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1

Introduction

1.1 Electrons and X-rays

Investigating the structure of matter has been at the heart of science for centuries. The

spatial resolution of conventional optical microscopes is ultimately limited by diffraction

to approximately 0.2 µm. Electrons and X-rays have much smaller wavelengths which

allowed the resolution to be increased by many orders of magnitude. Probing atomic

structure of matter with atomic resolution became possible with the development of

the electron microscope and, later, synchrotron light sources. X-rays and electrons offer

complementary information. However, up to the nineties these techniques could only

be used to investigate static structures since the minimal exposure times were on the

order of milliseconds.

1.2 Structural dynamics

Until recently not much was known experimentally about the dynamics [1] at atomic

length scales of fundamental processes such as phase transitions, chemical reactions and

conformational changes. In the past 1-2 decades [1–3] however, various instruments

and techniques have been developed that enable the investigation of the dynamics of

structural changes with both atomic spatial and temporal resolution, i.e. ≤ 1 nm and

≤ 1 ps: ultrafast electron microscopy [1, 4–6] (UEM), ultrafast electron diffraction [7–10]

(UED) and ultrafast X-ray diffraction (UXD) [11–13] at X-ray free electron laser (XFEL)
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Chapter 1.

facilities. Dynamic transmission electron microscopy (DTEM) [14, 15] offers single-shot

electron microscopy with 10 ns temporal resolution and 10 nm spatial resolution.

These techniques have proven to be very successful. A fascinating example is the

use of UEM to image the evolution in real time of photo-excited phonons [16]. UED

has been used to investigate the dynamics of phase transitions [17], electronic state

changes [18] and the melting of solids [19]. XFELs excel in beam coherence which has

led to femtosecond X-ray crystallography of protein nanocrystals [11].

1.3 Pulsed electron sources

The applicability of these techniques heavily relies on the quality of the electron or X-

ray beam that is used. The high intensity X-ray beams produced at XFEL facilities are

generated by injecting ultra-relativistic electron beams into an undulator. Consequently,

the quality of the X-ray beam is also determined by the quality of the electron beam.

Therefore, ultrafast electron sources lie at the heart of the study of ultrafast structural

dynamics.

The most critical beam parameters are the beam coherence and the number of elec-

trons per pulse. The electron beam coherence can be expressed in terms of a dimension-

less parameter C, which is the ratio of the coherence length Lc and the root-mean-square

(rms) beam radius σ: C = Lc/σ. A more well-known figure of merit used in the field of

accelerator physics is the normalised beam emittance εn. The beam coherence is related

to the normalised beam emittance according to εn = λc/C with λc ≡ ~
mc = 0.39 pm the

reduced Compton wavelength where ~ is Dirac’s constant, m the electron mass and c

the speed of light. The normalised beam emittance is a Lorentz invariant quantity that

determines the focusability of a particle beam at a given energy. A beam emittance as

small as possible is desired since this results in a high beam coherence allowing exciting

new applications such as the investigation of complicated macromolecular structures

using UED.

Pulsed ultrafast electron sources can be subdivided into two categories:

flat cathode sources, in which ultrafast electron pulses are created by femtosecond

photoemission and accelerated by either radiofrequency (RF) electric fields (RF photo-

guns), or by static electric fields (DC photoguns). RF photoguns were initially developed

as injectors for XFELs. At some point it was realised that the RF photogun electron

beam could be used directly for time resolved electron diffraction [7]. The high charge

per pulse enables single-shot UED and thus a reliable and less costly alternative to UXD.

However, the beam coherence of both RF and DC photoguns (typically C ≈ 10−5) is

insufficient for studying complicated structures, in contrast to X-ray beams created at

XFEL facilities that are almost fully coherent (C ≈ 1).

sharp-tipped sources: High coherence (low emittance) is usually associated with

sharp-tipped electron microscopy sources. Here electrons are extracted from a very

2
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small area which results in ultra low emittance beams, allowing for imaging on the

atomic scale. Just over a decade ago Zewail [1, 4, 5, 20] at Caltech introduced femto-

second photoemission from the cathodes of commercially available microscopes, thus

opening the field of UEM. In a recent development [21] sub-picosecond pulses with

εn = 1.9 pm · rad (C ≈ 0.1) were achieved by sideways femtosecond photoemission from

a sharp tip, on a par with state-of-the-art continuous electron microscopy sources.

In principle every electron gun can be turned into a pulsed electron source by chop-

ping [22–24] a DC electron beam. This has the advantage of allowing the use of ro-

bust, state-of-the-art high-brightness continuous sources which are readily available. A

technique recently developed [25, 26] at Eindhoven University of Technology involves

blanking the electron beam using a RF cavity operated in the TM110-mode. This mode

supports an on-axis magnetic field perpendicular to the beam axis which periodically

sweeps the beam across a slit. It has been shown that a DC electron beam can be

chopped without affecting [25–27] the transverse beam quality and the energy spread of

a beam from a field emission gun in a commercially available microscope.

Unfortunately however, in UEM every pulse contains on average significantly less

than one electron. A high resolution picture requires ∼ 107 electrons and thus an

acquisition time per frame ranging from minutes to hours. More than one electron per

pulse extracted from a nanoscale tip would lead to strong Coulomb effects in the initial

stages of acceleration, which would spoil the electron beam emittance, hence losing the

atomic resolution. This limits UEM to studying fully reversible dynamical processes

which have a shorter relaxation time than the time between two pulses.

It is clear that the two types of ultrafast electron sources find use in completely

different applications. Low coherence many-electron pulses (RF and DC guns) or high

coherence single-electron pulses (sharp tip emitters).

Figure 1.1 compares the various sources based on the electrons per pulse (Q/e) and

the beam emittance εn (beam coherence C). The sharp tip sources [21, 28] have a beam

coherence approaching unity but lack bunch charge while cathode sources [10, 29–33]

have sufficient bunch charge but lack coherence. The holy grail is a fully coherent

electron beam that carries enough charge for single shot UED (Q/e ≈ 106) or even

single shot UEM (Q/e ≈ 107).

The lowest emittance reported for the sharp tip sources is 1.9 pm · rad with Q/e ≈
0.024 at 250 kHz at a beam energy of 200 keV [21]. The lowest emittance for RF guns

is 3.1 nm · rad with Q/e ≈ 9300 which is achieved by aperturing the beam extracted

from a RF photogun operated at 180 Hz at a beam energy U = 4.2 MeV.

The figure shows that all electron sources approximately lie on a single curve (solid

black curve in Fig 1.1). This curve gives the maximum charge per bunch which can be

extracted from a flat cathode for a given source emittance εn, source temperature T and

extraction field Facc. Femtosecond photoemission from a flat cathode surface creates an

image charge field Fimg = Q/(2πε0σ
2
s) where σs is the root-mean-square (rms) transverse

3
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Figure 1.1: Comparison of various ultrafast electron sources based on the trans-

verse beam emittance εn (beam coherence C) and the amount of electrons per pulse

Q/e. Circles: sharp tip sources [21, 28], square: DC photogun [29], triangle: RF

photoguns [10, 30–33]

source size and ε0 the vacuum permittivity. The extraction field should be at least an

order of magnitude larger than the image charge field [34], Facc ≥ 10·Fimg to avoid pulse

stretching and coherence losses. The number of electrons per pulse Q/e is then limited

to Q/e ≤ 2πε0mc
2

e ε2nFacc/(10 · kT ). Photoemission sources are generally characterised

by kT ≈ 0.5 eV, i.e. a source temperature T ≈ 5000 K. Together with an extraction

field strength Facc = 25 MV/m this results in the black curve in Fig. 1.1.

The only way forward for a given source temperature is to increase the extraction

field Facc, which is the general strategy of the RF photogun approach. An alternative

approach is to decrease the electron source temperature T , which is the driving force

behind the development of cold cathode sources [35]. In the search for high charge and

low source temperatures a new electron source was proposed: The ultracold electron

source [36, 37] (UCES), which is characterised by kT . 1 meV, a source temperature

of T . 10 K.
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1.4 The ultracold electron source

The UCES is based on near-threshold photoionisation of a laser-cooled atomic gas in

a magneto-optical trap (MOT). The electron temperature of the resulting ultracold

plasma can be as low as a few kelvin, leading to source temperatures 2 − 3 orders of

magnitude lower [38–41] than the above mentioned conventional electron sources. As a

result the UCES allows the extraction of electrons from a relatively large area with a

beam coherence which can only be obtained from conventional electron sources with a

much smaller area. This reduces Coulomb effects at the source significantly, allowing

high-charge, pulsed operation with unprecedented beam coherence.

Additionally, due to the spatial extent of the laser cooled gas, the electron bunch can

be created in a 3D volume. This is in stark contrast to flat cathode guns, where electrons

are extracted from a flat 2D surface. This is schematically illustrated in Fig. 1.2. The

top plot shows an electron bunch with radius rs that is extracted from a flat cathode

surface. The bottom plot shows an electron bunch of length ls and a radius rs created

by ionising a laser cooled gas. In the latter case aspect ratios as large as ls/rs ≈ 103

can be realised, i.e. a “cigar-like” electron bunch. This allows us to simultaneously have

a high bunch charge and a large beam coherence due to the much smaller transverse

size. Interestingly, electrons in the back of the bunch will acquire more kinetic energy

and will therefore overtake the slower electrons in the front of the bunch. This results

in a self compression point just after the accelerator exit, as is illustrated in Fig 1.2.

Moreover, the UCES offers the intriguing possibility to shape [42, 43] the initial electron

distribution in 3D.

Figure 1.3 compares the UCES to the conventional ultrafast electron sources. We

have achieved a normalised transverse beam emittance εn ≈ 1 nm · rad with pulses

containing a charge, Q/e = 103 at a repetition rate of 1 kHz. The maximum achievable

bunch charge is limited by the size of the ionisation volume in combination with the

maximum atom density nmot = 1018 m−3 [44]. The figure shows the bunch charge Q/e

that can in principle be achieved for a given beam coherence, assuming ls = 1 mm and

rs ranges from rs = 1 µm to 150 µm, for source temperatures of T = 1 K and T = 10 K.

The challenge is to maintain the low transverse beam emittance while increasing

the bunch charge and therefore to manage the space charge forces that cause coherence

losses [45]. This should in principle be easier due to the 3D extended nature of the source,

since the initial electron density is significantly lower than in flat cathode sources. Note

that disorder induced heating [46] will increase the source temperature to maximally

T ≈ 25 K when approaching electron densities of 1018 m−3. This is therefore not

limiting.

The UCES is presented here as an ultrafast electron source but up to now few-10

ps electron bunches have not been measured. Additionally, increasing the length ls of

the electron bunches will inevitably result in large energy spreads that will limit the
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2rs

2rs

ls

z

r

Figure 1.2: Schematic illustration of a flat cathode source (top) and an ultracold

electron source (bottom). In a flat cathode source electrons are created from a 2D

area with radius rs. In the ultracold electron source electrons are created in 3D

with a transverse radius rs and over a length ls. Electrons in the back of the bunch

will acquire more kinetic energy and will therefore overtake the slower electrons

in the front of the bunch. This results in a self compression point just after the

accelerator exit.
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Figure 1.3: Comparison of various ultrafast electron sources based on the trans-

verse beam emittance εn (beam coherence C) and the amount of electrons per

pulse Q/e. The grey areas show the bunch charge Q/e that can in principle be

achieved with the UCES for a given beam coherence, assuming ls = 1 mm and

rs ranges from rs = 1 µm to 150 µm, for source temperatures of T = 1 K and

T = 10 K. Circles: sharp tip sources [21, 28], square: DC photogun [29], triangle:

RF photoguns [10, 30–33]

minimally achievable pulse length. Regarding the UCES as an ultrafast electron source

can be justified only after the pulse length and the energy spread have been properly

measured, hence after having characterised the longitudinal phase space distribution.

1.5 Scope of this thesis

In this work the next steps are taken towards actual application of the UCES. The

transverse beam quality is essential for all applications, and is what sets the UCES apart

from the other sources. In previous work by our group [39, 40] and by the Scholten group

7
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at the University of Melbourne [41], the transverse phase space characteristics of the

ultra cold electron source were investigated experimentally, both with nanosecond and

femtosecond photoionisation. The pulse length and thus the longitudinal beam quality

is equally important for applications that require ultrafast pulses. In this work we have

therefore carefully investigated the longitudinal phase space distribution.

The use of the UCES is still limited because of the required cold-atom laser-cooling

techniques. We have designed and commissioned a turn-key compact ultracold electron

source which makes the technique more widely accessible and increases its applicability.

The electron beam energy is currently limited to 10 keV. Most applications require

larger beam energies in combination with either short pulses or low energy spreads.

Further acceleration and longitudinal beam manipulation are therefore highly desirable

as well: In this work we show how this can be achieved using RF accelerator techniques.

This thesis is organised as follows: In Chapter 2 we discuss how a 3 GHz microwave

deflection cavity operated in TM110 mode was used to show for the first time that ul-

tracold, few-10 ps pulses can be generated. In this experiment the pulse length was

measured far from the source, where it is mainly determined by the correlated energy

spread gained in the acceleration process. This was confirmed by an independent en-

ergy spread measurement using a Wien filter, as described in Chapter 3. Close to the

source much shorter pulses are expected. An experiment to measure the pulse length

by ponderomotive scattering in the self compression point close to the source is under-

way and is described in Chapter 5. This will allow us to determine the longitudinal

beam emittance and thus the ultimate limits of temporal bunch length or, alternatively,

energy spread. Very recently, preliminary first results were obtained, showing that the

bunch length in the self-compression point is less than 4 ps.

In Chapter 4 we present a novel, compact and turn-key UCES based on a grating

MOT. This source has many advantages over the conventional UCES. The design re-

quires only one trapping laser beam instead of the three pairs of beams necessary to

create a conventional MOT. The system does not require much alignment since it is fiber

optics based. The compact and modular design provides easy optical accessibility and

the possibility to mount it on any electron beam line, e.g. a TEM column. This makes

the technique more widely accessible and increases its applicability. We have charac-

terised the grating MOT and demonstrated that we can reach similar atom densities as

in conventional MOTs. We show that the grating MOT can be operated with a hole

in the centre of the grating with large electric fields applied across the trapping region,

which is required for extracting the electron bunches. The electron beam extracted from

the grating MOT was characterised and its parameters found to be in agreement with

earlier work on the UCES.

For femtosecond pump probe experiments picosecond electron pulses generated with

the UCES can be compressed to below 100 fs using well established microwave bunch

compression techniques involving a microwave cavity operated in TM010 mode, as is

8
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described in Chapter 6. A 3 GHz TM010 mode cavity is presently being implemented

in the UCES beamline and the first experiments aiming at microwave acceleration and

compression of ultracold electron bunches are underway. The temporal resolution in

pump probe experiments is not only limited by the electron pulse length but also by

microwave phase jitter which translates into arrival time jitter of a few 100 fs of the

compressed electron pulses. In Chapter 7 we show theoretically and by detailed charged

particle simulations that the temporal resolution can be made independent of microwave

phase jitter by using either two or three TM010 cavities in succession. This brings

ultracold operation with sub-100 fs temporal resolution within reach.

Finally, in Chapter 8-10 possible applications of the UCES are discussed. The UCES

is an interesting candidate for single-shot ultrafast electron crystallography of protein

crystals (Chapter 8), ultrafast electron microscopy (Chapter 9) and electron-beam-based

coherent soft X-ray generation (Chapter 10).
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2

Electron bunch pulse length 1

Abstract. We present measurements of the pulse length of ultracold electron bunches

generated by near-threshold two-photon photoionisation of a laser-cooled gas. The

pulse length has been measured using a resonant 3 GHz deflecting cavity in TM110

mode. We have measured the pulse length in three ionisation regimes. The first is

direct two-photon photoionisation using only a 480 nm femtosecond laser pulse, which

results in short (∼ 15 ps) but hot (∼ 104 K) electron bunches. The second regime

is just-above-threshold femtosecond photoionisation employing the combination of a

continuous-wave 780 nm excitation laser and a tunable 480 nm femtosecond ionisa-

tion laser which results in both ultracold (∼ 10 K) and ultrashort (∼ 25 ps) electron

bunches. These pulses typically contain ∼ 103 electrons and have an root-mean-

squared normalised transverse beam emittance of 1.5 ± 0.1 nm·rad. The measured

pulse lengths are limited by the energy spread associated with the longitudinal size of

the ionisation volume, as expected. The third regime is just-below-threshold ionisa-

tion which produces Rydberg states which slowly ionise on microsecond time scales.

1The work described in this Chapter is published by J.G.H. Franssen, T.L.I. Frankort, E.J.D. Vre-

denbregt and O.J. Luiten in Struct. Dyn. 4, 044010 (2017).
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2.1 Introduction

Ultrafast electron diffraction has developed into a powerful technique for studying struc-

tural dynamics [1–4]. Pumping samples with femtosecond laser pulses and probing them

with high energy electron bunches can easily lead to sample damage, which is particu-

larly true for biological molecules [5]. This means that diffraction patterns preferably

have to be captured with a single electron bunch: single-shot electron diffraction. This

requires electron bunches with 106 − 107 electrons [5, 6] per pulse which are prone

to space charge explosions, resulting in loss of temporal resolution and degradation of

transverse beam quality. The effect of space charge forces may be mitigated by using

an ultracold electron source since it allows for larger source sizes and thus lower bunch

densities for the same beam quality [7, 8].

To obtain high quality diffraction images the relative energy spread of the elec-

tron bunch needs to be much smaller than unity and the transverse coherence length

larger than the lattice spacing of the structure under investigation. Previous work

demonstrated that the ultracold electron source is capable of producing high quality

diffraction images [7, 9, 10], even with electron bunches created by femtosecond pho-

toionisation [7, 9]. The transverse beam quality of the ultracold electron source has

been investigated extensively previously [6, 9, 11]. However, the longitudinal electron

beam characteristics have not been investigated in great detail. Recently it was shown

that the ultracold electron source can be used to create ultracold electron bunches with

a pulse length of 130 ps [12]. In this chapter we present pulse length measurements

with sub-ps resolution of ultracold electron bunches with an rms pulse duration of 25 ps

containing ∼ 103 electrons per pulse. Up to ∼ 106 electrons can be extracted in a single

shot from the ultracold electron source [10] but then strong space charge effects come

into play. These space charge effects can be minimised by shaping the initial electron

distribution [13, 14]. In this chapter we stick to maximally ∼ 103 electrons per bunch,

avoiding the complication of space charge effects since the rms size of the ionisation

volume typically is 30 µm or larger.

For UED, the electron pulse length has to be shorter than the shortest timescale

associated with the process under investigation. This means that in many cases the

electron bunch length should preferably be much shorter than one picosecond. This

can be achieved by compressing longer electron pulses using a resonant RF cavity [15]

in TM010 mode, but for this to work the electron pulse should not be longer than a

few 10 ps [15] for a cavity operated at 3 GHz. In this chapter we will show that such

electron bunches can indeed be extracted from the ultracold electron source.

This chapter is organised as follows: In Section 2.2 we introduce the ultracold elec-

tron source and the relevant photoionisation schemes (Section 2.2.1) that were used.

In Section 2.2.2 and 2.2.3 we address the transverse electron beam quality (transverse

emittance) and the longitudinal beam quality (longitudinal emittance). In Section 2.2.4
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we discuss a model of the rubidium ionisation process allowing us to make an estimate

of the shortest electron pulse lengths that can be expected. In Section 2.3 the exper-

imental setup is described. Finally, in Section 2.4, the results will be presented. We

show that we can produce electron bunches which are both ultracold and ultrashort,

with rms pulse durations of ∼ 20 ps, short enough to be compressed to sub-ps bunch

lengths. In Section 2.5 we will finish with a conclusion and an outlook.

2.2 Ultracold electron source

Ultracold electron bunches are created by near-threshold photoionisation of laser-cooled

and trapped 85-rubidium atoms, as is illustrated in Fig. 2.1. First, Fig. 2.1a, rubidium

atoms are laser-cooled and trapped in a magneto-optical trap (MOT), with an atom

density ∼ 1016 m−3.

Second, Fig. 2.1b, the trapping laser is temporarily switched off 1 µs, so that the

atoms in the MOT relax back to the ground state. Then the 780 nm excitation laser

beam is switched on, creating a small cylinder of excited atoms in the 5P 3
2
F = 4 state

which has a rms radius σexc = 35 µm. Subsequently a small volume of rubidium atoms

is ionised by a femtosecond 480 nm ionisation laser beam, intersecting the excitation

laser beam at right angles, resulting in a cloud of cold electrons and ions typically less

than 100 µm in diameter. This all occurs in a static electric field [6, 11, 16], see Fig. 2.1c,

which immediately accelerates all charged particles created.

Figure 2.2 shows a schematic picture of the accelerator. The electrons are created

I
I

I
I

I
I

Rb+
e−

(a) (b) (c)

Figure 2.1: Schematic representation of the electron bunch production sequence.

(a) Laser-cooling and trapping of 85Rb in a MOT; indicated are six cooling laser

beams (red) and two magnetic field coils in anti-Helmholtz configuration. (b)

780 nm excitation laser and 480 nm ionisation laser intersecting at right angles,

creating an ionised gas. (c) Acceleration of the resulting electrons and ions in the

static electric field.
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in the centre of the accelerating structure [16] which has a potential 2Faccdacc applied

across the electrodes, with Facc the electric field strength and dacc = 13.5 mm the length

over which the electrons are accelerated. The rms size of the ionisation laser beam in

the direction of the acceleration field is given by σion. Electrons created in the back of

the ionisation volume will be accelerated over a longer distance and thus acquire more

energy than electrons created in the front. This results in a correlated momentum spread

2Faccdacc

2σexc
dacc 2dacc

2σ
io
n

48
0
n
m

780 nm 1
2 3 4

z

pz

1 - Ionization

z

pz

2 - Accelerator exit

z

pz

3 - Self focus

z

pz

4 - Stretching

Figure 2.2: Schematic representation of the acceleration of the ultra cold electron

bunch. The electrons are accelerated over a distance dacc and the ionisation laser

has a width σion. The excitation laser has a width σexc. The bottom figures show

the evolution of the longitudinal phase space distribution at various points in the

beamline. The electrons receive a correlated momentum spread upon exiting the

accelerator structure (2), which causes the electron beam to first self compress (3)

and then expand (4) as it drifts towards the detector.
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at the exit of the accelerator (Fig. 2.2-2). At a distance 2dacc behind the accelerator the

electrons created in the back catch up with the electrons created in the front, creating a

self focus (Fig. 2.2-3). After the self compression point the electron pulse stretches due

to the energy spread (Fig. 2.2-4).

In the absence of space charge forces, the initial longitudinal energy spread is dom-

inated by the width of the ionisation laser beam σion in the direction of the acceleration

field. The initial energy spread due to thermal motion is 1−10 meV for all three degrees

of freedom [2, 7, 11], which is at least an order of magnitude smaller than the energy

spread due to the finite ionisation laser beam size, typically 0.1 − 1 eV. The Boersch

effect [17] can be neglected because we avoid space charge effects by sticking to maxim-

ally 103 electrons per pulse. As a result, the rms relative energy spread σU

U is to a good

approximation directly proportional to the ionisation laser beam size,

σU
U

=
σion

dacc
, (2.1)

with U = eFaccdacc the average bunch energy. The spot size of the diffraction

limited ionisation laser beam focus at the position of the ionisation volume results in

σion ≈ 30 µm so the expected rms relative energy spread σU

U & 3 · 10−3.

Depending on the intensity and the central wavelength of the 480 nm femtosecond

laser ionisation may occur by different mechanisms. We may distinguish three different

ionisation schemes, schematically indicated in Fig. 2.3, which are described in more

detail below. In principle all three ionisation processes always occur but their relative

importance is determined by the intensity and central wavelength of the ionisation laser.

2.2.1 Ionisation schemes

The first ionisation regime is photoionisation of rubidium atoms from the ground state

(5S1/2) using two blue photons [18] (480 − 480), see Fig. 2.3a. This will result in hot

electrons (∼ 104 K) since they have a large excess energy (∼ 1 eV). The ionisation

probability of this non-linear process scales with the intensity of the ionisation laser

field squared [19], which therefore results in an ionisation volume that is smaller in

length by a factor 1/
√

2 than it would be by 780 − 480 nm photoionisation, described

below.

The second regime is near-threshold photoionisation using a red and a blue laser [20]

(780−480), which results in ultracold electron bunches suitable for high quality electron

diffraction. Atoms are excited from the ground state to the 5P3/2 state using a 1 µs

excitation pulse. In the mean time, an ultrafast blue laser ionises the excited atoms,

see Fig. 2.3b. In all (780− 480) measurements the intensity of the femtosecond ionisa-

tion laser has been decreased to minimise the contribution of two-photon (480 − 480)

ionisation. The ionisation probability per 480 nm photon of this process is at least an
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Figure 2.3: Ionisation schemes. (a) Photoionisation from the rubidium ground

state using two 480 nm photons. (b) Just-above-threshold photoionisation, using a

780 nm and a 480 nm photon. (c) Just-below-threshold photoionisation; Rydberg

states are created which slowly ionise. (d) Rubidium potential in a static electric

field, with EF the contribution to excess energy due to the stark shift and Eλ the

contribution to excess energy due to the ionisation laser wavelength.

order of magnitude larger than that in the direct photoionisation regime (480 − 480),

resulting in more electrons per pulse.

When the centre wavelength of the ionisation laser is tuned below the ionisation

threshold, slowly decaying Rydberg states are formed (780−480−Ry), the third regime.

Recently, more ionisation schemes were reported [12] which go beyond the scope of this

work. For a given ionisation laser wavelength λion and electric field strength Facc, the

excess energy [11] is given by:

Eexc = Eλ + EF ≡ hc
(

1

λion
− 1

λ0

)
+ 2Eh

√
Facc

F0
, (2.2)

where λ0 = 479.06 nm is the zero-field ionisation laser wavelength threshold, Eh =

27.2 eV the Hartree energy, F0 = 5.14 · 1011 V/m the atomic unit of electric field

strength, h Planck’s constant and c the speed of light.

The part of the femtosecond laser spectrum lying in the positive excess energy regime

will still be able to produce fast electron pulses, see Fig. 2.3b. The solid black curve

in Fig. 2.3d depicts the Stark-shifted Coulomb potential UCS = − e2

4πε0
1
r − eFaccz, with

ε0 the vacuum permittivity, Eλ the contribution to the excess energy due to the laser

wavelength with respect to the zero field ionisation threshold λ0 and EF the contribution

to the excess energy due to the Stark shift.

The tail below threshold will create highly excited Rydberg atoms that slowly ionise
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which is believed to be caused [21] by collisions with neutral atoms in the background

gas and by black body radiation [22]. We have scanned the centre wavelength of the

ionisation laser across the zero excess energy point (Eλ = −EF ) to investigate the

ionisation dynamics of the highly excited Rydberg atoms.

2.2.2 Transverse phase space

The transverse beam quality of an electron beam can be described by the normalised

rms transverse emittance [23]

ε̂x =
σxσpx
mc

= σx

√
kbTx
mc2

(2.3)

with σx the rms source size, m the electron mass, kb the Boltzmann constant and

σpx the rms momentum spread at the source, which can be expressed in terms of an

effective transverse source temperature Tx using σpx =
√
mkbTx. The beam quality of

the electrons extracted from the ultracold source has been investigated extensively in

previous work [6, 7, 9, 11]. Waist scan measurements [9, 11] resulted in a normalised

rms transverse beam emittance of ε̂x = 1.5 nm·rad. This is equivalent to a relative

transverse coherence length of C⊥ = L⊥
σx

= λc

ε̂x
= 2.5 · 10−4 with λc ≡ ~

mc the reduced

Compton wavelength, ~ Dirac’s constant and L⊥ the transverse coherence length.

