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Chapter 1

Capturing structural dynamics at the atomic level

“Nothing is permanent except change”

– Heraclitus of Ephesus, c. 535-475 B.C.

Microscopy has revolutionized the way we observe the world around us. The optical
microscopes built by Antoni van Leeuwenhoek in the 16th century, which achieved mag-
nifications of up to 275×, led to the discovery of the micro-organic world of cells and
bacteria [1]. Magnifications achieved with modern optical microscopes are actually only
a few times better (∼ 1000×); the spatial resolution is diffraction-limited for light in the
visible range (400-700 nm). This limitation was overcome by the invention of electron
diffraction and microscopy in the 20th century; the wavelength of electrons can be much
shorter, e.g. 3.7 pm for 100 keV electrons. State-of-the-art electron microscopes have
pushed spatial resolutions down to the sub-Å level, making it possible to resolve and
even identify individual atoms [2]. The sub-micron world can also be observed using X-
ray diffraction; synchrotron light sources produce X-rays (10 pm - 10 nm) which can be
used nowadays, among others, to unravel the atomic structure of complex molecules like
proteins, the building blocks of life.

Atomic length scales of order 1 Å (or 100 pm) are thus accessible with electron mi-
croscopy and X-ray diffraction, but what about atomic time scales? The ratio between
the length and time scales relevant for the motion (vibrations) of atoms can be estimated
using the speed of sound, which is typically on the order of 103 m/s in solids. For a typ-
ical atomic spacing in solids on the order of 100 pm, the relevant time scales for atomic
vibrations are thus on the order of 100 fs1; i.e. many orders of magnitude faster than
typical electron microscopy exposure times (∼ ms) or than pulse durations of synchrotron
radiation (∼ ns).

Ultrafast phenomena, on picosecond and femtosecond time scales, can be investigated
using pump-probe techniques, where a pump pulse excites the sample and triggers the
ultrafast dynamics, and a probe pulse is used for probing the sample after an adjustable
delay time (controlled with an optical delay line). By repeatedly performing this pump-
probe measurement as a function of the delay time, ultrafast dynamics can be observed.
The time resolution of the experiment is fundamentally limited by the pump or probe
pulse duration. With the advent of femtosecond lasers in the 1990s, the 100-fs time scale
has become accessible experimentally using pump-probe spectroscopy [3]. However, these
spectroscopic measurements provide no direct structural information about the investi-
gated sample; time-resolved diffraction or microscopic techniques are required to provide
direct structural information along dynamical pathways.

1This time scale is 1013 times shorter than the human time scale of seconds. To emphasize how extreme this
is, the ratio is comparable to 1 second versus 300 000 years.
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Chapter 1.

The challenge ahead is to resolve this atomic motion, both in space and time (4D),
enabling the study of structural dynamics during phase transitions, chemical reactions,
and conformational changes at the most fundamental level. Now, what can be learned
from ultrafast structural dynamics and how can these structural dynamics be resolved?

1.1 Applications in materials and life sciences

There are many applications within the fields of physics, chemistry, and biology, where
techniques to study ultrafast structural dynamics could provide new insights. Dynamic
material behaviours that would benefit from study with high spatial and temporal res-
olution include phase transformations such as melting and solidification, (solid-state)
chemical reactions, many phenomena in plasticity (such as void nucleation in failure),
radiation damage, and shock propagation [3]. Within condensed matter physics, ultrafast
phenomena occurring in magnetic or superconductive materials are interesting to study.
A straightforward method to induce dynamics in a sample is heating by irradiation with
a femtosecond laser. On the femtosecond time scale, electrons in the sample are excited
by the laser pulse and exchange energy with the lattice through electron-phonon scatter-
ing. Time-resolved, femtosecond electron diffraction can provide a direct measurement of
the electron-phonon coupling and enables the direct observation of coherent phonons [4].
This information can be relevant to develop a better understanding of, for example, the
electrical conductivity in graphene and superconductors.

An important and challenging application of ultrafast structural dynamics within the
field of life sciences, which is being pursued in our research group, is the study of dynamics
in complex macromolecules such as proteins. Static structures of thousands of proteins are
known, but the functions of proteins are governed ultimately by their dynamic character
[5–7]. Currently, there is no single protein whose function is fully understood at an
atomistic and deterministic level. A study of myoglobin with a 150-ps temporal resolution
using X-ray crystallography revealed transient conformational changes far more dramatic
than the difference between the initial and final states would suggest [8]. The study of
protein folding, i.e. the transformation from the 1D amino-acid sequence (as encoded
in the DNA) into a 3D functional biomolecule, has become a whole field of research
and there are still many unsolved problems [9]. Also in this field, ultrafast diffraction
techniques could potentially become very useful. The relevant time scales for protein
dynamics range from seconds to nanoseconds for the collective motions of the protein,
down to the femtosecond time scale for local motions (such as bond vibrations) within
the protein [5, 7].

1.2 X-rays versus electrons

Figure 1.1 shows time versus length, ranging from the human scales down to the atomic
scales. The blue area indicates the spatial and temporal resolutions accessible with tech-
niques based on visible light and the light green area indicates the resolutions accessible
with state-of-the-art electron microscopes. There are basically two routes to achieve both
spatial and temporal resolutions at the atomic level: either by reducing the wavelength
of the photons (i.e. using fs X-rays) or by using fs electron beams.

Ultrafast structural dynamics can be studied with atomic resolutions using ultrafast
X-ray diffraction, ultrafast electron diffraction (UED), and ultrafast electron microscopy
(UEM). A fundamental difference between using X-rays or electrons is the interaction
with the sample: X-rays are scattered when they cause the atomic electrons to oscillate
and re-radiate; electrons are scattered by Coulomb interactions when they penetrate the
positively-charged atomic core [10]. The scattering cross section for 100 keV electrons is
104−105 times larger than the cross section for X-rays [11]: electrons with mean free paths
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Capturing structural dynamics at the atomic level

Figure 1.1: Time versus length: the goal of UED is to achieve time and length scales corre-
sponding to atomic vibrations. The green and blue area indicate the regimes accessible with,
respectively, conventional electron microscopes and femtosecond light pulses in the visible range.
Events in the red area cannot be correlated. The relation between length and time scales rele-
vant for structural dynamics is given by the speed of sound, typically on the order of 103 m/s in
solids. Electron dynamics can be faster, up to the speed of light c = 3×108 m/s. The black dots
indicate resolutions achieved with ultrafast electron diffraction (UED) and microscopy (UEM),
and with dynamic transmission electron microscopy (DTEM).
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of ∼ 10 − 100 nm (for 100 keV) are therefore more suitable for studies of thin films (in
transmission mode) or surfaces (in reflection mode), while X-rays can be used for studies
of thicker samples. Actually, diffraction with X-rays and electrons form complementary
techniques.

Highly coherent, femtosecond X-ray pulses can be generated using free-electron lasers
(FELs) [11]. However, FELs require large, expensive facilities and only a few facilities
have been or are being built worldwide; this implies that beam time for research groups
will be limited. Femtosecond electron bunches can be generated relatively easily by pho-
toemission using a femtosecond laser and can be much more readily accessible than FELs.
Compared to X-rays, electrons are charged particles which brings both advantages and
disadvantages: with electric and magnetic fields, electron beams can easily be controlled
and used for imaging of structures in matter; however, since electrons repel each other,
the time resolution and spatial coherence of highly charged, femtosecond electron bunches
is quickly lost if no measures are taken. Nevertheless, ultrafast electron diffraction and
microscopy are powerful techniques and there are several ways to overcome space-charge
related problems.

1.3 Ultrafast electron diffraction

Using various methods to tackle space-charge problems, already very exciting results
have been obtained using UED and UEM by a number of groups worldwide [12–18]. One
method to prevent space-charge issues is by illuminating (and pumping) the sample in
a stroboscopic mode with one electron at a time; a diffraction pattern or an image is
obtained after sufficiently long integration of charge (≥ 106 electrons) on the detector
[12, 13]. This method, however, limits UED and UEM to the study of highly reversible
processes. Another method is to place the sample very close to the photoemission source;
using ∼ 104 electrons per bunch with a few 100 fs resolution, 10-100 bunches are sufficient
to obtain a diffraction pattern [14]. Irreversible processes can be studied by illuminating
different parts of the sample which is translated or rotated [15, 16]. Beam control is
very limited with this method and since the method is not single-shot, reproducible and
homogeneous samples are crucial.

Instead of using electron energies around 100 keV, which are typical for diffraction
and imaging with conventional electron microscopes, expansion of bunches due to space
charge can also be prevented by using MeV electron energies [17]. However, disadvantages
of relativistic electron energies are the required radiation shielding of the beamline and the
less efficient detection of electrons. By giving up the requirement of sub-picosecond and
sub-nanometer resolutions, space charge becomes less relevant with dynamic transmission
electron microscopy (DTEM), for which there are many interesting applications [18]. The
achieved resolutions for UEM and DTEM are indicated in Fig. 1.1.

A method to tackle the space-charge problem for single-shot femtosecond electron
diffraction has been described in Refs. [19, 20]. The concept is to use waterbag (i.e. 3D
ellipsoidal) bunches in combination with RF bunch compression to prevent loss of spatial
coherence and temporal resolution. This method would be perfect to study irreversible
processes with both spatial and temporal resolutions at the atomic level. Ideally, time-
resolved femtosecond electron diffraction on complex macromolecules like proteins would
become feasible, as a complementary technique to X-ray diffraction with FELs.

1.4 UED on complex macromolecules

Time-resolved electron diffraction measurements on complex macromolecules impose high
demands on the experimental diffraction technique and on the sample preparation, and
require the selection of a suitable system to investigate molecular dynamics. Single-shot
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diffraction would be ideal for complex macromolecules to prevent complications due to
radiation damage or the generally low reproducibility of the fragile (biological) samples.

1.4.1 Beam requirements

The beam requirements at the sample for single-shot electron diffraction depend on the
application and include:

• a transverse coherence length L⊥ longer than the lattice spacing of the sample, i.e.
at least a few nanometer for diffraction on proteins;

• a transverse beam size σr smaller than the transverse size of the sample and of the
optical pump beam;

• a bunch duration στ short enough for the dynamics of interest and for the time scales
on which radiation damage to the sample could occur;

• a bunch charge Q sufficient for single-shot diffraction measurements, i.e. typically
at least 100 fC to obtain a high quality diffraction pattern.

The transverse coherence length scales proportionally to the transverse beam size (L⊥ ∼
σr). Therefore, the larger the sample diameter, the larger the effective electron beam
size can be, and the more feasible a long coherence length becomes. A larger beam
size and a longer bunch duration facilitate conservation of the beam quality (due to the
lower space-charge density) or allow a higher bunch charge. For single-shot UED using
a photoemission source, an ideal sample would have a homogeneous area of 100 µm (or
larger) in diameter, in which case a coherence length of a few nanometer can be possible.
The preparation of ultrathin samples of sufficient lateral size and uniformity (preferably
2D crystals) is thus essential, but also challenging, for complex macromolecular samples.
An interesting class of biomacromolecules are membrane proteins, which naturally form
2D structures [21]. The strong interaction with the sample and the related short mean free
path of electrons (compared to X-rays) can be advantageous in this case. As an interesting
example, the protein hydrophobin (HFBII) can form a highly crystalline coating on water
surfaces and changes from monoclinic to hexagonal structure upon drying [22].

1.4.2 Molecular dynamics in macromolecules

To study molecular dynamics in macromolecules, a suitable sample has to be selected
carefully to obtain relevant information. The structure of (bio)macromolecules, and the
closely linked reactivity and function, varies dynamically and depends strongly on the lo-
cal environment (e.g. solvent, pH, salt concentration, and presence of other biomolecules).
Diffraction generally requires crystals and it is therefore not straightforward to measure
the structure of biomolecules in physiologically relevant conditions. Besides, the relevant
time scales for molecular dynamics vary vastly, from femtoseconds or picoseconds for bond
vibrations and bond breaking, to nanoseconds or microseconds for large-scale conforma-
tional changes [23]. The strong environmental dependence and the broad range of involved
time scales will make a systematic study of, for example, protein folding very challenging
using (ultrafast) diffraction techniques. Nevertheless, still valuable structural information
can be obtained from isolated 2D crystals and, alternatively, a liquid cell could be used
to perform measurements in (more) physiologically relevant conditions [24]. Interesting
dynamics in (bio)macromolecules to investigate could include: thermally driven ultrafast
conformational fluctuations, structural dynamics in photo-activated proteins, folding dy-
namics induced with an ultrafast temperature jump, and crystallization dynamics after
ultrafast heating of vitrified samples [8, 25–27].

Much work has to be done before systematic time-resolved UED measurements on
complex macromolecules such as proteins become a reality, including research on the
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electron source, beam dynamics, sample preparation, and analysis of single-shot diffraction
patterns. Work on the development of an ultracold source has been performed in our
group by Engelen et al. [28]. A photoemission source and the other mentioned aspects
are considered in this thesis for single-shot UED. No actual measurements on proteins
are described in this thesis, but with this application in mind, we have worked on the
development of the UED technique.

1.5 Scope of this thesis

Development of the single-shot UED technique is described in this thesis, with both
theoretical work on single-shot UED and experimental work performed with the UED
setup in the Coherence and Quantum Technology group at the Eindhoven University of
Technology. The UED setup has been designed and developed by Van Oudheusden et al.
[20, 29]. The goal of the setup is to achieve single-shot, ultrafast diffraction with electron
bunches of 100 keV, 100 µm, 100 fs, and 100 fC, using bunch compression with an RF
cavity.

The goal of the research described in this thesis is to further develop single-shot UED,
in order to obtain a high beam quality using improved beam physics by combining tech-
niques from accelerator physics and electron crystallography. The ultimate research goal
is to work towards UED with complex samples and irreversible dynamics. This goal has
been pursued through improving and characterizing the existing UED setup, performing
the first single-shot diffraction measurements (on solid-state samples), and preparing the
setup for time-resolved pump-probe diffraction measurements. Although the setup has
been designed for RF compression of waterbag bunches, a large part of the experimental
work described in this thesis has, for practical reasons, been performed without using
waterbag bunches and bunch compression. Throughout this thesis, there will be a focus
on the fundamental limits of UED.

This thesis is organized in five parts, with Part I being this introduction. Part II
describes the work on electron beam physics including the generation, propagation, and
characterization of electron bunches:

• Chapter 2: An overview of the UED setup is presented with particular attention to
improvements of the setup and added elements to enable pump-probe experiments.

• Chapter 3: An in-depth study is presented of femtosecond photoemission from a cop-
per cathode over a wide range of laser fluence, from the linear photoemission regime
until the onset of image charge limitations and cathode damaging. A theoretical
framework is developed connecting different mechanisms of non-linear photoemis-
sion. This framework is used for an accurate analysis of the measured non-linear
photoemission yield. Clear indications for the causes of second order photoemission
have been found. Good control over the photoemission process is a first prerequisite
of producing high-density bunches for single-shot electron diffraction. – submitted
for publication –

• Chapters 4 and 5: Theory of 4D electron-optical elements for time-resolved electron
diffraction experiments is presented. The theoretical models are validated by particle
tracking simulations using realistic fields for the electron-optical elements. In Chap-
ter 4, closed expressions are derived to describe the use of a 3 GHz TM010 cavity
for bunch compression within the thin lens approximation. Using these expressions,
practical aspects for bunch compression are discussed, including the required phase
and temperature stability for synchronization between femtosecond laser pulses and
the electric field inside the TM010 cavity. – published in Ultramicroscopy –
A more general theory is presented in Chapter 5 where the 4D electron-optical el-
ements are described as thick lenses. The propagation of electron bunches through
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the electron-optical elements is described using Gaussian beam theory and trans-
fer matrices. A new aspect is the description of the propagation of sub-relativistic
bunched beams through time-dependent electron optics, described as thick lenses, in
both transverse and longitudinal phase space. The electron-optical model is applied
to describe both the transverse and the longitudinal bunch propagation through the
complete UED setup, including the TM010 cavity for bunch compression. – to be
published in condensed form –

• Chapter 6: Emittance measurements and bunch length measurements with fem-
tosecond resolution are presented for electron bunches dominated by space-charge
effects. Waist scan measurements have been performed for 10 fC, 100 fC, and 1 pC
bunches and are analyzed using the generalized perveance to include space charge.
Streak measurements with a TM110 cavity have been performed for accurate bunch
length measurements of single electron bunches.

Part III describes the theoretical and experimental work on electron diffraction:

• Chapter 7: Electron diffraction is described with kinematical theory. Beam re-
quirements are derived for obtaining high-quality electron diffraction patterns in
(single-shot) UED experiments, depending on the application.

• Chapter 8: Single-shot and few-shots electron diffraction measurements of poly-
crystalline gold and silicon samples, and of monocrystalline graphite samples are
presented. A systematic study is performed on the influence of bunch charge on the
quality of (single-shot) diffraction patterns.

Part IV describes the experimental work on ultrafast dynamics:

• Chapter 9: Work towards pump-probe experiments with the UED setup is presented
and an analysis of the stability of the setup is performed. Accumulative sample
damaging, due to illumination with a pulsed laser, is systematically studied for the
first time by monitoring the deterioration of the diffraction pattern.

• Chapter 10: The accidental observation of a plasma lensing effect in near vacuum is
reported. This is an interesting and new effect offering potential applications with
ultrashort, bunched electron beams. – to be published –

The conclusions and outlook are presented in Part V.
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Abstract

The setup used throughout this work has been designed for single-shot, ultrafast
electron diffraction with electron bunches generated by photoemission of 100 keV,
100 µm, 100 fs, and 100 fC, using bunch compression with a radio-frequency cav-
ity. Elements which have recently been added to the setup include a new sample
chamber, compensation for the earth magnetic field, automation of the setup, and
elements to enable pump-probe experiments. Improvements to the setup are rec-
ommended for the laser system, the electron beam alignment, and the detector.
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2.1 Introduction

The ultrafast electron diffraction (UED) setup, which has been used throughout the work
described in this thesis, is described in this Chapter. The basis of the setup has been
designed and developed by Van Oudheusden et al. [1, 2]. The goal is to achieve single-
shot, ultrafast electron diffraction with electron bunches of 100 keV, 100 µm, 100 fs, and
100 fC, using bunch compression with a radio-frequency (RF) cavity [3]. This Chapter
is intended to provide an overview of the setup and to describe the elements which have
recently been added to the setup, including a new sample chamber, compensation for
the earth magnetic field, automation of the setup, and elements to enable pump-probe
experiments.

Figure 2.1 shows a schematic overview of the UED setup. Electrons are created by
photoemission in the electron gun using UV laser pulses. The generated electron bunches
are accelerated to maximally 100 keV and propagate through the beamline and sample
chamber towards the detector. The electron bunches are used to “probe” the sample in
the sample chamber. This part of the setup is described in Sec. 2.2. Ultrafast dynamics
can be studied using a “pump-probe” scheme. To trigger the dynamics, an optical “pump”
pulse is used. The part of the setup to enable pump-probe experiments is described in
Sec. 2.3.

2.2 Electron probe

2.2.1 Laser system

The femtosecond laser system is an essential part of the setup and makes femtosecond
time resolution possible. The laser system consists of an oscillator and an amplifier. The
femtosecond laser pulses are used both for photoemission and for pumping of the sample.

Femtosecond oscillator

The Ti:sapphire oscillator (Coherent, Mantis) is pumped by a 532 nm continuous high-
power, optically-pumped semiconductor laser (Coherent, Verdi G5) and creates 30 fs
(FWHM) pulses by means of self-mode-locking through the Kerr effect. The center wave-
length is 800 nm with a bandwidth of 84 nm (FWHM). The output power is approxi-
mately 450 mW, which corresponds to an energy of 6 nJ per pulse. The repetition rate
is adjustable between 74.84 MHz and 75.06 MHz using a piezo-motorized linear stage
(Newport, AG-LS25) for one of the cavity end-mirrors. The adjustable repetition rate is
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lens

Second
condenser

lens

Steering
coils
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lens

Detector
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Figure 2.1: Schematic of the UED setup. The electron beam path is indicated in green.
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required for synchronization with the RF cavity in the setup. The repetition rate is mon-
itored using a photodiode (Centronic, AEPX65) connected to an RF counter (Agilent,
53210A). The RF counter and the linear stage are connected to a computer. A program
has been written (in C++/CLI) which keeps the repetition rate stable within 1 Hz.

Amplifier

The Ti:sapphire regenerative amplifier (Coherent, Legend) is pumped by a 527 nm Q-
Switched Nd:YLF laser (Coherent, Evolution 30) and increases the pulse energy by means
of chirped pulse amplification to ∼3 mJ. The amplified laser pulses have a pulse length of
∼60 fs (FWHM). The central wavelength is 800 nm with a bandwidth of 32 nm (FWHM).
The repetition rate of the amplifier system is 1 kHz, determined by the repetition rate of
the pump laser. The repetition rate to the electron diffraction setup can be adjusted using
pulse pickers consisting of Pockels cells. The power fluctuations of the amplified output
are typically < 0.5% (rms) if the laser system is well-aligned. The output of the amplifier
is split with a beamsplitter (Newport, 20RQ00UB.2), which splits 50/50 for s-polarized
light and 80/20 for p-polarized light. One part of the output is used for photoemission,
the other part is used for pumping the sample (see Sec. 2.3).

Third harmonic generation

For photoemission, ultraviolet (UV) light pulses (267 nm) are used which are generated
through third harmonic generation (THG). The THG is performed in a collinear setup
using four thin BBO crystals [4]. In the first BBO crystal second harmonic pulses (400
nm) are generated, which are subsequently mixed with the fundamental pulses (800 nm)
in the fourth BBO crystal to create third harmonic pulses (267 nm). The two crystals in
between are used for phase matching. Based on the group velocity mismatch between the
UV pulses and the fundamental pulses, it is estimated that the UV pulses have a duration
of 120 fs. With a half-waveplate in a motorized rotation mount before the THG crystals,
the energy of the UV pulses can be adjusted. After THG, the laser beam contains 800 nm,
400 nm, and 267 nm light pulses. To select the 267 nm light pulses, four dichroic mirrors
are used which are highly reflective around 267 nm, but have a much lower reflectivity
(∼ 15%) around 400 nm.

The efficiency of the THG is typically 4-6%, if the system is well-aligned, using 800
nm pulses with an energy of approximately 0.5 mJ. The energy of the generated UV
light pulses is more than sufficient for photoemission. The energy stability of the UV
laser pulses is, at best, 2.5% (rms) measured over 1 hour, but is typically > 10%. The
alignment of the Ti:sapphire amplifier influences the stability. According to data from
the laser manufacturer, a THG power stability of < 0.5% (rms) over several hours is
possible with this amplifier. However, in our lab this stability has never been achieved.
The laser instability forms a major issue when performing pump-probe experiments, as
will be discussed in Chapter 9.

2.2.2 Photogun

Photoemission

The electron bunches are created through photoemission using the UV light pulses gener-
ated by THG. The photoemission process is described in detail in Chapter 3. By focusing
the UV light pulses onto the cathode with a single lens, a Gaussian laser profile is ob-
tained which results in a Gaussian electron bunch distribution. By focusing the UV light
pulses onto a pinhole (with r = σ) which is imaged onto the cathode, an approximately
hemispherical intensity profile is obtained which results in a waterbag electron bunch
distribution [2, 5].
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Figure 2.2: Schematic of the photoemission setup.

To monitor the UV light pulses incident onto the cathode, a UV diode (EPIGAP,
EPD-440-0/1.45) and two UV cameras (Sony, XCD SX910UV) are used, as illustrated
in Fig. 2.2. Half of the UV light, which is split off using a UV beam splitter (Newport,
UVBS14-1), is directed to the UV diode for measuring of the pulse energy and to one
of the UV cameras which is positioned at the same distance to the beamsplitter as the
cathode. This UV camera acts as a virtual cathode to measure the laser profile. The
other UV camera is used to make an image of the cathode using the reflected laser light.
Grooves on the cathode, created by single-diamond turning, are used for alignment of the
laser beam onto the center of the cathode.

High voltage

The design of the photogun of the UED setup has been described in [2]. Based on new
calculations with the Poisson solver SUPERFISH for the actual geometry of the photogun,
the maximal field strength at the cathode is 12.3 MV/m for an acceleration voltage of
100 kV. To reach this acceleration voltage, the photogun has to be “trained” each time
the cathode is replaced. During training of the photogun, the voltage is slowly increased
until a breakdown occurs. The idea is that “gentle” breakdowns, which occur while
slowly increasing the voltage, may smooth the surfaces in the photogun, while “severe”
breakdowns, which occur when the voltage is increased too rapidly, may increase surface
roughness.

The training and daily ramping of the photogun has been automated. The high
voltage power supply (Matsusada, AU-100N1.5) has been connected to a computer using
electrically isolated control units with an optical fiber bus (Matsusada, CO series). A
program has been written (in C++/CLI) which controls the voltage of the power supply
and reads out the current which ideally is zero. Two current levels are defined, which are
set at 10µA and 100µA during training. The training is initially started from 50 kV. As
long as the current remains below 10µA, the voltage is slowly increased with 0.01 kV/s. If
a current is detected above 10µA, the voltage is lowered to 99% and the voltage ramping
is paused for 30 seconds. If a current is still detected above 10µA during this pause, the
voltage is again lowered (to 99% of the new voltage) and the pause is reset to 30 seconds.
The power supply has a current limit which is set at 100µA. For a current above this
level, the power supply switches off. After 5 seconds, the power supply is switched on
again by the program and the voltage is set at 85% of the value at breakdown. The
voltage is increased with 0.1 kV/s up to 99%, and above 99% the training continues with
0.01 kV/s. Once the photogun has been trained and is stable at 100 kV, the current levels
are set at 2µA and 20µA with a ramping speed of 2 kV/s for daily operation. For a fresh
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cathode, the training takes typically less than one day.

2.2.3 Electron beamline

Beamline elements

Figure 2.1 shows a schematic overview of the UED setup and figure 2.3 shows an illustra-
tion of the photogun and electron beamline before the sample chamber; a quarter cut-out
shows the interior of the setup. From left to right, the illustration shows the photogun, a
magnetic coil used as the first condenser lens, a 6-way cross containing aluminum mirrors
for incoupling of the UV light pulses, a magnetic coild used as the second conderser lens,
steering coils, and the RF cavity. This part of the setup has been designed to illuminate
samples with electron bunches of 100 keV, 100 µm, 100 fs, and 100 fC [1]. The elements
after the compression cavity (which are not shown in the illustration) are the sample
chamber, a magnetic coil used as an objective lens, and the detector.

The vacuum in the setup is kept below 10−6 mbar using three turbo pumps connected
to the photogun, the sample chamber, and the detector. The vacuum enclosure is made as
much as possible from non-magnetic 316L stainless steel, instead of the more common 304L
stainless steel, which becomes slightly ferromagnetic after machining. This is especially
important near the coils, where the steel could disturb the symmetry of the applied
magnetic field.

Three coils are used for transverse focusing (see Fig. 2.1): the first two coils are
used as condenser lenses and the last coil is used as an objective lens. The properties of
these solenoids are given in Table 2.1, with inner radius ρ1, outer radius ρ2, length L,
and number of windings N . Each coil is powered by two parallel power supplies (Delta

Figure 2.3: Illustration of the photogun and electron beamline (by ICMS animation studio).
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Table 2.1: Properties of the magnetic coils

element ρ1[ mm] ρ2[ mm] L[ mm] N

first condenser lens 30.0 51.0 51.7 1055
second condenser lens 30.0 45.9 38.3 859

objective lens 43.0 66.0 60.0 353

Elektronika, S 28-10) which are current regulated and can be remotely controlled from a
computer.

The RF cavity in the beamline works at 3 GHz (2998.5 MHz) in the TM010 mode and
is used for longitudinal compression of the electron bunches. The working of the cavity is
explained in Chapters 4 and 5. The cavity is mounted between two bellows for position-
ing. The cavity is driven by a 3 GHz 1kW solid-state high power amplifier (Microwave
Amplifiers, AM84-3S2-50-60R) which is seeded by an RF synchronizer (AccTec). The RF
synchronizer is described in Sec. 2.2.6. The RF power and the RF phase can be remotely
controlled from a computer via the amplifier and the synchronizer, respectively.

The steering coils consist of a set of four coils which allow steering of the 100 keV
electron beam along two directions by ±0.4 rad. The steering coils are powered by a dual
bi-polar power supply (AccTec) which is remotely controlled from a computer.

Table 2.2 gives an overview of the longitudinal positions of the beamline elements.
The positions refer to the center of the element with an accuracy of 5 mm.

Alignment

The earth magnetic field components in Eindhoven are 19µT north, < 1µT east, and
45µT vertical [6]. The propagation direction of the beam is horizontal in the north-south
direction. For this reason, only the vertical component of the earth magnetic field has
a significant effect on the alignment of the electron beam. The cyclotron radius of a
charged particle with momentum p and charge q, is given by R = p/|q|B = 25 m in a
(homogeneous) magnetic field of B = 45µT for 100 keV electrons.

To compensate for the vertical earth magnetic field component, current wires have
been placed along the beamline (within the horizontal plane). Three current wires run
through PVC pipes on both sides of the beamline at 10 cm from the center. For a current
of 5.0 A, the wires generate a magnetic field of 60µT at the center of the beamline, if
magnetic shielding from vacuum components can be neglected.

To align the electron beam, first all elements are mechanically aligned to the optical
table. While monitoring the electron beam on the detector, the current through the
solenoids is varied and the positioning of each solenoid is slightly adjusted such that the
center of the electron beam remains at the same spot on the detector for each current.
The position of the electron beam is determined at the position of the cavity, the sample

Table 2.2: Central positions of the beamline elements

element longitudinal position [ mm]

cathode 0
first condenser lens 58

second condenser lens 320
RF cavity 510

steering coils 625
sample 1000

objective lens 1330
detector 1700
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holder, and the detector, in order to detect any curvature of the beam. The curvature of
the beam can be adjusted with the wires for the compensation of the earth magnetic field
and with the steering coils [7].

2.2.4 Sample chamber

Chamber

Figure 2.4 shows an illustration of the sample chamber. The box, made of 316L stainless
steel, has a length of 40 cm, a width of 30 cm, and a height of 25 cm. The chamber
is sufficiently large to allow optical components or even a small RF cavity inside the
chamber. Each side has three ports, with CF63 ports on the long sides (parallel to the
electron beam) and CF40 ports on the short sides. The two CF40 ports on each side
in the middle are used for the electron beamline, with vacuum valves at each port for
separate venting/pumping of the sample chamber. Two CF63 ports on the front side are
used to connect a turbo pump and a sample manipulator (see below). Two CF63 ports on
the opposite side are closed by fused silica optical windows (Vacom, VPZ63QS-MB-NM)
to route the optical pump beam through the chamber. An optical breadboard on the
bottom allows easy positioning of optical components inside the chamber.

Sample manipulator

An XYZT manipulator (UHV Design, XYZT64-200-IS) with stepper motors outside the
vacuum is used to manipulate the sample. An axis attached to the moving flange of the
manipulator holds the sample holder. The sample can be moved 25 mm with steps of

Figure 2.4: Design drawing of sample chamber.
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Figure 2.5: Image of sample holders. The left holder is used to mount five 3 mm TEM grids,
the right holder is used to mount a 25× 25 mm2 TEM grid.

2.5µm both vertically and parallel to the electron beam, and 200 mm with steps of 1µm
perpendicular to the electron beam. The stepper motors can be controlled by a computer.
The flange can also be tilted ±2◦ manually, to move the sample up and down.

Sample holders

Different sample holders can be mounted to the sample manipulator. Two sample holders
are shown in Fig. 2.5. The sample holder shown on the left has a window and a pinhole
for alignment of the electron beam and/or the optical pump, and has five positions for
mounting 3 mm diameter standard TEM grids/samples. The sample holder shown on the
right can hold one 25 × 25 mm2 TEM grid and has a pinhole for alignment on the right
side.

2.2.5 Detector

For detection of electrons, a microchannel plate (MCP) is used in combination with a
phosphor screen and a CCD camera.

Microchannel plate

An MCP consists of an array of narrow channels over which a high voltage is applied.
Each channel serves as an electron charge multiplier, with typical gain factors of order
103 to 104, depending on the applied voltage and the aspect ratio [8]. A phosphor screen
behind the MCP converts the avalanche of electrons from each channel into visible light.
A P20 type phosphor has been used, with a maximum light emission around 550 nm and
a decay time (90 to 10%) of 4 ms. Image grade detectors (MCP plus phosphor screen)
have been used in the setup. The original detector (Photonis, APD 1 40/6/5/8 I 60:1
6”FM P20) had a pitch of 6µm, a pore size of 5µm, a bias angle of 8◦, and an aspect ratio
of 60:1. After damage to the MCP, the MCP was replaced by a similar MCP (Photonis,
MCP 40/6/5/5 I 60:1 62 OAR MP) with a bias angle of 5◦. After degradation of the
phosphor screen, the detector was replaced by an older detector (Burle Industries, APD
6040FM 12/10/8 I 60:1 P20) with a pitch of 12µm and a pore size of 10µm.

For recording of diffraction patterns, a beam stop can be lowered in front of the MCP
to block the zeroth order beam of the diffraction pattern, in order to prevent damage to
the detector at optimal gain for the less intense diffraction peaks/rings.
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Camera

To capture the diffraction pattern on the phosphor screen, a monochrome digital camera
(Lumenera, Lw11057M1) is used containing a CCD chip (Kodak, KAI-11002) with 10.7
million pixels of 9× 9µm2, a quantum efficiency of 44% at 550 nm, a total readout noise
∆nr = 30 e− (rms), and a dynamic range of 66 dB. A 60 mm macro lens (Nikon, AF-S
NIKKOR 60mm 1:2.8 G ED) is mounted onto the camera, which images the phosphor
screen 1:1 onto the CCD chip. A disadvantage of the macro lens is that the aperture is
relatively small, but an advantage is that image distortion is minimal with this lens.

Detector noise

The detector can be characterized using the signal-to-noise ratio (SNR) and the detector
quantum efficiency (DQE), which is the squared ratio between the SNR before and after
the detector [9]:

DQE =
SNR2

out

SNR2
in

≤ 1 (2.1)

The SNR before the detector is determined by shot noise: SNRin =
√
N , with N the

number of electrons. The DQE of the complete detection system is the product of the
separate DQEs of the MCP, phosphor screen, and camera. The DQE of the camera can
be calculated using [9]:

DQE =

[
1 +

1− η
ne

+
1

Np

(
∆nr
ne

)2
]−1

(2.2)

where η is the efficiency of the camera, ne is the number of accumulated electrons in the
CCD per incident electron, Np is the number of incident electrons per CCD pixel area,
and ∆nr is the total readout noise of the camera.

Using the specifications for the MCP and CCD, as mentioned above, the DQE of the
complete detector can be calculated. The DQE of the MCP is mainly limited by the open-
area ratio, which is approximately 60% for the used MCPs. The DQE of the phosphor
screen is limited by backscattering to approximately 90%. The optical efficiency of the
lens is ηopt = 2 × 10−3 and, including the quantum efficiency of 44% for our CCD, this
gives a camera efficiency of η = 9 × 10−4. For an MCP with an open-area ratio of 60%
and a gain of 104, in combination with a phosphor screen with a conversion nph ' 80
photons/electron, the number of accumulated electrons from one channel nch ' 400. The
CCD is not directly coupled to the MCP (as with fiber-coupling), so it is assumed that
the signal per channel spreads over (at least) four pixels, which implies ne ' 100. The
number of incident electrons per pixel Np is limited by the MCP, which can only count one
incident electron per channel per (ultrashort) bunch at maximal gain; therefore, Np ' 1
is assumed. When the above numbers are inserted, the DQE of the camera becomes 91%.
The DQE of the camera can easily be improved by binning of pixels (to 98% for 2x2 in-
camera binning) or by integration of multiple shots. The combined DQE of the complete
detector is then approximately 60% × 90% × 91% ≈ 50%, and is thus mainly limited by
the MCP.

Detector corrections

The accuracy of the detector can be improved by taking dark frames and flat-field frames.
A dark frame is obtained by averaging multiple shots with the UV laser beam (for pho-
toemission) blocked and is used to subtract dark current and unwanted light. A flat-field
frame is obtained by exposure of the detector with a very broad electron beam and is
used to correct for gain variations in the detector.
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2.2.6 Synchronization

Timing

The timing of the setup is controlled by two timing delay units (TUeDACS, TDU). Each
unit has three groups which can generate trigger pulses up to 1 kHz and with an accuracy
determined by the 75 MHz clock. One of the units controls the laser system: the pump
laser of the amplifier is triggered with 1 kHz by one group, the pulse selectors are triggered
by the other two groups. This unit runs on an internal 75 MHz clock (unsynchronized
with the laser oscillator), which limits the accuracy of the triggering to 13 ns. The other
unit is synchronized to the laser unit and is used to control the timing for the UED setup,
which includes triggering of the RF amplifier and of the cameras.

Femtosecond RF synchronization

It is essential to have an accurate control over the phase of the field in the RF cavity (see
Sec. 4.4.3). For this purpose, an RF synchronizer (AccTec) has been developed in our
group [10]. The RF synchronizer has an internal 3 GHz voltage controllable electronic
oscillator. The output from this oscillator is divided by 8 and mixed with the 5th harmonic
of a photodiode signal from the 75 MHz laser oscillator. A phase-locked-loop ensures the
synchronization between the 3 GHz controllable electronic oscillator and the 75 MHz
laser oscillator. The accuracy of the synchronization can be derived from the phase error
signal of the mixer inside the RF synchronizer. This accuracy can be determined by
the stability of the laser oscillator. The laser oscillator (Coherent, Mantis) was originally
pumped by an internal 5W optically pumped semiconductor laser (OPSL), which provided
a synchronization accuracy of 2 ps. After replacing the internal pump laser by an external
5W OPSL (Coherent, Verdi G5), the measurement accuracy of the phase error signal
(using a digital scope) limited the measurement of the synchronization accuracy. The
synchronization accuracy is < 0.04 ps, with an estimated 16 fs from subtracting the noise
signal.

Recently1, a method has been demonstrated to measure the synchronization between
femtosecond laser pulses and the oscillating field inside an RF cavity with an rms reso-
lution of 29± 2 fs [11]. The method utilizes the Pockels effect in a crystal inside the RF
cavity by measuring the retardation of the components of polarization as a function of RF
phase. How much the timing jitter can be reduced with the RF synchronization, depends
on the noise level in the photodiode, RF amplifier, and cables used for synchronization
and driving of the RF cavity. In the setup used for this characterization method, an
rms timing jitter between the laser pulses and the RF field inside the cavity of 96 ± 7 fs
has been measured. This demonstrates that the RF synchronization can be sufficiently
accurate for the temporal resolution required in UED experiments.

