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Cover illustration: “Aperture Science.” A three dimensional rendering of an

electron signal captured by a charged-coupled device camera as seen on a phosphor-

coupled microchannel plate. The image is a fifty shot average of shaped electron

bunches produced from a cold atom electron source using femtosecond laser exci-

tation.
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“Would you tell me, please, which way I ought to go from here?”

“That depends a good deal on where you want to get to,’” said the Cat.

“I don’t much care where –” said Alice.

“Then it doesn’t matter which way you go,” said the Cat.

“– so long as I get somewhere,” Alice added as an explanation.

– Lewis Carroll (1832-1898),

Alice’s Adventures in Wonderland.
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Abstract

T his thesis presents the development of a new electron source with the

goal of single-shot Ultrafast Electron Diffraction (UED) of biological samples.

A source capable of UED should be both bright and coherent. These proper-

ties are both enhanced by reducing the electron temperature. A Cold Atom

Electron Source (CAES) produces cold electron bunches by near-threshold

ionisation of laser-cooled atoms. A Magneto -Optical Trap (MOT) is used to

cool and trap rubidium atoms to a temperature of 70µK, and electrons are

liberated from the cold atoms using two-colour photoionisation. The tem-

perature of the photoelectrons is as low as 10K, limited by the extraction

process.

Upon ionisation, a charged particle cloud is created from the cold atoms.

An investigation into the origin of electron temperature is presented. The

effect of ion position correlations within the charged particle cloud is shown

to play a small role, but for low density, the major contribution is from the

scattering of electrons from their parent ion. A model for the extraction of an

electron from a atom in a Stark potential is developed and used to explain

the observed distributions of photoelectrons. The effects of finite electron

temperature on beam parameters relevant for diffraction are presented.

Electron beam quality can be degraded by Coulomb interactions within

the bunch. Such effects can be ameliorated by controlling the initial electron

density distribution to produce uniform ellipsoidal electron bunches. Ellip-

soidal bunches have internal fields which are linear as a function of position,

which upon evolution do not degrade the beam coherence, and the Coulomb

expansion can be completely reversed using linear optics. The cold atom
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source has the unique capability to shape the initial electron density distri-

bution in three dimensions. Control over the ionisation volume is achieved

via spatially modulating the intensity of the light fields used for ionisation.

A method for the production of arbitrarily shaped electron bunches was de-

veloped and implemented. Ellipsoidal electron bunches were produced, and

in addition, were used to determine a source temperature of 15K.

The ability to shape the initial electron bunch allowed for a novel imple-

mentation of the “pepper-pot” high-precision emittance measurement tech-

nique. The brightness of a beam is fundamentally limited by the initial phase

space density of the source. Careful characterisation and optimisation of the

initial emittance is therefore vital, and the unique shaping abilities of a CAES

allow these measurements and optimisation to be performed in real time.

Cold Atom Electron Sources have previously been limited to production

of electron pulses with duration of order nanoseconds, too long for UED. A

method for reducing the pulse length to a few hundred picoseconds, short

enough for Radio Frequency (RF) cavity compression to sub-100 fs, required

for UED, is presented. The production of short electron pulses relies on the

use of a femtosecond laser pulse and quasi-coherent two-colour photoionisa-

tion which reduces the pulse length. Counterintuitively, the effect of the high

bandwidth of the laser pulse does not adversely affect the transverse beam

qualities, and the electron pulses remain highly coherent.

The intrinsically high coherence of the electrons provided by a CAES,

combined with the production of short, ideally distributed electron bunches,

should allow for the realisation of a source capable of single-shot diffractive

imaging of weakly scattering molecules.
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[Science is] a great game.

It is inspiring and refreshing.

The playing field is the uni-

verse itself.

Isidor Isaac Rabi

(1898-1988)

1
Introduction

One of the great goals in science is to observe individual atoms, and moni-

tor their interaction with the environment on atomically relevant time-scales.

It was not long ago that the concept of just one of these ideas, the observation

of dynamics on time-scales relevant to atoms, was deemed impossible. Man-

fred Eigen, who was awarded the 1967 Nobel Prize in chemistry† illustrated

this in his acceptance speech: “The rate of true neutralisation reactions has

proved to be immeasurably fast” [1]. In the years following, not only was

there a paradigm shift in thinking about the possibility of observing dynam-

ics on these timescales, but the rapid development of the laser [2] led to the

realisation of such observations. The development of mode-locked laser sys-

tems [3] allowed for the creation of shorter and shorter pulses of light. This

heralded the advent of femtosecond laser systems [4], which due to their high

peak pulse powers, offered a plethora of entirely new research areas [5, 6].

†Manfred Eigen was awarded half of the prize, and the other half was shared between
Ronald George Wreyford Norrish and George Porter “for their studies of extremely fast
chemical reactions, effected by disturbing the equilibrium by means of very short pulses
of energy”
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CHAPTER 1. INTRODUCTION

Whilst these lasers facilitate non-linear interactions in media [7], it is their

short pulse durations, and hence high temporal resolution, which facilitates

the study of molecular dynamics. In the early 1980’s, experiments investi-

gating the interaction of ultrafast laser pulses with bulk metallic structures

were performed [8]. Ahmed Zewail subsequently developed the field of fem-

tochemisty [9]†, in which laser pulses are used to extract information on the

energy structure of molecules, for example direct observation of molecular

vibration [10]. Since then, laser systems have progressed to the point of be-

ing able to produce pulse lengths in the attosecond domain, allowing for the

study of simple atomic systems with unprecedented timing resolution [11–14].

1.1 Making the “molecular movie”

Irreversible structural changes involve breaking bonds of typical length 1 Å

in times of approximately 100 fs [15]. Many lasers are capable of producing

pulses with durations well below this, but the wavelength is far too large

for imaging of individual molecules. Interaction between the radiation and

sample only occurs when the characteristic length scales, the wavelength and

atomic spacing(s), are similar. To achieve atomic resolution, either electrons

or hard x-rays must be used for illumination, and it is here the true design

problem lies. The production of short pulses is no longer difficult, but the

production of short radiation pulses with appropriate wavelength and suffi-

cient brightness to produce a molecular movie is particularly challenging.

So far, the discussion of target molecules has been general. A high level

of interest exists for the measurement of structure and evolution of biological

†For which he received the 1999 Nobel prize in chemistry, “for his studies of the tran-
sition states of chemical reactions using femtosecond spectroscopy”
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molecules. Rational drug design [16–19] offers an alternative to the current

drug design methods of random screening and structural variation. The pro-

cess relies on precise knowledge of protein structure, and how the structure

evolves. With such knowledge, molecules can be designed to either enhance

or inhibit the function(s) of the target protein. The flagship case of the ra-

tional design process is the drug Zanamivir†, a neuraminidase inhibitor used

for the treatment and prevention of infection, caused by the influenza A and

B viruses. The structure of influenza neuraminidase was determined using

x-ray crystallography, and computational chemistry techniques were used to

find an appropriate inhibitor to an active site critical to the virus’ repro-

ductive process, thus reducing the virus’ effectiveness. The development of

Zanamivir was performed using only the static, crystallised neuraminidase

structure. The process of crystallisation can alter the tertiary and quater-

nary protein structure, which is often of critical importance in determining

protein function. Some proteins, most notably membrane proteins, cannot

be crystallised, or can only form crystals consisting of only a few unit cells.

Imaging of single molecules ensures that the tertiary and quaternary struc-

ture of samples is not altered, and for some samples is the only option. As

such, the aim of observing the evolution of a single molecule with atomic res-

olution is slightly altered to observation of weakly scattering single molecules

with atomic resolution. Briefly, the status of the systems working towards

this goal, x-ray and electron sources are reviewed.

†Zanamivir is the international non-propitiatory name. Zanamivir is traded under the
name Relenza.
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1.2 X-ray imaging

X-ray sources which promise ultrafast, high brightness pulses capable of ul-

trafast diffraction are based on Free Electron Laser (FEL) technology. These

sources have many potential applications [20], but the potential for single

molecule imaging has been a strong driving force for their development [21].

Due to the extreme photon flux provided by these sources, samples will be

obliterated after interaction with a single pulse. While this may seem discon-

certing, it raises the prospect of a new from of imaging: single-shot diffraction

imaging. A sample is illuminated with a single coherent pulse with sufficient

brightness to record the diffraction pattern from the object, which can be

used to infer the sample structure. Single-shot diffraction introduces a range

of new technical difficulties, but many of the challenges have already been

overcome.

One problem which is currently generating a lot of interest is known as

“the damage problem”. Throughout the length of the illumination pulse, the

molecular structure can be altered, primarily though electronic processes,

and the dynamic scattering potential results in degradation of the diffraction

image. Initially, it was suggested that the pulses should be sufficiently short,

of order 5 fs, so that any alteration to the scattering form factors is negligible

over that time-scale [21]. Recently, it has been shown that electronic damage

can be accounted for, provided it is appropriately modelled, relaxing the pulse

length requirements [22]. X-ray FELs may eventually offer beam brightness

sufficient to image weakly scattering single biological molecules [23], and

resolve their structural dynamics [24].

The brightness required for single-shot ultrafast diffraction is extreme.

Development of the source continues with the aim of achieving the brightness
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required for single-shot diffraction, using pulses with insufficient brightness

still provides a method for ultrafast diffraction and hence the creation of a

molecular movie. The solution is to average over many single-shot diffrac-

tion measurements, but this introduces a complication: the molecule orien-

tation.There is no way to have control over the molecule/crystal orientation

without distorting the structure, so samples are “dropped” into the beam

with a random orientation. If the data were simply averaged, the result-

ing diffraction pattern would be that of the spherically averaged potential.

A method for overcoming this hurdle has been developed, which is based

upon generative topographic mapping [25]. It relies on having diffraction

data from many molecular orientations, and while each individual projection

has insufficient data for reconstruction, the collection allows for assembly of

a diffraction volume, providing that only the molecular orientation changes

between images. Importantly, such a method allows for ultrafast diffraction

to be conducted with more modest source brightness requirements.

The first x-rays from a FEL with a wavelength appropriate for molecular

imaging were produced in late 2010 [26], and subsequently, the first exper-

iments to recover molecular structure were performed [27, 28]. These were

effectively proof-of-principle experiments, showing that x-ray FELs can be

used to recover molecular structure from diffraction data: the samples used

were crystals between 200 nm− 2µm in size, and with a unit cell size 281 Å,

i.e. approximately 70 unit cells per crystal. To achieve diffraction from single

molecules, or even few unit cell crystals, large increases in brightness are still

required.
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1.3 Electron imaging

A complementary approach for achieving single-shot ultrafast diffraction of

weakly scattering molecules is the use of electron sources, a technique known

as single-shot Ultrafast Electron Diffraction (UED). Since the first obser-

vation of electron diffraction [29, 30], electrons have been used to probe the

structure of matter. Whilst the theory of diffraction is qualitatively iden-

tical for all waves, the interaction between different sources of illumination

and matter varies dramatically. X-rays are weakly interacting, and scatter

primarily from the inner shell electrons of atoms, whereas electrons interact

very strongly, scattering from both the electrons and atomic nuclei. Be-

cause of this, electrons are typically used to investigate thin samples and

x-rays are used when larger penetration depths are required. The use of

electrons for imaging single molecules and nanocrystals is therefore appeal-

ing. The stronger scattering displayed by electrons reduces the brightness

requirements to achieve UED, however, the use of electrons provides other

challenges. The very nature of electrons means that confining a high charge

bunch to a small point in both space and time is difficult, and is currently the

limiting factor in the production of high brightness pulsed electron sources.

For any diffraction experiment, to observe interference the coherence

length of the illuminating radiation must be greater than the size of the sam-

ple to be illuminated. Imaging of single molecules or nanocrystals typically

requires a coherence length of a few nanometers. Continuous -Wave (CW)

sources of electrons, for example field emission sources, can be used to pro-

duce beams with sufficient coherence length, however, generating high charge

femtosecond pulses from these sources in not possible. The problem is that

high charge bunches expand due to Coulomb interactions, typically in an
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uncontrolled manner, which leads to a degradation in coherence. To achieve

femtosecond pulse lengths, CW sources must operate in the regime of one or

two electrons per pulse and thus are not appropriate for UED. Part of the

solution is the generation of electrons over an extended area. In this way,

one avoids the large charge densities characteristic of single atomic-site emit-

ters, however, it does not address the problem of the uncontrolled Coulomb

expansion.

1.3.1 Coulomb interactions

One method to reduce the effects of Coulomb interactions is to use relativistic

beam energies. By using high energy electron beams (usually of order 1MeV)

transverse Coulomb expansion is suppressed in the laboratory frame, which

has allowed for the realisation of UED [31,32]. With such high energies, mul-

tiple illumination of samples is often not possible, as sample damage results

in the alteration of the scattering potential, invalidating the superposition of

data. Perhaps more importantly, the contribution to the diffraction pattern

from inelastic scattering renders extraction of real space information using

coherent diffractive imaging techniques untenable. The ideal electron energy

for single-shot diffraction should maximise the ratio of elastic to inelastic

scattering, and attenuate multiple scattering events. The exact requirements

are sample dependent [33], but for biological targets of interest, electron en-

ergies of 10 − 100 keV give sufficient sample penetration while minimising

damage; thus a non-relativistic beam is desirable.

For low energy electron bunches, the Coulomb expansion must be man-

aged. The electrons bunch undergoes an expansion which is determined by

the density distribution. A uniformly distributed ellipsoidal electron bunch
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will expand due to the bunch self field in a linear manner, which allows for

the complete reversal of the expansion using conventional optics [34]. Impor-

tantly, this allows for electron bunch manipulation with no degradation of the

beam coherence. Ellipsoidal bunches preserve linearity in phase space, and

it is this property which makes them the ideal electron bunches. Ellipsoidal

bunches can be formed from photocathode electron sources by shaping the

intensity distribution of the laser pulse used to create the electrons [32]. A

two-dimensional ellipsoidal bunch is produced on the cathode surface, which

under space charge expansion evolves into a uniform ellipsoid [34]. By man-

aging the Coulomb expansion, low energy UED is possible, for example, a

100 keV photocathode source was used perform single-shot UED on polycrys-

talline gold [35]. However, large increases in brightness are still required for

imaging nanocrystals of biomolecules [15].

1.4 The cold atom electron source

An electron source based on the near-threshold photoionisation of cold atoms

promises to meet the coherence and brightness requirements required for

single-shot UED [36]. In contrast to conventional electron sources, the elec-

tron bunches produced from a Cold Atom Electron Source (CAES) have an

intrinsically high coherence length [37], owing to the low electron tempera-

ture, typically 10K. Because of the low velocity spread and hence low diver-

gence of the electrons, electrons can be emitted over a large area and still pos-

sess the coherence required for imaging of single molecules or nanocrystals. A

CAES also allows for the production of uniformly distributed ellipsoidal elec-

tron bunches [38]. Electrons are produced using a two-step photoionisation

scheme, and by controlling the intensity distribution of each photoionisation
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laser, the ionisation volume can be shaped. The arbitrary shaping ability of

a CAES was demonstrated as part of this thesis and is detailed in Chapter 4.

With arbitrary control over the electron source distribution, uniform den-

sity electron bunches can be produced. Furthermore, control over the source

distribution can be controlled dynamically, allowing for real-time diagnostic

measurements and the potential for implementation of a feedback mechanism

to optimise electron brightness.

For UED, in addition to being coherent and bright, electron pulses must

also be ultrafast. Provided the pulses are sufficiently short to begin with,

they can be further compressed using Radio Frequency (RF) cavity tech-

niques [39]. Recently, these techniques allowed the compression of a 10 ps

pulse to less than 100 fs [35]. The pulse length of electron bunches from a

conventional CAES are typically of order nanoseconds. Electrons are pro-

duced using two-step photoionisation, with excitation and ionisation laser

pulses of microsecond and nanosecond duration respectively [37, 38]. Elec-

trons are extracted in a static electric field, resulting in an electron pulse

length determined by the ionisation laser pulse duration. To reduce the pulse

length, time dependent extraction fields can be used [40], but achieving the

desired switching times of order picoseconds is nearly impossible. Alterna-

tively, work undertaken as part of this thesis shows that short electron pulses

can be generated using a quasi-coherent photoionisation scheme (Chapter 5).

Cold atoms are coherently excited by a femtosecond laser pulse, and subse-

quently atoms in the excited state are (incoherently) photoionised. Due to

the coherent nature of the excitation, the large bandwidth of the excitation

laser pulse does not result in an increase of electron temperature, and the

electrons remain coherent. Electrons are produced only for the duration of
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the excitation laser pulse and thus can be extracted in a static field and still

achieve short pulse durations.

Figure 1.1: A schematic showing the CAES. Laser cooled atoms are ionised to
form a coherent electron pulse, which is focused onto a sample and the diffraction
pattern recorded.

1.5 Thesis outline

A CAES lies at the intersection of cold atom physics, electron optics and

diffraction imaging. By combining the technologies and knowledge from

each of these fields, a source capable of single-shot diffractive imaging of

biological specimens may be realised. In chapter 2, the methods of electron

generation in the context of imaging are reviewed. In particular, the method

of electron generation relevant to a CAES, photoionisation, is discussed in

detail. Methods for assessing the suitability of an electron beam for diffrac-

tion and their explicit relation to fundamental source parameters are also
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developed. Chapter 3 describes a new CAES developed at the University of

Melbourne. The construction of the apparatus occurred as part of this work,

but is documented elsewhere [41, 42]. The current state of the system and

operating procedures are described, and alterations made to the apparatus

to facilitate diffraction imaging are detailed. One of the unique abilities of a

CAES is electron source shaping, which is outlined in chapter 4. Theory to

describe the evolution of atoms in light fields is developed, as well as diffrac-

tion theory. Experimental results for arbitrary light field control, arbitrary

electron bunch shaping and the creation of two dimensional uniform ellip-

soidal electron bunches are presented. Chapter 5 presents both theoretical

and experimental work undertaken to describe the distribution of electrons

produced in a CAES. Experiments performed to measure fundamental source

parameters and hence determine the suitability of the source for UED are

also presented. Finally, chapter 6 presents a summary of results, discusses

the future direction of the research for development of the CAES and the

prospects of producing a source capable of UED of biological samples.
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When we try to pick out any-

thing by itself, we find it is

tied to everything else in the

universe.

John Muir (1838-1914) 2
Electron generation

2.1 Introduction

E lectron sources can be categorised by the differing methods of elec-

tron production. For Continuous -Wave (CW) sources such as a conven-

tional electron microscope, a filament girt by a Wehnelt cylinder† electrode

is heated, leading to thermionic emission and acceleration [43]. The filament

is usually held at a potential relative to the accelerator structure, with the

filament forming the cathode and the Wehnelt cylinder (or other accelera-

tion structure) forming the anode. The electron energy is widely variable,

but electron energies of 50 keV − 500 keV are most common [44]. The fila-

ment is often tungsten, due to its high melting point and low vapour pres-

sure [45], but materials with similar properties are sometimes used, such

as lanthanum hexaboride [46]. Electrons produced from these sources rely

purely on thermionic emission, thus electron temperatures are high, often

†An electrode designed for use with thermionic sources, which acts as a control grid
and a convergent electrostatic lens
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well in excess of 1000K, limiting brightness and coherence to levels far below

that required for Ultrafast Electron Diffraction (UED).

A modified version of a thermionic emission source which improves upon

the aforementioned limitations is a field emission source [47]. These allow

for electron emission from single-atom sites, often crystals of tungsten [48],

zirconium oxide [49] or from a single carbon nanotube [50, 51]. Relative to

direct thermionic emission, field emission reduces the electron temperature

by using an electric field gradient to facilitate tunnelling of electrons from the

bound states within a crystalline lattice. However, the temperature of the

probe allows for many vibrational modes of the crystal lattice to be occupied,

resulting in a range of electron energies. In an attempt to alleviate this, there

has been an effort to create “cold” field emission tip microscopes [52, 53].

Whilst this may offer an alternate pathway to producing cold electrons, the

operating principles of such sources are incapable of any form of dynamic

imaging: coherence requirements at the sample restrict the flux, far below

what is required for UED.

High flux sources of pulsed electrons are typically produced using pho-

toemission; intense light is used to liberate electrons from a compound via

the photoelectric effect [54]. A photocathode source, which is the most com-

mon, holds the photosensitive material at a negative potential relative to an

accelerator (the anode) such that electrons are immediately accelerated after

photoemission. As short electron pulses are desirable, short optical pulses,

typically of a few femtosecond duration are used for electron liberation. The

material used for the cathode varies, but usually it is either a pure metal or

metallic alloy. The emitted electron energy is determined by the work func-

tion of the material and the wavelength of light illuminating the cathode. A
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short laser pulse has a necessarily large spectral bandwidth, meaning a range

of electron energies are expected, but more significantly, the laser pulse forms

a plasma on the metal surface, resulting in significant electron heating [55],

thus degrading the source coherence.

The Cold Atom Electron Source (CAES) aims to realise the simultaneous

brightness and coherence requirements for UED with the production of cold

electrons. Originally proposed in 2005 [56], it has undergone rapid develop-

ment since then. The understanding of these sources is continually evolving,

owing to the research area spanning many highly-specialised disciplines. The

method of electron production is based around photoionisation, in contrast

to thermionic emission or photoemission. Electron extraction is somewhat

complicated in a CAES due to the interactions betweens the electrons and

ions, interactions which are not significant in other sources. In this chapter,

the physics of photoionisation is detailed (§ 2.2), electron extraction from the

charge cloud is discussed (§ 2.3) and an overview of relevant electron beam

physics is presented (§ 2.4).

2.2 Photoionisation

The purpose of this section is to outline the mechanism for production of pho-

toelectrons from a neutral atom, which forms the basis of electron production

in a CAES.
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1

Direct ionisation

2

Resonantly Enhanced
Multiphoton ionisation

Non-Resonantly Enhanced
Multiphoton ionisation

3

a b c

Figure 2.1: Energy level diagram of the atom A showing various photoionisation
channels. Direct ionisation is the result of the single absorption of a photon of
frequency ω1. Resonantly enhanced multiphoton ionisation involves a (near) reso-
nant excitation with a photons of frequency ω2, in this case the state labelled |e�.
Non-Resonantly enhanced multiphoton ionisation is a result of the absorption of
n photons of ω3. The intermediate virtual states are labelled |ki� and K is the
excess ionisation energy.

2.2.1 Photoionisation channels

Direct photoionisation

The simplest form of atomic ionisation occurs with the absorption of a single

photon (figure 2.1). A single photon of energy �ω takes the atom A from

the ground state to the singly ionised atom A+, an electron e− and residual

energyK = �ω−ϕ, where ϕ is ionisation potential for the atom A. Explicitly:

A+ �ω → A+ + e− +K.
✄✂ �✁2.1

The photoionisation cross section for direct ionisation in most alkali metals

display Cooper minima in the near threshold region [57], rendering this ion-

isation scheme undesirable, as high ionisation efficiency is paramount to the

production of a high brightness source. Experimentally, direct photoionisa-
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tion is undesirable as the wavelength of light required to photoionise ground

state alkali atoms is typically in the ultraviolet range, and the use of lasers

at this wavelength carries a host of technical difficulties.

Multiphoton ionisation

An electron can be ejected from an atom even if the energy of a single photon

is less than the energy required to ionise the atom. At high photon flux, the

probability of multiple stimulated absorption events increases. If the photon

energy is much less than the ionisation potential and n · �ω > ϕ, the ground

state atom can absorb n photons resulting in electron production:

A+ n · �ω → A+ + e− +K.
✄✂ �✁2.2

The scattering rate R(ω) for multiphoton ionisation characteristically scales

as the photon flux Φ to the power of the number of photons required for

ionisation,

R(ω) ∝ σn(ω)Φ
n

✄✂ �✁2.3

where σn(ω) is the generalised absorption cross section. The cross section can

be evaluated using time-dependent perturbation theory, and is given by [58]:

σn ∝
�

f

�

kn−1

�

kn−2

. . .
�

k2

�

k1

|Mi,f |2
✄✂ �✁2.4

and Mi,f is given by

�f |µ̂|kn−1��kn−1|µ̂|kn−2� . . . �k2|µ̂|k1��k1|µ̂|i��
ΔEkn−1,f − (n− 1)�ω + i�Γ/2

�
. . .
�
ΔEk2,k1

− 2�ω + i�Γ/2
� �

ΔE1,i − �ω + i�Γ/2
�

where µ̂ is the electric dipole operator. This is the matrix element for a

transition between the initial state |i� and the final continuum state |f�,
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composed of the summation over the products of dipole matrix elements

weighted by the detunings of the m-photon resonances, ΔEa,b − m · �ω,

where ΔEa,b is the energy difference between states |a� and |b�. The decay

rate Γ can account for the linewidth of the transition, as well as other forms

of line broadening, such as the AC stark effect. In the event of near resonant

excitation, the perturbation theory must be extended to higher order terms

to accurately predict the cross section [59]. The presence of intermediate

states strongly alters the cross section, thus the probability for multiphoton

absorption is strongly dependent on the frequency of light. The mechanisms

for multiphoton ionisation are thus described by two distinct processes: Non-

Resonantly Enchanced MultiPhoton Ionisation (NREMPI) and Resonantly

Enchanced MultiPhoton Ionisation (REMPI). NREMPI is the absorption of

n non-resonant photons, as given by 2.2 and illustrated in figure 2.1b.

The most important feature of the electrons produced from a CAES is

that they are cold. The electron energy spread from both multiphoton ioni-

sation schemes is now discussed. In REMPI, the ground state is resonantly

or near resonantly coupled to an intermediate state by the absorption of

n photons. This highly populated state is then coupled to the ionisation

continuum via the further absorption of m photons (figure 2.1c):

A+ n · �ω� → A∗ +m · �ω� → A+ + e− +K �.
✄✂ �✁2.5

where A∗ is the excited state of the atom. Since the number of photons

required to ionise the A∗ system is less than is required to ionise the ground

state system, the ionisation rate is greatly enhanced. For example, quite

often the resonant excitation is to a Rydberg state, and ionisation can be

thought of as a n-th order process followed by a single absorption, which
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has substantially increased cross section compared to direct ionisation via

absorption of n + 1 photons [59]. Additional to the energy of the photon,

the intensity of the light field can itself alter the cross-section. For high

intensities, the AC Stark shift can cause intermediate states to either be

brought into or taken out of resonance. Alteration of the ionisation rate

is observed with alteration of the driving laser field intensity [60]. This is

particularly important when the intermediate state is a Rydberg state, due

to the large polarisabilty of these states. For sufficiently short laser pulses,

typically of order 10’s of femtoseconds, the intensity varies rapidly enough

such that the dynamic resonance shift leads to a range of photoelectron

energies being produced [61].

When a photoelectron is produced, due to the orders of magnitude differ-

ence between the mass of the electron and its parent nucleus, conservation

of momentum demands that most of the residual energy be carried by the

electron. However, the photoelectron energy spectrum obtained is not a

mono-energetic with energy approximately equal to K, it is somewhat more

complicated. Electrons are measured to have energies ofK, but alsoK+�·�ω

where � = 1, 2, . . . [62]. A free electron cannot absorb a photon from an oscil-

lating field, but in the presence of a high Coulomb field, photon absorption is

possible as a dipole moment is established, a condition required for momen-

tum conservation upon absorption. The electron energy spectrum is further

altered by the ponderomotive potential of the light field. As this potential

is a time-dependent quantity, the energy of the produced electrons is also

time-dependent.

To completely describe the electron energy spectrum in these cases in

non-trivial. However, of more fundamental importance, it indicates that
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photoionisation via REMPI and NREMPI is not useful for the production of

cold electrons. The non-linear single-colour photoionisation process leads to

an appreciable energy spread, thus a non-zero temperature. Source coherence

is gained from low electron temperatures, so an alternate means of electron

production is considered.

Two-colour ionisation

To produce electrons with minimal energy spread, a two-colour photoionisa-

tion scheme can be implemented. Two-step photoionisation provides control

over the excess ionisation energy K without appreciably changing the ioni-

sation rate, and as discussed in section § 4, allows for the control over the

initial electron bunch density distribution.

2

1

Figure 2.2: Energy level diagram of the atom A showing two-colour photoion-
isation. Resonant excitation from the ground state to the state |e� is achieved
with a coupling laser beam of frequency ω1. A second laser beam of frequency ω2

couples |e� to the ionisation continuum. Adjustment of ω2 allows for ionisation
with minimal excess ionisation energy, that is K ≈ 0.

A laser is used to resonantly couple the ground state of the atom to an

intermediate state, and a second laser is used to couple the intermediate state
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to the ionisation continuum:

A+ �ω → A∗ + �ω� → A+ + e− +K.
✄✂ �✁2.6

As there is resonant coupling between the ground and first excited state, pop-

ulation transfer is efficient. As discussed in § 5, often the second light field

resonantly couples the first excited state to a Rydberg state, rather than

the ionisation continuum directly. Thus, unlike other ionisation channels,

coupling from the ground to ionised state is essentially resonant, meaning

that photoionisation is more efficient than the other ionisation pathways, all

of which rely on some non-resonant behaviour. The process of two-colour

photoionisation is similar to a cascade (or ladder) system, and is identical

for the case of coupling between the ground, first excited and Rydberg state.

Thus, the behaviour of the atomic ensemble can be largely predicted using

the Optical Bloch Equations (OBEs) [63]. Outside of the steady state regime,

a pulse sequence can developed for the light fields to coherently manipulate

the atomic population. Theoretically, a technique such as Stimulated Ra-

man Adiabatic Passage (STIRAP) can be used to transfer population with

100% efficiency [64]. Experimentally, population transfer of cold molecules

with an efficiency above 95% has recently been achieved [65] and popula-

tion transfer between an atomic ground state and a Ryberg state has been

achieved with 70% effeciency [66,67] To maximise the brightness of a CAES

(§ 2.4.1), a coherent excitation technique must be employed to ensure near-

complete ionisation of the atomic sample and thus maximum current. For

an atom cloud of 109 atoms, as is typically achieved, this gives a charge of

approximately 100 pC, which is sufficient for UED.

Cold atomic samples provides a somewhat unique test bed for photoioni-
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sation mechanics. Atoms are cooled and trapped such that they are spatially

localised and the initial thermal energy of the atom is negligible. Traditional

chemistry techniques such as photoelectron spectroscopy [68] and photoin-

duced electron transfer [69] can be used to observe quantum mechanical

behaviour. For example, photoemission spectroscopy can be used to probe

the dynamics of a Bose-Einstein Condensate (BEC) [70], or a strongly inter-

acting degenerate Fermi gas [71]. The marriage of photoionisation physics

and cold atom physics also provides an interesting pathway for the creation

of exotic quantum systems. Photoionisation of cold atoms may provide a

pathway to creating a quantum degenerate gas of electrons [72]. Degenerate

electron gases [73] are of interest due to exhibiting interesting quantum phe-

nomena as well as their relation to astrophysical bodies [74]. In relation to

the production of a high brightness electron beam, degeneracy imposes the

ultimate limit of how bright a beam can be, so the production of a degenerate

electron gas is of utmost importance. A pathway toward ultra-high density,

low-temperature electron sources is discussed briefly in § 2.3.2.

Using cold atoms also provides a method for the creation of spin polarised

electron bunches. Spin polarised electrons are of great interest for magneto-

electronics [75], fundamental tests of quantum mechanics [76] and for spin

polarised microscopy [77]. Spin polarised microscopy can extract high reso-

lution real-space information and, due to the magnetic sensitivity of the elec-

trons, can provide additional magnetic information, such as magnetic domain

locations [78]. An overview of the creation and uses of spin polarised sources

is given in reference [79]. High current pure sources of polarised electrons

are not common. Using a negative electron affinity GaAs photocathode, an

experimental purity of 43% is possible [80]. Polarised beams of up to 86%

21



CHAPTER 2. ELECTRON GENERATION

purity have been produced from GaAs/GaAs1−xPx photocathodes, however

the efficiency of production is approximately 1% [81]. For imaging on the

time scales typical of conventional microscopy such a source is appropriate,

but is not applicable to UED. Trapped cold atoms provide a high level of

control over the internal state of the atom. Techniques such as optical pump-

ing [82] in conjunction with control over the polarisation of the light used for

photoionisation provides a way to efficiently produce spin polarised electrons

without magnetic separation. With such a system, magnetically sensitive

UED experiments could be preformed.

The production of electrons via the photoionisation of cold atoms provides

a way to generate high charge electron bunches, with high tuneability of the

electron energy, and the ability to spin polarise the beam. There is also

scope for the creation of ultracold ion bunches, ultracold plasmas, degenerate

electron bunches as well as study of the fundamental physics of photoionision.

However, just as the method of electron production must be understood, the

extraction and transport of the produced electrons must be characterised.

2.3 Electron extraction

In 1999, the creation of the first Ultracold Plasma (UCP) via the near thresh-

old ionisation of metastable xenon was reported [83]. Since then, the field

has been rapidly evolving, combining the extensive research that has been

conducted in the field of plasma physics with the much newer field of cold

atom physics. It is interesting to note that the feasibility of producing plas-

mas from the photoionisation of neutral atoms was first investigated in the

early 1970s [84], but not realised until many years later. A distinguishing

feature of the experiments undertaken in this thesis compared to the larger
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research area of UCP research is that photoionisation occurs in a static DC

electric field. Depending on the method of photoionisation (§ 3), the DC

field can have the effect of increasing the size of the charge cloud, thus re-

ducing the charge density, rendering the label “plasma” inappropriate. But

the key feature present in both systems is that the constituent particles are

cold. As discussed in § 2.4.1, the brightness of the electron beam is criti-

cally dependent on the electron temperature. Photoionisation of cold atoms

is therefore an extremely useful method of electron production, as the en-

ergy spread of the electrons initially will be determined by the linewidth of

the photoionisation laser pulse. However, dynamics immediately following

the photoionisation of a collection of cold atoms results in an energy spread

that is much greater than the bandwidth limited temperature (§ 5.2). As

shown here, heating effects present in the plasma systems are still present in

the “pseudo-plasma” system, albeit reduced. The key heating mechanisms

present in plasma systems and their relevance to the CAES are discussed in

this section.

2.3.1 Heating mechanisms

Photoionisation of cold atoms can produce low temperature plasmas, with

temperatures in the range of 1− 1000K [85]. Furthermore, the charge cloud

can be in the regime where the Coulomb interaction between charged par-

ticles is greater than the thermal energy, resulting in a “strongly coupled”

plasma [86]. The strength of the coupling is quantified through the Coulomb

coupling parameter

Γ =
e2

4π�0akBT

✄✂ �✁2.7
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where �0 is the permittivity of free space, kB is the Boltzmann constant, T is

the plasma temperature and a is mean interparticle distance, known as the

Wigner-Seitz radius, which for particle density ρ is given by

a =

�
3

4πρ

�1/3
.

✄✂ �✁2.8

For Γ > 1, a plasma is strongly coupled, meaning that the traditional con-

cepts used to explain the behaviour of plasmas, such as Debye screening

and magnetohydrodynamics are not valid. Because of this, extensive theo-

retical and computation work has been performed to better understand the

dynamics [87–92]. Complications arise from the fact that immediately after

photoionisation, the system is far from equilibrium. Due to the non-ordered

distribution of electrons and ions on the charge cloud, a “random” excess

potential exists which, under equilibration, is converted to kinetic energy in

a process known as Disorder Induced Heating (DIH) [88, 91]. Another ef-

fect which results in plasma heating is Three -Body Recombination (TBR),

whereby an ion interacts with two electrons to form an excited atom and an

energetic electron:

A+ + 2e− → A∗ + e−.
✄✂ �✁2.9

The TBR rate RTB displays the form [93]

RTB ∝ T−9/2
✄✂ �✁2.10

meaning at low temperatures TBR can become the dominant heating mech-

anism on short time scales. Intriguingly, such recombination dynamics are

analogous to stellar dynamics in globular clusters [94]. The heating time

τt which characterises the time for thermal equilibration to be established
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within the plasma is given by

τt =
a�

e2/4π�0 ame,i

✄✂ �✁2.11

where me,i is the electron and parent ion mass. Equation 2.11 is identified

as the inverse of the plasma frequency ωp

ωp =
1

τt
=

1

a

�
e2

4π�0 ame,i

.
✄✂ �✁2.12

This means the time scale for the heating of electrons and ions will be different

and density dependent. For densities typically achieved in a CAES, the

time taken for electron equilibration is of order nanoseconds and for ion

equilibration, of order microseconds.

2.3.2 Electron temperature

The energy spread of the electrons due to the finite bandwidth of the pho-

toionisation laser is approximately E/kB = 100mK†. The temperature of

electrons in an ultracold plasma was first measured to be in the region of

35K [95], with the larger temperature attributed to plasma heating effects

such as DIH and TBR. In pseudo-plasma systems, that is, electrons produced

from photoionisation of cold atoms in a constant DC electric field, the first

electron temperature measurements yielded a value of 60K [38]. It is difficult

to compare such results as the electrons were produced from the photoion-

isation of different atomic species and more importantly, atomic clouds of

different densities. Multiple experiments throughout this thesis have enabled

the extraction of electron temperatures (§ 5), all of which yielded a temper-

†Assuming two-colour photoionisation, and a bandwidth limited 5 ns ionisation pulse.
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ature close to 10K. Thus it would appear that significant electron heating

occurs in these pseudo-plasma systems, even though the density and there-

fore Coulomb interactions are small. Reference [96] discusses the dynamics of

low energy photoelectron trajectories being affected by the parent ion in the

context of photoelectron imaging. Traditional photoionisation experiments

generally result in electron energies of a few eV†. As a consequence, the

electron energy is sufficient to escape the Coulomb potential of the parent

ion with minimal alteration to the trajectory, and the interaction with the

parent ion is ignored. For two colour-photoionisation, electron energies less

than 1meV are common, and interactions with the parent ion cannot be ig-

nored. Inclusion of this interaction leads to a range of electron energies, and

thus increase in temperature. This concept is discussed in detail in § 5.2.

When considering the electron beam produced, the interaction between

an electron and its parent ion is effectively single particle behaviour, that is,

it is not a collective effect. To counteract collective heating effects, a possible

pathway would be to fully exploit the atomic cooling and trapping techniques

available. Creation of a BEC [97–99] allows for the density of atoms to be

increased by many orders of magnitude. Magneto -Optical Trap (MOT) den-

sities approaching 1018 atoms/m3 have been achieved [100], however BEC

densities can be 1020 atoms/m3. Production of a UCP via photoionisation of

a condensate has been achieved [101], demonstrating the production of high

density electron bunches. With increased electron density comes the problem

of self-field Coulomb repulsion, however, a CAES offers a way to alleviate the

reduction in beam brightness typically associated with this expansion (§ 2.6).

In addition to increasing the density, such techniques may offer methods for

†For example, REMPI of rubidium using a 800 nm laser results in electron energy of
0.61 eV.
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reduction of the temperature growth due to collective effects. For example,

when electrons and ions are initially produced from a disordered system, the

lack of ordering is converted to additional kinetic energy (§ 2.3.1). Introduc-

ing order to the system prior to ionisation using an optical lattice [102] may

result in a reduced temperature, negating the effects of DIH.

To investigate the effect of ordering within the ion cloud on the extracted

electron temperature, n-body simulations of pairwise Coulomb interactions

within a charged particle cloud were performed using GPT† were performed.

