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Abstract

Ultrafast electron diffraction (UED) enables the study of physical, chemical
and biological systems on nm-scale with a sub-ps timescale. However, some
interesting processes are irreversible and some systems can be damaged eas-
ily by the electron bunches. High charge, low emittance electron bunches
will have to be developed to perform single-shot UED on irreversible pro-
cesses in vulnerable systems such as proteins. An ultra-cold plasma (UCP)
is a promising candidate as a source for these electron bunches. The UCP is
created from laser-cooled and trapped Rb atoms which are near-threshold
photoionized with laser pulses and immediately accelerated by a DC elec-
tric field. This results in ultracold electron bunches. The transverse initial
temperature of the electron bunches has been determined experimentally.
It depends on the excess energy, i.e. the extra energy above the ionization
threshold, which the electrons gain in the ionization process. This excess
energy depends on the ionization wavelength as well as the extraction field
strength.

An extensive set of photoionization experiments with a 2.5 ns pulsed
dye laser has been performed. In these experiments electron source temper-
atures of T = 69 − 875 K have been observed. The temperature does not
follow a linear model which assumes a fully thermalized momentum distri-
bution in the bunch. Therefore a more advanced dynamic model has been
developed taking into account the ionic Coulomb potential and the linear
Stark potential corresponding to the extraction field. This model shows a
similar trend as the data but results in lower temperatures. A temperature
as low as T = 69±7 K has been measured which is in the temperature range
required for single-shot UED of proteins. However, still higher electron en-
ergies, higher bunch charge and shorter pulse lengths are required.

Therefore a new ionization laser source, producing 50 fs laser pulses, has
been installed. The source consists of a 800 nm fs laser and an optical para-
metric amplifier converting these pulses into the desired wavelength range
of 472-490 nm. This results in sub-ps electron bunches with temperatures
down to T = 11 ± 6 K. For the fs experiments, the temperature curve can
be very well modeled by the dynamic model. The low temperatures and
short bunch lengths meet the requirements for single-shot UED on proteins.
However, higher electron energies and more bunch charge are required.
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Chapter 1

Introduction

In order to get insight in fundamental processes in physics, chemistry and
biology, extreme spatial and temporal resolution are required. Ultimately,
one wants to study these processes on atomic scale (0.1 nm) and on the time
scale of a single atomic vibrational period (100 fs).

Ultrafast electron diffraction (UED) is a powerful technique for the in-
vestigation of atomic-level structural dynamics on ultra-short timescales in
these systems. Diffraction provides a direct measure of the atomic structure
in solids, liquids or gasses. With femtosecond electron bunches, electron
diffraction yields a real-time probe of structural dynamics [1]. Development
of femtosecond laser sources in the 1980s and more recently the develop-
ment of femtosecond electron sources made it possible to do these UED-
experiments. This opened the door to the so-called holy grail of chemistry:
make the ‘molecular movie’.

Recently, significant progress has been made in the field of UED ex-
periments. Lattice heating and melting of aluminium [2] and later gold
[3] have been studied on the atomic level with sub-ps timescale. In the fu-
ture, one would like to extend studies to more complex systems such as large
biomolecules e.g., proteins. However, these molecules can be damaged easily
by the electron bunches used to obtain diffraction patterns. Besides, several
processes of interest are irreversible. Therefore the next step on the road
to molecular movies is single-shot UED. With one single electron bunch a
complete diffraction pattern is obtained containing enough information for
the analysis of a single time step. This enables the study of biomolecules
and irreversible processes.

To extract all information in a single shot, high-charge electron bunches
are required. However in these pulses, up to 106 electrons are forced together
in a 100 fs pulse. The electrons repel each other due to the Coulomb force
and the pulse broadens to durations more than 100 fs. Space charge effects
thus either limit the number of electrons per pulse or the minimum length
of the pulse. These pulse properties determine the signal to noise ratio and
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Chapter 1 Introduction

the temporal resolution in the experiment. One possibility to fight space
charge effects, is by using a radio-frequency cavity technique on uniformly
charged ellipsoidal bunches [4]. To obtain the required charge profile, bunch
shaping is necessary [5].

An important figure of merit to ensure high quality diffraction data is
the coherence of the electron bunch. Both the transverse coherence length
L⊥ = h̄/σpx and the longitudinal coherence length L‖ = h̄/σpz , should be
at least a few lattice spacings a of the crystal of interest [6]. Here, σpx and
σpz are the rms transverse and longitudinal momentum spread respectively.
To translate these coherence requirements into beam parameters, the so-
called emittance is introduced, which is a measure for the ‘focusabilty’ of
the electron bunch. This quantity is further explained in the next section.

1.1 Emittance

The quality of an electron bunch can be expressed in terms of the emittance;
the volume the electron bunch occupies in phase space. Phase space contains
information about the position coordinates x, y and z and the momentum
coordinates px, py and pz of all the electrons in the bunch at a certain time
t. The smaller the volume the bunch occupies in this 6-dimensional phase
space, the higher the quality of the beam.

The transverse normalized rms emittance (in the x-direction) is defined
by:

εx =
1

mec

√
〈x〉2〈px〉2 − 〈xpx〉2, (1.1)

where me is the electron mass, c is the speed of light and x and px the
position and the momentum of the electron with respect to the average
bunch position and momentum respectively. 〈...〉 indicates the average over
the ensemble of electrons in the bunch. This emittance is independent of
the electron beam energy, i.e. normalized to the acceleration energy of the
bunch. The transverse emittance in the y-direction and the longitudinal
emittance in the z-direction are defined analogously. The product of the
three emittances is a measure for the phase-space volume occupied by the
electron bunch and thus the quality of the beam.

1.1.1 Transverse Beam Quality

In a beam waist, there is no correlation between position and momentum,
so 〈xpx〉 = 0, and equation (1.1) reduces to [7]:

εx =
1

mec
σxiσpxi , (1.2)
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1.2 Electron Beam Requirements for Single-Shot UED

with σxi the rms source spot size and σpxi the rms source momentum spread
(both in the x-direction). Written in this way is is immediately clear that
the emittance is a direct measure for the ‘focusability’ of the electron bunch.
The source momentum spread is determined by the thermal motion of the
electrons which relates to the kinetic energy:

1

2

σ2pxi
me

=
1

2
kBT, (1.3)

where T is the effective electron temperature of the source. Now, equations
1.2 and 1.3 combine to:

εxi = σxi

√
kBT

mec2
. (1.4)

From this equation it becomes clear that lowering the electron source tem-
perature results in lower emittance and thus in a higher beam quality.

1.1.2 Longitudinal Beam Quality

As well as in the transverse case one can also speak of a beam waist in the
longitudinal direction, i.e. at a position where the bunch has zero energy
chirp. The equation for the longitudinal rms normalized emittance reduces
then to:

εz =
1

mec
σzσpz =

1

mec
σtσU . (1.5)

Here, σz, σt and σU are the rms bunch lengths in space, time and energy
respectively. Now, the conserved quantity εz couples the energy spread and
bunch length.

For single-shot UED, electron bunches of typically U = 100 kV are re-
quired. This requirement originates from the sample thickness; for typical
samples, lower energy bunches result in unclear transmission diffraction pat-
terns. Together with the requirement for the longitudinal coherence length
L‖ = h̄/σpz ≥ a and the electron bunch length σt < 100 fs this translates
into an energy spread of σU ≤ 1 keV.

1.2 Electron Beam Requirements for Single-Shot
UED

Now we can return to our beam quality requirements in terms of longitudinal
and transverse coherence. Assuming that normalized emittance is conserved,
the transverse coherence at the target can be written as:

L⊥ =
h̄

σpx
=

h̄

mec

σxf
εx

=
h̄√

mekBT

σxf
σxi

, (1.6)
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Chapter 1 Introduction

where we assume that the electron bunch overlaps with the target. Here,
σxf is the rms radius of the target, the studied sample. To obtain visible
diffraction patterns, the transverse coherence should preferably be larger
than the lattice spacing, L⊥ ≥ a. A typical protein crystal which can be
interest of study has a lattice spacing a ≈ 3 nm and have maximally sizes
of σxf ≈ 100 µm.

A state-of-the-art electron source suitable for UED has been developed
by the CQT-group [4]. Electron bunches are created by femtosecond photoe-
mission in a 100 kV DC photogun. The electron bunch suffering from space
charge expansion, is transversally compressed by magnetic lenses and longi-
tudinally by a radio frequency cavity. This results in an electron bunch with
bunch lengths as low as σt = 100 fs. To study interesting atomic scale phe-
nomena such as phase transitions, a sub-ps temporal resolution is required.
The required bunch length σt ≤ 100 fs and energy spread σU ≤ 1 keV at the
sample position translates with equation 1.5 into a longitudinal rms normal-
ized emittance εz ≤ 60 nm, which can easily be met by the rf photogun.

However, the initial temperature of the electrons for the photogun is
typically T = 5000 K (kBT ≈ 0.5 eV). From equation 1.6, the transverse
coherence length for the rf photogun is L⊥ = 2 nm. This does not meet
the requirement for single-shot UED on protein crystals. The rf photogun
thus might be very useful to study sub-ps structural dynamics in simple
crystal structures with single-shot UED. However, it is expected to fail in
case larger crystal structures such as biological systems.

1.3 Electron Source for Single-Shot UED

For single-shot UED of a typical protein, the DC photogun from section 1.2
does not yield the required coherence length. From equation 1.4 it becomes
clear that a possible solution is lowering the temperature of the electron
source. In the CQT-group, a new type of electron source has been devel-
oped, using an ultra-cold plasma (UCP) in an accelerator structure. The
UCP-source can in principle supply electron bunches with temperature as
low as 10 K for electron bunch pulse lengths of σt = 1 ps [7]. Using equa-
tions (1.6) from the previous section, the coherence length of the electron
bunches from this UCP-source can be calculated. Coherence lengths as high
as L⊥ = 38 nm can be obtained. This makes this electron source a poten-
tial candidate for single-shot UED study of proteins and other interesting
crystallin structures.

1.3.1 Ultra-Cold Plasma

An ultra-cold plasma is created from a cloud of laser-cooled and trapped neu-
tral atoms. To create the plasma, the atoms are ionized by near-threshold
photoionization using a pulsed laser. Electron temperatures of this type
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1.3 Electron Source for Single-Shot UED

of laser-cooled plasmas can in principle go below T = 1 K. The electron
bunches are extracted from the plasma by a DC or pulsed electric field. The
laser-cooled cloud of atoms can have densities up to na = 1018 m−3, with a
rms size of σa = 1 mm. In theory electron bunches containing up to ∼ 1010

electrons (∼1 nC), can be extracted from such a cloud. This is orders of
magnitude more than the ∼ 106 electrons (∼100 fC) required for single-shot
UED-experiments.

1.3.2 Initial Electron Temperature

The initial electron temperature in the plasma is the essential parameter
in this context because a low source temperature is employed to improve
the emittance of the electrons bunch. The initial temperature of the elec-
trons can be tuned by changing the wavelength of the ionization laser and
the acceleration field which accelerates them into the beam line. These
two parameters determine the excess energy the electrons gain as will be
extensively discussed in section 2.2.

The electron source temperature is fundamentally limited by two mecha-
nisms. The first mechanism is related to the bandwidth, and thus the dura-
tion, of the ionization laser pulse. The shorter the ionization time, the larger
the bandwidth, the higher the initial temperature [7]. If the laser pulse is
Fourier-transform-limited and has a full-width-at-half-maximum (FWHM)
pulse length σt, the Heisenberg uncertainty principle states a minimum rms
bandwidth energy of the laser σE = h̄/ (2σt). This bandwidth results in a
minimum initial temperature by equating σE to the kinetic energy of the
electrons:

3

2
kBTi =

h̄

2σt
, (1.7)

where σt is the full-width-at-half-maximum (FWHM) pulse length of a
Fourier-transform-limited laser pulse. An initial temperature of Ti = 10 K
is obtained with a laser pulse with σt = 1 ps.

The second mechanism which determines the initial electron tempera-
ture is disordered-induced heating (or cooling), occurring if the electrons
are ionized with an initial kinetic energy kBTi smaller (or larger) than the
electrostatic potential energy associated with the average distance between
the electrons in the bunch. The randomly distributed electrons will heat up
(or cool down) until the kinetic energy is in equilibrium with the Coulomb
energy [8]:

3

2
kBT =

e2

4πε0a
, (1.8)

where a = (4πne/3)−1/3 is the Wigner-Seitz radius and ne is the electron
density. This results in a final electron temperature Th which is reached
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in a typical time scale in the order of the inverse plasma frequency ω−1p =√
meε0/nee2. For a bunch with an electron density of ne = 1018 m−3, the

equilibrium temperature will be Th = 9 K which will be reached within a
typical time scale of ω−1p = 25 ps.

1.3.3 Subpicosecond Electron Bunches

To obtain sufficient temporal resolution to study phenomena like molecular
phase transitions, subpicosecond electron bunches are required. As men-
tioned at the beginning of this chapter, once the dimensions, in particular
the length of the bunch decreases, electrons start to ‘feel’ each other. Dy-
namics of the bunch are no longer solely determined by ballistic phenomena,
space charge effects have to be taken into account. A single electron at the
edge of a bunch with charge Q and radius R has an approximate potential
energy Uq of [9]:

Uq ≈
Qe

4πε0R
. (1.9)

Here, a homogeneously filled, spherical charge density distribution is as-
sumed. To estimate the influence of space charge we take typical experimen-
tal conditions of Vacc = 10 keV, Q = 0.1 fC and a laser pulse length σt = 1
ps, corresponding to an initial spatial electron bunch length of σz = 40µm.
This results in Uq = 10 meV, which is an order of magnitude larger than
the kinetic energy for T = 10 K, kBT = 0.86 meV. Therefore space charge
effects will play a role in the behavior of the electron bunches in the UCP
setup. For future single-shot UED experiments, bunch compression with an
rf cavity will have to be considered to compress the bunch longitudinally.
Transverse compression can be achieved by regular charged particle optics,
like magnetic solenoid lenses.

1.4 Previous Results

Extensive electron temperature measurements have been done by Taban
[11] and Smakman [10]. Their results are shown in figure 1.1. An important
parameter in these works is the ionization wavelength and the extraction
field strength which determine the excess energy the electrons gain. The
initial temperature of the electrons can be tuned by changing the wavelength
of the ionization laser or the extraction field which accelerates them into
the beam line. In a naive world one could say that all excess energy Eexc is
converted into kinetic energy according to Eexc = 3/2kBT . This basic linear
model is shown as a black line in figure 1.1. All these experiments have been
done with a pulsed dye laser with a pulse length of 2.5 ns resulting in 2.5 ns
electron bunches.
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Figure 1.1 Experimental results of Smakman [10] and Taban [11]. Photoionization
experiments have been performed and the initial temperature of the electrons has
been calculated as a function of the excess energy. The excess energy is determined
by the ionization laser wavelength as well as the extraction field strength of the
electrons. Measurements have been performed for different acceleration voltages.
For low excess energy and high acceleration voltages a ‘bump’ is observed. In the
graph a linear temperature model is shown with a black line.
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Figure 1.2 Photoionization experiment of Smakman [10] for 2.5 keV (blue trian-
gles) compared to the linear model (black line), a classical model (green line) and
quantum mechanical calculations (red line). The classical and quantum mechanical
model follow the trend of the data, but all models fail to describe the measurements
accurately.

