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Abstract

Ultrafast Electron Diffraction (UED) and Ultrafast Electron Microscopy
(UEM) enable the study of physical, chemical and biological systems with
nm resolution on a sub-ps timescale. Both UED and UEM require ultrashort
(sub-ps) electron pulses to create an image of the dynamics of a sample. For
high quality diffraction patterns and microscopy with a high spatial resolu-
tion a sub-̊angström transverse beam quality is essential. In addition, for
imaging the spherical aberration of electron lenses needs to be minimized.

A study is performed on different methods to determine the transverse
bunch quality, which is expressed as the transverse coherence length (L⊥)
or as the normalized emittance (εn). Next to measuring this beam quality
also a way to preserve it by reducing the spherical aberration of lenses for
pulsed beams is studied.

The bunch quality is determined for two different setups: the UED setup,
where ultrashort electron bunches are created by photoemission using a
fs-laser, and the Scanning Electron Microscopy (SEM) setup, where the
bunches are created by chopping a continuous beam using an rf-cavity. The
emittance is determined using four different methods: a solenoidal waist
scan, a quadrupole waist scan, a pepper-pot measurement and from the
quality of a diffraction pattern. From a comparison of these different mea-
surement methods it is found that they all yield similar results. Which
method to choose is more dependent on the possibilities of the setup than
on the method itself.

Modern electron microscopes require a sub-̊angström spatial resolution
without the need of a high temporal resolution. In order to achieve a high
spatial resolution, distortions due to aberrations need to be reduced as much
as possible. In modern electron microscopes, spherical aberration is reduced
using complex non-symmetric lenses in the setup. Simulations show that
the spherical aberration can also be strongly reduced using time dependent
optics, such as an rf-cavity. With the implementation of time dependent
optics in ultrafast electron bunch setups it might prove to be a more easy
to control the amount of spherical aberration of the total system, leading to
a higher spatial resolution.
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Chapter 1

Introduction

In the 1870’s Eadweard Muybridge was asked to finally solve an often de-
bated question: do all four hooves of a horse leave the ground at the same
time whilst the horse is trotting or galloping. He decided to settle this
question by developing a number of, at the time, ultrafast cameras to pho-
tograph the horse. The photos he took with those ultrafast cameras (figure
1.1) showed him that indeed all four hooves of the trotting horse are off the
ground at a certain point in time.

Nowadays we face a very similar problem, though at a very different
length scale. Modern electron microscopes already allow studying mate-
rials with an extremely high spatial resolution, down to the atomic scale
(< 0.1nm) [1]. But to get insight in fundamental processes in physics,
chemistry and biology, not only a (sub-)̊angström spatial resolution but
also an extremely high temporal resolution is required. In order to visualize
processes as the breaking of chemical bonds and the function of biologi-
cal processes one has to achieve this (sub-)̊angström spatial resolution on a
time scale of atomic vibrations: 100fs. A new ultrafast camera has to be
developed.

With the use of an x-ray free electron laser, which has become opera-
tional in 2009, single-shot femtosecond x-ray diffraction experiments of a
membrane protein have already been realized (figure 1.2) [2, 3]. The dis-
advantage of this technique is the large amount of energy deposited per
scattering event resulting in extreme radiation damage effects and often
even destruction of the sample. When electrons are used as a probe at lower
energies, this becomes less of a problem. Furthermore the lower energy of
the bunch leads to less radiation in the surroundings of the setup so that a
more compact setup can be used. A technique that can provide atomic level
structural dynamics on an extremely short time scale at lower energies is
ultrafast electron diffraction (UED). The diffraction patterns that are cre-
ated provide information on the atomic structure of solid, liquid or gaseous
materials [4]. Development of femtosecond laser sources in the 1980s and
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Chapter 1 Introduction

Figure 1.1 Photographs of a trotting horse is the first example of ultrafast imaging.

Figure 1.2 A 3D reconstruction of the membrane-protein complex photosystem I
measured with an x-ray free electron laser. The experimental results (blue) roughly
match the known best-estimate model (yellow and red) of a macroscopic sample.
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the, more recent, development of femtosecond electron sources have made
these UED experiments possible. These developments have brought us one
more step closer to making the ’molecular movie’ [5].

Since 2003 UED experiments have been used to study the melting of
aluminum and gold on the atomic level on a picosecond timescale [5, 6]. In
principle these techniques could also be used to study more complex struc-
tures, such as biomolecules, and possibly reveal some of the mysteries about
proteins. Biomolecules however are more fragile and thus more easily dam-
aged by these electron bunches. Obviously, this can be solved by decreasing
the damage per shot by lowering the amount of electrons per shot and in-
tegrating over a longer period of time. The majority of most interesting
processes, however, are not reversible and it is therefore very difficult to
study the dynamics of these structures with multiple shot expermiments.
The study of biomolecules and irreversible processes would become possi-
ble when a single electron bunch can provide a complete diffraction pattern
which contains enough information for the analysis of a single time step.
Single-shot UED experiments could be able to provide this diffraction pat-
tern with sub-̊angström spatial resolution on a femtosecond timescale. In
order to obtain such a clear diffraction pattern of a dynamic structure from
a single pulse, the electron bunch charge should be ≥ 0.1pC, i.e. roughly 106

electrons, and have a temporal resolution of ≤ 100fs [7]. A dense electron
bunch with a duration of roughly 100fs will rapidly broaden to durations
≥ 10ps, since the electrons repel each other, due to the Coulomb force.
These space charge effects limit the number of electrons per pulse or the
minimum length of the pulse. Exactly these properties determine the use-
fulness of the electron bunch, i.e. the signal to noise ratio and the temporal
resolution in the experiment. A way to fight these space charge effects is
by compressing the bunch using a radio-frequency (rf-)cavity on ellipsoidal
electron bunches [8, 9]. This is, in short, what is done with the UED setup.
One could even reduce the number of electrons per shot to one. If a bunch
consists of only one electron, space charge effects do not play a role at
all anymore. This stroboscopic approach does, however, require multiple
shot experiments to create a (clear) diffraction pattern and is therefore only
sutable for imaging static, or reversible structures. The technique to create
an ’one electron source’ is used for the Scanning Electron Microscope (SEM)
setup.

Another bunch characteristic that has to be taken into account is the
coherence of the bunch. A measure for this coherence is the coherence length.
To provide high quality diffraction patterns this coherence length should be
larger than the lattice spacing of the crystal being studied [10]. To translate
these coherence requirements into beam parameters, the so called emittance
is introduced. This emittance basically is a measure for the ‘focusabilty’ of
the electron bunch.

3



Chapter 1 Introduction

1.1 Coherence Length

The term coherence can be explained as the capability of wave fields to
interfere with a material, i.e. to form a diffraction pattern. It originates
from optical wave theory and states the distances or periods of time over
which a fixed phase relation exists between (at least) two partial waves, so
that within this interval the principle of superposition can be applied without
any trouble [11]. So, basically, it gives the maximum distance between two
positions in a wave where one is still able to determine the phase of the
second positions knowing the phase of the first. The transverse coherence
length is defined as a function of the de Broglie wavelength λ and the rms
angular spread σθ,

L⊥ ≡
λ

2πσθ
. (1.1)

Another representation of the transverse beam quality, which is also
easier to determine and often used in electron microscopy, is the emittance
(εx).

1.2 Emittance

The quality of a bunch can be determined by the volume which the electron
bunch occupies in phase space and is determined by the distribution of both
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 2D projection of this 6D phase space in the
x and px direction gives a measure for the transverse beam quality and is
reffered to as the emittance. The transverse normalized rms emittance (in
the x-direction) is determined by [12]:

εn,x =
1

mc

√
〈x2〉 〈p2x〉 − 〈xpx〉2, (1.2)

with m the electron mass, c the speed of light and x and px the position and
momentum coordinates of the electron with respect to the average bunch
position and momentum. The brackets 〈. . .〉 indicate the average over an
ensemble of electrons in the bunch. This emittance is normalized to the
kinetic energy of the electron bunch and therefore independent of the elec-
tron beam energy. If the emittance in different directions is uncorrelated,
the product of the three emittances is a measure for the total phase-space
volume occupied by the electron bunch: the quality of the beam. In prac-
tice the emittance is not measured in phase space, but in trace space. This
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1.2 Emittance

results in a so-called geometrical emittance, which can be seen as a factor
describing how well a bunch can be focused:

εx =

√
〈x〉2 〈x′〉2 − 〈xx′〉2. (1.3)

The geometrical emittance is thus given by the position coordinate and the
paraxial angle x′ = dx

dz of the particles with respect to the average direction
in which the beam propogates (the z-axis). In the parraxial approximation
βx = vx/c ≈ βvx/vz ≈ βpx, in which β ≡ v/c ≈ βz. Substituting this into
equation 1.3 leads to a normalized geometrical emittance, which is typically
used in experimental setups:

εn,x = γβεx, (1.4)

where γ is the Lorentz contraction given by:
√

1− β−2. In the y-direction
both the normalized and the geometrical emittance are defined analogously.
In the z-direction the angle is detemined by the momentum change in the
z-direction, z′ = σz′ =

σpz
pz

.
In a beam waist there is no correlation between the position and mo-

mentum of the electrons, so 〈xpx〉 = 0 and equation 1.2 can be reduced to:

εn,x =
1

mc
σxσpx . (1.5)

Where σx is the rms spot size and σpx the rms momentum spread. Since
εn,x ∝ σx, it becomes clear that the emittance is a measure for the ’focus-
ability’ of the electron bunch.

Knowing that σθ ≈ σpx
px

the emittance can be expressed as a function of
the transverse coherence length:

εn,x =
1

mc
σxpx

λ

2πL⊥
=

h̄

mc

σx
L⊥

. (1.6)

Where m is the electron mass, and h̄ the Planck constant. According to
Liouville’s theorem, the normalized emittance is a conserved quantity it can
be seen from this equation that also L⊥/σx is conserved. In other words,
when the bunch size increases the the longitudinal coherence length will also
increase. Since εn,x = γ vc εx, the geometrical emittance can also be expressed
as a function of the coherence length:

εx =
h̄

γmv

σx
L⊥

. (1.7)
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Chapter 1 Introduction

1.3 Aberration Corrections

At the moment the commonly used electron microscopes have a resolution
of a few ångström. This limitation is mainly caused by distortions due to
aberrations introduced by the focusing elements in the setup. Distortions
causing non-linear changes to the phase space are difficult to be corrected
for using other lenses and lead to a larger projection of the electron bunch,
as is schematically shown in figure 1.3. Spherical aberration introduces
the largest distortion of the electron bunch and can not be reduced by us-
ing cylindrically symmetric, static electromagnetic fields according to the
Scherzer theorem [13]. By using a very complex system which focuses the
bunches using multipole electromagnetic fields one can break this symmetry
and reach smaller spatial resolutions. Another, maybe more easy, solution to
achieve a smaller spatial resolution is by using non-static fields. By using an
rf-cavity as a transverse focusing element one introduces a time-dependent
electromagnetic field to the system. The rf-cavity can be used to correct the
distortions due to spherical aberrations of other focusing elements in the
setup, as was already studied by Oldfield in the 1960s and 1970s [14].

1.4 Scope of this Thesis

The main topics of this thesis are measuring and preserving the beam qual-
ity of electron beams. It is known that the emittance can not become lower
than the initial emittance of the bunch when it is created, unless electrons
are removed from the bunch. Though it should be possible to maintain
this initial emittance throughout the setup arriving at the sample with the
same, and thus lowest possible, emittance. In this work we measure the
emittance and the change of the emittance as the bunch travels through the
setup a number of waist scans and so-called pepper-pot measurements are
performed. In oder to preserve this beam quality also the non-linear distor-
tions to the phase space are discussed. These distortions are introduced by
aberrations of the electro-optical elements in the setup which are used to
focus the beam. Of these aberrations, the spherical aberration contributes
most and will cause broadening of the bunch resulting in a less sharp bunch
at the sample position. In diffraction measurements this causes an unclear
diffraction pattern. The Scherzer theorem tells that all spherical aberrations
coefficients for cylindrically symmetric and electrostatic lenses all have the
same sign so that the coefficient can not be lowered by using the same type
of lenses [15]. It should however be possible to cancel the spherical aber-
rations of a solenoid with an rf-cavity used as a transverse lens since the
sign of the spherical aberration for this element can be opposite to that of
a solenoid.

