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Abstract

Coulomb interactions within charged particle bunches manifest themselves through

microscopic statistical Coulomb effects and macroscopic Coulomb explosion, also

known as space-charge expansion. Coulomb explosion can lead to unwanted in-

creases in the phase-space density or emittance of the source, which reduces overall

focusability and brightness. Therefore, the ability to control, suppress and poten-

tially eliminate space-charge-induced emittance growth in charged particle beams

is of critical importance for applications in high-energy accelerator injection, high-

brightness X-ray sources, electron and ion microscopy, and ultrafast electron diffrac-

tion (UED). The capacity to perform single-shot UED and coherent diffractive imag-

ing experiments of protein membranes and biological samples is of particular inter-

est; the “holy grail” of structure determination techniques. Such an experiment

requires high bunch charge and short pulse durations, conditions that result in se-

vere Coulomb explosion.

Conventional electron sources cannot simultaneously achieve the high brightness

and high coherence properties required to dynamically image biomolecules, due to

limitations imposed by Coulomb effects. Recently, a new generation of Cold Atom

Electron and Ion Sources (CAEISs) have been developed and show promise in this

regard, utilising low temperature to generate high brightness and coherence. The

Melbourne CAEIS produces electron or ion bunches via two-colour near threshold

photoionisation of laser-cooled rubidium atoms in a magneto-optical trap. The pho-

toionisation laser can be tuned to excite electrons to the continuum with almost no

excess energy, resulting in electron and ion bunch temperatures of approximately

10 K and 1 mK respectively, orders of magnitude lower than that of conventional
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field emission or photocathode sources. Without obfuscation from thermal diffu-

sion, space-charged-induced effects that evolve within a bunch can be measured and

alleviated by carefully tailoring the initial density profile.

Specifically, the ideal bunch is a three-dimensional (3D) uniform density ellip-

soid of charge, which exhibits linear and therefore reversible Coulomb expansion

and minimal emittance growth under acceleration and propagation. Such objects

were first realised for radio frequency (rf) photocathode sources, whereby a prompt,

half-spherical radial laser intensity distribution and strong accelerating field were

used to generate and extract a pancake electron bunch from the cathode surface,

which automatically evolves into a 3D uniform ellipsoidal bunch, provided certain

criteria are met. This formalism is adapted to the Melbourne CAEIS using a spa-

tial light modulator for transverse laser beam shaping to create ion bunches that

undergo linear space-charge expansion. Nanosecond ion bunches are investigated as

they exhibit strong space-charge effects that are analogous to picosecond electron

dynamics, on time-scales relevant for UED.

An experimental framework is introduced to allow comparisons between CAEIS-

generated half-spherical bunches and other common bunch distributions, namely

Gaussian, flat-topped, and conical. By measuring Coulomb expansion for the cho-

sen bunch shapes as a function of increasing density, growth factors are calculated

and linear space-charge expansion is verified in a CAEIS for the first time. Particle

tracking simulations are used to calculate emittance and emittance growth of cold,

shaped bunches, with comparisons made to a thermal source. Transverse bunch

focusing experiments are also presented which demonstrate suppression of space-

charge-induced emittance growth via bunch shaping. By simulating an rf cavity in

the CAEIS beamline for longitudinal bunch compression, 3D reversal of Coulomb

explosion is explored and also confirms emittance suppression and brightness en-

hancement for particular shaped bunches. The concept, design and performance of

a novel cateye external cavity diode laser for continuous CAEIS development is also

described in this work.
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Preface

This thesis relates to the published works included in Appendix A; research efforts I

achieved in the atom optics laboratory within the School of Physics at The University

of Melbourne from 2011 to 2016. Other members of the Melbourne Atom Optics

Group also contributed to or facilitated aspects of this work, and are acknowledged

for their contributions both here and throughout the text. In alphabetical order

these people are Simon C. Bell (SCB), Mark Junker (MJ), Andrew J. McCulloch

(AJM), Dene Murphy (DM), Corey T. Putkunz (CTP), Sebastian D. Saliba (SDS),

David V. Sheludko (DVS), Benjamin M. Sparkes (BMS), Rory W. Speirs (RWS)

and Joshua S. J. Torrance (JSJT). Rick van Bijnen (RMWvB), a collaborator from

Eindhoven University of Technology (TU/e) also made an important contribution.

All other contents are my own unless otherwise stated. The experiments conducted

for this PhD were supervised by Professor Robert E. Scholten (RES).

Chapter 1 is an original introduction which presents the key research ideas un-

derlying this thesis. These topics are the motivation for creating X-ray and electron

sources capable of diffraction-based imaging experiments with atomic spatial and

temporal resolution, Coulomb explosion in electron sources attempting to reach this

goal, and the desire to generate uniform density ellipsoidal bunches, which undergo

linear space-charge expansion, and therefore, controllable recompression. The con-

cept of a Cold Atom Electron and Ion Source (CAEIS) is also introduced, and

utilising nanosecond duration ion bunches as an analogue for picosecond electron

bunches in such a source.
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Chapter 2 is an original review of the theory of Coulomb and space-charge effects

within charged particle beams and bunches. In particular, the important beam

parameters of emittance, brightness and coherence length are assessed in terms of

space-charge expansion and temperature, along with how ideal, uniform density

ellipsoids can be created from pancake bunches in a CAEIS. DM and CTP provided

a skeleton of the General Particle Tracer (GPT) script used to generate the space-

charge-induced emittance simulation results presented in Section 2.5. I built upon

this code to model space-charge dynamics of shaped bunches in a CAEIS.

Chapter 3 is an original description of the Melbourne CAEIS, highlighting the

lasers involved and usage of the apparatus to create shaped electron and ion bunches.

The source was designed and constructed by SCB, MJ, AJM, SDS and DVS. General

modifications to the CAEIS were realised at various stages by CTP, BMS, RWS and

me, and are noted in Section 3.1. In order to facilitate creation of shaped ion

bunches down to tens of microns in width via existing hardware on the system,

RMWvB provided code and a graphical user interface which BMS and I configured.

Experimental implementation of the Melbourne CAEIS beam-shaping methods are

described in Section 3.4.2, with RMWvB’s iterative feedback algorithm used to

generate results presented in Sections 5.2, 5.3, 5.4, 6.3 and 6.4.

Chapter 4 describes the design and characterisation of external cavity diode lasers

(ECDLs) in a cateye configuration, using wide bandwidth intra-cavity filters for the

first time. RES communicated the overall concept to me and provided a Mathemat-

ica notebook which I expanded upon and modified to appropriately model overall

mode selection in a cateye ECDL, and to generate Figure 4.1. I built the cateye

cavity designs presented in Section 4.3 primarily from off-the-shelf and standard

catalogue components, and parts machined from SolidWorks schematics submitted

to the School of Physics workshop. I also devised the experiments described in

Section 4.4 to assess cateye ECDL performance, with assistance from RES. DVS

provided assistance in obtaining the calibrated noise spectrums in Figure 4.8.



ix

Chapter 5 contains original experiments and simulations of shaped ion bunches

undergoing space-charge expansion in a CAEIS. I developed the experimental frame-

work to study the bunch shapes presented in Section 5.2, and generated the phase

masks required to realise the shaped excitation laser intensity profiles used in Chap-

ters 5 and 6. DM partially contributed to calculations of initial bunch shape prop-

erties for GPT simulations. I planned and performed the experiments presented in

Sections 5.3 and 5.4, for which BMS made equal contributions in data collection

and analysis. I also generated the simulation results presented in Sections 5.4, 5.5

and 5.6.

Chapter 6 contains original measurements and simulations of shaped ion bunch

compression in a CAEIS. I planned and performed preliminary experiments for Sec-

tions 6.3 and 6.4 with contributions from DM, BMS and RWS, and obtained the final

datasets myself after refining the experimental method. BMS partially contributed

to experimental data analysis. I generated the simulation results presented in Sec-

tions 6.4 and 6.5. Section 6.6 contains an original summary of recent CAEIS-based

electron diffraction experiments published by collaborators at TU/e, and those with

the Melbourne CAEIS, for which RWS is the lead author.

Chapter 7 is an original conclusion, summarising key findings and providing an

outlook for potential next steps of this research area.
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Chapter 1

Introduction

1.1 Molecular movies

In 1924 Louis de Broglie postulated that all matter can exhibit wave-like behaviour

[1], phenomena confirmed in 1927 when electron diffraction was independently ob-

served for the first time in the Davisson-Germer experiment [2,3], and by Sir George

Paget Thomson [4]. Davisson and Thomson were jointly awarded the 1937 Nobel

Prize in Physics for “their experimental discovery of the diffraction of electrons by

crystals” [5]. Stemming from their seminal work is a rich history of technological

progression whereby electrons have been used to probe the structure of matter at

ever-decreasing spatial and temporal scales, complementary to X-ray techniques.

Fast-forward to the present day and the “holy grail” of structure determination

is upon us: creation of “molecular movies” of the dynamics of atomic-scale pro-

cesses [6]. Interaction between a “light” source and sample will only occur when the

characteristic length scales involved in an experiment are similar; the wavelength

and atomic spacing/s respectively. As the typical distance between bonded atoms

is of order an Angstrom (1Å = 10−10 m), the viable sources comprise either elec-

trons with de Broglie wavelengths of 1 Å or less (100 eV or greater), or hard X-rays

at least 10 keV [7]. Although generation of both free electrons and hard X-rays

is now commonplace, the source requirements to produce individual frames for a
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molecular movie are incredibly demanding: pulses with sub-nanometre spatial and

sub-picosecond temporal resolution, along with a sufficiently high signal-to-noise ra-

tio [7]. Armed with such a source, single-shot diffraction of biological samples before

the onset of radiation damage would be possible, allowing for the structure determi-

nation of biologically relevant membrane proteins [8,9]. Knowledge of the structure

and function of membrane proteins is vital to understanding all living cells and for

rational drug design [10–12], but as they are exceptionally difficult to crystallise in

their entirety, the use of X-ray crystallography to solve their structures uniquely has

been limited [9].

The desire to create molecular movies has motivated the development of billion

dollar X-ray free-electron laser (XFEL) facilities, intense light sources with high

transverse coherence [13]. In 2006, Chapman et al. successfully used XFELs for

the first time to perform femtosecond coherent diffractive imaging (CDI) of a non-

periodic, nanoscale silicon nitride membrane as a proof of principle experiment [14]

and later on nanocrystals of one of the largest membrane protein complexes, Pho-

tosystem I [9]. A typical “diffract before destroy” CDI experiment is depicted in

Figure 1.1. A focused X-ray beam strikes a sample with the resultant single-shot

diffraction data collected on a detector before the pulse disassociates the sample.

Chapman et al. used a continuous liquid water jet to replenish Photosystem I

nanocrystals with dimensions of 200 nm−2µm in the path of the beam to collect

data at random sample orientations, and to build up enough signal. Iterative, prop-

agation based phase-retrieval techniques between real and Fourier space are then

used to reconstruct the atomic structure [8, 15].

As the scattering cross section of electrons when interacting with a sample is

enhanced by a factor of 106 compared to X-rays [7], an appealing and alternative

pathway for creating molecular movies is to use a more economically viable, table-

top electron source. High temperature photocathode electron sources have primarily

been used to date to study ultrafast atomic phenomena, the first combined spatial

and picosecond-domain demonstration being femtosecond laser-driven melting of
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aluminium by Siwick et al. in 2003, structural changes of which were observed from

multiple-shot diffraction patterns using 600 fs pulses containing 6000 electrons [16].

More recently, measurements have been made of electron bunches with temporal

pulse lengths down to sub-100 fs and sufficient bunch charge to perform single-

shot femtosecond electron diffraction from polycrystalline gold [17], but without

the transverse coherence properties required for CDI of biomolecules. Also, atomic-

scale electron CDI has been demonstrated with continuous transmission electron

microscopes (TEMs), albeit without dynamics [18–21].

In 2016, molecular movies of vibrating iodine (I2) molecules were published by

two groups utilising separate sources at the Stanford Linear Accelerator Center

(SLAC), recording the changes in internuclear distance separating the I2 molecules

in response to femtosecond laser excitation via time-resolved X-ray and electron

diffraction. In particular, Glownia et al. used X-ray photons from the Linac Coher-

ent Light Source (LCLS) to map internuclear distances with temporal and spatial

resolutions of 30 fs and 0.3Å respectively [22]. Yang et al. utilised 3.7 MeV elec-

trons in a laser-pump-electron-probe experiment to achieve a temporal resolution

of 230 fs, with possible improvement in future via rf cavity compression, and an

incredible spatial resolution of 0.07Å [23].

These recent efforts showcase the capability and resolution of modern instru-

ments for molecular movie creation of simple atomic systems, and also highlight

the progress in the development of electron sources towards full reconstructions of

non-crystalline objects from single-shot diffraction. While the brightness required

for such an experiment may never be achieved, ultrafast electron sources with in-

creased brightness and coherence will allow structure determination using smaller

or imperfect crystals much like their X-ray counterparts [24], and faster structure

determination than standard techniques like cryo-electron microscopy [25,26].

Managing Coulomb effects is necessary for brighter and higher quality electron

sources capable of recording molecular movies of complex biological structure. These

Coulomb or space-charge effects have been studied in conventional sources for the de-



4 CHAPTER 1. INTRODUCTION

sired applications of high-energy accelerator injection [27], next generation XFELs

and synchrotrons [28], electron and ion microscopy [29, 30] and ultrafast electron

diffraction [31], and are introduced in the next section in relation to this work.

Particle stream
(e.g. biomolecule)

Pulse monitor

X-ray beam

Di�raction pattern
recorded on
pixellated detector
for reconstruction

Figure 1.1: Depiction of “diffract before destroy” X-ray coherent diffractive imaging. X-
ray pulses are used to generate diffraction data captured on a pixelated detector, from
particles dropped into the beam at random orientations. The non-diffracted first order
beam is propagated to a pulse monitor. The technique is viable for structure determi-
nation of samples that are difficult to crystallise, such as biomolecules. Adapted from
Reference [14].

1.2 Problem: Coulomb explosion

The main hurdle with using electrons for single-shot imaging is electron-electron

repulsion within the bunch, also known as Coulomb explosion or space-charge ex-

pansion. Non-linear intra-beam Coulomb interactions serve to dramatically degrade

beam quality via an increase in the phase-space density or emittance, leading to un-

recoverable reductions in transverse coherence length and overall beam brightness.

These concepts are covered in detail in Chapter 2. Conventional, high temperature

electron sources mitigate beam degradation from Coulomb explosion by operating

with low density and flux or at relativistic energies, regimes not viable for ultrafast

electron diffraction (UED) of biological samples. Experiments presented in this the-
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sis are designed towards characterising and maximising high density beam quality

in a viable energy range for biomolecular UED, using a cold charged particle source

that can be arbitrarily shaped [32]. In particular, a primary focus of this work is

the shaping of cold bunches into uniform density ellipsoidal distributions [33], as the

linear Coulomb-driven expansion of such objects can be reversed with conventional

charged particle optics, and without significant degradation to the original source

properties.

Figure 1.2 shows example phase-space portraits in one dimension for three bunch

density distributions studied within this thesis: a uniform ellipsoid that undergoes

linear space-charge expansion, and the commonly used Gaussian and flat-topped

bunches which both undergo non-linear expansion. During propagation, linearity

between particle momentum and position is maintained for the ellipse. The Gaussian

displays a steeper gradient near the bunch centre compared to the bunch edge due

to its higher central density, with contrasting behaviour seen for the flat-top. The

non-linear transformation of the Gaussian and flat-topped phase-space distributions

leads to unwanted emittance growth, a concept expanded upon in Section 2.2.1, and

a reduction in overall bunch focusability and brightness.

The ability to shape electron bunches into ellipsoidal distributions at biomolecu-

lar imaging energies of interest was one of the motivations behind the development

of a Cold Atom Electron and Ion Source (CAEIS) [34]. Other advantages of a

CAEIS include high source coherence and brightness due to the low temperature of

the electrons generated. With up to 106 particles or more per bunch, the CAEIS is a

potential candidate for single-shot UED and molecular movie creation by satisfying

the picoCoulomb bunch requirements for such experiments, provided the bunches

are also picoseconds in duration or shorter. The low temperature ions simultane-

ously generated in a CAEIS have applications in ion microscopy and focused ion

beam technology. The next section gives a brief introduction to these sources.
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Figure 1.2: Phase-space portraits showing intra-beam particle dynamics under accelera-
tion and subsequent propagation for varying bunch density distributions: uniform density
ellipsoid (red), Gaussian (blue) and flat-top (green). The linearity of the ellipse signifies
that the Coulomb explosion is reversible without losses in beam quality. Adapted from
Reference [33].

1.3 Cold atom electron and ion sources

The well-established techniques of laser cooling and trapping [35–38] are a focal

point of a CAEIS, where neutral atomic ensembles can be prepared in a particular

electronic state at temperatures of 100µK or less prior to any ionisation process,

resulting in cold electron and ion generation. Laser cooling has been demonstrated

for at least 27 different atomic species [39] and as such, groups and collaborations

around the world have developed novel cold atom-based electron and ion sources

for varied applications using rubidium [40–42], chromium [43], lithium [44] and ce-

sium [45–47]. To ensure cold charged particle production, ionisation is typically

performed either via two-colour near-threshold photoionisation, or field ionisation

from a high-lying Rydberg state.

The first proposal for a Cold Atom Electron Source (CAES) was published in

2005 [34], whereby it was postulated that high brightness electron beams could be

generated from cold atoms, due to the low temperature and velocity spread of the
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Figure 1.3: Various implementations of a Cold Atom Electron and Ion Source: (a) coaxial
design that allows for rapid acceleration-field switching; (b) quasi-mirror MOT design that
allows for arbitrary bunch shaping in 3D; (c) ac-MOT design; and (d) a continuous atom-
beam source. Adapted from Reference [55], with individual schematics (a)-(d) originally
adapted from References [50], [41], [42] and [45] respectively.

source. Claessens et al. then realised their own proposal at Eindhoven University of

Technology (TU/e) in 2007 with the first pulsed CAEIS, using rubidium atoms in a

magneto-optical trap (MOT) [40]. Four conductive rods surrounding the MOT gen-

erated the accelerating field which extracted either electrons or ions upon ionisation.

In order to generate shorter duration electron bunches, the same group moved to a

coaxial accelerator structure to switch the electric field faster [48]. A schematic of

this source is shown in Figure 1.3(a) and was used to ascertain single-shot electron

diffraction capability using a CAES in 2010 [49]. The TU/e CAEIS was also used

to produce ultrafast electron bunches [50] and subsequently demonstrate ultrafast

electron diffraction [51], model ionisation dynamics [52], and measure electron bunch

temporal lengths [53] and longitudinal energy spread [54].
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Figure 1.3(b) depicts the Melbourne CAEIS which employs a quasi-mirror MOT

design, adopted from an early Cold Atom Ion Source (CAIS) implementation [43].

The parallel plate accelerator structure has a transparent indium tin oxide (ITO)

electrode in addition to a gold electrode, reflecting some of the cooling laser beams

required to form the MOT. This setup has been used to demonstrate electron bunch

shaping [41], ultrafast electron bunch generation [32], detailed space-charge dy-

namics [56], single-shot electron diffraction [57], brightness improvement via stimu-

lated Raman adiabatic passage [58], suppression of space-charge-induced emittance

growth (included in this work) [59], ionisation pathways and temporal electron bunch

lengths [60], and most recently, time-resolved brightness measurements [61]. Tech-

nical aspects of the Melbourne CAEIS are expanded upon in Chapter 3.

An ac-MOT [62] has also been utilised in the CAES design shown in Figure 1.3(c),

developed with the intention of injecting electron bunches into high energy accelera-

tors [42] and for electron diffraction studies [63]. Electron trajectories in this CAES

are unaffected by residual magnetic fields, and the trap itself can be switched off

greater than 300 times faster than a conventional MOT. Figure 1.3(d) illustrates an

example of a continuous CAEIS, implemented using a laser cooled atomic beam [45].

Such sources offer high current due to an increased atomic flux in comparison to

a MOT-based source [64], motivating their use in focused ion beam (FIB) applica-

tions [39, 44,45,65,66].

For the CAEIS implementations presented in Figure 1.3, independent measure-

ments of fundamental beam parameters nominally agree with one another. Mea-

surements indicate a minimum transverse electron temperature of approximately

10 K [41, 49, 50], which corresponds to a transverse coherence length at the source

of 10 nm [68]. Emittance has also been measured down to 1 nm rad for a bunch rms

width, or source size of 30µm [51]. A CAES with the aforementioned coherence

length and source size has a relative transverse coherence length sufficient to image

protein microcrystals [50]. Transverse ion temperatures have also been measured

down to approximately 1 mK [69] in CAISs.
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Figure 1.4: Comparison of CAEISs to thermal sources showing transverse brightness B⊥
versus longitudinal rms energy spread σU . Ultracold plasma (UCP) pancake corresponds
to simulated ellipsoidal bunches with uniform electron density initially much shorter longi-
tudinally than in the transverse direction, and UCP cigar refers to a simulated ellipsoidal
bunch with transverse width initially much shorter than the longitudinal length (see Sec-
tion 2.4.2). Dashed lines indicate constant normalised brightness. CNT: carbon nanotube;
LaB6: LaB6 nanowire; CFEG: cold field emission guns; Melbourne CAEIS: University of
Melbourne CAEIS used for single-shot electron diffraction imaging [57]; TU/e CAEIS:
Eindhoven University of Technology CAEIS used for ultrafast electron diffraction imag-
ing [51]. Adapted from References [67] and [55].

Electron source performance can be compared by plotting the transverse bright-

ness B⊥ against longitudinal energy spread σU and visualising lines of normalised

transverse brightness, depicted in Figure 1.4 for CAEIS-based electron diffraction

experiments [51,57] and various thermal sources. Using the University of Melbourne

(UoM) CAEIS, Speirs et al. have generated the largest bunch charge currently pub-

lished at 80 fC (5.0 × 105 electrons) [57], used to demonstrate single-shot electron

diffraction from monocrystalline gold. In that study, the source size was 1.4 mm full

width at half maximum and bunches were created over a 5 ns duration determined

by the temporal length of the ionisation laser. This corresponds to a transverse

brightness of B⊥ = 3.0 × 108 A m−2 rad−2 and is denoted as Melbourne CAEIS in

Figure 1.4.
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The normalised transverse brightness of the Melbourne CAEIS is comparable to

radio frequency (rf) photoguns and XFELs, noting that a trade-off between trans-

verse coherence length and longitudinal energy spread occurs for high bunch charge,

ultrafast electron applications [70, 71]. The TU/e CAEIS used for multiple-shot

electron diffraction of monocrystalline graphite [51] has higher brightness in com-

parison to the Melbourne CAEIS due to a faster ionisation laser pulse (∼100 fs) and

a lower chosen initial source emittance, which compensates for the reduced bunch

charge used in that particular experiment. Further details on the CAEIS diffrac-

tion experiments published by UoM and TU/e are provided in Section 6.6. The

lack of brightness of the CAEISs when contrasted with some thermal sources is ev-

ident, however carbon nanotubes (CNT), LaB6 nanowires and cold field emission

guns (CFEG) lack the charge requirements for single-shot diffraction, while rf pho-

toguns lack the necessary relative transverse coherence length for imaging biological

structures of interest, such as protein microcrystals [50].

A recent review of cold electron sources using laser-cooled atoms by McCulloch et

al. can be found in Reference [55].

1.4 “Slow” ions: insight to ultrafast electrons

As already established in Section 1.1, sources that can generate ultrafast electron

pulses are candidates for producing single-shot diffraction frames in a molecular

movie, provided they are bright enough. However, due to their very low mass,

electron bunches created using the typical 5 ns duration ionisation process in the

Melbourne CAEIS (see Section 3.3.1) will undergo significant longitudinal expansion

upon acceleration, limiting the overall bunch density. Within the same time period,

the more massive ions that are simultaneously created when the neutral ultracold

atoms are ionised will maintain a higher bunch charge density, enabling the study

of strong space-charge effects within a more controllable framework and without

deleterious effects due to temperature.
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Further to the above, “slow” ion bunches can offer insight into ultrafast elec-

tron bunch dynamics in a CAEIS [56]. Electron and ion bunches with the same

Debye length (see Section 2.3.3) will exhibit equivalent space-charge effects with

appropriate density and temperature scaling. Considering bunches under constant

acceleration a from rest in a linear electric field Eacc, the spatial bunch length s

post-acceleration is given by

se,i =
1

2
aτ 2

e,i =
1

2

(
qe,iEacc
me,i

)
τ 2
e,i, (1.1)

where q and m are the single particle charge and mass, τ is the temporal bunch

length and subscripts e and i refer to electrons and ions respectively.

For an electron bunch created in a CAEIS that longitudinally expands the same

amount as a τi = 5 ns rubidium-85 ion bunch (mi = 1.41× 10−25 kg) we then have

τe = τi

√
me

mi

∼ 12.7 ps. (1.2)

Therefore, the 5 ns duration ion bunches that can be routinely created using the

Melbourne CAEIS are directly analogous to 12.7 ps duration electron bunches, and

it is these slower ion bunches that are used to generate the experimental space-

charge results presented in this thesis, inferring behaviour of higher density, ultrafast

electron bunches.

1.5 Summary and thesis outline

This chapter introduced X-ray and electron sources as those viable for probing mat-

ter with atomic-scale resolution. Source development has been omnipresent in pur-

suit of creating molecular movies, with an eye towards dynamical structure deter-

mination of membrane proteins and other biological targets of interest. X-ray or

electron sources that can generate sub-nanometre, sub-picosecond pulses with suffi-

cient brightness are candidates for the single-shot diffraction experiments required
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to generate each frame of a molecular movie.

Conventional electron sources primarily utilise stroboscopic imaging of samples

to avoid Coulomb explosion, sacrificing the ability for single-shot imaging. Photoe-

mission sources can compress high-charge bunches to perform single-shot diffrac-

tion, but these sources lack the transverse coherence properties to image membrane

proteins. A new class of cold electron sources have recently been developed and

showcase the potential to satisfy the coherence constraints for biomolecular imag-

ing, while gathering sample structural information in a single shot. The University

of Melbourne Atom Optics Group developed the Melbourne Cold Atom Electron

and Ion Source, which was used to generate the primary results presented in this

work. In particular, cold nanosecond ion bunches will be shaped to observe and

subsequently suppress degradation from Coulomb explosion, to infer space-charge-

induced behaviour of picosecond electron bunches for future CAEIS-based UED

experiments.

The remainder of this thesis is structured as follows. The physics of charged parti-

cle beams and bunches is outlined in Chapter 2. Specifically, the concepts described

are important beam parameters and their relation to temperature, Coulomb and

space-charge effects, and 3D uniform density ellipsoidal bunch generation. Chap-

ter 3 explains the physics behind and operation of the Melbourne CAEIS for shaped

bunch generation. A novel external cavity diode laser (ECDL) design is presented in

Chapter 4, with ECDLs an integral part of the Melbourne CAEIS. The key exper-

imental results of CAEIS-generated bunches that undergo space-charge expansion

are presented in Chapters 5 and 6; characterisation of the expansion and subse-

quent focusing respectively, for specific bunch distributions. An overall conclusion

and future outlook of the work is given in Chapter 7.



Chapter 2

Charged particle bunches from a

CAEIS

2.1 Introduction

A primary aim for creating the Melbourne Cold Atom Electron and Ion Source

(CAEIS) was to understand the physics that provides the groundwork for future

technological development towards performing high quality single-shot ultrafast elec-

tron diffraction (UED) and related electron-based imaging techniques. As discussed

in Chapter 1, such experiments require high bunch charges and short pulse dura-

tions of order 106 electrons (∼ 0.16 pC) and 100 fs respectively [17], conditions that

result in severe Coulomb explosion [31, 72]. Furthermore, low energy beams in

the 10 keV range are desirable for diffraction from biological targets [73]. Thus,

methods other than increasing energy are required to combat bunch degradation

induced by Coulomb explosion. One such method is using bunch shaping to create

3D uniform density ellipsoidal bunches, first realised experimentally with thermal

(T > 1000 K) rf photocathode sources [74–78]. Uniformly-filled ellipsoids have linear

internal space-charge fields, ideal for preservation of beam brightness under both ex-

pansion and focusing conditions [79,80]. The Melbourne CAEIS was designed such

that the charged particle beam generated can be arbitrarily shaped in 3D [41], open-

13
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ing a pathway to realise cold, uniform density ellipsoidal bunches that undergo linear

Coulomb expansion.

This chapter presents charged particle bunch concepts and demonstrates how

both temperature and space-charge expansion within a bunch can adversely affect

important beam performance parameters, in particular the emittance, brightness

and coherence length. These beam metrics and their relation to temperature and

to each other are presented in Section 2.2. In Section 2.3, the physics underlying

Coulomb effects within charged particle bunches is described. The properties of

uniform density ellipsoidal bunches, as well as techniques used to generate such dis-

tributions are discussed in Section 2.4. Finally, in Section 2.5, emittance simulation

results comparing a 3D uniform density ellipsoid to a standard Gaussian bunch are

used to quantify the improvement in beam brightness attainable for bunch numbers

approaching those required for single-shot UED.

2.2 Beam metrics

The metrics used to describe charged particle beam performance are nominally

application-dependent. For single-shot UED experiments, relevant metrics are emit-

tance, brightness and coherence length. The most fundamental of these is the emit-

tance, or phase-space volume occupied by the beam, from which expressions for

transverse brightness and coherence length can be derived. The physics underpin-

ning each metric is described in this section, as well as their mathematical interrela-

tionships. As all of these metrics are inversely proportional to temperature to some

degree, the advantages of a cold charged particle beam will also become apparent.

