are measured when the copper entrance and exit
apertures around the dielectric are unequal in diameter as illustrated in figure 3.3 (2
mm and 3 mm respectively). When both apertures are chosen to be the same diameter
(both 2 mm), a reasonably uniform field profile is obtained. CST Microwave Studio
simulations[33] have shown that the remaining non-uniformities are caused by the
presence of metallic antennas and tuning plungers. Note that only the integrated
magnetic field matters for the deflection of the electron beam.

The screw-cap cavity design enables us to produce cavities with excellent power
coupling and a satisfactory uniform magnetic field distribution at the desired reso-
nance frequency in a reproducible manner. Yet, this is not the full story. Figure 3.8a
shows measurements of the temperature of the dielectric inside a vacuum test setup
as a function of absorbed microwave power. Due to the poor thermal conductiv-
ity and the lack of convection, the temperature of the dielectric increases drastically
when power is coupled into the cavity. Because of the resulting decrease in relative
permittivity of the dielectric, one would expect an increase in resonance frequency.
In contrast, figure 3.8b shows that the resonance frequency decreases as a function of
absorbed power. Again, this counterintuitive result can be attributed to stress. When
the dielectric increases in temperature it expands, although the size of the water-
cooled copper housing remains constant. This results in increased amount of stress
on the dielectric, hence a decrease in resonance frequency. When a large closing
torque of 4 Nm is applied, the screw cap cavity is less susceptible to changes in input
power.
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28 Design and characterization of dielectric filled microwave cavities

When designing a cavity, one must take into account that the resonance frequency
will increase when power is fed into cavity. Either by designing the cavity such that
the resonance frequency is slightly lower than 2.9985 GHz for Pin = 0, or by ensuring
that the water temperature can be increased enough to fully compensate for this
effect. In addition, it is preferable to apply a large closing torque of 4 Nm because
of reduced susceptibility to changes in input power or temperature. Because these
constraints limit the tunability of the cavity, it is best practice is to first measure the
resonance frequency of a new dielectric in a known housing before choosing the inner
radius of a new cavity housing.

Next, the cavity was inserted in a test beam line based on the horizontally tilted
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3.3 Copper-plated cavity 29

column of a 30 kV SEM. The electrons are periodically deflected by the oscillating
magnetic field in the cavity which results in a streak on the detector, shown in figure
3.9a. The length of the streak can be used to measure the cavity magnetic field
amplitude

B0 = γmω

4|q |l χ, (3.2)

in which γ is the relativistic Lorentz factor, m and q are the mass and charge of the
electron, ω = 2π× 3 GHz is the angular frequency of the microwave field, l is the
distance to the detector and χ is the length of the streak. Figure 3.9b shows the mag-
netic field amplitude B0 as a function of power absorbed by the cavity. The data are
fitted well by a B0 ∝ p

Pin fit. Figure 3.9b also shows data for the cavity shown in
figure 3.1 (3), of which the radii of the housing and dielectric are optimized for mini-
mal power consumption. The square root fits show that the low-loss cavity generates
(0.778±0.003) mT per

p
W of input power, compared to (0.629±0.001) mT/

p
W for the

cavity with arbitrary radii. For the low-loss cavity, this results in a magnetic field of
B0 = (2.84±0.07) mT for (14.2±0.2) W of input power.2 When a 10 µm slit is placed 10
cm behind the cavity, such a field would result in a pulse length of τ= 204 fs for 200
kV electrons and τ= 106 fs for 30 kV.

3.3 Copper-plated cavity

In the design of the screw cap cavity, the amount of stress on the dielectric is much
better controlled as compared to the first six-hex-bolted-lid design. Because of the
large tuning range it is relatively easy to create a cavity with good power coupling at
a desired resonance frequency. Still, the amount of stress has a very dominant effect
on the resonance frequency of the screw cap cavity and increases its sensitivity to
variations in temperature and input power. In addition, these effects are relatively
poorly understood and difficult to predict using CST Microwave Studio simulations.
Therefore, it would be interesting to design a cavity in which the dielectric is mounted
in a stress-free manner.

A design that takes the stress factor fully out of the equation is the copper-plated
cavity, see figure 3.1 (4). Here the dielectric is plated by a 10 µm layer of copper and
is soldered directly onto a water-cooled flange. In this simple and elegant design, no
stress is exerted on the dielectric, which should significantly decrease the sensitivity
of the cavity resonance frequency to fluctuations in temperature and input power.
In addition, the electrical and thermal contact between the dielectric and the wall
are optimal, allowing higher input power for the same water cooling flow. However,
the absence of a tuning stub, smaller dependency on temperature, and losing the
tuning degree of freedom of the closing torque, significantly reduces the tunability
of the cavity. Realizing a copper-plated cavity with a resonance frequency at f0 =
(2.9985±0.0010) GHz might be a challenge.

2The power actually generated by the microwave source is higher than Pin, because 44% is lost in coaxial
cables and in particular a low quality microwave vacuum feedthrough.
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30 Design and characterization of dielectric filled microwave cavities

Figure 3.10: Change of resonance frequency as function of increasing temperature for the
copper-plated cavity.

Preliminary measurements however show that it is indeed possible to excite TM110

modes in this way. In addition, figure 3.10 shows that the change in resonance fre-
quency with varying water temperature is significantly lower than in the screw cap
design. However, more research is needed to demonstrate that good power coupling
is possible and that cavities can be designed onto a desired resonance frequency in a
reproducible way. If these challenges are overcome, the copper-plated cavity has the
potential of being a very elegant, robust and stable solution.
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Chapter 4
Theory and particle tracking
simulations on beam dynamics

Abstract

We present a theoretical description of resonant radiofrequency (RF) deflecting cavi-
ties in TM110 mode as dynamic optical elements for ultrafast electron microscopy. We
first derive the optical transfer matrix of an ideal pillbox cavity and use a Courant-
Snyder formalism to calculate the 6D phase space propagation of a Gaussian electron
distribution through the cavity. We derive closed, analytic expressions for the increase
in transverse emittance and energy spread of the electron distribution. We demon-
strate that for the special case of a beam focused in the center of the cavity, the low
emittance and low energy spread of a high quality beam can be maintained, which
allows high-repetition rate, ultrafast electron microscopy with 100 fs temporal res-
olution combined with the atomic resolution of a high-end TEM. This is confirmed
by charged particle tracking simulations using a realistic cavity geometry, including
fringe fields at the cavity entrance and exit apertures.1

1This chapter is based on the paper: J.F.M. van Rens, et al. "Theory and particle tracking simulations
of a resonant radiofrequency deflection cavity in TM110 mode for ultrafast electron microscopy." Ultrami-
croscopy 184 (2018): 77-89.[34].
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4.1 Introduction

Since the introduction of the Ultrafast (Transmission) Electron Microscope (U(T)EM)
by Ahmed Zewail[3], the dynamics of various sorts of material properties have been
studied using ultrafast electron techniques such as imaging[7, 35], diffraction[36]
and electron energy-loss spectroscopy (EELS)[37, 38] with picosecond to femtosec-
ond temporal resolution. The research described in these references is all based on
a pump-probe scheme in which the probing electron pulses are created from a flat
photo-cathode using a fs laser system. This causes two limitations: First, the average
current of the UTEM is limited by the repetition rate of the fs laser system, although
long relaxation times of dynamical processes, or slow thermal diffusion, can also
limit the maximal repetition times that can be used. Second, the relatively large area
of the flat-photocathode limits the peak brightness of the generated electron pulses,
hence the maximally achievable spatial resolution. A significant improvement in the
peak brightness of laser-triggered electron sources has been achieved by sideways
laser illumination of a nano-tip. The reduced dimensions of the photo-field emitter
have resulted in a working UTEM with 200 fs electron pulses with a peak brightness
comparable to continuous Schottky sources[9]. This technique has resulted in very
impressive results[8, 10, 11].

An alternative approach requiring no laser at all, involves the chopping of a con-
tinuous beam of a high-end TEM into ultrashort electron pulses using a fast blanker
in combination with a slit. Apart from the lack of need for an amplified laser system
to create electron pulses, further advantages are that no alterations are needed to the
gun and the fact that it allows easy and rapid switching between continuous mode
and pulsed mode. The principle of chopping an electron beam has been realized in
Scanning Electron Microscopes (SEMs) many years ago[12, 39] in the form of elec-
trostatic blanking capacitors[15, 40] and cavity resonators[13, 14]. More recently,
the use of a photo-conducting switch was proposed to create a laser-triggered, elec-
trostatic beam blanker which can be used for pump-probe experiments in a SEM[16].
In parallel, advanced RF-laser synchronization techniques[17, 18] have reduced the
timing jitter between electron pulses and laser pulses to levels below 100 fs[19] and
even 5 fs[20], making RF cavity-based pulsed beams also suitable for pump-probe
experiments.

RF cavities or resonators are specifically tailored, hollow metallic structures, in
which electromagnetic energy can be stored in standing waves or modes. Because of
resonant enhancement, RF cavities can be used to generate EM fields of high ampli-
tudes with relatively low input power. Various types of RF cavities have been impor-
tant elements of the standard toolbox for particle accelerators for many years. For
example, a cavity in TM010-mode supports an oscillating, electric field pointing along
the beam axis, which is commonly used for the acceleration of relativistic charged
particle pulses. Synchronized to a mode-locked laser system, a cavity in TM010 mode
can be used to for the compression of electron pulses in ultrafast electron diffraction
experiments, resulting in pulses shorter than 100 fs[21]. A cavity in TM110 mode sup-
ports a magnetic field oscillating perpendicular to the beam axis, transversely deflect-
ing the beam. This mode has been used to chop the continuous beam of a 30 kV SEM
into ultrashort pulses[25] and record time-of-flight electron energy loss spectra[24].
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Synchronized to a mode-locked laser, a cavity in TM110 mode can be used for pulse
length measurements[21], for example of non-relativistic, ultracold electron pulses
extracted from laser cooled gases[41]. Note the same principles of pulse compres-
sion and metrology have also been applied with single-cycle THz fields instead of RF
cavities[42].

In 2012, Lassise et al. showed that using a miniaturized RF cavity in TM110

mode, it is possible to chop a 30 kV electron beam while fully maintaining the peak
brightness[27]. Moreover he proposed to use this technique to chop the beam of a
high-quality beam of a 200 kV TEM, also conserving the peak brightness of the Schot-
tky field emission source[27]. Since then, such an RF cavity-based UTEM has been
built at Eindhoven University of Technology (TU/e) and is currently operational[26].
Furthermore, alternative TEM beam chopping schemes involving multiple RF cavi-
ties are being investigated elsewhere[43]. For successful implementation of an RF
cavity in a charged particle beam line, a thorough understanding of its effect on the
beam dynamics is essential. If not used properly, the rapidly oscillating non-uniform
and strong EM fields in RF cavities can have a detrimental effect on the beam qual-
ity. However, with proper settings of experimental parameters, such as the RF phase
and the position of the beam crossover, the quality of the original beam can be fully
maintained, essential for applications such as electron microscopy.

In this paper we present the theoretical background of a resonant RF cavity in
TM110 mode as a dynamic optical element for UTEM. In section 4.2 we explain the
principle of deflection and chopping by calculating the trajectories of a charged par-
ticle propagating through an ideal TM110 pillbox cavity. From these trajectories, we
derive the optical transfer matrix of the cavity in section 4.3; and apply this in a
Courant-Snyder formalism to calculate the 6D phase space propagation of a Gaussian
electron distribution in section 4.4. In section 4.5 we apply our findings to study
the special case of a focused beam inside a 200 kV TEM column. We derive closed,
analytic expressions for the increase in transverse emittance and energy spread. We
show that using proper experimental parameter settings, the growth in transverse
emittance can be fully eliminated and also the increase in energy spread can be mini-
mized. In section 4.6 we present charged particle tracking simulations using a realistic
cavity geometry, including fringe fields at the cavity entrance and exit apertures, and
a realistic electron beam. The simulations confirm our theoretical findings that an RF
cavity in TM110 mode can be used to chop an electron beam with negligible increase
in both transverse emittance and energy spread. This property makes it a very inter-
esting alternative for photo-emission based UTEM, especially in the light of the ever
increasing brightness of continuous electron sources.

4.2 Charged particle trajectories

4.2.1 Beam brightness and emittance

First, we define a beam as a distribution of charged particles (charge q and mass
m) with a collective motion along the z-axis with average speed vz , for which each
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vx, vy, δvz � vz

x̂

ẑ

ŷ

Figure 4.1: A charged particle beam traveling in the z-direction. The velocity of any single
particle is the sum of the mean velocity vz ẑ and a small velocity δv = (vx , vy ,δvz )
for which vx , vy ,δvz ¿ vz .

individual particle also has a small relative velocity δv = (vx , vy ,δvz ), with

vx , vy ,δvz ¿ vz , (4.1)

see also figure 4.1. We describe the motion of each particle in the distribution by
the 6D trace space coordinates x, x ′, y , y ′, z and z ′, in which x ′ ≡ vx

vz
and y ′ ≡ vy

vz
are

the angles of the particle trajectory with respect to the mean trajectory of the total
distribution. Analogously, z ′ ≡ δvz

vz
represents the relative difference in longitudinal

velocity of an individual particle with respect to the mean velocity of the beam. Note
that we have used the paraxial approximation of equation (4.1). The 6D trace space
volume occupied by this distribution is a measure for the quality of the beam. In
accelerator physics, this is often expressed in terms of the root-mean-squared (rms)
geometrical emittance in the j = x, y, z direction[44]

ε j ≡
√

〈 j 2〉〈 j ′2〉−〈 j j ′〉2. (4.2)

Here the brackets indicate averaging over the entire distribution. The emittance ε j is
proportional to the area of the projection of the 6D trace-space density on the ( j , j ′)-
plane and is a measure for the focusability of the beam in the j -direction, given that
the beam energy is fixed. The geometrical emittance ε j is not a Lorentz-invariant
quantity and therefore is not conserved during acceleration. To compare beams of
different energy, the Lorentz-invariant rms normalized emittance in the j = x, y, z di-
rection is defined as

εn, j ≡
√
〈 j 2〉〈p2

j 〉−〈 j p j 〉2

mc
≈βγε j , (4.3)

in which p j = γmv j is the momentum in the j -direction, γ= 1/
√

1−β2 is the relativis-
tic Lorentz factor and β = v/c is the normalized speed[44]. In a beam waist, there
are no correlations between x and x ′, hence the normalized transverse emittance is
simply given by

εwaist
n,x ≡βγσxσx′ , (4.4)
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in which σx =
√
〈x2〉 and σx′ =

√
〈x ′2〉 are the rms beam radius and rms semi-divergence

angle in the beam waist. The quality of the beam in the z-direction is determined by
the normalized longitudinal emittance εn,z . For an charged particle bunch with no
chirp 〈zpz〉 = 0, so the normalized longitudinal emittance εn,z can be written as

εn,z =
σzσpz

mc
≈ σtσU

mc
, (4.5)

in which σt is the rms pulse duration and σU is the rms energy spread[44].
Electron microscopists often describe the quality of the beam in terms of the re-

duced brightness, which is locally defined as

Br ≡ 1

V ∗
d2I

dAdΩ
. (4.6)

The reduced brightness is proportional to the local current density dI
dA = d2 I

dxdy per unit
solid angle dΩ = dx ′dy ′. By dividing by the relativistically corrected beam potential
V ∗ ≡ (1/2+γ/2)V with qV = (γ− 1)mc2, this quantity is also Lorentz-invariant. To
define a measure for the overall quality of a charged particle beam, the practical
reduced brightness was introduced by Bronsgeest et al.[45]

Bpract ≡ 1

V ∗
I

ApractΩ
= 1

V ∗
I

π
(

d50
2

)2
πθ2

x

. (4.7)

It defines the amount of current I that can be focused into a waist with an area
Apract = π

(
d50

2

)2
, in which d50 is the full width spot diameter in which 50% of the

current is focused. Furthermore, it assumes a uniform angular distribution with semi
divergence angle θx . We can now express the practical brightness in terms of the
rms normalized transverse emittance εn,x =βγσxσx′ . By assuming a uniform, angular
distribution so that σx′ = θx /2, and a Gaussian, spatial distribution in the beam waist
so that σx = d50/2

p
2ln2, the practical reduced brightness can be expressed in terms

of the rms, normalized transverse emittance as

Bpract = q

mc2

I

4ln2 ·π2ε2
n,x

. (4.8)

4.2.2 Framework and assumptions

Consider an ideal, cylindrical cavity in TM110 mode of length L , aligned along the
z-axis of a cartesian coordinate system, and with the entrance aperture positioned at
(x, y, z) = (0,0,0). Close to the z-axis:

kx,k y ¿ 1, (4.9)

with k the wavenumber of the RF field, the magnetic field B and the electric field E
of a cavity in TM110 mode can be approximated by

B = B0 cos(φ0 +ωt )ŷ

E =−B0ωx sin(φ0 +ωt )ẑ

}
for 0 < z < L , (4.10)

35



36 Theory and particle tracking simulations on beam dynamics

in which B0 is the magnetic field amplitude, ω= ck is the cavity resonance frequency
and φ0 is the phase of the RF field at t = 0[27]. The word ’ideal’ refers to the top-hat
profile of the magnetic field amplitude B0(z) = B0 as a function of z and the lack of
fringe fields around the cavity apertures z = 0 and z = L. The effect of both these
non-ideal features are studied using particle tracking simulations in section 4.6.

The motion of a charged particle described by position vector r(t ) = (x, y, z) and
velocity vector v(t ) = (vx , vy , vz ) ≡ (ẋ, ẏ , ż) will be affected by the Lorentz force F =
q(E+v×B) as the particle travels through the cavity. This is described by the equations
of motion

dp

dt
= F =−qB0

 vz cos(φ0 +ωt )
0

−vx cos(φ0 +ωt )+ωx sin(φ0 +ωt )


dr

dt
= v = p

γm
, with γ= 1√

1−|v|2/c2
.

(4.11)

Now consider a 6D charged particle trace space distribution traveling along the z-axis
with an average velocity v0ẑ. Figure 4.2 shows the moment t = 0 at which the center
of the distribution enters the cavity, which is indicated by the dashed lines. The black
dot in figure 4.2 indicates a test particle that enters the cavity with trajectories

v(t ) ≡ v0(x ′
i , y ′

i ,1+ z ′
i ),

r(t ) ≡ (xi , yi , zi )+ v0(x ′
i , y ′

i ,1+ z ′
i )t .

(4.12)

Here we define (xi ,yi ,zi ) as the t = 0 position of the test particle with respect to
the bunch center, and we define x ′

i ≡ vx
v0

,y ′
i ≡

vy

v0
and z ′

i ≡ δvz
v0

as small deviations in
propagation angles at t = 0 in the frame of the traveling bunch center. Furthermore
we define the 6D trace space coordinate xi = (xi , x ′

i , yi , y ′
i , zi , z ′

i ) at t = 0. To obtain an
approximate solution of the equations of motion (4.11) for the test particle of which

t = 0

O Lv0ẑ

ri

r′i ≡ dri
dz

z

x

Figure 4.2: The situation at time t = 0 and the definition of ri = (xi , yi , zi ) and r′i = (x′
i , y ′i z′i ). At

t = 0 the center of the electron bunch enters the cavity at z = 0 and the test particle
is positioned at ri and propagates with an angle r′i ≡

dri
dz with respect to the bunch

center.
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4.2 Charged particle trajectories 37

the original motion is described by expression (4.12), we use a perturbative approach
based on the following two assumptions:

• First, the charged particle gyrates only a small fraction of a full cyclotron orbit
during one oscillation period of the EM field, hence

ωc

ω
¿ 1, (4.13)

in which

ωc ≡ qB0

γ0m
(4.14)

is the cyclotron frequency with γ0 = 1√
1−v2

0 /c2
the Lorentz factor of the incident

beam. This ensures that the charged particles remain close to the z-axis and we
can use the paraxial approximation throughout the paper.

• Secondly, the distances over which the individual particles move with respect
to the bunch center are small compared to the length scales of the collective
motion of the bunch, i.e.

x ′
i , y ′

i , z ′
i ,

xi

L
,

yi

L
,

zi

L
¿ ωc

ω
. (4.15)

4.2.3 Transverse trajectories of the bunch center

Based on assumption (4.15), we first consider the motion of the bunch center, hence
xi = 0. Therefore we substitute vz = v0 and vx , x = 0 in equation (4.11) and integrate
from t = 0 to t . The momentum of the bunch center calculated to first order in ωc

ω is
then given by

p(1)(t ) =
 B0qv0

ω

(
sinφ0 − sin(φ0 +ωt )

)
0

γ0mv0

 . (4.16)

Equation (4.16) says that to first order, the bunch center is periodically deflected
in the transverse direction while the longitudinal motion is unaffected. Because the
transverse deflection is caused by the magnetic field, the kinetic energy remains un-
changed, so that

v(1)(t ) = p(1)(t )

γ0m
=

v0
ωc
ω

(
sinφ0 − sin(φ0 +ωt )

)
0

v0

 (4.17)

and

r(1)(t ) =
v0

ωc
ω2

(−cosφ0 +cos(φ0 +ωt )+ωt sinφ0
)

0
v0t

 , (4.18)
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38 Theory and particle tracking simulations on beam dynamics

in which we have substituted equation (4.14). The deflection angle at which the pulse
exits the cavity is given by

α= vx

vz
= ωc

ω

(
sinφ0 − sin(φ0 +Λ)

)
, (4.19)

where we have introduced the dimensionless cavity length parameter

Λ≡ ωL

v0
. (4.20)

When a small aperture of diameter d is placed at a distance l À d behind the cavity,
centered along the cavity symmetry axis, only the electrons go through for which
|α(φ0)| < d

2l ¿ 1, ignoring a small offset in x. This condition is satisfied for values of
the RF phase close to

φ0 = π−Λ
2

. (4.21)

In this regime, the deflection of the charged particles by the cavity can be considered
as a linear function of the RF phase

α≈ ωc

ω

(
φ0 − π−Λ

2

)
·2sin

Λ

2
, (4.22)

and the acceptance window of the slit in terms of the RF phase is given by

− ωd

4ωc l sin(Λ/2)
<φ0 − π−Λ

2
< ωd

4ωc l sin(Λ/2)
. (4.23)

The range of phases ∆φ0 for which equation (4.23) is satisfied, determines the pulse
length τ of the charged particle bunch behind the slit. Hence, an ideal continuous
beam of charged particles is chopped up in temporally uniform pulses of pulse length

τ= ∆φ0

ω
= γ0md

2l qB0 sin(Λ/2)
. (4.24)

Equation (4.24) shows that the pulse length of the resulting bunches for a given
magnetic field amplitude can be minimized by choosing the cavity length parameter
Λ = π, or L = πv0

ω . For such a cavity length the transit time of the charged particle
traveling through the cavity equals half an oscillation period of the RF field. For 200
kV electrons traveling through a cavity with a typical resonance frequency of ω= 2π·3
GHz, this corresponds to a cavity length of L = 35 mm. In combination with a d = 10
µm slit, positioned a distance l = 10 cm behind the cavity and with a typical magnetic
field strength of B0 = 3 mT[27], this results in τ= 100 fs pulses.

The first order trajectories of the bunch center described by equations (4.17) and
(4.18) for this situation are plotted in figure 4.3 for various values of the RF phase
φ0. The red curve in figure 4.3 shows the charged particles that have experienced RF
phase φ0 = 0, or more generally φ0 = (π−Λ)/2. These particles exit the cavity with
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Figure 4.3: (a) Transverse deflection angle vx /v0 and (b) transverse position x of the bunch
center traveling through a TM110 cavity as a function of normalized, longitudinal
position z/L, for various values of the RF phase φ0. The electron energy is 200
keV, the cavity length is L = 35 mm, the angular frequency is ω= 2π ·3 GHz and the
magnetic field amplitude is B0 = 3 mT. The vertical, dashed lines indicate the extent
of the cavity.

zero deflection angle, but with a small shift in transverse position x. To chop these
particles of the beam, the chopping slit would have to be positioned slightly off-axis.
However, for easy switching between pulsed mode and continuous mode, in practice
the chopping slit is placed on the optical axis. As a result, the created electron pulses
that go through the slit have a finite transverse momentum. Standard TEM deflection
coils can be used to redirect the pulses back to the optical axis.

As a final remark, note that the spread in RF phase ∆φ0 that defines the final
pulses, also results in a spread of transverse momentum. Consequently, the transverse
emittance is increased which reduces the focusability of the beam. In section 4.5 it is
shown how this can be prevented.

4.2.4 Longitudinal trajectories of the bunch center

Due to the acquired motion in the x-direction, the bunch center now also starts to
experience a Lorentz force in the z-direction. To calculate these second order effects,
the first order expressions for vz , vx and x of equations (4.17) and (4.18) are substi-
tuted back into the equation of motion (4.11). The momentum of the bunch center
calculated to second order in ωc

ω is then given by

p(2)(t ) = γ0mv0


ωc
ω

(
sinφ0 − sin(φ0 +ωt )

)
0

1+ ω2
c

ω2 cos(φ0 +ωt )
(−cosφ0 +cos(φ0 +ωt )+ωt sinφ0

)
 . (4.25)

The work done by the electric field in the cavity results in a change in Lorentz factor

∆γ= 1

mc2

∫
qE ·dr

= γ0
ω2

c

ω2

v2
0

c2

[
1−cosωt +ωt cos(φ0 +ωt )sinφ0 + cos(2(φ0 +ωt ))−cos2φ0

4

]
,

(4.26)
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in which we also have substituted the expression for x of equation (4.18). With this
change in Lorentz factor γ the second order longitudinal velocity and position are
given by

v (2)
z (t ) = p(2)

z (t )

m(γ0 +∆γ)
≈ p(2)

z (t )

γ0m

(
1− ∆γ

γ0

)
= v0 + v0

ω2
c

ω2

{
cos(φ0 +ωt )

(−cosφ0 +cos(φ0 +ωt )+ωt sinφ0
)

−v2
0

c2

[
1−cosωt +ωt cos(φ0 +ωt )sinφ0 − cos2φ0 −cos(2(φ0 +ωt ))

4

]} (4.27)

and

z(2)(t ) = v0t + v0ω
2
c

ω3

{
ωt

2
− sinωt +ωt sinφ0 sin(φ0 +ωt )+ sin(2(φ0 +ωt ))− sin2φ0

4

−v2
0

c2

[
ωt + sinφ0(−cosφ0 +cos(φ0 +ωt )+ωt sin(φ0 +ωt ))

−ωt cos2φ0 + (1−cos(2φ0 +ωt ))sinωt

4

]}
(4.28)

in which we have assumed ∆γ
γ0

¿ 1, and have omitted terms proportional to
(ωc
ω

)3 and
higher, based on assumption (4.13).

