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Abstract

Since the ﬁrst observation of electron diffraction in 1927, electrons have been used to probe
the structure of matter. High-brightness sources of thermal electrons have recently emerged
that are capable of simultaneously providing high spatial resolving power along with
ultrafast temporal resolution, however they are yet to demonstrate the holy grail of singleshot diffraction of non-crystalline objects. The development of the cold atom electron
source, based around the ionisation of laser cooled atoms, has the potential to contribute to
this goal. Electron generation from laser cooled atoms is in its infancy, but in just ten years
has moved from a proposal to a source capable of performing single-shot diffraction
imaging of crystalline structures. The high brightness, high transverse coherence length, and
small energy spread of cold electron sources are also potentially advantageous for
applications ranging from seeding of x-ray free-electron lasers and synchrotrons to coherent
diffractive imaging and microscopy. In this review we discuss the context which motivates
the development of these sources, the operating principles of the source, and recent
experimental results. The achievements demonstrated thus far combined with theoretical
proposals to alleviate current bottlenecks in development promise a bright future for these
sources.
Keywords: cold electrons, laser cooling, ultrafast diffraction, coherent diffrative imaging
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

wavelength and atomic spacing(s), are similar. To achieve
atomic resolution, therefore, either electrons or hard x-rays
must be used for illumination, and it is here that the great
challenge lies: to produce sub-picosecond radiation pulses
with sub-nanometre imaging resolution and sufﬁcient signalto-noise to produce individual frames for a ‘molecular
movie’. If we had such a source it would allow us to perform
single-shot diffraction of sensitive biological samples before
damage can occur, critical for determining the structure and
evolution of biologically relevant targets such as membrane
proteins [6, 7].
The brightness required for single-shot diffraction of
individual molecules may never be achieved, but increasing
coherence and brightness will allow structure determination
using smaller or imperfect crystals [8] and faster structure
determination than using cryo electron microscopy [9–11].
Brighter electron sources are needed as injectors for nextgeneration x-ray free electron lasers (XFELs) and

1.1. Towards the molecular movie

Our understanding of materials and processes has evolved
with our ability to probe and alter systems at everdecreasing spatial and temporal scales. The ultimate limit to
this would be to image individual atoms, and to be able to
monitor their interactions with the environment on atomically relevant time-scales. Laser systems have progressed
to single femtosecond pulse lengths, allowing for the study
of simple atomic systems with unprecedented timing resolution [1–4], including direct observation of molecular
vibrations [5].
The interaction between laser radiation and samples
only occurs when the characteristic length scales, the
1
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Figure 1. (a) Photo-excitation/ionisation level structure for
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Rb. (b) Cold atom electron source based on a cloud of laser-cooled rubidium
atoms (Rb) located between two accelerator plates (trapping lasers not shown). Adapted with permission from [15].

2. Beam theory and sources

synchrotrons and for coherent diffractive imaging (CDI) of
non-crystalline targets [12–14]. Cold atom electron sources
(CAESs) are a promising alternative for the next generation of
such applications.

2.1. Beam quality metrics

The quality of an electron beam is assessed in different ways
depending on the application. Beam quality metrics facilitate
the comparison of electron sources, but can be illuminating in
their own right, helping to understand why a particular source
is appropriate for a given application.

1.2. Electrons produced from cold atoms

The desirable qualities of theCAES (ﬁgure 1) stem from the
minimal thermal energy imparted to the electrons upon formation. Conventional sources of electrons have either relied
upon thermionic emission (tungsten or lanthanum hexaboride) or ﬁeld emission (cold cathode or Schottky) for
electron production, both of which produce electron beams
with an appreciable energy spread. In contrast, electrons from
a CAES are produced by carefully photoionising a sample of
cold neutral atoms, either directly or by ﬁeld-assisted ionisation via excitation to a high-lying Rydberg state, resulting in
electrons with near negligible thermal energy. The photoionisation process can be exploited to further improve the
source properties, for example to control in real time the
density distribution of the electron beam through modulation
of the laser intensity distribution, which in turn can be used to
alleviate otherwise irreversible Coulomb expansion of the
beam. The low temperature of the electron bunches makes
them highly focusable with a large transverse coherence
length, necessary for diffraction imaging. Another signiﬁcant
point of difference between the CAES and conventional
sources is that both electrons and ions are produced, and
many of the same advantages are of more direct importance
for focused ion beam devices as recently reviewed in [16].
We begin by describing the important performance
metrics of an electron beam 2.1, followed by a discussion of
progress in thermal source development to date in section 2.2.
A detailed discussion of the CAES is then presented in
section 3 before we explore some of the areas of research
currently of most interest to the community, namely overcoming beam degradation due to heating effects (3.2) and
inter-beam Coulomb repulsion (3.3), and recent proof-ofprinciple electron diffraction experiments in section 4.

The brightness of an electron beam is the
current density per unit solid angle in the axial direction. It is
the primary requirement for high resolution imaging in both
time and space simultaneously. The transverse brightness B^
of a beam is given by
2.1.1. Brightness:

B^ =

J
dI
,
=
dW
dS dW

(1 )

where J is the current density, Ω is the solid angle subtended
by the beam, I is the beam current and S is the cross section of
area occupied by the beam. It is common to refer to the
¯^, which is integrated over dS and dW;
average brightness B
¯ n^ = B
¯^ (bg )2 with
and the normalised brightness B
b = vz c and g = 1 (1 - b 2 ) , where vz is the mean
longitudinal electron velocity. The normalised brightness is
invariant and is used for the comparison of electron beams of
different energy.
To gain an appreciation for the brightness, consider a
beam of current I with a mean divergence angle of Dq . If a
beam of radius R is focused through a lens of focal length f, it
can be shown that the power density at the focus is [17]
∣J¯ ∣

p ⎛⎜ f ⎟⎞-2
B^
I
~
,
2
⎝
⎠
4 2R
(pRDq )
[ f ]2

(2 )

where f denotes the f-number of the lens. Thus the power
density at the focus is proportional to the beam brightness
and, therefore, brightness will be the constraining factor on
imaging speed and resolution.
2
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Figure 2. Illustration of the difference in angular distribution from a cold versus a conventional (hot) source of electrons: the cold electrons

have a much smaller angular spread Dq . This small spread results in a much larger transverse coherence length (equation (7)). Adapted with
permission from [19].