The creation of an electron bunch and the electro-optical elements that

6
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Figure 1.3 A linear distribution in phase space (graphs in the top row) can be
focused to a small spot by applying the correct momentum change. If a previous el-
ement has introduced non-linear distortions to the phase space distribution (graphs
in the bottom row) this will lead to a larger spot size when the beam is focused.
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Chapter 1 Introduction

are used to focus the bunch are described in chapter 2. Here the aspects
involved in focusing using both static lenses (solenoid and quadrupole) and
time dependent lenses (radio-frequency cavities) are described. In the 3rd

chapter the different methods to determine the emittance are discussed in-
cluding the simulation results of these methods. A number of measure-
ments to determine the emittance have been performed on two different
setups. The first setup is the Ultrafast Electron Diffraction setup where a
dense bunch of electrons is accelerated to about 100keV in order to create
a diffraction pattern in a single shot. For the second setup, the Scanning
Electron Microscope setup, the emittance is measured using two different
methods. In chapter 4 these setups are explained in more detail and the
results of the emittance measurements are presented. Also the type of de-
tector used to image the electron bunch is discussed. Next to the emittance
measurements the SEM-setup is also used to measure the spherical aber-
rations of a solenoid lens. In chapter 5 the theory of aberrations is briefly
discussed and a possible solution to correct for this aberrations using an
rf-cavity is discussed. A summery of the work and conclusions are given in
chaper 6.

8



Chapter 2

Pulsed Electron Beam
Creation and Manipulation

The most common way to control and manipulate electron bunches is by
using solenoidal magnetic lenses. Charged particles traveling through the
lens will be affected by the static magnetic field induced by the solenoid
and will be deflected. It is also possible to control the path of the charged
particles with an oscillating electric field, using radio-frequency (rf) cavities.

The influence of the magnetic field
(→
B
)

and the electric field
(→
E
)

on the

particles’ path are both described by the Lorentz force:

→
FL= q

(→
E +

→
v ×

→
B
)
. (2.1)

Here q is the particle charge and v its velocity, given by the kinetic energy
(U).

2.1 Electron Bunch Sources

In the two setups described in this thesis (the UED and the SEM setup) two
different electron sources are used. In the UED setup electrons are extracted
from a cathode via photoemission, while in the SEM setup electrons are
extracted from a tungsten filiament via thermionic emission.

2.1.1 Pulsed Photoemission

In 1887, Heinrich Hertz and Wilhelm Hallwachs experimentally revealed
the interaction between light and solids. They performed an experiment
showing that a negative charge, electrons had not been discovered by that
time yet, can be removed from a solid when its surface was irradiated by
ultraviolet (uv) light. In 1905 Einstein introduced the concept of the photon

9



Chapter 2 Pulsed Electron Beam Creation and Manipulation

and deduced the relation between the photon energy hν and the maximum
kinetic energy Emaxkin of the emitted electrons [16]:

Emaxkin = hν − Φ0. (2.2)

Where h is the Planck constant, ν the frequency of the light field and Φ0 the
work function of the sample surface. This effect is nowadays known a the
photoelectric effect and can be used to create an ultrashort electron bunch.
By illuminating a copper cathode with a ultrashort laser pulse (≈ 30fs) an
ultrashort bunch of electrons is created in the UED setup. These electrons
are then ’pulled’ out of the material and accelerated toward the sample to
create a diffraction pattern.

2.1.2 Chopped Thermionic Emission

Instead of using a dense electron bunch to create a single shot diffraction
pattern, one could also use a less dense bunch. A usefull diffraction pattern
can be obtained by integrating multiple pulses over a period of time to collect
sufficient charge. By creating a ’bunch’ which on average contains only one
electron or less the divergent effects due to space charge forces do not have
to be overcome. A setup like this would require a system that can create an
’one electron bunch’. Since this is not possible with the common electron
sources, a TM110 cavity can be used to ’chop’ an electron beam into a train of
single electrons. An SEM is used to create an electron beam via thermionic
emission from a tungsten filament. This continuous beam travels through
an rf-cavity where an electric field is created in the z-direction, as shown in
figure 2.1. Because the electric field also varies in the x-direction a magnetic
field will be created in the φ-direction. The Lorentz force resulting from the
magnetic field points only in the x-direction (FL = vzBφ

→
ex). Because the

applied magnetic field oscillates at frequency ω, the electron bunch passing
the cavity will also oscillate at that frequency in the x-direction. When a
small slit is placed behind the cavity, most electrons hit the solid material
and are excluded from the bunch. Only the electrons at the slit position
will pass the slit and will form an electron bunch after the slit. The number
of electrons per bunch behind the slit is dependent on the width of the slit
and the amplitude of the oscillation and can be reduced to an average of one
electron per time. If the number of electrons per bunch is reduced to one,
the bunch will not be influenced by space charge forces nor charge fluctution
allowing one to create very stable images. Because this technique needs
integrating over a lot of images one can only create a diffraction pattern of
a static, or reversable, structure.

10



2.2 Static Lenses

Bφ

Ez
x

z

y

Figure 2.1 The magnetic field inside the TM110 cavity creates an oscillating elec-
tron bunch, which in combination with a slit can be used to create bunches of one
electron.

2.2 Static Lenses

To focus an electron beam, static electromagnetic fields can be used which
are created by passing a steady current through a coil.. A charged particle
passing through the static field will be deflected by this field due to the
Lorentz force.

2.2.1 Solenoid Lenses

A magnetic solenoid will create fringe magnetic fields near the edges of the
solenoid, as shown in figure 2.2. When a particle travels in the z-direction it
will first experience the fringe magnetic field (position 1 where B = B1). The
effect of these fields on the particles trajectory is described by the Lorentz
force. The radial component of the magnetic field results in a force in the
φ-direction at this position (FL = qvzBr

→
eφ). Due to this force the particle

will start to rotate around the magnetic field lines as it travels through the
solenoid. When the particle arrives at the center of the solenoid (position 2,
B = B2) the magnetic field only points in the z-direction. Due to the rota-
tion of the particles the force on the particle points in the (negative) radial

direction (FL = qvφBz
→
er), bending the particle towards the symmetry axis.

If the particles initially have no transverse momentum and no additional

11
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B
ρoutρin

z

B1
B2

B3

x

y

Fφ

Fr

Figure 2.2 Schematic view of the solenoid dimensions and the curvature of the
magnetic field (blue) including the local forces (red) leading to the focus of the
electron bunch.

forces are applied to the particles after the solenoid, the particles will cross
the symmetry axis at some distance behind the center the solenoid. This
distance is given by the the transverse focal length (ft) [12, 17]:

fl =
4γ2m2v2z

q2
1

B2
0L
. (2.3)

Where L is the effective solenoid length given by:

L =

∞∫
−∞

B2
z (0, z)dz. (2.4)

The focal length thus only depends on the particles’ velocity and the shape
of the magnetic field. This (on axis) field can be calculated using the on
axis magnetic field (Bz) [18]:

Bz(0, z) =
µoNwIs

(ρin − ρout)L

(
L

2
+ z

)
ln

ρout +
√
ρ2out + (L2 + z)2

ρin +
√
ρ2in + (L2 + z)2

+ . . .

. . .
µoNwIs

(ρin − ρout)L

(
L

2
− z
)

ln

ρout +
√
ρ2out + (L2 − z)2

ρin +
√
ρ2in + (L2 − z)2

, (2.5)

where µ0 is the permeability in vacuum, Is the current through the solenoid,
Nw the number of windings, L the length and ρin and ρout the inner and

12



2.2 Static Lenses

Figure 2.3 Measured (continuous line) and calculated (dashed line) on axis mag-
netic field of a solenoid magnetic lens [8].

outer diameter of the solenoid (figure 2.2). To calculate the focal length
(equation 2.3) one has to determine the total magnetic field a particle ’feels’
when it travels though a solenoid by integrating over the distance ∆z in
which the magnetic field has an influence on the particles trajectory. The
magnetic field profile of a solenoid used in the UED setup has been mea-
sured (figure 2.3). The measured on-axis magnetic field agrees well with the
calculated profiles using equation 2.5 for a solenoid lens with ρin =60mm,
ρout =102mm, L=51.7mm, N=1055 and I=1A.

2.2.2 Quadrupole Lenses

Compared to a solenoidal lens, a much larger focal strength can be realised
using a quadrupole field. A quadrupole field is not cylindrically symmetric,
as a solenoidal field is, but has a quadrupole symmetry, i.e. a 180◦ symmetry.
The magnetic field is zero at the center of the quadrupole and increases

proportional to r away from the center (
∣∣∣→B∣∣∣ ∝ r) (figure 2.4). Using the

Lorentz force, one can determine the direction and amplitude of the force
resulting from the interactions between the electron bunch and the magnetic
field (FL = qvzBy

→
ex and FL = qvzBx

→
ey,FL = qvzBy

→
ex, with Bx = B0

a y

and By = −B0
a x). As can be seen in the figure, the Lorentz force in the

y-direction points towards the center while the force points aways from the
center in the x-direction. The strength of this force is proportional to the
distance to the center of the quadrupole; in the center all magnetic fields
cancel each other; moving away from the center, the magnetic field becomes
stronger resulting in a higher force pushing the particles to the center (or
away from it). The electron bunch passing through the quadrupole shown
in figure 2.4 will thus be focused in the y’-direction and be defocused in
the x’-direction. By using a setup with multiple quadrupole lenses a system
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Chapter 2 Pulsed Electron Beam Creation and Manipulation

y 
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y’ x’  
Fx 

Fy 

Figure 2.4 The strength of the magnetic field created in a quadrupole (blue arrows)
increases linear with increasing distance from the center. The magnetic field results
in a force pointing towards the center of the quadrupole in the y direction and a
force pointing outwards in the x-direction (for an electron bunch moving into the
page).

with a focus in both directions can be realised.
By solving the equation of motion, i.e. γmd2x

dt2
= − qvzB0

a x (with γ the
Lorentz contraction and a the radius of the quadrupole), the focal length of
a quadrupole can be determined in the paraxial approximation:

fx = γmavz
q

1
B0L

, fy = −γmavz
q

1
B0L

, (2.6)

again with L the effective quadrupole length. The gradient of the magnetic
field is equal to B0/a and can be determined by measuring the field profile of
the quadrupole field. A Gaussian fit of this profile (figure 2.5) also provides
the effective length of the quadrupole which is given by

∫
g(z)dz = Lg0,

where g(z) is the Gaussian function and g0 the maximum. In this case the
effective length is equal to 69.6mm at I=3A.

The opposite sign of the focal lengths in equation 2.6 shows that the focal
length in both directions are opposite to each other [12]. If this formula is
compared to the focal length of a solenoid (equation 2.3) it can be seen that
the main difference between the two is that the quadrupole focal length goes
as 1/B0 while the solenoid focal length goes as 1/B2

0 . To focus at the same
spot the magnetic field of the solenoid thus has to be higher than that of
the quadrupole (for B0 < 1T, which is the case in this thesis), hence the
larger focal strength of the quadrupole.

2.3 Time Dependent Lenses

To be able to control the high quality ultrashort electron beams, ultrafast
time-dependent electron optics can be extremely useful. An rf-cavity can
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Figure 2.5 The gradient of the magnetic field of the quadrupole is measured (black
dots) and fitted using a Gaussian fit profile (red line) to determine the effective
length of the lens [19].

be used as a time-dependent lens and compress the ultrashort bunches to
bunches even shorter in length, i.e. focus the bunch in the longitudinal
direction. The rf-cavity can also be used to focus the bunch in the transverse
direction.

2.3.1 TM010 Cavity

An rf-cavity resonating in the TM010 mode1 can provide this longitudinal
focusing by using time dependent electric fields to manipulate charged par-
ticle bunches. Next to this longitudinal focusing, the TM010 rf-cavity can
also be used as a time dependent lens for transverse focusing. The electric
and magnetic field inside the cavity is oscillating at an angular frequency

(ω) with amplitude (|
→
EO |) and a phase shift (φ0):

→
E
(→
r , t
)

=
→
E0

(→
r , t
)

cos (ωt+ φ0) , (2.7a)

→
B
(→
r , t
)

=
→
B0

(→
r , t
)

sin (ωt+ φ0) . (2.7b)

These fields can be used to focus an electron bunch in both the transverse
and the longitudinal direction. Using the TM010 cavity as a transverse
focusing element one can counteract the spherical aberrations of the other
electron lenses in the system as we will see in chapter 5.