Figure 4.4 shows the longitudinal trajectories of equations (4.27) and (4.28) rela-
tive to a co-moving frame traveling with the initial velocity of the bunch v0ẑ, for var-
ious values of the RF phase φ0. In other words, figure 4.4a shows the relative change
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Figure 4.4: (a) Relative change in longitudinal velocity (vz − v0)/v0 and (b) resulting change
in longitudinal position z − v0t of the bunch center traveling through a TM110 cav-
ity with respect to a frame traveling with its initial velocity v0ẑ as a function of
normalized, longitudinal position z/L , for various values of the RF phase φ0. The
electron energy is 200 keV, the cavity length is optimized to L = 35 mm, the angu-
lar frequency is ω= 2π ·3 GHz and the magnetic field amplitude is B0 = 3 mT. The
vertical, dashed lines indicate the extent of the cavity.
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in longitudinal velocity of the bunch (vz − v0)/v0 as a function of longitudinal posi-
tion z in the cavity. Figure 4.4b shows the resulting deviation in longitudinal position
relative to the moving frame. Again, the red curve shows the charged particles that
have experienced RF phase φ0 = 0, or more generally φ0 = (π−Λ)/2. Figure 4.4 shows
that these particles are first decelerated and subsequently accelerated. The spread in
RF phase ∆φ0 experienced in the bunch results in an increased energy spread. This is
also addressed in section 4.5.

4.3 Optical transfer matrix

To derive the optical transfer matrix of a RF cavity in TM110 mode we follow the same
perturbative approach as in section 4.2 to calculate the trajectories of particles with
xi 6= 0, see figure 4.2. Because of assumptions (4.13) and (4.15), the additional cou-
pling between the xi terms and the fields in the cavity is regarded as a second order
effect. Therefore, the first step is to solve the equation of motion for the test particle
described by initial trajectories (4.12), while substituting xi = 0 in the expression for
the Lorentz force. Note that now the equations of motions must be integrated from

tb ≡ −zi

v0(1+ z ′
i )

(4.29)

to t , because the test particle no longer enters the cavity at t = 0. With this, the first
order trajectories of the test particle are given by

v(1)(t ) =
v0x ′

i + v0
ωc
ω

(
sin(φ0 +ωtb)− sin(φ0 +ωt )

)
v0 y ′

i
v0(1+ z ′

i )

 and

r(1)(t ) =
xi + v0x ′

i t + v0
ωc
ω2

(
cos(φ0 +ωt )−cos(φ0 +ωtb)+ω(t − tb)sin(φ0 +ωtb)

)
yi + v0 y ′

i t
zi + v0(1+ z ′

i )t

 .

(4.30)

Subsequently, the first order expressions for vz , vx and x of equation (4.30) are sub-
stituted back in equation (4.11) to calculate the second order trajectories. This results
in lengthy expressions for v(2)(t ) and r(2)(t ) with many cross-terms of the various ini-
tial particle coordinates xi . However because of assumptions (4.13) and (4.15), only
effects that are linearly dependent on initial particle coordinates xi and up to second
order in ωc

ω are taken into account. This allows the definition of the optical transfer
matrix M cav via

x f = M cav xi , (4.31)

as the linear transformation that maps the initial 6D trace space coordinate xi at t = 0
onto the final 6D trace space coordinate x f = (x f , x ′

f , y f , y ′
f , z f , z ′

f ), defined at the time
te at which the test particle exits the cavity:

te = L− zi

v0(1+ z ′
i )

. (4.32)
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More specifically, we define

x f

y f

z f

≡
 x(2)(te )

y (2)(te )
z(2)(te )− v0te

 and

x ′
f

y ′
f

z ′
f

≡ 1

v0

 v (2)
x (te )

v (2)
y (te )

v (2)
z (te )− v0

 (4.33)

as the position and propagation angle of the test particle at time te in the frame of
the traveling bunch center. Note that in this step we have assumed the longitudinal
velocity of the charged particle remains constant while traversing the cavity. After
calculating the second order trajectories for the test particle, evaluating them at time
t = te and expanding them to first order in xi , we obtain the optical transfer matrix
for a TM110 cavity

M cav =



1 L 0 0 C1 C2

0 1 0 0 C3 C4

0 0 1 L 0 0
0 0 0 1 0 0

C5 C6 0 0 1+C9 L +C10

C7 C8 0 0 C11 1+C12

 , (4.34)

in which the cavity constants C1 through C12 are given by

C1 =−ωc

ω

(
Λcosφ0 + sinφ0 − sin

(
Λ+φ0

))
, (4.35)

C2 = L

Λ

ωc

ω

(
cos(Λ+φ0)−cosφ0 +Λsin(Λ+φ0)

)
, (4.36)

C3 =−Λ
L

ωc

ω

(
cosφ0 −cos

(
Λ+φ0

))
, (4.37)

C4 = ωc

ω

(
Λcos(Λ+φ0)+ sinφ0 − sin(Λ+φ0)

)
, (4.38)

C5 = C1

γ2
0

, (4.39)

C6 = L

Λ

ωc

ω

[
(1−2β2

0)
(
cos(Λ+φ0)−cosφ0

)−β2
0Λsinφ0 + Λ

γ2
0

sin(Λ+φ0)

]
, (4.40)

C7 = C3

γ2
0

, (4.41)
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C8 = ωc

ω

(
Λ

γ2
0

cos(Λ+φ0)+β2
0(sin(Λ+φ0)− sinφ0)

)
, (4.42)

C9 =
ω2

c

ω2

[(
1

2
− 5

4
β2

0

)
cos(2φ0)+

(
−1

2
+ β2

0

4

)
cos(2(Λ+φ0))

+β2
0(cos(Λ+2φ0)+ Λ

2
sin(2φ0))− Λ

γ2
0

sin(Λ+2φ0)

]
,

(4.43)

C10 = L
ω2

c

ω2

[
1

2

(
1−4β2

0

)
cosΛ+ β2

0

4
cos2φ0 + 1

2

(
1− β2

0

2

)
cos(2(Λ+φ0))

+1

2

(
1+β2

0

)[
cos(Λ+2φ0)−1

]+(
3β2

0

Λ
+ Λ

2γ2
0

)
sinΛ

+5β2
0

4Λ
sin2φ0 −

β2
0

4Λ
sin(2(Λ+φ0))

]
,

(4.44)

C11 =
ω2

c

ω2

Λ

L

[
sin(2(Λ+φ0))− sin(Λ+2φ0)−

(
Λ

γ2
0

+β2
0 sinΛ

)
cos(Λ+2φ0)

]
(4.45)

and

C12 =
ω2

c

ω2

[
Λ

{
sin(2(Λ+φ0))− sin(Λ+2φ0)+Λsinφ0 sin(Λ+φ0)

}
−β2

0

(
cos(Λ+φ0)−cosφ0 +Λsinφ0

)
Λsin(Λ+φ0)

−2β2
0

(
1−cosΛ+Λcos(Λ+φ0)sinφ0 + 1

4

[
cos(2(Λ+φ0))−cos2φ0

])]
,

(4.46)

with

β0 ≡ v0

c
(4.47)

the normalized initial speed of the bunch center. Note that cavity constants C1-C8 are
proportional to the magnetic field amplitude and therefore scale linearly with ωc

ω . The
cavity constants C9-C12 represent second order effects scaling with

(ωc
ω

)2. In the limit
where the fields are turned off (ωc → 0), all the cavity constants vanish and the matrix
M cav simply reduces to a drift over a distance L . The determinant of the transfer
matrix is unity to first order in ωc

ω , which means that the 6D trace space density of
a charged particle distribution is conserved during cavity transit. Furthermore, note
that the transfer matrix M cav simplifies significantly for an optimized cavity length of
L = πv0

ω , i.e. Λ=π.
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44 Theory and particle tracking simulations on beam dynamics

4.4 Courant-Snyder trace-space transformation

Now we have the optical transfer matrix of the TM110 cavity, we use the Courant-
Snyder formalism[46] to calculate the propagation of an entire 6D trace-space distri-
bution of charged particles. For this purpose, we describe the distribution in terms
of its rms ellipsoidal contours in trace space, of which the projections on the ( j , j ′)
planes ( j = x, y, z) are given by the ellipses

εi
j = γ̂ j j 2 +2α̂ j j j ′+ β̂ j j 2 with β̂ j γ̂ j − α̂2

j = 1. (4.48)

Figure 4.5 shows how the Courant-Snyder parameters α̂ j , β̂ j , γ̂ j are related to initial
beam properties such as rms radius σ j and rms angular divergence σ j ′ . The rms area
of the ellipse is given by πεi

j , where εi
j is the (initial) projected rms emittance in the

j , j ′-plane. We can write equations (4.48) in matrix notation

xT A−1x = 1, (4.49)

with A the real, positive definite, 6×6 beam matrix at t = 0 given by

A =
Axx′ 0 0

0 Ay y ′ 0

0 0 Azz′

 with A j j ′ = εi
j

(
β̂ j −α̂ j

−α̂ j γ̂ j

)
. (4.50)

σj =
√
β̂jεij

σj′ =
√
γ̂jεij

ϕ

Area = πεij

tan 2ϕ =
2α̂j

γ̂j−β̂j

j

j′

Figure 4.5: Trace space distribution of charged particles projected on the j , j ′-plane ( j = x, y, z)
with an indicative, elliptical contour of equal trace space density, described by equa-
tion (4.48). The area occupied by the ellipse is given by πεi

j . All calculations are

done for rms quantities for σ j , σ′
j and εi

j .
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4.4 Courant-Snyder trace-space transformation 45

Here we assume no correlations between spatial degrees of freedom. Note that
εi

j =
√

det(A j j ′ ) because of equation (4.48). We can now propagate this charged par-

ticle distribution through an ideal TM110 cavity. The beam matrix that describes the
distribution at the exit of the cavity t = te is given by

B = M cav AM T
cav ≡

 B xx′ 0 cross terms
0 B y y ′ 0

cross terms 0 B zz′

 . (4.51)

The x, z-correlations are introduced by the non-zero, off-diagonal matrix elements of
M cav and will cause an exchange between the transverse and longitudinal emittance,
hence energy spread. Both will decrease the focusability of the beam. The final
normalized transverse emittance is calculated by

ε
f
n,x =β0γ0

√
det(B xx′ ) (4.52)

while the rms energy spread of the beam after cavity transit is given by

σ
f
U = γ3

0mv0σ
f
v∥ , (4.53)

with σ
f
v∥ the rms spread in velocity along the propagation vector v f of the deflected

beam. To find σ
f
v∥ we consider the 2D beam ellipse that describes the final trace space

distribution projected on the (x ′, z ′)-plane

B x′z ′ ≡
(
B(2,2) B(2,6)

B(6,2) B(6,6)

)
. (4.54)

The diagonal matrix elements B(2,2) and B(6,6) are related to the velocity spread of the
bunch in the x and z directions, via σ

f
vx

= v0
√

B(2,2) and σ
f
vz

= v0
√

B(6,6) respectively.
Next, we consider this beam matrix in the (ξ′,ζ′)-coordinate system as illustrated in
figure 4.6, which is rotated with respect to the (x ′, z ′)-coordinate system about the
final propagation angle at which the bunch center exits the cavity

α f ≡
v f

x

v f
z

=
x ′

f

1+ z ′
f

= ωc

ω
(sinφ0 − sin(Λ+φ0))

/ {
1+ ω2

c

ω2

[
cos(Λ+φ0)

(
cos(Λ+φ0)+ Λ

2
sinφ0 −cosφ0

)
−v2

0

c2

(
1−cosΛ+Λcos(Λ+φ0)sinφ0 − sinΛsin(Λ+2φ0)

2

)]}
.

(4.55)

In this coordinate system, the ξ′ and ζ′ axes are perpendicular and parallel to the final
velocity vector v f of the bunch, respectively. The final beam matrix in the rotated
coordinate system is given by

B r ot
ξ′ζ′ ≡ M r ot B x′z ′M

T
r ot with M r ot ≡

(
1−α2

f −α f

α f 1−α2
f

)
, (4.56)
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αf z′

x′

∝ σf
v‖

vf

ζ ′

ξ′

Figure 4.6: The 2D beam ellipse that describes the final trace space distribution projected on
the (x′, z′)-plane, as described by beam matrix B x′z ′ in equation (4.54), in the (x′, z′)
coordinate system and the rotated (ξ′,ζ′) coordinate system. The diagonal matrix
elements in the latter represent the velocity spread in the direction parallel en
perpendicular to the velocity of the bunch.

of which the diagonal matrix elements B r ot
(2,2) and B r ot

(6,6) are related to the velocity

spread parallel and perpendicular to v f , via σ
f
v⊥ = v0

√
B r ot

(2,2) and σ
f
v∥ = v0

√
B r ot

(6,6) re-
spectively. Now the final energy spread of the bunch after propagating through the
cavity is given by

σ
f
U = γ3

0mv0σ
f
v∥ = γ3

0mv2
0

√
B r ot

(2,2). (4.57)

So, using the Courant-Snyder formalism, we can derive analytical expressions for
the final normalized transverse emittance (equation (4.52)) and final energy spread
(equation (4.57)) of the beam after traversing an ideal TM110 cavity. Moreover these
expressions are derived as function of the initial transverse emittance and energy
spread of the incident beam. To our knowledge, this is not possible in any other way.

4.5 Application: focused beam in a 200 kV TEM

Now we apply the Courant-Snyder model to the special case of a focused beam in a
200 kV TEM. More specific, we calculate the increase in normalized transverse emit-
tance and energy spread of a 200 kV 6D Gaussian charged particle distribution with
a finite initial geometrical emittance and energy spread, focused to a crossover inside
a TM110 cavity. We are aware that Gaussian distributions are not realistic in elec-
tron microscopes, but they result in easy calculations for the rms quantities, required
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4.5 Application: focused beam in a 200 kV TEM 47

for the Courant-Snyder model. Furthermore, the functional dependencies in the fi-
nal expressions are independent of the shape of distribution, the only difference is
a proportionality factor. In section 4.6, we use charged particle tracking simulations
to calculate actual numbers. Furthermore, the Courant-Snyder model obliges us to
choose a finite initial pulse length, although in the experiment the initial beam is con-
tinuous. However, we are not interested in the electrons that are not part of the final
(chopped) pulse. So by choosing an initial pulse length equal to the expected final
pulse length we simply leave out the electrons of which we already know they will
collide into the chopping aperture. In section 4.6, we use charged particle tracking
simulations to test the validity of this approach.

Figure 4.7 shows an electron beam with initial geometrical emittance εi
x that is

focused to a crossover at z = z0 with rms divergence angle σx′ . Therefore the rms

beam radius at z = 0 is given by σx =
√(

εi
x

σx′

)2
+ (σx′z0)2. Furthermore the distribution

has an initial rms pulse duration σt , initial rms energy spread σi
U and no initial chirp.

The beam matrix A that describes this distribution at t = 0 is defined by the Courant-

Snyder parameters: β̂x = σ2
x

εi
x

, γ̂x = σ2
x′
εi

x
, α̂x =

√
β̂x γ̂x −1, εi

z β̂z = (v0σt )2, εi
z γ̂z =

(
σi

U

γ3
0mv2

0

)2

and α̂z = 0. The beam matrix B that describes the beam at the exit of the cavity
may be calculated using equation (4.51). Then using equations (4.52) and (4.57)
we can calculate the final normalized transverse emittance and energy spread of the
beam. Figure 4.8 shows (a) the final normalized transverse emittance ε

f
n,x and (b)

the final energy spread σ
f
U of the 200 keV electron beam directly behind the TM110

O

σx′

σx

z0

L

εix/σx′
z

x

Figure 4.7: Schematic illustration of a charged particle beam with a crossover at position z =
z0 inside a TM110 cavity of length L, indicated by the vertical dashed lines. The
rms divergence angle of the beam is σx′ and the rms geometrical emittance is εi

x .
Therefore the rms radius of the beam in the crossover z = z0 is εi

x /σx′ and the rms

beam radius at the cavity entrance z = 0 is given by σx =
√(

εi
x

σx′

)2
+ (
σx′ z0

)2.
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48 Theory and particle tracking simulations on beam dynamics

cavity as a function of the cavity RF phase φ0 and the position of the crossover z0 for
typical beam parameters of a 200 kV (pulsed) TEM: εn,x = 3 pm rad, σx′ = 0.15 mrad,
σt = 200 fs, σi

U = 0.5 eV; and cavity parameters: ω= 2π ·3 GHz, B0 = 3 mT and L = 35
mm. The figure shows a dark blue region in (φ0, z0) parameter space for which both
quantities hardly increase and the quality of the incident beam is maintained. This
will be investigated further in the next sections.

4.5.1 Transverse emittance

The expression for the final transverse normalized emittance ε f
n,x that is calculated by

equation (4.52) and is plotted in figure 4.8a, is lengthy and does not provide much
insight. However, if we assume an ideal incident electron beam: hence no initial
transverse emittance εi

n,x = 0 and energy spread σi
U = 0, equation (4.52) reduces to a

closed, analytic expression for the final, normalized transverse emittance:

ε
f
n,x =β0γ0σx′σt

ωc

ω

∣∣∣∣ z0

L
Λcosφ0 −

(
z0

L
−1

)
Λcos(Λ+φ0)+ sinφ0 − sin(Λ+φ0)

∣∣∣∣ . (4.58)

Note that the right-hand side of equation (4.58) is zero for

z0

L
= Λcos(Λ+φ0)− sin(Λ+φ0)+ sinφ0

Λ(cos(Λ+φ0)−cosφ0)
, (4.59)
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Figure 4.8: (a) Final normalized transverse emittance ∆ε f
n,x and (b) energy spread σ

f
U of a 200

keV electron beam with no chirp, focused in an ideal TM110 cavity as a function of
RF phase φ0 and focal point z0. Beam parameters: εn,x = 3 pm rad, σx′ = 0.15 mrad,
σ = 200 fs and σi

U = 0.5 eV. Cavity parameters: ω = 2π · 3 GHz, B0 = 3 mT and an
optimized length of L = 35 mm. The white dashed curve is described by equation
(4.60), the black dashed lines are described by equation (4.63).
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and for a cavity with optimized cavity length Λ=π, this reduces to

z0

L
= 1

2
− tanφ0

π
. (4.60)

Equation (4.60) describes the white dashed curve in figure 4.8a. It describes a region
in parameter space where propagation of an ideal beam through an RF cavity in TM110

mode results in zero increase in transverse emittance. In the situation of entrance phase
φ0 = 1

2 (π−Λ), for which the shortest pulses are obtained, equation (4.59) reduces to
z0
L = 1

2 , hence focusing the electron beam in the center of the cavity.
Figure 4.9 explains the principle of conjugate blanking for φ0 ≈ (π−Λ)/2 in more

detail. It shows the real (x, z)-space (top), (x ′, x) phase-space (middle) and trans-
verse emittance εx (bottom) as a function of longitudinal coordinate z for both a
collimated and a focused beam propagating through a TM110 cavity. The color coding
shows the correlation with time, for which blue indicates the front and red indicates
the back of the pulse. Furthermore, note that the transverse emittance is proportional
to the (x, x ′) trace-space area. When a bunch of charged particles enters the cavity at
z = 0, the particles suddenly feel a force in the transverse direction, which results in
a transverse deflection. This force varies with time, hence the front of the pulse feels
a slightly different force than the back of the pulse. This results in an angular spread
and therefore an increase in transverse emittance. The fields in the cavity are homo-
geneous along the z-axis, so during transit through the cavity, all the particles in the
bunch experience the same forces and the emittance is unaffected. However, when
the bunch arrives at the exit aperture, again there is a sharp step in the experienced
Lorentz force, that changes in amplitude while the bunch travels past this gradient.
Figure 4.9a shows that for a collimated beam, this results in a second increase in an-

εx

z

x´ x´ x´ x´ x´

0 /2 LL

εx

x´ x´ x´ x´ x´

z0 /2 LL

(a) (b)

Figure 4.9: Conjugate blanking: Real (x, z)-space (green), (x′, x) phase-space (color coded for
time) and transverse emittance εx (red curve) as a function of longitudinal coor-
dinate z of (a) a collimated and (b) a focused beam propagating through a TM110
cavity. Color coding: Blue = front, red = back. Note that the transverse emittance
is proportional to the (x, x′) trace-space area.

49



50 Theory and particle tracking simulations on beam dynamics

gular spread, hence a second emittance growth. Note that the increase in emittance
at the apertures is not an effect of fringe fields.

However, by focusing the beam in the center of the cavity (figure 4.9b) the angular
spread that is obtained at the entrance aperture, can be canceled by the forces at
the exit aperture. This is seen best in the (x, x ′) trace space plot. By focusing, an
additional correlation is applied between x and x ′. During passage through the cavity,
the (x, x ′) trace space distribution is sheared parallel to the x-axis in such a way that
at the exit of the cavity the trace space distribution is collapsed onto a line, thus
canceling the emittance growth at the entrance of the cavity. This is called conjugate
blanking. For an on-axis slit, hence φ0 = (π−Λ)/2, the focus point for conjugate
blanking lies exactly in the center of the cavity (z0 = L/2). However, for any other
phase than φ0 = (π−Λ)/2 the experienced Lorentz forces at the entrance and exit of
the cavity are not symmetric. By focusing the beam at a different position given by
equation (4.59) the emittance growth at the entrance of the cavity can still be fully
canceled at the exit.

4.5.2 Pulse length

Focusing the electron beam in the center of the cavity significantly increases the size
of the beam at the position of the slit. As a result, the expression for the pulse length
of equation (4.24), which was done for an infinitely small beam, is no longer valid.
The actual temporal profile of the pulses behind the slit is now proportional to the
convolution of the tophat distribution of the chopping aperture and the approximately
tophat distribution of the electron beam at the position of the chopping aperture. In
a TEM, the rms divergence angle σx′ is defined by the diameter of the C2-aperture
and its distance to the center of the cavity. In the special case that the cavity is
placed exactly in between the C2-aperture and a circular chopping aperture; and
both apertures have the same diameter, the resulting rms pulse length is given by

σt =
p

2γ0mσx′

qB0 sin(Λ/2)
. (4.61)

Equation (4.61) shows that to maintain short pulses while focusing in the cavity, is
it important to select the divergence angle as small as possible. Therefore, is it not
only important to choose a small chopping aperture, but also a small C2-aperture,
preferably of the same diameter.

4.5.3 Energy spread

The expression for the final energy spread σ
f
U that describes figure 4.8 is obtained by

evaluating equation (4.57) and is even more complicated than the general expression
for the final transverse emittance ε

f
x . To gain insight in the different parameters

contributing to a growth in energy spread, we consider three different situations in
which we substitute three different sets of assumptions in equation (4.57).
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• We start by assuming an ideal, focused beam, i.e. substituting εi
n,x =σi

U =σt = 0
in equation (4.57). We find

σ
f
U = γ0mv0σx′

ωc

ω

∣∣∣∣ z0

L
Λcosφ0 −

(
z0

L
−1

)
Λcos(Λ+φ0)+ sinφ0 − sin(Λ+φ0)

∣∣∣∣ .

(4.62)

This contribution is plotted in figure 4.8b as the white dashed curve. It has the
same functional dependence on φ0 and z0 as the increase in transverse emit-
tance in equation (4.58), and can be fully eliminated using the same conjugate
blanking scheme of equation (4.59).

• However, the energy spread also increases with the initial pulse duration σt 6= 0.
By substituting σx′ = 0, Λ=π and z0 = L/2 into equation (4.57), instead of σt = 0,
we find

σ
f
U = γ0mv2

0π
ω2

c

ω
σt

√
cos

(
2φ2

0

)
. (4.63)

This contribution describes the black dashed lines in figure 4.8b and explains
the minima in σ

f
U at φ0 = ±π

4 . At the intersection points of the black dashed
lines and the white dashed curve, both the increase in transverse emittance and
energy spread are eliminated simultaneously. In principle, we can exploit these
’sweet spots’ by placing the slit off-axis such that phase φ0 =±π

4 is chopped out
of the beam, see also figure 4.3b, followed by choosing the correct position of
the crossover. In practice, the deflection coils in a TEM could be used to redirect
the beam back to the optical axis.

• However, for easy switching between pulsed mode and continuous mode; and
to obtain the shortest pulses, we choose to place the slit on-axis. For a beam
with zero initial energy spread σi

U = 0 and the chopping slit placed on-axis,
hence φ0 = 1

2 (π−Λ), the final energy spread is given by

σ
f
U = γ3

0mv2
0
ωc

ω

√√√√[
4σ2

x′

(
z0

L
− 1

2

)2

Λ2 + k2
(
εi

x
)2

β2
0σ

2
x′

]
sin2

(
Λ

2

)
+ ω2

cσ
2
t

γ2
0

(Λ− sinΛ)2.

(4.64)

Equation (4.64) shows three terms:

– The first term is proportional to the angular divergence σx′ and can be
eliminated by focusing in the center of the cavity, i.e. z0 = L

2 .

– The second term scales with k
εi

x
σx′

and describes the sampling of small,
off-axis electric fields due to the finite size of the beam in the crossover
z = z0. It can be minimized by decreasing the transverse emittance of the
incident beam, for instance by using a smaller C2-aperture at the expense
of average current.

51



52 Theory and particle tracking simulations on beam dynamics

– The third term can be reduced by decreasing the cavity length parameter
Λ. However, according to equation (4.24) this goes at the expense of the
pulse length. When we decrease the cavity length parameter from Λ=π to
Λ=Λ′ while we simultaneously increase the magnetic field by a factor

ω′
c

ωc
= sin(π/2)

sin(Λ′/2)
, (4.65)

the growth in energy spread can be decreased by a factor

∆σ′
U (ω′

c ,Λ′)
∆σU (ωc ,π)

= Λ′− sinΛ′

πsin2
(
Λ′
2

) < 1, for Λ′ <π (4.66)

while the short pulse length is fully maintained. Of course, the increased
magnetic field in the cavity requires a higher input power. A second way to
decrease the third contribution to σ

f
U is to decrease the pulse length σt by

decreasing the divergence σx ′ of the incident beam, see equation (4.61).

Figure 4.10a shows the final energy spread σ
f
U of equation (4.64) for a beam

with no initial energy spread focused in the center of the cavity (z0 = L/2) as
a function of divergence angle σx′ for varying cavity length parameter Λ and
initial emittance εi

x . Here we have increased the magnetic field accordingly
to keep the rms pulse length σt = 100 fs. This is done by solving equation
(4.61) for B0 and substituting that in equation (4.64). The magnetic field B0

required to create σt = 100 fs pulses for decreasing cavity length parameter Λ
is plotted in figure 4.10b for varying rms divergence angle σx′ . Figure 4.10a
demonstrates two methods that can be used to minimize the final energy spread
of the chopped pulses. First, the final energy spread can be reduced significantly
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Figure 4.10: Final energy spread σ
f
U of equation (4.64) for a beam focused in the center of the

cavity (z0 = L/2) as function of divergence angle σx′ , for varying values of cavity
length and initial emittance (a). To keep the pulse length fixed at σt = 100 fs, the
magnetic field amplitude B0 in the cavity is altered accordingly (b).
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by decreasing the cavity length while simultaneously increasing the magnetic
field B0 to maintain short pulses. This is an effective strategy down to a cavity
length parameter of Λ ≈ π/2, below which decreasing the cavity length further
becomes very expensive in terms of B0, see figure 4.10b. Secondly, decreasing
the divergence angle σx′ can reduce the remaining growth in energy spread
even further. This is effective down to the point where the transverse emittance
of the incident beam εi

n,x limits the minimum achievable final energy spread.