2.3 Optical pump

2.3.1 Delay line

To study ultrafast dynamics with time-resolved electron diffraction, a “pump-probe”
scheme is used with an optical pump. Figure 2.6 shows a schematic illustration of the
setup for the optical pump beam. The delay between the electron probe and the optical
pump can be controlled by a delay line which consists of a broadband hollow retroreflector
with a parallelism of 1 arcsecond (Newport, UBBR2.5-1I) mounted on a linear transla-
tion stage (Thorlabs, LTS300/M). The delay line has a reach of 2 ns, a resolution of 1
fs, and an absolute accuracy of 0.3 ps. Two computer controlled optical beam shutters

1These results have been published by G.J.H. Brussaard, A. Lassise, P.L.E.M. Pasmans, P.H.A. Mutsaers,
M.J. van der Wiel, and O.J. Luiten in Applied Physics Letters 103, 141105 (2013).
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(Thorlabs, SH05), are used to block/unblock the beam paths for photoemission and for
pumping (not shown in the illustration).

2.3.2 Spatial overlap

After the delay line, the laser beam is focused onto the sample with a lens outside or
inside the sample chamber (depending on the desired spot size). The beam profile at
the position of the sample can be determined with a CCD camera (Sony, XCD X710)
positioned in the vented sample chamber. Once the sample chamber is pumped down and
an electron beam has been established, the overlap between the pump and probe beam at
the sample position can be determined using a window in the sample holder, as shown in
Fig. 2.5 (left holder). Using the sample manipulator, the window can be scanned through
the beams and an intensity profile can be measured with the detector for the electron
probe beam and with a power meter for the optical pump beam. The measured intensity
profiles can be fitted with a convolution of a block function for the window and a Gaussian
function for the beams. The fit yields the center positions and the beam widths along the
scan direction. By scanning the window in both the horizontal and vertical direction, the
complete spatial overlap between the pump and probe beam can be determined.

2.3.3 Temporal overlap

To determine the temporal overlap between the pump and probe beam, i.e. the position
of t = 0, a plasma effect can be used [12]. A TEM grid is positioned in the electron beam
path and imaged onto the detector. If the pump laser is focused onto the TEM grid,
electrons are emitted from the grid which cause a space-charge lensing effect observable
on the detector. While varying the pump-probe delay, no effect is observed if the electron
bunch passes the grid before the laser. The onset of the effect marks t = 0. The buildup
of the plasma effect takes approximately 1 ps and limits the resolution of this technique
to approximately 100 fs. This effect can also be used for a coarse determination of the
pulse length (see Sec. 6.3.2).
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laser system

for 
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Figure 2.6: Schematic of the optical pump setup.
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2.4 Recommendations

Improvements to the setup are recommended for the laser system, the electron beam
alignment, and the detector.

Laser system

The stability of the THG forms a major issue for performing pump-probe experiments,
as is discussed in more detail in Chapter 9. The typical stability of 10-20% should be
reduced to < 2.5%. Further, continuous monitoring of the laser amplifier and precise
alignment of the amplifier with closed cover (through motorized mirrors) would definitely
improve the ease of operating the laser system.

Electron beam alignment

With the current setup, accurate positioning of the magnetic coils is a time-consuming
procedure. This could be improved by mounting the coils to easily and accurately movable
platforms, or by fixing the coils to the center of the beamline and adding additional
steering/compensation coils. An RF cavity with a large inner diameter is recommended
for beam characterization and alignment. Further, by adding an additional coil to the
objective coil, the camera length becomes adjustable, which would be helpful for analyzing
samples with different unit cell dimensions.

Detector

For the current detector, the dynamic range is limited by the MCP. At maximal amplifi-
cation, only one electron can be detected per channel. This could especially be a limiting
factor for single-shot diffraction with high-quality electron beams. It is recommended
to replace the current detector with a fiber-coupled camera. Advantages are a higher
dynamic range, a higher spatial resolution, and that no high-voltage is required for the
detector. It is also recommended to apply a light-tight coating in front of the detector,
to prevent stray light from the laser pump beam.
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Abstract

Photoemission yield from a used, uncleaned copper cathode in a DC electron gun
has been studied over a wide range of laser fluence, from the linear photoemission
regime until the onset of image charge limitations and cathode damaging. The
measured curves can be explained well with available theory including the Schottky
effect, second-order photoemission, and image charge limitation. The second-order
photoemission can be explained by thermally assisted one-photon emission (1PPE)
and by above-threshold two-photon emission (2PPE). The measurements with a
fresh cathode suggest that the 2PPE process is dominant. The measurements show
experimentally the limits of different regimes of photoemission.

The work described in this chapter has been submitted for publication by P.L.E.M. Pasmans, D.C. van Vugt,
J.P. van Lieshout, G.J.H. Brussaard, and O.J. Luiten to Physical Review Special Topics - Accelerators and Beams.
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3.1 Introduction

Photoemission electron sources are essential and indispensable in many current experi-
ments to study ultrafast structural dynamics [1–4]. After creation through photoemission
with femtosecond laser pulses, ultrashort electron bunches can be used for electron diffrac-
tion and imaging or to enable X-ray diffraction experiments with a free-electron laser
(FEL). With ultrafast electron diffraction (UED), ultrafast electron microscopy, or ultra-
fast X-ray diffraction, transformations of atomic structures can be captured with both pi-
cometer spatial resolution and femtosecond temporal resolution [5–13]. These techniques
provide a deeper, fundamental understanding of atomic dynamics in matter ranging from
solid-state materials like grapheen and superconductors to complex biological structures
such as proteins and viruses [9–13].

For FELs, relativistic electron beams are required and photoemission is typically per-
formed in radio-frequency (RF) photoguns which accelerate the photoemitted electrons
to GeV energies. For diffraction and imaging, ideal electron energies are in the range of
30-200 keV, because of the relatively high elastic scattering cross-section, low radiation
damage, and the ability to accelerate with stable static fields in a DC photogun [3].

Both metallic and semiconductor photocathodes can be used [1]. Semiconductors cath-
odes typically have a higher yield, but metallic cathodes are generally more stable, have
less stringent vacuum requirements, and exhibit prompt emission of the electrons, which
can be relevant for the generation of ellipsoidal electron bunches for UED experiments
[14].

Photoemission has been used and studied extensively for many decades in the context
of both photoelectron spectroscopy and photoemission electron sources [15–24]. Most
photoemission studies are performed in the low field regime with spectroscopy or in the
high RF field regime for generation of relativistic beams. The application of femtosecond
photoemission in a DC gun for UED is relatively new and the ultimate limits of pho-
toemission for UED still need to be explored in detail. The importance of investigating
these ultimate regimes of photoemission lies in achieving a high electron beam quality,
since the initial thermal emission of a photoemitted electron beam is determined by the
photoemission process. This is especially important for single-shot electron diffraction,
which requires as much charge as possible from an illumination area as small as possible
in order to achieve a high beam quality. This asks for finding the ultimate regimes of the
photoemission process.

In this chapter, we report on photoemission yield measurements in the DC electron
gun developed for the UED setup at the Eindhoven University of Technology. At the
time of the experiments, the copper cathode had been in use for 9 months and was not
cleaned prior to the measurements. This represents the typical situation when the electron
gun is used for ultrafast electron diffraction experiments. The photoemission has been
studied over a wide range of laser fluence, ranging from the regime of linear photoemission,
where a few electrons per µm2 are extracted from the photocathode, until the onset of
image charge limitations and cathode damaging, where 103 − 104 electrons per µm2 are
extracted, comparable to the surface charge densities in RF photoguns. The whole fluence
range has been measured in the same setup with a single copper cathode illuminated with
femtosecond UV laser pulses with a central wavelength of 267 nm. The acceleration field
has been varied between 1.23 MV/m and 12.3 MV/m, corresponding to electron energies
of 10 keV to 100 keV.

In Sec. 3.2, the theoretical framework is presented to describe the femtosecond pho-
toemission for the complete range of fluences and acceleration fields. This includes the
Schottky effect, non-linear photoemission, femtosecond photoemission, and image charge
limited photoemission. The model for image charge limited photoemission is compared
with particle tracking simulations using the General Particle Tracer (GPT) code. The
experimental setup for the photoemission yield measurements is described in Sec. 3.3 and
the results are presented and discussed in Sec. 3.4.
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3.2 Ultrafast photoemission theory

3.2.1 Work function, Schottky effect, and thermal emittance

Photoemission is determined by the (surface) work function φ of a material, which gives
the minimum energy required to remove an electron (at the Fermi level) from a solid
into vacuum. The reported work function of copper (in zero field) lies in the range
φ0 = 4.31−4.91 eV, depending on the orientation of the lattice planes and on the cleaning
of the cathode [25, 26]. When an external field is applied, the effective work function φ
is lowered due to the Schottky effect [27]:

φ = φ0 −
√
e3βGa
4πε0

(3.1)

where Ga is the applied acceleration field, e is the electron charge, ε0 is the vacuum
permittivity, and β is the field enhancement factor due to surface roughness (β = 1 for a
perfectly flat cathode). Literature values for β range from 1.5 to 500 [21, 24]. The work
function is lowered by an amount ∆φ = 0.12 eV for Ga = 10 MV/m and β = 1.

For a laser spot size σ0 on the cathode and an effective source temperature kBTb,

the thermal emittance equals εn,T = σ0

√
kBTb/mc2 (see also Sec. 5.2.3). The source

temperature is related to the difference between the photon energy and effective work
function: kBTb ' (hν − φ)/3 [27]. For hν = 4.65 eV, Ga = 10 MV/m, β = 1, and
φ0 = 4.31 eV, we have kBTb ' 0.15 eV. Due to surface roughness, adsorbed compounds,
space-charge effects, spectral width of (femtosecond) laser pulses, and other deviations
from ideal photoemission, the beam temperature is higher in practice. The experimental
thermal emittance is typically a factor 2 higher than the theoretical value [27].

3.2.2 Generalized Fowler-DuBridge theory

Following the generalized Fowler-DuBridge theory [15–17], the photoemitted current den-
sity J can be written as the sum of the partial current densities Jn given by:

Jn(r, t) = an

[
e

hν
(1−R)I(r, t)

]n
A0T

2
e f(xn) (3.2)

with

f(xn) =

∞∫
0

ln
[
1 + e−y+xn

]
dy (3.3a)

xn =
nhν − φ
kBTe

(3.3b)

where an are phenomenological coefficients, h is Planck’s constant, hν is the incident
photon energy, R is the surface reflectivity, I is the incident (laser) irradiance, A0 =
1.20173×106 A/m2K2 is the Richardson constant, Te is the electron surface temperature,
f(xn) is the Fowler function [15], and kB is Boltzmann’s constant. The term an[. . .]n

in Eq. (3.2) is proportional to the probability per unit time of an electron to absorb
n photons and to escape [19]. The term T 2

e f(xn) in Eq. (3.2) takes into account the
number of available electrons at the temperature Te (based on Fermi-Dirac statistics) to
overcome the work function of the metal and describes thermally assisted photoemission.
For n = 0, the partial current reduces to the Richardson equation for thermionic emission,
J0 = a0A0T

2
e e
−φ/kBTe , with a0 of order unity [28]. For n 6= 0, Jn describes n-photon

photoemission with constants an which can be assessed experimentally or evaluated by
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microscopic theories. The ratio between the constants can be estimated roughly using
the scaling relation [19]: an/an+1 ∼ 1015 − 1018 A/m2. The constant a1 can be related
to the (linear) quantum efficiency QE = a1A0T

2
e f(x1) ' a1A0(hν − φ)2/2k2

B. For copper

a1 = 5× 10−18 m2/A, as calculated using literature values from [27].

3.2.3 Femtosecond photoemission

For photoemission with sub-picosecond laser pulses, the thermodynamic equilibrium be-
tween the electron gas and the metal lattice is disturbed during the entire interaction
time with the laser [19, 20]. The non-equilibrium regime is commonly described by the
two-temperature model, in which the electrons and lattice are described by two separated
systems with an electron temperature Te and a lattice temperature Tl. The electron tem-
perature Te thus increases with laser intensity I(r, t). The effect on the photoemission
current as given by Eq. (3.2) is an increase of the thermionic emission J0 and thermally
assisted non-linear photoemission Jn with a power dependence on I greater than n.

If thermal transport is neglected (thin film approximation), the cooling of the electron
gas is described within the two-temperature model by the specific heat capacity of the
electrons Ce = κTe and the electron-phonon coupling parameter g. The ratio g/κ is in
the order of 1 K/fs for most metals, thus for electron temperatures around 1000 K, the
time to equilibrium is of the order of 1 ps [20]. Assuming that the cooling of the electrons
can be neglected completely and that the pulse intensity has a Gaussian temporal profile,
I(r, t) = I0(r) exp (−t2/2τ2), the electron temperature Te(r, t) is given by:

Te(r, t)
2 = T 2

i +
2α

κ
(1−R)I0(r)

t∫
−∞

exp

(
− t2

2τ2

)
dt (3.4)

where Ti is the initial (equilibrium) temperature and α is the optical absorption coefficient.
The ratio α/κ is typically of order 105 m2K2/J for metals at visible and UV photon
energies [20]. Literature values for copper are α = 7.9× 107 m−1 for 267 nm [29, 30] and
κ = 96.8 J/m3K2 [31], which gives α/κ = 8× 105 m2K2/J.

The partial photoemission currents J1 and J2 can be calculated as a function of the
laser intensity in combination with Eq. (3.4). The Fowler function can be approximated
by f(x) ' x2/2 + π2/6 for x > 1, which gives:

J1(r, t) ' a1A0e

2hν

[(
hν − φ
kB

)2

+
π2Te(r, t)

2

3

]
(1−R)I(r, t) (3.5)

J2(r, t) ' a2A0e
2

2(hν)2

(
2hν − φ
kB

)2

[(1−R)I(r, t)]2 (3.6)

Integration of J1(r, t) and J2(r, t) over time yields the surface charge densities σ1(r) and
σ2(r):

σ1(r) ' a1A0e

2hν

(
hν − φ
kB

)2

Fa(r) +
a1A0eπ

2α

6hνκ
Fa(r)2 (3.7)

σ2(r) ' a2A0e
2

4τ
√
π(hν)2

(
2hν − φ
kB

)2

Fa(r)2 (3.8)

where Fa(r) ≡ (1−R)
√

2πτI0(r) is the absorbed fluence. Assuming that kBTi � hν−φ,
the contribution of Ti has been neglected. The second order term for σ1 appears due to
the dependence of T 2

e on I0 (or Fa).
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Figure 3.1: One-photon photoemission (1PPE) and two-photon photoemission (2PPE) compared
with thermionic emission as a function of fluence.

Eqs. (3.7) and (3.8) show that there are two different mechanisms which can explain
a second order dependence of the photoemission yield on the laser fluence. The first
mechanism is called thermally assisted one-photon photoemission (1PPE), expressed by
the last term in Eq. (3.7). The second mechanism is called above-threshold two-photon
photoemission (2PPE), expressed by Eq. (3.8). Above-threshold means that more photons
are absorbed than the minimal number to overcome the work function potential [20]. To
estimate the relative contributions, the constants b1 and b2 are introduced, defined by:
σ(r) ≡ b1Fa(r) + b2Fa(r)2. Using a1 ' 5 × 10−18 m2/A and a2 ∼ 5 × 10−33 m4/A2

from Sec. 3.2.2, with the parameters α/κ = 8 × 105 m2K2/J, hν = 4.65 eV, φ = 4.3 eV,
and τ = 100 fs, the estimations give: b1 = 1.1 × 10−5 C/J and b2 = 1.7 × 10−6 Cm2/J2

for thermally assisted 1PPE; b2 = 1.3 × 10−6 Cm2/J2 for above-threshold 2PPE. The
estimations for b2 are thus almost equal for both mechanisms. Considering Eqs. (3.7)
and (3.8), their relative contributions can be determined through variation of the photon
energy hν, the pulse duration τ , or the acceleration field Ga which influences the effective
work function φ(Ga), see Eq. (3.1).

The increase of Te also stimulates thermionic emission J0, see Eq. (3.2). From Eq.
(3.4), the peak electron temperature Te,peak can be calculated:

Te,peak =

√
2α

κ
Fa + T 2

i (3.9)

In Fig. 3.1, the surface charge density σ is plotted as a function of the absorbed fluence
Fa, for thermionic emission J0 based on Te,peak, 1PPE J1, and 2PPE J2, calculated using
the parameters given above and using Ti = 300 K and a0 = 1. To calculate the surface
charge density σ from J0, a constant emission for 1 ps has been assumed. Fig. 3.1 shows
that, for these parameters, thermionic emission becomes significant for Fa > 10 J/m2.
The curves for 1PPE and 2PPE obtain the same slope for high values of Fa; whether
these curves cross depends on the variables hν, τ , and φ(Ga), and on the constants a1,
α/κ, and a2.

3.2.4 Image charge limited emission

With an increasing laser fluence and, consequently, an increasing photoemitted surface
charge density, the photoemission yield eventually becomes suppressed due to image
charge. The most elegant way to take the effect of the image charge into account is
by including the image charge into the potential barrier for the photoemission process
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[32]. Here, we apply a simpler model in which we treat the photoemitted electrons as
a single sheet which shields the cathode from the acceleration field. The surface charge
density threshold σlim at which the field at the cathode is cancelled is then easily derived
analytically [33]: σlim ≡ ε0βGa. For β = 1 and Ga = 10 MV/m, σlim = 8.9× 10−5 C/m2.

For the spatial profile of the laser pulse, a cylindrically symmetric Gaussian distribu-
tion is assumed with an rms width s. This gives a peak fluence F0 ≡ E/2πs2 for a pulse
energy E. The image charge limitation can be included by assuming that the photoemit-
ted current density σ(r) is locally limited by σlim. The fluence Flim is defined as the
fluence at which σ(r) = σlim. Integration of σ(r) over the Gaussian laser profile gives:

σ0 ≡
Q

2πs2
=

{
b1F0 + b2

2 F
2
0 for F0 ≤ Flim

b1Flim + b2
2 F

2
lim + σlim ln

(
F0

Flim

)
for F0 ≥ Flim

(3.10)

Note that for F0 ≤ Flim, σ0 is the peak surface charge density; for F0 ≥ Flim, σ0 6= σlim
becomes an “effective” peak surface charge density. Using b1 and b2 for 1PPE from the
previous section, Flim = 4.7 J/m2 for β = 1 and Ga = 10 MV/m. Note that Flim is below
the onset of thermionic emittance (from Fa > 10 J/m2), thus for the chosen parameters,
the thermionic emission can safely be neglected.

In Fig. 3.2, Eq. (3.10) is compared with particle tracking simulations to check the
validity of the model, using the General Particle Tracer (GPT) code [34]. The model
is based on a homogeneous sheet of electrons, while the simulations are performed with
electrons distributed according to a randomized Gaussian distribution in three dimensions.
For these simulations, we created an electron distribution with 106 macroparticles, with a
temporal width of τ = 100 fs, and with a beam temperature of kBTb = 0.5 eV. Spatially,
the cylindrically symmetric distribution is split in a part for first-order photoemission
with a spatial width s1 = 30µm and first-order coefficient b1 = 1 × 10−5 C/J, and in a
part for second-order photoemission with a spatial width s2 = s1/

√
2 and second-order

coefficient b2 = 2 × 10−6 Cm2/J2. The parameters b1 and b2 also determine the amount
of initially created electron charge. The electron distribution is created at z = 0.1 nm in
a global acceleration field Ga = 10 MV/m which accelerates the electrons in the positive
z direction. Space charge and image effects are taken into account. Electrons which cross
the xy-plane at z = 0 are removed and electrons which cross the xy-plane at z = 1 mm
are counted as electrons that are photoemitted. Fig. 3.2 shows that the model and
simulations give the same result.
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Figure 3.2: Peak charge density versus peak laser fluence, simulated using GPT.
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3.3 Experimental setup

The experiments have been performed in the UED setup at the Eindhoven University of
Technology as described in [2, 35, 36] and in Chapter 2.

3.3.1 Laser fluence

To generate ultrashort laser pulses, a Ti:sapphire oscillator (Coherent, Mantis) and a
Ti:sapphire regenerative amplifier (Coherent, Legend Elite) are used. The amplified laser
pulses have a central wavelength of 800 nm (hν = 1.55 eV) with a typical bandwidth
of 32 nm (FWHM) and with a typical pulse length of 60 fs (FWHM). UV light pulses
with a central wavelength of 267 nm (hν = 4.65 eV) are generated through third harmonic
generation (THG) using thin BBO crystals. With a λ/2-waveplate in a motorized rotation
mount before the THG crystals, the energy of the UV pulses can be varied between 0.1µJ
and 4µJ. The UV pulses are focused onto the cathode in the electron gun, using a lens
with a focal length of f = 1 m. By changing the distance between this lens and cathode or
by removing the lens, the spot size s on the cathode can be varied (see Table 3.1). The spot
size s and energy per pulse E are measured using a beam splitter between the lens and the
cathode. The spot size s is determined using a UV camera at the same distance behind
the lens as the cathode and by the camera image with a two-dimensional cylinderically
symmetric Gaussian profile. The energy per pulse E is determined with a UV diode
(EPIGAP, EPD-440-0/1.45) which has been calibrated using a power meter (Coherent,
LabMax Top with J-10MT-10kHz sensor). The signal of the UV diode is recorded with
a digital oscilloscope (Agilent, DSO7054A). To calculate the absorbed energy Ea, the
(measured) 85% transmission of the vacuum window (between lens and cathode) and the
(theoretical) 34% reflectivity of the copper cathode are taken into account [29, 30]. The
absorbed peak fluence is given by F0 = Ea/2πs

2. The angle of incidence of the UV pulses
onto the cathode is ∼ 3◦, therefore polarization effects are negligible.

3.3.2 Charge density

The photocathode is made of high-purity (99.99%), oxygen-free copper (Outokumpu,
ASTM C10100), which was machined using single-diamond turning. The measurements
have been performed with a cathode that has been in use for 9 months, except for a single
measurement curve, which has been measured with a fresh cathode (as will be discussed
in Sec. 3.4.5). The cathode has a flat circular area in the center with a diameter of 1
mm. The grooves from the diamond turning are used for alignment of the UV pulses
onto the center of the cathode. The center of the grounded anode is 11.4 mm in front of
the cathode and has a circular opening with a 8.0 mm radius [36]. A maximal voltage
difference of 100 kV can be applied, which corresponds to an acceleration field of -12.3
MV/m at the cathode, as calculated with the Poisson solver SUPERFISH. During the
photoemission yield measurements, the voltage was varied from −100 kV to −10 kV in
steps of 10 kV.

A magnetic coil is positioned after the photogun to focus the photoemitted electrons
onto a Faraday cup. The current through the coil is optimized to collect the maximal

Table 3.1: UV spot size for different lens positions with f = 1 m

lens position s [µm]

no lens 503.5± 2.8
lens @ 0.800 m 168.7± 1.4
lens @ 0.950 m 39.9± 0.1
lens @ 0.975 m 32.8± 0.7
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amount of charge. The Faraday cup has an opening diameter of 32 mm with a rather
long core of 96 mm, to prevent secondary electrons from escaping [37]. The Faraday
cup is connected to a charge amplifier (Canberra, 2004) which is connected to the digital
oscilloscope (Agilent, DSO7054A). The scope trace is used to determine the collected
charge Q. The combination of Q and the spot size s from the UV camera, is used to
calculate the (effective) peak charge density σ0 = Q/2πs2.

3.3.3 Data aquisition

The digital oscilloscope is connected to a computer which reads out the peak value of the
trace from the UV diode and the complete trace from the charge amplifier. The trace
from the charge amplifier has been fitted with an exponentially decaying step function
in Matlab. The photoemission yield measurements have been performed for 10 voltages,
4 lens positions, and 360 steps of ∼ 1◦ for the rotation mount (to vary the intensity).
With 5 acquisitions per settings, this gives a total number of 72 000 datapoints. The
actual number of datapoints is somewhat less, since datapoints with Q > 12 pC (clipping
in charge amplifier) and with E < 100 nJ (noise level) have been discarded.

3.4 Results and discussion

3.4.1 Photoemission yield

The photoemission yield measurements are presented in Fig. 3.3 for acceleration voltages
of 10 and 100 kV. Each dot is an average of grouped datapoints (for logarithmic distributed
bins) with errorbars given by ±1 standard deviation (systematic errors have not been
included). The measured datapoints for the different lens positions have been combined
into a single dataset by plotting σ0 versus F0 instead of Q versus E. The datapoints for
the different lens positions connect very well, although some small shifts are noticeable.
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Figure 3.3: Measured photoemitted yield for 10 and 100 kV.
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Figure 3.4: First-order coefficient b1 as a function of acceleration field Ga.

By moving the lens, the alignment on the cathode might have changed slightly, which
might influence the photoemission yield due to variations in the laser beam profile or due
to local variations like surface roughness or quantum efficiency [24].

The damage threshold of copper is of order 1 PW/m2 for sub-ps pulses [20]. This is
equivalent to a fluence of order 100 J/m2 for a pulse length of 100 fs. From this fluence
an increase in slope is visible in Fig. 3.3, which thus seems to be an indication of cathode
damaging.

The data has been fitted up to F0 = 50 J/m2 using Eq. (3.10) for each acceleration
voltage, with fitting parameters b1 and b2, and the assumption β = 1 to calculate Flim
from b1 and b2. The fitted curves for 10 and 100 kV are shown in Fig. 3.3 and demonstrate
that the measured data agrees well with the theory. The fitted parameters b1 and b2 are
discussed in the following two sections.

3.4.2 Schottky effect

The fitted parameter b1 is shown in Fig. 3.4 as a function of the acceleration field Ga. The
error bars are based on 95% confidence bounds for the fit and do not include systematic
errors. An increase of b1 as a function of Ga is observed due to the Schottky effect. The
data has been fitted using the first-order coefficient of Eq. (3.7) with the work function
φ from Eq. (3.1), assuming hν = 4.65 eV and β = 1. The values obtained from the fit
(with confidence bounds from the fit only) are φ0 = 4.48± 0.01 eV for the zero field work
function and a1 = (3.4 ± 0.4) × 10−19 m2/A. The value for φ0 fits well within the range
φ0 = 4.31− 4.91 eV found in literature [25, 26]. The value for a1 is more than an order of
magnitude below the value of 5 × 10−18 m2/A for atomically clean copper derived from
[27] (see Sec. 3.2.2). Surface contamination could explain the lower value, especially in
view of the fact that the cathode has been in use for 9 months (see also Sec. 3.4.5) and
was not cleaned prior to the measurement; the only form of cleaning is the illumination
with the UV light pulses.

3.4.3 Second-order photoemission

The fitted parameter b2 is shown in Fig. 3.5 as a function of the acceleration field Ga. The
error bars are based on 95% confidence bounds for the fit and do not include systematic
errors. The second-order coefficient b2 can be explained by thermally assisted one-photon
photoemission (1PPE) or by above-threshold two-photon photoemission (2PPE). The
case of 1PPE can be described with the second-order coefficient of Eq. (3.7), which is
constant as a function of Ga. With a1 from the previous section, the mean value of b1
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Figure 3.5: Second-order coefficient b2 as a function of acceleration field Ga.

gives α/κ = (7.2 ± 0.2) × 106 m2K2/J, which is an order of magnitude larger than the
value α/κ = 8 × 105 m2K2/J obtained from literature (see Sec. 3.2.3); the reason is
unclear. The case of 2PPE can be described using Eq. (3.8), with the same parameters
as in the previous section combined with the fitted value for φ0. Assuming τ = 100 fs,
a2 has been used as a fit parameter. The fitted value a2 = (4.1 ± 0.2) × 10−33 m4/A2,
which agrees well with the value of a2 ∼ 5 × 10−33 m4/A2 as estimated in Sec. 3.2.3. It
is not possible to determine from the experimental data whether the 1PPE or the 2PPE
mechanism determines the second-order slope. Which mechanism is dominant, could be
tested, for example, by reducing the pulse duration τ : b2 should remain constant in the
case of 1PPE, while b2 should increase in the case of 2PPE. However, an issue with shorter
pulse durations could be the non-thermal electron distribution on fs timescales.

3.4.4 Image charge limited emission

The image charge limited emission becomes apparent in Fig. 3.3 from a fluence Fa ∼
10 J/m2. The influence of the acceleration field is also apparent. The data agrees well
with the model from Sec. 3.2.4 for β = 1. For 100 kV, the fitted curve in Fig. 3.3
is slightly above the measured datapoints. This small discrepancy would increase with
increasing β. The measurements thus indicate that β should be of order unity, which
agrees well with the low value of 1.5±0.2 for an RF gun from [21], and is in disagreement
with values reported of up to 500 [24].

3.4.5 New cathode

The cathode from which the above results were obtained, had been in use for 9 months at
the time of the measurements. After replacing the cathode and training of the DC gun,
a single yield measurement has been performed with the new cathode for an acceleration
voltage of 100 kV and a spot size s = 90.3 ± 0.5µm. For this measurement another
Faraday cup has been used which was mounted in the sample chamber of the UED setup.
The Faraday cup consists of a 20 × 20 mm2 block of copper with a thickness of 8 mm.
The charge amplifier and the UV diode are identical. The result of this measurement is
shown in Fig. 3.6, along with the measurement at 100 kV for the other cathode. The
data has been fitted using Eq. (3.10) with the assumption β = 1. The fitted coefficients
are shown in Table 3.2 (with 95% confidence bounds from the fit).

The value of b1 for the new cathode agrees very well with the estimated b1 = 1.1 ×
10−5 C/J from Sec. 3.2.3. Apparently, the aging effect of the cathode is quite significant,
which is also known from literature [23]. Interestingly, the value of b2 is almost similar
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Figure 3.6: Measured photoemitted yield at 100 kV for the new and used cathodes.

for the new and used cathode. This implies in the case of 1PPE that a1α/κ is constant
for both cathodes or in the case of 2PPE that a2 is constant. For constant a1, the
increase of b1 could only be explained with φ0 = 3.49 eV for the new cathode, which is far
below literature values. A more likely explanation is that a1 has increased to a value of
6×10−18 m2/A for the new cathode, in good agreement with the value of 5×10−18 m2/A
for atomically clean copper derived from [27]. The increase of a1 should also result in an
increase of b2 in the case of 1PPE with constant α/κ for both cathodes, therefore, the
fact that the value of b2 remains the same, could be an indication that the second-order
photoemission is mainly the result of 2PPE.

3.5 Conclusions and outlook

Photoemission yield measurements have been reported for the DC electron gun of the
UED setup at the Eindhoven University of Technology. At the time of the experiments,
the copper cathode had been in use for 9 months and was not cleaned prior to the mea-
surements. The photoemission has been studied over a wide range of laser fluence, from
the linear photoemission regime until the onset of image charge limitations and cathode
damaging. The measured curves can be explained well with available theory including the
Schottky effect, second-order photoemission, and image charge limitation. A low field en-
hancement factor of β = 1 works best to fit the data. The second-order photoemission can
be explained by thermally assisted one-photon emission (1PPE) and by above-threshold
two-photon emission (2PPE). The measurements with a fresh cathode suggest that the
2PPE process is dominant. Two photons would make the highly occupied Cu d-band

Table 3.2: Photoemission coefficients for the new and used cathodes

b1[ C/J] b2[ Cm2/J2]

new cathode (1.00± 0.01)× 10−5 (1.13± 0.07)× 10−6

used cathode (5.5± 0.5)× 10−7 (1.02± 0.07)× 10−6
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accessible for photoemission, which could explain the quite high efficiency of this process.
The measurements with the new cathode are also an indication of cathode degradation in
time. This stresses the importance of measuring the photoemission yield on a day-to-day
basis (if bunch charge is an important parameter) and of regularly cleaning or replacing
the cathode (if yield is important). Overall, the measurements show experimentally the
limits of different regimes of photoemission.

The photoemission process can be studied in greater detail through additional vari-
ation of the laser pulse length and/or wavelength. Also additional electron bunch pa-
rameters could be measured, like emittance, bunch length, and emission spectra. These
measurements would provide insights into the beam quality of the emitted bunches and
the spectra could additionally provide insights into the band structure of the cathode
material. For the application of (ultrafast) electron diffraction, the ultimate goal would
be the optimization of the beam quality.
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Abstract

The realization of high quality ultrashort pulsed beams requires ultrafast time-
dependent electron optics. We present derivations of closed expressions both for the
longitudinal and transverse focusing powers of resonant microwave TM010 cavities.
The derived expressions are validated by particle tracking simulations using realistic
cavity fields. For small field amplitudes, in which case the weak lens approximation
holds, the focusing powers obtained from simulations are in good agreement with the
derived expressions. Furthermore, the required phase and temperature stability for
synchronization of electron bunches generated by femtosecond photoemission are
discussed.

The work described in this chapter has been published by P.L.E.M. Pasmans, G.B. van den Ham,
S.F.P. Dal Conte, S.B. van der Geer, and O.J. Luiten in Ultramicroscopy 127, 19-24 (2013).
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4.1 Introduction

Electron microscopes have pushed spatial resolutions down to the sub-Å level, making
it possible to resolve and even identify individual atoms [1]. High resolution electron
microscopy is however restricted almost exclusively to the study of equilibrium structures,
since the timescales associated with the motion of individual atoms can be as short as
100 fs, i.e. many orders of magnitude faster than typical electron microscopy exposure
times. The challenge ahead is to resolve this atomic motion, both in time and space (4D),
enabling the study of structural dynamics of, e.g., chemical reactions, phase transitions,
and conformational changes at the most fundamental level.

In recent years, the implementation of femtosecond laser photoemission to generate ul-
trashort electron bunches has led to exciting progress in this direction [2–8]. Technological
developments, however, have mainly been focused on ultrafast source development. The
realization of high quality ultrashort pulsed beams also requires ultrafast time-dependent
electron optics to overcome limitations due to space-charge effects [9–12]. Recently, it has
been demonstrated that a TM010 cavity can be used to compress electron bunches down
to sub-100 fs bunch durations [13, 14]. Bunch compression can be regarded as longitudi-
nal focusing. Clearly, by using a TM010 cavity as a longitudinal focusing element, it can
also serve to manipulate the energy spread of an electron bunch. Moreover, phase space
manipulation with a TM010 resonant microwave cavity is not restricted to longitudinal
degrees of freedom only. As was already studied during the 1960s and 1970s [15, 16] res-
onant microwave cavities can be used as time-dependent lenses, i.e. transverse focusing
elements, as well. Since Scherzer’s theorem [17] does not apply for time-dependent optics,
cavity lenses can in principle be used for correction of spherical aberration. In addition,
they may also be used for correction of chromatic aberration [15]. The use of cavity lenses
as correcting elements would require a pulsed electron beam. This could be accomplished
by using another microwave cavity as a beam chopper.

In this paper, we present derivations of closed expressions both for the longitudinal and
the transverse focusing powers of TM010 cavities, which are valid at relativistic speeds as
well. The use of microwave cavities as electron lenses has been studied extensively before
[15, 16]. Here we present a compact derivation of the most essential closed expressions for
the focusing powers and validate the applicability and accuracy of the derived equations
by particle tracking simulations using realistic cavity fields. These expressions provide
valuable insight into the beam dynamics and they are useful tools for designing beam lines.
Synchronization of the arrival of electron bunches at the desired radio frequency (RF)
phase of the field in the cavity is crucial. We discuss the required phase and temperature
stability for synchronization of electron bunches generated by femtosecond photoemission.

4.2 Longitudinal and transverse focusing powers

4.2.1 Framework and assumptions

In this section, closed expressions are derived both for the transverse and the longitudinal
focusing powers of an electron bunch passing through a resonant microwave cavity oscillat-
ing in the TM010 mode. For this rotationally symmetric mode, we describe the electromag-
netic field in cylindrical coordinates (r, ϕ, z). As is derived in Chapter 5 (see Sec. 5.3.1), for

a rotationally symmetric mode, the oscillating electric field E(r, t) ≡ Ê(r) cos (ωt+ φ0)
and magnetc field B(r, t) can be expanded in a power series in r, with coefficients that

only depend on the on-axis electric field amplitude Êz(r = 0, ϕ = 0, z) ≡ Êz,0(z):

Ez(r, t) =

(
1− r2

4

{
∂2

∂z2
+
ω2

c2

}
+ . . .

)
Êz,0(z) cos (ωt+ φ0) (4.1)
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Bϕ(r, t) =
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)
Êz,0(z)

ω

c2
sin (ωt+ φ0) (4.3)

where the electromagnetic field oscillates at an angular frequency ω with a phase offset
φ0. The center of the electron bunch is traveling along the symmetry axis (r = 0) in
the (positive) z-direction. The radial electron coordinate ρ and the longitudinal electron
coordinate ζ are defined as the distance with respect to the center of the electron bunch.
The time t is defined such that the center of the electron bunch (ρ = 0, ζ = 0) is at the
center of the cavity (r = 0, z = 0) at t = 0.

To derive the focusing powers, the following assumptions are made:

(a) The transverse size of the bunch is considered to be sufficiently small so that only
the first order terms need to be taken into account.

(b) The duration of the bunch is much smaller than the period of the oscillating elec-
tromagnetic field in the cavity (ζ � vz/ω).

(c) The positions of the electrons (ρ, ζ) with respect to the center of the bunch are
assumed to be constant during passage through the cavity.

(d) The change in momentum during the passage through the cavity is small, ∆pr,∆pz �
pz, so that the velocity vz of the electron bunch is approximately constant, implying
ζ ' z − vzt and ρ ' r.

Basically, (a) is the usual paraxial approximation and (b) is its longitudinal equivalent.
Analogously, (c) is the usual thin lens approximation and (d) is the weak lens approxi-
mation.

4.2.2 Transverse focusing power

To determine the transverse focusing power, the change of the transverse momentum ∆pr
of an electron passing through the cavity is calculated, analogous to [18]:

∆pr = −e
∞∫

−∞

(E + v ×B) · erdt = −e
∞∫

−∞

(Er − vzBϕ) dt (4.4)

Applying assumptions (a) and (d), and using t = z/vz, ∆pr becomes:

∆pr ' −e
ρ

2

∞∫
−∞

[
− 1

vz

∂Êz,0(z)

∂z
cos

(
ω
z

vz
+ φ0

)
+
ω

c2
Êz,0(z) sin

(
ω
z

vz
+ φ0

)]
dz (4.5)

By partial integration of the first term of the integrand and by using Êz,0(±∞) = 0, Eq.
(4.5) can be written as:

∆pr ' −e
ρ

2

ω

γ2v2
z

∞∫
−∞

Êz,0(z)

[
cos

(
ω
z

vz

)
sin (φ0) + sin

(
ω
z

vz

)
cos (φ0)

]
dz (4.6)

where we have used γ = (1− (v/c)2)−1/2 ' (1− (vz/c)
2)−1/2. For a cavity oscillating in

the TM010 mode, Êz,0 is an even function of z therefore the right term between brackets in
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Eq. (4.6) cancels out after integration. Furthermore, an effective cavity length is defined
as:

Lc ≡
∞∫

−∞

Êz,0

Ê0

cos

(
ω
z

vz

)
dz (4.7)

where Ê0 ≡ Êz,0(z = 0). By dropping the right term between brackets in Eq. (4.6) and
by using definition (4.7), ∆pr becomes:

∆pr ' e
ρ

2

ω

γ2v2
z
Ê0Lc sinφ0 (4.8)

The transverse focusing power PT (or the inverse of the transverse focal length fT ) is
defined as:

PT ≡
1

fT
≡ − 1

vz

∂∆vr
∂ρ

= − 1

vz

1

γme

∂∆pr
∂ρ

(4.9)

Combining Eqs. (4.8) and (4.9), we finally arrive at:

PT = − eÊ0Lcω

2meγ3v3
z

sinφ0 (4.10)

4.2.3 Longitudinal focusing power

To determine the longitudinal focusing power, the change of the longitudinal momentum
∆pz of an electron passing through the cavity is calculated:

∆pz = −e
∞∫

−∞

(E + v ×B) · ezdt = −e
∞∫

−∞

Ezdt (4.11)

Applying assumptions (a) and (d), and using t = (z − ζ)/vz, we find:
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dz (4.12)

For a cavity oscillating in the TM010 mode, Êz,0 is an even function of z, therefore the
right term between brackets in Eq. (4.12) does not contribute. Applying assumptions (b)
and (c), Eq. (4.12) can be rewritten as:

∆pz ' −
eÊ0Lc
vz

(
ω
ζ

vz
sinφ0 + cosφ0

)
(4.13)

In analogy with the definition of PT , the longitudinal focusing power PL (or the inverse
of the longitudinal focal length fL) is defined as:

PL ≡
1

fL
≡ − 1

vz

∂∆vz
∂ζ

= − 1

vz

1

γ3me

∂∆pz
∂ζ

(4.14)

Combining Eqs. (4.13) and (4.14), we finally arrive at:

PL =
eÊ0Lcω

meγ3v3
z

sinφ0 (4.15)
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It is interesting to note that the transverse focusing power is simply related to the
longitudinal focusing power by a factor minus one half, PT = −PL/2. For non-relativistic
speeds, this can be easily explained. If vz � c, the contribution of the magnetic field
in Eq. (4.4) can be neglected. From the fact that the electric field is divergence free,
∂Ez/∂z ' −2∂Er/∂r, it then directly follows that PT = −PL/2.