We have repeated our previous measurements [6, 9, 11] with a higher resolution

0 0.2 0.4 0.6 0.8
0

1

2

3

Lens current (A)

σ
x
(m

m
)

Figure 2.4: The rms electron spot size σx as measured (circles) on the detector

for various magnetic lens currents. The curve is a fit with the beamline model

described in Ref. [6, 11].
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electron detector2 allowing for more accurate measurements. Figure 2.4 shows the spot

size as measured on the detector as a function of current running through a magnetic

solenoid lens. The solid black curve is a fit with our beamline model [6, 11] which

is used to determine the transverse beam emittance. These measurements result in a

rms transverse normalised emittance of ε̂x = 1.5 ± 0.1 nm·rad for λ = 490 nm and

Facc = 0.813 MV/m. Using the value of the independently measured source size σx =

35 µm [6], this emittance corresponds to an effective transverse source temperature

Tx = 10 K confirming our earlier results [6, 11].

2.2.3 Longitudinal phase space

The normalised longitudinal beam emittance of the ultracold electron source is, analog-

ous to the transverse beam emittance (see Eq. (2.3)), described by:

ε̂z =
σzσpz
mc

= σz

√
kbTz
mc2

(2.4)

with σz the rms size of the ionisation volume in the acceleration (ẑ) direction and

σpz the longitudinal rms momentum spread at the source, which can be expressed in

terms of an effective longitudinal temperature Tz using σpz =
√
mkbTz. In the most

favourable case Tx = 10 K, as measured, and Tz = 100 K determined by the bandwidth

(σλ = 4 nm) of the ionisation laser. This results in a normalised rms longitudinal

emittance of ε̂z = 4 nm·rad. The longitudinal beam emittance is better known as the

product of the rms pulse duration τw in a waist and the rms energy spread σU ,

ε̂z =
τwσU
mc

(2.5)

resulting in ε̂z ·mc = 7 ps·eV. The longitudinal beam emittance is an important para-

meter since it determines to what extent we can compress our electron pulse for a given

energy spread, see Eq. (2.5). Using Eqs. (2.4), (2.5), (2.1) and U = eFaccdacc we can

show that the rms pulse length in the longitudinal waist (see Fig. 2.2c) is given by

τw =

√
mkbTz
eFacc

(2.6)

with e the elementary charge. For Tz = 100 K and Facc = 0.813 MV/m we thus find

τw = 270 fs. Strictly speaking, Eq. (2.5) only holds when all electrons are created

instantaneously. If the electrons are created over a time span τion, the longitudinal

beam emittance becomes

ε̂z =
σU
mc

√
τ2
w + τ2

ion. (2.7)
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This equation shows that the longitudinal beam emittance is influenced by the duration

of the ionisation process τion, which will be treated in the next section. Generally, the

pulse length of the freely propagating bunch is determined by four processes: first the

duration of the ionisation laser pulse τl; second the time τion it takes an electron to

escape the rubidium potential; third, electron pulse lengthening due to the beam energy

spread σU , as illustrated in Fig. 2.2; fourth, the pulse lengthening due to space charge

forces in the electron bunch. The latter process has been avoided in this work by using

low charge densities. The rms temporal bunch length τU due to the energy spread at a

distance z behind the MOT is given by,

τU ∼=
√
mσ2

ion

2U

(
1− z − dacc

2 dacc

)
. (2.8)

Here we approximated the accelerating field by a uniform electric field ~F = Facc ẑ

that extends up to z = dacc and is zero for z > dacc. This approximation holds for

positions z − dacc � a, with a the size of the aperture in the anode. This equation

shows that there is a longitudinal focus at z = 3 dacc. Here the fast electrons created

in the back of the ionisation volume catch up with the slower electrons created in the

front, as illustrated in Fig. 2.2-3.

2.2.4 Ionisation process

To predict the ionisation time constant τion we make use of a classical model of the

ionisation process. This model [6, 7, 11, 24] has previously been used successfully to

predict the transverse beam quality. In the model describing the rubidium atom there

are no closed electron orbits [7, 24], which means that all electrons with an excess energy

Eexc (Eq. (2.2)) larger than zero will eventually leave the ion. The particle trajectories

are calculated with the General Particle Tracer code [25]. The electrons are started

with a velocity directed radially outwards under an angle θ with the acceleration field.

All simulation parameters are described in Ref [7, 24]. From the simulated trajectories,

the arrival time of the electrons is calculated at z = 10 µm, where the ion potential is

negligible.

This is done for various starting angles and excess energies. To calculate the electron

pulse shape for femtosecond laser ionisation we have to convolve the simulation results

with the broadband laser spectrum, with an rms width σλ = 4 nm (i.e. an rms excess

energy width σEexc
≈ 20 meV), and with the emission angle distribution associated with

the polarisation of the laser field. For polarisation parallel to the acceleration field we

assume an angular distribution ∼ cos2(θ) and for perpendicular polarisation we assume

an angular distribution ∼ sin2(θ). Classically, ionisation with circular polarised light

will result in an isotropic angular distribution, it can thus approximately be considered

as an average of the results for parallel and perpendicular ionisation.
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The arrival-time distribution for Facc = 0.237 MV/m, when using a femtosecond

ionisation laser pulse is depicted in Fig. 2.5 for ionisation laser wavelengths λion = 470

and λion = 489.8 nm and ionisation laser polarisations both parallel and perpendicular

to the acceleration field. Figure 2.5a and b show the temporal electron bunch charge

distribution for a laser polarisation perpendicular to the acceleration direction.

Figure 2.5a shows an electron pulse for a centre wavelength of the ionisation laser

well above (λion = 470 nm) the ionisation threshold, resulting in a relatively large

excess energy and a fast pulse. Figure 2.5b shows an electron pulse for a centre photon

energy of the ionisation laser pulse below (λion = 489.8 nm) the ionisation threshold;

the zero excess energy wavelength is at λion = 486 nm. Electrons created with negative

excess energies cannot escape (in the classical model) which means that we are effectively

narrowing the bandwidth of the broadband laser pulse. The figure shows that ionisation

near the threshold with a perpendicular polarisation results in a train of electron pulses
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Figure 2.5: Normalised temporal electron bunch charge probability distribution

P . Images (a) and (b) ((c) and (d)) show the charge distribution for a laser polar-

isation perpendicular (parallel) to the acceleration field. The Figures (a) and (c)

((b) and (d)) show the pulse shape for positive (negative) average excess energy

for λion = 470 (489.8) nm.
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leaving the atom [21, 26–28].

Figure 2.5c and d show the temporal electron bunch charge distribution for a laser

polarisation parallel to the acceleration direction. Figure 2.5c shows a fast pulse which

is split in two. The first pulse is due to the electrons that immediately exit the potential;

the second pulse is due to the electrons that are launched in the uphill direction (see

Fig. 2.3d) and subsequently first make a round trip inside the potential before leaving.

Figure 2.5d results in an electron pulse train, similar to Fig. 2.5b. The ratio of the

intensity of the peaks belonging to the second and third electron pulse compared to the

first pulse are much smaller than that for perpendicular polarisation. This is caused by

the fact that there is a maximum ejection angle θc [7, 24] for a given λion and Facc, so

that for ‖ polarisation almost half of the initial angles θ ≤ θc. In our experiments the

ionisation laser pulse length τl ≈ 100 fs; the pulse length contribution due to the laser

pulse length can therefore be neglected as τion is much larger.

2.3 Experimental

Figure 2.6 shows a schematic representation of the entire beamline. The electrons are

created at the centre of a DC accelerating structure [16]. The accelerated electrons pass

a set of steering coils and a magnetic solenoid lens schematically indicated by a single

magnetic lens. These electron optical elements allow us to control the beam position

and size. Before the electron beam reaches the detector, which consists of a dual micro-

channel plate (MCP) and a phosphor screen, it passes through a 3 GHz RF deflecting

2Faccdacc TM110Magnetic lens Detector

dacc dcav ddet

z

y

Figure 2.6: Schematic representation of the beamline. First the electrons are

accelerated in a DC electric field. A set of steering coils and a magnetic solenoid

lens is used to steer and focus the electron beam. The TM110 RF cavity deflects

the electron pulse by an amount that depends on the arrival time. The electrons

are detected by a dual micro-channel plate in combination with a phosphor screen.

The light emanating from this screen is imaged onto a CCD camera.
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cavity which will be used to measure the electron bunch lengths. Note that the detector

used for the pulse length measurements (dual MCP) is different from the detector that

has been used for the waist scan measurements described in section 2.2.2.

2.3.1 RF cavity

The electric and magnetic fields present in an RF cavity operated in the TM110 mode,

exert a mainly transverse force on the electrons whose strength depends on the RF phase

at the moment they pass through. The electrons in a bunch of finite length, shorter

than half an RF oscillation period will therefore acquire a transverse momentum kick

while traveling through the cavity whose magnitude depends on their arrival time. The

bunch will then be streaked across a detector downstream, as illustrated in Fig. 2.6. To

enable measurements of sub-picosecond bunch lengths the cavity needs to be operated

in the GHz regime. A 3 GHz streak cavity was recently developed in our group [29, 30],

optimised for a 30 keV beam. We will use this cavity to probe the length of the electron

bunches extracted from the MOT. Figure 2.7 shows a three-quarter section view of the

RF cavity. The cavity is mounted on a pole that is connected to a CF63 vacuum flange

that is mounted on a 3-axis vacuum stage. This allows for precise positioning of the RF

cavity. The electron bunch passes through the RF cavity along the symmetry axis.

The phase of the electromagnetic fields inside the RF cavity is synchronised with few

RF Input

Copper Cavity

Water cooling

Electrons

Figure 2.7: Three-quarter section view of the RF streak cavity. The cavity is

connected to a pole that is mounted on a 3-axis vacuum stage that allows for

precise positioning of the cavity. The electron beam passes through along the

symmetry axis of the cavity.
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100 fs accuracy to the femtosecond ionisation laser pulse using a phase locked loop as is

described in Ref. [31]. The femtosecond laser ionises the rubidium atoms, guaranteeing

that the centre of every electron pulse experiences nearly the same electromagnetic field

every time it passes through the cavity. For a pillbox cavity with small entrance and

exit holes at z = ±Lcav/2 and transverse positions close to the cavity axis, i.e. x, y � c
ω ,

the magnetic field can be approximated by:

~B(x, y, z, t) ≈ B0 sin(φ+ ωt) x̂, (2.9)

with ω the angular frequency, φ a phase offset and B0 the amplitude of the oscillating

magnetic field inside the cavity. We can show that the rms length of the resulting streak

on the detector is given by:

σ2
screen = σ2

off + (2ωcσt (ddet − dcav) sin(ζ) cos(φ))
2
, (2.10)

while the average deflection angle of the electron pulse is given by

∆vy
vz

=
2ωc
ω

sin(ζ) sin(φ), (2.11)

where ζ ≡ ωLcav

2vz
, σoff is the transverse rms beam size when the cavity is turned off and

ωc = eB0

m the cyclotron angular frequency. To maximise the streak length the bunch

has to stay either one (ζ = π
2 ) or three half periods (ζ = 3π

2 ) inside the cavity. The

cavity length Lcav = 16.7 mm was optimised to ζ = π
2 for a 30 keV beam [29, 30]. Since

the energy in this setup is ≤ 20 keV, the electron beam energy is fixed at U = 3.2 keV,

resulting in ζ = 3π
2 .

The 3 GHz deflecting cavity is positioned at a distance dcav = 0.67 m from the

magneto-optical trap. The detector is positioned at a distance ddet = 1.22 m from the

cavity. Typically the cavity is operated at an input power of ∼ 2 W with a ∼ 1% duty

cycle at a repetition rate of 1 kHz, which is fixed by the femtosecond ionisation laser.

The pulse length σt at the position of the cavity is dominated by the energy spread

of the electron beam. From Eq. (2.8) we can estimate this στ ≈ 18 ps. Here we have

assumed that the ionisation laser beam is at its diffraction limit (σion = 30 µm) and

that the ionisation laser pulse length τl � 1 ps. Furthermore we assume that the

average beam energy is optimised for maximum streak (ζ = 3π
2 ) and that the duration

of the ionisation process τion . 10 ps, as discussed in section 2.2.4. The pulse length

measurements are calibrated by measuring the term 2ωc

ω sin(ζ) in Eq. (2.11). This is done

by scanning the phase φ while measuring the position on the screen
∆vy
vz

(ddet − dcav).

The phase φ can be scanned with a phase shifter3 by applying a relative voltage vphase =
Vphase

Vmax
with 0 ≤ vphase ≤ 1.

3Mini-Circuits JSPHS-446
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2.3.2 Ionisation laser

The femtosecond laser consists of an amplified Ti:Sapphire laser system (Coherent Le-

gend Elite) that pumps an optical parametric amplifier (Coherent OPerA Solo) gener-

ating tunable 480 nm femtosecond pulses. The Ti:Sapph system produces 800 nm 30 fs

pulses with an energy of 2.5 mJ per pulse at a repetition frequency of 1 kHz. The 480 nm

laser pulse length τl at the MOT is estimated to be 100 fs. The pulse energy of the

ionisation laser increases as a function of wavelength, from ∼ 75 µJ for λion = 470 nm

to ∼ 150 µJ for λion = 490 nm.

2.4 Results

An example of a streak as measured on the detector is depicted in Fig. 2.8a. This figure

is recorded with an ionisation laser wavelength λion = 483 nm and using the (480−480)

ionisation scheme. Every streak measurement consists of ∼ 103 electron pulses. For

every wavelength λion of the ionisation laser, the phase φ of the RF cavity was scanned

over one entire period while the electron beam was imaged by the detector.

Figure 2.9 shows a false colour plot of the electron spot as measured on the detector

as a function of the relative phase voltage vphase. The figure clearly shows that the

electron spot is swept across the detector, as is predicted by Eq. (2.11).
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Figure 2.8: (a) Example of an electron beam profile as measured on the detector.

(b) Electron beam profile in time domain plus Gaussian fit (curve) through the

data (dots) to determine the rms electron pulse length.
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Figure 2.9: False colour plot of the electron beam as measured on the detector

for relative phase voltages vphase ranging from 0.45 (top) to 0.95 (bottom) in steps

of 0.05.

The position of the electron pulse with respect to the centre of the streak for relative

phase shifter voltages vphase ranging from 0.45 to 0.95 is depicted in the top plot of

Fig. 2.10. This figure nicely shows that scanning the phase of the RF cavity will shift

the position of the electron spot across the detector in a sinusoidal fashion, as shown in

Fig. 2.9. The position of the example electron spot (see Fig. 2.8a) is indicated by the

black dot.

The bottom plot of Fig. 2.10 shows the rms size of the electron spot, which was

obtained by fitting the electron beam profile with a Gaussian function. This shows that

the cavity is most sensitive for arrival time spread when the electron pulse is on the

centre of the streak since σstreak is largest here, as predicted by Eq. (2.10). This effect is

also clearly visible in Fig. 2.9. Knowing the total length of the streak (used to determine
2ωc

ω sin(ζ)) we can calibrate the time axis separately for each wavelength. Figure 2.8b

shows the electron pulse in the time domain together with a Gaussian fit resulting in a

rms pulse length of 15 ps.

In the next section we first present the streak data of the direct photoionisation

scheme (480 − 480) and the just-above-threshold photoionisation scheme (780 − 480).

Subsequently we show that we can make a pulse train by shaping the ionisation laser

beam profile in the direction of the acceleration field. Finally we present pulse length

measurements of slowly ionising Rydberg states using the just-below-threshold pho-

toionisation scheme (780− 480−Ry).
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Figure 2.10: Top: Distance to the centre position of the streak as a function of

relative phase shifter voltages vphase ranging from 0.45 to 0.95. Bottom: The rms

size of the electron spot as a function of the cavity phase. The black dot indicates

the measurement shown in Fig. 2.8.

2.4.1 Direct photoionisation (480− 480)

Figure 2.11 shows the rms pulse length of electron pulses created by direct ionisation

from the rubidium ground state (Fig. 2.3a). The measurement has been done both for

laser polarisation parallel and perpendicular to the acceleration field.

The rms pulse lengths measured here are shorter than can be explained by the

diffraction-limited rms size of the ionisation laser, which is in agreement with the fact

that direct ionisation scales with the square of the intensity of the laser field effectively

narrowing the rms size of the ionisation volume by a factor of 1/
√

2. A diffraction limited

ionisation laser beam σion = 30 µm should result in 18/
√

2 ≈ 13 ps, which is confirmed

by the measurement presented in Fig 2.11. We note that the amount of electrons per

pulse is smaller for ‖ polarisation compared to ⊥ polarisation. We also find that the

measured rms pulse lengths are shorter for ‖ than for ⊥ polarisation and that the pulse

length increases with the ionisation wavelength. These experimental findings are not

yet fully understood and require further investigation, which is outside the scope of this

work. The ∼ 1 ps variation in the data points in Fig. 2.11 can be explained by a ∼ 1 µm

pointing instability of the ionisation laser beam.

2.4.2 Just-above-threshold photoionisation (780− 480)

Figure 2.12 shows the measured rms pulse length of an electron pulse created by just-

above-threshold ionisation of excited rubidium atoms (Fig. 2.3b). The pulse length at

the position of the cavity is predominantly determined by the energy spread of the

electron bunch, see Eq. (2.8). Convolving the temporal electron pulse distributions, see
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Figure 2.11: The rms pulse length as a function of ionisation laser wavelength

for direct photoionisation (480 − 480) for laser polarisation perpendicular (black)

and parallel (grey) to the acceleration field.

Fig. 2.5, with a Gaussian energy spread given by a Gaussian ionisation laser beam with

a rms width of σion = 32 µm we can calculate the expected pulse length for various

ionisation laser wavelengths and polarisations. The results are represented by the solid

lines in Fig. 2.12. We see that the measured rms pulse length is in agreement with the

pulse length determined by the energy spread. We also see that the rms pulse length

increases as a function of wavelength but the increase is relatively small with respect to

the magnitude of the pulse lengths, as expected from the simulations. The data shows a

stronger growth than expected. Similar to the direct ionisation scheme (480− 480) the

measurement resolution is limited due to pointing instabilities of the ionisation laser

beam. Additionally, the Gaussian fits are less reliable due to deviation from perfect

Gaussian behaviour, as will be discussed below, see Fig. 2.13.

The electron pulse shapes for various ionisation laser wavelengths are depicted in

Fig. 2.13, together with their Gaussian fits which were used to determine the rms pulse

lengths presented in Fig. 2.12. Figures b, c and d show sharp features around ±40 ps.

These are probably due to a deviation from a perfect Gaussian ionisation laser beam

profile. The features do not change position as a function of wavelength and are too

sharp to be explained by a pulse train emitted by the rubidium atom (see Section 2.2.4)

since this temporal information is washed out due to the energy spread of the beam,

resulting in features with at least an rms width of 20 ps. The pulse train predicted by
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Figure 2.12: The rms pulse length as a function of laser wavelength for near-

threshold photoionisation (780 − 480) of a rubidium atom for laser polarisation

perpendicular (grey) and parallel (black) to the acceleration field. The model is

indicated by the solid curves.

the simulations (see Fig. 2.5) cannot be measured since the time difference between the

pulses is smaller than the pulse broadening due to the energy spread.

Figure 2.13c and d show a Gaussian arrival time distribution with a very sharp peak
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Figure 2.13: Electron pulse in the time domain for increasing ionisation laser

wavelengths. From left to right, λion = 472, 479, 480, 487 nm. The curve indicates

a Gaussian fit through the data which has been used to determine the rms pulse

duration. The data is normalised with respect to the peak intensity.

32



Electron bunch pulse length

in the centre. This peak can be attributed to electrons produced by slowly ionising Ry-

dberg atoms, which pass through the cavity unaffected since the RF power was switched

off 1 µs after the ionisation laser pulse reached the MOT. This effect will be discussed in

more detail in Section 2.4.4. These are measurements of both ultracold and ultrashort

electron bunches containing ∼ 103 electrons per pulse. The waist scan presented in

Section 2.2.2 has been performed on the same beam with the cavity retracted from the

beamline with λion = 490 nm and Facc = 0.814 MV/m. This shows that we can produce

electron pulses containing ∼ 103 electrons with an rms width of ∼ 25 picosecond and a

normalised rms transverse emittance of ε̂x = 1.5± 0.1 nm·rad.

2.4.3 Pulse shaping

We will now show how shaping the ionisation laser beam profile in the direction of the

acceleration field allows us to temporally shape an electron pulse. Figure 2.14a shows an

example in which the ionisation laser profile was shaped such that the distance between

the two peaks is 90 µm. This distribution will lead to a similarly shaped longitudinal

energy distribution and thus in a similarly shaped arrival time distribution at the cavity.

Using Eq. (2.8) we can estimate that the temporal electron pulse length at the position

of the cavity is ∼ 65 ps. Figure 2.14b shows the streak as measured on the MCP

detector. The peaks in this figure are ∼ 6.5 mm apart. A full streak is equal to 14 mm,

see top plot of Fig. 2.10, which is equivalent to half a RF period ∼ 160 ps. This means
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Figure 2.14: (a) Intensity profile of the femtosecond ionisation laser beam as

measured on a CCD camera. (b) Electron pulse as measured on the detector.
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that the measured pulse length ∼ 75 ps is roughly in agreement with the expected

pulse length. We thus show that the intensity distribution of the ionisation laser profile

is indeed imprinted on the temporal charge distribution we measure. This opens the

possibility to produce well defined pulse trains by shaping the intensity profile of the

ionisation laser in the direction of the acceleration field.

2.4.4 Just-below-threshold photoionisation (780− 480−Ry)

We have seen the first evidence of slowly decaying Rydberg atoms in Fig. 2.13c and d.

Here we will discuss how these slowly ionising Rydberg atoms are formed when part of

the ionisation laser spectrum is below the ionisation threshold.

The RF power to the cavity is switched on 10 µs before the ionisation laser pulse

reaches the MOT, to make sure that the electromagnetic fields inside the cavity are

stable. In all the above mentioned measurements the RF power to the cavity was

switched off 1 µs after the 480 nm ionisation laser pulse had reached the MOT. This was

done to prevent unnecessary heating of the RF cavity thus reducing phase instabilities.

By this time all the fast electrons have reached the detector (Time of flight is ∼ 50 ns).

−5 0 5 10 15
2

3

4

5

6

Position (mm)

In
te
n
si
ty

Figure 2.15: Streak of the electron beam as measured on the detector. The left

peak (between −5 and 5 mm) indicates the electrons that are streaked by the cavity

and the right peak (between 5 and 10 mm) shows the electrons that have passed

the cavity after the RF power was switched off. The solid red curve indicates a

Gaussian fit through the data.
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Due to the relatively low quality factor of the cavity the time it takes for the fields

inside the cavity to build up and decay is ∼ 100 ns. Electrons traversing the cavity

after the RF power was switched off will not be deflected and will therefore pass right

through. Varying the time at which the RF power is switched off allows us to measure

the fraction of electrons that pass the cavity at timescales ∼ µs after the ionisation laser

pulse.

Figure 2.15 shows the streak of an electron pulse when the RF power was switched

off 1 µs after the laser pulse had reached the MOT. The left peak (between −5 and

5 mm) shows the fast electron pulse that is streaked by the cavity; the right peak

(between 5 and 10 mm) shows electrons that have passed the cavity after the RF power

was switched off. The solid red curve indicates a Gaussian fit through the undisturbed

electron peak.

We have measured the streak as depicted in Fig. 2.15 as a function of the time after

which the RF power was switched off. Figure 2.16 shows the intensity of the peak going

straight through versus the time the RF power was on after the ionisation laser pulse

hit the MOT, for various ionisation laser wavelengths. The lowest lying data points in

Fig. 2.16 represent a centre ionisation laser wavelength close to the ionisation threshold

480 485 490
10

15

20

Wavelength (nm)

τ
(µ
s)

0 10 20 30
0

10

20

30

40

50

60

70

In
cr
ea
si
n
g
λ

Time (µs)

In
te
n
si
ty

Figure 2.16: The decay of the population of excited Rydberg atoms in the MOT

versus time for various ionisation laser wavelengths (from bottom to top; λion =

480,483,485,487,489,490 nm). Increasing the ionisation laser wavelength increases

the number of excited Rydberg atoms which also tend to decay slower, as shown

by the inset plot.
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(λ = 480 nm). Increasing the ionisation laser wavelength increases the intensity of the

Rydberg signal. The intensity of the peaks shows an exponential decay and are fitted

with exp(−t/τRb) indicated by the solid curves. The decay constant τRb as a function

of wavelength is depicted in the inset plot of Fig. 2.16. The observed decay times are

in agreement with earlier observations [12, 32]. Note that the larger the wavelength of

the ionisation laser the more Rydberg atoms are created, as expected, since a larger

part of the ionisation laser bandwidth is below the ionisation threshold. In addition the

time constant of the ionisation process increases when the ionisation laser wavelength

is increased. This is attributed to the fact that lower-lying Rydberg states take longer

to ionise.

2.5 Conclusions and outlook

An RF cavity has been used to measure the pulse length of electron bunches produced

by femtosecond laser photoionisation of a laser-cooled and trapped ultracold atomic

gas. Pulse lengths have been measured in three photoionisation regimes: direct pho-

toionisation using only the femtosecond laser, two-step just-above-threshold photoion-

isation, and two-step just-below-threshold photoionisation. Both direct and just-above-

threshold ionisation produce ultrashort electron pulses with rms pulse durations ranging

from 10 to 30 ps. Direct ionisation produces few (∼ 102) and hot (∼ 104 K) electrons

while just-above-threshold ionisation produces many (∼ 103) and ultracold (∼ 10 K)

electrons with a normalised transverse emittance ε̂x = 1.5± 0.1 nm·rad. The measured

pulse lengths can be explained by the energy spread associated with the length of the

ionisation volume. These bunches are sufficiently short to be compressed to sub-ps pulse

lengths using established RF compression techniques. Just-below-threshold ionisation

produces a Rydberg gas which ionises on ∼ µs timescales.

The method described here can be used to investigate the effect of space charge forces

which is the main limitation of the achievable temporal resolution in single-shot UED.

Measuring the pulse length in the longitudinal waist should allow the direct measure-

ment of the influence of space charge forces on the longitudinal phase space distribution.

The temporal distribution of the predicted train of electron pulses leaving a rubidium

atom could also be investigated by measuring the pulse length in the longitudinal waist.

Additionally we have shown that the intensity distribution of the ionisation laser

profile can be imprinted on the temporal charge distribution. This opens the possibility

to produce well defined electron pulse modulation by shaping the intensity profile of the

ionisation laser.
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Electron bunch energy spread 1

Abstract. Ultrashort and ultracold electron bunches created by near-threshold

femtosecond photoionisation of a laser-cooled gas hold great promise for single-shot

ultrafast diffraction experiments. In previous publications the transverse beam qual-

ity and the bunch length have been determined. Here the longitudinal energy spread

of the generated bunches is measured for the first time, using a specially developed

Wien filter. The Wien filter has been calibrated by determining the average deflection

of the electron bunch as a function of magnetic field. The measured relative energy

spread σU
U

= (6.4 ± 0.9) · 10−3 agrees well with the theoretical model which states

that it is governed by the width of the ionisation laser and the acceleration length.