4.6 Particle tracking simulations

In the previous sections, we have used an analytical approach to show that an ideal
cylindrical cavity in TM110 mode can be used to chop a relativistic electron beam into
ultrashort electron pulses while maintaining the quality of the original beam. At this
point, we want to investigate the limits of this technique in a scenario as realistic as
possible. Therefore, we first implement the actual cavity geometry used in the TU/e
UTEM in CST Microwave Studio[33] and numerically calculate the realistic By -field
and the Ex -field along the cavity axis. The diameters of both the entrance and the exit
aperture are 3 mm.

Figure 4.11 shows that the actual cavity geometry results in fringe fields near the
entrance and exit apertures. Figure 4.11a shows the on-axis By -field, which is fitted
with a double error-function

By (r = 0, z) = By,0

erf( L
2s )

(
1

2
erf

( z

s

)
− 1

2
erf

(
z −L

s

))
. (4.67)

Here By,0 is the maximum field strength at the center of the cavity and s is a fit-
parameter that describes how the By -field falls off near the apertures of the cavity.
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Figure 4.11: Scatter: CST Microwave Studio simulations of the By (r = 0, z)-field (a) and
Ex (r = 0, z)-field (b) for a realistic TM110 cavity geometry. Solid line: double error-
function fit (a) and double Gaussian fit (b).
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Figure 4.11b shows the on-axis Ex -field, which is fitted with two Gaussians of op-
posite sign. When we substitute these fits into a fifth order power expansion of the
solution of a cylindrical cavity, see equation (4.68) in appendix A, we can reconstruct
all the other (r,ϕ, z) components of the EM field close to the cavity axis. To investi-
gate whether the fringe fields near the cavity apertures affect the beam quality, we
implement the obtained field expansions of equation (4.68) in the GPT-code[47] for
realistic particle tracking simulations. These simulations also allow us to chop a con-
tinuous electron beam using the combination of a cavity and a slit, rather than ab
initio assuming a Gaussian temporal distribution. Furthermore, we can simulate a
more realistic initial beam with uniform spatial and angular distributions, rather than
Gaussian distributions.

In the simulations, we apply the practical lessons we learned from the Courant-
Snyder model in the particle tracking simulations:

• We select RF phase φ0 = 1
2 (π−Λ) by placing the slit on-axis to obtain the shortest

pulses.

• We focus in the center of the cavity z0 = L/2 to reduce the growth in transverse
emittance and energy spread.

• We choose the cavity length parameter Λ=π/2 to reduce the remaining growth
in energy spread even further while still being able to make short pulses with a
realistic cavity field amplitude.

For the electron source we choose a typical 200 kV Schottky field-emission gun with
a practical reduced brightness Br = 108 A/m2 sr V and rms energy spread σi

U = 0.5 eV.
A DC current of I = 10 nA then results in an initial normalized transverse emittance
εi

n,x = 3 pm rad (rms). To test the validity of our theory for applications with higher
currents, we also add a simulation series for εi

n,x = 100 pm rad (rms). Furthermore,
we vary the magnetic field amplitude from B0 = 1 mT to B0 = 10 mT in steps of 1 mT
and we vary the diameter of the C2- and chopping apertures between d = 30 µm and
d = 10 µm. For these parameter settings, we measure the final rms pulse length σt ,
the rms normalized transverse emittance ε f

n,x and rms energy spread σ
f
U .

Figure 4.12 shows both the results of these particle tracking simulations and the
results of the Courant-Snyder model. The latter have been obtained by substituting
the simulated rms values for σx′ and σt in the non-simplified version of equation
(4.64). First of all we find excellent agreement between the theoretical model and
the particle tracking simulations. This gives good confidence that the derived expres-
sions for the optical transfer matrix correctly describe the actual particle trajectories,
and therefore justifies the perturbative approach of describing a TM110 cavity as a
linear optical element for electrons based on the assumptions in section 4.2.2. Fur-
thermore it shows that the fringe fields due to a non-idealized cavity geometry do
not significantly affect the beam dynamics. Secondly, figure 4.12 shows that there is
a trade off between the final energy spread of the electron beam and the final pulse
length. The amplitude of the magnetic field in the cavity can be used to shape the
final time-energy phase space distribution, depending on the application. However
above all, figure 4.12 demonstrates the enormous potential for RF cavity based ultra-
fast electron microscopy. Especially when 10 µm apertures are used in combination
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with a low emittance input beam of 3 pm rad, extremely short pulses can be gener-
ated with hardly any increase in energy spread. Pulses of 200 fs (rms) with σ

f
U = 0.5

are expected even for a magnetic field amplitude of only B0 = 1 mT, which has already
been realized at TU/e[26]. Ultimately, pulse lengths down to 20 fs (rms), combined
with rms energy spread of σ f

U = 0.70 eV are expected for B0 = 10 mT. Finally, we didn’t
observe any increase in normalized transverse emittance in any of the simulations in
figure 4.12.

As for any pulsed beam, a short pulse length results in a low average current of
the pulsed beam. Although the 3 GHz repetition rate of an RF cavity based UEM
is several orders of magnitude higher than in conventional UEMs based on photo-
emission, the low charge per pulse: 0.006 e/pulse at I = 10 nA for τ= 100 fs, limits the
average current. However, because the peak brightness of the original beam is con-
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Figure 4.12: GPT-simulations (#,D,2) and results of the Courant-Snyder model (×,?,+) of the
final rms energy spread σ f

U and final rms pulse length σt of a spatially and tempo-
rally uniform electron beam (initial normalized rms emittance εn,x and initial rms
energy spread σi

U = 0.5 eV) focused in the center of a TM110 cavity and chopped by
an on-axis aperture of diameter d , for various values of the cavity field amplitude
B0 = 1,2, ...,10 mT.
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served after chopping with an RF cavity, any future improvements on the continuous
source will directly improve a cavity-based pulsed source as well. For example, the
recent developments of new LaB6-emitters which promise a brightness up to Br = 1010

A/m2sr eV[48] are worth mentioning. Provided that they can be operated at suf-
ficient current, the combination of such sources with an RF cavity could result in
ultrafast electron microscopy with unprecedented spatial and temporal resolution at
the average current of present-day continuous electron microscopes.

4.7 Conclusions

We have developed a theoretical description of resonant radiofrequency deflecting
cavities in TM110 mode as dynamic optical elements for ultrafast electron microscopy.
We have derived the optical transfer matrix of an ideal pillbox cavity and have cal-
culated the 6D phase space propagation of a Gaussian electron distribution using
a Courant-Snyder formalism. We have derived closed, analytic expressions for the
increase in transverse emittance and energy spread that have resulted in practical
insight that can be applied directly in an experiment. We have shown that the beam
quality of the incident electron beam can by maintained by proper settings of the RF
phase and the position of the crossover inside the cavity. In particular, we have ex-
plained the concept of conjugate blanking for fully eliminating increase in transverse
emittance. The growth in energy spread can be minimized by decreasing the cavity
length and the divergence angle. The correctness of our model and the potential of
RF cavities for UEM are confirmed by charged particle tracking simulations using a
realistic cavity geometry, that take into account fringe fields at the cavity entrance
and exit apertures. In conclusion, RF cavities in TM110 mode allow high-repetition
rate, ultrafast electron microscopy with 100 fs temporal resolution combined with
the atomic resolution of a high-end TEM.
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Appendix: Fifth order power expansion of EM fields in
a cylindrical cavity in TM110 mode

The fifth order power expansion of the (r,ϕ, z) components of the EM field in a cylin-
drical cavity TM110 mode are given by:
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(4.68)

in which Ex (0, z) and By (0, z) are the on-axis electric and magnetic field amplitudes.
Describing the cavity using these field expansions rather than a 6D field map results
into 10-20 times faster particle tracking simulations.
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Chapter 5
Commissioning of the ultrafast
transmission electron microscope

Abstract

Ultrashort, low-emittance electron pulses can be created at a high repetition rate
by using a TM110 deflection cavity to sweep 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 microscope, and picosecond
pulses have been created. No significant increase of 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 emittance 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. Furthermore, 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.1

1This chapter is based on the paper: W. Verhoeven, et al. "High quality ultrafast transmission electron
microscopy using resonant microwave cavities." Ultramicroscopy 188 (2018): 85-89.[26]
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5.1 Introduction

Ultrashort high quality electron pulses at energies ranging from 30 to 200 keV have
become a useful and powerful tool to investigate dynamical systems on sub-picosecond
timescales through diffraction [36], imaging [7] or spectroscopy [38], offering a vast
amount of new information. Typically, inside an ultrafast transmission electron mi-
croscope (UTEM) electron pulses are extracted from a photocathode using an intense
pulsed laser. Accurately timed with a clocking laser pulse, dynamic processes can
then be investigated with pump–probe measurements. Using photoemission, a very
large operational parameter-space can be spanned [49]. Furthermore, by using side-
ways illumination of a Schottky emitter, the emission characteristics of the source are
maintained, allowing for high quality electron pulses to be created [9]. Although pho-
toemission is commonly used in UTEM systems, there is an interesting alternative to
use a blanking method, where a continuous beam is periodically swept across a slit or
aperture [13, 14, 16]. 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 [48]. Furthermore, any possible instabilities in elec-
tron emission due to the intrinsic pointing stability 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 low emittance of a continuous
source [24, 27, 34]. 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 to be created with a high beam quality. Since the power in the cavity can easily
be adjusted, the pulse length can also be changed without influencing the electron
emission process.

In Fig. 5.1(a) this chopping principle is shown. In order to perform pump–probe
experiments, the phase of these microwave cavities can 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 [19, 20]. Alternatively, it has been proposed 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 [43]. 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 relaxation time. For samples with
slower relaxation times, it has been proposed to use two perpendicular deflecting
modes at different frequencies, which can be placed in a single cavity [27]. Electrons
will then be created at the difference frequency of these modes, allowing for the
repetition rate to be lowered to tens of MHz. If lower frequencies are desired, a fast
beam blanker can be used 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, these deflection cavi-
ties can be filled with a dielectric material, which allows for a reduction in both the
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Figure 5.1: (a) General principle of the creation of pulses using a TM110 deflection cavity,
where a continuous beam is deflected over a chopping aperture. Definition of the
parameters is discussed in section 5.2.2. (b) A typical cavity, with (1) the entrance
aperture, (2) the antenna, (3) the tuning stub, (4) the dielectric material, and (5)
the lid used to close the cavity. Shown left is the side of the cavity, and right is the
bottom of the cavity with the lid removed.

size and power consumption [25]. Figure 5.1(b) shows a typical dielectric filled cav-
ity used for chopping an electron beam. Shown to the left is the outside of the cavity,
and to the right is a bottom view of the cavity with the lid removed. In this paper, the
implementation of a TM110 deflection cavity in a TEM is presented. Design consider-
ations are discussed, and the performance of a cavity-based UTEM is demonstrated.

5.2 Theory

5.2.1 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, which can be defined in
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differential form as [50]

Br = 1

V ∗
∂2I

∂A∂Ω
, (5.1)

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. The reduced brightness is a conserved quantity during acceleration of the
electrons. Since the differential reduced brightness varies throughout 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 focusing the beam at semi-angle α, 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 |
me c2

I

4π2εn,xεn,y
, (5.2)

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

εn,x = 1

me c

√
〈x2〉〈p2

x〉−〈xpx〉2

≈ γvz

c

√
〈x2〉〈x ′2〉−〈xx ′〉2 , (5.3)

with vz the velocity, px the transverse momentum and x ′ = vx /vz the angular distribu-
tion of the particles. In this equation, 〈. . .〉 indicates the averaging over a distribution.

5.2.2 Beam chopping

The main advantage of using a microwave cavity is that the low emittance of the
continuous beam is maintained in pulsed mode. This is only the case when using
the cavity in a conjugate blanking scheme, in which all electrons deflected by the
cavity originate from the same virtual image. For a regular beam blanker conjugate
blanking is achieved by placing a crossover in the pivot point of the blanker. Inside a
microwave cavity the fields vary rapidly compared to the transit time of the electrons,
so that it is no longer possible to distinguish a single pivot point. However, it can
be shown that it is still possible to maintain the virtual image by proper placement
of a crossover [27, 34]. For a beam chopped by an on-axis aperture, the optimal
longitudinal position of this crossover is at the center of the cavity. This is also shown
in Fig. 5.1(a), where the beam is focused at the center of the cavity. As a result, it
arrives at the chopping aperture with a certain width w . Sweeping this beam with a
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magnetic field amplitude B0 and an angular frequency ω over an aperture with width
s results in a full width at half maximum (FWHM) pulse length of

τ= γme (s +w)

4|qe |lB0 sin
(

f π
2

) , (5.4)

where l is the distance 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. From this equation it can
be seen that in order to create short pulses, the focusing angle has to be small to
restrain w from becoming too large.

Besides deterioration of the brightness, increase of the energy spread is also an
important effect that has to be considered. Unfortunately, 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. Focusing the
beam at the center of the cavity minimizes this increase in energy spread, but does
not completely eliminate it. It can be shown that this additional energy spread can
be decreased further by using a shorter cavity length with a higher field amplitude in
order to maintain the same pulse length [34]. The tradeoff is that more power has to
be dissipated by the cavity, which brings along technical difficulties. For the results
shown in this paper, a shorter cavity length is chosen at the cost of pulse length.

5.3 Methods

For the experiments, a 200 kV FEI Tecnai TEM has been elongated with a 203 mm
long vacuum chamber below the C2 aperture. In this chamber a TM110 cavity has
been mounted, and an additional aperture holder has been inserted at the bottom.
Above the cavity an extra set of beam deflectors has been added. Figure 5.2 gives a
schematic overview of the adapted column. The distance from the center of the cavity
to the chopping aperture is l = 122.2 mm. Both apertures are 30 µm in diameter. 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 controlled with
the minicondenser (MC) lens. This means that its original functionality of altering
the divergence at the objective lens is now lost. However, the appropriate choice of
apertures can mimic this functionality.

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. The typical magnetic field amplitude
in such a cavity is B0 = 1.2± 0.1 mT at an input power of 10 W [24]. For the mea-
surements shown in this paper, the input signal is amplified to 16 W. 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 [27],
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 of 0.05 eV/ch.
Furthermore, measurements will be compared to particle tracking simulations using
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Figure 5.2: 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 deflectors, and
a chopping aperture have been inserted.

the General Particle Tracer (GPT) code [47], in which realistic fields inside the cavity
are taken into account, including fringe fields.

5.4 Results

Shown in Fig. 5.3(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 currents spot is elliptical,
with the long and short axes corresponding to the direction parallel to and perpendic-
ular to the sweeping direction of the cavity, respectively. With increasing C2 current,
the focused spots in Fig. 5.3(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 5.3(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, which is also
shown in Fig. 5.3(b). From this, the focusing angle is determined to be 8.74 mrad. In
Fig. 5.3(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 5.3(d) shows
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the corresponding emittance plotted against the difference in focus position. Also
shown in this figure is the emittance found in simulations. These show good agree-
ment. 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. From this, it can be seen that the beam
quality is unaffected by the cavity in the direction perpendicular to the streak; paral-
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Figure 5.3: (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 along the long and short axis 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.
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lel 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. (5.2), we find a peak brightness of 6.6×106 A/(m2 sr V). As a comparison,
the RMS spotsize 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 spotsize also includes contributions from abberations.

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 5.4 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

P [25]. At an input power of 15.3 W, a magnetic field strength of
1.45±0.06 mT is expected from the fit, in good correspondence with values determined
before on similar cavities [24]. 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.

Table 5.1 shows the emittance, current and energy spread measured for both the
continuous and the pulsed beam. In addition it shows the simulation results starting
with a continuous beam with the same parameters, and a magnetic field strength
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Figure 5.4: Measured duty cycle as a function of the cavity input power, fitted with the expected
behavior ∝p
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Table 5.1: Measured parameters of the continuous beam and the pulsed beam, compared to
simulations with the same continuous beam as input and a magnetic field of 1.45
mT.

continuous pulsed GPT

εn,∥ (pm rad) 2.5±0.1 2.7±0.1 2.62
εn,⊥ (pm rad) 2.5±0.1 2.5±0.1 2.51
Iavg (pA) 814±2 2.8±0.3 3.38
∆EFWHM (eV) 0.95±0.05 0.95±0.05 1.01
τFWHM (ps) 1.31

of 1.45 mT inside the cavity. Good agreement is found between simulations and
measurements.

5.5 Conclusions and outlook

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 increase in
emittance. 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. As a next step, cavities will be devel-
oped further, allowing for synchronization to a clocking laser pulse at a frequency
of 75 MHz. Furthermore, higher input powers will be tested, and smaller chopping
apertures will be used. With increasing field strength in the cavity care must be taken
to prevent an increase in energy spread. Reference [34] explains in more detail how
this can be achieved. In this way, the pulse length can be reduced towards 100 fs,
allowing for pump–probe experiments with both a high temporal resolution and a
high transverse coherence.
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Chapter 6
Dual mode microwave deflection
cavities for ultrafast electron
microscopy

Abstract

This chapter presents the experimental realization of an ultrafast electron microscope
operating at a repetition rate of 75 MHz based on a single compact resonant mi-
crowave cavity operating in dual mode. This elliptical cavity supports two orthogo-
nal TM110 modes with different resonance frequencies that are driven independently.
The microwave signals used to drive the two cavity modes are generated from higher
harmonics of the same Ti:Sapphire laser oscillator. Therefore the modes are accu-
rately phase-locked, resulting in periodic transverse deflection of electrons described
by a Lissajous pattern. By sending the periodically deflected beam through an aper-
ture, ultrashort electron pulses are created at a repetition rate of 75 MHz. Electron
pulses with τ = (750±10) fs pulse duration are created with only (2.4±0.1) W of mi-
crowave input power; with normalized rms emittances of εn,x = (2.1±0.2) pm rad and
εn,y = (1.3±0.2) pm rad for a peak current of Ip = (0.4±0.1) nA. This corresponds to
an rms normalized peak brightness of Bnp,rms = (7±1)×106 A/m2 sr V, equal to pre-
vious measurements for the continuous beam. In addition, the FWHM energy spread
of ∆U = (0.90±0.05) eV is also unaffected by the dual mode cavity. This allows for ul-
trafast pump-probe experiments at the same spatial resolution of the original TEM in
which a 75 MHz Ti:Sapphire oscillator can be used for exciting the sample. Moreover,
the dual mode cavity can be used as a streak camera or time-of-flight EELS detector
with a dynamic range > 104.1

1This chapter is based on the paper: J.F.M. van Rens, et al. "Dual mode microwave deflection cavities
for ultrafast electron microscopy." Applied Physics Letters 113.16 (2018): 163104.[51].
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6.1 Introduction

Since the introduction of laser-triggered photo-cathodes in electron microscopy the
field of single shot[52] and stroboscopic[35] time-resolved electron imaging, diffrac-
tion and spectroscopy has resulted in many new insights in physics, chemistry, biol-
ogy and material science.[53, 54] In a recent exciting development in which the flat
photo-cathode is replaced by a nano-tip, the peak brightness of pulsed electron beams
has become similar to values reported for conventional continuous Schottky field
emitters.[8, 9] The possibility of performing high-quality electron imaging, diffrac-
tion and spectroscopy with nanosecond to femtosecond temporal resolution causes
the ultrafast transmission electron microscope (UTEM) to be one of the most power-
ful research tools to study ultrafast dynamics in the nanoscale world.

Notwithstanding some truly impressive results,[10, 11] there are some drawbacks
to photo-emission based sources. Bulky and expensive amplified laser systems are
needed to create electrons, serious alterations are needed to the gun and inevitable
laser pointing instabilities result in fluctuations in electron beam current. A promis-
ing alternative to photo-emission based pulsed beams involves chopping a contin-
uous electron beam by the combination of a resonant microwave deflection cavity
and a small aperture.[25, 26, 34] Microwave cavities are specifically tailored metallic
structures, in which oscillating electromagnetic fields with high amplitudes can be
generated requiring only modest microwave input powers by driving the cavity at its
resonance frequency. For example the TM110 mode supports an oscillating magnetic
field of amplitude B0, oriented perpendicular to the symmetry axis of a cylindrical
cavity. A beam of electrons passing through along this axis is transversely deflected at
the resonance frequency of the cavity, as shown in figure 6.1a. In combination with
a small aperture of diameter s positioned at a distance l downstream, the beam is
chopped to ultrashort pulses of duration

τ= γm(s +w)

4qB0l
, (6.1)

in which γ the Lorentz factor, m is the electron mass, q the elementary charge and w
the diameter of the electron beam at the position of the chopping aperture.[26] For
200 kV electrons and typical parameters w = s = 10 µm and l = 10 cm; τ= 100 fs pulses
can be created with a modest magnetic field amplitude of B0 = 3 mT.

The idea of using resonant deflection cavities in electron microscopy was already
researched in the 1970s resulting in picosecond[13] and even sub-picosecond[14]
electron pulses at GHz repetition rates. After the development of advanced laser-
microwave synchronization schemes,[17] resonant cavities became relevant for laser-
triggered pump-probe experiments as well. Especially since the experimental demon-
stration of a microwave cavity chopping the electron beam of a commercial 200 kV
TEM into 3 GHz electron pulses while fully conserving the peak brightness of the orig-
inal beam.[26] Synchronized to a mode-locked laser oscillator, this allows ultrafast
time-resolved electron microscopy at the atomic resolution of the original microscope,
but at much higher average current. Some additional practical advantages of using
microwave deflection cavities for ultrafast electron microscopy are:

• No need for an amplified fs laser system to create electron pulses.
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• Easy and rapid switching between continuous mode and pulsed mode.

• No fluctuations in electron beam current due to laser pointing instabilities.

• The delay of the electron pulse with respect to the laser pulse can be varied
by changing the phase of the microwave signal, hence without affecting laser
alignment.

• Microwave cavities are cheap, robust, reliable, compact and energy-efficient.[25]

Although laser oscillators with repetition rates upto 10 GHz are commercially
available,[55] they are not common. In addition, many laser-triggered processes
require relaxation times longer than the typical 300 ps pulse separation in cavity
chopped pulsed beams. Ideally one would like to chop the beam into 70 to 90 MHz
pulses, the typical repetition rate of most commercial Ti:Sapphire oscillators, enabling
pump-probe experiments using a regular Ti:Sapphire oscillator only. This would al-
low the user to study processes with relaxation times up to 11-14 ns. Dynamic pro-
cesses requiring longer relaxation times could be studied using a combination of such
a microwave cavity and an electrostatic blanker with a rise and fall time of few ns.
However, because the resonance frequency of a cavity is inversely proportional to its
radius, a 75 MHz cavity would be far too large to fit in the confined space of a elec-
tron microscope column. Therefore Lassise et al. proposed designing a cavity that
supports two orthogonal modes with different resonant frequencies.[27] By breaking
the cylindrical symmetry using an elliptical (or rectangular) cavity, the resonance fre-
quencies of these orthogonal modes can be separated and driven independently. The
on-axis magnetic field of such a cavity aligned along the z-axis is given by

B =±B1 sin(ω1t +φ1)x̂±B2 sin(ω2t +φ2)ŷ. (6.2)

When the 40th and the 41st harmonics of the same 75 MHz laser oscillator are used to
create the different microwave signals, yielding resonance frequencies of ω1 = 2π×3
GHz and ω2 = 2π×3.075 GHz respectively, the EM fields in the cavity can be phase-
locked to each other and to the laser light. As a result, electrons propagating through
the dual mode cavity are periodically deflected transversely in the Lissajous pattern of
figure 6.1b. By placing a small aperture in a line of this Lissajous pattern, it is chopped
into ultrashort electron pulses at a repetition rate of 75 MHz allowing pump-probe
experiments using a Ti:Sapphire oscillator.

Another important application of sideways deflecting cavities is to spatially re-
solve temporal information on a detector. Such so-called streak cameras are used
for pulse length measurements,[21] time-resolved diffraction studies[23] and even
time-of-flight Electron Energy Loss Spectroscopy (ToF-EELS).[24] Note that for these
applications the cavity should be placed behind the specimen. At this point it is worth
emphasizing the enormous time span that is spatially resolved by the Lissajous pat-
tern. The equation for the temporal resolution of such a streak camera is identical to
equation (6.1), but with the aperture diameter s replaced by the pixel size and w

s ¿ 1
because the beam would be focused on the screen instead of in the center of the cav-
ity. If a dual mode cavity is placed at a distance l = 10 cm from a 3 cm × 3 cm camera
with 2000×2000 pixels, a magnetic field of B0 = 3 mT is enough to project a 100 fs
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B0

s

w

τ

l

(a) (b)

Figure 6.1: (a) Principle of beam chopping. The continuous beam is swept back and forth
over an aperture, creating electron pulses at two times the resonance frequency.
Because the two pulses create in each microwave period exit the aperture at slightly
different angles, one beam can diverted back to the optical axis using standard
deflection coils while the other beam is blocked by the Selected Area (SA)-aperture
downstream. Parameters are defined in section 6.1. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.[26] (b) Parametric plot of two
signals x(t ) = sinω1t and y(t ) = sin(ω2t +δφ) in which ω1 = 2π×3 GHz, ω2 = 2π×
3.075 GHz and δφ = 0 for t ∈ [0,13 ns]. The resulting Lissajous figure describes
the transverse shape of a beam of electrons deflected by a dual mode cavity in
which the orthogonal modes are driven independently by two phase-locked signals
of frequencies f1 = 3 GHz and f2 = 3.075 GHz. When a small aperture (red circle)
is placed in the center of this Lissajous pattern, two beams of ultrashort electron
pulses are created, resulting in a combined repetition rate of 2×75 MHz. Because
the two beams leave the chopping aperture at slightly different angles, one of them
can be redirected to the optical axis using standard deflection coils, while the other
one is blocked by the SA-aperture downstream. Alternatively the chopping aperture
can be placed slightly off-center such that only one of the beams goes through, also
reducing the repetition rate to 75 MHz.

time interval on each pixel. The dual mode cavity would then be able to temporally
resolve dynamic processes up to 13 ns with 100 fs resolution, corresponding to a huge
dynamic range > 104.