4.3 Particle tracking simulations

4.3.1 Simulation settings

Strictly speaking, the closed expressions (4.10) and (4.15) derived for PT and PL only
hold in the “paraxial” approximations (a) and (b), the “thin lens” approximation (c), and
the “weak lens” approximation (d). Here, we test the validity of the closed expressions
by means of particle tracking simulations for electron bunch and cavity field parameters,
which could be used in an actual electron diffraction setup. The simulations are performed
using the General Particle Tracer (GPT) code [19]. The exact fields of the TM010 cavity
which is described in [13, 14], are used in the simulations. For this cavity, the resonant
frequency ω/2π = 3 GHz, and the effective cavity length Lc = 6 mm; its field profile is
shown in Fig. 4.1. In the simulations, the electron bunches entering the cavity have
an energy U = 100 keV, an rms width σr = 100 mm, and an rms duration σt = 1 ps.
The beam entering the cavity is perfectly parallel, with zero emittance, and Coulomb
interactions between the electrons are not taken into account.

4.3.2 Results and discussion

In the top image of Fig. 4.2, the longitudinal focusing power derived from GPT sim-
ulations is compared with the focusing power predicted by Eq. (4.15). Simulations
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Figure 4.1: The TM010 field profile used in the simulations. For this field profile, the effective
cavity length Lc = 6 mm.
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have been performed for phase offsets φ0 ranging from 0 to 2π and for field amplitudes
Ê0 = 0.5 MV/m and Ê0 = 2 MV/m. For a field amplitude Ê0 = 0.5 MV/m, the simulated
curve of the focusing power is in good agreement with the theoretical curve. In this case,
the maximal increase in kinetic energy for an electron passing through the cavity is 3 keV,
i.e. 3% of the initial kinetic energy. For a field amplitude Ê0 = 2 MV/m, both curves
qualitatively still follow the same trend, but the values of the focusing power clearly start
to deviate and the maximum and minimum in focusing power have shifted to other values
of φ0. The deviations can be explained as follows. For phase offsets 0 < φ0 < π/2 and
3π/2 < φ0 < 2π, the cavity induces a net deceleration of the electron bunch, see Eq.
(4.13), and the focusing effect becomes stronger. For phase offsets π/2 < φ0 < 3π/2, the
cavity induces a net acceleration of the electron bunch and the focusing effect becomes
weaker. For a field amplitude Ê0 = 2 MV/m, the maximal increase in kinetic energy is 12
keV, i.e. 12% of the initial kinetic energy. In this case, the “thin lens” and “weak lens”
approximations (c) and (d) are no longer strictly valid.

For the transverse focusing power, shown in the bottom image of Fig. 4.2, similar
observations as for the longitudinal focusing power can be made. For a field amplitude
Ê0 = 0.5 MV/m, the simulated and theoretical curves are in good agreement. For a field

amplitude Ê0 = 2 MV/m, assumptions (c) and (d) are no longer strictly valid, and the
curves show a clear discrepancy.

Fig. 4.3 shows the longitudinal and transverse focusing powers as a function of field
amplitude Ê0 at a fixed phase offset φ0 = π/2. The theoretical curves are in good

agreement with the simulated curves. Only for the highest field strengths (Ê0 ' 4 MV/m)
the theoretical and simulated values start to deviate slightly. As before, for these highest
field strengths, assumptions (c) and (d) are no longer strictly valid.

4.4 Practical realization

Until now, we have discussed theoretical aspects of using a TM010 cavity as a lens element
in an electron microscope. In this section, some practical aspects are discussed.

4.4.1 Applications

A TM010 cavity can serve as a transverse focusing element with the unique property
that it can both have a convergent and a divergent effect, whereas a conventional lens
formed by either an electrostatic or a magnetostatic field that is rotationally symmetric,
can only have a convergent net effect [15]. In addition, it may be used as a longitudinal
focusing element which gives control over the duration and energy distribution of an
electron bunch. The cavity could in principle also be used for (additional) acceleration of
an electron bunch.

Moreover, as stated by Scherzer’s theorem [17], a conventional static lens with a ro-
tationally symmetric field always has a positive coefficient of spherical aberration. For
time-dependent electromagnetic fields, this restriction is lifted. By making use of the
change in field direction while the electron bunch is in the cavity, it is possible to correct
both spherical and chromatic aberrations [15].

In the economic and energy efficient TM010 cavity developed in our group [13, 14] for

ultrafast electron diffraction experiments, a field amplitude Ê0 = 2 MV/m is obtained
for 43 W of RF power. In combination with an effective cavity length Lc = 6 mm,
this corresponds to (∆U)max = eÊ0Lc = 12 keV. For electrons with a kinetic energy
U = 100 keV and in case of optimal bunch compression (φ0 = π/2), this cavity has a
theoretical longitudinal focusing power PL = 5.2 m−1 (i.e. fL = 0.2 m) and a transverse
focusing power PT = 2.6 m−1 (i.e. fT = 0.4 m). With an RF power of 1 kW, a field
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Figure 4.2: Longitudinal focusing power PL (top) and transverse focusing power PT (bottom)
versus phase offset φ0 for field amplitudes Ê0 = 0.5 MV/m and Ê0 = 2.0 MV/m.
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Figure 4.3: Longitudinal focusing power PL (top) and transverse focusing power PT (bottom)
versus field amplitude Ê0 for a fixed phase offset φ0 = π/2.
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amplitude Ê0 = 9.7 MV/m can be achieved, which leads to theoretical focusing powers
PL = 26 m−1 (i.e. fL = 0.04 m) and PT = 13 m−1 (i.e. fT = 0.08 m).

It is instructive to compare the focusing power of a TM010 cavity with the focusing
power of a conventional solenoidal magnetic lens, which is given by:

Psolenoid =
e2
∫∞
−∞Bz(0, z)

2dz

4γ2m2
ev

2
z

(4.16)

Comparing Eq. (4.16) with Eqs. (4.10) and (4.15), it is interesting to note that the
focusing power of the cavity scales linearly with the electric field amplitude, whereas the
focusing power of the solenoid scales quadratically with the magnetic field amplitude. The
dependence on longitudinal momentum of the electrons is given by P ∼ (γvz)

−3 ∼ p−3
z

for the cavity and P ∼ (γvz)
−2 ∼ p−2

z for the solenoid.
A coil with Nw windings and radius R, carrying a current Iw, can be modeled by a

single current loop with a similar radius and carrying a current I = NwIw. In this case,
Eq. (4.16) becomes:

Psolenoid =
3π

128

e2µ2
0I

2

Rγ2m2
ev

2
z

(4.17)

For electrons with U = 100 keV, to achieve a focusing power of Psolenoid = 2.6 m−1,
equivalent to the transverse focusing power of the TM010 cavity described above, a solenoid
is required with, e.g., R = 5 cm and I = NwIw = 1.2 kA.

4.4.2 Emittance and space charge

The minimum bunch dimensions that can be obtained using a microwave cavity (or any
other type of lens) will be limited due to their emittance and space-charge forces. A
detailed discussion of emittance and space charge is beyond the scope of this chapter; see
Chapter 5 for more details. Here, we present simple estimates to determine what minimum
bunch dimensions can be achieved for realistic bunch parameters in an ultrafast electron
diffraction experiment. More accurate numbers can be obtained using semi-analytical
approaches [9–12] or particle tracking simulations [19].

In the absence of space-charge forces, the focal spot size is determined by the emittance
of the beam and the focusing angle. The emittance εx is a measure for the focusability
of the beam and thereby a measure of the beam quality [20]. The smaller the emittance
becomes, the tighter is the focus that can be obtained. The normalized emittance is a
Lorentz invariant measure of the focusability and is defined as εn,x = γβεx. From Eqs.
(4.8) and (4.10) we can derive that ∆pr = −pzPTρ and from Eqs. (4.13) and (4.15) we
can derive that ∆pz = −γ2pzPLζ. Given the normalized rms emittances εn,x and εn,z and
the initial rms bunch dimensions σx,i and σz,i, we can determine the focal spot sizes σx,0
and σz,0 as a function of the focusing power:

σx,0 '
εn,x

γβσx,iPT
(4.18)

σz,0 '
εn,z

γ3βσz,iPL
(4.19)

For a 100 keV electron bunch with εn,x = εn,z = 20 nm rad [13] and σx,i = σz,i = 1 mm,
the achievable focal spot sizes are σx,0 ' 6µm for PT = 5 m−1 and σz,0 ' 4µm for
PL = 5 m−1.

To estimate the bunch charges for which space-charge effects become dominant, we
can consider the average potential energy per particle due to space-charge forces of a
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uniformly filled sphere with radius R and with N electrons, given by [13]:〈
Up,disk

〉
=

3Ne2

20πε0R
(4.20)

where ε0 is the permittivity of vacuum. The average change in kinetic energy of a particle
after passing through the cavity is approximately:

〈∆Uk〉T =

〈
∆p2

x

〉
2me

' UP 2
Tσ

2
x,i (4.21)

〈∆Uk〉L =

〈
∆p2

z

〉
2me

' γ4UP 2
Lσ

2
z,i (4.22)

By comparing the potential energy with the change in kinetic energy, we obtain a rough
estimate for the number of particles at which space-charge effects become dominant:

N ∼ 20πε0R

3e2
〈∆Uk〉 (4.23)

For a 100 keV electron bunch with σx,i = σz,i = 1 mm which is focused to a sphere with
R ' 5µm, we find that the change in kinetic energy and the potential energy of the bunch
become comparable for N ' 104 in case of a focusing power of P = 5 m−1. For the given
conditions, we can conclude from this rough estimate that bunches with N < 104 are
mainly limited in focusability by their emittance, while bunches with N > 104 are mainly
limited by space-charge effects.

4.4.3 Synchronization and phase stability

It is essential to have an accurate control over the phase of the field in the cavity. If
a femtosecond laser is used in an ultrafast experiment for photoemission of electrons
and/or for excitation of a sample in a pump-probe experiment, the RF source which
drives the cavity needs to be synchronized with the laser. The application of a TM010
cavity in ultrafast time-resolved experiments puts some stringent requirements on the
phase stability of the synchronization. Phase jitter in the RF signal that is used to drive
the cavity and drift of the resonant frequency due to temperature changes in the cavity
lead to changes in arrival time of the electron bunches with respect to the laser pulses.
Both jitter and drift need to be sufficiently small.

In case of optimal compression (φ0 = π/2), a relation between longitudinal momentum
fluctuations ∆pz and phase fluctuations ∆φ0 can be derived from Eq. (4.13):

∆pz '
eÊ0Lc
vz

∆φ0 (4.24)

A distance L behind the cavity, these phase fluctuations would lead to arrival time fluc-
tuations ∆t of:

∆t = ∆

(
L

vz

)
' −L∆vz

v2
z

= −L ∆pz
meγ3v2

z
= −LPL

ω
∆φ0 (4.25)

The relation between phase fluctuations and frequency fluctuations ∆ω is given by:

φ0 = arctan

(
2Q

∆ω

ω

)
' 2Q

∆ω

ω
(4.26)
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where Q is the unloaded quality factor of the cavity. For a 3 GHz TM010 cavity, typically
Q ' 104. When L = fL = 1/PL, the following simple expression is obtained:

∆t ' −2Q∆ω

ω2
(4.27)

Using Eq. (4.27), we can derive stability requirements for the synchronization. For a
cavity with Q = 104 and ω/2π = 3 GHz, the arrival time fluctuations are ∆t ' (∆ω/ω)×
10−6 s. If the requirement is ∆t < 10 fs, this implies ∆ω/ω < 10−8. For phase jitter
within the frequency range of 0.05 Hz - 100 kHz, this requirement can be achieved using
a synchronization system developed in our group [21].

Temperature changes cause expansion or contraction of a cavity, leading to shifts of
the resonant frequency. For a pillbox cavity, the frequency shift is given by [22]:

∆ω

ω
= −κT∆T (4.28)

where κT is the thermal expansion coefficient, which is κT = 1.65× 10−5 K−1 for copper
[23]. The requirement ∆ω/ω < 10−8 is for a copper cavity equivalent to the requirement
that ∆T < 0.6 mK. A temperature stability of ∆T < 1 mK has been achieved in our lab
for cavities with a power of 35W through insulating the cavity and using a temperature
control system.

4.5 Conclusions

Elementary closed expressions have been derived for the transverse and the longitudinal
focusing powers of a TM010 microwave cavity. The applicability and accuracy of the
derived equations have been validated by particle tracking simulations using realistic
cavity fields. For small field amplitudes, in which case the “weak lens” approximation
(given in Section 4.2.1) holds, the focusing powers obtained from simulations are in good
agreement with the derived expressions. For larger field amplitudes, when the weak lens
assumption is not strictly valid anymore, clear discrepancies between the results from the
theoretical expressions and simulations are observed. The derived expressions provide
valuable insight into the beam dynamics and they are useful tools for designing beam
lines.
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Abstract

The use of 4D electron-optical elements is essential for ultrafast electron diffraction
and microscopy to fully advance to the study of complex molecules. The propagation
of electron bunches through these 4D electron-optical elements has been studied
using Gaussian beams and transfer matrices (based on a thick lens approach) both
for the transverse motion using the paraxial approximation for cylindrical symme-
try, and for the on-axis longitudinal motion. The electron-optical model has been
applied to the complete UED setup and agrees reasonably well with GPT simu-
lations using realistic space charge densities. The model provides a good starting
point for simulations or beamline design, to enable fast fitting with experimental
data, or to provide an understanding of the bunch behaviour.

Part of the work described in this chapter will be submitted for publication by P.L.E.M. Pasmans and
O.J. Luiten.
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5.1 Introduction

The first ultrafast electron diffraction experiments have been performed in setups with
very little control over longitudinal beam dynamics. Short electron bunches at the sample
have been obtained either by using a few electrons per bunch or by positioning the sample
as close as possible to the electron source. To allow for more manipulation of and control
over electron bunches with more charge than a few electrons per bunch, it is necessary
to use advanced optical elements. Modern electron microscopes are full of complex beam
optics, but these elements are typically applied to continuous beams and provide no
direct control over longitudinal bunch properties. For ultrafast electron diffraction (and
microscopy) to fully advance to the study of complex samples, which typically implies
the study of non-reversible processes and which requires high beam quality (e.g. 100 µm,
100 fs, and 100 fC electron bunches in combination with a coherence length of a few
nanometer), it is essential to use electron optical elements which allow both transverse
and longitudinal manipulation of electron bunches. We will call this type of elements 4D
electron optics (with 4D, (x, y, z, t) is meant).

In this chapter, the propagation of electron bunches through these 4D electron optical
elements will be studied. We define an electron beam as moving in the longitudinal z di-
rection, with the transverse position given by (x, y) for Cartesian coordinates or (r, ϕ) for
cylindrical coordinates. We typically speak of a beam when the momentum pz � px, py.
For beam dimensions Lz � Lx, Ly, we speak of continuous beams, while bunched beams
are characterized by Lz ∼ Lx, Ly. We limit the study to axially symmetric fields (cylindri-
cal symmetry), in which case the propagation of electron bunches can be fully described
if the on-axis electric and magnetic fields are known. We also consider cylindrically sym-
metric bunches, but in principle the theory can be extended to asymmetric beams as well
(e.g. in case of using quadrupoles) without too much complications.

The regime of beam energies we consider, is the regime where γβ = |p|/mc is of order
unity. We will describe the use of the relativistic parameters in more detail in Sec. 5.2.1.
For low beam energies, β ≡ |v|/c� 1 and the Lorentz factor γ−1� 1, in which case the
use of magnetic focusing elements becomes less practical since the magnetic force scales
with β. For high beam energies, we have 1−β � 1 and γ � 1, in which case space charge
effects become negligible since the electric and magnetic self fields cancel. Furthermore,
longitudinal bunch manipulation is difficult compared to transverse manipulation, since
the effective mass in the longitudinal direction scales with γ3m compared to γm in the
transverse direction.

To describe the propagation of electron bunches, we make use of the paraxial ap-
proximation. This approximation requires that particle trajectories remain close to the
beamline axis which implies small angles between the trajectories and the beamline axis.
We can consider the paraxial approximation as an ultimate limit for beam dynamics.

This chapter forms a sort of tutorial on electron beam physics, with as new element
the inclusion of time-dependent electron optics. The outline of this chapter is as follows.
In Sec. 5.2, we start with the description of electron bunches in phase space. We consider
beam emittance which is a measure for beam quality and we discuss the phase space den-
sity, which provides an ultimate limit for beam quality. Section 5.3 forms the theoretical
core of this chapter. We study the expansion of time-dependent electric and magnetic
fields in a cylindrically symmetric beamline. The field expansion is then used to describe
the radial and longitudinal particle trajectories through the beamline within the parax-
ial approximation. The description of particle trajectories is then extended to electron
bunches using the theory of Gaussian beams and the matrix formalism. At the end of this
section, we briefly consider aberrations and space charge. We will not study theoretical
models for space charge, but only discuss practical estimations and approximations. In
Sec. 5.4, the theory of Sec. 5.3 is applied to our ultrafast electron diffraction setup. The
generation of electron bunches in a DC photogun (static E-field), the propagation through
a magnetic coil (static B-field), and the propagation through a TM010 cavity (dynamic
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E- and B-fields) are considered. The TM010 cavity has already been discussed in chapter
4, but in this chapter the cavity is described within the matrix formalism as a thick lens.
The calculations of the particle trajectories through the optical elements are performed
in Matlab and are compared with particle tracking simulations using GPT [1].

The ultimate goal of this chapter is to provide a description of our complete setup
using the matrix formalism for both the transverse and longitudinal motion, which then
can be applied to other setups as well. The purpose of this model would be to enable fast
calculations for the beam propagation in the setup (without space charge) which is useful
for beamline design, for obtaining insight in the beam physics, and for use with fitting
routines during analysis of experimental results. In combination with particle tracking
simulations, the analytical model could be used to provide initial settings for more accurate
particle tracking simulations including space charge effects and aberrations.

Notations used in this chapter are ẋ ≡ dx/dt for the time derivative and x′ ≡ dx/dz for
the derivative with respect to z. Within the paraxial approximation βz ≈ β, in which case
we can relate the two derivatives using ẋ ≈ βcx′. We use the bold notation for vectors, and
the non-bold symbol to indicate the length of a vector (e.g. p = |p|). Particle coordinates
are given by the Cartesian coordinates (x, y, z, t) or the cylindrical coordinates (r, ϕ, z, t).
With respect to the center of an electron bunch, the relative coordinates (r, ϕ, ζ, τ) are
used; note that (r, ϕ) can be used both with respect to the bunch center and the axis of
cylindrical symmetry.

For the theory in this chapter, we have combined theory from optics [2, 3], accelerator
and charged particle beam physics [4–6], electron diffraction and microscopy [7, 8], and
electrodynamics [9–11]. We made in particular use of Reiser’s book “Theory and Design
of Charged Particle Optics” [4].

5.2 Electron bunches in phase space

5.2.1 Relativistic equations of motion

Electron bunches used for ultrafast electron diffraction are typically accelerated to veloci-
ties at which relativistic effects are no longer negligible. Electrons accelerated to 100 keV
move at more than half the speed of light. A measure for the relevance of relativistic
effects is the Lorentz factor which is defined as:

γ ≡ 1√
1− β2

= 1 +
Uk
mc2

(5.1)

where the ratio of the relative velocity v between inertial reference frames and the speed
of light (in vacuum) c is given by β ≡ v/c. Here we will use v for the velocity of particles
relative to the laboratory frame of reference. The Lorentz factor for particles with kinetic
energy Uk and (invariant) mass m is given by the last term in Eq. (5.1).

In Table 5.1 the relativistic factors γ and β, and the product γβ =
√
γ2 − 1 are given

for particle energies from 1 keV to 10 MeV. From the table we learn that for electron
bunches below 10 keV relativistic effects can typically be neglected (γ ≈ 1), while for 10
MeV or above the bunches behave ultra relativistic (β ≈ 1). The last column of Table
5.1 gives the electron wavelength λe. The De Broglie wavelength λB of a particle with
momentum p is given by:

λB =
h

p
=
λC
γβ

(5.2)

where h is Planck’s constant and λC = h/mc is the the Compton wavelength which is
2.426 pm for electrons. The electron wavelength is relevant for electron diffraction which
will be treated in Chapter 7.
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Table 5.1: Relativistic factors

Uk γ β γβ λe[ pm]

1 keV 1.002 0.062 0.063 38.76
10 keV 1.020 0.195 0.199 12.20
100 keV 1.196 0.548 0.656 3.701
1 MeV 1.957 0.860 1.682 0.872
10 MeV 20.57 0.999 20.55 0.118

Particles trajectories in a beamline are determined by the electromagnetic fields acting
on the particles. For a particle with charge q and momentum vector p ≡ γmv = γβmc,
the trajectory can be calculated using the equation of motion in combination with the
Lorentz force:

dp

dt
= F = q(E + v ×B) (5.3)

5.2.2 Phase space

An electron bunch can be described as an ensemble of particles in six-dimensional (6D)
phase space, which is defined by the space and momentum coordinates (r,p) of the
particle distribution. In 6D phase space, each particle of the bunch is represented by a
point and all particles together occupy a certain volume in this 6D hyperspace. We can
define a particle density f in phase space, given by the number of particles dN in a volume
element dV :

dN = f dV = f dx dy dz dpx dpy dpz (5.4)

According to Liouville’s theorem [4], the phase-space density f remains constant (df/dt =
0) along the trajectories of the system. Strictly speaking, for the distribution of particles
in 6D phase space, the density f only remains constant if the particles are non-interacting.
However, Liouville’s theorem is still applicable if particles do interact, as long as the Debye
length λD (see Sec. 5.3.7) is large compared to the interparticle distance. In this case the
electromagnetic self fields associated with the bulk space charge and current arising from
the particle distribution, can be represented by average fields. If the fields of individual
particles and particle-particle interactions become important, Liouville’s theorem can only
be applied if the particle density is defined in 6N-dimensional phase space.

If there is no coupling between the motions in the x-, y-, and z-directions, the electron
bunch can be represented by 2D phase plots for each spatial dimension. Examples of
(x, px) phase plots are given in Figs. 5.1 and 5.2. The figures show the propagation of a
Gaussian beam through a (thin) positive lens. The propagation of Gaussian beams will
be discussed in more detail in Sec. 5.3.5, here we will consider the representation in phase
space. In both figures, the top image shows the beam size as a function of position and the
bottom images show corresponding phase-space representations. The electrons are repre-
sented in the phase-space plots by black dots and are based on actual distributions and
trajectory calculations in Matlab. The red ellipse forms a contour of the particle distribu-
tion. This ellipse is initially (in the beam waist) described by (x/2σx)2 + (px/2σpx)2 = 1,
with standard deviations σx and σpx of the spatial and momentum distributions. At po-
sition 0 the Gaussian beam forms a waist where the electron distributions in x and px are
normally distributed and uncorrelated. Position 1 represents the Gaussian beam after a
propagation distance d and position 2 represents the beam after the focusing action of a
positive (thin) lens with focal length fL.

The phase-space plots show how the spatial and momentum distributions of an electron
beam evolve during propagation of the beam through optical elements. The phase-space
plots also clearly show the correlation between the distribution. The presented figure
actually shows two special cases of propagation of a Gaussian beam. Figure 5.1 shows
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Figure 5.1: Gaussian beam propagating through phase space for d = fL.
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Figure 5.2: Gaussian beam propagating through phase space for d = 2fL.
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that a waist in the focal plane in front of a positive thin lens becomes another waist in
the focal plane behind the lens where the spatial and momentum distributions have been
exchanged. Figure 5.2 shows that a waist at a distance 2fL in front of a positive thin lens
is imaged 1:1 at a distance 2fL behind the lens, but forms a waist before the image plane.

5.2.3 Emittance

The emittance provides a quantitative basis for describing beam quality (focusability) and
is closely related to 2D projections of the volume occupied by the ensemble of particles
in 6D phase space. The area in phase space defined by the 2D projections is a conserved
quantity, given the conditions which will be discussed further on in the section about
emittance growth. This area is proportional to the normalized emittance. Emittance
provides a connection between bunch width and angular/momentum spread (transverse
emittance) and bunch length and energy spread (longitudinal emittance).

Normalized emittance

The normalized (rms) emittance is defined as:

εn,x =
1

mc

√
〈x2〉〈p2

x〉 − 〈xpx〉2 =
√
〈x2〉〈(γβx)2〉 − 〈xγβx〉2 (5.5)

where 〈〉 indicates averaging over the distribution. The (transverse) normalized emittance
is usually expressed in [m rad]. In a beam waist 〈xpx〉 = 0 and εn,x reduces to:

εn,x = σxσγβx ≥
~

2mc
=
λC
4π

(5.6)

with the inequality given by the Heisenberg uncertainty principle. For electrons, λC/4π =
0.39 pm. In Figs. 5.1 and 5.2, the contour of the electron distribution was indicated
with a red ellipse. The area of the ellipse, proportional to the normalized emittance,
remains constant during propagation through phase space, but the ellipse gets tilted
which indicates that the x and px distributions become correlated. This correlation is
expressed by the term 〈xpx〉 in the definition of the normalized emittance.

The longitudinal emittance εn,z can also be expressed in terms of bunch length σt and
energy spread σU . In a (longitudinal) beam waist:

εn,z = σzσγβz ≈ σctσγ =
σtσU
mc

≥ λC
4π

(5.7)

The longitudinal normalized emittance is typically expressed in [eV s].
We mentioned before that the normalized emittance is proportional to the phase-

space area. For a Gaussian beam, the normalized rms emittance equals the area in
(x, γβx) phase space which contains 15% of the beam [5]. For a uniform distribution with
boundaries xb(= 2σx) and (γβx)b(= 2σγβx) in a beam waist, the phase-space area is equal
to πxb(γβx)b = 4πεn,x.

Geometrical emittance

In practice, it can be more convenient to define the geometrical emittance which is pro-
portional to the area in trace space (x, x′). The geometrical emittance is a direct measure
for the focusability of the beam and is defined as:

εx =
√
〈x2〉〈x′2〉 − 〈xx′〉2 (5.8)
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In a beam waist 〈xx′〉 = 0 and εx reduces to:

εx = σxσx′ ≥
λe
4π

(5.9)

The propagation of a Gaussian electron beam (as long as the emittance is conserved) can
be described in the same way as a TEM00 optical beam with wavelength λ = 4πεx. The
inequality in Eq. (5.9), given by the Heisenberg uncertainty principle, is thus equivalent to
the diffraction limit of an electron beam with wavelength λe. The geometrical emittance
is related to the normalized emittance through:

εn,x ≡ γβεx (5.10)

This relation can easily be derived given that γβx ≈ γβx′ in the paraxial approximation
(see Sec. 5.3.2). During acceleration in a homogeneous field d/dt(γβx) = 0, however, the
geometrical emittance is not conserved since γβ increases.

Thermal emittance

As long as the emittance of a bunch is conserved, the emittance is determined at the
moment when the bunch is created. This initial emittance is usually called the thermal
emittance. If the momentum vector is thermally distributed according to the Maxwell-
Boltzmann distribution, the rms momentum spread is given by:

σγβ =
σp
mc

=

√
kBTb
mc2

(5.11)

For electron bunches created by photoemission, the momentum spread σγβ depends on the
cathode work function, the illumination wavelength, acceleration field, surface roughness,
and other factors [12, 13]. For a copper cathode, typically σγβ ' 10−3, which corre-
sponds to a beam temperature Tb ≈ 6000 K or kBTb = 0.5 eV. At the point when the
electron bunch is created, the spatial and momentum distribution can be assumed to be
uncorrelated. If the bunch is created with an rms spot size σ0, the (normalized) thermal
emittance is given by:

εn,T = σ0σγβ = σ0

√
kBTb
mc2

(5.12)

A bunch created by photoemission with an rms spot size σ0 = 20µm, would thus have
a typical thermal emittance of εn,T ≈ 20 nm. Equation (5.12) shows that there are two
approaches to achieve a low emittance electron beam: starting with a small spot size (a
vertical line in phase space), for example from a field emission tip, or starting with a low
electron temperature (a horizontal line in phase space), for example from an ultracold
source.

Emittance growth

At the beginning of this section we mentioned that ideally emittance is a conserved quan-
tity. Here we will discuss the conditions that can cause the emittance to change. We
discriminate three situations: coupling between degrees of freedom, non-linear transfor-
mations, and decrease of phase-space density.

If there is coupling between motion in different directions, the emittance for a certain
direction may change, while the phase-space density f remains constant. An example is
beam rotation in the x − y plane as a result of magnetic fields. The 6D rms volume in
phase space remains constant, but can be rotated towards different directions.

If non-linear forces are applied to the bunch, the phase-space density f is still con-
served, but the rms emittance grows since the shape of the bunch in phase space changes.
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before focusing

x

p x

after non−linear focusing

x

p x

Figure 5.3: Aberrations in phase space, before (left) and after (right) non-linear focusing.

This is illustrated in Fig. 5.3, where a beam ellipsoid is shown before and after focus-
ing with a focusing force non-linear in x. Initially, in the left image, the bunch has an
elliptical shape in phase space. The blue ellipse in the right image would have been the
shape of the bunch if a linear focusing force (F = ax) was applied. If a third order term
is added (F = ax + bx3), the beam contour gets stretched in the px direction for large
x as shown by the red contour. Still, the area enclosed by the blue ellipse and the red
contour are equal based on Liouville’s theorem. However, since the emittance is based on
rms quantities of the bunch, the emittance grows. This is illustrated in the right image
by the green ellipse.

The last situation of emittance growth occurs when the 6D phase-space density f
actually decreases. Liouville’s theorem is still valid, but only in 6N-dimensional phase
space. The phase-space density can decrease as a result of collisional effects due to the
graininess of the bunch (see Sec. 5.3.7).

5.2.4 Phase-space density

The phase-space density of a bunch provides a measure for beam quality and is fundamen-
tally limited by the Pauli exclusion principle, i.e. f(r,p) ≤ 1/h3. Since the phase-space
density will typically have a very high numerical value (1/h3 ∼ 1099), it is practical to
work with the dimensionless number fn ≡ h3f . For an arbritrary distribution, we can
represent the distribution by the rms density f̃n related to the rms emittances by:

f̃n =

(
λC
4π

)3
N

εn,xεn,yεn,z
≤ 1 (5.13)

For a 6D Gaussian phase-space distribution, the peak density f̂n = 8f̃n ≤ 1. For a
6D uniform phase-space distribution, the uniform density fn = f̃n ≤ 1. The phase-
space density f̃n is Lorentz invariant and gives a connection between charge, bunch size,
angular spread, bunch length, and energy spread. For an electron bunch with N = 106

and εn,x = εn,y = εn,z = 20 nm, we obtain f̃n = 9 × 10−10. Theoretically, there is thus
room for improvement of the beam quality by a factor 109.

In the fields of accelerator physics and electron microscopy, brightness is commonly
used as a measure for beam quality. The normalized local 6D brightness Bn is directly
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related to the phase-space density, through the relation [14]:

Bn(r,p) ≡ em2c2f(r,p) (5.14)

Actually, many other definitions exist for brightness, classified by transverse (4D)/spectral
(6D), by local/average/peak, and by unnormalized/reduced/normalized brightness. For
an overview, we refer to [14].

5.3 Propagation of ultrashort electron bunches

5.3.1 Axisymmetric electromagnetic fields

In case of no beam loading (i.e. ρ = 0 and J = 0), Maxwell’s equations, see Eqs. (A.1),
reduce to Maxwell’s equations in vacuum. In this case, the electric (E) and magnetic (B)
fields are described by the (homogeneous) Helmholtz wave equation:(

∇2 − 1

c2
∂2

∂t2

)
E(r, t) = 0 (5.15)

and an identical equation for B(r, t). We can split the fields into a spatial and temporal
part using a Fourier expansion. Here, we will only consider the first harmonic solution.
We can write the fields as E(r, t) = Ê(r)f(t) and B(r, t) = B̂(r)f(t), with the temporal
part of the wave equation given by:

1

c2
∂2f(t)

∂t2
+ k2f(t) = 0 (5.16)

with wave number k ≡ ω/c and solution f(t) = cos (ωt+ φ0). For an axisymmetric
beamline, we have ∂/∂θ = 0 and the spatial part of the wave equation can be written as:(

∇2 + k2
)
Ê(r, z) =

(
1

r

∂

∂r
r
∂

∂r
+

∂2

∂z2
+ k2

)
Ê(r, z) = 0 (5.17)

Based on the axial symmetry which implies that the fields are an even function of r, we
can use the following power series for Êz(r, z):

Êz(r, z) =

∞∑
ν=0

r2νa2ν(z) (5.18)

where a0(z) = Êz(0, z) is the on-axis field. If we substitute this series into Eq. (5.17), we
obtain:

∞∑
ν=1

(2ν)2r2ν−2a2ν(z) +

∞∑
ν=0

r2ν
{
a
′′

2ν(z) + k2a2ν(z)
}

= 0 (5.19)

From this equation, one obtains the recursion formula:

(2ν + 2)2a2ν+2(z) +

{
∂2

∂z2
+ k2

}
a2ν(z) = 0 (5.20)

The solution for Êz(r, z) is therefore given by:

Êz(r, z) =

∞∑
ν=0

(−1)ν

(ν!)2

(
r

2

)2ν
(
∂2

∂z2
+ k2

)ν
Êz(0, z)

=

{
1− r2

4

(
∂2

∂z2
+ k2

)
+
r4

64

(
∂2

∂z2
+ k2

)2

− . . .

}
Êz(0, z)

(5.21)
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A similar solution can be obtained for B̂z(r, z). For Ez, we have from the Maxwell
equations:

1

r

∂

∂r
(rEr) = − ∂

∂z
Ez (5.22)

1

r

∂

∂r
(rBϕ) =

1

c2
∂Ez
∂t

(5.23)

Given that Er(r = 0) = 0 and Bϕ(r = 0) = 0 due to the axial symmetry, we obtain:

Er(r, z, t) = −
∞∑
ν=0

(−1)ν

(ν + 1)(ν!)2

(
r

2

)2ν+1
(
∂2

∂z2
+ k2

)ν
∂Êz(0, z)

∂z
cos (ωt+ φ0)

=

{
−r

2
+
r3

16

(
∂2

∂z2
+ k2

)
− . . .

}
∂Êz(0, z)

∂z
cos (ωt+ φ0)

(5.24a)

Bϕ(r, z, t) = −
∞∑
ν=0

(−1)ν

(ν + 1)(ν!)2

(
r

2

)2ν+1
(
∂2

∂z2
+ k2

)ν
Êz(0, z)

k

c
sin (ωt+ φ0)

=

{
−r

2
+
r3

16

(
∂2

∂z2
+ k2

)
− . . .

}
Êz(0, z)

k

c
sin (ωt+ φ0)

(5.24b)

For Bz, we have from the Maxwell equations:

1

r

∂

∂r
(rBr) = − ∂

∂z
Bz (5.25)

1

r

∂

∂r
(rEϕ) = −∂Bz

∂t
(5.26)

and we can obtain relations for Br and Eϕ analogous to Er and Bϕ. The electromagnetic
field in a rotationally symmetric beamline can thus fully be described by the on-axis
electric and magnetic (time-dependent) fields, which on-axis always point along the z-
direction because of the symmetry. The radial fields thus only exist if the on-axis field
changes as a function of z, and the azimuthal fields thus only exist for time-dependent
fields.

From the equations of motions given by Eqs. (5.3), along with field expansions given
by Eqs. (5.24), the particle trajectories in axisymmetric systems can be calculated to
any degree of accuracy desired. In cylindrical coordinates (r, ϕ, z) with velocity vector
v = (ṙ, rϕ̇, ż), the equations of motion can be written as:

d

dt
(γṙ)− γrϕ̇2 =

q

m
(Er − żBϕ + rϕ̇Bz) (5.27a)

1

r

d

dt
(γr2ϕ̇) =

q

m
(Eϕ + żBr − ṙBz) (5.27b)

d

dt
(γż) =

q

m
(Ez + ṙBϕ − rϕ̇Br) (5.27c)

Equation (5.27a) describes the radial motion (focusing) of beams, which can be influenced
by a z-dependent electric field (Er ∼ ∂Ez/∂z), a t-dependent electric field (Bϕ ∼ ∂Ez/∂t),
or a longitudinal magnetic field (Bz) for a rotating beam. Equation (5.27b) describes the
rotational motion (rotation) of beams, which can be influenced by a t-dependent magnetic
field (Eϕ ∼ ∂Bz/∂t), a z-dependent magnetic field (Br ∼ ∂Bz/∂z), or a longitudinal
magnetic field (Bz). Finally, Eq. (5.27c) is relevant for longitudinal motion (acceleration)
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of beams, which can be influenced by a longitudinal electric field (Ez), a t-dependent
electric field (Bϕ ∼ ∂Ez/∂t), or a z-dependent magnetic field (Br ∼ ∂Bz/∂z) for a
rotating beam.

Equations (5.27) express some fundamental properties of particle beams in axisym-
metric beamlines. We learn from these equations that a non-rotating beam can only be
accelerated and focused if there is an on-axis electric field. Rotation can only be per-
formed if there is an on-axis magnetic field and a rotating beam can also be accelerated
and focused with this on-axis magnetic field. Focusing is thus always combined with
(momentary) acceleration of the bunch due to an on-axis electric field or with rotation of
the bunch due to an on-axis magnetic field.