For a thermal electron source, the solid angle of a
paraxial beam is
2p

ò0 ò0

q

dW »

p
vz

kBT
me

,

Propagation over large distances and isolating a small fraction
of the beam, e.g. using an aperture, will increase the
transverse coherence length as a consequence of the Van
Cittert-Zernike theorem [20] but will be accompanied by a
commensurate loss of ﬂux. Ideally, the transverse coherence
at the source should be large enough such that no ﬂux need be
lost to achieve a required transverse coherence length at the
sample. For single-shot diffraction of microcrystals the
transverse coherence length at the sample must be on the
order of a few lattice spacings and, for maximum signal-tonoise, the total beam size should match the sample size. This
can be quantiﬁed in terms of the relative transverse coherence
length at a focus [21]

(3 )

where me is the electron mass and hence
Bn ^ =

J mc2
.
4p k B T

(4 )

This is the maximum achievable brightness for electrons at a
temperature T. The solid angle will usually be greater than for
a paraxial beam and hence the brightness lower. The beneﬁt
of using cold electrons is obvious from the inverse relationship between temperature and brightness. In this form it is
clear that the brightness depends on the current density and a
high brightness can be realised with low current.
Another variant of brightness is the reduced brightness
Br , used mainly for non-relativistic electron microscopy
sources, where the minimum spot size is more important than
the total current. This can be expressed in terms of the
transverse brightness [18]
Br =

2eB^
.
mc2

C^ =

(5 )

Coherence: Diffraction imaging requires phase
coherence across the transverse area of the object to be
imaged, for example a unit cell of a crystalline material. The
coherence length Lc characterises the length scale of the
spatial correlations within the electron beam at a given
propagation distance (ﬁgure 2), placing restrictions on the size
of the object to be illuminated. The transverse coherence
length can be written as

l
,
2psq

Emittance is a measure of the effective
phase space volume occupied by a particle beam, which
fundamentally limits its brightness. Formally, the transverse
rms normalised emittance x is deﬁned by

2.1.3. Emittance:

x

(6 )

me kB T

.

º

1
áx 2ñá px2 ñ - áxpx ñ2 ,
me c

(9 )

where me is the electron mass, x is the transverse position with
x=0 the average position of the bunch and px is the
transverse electron momentum. The á¼ñ indicates the
ensemble average taken over all particles in the beam.
Experimentally, one usually does not directly measure
the momentum spread, but rather an angular spread. Deﬁning
x ¢ as the angle a particle makes with the beam axis of
symmetry, x ¢ = vx vz , provided the beam is paraxial vx
vz ,

where λ is the de Broglie wavelength and sq is the root mean
square (rms) angular spread of the source. Assuming that the
electrons are in thermal equilibrium, equation (6) can be
recast as
Lc =

(8 )

where s0 is the initial rms size of the electron bunch. It should
be noted that in principle, aberrations present in the lens
system do not degrade the coherence properties [22].
Above we assume that the coherence length does not
vary as a function of spatial frequency. A more detailed
model has been developed [23], where it was assumed the
electron source was thermally equilibrated and comprised of
mutually incoherent point radiators each of which radiates
into a small angular distribution. It was shown that the source
has a Gaussian coherence function with a coherence length of
m e kB T , consistent with equation (7).

2.1.2.

Lc =

Lc
,
s0

(7 )
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Figure 3. (a) A beam is incident upon an imperfect lens, resulting in a paraxial focus. (b) Phase-space distributions of the incident beam (i)

and at the focus (ii). The area of the ellipse in (i) determines the transverse beam emittance before the lens. The distorted shape of (ii),
however, leads to an increase in the effective phase space volume (dashed ellipse) and, therefore, to the emittance.

the emittance can be expressed as
x

= gb áx 2ñáx ¢2ñ - áxx ¢ñ2 º gb ¯x .

Knowledge of the beam emittance therefore allows for
determination of the coherence length and brightness, as well
as being a useful quantity for comparison between sources.

(10)

Recasting the emittance as equation (10) is convenient, as ¯x
is a measure of the trace-space volume of the beam, and can
be measured experimentally.
If the electron source is in thermal equilibrium, the radial
emittance becomes
¯r , n = sr

kB T
m e c2

2.2. Current generation sources

Electron and x-ray sources are both promising, and complimentary, candidates for imaging of single molecules. While
the theory of diffraction is qualitatively identical for all
waves, the interaction between different sources of illumination and matter varies dramatically. X-rays are weakly interacting and scatter primarily from the inner shell electrons of
atoms, whereas electrons interact very strongly, scattering
from both the electrons and atomic nuclei, necessitating very
thin samples. In this section we discuss established electron
sources and provide an overview of x-ray sources.

(11)

for an rms bunch radius sr . Emittance is related to
focusability, with a smaller emittance leading to a smaller
sr at a bunch focus. From equation (11) we can see that
having a small initial source size or a low temperature will
both lead to a smaller initial bunch emittance.
Emittance increases with increases in the phase space
volume of the beam due to irreversible processes. In the
context of particle optics, a reversible process is one that
preserves not only phase space volume, but also the
continuity of the distribution. Irreversible processes lead to
a distortion of the phase-space ellipse, as shown in ﬁgure 3.
We can deﬁne an effective volume as the smallest elliptical
phase space distribution that can encompass the actual
distribution.
Identifying the angular spread as sq = v¯x,th v0 = x¯ ¯x
from equation (11), the coherence length (equation (6)) can be
re-expressed as
Lc =

l
sr
=
.
2psq
m e c ¯r

XFELs are very bright sources of x-ray
pulses, based on self-ampliﬁed spontaneous emission, where
the shot-noise from an ultra-short, high brightness relativistic
electron bunch [24] is used to seed the creation of x-rays
in a single-pass conﬁguration from a linear accelerator
[25–27]. Current XFEL sources can have pulse durations
as short as 10fs [28] with brightnesses on the order
of 1033 photons s−1 mm−2 mrad−2 [29]. Importantly for
diffractive imaging, XFELs possess a high degree of
transverse coherence [30].
Single-shot coherent diffraction imaging with an XFEL
was ﬁrst performed by Chapman et al, where they imaged a
nanostructured non-periodic silhouette, which was subsequently destroyed by the x-ray bunch [31]. The same group
then demonstrated single-shot diffraction of nanocrystals of
Photosystem I with dimensions of 200 nm–2 μm using
femtosecond pulses [32]. Other results achieved with XFELs
include single-shot imaging of single minivirus particles [7],
lysozyme microcrystals [33], sub-micron living Microbacterium lacticum cells [34], and Photosystem II [35].

