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Ultrafast electron diffraction (UED) is a rapidly advancing technique capable of recording the atomic-detail

structural dynamics in real time. We report the establishment of the first UED system in China. Employing

this UED apparatus, both the coherent and the concurrent thermal lattice motions in an aluminium thin-film,

trigged by ultrafast laser heating, have been observed. These results demonstrate its ability to directly measure

a sub-milli-angstrom lattice spacing change on a sub-picosecond time scale.

PACS: 07. 78. +s, 63. 22.Dc, 65. 40. De

Structural changes involving the rearrangement of
constituent atoms control many important processes
in nature,[1,2] ranging from seemingly simple processes
such as melting to complex biological reactions. The
fundamental time scale of the associated atomic mo-
tions is hundreds of femtosecond. A direct and real-
time view of these structural changes on this funda-
mental timescale of atomic motions can provide ba-
sic understanding of the dynamics and the structure-
function correlations of these processes that would
otherwise be impossible to extract.
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Fig. 1. Schematic diagram of the UED setup.

Time-resolved x-ray and electron diffraction are
complementary techniques to directly probe ultrafast
structural dynamics.[3−13] At present, for a table-top
setup, both of these techniques are capable of generat-

ing sub-picosecond pulses containing a few thousands
of particles per pulse. Under this low source inten-
sity condition, ultrafast electron diffraction provides
a unique opportunity for complete determination of
transient structures with atomic level detail, since the
atomic elastic scattering cross section of electrons is
about five orders of magnitude greater than that of x-
rays.[14] This leads to a much stronger diffraction sig-
nal and less damage to the sample for a given dosage.
In addition, the scattering length of electrons matches
better with the optical penetration depth for most
samples, leading to more uniform excitation of the
probed region.

In this Letter, we report the establishment of the
first UED system in China. By employing this UED
apparatus, both coherent and thermal lattice motions
of polycrystalline aluminium thin-film samples after
ultrafast laser excitation are measured.

The UED system consists of an amplified fs laser
system, a femtosecond electron gun (fs e-gun), a multi-
port ultrahigh vacuum (UHV) chamber and an imag-
ing system with detection sensitivity of a single elec-
tron, as shown in Fig. 1. The laser outputs 80-fs opti-
cal pulses at 800-nm wavelength with average pulse en-
ergy of 800µJ at a 1-kHz repetition rate. The fs e-gun
is composed of four components: a back-illuminated
photocathode made by a 40-nm Ag film coated on a
sapphire disc, a grounded anode with an extraction
mesh, a customized magnetic lens and two pairs of
deflection plates. The electron pulses, generated by
photoemission at a wavelength of 266 nm from the
photocathode are accelerated to 58 keV by a dc ex-
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traction electric field between the photocathode and
the extraction mesh. The resulting accelerated elec-
tron pulses are reshaped by a 100µm pinhole, then
collimated with the magnetic lens and directed to the
sample by the biased deflection plates. Samples are
loaded on a customized TEM grid holder, whose posi-
tion and angle can be precisely adjusted by a five-way
servo manipulator. The two-dimensional imaging sys-
tem consists of a P46 phosphor screen mounted on an
UHV flange with fibre-optic window, an image inten-
sifier and a 14-bit CCD camera of 1.0 megapixels.
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Fig. 2. (a) Diffraction pattern of polycrystalline free-
standing thin-film aluminium sample of 20 nm thickness.
It was recorded with about 3.87× 107 electrons of 58 keV
beam energy (𝜆 = 0.0495 Å). (b) The corresponding radial
intensity curve.

A typical set-up of time-resolved pump-probe ex-
periments via UED is shown in Fig. 1. The output
laser pulses centred at 800 nm are split into two beams:
one goes through a translation stage and then is fo-
cused onto the sample to initiate the ultrafast process
and set the time zero 𝑡0 (the starting point of the
dynamical process). The other is frequency tripled
to a wavelength of 266 nm and then focused onto the
back-illuminated photocathode of the fs e-gun to gen-
erate the 58 kV sub-ps electron pulses. These pulses

are focused onto the sample at time 𝑡1 to produce the
snapshots of diffraction patterns that record the struc-
tural changes of the sample. The time lag between 𝑡1
and 𝑡0, ∆𝑡, was tuned by the adjustable optical stage,
so that the structural dynamics as a function of time
delay ∆𝑡 relative to 𝑡0 can be recorded.