5.3.2 Paraxial ray equation

Using Eqs. (5.27), particle trajectories in axisymmetric systems can be calculated to any
degree of accuracy desired (excluding diffraction limited beams). However, it is useful
to start with a first-order approximation and to only consider trajectories close to the
beamline axis. This first-order approximation is called the paraxial approximation and
implies that r′ ≡ dr/dz � 1, that ṙ, rϕ̇ � ż ≡ dz/dt, and that βz ≈ β. The basic
first-order optical equation which describes the radial motion of charged particles in an
axisymmetric system is known as the paraxial ray equation and only contains terms up to
first order in r and r′. The higher order terms give rise to non-linear effects or aberrations.

The radial motion of the beam is described by Eq. (5.27a), however, this equation
depends both on the longitudinal motion and the rotational motion. The longitudinal
motion is described by Eq. (5.27c). We neglect the magnetic terms since these terms give
rise to higher order terms in r if we fill in Bϕ and Br. We use that βz ≈ β to obtain:

d

dt
(γβ) =

γ̇

β
= cγ′ =

q

mc
Ez,0 (5.28)

where we have defined Ez,0 ≡ Ez(0, z, t). We can write this equation in integral form as:

γ(z) = γ(0) +
q

mc2

z∫
0

Ez,0dz (5.29)

To describe the rotational motion of the beam, instead of rewriting Eq. (5.27b), we
make use of “conservation of canonical momentum” [6, 10]. The canonical momentum Pϕ
is given by:

Pϕ = pϕ + qrAϕ (5.30)

with Aϕ the azimuthal component of the magnetic vector potential (see Appendix A).
From B = ∇×A, analogously to the derivations in the previous section, we can obtain
the relation:

Aϕ =

{
r

2
− r3

16

(
∂2

∂z2
+ k2

)
+ . . .

}
Bz,0 (5.31)

where we have defined Bz,0 ≡ Bz(0, z, t). Within the paraxial approximation, we only
consider the first-order term and we further use ϕ̇ = ϕ′βc, to obtain:

Pϕ = γmr2ϕ̇+
r2

2
qBz,0

= r2
(
γβmc ϕ′ +

q

2
Bz,0

) (5.32)

65



Chapter 5.

For a particle trajectory starting at z = 0 with pϕ = 0 and Bz,0(z = 0) = 0, the conserved
canonical momentum remains Pϕ = 0 and we can calculate the rotation angle:

ϕ(z) = ϕ(0)−
z∫

0

qBz
2γβmc

dz (5.33)

We finally rewrite Eq. (5.27a) to obtain the paraxial ray equation. If we write this
equation in terms of derivatives with respect to z and use the paraxial field approxima-
tions, we obtain:

γβ2r′′ + γ′r′ + r
q

2mc2

(
∂

∂z
+
β

c

∂

∂t

)
Ez,0 + γr

(
qBz,0
2γmc

)2

− γr
(

Pϕ
γmcr2

)2

= 0 (5.34)

If we assume Pϕ = 0, we end up with the following equation:

r′′ + r′
qEz,0
γβ2mc2

+ r
q

2γβ2mc2

(
∂

∂z
+
β

c

∂

∂t

)
Ez,0 + r

(
qBz,0

2γβmc

)2

= 0 (5.35)

where we have used Eq. (5.28) to replace γ′. This is the relativistically correct paraxial
ray equation for the radial motion (for Pϕ = 0). The first term represents the change of
slope of the particle trajectory, the second term represents acceleration or deceleration
due to Ez,0, the third term represents focusing or defocusing due to the derivatives of
Ez,0, and the fourth term represents focusing due to Bz,0.

The trajectory of a particle can now be described by (r, ϕ, z), with ϕ given by Eq.
(5.33) and with r given by Eq. (5.35); note that r can adopt both positive and negative
values.

5.3.3 Longitudinal motion

The longitudinal on-axis motion of a particle can be described exactly for cylindrical
symmetry, using Eq. (5.28) or Eq. (5.29). To describe the longitudinal motion for
particles in a bunch with respect to the center of the bunch, we can make use of the time
difference τ(z) or the path length difference ζ(t). The path length difference is defined as
the distance (at a certain moment in time) between a particle at position rp = (0, 0, z0+ζ)
with velocity ṙp = (0, 0, cβp) and the bunch center at r0 = (0, 0, z0) with ṙ0 = (0, 0, cβ).
For constant motion, the spatial derivative of ζ is related to the momentum difference
between the particle and bunch center, through ζ ′ = ∆pz/pz. Instead of the path length
difference, we can also use the time difference τ(z), which is (observed from the laboratory
frame) given by:

cτ(z) = cτ(0) +

z∫
0

dz

β
−

z∫
0

dz

βp
(5.36)

For constant β (thus where Ez = 0), we have the relation (ζ, ζ ′) = βc(τ, τ ′). Like ζ ′ is
related to ∆(γβ), we can relate τ ′ to ∆γ ≡ γp − γ through:

cτ ′ =
1

β
− 1

βp
≈ ∆γ

(γβ)3
(5.37)

where the latter approximation on the right-hand side holds for ∆γ � 1 ≤ γ, which we
call the paracentral approximation. As long as ∆γ � γ, the particles will remain close to
the center of the bunch. From Eq. (5.29), we note that ∆γ is constant for static fields.
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As derived in Appendix C, we can calculate the trajectory (τ, τ ′) through the linearized
(paracentral) equation:

τ ′′ +

(
2γ +

1

γ

)
γ′

γ2 − 1
τ ′ = 0 (5.38)

The advantage of using this equation is that the equation depends linearly on the initial
condition, which is useful for the matrix formalism as discussed in the following section.
The exact on-axis trajectory (τ, τ ′) can be described for static fields using the integral of
Eq. (5.29) for γ(z) and γp(z) in combination with Eq. (5.36). For a time-dependent field

Ez(z, t) = Êz(z) cos (ωt+ φ0), the description is more complex since the field depends
explicitly on z and t. The trajectory is described through the two coupled differential
equations:

γ′(z) =
qÊz(z)

mc2
cos (ωt(z) + φ0) (5.39)

ct′(z) =
1

β(z)
(5.40)

for γ(z) and γp(z) in combination with Eq. (5.36).

5.3.4 Transfer matrices

Equations (5.35) and (5.38) are second-order, linear, ordinary differential equations. For
a time-dependent electric field Ez,0(z, t), the differential equations have both z and t as
independent parameters, but we can use Eqs. (5.39) and (5.40) to calculate t(z) for the
beam center. Since the paraxial ray equations are second-order, linear equations, we can
describe the particle trajectories in a bunch fully by specifying (r, r′, τ, τ ′) as a function
of z for the contour of the bunch. The formalism of transfer matrices, as used in many
optics or charged particle beam textbooks (e.g. in [2, 4, 5]), can be used to describe the
beam propagation. The propagation of a trajectory with (r1, r

′
1) at z1 to (r2, r

′
2) at z2 is

described with the transfer matrix M12 as follows:(
r2

r′2

)
= M12

(
r1

r′1

)
(5.41)

The propagation of a trajectory through drift space or free-space is described by the
transfer matrix:

M =

(
1 L
0 1

)
(5.42)

Axial fields which are non-zero for a finite region, can be employed as electron optical
lenses. A (thick) lens can be described with four lens parameters (d1, d2, f1, f2) and its
center z0. The corresponding transfer matrix is given by [4]:

M =

 1− d2
f2

f1

(
d1
f1

+ d2
f2
− d1d2

f1f2

)
− 1
f2

f1
f2

(
1− d1

f1

)  (5.43)

For the limit d1 = d2 = 0, the lens can be described as a thin lens with transfer matrix:

M =

(
1 0

− 1
f2

f1
f2

)
(5.44)

The lens parameters are illustrated in Fig. 5.4. Two trajectories are drawn, labeled u(z)
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Figure 5.4: Principle planes and focal points of lens.

and v(z). Before entering the lens, the trajectory u(z) forms a straight line parallel to the
z-axis with u(z � z0) = (r, r′) = (1, 0). After leaving the lens, v(z) forms a straight line
parallel to the z-axis at an equal distance as u(z) before the lens with v(z � z0) = (1, 0).
Within the region of the lens where the on-axis fields are non-zero, the trajectories are not
represented by straight lines. For the transfer matrix formalism, the extended trajectories
are considered as drawn in Fig. 5.4 with dashed lines. The planes where the initial and
final part of the extended trajectories cross, form the principal planes of the lens (labeled
I and II). The principal planes lie at distances d1 and d2 from the center of the lens. The
points where the initial trajectory of v and the final trajectory of u cross the beamline
axis, are the focal points f1 and f2 of the lens. These focal points are defined with respect
to the corresponding principal plane. Note that (for positive focal lengths) the front focal
point corresponds with the back principal plane, and vice versa. An additional remark is
that u and v describe independent solutions of Eq. (5.35), and any trajectory r(z) can
be described using r(z) = Au(z) + Bv(z) with A and B constants determined by the
initial conditions of the trajectory. In Sec. 5.4, we make use of this fact to determine the
transfer matrices.

As long as the field overlap between elements is negligible, the propagation between
elements is described using the drift matrix in Eq. (5.42) with L the distance between the
center of the lens elements. The propagation through a lens element is described with the
corresponding transfer matrix and results in an instant change in the inclination of the
trajectory and (for a thick lens) in a displacement of the trajectory at the center position
of the lens. This center position is defined by the choice of the reference for d1 and d2.

The determinant of a transfer matrix |M | = 1 if the beam is not accelerated after
leaving the lens. If |M | 6= 1, as is the case in a bipotential lens, the beam is accelerated
or decelerated. In this case, the determinant is given by:

|M | = f1

f2
=

(γβ)1

(γβ)2
(5.45)
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with (γβ)1 and (γβ)2 before and after the lens element. That the determinant is equal to
the ratio f1/f2, follows directly from the matrix. The connection to the ratio in γβ can
be derived as shown in [4], but is basically the result of the slope of the trajectory being
determined by r′ = ∆(γβr)/γβ. When γβ changes, the slope r′ changes even if ∆(γβr)
remains constant. This change in slope is incorporated in the transfer matrix through the
ratio f1/f2 and is analogous to optical refraction.

The treatment of (τ, τ ′) is analogous to (r, r′), with the exception that the determinant
|M | is different. Given that τ ′ ≈ ∆γ/(γβ)3, the determinant is approximately propor-
tional to the ratio in (γβ)3. To describe the propagation of a trajectory represented by
the vector (r, r′, τ, τ ′) through an element with transfer matrices Mr and Mτ for the ra-
dial and longitudinal trajectories, respectively, we could use a 4x4 transfer matrix, for the
condition that (r, r′) and (τ, τ ′) are independent from each other, given by:

M =

(
Mr 0
0 Mτ

)
(5.46)

Determination of matrix coefficients and lens parameters

The matrix coefficients for a lens element can be determined if two different trajectories
are known, using the relation:(

r2

r′2

)
=

(
a
c

)
r1 +

(
b
d

)
r′1 (5.47)

The four lens parameters can be determined from the matrix coefficients, using Eq. (5.43):

f1 = b− ad

c
(5.48a)

f2 = −1

c
(5.48b)

d1 = b− d(a− 1)

c
= f1 +

d

c
(5.48c)

d2 =
a− 1

c
= f2 +

a

c
(5.48d)

5.3.5 Gaussian beams

So far, we have only considered trajectories of individual particles. The propagation of an
ensemble of particles in an axially symmetric beamline is discussed in this section. If we
neglect space charge, the propagation of an electron beam with a Gaussian distribution
in phase space is analogous to the propagation of an optical Gaussian beam (in TEM00
mode) [2, 15] (see Appendix B for a brief summary of Gaussian beam theory).

Beam width σx

Electron beams can often be described with a Gaussian distribution, since a (momentum)
distribution described by Maxwell-Boltzmann statistics leads to a Gaussian distribution.
The trace-space distribution of a Gaussian electron beam with an rms width σx and with
an rms divergence σx′ , is given by:

f(x, x′) =
1

2πσxσx′
exp

[
− x2

2σ2
x
− x′2

2σ2
x′

]
(5.49)
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where x′ represent the angle with the optical axis. In a beam waist, position and angle are
uncorrelated, i.e. 〈xx′〉 = 0. If the width of the waist at position z0 is given by σx = σ0,
the propagation of the Gaussian beam through empty space is given by:

σx =

√
σ2

0 + (z − z0)2σ2
x′ = σ0

√
1 +

(
z − z0

zR

)2

(5.50)

with Rayleigh length zR. Far from the beam waist (i.e. z − z0 � zR), the divergence
of the beam can be expressed as σx′ = σx/(z − z0) = σ0/zR. From the definition of the
geometrical (rms) emittance in a waist, see Eq. (5.9), we have εx = σ0σx′ . The Rayleigh
length can thus be expressed as zR = σ0/σx′ = σ2

0/εx = εx/σ
2
x′ . For an optical beam with

wavelength λo, we have the relation zR = 4πσ2
0/λo (see Appendix B). The propagation of

an electron beam with (rms) emittance εx is thus described analogous to the propagation
of an optical beam with wavelength λo = 4πεx. It is interesting to note that diffraction
becomes a limiting factor for electron beams if λe ∼ 4πεx.

The propagation of a Gaussian electron beam can also be expressed through the dif-
ferential equation [4]:

σ′′x −
ε2x
σ3
x

= 0 (5.51)

The second term can be considered as an outward force on the ensemble of particles,
which thus depends on emittance and beam size. The beam expansion can be reversed
using an inward (i.e. focusing) force. The stronger this focusing force, the smaller the
waist that can be obtained.

Complex beam parameter q

A useful parameter to describe the propagation of a Gaussian beam through optical
elements is the complex beam parameter q (see Appendix B). In free space, this parameter
obeys the propagation law:

q(z) = z − z0 + izR (5.52)

From this equation we directly see that zR = Im(q). The relation to beam size is given by
σx = σx′ |q|. The propagation through an element given by the transfer matrix M =

(
a b
c d

)
,

can be calculated using:

q2 =
aq1 + b

cq1 + d
(5.53)

The beam parameters before and after the lens elements are related through the magni-
fication mx for the transverse / radial direction:

mr ≡
σ0,2

σ0,1
=

√
(γβ)1

(γβ)2

zR,2
zR,1

=

√
Im(q2)

Im(q1)
|Mr| (5.54)

For the longitudinal direction, the magnification mτ is given by:

mτ ≡
τ0,2
τ0,1

=

√
Im(q2)

Im(q1)
|Mτ | '

√
Im(q2)

Im(q1)

(γβ)3
1

(γβ)3
2

(5.55)
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Twiss or Courant-Snyder parameters α̂, β̂, and γ̂

Besides using σx(z) or q(z), a third method to describe a Gaussian beam is by using the
Twiss or Courant-Snyder parameters. The beam ellipse in (x, x′) trace space, with area
πεx, is described (implicitly) by:

γ̂x2 + 2α̂xx′ + β̂x′2 = εx (5.56)

with the Twiss or Courant-Snyder parameters given by:

α̂ = −〈xx
′〉

εx
=

√
β̂γ̂ − 1 (5.57a)

β̂ =
〈x2〉
εx

=
σ2
x

εx
=
|q|2

Im(q)
(5.57b)

γ̂ =
〈x′2〉
εx

=
σ2
x′

εx
=

1

Im(q)
(5.57c)

In literature, β̂ is also known as the amplitude or betatron function. The ellipse can be
described explicitly by:

x =
√
εx(a cos θ cos ξ − 1

a
sin θ sin ξ) (5.58a)

x′ =
√
εx(a cos θ sin ξ +

1

a
sin θ cos ξ) (5.58b)

with

a2 =
γ̂ + β̂

2
+

√(
γ̂ + β̂

2

)2

− 1 (5.59)

tan 2ξ =
2α̂

γ̂ − β̂
(5.60)

We can also describe an ellipse in phase space (x, γβx) with these equations, if we replace
x′ by γβx and εx by εn,x.

5.3.6 Aberrations

In the paraxial and paracentral equations, we make use of linear approximations. Devia-
tions from these linear approximations are called aberrations. The study of aberrations
is important in many applications, most notably in the electron microscope. Including
aberration effects quickly becomes complex. For example, to extend the paraxial equation
with third order terms in r and r′ for a well aligned coil (in which case the second order
terms are zero because of symmetry), terms proportional to r′2r, r2r′, and r3 need to be
included. Aberration distorts the ellipsoidal beam shape (see Fig. 5.3 for an illustration),
causing an increase of the rms emittance. For a detailed description of aberrations, we
refer to literature, e.g. the books from Hawkes&Kasper [6]. Here, we briefly discuss some
types of aberration for (r, r′, τ, τ ′) trajectories.

For the transverse motion (r, r′), deviation from the paraxial approximation is called
geometrical aberration. Most well-known is spherical aberration, which is due to the
applied field being non-linear in r. For the longitudinal motion (τ, τ ′), we can consider
deviation from the paracentral approximation as longitudinal “geometrical” aberration.
This can be due to, e.g., the applied (time-dependent) field being non-linear in τ . Also
aberration due to relativistic effects can occur, related to higher order terms in ∆γ which
were neglected in the approximation in Eq. (5.37). Cross terms between (r, r′) and (τ, τ ′)
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also give rise to aberrations. Most well-known is chromatic aberration, which is a result of
the momentum spread ∆pz in the beam and therefore related to τ ′. For the longitudinal
(off-axis) motion, aberrations due to cross terms include (off-axis) path-length differences
[16] or radial variations in longitudinal lens strength. Finally, for time-dependent fields we
could also consider the transverse lens strength changing in time as a type of aberration.

5.3.7 Space charge

A charged bunch creates electric and magnetic self fields, also known as space charge
fields. These fields have not been included in the description of beam propagation in this
chapter. The mutual interaction of the charged particles in a beam can be represented
by the sum of a “collisional” force and a “smooth” force. The collisional part of the
total interaction force arises when a particle is affected by the individual positions of its
immediate neighbors. This force will cause small random displacements of the particles
trajectory and statistical fluctuations in the particle distribution as a whole, which can
lead to emittance growth due the an increase of the 6D phase-space density. In most
practical beams, however, this is a relatively small effect, and the mutual interaction
between particles can be described largely by a smoothed (or mean-field) force in which
the “graininess” of the distribution of discrete particles is washed out. The smooth space
charge force has a defocusing effect on the beam and can also cause (rms) emittance
growth if this force is non-linear across the beam.

A measure for the relative importance of collisional versus smoothed interaction is the
Debye length, which is a measure for the distance over which the charge of a particle
is effectively screened off by charge redistribution in the bunch (or more generally in a
plasma). The Debye length λD is given by [4]:

λD =
〈ẋ〉
ωp

=

√
ε0γ2kBT

q2n
(5.61)

with rms velocity 〈ẋ〉, plasma frequency ωp =
√
q2n/ε0γ3m, number density n, charge q,

and temperature T in the lab frame (the beam frame temperature Tb = γT [4]). Figure
5.5 shows the Debye length for 100 keV electrons as a function of the electron density
with kBT = 0.5 eV (red line) and with kBT = 1 meV (blue line). The figure also shows
the bunch radius R as a function of electron density for uniformly filled spherical bunches
with a total charge between 0.1 fC and 1 pC (black lines). When R � λD, the space
charge fields can be ignored and the steady-state density profile is Gaussian, dominated
by thermal velocity spread. When R � λD, the space charge fields dominate the beam
physics and the steady-state density profile is a uniformly filled (or waterbag) bunch. The
thermal velocity spread in the bunch can be ignored in this case. When R ∼ λD, the
beam physics is both governed by space charge effects and thermal velocity spread, and
this situation is the most complicated to describe. Another parameter which is relevant
to compare with the Debye length is the interparticle distance dp−p (the blue line in Fig.
5.5). As long as λD � dp−p, smooth functions can be used for the charge and field
distributions. When λD ∼ dp−p, which occurs at extremely low temperature or very large
density, the graininess of the distribution becomes important, and the 6D phase-space
density is not conserved anymore.

Theoretical models to describe space-charge effects are very complicated. For an ul-
trashort electron bunch, the smooth space charge force can be included through coupled
differential equations for σx and σz; however, that description would only be accurate
for uniformly filled ellipsoidal bunches, in which case the space charge forces can be rep-
resented by linear forces [4, 17]. Furthermore, even for a uniformly filled bunch, the
emittance of the bunch is only conserved in the limit of a bunch with zero temperature. If
the assumption is made that σz is sufficiently long, than the beam propagation including
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Figure 5.5: Debye length and radius versus electron density for 100 keV electrons.

space charge can be described to a reasonable approximation for σx; in this case, space
charge is included by addition of the term −K/σx to Eq. (5.51):

σ′′x −
ε2x
σ3
x
− K

σx
= 0 (5.62)

where K is the generalized perveance which is proportional to the beam current, i.e.
K ∼ I [4].

5.4 Application: ultrashort bunches in the UED setup

To describe the transverse and longitudinal propagation of electron bunches through our
UED setup, we can make use of the transfer matrix formalism as explained in Sec. 5.3.4.
To determine the matrix elements and the lens parameters for an electron-optical ele-
ment, two particle trajectories through the lens element (both for the transverse and the
longitudinal motion) have to be calculated, see Eqs. (5.47) and (5.48). In Sec. 5.4.1, the
generation and acceleration of electrons in the DC photogun are considered. In Sec. 5.4.2,
the propagation through magnetic coils is briefly described; in this case, only the trans-
verse beam path is influenced. In Sec. 5.4.3, the propagation through a TM010 cavity is
treated, with a thin lens description for the longitudinal part and a thick lens description
for the transverse part. Finally, in Sec. 5.4.4, the different elements are combined to
provide a description for the complete UED setup.

5.4.1 DC photogun

The field profile for our 100 kV DC photogun has been calculated with the Poisson solver
Superfish for the actual geometry of the gun [18]. The on-axis electrostatic field Ez(z) is
shown in Fig. 5.6. An issue with the calculated field profile is that the numerical derivative
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Figure 5.6: On-axis electrostatic field in photogun.

∂Ez/∂z is not a smooth function. However, the need of using the field derivative can be
avoided using the reduced radius [4]:

ρ(z) ≡
√
γβr(z) (5.63)

Equation (5.35) can now be rewritten in the much simpler form:

ρ′′(z) +G(z)ρ(z) = 0 (5.64)

with for Bz,0:

G(z) =
γ2 + 2

4β4γ4
γ′2 (5.65)

Note that γ′ is proportional to Ez(z), see Eq. (5.39).
The on-axis, longitudinal motion of particles in the DC photogun can be described

exactly using the relativistically correct Eqs. (5.39) and 5.40 with cos (ωt(z) + φ0) = 1
for the static field. However, another issue arises when calculating the initial off-axis,
transverse motion; the paraxial approximation is not valid at the cathode, since the
particles start from (almost) zero velocity (i.e. pz ≯ px, py) and thus do not form a beam
initially. This issue can be solved by assuming a constant field Ez(z) between z = 0 (at
the cathode) and z = 5µm. The initial motion can now be calculated analytically with a
negligible error and from z = 5µm the paraxial equation can be used.

Radial trajectories

The calculated radial trajectories for the given field profile Ez(z) are shown in Fig. 5.7.
The top image shows two particle trajectories; one trajectory starting at r = 10µm with
γβr = 0 in solid black and another trajectory starting at r = 0 with γβr = 10−3 in solid
blue. After leaving the gun, the particle trajectories are described by straight lines; these
final trajectories are shown in solid red and solid magenta.

The final trajectories (at 100 keV) from the DC photogun can be described by two
(virtual) initial trajectories at 100 keV which are transformed after propagation through
a virtual lens; in this way, the DC photogun can be described by a transfer matrix. For
the initial trajectory with r = 10µm and γβr = 0, shown by the dashed black line, the
transformation to the final trajectory in red is described by the lens parameter f2 and d2;
the values are listed in Table 5.2. The value for d2 is negative, because of the definition
for the thick lens parameters as given in Eq. (5.43) and shown in Fig. 5.4.

For the initial trajectory with r = 0 and γβr = 10−3, shown by the dashed blue line,
the transformation to the final trajectory in black is described by the virtual origin zo
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Figure 5.7: Radial particle trajectories (top) and beam profile (bottom) in the DC photogun.
Top: the solid black and blue lines show the calculated particle trajectories; see text for further
details. Bottom: the calculated transverse beam profile shown in black; the red line is described
by the complex beam parameter q2 (see text).
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Table 5.2: Radial gun parameters for 100 kV

parameter values model values GPT

zo −2.055 mm −1.99 mm
d2 −5.421 mm −5.47 mm
f2 −17.166 mm −16.87 mm
γβ 0.6555 0.6554

and the angular magnification α ≡ (γβr)f/(γβr)i (with i for initial and f for final); the
value for zo is listed in Table 5.2. The value for α can be calculated if we consider a
virtual cathode at position zo where the initial trajectories are transformed by a virtual
lens given by the transfer matrix:

M =

(
1− d∗2

f2
0

− 1
f2

α

)
=

(
1− d∗2

f2
0

− 1
f2

f2
f2−d∗2

)
(5.66)

Since we have defined the initial trajectories at 100 keV, the determinant of the matrix
|M | = 1; therefore α = f2/(f2 − d∗2). Using the values from Table 5.2, we find α = 1.77
which agrees with the angular magnification directly determined from the calculated final
trajectory.

The last column in the Table 5.2 shows the values determined with similar GPT
simulations, which agree quite well with the values from the calculations with the paraxial
approximation. It should be noted that for the GPT simulations a 2D (r, z) fieldmap from
Superfish with 10 µm stepsize has been used, while for the calculations with the paraxial
approximation an on-axis field with 100 nm stepsize has been used.

The transfer matrix at zo given by Eq. (5.66) can be used to describe a Gaussian
beam leaving the DC photogun. We start at the virtual cathode with the complex beam
parameter qc:

qc(zo) = i zR,c with zR,c = γβ
σ0

σγβ
(5.67)

which transforms into the complex beam parameter qr:

qr(z) = z − zo −
f2 − d2

f2
2

z2
R,cm

2 + i zR,cm
2 (5.68)

with the squared magnification m2:

m2 =
1

α2 + (zR,c/f2)2
(5.69)

The magnification describes the ratio between the virtual and real spot size σ0. The solid
black line in the bottom image of Fig. 5.7 shows the beam profile for a Gaussian beam
with σ0 = 10µm and σγβ = 10−3 calculated using Eq. (5.35). The red line is calculated
using the complex beam parameter qr(z); the final trajectories are in excellent agreement.

Longitudinal trajectories

For the longitudinal motion, only one particle trajectory needs to be calculated, since
the time difference τ (with respect to the beam center) is constant for a static field if
(γβ)i = 0. For a particle starting at τ = 0 with initial momentum (γβ)i = 10−3, the
calculated trajectory is indicated by the solid black line in the left graph of Fig. 5.8. The
red line shows the final trajectory described by the time difference τ0 from which this

76



Electron optics for ultrafast electron diffraction

−10 0 10 20 30
138.5

139

139.5

z [mm]

τ 
[fs

]

τ
0

10
−4

10
−3

10
−2

10
−1

10
−2

10
−1

10
0

10
1

(γβ)
i

τ 0 [p
s]

Figure 5.8: Longitudinal trajectory in the DC photogun for (γβ)i = 10−3 (left) and τ0 as a
function of (γβ)i (right).

trajectory appears to start at z = 0. The right graph shows τ0 as a function of (γβ)i.
The red line in this graph shows the linear part of a fit with a second order polynomial.
Using this fit, the final trajectory (τ0, τ

′) starting from z = 0 can be described by:

τ0 ≡ aτ (γβ)i (5.70)

and

τ ′ ≈
(γβ)2

i

2c(γβ)3
f

(5.71)

with aτ = 139.2 ps. The latter equation is based on Eq. (5.37) with the approximation
∆γ ≈ (γβ)2

i /2. The parameters τ0 and τ ′ for the longitudinal motion, are analogous to a
virtual or effective source size and source temperature for the transverse motion.

Equations (5.70) and (5.71) can be used to describe an electron beam created by a laser
pulse with length σt for a thermal momentum spread σγβ. We have to take into account
that τ ′ depends quadratically on (γβ)i and that only particles with a forward momentum
(i.e. with (γβ)i > 0) will leave the cathode. This can be illustrated in (τ0, τ

′) trace-space,
as shown in Fig. 5.9 for σt = 100 fs and σγβ = 10−3. Note that this trace-space plot does
not illustrate the real situation at the cathode, but it is based on the final trajectories
as if these start from the cathode. The black dots are based on a randomized particle
distribution generated in Matlab, the red line shows the beam ellipse, and the blue line
shows τ ′(τ0). The longitudinal beam contour based on the applied linear approximations,
can be described by:

< τ0 > =

√
2

π
aτσγβ (5.72a)

στ0 =

√
σ2
t + (aτσγβ)2

(
1− 2

π

)
(5.72b)

< τ ′ > =
σ2
γβ

2c(γβ)3
f

(5.72c)

στ ′ =
√

2 < τ ′ > (5.72d)

< τ0τ
′ > =

aτσ
3
γβ√

2πc(γβ)3
f

(5.72e)
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Figure 5.9: Longitudinal, virtual trace-space (τ0, τ
′) in the DC photogun at z = 0; the graph

has been calculated for στ,0 = 50 fs and σγβ = 10−3 with cut-off (γβ)i > 0.

Using the above parameters, we can calculate the longitudinal (temporal) emittance ετ =√
σ2
τ0σ

2
τ ′− < τ0τ ′ >2 and we can describe the beam propagation using the complex beam

parameter:

qτ (z) = z + c

√
2

π

aτ (γβ)3
f

σγβ
+ i c

√
2(γβ)3

f

σ2
γβ

√
σ2
t + (aτσγβ)2

(
1− 3

π

)
(5.73)

5.4.2 Magnetic coils

The static magnetic field in a coil influences only the transverse motion of a particle; the
on-axis longitudinal motion is not affected; off-axis, path-length differences can become
relevant. For a symmetric field around z = 0, the transfer matrix can be determined
through calculation of a single trajectory; the trajectory mirrored in z = 0 yields a second
trajectory. The magnetic field in a coil is given by [19]:

Bz(z) =
µ0NIs

2(ρ2 − ρ1)

[
1

2
(a+ + a−) +

z

L
(a+ − a−)

]
(5.74)

with

a±(z) = ln
ρ2 +

√
ρ2

2 + (L/2± z)2

ρ1 +
√
ρ2

1 + (L/2± z)2
(5.75)

for a coil with inner radius ρ1, outer radius ρ2, length L, and N winding, and for an
applied current Is. In Fig. 5.10, the field profile (left) and a radial trajectory (right) are
shown for the first condenser lens in the UED setup (see Table 2.1) with ρ1 = 30 mm,
ρ2 = 51 mm, L = 51.7 mm, N = 1055, and Is = 3.0 A. The radial trajectory can be
described by Eq. (5.35), which in a coil reduces to:

r′′ + r

(
qBz,0

2γβmc

)2

= 0 (5.76)

The longitudinal trajectories are unaltered by the coil (as long as we neglect space charge
effects). From literature it is known how to describe a coil with ρ1/L � 1 (which is
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Figure 5.10: On-axis magnetic field in coil for Is = 3.0 A (left) and radial trajectory in coil
corresponding to this field profile (right). The dotted, vertical black lines indicate the real
length and the center of the coil.

actually not the case for the first condenser lens in the UED setup), using a transfer
matrix [4, 5]:

M =

(
cosφ (1/K0) sinφ

−K0 sinφ cosφ

)
(5.77)

for the beam rotation φ = K0Ls through the coil determined by the parameter K0:

K0 =
qB0

2γβmc
(5.78)

and the effective coil length Ls:

Ls =
1

B2
0

∫
Bz(z)2dz (5.79)

where we have used B0 ≡ Bz(0). Figure 5.11 shows a comparison between calculations
for the focusing power P ≡ 1/f and the focal plane position d using the matrix from Eq.
(5.77) (labeled: theory), the calculations with the paraxial approximation (model), and
GPT simulations (gpt) for the same coil parameters as before. The calculations with the
matrix deviate significantly from the other calculations, which can be attributed to the fact
that ρ1 ∼ L for the simulated coil. Therefore the field inside the coil is not approximately
uniform. The focal length f and focal plane position d can be fitted accurately to the
curves of the paraxial model using the empirical relations given in Appendix D.
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Figure 5.11: Focusing power P (left) and focal plane position d (right) versus current Is.
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5.4.3 TM010 cavity

The TM010 cavity has already been described in Chapter 4, where we considered the cavity
as a thin and weak lens. For typical field strengths which would be applied for ultrafast
electron diffraction experiments, i.e. Ê0 ' 2 MV/m for the cavity described in Chapter
4, the thin and weak lens approximations are only valid for phase offsets without net
acceleration, see Fig. 4.2. For higher field strengths, the approximations are inaccurate
for all phase offsets, see Fig. 4.3. Here we consider the TM010 as a thick lens within the
transfer matrix formalism, expressed by the transfer matrix given in Eq. (5.43). This
gives a more accurate description for other phase offsets and provides a useful framework
to exploit the full versatility of the cavity.

For the calculations presented in this section, the same cavity field profile as shown
in Fig. 4.1 is used. We thus have a time-dependent on-axis electric field Ez(z, t) =

Ê(z) cos (ωt+ φ0) inside the cavity with maximum field value Ê0 ≡ Êz,0(z = 0) (see Sec.
4.2.2) and phase offset φ0, where t = 0 is defined as the moment in time when the center
of the beam (i.e. r = 0 and τ = 0) would pass the center of the lens (i.e. z = 0) for

Ê0 = 0. In Fig. 5.12, radial and longitudinal trajectories are shown in solid black for
Ê0 = 2.0 MV/m and φ0 = π/4. The trajectories have been calculated with the paraxial
approximation and with Eqs. (5.39) and (5.40). The solid red lines indicate the initial and
final trajectories which are used to determine the lens parameters. The dotted red lines
indicate the focal planes of the cavity. For the radial trajectories, it is obvious from the
figure that the focal planes are located outside the cavity. This stresses the importance of
describing the cavity as a thick lens. To describe the cavity within the matrix formalism,
the lens parameters (f1, d1, f2, d2) have to be calculated as a function of Ê0 and φ0, both
for the longitudinal and the transverse directions.

Propagation of bunch center

Before the lens parameters are discussed, the propagation of the bunch center through the
cavity is considered. Approximate expression are derived for the change of the Lorentz
factor ∆γ0 and for the phase difference ∆φ. For a TM010 cavity with field amplitude Ê0
and effective cavity length Lc, an approximation analogous to Eqs. (4.11)-(4.13) can be
derived for the difference ∆γ0 ≡ γf − γi, between the final value γf and the initial value
γi of the Lorentz factor:

∆γ0 = − e

mc2

∞∫
−∞

Êz,0 cos (ωt+ φ0)dz

= − e

mc2

∞∫
−∞

Êz,0 [cos (ωt) cosφ0 − sin (ωt) sinφ0] dz

(5.80)

Using the approximation ωt(z) ' ωz/vz, the term containing sin (ωt) integrates to zero

since Êz,0 is an even function of z, and we obtain:

∆γ0 ≈ −
e

mc2
cosφ0

∞∫
−∞

Êz,0 cos

(
ωz

βc

)
dz = −eÊ0Lc

mc2
cosφ0 (5.81)

with Lc the effective cavity length, as defined by Eq. (4.7). The difference between ωt(z)
and ωz/vz is a phase difference ∆φ(z) = ω[t(z)− z/βc]. An approximate phase difference
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Figure 5.12: Radial (left) and longitudinal (right) trajectories through the TM010 cavity for
E0 = 2.0 MV/m and φ0 = π/4.
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can be calculated, using the initial and final velocities:

∆φ = αφkLc

(
1

βf
− 1

βi

)
(5.82)

where αφ is used as a fit parameter. Fig. 5.13 shows ∆γ0 and ∆φ for Ê0 = 2.0 MV/m and

Ê0 = 5.0 MV/m. The dotted black curves have been obtained from solving Eqs. (5.39)
and (5.40); the solid red curves have been calculated using Eqs. (5.81). and (5.82), where
we have used αφ = 3.3.

Longitudinal lens parameters

Figure 5.14 shows the longitudinal lens parameters for the TM010 cavity as a function
of φ0 for Ê0 = 2.0 MV/m and Ê0 = 5.0 MV/m. The black curves are based on the
calculated trajectories. To find approximate expressions for the longitudinal focusing
powers PL, we start with a particle outside the beam center at (τ, τ ′ = 0) initially. We
replace cosφ0 in Eq. (5.81) by cos (φ0 − ωτ) ' cosφ0 + ωτ sinφ0 (for ωτ � 1). The
difference ∆γ(τ) ≡ ∆γp −∆γ0 after the cavity is then approximately:

∆γ(τ) ≈ −τ eÊ0Lcω

mc2
sinφ0 (5.83)

Using Eq. (5.37) and PL = ∂τ ′/∂τ , the longitudinal focusing powers become:

PL,1 ≡
1

fL,1
= − 1

(γβ)3
i c

∂∆γ

∂τ
=

eÊ0Lcω

(γβ)3
fmc

3
sinφ0 (5.84)

PL,2 = PL,1
(γβ)3

i

(γβ)3
f

(5.85)

The solid red lines in Fig. 5.14 for PL, have been calculated using these equations in
combination with Eq. (5.81) to calculate (γβ)f .

The focal plane positions dL are (by definition) related to the shift ∆τ between the
initial and final trajectory at the center of the lens, through dL/fL = ∂∆τ/∂τ . It is also
this ratio which appears in the transfer matrix for a thick lens, see Eq. (5.43). The ratios

dL/fL are quite small: < 0.5% for Ê0 = 2.0 MV/m and < 1.5% for Ê0 = 2.0 MV/m.
The longitudinal propagation through the cavity can therefore be described to a good
approximation by the transfer matrix for a thin lens, see Eq. (5.44).

Transverse lens parameters

Figure 5.15 shows the transverse lens parameters for the TM010 cavity as a function
of φ0 for Ê0 = 2.0 MV/m and Ê0 = 5.0 MV/m. The black curves are based on the
calculated trajectories. The transverse focusing powers PT have been approximated by
the expressions:

PT,1 ≡
1

fT,1
=

eÊ0Lcω

2(γβ)2
i (γβ)fmc3

sin (φ0 −∆φ) (5.86)

PT,2 = PT,1
(γβ)i
(γβ)f

(5.87)

The solid red lines in Fig. 5.15 for PT , have been calculated using these equations in
combination with ∆φ from Eq. (5.82) for αφ = 3.3 and with Eq. (5.81) to calculate
(γβ)f .
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Ê0 = 5.0 MV/m. The dotted lines have been obtained by solving the differential equations
for the longitudinal motion; the solid red lines have been calculated using the approximate
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The ratios dT /fT are relatively large and not negligible; the transverse propagation
through the cavity should therefore be described by the transfer matrix for a thick lens,
see Eq. (5.43). The ratios appear to be related approximately to the phase difference ∆φ
from Eq. (5.82) with αφ = 1:

dT,2
fT,2

= − ∆φ

1 + ∆φ
(5.88)

dT,1
fT,1

= −
dT,2
fT,2

√
(γβ)f
(γβ)i

(5.89)

5.4.4 Complete UED setup

To illustrate the use of the electron-optical model described in this chapter, Fig. 5.16
shows the transverse and longitudinal beam size as a function of position through the
UED setup, calculated with the model and compared with GPT simulations. The setup
consists of a 100 kV DC gun, three magnetic coils, and a TM010 cavity, as described in
Chapter 2. The following initial beam parameters have been chosen for the calculations:
σx = 1µm, σt = 100 fs, σγβ = 10−3.