2.2.1. X-ray sources:

(12)

Similarly, using equation (11), the brightness can be related to
the emittance via equation (4) to give
Bn ^ =

J mc2
I
=
.
4p k B T
4p 2 ¯r2

(13)
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source (i.e., T = 10 3 to 104 K) requires a very small source
area (equation (11)). These factors combined lead to an
explosion in electron bunch size due to repulsive Coulomb
interactions within the bunch. This space-charge driven
expansion degrades the quality of the beam, reducing the
transverse focusability and temporal resolution, as discussed
in greater detail in section 3.3.
In 2003 Siwick et al developed a compact photoelectron
gun source that was the ﬁrst to demonstrate sub-ps electron
bunches. With a source similar to that shown in ﬁgure 4, they
were able to observe the melting of aluminium, with 150
shots per diffraction pattern [38]. Since then, few- [39, 40]
and single-shot [36, 41–43] UED of crystalline samples has
been demonstrated using photoelectron guns, as discussed in
more
detail
in
section
4.
For
photocathode
sources Br » 107 A m-2 sr-1 V-1.
While these sources can produce the necessary charge
with the required temporal resolution they have poor
transverse coherence, insufﬁcient for imaging of single
molecules or nanocrystals. Continuous sources of electrons,
for example ﬁeld emission sources, can be used to produce
beams with sufﬁcient coherence length, however imaging is
necessarily slow. The electrons produced from photoelectron
guns have temperatures greater than 1000K and a source size
on the order of 100μm, giving a relative transverse coherence
length C^ on the order of 10−6 (see table 1), too small for
imaging of protein microcrystals, which requires C^ between
10−5 and 10−3 [12, 44, 45].
Low emittance sources can be created by ensuring the
emission area is small, but the associated strong Coulomb
interactions within the small emission region limit the
maximum electron current that can be extracted without
impacting the beam brightness. For instance, carbon nanotubes produce a current of 1μA from an area of a few nm2 to
achieve a reduced brightness of Br = 1012 A m-2 sr-1 V-1
[46, 47]. The same principle is true of other high-brightness
electron sources such as cold ﬁeld emission guns
(CFEG-Br = 109 A m-2 sr-1 V-1),
Schottky
emitters

Figure 4. Components of a photoelectron gun used to produce subpicosecond pulses of electrons. Here a femtosecond optical pulse
(blue) is incident on a gold photocathode at a potential of −60kV.
The electrons are accelerated to the anode, which is grounded, and
apertured to increase the coherence length at the expense of bunch
charge. They are then focused by a magnetic lens onto the sample
and the diffraction pattern is imaged on a screen. The excitation
pulse (red) is present for pump-probe experiments. For the
experiment shown here da = 6 mm and ds = 2.4 mm . The compact
nature of the source is designed to minimise degrading space-charge
effects. Reproduced from [37].

The use of electrons for imaging
single molecules and nanocrystals is appealing due to the
stronger scattering displayed by electrons, reducing the
brightness required to achieve single-shot ultrafast electron
diffraction (UED). Therefore, what would require billions of
dollars and a particle accelerator for x-ray diffraction could
conceivably be replicated with a table-top electron source,
making the ability to perform single-shot imaging of noncrystalline samples widely available and affordable.
The use of electrons, however, provides other challenges.
In single-shot UED, each bunch must contain sufﬁcient
charge to produce a measurable diffraction pattern, of order
106 electrons/pulse [36], coupled with pulse durations well
below 1 picosecond. Also, to achieve low emittance and
therefore a highly focusable electron bunch from a thermal

2.2.2. Electron sources:

Table 1. Table of values from ultrafast electron diffraction experiments, comparing thermal photocathode sources (PC) to cold atom-based
sources (CAES). C^ is the relative transverse coherence length (equation (8)). Bracketed terms indicate the bunch charge post-aperture.

Reference

Source
type

Bunch length
(rms)

Bunch charge
(Electron number)

Shots

Bunch energy

Source size
(rms)

C^

[38]
[39]
[40]
[41]

PC
PC
PC
PC

600fsa
200fsa
350fsa
10psa

150
10
4–12
1

30–40keV
55keV
55keV
340keV

200μma

2×10−6

1.7μm

3×10−4

[42]

PC

2.3ps

1

2.76MeV

60μm

8×10−6

[43]

PC

250fsa

1

3.5MeV

500μm

1×10−6

[36]
[71]
[74]

PC
CAES
CAES

<100 fs
2.5ps
5ns

6×103
6×103
1×104
4×105
(6×104)
8.75×107
(2×106)
6.25×107
(1×107)
1.25×106
100s
5×105

1
1,000
1

95keV
10–13keV
8keV

63μmb
32–54μm
425μm

8×10−6
2×10−4
2×10−5

a
b

Assumes quoted bunch size is rms.
Rms radius calculated assuming semicircular transverse distribution of radius 100μm.
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(Br = 108 A m-2 sr-1 V-1) [48], LaB6 nanowires (Br =
1011 A m-2 sr-1 V-1) [49], and single atomic site emitters
(Br 1011 A m-2 sr-1 V-1) [50, 51]. These sources are
particularly useful for scanning electron microscopy where
high brightness and very low emittance allow tight focusing
to extremely small (sub-Å ) probe size. An ideal source for
microscopy would have very low emittance, an energy spread
below 0.1eV to reduce chromatic abberation, and maintain a
current above 1nA [52].
Low emittance electrons can also be produced with
cryogenically cooled emitters. Recently, an alkali antimonide
Cs3Sb photocathode was cooled to 90 K , yielding a reduction
in emittance of nearly 25% compared to a room-temperature
source [53]. The mean transverse kinetic energy for the
emitted electrons was measured to be approximately 20 meV ,
approximately half that of the room temperature cathode. This
is still much larger than the values achieved using cold atom
sources, typically 1 meV or below; however the current
delivered by an alkali antimonide photocathode is much
greater than that of a cold atom source.

Claessens et al used a MOT with four conductive rods
surrounding the trapped atoms allowing for an accelerating
ﬁeld to be applied across the trapping region [65]. The same
group, motivated by the possibility of generating short duration electron pulses, moved to a design optimised for rapidly
switching the accelerating ﬁeld [69]. The system was still
centred around a MOT, but the electric ﬁled required for
acceleration and extraction of the electrons was provided by a
coaxial structure which surrounded the trapped atoms. This
set-up is shown in ﬁgure 5(a) and has allowed for the
demonstration of the suitability of CAES(s) for single-shot
electron diffraction [70], the production of ultrafast electron
bunches [45] and UED [71], in addition to investigating
ionisation dynamics [72].
McCulloch et al used another design for a CAES
whereby the accelerator forms part of the optical system used
to create a MOT at its centre [62], as shown in ﬁgure 5(b).
The accelerator consists of a transparent indium tin oxide
(ITO) electrode and a gold electrode which is used to reﬂect
some of the cooling laser beams required to the MOT, a
design which was previously used for the creation of a cold
ion beam [66]. The apparatus of McCulloch et al demonstrated electron bunch shaping [62], ultrafast bunch generation [73], detailed space charge dynamics [15] and most
recently, single-shot electron diffraction [74].
Another apparatus, shown in ﬁgure 5(c), is centred
around an ac-MOT [75] and has been proposed with the goal
of using the electron bunches as injection pulses for high
energy accelerators [63]. More recently, there has been a push
to also develop sources based on laser cooled atomic beams
[64, 76–78] (ﬁgure 5(d)), which are highly appealing for the
creation of high brightness ion beams, primarily due to an
increased atomic ﬂux compared to a MOT source.
Multiple different measurements have been made of the
transverse temperature [45, 62, 70], coherence length [19] and
emittance [73] of the various CAES set-ups described. These
are all consistent, with a minimum temperature of 10K for
the electrons measured, a corresponding coherence length of
approximately 10nm at the source, and a source emittance of
down to 1 nm rad for a bunch rms width of 30μm [71].
Combining a source size of tens of micrometres. with a
coherence length of 10nm gives a relative transverse coherence length of C^ = 10-3, the right order of magnitude for
imaging of protein microcrystals [45].
The largest bunch charge reported to date is 80fC
(5 ´ 10 5 electrons) [74], sufﬁcient for single-shot ultrafast
diffraction from gold. With an effective source width of
1.4mm FWHM, this corresponds to a peak transverse
brightness of B^ = 3 ´ 108 A m−2 sr−1. Figure 6 shows a
comparison of the expected performance of a CAES with
actual calculations from the cold atom diffraction imaging
experiments [71, 74], as well as other, thermal, sources in
terms of transverse brightness and longitudinal energy spread.
It can be seen that the normalised brightness of the Eindhoven
CAES [70] is higher than RF photoelectron guns and XFELs,
while the Melbourne CAES [73] is approximately equal. For
UED applications [80, 81], where a high bunch charge is
required, a trade-off must be made between transverse

