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Design of a MeV ultra-fast electron diffraction

experiment at Tsinghua university *
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Abstract Time-resolved MeV ultra-fast electron diffraction (UED) is a powerful tool for structure dynamics

studies. In this paper, we present a design of a MeV UED facility based on a photocathode RF gun at Tsinghua

University. Electron beam qualities are optimized with numerical simulations, indicating that resolutions of

250 fs and 0.01 Å, and bunch charge exceeding 105 electrons are expected with technically achievable machine

parameters. Status of experiment preparation is also presented.
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1 Introduction

Electron diffraction has long been a powerful tool

for micro-structures studies, since Mark and Wierl[1]

using electrons produced a diffraction pattern of gas-

phase CCl4 molecules in 1930. In 1980s, conven-

tional electron diffraction was integrated with ultra-

fast laser technologies. This combination, named

ultra-fast electron diffraction (UED), opened the door

to structures dynamics studies with time-resolved ca-

pacity on pico-second time scales. During the last two

decades, several laboratories[2—4] further developed

UED theories and technologies, and produced many

exciting results of fundamental importance[5—8].

UED features several characteristics[9] compared

with ultra-fast X-ray diffraction. First, the elastic

scattering cross-section of electrons with molecules

is some six orders of magnitude higher than that

of X-ray photons[10]. This feature makes electrons

well-suited for surface, thin samples, and gas-phase

sample studies. Second, compared with ultra-fast,

high brightness X-ray facilities such as the 3rd gener-

ation synchrotron light sources, free-electron lasers,

and Thomson scattering sources, UED apparatuses

are much more compact and affordable. Also, elec-

trons are less damaging to samples than X-ray pho-

tons per useful (elastic) scattering event[11].

State-of-the-art UED apparatuses employ photo-

cathde DC guns which generate ps (or shorter), tens

of keV electron pulses. With these keV UED systems,

it is routine to achieve 1 ps and 0.01 Åresolutions,

while still challenging to reach a temporal resolution

of 100 fs, the fundamental time scale of atomic mo-

tions. The limitation arises from space charge forces

of electrons, which expand the pulse duration rather

fast at the relatively low energy of tens of keV. Based

on several apparatus performances[4, 5, 7], the num-

ber of electrons contained in a 100 fs, keV pulse are

extrapolated to be less than 1000, indicating a long

exposure time, a large amount of samples, and a strin-

gent requirement of system stability.

To relieve the space charge induced limitation,

Wang[12] proposed employing MeV high brightness

electron pulses from a photo-cathode RF gun for UED

experiments. By increasing the electron energy from

keV to MeV, the space charge effects are dramatically
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reduced. A proof-of-principle MeV UED experiment

was accomplished[13], and several groups, including

NSLS SDL[14], UCLA[15], and Tsinghua, are building

MeV UED systems with improved performances.

In this paper, we present the design and status of

a time-resolved MeV UED system at the accelerator

laboratory of Tsinghua University. Simulation stud-

ies indicate that resolutions of 250 fs and 0.01 Å, and

bunch charge exceeding 105 electrons are expected

with technically achievable machine parameters.

2 System layout and simulations

2.1 Facility overview

Layout of the Tsinghua MeV UED facility is

shown in Fig. 1. An ultra-fast laser system gener-

ates short UV pulses for electrons production, and

also IR pulses for samples pumping. An S-band

BNL/SLAC/UCLA type photo-cathode RF gun is

used to generate MeV, high quality electron pulses.

The magnetic solenoid controls the emittance and

spot-size of electron pulses along the beam-line, and

normally sends a parallel beam into samples. Sev-

eral chambers are placed downstream of the solenoid

for UV laser incidence, electron pulses diagnostics,

and samples holding. The sample is desired to be as

close to photo-cathode as possible, allowing a mini-

mum time for space charge induced pulses expanding.

We also include an S-band RF deflecting cavity[16] to

measure the pulse length and arriving time of electron

pulses. After a distance of free drift after scattering,

the diffracted electrons are detected by a high QE

phosphor-CCD assembly, while the un-scatterd elec-

trons pass through a hole in the center of the detector

assembly and enter a spectrometer for energy and en-

ergy spread monitoring.

Fig. 1. Layout of the MeV UED facility at Ts-

inghua (not to scale). 1: ultra-fast laser sys-

tem; 2: photocathode RF gun; 3: magnetic

solenoid; 4: laser incidence chamber; 5: sam-

ple chamber; 6: RF deflecting cavity; 7: de-

tector chamber; 8: detector; 9: spectrometer

dipole; 10: electron beam dump. The RF

power system and laser-RF timing system are

not shown here.

