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Abstract

Recently, it has been made possible to study femtosecond timescale processes
such as the melting of crystals and electron-phonon coupling in superconduc-
tors, using ultrafast time resolved electron diffraction. For such an experimental
setup, we have constructed a very compact 30 keV DC photogun. Electrons are
generated by backilluminating a 45 nm silver layer on a sapphire window em-
bedded in the gun cathode. The laser driving the photocathode produces 50
femtosecond laser pulses of 266 nm wavelength with a repetition rate of up to
1 KHz. The electron bunches are focussed by a solenoid and detected on a mi-
crochannel plate electron multiplier. The time resolution is obtained by means
of a deflecting cavity which is synchronized with the pulsed laser; in this way
the longitudinal (time) dimension is transferred into a transversal dimension.
Samples can be mounted in both reflection and transmission geometry. We
analyzed how the spot size depends on the strength of the focussing solenoid
and determined that the radial emittance of the electron beam is on the order
of 10−7 m*rad. The first test experiments with silicon and gold samples are
ongoing.
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Chapter 1

Introduction

1.1 Diffraction: Study of Materials at an Atomic
Level

This thesis is dedicated to ultrafast electron diffraction (UED). Before we can
introduce the ultrafast aspects of this technique, we first have to introduce
the general concept of diffraction and the physics of classical (static) electron
diffraction (ED).
Diffraction techniques are used in order to study the structure of materials at
the atomic level. The basis of diffraction lays in interference of waves, which
are sent along different paths and recombine to yield minima and maxima in
the interference pattern, as governed by Bragg’s law:

λ = 2d sin θ (1.1)

where λ is the wave length, d is the atomic spacing between lattice planes and
θ is the diffraction angle. In experiments, usually 2θ is measured. By means
of diffraction, the atomic positions in the lattice are not measured directly in
real space. What is measured instead, are distances in the reciprocal space from
which the distances between the lattice planes in real space can be calculated
and therefore the structure can be resolved at an atomic level.
To have diffraction peaks (connected to different lattice planes), λ has to be
smaller than d, which is a multiple of the lattice parameter a. In the elec-
tromagnetic spectrum, sub-nanometer wave lengths correspond to x-rays and
therefore x-ray diffraction (XRD) is a well established diffraction technique.
Due to the particle-wave duality, also electrons and neutrons, seen as waves,
can be used as a probe in diffraction experiments. The wavelength associated
with a moving particle, as described by de Broglie, is:

λ = h

p
(1.2)
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(a) Single crystalline gold (b) Polycrystalline aluminum [3]

Figure 1.1: Typical electrons diffraction patterns for (a) a single crystalline
sample and (b) a polycrystalline sample.

where h is Planck’s constant and p is the momentum of the particle. An impor-
tant advantage of ED compared to XRD is that the ratio inelastic scattering
events to useful elastic scattering events is 3 times smaller [1]. Furthermore,
the energy dissipated in inelastic scattering is 1000 times lower than for x-rays.
Therefore the damage of the sample is larger when using x-rays than when using
electrons. Another important advantage of ED is that for electrons the inter-
action cross section with matter is typically a factor 105 − 106 larger than for
x-rays [2] and therefore less beam intensity is required in order to obtain reliable
diffraction data. Of course this also means that the mean free path for electrons
is much shorter, hence ED is especially a favourable technique to study thin
films and foils in transmission mode.
Diffraction can be done on either single-crystal or polycrystalline samples. Diffrac-
tion leads from single crystalline samples leads to diffraction spots, of which a
typical pattern is shown in Figure 1.1(a), whereas diffraction on polycrystalline
samples leads to sharp ring patterns, as shown in Figure 1.1(b). Isotropic sam-
ples such as liquids, however, give a blurry ring pattern.

1.2 Ultrafast Electron Diffraction
ED is a typical static technique: there is a certain collection time required to
accumulate enough scattered electrons to reconstruct a diffraction pattern in a
reliable way. Therefore it is usually used to study the structure of a material in
an equilibrium state. To study how a phase transition influences the structure,
an equilibrium diffraction pattern could be made before and after the phase
transition but with this approach it is not possible to determine the dynamics
of the lattice when the transition occurs. To make this kind of information
also available, the new technique ultrafast electron diffraction (UED) has been
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Figure 1.2: Illustration of the principal of UED: after a pumping laser pulse,
the diffraction pattern of the material is measured after different time delays
( c©Nuh Gedik).

developed [4]. Since the typical time scale of vibrations in a crystal is on the
order of femtoseconds, we need a femtosecond time resolution. To have dynamic
processes recorded, there has to be a clear and well-defined time-origin, given
by an ultrashort laser pulse that electronically excites the material and thereby
induces the phase transition [5]. An illustration of the experimental implemen-
tation is shown in Figure 1.2. After the laser pulse has struck the sample, an
ultrashort electron pulse is used to probe the lattice response by recording the
corresponding diffraction pattern. This is done after several different time de-
lays in order to probe the development of the response. In the implementation
of Zewail [5] the system has to be relaxed and reprepared before the next mea-
surement with another time delay can take place.
Whereas in static ED, only equilibrium or time averaged atomic positions can
be studied, in UED collective movements within the lattice are observed. There-
fore the technique is very sensitive for phase transitions. These phase transitions
need to be visible by the excitation of phonons in the lattice or by a structural
change of the lattice properties. Examples are temperature or light induced
heating and melting of structures, the phase transition between a metallic and
superconducting state and - from a practical point of view - radiation damage
in materials. An advantage of UED compared to ultrafast spectroscopic tech-
niques (see e.g. [6]) is that also dark states, i.e. states which are not optically
accessable, can be studied.
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Figure 1.3: Diffraction pattern of polycrystalline aluminum during ultrafast
melting [7]. Time delays are shown in the figure. Note that after 0.5 ps the
structure of the diffraction pattern of a polycrystalline material is still visible
but that it has become a liquid after 3.5 ps.