1The TMmnp mode of the cavity is the TransverseMagneticmnp mode describing the
waveguide mode of the cavity. The subscript mnp gives the number of nodes of the
magnetic field inside the cavity where m, n and p represent the φ−, r−, and z-direction
respectively.
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Chapter 2 Pulsed Electron Beam Creation and Manipulation

Transverse Focusing

Knowing the electromagnetic field inside the cavity the transverse focal
length can be determined as a function of the momentum change (∆pr)
of an electron passing through the cavity,

∆pr = q

∫ +∞

−∞

(→
E +

→
v ×

→
B
)
· →er dt = q

∫ +∞

−∞
(Er − vzBφ) dt. (2.8)

The particle is influenced by both the radial electric field and the azimuthal
magnetic field as it travels through the rf-cavity. The (de)focusing of the
electron bunch can be divided into three stages. The first stage, when the
bunch is in front of the cavity, a second stage when the bunch is going
through the cavity, and the final stage when the bunch leaves the cavity.
In the first stage the force due to the static electric field in the rf-cavity
is dominant. If the phase of the rf-field is chosen such that the electric
field inside the cavity points in the same direction as the bunch travels, the
radial force on the electrons travelling towards the cavity points away from
the center (Fr = −eEr). Therefore the electron bunch is defocussed at this
stage. As the bunch travels through the cavity the electric field switches sign
(in the z-direction) when the bunch is at the center of the cavity. Due to the

changing electric field, a magnetic field appears (∇×
→
E= ∂

→
B
∂t ). The force

on the bunch due to this magnetic field is given by FL = −e(vz + vr)Bφ
→
er.

Since vz >> vr and Bφ < 0 in this coordinate system the force points
towards the z-axis and leads to a focusing of the electron bunch. When the
bunch leaves the cavity again the electric field has changed sign and the force
points opposite to the direction in which the bunch travels, again leading
to defocusing of the electron bunch (figure 2.6a-2.6c). The transverse focal
length of the TM010 cavity can be found by solving the integral in formula
2.8 [20]:

fT ≡ −vz
∂ρ

∂∆vr
= −vz

∂ρ

∂∆pr/γm
= −2mγ3v3z

eE0dcω

1

sin (φ0)
. (2.9)

Here the effective cavity length (basically the length over which the particles
feel the influence of the electric fields) is given by dc. From this it can be
seen that the phase can be changed to alter the focal length of the rf-cavity.

Since the TM010 cavity is a time-dependent electro-optical element, the
Scherzer theorem does not apply [13]. Because of this the sign of the spheri-
cal aberration coefficient for time-dependent electro-optical elements can be
opposite to the coefficient for static electron lenses and in that way counter-
act the aberration effects due to static electron lenses in the setup, improving
the overall beam quality, this will be further discussed in hapter 5.
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2.3 Time Dependent Lenses

Ez

z

r

(a) Whilst traveling towards the cavity the electrostatic field has a component in the
z- and r-direction. The Lorentz force due to this electric field points in the z- and
r-direction (opposite to the direction of the applied field). The electrons are therefore
defocused in the r direction and slowed down in the z direction.

Bφ

(b) As the bunch travels though the cavity the electric field goes through zero and
introduces a magnetic field. In the transverse direction this leads to a focusing.

Ez

(c) Leaving the cavity the electric field points in the z- and r-direction, resulting
in a force in the z- and r-direction. This force leads to a defocusing in transverse
direction, but the ’slowest’ electron at the end of the bunch will be accelerated more
in the z-direction resulting in a focusing effect in the z-direction.

Figure 2.6 Principle of transverse and longitudinal focusing of an electron bunch
using a rf-cavity at φ0 = π

2 shows a focusing effect in the longitudinal direction but
a defocusing effect in transverse direction. (Multiple bunches are shown for clarity.)
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Chapter 2 Pulsed Electron Beam Creation and Manipulation

Longitudinal Compression

The TM010 cavity can also be used for longitudinal focusing. The longitu-
dinal momentum change of an electron traveling through the cavity is only
influenced by the electric field in the direction of travel,

∆pz = q

∫ +∞

−∞

(→
E +

→
v ×

→
B
)
· →ez dt = q

∫ +∞

−∞
Ezdt. (2.10)

The actual action of the bunch compression is easy to imagine. An
oscillating electric field is present inside the cavity which, if the phase of
this field and the incoming electron bunch are equal, will be pointed along
the incoming electron bunch. The force on the electrons points towards the
electron bunch and the electric field slows down the bunch. The repulsion
affects the electrons closest to the cavity the most since they experience the
highest field amplitude. The fastest electrons, i.e. the electrons that arrive
first at the cavity, are thus slowed down while the electrons at the end of
the bunch hardly experience the electric field. When the bunch enters the
cavity the electric field goes through zero. Now the electrons at the back
of the bunch will experience the highest amplitude, accelerating them away
from the cavity faster than the electrons in the beginning of the bunch.
This process will allow the slower electrons at the end of the bunch to move
towards the beginning of the bunch resulting in a compressed electron bunch
at a distance fL (figure 2.6a-2.6c). The total longitudinal focal length can
be determined using the longitudinal electron coordinate measured from the
center of the cavity (ζ).

fL ≡ −vz
∂ζ

∂∆vz
= −vz

∂ζ

∂∆pz/mγ3
=

mγ3v3z
eE0dcω

1

sinφ0
. (2.11)

Comparing both the transverse and longitudinal focal length one sees
that there is a very simple relation between the two: fT = −2fL. For non-
relativistic speeds, this can be easily explained: If vz << c, the contribution
of the magnetic field in the transverse direction (equation 2.8) can be ne-
glected. From the fact that the electric field is divergence free, ∂Ez∂z

∼= −2∂Er∂r ,
it then directly follows that fT = −2fL. Since both the transverse and the
longitudinal focal length is dependent on the phase of the electromagnetic
field, this phase can be chosen such that the bunch is focused optimal in one
of the two directions. A sharp focus in one direction however will unavoid-
ably lead to an equally strong defocus in the other direction.
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z 

RF 

60 mm 

Figure 2.7 Design drawing of the TM010 cavity (top) and a simulation of an E-field
inside the cavity (bottom).
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Chapter 3

Methods to Measure the
Beam Quality

To get a well defined diffraction pattern of a sample, a number of require-
ments have to be met as will be discussed in section 4.1.1. By measuring and
optimizing the quality of the electron beam in the setup one ends up with
the best possible bunch at the sample. The beam quality can be described
by the emittance: a measure for the focusability of an electron bunch de-
scribing how tight a beam can be focused for a given focusing angle. In this
chapter three methods to measure the emittance will be discussed. First an
analytical model that can be used to describe the phase space distribution as
they travel through the setup is given. This model can be used to describe
the bunch shape as a function of the position in the beam line.

3.1 Analytical Trajectory Model

An analytical model to describe the electron trajectories can be created
analogously to optical matrix models employed in ray tracing [21, 22]. In
these optical models a transfer matrix is used to describe the change of the
particle trajectory due to the influence of any optical element. The transfer
matrix consist of a matrix containing the focal length (Mfj ) and the drift
space (Mdj ) of the (electron) optical element:

Mfj =

(
1 0
− 1
fj

1

)
, (3.1)

Mdj =

(
1 dj
0 1

)
. (3.2)

These matrices give the relation between the particle trajectory at the en-
trance and the exit of an element. The trajectory of the particle is therefore
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z
σx′

iσxi

100kV

cathode

Figure 3.1 The electrons emitted from the cathode have a ’thermal angular
spread’, therfore the inital rms bunch size (σxi

) and inital angular spread (σx′
i
)

arrive from a virtual waist.

described as a function of its transverse position (x) and its angle with the
symmetry axis (x’). In the paraxial approximation the angle x’ is given by:

x′ =
px
pz
. (3.3)

The total beam line can be described by multiplying the individual beam
line element matrices:

M = MfjMdj . . .Mf2Md2Mf1Md1 , (3.4)

where the multiplication is done in reversed order as seen by the particles
traveling through the beam line. The complete change of the particle tra-
jectory in the setup is then given by:(

xf
x

′
f

)
= M

(
xi
x

′
i

)
=

(
A B
C D

)(
xi
x

′
i

)
, (3.5)

where coefficients A, B, C and D are the matrix coefficients of the combined
elements. Since σ2x =

〈
(x− x̄)2

〉
this formula can be used to decribe the

final rms bunch size (σxf ) as function of the initial rms spot size (σxi) and
initial angular spread (σ

x
′
i
). The initial rms spot size and angular spread are

not necessarily the same as those on the cathode, where they are created,
but are the sizes as they are in the waist of the beam. In the case of the
UED setup this waist does not lie on the cathode but behind the cathode
and is therefore a ’virtual waist’. The inital spot size and angular spread are
therefore also virtual values (see figure 3.1). The final spot size can easily
be described by the matrix coefficients A and B:

xf = Axi +Bx
′
i. (3.6)

Since it is assumed that the bunch is centered around the symmetry axis it
follows that the average of x is zero (x̄=0), this analogously holds for the

22



3.2 From Phase Space to Measurement

y-direction. The bunch size, in de x-direction, can thus be described by:
σ2x =

〈
x2
〉
. Calculating the average of equation 3.6 leads to [23]:〈

x2f
〉

=
〈(
Axi +Bx′i

)2〉
, (3.7a)〈

x2f
〉

= A2
〈
x2i
〉

+B2
〈
x′2i
〉

+ 2AB
〈
xix
′
i

〉
. (3.7b)

From this it follows that if < xix
′
i >= 0, i.e. in the beam waist, the final

bunch size is given by:

σ2xf = A2σ2xi +B2σ2
x
′
i

. (3.8)

The spatial distribution of electron bunches created in the experiments con-
sidered in this thesis is approximated by a Gaussian function:

f
(
x, x′

)
= f (0, 0) exp

[
−
(
x2

2σ2x
+

x′2

2σ2x′

)]
. (3.9)

3.2 From Phase Space to Measurement

The emittance provides a measure for the quality of the bunch and is de-
termined by the area a bunch occupies in phase space (see equation 1.2).
In figure 3.2, a typical 2D Gaussian distribution is drawn. At the left hand
side of this image the electrons are in a beam waist. Here the cooridnates x
and x′ are uncorrelated so the maximum of x is at x′ = 0 and visa versa. On
the right hand side of the image x and x′ are correlated, resulting in a shear
of the Gaussian distribution in phase space. To describe the change of the
Gaussian distribution of the bunch without using complex Gaussian func-
tions an ellipse can be drawn through the contours of the distribution where
the intensity is e−0.5 of the maximum intensity in the x-, and x’-direction.
Using the ellipse formalism the drift of the bunch can be described more
easily but leads to the same result as a fully Gaussian treatment.

According to the ellipse formalism an ellipse can be written as [24]:

ε2 = γtx
2 − 2αtxx

′ + βtx
′2, (3.10)

where parameters αt, βt and γt are the so-called twiss parameters. Note
that these matrix coefficients are not the relativistic γ and β but describe
the ellipsoidal bunch giving a measure for the drift of the bunch (αt) and a
measure for sigma in both the x and x′ direction (βt and γt), as shown in
figure 3.3. In the beam waist, where x and x′ are uncorrelated, αt = 0, and
equation 3.10 reduces to: ε2 = γtx

2 + βtx
′2, which is the general represen-

tation of an ellipse. Since xi = M−1xf (equation 3.5) the emittance in the
waist can be determined as a function of the transfer matrix coefficients:

ε2 = γt

(
A−1xf + 2αtB

−1x
′
f

)2
+ βt

(
C−1xf +D−1x

′
f

)2
. (3.11)

23



Chapter 3 Methods to Measure the Beam Quality

px
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rms ellipse

px
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x
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z = 0 z = ldet

Figure 3.2 When a Gaussian bunch is created at z = 0 and is accelerated towards
the detector at z = ldet, the Gaussian bunch will drift. Due to this drift the x and
px coordinates become correlated resulting in a shear of the projection in phase
space. An ellipse around the contours of the distribution where the intensity is
e−0.5 of the maximum intensity is drawn inside the Gaussian distribution and can
be used to describe the distribution which leads to a measurement method for the
emittance.
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3.3 Measuring Emittance

Figure 3.3 An tilted ellipsoidal function showing the σx and σx′ bunch sizes as a
function of the twiss parameters αt, βt and γt (which in this figure are denoted as
α, β and γ).