1The work described in this Chapter is published by J.G.H. Franssen, J.M. Kromwijk, E.J.D. Vre-

denbregt and O.J. Luiten in J. Phys. B: At. Mol. Opt. Phys. 51, 035007 (2018)
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3.1 Introduction

One of the dreams in physics, chemistry and materials science is to be able to monitor

the dynamical behaviour of matter with atomic spatial and temporal resolution, i.e.

0.1 nm and 100 fs, and thus enable the investigation [1, 2] of phase transitions, chemical

reactions and conformational changes at the most fundamental level. One of the tech-

niques which has emerged recently and is developing at a rapid pace is ultrafast electron

diffraction [1] (UED). This technique uses femtosecond laser pulses to excite a dynam-

ical process in a crystalline material, which is subsequently probed by a synchronised,

ultrashort electron bunch.

Measurements of transverse beam quality have shown that electron pulses as cold

as 10 K can be produced using femtosecond photoionisation [3, 4]. It has also been

shown that the ultracold electron source is capable of producing high quality diffraction

patterns [5, 6]. The pulse length of the ultracold electron bunches extracted from a

laser cooled gas was measured using a RF deflecting cavity (Chapter 2) and resulted

in pulse lengths of ∼ 20 ps for femtosecond laser ionisation. These measured pulse

lengths were limited by the energy spread of the electron beam. The energy spread

causes degradation in temporal resolution by the lengthening of the electron bunches.

This effect can be cancelled by compressing the electron pulses using established RF

techniques [7, 8]. The ultimate temporal resolution is governed by the longitudinal

emittance which is determined by the uncorrelated pulse length and energy spread.

The temporal resolution in UED experiments can be further improved by cancelling the

arrival time jitter induced by RF phase fluctuations [9] in bunch compression cavities.

The energy spread of the electron bunches extracted from the ultracold electron

source has not yet been measured directly. This chapter presents the first experiments

using a specially designed Wien filter. The device can eventually be used to invest-

igate the effects of space charge forces in picosecond electron bunches. Simultaneous

measurement of both the energy spread and pulse length will allow us to determine

the longitudinal phase space distribution and thus the ultimately achievable temporal

resolution in UED experiments.

3.2 Ultra cold electron source

The ultracold electron bunches are created by near-threshold femtosecond photoionisa-

tion of laser cooled and trapped 85-rubidium atoms, as is illustrated in Fig. 3.1. First,

Fig. 3.1a, rubidium atoms are trapped and cooled in a magneto optical trap (MOT).

Second, Fig. 3.1b, the trapping laser is temporarily switched off for 1 µs, so that

the atoms relax back to their ground state. After the atoms have relaxed, a 780 nm

excitation laser beam is switched on, creating a small cylinder of excited atoms in the

5P 3
2
F = 4 state which has a root-mean-square (rms) radius of 25 µm. Subsequently a
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Figure 3.1: Schematic representation of the electron bunch production sequence.

The six red beams in (a) represent the cooling laser beams and the two blue coils the

magnetic field coils in anti-Helmholtz configuration. In (b) the red beam indicates

the excitation laser and the blue beam the ionisation laser. Figure (c) illustrates

the acceleration process in a static electric field. Figure (d) illustrates the two step

ionisation scheme. The atoms are first excited from the 5S1/2 state to the 5P3/2

state, from which they are ionised using a 480 nm photon.

small volume of rubidium atoms is ionised by a pulsed 480 nm femtosecond ionisation

laser beam, Fig. 3.1d, intersecting the excitation laser beam at right angles, resulting in

a cloud of cold electrons and ions. The shape and size of the ionisation volume can be

controlled by the overlap of the excitation and ionisation laser beams. Finally, Fig. 3.1c,

the electrons are extracted by a static electric field [10].

Figure 3.2 shows a schematic representation of the electron beamline. First the

electron beam passes through a magnetic solenoid lens which is used to focus the beam

onto the detector. The Wien filter is positioned a distance dwien = 0.67 m from the

2Faccdacc Wien FilterMagnetic lens Detector

dacc dwien ddet

z

y
E0 B0

Figure 3.2: Schematic representation of the beamline, consisting of an electro-

static accelerator, a magnetic solenoid lens, the Wien filter and a MCP with a

phosphor screen. The light emanating from the phosphor screen is imaged onto a

CCD camera.
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source. The electrons are detected by a micro channel plate in combination with a

phosphor screen, positioned at a distance ddet = 1.22 m from the Wien filter.

The longitudinal energy spread, in the absence of space charge forces, is to a good

approximation governed by the width of the ionisation laser beam in the direction of

the acceleration field [11, 12]. The relative energy spread is given by

σU
U

=
σion

dacc
, (3.1)

with σion the rms size of the ionisation laser profile in the acceleration (ẑ) direction,

σU the rms energy spread, U = eFaccdacc the average bunch energy, e the element-

ary charge, Facc the acceleration field and dacc = 13.5 mm the effective acceleration

length [10, 12]. The initial energy spread due to thermal motion is negligible compared

to the energy spread due to the finite ionisation laser beam size [11]. Additionally, the

Boersch effect [13] can be neglected because we avoid space charge effects by sticking

to maximally 103 electrons per pulse.

3.3 Wien filter

A Wien filter [14] is an electro-magnetic element that separates charged particles by

their velocity. An ideal Wien filter consists of a static and uniform magnetic field, with

magnitude B0, perpendicular to a static and uniform electric field, with magnitude E0.

Both fields should be perpendicular to the direction of the electron beam that is passing

through. A schematic representation of an ideal Wien filter is shown in Fig. 3.2.

When an electron is injected into such an ideal field, it will gain a transverse mo-

mentum with a magnitude that is dependent on the particle velocity. The particles

will exit the Wien filter with a transverse momentum distribution that is correlated to

the initial longitudinal momentum distribution. This transverse momentum distribu-

tion will result in a spread on a detector screen which therefore maps the longitudinal

momentum distribution on the screen.

For an electron beam moving in the ẑ direction the longitudinal velocity vz will

be much greater than the transverse velocities: vz >> vx, vy. In a Wien filter with

a uniform electric field ~E = E0 ŷ and a uniform magnetic field ~B = B0 x̂, that both

extend over a length Lw in the ẑ direction, a particle with velocity ~v = vz ẑ is deflected

by an angle

θy = θc

(
1− E0

vzB0

)
, (3.2)

with θc ≡ ωctw the cyclotron angle, ωc = eB0

m the cyclotron frequency and tw = Lw

vz
the

time spent inside the Wien filter. Equation 3.2 shows us that a particle with a velocity

~vc =
E0

B0
ẑ (3.3)
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Figure 3.3: Illustration of the longitudinal and transverse momentum exchange,

described by Eq. (3.4), as a function of cyclotron angle θc for different particles.

is not deflected. A particle with a velocity ~v(t) = ~vc + δ~v(t) entering the Wien filter at

time t = 0 will be deflected by gaining additional longitudinal and transverse velocities

described by

δvy(t) = δvz(0) sin(ωct), (3.4a)

δvz(t) = δvz(0) cos(ωct), (3.4b)

with t the time spent inside the Wien filter. At one quarter of a cyclotron orbit,

θc = π
2 , the longitudinal velocity δvz(0) is fully converted into transverse velocity; this

is illustrated in Fig. 3.3.

The cyclotron angle θc can be calibrated by measuring the change in average deflec-

tion angle ∆θy of an electron pulse when varying the magnetic field by an amount ∆B.

These two quantities are related by

∆θy = θc
∆B

B0
, (3.5)

which is easily verified by expanding Eq. (3.2) for small ∆B
B0

around θy = 0. Knowing

the cyclotron angle θc, we can calculate the relative energy spread by measuring the

rms streak length σy on a screen. The rms streak length is given by

σ2
y = σ2

off +

(
ddet − dwien

2

σU
U

sin(θc)

)2

, (3.6)

with σoff the rms transverse beam size when the Wien filter is turned off.

45



Chapter 3.

3.3.1 Wien filter design

The Wien filter has been designed and built such that it can be inserted into a CF63

vacuum cube. Figure 3.4 shows a schematic representation of the design.

The Wien filter electrostatic field is generated by a pair of capacitor plates. The

electrodes are separated by a distance of 7 mm. Electric field strengths up to 300 kV/m

can be generated. The high-voltage electrodes are suspended by two PEEK insulator

wedges. The static magnetic field is produced by a pair of coils in the Helmholtz

configuration: the 20 mm radius of the coil is equal to the distance between the centres.

The two coils are wound from 0.6 mm insulated copper wire with 54 turns on each coil.

Figure 3.4: Schematic representation of the Wien filter. The blue line indicates

the electron beam. An aluminium cylinder (light grey) is mounted onto the vacuum

flange. The green parts represent PEEK insulators. The coils generating the

magnetic field B0 x̂ and the high-voltage electrodes generating the electric field

E0 ŷ are indicated in red.
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Figure 3.5: The on-axis magnetic field produced by the Wien filter with and

without µ-metal shielding. All fields have been normalised with respect to the

maximum field without µ-metal. The solid grey line represents the analytically

calculated magnetic field without shielding [16] and the solid black line the simu-

lated magnetic field with µ-metal shielding. The data points represent the measured

field profile, both with and without µ-metal.

The Wien filter is able to produce on-axis magnetic fields up to 5 mT, which is limited

by coil heating. A 54 mm diameter, 0.2 mm thick µ-metal tube provides magnetic

shielding. The µ-metal shielding suppresses the magnetic field outside the Wien filter.

Without this shielding it is practically impossible to direct the electron beam through

the Wien filter. The on-axis magnetic field profiles, both simulated and measured, with

and without the µ-metal shielding are depicted in Fig. 3.5. The fields were simulated

using the CST [15] software package and measured using a Hall probe.

3.4 Results and discussion

First we have used the Wien filter to measure the average bunch energy of the electron

pulses which agrees with time-of-flight measurements (Section 3.4.1). Hereafter we

calibrated the Wien filter (Section 3.4.2) and determined the relative energy spread of

the electron bunches (Section 3.4.3).

All experiments have been performed with∼ 20 ps electron bunches containing∼ 103

electrons produced by a 100 fs ionisation laser pulse, see Chapter 2. The rms spot size of
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Figure 3.6: The electric field as a function of the magnetic field, such that the

centre of the electron bunch is not deflected by the Wien filter. The solid line

represents a fit with Eq. (3.3).

the ionisation laser at the position of the MOT was measured to be σion = 90± 10 µm,

resulting in an expected rms relative energy spread σU

U = (6.7± 0.7) · 10−3 according to

Eq. (3.1).
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Figure 3.7: The measured ion time-flight as a function of the potential Vacc
across the accelerating structure together with a fit to our model (solid line). The

uncertainty in the data is smaller than the dot size.

48



Electron bunch energy spread

3.4.1 Average bunch energy

The electric field in the Wien filter has been determined by measuring voltage across

the Wien filter electrodes. The magnetic field was calculated using a measurement of

the current running trough the coils. The average bunch energy U has been determined

using the electric and magnetic field strengths for which no average deflection inside the

Wien filter occurred, Eq. (3.3). Figure 3.6 shows the electric and magnetic field strengths

for which no average deflection occurs together with a linear fit. The electric field is

proportional to the voltage on the electrodes and the magnetic field is proportional to

the current running through the coils. From the slope of the fit shown in Fig. 3.6 the

average electron beam energy U was determined to be U = 8.8 keV with an uncertainty

of 0.2 keV.

The average electron energy was also determined by an ion time-of-flight scan which

was done by changing the polarity of the accelerating field. This measurement allows us

to determine the position of the ionisation volume inside the accelerating structure [4,

12]. Figure 3.7 shows the ion time-of-flight for various accelerator voltages Vacc together

with a fit to our model [4].

From the fit we measure that the average bunch energy U = (0.50± 0.01) · eVacc. In

all the experiments we have used an accelerator potential Vacc = 17.5 kV which results
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Figure 3.8: The average bunch deflection ∆y for various relative magnetic field

strengths ∆B
B0
∝ ∆I

I
together with linear fits to determine the cyclotron angle θc.

The magnetic field ranges fromB0 ≈ 1 mT (light grey), B0 ≈ 1.8 mT,B0 ≈ 2.6 mT,

to B0 ≈ 3.3 mT (black).
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Figure 3.9: The calibrated cyclotron angle (circles) and the theoretical curve as

a function of magnetic field strength B0 for a fixed electron energy U = 8.74 keV.

The uncertainty in the data is smaller than the dot size.

in an average bunch energy of U = 8.7 keV with an uncertainty of 0.2 keV which agrees

well with the bunch energy measured using the Wien Filter.

3.4.2 Calibration

We have calibrated the cyclotron angle θc by measuring the average deflection ∆y =
∆vy
vz

(ddet−dwien) as a function of magnetic field amplitude at a constant electron energy.

Figure 3.8 shows the deflection for various relative magnetic field strengths, which scales

∝ ∆I
I with I the current running through the coils. The linear fit through the data in

Fig. 3.8 was used together with Eq. (3.5) to determine the cyclotron angle θc. The

magnetic field in Fig. 3.8 ranges from B0 ≈ 1 mT (light grey), B0 ≈ 1.8 mT, B0 ≈
2.6 mT, to B0 ≈ 3.3 mT (black).

Figure 3.9 shows the calibrated cyclotron angle as a function of magnetic field

strength B0 together with the theoretical curve which was calculated using θc = eB0Lw

mvz
.

The figure shows that the Wien filter is working as expected.

3.4.3 Energy spread

Figure 3.10 represents a false colour plot of the measured spatial electron distribution

as a function of cyclotron angle, θc, from θc = 0 (left) to θc = 0.55 (right). The figure
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Figure 3.10: A false colour plot of the measured electron distribution as a function

of Wien filter cyclotron angle, θc from θc = 0 (left) to θc = 0.55 (right). The

electron pulse is streaked in the ŷ direction.

clearly shows that the electron bunch is streaked in the vertical direction. The rms spot

size in the ŷ-direction together with the cyclotron angle θc allows us to determine the

relative energy spread of the electron bunch.

Figure 3.11 shows the rms size of the electron bunch as a function of the cyclotron

angle. The circles indicate the rms size parallel to the streak axis (ŷ-direction) and

the squares the rms size perpendicular to the streak axis (x̂-direction). The Wien

filter should exert no forces along this direction which is mostly confirmed by the data

(squares) presented in Fig. 3.11.

The rms relative energy spread was determined by fitting the streak data with
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Figure 3.11: The rms electron spot sizes as a function of cyclotron angle θc.

The circles represent the data parallel to the streak axis and the squares the data

perpendicular to the streak axis. The solid line is a fit with Eq. (3.6). The un-

certainty in the rms spot size that resulted from a Gaussian fit of the measured

electron distribution is smaller than the dot size.
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Eq. (3.6) with σU

U the only fitting parameter. This resulted in a rms relative en-

ergy spread σU

U = (6.4 ± 0.9) · 10−3. This agrees well with the expected value σU

U =

(6.7 ± 0.7) · 10−3, which is based on the rms size of the ionisation laser beam. This

is not surprising since the model (Eq. (3.1)) was already indirectly verified by the en-

ergy spread dominated pulse length measurements (Chapter 2) and ion time-of-flight

energy spread measurements [12]. The measurements result in an rms energy spread

σU = 56±8 eV at an average beam energy U = 8.8 keV with an uncertainty of 0.2 keV.

3.5 Conclusions and outlook

The Wien filter has been used to measure the relative energy spread of electron bunches

produced by near threshold femtosecond photoionisation of a laser cooled and trapped

ultracold atomic gas. These are the first measurements of the energy spread of the

ultracold electron source. The Wien filter has been used to determine the average

bunch energy U = 8.8 keV with an uncertainty of 0.2 keV which agrees with time-of-

flight measurements which resulted in U = 8.7 keV with an uncertainty of 0.2 keV.

The energy spread measurement resulted in σU

U = (6.4± 0.9) · 10−3, this relative energy

spread agrees well with the expected value σU

U = (6.7 ± 0.7) · 10−3 which is based on

the rms size of the ionisation laser beam. The energy spread of the ultracold electrons

source is well below 10−2 which is more than sufficient for UED experiments.

Furthermore, the energy spread measurements in combination with pulse length

measurements [11] will allow us to investigate the full longitudinal phase space distribu-

tion of the electron bunches extracted from the ultra cold source. This would make it

possible to investigate the longitudinal beam emittance and thus the ultimately achiev-

able temporal resolution in UED experiments for a given energy spread.

Bibliography

[1] Sciaini, G. & Miller, R. Femtosecond electron diffraction: heralding the era of

atomically resolved dynamics. Rep. Prog. Phys. 74, 096101 (2011).

[2] King, W. et al. Ultrafast electron microscopy in materials science, biology, and

chemistry. J. Appl. Phys. 97 (2005).

[3] Engelen, W. J., van der Heijden, M., Bakker, D. J., Vredenbregt, E. J. D. & Luiten,

O. J. High-coherence electron bunches produced by femtosecond photoionization.

Nat. Commun. 4, 1693 (2013).

[4] Engelen, W. J., Smakman, E. P., Bakker, D. J., Luiten, O. J. & Vredenbregt, E.

J. D. Effective temperature of an ultracold electron source based on near-threshold

photoionization. Ultramicroscopy 136, 73–80 (2014).

52



Electron bunch energy spread

[5] van Mourik, M. W., Engelen, W. J., Vredenbregt, E. J. D. & Luiten, O. J. Ultrafast

electron diffraction using an ultracold source. Struct. Dyn. 1, 034302 (2014).

[6] Speirs, R. W. et al. Single-shot electron diffraction using a cold atom electron

source. J. Phys. B At. Mol. Opt. Phys. 48, 214002 (2015).

[7] van Oudheusden, T. et al. Compression of Subrelativistic Space-Charge-Dominated

Electron Bunches for Single-Shot Femtosecond Electron Diffraction. Phys. Rev.

Lett. 105, 264801 (2010).

[8] Pasmans, P. L. E. M., van den Ham, G. B., Dal Conte, S. F. P., van der Geer,

S. B. & Luiten, O. J. Microwave TM010 cavities as versatile 4D electron optical

elements. Ultramicroscopy 127, 19–24 (2013).

[9] Franssen, J. G. H. & Luiten, O. J. Improving temporal resolution of ultrafast

electron diffraction by eliminating arrival time jitter induced by radiofrequency

bunch compression cavities. Struct. Dyn. 4, 044026 (2017).

[10] Taban, G. et al. Design and validation of an accelerator for an ultracold electron

source. Phys. Rev. ST Accel. Beams 11, 1–8 (2008).

[11] Franssen, J. G. H., Frankort, T. L. I., Vredenbregt, E. J. D. & Luiten, O. J. Pulse

length of ultracold electron bunches extracted from a laser cooled gas. Struct. Dyn.

4, 044010 (2017).

[12] Reijnders, M. P. et al. Low-energy-spread ion bunches from a trapped atomic gas.

Phys. Rev. Lett. 102, 1–4 (2009).

[13] Boersch, H. Experimentelle bestimmung der energieverteilung in thermisch aus-
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Compact ultracold electron source 1

Abstract. The ultrafast and ultracold electron source, based on near-threshold pho-

toionisation of a laser-cooled and trapped atomic gas, offers a unique combination of

low transverse beam emittance and high bunch charge. Its use is however still limited

because of the required cold-atom laser-cooling techniques. Here we present a compact

ultracold electron source based on a grating magneto-optical trap (GMOT), which

only requires one trapping laser beam that passes through a transparent accelerator

module. This makes the technique more widely accessible and increases its applicab-

ility. We show the GMOT can be operated with a hole in the centre of the grating

and with large electric fields applied across the trapping region, which is required for

extracting electron bunches. The calculated values of the applied electric field were

found to agree well with measured Stark shifts of the laser cooling transition. The

electron beams extracted from the GMOT have been characterised. Beam energies

up to 10.2 keV were measured using a time-of-flight method. The normalised root-

mean-squared transverse beam emittance was determined using a waist scan method,

resulting in ε = 1.9 nm · rad. The root-mean-squared transverse size of the ionisation

volume is 30 µm or larger, implying a transverse electron source temperature in the

few-10 K range, 2 − 3 orders of magnitude lower than conventional electron sources

based on photoemission or thermionic emission from solid state surfaces.

1A part of the work described in this Chapter is accepted for publication in Phys. Rev. Accel.

Beams 22, 023401 (2019)
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4.1 Introduction

In the past decade new tools have emerged that allow investigation of structural dy-

namics with atomic spatial and temporal resolution, as small as 0.1 nm and 100 fs:

Ultrafast Electron Microscopy [1–4] (UEM), Ultrafast Electron Diffraction [5–8] (UED)

and X-ray crystallography using Free Electron Lasers (XFELs) [9–11]. This revolution

would not have been possible without the spectacular development of ultrafast pulsed

electron sources [12]. By femtosecond photoemission from flat photocathodes in RF

photoguns, highly charged electron bunches can be created of sufficient quality to drive

XFELs, enabling single-shot, femtosecond X-ray diffraction of protein nanocrystals [9].

Unfortunately XFELs are large and costly facilities with limited access for the average

researcher. In an alternative approach the electron bunches that drive the XFELs can

also be directly used for single-shot UED [5, 8, 13].

Using electrons instead of X-rays has the advantage of smaller and cheaper setups.

However, the beam quality is not sufficient for studying complicated macromolecular

structures or for imaging with (sub)-nanometer resolution. Higher beam quality is gener-

ally provided by sharp-tipped sources, developed for electron microscopy. By sideways

femtosecond photoemission from a nanometer-sized field emission tip [14] (or by RF

chopping [15–17]) the same beam quality can be achieved as in conventional electron

microscopy, enabling imaging with atomic spatial and temporal resolution. However,

this results on average in less than one electron per pulse. Increasing the charge per

pulse spoils the beam quality and therefore the atomic resolution. A source that offers

the combination of high beam quality and high bunch charge is highly desirable.

In the quest for better beam coherence while maintaining a large source size, a new

electron source was proposed [18], the ultracold electron source (UCES). In the UCES

the initial transverse angular momentum spread is decreased which results in increased

beam coherence for a given source size [19–21]. This significantly reduces Coulomb

effects at the source which allows extraction of more charge, required for single-shot

measurements.

In the UCES high charge electron bunches are created by near threshold photo-

ionisation of a cloud of laser-cooled and trapped atoms in a magneto optical trap (MOT).

Previous work showed high quality diffraction patterns [22, 23] with these bunches,

demonstrating pulsed electron source temperatures as low [19–21] as a few-10 K. Addi-

tionally it was shown that it is possible to extract ultracold picosecond electron pulses

(Chapter 2) which can in principle be compressed to ∼ 100 fs using well established RF

compression techniques [24].

In this chapter we present a novel compact ultracold electron source based on a

grating magneto-optical trap (GMOT), which only requires one trapping laser beam.

The chapter is organised as follows: In Section 4.2 we describe the operating principle of

a GMOT. Next, in Section 4.3, we discuss the design of the ultracold electron source, the
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vacuum system, the accelerator, the electron beamline and the compact laser system.

In Section 4.4 we will show that it is possible to operate a GMOT with a hole in the

centre of the grating and with large electric fields applied across the trapping region,

which are both required for extracting electron bunches. We will also show that the

calculated values of the applied electric field agree well with measured Stark shifts of

the laser cooling transition. Additionally we present characterisation measurements of

the laser cooled gas, involving atom number, temperature and density measurements.

Finally, in section 4.5 we will discuss the commissioning of the ultracold electron source.

The electron beams extracted from the GMOT have been characterised. Beam energies

up to 10 keV were measured using a time-of-flight method. The normalised root-mean-

squared (rms) transverse beam emittance ε was determined using a waist scan method,

resulting in ε = 1.9 nm · rad. Since the rms transverse source size is 30 µm or larger,

implying an electron source temperature less than 25 K.

4.2 The principle of a grating MOT based UCES

In a conventional magneto-optical trap (MOT) atoms are laser cooled using three pairs of

orthogonal laser beams whose frequency is red shifted with respect to the atomic laser

cooling transition. The atoms are trapped using a quadrupole magnetic field which

creates position-dependent resonance conditions [25] for the atomic transition through

the Zeeman effect, and thus a restoring force and stable trapping. A recent development

in the field of laser cooling and trapping is the Grating MOT [26] which requires only

one input laser beam instead of the six for a conventional MOT.

4.2.1 Grating MOT

The GMOT, developed at University of Strathclyde, Glasgow, is based on an optical

grating that diffracts a single incoming circularly polarised laser beam. The MOT is

formed inside the overlap volume which is spanned by the incoming beam, the zeroth

order back reflection and three first order diffracted beams [26–29]. The grating chip

consists of three identical linear gratings, lying in a plane with 120◦ relative orientations,

see Fig. 4.1a. Each grating diffracts the incoming laser beam according to,

nλ = dg sin(θ) (4.1)

with dg the grating period, (n = ±1) the diffraction order and λ = 780 nm the rubidium

trapping laser wavelength. We have used two gratings2 with periods dg = 892 nm and

dg = 1560 nm which result in first order diffraction angles θ = 61◦ and θ = 30◦

respectively. The diffraction angle is defined as the angle between the grating normal

2Supplied by the Strathclyde grating MOT team.
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Figure 4.1: Schematic representation of MOT production using an optical grating.

a) The grating chip consists of three identical linear gratings, lying in a plane with

120◦ relative orientations. b) Scanning electron microscope (SEM) image showing

the chip surface at a position where two gratings meet. c) A single linearly polarised

input beam emanating from an optical fiber is collimated and subsequently made

circularly polarised. d) The incoming and diffracted laser beams (red) together

with the overlap volume (purple). e) The overlap volume approximately has the

shape of a double hexagonal pyramid and has a rms height h. The incoming laser

beam has a rms radius r and is diffracted under an angle θ.

and the diffracted beam, see Fig. 4.1d and e. Figure 4.1b shows a scanning electron

microscope (SEM) image of the θ = 61◦ grating structure at a position where two

gratings meet. Higher diffraction orders (n ≥ 2) are cut off because dg < 2λ. The radial

force balance for both gratings is automatic when the incoming beam is aligned with the

centre of the grating. The θ = 61◦ chip measures 20 × 20 mm while the θ = 30◦ chip

measures 28 × 28 mm. Both chips are manufactured in silicon and have a 100 nm top
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layer of aluminium which reflects the incoming laser beam. The gratings are fabricated

using electron beam lithography and have a 50 : 50 duty cycle and a λ/4 = 195 nm etch

depth [26].

Figure 4.1c shows a single linearly polarised laser beam emanating from an optical

fiber, which is collimated using a lens and subsequently circularly polarised using a

quarter wave plate. Figure 4.1d shows that when the centre of the beam is aligned

with the centre of the grating three first order diffracted beams are created which span

the overlap volume (purple). The overlap volume approximately has the shape of a

double hexagonal pyramid as is shown in Fig. 4.1e. The height of the overlap volume

is h = r cot(θ) with r the radius of the laser beam. The experiments using the θ = 61◦

chip have been done with a Gaussian input laser beam with a 1/e2 beam radius of

r = 7.5 mm. The experiments using the θ = 30◦ chip were done with a flattop input

beam with a radius r = 12.5 mm. Using these values we calculate h61 ≈ 4 mm and

h30 ≈ 21 mm. The cold gas can be trapped anywhere inside the overlap volume.