2.2.1 Emittance

Emittance is a measure of the 6D phase-space volume occupied by a charged particle

beam, and places a fundamental limit on the beam focusability. Charged particle
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optics can alter the emittance in one or more dimensions; however the 6D emittance

remains constant under transport and acceleration for reversible processes, according

to Liouville’s theorem [81]. Irreversible processes such as non-linear space-charge

expansion do not necessarily alter the phase-space volume occupied by the beam,

but the effective volume of the beam increases due to distortion, resulting in an

emittance growth as per Figure 2.1. As conventional (linear) charged particle optics

can only rotate the phase-space profile, non-linear distortion cannot be inverted

completely, resulting in a less focusable beam overall. Thus it is common to see

emittance defined as “the focusability of a beam” [82], a definition which forms the

basis for the experiments presented later in this thesis.

The normalised 1D root mean square (rms) emittance εx can be defined along

an axis x transverse to the beam propagation z in a Cartesian co-ordinate system

as

εx ≡
1

mc

√
〈x2〉〈p2

x〉 − 〈xpx〉2, (2.1)

where m is the particle mass, x is the transverse position with x = 0 the average

position within the beam, px is the transverse momentum and 〈. . .〉 indicates the

ensemble average taken over the beam. Experimentally, the momentum spread is

determined from measuring the angular divergence [32]. Defining x′ = vx/vz and

provided vx � vz, true for paraxial beams with minimal transverse momentum

spread, x′ is the angle a particle makes with the beam propagation axis. Thus, the

emittance can also be expressed as

εx = βγ
√
〈x2〉〈x′2〉 − 〈xx′〉2 ≡ βγε̄x, (2.2)

where β = vz/c, γ = (1 − β2)−1/2 is the relativistic Lorentz factor and ε̄x is pro-

portional to the trace-space area A of the beam, the quantity that is commonly

calculated in an emittance measurement [83]. Specifically, ε̄x is related to the trace-
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space area through the equation

ε̄x =
1

π

∫∫
dxdx′ ≡ A

π
. (2.3)

For the non-relativistic electron and ion bunches considered in this thesis, γ ∼ 1

and can be safely ignored. Thus, the rms emittance in the x-direction can finally be

written as

εx =
βA
π
. (2.4)

The trace-space or effective area of a beam is usually defined as the smallest el-

lipse which circumscribes all particles in the phase-space distribution [82], illustrated

in Figure 2.1 for ideal (linear) and non-ideal (Gaussian, non-linear) phase-space pro-

files, as well as the focusing behaviour of each through a linear lens. The illustration

shows the linear phase-space distribution being focused to an infinitesimally small

spot size by the lens, and the Gaussian distribution being focused to a non-zero spot

size due to its larger initial emittance and non-zero emittance growth.
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Figure 2.1: (a) Example phase-space portrait for a particle distribution with linear
momentum-position correlations. (b) Example phase-space portrait for a Gaussian distri-
bution. The trace-space area A for each is denoted by the grey ellipse. The non-linear
momentum-position correlations for the Gaussian distribution result in distortion at the
extremities, leading to an increased emittance εx and reduced focusability overall. This is
demonstrated by focusing both distributions with a linear lens, which inverts the phase-
space profile impinging the lens as shown in the middle portrait for both (a) and (b), and
results in a tighter focus ∆x for the linear distribution in the focal plane. Adapted with
permission from DM.
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2.2.2 Coherence length

The coherence length Lc is the length scale of phase correlations between the wave-

fields of particles in the beam, defining the characteristic size of the object that can

be used in a coherent diffractive imaging experiment. Specifically, in order to ob-

serve a coherent diffraction pattern in the detection plane, the condition Lc & 2a0

must be satisfied, where a0 is the sample unit cell spacing.

The transverse spatial coherence length can be defined as

Lc =
λ

2πσθ
, (2.5)

where λ is the source de Broglie wavelength and σθ is the rms angular spread of the

source. The angular spread of the beam is related to the momentum spread, and

therefore to the thermal beam properties. For a CAEIS, we can assume a thermal

distribution such that the coherence length is given by [68]

Lc =
~√
mkBT

, (2.6)

where ~ is the reduced Planck constant, m is the constituent particle mass, kB is

the Boltzmann constant and T is temperature. A typical CAEIS-generated electron

bunch has T= 10±5 K [41], resulting in a transverse coherence length at the source

of Lc = 10±3 nm, which is at least an order of magnitude larger than typical photo-

cathode sources with T > 1000 K. Lc ≈ 10 nm is sufficient for imaging biomolecules

like bacteriorhodopsin, nano-crystals of which have a0 ≈ 6 nm [84,85].

Under transverse focusing and at a beam waist, the transverse spatial coherence

length is related to the emittance via [86]

Lc =
~
mc

σr
εr
, (2.7)
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where σr =
√
σ2
x + σ2

y is the rms bunch width, and εr =
√
ε2x + ε2y is the rms bunch

emittance. Combining Equations 2.6 and 2.7 yields

εr = σr

√
kBT

mc2
, (2.8)

linking the rms bunch emittance to the rms bunch width and temperature.

2.2.3 Brightness

The brightness of a charged particle beam is commonly defined as the current density

per unit solid angle in the propagation direction. A bright beam has high current

and minimal spread away from the beam propagation axis, resulting in high quality

illumination. The transverse brightness B⊥ is defined in Reiser [82] as

B⊥ =
J

dΩ
=

dI

dAdΩ
, (2.9)

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

beam current and A is the transverse area occupied by the beam.

When considering a CAEIS, it is convenient to recast Equation 2.9 in terms of

the normalised transverse brightness Bn⊥, where

Bn⊥ =
B⊥

(βγ)2
. (2.10)

Equation 2.10 allows comparison between charged particle sources operating at vary-

ing energies, as Bn⊥ is invariant under ideal conditions. Defining the rms width of

the charged particle bunch σx and σy in the x and y directions respectively, we

have [86]

Bn⊥ =
I

4π2σxσy

mc2

kBT
. (2.11)

The desire for a low temperature beam is elucidated through the inverse relationship
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between brightness and temperature in Equation 2.11.

Emittance can now be formally related to brightness. Substituting Equation 2.8

into Equation 2.11, the normalised transverse brightness Bn⊥ reduces to

Bn⊥ =
I

4π2εxεy
, (2.12)

which is fundamentally limited by the phase-space area of the source. To minimise

emittance and maximise brightness at a location downstream of the source region,

charged particle bunches with linear phase-space distributions are desired so that the

beam undergoes minimal emittance growth during propagation. A tighter focus can

then be achieved in real space when recompressing the bunch, using conventional,

linear charged particle optics.

2.3 Coulomb effects of charged particle bunches

This section introduces the fundamental physics underlying Coulomb expansion

within charged particle bunches. Both macroscopic and microscopic Coulomb ef-

fects and their relevance to the work presented in this thesis are discussed.

2.3.1 N-particle Coulomb interactions

By Coulomb’s law, repulsion of a single charged particle occurs within a bunch due

to its interaction with every other constituent particle, with its nearest neighbours

providing the strongest repulsive force. Explicitly, the total Coulomb force Fi(t)

experienced by charged particle i at position r = |r| and at a given time t within

the bunch due to the other N − 1 particles is

Fi(t) = keq
2

N∑
j 6=i

ri(t)− rj(t)

|ri(t)− rj(t)|3
, (2.13)



20 CHAPTER 2. CHARGED PARTICLE BUNCHES FROM A CAEIS

where ke = (4πε0)−1 is the electrostatic constant, q is the individual particle charge,

ε0 is the permittivity of free space and j = 1, 2, ..., N . When considering the dynam-

ical equations of motion for particles in a bunch with N > 2, the need for particle

tracking simulations to predict evolution becomes apparent. This will be discussed

further in Section 2.5.

2.3.2 Poisson’s equation and the self-field potential

With the abundance of charged particles being in close proximity to each other

upon creation, the bunch itself can be viewed as a continuous charge distribution.

The volume charge density distribution ρ is the ratio of an infinitesimal amount of

electric charge dQ to an infinitesimal volume element dV , the value being position-

dependent within the bunch:

ρ(r) = dQ(r)/dV, (2.14)

as illustrated in Figure 2.2. The total bunch charge Q can be found by integrating

the volume charge density over the entire volume V ,

Q =

∫
V

ρ(r) dV. (2.15)

y x

z

v

r

dV

dQ(  )r

Figure 2.2: A general volume charge density distribution (grey) propagating in the z-
direction in a Cartesian co-ordinate system. For non-uniform distributions of charge, the

charge density ρ = dQ(r)/dV changes as a function of position r = |r| =
√
x2 + y2 + z2.
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Poisson’s equation for electrostatics links the scalar electric potential φ(r) to an

arbitrary charge density distribution:

∇2φ(r) = −ρ(r)

ε
, (2.16)

where ∇2 is the Laplacian and ε is the permittivity of the medium.

Poisson’s equation is important in electrostatic problems since the electric field

E can then be calculated through E = −∇φ for conservative fields. Despite the

simplicity of Equation 2.16, it is analytically impossible to solve for the majority of

physically relevant 3D charge density distributions. However, numerical simulation

is possible, and commercial packages for efficient tracking of large numbers of charged

particles exist [87]. The electrostatic potential is used to calculate the electric field in

the bunch rest frame, from which particle trajectories can be determined via forces

due to self-generated and external electromagnetic fields.

The total potential acting on the bunch can be written as

φ(r) = φe(r) + (1− β2)φs(r) (2.17)

= φe(r) + φs(r)/γ2 (2.18)

where φe(r) is the effective external potential (e.g. from a focusing element), and

φs(r) is the effective potential due to self-fields at location r = |r|. Only the external

potential remains at relativistic energies, as φs → 0 when γ →∞. Thus, in order to

dampen self-field interactions, many electron beam technologies commonly operate

at relativistic energies of 1 MeV (γ ∼ 3) or greater [88,89].

The ideal energy range for single-shot UED experiments should maximise the

elastic to inelastic electron scattering ratio in an imaging target, while attenuat-

ing multiple scattering events. Electron energies of 10−100 keV (γ ∼ 1) simul-

taneously give sufficient sample penetration and minimise damage for biologically

relevant targets, though the specific energy required is sample dependent [73]. As
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non-relativistic beams and bunches are desired for biological single-shot UED, con-

trolling the Coulomb expansion becomes vital to minimise emittance and maximise

brightness, emphasising the preference for 3D uniformly filled ellipsoidal bunches.

The properties of 3D uniform ellipsoids are discussed in Section 2.4.

2.3.3 Debye shielding

Electrostatic screening effects in plasmas introduce an approximate length scale over

which Coulomb interactions are prominent in a charged particle bunch, namely the

Debye length λD. In a non-relativistic plasma with electrons of mass m and at

temperature Te, λD is the ratio of the rms random velocity v̄x of electrons in the

plasma to the plasma frequency ωp [82]:

λD =
v̄x
ωp

=

√
kBTe
m√
e2ne

ε0m

=

√
ε0kBTe
e2ne

, (2.19)

where e is the electron charge and ne is the electron density. Equation 2.19 is valid

when the ion temperature in the plasma is much lower than Te [90], true for a

CAEIS.

Specifically, the Debye length is the distance within which mobile charge carriers

screen out electric fields in plasmas, and the distance beyond which long-range

Coulomb interactions can be ignored. If λD � σr, where σr is the rms bunch

width, electrostatic screening is ineffective and single particle behaviour dominates.

If λD � σr, collective effects due to self-fields affect the bunch expansion dynamics.

For typical CAEIS-generated electron and ion densities of 1010 cm−3, N = 105,

λD ≈ 0.5µm and σr & 50µm, confirming that Coulomb expansion is a significant

problem that must be characterised and alleviated for any potential CAEIS-based

UED experiment.
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2.3.4 Boersch effect

The metrics introduced in Section 2.2 are transverse bunch properties, and the

impact that Coulomb effects can have on these has been discussed. Here, charged

particle bunch degradation via longitudinal Coulomb-driven expansion is considered.

The Boersch effect [91] is a phenomenon whereby self-field interactions can produce

a significant increase in the longitudinal energy spread σU of a beam, reducing

current, and therefore brightness. This effect becomes more prominent at higher

bunch charge [82].

A typical Melbourne CAEIS-generated bunch has an average bunch energy in

the range 1−10 keV. At the exit aperture of the accelerator structure, a typical

longitudinal rms bunch length is σz ∼ 0.1 mm from particle tracking simulations

(see Section 2.5) due to rapid Coulomb expansion along the bunch propagation

axis, from tens of microns initially. This expansion results in a longitudinal energy

spread σU ≈ 0.8% of the total bunch energy [41], which agrees well with recent

findings from the TU/e CAEIS [53], where σU = 0.64 ± 0.09% was measured for

an 8.8 keV beam, utilising a Wien filter. As experimental results and simulations

presented in this thesis are performed at 6 keV, the Boersch effect can be ignored

due to such low bunch σU .

2.3.5 Disorder-induced heating

Disorder-induced heating (DIH) is a statistical Coulomb effect which occurs for

strongly coupled, low temperature plasmas created by laser photoionisation [92].

Such plasmas are not in true thermal equilibrium upon creation as the initial atomic

states, and hence the resultant plasma particles that form, are uncorrelated. Corre-

lations develop through Coulomb interactions and drive the system towards thermal

equilibrium, heating the plasma.



24 CHAPTER 2. CHARGED PARTICLE BUNCHES FROM A CAEIS

A strongly coupled plasma has a Coulomb interaction energy between charged

particles which exceeds the average kinetic energy. The Coulomb coupling parameter

Γ is defined as [90]

Γ =
e2

4πε0akBT
, (2.20)

where a = (3/(4πn))1/3 is the Wigner-Seitz radius, the average separation between

particles in a plasma of density n. Plasmas with Γ > 1 exhibit strong coupling.

Assuming an achievable electron density of ne = 1010 cm−3 and an electron tem-

perature T ≈ 100µK [41] prior to DIH in a CAEIS, Γ � 1, indicating strong cou-

pling. Γ is initially higher for ions in a CAEIS as they are colder upon photoionisa-

tion. During thermalisation, Γ rapidly decreases to ∼ 1 for both electrons and ions

within a plasma period, τdisorder ≈ 1/ωp ≈ 180 ps. To avoid DIH altogether, elec-

tron and ion bunches must be extracted from the source region faster than τdisorder,

though switching such high accelerating electric field strengths in a CAEIS would

also generate large, debilitating eddy currents in the vacuum chamber, thereby al-

tering electron trajectories. DIH can be reduced in severity by ordering atoms in

a correlated spatial configuration, such as atoms in an optical lattice [93], using

blockaded Rydberg-atom ensembles [94], or ionising a degenerate Fermi gas [95].

It is important to acknowledge DIH as a microscopic Coulomb effect that rapidly

initialises the electron and ion bunch temperatures in a CAEIS. Modelling of DIH-

suppression has been demonstrated by Murphy et al. via Rydberg blockade for

cold Coulomb-expanding ion bunches [96], and by studying cold atoms in partially

filled optical lattices, for the creation of ultracold neutral plasmas [97]. Macroscopic

space-charge expansion is a separate Coulomb effect that largely dominates bunch

dynamics after the initial DIH mechanism has occured. The work in this thesis

examines CAEIS-generated bunches strictly after DIH, where electrons and ions

have rapidly heated to approximately 10 K and 1 mK respectively, after ionisation

of cold atoms in the magneto-optical trap.
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2.4 3D uniform density ellipsoidal bunches

High density charged particle bunches will always undergo space-charge expansion,

but the spatial charge density distribution itself dictates the nature of the expansion.

That is, how the charged particles are initialised and ordered with respect to each

other is important for how the bunch will evolve and how well it may be recom-

pressed. In this section, the ideal 3D uniform density ellipsoidal bunch is described

in general, along with two candidates for realising an ellipsoid from a 2D projection:

pancake and cigar bunches. Finally, a mathematical formalism for pancake bunch

generation from an rf photocathode source in the space-charge dominated regime is

presented, which can be applied directly to the CAEIS.

2.4.1 The ideal bunch

Due to their linear internal fields, 3D uniform density ellipsoids are the ideal candi-

date for low emittance and, therefore, high brightness charged particle beam appli-

cations. The linear Coulomb expansion of charged particle beams was first described

by Kapchinskij and Vladimirskij in 1959 [80], as solving transverse particle equations

of motion were simplified by having a uniform density distribution contained within

an ellipse in phase-space. Seminal work on bunches in the “blow-out” or space-

charge dominated regime in rf photocathode sources by Serafini in 1997 [98] led to

the first proposal of actually creating a hard-edged, 3D uniform ellipsoidal bunch

in free space by Luiten et al. in 2004 [33], with the first published experimental

realisation by Musumeci et al. appearing in 2008 [74].

For a 3D uniform density ellipsoid containing N electrons confined by the surface

( x
A

)2

+
( y
B

)2

+
( z
C

)2

= 1, (2.21)

the electric field E (r) = −∇φ (r) is a linear function of position r = (x, y, z) within
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the ellipsoid:

E (r) = (Ex, Ey, Ez) =
ρ0

ε0
(kxx, kyy, kzz), (2.22)

where ρ0 = 3Ne/(4πABC), and the scaling factors kx, ky, and kz, which satisfy

kx + ky + kz = 1, depend only on the ratios of the lengths of the major axes of the

ellipsoid A/B and B/C [33].

A uniform ellipsoidal bunch undergoes Coulomb expansion like any bunch, how-

ever its uniform ellipsoidal nature is preserved during expansion [99]. Though the

ratios of the lengths of the major axes, and thus the scaling factors kx, ky, and kz

change, the internal electric field due to the self-field potential remains linear.

2.4.2 Pancake and cigar bunches

Creating uniform ellipsoidal bunches directly is challenging as it requires spatial

bunch shaping in 3D. In practice, a simpler implementation is to start from a 2D

projection that automatically evolves into a 3D ellipsoid. Two initial charge density

distributions that display this behaviour are “pancake” and “cigar” bunches, aptly

named as their physical shapes resemble a pancake and a cigar respectively. The

idea to realise a 3D uniform density ellipsoid via pulsed-laser photoemission from

a photocathode by first creating a pancake bunch on the cathode surface [33, 98]

stemmed from the result that an astrophysical body modelled by a spheroid will

undergo gravitational mass collapse into a flat disk, and therefore the opposite should

be true for the time-reversed process [99]. Consider a charged particle bunch whose

surface is defined by Equation 2.21. A pancake bunch is an oblate spheroid (A =

B � C) and can be described by the half-spherical radial charge density distribution

ρ(r⊥, z) = ρ0

√
1−

(r⊥
A

)2

δ(z), (2.23)

where ρ0 is the charge density at the bunch centre, r⊥ =
√
x2 + y2 and δ(z) is

the Dirac delta function. Electrostatic repulsion causes a pancake bunch to evolve
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primarily by longitudinal expansion from a flat sheet of charge into a hard-edged

3D uniform ellipsoidal bunch. The scaling factors of Equation 2.22 for the pancake

bunch are

kz =
1 + ζ

ζ
[ζ − arctan(ζ)] (2.24)

and

kx = ky =
1

2
(1− kz), (2.25)

where ζ =
√
A2/C2 − 1 is the ellipse eccentricity [81].

The cigar bunch is a prolate spheroid, where A = B � C. It can be described

by the parabolic distribution

ρ(r⊥, z) = ρ0

(
1−

(
2z

C

)2
)
δ(r⊥). (2.26)

The cigar bunch evolves into a 3D uniform ellipsoid primarily by transverse expan-

sion due to the mutual electrostatic repulsion of particles within the bunch. The

scaling factors for the cigar bunch are

kz =
1− ζ2

ζ3

[
1

2
ln

(
1 + ζ

1− ζ

)
− ζ
]

(2.27)

and

kx = ky =
1

2
(1− kz), (2.28)

with ζ =
√

1− A2/C2 as the eccentricity in this case [81].

The delta functions in Equations 2.23 and 2.26 describing the idealised longitu-

dinal and transverse density components of the pancake and cigar bunches respec-

tively would be replaced with functions of appropriate width when modelling a real

laboratory bunch.

In this thesis, pancake bunches are chosen as the initial charge density distribu-

tion to experimentally generate 3D uniform ellipsoidal ion bunches from the Mel-
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bourne CAEIS.

2.4.3 Realisation of uniform density ellipsoidal bunches

As described so far in this section, uniform density ellipsoidal bunches have already

been created in rf photocathode sources [74–78]. Figure 2.3 depicts typical bunch

generation: an ultrashort (∼100 fs) laser pulse with a half-spherical radial intensity

distribution illuminates a cathode in an rf photoemitter, with the electron bunch

subjected to a strong, uniform accelerating field Eacc for ejection. Upon creation,

the aspect ratio must have A/C � 1 to satisfy pancake bunch generation. The

bunch will automatically evolve into a hard-edged 3D uniform ellipsoid provided the

following criteria are met [33]:

eEaccτcreation
mc

� σ0

ε0Eacc
� 1, (2.29)

where τcreation and σ0 are the duration of the photoemission process and the cathode

surface charge density respectively.

Applying the Luiten criteria of Equation 2.29 to typical ion (Rb+) bunch pa-

rameters for the CAEIS experiments presented in this thesis, we have N = 105,

τcreation = 5 ns, Eacc = 240 kV m−1 and R = 150µm for the transverse half-spherical

radial profile such that σ0 = 3Ne/(2πR2), giving eEaccτcreation/mic ≈ 4.6 × 10−6

and σ0/ε0Eacc ≈ 0.15. This satisfies the conditions that allow for transformation of

an initial pancake bunch into a uniform density ellipsoid via space-charge-driven ex-

pansion. The equivalent electron bunch with the appropriate change in mass and all

other parameters held constant has τcreation = 12.7 ps [56] and eEaccτcreation/mc ≈

1.7 × 10−3, akin to the electron bunches used by Luiten et al. in Reference [33].

To study effects at higher bunch charge, orders of magnitude increases in σ0 are

required, provided Eacc is scaled appropriately such that the ratio σ0/Eacc is main-

tained.
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Anode
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Laser
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Uniform Density
Ellipsoidal Bunch

I(r)

-R R r

Figure 2.3: Typical setup for an rf photoemission source. A UV laser pulse illuminates
a cathode held at a high negative potential with respect to an anode (3D cross-sections
shown) to accelerate an electron bunch away from the cathode source. The half-spherical
laser intensity profile I(r) generates a pancake bunch which evolves into a 3D uniform
ellipsoid (red). Two magnetic lenses (one shown) are commonly used to transversely focus
the bunch downstream of the source. Adapted from Reference [100].

Though experimental creation of ellipsoidal electron bunches is recent, develop-

ments in this area have been rich. Moody et al. [75] expanded on the ellipsoidal

bunch characterisation in Reference [74] by studying the longitudinal phase-space

distribution in greater detail. O’Shea et al. verified that the ellipsoidal shape holds

under post-injector acceleration [76]. Thermally limited sub-50 nm rad emittance

electron bunches have also been generated by focusing ultrashort laser pulses onto a

cathode [77]. Additionally, Piot et al. have performed similar work using a semicon-

ductor photocathode as opposed to a metal cathode, leading to a 20-fold increase

in typical bunch charge up to ∼ 0.5 nC [78]. Complementary work by Li et al. has

demonstrated uniform quasi-ellipsoidal bunch generation in an rf photoemitter via

3D spatio-temporal laser pulse shaping [101–103].

It is worthwhile reiterating that electron bunches produced in this manner have

temperatures in excess of T = 1000 K. As emittance is directly proportional to
√
T
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(Equation 2.8), a 3D uniform ellipsoidal bunch created in a CAEIS would have

a lower initial emittance in comparison to that from a photocathode source by

a factor of ten, for the same initial bunch width. Thus, the Melbourne CAEIS

allows for a substantial increase in focusability and brightness when compared to

an equivalently sized thermal source. CAEIS bunch shaping with a spatial light

modulator is discussed in the next chapter in Section 3.4, and in Section 5.2, which

lays the foundation for experimental space-charge expansion and bunch compression

results.

2.5 Space-charge-induced emittance simulations

In this thesis, simulations of charged particle bunch propagation and expansion in

a CAEIS are performed using “General Particle Tracer” (GPT), a commercially

available charged particle trajectory computation environment [87]. GPT calculates

the position ri = (x, y, z) and relativistic momentum pi = γimivi of each particle i

in the simulation, where γi = (1− (vi/c)
2)−1/2 is the relativistic Lorentz factor, mi

is the particle mass and vi is the velocity. GPT uses a 5th order Runge-Kutta solver

with adaptive timesteps for efficient computation to numerically solve the equations

of motion:

dpi

dt
= qi (E (ri, t) + vi ×B (ri, t)) (2.30)

dri
dt

= vi (2.31)

where qi is the charge and E and B are the external electric and magnetic fields,

with self-fields from space-charge interactions added by selecting an appropriate

space-charge routine. Typically, the routines used either a full point-to-point cal-

culation or mesh-based approximation, with computation times proportional to N2

and N logN respectively for N particles.
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To observe the effects of space-charge expansion on shaped CAEIS bunch emit-

tance and brightness for increasing bunch number towards those required for single-

shot UED, GPT simulations were performed for bunches with N = 100,000 and

500,000 ions generated within a three-dimensional Gaussian spatial volume with

σx,y = 100µm and σz = 10µm. The results of these simulations are compared to

those of the equivalent 3D uniform ellipsoidal distribution. Ions are used for the

simulations as opposed to electrons due to their larger masses and slower velocities

as discussed in Section 1.4, exacerbating Coulomb effects due to increased density

during expansion for equivalent initial bunch parameters. To further emphasise the

space-charge effects, temperature was set to T = 0 K and the time taken to generate

the bunch τcreation was chosen to be instantaneous. The ions were generated equidis-

tant between two accelerator plates separated by 5 cm with a potential difference of

Vacc = 12 kV, giving bunch energies of E = 6 keV. This accelerator structure, which

is shown in Figure 2.4, mimics the experimental setup of the Melbourne CAEIS.

The GPT space-charge function spacecharge3dmesh was used for efficient com-

putation and the accuracy of particle trajectories for each successive time step was

set to one part in 109.

12kV 0V MCP

5cm 70cm

Ions

Figure 2.4: Schematic of CAEIS ion bunch path from the source region to a micro-
channel plate (MCP) detector. Ion bunches are accelerated for 2.5 cm with Vacc = 12 kV
and undergo space-charge expansion while drifting a further 70 cm in a field-free region to
the detector. Distances are not to scale.
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N
(ions)

nion
(cm−3)

εr,MCP

(nm rad)
Bn⊥

(A/m2rad2)

GS
100,000
500,000

6.35× 1010

3.17× 1011

1.10× 10−1

3.13× 10−1

1.68× 1012

6.87× 1011

UE
100,000
300,000
500,000

2.14× 1010

6.41× 1010

1.07× 1011

1.17× 10−2

2.61× 10−2

4.53× 10−2

1.33× 1014

6.06× 1013

2.98× 1013

Table 2.1: Simulated rms emittance and corresponding brightness in the detector (MCP)
plane of a 3D Gaussian ion bunch (GS, top section) and uniform density ellipsoid (UE,
bottom section) undergoing space-charge expansion for varying ion number and density.
Bunches were accelerated through an electric field of Eacc = 240 kVm−1 for 2.5 cm and
allowed to drift 70 cm to the detector. Overall, emittance suppression and brightness
enhancement are evident when comparing UE bunches to the equivalent GS bunch.

Space-charge expansion of the Gaussian ion bunches becomes more severe as

N and the number density nion increases, where nion is directly proportional to

the bunch charge density. This is highlighted in the top section of Table 2.1 by

the change in rms emittance εr,MCP at a simulated micro-channel plate (MCP)

detector position, 70 cm away from the accelerator exit aperture (see Figure 2.4).

The emittance grows with increasing N due to non-linear, irreversible space-charge

growth of the Gaussian bunch in phase-space. This leads to a reduction in normalised

transverse brightness Bn⊥ due to ε2r growing at a faster rate than the bunch charge,

and therefore current, in Equation 2.12.

In order to compare the Gaussian bunches to their equivalent uniform ellipsoid,

the rms bunch size in all three dimensions was set to be constant. Thus, the ellip-

soidal radial parameters A, B and C are recast in terms of the Gaussian sigma for

each dimension by a multiplicative scaling factor of
√

5 [34] to satisfy this constraint.

This results in an ellipsoid with radial parameters 223.6µm in x and y and 22.4µm

in z.

The bottom section of Table 2.1 includes the rms emittance and brightness sim-

ulation results for ellipsoidal bunches containing N = 100,000 and 500,000 ions.

Differences to the Gaussian bunch behaviour are noticeable, with the emittance at

these equivalent ion numbers an order of magnitude smaller for the uniform ellip-

soid. This is an important result, leading to nearly two orders of magnitude increase
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in overall brightness delivered downstream from the source region for a uniform el-

lipsoid contrasted to a Gaussian bunch. The brightness increases by a factor of 79

and 43 for N = 100,000 and 500,000 ions respectively. As the space-charge-induced

emittance growth of the uniform ellipsoid is linear and thus reversible, overall im-

provement is expected to be maintained with bunch compression. It is important to

note that the factors calculated here are for a near ideal case and will reduce overall

for bunches of finite T and τcreation. For instance, using typical experimental CAEIS

values of T = 1 mK and τcreation = 5 ns reduces the brightness improvement factor

from 79 to 25 in simulation when comparing the N = 100,000 uniform ellipsoid

to the Gaussian bunch. Similar comparisons for real bunches are discussed further

through simulation and experiment in Chapters 5 and 6.

Given the peak density of a uniformly-filled ellipsoidal bunch is lower than a

Gaussian bunch for constant N , inherently resulting in higher unfocused brightness,

a further comparison can be made by not only setting the rms bunch sizes constant

but by also constraining the peak density to be equal. Thus, a simulation was also

run for an N = 300,000 uniform ellipsoid (bottom section of Table 2.1), which has

an ion number density nion approximately equivalent to the N = 100,000 Gaussian

bunch. The emittance is again an order of magnitude smaller for the uniform ellip-

soid, and still outperforms the Gaussian bunch with an increase in brightness by a

factor of 36 in the ideal case, due to a combination of emittance reduction and the

bunch having three times the ion number, and therefore also three times the charge

and charge density.

