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Arbitrarily shaped high-coherence electron
bunches from cold atoms
A. J. McCulloch†, D. V. Sheludko†, S. D. Saliba, S. C. Bell, M. Junker, K. A. Nugent and R. E. Scholten*
Ultrafast electron diffractive imaging of nanoscale objects
such as biological molecules1,2 and defects in solid-state
devices3 provides crucial information on structure and dynamic
processes: for example, determination of the form and
function of membrane proteins, vital for many key goals in
modern biological science, including rational drug design4.
High brightness and high coherence are required to achieve
the necessary spatial and temporal resolution, but have been
limited by the thermal nature of conventional electron sources
and by divergence due to repulsive interactions between the
electrons, known as the Coulomb explosion. It has been shown
that, if the electrons are shaped into ellipsoidal bunches with
uniform density5, the Coulomb explosion can be reversed
using conventional optics, to deliver the maximum possible
brightness at the target6,7. Here we demonstrate arbitrary
and real-time control of the shape of cold electron bunches
extracted from laser-cooled atoms. The ability to dynamically
shape the electron source itself and to observe this shape
in the propagated electron bunch provides a remarkable
experimental demonstration of the intrinsically high spatial
coherence of a cold-atom electron source, and the potential
for alleviation of electron-source brightness limitations due to
Coulomb explosion6.

Carbon nanotube field emitters are at present the brightest
available electron sources but must operate at low currents to avoid
Coulomb expansion and are therefore not suitable for ultrafast
imaging. Limited bunch shaping has been demonstrated with
photoemission sources7,8, which use high-energy laser pulses to
generate electrons at high current. Combined with longitudinal
bunch compression, sub-100 fs pulses have been obtained with
sufficient brightness for diffraction studies of gold8,9. However,
large increases in brightness are needed for single-shot imaging of
weakly scatteringmaterials such as biologicalmolecules, and further
increases in the brightness of intrinsically hot photoemission
sources will be difficult.

Recent simulations10,11 and experiments12 show that photoion-
ization of a cold atom cloud can produce cold electron bunches
with high coherence and current. Electrons are extracted by near-
threshold photoionization of atoms that have been laser-cooled to
microKelvin temperature13.We demonstrate here that the extracted
electron bunches have extremely small transverse momentum, and
show that the source has quasi-homogeneous rather than thermal
coherence properties; that is, unlike conventional photocathode
sources, the transverse locations of the cold electrons remain
strongly correlated to their original location at the source.

In addition, the internal structure of the atoms that form
the underlying electron source provides a unique tool for
three-dimensional control of the electron bunch shape5. We show
that it is possible to engineer the spatial profiles of the incident
excitation and photoionization laser beams to control the shape
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of the ionized gas cloud and hence that of the extracted electron
bunches in three dimensions. We demonstrate real-time arbitrary
shaping to create complex electron density distributions, and show
that, because of the extremely small transverse momentum of the
electrons, the bunch shape is preserved after propagation, without
focussing optics. The preservation of the spatial structure of the cold
electron beam shows that high-resolution measurement of electron
diffraction will be possible without requiring beam expansion
and associated loss of flux to increase the transverse coherence.
Conventional photocathode sources offer high brightness and the
ability to pattern the electron emission in two dimensions, but
low transverse coherence due to their inherently high electron
temperature, such that any pattern immediately diffuses. Although
the pattern could subsequently be recovered with imaging optics,
the transverse spatial coherence would always remain low, limiting
the applicability for diffractive imaging. We also use the arbitrary
shaping capability of the cold-atom electron source to measure the
high transverse spatial coherence length of the electrons.