The settings for the lens elements have been determined using the electron-optical
model. The current for the first condenser lens (C1) is chosen such that the electron
beam is (approximately) collimated in the transverse direction (IC1 = 2.935 A). The
phase of the cavity is set at φ0 = π/2 (i.e. optimal bunch compression). The current
for the second condenser lens (C2) and the field strength for the cavity are optimized
iteratively to obtain both a transverse and a longitudinal waist at the sample position
(IC2 = 1.083 A and Ê0 = 0.79 MV/m). Finally, the current for the objective lens is set
such that the focal length of the lens corresponds to the distance (L = 0.37 m) of the lens
to the detector (IObj = 3.810 A, see Fig. D.1). The beam propagation calculated with
the electron-optical model, both for σx and στ , is shown by the red curves in Fig. 5.16.

GPT simulations have been performed with 1000 macroparticles for the same settings,
without space charge (black curves) and with space charge (blue curves) for Qt = 100 e−.
The charge density in this case corresponds to a charge density for 10 fC with an initial
spot size of σx = 25µm.

The curves calculated with the electron-optical model agree well with the curves ob-
tained from the GPT simulations without space charge. The largest discrepancy occurs at
the first condenser lens. The first condenser lens is positioned very close to the cathode,
therefore at the cathode Bz,0 6= 0. Therefore, the canonical momentum Pϕ 6= 0, as is
assumed in the derivation of Eq. (5.35) (see Sec. 5.3.2). A remark is that a relatively
small initial spot size of σx = 1µm has been chosen; aberrations, which have not been
included in the electron-optical model, become relevant for larger spot sizes. A compar-
ison with the GPT simulations with space charge, shows that the main deviation occurs
for the longitudinal direction. The displacement of the longitudinal waist position is rela-
tively small, and the electron-optical model can be used as a good starting point for GPT
simulations with space charge.

5.5 Conclusions and recommendations

For ultrafast electron diffraction (and microscopy) to fully advance to the study of complex
samples, which typically implies the study of non-reversible processes and which requires
high beam quality (e.g. 100 µm, 100 fs, and 100 fC electron bunches in combination
with a coherence length of a few nanometer), it is essential to use 4D electron-optical
elements which allow both transverse and longitudinal manipulation of electron bunches.
The propagation of electron bunches through these 4D electron-optical elements has been
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Figure 5.16: Electron optical model versus GPT simulation of complete setup.
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studied in this chapter, using the paraxial approximation for cylindrical symmetry, ex-
pressed by Eq. (5.35). Also the longitudinal on-axis propagation has been studied, which
is described by Eqs. (5.39) and (5.40). In Sec. 5.4, the theory of Sec. 5.3 is applied to
our UED setup. The generation of electron bunches in a DC photogun (static E-field),
the propagation through a magnetic coil (static B-field), and the propagation through a
TM010 cavity (dynamic E- and B-fields) have been described using Gaussian beams and
transfer matrices (based on a thick lens approach).

In Sec. 5.4.4, the propagation of electron bunches through the complete UED setup
was described and compared with GPT simulations with and without space charge. For
a relatively small initial beam size of 1µm, the electron-optical model agrees well with
the GPT simulations without space charge. Compared to the simulations with space
charge (for a charge density comparable to 10 fC from a 25µm spot), the model deviates
mainly for the longitudinal propagation. Still the model agrees reasonably well with the
simulations and the model provides a good basis for an estimation of, e.g., the position
of a beam waist.

Two effects which limit the accuracy of the model near the DC photogun are: space
charge effects which are especially important inside the DC photogun where the charge
density is highest; the fields of the photogun and the first condenser coil overlap, whereas
non-overlapping fields are an assumption in the model. It can therefore be useful to
simulate the generation of the electron bunch and the propagation through the first lens
with GPT, and to described the propagation after the first lens using the electron-optical
model. This also fits well with the typical usage of the setup, in which the beam alignment
is mainly controlled with the elements after the first lens (and thus the propagation
through the first lens remains constant). This combination of simulations and model has
been applied to analyze waist scans, as described in Sec. 6.2.2.

The main applications in which the electron-optical model can be very useful, are: to
provide a good starting point for simulations or beamline design; to enable fast fitting
with experimental data (see Sec. 6.2.2); or to provide an understanding of the bunch
behaviour, e.g. to understand the field stength and phase dependence of the cavity (see
Sec. 6.3.1).

Recommendations for further research are: deriving an analytical expression for the
parameter aτ in the model of the DC photogun; deriving an analytical expression for
the phase difference ∆φ in the model of the TM010 cavity; including aberrations into the
model; a detailed study of beam propagation including space charge.
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Abstract

Experiments have been performed to measure the duration and transverse coher-
ence length of electron bunches for single-shot diffraction which are dominated by
space-charge effects. Waist scan measurements have been performed to determine
the transverse emittance for electron bunches dominated by space charge. The
waist scan measurements are analyzed using the generalized perveance to include
space charge. For 10 fC bunches, fitted parameters using this model are in good
agreement with parameters determined from GPT simulations, while for 100 fC
and 1 pC the agreement becomes less good. For bunch compression with a TM010

cavity, coarse optimization of the phase and field amplitude can be performed using
the defocusing effect of the cavity and the plasma effect on a TEM grid. For accu-
rate bunch length measurements of single electron bunches, streak measurements
with a TM110 cavity have been performed. Bunch durations below 100 fs have been
measured for compressed electron bunches of 250 fC.
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6.1 Introduction

Electron bunches are fully characterized by their distribution in 6D phase space. If a
Gaussian distribution is assumed which is symmetric in the transverse direction, the
electron bunch is described by the following five parameters: the total charge Q, the
transverse root-mean-square (rms) bunch size σx, the transverse rms emittance εx, the
longitudinal rms bunch duration στ , and the longitudinal rms emittance εz. The charge
and the transverse bunch size are relatively straightforward to measure. The charge can
be measured with a Faraday cup and the bunch size can be measured directly with an
electron detector. Especially for single-shot electron diffraction, the sensitivity of the
charge measurements or the resolution of the electron detection are typically sufficient.

Methods to measure the transverse emittance εx and the longitudinal bunch duration
στ are described in this chapter. The transverse emittance εx can be determined using
waist scans, which are described in Sec. 6.2. The longitudinal bunch duration στ can be
measured using a plasma effect on a TEM grid and through streaking of the bunch with
a TM110 cavity. These methods are described in Sec. 6.3.

6.2 Emittance measurements

The transverse emittance εx can be determined using waist scans. In this section, the
method is described and the influence of bunch charge is considered. Another method to
determine εx, which is not discussed here, is through “pepper-pot measurements” with
a TEM grid. In this method the local angular spread as a function of bunch position is
measured; details can be found in [1].

6.2.1 Transverse emittance from a waist scan

Emittance is a measure for the focusability of a beam and can be measured through a
waist scan. The principle of a waist scan is to measure the electron beam size σx as a
function of lens strength at a fixed position after the (electron-optical) lens. Using the
theory of Gaussian beams, as described in Sec. 5.3.5, the beam propagation (without
space charge) can be calculated for this waist scan. Starting with a beam in a waist
given by σ0 and q0 = zRi and using the transfer matrix

(
a b
c d

)
for the setup between this

waist and the measurement position, it can be derived (provided that the bunch is not
accelerated/decelerated) that the waist size at the measurement position becomes:

σx = σ0

√
a2 +

(
b

zR

)2

(6.1)

with a and b given as a function of the lens strength, σ0 and zR can be used as fit
parameters. The transverse emittance is then given by εx = σ2

0/zR.
A different equation is required to include the effect of space charge on a waist scan.

If the assumption is made that σz is sufficiently long, than the propagation including
space charge can be described to a reasonable approximation with the single differential
equation given by Eq. (5.62). The generalized perveance K in Eq. (5.62) is given by
K ' 4.2× 10−4I for a continuous 100 keV electron beam with current I [2].

6.2.2 Waist scans for different bunch charges

Figure 6.1 shows waist scans performed in the UED setup for 100 keV electron bunches
with bunch charges of 10 fC, 100 fC, and 1 pC. The UED setup is described in Chapter
2 with an illustration of the setup in Fig. 2.1 and with the positions of the beamline
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elements in Table 2.2. The bunches have been created from a laser spot on the cathode
with an rms size σx = 25.0± 0.2µm. The second condenser lens has been used to change
the focusing strength, with the first condenser lens at a constant current of 2.91 A. During
the waist scans, the compression cavity was removed from the setup, the sample was kept
out of the beamline, and the current for the objective lens was set to zero.

Each data point in Fig. 6.1 has been obtained from five bunches imaged onto the
detector (with one image per bunch). For each image the background is subtracted and the
beam center is determined from integrated intensity profiles, along both the horizontal and
vertical direction, which are fitted with a Gaussian function. The pixel intensity is plotted
as a function of the distance to the beam center and fitted with a Gaussian function, which
provides the rms beam width. The analysis assumes in principle a cylindrically symmetric
Gaussian electron distribution. This assumption is valid for 10 fC bunches, but for 100 fC
and especially for 1 pC bunches the distribution becomes less Gaussian, less symmetric,
and less smooth, as is visible in Fig. 6.2. Although the distribution becomes distorted
due to space-charge effects, including image charge forces during photoemission (limiting
the maximum current density, see Chapter 3), the analysis method nevertheless provides
a reasonable rms beam width.

Space-charge effects are not negligible for the performed waist scans, therefore it will
not work to fit Eq. (6.1) to the measured curves. Instead, Eq. (5.62) is used to describe
the beam propagation with the generalized perveance K as a fit parameter. The initial
beam for Eq. (5.62) is calculated with the transfer matrix from Appendix D for the second
condenser lens, with as input a Gaussian beam given by the transverse emittance εx and
the virtual source size σ0 at position zo, which are all used as fit parameters. The fitted
curves are shown in Fig. 6.1. The fitted parameters, with 95% confidence bounds from
the fitting routine, are listed in Table 6.1.

The initial beam parameters are compared with theoretical parameters for 0 fC (i.e.
without space charge) calculated with the beam model from Chapter 5 and with parame-
ters obtained from particle tracking simulations with GPT [3]. The GPT simulations are
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Figure 6.1: Waist scans for different bunch charges.
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Figure 6.2: Top row: images of electron bunches for IC2 = 0.1 A for 10 fC, 100 fC, and 1 pC
(from left to right); the black lines indicate the fitted beam center and rms beam width. Bottow
row: horizontal lineouts (black curves) averaged over 40 pixels in the vertical direction; the
lineouts are fitted with Gaussian functions shown by the red curves.

performed for the gun and the first magnetic coil using 10000 macroparticles with space
charge included using the mesh-based 3D space routine in GPT (except for 0 fC, where
no space charge is included). For both the calculations and the simulations, a Gaussian
beam at the cathode with σγβ = 10−3, σr = 25µm, and στ = 100 fs is assumed. The
parameters εx, σ0, and zo are determined at the position of the second condenser lens
and are presented in Table 6.2. The deviation between the theoretical and simulated
parameters for 0 fC can be attributed to the fact that the field from the first magnetic
coil is not negligible inside the gun, which is assumed for the theoretical beam model.

Table 6.1: Fitted beam parameters

Q εx σ0 zo K
[ nm] [µm] [ m] [−]

10 fC (39± 2) (159± 2) (−0.67± 0.05) (8.1± 0.6)× 10−8

100 fC (41± 3) (145± 12) (−2.63± 0.25) (5.1± 0.2)× 10−7

1 pC (198± 15) (303± 18) (−2.52± 0.09) (1.9± 0.1)× 10−6

Table 6.2: Beam parameters from theory/GPT

Q εx σ0 zo στ K
[ nm] [µm] [ m] [ ps] [−]

0 fC (theory) 38.1 194 0.542 0.13
0 fC (GPT) 37.7 203 0.412 0.14

10 fC 40.5 168 -0.806 8 1× 10−7

100 fC 70.7 130 -1.032 19 6× 10−7

1 pC 285 273 -1.312 29 4× 10−6
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The difference between the parameters without and with space charge clearly shows the
effect of space charge on emittance and beam divergence.

Comparing Table 6.1 with Table 6.2, the parameters are in very good agreement for
10 fC. For uncompressed bunches of 10 fC, the model with the generalized perveance is
thus a very useful tool to analyze emittance measurements. For 100 fC and 1 pC, the
model and the GPT simulations start to deviate; it is interesting to note that the fitted
emittances are actually lower than the emittances obtained from GPT simulations. One
possible explanation is that the non-linear photoemission process (see Chapter 3), which
is not included in the GPT simulations, causes a more uniform transverse distribution
or longer pulses; both effects could explain a lower emittance. On the other, the model
with the generalized perveance is quite a simplification of the real beam dynamics. The
real beam profiles, as shown in Fig. 6.1, are somewhat asymmetric, especially for 1 pC.
This will influences the space-charge dynamics during propagation and causes a deviation
from the model with the generalized perveance that was applied to fit the data. Including
these space-charge effects in analytical expressions will be very complicated. However,
as an alternative, the measured waist scans curves could be fitted with simulated curves
from GPT using the measured beam profiles.

For a bunched electron beam, we can make estimates for K based on the following
approximation for the current: I ' Q/4στ (∼63% of the peak current). The bunch length
στ at the detector can be obtained from the GPT simulations. The values of στ from
the GPT simulations and the estimated values of K are given in Table 6.2. The order of
magnitude of the estimated values for K agrees well with the fitted values.

6.3 Bunch length measurements

Two methods to accurately determine the electron bunch length στ are streaking of the
bunch [4] and ponderomotive scattering [5–7]. The advantage of streaking is that the
bunch length of a single electron bunch can be determined. Streaking measurements with
a TM110 cavity are presented in Sec. 6.3.3. First, phase optimization of the TM010 cavity
for bunch compression is discussed in Sec. 6.3.1. In Sec. 6.3.2, coarse bunch length
measurements using a plasma effect on a TEM grid are discussed.

6.3.1 Optimization of compression phase

To optimize the phase of the TM010 compression cavity, the transverse focusing/defocusing
of the cavity, as described in Chapters 4 and 5, can be exploited. The transverse defocusing
of the cavity is strongest at approximately the phase of maximal compression. An example
is given in Fig. 6.3, with the configuration described in Sec. 5.4.4 as a starting point (but
with the objective lens off). The plots shows how the pulse length at the sample and the
spot size at the detector change as a function of the field strength and the phase of the
cavity. For a constant field amplitude, the phase for optimal compression corresponds to
the phase for the minimal spot size on the detector.

Note that the plots in Fig. 6.3 depend on the chosen starting point (i.e. lens settings);
in this case, the configuration described in Sec. 5.4.4. For that configuration, both a
transverse and a temporal waist are formed at the position of the sample, see Fig. 5.16.
In the lab, this would typically not be the starting point. However, the optimal settings
can be found by iteratively using this method to optimize the settings for the longitudinal
waist at the sample, and using another method to optimize the transverse waist at the
sample.
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Figure 6.3: Bunch length στ at the sample and bunch size σx at the detector as a function of
the field amplitude E0 and phase offset φ0 of the compression cavity. The black lines indicate
the minimal pulse length at the sample.

6.3.2 Measurements with a TEM grid

As described in Sec. 2.3.3, a plasma generated by the pump laser on a TEM grid can be
used to determine the temporal overlap (t = 0) between the pump and probe beam. The
effect can also be used for a coarse measurement of the electron bunch length. Figure 6.4
shows detector images recorded during such a t = 0 measurement. The pump laser beam
with an energy of 186 ± 2µJ per pulse was focused with a f = 500 mm lens onto a 400
mesh (=lines/inch) TEM grid with an amorphous carbon film on top. The two images
on the left have been recorded while the compression cavity was off. When the electron
bunch passes the grid before the arrival of the pump pulse (t < 0), no plasma effect is
visible; when the electron bunch passed after the pump pulse (t > 0) the effect of the
plasma is visible in the center. The two images on the right have been recorded with the
compression cavity at a field amplitude E0 = 1.46 MV/m. The defocusing action of the
cavity is visible through the enlarged electron bunch. With the compression cavity on,
the effect of the plasma becomes more pronounced. In Figure 6.5 the relative intensity
change of the detector image at the position of the plasma effect is plotted as a function of
the delay between the pump and probe beams. The delay has been adjusted based on the
estimated position of t = 0. With the compression cavity on, the plasma effect appears
more abrupt and the relative intensity change of the effect is stronger. To fit the data, a
step function multiplied with exponential decay and convoluted with a Gaussian function

t<0

compression off

t>0

compression off

t<0

compression on

t>0

compression on

Figure 6.4: Plasma effect on TEM grid shown by detector images of an electron bunch passing
through the grid before and after t = 0 with the compression cavity off (left images) and with
the cavity on (right images).
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Figure 6.5: Relative intensity change of the plasma effect as a function of delay with the com-
pression cavity off (left figure) and with the cavity on (right figure).

with width στ has been used. The fitted curves and the fitted bunch length στ are shown
in Figure 6.5. The graphs show clearly that the pulse length is reduced from 16 to 1.2
ps due to the bunch compression. The temporal resolution of this method, however, is
limited due to the intrinsic time constant for the plasma formation [8].

6.3.3 Streak measurements1

The electron bunch length can be determined more accurately by streaking the bunch
with a TM110 cavity, which sustains an oscillating magnetic field perpendicular to the
direction of the electron beam [4]. The phase of the cavity field can be synchronized to
the photoemission laser pulse, such that the first electrons are deflected towards the top of
the detector behind the cavity, while the last electrons are deflected towards the bottom
of the detector, thus forming a streak. The electron bunch length can be determined from
the length of the streak on the detector.

Streak measurements have been performed with the setup illustrated in Figure 6.6.
Note that the positions of the beamline elements deviate from the description in Chapter
2. Not shown in the illustration are the detector behind the cavity and a 10µm slit in
front of the TM110 streaking cavity. The slit is used to improve the time resolution of the
measurement.

The result of streak measurements for electron bunches at 95 keV with an average
charge of Q ' 250 fC are shown in Figure 6.7. The measured bunch length στ is shown as
a function of the field amplitude E0 in the TM010 compression cavity. A clear minimum
of the bunch length is observed at a field amplitude of 2.2 MV/m. The large variation
in bunch length at this minimum is attributed to fluctuations in bunch charge. The
shortest measured rms bunch length is 67 fs. The data has been compared with particle
tracking simulations using GPT [3]. The simulations are in close agreement with the
measurements.

1These results have been published by T. van Oudheusden, P.L.E.M. Pasmans, S.B. van der Geer, M.J. de
Loos, M.J. van der Wiel, and O.J. Luiten in Physical Review Letters 105, 264801 (2010).
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Figure 6.6: Setup used for streak measurements, consisting of the photogun, two magnetic coils,
a TM010 cavity for bunch compression, and a TM110 cavity for streaking. The electron bunches
are illustrated in red.
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Figure 6.7: Measured electron bunch length στ as a function of the field amplitude E0 in the
TM010 compression cavity.
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6.4 Conclusions and recommendations

An electron bunch with a known distribution can be characterized by the charge Q, the
transverse bunch size σx, the transverse emittance εx, the longitudinal bunch length στ ,
and the longitudinal emittance εz. In Sec. 6.2 is described how εx can be determined using
waist scans. The generalized perveance K is used to describe waist scans for bunches dom-
inated by space-charge effects. Waist scan measurements fitted with the model including
space charge show that for 10 fC bunches the fitted parameters are in good agreement with
parameters determined from GPT simulations, while for 100 fC and 1 pC the agreement
becomes less good. For further investigations it would be interesting to study the effect of
the electron distribution using GPT simulations, where the effect of space-charge-limited
photoemission as described in Chapter 3 could be included.

A variation for the waist scan measurements could be to include a sample in the
beamline. Preliminary measurements with a monocrystalline gold sample have shown an
increased emittance which could be attributed to the added uncorrelated beam spread
from the sample [9]. Also the diffracted beams can be used for waist scan measurements
with the objective behind the sample as the adjustable lens element. In this case the exact
illumination conditions for a diffraction experiment can be applied and the space-charge
effects behind the sample might be reduced for a diffraction beam, which could provide
an accurate measurement of the emittance at the sample position for bunches dominated
by space charge.

In Sec. 6.3 is described how στ can be measured. For bunch compression with a
TM010 cavity, coarse optimization of the phase and field amplitude can be performed using
the defocusing effect of the cavity and the plasma effect on a TEM grid. For accurate
bunch length measurements of single electron bunches, streak measurements with the
TM110 cavity can be performed. However, the size of the used cavity (R ∼ 60 mm)
forms a limiting factor for performing quick characterization of the bunch length at the
sample position prior to diffraction measurements. With a compact, dielectric-filled streak
cavity (R ∼ 10 mm) developed in our group [10], the cavity could be mounted to the
sample manipulator inside the sample chamber, which would enable quick characterization
measurements.

Combination of the waist scan measurements with bunch length measurements us-
ing the compact streak cavity would be ideal for further characterization of compressed
electron bunches. With additional measurements of the energy spread σE , it would be
interesting to study the complete phase space representation of (compressed) electron
bunches. These measurements could be performed as a function of the laser intensity
and profile at the photocathode, for example to create waterbag bunches [11], and as a
function of the settings of the magnetic lenses and the compression cavity parameters.
These measurements could be analyzed using the photoemission theory from Chapter 3
and the electron optical model from Chapter 5 in combination with space-charge models
and GPT simulations to include space charge.
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Electron diffraction theory

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.2 Electron scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.2.1 Elastic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.2.2 Inelastic scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.2.3 Total cross section and mean free path . . . . . . . . . . . . . . . . . . . 106

7.3 Kinematical diffraction theory . . . . . . . . . . . . . . . . . . . . . . . 107
7.3.1 Crystal lattices and reciprocal lattices . . . . . . . . . . . . . . . . . . . 107
7.3.2 Bragg condition, Laue condition, and Ewald sphere . . . . . . . . . . . . 108
7.3.3 Structure amplitude and lattice amplitude . . . . . . . . . . . . . . . . . 109
7.3.4 Debye-Waller factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

7.4 Quality of electron diffraction patterns . . . . . . . . . . . . . . . . . 111
7.4.1 Sample quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.4.2 Coherence length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.4.3 Required bunch charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.5 Conclusions and recommendations . . . . . . . . . . . . . . . . . . . . 114

Abstract

Kinematical diffraction theory and the quality of electron diffraction patterns are
treated. Important factors for the quality of a diffraction pattern are the quality
of the sample, the (transverse) coherence length of the electron bunch, and the
total charge used to build up the diffraction pattern. The requirements for the
electron bunches depend strongly on the sample and the application. To obtain
a high quality diffraction pattern with a signal-to-noise ratio SNR of 100 and a
resolution of 0.1 nm, a charge of 1 pC with a coherence length of 0.5 nm may be
sufficient for a solid-state sample, whereas 1 nC with a coherence length of 5 nm
may be required for a protein sample.
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7.1 Introduction

The wave nature of electrons manifests itself through electron diffraction. Three years
after De Broglie formulated his theory on the wave-particle duality of matter in 1924,
Thomson and Davisson independently proved the theory experimentally through electron
diffraction and shared the Nobel prize for physics in 1937 for their work. Nowadays,
electron diffraction is commonly applied in Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM).

In this chapter, an overview is presented of kinematical diffraction theory. The kine-
matical approximation for electron diffraction implies that the incident wave is undimin-
ished and scattered only once by the material (the first Born approximation), i.e. the
scattering is weak, and that the wave behaviour is a characteristic of individual electrons,
i.e. interactions between electrons can be neglected [1, 2]. Electron scattering is described
in Sec. 7.2, the kinematical diffraction theory in Sec. 7.3, and in Sec. 7.4 the quality of
electron diffraction patterns is considered.

The diffraction theory will be used in the following chapters for the analysis of mea-
sured diffraction patterns on gold and graphite samples. Since a 100 kV DC photogun is
used in our setup, the examples in this chapter are calculated for 100 keV electrons.

7.2 Electron scattering

The wavelength of electrons with momentum p = γβmc (see Sec. 5.2) is given by λ =
h/p = 2.426/γβ in pm. The momentum vector p is related to the wave vector k ≡ p/h.
For the magnitude of the wave vector, both the (spectroscopic) wavenumber k ≡ p/h =
1/λ and the angular wavenumber k ≡ p/~ = 2π/λ are used in literature, which may lead
to confusion. In this thesis, the spectroscopic wavenumber is used.

7.2.1 Elastic scattering

Elastic scattering is defined as the collision between two particles in which the total kinetic
energy and momentum are conserved, but their direction of propagation is modified. For
an electron scattered by an atom at r = 0, the (time-independent) electron wave ψs
can be represented by an unscattered, plane wave and a scattered, spherical wave with a
scattering amplitude f(∆k):

ψs = ψ0

[
exp (2πik0 · r) + f(∆k)

exp (2πik · r)

|r|

]
(7.1)

where ∆k ≡ k − k0 is the difference between the incident and outgoing electron wave
vectors. The scattering amplitude (or scattering factor) is related to the elastic differential
cross section through: dσel/dΩ = |f(∆k)|2. For small scattering angles (θ < 0.1 rad),
f(∆k) can be calculated by the so-called WKB method (Wentzel, Kramer, Brillouin) or
by the Born approximation; the exact solution of the Schrödinger equation can be obtained
by partial-wave analysis [2]. The scattering amplitude in the first Born approximation is:

f(∆k) = − γme

2π~2

∫
V (r′) exp (2πik · r′)d3r′ (7.2)

which is proportional to the Fourier transform of the potential V (r′) seen by the incident
electron as it goes through the scatterer. When V (r′) is the potential of a single atom,
f(∆k) is also called the atomic form factor. The Coulomb potential V (r′) of an atom is
formed by the point-like positive nucleus which is screened by the atomic electron cloud.
For large scattering angles, i.e. when electrons pass close to the nucleus (penetrating
the electron cloud), the potential V (r′) can be approximated by the unscreened nucleus
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(Rutherford scattering). For small scattering angles, i.e. when electrons pass further
from the nucleus, the screening of the nuclear charge has to be taken into account. For
an approximate analytical model, a simple “screened Coulomb” potential can be used [1,
2]:

V (r) = − e2Z

4πε0r
exp (−r/R) (7.3)

with the proton number Z, the effective Bohr radius R ≡ a0Z
−1/3, and the Bohr radius

a0 ≡ ε0h
2/πmee

2 = 52.9 pm. For the Born approximation combined with the simple
screened Coulomb potential, the scattering amplitude becomes:

f(θ) =
2ZR2γ

a0

1

1 + (θ/θ0)2
= 2a0Z

1/3γ
1

1 + (θ/θ0)2
(7.4)

with θ0 = λ/2πR. More accurate electron density distributions can be calculated for free
atoms using the Thomas-Fermi model or the Hartree-Fock method, or for solids using
the muffin-tin approximation which describes the electronic band structure in a solid.
In this thesis, the NIST electron elastic-scattering cross-section database is used, which
is calculated from a relativistic Dirac partial-wave analysis in which the potentials were
obtained from Dirac-Hartree-Fock electron densities computed self-consistently for free
atoms [3]. Although this database does not account for the band structure in a solid,
it is sufficiently accurate for the purposes of the calculations in this thesis. The elastic
differential cross sections from the NIST database and from Eq. (7.2) are compared in
Fig. 7.1 for 100 keV electrons scattering from a carbon atom (Z = 6).

7.2.2 Inelastic scattering

With inelastic scattering, a part of the kinetic energy of the incident electron is converted
into excitation of the atom. The following excitation mechanisms may be distinguished
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Figure 7.1: Differential cross sections dσinel/dΩ as a function of the angle θ for 100 keV electrons
scattering from a carbon atom (Z = 6). The elastic cross sections are calculated with Eq. (7.2)
(dashed line) and obtained from the NIST database (solid line). The inelastic cross section is
calculated with Eq. (7.5) (dotted line).
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[2]: excitation of oscillations in molecules and phonon excitations in solids (∆E ' 0.02-
1 eV); intra- and interband excitations of the outer atomic electrons and excitation of
collective oscillations (plasmons) of the valence and conduction electrons (∆E ' 3-25
eV); ionization of core electrons in inner atomic shells (∆E ' 10-2000 eV). The energy
losses are used in electron energy-loss spectrocopy (EELS) to study material properties.
For electron imaging and diffraction, the inelastic scattering processes are less localized
than elastic scattering and cannot contribute to high resolution, but are relevant because
of the inelastic background. If the details of the energy-loss spectrum are not considered,
an approximate inelastic differential cross section is given by [2]:

dσinel
dΩ

=
λ4γ2

4π4a2
0

Z
1− 1

[1+(θ2+θ2E)/θ20]2

(θ2 + θ2
E)2

(7.5)

with θE = J/2γβ2mec
2 for the mean ionization energy J ' 13.5Z[ eV] of the atom (the

mean energy loss ∆E ' J/2). The inelastic differential cross section from Eq. (7.5) for
100 keV electrons scattering from a carbon atom (Z = 6) is plotted in Fig. 7.1.

7.2.3 Total cross section and mean free path

The total cross section σt = σel + σinel is obtained after integration of the differential
cross sections dσ/dΩ:

σt = 2π

π∫
0

(
dσel
dΩ

+
dσinel

dΩ

)
sin θdθ (7.6)

Integration of Eq. (7.4) yields σel ∼ Z4/3; however, the screening model used in Eq.
(7.3) is too simple for high Z. Using a more accurate screening model, the total elastic

cross section can be expressed by the approximate formula σel ' 1.5 × 10−6Z3/2(1 −
0.23Z/137β)/β2[ nm2] for Z/137β < 1.2 [2]. An empirical relation between the elastic
and inelastic cross sections is given by [2]:

σinel
σel
' 20

Z
(7.7)

The mean-free-path length l in a material, i.e. the average distance between two scattering
events, is related to the total cross section σt:

l =
1

nσt
(7.8)

with n the number of atoms or molecules per unit volume. The fraction Ft of scattered
electrons after a distance z is given by Ft = 1− exp (−z/l). Table 7.1 lists the mean-free-
path length for 100 keV electrons in some materials, including the protein hydrophobin
(HFBII), calculated using the elastic cross section from the NIST database and the in-
elastic cross section estimated with Eq. (7.7), for densities at room temperature.

The total cross section and mean free path can also be used to estimate the fraction
of multiply scattered electrons. If the assumption is made that an electron scatters only
once per layer of thickness ∆z, the elastically scattered fraction per layer is fe = 1 −
exp (−nσel∆z), the inelastically scattered fraction is fi = 1 − exp (−nσinel∆z), and the
unscattered fraction is fu = 1− fe − fi. After N layers, if path-length differences due to
the scattering angles are neglected, the unscattered fraction is Fu = fNu , the elastically
scattered fraction is Fe = NfN−1

u fe, the inelastically scattered fraction is Fi = NfN−1
u fi,

and the multiply scattered fraction is Fm = 1−Fu−Fe−Fi. Figure 7.2 shows the scattered
fractions as a function of sample thickness for graphite (using ∆z = 0.3354 nm i.e. the
distance between graphene sheets) with 100 keV electrons. In Sec. 8.3.2, the calculated
fractions are used in the analysis of diffraction patterns measured from graphite samples.
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Table 7.1: Mean-free-path length of some materials for 100 keV electrons

material σel σinel ρ n l
a20 a20 kg/m3 m−3 nm

gold (Au, Z = 79) 7.48× 10−1 1.89× 10−1 1.93× 104 5.90× 1028 6.46
graphite (C, Z = 6) 2.87× 10−2 9.58× 10−2 2.27× 103 1.14× 1029 25.2

aluminum (Al, Z = 13) 9.14× 10−2 1.41× 10−1 2.70× 103 6.03× 1028 25.5
silicon (Si, Z = 14) 1.05× 10−1 1.50× 10−1 2.33× 103 4.99× 1028 28.0

hydrophobin (HFBII) 4.01× 101 1.36× 102 1.02× 103 3.41× 1025 59.4
water (H2O) 3.52× 10−2 1.33× 10−1 1.00× 103 3.34× 1028 63.5

7.3 Kinematical diffraction theory

7.3.1 Crystal lattices and reciprocal lattices

The theoretical treatment of electron diffraction on crystals needs the concepts of lattice
planes and reciprocal lattices [1, 2]. A crystal lattice consists of a regular array of unit
cells, which are the smallest building blocks of the lattice. The origins of the unit cells
can be described by a translation vector:

rg = ma1 + na2 + oa3 (7.9)

with m,n, o ∈ Z. The unit cell contains atoms at the positions:

rk = ua1 + va2 + wa3 (7.10)

with u,w, v ∈ R. Three dimensional crystal lattices can be categorized into 7 crystal
systems, 14 Bravais lattices, or 230 space groups [4].

The reciprocal lattice is useful to describe the Laue diffraction condition, as will be
discussed in the following section. Each vector of the reciprocal lattice corresponds to a
set of lattice planes. The translation vectors a∗j of the reciprocal lattice are defined as:

ai · a∗j = δij =

{
0 if i 6= j
1 if i = j

(i, j = 1, 2, 3) (7.11)
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Figure 7.2: Scattered fractions as a function of sample thickness t for graphite with 100 keV
electrons.
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One acceptable choice of primitive reciprocal-lattice vectors is:

a∗1 =
a2 × a3

a1 · (a2 × a3)

a∗2 =
a3 × a1

a2 · (a3 × a1)

a∗3 =
a1 × a2

a3 · (a1 × a2)

(7.12)

Note that the product a1 · (a2 × a3) equals the volume of the unit cell.

7.3.2 Bragg condition, Laue condition, and Ewald sphere

The Bragg condition for diffraction on lattice planes with spacing dhkl is given by:

∆s = 2dhkl sin (θB) = λ (7.13)

with θB = θi = θo as shown in Fig. 7.3. If the Bragg condition is met, electrons
which scatter from atoms in different planes interfere constructively, since the path-length
difference ∆s equals an integer number of wavelengths (rays 1 and 2 in Fig. 7.3). The
incident and outgoing rays need to make equal angles with the plane (i.e. θi = θo), such
that atoms within a single lattice plane interfere constructively (rays 2 and 3 in Fig. 7.3).
The total diffraction angle is given by θi + θo = 2θB. Note that also ∆s = nλ can be
used; however, e.g., ∆s = 2λ for d100 is equivalent to ∆s = λ for d200.

The Laue condition is the Bragg condition in vector notation. For an incoming wave
vector k0 which scatters into k, the Laue condition is given by:

∆k ≡ k − k0 = ha∗1 + ka∗2 + la∗3 ≡ g (7.14)

with the reciprocal lattice vector g. Deviation from the exact Laue condition (∆k = g)
can be described by the excitation error (or deviation vector) s = (sx, sy, sz):

∆k = g + s (7.15)

The Laue condition can be visualized with the construction of an Ewald sphere, as shown
(in 2D) in Fig. 7.4. The wavevector k0 is drawn with one end at the origin O of the
reciprocal lattice. The other end forms the center of a sphere with radius |k0| = 1/λ.

θi θo

1

2

3

dhkl
∆s

Figure 7.3: Illustration of Bragg condition ∆s = λ for electrons scattering from lattice planes
with spacing dhkl.

108



Electron diffraction theory

∆k = g ∆k = g + s

g g
s

k0k k0k

~1/t

Ewald
spheres

2θB

Ο Ο

~1/D

Figure 7.4: Ewald sphere of radius k = 1/λ in a reciprocal lattice. The left side shows wavevec-
tors for the exact Laue condition, while the right side shows wavevectors in case of an excitation
error s. The shape of the lattice points is explained in Sec. 7.3.3.

Diffraction is observed if this Ewald sphere intersects one or more points g of the recip-
rocal lattice (each diffraction peak corresponds to a reciprocal lattice point). The Laue
condition is met exactly on the left in Fig. 7.4 for the lattice point indicated with the
reciprocal lattice vector g. On the right in Fig. 7.4, k0 ⊥ g and the Ewald sphere inter-
sects the lattice point g with an excitation error s. The intensity of the diffraction peak
depends on the excitation error and the shape of a lattice point which is given by the
lattice amplitude, as described in the following section.

7.3.3 Structure amplitude and lattice amplitude

The Bragg and Laue conditions provide information on the positions of diffraction peaks,
but not on the peak intensities. The amplitude of the scattered wave in the direction k can
be obtained from the Fourier transform of the crystal lattice using Eqs. (7.1) and (7.2).
The potential of the crystal is given by the sum of the atomic potentials: V =

∑
Vat. For

diffraction, only elastic scattering is considered, since inelastic scattering is less localized
and less coherent due to the energy losses. The diffracted wave after elastic scattering
from a crystal, is given by:

ψg(∆k) = ψ0
exp (2πik · r)

|r|
∑

m,n,o,k

fk(∆k) exp [−2πi∆k · (rg + rk)]

= ψ0
exp (2πik · r)

|r|
∑
k

fk(∆k) exp [−2πi∆k · rk]︸ ︷︷ ︸
F

·
∑
m,n,o

exp [−2πi∆k · rg]︸ ︷︷ ︸
G

(7.16)
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where fk(∆k) is the atomic form factor for the k-th atom in the unit cell and (m,n, o)
are the unit cells given by the translation vector from Eq. (7.9). The factor F is the
structure amplitude (or structure factor) and depends only on the positions and type of
atoms inside the unit cell. The factor G is the lattice amplitude (or shape factor) and
depends only on the external shape of the crystal. The lattice amplitude can be rewritten
using Eq. (7.15):

G =
∑
m,n,o

exp [−2πi(g + s) · rg] =
∑
m,n,o

exp [−2πis · rg] (7.17)

since g · rg ∈ Z by definition of the reciprocal lattice. The phase 2πis · rg varies very
slowly moving through the crystal from one unit cell to another. The triple sum can
therefore be replaced by an integral over the crystal volume V :

G =
1

Ve

∫∫∫
V

exp [−2πi(sxx+ syy + szz)]dxdydz (7.18)

where Ve = a1 · (a2×a3) is the unit cell volume. For a unit cell with volume Ve = a1a2a3
(orthorhombic lattice) and G = GxGyGz:

Gx =
1

a1

∫
Lx

exp (−2πisxx)dx =
sin (πsxNxa1)

sin (πsxa1)
(7.19)

with Lx = Nxa1 and Nx ∈ Z. The total diffracted intensity Ig ∝ |F |2|G|2. Since
|Gx|2 = (Lx/a1)2 for sx = 0 and since

∫
|Gx|2dsx = Lx/a

2
1, we can define an effective

width of a reciprocal lattice point:

wx =
1

Lx
(7.20)

For a polycrystalline sample with crystallites of dimension L, the reciprocal lattice points
become concentric spheres with an inner sphere of dimension 1/L. Due to the polycrys-
tallinity and the size distribution of crystallites, the diffraction pattern consists of rings
with a lineshape of typical width 1/〈L〉 described by a Lorentzian function [1]. For a
monocrystalline sample with thickness t and a domain size of diameter D, the reciprocal
lattice points become needles with a typical length of 1/t and a typical diameter of 1/D
(as shown in Fig. 7.4). For monolayer samples (e.g. for a grapheen sheet), i.e. t → 0,
the needles become infinitely long and the Ewald sphere always intersects the reciprocal
lattice points. For thick samples with t > 1/sz, the diffraction peaks become very weak
or extinguish. However, for samples with a thickness of a few mean-free-path lengths,
the kinematical diffraction theory becomes unsuited and should be replaced by dynamical
diffraction theory [1, 2, 5].