Figure 2.5 is a plot of the rms emittance as a function of the time of flight τTOF ,

for both the N = 100,000 Gaussian and uniform ellipsoidal bunches. The bunches

strike the simulated detector position at approximately τTOF = 6µs. The rate of

emittance growth is clearly more substantial for the Gaussian bunch during both ac-

celeration and propagation, resulting in the aforementioned reduction in brightness

at the detector. The emittance behaviour for both distributions within the first mi-
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crosecond of the simulations is attributed to rapid relaxation of short-ranged disorder

in the particle separation distribution [104, 105], with the effect more pronounced

for the Gaussian bunch. Compared to ellipsoids, Gaussian bunches experience more

initial heating due to their higher peak density, but also have subsequently greater

space-charge-induced emittance growth due to the non-uniformity of their density

profile.

N = 100,000 6keV Ion Bunches
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Figure 2.5: GPT simulations of emittance evolution for 6 keV, N = 100,000 Gaussian
(GS, blue) and uniform density ellipsoidal bunches (UE, green), as a function of ion bunch
time of flight from the CAEIS source region to a detector positioned 70 cm away. The sim-
ulations clearly demonstrate a much slower rate of emittance growth for the UE compared
to the GS.
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2.6 Conclusion

Coulomb effects of charged particle bunches generated in a CAEIS were presented

in this chapter, along with the impact space-charge expansion can have on bunches

in general and the relevant beam metrics of emittance, coherence length and bright-

ness. The advantages of a cold source were elucidated, with all metrics shown to be

inversely related to temperature. The ideal charged particle bunch was introduced,

namely the 3D uniform density ellipsoid. The linear internal self-field of uniform

ellipsoidal bunches leads to the possibility of completely inverting space-charge ex-

pansion with linear charged particle optics, suppressing emittance growth and max-

imising deliverable brightness to a plane or target downstream of the source, in

comparison to bunches with non-linear phase-space profiles. Simulations that invert

space-charge expansion were not presented here as differences between distributions

are unresolvable for standard simulation parameters and accuracy constraints. Ex-

perimental results are presented in Chapter 6 that inherently elicit this information.

Given the difficulty of creating 3D uniform ellipsoids directly, the properties of two

initial particle distributions that can automatically evolve into uniform ellipsoidal

bunches were also introduced; pancake and cigar bunches. Creating pancake distri-

butions from a CAEIS via laser-based shaping will be an experimental focus of this

work.

CAEIS simulation results demonstrating up to two orders of magnitude improve-

ment in brightness when comparing a uniform density ellipsoid to the equivalent

Gaussian ion bunch were presented for bunch numbers approaching relevancy for

single-shot UED. Equivalent simulations for electron bunches also display the same

relative behaviour, albeit with emittance values three orders of magnitude higher

for both distributions due to mass scaling, as per Equation 2.8. The simulations

pave the way forward for the experiments on characterising Coulomb expansion and

compression of ion bunches in this thesis, the results of which are directly applicable
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to the ultrafast, picosecond electron bunches required for UED. The next chapter

describes the experimental methods used to generate, shape and extract cold, dense

charged particle bunches from the Melbourne CAEIS.



Chapter 3

Experimental methods and details

3.1 Introduction

This chapter contains details relevant to using a Cold Atom Electron and Ion Source

(CAEIS) for the creation of shaped ion bunches. The first iteration of the Melbourne

CAEIS was designed and constructed by four PhD students (DVS, SCB, SDS and

AJM) and postdoctoral researcher MJ. Initial design specifications, source and sub-

system characterisations are outlined in theses [106–109]. In these works, emphasis

is placed upon system modelling, construction of the main science chamber which

includes the magneto-optical trap (MOT) and accelerator structure, rubidium oven

and Zeeman slower, vacuum hardware, electronics, optics, laser development, locking

techniques, atomic diagnostic imaging, arbitrary CAEIS bunch shaping and general

source properties. The first cold electrons and ions were extracted from the system

in 2009. The CAEIS was upgraded late in 2011 by CTP to incorporate an electron

diffraction beamline consisting of an einzel lens, deflectors, sample holder and bel-

lows, with bunch diagnostic capability added through a knife-edge and channeltron.

Since that time general modifications have been implemented by BMS, RWS and

me, with those relevant to the results presented in Chapters 5 and 6 of this thesis

being finer resolution spatial bunch shaping, a redesigned sample holder and the

37
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addition of a Faraday cup to measure bunch charge.

A description of the lasers used to generate charged particle bunches with the

Melbourne CAEIS is presented in Section 3.2. General CAEIS operation is described

in Section 3.3 through a typical experiment and the associated computer-controlled

timing sequence, in addition to a bunch number calibration. Section 3.4 introduces

laser-based bunch shaping by considering a semi-classical model of the two-level

atom and relevant experimental details for spatially shaped bunch creation.

3.2 Laser sources

3.2.1 External cavity diode lasers

The MOT cooling, Zeeman slowing, MOT and Zeeman repump, excitation and ab-

sorption imaging lasers used in the Melbourne CAEIS are External Cavity Diode

Lasers (ECDLs) in the Littrow configuration [110] with several GHz tunability

around 780 nm (the D2 line in rubidium [111]). Tunability is necessary as many

frequencies relative to the atomic resonance are required in CAEIS laboratories.

The other desirable properties of ECDLs for use in a CAEIS are listed below.

• Frequency stability: experiments can last anywhere from hours to days. In the

Melbourne CAEIS laboratory, Saturated Absorption Spectroscopy [112] is the

frequency stabilisation technique most commonly used to “lock” ECDLs at or

near an atomic transition (see Section 4.4), though recent experiments by JSJT

have explored the use of Polarisation Spectroscopy [113] (see Section 4.5).

• Narrow linewidth: laser sources must have a frequency spread smaller than the

natural linewidth (Γ) of the resonance transition to increase the probability

of atomic excitation. As Γ = 6 MHz for rubidium, the sub-300 kHz linewidth

ECDLs initially constructed for the CAEIS [108] sufficiently satisfy the above

constraint.
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• Moderate-high power: beams upward of 50 mW (diode dependent) give max-

imum application flexibility, with injection locked amplification available if

more power is required. In the Melbourne CAEIS laboratory, two frequency

stabilised ECDLs are coupled into Tapered Amplifiers (TAs) with 2 W out-

put, to produce the cooling, repump, excitation and imaging beams. Fre-

quency shifts away from resonance are implemented via acousto-optic modu-

lators (AOMs).

• Intensity stability and a Gaussian spatial mode.

Upon joining the Melbourne CAEIS laboratory, the first body of work I per-

formed in 2011 was laser development: using a broad bandpass interference filter for

wavelength selection, a prototype ECDL in a cateye configuration was constructed

and tested. Such a scheme should, in theory, out-perform the current fleet of Littrow

ECDLs in terms of linewidth and frequency stability due to the inherent self-aligning

aspect of the external cavity, and the avoidance of spring loaded kinematic mounts

commonly associated with Littrow designs. Though the Littrow ECDLs are already

sufficient for CAEIS experiments, narrower linewidth and greater stability would

be beneficial, particularly if cost of implementation is similar. The concept, design,

testing and performance of the novel cateye ECDL design is discussed in detail in

Chapter 4.

3.2.2 Photoionisation laser

A 480 nm pulsed dye laser [114] is used to ionise atoms in the MOT. To produce

blue light, Coumarin 102 dye is pumped by a Q-switched Nd:YAG laser [115] at

355 nm, frequency up-converted from 1064 nm. The pulse length of the pump beam

has a full width at half maximum (FWHM) of 5 ns and a fixed repetition rate of

10 Hz. The overall output is tunable from 465−490 nm, allowing both above and

below threshold ionisation of the ultracold atoms. The 480 nm output pulse power
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and energy is controlled by varying the time delay between the pump laser flashlamp

and Q-switch, with the pulse energy for experiments measured to be 5 mJ at the

location of the atoms.

3.3 CAEIS operation

CAEIS operation is described in Section 3.3.1 through a typical ion bunch gen-

eration, extraction and detection experiment as shown in Figure 3.1. A typical

experimental timing sequence used to automate such an experiment is illustrated in

Section 3.3.3. The two-colour ionisation ladder of Figure 3.1 depicts the wavelengths

used in the Melbourne CAEIS to generate cold electrons and ions.

    Ion
bunches

Trapping beams

GND

Excitation

Spatial light
modulator

Photoionisation
beam (from behind)

Imaging
detector

12 kV

x
y

z

5S

5P

Rb+

        Ionisation
480nm

Shaped excitation
780nm

Rydberg

Figure 3.1: Space-charge expansion of cold ion bunches from a CAEIS: the intensity
profile of the 780 nm excitation laser coupling the 5S ground state to the 5P intermediate
state in 85Rb is shaped using an SLM with iterative feedback provided via a CMOS camera
(not shown). Atoms are ionised with a 5 ns pulsed 480 nm laser, focused to a narrow ribbon
perpendicular to the excitation laser. The resultant ions are accelerated into a drift region
and onto a phosphor-coupled MCP detector combined with a CMOS camera (not shown)
to measure the propagated spatial bunch profiles.

3.3.1 Ion bunch generation

Ion bunches are created via two-colour, near-threshold photoionisation of an ensem-

ble of rubidium atoms cooled to a temperature of 100µK in a MOT. The cloud of
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cold atoms has a Gaussian spatial density profile with a typical standard deviation of

500µm and peak density of 3.0×1016 atoms m−3. Off-resonant laser absorption imag-

ing of the atom cloud onto a complementary metal-oxide semiconductor (CMOS)

camera is used as a density diagnostic [116]. A 780 nm wavelength laser beam is used

to excite atoms from the 5S1/2 ground state to the 5P3/2 excited state for 500 ns,

with a transverse intensity profile shaped by a spatial light modulator (SLM) [117]

in conjuction with a speckle-free protocol based on iterative feedback [118]. Pro-

vided the intensity of the excitation laser beam is below the saturation intensity

Isat of the 5S → 5P transition, the transverse excited atomic density profile ρe(r) is

proportional to Ωe(r)
2, where Ωe(r) is the Rabi frequency for the driven transition.

Further details regarding laser beam shaping are elaborated upon in Section 3.4.

Atoms in the excited state are coupled to the ionisation continuum with a 480 nm

wavelength, 5 mJ, 5 ns laser pulse propagating through the atom cloud perpendicular

to the excitation beam. The ionisation beam is focused to a narrow ribbon at the cold

atom cloud with rms intensity widths σz = 15µm along the longitudinal direction of

ion propagation and σy > 1 mm in the axis perpendicular to both the excitation and

ionisation laser propagation directions. The two-colour ionisation process produces

ion bunches that initially have a very narrow longitudinal distribution compared to

the length of the accelerator region (50 mm), ensuring that the longitudinal energy

spread σU is only a few eV.

Control of the ion bunch number N is achieved by altering the excitation laser

beam power and thus the overall population of the intermediate state prior to ionisa-

tion by the 480 nm laser pulse. The ions are accelerated through a static electric field

between two parallel-planar electrodes separated by 5 cm, with a potential difference

of 12 kV. This results in a bunch kinetic energy of E = 6 keV at the accelerator exit

aperture, and all experimental results presented in this thesis are performed at this

energy. After creation and electrostatic extraction, the ion bunches drift 70 cm in

a field-free region to a phosphor-coupled microchannel plate (MCP) detector [119],
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imaged with a CMOS camera to determine the final spatial charge density profile of

each bunch. Shaped ion bunches generated via this method are used to collect the

results in Chapters 5 and 6.

3.3.2 Ion number calibration

In order to deterministically set the ion bunch number N for experiments, the

phosphor-coupled MCP detector was calibrated against the excitation laser beam

power Pex in conjunction with a Faraday cup. The MCP has gain, which changes

as a function of the potential difference VMCP placed across its front (high-voltage)

and back (ground) plates, and results in the number of counts detected on the MCP

differing from N . All ion bunch experiments presented in this thesis were conducted

at VMCP = −1450 V, and the phosphor screen was held at 2.6 kV. VMCP was chosen

such that the amount of charge detected remained below saturation, up to the high-

est N studied. Thus, with the excitation laser beam intensity below Isat, a linear

relationship is established between Pex and the background subtracted MCP counts,

NMCP (see Figure 3.2).

Excitation laser powers were measured and controlled as peak voltages on a

fast photodiode and oscilloscope for experimental ease, nominally chosen as Pex ∝

{10, 20, 40, 60, 80, 100}mV, with NMCP integrated over 100 CMOS camera shots.

Ion bunches generated from the same Pex values were then focused into the Faraday

cup with an einzel lens centre-electrode potential set to 3.1 kV. Further details on

einzel lens operation relevant to bunch focusing experiments is discussed in Sec-

tion 6.2. The Faraday cup was connected to a high gain (G = 1013) transimpedance

amplifier with a 5 s time constant, converting a time-averaged DC current IFCUP

to a voltage VFCUP , recorded on an oscilloscope. The position of the Faraday cup

was optimised for each measurement in the calibration to maximise signal, and

background measurements were taken with the excitation laser blocked. Given the

extracted bunch repetition rate of fR = 10 Hz, the ion number N was determined
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by

N =
(IFCUP − IB)

qfR
=

(VFCUP − VB)

qGfR
, (3.1)

where q is the charge of a single ion, and IB and VB are the measured background

current and voltage respectively.

Figure 3.2 shows data points of N versus NMCP when VMCP = −1450 V, follow-

ing the above method. A linear fit to the data has an R2 value of 0.9985, confirming

a strong linear relationship without any form of saturation. As the MCP counts are

analysed in real time in experiment and controlled by Pex, the calibration gives a

direct link between the desired bunch number N and Pex.
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Figure 3.2: Linear calibration of ion bunch number N against background subtracted
MCP counts, NMCP . The MCP voltage was VMCP = −1450 V. As both the excitation
laser intensity and MCP are below saturation, experimental control of bunch number was
achieved by varying Pex. This was the calibration used to estimate ion bunch number for
all experiments presented in this thesis. Each data point is the average of 100 individual
shots.
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3.3.3 Experimental timing sequence

The Melbourne CAEIS operates in pulsed mode in order to generate electron and

ion bunches. A Transistor-Transistor Logic (TTL) signal from the pulsed 480 nm

photoionisation laser system which operates at 10 Hz is used to trigger the entire

experiment. Synchronisation of all systems and components is achieved using a 24-

channel digital timing card [120] that outputs low voltage TTL signals (3.3 V), and

is programmed via a graphical interface in LabVIEW [121].

Figure 3.3 shows the timing sequence used for all experiments described in this

thesis. In order to load atoms into the MOT, the MOT cooling, Zeeman slowing,

and MOT and Zeeman repump lasers must be on, as well as the MOT and Zeeman

magnetic fields. The MOT loading time dominates each cycle at approximately

93 ms, resulting in a typical trapped atom number of 109. As the magnetic fields

decay to background levels nominally within 1.5 ms [106], the fields are switched

off for between 3−5 ms prior to ionisation in order to minimise their influence on

ion (or electron) trajectories. During excitation and ionisation the trapping lasers

are turned off to ensure a well-defined excited state atomic distribution, which is

required for arbitrary electron and ion shaped bunch creation.

All 780 nm lasers are made quasi-continuous using a combination of AOM switch-

ing and hard-disk drive optical shutters [122, 123] to extinguish the light within a

microsecond. A new experimental sequence begins when the ionisation laser system

flashlamp fires. Subsequently, the 500 ns excitation pulse is turned on, and the Q-

switch releases the 5 ns ionisation pulse at an adjustable delay time of 320−214µs

relative to the flashlamp trigger. The 480 nm ionisation laser is incident upon the

atom cloud while the 780 nm excitation laser is on, resulting in charged particle

bunch generation. The electrons or ions are immediately extracted via a static

electric field, before the trap is reloaded for creation of the next charged particle

bunch.
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Figure 3.3: Depiction of the experimental timing sequence. The ionisation laser system
flashlamp triggers each cycle, executed with a 24 channel digital timing card that is con-
trolled within LabVIEW. Timing diagram is not to scale. Adapted from Reference [109].

3.4 Bunch shaping

This section presents relevant theory with respect to arbitrary shaped bunch gener-

ation in a CAEIS and a description of the experimental implementation used in this

work. Shaping the electron and ion bunches created with a CAEIS relies on manip-

ulation of the two-colour photoionisation process. An arbitrary density distribution

of electrons or ions can be produced, provided the atomic evolution in the presence

of resonant or near-resonant laser fields is known.
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3.4.1 Theoretical considerations

The internal state of atoms can be described with a density matrix formalism. The

time evolution of the density matrix ρ is given by the Liouville equation [124] which

can be recast as the Optical Bloch Equations (OBEs) [125] in the rotating wave ap-

proximation [124]. For a two-level atom with a laser light field coupling the quantum

states |1〉 and |2〉, Rabi cycling [126] occurs. For long evolution times, relaxation

decoheres the system and the OBEs can predict the steady state populations from

the laser-atom interaction. The excited steady-state population ρst22 in this picture

is a key result for the phenomenological development of arbitrary bunch shaping in

a CAEIS, and is given by

ρst22(r) =
Ω(r)2

Γ2 + 4∆2 + 2Ω(r)2
, (3.2)

where Γ is the natural decay rate or linewidth of the excited state, ∆ is the laser

frequency detuning from resonance, r = (x, y, z) is the atomic position, and Ω(r) is

the Rabi frequency [124], given by

Ω(r) =

√
I(r)Γ2

2Isat
(3.3)

where I(r) is the excitation laser intensity and Isat is the saturation intensity [124]

of the transition.

Figure 3.4 extends the rubidium two-colour ionisation ladder of Figure 3.1 by

labelling the transitions with the Rabi frequencies Ω12 and Ω23 and including the

laser detunings ∆12 and ∆23. To simplify the theoretical treatment, the ionisation

process is considered as two independent two-level systems. Strictly speaking the

third “level” is a continuum of ionised states, though it is possible to excite from the

5P state to a well defined, high-lying Rydberg state which undergoes electric field

ionisation [41]. Ion bunches have recently been created in the Melbourne CAEIS



3.4. BUNCH SHAPING 47

laboratory via Rydberg excitation in conjunction with stimulated Raman adiabatic

passage (STIRAP) [127–129], which demonstrated an increase in peak bunch bright-

ness by a factor of 1.6 through careful temporal overlap of Ω12 and Ω23 to implement

coherent excitation [58].

5P

5S

�
Ω

�
Ω

Rb+

12

12

23

23

Figure 3.4: Rubidium ionisation ladder with Rabi frequencies Ω12 and Ω23, and detunings
from atomic resonance ∆12 and ∆23. Treating the electronic structure of rubidium as two
independent two-level systems allows us to derive key bunch shaping results.

The following is a summarised version of derivations from Reference [109]. The

excited steady state atomic density is given by

ne(r⊥) = ρst22(r⊥)

∫
ρ(r⊥, z) dz (3.4)

where ρ(r) is the atom cloud spatial density and r⊥ = (x, y) is the coordinate system

transverse to both the excitation laser beam and electron/ion bunch propagation.

Combining Equations 3.3 and 3.4, the transverse excited state distribution ρe(r⊥)

can be written as

ρe(r⊥) ≡ ne(r⊥)∫
ρ(r⊥, z) dz

=
I12(r⊥)Γ2

21

2Isat,12(Γ2
21 + 4∆2

12 + I12(r⊥)Γ2
21/Isat,12)

, (3.5)
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and inverting Equation 3.5 gives the intensity required to produce ρe(r⊥):

I12(r⊥) =
Isat,12

Γ2
21

[
(Γ2

21 + 4∆2
12)

1− 2ρe(r⊥)
− Γ2

21 − 4∆2
12

]
. (3.6)

Solving the OBEs for a three-level atom gives the complete expression for the trans-

verse excitation laser intensity,

I12(r⊥) =
ρe(r⊥)[Isat,12Isat,23Γ21 + I23(r)Isat,12Γ32]

1− 2ρe(r⊥)Isat,23Γ21

, (3.7)

which now includes the laser intensity I23(r) coupling the excitation and ionisation

states, saturation intensity Isat,23 and decay rate Γ32.

The density distribution of atoms in the state to be ionised is

ρi(r⊥) =
|Ω23(r)2|

Γ2
32 + 4∆2

23 + 2|Ω23(r)|2
×ρe(r)

∝ |Ω12(r⊥)2|
Γ2

21 + 4∆2
12 + 2|Ω12(r⊥)|2

×ρ(r⊥)

=
I12(r⊥)Γ2

21/2Isat,12

Γ2
21 + 4∆2

12 + I12(r⊥)Γ2
21/Isat,12

×ρ(r⊥). (3.8)

Thus, the density of the “ionised” state ρi(r⊥) is proportional to the excited state

distribution, which can be arbitrarily shaped to any distribution using the intensity

from Equation 3.7, if the ground state atomic density ρ(r) is known.

3.4.2 Experimental implementation

To experimentally realise an arbitrarily shaped intensity excitation beam, a 780 nm

laser beam locked to the 5S1/2(F = 3) → 5P3/2(F ′ = 4) transition was incident

on a 1920× 1080 pixel SLM at near-normal incidence, with the diffracted beam

propagated to the MOT. The SLM is controlled by a computer via a standard

DVI interface and accepts 300× 200 pixel greyscale images as input, generating a

hologram that fills the active area. Specifically, each pixel on the SLM is mapped
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to a 0−2π effective phase shift to produce a phase mask. All previous shaping

experiments performed with the Melbourne CAEIS [32, 41, 56–58, 68] have utilised

commericial software supplied with the Holoeye SLM [117], which uses an iterative

Gerchberg-Saxton algorithm [15] to calculate the phase pattern required to produce

an arbitrary far-field intensity distribution, transforming the initial TEM00 mode

beam into the desired output intensity. The software is flexible in that additional

phase masks can be applied over the image phase mask in real time, such as a

variable focal length Fresnel lens [130], blaze and directional offsets.

Figure 3.5 shows examples of macroscopic (mm in size or greater) excitation beam

and electron bunch shaping quality from an arbitrary image (Figure 3.5(a)), using

the SLM with the proprietary software. Although the laser image (Figure 3.5(b))

has fine speckle-like features from the SLM that are not typical laser speckle, the

effect on the electron bunch density distribution is diluted as the shaping profile is

macroscopic, nominally exciting the entire atom cloud. These speckle-like features

result in non-optimal beam and bunch shaping for sub-mm sizes, as mentioned

below. The T = 10 K electron bunch (Figure 3.5(c)) was created via a sequence

similar to that shown in Figure 3.3. Due to the slow thermal diffusion offered from

having such low temperature, the CAEIS-generated bunch retains its initial shape

upon propagation to a detector. Further experimental details and performance of

bunch shaping using the Melbourne CAEIS can be found in References [41,106,109].

For the experiments presented in Chapters 5 and 6, a small initial rms bunch

width (<100µm) was desired to create lower initial emittance, and to allow a system-

atic bunch expansion and compression study of up to N = 100,000 particles with the

elongated beamline. For bunches with such fine detail, the SLM “speckle” caused

laser intensity shaping of simple distributions such as a Gaussian and flat-top to

become indistinguishable from one another. The SLM was therefore operated with

a speckle-free protocol based on iterative feedback [118] to implement fine bunch

shaping.
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(a) (c)(b) 1 mm 2 mm

Figure 3.5: (a) Example 300× 200 pixel greyscale image supplied to the SLM for laser
intensity shaping, cropped for illustration purposes. (b) Excitation laser intensity distribu-
tion imaged on a charge-coupled device (CCD) camera after a Gerchberg-Saxton algorithm
was used to transform a TEM00 780 nm laser beam. (c) T = 10 K electron bunch gen-
erated from the two-colour ionisation scheme in a CAEIS, imaged on the MCP detector.
The bunch density distribution closely resembles the desired profile in (a). Adapted with
permission from data supplied by AJM.

A beam-shaping program developed at TU/e was supplied by RMWvB to the

Melbourne CAEIS laboratory. BMS and I configured the software with assistance

from RMWvB, linking it to the SLM and a CMOS camera [131], imaging the focal

plane of the excitation laser at an identical distance to the cold atom cloud in the

vacuum chamber. The code performs an iterative Fourier transform algorithm like

the Holoeye package, but it also has the ability to perform phase aberration cor-

rection due to imperfections in the optical beamline, flattening wavefront features

down to tens of microns [118]. The software optimises the phase with fine detail by

using the camera image to minimise the difference between the desired and mea-

sured intensities, refining the phase mask generated through multiple iterations. The

number of Fourier transform iterations and feedback checks performed by the code

are configurable by the user. Laser intensity shaping performance of various distri-

butions using this implementation is presented in Section 5.2. Further details of the

theoretical development and experimental performance of this technique applied to

the patterned excitation and ionisation of ultracold Rydberg atoms can be found in

References [118,132].
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3.5 Summary

CAEIS experimental methods and details were canvassed in this chapter. Cold ion

bunch generation was described through a typical experiment and the associated

computer-controlled timing sequence used in this work. In particular, the properties

and types of lasers used in the Melbourne CAEIS were summarised, along with how

they are used physically to slow, cool, trap, excite, ionise and image atoms in the

source. An ion bunch number calibration was also presented, with a Faraday cup

facilitating a direct relationship between 780 nm excitation laser power and bunch

number, via counts measured on an MCP detector.

Theoretical aspects of bunch shaping were derived by considering laser-atom

interactions for a two-level system and applying these to the electronic structure of

rubidium. Importantly, it was shown that a charged particle bunch can be arbitrarily

shaped to any distribution using the ground-to-excited state laser intensity, provided

the ground state atomic density is known. The experimental implementation of

bunch shaping was then described, highlighting the use of an SLM to shape the

excitation laser intensity profile. Lastly, the feedback protocol that was supplied by

a collaborator at TU/e and adapted to the Melbourne CAEIS to optimise initial

bunch profiles at sub-millimetre sizes was introduced, with this technique used to

create the experimental bunches studied in Chapters 5 and 6.





Chapter 4

Cateye ECDL design

4.1 Introduction and motivation

The desired properties and use of External Cavity Diode Lasers (ECDLs) for the

cooling, trapping and excitation of atoms in a Cold Atom Electron and Ion Source

(CAEIS) were established in Chapter 3, with narrow linewidth and frequency tun-

ability and stability as focal points. This chapter describes the technical construc-

tion and testing of an ultrastable, narrow linewidth ECDL for continuous CAEIS

development1.

Common ECDL designs such as the Littrow and Littman-Metcalf configurations

use diffraction gratings for wavelength selection. These lasers require precise align-

ment and are therefore sensitive to acoustic and mechanical disturbances, particu-

larly when a spring-loaded kinematic mount is used to align the grating or feedback

optic. The ECDLs used in the Melbourne CAEIS are of the Littrow configuration,

highlighted in Section 3.2.1.

Narrow bandpass filters provide an alternative approach to wavelength selection,

and with sufficiently narrow bandwidth, can ensure operation on a single external

cavity mode [134–138]. An important advantage is the ability to use the cateye reflec-

1This chapter is an expanded version of work published in the Review of Scientific Instruments
in 2012 [133], included as Appendix A3.

53
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tion geometry, which is self-aligning and thus inherently mechanically robust [135].

Single mode operation of cateye lasers has relied on extremely narrow filters, with

bandwidths comparable to the intrinsic mode spacing of the laser diode, typically

of order 125 GHz (0.25 nm for a 780 nm laser diode). Unfortunately, filters with the

required narrow linewidth and high transmission are not readily available, limiting

the widespread adoption of this approach.

In this chapter, bandpass filters with much larger transmission bandwidths of

∆λ = 3 nm and which are readily available at a broad range of wavelengths, are

shown to achieve single mode operation of a tunable external cavity diode laser. The

principles are demonstrated with a 780 nm diode laser in the cateye external cavity

configuration, for the first time with such broad filter transmission windows [133].

Cateye ECDL single mode selection using a wide bandwidth filter is presented

in Section 4.2, with Section 4.3 showcasing the two prototype ECDL designs tested.

Section 4.4 details experimental results, namely linewidth, laser tunability, frequency

noise performance and laser locking to an atomic transition, along with some com-

parisons to common diffraction grating-based designs. Section 4.5 discusses the

potential use of a cateye ECDL in future iterations of the CAEIS.

4.2 Mode selection

The output frequency ν of an ECDL is dependent on a combination of frequency-

dependent gain and loss factors and the product of these factors gives the total

transmission function [139]:

Ttotal = GDTDTcavityTfilter (4.1)

where GD is the semiconductor gain of the laser diode, and TD and Tcavity represent

the transmission functions for the cavities formed between the front and rear facets of

the diode, and between the diode rear facet and the external cavity reflection element
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respectively, in this case a cateye reflector. Tfilter is the transmission function of an

intra-cavity filter. The laser will oscillate at the frequency for which the product of

these factors is greatest.

The relative dispersion factors are compared in Figure 4.1. The intrinsic semicon-

ductor gain profile GD, approximated as a Gaussian with a full width at half maxi-

mum (FWHM) of 10 nm, is very broad in comparison to other dispersive mechanisms

in an ECDL [140]. The measured spectrum provided by the filter manufacturer is

used for the filter transmission function Tfilter. The function is approximately rectan-

gular, with a peak transmission of 90 % and width ∆λ= 3 nm. From the derivative of

the transmission function shown in Figure 4.1, the edge widths are 0.3 nm (FWHM).

The transmission window wavelength shifts with rotation according to [141]

λ(θ) = λ0

√
1−

(
sin(θ)

neff

)2

(4.2)

where θ is the angle of incidence, λ0 is the wavelength at normal incidence and neff

= 2.13 for p-polarisation [142].