In our experiments, laser-cooled rubidium atoms (T = 70 µK)
were photoionized by illumination with a resonant 780 nm
excitation laser, followed by a 5 ns 480 nm ionization laser pulse
(Fig. 1). The electrons were accelerated in a uniform electric field
(F =40 kVm−1, distance 2.5 cm, final energy 1 keV), and the spatial
distribution of the electron pulse was observed after the pulse
had propagated 21.5 cm in a null field. A spatial phase modulator
was used to control the intensity profile of the excitation laser
beam at the cold-atom target, forming a shaped charge cloud
on ionization (see Methods). An example of a complex electron
pattern is shown in Fig. 1. The density distribution of the electrons
extracted from the shaped cloud directly reflects the excitation-
laser intensity profile, even after propagation by 24 cm (14 ns
time of flight). The cold electron bunches have extremely small
transverse momentum, demonstrating high coherence, and quasi-
homogeneous rather than thermal source properties (seeMethods).
For a quasi-homogeneous source14, the transverse coherence length
Lc can be related to the transversemomentum spread, and hence the
temperature T , through10

Lc= h̄/
√
mekBT (1)

Note that the transverse coherence length is determined by
the temperature of the electrons and is independent of the
acceleration energy. Equation (1) predicts that the transverse
coherence length decreases with increasing temperature, and
therefore with decreasing photoionization wavelength. At the
very low temperatures possible with a cold atom source, the
electrons have negligible transversemomentum, and so the electron
distribution at our detector will closely match the excitation profile.
As the electron temperature is increased, by increasing the energy of
the ionizing photons, the distribution at the detector will blur owing
to the thermal diffusion during propagation.

NATURE PHYSICS | VOL 7 | OCTOBER 2011 | www.nature.com/naturephysics 785
© 2011 Macmillan Publishers Limited.  All rights reserved. 

http://www.nature.com/doifinder/10.1038/nphys2052
mailto:scholten@unimelb.edu.au
http://www.nature.com/naturephysics


LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2052

Trapping beams

Excitation

Spatial light
modulator

¬2,000 V

2 mm

x
y

z

Electron
bunches

Imaging
detector

Photoionization 
beam (from behind)

Ground
a b

Figure 1 |Arbitrary electron density distribution bunches using spatially structured photoionization of a cold atom cloud. a, False-colour surface
rendering of relative electron density for a shaped electron bunch after propagation by 24 cm, measured with a microchannel plate, phosphor screen and
CCD (charge-coupled device) camera. b, Atoms are laser cooled and trapped and then photoionized with a combination of a 780 nm laser beam shaped by
a spatial light modulator and a uniform-intensity-profile 480 nm laser pulse. Electrons produced in the region of overlap between atoms, excitation and
photoionization beams are propelled to a microchannel plate and phosphor screen detector, imaged with a cooled interline transfer CCD camera.

The electron temperature and coherence can be quantified from
the change in bunch structure after propagation. Figure 2a shows
the spatial-resolution degradation as the photoionization-laser
wavelength was decreased by 2.6 nm, increasing the electron energy
and temperature by 15meV and 170K, until the structure is no
longer discernible. The preservation of the detailed complex pattern
at low temperature underscores the remarkable coherence that can
be obtained with a cold-atom electron source.

To more precisely quantify the effects of temperature on spatial
coherence, the excitation-laser profile was adjusted to produce
uniform-density electron bunches with sharply defined edges. The
blurring of the edges as a function of excess excitation energy
provides a more precise test for the loss of structure with electron
temperature (Fig. 2b). The edgewidth before propagation is defined
by the resolution of the excitation intensity profile, which in turn
is defined by the optical resolution of the excitation-laser imaging
system, approximately 10 µm.

With the ionization-laser wavelength at the field-free ionization
wavelength, λ0, we expect to see cold electrons from directly ionized
atoms, but also electrons from atoms that are excited to Rydberg
states and then ionized owing to the ambient external electric
field between the accelerator electrodes. In a non-zero ambient
electric field, excitation at the field-free ionization wavelength
produces hot electrons, which gain excess energy contributed
from the ambient electric field. The coldest electrons are therefore
formed by excitation to a Rydberg state (see Methods). For our
field strength the calculated ionization threshold wavelength is
481.885 nm (see Methods). The observed threshold of 481.775 nm
is lower, consistent with observations for other atomic species15.