In the experiments, temperatures down to T = 10 K were measured. A
universality of the curve for different acceleration voltages is observed: for
Vacc = 1.5− 2.5 keV as well as for the Taban data, the curves overlap. For
future experiments it is interesting to investigate whether this universality
still holds for higher acceleration voltages.

Also, for low excess energy, the temperature shows a ‘bump’for the high-
est extraction field strength. To get insight into the physical origin of this
phenomenon, it is necessary to study photoionization at higher acceleration
voltages. Therefore a new high voltage supply has been installed which
enables acceleration voltages up to 30 kV.

It is clear that the naive linear model does not hold for this data.
However, for high excess energies the data seems to approach the line of
Eexc = 3

2kBT . The new 30 kV accelerator enables the study of the behavior
of the electrons in this regime.

From figure 1.1 it is clear that the ionized electrons not abide the simple
linear model. In figure 1.2 the 2.5 keV data of Smakman and the linear
model are shown. Also more advanced calculations have been performed
based on a (semi-) classical model by Bordas [12] and quantum mechanical
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1.5 This Thesis

calculations by Sanders and Vredenbregt [13]. These models better follow
the trend of the measurements but still lack good agreement with the data.

All measurements in previous work were done with a pulsed dye laser
with pulse length of 2.5 ns. Following the calculation in section 1.3.3, this
corresponds to a potential energy associated with space charge interaction
between electrons in the electron bunch of Uq = 0.090 meV. This is an order
of magnitude smaller than the kinetic energy associated with T = 10 K,
kBT = 0.86 meV. Therefore in these previous experiments, electron interac-
tions could be neglected in the analysis of the photoionization experiments.

1.5 This Thesis

The focus of this thesis is twofold: first the measurement series of Smakman
and Taban are extended to higher extraction field strengths. This is done to
study the ‘bump’ mentioned in section 1.4 and the behavior at higher excess
energies. Second, for the first time a femtosecond laser system is used to
photoionize the trapped and cooled atoms. This results in shorter, space
charge dominated electron bunches. A (semi-)analytical optical model of
the beam line has been developed to describe the behavior of the electrons
in the UCP setup. This model is verified with particle tracking simulations.

This thesis is organized as follows: first, in chapter 2 and chapter 3, the
experimental setup is described in more detail. This involves an overview of
the UCP source as well as the femtosecond laser system combined with an
optical parametric amplifier to tune the wavelength of the fs laser pulses. In
chapter 4, an optical model of the behavior of the electrons in the beamline of
the UCP setup is introduced. This (semi-)analytical model is benchmarked
with particle tracking simulations. Also the data analysis is discussed. In
chapter 5 the experimental results are presented and discussed in the frame-
work of different temperature models. Chapter 6 concludes this thesis with
conclusions and an outlook.
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Chapter 2

Experimental Setup

The creation of the ultracold electron bunches can be divided in three stages
as shown in figure 2.1a-c. First, Rb atoms are cooled and trapped in a
magneto-optical trap (MOT) (figure 2.1a). This process and more informa-
tion about the Rb atom will be covered in section 2.1.

In stage two, the actual UCP is produced (figure 2.1b): the MOT is
switched off for a short period, but long enough so that most atoms relax
back into their ground state. During this interval, part of the trapped gas is
ionized by means of two lasers. The first is a 780 nm continuous wave laser
which excites a cilinder of the trapped Rb atoms. The second is a 480 nm
pulsed laser which ionizes a part of the excited atoms. The two laser beams
are orthogonal with respect to each other and their overlap determines the
ionization volume.

In the third stage the electrons and ions are accelerated in opposite direc-
tion out of the MOT by means of an electric field (figure 2.1c). The process
of ionization and acceleration will be discussed in section 2.2. Finally, in
section 2.3 the beam line and detection will be described.

In the experiments considered in this thesis, two different 480 nm pulsed
laser sources are used to ionize the Rb atoms. The first is a pulsed dye laser
producing 2.5 ns laser pulses. This results in 2.5 ns electron bunches. The
second is a femtosecond source consisting of a femtosecond laser system and
an optical parametric amplifier (OPA), which will be described extensively
in chapter 3. Both ionization laser systems are tuneable to vary the excess
energy the electrons gain and thus the electron source temperature.

2.1 Magneto-Optical Trap

To create ultracold and ultrashort electron bunches, Rb atoms are cooled
and trapped with a magneto-optical trap (MOT). A MOT combines the
technique of laser cooling of a gas with a quadrupolar magnetic field for
trapping. Cooling and trapping as well as some relevant properties the Rb
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I I

Rb

(a) Rb atoms are cooled and trapped by a MOT.

780 nm

480 nm
(b) Next, the trapping laser is turned off and a part
of the atoms is excited by a 780 nm continuous wave
laser (horizontal beam) and ionized by a 480 nm fs laser
(vertical beam).

e−
Rb+

(c) The created electrons and ions are accelerated in opposite di-
rection by a DC electric field.

Figure 2.1 Creating electron bunches from an UCP.
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2.1 Magneto-Optical Trap

Figure 2.2 Schematic of Doppler laser cooling of an atom with momentum m~v.
Due to the Doppler effect, two counterpropagating laser beams have different de-
tuning from the transition from the ground state to the excited state. This leads to
damping of the motion of the atom with damping coefficient α. The atom however,
will never stop moving due to spontaneous emission in random direction.

atoms used in the setup is explained in this section.

2.1.1 Cooling

For laser cooling, schematically shown in 2.2, we consider an atom propagat-
ing with a longitudinal momentum m~v and a photon propagating in opposite
direction with momentum h̄~k. For simplicity a two-level atom is considered.
When this atom absorbs a photon, it is excited from the ground state |g〉
tot the excited state |e〉. Because the photons in the laser beam carry a
momentum directed opposite to the momentum of the atom, each absorbed
photon gives the atom a kick in the direction opposite to its motion. Af-
ter a typical time τ = 1/Γ, with Γ the natural linewidth of the transition,
the atom decays back to the ground state, spontaneously emitting a photon
in random direction. Therefore, the total momentum the atom gains from
many photons in this process, add up in the direction of the laser beam for
absorption but average to zero for emission. The scattering of many photons
results in a net force that slows down the atoms. This process is called laser
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cooling. The cooling force ~Fδ in this system is the force a laser beam exerts
on an atom is given by [14]:

~Fδ = h̄~k
Γ

2

s

1 + s+ (2δ/Γ)2
, (2.1)

where s = I/I0 is the saturation parameter with I the intensity of the
laser and I0 the saturation intensity, which is an atom property. The so-
called detuning δ = ω − ω0 + ~k · ~v, is the detuning from resonance of the
atomic transition. Here, ω is the laser frequency, ω0 the atomic resonance
frequency and ~k · ~v the Doppler shift of the atom with respect to the laser
beam direction.

Now we consider two laser beams propagating in opposite direction
through a cloud of atoms. Due to the Doppler shift, there is an imbalance
in forces exerted on the atoms. If both lasers are red-detuned (ω − ω0 < 0),
an atom moving forward experiences a larger force from the beam propa-
gating in the backward direction. This is because de detuning is decreased
by the Doppler effect. Otherwise, for the beam propagating in the same
direction as the atom, the detuning increases which reduces the force. This
subsequently leads to a descelerating force. The velocity distribution of the
atoms is narrowed, i.e. the net force of the two counterpropagating beams
results in cooling of the atom cloud. Laser cooling can be extended to three
dimensions using three orthogonal pairs of counterpropagating laser beams.
For small Doppler shifts the force on an atom can be expressed as a damping
force with damping coefficient α [14]:

~FD = α~v. (2.2)

However, the process of spontaneous emission has no preferred direction.
Therefore the atom will never stop moving completely which results in a
temperature limit, the so-called Doppler cooling limit [14]:

TD =
h̄Γ

2kB
. (2.3)

For the 85Rb atoms used in this setup, the Doppler temperature is equal to
TD = 142.41 µK.

2.1.2 Trapping

If the Rb atoms are cooled with the Doppler cooling technique described in
the previous section, atoms can still diffuse out of the cooling region because
they are not confined spatially. Therefore an extra position dependent,
restoring force is needed to trap the atoms at a fixed position in space. This
is realized by using a quadrupole magnetic field combined with a pair of
laser beams with σ+ and σ− circular polarization. The magnetic field with
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Figure 2.3 Trapping principle in a MOT. The two-level atom has angular momenta
J = 0 and J = 1 for the ground state and excited state respectively. Due to the
Zeeman effect, a magnetic field gradient induces a linear position dependent split
in the three degenerate magnetic sub-levels MJ = 0,±1. Quantummechanical
selection rules dictate that the MJ = −1 level can only interact with σ− circular
polarized laser light and vise versa. For the magnetic field gradient and laser
configuration in this figure, this results in a spatial restoring force with damping
coefficient κ.
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Table 2.1 Relevant properties for trapping and ionization of 85Rb.

Quantity Symbol Value

Wavelength λ 780.24 nm
Natural linewidth Γ 5.98 MHz
Saturation intensity Isat 1.64 mWcm−2

Doppler temperature TD 142.41 µK
Ionization wavelength λ0 479.06 nm

a field gradient is generated by a pair of current loops arranged in an anti-
Helmholtz configuration. The combination of the field with the polarized
laser beams results in a MOT, as illustrated in 2.3.

For simplicity, again a two level atom is considered. This atom has a
ground state |g〉 with angular momentum J = 0 and an excited state |e〉
with J = 1. Due to the Zeeman effect, the degenerate levels with magnetic
quantum number MJ = 0,±1 of the excited state with J = 1 split and
become distinguishable. At the center of the MOT, where the six cooling
laser beams intersect, the magnetic field is zero. Out of the center, the
gradient in the magnetic field induces a Zeeman shift, so there is a linear
variation with axial position z of the energy of the sub-levels with J = 1.

Quantummechanical selection rules state that σ+ polarized laser light
only interacts with the MJ = +1 level and σ− polarized laser light only
with the MJ = −1 level. The MOT design ensures that the magnetic
field gradient is directed such that the direction for which the MJ = −1
level decreases, is opposite to the propagation direction of the σ− laser
beam. Therefore, the atoms moving outside of the center of the MOT will
be pushed back. Analogously, the direction of decrease of the M = +1 level
corresponds to the opposite direction of the σ+ laser light.

The combination of the six orthogonal, red-detuned, counter-propagating,
circularly polarized laser beams with the magnetic quadrupole thus creates
a cooling and trapping mechanism. It enables to load atoms in the MOT
and cool them to a temperature close to TD. If both Doppler and Zeeman
shifts are small, that is when δ � Γ, the total force exerted on an atom in
a MOT is given by [14]:

FMOT = −αv − κz, (2.4)

where α and κ are laser intensity and detuning dependent constants.

2.1.3 Rubidium

The atoms trapped and cooled in the UCP setup are 85Rb atoms. The
properties of this atom relevant for the UCP setup are listed in table 2.1.
Rb is not a two-level atom as used for illustration in section 2.1.1 and 2.1.2,
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5S1/2,2
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Figure 2.4 Energy level scheme of a Rb atom (not on scale). In this scheme the
trapping and repump transition as well as the ionization laser threshold are shown.
Also relevant hyperfine split levels of 5S 1

2
and 5P 3

2
are indicated.

it has a complicated level structure. As a notation for this energy level
structure, nlJ,F is used. Here, n is the principal quantum number and l
is the angular quantum number indicated by a letter respresenting a shell
(S, P , D, etc.). J represents the angular momentum quantum number
as allready briefly noted in the previous section. This angular momentum
quantum number also includes the electron spin S: J = L + S and F is
the total angular momentum quantum number including nuclear spin I:
F = J + I. This nuclear spin is responsible for hyperfine splitting. In figure
2.4 a simplified energy level diagram of Rb is shown.

In this setup, laser cooling and trapping is done between the 5S 1
2
,3 and

the 5P 3
2
,4 state. Excitation of this transition operates at 780 nm. A small

fraction of the atoms can also be excited to an unwanted 5P 3
2
,3 state. From

this state, the atoms can decay to the 5S 1
2
,2 level and it is no longer possible

to trap them with the 780 nm lasers. In this configuration the MOT will
disappear, therefore a repump laser is used in addition. This laser excites
the atoms from the unwanted 5S 1

2
,2 state to the 5P 3

2
,3 state, where they can

decay back to the 5S 1
2
,3 level. Now the trapping process can continue.

In the setup two commercial 780 nm diode lasers are used to trap and
cool the Rb atoms. One is locked to the trapping transition, the other to
the repump transition. Precise detuning of the trapping laser is done with
computer controlled acousto-optical modulators (AOM’s).
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Figure 2.5 Energy level diagram of the ionization of Rb. A 780 nm photon from
a 780 nm cw diode laser excites the atom to the 5P 3

2 ,4
state. A 480 nm photon

from a femtosecond laser system ionizes the atom. The excess energy diagram is
shown in the pop-up in the green circle. In the presence of an electric field, the
ionization threshold is lowered. The excess energy is the sum of the Stark shift of
the ionization threshold and the excess energy of the photon.

2.2 Ionization and Acceleration

To create electron bunches from the trapped and cooled Rb atoms in the
MOT, the atoms are ionized using a pulsed laser system. After ionization the
bunch is accelerated into the beam line towards a detector. This ionization
and acceleration process will be discussed in this section.

2.2.1 Ionization

In the ionization process, the electrons and ions gain momenta equal in size
but opposite in direction. The energy the particles gain is equal to p2/(2m).
Since the mass of the Rb+ ion is mi = 1.6 · 105 · me, approximately all
the energy of the ionizing photon is transferred to the electron. In figure
2.5 the energylevel diagram of the ionization process of Rb is shown. The
excess energy Eλ de electron gains from the ionizing photon is equal to the
difference between the ionization threshold of the Rb atom and the photon
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energy:

Eλ = hc

(
1

λ
− 1

λ0

)
, (2.5)

where h is Planck’s constant and λ0 is the ionization threshold wavelength,
which is 479.06 nm as depicted in table 2.1. This equation shows that the
excess energy of the electrons can be set by tuning the wavelength of the
ionization laser.