The internal diode cavity modes are described by the Airy function

TD =
1

1 + F sin2δ(ν)
, (4.3)

where F = 4r1r2/(1− r1r2)2 is the coefficient of finesse for the diode cavity, r1,2

are the amplitude reflection coefficients of the diode rear and front facets, δ(ν) =

2πnLDν/c is the phase shift for one traversal of the semiconductor gain medium,

LD is the diode cavity length, n is the semiconductor refractive index and c is the

speed of light. A typical λ = 780 nm single mode semiconductor diode laser [143]

has a physical cavity length of LD = 0.25 mm and a refractive index of 3.5, giving a

mode spacing of ∆ν = c/2nLD = 125 GHz.

Tcavity is also described by Equation 4.3 with appropriate changes to the reflection

coefficient amplitudes and the cavity length, which becomes the external cavity
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Figure 4.1: Schematic representation of the frequency-dependent factors that contribute
to mode selection of an interference filter cateye ECDL, calculated for λD = 783 nm, rotated
to 779.5 nm (θ = 14.5◦), n = 3.5, LD = 0.25 mm, Lcavity = 30 mm, r1 = 0.85, r2 = 0.15 and
Rcavity = 1.0. The diode gain curve is assumed to be Gaussian, with a FWHM of 10 nm.
Numerous external cavity modes exist within the filter passband, yet the ECDL operates
on a single mode because adjacent modes have reduced gain. At lower wavelength, the
diode cavity transmission and semiconductor gain are reduced, and at higher wavelength,
the edge of the filter transmission reduces the overall gain. The high frequency modulation
of Ttotal arises from Tcavity, which is not included explicitly in the schematic for clarity.
The measured transmission function for a 780 nm bandpass filter [144] is shown with the
numerical derivative, illustrating edge resolution of approximately 0.3 nm (FWHM). The
external cavity length and diode mode have been chosen so that the overall gain peak
occurs at λ = 780.24 nm, the 5S1/2 → 5P3/2 transition in rubidium (vertical line).
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length Lcavity. A typical external cavity in air has Lcavity = 30 mm, giving a mode

spacing of 5 GHz. In principle, the diode intrinsic mode function and the diode gain

curve will select one or a few external cavity longitudinal modes. However, there is

little control over which external mode is selected.

Grating feedback or a narrow bandwidth filter can select a single diode mode.

Furthermore, it is demonstrated here that the sharp edge of a broadband filter,

combined with the wavelength dependence of the diode gain curve can also select

one diode mode, depicted in Figure 4.1. The optimum wavelength is constrained

on one side by the diode gain curve, and on the other by the edge of the filter

transmission function, such that one diode mode and one external cavity mode

become dominant. The strongest lasing mode can be altered by rotation of the filter

and adjustment of the diode mode frequency, either via the diode temperature or

the diode injection current.

4.3 Example cavity designs

Two configurations were constructed and tested, as shown in Figure 4.2. The first is

similar to previous cateye laser designs using ultranarrow filters [135–138], where the

cateye reflector also forms the laser output coupler. The output coupler must then

be a partial reflector, and because the range of standard output couplers is limited,

a second design was also evaluated. The partially reflecting planar output coupler

was replaced with a normal-incidence planar mirror, and an intra-cavity beamsplitter

cube used as an output coupler. Both non-polarising and polarising beamsplitter

cubes were used. Results with a 780 nm laser diode are discussed here but successful

operation has also been achieved at a broad range of wavelengths [145–147] since

my publication in 2012 [133].
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LD FI L1 L2CL

θ

PZT OC

LD FI L1CL

θ

PZTMBS

Figure 4.2: Upper: external cavity diode laser using broad bandpass interference filter
(IF) and partially transmitting output coupler (OC). LD laser diode; CL collimating lens;
L1 cateye lens; L2 re-collimation lens; PZT multi-layer ring-shaped piezoelectric translator.
Lower: using a beamsplitter cube (BS) as an output coupler; M normal incidence mirror;
PZT multi-layer square piezoelectric translator.

4.3.1 Output coupler design

The ECDL consists of a laser diode [143] and an f = 4.5 mm 0.55 NA aspheric

collimating lens, a broad passband interference filter in a rotating holder, and a

cateye reflector. The cateye reflector was formed by an f = 11 mm 0.25 NA lens,

mounted in a collimation tube machined to also hold a 30 % reflective output coupler.

A multi-layer piezoelectric ring actuator was fixed to the rear facet of the output

coupler, to allow cavity length tuning and fast frequency feedback control. An

achromatic f = 20 mm lens was used to collimate the ECDL output beam. High

transmission (∼ 90 %) dielectric bandpass filters [142, 144] were used, with nominal

centre wavelengths of λ = 780 and 785 nm and bandwidth ∆λ = 3 nm. The

laser diode, collimation tube and intra-cavity optics were mounted in an aluminum

block. A 10 kΩ thermistor in the centre of the block, and a Peltier thermoelectric

cooler between the block and a large aluminum baseplate were used for temperature
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stabilisation of the cavity. Figure 4.3 is a photograph of the protoype cateye ECDL

output coupler design, used to generate some of the results in Section 4.4.

FH
OC CL

LD

PZT

TEC IF

Figure 4.3: Cateye ECDL output coupler design protoype. The electronic headboard
that drives the laser diode (LD), thermoelectric cooler (TEC) and piezoelectric transducer
(PZT) was removed for clarity. FH filter holder; IF interference filter; OC output coupler;
CL collimating lens. The TEC itself is mounted above the bottom plate, and the PZT is
glued to the OC.

4.3.2 Beamsplitter cube designs

In the beamsplitter version the output coupler was replaced with a plane dielectric

mirror and an 80/20 10×10×10 mm non-polarising beamsplitter cube was placed

between the diode collimation lens (f = 4.5 mm) and interference filter. A piezoelec-

tric transducer on the reflection mirror provided fine frequency tuning. A polarising

beamsplitter cube (5×5×5 mm) was also used as an output coupler. With the polar-

ising beamsplitter, rotation of the diode rotates the polarisation of the intra-cavity

beam and hence varies the ratio between out-coupled light and diode feedback. In-

creased feedback reduces the laser linewidth and in principle, the possible wavelength
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tuning range, at the expense of useful output power. The diode was rotated such

that the feedback was approximately the same as that for the output coupler design,

at 30%.

4.4 ECDL performance

The output power for p-plane polarisation was typically 50 mW at 780 nm using a

90 mW diode. Feedback efficiency was optimised by ensuring the laser diode trans-

mission was focused exactly onto the reflective optical element (output coupler or

mirror depending on the design), hence forming the cateye reflector. The focus of

the combined diode collimation lens and cateye reflector also impacts the feedback

efficiency of the external cavity and the linewidth [148]. Small and otherwise unno-

ticed changes to the lens focus can have quite a significant effect on the linewidth,

apparent when the technical noise is small and comparable to the intrinsic cavity

linewidth.

With the cateye reflector, inherently good mode matching is ensured between

the external cavity and the laser diode due to the robust alignment stability, leading

to narrow linewidths. The linewidth can be reduced by increasing feedback from the

external cavity [148], and also by increasing the cavity length, though a short cavity

is usually preferred to reduce the incidence of modehops to adjacent external cavity

modes, thus maximising the modehop-free tuning range [140, 148]. The designs

presented here exhibit modehop-free tuning ranges of at least 15 GHz for cavity

lengths of 30 mm, with injection-current feed-forward to match the frequencies of

the internal and external cavity modes [139].

Saturated Absorption Spectroscopy (SAS) [112] is a pump-probe technique used

in the Melbourne CAEIS laboratory to frequency stabilise a laser to an atomic

reference. Figure 4.4(a) shows a schematic of the experimental setup for SAS. The

first pass of the cateye ECDL output through a vapour cell is the pump beam,
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Figure 4.4: (a) Experimental setup for rubidium saturated absorption spectroscopy. (b)
Experimental setup for linewidth determination via the delayed self-heterodyne technique.
PBS polarising beamsplitter; AOM acousto-optic modulator; PD photodiode; λ/4 quarter
waveplate; λ/2 half waveplate; RF SA rf spectrum analyser; OSC oscilloscope.

which saturates the atomic sample. The absorption of the weaker probe beam

reflected back through the cell is recorded on a photodiode (PD). The Power signal

in Figure 4.5 shows the SAS spectrum of the λ = 780.24 nm 5S1/2 → 5P3/2 transition

in rubidium (natural isotopic abundance), displayed on an oscilloscope (OSC) after

being filtered through low noise electronics [149]. The absence of adjacent external

cateye ECDL modes is clear over a 9 GHz scan.

The linewidth of each configuration was measured using the delayed self-heterodyne

technique [150], an experimental schematic of which is shown in Figure 4.4(b). The

cateye ECDL output is passed through an acousto-optic modulator (AOM), with

the angle of incidence set such that the zeroth (0th) order throughput and first (1st)

order deflection at +80 MHz had equal power. The zeroth order beam was coupled

through 2.2 km of optical fiber to generate the delay and interfered with the first
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Figure 4.5: Saturated absorption spectrum (Power) and frequency modulation error signal
(Derivative) for natural rubidium vapour, using the cateye laser with polarising beamsplit-
ter cube as output coupler.

order beam on a fast photodiode. The resultant beatnote was displayed on an RF

Spectrum Analyser (SA), appearing at 80 MHz.

Linewidths were also quantified independently with a commercial linewidth mea-

suring instrument based on transmission through a high-finesse optical cavity [143],

and from the beatnote of two similar lasers. In each case the lasers were locked to

a rubidium hyperfine transition using FM demodulation. The 250 kHz modulation

was generated via the Zeeman effect using a coil wound around the atomic reference

cell. The piezo actuator and diode current were controlled with a combination of

double-integrator, proportional and phase lead (differential) feedback. An example

of the SAS error locking signal is the Derivative profile shown in Figure 4.5, which

has sharp features for both direct and crossover hyperfine transitions.

Intrinsic full width at half maximum linewidths of the output coupler (OC)

and polarising beamsplitter (PBS) cube designs are determined from fits to both a
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Lorentzian lineshape function fL(x) and a Gaussian function fG(x):

fL(x) =
Γ
2

π((x− x0)2 + (Γ
2
)2))

; FWHM = Γ (4.4)

fG(x) =
1

σ
√

2π
exp

(
−(x− x0)2

2σ2

)
; FWHM = 2

√
2 ln(2)σ, (4.5)

where Γ is the Lorentzian FWHM, σ is one Gaussian standard deviation, and the

functions are defined such that normalisation results in
∫∞
−∞ f(x) dx = 1.

Results from the self-heterodyne technique are shown in Figure 4.6. The Lorentzian

beatnote fits for the OC and PBS designs are Γ = 42 kHz and 39 kHz respectively.

Fits to the Gaussian function give beatnote full widths at half maximum of 73 kHz

and 87 kHz, corresponding to rms single laser linewidths (σrms = σ/
√

2) of 22 kHz

and 26 kHz for the OC and PBS designs respectively. Using the commercial linewidth

instrument, the measured linewidth of the bare laser diode was 2.5 MHz, and the

width for the OC design was 26 kHz (one hour average) with a stipulated system-

atic uncertainty of approximately 30% [143]. Figure 4.6 also shows the spectrum of

the beatnote from interfering two similar OC lasers, with combined 3 dB width of

40 kHz. The linewidth measurements are consistent given typical ECDL linewidth

variations as discussed by Genty et al. [151].

Rotation of the filter (Equation 4.2) allows tuning of the ECDL output from

772 nm to 781 nm using a broad 780 nm filter, and from 772 nm to 786 nm using a

785 nm filter, with appropriate adjustments to the laser diode temperature as per

Figure 4.7. The laser mode was directly measured by coupling the ECDL output

into an Optical Spectrum Analyser (OSA). The higher wavelength in the tuning

range is limited due to the sharp edge of the filter transmission function; that is,

the filter cannot be rotated to wavelengths greater than this cutoff. The laser can

be tuned discontinuously over these ranges without alteration of the output beam

direction.
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Figure 4.6: Beatnote spectrum between two similar lasers, both of the partially reflecting
output coupler design, locked to two distinct spectral features in the rubidium saturated
absorption spectrum (top); delayed self-heterodyne laser linewidth measurement for indi-
vidual laser of output coupler design (middle), and beamsplitter cube design (bottom). In
the self-heterodyne spectra, a central peak due to residual amplitude modulation on the
first order output of the acousto-optic modulator has been subtracted from each spectrum.
The spectra were obtained with resolution bandwidth 3 kHz, sweep time 225 ms, 50 sweep
average. Lorentzian (Γ) fits exclude central 1 MHz; Gaussian (FWHM) fits include only
central 1 MHz.
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Figure 4.7: Wavelength tuning ranges at various laser diode operating temperatures for
780 nm and 785 nm interference filters in the output coupler ECDL configuration.

The derivative of the transmission window wavelength λ(θ) in Equation 4.2 is

dλ(θ)

dθ
= − λ2

0

2n2
effλ(θ)

sin (2θ) , (4.6)

which is −0.68 nm/◦ for a 785 nm filter rotated to 780.2 nm (θ = 13.8◦). Precision

to within the internal diode mode spacing of 125 GHz, or 0.25 nm at 780 nm is

desired, corresponding to a change in angle of 0.38◦. By comparison, for a Littrow

configuration ECDL with an 1800 lines/mm diffraction grating, the sensitivity to

rotation is 13.7 nm/◦, 20 times greater. Thus, the filter wavelength can be adjusted

adequately without the need for a precision rotation mount.

Figure 4.8 contains measured frequency noise spectra for the output coupler de-

sign depicted in Figure 4.2, and compared to similar spectra for a grating-feedback

Littrow configuration ECDL in which the grating is aligned using a standard kine-

matic mount [110]. The lasers were locked to a rubidium hyperfine transition again,

this time using DC coupled feedback. The SAS error signal was used as input to a

computer sound card via a headphone jack and recorded using calibrated, commer-

cial audio spectrum analyser software [152]. The spectra show substantially reduced
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susceptibility to mechanical resonances, when both the 1/f pink noise is suppressed

by laser locking, or when the laser is unlocked and able to drift. In particular, the

absence of resonances associated with springs in the kinematic grating mount be-

tween 1−10 kHz is noticeable, elucidating the acoustically inert nature of the cateye

ECDL.

Mechanical resonances

Unlocked

Locked

Littrow

Cateye

√

Figure 4.8: Frequency noise spectra for the output coupler cateye laser and a standard
Littrow-configuration grating feedback design [110], plotted as the linear spectral density
(LSD) against frequency.

4.5 Conclusion and outlook

ECDLs that use an interference filter for wavelength selection together with a cateye

reflection mechanism have proven to exhibit narrow linewidths and greater frequency

stability in comparison to common diffraction grating-based ECDLs. A cateye reflec-

tor is self-aligning and insensitive to intra-cavity optical misalignment. Single mode

operation was demonstrated for the first time using a filter with bandwidth many
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times greater than both the external cavity mode spacing and the intrinsic laser

diode mode spacing, thus making the cateye advantages more readily accessible.

Using only standard catalogue optical components, the cateye ECDL is mechan-

ically less complex than common diffraction grating designs, and at a wavelength

of 780 nm has a demonstrated linewidth of 26 kHz, wavelength tunability over more

than 14 nm, and reduced susceptibility to acoustic vibrations. Using saturated ab-

sorption frequency stabilisation to an atomic reference [110], the laser will remain

locked even when bumped or knocked. The narrow linewidth, wavelength tunability,

simple construction and stability make these prototype designs well suited to gen-

eral use in a CAEIS, namely for the cooling, trapping and excitation of alkali atoms.

Though ultranarrow ECDL linewidths of less than 1 Hz have been reported by using

high-finesse optical cavities [153], the monochromaticity generated is at the expense

of modehop-free tuning range, and optical cavity techniques still require a secondary

mechanism for absolute frequency stability [154]. This renders them largely imprac-

tical in comparison to the compact and robust cateye ECDL designs presented here

for use in a CAEIS.

Since the publication of the broad interference filter cateye ECDL results at

780 nm [133] in this chapter, similar ECDL designs have been developed at vis-

ible [145] and other near-infrared wavelengths [146, 147], with the narrowest rms

linewidth reported from these studies as 5.2 kHz. Furthermore, sub-kHz Littrow

ECDL linewidth has recently been demonstrated in the Melbourne CAEIS labo-

ratory [113] using Polarisation Spectroscopy (PS) as an alternative to SAS for fre-

quency stabilisation to an atomic reference. The dispersive error signal PS generates

has a frequency discrimination slope comparable to SAS, but has a capture range

bandwidth 10 times larger, is modulation-free, and only slightly more complex to

implement than SAS. With high-bandwidth feedback and low-noise electronics, rms

single laser linewidths of σrms = 600 Hz were obtained [113], measured using the

self-heterodyne technique outlined in Section 4.4.
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After their work was published, Torrance et al. measured rms linewidths as

narrow as σrms = 233 Hz with a cateye ECDL locked to a PS error signal [155], 2.5

times narrower than the PS frequency stabilised Littrow ECDL and two orders of

magnitude improvement on a cateye ECDL locked via SAS (Section 4.4). Thus, the

combination of using cateye ECDLs in conjunction with PS has true merit in future

iterations of the CAEIS.

Finally, the versatile cateye ECDL protoypes developed and tested at 780 nm

in this chapter have led to the creation of a commercial product, the MOGLabs

CEL002 cateye diode laser [156]. The laser is based on the output coupler design

presented in Section 4.3.1 and is available at a wide range of wavelengths, from UV

through to near-infrared.



Chapter 5

Coulomb expansion in a CAEIS

5.1 Introduction

As discussed in Chapter 2, shaping of a cold charged particle bunch can have a

dramatic effect on its emittance, and therefore brightness. This chapter presents

experimental and simulated space-charge expansion and emittance results1 of shaped

ion bunches generated in a CAEIS, demonstrating the power of bunch shaping.

Choosing a set of initial bunch shapes from which variations in beam performance

can be discerned, bunches are extracted from the source region and propagated

to an MCP detector with a time of flight determined by the potential difference

across the accelerator plates. Analysis of detected spatial profiles elucidate subtle

differences in the Coulomb-driven expansion of the chosen shapes, and a set of

metrics are introduced to deduce whether the ideal, linearly expanding bunches

described in Chapter 2 can be created using the shaping technique established in

Chapter 3. Emittance is calculated through particle tracking simulations and the

effect of increased bunch temperature on shaped bunch evolution is investigated.

The SLM-generated initial charge density distributions used to investigate beam

expansion and emittance are presented in Section 5.2, with experimental space-

1Some key results presented in this chapter are an expanded version of work published in
Physical Review Letters in 2016 [59], included as Appendix A1.

69
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charge expansion results of these shaped bunches shown in Section 5.3. Expansion

factors are introduced in Section 5.4 to assess the linearity of shaped bunch expan-

sion. This is followed by simulation results of shaped bunch emittance and expansion

and a comparison to emittance and expansion results for a thermal source in Sec-

tions 5.5 and 5.6 respectively.

5.2 Charge density distributions

To investigate the effect of bunch distribution on expansion and emittance growth,

four cylindrically symmetric bunch shapes were studied: Half-spherical (HS), re-

quired to make pancake bunches as per Section ??; Gaussian (GS), from an “un-

shaped” laser beam; flat-topped (FT), a uniform transverse profile with comple-

mentary applications to pancake distributions [157]; and conical (CN), chosen as

an example of a non-ideal distribution. The HS bunches should evolve into objects

approaching the ideal uniform density ellipsoids introduced in Section 2.4.3.

Direct comparison of beam expansion and emittance for these bunch shapes was

enabled by setting the rms bunch width of each initial distribution to σx = 67µm

(and therefore the same initial rms emittance), inherently choosing the value of σGS,

the standard deviation of the GS distribution. Radial parameters for the HS, FT

and CN bunches can be derived from the choice of σx, by directly calculating the

rms bunch width of each transverse charge density distribution ρ(x, y) via

σ2
x =

∫∫
x2ρ(x, y) dxdy∫∫
ρ(x, y) dxdy

, (5.1)

with appropriate choice in integration limits. Using the HS distribution as an ex-
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ample,

ρHS(x, y) =


√

1− (x2+y2)
R2 for−R ≤ x ≤ R,−

√
R2 − x2 ≤ y ≤

√
R2 − x2

0 otherwise

(5.2)

and

σ2
x =

∫ R
−R x

2

(∫ √R2−x2
−
√
R2−x2

√
1− (x2+y2)

R2 dy

)
dx

∫ R
−R

(∫ √R2−x2
−
√
R2−x2

√
1− (x2+y2)

R2 dy

)
dx

=
R2

5
. (5.3)

Performing the same computation for ρFT (x, y) = 1 and ρCN(x, y) = 1 −
√
x2+y2

R
,

the radial parameters for the HS, FT and CN distributions in terms of σx are:

RHS =
√

5σx, (5.4)

RFT = 2σx, (5.5)

and RCN = 2

√
5

3
σx, (5.6)

giving RHS = 150µm, RFT = 134µm and RCN = 173µm respectively.

Images of the distributions were used as input to the SLM (1920×1080 pixels),

allowing the phase at each pixel to be computed iteratively in order to shape the

excitation laser beam (as outlined in Section 3.4). A cropped set of these images

is shown in Figure 5.1, with each pixel equivalent to 1 µm. The excitation laser

intensity profile was controlled by the SLM to create each initial transverse bunch

distribution in Figure 5.1. Radial distributions of the excitation probabilities for

the atoms in the MOT, calculated from the measured laser intensity profiles, are

shown in Figure 5.2. There was generally good agreement between the measured

and desired distributions, the notable exceptions being some loss of definition at

the edges of the HS and FT distributions. The following sections examine the



72 CHAPTER 5. COULOMB EXPANSION IN A CAEIS

experimental expansion and simulated emittance characteristics of this chosen set

of bunch distributions.

HS150

FT134

GS67

CN173

50  μm

Figure 5.1: Desired excitation laser beam intensity profiles Ie(r), supplied as SLM input
to compute phase patterns for beam shaping. These are calculated from the desired
transverse excited atomic density profiles. Radial parameters for the HS, GS, FT and CN
distributions are 150µm, 67µm, 134µm and 173µm respectively.

5.3 Bunch expansion results

The Coulomb expansion of cold ion bunches using the distributions described in Sec-

tion 5.2 is investigated here. The generation of shaped ion bunches via two-colour,

near-threshold photoionisation from the CAEIS was detailed in Section 3.3, and a

schematic of the experiment shown in Figure 3.1. After creation and electrostatic ex-

traction, the ion bunches drifted 70 cm in a field-free region to the phosphor-coupled

MCP, imaged with a CMOS camera to determine the final charge density profile of

each bunch.
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Figure 5.2: Measured radially averaged excitation laser profiles (solid) and desired pro-
files (dashed), plotted as the relative atomic excitation probability. Insets show desired
transverse bunch density profiles as shaded false-colour renderings. All radial averages
and density profiles are individually normalised.

Figure 5.3 shows the detected transverse ion bunch distributions for the different

initial shapes undergoing space-charge expansion, measured on the MCP for four

different ion numbers N . The calibration in Figure 3.2 was used to determine bunch

number. The range was chosen to vary from very dilute space-charge effects at

N = 2.0×103 through to a strong space-charge dominated regime at N = 7.1×104.

Bunch width clearly increases as a function of increasing bunch charge, indicating

higher degrees of space-charge expansion. In order to gain insight into subtle differ-

ences between shaped bunch expansion, radially averaged density plots are presented

in Figure 5.4, for the four distributions.
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Figure 5.3: Experimentally measured false colour ion beam density profiles for increasing
ion number N (a)-(d) with 2,000, 18,000, 41,000 and 71,000 ions for half-spherical (HS),
Gaussian (GS), flat-topped (FT) and conical (CN) distributions. Each image is the average
of 100 individual shots. The increase in bunch size for increased ion number and density
is indicative of space-charge expansion.
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For N = 2.0 × 103, the HS and FT final distributions are very similar to their

initial distributions, while the GS and CN have both dispersed, reducing their peak

density (Figure 5.4(a)). This is due to the higher initial central charge density for the

GS and CN distributions, resulting in the central region expanding from Coulomb

effects more rapidly than the HS and FT. However, as overall bunch charge increases

to N = 1.8 × 104, all shapes start to converge on the same profile at the MCP

(Figure 5.4(b)), as the initial distribution is washed-out by space-charge expansion.

At high bunch charges, non-linear space-charge expansion causes transformation of

the bunch distributions. For N = 4.1 × 104, space-charge-driven bunch edge ring

structure forms for the GS distribution (Figure 5.4(c)), caused by transverse velocity

bunching of the fast expanding “core” ions created at the laser overlap, and slowly

expanding “halo” ions produced by reabsorption of scattered 780 nm excitation light

prior to the ionising 480 nm light pulse [56].
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Figure 5.4: Radially averaged intensity traces (solid lines) for increasing ion number N
(a)-(d) with 2,000, 18,000, 41,000 and 71,000 ions for half-spherical (blue), Gaussian (red),
flat-topped (green) and conical (purple) distributions. Each image is the average of 100
individual shots. Blue dashed lines represent simulated HS ion intensity distributions.
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For N = 7.1×104, all distributions obtain a dense ring structure (Figure 5.4(d))

to varying degrees. Figure 5.5 is a depiction of bunch ring structure formation. The

GS and CN charge density distributions display a more noticeable ring in comparison

to the HS and FT bunches due to a combination of this effect with the central loss

in density. Neglecting the ring, the HS bunches maintain good agreement to an

ellipsoidal distribution for all N , as illustrated with the dashed simulated traces in

Figure 5.4.

(a) (b)Spontaneous emission
     and reabsorption

Excitation
     laser

Ionisation
     laser Diffuse ion halo

Figure 5.5: (a) A cross-section of rubidium atoms in a MOT are excited from the 5S
ground state to the 5P intermediate state with a transversely shaped 780 nm laser pulse.
Some atoms outside the desired excitation area absorb randomly directed 780 nm photons
via spontaneous emission, also becoming excited. (b) A 480 nm laser pulse then ionises a
sheet of excited atoms, creating a cold ion bunch. Outside the desired ionisation volume,
a diffuse halo of cold ions form due the scattered 780 nm light. Adapted with permission
from DM.

5.4 Verification of linear space-charge expansion

Bunches with linear, emittance-conserving space-charge forces undergo self-similar

expansion, where the beam charge density profile is magnified by a single scaling

factor. To assess the self-similarity of CAEIS bunch expansion, the concept of
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expansion factors eX is introduced:

eX =
rX,detector
rX,creation

, (5.7)

where eX is the ratio of transverse radii containing a certain percentage (X%) of

the overall bunch charge in the detector plane rX,detector to its value at initialisation

rX,creation, as depicted in Figure 5.6. The transverse radii containing 50%, 75%, 90%

and 95% of the bunch charge for each shape was measured to obtain the expansion

factors e50, e75, e90 and e95 respectively, with results plotted in Figure 5.7.

r

r

r

r

95

90

75

50

Figure 5.6: Transverse spatial distribution of an N = 5.0×104 GS ion bunch with contours
outward from centre containing 50%, 75%, 90% and 95% of the total bunch charge, the
radii of which are used for the calculation of expansion factors from one plane to another.

At a low ion number of N = 2.0× 103 all expansion factors show approximately

equal linear expansion by a factor of 20, mainly determined by the Davisson-Calbick

lensing effect [158] at the exit aperture of the accelerator structure. As the ion

number increases and space-charge effects become more significant, the expansion
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Figure 5.7: Radial expansion factors against ion number for each shape individually, with
◦, +, × and � corresponding to the transverse radii containing 50%, 75%, 90%, and 95%
of the bunch charge respectively. The expansion factors for HS bunches remain constant,
indicating linear Coulomb expansion and the transformation of these bunches into objects
that approach the desired uniform ellipsoid. The divergence of the expansion factors at
high ion numbers indicate non-linear space-charge forces, most prevalent in the GS and
CN bunches. Simulated expansion factors e95 (dashed) and e50 (solid) for each shape
are also shown. Measured radii are averaged from 100 ion bunches. Ion temperature for
simulations was taken to be T = 1 mK.

factors for the HS initial distribution remain unchanged, signifying linear, self-similar

space-charge expansion, as expected for a uniform ellipsoidal bunch [33, 98]. Thus,

the creation of objects that approach a uniform ellipsoid of charge from an initial HS

bunch with a CAEIS is verified. The constant expansion factors of HS bunches is

in contrast to the other three bunch shapes, with the central radii expansion factors

e50 and e75 growing at a faster rate than the outer radii e90 and e95 for the GS and

CN distributions, another indication of the hollowing-out of the bunches discussed

in Section 5.3. The opposite behaviour is observed for the FT, with e50 and e75

increasing at a slower rate than e90 and e95, due to the lower initial central density.

GPT simulations also included in Figure 5.7 corroborate the trends discussed

above, with the HS initial distribution showcasing linear expansion over the whole
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range of ion numbers studied, and all other shapes showing an increased deviation

from this behaviour as the ion number increases. At low ion numbers, experimental

aberrations in the accelerator lensing structure increase the overall bunch widths

compared to GPT simulations. At higher ion numbers, the less-than-expected ex-

pansion of the experimental bunches is attributed to the ring structure discussed in

Section 5.3, which contributes to the measured ion number but not to space-charge

expansion. Also, the slightly reduced splitting in expansion factors for the exper-

imental results compared to simulation in general is an indication that either the

creation time for the bunches is slightly longer than expected from the 5 ns (FWHM)

ionisation pulse, or that the rms width of the ionisation pulse at the source is slightly

larger than σz = 15µm (both values were used in the simulations). Either or both

of these scenarios would lower the initial bunch density at creation, dampening

Coulomb expansion.