6.2 Electron trajectories

Consider an ideal dual mode deflection cavity of length L of which the center is lo-
cated at (x, y, z) = (0,0,0) of a righthanded cartesian coordinate system. The electrons
propagate down through the cavity into the positive z-direction and the positive x
and y directions are given by the position of both microwave antennas. Here it is
important to note that the antennas penetrate the cavity from the exit side, hence the
positive z-direction. At this plane z =+L/2, the voltage between the inner conductor
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and the outer conductor of each coaxial cable is described by

V1,2(t ) =V0 sin(ω1,2t +φ1,2). (6.3)

in which we define phase φ1,2 = 0 and time t = 0 at the interface of the coaxial cable
and the cavity, hence z = +L/2. As shown in figure 2.5, these phases φ1,2 = 0 result
in maximum electric fields in the cavity. Therefore, close to the z-axis the combined
electric field that is excited by both antennas is given by

E =−B1ω1x cos(ω1t +φ1)−B2ωy cos(ω2t +φ2) ẑ. (6.4)

The Maxwell-Faraday equation then yields the on-axis magnetic field

B =+B2 sin(ω2t +φ2) x̂−B1 sin(ω1t +φ1) ŷ, (6.5)

which is zero for φ1 = φ2 = 0. The Lorentz force exerted on negatively charged elec-
trons traveling in the positive z-direction, is then given by

F =−ev0B1 sin(ω1t +φ1) x̂−ev0B2 sin(ω2t +φ2) ŷ. (6.6)

Integrating both components of equation (6.6) from t =− L
2v0

to t = z
v0

gives the mo-
mentum component

px,y (z) = ev0B1,2

ω1,2

[
−cos

(
φ1,2 −

ω1,2L

2v0

)
+cos

(
φ1,2 +

ω1,2z

v0

)]
(6.7)

in the x, y-direction respectively, for electrons inside the cavity, hence −L/2 < z < L/2.
The trajectories of the electrons inside the cavity are then given by

[x, y](z) =− ev0B1,2

mγω2
1,2

[
ω1,2

v0

(
z + L

2

)
cos

(
φ1,2 −

ω1,2L

2v0

)
+

+sin

(
φ1,2 −

ω1,2L

2v0

)
− sin

(
φ1,2 +

ω1,2z

v0

)]
.

(6.8)

The momenta and trajectories of the electrons behind the cavity are given by

px,y

(
z > L

2

)
= px,y

(
L

2

)
=−2ev0B1,2

ω1,2
sin(φ1,2)sin

(
ω1,2L

2v0

)
(6.9)

and

[x, y]

(
z > L

2

)
= [x, y]

(
L

2

)
+ px,y

( L
2

)
γmv0

(
z − L

2

)
=−2ev0B1,2

mγω2
1,2

[
Lω1,2

2v0
cos(φ1,2)cos

(
ω1,2L

2v0

)
+

(
ω1,2z

v0
sin(φ1,2)−cos(φ1,2)

)
sin

(
ω1,2L

2v0

)]
.

(6.10)

Figure 6.2 shows the x- and y-trajectories of an electron as it propagates through
the cavity for a couple of phases φ1,2. Here we assume a 30 µm C2 aperture, 10 µm
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chopping aperture and a magnetic field amplitude of B0 = 3 mT. All other parameter
values are standard. The figure shows that for phases φ1,2 = 0, the off-axis excursion
of the electron inside the cavity is larger than the radius of the chopping aperture.
Therefore the φ1,2 = 0 phases are actually blocked by the aperture centered around
the z-axis. Expanding equation (6.10) around φ1 = 0 and φ2 = 0 to first order results
in

[x, y]

(
z > L

2

)
≈−2ev0B1,2

mγω2
1,2

[
Lω1,2

2v0
cos

(
ω1,2L

2v0

)
+

(
ω1,2z

v0
φ1,2 −1

)
sin

(
ω1,2L

2v0

)]
. (6.11)

Solving for [x, y](z = l ) = 0, in which l is the z-position of the chopping aperture yields

φ1,2 = v0

ω1,2l
− L

2l
cot

(
ω1,2L

2v0

)
, (6.12)

which is independent of the magnetic field amplitude in the cavity. For L = 17 mm
cavity and a chopping aperture positioned at l = 10 cm downstream from the center of
the cavity, the phases that propagate through the aperture are φ1 = 0.0237 rad = 1.36◦
and φ2 = 0.0244 rad = 1.40◦.

Figure 6.2 shows an electron that travels through a resonant cavity that is excited
at these phases, is first deflected towards both antennas, after which it exits the cavity
with a transverse momentum in the opposite direction, hence away from the anten-
nas. Behind an on-axis chopping aperture, it has actually reached the other side of the
optical axis. Exactly 6.7 ns later, a second pulse is accepted by the chopping aperture,
which travels into the −x,+y-direction.
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ϕ1 = π+ 0.024
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Figure 6.2: Trajectories of the electron beam, focused in the center of the cavity, for different
phases.
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6.3 Methods

Figure 6.3 shows a schematic top view and side view of the dual mode cavity. It
consists of a circular copper housing filled with a slightly elliptical piece of dielectric
material ZrTiO4, lifting the x,y-degeneracy. The high permittivity and low loss tangent
of this material significantly reduces the diameter and power consumption of the
cavity.[25] Furthermore, the cavity contains two antennas to couple in the microwave
signals and two metallic tuning stubs to fine-tune the resonance frequencies in both
directions.

Figure 6.4 schematically shows the microwave setup used to generate the phase-
locked microwave signals. The left-hand blue dashed box indicates the synchroniza-
tion system, synchronizing the 3 GHz signal from a Voltage Controlled Oscillator
(VCO) to the mode-locked laser pulse train by locking its fifth harmonic to one-eighth

tuning stubs

microwave feedthroughs15.15 mm

14.06 mm

23.88 mm

16.17 mm

Figure 6.3: Schematic top view (left) and side view (right) of the dual mode cavity. The eccen-
tricity of the elliptical dielectric material has been exaggerated for clarity.
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Figure 6.4: Schematic microwave setup for the dual mode cavity. The 3 GHz signal from a
Voltage Controlled Oscillator (VCO) is synchronized to the broadband signal of a
Ti:Sapphire laser. Subsequently the synchronized 3 GHz signal is upconverted to
3.075 GHz by mixing it with the 75 MHz component of the laser.
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of the VCO signal.[17] This reduces the timing jitter between the laser pulses and the
microwave fields in a single mode cavity to below 100 fs.[19] To create the 41st har-
monic, the resulting synchronized 3 GHz signal is mixed with the 75 MHz frequency
component of the laser pulse train by a single sideband upconverter. This results in
a 3.075 GHz signal, phase-locked to the 3 GHz signal and synchronized to the laser
pulses. Variable attenuators and the combination of two 2π 3 GHz phase shifters of-
fer independent control of both the amplitude and phase of each mode in the cavity.
Note that laser-triggered electron sources would need a 2-meter-long retroreflecting
optical delay line of to cover the 13 ns period, inevitably leading to laser pointing
errors.

The cavity is mounted inside a water-cooled copper structure, of which the tem-
perature is measured with an NTC sensor and stabilized to 1 mK using a homebuilt
control system. This is necessary to keep the 3 GHz cavity resonance frequency within
the 1 MHz control bandwidth of the synchronizer. This structure is inserted in be-
tween the C2 aperture (10 µm) and the minicondenser lens of a modified 200 kV
FEI Tecnai TF20, together with a pair of additional deflection coils and a chopping
aperture.[26] The C2 lens is used to create a crossover in the center of the cavity to
eliminate emittance growth, while the minicondenser lens is used to set the illumi-
nated field of view. Standard TEM deflection coils behind the chopping aperture are
used to counteract the acquired transverse velocity component due to deflection by
the cavity. The SA-aperture is used to block out the second beam, see also the caption
of figure 6.1.

6.4 Results

To visualize the entire Lissajous pattern, we start at low magnification and low mi-
crowave input powers in both cavity modes. The beam is focused onto the fluorescent
screen by the C2-lens, resulting in the Lissajous pattern of figure 6.5. The fact that the
individual lines are distinguishable shows that both modes of the dual mode cavity
are phase-locked properly. Changing the phase difference between the two modes
results in a change of the Lissajous figure.

Then a 10 µm chopping aperture is inserted, creating a pulsed electron beam. The
C2-lens is used to create a crossover in the center of the cavity and the minicondenser
lens is used to focus the beam onto the fluorescent screen again. By measuring the de-
crease in total counts per second on the camera, the pulse length can be determined
for varying microwave input power. First, both modes are characterized indepen-
dently by driving them one at a time. This results in figure 6.6a. Both modes show the
expected τ∝ 1/B ∝ 1/

p
P behaviour.[26] Note a pulse length of τ= (630±10) fs only

requires (3.7±0.1) W of microwave input power. The decrease in pulse length with
respect to previous measurements[26] is explained by using smaller apertures.[34]

Then, both orthogonal modes are driven simultaneously to reduce the repetition
rate to 75 MHz. Figure 6.6b shows an image of the pulsed beam focused onto the
detector in which the 40th and 41st harmonics are driven at (1.3±0.1) W and (1.1±0.1)
W respectively. According to the fit in figure 6.6a, the total input power of (2.4±0.1)
W results in a pulse length of τ= (750±10) fs. The rms size of the focused spot is σx =
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Figure 6.5: Experimental demonstration of the Lissajous pattern on the fluorescent screen in-
side the TEM.

(1.3±0.1) nm times σy = (0.8±0.1) nm. The slight asymmetry is present in continuous
mode as well and is caused by aberrations. Subsequently the semi-divergence angle
is measured in diffraction mode for the same illumination settings, by comparing the
diameter of the Ronchigram to the diameter of the first Bragg ring of the diffraction
pattern of a gold specimen. This results in a semi-divergence angle of α = (3.3±0.1)
mrad, corresponding to an rms value of σx′ = σy ′ = (1.7± 0.1) mrad for a uniform
distribution. For a focused beam the rms normalized transverse emittance in the
j = x, y-direction can be determined via

εn, j =βγσ jσ j ′ , with j = x, y, (6.13)

in which β= v/c is the velocity of the electrons v normalized to the speed of light c.
Substituting the measured values for σx , σy and σx ′ = σy ′ yields the rms normalized
emittance in both directions: εn,x = (2.1± 0.2) pm rad and εn,y = (1.3± 0.2) pm rad.
These measurements were performed at a peak current of Ip = (0.4±0.1) nA, i.e. the
time-averaged current for the unchopped beam. These measurements allow us to
calculate the rms normalized (or reduced) peak brightness

Bnp,rms = q

mc2

Ip

4π2εn,xεn,y
= 1

V ∗
Ip

2π2α2σxσy
, (6.14)
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Figure 6.6: (a) Pulse length as a function of microwave power in the cavity (single mode). The
open circles represent the 3 GHz signal, the solid circles represent the 3.075 GHz
signal. The red curve is a 1/

p
P fit, calculated for both signals. (b) Image of the

75 MHz pulsed beam focused on the detector for a peak current of Ip = (0.4±0.1)
nA. The rms size of the focused spot is σx = (1.3± 0.1) nm times σy = (0.8± 0.1)
nm. (c) Measurement of the energy spread of the beam. The solid red curve is a
pseudo-Voigt fit with a full width at half maximum of ∆U = (0.90±0.05) eV.

in which V ∗ = (1/2+γ/2)V is the acceleration voltage V multiplied by a relativistic cor-
rection term.[26] The practical reduced peak brightness as introduced by Bronsgeest
et al.[45] is then given by Bpract = Bnp,rms/ln2.[34] Substituting the measured values
in equation (6.14) results in an rms normalized peak brightness of Bnp,rms = (7±1)×106

A/m2 sr V. Note that this value presents a lower limit, because the spot size is limited
by abberations. A comparison to previously measured values for a continuous beam
(Bnp,rms = 7.5×106 A/m2 sr V) and a 3 GHz chopped beam (Bnp,rms = 6.6×106 A/m2

sr V)[26] results in the conclusion that the dual mode cavity fully conserves peak
brightness. In addition figure 6.6c shows the energy spectrum of the 75 MHz electron
pulses. The full width at half maximum energy spread obtained from a pseudo-Voigt
fit is ∆U = (0.90±0.05) eV, which is equal to the energy spread of the continuous beam
as well.[26]

6.5 Conclusion

We have demonstrated the operation of a dual mode deflection cavity inside a com-
mercial transmission electron microscope to create a beam of ultrashort electron
pulses with conservation of peak brightness and energy spread. Sub-picosecond elec-
tron pulses are created at a repetition rate of 75 MHz and are synchronized to a
Ti:Sapphire oscillator. Furthermore, we have measured rms normalized transverse
emittances of εn,x = (2.1±0.2) pm rad and εn,y = (1.3±0.2) pm rad, for a peak current of
Ip = (0.4±0.1) nA. This results in a rms normalized peak brightness of Brms = (7±1)×106

A/m2 sr V, demonstrating that deflecting electrons using multiple modes in a mi-
crowave cavity does not affect the peak brightness of the beam. Also the energy
spread ∆U = (0.90± 0.05) eV is unaffected by the dual mode cavity. This allows for

78



6.5 Conclusion 79

atomic spatial resolution and sub-ps temporal resolution pump-probe experiments in
which a standard Ti:Sapphire oscillator can be used to excite dynamic processes.

In addition, the experimental demonstration of the Lissajous pattern, shows that
the dual mode cavity can be used as a streak camera that can resolve temporal dif-
ferences up to 13 ns with sub-ps resolution, corresponding to a dynamic range > 104.
As a final remark, this demonstration of controlling the motion of electrons by driv-
ing multiple modes in a single cavity, opens the door to even more advanced pulsed
beam manipulation using microwave cavities. For example, a microwave cavity that
supports multiple higher harmonics of the same mode, could extend the linear regime
of the cavity electromagnetic fields, allowing better temporal compression or higher
energy resolution in TM010 mode cavity based time-of-flight EELS setups.[22]
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Appendix: Response to the reviewer

In the peer review process some of the reviewers made some good remarks, which
led to some interesting correspondence. Although not all aspects were included in
the published version of the main paper, they are sufficiently relevant to be included
in this dissertation.

Additional harmonics

An earlier draft of the previous paper contained figure 6.7a, which led to a question by
one of the referees. He correctly noticed that the recorded Lissajous pattern deviates
from the theoretically expected Lissajous pattern from figure 6.1b. He pointed out: In
the Lissajous pattern on the screen, the top and bottom edges (y direction) are sharper.
On the other hand, both right and left edges (x-direction) show two lines like a sinusoidal
curve. In addition, all lines within the pattern appear to be split into two curves. The split
appears to be less pronounced when the lines are near the edges. It looks the resonance
in x-direction is bistable.

The deviation from the theoretically expected Lissajous pattern can be explained
by the presence of a small but undesired 3.000 GHz signal component in the 3.075
GHz microwave line. The 3.075 GHz signal which was used to create the Lissajous
pattern from figure 6.7a was generated by mixing the 3.000 GHz signal with a 75
MHz signal using a regular upconverter. However, apart from a pure 3.075 GHz
signal, also small 3.000 GHz and 2.925 GHz signal components were created in the
3.075 GHz microwave line. Figure 6.7b shows how the theoretical Lissajous pattern
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looks when such small additional signal components are present in the 3.075 GHz
microwave line. Here we have plotted

x(t ) = sin
(
(ω0 +δω)t +φ2

)+
+ 0.02 sin

(
ω0t +φ2

)+0.02 sin
(
(ω0 −δω))t +φ2

)
(6.15)

y(t ) = sin
(
ω0t +φ1

)
,

with values ω0 = 2π×3 GHz, δω = 2π×75 MHz, φ1 = 0 rad and φ2 = 0.375 rad. Note
how these additional harmonics correctly explain the diamond shape of the pattern,
the sinusoidal curves at the top and bottom edges, and also the asymmetry in the
distance between the lines. However we would like to emphasize that after each
period of 13 ns, the electron beam returns to exactly the same position. Therefore the
Lissajous pattern (and the dual mode cavity) is not phase instable or bistable. One
can place an aperture at any line in the Lissajous pattern and obtain a 75 MHz pulsed
beam with perfect equidistant pulses (or 2×75 MHz for a crossing instead of a line).
After the first submission of the manuscript the regular upconverter was replaced by
a single sideband upconverter, strongly suppressing the undesired 3.000 GHz signal.
This resulted in the Lissajous pattern of figure 6.5, in which the undesired sinusoidal
shape is completely absent.

(a) (b)

Figure 6.7: (a) Experimental demonstration of the Lissajous pattern using a regular upcon-
verter instead of a single-sideband upconverter. A small 3.000 GHz signal compo-
nent in the 3.075 GHz microwave line results in an additional sinusoidal shape in
one direction of the Lissajous pattern. The two bright lines in the top right corner
are a result of specular reflection of the lab lighting into the camera. (b) Paramet-
ric plot of equation (6.15) demonstrating that unwanted harmonics can explain the
deviation Lissajous pattern in (a).
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Sub 100 fs resolution over full 13 ns time span

A second remark by one of the reviewers is the following: The authors say that the
dual mode cavity would be able to temporally resolve dynamic processes up to 13 ns with
100 fs resolution, corresponding to a big dynamic range of > 104. The electron beam
traces one full Lissajous pattern within one beat between 3 GHz and 3.075 GHz signals,
i.e. 13 ns interval. Then one pixel does not always correspond to 100 fs. It depends
on which part of the pattern the beam is travelling. In addition, it is not practical to
sweep an electron diffraction pattern along the Lissajous pattern in order to study its
time-dependent changes.

Indeed the time resolution of such a streak camera in dual mode differs for each
position in the pattern. Especially in the corners of the Lissajous pattern, the time
resolution would be worse, because the electron beam spends more time there. Figure
6.8a shows a Lissajous pattern imaged onto the full area of a 2000×2000 pixel detector,
in which only the illuminated pixels corresponding to a time resolution 100 fs or worse
are displayed. Note that these pixels (only 4% of all illuminated pixels) are all close
to the four corners of the Lissajous pattern. By recording a second streak pattern
(orange in figure 6.8b) for which both microwave phases φ1 and φ2 are offset by π/2
with respect to the first streak measurement (blue in figure 6.8b), one can record the
entire 13 ns period with sub-100 fs time-resolution. Note that one would also have to

(a) (b)

Figure 6.8: (a) Image of a Lissajous streak on a 2048×2048 pixel electron camera in which only
the pixels that correspond to temporal resolution worse than 100 fs are displayed.
The inset is a magnified image of the 250×250 pixels top right corner. (b) If two
Lissajous patterns are recorded, for which the second pattern is recorded when
both microwave phases are shifted 90 degrees with respect to the recording of the
first pattern, the electrons that end up in the corners in the first pattern, end up in
the center (orange) in the second pattern, and vice versa. The combination of (a)
and (b) results in the conclusion that the entire 13 ns time interval can be recorded
with sub 100 fs temporal resolution in two measurements.
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record a Lissajous pattern without pump laser irradiation as an intensity reference.
As for the reviewers second argument, we agree. However, one could resolve the

temporal dynamics within one Bragg peak by selecting it using an aperture in the
diffraction plane and streaking it into a Lissajous pattern. Also time-of-flight EELS
would be a viable application as it is a pure longitudinal effect.
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Chapter 7
Reducing radiation damage using
temporally structured electron
beams

Abstract

A combination of atomic resolution phase contrast electron microscopy and ultrafast
electron microscopy reveals pristine properties of radiation-sensitive MgCl2 supports
at 1.7 Å resolution that were previously masked by air and beam damage. First, we
demonstrate a clear beam current rate dependence of beam-induced damage, which
can not be explained by the standard model of radiation damage. We show that by
limiting the beam current, we can work in a damage-free regime which allows us to
capture the first atomic resolution phase-contrast images of pristine MgCl2 supports.
We conclude that the high density of edge dislocations (> 1012) is a genuine material
property of MgCl2 as beam and air damage have been ruled out. Secondly, by applying
a pulsed beam we gain insight in the dynamics of the underlying damage mechanisms.
We find that the α-MgCl2 → β-MgCl2 phase transition is significantly suppressed for
a beam temporally structured in the picosecond regime, giving phonons time to dis-
sipate before the subsequent delivery of the next electron pulse, thus avoiding the
accumulation of phonons. As a result, the total electron dose that can be applied
without causing alterations to the object is extended significantly, which could have
far-reaching implications in many other radiation-sensitive materials.1

1This chapter is based on the paper: C. Kisielowski, et al. "Discovering Hidden Material Properties of
MgCl2 at Atomic Resolution with Structured Temporal Electron Illumination of Picosecond Time Resolu-
tion." Advanced Functional Materials 29.11 (2019): 1807818.[56]
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84 Reducing radiation damage using temporally structured electron beams

7.1 Introduction

Atomic resolution imaging of radiation sensitive material is considered to be one of
the most important challenges of our time.[57] Especially single-particle electron mi-
croscopy of biological molecules is one of the holy grails in multidisciplinary scientific
research, but is impeded by the low image contrast and high sensitivity to electron
beam radiation of these samples. The low critical dose of carbon atoms, i.e. the max-
imum electron dose that can be applied to samples above which they are irreversibly
altered, have forced electron microscopists to limit the total dose that is applied to
biological samples down to D = 20 e/Å2.[58, 59] However, the electron dose that is
required to image a single carbon atom in graphene is D = 104 e/Å2, a factor 500
higher.[60] As a result, cryo-electron microscopy images of biomolecules are often
extremely noisy, which is considered the main bottleneck of this technique.[61] Apart
from biomolecules, there are many other materials that are extremely sensitive to
electron radiation, many of which are vital in industrial processes. For example the
MgCl2-supported TiCl4 Ziegler-Natta catalysts, which are used to produce a substan-
tial fraction of the world’s polyethylene, are extremely sensitive to both electron beam
radiation and ambient conditions.[62–64] As a result, the atomic and defect structure
of these pristine catalyst support films have never been fully characterized by electron
microscopy.[65–68] For example, it has not been established yet whether the high
density of edge dislocations, which act as binding sites for active titanium atoms, is a
genuine material property or caused by air or beam damage.

For many years, the established opinion on beam-induced sample damage has
been that it depends on the acceleration voltage and the total accumulated electron
dose only. However, recently some researchers have reported that beam-induced dam-
age is dependent on the dose rate (e/Å2s) as well.[58, 69–71] For example, high reso-
lution electron energy loss spectroscopy (EELS) experiments on the radiation sensitive
MgCl2 support films in the TEAM-I microscope in Berkeley show a radical change in
the low-loss region when different dose rates are applied, see figure 7.1a. At low
dose rates (blue curve) the bandgap Eg of MgCl2 and plasmon excitations are the
dominant features in the spectra, while at high dose rates (red curve), defect levels
dominate because chlorine atoms are displaced from their lattice sites and vacancies
are formed.[72] Thus, figure 7.1a captures that chlorine losses are accelerated by
increasing dose rates. In addition, the width of the zero loss peak (ZLP) shows a sig-
nificant 10-20 meV increase for increasing dose rate, see inset of figure 7.1b. These
energy scales indicate that increasing electron dose rates could amplify the accumu-
lation of phonons, which have been identified as mediators for radiation damage
before.[70, 73] For example, Calderon et al. observed that beam-induced structural
degradation of graphene was reproducibly smaller when a Nelsionan illumination
scheme was used, as compared to a traditional broad beam illumination scheme, see
figure 7.2. They demonstrated that when the irradiated area A on the sample is larger
than the recorded field of view on the detector F , electron-induced phonon excitations
that occur outside the field of view can propagate into the recorded area and degrade
the image.[73]

In this work the existence of a dose rate effect and the mediating role of phonons
are tested in the cavity-based ultrafast transmission electron microscope in Eind-
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hoven. Here pristine MgCl2 support films are exposed to a pulsed electron beam,
temporally structured in the picosecond regime by chopping a continuous 200 kV
electron beam using a resonant microwave deflection cavity and a small aperture. In
this way the applied dose rate can be reduced in a very well-defined way, and it al-
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Figure 7.1: (a) Dose rate dependence of low loss spectra for a constant (within factor 2) accu-
mulated dose. Defect levels (solid, black arrows), plasmons (dotted gray arrows)
and the bandgap Eg of α-MgCl2 are highlighted. (b) Zero loss peak of the EELS
spectrum in vacuum (black) and on MgCl2. Inset the full width at half maximum
of the zero loss peak for two dose rates over both vacuum and MgCl2. The selected
high dose rate of 7000 e/Å2s is typical for conventional atomic resolution phase
contrast imaging.[70]

Figure 7.2: (a) Traditional illumination scheme, in which the detector (imaging) or the SA-
aperture (diffraction) defines the field of view F . Here F is smaller than the irra-
diated area A. (b) Nelsonian illumination scheme in which the condenser aperture
defines both A and F .
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lows the electron-triggered phonons to dissipate away before the next electron pulse
arrives, avoiding the accumulation of phonons. Note that the potential benefits of us-
ing a pulsed electron beam to mitigate radiation damage have been speculated upon
for decades[3, 74, 75].

Our measurements confirm that radiation-induced damage to pristine MgCl2 sup-
ports can be reduced significantly by respecting dose rate limits. Moreover, by reduc-
ing the dose rate below a critical threshold we can work in a basically damage-free
regime, allowing us to capture the first atomic resolution images of these extremely
fragile MgCl2 samples. In addition, we find that reducing the dose rate by pulsing the
beam is especially effective in suppressing the structural phase transition from the
rhombohedral layered α-MgCl2 phase to the hexagonal layered β-MgCl2 structure.

7.2 Methods

The experiments described in this chapter are performed at multiple locations. Pre-
liminary experiments on sample shrinkage, acceleration voltage selection and sample
composition described in section 7.2 were performed at Dow Chemical in a Titan G2
80-300 probe corrected transmission electron, equipped with an XFEG, monochro-
mator, superX EDS and a Ceta CMOS camera. Continuous and pulsed diffraction
experiments were performed at Eindhoven University of Technology in a 200 kV Tec-
nai TF20, which has been modified to be fitted with a resonant microwave deflection
cavity and chopping aperture. The cavity supports an on-axis transverse magnetic
field oscillating at the resonance frequency of f0 = 3 GHz, periodically deflecting the
electrons perpendicular to their direction of propagation. A 10 or 30 µm aperture
then chops the beam into ultrashort pulses at a repetition rate of 6 GHz. By vary-
ing the microwave power fed into the cavity, the pulse duration is varied between 8
ps and 14 ps. Atomic resolution images were recorded in the aberration-corrected
TEAM-I microscope at the Molecular Foundry in Berkeley, which is described in[76].
It is optimized for operation at 300 kV and is equipped with a K2 direct electron
camera with a differential quantum efficiency reaching 80%.[77] It allows capturing
of atomic resolution images with single electron detection. A Nelsonian illumination
scheme is used in all experiments, in which the illuminated area A defines the field of
view F by matching its size to the size of the camera in imaging mode, and inserting
no SA-aperture in diffraction mode. In this scheme, all electrons that have interacted
with the sample are detected and amplification of beam damage is avoided.