7.3.4 Debye-Waller factor

The atoms in the crystal are not stationary due to the temperature at which the experi-
ment is carried out and as a result of the uncertainty principle [2, 6]. This temperature ef-
fect on diffraction results in loss of intensity. The Debye-Waller factor W (T ) = 2π2g2〈u2〉
(with the length of the lattice vector g ≡ |g|) is used to relate the vibrational amplitude
〈u2〉 to the intensity of diffraction, which scales according to:

I

I0
= exp (−2W ) = exp (−4π2g2〈u2〉) (7.21)

110



Electron diffraction theory

The value of 〈u2〉 depends on the phonon spectrum of the crystal. The Debye model for
a monoatomic cubic crystal gives:

〈u2〉 =
3~2

MkBθD

1

4
+
T 2

θ2
D

θD/T∫
0

xdx

ex − 1

 (7.22)

where M is the atomic mass and θD the Debye temperature.

7.4 Quality of electron diffraction patterns

The quality of a diffraction pattern can be expressed by the signal-to-noise ratio (SNR)
of the diffraction peaks as a function of ∆k. The spatial resolution δ obtained from
the diffraction pattern is given by δ = 1/∆kmax, with ∆kmax the maximal ∆k value
of the diffraction peaks with a sufficiently high SNR. The required resolution and SNR
is determined by the application; e.g., measuring the lattice type of a crystal demands
much lower quality than observing small structural differences in a complex molecule as a
function of temperature. The required SNR also depends on the visibility of the diffraction
peaks as a result of peak broadening. The quality of the diffraction patterns is determined
by the sample properties and instrumental factors. The instrumental factors are the
quality of the electron beam illuminating the sample and the quality of the detection
system, including the geometric and chromatic aberrations of the objective lens, the point
spread function of the detector, and the detection efficiency.

In the remainder of this section, we consider the influence of the sample quality, the
electron bunch quality, and the required bunch charge for a good SNR.

7.4.1 Sample quality

The quality of the sample determines the best achievable diffraction pattern. The crys-
tallinity of the sample determines the intensity and minimal width wmin of a diffraction
peak by means of the lattice amplitude G: for a monocrystalline sample wmin ∼ 1/D
and for a polycrystalline sample wmin ∼ 1/〈L〉. The thickness of the sample is impor-
tant for the intensity of the diffraction peaks, through the mean free path and the lattice
amplitude. The temperature of the sample is relevant for the peak intensity because
of the Debye-Waller factor. The thickness and temperature of the sample influence the
peak width by means of an incoherent background from thermal diffuse scattering (i.e.
inelastic electron-phonon scattering) and multiple scattering. Other sample parameters
which influence the diffraction pattern are flatness, presence of defects and impurities,
and strain differences [1, 2].

7.4.2 Coherence length

The quality of an electron bunch for electron diffraction can be expressed by its coherence
[6, 7]. The degree of coherence is a measure for the correlation between two waves sepa-
rated in space or in time. The correlation in space is characterized as spatial coherence
and in time as temporal coherence. A measure for the spatial coherence of an electron

111



Chapter 7.

bunch is the spatial or transverse coherence length L⊥, typically defined as1:

L⊥ ≡
λ

2πσθ
=
~
mc

σx
εn,x

=
~
σpx

(7.23)

where λ = h/γβmc is the De Broglie wavelength of the electrons, σθ = εn,x/γβσx is
the uncorrelated (or local) angular spread, εn,x is the normalized rms emittance (see
Sec. 5.2.3), σx is the rms beam size on the sample, and σpx = σθpz is the uncorrelated
transverse momentum spread. The definition of the longitudinal coherence length L‖ is
analogous to Eq. (7.23), with σθ replaced by σpz/pz = σλ/λ:

L‖ ≡
λ2

2πσλ
=
~
mc

σz
εn,z

=
~
σpz

(7.24)

The longitudinal coherence can also be expressed by the coherence time tc:

tc =
L‖
βc

=
~
mc

στ
εn,z

=
~
σU

(7.25)

where σU is the uncorrelated (or local) energy spread.
To obtain a high-quality diffraction pattern, we can choose the quite conservative,

well-known criterion L⊥ > d100, i.e. the transverse coherence length should be larger
than the (largest) lattice spacing d100 of the sample. The broadening σθ/θ of diffraction
peaks can be expressed as a function of the coherence length using the Bragg condition:
σθ/θ100 ' d100/2πL⊥ (note that the diffraction angle θ = 2θB, see Fig. 7.3). The criterion
L⊥ > d100 thus implies σθ/θ100 < 1/2π. Peak broadening due to energy spread is given
by: σθ/θ = σλ/λ = λ/2πL‖ = [γ/(γ + 1)]σU/Uk. The criterion σθ/θ100 < 1/2π thus
implies σU/Uk < (γ + 1)/2πγ = 0.3 (for 100 keV electrons).

Coherence length for our DC photogun

For a photoemission source, typically σγβ ∼ 10−3 and σU ∼ 1 eV. The longitudinal
coherence is given by tc = 0.7 fs or L‖ = 0.1µm for 100 keV electrons. The transverse
coherence length depends on the rms laser spot at the cathode σ0 and the rms electron
spot at the sample σx: L⊥ = (σx/σ0) × 0.4[ nm]. For typical values of σ0 = 25µm and
σx = 200µm, the transverse coherence length L⊥ ' 3 nm. For a protein crystal with
d100 ∼ 5 nm, the peak broadening σθ/θ100 ∼ 0.3; the visibility of diffraction peaks is thus
still quite reasonable for crystals of this size (in case of a sufficiently high SNR). Peak
broadening due to energy spread is negligible. Due to space-charge effects and bunch
compression, the energy spread may increase to σU ∼ 1 keV for 100 keV electrons [8];
even in this case σθ/θ ∼ 5× 10−3 � 0.3

1The definition for the coherence length is derived from the optical theory of interference. Following Michelson,
a measure for the distinctness of fringes at a point P is given by the visibility V ≡ (Imax − Imin)/(Imax + Imin)
where Imax and Imin are the maximum and minimum intensities in the immediate neighbourhood of P . Using
the Van Cittert-Zernike theorem [7], the visibility for a quasi-monochromatic incoherent uniform circular source
with radius ρ and mean wavelength λ is given by V = |µ12| = 2|J1(v)/v| with v = (2π/λ)(ρ/R)d12, where µ12 is
the complex degree of coherence between two points P1 and P2 at a distance R from the source, and d12 is the
distance between these points. The spatial coherence length L is defined as the distance d12 for which v = 1 and
therefore V = 0.88, thus L = (λ/2π)(R/ρ) = λ/2πα, where α is the angular radius of the source. If α is replaced
with σx′ , we obtain the typically used definition for the spatial coherence length of electrons. Actually, since α
is used for a uniform circular source and σx′ for a Gaussian distribution, the replacement α = 2σx′ would have
been more logical.
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7.4.3 Required bunch charge

The bunch charge required to obtain a high-quality diffraction pattern (either in a single
shot or integrated over multiple shots), depends on the required SNR and resolution,
and thus on the desired application. To make some estimations for the required bunch
charge, we can assume that the required SNR = 100 for time-resolved measurements,
i.e. an accuracy of 1% in the peak intensities. If we consider only shot-noise and neglect
other noise terms, then SNR =

√
N and N = 104 diffracted electrons per peak are thus

required. For the resolution, we assume the requirement δ = 0.1 nm, comparable to
resolutions achieved with X-ray diffraction. With ∆k = 10 nm−1 and k = 270 nm−1 for
100 keV electrons, the corresponding diffraction angle θ = ∆k/k = 37 mrad.

The next step is to calculate the fraction of electrons that scatter into a diffraction
peak. For a single (isolated) atom, the elastic scattering cross section σel is obtained after
integration of dσ/dΩ = |f(θ)|2, see Eq. (7.6). For atoms in a crystal, dσ/dΩ becomes
modulated according to the structure amplitude and lattice amplitude. The structure
amplitude F varies between |F |2 = 0 and |F |2 = N2

a |f(θ)|2, with Na the number of atoms
per unit cell; the average diffraction intensity scales with Na|f(θ)|2. The lattice amplitude
G is given by Eq. (7.19). For the zeroth order diffraction peak, the (transverse) excitation
error s⊥ = ∆k and G is described by a sinc function (for small angles) with a first zero
at ∆k = Na. We can use the lattice amplitude to calculate an effective solid angle Ωeff
for the zeroth order diffraction peak:

Ωeff = 2π

1/Na∫
0

|G|2 sin θdθ ' λ2

a2
(7.26)

For the other diffraction peaks, the lattice amplitude depends on the excitation error sz
and the sample thickness. For 100 keV electrons and ∆k = 10 nm−1, the excitation error
sz = 0.2 nm−1; the influence on the lattice amplitude is thus significant for monocrys-
talline samples with a thickness t ≥ 1/πsz = 1.6 nm. However, the excitation error can be
reduced to zero for a specific diffraction peak by tilting the sample. The fraction of elec-
trons which scatter into a diffraction peak with sz = 0 is proportional to |f(θ)|2Ωeff/σel.

As examples, we estimate the required charge for a gold sample and a protein sample
for 100 keV electrons, SNR = 100, and θ = 37 mrad. For gold (Au, Z=79) with a = 0.4 nm
and if we assume that 50% scatters elastically (based on a thickness of one mean free path
and using Eq. (7.7) to estimate the inelastic cross section), we obtain that on average
0.2% of the incident electrons scatter elastically in a diffraction peak around θ = 37 mrad.
For a gold sample, the required bunch charge Q ∼ 0.8 pC. For a protein with a ∼ 5 nm,
using f(θ) from carbon (C, Z=6), and if we assume that 15% scatters elastically, we obtain
that on average a fraction 3×10−6 of the electrons scatter elastically in a diffraction peak
around θ = 37 mrad. For a protein sample, the required bunch charge Q ∼ 0.6 nC.

There are a number of remarks for these estimations. The required bunch charge
for the incident electrons depends also on the DQE of the detector and on the open
area ratio of the TEM grid. The structure amplitude F depends on the types of atoms
in the unit cell and is a factor Na higher for the most intense diffraction peaks; for a
protein Na ∼ 103 which matters significantly. The excitation error and sample thickness
have to be considered carefully for a complete diffraction pattern. Finally, for accurate
calculations of diffraction intensities, dynamical diffraction theory should be used [1, 2,
5].
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7.5 Conclusions and recommendations

In this chapter, kinematical diffraction theory has been treated and in Sec. 7.4 the quality
of electron diffraction patterns has been considered. Important factors for the quality of
a diffraction pattern are the quality of the sample, the (transverse) coherence length
of the electron bunch, and the total charge used to build up the diffraction pattern.
The preparation of high quality samples for ultrafast electron diffraction can be quite
challenging, not only for biological samples [9]. The requirements for the electron bunches
depend strongly on the sample and the application. To obtain a high quality diffraction
pattern with a signal-to-noise ratio SNR = 100 and a resolution δ = 0.1 nm, a charge
of Q ∼ 1 pC with a coherence length of Lc ∼ 0.5 nm may be sufficient for a (simple)
solid-state sample, whereas Q ∼ 1 nC with Lc ∼ 5 nm may be required for a protein
sample. For femtosecond electron diffraction measurements on weak, biological samples
susceptible to radiation damage, single-shot recording of high-quality diffraction patterns
for structure determination will thus be very challenging. However, these requirements
are also challenging for X-ray diffraction.

To study dynamics of a protein with a known structure, it could be sufficient to only
record the most intense diffraction peaks with a high accuracy, and a few pC might
therefore be sufficient. The quality of diffraction patterns acquired with a few pC of
electrons is comparable to the quality of diffraction patterns acquired in a single-shot
with an X-ray FEL [10]. Although space-charge effects are very strong in ultrashort pC
bunches, single-shot UED on complex macromolecules to study dynamics could thus be
feasible, especially in combination with an ultracold electron source and improved beam
physics.

Accurate calculations of intensities of diffraction patterns would require dynamical
diffraction theory, especially for samples thicker than the mean-free-path length [1, 2,
5]. An aspect that is treated neither with kinematical nor with dynamical diffraction
theory, is the interaction between electrons in an electron bunch. In a typical TEM, the
interaction between electrons is negligible. However, for single-shot, ultrafast electron
diffraction, the electron density becomes so high that the interactions between electrons
may influence the diffracted wave and the effects become observable in the diffraction
pattern.
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Abstract

Single-shot ultrafast electron diffraction makes it possible to study irreversible pro-
cesses and samples which are susceptible to sample damage. Experimental work
on (static) single-shot electron diffraction with uncompressed electron bunches is
described. The analysis of single-shot diffraction patterns of polycrystalline gold
and silicon agrees well with kinematical diffraction theory. The analysis of single-
shot diffraction patterns of monocrystalline graphite departs from the kinematical
diffraction theory, which is due to the relatively thick samples of 30 nm.
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8.1 Introduction

Ultrafast electron diffraction (UED) enables the study of structural dynamics with both
spatial and temporal resolution at the atomic level (∼ 0.1 nm and ∼ 100 fs). Typically
high-quality diffraction patterns required for time-resolved diffraction experiments are
obtained by integrating multiple shots, limiting UED to reversible processes. The UED
setup used in this study and as described in Chapter 2 has been designed to perform time-
resolved, single-shot diffraction experiments with 100 fs, 100 fC, and 100 keV electron
bunches. Single-shot electron diffraction makes it possible to study irreversible processes
and samples which are susceptible to sample damage, due to either the electron bunch
or the excitation pulse for time-resolved measurements, which is especially relevant for
biological samples.

In this chapter, the experimental work on (static) single-shot electron diffraction is
described. The diffraction is performed on solid-state samples with uncompressed electron
bunches, i.e. with typical bunch lengths ∼ 10 ps. The kinematical diffraction theory used
to analyze the obtained diffraction patterns is described in Chapter 7. The preparation
of samples for electron diffraction is described in Section 8.2. The recorded single-shot
electron diffraction patterns of polycrystalline gold and silicon, and of monocrystalline
graphite are presented in Section 8.3. For the monocrystalline sample, we have analyzed
the quality of the diffraction patterns as a function of bunch charge and beam quality.

8.2 Sample preparation

The preparation of high-quality samples for (ultrafast) electron diffraction is important,
since the quality of samples influences the quality of the diffraction pattern (see Sec.
7.4.1). The prepared samples have to be thin (< 100 nm), transferable to a TEM grid, and
vacuum compatible. The thin film samples are very fragile and easily damaged in a pump-
probe experiment (see Sec. 9.3). The preparation of high quality samples for femtosecond
electron diffraction can thus be quite challenging, not only for biological samples [1]. In
this section, the preparation of polycrystalline metallic films and monocrystalline few-layer
graphite is described.

8.2.1 Preparation of polycrystalline thin films

Polycrystalline samples can be prepared through deposition of a thin film on a polished
salt crystal and by transferring the film onto a TEM grid after dissolving the salt. Gold
and silicon samples have been prepared with this technique. The thin films are created
using plasma deposition (Si) or physical vapor deposition (Au) on polished NaCl crystals
of 25 × 12 × 2 mm (from International Crystal Labs). In case of silicon, the sample is
annealed (overnight ∼ 600 ◦C) after the deposition to yield a polycrystalline film. The
thickness of the films can be controlled by the duration of the deposition process. The
polished surface of the salt crystal contributes to a homogeneous film thickness. Direct
deposition of the film onto TEM grids with an amorphous carbon support is also possible,
but the film thickness will be less homogeneous. After deposition on the salt crystal, the
crystal is dissolved in distilled or deionized water. The crystal has to be lowered slowly
and slightly tilted into the water, otherwise the film might break or sink with the crystal.
This has been performed by placing the crystal on a (slightly tilted) sieve which is slowly
lowered into the water using a stage with a stepper motor. In this way, the crystal starts
to dissolve from the bottom and, once the most part of the crystal is dissolved, the film
comes apart starting from one side until the film comes apart completely and floats on
the water. The floating film can be scooped (very) carefully onto an empty TEM grid.
Fine copper 500 mesh (i.e. 500 wires per inch) grids of 1 × 1 inch have been used (from
SPI Supplies). The wires are 11.4 µm wide and the grid has an open area ratio of 60%.
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Figure 8.1: Mechanical exfoliation of graphite.

A lower mesh size (e.g. 200 mesh) would yield a higher open area ratio, but the film
becomes more fragile or might break due to sagging of the film.

8.2.2 Preparation of monocrystalline few-layer graphite

Thin monocrystalline graphite samples have been prepared using mechanical exfoliation
from high quality natural graphite crystals (Naturally GraphiteTM) [2]. The preparation
if performed by attaching a piece (∼ 1 mm) of the graphite crystal to a piece of Scotch
tape. An empty copper 200 mesh TEM grid of 3 mm diameter (from Agar Scientific) with
a chunk (∼ 1.5 mm) of crystal bond on top (QuickStick 135 Mounting Wax) is placed
on a glass plate and heated to approximately 180 ◦C, such that the crystal bond melts
and the grid becomes glued to the glass plate. While the bond is still liquid, the graphite
crystal is pressed onto the grid until the bond solidifies. The Scotch tape ensures that
no crystal bond ends up on top of the crystal. By removing the tape, a few graphene
layers are teared off from the crystal, as shown in Fig. 8.1. Although the atoms within a
sheet of graphene are tightly bound, the interlayer bonding in graphite is Van der Waals
dominated and therefore relatively weak. By attaching a new piece of Scotch tape to the
graphite, glued onto the TEM grid, more layers may be peeled off repeatedly until the
sample is sufficiently thin. Finally, the crystal bond is removed with acetone, leaving the
thin sample on the grid, bound solely by Van der Waals forces.

The pictures in Fig. 8.2 show an optical microscope image (left) and an electron
microscope image (right), both measured in transmission, of a graphite sample prepared
by this method. The electron microscope image is an enlargement of the light triangle
from the optical image. From the different shades of gray in the optical image, it is
clear that several domains with different thickness are present in samples of this type. A
rectangle of the grid measures ∼ 100×100µm; domain sizes are therefore estimated to be
a few hundreds of µm. Although not visible in the optical image, the TEM image shows
some signs of residual crystal bond, through the slightly darker stains on the sample.
Also a flake of graphite, indicated by the red ellipse, appears to have been shifted during
transportation to the TEM. Also the dark spot in the center of the triangle in the TEM
image, might be a flake of graphite that has been shifted.

Using atomic force microscopy (Asylum Research, MFP-3D AFM), the thickness of
the natural graphite samples has been measured to range from 30 nm to > 100 nm,
corresponding to a few hundred graphene layers. Therefore we assume a thickness of
∼ 30 nm for the light triangle in Fig. 8.2.
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Figure 8.2: Optical microscope image (left) and electron microscope image (right) of a thin
graphite sample. The red ellipses mark a flake of graphite which appears to have been shifted
between acquisition of the images.

8.3 Single-shot diffraction

The diffraction patterns presented in this section, unless mentioned otherwise, have been
obtained by illumination with a single (uncompressed) electron bunch, i.e. with single-
shot diffraction. To ensure that the diffraction is truly single-shot, the repetition rate of
the photoemission laser is set at 5-10 Hz; in combination with the 4 ms (from 90 to 10%)
decay time of the phosphor screen and the 1-3 ms exposure time of the CCD camera, this
prevents overlap between subsequent electron bunches.

8.3.1 Polycrystalline samples

Figure 8.3 shows single-shot diffraction patterns of polycrystalline gold and silicon, mea-
sured with 200 fC at 90 keV and with 2 pC at 100 keV, respectively. The diffraction
patterns have been measured with (Au) and without (Si) beam stop. A commercial gold
sample (Agar Scientific, cross grating S106) has been used, while the silicon sample has
been prepared as described in Sec. 8.2.1. The diffraction rings are labelled with the corre-
sponding lattice planes. Below the diffraction patterns, the azimutally averaged intensity
is plotted as a function of the radius in reciprocal space.

The integrated intensities Ihkl of polycrystalline diffraction rings are proportional to:

Ihkl ∝ phkl|F |2 exp (−2W )/ghkl (8.1)

with the structure amplitude |F |2 (Sec. 7.3.3), the Debye-Waller factor W (Sec. 7.3.4),
and the multiplicity phkl of the (hkl) planes (e.g. p100 = 6 since there are six possible
cubic planes, p110 = 12, p111 = 8, etc.) [3]. The azimutally averaged intensity (instead of
the integrated intensity) scales with Ihkl ∝ 1/g2

hkl.
The lattice type of gold is face-centered cubic (fcc) with a lattice constant a = 408 pm

[4]. For an fcc lattice, the structure amplitude |F |2 = 16|f |2 for h, k, l all even or all odd,
otherwise |F |2 = 0. The calculated intensities for the first eight rings of polycrystalline
gold with 90 keV electrons are presented in Table 8.1. The Debye-Waller factor has been
calculated at T = 300 K for a Debye temperature ΘD = 170 K [4].

The lattice type of silicon is diamond cubic (dc) with a lattice constant a = 543 pm [4].
For a dc lattice, the structure amplitude |F |2 = 64|f |2 for h, k, l all even and (h+k+ l) =
4n, |F |2 = 32|f |2 for h, k, l all odd, otherwise |F |2 = 0. The calculated intensities for the
first seven rings of polycrystalline silicon with 100 keV electrons are presented in Table
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Figure 8.3: Single-shot diffraction patterns of polycrystalline gold and silicon. The lattice planes
corresponding to the diffraction rings are indicated. Below the diffraction patterns, the azimu-
tally averaged intensity is plotted as a function of the radius in reciprocal space.
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Table 8.1: Relative diffraction ring intensities Ihkl for Au and 90 keV electrons

(hkl) ghkl phkl |F |2 exp (−2W ) Ihkl/I111
[ nm−1] [ a20/sr] for 300 K

1 1 1 4.25 8 2.70× 103 0.946 1.000
2 0 0 4.90 6 2.18× 103 0.929 0.446
2 2 0 6.93 12 1.16× 103 0.863 0.219
3 1 1 8.13 24 8.11× 102 0.817 0.212
2 2 2 8.49 8 7.31× 102 0.802 0.057
4 0 0 9.80 6 5.12× 102 0.746 0.021
3 3 1 10.68 24 4.10× 102 0.706 0.055
4 2 0 10.96 48 3.83× 102 0.693 0.093

8.2. The Debye-Waller factor has been calculated at T = 300 K for a Debye temperature
ΘD = 625 K [4].

The azimutally averaged intensity profile has been fitted using Lorentzian functions,
given by:

I(x) = I0
γ2

(x− x0)2 + γ2
(8.2)

with a full-width at half maximum (FWHM) w = 2γ. The background has been fitted
using two Lorentzian functions with x0 = 0, representing the elastic and inelastic back-
ground. The diffraction peaks are fitted with two fit parameters in total (I0 and γ), i.e.
the calculated relative positions and relative intensities of the diffraction rings have been
used. For the gold sample, the measured (relative) intensities are in good agreement
with the theory. For the silicon sample, the measured relative intensities deviate from
the theory, especially for the inner ring compared to the second and third ring. Possible
explanations are a preferred orientation of the crystallites in the polycrystalline film or
saturation of the MCP since no beam stop was used, which might suppress the intensity
of the (most intense) inner ring.

The fitted ring widths (FWHM) are w = 2γ = 0.45 nm−1 for gold and w = 2γ =
0.33 nm−1 for silicon. The thickness of both films is approximately 10 nm, based on
specification for the gold sample and calibration of the deposition process for the silicon
sample. For polycrystalline samples, the size of the crystallites is typically equal to the
film thickness; the expected ring widths are therefore w ' 0.1 nm−1. Broadening due to
the angular spread of the electron beam is given by σk = 1/2πL⊥ (see Sec. 7.4.2), thus
L⊥ > 0.375/w. We thus obtain L⊥ > 0.8 nm for gold and L⊥ > 1.1 nm for silicon. For
εx ' 200 nm (see Table 6.1 for 1 pC) and σx ' 0.5 mm (the approximate spot size on
the sample), L⊥ ' 1 nm, in good agreement with the values obtained from the diffraction
patterns.

Table 8.2: Relative diffraction ring intensities Ihkl for Si and 100 keV electrons

(hkl) ghkl phkl |F |2 exp (−2W ) Ihkl/I111
[ nm−1] [ a20/sr] for 300 K

1 1 1 3.19 8 1.71× 103 0.937 1.000
2 2 0 5.21 12 1.12× 103 0.840 0.330
3 1 1 6.11 24 3.61× 102 0.786 0.145
4 0 0 7.37 6 4.24× 102 0.705 0.026
3 3 1 8.03 24 1.65× 102 0.660 0.032
4 2 2 9.02 24 2.37× 102 0.592 0.033

5 1 1 / 3 3 3 9.57 24+8 1.01× 102 0.554 0.015
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These diffraction patterns measured with a single electron bunch demonstrate that
single-shot diffraction is possible for samples with a lattice constant a ≤ 1 nm. In the
following section, the signal-to-noise ratio (SNR) of single-shot diffraction patterns is also
considered in more detail.

8.3.2 Monocrystalline graphite sample

Figure 8.4 shows diffraction patterns obtained with the monocrystalline graphite sample
described in Sec. 8.2.2 and shown in Fig. 8.2. The electron beam has been centered on the
light triangle and the alignment of the beam and the focusing strength of the solenoids
have been adjusted to optimize the intensity of the diffraction peaks. All diffraction
patterns have been obtained with a total charge of 1 pC; the top image is recorded in a
single shot (laser at 10 Hz, 3 ms exposure time); the second one in 10 shots (100 Hz, 93
ms); and the third one in 100 shots (100 Hz, 993 ms). The other settings of the detector
have been kept constant. The thickness of the sample is estimated at 30 nm (based on
AFM measurements); in that case ∼ 8% of the electrons scatters elastically (see Fig. 7.2).
With an open-area ratio of 60% for the TEM grid, ∼ 5% of the electrons are available for
diffraction. For a diffraction peak containing ∼ 1% of these electrons, a bunch charge of
1 pC is sufficient to obtain 0.5 fC in a diffraction peak, or a signal-to-noise ratio (based
on shot noise only) of SNR'56.

Graphite consists of stacked graphene layers bound by Van der Waals forces. The layers
can be stacked in three different ways: AA, AB, and ABC [5]. In case of AA stacking,
the graphene layers are straight above each other; in case of AB and ABC stracking, the
successive layers are shifted. The naturally most abundant stacking sequence is AB. The
lattice type of graphite is hexagonal, with lattice constants a = 246.1 pm and c = 670.8 pm
for AB stacking. The unit cell of AB graphite is described by the vectors a1 = (a, 0, 0),
a2 = (−a/2, a

√
3/2, 0), and a3 = (0, 0, c). The positions of the atoms inside the unit

cell are r1 = (0, 0, 0), r2 = (1/3, 2/3, 0), r3 = (0, 0, 1/2), and r4 = (2/3, 1/3, 1/2) with
respect to the unit vectors.

The intensities Ihkl of diffraction peaks are proportional to Ihkl ∝ |F |2|G|2 exp (−2W ),
see Sec. 7.3. For graphite, the structure amplitude F for l = 0 is |F |2 = 16|f |2 for
(h + 2k) = 3n and |F |2 = |f |2 for (h + 2k) 6= 3n. The calculated intensities for the
first seven sets of peaks of monocrystalline graphite with 100 keV electrons aligned in
first instance along the [001] direction (i.e. perpendicular to the graphene layers) and an
excitation error sz = 0 (i.e. not aligned exactly along the [001] direction) are presented
in Table 8.3. The Debye-Waller factor has been calculated at T = 300 K for an in-plane
Debye temperature ΘD = 1300 K [6]. In practice, to calculate the peak intensities in a
diffraction pattern, the lattice amplitude G has to be taken into account, however, this
depends on the sample and beam characteristics; only for a single peak sz can be zero.

Table 8.3: Theoretical peak intensities Ihkl/I100 for graphite and 100 keV electrons if sz = 0

(hkl) ghkl |F |2 exp (−2W ) Ihkl/I100
[ nm−1] [ a20/sr] for 300 K (sz = 0)

1 0 0 4.69 7.95 0.973 1.000
1 1 0 8.13 28.6 0.922 3.402
2 0 0 9.38 1.09 0.897 0.127
2 1 0 12.41 0.399 0.828 0.043
3 0 0 14.08 4.02 0.784 0.407
2 2 0 16.25 2.38 0.723 0.222
3 1 0 16.92 0.129 0.704 0.012
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Figure 8.4: Diffraction patterns of monocrystalline graphite. A few diffraction peaks are labelled.
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Figure 8.5: Diffraction patterns of monocrystalline graphite obtained with a FEI Tecnai at 200
keV.

Excitation error

To compare the intensities of the diffraction peaks in Fig. 8.4 with theory, the lattice
amplitude G has to be calculated, which depends on the excitation error sz and on the
thickness t of the graphite. Since the domain size of the graphite is estimated at ∼ 100µm,
i.e. 10−5 nm−1 in reciprocal space, the lattice amplitude G has the shape of infinitesimally
thin rods, see e.g. Fig. 7.4. The excitation error sz depends on the incident angle of the
electrons. To calculated sz, Eq. 7.15 can be rewritten as:

k0 + g = k + s (8.3)

If we choose g = (gx, 0, 0) and neglect the transverse excitation error, thus s = (0, 0, sz),
then sz can be calculated for k0 = (k0,x, k0,y, k0,z) and |k0| = |k| = k0 by:

sz = k0,z − kz =
√
k2

0 − k2
0,x − k2

0,y −
√
k2

0 − (k0,x + gx)2 − k2
0,y (8.4)

For k0 = (0, 0, k0,z), the excitation error sz = k0 −
√
k2

0 − g2
x. For 100 keV electrons

with k0 = 270 nm−1 and g100 = 4.69 nm−1 (see Table 8.3), sz = 0.041 nm−1; this is quite
significant compared with the 30 nm thickness of graphite, as 1/t = 0.033 nm−1. The effect
of the lattice amplitude G is illustrated in Fig. 8.5, which shows diffraction patterns of
the monocrystalline graphite sample obtained with a FEI Tecnai at 200 keV. The electron
beam was aligned on the square slightly above the middle of the right image in Fig. 8.2.
By moving the electron beam only a few µm across the sample, the intensities of the
diffraction peaks change drastically; this can be related to small changes in the angle of
the incident electrons after displacement of the beam or to small variations of the sample
thickness.

Angular spread

For an electron bunch, the (total) angular spread σθ of the bunch causes a distribution
of the excitation error sz. The beam parameters used to obtain the diffraction patterns
of Fig. 8.4 are given in Table 8.4. The (geometrical) emittance εx is obtained from Table
6.1; the waist scans and diffraction measurements have been performed with identical
photoemission parameters and current for the first condenser lens. The rms width σx at

Table 8.4: Parameters of electron bunches used for diffraction

Q εx σx σθ L⊥
[ nm] [µm] [ mrad] [ nm]

1 pC 198± 15 275± 17 0.72± 0.10 0.8± 0.1
100 fC 41± 3 139± 4 0.29± 0.03 2.0± 0.2
10 fC 39± 2 155± 4 0.25± 0.02 2.3± 0.2

125



Chapter 8.

Table 8.5: Measured peak intensities Ihkl/I100 for monocrystalline graphite

Q I110/I100 I200/I100
1 pC 0.78± 0.06 0.40± 0.04

10×100 fC 0.83± 0.08 0.50± 0.07
100×10 fC 0.90± 0.09 0.50± 0.05

the position of the sample has been determined using window scans as described in Sec.
2.3.2. The (uncorrelated) angular spread σθ = εx/σx corresponds approximately with the
total angular spread, since the beam waist is located near the sample.

Figure 8.6 shows the calculated peak shapes of the 1 0 0 and 2 0 0 diffraction peaks
for graphite due to the angular spread σθ and the lattice amplitude G. The images on the
left represents the distribution of the incident electrons according to Table 8.4. The peak
shapes are calculated using sz from Eq. (8.4) in combination with the lattice amplitude
G from Eq. (7.19) for t = 30 nm. For the electron distribution f(px, py), the intensity of
the diffraction peak I(x′ = kx/kz, y

′ = ky/kz) ∝ f(hk0,x, hk0,y)|G(sz)|2.
Figure 8.7 shows the relative peak intensities I110/I100 and I200/I100 as a function of

thickness for 1 pC (i.e. σθ = 0.72) and 10 fC (i.e. σθ = 0.25). Note that these ratios
are the ratio of two sinc functions; local maxima occur around 25 nm and 50 nm where
I100 has local minima. The relative peak intensities thus depend strongly on the sample
thickness.

The relative peak intensities for the measured diffraction patterns, as shown in Fig.
8.4, are listed in Table 8.5. The values are determined based on 100 diffraction patterns
for each bunch charge. To obtain the peak intensities, the background is subtracted
and the peaks are fitted with a symmetric 2D Gaussian function. The peak intensity is
calculated by the peak height times the peak width squared; this is to compensate for
fluctuations of the angular spread. For each set of peaks, only 5 out of 6 peaks are visible
(the other peaks are blocked by the beam stop). The ratios are determined by the average
intensities of the 5 peaks. The relative intensities I110/I100 correspond to the calculated
values as shown in Fig. 8.7 around 30 nm. However, the measured intensities I200/I100
are clearly higher (by a factor ∼ 10) than the calculated values. The discrepancy can be
related to the alignment, the sample, and the diffraction theory: the angle between the
beam axis and the sample may deviate from perpendicular; the thickness and orientation
of the sample may be inhomogeneous across the beam; multiple scattering and inelastic
scattering have to be considered, i.e. the basic kinematical diffraction theory should be
replaced by the more accurate dynamical diffraction theory.

Quality diffraction patterns versus charge per bunch

The quality of the diffraction patterns is discussed based on the peak widths and the SNR
of the peak intensities (based on the same 100 diffraction patterns per bunch charge).
The peak width σk of the diffraction peak is determined for the (1 0 0) peaks and given
in Table 8.6. Based on the peak width, a lower limit for the coherence length can be
calculated using σθ/θ100 ' d100/2πL⊥, see Sec. 7.4.2; it is a lower limit, since there can
be additional contributions to the peak broadening. The calculated values are also listed
in Table 8.6. The calculated coherence lengths are ∼ 2 times lower than the coherence
lengths determined from the bunch properties as given in Table 8.4. This can be caused
by a decreased beam quality due to the relatively thick sample or due to additional peak
broadening from thermal diffuse (inelastic) scattering. If we compare the coherence length
L⊥ for single-shot versus multiple-shot diffraction, it is clear that the coherence length
decreases for single-shot diffraction.

Also the SNR of the peak intensities I100 (as labeled in Fig. 8.4) and the SNR of the
ratio I100/I(100), i.e. the ratio of the 1 0 0 peak over the sum of the five (1 0 0) peaks,
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Figure 8.6: The distribution of the incident electrons (left images) for 1 pC and 10 fC with σθ
according to Table 8.4 and the calculated peak shapes of the 1 0 0 and 2 0 0 diffraction peaks
for graphite due to the angular spread σθ and the lattice amplitude G.

0 20 40 60
0

1

2

3

4

t [nm]

I 1 
1 

0/I 1 
0 

0

 

 
1 pC
10 fC

0 20 40 60
0

0.05

0.1

0.15

0.2

t [nm]

I 2 
0 

0/I 1 
0 

0

 

 
1 pC
10 fC

Figure 8.7: Calculated intensity of diffraction peaks as a function of sample thickness t.
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Table 8.6: Quality of measured diffraction patterns of monocrystalline graphite

Q σk L⊥ SNR
[ nm−1] [ nm] I100 I100/I(100)

1 pC 0.32± 0.05 0.49± 0.08 8.1 11
10×100 fC 0.24± 0.03 0.66± 0.09 6.4 17
100×10 fC 0.17± 0.03 0.91± 0.18 4.2 15

are given in Table 8.6. The low SNR of Ihkl is due to fluctuations in the intensity of
the photoemission laser, typically 10-20% (rms). Typically, the SNR for the peak ratios
would improve, since the ratio is less sensitive to the bunch charge. However, as shown in
Fig. 8.5, the intensity of the diffraction spots is very sensitive to the incident angle of the
electron beam. Fluctuations in the bunch charge may cause the alignment of the electron
beam to shift. This might explain why the SNR ratio is much lower than the expected
SNR'56 (see beginning of this section).

8.4 Conclusions and recommendations

Single-shot ultrafast electron diffraction makes it possible to study irreversible processes
and samples which are susceptible to sample damage, due to either the electron bunch
or the excitation pulse for time-resolved measurements, which is especially relevant for
biological samples. In this chapter, the experimental work on (static) single-shot electron
diffraction with uncompressed electron bunches (∼ 10 ps) has been described.

The analysis of the polycrystalline single-shot diffraction patterns of gold and silicon
agrees well with the kinematical diffraction theory. Also the coherence lengths obtained
from the diffraction patterns, L⊥ > 0.8 nm for gold (200 fC) and L⊥ > 1.1 nm for silicon (2
pC), are in good agreement with L⊥ ' 1 nm expected for 1 pC bunches and σx ' 0.5 mm.
This demonstrates the feasibility of single-shot electron diffraction.

The analysis of the single-shot diffraction patterns of monocrystalline graphite departs
from the kinematical diffraction theory. The sample is relatively thick (30 nm) and, as
observed using a TEM, depends strongly on the lattice amplitude G; an accurate anal-
ysis of the diffraction pattern requires dynamical diffraction theory including absorption
(inelastic scattering). Another possibility is to improve the sample preparation in order
to obtain thinner (∼10 nm) samples. The quality of the single-shot diffraction patterns
for monocrystalline graphite is lower than expected (see Table 8.6): both the coherence
length L⊥ = 0.5 ± 0.1 versus L⊥ = 0.8 ± 0.1 from Table 8.4 and the SNR'11 versus
SNR'56 are smaller than expected. This can be related to the relatively thick sample
and the instability of the photoemission laser, typically 10-20% (rms).