The exact position of the atom cloud is determined by the zero point of the magnetic

quadrupole field. The (1/e2) trap volume is given by

V =

√
3

8
r3 cot(θ). (4.2)

With the above mentioned beam parameters we calculate the overlap volume V61 ≈
51 mm3 and V30 ≈ 730 mm3. The atom number N scales [30] with the overlap volume

V according to N ∝ V 1.2. The Riis group have reported [26] that it is possible to trap

2 · 107 atoms using a grating MOT with an overlap volume of V ≈ 570 mm3. Using

the scaling law we expect to be able to trap N61 ≈ 106 and N30 ≈ 3 · 107 atoms in our

experiment.

4.2.2 Ultracold electron source

Figure 4.2 shows a schematic representation of the electron gun. First the MOT is

loaded with 85-rubidium atoms, then the trapping beam is switched off for a few µs so

that all atoms relax back to the ground state. During these few µs a small cylinder (rms

radius of 30 µm) of atoms is excited using a cw excitation laser beam (52S 1
2
→ 52P 3

2
).

The excitation laser beam is intersected by a pulsed 480 nm ionisation laser beam at

right angles which is focused down to a 60 µm waist. This results in an approximately

Gaussian spherical ionisation volume with a rms radius σx = 30 µm. The wavelength

λion of the ionisation laser is tuned close to the ionisation threshold to minimise the

excess energy Eexc gained by the electron. The Stark shifted excess energy [19] is given

by

Eexc = hc

(
1

λion
− 1

λ0

)
+ 2Eh

√
Facc

F0
, (4.3)
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with λ0 = 479.06 nm the zero-field ionisation laser wavelength threshold, Eh = 27.2 eV

the Hartree energy, Facc the applied electric field across the MOT, F0 = 5.14 ·1011 V/m

the atomic unit of electric field, h Planck’s constant and c the speed of light. Ultracold

electron bunches have been generated by using nanosecond ionisation laser pulses [31, 32]

and later by femtosecond pulses [19, 21]. The length of the ionisation volume determ-

ines the energy spread [33, 34] of the electron beam. Additionally, the initial electron

distribution can be tailored [35] in 3D by shaping of the ionisation and excitation laser

beams.

To extract an electron beam a static electric field is applied across the trapped cloud

of atoms. The negative electrode is an Indium-Tin-Oxide (ITO) coated quartz disk that

is transparent for the trapping laser beam; the grounded grating chip is the positive

electrode, which has a hole in the centre, allowing the electron beam to pass through.

The distance of the ionisation volume to the grating combined with the applied voltage

determine the amount of energy the electron beam acquires.

Optical fiber

Input beam

Lens

λ/4 plate

Ionization laser

ITO electrode

Excitation laser

Electron beam

52
S 1

2

52
P3

2

Rb+

Ry

Rb+

780 nm

480 nm

Vacc ≤ 20 kV

Figure 4.2: Schematic representation of the ultracold electron source based on

a GMOT. A two-step ionisation scheme is used. The excitation and ionisation

laser define a volume where electrons are created. This results in an approximately

Gaussian spherical ionisation volume with a rms radius σx = 30 µm. These elec-

trons are accelerated towards the grounded grating and pass through a hole in the

centre.
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4.3 Detailed experimental Design

We have designed a modular compact turn-key ultracold electron source that offers

maximum optical accessibility. To keep the design simple we decided to have both

the MOT coils and the high-voltage (HV) outside the vacuum, avoiding vacuum feed-

throughs. A breakout cross-section of the vacuum system is depicted in Fig. 4.3. The

main body of the electron gun consists of a CF100 cube. The left flange is a re-entrant

flange which allows the accelerator module to be mounted close to the grating. The

grating is embedded in a holder which is connected to the re-entrant flange.

The right flange is a reducer flange which couples the cube to the electron beamline.

The bottom, front and back of the cube are sealed with CF100 UV grade viewports. The

top flange is a CF100 to CF63 reducer which houses the rubidium dispensers3 providing

a rubidium background pressure of ∼ 2.5 · 10−9 mbar. The base pressure of the vacuum

system is < 1 · 10−9 mbar. The two coils generate the magnetic quadrupole field that is

3Saes Rb/NF/7/25 FT10-10

 

18
2.

0

10.0

                

Coil

Re-entrant

Grating holder

Grating

Viewport

Coil

Reducer flange

CF100 cube

Reducer flange

D1 D2

Figure 4.3: Exploded-view of the experimental setup. The grating is fixed in a

holder which is connected to the re-entrant flange using 10 mm long spacers. The

two coils generate the magnetic quadrupole field with D1 and D2 the distance from

the coils to the grating surface.
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required to trap the rubidium atoms.

4.3.1 Quadrupole field

The magnetic field coils are asymmetrically driven to compensate for the fact that the

trapped gas cloud is not in the centre of the CF100 cube (D2 > D1), see Fig. 4.3.

Due to the large coil radius and the large distance from the coils to the trapped gas

we need ∼ 2500 Ampere turns to provide the desired axial magnetic field gradient of

∼ 0.15 T/m. Both coils have 196 turns and a radius Rcoil = 91 mm. The distance from

the first coil to the grating surface is D1 = 79 mm and the distance from the second

coil to the grating surface D2 = 100 mm. The distance DM between the gas cloud and

the grating surface determines the ratio between the coil currents:

I1
I2

= −

(
(D1 −DM)

2
+R2

coil

(D2 +DM)
2

+R2
coil

)3/2

, (4.4)

with I1 and I2 the currents running through the first coil and second coil, respectively.

Typically we operate the coils at I1 = −10 A and I2 = 15 A. This results in an axial

gradient (∇B)z = 0.2 T/m.

The position DM of the gas cloud inside the overlap volume can be controlled by

22.0

2.8

68
.0HV Cable

Top plate

O-Ring

Quartz plate

Spacer

ITO

ITO holder

Perspex house

Figure 4.4: Exploded-view of the accelerator module. Left: break out view of the

accelerator module. Right: Assembled module. The transparent ITO electrode is

connected to a copper electrode ring (ITO holder) using conductive epoxy. The

copper ring is connected to a HV power supply. The electrode is sandwiched

between two quartz plates.
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changing the current running through either one of the coils. Typically the MOT is

formed in the centre of the overlap volume which means that DM ≈ 2 mm or DM ≈
10 mm depending on the grating that is used, see Section 4.2.1.

4.3.2 Accelerator

To reach electron energies of ∼ 10 keV we need an electric field strength of ∼ 1 MV/m

across a ∼ 1 cm gap. To avoid high voltage (HV) feedthroughs we designed a HV module

which is mounted outside the vacuum, inspired by Ref. [36]. The accelerator module

can be inserted into the re-entrant flange, see Fig. 4.3. The electrode is an Indium Tin

Oxide (ITO) coated quartz plate and therefore transparent for 780 nm light. Figure 4.4

shows a cross-sectional view of the accelerator module.

The accelerator house is made from plexiglas, the bottom layer is a quartz disk.

On top of this disk we glued a copper ring (ITO holder) which is connected to a high

voltage power supply. The ITO plate is glued onto the copper ring with conductive

epoxy, electrically connecting the copper and the ITO surface. On top of the ITO plate

we have an O-ring and a spacer holding it in place. On top of this we have another

quartz plate and a top plate which is used to compress all the O-rings to make sure that

the cavities are sealed. The volume in the assembly between the two quartz plates but

outside the O-ring is filled with epoxy. In this way the HV electrode is shielded from the

environment with a high dielectric constant material, while keeping the compartments

where the trapping laser passes through free from epoxy.

Figure 4.6 shows a cross-sectional view of the accelerator module mounted in the

Figure 4.5: Left: The grating chip with hole in the centre. Right: SEM image

(closeup) of the hole in the centre. The hole has a diameter of 0.5 mm.
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Figure 4.6: Cross-sectional view of the accelerator module mounted in the re-

entrant flange. The gas cloud (black dot) is created in the 10 mm gap between

the viewport and the grating. The figure shows the equipotential lines of the

calculated electrostatic field generated by the transparent electrode. The electrode

is at Vacc = −20 kV and is separated 19.2 mm from the grounded grating holder.

The hole in the grating has a diameter of 0.5 mm. All dimensions are in mm.
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re-entrant flange, which is pushed against the viewport using a styrofoam spacer. The

high voltage electrode and the grounded grating support are separated by 19.2 mm.

The figure also shows the equipotential lines of the acceleration field with the electrode

at Vacc = −20 kV. The gas cloud (indicated by the black dot) is trapped in between the

viewport and the grating which are separated by 10 mm of vacuum. The accelerated

electrons pass through a hole in the grating with a diameter of 0.5 mm. Figure 4.5 shows

an image of the grating with the hole in the centre (left) and a closeup SEM image of

the hole (right).

Figure 4.7 shows the simulated electric field Facc and the final electron kinetic energy

U reached as a function of distance DM between the gas cloud and the grating for an

accelerator potential Vacc = −20 kV. The further away the electrons are created from

the grating the larger the final kinetic energy U . Based on the height of the overlap

volume we expect to create a cloud of trapped gas at DM ≈ 2 mm or DM ≈ 10 mm

depending on the grating that is used, see Section 4.2.1. This would result in an electron

beam energy U ≈ 2.5 keV for the θ = 61◦ chip and U ≈ 10 keV for the θ = 30◦ chip.

This shows that the final electron beam energy is increased by a factor four when using

a grating with a two times smaller diffraction angle in combination with a slightly larger

input beam.
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Figure 4.7: Final kinetic energy U (black) and the simulated electric field Facc

(red) as a function of distance DM between the gas cloud and the grating for an

accelerator potential Vacc = −20 kV. The maximum achievable beam energy is

13 keV since the HV electrode and viewport are separated by 9 mm of Quartz.

67



Chapter 4.

 

Solenoid Electron detector
 

Valve

MOT Coil

dsol ddet

Figure 4.8: Schematic representation of the electron gun and beamline.

4.3.3 Beamline

Figure 4.8 shows a view of the electron gun and beamline. The electrons are created in

the vacuum space between the re-entrant window and the grating support, see Fig. 4.6

for a more detailed view. The divergence and size of the electron beam can be controlled

by the magnetic solenoid lens positioned at a distance dsol = 484 mm from the gas cloud.

The detector assembly is positioned ddet = 293 mm behind the magnetic solenoid lens.

The detector assembly consists of a micro-channel plate4 (MCP) and a phosphor screen

which is imaged onto a CCD camera5.

4.3.4 Laser system

To laser cool 85Rb atoms we need laser light that is stabilised at the trapping transition

(5S 1
2
F = 3 → 5P 3

2
F = 4) and light stabilised at the repump transition (5S 1

2
F = 2 →

5P 3
2
F = 3). The repump transition is driven to make sure that atoms that fall back to

the dark state are returned to the cooling cycle.

We have developed a compact laser system that is divided over two 19" rack boxes

that contain optical breadboards. The main rack, shown in Fig. 4.9, houses a diode

laser6 that produces ∼ 200 mW at a wavelength λ = 780 nm. A fraction of the light

(20 mW) coming from the diode laser is split off using a half wave plate and a polarising

4Photonis MCP 40/12/10/8 I 60:1
5Thorlabs 4070M-GE-TE
6Moglabs Cateye diode laser
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λ/2

Trapping

Figure 4.9: The main laser table. A small fraction of the light coming from the

diode laser is split off and coupled into a fiber that transports the light to the

lockbox. The majority of the light is coupled into a fiber before having passed

trough an AOM and an EOM. Polarising beam splitter (PBS); Half wave plate

(λ/2); Quarter wave plate (λ/4).

beamsplitter cube (PBS). This light is coupled into a polarisation maintaining fiber

that transports the light to the second laser box, the lockbox, shown in Fig. 4.10. The

majority of the laser light coming from the diode laser will be used to laser cool the

atoms.

In the lockbox the light is again split in two using a half wave plate and a PBS. The
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From Main Table
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Figure 4.10: The lockbox. The laser light is split in two using a half wave plate

(λ/2) and a polarising beam splitter (PBS). Half of the light is used to stabilise

the frequency of the diode laser to the atomic laser cooling transition. The other

half is used to create a tunable excitation laser beam which is coupled into a fiber.

first half is used to lock the laser to the cooling transition while the second half is used

to create a tunable excitation laser beam. Prior to locking, the laser frequency is red

shifted by 160 MHz using a double pass through an acoustic optical modulator7 (AOM).

Hereafter the laser is passed two times through a rubidium vapour cell and finally ends up

on a fast photodiode. The rubidium vapour cell is inside a coil that is used to modulate

7IntraAction ATM-801A2
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the absorption spectrum at a frequency of 250 kHz. The oscillating absorption signal

measured on the fast photodiode is demodulated using a lock-in amplifier. This allows

us to retrieve a noise free derivative of the absorption spectrum which is known as the

error signal. The laser frequency is stabilised to the trapping frequency using a PID

controller. The locking mechanism as described above is a builtin feature of the laser

diode controller8. Consequently, we have locked the laser 160 MHz from the actual

trapping transition. The locking acoustic optical modulator (AOM) allows us to offset

the lock point by ±15 MHz.

The frequency of the trapping laser beam (main box) is tunable and resonant with

the laser cooling transition after having passed two times through an (trapping) AOM

that shifts the frequency back by −160 MHz. To laser cool atoms we need light that

is red detuned which can now easily be accomplished by changing the frequency of the

either the lock AOM or trapping AOM. The trapping AOM can also be used to quickly

∼ 100 ns turn off the laser beam since the zeroth order is blocked by an iris. Additionally

we can adjust the trapping beam power by changing the power of the RF signal that

drives the AOM.

The repump transition is driven by sidebands that are added to the trapping laser

beam at ±2915 MHz using an electro optical modulator9 (EOM). Minor changes to the

frequency of these sidebands can be made by changing the frequency of the oscillator

that drives the EOM. The power in the sidebands is determined by the amplitude of

the RF signal that drives the EOM. The trapping light is coupled into a polarisation

maintaining fiber that transports the trapping and repump light to the experiment

(40 mW). The efficiency of the fiber coupling is ∼ 50% while the efficiency of a single

pass trough the AOM is ∼ 75%.

Similarly we create an excitation laser beam in the lockbox. This light is used to

resonantly drive the transition from the ground to the excited state. This beam can

again be switch on and off quickly and is tunable both in frequency and power.

4.4 Commissioning Grating MOT

We have characterised the MOT by determining the number of atoms in the trap as

a function of various experimental parameters such as the intensity and detuning of

the trapping laser, the magnetic field gradient and the rubidium background pressure.

We will also present temperature measurements of the atoms as a function of both

detuning and intensity. Additionally we have tested the operation of the GMOT under

the influence of an applied electric field and with a hole in the centre of the grating chip

which are required to extract an electron beam. The measurements were done using the

θ = 61◦ grating chip. The input laser beam has 22.5 mW at the trapping wavelength

8Moglabs diode laser controller
9Qubig EO-Rb85-3M
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and 5.5 mW at the repump wavelength. Both beams have a 1/e2 diameter of 15 mm

resulting in a trapping beam peak intensity It = 25.5 mW/cm2, which is well above

the rubidium saturation intensity [25] Is = 1.67 mW/cm2. The repump beam peak

intensity is Ir = 6.2 mW/cm2. The atom numbers were estimated using fluorescence

measurements with a saturated atomic scattering rate Γ/2 with Γ ≈ 2π × 6 MHz the

natural line-width of the laser cooling transition. Systematic errors in the atom number

measurements result in an estimated relative uncertainty of 50%.

Typically 4× 106 atoms can be loaded in the trap at a loading rate of 4× 107 s−1.

This implies that the loading rate is sufficient to extract electron bunches containing

on the order of 103 electrons per pulse at a repetition rate of 1 kHz. The peak atom

density natom = 2.1 · 1016 m−3 is reached for a magnetic field gradient ∇Bz = 0.2 T/m.

4.4.1 MOT loading

The amount of atoms N(t) in the MOT as a function of time t after switching on the

trapping laser is described by

N(t) =
Rload

Γbg
(1− exp(−Γbgt)) (4.5)
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Figure 4.11: The MOT loading curve, number of trapped atoms as a function

of time after the trapping laser was turned on. The solid black line is a fit with

Eq. (4.5), resulting in τload = 95 ms and N∞ = 4.2 · 106.
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Figure 4.12: The Number of atoms in a steady-state trap and the loading time

τload as a function of the current running through the rubidium dispenser. The

rubidium background pressure ranges from ∼ 10−10 mbar at 3.4 A to ∼ 2 · 10−9

mbar at 4 A.

with Rload the loading rate and Γbg the linear loss rate due to collisions with the back-

ground gas. Equation 4.5 shows that the trap is filled on a timescale τload = Γ−1
bg that is

dependent on the background loss rate which is proportional to the background pressure.

The number of atoms in a steady state MOT is given by N∞ = Rload

Γbg
. The loading rate

scales linearly with the partial rubidium pressure pRb and the loss rate scales linearly

with the background pressure pbg.

This means that the steady state atom number is independent of the partial rubidium

pressure if the background pressure due to the other gas species is much lower than the

partial rubidium pressure.

Figure 4.11 shows the loading curve of the MOT as a function of time after the

trapping laser was turned on. The solid black line is a fit with Eq. (4.5), resulting in

τload = 95 ms and N∞ = 4.2 · 106 which results in a loading rate Rload = 4.4 · 107 s−1.

The number of trapped atoms is close to the expected atom number as estimated in

Section 4.2.

Figure 4.12 shows the number of atoms in a steady state MOT, N∞, and the loading

time τload for various dispenser currents. The rubidium background pressure10 ranges

from ∼ 10−10 mbar at 3.4 A to ∼ 2 · 10−9 mbar at 4 A. The figure shows that we

can maximally trap N∞ ≈ 4.4 · 106 atoms with a loading time of τload ≈ 200 ms.

10pressure indicated by NEXTorr D100-5 ion pump controller
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This results in a loading rate of Rload = 2.2 · 107 atoms/s. The largest loading rate

Rload = 5 · 107 atoms/s was achieved at a dispenser current of 4 A which means that

in principle we can extract electron bunches containing 103 electrons per pulse at a

repetition rate of 1 kHz.

The figure also shows that the atom number initially increases with increasing dis-

penser current which is due to an increasing Rb background pressure. Eventually,

beyond ∼ 3.7 A, the atom number decreases again due to additional collisional losses

because of the large Rb background pressure which also explains the continuous decrease

in loading time.

4.4.2 Detuning

Figure 4.13 shows the number of atoms in the MOT as a function of both the detuning

and the intensity of the trapping laser beam. The figure shows that we can maximally

trap ∼ 4·106 atoms at a red detuning of 9 MHz. The absolute detuning is not determined

so the detuning in Fig. 4.13 is the detuning with respect to the point where the laser

is locked. We also see that the atom number as a function of laser intensity is not

saturated. This means that more laser intensity will potentially allow for more atoms

to be trapped.
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Figure 4.13: The number of atoms in a steady-state trap as a function of trapping

laser detuning and intensity of the trapping laser beam.
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4.4.3 Atom temperature

The atom temperature was determined by measuring the ballistic expansion [37] of the

atom cloud. This expansion is modelled by

σ(t)2 = σ(t = 0)2 +
kbTa
m

t2, (4.6)

with σ(t) the rms width of the atom cloud at time t, Ta the temperature of the atom

cloud, kb the Boltzmann constant and m the mass of the rubidium atom. Figure 4.14

shows the square of the rms size of the MOT as a function of the square of the time after

switching off the trapping laser. The solid line in the graph is a fit with Eq. (4.6) which

gives us the initial rms size of the MOT, σ(t = 0) = 0.22 mm, and the temperature of

the atoms in the cloud Ta = 107 µK.

Figure 4.15 shows the atom temperature as a function of the trapping laser detuning

and intensity. The lowest atom temperature Ta = 80 µK is reached for large red detuning

and low intensities. The temperature of the atoms is well below the Doppler cooling

limit [25] which is TD ≈ 150 µK for 85Rb. Previous publications [26, 38] have already

shown that it is possible to achieve sub-Doppler atom temperatures using GMOTs.
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Figure 4.14: The square rms size of the MOT as a function of the squared time.

The solid line represents a fit with Eq. (4.6) which results in Ta = 107 µK.
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Figure 4.15: The temperature of the atoms in the trap as a function of trap laser

detuning and intensity. The lowest atom temperature T = 80 µK is reached for

large red detuning and low intensities.

4.4.4 MOT density

The peak atom density, natom, in the MOT is given by

natom =
N∞

√
2π

3
σxσyσz

(4.7)

with σx, σy,σz the rms sizes of the atom cloud. The size of the MOT in the radial

direction is half that of the size in the longitudinal direction. Typical values are σx =

σy ≈ 0.1 mm and σz ≈ 0.2 mm.

Figure 4.16 shows the atom density in the MOT as a function of longitudinal mag-

netic field gradient. The figure shows a maximal density natom = 2.1 · 1016 m−3 for a

magnetic field gradient ∇Bz = 0.2 T/m. The larger the gradient the higher the atom

density until re-radiation forces limit the density [39, 40], which is not yet achieved here.

4.4.5 DC Stark shift

The detuning at which the number of atoms in the trap is maximal changes if an electric

field is applied due to Stark shifting of the cooling transition frequency. The energy

levels for the hyperfine states of the 52S1/2 ground state 85-rubidium atom all shift

equally [41]. The excited state 52P3/2 energy levels are shifted differently depending on

the hyperfine state due to a non-zero tensor polarisability [41].
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Figure 4.16: The atom density as a function of longitudinal magnetic field gradi-

ent.

Figure 4.17 shows the number of atoms in the trap as a function of accelerator

potential and detuning with respect to the optimal detuning δFacc=0 = −9 MHz when

no electric field (Facc = 0) is applied. The white line shows the calculated Stark shift,

for the transition F = 3 to F ′ = 4 for final mF ′ = 0. We assumed the Stark shift

to be small compared to the hyperfine splittings [41] which holds for Facc ≤ 2 MV/m.

The white curve corresponds to an electric field Facc = 1.2 MV/m at the position of

the gas cloud. This agrees well with the simulated electric field strength at a position

DM ≈ 2 mm for an accelerator potential of Vacc = −20 kV, shown in Fig. 4.7.

Figure 4.17 also shows that the number of atoms in the trap decreases as the electric

field is increased. At maximum electric field we still have a steady state atom number

N∞ = 2.4 ·106 which is more than sufficient to operate the GMOT as an electron source.

4.5 Commissioning UCES

In the previous section we showed that ∼ 106 atoms are trapped in the presence of a

∼ 1 MV/m acceleration field using the θ = 61◦ grating chip. The MOT was ionised

using a tuneable nanosecond ionisation laser pulse with a rms pulse duration of ∼ 2.5 ns.

The electron beam energy was measured by an electron time-of-flight scan [20] which

resulted in a modest electron beam energy U ≈ 2 keV. This is also what we expect on

the basis of the position of the gas cloud DM ≈ 2 mm for the θ = 61◦ grating chip,

see Section 4.3.2. We decided to replace the θ = 61◦ diffraction grating by a θ = 30◦
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Figure 4.17: Number of atoms in the MOT as a function of both accelerator

potential and detuning with respect to the optimal detuning (δFacc=0 = −9 MHz)

when no electric field (Facc = 0) is applied. The white line is a fit with theory and

results in Facc = 1.2 MV/m.

grating which allowed us to create the gas cloud DM ≈ 8 mm above the grating surface,

as expected from the height of the overlap volume. Additionally, this also increased

the overlap volume which resulted in a gas cloud containing ∼ 107 atoms. The MOT

contains fewer atoms than expected since only half of the overlap volume is inside

vacuum. The overlap volume V30 ≈ 290 mm3 so we expect to trap N30 ≈ 9 · 106, this is

in agreement with the measured atom number. The larger value of DM increased the

maximum achievable electron beam energy to U ≈ 10 keV. The input laser beam has a

circular (diameter of 22 mm) flattop intensity distribution with It ≈ 15 mW/cm2 and

Ir ≈ 3 mW/cm2.

In this section we present measurements of the electron beam energy, using a time-

of-flight method, and of the transverse beam quality using a waist scan [19, 20] method.

4.5.1 Time-of-Flight

The electron beam energy was determined using an electron time-of-flight (TOF) scan [20].

The arrival time of the electron pulse on the MCP was determined by measuring the

charge signal with a trans-impedance amplifier. Figure 4.18 shows the arrival time of

the electron pulse relative to the ionisation time as a function of acceleration voltage

Vacc.

The resulting TOF data was fit, solid line in Fig. 4.18, using the relativistically
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correct expression

τ =
dsol + ddet

c

√
1−

(
mc2

mc2−ef(Vacc−V0)

)2
+ τ0 (4.8)

with c the speed of light, m the electron mass, V0 an accelerator potential offset and τ0
an electronics delay. This function was fitted with f , V0 and τ0 as fitting parameters,

yielding f = 0.51 ± 0.02, V0 = 83 ± 6V and τ0 = 21 ± 1 ns. The electron energy U is

given by

U = −ef(Vacc − V0), (4.9)

with e the electron charge and with 0 ≤ f ≤ 0.65 a factor which determines the position

of the MOT in the acceleration gap, i.e. 0 ≤ DMOT ≤ 10 mm. The final electron beam

energy U as a function of accelerator voltage Vacc calculated using Eq. (4.9) is given by

the red curve in Fig. 4.18. The maximum achievable electron energy is U = 10.2±0.4 keV

for an accelerator potential Vacc = −20 kV.

During operation, the re-entrant viewport gets coated with a thin layer of rubidium

which reduces the work function of the quartz surface. Scattered ionisation laser photons

give rise to photoemission which charges the glass plate, effectively creating a voltage
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Figure 4.18: Electron time-of-flight τ as a function of accelerator voltage Vacc.

The solid black curve is a fit using Eq. (4.8). The red curve shows the final electron

beam energy U as a function of accelerator voltage which was calculated using

Eq. (4.9) with f and V0 the fitted parameters.
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offset V0. Carefully aligning the ionisation laser and taking measure to prevent scattering

of the laser light minimises the charging. Alternatively the viewport can be heated.

Additionally, the rubidium ions are accelerated towards the quartz plate. These ions

can produce electrons by ion impact ionisation if they acquire sufficient kinetic energy.

This causes a second electron signal on the electron detector which arrives about 150 ns

later than the electrons extracted from the Rubidium atoms. Switching the accelerator

voltage off when the electrons have passed the grating should reduce the ion kinetic

energy and thus the secondary electron yield. Alternatively, immediately switching the

polarity of the field after the electrons have passed the grating will further decelerate

the ions.

4.5.2 Beam quality

The transverse electron beam quality is given by the normalised rms transverse emit-

tance which is defined by

ε =
1

mc

√
〈x2〉 〈p2

x〉 − 〈xpx〉
2
, (4.10)

with x the transverse position coordinate with respect to the bunch centre and px the

transverse momentum with respect to the average transverse bunch momentum. The

brackets < ... > denote averaging over the electrons in the bunch. The beam emittance

is fixed at the source. Here the position and momentum coordinate are uncorrelated, i.e.