3. Laser cooled sources
The advent of laser cooling and trapping [54–57] heralded a
new era for the preparation of atoms in a particular internal
and external state. Reaching temperatures of microKelvin and
below allowed ensembles of Doppler-free atoms to be
addressed and manipulated. Numerous reviews on laser
cooling and applications have been published (e.g. [58]). The
key points relevant for this work are that laser cooling provides a pathway to both cool and trap neutral atoms and that
these processes have been demonstrated for at least 27 different atomic species.
The beneﬁt of using charged particles produced from
cold atoms was demonstrated with magneto-optically trappedtarget recoil ion momentum spectroscopy [59], an extension
of cold target recoil ion momentum spectroscopy [60] that
provides high resolution momentum images of atomic and
molecular ionisation of atoms and molecules. A near-negligible velocity distribution of the atoms ensures that any
momentum spread measured amongst the ions after ionisation
is due only to the ionisation process. In 2005 it was suggested
that electron and ion beams produced from cold atoms would
similarly beneﬁt from the low velocity spread of the source
[61], enabling the production of high quality charged particle
beams. This was motivated by the dramatic improvements to
bunch brightness, coherence length and emittance that would
occur with a reduction in temperature by approximately three
orders of magnitude.
The ﬁrst electron source based on laser cooled atoms was
realised in 2007 using rubidium [65] and the ﬁrst ion source
was created in 2008 [66] using chromium. Lithium ion [67]
and additional rubidium ion [15, 68] sources followed. These
sources were based around a three dimensional magnetooptical trap (MOT) with an accelerating structure incorporated into the trap.
6
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Figure 5. Different implementations of the cold atom electron source: (a) design optimised for rapid switching of the acclerator ﬁeld; (b)

using accelerators as part of the optical system (one transparent, one reﬂective) with the potential for transverse bunch shaping; (c) based
upon an ac-MOT; and (d) a continuous atom-beam source. Adapted with permission from [45, 62, 63] and [64] (Copyright 2013, American
Institute of Physics.) respectively.

coherence and longitudinal energy spread, limited by the
atomic density and ionisation efﬁciency. The relatively low
brightness of the Melbourne CAES is due to a combination of
the relatively high initial emitance (because a large excitation
area was used to generate a large bunch charge, 5 ´ 10 5
electrons) and the relatively slow ionisation pulse (5 ns
compared to 100 fs for the Eindhoven CAES). An ultrafast
high brightness CAES has also been suggested for use as an
injector for a compact XFEL [82]. In both CAES implementations, the longitudinal energy width is determined by
the longitudinal (z) length of the ionisation region.

3.1. Ionisation mechanisms

A key element of a CAES is the method of ionisation. Ideally
this will be done in a way that minimises excess energy
transfer to the electrons and occurs on a femtosecond timescale. Photoionisation of cold atom clouds and the subsequent
evolution of the ensemble have been studied in detail in the
context of ultracold plasmas, in an effort to create a strongly
coupled plasma. The concept of producing such plasmas via
photoionisation of neutral atoms was ﬁrst investigated in the
early 1970s [83], but not realised until many years later. In
1999, the creation of the ﬁrst UCP via the near-threshold
ionisation of metastable xenon was reported [84]. The ﬁeld
rapidly evolved, combining the extensive research that has

Figure 6. Comparison of thermal sources to CAES sources showing

transverse brightness B^ versus longitudinal rms energy spread sU . UCP
pancake corresponds to simulated ellipsoidal bunches with uniform
electron density initially much shorter in z than in the transverse
direction, and cigar refers to a simulated ellipsoidal bunch with the z
length much longer than the transverse length (see section 3.3). Dashed
lines indicate constant normalised brightness. CNT: carbon nanotube;
LaB6: LaB6 nanowire; SSE: single site emitters; CFEG: cold ﬁeld
emission guns; SE: Schottky emitters; UoM CAES: University of
Melbourne CAES used for single-shot diffraction imaging [74]; TU/e
CAES: Eindhoven University of Technology CAES used for ultrafast
diffraction imaging [71]. Adapted with permission from [79].
7
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been conducted in the ﬁeld of plasma physics with the much
newer ﬁeld of cold atom physics.
To date, most CAESs has been produced via the photoionisation of magneto-optically trapped atoms. Typically an
atomic ensemble in the ground state is excited to an intermediate state and a pulsed laser (5 ns) is used to couple the
intermediate state to a high-lying Rydberg state or the ionisation continuum. Photoexcitation usually occurs in an electric
ﬁeld with direct ionisation to a Stark-shifted continuum
threshold. The electric ﬁeld also accelerates the electrons in
the primary beam propagation direction. The ionisation
scheme allows for the excess thermal energy of the electrons
to be carefully tuned by controlling the ionisation laser
wavelengths and, in addition, the laser beam intensity proﬁles
for both excitation and ionisation can be manipulated allowing for tailoring of the electron density distribution to shape
the electron bunches (section 3.3). The level of control
demonstrated by these experiments enables the production of
electrons many orders of magnitude colder than conventional
sources, and thus for the production of high brightness electron pulses.
The excess energy of the electrons DE will depend on
the wavelength of the ionisation laser λ via [85]
⎡1
⎛1
F ⎞⎤
DE = hc ⎢ - ⎜
- 4Ry
⎟ ⎥,
⎢⎣ l
F0 ⎠ ⎥⎦
⎝ l0

Figure 7. (a) Combined Coulomb–Stark potential (Ucs-solid curve),
and separate Coulomb (dash–dot) and Stark (dashed) potentials.
Potential landscapes with equipotential lines (black) and electron
trajectories for varying initial emission angle. These show the
transverse collimation of the electrons due to the saddle point,
leading to a reduction in transverse momentum spread and therefore
an increase in transverse emittance. Adapted with permission
from [45].