3.3 Measuring Emittance

The emittance can not be determined in a direct manner. In a so-called
waist scan the bunch size is measured to provide the emittance. Another
way to determine the emittance is by measuring the blurring of the shadow
of a sharp edge due to the local angular spread of the beam at that edge.
This angular spread together with the spot size determines the emittance. A
third method to determine the emittance is by creating a diffraction pattern
and measuring the rms spot size of a diffraction peak. In the remainder of
this section these methods are discribed.

3.3.1 Waist Scan

In a waist scan measurement the final bunch size (at a fixed position) is
measured as a function of the focal strength of an focusing element. By
varying the current through a magnetic solenoid lens the focal length changes
(section 2.2.1) and thereby the position of the waist of the beam varies. This
causes the bunch size at the detector to change. In figure 3.4, a simplified
beam line is shown including a magnetic lens with a focal length fx, the
initial spot size (σx,i) and the final spot size (σx,f ) on the detector. Using
the transfer matrices this setup can be described by a drift matrix (Md2), a
lens matrix (Mf ) and a drift matrix (Md1), to create one transfer matrix:

M = Md2MfMd1 . (3.12)

The elements from this transfer matrix are inserted in to equation 3.11 to
determine the emittance as a funtion of the twiss parameters. Alltogheter
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lo ldet

fx detector

σx,f Md,1 Md,2Mf

Figure 3.4 Schematic of the focusing of a divergent beam and the definition of
parameters in equation 3.13.

this leads to the rms bunch size as a function of the position z (or ldet):

σx,f =
σx,i
fx

√
ε2x
σ4x,i

[(fx − ldet) lo + fxldet]
2 + [fx − ldet]2. (3.13)

If the bunch size is measured for several focal lengths, this formula can be
used to fit the final spot size versus the focal length resuling in the emittance.

3.3.2 Pepper-pot Measurements

A more direct method to measure the emittance is by performing a so-called
pepper pot measurement, named after the pepper pot like structure of the
target material [25]. With this method both the bunch size and the angular
spread of the electron bunch are determined simultaneously to construct the
transverse phase space of the bunch on a single-shot basis. With this method
a divergent bunch is targeted on a TEM-grid which consists of a number of
solid rods. For the measurements a ’50 mesh’ grid is used which has 50 rods
of 71µm per inch and a spacing of 508µm (figure 3.5). The image created
at the detector at distance L is thus a magnified pattern of this TEM-grid.
The shadow pattern of the rods in the image on the detector will be blurred
because of the non-zero transverse angular spread of the bunch at the grid
position.

To determine the angular spread, and thereby the emittance, of the
bunch one could simply describe the evolution of the Gaussian shape of
the electron bunch after the TEM grid. To do this we first focus on the
(tilted) transverse phase space description of the bunch. The projection
on the x-axis of this transverse phase space just after the grid shows the
position of the rods in the grid with very sharp edges (figure 3.7 b-c). When
the beam travels through the setup this phase space will drift creating a
blurred projection of the edges of the rods. It is the ’amount of blurring’

26



3.3 Measuring Emittance

508μm 

71μm 

Figure 3.5 Magnified image of a 50 mesh TEM grid which is used to create the
shaddow pattern for a pepper-pot measurements. The grid is called a TEM-grid
because it is typically used to mount a sample on before it is placed in a electron
microscope.

27



Chapter 3 Methods to Measure the Beam Quality

of the projection, given by Lσx′ (with L the distance from the grid to the
detector), that is determined by the angular spread of the electrons (σx′). By
fitting the intensity profile created by this shadow pattern one thus knows
the transverse angular spread. To determine the distribution function at the
position of the detector, one has to look at the combination of the Gaussian
distribution function of the bunch and the distortion due to the grid. The
mathematical description of the N rods in the grid is can be approximated
by a Heaviside step function centered at the rod position x with a width w,

R(x) = 1−
N−1∑
j=1

[
H(x− x1 − (j − 1)s+

w

2
)−H(x− x1 − (j − 1)s− w

2
)
]
.

(3.14)

Where x1 is the position of the first rod. The distribution function of the
bunch after the grid is then given by the product of these rods and the
initial (skewed) Gaussian distribution function fx(x, x′) (equation 3.9). The
skewed Gaussian distribution can be obtained by using the drift matrix (3.2):

xf = xi + dx
′
i, (3.15a)

x
′
f = x

′
i, (3.15b)

so that the skewed Gaussian can be written as:

f
(
x, x′

)
= f (0, 0) exp

[
−
(

(x− dx′)2
2σ2x

+
x′2

2σ2x′

)]
. (3.16)

This function can be used to describe the transverse phase space just after
the grid:

P (x) =

∫ ∞
−∞

fx(x, x′)

1−
N−1∑
j=1

[
H
(
x− x1 − (j − 1)s+

w

2

)
− . . .

. . . H
(
x− x1 − (j − 1)s− w

2

) ] dx′ (3.17)

The phase space then starts drifting as the bunch travels towards the
detector over a length L. The intensity profile of this drifted phase space
can be determined by integrating this function over all angles x′. Since
the distribution function of the bunch is assumed to be Gaussian in both
position and momentum this integration will lead to the error function:

erf(x) ≡ 2√
π

∫ x

0
e−ζ

2
dζ. (3.18)

28



3.4 Diffraction Image

Figure 3.6 A typical pattern of the measured intensity profile of a pepper-pot
measurement given by equation 3.19 including the dimensions of the pepper-pot
sample and the blurring of the rods by a factor Lσx′ [26].

The magnification of the bunch (M) translates the width of the rods, w,
to a projection on the detector of width wd = Mw and the distance between
the rods, s, to sd = Ms. If it is assumed that Lσ

′
x << ωd, equation 3.17

leads to a description of the projection of the electron bunch on the detector
[26]:

I(x) = I0e
1
2

(
x

Mσx

)2

1 +
1

2

N−1∑
j=0

[
erf

(
x−Mx1 − jsd − wd

2√
2Lσx′

)
− . . .

. . . erf

(
x−Mx1 − jsd − wd

2√
2Lσx′

)] . (3.19)

To determine the normalized emittance out of this σx′ , the angular spread
can simply be multiplied with the rms bunch size normalized with the bunch
energy: εx,n = γβσxσx′ . The analysis for the y-direction is analogously to
this.

3.4 Diffraction Image

A third method to determine the emittance is by looking at the diffraction
peaks which are created when an electron beam passes through a sample.
In our setup we used a monocrystalline gold sample to create the diffraction
pattern. If the coherence length of the electron beam is large (L⊥ >> a) the
interactions between the beam and the lattice result in a sharp diffraction
peak, as is illustrated in figure 3.8a. If the electron beam is less coherent the
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Figure 3.7 To measure the angular spread a divergent electron bunch is targeted
on a pepper-pot structured sample. After the sample only the electrons that pass
between the rods in the structure will be present in the beam. Due to the angular
spread (σx′) of the electrons the edge will be less sharp at the position of the detector
(at a distance L behind the sample). The edges of the bunch will be blurred over
a region of Lσx′ at the detector (a). This blurring of the edges can also be seen in
the plot of the phase space. Here the sharp edge of the rods (x0) at the position of
the sample (b) is transformed to a more blurred distribution between x1 and x2 at
the position of the detector (c) [26].
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λ

a

σθ

θ

(a) With a fully coherent electron beam the wavefronts are completely parallel to the
sample material and form sharp diffraction peaks when the beam interacts with the sample.

λ

a

σθ

(b) In a beam with a smaller coherence length the wavefront has an angular spread. This
results in broader diffraction peaks with a minimum with of σθ.

Figure 3.8 A schematic representation of a diffraction created with a fully coherent
wave (a) and a beam with a angular spread in the (b).
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wavefronts of the beam are not completely parrallel to the sample surface
at the sample position. This deviation in the wavefront corresponds to an
angular spread of the electron beam given by σθ. The angular spread is
maintained after the interaction of the electrons with the sample, figure
3.8b. Since the diffraction peaks are Gaussian shaped, the rms spot size
of the diffraction peaks are, in approximation, equal to the angular spread
of the beam. If the same bunch as is targeted on the sample is measured
without diffraction a Gaussian fit of this intensity profile provides a measure
for the rms spot size (σx) of the bunch. The combination of σx and σθ provide
the emittance via equation 1.5. The argument of conservation of angular
momentum actually only holds if the lattice is very large compared to the
bunch size and if the sample does not have any irregularities. Because these
assumptions are likely to be met exactly in a lab environment a measurement
of this type will only give a rough estimate of the emittance.

3.5 GPT Validation

Validation of the waist scan and the pepper-pot methods to determine the
emittance has been done using particle tracing software (General Particle
Tracer: GPT ). GPT can be used to study the behavior of charged particles
and the interaction with electromagnetic fields, i.e. charged particle optics,
in both the space and time domain. Knowing both the particle positions
and the ’angles’ with respect to the z-axis the emittance can easily be de-
termined using equation 1.2. GPT can not provide a diffraction pattern so
the validation of the method using the diffraction peaks to determine the
emittance can not be done. The simulations are performed with an initial
emittance of 20 nm·rad.

3.5.1 Waist Scan

From a simulation where the bunch is focused using a solenoid lens, it is
found that 1.5m after the cathode the emittance has not changed and still
is 20 nm·rad. Using the same setup, a waist scan is simulated to check if a
fit of the change in bunch size also leads to a simular emittance. Figure 3.9
shows the development of the rms spot size on the detector whilst changing
the focal length of the solenoid. This result is then fitted with equation 3.13
to determine the emittance. The fit results in a normalized emittance of
21.7nm·rad and is thus comparable to the emittance as determined directly
using GPT. The reason that these do not completely agree is mainly due to
the large amount of fit parameters that are used with this method: σx,i, lo
and εx are used as fit parameters. Next to that the fact that the solenoid
lens is not a thin lens is not taken into account in this theory. Also the
Gaussian fit of the bunch might contain some errors.
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Figure 3.9 Simulation of the rms bunch size at the detector using GPT simulations
(black dots) clearly shows a good agreement with the theory (red fit) resulting in
a normalized emittance comparable to the initial emittance
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Pepperpot image

Line−out selection
Width of line−out

Figure 3.10 A detector image of a GPT simulation of the pepper-pot measurement.
The blue lines indicate the area that is used to fit with function 3.19 as shown in
figure 3.11

3.5.2 Pepper-pot Measurements

To check whether the pepper-pot measurement gives an accurate result of
the emittance again GPT is used to simulate an electron bunch traveling
through a grid. This however introduces a problem. For a useful measure-
ment one has to obtain a clear image of the grid structure of the grid lines
which demands a large number of electrons.

The resulting image of a converging bunch through a grid structure is
given in figure 3.10. In the simulation a grid with rods of 71µm thick and
a spacing of 508µm between two rods is used. These dimensions are equal
to the dimensions of a ’50 mesh TEM-grid’ which is used for the pepper-
pot measurements discussed in section 4.4. A TEM-grid is typically used
in electron microscopy to support samples on but in this case is used as a
calibration standard. The pepper-pot method is therefore also referred to as
the TEM-grid method. The area of the bunch of which the intensity profile
is fitted in figure 3.11 is indicated by the blue lines. The intensity profile
is fitted using equation 3.19 and results in an angular spread of 0.041mrad
and normalized emittance of 24.4nm·rad. The emittance determined by the
GPT simulation of a pepper-pot measurement is about 10% higher than the
emittance determined by a simulation of a waist scan. This difference can
be reduced by using a grid with thicker rods. If the rods are 200µm wide
(instead of 71µm), the emittance determined from a pepper-pot simulation
is εn = 21.9nm·rad. This improvement is due to the fitting function. For
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Figure 3.11 The intensity profile of a simulation of the pepper-pot method is fitted
with a Gaussian intensity profile (green line) including the error functions (red line)
which are related to the angular spread of the beam.

small rods the error function used to fit the drop in intensity overlaps with
the error function used to fit the raise in the intensity profile. If the spacing
between the raise and drop of the intensity is larger, the two error function
do not overlap that much anymore so that the determined emittance is more
accurate. This problem is even less likely to cause a problem when a pepper-
pot measurement is done using a real pepper-pot like material, since in that
case the holes are very small compared to the rods (figure 3.13).