5.5 Emittance simulations

The emittance of the set of bunch shapes introduced in Section 5.2 (HS, FT, GS

and CN) is determined here. Due to the low transverse velocity spread of cold ion

bunches generated in a CAEIS compared to that of a thermal source, the MCP de-

tector lacked the necessary resolution to measure the final emittances of the different

bunch shapes using standard experimental techniques such as a pepperpot [32, 83]

(see Section 6.2 for more details). Therefore, GPT simulations were instead used

to determine normalised rms radial emittances [82], shown in Figure 5.8. The emit-

tance was calculated after 70 cm of propagation for each distribution. The rms

bunch width of each initial distribution was held constant at σx = 67µm, result-

ing in radial parameters for each shape as per Section 5.2. The initial longitudinal

width is given by the photoionisation laser width of σz = 15µm, with τcreation =

5 ns representing the temporal length of the photoionisation process. The ions were
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Figure 5.8: Simulated emittance of bunches undergoing space-charge expansion as a
function of ion number N for the four transverse density profiles: HS (blue, solid); GS (red,
dashed); FT (green, dotted); and CN (purple, dash-dot). The linear Coulomb expansion
of the HS bunch results in the lowest rate of emittance growth as expected, with the
FT bunch performing similarly. The CN and GS bunches demonstrate a higher rate of
emittance growth, with the GS bunch growing fastest. For N = 9.0× 104, the HS bunch
has an emittance suppression of 60% compared to the GS bunch. Ion temperature for
simulations was taken to be T = 1 mK.

generated equidistant between the accelerator plates, with Vacc = 12 kV to give a

beam energy of E = 6 keV, the GPT function spacecharge3dmesh was chosen to

efficiently calculate space-charge effects (see Section 2.5) and the accuracy of particle

trajectories for each successive time step was set to one part in 106.

While a perfect uniform ellipsoid should show no emittance growth, the velocity

spread due to temperature, statistical Coulomb effects [96], and bunch and acceler-

ator edge-effects all lead to growth with increasing ion number for all shapes. For

N = 2.0 × 104 ion bunches, the smallest variation in the emittance of all shapes is

exhibited, as thermal expansion and accelerator lensing are still dominant growth

mechanisms. For smaller values of N , the emittance of all shapes would converge

to the same initial value as expected from having the same initial σx. As the bunch

charge increases and space-charge effects dominate bunch expansion, the emittance

for the GS and CN distributions become noticeably larger than the HS and FT,

with the HS bunch exhibiting the lowest rate of growth. Finally, for N = 9.0× 104,

the GS and HS bunches have εGS = 92 pm rad and εHS = 37 pm rad respectively,
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demonstrating that a bunch with an initial HS distribution has an emittance value

suppressed by 60% relative to that of the equivalent GS distribution. This implies

that bunch shaping with a CAEIS can lead to a marked reduction in emittance and

emittance growth relative to conventional “unshaped” Gaussian bunches.

One of the requirements for the creation of uniform ellipsoids using the “pancake”

method of Luiten [33] outlined in Section 2.4.3 is that σz � σr, that is, the length

of the bunch is initially much shorter than its transverse width. Here we have

σz = σr/5 and increasing this fraction in simulation to σz = σr/50 gives a further

reduction in emittance of approximately 20% for the HS bunch at N = 9.0 × 104,

and also suppresses its overall growth with respect to the equivalent FT, CN and GS

bunches. Another 10% reduction in emittance was observed for N = 9.0× 104 ions

when initially ordering the bunch in a lattice, or removing accelerator edge-effects

in the simulations.

5.6 Comparisons to a thermal source

Given the prevalence of thermal electron sources and with the expansion and emit-

tance behaviour of particular cold ion bunch distributions established above, GPT

simulations were also performed for the HS and GS at T = 1000 K in order to

compare the difference between shaped bunches generated in a CAEIS and a con-

ventional source (e.g rf photocathode). The expansion factors and normalised rms

radial emittances were calculated in the same manner as in Sections 5.4 and 5.5 re-

spectively, with identical spatial and temporal distributions, accelerator parameters,

space-charge calculation function and accuracy.

Over the ion number range studied, the T = 1000 K simulations in Figure 5.9(a)

now show a smaller spread in emittance between the HS and GS distributions,

with the HS emittance over three times larger than the maximum space-charge-

dominated emittance of the cold HS and FT bunches (included here again along
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with GS and CN for comparison), indicating the dominance of thermal effects. The

rapid thermal expansion of bunches in conventional sources leads to higher emit-

tance, and lower transverse brightness B⊥ and coherence length Lc, as discussed in

Chapter 2. The Gaussian temperature profile of the thermally-dominated bunch ex-

pansion also masks the linear space-charge growth of the HS distribution, as shown

in Figure 5.9(b) for N = 6.5 × 104, with a variation in the expansion factors for

the HS equivalent to that of the GS. Overall, the simulated data shown in Fig-

ure 5.9 confirms the CAEIS as a unique platform to study space-charge effects with

nanosecond duration ion bunches, which can infer behaviour of picosecond duration

electron bunches as discussed in Section 1.4.
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Figure 5.9: (a) Simulated emittance of T = 1000 K bunches undergoing space-charge
expansion (grey section, top) as a function of ion number N for the HS (blue, solid) and
GS (red, dashed) distributions. As a comparison, the T = 1 mK simulated emittances
are included again (white section, bottom). (b) Expansion factors eX for N = 6.5 × 104

HS and GS bunches at T = 1000 K, with ◦, +, × and � corresponding to the transverse
radii containing 50%, 75%, 90%, and 95% of the bunch charge respectively. The linear
Coulomb expansion previously exhibited by the HS distribution is now obscured by thermal
diffusion.
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5.7 Conclusion

The chosen set of bunch shapes used to compare Coulomb expansion and emittance

growth of ion bunches were introduced in this chapter: HS, FT, GS and CN. For each

distribution, radial parameters were determined by setting their initial rms bunch

width and emittance constant, and SLM laser beam shaping performance using the

technique outlined in Section 3.4.2 was presented with generally good agreement

between measured and desired distributions. As expected, bunches initially created

with half-spherical transverse distributions were seen to undergo linear Coulomb

expansion, thus transforming into an object that approaches a 3D uniform density

ellipsoid as per Section 2.4.3. This was experimentally determined by measuring

expansion factors of bunches for increasing ion number N , and therefore increasing

ion density, where the ratios of radii containing 50%, 75%, 90% and 95% of the bunch

charge at detection relative to creation were found to be constant for HS bunches,

signifying linear Coulomb expansion. The FT, GS and CN bunches all demonstrated

non-linear and thus non-ideal expansion, with Gaussian bunches degrading the most.

GPT emittance simulations were also performed for the set of bunch shapes

as a function of increasing N . A significant suppression in simulated emittance

growth was observed for space-charge-dominated half-spherical bunches compared

to Gaussian bunches, with a 60% reduction for N = 9.0×104 ions. The improvement

in emittance suppression offered from bunch shaping is expected to increase with

higher N and density. Further improvements could be obtained by reducing the rms

width of the pulsed-blue laser to better satisfy the requirement for HS “pancake”

distributions to transform into uniformly-filled ellipsoids [33], and by improving the

quality of the transverse laser beam shaping.

Expansion and emittance simulations were also performed for T = 1000 K HS

and GS bunches in order to compare the behaviour of these to CAEIS-generated

bunches. The low temperature of the ions extracted from a CAEIS (T = 1 mK)
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enhances the visibility of space-charge effects compared to conventional sources, al-

lowing visualisation of the linear or non-linear growth of different transverse distri-

butions undergoing Coulomb expansion, without obfuscation from thermal diffusion.

Thermal HS bunches displayed an equivalent spread in expansion factors to the GS

bunch for N = 6.5× 104, therefore masking the linear Coulomb expansion, and the

rms emittance increased by a factor of two and four for the GS and HS bunches

respectively, in comparison to their cold counterparts.

Now armed with the ability to create ideal and non-ideal bunch shapes using a

CAEIS, focusing experiments as described in Chapter 6 will aim to verify emittance

suppression of HS bunches under focusing conditions, relative to the other chosen

shapes. Evaluating performance of focused CAEIS-generated bunches is important

for future electron imaging and focused ion beam experiments.



Chapter 6

Bunch compression in a CAEIS

6.1 Introduction

Achieving the high brightness beams needed for single-shot UED requires low emit-

tance, to allow the focus of high bunch charges through the smallest spot size possi-

ble. This chapter describes transverse focusing experiments and associated simula-

tion results1 of shaped ion bunches generated in a CAEIS. Using the same set of ini-

tial shapes outlined in Section 5.2, bunches are extracted from the source region and

propagated downstream through a commercial electrostatic three-electrode unipo-

tential einzel lens [159], transversely compressing the bunch. The ions then strike a

diagnostic element in the beam line, with the resultant charge collected on the MCP

detector. Beam diagnostics are implemented with either a pinhole aperture or knife-

edge. Having demonstrated the creation of linearly Coulomb-expanding bunches in

Chapter 5, the expectation is that due to the lower emittance of HS bunches relative

to those that expand non-linearly (GS, FT and CN), HS bunches should focus to a

smaller spot size for identical system operating parameters.

The setup for transverse bunch focusing experiments is presented in Section 6.2,

with results used to infer relative shaped bunch brightness and minimum rms bunch

1Some key results presented in this chapter are an expanded version of work published in
Physical Review Letters in 2016 [59], included as Appendix A1.
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widths in Sections 6.3 and 6.4 respectively. Simulations of 3D bunch compression

using a CAEIS are described in Section 6.5 to estimate final emittance and relative

brightness for the set of bunch shapes studied in this thesis. In Section 6.6, CAEIS

electron diffraction experiments performed to date are summarised and the potential

for single-shot UED with a CAEIS is evaluated.

6.2 Experimental setup

Shaped ion bunches were generated as per Section 3.3 and electrostatically accel-

erated through a potential difference of 12 kV over 2.5 cm from the source region

into the drift region, resulting in E = 6 keV bunches. To investigate space-charge-

induced emittance growth, an einzel lens with centre-electrode potential set to 3.1 kV

and situated 35 cm from the accelerator exit aperture was used to focus the expand-

ing bunches. Preliminary testing showed that transversely focusing shaped bunches

directly onto the MCP detector obscured any differences in behaviour, as the MCP

has a minimum resolution on the order of 100µm. As all distributions focus to sizes

smaller than this value, particularly at lower ion bunch numbers, other methods were

required to deduce relative shaped bunch focusing performance. Thus, a diagnostic

element in the form of a pinhole aperture or knife-edge was scanned transversely

through the propagating bunches at a range of distances approximately 10 cm after

the einzel lens. A depiction of these extensions to the space-charge expansion exper-

iments of Chapter 5 to include the einzel lens and knife-edge (pinhole not shown) is

shown in Figure 6.1.

To ensure integrity of the results presented in Sections 6.3 and 6.4, it was neces-

sary to verify bunches were propagating through the centre of the einzel lens before

each experimental run. The final two mirrors which controlled the 780 nm excitation

laser beam path through the trapped atom cloud sometimes required minor adjust-

ments to realise this. Figure 6.2 shows MCP traces for an N = 3.0× 104 HS bunch
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Figure 6.1: Focused bunch measurement setup: two-colour near threshold ionisation of
rubidium atoms was used to generate cold ion bunches. The resultant ions were accelerated
into a drift region and focused with an einzel lens. A knife-edge was inserted into the bunch
about the focus to determine the focal spot sizes. For experiments involving the pinhole
aperture, its location was in the same position as the knife-edge. Spatial bunch profiles
and bunch charges were measured with a phosphor-coupled microchannel plate (MCP)
detector combined with a CMOS camera (not shown).

for various einzel lens potentials Veinzel, as an example of a symmetrical transverse

focusing test.

6.3 Pinhole measurements

In order to emulate what would occur in a UED experiment, measurements of rela-

tive shaped bunch charge transmission through a certain target area were performed.

A pinhole aperture with diameter smaller than 100 µm was chosen as the target,

to circumvent the minimum resolution issue of the MCP discussed in Section 6.2.

Though the pinhole may truncate some of the bunch at higher values of N , it al-

lows relative transmission numbers to be measured when using the einzel lens at a

constant focal strength.

The setup in Figure 6.1 was adopted with a 50 µm-diameter pinhole chosen

as the diagnostic element, depicted in Figure 6.3. The pinhole was mounted onto a

sample holder and was attached to a translation stage that supports both transverse

and longitudinal movement, located 10 cm downstream from the centre of the einzel

lens. Ion bunch numbers were N = 1.8× 104, 3.0× 104, 5.0× 104 and 9.0× 104, for

each of the HS, GS, FT and CN initial distributions. The rms bunch width of each
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Figure 6.2: Experimentally measured false colour ion beam density profiles for an N =
3.0 × 104 HS bunch under focus. Einzel lens potential is increased from left to right and
top to bottom, with the bunch originally unfocused at 0V, swept through the focus at
3.1 kV and maximally defocused on the MCP at 4.0 kV.

initial distribution was set to σx = 67µm again, resulting in radial parameters for

each shape as described in Section 5.2. The pinhole was translated longitudinally in

z through the waist of the bunch focus over a 14 mm range to determine the peak

transmission for each ion number and distribution studied.

Figure 6.4 shows the transmitted charge through a 50 µm pinhole for the HS,

GS, FT and CN distributions at each ion number studied, with the einzel lens set

to 3.1 kV. At low ion number (N = 1.8× 104) and therefore minimal space-charge

expansion, all ions for all distributions can be focused through the pinhole with little

variation in behaviour. As ion number is increased and Coulomb-driven expansion

becomes more significant, the lower emittance growth HS and FT distributions

exhibit a higher transmission through the pinhole than the CN and GS as expected,

even though the CN and GS distributions have an initially higher peak density. For

N = 9.0 × 104 ions the FT and HS distributions exhibit a 50% and 30% increase
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Figure 6.3: Depiction of shaped, cold ion bunches extracted from a CAEIS and focused
with an einzel lens through a 50 µm-diameter pinhole scanned axially. Transmitted ion
numbers were measured with a phosphor-coupled microchannel plate (MCP) detector
combined with a CMOS camera (not shown).

in transmission in comparison to a Gaussian bunch respectively. Tripling the ion

number from N = 3.0×104 to 9.0×104 results in an increase in transmission through

the pinhole of only 15% for the GS, while the increase is 60% for the FT bunch.

This highlights the benefit of lower emittance growth distributions as N is scaled

upward.

For the strongest space-charge dominated data set (N = 9.0× 104), GPT simu-

lations were performed to calculate the ion number transmitted through a 50 µm-

diameter circular aperture, longitudinally scanned 25mm through the focused bunch

waist for each distribution. The simulated transmission scans are presented in Fig-

ure 6.5, along with the experimental data recorded to ascertain the peak transmission

numbers given in Figure 6.4. The simulated z-scans match experiment very well for

peak transmission for all distributions, with the FT bunch performing best for both,

followed by the desired HS, then the CN and GS bunches respectively. The curve

shapes are similar, particularly when approaching the maximum value under focus

and the subsequent reduction in transmission past the waist.

A slight deviation from expectation is seen here in that the FT bunch has a

higher ion transmission through the pinhole for increasing N than the HS bunch,

suggesting it has a lower emittance for both simulation and experiment. Given the
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Figure 6.4: Experimental transmission of ions through a 50 µm-diameter pinhole posi-
tioned approximately 10 cm downstream of the einzel lens for HS (blue), FT (green), CN
(purple) and GS (red) bunches, for increasing ion number N . Each experimental point is
the average of 100 individual shots, and the uncertainty is taken as the standard deviation
of the individual shots.

HS bunch has demonstrated the lowest emittance and emittance growth under free

propagation (Figure 5.8), the influence of the einzel lens on emittance growth was

investigated. By performing simulations with and without space-charge effects, it

was found that lens-induced emittance growth was more significant for distributions

with higher central density when space-charge was enabled, thus impacting the FT

bunch least. As precisely assessing to what extent the einzel lens and any system

aberrations had on shaped bunch emittance growth in this experiment was difficult,

and given the HS bunch was expected to demonstrate the highest transmission from

the emittance simulations of Chapter 5, an alternative experiment using a knife-edge

as the bunch diagnostic element in place of the pinhole was devised and is presented

in Section 6.4.

It is also worth noting that the size of the pinhole aperture affects the trans-

mission ratio between different initial distributions for a given ion number, bunch

width and focusing strength. Table 6.1 gives GPT simulated transmission ratios
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Figure 6.5: Ion transmission through a 50 µm-diameter pinhole scanned in z over a
25 mm range, initially 10 cm from an einzel lens for N = 9.0× 104 HS (blue), FT (green),
CN (purple) and GS (red) bunches. Points represent experimental data and solid lines are
GPT simulations with T = 1 mK. Each experimental point is the average of 100 individual
shots, and the uncertainty is taken as the standard deviation of the individual shots.

between HS and GS bunches containing N = 9.0× 104 ions, for three pinhole diam-

eters: 20, 50 and 100µm. The results indicate that a smaller aperture slightly alters

the amount of focusability experienced between low and high space-charge-induced

emittance growth distributions. In particular, a 4% increase in transmission for the

HS bunch over the GS was observed when reducing the pinhole size by a factor of

5, though overall transmission is reduced, as expected.

Pinhole Diameter (µm) Transmission Ratio
20 1.54
50 1.53
100 1.48

Table 6.1: Transmission ratio between N = 9.0 × 104 HS and GS ion bunches in GPT,
through 20, 50 and 100 µm diameter pinhole apertures. Ion temperature for simulations
was taken to be T = 1 mK.

6.4 Knife-edge measurements

Knife-edge measurements are typically used to determine the focal spot size of a laser

beam. In this section the knife-edge technique is adapted to focused ion bunches

extracted from a CAEIS, to calculate minimum rms bunch widths. As emittance
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(Equation 2.8) is the rms product of beam width and angular divergence at a beam

waist, measurement of the focused bunch width for beams with different initial

distributions can be used to infer their relative emittance.

The transverse intensity profile, I(x, y), of a TEM00 Gaussian laser beam prop-

agating in the z-direction of a Cartesian co-ordinate system has the following form:

I(x, y) = I0 exp

(
− x2

2σ2
x

)
exp

(
− y2

2σ2
y

)
, (6.1)

where I0 is the peak intensity of the beam, and σx and σy are the rms beam widths

in the x and y directions respectively. The Gaussian beam is defined here in terms

of σ rather than the 1/e2 width, so that the upcoming derivation is applicable to

any arbitrary distribution. The total power in the beam is given by

Ptotal = I0

∫ ∞
−∞

exp

(
− x2

2σ2
x

)
dx

∫ ∞
−∞

exp

(
− y2

2σ2
y

)
dy

= 2πI0σxσy. (6.2)

Now consider a knife-edge being translated in the x-direction through the beam

and positioned at x = X, as shown in Figure 6.6. The transmitted power PT (X)

is obtained by integrating the transverse intensity profile over all possible y values

and the unobstructed range of x and subtracting this from the total power,

PT (X) = Ptotal − I0

∫ X

−∞
exp

(
− x2

2σ2
x

)
dx

∫ ∞
−∞

exp

(
− y2

2σ2
y

)
dy.

Using the standard definition of the error function erf(x) = 2√
π

∫ x
0

exp (−u2) du and

Equation 6.2 for the total power in the beam we arrive at the following result:

PT (X) =
Ptotal

2

[
1− erf

(√
2X

2σx

)]
. (6.3)

As laser beam power is directly proportional to the number of photons in the beam,
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this derivation can be applied to charged particle bunches generated in a CAEIS.

The number of particles transmitted through to the MCP detector in a knife-edge

experiment is then

NT (X) =
Ntotal

2

[
1− erf

(√
2X

2σx

)]
, (6.4)

where Ntotal is the total number of particles in the bunch. Finally, fits are performed

to the transmission funciton T (x) in experiment,

T (x) =
A

2

[
1− erf

(√
2 (x− x0)

2σx

)]
, (6.5)

which is Equation 6.4 scaled nominally relative to unity through the fit parameter

A, and includes the translatable position offset fit parameter x0.

x = 0

x = X

Laser

Lens Photodiode

Translation stage

Knife before focus

  Shadow on
opposite side

Knife-edge

y x
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Figure 6.6: Typical apparatus for laser beam width determination via the knife-edge
technique. From geometric optics, insertion of the knife-edge behind the focus causes a
shadow to appear on the same side as the knife-edge, represented by the grey region which
moves with the knife-edge in this instance. If the knife-edge is before the focus (inset), the
shadow on the screen will be on the opposite side and will move in the opposite direction
of the knife-edge.

Given it is difficult to ascertain the exact beam waist location a priori, the rms

beam width is measured as a function of z in the vicinity of the beam focus. To

realise this, the knife-edge must be translatable longitudinally through the beam as
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well as transversely. If the beam is sampled with fine enough precision about the

longitudinal waist, the minimum can be located via a quadratic fit [160]. Figure 6.6

also shows the expected beam projections onto a screen depending on whether the

knife-edge cuts the beam before or after the focus, which can be used as an experi-

mental test to deduce the approximate location of the beam waist.

The experimental setup is illustrated in Figure 6.1 and an rms bunch width of

σx = σy = 67 µm was set for the HS, GS, FT and CN distributions, allowing for

a direct emittance comparison. The knife-edge was scanned transversely through

the propagating bunches in 50µm intervals at a range of z locations approximately

100 mm after the einzel lens, and the profile fit to Equation 6.5 to determine the

value of the bunch rms width σx(z). Figure 6.7(a) shows an example succession of

measured MCP profiles from a knife-edge scan in the waist of an N = 6.0× 104 GS

bunch, at z = 7 mm relative to the initial longitudinal position of the translation

stage. The transmission data from the full knife-edge scan at this z location is

shown in Figure 6.7(b). Performing the required error function fit results in an rms

bunch width of σx(z) = 91µm. Figure 6.7(c) shows an example parabolic fit to the

variation in σx(z) at five z positions about the beam waist over a range of 14 mm

relative to the initial position of the knife-edge. Fitting a parabola to these data

points gives a minimum focused bunch width of σf = 89µm.

Figure 6.8 shows how σf varies for the different initial spatial distributions as

the total ion number increases. Specifically, the approximate ion numbers chosen

for this experiment were from N = (3.0−8.0)× 104 in 10,000 ion bunch increments.

Shot-to-shot variations in atomic density and excitation and ionisation laser pow-

ers manifested themselves as minor fluctuations in ion number, and care was taken

prior to each measurement to minimise this overall effect. Experimentally, a test

run was taken and ion number calculated from the MCP calibration of Figure 3.2,

with adjustments made to the excitation laser beam power if deemed necessary.

The GS and CN distributions, which demonstrated the most non-linear growth in
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Figure 6.7: (a) Measured spatial distributions on the MCP detector for an N = 6.0 ×
104 GS bunch knife-edge scan at z = 7 mm from the initial longitudinal position of the
translation stage, near the bunch waist. The profiles (i)-(vi) are taken at various x positions
of the knife-edge through the bunch to produce data for an error function transmission
fit. Specifically the knife-edge is (i) unobstructing the bunch, (ii) x = 0.5 mm in from the
right bunch edge, (iii) at x = 0.65 mm, and (iv)-(vi) at successive 50µm intervals from
that location. The bunch focus is apparent in shot (iv) at x = 0.7 mm, as the transmitted
charge profile has a definitive edge in the centre without any curvature. (b) Example
knife-edge plot (points) and erf fit (dashed line) to determine bunch rms width σx at a
given z position. (c) Example z-scan of knife-edge scans about the focus. Points indicate
the knife-edge measurement and the dashed line is a weighted parabolic fit to determine
the minimum rms width σf . Error bars are 95% confidence intervals determined from the
fit in (b).
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Figure 5.7, show the greatest increase in emittance with bunch charge, while the

linearly-expanding HS distribution demonstrates the smallest increase as expected.

Aperturing of the bunches in the accelerator structure limited the maximum number

of ions that could be investigated with the CAEIS to approximately N = 8.0× 104,

where a 50% reduction is observed in focused bunch width, and therefore trans-

verse emittance, for the HS distribution relative to the GS. These measurements

directly show the amount of emittance suppression for the HS distribution under

experimental transverse focusing conditions in comparison to the GS, FT and CN

distributions.
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Figure 6.8: Experimentally measured minimum rms width (left-hand axis, points) and
simulated emittance of bunches undergoing space-charge expansion (right-hand axis, lines)
as a function of ion number for the four transverse spatial density profiles: HS (blue, circles,
solid); GS (red, squares, dashed); FT (green, crosses, dotted); and CN (purple, stars, dash-
dot). The emittance is plotted relative to an N = 7.3 × 104 GS bunch. Uncertainty in
ion number is determined from standard deviation of ion numbers from all knife-edge
measurements used to determine σx(z), uncertainty in σf is determined from standard
error of fitted parabolas in Figure 6.7(c). Ion temperature for simulations was taken to be
T = 1 mK.

The emittance simulations of shaped bunches undergoing Coulomb expansion

from Figure 5.8 are also included in Figure 6.8 for comparison, plotted as the relative

emittance to an N = 7.3 × 104 GS bunch. The particle tracking simulations are
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aligned with the knife-edge experiments, though with a greater variation between

the distributions. The greatest deviation is seen at low N , where space-charge

expansion is negligible and bunch emittance is mostly determined by accelerator

aberrations and effects such as disorder-induced heating [96]. As N increases and

space-charge-induced emittance growth begins to dominate expansion, there is much

closer agreement between the experimental results and simulations, with the GS

distribution showing the greatest difference. As with the Coulomb expansion results

of Chapter 5, the discrepancies can be attributed to a combination of the formation

of a ring structure, which will be more prominent for distributions created with

higher peak 780 nm excitation laser intensity, and any saturation at the centre. The

slightly greater separation between experimentally measured HS and FT waists is

attributed to the imperfect flat-top laser profile, as per Figure 5.2. Nevertheless,

the HS profile again matches very well with the simulations and demonstrates that

bunch shaping with a CAEIS can lead to a marked reduction in emittance growth

relative to conventional Gaussian bunches, and other non-ideal shapes.

6.5 Reversal of Coulomb explosion in 3D

The transverse bunch focusing experiments presented in Section 6.4 confirmed sup-

pression of emittance growth of shaped bunches generated with a CAEIS. This

section describes 3D GPT focusing simulations of ultrafast electron bunches that

can potentially be generated with a CAEIS. The simulation results can be used to

predict the relative 6D brightness of shaped bunches. Due to its linear Coulomb

expansion in 3D, the initial HS distribution is once again expected to out-perform

the GS, FT and CN bunches. An einzel lens is included for transverse focusing,

and linear longitudinal compression is achieved with an rf cavity. The concept of

using an rf cavity in conjunction with a photocathode source to induce longitudinal

bunch compression was proposed and described in detail by van Oudheusden et al.
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in 2007 [86], with bunch characterisation and polycrystalline gold single-shot UED

results published in 2010 [17].

Using similar parameters to those in Reference [17], a time-dependent axial elec-

tric field Ez(r, t) of a 1 cm long cylindrical f = 3 GHz rf pillbox cavity oscillating

in the TM010 mode will decelerate the fastest electrons at the front of the bunch

and accelerate the slowest electrons at the rear, thereby compressing the bunch in

the subsequent drift space. The field should be ramped simultaneously when the

bunch arrives and is symmetric about the centre of the cavity in the z-direction,

to achieve maximum compression. The rf cavity phase φ must also be tuned to

minimise non-linear effects in the longitudinal compression. Specifically, the axial

electric field and azimuthal magnetic field of the rf cavity are [100]

Ez(r, t) = E0J0

(p01r

R

)
sin(ω010t+ φ) (6.6)

and Bφ(r, t) =
E0

c
J1

(p01r

R

)
cos(ω010t), (6.7)

where E0 = 2.2 MV/m is the electric field strength, J0 and J1 are the first two Bessel

functions of the first kind, the angular frequency ω010 = kc = (p01c)/R and p01 =

2.405. This gives R = 38 mm as the optimum cavity radius. Preliminary simulations

were performed to determine the optimum rf phase, scanning φ in the range [0, 2π]

in 0.01 radian steps. Maximum compression was observed when φ = 1.025π, and

this phase value was used for all simulation runs.

The GPT simulation setup is identical to Figure 6.1, but with the knife-edge

replaced with a TM010 cavity. The 6D emittance was calculated at the z-location

of maximum combined compression (transverse and longitudinal) in the drift re-

gion between the rf cavity and MCP detector, 55 cm from the source region. 6 keV

electron bunch numbers of 10,000 (dilute space-charge effects) and 100,000 (strong

space-charge) were chosen to compare behaviour for the HS, GS, FT and CN distri-

butions. The rms bunch width of each initial distribution was σx = 67µm, resulting
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in radial parameters for each shape as per Section 5.2. The initial longitudinal width,

accelerator potential, space-charge calculation function and particle trajectory ac-

curacy per time step are identical to the emittance simulations of Section 5.5. In

Section 1.4 it was established that 5 ns ion bunches are equivalent to 12.7 ps electron

bunches in terms of space-charge dynamics. Thus, τcreation was set to 12.7 ps, which

is of order the fastest electron bunch lengths measured in a CAEIS with an ultrafast

laser in the two-colour ionisation scheme [53, 60]. Electron temperature was T =

10 K, modelling a realistic laboratory bunch [41].

The 6D brightness B6D can be written as [82]

B6D ∝
Ne

ε6D
=

Ne

εxεyεz
, (6.8)

where N is the bunch number, e is the charge on a single electron, ε6D = εxεyεz is the

6D emittance where εx, εy and εz are the separate rms emittances in the x, y and z

directions respectively. The longitudinal rms emittance εz = mc2

e

√
〈t2〉〈γ2〉 − 〈tγ〉2,

where t and γ are the time coordinate and Lorentz factor for each particle respec-

tively.