(14)

atoms using only an ultrafast laser, the necessarily large laser
frequency bandwidth would result in a large energy spread of
the electrons produced. However, the anisotropic potential
provided by the electric ﬁeld permits exchange of energy
between the transverse and longitudinal velocity components.
Consequently, simultaneously cold and ultrafast bunches can
be created [72, 73], with the transverse temperature reduction
coming at the cost of an increased longitudinal beam temperature. The longitudinal energy spread is currently not a
limiting factor for applications such as UED.
The original CAES proposal suggested exciting atoms to
Rydberg states in a null-ﬁeld [61] and then pulsed ﬁeld
ionisation. This method accesses higher coupling strengths
due to excitation to deﬁnite Rydberg states rather than to the
Stark-shifted ionisation continuum, and therefore a reduction
in laser power required. Also, by pulsing the electric ﬁeld
very quickly (<1 ns) to a ﬁeld strength much greater than that
required for the ionisation of the Rydberg atoms, bunch
compression can be obtained. Electrons produced later in the
process will acquire more energy from the electric ﬁeld than
those liberated initially, resulting in the bunch becoming
temporally compressed after it leaves the accelerator region.
Work towards developing such a fast, high-voltage switch
[69] showed that switching of 30kV pulses with a rise time
of 30ns should produce bunches with a length of 80ps.
Ionisation of the excited Rydberg atoms can also occur
without an electric ﬁeld pulse via spontaneous avalalanche
ionisation, where blackbody photoionisation and ionising
collisions lead to an accumulation of charge, followed by
rapid electron-Rydberg collisions once a critical amount of
charge has built up. Avalanche ionisation has been observed
experimentally, with the process occurring over a number of
microseconds [95].

where l 0 is the wavelength of the ﬁeld-free ionisation energy,
Ry is the Rydberg constant, F is the magnitude of the external
electric ﬁeld and F0 is the atomic unit for the electric ﬁeld.
The longitudinal energy spread sU for this ionisation process
will depend on the longitudinal width of the ionisation region,
sz and the electric ﬁeld strength
sU = esz F.

(15)

The dynamics of the ionisation of hydrogenic systems in
external electric ﬁelds has been studied in detail in the context
of Rydberg ionisation [86], photoemission and photodetachement [87–89]; it is worth noting that the underlying
mathematics are equivalent to a satellite under the inﬂuence of
constant acceleration in the presence of an attractive gravitational body [90]. A series of publications on photoionisation microscopy have detailed the ionisation dynamics of an
electron wavepacket in a combined Coulomb and strong
external ﬁeld both classically [91] and quantum mechanically
[92], showing excellent agreement with experiment [93, 94].
A similar treatment has been developed in the context of
a CAES [72] to show that the combined Coulomb and
external electric ﬁeld leads to a reduction in the transverse
momentum spread of the electrons for below-threshold
ionisation. When photoionisation occurs below the ﬁeld-free
threshold, the presence of the saddle point in the potential
restricts which transverse velocity components will result in
the electron escaping the potential of the parent ion (ﬁgure 7).
In this way, the effective source temperature can be controlled. This is an important result on the way to realising
UED with cold atom sources as, if one were to ionise the
8
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A useful property of a CAES that, to date, remains
unexplored is the ability to produce spin polarised electrons.
An overview of the creation and uses of spin polarised
sources is given in references [96, 97]. Spin polarised electrons are of interest for magnetoelectronics [98], fundamental
tests of quantum mechanics [99] and for spin polarised
microscopy [100]. Spin polarised microscopy can extract high
resolution real-space information and, due to the magnetic
sensitivity of the electrons, can provide additional magnetic
information, such as magnetic domain structure [101].
High current pure sources of polarised electrons are not
common. Using a negative electron afﬁnity GaAs photocathode, an experimental purity of 43% is possible [102].
Polarised beams of up to 86% purity have been produced
from GaAs/GaAs1 -x P x photocathodes, however the efﬁciency of production is approximately 1% [103]. Trapped
cold atoms provide a high level of control over the internal
state of the atom. Techniques such as optical pumping [104]
in conjunction with control over the polarisation of the light
used for photoionisation should provide a way to efﬁciently
produce high purity spin polarised electrons beams without
any kind of separation.

Figure 8. Particle tracking simulations showing the effect of

disorder-induced heating on a cold ion beam. Crosses: simulated rms
energy spread (top) and reduced brightness (bottom) as a function of
current; open circles: reduced brightness calculated using transverse
beam temperatures; and dash-dotted lines: fundamental limits.
Adapted with permission from [115]. Copyright 2007, American
Institute of Physics.

3.2. Heating effects

The dynamics of electron detachment from the potential of a
parent ion is important for understanding the velocity spread
for a single-particle source. A CAES, however, typically
involves ionising an atomic ensemble and the velocity spread
is not then determined solely by the ionisation process.
Additional heating can arise from the interactions between
electrons and ions, as well as the interaction between neutral
atoms and the plasma-like charge cloud. These heating processes can be understood by considering the charge cloud as a
plasma. Here we brieﬂy review the core theory of cold
plasmas and their connection to a CAES.
In a null electric ﬁeld, photoionisation of cold atoms can
produce plasmas with temperatures in the range of 1–1000 K
[105]. The charge cloud can be in the regime where the
Coulomb interaction between charged particles is greater
than the thermal energy, resulting in a strongly coupled
plasma [106]. The strength of the coupling is quantiﬁed
through the Coulomb coupling parameter
G=

e2
,
4p 0 ak B T

following photoionisation the system is far from equilibrium.
Due to the non-ordered distribution of electrons and ions in
the charge cloud, there is a random potential between the
particles that is converted to varying kinetic energy in a
process known as disorder-induced heating (DIH) [108, 111],
reducing the quality of electron bunches [113, 114].
DIH is normally not apparent for conventional charged
particle sources because DIH is negligible compared to
thermal diffusion. For a CAES, it is the initial atomic temperature that is negligible and DIH dominates. A good illustration of the effect of DIH was provided by van der Geer
et al [115] when they performed charge-particle tracking
simulations for a cold atom ion source and showed that, as the
bunch current increases, the brightness decreases due to the
extra energy spread from DIH. Calculations of the minimum
focused spot size achievable with the system increased from
0.8nm with 1pA current to 9.6nm with 100pA (ﬁgure 8).
To overcome DIH we need to provide spatial ordering
within the system [116] to create a uniform Coulomb
potential. There are many approaches that might achieve this,
for instance, by providing structure with an optical lattice
[117], or making use of atomic correlations in a degenerate
Fermi gas [118]. Both of these techniques are, however,
experimentally difﬁcult, as all sites in a lattice must have
exactly one particle, while Fermi degeneracy requires a very
high atomic density ra » 1019 m−3. Another method involves
using the phenomena of ‘Rydberg blockade’, where an atom
excited to a high-lying internal state inhibits other neighbouring atoms from also being excited. A pair of Rydberg
atoms in a low angular momentum state (i.e., S1 2 ) with

(16)

where 0 is the permittivity of free space, kB is the Boltzmann
constant, T is the plasma temperature and a the Wigner–Seitz
radius for particle density ρ:
⎡ 3 ⎤1 3
a=⎢
⎥ .
⎣ 4pr ⎦