1331 ions on an 11× 11× 11 grid with 10µm spacing, with a Gaussian dis-

placement distribution with width σ = 100 nm. Increasing the displacement

distribution can be used to simulate disordered samples whilst retaining the

same bunch size and density. Electrons were placed 1µm from the parent

ion in a random direction, with an additional random Gaussian displacement

of σ = 100 nm. Figure 2.3 shows the projections along z for three distinct

electron and ion distributions. Figure 2.3a shows the 3 dimensional ordered

lattice with spacing of 10µm, whilst 2.3b shows the same distribution but

rotated 45◦ around the y axis, which when projected along z has some level of

disorder. Figure 2.3c shows a completely disordered distribution. Electrons

were initially given a temperature of 0.1K and ions given 10mK, representing

the state immediately after threshold photoionisation.

Initially, simulations of disorder induced heating in a plasma was inves-

tigated, that is, when no external accelerating field is present. Figure 2.4a

shows the excess electron energy as a function of time. A rise in the kinetic

energy is observed, most notably for the disordered sample. A decrease in

temperature of approximately 20% is observed for ordered distributions com-

pared to the random distribution. Figure 2.4b shows the same situation, but

†http://www.pulsar.nl/gpt/
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Figure 2.3: Electron and ion distributions used for simulating the effects of order
on the electron temperature. a) An ordered lattice with 10µm spacing. b) A
10µm grid rotated 45◦ around the y axis. c) A random distribution of ions.

with the simulations over longer duration, up to 1µs. From equation 2.11,

the time for equilibration is expected to be of order nanoseconds, however,

heating is observed over much longer times. The reason for this are not

understood.

The timescale for Simulations were conducted for the same electron and

ion distributions, but with the charge cloud located in a uniform electric field

of strength F = 40 kV/m over a region of 2.5 cm, which mirrors experimental

conditions. The time for an electron to leave the “plasma” region is given

by:

tL =

�
meL

eF

✄✂ �✁2.13

where L is the length of the plasma, which evaluates to tL = 120 ps for the

given conditions. Thus, as this time is much faster than the time scale for

DIH, the expected electron temperature should be less than that of a station-

ary plasma. Figures 2.4c and 2.4d show the extracted electron temperature

for the same distributions as used in the previous simulations, but for lattice

spacing of 10µm and 20µm. Heating is observed on shorter time scales than

stationary plasmas, suggesting that the heating effects are not entirely due

to DIH. This temperature increase is explained by the interaction between

the electron and its parent ion during extraction, detailed in § 5.2.
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Figure 2.4: Plots of the excess energy of electrons for the distributions in fig-
ure 2.3. a) Shows heating over one microsecond; b) shows heating in the first
few nonoseconds . c) Heating for electrons extracted in a static field with lattice
spacing of 10µm. d) Heating for electrons extracted in a static field with lattice
spacing of 20µm.

Regardless of the cause of heating, electrons extracted from a CAES will

have a low temperature, many orders of magnitude lower than any other

source. The temperature is key in determining the suitability of the beam for

electron diffraction. The following sections discuss electron beam properties,

relationships between these properties and how these properties relate to the

electron temperature.

2.4 Beam quality

The quality of an electron beam may be assessed in a myriad of ways and

the most appropriate parameters are application dependent. Whilst electrons
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extracted from an ultracold atom source have the potential for use in electron

lithography and particle accelerator injection, the application considered here

is electron diffraction imaging. The two most important quantities to be

considered are the brightness of the beam and the coherence length.

2.4.1 Brightness

Analogous to the brightness of an optical source [103], the brightness of

an electron beam characterises the quality of the illumination. There is no

strict definition for brightness, as it is convenient to adopt variations on

the same quantity depending on application. Fundamentally, the quantity

characterises the current density per unit solid angle in the axial direction;

a bright beam displays both high current and a high degree of parallelism.

The convention followed here is that of Reiser [104], namely the transverse

brightness B⊥ of a beam is given by:

B⊥ =
J

dΩ
=

dI

dS dΩ

✄✂ �✁2.14

where J is the current density, Ω is the solid angle subtended by the beam,

I is the beam current and S is the area occupied by the beam. In this

definition, the brightness can vary across the beam just as J can vary across

the beam. Because a figure of merit to compare sources is desired, it is

common to introduce the average brightness B̄⊥, defined as:

B̄⊥ =
I��
dS dΩ

.
✄✂ �✁2.15
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To compare sources, the normalised brightness B̄n⊥ is used, where

B̄n⊥ =
B̄⊥
(βγ) 2

✄✂ �✁2.16

with β = v/c and γ = 1/
�
(1− β 2) are the relativistic boosts for propagation

at a speed v. The definition adopted in equation 2.16 allows for the com-

parison of electron beams of different energy and also introduces an quantity

which is invariant under ideal conditions.

To gain an appreciation for the brightness, consider a beam of current I

with a mean divergence angle of Δθ. If the beam is focused through a lens

of focal length f , then the minimum focal spot size δ is approximately [105]:

δ � fΔθ
✄✂ �✁2.17

thus the average current density is

|J̄| = I

πδ2
=

I

π(fΔθ)2
.

✄✂ �✁2.18

If the beam radius at the lens is R, which becomes the useful lens radius,

then the current density can be rewritten as:

|J̄| � π

4

�
f

2R

�−2
I

(πRΔθ)2
∼ B⊥

[f �]2

✄✂ �✁2.19

where f � denotes the f -number of the lens. Thus the power density at the

focus is proportional to the beam brightness. For an electron source with

thermal distribution, the brightness can be related to the electron tempera-

ture T . From equation 2.14, for a paraxial beam the solid angle of the beam
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is:
2π�

0

θ�

0

dΩ =

2π�

0

Δθ�

0

sin θ� dθ� dφ

≈
2π�

0

Δθ�

0

θ� dθ� dφ for small θ

= π (Δθ)2

≈ π
vx
vz

=
π

vz

�
kBT

me

✄✂ �✁2.20

and hence:

Bn⊥ =
J

4π

mc2

kBT
.

✄✂ �✁2.21

This is the maximum achievable brightness for electrons at a temperature T,

as the solid angle will usually be greater than equation 2.20. The benefit of

using cold electrons is obvious from the inverse relationship between temper-

ature and brightness. It is also worth noting that the brightness in this form

is independent of the current I. Provided the current density is large, one

can obtain high brightness with low current. This is the operating principle

of field emission tip microscopes, often having electron emission from a single

atomic site, with current densities of greater than 105 Acm−2 [106]. For the

case of a CAES, it is convenient to express equation 2.21 in terms of the total

current I, rather than J. Defining the Root Mean Square (RMS) radius of

the electron bunch σx and σy in the x and y directions respectively,

Bn⊥ =
I

4π2σxσy

mc2

kBT
.

✄✂ �✁2.22

The number of electrons in the beam is obviously one of the most impor-

tant factors for obtaining sufficient diffraction signal, but the beam current
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alone is not enough to determine the suitability of a beam for a diffraction

experiment. To observe interference, the beam must also be coherent over the

size of the sample, as discussed in the next section. The brightness incorpo-

rates both the angular divergence of the beam, which is related to coherence

length, and the beam current. As a consequence, beam brightness can be

sacrificed, usually in the form of a reduction in current, for an increase in co-

herence length. Thus, the creation of a high brightness source is paramount

to the realisation of UED of biological samples. The advantage of a CAES

is that the coherence length at the source is already large, approximately

10 nm, which for biological samples of interest means that brightness need

not be sacrificed to obtain quality diffraction data.

2.4.2 Coherence length

The coherence length Lc characterises the length scale of the phase correla-

tions between electrons in the beam, placing restrictions on the size of the

object to be illuminated. Put simply, to observe interference, the origin of

the scattered radiation must be uniquely identifiable in the object plane. As

the phase correlations only exist on the scale Lc, if the field is used to illu-

minate an object with unit cell spacing(s) of greater than Lc, the previous

statement breaks down; the origin of the radiation is indeterminate, thus

interference will not be observed. The coherence length can be defined by:

Lc =
λ

2πσθ

✄✂ �✁2.23

where λ is the wavelength of radiation and σθ is the RMS angular spread of

the source. The angular spread of the beam can be related to the momentum

spread of the beam, and thus the thermal properties of the beam. A spread
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in particle trajectories results in a range of momentum components, with

each component given by

px = �k · x̂ = � sin θ|k|
✄✂ �✁2.24

where k is the wave vector and θ is the angle the particle trajectory makes

with the propagation direction. For a paraxial beam, θ will be small, and

thus the approximation sin θ ≈ θ is valid. The RMS momentum spread σpx

is then given by:

σpx = �σθ|k| = �σθ
2π

λ
.

✄✂ �✁2.25

Assuming that the electrons are in thermal equilibrium, the spread in mo-

mentum is related to the temperature T , as σpx =
√
mekBT . Combining this

with equations 2.23 and 2.25:

Lc =
�√

mekBT
.

✄✂ �✁2.26

A CAES produces low temperature electrons, and thus achieves high co-

herence at the source. This is in contrast to other electron sources, which

typically have much higher source temperatures. Propagation over large dis-

tances and/or aperturing provides a mostly coherent wavefront from an in-

coherent or low coherence source as a consequence of the Van Cittert-Zernike

theorem [107]. As the coherence length is inversely proportional to the angu-

lar spread, the ratio of the coherence lengths at the source and at the sample

must be equal to the ratio of the angular spread at sample and at the source,

namely

L sample
c

L source
c

=
σsource
θ

σsample
θ

.
✄✂ �✁2.27
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An illustration of this is shown in figure 2.5. A point correlation expands to

Sample
size

σθ
a

σθ
b

a b

Electron
source

Figure 2.5: The increase of coherence length with propagation. At the source, to
ensure coherent radiation illuminates the entire sample, an angular divergence of
σa
θ is required. As the beam expands under propagation, downstream the required

angular divergence is σb
θ < σa

θ .

a “cone” of correlation under propagation. The increase in coherence is at

the cost of flux incident on the sample. Ideally, the source coherence is large

enough such that no flux is lost due to requiring an increase in coherence

length as is the case for a CAES.

In a similar vein, the coherence length can be increased or decreased with

the use of optical elements (figure 2.6). The quantity

σsource
θ

σsample
θ

✄✂ �✁2.28

is identified as the magnification (M ) of the optical system transporting

the electrons from the source to the sample. Thus, using equation 2.27 the

coherence length at the sample can be expressed as

L sample
c = M × L source

c .
✄✂ �✁2.29
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It should be noted that in principle, aberrations present in the lens system do

not degrade the coherence properties, provided that they are appropriately

characterised [108].

Optical
system

σθ
a σθ

b

a b

Figure 2.6: Alteration of coherence length with an optical system. The angular
spread in plane a is different to the angular spread in plane b, resulting in an
altered coherence length.

The discussion of coherence length thus far has made a fundamental as-

sumption: that the coherence length does not vary as a function of spatial

frequency. Assuming a thermally equilibrated electron source, a more de-

tailed model of the source coherence properties can be developed. In thermal

equilibrium, the momentum of the source electrons is a Maxwell-Boltzmann

distribution:

f(p) =

�
1

2πmekBT

�3/2

exp

�
−
|p⊥|2 + p2�
2mekBT

� ✄✂ �✁2.30

where |p⊥| is the momentum perpendicular to the direction of electron propa-

gation and p� is the component in the propagation direction. The acceleration

of the electron cloud imparts an additional momentum component pF to p�,

such that p� → p�+pF . The momentum imparted by the field is significantly
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larger than the initial momentum of the electron, which leads to the bunch

having a well defined p� component. The electron coherence properties are

then predominantly determined by the transverse momentum components.

In this way, the system is analogous to an optical “quasi-monochromatic

paraxial” wavefield [109]. Taking only the transverse momentum distribu-

tion, the phase-space density W (r⊥,p⊥),can be written as

W (r⊥,p⊥) = ρ(r⊥)f(p⊥)

= ρ(r⊥)
1

2πmekBT
exp

�
− |p⊥|
2mekBT

� ✄✂ �✁2.31

where ρ(r⊥) is the electron density distribution in the perpendicular plane.

Because of the analogy between electrons produced from a CAES to a

quasi-monochromatic paraxial wavefield, the radiation sources can be de-

scribed by the same model. A brief overview of the quasi-homogeneous

model is given here with key results, however a full treatment is given in

references [109–111]. A quasi-homogeneous source is a collection of mutually

incoherent point radiators each of which radiates into a small angular dis-

tribution. To ensure the validity of the model, the correlation length within

the source should be small [109]. As this is the case for a CAES, a quasi-

homogeneous source model is appropriate. A consequence of the model is

that the effective source size at some point downstream is defined by the

momentum spread of the source, and thus the temperature of the source,

not the size of the source. Thus, a quasi-homogeneous wave field is defined

by two variables rather than four, and therefore more tractable to analytic

treatment, for example for calculating diffraction and retrieving structure

from diffraction patterns.

Explicitly, the correlations within the field at points r1 and r2 can be
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described by the Mutual Optical Intensity (MOI), given by

J(Δr, r̄) = γ(Δr)ρ(r̄)
✄✂ �✁2.32

where r̄ = (r1+r2)/2, Δr = r1−r2 and γ(Δr) is the coherence function, which

characterises the correlations within the field as a function of the separation

between points. A field coherent across the extent of the beam is obtained

with γ(Δr) = 1, and an incoherent field is obtained with γ(Δr) = δ(Δr).

The MOI is related to the phase space density via

J

�
r̄+

Δr

2
, r̄− Δr

2

�
=

�
W (r̄⊥,p⊥) exp

�
i
Δr · p⊥

h

�
dp⊥

✄✂ �✁2.33

which when combined with equations 2.30 and 2.31 yields a Gaussian form

of the coherence function,

γ(Δr) = exp

�
−mekBT |Δr|2

2�2

�
≡ exp

�
− |Δr|2

2L 2
c

� ✄✂ �✁2.34

where

Lc =
�√

mekBT
.

✄✂ �✁2.35

Gaussian coherence functions are common; for example, lasers [112] and

synchrotron sources [113] have Gaussian coherence functions. For a CAES,

this formalism recovers the coherence length as expressed in equation 2.26,

however it also provides additional information, the correlations within the

bunch as a function of spatial frequency. Measurement and verification of

the functional form of the coherence function for a CAES were investigated,

and are detailed in the publication listed in appendix H.
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2.5 Emittance

Emittance is an empirical measure of the effective phase space volume oc-

cupied by a particle beam, which fundamentally limits its brightness. Emit-

tance incorporates increases in the phase space volume due to irreversible

processes. In the context of particle optics, a reversible process is one which

preserves not only phase space volume, but also the continuity of the dis-

tribution. An example of an irreversible process is a non-linear lens with

paraxial focus (figure 2.7). The phase space volume occupied by the beam

may not necessarily have increased, but the “effective” volume has increased,

due to a distortion of the volume, which leads to growth in the emittance.

The effective volume is defined as the smallest elliptical distribution when

circumscribes the actual distribution. By characterising a beam with the

effective volume of the phase space occupied, it is equivalent to considering

an undistorted beam with an increased phase space volume, but both have

the same functionality; that is, the spot size at the focus will be the same.

The origin of emittance growth is embedded in the ability of linear optics

to only rotate the phase space volume occupied by the beam; not distort it.

Thus if the volume is distorted in some manner, a linear lens cannot correct

the distortion, leading to a softening of the focus. A common description of

emittance is “the focusability of a beam”. An ideal beam has zero emittance,

and when incident on a perfect lens is focussed to a point (figure 2.8). For

a beam of finite emittance, there is a spread of momentum across the beam.

When focused by a lens, this angular deviation is converted to a displacement

from the focal point, resulting in a non-zero beam waist.

Thinking of emittance as the focusability of a beam is appropriate when

considering maximum deliverable flux, however in the context of diffraction
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Figure 2.7: A non-linear lens with paraxial focus. a) A parallel beam is incident
on a non-linear lens, resulting in a paraxial focus. b) Phase space distribution of
the incident beam (left) and at the focus (right). The distribution is distorted,
increasing the effective area of the distribution, resulting in increased emittance.

imaging, the additional constraint of coherence length must be considered in

parallel. When coherence length is included, the emittance determines how

tightly a beam can be focused whilst ensuring interference will observed.

Thus, knowledge of how the emittance changes with source parameters is

paramount for designing appropriate experiments.

Formally, the transverse RMS normalised emittance �x is defined by

�x ≡ 1

mec

�
�x2��p2x� − �xpx�2

✄✂ �✁2.36
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Figure 2.8: A zero emittance beam and a finite emittance beam. i) A zero
emittance beam through a perfect lens is focused to a single point. ii) Phase space
distribution of the beams in i) and iii) at the lens entry (a), lens exit (b) and
focal point (c). iii) A beam with non-zero emittance through a perfect lens. The
non-zero angular spread of the beam results in a finite focal spot size.

where me is the electron mass, x is the transverse position with x = 0 the

average position of the bunch and px is the transverse electron momentum.

The �. . .� indicates the ensemble average taken over all particles in the beam.

Experimentally, one usually does not directly measure the momentum spread,

but rather an angular spread. Defining x� = vx/vz, and provided the beam

is paraxial vx � vz, x
� is the angle a particle makes with the beam axis of
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symmetry. Thus, the emittance can be expressed as:

�x = β
�
�x2��x�2� − �xx��2 ≡ β �̄ x

✄✂ �✁2.37

where β = v z/c. This is convenient, as �̄x is a measure of the trace-space

volume of the beam, and is what is actually measured. More rigorously, the

factor of β in equation 2.37 is more correctly a factor a γ × β, however this

factor is neglected as the electron beam energies encountered throughout the

experiments conducted as part of this thesis are less than 20 keV, with a

Lorentz factor of approximately γ = 1.042, which can be safely neglected.

To relate the emittance explicitly to the trace space area, �̄x is also defined

as

�̄x =
1

π

��
dx dx� ≡ A

π

✄✂ �✁2.38

where A is the trace-space area. This definition is completely general, how-

ever, it is conventional to consider the area occupied by the beam in trace

space as an ellipse. At a beam waist, the trace space distribution is an ellipse

circumscribed on the x − x� axes, with semi-major and semi-minor axes of

x̄� and x̄. The area is then A = πx̄�x̄, leading to a common definition for

emittance:

�̄x = x̄�x̄.
✄✂ �✁2.39

Equation 2.38 is always valid, but as the trace-space area is warped by an

optical system, it becomes more challenging to analytically compute. How-

ever, as discussed, for a system where all forces are linear, the trace-space

distribution rotates, so the quantity evaluated above is conserved. It is il-

luminating to evaluate equation 2.37 at a beam waist. The �xx��2 term

characterises the correlations between position and angular divergence. For
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example, correlations are present for a beam which is converging or diverging

as it passes through a lens system. In a similar vein, for an ideal uniform

beam, this correlation would vanish when focused to a waist. Thus, at a

waist, equation 2.37 reduces to

�̄x =
�
�x2��x�2�.

✄✂ �✁2.40

Comparing equations 2.39 and 2.40, it is clear that x̄ = �x2�1/2 and x̄ =

�x�2�1/2, which are identified as the RMS width and RMS divergence respec-

tively.

It can be shown that the correlation �xx��2 is related to the transverse

kinetic energy, representing the “flow” energy [104]. The difference in the

total (transverse) kinetic energy and the flow energy is the stochastic, or

thermal energy, characterised by the RMS velocity spread, v̄th = �v2x,th�1/2.

If v0 is the mean axial velocity, then x̄�
th = v̄th/v0. From equation 2.39, the

trace-space emittance �̄x can equivalently be expressed as

�̄x = x̄x̄�
th = x̄

v̄x,th
v0

.
✄✂ �✁2.41

This provides a way to predict the emittance of an electron beam given

a particular electron temperature, T . For a uniformly distributed bunch,

that is, a beam with density n(r) = n0 (where n0 is a constant), and a

Maxwell-Boltzmann velocity distribution, f(v) dv = exp[−m(v2x+v2y)/2kBT ],

equation 2.41 can be computed directly. If the beam has a radius r0, then

the RMS width is

x̄ =

�
�r2�
2

=
1√
2

�
2πn0

� r0
0

r3 dr

2πn0

� r0
0

r dr

�1/2
=

r0
2
.

✄✂ �✁2.42
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The RMS thermal velocity is then

v̄x,th =

�
�v2⊥�
2

=

�
kBT

me

,
✄✂ �✁2.43

which when combined with equations 2.41 and 2.42 yields:

�r,n = σr

�
kBT

mec2
,

✄✂ �✁2.44

where the bunch radius r0 has been converted to the RMS bunch radius

σr. Equation 2.44 allows the relationship of emittance to brightness and

coherence length to be made explicit. Identifying the angular spread as

σθ = v̄x,th/v0 = x̄/�̄x from equation 2.41, the coherence length (equation 2.23)

can be re-expressed as:

Lc =
λ

2πσθ

=
�

mec

σr

�r
.

✄✂ �✁2.45

Similarly, using equation 2.44, the brightness can be related to the emittance

via equation 2.22:

Bn⊥ =
I

4π2σxσy

mc2

kBT
=

I

4π2�2r
.

✄✂ �✁2.46

Knowledge of the beam emittance allows for determination of the coherence

length and brightness, as well as being a useful quantity for comparison be-

tween sources. Outlined in § 5.3.2 is a method for the accurate determination

of beam emittance along with experimental results of a novel implementation

of the scheme.
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2.6. COULOMB INTERACTIONS AND EMITTANCE

2.6 Coulomb interactions and emittance

A small beam displaying minimal emittance and maximal brightness is desir-

able. For low energy beams, the dynamics are governed by Coulomb interac-

tions, in what is know as the “space-charge dominated” regime. A beam will

be space charge dominated if the Debye length λD is much less than beam

radius. Explicitly:

λD =

�
�0γkBT

e2n

�1/2

� σr

✄✂ �✁2.47

where n is the number density. Conversely, if λD � σr, then the single-

particle (thermal) behaviour will determine the beam properties. The na-

ture of the Coulomb interaction means that for a space charge dominated

beam, the forces depend strongly on the particle distribution. The Coulomb

interactions amongst electrons are manifest in two distinct ways. The first

is the correlated, mean field expansion, which is referred to as the space-

charge effect. The second is uncorrelated scattering, which is often referred

to as the stochastic Coulomb interaction. Space-charge effects conserve phase

space volume, but not necessarily the effective space charge volumes. Lin-

early correlated motion (bunch expansion) can be reversed easily with lenses.

Non-linear correlations can, in principle, can be removed with non-linear op-

tics, such as time dependent wavefields [39]. Uncorrelated interaction results

in irreversible increase of the phase space volume, and such effects are often

density related. The beam will no longer be in an equilibrium state, which

corresponds to a Maxwell-Boltzmann velocity distribution, and there will be

an energy difference E0 between the occupied (non-stationary state) and the

stationary (Boltzmann) state. Non-linear space-charge forces, instabilities in

the transport system, or collisions can result in beam thermalisation, lead-
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ing to an increase of E0 to the internal energy and an increase in the phase

space volume. An increase in emittance due to non-ideal beam density is

one of many effects present in dynamic systems.Other effects that can lead

to emittance growth are:

• Chromatic aberrations

• Non-linearity of applied forces

• Off-centre beam propagation

• Coulomb scattering of the beam and background gas

• Instabilities in applied or generated electromagnetic fields

most of which are challenging to analytically describe. Ultimately, most dis-

turbances and imperfections lead to an increase in the emittance, and thus

beam temperature. Effects that decrease the temperature do exist, such as

“equipartitioning”. Here, a beam with an anisotropic temperature distribu-

tion is pushed toward thermal equilibrium by Coulomb interactions. A beam

with a low longitudinal emittance and high transverse emittance will thus

experience a reduction in transverse emittance, at the cost of increasing the

longitudinal emittance. Methods developed for reduction of emittance have

been developed for use with high energy beams [104], but are not discussed

here.

Suppression of emittance growth due to Coulomb interactions must come

from exploitation of the underlying physics, where-as the suppression of emit-

tance growth due to most other sources represents technical advancement.

To exploit the underlying physics to control the Coulomb expansion, the

relevant interactions must be quantified. The behaviour of electromagnetic
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fields is described by Maxwell’s equations. In an electrostatic system, in-

troducing the scalar potential φ(r) which satisfies E = −∇φ, the famous

elliptical partial differential equation

∇2φ(r) = −ρ(r)

�0

✄✂ �✁2.48

is found, known as the Poisson equation. Despite the simple nature of equa-

tion 2.48, it is a notoriously challenging equation to solve. The equation typ-

ically appears in potential theory (the study of harmonic functions), and has

many practical applications, ranging from electrostatics, Newtonian gravity

and hydrodynamics to high dimensional curve fitting.

For a system where the applied forces are smooth, a continuous beam will

have a density profile given by [104]

n(r) = n0 exp

�
−eφt(r)

kBT⊥

�
,

✄✂ �✁2.49

where n0 is the density at r = 0. The potential φt is the sum of the applied

potential, φe(r) and the self-field potential, φs(r), which is given by equa-

tion 2.48. The self-field potential is defined in the rest frame of the beam, so

that in the lab frame, the total potential is given by:

φt(r) = φe(r) + φs(r)(1− β 2).
✄✂ �✁2.50

From equations 2.49 and 2.50, it is clear that as the beam energy increases

(β ⇒ 1), the resulting beam density will tend to be Gaussian. In contrast,

for low energy beams, or when the effective self-field potential is of order the

external potential, the beam profile will tend to a uniform profile.
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The only physically relevant class of finite, three dimensional solutions for

φ(r) which can be calculated analytically are uniformly distributed ellipsoids.

The self field of the bunch leads to a force which is linear with radius. As a

consequence, the dynamics of these bunches is to change volume, but always

retain linear internal fields and a uniformly distributed ellipsoidal density.

Because of these properties, it was realised that these are the ideal electron

bunches for any accelerator system [114]. Ellipsoidal distributions have tradi-

tionally been used to investigate basic phenomena in a given physical model.

For example, ellipsoidal bunches can be used to quickly estimate the space-

charge forces in an accelerator beamline [115]. However, the experimental

realisation of a hard-edged, 3D uniformly filled electron bunch in free space

had not been considered until recently. It was shown that a density profile

of

ρ(r⊥, z) = δ(z)ρ0

�
1−
�
r⊥
R0

�2 ✄✂ �✁2.51

where δ(z) is the Dirac delta function and R0 is the bunch radius, will evolve

into a 3D uniform ellipse due to the bunch self field [34]. The production of

this “pancake” distribution was first realised via spatial modulation of the

photoionisation laser used for electron generation from a cathode source [116].

It was proposed that because of the unique source shaping ability of a

CAES, a 3D ellipse could be created directly [56]. The importance of creating

uniformly distributed ellipsoidal bunches cannot be understated. To satisfy

the coherence and brightness requirements for single-shot UED of weakly

scattering samples, such as nanocrystals of biological molecules, ellipsoidal

bunches must be used. In basic terms, to obtain a useful diffraction image,

pulses containing 106 electrons must be temporally and spatially focused

on the sample. The Coulomb interaction tends to blow such pulses apart
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in an uncontrolled way, which leads to a loss of coherence, and hence the

quality of diffraction data. The linear self-field of ellipsoidal bunches allows

for controlled Coulomb expansion, and the complete reversal of the expansion

with linear optics. Also, ellipsoidal bunches allow for control over the phase-

space distribution of the bunch without degradation of the beam coherence,

which is especially important for Radio Frequency (RF) bunch compression,

as it relies on phase-space manipulation. A detailed discussion of source

shaping and production of uniform electron bunches is given in chapter 4.

2.7 Cold atoms as a source of electrons

As described in § 1, a small, high brightness, low emittance beam at non-

relativistic energies is desired for diffraction imaging. The effect of reduced

electron temperature is propitious to the creation of an electron beam with

these characteristics. A CAES provides unprecedented control of the source

characteristics. Furthermore, uniformly distributed electron bunches can be

produced, reducing the main source of emittance growth for a low energy

beam. If the ultracold atomic temperatures achievable though quantum atom

optical techniques can be completely exploited to produce ultracold electron

bunches, the requirements for UED imaging can be met [36]. In this way,

a high coherence, high brightness tabletop electron source capable of UED

imaging will have been realised.
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We learn something every

day, and lots of times it’s that

what we learned the day be-

fore was wrong.

Bill Vaughan (1915-1977) 3
The Cold Atom Electron Source

3.1 Introduction

T hroughout the course of this thesis, experiments conducted with the

Cold Atom Electron Source (CAES) located at the University of Melbourne

have utilised the apparatus in multiple configurations. The CAES is based

around the near threshold photoionisation of cold atoms. Approximately 109

rubidium-85 atoms at a temperature of 70µK [41] are held in a Magneto -

Optical Trap (MOT). The atoms are ionised in a two-colour photoionisation

scheme as described in § 2.2 and the produced electrons are extracted using

a static electric field. After free space propagation, the electrons are im-

aged using a phosphor coupled Micro-Channel Plate (MCP) detector, pro-

viding spatial information. Figure 3.1 shows a rendered Computer -Aided

Design (CAD) drawing of the entire vacuum chamber. Figure 3.1a shows the

chamber from the side with electron propagation into the page, while 3.1b

shows the same image from below, as a cross-section. Figure 3.1c shows a

zoom of the accelerator structure and trapping region. The initial construc-
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tion of the system was undertaken during 2009, and the first electrons and

ions were extracted anon. In 2010, electron bunch shaping was demonstrated

(§ 4) and this technique was used to characterise the system in a variety of

ways (§ 5). The next major alteration to the system was the inclusion of

femtosecond laser excitation to facilitate the production of short electron

pulses. Following those experiments, the vacuum system was altered to en-

able electron diffraction experiments. Details of the initial chamber design

and construction can be found in reference [41] and details on the initial

accelerator design can be found in reference [42].

This chapter describes the current state of the CAES: the laser sys-

tems used for atomic cooling and trapping, the photoionisation laser sys-

tems used for electron/ion production and the electronic systems used to run

and dynamically control the experiment. The alterations to the accelerator

structure, the addition of the electron diffraction chamber and subsequent

bake-out of the altered vacuum apparatus are also described.

3.2 Cooling and trapping of rubidium

Detailed here are the laser systems for atomic cooling and trapping: a brief

overview of the laser design is given in Appendix A. For the MOT, there

is an External Cavity Diode Laser (ECDL) for near-resonantly coupling the

cooling transition in rubidium-85, namely the 5S1/2 (F = 3) → 5P3/2 (F
� =

4) transition. There is also a “repump” ECDL, locked to the 5S1/2 (F =

2) → 5P3/2 (F
� = 3) transition, resonantly coupling atoms that decay to

the dark 5S1/2 (F = 2) state. There are another two lasers, the Zeeman

slowing and Zeeman repump, coupling the same states as the MOT cooling

and repumping lasers, but with differing frequency detunings.
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Figure 3.1: A rendered CAD drawing of the vacuum chamber. a) The chamber from the side, in the direction of beam propagation.
b) A cross-section of the chamber from below. c) Close-up of the accelerator structure and trapping region.
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The output of each ECDL immediately enters an optical isolator, and

then a 90/10 beam splitter. The 10% reflected is used for frequency stabilisa-

tion via Saturated Absorption Spectroscopy (Sat-Abs) [117]. For both MOT

lasers, the Sat-Abs pump beam is double-passed through an Acousto -Optic

Modulator (AOM), with typical (single pass) frequency of ω = +85MHz.

Additionally, a 250 kHz modulation is applied for lock-in detection. Fig-

ure 3.2 shows a schematic of the system. This arrangement causes spectral

hole burning features to appear at a detuning of Δ = −ω compared to the

resonance frequency ω0. The 250 kHz modulation of the pump frequency is

passed onto the probe frequency and is used for lock in detection. The mod-

ulation frequency was chosen due to previous 250 kHz modulation frequency

infrastructure used to lock using Zeeman modulation [118]. The benefits of

this system are that the laser can be “locked” to a sub-Doppler feature, and

the absolute frequency finely tuned via the AOM frequency without requiring

any realignment of optical elements.

The Zeeman lasers use a more conventional Sat-Abs set-up, whereby the

pump and probe have the same frequency. A double passed AOM is used to

shift both pump and probe by a frequency 2ω, to facilitate the large detunings

used for Zeeman slowing. The optimal parameters for the Zeeman slower are

discussed in reference [42].

An additional ECDL also stabilised using Sat-Abs is used for spectroscopy,

imaging and atomic excitation prior to ionisation. This laser is usually locked

−75MHz from atomic resonance (between the −60MHz and the −90MHz

cross-over resonances), and switched with an +75MHz AOM such that the

usable laser is resonant with the 5S1/2 (F = 3) → 5P3/2 (F
� = 4) transition.

The −60MHz and −90MHz provide lock points to have a probe laser at
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Figure 3.2: The saturated absorption spetroscopy used for frequency stabilisation
of the MOT lasers. A beam splitter takes a portion of the output beam, which
is split into the pump and probe. The pump is double passed through an AOM
with carrier frequency of 85MHz and a modulation frequency of 250 kHz. The
modulation is transferred to the probe within the vapour cell, and the detected
signal for frequency stabilisation of the ECDL.

±2.5 times the natural linewidth of the transition, convenient for off reso-

nant imaging as performed in § F.

Figure 3.3 shows a complete schematic of the cooling, slowing, rempump-

ing and probing lasers.
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3.2.1 The Zeeman Slower

Sources of atoms for loading a MOT are numerous [119–124], but the im-

portant features for a CAES are a high loading rate whilst minimising back-

ground pressure. Based on these requirements, an effusive oven with a single

layer Zeeman slower was chosen. The design and characterisation are de-

tailed in reference [125]. The basic principles and experimental apparatus

are described here.

To TEC

Cold cup

re
wo

l
S 

oT

Thermal
break

120°C

Rubidium
reservoir

80°C

DPT

Figure 3.4: The rubidium atom source. Atoms are heated and effuse through
a drift tube and are incident on a cold cup, resulting in a near collimated beam.
Atoms then enter a differential pumping section to be slowed.

Figure 3.4 shows the effusive oven source. Rubidium atoms in a reservoir

are typically heated to 80 ◦C and effuse through a heated 10mm diameter

drift tube (120 ◦C) and are incident on a “cold-cup” aperture, providing a

collimated beam. Unused rubidium collides with the cold-cup, sticking to

the surface which avoids poisoning of the vacuum pump and does not raise

the pressure unnecessarily. The cold-cup was cooled via two Thermo-Electric

Cooler (TEC) Peltier effect devices† external to the chamber, connected to

the aperture using a 18mm diameter solid copper electrical feed-through.

†Hebeiltd electronic components. Part number TEC1 -12730
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Heat was removed using water cooling and with the TECs running a cur-

rent of approximately 12A, the temperature is measured to be −10 ◦C on

the cold side of the TEC. The oven chamber was pumped using a 60 L/s

diode ion pump, which was continuously heated (70 ◦C) to prevent alkali

poisoning [126]. Typical operating pressure was 10−9 mBar. A 7.5mm diam-

eter differential pumping tube of length 70mm separates the oven and the

Zeeman slower.

Negative coilPositive coil
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atoms

Zeeman slowerOven

-0.2 0.2 0.4 0.6 0.8 1.0 1.2
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c

Figure 3.5: a) The magnetic field required to keep atoms on resonant during the
slowing process for a detuning of Δ = −250MHz. Red dots indicate the measured
field. b) The required coil taper to produce the field shown in (a) for a current of
90A. c) A schematic of the oven with Zeeman slower installed.

A Zeeman slower operates on the principle that as atoms are slowed by
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red-detuned light, the condition for resonance changes due to the altered

atomic velocity. One solution to ensure atoms remain on resonance is to

“chirp” the laser pulse frequency. Alternatively, a Zeeman slower alters the

atomic resonance condition with a position dependent magnetic field, such

that a particular velocity class remains resonant with the light field of fixed

frequency for the entire length of the slower. Figure 3.5a shows the required

magnetic field to ensure atoms remain resonant during propagation for a

given detuning of Δ = −250MHz from the 5S1/2 (F = 3) → 5P3/2 (F
� = 4)

transition. To produce this field, a coil of varying pitch is used, and shown

in figure 3.5b is the pitch required to generate the field at 90A. Figure 3.5c

shows a complete schematic of the oven and Zeeman slower. The slower coil is

hollow, and water is run through it for cooling. Due to the choice of detuning,

there is a region of zero field in the slower, leading to a “positive” coil and

a “negative coil”. Control over the current through the second negative coil

results in control over the final velocity distribution [125]. A MetalOxide -

Semiconducter Field -Effect Transitor (MOSFET)† placed in parallel to the

second coil acts as a “shunt”, allowing for optimisation of the atom beam

velocity to the capture velocity of the MOT. Final adjustment is performed

monitoring the atomic fluorescence and optimising the trap loading rate.

For electron extraction, all magnetic fields are switched off (the experimental

sequence is detailed in § 3.3). An additional MOSFET is used to perform the

current switching. Diodes in a back-to-back configuration will dissipate any

large voltage when the MOSFET is open, namely, the back ElectroMotive

Force (EMF) produced when the coils are switched. Figure 3.6 shows the

circuity used for both the shunt and switching. Due to the large power

†IXYS IXFN200N10P Polar high-power MOSFET 200A 100V
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Figure 3.6: The circuit used for switching the Zeeman coils on and off and ad-
justing the final atomic velocity. The LVTTL is provided by the control computer
(described later).

dissipation, the unit was water cooled. Using a linear hall effect transducer†,

the decay time of the magnetic field at the flange connecting the Zeeman

slower to the science chamber was measured to be less than 1.5ms.

The lasers for slowing are intergrated into the vacuum chamber as shown

in figure 3.7. Both the slowing and repump beams were emitted from an

optical fibre, were optically shuttered using an altered actuator arm from a

Hard-Disk Drive (HDD) [127] and the polarisation cleaned using a Polarising

Beam Splitter (PBS). The reflected portion of the beam was used to monitor

the temporal mode structure of the beam using a Farby -Pérot interferometer.

The transmitted beam was expanded through a telescope (f = 25mm and

f = 300mm) to near-collimated, with approximate diameter of 4.5 cm after

the second lens. The polarisation was set with a quarter-wave plate to left

handed circular (relative to the direction of propagation). The beam comes to

a focus in the oven after propagating the length of the experimental chamber,

†Honeywell S&C, Part number: 634SS2
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which has the effect of reducing the transverse atom beam temperature [128].

Atoms leaving the Zeeman slower typically have a velocity of 35m/s, and are

well within the capture velocity of the MOT.
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Figure 3.7: Schematic of the optical system for the MOT, Zeeman slower and excitation beam line. The MOT lasers are shown in
red, Zeeman lasers shown in yellow and the excitation beam line is shown in pink.

6
1



CHAPTER 3. THE COLD ATOM ELECTRON SOURCE

3.2.2 The Quasi -Mirror Magneto -Optical Trap

Figure 3.8: The Quasi -Mirror Magneto -Optical Trap. Two horizontal cooling
beams pass through the conductive window, whilst the other two are reflected from
the conductive mirror. A static electric field is applied to extracted the charged
particles produced upon ionisation of the cloud.

A conventional MOT typically consists of six beams, thus damping the

atomic velocity in every direction at the overlap of the beams. A simpler

design, is the “mirror-MOT”, whereby only 4 beams are used, however it is

at the cost of reducing the trapping volume [129]. A MOT used as part of

a CAES also has the additional constraint of requiring an acceleration field

in the region of electron extraction. The design used to facilitate charged

particle extraction is one which incorporates the accelerator as part of the

MOT, the “Quasi -Mirror Magneto -Optical Trap (QMMOT)” [130]. Fig-

ure 3.8 shows a schematic of the QMMOT: the structure consists of 2 plates,

one transmissive the other reflective. Each plate is approximately 11 cm in

diameter and 4mm thick. The transmissive plate is Anti-Reflection (AR)
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3.2. COOLING AND TRAPPING OF RUBIDIUM

coated at 780 nm, and additionally, is coated with indium-tin-oxide, a con-

ductive compound which is transmissive at 780 nm (measured transmission

of 96%). The second plate is comprised of copper with a polished gold coat-

ing, forming both the mirror and second electrode. Further detail on the

accelerator structure can be found in § 3.3.