〈xpx〉 = 0, and therefore the emittance is equal to the product of beam size σx =
√
〈x2〉

and uncorrelated transverse momentum spread σpx =
√
〈p2
x〉. The transverse size of

the electron beam at the source was determined to be σx = 30 µm by measuring the

spot size of the excitation laser beam in a virtual source point. The normalised beam

emittance ε is related to the source temperature T by

ε = σx

√
kbT

mc2
(4.11)

where we used σpx =
√
mkbT with kb the Boltzmann constant. The normalised emit-

tance ε can be determined from a waistscan [19, 20]. In a waist scan the size of the

electron beam on the detector is measured as a function of focusing power of a mag-

netic lens. The ionisation laser wavelength was tuned to λion = 488.3± 0.1 nm so that

the electrons only receive a small amount of excess energy. At an electric field strength

Facc = 0.37±0.04 MV/m this results in −2.8±3.4 meV which should result in ultracold

electron bunches [19–21].

Figure 4.19 shows the rms transverse beam size as measured on the detector as a

function of current Isol running through the solenoid. At the focus an rms electron spot

size σ ≈ 50 µm was reached which is at the limit of our detector resolution. Detailed

charged particle tracking simulations were done, in which the source temperature was
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Figure 4.19: The electron beam rms spot size σ as measured on the detector as

a function of current Isol running through the magnetic lens.

varied while the source size σx was kept fixed. We used realistic fields for the accelerating

field, the quadrupole magnetic field of the MOT coils and the field produced by the

magnetic solenoid lens. Coulomb interactions can be neglected [33] because we have used

a nanosecond ionisation laser pulse. The measured data was fitted with the simulation

results [20] which was quadratically added to the detector resolution. The solid black

line in Fig. 4.19 is the best fit with particle tracing simulations.

The fit results in a beam emittance ε = 1.9 nm · rad, which corresponds to a source

temperature T = 25 K. The grey band in the figure defines an upper and a lower limit

(dashed lines) for the source emittance. At the lower limit this results in ε = 0.4 nm ·rad

and at the upper limit ε = 2.8 nm · rad. Using σx = 30 µm, this translates into a lower

temperature limit T− = 1 K and an upper temperature limit T+ = 50 K. The inner

data points (close to the focus) imply a source temperature even lower than 25 K. The

measured source temperature and beam emittance of the GMOT UCES are in line with

results reported in earlier work [19–21].

4.6 Conclusion and outlook

We have successfully developed a compact ultracold electron source based on a GMOT.

The unique modular design only requires one input beam that passes through a trans-

parent accelerator module. We show that the GMOT can be operated with a hole in the
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centre of the grating and with large electric fields applied across the trapping region.

The electric field was determined by measuring the Stark shifts of the laser cooling

transition.

The electron beams extracted from the GMOT have been characterised. Beam en-

ergies up to U = 10.2 ± 0.4 keV were measured using a time-of-flight method. The

normalised root-mean-squared transverse beam emittance was determined using a waist

scan method, resulting in ε = 0.4 − 2.8 nm · rad. Since the root-mean-squared trans-

verse size of the ionisation volume is 30 µm or larger, this implies an electron source

temperature in the 1− 50 K range.

We have demonstrated a clear path towards harnessing the great potential of the

UCES in a practical setting by developing a robust, compact UCES that does not re-

quire much alignment. Future research will focus on increasing the bunch charge of

picosecond electron pulses created by femtosecond photoionisation. These pulses are

sufficiently short for RF acceleration and compression, creating intriguing new possib-

ilities. Obviously space charge forces will become a problem at higher bunch charges

which can be addressed by shaping of the initial electron distribution.
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5

Pulse length at self-compression point

Abstract. We present the design and implementation of a ponderomotive pulse

length measurement at the self compression point. A feasibility study of a pon-

deromotive scattering experiment was performed. Theory and charged particle sim-

ulations show that electrons will be deflected under a θx ≈ 60 mrad angle when

subjected to a femtosecond laser pulse with pulse parameters measured in the lab.

It should be easy to distinguish the scattered electrons from the un-scattered ones

which have a maximum deflection angle of 6 mrad. We present preliminary first results

showing that the rms bunch length in the self compression point στ ≤ 3.6± 0.7 ps.
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5.1 Introduction

The pulse length and the energy spread of the ultracold electron bunches extracted from

the laser cooled gas have been independently measured, see Chapter 2 and Chapter 3

respectively. Due to technical limitations the pulse length was measured far from the

ultracold electron source (UCES), hence we measured the pulse length of a chirped

electron pulse. Therefore the longitudinal beam emittance, which characterises the

longitudinal beam quality, is still unknown.

To determine the longitudinal beam emittance the electron pulse length has to be

measured in a longitudinal beam waist; the self-compression point (see Fig. 2.2), which

can be regarded as the longitudinal source point of the UCES. The downside is that

the position of the self compression point is very close to the accelerator exit. Based on

geometry, it is approximately twice the distance over which the electrons are accelerated

inside the DC gun, see Chapter 2. Taking measurements at the self-compression point

would not be possible in the conventional six beam UCES because of the way it was

designed. However, the grating MOT based UCES (Chapter 4) offers much more access-

ibility which brings such an experiment within reach. This should allow us to directly

investigate the ionisation process of the atoms in the cooled gas, which is expected to

take place at picosecond timescales, see Chapter 2.

The pulse length can be investigated using a radio frequency (RF) cavity operated in

TM110-mode, as was demonstrated in Chapter 2. This however has limitations since the

vacuum feedthroughs for the RF cavity are not ultra high vacuum (UHV) compatible

and would therefore spoil the operating conditions for the UCES. In order to achieve

optimal temporal resolution the self compression point has to lie in the centre of the

RF cavity, this is not easy since the cavities are relatively large in size compared to

the distance between the self compression point and the accelerator exit. Additionally,

the length of the RF cavity has to be optimised for the electron beam energy such

that the electron bunch passes through the cavity in exactly half an oscillation period.

This would require new cavity development since the length of all deflection cavities

developed in our group have been optimised for 30 keV beam energies, see Section 2.3.1

for more details.

Another way of measuring the pulse length of ultrashort electron bunches is by using

a technique called ponderomotive scattering, here an electron quivers in the electric field

of a high intensity laser pulse and is subsequently pushed away from the high intensity

region. This technique has already been used to measure the pulse length of both sub-

relativistic [1–4] and relativistic [5] electron pulses. This is a relatively direct technique

compared to using RF cavities since is it only requires a high intensity ultrashort laser

pulse colliding with an electron bunch. Due to the ponderomotive force, a fraction

of the electrons in the bunch acquire a transverse momentum kick. The longitudinal

charge distribution can be measured by changing the delay between the laser pulse and
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the electron pulse while measuring the amount of deflected electrons. The temporal

resolution is therefore determined by the temporal length of the ponderomotive laser

pulse which can be in the few-10 fs range. The method can also be used to investigate

the effect of space charge forces on longitudinal beam emittance which is considered the

main limitation of temporal resolution in single-shot UED experiments.

In this chapter we describe the realisation of such ponderomotive pulse length meas-

urements at the self-compression point of the grating MOT based UCES. This chapter

is organised as follows: First (Section 5.2) we will introduce the concept of ponderomot-

ive scattering. We will theoretically show that this experiment should in principle be

possible with a high signal to noise ratio. This is confirmed by detailed charged particle

simulations. Hereafter (Section 5.3), we will discuss the experimental realisation of the

experiment. Finally, (Section 5.3) we will discuss the first measurements and the current

status of the experiment.

5.2 Ponderomotive scattering

Figure 5.1 illustrates a laser pulse with wavelength λ that is travelling in the −ŷ dir-

ection, colliding with an electron traveling in the ẑ-direction. The electron has a mo-

mentum ~p = γmβc ẑ with m the electron mass, γ the Lorentz factor and β the velocity

of the electron normalised to the speed of light c. As the electron quivers in the elec-

tric field of the laser pulse it is repelled from the high-intensity region. The classical

z

y

e−

λ
φ = π/2

~p = γ~βmc

Figure 5.1: Ponderomotive scattering. A laser pulse with wavelength λ collides

with an electron perpendicular (φ = π/2) to the direction of motion. The electron

is deflected in the x̂ direction by the ponderomotive force.
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ponderomotive force [6] is given by

~F (~r, t) = − e2λ2

8π2mε0c3
∇I(~r, t), (5.1)

with e the elementary charge, ε0 the vacuum permittivity and ∇I(~r, t) the gradient of

the intensity distribution of the laser pulse. The force originates from the cycle-averaged

motion of a charged particle in an inhomogeneous oscillating electric field. The intensity

distribution of a Gaussian laser pulse at y = 0 is given by

I(~r, t) =
Ep

√
2π

3
σxσzσt

exp

(
− x2

2σ2
x

)
exp

(
− z2

2σ2
z

)
exp

(
− t2

2σ2
t

)
, (5.2)

with Ep the energy contained in the laser pulse, σx and σz the root-mean-square (rms)

size of the laser pulse and σt the rms pulse length. Using Eq. (5.2) the ponderomotive

force in the x̂ direction becomes

Fx(~r, t) =
e2λ2

8π2mε0c3
x(t)

σ2
x

I(~r, t) (5.3)

with x(t) the position of the electron as a function of time. Equation 5.3 shows that

the force is maximal at x = σx where the gradient of the intensity is maximal. The

ponderomotive force changes the transverse velocity of the electron by

∆vx =
e2λ2

8π2γm2ε0c3
1

σ2
x

∫ ∞
−∞

x(t)I(~r, t) dt. (5.4)

Similarly we can show that the ponderomotive force in the ẑ direction changes the

longitudinal momentum distribution but this goes beyond the scope of this chapter.

Assuming that the position of the electron does not change over time when the laser

pulse passes, ~r(t) = ~r0, the latter equation simplifies to

∆vx =
e2λ2

(2πc)3γm2ε0

Ep

σxσz

x0

2σ2
x

exp

(
− x2

0

2σ2
x

)
exp

(
− z2

0

2σ2
z

)
. (5.5)

with ~r0 = (x0, 0, z0). This assumption is valid as long as the laser pulse length σt is much

shorter than the time it takes an electron to travel across the laser waist, σt <
σz

vz
with

vz the speed in the longitudinal direction. This is generally the case since the rms size

of the ponderomotive laser beam typically is σx = σz ≤ 10 µm and the electron bunches

extracted from the UCES have a maximum beam energy of 10 keV. Equation 5.5 shows

that the maximum velocity change in the x̂ direction occurs when the laser passes the

electron where the gradient is largest, at x0 = σx and z0 = 0. The electron will be

deflected under an angle θ given by

θx =
∆vx
vz

=
e2λ2

(2πc)3ε0m2γβc

Ep

2σ2
xσz

exp

(
−1

2

)
. (5.6)
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As an example, a λ = 800 nm laser pulse containing Ep = 1 mJ of energy which is

focussed to σx = σz = 3.5 µm, colliding with a 5 keV electron beam causes a deflection

of θx = 57 mrad. This calculation is valid for a laser pulse length σt = 25 fs since

this is much shorter than it takes the electron to move across the laser waist, 175 fs.

The electron bunches extracted from the UCES typically have a source temperature

of 10 K which results in an uncorrelated angular spread of θ0 = 1
γβ

√
kT
mc2 = 0.3 mrad

for a 5 keV electron bunch. In order to be able to distinguish the scattered electrons

from the un-scattered electrons, the deflection angle needs to be much larger than the

uncorrelated angular spread, θx >> θ0, which is easily met.

We have performed particle tracking simulations to test the feasibility of a pon-

deromotive scattering experiment in the self-compression point of the grating MOT

based UCES, see Chapter 4. The general particle tracer software package [7] was used for

calculating the particle trajectories. The ponderomotive interaction was implemented

in two different ways, first by using the classical time-averaged ponderomotive force [6]

(Eq. (5.1)) and second by implementing the electric field of the laser pulse at the focus

as described in Ref. [8]. In both simulations we used an electron bunch containing 103

electrons accelerated in a DC structure to a beam energy of 5 keV. The electrons are

accelerated over a distance of dacc = 5 mm and therefore the self compression point

lies 2dacc = 10 mm behind the exit of the accelerating structure, see Fig 2.2. The elec-

trons were extracted from a Gaussian ionisation sphere with root-mean square (rms)

radius σ = 30 µm and with a source temperature T = 10 K. In the simulations we

used a Ep = 1 mJ laser pulse with a rms pulse length of σt = 25 fs focussed down to

σx = σz = 3.5 µm. Figure 5.2 shows the deflection angle θx = ∆vx
vz

as a function of lon-

gitudinal position z for an electron in the bunch. The solid black curve was calculated

by implementing the time-averaged ponderomotive force, given by Eq. (5.1).

The figure shows that the electron is deflected under an angle θx = 52 mrad after

being passed by the femtosecond laser pulse. This is close to the estimated maximal

deflection θx = 57 mrad (indicated by the red line in Fig. 5.2) which was calculated

using Eq. (5.6). This is not surprising since the longitudinal distance traveled by the

electron in the time that the laser pulse passes is much smaller than the waist of the

laser beam, the assumption made when calculating Eq. (5.5). The solid grey curve

shows the deflection angle when implementing the electric field of the laser pulse. The

electron oscillates and is gradually deflected.

Figure 5.3 shows the transverse phase space distribution of the electron bunch in

the x̂-direction 1 ps after the ponderomotive laser pulse passed by the self compression

point. The figure was calculated with the actual electric field of the laser pulse, all

other simulation parameters are identical to the ones used to make Fig. 5.2. The figure

clearly shows that electrons close to the bunch centre have acquired additional transverse

momentum due to the ponderomotive force which is maximal at the rms radius (x0 =

±3.5 µm) of the laser pulse. The figure also shows that the electron bunch has a chirped
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Figure 5.2: The simulated transverse deflection angle θx = vx
vz

as a function of

longitudinal position. Classical time averaged ponderomotive force (solid black)

and the quiver motion of the electron in the electric field of the laser pulse (grey).

The red line indicates the maximum deflection given by Eq. (5.6).

transverse phase space distribution, a correlation between transverse momentum spread

and position. This is due to the accelerator exit which acts as a negative lens. The

dashed lines indicate the maximum transverse angular spread which is ±6 mrad which

is much larger than the uncorrelated transverse momentum spread which is as small as

θ0 = 0.3 mrad for a T = 10 K electron beam. The ponderomotive effect can be observed

on an electron detector if the deflection angle is larger than this 6 mrad which is clearly

the case for the simulations performed here. Additionally, the correlated momentum

spread can be undone using standard electron optics.

The amount of electrons in a bunch that will scatter is dependent on the size of the

laser pulse σz and σx compared to the size of the electron pulse at the self compression

point. For the values used in the GPT simulations and a rubidium ionisation time of

1 ps about 20 of the 103 electrons are scattered. This value increases as the ionisation

time becomes shorter. Diffraction limited sub-100 fs mJ laser pulses are commercially

available which should make ponderomotive pulse length measurements at the self-

compression point possible.
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Figure 5.3: The transverse phase-space distribution in the x̂-direction after the

laser pulse has passed through the electron pulse. The electrons close to the beam

centre have interacted with the laser pulse and have acquired additional transverse

momentum. The electron pulse has a correlated energy spread which is mainly due

to the negative lens effect of the accelerator exit. The dashed lines indicate the

maximum ±6 mrad correlated angular spread.

5.3 Experimental design

Figure 5.4 shows the designed grating holder with on the front side the grating (top

image) and on the back side (bottom image) the realisation of the ponderomotive scat-

tering experiment. Electrons are created in the overlap volume which is defined by

the excitation laser (red) and the ionisation laser (blue) which intersect at the posi-

tion of the cooled gas (white sphere). The applied electric field accelerates the electron

bunches (green) from the ionisation volume through a hole in the grounded grating, see

Chapter 4. The back side of the grating holder (bottom image) consists of two 12.5 mm

diameter lenses which have a 19 mm focal length. The first lens is used to focus the

incoming collimated ponderomotive laser beam (red) onto the electron beam (green).

The ponderomotive beam is then collimated by the second lens. This is done to safely

extract the beam without scattering.

The femtosecond laser system consists of a Ti : Sapphire oscillator1 which produces

6 nJ pulses at a repetition rate of 75 MHz. These pulses undergo chirped pulse amp-

1Coherent Mantis
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Figure 5.4: The design of a grating holder with on the back side the realisation

of ponderomotive scattering. Top: The square grating with excitation (red) and

ionisation (blue) laser which overlap at the MOT (white sphere). The electron

pulses (green) are accelerated through a hole in the grounded grating. Bottom:

Two lenses are used to focus the incoming collimated ponderomotive laser beam

(red) onto the electron beam (green) and re-collimating the beam afterwards.
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lification in a regenerative amplifier2 where the pulse energy is increased to 2.5 mJ at

a repetition rate of 1 kHz. The amplified laser pulses are at the standard λ = 800 nm

Ti : Sapphire wavelength and have an rms pulse length of 25 fs. The amplified pulses are

fed into an optical parametric amplifier3 (OPA) to create ultrafast laser pulses (< 100 fs)

at the ionisation wavelength of rubidium (480− 495 nm).

The ponderomotive laser is deduced from the leftover pump beam that has passed

through the OPA and is thus inherently synchronised to the ionisation laser beam and

therefore to the electron beam. The ponderomotive laser pulses contain Ep = 1.25 mJ

of energy. The pulse length was measured using the frequency resolved optical gating

(FROG) method which resulted in a rms pulse length of σt ' 25 fs. The waist of the

ponderomotive laser beam after passing through the 19 mm lens was determined by

focussing the beam on a CCD camera. The image was fit with a Gaussian distribution

which resulted in rms radius σx = σy ' 3.5 µm at the focus. A delay stage was

implemented to correct for the arrival time difference between the electron pulse and

the ponderomotive laser pulse at the self compression point. This stage allows us to

scan the delay between both pulses and therefore to measure the charge distribution as

a function of time.

All the measured ponderomotive beam parameters match the values used in Sec-

tion 5.2 where we showed that a ponderomotive pulse length measurement should be

within reach. For the experiment to work the electron beam and the laser beam need

to be overlapped in both space and time, which is not easy due to the small beam waist

and the short pulse length of the ponderomotive laser beam. We have designed and

implemented an alignment plate that contains a TEM grid and two apertures with radii

of 50 and 100 µm. The alignment plate is connected to a 3-axes vacuum stage and

placed under 45◦ angle with the electron beam. This allows us to simultaneously align

the electron and the ponderomotive beam through the apertures and thus to spatially

overlap them.

5.4 Current Status

To determine the spatial overlap the electron beam and the ponderomotive beam have

both been aligned through the 100 µm aperture. The ponderomotive beam was heav-

ily attenuated (. 1 µJ per pulse) to make sure that the aperture was not damaged.

Figure 5.5 shows a schematic representation of the electron beamline, the detector was

positioned at a distance ddet = 760 mm from the self compression point. The electrons

are accelerated to 2Faccdacc = 7 keV over a distance of dacc = 6 mm.

The delay between the ponderomotive laser pulse and the electron beam was scanned

until electron beam distortions on the detector were observed. Photoelectrons created by

2Coherent Legend Elite pumped by a Coherent Evolution 30
3Coherent OperA-Solo
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Figure 5.5: Schematic representation of the beamline, consisting of an electro-

static accelerator, an aperture (black), the ponderomotive laser pulse (red) and a

detector which consists of a micro-channel plate (MCP) and a phosphor screen.

The light emanating from the phosphor screen is imaged onto a CCD camera.

the femtosecond laser hitting the edge of the aperture create a dense plasma that affects

the electron bunch that passes through [9, 10]. This effect can be used to determine

the temporal overlap between the laser pulse and the electron pulse since this plasma is

typically created [9, 10] in ∼ 0.5 ps and decays in ∼ 40 ps.

Figure 5.6 shows the rms size σ of the electron beam as measured on the detector as

a function of delay between the electron pulse and the laser pulse with the laser turned

on (black dots) and the laser turned off (circles). The figure clearly shows that the size of

the electron pulse on the detector is increased when it is temporally overlapped with the

laser pulse. The data is fitted (solid black curve) with an error function 1+erf(t/
√

2στ )

multiplied with an exponential decay exp(−t/τ) which resulted in a plasma decay time

τ = 39.6± 3.1 ps and an rms rise time στ = 3.6± 0.7 ps. This measurement allowed us

to accurately set the delay between the electron and the laser pulse with ∼ ps precision.

Additionally, the measurement can be regarded as a coarse pulse length measurement

at the self compression point. The temporal resolution of this method is determined by

the time constant for the plasma formation [9]. From the fitted curve we can conclude

that the rms electron pulse length is at most στ = 3.6± 0.7 ps.

We are capable of aligning both the laser beam and the electron beam in space and

time. The last step is to increase the laser power, remove the alignment target and

scan the delay in time steps on the order of the laser pulse length until a fraction of the

electrons in the bunch is scattered.
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Figure 5.6: The rms size σ of the electron beam as a function of delay between

the laser pulse and the electron bunch. Circles: laser off. Dots: laser on. The solid

black curve is a fit with a step function multiplied by a Gaussian decay which has a

time constant τ = 39.6± 3.1 ps. The black curve is the result when convolving the

black curve with a Gaussian temporal distribution function that has a rms width

στ = 3.6± 0.7 ps.

5.5 Conclusions and outlook

We have presented a feasibility study of a ponderomotive scattering experiment in the

self compression point. Theory and charged particle simulations show that electrons will

be deflected under a θx ≈ 60 mrad angle when subjected to a femtosecond laser pulse

with realistic pulse parameters measured in the lab. It should be easy to distinguish the

scattered electrons from the un-scattered ones which have a maximum deflection angle

of 6 mrad.

We are capable of aligning both the laser beam and the electron beam in space and

time through a 50 µm aperture. We have presented preliminary first results showing

that the rms bunch length in the self compression point στ < 3.6± 0.7ps.

Increasing the laser pulse energy should in principle increase the scattering angle and

reveal the electrons that have interacted with the intense laser pulse. This will allow

us to determine the charge distribution at the self-compression point from which we

can determine the longitudinal beam emittance. Alternatively, designing an ultrahigh

vacuum compatible TM110 streak cavity optimised for 10 keV electrons would allow for

similar measurements at the cost of temporal resolution.
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6

RF acceleration and manipulation

Abstract. A radiofrequency (RF) cavity operated in TM010-mode can be used in

3 modes; acceleration, bunch compression, bunch stretching. In this chapter it is

discussed how these modes can be applied to electron bunches extracted from the

ultracold electron source. We will show that the RF cavity can be used to boost

the electron energy by at least 50 keV when using commercially available 1 kW solid

state RF amplifiers. Additionally, detailed particle tracking simulations show that

the electron pulses extracted from the laser cooled gas can in principle be compressed

to sub-100 fs pulse lengths. Finally, we show that by carefully tuning the RF input

power the RF cavity can be used to undo the correlated energy spread gained during

extraction from the DC gun. Simulations show that we can achieve a ∼ 1 eV uncor-

related energy spread at a rms pulse length of 5 ps for electron bunches containing

1000 electrons per pulse.
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6.1 Introduction

The electron bunches are extracted from the laser cooled gas using an electric field not

stronger than 1.5 MV/m. Larger electric fields lead to Stark-shifts and atom losses,

as was shown in Section 4.4.5. For typical accelerating structures, accelerator voltages

≤ 20 kV and acceleration gaps on the order of 1 − 2 cm, the electron beam energy is

therefore limited to approximately 10 keV. For transmission electron microscopy and

electron diffraction, however, 100− 300 keV energies are generally preferred [1, 2] since

this results in a reduced De Broglie wavelength (enabling a larger spatial resolution)

and larger mean free paths (allowing the investigation of thicker samples). Moreover,

to use the UCES as an injector for inverse Compton scattering (see Chapter 10) even

larger energies (∼ MeV) are required. We therefore need to boost the electron beam

energy for which we use radiofrequency (RF) cavities.

The electron bunches extracted from the laser cooled gas have a relatively large

energy spread because of the length of the ionisation volume, see Chapter 3. For this

reason the electron pulses are not suited for experiments that require low energy spreads,

such as electron energy loss spectroscopy (EELS) and transmission electron microscopy

(TEM). The energy spread that is gained during the extraction process is correlated

with time and can be undone using the same RF cavities used for acceleration.

Due to the correlated energy spread gained in the acceleration process the pulse

length of the electron bunches increases as the bunch propagates, as was shown in

Chapter 2. Therefore the electron pulses are not suited for experiments that require

ultrashort electron pulses, such as ultrafast electron diffraction (UED). Here, again an

RF cavity can be used to compress the stretching electron pulses. In our group an RF

cavity has been developed with this as the primary goal, an RF compression cavity [3–5].

In this chapter we investigate whether this RF compression cavity is suited for ac-

celeration, compression and collimation of ultracold electron bunches. This chapter is

organised as follows: First (Section 6.2) we will introduce the concept of RF cavities.

Standard pillbox cavities are relatively power inefficient which is why a more efficient

RF cavity was developed [3, 4] in our group (Section 6.2.1). We will show how (Sec-

tion 6.2.2) this RF cavity can be used to boost the energy of the electron bunches

extracted from the magneto optical trap (MOT). Hereafter (Section 6.4) we will show

how the cavity can be used to compress electron pulses. Finally (Section 6.5) we will

show how to undo the correlated energy spread gained in the acceleration process.

6.2 RF cavity

In general an RF cavity is a chamber with conducting walls. Depending on the geometry

different resonant electromagnetic modes are supported. In this chapter we will restrict

ourselves to the lowest order mode which is cylindrically symmetric; the so-called TM010
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mode. The electron beam passes through along the symmetry axis (z-axis) of the cavity.

The resonance frequency f of the mode is determined by the fact that the tangential

component of the electric field has to vanish at the conducting cavity wall. An important

figure of merit is the quality factor Q, which is defined by the ratio of the frequency f and

the full-width-at-half-maximum (FWHM) width of the resonance ∆f and is given by

Q = f
∆f . The quality factor is determined by the material of the cavity wall, the surface

roughness and the internal shape of cavity. This dimensionless parameter relates the

energy Ucav stored in the cavity fields to the average energy loss per cycle, according

to Q = ωUcav

P , with P the average power loss and ω = 2πf the angular frequency.

Therefore it gives the number of cycles needed to fill or drain the cavity fields. We

prefer the European S-Band frequency, f = 2.9985 GHz, since the components at this

frequency are relatively small, cheap and widely accessible. The quality factor of the

RF compression cavity developed in our group[3, 4] typically is Q ' 103 − 104.

Figure 6.1 shows a cylindrical pillbox cavity of length l and radius rw operated in

TM010-mode. This mode [6] is characterised by an azimuthal magnetic field ~B = Bϕϕ̂

and a longitudinal electric field ~E = Ez ẑ which only depend on radial position r ≡√
x2 + y2 and time t:

Ez(r, t) = E0J0(kr) cos(ωt), (6.1a)

Bϕ(r, t) =− E0

c
J1(kr) sin(ωt) (6.1b)

with E0 the on axis electric field, Jn the nth order Bessel function of the first kind,

k = ω
c the wavenumber with c the speed of light. Since the tangential component of

the electric field has to vanish at the cavity wall the resonant frequency is given by

f = j01c
2πrw

, with j01 ≈ 2.4048 the first root of the zeroth order Bessel function.

To efficiently manipulate electron bunches a large on-axis electric field strength is

desired. Pillbox cavities are relatively power inefficient and thus require large and costly

high power RF amplifiers.