1.3 Overview of the Field
A successful demonstration of the usefulness of UED to probe solid-liquid phase
transitions is given by Siwick et al. [7] who studied ultrafast laser-induced
melting of a thin aluminum film. Polycrystalline, 20 nm thick Al films were
irradiated with 120 fs near-IR laser pulses and electron diffraction patterns
measured after 0.5, 1.0, ..., 3.5 ps. The 30 keV electron pulses were 600 fs long
and contained around 6000 electron per pulse; 150 measurements were necessary
to obtain a reliable diffraction pattern. The result is a diffraction pattern in
which after 0.5 ps the rings of the typical diffraction pattern for static electron
diffraction at polycrystalline samples is still visible, but after 3.5 ps the long-
range atomic structure is destroyed and only a single broad ring (typical for
a liquid) is visible (see Figure 1.3); only short-range atomic correlation is still
present. The transition time of 3.5 ps is a consequence of the magnitude of the
electron-phonon coupling.
A single-shot (for each time delay) approach has been reported by Musumeci
et al. [8] when studying the melting process of a single crystal gold sample.
Their approach is to use higher energy electrons (3.5 MeV whereas Siwick [7]
used 30 keV) leading to a suppression of space-charge induced space-broadening
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of the electron pulse. From the study of 20 nm thick films of single crystal Au,
an electron phonon coupling constant λ of 0.15 was obtained, which is in good
agreement with the value found by Allen [9].
It has been shown by Carbone et al. [10] that also electron-phonon coupling
in superconductors can be studied by UED: the electron phonon coupling in
the superconducting cuprate Bi2Sr2CaCu2O8+δ (Bi2212) has been investigated
by this technique. At temperatures in the superconducting regime, i.e. below
the transition temperature, the ultrashort pump laser pulse breaks the electron
pairs: therefore, a phase transition takes place from the superconducting to the
metallic state. From the changes in lattice parameters during this transition
and the transition back to the superconducting state, the magnitude of the
electron-phonon coupling parameter (which is anisotropic) can be extracted.
So from this experiment, the electron-phonon coupling was studied from the
phonon point of view for the first time, whereas earlier studies only looked at
the electronic structure to deduce electron-phonon coupling (see for example [6]
where time resolved photoelectron spectroscopy was used).
Yet another example of a successful study using UED involved the structural
dynamics of graphite before the ablation of graphene [11]. It was shown that
after excitation of the electrons by means of a laser pulse, the lattice responds
by a contraction in the direction perpendicular to the layers. This contraction is
in the end followed by a thermal expansion. Due to this process, two effects are
observed: first there is a shift in the position of the Bragg spots due to a change
in lattice parameter. Second, there is a change in intensity due to disorder as
also observed in most of the other UED experiments.

1.4 Challenge
To obtain a diffraction pattern which is significant and reliable, we typically
need more than 104 electrons. If we define the z-direction as the direction of
the propagating beam (as is the usual convention in particle beam physics), these
104 electrons have to be confined in a small region in x-y-space in order to have
a diffraction pattern and in the z-direction for a good time resolution. In static
ED, this is obtained by integration over time. However, this is fundamentally
not possible in time resolved electron diffraction. Having these electrons in a
short bunch, however, increases the number density of electrons, leading to more
space-charge effects, which increase the transversal and longitudinal emittance.
It is a challenge to overcome these problems and make a beam without too much
emittance but carrying enough electrons in a short enough time as to make a
good time and space resolution possible.
Another challenge is to overcome the problem of preparing samples several times
for the measurement of only one data set. In some cases it is not possible - e.g.
due to the kind of phase transition involved - to prepare the sample over and
over again in the same state. Therefore it is interesting to develope a single-shot
setup. One idea to obtain this makes use of a deflecting cavity which streaks
the beam and therefore makes the time domain directly visible in one of the
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spatial dimensions [1]. In this setup, the change of intensity of Bragg peaks in
time is directly visible in one measurement.

1.5 Aim of this Project & Outline of this Thesis
This project is an intimate collaboration between the Particle Beam Physics
Laboratory (PBPL) at the University of California Los Angeles (UCLA) and
the Zernike Institute for Advanced Materials at the University of Groningen. It
aims at the construction of a top-of-the-table equipment for single-shot UED,
making use of a 30 keV DC photogun and a deflecting cavity. One of the guns
will be used at UCLA/PBPL (in the group of Prof. Dr. Pietro Musumeci)
and the other gun is built for the group of Dr. Fabrizio Carbone at the École
Polytechnique Fédérale de Lausanne (EPFL). Furthermore this project prepares
the group of Prof. Dr. Petra Rudolf at the Zernike Institute for having a setup
for UED.
This thesis describes the process of the project, as was carried out at PBPL from
October 2010 until April 2011. Besides that, it also introduces some theoretical
background about vacuum technology, electron beam physics and simulation of
electron beams in Chapter 2. Chapter 3 completely describes the setup, the
simulation code and the measurements which were performed. In Chapter 4,
some results of the measurements are reported and Chapter 5 summarizes and
looks forward.
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Chapter 2

Theoretical Background

In this chapter we introduce some important concepts, necessary for a good
understanding of UED. We start with the theory of vacuum techniques and
subsequently some important electron beam physics concepts are explained.
We end by explaining a software package, used for simulating particle beams.

2.1 Vacuum Technique
One very important ingredient of an UED setup is the ultrahigh vacuum (UHV)
chamber in which we are working. There are three reasons for this [12]. Firstly,
in order to have no voltage breakdown at the electron gun, the space should be
"empty" enough. Secondly, the electrons need to have a long enough mean free
path in order not to scatter before they hit the surface that is studied. Fur-
thermore, these conditions are necessary in order to prevent contamination of
the material under investigation. The latter of the three even puts the highest
constraint on the vacuum conditions because even in high vacuum conditions
a monolayer can be formed within seconds (nanoseconds at atmospheric pres-
sure), whereas in UHV, it takes on the order of half an hour or more depending
on the sticking coefficient of the gases present in the residual atmosphere on the
surface in question.
To obtain UHV-conditions the chamber needs to be pumped. For this purpose,
there are two general classes of vacuum pumps: compression pumps which trans-
fer the gas outside and trapping pumps in which the gas particles are trapped.
In a typical UHV-setup both types are used: one or more compression pumps in
order to obtain medium or high vacuum and a trapping pump to maintain the
ultrahigh vacuum. If one does not perform a bakeout, a system reaches 10−7

by several hours of pumping with a turbomolecular (compression) pump.
To maintain the UHV-conditions in a chamber which consists of various compo-
nents, the coupling between these components needs to be hermetically sealed.
There exist two generally used types of flanges and gaskets to make hermeti-
cally sealed connections between the components. The first is suitable up to
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Figure 2.1: Illustration of a vacuum seal using Conflat R© flanges and a copper
gasket [13].

high vacuum and makes use of a reusable flange with a Viton ring. To have
seals that can withstand UHV conditions, copper gaskets are used which fit in
between knife edges on the Conflat R© flanges. The seal is formed by tightening
of the flanges, due to which the knife edge deforms the gasket; see Figure 2.1.
Also important for having good UHV-conditions in the whole chamber, is to
have a large enough conductance, i.e. to have the different parts of the cham-
ber well enough connected with each other. Analogous to adding resistances
in electrical circuits, the total conductance C when having the elements Ci in
series is:

1
Cseries

=
∑ 1

Ci
(2.1)

and when having the elements in parallel:

Cparallel =
∑

Ci (2.2)

The conductance (in L
s ) of individual components (straight pipes of length l

with circular cross section with diameter d is given by the Knudsen equation
[14]:

C = 135d
4

l
p̄+ 12.1d

3

l

1 + 192dp̄
1 + 237dp̄ (2.3)

where p̄ denotes the pressure, averaged over the two sides of the pipe.
There are three regimes of flow to distinguish: in the viscous flow regime (for
atmospheric pressure and rough vacuum), the mean free path of molecules (λ) is
smaller than the pipe diameter d and therefore molecule-molecule collisions are
predominant over molecule-wall collisions. Therefore, the flow has a direction
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and all molecules tend to flow on average in this direction (for example based on
the pump direction). On the other hand, there is themolecular flow regime (for
high and ultrahigh vacuum) in which d < λ and the molecule-wall collisions are
dominant. Therefore, there is no real macroscopic flow and whether a molecule
reaches the pump to be removed or trapped is a stochastic process. In between
these two extreme regimes, there is the regime of Knudsen flow. The Knudsen
law (2.3) simplifies for the two extreme regimes, yielding for the viscous flow:

C = 135d
4

l
p̄ (2.4)

and for the molecular flow:
C = 12.1d

3

l
(2.5)

Note that in the molecular flow regime, the conductance is independent of the
pressure reflecting that the process is just stochastic.
If an element is not straight, the length l should be replaced by leff , given by:

leff = l + 1.33 θ

180◦ d (2.6)

The UHV setup we designed and built for this experiment is described in Section
3.2.

2.2 Electron Beam Physics
There is a lot of theory about the properties of electron beams (see e.g. [15]). In
this section we discuss four important concepts for the beam line that is under
consideration: the properties of photocathodes, focussing of electron beams by
the use of solenoids which act as magnetic lenses, the concept of emittance and
a streak camera.

2.2.1 Photocathode
The most important ingredient for a setup for UED is of course the photocathode
where the electron beam is generated. The possibility of having photoemission
is based on the photoelectric effect. The photoemitting properties of the cath-
ode are described by a three-step model which was introduced by Berglund and
Spicer [16] and which was worked out for the specific case of photocathodes by
Dowell and Schmerge [17]. The three steps of this model are (1) absorption of
the photon, (2) transport of the electron through the material to the surface
and (3) actual emission from the surface to the vacuum (see Figure 2.2).
The total quantum efficiency QE, which is the ratio between the number of
emitted electrons and the number of incident photons, is given by the product
of probabilities of all three steps to take place. The first step (absorption) is de-
pendent on the photon absorption length, the thickness of the material and the
reflectivity of the material. In this process, energy is conserved from the photon
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Figure 2.2: The three steps of the photoemission model of Spicer [17].

to the electron; however, momentum is not necesserily conserved since it can
be transfered to the lattice. The second step (transport) depends on the elec-
tron mean free path in the material. In metals, we can ignore electron-phonon
scattering so the electron mean free path is determined by electron-electron
scattering. Furthermore, we assume that the so-called fatal approximation is
valid; i.e. that each collision rules out both electrons for further transport. The
third step (emission) is governed by the dynamics of leaving the material, in
which the Schottky potential (which is the sum of the applied potential and
the image charge potential) changes the effective work function. Another effect
is refraction at the interface between the metal and the vacuum, due to which
emission only takes place in under certain angles and which leads to another
decrease of QE.
In our setup, the electrons are generated from a silver cathode which is backil-
luminated by a pulsed laser. The electron gun is described in Section 3.1.2.

2.2.2 Focussing in Solenoids
Once emitted from the photocathode, the electron beam can be focussed by
a solenoid (coil) which acts as a magnetic lense. Usually we ignore border
phenomena when looking at the magnetic field in a coil. However, in order
to understand how a solenoid acts as a lense, we are especially interested in
what happens when going from the space outside the solenoid where there is
no magnetic field to inside the solenoid where there is a uniform magnetic field
[15]. To have a zero divergence of the magnetic field, there is a fringe field
in the transitional region, as sketched in Figure 2.3. The central axis in an
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Figure 2.3: Fringe field region of
solenoid, with initially offset particle
trajectory encountering radial compo-
nent of magnetic field [15].

Figure 2.4: Trajectories for electrons
in the solenoid. For example: when
an electron enters the solenoid at A, it
leaves at A’ [18].

electron beam is the z-axis, which is in the direction of the propagation of the
beam. Since the bunch of electrons is accelerated in this z-direction, we know
that pz >> p⊥, which is the paraxial approximation. If we define z = 0 at the
entrance of the solenoid which has length L, the magnetic field in cylindrical
coordinates is given by:

Bz = B0 [u(z)− u(z − L)] (2.7)

Bθ = 0 (2.8)

Br = −r2B0 [δ(z)− δ(z − L)] (2.9)

where u(z) = 1 for z > 0 and u(z) = 0 for z ≤ 0 and where δ denotes a delta
function [18]. The fact that Bθ = 0 comes from the cylindrical symmetry of
the solenoid. Due to this magnetic field, the electrons get an azimuthal velocity
that equals:

∆vθ = r0
eB0

2γm = r0ωL (2.10)

where r0 denotes the distance from the z-axis where the electron enters the
solenoid, e is the absolute charge of an electron, B0 is the size of the constant
magnetic field in the z-direction inside the solenoid, γ is the Lorentz factor for
relativistic particles, m is the rest mass of an electron and ωL is the Larmour
frequency which is half the cyclotron frequency. The rotation takes place in a
helix with radius

Rc = r0

2 (2.11)
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from which we can learn that the electrons travel towards the z-axis but only
touch it, as can be seen from the electron trajectories that are shown in Figure
2.4. Here the dotted circles are a 2D visualization of the electron trajectories
with an electron for example entering at position A into the solenoid and leaving
the solenoid at position A’ [18]. Another approach is to think of the electron as
harmonically oscillating in the Larmour frame, which is the frame that oscillates
with the Larmour frequency around the centre of the solenoid [15]. When the
electron leaves the solenoid, it gets the same "kick" from the radial magnetic
field, and therefore the azimuthal velocity in the rotating Larmour frame is zero
again [18]. But the electrons continue having a radial velocity in the frame of
the solenoid and therefore the beam is focussed. The focal length for general
cases is given by [18]:

1
f

= e2

4γ2m2v2
z

∫
B2dz (2.12)

We assume a uniform Bz inside the solenoid with N windings having the lenght
L in the direction of the propagation of the beam (see also equation 2.7), given
by

Bz = µ0IN

L
(2.13)

where µ0 is the magnetic constant, I is the current through the solenoid. When
we use this for B in equation 2.12, we get:

1
f

= e2

4γ2m2v2
z

(
µ0IN

L

)2
L (2.14)

or:
f = 4Lγ2m2v2

z

e2µ2
0I

2N2 (2.15)

We will use a solenoid to focus the electron beam in our experiment.