Figure 3.7 shows the optical setup for MOT at the vacuum chamber.

A cooling laser detuned −10MHz from the 5S1/2 (F = 3) → 5P3/2 (F
� = 4)

transition in rubidium-85 (roughly 1.5 times the natural linewidth of the

transition) combined with an on resonant 5S1/2 (F = 2) → 5P3/2 (F
� = 3) re-

pumping laser emerges from a bare fibre. Whilst all optical fibres used are

polarisation maintaining fibres, trap stability due to polarisation drift from

imperfect alignment of the fibre polarisation maintaining axis was initially a

problem. To remedy this, the first optical element after the fibre is a PBS,

acting to clean the polarisation. Following this is a half-wave plate and an-

other PBS, which controls the relative power between the 2 sets of horizontal

beams. In this way, and polarisation drift is converted to an absolute power

drift, present on both sets of cooling beams. Thus, if the polarisation of

the light out of the fibre fluctuates, the potential depth will change, but the

potential landscape will not vary in shape. Both beams are then collimated

using f = 100mm lenses, resulting in beams with approximate diameter of

1.5 cm Full Width At Half Maximum (FWHM), which are again split with

PBSs, to form the 4 horizontal cooling beams. Another half-wave plate before

the PBS allows for adjustment of the power in each horizontal beam. Power

in the beams that are reflected off the electrode prior to reaching trapping

region typically have 5% more power relative to the transmitted beams to

account for the losses upon reflection. The polarisation of each beam is con-
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verted to the appropriate circular polarisation prior to entering the chamber

using a quarter-wave plate, accounting for the phase change applied to the

beams reflected before reaching the trapping volume. The vertical cooling

beam is the same dimensions, enters the chamber through the top chamber

view port, intersects the trapping volume and is retro-reflected.

The quadrupole magnetic field for trapping is created using coils in an

anti-Helmholtz configuration external to the chamber. 4mm diameter hollow

copper tubing insulated using heat shrink is wrapped 24 times at a diameter

of 260mm. Operating current is typically 55A, yielding a magnetic field

gradient of approximately 8G/cm. As mentioned previously, for electron

extraction all magnetic fields are switched off. A circuit similar to that used

for switching the Zeeman coils (shown in figure 3.6) is used for switching

of the MOT coils. The switching circuit is identical, however there is no

MOSFET in parallel to any of the coils, as no shunt is required. The total

inductance of the coils was measured to be 235µH with a resistance of 0.12Ω.

The science chamber is held at Ultra-High Vacuum (UHV), with the

vacuum maintained by a 500 L/s diode ion pump, connected to the main

chamber by an 8” flange. An additional 3 filament titanium sublimation

pump was used during and immediately following bake-out of the system,

achieving a pressure of less than 10−9 mBar.

3.3 Photoionisation and electron extraction

The production of cold electrons from cold atoms requires a tunable photoion-

isation laser system, and an electron transport system displaying minimal

emittance growth. Theoretical calculations and simulations of the emittance

growth in the accelerator have been studied previously [42]. The appara-
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tus for photoionisation of cold atoms and subsequent electron extraction is

described here.

3.3.1 Photoionisation laser system

Ground state rubidium atoms are excited to the 5P3/2 (F = 4) state using

an intensity modulated laser pulse. Arbitrary intensity distributions are

achieved using a Spatial Light Modulator (SLM)†. Each pixel of the SLM has

the ability to impart a phase shift of [0, 2π], allowing for complete control over

the far-field propagated wave up a maximum spatial frequency, determined

by the pixel size, in this case 8µm. The refresh rate of the 22.1mm×12.5mm

panel is 60Hz, and up to 40% power fluctuation of the diffracted beam power

is observed at this frequency, however, the typical length of the laser pulses

that are shaped is less than 50µs, so the fluctuation is negligible. The process

for calculation of the phase mask required for imprinting arbitrary intensities

onto a laser beam is discussed in § 4.3.1.

The optical beamline for excitation is shown in figure 3.7. As LCOS

spatial light modulators are polarisation sensitive, a high quality PBS (ex-

tinction ratio 1 × 10−5) is used to clean the polarisation of the beam as it

exits the fibre and an f = 75mm achromatic doublet lens is used to collimate

the beam. To achieve the highest quality diffracted beam, the wave-front dis-

tortion due to optical elements must be minimised. A blazed grating phase

is always superimposed over the SLM, such that there is spatial septaration

between the diffracted and undiffracted beams. The SLM is located at the

back-focal plane of a f = 300mm lens, and a f = 100mm lens is located

400mm after the first lens, such that the Fourier transform of the desired

†Holoeye Photonics: PLUTO 1920 × 1080 pixel phase-only Liquid Crystal On Silicon
(LCOS) spatial light modulator
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beam intensity is formed at the focal plane of the f = 100mm lens. By de-

sign, the undiffracted component will come to a focus, offset from the desired

beam, allowing for a high pass filter to remove the zero fenquency field, which

would lead to unwanted atomic excitation. The polarisation is again cleaned

to remove any undiffracted light still present in the beam. A real-space image

is formed using an f = 75mm lens, which is re-imaged at the atom cloud us-

ing another f − 2f system, but with no filter present. A portion of the beam

is split off and sent through a duplicate beam line, with a Charge-Coupled

Device (CCD) camera† and a photodiode located at a position equivalent to

the atom cloud, allowing imaging of the excitation pulse, and monitoring of

pulse arrival at the position of the atom cloud.

The shaped pulse is incident on the atoms along the acceleration axis,

defining a shaped distribution in the x− y plane which extends the length of

the cloud in the z direction. Due to the finite depth of field of the excitation

beam, only atoms within the Rayleigh range will have “sharp” features. Con-

sequences of this are discussed in § 4.4. A second laser, is used to couple the

excited state to the ionisation continuum or Rydberg states. To address indi-

vidual Rydberg levels, a narrow linewidth, tuneable light source is required.

A pulsed Nd:YAG laser‡ which provides up to 850mJ, FWHM 5ns pulses

at 1064 nm is frequency upconverted, and the third harmonic output used to

pump a dye laser††. Up to 190mJ at 355 nm is used to pump Coumarin-102‡‡

dye dissolved in ethanol, which has a lasing range of 461− 513 nm with peak

efficiency at 479 nm, however, the usable output of the entire laser system

is 450 − 490 nm, with up to 35mJ per pulse at 480 nm. Operating power

†Apogee Alta U2000 ML 1600x1200 pixels
‡Quantel BrilliantB Q-swithched Nd:YAG compact oscillator

††Sirah: cobra-stretch tunable pulsed Dye laser
‡‡Empirical formula: C16H17NO2
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Figure 3.9: A frequency up-converted Nd:YAG laser pumps a tunable dye laser.
A wedge is used to pick off a small fraction of the beam to measure the wavelength.
The beam is expanded using a telescope, the polarisation set prior to entering the
chamber and focused to a ribbon using a cylindrical lens.

is typically 5mJ per pulse at the position of atom cloud. The laser beam

free-space propagates to the experimental chamber, with a glass wedge used

to remove a portion of the beam to allow for wavelength measurement. The

beam is vertically elongated, so a cylindrical telescope is used to expand the

beam horizontally, resulting in a beam FWHM of approximately 8mm. The

beam is incident on the atom cloud perpendicular to the the excitation beam,

thus has control over the initial width of the ionised atom cloud. The laser

beam can be left collimated and used to uniformly ionise the cloud, or can

be focused using a cylindrical lens to a ribbon of width 100µm (FWHM), as

to ionise a thin sheet of atoms and restrict the plane of ionisation to within

the Rayleigh range of the excitation laser. Prior to entering the chamber a
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half-wave plate is used to set the polarisation of the beam.

3.3.2 Electron extraction and detection

Figure 3.10 shows a schematic of the acceleration region of the vacuum cham-

ber. Figure 3.10a provides a view in the direction of acceleration and 3.10b

shows a cross-section as seen from above. Excitation and ionisation occurs in

a static electric field formed between the accelerator electrodes. The plates

are separated by 50mm and a potential of up to 20 kV can be applied with-

out risk of discharge. The accelerator plates are mounted in a structure com-

prised of stainless steel and PolyEther Ether Ketone (PEEK), a UHV safe,

insulating material. The entire structure is secured in place by outward grub

screws which make contact with the chamber walls. The accelerator plates

are rounded to avoid sharp edges and subsequent large electric field gradients.

The accelerator plates are secured between PEEK rings, with a stainless steel

ring providing electrical contact. High Voltage (HV) feedthroughs provide

continuity from the power supplies external to the chamber and UHV safe

polymer† coated wires with vacuum safe connectors are used to connect to

the accelerator plates.

For spatially resolved charged particle detection, an MCP‡ mounted on

a 4.5” conflat vacuum flange is located downstream from the accelerator, at

a distance of 21.6 ± 0.3 cm from the mirrored electrode. The distance was

calculated using time-of-flight electron and ion measurements. The MCP is

typically biased with a voltage between 1800V and 2000V, and a grounded

gold mesh is positioned between the accelerator and MCP to shield inci-

†Kapton: Poly- oxydiphenylene-pyromellitimide
‡Photonis Chevron, 10µm pore size, 107 electron gain at 2400V (maximum) Model

number: APD 3025FM 12/10/12 I 60:1 P20 4.5”FM
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Figure 3.10: The optical set-up for formation and ionisation of cold atoms. a)
A view of the chamber in the direction of electron propagation. b) A chamber
cross-section as seen from above

dent electrons from the detector bias. The rear of the MCP is coupled to

a phosphor screen held at a potential of 5 kV, allowing the electron signal
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to be viewed. The phosphor screen image is recorded using a CCD camera†

equipped with a f = 50mm lens‡. To gather time domain information of the

detected charged particles, the ground plane voltage of the MCP is moni-

tored on a 4GHz digital oscilloscope terminated in parallel with a 50Ω load,

resulting in a theoretical resolution of 40 ps. However, the bandwidth of the

detector is of order hundreds of MHz, resulting in a timing resolution of a

few hundred picoseconds.

3.3.3 Experimental sequence

To produce electron bunches, the system must operate in a pulsed mode.

Synchronisation of all systems and components is realised using a computer

controlled system, centred around a 24- channel digital timing card†† with

5 ns timing resolution. The pulse sequence for the Pulseblaster card is pro-

grammed using a graphical LabVIEW‡‡ interface. The card produces LVTTL

signals, which are often immediately stepped up to Transistor-Transistor

Logic (TTL) signals, required by most devices for communication. The sim-

plified experimental cycle consists of loading of atoms into the trap, the trap

is turned off, excitation and ionisation of the atoms occurs, the extracted

electrons are imaged and the cycle repeats. Ideally, the Pulseblaster would

control all timing parameters, however, in practice this is not feasible. The

ionisation laser requires that the flashlamp fires 80 times prior to the Q-

switch being engaged. The laser operates at 10Hz, and for external control

must have a signal at exactly this frequency to trigger the flashlamp. The

†Apogee Alta U2000 ML 1600x1200 pixels
‡Sigma 50mm f/1.8 AF

††Spincore Pulseblaster peripheral component interconnect card, mounted in external
enclosure with universal serial bus interface

‡‡National Instruments’ LabVIEW, http://www.ni.com/labview/
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pulse sequence is uploaded to the Pulseblaster and then executed until an-

other command is given. Thus, if the experimental sequence is changed, the

10Hz flashlamp signal is not present or becomes out of phase with the previ-

ous sequence, which forces the laser to shut down, requiring a manual reset

and another 80 flashlamp shots before use. Because of this, the experimental

sequence is initiated from the ionisation laser: the flashlamp synchronous

output provides a TTL signal which triggers the Pulsblaster sequence. The

experimental sequence is outlined in figure 3.12.

Time 

Flashlamp 

Excitation AOM  

Q-switch 

MOT coils 
Zeeman coils 

MOT Lasers 
Zeeman Lasers 

Flashlamp 
trigger 

Excitation laser 
pulse(50 ms)

Ionisation 
pulse (5ns) 

Q-switch delay
(320-214 ms)

Trap loading (93ms)
Decay time

(3-5ms)

Experimental cycle (100ms) 

Figure 3.11: A visualisation of the experimental timing sequence. The cycle is
triggered from the flashlamp of ionisation laser, executed using a 24 channel digital
timing card and controlled using a LabView interface.

The MOT is loaded, requiring the cooling, slowing and both rempumping

lasers, and both MOT and Zeeman slower magnetic fields. At a length of

approximately 93ms, this comprises the bulk of the cycle, purely because

the largest atom number possible is desired. The magnetic fields must be re-
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moved prior to ionisation as any field will result in altered electron trajecto-

ries. The magnetic fields are switched using the circuits previously described

(shown in figure 3.6). The trapping lasers must not be present during ex-

ciation/ionisation, as electron bunch shaping requires a well defined excited

state distribution, which can only occur with controlled excitation. The laser

light is extinguished with a combination of AOM switching and HDD optical

shutters, quenching the light in 600 ns and 1µs durations respectively. Be-

tween 3− 5ms is allowed for the near complete decay of the magnetic fields,

then the flashlamp fires, triggering a new experimental sequence. A 50µs ex-

citation pulse is used to take ground state atoms to the 5P3/2 (F = 4) state.

The Q-switch fires at a delay adjustable between 320− 214µs relative to the

flashlamp, allowing for adjustment of the ionisation laser pulse power. The

5 ns pulse arrives at the atom cloud during the excitation pulse, resulting

in ionisation. A static electric field is present at all times, so the produced

electrons and ions are immediately extracted, and the trap can be loaded

again.

3.3.4 Femtosecond system

Discussed in chapter 5, the pulse duration of the electron bunches can be

reduced using short laser pulses. Because of this, an ultrafast laser system

was incorporated into the experimental system. The system is comprised of

a mode-locked Ti:sapphire laser† with a 5W pump laser‡, producing 35 fs

pulses at a repetition rate of approximately 80MHz. This laser forms the os-

cillator, typically providing between 600mW of seed power for a Ti:sapphire

†Newport model 3960 fs Tsunami
‡Newport Millenia, 532 nm
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Pulse statistics

Pulse Width 78.86 fs
Bandwidth 9.54THz
Bandwidth 20.37 nm

Autocorrelation Width 109.50 fs
TBW Product 0.75

FROG Trace Error 5.45%

Table 3.1: The shaped fs laser pulse statistics at the position of the atom cloud
measured with a FROG device

regenerative amplifier†, which is pumped by a 20W laser‡. The output pulses

from the amplifier are up to 3.5µJ, centred on 800 nm, have a duration of

35 fs and are produced at a repetition rate of 1 kHz.

The ultrafast pulse is used as the excitation pulse in the ionisation pro-

cess, replacing the 50µs resonant laser pulse. As indicated in figure 3.7, a

flip mirror is used to incorporate the fs beam in the existing SLM beamline.

Due to dispersion during propagation and other wavelength sensitive oper-

ations (such as spatial light modulation), the duration of the 35 fs pulse is

expected to increase. The properties of the shaped fs pulse were measured

measured using Frequency Resolved Optical Gating (FROG) [131]. A com-

mercial FROG device†† capable of measuring the pulse length, width and

Time BandWidth (TBW) product was used to measure the pulse statistics

at the position of the atom cloud. Table 3.1 displays the measured values.

Of note is the pulse duration increase, but the large bandwidth is retained,

indicating growth due to dispersion, as the pulse is no longer bandwidth

limited.

For ionisation to occur, the fs excitation pulse and the ns ionisation

†Newport Spitfire Pro, 100GW
‡Newport Empower, 532 nm

††Swamp optics Grenouille 8-20-USB
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pulses must overlap spatially and temporally. The same experimental se-

quence as previously described must be implemented, however the stability

of synchronisation system is critical to achieving ionisation. A block diagram

illustrating how synchronisation was achieved is shown in figure 3.12.

fs laser

Pulse 
blaster 

Q-switch 
input 

Flashlamp 
input 

Delay 
(99.72ms) 

Trigger 
input 

ns laser

Figure 3.12: A block diagram illustrating the method for synchronisation of the
experiment with fs laser system. The synchronous output of the laser is delayed
by a full experimental cycle and used to trigger the next cycle.

The most accurate “clock” is the fs laser, thus it was used as the trig-

ger source. The laser hardware has multiple trigger outputs, each able to

be delayed relative to the output pulse. Outputs are either “high” or low

precision, with the high precision having a range of approximately 3µs in

5 ns steps, while the low precision has a range of a few ms, but only to a pre-

cision of 100 ns. No arrangement could be reached where this system could

be used to trigger the experimental sequence or be triggered externally to

the level of precision required. Jitter from other components and a lack of

precision tuneability rendered this simple solution untenable. However, it

was discovered that the relative jitter of the the high precision outputs was

on a sub-picosecond scale. Because of this, 2 synchronous outputs can be
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used in parallel to trigger the experiment. The repetition rate of the ampli-

fier was reduced to 10Hz, and a synchronous output is put through a delay

line, created using an arbitrary waveform generator†. The delayed pulse is

used to trigger the flashlamp of the ionisation laser, which as discussed, re-

quires a consistent 10Hz signal to avoid shutting off, and also to trigger the

digital timing card and execute the experimental sequence. A second syn-

chronous output is used to trigger the Q-switch on the ionisation laser. In

this configuration, any jitter introduced into the system by the delay line

will manifest itself as a drift between the flashlamp and Q-switch, there-by

altering the power of the ionisation laser, rather than the arrival time of the

ionisation pulse. Jitter from the signal generator was measured to be of order

nanoseconds. As no component with high resolution timing has been intro-

duced, the final synchronisation between pulses is achieved by alteration of

the Q-switch signal carrying cable length. A delay of approximately 5 ns/m

in coaxial cables with polyethylene dielectric material‡ is provided, such that

the arrival times of the excitation pulse and ionisation pulses can be matched

or offset on the sub-nanosecond level, using cables whose length varied by a

few centimeters. High bandwidth (1.25GHz) photodetectors were placed in

both the fs and ns laser beamlines close to the position of the atom cloud,

and temporal overlap is achieved by adjustment of the cable length. Once

electron production was observed, the MCP voltage was monitored and the

timing parameters tuned to maximise the voltage, and hence number of elec-

trons produced. Figure 3.13 shows a visualisation of the experimental cycle

for electron production with femtosecond laser excitation.

The results from integration of the femtosecond laser excitation into the

†Rigol DG1022, 20MHz, 14-bit 4 kpts arbitrary waveform generator
‡For example, RG-58 cables
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Figure 3.13: A visualisation of the experimental timing sequence when fs excita-
tion is used. The cycle is triggered from a delayed synchronous output pulse from
the fs laser system.

production of cold electron bunches can be found in chapters 4 and 5. Follow-

ing these experiments, in late October 2011, the vacuum system was altered

for the first time since the original construction in 2009. The alterations were

to allow electron diffraction experiments, and the following section details the

new experimental system.

3.4 Electron diffraction beamline

Figure 3.14 shows a schematic of the new experimental chamber. The two

major alterations to the previous system are the addition of a diffraction

chamber and the alteration of the accelerator structure. The important fea-

tures of a diffraction chamber are

• Precise beam manipulation optics: steering and focusing;
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Figure 3.14: A schematic of the CAES electron diffraction beam line. Coherent
electrons are extracted, manipulated using electron optics and are incident on a
sample. Diffraction is recorded using an MCP mounted on bellows, allowing for
different propagation geometries and sampling of the diffraction pattern.

• Highly adjustable, stable sample stage;

• Adjustable propagation distance from sample to detector;

• Beam diagnostic tools;

• Separable chamber from the science chamber, so samples and be in-

serted without contamination of the main vacuum system;

• High conductance to pumping systems, ensuring rapid vacuum recovery

when samples are changed;

all of which were incorporated into the design of the new chamber.

Parallel plate deflectors for horizontal and vertical control of the beam

were designed and assembled in-house. A rendered CAD drawing of the

design is shown in figure 3.15. Parallel plates are housed in a structure

comprised of MACOR†, an insulating UHV safe glass-ceramic, and stainless

†fluorphlogopite mica in borosilicate glass
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Figure 3.15: A rendered CAD drawing showing the design of the electron steering
optics. Accelerator plates are housed in MACOR, and the structure encased by a
2 3/2” conflat vacuum flange with electrical feedthroughs to connect the plates.

steel. The deflector system is encased in a 2 3/4” conflat vacuum flange with

electrical feedthroughs to connect the plates. A set of x − y deflectors were

installed either side of a gate valve†, which separates the diffraction chamber

from the science chamber.

To control the beam divergence, an Einzel lens was chosen as it has the

ability to focus the beam without changing the beam energy. We selected a

commercial lens‡ with an electrode diameter of 30mm on a 6” conflat vacuum

flange with HV feedthrough for powering the lens. Figure 3.16 shows a ren-

†VAT valve mini UHV gate valve DN 40 CF-F Series 010
‡Dreebit DN100CF D30, ±10 kV maximum
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dered CAD drawing of the lens. The lens is located after the second deflector,

attached to a reducing flange stepping the 2 3/4” flange of the deflector up

to the 6” flange of the lens, with the lens output located approximately 5 cm

from the sample stage.

Figure 3.16: A rendered CAD drawing of the Einzel lens. The lens is used to
focus the electron beam without changing the beam energy.

The diffraction chamber is centred around a 6” cube, with all six faces

possessing a conflat flange, and can be seen in figures 3.14 and 3.19. Two

faces are occupied with the beam propagation, that is, one is connected to

the science chamber and the other is connected to the detector. One face

has the feedthrough for sample manipulation, and opposite this is a window

to facilitate sample alignment. A second feedthough control for diagnostic

elements sits atop the cube and the system connects to pumps from below.

The sample stage is connected to an adjustable feedthrough, providing

control over the position and orientation of the sample transverse to the

beam. Figure 3.17 shows a rendered CAD drawing of the sample holder

and figure 3.18 shows a photo of the stage. The linear rod connects the

manipulation feedthrough to the sample holder, which attaches to sample
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“paddles”. Each paddle has 3 holes for mounting samples, which are held

in place by a secured copper washer. Having multiple targets on the paddle

allows experimental flexibility, that is, that vacuum need not be broken to

change the diffraction target.

Figure 3.17: The sample holder for electron diffraction targets. A paddle con-
taining up to 3 samples which are held in place with copper washers is connected
to a linear rod, which connects to a manipulation feedthrough.

For beam diagnostics, a knife edge and channel electron multiplier† were

installed orthogonal to the sample feedthrough were installed. Both are

mounted on manipulation stages, and can be raised or lowered into the beam-

line. A window opposite to the sample feedthrough provides optical access

to visually monitor component alignment and position, as well as allows for

ponderomotive scattering experiments.

†Photonis Channeltron, model 4860
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Figure 3.18: A photo of the the sample holder for electron diffraction targets
prior to installation in the vacuum chamber.

The detector was not altered, however to allow for alternate propagation

geometries and different sampling of the diffraction pattern, the MCP was

mounted on bellows†: 0.10mm thick with a range of 152mm to 609mm

(including flanges), yielding a 457mm stroke to connect the sample chamber

to the MCP.

The diffraction chamber has a 60 L/s diode ion pump for low pressure

operation and a turbo-pump backed by a rotary oil pump is used for estab-

lishing the initial vacuum. Typical operating pressure is less than 10−8 mBar.

The MACOR spacers in the deflectors form an effective differential pumping

tube of diameter 10mm, separating the diffraction chamber for the science

chamber, allowing for pressure differentials with minimal contamination to

the science chamber. Figure 3.19 shows a rendered CAD drawing of the

entire diffraction chamber.

†Metal flex welded bellows, 35025AA-20.5 w/conflats
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Steering optics/
Gate valve

Focusing optics
Sample

DetectorBellows

Figure 3.19: A rendered CAD drawing of the electron diffraction chamber. The
steering optics connect to the science chamber. The diagnostic feedthrough with
the knife-edge and electron multiplier are not shown.

The break in vacuum required to install the diffraction chamber provided

an opportune time to alter the previous apparatus. Only the accelerator

structure was altered, with the addition of a drift tube and modification of the

PEEK and stainless steel rings used to hold the transparent electrode. Upon

removal of the original accelerator structure, it became apparent cracks had

formed, most likely during the initial bake-out. Coincidently, the cracks were

in a position which slightly hindered optical access for the MOT laser beams,

and were somewhat superfluous to the structural integrity of the accelerator.

Because of this, the region around the cracks was removed entirely, and the

accelerator can be seen in figure 3.20. Images of the cracked PEEK structure

as well as additional photos documenting the reconstruction can be found in

Appendix E.
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Figure 3.20: A photo of the altered first stage accelerator. Areas of PEEK
and stainless steel were removed to provide better optical access and remove the
damaged PEEK components.

The primary alteration of the accelerator was the addition of a resistive

drift tube. The aperture in the accelerator plate acts as a Davisson-Calbick

lens [132], and thus has a defocusing effect. To counter this, a resistive tube

can be used to produce a linearly decreasing electric field, such that the

defocusing effect due to passing through the aperture is reduced [133]. A

separate PEEK structure was designed to integrate the tube, such that the

exit aperture of the gold electrode was centred on the tube, with contact made

between the accelerator plate and tube. The structure supports the tube and

it terminates prior to the reducing flange between the science chamber and

the first deflector. The tube† has a diameter of 24.38mm, is 203mm length, is

comprised of a lead silicate glass and has a resistance of > 109 Ω. Figure 3.21

†Fieldmaster Ion Guides/Drift Tubes RGP T 31.75-24.38/203.2
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shows a rendered CAD drawing of the tube structure. PEEK brackets are

used to insulate the tube, and the structure is positioned with a stainless

steel skeleton which is secured with outward grub screws. Electrical contact

is made with stainless steel rings positioned on either end of the tube, each

with a UHV electrical plug. Insulated wire connected to an HV feedthough

allows a voltage to be applied to the tube.

Figure 3.21: The resistive glass tube, installed to reduce the defocusing effect
when electrons exit accelerator. The 203mm long tube with diameter 24.38mm is
mounted in a PEEK structure and interfaces directly to the previous accelerator
structure.

The alteration of in vacuum components and construction of the cham-

ber concluded mid-December 2011. The system is designed to be operated

in UHV conditions, and as such, required baking. The process involves heat-

ing the chamber for the purpose of removing contaminates by increasing the

desorption and diffusion rates. To ensure the removal of the most common

contaminates, including most hydrocarbons, temperatures of 300 ◦C are com-

mon, however due to certain vacuum components, namely the AR coatings

on vacuum view ports, a temperature of 150 ◦C could not be exceeded. Ide-
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ally, the chamber would be a uniform temperature as any areas of reduced

temperature will act as a contaminant sink. To facilitate temperature unifor-

mity throughout the chamber, a multi-channel temperature logging system

was used. In addition to temperature monitoring at multiple chamber posi-

tions, it allowed for an alert system to be setup, whereby if the temperature

exceeded the limit set for each individual channel, e-mail alerts were dis-

tributed to all laboratory members.

The chamber was wrapped using ceramic heater tape in addition to flange

heating clamps, which were heated with a series of variable AC power sup-

plies. Sensitive areas were wrapped in aluminium foil prior to the whole

chamber being covered with fibreglass insulation. The anti-Helmholtz coils

for the MOT could not be removed without unwrapping, and were left in

place during baking with water cooling engaged. Temperature logging was

performed using a thermocouple controller† which interfaced with a computer

via RS232. A script to poll the controller for all channel temperatures every

5 minutes was created, and the data was plotted and shared on-line, allowing

for external monitoring in real-time. Each channel had an alert temperature,

which when reached, would send an alert message. Additional to this, each

channel had an alarm temperature. A TTL high signal was output from the

controller when all temperatures were below their alarm temperatures, which

would revert to a TTL low output should any channel rise above its alarm

temperature. This signal was used for an interlock on the power supplies for

the heaters, meaning in the worst case scenario if the system overheated, the

power to the heaters would be permanently turned off. Typically the alarm

temperature was set 10 ◦C above the alert temperature, allowing for the tem-

perature to be adjusted prior to the system being shut off. Figure 3.22 shows

†Stanford Research Systems SR630
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the temperature log of the bake-out, which ran from the 15th of December,

2011 until the 23rd of January, 2012.
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Figure 3.22: Temperature log during bake-out, which ran from the 15th of De-
cember, 2011 until the 23rd of January, 2012. The multitude of heating losses
were due to the malfunctioning interlock. Initially, a few thermocouples were in-
correctly polarised, which upon heating displayed either zero or negative voltages,
which can be seen in the first few days of heating. The problem was rectified on
the 18th of December.

Initially, the fail-safe interlock displayed some unusual behaviour, namely

the system was equilibrated and all temperatures below the alarm threshold,

and after a day or so the system would trip. This happened on multiple oc-

casions, as can be seen in the temperatures of the first week. It was decided

that the interlock was not needed as the appropriate voltages applied to the

heaters for the desired equilibrium temperatures had been found, so it was

removed on the 24th of December, 2011. An unforeseen consequence of the

multiple interlock trips was the current spikes which occurred upon switch-

ing. The power outlet for the heaters was the same one as the ion pump

controller, whose output current was being monitored to provide a pressure
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reading. As informed by the manufacturer at a later date, the ion pump con-

troller was quite sensitive to current spikes, which caused the HV transformer

to malfunction, meaning the main chamber ion pump was not functioning,

and there was no method of recording the pressure. In mid-January, a re-

placement unit was installed and the ion pump reactivated. During the last

week of baking and for the following weeks, a titanium sublimation pump

was fired at regular intervals, approximately hourly. The sublimation pump’s

primary purpose is pump escaping hydrogen (and other reactive components)

at a high volume flow rate.

The heaters were switched off at the end of January 2012 and the cham-

ber unwrapped, and a pressure below 10−9 mBar was achieved. The optical

system was then installed, with no changes from the system previously de-

scried. All optical elements required for cooling and trapping were mounted

on breadboards, meaning that upon replacement, minimal alignment was re-

quired to establish a MOT. Less than 24 hours was required to transition

from bakeout to a fully functioning MOT.
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Art doesn’t transform. It just

plain forms.

Roy Lichtenstein

(1923-1997) 4
Electron source shaping

4.1 Introduction

A s discussed in section 2.6, Coulomb interactions between electrons in a

bunch limit the brightness of an electron source. In high current systems,

the effects of Coulomb interactions are typically reduced through relativistic

damping of the force, i.e. by increasing the energy of the electron beam. In

the lab frame, the effective self-field potential is given by φs(r)(1 − β 2) =

φs(r)/γ
2, which approaches zero for γ � 1. However, this technique cannot

be applied to low energy beams. Low energy beams are desirable for their

applicability to diffraction from biological samples. The ideal electron energy

for diffraction should maximise the ratio of elastic to inelastic scattering and

attenuate multiple scattering events. The exact requirements are sample

dependent [33], but for most biological targets of interest, electron energies

of 10− 100 keV give sufficient sample penetration while minimising damage;

thus a non-relativistic beam is desirable.

The density, and hence brightness of an electron bunch is fundamentally



4.1. INTRODUCTION

limited by fermionic degeneracy, but even if degeneracy could be achieved, the

Coulomb interaction would act quickly to degrade the density. Coulomb ex-

pansion is unavoidable, but, a reduction in the detrimental effects on bright-

ness due non-linear expansion can achieved, provided that the the electron

density distribution can be completely controlled [34]: a technique termed

“bunch shaping”. Uniform density ellipsoidal bunches preserve the linearity

of phase space, provided that the occupied phase-space was initially lin-

ear [114,134], meaning that the Coulomb expansion of these bunches can be

completely reversed; the beam can be manipulated with no degradation to

coherence. In 2008, the first experimental implementation of electron bunch

shaping to produce uniformly distributed ellipsoidal bunches was achieved

using a photocathode source [116]. A shaped laser pulse was used to produce

a uniform electron pancake bunch at the cathode surface, which evolves into

a uniform density ellipsoid bunch. A CAES uniquely allows complete manip-

ulation of the initial density distribution of the electrons [56] and provides

a pathway for the realisation of an electron source with brightness limited

only by the initial phase space density. Control over the electron density,

and by extension the illuminating wave-field, also provides an opportunity

for the creation of a structured illumination electron/ion source, in analogy

to optical sources of structured illumination [135,136].

The basic principal of bunch shaping is illustrated in figure 4.1. A laser

resonant with the atomic excitation transition with a modulated spatial in-

tensity is used to selectively excite ground state atoms in the MOT. Using

a second laser, the excited atoms are ionised and the density of the charge

cloud produced is determined by the photoionisation laser intensities and the

atomic distribution.
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Figure 4.1: Schematic of electron bunch shaping from a CAES. An intensity
modulated excitation laser is used to selectively excite ground state atoms, and a
second ionisation laser is used to couple the shaped excited state distribution to
the final photoionised state.

This chapter details the theory behind source shaping (§ 4.2) as well as

the experimental realisation of electron bunch shaping via the shaping of a

CAES (§ 4.4).

4.2 Shaping theory

Shaping the electron bunches produced from CAESs relies on manipulation

of the photoionisation process. An arbitrary density distribution of electrons

can be produced, provided that the evolution of atoms in resonant light

fields is known. The light-atom interaction is also the basis for laser cooling,

and as such, results of the theory presented here are also used in § 3.2.

Appendix B provides the background and theory for atomic state evolution

in light fields. In the following sections, the key results required to understand

bunch shaping are detailed.

Shaping the excited state population

The Optical Bloch Equations (OBEs) are used to calculate the excited state

and ionised state populations. Initially, the process is considered as two
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independent two-level systems. In the steady state, the density of atoms in

the excited state is given by

ne(r⊥) = ρst22(r⊥)×
�

ρ(r⊥, z) dz
✄✂ �✁4.1

where ρ(r) is the atom cloud density and r⊥ = (x, y) is the coordinate system

transverse to both electron beam propagation and excitation laser beam.

Using equation B.6, equation 4.1 can be recast as

ne(r⊥)�
ρ(r⊥, z) dz

≡ D(r⊥) =
I12(r⊥)Γ2

21

2Is,12(Γ21 + I12(r⊥)Γ2
21/Is,12 + 4Δ2

12

✄✂ �✁4.2

where I12(r⊥) is the excitation laser intensity. Inverting equation 4.2 gives an

expression for the intensity required to produce the excited state distribution

D(r⊥), namely

I12(r⊥) =
1

Γ2
21

�
Is,12(Γ

2
21 + 4Δ2

12)

1− 2D(r⊥)
− Is,12Γ

2
21 − 4Δ2

12Is,12

�
.

✄✂ �✁4.3

The density of atoms in the second excited state (the state to be ionised) is

given by:

ρi(r⊥) =

�
I23(r)Γ

2
32/2Is

�

Γ2
32 + 4Δ2

23 + 2
�
I23(r)Γ2

32/2Is
� × ρe(r)

∝
�
I12(r⊥)Γ2

21/2Is
�

Γ2
21 + 4Δ2

12 + 2
�
I12(r⊥)Γ2

21/2Is
� × ρ(r⊥).

✄✂ �✁4.4

Thus, the density of the “ionised state” ρi(r⊥) is proportional to the excited

state distribution, which can be shaped to an arbitrary distribution using

the intensity from equation 4.3, provided that the ground state density ρ(r)

is known. Whilst this analysis does not include the effects of the three level
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system, the basic concept is illustrated.

The correct excited state population

More correctly, the excited state populations ρ22 and ρ33 must be calculated

from equation B.16. In appendix D, the analytic solutions for the steady

state populations for ρ22 and ρ33 are shown. These expressions were inverted

to obtain expression for the intensities required to produce arbitrary density

distributions. To create an arbitrary excitatory state distribution De(r⊥),

which is defined as before: ne(r⊥)/
�
ρ(r⊥, z) dz, the required intensity is

I12(r⊥) =
De(r⊥)

�
Is,12Is,23Γ21 + I23(r)Is,12Γ32

�

1− 2De(r⊥)Is,23Γ21

.
✄✂ �✁4.5

Note that the laser intensity of the coupling between the excited state to the

ionised state, I23(r), is now present. As expected, in the limit of I23(r) → 0,

equation 4.3 is recovered. It should be noted that equation 4.5 is in the

limit of zero detuning on both lasers, Δ12 = Δ23 = 0. In the case of non-

zero detuning(s), the number of terms increases dramatically to greater than

1000. Defining the ionised state population Di(r⊥) analogously to De(r⊥),

namely Di(r⊥) ≡ ni(r⊥)/
�
ρe(r) dy, the intensity required to produce an
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ionised density of Di(r⊥) can be calculated:

I23(r⊥) =
8Is,23Γ21

Γ32

− I12(r⊥)

2Di(r⊥)2I3s,12Γ
6
32

�
Γ21

�
Di(r⊥)I

2
s,12Is,23Γ

3
32

× (Γ21 + Γ32)(2Γ21 + Γ32) + Di(r⊥)
2I2s,12Is,23Γ

4
32

× (Γ21 + 2Γ32) + Di(r⊥)Γ32

�
Di(r⊥)I

2
s,12Is,23Γ

3
32

× (2Γ32 − Γ21)− I2s,12Is,23Γ
3
32(Γ1 + Γ2)

��
�

+O
�
I12(r⊥)

2

�
.

✄✂ �✁4.6

The above expression is somewhat more complicated than equation 4.3, which

considered the photoionisation process as two independent transitions. How-

ever, qualitatively, the expressions are similar. There are constant terms

based on saturation parameters and the decay rates of each transition, and

a number of terms that are proportional to Di(r⊥)−1. More importantly, the

ionised state density is proportional to the excited state density, which can

be controlled provided that the ground state density is known.

Experimentally, the ground state density can be determined using absorp-

tion imaging [137] or a variety of other imaging techniques [138–140]. The

density profile can be predicted theoretically [141], as the trapping potential

is defined by the laser beam parameters and the magnetic field profile, both

of which are known. With the ground state density known, the production

of arbitrary distributed excited state populations and ultimately arbitrarily

shaped electron distributions requires the generation of arbitrarily shaped

laser beams.
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4.3 Generation of arbitrarily shaped laser beams

The experimental method for atomic excitation is described in § 3.3. The

spatial patterning of the excitation laser beam is done using an SLM. The

spatial light modulator allows a phase between [0, 2π] to be imprinted upon

the incident light-field: a collimated, monochromatic, Gaussian laser beam.

Control of the phase in one plane provides control over the propagated in-

tensity. The shaped beam is used to illuminate the atom cloud and there-by

create a shaped excitation volume. Outlined in appendix C is basic diffrac-

tion theory, along with a brief discussion of “the phase problem”, both of

which are required to understand the generation of the phase masks used to

shape the laser beam intensity. In the following section, the application of

this theory to spatial light modulation is presented.

4.3.1 Spatial light modulation

An iterative algorithm can be used to calculate the phase required to facili-

tate the propagation of the input wavefield into the output wavefield. Two

approaches were adopted: the first was the use of commercial software, and

the second was code developed in-house. The software supplied with the

SLM can be used to calculate the required phase mask: the software accepts

greyscale images of approximately 300×200 pixels and returns a phase mask

of 1920× 1080. Additional phase masks can be applied over the image phase

mask, such as a Fresnel lens [142] of variable focal length, and a blaze can

be applied to increase the power in a particular diffraction order. Direc-

tional offsets for beam steering can also be applied. The ability to control

these fine tuning parameters in real time is an advantage when optimising
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the produced electrons. The computationally intensive process of calculating

the phase is performed once, and adjustment parameters modulated “over

the top”. However, the software, particularly the process of calculating the

initial object phase mask, operates in a “black-box” mode. Namely, no detail

on how the calculation is performed nor the ability to interface the software

with LabVIEW was provided by the manufacturer, making integration with

the experimental system a challenge. As such, code to calculate the required

phase mask was developed.