6.2.1 Ω-Cavity

To increase the efficiency a cavity geometry, approaching the ideal spherical shape was

designed [3]. This significantly reduces the magnetic field strengths at the walls leading

to less dissipation and thus to reduced power consumption. Additionally the design

features so-called “nose cones” that compress the electric field lines close to the cavity

axis, resulting in an enhanced on-axis electric field strength. Because the internal shape

of the cavity walls resembles the Greek capital letter Ω it is referred to as the Ω-Cavity,

see Fig. 6.2.

Figure 6.2 shows a cross-sectional view (r, z) of the Ω-cavity, the acceleration gap

has a width d = 6 mm and the entrance and exit irises have a radius a = 3.5 mm.
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Figure 6.1: A pillbox cavity of length l and radius rw operated in TM010-mode.

This mode is characterised by an azimuthal magnetic field ~B = Bϕϕ̂ and a longit-

udinal electric field ~E = Ez ẑ.

The cavity is designed such that the resonant frequency of the TM010 mode is the

standard European S-band frequency f = 2998.5 MHz at 45◦C, which is convenient

for temperature control. The temperature is controlled by a combination of heating

resistors and a water cooled heatsink, see Fig. 6.2.

The electromagnetic fields are inductively coupled into the cavity by a loop antenna.

Figure 6.3 shows the electric field lines of the TM010 mode calculated using the Superfish

code [7]. It is clear that the field line density is highest around the acceleration gap while

becoming less dense radially outward. This results in a lower magnetic field amplitude

at the cavity walls and thus less power dissipation leading to larger axial electric field

strengths for the same input power.

Figure 6.4 shows the simulated electric field profile (circles) on the cavity axis for

an input power Pin = 1 kW, which can be delivered by a commercially available solid

state amplifier1. The figure shows that we can achieve on-axis electric field strengths of

8.4 MV/m. The normalised field profile along the cavity axis (r = 0) in the ẑ-direction

1Microwave amplifier Ltd AM84-3S2-50-60R
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RF Input
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Heating Resistor

Electrons

Figure 6.2: Cross section of the Ω-cavity. The cavity temperature is regulated

by the heating resistors and a water cooled heatsink. The RF power is inductively

coupled into the cavity by a loop antenna. The electron beam passes through along

the cavity symmetry axis.
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r

za
d

Figure 6.3: Cross-sectional view (r, z) of the electric field lines in the TM010

mode. The acceleration gap has a width d = 6 mm and the entrance and exit tube

have a radius a = 3.5 mm

can be accurately modelled by

E(z)

E0
=

1

2 erf
(
deff
2s

) [erf

(
z + deff

2

s

)
− erf

(
z − deff

2

s

)]
, (6.2)

with E0 the peak electric field, deff the effective length of the cavity and s a form factor.

The solid curve in Fig. 6.4 is a fit of the on-axis field profile with Eq. (6.2) resulting in

E0 = 8.4 MV/m, s = 3 mm and deff = 7.4 mm. Earlier work [3] has shown that the

measured on-axis electric field profile is in agreement with the simulated field profile.

The entire three dimensional field distribution inside the radio frequency cavity can be

calculated by a field expansion [5] which only requires the on-axis electric field amplitude

E(z):

Ez(z, r, t, ϕ) =

(
1 − r2

4

[
∂2

∂z2
+
ω2

c2

]
+ · · ·

)
E(z) cos(ωt), (6.3a)

Er(z, r, t, ϕ) =

(
−r

2
+
r3

16

[
∂2

∂z2
+
ω2

c2

]
+ · · ·

)
∂

∂z
E(z) cos(ωt), (6.3b)

Bϕ(z, r, t, ϕ) =

(
−r

2
+
r3

16

[
∂2

∂z2
+
ω2

c2

]
+ · · ·

)
ω

c2
E(z) sin(ωt). (6.3c)

106



RF acceleration and manipulation

−15 −10 −5 0 5 10 15
0

2

4

6

8

position (mm)

E
(M

V
/
m
)

Figure 6.4: The simulated on-axis electric field strength (circles) in the RF cavity.

The curve is a fit with Eq. (6.2), resulting in E0 = 8.4 MV/m, s = 3 mm and

deff = 7.4 mm.
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Figure 6.5: The simulated peak electric field E0 strength (circles) as a function

of input power Pin together with a fit of Eq. (6.4) (solid curve).
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Figure 6.5 shows the simulated electric field amplitude E0 (circles) as a function of

input power Pin. The amplitude E0 is expected to increase with Pin according to

E0 =

√
rsPin

L
, (6.4)

where rs is the so-called effective shunt impedance, which takes ohmic losses in the

cavity walls into account, and L the effective length, defined as L =
∫∞
−∞

E(z)
E0

dz. A fit

using Eq. (6.4) results in rs = 4.77 MΩ and L = 8.25 mm.

The cavity has a simulated quality factor Q = 6800 corresponding to a FWHM

width of the resonance ∆f = 442 kHz and thus a filling time τfill ≡ Q
ω = 360 ns. The

electron beam can therefore be injected for pulse manipulation a few µs after the RF

power to the cavity is turned on, so the cavity can be operated with a 10−2 duty cycle

at a repetition rate of 1 kHz.

6.2.2 RF electron bunch manipulation

The TM010-mode has been used for RF acceleration for 50 odd years [8]. First we will

derive how to use the cavity for electron beam acceleration. Hereafter we will show that

the mode can also be used as a time dependent longitudinal and transverse electron

lens [5].

Acceleration

Electrons will either be accelerated or decelerated depending on the phase of the standing

wave at the moment when the electron pulse enters the cavity. To calculate the electron

phase space trajectories the equation of motion has to be solved:

∂~p

∂t
= −e ~E(~r, t), (6.5)

with ~p = γm~v the electron momentum, m the mass, ~v the velocity, γ = 1√
1−β2

the

Lorentz factor with β = |~v|
c and c the speed of light. The kinetic energy of the electron

beam is related to the Lorentz factor by

U = (γ − 1) mc2. (6.6)

For a RF cavity operated in TM010-mode the on axis electric field Ez(~r, t) is given

by Eq. (6.3a). Restricting ourselves to on-axis motion with ~v = vz ẑ Eq. (6.5) can be

rewritten in the form of

∂γ

∂z
=− e

mc2
E(z) cos(θ), (6.7a)

∂θ

∂z
=
ω

c

γ√
γ2 − 1

, (6.7b)
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with θ = ωt + φ. These equations allow us to develop physical understanding of the

essential mechanisms of acceleration, compression and energy spread reduction. Equa-

tion (6.7a) describes the energy gain as a function of longitudinal position z and shows

that the electrons are accelerated as long as cos(θ) < 0, a condition that is referred

to as “on crest”. Equation (6.7b) describes the evolution of phase θ as the particle is

accelerated.

Longitudinal lens

An RF cavity in TM010 mode can also be used as a longitudinal lens. Using Eq. (6.7a)

and assuming that the change in electron velocity vz is small when passing through the

cavity we can show that the change in longitudinal momentum is given by

∆pz = − e

vz

∫ ∞
−∞

E(z) cos

(
ωz

vz
+ φ

)
dz, (6.8)

where we used t = z
vz

and the relation ∂pz
∂z = mc

β
∂γ
∂z . Electrons that reach the cavity

earlier or later see a different phase offset φ. An electron bunch with a finite pulse length

is modelled by substituting φ = φ0− ωζ
vz

with ζ the longitudinal electron coordinate with

respect to the centre of the bunch. Here φ0 is chosen as the RF phase at the moment

the centre of the electron bunch passes through the centre of the cavity. Assuming
ωζ
vz
<< 1, Eq. (6.8) further simplifies to

∆pz ∼= −
eE0dc
vz

(
ωζ

vz
sin(φ0) + cos(φ0)

)
, (6.9)

with dc =
∫∞
−∞

E(z)
E0

cos
(
ωz
vz

)
dz the effective interaction length between the electron and

the oscillating electric field. Equation (6.9) shows that for (φ0 = ±π2 ) the longitudinal

momentum change is directionally proportional to the longitudinal position coordinate

ζ within the electron bunch. This implies that the applied chirp is linear when ωζ
vz
<< 1

for all electrons in the bunch, i.e. when the pulse length τ << 1
ω . For f = 3 GHz this

means in practice that the injected pulses should be shorter than 20 ps. From Eq. (6.9)

the focal length fL of the RF cavity can be derived:

1

fL
=

−1

mγ3βc

∂∆pz
∂ζ

=
edcω

m (γβc)
3E0 sin (φ0). (6.10)

Since the focal length scales as fL ∝ γ3/E0 it becomes highly impractical to chirp

relativistic bunches in this way.

Transverse lens

Similarly to Eq. (6.9) we can show that for kr << 1 the transverse momentum change

∆pr is given by
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∆pr ∼=
eE0dcω

2γ2v2
z

r

(
sin(φ0)− ωζ

vz
cos(φ0)

)
, (6.11)

which shows that the transverse momentum change is directionally proportional to the

transverse position coordinate r. Therefore the RF cavity can be used as a transverse

electron lens, as a positive lens (φ0 = −π2 ) or as a negative lens (φ0 = π
2 ). The transverse

focal length fT can be derived from Eq. (6.11) and is given by

1

fT
=
−1

mγβc

∂∆pr
∂r

=
edcω

m (γβc)
3

E0

2

(
ωζ

vz
cos(φ0)− sin(φ0)

)
. (6.12)

The lensing action is optimal when in longitudinal lens mode (φ0 = ±π2 ). Equation 6.12

shows that the magnitude of the transverse focusing power is half that of the longit-

udinal focussing power and opposite in sign. Therefore RF bunch compression will

inevitably result in transverse de-focussing. Equation 6.12 also shows a focussing action

when in acceleration mode (φ0 = 0) that is linearly dependent on longitudinal position

coordinate ζ. Note that this equation is again only valid in acceleration mode (φ0 = 0)

for highly relativistic electron bunches and that the focal length fT ∝ γ3/E0.

6.3 Acceleration

The acceleration of ultracold electron bunches using the Ω-cavity operated at Pin =

1 kW has been simulated by solving the coupled differential equations given by Eq. (6.7).

Figure 6.6 shows both the final kinetic energy U and the arrival time at a screen

placed 23.5 mm behind the centre of the cavity as a function of injection time (colour

coded). Both the arrival time and the injection time are given with respect to the

electron that acquires the most kinetic energy. The figure shows two curves, one for

the electrons injected with an energy of 5 keV (bottom) and one for 10 keV (top). The

figure shows that all electrons in a 5 keV pulse with a temporal length of 20 ps achieve

a final energy U > 56 keV when injected on crest. All electrons in a 10 keV pulse with

a temporal length of 5 ps achieve a final energy U > 67 keV when injected on crest.

The cavity would lose 8 nJ of energy by accelerating an electron pulse containing 106

electrons from 10 keV to 60 keV. Since this is much smaller than the energy stored in the

cavity, which is typically Ucav ' 360 µJ, beam loading effects are negligible. Using two of

these cavities in succession allows the electron beam energy to be boosted to > 100 keV

over a distance of ∼ 10 cm. Figure 6.7 (left plot) shows a 5 keV electron pulse that is

injected into the RF cavity. The pulse has a temporal length of 10 ps and no correlated

energy spread. This pulse is injected at different times (φ0/ω) into the Ω-cavity where

φ0 = 0 is the injection phase for maximal acceleration. The plots on the right hand side

show the longitudinal phase space distribution after having passed through the cavity,

clearly showing that the bunches generally acquire a correlated energy spread during
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Figure 6.6: The final kinetic energy U and arrival time with respect to the fastest

electron as a function of injection time (colour coded) with respect to injection time

for optimal acceleration. The figure shows two curves, one for electrons injected

with an energy 5 keV (bottom) and one for 10 keV (top). Negative injection

time means the electrons are injected later, while negative arrival time means the

electrons have arrived earlier.

acceleration. All the electron bunches have gained more than 50 keV of energy after

having passed through the cavity, see Fig. 6.7.

The top plot (pulse injected 20 ps later) shows that the electron beam has received

a correlated energy spread with a positive chirp during acceleration. The bottom plot

(pulse injected 10 ps earlier) shows that the electron pulse has received a negative chirp.

The electrons in the back have gained a larger momentum than the electrons in the front,

hence the pulse will self compress in time. This shows that it is possible to accelerate

the electron bunches while simultaneously adding a chirp, accelerating and compressing

at the same time. Electrons injected on crest, φ0/ω = 0, receive the most energy and

will get a minimal energy chirp.
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Figure 6.7: Left: The 5 keV electron pulse that is injected into the RF cavity;

the pulse has a temporal length of 10 ps and no correlated energy spread. This

pulse is injected at different times (φ0/ω) into the Ω-cavity where φ0 = 0 is the

phase for maximal acceleration. Right: The longitudinal phase space distribution

after passing through the cavity for different injection times. Negative injection

time means the electrons are injected later.

112



RF acceleration and manipulation

6.4 Compression

Previous work by van Oudheusden [4, 9] demonstrated that the Ω-cavity can be used

to compress few-10 ps electron pulses to less than 100 fs. This process is schematically

illustrated in Fig. 6.8. The top images illustrate the electron beam in (r, z) space and

the bottom images the longitudinal (z, pz) phase space traces. The bottom left plot

relates to the self compression point just after the accelerator exit, the longitudinal

virtual source point of the ultra-cold electron source. This longitudinal beam waist is

characterised by a root-mean-square (rms) beam size σz and an rms momentum spread

σpz . The momentum spread in the self compression point is determined by the length of

the ionisation volume in combination with the electric field strength in the acceleration

gap, as was discussed in Chapter 2 and 3. The longitudinal beam emittance determines

the ultimate achievable pulse length for a given energy spread in the absence of space

charge forces. The longitudinal emittance ε̂z = σion

√
kTz

mc2 is fixed at the source and

is determined by the length of the ionisation volume σion and the longitudinal source

temperature Tz when assuming that all electrons are created instantaneously.

The uncorrelated momentum spread σpz in the self compression point causes the

electron pulse to stretch when undergoing a drift, this process is illustrated in Fig. 6.8

plot 2. To compress the stretching electron pulse the RF phase of the electromagnetic

(EM) field in the cavity is set such that the front of the electron pulse is decelerated and

the back is accelerated while the centre is unaffected, see Fig. 6.8 plot 3. After a certain

distance the fast electrons in the back will overtake the slow electrons in the front,

creating a longitudinal focus, see Fig. 6.8 plot 4. The pulse length in the longitudinal

focus is determined by the correlated energy spread that is imposed by the RF cavity.

The General Particle Tracer software package [10] was used for calculating the

particle trajectories in a realistic setting. The full 3D EM fields inside the RF cavity

were calculated from the simulated on-axis field distribution E(z)
E0

depicted in Fig. 6.4

using the field expansion given by Eq. (6.3).

In all simulations we used an electron beam extracted from a Gaussian spherical

ionisation volume with rms radius σion = 20 µm and a source temperature of T = 10 K.

This results in a rms transverse emittance ε̂⊥ = 0.8 nm · rad and a normalised rms

longitudinal emittance of mc · ε̂z = 5.5 ps · eV. The longitudinal beam emittance is to

a large extent determined by the ionisation dynamics, which is ideally determined by

the temporal length of the ionisation laser pulse τion = 100 fs, see Section 2.2.3. In

the simulations we used an electron beam accelerated in a DC structure to an average

beam energy of 2Faccdacc = 25 keV over a distance dacc = 10 mm, see Fig. 6.9 for

a schematic representation of the beamline. A magnetic solenoid lens positioned a

distance dsol = 170 mm from the self compression point was used to transversely focus

the electron beam inside the RF cavity positioned a distance dcav = 470 mm from the

self compression point. Full 3D space charge effects have been taken into account.
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Figure 6.9: Schematic representation of the beamline, consisting of an electro-

static accelerator, a magnetic solenoid lens and a RF cavity operated in TM010-

mode.

Figure 6.10 shows the rms pulse length as a function of position for bunch charges

ranging from 103 electrons (grey) to 104 electrons (black) per pulse. In all simulations

the on-axis electric field strength in the RF cavity was set to E0 = 0.5 MV/m.

The phase of the field inside the RF cavity has been set such that a pulse with 103

electrons (light grey trace) is optimally compressed to a rms pulse length of 29 fs. At

the compression point the energy spread of the beam is σu = 230 eV, together with
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Figure 6.10: Simulated pulse length as a function of position for bunch charges

ranging from 103 electrons (grey) to 104 electrons (black) per pulse.
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Table 6.1: The simulated rms pulse length at the compression point as a function

of the number of electrons per pulse.

# electrons rms pulse length

103 29 fs

2 · 103 57 fs

3 · 103 85 fs

5 · 103 150 fs

104 280 fs

the rms pulse length σt = 29 fs this gives a normalised longitudinal beam emittance of

mc · ε̂z = σtσu = 230 eV · 29 fs = 6.7 ps · eV. The longitudinal beam emittance has

increased, which we attribute to space charge forces at the compression point where the

electron density reaches its maximum value.

Next, the bunch charge was increased from 103 to 104 electrons per pulse while

keeping all other simulation parameters fixed. Figure 6.10 shows that the compression

point shifts to the right and that the pulse length in the longitudinal focus increases to

280 fs (black trace). Table 6.1 lists the rms pulse length at the compression point as a

function of the number of electrons per pulse.

The focus shifts further downstream because (linear) space charge forces increase

the longitudinal beam divergence and thus the pulse length when entering the cavity,

see Fig. 6.10. The figure shows that the pulse length when entering the cavity has

increased from 4.4 ps for a pulse containing 103 electrons (grey trace) to 8.5 ps for a

pulse containing 104 electrons (black trace). The longitudinal focus can be returned to

the original position by increasing the magnitude of the electric field inside the cavity,

which is the longitudinal equivalent of using a stronger lens to focus a diverging beam at

the same position where a collimated beam would focus. Additionally, this will decrease

the pulse length at the compression point since we will focus more tightly. To show

this we repeated the 5 · 103 electrons per pulse simulation while increasing the on-axis

electric field strength in the cavity to E0 = 0.78 MV/m, this shifted the compression

point back to the original position and decreased the rms pulse length from 150 fs to

78 fs.

6.5 Undoing correlated energy spread

The RF cavity can also be used to create low energy spread electron bunches, at the cost

of pulse length. This is done by removing the correlated energy spread gained during

the extraction from the laser cooled gas, see Section 2.2. This process is schematically
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illustrated in Fig. 6.11. The top images illustrate the electron beam in (r, z) space

and the bottom images the longitudinal (z, pz) phase space traces. The uncorrelated

momentum spread σpz in the self compression point (plot 1) causes the electron pulse to

stretch during a drift, as is illustrated in plot 2. To remove the correlated energy spread

the RF phase is set such that the front of the electron pulse is decelerated and the back

is accelerated while the centre is unaffected: The RF power and thus the electric field

strength E0 is chosen such that the correlated energy spread is completely removed, see

plot 3. The result (plot 4) is a longitudinal beam waist.

In order to completely remove the correlated energy spread the electric field strength

in the cavity has to be set such that the longitudinal focal length (Eq. (6.10)) of the cavity

is equal to the distance between the cavity and the self-compression point, fL = dcav

(see Fig. 6.9). The pulse length at the position of the cavity determines the ultimate

achievable energy spread for a given longitudinal beam emittance in the absence of space

charge forces.

In Section 6.4 we showed that the normalised longitudinal emittance typically is

εz = 5.5 ps · eV. This implies that a pulse stretched to 5.5 ps can in principle reach an

uncorrelated energy spread of 1 eV. The General Particle Tracer software package [10]

was used for calculating the particle trajectories in a realistic setting. All simulation

parameters are the same as those used in Section 6.4. The simulations show that when

applying a modest on-axis electric field of E0 = 78.9 kV/m, the correlated energy

spread of a 5 ps electron pulse containing 103 electrons can be undone, which leaves an

uncorrelated longitudinal energy spread of 1.1 eV. The energy spread of the bunch when

entering the cavity is determined by the geometry of the accelerator and the size of the

ionization laser in the direction of the acceleration field, see Eq. 2.1. Using σion = 20 µm,

dacc = 10 mm and U = 25 keV we calculate an rms energy spread σU = 500 eV. We

have therefore shown that it is in principle possible to reduce the energy spread by a

factor of ∼ 500.

However, electric field amplitude fluctuations ε ≡ ∆E
E0

will result in longitudinal focal

length fluctuations ∆fL = −fLε. This will in turn lead to a residual relative energy

spread of
∣∣∆U
U

∣∣ = 2ε∆z
fL

with ∆z the length of the electron pulse at the position of the

RF cavity. Solid state RF amplifiers are commercially available with a RF amplitude

stability of δP = 5 · 10−4, which results in an electric field amplitude stability of ε =
δP
2 = 2.5 · 10−4. A 5 ps electron pulse with an average beam energy of 25 keV has a

length of ∆z = 0.5 mm. As an example, electric field amplitude fluctuations of an RF

cavity which has an on-axis electric field strength E0 = 78.9 kV/m (longitudinal focal

length fL = 470 mm) would lead to a residual energy spread of ∆U = 13.3 meV, which

is therefore not limiting.

Additionally, RF phase variations δφ will result in a net acceleration or deceleration

of the electron bunch. This leads to fluctuations in the average beam energy between

two succeeding electron bunches which can be regarded as an energy spread which is
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given by ∆U = m(γβc)3

ωfL
δφ. State-of-the-art synchronisation by an RF phase locked

loop system has a typical residual RF phase jitter δφ = 2 mrad [11] which results in

∆U = 1.03 eV. This shows that energy spread contribution due to phase fluctuations

limits the 1 eV energy spread that is in principle achievable.

6.6 Conclusion

We have investigated various ways that a RF cavity operated in TM010-mode can be

used to manipulate electron bunches. First, we showed that the RF cavity is capable

of boosting the electron energy by at least 50 keV when driven by a 1 kW solid state

RF amplifier. This will allow us to increase the average beam energy of the ultracold

electron pulses and therefore to investigate thicker samples.

Secondly, we showed that the RF cavity can be used as a longitudinal electron lens.

Pulses can be either compressed or stretched depending on the injection phase. We have

shown that electron pulses extracted from the MOT can in principle be focussed down

to sub-100 fs pulse duration. The resulting electron pulses are sufficiently short while

simultaneously having a large degree of beam coherence, making them ideal for UED of

macromolecular crystals. The temporal resolution of sub-relativistic ultrafast electron

diffraction is generally limited by RF phase and amplitude jitter of the RF lenses. In

Chapter 7 we will present a technique that is capable of circumventing this limitation

by using either two or three of these RF cavities in succession.

Finally, we have shown that the correlated energy spread of an electron beam can

be undone using an RF cavity. This is achieved by carefully choosing the electric field

amplitude when operating the cavity in compression mode. Simulations show that we

can achieve a 1.1 eV uncorrelated energy spread at a pulse length of 5 ps for an electron

pulse containing 103 electrons. This will potentially allow the UCES to be used as a

source for ultrafast electron microscopy.

A 3 GHz TM010 mode cavity is presently being implemented in the UCES beamline

and the first experiments aiming at microwave acceleration and compression of ultracold

electron bunches are underway.
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RF Jitter correction 1

Abstract. The temporal resolution of sub-relativistic ultrafast electron diffraction

(UED) is generally limited by radio frequency (RF) phase and amplitude jitter of the

RF lenses that are used to compress the electron pulses. We theoretically show how to

circumvent this limitation by using a combination of several RF compression cavities.

We show that if powered by the same RF source and with a proper choice of RF field

strengths, RF phases and distances between the cavities, the combined arrival time

jitter due to RF phase jitter of the cavities is cancelled at the compression point. We

also show that the effect of RF amplitude jitter on the temporal resolution is negligible

when passing through the cavity at a RF phase optimal for (de)compression. This

will allow improvement of the temporal resolution in UED experiments to well below

100 fs.

1The work described in this Chapter is published by J.G.H. Franssen and O.J. Luiten in Struct.

Dyn. 4, 044026 (2017).
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7.1 Introduction

A successful method to improve the temporal resolution in sub-relativistic pump-probe

ultrafast electron diffraction (UED) experiments is the use of a resonant radio frequency

(RF) cavity in TM010 mode [1–5] to compress electron pulses to the 100 fs range. In

this way single-shot UED has been demonstrated with 100 fs electron bunches [6, 7].

To achieve this the phase of the oscillating electro-magnetic field is synchronised [8] to

both the pump and photoemission laser.

However, RF phase instabilities in the synchronisation system lead to variations in

the arrival time of the electron bunches, thus limiting the temporal resolution of UED

experiments to a few 100 fs [1–5]. In addition, RF amplitude instabilities may lead to

further degradation of the temporal resolution [9].

This chapter theoretically describes how to eliminate the RF phase jitter using two

or three TM010 cavities, depending on the velocity chirp of the incoming electron beam.

If powered by the same RF source and with a proper choice of RF field strengths,

phases and distances between the cavities, the combined phase jitter is cancelled at the

compression point. The effect of amplitude instabilities can be minimised by operating

the compression cavity at a RF phase for optimal (de)compression. In this way the

temporal resolution can be improved substantially.

This chapter is organised as follows: First (Section 7.2) we will introduce the concept

of using a compression cavity as a longitudinal lens and derive its corresponding focal

length. Hereafter we will show how RF phase and amplitude fluctuations result in

arrival time jitter and how this is connected to the focal length of the longitudinal lens.

Next (Section 7.2.2 and 7.2.3) we show how to use two or three cavities to effectively

cancel the arrival time jitter at the compression point. Hereafter (Section 7.3) we will

present detailed charged particle tracking simulation results that perfectly agree with

the derived analytical theory. We thus show that it is possible to create a longitudinal

focus that is inherently insensitive to both phase and amplitude fluctuations of the RF

field in the compression cavities. Finally (Section 7.4) we discuss the limitations.

7.2 Theory

The principle of using resonant RF cavities as longitudinal lenses for sub-relativistic

UED is an established technique which is described in Ref. [6, 10]. The on-axis oscillating

electric field inside the RF cavity is given by Eq. (6.3a). The change in longitudinal

momentum ∆pz an electron acquires by traveling trough an RF cavity was derived in

Section 6.2.2 and is given by

∆pz ∼= −
eE0dc
vz

(
ωζ

vz
sin(φ) + cos(φ)

)
, (7.1)
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with e the electron charge, dc =
∫∞
−∞

E(z)
E0

cos
(
ωz
vz

)
dz the effective cavity length, E(z)

the on-axis electric field amplitude, E0 = E(0) the electric field strength at the centre of

the cavity, vz the average speed of the electron bunch and ζ ≡ z − vzt the longitudinal

electron coordinate with respect to the centre of the bunch; φ is chosen as the RF phase

at the moment the centre of the electron bunch passes trough the centre of the cavity.

The longitudinal focal length f of a such a cavity is given by[6, 10]

1

f
=

−1

mγ3βc

∂∆pz
∂ζ

=
edcω

m (γβc)
3E0 sin (φ), (7.2)

with m the electron mass and γ = 1/
√

1− β2 the Lorentz factor with β = vz
c where we

use the paraxial beam approximation vz >> vx, vy.

Equation 7.1 shows that the average momentum change ∆pz of the electron pulse

passing through the cavity is zero if the centre of the bunch passes through the centre

of the cavity when the RF electric field goes through zero, i.e. φ = ±π2 . Operating the

cavity at a phase of φ = π
2 will result in bunch compression: the electrons in the front

part of the bunch will be decelerated while the electrons in the back will be accelerated.

