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Abstract

Recent years have witnessed rapid advances of MeV ul-
trafast electron diffraction (UED), in which high quality,
ultrashort, MeV electron pulses from a photocathode RF
gun are employed as probes for ultrafast structural dynam-
ics. We’ve built a prototype MeV UED system at the Ac-
celerator Laboratory of Tsinghua University, optimized the
the electron pulse parameters as well as hardware perfor-
mances, and achieved high quality single-shot diffraction
patterns. Moreover, MeV UED can be operated in a so-
called ’continuously time-resolved (CTR)’ mode, in which
an RF deflecting cavity streaks the electron pulse thus each
diffraction pattern constitutes an atomic movie’. We report
our experimental progress on MeV UED in this paper.

INTRODUCTION

High brightness, ultrashort electron pulses are indispens-
able tools that enable us to peer into the ultrasmall and ul-
trafast world, observing structures with atomic-scale preci-
sion and tracing their changes in real time, and eventually
understand the underlying physics. Generally, the wave-
length has to be roughly equal to or shorter than the inter-
atomic spacing (a few angstroms), and the pulse duration
is desired to be as short as one atomic vibrational period
(1 picosecond to 100 femtoseconds). One approach is to
generate high quality X-rays from electron pulses via free-
electron lasers (FELs) or Thomson scattering, and the other
is to directly use electrons as the structural probe.

In 1980s, G. Mourou and S. Williamson proposed and
demonstrated ultrafast electron diffraction (UED) [1], in
which ps-long electron pulses are generated via photoemis-
sion with ps laser pulses, accelerated by a direct-current
(DC) high voltage to tens of keVs, and then probe the sam-
ple structures on atomic scales through diffraction. This
novel concept and technique allowed for the first time in-
vestigations of structural changes on the ps time domain.
Since then, it has evolved as a powerful tool for ultrafast
structural dynamics studies in chemistry, biological and
material sciences, and its capabilities have been steadily
improved with the advances of the laser, electron source
and detector performances [2, 3].

However, it remains challenging to approach a 100
fs temporal resolving power with DC-based keV UED,
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mainly due to the strong space charge effects which cause
the electron pulse duration to grow rapidly with increas-
ing charge density and time-of-flight. With a most com-
pact DC gun design and as close as 3 cm between the
photocathode and the diffraction sample [4], ~10* elec-
trons can be encompassed in a ~350 fs electron pulse, and
~10 such pulses should be accumulated to obtain a high
signal-to-noise ratio (SNR) diffraction pattern (DP). Be-
yond using the conventional DC gun alone, there are recent
proposals to employ a radio-frequency (RF) cavity to ex-
ert a time-energy correlation (chirp) to the electron pulse
thus the pulse durations get compressed by velocity bunch-
ing [5, 6]. It’s shown in simulation that 100 keV, 0.1 pC
electron pulses can be compressed to ~100 fs or shorter.

On the other hand, using photocathode RF guns, the
“brightest’ electron sources in the accelerator family, it’s
not uncommon for an MeV, 100 fs electron pulse to contain
105—107 electrons. It’s first proposed by H. Thee and X. J.
Wang to employ these electron pulses for UED [7, 8]. MeV
UED would allow not only higher temporal resolution and
single-shot DPs, but also thicker samples to be studied.

Challenges in bringing MeV UED from a concept to a
reality include what kind of MeV electron pulse parame-
ters are required to generate high quality DPs and how to
realize them, whether the detection efficiency and spatial
resolution for MeV electrons are high enough, and whether
the RF-laser synchronization jitter deteriorate the tempo-
ral resolution even though the high charge electron pulses
can be ultrashort [9], etc. Radiation damage would not be
a constrain since the electron fluence in MeV UED (106
electrons/~1 mm diameter spot-size) is only 1 electron per
8x107 A2, roughly 10 orders of magnitude lower than that
in the high energy transmission electron microscopy (10®
electrons/~100 nm diameter spot-size) [10].

Several groups have made or are now making exper-
imental efforts to demonstrate and improve MeV UED,
including the SLAC-Brown University collaboration [11],
the Pohang Accelerator Lab at POSTECH [12], the Pega-
sus Lab at UCLA [13, 14, 15], the Source Development
Lab at BNL [16], we at Tsinghua University [17, 18], and
the Osaka University-KEK collaboration [19]. We present
our recent progress on MeV UED in this paper.

CONVENTIONAL MODE EXPERIMENT

We built a prototype MeV UED system at the Ts-
inghua Thomson scattering X-ray source facility [20], the
schematic of which is shown in Fig. 1. The positions of the
main components are listed in Table 1.
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Figure 1: Schematic of the MeV UED system

Table 1: Layout of the MeV UED system

Component Position (cm)
photocathode 0
magnetic solenoid 21.4
collimatior 76.8
diffraction sample 77.0

RF deflecting cavity 166.0
detector screen 377.5

The photocathode RF gun and magnetic solenoid con-
figuration is identical to those used in the injectors for FEL
and Thomson scattering facilities, while the electron beam
behavior is not necessarily also in the emittance compensa-
tion regime. A 1 mm diameter collimator is placed before
the diffraction sample. The collimator allows only a small
portion of the electron pulse to pass through, thus the beam
emittance was dramatically improved at a price of much
lower bunch charge.