The phase mask was calculated using the recipe provided in § C.1, with

the intensity of the initial wave given by the illuminating TEM00 mode beam,

and the the propagated intensity defined by the desired output intensity.

Written in IDL7.1, code employing a “brute force” method was constructed

for phase determination, where-by the iterative procedure is performed mak-

ing no assumptions, and typical computation time was of order 10 s. Com-

pared to the commercial software computation time of < 1 s, this was not

practical. Also, with the first version, no parameters could be adjusted post-

calculation; for an altered focal plane or grating phase, an entirely new phase

mask would need to be calculated. Efforts to increase the efficiency of the

algorithm [143] were used to little avail. However, by building some assump-

tions into the algorithm, the computation time can be rapidly decreased.

With the SLM parameters previously described, namely the pixel spacing

and SLM size, this information can be built in to the calculation to increase

efficiency. Knowing the largest diffraction angle in addition to the highest

spatial frequency allows for the wavefield that is to be propagated to be

simplified each iteration. Using these parameters, phase mask generation is

achieved on a comparable time scale to the commercial software.
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Figure 4.2 shows an example of laser wavefield shaping: a Gaussian laser

beam is converted into the desired intensity distribution. Figure 4.2 shows

the desired intensity distribution, the laser intensity of the diffracted beam

with undiffracted component removed (as recorded with a CCD camera) and

the required phase mask (computed using the commercial software).

1mma b

c

Figure 4.2: Images demonstrating spatial light modulation. a) The desired
intensity distribution. b) The measured intensity distribution. c) The phase mask
used to created the image in b). Source image: “Pac-man”, c� Namco Ltd.

There is a fine speckle-like structure present in the laser image, which is

not typical laser speckle. These artefacts are scarcely visible for the produc-

tion of electrons, as the excitation volume alters along z. Due to focusing of

the laser beam, a conic excited atom volume is formed, and intersected by

the ionisation beam, which due to its finite size, leads to a slight “blurring”
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of detail. Electrons are produced over a range of z values and the resul-

tant MCP image is integrated along z. Whilst the speckle present in the

excitation beam intensity is not currently a problem, future experiments will

implement techniques to quell the structure. The artefacts can be reduced

by constraining the phase mask to ensure minimal discontinuities, and the

addition of a second hologram can lead to near perfect elimination [144].

The optimal performance of the SLM can also be predicted. The SLM has

two important length scales; the pixel size (8µm× 8µm) and the mask size

(22.1mm×12.5mm). The pixel size determines the highest spatial frequency

that can be imprinted onto the wavefield. The maximum diffraction angle

that can be achieved is for a grating structure with alternating rows of 0, π

phase shifts, corresponding to a diffraction grating of spatial frequency 1/2d,

where d is the pixel size. For illumination with a wavelength of λ, this gives

a deflection of:

θ = arcsin

�
λ

2d

�
,

✄✂ �✁4.7

or approximately 3◦ for λ = 780 nm and d = 8µm.

The mask size of the SLM determines the numerical aperture of the sys-

tem, and thus defines the smallest spot size achievable. The numerical aper-

ture NA can be related to the beam waist at the focus:

NA =
λ

πw0

✄✂ �✁4.8

which when recast gives

w0 =
2λf

πD
.

✄✂ �✁4.9

where f is the focal length of the of the system and D is the SLM diameter.

With the optimal experimental parameters, the primary image, that is, the
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first image formed in the beamline (figure 3.7) can have a waist of 8.5µm.

In practice, the intensity is measured after two f − 2f re-imaging beamlines,

and beam waist values between 50 − 150µm were observed. The relatively

poor resolution is attributed to lens aberrations, incomplete illumination of

the SLM and wavefront distortion due to the multitude of optical elements.

However, in experiments thus far, and for experiments in the foreseeable

future, spot sizes of less than this are not required.

The ability to produce laser beams with arbitrary intensity distribution

provides the platform for the production of electron bunches with arbitrary

density distributions from a CAES.

4.4 Arbitrary electron bunch shaping

Shaped electron bunches can be produced and detected using the apparatus

as described in § 3.3. Briefly, a cloud of cold atoms is illuminated by a shaped

laser pulse resonant with the excitation transition. The excited atoms are

then photoionised and electrons are accelerated by a static electric field for

2.5 cm, before propagation of 21.6 cm in free space to an MCP detector. Fig-

ure 4.3a shows the shaped excitation laser beam profile and figure 4.3b shows

the detected electron bunch. Remarkably, the complex structure is observed

in the electron distribution after a propagation of 24 cm. The electron energy

was 1 keV and it should be emphasised that there was no lensing present. The

minimal evidence of diffusion demonstrates the remarkably high coherence

properties of electrons from a CAES. As the electrons are cold, their angular

divergence is minimal and any structure that is imprinted on the electron

bunch at the source is retained under propagation. The electron signal in

figure 4.3 was taken with an ionisation laser wavelength of λ = 481.729 nm
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(compared to the field-free ionisation threshold of 479.059 nm), which was the

largest wavelength used where electrons were produced. These correspond to

the “coldest” electrons, that is, when the energy imparted to the electrons is

just enough to escape the ionic potential, as altered by the external electric

field (discussed in chapter 5).

2 mm1 mm ba

Figure 4.3: Shaped electron bunch produced from a CAES. a) The excitation
laser intensity profile. b) The measured electron density distribution, clearly de-
fined by the excitation distribution.

The electron distribution is determined by both the excitation laser profile

and the atom cloud distribution. In the above experiment, the ionisation

laser was being used to ionise the entire excited atom volume. The excitation

laser intensity is essentially binary: the spatial distribution is complex, but

the intensity is either 0 or I0. However, the observed detected electron signal

is the intensity of the excitation laser modulated by a Gaussian envelope.

The Gaussian envelope is more evident in figure 4.4, which shows a 3D false

colour rendering of the detected electron signal. The Gaussian envelope is to

be expected, as the density profile of atoms in a MOT is Gaussian.

If the photoionisation laser wavelength is decreased, more energy will

be imparted to the electrons, and thus they will have greater momentum.

Figure 4.5 shows a sequence of electron images with decreasing ionisation

wavelength (increasing excess energy in the electron bunch). With a decrease
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2 mm

Figure 4.4: False colour 3D rendering of a shaped electron bunch. As seen in
figure 4.3, the electron distribution is clearly defined from the excitation profile;
the finer detail within the image is much more noticeable with the data presented
in this manner.

of only 2.6 nm, the complex structure in the bunch is no longer discernible.

The value of E/kB when all structure is lost is of order 100K, signifying

that conventional electron sources, with typical electron temperatures of >

1000K, simply could not exhibit such structure if it were created.

479.152 nm481.185 nm 479.920 nm481.729 nm

2 mm1 mm

480.786 nm

Figure 4.5: Sequence of shaped electron bunches with decreasing ionisation laser
wavelength (increasing excess energy in the electron bunch). The degradation of
complex structure is seen with only a minor decrease in ionisation laser wavelength.
All structure is lost with a decrease of 2 nm.

Figure 4.6 shows a 3D rendering of a shaped electron bunch produced

using the same excitation laser profile, however, the ionisation laser was fo-

cused to a ribbon in the x − y plane. In this case, the Gaussian envelope
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in electron density arising from the atomic density profile is much more evi-

dent. When the entire excitation volume is ionised (figure 4.4), the measured

electron signal was the integrated density of the entire cylindrical excitation

volume (≈ 3mm along z). However, the excitation laser comes to a focus

within the Rayleigh range around a single z value, and either side the beam

is either converging or diverging. In this scenario, the number of electrons

produced on the outer of the atom cloud is increased compared to when ion-

isation occurs in the single z plane in which the excitation laser is focused.

As such, ionisation of the entire excitation volume leads to a slight masking

of the atomic density profile.

2 mm

Figure 4.6: False colour 3D rendering of a shaped electron bunch produced
when the ionisation laser was focused to a ribbon perpendicular to the electron
propagation density. The electron density is determined by the excitation laser
intensity and the atom cloud density. The excitation intensity is binary, and the
Gaussian envelope due to the atomic density is clearly evident by the central peak.

Focusing the ionisation laser to a single plane allows for a proof-of-principle

demonstration of three dimensional bunch shaping to be performed. By ro-
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tating the focal plane of the ionisation laser beam, slices of the shaped excited

atom distribution are ionised (see figure 4.7). The excited atom volume is a

shaped cylinder along z (see figure 4.7), meaning that at almost all angles of

rotation a complete “atom” will be observed on the MCP, but electrons seen

at each y value will be produced at different z values. It is only when the

focus is oriented along z (θ = 0◦) that electrons are formed as a thin slice.

This experiment demonstrates that shaping the bunch in three dimensions

is possible, however completely arbitrary three dimensional control over the

density distribution would require many projections around the z axis, akin

to tomography. However, as discussed in § 2.6, for the production of the

desired uniformly distributed ellipsoidal bunches, two dimensional shaping is

sufficient. Provided that the transverse profile is a uniform ellipse, a slice of

the excited atom volume can be ionised to form a thin, pancake-like bunch,

which under self-field expansion evolves into a uniformly distributed ellip-

soid [34]. Before the production of uniform bunches is investigated, the pro-

duction of electron bunches using femtosecond laser excitation is explained.

4.5 Electron bunch shaping with femtosecond laser

excitation

Chapter 5 describes in detail how the electron bunch length can be reduced

by using ultrafast laser pulses and detailed in § 3.3.4 are the experimental

details of incorporating a femtosecond laser pulse as the excitation laser in

the two-colour photoionisation scheme used for electron production. In the

experiment just described, the excitation beam shaping was performed on
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Ionisation laser

Excitation laser

Cold atoms

Imaging detector

Electrons

Excited atom
volume

x
y

zθ

2 mmθ = 0° θ = 15° θ = 30° θ = 50° θ = 75°

θ = 90° θ = 105° θ = 155° θ = 170° θ = 180°

a

b

Figure 4.7: Electron bunches produced as a function of the rotation of the
ionisation laser focal plane. a) A schematic of the experiment. b) The detected
electron bunch profiles as a function of the focal plane rotation.

a beam from an ECDL with a linewidth of order 100 kHz. Beam shaping

was performed using an SLM, and the phase shift applied by the SLM is

wavelength dependent, but the small spread in wavelength of the ECDL has

a negligible effect on the produced wavefield. However, for a large bandwidth

laser (such as a femtosecond laser pulse), each wavelength component has a

slightly different phase shift imparted to it. This effect, combined with the

chromatic aberrations present in the lens system, leads to a “blurring” of

the image. Figure 4.8 shows a spatially modulated light field for a narrow

linewidth ECDL and a femtosecond laser pulse with a spectral width of

103



CHAPTER 4. ELECTRON SOURCE SHAPING

25 nm. Like the shaped ECDL beam, the speckle-like structure is present in

the femtosecond pulse, but it is somewhat blurred. The low spatial frequency

information is not particularly affected by the high bandwidth, but the high

frequency information is suppressed. Whilst this could appear as a loss in

achievable resolution, each individual wavelength component should still have

a well defined intensity distribution in a particular plane. As the atoms

couple to a specific wavelength component of the laser pulse for excitation

(chapter 5), provided that wavelength component is optimised, the blurring

effect should not pose a problem.

a 1mmb c 1mm

Figure 4.8: Images demonstrating spatial light modulation. a) The desired
intensity distribution. b) The measured intensity distribution for a CW light field.
c) The measured intensity distribution for a femtosecond pulse. The intensity of
the fs pulse is slightly blurred due to the high bandwidth of the laser. Source
image: Source image: “Pac-man”, c� Namco Ltd.

4.5.1 Uniformly distributed electron bunches

One of the advantages of a CAES is the ability to produce uniformly dis-

tributed electron bunches. The method for their realisation is an amalgama-

tion of all the concepts presented in this chapter. The intensity profile to pro-

duce a uniformly distributed excited state with the illumination of a Gaussian

atom cloud was calculated using equation 4.5 (figure 4.9a). The phase mask

required to imprint this intensity onto the excitation laser pulse was then
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calculated using the process described in § 4.3.1 (figure 4.9b). Finally, the

shaped laser pulse (figure 4.9c) was used in two-colour photionisation. The

ionisation laser was focused to a ribbon to produce a uniformly distributed

pancake-like electron bunch (figure 4.9d). In this image, the ionisation laser

wavelength was λ = 481.7 nm and the electron bunch of figure 4.9d is a single

shot image.

c

5 mm1 mm

d

a b

a

Figure 4.9: Creation of uniform two dimensional electron bunches. a) The desired
excitation profile to compensate for the atom cloud density. Note the reduced
intensity in the centre to compensate for increased atomic density at the centre
of the cold atom cloud. b) Phase mask to produce intensity distribution of a).
c) A CCD image of the shaped ultrafast laser pulse. d) Detected electron bunch
extracted with the excitation profile shown in c).

An average over 50 electron bunches was taken to improve the signal to

noise, so the uniformity could be assessed. Figure 4.10 shows two uniform

ellipse bunches extracted at ionisation laser wavelengths of λ = 481.7 nm and
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λ = 478.9 nm. A profile of the electron signal intensity for both images is also

shown. It is clear that the profile is not Gaussian, but rather is near uniform.

The density on the bunch edge is actually slightly elevated, suggesting that

the excitation profile is overcompensating for the atomic density distribution.

With a decrease in ionisation laser wavelength, the momentum imparted to

the electrons is greater, and a decrease in the edge acuity is observed, but

the profile is somewhat flatter in the centre of the bunch. λ = 481.7 nm

corresponds to the coldest electrons that can be produced for this value of

the electric field, and any artefacts present in the excitation laser profile are

imprinted on the electron bunch. As the diffusion of the bunch is minimal, af-

ter propagation the artefacts are still present. With increased kinetic energy,

such features are blurred, resulting in a smoothing of the electron density.

Whilst this appears to be producing a “more uniform” bunch, it is at the

cost of increasing the internal bunch energy, thus decreasing coherence. Fig-

ure 4.10d shows line profiles of the same images, however with an integration

region of 20 pixels in the y direction to improve the signal to noise ratio. The

decrease in edge acuity with increased ionisation energy is more obvious.

The creation of uniform electron bunches with a hard edge profile allows

for a measurement of the apparent temperature (E/kB), which is detailed in

§ 5.3.1.

4.5.2 Real-time shaping

An advantage of using an SLM for laser beam shaping is the opportunity to

dynamically control the electron source density distribution. As described

previously (§ 3.3), the experiment operates at a repetition rate of 10Hz. A

feedback mechanism could be constructed whereby the measured electron
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Figure 4.10: 50 shot averaged uniform two dimensional electron bunches. a) A
uniform density electron bunch with ionisation laser wavelength λ = 481.7 nm. b)
Electrons produced under the same conditions except λ = 478.9 nm. c) A line
profile of the electron intensity profile across the centre of the electron bunch. d)
A line profile integrated over 20 pixels in the y-direction around the centre.

signal is used to feedback to the excitation laser profile, to produce the opti-

mum electron bunches. Initially, the theoretical profile for excitation would

be used (e.g. figure 4.9), and then the measured electron signal would be

compared to that expected for a uniform ellipse. From this, an updated pro-

file for excitation to achieve uniform density could be calculated, along with

the phase mask required to produce it. The feedback system would allow

for convergence to the optimum excitation profile, and slow fluctuations in
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magnetic fields and atomic density could be accounted for. Whilst such a

feedback system has not yet been implemented, a novel demonstration of

real-time source shaping was prepared to validate the concept. A “movie”

was created, where the intensity profile of the excitation laser was altered

each experimental cycle. The movie shows an “atom” (figure 4.3), where

“electrons” are seen to orbit the atom, and a “photon” appears to ionise the

atom (figure 4.11 shows a collection of frames from the movie). The phase

masks required for each frame were calculated ahead of time and compiled

into a movie, which was displayed on the SLM, such that each ionisation

laser pulse illuminates a different distribution of excited-state atoms.
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Real-time electron shaping also allows for efficient source diagnostics. In

§ 5.3.2, a precise method for calculation of beam emittance in a single shot,

and thus the determination of coherence length and brightness (§ 2.5), is

described. The practicality of real-time diagnostics is best demonstrated by

example. During the course of a diffraction experiment, the phase mask

to create an appropriate diagnostic distribution can be implemented for a

single experimental cycle, and used to calculate the beam properties, and

experimental parameters can adjusted accordingly to optimise the extracted

electron bunches. Thus, shaping allows for in situ diagnostic measurements,

which are usually achieved with the addition of hardware in the beamline.

4.6 Electron bunch shaping and the CAES

The CAES source is still new and, in all likelihood, other applications of the

system are yet to be realised. However, the well developed theory for the

evolution of atoms in resonant light fields allows for the density distribution

of photoelectrons produced from two-colour photoionisation to be calculated.

Fourier optics theory allows for the determination of phase masks to produce

arbitrary intensity patterns. The amalgamation of these concepts allows for

the creation of arbitrarily shaped electron bunches. The distribution of the

bunch can be varied from shot-to-shot, which can be used in a feedback

system to optimise the extracted bunch. Dynamic control also provides the

ability for real-time source diagnostics. The otherwise intractable problem of

irreversible emittance growth due to Coulomb interactions can be addressed

by the production of uniformly distributed ellipsoidal electron bunches. The

ability to control the initial electron density distribution is facilitated by

control over the electron production process, and the low temperature of the
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produced electrons, a combination possessed by no other electron source.
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Why are things as they are

and not otherwise?

Johannes Kepler

(1571-1630) 5
Electron source characterisation

5.1 Introduction

E xperiments presented here were conducted to investigate the funda-

mental properties of the Cold Atom Electron Source (CAES), and also the

applicability of the source to Ultrafast Electron Diffraction (UED). The field

of ultracold plasma research is still relatively new, and the extension of the

research to the development of CAESs is still in its infancy. The physics rel-

evant for CAESs includes the fields of electron diffraction, cold atom physics

and photoionisation. Each of these fields are well developed individually,

but the understanding of how each one contributes to the physics of the

CAES is still evolving. This chapter aims to link these ideas together to

better understand the underlying mechanisms which determine the proper-

ties of electrons produced from a CAES, and determine the suitability of the

source for diffraction experiments. Section 5.2 describes the physics of pho-

toelectrons produced in a CAES. Sections 5.3.1 and 5.3.2 describe alternate

methods for determining fundamental source parameters, which relate to the



5.2. PHOTOELECTRON PRODUCTION

capability of the CAES as a source electron diffraction.

5.2 Photoelectron production

In § 2.2 the methods for electron production from photoionisation of atoms

was discussed. However, the physics of electron production and extraction

is not quite as simple as separation from the parent ion and independent

extraction. Indeed, in the case of below-threshold ionisation, the detach-

ment and extraction are entwined. The aim of this section is to understand

the production of photoelectrons, with emphasis on creating cold electrons.

Clarifying the nomenclature, the phrase “cold” refers to electrons with a

low temperature, which is defined as E/kB, where E is the electron energy.

The discussion in § 2.2 outlined how two-colour photoionisation allows for

the production of the coldest electrons, which in principle should have an

energy spread determined by the linewidth of the ionisation laser, but the

temperature was observed to be much larger. To understand the origin of

this increased temperature, the physics of extracting an electron from its

parent atom is investigated.

5.2.1 Modelling of the electron trajectory

Consider a single atom in a static electric field F = Fz = (0, 0, F ). The

potential seen by the electron is sum of the Coulomb potential due to the

nucleus and the applied electrostatic potential, which, in atomic units, is

given by

U(x, y, z) = −1

r
− Fz.

✄✂ �✁5.1

Figure 5.1 shows the electronic potential in the region around the nucleus.
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Figure 5.1: The electronic potential experienced by the electron due to the com-
bined Coulomb and Stark fields, given by U(x, y, z) = −1/r − Fz. The Coulomb
potential from the parent ion is located at r = 0, and a Stark field is applied along
z.

A rigorous calculation to evaluate the exact electron trajectory due to pho-

toionisation would involve solving the Schrödinger equation for the potential

given in equation 5.1. The calculation could be performed by assuming the

electron was in the lowest bound state of system defined by equation 5.1

and including the coupling from the two light fields required for two-colour

ionisation. Perturbation theory can be used to calculate the effect of a Stark

field on a hydrogenic system [145], however the combined hydrogenic/Stark

system possesses continuum states in the region around U(r) = 0, which ulti-

mately causes the calculated wavefunctions to diverge [96]. Without solving

the Schrödinger equation, the motion of a particle in the potential given in

equation 5.1 can be predicted by solving the classical equations of motion. If

it is assumed that an electron can be placed in this potential with an arbitrary

energy, then the motion of the electron can be determined. As electrons are
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excited from an intermediate state to the near/above threshold region, the

presence of discrete (Rydberg) states means they will not have completely

arbitrary energies. So only a range of energy values are expected, but the

electron trajectory can still be predicted using the calculated equation of

motion for equation 5.1. Conveniently, this potential has been studied previ-

ously in the context of celestial mechanics [146]. The potential of a satellite

under the influence of constant acceleration in the presence of an attractive

gravitational body is equivalent to the potential of an electron in combined

Coulomb and Stark fields. The methodology used to solve the celestial equa-

tions of motion can be applied to the electronic system, as was done by

Kondratovich in a series of articles [147–149]. The classical treatment does

not include effects due to the phase of the electron wavefunction, such as

predicting interference between different trajectories, but the equations of

motion accurately predict the electronic trajectories. Indeed, electron phase

information can be extracted by observing interference and used to infer in-

formation about the electron origin [150–152]. In 2010, a complete quantum

calculation of the electron wavefunction, from pre-ionsation to detection, was

performed [153], allowing for more accurate determination of electron origin.

However the focus here remains on the production of cold electrons, and the

phase is not relevant.

The equations of motion for a potential defined in equation 5.1 are sepa-

rable in parabolic coordinates:

ξ = r + z η = r − z ϕ = arctan

�
y

x

� ✄✂ �✁5.2
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which has the inversion:

x2 = ξη sin(ϕ) y2 = ξη cos(ϕ) z =
1

2
(ξ − η) .

✄✂ �✁5.3

Parabolic coordinates have two common definitions; the definition used here

follows Arfken [154]. The alternate convention, typically encountered in dif-

ferential geometry, is defined by (u, v, θ) = (ξ1/2, η1/2,φ).

To calculate the equations of motion, a reduced time co-ordinate τ is

introduced, defined as:

dτ =
dt

r
.

✄✂ �✁5.4

Such a transformation ensures that the detail on both small and large time

scales is captured; when the r is small, as is dt, capturing the complex low-

velocity behaviour of the electron. Conversely, when r is large so is dt, which

is appropriate as the solutions are much simpler for longer evolution times.

The definition of τ avoids the discontinuity in the potential at r = 0.

For an electron with an energy E relative to the Coulomb ionisation

threshold, the equations of motion are given by:

dξ

dτ
= 2ξ

�
E

2
+

Z1

ξ
−

p2φ
4ξ2

− F ξ

4

�1/2

dη

dτ
= 2η

�
E

2
+

Z2

η
−

p2φ
4η2

− Fη

4

�1/2
,

✄✂ �✁5.5

where Z1 and Z2 are constants of separation and pφ is the electron orbital

angular momentum. The Coulomb field affects the electron trajectories at

distances much greater than the atomic length scale, and the orbital angular

momentum pφ does not have a strong influence over the electron trajectory.

Hence without loss of generality, the pφ = 0 case is considered specifically.
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Z1 and Z2 are related to the emission angle β of the electron with respect to

F via:

Z1 = cos2
�
β

2

�
Z2 = sin2

�
β

2

�
.

✄✂ �✁5.6

The previously coupled differential equations 5.5 can now be solved to yield

analytic forms of both η(τ) and ξ(τ). The motion along ξ is given by:

ξ(τ) =
ξmax sn

2
�
ϕ|mξ

�

m−1
ξ − sn2

�
ϕ|mξ

�
✄✂ �✁5.7

where

ξmax =
|E|
F

��
1 +

Z1

Zc

− sgn(E)

�
.

✄✂ �✁5.8

The function sn
�
ϕ|mξ

�
is the Jacobi elliptic sine function. The elliptic inte-

gral of the first kind is defined as [155]:

F (φ, k) ≡ u =

� φ

0

dt�
1− k2 sin2(t)

.
✄✂ �✁5.9

The elliptic modulus is k = mod(u) and φ = am(u, k) is the elliptic ampli-

tude, which by definition is:

φ = F−1(u, k) = am(u, k).
✄✂ �✁5.10

The (basic) Jacobi elliptic functions arise from taking the sine and cosine of

the elliptic amplitude, namely:

sn(u, k) ≡ sin(φ) = sin(am(u, k))

cn(u, k) ≡ cos(φ) = cos(am(u, k)).

✄✂ �✁5.11
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The arguments of the elliptic sine function in equation 5.8 are given by:

ϕ =

�
|E|
2

�
1 +

Z1

Zc

�1/4

τ mξ =
1

2


1 + sgn(E)�

1 + Z1

Zc




✄✂ �✁5.12

and the dimensionless parameter Zc has been introduced, defined as

Zc =
E2

4F
.

✄✂ �✁5.13

This parameter characterises how important the interaction between the elec-

tron and parent ion is. For Zc > 1, the effects of the ion are negligible. If

Zc < 1, depending on the emission angle of the electron, the ion can dramat-

ically alter the electron trajectory.
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Figure 5.2: A density plot of the electronic potential due to the combined
Coulomb and Stark fields. Note the presence of a saddle point along y = 0.
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The motion along η is somewhat more complicated, and depends strongly

on the electron energy and emission angle. Figure 5.2 shows a density plot of

the electronic potential due to the combined Coulomb and Stark potentials.

Along the line y = 0 is a saddle point, with associated energy

Esp = −2
√
F .

✄✂ �✁5.14

If the energy along η, given by the separation constant Z2 is less than Zc,

which corresponds to an energy E < −2
√
F , the electron motion is bound.

Physically, this corresponds to an electron being emitted at an angle β < β c,

where the critical angle is

β c = 2arcsin

� −E

2
√
F

�
.

✄✂ �✁5.15

Even though the electron energy is greater than the saddle point energy, if

the emission angle is less than β c, the electron cannot escape the attractive

potential of the parent ion. It is this behaviour that leads to the production

of the coldest electrons. If the electron energy is approximately equal to Esp,

electron emission can occur only along +z. This behaviour is discussed more

in § 5.3.2.

For Z2 > Zc, that is, the energy is Esp < E < 0, the motion along η is

given by:

η(τ) = η+

�
1− cn

�
Θ|mη

�

sn
�
Θ|mη

�
�2 ✄✂ �✁5.16

where

η+ =
|E|
F

�
Z2

Zc

✄✂ �✁5.17
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and the arguments of the Jacobi elliptic cosine and sine functions are:

Θ =
�

|E|
�
Z2

Zc

�1/4

τ mη =
1

2

�
1 +

�
Zc

Z2

� ✄✂ �✁5.18

Equation 5.16 dictates that an electron can only escapes to infinity if sn
�
Θ|mη

�
=

0, which demands that Θ = 2K(mη), whereK is the complete elliptic integral

of the first kind:

K(k) = F

�
π

2
, k

�
=

� π/2

0

dt�
1− k2 sin2(t)

=

� 1

0

dt�
(1− t2)(1− k2t2)

.

✄✂ �✁5.19
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Figure 5.3: Electron trajectories due to the combined Coulomb and Stark po-
tential with E = −2 cm−1 and F = 1V/cm.

The qualitative structure of these solutions provides insight into the en-

ergy structure of photoelectrons produced. Distinct classes of trajectories

display vastly different dynamics. Figure 5.5 shows the trajectories of elec-

trons produced in a field of strength 1V/cm and with energy of E = −2 cm−1;

values chosen to illustrate the behaviour of the solutions. The main categories
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of trajectory are the direct and indirect trajectories. Direct corresponds to

an electron being emitted in the direction of the lowered Stark potential, and

minimal deviation due to the Coulomb potential (−9π/10 trace in figure 5.5).

Indirect trajectories on the other hand, correspond to cases where the emit-

ted photoelectron scatters from the parent ion and crosses the z−axis. Due

to the nature of the indirect trajectories, there is an infinite number of dis-

tinct indirect trajectories which can intersect any given point in space, and

figure 5.5 shows a small subset of them. However, the importance of these

trajectories will depend on the value of the electric field and the energy of the

electron. It can be shown that the onset of direct trajectories occurs when

the electron has an energy greater than Ed, where

Ed = κEsp

✄✂ �✁5.20

and κ is given by:

K

�
1

2
+

κ

2

�√
2κ = π

✄✂ �✁5.21

which gives the value κ ≈ 0.775. In figure 5.5, Ed ≈ −4.7 cm−1 and therefore

the presence of direct trajectories is expected.

The final case is for E > 0 and the motion along η is described by:

η(τ) = η�+
sn2
�
Υ|m�

η

�

1− sn2
�
Υ|m�

η

�
✄✂ �✁5.22

where

η�+ =
|E|
F

�
1−
�
1− Z2

Zc

� ✄✂ �✁5.23
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and the arguments of the Jacobi sine function are:

Υ =
1

2


|E|

�
1 +

�
1− Z2

Zc

�


1/2

τ m�
η =

2

1 +
�
1− Z2

Zc

✄✂ �✁5.24

To gain an appreciation for the trajectories derived here, the difference

between the exact trajectories and “ballistic” trajectories was examined. The

ballistic trajectories are calculated with the assumption that the interaction

between the electron and its parent ion is negligible, which is valid when the

initial electron energy is large. Quantitatively, when an electron is produced

with an energy greater than −Esp, the influence of the Coulomb potential is

negligible and the electron trajectory is determined solely by the Stark po-

tential. The Stark potential provides a constant acceleration and parabolic

trajectories are observed, shown in figure 5.4. The analytic equations of mo-

tion can be calculated through the use of constant acceleration formulae, and

input parameters of E = 1.93 cm−1 and F = 4V/cm were used; values were

again chosen to showcase the difference in electron trajectories. Trajectories

are plotted for electron emission angles of β = ±nπ/10 where n ∈ [0, 10].

Using the analytic forms for η(τ) and ξ(τ), the exact trajectories in fig-

ure 5.4 were calculated (figure 5.5). The major difference between the exact

and ballistic trajectories is that the exact solutions possess indirect trajec-

tories, that is, where significant scattering between the electron and ion has

occurred, leading to a crossing of the z−axis.

Overlaying the trajectories (figure 5.6) shows that they are entirely dif-

ferent. It also highlights the difference between the electrons extracted us-

ing multiphoton ionisation and two-colour photoionisation. Resonantly En-

chanced MultiPhoton Ionisation (REMPI) photoelectrons, typical of pho-
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Figure 5.4: Ballistic electron trajectories determined by the Stark potential.
Trajectories are plotted for electron emission angles of β = ±nπ/10 where n ∈
[0, 10], with E = 1.93 cm−1 and F = 4V/cm.

toelectron spectroscopy, will have energies of a few eV, or approximately

8000 cm−1. In this case, the exact trajectories are near identical to the bal-

listic trajectories, and thus, the effect of the ion need not be considered.

In contrast, in two-colour photoionisation, the electron energy is completely

tunable, from the onset of electron production (Esp) to the values seen in

typical photoelectron experiments. For a CAES, the main interest is the

production of low energy electrons, so the electron-ion interaction will be

important. The interaction leads to a range of transverse electron velocities,

establishing a limit on how small the velocity spread, and hence temperature,

can be.

The electron energy and the electric field strength determine which class(es)

of photoelectron will be observed during electron production. The Melbourne

CAES is not set up for high resolution photoelectron imaging, so observing

fine structure within the electron distribution is not possible. However, ob-
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Figure 5.5: Electron trajectories determined by the combined Coulomb and Stark
potential. Trajectories are plotted for electron emission angles of β = ±nπ/10
where n ∈ [0, 10], with E = 1.93 cm−1 and F = 4V/cm

servation of different classes of photoelectrons is possible. Figure 5.7 shows

the detected electron signal integrated over 100 shots, with the experimental

parameters as detailed in § 5.3.2. In summary, a 110 fs laser pulse centred

on 800 nm is focused to a Full Width At Half Maximum (FWHM) of 290µm

which acts as the excitation beam in the two-colour ionisation scheme. A

second laser pulse polarised along the direction of the electric field with a

variable wavelength ionises the atoms in the presence of a F = 40 kV/m

field. For a field of 40 kV/m, the wavelength corresponding to the criti-

cal energy is λEsp = 481.889 nm. Images were taken well below ionisation

threshold, λ = 488.3 nm, a little above field-free threshold, λ = 476.3 nm and

well above threshold, λ = 470.0 nm. For all images, a line profile along the

line x = 0 is also shown. For λ = 488.3 nm, electrons can only be produced

from non-resonant two-colour photoionisation or Non-Resonantly Enchanced

MultiPhoton Ionisation (NREMPI), meaning that any electrons which are
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Figure 5.6: An overlay of the ballistic trajectories (dashed) atop the exact tra-
jectories (solid). Trajectories are plotted for electron emission angles of β = ± nπ

10

where n ∈ [0, 10], with E = 1.93 cm−1 and F = 4V/cm.

produced do not have a well defined energy. As no ionisation channel is res-

onantly coupled, a broad energy spectrum containing little structure is ob-

served. At λ = 476.3 nm, a central electron bunch is observed, corresponding

to the directly ionised component, but in addition there is a narrow outer

ring, which is caused by singularly scattered indirect ionisation. At larger

ionisation energy, the primary bunch forms a ring, and the scattered elec-

trons are visible as a faint outer ring. There is also a dull central peak, which

corresponds to emission from a specific set of angles, including β = 0, which

result in propagation along the z−axis. Further detail on these emission

angles can be found in reference [96].

With increased ionisation energy, the structure due to the complex scat-

tered electron trajectories should disappear. Using the same experimental pa-
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Figure 5.7: Distribution of photoelectrons extracted at different ionisation ener-
gies showing photoelectron structure. Intensity line profiles taken along the line
x = 0. Offsets have been applied to each line profile for clarity.

rameters as outlined above, a sequence of 400 images each integrated over 50

experimental cycles (20,000 electron bunches) was taken at λ = 458.189 nm,

and at λ = 481.033 nm to see if any structure could be observed. Each of

the 400 images were aligned then overlayed. Figure 5.8a shows the processed

λ = 481.033 nm image, and as expected, the magnification of the system is

insufficient to observe the structure within the bunch. Figure 5.8b shows the

electron distribution for an ionisation laser wavelength of λ = 458.189 nm,

which is the lowest wavelength produced from the ionisation laser, and in-

deed, little structure is observed. Figure 5.8c shows a line profile taken along

126



5.2. PHOTOELECTRON PRODUCTION

x = 0. The outer ring corresponds the the primary photoelectrons, and

the central dot corresponds to the emission along z as described previously.

There is a faint inner ring, only just visible in the line profile. The origin of

this ring is not known, but could be attributed to the amplified spontaneous

emission component of the ionisation laser, centred on λ ≈ 476 nm, which

is much more prevalent when the laser system is operating at the extremes

of its wavelength range. It could also be attributed to alternate ionisation

pathways which may become more efficient with increased ionisation laser

energies, for example excitation of atoms from the 5S1/2 F = 2 state, or ion-

isation from the 5P1/2 state, remembering that excitation is performed with

a spectrally broad pulse.
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Figure 5.8: Photoelectrons extracted at alternate energy scales, integrated over
20000 shots. a) Photoelectrons extracted with λ = 481.033 nm. b) Photoelectrons
extracted with λ = 458.189 nm. c) Intensity line profile taken along the line x = 0.

An additional effect of using an ultrafast laser pulse is the production

of electrons from alternate photoionisation schemes. As discussed in § 2.2,
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there are multiple pathways to photoionisation. High intensity light fields

allow for multiphoton ionisation. Figure 5.9a shows the detected electron

signal when a TEM00 110 fs 20µJ excitation laser pulse focused to a spot

size of 1mm illuminated the atom cloud together with a λ = 478.07 nm

ionisation laser pulse of energy of 800µJ. Multiphoton ionisation results in

emission of “hot” photoelectrons with a dipolar distribution in the direction

of the laser polarisation, which surround the “cold” photoelectrons produced

from two-colour photoionisation. The initial energy of the electron can be

calculated from the difference between the ionisation energy of Rubidium

(4.18 eV) and the energy imparted to the electron via the absorption of pho-

tons during photoionisation. The energy of the fast electrons produced upon

ionisation via REMPI is expected to be 0.59 eV†, where-as the energy of cold

electrons produced by two-colour photoionisation is 5.35meV. In figure 5.9b,

the ns ionisation pulse is absent, and only hot REMPI photoelectrons are

produced. For figure 5.9c, a λ = 780± 3 nm filter was placed in the fs laser

beam, which has the effect of reducing multiphoton ionisation due to the

decreased intensity, and enhances the proportion of electrons produced by

two-colour photoionisation. These measurements show that the production

of cold electrons using an ultrafast pulse is possible, and by controlling the

intensity of the ultrafast pulse, one can produce only cold electrons.

The pulse power of the excitation laser is critical for determining which

photoionisation channels are available, but the pulse power of the 480 nm ion-

isation laser is also found to alter the proportion of slow electrons produced.

For low ionisation intensities, REMPI is observed, but for increased ioni-

sation intensity, only two-colour ionisation is observed. This suggests that

†Calculated assuming the absorption of 3 photons, each with an energy of 1.59 eV
(λ = 780 nm)
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Figure 5.9: 3 dimensional false colour renderings of the photoelectrons produced
by distinct photoionisation pathways. a) Photoelectrons produced with the ultra-
fast laser and ionisation laser. b) Photoelectrons produced with only the ultrafast
laser. c) Photoelectrons produced with the filtered ultrafast laser pulse and ioni-
sation laser.

the resonant coupling of the 5P3/2 to Rydberg/continuum states is more

favourable than multiphoton channels. With saturation of the 5P3/2 to con-

tinuum transition, only slow photoelectrons are produced, a criteria which

was fulfilled for all subsequent experiments.

The discussion of ionisation thus far has been related to properties trans-

verse to the direction of beam propagation. The scattering between the

electron and its ion parent was shown to explain the photoelectron distri-

butions produced, and provide a fundamental limit on the velocity spread

of photoelectrons. Different ionisation parameters were shown to produce

photoelectrons via different pathways, and importantly, the production of

cold electrons using two-colour photoionisation with an ultrafast laser pulse

was observed. With the transverse beam properties described, the temporal

profile of the electron bunches is now considered.

5.2.2 Temporal profile of electron pulses

In all experiments, ionisation occurs in a static field, so that the electrons

are extracted as soon as they are free from their parent ion. A consequence
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of this is that the electron bunch length will be determined by the time

of ionisation. Explicitly, as detailed in § 3.3, ionisation is achieved in two

modes: a 5 ns ionisation laser pulse photoionises excited states atoms, which

are excited with either a resonant 50µs laser pulse or a 110 fs broadband laser.

Figure 5.10 shows an illustration of the ionisation geometry. Defining d as

E = − Ez

d p

x

z

δ

Figure 5.10: Schematic illustrating electron bunch length growth due to the finite
ionisation volume.

the distance between the electrodes, p as the electron propagation distance

and δ as the radius of the ionisation volume, the time taken to leave the

acceleration region for an electron located furthermost upfield is given by

d

2
+ δ =

1

2

�
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�
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As v0 � v, equation 5.25 yields

t =
d+ 2δ

v
.

