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ABSTRACT

The ability to resolve the dynamics of matter on its native temporal and spatial scales constitutes a key challenge and convergent theme
across chemistry, biology, and materials science. The last couple of decades have witnessed ultrafast electron diffraction (UED) emerge as one
of the forefront techniques with the sensitivity to resolve atomic motions. Increasingly sophisticated UED instruments are being developed
that are aimed at increasing the beam brightness in order to observe structural signatures, but so far they have been limited to low average
current beams. Here, we present the technical design and capabilities of the HiRES (High Repetition-rate Electron Scattering) instrument,
which blends relativistic electrons and high repetition rates to achieve orders of magnitude improvement in average beam current compared
to the existing state-of-the-art instruments. The setup utilizes a novel electron source to deliver femtosecond duration electron pulses at up to
MHz repetition rates for UED experiments. Instrument response function of sub-500 fs is demonstrated with < 100 fs time resolution
targeted in future. We provide example cases of diffraction measurements on solid-state and gas-phase samples, including both micro- and
nanodiffraction (featuring 100 nm beam size) modes, which showcase the potential of the instrument for novel UED experiments.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000203

I. INTRODUCTION investigation of ultrafast phenomena. To this end, diffraction techni-
Development of pulsed electron sources has revolutionized the ques have taken a center stage for providing atomic-level structural

field of structural dynamics leading to a new paradigm in the information in gas and condensed phase systems. The integration of
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femtosecond laser technology with electrons bunches generated via
photoemission from metallic cathodes was pioneered by Mourou and
Williamson' following seminal work of Ischenko et al,” culminating
in the first ultrafast electron diffraction (UED) experiment.3 Since
then, ultrafast electron probes have been employed in numerous stud-
ies encompassing different materials and research themes over a broad
range of time scales. Examples include discoveries of light-induced
non-equilibrium phases in quantum materials,”” visualization of gas-
phase photochemical metamorphosis,”” measurements of non-
thermal melting,”” warm dense matter formation'’ and plasma
waves,""'* mapping of structural dynamics in molecular crystals,”"”’
and many more.

A well-known factor inherent to UED is the space charge effect
due to mutual repulsion between electrons. It restricts the particle
number density that can be delivered in each bunch, leads to pulse
lengthening, and degrades the overall beam brightness. Several strides
in theory'*'” and instrumentation have been made in the last two dec-
ades aimed at mitigating the influence of space charge effects. Namely,
a plethora of gun designs have been developed over the years, employ-
ing increasingly advanced technologies from electron microscopes and
accelerators. The first guns used for femtosecond electron diffraction
were compact table-top DC guns operating in the tens of keV regime,
in which the short path for the electron probe permitted use of low-
charge beams (<10000 electrons per pulse) with sub-picosecond tem-
poral resolution.”'® Modified transmission electron microscopes for
producing high-coherence, single-electron pulses at high repetition
rates (ultrafast electron microscopes'”'") or single-shot high-charge
pulses (dynamic transmission electron microscopy' ) followed, as well
as UED setups utilizing radio frequency (RF)*’ and terahertz
(THz)*"** drives for rapid acceleration and compression to minimize
space charge interactions during electron transport. More recently, the
use of relativistic electron beams in UED*** has grown as the mar-
riage of large acceleration fields (>10MV/m) and high final kinetic
energies can provide very high-density electron bunches with minimal
pulse lengthening.”**’

However, despite these developments, there is still a need for
brighter electron sources to enable new and more demanding
experiments to realize the full potential of the UED technique.
Some examples of experiments that would require a higher average
flux to complete in a reasonable time include mapping time-
resolved phonon band structures from the weak thermal diffuse
scattering”® in low-density materials (e.g, 2D monolayers or
bilayer heterostructures), performing time-resolved 3D reciprocal
space mapping to resolve fine details of ordering dynamics in
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crystals, and observation of photochemistry in low-density lig-
uid™ ” and gas-phase streams. In addition, improvement in gen-
eration of coherent electron beams with high average beam current
will unlock new experimental possibilities, which have thus far
been limited to static electron microscopy, such as scanning elec-
tron nanodiffraction’ and coherent diffractive imaging.”*

Here, we present the capabilities of a versatile setup for ultra-
fast electron scattering experiments at Lawrence Berkeley
National Laboratory (LBNL) that applies a novel concept in elec-
tron generation via a continuous wave, RF photogun, producing
high-current electron bunches at relativistic energies up to MHz
repetition rates. The instrument opens new avenues for UED with
ultrabright electron beams with high flux and high repetition
rates. In addition to the instrument characteristics, we provide a
few case studies of the science that is being enabled by the
Berkeley UED instrument.

Il. THE HIGH REPETITION RATE ELECTRON
SCATTERING INSTRUMENT

In this section, we describe the High Repetition-rate Electron
Scattering (HIiRES) instrument for the studies of atomically resolved
dynamics.

A. Electron beamline

The schematic layout of the HiRES beamline is provided in Fig. 1.
At its heart is the continuous wave, advanced photoinjector experi-
ment (APEX) radio frequency electron gun delivering high current
(>nanoamperes) beams of relativistic electrons. The details of the
state-of-the-art gun design, which enable these unique characteristics,
have been discussed elsewhere.”