2.2.3 Emittance
One very important quantity in electron beam physics is the emittance, which
is defined as the size of the electron bunch in the six-dimensional phase-space.
Three dimensions are the spatial dimensions of the beam and the other three
dimensions refer to the momentum spread of the electrons.
Although there are several ways to define emittance formally, we use the nor-
malized rms emittance in a certain direction:

ε̄x = γβ
[〈
x2〉 〈x′2〉− 〈xx′〉2]1/2

(2.16)

In the definition 2.16, β is the relative velocity, vz/c, x denotes a spatial coor-
dinate and x′ denotes the corresponding momentum. It is Liouville’s theorem
that in an ideal beam line, the emittance is constant upon beam propagation
[19].
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Figure 2.5: Current profile measurement using a streaked electron bunch [22].

Calculating emittance from solenoid focussing

It has been shown [20] that it is possible to measure the emittance of an electron
beam measuring the beam size as a function of the field in a quadrupole magnet
which is considered to be a perfect thin lense. Since a solenoid can also be seen
as a magnetic lense for electron beams, this method can easily been adopted
using a solenoid instead of a quadrupole magnet [21]. This method has been
implemented in a Matlab procedure with which the emittance can easily be
calculated. By using this method, we can measure the emittance of the electron
beam which is an important parameter with respect to the quality of the beam.

2.2.4 Streak Camera
The streaking of the electron bunch is based on a deflecting cavity, as described
in [22]. The basic principle is shown in Figure 2.5. Whereas in [22] the deflecting
cavity is used to project the intrinsic current profile measurement, it can also be
used to study the intensity profile of a diffracted electron beam and in this way,
in a single shot, information is obtained about the change of the intensity of a
diffraction spot in time after the interaction of a pump pulse with the sample
[1]. This approach will be implemented in our UED-setup.
Inside the cavity, an RF electric field is applied by coupling to an RF generator.
The resonant frequency depends on the radius of the cavity and not on the
thickness. The phase of the field oscillations inside the cavity needs to be chosen
such that due to this field, early arriving electrons of the bunch are deflected in
a certain direction whereas late electrons are deflected in the opposite direction.
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2.3 General Particle Tracer (GPT)
General Particle Tracer (GPT) [23] [24] is a software package, designed for beam
line simulation. This kind of simulations is very important in the design of beam
lines for particle transport, as well as to understand the properties of real beam
lines.
The basis of the software is the tracking of individual particles on their "journey"
through the beam line. In order to simulate the evolution of the system, the code
uses a number of "macroparticles" which for computational reasons is usually
smaller than the number of particles in the real system. However, by using a
large enough number, good statistics can be obtained which makes this method
a reliable approach. The space-charge model is used to include also the self-
fields present in the beam of interest; in order to include this correctly, also the
total charge of the beam, as well as the charge per particle are put in the code.
After initialization of the beam, all elements (i.e. magnetic fields, electric fields,
pinholes etc.) are defined and all particles experience these elements as well
as the self-fields of the beam. In the end, a virtual, non-destructive screen can
be placed on which the particles are "detected" and also the whole trajectory
of all particles is monitored and saved. From this information, GPT can also
calculate macroscopic parameters like beam size, emittance etc..
Another feature of the software is the possibility to run so-called "Multiple Runs"
in which a simulation is carried out a predefined number of times automatically,
keeping everything but a certain set of parameters constant. In this way, the
change of the beam due to the change of a certain parameter can be explored.
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Chapter 3

Experimental Setup

When I arrived in the group, the first DC gun was already built and installed
in a vacuum chamber. The problem, however, was that due to sparks the
kinetic energy of electron in the beam line was limited to 20 keV. This was
partially due to rough surfaces of the anode and the cathode and partially to
bad vacuum conditions. It was my task to solve these problems and make a
beam at 30 keV possible. After that, my task was to prepare the beam line for
the first experiments and to make a second, identical, setup for the group of Dr.
Fabrizio Carbone at EPFL.
The core of this chapter is a description of the beam line that of this project,
including the vacuum system. This description is followed by an explanation of
the code to simulate this beam line. At the end of this chapter, some experiments
that were conducted are introduced.

3.1 Beam Line
A general outline of the beam line of the UED setup is shown in Figure 3.1 in
which different colours are used for the original laser pulses, the tripled laser
pulses and the electron pulses. The UV laser pulses enter the vacuum chamber
through a sapphire window and electrons are produced from the DC photocath-
ode and accelerated by an electric field (together, we shall call this the DC gun).
After that, the beam is guided by steering magnets, focussed by a solenoid and
streaked by a deflecting cavity. Then the electron pulses come to the sample
chamber where diffraction takes place and the electrons are made visible by the
multi channel plate detector (MCP). A CCD camera in the end records the
diffraction pattern on the MCP.
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Figure 3.1: Beam line of the UED setup.

Figure 3.2: Optical table (not all optics are for this beam line).
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3.1.1 Laser and Optical Table
The laser type used in this setup is a Coherent R© Legend Elite. It produces 50 fs
pulses IR laser light; the wave length is 798 nm. The repetition rate is variable,
between less than 1 Hz and more than 1 kHz. For practical reasons, the laser
is used for both the experimental setup under discussion and the relativistic
electron diffraction beamline Pegasus which is situated in the neighbouring lab-
oratorium. Because of this, there is a lot of optics on the optical table (Figure
3.2) which is not related to this beam line.
First, there is a beam splitter which splits the beam into two beams: one is the
pump beam which goes directly to the sample chamber (note that the optical
pump system is not yet realized during this project). The other beam is fur-
ther prepared to yield UV pulses needed for the photocathode. There are two
non-linear optics crystals which act as photon doublers. The first combines two
photons of 798 nm to yield one photon of 399 nm. The second crystal combines
one photon of 798 nm and one photon of 399 nm to yield the photon of 266
nm which is used for the photocathode. Mirrors, dichroic mirrors and beam
splitters are used to accomodate this setup. A variable delay line is used to
maximize the temporal overlap of the green (399 nm) and infrared (798 nm)
beams.

3.1.2 Electron Gun
The electron gun drawings are attached in Appendix A1 and a picture of the
gun is shown in Figure 3.3(a). The cathode (Figure 3.3(b)) is connected to
a high voltage supply, which is usually set to -30 kV. Embedded in the cath-
ode, there is an 0.6 nm thick sapphire window (Rolyn Optics, Covina, CA),
coated with 45 nm silver (Lebow Company, Goleta, CA). The thickness of the
silver layer was also verified by means of ellipsometry. The window is connected
to the core of the cathode with a two component conducting silver contain-
ing epoxy (EPO-TEK R©H20E, Epoxy Technology). The surface around the
sapphire/silver window was polished with 9 µm, 3 µm and 0.25 µm diamond
polishing paste (Mager Scientific, Inc., Dexter, MI), suspended in water free
fused silica, after which it was cleaned in an ultrasonic bath in hexane, acetone
and ethanol, each during 30 minutes. The cathode is isolated by macor stands.
One side of the anode (Figure 3.3(c) was polished and cleaned in the same way
as the cathode. Inside the anode, there is a mesh (1000 lines) and a copper
plug to make the electric field between the cathode and anode homogeneous.
Furthermore there is a pinhole of 100 µm to cut the beam, as can be seen in
Figure 3.3(d). The anode is grounded by connecting it conductively to the vac-
uum chamber.