✄✂ �✁5.27

For an electron produced at t = t0, the time taken to reach the plane of p is

then:

t = t0 +
d+ 2δ

v
+

p

v
.

✄✂ �✁5.28

The difference in t for electrons located at z = ±δ gives the contribution

to the bunch duration due to the finite ionisation volume. Combining with a

contribution from the finite ionisation pulse duration allows for an estimation

of the bunch length. This simple estimation does not include any space

charge effects, which act to increase the bunch duration. The parameter δ

is determined by the focus of the ionisation laser, measured to be 100µm

FWHM. To ensure that the pulse length was not underestimated, a value of

δ = 500µm was used, ensuring that the pulse duration for the entire electron

bunch was calculated, not just electrons within the FWHM of the ionisation

region.

For electrons produced with a 50µs excitation pulse, ionisation can oc-

cur for the duration of the 5 ns electron pulse. It may be less than this if

the atom cloud is depleted, meaning 5 ns is an upper limit. For an electric

field of strength 40 kV/m and a propagation distance of p = 21.5 cm, using

equation 5.28 yields a bunch duration of approximately 5 ns. As expected,

the finite ionisation volume does not contribute greatly to the growth of the

already large pulse length. The corresponding spatial length of the bunch is

approximately 10 cm.

For electron pulses produced with femtosecond excitation, the time taken
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to both excite and ionise must first be considered. The resonant behaviour of

ultrafast laser pulses centred on 800 nm interacting with cold rubidium clouds

has been studied previously, and it has been shown that the 5S1/2 F = 3 →

5P3/2 F� = 4 transition is a coherent process [156–161]. An implication of

this is that electrons produced using two-colour photoionisation can only be

produced whist the ultrafast laser pulse is present, that is, for 110 fs. Using

the same parameters as above, but with ionisation duration of 110 fs, the

electron pulse duration at the Micro-Channel Plate (MCP) was calculated

to be 150 ps, with a corresponding spatial length of 3mm. The duration

corresponds to a pulse length growth of approximately 3 orders of magnitude

compared to the photoionisation duration, however, the 150 ps pulse duration

is sufficiently short to allow for further compression using Radio Frequency

(RF) techniques [39]. Additionally, pulses of 150 ps are already short enough

for time-resolved diffraction imaging of biological systems, for example, to

observe the structural dynamics of a myoglobin mutant protein [162].
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Figure 5.11: Temporal signal of the electron bunches detected on the MCP,
showing the reduction in pulse length for femtosecond excitation.

To verify the reduction in electron pulse length with femtosecond excita-
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tion, the ground plane of the MCP was monitored during electron detection.

As discussed in § 3.3, the bandwidth of the MCP is on the order of hundreds

of MHz, insufficient to allow direct observation of 150 ps pulses, however, the

rise time of the MCP signal should allow for an approximation of the pulse

length. The voltage was monitored for electrons produced with both fs and

µs excitation, using an oscilloscope with a 16GHz bandwidth for this par-

ticular measurement (figure 5.11). The 10/90 rise time of the fs excitation

pulse is measured to be 260 ps, much less than the 3.7 ns for the ns excitation

pulse. The fast pulse is clearly not limited by the 5P3/2 spontaneous lifetime

of 25.8 ns [163], an indication that the ionisation process is indeed coherent.

It should be mentioned that while such a measurement is consistent with the

production of a short electron pulse, it does not prove that the pulse is short.

For instance, the dynamics of the photoionisation process when an ultrafast

laser pulse is used could result in an electron bunch which has a fast, high

current density “head” and a slow tail of electrons with differing energies.

This could occur as a result of being excited to a multitude of Rydberg states

and thus electrons take slightly different times to escape the nuclear poten-

tial. Indeed, if this were the case, the signal observed in figure 5.11 would

also support this theory, but the actual electron pulse duration would be

longer.

To support the claim the pulse is short, the shape of temporal signal must

be discussed. The sharp rise time is attributed to the electron bunch and

the tail is attributed to the detection system, which is detailed in § 3.3. To

observe only the electron pulse, the detector response and the electron signal

must be deconvolved, which requires the response of the MCP to be known.

In an attempt to characterise the response of the detector to fast pulses,
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a femtosecond laser pulse was used to trigger the MCP and the induced

voltage was measured (figure 5.12). The signal displays a long decay time,

similar that displayed by the electron pulse. However, it is impossible to

compare the detector response and measured electron charge pulse on the

same axes, because both measurements were not acquired under equivalent

conditions. The electron pulse measurement was acquired with a 16GHz

bandwidth oscilloscope available only for a few hours, while the response

curve was taken with a 300MHz oscilloscope.
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Figure 5.12: The response of the MCP when illuminated by a fs laser pulse.

Separate measurements of the detector response using femtosecond laser

pulses, using an oscilloscope with 4GHz bandwidth and taken after the ap-

paratus rebuild (§ 3.4), show that the detector decay time is sensitive to

the pulse charge, which is in turn related to the energy and the area of the

femtosecond illumination (figure 5.13). Separation of the temporal character-

istics of the electron bunch from the detector response under these would be

difficult if not impossible. In the first case it would require careful matching

of the total charge and illumination area. Even then, it is not clear that the

temporal characteristics of the detector response should be identical for de-
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tection of the freely propagating electrons, and for detection of photoelectrons

generated at the detector by femtosecond illumination: the detector response

to 800 nm illumination is extremely weak and highly nonlinear compared to

the response to free electrons.
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Figure 5.13: Dependence of MCP signal fall time versus the peak detector voltage.
The peak voltage was varied by changing the power of the illuminating laser pulse.

The complications in deconvolution mean that is not possible to defini-

tively say that the electron pulse duration is 150 ps, but the data show that

electron bunches with picosecond rise times can be generated with femtosec-

ond excitation, and they are constant with electron bunches with ps duration.

As mentioned, the duration of a short electron pulse can be further reduced

using RF compression. A microwave cavity operating with a TEM010 field

can be used to impose a time dependent potential to an electron bunch [39].

The microwave wavefield can be controlled to impart a greater momentum

kick to the slower electrons at the tail of the bunch, a mid-kick to the elec-

trons at the bunch centre and a small kick to the fast electrons at the front

of the bunch, leading to a longitudinal focusing of the bunch in a particular

plane in z. Recently, this technique was used to compress a 10 ps bunch to a
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sub-100 fs bunch, with sufficient bunch charge to collect a diffraction image

from gold [35]. Other techniques can be used to reduce the electron pulse

length, however such techniques often rely on removing electrons which do

not have a specific energy, thus reducing the current. For example, a 500 fs

pulse was created by magnetically selecting the 350 keV component from a

pulse with a 1MeV energy spread [164]. Whilst the bunch charge was suf-

ficient to collect a single-shot diffraction image from gold, large increases in

brightness are required for diffraction imaging of weakly scattering objects,

such as biological samples, and thus the reduction of beam current to facili-

tate temporal focusing is not appropriate.

For an accurate measurement of ultrafast pulse durations, one must use

either ponderomotive scattering or a streak camera. A ponderomotive scat-

tering measurement relies on using an ultrafast laser pulse orthogonal to the

electron beam, scattering part of the pulse, and by altering the delay be-

tween the electron and laser pulses, a measurement of pulse length can be

calculated [165]. A requirement of this method is the electron pulse length

is of order the laser pulse duration, otherwise the signal from the electrons

scattered ponderomotively will be swamped by the unscattered component.

The other method to determine the pulse duration is by using a streak cam-

era; using a time varying potential to map the pulse duration (time) to a

displacement (length). A time varying electric field to “streak” the bunch

can be created using a microwave cavity. In the same way a RF cavity can

be used for focusing, a cavity operating with a TEM110 mode can used to

map the temporal component of an electron within the bunch to a transverse

position, forming an ultrafast streak camera [166]. Both of these methods

require infrastructure which was not available during this thesis, but experi-
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ments are planned for the future incorporating a high precision pulse duration

measurement.

In the current operating state, the pulse length from the CAES is ul-

timately limited by the longitudinal energy spread of the electron bunch.

The atomic excitation and ionisation occurs on a 100 fs time scale, much

less than the 100’s of picoseconds measured. Thus to produce the shortest

bunches possible, the energy spread upon extraction must be minimised. As

mentioned previously, switching of the acceleration field would reduce the

energy spread, but switching on picosecond time scales is simply not practi-

cal. A more feasible solution is to incorporate multiple acceleration stages,

with the extraction stage having a low gradient field, meaning a low energy

spread, and then additional acceleration to get the beam to the desired en-

ergy. It has been proposed to incorporate an RF cavity into the primary

accelerator design [36]. The atom trap is located in a DC electric field, and a

cavity is positioned such that the tail (leakage) field has the same magnitude

as the static field, creating an acceleration field of Ez(t) = E0(1 − cos(ωt)),

where ω is the cavity frequency. By controlling the time when atoms are

ionised, minimal energy spread is given to the electrons. Another solution

is to reduce the longitudinal emission area, that is, the waist of the ionisa-

tion laser. Reducing the waist is not challenging, however it is at the cost

of beam current and thus is undesirable. Ultimately, the direct production

sub-picosecond pulses from a CAES may be infeasible, however, provided the

bunches are well characterised, they can be compressed to sub-100 fs regime.
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5.3 Source temperature measurement

In this section, two techniques for measurement of fundamental source prop-

erties are presented. The first technique measures the electron velocity spread

by studying the definition of an initially sharp source feature after propaga-

tion. The second method takes a more general approach, and includes a

novel implementation of a traditional charged particle technique for the de-

termination of source emittance.

5.3.1 Thermal diffusion

As shown in § 4.5.1, a CAES is capable of creating two dimensional uniform

density ellipsoidal bunches. These bunches were created by using a laser

profile designed to compensate for the density distribution of the atom cloud.

Figure 4.9 shows such a bunch, created with a shaped femtosecond laser pulse,

which, in addition to being uniformly distributed, is also a temporally short

electron pulse, as described § 5.2.2. One of the key features of this electron

distribution is the sharp edge of the bunch. This edge is assumed to be

infinitely sharp upon formation, that is, a step function in density. More

realistically, the boundary sharpness will be defined by the optical resolution

of the excitation laser beam, but by assuming that the boundary is infinitely

sharp, the temperature will not be underestimated. Equations 5.28 and 5.26

provide a way to calculate the time taken for an electron bunch to propagate

a distance p after being accelerated a distance d/2. If the electron ensemble

has a finite temperature, the initially sharp bunch boundary will diffuse upon

propagation. If the ensemble has an isotropic average transverse velocity

of magnitude |v⊥|, a single point in the plane of creation would lead to a
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spread in the plane p, with a width of w. From equations 5.28 and 5.26, the

propagated width is given by:

w =
(d+ p)|v⊥|

d

�
dme

eF
.

✄✂ �✁5.29

The velocity spread |v⊥| for a thermal source is related to the total internal

energy, ΔEt:

|v⊥| =
�

2ΔEt

me

✄✂ �✁5.30

which yields

w =
d+ p

d

�
2dΔEt
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.
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The quantity dQe/ dr quantitatively describes the electron bunch boundary

sharpness, where Qe is the electron intensity signal as measured by the MCP

and r is the radial coordinate vector. The value of dQe/ dr will be inversely

proportional to w, and will be zero for large ΔE, and undefined for ΔE = 0,

corresponding to large and zero temperature respectively. Explicitly relating

dQe/ dr and w:
dQe

dr
∝ 1

w
≡ M

w

= M
d

d+ p

�
eF

2dΔEt

✄✂ �✁5.32

where the proportionality constant M is the linear magnification of the elec-

tron transport system.

Using the procedure described in § 3.3, two dimensional uniform bunches

were produced over a range of ionisation laser wavelengths. Figure 5.14

shows a subset of the data, clearly displaying the degradation in edge acuity

with an increase in ΔEt. For all images, the extraction field was 40 kV/m

and each image represents a single electron bunch. To investigate the thermal
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Figure 5.14: Sequence of uniform electron bunches with increasing ionisation
energy and reducing edge acuity. For λ = 481.987 nm, low efficiency ionisation is
observed when there is no resonant coupling from the 5P3/2 state to a Rydberg
state.

properties of the source, the system was operated in the emittance dominated

regime, not the space charge dominated regime. This is achieved by operating

with a 50µs excitation pulse, such that the electron pulse duration is of order

5 ns and space charge interactions within the bunch should be negligible.

As discussed in §5.2, the energy threshold for ionisation is lowered by the

presence of an external electric field. The existence of the saddle point in the

potential allows for electrons to be ejected along z when the energy is less than

the ionisation potential but greater than the critical energy. What was not

discussed was that in this energy region are Stark shifted Rydberg states [57].

These have the effect of dramatically altering the efficiency of electron pro-

duction, as can be seen in figure 5.14. At a wavelength of λ = 482.200 nm,

high efficiency production of cold electrons is observed, but at a wavelength

of λ = 481.987 nm, almost no electrons are detected. At λ = 481.987 nm,

the energy is above that required to produce electrons, but the lack of reso-

nant Rydberg states means that almost no electrons are observed. A way to

visualise the theory of §5.2 in the “atomic state” picture is that an atom is

excited to a Rydberg state, and subsequently field ionised. The electric field
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provides the energy required to ionise the atom, with the energy imparted by

the field given by 4Ry

�
F/F0, where Ry is the Rydberg constant and F0 is

the atomic unit for electric field [167]. Whilst not as rigorous as the analytic

Stark shifted Coulomb potential theory (§5.2), the qualitative behaviour of

the models is identical, and unlike §5.2, the incorporation of resonant be-

haviour predicts the alteration of efficiency due to the Rydberg state energy

spectrum. The measured threshold for ionisation was 481.775 nm, below the

predicted value of 481.885 nm. This measurement is consistent with other

lower than expected measurements of the Stark shifted ionisation threshold

wavelength [168, 169] and this discrepancy is currently unexplained.
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Figure 5.15: Plot of the edge derivative versus the excess ionisation energy
for uniform electron bunches. Shaded data points correspond to images from
figure 5.14. Equation 5.34 was used to calculate a line of best fit, resulting in a
source temperature of 10± 5K.

Figure 5.15 shows a plot of the bunch edge derivative (dQe/ dr) versus

the excess ionisation energy, defined by equation 5.33. For each wavelength,

the gradient was calculated over ten different length scales between 5 and 50
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pixels, with the gradient determined by a least squares fit to the data region

of interest. This process was performed 100 times around the boundary of the

bunch, and the result averaged so that each data point represents an average

of 1000 derivatives. Each image was normalised to a central electron signal

of unity, and corrected for elliptical distortion, before the gradients were

calculated. The error bars show the standard deviation of the 1000 gradients

calculated for each wavelength. The shaded data points correspond to images

shown in figure 5.14. The excess energy was defined such that the coldest

electrons produced (the largest value of dQe/ dr) corresponded to zero excess

energy.

The total internal energy of the electron bunch ΔEt has two main con-

tributions, the “thermal” energy (kBT0) and the excess energy imparted

from the ionisation laser. The thermal processes are, as described in § 2.3.1

and §5.2, processes which determine the initial velocity spread of the elec-

trons. The second component is the excess ionisation energy ΔE(λ), the

difference between the energy required to overcome the ionisation potential,

hc/λ0 and the laser energy, hc/λ:

ΔE(λ) = hc

�
1

λ
− 1

λ0

�
.

✄✂ �✁5.33

Equation 5.32 was used to construct a fit of the data in figure 5.15, where

ΔEt has been decomposed into ΔEt = ΔE(λ) + kBT0:

dQe

dr
= M

d

d+ p

�
eF

2d(ΔE + kBT0)

✄✂ �✁5.34

and T0 and M are used as fitting parameters. A line of best fit is overlayed on

the data in figure 5.15, which corresponds to a temperature of T0 = 10±5K.
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This uncertainty combines the systematic error derived from the combination

of detector resolution, electron optics geometry and the calculated least-

squares fitting error of the data to equation 5.34. The extracted temperature

is strongly dependent on the asymptotic behaviour of the derivative about

ΔE = 0, such that discrepancy at high excess energy has little impact on T0.

The temperature measurement is consistent with measurements of electron

the source temperature as measured by other groups [170] and with another

independent measurement made on the Melbourne university CAES based

on fringe visibility and partial coherence theory [171].

It is worth emphasising that this measurement provides an upper limit

on the electron source temperature. This is because any effect which acts

to degrade the sharpness of the boundary, such as aberrations present in

the electron transport system, or space-charge interactions, are attributed to

temperature. Additionally, taking into account the initially finite derivative

of the electron bunch boundary would act to reduce the derived temperature.

However, for the current optical set-up, the boundary will be of order 10µm

(§ 3.3), and the edge derivative is of order hundreds of µm, and so the finite

transition width of the excitation beam has minimal effect on the derived

temperature.

Although this measurement provides a value for the source temperature,

it requires a sequence of electron images produced at multiple ionisation

wavelengths to extract the temperature. Additionally, it does not provide

the complete phase space of the bunch. The phase space distribution is

not required to perform electron diffraction experiments, but is far more

useful for source optimisation. Electrons from a CAES should possess an

ideal (linear) phase space distribution, but it will indelibly deviate from the

143



CHAPTER 5. ELECTRON SOURCE CHARACTERISATION

ideal distribution on some length scale. The next section describes a method

for determination of the entire source phase space distribution, and hence

emittance and temperature, from a single electron image.

5.3.2 The pepper-pot technique

The emittance of a beam quantifies its phase space volume. A high quality

beam has a low emittance, signifying that the momentum spread in the beam

is small. The emittance can be reduced by simply reducing the source size,

but at the cost of beam current. A beam which has a small emittance for

a large source size indicates the beam is high quality, although it does not

provide beam current information.

Accurate measurement of beam emittance is typically more challenging

than measurement of other beam parameters, because it requires knowledge

of the entire phase-space distribution for the beam. One technique for direct

measurement of electron beam emittance is the “pepper-pot” technique [105].

The technique is aptly named, as the measurement is performed by placing

an aperture array, whose aperture distribution bears a striking resemblance

to a pepper-pot, in the beam path between the source and detector. Fig-

ure 5.16 shows a schematic of the measurement. Provided the apertures are

appropriately sized and spaced, beamlets will be formed in the pepper-pot

plane, which diverge with propagation. The divergence provides a measure-

ment of the velocity spread as a function of the position across the beam.

This is essentially a direct phase-space distribution measurement, and thus

allows for the determination of emittance. The technique has been used for

many years in the field of high energy beam physics, due to the (relative)

ease of measurement and the high level of measurement precision. It has
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been used to characterise electron and ion beams [172–176] and also neu-

tron beams [177]. The technique is not as popular with the low energy beam

community, as beam emittance of convential sources is typically so large that

upon propagation, beamlets overlap, and a value for the emittance cannot

be extracted.
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Figure 5.16: Schematic depicting the pepper-pot technique. A mask is placed
in the electron beam, forming beamlets in the source plane. The beamlets of
separation xpp and width σxj propagate a distance L, during which they expand
due to thermal growth, leading to a new separation Xpp and width σXj . Measuring
the growth for multiple beamlets allows for the calculation of the source emittance.

The production of arbitrarily distributed electron bunches has shown that

electrons from a CAES display minimal diffusion and expansion during prop-

agation and thus demonstrate low emittance. Bunch shaping also allows for

the novel implementation of a pepper-pot measurement without the need for

a beam mask. The excitation laser distribution can be modulated to excite
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a pepper-pot distribution of atoms. The ionisation laser orthogonal to the

excitation laser produces a pepper-pot distribution of electrons which, after

extraction, can be used to calculate the velocity spread of electrons as a func-

tion of position across the beam. Figure 5.17 shows the novel implementation

of the pepper-pot scheme in the CAES system. It should be emphasised that

this measurement yields the beam emittance at the source. Measurement

of the source emittance imposes an upper limit to the emittance of an elec-

tron beam with any source size. Except for the case of a uniform ellipsoidal

bunch, the greatest emittance growth occurs at the beam edges [34]. The

emittance measured with the pepper-pot at the source is therefore greater

than the emittance one would measure if the whole atom cloud was ionised,

and the emittance measured with a mechanical pepper-pot mask at some

point downstream. Thus a pepper-pot measurement made at the source will

yield the largest emittance, and any beam used for an experiment will have

a smaller emittance. In additional to giving an upper limit to the emittance,

provided a low current beam is used, this pepper-pot configuration allows for

the emittance growth of the entire electron transport system to be charac-

terised. Each beamlet will have an identical phase space distribution upon

creation, and any distortion which appears on beamlets can be attributed to

the lens transport system.

Firstly, an expression for the emittance as a function of the geometric

parameters must be derived. Defining L as the distance between the pepper-

pot plane and the detector plane, it is obvious for a given detector resolution

that a larger value of L increases the measurement accuracy. For a fixed

electron beam radius in the pepper-pot plane, the beam divergence is given

by x� = x�
n/γ, where x�

n is the normalised beam divergence and γ is the
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Figure 5.17: Geometry of the pepper-pot method in a CAES. The beamlets are
formed in a 40 kV/m field, and the expansion is measured after a propagation of
L = 24.6 cm. Divergence of the jth beamlet is inferred from the growth in σxj and
the magnification of the transport system in inferred from the ratio of the peak to
peak distance, Xpp/xpp. The uppercase and lowercase symbols denote the source
plane and detector plane co-ordinates respectively.

Lorentz factor. For different beam energies (γ values), x�
n is a constant,

meaning a lower energy is desirable to increase measurement accuracy for

a given detector resolution. However, both increasing L and decreasing γ

increase emittance dilution due to space-charge interactions. The value of L

was fixed at 24.6 cm and the electron beam energy was 1 keV.

Without loss of generality, the two dimensional problem of the pepper-

pot can be simplified to a one dimension problem via the establishment of

coordinates transverse to the beam propagation and along a symmetry of the
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pepper-pot mask. Integration along each axis provides two orthogonal “slit”

arrays. The analysis of beamlet propagation for each slit is identical, meaning

only the one dimensional problem of extracting an emittance from beamlets

formed by an array of slits need be solved. The emittance measurement

extracted from the pepper-pot technique is not the true (mathematical) beam

emittance. The measured value is based on a subset of electrons rather than

the whole beam, and there will always be some contribution to the expansion

due to space charge repulsion. The former can be improved with increased

number of apertures in the pepper-pot mask, but is ultimately limited by

detector resolution and propagation distance. Given a detector resolution

of Δ, the propagation length L should be at least Δp/2x�, where p is the

number of slits [178].

Two coordinate systems are used: x in the plane of the slit and X in

the plane of the detector. Both are assumed to have the same scale. It is

also assumed the the slit width is small compared to the beam size, such

that each beamlet is defined by its central coordinate xi for modelling the

geometry. Finally, L must be small enough to ensure there is no overlap

between adjacent beamlets on the detector. Given this, an expression for the

transverse emittance �x as a function of the slit position (xsj), mean position

of slits in the detector plans (X̄j) and Root Mean Square (RMS) slit size in

the detector plane (σj) can be found.

Slit emittance derivation

Extraction of beam emittance is notoriously tricky. Care must be taken to

not lose track of scaling factors, and importantly, to know the relationship

between the measured emittance and the mathematical emittance. There
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are many sources detailing methods more the extraction of emittance from

pepper-pot data [172–174, 178], but for clarity, the method used for calcu-

lations in this thesis is given explicitly in this section, which follows refer-

ence [178]. From equation 2.37, the emittance is given by β �̄ x, where:

�̄2x = �x2��x�2� − �xx��2,
✄✂ �✁5.35

so expressions for �x2�,�x�2� and �xx�� must be calculated.

Before the pepper-pot mask, the total number of particles is N0, each

with position and momenta (xi, yi) (x
�
i, y

�
i) respectively. From figure 5.17, it

is clear that

x�
i ≡

Xi − xi

L
.

✄✂ �✁5.36

The RMS emittance is given by equation 2.36, with the ensemble averages

given explicitly as:

�x2� ≡ 1

N0

N0�

i=1

(xi − x̄)2
✄✂ �✁5.37

where the mean position x̄ is defined by

�x� = x̄ =
1

N0

N0�

i=1

xi

✄✂ �✁5.38

and

�xx�� ≡ 1

N0

N0�

i=1

(xi − x)(x�
i − x̄�).

✄✂ �✁5.39

Now a transmission mask is applied to the beam, being completely transmis-

sive for each slit and opaque otherwise. This leaves a subset of N electrons,

each with position and momentum as previously defined. It is the emittance

of this subset that will be calculated, with the only changes to previous equa-

tions being the replacement of N0 with N . To find a useful expression for �x,
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equations 5.37, 5.40 and 5.39 must be expressed in terms of experimentally

measurable quantities.

The mean position of the electrons can be rewritten as:

x̄ = �x� = 1

N0

N0�

i=1

xi

=
1

N




n1�

i=1

x1i +

n2�

i=1

x2i + . . .+

np�

i=1

xpi




≈ 1

N

�
n1xs1 + n2xs2 + . . . npxsp

�
=

1

N

p�

j=1

njxsj

✄✂ �✁5.40

where p is the number of slits, xsj (j = 1, 2, . . . , p) is the j-th slit position,

nj is the number of electrons passing through the j-th slit and xji (j =

1, 2, . . . , p and i = 1, 2, . . . , nj) are the positions of the electrons passing

through the j-th slit. The set {xji} is identical to {xi|i = 1, 2, . . . , N},

and
p�

j=1

nj = N.
✄✂ �✁5.41

This grouping scheme is also applied to detector spot locations {Xji} and

beamlet divergences {x�
ji}.
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The mean divergence can also be rewritten as:

�x�� = x̄� =
1

N

N�

i=1

x�
i =

1

N

N�

i=1

Xi − xi

L
from equation 5.36

≈ 1

NL




n1�

i=1

X1i − n1xs1 +

n2�

i=1

X2i − n2xs2 + . . .+

np�

i=1

X1p − npxsp




=
1

NL

�
n1


 1

n1

n1�

i=1

X1i − xs1


+ n2


 1

n2

n2�

i=1

X2i − xs2


+ . . .

+ np


 1

np

np�

i=1

Xpi − xsp



�
. ✄✂ �✁5.42

The mean divergence of the j-th beamlet is

x̄�
j ≡

1
nj

�nj

i=1 Xji − xsj

L
,

✄✂ �✁5.43

and given the mean position of the j-th spot in the detector plane is

X̄j ≡
1

nj

nj�

i=1

Xji,
✄✂ �✁5.44

the mean divergence can be rewritten as

x̄�
j =

X̄j − xsj

L
.

✄✂ �✁5.45

Equation 5.42 then becomes

�x�� = 1

N

�
n1x̄

�
1 + n2x̄

�
2 + . . .+ npx̄

�
p

�
=

1

N

p�

j=1

njx̄
�
j.

✄✂ �✁5.46

The mean divergence of particles passing through the j-th slit is the
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average over the divergences of particle passing through the slit, thus

x̄�
j =

1

nj

nj�

i=1

x�
ji.

✄✂ �✁5.47

The first quantity that must be expressed in terms of measurable quan-

tities is �x2�. Directly evaluating the ensemble average:

�x2� = 1

N

N�

i=1

(xi − x̄)2

=
1

N




n1�

i=1

(x1i − x̄)2 +

n2�

i=1

(x2i − x̄)2 + . . .+

np�

i=1

(xpi − x̄)2




≈ 1

N

p�

j=1

nj(xsi − x̄)2

✄✂ �✁5.48

and

�x�2� = 1

N





N�

i=1

(x�
i − x̄�)2





=
1

N

�
n1�

i=1

�
(x�

1i − x̄�
1) + (x̄�

1 − x̄�)
�2

+

n2�

i=1

�
(x�

2i − x̄�
2) + (x̄�

2 − x̄�)
�2

+ . . .+

np�

i=1

�
(x�

pi − x̄�
p) + (x̄�

p − x̄�)
�2
�

=
1

N

�
n1�

i=1

(x�
1i − x̄�

1)
2 + 2

n1�

i=1

(x�
1i − x̄�

1)(x̄
�
1 − x̄�) +

n1�

i=1

(x̄�
1 − x̄�)2

+

n2�

i=1

(x�
2i − x̄�

2)
2 + 2

n2�

i=1

(x�
2i − x̄�

2)(x̄
�
2 − x̄�) +

n2�

i=1

(x̄�
2 − x̄�)2 + . . .

+

np�

i=1

(x�
pi − x̄�

p)
2 + 2

np�

i=1

(x�
pi − x̄�

p)(x̄
�
p − x̄�) +

np�

i=1

(x̄�
p − x̄�)2

�
.✄✂ �✁5.49
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From equation 5.47:

nj�

i=1

(x�
ji − x̄�

j) ≡ 0 ∀j = 1, 2, . . . , p
✄✂ �✁5.50

hence,

�x�2� = 1

N

� n1�

i=1

(x�
1i − x̄�

1)
2 + n1(x̄

�
1 − x̄�)2

+

n2�

i=1

(x�
2i − x̄�

2)
2 + n2(x̄

�
2 − x̄�)2 + . . .

+

np�

i=1

(x�
pi − x̄�

p)
2 + np(x̄

�
p − x̄�)2

�
.

✄✂ �✁5.51

The RMS divergence of the j-th beamlet is defined to be:

σx�
j
≡

���� 1

nj

nj�

i=1

(x�
ji − x̄�

j)
2.

✄✂ �✁5.52

Squaring this,

σ2
x�
j
=

1

nj

nj�

i=1

(x�
ji − x̄�

j)
2

=
1

nj

n1�

i=1

�
Xji − xsj

L
− X̄j − xsj

L

�2

from equations 5.47 and 5.45

=
1

nj

n1�

i=1

�
Xji − X̄j

L

�2

≡
�
σj

L

�2

✄✂ �✁5.53

where the RMS spot size of the j-th beamlet in the detector plane has been

used:

σj ≡

���� 1

nj

nj�

i=1

(Xji − X̄j)2.
✄✂ �✁5.54
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Combining the RMS divergence σx�
j
with 5.51 yields

�x�2� = 1

N

p�

j=1

�
njσ

2
x�
j
+ nj(x̄

�
j − x̄�)2

�
(Xji − X̄j)

2.
✄✂ �✁5.55

The correlation �xx�� is:

�xx�� = 1

nj

N�

i=1

(xix
�
i − xix̄− x̄x�

i + x̄x̄�)

=
1

N

N�

i=1

xix
�
i − x̄x̄�

≈ 1

N




n1�

i=1

xs1x
�
1i +

n1�

i=1

xs2x
�
2i + . . .+

n1�

i=1

xspx
�
pi −Nx̄x̄�




=
1

N

�
n1xs1x̄

�
1 + n2xs2x̄

�
2 + . . .+ npxspx̄

�
p −Nx̄x̄�

�

from equation 5.47

=
1

N




p�

j=1

njxsjx̄
�
j −Nx̄x̄�


 .

✄✂ �✁5.56

With expressions for �x2�, �x�2� and �xx�� in terms of measurable quanti-

ties, a value for the emittance can be calculated from:

�̄2x = �x2��x�2� − �xx��2,
✄✂ �✁5.57

using equations 5.48, 5.55 and 5.56:

�̄2x ≈ 1

N2

�


p�

j=1

nj(xsi − x̄)2






p�

j=1

�
njσ

2
x�
j
+ nj(x̄

�
j − x̄�)2

�
(Xji − X̄j)

2




−




p�

j=1

njxsjx̄
�
j −Nx̄x̄�



�

✄✂ �✁5.58
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This analysis is only in one dimension, but the extension to two dimen-

sions is trivial. As explained earlier, a two dimensional pepper-pot analysis

can be collapsed into two one-dimensional slit analyses by integrating along

orthogonal axes of symmetry in the pepper-pot mask. Thus, if the propaga-

tion geometry, slit locations xi and Xi along with the widths σxi
and σXi

are

known the emittance can be calculated using equation 5.58.

Emittance measurement

Equation 5.58 provides a way to determine the emittance, provided the ex-

perimental geometry is known. The electron distribution in the pepper-pot is

assumed to be the same as the excitation laser profile, which is imaged using

a cooled interline transfer Charge-Coupled Device (CCD) camera. The distri-

bution in the detector plane comes from an image of the MCP, recorded with

another cooled interline transfer CCD camera. The full experimental details

are given in chapter 3. Figure 5.18 shows a schematic of the experiment.

Two distinct data sets were collected: the first with atomic excitation using

a 50µs laser pulse, and the second using a 110 fs laser pulse for excitation.

As shown in the thermal diffusion measurements, electrons produced from

µs excitation display the low emittance desired for electron diffraction. The

aim of these experiments was to demonstrate that electrons produced with

fs laser excitation retain the low emittance that is achieved with µs excita-

tion. In addition, by altering the ionisation laser wavelength, the behaviour

of emittance as a function of internal bunch energy can be investigated.

For the 50µs excitation pulse, the emittance was determined with two

distinct pepper-pot masks: a 6 × 5 aperture array was used for the low

excess energy data (λ > λ0), and a 3 × 3 mask for the higher energy data
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Figure 5.18: Schematic of the experimental set up for emittance measurement.
a) A shaped 50µs or 110 fs laser pulse was used to excite a pepper-pot distribution
of atoms in the x− y plane, which were subsequently photo-ionised by a 5 ns laser
pulse. The electrons were accelerated for 2.5 cm by a 40 kV/m DC electric field,
expanded under free propagation for 21.6 cm and were imaged using a phosphor-
coupled MCP detector. b) Relevant energy levels in rubidium.

(λ < λ0). For the 6 × 5 mask, the aperture separation was xpp = 400µm

and the aperture diameter Γxj
= 120µm. For the 3 × 3 mask, the aperture

separation and diameter were Xpp = 1.5mm and ΓXj
= 165µm respectively.

Two masks were used, to maximise the measurement precision: the design

of the 3× 3 mask ensures the beamlets do not overlap at lower wavelengths,

which was not possible to with the larger number of apertures in the 6 × 5

mask.

Figure 5.19 shows the pepper-pot excitation laser profiles (5.19a and 5.19c)

and the detected electron signals at λ = 481.700 nm are shown λ = 478.975 nm

(5.19b and 5.19d). A slight skew on the images can be seen due to residual

magnetic fields during propagation. An intensity variation between beam-

lets was also observed, which was due to the density profile of the trapped

atoms. For the 3×3 pepper-pot, the largest possible source size was desired,

reducing the number of electrons produced on the outer edge of the bunch.
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Figure 5.19: Pepper-pot images used to extract the emittance of electron bunches
produced with µs excitation. a) Excitation laser profile used for the λ > λ0 data.
b) Extracted electron singnal at λ = 481.700 nm. c) Excitation laser intensity for
the λ < λ0 data. d) Electrons extracted at λ = 478.975 nm.

For calculation of the emittance, a sequence of 50 single-shot measure-

ments was taken at each ionisation wavelength, and both �̄x and �̄y were cal-

culated for each shot. The radial emittance �r is defined through �2r = �2x+�2y,

and the combination of the 50 shots and equation 2.37 yields the mean value

for �r. Uncertainties were calculated from the combination of systematic er-

rors and the statistical deviation of the 50 shots. Equations 2.44 and 5.33

allow the theoretical emittance for a given ionisation energy to be calcu-

lated. Figure 5.20 shows the measured emittance as a function of the excess

ionisation energy (relative to λ0), and the calculated theoretical emittance.
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Figure 5.20: Measured radial emittance for µs excitation. Each point represents
the average of 50 single-shot measurements with uncertainties calculated from the
combination of the statistical deviation of the 50 shots and systematic uncertain-
ties. The dashed line is the theoretical emittance plot from equations 2.44 and 5.33.
The minimum achieved emittance �r = 140 nm rad is marked as a solid line.

The structure is as predicted in § 5.2, namely that well below thresh-

old, there is minimal growth in transverse energy. No transverse energy

growth is observed because the Coulomb potential is lowered by the Stark

potential only in the +z direction. The presence of the saddle point allows

electrons to be emitted into a “cone” of angle α = πβ c relative to +z. For

ΔE ≈ Esp, electrons are emitted almost exclusively along α = 0, corre-

sponding the the coldest electrons. As the electron energy is increased, the

emission cone increases, but no appreciable rise in the emittance is observed

until ΔE > −5meV. To understand this, the light-atom interaction must

again be considered. Electrons interact with the light field via a dipolar

interaction, which is polarisation dependent. For all experiments, the ionisa-

tion laser polarisation was directed along E, meaning the initial momentum

distribution accessible to the electrons is proportional to cos2 θ, where θ is

the angle from the z−axis. Figure 5.21a shows the dipolar emission spec-

trum. As the maximum emission angle increases with energy, with an energy

of ΔE ≈ −13meV, the majority of the +z emission lobe has been swept
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out, and until there is significant overlap with the second, up-field lobe, no

further electron emission is expected. With an energy of ΔE ≈ −5meV, up-

field emission begins to become accessible, meaning no change in the electron

beam is expected in the −13meV < ΔE < −5meV region. When electrons

are emitted along −z, they experience strong scattering from the nucleus, as

they pass near r = 0. This scattering leads to an increase of the velocity

spread of the electrons and hence an increased emittance.
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Figure 5.21: Total electron yield verses allowable emission angle. If electrons can
be emitted within a cone of angle α, the relative number of electrons that can be
produced will be determined by the overlap of the emission cone and the allowed
dipolar emission pattern. a) Dipolar emission spectrum and possible angular emis-
sion from the combined Coulomb and Stark potentials. b) The computed electron
yield as a function of emission angle.

Another effect of the dipolar interaction between the electron and light

field, is the number of electrons produced as a function of energy. As only

a range of emission values are accessible for a given electron energy, some

electrons will be driven into regions of the potential they cannot escape. As

the energy increases, the range of accessible angles increases and the over-

lap with the dipole spectrum increases. The (relative) number of electrons

159



CHAPTER 5. ELECTRON SOURCE CHARACTERISATION

produced for a given angle can be computed via the overlap of emission:

Ne(β c) =

� π
β c
cos2(α)dα

� π
0
cos2(α)dα

=
1

π

�
β c +

sin(2β c)

2

�
.

✄✂ �✁5.59

Figure 5.21b shows equation 5.59 evaluated over the range 0 < β c < π. No

electrons are emitted perpendicular to the electric field, and the number of

electrons remains roughly constant after the first lobe until there is overlap

with the second lobe.

The emission angle β c is determined by the electron energy and electric

field strength (equation 5.15). For a fixed field strength, a given electron

energy will define β c and hence the (relative) number of electrons produced.

The number of electrons can then be calculated as a function of electron

energy (figure 5.22).
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Figure 5.22: Electron fraction produced verses excess energy. A value of electron
energy determines β c (equation 5.15), and the overlap between the emission cone
defined by β c and the dipolar emission can be calculated (equation 5.59).

The above argument is based upon the fact the electrons with emission

angles β < β c cannot escape the potential. For a Hydrogen atom, the po-

tential is exactly given by equation 5.1, and an electron with β < β c cannot
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escape. However, for other alkali atoms, the shielding of the ionic core by

the inner shell electrons results in a perturbation of the potential and ulti-

mately results in different scattering behaviour [57]. Initially, electrons will

be given an emission angle β determined by the ionisation laser polarisation.

If β < β c, the electron cannot be emitted, but it can scatter from the shielded

ion, and acquire a new emission angle β > β c, resulting in electron emission.

While this suggests that the electron yield should be independent of β c, this

does not match observation. Further investigation into the angular depen-

dence of electron yield with Esp < ΔE < 0 is required, ideally finding the

electron energy which maximises the electron current while producing the

coldest electrons.