Photoelectrons are generated from an easily exchangeable, high
quantum efficiency, multi-alkali antimonide (CsK,Sb) photocathode, ™
which has a much lower work function than other typical cathode
materials. This allows for photoemission from visible photons that can
be conveniently produced, e.g., by frequency-doubling the output of
1030 nm lasers, in contrast to generally more challenging and less effi-
cient generation of UV photons required for metallic photocathodes.
Emitted photoelectrons are extracted and rapidly accelerated to
~ 750keV using high-gradient, RF fields (>20 MV m™~ '; maximum
driving RF power 120kW CW). Following this, they pass through a
1.3 GHz CW, 2-cell RF bunching cavity (10kW max power), which
imparts a time-energy correlation for ballistic bunch compression at
the sample. Optimal parameters of the bunching cavity depend
strongly on the operating conditions such as initial pulse length and

RF deflecting

cavity Detector

Solenoid

g BT

magnet ﬁ |6| I

col 7 Gl
Quadrupole |
magnets I UED
Dipole Quadrupole
magnet magnets

FIG. 1. Layout of HIRES beamline, which splits out at the dogleg for UED and diagnostic branches. Col: collimator.
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beam charge and are tuned to bring the electron bunch to a longitudi-
nal focus at the sample plane a few meters downstream. After the RF
compressor, bunches are directed through a pinhole aperture to filter
out dark current generated by field emission due to the high-
amplitude RF. Various apertures featuring different sizes are available
for this purpose, and view screens are placed along the beamline to
inspect the beam. Solenoid and quadrupole magnetic lenses are used
to control the beam size during beam propagation.

After the buncher, HiRES branches out into diagnostic and UED
beamlines as shown in Fig. 1. The former corresponds to the straight
line, which has been developed for characterizing transversal and lon-
gitudinal properties of the electron bunches. It features a 1.3 GHz,
1-cell transverse RF deflecting cavity, which acts on the traveling elec-
trons by providing a time-dependent momentum kick, mapping the
longitudinal coordinates into the transverse plane (ie., streaking). A
calibrated detector placed downstream of the cavity records the
streaked pattern from which direct measurement of pulse length and
relative time of arrival can be made. The position of the deflecting cav-
ity on this diagnostic line has been carefully chosen in order to provide
the same total dispersion as in the sample position in the UED beam-
line. While our simulations suggest small differences between the two
beamlines in terms of the bunch length (see discussion on this in a pre-
vious publication on HiRES beamline;’”) these are however very small
and the characterization of the bunch length in the diagnostic line
serves as a good indicator for electron beam duration at the sample
plane. Figure 2 shows the measured electron bunch length as a func-
tion of the RF buncher field and beam charge extracted at the photo-
cathode using the deflecting cavity. For this measurement, multiple
images were collected at each set point, providing an average value and
a standard deviation for that dataset. General Particle Tracer (GPT)™
simulations were carried out to compare with the measurements and
generally show good agreement for beams longer than 500 fs, validat-
ing the beamline model. On the other hand, in the present configura-
tion, although the model predicts down to 100 fs at 2 fC charges, direct
measurements of sub-500 fs pulse lengths were obscured mainly by the
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FIG. 2. Electron beam bunch length measured on a transverse deflecting cavity as
a function of buncher cavity field. Particle tracking simulation comparison is shown
with dashed lines. The error bars correspond to 3¢.
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shot-to-shot time of arrival fluctuations,” which are sensitive to the
buncher amplitude fluctuations near maximum compression.

The second beamline is reserved for UED experiments. The path
to the UED setup involves electrons being directed through the dogleg
by a dipole magnet. In the process, the beam becomes dispersed due to
the energy dependence of the bending radius in the dipole, which also
allows for characterization of the bunch kinetic energy distribution. A
triangular slit can be inserted here for energy collimation. A second
dipole magnet then steers the electron bunch toward the UED setup.
Two quadrupole triplets are used to manipulate transverse beam prop-
erties and for optimization of probe beam shape and size at the sample
and detector, respectively. The first one of these quadrupole triplets is
located in the dogleg, and is generally used for dispersion compensa-
tion, such that the correlation between energy and transverse position
after the dogleg, including at the sample, is suppressed. A second aper-
ture is typically inserted after the second quadrupole triplet to further
filter out dark current and spurious x-rays, and, in some cases, to colli-
mate the beam to achieve a smaller spot size at the sample and/or
detector.

The flexibility to tune different beamline parameters such as
bunch charge, transverse/longitudinal beam properties and repeti-
tion rate allows for it to be adapted for a wide range of UED stud-
ies, providing access to materials and gas-phase experiments as
well as allowing to operate in nano-diffraction and projection
imaging modes, in addition to the standard micro-diffraction
mode. The range of electron beam parameters accessible at HiRES
is summarized in Table I.

B. Laser system

The HiRES beamline employs a commercial, Ytterbium-based
femtosecond fiber laser system (Active Fiber Systems GmbH) for
photoelectron generation and to serve as the excitation laser in
pump-probe experiments. It outputs 315 fs FWHM pulses centered
at 1030 nm (8 nm FWHM spectral bandwidth) with a tunable repe-
tition rate (up to 250 kHz nominal, which also sets the repetition
rate for UED experiments at HiRES), and a maximum pulse energy
of about 200 uJ. The pulse energy rolls down above 50 kHz, while
the maximum average power of 50 W is maintained. The laser and
the RF power amplifier for the electron gun are synchronized using
a reference RF generator via a phase-locked loop. HiRES is also
equipped with an optical parametric chirped pulse amplifier
(OPCPA), which accepts the output of the fiber laser and can pro-
vide extremely short laser pulses (approximately 10 fs FWHM)
centered at 800 nm, opening the route for broadband pumping and

TABLE 1. Accessible electron beam parameters at HIRES.

Parameter

Value

Beam energy
Bunch charge
Bunch length*
Beam emittance”
Beam size"
Repetition rate

750 keV nominal
1-10® electrons per pulse
100-10 000 fs RMS
0.1-100 nm
0.1-1000 um RMS
Single shot — 62 MHz

“Beam charge dependent.
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TABLE Il. Typical laser parameters.