The used MgCl2 sample has been prepared in the following way: Crystalline an-
hydrous MgCl2 power was purchased from Sigma Aldrich and loaded into a moisture
free, N2 protected, glove box at < 2 ppm water vapour and < 1 ppm oxygen. This
is necessary, because when the sample is exposed to air, the MgCl2 is immediately
hydrolysed to MgO via

MgCl2 +H2O → MgO+2HCl. (7.1)

Next, the MgCl2 powder is crushed using a pestle and mortar and diluted in hexanes
or Isopar E solvent. Then the solution is drop casted onto a 300 mesh TEM grid with
lacey carbon support, resulting in polycrystalline µm flakes of MgCl2. The samples are
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transferred to the TEM in an inert nitrogen atmosphere via a sealed transfer holder.
Using energy-dispersive X-ray spectroscopy (EDS), the average chemical composition
of the material was determined to be 93% MgCl1.9 + 7% MgO (or OH related). When
these samples are exposed to electron beam radiation, the chlorine atoms in MgCl2 are
ballistically displaced by impinging electrons and successively lost to the environment.
This results in sample shrinkage and the precipitation of metallic magnesium

MgCl2 → Mg+Cl2. (7.2)

Figure 7.3a shows images of protected MgCl2 for increasing exposure time to elec-
tron radiation, captured at 80 kV using the Titan G2 80-300 probe corrected TEM at
Dow Chemical. Even for a small dose rate of 56 e/Å2s, the measured sample shrink-
age of 0.8 Å/s exceeds the typical stage drift of 0.05 Å/s by a factor of sixteen, see
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Figure 7.3: (a) Image series of MgCl2 showing beam-induced sample shrinkage due to chlo-
rine loss.(b) Sample shrinkage as function of exposure time (hence electron dose).
(c) Azimuthally integrated power spectra of MgCl2 images at 80 kV and 300 kV.
Selecting 300 kV results in dramatically less background signal.
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figure 7.3b. Apart from knock-on atom displacements, inelastic scattering results in
ionization damage, which appears as a background signal in the diffraction patterns
or the Fourier transform of the images. A measurement in which the acceleration
voltage was varied from 80 kV to 300 kV (figure 7.3c) showed a significant reduction
in background signal for higher acceleration voltages, so acceleration voltages of 200
kV - 300 kV are chosen in the remainder of the experiments, dependent on the used
microscope.

The experiments performed in Eindhoven and Berkeley are similar. Diffraction
patterns (in Eindhoven) or high resolution TEM images (Berkeley) are recorded as
a function of increasing electron exposure time. The beam-induced changes in the
intensity of each diffraction ring, or each ring in the Fourier transformed power spec-
trum in the case of the real space images recorded in Berkeley, are monitored as
function of total accumulated electron dose. The final diffraction pattern or image of
each measurement series is taken after an accumulated dose of at least 30000-40000
e/Å2, sufficient to image single carbon atoms in graphene. Obviously, when the beam
is chopped into pulses, the required exposure time to accumulate such dose is a factor
T /τp longer than for a continuous beam. Here T = 1/ frep = 167 ps is the time between
two successive pulses and τp is the duration of the electron pulse. Beam currents vary
between 0.3 pA and 37 nA and the diameter of the illuminated area A is smaller than
500 nm. By adjusting I and A, the dose rates are varied between 10 and 800 e/Å2s,
but are typically chosen 50 e/Å2s for most measurements to avoid rapid damage to
the samples. Then a typical measurement series contains 50 diffraction patterns and
the exposure time per pattern ranges from 0.1 s (for continuous illumination) to 25 s
(for pulsed illumination).

7.3 Time-resolved diffraction experiments on beam-induced
damage

Figure 7.4 shows a typical series of diffraction patterns of MgCl2 for increasing elec-
tron irradiation time. This is shown for a continuous beam (random) and a temporally
structured beam (pulsed). For both measurement series a peak current of I = 0.5 nA
is chosen. The rings in the diffraction spectra clearly indicate that the sample is poly-
crystalline. Contrast fluctuations within the captured diffraction rings are observed
over time, that are noticeably smaller for pulsed illumination. Because a peak current
I = 0.5 nA corresponds to 0.04 electrons per 14 ps pulse, pulsing the beam does not re-
sult in a significantly altered temporal beam structure. Possibly the reduced increase
in temperature because of the lower average beam current explains the decrease in
contrast fluctuations. For both measurement series, most diffraction rings decay as
function of accumulating electron dose. However in the case of the continuous beam,
a diffraction ring emerges for increasing electron dose, indicated by the dotted circle
and the red arrow in figure 7.4. For the pulsed beam however, this ring remains ab-
sent even after the accumulation of D > 30000 e/Å2. This is a clear indicator of the
existence of a dose-rate dependence on beam-induced sample alterations.

Figure 7.5 shows how these diffraction patterns are analyzed. First, the diffraction
patterns are azimuthally averaged, which results in the spectra of figure 7.5a. The
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7.3 Time-resolved diffraction experiments on beam-induced damage 89

different colors represent different time frames at which an increasing amount of dose
is accumulated. A baseline is fitted through the local minima of these curves, which is
subtracted. Subsequently the data are normalized for total electron counts, resulting
in figure 7.5b. Here the decay of the diffraction peaks at scattering vectors g = 0.35
Å−1, g = 0.38 Å−1 and g = 0.55 Å−1 is clearly visible. It characterizes the decrease of
the α-MgCl2 phase due to beam-induced chlorine loss. However, when we zoom in
on the final frames of the measurement series, see figure 7.5c, we clearly see emerged
diffraction peaks at scattering vectors g = 0.41 Å−1 and g = 0.46 Å−1. The (very small)
peak at g = 0.41 Å−1 indicates the appearance of metallic Mg out of MgCl2, while the
peak at g = 0.46 Å−1 indicates the creation of a hexagonal layered structure β-MgCl2

from the initial rhombohedral layered α-MgCl2-phase (figure 7.6). The normalized
intensity of each diffraction peak is plotted as a function of the accumulated dose D
in figure 7.5d and are fitted with the linear function y = y0 + cD. The slope c, which

Figure 7.4: Typical diffraction patterns measured with a temporally structured (pulsed, τp = 14

ps, T = 167 ps, average dose rate 52 e/Å2s) beam (left) and a random (continuous,
630 e/Å2s) beam (right) for increasing total electron dose. The peak current I = 0.5
nA in both cases. The white dotted circle and the red arrow indicate g = 0.46 Å−1

which is characteristic for the β-MgCl2-phase.
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is negative for the peaks at scattering vectors g = 0.35 Å−1, g = 0.38 Å−1 and g = 0.55
Å−1, and positive for the peak at g = 0.46 Å−1, is a measure for the beam-induced
sample change per unit of applied electron dose, and can be used to compare the
effect of varying beam currents and temporal structure (random or pulsed) of the
electron beam. More specifically, we define the negative alteration parameter a− as
the normalized slope a− ≡ c/y0 for the three decaying peaks. Analogously for the
appearing peak at g = 0.46 Å−1 we define the positive alteration parameter a+ as
a+ = c/y∗

0 , in which for y∗
0 the average signal at s = 0.34 Å−1 and s = 0.38 Å−1 at D = 0

is used to avoid dividing by small numbers.

Table 7.1 gives an overview of the eight different experimental conditions at which
measurements have been conducted. The data in the first two columns were obtained
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Figure 7.5: (a) Azimuthally averaged diffraction patterns for varying accumulated dose. (b)
A selection of spectra after background subtraction and normalization by electron
counts. (c) Examples of typical spectrum for α-MgCl2 (black) and β-MgCl2 (red).
The peak at g = 0.46 Å−1, which is characteristic for β-MgCl2, is indicated by the
red dashed line. (d) Decay of characteristic Bragg peaks as function of accumulated
dose due to chlorine loss.
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Table 7.1: Parameter values for peak current Ipeak, pulse length τp , average current Iaverage,
diameter of the illuminated area d = 2

p
A/π and average dose rate Iaverage/A for

regions in parameters space defined in the main text.

Imaging Diffraction
Low current (LC) High current (HC)

LDR HDR pulsed LDR HDR pulsed
Ipeak (pA) 3 33 70 500 500 1600 37000 37000
τp (ps) - - - 14 - - 8
Iaverage (pA) 3 33 70 500 42 1600 37000 1772

d = 2
√

A
π (nm) 50 50 350 250 250 1700 1900 1900

Iaverage

A (e/Å2s) 100 1100 45 630 52 45 800 40

by Fourier transforming atomic resolution real space TEM images in Berkeley, fol-
lowed by the same analysis as presented before. These measurements are performed
at the lowest currents. The data in the other six columns originate directly from
diffraction spectra measured in Eindhoven and can be divided into two regimes. A
low-current (LC) regime (columns 3-5) in which the maximum current is I = 0.5 nA,
resulting in 0.04 electrons per 14 ps pulse; and a high-current (HC) regime (columns
6-8)in which the maximum current is I = 37 nA, resulting in 2 electrons per 8 ps
pulse. The dose rates in both regimes are comparable because the illuminated area A
is increased for the higher currents. In addition, three measurements series are per-
formed within each regime: a high dose rate (HDR) measurement, a measurement in
which the dose rate was lowered by pulsing the beam (pulsed), and a measurement
in which the dose rate was lowered to a similar dose rate as in pulsed, but now by
reducing the beam current (and slightly changing the illuminated area A) (LDR).

Figure 7.7a shows the average negative alteration parameter from each measure-
ment series as a function of beam current I . The black markers indicate a continuous

Figure 7.6: Schematic representation of the electron beam induced phase transition from α-
MgCl2 to β-MgCl2.
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or randomly structured beam, and the red and blue markers indicate a pulsed beam.
Red and blue represent the same data, but plotted for the peak current and time-
averaged current respectively. First consider the data for the continuous electron
beam. The data is fitted with the logarithmic function a− ∝−(1+2.8log I ) containing
two terms: an expected, current-independent term caused by knock-on atom dis-
placements, but also an unexpected, but dominating, current-dependent term of 2.8
per decade of current increase. The fact that chlorine displacements and successive
losses are decelerated by decreasing dose rate can not be explained by the standard
model of radiation damage and is an important result. Especially since extrapolating
the curve indicates that sample shrinkage is expected to be undetectable in the range
of 100 femtoamperes (alteration parameter a0, green marker). This would mean that
this regime allows non-destructive accumulation of 30000-40000 e/Å2, sufficient for
atomic resolution imaging of this highly sensitive material. The second thing we see
in figure 7.7a is that the red markers are indistinguishable from the black markers.
This means that limiting the dose rate by pulsing the beam appears ineffective in
limiting chlorine losses. Apparently, the peak current determines the rate of chlorine
loss, rather than the average current. Therefore we deduct that sample heating is
probably not an important factor in sample shrinkage by chlorine losses. In addition,
the relevant time constants for chlorine loss and displacements must fall outside the
probed time interval of 14 ps - 167 ps.

Figure 7.7b shows that the positive alteration parameter a+, characterizing the
α-MgCl2 → β-MgCl2 phase transition, exhibits a completely different behaviour. Fig-
ure 7.7b shows a+ for increasing beam current I for a continuous beam (black) and
a pulsed beam, again plotted at both peak current (red) and average current (blue).
Again the positive alteration rate varies wildly with beam current, which is not ex-
plained by the standard model. The data for the continuous beam are fitted with a
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Figure 7.7: (a) Negative and (b) positive alteration parameters as a function of increasing beam
current. The black markers represent the average of the data for a continuous (ran-
dom) beam, while the red and blue markers represent the average of the data for
a pulsed beam. The error bars indicate the spread in all conducted measurements.
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function of exponential growth and decay, indicating that for increasing beam cur-
rent, the rate of beam-induced β-MgCl2 formation increases to the point where chlo-
rine loss limits the available α-MgCl2 and ultimately no β-MgCl2 is formed anymore.
Again, lowering the current results in less beam-induced changes. In contrast to the
negative alteration parameter, we see that in the low-current regime (LC) the blue
marker is indistinguishable from the black data, indicating that not the peak current
but the average current (and therefore perhaps heating) plays an important role in
the rate of β-MgCl2 formation. In this regime, lowering the dose rate either by puls-
ing (LC-pulsed) or by reducing the peak current (LC-LHD) results in significantly less
beam-induced changes. However, in the high-current (HC) regime the story is dif-
ferent. Again, we find that lowering the average current results in significantly less
alterations to the sample. However on top of that, figure 7.7b shows that doing this
by pulsing the beam (HC-pulsed) rather than reducing the peak current (HC-LDR), re-
producibly results in an additional reduction of the positive alteration parameter by a
roughly a factor of 2. Apparently, the T = 167 ps time between two successive pulses is
enough time for the sample to relax to its initial α state. These picosecond timescales
suggest that phonon excitations play an important role in the α-MgCl2 → β-MgCl2

phase transition and the modulation of radiation damage. The resulting dose rate
dependence indicates that the accumulation of phonons accelerates the phase transi-
tion. The fact that we don’t see a difference between LC-pulsed and LC-LDR could be
simply because lowering the dose rate by reducing the peak current is already suffi-
cient to suppress any beam-induced sample changes, so any additional advantage of
pulsing the beam are not visible anyway. However a second argument could be that
pulsing the beam in the LC regime has no real effect on the temporal structure of the
beam, because each pulse contains only 0.04 electrons. Phonons have sufficient time
to dissipate between electrons even in a continuous beam. In the HC regime how-
ever, every pulse contains 2 electrons, so pulsing dramatically changes the temporal
structure of the beam and actually gives the samples time to relax. Currently, the
maximum current that is available in the microscope limits the possibility to explore
the HC-pulsed regime. It would be interesting to see whether pulsing shifts the com-
plete function of growth and decay towards higher currents, or scales the curve along
the y-axis.

7.4 Atomic resolution imaging of pristine MgCl2 sup-
ports

Figure 7.7a suggests that when the beam current is reduced down to the 100 fem-
toamperes regime, it might be possible to accumulate a total dose of 30000 - 40000
e/Å2 without inducing any alterations to the sample. This would enable atomic res-
olution imaging of these highly sensitive MgCl2 samples. This has been tested at the
aberration-corrected TEAM-I microscope at the Molecular Foundry in Berkeley, which
allows capturing of atomic resolution images with single electron detection. Figure
7.8c shows a single high resolution TEM image of MgCl2 captured for a low dose rate
of 88 e/Å2s and beam current of 20 pA. Locally, entire Cl-Mg-Cl molecular layers are
terminated to form edge dislocations, occurring at high density of > 1012 cm−2. These
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dislocations, marked by the symbol ⊥, are potential sites for attachment for titanium
atoms in active Ziegler-Natta catalysts. The 1.7 Å local resolution (figure 7.8d) is
obtained only for short exposure times, because sample shrinkage of 70 pm/s due to
chlorine loss is still significant at this dose rate. Figure 7.8e however, shows the phase
image of an inline hologram that is created by aligning and processing 35 images that
were captured at a lower current of I = 300 fA, matching conditions for a0. At this low
dose rate, sample shrinkage and other structural alterations of α-MgCl2 are absent,
allowing the accumulation of a larger total dose of 300 e/Å2. At this beam current,
the average time between two successive electrons is of the order of 1 µs, which is an
estimate for the structural relaxation time that affects the rate as to which chlorine is
lost. This explains why temporally structuring the beam in the picosecond regime has
no additional effect on reducing chlorine loss. The fact that we still see such a high

Figure 7.8: (a) Crystal structure of MgCl2 in [110] orientation. The difference in atom column
spacing between α-MgCl2 and β-MgCl2 (3.39 Åvs 3.44 Å) is too small to distinguish
in real space images. (b) Simulated images of different zone orientations reveal
a layered structure with spacing of 5.9 Å. (c) Single atomic resolution image of
MgCl2: pixel size 0.34 Å; beam current I = 20 pA; dose rate 88 e/Å2s; total dose 88
e/Å2; sample shrinkage 70 pm/s. Edge dislocations are marked by ⊥. (d) Locally, a
1.7 Åresolution is reached. (e) Phase of an in-line hologram reconstructed from 35
images. Pixel size: 0.68 Å; beam current I = 300 fA; dose rate 1.7 eÅ2s; total dose
300 e/Å2; sample shrinkage < 6 pm/s.
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density of edge dislocations and the irregular arrangement of lattice planes that lacks
the periodicity of most other crystal structures, means that these are not caused by
beam (or air) damage, but are genuine intrinsic material properties of MgCl2.

7.5 Conclusion

A combination of atomic resolution phase contrast electron microscopy and ultrafast
electron microscopy reveals pristine properties of radiation-sensitive MgCl2 supports
at 1.7Å resolution that were previously masked by air and beam damage. First, we
demonstrate a clear dose rate dependence of beam-induced damage, which can not be
explained by the standard model of radiation damage. We show that by limiting the
dose rate, we can work in a damage-free regime which allows us to capture the first
atomic resolution phase-contrast images of pristine MgCl2 supports. We conclude that
the high density of edge dislocations (> 1012) is a genuine material property of MgCl2

as beam and air damage have been ruled out. Secondly, by applying a pulsed beam
we gain insight in the dynamics of the underlying damage mechanisms. We find that
the α-MgCl2 → β-MgCl2 phase transition is significantly suppressed for a beam tem-
porally structured in the picosecond regime, giving phonons time to dissipate before
the subsequent delivery of the next electron pulse, thus avoiding the accumulation of
phonons. To conclude, by respecting beam current limits, the widely accepted dose
limit of 20 e/Å2 for radiation sensitive is off the table, as we have demonstrated the ac-
cumulation electron dose upto 40000 e/Å2 with hardly any sample degradation. This
opens the door atomic resolution imaging of single weakly scattering atoms such as
carbon which could have far-reaching implications in many other radiation-sensitive
materials.

Appendix: Discussion of recent related research

Recently a manuscript by Elisah VandenBussche and David Flannigan appeared on
the ChemRxiv which is very closely related to the work described in this chapter.[78]
In their manuscript titled Reducing Radiation Damage in Soft Matter with Femtosecond
Timed Single-Electron Packets, the authors describe radiation damage experiments on
n-hexatriacontane (C36H74) using 300 fs electron pulses in the laser-triggered 200 kV
FEI Tecnai Femto ultrafast transmission electron microscope. The authors find that
applying a temporally structured electron beam with a well-defined and uniform time
between each electron, leads to a repeatable nearly two-fold reduction in damage
compared to conventional ultralow-dose methods for the same dose rate and the
same accumulated dose. That is, when the dose is delivered one electron at a time
with up to 100 µs between the arrival of two subsequent electrons.

Interesting about this research is that, apart from merely being able to vary the
number of electrons per pulse by changing the laser pulse energy, the authors were
also able to vary the time between two subsequent electron pulses by varying the
repetition frequency of the laser, allowing a systematic study of these potentially very
important experimental parameters. Relative arrival times of 5 µs, 20 µs and 100 µs
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were tested for pulses containing 1, 5 and 20 electrons on average. The authors found
that in general the degree of damage increases with decreasing time between sub-
sequent electrons and (increases) with increasing electron number up to the point
where the effects of pulsing the beam are indistinguishable from conventional ap-
proaches, indicative of a threshold effect. The results indicate that the temporally
random emission occurring during conventional low-dose methods is a significant
contributor to beam-induced damage and that enhanced specimen recovery enabled
by precise electron-by-electron dose delivery leads to a repeatable reduction in irre-
versible structural damage.

Of course, the microsecond time scales in these experiments are completely differ-
ent from the 167 ps time scales used in our own experiment. Also the studied sample
is different and therefore it is very possible that the underlying damage mechanisms
are different as well. Nevertheless, this research is a second indicator that allowing
a specimen to relax between two subsequent electron excitations by exposing it to
a temporally structured beam rather than a beam in which the electrons arrive ran-
domly; can have a beneficial effect on reducing radiation damage which is definitely
worth to be investigated more thoroughly.
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Chapter 8
Considerations on pump-probe
experiments for cavity-based
UTEM

Abstract

In the previous chapters we have demonstrated that by chopping an electron beam us-
ing resonant microwave deflection cavities, it is possible to create high repetition rate
sub-picosecond electron pulses with conservation of peak brightness. Accurately syn-
chronized to a Ti:Sapphire oscillator, this allows high resolution pump-probe exper-
iments requiring a laser oscillator for pumping the sample only. The higher average
current and the absence of need of an amplified laser system are evident advantages
with respect to photo-emission based UTEMs. However using a microwave cavity and
a laser oscillator for pump-probe experiments introduces some additional challenges.
This chapter starts by introducing these challenges and presents the resulting consid-
erations for the choice of pump-probe experiment. In addition it gives a theoretical
background and a calculation of the expected signal for the chosen experiments.
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8.1 Introduction

The majority of ultrafast electron microscopy, diffraction and spectroscopy experi-
ments is performed using ultrashort electron pulses which are generated using photo-
emission. This process typically requires high energy laser pulses with a wavelength
of λ = 400 nm. Creating these pulses involves non-linear processes requiring high
power laser pulses, forcing the researchers to use laser systems based on chirped
pulse amplification. These amplified systems create high energy laser pulses (10 µJ -
10 mJ) at low repetition rates (1 kHz - 1 MHz). Amplified laser systems are extremely
powerful tools, but are also bulky, expensive and require constant care by experienced
experimentalists.

In the previous chapters we have demonstrated that by chopping an electron beam
using resonant microwave deflection cavities, it is possible to create low-emittance,
ultrashort electron pulses without the need for such amplified systems. By using a
cavity in dual mode, these pulses can be created at a repetition rate of 75 MHz while
accurately synchronized to a mode-locked Ti:Sapphire laser oscillator. Using the same
laser to trigger dynamic processes in a sample allows ultrafast electron microscopy
pump-probe experiments at a high repetition rate of 75 MHz. In contrast to amplified
laser systems, mode-locked oscillators are commercially available in turn-key systems
and can be operated and maintained by users without much experience with lasers.
This greatly enhances the robustness, user-friendlyness and commercialisation per-
spectives of ultrafast electron microscopes. In addition, the higher repetition rate of
75 MHz offers orders of magnitude faster signal accumulation.

Notwithstanding the evident advantages, using a microwave cavity and a laser
oscillator for pump-probe experiments introduces some additional challenges that
particularly makes the first determination of Time-of-Zero (TOZ) significantly less
straightforward as compared to regular laser-triggered UTEMs. This chapter starts by
introducing these challenges and presents the resulting considerations for the choice
of pump-probe experiment. In addition it gives a theoretical background and a calcu-
lation of the expected signal for the chosen experiments.

8.2 Specific challenges of our setup

In regular laser-triggered ultrafast electron sources, one laser beam is splitted into
a beam that excites the dynamic process (pump pulse) and a beam that generates
the probing electron pulse (probe pulse). Therefore, by accurately measuring the
distances between the beam splitter, the electron source and a sample, the optical
path lengths for both pulses can be set equal to within a few millimeters accuracy,
corresponding to guaranteed temporal overlap to within 10 ps. Using an optical
delay line, the remaining 10 ps can be scanned in 100 steps to find the timing of a
pronounced laser-triggered process lasting 100 fs.

However, for a cavity chopped beam there is no such obvious way to a priori
determine the position of an electron pulse at a specific time.1 Scanning the full 13
ns period between two consecutive pulses in 100 fs steps would result in 130000

1We will come back to this in section 9.9.
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measurements. Therefore this is not a realistic option in terms of measurement time,
but also size of data set, data analysis etc. Temporally stretching the laser pulse
increases the time window for overlap with the electron pulse, but goes at the price
of laser intensity. The low pulse energy of the oscillator prohibits stretching the pulse
to longer than few ps, which would still require 5000 measurements to scan the entire
13 ns period. An experiment requiring an exposure time of only 10 s per frame would
still take more than 8 hours of measuring time. This puts stringent conditions on the
setup in terms of stability.

Alternatively, an ultrashort laser pulse could be used to excite a dynamic process
with a lifetime exceeding the presence of the laser pulse, therefore also reducing the
required amount of scan steps. For example, focusing an intense laser beam on a
metallic needle or TEM grid results in a long-lived plasma that deflects the electron
beam during few 100 ps instead of only 100 fs.[79, 80] However the few nanojoule
pulse energy of a mode-locked oscillator is about three orders of magnitude too low
to create such a long-lasting laser-induced plasma. In fact, when we compare the
fluence per pulse in our setup

Fp = Up

πw2
0 /2

= 0.5 mJ/cm2, (8.1)

in which we have assumed a laser pulse energy of Up = 3 nJ can be focused down
to the sample within a waist of w0 = 20 µm, to the fluence used in some successful
pump-probe experiments:

• 10 µJ/cm2 – 5 mJ/cm2 [81]

• 0.45 mJ/cm2 – 1.5 mJ/cm2 [82]

• 1.2 mJ/cm2 – 14 mJ/cm2 [83]

• 31 mJ/cm2 - 75 mJ/cm2, [84]

we find that our fluence per pulse is in the low end of the spectrum. As a result, care
must be taken to design an experiment in which the laser-induced pump-probe effects
are sufficiently pronounced to be observed in the background or noise signal.

Although the pulse energy of the laser is low, we find that many samples that are
inserted in the TEM are immediately destroyed by the laser beam. Even most samples
of graphene, known for its general robustness and excellent heat conducting proper-
ties, are instantly destroyed. Note that the ablation threshold of graphene is Fp = 140
mJ/cm2[85], i.e. orders of magnitude higher than the fluence of a single laser pulse.
Therefore we conclude that destruction of the sample must be a cumulative effect.
This brings us to challenge 4, the high repetition rate of the Ti:Sapphire oscillator. A
repetition rate of 75 MHz implies that the time between two subsequent laser pulses
is 13 ns. Therefore processes with longer relaxation times cannot be studied with
this technique without additional fast laser shutters. In addition, when the heat de-
posited by each laser pulse has not enough time to diffuse away before the next laser
pulse arrives, heat will build up and the sample temperature will rise, even though
the energy per pulse is so low. This means that experiments must be designed such
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that the steady-state temperature remains below the evaporation temperature, or the
sample will be lost. In addition, some pump-probe experiments must be performed at
elevated temperatures. As a final remark, note that samples for scanning electron mi-
croscopy (SEM) are much thicker than TEM samples, resulting in significantly better
heat conduction. Therefore, generation of high-repetition rate electron pulses using
microwave cavities could be ideal for ultrafast SEM.

In conclusion, the set of additional challenges that is unique for our cavity-based
ultrafast setup can be summarized by the following list:

• No a priori coarse estimation of TOZ possible.

• Low duty cycle of pulsed beams.

• Low laser pulse energy.

• High laser repetition frequency.

These four properties have the following implications. TOZ must be found by scan-
ning the pump-probe delay over the huge interval of 13 ns. This implies performing
long measurement series that require high stability of the setup over the course of
multiple hours. Because of the low energy per laser pulse, most laser-induced pump-
probe effects are weak, which makes detection difficult. However, accumulation of
heat deposited by many consecutive laser pulses quickly results in the destruction of
many samples. To maximize the effect triggered by a single laser pulse we need a
sample that can withstand the average power of the laser pulse train first.