In UED experiments, the overall temporal reso-
lution 𝑡total is set by the convolution of the excita-
tion pump laser pulse width 𝑡pump, probe electron
pulse width 𝑡probe and the temporal mismatch be-
tween the pump and probe pulses in the probed vol-
ume 𝑡mismatch, which can be estimated as[10]

𝑡total =
(︁
𝑡2pump + 𝑡2probe + 𝑡2mismatch

)︁1/2

. (1)

Our compact fs e-gun design with a very high ex-
traction field (11.6 MV/m) and a short photocathode-
sample distance (about 17 cm) suppressed the
space-charge and other non-space-charge broadening
effects.[10] To minimize the velocity mismatch, a near-
collinear arrangement of excitation laser and probe
electron pulses with a cross angle of about 6∘ and
400µm electron beam size is applied. With all
these delicate configurations and the 80 fs pump laser
pulses, the optimal time resolution of UED is bet-
ter than 500 fs and can be maintained by adjusting
the number of electrons per pulse to less than one
thousand.[10,15] Our current UED system can detect
a sub-milli-angstrom lattice spacing change which is
clearly demonstrated in the following experimental re-
sults. A more detailed discussion of the spatial and
temporal resolution of our system will be presented in
a subsequent publication.

Fig. 3. Temporal evolution of (200) Bragg peak position.
The error bars represent one standard deviation. The solid
curve is a fit to the experimental data using a damped har-
monic oscillator.[17]

Figure 2 shows a diffraction pattern of polycrys-
talline freestanding aluminium thin-film of 20-nm
thickness (a) and its corresponding radial averaged in-
tensity curve (b) taken by our UED. The pattern was
recorded with a total number of electrons of about
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3.87 × 107 (2 × 104 pulses of about 1.9 × 103 elec-
trons/pulse). The high quality diffraction pattern
with excellent signal-to-noise ratio enables us to inves-
tigate the transient structure change within a sub-ps
time scale.

Fig. 4. (a) Temporal evolution of (311) Bragg peak inten-
sity. Each data point is normalized to its averaged value
obtained at negative delay times (before time zero). (b)
Temporal evolution of the lattice temperature. The solid
line is a fit to the data using an exponential function de-
scribed in the text.

The breathing motion of Al thin-film along
the surface normal direction generated by ultrafast
heating[16] was quantitatively studied with UED. As
illustrated in Fig. 3, the coherent vibrations were
recorded by monitoring the temporal evolutions of
(200) Bragg peak positions. The data were obtained
by measuring the position of Bragg peak as a func-
tion of delay time; positive time delays corresponded
to probe electron pulses arriving after excitation laser
pulses. The solid curve was fit to the experimental
data using a damped harmonic oscillator,[17] yield-
ing a vibrational period of about 7.4 ± 1.1 ps and a
damping time constant of 6.3 ± 0.9 ps. A synchro-
nized and in-phase vibration has also been observed
in other Bragg peaks. These Bragg peak oscillations
recorded by UED are correlated to a one-dimensional
(1-D) standing wave along the surface normal of the Al
film, with the corresponding vibrational period given
by 𝑇 = 2𝐿/𝑣, where 𝐿 is film thickness and 𝑣 is the
longitudinal sound velocity.[16] Here, the observed vi-
brational period of 7.4 ps is in good agreement with
the calculated one under 1-D standing wave condi-

tion, by plugging in a film thickness 𝐿 = 20 ± 3 nm
and sound velocity of 6420 m/s.[18] The detection sen-
sitivity of 0.04% relative Bragg peak position change
in Fig. 4 corresponds to a lattice spacing change less
than a milli-angstrom.