(17)

For G > 1 a plasma is strongly coupled and the traditional
concepts used to explain the behaviour of plasmas, such as
Debye screening and magnetohydrodynamics, are not valid.
Extensive theoretical and computational investigations have
been performed to better understand the dynamics of such a
system [107–112]. Complications arise because immediately
9
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Figure 9. (a) Molecular dynamics simulations of dimensionless emittance and temperature growth caused by disordered-induced heating in a
freely expanding 85Rb+ ion bunch with different amounts of order determined by the ratio of blockade radius rb to the Wigner-Seitz radius a.
(b) Simulations (points) and theory (line) for ﬁnal emittance suppression as a function of rb a for a variety of expansion times. Adapted with
permission from [125]. © American Physical Society.

separation r interact, to leading order, via the van der Waals
potential V (r ) = C6 r 6 [119]. In an ensemble of atoms
exposed to radiation coupling a ground state to a Rydberg
state, with power-broadened linewidth ν, the van der Waals
interaction suppresses excitation of any ground-state atom
within the blockade radius rb = ∣ C6 n∣1 6 of a Rydberg atom.
For a 85Rb MOT with a typical atomic density of ra = 1016
m−3, as n
10 μm, larger than the average inter100 , rb
particle spacing quantiﬁed by the Wigner-Seitz radius. Excitation to Rydberg states in such a system will therefore lead to
an increase in the spatial ordering of the particles, as
demonstrated in a number of experiments [120–123]. The
spatial ordering, or reduction in variation of atomic separation, will increase with the ratio of rb a .
The Coulomb coupling parameter Γ will also increase as
the order increases and the temperature correspondingly
decreases (equation (16)). DIH is then not only a hinderance
for cold electron creation from a CAES, but also for the
creation of a strongly-coupled ultracold plasma. Bannasch
et al [124] proposed using Rydberg blockade to create a UCP.
Their simulations compared direct coupling from the ground
state to the ionisation threshold against excitation from the
ground state to a Rydberg state, followed by ionisation. They
showed that the ion temperature in the UCP dropped from
1K down to under 100mK due to the increase in order
provided by Rydberg blockade.
In non-neutral charged particle bunches there will be
competition between the effects of DIH and adiabatic cooling,
which prevents thermal equilibration at any point during the
expansion [126, 127]. Murphy et al [125] investigated the
effect of increased order created via Rydberg blockade.
Figure 9 shows the result of numerical simulations, with a
reduction in emittance in an expanding uniform ellipsoidal
ion bunch linked to an increase in order up to rb = 1.7a , the
hard-sphere packing limit. To date, blockade experiments
have reported rb a up to 1.2 [95], which would correspond to
an emittance reduction of 0.4, leading to a six-fold increase in
beam brightness. Creating bunches with higher blockade
parameters may be possible through variation of the laser

frequency and intensity during the Rydberg excitation and
photoionisation process [128, 129], Rydberg excitation of
atoms in an optical lattice with high ﬁlling fraction [130], or
by ionisation of atoms in spatially tailored micro trap
arrays [131].
Another effect which results in plasma heating is threebody recombination (TBR), whereby an ion interacts with
two electrons to form an excited atom and an energetic
electron,
A+ + 2e-

A* + e-.

(18)

The TBR rate RTB displays the form [132]
RTB µ T -9 2,

(19)

and at low temperatures TBR can become the dominant
heating mechanism on short time scales. Such recombination
dynamics are analogous to dynamics in globular clusters
[133], proving a unique platform for the study of stellar
dynamics on the laboratory scale. The heating time tt that
characterises the time for thermal equilibration to be
established within the plasma is given by
a
tt =
(20)
2
e 4p 0 a m e,i
where m e,i are the electron and parent ion mass. Equation (20)
is identiﬁed as the inverse of the plasma frequency wp
wp =

1
1
=
tt
a

e2
.
4p 0 a m e,i

(21)

The time scale for the heating will, therefore, be density
dependent and different for electrons and ions. For densities
typically achieved in a CAES, the time taken for electron/ion
equilibration is of order nanoseconds/microseconds. Collective plasma heating effects are less important for slow
ionisation schemes in a CAES because when ionisation
occurs in a static electric ﬁeld, the ion and electron are
accelerated in opposite directions. However, for ultrafast
ionisation schemes, collective plasma heating effects will be
important.
10
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The effects of plasma heating in combination with the
single particle ionisation dynamics will determine the initial
temperature of the electron beam, but the ﬁnal electron beam
temperature is then further subject to the inﬂuence of Coulomb interactions within the beam.
3.3. Space-charge expansion and electron bunch shaping

Coulomb interactions within electron bunches can lead to
degradation of the emittance and brightness. This degradation
manifests itself through two main effects: the microscopic
statistical Coulomb effect (discussed in section 3.2) and
macroscopic Coulomb expansion, also known as spacecharge expansion. Space-charge expansion is a critical issue
for applications in electron and ion microscopy [134, 135],
high-energy particle accelerator injection [136], and, of
particular interest here, UED [38, 137, 138]. The transverse
emittance and brightness degrade as the bunch charge
increases, and also the temporal bunch width will increase,
limiting the temporal resolution [80, 139–141].
As discussed in section 2.2, single-shot UED requires
that each electron bunch contains enough charge to produce a
measurable diffraction pattern, coupled with pulse durations
of hundreds of femtoseconds. In combination, these requirements lead to charge densities which will exhibit severe
Coulomb explosion. One might therefore come to the conclusion that space-charge expansion would limit the ability of
UED to perform single-shot experiments. However, spacecharge expansion itself is not the problem, rather it is the
reversibility of the expansion that limits the minimum focal
sizes, in both the transverse and longitudinal directions. Put
another way, if the space-charge-induced growth is linear (the
bunch maintains its shape while its size increases) then linear
electron-optics can be used to focus the bunch back to its
initial size with no increase in emittance. These criteria are
satisﬁed [143, 144] by a uniform density three-dimensional
(3D) ellipsoid with transverse radii rx, ry, and longitudinal
radius rz such that the conﬁnement surface is given by
⎛ x ⎞2 ⎛ y ⎞2 ⎛ z ⎞2
⎜ ⎟ + ⎜ ⎟ + ⎜ ⎟ = 1.
⎝ rx ⎠
⎝ rz ⎠
⎝ ry ⎠

Figure 10. Particle-tracking simulations of the phase-space dis-

tributions of three different initial transverse excitation proﬁles
(dots), as well as theoretical ‘pancake’ proﬁle (line) following spacecharge expansion. Note the linearity of the ellipsoidal proﬁle,
indicating shape preservation and therefore reversibility of the
expansion. Adapted with permission from [142]. © American
Physical Society.