8.3 Cumulative heating

8.3.1 Laser heat source

The transverse intensity profile of a focused Gaussian laser pulse traveling in the z-
direction is described by

I (x, y, z, t ) = P (z, t )

πw(z)2/2
exp

(
−2

x2 + y2

w(z)2

)
(8.2)

in which the beam radius

w(z) = w0

√
1+ (z/zR )2 (8.3)

is the distance from the beam axis at which the intensity drops to 1/e2 of the maximum
value.[86] Here the waist w0 and the Rayleigh length

zR ≡ πw2
0

λ
(8.4)

define the transverse and longitudinal size of the laser focus respectively. The optical
power in a Gaussian laser pulse is given by

P (z, t ) = P0 exp

(
− (t − z/c)2

τ2
p

)
, (8.5)
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in which τp = τFWHM/
p

4ln2 is the rms pulse duration and

P0 =
Upp
πτp

(8.6)

is the peak power with Up = Pav/ frep the energy per laser pulse. Then the intensity
profile of a train of these pulses focused at z = 0 is given by

I (x, y,0, t ) = Up /τp

π3/2w2
0 /2

exp

(
−2

x2 + y2

w2
0

) ∞∑
j=0

exp

(
− (t − j T )2

τ2
p

)
(8.7)

in which T = 1/ frep = 13 ns is the time between consecutive laser pulses. Assuming
a time-averaged power Pav = 200 mW arrives at the sample, the incident energy per
pulse is Up = Pav/ frep = 3 nJ.

8.3.2 Heat transfer model

To investigate the effect of this optical intensity distribution to the heat dynamics in
the sample, we use MATLAB’s partial differential equation toolbox to solve the heat
transfer equation

ρcp
∂T

∂t
−∇· (k∇T ) = q̇V (8.8)

for a sample consisting of n = 7 layers of graphene on a square copper TEM grid of
size a which is heated by laser pulse train incident in the center of the sample. Here
we consider the copper bars at x, y = ±a/2 as perfect heat sinks fixed at room tem-
perature T0 = 298 K, which is also the initial temperature of the graphene film. We
choose graphene because of its robustness and excellent thermal conductive proper-
ties. In equation (8.8), ρ = 2250 kg/m3 is the density, cp = 720 J/kgK is the specific
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(a) 300 mesh Cu grid.
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(b) 2000 mesh Cu grid.

Figure 8.1: Temperature in the center of a 7 layer graphene film on a copper TEM grid heated
by a laser pulse train. Parameter values are given in the main text.
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heat capacity, k = 2000 W/mK is the thermal conductivity and q̇V is a volumetric heat
source with unit W/m3. When the penetration depth of the heat source is larger than
the thickness of the material, we can consider the problem to be 2D and multiply
equation (8.8) by the thickness d ,

ρcp d
∂T

∂t
−d∇· (k∇T ) = Iabs. (8.9)

Here we have introduced the absorbed intensity Iabs, which is the product of the inci-
dent intensity from equation (8.7) and the absorptance A = (1−R)(1−exp(−d/δ)) of the
sample, with reflectance R, penetration depth δ=λ/(4πκ) and extinction coefficient κ.
For graphene, A = nπα in which n is the number of layers and α= e2/ħc ≈ 1/137 is the
fine structure constant.[87] Equation (8.9) is solved using a finite element method
with a mesh grid consisting of 1500 nodes. The temperature at each node is calcu-
lated for 10000 timesteps ranging linearly from t = 0 to t = 500 ns. We choose a long
laser pulse duration of τp = 1 ns to avoid accuracy and memory issues, and because
we are only interested in longer term timescales at this point.

Figure 8.1a shows the temperature in the center of the sample for a grid size of
a = 58 µm (300 mesh) as function of time. It shows that the time between consecu-
tive laser pulses is shorter than the thermal diffusion time. The heat has no time to
dissipate between the pulses and therefore the temperature increases quickly until it
reaches an equilibrium at an elevated steady state temperature of about Tss = 1600 K.
Figure 8.1b shows the same situation, but for a much smaller grid size of a = 7.5 µm,
or 2000 mesh. Because the average distance to the heat sink is shorter, the energy is
able to reach the copper grid bars before the next laser pulse arrives. Therefore there
is hardly any accumulation of heat nor increase in steady-state temperature.

Experiments in which such a laser beam is applied to graphene samples of varying
mesh sizes, show that graphene on a 300 mesh grid is destroyed, but that graphene on
a 2000 mesh survives the full laser power. Note that the reported melting temperature
of graphene is much higher (Tmelt = 4510 K,[88]) so some other process causes the
sample destruction. It would be worth checking whether different samples on a 2000
mesh grid also survive the laser power, but for now we have found a sample that
survives a high repetition laser pulse train. It can serve as a well-conducting support
film for other samples, but laser-triggered dynamics (such as the Debye-Waller effect
or PINEM) on graphene itself could also be used for a TOZ-detection.

8.4 Debye-Waller effect

As we have seen in figure 8.1, a different long-lasting laser-triggered process is the
periodic heating and cooling off of the sample. Changes in the atomic lattice due to
increasing temperature can be observed as changes in the diffraction pattern. Expan-
sion of the lattice can be observed as a contraction of the diffraction rings, inhomoge-
neous lattice expansion results in broadening of the diffraction peaks, while heating
induced lattice disorder results in a decrease in intensity of the Bragg peak, see figures
8.2 and 8.3. The latter is called the Debye-Waller effect and can be calculated via

∆I

I0
= exp[−2W (T0 +∆T )]

exp[−2W (T0)]
, (8.10)
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in which W (T ) is the Debye-Waller factor at temperature T given by

W (T ) = 3ħ2G2

2mkbΘD

[
1

4
+

(
T

ΘD

)2 ∫ ΘD /T

0

s

exp(s)−1
ds

]
. (8.11)

Here ΘD is the Debye temperature and G is the reciprocal scattering vector. A laser-
induced decrease in Bragg peak intensity due to the Debye-Waller effect on graphite
was observed by Schäfer et al.[90] using low laser fluence. In addition, the slow

(a) (b) (c)

Figure 8.2: Laser-induced changes in the atomic lattice and the corresponding changes in the
Bragg peaks in diffraction patterns. (a) Linear lattice expansion, (b) inhomoge-
neous lattice spacing, (c) lattice disorder due to heating. Image copied from[89].

Figure 8.3: Decrease in Bragg peak intensity of graphite due to the Debye-Waller effect after
excitation with an absorbed fluence per layer of 18 (black), 35 (red), 53 (green)
and 70 (blue) µJ cm−2. Image copied from[90].
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timescales of the Debye-Waller effect do not require high temporal resolution, so the
number of scan steps is acceptable. These properties could make it an ideal experi-
ment for our setup. On the other hand, due the high Debye temperature of graphene,
the DW effects are weak. When the temperature changes calculated in section 8.3
are substituted into equation (8.10), we find a change in Bragg peak intensity of
1 −∆I /I0 = 2.5% for a 2000 mesh grid. Here we have used parameter values for
graphene ΘD = 1300 K and G = 5.1 Å−1[90]. On top of that, the DW effect is only
visible in the diffracted electron beams. Therefore the largest fraction of the total
current, the zeroth order beam, can not be used to probe this effect. As a result, a
certain exposure time (at least 60 seconds) is required to accumulate enough signal
per diffraction pattern. In addition the DW signal must be observed on top of the
Bragg ring which is always present. Fluctuations in Bragg peak intensity because
of fluctuations in the total beam current could be mistaken for Debye-Waller effects.
This imposes stringent conditions on the general stability of the setup.

Samples such as gold nanoparticles, vanadium dioxide or bismuth, are known to
show much stronger temperature-dependent dynamics than graphene, which could
be easier to observe. However, these samples are also more fragile and would likely
not survive the laser pulse train. Using graphene on a 2000 mesh copper grid as
a support film for these samples, could help in conducting away the deposited heat
while the low Debye temperature of these samples could significantly facilitate the
observation of laser-triggered effects.

8.5 Photon-induced near-field electron microscopy

An alternative pump-probe experiment that could be performed with the graphene
film is photon-induced near-field electron microscopy (PINEM), see figure 8.4. Here
free electrons couple to evanescent near-fields of a nearby metallic film or nanostruc-
ture which is illuminated by an ultrashort laser pulse. An integer number of photons
n is absorbed, which results in a modulation ±nħω in the electron energy loss spec-
trum. Using an electron energy imaging filter, only the electrons that have gained
in energy can be used to image the near-fields of the microstructure, which are of-
ten indicative of surface plasmon polaritons. This technique is called photon-induced
near-field electron microscopy (PINEM) and is one of the new exciting applications
of ultrafast electron microscopy in the field of nanophotonics and plasmonics.

The PINEM-effect has been observed by many groups over the world[10, 38, 81,
83, 91, 92] and is well understood.[93, 94]. The discrete sidebands in the EELS spec-
trum are easily observed as they are spatially separated from the unscattered electrons
and require only a modest electric field amplitude. In addition, because no spatial in-
formation is required, the exposure time to record an EELS spectrum is significantly
shorter than the required exposure time to record a full diffraction pattern. For these
reasons, the PINEM effect might be an ideal candidate for a first proof-of-principle
pump-probe experiment. However, the effect only occurs during the presence of the
ultrashort laser pulse, so stretching the laser pulse would be required to reduce the
amount of delay steps.

To calculate the PINEM signal that we can expect in our setup, consider a p-
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polarized laser beam that illuminates a perfect mirror with an angle of incidence α

and is reflected by the same angle, see figure 8.5. For y > 0, the superposition of both
light fields is given by

Esum = Ei ei ki ·r +Er ei kr ·r

= E0

(
cosα
sinα

)
ei k0(x sinα−y cosα) +E0

(−cosα
sinα

)
ei k0(x sinα+y cosα)

= 2E0

(−i cosαsin(k0 y cosα)
sinαcos(k0 y cosα)

)
ei k0x sinα

(8.12)

Equation (8.12) describes a travelling wave in the x-direction and a standing wave
in the y-direction. The coupling between this light field and a beam of free elec-
trons propagating under an angle θ to this mirror, is described by the dimensionless
coupling constant

g = e

2ħω

∞∫
−∞

E∥ei∆kl dl , (8.13)

in which ∆k = ω/ve and E∥ is the electric field component in the direction of the

Figure 8.4: Photon-induced near-field electron microscopy by Barwick et al.[83] (a) Ultrashort
laser pulses excite evanescent near-fields in carbon nanotubes close to the electron
beam. (b) Modulated EELS spectrum showing sidebands at ±nħω. (c) Filtering out
the energy gain part allows imaging of the laser-induced near fields close to the
nanotubes.
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propagating electrons,[93] given by the inner product

E∥ = Esum ·
(−sinθ

cosθ

)
. (8.14)

If we evaluate equation (8.13) assuming no interaction far away from the mirror, the
coupling constant is given by

g = i eE0ve

ħω2

cosθ
(
sinα−βsinθ

)(
1+βcos(α+θ)

)(
1−βcos(α−θ)

) , (8.15)

with β= ve /c. For the special case α= θ, this reduces to

g = i eE0ve

2ħω2

sin2θ

1+βcos2θ
. (8.16)

Now the population of the nth order side band is given by

Pn = Jn
(
2|g |)2 . (8.17)

The coupling constant g must be averaged over the interaction volume of the electron
pulse and the laser pulse. For the electron pulse we assume a triangular temporal
distribution that is created after streaking a circular electron pulse over a circular
aperture.[95] Here we assume a FWHM pulse length of τe = 300 fs. In addition we as-
sume a Gaussian energy distribution with a FWHM energy spread of ∆U = 0.95 eV. For

Figure 8.5: Geometry of PINEM at a mirror.
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Figure 8.6: (a) Linear and (b) Logarithmic plot of the calculated PINEM signals that are ex-
pected in our setup.

the laser pulse, we assume a Gaussian temporal electric field amplitude distribution
of which the maximum amplitude is given by

E0 =
√

4Up /τp

π3/2cε0w2
0

. (8.18)

We assume that an average power of Pav =Up frep = 200 mW is focused into a w0 = 20
µm waist. Furthermore, we assume α = θ = 45◦. Figure 8.6 shows the calculated
EELS spectra for 5 different simulations: two simulations in which the rms laser pulse
duration is τp = 30 fs, two situations in which the laser pulse is temporally stretched
such that τp = 3 ps, and one situation without any laser field present. In addition, two
different samples are considered: graphene, having a reflectance of R = 0.08 for 800
nm, p-polarized light incident under 45◦, and aluminum for which R = 0.82 under the
same circumstances.[96] Figure 8.6 shows that even in the least favourable condition,
i.e. with the weakly reflecting graphene sample and the laser pulse stretched to τp = 3
ps, still 3% of the electrons ends up in the first order sidebands. If aluminum is used
instead of graphene, the visibility of the PINEM signal increases drastically.
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Chapter 9
Towards a first laser-triggered
pump-probe experiment

Abstract

This chapter describes the status of the cavity-based ultrafast transmission electron
microscope for the application of performing a laser-triggered pump-probe experi-
ment. First a brief overview of the total setup is given, in which the implementation
of the laser is highlighted. Next the workflows are described that are used to ob-
tain and maintain spatial and temporal overlap between the electron pulse and the
laser pulses. Active stabilization is required in multiple aspects of the setup because
of the long durations typical for pump-probe measurements. Our efforts in finding
Time-of-Zero (TOZ) have been delayed significantly by charging of the dielectric in-
side the cavity due to stray electrons. Two viable solutions were found based on
thin, weakly conductive coatings which are both described in this chapter. Finally, al-
though the setup has been improved significantly and a first pump-probe experiment
may be within reach, some additional ideas are presented that could further improve
the general stability of the setup and facilitate performing the first laser-triggered
pump-probe experiment.1

1The work in section 9.7 was filed for patent: E.R. Kieft, et al. "Coating on dielectric material that
prevents charging in a resonant RF cavity." Thermo Fisher Scientific, Disclosure Number FE2689. 4 Mar.
2019.[97]
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9.1 Introduction

In the previous chapters we have demonstrated that by chopping an electron beam us-
ing resonant microwave deflection cavities, it is possible to create high repetition rate
sub-picosecond electron pulses with conservation of peak brightness. Accurately syn-
chronized to a Ti:Sapphire oscillator, this allows high resolution pump-probe exper-
iments requiring a laser oscillator for pumping the sample only. The higher average
current and the absence of need of an amplified laser system are evident advantages
with respect to photo-emission based UTEMs. However using a microwave cavity
and a laser oscillator for pump-probe experiments introduces some new challenges as
pointed out in chapter 8. This chapter describes our endeavors towards performing
such a high-repetition rate laser-triggered pump-probe experiment in the cavity-based
ultrafast transmission electron microscope. First an overview of the total setup is pre-
sented with particular emphasis on the integration of the laser system. Next the
approach to meeting three requirements of a successful pump-probe experiment are
presented:

• Spatial overlap between the electron and laser pulse, (section 9.3)

• Temporal overlap between the electron and laser pulse, (section 9.5)

• Spatial and temporal stability for multiple hours. (sections 9.4 and 9.6)

In the following, our efforts in finding TOZ were significantly delayed by strong drifts
of the electron beam caused by slow charging of the dielectric material inside the
cavity. Various coatings were studied of which two were found to be viable solutions,
as they were both sufficiently conductive to prevent the charging and sufficiently
resistive to not affect the quality factor of the cavity. With the achieved gain in stability
of the setup and with the charging problem solved, the first demonstration of a pump-
probe experiment seems to be within reach. Additional ideas are presented that could
enhance the robustness of the setup even further.

9.2 Overview of the setup

Figure 9.1 shows a picture of the cavity-based ultrafast transmission electron micro-
scope in Eindhoven. As mentioned before it is based on a commercial 200 kV FEI

Tecnai TF20, which was elongated by a 203 mm long vacuum chamber below the
C2 aperture to create space for the resonant deflection cavity, a pair of additional
deflection coils above and a 10 µm chopping aperture below, see also figure 5.2.
The oscillating transverse magnetic field in the cavity periodically deflects the elec-
tron beam across the chopping aperture, creating ultrashort pulses at a repetition
rate equal to double the cavity resonance frequency. The cavity is mounted onto a
water-cooled copper structure, of which the temperature is stabilized to 1 mK using
a homebuilt control system. The dual mode cavity used in pump-probe experiments
supports two orthogonal TM110 modes with different resonance frequencies that are
driven by higher harmonics of the same Ti:Sapphire laser oscillator. As a result, the
phase-locked oscillating magnetic fields in the cavity transversely deflect the electron
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beam into a Lissajous pattern, which is accurately synchronized with the laser sys-
tem. The microwave setup that generates these signals is displayed in figure 6.4 and
fits entirely in a 19 inch rack. Variable attenuators and the combination of two 2π 3
GHz phase shifters offer independent control of both the amplitude and phase of each
mode in the cavity.

MATLAB’s data acquisition toolbox allows communication with a digital-to-analogue
converter connected to the voltage-controlled phase shifters. In addition, Gatan’s soft-
ware package Digital Micrograph allows script-wise communication with the camera
and some other electron microscope hardware. To enable communication between
the phase shifters and the microscope camera, a DM-script is developed that allows
Digital Micrograph to continuously read the contents of a certain folder using a back-
ground thread. The creation of a simple text-file serves as a trigger for the camera
to record an image, diffraction pattern or EELS spectrum. Digital Micrograph deletes
the camera trigger file after the acquisition and creates a different text file used to
trigger MATLAB to change the pump-probe delay. Later also voltage-controlled atten-
uators and a voltage-controlled laser beam shutter were incorporated into the script.
MATLAB also allows realtime monitoring of interesting output during the long-lasting
measurement.

The laser system used in this setup is a Coherent Mantis Ti:Sapphire oscillator that
is customized to produce laser pulses at a repetition rate of frep = 74.9625 MHz. This
frequency is chosen such that its 40th harmonic matches the European standardized S-
band frequency 2.9985 GHz, for which many microwave components are commercially
available. The center wavelength is λ = 800 nm with a FWHM bandwidth of ∆λ = 80

Figure 9.1: The cavity-based ultrafast transmission electron microscope in Eindhoven.
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Figure 9.2: Objective module to provide optical access to the sample.

nm, resulting in a pulse duration of τ= 30 fs FWHM. The laser produces about 450 mW
of output power, which results in an energy of 6 nJ per pulse. Then, the laser beam
travels about 13 meters to the TEM, during which a fraction of the power is split off
for synchronization, feedback loops and to other experiments. When the laser beam
enters the TEM the remaining average power is roughly 200 mW. To allow the laser
beam to reach the sample inside the electron microscope, an objective module with
three mirrors was installed in one of the sideports of the microscope octagon, see
figure 9.2. This module was designed by Thermo Fisher Scientific to provide optical
access to the sample in the Tecnai Femto. The first two (large) mirrors have mounts
with piezo-electric elements and can be adjusted from outside the column, the last
(very small) mirror is close to the electron beam and is fixed above the sample. The
angle of the laser beam to the optical axis of the electron microscope is about 4◦.
The sharp angles avoid direct lines of sight for X-rays originating at the sample. The
optical path length from the entrance of the objective module to the sample is about
350 mm, therefore a lens with a focal distance of f = 400 mm is used in front of the
entrance to focus the laser beam onto the object.

9.3 Spatial alignment

Accurate spatial overlap between the electron beam and the laser focus is essential
for any pump-probe experiment. For this purpose, a 10 µm molybdenum aperture
is inserted in the sample holder to which both beams can be aligned simultaneously.
First the alignment of the laser beam is discussed, followed by the alignment of the
electron beam.
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9.3.1 Laser beam alignment

To perform the alignment of the laser beam, it is necessary to be able to inspect the
sample. For this a camera with TV zoom lens is placed along the line of sight of
the laser beam, see figure 9.3b, and the objective aperture mechanism was removed
from the octagon and replaced by a lead window. When the 10 µm aperture in the
sample holder is aligned along the electron-optical axis and positioned at eucentric
height, i.e. exactly on the rotation axis of the sample stage, the aperture can be
tilted while its alignment with the electron beam is maintained. When the aperture is
then tilted under 47◦−48◦ with respect to the electron-optical axis, it can be sideways
illuminated using a flashlight so it can be observed using the TV-zoom camera (here
the laser should be blocked). This allows a coarse alignment of the mirrors in the
objective module. When the 10 µm aperture is clearly imaged using the camera, its
position on the screen can be marked and the lead window can be covered by a piece
of white paper. Then the laser beam can be aligned to the marked position of the
aperture, until the beam reflects out of the TEM via the tilted sample. As a final
step, the laser can be scanned over the reflecting surface of the sample to find the
10 µm aperture, which will appear as a black spot within the bright laser spot on the
white paper. Translating the sample stage back and forth over a 100 µm distance, is
a method to verify whether the black spot actually is the aperture and not a dirty or
damaged spot on one of the mirrors. By changing the position of the focusing lens in
front of the objective module entrance, the diameter of the black spot with respect to
the diameter of the bright spot can be maximized to ensure the sample is in focus of
the laser beam. As a final check, the 10 µm aperture can be replaced by a holey carbon
sample. When this sample is at eucentric height, it should be possible to burn a hole
in the sample while viewing it with the electron beam, demonstrating spatial overlap
between the electron beam and the laser beam. The selected-area (SA) aperture can
be centered around the burnt hole to mark the location of the laser beam. Then, when
the microscope is switched to diffraction mode or when the beam simply drifts away,
the beam can be shifted back through the SA-aperture guaranteeing overlap with the
laser beam again.

(a) (b)

Figure 9.3: (a) Laser pointing stabilization setup. (b) TV zoom lens setup to view the sample.
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9.3.2 Electron beam alignment

When the laser is aligned with the SA-aperture, the sample of interest can be inserted
and set to eucentric height. After selection of a good sample position, we start at the
lowest SA-magnification of nanoprobe mode and use free-lens control to manually
lower the current through the C1-lens. In this step the position of the crossover above
the 30 µm C2 aperture is lowered significantly increasing the total current propagating
into the column. After ensuring good nanoprobe alignment for all SA-magnifications,
the 10 µm chopping aperture can be inserted and aligned along the optical axis. Now
microwave power can be fed into both cavity modes, resulting into four elongated
electron pulses behind the chopping aperture. As explained in chapter 4, a crossover
in the center of the cavity is required to conserve the peak brightness of the electron
pulses behind the chopping aperture. By varying the currents of the C2-lens and
the minicondenser (MC) lens (again using free-lens control), the size of one of the
focused electron beams can be minimized as seen in figure 5.3. When the condition
for conjugate blanking is found, the C2-lens should not be altered anymore. Next, the
illuminated area on the sample can be expanded by maximizing the current through
the minicondenser lens. Standard TEM beam deflection coils are used to deflect the
desired low-emittance beam through the SA-aperture, hence the laser field. Before
switching to diffraction mode, the manually altered settings for C1 and MC must be
copied, as they are reset when changing the projection system. In diffraction mode,
the diffraction lens (and not the C2-lens!) can be used to focus the diffraction pattern
or to defocus the diffraction pattern into an image of the illuminated area without
resetting the values for C1 and MC.

9.4 Spatial stability

As mentioned in chapter 8, pump-probe experiments typically last multiple hours.
Maintaining the laser-electron alignment within 10 µm over the course of an experi-
ment is essential for resolving laser-triggered effects. To test the stability of the laser
alignment, the power of the laser reflecting off a tilted 10 µm aperture is monitored
using a photodiode, see figure 9.4a. A drift in laser pointing is observed as an increase
of the photodiode signal, as a larger fraction of the beam misses the aperture and is
reflected out of the TEM. In the beginning of the measurement, the sample stage was
translated back and forth manually by ∆x = 200 µm and ∆x = 10 µm as benchmarks.
Figure 9.4a shows fluctuations in laser power corresponding to 10 µm drifts within
approximately 30 minutes. After the installation of a commercial active laser beam
pointing stabilization system2 spatial overlap within 10 µm could be maintained for
multiple days, provided the laser beam path remained undisturbed. Moreover this
system allows enabling the air buffers of the TEM (while the laser system is fixed to
ground), preserving the spatial resolution of the TEM in normal operation.

As for the stability of the electron alignment, see figure 9.4b. Figure 9.4b shows an
overlay of the first and the last beam image of a 4.5 hour measurement series. During
the measurement series, the electron beam has drifted behind the SA-aperture, hence

2MRC Systems GmbH, Heidelberg: Laser beam stabilization system "Compact"
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(a) (b)

Figure 9.4: (a) Measurement of laser pointing stability. In the beginning of the measurement,
the sample stage was translated back and forth manually by ∆x = 200 µm and
∆x = 10 µm as benchmarks. (b) Overlay of the first and the last beam image of a
4.5 hour measurement series. The triangular shape is the needle which is functions
as a zero-order beam block in diffraction experiments. During the measurement
series, the electron beam has drifted behind the SA-aperture, hence away from the
laser field.

away from the laser field. Because DM-scripting allows sending commands to the
diffraction lens and beam deflection coils we can correct for this during the measure-
ment. For example, during a Debye-Waller measurement series in which diffraction
patterns are recorded as a function of pump-probe delay, the beam can be defocused
using the diffraction lens. The position of the beam can be measured and compared to
its original position using a circular fit in MATLAB. If the beam has drifted more than a
certain threshold value, Digital Micrograph sends a command to the beam deflection
coils, shifting the beam back to its original position. Again, communication between
MATLAB and Digital Micrograph is achieved by the creation and deletion of text-files
in a folder that is continuously read-out during the measurement. Also script-wise
control of lenses and deflection coils of the microscope is required.

9.5 Temporal alignment

In laser-triggered pump-probe experiments, the delay between the pump pulse and
the probe pulse is varied by changing the optical path length of one of the arms
by moving a motorized translation stage. However covering a 13 ns time interval
requires a 2-meters-long retroreflecting delay line, which would inevitably lead to
laser pointing errors. In a cavity-based UTEM the combination of two 2π 3 GHz
voltage-controlled phase shifters3 can be used to change the delay of the probing
electron pulse with respect to the fixed arrival of the laser pulse instead. Figure
9.5a shows a zoom in on Lissajous patterns for different sets of phases φ1 and φ2.

3Qotana technologies, Voltage Control Phase Shifter 2-4 GHz 360◦ P/N:DBVCPS02000400A
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Figure 9.5b shows the image of the four pulses that hit the detector when phase φ1

is scanned over one 330 ps period, while phase φ2 is kept constant. The white circle
indicates the position of the SA-aperture (hence the laser focus) which is not inserted
here. Both figures show that when only one of the phases is varied, the shape of the
Lissajous pattern changes and therefore the center crossing is no longer aligned with
the chopping aperture, reducing the current in the pulsed beam. However, when both
φ1 and φ2 are changed such that the relative phase difference remains constant, by
setting:

φ1 = mod

(
40×2πn

N
,2π

)
φ2 = mod

(
41

40
φ1,2π

)
,

(9.1)

in which n is an integer number between 1 and number of steps N , the shape of the
Lissajous pattern remains unaffected, but the electron pulse is created slightly earlier
in time (red dot in figure 9.5a). By increasing the measurement number n, the pump-
probe delay ∆t = te − tp can be scanned over the enormous time interval of 13 ns
without changing the optical path of the laser. When the timing of the electron pulses
passes beyond TOZ such that te < tp , the delay immediately jumps to ∆t = 13 ns and
can be decreased again such that the next electron pulse can overlap with the laser
pulse. Suppose we want to scan the 13 ns period with 100 ps resolution to do a coarse

(a) (b)

Figure 9.5: (a) Zoom in on Lissajous patterns for different sets of phases φ1 and φ2. The solid
dot indicates the position of t = 0. Blue: φ1 = φ2 = 0, yellow: φ1 = 1

10 × 2π
41 , φ2 = 0,

green: φ1 = 0, φ2 = 1
10 × 2π

40 . The Lissajous pattern for φ1 = 1
10 × 2π

41 , φ2 = 1
10 × 2π

40 is
identical to the blue pattern, but the position of t = 0 is shifted (red). (b) Image
of the four pulses that hit the detector when phase φ1 is scanned over one 330 ps
period, while phase φ2 is kept constant. The white circle indicates the position of
the SA-aperture (hence the laser focus) which is not inserted here. The indent in
each of the beams is caused by a contaminated chopping aperture.
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TOZ measurement using a long-lived laser-triggered effect. Then inserting n = 1...130
and N = 130 in equation (9.1), yields 130 sets of phases φ1 and φ2 that together result
in 130 equidistant, continuously decreasing, pump-probe delays between 0 and 13 ns.
Applying theses sets of phases in random order, allows distinguishing pump-probe
effects from other effects that vary with measurement time.