1This appendix is embargoed and therefore removed in the online version of this thesis.
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(a) Gun (complete) (b) Cathode

(c) Anode (polished surface) (d) Anode (opened) with copper
plug and pinhole

Figure 3.3: Photographs of parts of the DC-gun.
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Steering magnets 

Solenoid 

Figure 3.4: Photograph of the magnets: on the left and the right are steering
magnets and in the middle is the solenoid.

3.1.3 Magnets
As is indicated in Figure 3.1, there are three magnets to guide and focus the
electron beam: two steering magnets and one solenoid. As can be seen in
the photograph of Figure 3.4, all magnets are positioned outside the vacuum
chamber while the electrons move inside the vacuum in the tube (right side in
Figure 3.4) and bellow (left side). The solenoid is placed in between the two
steering magnets.

Steering Magnets

The steering magnets are used to manipulate the beam in order to guide it
through the centre of the solenoid and via the sample to a good position at the
detector. The steering magnets consist of four coils each: two sets of two parallel
coils. Of each direction, the two coils are connected in series and the field in the
centre is used for the steering of the beam (see Figure 3.5). To have a complete
control over the beam direction, all four coils of each steering magnet need to
be connected but because we have two steering magnets, we can obtain a good
enough precision by only connecting two parallel coils per steering magnet and
rotating them.
The magnets are calibrated; for the first magnet a current of 1.5 A corresponds
to 8 G and for the second one a current of 1.5 A corresponds to 25 G. The
typical currents that are needed for the steering of the beam, are less than 1 A.
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Figure 3.5: Schematic drawing of a steering magnet with only two parallel coils
connected. The red lines denote the magnetic field lines, whereas the arrows
indicate the direction of the field.

Solenoid

The solenoid is the big magnet in the middle of Figure 3.4. It is 5 cm long and
contains 50 windings. Typical currents that are needed to focus the beam at the
detector are 18 A and therefore the solenoid windings are water cooled. Using
equation 2.15 the focal length of this solenoid operated at 18 A was calculated
to be 8.1 cm.

3.1.4 RF Deflecting Cavity (Streak Camera)
The design for the RF decflecting cavity, used to streak the beam, is shown
in Figure 3.6. The beam propagates through the holes in the centre, whereas
through the off-centred hole the antenna is connected which leads the RF signal
in. The RF signal is synchronized with the laser in order to have it going through
zero at the pulse. The frequency is around 3 GHz. Therefore, the period of the
signal is 300 ps so the pulse length (≈ 50 fs) overlaps with just a small part
of the deflector period and therefore the synchronization of the laser and the
rf-signal is really important.
The RF signal is tuned at 2.856 GHz, whereas the deflector was by mistake
designed to be resonant at 2.894 GHz, as I found out in the course of my
project by measuring the reflected energy with a network analyzer. This is a
difference of 40 MHz which turned out to be too large to have any resonance
and therefore it is being tuned.

3.1.5 Micro Channel Plate (MCP) Detector
The micro channel plate (MCP) detector is shown in Figure 3.7. The MCP
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Figure 3.6: Design of the deflecting cavity.

Figure 3.7: Multi Channel Plate Detector.
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basically works as an electron amplifier in which the incoming electrons generate
secondary electrons. In this case, the incoming electrons enter channels in which
they are accellerated by an electric field and generate the secondary electrons.
Because the size of the channels is on the order of µm, we get a spatial resolution
on the order of µm. There are four plates of which three are connected to high
voltage supplies and one is grounded. The four plates are respectively at -1 V,
0 V, +1 V and +3 V. The accelerated electrons hit a phosphorous screen in
which photons are produced by the electrons from the channels. This image is
recorded by a CCD camera.

3.2 Vacuum System
The first idea for the vacuum system was to pump the whole chamber by con-
necting a turbomolecular pump (short: turbo pump) with a rotary vane pump
(short: rough pump) as a back-up pump to the main chamber. Both are com-
pression pumps. After obtaining a medium vacuum condition, the valve can be
closed and the turbo pump can be removed, having the vacuum maintained by
an ion pump which is connected directly to the main chamber as well. This
setup is illustrated in Figure 3.8.
The bottleneck of the vacuum chamber, however, is the low conductance of the
small-diameter tube through which the beam goes from the main chamber to the
sample chamber. Due to this problem, no good vacuum could be reached when
the sample chamber is present between the tube and the MCP. This analysis of
the problem was supported by the observation that when the sample chamber
was removed, a good vacuum could be reached. Calculation of the conductance
using Knudsen law in the molecular flow approximation (equation 2.5) indeed
confirms the hypothesis that the tube is the problem, as can be seen in table
3.1, where the conductance of the tube is compared to the conductance of the
bellow from the turbomolecular pump to the main chamber.

Table 3.1: Conductances for bellow, tube and proposed by-pass.
Bellow Tube By-pass hose

d(cm) 6.0 1.2 6.0
l(cm) 200 30 60
S(Ls ) 13 0.70 44

As can be also seen from the table, putting a by-pass in parallel with the tube
could be a good solution to solve this problem and this is indeed what was
proposed and used as a temporal solution. The same effect is obtained when
pumping the sample chamber with the turbo pump, while pumping the main
chamber with the ion pump. In this case an extra valve was used to disconnect
the two chambers while pumping the main chamber with the turbo pump. This
temporary setup is shown in Figure 3.9.
In the final setup, the removable turbo pump was replaced by a permanent turbo
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Figure 3.8: Sketch of the initial vac-
uum system.
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Figure 3.11: Picture of the final vac-
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pump, connected directly to the vacuum system. The quote for this, listing the
specifications of the pumps, can be found in Appendix B2. Three valves make
it possible to disconnect the pump from the main chamber, from the sample
chamber or from both chambers simultaneously. A fourth valve is still placed in
the beam line to make it possible to change sample without breaking the vac-
uum of the main chamber. This setup is sketched in Figure 3.10 and Figure 3.11
shows a photograph of it. The result is that now, after putting a new sample the
sample chamber can be pumped overnight to the order of 10−7 mbar, whereas
before, because of all problems of breaking the vacuum of the main chamber as
well, changing the sample took a week of pumping the whole system.