Once the energy ΔE > 0, electrons can be emitted in all directions, but

in the region 0 < ΔE < −Esp, the electronic trajectories are still influenced

by the ionic core. As the energy is increased, the effect of the Coulomb

interaction is reduced and the electron trajectories mirror ballistic trajecto-

ries, that is, only the Stark potential need be considered. Figure 5.23 shows

the electronic potential along the line x = y = 0, displaying the regions

where different dynamics occur. In summary, electrons are not produced for

E < Esp, are not emitted isotropically for Esp < E < 0, are emitted isotrop-

ically but experience significant scattering for 0 < E < −Esp and are not

strongly influenced by the Coulomb interaction for E > −Esp.

To illustrate the different regimes of electron emission, the electron trajec-

tories over a range of emission angles were calculated (as described in § 5.2)

for a selection of energy values, shown in figure 5.24. For ΔE < 0, emission

with an angle near β c results in highly complicated trajectories, with one or

more z axis crossings. For ΔE > 0, trajectories with β ≈ 0 undergo sig-
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Figure 5.23: The electronic potential along the line x = y = 0. Electrons are
not produced for E < Esp, are not emitted isotropically for Esp < E < 0, still
experience significant scattering for 0 < E < −Esp and are not strongly influenced
by the Coulomb interaction for E > −Esp.

nificant scattering due to passing near to the parent ion. As E increases to

ΔE ≥ −Esp, scattering from the ion becomes less prevalent and the electron

can effectively be modelled in the Stark potential alone.

Relating these ideas back to the measured emittance in figure 5.20, the

solid line on figure 5.20 indicates the lowest emittance achieved, correspond-

ing to electron emission along +z only, measured to be �r = 140±10 nm rad.

It must be emphasised that this emittance is for a source size of σr = 3.0mm,

meaning this already very small emittance can be significantly reduced by

decreasing the source size. Around ΔE = −5meV, the emittance begins to

increase as emission up-field is allowed, hence we see an increase in emittance.

Above threshold, the emittance closely matches the predicted values. In the

context of producing electrons for diffraction imaging, the ionisation energy

of the laser can be placed well below threshold, in the region of maximum

efficiency to produce the highest current bunch with the lowest emittance.

The emittance can equivalently be expressed as an apparent temperature,
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Figure 5.24: The electronic potential along the line x = y = 0. Electrons are
not produced for E < Esp, are not emitted isotropically for Esp < E < 0, still
experience significant scattering for 0 < E < −Esp and are not strongly influenced
by the Coulomb interaction for E > −Esp.

T = E/kB, through:

�r = σr

�
kBT

mec2

✄✂ �✁5.60

where σ2
r = σ2

x + σ2
y defines the radial source size σr. Figure 5.25 shows the

apparent electron temperature as a function of excess ionisation energy. The

theoretical plot is given by T = E/kB. Again, in the region below the ionisa-

tion threshold, the temperature is approximately constant, with a minimal

temperature of T = 12.6 ± 1.1K, marked with a solid line. This value is

163



CHAPTER 5. ELECTRON SOURCE CHARACTERISATION

consistent with the previous measurement of temperature using the diffu-

sion of the bunch boundary (§ 5.3.1). An increased temperature is observed

around the ionisation threshold, consitent with the growth in emittance, but

at higher ionisation energies the results match the predicted values. The tem-

perature is consistently above the theoretical value, but this is not surprising,

as any growth in emittance due to the environment (accelerator aberrations,

space-charge, etc.) is interpreted as elevated source energy.
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Figure 5.25: Apparent electron temperature as a function of excess ionisation
energy for µs excitation. As with the emittance data, each point represents the
average of 50 single-shot measurements with uncertainties determined from the
combination of the statistical deviation of the 50 shots and systematic uncertain-
ties. The dashed line is the theoretical electron temperature, calculated assuming
the excess ionisation energy is converted to kinetic energy. The minimum temper-
ature T = 12.6K is marked as the solid line.

The experiment was then repeated for electrons produced with a 110 fs

excitation pulse. A single 3 × 3 pepper-pot mask was used for all ionisa-

tion wavelengths, with the parameters used for fs excitation slightly altered

compared to µs excitation. The changes were made due to optimisation of

the Magneto -Optical Trap (MOT) which led to an increase in atom num-

ber, allowing for an increased source size. The aperture separation used was

xpp = 1.9mm with a diameter of Γxj
= 290µm. Figure 5.26a shows the

pepper-pot laser intensity and 5.26b shows the detected electron signal at
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λ = 478.00 nm.

2 mm 2 mm

a b

Figure 5.26: Pepper-pot images used to extract the emittance of electron bunches
produced with femtosecond excitation. a) A CCD image of the pepper-pot laser
pulse used to excite the atom cloud. b) The detected electron signal for an ionisa-
tion wavelength of λ = 478.00 nm.

Again, 50 single-shot images were taken at varying ionisation wavelengths,

and the emittance extracted. Figure 5.27 shows the measured radial emit-

tance for femtosecond excitation, in addition to the previously measured

microsecond excitation results. The theoretical emittance values are dis-

played, with the difference between the theoretical plots due to the different

source sizes of used for microsecond and femtosecond excitation, 3.0mm and

5.2mm. The overall structure is somewhat similar between the two data

sets, namely the emittance in the region far below ionisation threshold yields

a near-constant emittance, and at larger ionisation energies, the measured

values are close to the predicted values.

The production of cold electrons from femtosecond excitation has been

discussed previously, but the mechanism is particularly evident in transition

from region i to ii. In region i, atoms are being coupled to Rydberg states

from the coherently excited 5P3/2 state, so the broadband laser is operating
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in a narrow linewidth capacity, and there is minimal initial energy spread.

However, once the energy of the ionisation laser is sufficient to directly cou-

ple the 5P3/2 state to the continuum (region ii), two-colour photoionisation

can lead to an initial energy spread due to the large near-resonant band-

width of the excitation pulse. With increased ionisation energy, a decrease

in emittance is observed. This suggests that the scattering cross sections

for the near-resonant two-colour photoionisation pathways which lead to the

observed energy spread in region ii have been suppressed, but this is not

well-understood.
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Figure 5.27: Measured radial emittance for electron bunches with fs and µs
excitation. The emittance is plotted as a function of excess ionisation energy.
Each point represents the mean of 50 single-shot measurements with error bars a
combination of the statistical deviation of the 50 shots and systematic errors. The
dashed lines are theoretical emittance values.

The structure of the emittance as a function of energy observed for µs is

also observed in the fs excitation data, but is much more prominent. Below

−5meV, the ionisation efficiency was poor, which is reflected in the large

error bars. Here is where the coldest electrons are being produced, only being

emitted along +z, but the constraint of dipolar emission results in relatively

low ionisation efficiency. Region i marks where the efficiency is observed

to increase, corresponding to the emission cone defined by β c overlapping
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with the up-field dipole emission lobe. With E → 0, the efficiency increases

and β c → 0, meaning emission along −z is possible. Emission along −z

results in significant scattering and an increased emittance. Above ΔE =

0, the large bandwidth contributes as previously discussed, resulting in a

dramatically increased emittance. As ΔE approaches −Esp, the emittance

is expected to decrease due scattering being suppressed, which is observed.

For the ns bunch data, a discrete drop in emittance is observed at ΔE =

−Esp = 15.2meV, which is not understood, as the influence of the ion does

not discretely vanish.

The fs excitation emittance is consistently observed to be greater than

the µs excitation emittance, which is attributed to space-charge expansion.

Electron bunches produced with µs excitation have a pulse duration of 5 ns

(bunch length 10 cm), and correspondingly space-charge dilution of the emit-

tance is negligible. For electron pulses of order 150 ps (bunch length 3mm),

given the same total charge, the density increases by a factor of 30. As dis-

cussed in § 2.6, the prevalence of Coulomb interactions within a bunch is de-

termined by the Debye length λD. The bunch charge can be estimated (§ 5.4)

and with this, a value for λD calculated. For the ns pulses, λD ≈ 50σr and for

ps pulses, λD ≈ 5σr. Coulomb interactions can be ignored for λD � σr and

conversely, if λD � σr the beam is space charge dominated. Thus, for the

ps bunches, space-charge interactions are expected to contribute to the emit-

tance. In region i, an increase in emittance is measured when the ionisation

efficiency is observed to increase, meaning that any space charge effects will

be exacerbated. This accounts for the sharper rise in emittance in region i

for the ps bunches compared to the ns bunches, where Coulomb interactions

are not expected to contribute. Region i is also where the optimal electron
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bunches are produced; that is, with high efficiency and low emittance, with

the lowest emittance measured to be �r = 538± 26 nm rad for a radial source

size of σr = 5.2mm.

Above the field-free ionisation threshold, each individual emittance mea-

surement generally has a small uncertainty, and a large uncertainty is indica-

tive of a large range of emittance values being measured across the 50 shot

sample. To illustrate this, figure 5.28 shows a histogram of the 50 emittance

values extracted for �r at two ionisation energies: −2.92meV and +5.73meV.

The spread of results is much greater for ΔE = +5.73meV, and the distribu-

tions at each wavelength are somewhat different. For the ΔE = −2.92meV

case, the distribution is approximately normal, and although the same could

be said about the ΔE = +5.73meV data, the distribution is much more uni-

form and there is the presence of a second statistically significant peak. The

interpretation of the large energy spread comes back to two-colour photoion-

isation causing an initial energy spread. Once the ionisation laser energy is

greater than the field free ionisation threshold, due to the large near-resonant

bandwidth of the excitation pulse, additional pathways for ionisation are

available, resulting in an increased energy spread.

Figure 5.29 shows the measured temperatures for femtosecond excitation,

in addition to the previous microsecond excitation results. As the theoreti-

cal temperature is given by ΔE/kB, the source size is effectively scaled out,

meaning both data sets should follow the same trend. As with the previous

data, the optimal electron bunches for diffraction purposes are created by

high efficiency below threshold ionisation (region i), and in this regime, an

electron temperature of T = 55.4 ± 5.5K was measured. It should be reit-

erated that the theoretical plot comes from assuming that all emittance (or
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Figure 5.28: Histogram of the 50 electron bunch emittance measurements
with fs excitation. As a comparison, an ionisation energy below threshold
ΔE = −2.92meV was used along with a value above threshold, ΔE = +5.73meV.

apparent temperature) growth is due entirely to the excess ionisation energy

of the laser, and does not include the alterations to velocity spread due to

the Coulomb potential of parent ions.

5.4 Electron source parameters

Experiments undertaken in this chapter allow for calculation of source pa-

rameters, which facilitates comparison to other sources and allows identifi-

cation of potential areas for improvement. The main measured results of

the chapter are displayed in table 5.1. The results for microsecond excita-

tion are consistent with each other, as well as another indirect measurement

of source parameters based on fringe visibility and partial coherence the-

ory [171], and are also consistent with parameters measured from another

rubidium CAES [170]. The results from femtosecond ionisation are slightly

elevated relative to the microsecond excitation, but further work should al-

low for mirroring of the electron bunch properties from µs excitation onto
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Figure 5.29: Apparent electron temperature as a function of excess ionisation
energy. As with the emittance data, each point represents the average of 50 single-
shot measurements with uncertainties calculated from the combination of the sta-
tistical deviation of the 50 shots and systematic uncertainties. The dashed line is
the theoretical electron temperature.

Experiment
Emittance Temperature Coherence length
(nm rad) (K) (nm)

Thermal diffusion 116± 29 10± 5 10± 3
Pepper-pot (µs) 140± 10 8.4± 0.7 11.8± 1.1
Pepper-pot (fs) 538± 26 55.4± 5.5 4.0± 0.2

Table 5.1: Summarised results of electron source measurements. The source
sizes were σr = 2.8mm, σr = 3.0mm and σr = 5.2mm for the the diffusion, µs
pepper-pot and fs pepper-pot experiments respectively.

the electron bunch properties from femtosecond excitation.

An accurate measurement of charge was not possible with the instrumen-

tation available. Because of this, the beam current, and hence brightness,

could not be calculated. Approximations can be made to estimate the charge

to allow for source comparison. The MOT atom cloud has in excess of 109

atoms. For illumination by a resonant laser, it is very reasonable to assume

in the steady state, greater than 20% of illuminated atoms will be in the

excited state. With a similar assumption, when the ionisation laser is used,

it is reasonable to assume 50% of the illuminated excited state population
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Experiment Ne I (µA) Bn⊥ (A/m2rad2)

Thermal diffusion 3.8× 105 12.6 2.3× 107

Pepper-pot (µs) 4.1× 105 13.1 1.7× 107

Pepper-pot (fs) 6.2× 105 660 5.8× 107

Table 5.2: Lower bound of electron brightness estimates. The estimates are
derived from the atomic density of the trapped atoms, the ionisation volume and
assuming 10% ionisation efficiency.

�r Lc I τ Bn⊥
(nm rad) (nm) (A) (ps) (A/m2rad2)

UED requirements < 20 > 10 1.6× 10−2 10 1012

Table 5.3: Table of source requirements for UED. Values are taken from refer-
ence [39].

are ionised, resulting in a total ionisation efficiency of 10%. Obviously, this

number should be a lower bound, but regardless of its actual value, the effi-

ciency can be improved upon; coherent excitation techniques have been used

to achieve population transfer with high efficiencies [66, 67]. Assuming a

Gaussian atom cloud distribution, the number of electrons in the excitation

volume defined by σr and the width of the ionisation laser pulse (100µm)

can be estimated. Table 5.2 shows the electron number estimates and associ-

ated brightness estimates. It should be emphasised that these estimates are

very much lower bounds, owing to the conservative estimates in ionisation

efficiency and pulse length. Shown in table 5.3 are the requirements for UED

as given by reference [39].

Whilst it may appear the values from a CAES are not able to satisfy the

source requirements, it must be noted the the values quoted for the CAES

are for these particular experiments. To clarify this point, the experimen-

tal parameters required to achieve UED will be considered. To achieve an

emittance of 20 nm rad, given a source temperature of 10K, the required

171



CHAPTER 5. ELECTRON SOURCE CHARACTERISATION

source size is approximately 500µm. The coherence length is independent

of the source size, and for 10K is approximately 10 nm. A brightness of

2× 1012 A/m2rad2 is achieved if a charge of 2.3 pC is obtained. Experimen-

tally, the most practical way to improve this is with an increase in atomic

density. With an improvement in peak density by a factor 30 and assuming

an improved ionisation efficiency of 30%, these charge requirements are ful-

filled. As discussed in § 2.3.2, there are many well established techniques for

increasing the atomic density, most of which provide a pathway to increase

the density by a few orders of magnitude. Such techniques require further

development of the CAES apparatus, but these are technical advances; they

are not physical problems that need to be addressed. With further develop-

ment of a CAES, the brightness requirements for UED can be met, and with

further optimisation, should be surpassed.

The dynamics of electrons produced via near threshold ionisation have

been investigated, and understanding the electronic interaction with the ionic

core is necessary for interpreting the measured photoelectron signals. The

effect incorporating an ultrafast laser pulse in the photoionisation scheme

on the temporal component of the beam has been investigated. Due to the

quasi-coherent nature of the interaction, an electron pulse duration of ap-

proximately 150 ps is expected, and a bandwidth limited measurement gave

a pulse length estimate of 260 ps, much reduced from the 5 ns pulse pro-

duced when a 50µs laser pulse is used for atomic excitation. A pulse length

of 150 ps is short enough to achieve useful time resolved diffraction of bi-

ological systems [162]. Additionally, the short pulse length allows for the

implementation of well established RF compression techniques, allowing for

further bunch length reduction [35]. The transverse properties of the elec-
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tron beam were measured through two distinct methods, yielding consistent

results. The use of a broadband laser pulse was shown to produce cold

electron bunches, in addition to giving an insight into different ionisation

regimes. Currently, the optimum electron bunches that can be produced

from the Melbourne CAES have a pulse length of approximately 150 ps, a

temperature 12.6 ± 1.1K < T < 55.4 ± 5.5K and a coherence length of

4.0 ± 0.2 nm < Lc < 8.4 ± 0.7 nm. The brightness of these bunches is esti-

mated to be 1.7 × 107 A/m2rad2 < Bn⊥ < 5.8 × 107 A/m2rad2. With some

modest improvements to the system using well established techniques, elec-

tron bunches extracted from a CAES should be suitable for UED.
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6
Conclusion

T he research undertaken in this thesis demonstrates important steps for-

ward in the production of electron bunches capable of Ultrafast Electron

Diffraction (UED). A Cold Atom Electron Source (CAES) lies at the intersec-

tion of cold atom physics, electron accelerator/optical physics and diffraction

imaging. By exploiting techniques from each of these fields, the suitability

of this source to perform UED can be improved. Cold atomic physics allows

for the production of highly-coherent, cold electron bunches, while acceler-

ator technology can provide Radio Frequency (RF) compression, focusing

and other beam manipulation tools. RF techniques allow for the creation

of ultrafast pulses, providing high temporal resolution (sub-100 fs), which

when combined with well developed diffraction imaging techniques, should

allow for investigation of material structure with atomic resolution on atomic

time-scales.

Conventional electron sources suffer from high electron temperatures, re-

sulting in a low source coherence, and brightness must be sacrificed to pro-



duce illumination with sufficient coherence to observe interference. Through

near-threshold ionisation of cold atoms, the energy spread of the electrons can

be minimised, allowing for the creation of high coherence electron bunches

which display quasi-homogeneous source properties. Conceptually, the effec-

tive source size at some point in the electron beam is defined by the momen-

tum spread (temperature) at the source, and not by the physical size of the

source or of the electron beam, as is typical of conventional sources. The elec-

trons from a CAES are cold (approximately 10K), hence the initial coherence

is high, and the brightness need not be sacrificed to observe diffraction from

single molecules or nanocrystals. This is particularly important for UED of

biological samples, which are weakly scattering and thus require maximum

brightness.

Currently, no instrument exists that can produce a single-shot UED im-

age of a biological sample, primarily because there are no sources with suf-

ficient simultaneous brightness and coherence. One of the major hurdles in

the charged particle community is the creation of electron bunches which

do not display a growth in phase space volume under expansion. Electron

bunch shaping of a CAES allows for arbitrary control over the electron source

density distribution, facilitating the creation of uniform density ellipsoidal

bunches. Such bunches do not display phase space growth under expansion

and thus experience no degradation in coherence under propagation. Electron

bunch shaping also allows for source diagnostics as described in chapter 5,

which have the potential to be implemented in real time.

Control over the internal state of the atoms prior to ionisation allows

useful manipulation of the photoionisation process. Whilst this is the basis

for electron bunch shaping, it also allows for the production of short electron
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pulses, with a duration of approximately 150 ps . These pulses can be further

compressed to sub-100 fs, a requirement for UED.

Since the production of the first Ultracold Plasma (UCP) [83] and the

subsequent proposal of the CAES [56], there has been much development in

the field of electron production from cold atoms. Because of the infancy of

the field, the understanding of the source has been, and still is, evolving.

The material presented in chapter 2 developed the theory from a range of

disciplines, to provide a clearer picture of the underlying physics of a CAES.

It was shown that two-colour photoionisation provides a method for high

efficiency photoelectron production, and provides the ability to easily tune

the initial electron energy.

Two-colour ionisation allows for the production of zero kinetic energy pho-

toelectrons, but after electron extraction the energy spread of the electrons

increases. Simplistically, the initial energy spread of the electrons would

be determined by the ionisation laser linewidth, which should be of order

hundreds of milliKelvin, but temperatures of order 10K are measured. Pre-

vious work suggested that the fundamental source properties, such as the

lowest achievable electron temperature, are the result of plasma heating ef-

fects, such as Disorder Induced Heating (DIH) and Three -Body Recombina-

tion (TBR) [41, 42]. These effects act to increase the electron temperature,

but should only be present in high density plasma systems which are given

time to evolve. The effects of DIH can in principle be quenched by intro-

ducing order to the atomic system prior to ionisation, for example, placing

the atoms in an optical lattice. Simulations verified the concept that order-

ing does indeed reduce the electron temperature, however the system still

displays temperature much greater than that limited by the laser linewidth.
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To explain the elevated temperature, the individual electron dynamics post-

ionisation were considered, and shown to explain the observed electron be-

haviour.

The effects of finite temperature on beam quality were discussed. The re-

lationship between the electron temperature and coherence length, brightness

and emittance were described and the relationships between the quantities

were derived. This was done to allow calculation of all source parameters

from a single measurement, namely the source emittance. Sources of emit-

tance growth and methods for suppression were discussed. The experimental

realisation an ideal system was also described, including the high efficiency

transfer of a high density atomic sample into a high density, deep optical

trap prior to ionisation. Such a scheme allows for near unity ionisation ef-

ficiencies [66, 67] and speculatively, could facilitate the production of Fermi

degenerate electron bunches [72]. If achieved, this would produce the highest

brightness electron bunches.

The University of Melbourne CAES apparatus was detailed in chapter 3.

A complete description of the vacuum system, accelerator structure, laser

systems, electronic components and the interfacing of the components was

provided. The systems engineered to cool and trap atoms, and subsequently

to ionise them, were described. Of central importance to the project was the

installation of the Spatial Light Modulator (SLM) and associated beamline

to facilitate electron bunch shaping. Extensive work was also conducted to

characterise and optimise the extracted electrons. A system to integrate a

femtosecond laser system into the photoionisation scheme was designed, in-

cluding the system required to synchronise the laser pulse to the experiment.

To allow observation of electron diffraction, alteration to the initial ex-
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perimental system was altered. A diffraction beamline was designed and

constructed to ensure maximum flexibility for imaging, while ensuring prac-

ticality for usage. Beam steering optics were installed along with an Einzel

lens for beam manipulation. A sample stage was mounted to a linear manip-

ulation feedthrough and a system for moving the imaging detector to allow

multiple propagation geometries was added to facilitate appropriate sampling

of the diffraction pattern. The science chamber was altered during the in-

stallation of the diffraction chamber, with major alteration to the accelerator

structure.

The goal of producing ellipsoidal electron bunches was achieved by the

unique shaping ability of the CAES, described in chapter 4. The analytic

theory of the evolution of an atom in a near resonant light field was presented,

and the application to a three level atom given explicitly. The scheme allowed

for the engineering of the excited state and electron distributions via shaped

light fields. The theory and experimental realisation of arbitrary light field

production were presented. The application of shaped light fields to produce

arbitrarily shaped electron bunches was demonstrated, which highlighted the

high coherence of the electrons, which were seen to propagate with minimal

transverse diffusion. Compensating for the atomic density profile of the atom

cloud, uniformly distributed, two-dimensional ellipsoidal bunches were pro-

duced. Bunch shaping allows for the production of electron bunches whose

coherence properties are not degraded under propagation, which is required

for UED. More broadly, the production of uniform bunches means otherwise

intractable problems imposed by transverse and longitudinal Coulomb expan-

sion can then be reversed, to increase the brightness of electron injectors for

synchrotrons, X-ray free-electron lasers and particle accelerators [179]. The
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same principles could also be applied to cold-atom ion sources for imaging

or focused ion beam milling [180, 181], where the Coulomb explosion is less

important, but controlling the illumination [182] may enable optimisation of

resolution and throughput of the ion optics.

Source brightness is fundamentally limited by the phase space density

occupied by the beam. To understand the origin of the initial phase space

volume, a model for electron extraction was required. Adapting theory de-

veloped for photoionisation spectroscopy [96], chapter 5 shows calculations of

electron trajectories photoionised in a combined Stark and Coulomb poten-

tial, contrasting them against the ballistic trajectories which are calculated

ignoring interaction between the electron and ion. For small field strengths

and electron energies, strong scattering of the electrons from the ionic core

was observed. The electron velocity is altered by an amount determined by

the emission angle of the electron. For a CAES, such a model is required

to explain the photoelectron distributions measured, and agreement with ex-

perimental distributions was observed over a range of ionisation energies. It

is this interaction of the electron with its parent ion which is the dominant

factor in the finite electron temperature after extraction.

The temporal characteristics of the electron beam were investigated. By

integrating a femtosecond laser pulse into the ionisation scheme, a reduc-

tion of the electron duration from 5 ns is expected. A bandwidth limited

measurement of the rise time, 260 ps, gives an approximation of the pulse

duration. Theoretically, the pulse duration was calculated to be of order

150 ps, suitable for compression to the sub 100 fs regime [35].

With the integration of a femtosecond laser pulse, the necessarily large

bandwidth of the laser pulse was expected to degrade the coherence prop-
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erties of the electrons, with photoionisation leading to a range of electron

energies. An increase in temperature was not observed, and is explained

by two-colour quasi-coherent photoionisation. The research presented here

takes advantage of coherent excitation for the production of cold electrons,

but the coherent excitation process is also important for studying the dy-

namics of strongly coupled ultracold plasma [83], and recent demonstrations

of quantum gates and quantum communication [183,184].

To quantify the electron beam parameters, two techniques for the mea-

surement of the electron source parameters were developed. The ability to

control the electron bunch distribution provides unique methods for measure-

ment of the electron temperature. The velocity spread of the photoelectrons

from the source was directly measured as a function of excess ionisation laser

energy, and a minimum electron temperature of 10 ± 5K was observed. A

novel implementation of a conventional technique for direct phase-space mea-

surement, the pepper-pot, allowed for the determination of source emittance,

measured to be 140± 10 nm rad.

The effects of femtosecond excitation on the transverse beam quality were

investigated. Importantly, the measured emittance of 538 ± 26 nm rad was

only a slight increase compared to the emittance with microsecond excitation.

Thus, integration of femtosecond laser excitation allows for reduction in pulse

length with only a minor coherence reduction. This result represents a major

step forward in the development of the CAES as a candidate source for UED.

To quantify the potential of a CAES to produce electron bunches capa-

ble of UED, a summary of beam parameters were presented and discussed.

With modest improvements to the system, in particular, implementation of

methods to enhance the beam current, the brightness requirements to achieve
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single-shot UED should be achievable with a CAES.

The development of a source capable of UED of biological samples would

herald a new era for rational drug design and bioengineering. With sufficient

brightness, the CAES would be an ideal source for the imaging of protein

crystals [36]. Extraction of molecular structure with atomic resolution and

observation of dynamics on atomically relevant time-scales would provide un-

paralleled insight into protein systems. In most cases little is known about

the tertiary or quaternary structure, nor the dynamic behaviour of these

proteins, each of which critically influence function within complex biologi-

cal systems. Overcoming the degradation of coherence due to uncontrolled

Coulomb expansion, and optimisation of source brightness are crucial steps

toward the realisation of a system capable of UED of weakly scattering tar-

gets. The work in this thesis has demonstrated an apparatus capable of

producing short electron pulses with intrinsically high coherence, provides

a method for the alleviation of uncorrelated Coulomb expansion, develops

methods for efficient and accurate measurement of source parameters, and

demonstrates the suitability of CAES, provided further technical develop-

ment, for single-shot UED of biological samples.
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It is the mark of an educated
mind to be able to entertain
a thought without accepting
it.

Aristotle (384 BC - 322 BC) A
Laser cooling and trapping

Laser cooling relies on a light field incident on an ensemble of atoms. The
interaction between the light field and the atoms gives rise to the radiative
pressure. Each atom sees at Doppler shifted wavelength depending of it’s
velocity, meaning if the laser beam is red detuned with respect to an atomic
resonance, only atoms moving against the direction of laser propagation will
see resonant light. Subsequently, the atom absorbs a photon with momentum
in the direction of the laser, then spontaneously emits a photon of the same
energy. This process is repeated many times, and due to the isotropic photon
emission characteristic of spontaneous decay, the atom loses momentum in
the direction of light-field propagation. This change of momentum has an
associated force, known as the radiative force. In chapter 4.2, the dynamics
of the laser-atom interaction is discussed more rigorously, however, a key
result (from equation B.11) is the force on an atom with dipole moment µ is
given by due to an electric field of strength E0 is given by

FRad = (µ · E0∇φ) v
✄✂ �✁A.1

where v is a component of the Bloch vector, defined in equation B.9, µ ·E0 ≡
Ω/�, and for a plane wave ∇φ = k, where k is the wave-vector. Substituting
for the steady state solution for v (equation B.12), the radiative force on a
single atom in the presence of a laser propagating in the ± direction, F = F±
is given by [141]:

F± = ±�kΓ
2

I

Isat + I +
�

2IsatΔ±
Γ

�2
✄✂ �✁A.2

where Γ is the spontaneous lifetime of the transition and Δ± is the detuning
of the lasers in a magnetic field B, given by

Δ± = Δ∓ k · v ± µ�B

�
✄✂ �✁A.3

where v is the atomic velocity, µ� ≡ (geMe − ggMg)µb where Me,g is the
magnetic quantum number and gg,e is the Landé g-factor for the ground and



A.1. COOLING AND SLOWING LASER SYSTEMS LASER

excited states respectively. This is the fundamental principle behind laser
cooling, and is exploited to create a slow atom beam from a Zeeman slower
as a source of atoms to load a Magneto -Optical Trap (MOT). Introducing
a spatially dependant force with the addition a magnetic gradient allows for
the formation of a atom trap, as discussed in section A.2. The laser systems
and experimental apparatus for both Zeeman slowing and the creation of a
MOT are outlined in the following sections.

A.1 Cooling and slowing laser systems laser

Laser cooling is fundamentally a frequency dependent process and lasers
which satisfy key criteria are desired:

• Highly tunable: lasers at many different frequencies relative to the
atomic resonance are needed, and the ability to adjust between them
is necessary.

• Frequency stable: experiments are typically performed on time periods
ranging from hours to days.

• Minimal linewidth: certain applications require linewidths significantly
less than the natural linewidth of the resonance transition.

• High power: typically, a few hundred mW of optical power is desired

• Intensity stability

• Clean spatial mode

External Cavity Diode Lasers (ECDLs) [185] provide a highly tunable sys-
tems and with appropriate feedback to these systems, high frequency sta-
bility and narrow linewidths can be achieved [186]. The output power can
upward of 60mW, depending primarily on the choice of diode, however, if
more power is required, injection locking techniques can be used and will
preserve the spectral properties of the original beam [187].

In the Melbourne atom optics laboratory, as part of ongoing laser devel-
opment, the use of a “cay-eye” laser has been investigated, where a broad
filter can be used to create a narrow linewidth laser with high mechanical
stability [188]. However, the majority of lasers used are ECDLs in the Lit-
trow configuration [189], whereby the external cavity is formed between the
back facet of the diode and the first-order diffraction from a diffraction grat-
ing. Figure A.1 shows a schematic of the cavity. In this system, frequency
feedback is provided by a piezoelectric stack, used for “slow” feedback by
adjusting the cavity length, a piezoelectric disc mounted behind the grat-
ing adjusts the cavity length on a smaller scale, and thus higher frequency.
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APPENDIX A. LASER COOLING AND TRAPPING

For even higher frequencies, feedback is achieved by controlling the injection
current of diode. The laser controller used for operation and stabalisation
is a commercial system†. This provides a low-noise current supply, high-
voltage piezoelectric actuator drivers, modulation diver, lock-in detection
and a differential photodetector with Alternating Current (AC) or Direct
Current (DC) feedback to stabilise the laser frequency.

Piezo stack

Laser diode

Thermistor Piezo disc

Grating

Mirror

Figure A.1: A schematic of the Littrow cavity. The back facet of the diode
and the beam diffracted from the grating form the external cavity. Feedback for
frequency stabilisation is provided via adjustment of the piezoelectric disc and
stack.

A.2 The Magneto-Optical Trap

A.2.1 Introduction

The MOT is a device that is used to cool and trap neutral atoms. It was first
experimentally realised in 1990 [190] and is now the core of many atom-optics
laboratories. The MOT is a well understood system, and it’s workings are
well documented [141]. As such, it will not be discussed fully here. However,
it is useful to communicate the basic principles. A MOT usually consists of
a set of six counter-propagating laser beams, with a frequency detuning such
that the energy carried by each photon is less than that of the atom’s optical
resonance. Depending on the atomic velocity, the atom will see an altered

†MOGLABS diodle laser controller DLC-202, http://www.moglabs.com
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laser frequency due to the Doppler shift. The detuned lasers apply a velocity
selective force acting to slow the atoms in the direction of laser propagation,
forming an optical molasses [191]. The addition of a magnetic field gradient
means the force applied is also spatially dependent, meaning a trap can be
formed.

To get a feeling for the force in a MOT, it is advantageous to express
the force (equation A.2) in the limit when both the Zeeman shift ω

Z
= µ�B

�
and Doppler shift ω

D
≡ −k · v are small compared to the detuning Δ. This

allows expansion of the denominator of equation A.2. Discarding terms of

order
�
kv
Γ

�4
, the force is given by:

F(r) = −κr− βv
✄✂ �✁A.4

which is the equation of motion of a damped oscillator. The oscillator
strength, or “spring constant”, κ is given by:

κ =
µ�A

�k
β

✄✂ �✁A.5

where A is the magnitude of the magnetic field gradient, and the damping
coefficient β, is given by

β ≡ − I

Isat
× 8�k2Δ

Γ
�
1 + I

Isat
+
�
2Δ
Γ

�2�2 .
✄✂ �✁A.6

Thus, the motion of atoms in this configuration is damped harmonic motion,
with oscillation frequency

ω
MOT

=

�
κ

M

✄✂ �✁A.7

with a damping rate of
β

M
.

✄✂ �✁A.8

To create the magnetic field gradient, an arrangement of anti-Helmholtz
coils is added to the system to create a magnetic quadrupole field. The
magnetic field couples with the atomic angular momentum, giving rise to
Zeeman-splitting of the atomic energy levels. The energy associated with
these splittings increases with the external magnetic field, which by con-
struction is the centre of the MOT, bringing the atoms on resonance with
the detuned laser field. From this, a cloud of cooled atoms is trapped in a
region surrounding the zero-cossing point of the magnetic field.
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B
The atom/light field interaction

The model developed here describes atoms in a light field interacting via the
two dominant processes present, namely the radiative pressure force and the
dipole force. The radiative pressure force is due to the transfer of momentum
from light field photons, while the dipole force is the interaction between the
atomic dipole moment and the gradient of the external light field.

B.1 The Two-Level Atom

The external evolution of the atom is treated classically, and internal state
evolution treated quantum mechanically. For a quantum mechanical system,
the evolution of the system is given by [192]

H Ψ(r, t) = −i�
∂Ψ(r, t)

∂t

✄✂ �✁B.1

where Ψ is the wave-function for the atom, and the Hamiltonian H is

H = T − V
✄✂ �✁B.2

with T the kinetic energy and V the potential energy of the atom due to
the coupling with the external laser field. The assumption that the magnetic
interaction is negligible compared to the electric interaction is made, and
additionally, that the electric dipole interaction dominates over higher order
poles (dipole approximation). Then, the Hamiltonian is [193]:

H =
p2

2m
+ H0 − µ · E(r, t)

✄✂ �✁B.3

where µ is the electric dipole moment of the atom, p is the momentum, E
is the external (laser) electric field at position r and H0 the unperturbed
atomic Hamiltonian. For a two level atom, the atomic Hamiltonian has
only a ground and excited state labelled |g� and |e�, which are separated
by an energy E = �ω0. The dipole moment is defined by µ = �ed� where
d is the electron position operator. The diagonal elements of µ are zero
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since the dipole interaction does not couple a state with itself. The relative
phase between |g� and |e� is chosen such that all elements are real – hence,
µeg = �e|µ|g� = µge.

The electric field can be expressed as

E(r, t) = E0(r) cos(φ) =
1

2
E0(r)(e

iφ + e−iφ)
✄✂ �✁B.4

where φ ≡ ωt− k · r. A measure of the coupling strength between the states
|g� and |e� induced by the external field can then be defined through the
Rabi frequency

Ω(r) =
µ · E0(r)

�
✄✂ �✁B.5

which gives a convenient way of expressing the oscillations between |g� and
|e� induced by the dipole interaction [193], known as Rabi oscillations. These
occur with frequency Ω�, where Ω�2 = Ω2 +Δ2 and Δ is the detuning (from
resonance) of the light-field, Δ = ω − ω0. Often it is convenient to express
the Rabi frequency in terms of the intensity rather than electric field:

Ω(r) =

�
I(r)Γ2

2Is

� 1
2 ✄✂ �✁B.6

where I(r) is the light field intensity, Is is the saturation intensity and Γ the
spontaneous lifetime of the |e� → |g� transition.

B.2 Optical Bloch Equations

To model the internal state of the atoms, a density matrix formalism is used.
The time evolution of the density matrix ρ is given by the Liouville equation

∂ρ

∂t
= − i

�
[H , ρ] + Lρ

✄✂ �✁B.7

where the relaxation L is the coupling of the system to the external envi-
ronment; predominantly spontaneous emission. In the dipole approximation,
terms that oscillate at twice the optical frequency are ignored (rotating wave
approximation) [194] and the Liouville equation can be recast as:



u̇
v̇
ẇ


 =



−Γ/2 Δ 0
−Δ −Γ/2 −Ω
0 Ω −Γ






u
v
w


−




0
0

Γ/2


 .

✄✂ �✁B.8

The system of equations B.8 are known as the Optical Bloch Equations
(OBEs) [63], after Felix Bloch, who used a similar treatment to describe
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the interaction between a spin-half particle and a magnetic field. The com-
ponents u,v and w form the “Bloch vector”:



u
v
w


 =




1
2
(ρege

−φ + ρege
φ)

i
2
(ρege

−φ + ρege
φ)

1
2
(ρee − ρgg)


 .

✄✂ �✁B.9

The evolution of the system on the time scale of Γ allows for the observa-
tion of transient effects, which is the principal behind coherent population
transfer [195]. With a light pulse of appropriate duration, atoms undergoing
Rabi oscillations can be placed in an arbitrary superposition of the states |g�
and |e�, including confining the system to |e�. Such control over the internal
atomic state is refereed to as coherent control. For long evolution times, the
relaxation decoheres the system and equation B.8 predicts the steady state
populations, and of particular interest is the excited state population:

ρstee(r) =
Ω(r)2

Γ2 + 4Δ2 + 2Ω(r)2
.

✄✂ �✁B.10

As Ω(r) is related to the intensity (equation B.6), equation B.10 provides a
way to engineer an arbitrary excited state distribution.

B.3 An aside: the dipole force

Briefly returning to equation B.3, applying the Ehrenfest theorem allows the
force on the atom to be calculated explicitly:

F ≡ d

dt
�p�

=
i

�
�[H ,p]�

= ∇�µ · E�
= �µ� ·∇E

= µeg(ρeg + ρge) ·∇E

= (µeg∇E0)u+ (µ · E0∇φ)v using equation B.8.

✄✂ �✁B.11

The force is dependent on the internal atomic state and the external light
field. The first term is identified as the electric dipole force, and the second
the radiative pressure force. For a light field far from resonance, the radiative
force is negligible and the steady-state solution for the first component of the
Bloch vector is:

ust(r) =
Δ

Ω

s(r)

1 + s(r)

✄✂ �✁B.12
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where the saturation paramater is introduced:

s(r) =
2Ω(r)2

Γ2 + 4Δ2
.

✄✂ �✁B.13

The saturation parameter is convenient measure of the atomic population
undergoing transition between the ground and excited state. In the steady
state, the dipole force is conservative and is written as F = −∇U(r) where

U(r) =
�Δ
2

log
�
1 + s(r)

� ✄✂ �✁B.14

is the dipole potential. This potential can be used the manipulation of atomic
trajectory within atom beams [196], but with more relevance, it forms the
basis of many techniques for increasing the atomic phase space density, such
as optical trapping [197], Raman sideband cooling [198], evaporative cool-
ing [199] and Bose-Einstein condensation [200]. Additionally, the creation of
optical lattices [201] can be used in an attempt to quell the effects of disorder
induced heating. Interestingly, the use of “Magic wavelength” traps†, can be
altered to efficiently trap atoms in the ground states and an excited, Rydberg
state simultaneously with high efficiency and minimal heating [203].