Operating the cavity at φ = −π2 will result in decompression, the electrons in the front

part are accelerated and the ones in the back are decelerated.

RF phase variations δφ and electric field amplitude fluctuations ε ≡ ∆E
E0

will result

in a net acceleration or deceleration of the electron bunch depending on the sign of δφ,

ε and the focal length of the lens. This leads to arrival time fluctuations δt at a distance

d from the cavity [10], given by

δt =
d

ωf

1 + ε

tan(φ+ δφ)
. (7.3)

Equation (7.3) shows that the arrival time depends on the focal length of the lens, so

choosing two lenses with opposite focal lengths will allow us to cancel the arrival time

fluctuations due to both RF phase and amplitude fluctuations at some point behind the

two cavities. For optimal (de-)compression, i.e. φ = ±π2 , the latter equation reduces to

δt = − d
f

δφ

ω
(1 + ε) (7.4)

showing that the arrival time fluctuations due to amplitude fluctuations ε are a second

order effect.

We can illustrate this with a numerical example: state-of-the-art synchronisation

by an RF phase locked loop system has a typical residual phase RF phase jitter δφ =

2 mrad [8]. Assuming a typical angular frequency ω = 2π · 3 GHz and f = d we

find δtphase ≈ 110 fs. Solid state RF amplifiers are commercially available with a

RF amplitude stability of δP = 5 · 10−4, which results in an electric field amplitude

stability of ε = δP
2 = 2.5 · 10−4 and thus to additional arrival time jitter on the order
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of δtamp = δtphase · ε ≈ 28 as. Clearly the amplitude contribution to the arrival time

jitter is negligible, owing to it being a second order effect. The validity of Eq. (7.4) is

confirmed by charged particle simulations which will be presented in Section 7.3.

RF amplitude fluctuations also causes the longitudinal focus to shift position, thus

resulting in bunch length fluctuations at the nominal (ε = 0) position of the waist. The

Courant-Snyder β̂ parameter [11] in the longitudinal waist is given by

β̂w =
v2
zτ

2
w

ε̂z
(7.5)

with τw the pulse length at the longitudinal waist and ε̂z the normalised longitudinal

emittance. The Courant-Snyder parameter β̂w is equivalent to the Rayleigh length in

optics. We want β̂w to be much larger than the shift of the focal position to ensure

that the pulse length at the nominal focus is not affected by RF amplitude instabilit-

ies. This means that the shift in focal position should be much smaller than β̂w, i.e.

f
(

1− 1
1+ε

)
< β̂w, which is equivalent to

ε <
β̂w
f

=
v2
zτ

2
w

f ε̂z
. (7.6)

For 100 keV electrons, f = 0.5 m, τw = 20 fs and a normalised root-mean-squared

(rms) longitudinal emittance ε̂z = 350 fs·eV this results in the condition ε < 0.1, which

is easily achievable.

7.2.1 Longitudinal focussing

We will now first derive how to longitudinally compress an electron pulse by using a

two lens focussing system, as is illustrated in Fig. 7.1. We will use geometrical optics to

describe the longitudinal focussing system, i.e. the paraxial beam approximation and

thin and weak-lens approximations [10].

The first lens is a negative lens with focal length f1 < 0. This lens stretches the

electron bunch; the second lens is a positive lens with a focal length f2 > 0. This lens

is used to compress the electron bunch, as illustrated in Fig 7.1. The distance between

the lenses is given by dlens. The longitudinal divergence of the incoming electron beam

is parameterised by the length d0, which is the distance of the focal point with respect

to the position of the first lens if 1
f1

= 1
f2

= 0.

d0 > 0 corresponds to a converging beam which is longitudinally focused a distance

d0 behind the first cavity, as is schematically indicated in Fig. 7.1. d0 < 0 represents

a diverging electron beam which originates from a beam waist a distance d0 before the

first lens.

The distance Lfocus with respect to the second lens (see Fig. 7.1), of this two-lens

system is given by

124



RF Jitter correction

Figure 7.1: Schematic representation of a two-lens longitudinal focussing system.

The first lens is a negative lens with a focal length f1 < 0, the second lens is

a positive lens with a focal length f2 > 0. The combination of the two lenses

compresses the beam at a distance Lfocus behind the second lens.

1

Lfocus(d0)
=

1 + ε

f2
− 1

dlens − f1d0
f1+d0(1+ε)

(7.7)

with dlens, f2 > 0, f1 < 0 and ε the electric field amplitude jitter which modulates

the focal length of the lens. In the case that the incoming beam is parallel the latter

equation reduces to

Lfocus(d0 =∞) = lim
d0→∞

Lfocus(d0) =
f2(dlens − f1)

dlens − f2 − f1
. (7.8)

In the case that the first lens collimates the incoming converging beam (f1 = −d0)

the position of the focal point becomes

Lfocus(f1 = −d0) = f2. (7.9)

7.2.2 Jitter correction

We assume that both cavities have the exact same phase and amplitude variations since

they are driven by the same RF amplified signal. From Eq. (7.4) it then follows that

for optimal (de)compression the arrival time jitter of the electron pulse at the second

cavity (lens 2) due to the first cavity (lens 1) is given by

δt12 = −dlens

f1

δφ

ω
(1 + ε). (7.10)

Similarly, the arrival time jitter at a distance Ljitter behind the second cavity (lens

2) due to the first cavity (lens 1) is given by
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δt1L = −dlens + Ljitter

f1

δφ

ω
(1 + ε). (7.11)

The arrival time jitter at a distance Ljitter behind the second cavity (lens 2) due to

the second cavity is given by

δt2L = −Ljitter

f2

(
δφ

ω
+ δt12

)
(1 + ε). (7.12)

There will be no arrival time jitter at a distance Ljitter behind the second cavity (lens

2) when δt1L + δt2L = 0 which shows that both phase δφ and amplitude ε variations

cancel in first order. The point where there is no jitter is given by

Ljitter =
f2dlens

dlens(1 + ε)− f2 − f1
(7.13)

with dlens, f2 > 0 , f1 < 0 and f2 < dlens − f1 since Ljitter > 0. To improve the

temporal resolution of UED experiments the no-jitter point Ljitter has to overlap with

the longitudinal focal point Lfocus. These points overlap when the following equation

holds:

f2 = f1

(
dlens

d0
− 1

)
+ dlens(1 + ε) (7.14)

with d0 > dlens since Eq. (7.13) requires f2 < dlens − f1. The point where the pulse

length is independent of RF phase fluctuations for all electrons inside a bunch is then

given by

Lfocus = Ljitter = −d0
f2

f1
= d0

(
1− dlens(1 + ε)

f1

)
− dlens. (7.15)

This means that overlapping the focal point and the no-jitter point is only possible

for beams with negative energy chirp (d0 > dlens > 0). This means that in order to

cancel the phase jitter in an RF focussing system with two cavities we need an already

focussing electron beam. This is the case for an electron beam which is extracted

from a longitudinally extended source such as a laser cooled gas [12, 13]. An electron

beam extracted from a photoemission gun can be negatively chirped using magnetic

compression schemes. An RF photogun operated at the right phase can also produce

longitudinally converging bunches.

RF amplitude variations lead to arrival time variations δtfoc at the position of the

jitter correction point given by

δtfoc = ε(1 + ε)
δφ

ω

dlensLjitter

f1f2

∼= ε
δφ

ω

dlensLjitter

f1f2
. (7.16)
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Here we see that RF amplitude fluctuations in both RF compression cavities result

in only small deviations in arrival time at the focus due to the second order nature of the

contribution. In addition, amplitude fluctuations lead to the shifts of the focal position

given by

δLfoc = −εL
2
focus

f2

(
1 +

f1

f2

)
. (7.17)

As shown in Section 7.2, |δLfoc| < β̂waist which results in the following condition:

ε <
f2β̂waist

L2
focus

(
1 + f1

f2

) . (7.18)

As an example, for f1 = −1000 mm, Lfocus = 700 mm, f2 = 750 mm and for a 100 keV

electron beam compressed to τw = 20 fs with a normalised root-mean-squared (rms)

longitudinal emittance ε̂z = 350 fs·eV this results in the condition ε < 0.25, which

is easily achievable in practice. Equation 7.18 will be verified using charged particle

tracking simulations Section 7.3

7.2.3 Three lens jitter correction

In the previous section we have shown that it is possible to create a jitter free focus

using a set of two RF cavities if the incoming beam is longitudinally converging. If

the incoming beam is longitudinally diverging a set of minimally three RF cavities is

required to create a jitter free focus. The derivation is similar to the one described in

the previous section and yields a jitter free focal point

Lfocus = Ljitter =
f3

f1f2
[f1dl1 + d0(dl1 − f1 − f2)] (7.19)

with the focal length of the third lens

f3 =
d0dl2(dl1 − f1)− d0f2(dl1 + dl2 − f1)− f1f2(dl1 + dl2) + dl1dl2f1

d0(dl1 − f1 − f2) + dl1f1
(7.20)

and with f1 < 0, f2 > 0, dl1 >
dl2f2
dl2−f2 > 0, dl2 > f2 > 0 because Lfocus > 0. Here the

first and the second lens are separated by a distance dl1 and the second and the third

lens by a distance dl2.

7.3 Particle Tracking Simulations

We have performed particle tracking simulations to test our concept in a realistic setting.

The General Particle Tracer software package [14] was used for calculating the particle
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Figure 7.2: The normalised on-axis electric field profile E(z)
E0

in the RF cavities.

trajectories. The full 3D electromagnetic fields inside the RF cavities were calculated

by a field expansion [10] using the on-axis normalised field distribution E(z)
E0

shown in

Fig. 7.2.

In all simulations we used an electron beam with an average beam energy of 100 keV,

a rms transverse emittance ε̂⊥ = 30 pm·rad and a normalised rms longitudinal emittance

of ε̂z = 2 ps·eV. The transverse emittance used in the simulations is an order of mag-

nitude smaller than the emittance that has been achieved with the ultracold electron

source, the simulations in this chapter will therefore only be used to prove the concept

of jitter free compression. Space-charge effects have not been taken into account.

First we simulated the arrival time jitter of a conventional single-cavity focussing

system. The electron bunch was longitudinally compressed at distance Lfocus ≈ f ≈
450 mm behind the cavity. Figure 7.3 shows the arrival time of such an electron bunch

at the position of the focus for various RF phase offsets δφ. The simulated arrival time

is indicated by the circles. The solid line represents the theoretical arrival time jitter

(Eq. (7.4)) and perfectly agrees with the simulations. The arrival time jitter follows the

linear behaviour even beyond 20 mrad of phase jitter.

Next we simulated the arrival time dependence on relative electric field amplitude

variations ε. Figure 7.4 shows the arrival time difference for various phase offsets,

from δφ = −20 mrad to δφ = 20 mrad in steps of 10 mrad. The circles indicate the

simulation results and the solid lines are calculated using Eq. (7.4). Again the theory

perfectly describes the simulations, showing that the amplitude fluctuations are indeed

a second order effect.

Subsequently we simulated the elimination of the arrival time jitter in the longit-
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Figure 7.3: Simulation (circles) of the arrival time at the longitudinal focus as a

function of the RF phase offset δφ. The solid line was calculated using Eq. (7.4)

with ε = 0.

udinal focus by using two RF cavities. According to theory (Section 7.2.2) we can

eliminate the RF phase jitter of an already focussing electron bunch (i.e. d0 > 0) with

a two lens focussing system, as schematically indicated in Fig. 7.1. In the simulations
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Figure 7.4: Simulation results (circles) of the arrival time with respect to the

ε = 0 arrival time as a function of ε for various phase offsets δφ ranging from

δφ = −20 mrad (black) to δφ = 20 mrad (grey). The solid lines were calculated

using Eq. (7.4).
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Figure 7.5: Simulated electron pulse length as a function of position for focal

lengths f2 ranging from f2 = 750 mm (black) to f2 = 1000 mm (grey). The dashed

lines indicate the positions of the cavities. Cavity 1 decompresses (f1 < 0) the

electron pulse and cavity 2 compresses the electron pulse (f2 > 0).

we use d0 = 700 mm, dlens = 200 mm and f1 = −1000 mm.

Figure 7.5 shows the pulse length of the electron bunch as a function of longitudinal

position for various focal lengths f2, ranging from f2 = 750 mm to f2 = 1000 mm in

steps of 50 mm. The dashed lines indicate the positions of the first and second cavity.

The figure shows that we enter the first cavity with a negatively chirped bunch. The

first cavity defocusses (f1 < 0) the electron bunch; the front gets accelerated and the

back decelerated. The second cavity focusses (f2 > 0) the electron beam.

Figure 7.6 shows the simulated arrival time with respect to the δφ = 0 arrival time of

an electron bunch which passed trough the cavity with a phase offset δφ = ±2 mrad for

focal lengths of the second lens ranging from f2 = 750 mm to f2 = 1000 mm in steps of

50 mm. At certain positions behind the second cavity the arrival time difference cancels

out. The dashed lines again indicate the positions of the first and second cavity.

From Fig. 7.6 we can determine the position of the zero jitter point, Ljitter. Similarly

we can determine the focal point Lfocus from Fig. 7.5. Figure 7.7 shows both Ljitter

(circles) and Lfocus (squares) as a function of the focal length f2. The solid black curve

was calculated using Eq. (7.13) with ε = 0. The solid grey curve was calculated using

Eq. (7.7) with ε = 0. The theoretical curves perfectly describe the simulations. At

the position where the longitudinal focus and the zero jitter point intersect we find a

longitudinal waist that is insensitive to arrival time jitter due to RF phase fluctuations.

Figure 7.8 shows arrival time at the zero jitter point with respect to the ε = 0

arrival time as a function of the relative amplitude variations ε. The circles represent
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Figure 7.6: Simulated arrival time as a function of position with respect to the

δφ = 0 arrival time for δφ = ±2 mrad and focal lengths f2 ranging from f2 =

750 mm (black) to f2 = 1000 mm (grey). The dashed lines indicate the positions

of the cavities.

the simulated results and the solid black curve was calculated using Eq. (7.16). The

figure shows that the simulation results are perfectly described by theory, even for

electric field amplitude fluctuations up to |ε| = 2%. The figure also shows that the
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Figure 7.7: Longitudinal focal position (squares) Lfocus and zero jitter point

(circles) Ljitter as a function of focal length f2. The solid grey curve was calculated

using Eq. (7.7); the solid black cure was calculated using Eq. (7.13).
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Figure 7.8: Simulated arrival time (circles) at the zero jitter point as a function

of the relative electric field amplitude offset ε. The solid line was calculated using

Eq. (7.16).

change in arrival time at the zero jitter point is below half a femtosecond for |ε| < 2%,

which is due to the second order nature of the amplitude fluctuations.

Finally, Fig. 7.9 shows the shift of the focal point position as a function of relative

electric field variations ε. The circles represent the simulation results and the solid black

line was calculated by using Eq. (7.17). The figure shows that the simulation results

are well described by the theory for relative electric field amplitude variations up to

|ε| = 2%. The change of the position of the focal point is below 1 mm which is much

smaller than the typical value of β̂w in a longitudinal focus, which means Eq. (7.18)

is easily satisfied. As an example, using Eq. (7.5) we calculate β̂w = 1 mm for the

parameters used in the simulation, an electron beam with an average beam energy of

100 keV, a normalized longitudinal emittance ε̂z = 2 ps · eV which is compressed to

τw = 20 fs. We therefore conclude that the analytical theory perfectly agrees with

realistic charged particle simulations.

7.4 Limitations

The highest frequency ffilter of the jitter that can be removed is limited by the time it

takes an electron to travel between the cavities: ffilter ≤ vz
dlens

. For a 100 keV bunch this

results in ffilter ≈ 200 MHz for a meter distance between the cavities.

In this chapter we have assumed that the arrival time of the electron bunch at the

first RF cavity does not vary in time. Average longitudinal energy fluctuations will
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Figure 7.9: Simulated focal position change (circles) as a function of the relat-

ive electric field amplitude variations ε. The solid line has been calculated using

Eq. (7.17).

result in additional arrival time jitter at the first cavity and thus at the longitudinal

focus, limiting the temporal resolution. This will be the limiting factor on the temporal

resolution if the arrival time jitter due to RF phase fluctuations is completely cancelled.

The arrival time jitter δtgun at a distance d from the gun due to relative beam energy

fluctuations δU
U is given by

δtgun =
γ − 1

γ3β3

d

c

δU

U
. (7.21)

As an example, at a distance d = 1 m, an electron beam energy of U = 100 keV

and relative energy fluctuations δU
U = 10−5 this results in δtgun = 23 fs. This is easily

achievable for DC photoguns [6].

For MeV electron guns the arrival time fluctuations due to gun jitter will be even

lower since δtgun scales with γ−1
γ3β3 . On the other hand the relative energy fluctuations of

RF photoguns are larger; in literature [15] a value of δU
U = 5 · 10−5 has been reported,

resulting in δtgun = 15 fs for the same conditions as used above. This shows that our

method should improve the temporal resolution of UED experiments significantly for

both sub-relativistic and relativistic UED experiments.

7.5 Conclusions and outlook

We have theoretically shown that we can eliminate RF phase jitter in an RF bunch

compression system by using a set of two or three RF cavities operated in TM010 mode.
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If powered by the same RF amplifier and with specific values for the distances between

the cavities, the focal lengths and the RF phases, the RF jitter can be canceled at

the position of the longitudinal focus. If the incoming electron bunch is longitudinally

converging, i.e. with a negative chirp, a set of minimally two RF cavities is required.

When the incoming bunch is longitudinally diverging, i.e. with a positive chirp, a set

of minimally three cavities is required. The analytical theory results are confirmed by

charged particle simulations. This means that we can improve the temporal resolution

of UED experiments to well below 100 fs by creating a jitter free longitudinal focus

allowing both phase and amplitude variations. More research is needed to investigate

whether space charge effects and larger beam emittances will be limiting.
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preface to part IV

Intriguing new possibilities arise because the ultracold electron source offers much larger

source coherence for a given bunch charge than conventional sources. In this part of the

thesis we investigate how the UCES can potentially be used for:

Chapter 8: Single shot ultrafast electron diffraction of macromolecular crystals.

This application requires high charge ultrashort electron bunches with a transverse

electron beam coherence larger than the lattice constant of the macromolecular crystal.

Chapter 9: Single shot ultrafast electron microscopy. This application requires

high charge ultrashort electron pulses with an extremely low energy spread such that

chromatic aberrations are limited.

Chapter 10: Fully coherent soft X-ray generation based on Inverse Compton Scat-

tering (ICS). This application requires high charge micro-bunched electron pulses with

a geometrical emittance smaller than that of the diffraction limited X-ray beam.

We will see that all applications require conservation of beam emittance while in-

creasing the charge per pulse, and thus inevitably to manage space charge forces.
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8

Ultrafast electron diffraction

Abstract. In this chapter we investigate the possibility of using the ultracold electron

source (UCES) for single-shot ultrafast electron diffraction (UED). This technique

requires ultrashort electron pulses compressed to ∼ 100 fs which can in principle be

achieved using a RF cavity operated in TM010-mode. We will show that the electron

pulses extracted from the UCES are sufficiently coherent to diffract complicated mac-

romolecular crystals that measure at least 104 lattice spacings across. Currently every

electron bunch contains ∼ 103 electrons which limits the applicability to multi-shot

UED. Increasing the bunch charge while maintaining the transverse beam quality will

bring single-shot UED within reach.
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8.1 Introduction

One of the big dreams in science is to be able to monitor the dynamical behaviour of

structural changes, e.g. protein folding. This will enable the investigation of biological

processes at the most fundamental level. A promising technique, which is developing

at a very rapid pace [1, 2] is ultrafast electron diffraction (UED). Here a femtosecond

laser pulse is used to excite a process in a crystalline material, which is subsequently

probed by a synchronised, ultrashort electron bunch, creating a high-quality diffraction

pattern. Pumping samples with femtosecond laser pulses and probing them with high

energy electron bunches can easily lead to sample damage [3, 4]. This is particularly

true for biological samples. To avoid sample damage the electron diffraction pattern

preferably has to be captured with a single ultrashort exposure; single-shot electron

diffraction.

Since biomolecular crystals give rise to very complicated diffraction patterns a high

degree of beam coherence is required to be able to distinguish between diffraction peaks.

To extract all information in a single shot, high density electron pulses have to be

used. In these pulses ∼ 106 electrons are packed in a 100 fs pulse [5], resulting in free

space electron densities in excess of 1018 m−3. Such high densities lead to space charge

explosions, which causes loss of spatial coherence and temporal resolution. State-of-the-

art ultrafast electron guns [6–11] carry enough charge per pulse for single shot electron

diffraction of simple crystals. However, the electron bunches do not have sufficient

coherence for studying complicated structures such as proteins.

The ultracold electron source offers high charge electron pulses with unprecedented

beam coherence. In Chapter 6 we demonstrated that these pulse can in principle be

compressed using well established RF compression techniques to pulse lengths shorter

than 100 fs. Increasing the charge per pulse while conserving transverse beam emittance

would allow for single shot ultrafast diffraction of macromolecular crystals measuring

at least 104 lattice spacings across.

8.2 Beam requirements

According to Bragg’s law, the diffraction angles resulting from sending an electron beam

through a crystal lattice, are given by

sin(θ) =
nλe
a

(8.1)

with λe = h/p the electron wavelength, h Planck’s constant, p the electron momentum,

a the crystal lattice spacing, n = 0, 1, 2, .. the order of the diffraction spot and θ the

scattering angle.

Generally, electron beams have a non zero angular spread, ∆θ, which leads to
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smeared out diffraction spots. To obtain a high quality diffraction image the angu-

lar spread of the electron beam has to be smaller than the Bragg angle, i.e. ∆θ < λe

a .

For single shot measurements it is important not to waste any electrons. Therefore the

electron beam has to be smaller than the size of the sample under investigation, ∆x ≤ ds

with ds the size of the sample. Combining the transverse requirements it can be show

that

∆x∆θ < λe
ds

a
, (8.2)

with ds
a the size of the sample as measured in units of the lattice constant. The lat-

ter equation results in a requirement for the transverse electron beam quality, more

commonly known as the normalised transverse beam emittance,

ε⊥ <
~
mc

ds

a
, (8.3)

where we recognise the Compton wavelength λc ≡ ~
mc = 0.39 pm · rad. Protein crys-

tals [12] typically have a lattice constant of a ≥ 5 nm and a sample size ds ≤ 50 µm

implying ds
a ≤ 104 and thus a normalised transverse electron beam emittance ε⊥ <

4 nm · rad. The electron bunches extracted from the ultracold electron source have a

beam emittance ε⊥ ' 1 nm · rad and are therefore suited for protein diffraction. Addi-

tionally, in order to investigate fast dynamics short electron pulses are required. This

is closely related to the longitudinal electron beam quality.

From Bragg’s law it follows that diffraction peak broadening due to the relative

energy spread ∆U
U of the electron beam is given by ∆θ

θ =
∣∣∣∆λe

λe

∣∣∣ =
∣∣∆U

2U

∣∣. To minimise

diffraction peak broadening we require ∆θ
θ < 1 so we need an electron beam with a

relative energy spread ∆U
U < 2. This shows that it is in principle easy to create high

quality diffraction patterns with a relatively large (∼ 10%) energy spread. Additionally,

the temporal length of the electron pulse ∆t needs to be smaller than the time constant τ

of the dynamical process that is being investigated, ∆t < τ . Combining the longitudinal

requirements it can be shown that

∆U∆t < Uτ (8.4)

This equation results in a requirement for the longitudinal electron beam quality, the

normalised longitudinal beam emittance,

ε‖ <
Uτ

mc
. (8.5)

To investigate a dynamical process with a time constant τ = 100 fs using an electron

beam with an energy of 10 keV we need a longitudinal beam emittance ε‖ · mc <
1 eV · ns, or in different units ε‖ < 0.6 µm · rad. Note that the longitudinal emittance

143



Chapter 8.

is allowed to be two orders of magnitude larger than the transverse emittance. This

is easily achievable in practice; longitudinal emittance is not limiting. The challenge is

to create an electron beam that simultaneously carries enough charge for a single shot

measurement and has a sufficiently low transverse emittance.

8.3 Conclusions

In Chapter 2 we demonstrated that picosecond electron pulses with a normalised trans-

verse emittance ε⊥ ' 1 nm · rad can be created, containing ∼ 103 electrons. The

transverse beam coherence is sufficient to create a high quality diffraction pattern of a

crystal that measures ∼ 104 lattice spacings across. The amount of charge per pulse is

not yet sufficient for a full diffraction pattern which requires ∼ 106 electrons. This cur-

rently limits the applicability of the UCES to multi-shot experiments where the sample

has to fully recover between two successive probe pulses. The challenge is to increase

the charge per pulse while retaining the low beam emittance and thus to eventually

enable single-shot UED of macromolecular crystals.
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Ultrafast electron microscopy

Abstract. In this chapter we investigate the possibility of using the UCES as a

source for single shot ultrafast electron microscopy (UEM). This requires undoing

the correlated energy spread of the pulses extracted from the UCES using a RF

cavity operated in TM010-mode which can in principle be done with readily available

RF cavity technology. We will show that is in principle possible to reach a 1 nm

spatial resolution and a 10 ps temporal resolution with electron bunches containing

103 electrons per pulse. The possibility of single-shot UEM is still an open question.
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9.1 Introduction

Traditional transmission electron microscopes are only suited for studying equilibrium

systems since images are generally acquired over milliseconds or longer, while the most

interesting dynamics occurs at nanosecond and even picosecond timescales. In the past

decade we witnessed the emergence [1–3] of time-resolved electron microscopy, which

has enabled the investigation of structural changes with unprecedented temporal and

spatial resolution [4].

Ultrafast electron microscopy was pioneered by Zewail [1] and is capable of achieving

both atomic spatial and temporal resolution, i.e. ∼ 0.1 nm and ∼ 100 fs. However, the

downside is that on average every pulse contains less than one electron [4, 5]. More

than one electron per pulse would spoil the electron beam emittance, hence losing the

atomic resolution. This currently limits ultrafast electron microscopy to studying fast

dynamical processes with atomic spatial and temporal resolution that are reversible and

which decay faster than the inverse of the repetition rate of the pulsed beam.

On the other hand, dynamic transmission electron microscopy (DTEM) [2, 3], de-

veloped at Lawrence Livermore National Lab, is a very successful technique that is

capable of capturing an image with a single electron pulse. However, here the strict

requirements are relaxed to 10 ns temporal resolution and 10 nm spatial resolution.

Pushing this technique towards both larger spatial and temporal resolutions requires

new electron gun development.

As briefly discussed in the introduction, Chapter 1, the ultracold electron source

(UCES) offers much larger source coherence for a given bunch charge than conventional

sources. Here we present a preliminary study of using the UCES to bridge the gap

between UEM and DTEM.

9.2 Beam requirements

The ultimately achievable spatial resolution is determined by the diffraction limit. Ad-

ditionally, chromatic and spherical aberrations of the objective lens blur the image.

These are respectively determined by the energy spread ∆U and angular spread ∆θ of

the electron beam. The spatial resolution r can be estimated [6] by

r =

√
(0.612λe/θr)

2
+ (Csθ3

r)
2

+ (Ccθr∆U/U)
2
, (9.1)

with θr the half opening angle of the objective lens aperture, Cs the spherical aberration

constant, Cc the chromatic aberration constant and λe the electron wavelength. The

first term in Eq. (9.1) describes the spatial resolution limit due to the diffraction limit [7].