In the experiments, the Rb atoms are near-threshold ionized from the
5P3/2 state. The photo-ionization cross section of this state is σPI = 1.5 ·
10−21 m2 [15]. The ionization probability per atom is given by:

PI =
NI

N
=
Nphotons

A
σPI , (2.6)

where NI and Nphotons are respectively the number of ionized atoms and
the number of ionization photons. N is the total number of atoms in the
ionization volume, i.e., the cross section of the excitation and ionization
laser. A is the area, which for head-on illumination is determined by the
ionization laser profile. The number of photons per pulse is related to the
pulse energy Nphotons = Epulse/h̄ω. Now the charge per bunch is equal to
the number of ionized Rb atoms times the elementary charge:

Q = eNI = eN
Epulse
h̄ωA

σPI . (2.7)

In the experiments discussed in this thesis typical bunch charges of Q =
0.1 fC are produced. This is done with pulse energies of Epulse = 10 µJ.
However, the simple photoionization cross section model predicts charges up
to Q = 4 fC for this pulse energy. It is still unclear why there is such a large
discrepancy between the model and the actual electron bunch charge.

2.2.2 Acceleration

The electron bunches created in the MOT are accelerated into the beam line
towards a detection system. The accelerator is described in more detail in
[11] and can sustain up to 30 kV over a distance of 27 mm. This corresponds
to a field strength of F = 1 MV/m. Because the MOT is in the center of
the accelerator structure, the electrons gain a maximum energy of 15 keV.
In the experiments described in this thesis acceleration voltages of typically
6-25 kV are applied corresponding to energies in the 3-12.5 keV range.

In the ionization scheme used in this thesis, a DC electric field is used
which is constantly on during the ionization process. This means that elec-
trons with Eexc > 0 are accelerated into the beam line immediately. This
results in an electron bunch with an initial longitudinal length in the z-
direction which is equal to the laser pulse length.
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Figure 2.6 Potential landscape for an electron orbiting around an ion in the pres-
ence of an electric field. The potential is a combination of the linear field potential
and the Coulomb potential originating from the ion core. The saddle point indicates
the Stark shift which lowers the effective ionization threshold of the electron.

The electric field influences the excess energy the electrons gain in the
ionization process. The electron and ion form an electric dipole which is
influenced by the local electric field strength F . The potential of an electron
orbiting an ion in the presence of an electric field is given by:

U = − e2

4πε0z
− eFz. (2.8)

As indicated in figure 2.5 this effectively lowers the ionization threshold,
which is also called the Stark shift. The Stark shift increases the excess
energy the electrons gain in the photoionization process. To find the Stark
shift, we consider figure 2.6. In this figure the potential landscape is shown
of an electron orbiting around an ion core. The Stark shift corresponds to
the saddle point in the potential, i.e. we need to solve dV/dz = 0:

d

dz

(
− e2

4πε0z
− eFz

)
=

e2

4πε0z2
− eF = 0. (2.9)

The saddle point can be found at zmin:

zmin =

√
e

4πε0F
, (2.10)

which corresponds to the Stark shift [16]:

−EStark =
U(zmin)

e
= −2

√
eF

2πε0
= −4Ry

√
F

F0
, (2.11)
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Figure 2.7 The beam line and detection system of the UCP setup. Main com-
ponents such as a solenoid lens to (de)focus the electron bunch, MCP, phosphor
screen, CCD camera and different pumps are indicated. From [10].

where Ry = 13.6 eV is the Rydberg constant and F0 = 5.14× 1011 V/m is
the atomic unit of electric field strength. The total excess energy is now the
sum of the Stark shift of the ionization threshold and the excess energy of
the photon:

Eexc = Eλ + EStark = hc

(
1

λ
− 1

λ0

)
+ 4Ry

√
F

F0
. (2.12)

This excess energy equation does not give any indication about how the
excess energy is distributed over the momenta of the electrons in three di-
rections. This will be further discussed in chapter 5.

2.3 Beam line and detector

After electrons are created in the MOT, they are accelerated into a beam
line towards a detector. The whole setup is shown in figure 2.7. The different
parts and aspects of the beam line and the detector system are described in
more detail in this section.

2.3.1 Beam Line

The core of the beam line consists of 40 mm diameter stainless steel pipes
(40CF). It is important to control the trajectory of the electrons in the
beam line. They are however greatly influenced by external magnetic fields.
The cyclotron radius rc of an electron moving with a longitudinal velocity
corresponding to acceleration energy U , perpendicular to a magnetic field
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B is:

rc =

√
2meU

eB
. (2.13)

Typical acceleration energies in experiments are U = 5 keV. The earth
magnetic field is perpendicular to the beam line and is about B = 50 µT.
This results in rc = 4.7 m, while the detector is at dtot = 1.53 m. Other
possible magnetic field sources are magnetized screws or equipment near
the setup. This makes it difficult to direct the electrons through the 40 mm
beam line. Therefore magnetic steering coils as well as an earth magnetic
field compensation system has been installed [10]. This enables the directing
the electron bunches through the beam line loss.

Halfway the beamline, at 0.53 m from the MOT, a magnetic solenoid
lens is placed. The focal length f of this lens depends on the acceleration
energy U and the current I through the wires of the solenoid as f ∝ U/I2.
In the setup, the current can be varied I = 0 − 5 A. This enables focusing
or defocusing of the electron bunch on the detector. For electron source
temperature measurements, a serie of bunch size measurements for different
magnetic lens current will be done around the focus. This results in a
waist scan which can be fit for a single electron source temperature. This
experimental technique will be extensively discussed in chapter 4. Note that
the coils of the MOT also act as a magnetic lens for the electron bunches.
The current through the coils I = 175 A is not changed during experiments.

Before the detector, a Faraday cup (FC) is placed. This is a small
copper plate inside the beam line connected to a current amplifier outside
the vacuum with a copper wire. The FC can be rotated into the path of
the electron bunch to detect charge. The total charge is measured with a
charge amplifier which is calibrated with a test input and has a response of
12.2975 fC/V. However the signal-to-noise ration of the FC signal does not
allow charge below Q = 1 fC to be detected.

2.3.2 Detector

At the end of the beam line a detector is placed to image the electron bunch.
The detector consist of a double microchannel plate (MCP), a phosphor
screen and a CCD camera.

The MCP (manufactured by Photonis) consists of two 40 mm diameter
glass plates. These plates contain millions of glass channels of 5 µm, dis-
tanced 8 µm apart. The channels are placed at a slight angle (5 degrees)
with respect to the normal of the plane of incidence. Therefore, an elec-
tron entering a channel of the MCP, will hit the wall of the channel. In
the wall, the impact of the electron releases a secondary electron, which
again hits the wall and releases a third electron. This results in a cascade
of electrons which are accelerated through the channel by a voltage applied
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over the MCP plate. The same process occurs in the second MCP plate
resulting in an even bigger cascade of electrons. Typically, in our measure-
ments the first place is set at -0.5 kV while the back plate is set at +1.0 kV.
The amplification for this setting is about 107, which allows single electron
detection.

After the two MCP plates, a phosphor screen is placed. This screen emits
photons when it is hit by electrons. The active material in the phosphor
screen is ZnCdS:Ag and it emits photons in the spectrum between 470 and
670 nm, with a maximum at 550 nm [17]. The light of the phosphor screen
is imaged onto a CCD camera by a positive lens with a magnification of 1.8.
The pixel size of the camera is 12 µm, so each pixel represents 22 µm on
the detector. The channel size is only 5 µm which is much smaller, so 22
µm will be the minimum resolution for measuring electron bunch spot sizes.
However, pinhole measurements by Smakman [10] showed that the minimum
spot size which can be measured is 95 µm. This is thus considered as the
actual resolution of the detection system. For most experiments however,
this resolution can still be much more relaxed. Therefore a binning of 10 is
applied: the CCD chip reads out 10 × 10 pixels as one. This reduces the
time needed for experiments significantly, and the decreased resolution of
220 µm is still acceptable.

The Faraday cup described in section 2.3.1 is not sensitive enough to
detect low charge (sub-fC) electron bunches. Therefore, the (more sensitive)
first MCP is calibrated with respect to the FC to determine the charge of
these bunches. This is done by measuring the total pixel counts on the CCD
camera for an electron bunch whose charge is known from FC measurements.
The sensitivity of the MCP depends on the voltage applied over the plates
and therefore is calibrated for different settings to analyze data correctly.

The voltage applied over the first and second MCP, induces equipoten-
tial surfaces near the MCP surface as schematically depicted in figure 2.8.
Here, the MCP is represented as a two-dimensional periodic structure with
channels and a web. If an electron incides into a channel, this results in a
cascade of electrons as discussed before. If however, an electron incides at a
web point, it can be transported via an equipotential surface to a different
channel. This means that some electrons are detected at a different position
than they originally impacted.

From the Gaussian profile from the trapping and ionization lasers, a
Gaussian electron distribution on the CCD camera is expected. However, in
previous analysis of MCP data by Smakman [10] it shows that the electron
bunch recorded with the CCD could not be fitted with a single Gaussian
distribution. The fit improved with a double Gaussian distribution. The
transport of electrons to different channels by equipotential surfaces might
explain the origin of the double Gaussian, which should be thouroughly
investigated to improve data analysis. This is however outside the scope of
this thesis.

23



Chapter 2 Experimental Setup

d
is

ta
n

c
e

 f
ro

m
 M

C
P

s
u

rf
a

c
e

web

channel

web

Figure 2.8 Equipotential surfaces near an MCP surface. The MCP is represented
as a two-dimensional periodic structure with channels and a web. Printed and
adapted with permission from [18].
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Chapter 3

Tuneable Femtosecond Laser
System

To ionize the cooled and trapped atoms in the MOT and produce a sub-
picosecond electron bunch we want to ionize the atoms with 480 nm fem-
tosecond laser pulses. However, in UED-experiments and in ultrafast optical
science in general, most lasers have limited frequency tunability. For exam-
ple, the femtosecond laser system we use in our experiments, is tuneable
in a very narrow range around the fundamental wavelength of 800 nm and
the second and third harmonic of 400 and 266 nm respectively. This range
can be expanded considerably throughout the infrared, visible and ultravi-
olet by using optical parametric generation (OPG). The principle of OPG
works as follows [19]: a high-power pump beam (frequency ωp), amplifies a
low-power signal beam (frequency ωs) and thereby generates a third idler
beam (frequency ωi < ωs < ωp). This is a nonlinear optical process. An
extensive treatment of nonlinear optics is outside the scope of this thesis
but it is very well covered in [20]. The principle of OPG is implemented in
a handy table top device called an optical parametric amplifier (OPA). The
OPA can convert 800 nm fs laser pulses into fs laser pulses in a wavelength
range of 472 to 2680 nm.

In this chapter the different aspects of producing 480 nm fs laser pulses
to ionize the Rb atoms in the UCP setup are discussed. Section 3.1 de-
scribes the femtosecond laser system which produces femtosecond 800 nm
laser pulses. These pulses are converted to the desired 480 nm fs laser pulses
by the OPA. The working principle of the OPA as well as the design will
be discussed in section 3.2. Finally, the 480 nm fs laser pulses produced in
the OPA have to be transported from the fs laser system to the UCP setup
over a distance of about ten meters. The optical path for this transport as
well as processes limiting the transport such as attenuation and dispersion,
are covered in section 3.3.
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Figure 3.1 Chirped pulse amplification. First, the high intensity pulse is stretched
by means of a pair of gratings. Then the pulse is amplified and compressed again
resulting in a short high intensity pulse [22].

3.1 Femtosecond Laser System

The femtosecond laser system consists of an oscillator and an amplifier. In
the Ti:sapphire oscillator (Coherent, Mantis), 30 fs laser pulses are created
by means of self-mode-locking [21]. The center wavelength of the pulses is
800 nm with a bandwidth of 84 nm. The repetition rate is around 75 MHz
with an accuracy of 3 kHz and can be slightly adjusted by moving the end
mirror in the cavity [4]. The output power of the Mantis is typically 450
mW which corresponds to 6 nJ pulses.

Next, a regenerative amplifier (Coherent, Legend) increases the pulse
energy by means of chirped pulse amplification (CPA) [21]. The pump laser
of the Legend (Coherent, Evolution 30) operates at 1 kHz which limits the
maximum repetition rate of the amplifier system.

CPA involves three steps as depicted in figure 3.1: stretching, amplifica-
tion and compression. The broadband character of the laser pulses produced
by the Mantis, allow the pulse to be stretched in time by a set of diffraction
gratings. A frequency dependent path length is created which results in a
longer and less intense pulse. Because the optical path length is dependent
on the frequency, the pulse becomes linearly chirped: the frequency depends
linearly on the position in the pulse. This is the key to the amplification pro-
cess because the stretching process can be reversed with a complementary
set of gratings, a compressor.

After stretching, the laser pulse is coupled into the cavity with a Pockels
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Figure 3.2 Optical parametric generation (OPG): in this nonlinear optical pro-
cess, a high-power pump beam (frequency σp), amplifies a low-power signal beam
(frequency σs) and thereby produces an idler beam (frequency σi).

cell. Here, it can be amplified without damaging the gain medium. During
amplification, the pulse retains its linear chirp and it can be coupled out
of the cavity by a second Pockels cell to be compressed again. The CPA
process has now resulted in a high intensity femtosecond laser pulse.

For our experiments, the Pockels cells in the Legend operate at 40 Hz
which results in 2.5 mJ pulses. This means that it amplifies the laser pulses
from the Mantis with a factor of 106. These high intensity short pulses are
sent into an OPA to produce laser pulses of the desired 480 nm wavelength.

3.2 Optical Parametric Amplifier

An optical parametric amplifier (OPA) is a table-top device which can con-
vert 800 nm femtosecond laser pulses to a broad range of wavelengths by
means of optical parametric generation (OPG). The working principles of
the OPA as well as the actual OPA device will be discussed in this section.

3.2.1 Optical Parametric Amplification Process

As mentioned in the introduction of this chapter, optical parametric gener-
ation (OPG) involves the amplification of low frequency and low intensity
signal beam by a high frequency, intense pump beam. Thereby, a third, low
frequency and low intensity, idler beam is created. In the OPG process in
an OPA, both conservation of energy and momentum must be considered.
If one considers figure 3.2, conservation of energy results in:

h̄ωp = h̄ωs + h̄ωi. (3.1)

In principle the frequency of the signal and idler beam can vary from ωp/2
to ωp, and from 0 to ωp/2 respectively. Note that signal and idler beam can
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be treated identical, the names are just historically and in principle inter-
changeable. In order to achieve maximum gain, conservation of momentum
or phase matching must also be fulfilled:∑

i

h̄~ki = 0, (3.2)

where, ki are the golf vectors of the pump, signal and idler beams. For a
colinear OPG process this translates to:

npωp = niωi + nsωs. (3.3)

Here, np, ni and ns are the (frequency dependent) refractive indices of the
different beams in the OPG process. In bulk isotropic material in the normal
dispersion region ni < ns < np this condition can never be fulfilled. How-
ever, in many anisotropic optical materials, the refractive index depends
on the direction of the polarization. This is called birefringence [20]. Po-
larizations in these crystals can be perpendicular (ordinary) and parallel
(extraordinary) to the anisotropy axis. In the OPA, a negative uniaxial
crystal (ne < no) is used [19] and the pump beam is polarized alon the ex-
traordinary direction. In this setting now two types of phase matching can
be achieved:

• Type I: Both signal and idler beam have ordinary polarization (os +
oi → ep).