If the potential energy that an electron ’feels’ from the bunch becomes
larger than the thermal energy, space charge effects will start to play a more
important role in the shape of the bunch. The simulated bunch has a length
of approximatly 270µm and contains 3 ·105 electrons. With that an estimate
of the potentail energy felt by an electron at the edge of the bunch can be
made:

Upotential ≈
Qe

4πε0R
= 3.2eV. (3.20)

The thermal energy, calculated with the temperature that is determined
from the reflection of the laser on the cathode, is approximatly:

Uthermal ≈
3

2
kBT = 0.495eV. (3.21)

The potential energy is clearly larger than the thermal energy which indi-
cates that the space charge forces have to be taken into account while using
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Figure 3.12 A fit of the result of simulation of a pepper-pot measurement using
thicker rods (200µm) results in a better estimation of the actual emittance.

Electron beam

Pepper-pot

Detector

Expanding beamlets

Figure 3.13 For a true pepper-pot measurement a more pepper-pot like structure
should be used instead of a TEM-grid, to reduce the effect of the overlap of the
error functions used to fit the intensity profile.
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Figure 3.14 Simulated image of a TEM grid including the space charge effects in
the bunch.

3 · 105 electrons in a bunch with a length of 270µm. When a dense electron
bunch is focused to a spot the electrons will strongly repel each other due to
the Coulomb repulsion and increase the rms spot size and angular spread,
with the result that the emittance increases.

A GPT simulation of an electron bunch containing 3 × 105 electrons,
a regime where space charges forces do play an important role, shows an
emittance of 58.5nm·rad at the position of the TEM-grid. If a grid is placed
in this beam the intensity profile given in figure 3.15 is obtained 1m behing
the grid. A fit of this profile results in an emittance of 55.7nm·rad at the
position of the grid. Showing that also for bunches influenced by space
charge forces a pepper-pot measurement leads to a good estimation of the
emittance.

37



Chapter 3 Methods to Measure the Beam Quality

100 200 300 400 500 600 700
0

5

10

15

20

25

30

35

40

Position along line (pixel)

A
v
e

ra
g

e
 p

ix
e

l 
in

te
n

s
it
y
 (

a
.u

.)

 

 

Selected profile from pepperpot image
Fit of intensity profile
Gaussian amplitude of fit

Figure 3.15 Fit of the intensity profile of figure 3.14 results in a very simular
emittance as given by GPT. Therefore this method could also be used for highly
charged bunches where space charge effects have to be taken into account.
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Chapter 4

Measuring the Beam Quality

The emittance is determined by a waist scan and a pepper-pot measurement
for two different setups. The first of these two is the Ultrafast Electron
Diffraction (UED) setup. In this setup typically a million electrons are cre-
ated by fs photoemission in a single shot and accelerated to 100keV allowing
one to create a full diffraction pattern in a single shot. The second setup
for which the emittance is measured, is the Scanning Electron Microscope
(SEM) setup. In this adjusted commercial electron microscope it is the goal
to create a diffraction pattern by using only a single electron per time so that
there are no repulsive effects of space charge forces. Furthermore the energy
spread of the SEM setup is decreased (compared to the initial continuous
beam) which results in a lower emittance. However, to create a clear diffrac-
tion pattern one has to intergrate over a longer period of time. Because of
that, a technique like this can only be used to create a diffraction pattern of
static samples or reproducible processes. In this chapter an explanation of
the two setups is given including the results of the emittance measurements.

4.1 UED Setup

As mentioned before UED could be a possible route that leads to making
a ’molecular movie’. Hitting a sample with over 106 electrons in approxi-
mately 100fs will lead to a clear diffraction pattern taken in a single shot.
The limiting factor in creating a high quality diffraction pattern is the beam
quality. Since the emittance of the bunch can not be reduced without remov-
ing particles, the lowest emittance one could reach is the initial emittance.
In the UED setup the electron bunch is created by photoemission resulting
in a initial emission which can be described by an effective electron tem-
perature. The initial transverse momentum spread can be expressed as a
function of this electron temperature:

σpx =
√
mkBT . (4.1)
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Figure 4.1 Model of the UED setup: the blue arrow indicates the path of the in-
coming laser beam generating the electron bunch, indicated by the red ’waterbags’.

This can be translated to an initial emittance which is temperature depen-
dent and therefore refered to as the ’thermal emittance’ (εn,th).

εn,th =
1

mc
σxσpx =

1

mc
σx
√
mkBT = σx

√
kBT

mc2
. (4.2)

Where kB is the Boltzmann constant and T the effective electron tempera-
ture. Reducing the thermal emittance implies improving the quality of the
beam, one way to accomplish this is by decreasing the electron temperature.
This is precisely what is done in the Ultracold Diffraction (UCD) setup at
CQT. Another way of reducing the emittance is by reducing the rms spot
size of the bunch. This is done in the SEM setup where an rf-cavity is used
to reduce the (average) number of electron per bunch to one or less. How-
ever, for the realisation of a single shot diffraction pattern a large amount
of electrons are necessary, which can only be realised by using a relatively
large σx.

Figure 4.1 shows a model of the UED setup. The blue arrow shows the
path of the incoming laser which is directed towards a copper photocathode
where it creates the electron bunch via photoemission. This bunch is then
accelerated to 100kV, i.e. an electron velocity of approximately 0.55c. The
bunch then passes through a series of electron optical elements to, in the
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4.1 UED Setup

Table 4.1 The charges and the number of electron per electron bunch measured
on the UED setup.

ND Filter Charge (fC) Number of electrons per bunch

1.0 331 2.07 · 106

1.0+0.3 217 1.35 · 106

1.0+0.4 206 1.29 · 106

1.0+0.8 96 5.99 · 105

1.0+0.8+0.3 65.8 4.11 · 105

2.0 80 4.99 · 105

2.0+0.3 28 1.73 · 105

3.0 4.88 3.05 · 104

following order, collimate, focus and compress the electron bunch creating
a pancake shaped electron bunch at the location of the sample. For the
compression of the electron bunch an rf-cavity has been developed at CQT
(section 2.3.1). With this compression cavity the electron bunch can be
compressed to lengths as short as 67 fs with a typical diameter of only a few
hundred µm [7]. Next to the compression of the electron bunch, the cavity
can also be used for time-dependent transverse focusing.

4.1.1 Single Shot UED Requirements

A number of requirements to the bunch have to be met in order to obtain
a high quality diffraction pattern at a short time scale. The bunch charge
must be ≥ 0.1pC, i.e. roughly 106 electrons, and be compressed to a length
of ≤ 100fs in order to visualise processes at atomic scales. The quality of a
diffraction pattern is mainly determined by the transverse coherence length
which, when it is assumed that the normalized emittance is conserved, can
be written as a function of the initial rms radius of the bunch (σxi) and the
rms radius of the target (σxf ).

L⊥ =
h̄

σpx
=

h̄

mc

σxf
εn,x

=
h̄√

mkBT

σxf
σxi

. (4.3)

Interference is strong within a coherence length of the beam but will be
weaker for larger distances. For a sample with a lattice spacing a < L⊥ a
high quality diffraction pattern can be made. For a > L⊥ the diffraction
peaks overlap resulting in a vague pattern or even in no visible pattern at
all, the difference between the two situations is also drawn in figure 3.8b.
The transverse coherence length should therefore preferably be larger than
the lattice spacing. A typical protein crystal which might be of interest to
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study has a lattice spacing of a ≥ 3nm. Further, the transverse beam size
should be matched to the size of the crystal sample, typically ≤ 100µm.

4.2 Emittance in the UED Setup

To determine the emittance of the beam in the UED setup a waist scan, as
discussed in section 3.3.1, is performed. The result from this measurement
can than be compared to an estimate of the initial emittance of the bunch.
Both the 1st and 2nd solenoid in the UED setup are used to perform a waist
scan.

4.2.1 Initial Emittance

To evaluate the results from the emittance measurements discussed in sec-
tion 4.2.2 an estimate of the initial emittance is made. Figure 4.2 shows
the virtual of the laser pulse on the photocathode. It is assumed that the
electron bunch created via photoemission has the same dimensions as the
laser so that this reflection can be used to characterize the initial electron
bunch. As can be seen in this figure as well, the laser spot size is not fully
symmetric and the created electron bunch will thus have a different rms spot
size in the x and y direction. This difference will also result in a different
emittance in the x and y direction. The initial emittance is determined as
a function of the angular spread due to the kinetic energy (i.e. the tem-
perature) of the electrons and can be determined using equation 4.2. For
electron bunches created in the UED setup this can also be determined with
the rms spot size of the initial electron bunch (equation 4.2). The termal
energy of electrons created by photoemission from a copper cathode varies
between kBT = 0.2 − 0.5eV [27]. This results in an initial emittance be-
teen εthn,x = σx · 6 · 10−4 and εthn,x = σx · 10 · 10−4. Since it is assumed that
σlaser = σx, the virtual cathode image of the laser pulse on the cathode
can be used as a measure of the electron bunch size. From a fit of several
images taken of the laser spot size at the cathode, an average bunch size is
measured and an estimation of the initial emittance is determined:

• σx = 24.1 µm, leading to εthn,x = 14.5− 21.4 nm·rad,

• σy = 29.7 µm, leading to εthn,x = 17.8− 29.7 nm·rad.

4.2.2 Waist Scan

The emittance in the setup is measured by performing a waist scan using
the current through the first and second solenoid in the setup as the scan
variable. The scans with the different solenoids should yield similar emit-
tance values. A schematic view of the setups for both measurements is given

42



4.2 Emittance in the UED Setup

−0.1
−0.08

−0.06
−0.04

−0.02
0

0.02
0.04

0.06
0.08

0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9 1

y (m
m

)

Intensity (a.u.)−0.1 −0.08 −0.06 −0.04 −0.02 0 0.02 0.04 0.06 0.08 0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x (mm)

In
te

ns
ity

 (a
.u

.)

Intensity (a.u)

In
te

ns
ity

 (a
.u

)

x (mm)

y (m
m

)

Figure 4.2 Image of the virtual cathode of the laser bunch from the cathode. And
a Gaussian fit of the intensity profile in both the x and y direction to determine
the initial rms spot sizes
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(a) Schematic representation of the UED setup used to perfom a waist scan using only
the first solenoid.
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(b) The setup used for a scan performed with the second solenoid. In this case the first
solenoid is used to create a collimated electron bunch.
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(c) To create a diffraction pattern a sample is placed in the focus of the second solenoid.

Figure 4.3 A schematic representation of the UED setup used for a waist scan
with the first (a) and second (b) solenoid. Also shown in (c) is the setup for a
emittance measurement using the diffraction pattern.
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Figure 4.4 2D Gaussian fit of the electron bunch clearly shows a rotation of the
bunch due to the solenoid

in figures 4.3a-4.3b. For each scan value, an image is obtained of the elec-
tron beam on the detector which can be fitted using a 2D Gaussian shaped
profile (figure 4.4). From this image it also becomes visible that the solenoid
rotates the electron bunch. The angle of this rotation is implemented in the
fit procedure so that the actual σx and σy are determined. The results of
the two waist scans are plotted and fitted using equation 3.13 in figure 4.5
(first solenoid) and 4.6 (second solenoid).

The results of the fits of the data points are given in table 4.2. The mea-
sured emittance differs less than 10% from the expected (initial) emittance.
The initial spot size σi and the distance to the solenoid lo are both used as a
fit parameter instead of a fixed value because these are not exactly known.
The beam size needed in this equation is the beam size in the waist of the
beam, where the position and momentum are uncorrelated. This is thus not
per se the same as the initial spot size, and the length does not have to be
equal to the distance between cathode and solenoid.