Main laser
Parameter Value
Central wavelength 1030 nm
Pulse energy <100 1
Pulse duration ~ 315fs FWHM
Repetition rate Single shot — 250 kHz
Beam spot size 250-1100 pum FWHM
Accessible fluence range 0.1-300 mJ cm >

OPCPA

800 nm
~ 10% of laser input
~ 10 fs FWHM

Central wavelength
Pulse energy
Pulse duration

generation of terahertz and mid-infrared light, further extending
the tuning range for excitation. Typical parameters of the HiRES
optical setup are reported in Table II.

C. UED setup

As a pump-probe technique, UED requires a pump laser beam
(typically in the optical regime) to prepare the system of interest out-
of-equilibrium and precisely synchronized electron pulses to take
snapshots of the transient events in the form of time delayed diffrac-
tion patterns. At HiRES, respective pump and probe beams are gener-
ated from a common laser (described earlier), which minimizes timing
fluctuations to those of the electron transport. Further management of
timing, including characterization of time-of-flight (TOF) jitters are
carried out using virtual diagnostics that are described elsewhere.”*

As Fig. 3(a) shows, the main laser output is split using a beam
splitter to create the pump and probe arms. The higher energy pump
beam is time-delayed with respect to the electron beam laser using a
remotely controlled, mechanical delay line (which provides maximum
possible delay of 1.5ns), telescoped (dual-lens setup to adjust focal
spot area at sample in range between 100 and 500 gm* RMS) and sent
to the sample chamber via one of the viewports. After entering the
chamber, the pump beam reflects off a routing mirror and hits the tar-
get sample. The transmitted (residual) pump is harnessed by a mirror
behind the sample holder, which directs the beam out through a side
view port to the diagnostic breadboard containing a power meter and
a beam profiler. The latter is setup to measure the beam spot size at the
sample plane by virtue of 1:1 imaging as well as permitting real-time
monitoring of beam position; the power meter provides an estimate of
the beam pulse energy. This allows for a straightforward measurement
of the fluence, which can be adjusted by varying the pump power.

The electron beam laser, on the other hand, is first sent into a
stretcher, which elongates the pulse width of the laser from 315 fs to
about 1 ps. The elongated pulses then are frequency doubled via a sec-
ond harmonic generation (SHG) process in a beta-barium borate
(BBO) crystal employing non-critical phase matching to output 515 nm
pulses with photon energy matching the work function of the semicon-
ducting, CsK,Sb photocathode. The laser beam is then shaped by a
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mechanical aperture and imaged onto the photocathode by a lens in
near-normal incidence, front-illuminating geometry. The probe arm
also features beam diagnostics containing a virtual cathode camera to
determine beam size and profile at the cathode as well as the fluence.

Photogenerated electrons enter the sample chamber via the beam
transport pipe and travel straight downstream after interacting with
the sample (crossing angle between the pump laser and electron probe
is approximately 6°) and strike a cerium-doped yttrium aluminum
garnet (Ce:YAG) scintillator screen, which emits visible radiation upon
electron impact. The illuminated pattern on the back of the scintillator
crystal is picked up by a mirror and imaged onto a 16-bit intensified
charged-coupled device (CCD, Princeton Instruments, PI-Max 4) ori-
entated perpendicular to the beam path. Due to the near MeV-scale
energy of the relativistic electron bunches, i.e., 750 keV, a detector dis-
tance of roughly 800 mm is used to capture the diffraction pattern. The
unscattered electron beam is blocked by a beam stop to avoid detector
saturation. Finally, the YAG screen and mirror can be retracted such
that the beam is directed further downstream, where a Faraday cup is
installed for measuring the beam current. The bunch charge needed in
the experiment can be set by changing the laser power for electron
generation or inserting pinholes in the beam path.

The mentioned setup is representative of the typical UED at
HiRES. The end station can be purposed for the type of science that is
of interest. Figure 3(a) depicts the sample chamber for materials sci-
ence experiments. The salient feature of this format is a custom-
engineered, in-vacuum cryogenic sample stage with four-axis motion,
which is coupled via a thermal link to a commercial
Gifford-McMahon cryocooler with low-vibration exchange gas inter-
face. The sample stage includes a removable sample cassette (cryo
insert) and is carefully shielded from impinging thermal radiation.
Furthermore, it is strongly insulated from the motion stage’s thermal
mass using a Vespel bridge and layers of aluminized Mylar foil. As a
result, sample temperatures in the range between 10 and 350K are
routinely achieved while retaining full four-axis positioning. Accessible
temperatures below 20 K set the stage for structural dynamics research
of certain classes of materials hitherto unstudied with UED, such as
conventional superconductors.

Depending on the required temperature range, two different sam-
ple holders are available as shown in Fig. 3(b). The standard holder
can accommodate up to 20 standard TEM samples including position
reference apertures and YAG crystals to aid with alignment. This hol-
der is primarily used for room temperature measurements. The cryo
sample insert, on the other hand, has seven slots: the central one is typ-
ically reserved for an alignment pinhole for spatially overlapping
pump and probe beams, one is typically left empty to allow the pump
laser to pass through to exit the chamber for characterization, and the
remaining five can be used for mounting samples. The front face of the
holder has a holey (frosted) YAG plate with patterned laser-cut holes
mounted on it providing access to the samples below. When moving
between samples, the impinging beams can be viewed on the YAG sur-
face to aid the alignment process.