The single-shot diffraction patterns in this chapter have been obtained with uncom-
pressed electron bunches. For compressed electron bunches, the transverse emittance ε⊥
and thus the transverse coherence length L⊥ remains approximately constant; emittance
growth of electron bunches with a high charge density occurs mainly inside the photo-
gun. The energy spread σU of the bunch increases due to compression, however, even
for σU ∼ 1 keV the broadening of diffraction peaks is negligible, as was discussed in Sec.
7.4.2. The expected quality of the diffraction pattern for compressed bunches should
remain similar; this has also been tested and confirmed with preliminary diffraction mea-
surements with compressed bunches. An accurate study of single-shot electron diffraction
with compressed bunched should be combined with bunch length measurements at the
sample position. Therefore, the compact streak cavity as mentioned in Sec. 6.4 would
be an ideal tool to combine emittance, bunch length, and single-shot diffraction measure-
ments for compressed electron bunches.
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Abstract

Using the experimental UED setup, attempts have been made to perform pump-
probe experiments using aluminum, gold, silicon, and graphite samples, although
without success. The main issues we ran into were instability of the femtosecond
laser and accumulative damaging of the sample due to repetitively pumping. The
accumulative damage threshold has been investigated and the obtained results are
in good agreement with literature values. The most important conclusion is that the
stability of the UED setup and the quality of the sample are extremely important
for accurate and successful pump-probe experiments.
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9.1 Introduction

The UED setup has been designed and prepared to perform pump-probe experiments
which can reveal ultrafast structural dynamics on the femtosecond timescale. After the
laser pulse has excited (or pumped) the sample, electron diffraction is used as a structural
probe with femtosecond resolution. The structural dynamics are revealed by capturing
diffraction patterns as a function of the delay between the pump and the probe. The most
straightforward method to trigger ultrafast structural dynamics in a sample is heating
with an ultrafast laser pulse, which can by used to study the interaction of electrons
and phonons. Ultrafast electron diffraction makes direct observation of coherent phonons
possible and provides a new perspective compared to time-resolved spectroscopy [1].

Using the experimental setup as described in Chapter 2, attempts have been made to
perform pump-probe experiments using aluminum, gold, silicon, and graphite samples,
although without success; only the work on gold and graphite is reported. The main
issues we ran into were instability of the femtosecond laser and accumulative damaging
of the sample due to repetitively pumping.

In this chapter, the preliminary results of the pump-probe experiments are presented.
The theory of ultrafast heating, the basis of the performed pump-probe experiments, is
described in Sec. 9.2. The examination of the damage threshold of polycrystalline gold is
described in Sec. 9.3. The preliminary measurements on graphite and the current status
of the pump-probe experiments are discussed in Sec. 9.4.

9.2 Theory of ultrafast heating

9.2.1 Two-temperature model

The heating of the electrons and the lattice in a metal can be described phenomenologically
by the two-temperature model [2]. When a femtosecond laser pulse at wavelengths in the
visible range is absorbed by a metal sample, the electrons in the conduction band will
take up most of the energy. Within a few femtoseconds, the electrons thermalize through
inelastic electron-electron scattering to an electron temperature Te higher than the initial
one. Through electron-phonon scattering [3], the electrons interact and exchange energy
with the lattice, leading to an increase of the lattice temperature Tl. The coupling between
Te and Tl is described within the two-temperature model by two coupled differential
equations:

Ce(Te)
∂Te
∂t

= ∇ · (ke∇Te)− g(Te − Tl) + S(r, t)

Cl
∂Tl
∂t

= ∇ · (kl∇Tl) + g(Te − Tl)
(9.1)

with the electron-phonon coupling constant g, the specific heat capacities Ce(Te) = κTe
of the electrons and Cl of the lattice, the thermal conductivities ke and kl, and the source
term S(r, t) which represents the energy density absorbed by the material during the
interaction with a laser pulse of intensity I(r, t). For metals, typically g ∼ 1017 W/m3K
and κ ∼ 102 J/m3K2; the typical rate for the energy exchange from the electron to the
lattice is therefore g/κ ∼ 1 K/fs [4]. For peak electron temperature of 1000 K, the time
to equilibrium between the electrons and the lattice is thus typically on the order of 1 ps.
The cooling of the lattice occurs typically on timescales of a few µs [5]; thus well within
the time between two subsequent laser pulses at a repetition rate of 1 kHz.

9.2.2 Heating and the Debye-Waller factor

Pumping of a sample with a laser pulse leads to changes in the diffraction pattern. Differ-
ent types of laser-induced structural changes of the lattice and the corresponding changes
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Figure 9.1: Laser-induced structural changes of the lattice in real space and the corresponding
Bragg peak alternations displayed in diffraction patterns: linear lattice expansion (a), inho-
mogeneous lattice spacing (b), and lattice disorder due to heating (c). Figure adopted from
[6].

in the diffraction peaks, are shown in Fig. 9.1. Linear contraction or expansion of the
lattice, as shown in (a), results in a shift of the diffraction peak and can occur due to the
excitation of coherent phonons which cause an oscillating expansion of the lattice [6, 7].
Also a structural transition due to heating of the lattice, e.g. a transition from graphite
to diamond, would result in different positions of the diffraction peaks. Inhomogeneity
of the lattice spacing causes broadening of the diffraction peak, as shown in (b). Lattice
disorder due to the temperature increase of the lattice, and in particular loss of long-range
order due to a transition from solid to liquid, would result in a decreased intensity or even
a complete loss of the diffraction peak. The decrease of the diffraction peak intensity due
to heating can be described using the Debye-Waller factor (DWF), see Sec. 7.3.4. By
measuring the intensity decrease as a function of time in an ultrafast electron diffraction
experiment, the electron-phonon coupling constant g can be determined using Eqs. 9.1
and the DWF [8].

To estimate the maximal effect of heating on the diffraction pattern through the DWF,
we can consider the situation that all of the absorbed energy has been transferred to the
lattice, but that the cooling of the lattice is still negligible. In Fig. 9.2, the DWF is
plotted (in the left graph) as a function of the absorbed laser fluence Fabs for a 20 nm
gold film; the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) diffraction orders are considered.
The calculations are based on an initial temperature T = 300 K, a Debye temperature
θD = 170 K, and a specific heat capacity cp = 1.29 × 102 Jkg−1K−1; above the Debye
temperature, the phonon heat capacity can be assumed constant [3, 9]. In practice, due
to fluctuations of the electron bunch charge, relative peak positions are considered. The
peak ratio Ihkl/I111 normalized to the peak ratio at Fabs = 0, are shown in the right
graph. At Fabs = 50 J/m2, the temperature of the sample becomes T ' 1300 K, just
below the melting point of gold at 1337 K.

The absorbed laser fluence Fabs can be related to the incident laser fluence Fin through:
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Figure 9.2: Debye-Waller factor (left) and peak ratio Ihkl/I111 (right) as a function of absorbed
fluence Fabs for a 20 nm gold film. The right graph is normalized to the ratio Ihkl/I111 at
Fabs = 0 (at T = 300 K).

Fabs = Fin(1−R)

[
1− exp

(
−4πk

λ

)
t

]
(9.2)

with reflectivity R, extinction coefficient k, film thickness t, and wavelength λ. For a 20
nm gold film pumped by a 400 nm laser pulse, given that k = 1.81 and R = 0.371 [9],
Fabs = 0.427Fin.

9.3 Damage threshold for polycrystalline gold

Figure 9.4 shows an image of a gold film after a pump-probe experiment using a fluence
Fabs < 20 J/m2, i.e. with the expectation that the temperature stays well below the
melting temperature. The image shows that part of the film was damaged by pumping.
The damaging occurred not after a few shots to test the effect of the pump on the sample,
but after repetitive pumping during a pump-probe experiment which involves the acqui-
sition of many diffraction patterns as a function of the delay between the pump and the
probe. It turns out that the sample became damaged due to accumulation effects. In the
following sections, theory of (accumulative) sample damaging is discussed in Sec. 9.3.1
and experiments to determine the damage threshold of gold are described in Sec. 9.3.2.

Figure 9.3: Gold sample before (left) and after (right) damage due to pumping with Fabs <
25 J/m2.
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9.3.1 Theory of (accumulative) sample damaging

The damaging mechanisms that can be considered are (electrostatic) laser ablation, sur-
face melting, and thermomechanical stress. In case of electrostatic laser ablation, the
sample is damaged due to the formation of a high-density plasma of excited electrons be-
fore the electrons exchange energy with the lattice, with typical damage threshold values
for gold of Fabs > 100 J/m2 [10]. The sample damage for Fabs < 20 J/m2 is thus not
caused by laser ablation.

As calculated in the previous section, surface melting is expected to occur for Fabs >
50 J/m2. This is in agreement with experimental values from literature, where a (single-
shot) value for the absorbed laser fluence at the damage threshold is reported of Fabs '
40 J/m2 for 20 nm gold films deposited on an optical grade fused silica substrate [11].

The sample can also degrade due to accumulative damaging. Accumulation appears to
be the result of the storage cycle of thermal stress-strain energy induced by a laser pulse
[12]. Note that the used substrate is very relevant for this type of damaging, since the
substrate influences the initial stress in the ultrathin sample film. The damage threshold
FN due to accumulation follows the equation:

FN = F1N
S−1 (9.3)

with F1 the single-shot damage threshold for surface melting, N the number of laser
pulses, and S = 1 in case of no accumulation effect. Experimental data shows S = 0.922
for gold [11]. From Eq. (9.3) follows for N = 105 that FN ' 16 J/m2 for 20 nm gold films
on the silica substrate.

9.3.2 Measurements of damage threshold for polycrystalline gold

The damage threshold has been determined for 20 nm polycrystalline gold films on a
1 × 1 inch 500 mesh grid, prepared as described in Sec. 8.2.1. The sample is pumped
with 400 nm laser pulses at 500 Hz. The shape of the Gaussian laser pulse is slightly
elliptical, with σx = 0.41 mm and σy = 0.71 mm [13]. The absorbed peak laser fluence
F0 = 0.43E/2πσxσy for a pulse energy E, with the factor 0.43 calculated using Eq.
(9.2). The damage threshold has been determined for various values of E using electron
diffraction. The electron bunches used for diffraction are smaller (σ ∼ 100µm) than the
pump beam and are aligned at the same spot on the sample. For each pulse energy,
diffraction patterns have been recorded for ∼ 30 minutes every 5-10 seconds with a CCD
exposure time of 500 ms. The data is normalized to the first diffraction pattern measured
at t = 0. For Fabs ≤ 10 J/m2, no effect on the diffraction pattern was observed. For
Fabs ≥ 17 J/m2, the sample was damaged before the first diffraction pattern was recorded.
For Fabs = 12 J/m2 and 14 J/m2, the relative decrease of the (111) diffraction ring is
shown in Fig. 9.4. The large spread of the measured intensities is the result of large
fluctuations of the UV laser pulse energy for photoemission. The curves have been fitted
using I(N) = Imin + (1− Imin) exp(−N/Nτ ). For Fabs = 12 J/m2, the fitted parameters
are Imin = 0.44 and Nτ = 1.0 × 105; for Fabs = 14 J/m2, the fitted parameters are
Imin = 0.21 and Nτ = 3.7 × 105. The lower value of Imin for Fabs = 14 J/m2 reflects
that a larger part of the Gaussian beam exceeds the threshold. The damage threshold
Fabs = 12 J/m2 is close to the value calculated using Eq. (9.3) for N = 105.

The damage threshold has also been determined for different supports for the 20 nm
gold film. For an empty 1 × 1 inch 100 mesh TEM grid, a value of Fabs = 5 J/m2 has
been obtained. For a 3 mm 400 mesh TEM grid with a supporting amorphous carbon
film, a value of Fabs = 15 J/m2 has been obtained. The support thus clearly influences
the strength of the thin gold film; this could explain the slightly lower values compared
to the FN ' 16 J/m2 for 20 nm gold films on the silica substrate (see Sec. 9.3.1).
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Figure 9.4: Relative decrease of (111) diffraction ring for a 20 nm polycrystalline gold film as a
function of the number of pump pulses N for absorbed peak fluences of Fabs = 12 J/m2 (left)
and Fabs = 14 J/m2 (right).

Conclusions of damage threshold measurements

The results obtained for the accumulative damage threshold have been determined with
a new method and are in good agreement with literature values. However, the results
have also implications for the pump-probe measurements on gold. At a fluence of Fabs =
10 J/m2, the maximum decrease of the diffraction peak ratio, as shown in the right graph
of Fig. 9.2, is -1.2% for I200/I111; the (220) and (311) diffraction peaks decrease more,
but are also less intense (see Fig. 8.3). The large fluctuations of the UV laser intensity
(10-20%) mean that, in practice, it becomes very challenging to perform successful pump-
probe experiments on polycrystalline gold films with our UED setup.

9.4 Pump-probe measurements on monocrystalline graphite

Graphite is an interesting sample to perform pump-probe experiments on, since graphite
exhibits fast dynamics on the 100 fs timescale [1, 14–16] and has a high damage threshold
∼ 103 J/m2 [17–20]. The fast dynamics are both interesting from a scientific point of view,
to study the strongly coupled optical phonons (SCOPs) [14], and from an instrumental
point of view, to characterize the resolution of the UED setup. In this section, the fast
dynamics in graphite are considered in Sec. 9.4.1 and the experimental status of pump-
probe measurements on monocrystalline graphite is discussed in Sec. 9.4.2.

9.4.1 Fast dynamics in graphite

The fast dynamics in graphite are governed by an electronic subsystem which is strongly
coupled to a small subset of optical phonons (SCOPs) [16]. The dynamics of these SCOP
are of fundamental interest because they play an essential role in the electric conduction of
carbon-layered materials. Upon excitation of the electronic system by a laser pulse, first
the electrons thermalize with the SCOPs and then the SCOPs decay through thermaliza-
tion with the remaining lattice; the dynamics are described by a bi-exponential function
with time constants of ∼ 700 fs and ∼ 12 ps [16]. Using ultrafast electron diffraction, the
oscillations of the SCOPs can be observed through displacements of the diffraction peaks.

The maximal decrease of the diffraction peaks due to heating can be calculated with
the DWF. Here we consider the situation that the incident electrons are perpendicular to
the graphene layers in the graphite; in this case only the in-plane vibrations are significant.
In Fig. 9.2, the DWF is plotted (in the left graph) as a function of the absorbed laser
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Figure 9.5: Debye-Waller factor (left) and peak ratio Ihkl/I100 (right) as a function of absorbed
fluence Fabs for a 30 nm graphite film. The right graph is normalized to the ratio Ihkl/I00 at
Fabs = 0 (at T = 300 K).

fluence Fabs for a 30 nm graphite film; the (1 0 0), (1 1 0), (2 0 0), (2 1 0), and (3 0
0) diffraction orders are considered. The peak ratios Ihkl/I100 normalized to the peak
ratio at Fabs = 0, are shown in the right graph. The calculations are based on an
initial temperature Ti = 300 K. The in-plane Debye temperature is ΘD = 1300 K for
graphite [21]. Since Ti < θD, the heat capacity depends on the temperature and can be

calculated using Fabs = ρt
∫ T
Ti
Cp(T )dT with the density ρ = 2.27 × 103 kg/m3 [9], the

thickness t = 30 nm, and the heat capacity Cp(T ) [22]. At Fabs = 100 J/m2, the calculated
temperature of the sample is T = 1274 K. For a 30 nm graphite film pumped by a 800
nm laser pulse, using Eq. (9.2) given that k = 1.93 and R = 0.27 [16], the ratio to the
incident fluence is given by Fabs = 0.436Fin.

9.4.2 Experimental status of pump-probe measurements

Pump-probe measurements have been tried with monocrystalline graphite, prepared as
described in Sec. 8.2.2. A number of improvements had been made to the setup, be-
fore these measurements were performed: the alignment of the femtosecond laser was
optimized, the laser profiles for photoemission and pumping were optimized, the photoe-
mission process was studied carefully (see Chapter 3), the alignment of the electron beam
was improved using current wires for compensation of the earth magnetic field (see Sec.
2.2.3), the strength and alignment of the objective lens was calibrated using a polycrys-
talline gold sample and some astigmatism was removed, the accuracy of the detector was
improved using dark frames and flat-field images (see Sec. 2.2.5), a Faraday cup was
mounted to the sample holder to measure the bunch charge at the position of the sample,
and, finally, a method was developed to accurately measure the dimensions and the spatial
overlap of the electron bunch and pump beam at the position of the sample, by scanning
a window in the sample holder through the beams (see Sec. 2.3.2). Also efforts have
been made to prepare thin graphite samples and to characterize the diffraction patterns
obtained with these samples (see Chapter 8). Nevertheless, this has not led to successful
pump-probe experiments. Here, we describe a stability analysis of the UED setup and
the current status of the pump-probe measurements.

Stability analysis of the UED setup

A stability analysis has been performed for the electron probe and for the 800 nm pump
beam; the stability of the diffraction peak intensities, the pointing of the electron beam,
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the stability of the 800 nm pulse energy, and the pointing of the pump beam have been
considered [23].

The analysis for the electron probe has been performed with electron bunches con-
taining 5-6 fC focused to a spot size of ∼ 200µm (rms) on a monocrystalline graphite
sample. Diffraction patterns have been recorded with a laser repetition rate of 100 Hz
and a CCD exposure time of 5 seconds; the integrated charge per diffraction patterns
is thus 2.5-3 pC. The intensities of the diffraction peaks are obtained by fitting with a
symmetric 2D Gaussian function. To filter out the fluctuations of the UV laser pulses,
the ratio I110/I100 of the average peak intensities of the (1 0 0) and (1 1 0) Bragg peaks
are considered. From the analysis of hundreds of diffraction patterns, it has been found
that the ratio can be determined with a typical standard deviation σ ∼ 4%. By averaging
n = 20 diffraction patterns, a standard error SE ≡ σ/

√
n < 1% can be obtained.

The pointing of the electron beam at the sample position has been estimated using the
displacement of the beam on the detector. The same focusing strengths of the solenoids
as during a diffraction experiment have been used. Based on 100 acquisitions, an rms
pointing stability of σx = 72µm and σy = 22µm has been measured. Although the
horizontal pointing instability is relatively large compared to the ∼ 200µm (rms) width of
the electron bunch, based on the stability of the peak ratios from the diffraction patterns,
it is expected to be sufficiently stable.

The energy and pointing stability of the 800 nm pump beam with a typical rms width
of > 500µm have been measured using a power meter and a CCD camera within the
sample chamber at the position of the sample. Based on 100 acquisitions, an rms energy
stability of σE = 1.9% has been measured, which is definitely acceptable; for a typical
fluence Fabs ∼ 50 J/m2, the influence on the normalized peak ratio I110/I100 is ∼ 0.1%
(see Fig. 9.5) and thus negligible compared to other noise sources. A pointing stability
of σx = 60µm and σy = 79µm has been measured, which is acceptable compared to the
> 500µm width of the pump beam.

From this stability analysis, the expectation is that successful pump-probe measure-
ments should be feasible. The laser fluctuation are large, but they correlate well with
the emitted charge (see Chapter 3). By averaging sufficient diffraction patterns and by
considering peak ratios, the fluctuations of the bunch charge could be compensated. How-
ever, as will be discussed in the following section, the fluctuations still appear to form a
problem.

Status of pump-probe measurements

For an incident fluence Fin = 100 J/m2, i.e. Fabs ' 44 J/m2, the expected change of the
ratio I110/I100 is ∼ −5% due to a temperature increase to T ' 800 K. Based on the
stability analysis, which shows that an accuracy < 1% should be achievable by averaging
20 diffraction patterns acquired with 2.5-3 pC, it is expected that changes should be
visible in the diffraction pattern for an incident fluence of Fin = 100 J/m2.

However, after a number of attempts, no significant change has been observed during
pump-probe measurements on monocrystalline graphite using an incident fluence of Fin =
100 J/m2. For unexplained reasons, the instability during the pump-probe measurements
appears to increase. During pump-probe measurements, we have measured alternately
with the pump beam blocked (as a reference) and unblocked by an optical beam shutter.
Even for the diffraction patterns with the pump beam blocked, the instability of the
measured diffraction peaks appears to grow. The variations of the measured peak ratios,
after averaging 20 diffraction patterns, can become more than 5%, whereas an accuracy
of < 1% is expected [23]. Increased instability during pump-probe measurements could
point to sample damaging, however, no sample damage has been observed by studying
samples that have been pumped using an optical microscope.

Figure 9.6 illustrates the issue. Here the mean intensity of the (100) diffraction peaks
is plotted versus the intensity of the UV diode signal, based on 300 diffraction patterns
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Figure 9.6: Mean intensity of (100) diffraction peaks versus intensity of UV diode, based on 300
diffraction patterns (with the pump beam blocked) measured over five hours. The intensities
are normalized to the mean intensities of the first 10 acquisitions.

measured with the pump beam blocked during a pump-probe measurement lasting ∼ 5
hours. The intensities are normalized to mean values for the first 10 recorded diffraction
patterns. The mean intensities of the diffraction peaks appear to be uncorrelated to the
UV diode signal which is proportional to the bunch charge (see Chapter 3). It should be
noted that the UV signal is averaged over only 128 out of 500 pulses used to generate the
500 electron bunches which are integrated for one diffraction pattern. Nevertheless, the
relative standard deviation is 11% for the UV diode intensity and 27% for the diffraction
peak intensity.

Most likely, the UV laser instabilities and the relative thick samples (∼ 30 nm) play
an important role in the instabilities of the diffraction patterns. The fluctuations of the
UV laser not only influence the integrated amount of charge for the diffraction pattern,
but the variation of the bunch charge will also lead to variations of the beam alignment
(tilt) and angular spread. As was discussed in Sec. 8.3.2, the relatively thick graphite
samples are very sensitive to the incident angle and angular spread of the electron bunches
through the lattice amplitude. Also the pointing of the laser and electron beam may be an
issue. While pointing variation around ∼ 100µm are acceptable compared to the much
larger polycrystalline samples and the large size of the pump beam (∼ 500µm), these
variations do become relevant compared to the relatively small homogeneous area of the
monocrystalline graphite samples (see Fig. 8.2).

Although the above issues should also have been present during the stability analysis,
the intensity and pointing stability of the laser vary during the day; especially during
the longer pump-probe measurements, the instabilities become worse. Another potential
problem related to pumping of the sample, is residual crystal bond on the graphite samples
(see Sec. 8.2.2); these residues may be heated due to the pump and influence the sample
properties. Further, stray light from the pump beam which reaches the MCP (which is
not light tight) could influence the stability of the measurements.
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9.5 Conclusions and recommendations

Using the experimental UED setup as described in Chapter 2, attempts have been made
to perform pump-probe experiments using aluminum, gold, silicon, and graphite samples,
although without success. The main issues we ran into were instability of the femtosecond
laser and accumulative damaging of the sample due to repetitively pumping.

For 20 nm polycrystalline gold films on a 1× 1 inch 500 mesh copper grid, a damage
threshold of 12 J/m2 for accumulative damage after N = 105 acquisition was found. This
value is slightly lower that the value of 16 J/m2 calculated based on literature values
for a 20 nm gold film on a silica substrate. It was also found that the damage threshold
depends on the support, which could explain the slight deviation with the reference value.
Considering the expected change of the diffraction peak intensities for fluences < 12 J/m2,
the large fluctuations of the UV laser light intensity (10-20%), limit the practical feasibility
of accurate pump-probe measurements.

Pump-probe measurements on ∼ 30 nm thick monocrystalline graphite films have been
tried using an incident laser fluence Fin = 100 J/m2. However, an increased instability
of the diffraction peak intensities during pump-probe measurements appears to limit the
feasibility of the measurements. The reasons for this increased instability are not entirely
clear.

Recommendations for improvements of the UED setup are mainly focused on the laser
system. First of all, efforts should be made to reduce the fluctuations of the UV laser
pulses to only a few percent. The fluctuations of the UV intensity influence the (non-
linear) photoemission process; the related fluctuations in the bunch charge change the
propagation of the electron bunches with a high charge density and thus also the acquired
electron diffraction pattern.

By reducing these fluctuations, changes induced with less laser fluence should be ob-
servable, lowering the risk of sample damage. The laser system can further be improved
by adding control mechanisms to correct for drift of the laser intensity and pointing during
a pump-probe experiment. Another improvement to the UED setup could be to replace
the current MCP-based detector by a sensitive fiber-coupled CCD with a larger dynamic
range (especially relevant for sharp diffraction peaks), which is shielded from stray light
of the pump beam.

Concerning the sample, ultrathin (1-3 nm) polycrystalline samples would be ideal to
study changes of diffraction intensities. Ultrathin samples are less influenced by pointing
variations due to the broader lattice amplitude, see Ch. 8. Thin samples also limit the
fraction of multiple scattering and show a larger intensity change for a similar incident
fluence than (much) thicker samples, due to the penetration depth of the pump beam
into the sample (e.g. 33 nm for graphite [16]). Work on monocrystalline samples should
focus on preparing thinner (< 30nm) samples and improving the sample homogeneity.
Monocrystalline samples are less ideal (in combination with beam instabilities) to study
intensity changes, but are of fundamental interest since (long range) coherent phonons
could be observed directly through changes in the Bragg peak positions. In view of sample
damaging, work on improving the sample preparation and selection of an optimal substrate
could also help to improve the robustness of samples for pump-probe measurements.

In summary, the most important conclusion is that the stability of the UED setup and
the quality of the sample are extremely important for accurate and successful pump-probe
experiments.
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Abstract

A plasma lensing effect in vacuum has been observed. Based on very basic calcu-
lations, the plasma lens has a focal strength around 0.1-1 m due to multiphoton
ionization of 1-10% of the molecules in the background gas at 3× 10−6 mbar with
a 800 nm femtosecond pump laser focused to a peak intensity around 1019 W/m2.
The dimensions of the observed effect corresponds well with the dimensions of the
beam waist of the 800 nm pump laser. The build-up of the plasma lens effect takes
at least a few hundreds of picoseconds, probably due to the diffuse build-up of the
plasma lens. The vacuum plasma lens could be applied as an ultrafast, switchable
optic which can achieve reasonably strong focusing powers.

The work described in this chapter will be submitted for publication by P.L.E.M. Pasmans, G.J.H. Brussaard,
and O.J. Luiten.
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10.1 Introduction

A plasma can have a strong focusing effect on a charged particle beam passing through the
plasma and may therefore be used as a charged particle optical element. Theoretically,
the focusing strength of a plasma lens can exceed the capability of conventional and
even superconducting magnetic lenses by several orders of magnitude depending on the
particular application [1]. In the context of ultrafast electron diffraction (UED), plasma
lensing effects have been reported in combination with a molecular beam [2, 3] and with
a copper TEM grid [4] to create the plasma. In the first case, the effect was termed
photoionization-induced lensing. In both cases, the effect was used to determine t = 0 in
a pump-probe experiment with picosecond accuracy.

Here, we report the observation of a plasma lensing effect in (near) vacuum (p ∼
3 × 10−6 mbar). The effect was observed during the determination of t = 0, i.e. the
temporal overlap of the electron bunch and pump laser (see Sec. 2.3.3), using a copper
TEM grid. The top row in Fig. 10.1 shows images acquired during the determination
of t = 0. The TEM grid is imaged onto the detector using a slightly diverging 100
keV electron beam. The 800 nm laser beam for pumping is focused onto the TEM grid
and creates a plasma. By varying the delay ∆t between the pump laser beam and the
photoemission laser beam used to generate the electron bunch, the onset of the plasma
effect (as shown in the second image of the top row) marks the temporal overlap, or t = 0,
between the electron bunch and pump laser. However, also a bright spot was observed as
is most clearly visible in the last image of the top row. When the TEM grid was taken
out of the beamline, the bright spot was still visible, as shown in the bottom row of Fig.
10.1. The effect can be attributed to a plasma lensing effect, as will be described in this
chapter.

The goal of this chapter is to describe the observation and to make some very basic
approximations for the strength of the plasma lensing effect. We describe a very simple
model for the plasma lensing effect in Sec. 10.2. The experimental setup is described in
Sec. 10.3 and the effect is analyzed and discussed in Sec. 10.4. In Sec. 10.5, we briefly
speculate on possible applications.

Figure 10.1: Plasma lens effect observed when determining t = 0 for pump-probe measurements.
In the top row, a 3 mm TEM grid is put in the electron beamline; in the bottom row, this grid
is removed. The time delay ∆t of the electron probe is with respect to the laser pulse used to
generate the plasma; t = 0 has been chosen arbitrarily.
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10.2 Simple model for plasma lensing effect

At least three types of plasma lenses have been described in literature: a space-charge
plasma lens, an “active” magnetic plasma lens, and a “passive” magnetic plasma lens [1,
5]. The space-charge plasma lens, proposed by Gabor in 1947 , makes use of a confined,
non-neutral electron plasma for electrostatic focusing of positive ion beams. The “active”
plasma lens (or z-pinch type), proposed by Panofsky and Baker in 1950, consists of a
current carrying, neutral plasma column and the focusing is due to an azimuthal magnetic
field generated by the externally driven axial plasma current. The “passive” plasma
lens, proposed by Katsouleas in 1986 and by Chen in 1987, uses a pre-formed, current-
free, neutral plasma which charge neutralizes a relativistic particle beam allowing the
azimuthal, self-magnetic field of the beam to pinch itself. The observed plasma lensing
effect differs from a typical plasma lens, since the size of the plasma is smaller than the
transverse dimensions of the electron beam, whereas for a typical plasma lens the plasma
is larger than the beam. The observed effect resembles mostly the space-charge plasma
lens, since the magnetic type of plasma lenses would require either an externally driven
current or a relativistic electron beam (i.e. γ � 1); in our case, γ = 1.2 for 100 keV
electrons.

In our experiment, the plasma is formed by the 800 nm pump laser which ionizes
the gas molecules in the vacuum, creating a mixture of electrons and positive ions. The
electrons are ejected from this region due to their excess kinetic energy Ek = nhν −ΦIP,
where n is the number of absorbed photons, hν is the photon energy, and ΦIP is the
ionization potential of the gas molecules. On the picosecond timescale, the relatively
heavy ions remain more or less stationary. The net effect is the formation of a cylindrically
symmetric charge gradient and a radial electric field about the pump laser axis that focuses
the electron beam [3].

The basic concept of the cylindrical plasma lens is illustrated in Fig. 10.2. If we
assume a simple cylinder with a homogeneous (positive) charge density enp, the focusing
strength of the plasma lens on the electron beam can easily be estimated. Using Gauss’s
law for an infinitely long cylinder with radius Rl, the radial electric field Er(r) = enpr/2ε0
for r < Rl. In general, for particles with a momentum pz acted upon by a lens inducing
a transverse momentum kick ∆pr, the focusing strength P can be expressed as:

P ≡ 1

f
≡ − 1

pz

∂∆pr
∂r

(10.1)

where f is the focal length. In a cylindrically plasma lens with a length Ll, the electrons
receive a transverse momentum kick ∆pr ' eErLl/vz , if we neglect the change of the
radial electric field Er near the ends of the cylinder, and if we assume that the velocity
vz and the position r of the electrons remain constant (weak lens approximation). The

Figure 10.2: Conceptual geometry of plasma lens.

147



Chapter 10.

focusing power P then becomes:

P ' eLl
vzpz

∂Er
∂r

=
e2Llnp

2ε0v2
zγme

(10.2)

where ε0 is the vacuum permittivity, γ is the Lorentz factor, and me is the electron mass.

10.3 Experimental setup

Figure 10.3 illustrates the experimental setup used to observe the plasma lensing effect.
The setup is described in more detail in Chapter 2, but note that the positions of the
beamline elements are different.

The 100 keV electron bunches are generated in the DC photogun and collimated by
the condenser lens. The TM010 cavity acts as an aperture with diameter Da = 4 mm
for the slightly diverging bunches which obtain a diameter Db ' 10 mm on the detector
∼ 1 m after the cavity. Halfway, inside the sample chamber, the bunches have a diameter
Db ∼ 7 mm. The bunches have a charge Q ∼ 1 pC and a length Lb ' 1 mm, which means
that the electron density ne ' 2× 1014 m−3.

The 800 nm pump laser is focused inside the center of the sample chamber using
an optical lens with f = 0.25 m. The angle of the laser beam axis with respect to the
electron beam axis is ∼ 4◦ within the horizontal plane. The beam waist at the focal point
is estimated to have a diameter Dl = 2w0 ∼ 40µm; the length of the waist (two times the
Rayleigh length zR) Ll = 2zR ' 3 mm. The laser pulses have an energy E ' 0.5 mJ and a
FWHM pulse length t ' 60 fs. At the focal point, the peak intensity I0 ' 1019 W/m2; air
ionization requires the absorption of at least 8 infrared photons and occurs for threshold
intensities I ∼ 1017 W/m2 [6].

Inside the vacuum chamber, the vacuum pressure p ' 3× 10−6 mbar. The density of
molecules in the vacuum nv = pNA/RT ' 7 × 1016 m−3 at T = 300 K. Less than 1% of
the molecules thus need to become ionized to achieve an ion density close to the density
ne of the electron bunch.

Electron gun

TM010 cavity

Condenser
lens

Sample chamber

-100 kV

Detector

UV laser pulse Pump laser pulse z
x

Db ~ 4 mm Db ~ 10 mmDb ~ 7 mm

0.4 m 0.5 m 0.5 m

Figure 10.3: Experimental setup for observation of plasma lensing effect. The purple line indi-
cates the UV laser beam for photoemission, the green lines indicate the electron beam, and the
red line indicates the 800 nm pump laser beam.
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10.4 Results and discussion

10.4.1 Profile and lens strength

Figure 10.4 shows a detector image of an electron bunch where the effect of the plasma
lensing is clearly visible through the bright spot in the center. By varying the focusing
strength of the condenser lens, by using the steering coil, and by using a magnet to deflect
the electron beam, it has been verified that the bright spot is indeed formed by electrons
and not by laser light. Further, it has been tested using a half-waveplate for the pump
laser, that there is no strong dependence of the effect on the laser polarization.

Below the image in Fig. 10.4, integrated profiles of the bright spot are shown; the
horizontal profile is shown on the left and the vertical profile on the right. The corre-
sponding rectangles, which are integrated along the short side, are shown in the image.
The pixel intensities are normalized to the surrounding pixel intensities in the image. The
profiles have been fitted with a Gaussian function. The fitted widths are σx = 205±25µm
and σy = 144 ± 23µm. The broader spot in the horizontal x-direction can be explained
by the laser axis which makes an angle of ∼ 4◦ with the electron beam axis within the
horizontal plane. The projection of a cylinder with L = 3 mm and Dl = 40µm (the
approximate dimensions of the 800 nm pump laser waist) tilted by 4◦ has a (horizontal)
width of approximately Dl cos θ + L sin θ = 249µm. This value corresponds well with σx
assuming that part of the electron beam is slightly focused due to the plasma. Due to
this focusing, the part of the beam going through the plasma lens is intensified on the
detector. The spot in the vertical y-direction is not affected by the angle between the
laser and electron beam. The ratio σy/Dl = 3.6 could be explained considering that the
plasma may expand, that the laser peak intensity exceeds the ionization threshold by a
factor 100, and that the part of the electron beam focused by the plasma lens may still
be slightly divergent. These effects are also be relevant in the horizontal direction. The
projected horizontal width of the cylinder with L = 3 mm and Dl = 144µm becomes
353µm. More accurate calculation are required to explain the dimensions of the observed
spot on the detector on a more quantitative basis. For now, we assume that the electron
beam is approximately collimated by the plasma.

To realize the beam collimation as illustrated in Fig. 10.3, the focusing power P of the
plasma lens should be approximately P ∼ 0.1− 1 m−1, i.e. f ∼ 1− 10 m. Using Eq. 10.2
with Ll = 3 mm for 100 keV electrons, this implies that np ∼ 7× 1014− 7× 1015 m−3. At
3× 10−6 mbar, corresponding to a density of molecules in the vacuum nv ' 7× 1016, this
would correspond to an electron removal degree of 1-10%, which can be quite reasonable.

10.4.2 Temporal response

Figure 10.5 shows the intensity of the plasma effect as a function of the delay ∆t of the
electron probe relative to the 800 nm pump pulse. The intensity has been obtained from
the height of the Gaussian fit to the horizontal profile, as shown for one image by the red
curve (bottom,left) in Fig. 10.4. For each delay, 5 images have been analyzed and the
mean is plotted with the standard deviation as error bar. The point ∆t = 0 has been
chosen arbitrarily. The graph shows that the build-up of the plasma lens effect takes at
least a few hundreds of picoseconds, probably due to the diffuse build-up of the plasma
lens. If we consider a time constant τD ∼ 200 ps and a diffusion length lD ∼ 100µm, the
corresponding diffusion velocity is vD ∼ 5 × 105 m/s. This velocity corresponds with a
kinetic energy of ∼0.7 eV, which can easily be explained as an excess energy from the
photoionization with 1.55 eV (800 nm) photons.
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Figure 10.4: Detector image of an electron bunch showing the effect of the plasma lensing
effect through the bright spot in the center. The horizontal and vertical direction in the image
correspond with the directions in the setup. Below the image, horizontal and vertical profiles of
the bright spot are shown. The profiles are obtained by integration along the short side of the
corresponding (in color) rectangle. The widths of the profiles are determined using fits with a
Gaussian function.
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Figure 10.5: Intensity of the plasma effect as a function of the delay ∆t of the electron probe
relative to the 800 nm pump pulse.

10.5 Conclusions

We have described the observation of a plasma lensing effect in vacuum. Based on very
basic calculations, the plasma lens has a focal strength P ∼ 0.1 − 1 m−1 due to ejection
of 1-10% of the (released) electrons after multiphoton ionization of the molecules in the
background gas at 3×10−6 mbar with a 800 nm femtosecond pump laser focused to a peak
intensity I0 ' 1019 W/m2. The dimensions of the observed effect corresponds approxi-
mately with the dimensions of the beam waist of the 800 nm pump laser. The build-up of
the plasma lens effect takes at least a few hundreds of picoseconds. The calculations have
been made based on some very crude assumptions. A more detailed analysis should be
performed to accurately describe the multiphoton ionization, the plasma dynamics, and
the effect of the plasma shape on the electron beam.

For ultrafast electron diffraction, plasma lensing effects have been used in combination
with a molecular beam or a TEM grid for determination of t = 0 in a pump-probe exper-
iment [3, 4]. A plasma lens effect in vacuum would be disadvantageous for determination
of t = 0, since the position of the plasma is less well defined than with a beam or grid.

What makes the vacuum plasma lens an interesting concept, is that it allows for ultra-
fast manipulation of an electron beam without the addition of any tool into the electron
beamline; only a femtosecond laser and a residual background gas (with p ∼ 10−6 mbar)
are required. The vacuum plasma lens could be applied as an ultrafast, switchable optic
which can achieve reasonably strong focusing powers. In combination with a controlled
background gas which does not interfere with the electron beam, and with a well shaped
laser profile, the vacuum plasma lens might become an ultrafast and powerful tool for
electron beam manipulation in ultrafast electron diffraction or microscopy.

Suggestions for further research are to develop more accurate theoretical models for
describing the plasma dynamics and lensing effect, and to perform more extensive exper-
iments in which the residual gas composition and pressure, the intensity of the ionization
laser, and the electron beam properties (e.g. emittance, beam diameter, and bunch length)
can be varied.
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Chapter 11

Towards ultrafast electron diffraction on complex

molecules

In the recent years, very exciting results have been obtained with femtosecond X-ray
diffraction using an X-ray free electron laser (FEL) for structure determination of bio-
logical systems, such as single mimivirus particles and microcrystals of enzymes [1, 2].
However, X-ray FELs require large, expensive facilities and only a few facilities have
been or are being built worldwide; this implies that beam time for research groups will
be limited. Femtosecond electron bunches can be generated relatively easily by photoe-
mission using a femtosecond laser and can be much more readily accessible than X-ray
FELs. Ultrafast electron diffraction might be used as a complementary technique to X-ray
diffraction to study complex molecules which form 2D crystals, e.g. membrane proteins.