4.2.3 Diffraction Pattern

By placing a monocrystalline gold sample in the focus of the second solenoid
of the UED setup a diffraction pattern is created (figure 4.3c). The obtained
diffraction pattern is shown in figure 4.7. In this figure also the intensity of
the center peak and a fit of this center peak are displayed. From the differ-
ence between these two profiles it can be seen that the diffraction spot is not
fully Gaussian. This might introduce an error to the measured emittance.
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Figure 4.5 The result of a waist scan using the current through the first solenoid
as the scan parameter, both σx (black) and σy (red) are plotted.
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Figure 4.6 The result of a waist scan using the current through the second solenoid
as the scan parameter, both σx (black) and σy (red) are plotted. Note that the
focal length is expressed in m instead of mm as in figure 4.5.
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4.3 SEM Setup

Table 4.2 Fit results including the emittance of a bunch of the UED setup. The
longitudinal coherence length is given as L⊥/σxmin

. If this is equal to 1 the bunch
is fully coherent for that spot size. The coherence length for a different spot size
can easily be determined by multiplying L⊥/σxmin by the used spot size.

Initial Scan using solenoid 1 Scan using solenoid 2

σx,i (µm) 12.6 99.7
lo,x (mm) 49.6 434

εx,n (nm rad) 19.28 17.9 19.2
L⊥/σxmin 2.15 · 10−5 2.01 · 10−5

σy,i (µm) 15.5 106
lo,y (mm) 48.2 409

εy,n (nm rad) 23.77 22.2 23.1
L⊥/σxmin 1.74 · 10−5 1.67 · 10−5

Table 4.3 The angular spread is determined for a number of different rms bunch
sizes from which the emittance is calculated.

σx · σθ (µm·mrad) εx,n (nm·rad)

Center peak 38 25
200 peak 26 17
220 peak 29 19

The result of this measurement is given in table 4.3 and show very simular
results to the initial emittance. From the standard deviation of multiple
diffraction images it is found that the emittance is accurate within 2nm·rad.

4.3 SEM Setup

By selecting only a small part of an electron bunch and using that as the
electron source one also lowers the ’initial emittance’ of the system. The
main electron source of this setup is the source of a scanning electron mi-
croscope (SEM), which creates a coninuous beam by extracting electrons
from a heated tungsten wire, a so-called thermionic source. This bunch is
then led through a so-called streak cavity (explained in section 2.1.2) which
sweeps the bunch transversely to the direction of travel. Only allowing the
center of the streak to travel through the setup. Downside of this method
is that a lot of electrons are blocked and thus that it will not be possible
to create a complete diffraction pattern in one shot but an integration over
multiple shots will be required. Because of the minimum amount of elec-
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(a)

(b)

(c)

000

220
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Figure 4.7 The peaks of the diffraction pattern of monocrystalline gold obtained
for the UED setup (a) are fitted using a 2D Gaussian fit (b). The difference between
the bunch intensity in (b) and a plot of a 2D Gaussian with the fit parameters (c)
shows that the diffraction peaks are not fully Gaussian.
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trons targeted at the sample it is necessary to create an as good as possible
bunch at the target. By using electron optical elements one can focus the
bunch to a compact package. However, just as in regular optics, the charged
particle optics suffer from aberrations. In the SEM setup it is crucial to
limit the total effect of aberrations and create a well defined bunch at the
sample.

4.4 Emittance in the SEM Setup

The emittance for the SEM setup is measured by performing a waist scan
using a quadrupole lens to focus the electron bunch and by a pepper-pot
measurement. The waist scan should provide an upper bound of the total
emittance which is used as a guideline to check whether the pepper-pot
measurement can also provide an accurate emittance.

4.4.1 Waist Scan

The waist scan is performed as described in section 3.3.1 using a quadrupole
lens as the focusing element (section 2.2.2). As mentioned the quadrupole
will result in a focused bunch in one direction and a defocused bunch in
the opposite direction due to the shape of the magnetic field profile of the
element (figure 4.8). By fitting all the obtained images with a 2D Gaussian
profile the rms bunch size can be determined to construct a graph of the
bunch size as a function of the current through the quadrupole (figure 4.9).
From the fit of the measured bunch size it is found that the upper bound
for the emittance is εn = 6.5nm·rad. Since this method has proven to be
accurate in determining the emittance in the UED setup, this emittance
value is taken as a sort of guideline and should be the outcome of a pepper-
pot measurement as well.

4.4.2 Pepper-pot measurement

Using the same settings as for the waist scan, a pepper-pot measurement is
performed on the SEM setup, which should thus provide similar results. The
measurement has been performed using two different detectors. First only
a phosphor screen is used and secondly a phosphor screen in combination
with a Microchannel Plate (MCP) is used to image the beam.

Phosphor Screen Results

An electron beam can be made visible with a phosphor screen which lights
up due to luminescence when electrons hit the screen. Figure 4.11 shows
an image of the 50 mesh TEM grid (figure 3.5) on a phosphor screen. The
intensity profile of the line out indicated by the blue lines including the
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Figure 4.8 A waist scan measurement using a quadrupole lens clearly shows the
focusing effect in one direction and the defocussing effect in the opposite direction.
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Figure 4.9 The measurement of rms bunch size (black dots) for the SEM setup
is fitted with equation 3.13 (red line) to determine the emittance of the electron
bunch.

50



4.4 Emittance in the SEM Setup

fit is shown in figure 4.12. The bunch created by the SEM does not have
a Gaussian profile but has a top-hat profile and thus has a more uniform
distribution in the x, y plane (figure 4.10). For this bunch the expectation
value of x2 is given by half of the radius (R):

〈
x2
〉

=

∫
x2dA∫
dA

=

∫ 2π
0

∫ R
0 r2 cos2 (φ) rdrdφ∫ 2π
0

∫ R
0 rdrdφ

=
1

2
R. (4.4)

So that the emittance for these bunches can be determined with:

εx,n =
1

mc

R

2
σpx . (4.5)

y 

z 

R 

x 

Figure 4.10 Schematic respresentation of the top-hat profile of the electron bunch
for the SEM setup

From the fit of the intensity profile it is found that
σpx
mc = 0.0342mrad.

In combination with a bunch radius of approximately 1mm at the position
of the detector and a magnification of 1.8, this leads to an emittance of:
εx,n = 3.4nm·rad. Clearly this emittance value is lower than the emittance
obtained using a waist scan. It is very difficult to tell which one of the
two is the best answer since there is no way of measuring the emittance in
a direct manner. A reason why the emittance determined with a pepper-
pot measurement is lower than the waist scan result might be that the
bunch size in the waist scan measurement is determined using a Gaussian
fit profile. Since the bunch has a more uniform than Gaussian distribution
the fit procedure will result in a larger σ than should be used. It is therefore
reasonable to assume that the actual bunch size is smaller than indicated in
figure 4.9 and that the emittance is thus actually lower than the emittance
obtained from the waist scan.
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Figure 4.11 An image of a TEM grid using only a phosphor screen as a detector.
The blue lines indicate the area over which the intensity profile is fitted in figure
4.12.
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Figure 4.12 The intensity profile of the TEM grid on the phosphor screen image
including a fit of the profile.
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Table 4.4 Fit results including the emittance of a bunch on the SEM setup shows
that the intensity at the positions of the shaddows only drops a few percent.

Phosphor Screen MCP and Phosphor Screen

R (mm) 1.0 1.5
M 1.8 2.2

σx′ (mrad) 0.034 0.13
εx,n (nm·rad) 3.4 14.5

MCP Results

Another, often used, detector consisting of is a Microchannel Plate (MCP)
and a phosphor screen. The MCP consists of a very large number of very
thin, parallel capillaries fused together and sliced into a thin plate. Each
capillary or channel works as an independent secondary-electron multiplier
and the capillaries together form a two-dimensional secondary-electron mul-
tiplier. By placing the MCP in a potential the electrons are pulled through
the MCP towards the phosphor screen which is located behind the MCP.
This way a less intense spot can be amplified which allows one to see more
detail. A pepper-pot measurement is also performed on the MPC. This re-
sulted in the image of the grid shown in figure 4.13. In this image it can
be seen that a sort of halo is formed around the bunch. In the intensity
profile, given in figure 4.14, it can also be seen that the intensity only drops
a few percent in the shadow area whereas it almost drops to zero for the
measurement on the phosphor screen only. This suggests that the MCP
has a higher constant background intensity. The background intensity how-
ever appears to be higher around the bunch itself than far away from the
bunch. There seems to be a relation between the number of electrons that
hit the MCP and the background intensity. A possible explanation is that
the electrons that travel out of the channels of the MCP form a ’fountain’ of
electrons with a relatively large angular spread (figure 4.15). That way the
background intensity would be nonzero in the proximity of the bunch itself,
and will even gradually increase to the center of the bunch. To compen-
sate for this a background Gaussian function is added to the fit function.
This results in the fit given in figure 4.14. From the fit it is found that:
R = 1.5mm, M = 2.2 and σpx = 0.13mrad. This leads to an emittance of
εx,n = 14.5nm·rad. This clearly is a lot more than found with the waist scan
and the pepper-pot measurement on the phosphor screen. It is most likely
that the reason of this difference is the MCP. It is not clear what exactly
happens when the electrons are multiplied by the MCP and if the settings of
the MCP introduces an extra angular spread of the electrons. It is however
obvious that there is a big difference between the results obtained on the
phosphor screen with or without MCP.
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Figure 4.13 An image of a TEM grid using an MCP in comibination with a
phosphor screen as a detector. The blue lines indicate the area over which the
intensity profile is fitted in figure 4.14.
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Figure 4.14 The intensity profile of the TEM grid image on the MCP including a
fit of the profile.
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VMCP
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Lens Camera
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Figure 4.15 The MCP detector amplifies the signal by creating secondary elec-
trons. The secondary electrons leaving the MCP form a sort of electron fountain
increasing the angular spread of the initial electron bunch.
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Chapter 5

Spherical Aberrations

An ideal lens produces an infinitely sharp image of an object in a plane
perpendicular to the beam axis. In practice these perfected lenses do not
exists as non-linearities in the focusing fields cause distortions, or aberra-
tions. These aberrations can be divided into five general different types
depending on the source by which they are caused. (1) Geometrical aber-
rations where the focal length is dependent on the position or orientation
of the lens, (2) chromatic aberrations which is due to the energy spread of
the bunch, (3) space-charge effects, due to the Coulomb repulsion of the
electrons in the bunch, (4) diffraction which ultimately limits the resolution
of the microscope, (5) imperfections such as mechanical misalignments or
inhomogeneous electromagnetic fields. Since the bunches used for imaging
only consist of a few electrons, the energy spread at the position of the
sample will be minimal. Space charge effects and chromatic aberrations will
therefore not play an important role. However, lenses used to focus the
beam will lead to geometrical aberrations [12].

5.1 Geometrical Aberrations

Geometrical aberrations can be divided into several types of effects. In this
chapter we will focus on two different types of the geometric aberration:
distortion and spherical aberration.