Table 6.2 shows the 6D emittance results for the two electron bunch numbers

studied, as well as the 6D brightness values of each shape relative to the HS bunch,

B6D/B6D,HS. For N = 10,000 electrons, the 6D emittance values are very similar

for all shapes. The brightness of the GS, FT and CN bunches relative to the HS

are therefore also similar, with only a 14% spread between the highest brightness

bunch (HS) and the lowest (CN in this instance). Comparable brightness values are

expected due to the low bunch number N , as temperature effects and accelerator

lensing significantly contribute to emittance growth with such dilute space-charge

effects, as observed in experiment and simulation in Sections 5.3 and 5.4 for N =

10,000 ions or less.
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N (electrons)
10,000 100,000

Shape
ε6D

(pm rad eV s)
B6D/B6D,HS

ε6D
(pm rad eV s)

B6D/B6D,HS

HS 5.00× 10−14 1 8.10× 10−10 1
FT 5.41× 10−14 0.93 9.22× 10−10 0.88
CN 5.81× 10−14 0.86 1.15× 10−9 0.70
GS 5.28× 10−14 0.95 2.60× 10−9 0.31

Table 6.2: Simulated 6D emittance of CAEIS-generated ultrafast HS, FT, CN and GS
electron bunches at the combined transverse and longitudinal focus due to an einzel lens
and TM010 rf cavity, for N = 10,000 and 100,000. The 6D brightness of all bunches relative
to the HS bunch is provided. For diluted space-charge N = 10,000 bunches all emittance
and brightness values are similar. For the space-charge dominated N = 100,000 bunches,
the HS is noticeably brighter than the other three shapes, with the GS performing worst.

There is a dramatic difference observed for the N = 100,000 space-charge dom-

inated electron bunches, with choice of initial bunch shape significantly affecting

the 6D emittance and brightness at the overall focus. The same pattern established

from knife-edge measurements in Figure 6.8 emerges with the HS bunch exhibiting

the lowest emittance, increasing in order for the FT, CN and GS bunches respec-

tively. The spread between brightness values in this case is 69% for HS and GS

bunches, again demonstrating the importance of shaping and the creation of uni-

form ellipsoidal bunches when extending bunch compression to 3D with an rf cavity.

The gap in performance of the HS bunch relative to the other shapes is expected

to increase with higher values of N , approaching those relevant for single-shot UED

experiments. Higher N bunches were not simulated as the computation time for an

N = 100,000 bunch was already 20 hours on a standard machine, scaling to 10 days

on the same machine for an N = 1,000,000 bunch. The relative brightness values in

Table 6.2 are considered baseline estimates as the ε6D values extracted at maximum

bunch compression could potentially be lower with higher phase and time-step res-

olution in the simulations. Also, the temporal rms bunch length σt at the focus is

approximately 1 ps for all simulation runs here, compared with a minimum value of

σt ∼ 0.1 ps found when using the same rf cavity with a photocathode source [17].
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A comparable σt is expected for simulated CAEIS bunches with higher phase and

time-step precision, and in experiment.

The simulations described here extend the transverse focusing knife-edge exper-

iments of Section 6.4 to incorporate longitudinal focusing through the use of an

rf cavity, that is, 3D reversal of Coulomb explosion. As postulated, shaping the

initial profile of bunches is crucial in the space-charge dominated regime, to limit

brightness degradation from space-charge-induced emittance growth. In particular,

the HS bunch, which evolves into an object that resembles a 3D uniform ellipsoid of

charge (Section 5.4), was found to be almost 70% brighter for N = 100,000 electrons

than the equivalent GS bunch at a location in the beam line where a sample could

be placed for a UED experiment. The next section reviews CAEIS electron diffrac-

tion experiments published to date, and examines the viability for such sources

to perform single-shot UED of biomolecular samples, given the experimental and

simulation results described in this thesis.

6.6 Electron diffraction with a CAEIS

In 2014, van Mourik et al. [51] published UED experiments of monocrystalline

graphite using electrons extracted from a CAEIS, the first demonstration of diffrac-

tion with cold electrons. Measurements were performed in transmission mode using

picosecond electron bunches, generated with an ultrafast 100 fs FWHM 480 nm ioni-

sation laser in the two-colour excitation scheme of Figure 3.1. Their work confirmed

CAEIS suitability for protein crystal diffraction by inherently measuring the coher-

ence length Lc (Section 2.2.2) of ultrafast electron bunches from Bragg spot rms

widths as a function of electron temperature, enabled by tuning the 480 nm laser

wavelength about the ionisation threshold.

All diffraction patterns were averaged over 1000 shots and acquired at 100 Hz

repetition rate, with N ∼ 300 electrons contained in each bunch. Results were ob-
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tained at a bunch energy of either E = 10.8 or 13.2 keV for temperatures in the range

T = 10−300 K, and the monocrystalline graphite was 13−20 nm thick, mounted on

a copper TEM grid. As expected, lower temperature and emittance bunches led to

Bragg spots with higher signal-to-noise ratio (SNR) in the detection plane. They in-

ferred from the temperature scan that for sample sizes of 100µm, coherence lengths

of Lc ≥ 15 nm are reachable, sufficient for protein nano-crystal diffraction [161] as

per Section 2.2.2 and in agreement with previous CAEIS coherence length mea-

surements [41,68]. While space-charge-induced brightness degradation is minimised

in their experiments due to the low bunch numbers used, single-shot diffraction is

unfeasible due to lack of signal in the diffraction data per pulse.

Using electron bunches from the Melbourne CAEIS with N = 500,000, Speirs et

al. demonstrated single-shot electron diffraction with a CAEIS for the first time in

2015 [57] for a target sample of monocrystalline gold, in transmission mode. The

increase in bunch number by two orders of magnitude for this study compared to

that of Reference [51] results in an SNR that allows the acquisition of single-shot

data, at the expense of no longer being ultrafast due to an increased temporal bunch

length of 5 ns. While ultrafast electron bunches have also been characterised and

generated with the Melbourne CAEIS [32, 60], the maximum bunch number was

limited to a few hundred electrons. Methods that could alleviate this problem are

discussed further in the next chapter. Single-shot reflection mode electron diffraction

was also exhibited from a wafer of monocrystalline silicon in their work.

Electron bunches were created via the method outlined in Section 3.3, with the

polarity of the front accelerator plate reversed so as to extract electrons into the drift

region instead of ions. The bunches had kinetic energy and temperature E = 8 keV

and T = 10 K respectively. Transmission mode data was obtained using an 11 nm

thick gold foil mounted on a copper TEM grid, shown in Figure 6.9 for a single-

shot. The high SNR allowed registration of successive single-shot diffraction patterns

to compensate for shot-to-shot beam drift, by cross-correlating the 11 brightest
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Bragg spots of each shot with a direct, unregistered average. Specifically, a 2000

shot registered average showed features clearly visible above the noise floor out to

a resolution limited by the MCP detector, and significantly increased SNR with

respect to the equivalent unregistered average image.

0.5Å-1

240

1 10 100 200
camera signal (arb.)

Figure 6.9: Single-shot transmission electron diffraction from monocrystalline gold,
formed from a 5 ns bunch of cold electrons. Primary image is logarithmically scaled,
inset is linearly scaled. Denoted using standard crystallographic convention [57], Bragg
reflections are identifiable out to the (240) spot at a resolution of 1.1 Å−1. Adapted from
Reference [57].

Ultrafast and single-shot electron diffraction have been separately verified in

References [57] and [51] respectively, using CAEIS-generated electrons. As the log-

ical next step, both studies acknowledge that in order to perform single-shot UED

of complex molecular crystals, experimental methods are required to manage and

suppress or eliminate space-charge-induced emittance growth within bunches to pre-

serve brightness. The experiments and simulations described in Chapters 5 and 6 of

this thesis pave the way forward for realising single-shot UED with cold electrons.

Utilising excitation laser beam shaping with an SLM, pancake bunches with a half-
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spherical (HS) density profile have been created for the first time using a CAEIS.

These exhibit linear Coulomb expansion, thus approaching the ideal behaviour of 3D

uniform ellipsoids. Transverse focusing knife-edge experiments have demonstrated

suppression of emittance growth via spatial shaping for 5 ns bunches, and simulations

incorporating longitudinal in addition to transverse focusing validated this finding

in three dimensions for 12.7 ps bunches. Therefore, shaping of cold picosecond elec-

tron bunches that are compressed in 3D are a potential avenue for performing low

energy, single-shot UED experiments of biological micro or nano-crystals, comple-

menting photocathode electron sources [16, 17,88,89,162] and XFELs [9, 14,163] in

future.

6.7 Conclusion

Suppression of space-charge-induced emittance growth of shaped bunches was exper-

imentally demonstrated for transverse focusing experiments utilising an einzel lens.

Using nanosecond ion bunches as a platform to infer behaviour of picosecond elec-

tron bunches, linearly Coulomb-expanding HS bunches were compared to the GS,

FT and CN initial bunch shapes. The first method of measuring focused ion bunch

number transmitted through a 50 µm-diameter pinhole aperture yielded promising,

but inconclusive results. Specifically, space-charge-dominated FT and HS bunches

were found to have an increase in transmission in contrast to the equivalent GS

bunch by 50% and 30% respectively, verified by GPT simulations. However, as fur-

ther simulations indicated a dependence in charge transmission on pinhole diameter

and as the expectation was for the HS bunch to perform better given the emittance

simulations of Chapter 5, a second experiment was devised, replacing the pinhole

with a knife-edge.

The knife-edge technique for determining focused laser beam width was adapted

to the shaped ion bunches so as to infer their relative emittance from rms focused
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bunch widths. For N = 8.0 × 104 HS bunches, a 50% reduction in focused bunch

width and therefore emittance in comparison to the GS was observed, in good agree-

ment with GPT simulations presented in Chapters 2 and 5. Emittance suppression

by 50% corresponds to an increase in brightness by a factor of 4, with this factor

predicted to increase at higher bunch numbers. Also, the expected order of perfor-

mance from simulation was seen in the knife-edge experiments with the HS bunch

exhibiting the greatest focusability, followed by the FT, CN and GS bunches respec-

tively. Extending CAEIS bunch focusing to 3D with ultrafast T = 10 K electrons,

GPT simulations using an rf cavity for longitudinal compression were executed, con-

firming the above focusability trend from calculations of 6D bunch emittance. In

particular, for N = 1.0×105 bunches, the relative brightness inferred from emittance

showed a 69% increase for the HS bunch compared to the equivalent GS. Thus, laser-

based shaping of CAEIS-generated bunches has been demonstrated as a promising

method to suppress space-charge-induced emittance growth for high beam quality

experiments.

One such class of experiments is the creation of molecular movies via single-shot

ultrafast electron diffraction. Recently published CAEIS electron diffraction results

from two separate groups were summarised, with one study attaining UED patterns

from monocrystalline graphite, and the other showing single-shot monocrystalline

gold data, though not ultrafast. Due to the spatially shaped bunch focusing mea-

surements and simulations contained in this chapter, single-shot UED of thin sam-

ples is deemed possible with CAEIS ultrafast bunch generation in conjunction with

linear electron optics and rf cavity technology. The next and final chapter is an

overall conclusion of the research presented in this thesis, outlines possible methods

of further source development in order for CAEISs to capably perform single-shot

UED of complex nano-crystals and non-crystalline targets, and considers the use of

CAEIS-generated bunches in dynamic transmission electron microscopy and focused

ion beams.





Chapter 7

Conclusion and outlook

The research described in this thesis demonstrates the suppression of emittance

and space-charge-induced emittance growth of charged particle bunches. This is an

important step towards single-shot ultrafast electron diffraction (UED) and elec-

tron coherent diffractive imaging (CDI) of biomolecular crystals, complementary to

X-ray techniques for molecular movie generation. Cold charged particle bunches,

desired for their high brightness and low emittance, were created via two-colour

near threshold photoionisation of laser-cooled rubidium atoms in a 3D magneto-

optical trap (MOT). Specifically, nanosecond duration ion bunches at milliKelvin

temperature were used as a platform to gain insight to picosecond duration electron

bunches, without obfuscation from thermal effects. Transverse excitation laser beam

shaping down to tens of microns was implemented with a spatial light modulator

in conjunction with a speckle-free camera feedback protocol, facilitating low initial

emittance bunches at the source. Utilising the arbitrary bunch shaping capability of

the Melbourne Cold Atom Electron and Ion Source (CAEIS), pancake bunches were

created and verified for the first time in such sources. Pancake bunches evolve into

uniform density ellipsoids and expand linearly due to their own internal Coulomb

self-field interactions, limiting emittance growth and enabling linear recompression.

These ideal bunches were compared to other common bunch distributions using the

107
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CAEIS, and to equivalent bunches from high temperature conventional sources.

Regarding ongoing CAEIS development, the design and testing of a novel exter-

nal cavity diode laser (ECDL) in a cateye configuration was investigated, demon-

strating an ultrastable, narrow linewidth solution for laser cooling and trapping,

shaped excitation and absorption imaging of atoms in a CAEIS. The published re-

sults in Appendix A3 were the first demonstration of cateye single mode operation

using an optical bandpass filter with transmission width many times greater than

both the external cavity mode spacing and the intrinsic diode mode spacing, with

all previous implementations utilising expensive, narrow bandwidth filters for wave-

length selection. Lasing to a single mode was facilitated by the sharp edge of the

filter transmission window, constrained from one side by the diode semiconductor

gain curve.

Cateye ECDL performance analysis resulted in linewidths of 26 kHz at 780 nm, a

modehop-free tuning range of at least 15 GHz, and wavelength tunability of 9 nm and

14 nm at 780 nm and 785 nm filter centre wavelengths respectively. The output cou-

pler and intra-cavity beamsplitter designs presented are more mechanically robust

than common diffraction grating designs, leading to reduced susceptibility to acous-

tic vibrations. In a direct comparison of frequency noise spectra, strong mechanical

resonances were observed for a Littrow ECDL between 1−10 kHz due to springs on

the grating kinematic mount, unlike the cateye ECDL which was resonance-free.

As the wide bandwidth filters used are available at a broad range of wavelengths,

cateye ECDLs are a high quality design choice in future CAEIS implementations,

applicable for various atomic species. Due to the self-aligning property of the cat-

eye reflector, the ECDL is insensitive to intra-cavity optical misalignment and the

output beam maintains alignment under filter rotation. Cateye ECDLs were also

calculated to be twenty times less sensitive to rotation compared to a design incor-

porating grating feedback. Going forward, two orders of magnitude improvement to

sub-kHz linewidths are expected when using polarisation spectroscopy as opposed
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to saturated absorption spectroscopy for frequency stabilisation.

In order to verify suppression of emittance growth in the Melbourne CAEIS, an

experimental framework was established to characterise the Coulomb-driven evolu-

tion of shaped cold ion bunches, for varying ion number. The initial charge density

distributions studied were half-spherical, flat-topped, conical and Gaussian, with

the radial parameters for each shape calculated by creating bunches with equal ini-

tial emittance through an rms source size of 67µm. At N = 2.0 × 103 and in a

weak space-charge regime, all bunch shapes expanded by the same factor due to

the Davisson-Calbick lensing effect of the accelerator structure. As the ion num-

bers were raised to N = 9.0 × 104, bunch dynamics became strongly space-charge

dominated.

Assessing the linearity of shaped bunch expansion was a key experimental result,

where the initially half-spherical or pancake bunches were found to expand linearly

due to space-charge expansion, as expected for a pancake bunch that evolves into an

ideal uniform density ellipsoid of charge. The result was elucidated through use of

expansion factors and also confirmed via General Particle Tracer (GPT) simulations,

measuring the radius of bunches at the MCP detector for which 50%, 75%, 90%

and 95% of the bunch charge was contained, relative to the equivalent bunch radii

at creation in the source region. The confirmation of linear Coulomb expansion

due to constant expansion factors was the first demonstration of pancake bunches

exhibiting this property in a CAEIS, published in the article of Appendix A1. The

remaining bunch shapes were all observed to evolve non-linearly by differing severity,

with the expansion factors of “unshaped” Gaussian bunches diverging strongest as

a function of increasing ion number, followed to a lesser extent by conical and flat-

topped bunches respectively.

GPT simulations of emittance growth for T = 1 mK ion bunches supported these

findings, with half-spherical bunches demonstrating the lowest emittance growth

rate under space-charge expansion. In particular, N = 9.0 × 104 half-spherical
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bunches were calculated to have a 60% suppression in emittance relative to Gaussian

bunches, highlighting the powerful effect of bunch shaping in a CAEIS. Space-charge

expansion and emittance simulations were also performed for T = 1000 K bunches to

investigate the behaviour of a conventional source. The high temperature masked the

linear Coulomb expansion of half-spherical bunches, with the magnitude of variation

in expansion factors equivalent to Gaussian bunches for N = 6.5× 104. Brightness

improvement from bunch shaping is therefore limited for a thermal source, with

emittance growth by a factor of four determined for N = 9.0 × 104 half-spherical

bunches compared to those at T = 1 mK, and only a 13% reduction in emittance

when compared to Gaussian bunches again.

Suppression of space-charge-induced emittance growth was also verified experi-

mentally under transverse focusing with an electrostatic einzel lens downstream of

the CAEIS. Using transverse knife-edge scans at multiple positions through focused

bunch waists for the chosen set of bunch shapes and varying ion number, rela-

tive emittance was determined from focused rms bunch width measurements. At

N = 3.0× 104, the minimum focused bunch width for all shapes was approximately

equivalent at σf = 35µm, and therefore no discernible difference from shaping the

initial density distribution was observed. However, for N = 4.0× 104 and upwards,

choice of bunch shape became crucial. The half-spherical or pancake bunches were

shown to focus to the smallest spot sizes relative to the flat-topped, conical and

Gaussian distributions in that order respectively, as expected from GPT simula-

tions of Coulomb-expanding bunches. In particular, a 50% reduction in minimum

focused bunch width and emittance was determined for an N = 8.0 × 104 half-

spherical bunch when compared to its Gaussian equivalent. This result directly

leads to an increase in transverse beam brightness B⊥ by a factor of four.

GPT simulations of full 3D reversal of Coulomb expansion in a CAEIS were also

performed, incorporating both an einzel lens and an TM010 rf pillbox cavity to focus

bunches both transversely and longitudinally in the drift space. Projecting ahead
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towards future UED-based experiments with a CAEIS, ultrafast 12.7 ps duration

and T = 10 K shaped electron bunches were used to calculate 6D emittance and

relative brightness at the overall bunch focus. For space-charge dominated bunches,

shaped bunch performance followed the same trend as those undergoing expansion

and transverse focusing only. At N = 1.0 × 105 and bunch numbers approaching

those usable for single-shot UED, the initial half-spherical bunch was found to be

12%, 30% and 69% brighter than the equivalent flat-topped, conical and Gaussian

bunches respectively. This last result highlights the importance of laser-based bunch

shaping in a CAEIS to generate low emittance and high brightness beams for ul-

trafast imaging, with an experimental implementation using electrons a worthwhile

future research effort.

Although superior beam performance is evident through shaping the initial den-

sity distribution of bunches extracted from a CAEIS, the results attained here are

considered a baseline for what could possibly be achieved with electrons in future.

Further suppression of emittance growth from CAEIS-generated bunches is accessi-

ble by refining aspects of the two-colour photoionisation process for pancake bunch

generation. While there was reasonably good agreement between desired and mea-

sured excitation laser intensity profiles for each shape investigated, there was a

noticeable loss of definition at the edge of the flat-topped bunch in particular, and

also for the half-spherical bunch, though to a lesser extent. This indicates some

imperfections in the beam shaping technique whereby a spatial light modulator was

utilised in conjunction with a camera feedback protocol. Another improvement is

available by reducing the rms width of the pulsed ionisation laser to better satisfy

the requirement for half-spherical bunches to transform into uniform density ellip-

soids. GPT simulations indicate that at least a further 20% in emittance suppression

is available for pancake bunches when decreasing the initial bunch aspect ratio by

a factor of ten compared to that used in this study. Thus, improving the quality

of the transverse laser beam shaping for rms widths in the tens of micron range
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and tailoring the initial bunch aspect ratio should result in a CAEIS that is more

focusable and even brighter.

The findings in this thesis are also expected to be scalable at higher density, for

bunches exhibiting stronger space-charge effects. The maximum density is important

as this ultimately limits the number of electrons or ions that can be produced for a

certain initial source size and emittance. The N = 5.0× 105 electron bunches that

have been extracted from the Melbourne CAEIS in a separate study [57] is halfway

towards the N = 106 electrons per bunch desired for molecular movie creation, and

related ultrafast single-shot diffraction experiments. Future iterations of the CAEIS

can exploit well-established atom-optics techniques to increase initial source density

in the trapping region. Within the last ten years, very large MOTs with up to

1010 rubidium-85 atoms have been studied experimentally in detail [164], and traps

containing up to 1.4×1011 rubidium-87 atoms have also been reported [165]. Steady-

state high phase-space density strontium MOTs have also been shown recently to

have densities of 1011 cm−3 [166]. Cold atom densities of 1012 cm−3 have previously

been demonstrated using a dark spontaneous-force optical trap (dark SPOT) in a

sodium MOT [167], and more recently with a holographically shaped rubidium dark

SPOT [168]; almost two orders of magnitude higher than the Melbourne CAEIS.

A modest ionisation efficiency of 1% for any of the above implementations in a

pulsed CAEIS more than satisfies the charge requirements for single-shot UED of

biomolecular crystals, for only slight increases in system complexity.

Closely related to the desired UED and CDI experiments described in Section 1.1,

an application that could greatly benefit from suppression of space-charge-induced

emittance growth in CAEISs is dynamic transmission electron microscopy (DTEM).

In DTEM, or single-shot TEM, 107−1010 electron bunches are used to generate an

image with nanosecond temporal resolution and spatial resolutions of 10−20 nm

[169]. A strength of the technique is the ability to image irreversible processes in

real space, such as phase transformations, or any type of microstructure evolution.
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Conventional DTEMs have typically used a TEM interfaced with a laser-driven

electron gun or photocathode, resulting in high temperature electron generation.

The primary limitation of spatial and temporal resolution in these instruments is

due to Coulomb and space-charge effects from the extremely high instantaneous

electron current densities at creation. A potential utilisation of a shaped CAEIS

in future is to attach the source to a commercial TEM column, thus developing a

prototype time-resolved cold electron microscope. Harnessing the arbitrary bunch

shaping technique to create pancake bunches that evolve into uniform ellipsoids

in a CAEIS, it is postulated that emittance growth of bunches would be alleviated

through the TEM. Proof of principle imaging should be possible with slight increases

in electron bunch number from the CAEIS used in this work by adopting the density

enhancement techniques outlined above.

Another commercial instrument that could gain some benefit from the mitiga-

tion of space-charge-induced emittance growth of cold atom-based sources is the

focused ion beam (FIB), which has applications in nanoscale characterisation and

fabrication, lithography and ion microscopy to name a few. FIB applications typ-

ically require a continuous ion beam, with recent low temperature implementa-

tions employing 2D MOT architectures to transversely cool and compress an atomic

beam [65, 66]. The brightest cold atom FIB solution reported to date is the low

temperature ion source (LoTIS) by company zeroK NanoTech [170], which cools

compressed cesium atoms further in a polarisation gradient molasses before a two-

colour ionisation process as per the CAEIS in this work [66]. With a transverse

brightness of B⊥ = 6.2 × 1012 A m−2 rad−2, the source is 24 times brighter than

the highest brightness, industry standard Ga+ liquid metal ion source (LMIS) [171].

Retrofitted onto a Ga+ LMIS FIB platform, the Cs+ LoTIS has demonstrated beams

in the 1−10 keV range, current up to 3 nA, and both focused spot size and imaging

resolution of 2 nm. The CAEIS used to generate the results in this thesis was de-

commissioned in 2018 and the next phase of the Melbourne CAEIS laboratory as of
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2020 is to build a new continuous atom beam source, to generate cold ions that will

be coupled into a commercial FIB column.

Shaping of the initial ion bunch distribution in cold-atom FIB sources will ad-

vance nanotechnology by achieving sub-nanometre spot sizes with high beam cur-

rent. As FIBs enable precise sample preparation for modern TEM methods, further

cold atom ion source development will remain inextricably linked to imaging-based

experiments with cold electrons, and as a tool for ultrastructural imaging of bio-

logical samples [172]. One method to reduce the size and complexity of CAEISs

embedded into FIB and TEM systems is through the use of a grating magneto-

optical trap (GMOT), where a single input beam incident on a surface-patterned

chip creates the optical fields required for laser cooling [173]. The first compact cold

electron source based on a GMOT was recently developed at TU/e [174], demon-

strating a trapped atom number of up to 3.0× 107 and CAEIS performance param-

eters comparable to those with a traditional 3D MOT, with a normalised transverse

emittance of ε = 1.9 nm rad, and an electron source temperature between 1−50 K.

Source enhancement will focus on increasing the bunch charge of picosecond du-

ration electron bunches created by femtosecond photoionisation, generating pulses

that are sufficiently short for rf acceleration and compression.

Overall, CAEISs may aid future technological progression of X-ray sources, with

an ultrafast high brightness cold atom electron source already suggested for use as an

injector in a compact XFEL [175]. Overcoming Coulomb-driven emittance growth

in a CAEIS as demonstrated in this work is a key step towards achieving advances

across fields ranging from femtosecond chemistry [176] to rational drug design [10,11]

and materials science [16], and may one day provide a platform for the creation of

molecular movies of protein membranes via coherent diffractive imaging.
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[29] N. M. Buckanie, J. Göhre, P. Zhou, D. von der Linde, M. Horn-von Hoegen

and F. J. Meyer zu Heringdorf, ‘Space charge effects in photoemission elec-

https://doi.org/10.1038/nnano.2010.55
https://doi.org/10.1038/nnano.2010.55
https://doi.org/10.1038/nnano.2010.55
https://doi.org/10.1038/nnano.2010.55
https://doi.org/10.1103/PhysRevLett.108.073901
https://doi.org/10.1103/PhysRevLett.108.073901
https://doi.org/10.1103/PhysRevLett.108.073901
https://doi.org/10.1103/PhysRevLett.108.073901
https://doi.org/10.1103/PhysRevLett.117.153003
https://doi.org/10.1103/PhysRevLett.117.153003
https://doi.org/10.1103/PhysRevLett.117.153003
https://doi.org/10.1103/PhysRevLett.117.153003
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1038/nature16949
https://doi.org/10.1038/nature16949
https://doi.org/10.1038/nature16949
https://doi.org/10.1038/nature16949
https://doi.org/10.1038/nmeth.3287
https://doi.org/10.1038/nmeth.3287
https://doi.org/10.1038/nmeth.3287
https://doi.org/10.1038/nmeth.3287
https://doi.org/10.1111/febs.12078
https://doi.org/10.1111/febs.12078
https://doi.org/10.1111/febs.12078
https://doi.org/10.1111/febs.12078
https://doi.org/10.1063/1.1668288
https://doi.org/10.1063/1.1668288
https://doi.org/10.1063/1.1668288
https://doi.org/10.1063/1.1668288
https://doi.org/10.1126/science.274.5285.236
https://doi.org/10.1126/science.274.5285.236
https://doi.org/10.1126/science.274.5285.236
https://doi.org/10.1126/science.274.5285.236


BIBLIOGRAPHY 118

tron microscopy using amplified femtosecond laser pulses’, J. Condens. Matter

Phys. 21, 314003 (2009).

[30] J. Orloff, ‘High-resolution focused ion beams’, Rev. Sci. Instrum. 64, 1105–

1130 (1993).

[31] Z. Tao, H. Zhang, P. M. Duxbury, M. Berz and C.-Y. Ruan, ‘Space charge ef-

fects in ultrafast electron diffraction and imaging’, J. Appl. Phys. 111, 044316

(2012).

[32] A. J. McCulloch, D. V. Sheludko, M. Junker and R. E. Scholten, ‘High-

coherence picosecond electron bunches from cold atoms’, Nat. Commun. 4,

1692 (2013).

[33] O. J. Luiten, S. B. van der Geer, M. J. de Loos, F. B. Kiewiet and M. J.

van der Wiel, ‘How to Realize Uniform Three-Dimensional Ellipsoidal Electron

Bunches’, Phys. Rev. Lett. 93, 094802 (2004).

[34] B. J. Claessens, S. B. van der Geer, G. Taban, E. J. D. Vredenbregt and O. J.

Luiten, ‘Ultracold Electron Source’, Phys. Rev. Lett. 95, 164801 (2005).
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Suppression of Emittance Growth Using a Shaped Cold Atom Electron and Ion Source
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We demonstrate precise control of charged particle bunch shape with a cold atom electron and ion source
to create bunches with linear and, therefore, reversible Coulomb expansion. Using ultracold charged
particles enables detailed observation of space-charge effects without loss of information from thermal
diffusion, unambiguously demonstrating that shaping in three dimensions can result in a marked reduction
of Coulomb-driven emittance growth. We show that the emittance growth suppression is accompanied by
an increase in bunch focusability and brightness, improvements necessary for the development of sources
capable of coherent single-shot ultrafast electron diffraction of noncrystalline objects, with applications
ranging from femtosecond chemistry to materials science and rational drug design.

DOI: 10.1103/PhysRevLett.117.193202

The elimination of Coulomb-driven emittance growth is
crucial for the development of high brightness charged
particle beam sources for high-energy accelerator injection
[1], high-brightness x-ray sources [2], electron and ion
microscopy [3,4], and ultrafast electron diffraction (UED)
[5]. Single-shot UED experiments in particular require high
bunch charge and short bunch duration, conditions that
result in severe Coulomb-driven expansion [6,7]. For
bunches with nonuniform charge density, the expansion
leads to emittance growth and reduced bunch brightness
and focusability. Overcoming Coulomb-driven emittance
growth is, therefore, a key step towards achieving advances
across fields ranging from femtosecond chemistry [8] to
rational drug design [9,10] and materials science [5].
Uniformly filled three-dimensional (3D) ellipsoidal dis-

tributions, which have linear internal Coulomb fields, are
ideal for the preservation of low emittance and high bunch
brightness [11,12] because the bunch expansion can
be fully reversed using linear electron optics. Three-
dimensional ellipsoidal bunches have been created in
thermal photocathode electron sources by using 2D laser
pulse-shaping techniques to create “pancake” electron
bunches which have a half-spherical transverse radial
density profile. Provided the longitudinal profile is much
narrower than the transverse radius, a pancake bunch
will evolve into a uniformly filled ellipsoid under
Coulomb-driven expansion [13]. The expansion properties
of ellipsoidal bunches have been measured experimentally
with photocathode sources [14–19], but demonstrating
improved beam brightness has not been possible due to
the inherently high electron temperature (T > 1000 K). At
such temperatures, thermal diffusion quickly destroys the
spatial structure of the bunch, preventing detailed obser-
vation of the effects of space-charge repulsion. High
temperature also limits the initial bunch coherence, focus-
ability and brightness of an electron source.