The holders are connected to the XYZ stage in the sample cham-
ber, which enables precise sample manipulation. As mentioned earlier,
the cryogenic holder is strongly thermally decoupled from the motor-
ized stages via the Vespel bridge to avoid raising its base temperature.
The standard holder, on the other hand, is magnetically attached
directly to the XYZ stage, which provides vertical and sideway
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specimen pumping. Electron pulses travel along the z axis in the laboratory reference frame. (b) Choice of sample holders for materials science experiments depending on the
temperature. (c) lllustration of accessible degrees of freedom using UED sample holders.

translations (range >150 mm) as well as pitch (®) and yaw (V') rota- measurements that are possible. Figure 4 features static electron
tions (5° on cryo inset and > *+30° when using standard holder) as diffraction patterns obtained from selected solid-state samples,
shown in Fig. 3(c). Rocking curve and tilting experiments are, there- which represent types of materials that are of frequent interest for
fore, possible at a wide range of temperatures on this setup. UED studies including quantum materials,"”*’ polycrystalline

metals,"*® and 2D materials.””"® A beam charge of up to 20 fC

Ill. EXAMPLES OF UED AT HiRES

(~10° electrons/pulse) and a repetition rate of 250kHz were

Materials science experiments are a major focus at HiRES ~ employed to acquire these patterns. The exposure was on the order
UED,"*"! and, in this section, we provide examples of the types of of a second per frame for each of these images (~ 10! electrons per
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max

min

FIG. 4. Static electron diffraction patterns of (a) TaS2 [001], (b) polycrystalline gold, and (c) bicrystal graphene measured at HIRES using a repetition rate of 250 kHz.

frame). As can be seen, a large momentum transfer, s range (where
s = 2/—.”sin (g), J is the electron wavelength, and 0 is the scattering
anglé) of *10A™! is accessible, which allows to track the
dynamics of several diffraction orders simultaneously. In addition,
momentum resolution as small as 0.1 A~" RMS has been achieved
so far. In principle, even better momentum space resolution can be
attained by making the spot size of the electron beam smaller on
the detector depending on the bunch charge and the associated
beam emittance. Lowering the beam charge can lower the emit-
tance (which scales quadratically with the former’”) and the high-
est achievable resolution is then limited by the optical system
resolution, including CCD pixel size (14 um) and point spread
function of the detector as well as the YAG screen. It is an optimiz-
able parameter at HiRES with the possibility of achieving as low as
0.025 A™" under the current detection scheme and sample-detector
distance.

The high average flux of electrons also permits acquisition of
high fidelity diffraction patterns from weakly scattering materials, such
as monolayer graphene as shown in panel ¢ of Fig. 4. Under the pre-
sent conditions, the temporal resolution of the setup was demonstrated
using a thin flake of TaSe,—a layered charge density wave (CDW)
material, by observing the photoinduced suppression of the CDW
peak caused by 1030 nm laser excitation at 1.9 mJ cm™ 2 as shown in
Fig. 5. The electron bunch charge at the sample was approximately
2 fC (1.2 x 10* electrons/pulse) for this measurement (30's exposure
and average of 10 frames) and an error fit to the data recovered an
instrument response of sub-500 fs RMS. This makes it possible to
study a range of phenomena including electron-phonon couplings,
charge density wave dynamics, and coherent lattice motions.

A. Ultrafast heating in single crystal gold

We demonstrate the capability to perform relativistic UED at
kHz repetition rates on freestanding thin films using single-crystal
gold foil as an example. Photoinduced carrier dynamics in gold have
been well characterized by many techniques, including UED, making
this an ideal benchmark system. For the experiment, we excited com-
mercially available 11 nm [001]-oriented Au films with 1030 nm laser
pulses at 3.9 mJ cm ? peak fluence and recorded the time-resolved
electron diffraction patterns to measure the lattice temperature
dynamics. The pump laser spot size was about 700 um FWHM in

Struct. Dyn. 10, 064302 (2023); doi: 10.1063/4.0000203
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effort to provide mostly uniform excitation over the 350 um FWHM
electron probe size.

A static electron diffraction image from the Au film is shown
in Fig. 6(a), revealing a fourfold symmetry suggesting that the
film was oriented near to the [001] zone axis. The repetition rate
for this measurement was set at 0.5 kHz, and each electron pulse
contained 10* particles on average. Several Bragg orders up to
and including 620 are clearly resolved, allowing simultaneous
analysis of multiple diffraction peaks, improving the accuracy of
lattice temperature retrieval.

Figure 6(b) shows a plot corresponding to the time-dependent
intensity change of selected families of Bragg peaks together with global
exponential fits to the time-traces to clarify the observed response. The
suppression of the Bragg peaks occurs due to transfer of thermal energy
from the electron subsystem to atomic vibrations via electron-phonon
coupling, causing an increase in the lattice temperature.*’

In conditions where the kinematical scattering condition
holds, the thermal suppression of diffraction peaks can be well

20 . - ' . . -
1T-TaSe,

O =491 + 63 fs

80 ——————
3 2 4 0 1 2 3 4

Time (ps)
FIG. 5. Characterization of time-resolution of pump-probe UED at HIRES using
TaSe,. The diffraction pattern is shown in the inset. The white circles denote the

peaks that were chosen for analysis. An error-function fit (shown in red) has been
used to determine the instrument response, characterized by RMS duration o
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pubs.aip.org/aip/sdy

x10-3

0 10

AT (K)