5.1.1 Distortions

The distortion is a deviation from a rectilinear projection, i.e. a projection
in which straight lines in a scene remain straight in an image. The most
commonly encountered distortions are radially symmetric, arising from the
symmetry of a lens. The radial distortion can usually be classified as one
of two main types: the so-called barrel distortion and the pincushion dis-
tortion. In a barrel distortion the image magnification decreases with the
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distance from the optical axis, creating the effect of an image being mapped
on a barrel. Pincushion distortion is the opposite effect: here the image
magnification increases with the distance from the optical axis. This way
the image seems to be projected on a pincushion. The distortion effect is de-
pendent on the distance of a bunch traveling though the lens measured from
the symmetry axis (rc). Together with the distortion coefficient (D) and the
magnification (M), the distance between the bunch and the symmetry axis
(rs) can be determined in the image [28]:

rs = MDr3c . (5.1)

5.1.2 Spherical Aberrations

Another form of the geometrical aberrations is spherical aberration, this is
caused by the fact that the focal length for electrons passing through the
outer parts of the lens is different than for electrons near the symmetry axis.
For electrostatic and cylindrically symmetric electron lenses the spherical
aberration coefficient always has a positive sign [13]. The effect of spherical
aberration is also shown in figure 5.1. Particles passing the lens very close
to the symmetry axis will hardly be influenced by spherical aberrations and
cross the symmetry axis at the focal point, at a distance s′i behind the lens.
The influence of spherical aberration on the focal length is expressed by the
spherical aberration coefficient. This coefficient is determined by the size of
the beam at the position s′i in the so-called Gaussian Image Plane (GIP).
The size of the bunch on the GIP (r′s) can be determined as a function of the
spherical aberration coefficient (Cs), the magnification (M) and the angle of
the diverging beam with the symmetry axis (αo) [29]:

r′s = MCsα
3
o. (5.2)

In order to determine the spherical aberration coefficient the dimensions
of the bunch in the GIP have to be determined. These can be determined
with simple geometry if one knows the dimensions of the bunch on the a
screen at a distance si (rs) and the initial angle (αo):

rs + rc
si

=
r′s + rc
s′i

. (5.3)

Using the lens equation ( 1
f = 1

so
+ 1

s′i
) it can be found that:

α3
oCs = so

rs
si

+ rc

(
so
si
− so
f

+ 1

)
, (5.4)

so that the spherical aberration coefficient is given by:

Cs =
so
si

rs
α3
o

+
so
α3
o

tan(αo)

(
so
si
− so
f

+ 1

)
. (5.5)
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αo,2

αi,1

αi,2

Gaussian Image
Plane

Disk Of Least
Confusion

so si

s′i

rs

rc

r′s

f

Figure 5.1 For small angles αo,1 the aberrations can be neglected (black line). For
larger initial angles (αo,2) the aberrations can not be neglected anymore (red line).
The focal length for the beams with a larger angle is, in this case, smaller than for
the smaller angles. The figure also shows the ’disk of least confusion’, where the
beam has the smallest diameter, and the ’Gaussian image plane’, the beam size at
the position of the geometrical focus.

Or expressed as the distance on the detector from a peak to the peak created
by the pulse which travelled though the center of the lens (rs), as it is used
to fit the obtained results:

rs =
si
so
Csα

3
o − si tan(αo)

(
so
si
− so
f

+ 1

)
. (5.6)

It has been proven by Scherzer that both chromatic and spherical aberra-
tions for electron lenses that are symmetric and have static electromagnetic
fields are unavoidable [13]. He also stated that these aberrations cannot be
corrected for by using other static and symmetric lenses. By breaking one
of the assumptions Scherzer made to derive this theory, one can create a
system where Cs of a lens can be corrected for. This can be done using non-
symmetric lenses, such as a quadrupole and a hexapole. In 1951 Seeliger
tried to reduce Cs for the complete system by creating a system of multi-
pole lenses but had to give up after a few years due to the complexity of the
system [30]. It has been shown in the 1990s that this method can indeed
reduce Cs but it remains very difficult to control the setup to do this [31]. It
is, however, the commonly used technique to counteract the aberrations in
modern electron-microscopes, like FEI’s Titan. An easier solution to correct
Cs might be relaxing the assumption of a static field by switching to time-
dependent electron optics as rf-cavities. According to the Scherzer theorem
the coefficient Cs of time-dependent electron optics can have an opposite
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α

(a) Selecting the upper part of the bunch
results in a dot on the detector screen.

f

(b) Selecting a lower part of the beam re-
sults in a spot on an different position than
in 5.2a

Figure 5.2 Setup to measure the focal length as a function of the distance to the
symmetry axis using a pinhole to select only a distinct part of the electron beam.
This change in focal length can be used to determine the spherical aberration
coefficient of the lens.

sign to that of static lenses and can therefore correct spherical aberration
of the static lens. In the remaining part of this chapter measuring spheri-
cal aberration of a solenoid lens and the possibilities to reduce this using a
TM010 cavity will be discussed.

5.2 Experimental Setup

To determine the influence of spherical aberration one has to send electrons
through designated positions of the lens and determine the focal length of the
lens at that position. One way of doing this would be by placing a pinhole
in a collimated beam. That way only the electrons at the position of the
pinhole will go through the lens. By changing the position of the pinhole
in the x,y-plane one can determine the focal length over various distances
from the symmetry axis and thus the influence of spherical aberration (figure
5.2a-5.2b).

However, the differences in focal length are not very large. Measuring
this change requires that the position at which the electrons pass through
the lens, i.e. the position of the pinhole, is very accurately known. In reality
it has appeared to be difficult to determine the exact position of the pinhole
in the beam line.

A way to solve this problem is by creating separate electron beams at very
well known angles using a diffraction pattern of, in our case, a monocrys-
talline gold film. This results in diffraction angles given by the Bragg con-
dition:

sin(αo) =
nλ

2a
. (5.7)

Where λ is the wavelength of the electron beam (λ = h
p = 7.08pm, at 30kV),
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5.3 Measurement of the Diffraction Pattern

Table 5.1 The diffraction angles, including the distance to the z-axis of the spots
at the position of the solenoid in the setup (z = 134mm). Because of the internal
diameter of the beam line only the first four orders can travel through the solenoid.

n Diffraction angle (mrad) Distance from the z-axis (mm)
(at z=134 mm)

0 0.0 0
1 8.7 1.2
2 17.4 2.33
3 26.0 3.48

a is the lattice spacing of the monocrystalline gold film (a = 0.408nm), n
is the order of diffraction and αo the angle of the electrons after diffraction
(figure 5.1). This angle in combination with the distance from the gold
sample to the lens results in the distance of electrons from the symmetry
axis of the lens:

rc = so tan(αo). (5.8)

Inside the Gaussian image plane an image of a point will be stretched
to a dot due to spherical aberration. Outside the image plane, the effect of
spherical aberration yield simular effects as the aberration distortion (sec-
tion 5.1.1) has inside the image plane. It can be seen in figure 5.3 that a
rectangular grid is deformed in a ’barrel-like distortion’ before the focus and
a ’pincushion-like distortion’ after the focus. For the rf-cavity the spheri-
cal aberration coefficient could have an opposite sign for which the beam
focused by the cavity should have a pincushion-like distortion before and a
barrel-like distortion after the focus.

5.3 Measurement of the Diffraction Pattern

Using the method of Bragg diffraction an image of a diffraction pattern is
made. In figure 5.4 it can be seen that indeed for different focal lengths of
the solenoid the barrel-like and pincushion-like distortions appear. Accord-
ing to the theory the distances between the center spot of the diffraction
pattern, which is aligned as close to the z-axis as possible, and the higher
order diffraction spots should give the spherical aberration coefficient. The
analyzed diffraction image is shown in figure 5.5. The distance between the
spots and the center peak is plotted and fitted, using equations 5.6 and 5.7,
in figure 5.6. From the fit it is found that Cs = 38.2m. The aberration
coefficient should have a value within an order of magnitude equal to the
focal length, and thus is a lot higher then expected [29]. In order to see if
this measurement is correct the same procedure has been followed in GPT.
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f

Barrel-like distortion Pincushion-like distortion

Figure 5.3 The effects of spherical aberration of an image of a grid which is focused
using a solenoid lens shows a so-called barrel-like distortion before the focus of the
beam and the pincushion-like distortion after the focus.

Since a diffraction pattern can not be made using GPT, a point source is
simulated from which the electrons escape at the Bragg angles. A solenoid
is placed at the same position as in the experiment, so that the GPT result
should match the experiment. The result of the diffraction pattern in GPT
is given by the blue dots in figure 5.5. Here it can be seen that the first order
peaks seem to be mostly correct for the (100) diffraction peaks. But for the
(110) peaks less aberration seems to be visible for the simulated pattern.
The same analysis has been performed on the simulation data, as shown
by the black line in figure 5.6. From this it is found that the aberration
coeficient according to the simulation is 0.46m; a huge difference with the
measured data. The difference mostly seems to come from the misalignment
of the solenoid, external distortions of the magnetic field and due to distor-
tion (section 5.1.1). This can be seen by closely looking at the symmetry of
the diffraction pattern. This also results in the more obvious pincushion-like
distortions of the higher order peaks of the measured data compared to the
simulation.
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(a) (b) (c)

Figure 5.4 The measurement of the diffraction pattern show the barrel-like dis-
tortion (a) before the focus (b) and a pincushion-like distortion (c) after the focus.

Table 5.2 The fit results for the measurement and the GPT simulation are very
similar except for the spherical aberration coefficient. The theoretical focal length
of the solenoid is 0.09m (at 4A) and is thus similar to the fit result in both cases.

Measurement GPT simulation

so (m) 0.138 0.138
si (m) 0.67 0.66
f (m) 0.08 0.08

Cs (m) 38.15 0.46

5.4 Time Dependent Focusing

If the solenoid lens is well aligned GPT simulation show that the aberration
effects are limited; the distance between different orders of the diffraction
peaks increases almost linear. But even for very small aberrations, it be-
comes important to correct these once the desired resolution reaches the
sub-nm level. Figure 5.7 shows that when the TM010 cavity is used to focus
a diffraction pattern, the distortions are exactly opposite to the distortions
of a solenoid. This result indicates that the rf-cavity can indeed be used to
counteract the aberrations of the solenoid.

By simulating a diffraction pattern which is focused using one solenoid
lens (figure 5.8a) a distorted pattern is found, as can be seen in figure 5.9. To
create this distortion, the current through the solenoid is set at I = 5A. This
current is maintained in the remainder of the simulations to see if the effect
of spherical aberration can be reduced. Figure 5.9 also shows the diffraction
pattern for a simulation where a second solenoid is placed 60mm behind the
first solenoid, as in figure 5.8b. This diffraction pattern, given by the green
dots, is magnified and seems to have lost the pincushion-like distortion. The
same effect seems to occur when the second solenoid is replaced by an rf-
cavity, shown by the red dots in figure 5.8b. However, as we have seen, the
distortions are rather small so that they may not be completely visible at
this ’large’ scale. If we look at the distance between the different diffraction
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Figure 5.5 The measured diffraction pattern (grey dots) shows a pincushion-like
distortion. This effect is less visible in a GPT simulation of the setup given by
the blue dots. Note that in the individual diffraction peaks the TEM grid, which
supports the gold foil, is still visible.
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Figure 5.6 Fit of the distances between the diffraction peaks both the the measured
data points (red) and the GPT results (black).
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Figure 5.7 A simulation of a diffraction image being focused with a TM010 cavity
shows a pincushion-like distortion (a) before focus (b) and a barrel-like distortion
after focus (c). This is opposite to the distortions of the solenoid lens (figure
5.4) indicating that the cavity might be used to counteract the distortions of the
solenoid.
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Solenoid 1 Detector 

130mm 170mm 
(a) As a reference the diffraction pattern is focused using only one solenoid lens to deter-
mine spherical aberration.

Solenoid 1 Detector 

130mm 110mm 

Solenoid 2 
Or rf-cavity 

60mm 
(b) To see if the distortion of the solenoid indeed increases using a second solenoid or if
they can be reduced using a rf-cavity a second focusing element is placed in the setup.

Figure 5.8 Schematic view of the setup used to simulate the effect of spherical
aberration.
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peaks versus the Bragg angles (as is plotted in figure figure 5.10), there also
seems to be only a very minute difference between the combination of two
solenoids and the solenoid plus the rf-cavity. However, if equation 5.5 is
used to fit the simulation data it is found that there is indeed a difference
in the spherical aberration coefficient. For the single solenoid Cs = 0.137,
if the second solenoid is added to the setup the coefficient increases, as
expected, to Cs = 0.141. If instead of the second solenoid a TM010 cavity
is placed after the first solenoid the coefficient decreases to Cs = −0.053, as
can be seen in table 5.3. For this result the E-field inside the cavity is set
to 140kV/m and the phase of the field when the bunch is at the center is
π/4, for the maximum decrease at the chosen field strength. The difference
between the two situations can be seen clearly when the 3rd oder term of
the fit (equation 5.6) is divided by the distances for an ideal lens, which is
approximated by the 1st order term of the fit, this ratio is plotted in figure
5.11.

Increasing the field strength inside the cavity to 1MV/m leads to an
even lower aberration coeficient. From the fit of the graph in figure 5.12,
it is found that Cs = −4.80mm for the setup where the solenoid is used in
combination with the rf-cavity. If a similar magnification is achieved with a
second solenoid the coefficient increases to Cs = 0.177m. These results are
also given in tabel 5.3.