Thermal motion in the lattice tends to destroy the
phase coherence of a diffraction beam and results in
the reduced intensity of Bragg peaks.[19] Accordingly,
the temporal evolution of thermal lattice motions (lat-
tice temperature 𝑇𝑙) can be measured by monitoring
the associated Bragg peak intensity attenuation. The
temporal evolution of the lattice temperature is shown
in Fig. 4. It was obtained by first calculating the (311)
peak intensity and then normalizing it to that of the
(111) peak for each time delay. Finally, the normal-
ized intensity was converted to the lattice tempera-
ture using the Debye–Waller factor derived from the
curve of the temperature vs the normalized Bragg
peak intensity.[20] The solid line is a fit to the data
using an exponential function 𝛿𝑇𝑙 = ∆𝑇𝑙(1 − 𝑒−𝑡/𝜏 )
convoluted with a Gaussian function for the probe
electron pulse with a duration of about 800 fs. The
thermalization time constant of 𝜏 ≈ 760 ± 110 fs ex-
tracted from the fitting agrees well with that obtained
in the previous study of electron phonon coupling pro-
cesses in Al.[21] ∆𝑇𝑙 is the final lattice temperature
rise, which was calibrated to be 77 K under an optical
excitation of about 5.0 mJ/cm2.

In summary, we have developed a UED system ca-
pable of directly detecting sub-milli-angstrom lattice
spacing change with a sub-picosecond temporal resolu-
tion. Using this UED instrument, we are able to follow
the ultrafast heating-induced structural dynamics in
Al film directly in real time, where both coherent and
thermal lattice motions are directly observed in real
time. This achievement opens a way to conduct the
measurements of transient structures of a myriad sys-
tems in which the photo-induced structural dynamics
evolve on the femtosecond time scale, including struc-
tural phase transitions in condensed materials, photo-
induced surface chemical reactions, among others.

We would also like to thank Ling Xing for his help
in Al thin-film preparation.
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[4] Perman B, Šrajer V, Ren Z, Teng T, Pradervand C, Ursby
T, Bourgeois D, Schotte F, Wulff M, Kort R, Hellingwerf K
and Moffat K 1998 Science 279 1946

[5] Chin A H, Schoenlein R W, Glover T E, Balling P, Leemans
W P and Shank C V 1999 Phys. Rev. Lett. 83 336

[6] Schoenlein R W, Chattopadhyay S, Chong H H W, Glover

020701-3

http://cpl.iphy.ac.cn


CHIN. PHYS. LETT. Vol. 26,No. 2 (2009) 020701

T E, Heimann P A, Shank C V, Zholents A A and Zolotorev
M S 2000 Science 287 2237

[7] Cavalleri A, Toth C, Siders C W, Squier J A, Raksi F, For-
get P and Kieffer J C 2001 Phys. Rev. Lett. 8723 237401

[8] Mourou G and Williamson S 1982 Appl. Phys. Lett. 41 44
[9] Williamson J C, Cao J, Ihee H, Frey H and Zewail A H

1997 Nature 386 159
[10] Cao J, Hao Z, Park H, Tao C, Kau D and Blaszczyk L 2003

Appl. Phys. Lett. 83 1044
[11] King W E, Campbell G H, Frank A, Reed B, Schmerge J

F, Siwick B J, Stuart B C and Weber P M 2005 J. Appl.
Phys. 97 111101

[12] Dwyer J R, Hebeisen C T, Ernstorfer R, Harb M, Deyirmen-
jian V B, Jordan E J and Miller R J D 2006 Phil. Trans.
R. Soc. A 364 741

[13] Baum P, Yang D S and Zewail A H 2007Science 318 788
[14] Hubbell J H and Overbo I 1979 J. Phys. Chem. Ref. Data

8 69

[15] Wang X, Nie S H, Park H, Li J J, Clinite R, Li R K, Wang X
J and Cao J M 2008 Rev. Sci. Instrum. (to be published)

[16] Thomsen C, Strait J, Vardeny Z, Maris H J, Tauc J and
Hauser J J 1984 Phys. Rev. Lett. 53 989

[17] Kuznetsov A V and Stanton C J, 1994 Phys. Rev. Lett. 73
3243

[18] Lide D R 2002 CRC Handbook of Chemistry and Physics
(Roca Raton, FL: Chemical Rubber Company)

[19] Rousse A, Rischel C and Gauthier J C 2001 Rev. Mod.
Phys. 73 17

[20] Nie S H, Wang X, Li J J, Clinite R and Cao J M 2008
Microscopy Research and Technique (in press)

[21] Park H, Wang X, Nie S, Clinite R and Cao J 2005 Solid
State Commun. 136 559

020701-4

http://cpl.iphy.ac.cn