-10 -10 0 10 20
min Time (ps) Time (ps)
-3
d o 1570 : § 20
@ Base 4 Base
@ Excited ¢ 150 @ Excited
R 10 <> Excited — Base 119 15 4
S g . -
~ . S .., < i < < *
_g ° 4 ry B} F\‘:, ‘g ‘ <> 100 : bo 10
< -15; [eo05kHz a5 70 0 ¢ 4 g .
* 1 kHz 150
20} | 2kHz . ¢ 5r¢ ¢
5 kHz e < **
-25p | *10kHz | . N Ore ‘ 10 0le $
20 -10 0 10 20 30 40 0 5 10 0 5 10
Time (ps) Repetition rate (kHz) Repetition rate (kHz)

FIG. 6. Repetition rate effects on lattice temperature dynamics during pump-probe UED of freestanding gold foils. (a) Diffraction from the [001]-oriented single crystal gold film.
(b) Temporal evolution of Bragg orders. (c) Time-resolved lattice temperature extracted using dynamical scattering simulations (black diamonds) fit with a two-temperature
model convolved with the instrument response (red line). (d) Temporal evolution of the 420 order at varying repetition rates. (e) Temperature rise directly following pulses
(excited) and residual temperature (base) for varying repetition rate. (f) Change in sample rippling extracted for the same conditions.

described using the Debye-Waller model (DWM) via the follow-
ing relation:

I

log I s (1)
where 2 corresponds to mean square atomic displacements. The
DWM predicts that the magnitude of the intensity change increases
with the scattering vector, s. However, our data show deviation from this
behavior attributed to non-negligible multiple scattering, which calls for
models that account for dynamical effects. Such a model was developed
in-house’' and applied to the data to extract the time-dependent lattice
temperature following photoexcitation. The obtained results are pre-
sented in Fig. 6(c) alongside a two-temperature model (TTM) fit. An
electron-lattice coupling constant, G = 2.6 x 10" Wm > K ' was
employed, and the fit was convolved with the instrument response,
which shows good agreement with the data validating the utility of the
model. As can be seen from the figure, the residual temperature rise is

less than 20 K for measurements done at 0.5 kHz repetition rate.
Following this, we tested the response of the sample at
increasing repetition rates to investigate the onset of residual heat-
ing and the damage threshold. For this, we carried out experiments
on the same sample with repetition rates of 1, 2, 5, and 10kHz. In
addition, we kept the total charge for each image fixed for this
demonstration. Therefore, images acquired at these repetition rates
were integrated for respectively, 12, 6, 3, 1.2, and 0.6 s per frame
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(corresponding to ~ 107 electrons), and a total of ten frames were
averaged at each time-point. The time-resolved intensity
changes of the 420 order from these measurements are illustrated
in Fig. 6(d). The dynamics do not appear to be significantly
affected by the increased repetition rate up to 10 kHz. However, a
negative offset in the peak intensity characteristic of accumulated
heating is observed and increases with the repetition rate.

We can quantify the lattice temperature before and after the
arrival of the laser pulse at each repetition rate by once again applying
the dynamical scattering model to the first seven diffracted orders.
These temperatures were extracted by averaging the data recorded at
time delays ranging from —24 to —6 ps (i.e.,, pre time zero, denoted
“base” temperature) and from 13 to 47 ps (i.e., post time zero, denoted
“excited” temperature), and then applying the model to extract the lat-
tice temperature rise and change in RMS tilt spread. The results are
shown in Figs. 6(e) and 6(f). Indeed, at higher repetition rates, as
expected, accumulated heating leads to an increase in both base and
excited temperatures, but the rise due to each individual pulse
(“excited—base”) remains roughly the same. For this experimental
configuration, the change in base temperature when using 5 kHz repe-
tition rate is found to be more than half the temperature rise due to the
individual pulse, and, at 10 kHz, the base temperature rise is nearly
equal to that imparted by an individual pulse. An attempt to further
increase the repetition rate to 25 kHz damaged the sample: irreversible
melting and recrystallization occurred within seconds.
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These results show that heat accumulation must be carefully con-
sidered to access the benefits of higher repetition rates for UED of large
films, even for materials with high thermal conductivity such as metal-
lic foils. In this experiment, the 11 nm foil was supported by a gold
TEM grid with 20 um wide grid bars and 60 um wide holes excited
using a 700 um wide laser spot: the very high aspect ratio, broad excita-
tion region, and operation in vacuum makes heat dissipation slow.
Under high repetition rate operation, the base temperature will be
especially high at the centers of the windows as well as the center of
the overall laser spot: this inhomogeneous temperature distribution
complicates data interpretation and also limits the excitation fluence
that can be used before damaging the sample. Improvements to sample
platform design, including the geometry and materials used, should be
examined. However, UED experiments impose many requirements
that need to be considered including sufficient electron transparent
area over the probed region, access to varying tilt angles, and operation
in vacuum.

On the other hand, the benefits of high repetition rate are much
clearer for smaller samples. In this case, the pump and probe lateral
size can be reduced, and heat dissipation can be much faster since the
maximum usable repetition rate scales quadratically with the pump
diameter.” Indeed, repetition rates approaching MHz have been uti-
lized in ultrafast transmission electron microscopes: in one example,
the pump and probed areas were reduced to less than 2 um by deposit-
ing a thick gold mask with holes over the sample mounted on a silicon
nitride support.”” Many types of samples of interest for UED study are
limited to several micrometer sizes due to challenges of sample prepa-
ration, including some exfoliated 2D material flakes, quasi-1D material
wires, and thin lamellae prepared using focused ion beam milling. In
these cases, higher repetition rates will be accessible and will provide a
significant improvement in signal. In the nanoscale limit, high repeti-
tion rate becomes essential to record diffraction patterns with sufficient
signal. Next, we demonstrate the utility of HiRES in the nanoscale
regime.