also reduced. For example, Tokita et al [146] created a 500 fs
pulse by magnetically selecting the 350 keV component from
a pulse with a 1 MeV energy spread. The bunch charge was
sufﬁcient to collect a single-shot diffraction image from gold,
but large increases in brightness are required for diffraction
imaging of weakly scattering objects such as biological
samples, and thus methods which do not reduce the beam
current are preferred.
Figure 10 shows the difference in the phase-space distribution between linear space-charge expansion for an
ellipsoid compared to two other common transverse density
distributions: a ﬂattop and a Gaussian. For the ellipse, the
relationship between the particle velocity and position
remains linear, while for the Gaussian the velocity/position
slope is steeper closer to the bunch centre than at the edge due
to its higher central density, and the opposite is true for the
ﬂattop. The altering of the effective phase-space proﬁle of the
Gaussian and ﬂattop distributions leads to an increase in
emittance, and therefore a decrease in their focusability.
Ellipsoidal electron distributions have been produced
from photo-cathode-based sources. For instance, using spatial
and temporal pulse shaping of the laser beam, a uniform
ellipsoid can be directly created from a photo-cathode surface
[148, 149]. An alternate technique, initially proposed by
Seraﬁni [150, 151] and then reﬁned by Luiten et al [142], uses
transverse shaping to create a semicircular distribution with
R ). The highrx = ry = R and a very short z proﬁle (sz
density two-dimensional bunches expand rapidly in the
direction of propagation (z) due to the initially large spacecharge forces, evolving into uniform ellipsoids. The method
requires that the bunch creation time is short enough such that
the longitudinal spread of the bunch due to the accelerator is
negligible, and also that the space-charge ﬁeld strength that
develops during bunch creation remain much smaller than the
acceleration ﬁeld strength. The second condition places a
limit on the maximum charge of a uniform ellipsoid created

(22)

For bunches with an ellipsoidal proﬁle, transverse beam
growth can be reversed using conventional linear elecronoptical elements, but longitudinal growth must be reversed
with a nonlinear optical element. For example, a microwave
cavity operating with a TEM010 ﬁeld can be used to impose a
time-dependent potential to an electron bunch [145]. The
phase of the microwave waveﬁeld is controlled to impart a
greater momentum kick to the slower electrons at the tail of
the bunch and a small kick to the fastest electrons at the front
of the bunch, leading to a focusing of the bunch in a particular
plane in z. Van Oudheusden et al used this technique to
compress a 10 ps bunch to a sub-100 fs bunch, with sufﬁcient
bunch charge to collect a diffraction image from gold [147].
The electron pulse length can be reduced by removing electrons outside a particular energy range, but the current is then
11
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Figure 11. (a) Excitation-laser intensity proﬁle (top left), and sequence of detected electron bunches extracted with varying excess ionisation

energies. Adapted with permission from [62]. (b) Investigating space-charge interactions between ion bunches via bunch shaping, showing
increased expansion and the emergence of high-density regions due to intra-beam space-charge effects. Adapted with permission from [15].
(c) Complex ion beam pattern demonstrating the ability of bunch shaping using an iterative Fourier transform algorithm. Adapted from [155];
used in accordance with the Creative Commons Attribution (CC BY) licence.

4. Cold atom electron diffraction

using this method, for a given radius. For the purposes of
single-shot UED experiments, a bunch charge of 106 electrons created with a st » 100 fs laser pulse, an electric ﬁeld of
100keVcm−1, and R » 100 μm (see table 1) satisfy both
conditions. The pancake scheme was ﬁrst demonstrated, and
then characterised, by the group of Musumeci et al
[152, 153], where 35fs (rms) ultraviolet pulses were used to
illuminate a metallic photocathode inside a photoelectron gun
for a bunch charge of 15pC with transverse beam shaping
provided by an iris with a radius of approximately the same
size as the laser beam width. In 2013, Piot et al demonstrated
a twenty-fold increase in bunch charge up to 500pC using the
same method with an L-band rf photoinjector [154]. Uniform
ellipsoidal bunches can also be created with sz
R with a
parabolic longitudinal charge density distribution [79]. These
so-called ‘cigar’ bunches experience much smaller spacecharge forces and therefore lower emittance and higher
brightness, but will have larger relative energy spread and
temporal proﬁles.
For a CAES using two-photon excitation, dynamic 3D
shaping is readily accessible using spatial-light modulators
(SLMs). The ﬁrst demonstration of shaping with a cold
atom source used the transverse spread of an electron
bunch from an initially well-deﬁned distribution to measure
the temperature of the liberated electrons as a function of
the ionisation laser wavelength (ﬁgure 11(a)) [62]. Shaping
of the initial particle distribution has also been used to
measure the coherence length of the electrons at the source
[19] and, with ion bunches, to investigate complex spacecharge effects without the loss of detail normally expected
due to thermal diffusion [15] (ﬁgure 11(b)). The bunch
sizes in these experiments were all of order of millimetres.
Bunch shaping in a CAES using an iterative Fourier
transform algorithm has recently achieved resolution
on the order of 10μm, limited by the SLM pixel size
(ﬁgure 11(c)) [155].

In 2014, van Mourik et al [71] from the Eindhoven group
were the ﬁrst to demonstrate UED with a CAES. As discussed
in section 3, in the Eindhoven CAES 85Rb atoms are ﬁrst
excited to the 5P state, followed by ionisation via a 100fs
pulsed laser beam perpendicular to the excitation laser. This
results in a few hundred electrons per pulse being emitted
from an ionisation region with initial rms sizes so = 30
(50)μm in the x (y) directions. As shown in ﬁgure 12(a), the
electron bunches were accelerated to an energy of over
10keV before being collimated and then focused onto a
graphite sample with a pair of magnetic lenses, and detected
on an MCP at 30cm free-space propagation distance.
Figure 12(b) shows the diffraction pattern, with (i) diffraction
patterns focused onto the MCP, (ii) and (iii) diffraction patterns produced with focusing onto the sample with electron
temperatures of 10K and 250K respectively. The different
widths of the diffraction spots between (b)(ii) and (b)(iii) are a
good illustration of the importance of low electron temperatures for improved image resolution. The different temperatures were achieved by varying the wavelength of the
ionisation laser (equation (14)). All diffraction patterns shown
in ﬁgure 12(b) were achieved by combining approximately
1,000 individual images.
The ﬁrst single-shot diffraction experiment with a
CAES [74] also used 85Rb and ﬁrst exciting to the 5P state,
followed by ionisation with a 5ns 480nm pulsed laser. By
using a much larger ionisation volume (so = 425 μm) a
bunch charge of approximately 500 000 electrons was produced. The extracted electrons were accelerated to an energy
of 8keV before being focused through a sample of gold foil
towards the detector with a single magnetic lens. The large
bunch charge achieved allowed for sufﬁcient signal per shot
to obtain useful diffraction data. An example of single-shot
diffraction is shown in ﬁgure 13(a). The high signal-to-noise
ratio for individual shots allowed for automatic registering
of individual images to account for jitter in the electron
12