• Type II: Either signal or idler are polarized parallel to the pump beam
(es + oi → ep or os + ei → ep).

In the OPA device in our setup (section 3.2.2) uses type II phase matching.

To achieve phase matching sometimes the temperature dependence of
the refractive index is used (temperature tuning), but usually the angle θm
of the crystal is adjusted to vary the wavelength for which phase matching
occurs. In the case of noncolinear type II phase matching with the signal
beam polarized parallel to the pump beam, equation 3.3 can be written as:

nep(θm)ωp = noiωi + nesωs. (3.4)

If the ordinary and extraordinary refractive indices at the pump wavelength
are given by nop and nep respectively, nep(θm) can be numerically solved
from:

1

n2ep(θm)
=

sin2(θm)

n2ep
+

cos2(θm)

n2op
. (3.5)
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WLG

Power Amp

Pre Amp

SFG

Figure 3.3 Schematic of an OPA device. A small fraction of the 800 nm input
beam is split off to generate a white light seed pulse in a sapphire crystal. This
process is called white light generation (WLG). The IR part of this supercontinuum
overlaps spatially and temporally with 1% of the input beam in a BBO crystal. Here
the OPG process of the pre-amplification stage takes place (Pre Amp). The pre-
amplified pulses are amplified further in a second BBO crystal by the bulk of the
input pulse (Power Amp). To obtain 480 nm pulses, finally the amplified signal is
sum-frequency mixed with the remains of the pump beam (SFG).
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3.2.2 Optical Parametric Amplifier Device

The OPA device considered in this thesis is a two-stage parametric amplifier
of white-light continuum (Light Conversion, OPerA-Solo [23]). A schematic
of an OPA device is shown in figure 3.3. The input of the OPA are 800
nm fs laser pulses at a repetition rate of 1-1000 Hz. In this thesis typical
experiments are performed at 40 Hz with a pulse energy of 2.5 mJ. A small
fraction (0.1%) of the pump beam is split off to produce a white light con-
tinuum. This is done is a sapphire plate which results in infrared light over
a range of 1.1-2.6 µm.

This IR light together with another fraction (1%) of the pump beam
is focused into a pre-amplifier crystal. When both pulses are timed and
overlapped, in this case non-collinear, parametric amplification takes place.
Due to the non-collinear configuration, the amplified signal beam can be
separated easily. The residual pump and idler beam are blocked after the
crystal.

After pre-amplification, the signal beam is transported into the second
amplification stage. In this power amplifier path the signal and bulk of the
input pump beam are timed and overlapped in a second nonlinear crystal.
This time the geometry is collinear. This results in nicely collimated signal
and idler beams.

Wavelength tuning in the OPA takes place in the pre-amplifier stage.
This is done by changing the crystal angle to achieve optimal phase matching
for a certain seed wavelength. Also the delay of the seed pulse with respect
to the pump pulse needs to be adjusted to ensure temporal overlap. In the
second amplification stage, also the signal delay with respect to the pump
pulse needs to be adjusted and again the crystal is tuned for optimal phase
matching. The output wavelength of the OPA can be set and changed easily
and precise because the device employs computer controlled translation and
rotation stages.

The tunability of the OPA can be extended considerably into the visible,
ultra violet and/or mid-infrared by mixing signal, idler and pump (or their
second harmonics). In the experiments considered in this thesis sum fre-
quency generation of the residual signal and pump is employed. This allows
wavelength tuning over the range of 470-533 nm.

3.3 Optical Path

In the laboratory environment considered in this thesis, the femtosecond
laser system and the UCP setup are distanced about ten meters apart. This
implies that the 480 nm femtosecond laser pulses produced in the laser
system, have to be transported to the UCP setup. Optical elements used
for this transport as well as the transport medium, air, induce losses and
distortion of the laser pulse shape. The main mechanism of distortion of
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the laser pulse spectrum is group velocity dispersion (GVD). In this section
GVD will be explained. Also the optical path will be described and loss
mechanisms and GVD effects will be characterized. Finally, as discussed in
section 1.3.2 an optimal pulse length for a FT-limited pulse of 1 ps results
in a minimum electron source temperature of T = 10 K. Therefore a setup
for stretching the pulse to this optimal length of 1 ps is introduced.

3.3.1 Group Velocity Dispersion

When an ultrashort pulse propagates through a medium, its pulse shape
is affected by the frequency dependent absorption as well as dispersion of
the medium. Dispersion changes the relative phase of different frequency
components and is thus of increasing importance for short pulses due to
their broadband characteristics. The effect on the laser pulse length can be
calculated by expanding the phase φ as a function of the frequency ω around
the center frequency ω0:

φ(ω) = φ0 +
dφ

dω
(ω − ω0) +

1

2

d2φ

dω2
(ω − ω0)

2 + .... (3.6)

The zeroth order term in this equation adds a phase shift to all frequency
components and therefore does not change the pulse shape. Also the first
order term does not influence the pulse shape, it only delays the pulse in
time. The second order term however, causes chirping. From the refractive
index data of specific media in the beam line the amount of chirp in an
optical setup can be calculated. In this calculation only the second order
term, the so-called group velocity dispersion (GVD) is taken into account.
The GVD can be calculated from refractive index data from [24]:

d2φ

dω2
=
λ3L

2πc2
d2n

dλ2
. (3.7)

Here, L is the length of the medium, n is the refractive index of the medium
and λ is the central wavelength of the laser pulse. If the initial pulse length
τ is initially bandwidth limited (unchirped) the pulse length τ ′ after prop-
agating through the medium is [21]:

τ ′ = τ

√√√√
1 +

(
d2φ
dω2

)2
τ4

. (3.8)

From equation 3.8 it is clear that the amount of GVD is greatly de-
pendent on the pulse length. For longer pulse lengths GVD effects quickly
decrease and become of negligible influence. The GVD for different ma-
terials used in the setup for 480 nm and 800 nm pulses is listed in table
3.1.
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Chapter 3 Tuneable Femtosecond Laser System

Table 3.1 Group velocity dispersion, 1
L
d2φ
dω2 , in different materials used in the setup.

Material 800 nm [fs2/cm] 480 nm [fs2/cm]

Air 2.13× 10−1 3.91× 10−1

Lens 4.27× 102 9.28× 102

SF2 glass 1.19× 103 2.80× 103

BK7 glass 4.47× 102 9.69× 102

Dielectric mirror per mirror +2 fs pulse length [25]

3.3.2 Optical Path

The optical elements used to transport the 480 nm fs laser pulses from the
OPA to the UCP setup, induce losses and stretching of the pulse due to
GVD as discussed in the previous section. An overview of the elements in
the beam line and their effect on the pulse length and energy, is given in
table 3.2. In figure 3.4 the efficiency of the optical path is shown. In the
experiments discussed in this thesis the energy of the pulses at the start of
the beam line is typically 225 µJ. At the end about 50 µJ is still available
for ionizing the Rb atoms.

With a combination of a half-wave plate (HWP), a polarizing beam
splitter (PBS) and one or more neutral density (ND) filters, the pulse en-
ergy entering the MOT can be varied. A PBS transmits p-polarized light
and reflects s-polarized light. The HWP shifts the phase between the two
perpendicular polarization components in the laser pulse, so by tuning the
HWP, the amount of light passing the PBS can be varied.

Halfway the optical path, a small part of the light is split off to a spec-
trometer (Avantes, AvaSpec). This spectrometer has a wavelength range of
452-529 nm with 0.05 nm resolution. On top of the UCP setup, an optical
table has been built as shown in figure 3.5. This table contains the HWP-
PBS combination to vary the pulse energy entering the MOT. The laser
pulses are focussed into the MOT with a positive lens with a focal length
f = 500 mm. Part of the focussed light is split of with a beam splitter (BS)
to a CCD camera which monitors the spot size of the ionization laser at a
distance equal to the distance from the BS to the MOT. The rest of the
light is focussed into the MOT, passing BK7 glass. In the UCP setup a cw
diode laser and a pulsed dye laser can be used as well. Optical paths for
these beams are also shown in figure 3.5

The volume of the UCP is characterized by three Gaussian distributions
in the x-, y- (transverse) and z- (longitudinal) direction. The rms sizes in the
z- and y-direction are completely determined by, respectively, the ionization
and excitation laser rms spot size at the center of the MOT. The rms size in
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Figure 3.4 The efficiency of the optical path. Typically the initial pulse energy is
225 µJ which has decreased to about 50 µJ pulses at the MOT. The biggest drop
in the pulse energy is due to the HWP-PBS combination.
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CCD

pulsed dye
laser

diode laser

pulsed fs
laser

l/2*

*  only when using the
diode laser

PBS: reflects s-polarized light,
transmits p-polarized light.

PD

45 BS
o

l/2

l/2

l/2

Figure 3.5 Picture of the optical table on top of the UCP setup. With a HWP-
PBS combination, the pulse energy of the 480 nm fs laser pulses can be varied. The
laser pulses are focussed into the MOT to ionize the RB atoms. a small part of
the laser light is split of and recorded with a CCD camera to determine the UCP
volume. The Rb atoms can also be ionized with a cw diode laser or a pulsed diode
laser. The optical paths of these beams are shown as well.
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the x−direction σx is a multiplication of the two (Gaussian) laser profiles:

σx =

√
1

1
σ2
exc

+ 1
σ2
ion

, (3.9)

where σexc and σion are the rms laser spot sizes in the x-direction at the
center of the MOT of the excitation and ionization laser.

3.3.3 Optimal Pulse Length

As mentioned in section 1.3.2 the initial electron temperature of the elec-
trons is an important parameter for high emittance electron bunches. If
electrons are ionized by ultrashort laser pulses, the minimum temperature
is determined by the bandwidth of the laser [7]:

kBTi ≈ 1.4
h̄

σt
. (3.10)

In the setup considered in this thesis, pulse lengths of σt ≈ 100 fs are used.
These pulses are very broadband and thus result in an initial electron tem-
perature as high as Ti = 100 K. The optimal ionization time, corresponding
to an initial temperature of Ti = 10 K is σt = 1 ps. Therefore, the 480 nm fs
laser pulses should be stretched from 100 fs to 1 ps to limit their bandwidth
and optimize the emittance.

This can be done with the setup shown in figure 3.6. A grating spec-
trally disperses the incoming 100 fs laser pulse. Each spectral component is
focussed with a lens on a slit. This slit cuts out a part of the spectrum which
results in a less broadband pulse. After the spectral shaping, the spectral
components are defocussed by a second lens and recollimated into a beam
by a second grating. This two-grating-two-lens combination has zero GVD
[21].

The bandwidth corresponding to a 100 fs laser pulse is 10 nm. Equipment
meeting the requirements for pulse stretcher in our setup are commercially
available. When a 10 nm bandwidth pulse reflects at a grating with a
dispersion of 2.00 mrad/nm (Thorlabs, GR50-1850), the grating translates
the 5 nm spectral spread to 2 mm at 10 cm distance after the grating. The
bandwidth of 0.5 nm corresponding to a 1 ps pulse can than be cut out
by a slit of 100 µm. By moving the slit parallel to the propagation of the
laser pulse, the width of the spectrum and thus the pulse length can be
varied, whereas by moving the slit perpendicular, the center wavelength of
the output laser pulse can be tuned.

Allthough the working principle of the pulse stretcher setup presented
in this section is simple and elegant, the realization in the laboratory is not
straightforward due to high alignment requirements. Also the hard edges
of the slit might distort the Gaussian profile of the laser pulse, resulting in
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Figure 3.6 Design of a dispersion-free grating-lens combination to stretch a laser
pulse.

undesired electron beam profiles. Therefore practical implementation of the
pulse stretcher in the optical path is out of the scope of this thesis.
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Chapter 4

Electron Trajectory Model

To determine the source temperature of the electron bunches in the UCP
setup, it is necessary to develop an electron trajectory model. This model
should describe the bunch shape as a function of the position in the beam
line for given experimental parameters. In this chapter, an analytical model
is presented which includes all relevant elements of the setup. This model
is used to extract the electron source temperature from experimental data.

The analytical beam line model uses optical transfer matrices to describe
the beam line. The model and the matrix construction of subsequent beam
line elements are subject of section 4.1 and section 4.2 respectively. When
the electrons in the UCP setup are ionized with fs laser pulses, this results
in dense sub-ps electron bunches where interactions between electrons may
effect the beam properties. Therefore Coulomb effects should be included
in the analysis of the setup as well. The implementation of space charge in
the analytical beam line model is discussed in section 4.3.

In previous measurements, data analysis has been done with time con-
suming GPT simulations [10]. GPT simulations and its different models
to include Coulomb and space charge effects, are introduced in section 4.4.
With GPT, the analytical model has been benchmarked and numerical re-
finements to the model parameters have been made. The resulting model
enables analysis in a fraction of the GPT CPU time. To ensure high quality
data analysis, this section concludes with the validation of the analytical
model with GPT simulations.

To determine the (transverse) electron source temperature, a series of
measurements has been done. The current of a magnetic solenoid lens was
varied to focus and defocus the electron spot on the detector. This so-
called waist scan can be analyzed with Matlab scripts and GPT simulations
or the analytical model. This results in a single temperature for a given
set of wavelength and acceleration field. The data analysis and some first
exploration of waist scan characteristics are subject of section 4.5.
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Chapter 4 Electron Trajectory Model

4.1 Optical Model of the Setup

In this section an analytical model is constructed which describes the tra-
jectories of particles in the beam line. This model is analogous to optical
matrix models employed in ray tracing [26, 17, 27]. In such models each
optical element or system is represented by a transfer matrix with a focal
length and a drift space, which relates the particle orbits at the entrance
and the exit of that element to each other. Therefore the orbit needs to be
expressed in vector form containing the particle’s position x and angle x′.
This angle is, in a paraxial approximation [27], given by:

x′ =
px
pz
, (4.1)

where px and pz are the momenta in the transverse (x-) and longitudinal
(z-) direction respectively.