A typical x—x' phase space distribution after the colli-
mator is shown in Fig. 2. The distribution can be well ap-
proximated by a tilted band segment with a uniform root-
mean-square (rms) local height of ¢{, and cut off at £D/2
by the collimation hole. The linearity of this segment stems
from the facts that the RF field in the gun, the space charge
forces, and the solenoid focusing are all linear in the vicin-
ity of the beam-axis. The negative slope ¢ indicates that the
beam is focused.

Figure 2: A typical z—z’ distribution after collimation

The normalized emittance is roughly €, = vB0g0), in
which oy is the rms spot-size and equals to D /4 for a uni-
form density distribution. With negligible space charge
effects and kinetic energy spread, the rms width of each
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diffraction ring is given by

Ar = [(1+£L)202 + L202]* (1)
where L is the distance between the sample and the detec-
tor screen. With a proper focusing the 1 + &L term can
approach 0, thus the ring width is dictated by o{,. Smaller
oy, allows the diffraction rings to be sharper [15, 21]. When
the space charge effects are not negligible, we rely on sim-
ulation tools to precisely predict the beam behavior.

The quality of the DP can be evaluated by the ra-
tio between the width and radius of the ring Ar/r =
Ardpg /(AL), where dpy; is the spacing between the (hkl)
lattice plane and X is the average de Broglie wavelength of
the electrons. Equivalently, we can use the rms ring width
in reciprocal space As = Ar/(AL) = d;},Ar/r to evalu-
ate the DP quality.

A Faraday cup is placed after the collimator to measure
the bunch charge with and without collimation. A pair of
steering coils are used to correct possible misalignments
and fine tune the beam trajectory. The RF deflecting cavity
is used to measure the electron bunch length at that loca-
tion, and we can retrieve the length at sample with aid of
simulation codes. The detector consists of a P43 phosphor
screen, a 45° first-surface mirror and an Andor iXon®M+
885 electron-multiplying CCD (EMCCD) camera [22].

With the parameters listed in Table. 2, we obtained a high
quality single-shot DP of a ~200 nm polycrystalline alu-
minum foil, as shown in Fig. 3.

Table 2: Parameters for the single-shot DP shown in Fig. 3

Parameter Value  Unit
UV laser pulse duration o;*" (rms) 0.8 ps
UV laser spot-size 0" (rms) 0.15 mm
RF field amplitude at the cathode F, 60 MV/m
electron bunch launching phase ¢ 20 Deg
magnetic solenoid strength B 0.122  Tesla
collimation hole diameter D 1.0 mm

bunch charge before collimation 32 pC

bunch charge after collimation Q) 0.79 pC
kinetic energy at the sample Ey, 2.76 MeV
bunch length at the sample o, (rms) 2.5 ps

The DP is much improved compared to our previous re-
sult [17]. First, thanks to better electron beam qualities,
the separations between adjacent rings are more clear and
homogeneous, allowing us to trace the evolutions of each
ring if there are any structural changes. Secondly, the de-
tection efficiency is much increased. We replaced the pre-
vious YAG crystal with a P43 phosphor screen, and used a
lens with a larger aperture. We had not calibrated the abso-
lute number of detection efficiency, and are planning to do
so as the EM gain calibration for the EMCCD becomes rou-
tinely available. Also, magnetic field errors from the steer-
ing coils or surrounding components were much reduced,
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thus the diffraction rings were on longer that obviously el-
liptical. Using a proper data processing technique [17], we
plot the corresponding scattering intensity in Fig. 4, and the
width of the diffraction peak is As ~ 0.02 A~! rms.

scattering intensity [ (s)/a.u.

Figure 4: The scattering intensity corresponding to Fig. 3

It’s worth noting that with the parameters listed in Ta-
ble. 2, the longitudinal repulsive space charge forces near
photocathode was not negligible, thus the electron beam
got negatively chirped (the pulse head had a higher energy)
even though the RF chirp should be positive. The longitudi-
nal space charge forces were rapidly damped as the kinetic
energies were increased. The chirp was almost frozen after
the gun exit however it led to bunch length growth down
the beamline. For the conventional mode MeV UED where
ultrashort (~100 fs) bunch length is desired, we may start
with low initial charge density to preserve a positive chirp.
Simulation results show it’s not difficult to achieve 0.1 pC,
100 fs rms electron pulse at the sample with state-of-the-art
hardware performances.

CONTINUOUSLY TIME-RESOLVED
(CTR) MODE MEV UED

We have reported the results of this novel mode else-
where [18]. We have obtained single-shot CTR DPs using
a static single crystal sample. The demonstrated tempo-
ral resolution is ~200 fs. The temporal resolution of this
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mode is mainly dictated by the resolving power of the RF
deflecting cavity rather than the electron bunch length. We
are confident that this mode can easily break the 100 fs tem-
poral resolution barrier, however efforts should be made to
further improve the efficiency and SNR of the detector.

SUMMARY AND OUTLOOK

We have demonstrated improved electron beam qualities
and hardware performances for MeV UED, and are build-
ing a dedicated MeV UED facility. Next steps include char-
acterizing the timing between the pump laser and probe
electron pulses and further improving the detector, to suc-
ceed a time-resolved benchmark experiment thus eventu-
ally proving MeV UED a promising and powerful tool.
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