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We have developed a single-shot mega-electronvolt ultrafast-electron-diffraction system to measure
the structural dynamics of warm dense matter. The electron probe in this system is featured by a
kinetic energy of 3.2 MeV and a total charge of 20 fC, with the FWHM pulse duration and spot size
at sample of 350 fs and 120 um respectively. We demonstrate its unique capability by visualizing
the atomic structural changes of warm dense gold formed from a laser-excited 35-nm freestanding
single-crystal gold foil. The temporal evolution of the Bragg peak intensity and of the liquid signal
during solid-liquid phase transition are quantitatively determined. This experimental capability opens
up an exciting opportunity to unravel the atomic dynamics of structural phase transitions in warm
dense matter regime. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960070]

. INTRODUCTION

There is a significant interest in studies of warm dense
matter (WDM)' and the phase transitions that lead to this
regime. WDM state is found in steady state conditions in
the interiors of large planets® and brown dwarfs® and is the
precursor in the formation of high-density plasmas, especially
in inertial confinement fusion (ICF) research.*

Experimentally, measuring the structural changes dur-
ing solid/liquid phase transitions under WDM conditions is
nontrivial due to their rapid evolution and the disorder of the
ensuing structure. However, the recent advances in ultrafast
diffraction techniques based on X-rays' and electrons>° offer a
great opportunity to help resolve this challenge. Electrons have
a much larger (10* —10° times) scattering cross sections than
X-rays, making them the ideal choice to study nanometer-scale
or thinner samples. Furthermore, the elastic mean-free-path
of electrons is better matched to the optical pump excitation
depth, which can further enhance their efficiency in the studies
of laser-induced phase transitions.”

Recently, a mega-electronvolt ultrafast-electron-diffrac-
tion (MeV-UED) apparatus has been developed at SLAC’s
Accelerator Structure Test Area (ASTA) facility to support
ultrafast science programs.® By using relativistic electrons,
the inherent space charge effect, which tends to broaden
the bunch, is significantly suppressed. Therefore high bunch
charge and femtosecond temporal resolution become feasible
for this technique. To serve the WDM physics studies, a single-
shot data acquisition module has been added into this MeV-
UED system since irreversible physical processes are normally
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involved in a WDM system. In this paper, we report the charac-
terization results of this single-shot MeV-UED system as well
as its application to probe the structural phase transitions of
WDM created by ultrafast optical excitation.

Il. EXPERIMENTAL SETUP

The details of the MeV-UED system in ASTA at SLAC
have been described elsewhere.® The system can operate at
a repetition rate up to 180 Hz and consists of the following
key components: a Linac Coherent Light Source (LCLS)-type
photocathode rf gun,’ an ultra-stable rf power source, a laser-
rf timing system, a Ti:sapphire laser system, and a phosphor
screen-based electron detector. The rf gun is powered by a
pulse-forming-network based modulator and a 50 MW S-band
klystron. The rf signal in the gun is monitored by a phase and
amplitude detector unit.!” The stability of the rf phase and
amplitude is maintained by a feedback loop that is based on a
phase and amplitude controller unit.!" Typical values of the rf
amplitude and phase stability of the gun fields were measured
to be 3 x 107 (rms) and 30 fs (rms) over hours. The timing
jitter between the optical pump laser and the electron probe
was controlled to be better than 20 fs (rms) by using a high-
reliability femtosecond timing system developed for Linac Co-
herent Light Source (LCLS).'? The electrons were generated
by irradiating the photocathode with a femtosecond UV laser
pulse at a 70° oblique incidence. The UV laser pulse was
obtained by frequency tripling a small fraction of the output of
the Ti:sapphire laser system which has a central wavelength of
800 nm, a maximum pulse energy of 3 mJ, and a pulse duration
of 60 fs (FWHM). The majority (>70%) of the output of the
Ti:sapphire laser system is delivered to the optical system
for pumping the samples. The electron detector is located
3.2 m away from the sample and consists of a P43 phosphor
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screen (Gd,0,S5:Eu), a lens system, and a sensitive electron-
multiplying CCD (EMCCD) camera (Andor iXon Ultra 888).
In the middle of the phosphor screen there is a 1.6 mm diameter
through hole to prevent the zero-order diffraction signal from
saturating the CCD image at high EM gain during the exper-
iments. A synchronized fast optical switch device consisted
of two Pockels cells and a polarizer was installed before the
compressor of the Ti:sapphire laser system to lower the laser
repetition rate for single-shot operations. In this way, the high
stabilities of the RF system can be maintained during single-
shot data acquisition.

Fig. 1 shows the schematic diagram of the WDM experi-
ment conducted with the MeV-UED system. The warm dense
matter was created by irradiating a 130 fs (FWHM), 400 nm
laser pulse at close to normal incidence onto a freestanding
35 nm-thick single-crystal gold foil. The gold nanofoils are
mounted on an array of 350 um squared windows (pitched
by 700 um) of a silicon wafer, which can be motorized from
outside the sample chamber. The 400 nm laser pulse was
obtained through second harmonic generation of the principle
wavelength via a 650 um thick S-barium borate crystal. The
optical spot at the sample position has a diameter of ~420 ym
with a quasi-flat-top spatial profile to ensure uniform heating
of the sample. The flat-top profile was obtained by imaging the
optical wavefront at a 4-mm-diameter iris located in the up-
stream onto the target with a f = 25 cm CaF, lens. The pulse
energy at target is adjustable and its maximum is ~300 J.