2.2 Simulation and design parameters

The optimized electron pulses qualities and main

machine parameters are listed in Table 1. We use the

code PARMELA[17] to simulate the dynamics of elec-

trons subject to RF field, magnetic field, and their

self-fields, and the kinetic theory[18, 19] to model the

scattering process of electrons on the sample (an alu-

minum foil of 100 nm thickness).

Table 1. Tsinghua MeV UED facility parameters.

physical dimension

from gun cathode to sample 76 cm

from sample to detector 350 cm

initial electron pulses

bunch length/(Gaussian, rms) 300 fs

bunch radius/(uniform, hard-edge) 0.2 mm

bunch charge 2×105 e−

main machine parameters

repetition rate 10 Hz

gun RF field amplitude 41 MV/m

electron pulse launching phase 5◦

gun solenoid strength 968 Gauss

electron pulses parameters at sample

electron kinetic energy 1.82 MeV

relative energy spread 6.7×10−4

pulse duration (rms) 123 fs

spot-size (rms) 173 µm

divergence (rms) 45 µrad

Our strategy for system optimization is as follows:

we first fix initial electron dimensions, then adjust

the bunch charge, and other parameters, including

RF amplitude, electron pulse launching phase, and

solenoid strength, until an optimized diffraction pat-

tern is obtained. Subsequently, we adjust the bunch

charge, and then the initial spot-size. We repeat this

iterative process many times, and achieve overall res-

olutions of 250 fs and 0.01 Å. Also, significance of

each parameter to overall system performance is il-

lustrated.

Initial electron pulse duration is chosen to be 300

fs rms, for this number is suited to achieve ∼100 fs

or shorter pulses at the sample due to bunch com-

pression effect in a photo-cathode RF gun[20], and to

contain as many electrons as possible. The choice of

initial transverse spot-size is compromised between

achieving a small spot-size at the sample and a higher

bunch charge. In analogy to optics, finite source size

leads to smearing of diffraction patterns, thus a small

size at the sample is preferred.

As parameters listed in Table 1, we operate elec-

tron pulses in an ultra-short, ultra-low charge regime.

According to theory[21] and our simulation results, the
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RF induced emittance growth is negligible for ultra-

short pulse length, and space charge induced emit-

tance growth is negligible for ultra-low charge. Thus

total emittance is dominated by the thermal value,

obtained during the photoemission process.

In Fig. 2 we show the diffraction pattern and cor-

responding scattering intensity obtained with the pa-

rameters listed in Table 1. Angular position of each

ring is given by Bragg’s law as θ ∝ β−1γ−1, while

the width of each ring is determined by the electron

pulse spot-size and divergence, which changes slowly

with γ. It is then evident that γ should be lowered

to ’sharpen’ diffraction rings, while kept high enough

to relieve the space charge effects.

Fig. 2. Simulated diffraction pattern and corre-

sponding scattering intensity with parameters

listed in Table 1. In the diffraction pattern,

un-scattered electrons form the bright spot in

center, and multiple-scattered electrons con-

tribute as smeared background.

Performances of a MeV UED system are summa-

rized in terms of spatial and temporal resolutions.

The precision of a diffraction ring position on de-

tector is normally limited by the CCD pixel size,

and corresponds to a precision of micro-structures

of 0.01 Å. Regarding the temporal resolution τ =

(τ 2
l +τ 2

e +τ 2
jitter+τ 2

vm)1/2, where τl and τl are the lengths

of pump laser and probe electron pulses respectively,

τjitter is induced by the RF amplitude fluctuation and

RF-laser timing jitter which are of 150 fs and 100 fs

respectively with currently available techniques, and

τvm
[22] is negligible for thin foil and can be compen-

sated by tilting laser pulses[23]. All these contribu-

tions sum to an overall temporal resolution of 250 fs.

3 Status of experiment preparation

A more detailed description of main subsystems

can be found in Ref. [24]. The ultra-fast laser is now

under commissioning. The RF power system, the

photo-cathode RF gun, and the RF deflecting cav-

ity are ready for RF conditioning. Beam-line compo-

nents installation and alignments are to start soon at

the time we prepare this paper. We foresee a MeV

UED experiment later this year.

4 Summary

In this paper, we introduce the MeV UED and

present a design of such a facility at Tsinghua. We

optimize a MeV UED with numerical simulations,

and achieve 250 fs, 0.01 Å resolutions with currently

available machine parameters. We discuss consider-

ations on the choices of some main electron pulses

and machine parameters. Experiment preparation is

in progress. We expect an experiment demonstration

and comparison with simulations, and to further im-

prove such a compact, powerful scientific tool.

The author Li R.K. is greatly indebted to Dr. Xi-

jie Wang at BNL for introducing the topic of MeV

UED and many helpful discussions.
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