Each element j in the beamline can be represented by a transfer matrix
containing a focal length fj and a drift space dj to the next element:

MFj =

(
1 0
− 1
fj

1

)
(4.2)

MDj =

(
1 dj
0 1

)
. (4.3)

In an optical system the focal length is determined by the refractive index of
the medium and the radius of curvature and thickness of the lens, whereas
in charged particle optics this quantity is determined by local electric and
magnetic fields. The total beam line can now be described by multiplying
the individual beam line element matrices:

M = MFjMDj ...MF2MD2MF1MD1, (4.4)

where the multiplication is executed in reversed order as seen by the particles
travelling through the beam line. This results in:(

xf
x′f

)
= M

(
xi
x′i

)
=

(
A B
C D

)(
xi
x′i

)
(4.5)

Here, A, B, C and D are the matrix coefficients of the total beam line.
Now, with the appropriate focal lengths and drift spaces, the final rms

electron bunch spot size σxf can be expressed in terms of the transfer ma-
trix coefficients A and B and the initial rms spot size σxi and initial rms
divergence σx′i [17]:

σ2xf = A2σ2xi +B2σ2x′i
. (4.6)

40



4.1 Optical Model of the Setup

Figure 4.1 Illustration of the initial condition for the optical model. The actual
initial condition is an electron cloud with average velocity 〈vz〉 = 0. However,
the electrons are accelerated almost instantaneously which, together with conser-
vation of emittance, justifies the assumption that all electrons have a correlated
average longitudinal momentum 〈pz〉 with an uncorrelated transverse momentum
of
√
mekBT . This is an initial condition suitable for the optical model.

Note, that this equation only holds for 〈xix′i〉 = 0, i.e. the initial particle
positions and angles must be uncorrelated. In the experiments considered
in this thesis, the spatial distribution of electrons is approximated by a
Gaussian. This implies that σ is the standard deviation of the distribution
and
√

2πσ represents region in which 68% of the electrons are located.

The electron bunches are created by near-threshold photoionization. As
discussed in section 2.2 the electrons gain an energy Eexc in this process
which is a combination of the photon excess energy and the Stark shift due
to the acceleration field. The initial condition of the electron bunch right
after ionization can be characterized by an average velocity of 〈vz〉 = 0 as
depicted in the left part of figure 4.1. However, this condition can not be put
directly into the optical transfer matrix model because this model employs
ray tracing which does not take into account acceleration of the electron
bunch. Therefore a different, reasonable initial electron distribution has to
be considered. The electron bunch is accelerated almost instantaneously,
resulting in an average momentum 〈pz〉. Because the transverse emittance
εx = σxσpx/mc is a conserved quantity, we assume the initial condition of the
system shown in the right part of figure 4.1. This initial condition is appli-
cable for the optical model and is characterized by a correlated longitudinal
momentum corresponding to the acceleration energy and a transverse mo-
mentum corresponding to temperature effects. In section 4.4, the resulting
analytical model is benchmarked with GPT, showing that this assumption
is actually allowed.

Now, in the transverse direction only Eexc is of importance and the
momentum of the electrons can be expressed exclusively in terms of tem-
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Figure 4.2 Simplified beam line with a magnetic solenoid lens with focal length
f . The distances between the MOT and the lens and the lens and the detector are
equal to lMOT and ldet respectively. The initial and final bunch sizes are indicated
as well.

perature:

σpxi =
√
mekBT . (4.7)

In the longitudinal direction the momentum pzi of the electrons is deter-
mined by the acceleration energy U . From the kinetic energy equation
(U = p2zi/(2me)) the average longitudinal momentum can be expressed as:

pzi =
√

2meU. (4.8)

Now the initial rms divergence is given by σx′i = σpxi/pzi . Combining this
with equation (4.6) gives:

σ2xf = A2σ2xi +B2kBT

2U
. (4.9)

With this equation, for a given initial bunch size and particle energy, an
electron source temperature can be determined. This is done by measuring
the final bunch size as a function of a beam parameter. In this case, the
coefficients A and B from equation (4.9) are varied by the current through a
magnetic solenoid lens. Therefore, it is usefull to express A and B in terms
of beam line parameters more directly. In figure 4.2, a simplified beam line
is shown including a magnetic lens with a focal length f . The initial spot
size at the position of the MOT and the final spot size on the detector are
indicated as well. Now the final spot size σxf can be expressed in terms of
the geometrical parameters and the emittance [4]:

σxf =
σxi
f

√
ε2x
σ4xi

[(f − ldet) lMOT + fldet]
2 + [f − ldet]2. (4.10)
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Here, lMOT is the distance between the magnetic solenoid lens and the MOT
and ldet is the distance between the magnetic solenoid lens and the detector.
Now recall the definition for the emittance from chapter 1 and substitute
equation 4.1 in this equation:

εx =
vz
c
σxiσx′i . (4.11)

Substituting this into equation (4.10) and taking the square, results in a
similar expression as equation (4.9):

σ2xf =
1

f2

{
σ2xi [f − ldet]2 + σ2x′i

[(f − ldet)lMOT + fldet]
2
}

= A2σ2xi +B2σ2x′i

. (4.12)

Now we have an expression of A en B in terms of an effective focal length
and effective drift spaces:

A =
f − ldet

f

B =
(f − ldet)lMOT + fldet

f
.

(4.13)

Now we have an idea of the behavior of the optical transfer matrix model,
matrices have to be constructed which accurately describe all the elements in
the beam line as shortly introduced in section 2.3. This matrix construction
is the subject of the next section.

4.2 Transfer Matrix Construction

A schematic of the beam line is shown in figure 4.3. In the beam line
setup several electromagnetic optical elements can be distinguished. The
interaction of charged particles with the beam line elements is determined
by their electric and magnetic fields. The Lorentz force on a charged particle
is [28]:

~F ~E = q
(
~E + ~v × ~B

)
. (4.14)

Here, q is the charge of the particle, ~E and ~B are the electric and magnetic
fields respectively, and ~v is the velocity of the particles in longitudinal direc-
tion given by |~v| =

√
2U/m. Because the mass of Rb ions ismi = 1.6·105·me,

magnetic forces are orders of magnitude weaker for ions than for electrons.
Therefore magnetic forces are negligible for ions whereas they are essential
for electrons.

In the remains of this section, matrices are constructed for each element
of the beam line. This was previously done by Smakman [10]. An overview
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Figure 4.3 Schematic overview of the beam line. The electron bunches are created
in the MOT and accelerated towards the detector (gray screen).

of these elements with relevant characteristics is given in table 4.1. The
matrix construction of Smakman is mainly based on ideal lens formulas
which assume infinitely thin current loops. This modeling results in an
analytical beam line model which is not entirely realistic and therefore does
not meet the requirements for data analysis. To make this optical beam line
model more realistic, numerical adaptions have been performed as will be
discussed in section 4.4.2.

4.2.1 Accelerator Structure

The electrons are created in the center of the MOT where they are imme-
diately accelerated into the beam line. For particles which are not exactly
on the central axis, the field lines in the accelerator are not parallel to the
acceleration axis. Therefore, the electrons experience a transverse electric
force. The exit hole of the accelerator thus acts as a negative electrostatic
lens or a so-called electrostatic aperture lens [26]. Modeling of the field map
of the accelerator has been done by Taban [11] from which an effective focal
length and drift space can be determined. The result is listed in table 4.1.

4.2.2 Magnetic Solenoid Lenses

The second optical element the electrons experience in the beam line is
induced by the magnetic field of the MOT coils. As discussed in section
2.1.2, two magnetic field coils are in anti-Helmholtz configuration to create
a linear field gradient to trap the Rb atoms. They also act as a solenoid lens
for the electrons travelling in longitudinal direction [17]. Another solenoid
lens is installed in the setup to perform the waist scan as described in the
previous section.
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Table 4.1 Electric and magnetic lenses in the UCP setup. Constructed by Smak-
man [10], mainly with ideal lens formulas.

Lens Position (m) Focal length (m)

Exit kick 0.010 -0.033
MOT 0.024 +24[A2m/eV]·U/I2
Quadrupole (x) 0.250 +8.7 · 10−3 [m/eV

1
2 ]·U 1

2

Quadrupole (y) 0.250 −8.7 · 10−3 [m/eV
1
2 ]·U 1

2

Magnetic lens 0.530 +1.47 · 10−4[A2m/eV]·U/I2

The focal length of a magnetic solenoid lens is given by [26]:

f =
8meU

q2
∫ −∞
+∞ Bz(0, z)2dz

, (4.15)

whereBz(0, z) is the magnetic field in the z-direction on the center axis of the
solenoid. The current through the solenoid induces a longitudinal magnetic
field. Because the electrons have a transverse velocity perpendicular to this
field, they experience a magnetic force inducing a rotation in the electron
bunch. For a solenoid, this rotation α in a beam line with length dtot is
given by [11]:

α ≈ −
∫ 0

dtot

dz
eBz(0, z)√

8meU
. (4.16)

Both the MOT coils and the magnetic lens solenoid act as positive lenses
with focal lengths depending on the currents I through the coils and the
acceleration energy U of the electrons. Therefore, the focal lengths in table
4.1 are expressed as a function of these parameters.

4.2.3 Magnetic Quadrupole Lens

As explained in chapter 2, electrons are created in the intersection of the
excitation and the ionization laser. In the experiments considered in this
thesis, both laser profile sizes are more or less of the same size which should
results in an almost spherical bunch with Gaussian spatial distributions in
all three directions. However, in previous electron bunch measurements by
Smakman [10], an asymmetry in the electron spot size in both transverse
directions is observed. Since astigmatism is not observed for ions, it is
evident to look for a explanation of this artefact in magnetic fields. A
magnetic field inducing the observed elongation can not be constant because
it would deflect the entire bunch. Only a magnetic field gradient induces
a position dependent force which can focus or defocus the electron bunch.
The transverse fields are in this case given by Bx = Ky and By = Kx
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R

f

vz

vx,lens

Figure 4.4 Negative lens system representing space charge expansion.

respectively, where K is a linear gradient coefficient. The focal length of a
quadrupole lens is given by [29]:

f± = ±
√

2meU

e

1

KL
. (4.17)

Here, L is the length of the quadruple and the ± indicates the difference
between the two transverse directions: the quadrupole field focuses in one
direction and simultaneously defocuses in the in theperpendicular direction.
Smakman calculated values for the quadrupole strength KL and the position
of the quadrupole from fits from experimental data, resulting in the focal
length and position given in table 4.1.

4.3 Modelling Initial Space Charge Effects

In the UCP setup, electrons can be ionized with two different laser sources.
The pulsed dye laser produces 2.5 ns pulses resulting in 2.5 ns electron
bunches. The femtosecond ionization laser source produces significantly
shorter electron bunches in which Coulomb interactions between electrons
can not be neglected. Therefore, space charge effects will be included in the
analytical model developed in the previous sections.

The Coulomb interactions in an electron bunch are repulsive which leads
to an expansion of the bunch. In terms of an optical transfer matrix, space
charge effects can thus be regarded as a negative lens. A negative lens system
with its relevant parameters is depicted in figure 4.4. The focal length in
this picture is given by:

1

f
= −vx,lens

vzσxi
. (4.18)

Here, σxi is the initial rms spot size. For a uniform sphere of charge the
asymptotic velocity due to space charge vx,lens can be easily calculated [30]:

46



4.3 Modelling Initial Space Charge Effects

vx,lens =

√
2

3
Rωp, (4.19)

where R is the radius of the sphere and ωp is the plasma frequency given
by:

ωp =

√
nee2

meε0
. (4.20)

The longitudinal velocity vz is related to the kinetic energy equation U =
1/2mev

2
z . Substituting this and equation (4.19) and (4.20) in equation (4.18)

results in an expression for the focal length f :

1

f
= −

√
nee2

3ε0U
. (4.21)

The negative lens effect of space charge expansion can now be included into
the transfer matrix model putting it directly in the initial conditions of the
system. Therefore we put the expression for the focal length f into a transfer
matrix and calculate the state of the bunch after space charge expansion.
This results in a new initial state:(

1 0√
C ne2

3ε0U
1

)(
xi
x′i

)
=

(
xi

x′i +
√
C ne2

3ε0U

)
. (4.22)

Here, C is a correction factor in order unity accounting for the geometry
of the electron bunch. Now equation (4.9) for the final transverse electron
bunch size σxf as derived in section 4.1 changes due to space charge effects:

σ2xf = A2σ2xi +B2

(
kBT

2U
+ C

ne2

3ε0U

)
. (4.23)

The ‘B-term’ in this equation now contains two divergence terms instead of
one in equation (4.9). The first term is the temperature dependent diver-
gence whereas the second term is dependent on the electron density. The
beam line model thus also covers space charge effects by including an extra,
space charge dependent, divergence term.

Note that equation (4.23) assumes that the space charge forces are un-
correlated with the initial position. Strictly speaking, this is not true. How-
ever, as will be discussed in the next section, benchmarking of this model
with GPT simulation shows good agreement. Therefore, the assumption of
uncorrelated space charges effect is allowed for this system.
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4.4 Electron Trajectory Simulations

Now we have an analytical model of the beam line including space charge ef-
fects. However, as noted earlier, in this model some assumptions have been
made which lead to neglecting of aberrations. With the General Particle
Tracer (GPT) software the beam line has been simulated and the analytical
model has been adapted an validated. The GPT code is a simulation en-
vironment developed by Pulsar Physics [31] that simulates the trajectories
of a set of charged particles in an environment with defined electric and
magnetic fields, including all pairwise Coulomb interactions.

The GPT code solves the three-dimensional (relativistic) equations of
motion for each and every particle i in an electron bunch in terms of mo-
mentum ~pi = γimi~vi and position ~ri:

~pi = qi

(
~E (~ri, t) + ~vi × ~B (~ri, t)

)
, (4.24)

~ri
′ = ~vi. (4.25)

In these equations, mi, qi and γi ≡ 1/
√

1− (vi/c)2 are the mass, charge and

Lorentz factor of particle i respectively. The electromagnetic fields ~Ei and ~Bi
are the sum of the external acceleration fields, the fields of the elements in the
beamline and all pairwise Coulomb interactions. These pairwise Coulomb
interactions between all the particles are calculated from first principles [7]:

~Ei
Coulomb

=
∑
j 6=i

qj
4πε0

(~rj − ~ri)
|~rj − ~ri|3

. (4.26)

4.4.1 Space Charge in GPT

The GPT code has several built-in elements to include space charge in par-
ticle tracking simulations. Each routine has characteristics which makes it
suitable for a subset of parameter space. However, if it is used incorrectly
it can be inefficient or even wrong. In this thesis, three different GPT space
charge routines are considered:

• Spacecharge3D: In this routine all Coulomb interactions are calculated
from first principles according to equation (4.26). Therefore space
charge effects as well as granularity effects are included. However, the
computational cost is O(N2), limiting the amount of particles that can
be tracked in practice to the order of a few thousand. Concluding, this
routine is very usefull to study the physics going on in the electron
bunch but it is too slow to model realistic space charge dominated
bunches.
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• Spacecharge3Dmesh: In this routine space charge is considered as a
collective effect only, governed by long-range interactions with a charge
density. The point-like nature of charge can be ignored and assuming
an electrostatic case only, Coulomb interactions as in equation (4.26)
can be rewritten in terms of Poisson’s equation [31]:

−∇2V =
ρ

ε0
, (4.27)

where ρ is the charge density and V the electrostatic potential. This
equation is easier to solve and thus faster than a point-to-point cal-
culation. The computational time scales with O(N1.1) which enables
tracking of millions of particles. However neither granularity effects
or disordered induced heating become apparent from this analysis.
Therefore, using this routine, one always needs to be cautious to not
throw away essential physics.