Cold atom electron and ion sources (CAEISs) are being
developed [20–23] with the promise of orders of magnitude
improvement in these key bunch metrics. The CAEIS is
based on the photoionization of a laser-cooled atomic gas
with two overlapping orthogonal laser beams, producing
electrons and ions with low temperatures (10 K [21] and
1 mK [24], respectively), and correspondingly low emit-
tance, high brightness, and high coherence. The initial
charge distribution can be controlled by manipulating the
laser beam profiles [21], allowing for full 3D shaping of
the charged particle bunches at the optical resolution limit of
a few micrometers [25]. Using this precise shaping ability
to produce cold uniform ellipsoidal bunches is an important
step towards creating a source capable of single-shot
ultrafast coherent diffraction imaging of noncrystalline
targets [26].
In this Letter, we describe experiments that demonstrate

suppression of space-charge induced emittance growth
for improved focusability and brightness, using shaped
charged particle bunches from a CAEIS. Cold ions were
used rather than electrons because their much lower temper-
ature, and hence, negligible thermal diffusion, enhances the
visibility of space-charge dynamics. In a CAEIS, measure-
ments of the charge distribution for nanosecond duration ion
bunches are directly analogous to picosecond electron
bunches, because the heavier ion bunches disperse much
more slowly than low-mass electrons within the accelerator
region, retaining their high charge density and, therefore,
exhibiting much stronger space-charge effects [27].
We quantify the beam expansion in terms of emittance, a

measure of the phase-space volume occupied by the bunch,
where low beam emittance corresponds to the desirable
characteristics of high focusability and brightness. In
thermal equilibrium, the transverse emittance can be
defined along an axis x transverse to the beam propagation
direction z, as
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ϵx ¼ σx

ffiffiffiffiffiffiffiffiffiffiffiffi

kBTx

mc2
;

r

ð1Þ

where σx is the root mean square (rms) beam width, kB is
the Boltzmann constant, m is the mass of the beam
particles, and c is the speed of light. The axial particle
temperature can be defined as Tx ¼ mσ2vxð1 − R2

x;vxÞ=kB,
where σvx is the rms velocity in the x axis and Rx;vx is the
correlation coefficient measuring the linearity of the par-
ticle position x and velocity vx phase-space profile.
Nonlinear space-charge forces cause distortion of the beam
phase-space profile, increasing beam emittance. The nor-
malized transverse beam brightness Bn⊥ varies as ϵ−2x ;
hence, a reduction in the emittance will lead to an increase
in the transverse beam brightness.
Ion bunches were created via two-color, near-threshold

photoionization of an ensemble of rubidium atoms cooled
to a temperature of 100 μK in a magneto-optical trap (see
Fig. 1). The cloud of cold atoms had a Gaussian spatial
density profile with a standard deviation of 500 μm and
peak density of 3.0 × 1016 atoms m−3. A 780 nm wave-
length laser beam was used to excite atoms from the 5S1=2
ground state to the 5P3=2 excited state for 500 ns, with a

transverse intensity profile shaped by a spatial-light modu-
lator (SLM). Beam shaping was performed with a speckle-
free protocol based on iterative feedback [25]. Atoms in
the excited state were coupled to the ionization continuum
with a 480 nm wavelength, 5 mJ, 5 ns laser pulse
propagating through the atom cloud perpendicular to the
excitation beam. The ionization beam was focused to a
narrow ribbon at the cold atom cloud with rms intensity
widths σz ¼ 15 μm along the longitudinal direction of ion
propagation and σy > 1 mm in the axis perpendicular to
both the excitation and ionization laser propagation direc-
tions. The two-color ionization process produced ion
bunches that initially had a very narrow longitudinal
distribution compared to the length of the accelerator
region (50 mm), ensuring that the longitudinal energy
spread was only a few eV. Provided the intensity of the
excitation laser beam is below the saturation intensity of the
5S → 5P transition, the transverse excited atomic density
profile ρeðrÞ is proportional to ΩeðrÞ, the Rabi frequency
for the driven transition. Control of the bunch charge was
achieved by altering the excitation laser beam power and,
thus, the overall population of the intermediate state prior to
ionization by the 480 nm laser. The duration of the ion
bunches was determined by the 480 nm laser pulse length

FIG. 1. (a) Two-color laser excitation scheme used to ionize laser-cooled 85Rb atoms. (b) Cold atom electron and ion source with
bunch shaping. The intensity profile of the excitation laser coupling the 5S ground state to the 5P intermediate state was shaped using a
spatial-light modulator (SLM) with iterative feedback provided via a CMOS camera [25]. Atoms were ionized with a 5 ns pulsed blue
laser, focused to a narrow ribbon perpendicular to the excitation laser. The ions were accelerated into a drift region and focused with an
einzel lens. A knife edge was inserted into the bunch around the focus to determine the transverse focal spot width. Spatial bunch profiles
and bunch charges were measured with a phosphor-coupled microchannel plate (MCP) detector combined with a CCD camera (not
shown). (c) Measured radially averaged excitation laser profiles (solid lines) and desired profiles (dashed lines), plotted as the relative
excitation probability. Insets show desired transverse bunch density profiles as shaded false-color renderings. All radial averages and
density profiles are individually normalized.
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(5 ns), analogous to an electron bunch duration of
13 ps [27].
To investigate the effect of transverse bunch shape on

emittance growth, we studied four bunch distributions:
half-spherical (HS), required to make pancake bunches;
Gaussian (GS), i.e., an “unshaped” laser beam; flat-topped
(FT), a uniform transverse profile with complementary
application to pancake distributions [28]; and conical (CN),
chosen as an example of a nonideal distribution. The
excitation laser intensity profile IeðrÞ ∝ Ω2

e was controlled
by the SLM to create each initial transverse bunch
distribution. Radial distributions of the excitation proba-
bility shown in Fig. 1(c) were calculated from each
measured laser intensity profile. There was generally good
agreement between the measured and desired distributions,
with some loss of definition at the edges of the flat-topped
and half-spherical distributions.
We initially studied the expansion of the shaped ion

bunches for free propagation. Ion bunches with a range of
charge densities were accelerated to 6 keV and propagated
700 mm to the detector where the transverse particle
distributions were measured using a phosphor-coupled
microchannel-plate (MCP) and camera. The initial radius
encompassing 95% of the charge was r95 ¼ 139 μm for all
distributions, satisfying r95 ≫ σz required for the HS
distribution to create a pancake bunch. Figure 2(a) shows
the final transverse bunch distributions for ion numbers
N ¼ 2.0 × 103, where there is negligible space-charge
expansion, and N ¼ 7.1 × 104, where the growth is domi-
nated by space-charge expansion. For higher charge, all
distributions obtain a dense ring structure due to scattered
780 nm light absorbed by atoms outside the interaction
region. These atoms were subsequently ionized by the
480 nm light pulse, creating a diffuse halo of electrons. The
core ion bunch will expand much faster than the halo due to
its higher charge density, resulting in transverse velocity
bunching at the edges [27].
Bunches with linear space-charge forces undergo self-

similar expansion, where the beam charge density profile is
magnified by a single scaling factor. To assess the self-
similarity of the CAEIS bunch expansion, we measured the
transverse radii containing 50%, 75%, 90%, and 95% of the
bunch charge for the different distributions at the detector.
We then took the ratio of these radii to their initial values
from the laser distribution to obtain the expansion factors
denoted e50, e75, e90, and e95 [Fig. 2(b)].
At low ion numbers, bunch expansion is mainly deter-

mined by lensing in the accelerator structure such that all
shapes show approximately equal linear expansion by a
factor of 20. As the ion number increases, and space-charge
effects become more significant, the central radii expansion
factors e50 and e75 of the GS and CN distributions increase
more than the factors for the outer radii (e90 and e95) due to
the large initial central densities. The opposite behavior is
true for the FT, with e50 and e75 increasing above e90 and

e95, due to the lower initial central density. For the HS
initial distribution, the expansion factors remain equal as
the ion number increases, signifying linear self-similar
space-charge expansion and formation of the desired uni-
form ellipsoid [13,29].
We simulated the acceleration, propagation, and expan-

sion of the ion bunches using particle tracking software
[30] for ideal spatial and measured temporal profiles,
and an initial ion temperature of 1 mK. From these
simulations, we extracted the expected expansion factors
shown in Fig. 2(b). The simulations agree well with
the experimental data, especially for the HS distribution.
The smaller expansion of the experimental bunches at
higher charge is attributed to the ions in the halo discussed
earlier, which contribute to the measured ion number
but not to the space-charge expansion. The greater
deviation seen for the highly peaked GS and CN

FIG. 2. (a) Experimentally measured transverse ion beam
density profiles ρNðx; yÞ for ion number N ¼ 2 000 and
71 000, for HS, GS, FT, and CN initial distributions (scale
bar, 2 mm). (b) Radial expansion factors against ion number for
each shape individually, with circle, plus, times, and square
corresponding to the transverse radii containing 50%, 75%, 90%,
and 95% of the bunch charge, respectively. The divergence of the
expansion factors at high ion numbers indicate nonlinear space-
charge forces, most prevalent in the GS and CN bunches.
Simulated expansion factors e95 (dashed lines) and e50 (solid
lines) for each shape are also shown. Measured radii are averaged
from 100 ion bunches.
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distributions could also indicate saturation of the 5S → 5P
transition in the center.
At a beam waist, the transverse emittance [Eq. (1)]

is the product of beam width and angular divergence.
Measurement of the focal spot width for beams with
different initial distributions, therefore, provides a measure
of their relative emittance. To investigate the space-charge-
induced emittance growth, an einzel lens situated 350 mm
from the accelerator was used to focus the expanding
bunches. The same transverse rms bunch width σx ¼ σy ¼
67 μm was used for all distributions to allow direct
emittance comparison. A knife edge was scanned trans-
versely through the propagating bunches at a range of z
locations approximately 100 mm from the einzel lens. The
rms width σrðzÞwas determined from a fit of each profile to
an error function (erf) [Fig. 3(a)]. The minimum focused
bunch width σf was found from a parabolic fit of σrðzÞ
[Fig. 3(b)].
Figure 3(c) shows how σf varies for the different initial

spatial distributions as the total ion number increases. The

GS and CN distributions, which demonstrated the most
nonlinear growth in Fig. 2(c), show the greatest increase in
emittance with bunch charge, while the linearly expanding
HS distribution demonstrates the smallest increase as
expected. Aperturing of the bunches in the accelerator
structure limited the maximum number of ions to
N ¼ 8 × 104, where we observe a 50% reduction in
focused bunch width and, therefore, transverse emittance
for the HS compared to GS distributions.
Particle tracking simulations of the free-expansion emit-

tance for the four distributions exhibit the same behavior,
though with a greater variation between the distributions.
The greatest deviation is seen at low N, where space-charge
expansion is negligible and bunch emittance will mostly be
determined by accelerator aberrations and effects such as
disorder-induced heating [31]. As N increases and space-
charge dominates the emittance growth, there is much
closer agreement between the experimental results and
simulations, with the GS distribution showing the greatest
difference. As with the free-expansion results, the discrep-
ancies can be attributed to a combination of the formation
of a ring structure, which will be more prominent for
distributions created with higher peak 780 nm intensity,
and saturation at the center. The separation between
experimentally measured FT and HS waists is attributed
to the imperfect flat-topped laser profile [Fig. 1(c)(ii)].
Nevertheless, the HS profile again matches very well with
the simulations and shows that bunch shaping with a
CAEIS can lead to a marked reduction in emittance growth
relative to conventional Gaussian bunches.
In this Letter, we have experimentally demonstrated

improvement of charged particle beam brightness through
control of transverse bunch density distribution. The low
temperature of the cold atom source has enabled detailed
observation of space-charge effects, for the first time
clearly distinguishing the variation in nonlinear growth
for different initial particle distributions. For space-charge-
dominated bunches with N ¼ 7.1 × 104 particles, a reduc-
tion in emittance growth of nearly 50% was achieved for a
half-spherical rather than Gaussian transverse distribution,
corresponding to a brightness increase by a factor of 4.
Further improvements in beam brightness are expected if
the spatial width of the pulsed blue laser beam is reduced
to better satisfy the requirements for a half-spherical
pancake distribution to transform into a uniformly filled
ellipsoid [13].
The 5 ns ion bunches used for our demonstrations are

directly analogous to ultrafast 13 ps electron bunches
[27,31] with the same bunch charge. Achieving ultrafast
single-shot diffraction will require much higher charge
density, and much higher bunch charge such as the
N ¼ 5 × 105 electron bunches we have previously pro-
duced with a cold atom source [32]. The effects of
Coulomb-driven emittance growth will then severely limit
the beam focus and brightness for unshaped Gaussian

FIG. 3. (a) Example knife-edge plot of relative transmission
(points) and erf fit (dashed line) to determine the transverse rms
width σr at a given z position. (b) Example z scan of knife-edge
transmission around the focus. Points indicate the knife-edge
measurement and the dashed line is a weighted parabolic fit to
determine the minimum rms width σf. Error bars are 95% con-
fidence intervals determined from the fit in (a). (c) Experimentally
measured minimum rms width (left-hand axis, points) and
simulated emittance of freely expanding bunches (right-hand
axis, lines) as a function of ion number for the four transverse
spatial profiles: HS (blue, circles, solid line), GS (red, squares,
dashed line), FT (green, crosses, dotted line), and CN (purple,
stars, dashed-dotted line). Uncertainty in ion number is deter-
mined from standard deviation of ion numbers from all knife-
edge measurements used to determine σfðzÞ, uncertainty in σf is
determined from standard error of fitted parabolas in (b). Ion
temperature for simulations was taken to be T ¼ 1 mK.
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bunches. Indeed, other cold atom sources using ultrafast
electron bunches have been limited to a few hundred
electrons per bunch due to the degrading effects of space
charge, requiring thousands of bunches to create a sat-
isfactory diffraction image [33]. Demonstrating the sup-
pression of space-charge-induced emittance growth
through shaping of the initial bunch profile is, therefore,
a critical milestone in the development of cold electron
sources, necessary for harnessing their inherent coherence,
focusability, and brightness to perform single-shot ultrafast
diffraction of noncrystalline targets.
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Abstract: Cold atom electron and ion sources produce electron bunches and ion beams by photoionization of
laser-cooled atoms. They offer high coherence and the potential for high brightness, with applications including
ultra-fast electron-diffractive imaging of dynamic processes at the nanoscale. The effective brightness of electron
sources has been limited by nonlinear divergence caused by repulsive interactions between the electrons, known
as the Coulomb explosion. It has been shown that electron bunches with ellipsoidal shape and uniform density
distribution have linear internal Coulomb fields, such that the Coulomb explosion can be reversed using
conventional optics. Our source can create bunches shaped in three dimensions and hence in principle achieve the
transverse spatial coherence and brightness needed for picosecond-diffractive imaging with nanometer
resolution. Here we present results showing how the shaping capability can be used to measure the spatial
coherence properties of the cold electron source. We also investigate space-charge effects with ions and generate
electron bunches with durations of a few hundred picoseconds. Future development of the cold atom electron and
ion source will increase the bunch charge and charge density, demonstrate reversal of Coulomb explosion, and
ultimately, ultra-fast coherent electron-diffractive imaging.
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INTRODUCTION

The ultimate goal of X-ray and electron imaging is the ability
to create “molecular movies” of the dynamics of atomic-scale
processes (Dwyer et al., 2006). Molecular movies, with
atomic spatial and temporal resolution, will enable dramatic
advances in our understanding of critical phenomena
underlying biology, materials sciences, and technological
applications. For instance, rational drug design relies on
knowing the molecular structure and function of membrane
proteins (Pinto et al., 1992), motivating development of
many different technologies including billion-dollar X-ray-
free electron lasers, which attempt to produce sufficient
brightness in an X-ray beam for single-shot imaging of
noncrystalline objects (Chapman et al., 2011).

Electrons offer an alternative to very bright X-ray
sources, which, in any case, require a bright- and low-
emittance electron source. The sample interaction is 104–106

times stronger for electrons compared to X-rays (Sciaini &
Miller, 2011) but electron imaging is limited by the space-
charge effect: that is, the Coulomb interaction within an
electron bunch that dramatically reduces the source bright-
ness and coherence. Coulomb-driven explosion of the
electron bunch can be reversed if the electron bunch has a
uniform ellipsoidal distribution (Luiten et al., 2004).

The ability to shape electron bunches into appropriate
ellipsoidal distributions is one of the motivations behind the

development of a cold atom electron/ion source (CAEIS)
(Claessens et al., 2005). Other advantages of a CAEIS include
high source coherence due to the low temperature of the
electrons and ions, and the promise of high brightness, with
up to 106 particles/bunch. Here we present an overview of
our CAEIS, investigation of space-charge effects, and the
creation of ultra-fast cold electron bunches.

MATERIALS AND METHODS

Cold Atom Source
In our experiments we laser-cool and trap rubidium-85
atoms. We use an effusive oven to produce hot rubidium,
which is then cooled via a Zeeman slower before entering the
trapping region. This provides a high-flux source of slow
atoms, described in more detail in a study by Bell et al.
(2010). The atoms are then confined in a magneto-optic trap
(MOT) located between two accelerator plates separated by
50 mm. Using this method, up to 109 atoms at ∼70 μK can
been trapped with a Gaussian width of <1 mm, leading to
densities up to 1011 cm−3, similar to or greater than other
CAEIS experiments (Knuffman et al., 2011; Engelen et al.,
2013). Densities of 1012 cm−3 have been achieved using a
dark spot in a sodium MOT (Ketterle et al., 1993). The
maximum density is important as it will ultimately limit the
number of electrons or ions that can be produced for a region
of a certain size. Recently, proposals have been made to use
atom beams as opposed to trapped atoms to increase the flux
(Kime et al., 2013; Knuffman et al., 2013).*Corresponding author. scholten@unimelb.edu.au
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Creating Shaped Bunches
To create electron and ion bunches, a two-stage ionization
process is used (Fig. 1b). First, the trapping and cooling
lasers, as well as the magnetic fields of the MOT, are turned
off. A pulse of laser light resonant with the F = 3→ F′ = 4
transition (780 nm) and duration of order microseconds
is then directed onto the atoms perpendicular to the
accelerator plates. A 5 ns 480 nm pulsed laser beam is
directed onto the excited atoms in a direction parallel to the
accelerator plates. The wavelength of the pulsed blue laser
can be changed over tens of nanometers to allow for either
direct ionization of the already-excited atoms, or to
excite them to a high-lying Rydberg state, where the static
accelerator field induces field ionization.

The pulsed blue laser is focused into a ribbon of light at
the MOT, with a full-width at half-maximum (FWHM) of
approximately σz = 150 μm. The size of the blue laser ribbon
is important as it will determine the energy spread σu of
the electrons and ions produced via σu ¼ eσzF, where e is the
fundamental electron charge and F the strength of the
accelerating electric field. For a field of 40 kV/m, we obtain
σu = 6 meV. The temporal length of the laser pulse deter-
mines the bunch length, 10 cm and 3 mm for pulse durations
of 5 ns and 150 ps.

The 780 nm excitation laser profile is transformed into
an arbitrary shape using a spatial light modulator (SLM).
This combination of laser wavelengths and orientations
creates the shaped electron and ion bunches, as shown in
Figure 1a. Approximately 105 electrons were produced in
each bunch. The repetition rate of the experiment is 10 Hz,
limited by the repetition rate of the pulsed blue laser.

Detection
We select electrons or ions by appropriate choice of polarity
for our accelerator front plates (e.g. electrons in Fig. 1a).
After constant acceleration, the electrons or ions are propa-
gated for 21.5 cm in a null field, then detected on a
phosphor-coupled microchannel plate detector (MCP) and

imaged with a CCD camera to provide two-dimensional
spatial resolution of the bunch, as shown in Figure 1c.
Temporal evolution of the bunch can be determined by
monitoring the potential of the grounded component of
the MCP.

RESULTS

Temperature and Coherence Length Measurements
of Cold Electron Bunches
The temperature of the electron source can be determined
from the divergence of the bunches, calculated from the
derivative of the edge of the image of the propagated bunch
and the propagation distance. Using our ability to shape the
excitation laser using a SLM, we produced a beam with
sharply defined edges. The edge width before propagation
was defined by the resolution of the excitation intensity
profile, which in turn is defined by the optical resolution of
the excitation laser imaging system, ∼10 μm. The transverse
thermal velocity of the electron cloud determines the angular
spread after propagation (Sheludko et al., 2010):

dQe

dr
¼ eκ

d1
2d1 + d2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eF

d1 kBT0 +ΔEð Þ

s
; (1)

where Qe is the detector signal proportional to charge, r the
radial coordinate, e the electron charge, κ the linear magni-
fication, d1 and d2 the distances through which the bunch is
accelerated and freely propagated, F the accelerator field
magnitude, kB the Boltzmann constant,ΔE the excess energy
of the electrons after ionization, and T0 the minimum elec-
tron temperature (i.e., when ΔE = 0). The excess electron
energy can be varied by changing the wavelength of the blue
laser (Fig. 2a), and the data fitted to equation 1 to determine κ
and T0. Theminimum temperature of the electrons was found
to be T0< 10± 5 K (McCulloch et al., 2011) for a bunch
containing 105 electrons (20 fC). The electron temperature is
much higher than the cold atom temperature (70 μK) owing
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Figure 1. a: Experimental set-up of the cold atom electron/ion source. b: Energy-level diagram showing two-stage
ionization process. c: False-color image of electron cloud detected on microchannel plate detector. From McCulloch
et al. (2011).
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to the intrinsic heating processes encountered during
ionization, such as disorder-induced heating.

From this minimum temperature we can determine the
transverse coherence length of the electron bunch:

Lc ¼ �h=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mekBT0

p
; (2)

where me is the mass of the electron. Using the value for T0

obtained above gives Lc> 10± 3 nm.
The arbitrary shaping ability of the CAEIS can also be

used to directly measure the coherence length. This was
achieved by using a sinusoidally shaped excitation laser and
measuring the visibility of the electron pattern as a function
of spatial frequency (Figs. 2b, 2c), resulting in a measurement
of Lc = 7.8± 0.9 nm following the procedure outlined in a
study by Saliba et al. (2012). A coherence length of 10 nm at
the source is already sufficient for imaging small biomolecules
such as bacteriorhodopsin, where the unit cell length is of

order 10 nm. In contrast, high-brightness conventional
electron sources based on photoemission, with electron bunch
temperatures of order 104 K, have an associated coherence
length of just 0.3 nm.

Cold atom ion bunch temperatures are on the order of
milliKelvins, limited by disorder-induced heating (Bannasch
et al., 2013).

Ultra-Fast Cold Electrons
Ultra-fast electron diffraction enables the study of molecular
structural dynamics with high resolution at sub-picosecond
timescales. This is important for understanding biochemical
dynamics such as protein folding and regulation, as well as
the formation of cracks in novel materials (Schotte et al.,
2003; Sciaini & Miller, 2011). Ultra-fast exposure times will
also allow high-intensity imaging of radiation sensitive
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Figure 2. a: Measuring electron bunch divergence from edge acuity. Error bars indicate one standard deviation over 30
shots, including statistical and systematic uncertainties. An upper limit to source temperature of T0 = 10± 5 K is
extracted for a bunch of 105 electrons by fitting equation 1 to the data (solid line) with excess ionization energy ΔEc≥ 0
K. From McCulloch et al. (2011). b: (i) Desired excitation laser beam intensity profile used to create the spatial light
modulator phase mask. (ii) Image of resulting shaped electron bunch on microchannel plate detector. (iii) 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 (red, solid). c: Visibility of electron bunch pattern as a function of spatial
frequency, with a Gaussian fit to the visibility function resulting in Lc = 7.8± 0.9 nm. The systematic uncertainty in
measuring d was 3%. From Saliba et al. (2012).
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samples, such as biologically active molecules, to obtain
sufficient information about the molecule before it dissociates,
known as “diffract-before-destroy” imaging.

To achieve this with our CAEIS, we replaced the con-
tinuous wave (CW) 780 nm excitation laser with a femtosecond
laser, with a full-width-half-maximum (FWHM) of 40nm.
With femtosecond excitation, the initial electron pulse duration
is limited by the spatial and temporal extent of the overlap
between the new femtosecond pulses and the 5 ns pulses of
480 nm light. The overlap produces a shaped pulse of electrons
or ions with a minimum duration of 150 ps (McCulloch et al.,
2013). The charge of the electron bunches produced was 100 fC.

The high bandwidth inherent to short laser pulses might
be expected to increase the excess energy spread of the
electrons and thus destroy their transverse coherence. We
performed an emittance measurement using the pepperpot
method. Instead of using a physical pepperpot, we shaped the
femtosecond excitation as shown in Figure 3ai and measured
the spatial distribution of the electron bunches at the MCP
detector. By knowing the initial and final electron beamlet
distributions, the emittance εγ can be calculated (McCulloch
et al., 2013). The pepperpot measurements were performed
for a series of different blue laser wavelengths, similar to
the temperature measurements discussed in Materials and
Methods section, and compared to results with CW excitation.

From the results (Fig. 3b) it can be seen that in region i,
just below the field-free ionization threshold, the emittance
increases, coinciding with an increase in ionization efficiency
and therefore an increase in space-charge effects. In this
region the electron bunches that are produced are ultra
fast and still highly coherent. Below region i the ionisation
efficiency is poor, reflected in the large error bars. In region i
the blue laser couples the 5P3/2 state to one or more field-
ionizing Rydberg states, resulting in an electron bunch with
minimal spread. Above threshold, in region ii, the emittance
increases dramatically owing to the opening of an alternative
ionization pathway: when the energy of the ionization laser is
above threshold, the blue laser couples the 5P3/2 state directly
to the continuum. In this case the large near-resonant
bandwidth of the 780 nm femtosecond pulse substantially
increases the energy spread.

As the excess ionization energy increases further, the
emittance approaches the theoretical emittance growth
function:

εr ¼ σr

ffiffiffiffiffiffiffiffiffi
kBT
mec2

s
; (3)

where σ is the root mean square bunch width and T the
electron temperature. As can be seen, the emittance will
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Figure 3. a: Typical pepperpot images used to extract the emittance of femtosecond-excited cold atom electron/ion
source electron bunches with a charge of 100 fC. (i) A charge-coupled device image of the laser pulse used to excite
the atoms. (ii) Detected electron signal on microchannel plate detector for an ionization wavelength of 478.00 nm.
b: Measured radial emittance as a function of excess ionization energy. Each point represents 50 single-shot measure-
ments with the error bars indicating one standard deviation combined from the statistical deviation and systematic
uncertainties. The dashed lines are theoretical plots of the emittances using the experimentally determined temperature
and beam radii [see equation (3)]. For more information see McCulloch et al. (2013).
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increase with the temperature of the electron produced,
which, in turn, will depend on the excess ionization energy
(see Fig. 2a). The difference from this theoretical line is most
likely due to space-charge effects or other heating processes
that occur during ionization and extraction, which equation
3 does not take into account. This shows that the bandwidth
of the femtosecond laser is not contributing appreciably to
the energy spread.

Below region i the emittance is approximately constant
(εr = 538± 26 nmrad), limited by heating during the
extraction process. In the same region, the emittance with
CW excitation was 141± 7 nmrad. Though the femtosecond
emittance is larger, the corresponding coherence length is
still relatively large for an electron source, at Lc = 4.0± 0.2 nm
(McCulloch et al., 2013). The difference in emittance and
temperature (and therefore coherence length) between the

nanosecond and picosecond bunches is because of the
increased space-charge repulsion that will occur in a bunch
with the same charge but density 30 times greater.

Observing Space-Charge Effects
Space-charge effects within clouds of electrons or ions
cause bunch expansion. This is normally an irreversible
process and leads to a loss in coherence and brightness.
However, if the bunch shape is a uniform ellipsoid then the
internal fields are linear, and though the bunch will still
expand, the expansion can be reversed by refocusing with
conventional linear-charged particle optical systems, pre-
serving the initial coherence and brightness of the source. It
has been theoretically shown that an initial bunch with a
semi-circular transverse distribution and a very narrow
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Figure 4. a: Gaussian bunch widths as a function of peak atom density. Blue circles indicate experimental data, with
the error bars determined from the standard deviation of ∼100 measurements; dashed blue line is to guide the eye;
red squares indicate general particle tracer (GPT) simulations determined from the peak density and a 0.16 ionization
fraction (IF) within the interaction region determined by the sizes of the excitation and ionization lasers; green crosses
indicate GPT simulations with an ionization fraction chosen to match the experimental data. The inset shows the
ionization fraction chosen for each density (green points) compared with the 0.16 constant value (red dashed line).
b: Measured counts from the microchannel plate detector (MCP) as a function of the simulated ion number from the
ionization fraction shown in inset of (a) for an MCP potential of 1,500 (red) and 1,600 V (blue). Points indicate experi-
mental data, error bars from standard deviation of ∼100 measurements and dashed lines indicate linear fit to data.
c: Ion number, determined using the calibration from (b), as a function excitation pulse power for measured data. The
right-hand axis shows the ionization fraction, determined from the atom density and ionization laser sizes. Each data
point represents 100 single-shot measurements with the error bars indicating one standard deviation combined, the
dashed line represents a linear fit to the data.
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longitudinal distribution will evolve into a uniform ellipsoid
(Luiten et al., 2004).

Creating such a distribution experimentally is challenging.
The spatial distribution of the initial bunch depends not only
on the excitation beam profile, but also on the initial density
of the cold atom cloud, and the time-dependent behavior of
the excitation process. We have simulated these effects using
optical Bloch equations, and modeled the evolution of the
bunch shape using general particle tracer (GPT) simulations
(http://www.pulsar.nl/gpt).