However, preparation of high quality biological samples and measuring high quality
diffraction patterns with femtosecond electron diffraction on these samples can be quite
challenging. Single-shot diffraction will probably be an important requirement to prevent
that damaging, degradation, or the general low reproducibility of the sample becomes an
issue. Much work has to be done before time-resolved UED measurements on complex
molecules like proteins become a reality, including research on the electron source, beam
dynamics, sample preparation, and analysis of single-shot diffraction. Work on the devel-
opment of an ultracold source has been performed in our group by Engelen et al. [3]. A
photoemission source and the other mentioned aspects have been considered in this thesis
for single-shot UED.

The modelling and characterization of electron bunches in the UED setup has been
described in Part II. The non-linear photoemission has been measured and described,
the transverse and longitudinal propagation of electron bunches has been modelled, and
characterization measurements of electron bunches have shown that a transverse coherence
length around 2 nm and bunch compression to an rms duration below 100 fs are feasible for
100 fC bunches. Single-shot electron diffraction has been described in Part III. Single-shot
diffraction patterns of polycrystalline gold, polycrystalline silicon, and monocrystalline
graphite have been measured and analyzed. The work towards ultrafast dynamics with
single-shot UED has been described in Part IV. The accumulative damaging of thin metal
films, due to the illumination with a pulse laser, has been studied and agrees well with
observations in literature. Pump-probe measurements have been attempted, but were
unsuccessful due to (not fully explained) large fluctuations. A plasma lensing effect has
been observed and described with a basic model.

That much work has to be done before time-resolved UED measurements on com-
plex macromolecules such as proteins become a reality, is obvious if one considers the
complexity of a diffraction pattern from a protein crystal, as illustrated with Fig. 11.1.
The figure shows simulated diffraction patterns of graphite (red) and hydrophobin HFBII
(black). Hydrophobins are proteins which can self-assemble into a crystalline monolayer
and the monoclinic crystal of HFBII has lattice dimensions of a = 7.85nm, b = 4.63nm,
and c = 3.47nm (for 2B97 in the protein data bank [4]). The diffraction patterns for
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Figure 11.1: Simulated diffraction patterns of graphite (in red) and hydrophobin HFBII (in
black) for 100 keV electrons. A transverse coherence of 3.5 nm was used in the simulations.

100 keV electrons have been simulated using CrystalMaker software [5]. Both crystals
were aligned with the electron beam along the c-axis (i.e. perpendicular to the graphene
sheets in case of graphite). A sample thickness of 3.5 nm and a FWHM peak width of
0.1 nm−1, corresponding to a coherence length of 3.5 nm, have been used. In practice,
it will be challenging to accurately measure and analyze such a diffraction pattern of a
protein. Measuring dynamics will definitely be even more challenging.

11.1 Limits of beam quality

The required transverse beam quality, expressed by the emittance εn,x, depends on the
required coherence length L⊥ and rms beam size σx on the sample. For electron diffraction
on the protein hydrophobin HFBII, as shown in Fig. 11.1, a coherence length L⊥ ∼
4 nm may be sufficient and a spot size σx ∼ 100µm could be a reasonable assumption,
considering the required preparation of a homogeneous, monocrystalline crystal. The
required transverse normalized rms emittance becomes εn,x ∼ 10 nm · rad in this case, see
Eq. (7.23), which is actually close to the experimental values from Chapter 6. The thermal
emittance εn,T = σ0σγβ, see Eq. (5.12), with typically σγβ ∼ 10−3 for a photoemission
source. The rms size of the laser on the cathode should be σ0 ≤ 10µm in order to obtain
εn,T ≤ 10 nm · rad. Ideally, the transverse beam quality is preserved after propagation
towards the sample. Using the image charge limit of 8.9× 10−5 C/m2 from Sec. 3.2.4 for
100 kV, then for a homogeneous initial spot with R = 2σ0, the maximal bunch charge
that could be extracted from the photocathode is 112 fC to obtain εn,x ∼ 10 nm · rad.

For single-shot diffraction with a good signal-to-noise ratio on a protein sample, a
charge of 100 fC is probably too low. In Sec. 7.4.3, a charge of about 0.6 nC was
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estimated for recording a full diffraction pattern with a large variation of peak intensities,
which would be sufficient for structure determination of a complex macromolecule. To
study dynamics of a protein with a known structure, it could be sufficient to only record
the most intense diffraction peaks with a high accuracy, and a few pC might therefore be
sufficient. For a bunch charge around 1 pC, the same beam quality as before could be
obtained with σγβ ∼ 10−3/

√
10, i.e. a factor ∼ 3 smaller (assuming the ideal situation

of no emittance growth). As was mentioned in Sec. 3.2.1, theoretically, σγβ should be a
few times lower; the required improvement of σγβ might therefore be obtained through
optimization of the photoemission source. Other options to obtain the required transverse
beam quality and charge are: to use nanosecond pulses instead of femtosecond pulses (in
order to overcome the image charge limit); to prepare a larger monocrystalline sample
homogeneous over several 100µm; to lower σγβ significantly using an ultracold source [3].

The requirements for the longitudinal beam quality are less stringent. As discussed
in Sec. 7.4.2, an energy spread of σU ≤ 1 keV is acceptable, which implies that the
longitudinal normalized emittance should be εn,x ≤ 59 nm rad for an rms pulse duration
of 100 fs, see Eq. (7.25). For longer pulses, the longitudinal emittance can even be higher.

Radiation damage due to the electron bunch is typically estimated to become relevant
from charge densities around 1 e−/Å2. For a pC bunch, this implies that the radiation
damage becomes relevant for an rms spot size on the sample of 100 nm or smaller.

Compared to state-of-the-art ultrafast X-ray crystallography, the quality of diffraction
patterns acquired with a few pC of electrons is comparable to the quality obtained in a
single-shot with an X-ray FEL [6]. Ultrafast X-ray and electron diffraction form com-
plementary techniques, with UED most suited for ultrathin samples of sufficient lateral
size and uniformity (i.e. 2D crystals), whereas X-ray diffraction is more suited for thicker
3D (nano)crystals. Both techniques require the recording of many diffraction patterns to
determine the structure of a complex macromolecule with a high resolution and a high
accuracy. For applications where nanosecond temporal resolution is sufficient, and where
no sample damaging or large thermally driven conformational fluctuations occur on the
nanosecond time scale, single-shot electron diffraction would be the ideal choice if thin
samples are available, and structure determination of complex macromolecules with nC
bunches could be feasible.

11.2 Recommendations and outlook

There are a number of recommendations for improvements and further experiments. Con-
cerning the setup, improvements could be made by simplifying the electron beam align-
ment, by replacing the detector with a sensitive fiber-coupled CCD with a high dynamic
range, and, most importantly, by improving the stability of the UV pulses for photoemis-
sion. For the photoemission experiments, it would be interesting to measure the yield as
a function of the wavelength and the pulse duration of the laser. These measurements
could be linked to the beam quality, with the eventual goal of improving the transverse
beam quality. The work on the electron-optical beam modelling could be extended by
including aberration effects and space charge models. For characterization of the electron
bunches, a lot of interesting experiments could be performed with a compact, dielectric-
filled streak cavity (as developed in our group [7]) mounted to the XYZT manipulator
inside the sample chamber. Combination of the waist scan measurements with bunch
length measurements using this compact streak cavity would be ideal for further charac-
terization of compressed electron bunches. These measurements could then be analyzed
using the photoemission theory from Chapter 3 and the electron optical model from
Chapter 5 in combination with GPT simulations to include space charge. Eventually,
the detailed characterization of the electron bunches could lead to achieving the ultimate
beam quality, and the ultimate quality of single-shot diffraction experiments. The analysis
of the single-shot diffraction patterns could be improved by using dynamical diffraction
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theories. It would also be interesting to study the influence of the charge density on the
diffraction. Work on pump-probe experiments would benefit from the preparation of very
homogeneous samples, from a sensitive detector with a high-dynamic range, and, without
doubt, from more stable UV pulses.

The potential of the UED setup is very promising, and hopefully, in the near future,
these suggested improvements will lead for our group to the first successful pump-probe
measurements, to the first electron diffraction patterns of a protein sample, and, ulti-
mately, to the observation of molecular dynamics in complex, biological samples.
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Appendix A

Maxwell’s equations

Maxwell’s equations in terms of the electric (E) and magnetic (B) fields:

∇ ·E =
ρ

ε0
(A.1a)

∇ ·B = 0 (A.1b)

∇×E = −∂B
∂t

(A.1c)

∇×B = µ0J +
1

c2
∂E

∂t
(A.1d)

with the Lorentz force:
F L = q(E + v ×B) (A.2)

Maxwell’s equations in terms of the electric scalar (Φ) and magnetic vector (A) potentials:

∇2Φ− 1

c2
∂2Φ

∂t2
= − ρ

ε0
(A.3a)

∇2A− 1

c2
∂2A

∂t2
= −µ0J (A.3b)

for the Lorentz gauge:

∇ ·A+
1

c2
∂Φ

∂t
= 0 (A.4)

The electric and magnetic fields can be obtained using the relations:

E = −∇Φ− ∂A

∂t
(A.5a)

B = ∇×A (A.5b)
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Gaussian beams

In this appendix we present a brief summary of Gaussian beam theory, more can be found
in optics textbooks. Gaussian beam theory treats the propagation of diffraction limited
(optical) beams. The fundamental transverse mode of an optical beam is the TEM00
mode, which is described by a Gaussian function. In a beam waist, a Gaussian beam is
described by a plane wave. Beyond the beam waist, the beam starts to spread due to
diffraction. If the spot size in a beam waist at a position z0 is given by w0, the propagation
of the Gaussian beam (through empty space) is given by:

w(z) = w0

√
1 +

(
z − z0

zR

)2

=

√
w2

0 + (z − z0)2w′2 (B.1)

with Rayleigh length zR = πw2
0/λ for a beam with wavelength λ. Far from the beam

waist (i.e. z − z0 � zR), the divergence of the beam can be expressed as w′ ≡ ∂w/∂z =
w(z)/(z − z0) = w0/zR = λ/πw0.

A useful parameter to describe the propagation of a Gaussian beam through optical
elements is the complex beam parameter q(z). This parameter is defined for an optical
beam with wavelength λ as:

1

q(z)
≡ 1

R(z)
− i λ

πw2(z)
(B.2)

with R(z) the radius of curvature of the beam.
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Longitudinal paracentral equation

To apply the matrix formalism as will be discussed in Sec. 5.3.4, it can be usefull to lin-
earize the longitudinal motion, since we assume for the matrix method that the trajectory
after a lens elements depends linearly on the initial trajectory (τ, τ ′) or (ζ, ζ ′). We write
the relativistic Lorentz factor and the electric field, respectively, as γp and Ez,p for the
particle at rp and as γ and Ez for the beam center at r0. Starting from Eq. (5.28) for
the particle at ṙp, we have:

d

dt
(γpβp) = γpβ̇p + γ̇pβp =

qEz,p
mc

= cγ′p (C.1)

We can write βp as:

βp =
ż0 + ζ̇

c
= β + βpζ

′ (C.2)

thus

βp =
β

1− ζ ′
≈ β(1 + ζ ′) (C.3)

In combination with the approximation γp ≈ γ + ζγ′, we find the following relations:

β̇p = cβpβ
′
p = cββ′(1 + ζ ′)2 + cβ2(1 + ζ ′)ζ ′′ ≈ cββ′(1 + 2ζ ′) + cβ2ζ ′′ (C.4a)

γ̇ζ = cβζγ
′
ζ = cβγ′(1 + ζ ′)2 + cβγ′′(1 + ζ ′)ζ ≈ cβγ′(1 + 2ζ ′) + cβγ′′ζ (C.4b)

γ′ζ = γ′(1 + ζ ′) + γ′′ζ (C.4c)

If we put these relations into Eq. (C.1) and use ββ′ = γ′/γ3, we have:

(γ+ζγ′)

(
γ′

γ3
(1 + 2ζ ′) + β2ζ ′′

)
+
(
βγ′(1 + 2ζ ′) + βγ′′ζ

)
β(1+ζ ′) = γ′(1+ζ ′)+γ′′ζ (C.5)

After dropping the higher order terms in ζ, ζ ′, and ζ ′′, we obtain:

ζ ′′ +

(
1 +

1

β2

)
γ′

γ
ζ ′ +

(
γ′2

γ4β2
− γ′′

γ3β2

)
ζ = 0 (C.6)

Using the relation ζ = βcτ , which is only valid for constant β or small ζ, we can also
write this equation in terms of τ , given the following relations:

ζ ′ = βcτ ′ + β′cτ (C.7a)

ζ ′′ = βcτ ′′ + 2β′cτ ′ + β′′cτ (C.7b)
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with

β′ =
γ′

γ3β
(C.7c)

β′′ =
γ′′

γ3β
− γ′2(2β2 + 1)

γ4β3
(C.7d)

we obtain:

τ ′′ +

(
2γ +

1

γ

)
γ′

γ2 − 1
τ ′ = 0 (C.8)

Note that this differential equation does not depend explicitly on τ , which is as expected
since Eqs. (5.39) and 5.40 only depend on τ through the start conditions. The differential
equation can be solved by integration:

τ ′(z) = τ ′0 exp

−
z2∫
z1

(
2γ +

1

γ

)
γ′

γ2 − 1
dz

 (C.9)

and

τ(z) = τ1 +

z2∫
z1

τ ′(z)dz (C.10)
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Transfer matrix for magnetic coils

For a magnetic solenoid d1 = d2 and f1 = f2, therefore the thick lens matrix from Eq.
5.43 reduces to:

M =

(
1− d

f d
[
2− d

f

]
− 1
f 1− d

f

)
(D.1)

The following empirical equations can be used for P = 1/f and d:

P ≡ 1

f
= (K0 + k3I

3
s ) sinφ (D.2)

and

d =
1− cosφ

P
− Ls

2
+ c2I

2
s + c3I

3
s (D.3)

where k3, c2, and c3 are fit parameters.
Figure D.1 shows the focusing powers P and the focal lens positions d for the magnetic

coils in the UED setup of which the dimensions are specified in Table 2.1. The calculations
are performed with the paraxial model from Chapter 5 and the curves are fitted using
Eqs. D.2 and D.3. The calculated parameters Ls and k1, and the fitted parameters k3,
c2, and c3 are given in Table D.1.

Table D.1: Parameters of the magnetic coils

Ls k1 ≡ K0/Is k3 c2 c3
element [ mm] [ m−1A−1] [ m−1A−3] [ mA−2] [ mA−3]

first condenser lens 59.44 6.2293 −6.649× 10−2 1.196× 10−4 1.265× 10−5

second condenser lens 51.58 5.7283 −4.165× 10−2 9.532× 10−5 3.177× 10−6

objective lens 76.08 1.6073 −1.942× 10−3 2.441× 10−5 8.726× 10−8
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Figure D.1: Focusing powers and focal plane positions for the magnetic coils in the UED setup.
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Summary

Ultrafast electron diffraction
An investigation of fundamental limits

The emerging of ultrafast electron and X-ray diffraction techniques has enabled the study
of structural dynamics with both spatial and temporal resolution at the atomic level
(∼ 0.1 nm and ∼ 100 fs). There are many applications in material and life sciences where
techniques to directly study atomic motion could provide new insights. Examples are
direct observation of coherent phonons in solid-state physics or observation of protein dy-
namics which ultimately determine the functions of these complex macromolecules. X-ray
free electron lasers are able to produce X-rays of sufficient brightness to perform single-
shot, femtosecond diffraction on protein crystals, but also require large and expensive
facilities. Femtosecond electron diffraction has successfully been applied to study ultra-
fast (reversible) dynamics in gases and thin films, but brightness of available femtosecond
electron sources, space-charge effects, and the requirement for ultra thin samples of suffi-
cient lateral size and uniformity have so far formed a barrier to study ultrafast dynamics
in samples as complex as proteins.

To overcome the space-charge problem and to enable a systematic study of ultrafast
electron diffraction (UED), a setup has been designed and developed in the CQT group
in Eindhoven for single-shot UED with electron bunches of 100 keV, 100 µm, 100 fs, and
100 fC, using photoemission and bunch compression with a radio-frequency (RF) cavity.
Roughly one million electrons are required for single-shot diffraction, but in combination
with a 100 fs bunch duration this inevitably leads to a strong space-charge explosion
which causes the bunch duration to increase rapidly. By using a TM010 RF cavity which
is synchronized to the femtosecond laser used for photoemission, this bunch explosion can
be reversed. Basically, the cavity is used as a temporal lens.

In this thesis, both theoretical work on single-shot UED and experimental work per-
formed with the UED setup are described. The goal of the research has been to improve
and characterize the existing UED setup, to perform the first single-shot diffraction mea-
surements, and to prepare the setup for time-resolved pump-probe diffraction measure-
ments. Fundamental limitations and the potential of UED have been investigated. The
ultimate research goal is to work towards UED with complex samples and irreversible
dynamics by combining techniques from electron crystallography and accelerator physics.

Electron beam physics for single-shot UED is decribed in Part II, including the gener-
ation, propagation, and characterization of electron bunches. Photoemission yield from a
used, uncleaned copper cathode in a DC electron gun has been studied over a wide range
of laser intensities, from the linear photoemission regime until the onset of image charge
limitations and cathode damaging. The measured curves can be explained well with avail-
able theory including the Schottky effect, second-order photoemission, and image charge
limitation. The second-order photoemission can be explained by thermally assisted one-
photon emission and by above-threshold two-photon emission. The measurements with a
fresh cathode suggest that the two-photon process is dominant. The measurements show
experimentally the ultimate limitations of the 100 kV DC electron gun.
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The propagation of the ultrashort electron bunches through the UED setup with the
TM010 cavity has been investigated. Closed expression have been derived both for the
longitudinal and transverse focusing powers of resonant microwave TM010 cavities. Using
these expressions, the required phase and temperature stability for synchronization of
electron bunches generated by femtosecond photoemission is calculated. The propagation
of electron bunches through 4D electron-optical elements has been studied using Gaussian
beams and transfer matrices (based on a thick lens approach) both for the transverse
motion using the paraxial approximation for cylindrical symmetry, and for the on-axis
longitudinal motion. The expressions and model have been validated by particle tracking
simulations using realistic fields for the electron-optical elements. The 4D electron-optical
modelling provides a good starting point for simulations and beamline design, to enable
fast fitting with experimental data, or to provide an understanding of the bunch behaviour.

Experiments have been performed to measure the duration and transverse coherence of
electron bunches for single-shot diffraction which are dominated by space-charge effects.
The transverse emittance has been determined using waist scan measurements, which
have been analyzed using the generalized perveance to include space charge. For 10
fC bunches, fitted parameters using this model are in good agreement with parameters
determined from particle tracking simulations, while for 100 fC and 1 pC the agreement
becomes less good. For accurate bunch length measurements, streak measurements with
a TM110 cavity have been performed. Bunch durations below 100 fs have been measured
for compressed bunches of 250 fC.

Theory of and experimental work on single-shot electron diffraction are described in
Part III. Important factors for the quality of a diffraction patterns are the quality of the
sample, the (transverse) coherence length of the electron bunch, and the total charge
used to build up the diffraction pattern. The requirements for the electron bunches
depend strongly on the application. Single-shot electron diffraction with uncompressed
bunches has been performed on polycrystalline and monocrystalline samples. The analysis
of diffraction patterns of polycrystalline gold and silicon agrees well with kinematical
diffraction theory. The analysis of diffraction patterns of monocrystalline graphite departs
from kinematical diffraction theory, which is due to the relatively thick samples of 30 nm.

The experimental work towards ultrafast dynamics is described in Part IV. Attempts
have been made to perform pump-probe experiments using aluminum, gold, silicon, and
graphite samples, although without success. The main issues we ran into were instability
of the femtosecond laser and accumulative damaging of the sample due to repetitively
pumping. The accumulative damage threshold has been investigated and the obtained
results are in good agreement with literature values.

A plasma lensing effect in vacuum has been observed. Based on very basic calculations,
the plasma lens has a focal strength around 0.1-1 m due to multiphoton ionization of 1-10%
of the molecules in the background gas at 3×10−6 mbar with a 800 nm femtosecond pump
laser focused to a peak intensity around 1019 W/m2. The dimensions of the observed effect
corresponds well with the dimensions of the beam waist of the 800 nm pump laser. The
build-up of the plasma lens effect takes at least a few hundreds of picoseconds, probably
due to the diffuse build-up of the plasma lens. The vacuum plasma lens could be applied
as an ultrafast, switchable optic which can achieve reasonably strong focusing powers.

Much work has to be done before time-resolved UED measurements on complex macro-
molecules such as proteins become a reality. A number of improvements have been sug-
gested for the UED setup. The most important conclusion is that the stability of the
setup and the quality of the sample are extremely important for accurate and successful
pump-probe experiments. Nevertheless, the potential of the UED setup is very promis-
ing, and hopefully, in the near future, the suggested improvements will lead for the CQT
group to the first successful pump-probe measurements, to the first electron diffraction
patterns of a protein sample, and, ultimately, to the observation of atomic dynamics in
complex biological samples.
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Samenvatting

Ultrasnelle elektronendiffractie
Een onderzoek naar fundamentele limieten

Dankzij de uitvinding van microscopie in de 16de eeuw werd een compleet nieuwe micro-
scopische wereld van cellen en bacteriën zichtbaar voor de mens. Met optische microscopie
kunnen structuren tot op enkele micrometers bekeken worden (1 µm is ongeveer één
honderdste van de diameter van een haar). Het oplossend vermogen van een optische
microscoop wordt beperkt door de golflengte van zichtbaar licht (400-700 nanometer=0.4-
0.7 µm). Dankzij de uitvinding van elektronenmicroscopie in de afgelopen eeuw is het
tegenwoordig mogelijk geworden om zelfs te kunnen inzoomen tot op het niveau van
afzonderlijke atomen. De afstand tussen atomen is van ordegrootte Ångström (=100
pm=0.1 nm). Om elektronen te gebruiken voor microscopie, worden deze met een typisch
spanningsverschil van 100 kilovolt versneld tot ruim de halve lichtsnelheid (van 300 000
km/uur). Volgens de kwantummechanica gedragen elektronen zich zowel als deeltjes en
als golven, met een golflengte van 3.7 picometer (=0.0037 nm) in het geval van 100 keV.
De golflengte vormt nu geen beperking meer voor de atomaire resolutie.

Maar welke tijdschalen worden eigenlijk relevant op het niveau van atomen? De karak-
teristieke tijdschaal van atomaire vibraties is gelijk aan de afstand tussen atomen gedeeld
door de snelheid van geluid (∼ 1000 m/s in de meeste vaste stoffen). De tijdschaal
waarop atomaire bewegingen plaatsvinden is daarom van ordegrootte 100 femtoseconden
(= 0.000 000 000 000 1 s). Om een gevoel te geven hoe snel dit is: 100 femtoseconden
ten opzichte van 1 seconde is vergelijkbaar met 1 seconde ten opzichte van ruim 300 000
jaar. . . ofwel niet te bevatten dus. Typische belichtingstijden in een elektronenmicroscoop
zijn enkele milliseconden tot seconden. Met (normale) moderne elektronenmicroscopen
zijn de tijdschalen waarop atomen bewegen dus verre van toegankelijk.

Er zijn vele toepassingen in de materiaalkunde en levenswetenschappen te bedenken
waar technieken om atomaire bewegingen direct te bestuderen nieuwe inzichten kunnen
opleveren. Voorbeelden zijn: het direct waarnemen van coherente bewegingen (fononen)
in de vastestoffysica; het observeren van dynamica in eiwitten, bepalend voor de verschil-
lende functies van deze complexe macromoleculen, waaronder het versnellen van chemische
omzettingen (enzymen). In de afgelopen jaren heeft de opkomst van ultrasnelle diffractie-
technieken met elektronen of röntgenstraling ertoe geleidt dat het volgen van structurele
dynamica op het niveau van atomen mogelijk is geworden met voldoende resolutie voor
zowel de hele korte lengteschalen (∼ 100 pm) als de hele korte tijdsschalen (∼ 100 fs).

Een diffractiepatroon ontstaat wanneer licht of elektronen door een sample heen gaan
en verstrooien aan de atomen hierin. Het patroon dat ontstaat is geen directe afbeelding,
maar levert wel directe informatie op over de rangschikking van de atomen. Met hele korte
licht- of elektronenpulsen en door middel van “pump-probe” metingen kunnen ultrasnelle
processen worden bestudeerd. Een “pump-probe” meting houdt in dat er eerst een proces
in het sample in gang wordt gezet met een korte lichtpuls (“pump”) en dat daarna met
een korte licht- of elektronenpuls (“probe”) een diffractiepatroon wordt gemaakt. Door

Dit is een vereenvoudigde samenvatting met meer uitleg t.o.v. de Engelse versie.
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het tijdsverschil tussen de “pump” en de “probe” te variëren, wordt er steeds op een ander
moment van het proces een snapshot gemaakt en kan het proces in kaart worden gebracht.

Voor het bestuderen van complexe macromoleculen kan het belangrijk zijn dat een
diffractiepatroon in één keer wordt opgenomen omdat de samples in het algemeen kwets-
baar zijn en moeilijk om reproduceerbaar te maken. Vrije-elektronenlasers zijn in staat
om röntgenstraling te produceren met voldoende helderheid om in een enkele belichting
van femtoseconden een diffractiepatroon te verkrijgen van eiwitkristallen, maar vergen
ook zeer grote en dure faciliteiten. Femtoseconde elektrondiffractie is succesvol toegepast
voor het bestuderen van ultrasnelle (reversibele) dynamica in gassen en dunne films,
maar het bestuderen van dynamica in complexe samples zoals eiwitten is tot op heden
tegengehouden door de helderheid van beschikbare femtoseconde elektronenbronnen, de
afstoting tussen elektronen (ruimtelading) en de vereiste zeer dunne samples die voldoende
groot en homogeen zijn.

Om het ruimteladingsprobleem te overkomen en om een systematisch studie van ultra-
snelle elektronendiffractie (UED) mogelijk te maken, is er een opstelling ontworpen en ont-
wikkeld in de CQT groep in Eindhoven, voor enkelschots UED met elektronenpakketjes
van 100 keV, 100 µm, 100 fs en 100 fC, die gebruik maakt van foto-emissie en een radio-
frequente (RF) trilholte (ofwel caviteit) voor het comprimeren van elektronenpakketjes.
Ongeveer een miljoen elektronen zijn vereist voor het maken van een diffractiepatroon,
maar in één pakketje van 100 fs lang leidt deze hoeveelheid onvermijdelijk tot het opblazen
van het pakketje, waardoor de duur ervan snel toeneemt. Door gebruik te maken van een
RF caviteit die gesynchroniseerd wordt met een femtoseconde laser die gebruikt wordt
voor de foto-emissie, kan het opblazen van het pakketje worden teruggedraaid: de eerste
elektronen die door de caviteit bewegen ondervinden een afremmend veld; terwijl de
elektronen door de caviteit bewegen draait het veld om; de laatste elektronen ondervinden
een versnellend veld. De caviteit werkt dus eigenlijk als een lens in de richting van de tijd.

Het doel van het onderzoek beschreven in dit proefschrift is om de techniek van
enkelshots UED verder te ontwikkelen met verbeterde bundelfysica. Fundamentele li-
mieten en het potentieel van UED zijn onderzocht. Het ultieme doel van het onderzoek
is om te werken richting UED met complexe samples en niet-reversibele dynamica. Het
genereren van ultrakorte elektronenpakketjes door middel van foto-emissie is bestudeerd
en allerlei niet-lineaire effecten zijn geobserveerd en beschreven. Het propageren van elek-
tronenpakketjes door de UED opstelling met de RF caviteit is beschreven voor zowel de
dwars- als lengterichting, gesloten uitdrukkingen zijn afgeleid voor het beschrijven van
de focusserende krachten in de caviteit en de propagatie is ook beschreven door middel
van Gaussische bundels en overdrachtsmatrices (technieken bekend uit de optica). De
ultrakorte elektronenpakketjes met veel lading zijn gekarakteriseerd en door middel van
de compressie met de RF caviteit is het gelukt om elektronenpakketjes te maken met meer
dan een miljoen elektronen die korter zijn dan 100 fs! De eisen voor het verkrijgen van
hoge kwaliteit diffractiepatronen zijn beschreven en enkelschots diffractiepatronen zijn
opgenomen voor goud, silicium en grafiet. Er zijn pogingen gedaan om “pump-probe”
metingen uit te voeren, maar instabiliteit van de opstelling en schade aan de samples
(door het beschieten met de laser) belemmerden succesvolle metingen. De instabiliteit
en sample schade zijn onderzocht en beschreven. Tenslotte is er bij toeval een lens effect
geobserveerd door het vormen van een plasma in het (bijna) vacuüm van de bundellijn; dit
effect is met een eenvoudig model beschreven en heeft mogelijk interessante toepassingen.

Er is veel geleerd over het maken, beschrijven en karakteriseren van ultrakorte elektro-
nenpakketjes, over het uitvoeren van enkelschots diffractiemetingen en over de vereisten
voor het uitvoeren van succesvolle enkelschots “pump-probe” metingen. Er moet nog
veel werk gebeuren voordat UED metingen aan complexe macromoleculen zoals eiwit-
ten systematisch uitgevoerd kunnen worden, maar het potentieel van de opstelling is
veelbelovend en hopelijk leiden de voorgestelde verbeteringen en nieuwe inzichten er in de
nabije toekomst toe dat atomaire bewegingen in complexe biologische samples bestudeerd
kunnen worden met UED.
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Dankwoord

“Niets is blijvend, behalve verandering.” Met deze quote ben ik dit proefschrift begonnen.
Er is veel gebeurd en veranderd tijdens de periode van mijn promotieonderzoek, zowel
tijdens het onderzoek als daarbuiten. Het was een periode met de nodige frustraties, als
de laser weer eens niet meewerkte, maar vooral een heel bijzondere en ook erg leerzame
periode. Na jaren van onderzoek is het dan eindelijk zover dat ik op het punt sta om dit
proefschrift af te ronden. Graag wil ik iedereen bedanken die mij geholpen heeft om deze
mijlpaal te bereiken, maar vooral ook bedankt aan iedereen die eraan heeft bijgedragen
dat ik terugkijk op een hele mooie en gezellige tijd!

Jom, het is alweer bijna tien jaar geleden dat we elkaar hebben leren kennen tijdens de
BuEx in Canada. Het heeft er uiteindelijk toe geleid dat ik bij jou in de groep ben komen
promoveren. Jouw enthousiasme, optimisme en passie voor natuurkunde hebben mij altijd
erg gëınspireerd. Met veel plezier kijk ik terug op al onze discussies over het project, over
natuurkunde en over allerlei andere onderwerpen. Ook kijk ik met veel plezier terug op
onze reizen door Canada en de VS. Jij hebt me veel mogelijkheden geboden tijdens mijn
promotieonderzoek en je maakte altijd tijd voor een gesprek, ook al had je het druk. Het
was me een genoegen om met jou, als mijn begeleider en als persoon, samen te werken en
ik heb ontzettend veel van jou geleerd. Bedankt voor alles!

Seth, jij hebt me vaak geholpen met de laser en de opstelling. Met veel vragen kon ik
bij jou terecht. Mijn laatste metingen in het lab hebben we samen uitgevoerd, dat was
erg fijn en heeft nog mooie resultaten opgeleverd. Ook bedankt dat je tegen het einde van
mijn promotie nog mijn copromotor bent geworden. Naast Jom en Seth, wil ik graag Leo
van IJzendoorn, Jérôme Faure, Pieter Kruit, Tony Donné en Henk Swagten bedanken voor
het plaatsnemen in mijn promotiecommissie. Bedankt dat jullie de tijd hebben genomen
om mijn proefschrift kritisch door te lezen en van commentaar te voorzien.

Eddy, Harry, Iman, Louis, Jolanda, Wim en Ad, jullie ervaring en inzet waren onmis-
baar bij het werken in het lab. Ik heb met veel plezier met jullie samengewerkt. Hoe
vaak heb ik wel niet bij een van jullie op de kamer gestaan als ik ergens hulp bij nodig
had? Altijd stonden jullie meteen klaar om te helpen. Een simpele schets was meestal
al voldoende voor jullie om een prachtig onderdeel voor de opstelling te maken, zoals
een nieuwe sample kamer, verschillende sample houders, elektronica voor aansturing en
beveiliging van de opstelling, een temperatuurregeling voor de cavity en nog veel meer.
Vele uren hebben jullie in de werkplaatsen doorgebracht om een grote bijdrage te leveren
aan dit onderzoek. Bedankt voor alle hulp!

Met twee collega’s heb ik direct samengewerkt aan de opstelling. Thijs, van jou heb ik
de opstelling overgenomen en in mijn eerste jaar heb ik met veel plezier met jou samengew-
erkt. Het was prachtig om de eerste single-shot diffractiepatronen en gecomprimeerde
elektronenbunches te meten. Ik heb toen veel van je kunnen leren en ik begrijp inmiddels
ook waarom je zo vaak met de laser bezig was. Stefano, during too many trials in the lab
to perform the first pump-probe measurements, we had to say: “il laser non funziona.”
Nevertheless, it was a great and fun time to work together with you.

Een aantal studenten hebben een heel waardevolle bijdrage geleverd aan dit onderzoek
en het was ook erg fijn om met jullie samen te werken. Een aantal master studenten
hebben meegeholpen. Arjan, jij hielp bij de diffractiemetingen toen ik net begon. Barry,
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jij bent deels bij dit project betrokken geweest voor het karakteriseren van de kwaliteit van
elektronenbundels. Joep, met jou heb ik veel in het lab samengewerkt voor de pogingen
tot pump-probe metingen en jij hebt ook veel waardevol werk verricht aan het maken
en karakteriseren van grafiet samples. Ook bachelorstudenten zijn betrokken geweest.
Anneke, jij hebt geholpen bij het bepalen van de coherentielengte met waist scans. Guus,
jij hebt metingen gedaan aan de damage threshold van goud samples. Daan, jij hebt
een heel belangrijke bijdrage geleverd aan het karakteriseren van de foto-emissie. Als
projecten in hun Honors program, hebben Bart, Karel en Wouter geholpen bij het maken
van silicium en grafiet samples; Frits, Nico, Sanne, Gijs en Joep zijn verder gegaan met
de grafiet samples en hebben ook een ontwerp gemaakt voor de sample kamer. Rossella
heeft als buitenlandse stagiaire meegeholpen bij pogingen voor ponderomotive scattering.
Allemaal bedankt voor jullie bijdrage!

In het eerste jaar van mijn promotie ben ik betrokken geweest bij het opzetten van
het opticapracticum. Dit was erg leuk en leerzaam om te doen. Jom, Edgar, Arthur en
Marijn, bedankt voor de fijne samenwerking!

Al mijn collega’s bij CQT wil ik graag bedanken voor alle hulp en de leuke tijd in de
groep! Mijn collega promovendi wil ik bovendien bedanken voor de vele leuke momenten
tijdens het maken van filmpjes, gezellige borrels, etentjes en stapavonden. Steinar, Gijs,
Stefan, Thijs M., Stefano, Bas, Marieke, Thijs van O. en Merijn, het was gezellig om met
jullie een kamer te delen! Wouter, bedankt voor alle hulp met de laser en de opstelling.
Samen met jou en Steinar was het leuk om elkaar beter te leren kennen tijdens onder meer
een aantal etentjes de laatste jaren. Adam, it was fun to work next to you in the lab and
it was a great time to travel to Banff and California with you! Betty, bedankt voor alle
hulp de afgelopen jaren en samen met Jaap en de technici kon ik altijd op jullie rekenen
voor een gezellig praatje tijdens de koffiepauze. Bas en Marieke, bedankt voor jullie hulp
met GPT. Ook Peter S., Nicola, Rick, Xavier, Maikel, Willem, Edgar, Peter M., Servaas,
Ton, Marnix en Corine wil ik graag bedanken als collega’s bij CQT.

Verder wil ik nog een aantal personen bedanken die op een of andere manier een bij-
drage hebben geleverd aan dit proefschrift. Thanks to Brad Siwick and the PhD students
Bob, Chris and Vance for the great time and experience in your lab and in Montréal!
Bob, it was great that I could stay at your place for a while! Ilja en Anneloes, het was
erg interessant om samen met jullie en met Jom de mogelijkheden van eiwitdiffractie te
onderzoeken. Voor de hulp bij het prepareren en karakteriseren van samples wil ik Paul
Bomans, Nico Sommerdijk, Kashish Sharma, Adriana Creatore, Kees Flipse, Erik Jan
Geluk, Bart Buijsse en Erik Kieft bedanken.

Heidi, Sagitta, Ward, Theo en Angela, ik heb met plezier deel uitgemaakt van het
FuTUre team. Het was erg leuk om deel te nemen aan de activiteiten en zo de universiteit
op een andere manier te leren kennen.

Mijn vrienden en familie wil ik ook graag bedanken, omdat jullie naast mijn promotie
hebben gezorgd voor de nodige hulp, gezelligheid en afleiding. Chris, Mike, Paul, Gaston
en Eline, bedankt voor jullie jarenlange vriendschap en de nodige keren dat we geproost
hebben op een gezellige avond. Michael, Krista, Koen, Laura, Peter, Marijn, Frank,
Marlies, Peter, Femke, Kees, David, Leonie en Reinier, bedankt voor alle wintersport-
vakanties, borrels, barbecues en andere gezellige activiteiten de afgelopen jaren. Marleen
en Dirk, bedankt voor alle gezellige momenten samen, zoals barbecues bij jullie op het
dakterras. Neana, Toon, Debbie en Addie, bedankt voor alle hulp bij de bruiloft en voor
alle gezellige avonden, feestjes en andere momenten.

In het bijzonder wil ik mijn ouders, mijn zus en haar vriend, en mijn schoonouders
bedanken voor alle liefde, steun en mooie momenten de afgelopen jaren. Henny en Freek,
bedankt voor de vele keren dat jullie heerlijk voor ons gekookt hebben en voor alles wat
jullie voor ons betekend hebben. Rachel en Jaap, bedankt voor alle sportieve uitdagingen
en bijzondere momenten samen. Pap en mam, bedankt dat ik altijd op jullie onvoor-
waardelijke liefde en steun kan rekenen. Ook bedankt voor alle hulp de afgelopen jaren.
Het is voor een heel groot deel aan jullie te danken dat ik dit heb kunnen bereiken.
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Tenslotte wil ik mijn twee meest bijzondere meisjes bedanken. Lieve Nancy, de
afgelopen jaren zijn voor ons een heel bijzondere en spannende tijd geweest. Altijd heb
ik kunnen rekenen op jouw liefde en steun, en dat voelt heel speciaal. Bedankt voor al je
geduld en begrip de afgelopen jaren en vooral ook de afgelopen tijd. Lieve schat, jij bent
heel bijzonder en het is geweldig om bij jou te zijn! Ik hou van jou en ik ben ontzettend
gelukkig dat jij mijn vrouw bent!! Lieve Julia, jij bent nog zo klein, maar zo bijzonder.
Als ik naar jou kijk, dan geniet ik van het leven! Ik ben dolgelukkig dat jij er bent!!
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