The edge-resolution measurements can be used to determine an
upper limit to electron temperature and a lower limit to source
coherence. Equating the transverse thermal velocity of the electron
cloud to the angular spread after propagation yields an expression
for the spatial derivative at the boundary16:

dQe

dr
= eκ

d1
2d1+d2

√
eF

d1[kBT0+1E]
(2)

whereQe is the detector signal proportional to charge, r is the radial
coordinate, d1 is the distance through which the cloud is accelerated
by an electric field of strength F and d2 is the free propagation
distance from accelerator to detector. 1E is the excess energy of
the electrons (see Methods), determined from the experimentally
observed ionization shift, such that the sharpest electron bunch

corresponds to1E=0. Both κ andT0 are fitting parameters; κ is the
linear magnification, and T0 is the minimum electron temperature,
fundamentally limited by intrinsic heating processes during ioniza-
tion. Figure 2c plots the intensity derivative across the boundary as a
function of excess ionization energy for the quasi-uniform electron
bunches. The extracted upper limit to the minimum electron tem-
perature of T0 < (10±5) K is consistent with other measurements
for electrons extracted by photoionization of cold atoms17.

Using equation (1), the intrinsic transverse coherence length
of the electron source with temperature T < (10± 5) K is then
Lc> (10±3) nm.Our directmeasurement shows that the transverse
coherence length of cold-atom electron sources is sufficient for
diffractive imaging of nanocrystals of many proteins and solid-
state structures of interest, and even small viruses10. The spatial
coherence length can be increased with reduced temperature or by
expansion of the bunch.

Flexible control of the bunch shape through the scheme
described here was essential for creation of the uniform-density
sharply defined electron bunches used to measure the source co-
herence. The false-colour surface rendering of the relative electron
density of Fig. 1a shows two dominant contributions to the bunch
shape: the intensity profile of the shaped excitation laser beam,
and also the initial atomic density distribution of the cold atom
cloud. The latter is manifest as a Gaussian, rather than uniform,
envelope modulating the binary intensity profile of the excitation
laser beam. To generate uniform bunches, the cold atom cloud
was imaged before ionization and the measured atom distribution
used to calculate a revised excitation-laser profile, to reduce the
excitation fraction where the atom distribution is high, and increase
excitation in regions of low atomic density (seeMethods).

With such flexible control of bunch shaping, real-time feed-
forward correction for the non-uniformity of the cold-atom
distribution is possible. The illumination can be changed from one
excitation pulse to the next, and will therefore also enable feedback
correction of electron bunch shape from shot to shot. A movie
(see Supplementary Information) shows a dynamic animation
similar to Fig. 1a, where schematic ‘electrons’ are seen to orbit
the ‘atom’, and a ‘photon’ ionizes the atom. Every pulse of the
ionization laser illuminates a different distribution of excited-state
atoms, at a rate of 10Hz.

The transverse brightness at the source is given by18

B⊥=
Ipmec2

4π2σxσy kBT
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Figure 2 | Effect of electron temperature on structural degradation. a, Excitation-laser intensity profile (left), and sequence of detected electron bunches
extracted with varying excess ionization energies. A rise of only 25 K in electron temperature leads to significant distortion of the complex image. Images
are 9 mm×9 mm averaged over 30 shots. b, Sequence of quasi-uniform electron bunches for varying ionization-laser wavelength, used to measure the
source temperature. The excitation to Rydberg levels is apparent at λ=482.20 nm, well above the free-field ionization wavelength, λ0=479.059 nm.
Images are 13.5 mm× 13.5 mm averaged over 20 shots. c, Electron bunch edge width. The open triangles correspond to the images in b. The error bars
indicate one standard deviation, including statistical and systematic uncertainties. An upper limit to source temperature is extracted by fitting equation (2)
(solid line) to the data with excess ionization energy1Ec ≥0 K. Inset: The relevant energy levels and transitions in rubidium.

where σ is the root mean squared source size and Ip is the peak
electron current. For Ne = 105 electrons at energy 1 keV in a 5 ns
pulse and a source size of 1mm, T < 10K gives a lower limit to
the transverse brightness of B⊥ > 107 Am−2 sr−1. The brightness
of the pulse can be increased by reducing the bunch length,
and a short bunch length is also necessary for ultrafast electron
diffraction applications. The length was limited in our set-up by
the 5 ns photoionization-laser pulse duration, but in principle
this can be reduced to picoseconds before the transform-limited
bandwidth of the laser significantly affects the electron temperature.
Standard radiofrequency accelerator compression techniques can
then reduce the bunch length to below 100 fs (refs 11,19). The
energy spread of the electron bunches can be estimated from the
length of the initial electron bunch along the electric field between
the two accelerator electrodes. For the results presented here, the
length is 1mm and the field is 40 kVm−1, and thus there is a
difference in acceleration of 40V between electrons at the front and
rear of the bunch, 4% of the final electron energy. The spread can
be largely eliminated by using a time-dependent field20.