We have investigated space-charge effects using ions
rather than electrons because of their greater mass and lower
velocity and consequently longer interaction times. The ion
temperature is also orders of magnitude lower than for
electrons, so the effects of thermal diffusion are minimal. In
combination, the effects of Coulomb interactions within the
bunch are much more clearly discernible.

By increasing the delay between the time when the MOT
fields are turned off and the ionization beams are turned on,
we are able to study the effect of atomic density on space-
charge expansion of the ion bunches by making use of the
thermal expansion of the atomic cloud, this is shown in
Figure 4a, which shows the bunch size for varying initial
density. As expected, as the atomic density increases the
bunch width also increases, in good agreement with GPT
simulations for a fixed ionization fraction of 0.16 (Fig. 4a), up
to a density of around 3×1010 cm−3. At higher density, we
postulate that the reduced ionization fraction seen experi-
mentally is because of absorption of some of the excitation
beam by the atoms at the leading edge of the atom cloud,
outside the interaction region, reducing the number of photons
in the interaction region available to ionize the atoms and
therefore reducing space-charge effects. The inset to Figure 4a
shows the individual ionization fraction that best matched
simulation and data for each initial atomic density.

By matching the simulations to the space-charge expan-
sion data we have been able to calibrate the detection system
to determine the ion number from the counts measured by the
phosphor-coupled MCP and CCD imaging system. This was
achieved by comparison of the integrated counts recorded on
the CCD with the ion number used in GPT to obtain the
correct bunch width shown in Figure 4a. The calibration is
shown in Figure 4c for two different detector potentials. In
both cases the R2 coefficient was >0.99, indicating a strong
linear relationship between theMCP counts and the simulated
number of ions. We examined the effect between ion number
and excitation power further at low power (well below the
saturation limit of ∼10mW) to illustrate how absorption of
the excitation laser outside the interaction laser could lead to a
reduction in ion number. As can be seen from Figure 4c, the
ion number (calculated with the calibration obtained from
Fig. 4b) increases linearly with excitation power. We also
calculated the ionization fraction using the sizes of the ioni-
zation beams and the peak atomic density of the MOT.

Our investigations have also led to the discovery of some
interesting effects such as the formation of density waves
around an initially uniform circular ion bunch. This can be

explained by the formation of a diffuse halo of charges around
the central core of the bunch. The halo is created by reab-
sorption of spontaneous emission from the directly excited
atoms. The dense core then expands into the halo, due to
space-charge repulsion, and creates a high-density ring. We
have also investigated the space-charge interaction of parallel
beamlets to see the influence of overlapping self-fields.
Our studies show good agreement between simulations and
experiments. The simulations reveal the sensitivity of the visi-
bility of the high-density features to the initial ion temperature:
the structure is lost at temperatures of a few tens of Kelvin,
highlighting the advantages of the cold atom source in com-
parison with conventional sources, which operate at room
temperature or above, for studying these effects.

DISCUSSION

We have presented our CAEIS, including characterization
of the temperature of the source and the corresponding
transverse coherence lengths of the electron bunches.We have
also investigated the effect of space charge on ion bunches as
an analog to the much faster expansion of electron bunches,
showing substantial space-charge effects. One of our main
priorities is to overcome the space-charge expansion using the
unique beam-shaping ability of cold atom sources to produce
uniform ellipsoidal bunches. Our shaping ability is currently
limited by speckle in the excitation beam image produced
from the SLM owing to the hologram-production algorithm
used. Overcoming this will involve implementing alternate
algorithms and feedback control over the phase pattern on
the SLM, by monitoring the excitation laser profile with an
independent imaging detector.

Apart from space charge, another phenomenon limiting
the minimum temperature of the ions produced from the
CAEIS is disorder-induced heating. Nonuniform Coulomb
interactions of the initially randomly distributed electrons and
ions leads to an initial spread in the temperature of the bunch.
For ions, this increases the temperature of the bunch by at least
an order of magnitude (Bannasch et al., 2013). One way of
overcoming disorder-induced heating is to use the phenom-
enon of Rydberg blockade, where the van der Waals’ potential
caused by an atom in a highly excited state prohibits nearby
atoms from also being excited (Bannasch et al., 2013; Robert-
de Saint-Vincent et al., 2013). We have recently developed an
alternative blue laser system using a frequency locking scheme
based on electromagnetically induced transparency (Abel et al.,
2009). With this new laser we have produced preliminary
results demonstrating blockade behavior with the 30S state and
measurements of the temperature effects are in progress.

By overcoming both space-charge and disorder-induced
heating effects we should be able to produce ion bunches cap-
able of sub-nanometer resolution (van der Geer et al., 2007).

CONCLUSION

We have developed a CAEIS with the ultimate goal of pro-
ducing single-shot electron diffraction of biological samples.
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On the path to producing these we have developed a source
with a coherence length of ∼10 nm with electron tempera-
ture of 10 K. By using a femtosecond pulsed laser we have
also produced ultra-fast bunches with a minimum duration
of 150 ps, with a maximum coherence length of 4 nm. We
have shown that space-charge effects are readily observable
without the obfuscation of thermal diffusion, potentially
providing a new approach to investigating subtle Coulomb
interactions in high-current-charged particle sourcs. Finally,
we have investigated the effects of space charge on the
ion bunches produced with our system, and observed the
formation of surprising structures. To improve the emittance
and brightness of the source further, we are investigating
reducing the temperature by using Rydberg blockade to over-
come disorder-induced heating effects, and using our shaping
ability to overcome space-charge effects. By implementing
these advances, single-shot ultra-fast coherent-diffractive
imaging with nanoscale resolution should become feasible,
allowing for the creation of “molecular movies.”
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We demonstrate single mode operation of an external cavity diode laser (ECDL) employing an in-

terference filter with multimode bandwidth for mode selection. A cateye reflector maximizes feed-

back efficiency and reduces susceptibility to intra-cavity optical misalignment. Narrow linewidths of

26 kHz are observed, and the laser can be tuned over 14 nm using a single 785 nm filter, without al-

teration of the output beam direction. The cateye reflector and filter allow a mechanically rigid design

free of significant mechanical resonances, illustrated by comparison of the frequency noise spec-

trum with that of a common Littrow ECDL design using a diffraction grating and kinematic mount.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3687441]

I. INTRODUCTION

Common external cavity diode laser (ECDL) designs

such as the Littrow and Littman-Metcalf configurations use

diffraction gratings for wavelength selection. These lasers re-

quire precise alignment and are therefore sensitive to acous-

tic and mechanical disturbances, particularly when a spring-

loaded kinematic mount is used to align the grating or

feedback optic.

Narrow bandpass filters provide an alternative approach

to wavelength selection, and with sufficiently narrow band-

width, can ensure operation on a single external cavity

mode.1–4 An important advantage is the ability to use the

cateye reflection geometry, which is self-aligning and thus

inherently mechanically robust.5 Single mode operation of

cateye lasers has relied on extremely narrow filters, with

bandwidths comparable to the intrinsic mode spacing of the

laser diode, typically of order 125 GHz (0.25 nm for a 780 nm

laser diode). Unfortunately, filters with the required narrow

linewidth and high transmission are not readily available, lim-

iting the widespread adoption of this approach.

Here we show that bandpass filters with much larger

transmission bandwidths (3 nm), which are readily available

at a broad range of wavelengths, can be used to achieve sin-

gle mode operation of a tunable external cavity diode laser.

We demonstrate the principles with a 780 nm diode laser and

show that the wavelength can be tuned by more than 14 nm

by rotation of the filter in conjunction with changing the diode

temperature by 30 ◦C. We measure a narrow laser linewidth

of 26 kHz, and in comparison to a common grating-based de-

sign, the frequency noise and sensitivity to vibration are sub-

stantially reduced due to the cateye reflector geometry and the

insensitivity of the wavelength to filter rotation.

II. MODE SELECTION

The output frequency ν of an ECDL is dependent on

a combination of frequency-dependent gain and loss factors

a)Electronic mail: scholten@unimelb.edu.au.

and the product of these factors gives the total transmission

function:6

Ttotal = GDTDTcavityTfilter, (1)

where GD is the semiconductor gain profile of the laser diode,

TD and Tcavity represent the transmission functions for the cav-

ities formed between the front and rear facets of the diode, and

between the diode rear facet and the external cavity reflec-

tion element, in this case a cateye reflector. Tfilter is the trans-

mission function of an intra-cavity filter. The laser will oscil-

late at the frequency for which the product of these factors is

greatest.

The relative dispersion factors are compared in Fig. 1.

The intrinsic semiconductor gain profile GD, which we ap-

proximate as a Gaussian of width 10 nm, is very broad in com-

parison to other dispersive mechanisms in an ECDL.7 For the

filter transmission function Tfilter we use the measured spec-

trum provided by the filter manufacturer. The function is ap-

proximately rectangular, with peak transmission Tpeak = 90%

and width 3 nm. From the derivative of the transmission func-

tion (Fig. 1), the edge widths are 0.3 nm full width at half

maximum (FWHM). The transmission window wavelength

shifts with rotation according to8

λ(θ ) = λ0

√

1 −

(

sin(θ )

neff

)2

, (2)

where θ is the angle of incidence, λ0 is the wavelength at nor-

mal incidence, and neff = 2.13 for p-polarization.9

The internal diode cavity modes are described by the Airy

function,

TD =
1

1 + Fsin2δ(ν)
, (3)

where F= 4r1r2/(1− r1r2)
2 is the coefficient of finesse for the

diode cavity, r1, 2 are the amplitude reflection coefficients of

the diode rear and front facets, δ(ν) = 2πnLDν/c is the phase

shift for one traversal of the semiconductor gain medium,
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FIG. 1. (Color online) Schematic representation of the frequency-dependent

factors that contribute to mode selection of an interference filter cateye

ECDL, calculated for λD = 783 nm, rotated to 779.5 nm (θ = 14.5◦), n= 3.5,

LD = 0.25 mm, Lcavity = 30 mm, r1 = 0.85, r2 = 0.15, and Rcavity = 1.0. The

diode gain curve is assumed to be Gaussian, with a FWHM of 10 nm. Nu-

merous external cavity modes exist within the filter passband, yet the ECDL

operates on a single mode because adjacent modes have reduced gain. At

lower wavelength, the diode cavity transmission and the semiconductor gain

are reduced, and at higher wavelength, the edge of the filter transmission

reduces the overall gain. The measured transmission function for a 780 nm

band pass filter11 is shown with the numerical derivative, illustrating edge res-

olution of 0.3 nm (FWHM). The external cavity length and the diode mode

have been chosen so that the overall gain peak occurs at λ = 780.24 nm, the

5S1/2 → 5P3/2 transition in rubidium (vertical line).

ν is the laser oscillation frequency, LD is the diode cavity

length, and n is the semiconductor refractive index. A typical

λ = 780 nm single mode semiconductor diode laser10 has a

physical cavity length of LD = 0.25mm and a refractive index

of 3.5, giving a mode spacing of 1ν = c/2nLD = 125GHz.

Tcavity is also described by Eq. (3) with appropriate

changes to the reflection coefficient amplitudes and the cav-

ity length, which becomes the external cavity length Lcavity.

For a 30mm external cavity in air the mode spacing is 5GHz.

In principle, the diode intrinsic mode function and the diode

gain curve will select one or a few external cavity longitudi-

nal modes. However, there is little control over which external

mode is selected.

Grating feedback or a narrow bandwidth filter can select

a single diode mode. We demonstrate here that the sharp edge

of a broadband filter, combined with the wavelength depen-

dence of the diode gain curve, can also select one diode mode

(Fig. 1). The optimum wavelength is constrained on one side

by the diode gain curve, and on the other by the edge of the

filter function, such that one diode mode and one external cav-

ity mode become dominant. The strongest lasing mode can

be altered by rotation of the filter and adjustment of the diode

mode frequency, either via the diode temperature or the diode

injection current.

LD FI L1 L2CL

θ

PZT OC

LD FI L1CL

θ

PZTMBS

FIG. 2. (Color online) Upper: External cavity diode laser using broad band-

pass interference filter (IF) and partially transmitting output coupler. LD

laser diode; CL collimating lens; L1 cateye lens; L2 re-collimation lens;

PZT multi-layer ring-shaped piezoelectric translator; OC partially transmit-

ting output coupler. Lower: Using a beam splitter cube (BS) as an output

coupler; M normal incidence mirror; PZT multi-layer square piezoelectric

translator.

III. EXAMPLE CAVITY DESIGNS

Two configurations were constructed and evaluated

(Fig. 2). The first is similar to previous cateye laser designs

using ultranarrow filters,2–5 where the cateye reflector also

forms the laser output coupler. The output coupler must then

be a partial reflector, and because the range of standard out-

put couplers is limited, a second design was evaluated. The

partially reflecting planar output coupler was replaced with

a normal-incidence planar mirror, and an intra-cavity beam

splitter cube used as output coupler. Both non-polarizing and

polarizing beam splitter cubes were used. Here we discuss re-

sults with a 780 nm laser diode but successful operation has

also been achieved at 670 nm wavelength.12

A. Output coupler design

The ECDL consists of a laser diode10 and aspheric colli-

mating lens ( f = 4.5 mm 0.55 NA), a narrow passband inter-

ference filter in a rotating holder, and a cateye reflector. The

cateye reflector was formed by an f = 11 mm 0.25 NA lens,

mounted in a collimation tube machined to mount a 30% re-

flective output coupler. A multi-layer piezoelectric ring ac-

tuator was fixed to the rear facet of the output coupler, to

allow cavity length tuning and fast frequency feedback con-

trol. An achromatic f = 20 mm lens was used to collimate

the ECDL output beam. High transmission (greater than 90%)

dielectric bandpass filters9,11 were used, with nominal center

wavelengths of λ = 780 and 785 nm and width 1λ = 3 nm.

The laser diode, collimation tube and intra-cavity optics

were mounted in an aluminum block. A 10 kÄ thermistor in
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between the block and a large aluminum baseplate, were used

for temperature stabilization of the cavity.

B. Beam splitter cube designs

In the beam splitter version the output coupler was re-

placed with a plane dielectric mirror and f = 4.5 mm aspheric

lens in a cateye configuration, and an 80/20 10 × 10 × 10 mm

non-polarizing beam splitter cube was placed between the

diode collimation lens ( f = 4.5 mm) and interference filter.

A piezoelectric transducer on the reflection mirror provided

fine frequency tuning. A polarizing beam splitter cube (5 × 5

× 5 mm) was also used as an output coupler. With the polariz-

ing beam splitter, rotation of the diode rotates the polarization

of the intra-cavity beam and hence varies the ratio between

out-coupled light and diode feedback. Increased feedback re-

duces the laser linewidth and in principle, the possible wave-

length tuning range, at the expense of useful output power.

The diode was rotated such that the feedback was approxi-

mately the same as that for the output coupler, 30%.

IV. ECDL PERFORMANCE

The output power for p-plane polarization was typically

50 mW at 780 nm using a 90 mW diode. Feedback efficiency

was optimised by ensuring the laser diode transmission was

focused exactly onto the reflective optical element (output

coupler or mirror depending on the design), hence forming the

cateye reflector. The focus of the combined diode collimation

lens and cateye reflector also impacts the feedback efficiency

of the external cavity13 and the linewidth. Small and otherwise

unnoticed changes to the lens focus can have quite a signifi-

cant effect on the linewidth but are apparent only if the techni-

cal noise is small, comparable to the intrinsic cavity linewidth.

With the cateye reflector, inherently good mode matching is

ensured between the external cavity and the laser diode due to

the robust alignment stability, leading to narrow linewidths.

The linewidth can be reduced by increasing feedback from

the external cavity,13 and also by increasing the cavity length,

though a short cavity is usually preferred to reduce the inci-

dence of modehops to adjacent external cavity modes and thus

to maximize the modehop-free tuning range.7,13 The designs

presented here exhibit modehop-free tuning ranges of at least

15 GHz with cavity lengths of 30 mm, with injection-current

feed-forward to match the frequencies of the internal and ex-

ternal cavity modes.6 Figure 3 shows a saturated absorption

spectrum of the λ = 780.24 nm 5S1/2 → 5P3/2 transition in

rubidium (natural isotopic abundance).

The linewidths of the different configurations have been

measured using the delayed self-heterodyne technique14 with

2.2 km fiber delay (34 kHz resolution), independently with a

commercial linewidth measuring instrument based on trans-

mission through a high-finesse optical cavity,10 and from

the beatnote of two similar lasers. The lasers were in each

case locked to a rubidium hyperfine transition using FM de-

modulation. The 250 kHz modulation was generated via the

Zeeman effect using a coil around the atomic reference cell.

The piezo actuator and the diode current were controlled with

FIG. 3. (Color online) Saturated absorption spectrum and frequency mod-

ulation derivative for natural rubidium vapour, using the cateye laser with

polarizing beam splitter cube.

a combination of double-integrator, proportional and phase

lead (differential) feedback.

Results from the self-heterodyne technique are shown in

Fig. 4. Intrinsic full width at half maximum linewidths of

the output coupler and polarizing beam splitter cube designs,

determined from fits to a Lorentzian lineshape function, are

0 = 42 kHz and 39 kHz, respectively. Fits to a Gaussian

function give full widths at half maximum of 73 kHz and

87 kHz, corresponding to rms laser linewidths of 31 kHz and

37 kHz. Using the commercial linewidth instrument, the mea-

sured linewidth of the bare laser diode was 2.5 MHz, and
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FIG. 4. (Color online) Spectrum of beatnote between two similar lasers, both

of the partially reflecting output coupler design, locked to two distinct spec-

tral features in the rubidium saturated absorption spectrum (top); delayed

self-heterodyne laser linewidth measurement for individual laser of output

coupler design (middle), and beam splitter cube design (bottom). In the self-

heterodyne spectra, a central peak due to residual amplitude modulation on

the first-order output of the acousto-optic modulator has been subtracted from

each spectrum. The spectra were obtained with resolution bandwidth 3 kHz,

sweeptime 225 ms, 50 sweep average. Lorentzian (0) fits exclude central
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FIG. 5. (Color online) Wavelength tuning ranges at various laser diode op-

erating temperatures for 780 nm and 785 nm interference filters in the output

coupler ECDL configuration.

the width for the output coupler (OC) design was 26 kHz

(one-hour average) with a stipulated systematic uncertainty

of ∼30%.10 Figure 4 also shows the spectrum of the beatnote

from interfering two similar OC lasers, with combined width

of 40 kHz. The linewidth measurements are consistent given

typical ECDL linewidth variations as discussed in Ref. 15.

Rotation of the filter (Eq. (2)) allows tuning from 772 nm

to 781 nm using a broad 780 nm filter, and from 772 nm to

786 nm using a 785 nm filter (Fig. 5). The higher wavelength

in the tuning range is limited due to the sharp edge of the

filter transmission function; that is, the filter cannot be ro-

tated to wavelengths greater than this cutoff. The laser can

be tuned discontinuously over these ranges without alteration

of the output beam direction.

The derivative of the transmission window wavelength

(Eq. (2)) is

dλ(θ )

dθ
= −

λ2
0

2n2effλ(θ )
sin (2θ ) , (4)

which is −0.68 nm/◦ for a 785 nm filter rotated to 780.2 nm

(θ = 13.8◦). We require precision to within the internal diode

mode spacing of 125 GHz, or 0.25 nm in 780 nm, correspond-

ing to 0.38◦ in angle. By comparison, for a Littrow configura-

tion ECDL with 1800 /mm grating, the sensitivity to rotation

is 13.7 nm/◦, 20 times greater. The filter wavelength can be

adjusted adequately without the need for a precision rotation

mount.

Frequency noise spectra were measured (Fig. 6) for the

output coupler design presented in Fig. 2, and compared to

similar spectra for a grating-feedback Littrow configuration

ECDL in which the grating is aligned using a standard kine-

matic mount.16 The laser was again locked to a rubidium hy-

perfine transition but using dc coupled feedback. The spectra

clearly show substantially reduced susceptibility to mechani-

cal resonances, in particular the absence of resonances asso-

ciated with the springs in the kinematic grating mount.

V. CONCLUSION

ECDLs that use an interference filter for wavelength

selection together with a cateye reflection mechanism have

proven to exhibit narrow linewidths and greater frequency

√

FIG. 6. (Color online) Frequency noise spectra for the output coupler cateye

laser and a standard Littrow-configuration grating feedback design.16

stability in comparison to diffraction grating-based ECDLs. A

cateye reflector is self-aligning and insensitive to intra-cavity

optical misalignment. We have shown that single mode op-

eration is possible using a filter with bandwidth many times

greater than both the external cavity mode spacing and the

intrinsic laser diode mode spacing, making the cateye advan-

tages more readily accessible.

Using only standard catalog optical components, our

ECDL is mechanically less complex than common diffrac-

tion grating designs, and at a wavelength of 780 nm has

demonstrated linewidth of 26 kHz, wavelength tunability over

more than 14 nm, and reduced susceptibility to acoustic vibra-

tions. Using saturated absorption frequency stabilization to an

atomic reference,16 the laser will remain locked even when

bumped or knocked. The narrow linewidth and wavelength

tunability, combined with the simple construction and stabil-

ity, make these designs well suited to the cooling and trapping

of alkali atoms.
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hence improved brightness under transverse focusing in comparison to standard Gaussian
bunches.
© 2015 Optical Society of America
OCIS codes: 020.1335, 140.3300, 350.4990.

1. Introduction

Coulomb interactions within charged particle bunches manifest themselves through two main effects: the microscopic
statistical Coulomb effect and macroscopic Coulomb explosion, also known as Coulomb or space-charge expan-
sion [1]. These effects lead to degradation in beam performance parameters, in particular emittance and brightness.
The ability to control, and potentially reverse Coulomb explosion in charged particle beams is of critical importance
for single-shot, ultrafast coherent diffractive imaging of biological macromolecules, the holy grail of structure deter-
mination techniques. Such an experiment requires high bunch charge and short pulse durations, conditions that result
in severe Coulomb explosion [2].

Existing electron sources cannot simultaneously achieve the high brightness and high coherence required to dy-
namically image single molecules, due to limitations imposed by Coulomb effects. We are investigating the use of a
cold atom electron and ion source (CAEIS) which has the potential to overcome space-charge effects by generating
arbitrarily shaped, high coherence electron and ion bunches that can be focused with linear charged particle optics to
fully reverse the Coulomb explosion.

Fig. 1. The Cold Atom Electron and Ion Source produces coherent bunches of electrons or ions via
photoionisation of laser cooled rubidium.

The CAEIS, shown in Fig. 1, produces electron or ion bunches via two-colour near threshold photoionisation of
laser-cooled rubidium gas [3]. The photoionisation lasers can be tuned to excite the electrons to the continuum with
almost no excess energy, resulting in electron and ion bunch temperatures of order 10 K [4] and 3 mK [5] respectively,
orders of magnitude lower than that of conventional field emission or photocathode sources.
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We present experimental results demonstrating increases in beam brightness by careful choice of initial bunch

distribution. Cold ions produced in the CAEIS are used to demonstrate this result, as they exhibit strong space-charge
effects that are analogous to ultrafast electron dynamics [6].

2. Uniform Ellipsoidal Bunch Generation and Performance

The ideal bunch is a uniform density ellipsoid of charge as it exhibits linear Coulomb expansion and therefore small
emittance growth. Low emittance coupled with small emittance growth leads to a high brightness beam. For rf pho-
tocathode sources, it was proposed in 2004 [7] that a prompt, half-circle (HC) radial laser intensity distribution leads
to the creation of a fully-fledged, hard-edged uniform ellipsoidal bunch, with the first experimental verification of this
proposal demonstrated in 2008 [8].

Adapting this technique to our system using a spatial light modulator for transverse laser beam shaping, we generate
bunches with linear Coulomb expansion and compare their performance to standard distributions, namely a Gaussian
(GS), flat-top (FT) and cone (CN). Without obfuscation due to thermal diffusion, we show that the choice of shape can
result in emittance reduction, and a fifty-percent increase in beam brightness, as measured by flux through a pinhole
aperture under transverse focusing, compared to a standard Gaussian distribution. An on-axis pinhole scan through the
focus waist for N = 90,000 ions is shown in Fig. 2 for the four distributions of interest.

Fig. 2. Ion flux through a 50 µm pinhole for HC, GS, FT and CN bunches. Experimental data points
with error are shown, as well as simulated flux curves from particle tracking simulations in GPT [9].
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Abstract: We show how an external cavity diode laser with interference filter for wavelength 
selection can operate on a single external cavity mode, even when the filter bandwidth is hundreds 
of times greater than the external cavity mode spacing, and many times greater than the intrinsic 
laser diode mode spacing.  Single mode operation is demonstrated for a laser using a 780 nm filter 
with 3 nm bandwidth and an external cavity formed by a cat-eye reflector. The cat-eye reflector is 
intrinsically stable with respect to intra-cavity optical misalignment, and allows a mechanically 
rigid design free of significant mechanical resonances, illustrated by comparison of the frequency 
noise spectrum with that of a common external cavity diode laser design which uses a diffraction 
grating and kinematic mount.  The laser can be tuned discontinuously over a wavelength range of 
9 nm, without alteration of the output beam direction.  The linewidth of the laser was found to be 
40 kHz using the delayed self-heterodyne technique. 

 
1. Introduction 

Typical external cavity diode laser (ECDL) designs, such as the Littrow and Littman-Metcalf configurations, use 
diffraction gratings for wavelength selection and optical feedback. These lasers require precise alignment of the 
grating angle, and are therefore sensitive to acoustic and mechanical disturbances, particularly when a spring-loaded 
kinematic mount is used for grating alignment. 

Narrow bandpass filters provide an alternative approach to wavelength selection, and with sufficiently narrow 
bandwidth, can select a single external cavity mode [1].  An important advantage is the ability to use the cat-eye 
reflection geometry, which is self-aligning and thus inherently mechanically robust [2].  Single mode operation 
requires extremely narrow filters, with bandwidths comparable with the intrinsic mode spacing of the laser diode, 
typically of order 150 GHz (0.3 nm for a 780 nm laser diode).  Unfortunately, filters with the required narrow 
linewidth and high transmission are very difficult to obtain, limiting the adoption of this approach. 

Here we show how bandpass filters with transmission bandwidths of 3 nm, which are readily available at a broad 
range of wavelengths, can be used to achieve single mode operation of a tuneable external cavity diode laser 
operating at 780 nm wavelength.  The laser is self-aligning, and the wavelength can be tuned by 9 nm by rotation of 
the filter.  We demonstrate narrow laser linewidth of 40 kHz and minimal frequency noise and sensitivity to 
vibration due to the cat-eye geometry.  

2.  Mode Selection 

The output frequency � of an ECDL which has an interference filter for wavelength selection is dependent on a 
combination of frequency-dependent gain and loss factors: the semiconductor gain profile, the dispersion of light 
through the interference filter and the longitudinal modes of the cavities formed between the diode back facet to 
both the diode front facet and cat-eye reflector [3].  In principle, the diode intrinsic mode function and the diode gain 
curve will select one, or a few external cavity longitudinal modes.  Using a broadband filter, we can reduce the gain 
for most of these modes, leaving a small number with similar gain.  If the filter wavelength is not coincident with the 
diode gain peak, then the net gain of those modes within the filter bandwidth varies such that just one external cavity 
mode is dominant. The strongest lasing mode can be controlled by varying the diode mode spacing, via the diode 
temperature, the diode injection current and rotation of the filter. The transmitted wavelength of an interference filter 
depends on the angle of incidence: 

effn
���

2

0
sin1��       (1) 

                               

where � is the angle of incidence, �0 is the wavelength at normal incidence and neff  is the effective index of 
refraction.  
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3.  Output Coupler Design 

Two configurations were constructed and evaluated, the first of which is similar to cat-eye lasers using ultra-narrow 
filters [2], where the cat-eye reflector also forms the laser output coupler (Fig. 1).  The output coupler must then be a 
partial reflector, and there is a limited range of standard output couplers available.  Hence a second design was also 
evaluated, in which a normal incidence mirror was used for the cat-eye reflector, and an intra-cavity beamsplitter 
cube as output coupler. 

 
Fig. 1. External cavity diode laser using broad bandpass interference filter (IF).  LD Laser Diode; CL Collimating Lens; L1 cat-
eye lens; L2 re-collimation lens; PZT ring-shaped piezo translator; OC partially transmitting output coupler. 

 

4.  ECDL Performance 

The linewidth of the two ECDL configurations was measured using a delayed self-heterodyne technique [4]. The 
data were fit to a combination of Lorentzian and Gaussian functions.  The best fit was obtained with Lorentzian 
width of � = 32 kHz and Gaussian FWHM of 82 kHz, corresponding to a laser linewidth of 40 kHz (rms).  The 
narrow linewidth exhibited by these ECDL configurations makes them an ideal candidate for cooling and trapping 
of alkali atoms.  Rotation allows tuning from 772 nm to 781 nm using a broad 780 nm interference filter. Thus, the 
laser can be tuned discontinuously over a wavelength range of 9 nm, without alteration of the output beam direction.   

Frequency noise spectra were measured (Fig. 2) and compared to similar spectra for a grating-feedback Littrow 
configuration ECDL in which the grating is aligned using a standard kinematic mount [5].  The spectra clearly show 
substantially reduced susceptibility to mechanical resonances, in particular the absence of resonances associated 
with the springs in the kinematic grating mount. 

 

 
Fig. 2. Frequency noise spectra for the cat-eye laser and a standard Littrow-configuration grating feedback design. 

LD FI L1 TZP CO L2 CL
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5.  Conclusion  

ECDLs that use an interference filter for wavelength selection together with a cat-eye reflection mechanism have 
proven to be extremely stable in comparison to diffraction grating ECDLs. The cavity is self-aligning and relatively 
insensitive to intra-cavity optical misalignment. We have shown that single mode operating is possible using a filter 
with multimode bandwidth. Using only standard catalogue optical components, our ECDL is of comparable cost to 
common diffraction grating designs, producing narrow linewidths with large tuning ranges and reduced 
susceptibility to acoustic vibrations. 
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