B. Nanoscale UED

Probing ultrafast dynamics in nanoscale volumes is an important
emerging research area. Heterogeneous nanoscale dynamics may influ-
ence the overall behavior of ultrafast processes, as suggested by results
from prior UED studies, which hypothesized grain-dependent struc-
tural phase transformations”' and transient local defects’” were occur-
ring within the probed area. Low-dimensional nanocrystals likely host
unique, size-dependent photoinduced dynamics and transient struc-
tures due to quantum confinement, as they are known to have altered
electronic and lattice modes. The ability to perform UED at the nano-
scale could reveal heterogeneous dynamics and access novel phenom-
ena at quantum length scales.”””

However, reducing the probed area from micrometers to nano-
meters demands much higher brightness of the electron probe. For a
given s resolution set by the RMS angular spread, ¢y, the maximum
achievable diffracted intensity I(s) is related to the material’s intrinsic
electron scattering probability S(s), the probed sample area, Agmple,
and the average transverse beam brightness at the sample, Byp 5y

I(S) & S(S)B4D‘aVO-§)Asample~ (2)

Ultrafast transmission electron microscopy (UTEM)* has shown
a route to achieve this using high-coherence emitters employing low
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charge (~1 electron per pulse on average) driven at high repetition
rates (reaching hundreds of kHz to -MHz) and taking advantage of
the highly optimized electron optics to achieve high spatial and angular
resolution.”” ” Remarkable progress in conventional UTEM technol-
ogy is taking place with the integration of RF bunchers to reduce space
charge broadening, analogous to accelerator-scale beamlines with
potential of offering drastic improvements in signal-to-noise and
experiment times.”” Having said that, equipping relativistic UED
beamlines with nanodiffraction capabilities will ultimately offer advan-
tages in temporal resolution, usable sample thickness, and access to
large momentum space range.”” However, due to low transverse
brightness, typical sub-kHz MeV-scale UED beamlines operate with
tens of pum or larger beams and examine thin film samples of similar
size. Now that the HiRES beamline can access kHz-MHz repetition
rates, the average brightness is increased by orders of magnitude, per-
mitting MeV-scale UED probing of nanoscale regions.

One approach to nanoscale probing is to illuminate a nanoscale
sample with the full microscale UED beam. As an initial demonstra-
tion, we measured a diffraction pattern from a single VO, nanowire
on a custom Cu microcomb support fabricated using focused ion
beam milling. An SEM image of the wire is shown in Fig. 7(a). It has a
square cross section with about 150nm side length. The wire was
placed on the support with a micro-manipulator and secured using
e-beam deposition of a platinum patch at the center. A diffraction pat-
tern recorded along the [112] zone axis of the monoclinic phase is
shown in Fig. 7(b). Here, we averaged ten frames integrated for 8s
each while using 50 kHz repetition rate. Several VO, diffraction peaks
are resolved, distinguishable from the weak diffraction ring back-
ground from the polycrystalline Cu.

A second approach is to focus the electron probe to nanoscale
dimensions at the sample and perform ultrafast electron nanodiffraction
(nano-UED). We demonstrated this capability using a custom perma-
nent magnet quadrupole (PMQ) triplet lens as shown in Fig. 8(a). By
scanning the beam with a knife edge milled into a 75nm gold film
deposited on a 30 nm SiNy membrane, we measured sub-um spot sizes
at the sample like shown in Fig. 8(b). Using this focused beam, we per-
formed a scanning nanodiffraction measurement and mapped the local
grain structure in a polycrystalline Ti-Al wedge, showing the ability to
locate individual grains and interfaces in a material with nanoscale

FIG. 7. UED pattern from an individual VO, nanowire at HIRES. (a) SEM image of
the prepared sample on a fabricated Cu microcomb support. (b) Symmetrized dif-
fraction pattern from the monoclinic [112] zone axis.
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FIG. 8. Ultrafast electron nanodiffraction (nano-UED) at HIRES. (a) Experimental chamber setup including a PMQ triplet on a motorized stage to focus electron bunches at the
sample. (b) Knife-edge scan of a focused beam at the sample plane showing sub-um spot size. See Ref. 61 for measurement of 100 nm beam size. (c) Two-dimensional nano-
diffraction mapping of grain boundaries in a polycrystalline Ti-Al alloy. The RGB color values are weighted by the fraction of the signal corresponding to the circled peaks in the

four individual grain patterns shown at right.

precision [Fig. 8(b)]. Each pattern was recorded in about 5s at 250 kHz
repetition rate. More detailed characterization of the nanofocused beams
and further details and demonstrations of the nano-UED capability are
reported elsewhere.”"

These two approaches provide different advantages and are
better suited for different types of samples: the full beam is well
suited for studying average dynamics in high aspect ratio structures
like nanowires or large ensembles of nanostructures like nanopar-
ticles, where a focused beam would only sample from a small
region and provide limited signal. On the other hand, a nanofo-
cused beam provides distinct advantages and access to information
not obtainable with the full beam. For instance, the focused beam
can be used to sample and compare various nanoscale regions
within the same sample to identify and map heterogeneity. It can
also reduce background contributions from membranes or other
support structures, like those observed in our example nanowire
pattern [Fig. 7(b)]. Either approach requires collimation of the
beam to reduce the probe to nanoscale size: when sending the full
beam, useful scattering is only obtained from the portion of the
beam illuminating the sample such that Agmple is set by the sample
size, while when producing a nanofocused beam, the beam is sig-
nificantly apertured upstream to reduce the 4D emittance such
that Agmple is set by the small focal spot of the beam.