The beam-shaping techniques and electron coherence described
here realize an important advance in the production of high-
brightness uniform ellipsoidal electron bunches. We have shown
that electrons with sufficiently high coherence at the source are
analogous to a quasi-homogeneous optical wavefield defined by
two variables, rather than four as required to describe a general
partially coherent source. The electron propagation is therefore
more tractable to analytic treatment, for example for calculating
diffraction and retrieving structure from diffraction patterns. Con-
ceptually, the effective source size at some point in the propagated
electron beam is defined by the momentum spread at the source,
and not by the physical size of the source or of the electron beam,
enabling coherent diffractive imagingwith an extended source.

Using control of the photoionization-laser beam profile, we
have also defined the bunch shape along the propagation direction
(see Supplementary Information), for example to create sharp-
edged ‘pancake’ cylindrical electron bunches, which, even when
accounting for stochastic interactions11, can expand naturally to
form ideal uniform ellipsoidal electron bunches6. Optical bunch-
shaping provides a very powerful tool for characterization and
optimization of the source in real time, for example to measure the
coherence and for feed-forward correction as reported here, and in
future, active feedback control. The otherwise intractable problems

imposed by transverse and longitudinal Coulomb expansion can
then be reversed, to increase the brightness of electron injectors for
synchrotrons, X-ray free-electron lasers and particle accelerators,
and for high-resolution dynamic electron diffractive imaging. The
same principles could also be applied to cold-atom ion sources
for imaging or focused ion beam milling21,22, where the Coulomb
explosion is less important, but controlling the illumination23 may
enable optimization of resolution and throughput of the ion optics.

Methods
Experimental apparatus and techniques. Approximately 109 cold rubidium-85
atoms were collected in a magneto-optical trap, loaded from a Zeeman slower24
attached to an effusive source. The magneto-optical trap was formed between
two electrodes to enable electrostatic extraction of the cold atoms (Fig. 1). A
quasi-mirror magneto-optical trap design was implemented, with one electrode
used as amirror to reflect four of the atom cooling and trapping laser beams, and the
other electrode formed from a transparent conductive window21. Photoionization
was carried out as a two-step process, with a resonant excitation laser (780 nm)
to excite atoms from the 5S1/2 (F = 3) ground state to the 5P3/2 (F = 4) excited
state (Fig. 2c). A tunable photoionization laser (480 nm) coupled the excited-state
atoms to the ionization continuum, or to Rydberg states that were subsequently
field-ionized, in either case leading to the formation of ultracold ions and electrons.
The excess energy of the electrons is given by25

1E = hc

[
1
λ

−

(
1
λ0
−4 Ry

√
F
F0

)]

where λ is the ionization-laser wavelength, λ0 = 479.059 nm (ref. 26) is the
wavelength equivalent to the field-free ionization energy, 4hc Ry

√
F/F0 is the

shift in ionization threshold due to d.c. field ionization of Rydberg states, Ry is
the Rydberg constant, F is the magnitude of the electric field and F0 is the atomic
unit for electric field27.

For manipulation of the density distribution of the charge cloud, a
spatial light modulator (SLM, Holoeye Pluto NIR2 1920×1080 8 µm pixels,
eight-bit phase only) was used to control the intensity profile of the excitation
laser beam. To generate the required diffracted laser intensity, the SLM was
programmed to show a holographic phase mask. Phase patterns were computed
using an iterative Gerchberg–Saxton algorithm optimized for calculation of
holographic phase masks28.