The simulations are performed using one electron departing at each
Bragg angle (up to third order) at the same time, so that there will only
be a very small difference in arrival time. This can not be realised in a real
experiment since the bunch that hits the sample will have an certain length
and the electrons deflected by the sample will therefore not all arrive at the
cavity at the same time. The influence between the arrival time of the bunch
and the phase of the rf-field on the aberration coefficient will therefore have
a large influence on the succes of the aberration correction. Figure 5.14
shows Cs versus the phase of the rf-field when the bunch is at the center of
the cavity. This clearly shows a large jump around φ0 = 0, going from a
positive to a negative aberration coefficient. But from then on the aberra-
tion coefficient is further reduced over a period of one π. This indicates that
also for bunches with a larger length the rf-cavity can, in principle, be used
to decrease the spherical aberration coefficient. However, the experiment
using a solenoid lens only to determine the spherical aberration coefficient
shows that it is very difficult to align the solenoid such that the lab results
match the simulation results. If a second focusing element is placed behind
that, both the solenoid and the rf-cavity will have to be very well aligned.
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Figure 5.9 Focusing a diffraction pattern using a single solenoid results in a pattern
with spherical aberrations (blue dots). If after this solenoid a second solenoid
(green) or a rf-cavity (red) is placed the pattern is more amplified but in both cases
the distortion seems to decrease.

Table 5.3 Fit results of the fits from figure 5.10, clearly show a decrease of the
spherical aberration coefficient if the rf-cavity is placed behind a solenoid lens.

Single solenoid Two solenoids Solenoid and rf-cavity

I2 = I2 = E = E =
I1 =5A 0.12A 1.4A 140kV/m 1MV/m

s0 (m) 0.138 0.138 0.138 0.138 0.135
si (m) 0.664 0.670 0.669 0.670 0.669
f (m) 0.114 0.113 0.103 0.113 0.102
Cs (m) 0.137 0.141 0.177 -0.053 -0.005

68



5.4 Time Dependent Focusing

-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020

-0.00015

-0.00010

-0.00005

0.00000

0.00005

0.00010

0.00015
 Single solenoid lens

 2 Solenoid lenses

 Solenoid lens + rf-cavity 

 Fit single solenoid lens

 Fit 2 solenoid lenses

 Fit solenoid and rf-cavity

r s
 (

m
)

α (rad)

Figure 5.10 A fit of the distance between the diffraction peaks versus the focal
length is used to determine the spherical aberration coefficient.
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Figure 5.11 The difference in spherical aberration between a setup using 2 solenoid
lenses (red) and a solenoid plus a rf-cavity (black) is clearly visable when the 3rd

order term of the equation used to fit the data is divided by the 1st order term.
(The 1st order term is an approximation for the solution of an ideal lens.)
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Figure 5.12 Increasing the rf-field strength inside the cavity leads to a larger
amplification, compared to figure 5.10, but also shows an even lower aberration
coefficient. From the fit it is found that Cs = −4.80mm for the solenoid in combi-
nation with the rf-cavity and Cs = 0.177m for the 2 solenoids.
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Figure 5.13 Also for a larger field strength the difference in spherical aberration
between a setup using 2 solenoid lenses (red) and a solenoid plus a rf-cavity (black)
is clearly visable when the 3rd order term of equation 5.6 is divided by the 1st order
term.
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Figure 5.14 The aberraction coefficient versus the phase difference between the
electron bunch and the rf-field (E=140kV/m) shows the dependence of the aberra-
tion coefficient on arrival time an thus bunch length.
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Chapter 6

Conclusions and Outlook

In this project several methods to determine the quality of an electron bunch
and a method to preserve this quality have been studied. The experiments
have partially been performed on the Ultrafast Electron Diffraction setup
and partially on the Scanning Electron Microscope setup. The quality of an
electron bunch or beam is usually expressed as the coherence length or as
the emittance of the bunch. In this thesis the emittance is determined using
three different methods: a waist scan, the diffraction peaks and a pepper-pot
measurement.

With a waist scan, the spot size of the bunch is recorded as a function
of the current through a electron lens. Changing the focal length of the lens
replaces the position of the waist of the bunch resulting in a changing spot
size. The emittance is than determined by fitting the bunch size using an
analytical model.

A measure of the emittance can also be found by looking at diffraction
peaks. If a collimated bunch hits a sample the rms spot size of the formed
diffraction peaks is the same as the rms angular spread of the bunch. The
angular spread in combination with the spot size on the sample give a mea-
sure for the emittance.

A third method to determine the rms angular spread is by creating a
shadow pattern. If the angular spread is very low the transition between
shadow and signal will be very sharp, if the angular spread is large the edge
will be blurred. The ’measure of blurring’ is determined by the angular
spread. By fitting the intensity profile of the shadow the angular spread can
be determined, which is used to determine the emittance.

The focusing elements used in the setups to focus the bunch will, just as
any optical lens, cause a distortion of the signal due to aberrations. If the
position of the measured data has to be determined very accurately these
aberrations have to be reduced. The spherical aberration has the highest
contribution and is thus the most interesting to suppress.
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6.1 Conclusions

UED setup

The goal of the Ultrafast Electron Diffraction (UED) setup is to obtain a
diffraction pattern of a sample in a single shot. This requires a high quality
electron bunch with a large coherence length and a high charge. As discussed
in section 4.1.1 the coherence length should be over 3nm for the study of
typical proteins. For the study of superconductors a lower coherence length
should be sufficient since the lattice spacing of superconductors is typically
less than 1nm [32]. If a diffraction pattern must be created in a single shot
the charge of the bunch should be ≥ 0.1pC.

• From a charge measurement we have seen that charges higher than
0.3pC per bunch can be be realized on the UED setup. This would
thus be more than sufficient to create single shot diffraction patterns.

• Electrons for the UED setup are created via photoemission and have
a nonzero effective electron temperature. This results in a nonzero
angular spread of the electrons described by the thermal emittance.
The thermal emittance can be determined using the virutal cathode
as a measure for the bunch size. By measuring the spot size the initial
emittance is found to be between: εx,n = 14.5−21.4nm·rad and εy,n =
17.8 − 29.7nm·rad. The difference between the two directions is due
to the difference in rms spot size of the laser pulse on the cathode.

• The emittance is a conserved quantity but changes irreversibly if non-
linear forces are applied to the bunch. By performing a waist scan the
emittance is determined on different positions in the setup. These mea-
surements resulted in an emittance of εx,n = 17.9nm·rad and εy,n =
22.2nm·rad using the current through the first solenoid in the setup
as a scan parameter. And εx,n = 19.2nm·rad and εy,n = 23.1nm·rad
changing the current through the second solenoid in the setup. Con-
sidering the errors due to fitting and due to charge fluctuations of the
electron bunches this is comparable to the initial emittance. Also the
influence of the MCP, which is used to amplify the signal of the elec-
tron bunch might have an influence on the measured rms spot size. To
avoid space charge effects these results are optained from a measure-
ment on a bunch with a very low charge. For single shot experiments
the charge will have to be higher and therefore space charge effects
will play a more dominant role. In the regime where these effects play
an important role a waist scan can not provide the correct emittance
anymore.

• As a second method the diffraction pattern of a mono-crystalline gold
sample is studied. The diffraction peaks created using a sample of
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mono-crystalline gold have been fitted with an 2D Gaussian profile.
The determined emittance varied between 17−25nm·rad, which, again,
is in agreement with the other measurements.

With these emittance values and the minimum spot size the bunch can
be focused to (σx,min = 0.22mm and σy,min = 0.26mm), the minimum
coherence length can be determined: L⊥,x = 4.5nm and L⊥,y = 4.3nm.
This is thus well above the required ≥ 1nm needed for the desired diffraction
patterns. However these measurements have been performed using bunches
of very little charge (5fC) and thus would not be sufficient to create single
shot diffraction patterns.

SEM setup

Furthermore the emittance is also measured for the Scanning Electron Mi-
croscope (SEM) setup. In the SEM setup an electron microscope is used
as the electron source. The electron bunch travels through a streak cavity
which gives the bunch a sinusoidal oscillation. If a slit is placed after the
cavity, a pulsed electron train is created after the slit. By optimizing the
oscillation frequency and slit dimensions a one electron bunch can be created
this way. However the measurements presented in this thesis are done using
a continuous beam.

• In the SEM setup a waist scan is performed using a quadrupole mag-
netic lens to create a focus. A fit of the rms bunch size versus the
focal length resulted in an emittance of εn = 6.5nm·rad. To determine
the rms spot size of the bunch a 2D Gaussian fit profile is used. The
actual intensity profile of the bunch created on the SEM is actually
more top-hat shaped. This would suggest that the actual spot size
is smaller than the spot size determined with the Gaussian fit. The
determined emittance is thus an (easy to determine) upper bound of
the actual emittance.

• The transverse angular spread of the bunch is determined by perform-
ing a pepper-pot measurement. A fit of the shadow of a TEM-grid
with a error function results in an angular spread of 0.034mrad. This
can be translated to an emittance of εn = 3.4nm·rad.

• From the results of the pepper-pot measurement it became clear that
there is a large difference in the detector type used to measure the elec-
tron bunch. The 3.4nm·rad is determined using only a phosphor screen
to visualize the electrons. To amplify the signal of a less dense bunch
an MCP (Microchannel Plate) in combination with a phosphor screen
is a commonly used detector. A similar pepper-pot measurement per-
formed using an MCP resulted in an emittance of εn = 14.5nm·rad. A
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possible explanation for the more than tripling of the emittance might
be that the electrons that travel out of the channels of the MCP form a
’fountain’ of electrons with a relatively large angular spread resulting
in a less sharp image on the phosphor screen.

The SEM setup is also used to measure the influence of spherical aberration
and the possible reduction of the aberration using an rf-cavity.

• By focusing the diffraction pattern of a mono-crystalline gold foil the
spherical aberrations can be visualized. A measurement of this seems
to shows this very clearly. Analysis of this measurement shows a spher-
ical aberration coefficient (Cs) of 35.8m. A simulation of the same
experiment does not show the aberrations that well and only result in
Cs = 0.46m. The expected value of Cs is within an order of magnitude
of the focal length of the solenoid used which is approximately 0.08m.
It has proven to be very difficult to perform an accurate measurement,
since there is a large uncertainty in the measured aberration coefficient
due to misalignment of the setup.

• By simulating a setup using the TM010 cavity to focus an electron
beam after it has been focused using a solenoid the spherical aberration
coefficient can be reduced. However, as was seen in the lab experiment
using only a solenoid, the main distortions of the diffraction pattern
arise from misalignment. If two focusing elements are used to reduce
the effect of aberrations, both these elements have to be very well
aligned to end up with less, overall, spherical aberration.

6.2 Outlook

It has been observed that in the results on the SEM setup that results
obtained using a Multichannel Plate (MCP) in combination with a phos-
phor screen are very different from the measurements using only a phosphor
screen. Since the MCPs are commonly used in the lab to amplify the bunch
signal it would be very useful to have a closer look into the effects of the
MCP on the measured bunch.

UED setup

In order to obtain a stable signal and reliable images charge calibration and
normalization of the signal to the charge in the bunch would be necessary.
Due to the fluctuations in laser intensity, UV power fluctuates with ±20%,
there is a lot of difference between single spots (figure 6.1). Without nor-
malisation to charge of some sort or stabilisation of the laser intensity it is
very difficult to obtain clear information from diffraction patterns or other
detailed profiles.
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Figure 6.1 Three images from three consecutive bunches on the UED setup shows
the difference between the intensity profile of the bunches.

A pepper-pot measurement for the UED could possibly provide an an-
swer to the question if the coherence length of a compressed and highly
charged bunch on the UED setup is large enough to provide clear diffraction
patterns of complex materials. And thus if it can be used to actually ’make
a molecular movie’.

SEM setup

The aberrations of a solenoid lens have been measured on the SEM setup
and simulations have shown that the TM010 cavity can be used to counteract
those aberrations. Although alignment of the setup is very difficult it can be
very useful to measure the aberration effects of the cavity. Since it has been
shown in simulations that it is possible by using a TM010 cavity to reduce
the spherical aberration coefficient of a lens system, it would be usefull to
also verify this in an experiment. The new lens system could be usefull to
improve the resolution of future electron microscopes.
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