B.4 The Three-Level Atom

Whilst equation B.10 provides a method to engineer an arbitrary excited
state distribution for a two level system, the photoionisation scheme for elec-
tron production is two-colour photoionisation, a three level system. As such,
the Hamiltonian must be altered to include the ground, excited and “ionised”
states (|1�, |2� and |3�) and two coupling light fields. The interaction Hamil-
tonian is given by:

H =
�
2




0 Ω12 0
Ω12 2Δ12 Ω23

0 Ω23 2(Δ1 +Δ2)




✄✂ �✁B.15

where Ω12,23 are the Rabi frequencies and Δ12,23 the detunings for the |1� →
|2� and the |2� → |3� transitions. The Liouville equation for ρ then becomes

†The wavelength of the optical trap is chosen between two states such the the AC Stark
shift energy levels result in a zero net electric dipole, thus experience no trapping [202]
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∂

∂t



ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33


 =− i

2







0 Ω12 0
Ω12 −2Δ12 Ω23

0 Ω23 −2(Δ12 +Δ23)


 ,



ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33







+




0 0 0
Γ21 0 0
0 Γ23 0






ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33




✄✂ �✁B.16
where Γ21,32 are the line-widths for the excitation and ionisation transitions
respectively. It is assumed that spontaneous decay from the |3� → |1� is
negligible.
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C
Fourier optics

The study of wave mechanics has proved to be one of the most fruitful areas
of research with countless practical applications. One cannot progress in
this area for too long before encountering the diffraction theory, commonly
known as Fourier optics. Diffraction theory is key to understanding spatial
light modulation and coherent diffractive imaging, so a rigorous treatment
of the background material is presented.

Beginning with Maxwell’s equations:

∇ · E =
ρ

�
∇ ·B = 0

∇× E = −∂B

∂t
∇×B = µJ+ µ�

∂E

∂t

✄✂ �✁C.1

it is not hard to confirm that in a homogeneous medium and in the absence
of charge, the above system of equations can be re-expressed as:

�E = 0

�B = 0

✄✂ �✁C.2

where � is the d’Alembertian operator. Explicitly,

�Ψ ≡ c2∇2Ψ− ∂2Ψ

∂t2

✄✂ �✁C.3

where c2 ≡ (µ�)−1, and equation C.3 is identified as a wave equation, de-
scribing a wave propagating at speed c. A well known set of eigenfunctions
of equation C.3 are the plane wave solutions:

Ψ(r, t) = Ψ0 exp
�
i (k · r− ωt)

�
Ψ0 ∈ C

✄✂ �✁C.4

where k is the wave vector and ω is the angular frequency. The wave vector
k has the properties |k| = k = 2π

λ
, k2=k2 and k · r = constant. The angular

frequency ω = 2πc
λ

= c|k|. The complex vector Ψ0 represents the magnitude
and direction of the polarisation. In the cases to be considered, the polar-
isation of the wave does not significantly alter the physics, and is ignored,
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known as scalar diffraction theory. The wave is a separable function with the
propagation in time given by exp[−iωt], thus the wave accumulates phase as
it propagates. Of greater interest is the spatial component of the wave, and
how it propagates. Ignoring the time dependence, a solution for C.2 can be
written as:

E(r) = E0 exp[ik · r]

B(r) =
k̂

c
× E(r),

✄✂ �✁C.5

meaning only the electric field need be considered, as the magnetic field can
always be computed from knowledge of the electric field. It is convention
to describe the wave to be propagating in the z direction, leading to a de-
scription of k as the transverse components relative to the z axis. Defining

(kx, ky, kz) = 2π(σx, σy, σz)
✄✂ �✁C.6

which yields
σz = (1− σ2

x − σ2
y)

1/2
✄✂ �✁C.7

as given by the properties of k. Analogous to frequency in the time domain,
σ represents the spatial frequency. Immediately, one can see that σz can be
both real an imaginary, depending on the magnitude of σ2

x+σ2
y . The the case

where �{σz} = 0, the wave is said to be homogeneous, or, propagating. If
�{σz} �= 0 then the wave is said to be inhomogeneous, or, evanescent. The
set of plane waves forms a complete basis, which allows for a function to be
spectrally decomposed, that is, decomposed into plane wave components of
single frequency. The Fourier transform can be defined as:

f̂(σx, σy) ≡F
�
f(x, y); x → σx, y → σy

�

≡
+∞��

−∞

f(x, y) exp
�
−i2π(xσx + yσy)

�
dx dy

✄✂ �✁C.8

which leads the definition of the inverse Fourier transform:

f(x, y) ≡F−1
�
f̂(σx, σy); σx → x, σy → y

�

≡ 1

(2π)2

+∞��

−∞

f̂(σx, σy) exp
�
i2π(xσx + yσy)

�
dσx dσy.

✄✂ �✁C.9

The benefit of Fourier decomposition can be made readily apparent. The
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wave in the plane z = 0 is given by:

Ψ(x, y, z = 0) =
1

(2π)2

+∞��

−∞

Ψ̂(σx, σy) exp
�
i2π(xσx + yσy)

�
dσx dσy

✄✂ �✁C.10

which can be thought of as an infinite collection of plane waves. Because
Maxwell’s equations are linear, a superposition of solutions will also be a
solution. More specifically, any plane wave within the homogeneous media
is also a solution. In general, the superposition of plane waves defining
Ψ(x, y, z = 0) will contain both propagating and evanescent waves, however,
both accumulate phase at a rate exp

�
i2π(zσz)

�
with translation along z.

Thus, the complex amplitude of the wave at z = z0 is given by:

Ψ(x, y, z = z0) =
1

(2π)2

+∞��

−∞

Ψ̂(σx, σy) exp
�
i2π(xσx + yσy + z0σz)

�
dσx dσy.✄✂ �✁C.11

Equation C.11 is the quintessential formula of Fourier optics. It allows a
wave field Ψ to be propagated from one plane to another, which has profound
consequences for imaging. An example relevant to the work undertaken in
this thesis is given a measurement of the diffraction pattern of an object,
provided certain illumination criteria are met, the wave at the exit surface of
the object can be recovered, and hence information of the object’s structure
is obtained.

While the treatment presented here is in the context of electromagnetic
waves, this is done without the loss of generality. The theory developed for
optical fields translates to other physical systems with a governing equation
in the form of equation C.3. For example, assume a wave field Φe exists whose
intensity represents the density of electrons in the same way the intensity of
a light field represents the density of photons. When interactions between
electrons within the field are ignored:

∇2Ψ− 1

c2
∂2Ψ

∂t2

✄✂ �✁C.12

and if we assume the wave to be monochromatic, that is, Ψ(r, t) = ψ(r) exp[−iωt],
then

∇2ψ +

�
ω

c

�2

ψ = 0

∇2ψ +

�
2π

λ

�2

ψ = 0.

✄✂ �✁C.13
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Now, the wavelength can be found with the relation of De Broglie:

λ =
h

p

✄✂ �✁C.14

and using the relativistic form for the momentum of an electron:

p =
�
2me(E − eφ)

✄✂ �✁C.15

the wave equation can be recast as:

∇2ψ +
8π2me

h2
(E − eφ)ψ = 0,

✄✂ �✁C.16

which is exactly the Schrödinger equation for a free particle in a scalar po-
tential field φ. In the case of free electrons, equation C.16 is qualitatively the
same as equation C.3 and thus will have solutions of the form C.4. Whilst
the results for electron fields and optical fields will be quantitatively differ-
ent, the qualitative behaviour is identical. It should be noted that the field
Φe does not include interactions between electrons, which acts

C.1 Phase determination

Fourier optics provides a way to relate the wavefield in one plane to another.
The two major implications in the context of this thesis are the ability to
create arbitrary laser intensity distributions, and allowing for the inversion of
a diffraction pattern to retrieve real space information about the scattering
object. The problem that arises in the laboratory is that measurement are
typically not phase sensitive, due to the high frequencies of radiation involved.
Hence, the measurement of a diffraction pattern only records the intensity,
or the amplitude of the wave. As wavefield propagation relies on knowledge
of the phase, a method for phase determination must be constructed.

Many methods for phase determination exist. Conceptually, one of the
simple is the measurement of the wavefield at multiple propagation distances.
Expressing the wavefield as

ψ(r⊥, z) =
�

I(r⊥, z) exp[iφ(r⊥, z)],
✄✂ �✁C.17

measurement of I(r⊥, z) at multiple z values allows for the determination of
the quantity ∂I(r⊥, z)/∂z. This can then be related to the phase using the
Transport Of Intensity Equation (TIE) [204]:

−2πk
∂I(r⊥, z)

∂z
= ∇⊥ ·

�
I(r⊥, z)∇⊥φ(r⊥, z)

�
.

✄✂ �✁C.18

The downside to such a method is the requirement of multiple shots. With
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knowledge of the propagation geometry and with a weakly scattering ob-
ject, such a method can be simplified to allow for phase determination in
a single shot [205]. As an aside, published work [139] demonstrates such a
technique, work undertaken during the course for the purpose of imaging
spatially inhomogeneous atom clouds, and can be found in appendix G.

A very popular method of phase retrieval, due in part to the power of
modern computation and the efficiency of some discrete Fourier transform
algorithms, is the iterative determination of phase. These methods were
suggested in the 1970s [206,207] and are now the premiere methods for non-
interferometric determination of phase, and are used in the optical [208],
x-ray [209], electron [210, 211], neutron [212] and atomic [213] domains.

The wavefield in the plane z = z0 is related to the wavefield z = 0 via:

Ψ(r⊥, z = z0) = Ψ(r⊥, 0) ∗ P(r⊥, z)
✄✂ �✁C.19

where P(r⊥, z) is the point spread function of the system. For the case of
free space propagation, equation C.11 is recovered:

Ψ(r⊥, z = z0) = F−1

�
F
�
f(x, y)

�
× exp

�
i2πz0(1− σ2

x − σ2
y)
��

.
✄✂ �✁C.20

Equation C.20 gives a “recipe” for determination of the phase from a mea-
surement of the intensity:

1. Set the wave amplitude as the square root of measured intensity, guess
the phase

2. Propagate the wave from the “detector” plane (z = z0) to the “object”
plane (z = 0)

3. Apply some constraint to the wavefield: it may be an intensity con-
straint, arising from knowledge of the object size or some other property
of the object

4. The updated wavefield is propagated to the detector plane, and com-
pared to the measured intensity. An error metric of some description is
measured between the calculated wavefield and the measured wavefield.
If this is greater than the set threshold, the cycle is repeated: return
to step one. This process comprises a single iteration: the amplitude
in the detector plane is replaced by the as the square root of measured
intensity, the phase kept, and the wave propagated to the sample plane.
The sample constraint applied, then again propagated to the detector
plane, and the wavefield compared to what was measured.

5. After many iterations, the wavefield (ideally) will have converged, and
with knowledge of the entire wavefield, the exit surface wave of the
object can be recovered.
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APPENDIX C. FOURIER OPTICS

The initial guess of the phase, the constraint in the sample plane and the
choice of error metric are often situation dependant and a smart choice can
greatly reduce computation time. A review of the topic is given in refer-
ence [214].

The above recipe is described in terms of inverting a diffraction pattern
to recover the scattering object, but in an identical manner, it allows for
arbitrary wavefield generation via spatial light modulation.
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APPENDIX D. ANALYTIC FORM OF EXCITED STATE
POPULATION

As discussed in § B.4, given here are the analytic steady state excitated
state and ionisation state populations. It should be noted, unlike in section
§ B.4, Γ is the natural linewidth and Δ is the detuning in real units, that is
laboritory measured units.
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E
Vacuum chamber assembly



Photos documenting some of the construction process of the diffraction
chamber as described in § 3.4.

Figure E.1: Photographs of the accelerator alteration. Starting from the top left
image and going clockwise, image 1: The old accelerator structure with damage
to the PEEK visable. Image 2: Alternate angle of the old accelerator structure
with major crack visable. Images 3 and 4: The resitive glass tube, forming the 2nd

stage accelerator, assembled proir to istallation.
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APPENDIX E. VACUUM CHAMBER ASSEMBLY

Figure E.2: Photographs of the vaccum chamber alteration. Starting from the
top left image and going clockwise, image 1: The chamber after removal of the
MCP and accelerator structure. Image 2: The 2nd stage accelerator in place,
prior to attachment of the diffraction chamber. Image 3: Completed science and
diffraction chamber, the the detector bellows held open for baking. Image 4: The
vacuum chamber during baking: wrapped with heating elements and insulation
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Non-iterative imaging of inhomogeneous
cold atom clouds using phase retrieval
from a single diffraction measurement
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Scholten
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Abstract: We demonstrate a new imaging technique for cold atom
clouds based on phase retrieval from a single diffraction measurement.
Most single-shot diffractive imaging methods for cold atoms assume a
monomorphic object to extract the column density. The method described
here allows quantitative imaging of an inhomogeneous cloud, enabling
recovery of either the atomic density or the refractive index, provided the
other is known. Using ideas borrowed from density functional theory, we
calculate the approximate paraxial diffracted intensity derivative from the
measured diffracted intensity distribution and use it to solve the Transport
of Intensity Equation (TIE) for the phase of the wave at the detector plane.
Back-propagation to the object plane yields the object exit surface wave
and then provides a quantitative measurement of either the atomic column
density or refractive index. Images of homogeneous clouds showed good
quantitative agreement with conventional techniques. An inhomogeneous
cloud was created using a cascade electromagnetically induced transparency
scheme and images of both phase and amplitude parts of refractive index
across the cloud were separately retrieved, showing good agreement with
theoretical results.

© 2010 Optical Society of America

OCIS codes: 020.7010 Laser trapping; (100.3010) Image reconstruction techniques;
(100.5070) Phase retrieval.
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1. Introduction

Measurement of the spatial distribution of cold atoms has become increasingly important with
the development of ultracold atom trapping and experiments in a diverse range of applications.
Atomic coherence processes, such as generation of entangled states in the Rydberg blockade
regime [2, 3], Electromagnetically Induced Transparency (EIT) [4] and slow light [5] are all
typically investigated using simple probe beam techniques which do not provide spatially re-
solved information. More recently, transfer of optical information between spatially separated
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Bose-Einstein condensates [6] has provided further motivation for investigation of more com-
plicated atomic coherence phenomena in cold gases. Imaging of the atomic distribution can
potentially provide increased information on the underlying processes.

More directly, we are interested in imaging of cold atoms as a means of controlling electron
bunch shapes generated from Ultracold Plasma (UCP). UCP is produced by photoionization
of a cold atom cloud, resulting in cold ions and electrons [7]. Several laser fields, each with a
spatially varying intensity profile, will interact with the cold atoms to produce the UCP. The
effect of these fields on the refractive index of the cloud will result in an inhomogeneous atom
cloud. Imaging of the cloud can provide feedback to control the final electron density distribu-
tion and ultimately the electron brightness, via changes in the ionization laser intensity profiles.
Electron bunches extracted from an UCP are potentially much brighter than conventional ther-
mal sources [8] and in the long-term offer the possibility of sufficient brightness for single-shot
diffractive imaging of bio-molecules.

Conventional imaging techniques for cold atoms involve absorption of a probe laser tuned to
the atomic resonance [9]. An in-focus absorption “shadow” image is recorded, and knowledge
of the atomic refractive index is used to retrieve a spatial map of atomic column density. While
experimentally simple, such absorption imaging is very sensitive to experimental parameters
such as the frequency stability and detuning of the illuminating laser beam and defocus of the
imaging optics. For example, an inadvertent half-natural-line-width detuning from resonance
results in a factor of three error in the resulting atomic density measurement. Furthermore, for
high-density clouds such as Bose-Einstein Condensates (BECs), saturation of the absorption
signal can result in an inaccurate quantitative measurement.

Phase imaging techniques, such as Zernike phase-contrast imaging, offer an alternative solu-
tion which greatly reduces this sensitivity, but this comes at the cost of increased experimental
complexity and such techniques are quantitative only for a limited range of phase shifts. Diffrac-
tion Contrast Imaging (DCI), [10, 11, 12] offers an experimentally simpler method of quantita-
tive phase imaging. DCI computationally inverts off-resonant diffraction data to provide a map
of atomic density. The inversion relies on the assumption of an homogeneous object, that is,
one having a refractive index which varies only with the density, without any inherent spatial
dependence. Processes involving atomic coherence typically rely on many laser fields interact-
ing with the cold atoms, each of which have spatially varying intensity profiles. The effect of
these laser fields on the atomic refractive index results in an inhomogeneous atom cloud. Ac-
cordingly, such objects of interest cannot be imaged using DCI, even with knowledge of the
spatial variation of atomic refractive index.

To enable imaging of inhomogeneous objects, we use techniques developed in the context
of x-ray phase contrast imaging and coherent diffractive imaging [1], adapted to imaging of
cold atoms. Using a non-iterative phase retrieval method, we quantitatively extract the atomic
column density of an atom cloud from a single plane of diffraction data, given knowledge of the
atomic refractive index. In addition, we use a previously measured column density to extract the
complex refractive index of an inhomogeneous cloud. The Single-plane, Curved-beam Phase
Imaging method (SCPI) retains the experimental advantages of diffractive imaging techniques
like DCI, while avoiding the restrictive homogeneous object requirement.

2. Method

A conceptual diagram of the imaging technique is shown in Fig. 1. The atom cloud is defined
in terms of the atomic column density, ρ(r), which is given by the integral of the atom number
density N(r,z) along the optical path z:

ρ(r) =
� 0

−∞
N(r,z)dz (1)
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Fig. 1. Conceptual arrangement for Single-plane Curved-beam Phase Imaging. A phase
curved Gaussian beam is incident on the atom cloud at plane z1, diffracts and propagates a
distance Z to a CCD detector at plane z2.

where z is in the direction of propagation and r is the transverse coordinate. For a thin object, the
exit surface wave ψ(r,z1) is related to the incident field ψ0(r,z1) via the transmission function,
T (r):

ψ(r,z1) = ψ0(r,z1)T (r). (2)

The transmission function can be written as:

T (r) = exp
�
ik{α (r)+ iβ (r)}ρ (r)

�
(3)

where α(r) and β (r) are the spatially varying real and imaginary parts of the complex atomic
refractive index, k = 2π/λ and λ is the wavelength of the probe laser beam. Hence the atomic
column density is given by:

ρ(r) =
1
k

�
|ln(T (r))|2

α2(r)+β 2(r)

� 1
2

. (4)

Alternatively, if the density is known and the refractive index variation is desired, rearranging
Eq. (3) gives an expression for the complex refractive index in terms of the known column
density, ρ(r):

α(r)+ iβ (r) =
1

ikρ(r)
ln
�

ψ(r,z1)

ψ0(r,z1)

�
. (5)

We measure the intensity at the detector plane, |ψ(r2,z2)|2. The central section of the diffrac-
tion data is essentially a point projection hologram, while high-angle scatter provides additional
information. To retrieve the exit surface wave, Ψ(r1,z1), we also require the phase of the wave
at the detector, which we can obtain using the Transport of Intensity Equation (TIE) [13]:

∇⊥ · I(r,z)∇⊥Φ(r,z) =−k
∂ I(r,z)

∂ z
. (6)

The TIE is a continuity equation which relates the phase of a wave, Φ(r,z), to its intensity,
I(r,z), and longitudinal intensity derivative, ∂ I/∂ z(r,z), using the condition of energy con-
servation. The measured diffraction pattern is the required intensity input. Conventionally, the
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derivative term is found by taking two diffraction images separated by some small propaga-
tion distance, then approximating the derivative using finite difference methods [15]. Solving
the TIE provides the phase of the wave at the detector plane, and back-propagation yields the
complex wave-field in the sample plane [14, 16]. The key to the approach described by Quiney
et al. [1] is to use a priori information about the unperturbed imaging beam, to calculate an
approximate intensity derivative from a single diffraction image. Adaptation of this method to
imaging of cold atom clouds provides the advantage that unlike other methods which solve
the TIE using a single diffraction image [17], this approach does not assume a homogeneous
object.

The calculation of the approximate longitudinal derivative follows the method of Quiney et
al [1]. For an axially aligned Gaussian beam (as in Fig. 1), we describe the unperturbed wave at
the detector plane as ψ0(r2,z2) = exp

�
−ζ r2

�
. The real part of ζ is related to the 1/e radius of

the beam, r0, by Re(ζ ) = 1/r2
0. As shown by Quiney et al. [1], the functional relation between

the intensity of the unperturbed wave at the detector and its longitudinal derivative is given by
H[I0]:

H[I0]≡
∂ I0
∂ z

=−ζ
Z

� �
w2g0(w)exp

�
2πiw · r

λZ

�
dw (7)

where Z = z2 − z1 and g0(w) is the autocorrelation of ψ0(r1,z1)exp(iπr2
1/λZ). The autocor-

relation g0(w) is the inverse Fourier transform of the unperturbed intensity I0(r2,z2), and w is
the transverse coordinate of the autocorrelation. The central approximation of the method is to
assume that the functional form of Eq. (7) remains unchanged for the perturbed beam, i.e.

∂ I
∂ z

≈ H[I]. (8)

To state this explicitly, we assume that H[I] is of the same form as in Eq. (7) so that we can
replace the unperturbed intensity measurement used to calculate g0(w) in Eq. (7) with the per-
turbed diffracted intensity measurement. This assumption is essentially perturbative: as long
as the absorption and phase shifts caused by the object are small and slowly varying, with no
discontinuities in their derivatives, the approximation in Eq. (8) demonstrates good agreement
with the exact result. In addition to these requirements, the illuminating beam must have sig-
nificant curvature at the object plane, typically requiring a Fresnel number of five or greater.
Such curvature ensures that the far-field diffraction pattern is essentially a magnified version
of the short-distance Fresnel diffraction pattern, so that the TIE can be solved using standard
techniques for short propagation distance diffraction [18].

These requirements are all readily accommodated in the context of cold atom imaging. By
detuning the probe laser from resonance, we have the advantage of being able to effectively
tune the absorption and phase shifts imposed by the object. In addition, cold atom clouds are, by
design, smooth Gaussian objects: the phase and absorption perturbations will be slowly varying
with no discontinuities or phase vortices.[19] The validity of the approximation as a function
of probe detuning is investigated using simulations of atom clouds with typical experimental
parameters (section 3).

It should be noted that while we have demonstrated the use of a Gaussian incident beam
for experimental simplicity, the technique is more generally applicable. As long as the form of
ψ0(r,z) is known and the above assumptions are satisfied, an expression equivalent to Eq. (7)
can be constructed and used to calculate a derivative for input to the TIE.

Retrieval of the exit wave phase and therefore the column density of the atom cloud (Eq. (4))
is performed using standard techniques to solve the TIE [18]. The method involves division by
the measured intensity distribution, which necessarily falls smoothly to zero at the boundaries
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of the image. To maintain a stable solution in these areas well beyond the extent of the object,
we divide by a modified form of the intensity:

I(r2,z2) =

�
I(r2,z2) I(r2,z2)≥ ε
I(r2,z2)+ ε I(r2,z2)< ε (9)

where ε � 1 is a regularization parameter chosen to minimize quantitative errors while main-
taining a stable solution [20, 21]. Intensities were normalized to one and ε = 10−3 for simula-
tions and experiments. Smaller values of ε introduced numerical errors in the outer regions of
the image, while larger values decreased accuracy.

Propagation of the retrieved wave field back to the object plane is performed using the parax-
ial Fresnel diffraction formalism (Eq. (10)):

Ψ(r2,z2) =
−i

λZrad
exp
�

2πiZrad
λ

�
exp
�

iπr2
2

λZrad

�
F

�
Ψ(r1,z1)exp

�
iπr2

1
λZrad

��
. (10)

Zrad = ZR/(Z+R) is the rescaled propagation distance needed for phase-curved illumination
according to the Fresnel scaling theorem [21], R is the radius of wavefront curvature at the
object, and F indicates a Fourier transform. Finally, the recovered wave field at the object
plane is rescaled by the geometric transverse magnification factor M = (Z+R)/R.

Having now retrieved the exit surface waves for both the perturbed and unperturbed beams,
Eq. (4) provides the desired map of atomic column density, ρ(r), or if the column density is
known, the refractive index can be extracted using Eqs. (2) and (3).

3. Simulations

To test the validity of the assumption made in Eq. (8), a range of simulations were performed
using realistic experimental parameters (eg. Fig. 2).

3.1. Homogeneous object simulations

The atomic column density was constructed from two overlapping atom clouds with spherically
symmetric Gaussian density profiles, positioned to construct an asymmetric cloud, off-centre
from the optical axis. Several different sizes and shapes of cloud were used. The refractive in-
dex of the object was calculated as a function of probe beam detuning, Δ, using optical Bloch
equations for a two-level 85Rb atom [10]. The unperturbed incident Gaussian beam was multi-
plied by the transmission function (Eq. (3)) to yield the exact exit surface wave. Propagation to
the detector was performed using Eq. (10). Equations (8) and (7) were then used to construct
the approximate and exact derivatives for the perturbed and unperturbed beams. The phase of
each wave was retrieved via solution of the TIE, and the waves were back-propagated to the
object plane. Eq. (4) provided the retrieved atomic column density for comparison to the input.

As can be seen from Fig. 2(d), the reconstructed column density shows good qualitative
agreement with the input. A line profile of the input and retrieved column densities is shown
in Fig. 2(e). Although the shape is clear, there is a discrepancy in the magnitude of the recon-
structed column density, arising from two sources. Firstly, the approximation made in Eq. (8)
assumes that the object introduces only a small, smoothly varying perturbation to the measured
intensity of the unperturbed wave. For our Gaussian probe beam, the form of Eq. (7) can be ex-
pressed in terms of the second transverse derivative using standard Fourier techniques [22], i.e.
H[I] ∝ ∇2

wI. Strong perturbations will introduce additional terms which are not accommodated
by that approximation. Secondly, regularization (Eq. (9)) results in a small quantitative change
to the recovered phase, even though the shape remains well defined. Propagation back to the
object plane magnifies the effects of these two sources of error.
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Fig. 2. Simulation of diffraction from an atom cloud when illuminated by a near-resonant
(detuned +1.5 natural line widths from resonance) curved Gaussian beam, and recon-
struction of the column density. (a) input column density (1013 atoms/cm2), (b) simulated
normalized diffraction intensity, (c) approximate intensity derivative (see Eq. (8)), (d) re-
constructed atomic column density (1013 atoms/cm2). (e) Horizontal line profiles of col-
umn density through the point of maximum density in (a), for the input, raw output and
worst-case corrected output column densities, as outlined in section 3. Green lines indicate
retrieved imaginary part of refractive index (solid) and simulation input (dashed) for inho-
mogeneous simulations (Sec. 3.3). The refractive index outside the cloud has been removed
for clarity.

3.2. Correction factor

The difference between the input and retrieved peak column densities provides a quantitative
measurement of the magnitude of this discrepancy, for a given perturbation, as defined by the
probe detuning and peak column density. Since the detuning is known and the raw output
density is measured, this information can be inverted to calculate a correction factor, η , to
partially account for the errors introduced by the approximations outlined above, such that:

ρcorrected = ηρraw. (11)

ρcorrected and ρraw are the peak column densities of the corrected and raw outputs respectively,
and η = ρinput/ρraw. The correction factor η is a constant (calculated from the peak values of
the atomic densities), but is applied across the entire array. By performing multiple simulations
across a range of detunings from 0Γ ≤ Δ ≤ 3Γ and peak column densities between 1012 ≤
ρinput ≤ 3×1013 atoms/m2, η was calculated for the range of perturbations typically achieved
in our experiments. The calculated correction factor corresponding to the measured detuning
and raw column density was applied to the raw density output. Since the correction factor is
calculated using the peak column densities but applied to the entire array, some discrepancy
between the input and corrected densities remains at the outer edges of the cloud. Simulations
showed that this difference between input and corrected density was less than 10% for probe
detunings greater than ∼ 1.5Γ and peak column densities within the range investigated here.

When experimental uncertainty of the probe beam detuning was considered, the simulations
indicated that beyond 1.5Γ the sensitivity of the technique to such uncertainty is greatly re-
duced. For example, at Δ = 2.0Γ, an experimental uncertainty of Γ/2 in the detuning of the
probe beam results in an error in corrected peak density of ∼ 30%. By comparison, the same
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uncertainty would result in a 200% error in reconstructed density when using conventional
on-resonance absorption imaging. The red curve in Fig. 2(e) shows the “worst-case” corrected
column density profile corresponding to this scenario, where the value of η was calculated us-
ing a Γ/2 error in probe beam detuning. When used to correct experimental data, the correction
factor increases the quantitative accuracy of the technique while simultaneously indicating the
optimum conditions for reducing sensitivity to experimental parameters.

3.3. Inhomogeneous object simulations

Simulations of imaging EIT in cold atom clouds were also performed. These simulations re-
quired a realistic model of the target atom cloud, with a spatially varying refractive index con-
sistent with practical implementations of EIT schemes as discussed later (section 5.2). Optical
Bloch equations were used to calculate the refractive index for a 3-level cascade EIT system
between the 5S→ 5P→ 5D transitions of rubidium-85 [23, 24].

An analytical expression for the steady-state off-diagonal density matrix element ρ12 was
obtained, containing over 100 terms. This exact result was used in simulations, but to provide
some insight a first-order Taylor expansion was calculated for ρ12/Ω1, which is proportional to
the refractive index of the probe beam:

ρ12

Ω1
≈ 2iπ (Γ2 +2i(Δ1 +Δ2))

4π2 (Γ1 +2iΔ1)(Γ2 +2i(Δ1 +Δ2))+Ω2
2
. (12)

The off-diagonal density matrix element is dependent on the detunings (Δ1,Δ2) and Rabi
frequencies (Ω1,Ω2) of the probe and coupling lasers. The subscripts 1 and 2 indicate the probe
(5S→ 5P, 780 nm) and coupling (5P→ 5D, 776 nm) laser respectively, and Γ1 and Γ2 are the
natural line widths of the corresponding transitions.

To simulate imaging of a cloud with EIT-induced spatial structure, the pump Rabi frequency
Ω2 was spatially modulated across the image array. A vertically elongated Gaussian was used
as the intensity of the pump laser, running through the atom cloud slightly off-centre, as in
experiments discussed below. The intensity-dependent refractive index across the cloud was
calculated using the exact result for the density matrix element (approximated in Eq. (12)).
The resulting array was then used to create the transmission function for the inhomogeneous
cloud. Simulated diffraction data were created and used to solve the TIE, from which the object
exit wave and unperturbed wave were recovered. The spatially dependent refractive index was
extracted using Eq. (5). Other forms of single plane diffractive imaging are unable to separately
extract the complex refractive index from a known column density and diffraction pattern.

The retrieved refractive index across the cloud was compared to the simulation input, as
shown for the imaginary part of the refractive index by the green lines in Fig. 2(e). In regions
where the column density was large, quantitative recovery of the spatially varying refractive
index showed excellent agreement, to within 15% of the input. This is evident in the discrep-
ancy between the solid and dashed green lines in Fig. 2(e). In regions of low atomic density,
reconstructions used Tikhonov regularization, to avoid the singularity in Eq. (5) [20].

4. Experiment

Imaging experiments were performed on both homogeneous and inhomogeneous atom clouds,
using a rubidium-85 magneto-optical trap (MOT) in σ± configuration [25, 26]. Cooling and
trapping were performed on the 5S1/2 (F = 3)→ 5P3/2 (F � = 4) hyperfine transition at 780 nm
with external cavity diode lasers (ECDLs) [27, 28, 29] and a semiconductor tapered amplifier
[30]. Frequency stabilization was achieved using saturated absorption spectroscopy [31]. An ad-
ditional repump laser resonant with the F = 2 → F � = 3 hyperfine transition was co-propagated
along one axis of the cooling beams. Atoms were provided using a dispenser source. The peak
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density of the cloud could be controlled using a combination of the detuning of the trapping
beams, variation of the trap magnetic fields and the current through the dispenser source. An
acousto-optic modulator (AOM) was used to switch the imaging beam on and off (for timed
exposures) before the beam was guided to the MOT via single-mode polarization maintaining
optical fiber.

Cooling and
repump beams

Imaging beam

Cold atoms

200mm lens

CCD

Anti-Helmholtz coils

zeff

f = 50 mm

Pump beam

f = 100 mm
Cylindrical

f = 300 mm

Imaging beam

Pump beam
PD

BS

f = 50 mm

Fig. 3. 2-D and 3-D schematics of the imaging and pump beam paths, and MOT vacuum
chamber (not to scale). Waveplates have been omitted for clarity, as have coils in 3D. The
pump beam was blocked for homogeneous imaging (section 4.1) and unblocked to create
the inhomogeneous atom cloud (section 5.2). BS: Beam splitter; PD: Photodiode.

At the vacuum chamber, the imaging beam was collimated to a 1/e2 diameter of 5 mm. An
f = 50 mm achromatic doublet lens was used to focus the beam 70 mm behind the atom cloud
(Fig. 3). The Fresnel number of the beam at the object plane was limited to a maximum of
NF ∼ 5, due to restricted optical access to the vacuum chamber. A 200 mm lens1 allowed the
effective defocus distance to be varied easily. Images were acquired with an interline transfer
CCD2.

1Nikon micro-Nikkor AF 200 mm f/4
2Apogee Alta U2000 ML 1600 x 1200 pixels
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4.1. Homogeneous imaging

For the homogeneous cloud, the imaging laser was detuned a frequency Δ from the F = 3 →
F � = 4 transition (natural linewidth Γ = 6 MHz). The calculated refractive index of a two-level
Rb-85 atom was used to extract a quantitative measurement of the atomic column density.

4.2. Imhomogeneous imaging

For imaging of an inhomogeneous atom cloud, an additional laser was used to modify the
refractive index of the object. This “pump beam” was used to couple the upper transition in a
cascade electromagnetically induced transparency scheme on the 5S1/2(F = 3)→ 5P3/2(F � =
3)→ 5D5/2(F �� = 2,3,4) transitions [33, 34]. Only a section of the cloud was illuminated with
this beam, so that only part of the cloud exhibited EIT behavior. Accordingly, the refractive
index of the illuminated section was modified by the presence of the pump beam, while the
remainder of the cloud was unaffected, resulting in a spatial modulation of refractive index
across the extent of the cloud.

To create the EIT scheme, a second semiconductor tapered amplifier (maximum output
power ∼ 300 mW) seeded by a 776 nm ECDL provided the high power pump beam on the
upper transition. The imaging beam also acted as the probe beam on the lower transition. To
illuminate only a section of the MOT, the 776 nm beam was focused through a slit (width
∼ 500 μm) using a cylindrical lens ( f = 100 mm). The slit was re-imaged at the MOT using
two f = 300 mm lenses, to create a “light sheet” (Fig. 3).

The pump beam was frequency locked to the two step 5S1/2(F = 3) → 5P3/2(F � = 4) →
5D5/2(F �� = 5) transition [35] then shifted 130 MHz using an AOM, to be on resonance with
the 5P3/2(F � = 3)→ 5D5/2(F �� = 2,3,4) transitions at the MOT.

For imaging, the probe laser was locked +72 MHz blue of the 5S1/2(F = 3)→ 5P3/2(F � =
3) transition and shifted back to resonance using an AOM, which also allowed switching of
the imaging beam for timed exposures. Variation of the lock point allowed detuning of the
imaging beam from resonance, while variation of the 776 nm AOM frequency allowed the
relative frequency of the EIT resonance to be independently adjusted. The imaging beam was
sampled after the MOT, and focused onto a photodiode to provide spectroscopic confirmation
of the EIT resonance. During all EIT experiments, the MOT repump laser was tuned to the
F = 2 → F � = 2 hyperfine transition to avoid additional coupling between states which would
complicate the atomic coherence.

5. Results

5.1. Homogeneous object

A typical experimental image and reconstruction of column density is shown in Fig. 4. The raw
diffraction pattern exhibits considerable noise and evidence of etalon fringes due to various
optical surfaces in the beam line. To reduce the noise, a two dimensional Gaussian fit was
performed on the unperturbed intensity I0(r2,z2), recorded when the trap was empty. The noise,
N(r2), was defined as the difference between the fitted Gaussian, G0(r2) and the unperturbed
intensity: N(r2) = I0(r2,z2)−G0(r2).Before solving the TIE for the phase of the waves, the
noise was subtracted from the experimental images, resulting in a significant reduction of noise
in the processed diffraction pattern:

I�0(r2,z2) = I0(r2,z2)−N(r2) (13)
I�(r2,z2) = I(r2,z2)−N(r2). (14)

Images demonstrated a good qualitative signal-to-noise ratio (SNR) using probe detunings
between 0 and 3 Γ and defocus distances out to Z = 40 mm. At large defocus distances and
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Fig. 4. Experimental results for Single-plane Curved-beam Phase Imaging. (a) Raw exper-
imental diffraction pattern; (b) after noise subtraction; (c) reconstructed column density
cropped to region inside intensity threshold, retrieved from diffraction pattern in (b), and
(d) plot of column density through dashed line in (c). The blue line in (d) indicates the col-
umn density retrieved from a conventional in-focus, on-resonance absorption image taken
on the same day. The diffraction pattern was recorded at a defocus distance of Z= 20 mm, a
probe beam detuning of Δ = 1.5Γ and imaging probe pulse duration of 13 μs. A correction
factor of η = 1.3 was used to obtain the density map (see Sec. 3). The circular discontinuity
in the column density arises from the threshold function (Eq. (9)).

probe detunings, a high peak column density was required to produce a good SNR, however
the recovered images consistently demonstrated good agreement with alternative quantitative
imaging techniques, such as absorption [9] and diffraction contrast imaging [12]. For direct
comparison of SCPI with conventional techniques, the quantitative density profile retrieved
from an on-resonance absorption image taken on the same day is also shown in Fig. 4(d), show-
ing excellent agreement with the SCPI result. The range of defocus distances investigated was
only limited by optical access to the vacuum system and the size of the CCD. Further iterative
refinement of the images using coherent diffractive imaging algorithms (e.g. Gerchberg-Saxton
and error-reduction algorithms [36]) has the potential to provide enhancement of fine detail and
structure within the cloud.

5.2. Inhomogeneous Imaging

In Fig. 4(b), etalon fringes reduce the signal-to-noise ratio (SNR) in the diffraction pattern,
even after noise subtraction, due to shot-to-shot variation in probe laser frequency. To further
reduce artefacts at higher spacial frequencies, including etalon fringes, the diffraction data for
EIT imaging was spatially filtered by convolution with a Gaussian of variable full width at half
maximum (FWHM), at the cost of slightly decreased spatial resolution.