The electron bunches extracted from the laser cooled gas have a relatively large energy

spread. In Chapter 6 we showed that it is in principle possible to remove the correlated
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energy spread gained during the acceleration process. Particle tracking simulations

showed that it is possible to achieve a ∆U ' 1 eV energy spread at a pulse length of

∆τ ' 5 ps for electron bunches containing 103 electrons. We will now calculate how

many electrons per pulse we need to create a full picture with a 1 nm spatial resolution

using the bunch characteristics of the UCES; an electron bunch with a εn = 1 nm · rad

normalised transverse beam emittance, a ∆U = 1 eV energy spread, accelerated to

U = 200 keV.

To not waste any electrons while achieving a r = 1 nm resolution the angular spread

of the electron beam ∆θ needs to be smaller than the maximally allowed half-opening

angle of the objective lens θr. Using Eq. (9.1) and realistic values for the spherical [8]

and chromatic [9] aberration constants, i.e. Cs = 3 mm and Cc = 2 mm, we calculate

that θr < 7 mrad. The angular spread of the electron beam at the sample ∆θ therefore

has to be smaller than ∆θ ≤ 7 mrad. The geometrical beam emittance εg = ∆x∆θ

therefore fixes the minimal electron beam size ∆x at the sample. The Lorentz invariant

normalised beam emittance εn is related to the geometrical emittance according to

εg = εn/γβ with γ the Lorentz factor and β the electron velocity normalised to the

speed of light. For U = 200 keV electrons γβ ' 1 and thus the beam size at the sample

∆x ≥ 150 nm when εn = 1 nm · rad while ∆θ ≤ 7 mrad. The UCES is thus in principle

suited for ultrafast electron microscopy with r = 1 nm spatial resolution and ∆t ' 5 ps

temporal resolution when the beam size at the sample is larger than ∆x ≥ 150 nm.

Image features can be distinguished with absolute certainty if the Rose criterion [10]

is satisfied, which is based on a signal-to-noise ratio (SNR) of 5. The SNR is mainly

determined by shot noise ∝
√
N0 in combination with the detector efficiency, with N0

the number of electrons per pixel. Approximately N0 = 100 electrons per resolution

unit r2 are required [6] which results in a charge density at the sample ρ0 = N0/r
2 =

100/(1 nm)2. This allows us to determine the minimal number of electrons required

per pulse to create a full image. The area As of a circular electron beam at the sample

is given by As = π∆x2. This area contains ' 68% of the electrons in the pulse since

our calculations are based on the root-mean square (rms) beam emittance. The number

of electrons per pulse N necessary to create a full image is therefore given by N =

Asρ0/0.68. Using As > π(150 nm)2 we calculate that every pulse should contain N >

107 electrons.

Currently every pulse contains ∼ 103 electrons, which is clearly not sufficient for

single shot electron microscopy. To capture a full image we thus need at least 104

electron pulses. At a repetition rate of 1 kHz it would thus take the instrument 10

seconds to capture a full image. The requirements used in the calculation are very

strict, using state-of-the-art electron detectors the charge density per resolution unit

may be relaxed to ρ0 ' 30/(1 nm)2. Additionally, by increasing the bunch charge to 104

electrons per pulse a full image can be captured in 300 shots. This reduces the exposure

time to ' 300 ms. Single shot electron microscopy would become a reality when the
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amount of electrons per pulse is increased to 107 while simultaneously conserving both

the transverse and longitudinal emittance, a huge challenge.

The beam requirements described here are based on mass-thickness-contrast ima-

ging. This is an incoherent imaging technique which does not put any requirements on

beam coherence at the sample. The coherence length is given by Lc = λe

2π∆θ , with ∆θ

the angular spread. In the example above Lc = 0.06 nm, much too small for e.g. phase

contrast imaging.

9.3 Conclusion

The ultracold electron source may be suitable for incoherent, multiple shot, ultrafast

electron microscopy if the correlated beam energy spread can be undone using the RF

cavity technique described in Section 6.5. Single-shot ultrafast electron microscopy is

still a distant dream since much more charge per pulse is required while conserving

the transverse beam emittance while simultaneously being able to retrieve the ' 1 eV

energy spread. Single shot coherent imaging is even further away since this puts even

more stringent conditions on the transverse beam emittance.
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Fully coherent X-ray source

Abstract. Electromagnetic radiation in the extreme ultraviolet (EUV) or soft x-ray

spectral range (1 − 100 nm wavelengths or 0.01 − 1 keV photon energies) is rapidly

gaining importance in both fundamental research (e.g. high-contrast, nanometer res-

olution water window microscopy of biological tissue) and industrial applications (e.g.

EUV lithography at 12.5 nm and nanometer resolution wafer inspection). At present

the degree of coherence and the average photon flux required by advanced applications

is only available at large-scale synchrotron facilities and EUV Free Electron Lasers

(FELs), severely limiting the range of applications. We propose a fully coherent

EUV source, based on Inverse Compton Scattering (ICS) of electron bunches created

by photoionisation of a laser-cooled and trapped atomic gas. By combining spatial

modulation of the photoionisation process with radiofrequency bunch compression

techniques, microbunching at EUV wavelengths and thus coherent amplification can

be realised, resulting in a table-top Compton EUV FEL.
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10.1 Introduction

X-ray methods are amongst the most powerful non-destructive tools for analysing mat-

ter and therefore of enormous importance to society. Fields like medical diagnostics,

materials inspection and protein crystallography rely heavily on the imaging and ana-

lytical capabilities of hard X-rays (photon energies in the 1 − 100 keV range). Soft

X-rays or EUV radiation (photon energies in the 0.01 − 1 keV range, wavelengths in

the 1 − 100 nm range) find application in the life sciences, this spectral range is also

rapidly gaining importance in the semiconductor industry (wafer inspection and EUV

lithography at 12.5 nm).

The conventional X-ray source in the (academic and industrial) research labs is

the X-ray tube, which has three important limitations: relative low intensity, poor co-

herence of radiation and selective availability of X-ray energies. Since the late 1970s

synchrotron sources have become available, which offer high-brilliance, coherent and

energy-tunable X-rays, but these are only available at the 70-odd specialised facilities

worldwide, providing scarce beam time at a high cost outside the scientists lab. Since in

2009 LCLS at Stanford University saw first light, X-ray Free Electron Lasers (XFELs)

have become available, offering femtosecond X-ray pulses with unprecedented peak bril-

liance. XFELs allow the recording of diffraction images in a single femtosecond shot,

thus revolutionising ultrafast science. At present there are seven X-FELs in operation,

which are heavily overbooked with long waiting lists.

By combining the inverse Compton scattering (ICS) method with the low emittance,

laser cooled ultra cold electron source (UCES) as injector will lead to unprecedented

soft X-ray coherence. In addition, the unique control of the photoionisation process of

laser cooled and trapped atoms will allow the production of a microbunched electron

beam, leading to coherent amplification of the ICS process by superradiance and thus

a soft X-ray beam of unprecedented brilliance, which can only be achieved presently at

large-scale XFEL facilities.

10.2 Inverse Compton Scattering

The physical basis is the ICS process[1], in which part of a laser beam is bounced off a

relativistic electron beam, turning it into a bright X-ray beam through the relativistic

Doppler effect, as is schematically illustrated in Fig. 10.1. If light with wavelength λ0,

coming in at an angle θin with respect to the electron beam, is scattered into an angle

θout, then the wavelength of the scattered light is given by:

λx = λ0
1− β cos(θout)

1 + β cos(θin)
(10.1)

where β = v
c is the velocity of the electrons normalised to the speed of light. For a head-

on collision, θin = 0, electrons moving at velocities close to the speed of light β ≈ 1 and
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Figure 10.1: Inverse Compton scattering.

small scattering angles θout << 1, Eq. (10.2) can be approximated by

λx ≈
λ0

4γ2

(
1 + γ2θ2

out

)
. (10.2)

with γ the Lorentz factor of the relativistic electron beam. For example, for a laser

wavelength λ0 = 500 nm and a moderately relativistic electron beam with kinetic energy

U = 2 MeV, i.e. β = 0.98 and γ = 5, soft X-rays will be generated at wavelengths as

short as λx = 5 nm. The X-rays will be emitted in a cone with a half angle of ∼ γ−1

centred around the direction of the electron beam. The shortest wavelengths are being

generated in the forward direction (θx = 0) while progressively longer wavelengths are

emitted for increasing θx. The intrinsic narrowband nature of an ICS based source,

combined with its high degree of directionality and the straightforward way in which

the X-ray wavelength can be tuned continuously by simply changing the electron beam

energy, make it a very attractive method for generating X-rays.

Unfortunately, however, the efficiency of the ICS process is very low. Assuming the

electron beam waist is much smaller than the laser beam waist, the number of X-ray

photons Nx produced when a bunch of Ne electrons collides with a laser pulse of N0

photons is given by

Nx = NeN0
σT

2πw2
0

(10.3)

with σT = 6.65 · 10−29 m2 the Thomson scattering cross section and w0 the waist of the

laser beam. For example, if λ0 = 500 nm, 100 mJ laser pulses are collided with 100 pC
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electron bunches at a repetition rate of 1 kHz in a laser beam waist w0 = 10 µm, then an

X-ray flux Φx ≈ 2 · 1010 s−1 will be generated. This is an optimistic estimate, assuming

state-of-the-art pulsed electron and laser beam technology, but it is still 2 − 3 orders

of magnitude below the desired flux for advanced imaging applications. Moreover, the

bandwidth will be large, as photons scattered at all angles are used in the estimate, and

the spatial coherence of the generated soft X-ray beam will be very small, < 10−2 partial

coherence, due to the inevitably large angular spread of the electron beam, associated

with the finite emittance of a 100 pC bunch.

10.2.1 Spatial Coherence

In order to generate a soft X-ray beam by ICS with full spatial coherence, first and fore-

most an electron beam with very high transverse quality is required. Transverse beam

quality is usually expressed in terms of the geometrical emittance εg, or focusability

of the beam, expressed in units [m · rad], which is equal to the product of transverse

beam size and uncorrelated angular spread. An electron beam can only generate a

diffraction-limited, i.e. fully spatially coherent, X-ray beam if its emittance εg <
λx

4π .

Since geometrical emittance depends on beam energy, it is convenient to use the norm-

alised emittance εn = γβεg, which is a Lorentz invariant measure for beam quality. In

terms of the normalised emittance the coherence condition becomes

εn <
γβλx

4π
. (10.4)

By combining Eq. (10.1) with θ0 = θx = 0 and Eq. (10.4) with an equality sign, we can

calculate the minimum conditions necessary for spatially coherent ICS, resulting in the

colour plot shown in Fig. 10.2.

Figure 10.2 shows the EUV wavelengths λx that can be generated by spatially co-

herent ICS for a given laser wavelength λ0 and normalised emittance εn. The required

electron beam energy is indicated by white dashed lines. For example, for λ0 = 500 nm,

εn = 3.4 nm·rad and 1 MeV beam energy, spatially coherent EUV radiation is generated

with λx = 15 nm. It is immediately clear from Fig. 10.2 that in order to generate co-

herent EUV radiation by ICS, high quality electron beams are required with normalised

emittances preferably below 4 nm · rad. Such beam qualities are usually associated with

electron microscopy sources, which do not allow the generation of bunches with a lot

of charge. The UCES is a perfect match since it can create high charge electron pulses

with a large degree of transverse coherence.

In 2005 the UCES was proposed [2]. The UCES is characterised by electron temper-

atures as low as 10 K, 2− 3 orders of magnitude lower than conventional photoemission

sources, as was demonstrated first by nanosecond photoionisation [3, 4] and later by

femtosecond photoionisation as well [5, 6]. It is clear that the UCES allows much smal-

ler normalised emittances than are possible with conventional photoemission sources.

156



Fully coherent X-ray source

1 1.5 2 2.5 3 3.5 4

400

500

600

700

800

900

1,000

εn(nm · rad)

λ
0
(n
m
)

5

10

15

20

25

30

λ
x
(n
m
)

4
M
eV

3
M
eV

2.5
M
eV

2 M
eV

1.5
MeV

1 MeV

0.5 MeV

Figure 10.2: EUV wavelengths λx (color scale) that can be generated by spatially

coherent ICS for given λ0 and εn. The required electron beam energies are indicated

by white dashed lines.

For example, for an rms transverse source size σs = 25 µm and electron temperature

T = 10 K, the normalised emittance εn = 1 nm · rad, a value that is routinely achieved

with the UCES [5–8].

The size of the trapped gas cloud and thus the longitudinal size of the ionisation

volume is typically 1 mm and the densities can be as high as a few 1018 m−3, implying

that Ne = 106 − 107 electrons can be created with εn = 1 nm · rad. This combination

of bunch charge and beam quality should enable, e.g., single-shot protein crystallo-

graphy [4, 9, 10] (see Chapter 8), which is one of the main driving forces behind the

development of the UCES. It thus follows (see Fig. 10.2) that by using the UCES as an

electron injector for an ICS source, fully spatially coherent radiation can be generated

over the entire EUV spectral range. This is a unique property of the UCES and by itself

more than enough reason to pursue this new approach. However, the amount of EUV

photons generated with such bunches will be very modest (see Eq. (10.3)). Fortunately,

the special characteristics of the UCES allow another trick to be played, which will both

boost the photon yield enormously and take care of temporal coherence as well.

10.2.2 Microbunching and superradiance

The resonant two-step photoionisation process, employing the combination of an excita-

tion laser, tuned to an intermediate atomic level, and an ionisation laser, exciting atoms

from the intermediate state to the continuum, allows very precise control of the initial
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Figure 10.3: By using a 780 nm standing wave (red) to excite the 52P3/2 state,

the excited Rb gas in a MOT will be spatially modulated with a period of λmod.

Black spheres: laser-cooled ground state atoms; green spheres: atoms excited to

the 52P3/2 state.

density distribution of the ionised gas: since atoms are only ionised in the region where

the two laser beams overlap, the initial electron bunch distribution can be accurately

tailored in 3D by modulating the beam profiles of the two lasers. This was demon-

strated by the Scholten group at the University of Melbourne, who used a spatial light

modulator (SLM) to shape the excitation laser beam and thus create electron bunches

with intricate, almost arbitrary charge distributions, with the smallest sized structures

only limited by the diffraction of the laser light [11]. The low temperature of the source

turns out to be essential to maintain these intricate structures, which immediately get

blurred due to random thermal motion of the electrons at higher source temperatures.

Here we propose a much simpler but very effective way to shape the initial charge

distribution in a way extremely beneficial for boosting the ICS yield. As is illustrated

in Fig. 10.3, the excitation to the intermediate state can be done with two counter-

propagating 780 nm laser beams, creating a standing wave pattern. The periodically

modulated excited gas is subsequently ionised by the 480 nm femtosecond ionisation

laser, perpendicular to the excitation laser beam, thus almost instantly creating an

electron bunch spatially modulated with a period equal to half the excitation laser

wavelength, i.e. λmod = 390 nm (see Fig. 10.3).

To generate EUV radiation by ICS, the electron bunch has to be accelerated to the
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required energy, somewhere between 0.5 and 2 MeV (see Fig. 10.2). This will require

radio-frequency (RF) accelerator structures as discussed in Chapter 6. Because of the

high accelerating fields in the RF accelerators, typically 10 MV/m, only a few cells, and

thus less than half a meter of accelerator structure is sufficient to cover the entire EUV

spectral regime. Only acceleration, however, is not sufficient. In order to boost the

ICS yield substantially coherent amplification is required. This can be accomplished by

compressing the bunch in such a way that at the point where the accelerated bunch

collides with the laser pulse, the period of the spatial modulation is decreased to the

wavelength of the EUV radiation generated. For example, by accelerating a bunch with

a normalised emittance εn = 3.4 nm · rad to an energy of 1 MeV and colliding it with a

λ0 = 500 nm laser pulse, spatially coherent EUV radiation is generated at a wavelength

of λx = 15 nm (see Fig. 10.2). During initiation, the bunch is spatially modulated with

a period equal to half the excitation laser wavelength, i.e. λmod = 390 nm, so during

acceleration the bunch has to be compressed by a factor 26. As a result, the fields of the

radiation emitted by the individual microbunches will add up in phase, thus coherently

amplifying the EUV photon yield proportional to the bunch charge squared. Strictly

speaking, coherent stimulated emission is added to the incoherent spontaneous emission,

described by Eq. (10.3), which results in [12]

Nx = (1 + FNe)NeN0
σT

2πw2
0

, (10.5)

where 0 ≤ F ≤ 1 is the form factor associated with the electron bunch distribution:

in absence of any density modulation F = 0, while F = 1 for a bunch with a per-

fect periodic longitudinal density distribution. Here perfect means that the Fourier

transform of the longitudinal density distribution only contains spatial frequency com-

ponents associated with the EUV wavelength to be generated. For bunch charges of

0.1 pC, i.e. Ne = 6.2 · 105 electrons, colliding with 100 mJ, λ0 = 512 nm laser pulses

in a w0 = 10 µm waist at a repetition rate of 1 kHz, the incoherent ICS photon flux

(Eq. (10.3)) is Φx = 1.7 · 107 s−1. Assuming a perfect density modulation, the coherent

photon flux is Φx = 1 · 1013 s−1, more than sufficient for recording a full image. To

obtain the same photon flux by incoherent ICS would require focusing a sub-ps, few

MeV, 60 nC electron bunch to a spot smaller than 10 µm, which is not possible. In

the calculation above a 130 µW X-ray beam is formed by colliding the intense laser

pulse with an electron bunch that is carrying only 100 µW of beam energy. This is thus

clearly not feasible since Compton scattering assumes that the fraction of momentum

transferred from the electron to the X-ray photon is much smaller than unity. Therefore,

Φx = 1 · 1011 s−1 is a more realistic value. This limitation, however, can be circumven-

ted in several ways, e.g. by increasing the electron beam energy while simultaneously

increasing the laser wavelength λ0.

The coherent amplification of pulsed-electron-beam based radiation sources by this
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so-called superradiance mechanism is well known and has been applied several times

before. The challenge is always how to realise the required longitudinal density modu-

lation, in the case of EUV radiation at the nanometer scale. Already in 1996 Carlsten

et al. proposed to apply the density modulation in the transverse direction first, which

can be done quite straightforwardly with a mask, and subsequently use a magnetic chi-

cane to transfer it to the longitudinal direction [12]. The Graves group at MIT/ASU

has recently devised a particularly smart variation of this method to actually realise

nano-modulated electron beams and thus use superradiance to coherently amplify the

soft X-ray photon yield in an ICS setup [13]. The UCES based method we propose here,

has two major advantages: first, the two-step photoionisation method allows extremely

accurate shaping of the initial longitudinal bunch density distribution (see Fig. 10.3);

second, the UCES based method provides full spatial coherence.

The combination of superradiant amplification of the emission by microbunching

of the electron bunch and fully spatially coherent emission, constitutes the realisation

of a Free Electron Laser operating at EUV wavelengths, an EUV Compton FEL. The

UCES-based EUV Compton FEL would have a footprint of only a few square meters,

in stark contrast with present-day FEL facilities. Clearly, this would be an enormously

important development allowing wide-spread dissemination of EUV FELs in academic

and industrial labs and potentially even in semiconductor fabs.

Although in principle the UCES provides the ingredients necessary to realise full

spatial coherence and superradiant emission, there are still major obstacles facing actual

realisation of a EUV Compton FEL. These obstacles can be summarised in a single,

major challenge: the control of space charge forces. To achieve a large photon flux, as

many electrons as possible should radiate in perfect unison, while confined in a very

small volume, both focused transversely to a few µm, and compressed longitudinally to

a few 10 µm (temporal compression to ∼ 100 fs). The space charge forces associated

with these high charge densities could cause deformation of the phase space distribution

of the bunch, which could lead to irreversible emittance growth and thus loss of spatial

coherence. Moreover, space charge forces could hamper bunch compression, leading

to an imperfect bunch density modulation at the interaction point and thus reduced

superradiance.

10.3 RF Compression

In Fig. 10.4 the principle of RF bunch compression is explained in a schematic illustra-

tion of a possible realisation of the UCES-based ICS setup we propose.

The electron bunches are created inside the grating-MOT-based UCES (1) with a

longitudinal periodic density modulation, schematically indicated by vertical blue bars.

The electrons are accelerated to a few 10 keV in an electrostatic accelerator. Because

the electrons created in the back are accelerated over a larger distance, they acquire
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a larger kinetic energy and thus a higher velocity than those in front. As result the

particles in the back will overtake the ones in front, leading to a self-compression point

(3) due to velocity bunching just outside the UCES. This self-compression point is too

close to the UCES to be useful for ICS (schematic drawing is not to scale). After the self-

compression point the bunch gets stretched as the distribution acquires a positive energy

chirp (4). The electrons are subsequently injected into a 3 GHz resonant RF cavity in

TM010-mode (5), in which the chirp is inverted, acquiring a strong negative chirp again,

leading to bunch compression by velocity bunching in the drift space behind the RF

cavity. While contracting, the bunches enter a RF accelerator section (6) in which

they are accelerated to the desired energy. After the accelerator section the bunches

reach the second compression point. Just before maximum compression, exactly at the

point where the density modulation (indicated by blue bars) is properly lined up again

(7), the bunches collide with the ICS laser, generating EUV radiation. Preliminary

Figure 10.5: 3D rendering of a possible realisation of the UCES-based EUV ICS

source. From left to right: (1) grating-MOT-based UCES; (2) RF compression

cavity; (3) steering coils; (4) X-band accelerator section; (5) focusing magnetic

coil; (6) interaction point: electron beam (green) collides with laser beam (blue),

generating a soft X-ray beam (purple); (7) electron beam dump.
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charged particle tracking simulations using the GPT code [14] show that the required

density modulation can indeed be achieved in the interaction point, with conservation of

emittance. More detailed GPT simulations are necessary, taking into account all space

charge forces of the fully modulated electron bunch, to realise a detailed design with

optimised charged particle optics and RF (compression and acceleration) cavities.

10.4 The setup

In Fig. 10.5 a 3D rendering is shown of a possible realisation of the UCES-based ICS

setup. The main components are a grating-MOT-based UCES (1), an RF compression

cavity (2) and an X-band accelerator section (4). The electron bunches are focused with

a magnetic coil (5) in the interaction point (6), where the electron beam (green) collides

with the laser beam (blue), generating a soft X-ray beam (purple).

10.5 Conclusion

We propose a soft X-ray source, based on Inverse Compton Scattering of electron

bunches created by photoionisation of a laser-cooled and trapped atomic gas. By com-

bining spatial modulation of the photoionisation process with radiofrequency bunch

compression techniques, microbunching at EUV wavelengths and thus coherent amp-

lification can be realised. Additionally, the low transverse electron beam emittance of

the ultracold electron source allows for the generation of a fully spatial coherent X-ray

beam.
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Concluding remarks and outlook

This thesis reports on the next steps towards actual application of the electron bunches

extracted from the ultracold electron source (UCES). For the first time the longitudinal

phase space characteristics of the ultracold electron bunches have been investigated in

great detail. We found that the electron bunches behave as expected with picosecond

pulse durations and energy spreads determined by the length of the ionisation volume.

We have set the record for shortest pulse length extracted from the UCES to 3.6±0.7 ps.

In addition, we have developed a compact and robust UCES based on a grating

magneto-optical trap. This modular turn-key system is more widely accessible and thus

provides a clear path towards harnessing the great potential of UCES in a practical

setting.

We have shown that the measured pulse lengths are sufficiently short for RF accel-

eration, compression and even energy spread reduction using well established RF cavity

techniques that are at our disposal. Up to now the main motivation behind the research

into the UCES was single shot crystallography of macromolecules. The combination of

the RF accelerator techniques and the UCES creates intriguing new possibilities such

as ultrafast electron microscopy (UEM) and coherent soft X-ray production based on

inverse Compton scattering.

The realisation of the applications mentioned above all face one major challenge: in-

creasing the bunch charge to at least 106 electrons per pulse while maintaining the low

electron beam emittance. Therefore we need to carefully investigate how the bunch prop-

erties, in particular beam coherence, are affected. To prevent deterioration of densely

packed electron bunches accurate control of the space charge forces is required. Shap-

ing the initial electron distribution could mitigate coherence losses and will therefore

become a main focus of future research.
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Summary

An ultracold and ultrafast electron source

The ultracold electron source (UCES) is based on near-threshold photoionisation of a

laser-cooled atomic gas in a Magneto Optical Trap (MOT). The most important char-

acteristic is the electron temperature, which can be as low as a few kelvin, much lower

than conventional electron sources, which typically have electron temperatures of 5000

K ( 0.5 eV). As a result the UCES allows the extraction of electrons from a relatively

large area with a beam coherence which can only be obtained from conventional elec-

tron sources with a much smaller area. This reduces Coulomb effects at the source

significantly, allowing high-charge, pulsed operation with a beam coherence usually as-

sociated with electron microscopy beams. This creates intriguing new possibilities, such

as single-shot electron crystallography of protein crystals and maybe even single-shot

electron microscopy. In addition, the UCES is an interesting candidate for electron-

beam-based coherent soft X-ray generation.

In previous work by the TU/e group and by the Scholten group at the University

of Melbourne, the transverse phase space characteristics of the UCES were investigated

experimentally, both with nanosecond and femtosecond photoionisation. In this work we

present the longitudinal phase space characterisation of ultracold electron pulses created

by femtosecond photoionisation. Using a 3 GHz microwave deflection cavity operated

in TM110 mode, it was shown for the first time that ultracold, picosecond pulses can

be generated. In this experiment the pulse length was measured far from the source,

where it is mainly determined by the correlated energy spread gained in the acceleration

process. Close to the source much shorter pulses are expected. An experiment to

measure the pulse length by ponderomotive scattering in the self compression point

close to the source is underway. The energy spread has been independently measured

by means of a home built Wien filter.

Additionally a novel, compact and turn-key UCES has been developed based on a

grating MOT. This source has many advantages over the conventional UCES. It is a

turn key system which only requires one trapping laser beam instead of the six beams
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necessary to create a conventional MOT. Additionally the system does not require much

alignment since it is fiber optics based. The compact and modular design provides easy

optical accessibility and the possibility to mount it on any electron beam line, e.g. a

TEM column. We have characterised the grating MOT and demonstrated that we can

reach similar atom densities as in conventional MOTs. We have also shown that it is

still possible to create a MOT after drilling a hole in the grating and applying a DC

electric field for acceleration of the electrons. The electron beam extracted from the

grating MOT has the same quality as the conventional UCES.

For femtosecond pump probe experiments picosecond electron pulses generated with

the UCES can be compressed to below 100 fs using well established microwave bunch

compression techniques involving a microwave cavity operated in TM010 mode. A 3 GHz

TM010 mode cavity is presently being implemented in the UCES beamline and the first

experiments aiming at microwave acceleration and compression of ultracold electron

bunches are underway. The temporal resolution in pump probe experiments is not

only limited by the electron pulse length but also by microwave phase jitter which

translates into arrival time jitter of a few 100 fs of the compressed electron pulses. We

have shown theoretically and by detailed charged particle simulations that the temporal

resolution can be made independent of microwave phase jitter by using either two or

three TM010 cavities in succession. This brings ultracold operation with sub-100 fs

temporal resolution within reach.
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