9.6 Temporal stability

For this to work, absolute control and long-term stability of the Lissajous pattern are
essential for a successful pump-probe experiment. Here the shape and size of the
Lissajous pattern must stable for many hours while the phases are changed to vary
the pump-probe delay. This is addressed in this section.

9.6.1 Stability of the Lissajous pattern

First, the general phase stability of the setup is measured while the phase shifters
remain unchanged. For this purpose, the chopping aperture and SA aperture are
retracted from the beam line and the Lissajous pattern is focused to the detector as
shown in figure 9.6a. The blue Lissajous pattern was recorded shortly after the cavity
was turned on, and the yellow Lissajous pattern was captured 1.5 hours later. Figure
9.6b shows the x-position of the three vertical lines along the red horizontal line as
function of time. Two distinct features can be observed. Firstly, a strong drift in phase
difference during the first five minutes of the experiment and secondly a smaller
long-term drift throughout the entire experiment. To explain these features consider
figure 2.4b again. Figure 2.4b shows that the phase φ of the magnetic field in a
cavity with a given quality factor and coupling factor is a function of the detuning ∆=
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Figure 9.6: (a) Overlay of the first (blue) and last (yellow) measurement of the 100-minute Lis-
sajous stability measurement. (b) x-Positions of the three vertical lines intersecting
the red horizontal line in figure 9.6a as function of measurement time.

117



118 Towards a first laser-triggered pump-probe experiment

f − f0
f0

. Therefore phase drifts may be caused by drifts in the frequencies of the applied
microwave signals f , or by drifts of the cavity resonance frequencies f0. Clearly the
latter can explain the strong phase drifts in the first five minutes. When microwaves
are coupled into the cavity, the dielectric heats up and expands while the temperature-
controlled copper housing remains constant in temperature and size. Therefore the
stress on the dielectric increases which causes the resonance frequency to decrease
and the phase to shift, see figure 3.8b. After equilibration the resonance frequency
of the cavity should remain constant. Therefore the phase drift during the rest of the
experiment should be caused by drifts in the frequencies of the applied microwave
signals. The microwave signals are generated from higher harmonics of the laser
oscillator, of which the desired output frequency of 74.9625 MHz is known to drift with
temperature. To quantify this effect, the output frequency of the laser was logged for
three hours using an RF counter attached to a fast photodiode which was illuminated
by the laser pulse train. Figure 9.7a shows that temperature-induced changes to
the laser cavity length resulted in a frequency drift of 2.5 kHz over the course of
three hours. Multiplied by 40, this corresponds to a frequency drift of 100 kHz for
the resulting 3 GHz signal. Assuming a cavity with Q = 3000, equation 2.25 shows
that this results in a phase change of ∆φ = 11◦, or a temporal drift of ∆t = 10 ps.
This is unacceptable, therefore a PI loop has been constructed in which the drift in
repetition frequency measured by the RF counter is actively compensated by changing
the position of one of the laser cavity end mirrors mounted on a piezo-motorized
linear stage. Using this feedback system, the repetition frequency of the laser beam is
stabilized to within 1 Hz, reducing the temporal jitter by three orders of magnitude.
Figure 9.7b shows the same phase stability measurement as in figure 9.6b, but with
a stabilized laser frequency. The long-term phase drift is gone and the stability of the
Lissajous pattern is sufficient for a pump-probe measurement.
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Figure 9.7: (a) Measurement of the output frequency of the Ti:Sapphire laser as a function of
time. Without active stabilization, the laser frequency drifts 2.5 kHz in three hours.
(b) x-Positions of two vertical Lissajous lines as function of measurement time in
which the frequency of the laser system is stabilized.
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9.6.2 Varying the microwave phase

Next, the voltage-controlled phase shifters are used to change the pump-probe delay.
Figure 9.8a shows a calibration measurement in which the current through the chop-
ping aperture and SA aperture is measured while the voltage across phase shifter 1
is linearly increased from 0 V - 10 V, while the voltage across phase shifter 2 is kept
constant. Essentially this is the same measurement as shown in figure 9.5b, but over
a 40 times larger voltage range and with the SA aperture inserted to select only one
beam. The peaks of this curve acts as data points for figure 9.8b, which relates the
applied voltage to the actual phase shift φ1. In addition, this calibration was also
done for phase shifter 2.

Next, these calibrations are used to convert a set of phases φ1 and φ2 satisfying
equation (9.1) to a set of voltages that, when applied to the electronic phase shifters,
should vary the pump-probe delay without affecting the shape of the Lissajous pat-
tern. However, especially when the voltages were applied in random order to filter out
non-phase-dependent effects, this failed miserably in practice because of the voltage-
dependent insertion loss of the electronic phase shifters. Figure 9.9a shows that, as
a result, the microwave power going into the cavity fluctuates significantly when the
voltages over the phase shifters are varied. The power fluctuations immediately result
in fluctuations in magnetic field amplitude and thus the size of the Lissajous figure,
but the also in fluctuations of the cavity resonance frequency (hence phase drifts)
due to thermal instabilities. These issues are addressed by creating a feedback loop in
which voltage-controlled attenuators were used to stabilized the forward microwave
power provided to the cavity, see figure 9.9b.

Despite actively controlling the output frequency of the laser and the microwave
power which is applied to the cavity, still some phase fluctuations appear inevitable.
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Figure 9.8: Calibration of the phase shifter: (a) A measurement of the current of the pulsed
electron beam propagating through the SA aperture as function of voltage over
the voltage-controlled phase shifter results in (b) a relation between the applied
voltage and the actual phase shift or pump-probe delay.
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Figure 9.9: Forward microwave power when the voltages across the voltage-controlled phase
shifters are changed randomly without feedback (a) and with feedback (b).

These may originate from temperature fluctuations or mechanical vibrations during
the measurements, resulting in changes in dielectric properties throughout the mi-
crowave setup. Therefore a quick phase calibration is performed each time the pump-
probe delay must be changed. In such a mini-calibration, the phase (and attenuation)
are varied in small steps around the ab initio expected values, to find the maximum
electron current and hence the correct phase.

9.7 Charging & coatings

Many different experiments were performed to find Time-of-Zero, during which the
stability of the setup was improved incrementally. As from a certain moment, some
remarkable effects were observed. Figure 9.10 shows a selection of a 4.5 hour-image
series of laser-illuminated graphene as function of exposure time. Figure 9.10 clearly
shows a periodic appearance and disappearance of a second (and later even more)
beams, increasingly overlapping with the first beam. In addition, the corrective phase
shifts that were applied to align the Lissajous line with the chopping aperture were
performed constantly in the same direction adding up to > 45◦. Finally, some of the
last images also showed an increased beam current as compared to the first images
(although not visible in figure 9.10). All these effects can be explained by a severe
drift of the entire Lissajous pattern across the chopping aperture. Retracting the chop-
ping aperture from the column showed that the Lissajous figure had indeed drifted
such that almost the outer edges of the Lissajous pattern were chopped out the beam,
rather than the center crossing. In addition, realigning the center crossing with the
optical axis was only possible again after venting the column. These observations
indicate that an element in the microscope was charging up during the measurement
series. Later measurements with a continuous beam showed that this also occurred
when no microwave power was fed to the cavity. Figure 9.11a shows a measurement
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of a continuous 30 µm electron beam completely drifting behind the 30 µm chopping
aperture in less than 30 minutes (red), whereas the beam did not drift away when the
dielectric was removed from the cavity (blue). Because the smaller entrance aper-
ture of the cavity (Ø 2 mm) rules out direct electron irradiation of the dielectric (Ø
3 mm), the charging of the dielectric must have occurred via multiple reflections or
stray electrons.

An obvious solution is to apply a thin, weakly conductive coating to the inside
of the dielectric. The coating should be able to conduct away the incident charge,
without affecting the cavity modes or quality factor. In addition it has to be able
to withstand the high temperature of the dielectric when the cavity is driven with
microwaves. For a metallic layer, the first requirement is that the coating thickness is
(much) smaller than the skin depth of the coating material at ω= 2π×3 GHz,

δ=
√

2ρ

ωµ
, (9.2)

or the electromagnetic waves will be reflected. Here ρ and µ are the resistivity and
magnetic permeability of the metal. At the frequency of f = 3 GHz, the skin depth of
most metals is typically around 1 µm. As a second requirement, the power dissipated
in the coating needs to be small in order to conserve the energy build-up in the
cavity. For the desired case where the cavity fields are indeed undisturbed by the
coating, the additional power loss per unit volume of the coating can be estimated
by pvol = σE 2, where E is the cavity electric field amplitude in the z direction and
σ= 1/ρ is the electric conductivity of the coating. Close to the cavity axis, the electric
field amplitude can be approximated as E0 =ωxB0. Then, for a central thin tube with

Figure 9.10: Selection of a 4.5 hour-image series showing that the Lissajous pattern is drifting
as a whole across the (fixed) chopping aperture. Time progresses from left to
right. The triangular shape is the needle that serves as zeroth order beam stop in
diffraction mode.
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122 Towards a first laser-triggered pump-probe experiment

radius ah , height L and thickness d we get an estimate of the time-averaged power
dissipation

Pdiss = 2π3 f 2B 2
0σdLa3

h . (9.3)

Coating the interior of the dielectric (L = 17 mm, ah = 1.5 mm) with d = 10 nm of
copper results in additional power dissipation of Pdiss = 1.7× 105 W for B0 = 3 mT.
Comparing this to an input power of P = 15 W immediately shows that the second
requirement is clearly not satisfied despite the coating being much thinner than the
skin depth. Therefore this requirement puts much stricter limitations on the coating
properties than the first requirement. As a matter of fact, this calculation immediately
rules out all metallic and most semi-conducting materials as possible coatings for this
application. As a consequence, finding a suitable coating material has turned out to
be a non-trivial task.

Several coatings were tested which eventually resulted in two viable solutions, one
based on zinc oxide and one based on amorphous silicon. Zinc oxide (ZnO) is a semi-
conducting material of which the resistivity is known to vary strongly with the layer
thickness (ρ = 11 mΩ cm, for d = 40 nm).[98] Using atomic layer deposition (ALD),
four pieces of dielectric were coated by 10 nm-, 20 nm-, 30 nm- and 40 nm-layers of
zinc oxide (ZnO) on top of a starting layer of 5 nm aluminum oxide. Although all lay-
ers successfully prevented charging (see yellow curve in figure 9.11a), only the 10 nm
coating was sufficiently resistive to not significantly deteriorate the cavity quality fac-
tor. Heating up the dielectric to T ≈ 900◦C by applying 15 W of input power changed

0 50 100 150

0

10

20

Time (minutes)

S
cr
ee
n
cu

rr
en

t
(n
A
)

No dielectric

No coating

ZnO 10 nm

SilcoNert

(a)

2.90 2.95 3.00 3.05 3.10

−20

−10

0

Frequency (GHz)

A
b
so
rb

ed
p
ow

er
(d
B
) x

y

te010

tm110

te010

tm110

(b)

Figure 9.11: (a) Measurement of the screen current when a continuous 30 µm electron beam
drifts behind the 30 µm chopping aperture due to charging of the dielectric (red).
The charging does not occur when the dielectric is removed from the cavity (blue),
nor when the dielectric is coated by a 10 nm-layer of zinc oxide (yellow) nor a
500 nm-layer of SilcoNert®1000 coating (purple). (b) Power reflection spectra of
both modes in a dual mode cavity with a dielectric coated by the SilcoNert®1000
coating. The quality factor of the TM110 modes at f = 3 GHz and f = 3.075 GHz
are Q = 3200 and Q = 2900 respectively.
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the resistance of the coated dielectric from R = 0.65 MΩ to R = 8.50 MΩ, which had no
further consequences for the effect of the coating.

In parallel the SilcoNert®1000 coating produced by SilcoTek was tested.[99] It
is a chemically protective barrier coating of 100− 500 nm amorphous silicon which
is used to make surfaces non-reactive and inert. It is applied via thermal chemical
vapor deposition (CVD) and is used in many applications to prevent contamination,
catalysis and outgassing. Because the coating is vacuum compatible, robust, and has
a high quoted maximum temperature of 1410◦C, it might be ideal for our application.
Especially, because the low conductivity of σ= 1.56×10−3 S/m results in a negligible
additional power loss of Pdiss = 0.2 mW for a d = 500 nm layer. Although the resistance
of the coating was measured to be larger than 60 GΩ, the coating was still sufficiently
conductive to fully eliminate the charging of the dielectric, see figure 9.11a (purple).
In addition, figure 9.11b shows power reflection spectra of both orthogonal modes
in this cavity. The TM110 modes at f = 3 GHz and f = 3.075 GHz still have excellent
quality factors of Q = 3200 and Q = 2900 respectively. Finally, heating up the dielectric
by applying 15 W of input power did not change any of the results.

9.8 Recommendations

As mentioned in the introduction of this section, our efforts in finding TOZ were
significantly delayed by charging of the dielectric inside the cavity. Now that the
charging issues are solved by the weakly-conductive coating, combined with the sig-
nificantly improved general stability of the setup, the first demonstration of a pump-
probe experiment seems within reach. Interestingly, some (minor) adaptations could
greatly enhance the robustness of the setup even further, which could facilitate find-
ing TOZ. These ideas are presented in this section.

9.8.1 Pound locking of cavity resonance frequency

The largest source of instabilities in the system is the fact that the resonance frequen-
cies vary with incoming microwave power. As mentioned in chapter 3, a cavity design
in which the dielectric is mounted in a stress-free manner will significantly reduce the
sensitivity to the applied microwave power. Alternatively, a Pound scheme could be
used to actively control the resonance frequency of the cavity itself, instead of con-
trolling both the water temperature and the forward microwave power.[100] In this
scheme the microwave signal that is fed to the cavity is frequency modulated by an
additional microwave oscillator. After reflection by the cavity, one of the two side-
bands will be higher than the other, depending on whether the resonance frequency
of the cavity was higher or lower than the applied microwave signal. This reflected
signal can be demodulated, i.e. mixed with the original modulation signal, to create
an error signal that can be fed to a PI controller.

In principle, the water temperature could again be used as an actuator, but it
would be much better to use piezo-electric stubs instead. This would allow indepen-
dent and remote control over both orthogonal modes in a dual mode cavity while it
is inside the TEM and driven by microwaves. In the current situation, it is virtually
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124 Towards a first laser-triggered pump-probe experiment

impossible to achieve perfect impedance matching in both modes simultaneously, be-
cause the resonance frequencies of both modes have slightly differently dependencies
on stress on the dielectric. This results in increased sensitivity to phase errors. In
addition, using piezo-electric stubs would greatly enhance the speed of the control
loop.

9.8.2 Phase stable cables

By fully eliminating the phase and amplitude fluctuations due to changing resonance
frequencies of both cavity modes, the remaining jitter will be as low as illustrated
in figure 9.7b. Thermal fluctuations in the lab inevitably result in changes in dielec-
tric properties of the entire microwave setup. The dielectric insulator that is typically
used inside coaxial transmission lines and many other microwave components is poly-
tetrafluorethylene (PTFE) or TeflonTM.4 Although its excellent dielectric properties are
virtually constant over a large range of temperatures, it is well-known that it under-
goes a molecular phase transition around 18◦C, resulting in an inherent, non-linear
change in dielectric constant (hence electrical length) around the 15◦C - 25◦C tem-
perature regime[101, 102]. This so-called teflon knee results in strong temperature
dependencies of the electrical length of coaxial transmission lines at room temper-
ature, which is particularly annoying in phase-sensitive applications such as ours.
Especially the 10-meters-long coax cable that transfers the pulse train signal from the
photodiode to the microwave setup near the TEM; and the two 2-meters-long coax-
ial cables that independently transfer 16 W of microwave power from the microwave
amplifiers to both modes of the cavity are prone to suffer from this teflon knee.

4TeflonTM is a trademark of Du Pont.

Figure 9.12: Phase change as function of temperature for a coaxial transmission line based
on typical PTFE (purple) and a coaxial cable based on the TimesMicrowave prod-
uct TF4TM. For the latter, the ’teflon knee’ around T = 18◦C is absent. Image
from[101].
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Figure 9.12 shows the relative phase change in parts per million (PPM) as func-
tion of temperature for the standard PTFE coax cable and for coax cable in which a
different material TF4TM is used.5 The slope of the purple line indicates a relative
phase shift of 30 PPM/◦C for a standard PTFE transmission line. For a 3 GHz signal,
this corresponds to phase shift of ∆φ= 0.12◦/◦C/m of coax cable. Assuming the tem-
perature of the 10-meters-long coax cable that transfers the pulse train signal from
the photodiode to the microwave setup near the TEM fluctuates by 1◦C, phase fluc-
tuations of ∆φ = 1◦ are expected, corresponding to a temporal jitter of ∆t = 1 ps. In
addition, assuming that the two 2-meters-long coax cables that independently trans-
fer 16 W of microwave power from the microwave amplifiers to both modes of the
cavity, fluctuate ∆T = 5◦C in temperature, again yields ∆t = 1 ps.

These phase-fluctuations could be suppressed significantly by choosing special
phase-stable transmission lines, based on the material TF4. In contrast to PTFE (pur-
ple) the coax cable with TF4 (blue) exhibits only very small temperature-dependent
phase-shifts in the 15◦C - 25◦C temperature regime. TF4 is a flouropolymer material
specifically developed to address this issue. When we estimate the slope in this regime
to be 3 PPM/◦C, the phase drifts and resulting temporal jitter are reduced by a factor
of ten with respect to standard PTFE cables.

9.8.3 Direct locking of intracavity phase and amplitude

Otto et al. have eliminated the long-term phase drift by active stabilization of the
phase of the magnetic field using a feedback loop.[103] An additional small pick-up
antenna (coil or probe) is positioned inside the cavity to probe the cavity fields, with-
out affecting the field profiles. The transmitted phase is then compared to a reference
phase using a phase-detector, which creates an output signal that is kept constant with
a PI-loop by shifting the input phase to the cavity. Using an IQ modulator instead of
a phase-detector, the phase and the amplitude of the signal could be stabilized si-
multaneously. Note that independent active control of both the intracavity phase and
amplitude of both orthogonal modes would result in a truly rock-solid Lissajous pat-
tern, even if the resonance frequency of the cavity or the dielectric properties of the
cables would drift.

9.9 Ab initio prediction of TOZ

Provided that both cavity modes can be excited exactly at their respective resonances
simultaneously, so there are no unknown phase shifts between the incoming mi-
crowave signals and the generated magnetic fields; or if pick-up antennas are in-
serted in the cavity so the phase of the cavity fields can be probed directly, it actually
might be possible to do a coarse temporal alignment without the need for detecting a
laser-triggered dynamic process in a sample.

To good approximation6 an electron pulse is created at the moment of the zero-
crossing of the magnetic field in the cavity. Figure 2.5 has shown that this occurs when

5TF4TM is a trademark of Times Microwave.
6Within 1 ps for magnetic field amplitude of B0 = 3 mT.
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the voltage of both microwave signals at the interface of the coaxial transmission line
and the cavity are also zero. If both microwave signals are simultaneously displayed
on an oscilloscope with a bandwidth larger than 3.075 GHz, which is triggered by the
photodiode signal of the laser pulse train, the timing of the creation of the electron
pulse can be simply read off, see figure 9.13. Using the voltage-controlled phase
shifters, this timing could be varied to ensure temporal overlap of the electron and
laser pulses at the sample, hence TOZ. Of course the time of flight of the electron
pulses, laser pulses, and the electrical length of the used coaxial transmission lines
should be carefully taken into account. Alternatively, both signals could be multiplied
using a mixer, resulting in a superposition of a sum and a difference signal

mixed = sin(ωt +φ1)sin
(
(ω+δω)t +φ2

)
= 1

2
cos

(
δωt +φ2 −φ1

)− 1

2
cos

(
(2ω0 +δω)t +φ2 +φ1

)
.

(9.4)

The difference signal is periodic with 75 MHz, which can be visualized on a more
regular oscilloscope with a bandwidth of > 75 MHz. The minimum and maximum of
the difference signal now indicate when an electron pulse is created.

Figure 9.5b shows that four chopped pulses can be created which exit the cav-
ity under four different propagation angles, dependent on the applied phases of the
microwave signal. To identify which pulse belongs to which phase consider the ar-
guments presented in sections 2.6 and 6.2. Here figure 6.2 shows that an electron
traveling through a cavity that is excited at φ1 = 0 and φ2 = 0, is first deflected towards
both antennas, after which it exits the cavity with a transverse momentum in the op-
posite direction, hence away from the antennas. Therefore, if we monitor the electron
pulse on the opposite side of both microwave antennas for laser-triggered dynamics,
we know that the maximum in the difference signal of figure 9.13 should be used for
temporal overlapping with the laser pulse.

(a) (b)

Figure 9.13: (a) Both microwave signals displayed on a fast oscilloscope. An electron pulse
is created when both signals are zero simultaneously, hence at t = 0 and t = 6.7
ns.(b) The product of the microwave signals of figure 9.13a. A pulse is created
when the absolute value of the difference signal is maximal, hence at t = 0 and
t = 6.7 ns.
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Chapter 10
Cavity-based UTEM for
light-electron interaction

Abstract

This chapter discusses the use of a cavity-based ultrafast transmission electron micro-
scope in the application of free-electron quantum optics, coherent manipulation of the
electron wavefunction using light. Here we aim to use the ponderomotive potential of
tightly focused laser pulses of a 75 MHz mode-locked Ti:Sapphire oscillator to manip-
ulate the quantum-mechanical phase of the electron, requiring no external mediating
element near the electron beam. When combined with the high average brightness
of a microwave cavity-generated electron pulse train, this should allow the develop-
ment of robust and practical electron-optical elements operating at sufficiently high
frequency to be useful in practice. Analytical calculations on a Zernike phase plate
and Kapitza-Dirac beam splitter, supported by accurate quantum-mechanical simu-
lations using a self-consistent numerical toolbox developed by dr. Talebi from the
Max-Planck Institute for Solid State Research in Stuttgart, show the feasibility of this
approach.
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128 Cavity-based UTEM for light-electron interaction

10.1 Introduction

Since its invention in the 1930s Electron Microscopy (EM) has gone through a huge
development, making it the indispensable tool for nanoscience it is today. Especially
since the development of aberration correctors, nanoscopic features can now be im-
aged with a spatial resolution better than 50 pm, i.e. less than one tenth of the size of
the hydrogen atom. Because the beam coherence in state-of-the-art TEMs approaches
the limit imposed by the quantum mechanical Heisenberg uncertainty relation, it is
not surprising that coherent manipulation of electron wavefunctions in EM is becom-
ing a relevant topic now. Here researchers seek new methods to control and shape
both the amplitude and the phase distribution of the electron wavefunction, with the
goal of coherent detection schemes such as holography, interferometry, interaction-
free measurements but also perfect aberration correction and precise phase contrast
imaging.[104–106] For example, electrostatic biprisms allow the coherent splitting
of electron beams for holography and interferometry, see figure 10.1a.[107] Further-
more, thin amorphous carbon film phase plates are used to enable atomic resolution
Zernike phase-contrast imaging of weakly scattering samples, see figure 10.1b. In
addition, square arrays of Einzel lenses are being designed which can be used as pro-
grammable phase plates for electrons for arbitrary electron wavefront shaping.[108]

Notwithstanding some spectacular achievements,[105, 111] all the aforementioned
techniques suffer from certain limitations. The presence of matter in close vicinity to
the electron beam inevitably leads to electron scattering and image distortions due
to stochastic potentials associated with by volume or surface charges. In addition,
either the induced phase shift is fixed, or a significant fraction of the beam current is
lost. Therefore, a very clean, elegant and direct way of controlling the electron quan-

(a) (b)

Figure 10.1: (a) A Möllenstredt biprism coherently splits an electron beam, resulting in in-
terferograms with increasing overlap width and decreasing fringe spacing for in-
creasing biprism voltage. Images from[105, 109] (b) Principle of Zernike phase
contrast imaging: A carbon thin film with a central hole drilled using a focused
ion beam machine in the back focal plane of the objective lens, introduces a phase
shift to only the scattered electrons. This results in increased contrast in the image
plane after interfering with the unscattered. Images from[110–112].
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Figure 10.2: (a) Standing wave ponderomotive phase plate in TEM by Schwartz et al. (b)
Laser-induced phase contrast imaging of graphene. Especially the low spatial
frequency components are enhanced when the laser is active. Image from[115].

tum mechanical phase is using the time-dependent electromagnetic fields of light, in
particular through the ponderomotive potential. Because the light itself acts as a re-
fractive medium for electrons, no material surface is required close to the electron
beam, hence fully eliminating unwanted scattering processes leading to decoherence
and loss of electrons.

The first demonstration of quantum optical control of free electrons was per-
formed in 2001.[113] Using a combination of a 380 eV aperture-clipped electron
beam and counterpropagating 10 ns laser pulses with a wavelength of λp = 532 nm,
Freimund et al. showed wave diffraction of electrons off a standing wave of light as
originally proposed by Kapitza and Dirac in 1933.[114] Only in 2018, Schwartz et al.
repeated the experiment in a transmission electron microscope at 80 kV.[115] To real-
ize the required laser intensity in the latter experiment, a high-finesse confocal Fabry-
Pérot enhancement cavity was built and inserted in the TEM, achieving enhancement
by a factor of 4000 of the optical power corresponding to a world-record CW intra-
cavity intensity of 40 GW/cm2.[116] With this, a maximum phase shift of 45◦ was
achieved, which was used for the first Zernike phase contract imaging of graphene
using a light-based phase plate.[115] These results are downright impressive, how-
ever the technical challenges involved with creating and implementing a world-record
high-finesse Fabry-Pérot cavity inside a TEM may prove a significant hurdle to wide
dissemination of such a ponderomotive phase plate. In addition, implementation of
Spatial Light Modulators (SLMs) to structure the light field interacting with the elec-
tron beam would allow even more intricate phase manipulation of the electron waves,
thus enabling, for example, new methods for aberration correction. It is however not
directly obvious how to accomplish this with CW laser beams inside a high-finesse
optical cavity.