Figure 5 shows experimentally acquired diffraction data and retrieved atomic refractive index
of the atom cloud with spatial modulation due to the EIT pump beam, calculated using Eq.
(5). The column density in Eq. (5) was measured with the pump beam blocked, and retrieved
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Fig. 5. Imaging of an inhomogeneous atom cloud and extraction of the complex refrac-
tive index. Orange arrows indicate the propagation direction of the EIT pump laser beam.
(a) Inhomogeneous diffraction data. The intensity of the unperturbed Gaussian has been
subtracted for clarity. (b) Diffraction data from a homogeneous (pump beam off ) cloud,
unperturbed beam subtracted. (c) Column density reconstructed from (b). (d) Retrieved
absorption coefficient, β , calculated using Eq. (5). (e) Retrieved phase coefficient, α . (f)
Experimental line profile (black) through dashed line in (d), with theoretical absorption
curve shown in red. (g) Phase line profile, with theoretical curve, as in (f). Images were
taken at Z = 20 mm defocus distance, Δ = 2 Γ from the F = 3 → F � = 3 transition. Theo-
retical lines were calculated using the exact version of Eq. (12), with parameters (Ω1, Ω2,
Δ1, Δ2 and slit width) fitted to the data, within their respective experimental error margins.
The data was convolved with a Gaussian of FWHM 186 μm prior to reconstruction.

numerically using Eq. (4). The refractive index maps and line profiles have been smoothed
using a five-pixel box-car average to reduce the effects of noise. Although this reduces the
resolution of the result, our interest is in the variation of refractive index on the much larger
scales of the atom cloud and laser beam profile.

The EIT pump beam is seen clearly as an area of low absorption and phase shift in a near-
vertical region of the atom cloud. The extracted imaginary part of the refractive index shows
good agreement with the theory. In regions of high atomic density, the discrepancy between
measured and theoretical imaginary refractive index is less than 15%. In the outer regions of

#119786 - $15.00 USD Received 10 Nov 2009; revised 6 Jan 2010; accepted 9 Jan 2010; published 13 Jan 2010
(C) 2010 OSA 18 January 2010 / Vol. 18,  No. 2 / OPTICS EXPRESS  1597



the cloud, where the density fell below 1011 atoms/m2, Tikhonov regularization increases the
maximum discrepancy to 40%. The mismatch between the retrieved and theoretical real part
of the refractive index on the right-hand side of Fig. 5(g) is due to the hard edges of the EIT
pump beam, caused by the slit through which it passed. Although the edges provide a more
distinct and visible change in refractive index, they result in areas of rapidly varying phase
which are not well accommodated by the approximations of this technique. For the Gaussian
beams typically used in atomic coherence measurements, this artifact would be significantly
reduced, if present at all.

Using the edges of the pump beam in Fig. 5(d) as a reference, we estimate the resolution
of the refractive index retrieval as ∼ 40 μm. However, the diffraction data used to reconstruct
that image was spatially filtered, and the reconstruction subsequently averaged over a five pixel
radius, resulting in a substantial reduction in final resolution. In general, the technique does not
impose any additional constraints on resolution, which is ultimately limited only by the probe
wavelength and detector size. Furthermore, although Eq. (7) has been shown to work well for
Gaussian objects, it can be adapted to suit more complex structures, relaxing the requirement
for a smoothly varying object [1].

6. Conclusion

Single-plane Curved beam Phase Imaging (SCPI) was demonstrated, providing quantitative im-
ages of a cold atom cloud over a range of probe laser detunings and defocus distances. Images
showed a good signal-to-noise ratio and quantitative agreement with conventional methods, as
seen in Fig. 4(d). Unlike other non-iterative diffractive methods, SCPI can retrieve a quantita-
tive image of the column density of an inhomogeneous object, given knowledge of the spatial
variation in refractive index. By extracting the complex exit surface wave, the complex refrac-
tive index can be separated from the atomic column density. Either the refractive index or the
column density can be recovered, provided that the other is known. Combined with the reduced
sensitivity to experimental parameters outlined in section 3, SCPI can be a useful tool for a wide
range of cold atom applications, including ultracold plasma diagnostics and studies of atomic
coherence phenomena in ultracold gases. Additionally, the method could provide an excellent
starting point for further iterative refinement of the images [36].

Simulation of imaging of cold atoms using typical experimental parameters yielded quanti-
tative reconstructions of column density to within 10%. Using the results from the simulations,
a detuning-dependent correction factor was calculated, which partially compensated for the er-
rors introduced by the approximations used in the SCPI technique. Simulations also indicated
an optimum region of the available experimental parameter space for imaging. The technique
was implemented experimentally and the resulting images were of high quality compared to
in-focus, on-resonance absorption imaging of homogeneous objects.

Although conventional absorption imaging remains one of the simplest methods of quanti-
tative imaging, its sensitivity to the frequency of the probe laser beam and any defocus result
in large uncertainties when used as a quantitative technique. Using SCPI, this sensitivity is
significantly reduced by deliberately detuning the probe and measuring a diffraction pattern.
Although other imaging techniques have demonstrated such reduced sensitivity [10], they are
unable to separate the refractive index from the column density, limiting their use to homo-
geneous objects. SCPI retains the advantages of these techniques, while enabling imaging of
atomic coherence phenomena in inhomogeneous cold atom clouds. Experimental reconstruc-
tions of an atom cloud with spatially modulated refractive index created using a cascade EIT
scheme showed good agreement with theoretical predictions. Agreement to within 15% of the-
oretical predictions was achieved in areas of high atomic density where Tikhonov regularization
did not affect the results. The resolution of spatially filtered and smoothed experimental images
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of inhomogeneous clouds was estimated as ∼ 40 μm, although the resolution of the technique
is ultimately limited by wavelength and detector size.

This technique is particularly suited to imaging of atomic coherence effects in cold atom
clouds, due to their typically Gaussian density profiles. Many experiments in atomic physics
also utilize Gaussian laser beams. Accordingly, any induced inhomogeneities in the refractive
index of the cloud will be smoothly varying, minimizing artefacts in quantitative reconstruc-
tions, such as those induced by the hard edges of the EIT pump beam in Fig. 5(g). Accordingly,
SCPI offers the potential to yield greater information from atomic coherence experiments in
cold atoms than commonly used probe beam techniques, while maintaining experimental sim-
plicity.

We have shown an adaptation of the reconstruction process and experimental implementation
of SCPI for cold atom imaging. The technique was used to image a complex object involving
atomic coherence effects. Further work will involve application to electron bunch shaping in
an ultracold plasma, and possible iterative refinement to increase fine detail. The simplicity of
the technique makes it a useful tool not only for cold atom applications, but also for x-ray and
phase imaging applications in general.
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Arbitrarily shaped high-coherence electron
bunches from cold atoms
A. J. McCulloch†, D. V. Sheludko†, S. D. Saliba, S. C. Bell, M. Junker, K. A. Nugent and R. E. Scholten*
Ultrafast electron diffractive imaging of nanoscale objects
such as biological molecules1,2 and defects in solid-state
devices3 provides crucial information on structure and dynamic
processes: for example, determination of the form and
function of membrane proteins, vital for many key goals in
modern biological science, including rational drug design4.
High brightness and high coherence are required to achieve
the necessary spatial and temporal resolution, but have been
limited by the thermal nature of conventional electron sources
and by divergence due to repulsive interactions between the
electrons, known as the Coulomb explosion. It has been shown
that, if the electrons are shaped into ellipsoidal bunches with
uniform density5, the Coulomb explosion can be reversed
using conventional optics, to deliver the maximum possible
brightness at the target6,7. Here we demonstrate arbitrary
and real-time control of the shape of cold electron bunches
extracted from laser-cooled atoms. The ability to dynamically
shape the electron source itself and to observe this shape
in the propagated electron bunch provides a remarkable
experimental demonstration of the intrinsically high spatial
coherence of a cold-atom electron source, and the potential
for alleviation of electron-source brightness limitations due to
Coulomb explosion6.

Carbon nanotube field emitters are at present the brightest
available electron sources but must operate at low currents to avoid
Coulomb expansion and are therefore not suitable for ultrafast
imaging. Limited bunch shaping has been demonstrated with
photoemission sources7,8, which use high-energy laser pulses to
generate electrons at high current. Combined with longitudinal
bunch compression, sub-100 fs pulses have been obtained with
sufficient brightness for diffraction studies of gold8,9. However,
large increases in brightness are needed for single-shot imaging of
weakly scatteringmaterials such as biologicalmolecules, and further
increases in the brightness of intrinsically hot photoemission
sources will be difficult.

Recent simulations10,11 and experiments12 show that photoion-
ization of a cold atom cloud can produce cold electron bunches
with high coherence and current. Electrons are extracted by near-
threshold photoionization of atoms that have been laser-cooled to
microKelvin temperature13.We demonstrate here that the extracted
electron bunches have extremely small transverse momentum, and
show that the source has quasi-homogeneous rather than thermal
coherence properties; that is, unlike conventional photocathode
sources, the transverse locations of the cold electrons remain
strongly correlated to their original location at the source.

In addition, the internal structure of the atoms that form
the underlying electron source provides a unique tool for
three-dimensional control of the electron bunch shape5. We show
that it is possible to engineer the spatial profiles of the incident
excitation and photoionization laser beams to control the shape

ARC Centre of Excellence in Coherent X-ray Science, School of Physics, The University of Melbourne, Victoria 3010, Australia. †These authors contributed
equally to this work. *e-mail: scholten@unimelb.edu.au.

of the ionized gas cloud and hence that of the extracted electron
bunches in three dimensions. We demonstrate real-time arbitrary
shaping to create complex electron density distributions, and show
that, because of the extremely small transverse momentum of the
electrons, the bunch shape is preserved after propagation, without
focussing optics. The preservation of the spatial structure of the cold
electron beam shows that high-resolution measurement of electron
diffraction will be possible without requiring beam expansion
and associated loss of flux to increase the transverse coherence.
Conventional photocathode sources offer high brightness and the
ability to pattern the electron emission in two dimensions, but
low transverse coherence due to their inherently high electron
temperature, such that any pattern immediately diffuses. Although
the pattern could subsequently be recovered with imaging optics,
the transverse spatial coherence would always remain low, limiting
the applicability for diffractive imaging. We also use the arbitrary
shaping capability of the cold-atom electron source to measure the
high transverse spatial coherence length of the electrons.

In our experiments, laser-cooled rubidium atoms (T = 70 µK)
were photoionized by illumination with a resonant 780 nm
excitation laser, followed by a 5 ns 480 nm ionization laser pulse
(Fig. 1). The electrons were accelerated in a uniform electric field
(F =40 kVm−1, distance 2.5 cm, final energy 1 keV), and the spatial
distribution of the electron pulse was observed after the pulse
had propagated 21.5 cm in a null field. A spatial phase modulator
was used to control the intensity profile of the excitation laser
beam at the cold-atom target, forming a shaped charge cloud
on ionization (see Methods). An example of a complex electron
pattern is shown in Fig. 1. The density distribution of the electrons
extracted from the shaped cloud directly reflects the excitation-
laser intensity profile, even after propagation by 24 cm (14 ns
time of flight). The cold electron bunches have extremely small
transverse momentum, demonstrating high coherence, and quasi-
homogeneous rather than thermal source properties (seeMethods).
For a quasi-homogeneous source14, the transverse coherence length
Lc can be related to the transversemomentum spread, and hence the
temperature T , through10

Lc = h̄/
�
mekBT (1)

Note that the transverse coherence length is determined by
the temperature of the electrons and is independent of the
acceleration energy. Equation (1) predicts that the transverse
coherence length decreases with increasing temperature, and
therefore with decreasing photoionization wavelength. At the
very low temperatures possible with a cold atom source, the
electrons have negligible transversemomentum, and so the electron
distribution at our detector will closely match the excitation profile.
As the electron temperature is increased, by increasing the energy of
the ionizing photons, the distribution at the detector will blur owing
to the thermal diffusion during propagation.
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Figure 1 |Arbitrary electron density distribution bunches using spatially structured photoionization of a cold atom cloud. a, False-colour surface
rendering of relative electron density for a shaped electron bunch after propagation by 24 cm, measured with a microchannel plate, phosphor screen and
CCD (charge-coupled device) camera. b, Atoms are laser cooled and trapped and then photoionized with a combination of a 780 nm laser beam shaped by
a spatial light modulator and a uniform-intensity-profile 480 nm laser pulse. Electrons produced in the region of overlap between atoms, excitation and
photoionization beams are propelled to a microchannel plate and phosphor screen detector, imaged with a cooled interline transfer CCD camera.

The electron temperature and coherence can be quantified from
the change in bunch structure after propagation. Figure 2a shows
the spatial-resolution degradation as the photoionization-laser
wavelength was decreased by 2.6 nm, increasing the electron energy
and temperature by 15meV and 170K, until the structure is no
longer discernible. The preservation of the detailed complex pattern
at low temperature underscores the remarkable coherence that can
be obtained with a cold-atom electron source.

To more precisely quantify the effects of temperature on spatial
coherence, the excitation-laser profile was adjusted to produce
uniform-density electron bunches with sharply defined edges. The
blurring of the edges as a function of excess excitation energy
provides a more precise test for the loss of structure with electron
temperature (Fig. 2b). The edgewidth before propagation is defined
by the resolution of the excitation intensity profile, which in turn
is defined by the optical resolution of the excitation-laser imaging
system, approximately 10 µm.

With the ionization-laser wavelength at the field-free ionization
wavelength, λ0, we expect to see cold electrons from directly ionized
atoms, but also electrons from atoms that are excited to Rydberg
states and then ionized owing to the ambient external electric
field between the accelerator electrodes. In a non-zero ambient
electric field, excitation at the field-free ionization wavelength
produces hot electrons, which gain excess energy contributed
from the ambient electric field. The coldest electrons are therefore
formed by excitation to a Rydberg state (see Methods). For our
field strength the calculated ionization threshold wavelength is
481.885 nm (see Methods). The observed threshold of 481.775 nm
is lower, consistent with observations for other atomic species15.

The edge-resolution measurements can be used to determine an
upper limit to electron temperature and a lower limit to source
coherence. Equating the transverse thermal velocity of the electron
cloud to the angular spread after propagation yields an expression
for the spatial derivative at the boundary16:

dQe

dr
= eκ

d1
2d1 +d2

�
eF

d1 [kBT0 +�E]
(2)

whereQe is the detector signal proportional to charge, r is the radial
coordinate, d1 is the distance through which the cloud is accelerated
by an electric field of strength F and d2 is the free propagation
distance from accelerator to detector. �E is the excess energy of
the electrons (see Methods), determined from the experimentally
observed ionization shift, such that the sharpest electron bunch

corresponds to�E=0. Both κ andT0 are fitting parameters; κ is the
linear magnification, and T0 is the minimum electron temperature,
fundamentally limited by intrinsic heating processes during ioniza-
tion. Figure 2c plots the intensity derivative across the boundary as a
function of excess ionization energy for the quasi-uniform electron
bunches. The extracted upper limit to the minimum electron tem-
perature of T0 < (10±5) K is consistent with other measurements
for electrons extracted by photoionization of cold atoms17.

Using equation (1), the intrinsic transverse coherence length
of the electron source with temperature T < (10± 5) K is then
Lc > (10±3) nm.Our directmeasurement shows that the transverse
coherence length of cold-atom electron sources is sufficient for
diffractive imaging of nanocrystals of many proteins and solid-
state structures of interest, and even small viruses10. The spatial
coherence length can be increased with reduced temperature or by
expansion of the bunch.

Flexible control of the bunch shape through the scheme
described here was essential for creation of the uniform-density
sharply defined electron bunches used to measure the source co-
herence. The false-colour surface rendering of the relative electron
density of Fig. 1a shows two dominant contributions to the bunch
shape: the intensity profile of the shaped excitation laser beam,
and also the initial atomic density distribution of the cold atom
cloud. The latter is manifest as a Gaussian, rather than uniform,
envelope modulating the binary intensity profile of the excitation
laser beam. To generate uniform bunches, the cold atom cloud
was imaged before ionization and the measured atom distribution
used to calculate a revised excitation-laser profile, to reduce the
excitation fraction where the atom distribution is high, and increase
excitation in regions of low atomic density (seeMethods).

With such flexible control of bunch shaping, real-time feed-
forward correction for the non-uniformity of the cold-atom
distribution is possible. The illumination can be changed from one
excitation pulse to the next, and will therefore also enable feedback
correction of electron bunch shape from shot to shot. A movie
(see Supplementary Information) shows a dynamic animation
similar to Fig. 1a, where schematic ‘electrons’ are seen to orbit
the ‘atom’, and a ‘photon’ ionizes the atom. Every pulse of the
ionization laser illuminates a different distribution of excited-state
atoms, at a rate of 10Hz.

The transverse brightness at the source is given by18

B⊥ = Ipmec2

4π2σxσy kBT
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Figure 2 | Effect of electron temperature on structural degradation. a, Excitation-laser intensity profile (left), and sequence of detected electron bunches
extracted with varying excess ionization energies. A rise of only 25 K in electron temperature leads to significant distortion of the complex image. Images
are 9 mm×9 mm averaged over 30 shots. b, Sequence of quasi-uniform electron bunches for varying ionization-laser wavelength, used to measure the
source temperature. The excitation to Rydberg levels is apparent at λ= 482.20 nm, well above the free-field ionization wavelength, λ0 = 479.059 nm.
Images are 13.5 mm× 13.5 mm averaged over 20 shots. c, Electron bunch edge width. The open triangles correspond to the images in b. The error bars
indicate one standard deviation, including statistical and systematic uncertainties. An upper limit to source temperature is extracted by fitting equation (2)
(solid line) to the data with excess ionization energy �Ec ≥ 0 K. Inset: The relevant energy levels and transitions in rubidium.

where σ is the root mean squared source size and Ip is the peak
electron current. For Ne = 105 electrons at energy 1 keV in a 5 ns
pulse and a source size of 1mm, T < 10K gives a lower limit to
the transverse brightness of B⊥ > 107 Am−2 sr−1. The brightness
of the pulse can be increased by reducing the bunch length,
and a short bunch length is also necessary for ultrafast electron
diffraction applications. The length was limited in our set-up by
the 5 ns photoionization-laser pulse duration, but in principle
this can be reduced to picoseconds before the transform-limited
bandwidth of the laser significantly affects the electron temperature.
Standard radiofrequency accelerator compression techniques can
then reduce the bunch length to below 100 fs (refs 11,19). The
energy spread of the electron bunches can be estimated from the
length of the initial electron bunch along the electric field between
the two accelerator electrodes. For the results presented here, the
length is 1mm and the field is 40 kVm−1, and thus there is a
difference in acceleration of 40V between electrons at the front and
rear of the bunch, 4% of the final electron energy. The spread can
be largely eliminated by using a time-dependent field20.

The beam-shaping techniques and electron coherence described
here realize an important advance in the production of high-
brightness uniform ellipsoidal electron bunches. We have shown
that electrons with sufficiently high coherence at the source are
analogous to a quasi-homogeneous optical wavefield defined by
two variables, rather than four as required to describe a general
partially coherent source. The electron propagation is therefore
more tractable to analytic treatment, for example for calculating
diffraction and retrieving structure from diffraction patterns. Con-
ceptually, the effective source size at some point in the propagated
electron beam is defined by the momentum spread at the source,
and not by the physical size of the source or of the electron beam,
enabling coherent diffractive imagingwith an extended source.

Using control of the photoionization-laser beam profile, we
have also defined the bunch shape along the propagation direction
(see Supplementary Information), for example to create sharp-
edged ‘pancake’ cylindrical electron bunches, which, even when
accounting for stochastic interactions11, can expand naturally to
form ideal uniform ellipsoidal electron bunches6. Optical bunch-
shaping provides a very powerful tool for characterization and
optimization of the source in real time, for example to measure the
coherence and for feed-forward correction as reported here, and in
future, active feedback control. The otherwise intractable problems

imposed by transverse and longitudinal Coulomb expansion can
then be reversed, to increase the brightness of electron injectors for
synchrotrons, X-ray free-electron lasers and particle accelerators,
and for high-resolution dynamic electron diffractive imaging. The
same principles could also be applied to cold-atom ion sources
for imaging or focused ion beam milling21,22, where the Coulomb
explosion is less important, but controlling the illumination23 may
enable optimization of resolution and throughput of the ion optics.

Methods
Experimental apparatus and techniques. Approximately 109 cold rubidium-85
atoms were collected in a magneto-optical trap, loaded from a Zeeman slower24
attached to an effusive source. The magneto-optical trap was formed between
two electrodes to enable electrostatic extraction of the cold atoms (Fig. 1). A
quasi-mirror magneto-optical trap design was implemented, with one electrode
used as amirror to reflect four of the atom cooling and trapping laser beams, and the
other electrode formed from a transparent conductive window21. Photoionization
was carried out as a two-step process, with a resonant excitation laser (780 nm)
to excite atoms from the 5S1/2 (F = 3) ground state to the 5P3/2 (F = 4) excited
state (Fig. 2c). A tunable photoionization laser (480 nm) coupled the excited-state
atoms to the ionization continuum, or to Rydberg states that were subsequently
field-ionized, in either case leading to the formation of ultracold ions and electrons.
The excess energy of the electrons is given by25

�E = hc

�
1
λ

−
�

1
λ0

−4 Ry

�
F
F0

��

where λ is the ionization-laser wavelength, λ0 = 479.059 nm (ref. 26) is the
wavelength equivalent to the field-free ionization energy, 4hc Ry

√
F/F0 is the

shift in ionization threshold due to d.c. field ionization of Rydberg states, Ry is
the Rydberg constant, F is the magnitude of the electric field and F0 is the atomic
unit for electric field27.

For manipulation of the density distribution of the charge cloud, a
spatial light modulator (SLM, Holoeye Pluto NIR2 1920×1080 8 µm pixels,
eight-bit phase only) was used to control the intensity profile of the excitation
laser beam. To generate the required diffracted laser intensity, the SLM was
programmed to show a holographic phase mask. Phase patterns were computed
using an iterative Gerchberg–Saxton algorithm optimized for calculation of
holographic phase masks28.

The photoionization laser beam was expanded such that the intensity was
uniform to within 3% over the entire cold-atom sample. The combination of
excitation and photoionization beams forms a cold ionized gas cloud, with the
density distribution of the cloud determined by the density of the atoms before
ionization, and the intensity cross-section of the excitation laser beam. The shaped
charged-particle distribution was created along the axis of acceleration, so that the
extracted electron bunch density was proportional to the excitation-laser intensity
profile. The electrons were extracted with a constant electrostatic field, detected
with a microchannel-plate electron multiplier and phosphor screen, and imaged
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with a cooled interline transfer CCD camera. Typically 105 electrons (20 fC) were
extracted per photoionization pulse. Fully three-dimensional bunch shaping was
demonstrated by controlling the profile of the ionization laser beam, incident
orthogonal to the electron propagation axis (see Supplementary Information).

Feed-forward bunch-shape correction. Given the integrated column density of
the ground-state atom cloud before ionization, ρ(x,y), the required intensity
profile I (x,y) for an arbitrary excited-state distribution ρe(x,y) can be calculated
through the optical Bloch equations15:

I
�
x,y

� = 1
�2

�
Is

�
�2 +4�2

�

1−2ρe
�
x,y

� − Is�2 −4�2Is

�

where � is the natural line-width,� is the detuning from atomic resonance and Is is
the saturation intensity. For feed-forward shaping, the atom cloud column density
ρ(x,y) wasmeasured using near-resonant diffraction contrast imaging29.

For quantitative examination of the effects of electron temperature, gradients
across the edge of the clouds were calculated using a least-squares linear fit to the
relevant section of a line profile from the image. Each data point represents an
average of 1,000 gradients across the bunch edge. Each image was normalized to a
central electron signal of unity, and corrected for elliptical distortion, before the
gradients were calculated, to eliminate intensity variation and image distortion
effects. The error bars in Fig. 2c show the standard deviation of the 1,000 gradients
at each point. The uncertainty in temperature combines the systematic error
derived from the combination of detector resolution (25 µm) and electron optics
geometry, and the calculated least-squares fitting error of the data to equation (2).
The extracted temperature is strongly dependent on measurements near threshold,
such that discrepancy at high excess energy has little impact onT0.

Quasi-homogeneous source coherence. The electron bunch is a two-dimensional
cloud of electronswith temperatureT andMaxwellianmomentumdistribution:

D
�
p⊥,p0�

� =
�

1
2πmekBT

�3/2

exp

�
− |p⊥|2 +p20�

2mekBT

�

where (p⊥,p0�) are the electron momentum components transverse and parallel
to the propagation axis respectively. Momentum component pF is added owing to
an electric field along the bunch propagation axis; the longitudinal momentum
becomes p|| =p0||+pF , and the phase-space density of the accelerated bunch is then

W (r⊥,p) =
�

1
2πmekBT

� 3
2
exp

�
− |p⊥|2 +�

p� −pF
�2

2mekBT

�
Je (r⊥)

where Je(r⊥) is the current density. As pF � p||, the distribution has a well-defined
momentum component along the propagation direction, analogous to a
quasi-monochromatic paraxial optical wave field. For such a field, the mutual
optical intensity is related to the phase-space distribution by14

J
�
r⊥ + x

2
,r⊥ − x

2

�
=

�
W (r⊥,p⊥)exp

�
i
x ·p⊥
h̄

�
dp⊥

and thus

J (r⊥) = Je (r⊥)√
2πmekBT

exp
�
−mekBT

2h̄2
|x|2

�
= Je (r⊥)√

2πmekBT
exp

�
− |x|2
2L2c

�

where r⊥ = (r1 + r2)/2 and x= (r1 − r2). This is the mutual optical intensity
of a quasi-homogeneous source with transverse coherence length Lc given by
equation (1) (refs 14,30). A quasi-homogeneous wave field is defined by two
variables rather than four, and therefore more tractable to analytic treatment,
for example for calculating diffraction and retrieving structure from diffraction
patterns. Conceptually, the effective source size at some point in the electron beam
is defined by the momentum spread (temperature) at the source, and not by the
physical size of the source or of the electron beam.
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1. Introduction

Electron probes are an important tool for nanometre scale investigations, for example the deter-
mination of membrane protein structures [1]. Improvements in electron sources have enabled
increased spatial and temporal resolution beyond optical alternatives [2]. In particular, ultra-
fast electron diffraction (UED) is an emerging technique for obtaining atomic-level structural
dynamics at sub-picosecond timescales, such as atomic motion and phase transitions [3–5].
Ultrafast diffraction also has the potential to capture images before sample damage occurs,
essential to imaging biological specimens with sub-nanometre resolution [6, 7].

Carbon nanotube (CNT) field emitters are currently the brightest available electron sources,
though must operate at low currents to avoid Coulomb expansion and are therefore not suitable
for ultrafast imaging [8,9]. Conventional photoemission sources use high energy laser pulses to
generate hot electrons at high current. Recently, sub-100 fs 0.25 pC electron bunches have been
extracted from a photoemission source, enabling demonstration of single-shot diffraction from
a crystalline gold foil [10].

Electron bunches extracted from cold atoms provide a new and intrinsically different source
for UED imaging [11–13]. In a cold atom electron source (CAES), electrons are extracted by
photoionization of laser cooled and trapped atoms (temperature T < 100 μK). The predicted
upper limit to transverse normalized brightness for these sources is comparable to that of CNT
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emission sources, but with significantly higher electron flux [14].
Conventional electron sources are initially incoherent, and useful coherence is obtained only

as a consequence of propagation, described by the van Cittert-Zernike theorem. A CAES pro-
duces very low temperature electrons (T < 15 K [13]) with small initial transverse momentum
spread, and consequently the transverse spatial coherence is large at the source. As with con-
ventional electron sources, the CAES coherence can then be further enhanced by propagation,
and the flux of a CAES can be many orders of magnitude greater than single-atom field emit-
ters. The CAES therefore has promising properties desirable for diffractive imaging, including
sufficient intrinsic transverse spatial coherence for imaging whole biomolecules coupled with
the potential for high brightness.

An electron bunch extracted from a CAES has the properties of a partially coherent quasi-
homogeneous wavefield. While the temperature of these cold electron bunches has previously
been measured and a transverse spatial coherence length inferred [13], in this paper we directly
measure the transverse spatial coherence by mapping out the form of the coherence function,
thus confirming the basic property which makes these new sources important for diffractive
imaging. We measure the visibility of a propagated electron distribution with a sinusoidal pro-
file, created at the source by directly modifying the excited state atomic distribution [13]. This
profile can be rapidly varied to allow measurements over a wide range of spatial frequencies.
The variation in the visibility of the propagated electron profile with spatial frequency is shown
to relate to the coherence function in close analogy to the visibility of a two-slit interference
fringe pattern commonly used to characterize source coherence [15, 16].

2. A cold atom electron source

2.1. Experimental description

In our experiments, approximately 109 Rb85 atoms in a magneto-optical trap (T = 70 μK) were
excited from the 5S1/2(F = 3) ground state to the 5P3/2(F � = 4) excited state using a laser of
wavelength 780nm (Fig. 1). The intensity profile of the excitation laser beam was shaped using
a phase-only spatial light modulator (SLM) to selectively excite a desired density distribution of
atoms within the Rb cloud [13]. The shaped, excited atom distribution was photoionized using
a 5ns 480nm wavelength laser pulse, spatially uniform to 3% across the cloud. The electrons
were accelerated in a uniform electric field (F = 40kV/m, distance 2.5 cm, final energy 1 keV)
parallel to the excitation laser and propagated 22 cm in a null field. The spatial distribution of
the electron pulse was observed on a phosphor screen attached to a micro channel plate (MCP)
charge amplifier.

2.2. Modelling a cold atom electron source

To model the CAES, we first assume the initial electron bunch has a Maxwellian momentum
distribution described by

f (p) =
�

1
2πmkBT

�3/2

exp

�
−
|p⊥|2 + p2

||
2mkBT

�
(1)

where m is the electron mass, kB is the Boltzmann constant, T is the electron temperature,
and the electron momentum is separated into a 2D component perpendicular to the propaga-
tion axis, p⊥, and a component parallel to the propagation axis, p||. The transverse momentum
spread σp⊥ =

√
mkBT is small due to the very low electron temperature (Fig. 2), fundamen-

tally limited by intrinsic heating processes immediately following ionization [17]. The elec-
trons were accelerated along the propagation axis by electric field F , imparting an additional
momentum component pF . Since pF � p||, we regard the electron distribution as having a
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Fig. 1. Schematic of the cold atom electron source, showing the cold atom magneto-optic
trap, electrostatic accelerator plates, spatial light modulator (SLM) and detector. The atom
cloud was excited by a 780 nm laser along the electron acceleration axis. The excitation
laser was shaped using the SLM to select a spatial profile of cold atoms with a sinusoidal
variation in one transverse direction and a constant amplitude in the other transverse direc-
tion (see also Fig. 3). A 480 nm laser was tuned to ionize atoms from the excited state prior
to extraction in a static electric field. The electrons were detected on a phosphor screen
attached to a micro channel plate charge amplifier.

well-defined momentum component in this direction, such that the bunch is analogous to a
quasi-monochromatic paraxial optical wavefield [18].

The propagated electron bunch phase-space density for the transverse components,W (r,p⊥),
can therefore be described by

W (r,p⊥) = f (p⊥)I(r) (2)

where I(r) describes the spatial intensity distribution of the source in the plane perpendicular
to the propagation axis and Eq. (1) has been separated into transverse and parallel propagation
components f (p) = f (p⊥) f (p||) with

f (p⊥) = f0 exp
�
− |p⊥|2

2mkBT

�
(3)

and f0 = 1/2πmkBT .
The quasi-homogeneous model (QHM) treats the source as a series of mutually incoherent

point radiators each radiating into a small angular distribution (see Fig. 2). Conceptually, the
effective source size at some point in the propagated electron beam is defined by the momentum
spread (temperature) at the source, and not by the physical size of the source or electron beam.
A QHM is appropriate for a source with short correlation length [16], such as the CAES. The
correlations in the field between two points r1 and r2 can then be described by the mutual
optical intensity (MOI) for a quasi-homogeneous source

J(r,x) = I(r)γ(x) (4)

where r = (r1 + r2)/2 and γ(x) describes the correlations between the electrons as a function
of separation x = r1 − r2. The QHM naturally leads to the limit of a completely incoherent
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Fig. 2. Schematic of the quasi-homogeneous model as it applies to the cold atom electron
source (left). Each electron has the same finite and uniform angular spread Δθ and hence
angular distribution. Conventional sources (right) have a much larger associated angular
spread with Δθ � � Δθ such that it is not possible to identify the origin of a detected elec-
tron.

source by substituting a delta function for γ(x). The properties of quasi-homogeneous sources
are discussed in detail in Refs. [16, 18, 19].

The MOI is related to the phase-space distribution via [19]:

J
�
r+

x
2
,r− x

2

�
=
�
W (r,p⊥)exp

�
i
x ·p⊥
h̄

�
dp⊥. (5)

Combining Eqs. (1), (2) and (5) and evaluating the integral, we identify a Gaussian form of the
coherence function

γ(x) = exp

�
− |x|2

2l2c

�
(6)

where lc = h̄/
√
mkBT is identified as the coherence length of the quasi-homogeneous source,

and is related to the transverse momentum spread of the electrons via lc = h̄/σp⊥ . Gaussian
forms for the coherence function γ(x) are common [18, 19] and have been investigated exten-
sively, for example for modern x-ray sources [15, 20]. The initial momentum spread σp⊥ , and
therefore the coherence length, depends only on the electron temperature and are independent of
the axial acceleration energy imparted to the electron bunch. For a CAES, the electron tempera-
ture is determined by the excess electron energy ΔE, which is primarily the energy difference
between the photoionization laser photon energy and the ionization threshold of the atoms in
an ambient electric field [21]. At high excess energy, the electron angular distribution broadens
and for an electron at the detector we can no longer determine the trajectory from the source.
A high excess ionization energy thus corresponds to the incoherent source limit, γ(x)→ δ (x).

The standard methods of optical coherence theory may be adapted for the propagation of a
partially coherent electron field. We make the paraxial approximation, and the intensity of the
electron field at a distance z is then given by [16]

I(r,z) =
k2

4π2z2

�
J(r�,x�)exp

�
i
k
z
x� · (r� − r)

�
dr�dx� (7)

where k = 2π/λ and λ is the de Broglie wavelength of the electrons.

3. Measuring the spatial coherence function of a cold atom electron source

3.1. Arbitrarily shaped electron bunches

A unique feature of the CAES is that it allows virtual ‘masking’ of the electrons. We can
alter the initial electron spatial distribution shot-to-shot by changing the SLM phase mask (see
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Fig. 1). The electron bunches can also be shaped along the propagation direction by control of
the orthogonal photoionization laser beam profile [13]. This approach could be used to produce
‘pancake’ bunches that evolve naturally to form ideal uniform ellipsoidal density distributions
to alleviate coherence loss due to non-linear Coulomb interactions within the bunch [14, 22].

We impose a sinusoidal distribution on the cold atom cloud so that the MOI (Eq. (4)) becomes

J(r,x) =
I0
2

�
1+ sin

�
2π

u
d

��
exp
�
− |x|2

2l2c

�
(8)

where d is the period of the sinusoid and r≡ (u,v), so that

I(r,z) =
k2

4π2z2 I0

�
1+ exp

�
−λ 2z2

d2l2c

�
sin
�

2π
u
d

��
. (9)

The visibility measured at the detector, V ≡ (Imax − Imin)/(Imax + Imin), then reduces to

V = exp
�
− (1/d)2

l2c/λ 2z2

�
. (10)

Equation (9) describes a loss of visibility in a form that is mathematically identical to that ob-
tained for a Young’s two-slit experiment in which the slits are placed in the source plane and
the detector is sufficiently distant to produce the observed fringe frequency. This correspon-
dence is not coincidental as can be seen when coherence is described in terms of the Wigner
quasi-probability distribution (see, for example, Refs. [16] and [23]). In both forms of the exper-
iment, the coherence is determined from the visibility of the fringe pattern. In the form here, it
is straightforward to vary the fringe spacing using the SLM and to probe the coherence function
γ(x) at varying fringe frequencies, which is precisely equivalent to varying the slit separation.

3.2. Experimental method

The sinusoidal electron bunch signal incident on the MCP/phosphor screen was imaged with
a CCD camera (Fig. 3). The images were integrated along v to improve the signal to noise
ratio, and the line profiles were then normalized to an electron distribution without sinusoidal
variation. Changes in the overall size of the electron bunch, caused by the inhomogeneous
electric field at the accelerator aperture exit acting as a Davisson-Calbick lens [24], do not affect
the sinusoidal visibility. Figure 3 shows an example of a fit of Eq. (9) to a measured electron
distribution for a single spatial frequency. The uncertainty in each visibility measurement was
calculated using the error matrix from the non-linear least squares fit.

3.3. Results

A Gaussian fit to the visibility as a function of spatial frequency, shown in Fig. 4, yields the
transverse spatial coherence length, lc (Eq. (10)). The propagation distance z= 234±15 mm is
determined from a fit to electron and ion time of flight data and the electron de Broglie wave-
length λ = 39± 1 pm is calculated from the imparted bunch energy. The resulting transverse
coherence length is lc = 7.8± 0.9 nm with an inferred electron temperature of T = 14± 2 K.
The coherence length measurement here is a lower limit as the reduction in visibility cannot
be exclusively attributed to coherence effects. For example, a small distortion of the parallel
sinusoidal pattern evident in Fig. 3 is due to non-uniform electric and magnetic fields during
propagation [13].

Figure 5 shows the variation of coherence length with excess ionization energy, TL; that is,
the additional heating above threshold, governed by the photoionization laser wavelength. The
electron temperature is further increased by T0 due to additional internal heating processes
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Fig. 3. (a) Desired excitation laser beam intensity profile used to create the spatial light
modulator phase mask. (b) Image of resulting shaped electron bunch on the phosphor
screen. (c) Integrated line profile of the calculated fully coherent electron distribution (red
dashed), the recorded electron image (blue points), and a fit to the recorded data based on
Eq. (9) (red solid).
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Fig. 4. Visibility of electron bunch pattern as a function of spatial frequency, with a Gaus-
sian fit to the visibility function resulting in lc = 7.8±0.9 nm. The systematic uncertainty
in measuring d was 3%.
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Fig. 5. Variation of coherence length with excess ionization energy. The red dashed
line shows how the coherence length varies with no additional disorder induced heating
(T0 = 0K). The solid line is a least-squares fit to temperature-varying coherence length
with heating of T0 = 9.9±3 K.

immediately following ionization [25]. The final electron temperature is then TL+T0 and the
coherence length is expected to vary as lc = h̄/

�
mkB(TL+T0). The wavelength of the ioniza-

tion laser was varied from 481.727 nm to 478.470 nm, equivalent to excess energy of TL = 6.5 K
to 142.1K. The resulting increase in bunch temperature is apparent as a decrease in coherence
length. From a fit to the coherence length with free parameter T0 (solid line, Fig. 5) we find
T0 = 9.9±3 K. Ionization with zero excess energy (TL = 0 K) could be achieved by tuning the
ionization laser wavelength and accelerating electric field to a Rydberg state resonance [26].
The resulting coherence length would then be lc = 9.5nm, in close agreement to previous indi-
rect estimates [13].

4. Conclusion

Temperatures as low as T < 10±5 K have been measured for a CAES [13] indicating a charac-
teristic coherence length of lc > 10±3 nm. A coherence length of 10 nm is already sufficient at
the source for imaging small biomolecules such as bacteriorhodopsin where the unit cell length
is of order 10 nm. In contrast, photoemission electron sources with electron bunch temperatures
of order T = 104 K have an associated coherence length of lc = 0.3 nm.

This paper has provided a framework for describing the propagation of partially coherent
electron bunches extracted from a cold atom electron source: a critical requirement for real-
ization of coherent diffractive imaging using a CAES. The arbitrary bunch shaping capability
of the CAES has enabled a convenient and flexible method for measuring the transverse spa-
tial coherence of the electron bunches. The measured coherence length of the CAES and the
potential for high brightness are promising for application to coherent diffractive imaging of
biological and other nanocrystals.
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A processed photograph taken during chamber reconstruction.



“La vérité vaut bien qu’on passe quelques années sans la trouver.”

– Jules Renard (1864-1910)
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