The photoionization laser beam was expanded such that the intensity was
uniform to within 3% over the entire cold-atom sample. The combination of
excitation and photoionization beams forms a cold ionized gas cloud, with the
density distribution of the cloud determined by the density of the atoms before
ionization, and the intensity cross-section of the excitation laser beam. The shaped
charged-particle distribution was created along the axis of acceleration, so that the
extracted electron bunch density was proportional to the excitation-laser intensity
profile. The electrons were extracted with a constant electrostatic field, detected
with a microchannel-plate electron multiplier and phosphor screen, and imaged
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with a cooled interline transfer CCD camera. Typically 105 electrons (20 fC) were
extracted per photoionization pulse. Fully three-dimensional bunch shaping was
demonstrated by controlling the profile of the ionization laser beam, incident
orthogonal to the electron propagation axis (see Supplementary Information).

Feed-forward bunch-shape correction. Given the integrated column density of
the ground-state atom cloud before ionization, ρ(x,y), the required intensity
profile I (x,y) for an arbitrary excited-state distribution ρe(x,y) can be calculated
through the optical Bloch equations15:

I
(
x,y

)
=

1
02

[
Is
(
02
+412

)
1−2ρe

(
x,y

) − Is02
−412Is

]
where 0 is the natural line-width,1 is the detuning from atomic resonance and Is is
the saturation intensity. For feed-forward shaping, the atom cloud column density
ρ(x,y) wasmeasured using near-resonant diffraction contrast imaging29.

For quantitative examination of the effects of electron temperature, gradients
across the edge of the clouds were calculated using a least-squares linear fit to the
relevant section of a line profile from the image. Each data point represents an
average of 1,000 gradients across the bunch edge. Each image was normalized to a
central electron signal of unity, and corrected for elliptical distortion, before the
gradients were calculated, to eliminate intensity variation and image distortion
effects. The error bars in Fig. 2c show the standard deviation of the 1,000 gradients
at each point. The uncertainty in temperature combines the systematic error
derived from the combination of detector resolution (25 µm) and electron optics
geometry, and the calculated least-squares fitting error of the data to equation (2).
The extracted temperature is strongly dependent on measurements near threshold,
such that discrepancy at high excess energy has little impact onT0.

Quasi-homogeneous source coherence. The electron bunch is a two-dimensional
cloud of electronswith temperatureT andMaxwellianmomentumdistribution:

D
(
p⊥,p0‖

)
=

(
1

2πmekBT

)3/2

exp

[
−
|p⊥|2+p20‖
2mekBT

]

where (p⊥,p0‖) are the electron momentum components transverse and parallel
to the propagation axis respectively. Momentum component pF is added owing to
an electric field along the bunch propagation axis; the longitudinal momentum
becomes p||=p0||+pF , and the phase-space density of the accelerated bunch is then

W (r⊥,p)=
(

1
2πmekBT

) 3
2
exp

[
−
|p⊥|2+

(
p‖−pF

)2
2mekBT

]
Je (r⊥)

where Je(r⊥) is the current density. As pF � p||, the distribution has a well-defined
momentum component along the propagation direction, analogous to a
quasi-monochromatic paraxial optical wave field. For such a field, the mutual
optical intensity is related to the phase-space distribution by14

J
(
r⊥+

x
2
,r⊥−

x
2

)
=

∫
W (r⊥,p⊥)exp

[
i
x ·p⊥
h̄

]
dp⊥

and thus

J (r⊥)=
Je (r⊥)

√
2πmekBT

exp
[
−
mekBT
2h̄2

|x|2
]
=

Je (r⊥)
√
2πmekBT

exp
[
−
|x|2

2L2c

]
where r⊥ = (r1+ r2)/2 and x= (r1− r2). This is the mutual optical intensity
of a quasi-homogeneous source with transverse coherence length Lc given by
equation (1) (refs 14,30). A quasi-homogeneous wave field is defined by two
variables rather than four, and therefore more tractable to analytic treatment,
for example for calculating diffraction and retrieving structure from diffraction
patterns. Conceptually, the effective source size at some point in the electron beam
is defined by the momentum spread (temperature) at the source, and not by the
physical size of the source or of the electron beam.
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