However, the development of the laser-triggered ultrafast electron microscope
(UEM) has opened the door to optical manipulation of electrons using ultrashort
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(fs) laser pulses, which routinely provide the required peak power.[35, 53] Ow-
ing to the fact that the achievable peak brightness of the electron pulses has be-
come comparable to conventional Schottky field-emitters,[9, 26] various free-electron
quantum optical effects have been observed using ultrafast transmission electron
microscopes.[10, 11, 81, 83, 92, 117, 118] However the majority of these experiments
have focused on interactions with single photon-induced near-fields or ’PINEM’-type
effects, requiring significantly lower laser power but always requiring the presence of
a third body to absorb the excess momentum of the incident photons. Apart from few
exceptions[113, 115, 118] coherent ponderomotive phase shaping of free electrons
has not been pursued very vigorously.

In this chapter we will use analytical calculations, supported by accurate self-
consistent simulations, to discuss the feasibility of two important electron phase shap-
ing elements based on the ponderomotive potential of ultrashort laser pulses: a fem-
tosecond Zernike phase plate and a femtosecond Kapitza-Dirac beam splitter. We
show that the few-nanojoule pulse energy of a standard Ti:Sapphire oscillator focused
to a few-micron waist, is sufficient to induce significant ponderomotive phase shifts
of the free electron wavefunction. The robustness, user-friendliness and high repeti-
tion frequency (70-90 MHz) of such mode-locked laser oscillators open the door to
designing reliable and practical free electron quantum optical elements for dynamic
phase-shaping of the electron wavefront, with sufficient average electron current to
be useful in practice.

10.2 Ponderomotive potential as a phase object

The Hamiltonian of a relativistic free particle with mass m and with charge +q in the
presence of electromagnetic fields E and B is given by

H = mc2

√
1+ (P−qA)2

(mc)2 +qφ, (10.1)

in which A and φ are the electromagnetic vector and scalar potentials that are related
to the electromagnetic fields E and B via

E =−∂A

∂t
−∇φ

B =∇×A.
(10.2)

Here P is the canonical momentum which is related to the kinetic momentum via p =
P−qA. The Hamiltonian describes the total energy of the charged particle. Appendix
A shows that solving the Hamilton equations for the Hamiltonian of equation (10.1),
results in the well-known equations of motion

dp

dt
= q(E+v×B) and

p = γmv,
(10.3)
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with γ=
√

1+ p2

(mc)2 the relativistic Lorentz factor. Expanding equation (10.1) for |p|
mc ¿

1 results in the non-relativistic Hamiltonian

H = (P−qA)2

2m
+qφ. (10.4)

The corresponding Hamiltonian operator Ĥ is obtained by performing the canonical
substitution P → ħ

i ∇, with ħ = h/2π is the reduced Planck constant. Then the time-
dependent Schrödinger equation becomes

iħ∂Ψ
∂t

= 1

2m

(ħ
i
∇−qA

)2

Ψ+φΨ

=
(
−ħ2∇2

2m
+ i qħ

m
A ·∇+ q2 A2

2m

)
Ψ

(10.5)

in which we have used the Coulomb gauge ∇·A = 0 and φ = 0 without loss of gener-
ality. In typical light-electron experiments in UTEM the electrons have a much larger
momentum than the photons. Therefore, the second term is typically much stronger
than the third term. This ’quiver’ term is responsible for the fast oscillatory motion
of charged particles in an oscillating electromagnetic field. However, assuming the
interaction time of the electron ∆t with a harmonic light field (A ∝ cos(ωt )) of non-
relativistic intensity ( q A

mc ¿ 1) lasts many optical cycles (ω∆t À 1), this quiver motion
is averaged out (A ·∇→ 0). Only when the symmetry of the light field is broken in an
abrupt way, for example when using a mirror which is transparent for electrons but
reflective for light, the quiver term can be used for net energy or momentum exchange
between electrons and photons. Therefore this is the dominant term in PINEM-type
experiments.

In contrast to the quiver term, the ’ponderomotive’ term proportional to A2 does
not average out after many optical cycles. Averaged over many cycles while assuming
an harmonic light field (A(r, t ) = A(r)cos(ωt )), results in the time-averaged Hamilto-
nian

〈H〉 = p2

2m
+ q2 A(r)2

4m
= p2

2m
+V (r) =U0. (10.6)

in which U0 = p2
0

2m is the kinetic energy of the free electron before it entered the light
field and

V (r) =
〈

q2 A(r, t )2

2m

〉
= q2 A(r)2

4m
= q2E(r)2

4mω2 = q2I (r)

2cε0mω2 . (10.7)

is the ponderomotive potential. According to the Hamilton Analogy1 the change in
trajectory of a charged particle traveling through a potential field is completely anal-

1In 1831 William Rowan Hamilton discovered that an analogy exists between the trajectories of charged
particles in potential fields and the paths of light rays in media with a continuously varying refractive
index. After the introduction of the de Broglie wavelength for particles in 1923, Erwin Schrödinger took
the Hamilton Analogy one step further by describing particle motion with a wave equation, from which
particle trajectories emerge analogously to how geometrical optics emerges from wave optics. From 1928
onwards, the Hamilton Analogy inspired the development of many practical electron-optical elements and
the invention of many electron-optical instruments such as the electron microscope. For a derivation of the
Hamilton Analogy, we refer to Appendix II of[119].
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ogous to the refraction of light rays in media with a continuously varying refractive
index. Therefore we can define the index of refraction for electrons traveling through
a light field as the ratio between the velocity of the electron inside the medium (light
field) to the electron velocity outside the light field

n(r) = |p|
p0

=
√

1− V (r)

U0
≈ 1− V (r)

2U0
. (10.8)

Here we follow the approach of Kibble[120] and Ehlotzky and Leubner[121]. When
an electron travels with r′e (t ) = r′0 + v0t ẑ through such a refractive medium, its time-
averaged momentum in the z-direction decreases resulting in a phase difference given
by the path integral

∆ϕ(x, y) = 2π

λe

∞∫
−∞

(n (r)−1)dl = 2π

λe

∞∫
−∞

(
n

(
r′e (t )

)−1
)

v0dt =− 1

ħ

∞∫
−∞

V
(
r′e (t )

)
dt , (10.9)

with respect to the unperturbed electrons traveling through vacuum. Here we have
used the relation

p0 = mv0 = h

λe
=ħke , (10.10)

in which λe and ke = 2π/λe are the Broglie wavelength and wavenumber of the prop-
agating electrons respectively. Equation (10.9) shows that an intense light field acts
as a phase object for free electrons, such as glass is a phase object for light. Appropri-
ate shaping of this light field allows direct manipulation of the quantum mechanical
phase distribution of the electron wavefunction without the presence of any material
nearby the electron beam. This opens the door to create coherent (quantum) optical-
elements for free electrons, such as lenses, phase plates, beam splitters and even a
spatial light modulator for electrons, based on the ponderomotive potential. In the
next sections we will demonstrate that few nanojoule pulse energy of a standard
mode-locked Ti:Sapphire laser oscillator is sufficient to induce a significant phase
change to the electron wavefront.

10.3 Ponderomotive fs Zernike phase plate

Let us calculate the maximum phase shift that can be achieved using a standard
Ti:Sapphire laser system with time-averaged power Pav = 450 mW, repetition fre-
quency frep = 75 MHz, pulse energy of Up = Pav/ frep = 6 nJ, wavelength of λp = 800
nm and FWHM pulse length τFWHM = 30 fs. The transverse intensity profile of a fo-
cused Gaussian laser pulse traveling in the x-direction (while the electrons travel in
the z-direction) is described by

I (x, y, z, t ) = P (x, t )

πw(x)2/2
exp

(
−2

y2 + z2

w(x)2

)
(10.11)

in which the beam radius

w(x) = w0

√
1+ (x/xR )2 (10.12)
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is the distance from the beam axis at which the intensity drops to 1/e2 of the maximum
value.[86] Here the waist w0 and the Rayleigh length

xR ≡ πw2
0

λp
(10.13)

define the transverse and longitudinal size of the laser focus respectively. The optical
power in a Gaussian laser pulse is given by

P (x, t ) = P0 exp

(
− (t −x/c)2

τ2

)
, (10.14)

in which τ= τFWHM/
p

4ln2 is the rms pulse duration and

P0 =
Upp
πτ

(10.15)

is the peak power in which Up = Pav/ frep is the energy per laser pulse. Then the
ponderomotive potential is given by

V (x, y, z, t ) = q2

cε0mω2

Up

π3/2w(x)2τ
exp

(
−2

y2 + z2

w(x)2

)
exp

(
− (t −x/c)2

τ2

)
(10.16)

The maximum phase shift is experienced by an electron that is in perfect spatial and
temporal overlap with the laser pulse, hence r′ = v0t ẑ. Substituting this in equation
(10.9) yields

∆ϕmax =− 1

ħ

∞∫
−∞

V (0,0, v0t , t )dt

=− q2

ħcε0mω2

Up

π3/2w2
0τ

∞∫
−∞

exp

(
−2

v2
0 t 2

w2
0

− t 2

τ2

)
dt

=− q2

ħcε0mω2

Up

πw2
0

1√
1+ 2v2

0τ
2

w2
0

.

(10.17)

Figure 10.3 shows the absolute value of the maximum phase change of equation
(10.17) as function of the laser waist w0. Here we have used the laser parame-
ters values mentioned in the beginning of this section. Note that the derivation of
equation (10.17) was done non-relativistically, leading to errors for 200 kV electrons
(v = 0.695c). Therefore, a curve is added in which the electron mass m was replaced
by the relativistic mass m∗ ≡ γm. In addition, a curve for 10 kV electrons is added, for
which the non-relativistic approximation is justified. The vertical black dashed line
indicates the case of a waist w0 =λ which is close to the smallest possible laser waist
that can be achieved in practice. Such a laser focus would create a ponderomotive
potential that would delay the phase of 200 kV electrons by ∆ϕmax =−6.0 rad =−1.9π
rad. However, the ideal phase change for a Zernike phase plate is only ±π/2, which
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Figure 10.3: Logarithmic plot of the absolute value of the maximum ponderomotive phase
change that is exerted on a beam of electrons traveling through the focus of a
standard Ti:Sapphire laser pulse with pulse energy Up = Pav/ frep = 6 nJ, wave-
length λp = 800 nm and FWHM pulse length τFWHM = 30 fs, as a function of laser
waist w0.

is indicated by the horizontal black dashed line. To induce a π/2 phase shift to 200
kV electrons, the laser has to be focused down to a waist of w0 = 2.7 µm, which
can be done using commercial high NA aspheric lenses. In addition, note that any
fraction of the maximum π/2 phase shift would significantly improve the contrast of
weakly-scattering samples.

10.4 Ponderomotive fs Kapitza-Dirac beam splitter

In the case of the Kapitza-Dirac effect, two counterpropagating light beams create
a standing wave. If they are created by splitting one laser beam in two, the vector
potential of such a light field is given by

A(r, t ) = A0

2

[
cos(ωt −kp x)+cos(ωt +kp x)

]
ẑ

= A0 cos(kp x)cos(ωt ) ẑ
(10.18)
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which results in the spatially inhomogeneous ponderomotive potential

V (r) = q2 A2
0

4m
cos2(kp x)

=V0 cos2(kp x)

= V0

2

[
1+cos

(
2πx

λp /2

)]
,

(10.19)

with

V0 ≡
q2 A2

0

4m
. (10.20)

For the moment, we consider this standing light field to be infinitely large in the x, y
directions and an arbitrary size ∆z = ve∆t in the z-direction, for which ∆t > 2π/ωp ,
assuming the electron experiences multiple optical cycles while traversing through
the light field. An impinging unit plane electron wave φ0 traveling with r′ = v0t ẑ will
undergo a phase change of

∆ϕ(x, y) =−V0∆t

2ħ
[

1+cos

(
2πx

λp /2

)]
, (10.21)

which varies periodically with λp /2. This shows that a standing wave of light can
be described as a genuine phase grating for electrons. Introducing the dimensionless
phase parameter

β≡−V0∆t

2ħ (10.22)

the wavefront of the electron wave directly behind the grating is described by

ψobj(x, y) =ψ0eiβeiβcos(2kp x) =ψ0eiβ
∞∑

n=−∞
i n Jn

(
β
)

ei 2nkp x , (10.23)

in which we have used the Jacobi-Anger expansion ei z cosθ =∑∞
n=−∞ i n Jn(z)ei nθ, with

Jn(z) is the nth order Bessel function of the first kind. By taking the Fourier Transform
we obtain the angular spectrum of the object exit wave

Φ
(
kx ,ky

)=F {ψobj(x, y)} =ψ0eiβ
∞∑

n=−∞
i n Jn

(
β
)
δ

(
kx +2nkp ,ky

)
(10.24)

in which

kx = ke
x

z
, ky = ke

y

z
. (10.25)

are the wave vector components of the propagating electron wave. Due to the inter-
action with the laser light, the angular spectrum is modulated in the x-direction into
a Dirac delta comb with peaks at kx ±2nkp , corresponding to absorbed momentum
kicks of 2n photon recoils. Therefore the standing wave of light deflects energy out of
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the zero order beam into a multitude of orders, of which the scattering angle of the
nth order is described

sinθn = 2nkp

ke
= nλe

λp /2
, (10.26)

which is the well-known grating equation in which the grating periodicity is given by
λp /2. Because λe /λp ¿ 1, the scattering angles are small.

In practice, the object exit wave is multiplied by the envelope function of the
interaction volume of the electron and laser beams fenv(x, y), of which the Fourier
transform is F { fenv(x, y)} ≡ Fenv(kx ,ky ). The combined angular spectrum Φ(kx ,ky ) is
therefore a convolution of both Fourier transformations

Φ(kx ,ky ) =Φobj(kx ,ky )∗Fenv(kx ,ky )

=ψ0eiβ
∞∑

n=−∞
i n Jn

(
β
)

Fenv
(
kx +2nkp ,ky

)
.

(10.27)

in which we have exploited the sifting property of the Dirac delta function. Propagat-
ing the angular spectrum into the far field yields the Fraunhofer diffraction pattern

ψff(x, y, z) =Φ(
kx ,ky

)× exp(i ke z)

jλe z
exp

(
i

ke (x2 + y2)

2z

)
. (10.28)
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Figure 10.4: Far field Kapitza-Dirac diffraction pattern for a Gaussian beam ( fenv(x, y) =
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) and for increasing ponderomotive potential.
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If we assume that the size of the interaction volume in the x-direction is much larger
than the grating period, there is negligible overlap between the diffracted beams.
Then the intensity of the Fraunhofer diffraction pattern is given by

|ψff(x, y, z)|2 =
∣∣Φ(

kx ,ky
)∣∣2

λ2
e z2

=
(
ψ0

λe z

)2 ∞∑
n=−∞

J 2
n

(
β
)

F 2
env

(
ke

x

z
+2nkp ,ke

y

z

)
. (10.29)

Figure 10.4 shows the far field Kapitza-Dirac diffraction pattern of equation (10.29)
for a Gaussian incident beam. The diffraction efficiency of the nth order is given by
J 2

n(β). Assuming the same laser field envelope as in section 10.3, we find that the
maximum value for β is simply

βmax = ∆ϕmax

2
. (10.30)

To maximize the electron scattering (34%) into the ±1st diffraction orders, a constant
phase delay of β = 1.84 is required, for which we need a laser waist of w0 = 1.2 µm.
Again, this can be done using high NA aspheric lenses.

Next we consider whether the electron beam of the cavity-based UTEM is coherent
enough to be able to distinguish the individual diffraction peaks. By substituting the
numbers λp = 800 nm and λe = 2.74 pm in equation (10.26), we find that the scattering
angle of the first diffraction order is θ1 = 6.85 µrad. Next, say we match the rms size
of the electron beam at the interaction point σx , to the waist of the laser focus, for
which the lower limit would be the optical wavelength, hence σx = w > λ = 800 nm.
Then the rms normalized transverse emittance that is required to resolve the first
individual diffraction order is given by εN ,x =βγσxθ1 = 5.3 pm rad. Note that we have
demonstrated a normalized, transverse emittance of εN ,x = 2.7 pm rad in figure 5.3, so
the pulsed electron beam is sufficiently coherent to observe the Kapitza-Dirac effect.

10.5 Quantum mechanical EM scattering simulations

The derived laser-induced electron phase shifts were based on the ponderomotive
potential arising from time-averaging the electromagnetic Hamiltonian. The actual
quantum mechanical scattering of electron waves off the rapidly oscillating elec-
tromagnetic vector potential is of course much more complicated, involving subtle
phenomena and intricate scattering patterns, which only emerge from a proper full-
fledged quantum mechanical treatment.[122] Turning femtosecond laser systems into
standard electron-optical elements for high-end TEMs requires a detailed understand-
ing of the underlying physics of the light-electron interaction. Therefore, a quan-
tummechanical self-consistent numerical toolbox, based on a combined system of
Maxwell and Schrödinger equations, is used to expose non-trivial electron scattering
effects after interaction with the time-dependent laser field.[123] Again, we treat the
fs ponderomotive Zernike phase plate and fs Kapitza-Dirac beam splitter with peak
intensities routinely obtainable using regular Ti:Sapphire laser oscillators.

Figure 10.5a shows the simulation for the Zernike phase plate. A non-relativistic
10 kV electron pulse propagates in the z-direction through an oscillating electromag-
netic field propagating in the x-direction and polarized in the z-direction. The reason
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(a) (b)

Figure 10.5: (a) Schematic setup of the simulations for the Zernike phase plate: A 10 kV elec-
tron pulse propagates in the z-direction through an oscillating electromagnetic
field propagating in the x-direction and polarized in the z-direction. (b) Ampli-
tude |ψ(z, x)| and phase ∆ϕ(z, x) distribution of the electron pulse immediately the
laser field.

(a) (b)

Figure 10.6: (a) Schematic setup of the simulations for the Kapitza-Dirac beam splitter: A 10 kV
electron pulse propagates in the z-direction through two oscillating electromag-
netic fields counterpropagating in the x-direction and polarized in the z-direction.
(b) Amplitude |ψ(z, x)| and phase ∆ϕ(z, x) distribution of the electron pulse imme-
diately the laser field.
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to use non-relativistic 10 kV electrons is to avoid artifacts that would otherwise arise
by solving the Schrödinger equation for relativistic electrons. Here we use a laser
wavelength of λp = 800 nm, rms pulse duration of τ = 22.5 fs, electric field ampli-
tude of E0 = 5 × 109 V/m and a diffraction-limited laser focus with rms waist size
w0 = λp . The transverse and longitudinal rms size of the electron pulse are wx = 60
nm and wz = 20 nm respectively. As the electron pulse travels through the laser focus,
significant modulation in the electron kx momentum is observed as a result of inter-
ference electromagnetic vector potential. This modulation disappears after leaving
the optical field and the amplitude distribution of the electron pulse remains basi-
cally unaltered, as shown in figure 10.5b. However, a significant maximum phase
change of ∆ϕ = 4.8 ≈ 3

2π rad is induced, which is more than sufficient for Zernike
phase contrast microscopy, requiring only (a fraction of) ∆ϕ= π

2 . Moreover, the maxi-
mum phase changed obtained from the simulation exactly matches the phase change
as calculated by equation (10.17).

Figure 10.6a shows the simulation of the Kapitza-Dirac beam splitter. Here a
standing wave pattern is created by overlapping two counterpropagating laser pulses
each of half the electric field amplitude. Again, strong kx modulation is observed
during interaction with the laser field due to simultaneous absorption and stimulated
emission of photons kp traveling in the x-direction. Figure 10.6b shows that the sinu-
soidal ponderomotive potential is imprinted on the phase distribution of the electron
wavefront and the parts of the electron wavefront that have experienced a high opti-
cal intensity start to lag behind with respect to the parts that have traveled through
low-intensity regions. This results in the wiggle-shape of the (z,x) amplitude distri-
bution. The sinusoidal phase distribution of the electron wavefront directly behind
the interaction zone which will interfere into multiple spatially separated diffraction
orders in the far field.

10.6 Conclusion

We have demonstrated that the few nanojoule pulse energy of a standard Ti:Sapphire
laser oscillator is sufficient to induce a significant ponderomotive phase change to a
beam of free electrons when focused down to a waist of few microns. As a result,
ultrashort laser pulses can be used for coherent electron phase shaping in ultrafast
electron microscopes without the presence of any material surface in the vicinity
of the electron beam. In combination with the 75 MHz electron pulse train of a
microwave cavity based UTEM, this should enable the development of robust and
practical electron-optical elements operating at sufficiently high frequency to be use-
ful in practice. Analytical calculations on a Zernike phase plate and Kapitza-Dirac
beam splitter, supported by accurate quantum-mechanical simulations using a self-
consistent numerical toolbox, show the feasibility of this approach. Extrapolating
these results, using a regular spatial light modulator it is possible to expose the elec-
tron beam to any arbitrary ponderomotive potential, allowing even more intricate
phase manipulation of the electron waves. For example, different types of phase
plates could be used to created Bessel beams or electron vortex beams. In addition, a
spatial light modulator for electrons would open the door to adaptive electron optics
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for abberation control.

Appendix: Lorentz force law from relativistic Hamilto-
nian

The Hamiltonian of a relativistic free particle with mass m and charge +q, that inter-
acts with electromagnetic fields E and B is given by

H = mc2

√
1+ (P−qA)2

(mc)2 +qφ, (10.31)

in which A and φ are the electromagnetic vector and scalar potentials that are related
to the electromagnetic fields E and B via

E =−∂A

∂t
−∇φ

B =∇×A.
(10.32)

Here P is the canonical momentum which is related to the kinetic momentum via
p = P−qA. We can calculate the velocity of the particle by solving the first Hamilton
equation

v ≡ dq

dt
=+∂H

∂P
= (P−qA)

m

√
1+ (P−qA)2

(mc)2

, (10.33)

which is equivalent to p = γmv for p = P−qA. The second Hamilton equation gives

dP

dt
=−∇H = q(P−qA) ·∇A

m

√
1+ (P−qA)2

(mc)2

−q∇φ= q(v ·∇A−∇φ). (10.34)

Now we combine the identity v× (∇×G) = v · ∇G− (v · ∇)G and the definition of the
directional derivative dG

dt = ∂G
∂t + (v ·∇)G to rewrite equation (10.34) to

dP

dt
= q

(
v×∇×A+ dA

dt
− ∂A

∂t
−∇φ

)
. (10.35)

With equations (10.32) this results in the Lorentz force law

d(P−qA)

dt
= dp

dt
= q(E+v×B). (10.36)
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Chapter 11
Conclusions & Outlook

In collaboration with Thermo Fisher Scientific, we have experimentally realized the
first Ultrafast Transmission Electron Microscope (UTEM) based on resonant microwave
deflection cavities. The main focus of this work has been on: design and development
of new cavity technology; studies on beam dynamics of cavities used as charged par-
ticle optics using theory and charged particle tracking simulations; and experimental
commissioning of cavities mounted inside a 200 kV TEM. First, we have demonstrated
that robust and reliable dielectric filled cavities can be produced in a reproducible
fashion. A very power-efficient cavity design was realized by optimizing the relative
sizes of the cavity housing and the dielectric, generating a magnetic field amplitude
of B0 = (2.84± 0.07) mT using an input power of only Pin = (14.2± 0.2) W. Mounted
inside a 200 kV TEM with 10 µm apertures, such a magnetic field enables the cre-
ation of electron pulse lengths of τ = 200 fs, without the need for a femtosecond
laser system. Second, we have shown both by analytical theory and charged particle
tracking simulations that the principle of conjugate blanking can be used to gener-
ate these pulses while fully conserving the peak brightness of the continuous beam.
Third, this has been experimentally verified for both a single mode cavity ( f = 3 GHz)
and a dual mode cavity ( f = 75 MHz) mounted inside a modified 200 kV FEI Tecnai.
Synchronized to a mode-locked oscillator, this enables ultrafast transmission electron
microscopy with few-100 fs temporal resolution at the original spatial resolution of
the TEM. Moreover, the maximum repetition rate is only limited by either the laser
oscillator or the sample. In addition, a 75 MHz dual mode cavity enables temporally
resolving laser-induced dynamics over a time interval as large as 13 ns, which is not
possible using an optical delay line. The demonstration of a first proof-of-concept
laser-triggered pump-probe experiment is underway.

In terms of temporal resolution, note that in principle any arbitrarily small pulse
duration can be achieved by simply increasing the microwave input power or choosing
smaller C2- and chopping apertures. Alternatively, a cavity in TM010 mode could be
added to temporally compress the chopped electron pulses into shorter pulses (or to
increase the charge per pulse for the same pulse length). The spatial resolution of
our setup is currently limited by a low-quality camera, poor lab conditions and the
electron optics of the Tecnai column, having only a two-lens condenser system of
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which one is fixed to create a crossover inside the cavity. Therefore, a new design is
being developed allowing the implementation of a low-loss deflection cavity inside a
300 kV TEM based on the Titan column of Thermo Fisher. This will enable ultrafast
high-resolution imaging of individual atoms. Moreover, the new setup will allow
significantly higher peak currents for the same pulse length.

A second interesting application of microwave cavity chopped electron beams is
high-resolution low-dose electron microscopy of radiation sensitive materials, requir-
ing no laser at all. In a collaboration with prof. Kisielowski from Lawrence Berkeley
National Laboratory, we have conducted diffraction experiments on pristine MgCl2

supports, showing that beam-induced sample damage can be reduced significantly
when a low electron beam current is applied, especially when this is done by tem-
porally structuring the beam into picosecond pulses. This enabled damage-free accu-
mulation of an electron dose of D = 40000 e/Å2, i.e. well sufficient to image a single
carbon atom in graphene, a result that potentially has a large impact for a vast range
of materials and fields, including high-resolution structural biology. Respecting these
dose rate limits enabled the first atomic resolution phase-contrast imaging of pristine
MgCl2 supports, revealing hidden properties of these highly sensitive samples that
were previously masked by air and beam damage. Additional experiments will be
performed to further investigate the dependence of radiation damage on the tempo-
ral distribution of the pulsed electron beam. Here a fast electrostatic blanker which
can be used to pick out specific pulses, enabling any arbitrary repetition rate below
75 MHz as well, would be a welcome addition to the setup.

Finally, one of the most exciting developments in the field of electron microscopy is
the coherent manipulation of the electron wavefunction using electromagnetic fields.
Our approach is to use the ponderomotive potential associated with the high optical
intensity of tightly focused laser pulses of a mode-locked Ti:Sapphire oscillator to
manipulate the quantum-mechanical phase of the electron. When combined with the
high average brightness of a microwave cavity-generated electron pulse train, this will
allow the development of robust and practical electron-optical elements operating at
sufficiently high frequency to be useful in practice. Accurate quantum-mechanical
simulations using a self-consistent numerical toolbox developed by dr. Talebi from
the Max-Planck Institute for Solid State Research in Stuttgart support the feasibility
of this approach. Experiments on a femtosecond ponderomotive Zernike phase plate
and even more advanced shaping of the electron wavefunction will be carried out in
the future.
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