The transmission electron diffraction for probing the
warm dense gold was implemented with relativistic electrons
with kinetic energy of 3.2 MeV. The focusing system for
the electron beam is comprised of two separated solenoids
and a collimator inserted in between. The collimator has
three diameters, i.e., 100 um, 200 ym and 500 gm. During
the experiment, the 200-um-diameter collimator was used
to deliver an electron beam at the sample location with a
satisfactory combination of the charge and the spot size.
With this collimator, typical values of the charge and FWHM
diameter of the optimized e-beam at sample were measured to
be approximately 20 fC and 120 um, respectively. Fig. 2 shows
the simulated spot size and pulse duration of the electron beam
as a function of propagation distance as well as the measured
spot sizes at the sample and detector locations. The simulation
was done with the computer code, general particle tracer
(GPT),"® with typical experimental conditions. As indicated,
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FIG. 1. Schematic diagram of the MeV UED pump-probe experiment for
studying warm dense matter physics.

Rev. Sci. Instrum. 87, 11D810 (2016)

1200 T T
GPT spot size

r ® Measured spot size
[| = GPT Pulse Duration

©
o
o

pulse duration (fs)
o
S
S

1

1]
[ 1
[ Collimator  Sample I]

1

1

|

FWHM spot size (um) &

w

o

o
T

Detector
I
ol . v . ]

FIG. 2. GPT simulated FWHM spot size (red solid line) and FWHM pulse
duration (blue solid line) of the 3.2 MeV electron beam propagating along the
beamline. The horizontal axis plots the distance relative to the photocathode.
Measured spot size of the electron beam at sample and detector locations are
shown as red solid circles.

a good agreement in the spot size evolution is found between
the simulation and the measurement. According to the GPT
calculation, the pulse duration (FWHM) of the electron beam
at the sample is predicted to be 350 fs. Assuming the temporal
resolution of the pump-probe system is the quadratic combi-
nation of the pump pulse duration (130 fs), the probe pulse
duration (350 fs) and the timing jitter between the two (20 fs),
the temporal resolution is estimated to be approximately 370 fs
FWHM, which is adequate to resolve the structural dynamics
of the warm dense gold that takes place on picosecond time
scales.’

lll. RESULTS AND DISCUSSIONS

Fig. 3 shows examples of the time-resolved single-shot
UED patterns of the single-crystal gold pumped with 900 J/m?>
laser fluence. As indicated, high quality single-shot scattering
images were obtained with the maximum scattering vector g
defined by g = 27 sin(8)/A (0: scattering angle and A: elect-
ron de Broglie wavelength) up to 11 A1, With this large g
range, diffraction orders higher than (600) can be captured in
a single-shot image. More importantly, a sufficiently high q
range is essential to determine the pair correlation function of
gold since the normalization between the measured scattering
intensity and theoretical electron scattering factor is normally
done at large ¢g.'* At time delay of 7 ps, the scattering image
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FIG. 3. (a)-(c) the single-shot UED patterns of the 35 nm freestanding
single-crystal gold measured at different time delays relative to the arrival
of the pump pulse, i.e., (a) -1 ps, (b) 7 ps, and (c) 16 ps. The gold foil was
excited by 400 nm laser pulse with pump fluence of 900 J/m2. Corresponding
radially averaged lineouts of patterns ((a)—(c)) are shown from (d)—(f).
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FIG. 4. Time dependence of the normalized (200) Bragg peak signal (red
dots) and the scattering signal of the first liquid ring (blue triangles) as shown
in the lineouts in Fig. 3. The solid lines are guide lines for the measured
signals. Data at each delay point were determined from a single-shot mea-
surement. The plotted Bragg signal is the sum of all the four equivalent peaks
after background subtraction and the liquid signal is the sum of the signal
between 1.5 A~! and 4 A~! of the radially averaged lineout of the four sectors
not covered by the four (200) Bragg peaks.

shows the disappearance of the Bragg peaks with q positions
above 6 A~!, indicating the loss in the crystalline order. The
broad scattering ring emerging nearby (200) Bragg peaks is an
indication of the existence of the disordered liquid state, which
contributes in part to the overall increase of the diffuse scatter-
ing background. At the longer delay of 16 ps, the measurement
shows that the crystalline order is completely vanished and
what remains is the highly disordered liquid state, which can
be used to infer the dynamic liquid structure factors of WDM
gold. Fig. 4 shows the single-shot measurement of the time
dependence of Bragg peak (200) intensity as well as the liquid
scattering signal at the same pump fluence as in Fig. 3. As
indicated, the trends of the Bragg peak decay and of the liquid
signal raise are clearly observed by single shot measurement
with this MeV UED system, allowing one to acquire high-
quality data without averaging a large number of shots for
statistics. The measured temporal behavior of the Bragg peak
intensity and the liquid signal strength can then be used to
test the theory of the structural dynamics and the melting
mechanism of warm dense gold.

IV. CONCLUSIONS

A single-shot MeV-UED apparatus has been developed
to study the structural dynamics of warm dense matter. This
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UED system takes advantage of the benefits of relativistic
electrons as the probe source and is featured by high stability,
high brightness, and femtosecond temporal resolution. The
single-shot capability of this MeV-UED system was success-
fully demonstrated by probing the atomic structure changes of
warm dense gold formed by optically pumping a 35 nm-thick
freestanding single-crystal gold foil. The temporal evolution of
Bragg peak intensity and the liquid signal of the melted gold
were quantitatively determined with this MeV-UED system,
opening up an exciting opportunity to unravel the atomic dy-
namics of laser-induced solid/liquid phase transitions in WDM
regime.
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