• Spacecharge3Dtree: This routine is the trade-off between computa-
tional time and including relevant physics. All Coulomb interactions
are calculated, however, the computational time is reduced fromO(N2)
to O(N logN) by employing a Barnes&Hut method [32] to hierarchi-
cally group particles together. Unless stated otherwise, this space
charge routine is used for simulations discussed in this thesis.

4.4.2 Numerical Refinement of the Analytical Model

So far only ideal lens formulas are implemented in the analytical electron
trajectory model. However, to realistically describe the setup, numerical
adaptions have been made. This has been done individually for each beam
line element with GPT simulations as illustrated in figure 4.5. The beam
line element, for example the MOT coils or the magnetic solenoid lens, is
placed at x = 0. Particle tracking is performed and the rms spot size is
plotted as function of z, the propagation direction of the bunch in the beam
line. Now the drift space d as determined in section 4.2 needs to be adjusted
by an amount d′. This amount is equal to the position of the intersection
between the incoming and outcoming beam lines as indicated in figure 4.5.
Note that this intersection in completely analogous to the principal plane
for thick lenses [27]. The focal length f needs to be refined to f ′, which is
equal to the distance between the principal plane and the intersection of the
outcoming beam with the y = 0 line. Again, this is indicated in figure 4.5.

This procedure is followed for each beam line element as listed in table
4.1. This results in new drift spaces and focal lengths as listed in table 4.2,
which are implemented in the transfer matrix model.

Note that the resulting equations for the focal lengths depend on the ac-
celerating voltage and magnetic solenoid lens current in a more complicated
way. However, if we leave out the higher order terms, for solenoids still a
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Figure 4.5 Illustration of numerical adaptions to ideal lens system. The bunch
width as a function of z is shown. Now the drift space d needs to be corrected by
an amount d′ as indicated in this picture. Also the new focal length f ′ is shown.

f ∝ U/I2 dependence can be observed (with a slightly different pre-factor)
in agreement with the expressions for the focal length as listed in table 4.1.
Because the current through the MOT coils is always 175 A, this is already
set in the formula in table 4.2. Because the values for the quadrupole are
allready fit for data, they are not refined further anymore.

Also an extra drift is added to the model to take into account the fact that
electrons in the accelerator are still accelerating and do not have a constant
longitudinal velocity corresponding to U yet. Due to this acceleration, the
effective drift space in the accelerator is twice the actual drift space.

4.4.3 Validation of the Analytical Model with GPT

Numerical adaptions to the transfer matrices of individual beam line ele-
ments have been made and the effect of space charge forces has been imple-
mented in the analytical model. Now the last step in the development of
the analytical model is validation of the model with GPT. Note that in pre-
vious measurements, space charge effects not have been taken into account.
To validate the analytical model for space charge dominated bunches, in
figure 4.6a four waist scans of these electron bunches are shown. For ac-
celeration voltages of 10 and 20 kV, the GPT simulations and the result of
the analytical model in the x- and y-direction fit quite good (coefficient of
determination R2 > 0.95). The fit parameter introduced in section 4.3 is set
to C = 0.15 to account for the beam geometry. The agreement applies for
a wide range of bunch charges, temperatures and acceleration voltages.
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(a) GPT simulations and the analytical modelling of a waist scan in
a space charge dominated bunch (1.6 fC) at 100 K for Vacc =10,20
kV. A fit parameter C = 0.15 accounts for the bunch geometry.
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(b) Comparison of data analysis with GPT and the analytical
model. Experimental data from Smakman [10] with the pulsed dye
laser at 3 kV is shown. The temperatures are abstracted from waist
scans with both analyzing methods resulting in virtually the same
curve.

Figure 4.6 Comparison of data analysis with GPT and the analytical model.
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Figure 4.7 Waist scan for an electron bunch of 10.000 particles for T = 75, 200
and 500 K. The acceleration voltage is 10 kV.

However, some deviations of the model with respect to the GPT results
can still be point out. To check whether the model is still good enough
to use for data analysis, in figure 4.6b the data from Smakman [10] are
analyzed both with GPT and the analytical model. The two methods both
give virtually the same result indicating that the analytical model can be
used for data analysis. In addition, the analytical model beats the GPT
code by far in terms of computational time. The analysis of the data in
figure 4.6b takes a few hours with GPT instead of a few seconds with the
new beam line model. Therefore, the analytical model provides an efficient
and robust tool to analyze experimental data and describe the setup.

4.5 Results of Electron Trajectory Modeling

As shown in the previous section, modeling of the electron trajectories in
the beam line with transfer matrices has resulted in a robust model. Before
entering the jungle called laboratory, in this section some first investigation
on sub-ps electron bunches is performed. Also the use of this model for data
analysis of waist scan experiments is discussed.

4.5.1 Waist Scan Characteristics

Smakman developed a method to independently determine a single electron
source temperature by performing a series of measurements [10]. In this
so-called ‘waist scan’, the current through a magnetic solenoid lens is an
independent scanning parameter. The electron spot size in both transverse
directions is measured as a function of the magnetic lens current. Because
the shape of the resulting curve is temperature dependent, the waist scan re-
sults in an independently determined electron source temperature for given
values of the ionization wavelength and acceleration energy. For illustra-
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tion, GPT simulations of waist scans for an acceleration voltage of 10 kV
and temperatures of 75, 200 and 500 K are shown in figure 4.7a. In these
simulations, no space charge effects are taken into account. The three curves
can clearly be distinguished indicating that the waist scan is a good candi-
date for electron source temperature measurements.

In figure 4.7b the same simulation is performed again, now including
space charge effects. In this case the spacecharge3Dtree routine is used to
limit computational time without losing any relevant physics (section 4.4.1).
A clear difference is observed between the two simulations. Where for the
first simulation a clear distinction can be made between the waist scan for
different temperatures, the curves for the space charge simulation are closer
together. Also the overall final spot size is larger when space charge is
involved.

This can be clarified by looking at figure 4.8a. Here a GPT simulation
of the spot size as a function of the charge in the bunch is shown, for dif-
ferent initial rms spot sizes. For large initial spot sizes (low initial charge
densities), the final spot size hardly depends on the bunch charge whereas a
strong dependence is observed for small initial bunches (high initial charge
densities).

In this so-called space charge regime, the final spot size on the CCD cam-
era depends mainly on space charge effects instead of temperature. There-
fore, as becomes clear from figure 4.7b, it is difficult to distinguish curves
for different temperatures. Note that in space charge dominated regimes,
according to equation (4.23), the final spot size depends on the electron
density in the bunch σxf ∝

√
n. To verify this, in figure 4.8b the square of

the final spot size is plotted as a function of the bunch charge. Because the
ionization volume is constant, Q ∝ n. For T = 0 K where only space charge
effects play a role, indeed a straight line is observed. For T = 100 K also
nonlinear terms appear due to temperature effects.

Space charge effects make it difficult to use a waist scan to determine
the electron source temperature. The resolution of the detection system is
not sufficient to obtain a high temperature resolution in this regime. In this
thesis, we work at sufficiently low initial plasma densities to create electron
bunches with a fs laser source outside the space charge regime. Therefore, it
will be possible to do electron source temperature measurements on sub-ps
electron bunches.

To get the required experimental conditions to perform a waist scan
outside the space charge regime, an estimation of the amount of charge per
electron bunch has to be made. Recall from section 2.2.1 equation (2.7),
which gives the charge per pulse as a function of the pulse energy:

Q = eN
Epulse
h̄ωA

σPI . (4.28)

From this equation, together with GPT simulations or the analytical model,
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(a) With GPT the spot size on the CCD camera as a function
of the number of particles in the bunch is simulated for different
initial spot sizes. For small initial spot sizes a clear dependence of
the final spot size on the bunch size is observed, whereas for larger
initial spot sizes, there is hardly any dependence.

0 1 2 3 4 5
0

15

30

45

60

75
0 6250 12500 18750 25000 31250

 number of electrons

 T=0 K
 T=100 K

Q (fC)

(s
po

t s
iz

e)
2  (m

m
2 )

0.0

0.3

0.6

0.9

1.2

1.5

(s
po

t s
iz

e)
2  (m

m
2 )

(b) For space charge dominated electron bunches the final spot size
depends on the electron density σxf ∝

√
n. If we plot the square

of the final spot size as a function of the electron bunch charge
for T = 0 K, indeed a straight line is observed. For T = 100 K
temperature effects result in minor nonlinearities. Data is obtained
from a GPT simulation with 10 µm initial spot size.

Figure 4.8 Illustration of space charge effects at Vacc = 10 kV and Imagnlens = 1
A.
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Figure 4.9 Final electron spot size as a function of the initial spot size for a 0.8 fC
electron bunch with Vacc = 10 kV. For the left, space charge dominated regime, the
final spot size decreases as a function of the initial spot size since electron become
less ‘packed’. In the ballistic regime at the right, the final spot size depends mainly
on the initial spot size. This is the region of experimental conditions where electron
source measurements can be performed.

the space charge regime can be indicated as illustrated in figure 4.9. A GPT
simulation of the final electron spot size as a function of the initial spot
size is shown for a 0.8 fC electron bunch. In this graph, two regions can be
indicated. The left region is the space charge regime. Space charge forces
dominate the dynamics in the electron bunch causing the final spot size to
decrease for larger initial spot sizes. This is because for higher initial spot
sizes, the electrons become less ‘packed’ and thus Coulomb forces decrease.
The right region is dominated by ballistic dynamics where the final spot
size depends mainly on the initial spot size. The ballistic regime offers
experimental conditions for electron source temperature measurements of
sub-ps electron bunches.

4.5.2 Data Analysis

It is not trivial to obtain the electron source temperature from the data from
the waist scan. A scheme of the data analysis is depicted in figure 4.10. The
procedure starts with CCD camera images. An example of an image is
shown in figure 4.11. The picture shows a cut-out of a CCD camera image
with an electron spot in the center. The shape of the spot is elongated which
clearly shows the effect of the quadrupole as discussed in section 4.2.3. The
symmetry axes of the quadrupole are defined as x and y. The symmetry
axes of the ellipse u and w are rotated with respect to these axes with an
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CCD camera data

spot sizes

Matlab fit

GPT simulation
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Temperature

Figure 4.10 Procedure to obtain the electron source temperature from waist scan
data.

u

w

x

y

α

Figure 4.11 Electron spot on CCD camera image. The spot is first fit with a trial
ellipse fit. The blue cross indicates the center of the final fit with the axis u and w.
Also the rms sizes of the final fit are shown, consisting of a top (green) and bottom
(pink) Gaussian. From [10].

57



Chapter 4 Electron Trajectory Model

In
te
n
si
ty

(a
.u
.)

w (pixels)

Figure 4.12 Fit of the intensity profile of figure 4.11 of the u-axis. The data (blue
circles) are fit with a double Gaussian (red line). This is a combination of a bottom
(pink line) and top (green line) Gaussian.

angel α induced by the solenoid lens as discussed in section 4.2.2.

The fitting procedure of the CCD camera images is extensively discussed
in [10] and implemented in the Matlab programming environment from The
Mathworks. The fitting comes down to drawing an ellipse and plot and fit
the spatial distribution of electrons along the u- and w-axis of this ellipse.
Noteworthy is that a combination of two Gaussian functions fits the data
better than a single Gaussian distribution as expected from the laser profiles.
This effect might be an artifact from the MCP [18] (section 2.3.2) or other
electronics [10]. In this thesis the second (bottom) Gaussian is considered
as a measurement artifact so the top rms spot sizes are used in the analysis
of the electron source temperature. The rms sizes of the top and bottom
Gaussian are also indicated in figure 4.11. The resulting fit of the u-axis
from figure 4.11 is shown in figure 4.12.

Now the spot sizes for different points in the waist scan from the CCD
camera images are determined, a fitting procedure can abstract the electron
source temperature. Previously, Matlab called the GPT routine with tem-
perature as a fitting parameter. The simulation output was compared with
the data procedure resulting in an error. In several cycles of this Matlab-
GPT interaction, the temperature was optimized for the smallest error and
the electron source temperature with its uncertainty was determined.

For the pulsed dye laser experiments, where space charge effects do not
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Figure 4.13 Waist scan for sub-ps electron bunches at Vacc = 15 kV and λ = 473
nm. Data is fitted with the analytical model resulting in a temperature of T = 338
K.

play a role, the interactions between electrons do not have to be taken into
account. This results in reasonable computational time for the fitting pro-
cedure. Analysis of a single waist scan takes about half an hour. However,
for short pulses these interactions must be taken into account to fit the data
accurately. The Matlab-GPT fitting procedure fails in this case due to enor-
mous computational costs. Therefore, the analytical model is used to fit the
data. As shown in section 4.4.3 the two methods equal in quality but the
analytical model beats the GPT routine by far in terms of computational
time. The analytical model also applies for analysis of electron bunches
without space charge effects. Therefore, both the pulsed dye laser and the
fs laser experiments are analyzed with this model.

To illustrate the result of the fitting procedure with the analytical model,
in figure 4.13 an example of a waist scan is shown. The data is obtained from
a photoionization experiment with fs laser pulses with a center wavelength
of λ = 473 nm. Again astigmatism caused by the quadrupole can clearly be
observed: the minima of the focus of the two ellipse axes do not coincide.
The data is fitted with the model developed in this section resulting in a
temperature of T = 338 K.
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Chapter 5

Electron Source
Temperature Measurements

In this chapter results of two different types of experiments are presented.
In both experiments beam waist scans are performed to determine the elec-
tron source temperature of the UCP electron source. In section 5.1 the
experiments are presented in which the Rb atoms are photoionized with a
ns pulsed dye laser. The measurement series of Smakman [10] as discussed
in section 1.4 has been extended towards higher beam energies. The results
are discussed in the framework of a temperature model based on work of
Bordas [12].

In section 5.2 an entirely new regime of ultracold and ultrashort electron
bunches is entered. The Rb atoms in the UCP setup are ionized with fs laser
pulses. As explained in section 4.5, low density electron bunches are created
to do electron source temperature measurements for these bunches as well.
The results are compared with the pulsed dye laser results and temperature
modeling.