3.3 GPT Code
To predict the properties of the electron bunches in the beam line and to see
how the properties change upon change of parameters, we have simulated the
beam line using GPT. The complete GPT code for the beam line is attached
in Appendix C. Before describing the whole beam line, some parameters have
to be defined. First of all we have to define the space-charge model to be used.
In this case we choose spacecharge3Dmesh because this is a rather fast model
(the computing time scales linearly with the number of particles) and reliable
for small energy spread as we expect to have [24]. Furthermore, we have to
define the time over which the particles have to be followed and the step size.
We choose a time of 7 ns with a step size of 5 ps because an electron bunch of
30 keV has a speed of 108 m/s and therefore a distance of 0.5 m can be travelled
in 5 ns.
A second step is to define some more parameters. Very important of course is
the number of particles, which we chose to be 10,000, being a nice compromise
between statistics and computing speed. Also very important is the total charge
of a bunch, set to 6.8 pC. This is an educated guess which needs to be checked
experimentally (e.g. by using a Faraday cup, allowing to measure charge of a
beam somewhere in the beam line) but this has not been done yet. Also the
energy of the electrons at initialization needs to be set, which is the energy of
the photons in the laser pulse (λ = 266 nm, so E = 4.66 eV), minus the work
function of the Ag cathode (W = 4.52 eV [25]). Therefore the inital electron
energy is 0.14 eV.
Although we are working with a non-relativistic beam, we defined the relativistic
parameters γ and γβ because in the next step, the particle velocity is defined
through γβ. The set of particles needs to be initialized and then distributed over
the cathode. This is done with a Gaussian distribution in both x- en y-direction.
Because the laser pulse has a Gaussian shape in time, also the starting times
of the electrons should be distributed as a Gaussian. The velocities are defined
through γβ; they all have the same speed and in spherical coordinates, they are
evenly distributed over all directions. This approximation is good enough, as
long as we do not look at numbers of electrons too precisely since the pinhole

2This appendix is embargoed and therefore removed in the online version of this thesis.
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cuts off all electrons which are too far of the beam axis.
After having set the distribution of the electrons in space, time and speed, we
can simulate how the electrons are accelerated by a cylindrical electric field
between the cathode and the anode. In the anode, there is a pinhole with a
diameter of 100 µm, so all electrons which are farther away from the centre of
the beam are removed.
The last step which is simulated is the solenoid that focusses the beam. This is
done by the standard GPT-element solenoid. In the end of the code we wrote
that the step size should be small at the beginning to account correctly for the
distribution in time of the starting times of the electrons, as well as for the
method we used to have a pinhole. Afterwards, the step size is allowed to be
a little bit larger. At the end of the beam line, the MCP is simulated by a
non-destructive screen.

3.4 Measurements
3.4.1 Beam Size
Most of the measurements in this project were carried out in order to optimize
the beam size at the MCP by changing the currents through the steering magnets
and the solenoid. Furthermore, by measuring the beam size for different solenoid
currents, the emittance of the beam can be determined, as explained in Section
2.2.3. The current through the solenoid is varied at the high power supply
and measured with a clamp ampere meter (also visible in Figure 3.4) with an
accuracy of 0.1 A. For each current, ten images were taken of the MCP, of
which two examples are shown in Figure 3.9. The background was subtracted
from these images and the data fitted with a Gaussian beam profile by Matlab,
yielding an rms beam size in two directions. The geometric mean, given by

r̄ = √xy (3.1)

was calculated for each image and the ten outcomes averaged. Before the set
of measurements, the distances in pixels were calibrated in cm by making an
image of a ruler in front of the MCP in order to obtain the beam size in metric
units.

3.4.2 Diffraction
To do static ED experiments, samples were introduced into the temporary sam-
ple chamber, equipped with a x-y-z-θ stage. In the future, a permanent sample
chamber will be installed, with possibilities to prepare samples and to make
them interact with the pump laser beam. In principal, it is possible to use
the current setup either in reflection or in transmission mode but so far it has
been used in reflection mode only. After being introduced into the chamber, the
sample is translated in the vertical (y) direction. By moving in the x-direction,
its position is adjusted such that it blocks more or less half of the undiffracted
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(a) Focussed

(b) Not focussed

Figure 3.12: Two examples of an image of the electron beam directed straight
through the beamline onto the multi channel plate detector: (a) when having
a current through the solenoid for a focused beam and (b) without current
through the solenoid.
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Figure 3.13: Random scattering from a silicon sample, as measured at the beam
line at UCLA (average over ten measurements).

beam. Then the sample is rotated in order to find the grazing incidence angle
for which diffraction is obtained.

Diffraction on Silicon

As a first static ED experiment, we attempted to obtain a diffraction pattern
from a silicon sample. Before, the sample was examined at the Pegasus MeV
beam line, without good results. The hypothesis was that the energy of that
beam line was too high for reflection mode diffraction. At the DC-gun beamline,
however, there was also only random scattering observed (as shown in Figure
3.13). From this, the hypothesis is that the sample was covered with an amor-
phous silicon dioxide layer. This hypothesis is supported by the theory that for
electrons with a mean free path λ in SiO2 of 30 nm [26] and under an grazing
angle θ of 2◦, the penetration depth d is given by:

d = λ

2 sinθ = 0.5 nm (3.2)

which is smaller than the thickness of a naturally formed silicon dioxide layer
on top of a silicon surface which is 1 nm [27].

Diffraction on SiC

Our colleagues at EPFL in Lausanne, Switzerland, have done a very preliminary
static ED experiment on a siliconcarbide (SiC) sample, using the gun built in
this project. An image from them is shown in Figure 3.14. On the left, there
are undiffracted electrons, showing a shadow due to the shape of the sample
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Figure 3.14: Diffraction from a silicon sample, as measured at the beam line at
EPFL.

holder. On the right there is one peak, which has been assigned to the (00n)
plane where n is around 20 [28].

Diffraction on Graphite

After the end of this project, a static ED experiment has been carried out with
a sample of highly oriented pyrolytic graphite (HOPG). The sample was too
thick for diffraction in transmission mode so the experiment was performed in
reflection mode. The diffraction pattern is shown in Figure 3.15. On the left,
there is the main beam which did not hit the sample. On the right there is a
rod of diffracted electrons. Because only a few layers are probed, the diffraction
spots are elongated, forming an almost continuous trace.

Diffraction on Gold (Pegasus)

As a side project, a static ED experiment in transmission mode was performed
on a single crystalline gold sample in the Pegasus MeV beam line. The sample
was a reference sample grid for TEM from SPI. The results of the diffraction
are discussed in Section 4.3.
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Figure 3.15: Diffraction from a graphite sample, as measured at the beam line
at UCLA.
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Chapter 4

Results and Discussion

This chapter presents the results of simulations and measurements conducted in
this project. First, the results from the simulation are presented; subsequently
they are compared with the results of the measurements on the beam line. A
discussion of the results of a static ED experiment conducted on another beam
line concludes this chapter.