J. Phys. B: At. Mol. Opt. Phys. 49 (2016) 164004

A J McCulloch et al

Figure 12. (a) Cold atom electron source diffraction set-up. (b) Ultrafast diffraction images from a 13–20nm thick mono crystalline sample

on a 200 mesh copper TEM grid with 10–13 keV electrons for: (i) focusing at the detector plane; (ii) focusing at the sample plane with
T=250K electrons; and (iii) focusing at the sample plane with T=10K electrons. Diffraction images achieved by combining
approximately 1,000 individual images. Adapted from [71]; used in accordance with the Creative Commons Attribution (CC BY) licence.

bunch trajectory (due mainly to decaying MOT magnetic
ﬁelds). An average of 2,000 registered images is shown in
ﬁgure 13(b) and a comparison of single-shot, registered- and
direct-averages is shown for a lineout of an individual Bragg
reﬂection in ﬁgure 13(c). This ﬁnal image illustrates the
importance of being able to produce single-shot images,
with the single-shot and registered-average images both
showing a higher peak intensity and narrower widths. Single-shot reﬂection high-energy electron diffraction
(RHEED) was also demonstrated, for diffraction from a
wafer of mono crystalline silicon. RHEED is an important
technique because high quality single crystals are more
readily available as bulk wafers than nanometer-thick foils,
and bulk wafers are too thick for transmission at typical
CAES electron energies.

Table 1 compares the properties of cold atom and thermal
sources that have achieved few- and single-shot UED. The
thermal sources used lasers with pulse widths on the order of
100 fs incident on a photocathode to produce electron bunches with durations less than 600 fs. The single-shot diffraction results [36, 41–43] were obtained from gold foil, using
between 4×105 and 107 electrons per bunch. Some of the
measurements used an aperture to increase bunch coherence
at the expense of current. One advantage of the CAES over
thermal sources is that apperturing of the beam is not
required, with all electrons in a bunch focused through the
sample, thereby reducing the required single-shot source
current and related space-charge expansion.
CAES experiments have, to date, only been demonstrated
for electron energies around 10 keV. While there is no
13
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Figure 13. (a) Single-shot diffraction pattern achieved with a 5ns 8keV electron bunch from a 11nm thick gold foil mounted on a 3mm

¯ ) Bragg reﬂection, showing the difference between
TEM grid. (b) Registered average of 2,000 individual images. (c) A lineout of the (200
singe-shot, registered average and direct averages in term of peak intensity and width. For (a) and (b) the main image is logarithmically
scaled, inset is linearly scaled. Adapted from [74].

ellipsoid transverse radius R
sz . The lower limit of C⊥ is
easily obtainable for a CAES with so= 1 mm and sz= 15 μm
for an atomic density ra=1016 m−3, assuming 50% ionisation
efﬁciency. Achieving C^ = 10-3 is a much more difﬁcult
proposition. We would require so= 10 μm and therefore sz»
1 μm. In this case, even assuming 100% ionisation efﬁciency,
an atomic density of ra= 1020 m−3 is needed, well above the
quantum degeneracy limit for 100μK electrons (re » 1017
atomsm−3). To reduce the required density, a cigar bunch
could be used (i.e., with sz
R) which would result in a
proportionally larger energy spread and longer bunch length.
Energy spread is not currently a limiting factor in diffraction
experiments, while the effects of increased bunch duration
can be mitigated with a greater beam energy, offering a
pathway to obtain electron pulses with C^ = 10-3.

theoretical limitation to the maximum bunch energy in a
CAES, increasing the electric ﬁeld strength F to increase the
energy will lead to an increase in the bunch energy spread as
described in equation (15), though the fractional energy
spread will not increase. For the system used in reference
[74], with a 5 cm gap between accelerator plates and an
ionisation laser sz = 15 μm, the fractional energy spread is
0.01%. This compares favourably to a typical RF photosource
[43] where the energy spread was measured as 0.5% [156].
Decreasing the laser width will reduce the energy spread but,
for the same transverse emittance, will also reduce the bunch
charge as the ionisation volume is reduced.
Space-charge effects can be avoided in single-shot diffraction experiments by moving to higher energies (MeV)
[42, 43]. Another way of reducing space-charge effects is to
use lower energies and an initially longer bunch, but then to
compress it using a radio-frequency (RF) cavity. A bunch that
had expanded under space-charge effects to an rms length of
10ps was compressed to under 100fs [12, 36]. A secondary
accelerator can be used to increase the bunch energy without
increasing the energy spread, thus enabling a 100 keV electron source with 0.001% energy spread. Reducing the energy
spread is important to reduce chromatic aberration effects.
To compare the relative transverse coherence lengths of
the sources (C^, equation (8)), we must determine both the
initial temperature and transverse size of the initial bunches.
For a nano-second CAES, where T » 10 K and therefore
L^ » 10 nm [19], C^ = 2 ´ 10-4 [70, 71]. It has been found
that, for femtosecond excitation, this value does not increase
despite the increased energy spread of the excitation laser
because the reduction in the electron transverse velocity is
reduced by the Coulomb-Stark potential [45]. As can be seen
from table 1, C^ = 10-6–10-5 for most photocathode sources
due to their high temperature (T » 1, 000 K). To obtain
single-shot UED from, for instance, protein microcrystals will
require 106 electrons with C⊥ between 10−5 and 10−3
[12, 44, 45]. As space-charge expansion will play a large role,
we assume the creation of a uniform ellipsoidal bunch, as
discussed in equation (3.3), to ensure maximum bunch
compression and minimum emittance. This requires an

5. Summary and outlook
Cold electron sources offer unique properties with the
potential for signiﬁcant impact, particularly in relation to
imaging at atomic spatial and temporal scales. They can be
ultrafast, very low in energy dispersion, and the peak
brightness is competitive with many conventional sources.
They have broad emission area, but also high transverse
coherence at the origin, orders of magnitude greater than other
bright sources. These characteristics lend themselves to diffractive imaging, in particular conventional UED based on
crystallagraphic approaches, and also to ultrafast CDI.
CDI is a relatively new form of lensless high-resolution
imaging which can be used for imaging non-repeated (noncrystalline) materials [157]. The development of CDI has
been driven by the possibility of single molecule imaging
with XFELs, but is also now seeing a range of applications in
synchrotron-based high-resolution x-ray imaging. More
recently, CDI is attracting interest for electron imaging with
atomic resolution using modern aberration-corrected microscopes where transverse coherence is of order 0.3 nm [13].
The intrinsic coherence length of a CAES is of order 10 nm ,
and detailed knowledge of the partial coherence properties of
14
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the source [19, 158] can be incorporated into the image
reconstruction to make the recovery more robust [159]. The
order-of-magnitude greater transverse coherence of cold-atom
sources, the ability to shape the bunches to control Coulomb
explosion, and access to many established cooling and trapping techniques and Rydberg ionisation mechanisms to
supress DIH all promise exciting advances in ultrafast electron CDI and possibly cryo transmission electron microscopy
[9–11]. With cold ion sources rapidly approaching commercial availability [160] there is every reason to expect similar
exciting progress with CAESs in the near future.
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