There are still challenges to overcome in the sample prepara-
tion for such nanocrystals, as they can be more fragile and mobile
than films. Sample mounting like shown in Fig. 7(a) is adequate for
static measurement, but for pump-probe experiments involving
large dynamic strains, other designs may be needed. For instance,
one end may need to be left free or a freestanding nanobeam may
be secured at both ends and pulled taut using a MEMS device to
accommodate dynamic strains along the wire length. Thermal
management also needs to be considered, such as using masks to
reflect spurious laser power and developing sample platforms with
improved heat sinking.

Altogether, these initial measurements demonstrate the potential
for performing MeV-scale UED experiments at the nanoscale at

Struct. Dyn. 10, 064302 (2023); doi: 10.1063/4.0000203
© Author(s) 2023

HIRES. Further optimization of the beam parameters and development
of low-emittance photocathodes’** and sample platforms will allow
study of smaller and more diverse kinds of materials and microstruc-
tures, ultimately providing a route to examine femtosecond structural
dynamics in regimes of quantum confinement.

C. Gas-phase UED at HiRES

Studies of isolated quantum systems are of crucial importance for
addressing the nature of chemical bonds and the transition state.””
Chemical transformations (e.g., bond dissociation, isomerization, etc.)
occur on ultrafast time scales between ten femtoseconds to a few pico-
seconds, and often involve complex pathways.”*®” Disentangling the
structural evolution of isolated molecular species in real time is the pri-
mary goal of gas-phase ultrafast electron diffraction (GUED).*
Insights from GUED experiments can reveal key information on how
energy is partitioned into reactive modes that direct chemistry,”” the
role of conical intersections,” and how introducing a (solvent) bath
could affect chemical dynamics.”* "

Gas-phase UED studies raise numerous technical challenges
related to signal-to-noise ratio and, in the case of time-resolved mea-
surements, temporal broadening due to group velocity mismatch
between the dynamics-initiating laser pulse and electron probe.”” The
latter is circumvented by using relativistic electrons that have compara-
ble velocities to that of the speed of light. However, the orders of mag-
nitude lower density of scatterers when compared with solid state
specimens places stringent requirements on flux needed to reach signal
levels well above the noise floor to permit pattern inversion. While
great strides have been made in the field to overcome these issues from
the introduction of novel analysis methods, such as the ratio
method,”®’% laser alignment of molecules,” and proposed use of
direct electron detectors,”” most of the work has been limited to low
electron flux to avoid space charge broadening and low-repetition rates
leading to very lengthy experiments that lead to hardware drift that
hamper the signal-to-noise ratio. The promise of HiRES to this end is
to provide an order of magnitude improvement in signal-to-noise
ratio, thanks to very high-repetition rates and high-current density
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FIG. 9. Overview of the gas-phase electron diffraction sample delivery system at
HIRES.

electron bunches. This section reports on proof-of-concept trials for
gas-phase UED experiments at HiRES.

D. HIRES-GUED setup

The GUED setup comprises of a compact, custom-built gas deliv-
ery and alignment assembly, which is mounted onto the translation
stage as shown in Fig. 9. It consists of a gas nozzle connected to a gas
line to allow delivery of target molecules into the sample chamber. The
inlet diameter of the nozzle measures at 21 um, whereas the outlet has
a diameter of 32 um. Teflon or metal tubings are used for gas trans-
port, and the backing pressure can be adjusted from the outside using
pressure regulators. The target gas is delivered in the form of a contin-
uous, supersonic beam, and the pressure inside the chamber is
maintained by turbomolecular pumps of large pumping capability
(>800 Is™"). For the alignment purpose, a diagnostic card is attached
to the nozzle assembly and holds two pinholes of diameter 100 and
50 um, respectively, a TEM grid, and a small piece of YAG screen. The
YAG screen and pinholes are used as position references for overlap-
ping the gas jet and electron beam by translating back and forth
between them. Diffracted electrons impinge on a YAG scintillator

min

located downstream of the GUED setup assembly at a distance of
about 597 mm from the gas jet, and the illuminated pattern on scintil-
lator is captured by the CCD camera.

E. GUED of nitrogen gas

We demonstrate the capability of the HIRES GUED setup to cap-
ture a diffraction pattern employing very short acquisition times using
nitrogen (N,) as the target system. Nitrogen gas was introduced with a
backing pressure of 360 Torr, resulting in pressure of 1.2 x 10~* Torr
inside the sample chamber. Electron bunches at 250 kHz repetition
rate with average beam current of 2.3 nanoamperes (nA) correspond-
ing to 5.8 x 10* electrons/pulse were intercepted by N, in the gas jet
and undergo scattering onto the YAG screen.

The averaged pattern of N, diffraction is shown in Fig. 10(a) and
was recorded under frame-wise acquisition of 1 s frames correspond-
ing to ~ 10 electrons. Thus, within a single frame, comparable num-
ber of electrons were used as in a previous GUED study on N,
diffraction.”’ Multiple frames between 1 and 500 were acquired under
the same exposure settings to use in the analysis of the signal-to-noise
ratio (discussed as follows), but the patterns shown in Fig. 10 are aver-
aged over all 500 frames. As indicated in the figure, approximately
10 A™! is accessible, which is sufficient for pair-distribution function
analysis of most chemical systems in the gas phase.”” As expected, the
scattering intensity is highest at low momentum transfers, s, near the
center but drops rapidly toward large momentum transfers. The edge
of the detector screen is obscured by four camera port holding screws
and is masked. The figure also shows the leak of the non-diffracted
beam through the beam block, which can conveniently be used for
intensity normalization. The diffraction pattern after background
image (taken with the gas jet turned off) subtraction and normalization
is presented in Fig. 10(b) and shows a high-quality gas-phase diffrac-
tion pattern measured at a fraction of acquisition times of several
minutes used in many GUED experiments and from which structural
information can be readily obtained. To put this claim on a more solid
footing, we extract the scattering intensity from the diffraction pattern.
This is achieved by first radially averaging the isotropic patterns from
the center and noting that the total scattering intensity (I7) is a sum of

