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Fig. 1. (color online) Milestones in the progression of ultrafast electron diffraction: (a) The first picosecond elec-

(MTI%t) UED BAEMRIER (o) BREMESER 09 (b) CFaI et (71 (¢) CoF4ls MIfTH 24 H

tron diffraction experiment (091, (b) photodissociation of CF3l (711, (c) diffraction difference images of CoF4l2 (721,

(d) the first femtosecond electron diffraction experiment

molecules [42:73] .
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Fig. 2. (color online) Schematic of compact femtosec-

ond electron diffraction [1°].
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radio-frequency compressed UED: (a) Experimental

(color online) Schematic diagram of the

arrangement (371, (b) structural dynamics during the

semiconductor-to-metal transition in VOg [104],

Farad]y cup
—Mirror
" Phosphor screen

Diffraction detector

=
wt

—_
(e}

2}
h=t
=
=
o)
-
3
~

N
=

12}

2

Q
3
k=

0 0.5
=)

-

)
2
B

8

1%

)

o

Simulation

— — — Experiment

0.4 0.6

0.8 1.0 1.2

Scattering vector/A~!

K12 (MFIR) MeV UED K HLAT5HH54E

(a) SLIRREE; (b) 2 AR 4R M HUH S8 L (22]

Fig. 12. (color online) Brookhaven National Lab MeV UED with its diffraction patterns: (a) Schematic of

the experimental set-up; (b) simulated and experimental scattering intensities as a function of scattering

vector for polycrystalline Al[22],
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photoemission with a bias voltage: (a) Multiphoton

(color online) Mechanisms of nonlinear

photoemission; (b) photofield emission; (¢) above-

threshold photoemission; (d) optical field emission.
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Fig. 15. (color online) Electron interference fringes:
(a) Laser-triggered electron emission; (b) DC-field
emission; corresponding line profiles of the interfer-

ence fringes are shown in (c) and (d) (109],
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Fig. 16. (color online) Femtosecond photoelectron point projection microscope: (a) Schematic of the micro-

scope; (b) point projection images based on DC electron emission (left) and with femtosecond photoelectron

packets (right) (741,
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Fig. 18. (color online) Setup for time-resolved low-energy electron imaging and diffraction: (a) Schematic of the
experimental setup; (b) fsPPM mode; (c¢) fSLEED mode; (d) LEED of free-standing monolayer graphene; (e) the

electron spot size at the sample; (f) the dependence of the electron spot size on various tip-sample distances
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Fig. 20. (color online) 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 with the potential for

transverse bunch shaping; (c¢) based upon an AC-MOT; (d) laser cooled atomic beams.
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Fig. 21. 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; (b) sequence of quasi-

uniform electron bunches for varying ionization-laser wavelength (951,
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transverse coherence length of a cold atom electron

(color online) Direct measurements of the

source: (a) Visibility of electron bunch pattern as a

function of spatial frequency; (b) variation of coher-

ence length with excess ionization energy (64],
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Fig. 23. (color online) Ionization schemes: (a) Two-
colour sub-threshold photoionization scheme [66];
(b) photoionizing laser-cooled Rb atoms near the ion-
ization threshold [0°].
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Fig. 24. (color online) Four ion bunch distributions and their expansion properties: (a) Measured radially averaged excitation
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factors against ion number for each shape individually (146],
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Fig. 25. (color online) Eindhoven University of Technology CAES: (a) Experimental set-up; (b) ultrafast diffraction
images for: (D focusing at the detector plane; @), @ focusing at the sample plane with 7" = 250 K and 7' = 10 K
electrons respectively; @ the line profile along the minor axis of one of the spots and its Gaussian fit; G, ® line

profiles of @ and @) respectively [132],
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R AT PRI B P88 (d) 2000 R HE KR IK)F353; () A hots S St e iy b 5 190)

Fig. 26. (color online) University of Melbourne CAES: (a) Experimental set-up, (i) transmission (ii) reflection geometries;
(b) single-shot diffraction pattern from gold; (c) direct average of 2000 diffraction shots; (d) registered average of 2000 individual

images; (e) the difference between singe-shot, registered average and direct averages in term of peak intensity and width (901,
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Abstract

Microscopic dynamic process of material structure which determines the inherent property of substance takes place
on a molecular and atomic scale. Understanding the underlying mechanisms of the various fundamental processes has
always been the goal of chemistry, physics, biology and materials science. With Ahmed Zewail’s pioneering work in the
field of femtoscience, the time-resolved electron diffraction, combining the pump-probe and electron diffraction technique,
has become an excellent tool with sufficient temporal precision to directly deliver insights into ultrafast phenomena on
an atomic level. Central to this method is the ultrashort electron pulses generated from a metal photocathode.

However, up to now, owing to the initial size, effective temperature, energy dispersion and inherent coulomb
repulsion of electron source, the state-of-the-art transverse coherence of conventional planar cathode photoemission
source is still insufficient to resolve the complex chemical and biological organic molecules. Hence, in recent years, many
efforts have focused on developing high-coherence ultrashort electron sources. The main methods include minimizing
the initial beam size, weakening the space charge, reducing the effective temperature, and matching the photon energy
of laser with the work function of cathode material.

In this review, we firstly summarize the history and advantages of the electron probe, secondly sketch out the figure
of merit of the electron source. And then taking coherence as the main line, we review recent progress in common planar
photoemission sources, and discuss the latest development of tip-based electron sources and cold atom electron sources
in terms of their generation mechanisms, unique properties and research progress. Finally, the development and future
applications of the diffraction technique are prospected. In general, the high-coherence length of photoelectric surface
source is often at the expense of the current. The needle source can obtain the highest coherence length, but it is similar
to femtosecond single-electron pulse, which must be less than one electron per pulse to eliminate the electron-electron
coulomb interaction. Thus, a diffraction pattern can only be formed by accumulating millions of shots. The cold atom
electron source, which has a transverse coherence greater than 15 nm and a peak brightness similar to conventional
electron source’s, is sufficient for some molecular systems in biochemistry. In short, with the improvement of coherence
and the emergence of new electron sources, it is possible to reveal complex organic and inorganic structures, especially the
dynamic behaviors of protein, and promote the understanding of nanoscale energy transport, solid-liquid and solid-gas
interfacial dynamics and chemical reaction and so on. High-coherence electron sources not only serve in the diffraction
experiments, but also play a key role in developing ultrafast electron microscopy, coherent diffraction imaging and
ptychography.

Keywords: time-resolved electron diffraction, molecular movie, nanotip electron sources, cold atom

electron sources
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