5.1 Pulsed Dye Laser Experiments

As explained in chapter 1, the emittance is an important figure of merit
to describe the quality of electron bunches. To obtain bunches for single
shot ultrafast electron diffraction, a low emittance is required and since the
emittance scales as ε ∝

√
T , an UCP setup has been built to create ultracold

electron bunches. The electron source temperature is thus an important
parameter to characterize the electron bunches in this setup. As introduced
in chapter 4, the transverse electron source temperature can be extracted
from a waist scan. The transverse final rms spot size is measured as a
function of the current through a magnetic solenoid lens. Given an initial
electron bunch size, the resulting curve can be fitted with the analytical
model of the previous section, yielding an unambiguous value for the effective
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source temperature. The initial bunch size is determined by the overlap of
the ionization and excitation lasers as discussed in section 3.3.

In this section results of photoionization experiments with a 2.5 ns pulsed
dye laser are presented. The electron source temperature has been measured
as a function of the excess energy the electrons gain in the photoionization
process. As discussed in section 2.2, the excess energy is determined by the
ionization wavelength as well as the acceleration field:

Eexc = Eλ + EStark = hc

(
1

λ
− 1

λ0

)
+ 4Ry

√
F

F0
. (5.1)

In the experiments presented below, both the ionization wavelength and the
accelerator field strength are varied.

5.1.1 Experimental Results

The pulsed dye laser experiments as previously done by Smakman and Taban
(section 1.4), have been repeated and extended toward higher accelerator
voltages. A new high voltage supply has been installed enabling acceleration
energies up to U = 15 keV. In combination with a photoionization pulsed
dye laser, which is tuneable in the wavelength range of λ = 472.5 − 488.5
nm, this results in an excess energy range of 0 < Eexc < 125 meV.

The initial electron distribution of the electron bunch is an input param-
eter for the data analysis. It is determined by the excitation and ionization
laser profiles as derived from CCD camera images. In the experiments, the
initial bunch sizes are σxi = 51 µm, σyi = 60 µm and σzi = 80 µm. However,
this value of σzi is not relevant because the ionized electrons are immedi-
ately accelerated into the beam line during the rms pulse length σt = 2.5
ns. This results in an acceleration energy dependent longitudinal rms bunch
size of σt

√
2Ue/me ∼ 10 cm for Vacc = 10 kV! As discussed in section 1.3.3,

interaction between electrons in the bunch can be neglected in the analysis
of these experiments.

The result of the pulsed dye laser experiments are shown in figure 5.1.
Data is taken for accelerator fields of U = 5 − 25 kV corresponding to
field strengths of F = 0.19 − 0.92 MV/m. The excess energy is varied
by tuning the ionization wavelength λ = 472.5− 488.5 nm. For low excess
energy (long wavelength), temperatures as low as T = 69 K are observed.
In the high excess energy (short wavelength) range, temperatures increase
up to T = 875 K.

Parameters such as the acceleration voltage, the initial position of the
electron bunch, the focal lengths of the various lenses and the initial size
of the bunch are fixed in the analysis of the experimental data. A stabil-
ity analysis of some of these parameters has been performed by Smakman
[10] to check whether the temperature fits are trustworthy. Small changes of
10% in these parameters do not result in significantly different temperatures.
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Figure 5.1 The transverse electron source temperature as a function of
the excess energy. For Vacc = 5− 25 kV the ionization wavelength is tuned
(λ = 472.5− 488.5 nm) to vary the excess energy. Also the linear model corre-
sponding to Eexc = 3/2kBT is indicated (dashed line).
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Therefore, we can conclude that the data analysis does not suffer from great
instabilities in the total parameter space. The accuracy of output tempera-
tures are in the same order of the accuracy of the input parameters. Except
for the initial bunch size, the input parameter are know within ≤ 1%. To
investigate the sensitivity of the measurements to the initial bunch size, this
parameter is varied ±20% with respect to the measured initial bunch size.
The result is indicated in figure 5.1 by two gray lines forming a band. For
high accelerator fields this band broadens.

An evident dependence of the transverse electron source temperature
on the excess energy can be observed. This behavior is clearly nonlinear
implying that the naive linear model as introduced in section 1.4 does not
hold. However, for high excess energies, the curves do follow the linear
model.

Another interesting feature is that the curves obtained for different field
strengths do not overlap. Allthough the electrons gain the same excess en-
ergy, the electron source temperature in different extraction fields deviates.
Therefore, more advanced modeling of the electron temperature has to be
performed. Below, an introduction to temperature modeling based on the
photoionization model of Bordas [12] is given. Based on this model the re-
sults of the pulsed dye laser experiments as presented in this section, will be
discussed.

5.1.2 Temperature Model

As mentioned in section 1.4, there are different ways to model the electron
source temperature. The simple linear model assumes that the kinetic en-
ergy the electrons gain, is equal to the excess energy and it is distributed
equally over all three degrees of freedom (equipartition). So in the x-, y-
and z-direction the electrons gain a kinetic energy equal to 1/2kBT and
the temperature can be extracted from Eexc = 3/2kBT . From the results
presented in the previous section, it becomes clear however that the linear
model describes the data for high excess energies, but it fails for lower excess
energies. Therefore a more advanced model has to be developed to investi-
gate the behavior of the temperature as a function of the excess energy. An
important factor which has been ignored in the linear model, is the dynamics
of the electron, created in a potential which is a combination of a Coulomb
potential due the the ion core and a constant gradient potential due to the
extraction field, as discussed in section 2.2.2:

V = − e2

4πε0r
− eFz. (5.2)

Here r =
√
x2 + y2 + z2 is the distance of the electron to the core of the

ion and the extraction field is directed in the −z-direction. During the ini-
tial stage of extraction, the trajectory of the electron is influenced by the
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5.1 Pulsed Dye Laser Experiments

Figure 5.2 Energy diagram for an electron orbiting around an ion core in the
presence of an electric field. Also the Stark energy is indicated. The electron
will be free or bound depending on the excess energy it gains from the ionization
process in the electric field. Three regions can be identified. In region I, Eexc ≤ 0
and the electron will be bound. In region II, 0 < Eexc < EStark and the electron
can only escape under a certain angle βc with the −z-axis. Finally in region III,
Eexc > EStark and the electron can always escape.

Coulomb potential of the ionic core. Dynamic modeling of the electron
trajectories in the combined Coulomb-Stark potential can be done either
classically [12] or quantum mechanically [13]. Below, the classical method
of Bordas [12] will be discussed; at the end some remarks regarding quan-
tummechanical modeling will be made.

In the method of Bordas, the trajectory of an electron is calculated an-
alytically in parabolic coordinates as a function of the excess energy and
the angle of the initial velocity with the z-axis. The initial velocity distri-
bution is set to direct radially outwards with respect to the ion core. The
parabolic coordinates ξ, η and φ can be given as a function of the Cartesian
coordinates x, y and z [12]:

ξ =

√√
x2 + y2 + z2 + z,

η =

√√
x2 + y2 + z2 − z,

φ = arctan
y

x
.

(5.3)

The equations of motions for the electrons in this coordinate system are
extensively discussed in [12]. In this section only the main aspects and
results are presented.

The potential (5.2) is separable in the ξ- and η-coordinates. In the ξ-
direction this results in a periodic motion in time around the ξ-axis. Several
oscillations are made before the electron escapes the ion core.

In the η-direction, the electron will either be free or bound depending
on the excess energy. Three ranges can be identified as shown in figure 5.2:
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Chapter 5 Electron Source Temperature Measurements

Figure 5.3 Electron trajectories for Eexc = 0.24 meV. Ballistic calculations where
only the accelerator field is taken into account (dotted lines) are shown, as well
as exact calculation including the Coulomb forces from the ion core (solid lines).
From [12].

• Eexc ≤ 0: the energy of the electron is below the Stark-shifted ioniza-
tion threshold and the electron is always bound.

• 0 < Eexc < EStark: the energy of the electron is between the Stark-
shifted and the field-free ionization threshold. In this case, the electron
can escape above a critical angle βc with the z-axis [12]:

βc = 180◦ − 2 arcsin

( −Eλ
EStark

)
. (5.4)

• Eexc ≥ EStark: the energy of the electron is above the field-free ion-
ization threshold and the electron can always escape.

An example of the calculation of the electron trajectories calculated with
the Bordas model for a low excess energy of Eexc = 0.24 meV is depicted
in figure 5.3. Both simple ballistic and the exact calculations are shown. In
the first case only the accelerating field is taken into account, whereas for
the exact calculations, the ion core potential as in equation (5.2) is included.
It becomes clear that the ion core greatly influences the distribution of the
electrons. This shows that the dynamics of the electron trajectories should
be taken into account in temperature modeling.

The Bordas model is implemented in Matlab to calculate the electron
trajectories for parameters used in our experiments. In the calculations,
a uniform spatial initial distribution of electrons around their ion cores is
assumed [10]. For a set of electrons, the transverse momenta in the x-
direction are calculated up to a few tens of µm away from the core. At this
position the Coulomb potential of the ion core does not influence the motion
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5.1 Pulsed Dye Laser Experiments

of the electrons anymore. The accelerator force remains, but this is directed
in the z-direction so it does not influence the transverse momentum. The
rms transverse momentum is translated into a (transverse) electron source
temperature using σpxi =

√
mekBT .

As mentioned before, the temperature can also be modeled quantum-
mechanically [13]. In this case the Schrödinger equation is solved for the
potential from equation (5.2) in parabolic coordinates. At a large distance
from the ion core, the momentum operator is used to calculate the rms wave
numbers in the x-direction which again can be translated into an electron
source temperature. As shown in section 1.4, this results in a curve follow-
ing the same trend as the Bordas calculations. However, both models fail to
describe the experimental data correctly. Both models can still be refined
further by including screening effects. The ionic Rb core consists of a posi-
tive charged nucleus surrounded by entirely filled electron shells. Therefore,
the 1/r potential is not realistic. Including a more advanced potential, tak-
ing into account the electronic structure of the Rb atoms, may improve the
temperature modeling significantly .

5.1.3 Discussion

In section 5.1.1, an extensive set of pulsed dye laser photoionization experi-
ments has been presented. In these results some interesting features can be
pointed out. In this section these results will be discussed with respect to
the analytical temperature model of Bordas [12]:

• From figure 5.1 is becomes clear that the curves for different accelera-
tion voltages do not overlap. This can be explained by regarding figure
5.4a. The accelerator field drastically changes the potential landscape
the electrons experience. Even if the electrons gain the same excess
energy, the different potential landscape results in a different initial
transverse electron momentum distribution and thus in a different ef-
fective source temperature. The non universality for curves with a
different Stark shift is also predicted by Bordas as shown in figure
5.4b.

• As previously discussed by Smakman [10], the temperature modeling
according to Bordas results in a curve which qualitatively describes
the data quite well. However quantitatively the data and modeling
disagree. The model results in a lower temperature than observed in
the experiments.

• To compare the curves for different extraction field strength a single
plot for all curves is shown in figure 5.5a. For high excess energies,
the curves in this figure have approximately the same slope as the
Eexc = 3/2kBT line. The curves do not overlap but they follow the
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(a) Potential landscape of an electron orbiting around an ion core
in the presence of an electric field of F = 0.37, 0.74, 1.11 MV/m
(Vacc = 10, 20, 30 kV). The potential landscape looks significantly
different for different acceleration voltages.
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(b) The transverse electron source temperature as a function of
the excess energy for F = 0.37, 0.74, 1.11 MV/m (Vacc = 10, 20, 30
kV) following the Bordas model [12]. Since the deviating potential
landscapes result in different initial electron distributions and thus
in a different electron source temperature, the curves do not overlap.

Figure 5.4 Influence of the accelerator field on the potential landscape and the
electron source temperature.
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(b) Bordas model.

Figure 5.5 Effective electron source temperature as a function of the excess energy
for differen extraction field strengths. For both the experimental data and the
Bordas model, high extraction field strengths, result in an overall lower effective
temperature. The Eexc = 3/2kBT line is indicated as well.
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(a) For low extraction field strengths (F = 0.37 MV/m) the escape
angle is large.

(b) For high extraction field strengths (F = 1.11 MV/m) the escape
angle is small.

Figure 5.6 3-dimensional representation of the potential landscape of an electron
orbiting around an ion core in the presence of an electric field. The excess energy
of an electron of 5 meV is indicated with a plane. The cross section of this plane
with the potential indicates the maximum escape angle of the electron.
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line with an offset with respect to each other. For higher extraction
field strengths, an overall lower temperature is observed.

For a possible explanation, we consider the critical angle with the z-
axis above which the electron can escape:

βc = 180◦ − 2 arcsin

(
− Eλ
EStark

)
. (5.5)

If the electron excess energy is mainly dominated by the photon energy
(low extraction field strength), the the critical angle is large, resulting
in an undirected electron bunch, i.e. a high temperature. However, if
the excess energy is mainly dominated by the Stark shift (high extrac-
tion field strength), the critical angle is smaller. This results in a more
directed electron bunch, i.e. an overall lower effective temperature.
This also explains that the curves follow the Eexc = 3/2kBT line for
high excess energies. In this limit, the excess energy is dominated by
the photon energy resulting in a fully thermalized momentum distribu-
tion. This is also illustrated in figure 5.6a and b. A 3D representation
of the potential is depicted for extraction voltages of 10 kV and 30 kV.
A plane represents the excess energy of an electron of 5 meV. From
the cross section of this plane with the potential landscape, the escape
angle becomes clear. This angle decreases for higher extraction fields
resulting in a more directed electron bunch, i.e. a lower temperature.

As a comparison, temperature modeling according to Bordas [12] for
high excess energies, is depicted in figure 5.5b. Similar to the measure-
ments, the curves for different accelerator fields show the same slope
with an offset with respect to eachother. Also, higher extraction field
strengths result in an overall lower temperature. However in the Bor-
das model, the curves have a different slope than the Eexc = 3/2kBT
line. This is an indication that not all the excess energy is transferred
(isotropically) as kinetic energy to the electrons.

• For all accelerator fields, at low excess energies transverse electron
source temperatures well above the Eexc = 3/2kBT line are observed.
This would indicate that in this region the excess energy is mainly
transferred to the electrons in the transverse direction. The origin
of this phenomenon is unclear. For a possible explanation we should
study the interaction between the electrons and ions during the initial
stage of electron extraction. As mentioned in section 5.1.1, the ionized
electrons are immediately accelerated into the beam line during the
rms pulse length σt = 2.5 ns. The last electrons will therefore feel
much more ionized Rb atoms than the first. For low excess energies,
the Coulomb interaction between the ions and the electrons might
result in a higher temperature.
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• Another mysterious phenomenon which seems to go hand in hand with
the high temperature for low excess energies is the ‘bump’. This bump
as previously observed by Smakman and Taban [10], can be pointed
out in each temperature curve in figure 5.1. The bump seems to be-
come more distinct for increassing extraction fields. It is located at
low excess energy but its position moves to higher excess energies for
increasing extraction fields. For future experiments it would be useful
to obtain more datapoints in the region of Eexc = 10− 25 meV where
the bump appears.