4.1 GPT Simulation Results
The goal of the GPT simulation was to predict the beam properties and espe-
cially study the influence of the solenoid on the beam size. First of all the GPT
code has been run with a current through the solenoid of 18 A. It turned out
that at the pinhole, the bunch charge of 6.8 pC is reduced to 0.022 pC. This
corresponds to 105 electrons. This is a good number for a streaked electron
diffraction pattern.
In Figure 4.1 stdx is plotted as a function of avgz. All points in the graph
correspond to points in time. The standard deviation of the positions in x-
direction (stdx) of the electrons with respect to the average x-position (which
equals zero) can be seen as a measure of the rms beam size. The average posi-
tion in the z-direction (avgz) is a measure for the position of the bunch at each
point in time. The beam size first increases fast, then drops abruptly due to
the pinhole and then starts increasing again. The solenoid clearly behaves like
a magnetic confocal lense, focussing at the screen which is positioned at 50 cm
from the cathode with a beam size σr of 5*10−5 m.
GPT also allows a direct calculation of the emittance at every time step. In
Figure 4.2 the rms radial emittance (nemirrms) is plotted as a function of
avgz. In the inset, the whole scale of the emittance is shown, wheras in the
main graph, the points for the increase of emittance before the pinhole is omit-
ted for scaling reasons. Outside the solenoid, the emittance is constant, being
less than 1.0*10−8 m*rad before the solenoid and 2.0*10−8 m*rad after the
solenoid. Therefore we found that the radial emittance εr = 4*10−4 rad*σr
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Figure 4.1: Result of GPT simulation: Beam size versus position. stdx is a
measure for the rms beam size, whereas avgz is the average position of all
particles at a certain time and therefore a measure of the position of the electron
bunch.

Figure 4.2: Result of GPT simulation: Radial emittance versus position. ne-
mirrrms is the rms radial emittance, whereas avgz is the average position of all
particles at a certain time and therefore a measure of the position of the electron
bunch. In the inset, the increase of the beam size in the begin of the beam line
is visualized.
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Figure 4.3: Beam size at the MCP as a function of current through the solenoid;
comparison of experimental and simulated data.

which is slightly lower than εr = 8*10−4 rad*σr which is reported for radiofre-
quency photoguns [1]. Since the emittance is low and constant, we can conclude
that Liouville’s theorem for beam transport (which states that the emittance
stays constant upon beam transport) is fullfilled; and therefore we expect that
the quality of our electron bunch is good for diffraction.
Using the MR modus of GPT, the beam size at the screen is also monitored for
different currents through the solenoid. The results of this are presented and
discussed in comparison with real measurements in the next section.

4.2 Solenoid Focussing and Emittance
The beam size was measured as a function of current through the solenoid. For
different values of the solenoid current, ten images were taken of the beam at the
MCP and averaged (see also Section 3.4.1 for a more extended description). The
data are plotted, together with the results from the GPT simulation for different
solenoid currents, in Figure 4.3. As can be seen, for low and high currents the
measured beam size matches well the simulated values. The focussing at the
screen with the help of the solenoid is, however, much better in the simulation
than in reality. In the measurement, the beam size dependence on the solenoid
current is flatter. In the simulation, the best focus is obtained for a solenoid
current of 18 A, whereas in the experiment, the smallest beam size was obtained

34



for solenoid currents between 16 and 21 A; the best beam size being σr = 5*10−4

m.
Following the procedure explained in Section 2.2.3, the emittance was calculated
from the measurement of the beam size. The outcome was that the normalized
rms radial emittance corresponds to 2.9*10−7 m*rad or εr = 7*10−4 rad*σr
which is in agreement with the value reported for a radiofrequency photogun
[1]. The value of the emittance, however, is higher than expected from the GPT
simulation (see again Figure 4.2). The reason for this could be that the charge
of the electron bunch is higher than assumed in the simulation because that
enhances the space-charge effect. However, simulation with higher charges did
not show significantly different emittances, unless the charge was so large that
the emittance was increasing a lot during the beam transport which would be
a violation of Liouville’s theorem.
Since the solenoid is positioned 16 cm after the DC gun and 34 cm before the
screen, we need the focal length of the solenoid to be

f =
[

1
16 cm + 1

34 cm

]−1
= 10.9 cm (4.1)

According to the result of the discussion on solenoid focussing (equation 2.15),
the appropriate current through the solenoid for this focal length is

I =

√
4Lγ2m2v2

z

e2µ2
0fN

2 = 2γmvz
eµ0N

√
L

f
(4.2)

Putting all numbers, this yields a current of 15.5 A. According to the mea-
surements in Figure 4.3, a current of 15.5 A also gives a small beam size and
therefore a pretty good focussing. From this it could be concluded that the
deviation between theory and measurement is not too large.

4.3 Diffraction on Gold
In this experiment, the diffraction pattern of gold was used to measure the
energy of the electron beam. The diffraction pattern is shown in Figure 4.4.
The central bright spot corresponds the undiffracted beam, whereas all other
peaks are from diffracted electrons. The four nearest neighbours of the central
spot correspond to (200), (020), (2̄00) and (02̄0) because the structure factor of
the FCC unit cell equals 4f (where f is the atomic structure factor) if either
all indices are odd or all indices are even, whereas it vanishes if the indices are
partially odd and partially even. Complete assignment of the spots is shown in
Figure 4.5. The distance between the undiffracted beam and the (200) spot is
3.99 mm; with the distance of 2.15 m between the sample and the screen this
corresponds to

2θ = arctan 3.99
2150 = 1.86 mrad
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Figure 4.4: Static diffraction pattern of gold, measured in the relativistic Pega-
sus beam line.

Figure 4.5: Diffraction pattern of Figure 4.4 with spot assignments.
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From this we get θ=0.93 mrad. Combined with the lattice parameter for gold
(a = 4.0782Å) and the diffraction formula (equation 1.1) we get for the wave
length:

λ = 2d sin θ = a sin θ = 24.0782
2 sin(0.93 ∗ 10−3) = 0.0038Å = 0.38 pm (4.3)

To calculate from this wave length the energy, we need to write the de Broglie
relation (1.2) in a relativistic manner:

λ = h

γm0v
(4.4)

where m0 is the rest mass of an electron and

γ = 1√
1− v2

c2

is the Lorentz factor. This can be solved for the velocity of the electrons:

v = 1√
λ2m2

0
h2 + 1

c2

= 296 ∗ 106 m/s = 0.988c

To calculate from this the energy of the beam, we use the relativistic energy
formula:

E =
√
p2c2 + (m0c2)2 (4.5)

where the particle momentum p is again the relativistic γm0v. Filling this in,
gives us the energy of the beam:

E = 3.3 MeV

We are particularly interested in the kinetic energy of the beam, given by:

Ekin = E −m0c
2 = 3.3 MeV− 0.5 MeV = 2.8 MeV (4.6)

The beam energy was independently measured using a dipole magnet and was
found in agreement with this measurement.
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Chapter 5

Conclusion & Outlook

During this project, some important advances have been made in the construc-
tion of two setups for non-relativistic ultrafast electrond diffraction, making use
of a DC photocathode electron gun and an RF deflecting cavity. One DC-gun
was prepared for future use at EPFL in Lausanne, Switzerland and the other
one was installed at UCLA in Los Angeles, United States. For the DC-gun at
UCLA, on which this project was focussing, the vacuum system was completely
revised, leading to a much better base pressure than was achieved before. Due
to this improvement, a reliable and reproducable electron beam of 30 keV was
produced and characterized for the first time. Unfortunately it was shown that
because of a design mistake, the deflecting cavity does not work yet, but the
problem has been addressed and the solution has been proposed. The first
static ED experiments were conducted and new experiments are in preparation.
Furthermore, the research group Surfaces and Thin Films of the Zernike Insti-
tute for Advanced Materials at the University of Groningen, The Netherlands,
strengthened its collaboration with two leading groups in UED and gained ex-
perience in this field.
The electron beam was focussed on the MCP detector by means of a solenoid,
yielding the best focus at 16 and 21 A (corresponding to a magnetic field be-
tween 200 and 226 G). The normalized rms radial emittance was determined
by measuring the beam size at the detector for different currents through the
solenoid, yielding an emittance of 2.9*10−7 which is, together with the beam
size, in agreement with the literature but higher than simulation of the beam
line predicts.
The developement of the setup at UCLA will continue. A first step in this is
to change or rebuild the deflecting cavity to make it resonant at the requested
frequency (2.856 GHz). It is also important to adjust the optical setup in order
to make the laser pulse interact with the sample in the sample chamber. After
these modifications it will be possible to carry out time-resolved ED measure-
ments. With respect to the characterization of the beam, there should be a
systematic measurement of both the laser fluence at the photocathode, making
use of a Joulemeter, and the charge of the electron beam, making use of a Fara-
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day cup.
In the field of UED there are already a lot of achievements, as has been dis-
cussed in the Introduction of this thesis. By means of this technique, a better
understanding has been obtained of processes like ultrafast melting of metals,
electron-phonon coupling in high temperature superconductors and ablation of
graphene from graphite after laser excitation. Since the technique is still rela-
tively new, it will find its applications in more phenomena which take place in
crystals at the femtosecond time scale.
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Appendix A

Gun Design

This appendix is embargoed and therefore removed in the online version of this
thesis.
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Appendix B

Turbo Pump Quote

This appendix is embargoed and therefore removed in the online version of this
thesis.
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Appendix C

GPT code
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# Simulation DC-gun UCLA/PBPL - Peter van Abswoude, January 31 2011

# Variable parameters
solcur = 18; # We start with 18 amps; later we can vary this value easily by 

# removing this line and running Multiple Runs (MR)

# Spacecharge system and simulation parameters
spacecharge3Dmesh("Cathode"); # Spacecharge3Dmesh because the relative energy spread is low
t_final = 70e-10; # total simulation time
dt = 5e-12; # time steps

# Definition
h = 6.626068e-34; # Planck's constant (in Joules)

# Basic beam parameters
nps = 10000; # Start 10000 particles
Qtot = -6.8e-12; # Total charge 6.8 pC; corresponding to 42.5 million electrons
lambda = 266e-9; # Laser wave length = 266nm
Ephoton = h*c/lambda; # Laser energy per photon
W = -4.52*qe; # Work function of Ag = 4.52 eV
Eelec = Ephoton - W; # The electrons come off the photocathode with photon energy minus work function
radius = 200e-6; # Beam radius is 200 micron
pulse = 35e-15; # Laser pulse length is 35 fs
z_focus = 0.50; # Position of the MCP from the cathode

# Definition of relativistic parameters
G = 1 + Eelec/(me*c^2); # Definition of gamma
GB = sqrt(G^2-1); # corresponding gamma*beta

# Initial electron distribution on photocathode
setparticles("beam",nps,me,qe,Qtot); # Set Particles
setxdist("beam","g",0,radius,3,3); # Gaussian distribution in x direction
setydist("beam","g",0,radius,3,3); # Gaussian distribution in y direction
settdist("beam","g",0,pulse,3,3); # Starting time for different electrons is 

# distributed as a Gaussian in time
setGBzdist("beam","u",GB,0); # All particles have the same speed
setGBthetadist("beam","u",pi/4,pi/2); # Direction of the particles is uniformly spread in theta
setGBphidist("beam","u",0,2*pi); # Direction of the particles is uniformly spread in phi

# Electric field parameters
voltage = 30e3; # cathode: - 30kV; anode: grounded
gaplength = 3e-3; # Distance cathode-anode = 3 mm
cat_radius = 7.5e-3; # diameter window = 12.7 mm --> radius of efield is at least 7.5 mm
efield = -voltage/gaplength; # definition electric field

# Beam generation from photocathode
ecyl("wcs","z",gaplength/2,cat_radius,gaplength,efield); # Accelerating electric field is cylindrical
# format: ecyl(ECS,R,L,E)

# Pinhole parameters
ph_aperture = 100e-6; # 100 micron diameter aperture
ph_thickness = 200e-6; # 200 micron thickness
an_thickness = 9.23e-3; # the anode is 9.23 mm untill the pinhole

# Pinhole to make the beam dimensions small
ph_position = gaplength + 9.23e-3; # the pinhole is at the end of the anode!
Rmax("WCS","z",ph_position,ph_aperture/2,ph_thickness); # Only electrons with R=(sqrt(x^2+y^2)<100 micron continue
# format: Rmax(ECS,R,L)

# Solenoid parameters
sol_radius = 2e-2; # Radius of the solenoid is 2 cm
sol_length = 5e-2; # Length of the solenoid is 5 cm
sol_current = solcur; # Via MR we can vary this current or define it at the beginning of this input file
sol_turns = 1000; # we have 1000 turns per meter
sol_posoffset = 16e-2; # Solenoid comes 16 cm after the pinhole (measured centre-to-centre)

# Focussing solenoid
sol_nI = sol_turns*sol_current; # For the solenoid we need to multiply 

# current by number of turns per meter
sol_position = ph_position + sol_posoffset; # The solenoid comes the offset after the pinhole
bzsolenoid("wcs","z",sol_position,sol_radius,sol_length,sol_nI);# The electron beam is focussed by the solenoid
# format: bzsolenoid(ECS,R,L,nI)

# Output
tout(-3*pulse,3*pulse,pulse/10); # Output during initialization
tout(0,t_final,dt); # Output times
screen("WCS","z",z_focus,0); # Non-destructive "screen" to simulate the appearance at the MCP