An explanation for the bump might again be found in the interaction
of the final electrons with the remaining ionized Rb atoms in the MOT.
For low excess energies, the Coulomb interaction between the ions and
electrons might be of the same order as the excess energy. The two
interfering terms may result in a higher temperature. Detailed GPT
simulations including ions, can give more insight in this phenomenon.

• As mentioned in section 5.1.1, to investigate the dependence of the
data on the initial spot size of the electron bunch, the input value is
varied with ±20%. The result is indicated by a band (two gray lines)
in figure 5.1. This band broadens at higher accelerator fields. To gain
insight in this behavior, recall equation (4.9):

σ2xf = A2σ2xi +B2kBT

2U
. (5.6)

This equation shows that the final spot size on the detector is de-
termined by both the initial spot size and the divergence. At high
accelerator fields (high U), the divergence term decreases whereas the
term containing the initial spot size does not change. The final spot
size therefore becomes more sensitive on the initial spot size for high
accelerator fields. Therefore, for future experiments, especially for
high accelerator fields, it is essential to determine the initial spot size
more accurately.

The initial electron bunch sizes as determined by the CCD cameras
can be verified by ion spot measurements. The ions only experience
the exit kick lens effect of the accelerator and are not influenced by
the magnetic solenoids and the quadrupole in the system. Therefore
the initial spot size of the ionization volume can be determined by
measuring the final spot size by using σxf/σxi = faccel/dtot. The right
side of this equation is the magnification of the ion spot on the detector
given by the ration of the focal length of the accelerator structure and
the total length of the beam line.

To accurately determine the initial spot size, first the optimal over-
lap of the ionization laser with excitation laser has to be found. By
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optimizing the signal recorded by the detector system, the optimal
direction of both lasers can be determined. Then the initial spot size
can be determined accurately by recording ion spots. By doing this
for different pulse energies, possible space charge effects can be ex-
cluded. Together with the CCD camera images of the laser spot sizes
this should lead to a reliable initial spot size determination. If future
experiments will be performed for higher accelerator fields and the fi-
nal analysis becomes more sensitive to the initial spot size, even an
aperture can be placed in the beam line. This would unambiguously
set the initial spot size with the drawback that a part of the electrons
is lost.

5.1.4 Conclusion

In this section an extensive set of electron source temperature measurements
on 2.5 ns photoionization experiments has been presented. A lot of features
in the results are not fully understood and under discussion. This opens the
door to a new field of experiments and interesting physics. To conclude this
section we go back to the introduction of this thesis. With this ultracold
electron source, how far are we on the road to single-shot UED on protein
crystals?

The lowest temperature measured is T = 69±7 K for Vacc = 5 kV. With
an initial electron bunch spot size of around σi = 60 µm and a typical final
spot size of aroundσf = 300 µm, this results in a transverse coherence length
of L⊥ = 18 nm. A minimum coherence length to perform single-shot UED
on protein crystals is mentioned in chapter 1 to be L⊥ = 3 nm. This makes
this electron source a promising candidate for single-shot UED on protein
crystals. However, in these experiments bunch charges were typically Q = 1
fC. This is well below the charge of Q = 100 fC as required for nice single-
shot diffraction patterns. Also the acceleration energy of U = 2.5 keV and
the bunch length of σt = 2.5 ns are not sufficient for the requirements from
chapter 1 of U = 100 keV and σt = 100 fs.

The electron bunch length of the bunches produced in the UCP setup
can be reduced significantly by moving to a different ionization laser. With
a fs laser source, electron bunch lengths of σt ≤ 1 ps can be obtained. In the
next section some first experimental results of this new regime of ultrashort
ultracold electron bunches are presented.

5.2 Femtosecond Laser Experiments

To enter the field of ultrashort electron bunches, a new ionization laser source
has been installed. As described in chapter 3, this laser source consists of
a fs laser system with an optical parametric amplifier and produces 480 nm
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Figure 5.7 GPT simulations and measurements of the final spot size as a function
of the bunch charge. The charge does not influence the final spot size indicating
that we are outside the space charge regime. These are good conditions for electron
source temperature measurements.

fs laser pulses. In this section a serie of electron source measurements with
this fs laser system is presented.

5.2.1 Experimental Results

As discussed in section 4.5, it is nontrivial to do temperature measurements
on electron bunches ionized by a fs laser source. In these sub-ps bunches, the
electron density can be very high compared to the 2.5 ns bunches from the
previous section. Therefore, it is not obvious that the interaction between
electrons can be neglected. Due to Coulomb effects, temperature effects will
be less prominent and it becomes difficult to extract the electron source
temperature from waist scan experiments. Therefore, first low density elec-
tron bunches are created. To verify that Coulomb effects do not play a role
the final spot size is measured as a function of the bunch charge. As dis-
cussed in section 2.2.1, this bunch charge can be controlled with the laser
pulse energy. The result is shown in figure 5.7 for pulse energies of 0-7 µJ.
Clearly the final spot size does not depend on the electron bunch charge,
indicating that we are outside the space charge regime. In addition, GPT
simulations have been done for the same experimental conditions. The re-
sult of the simulations are also shown in figure 5.7. Structurally a slightly
higher final spot size is obtained but the simulations agree with the ex-
perimental data within ∼ 10%, with the final spot size independent of the
electron bunch charge. These experimental conditions thus enable electron
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source temperature measurements as presented and discussed in the remains
of this chapter.

Photoionization takes place with a pulsed fs laser source tuneable in the
wavelength range of λ = 472.5 − 490 nm. Temperature series are taken for
acceleration voltages of Vacc = 6 − 25 kV. This set of parameters results
in an excess energy range of Eexc = −32 − 112 meV. The initial electron
distribution of the electron bunch is determined by the excitation and ion-
ization laser profiles. These are derived from CCD camera images. In the
experiments, the initial bunch sizes are σxi = 32 µm, σyi = 87 µm. Since
space charge effects again do not play a role in these measurement series,
the longitudinal bunch size is not taken into account in the analysis of the
waist scans.

The result of the fs laser experiments are shown in figure 5.8. For low
excess energy (long wavelengths), temperatures as low as T = 11 K are
observed. In the high excess energy (short wavelengths) range, temperatures
increase up to T = 500 K.

For these experimental conditions no ion spot measurements have been
done to check the initial electron bunch sizes as determined by the CCD
camera images. Therefore again a sensitivity test has been performed in
which the initial spot sizes as measured by the CCD camera images is varied
with ±20%. The result is indicated in figure 5.8 by two gray lines forming
a band. Similar to the pulsed dye laser experiments, this band broadens for
increasing accelerator fields.

Allthough the femtosecond laser experimental data again shows a nonlin-
ear dependence of the transverse electron source temperature on the excess
energy, there are remarkable differences with the pulsed dye laser experi-
ments as presented in the previous section. By itself this is not a surprise
since we have entered an new field of electron bunch dynamics where ul-
trashort time scales are combined with very low temperatures. In the next
section the femtosecond laser results will be discussed with respect to pre-
vious results as well as the Bordas temperature modelling.

5.2.2 Discussion

A set of fs laser photoionization experiments has been presented in section
5.2.1. In these results some interesting features can be pointed out which
will be discussed with respect to the Bordas temperature model and the
results of the pulsed dye laser experiments:

• Again the curves for different extraction field strengths do not over-
lap. In contrast to the pulsed dye laser experiments and the Bordas
temperature modeling, we do not see that the overall temperature for
high excess energies is lower for high acceleration fields.
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Figure 5.8 The transverse electron source temperature as a function of
the excess energy. For Vacc = 6− 25 kV the ionization wavelength is tuned
(λ = 472− 490 nm) to vary the excess energy. Also the linear model corresponding
to Eexc = 3/2kBT is indicated (dashed line).
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• The curves do not follow the Eexc = 3/2kBT line. It seems that
in these measurement series we were not in the limit of high Eexc
where the temperature curves become straight lines. More data should
be taken in the high Eexc regime to investigate whether the different
curves get the same slope with respect to each other and the linear
model.

• Again a bumb can be observed in the region of Eexc = 10 − 25 meV,
allthough less prominent than in the pulsed dye laser experiments.
Similar to the pulsed dye laser experiments, the bump corresponds to
the region where temperatures above the Eexc = 3/2kBT line have
been measured. In the future, more datapoints and advanced temper-
ature modeling may give more insight.

• In figure 5.9 the data are plotted together with the results of the Bor-
das model. Clearly, the data correspond very well with curves from
the Bordas model. Only for Vacc = 25 kV the model and data devi-
ate. The pulsed dye laser data and the fs laser data, however, do not
correspond at all: the fs laser experiments result in significantly lower
temperatures. This is quite a surprising result! As discussed in section
1.3.2, due to the broadband nature of the fs laser pulses, a minimum
temperature of about 200 K is expected. This does not agree with
the observation of temperatures as low as 11 K. In contrast, in the
narrow-banded pulsed dye laser experiments, the minimum tempera-
ture that has been measured is 69 K. This does not correspond either
to previous measurements by Taban and Smakman [10].

In the line of the discussion in section 5.1.3, an explanation can be
found in the interactions between ions and electrons. In these experi-
ments, electron are ionized with a fs laser pulse resulting in a typical
longitudinal bunch length of 60 µm. This means that the effect of the
ions will be less prominent resulting in lower temperatures.

• For excess energies of Eexc < 0 electrons are still ionized. This can be
explained by the broad bandwidth of ultrashort pulses as illustrated in
figure 5.10. With a spectrometer the bandwidth of the ionization laser
pulse has been determined to be σλ = 5 nm. This corresponds to an
energy spread of σEexc = 24 meV. The measurements are performed
for excess energies down to about Eexc = −20 meV, implying that
with this bandwidth electrons can still be liberated. As a check, we
have done a measurement of the electron bunch charge as a function of
the ionization wavelength, as shown in figure 5.11. For Eexc < 0 still
charge has been measured. The charge decreases as a function of the
wavelength (for lower excess energies) as expected by the broadband
nature of the ionization lases pulses.
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Figure 5.9 Temperature as a function of the excess energy for the fs laser source
experiments. Data agrees well wit the temperature modelling according to Bordas,
especially for the lowest extraction fields.
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Figure 5.11 Charge of the electron bunch as a function of the
center ionization wavelength for the 0.22 MV/m serie (6 kV).
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5.2.3 Conclusion

For the first time ultracold sub-ps electron bunches have been created. As
a first step in the interesting physics these bunches offer, in this section a
set of electron source temperature measurements has been presented. There
are a lot of new features in these results which are not fully understood and
several ideas for new experiments and advanced modelling have come up.
To conclude this section, again we go back to the introduction of this thesis.
With this ultracold electron source, combined with a femtosecond ionization
laser, how far are we on the road to single-shot UED on protein crystals?

The lowest temperature measured is T = 11 ± 6 K for Vacc = 6 kV.
With an initial electron bunch spot size of around σi = 80 µm and a typical
final spot size of aroundσf = 300 µm, this results in a transverse coherence
length of L⊥ = 34 nm. A minimum coherence length to perform single-shot
UED on protein crystals is mentioned in chapter 1 to be L⊥ = 3 nm. This
makes this electron source a promising candidate for single-shot UED on
protein crystals. The electron bunch length is not known exactly but can be
estimated to be in the order of a picosecond. This approaches the required
bunch length of σt = 100 fs. Reliable bunch length measurements have to
be performed to confirm this. However, in these experiments bunch charges
were typically Q = 0.1 fC. This is well below the charge of Q = 100 fC
as required for nice single-shot diffraction patterns. Also the acceleration
energy of U = 3.0 keV is not sufficient for the requirements from chapter 1
of U = 100 keV.
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Conclusion and Outlook

In this thesis a serie of transverse electron source temperature measurements
on electron bunches from laser-cooled Rb has been presented. Experiments
have been done in which the Rb atoms have been near-threshold photoion-
ized by either a ns laser or a fs laser. The transverse rms momentum of the
bunches is calculated from measurements where the spot size of the bunches
has been recorded as a function of the current through a magnetic solenoid
lens. The focal length of this lens is changed by varying the current through
the solenoid so the bunch size measurements result in a waist scan. Once
experimental parameters such as the initial spot size are known, the effec-
tive source temperature can be obtained from a waist scan by fitting it using
an analytical model. This analytical model has been developed to calculate
the electron trajectories in the setup. Also possible space charge effects are
included in this model.

6.1 Conclusion

For the pulsed dye laser experiments, effective source temperatures in the
range of T = 69− 875 K have been measured. For the fs laser experiments
this range is T = 11−500 K. In both experiments, the temperature does not
follow a linear model which assumes a fully thermalized, isotropical momen-
tum distribution in the bunch corresponding to Eexc = 3/2kBT . Therefore
a more advanced dynamic model has been developed taking into account
the ionic Coulomb potential and the linear Stark potential corresponding to
the extraction field. In the framework of this effective source temperature
modeling, for both experiments some interesting issues have been observed:

• The data of the pulsed dye laser experiments follow the Eexc = 3/2kBT
line for high excess energies. For low excess energies, nonlinear behav-
ior has been observed. This can be qualitatively described by the
dynamic model but the model and data do not agree quantitatively.
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• In both experiments, curves for different extraction field strengths do
not overlap. This is because the potential landscape the electrons
experience, is different for different extraction field strengths. From
the potential landscape picture, we can explain that higher extraction
field strengths result in an overall lower effective source temperature.
This is also confirmed by the dynamic model.

• In both experiments, for low excess energies, temperatures well above
the Eexc = 3/2kBT line have been observed. In this region also a
bump can be pointed out. It has been suggested that both phenomena
have something to do with the interaction between the electrons in
the bunch and the remaining ionized Rb atoms which so far, have
never been taken into account. These interaction may result in higher
effective temperatures.

• Surprisingly overall lower effective source temperatures have been ob-
served for the fs laser experiments than for the pulsed dye laser exper-
iments. This behavior has not been expected based on the ionization
laser pulse lengths and corresponding band widths. This observation
may again be explained by taking into account the interaction between
the remaining ions and the electrons in the bunch. Because of the ul-
trashort pulse length, these interactions might play a minor role in the
fs laser experiments resulting in an overall lower effective temperature.

• The fs laser experimental data agree both qualitatively and quantita-
tively with the dynamic model very well! This is because the dynamic
model does not take into account the interaction between the electrons
in the bunch with the ionized Rb atoms which probably plays a minor
role in the fs laser experiments.

6.2 Outlook

The UCP combined with the fs laser source, produces short electron bunches
with a coherence length required for single-shot UED experiments on protein
crystals. However, the energy and bunch charge still have to be increased.
Space charge effects will then drastically influence essential bunch parame-
ters such as the bunch length. This could be solved by bunch compression,
transversely with magnetic solenoid lenses and longitudinally with an rf cav-
ity. In this case, ultrashort and ultracold electron bunches enable the study
of a whole new range of physical, chemical and biological reaction on extreme
spatial and temporal scale. Will the ‘molecular movie’ become reality?
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