—— Averaged Data (10 frames)
—— Averaged Data (500 frames)
; —Theory 8

1 2 3 4 5. 6 7 8 9 10
s (A"

FIG. 10. (a) Averaged electron diffraction pattern of nitrogen gas acquired with one second acquisition per frame. The image was averaged over 500 frames. (b) Processed dif-
fraction signal after intensity normalization and background subtraction. The solid red line is the theoretical prediction using the independent atom approximation. (c) Modified
scattering, sM, obtained by averaging diffraction signal from 10 and 500 frames. A low pass filter was applied to the data to remove high-frequency noise introduced due to

Smax cutoff. Regions below 1.5 A~

and above 9.5A°" have been masked (shaded regions). (c) Modified scattering, sM, obtained by averaging diffraction signal from 10 and

500 frames. A low pass filter was applied to the data to remove high-frequency noise introduced due to smax cutoff. Regions below 1.5 A" and above 9.5 A~' have been
masked (shaded regions). The solid red line is the theoretical prediction using the independent atom approximation.
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contributions from atomic and molecular scattering (denoted as I,
and I, respectively) as a function of momentum transfer, i.e.,

Ir(s) = Ia(s) + Lu(s)- 3)

The I, term depends only on the scattering amplitudes of indi-
vidual atoms, whereas the I,; term contains structural information
coming from the interference between the scattered electrons by differ-
ent atoms in the molecule. The latter is better visualized as modified
scattering, sM (s), defined as

IA(S)
IM(S) ’

Following well-established ~data analysis routines,”” the
experimental sM for N, was extracted from the diffraction pattern in
Fig. 10(b), i.e., the averaged pattern from 500 frames and one for which
only ten 1 s frames were averaged and these were compared with the
theoretically calculated sM™’ as shown in Fig. 10(c). In both cases, there
is good agreement between the theoretical and experimentally
obtained sM (s) curves, with the higher averaged data clearly providing
a closer match to theory, as expected. It must be pointed out that the
fewer averaged data suffer mainly in the large momentum transfers,
ie, s>5A" To understand this better, we computed the signal-to-
noise ratio (SNR) as a function of the number of averaged frames as
shown in Fig. 11. Here, the SNR was defined as the mean value of a
selected region on the image divided by the standard deviation. The
two chosen regions were 2.9 < s < 3.1 A" (denoted s<5A7") and
58 >5<6 A" (denoted s>5A""). As the Fig. 11 shows, a single
frame of 1 s is already enough to obtain SNR > 1, whereas for larger
momentum transfers, i.e., s >5A™", at least 50 frames are required to
go above the SNR = 1. That said, Fig. 10(c) shows that a good agree-
ment is already obtained from only 10-frame averaged data for a target
system that has low atomic number (Z=7) and, therefore, is a weak
scatterer. This means that systems containing heavier atoms could be

sM(s) = s (4)

0 | Il 1 ! 1 Il Il 1 Il
0 50 100 150 200 250 300 350 400 450 500
Number of frames

FIG. 11. Plot of computed signal-to-noise ratio vs the number of frames of one sec-
ond (containing ~ 10 electrons in a single frame) that need to be averaged to get
a value of SNR above 1 (denoted by the horizontal dashed line). For small momen-
tum transfers, i.e., s<5A™" (blue trace), a single frame is sufficient to achieve an
SNR > 1; however, for larger momentum transfer values, ie., s>5A~" (yellow
trace), at least 50 frames of one second are required to get a reasonable SNR.
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measured on even shorter time scales with much higher SNR ratios at
high momentum transfers leading to further enhancement of achiev-
able spatial resolution in UED of isolated quantum systems, which
depends on the maximum resolvable momentum transfer, spqy."”

These observations, therefore, validate the use of HiRES as an
emerging UED setup for gas-phase studies rivaling the best UED
instruments in operation today by providing many fold improvements
in reducing acquisition times through its very high repetition rates,
high-brightness and proportionally high gain in signal-to-noise ratio.
For example, the above-mentioned example was enabled by nearly 10°
times higher average current than the state-of-the-art relativistic gas
UED instrument that operates with 10 pA average current.” * Future
work aims to explore time-resolved experiments to benchmark the
performance of HiRES-GUED with well-studied systems such as
cyclohexadiene (CHD).

IV. OUTLOOK AND CONCLUSIONS

Rapidly evolving electron source technology has already enabled
new routes for investigation of the structure-function relationship in a
wide class of materials relevant to chemistry, biology, and physics.
However, to take the next leap forward and explore new vistas in ultra-
fast science using UED, electron sources with high beam brightness,
high flux, and high repetition rates are greatly desired. In this article,
we have highlighted such a source at LBNL in HiRES, which combines
very high repetition rates up to megahertz, high beam flux with the
possibility of up to 10° electrons per pulse (at the expense of elongated
beam duration and a stricter management of the electron beam prop-
erties as overviewed in Table I), and relativistic energies of 750 keV.

So far, thanks to the large instrument parameter space, we have
demonstrated several experimental modes at HiRES beyond typical
micro-diffraction of materials, including gas-phase diffraction, scan-
ning nanodiffraction, and even projection imaging.”' Even still, we
anticipate the high average brightness of relativistic electrons can be
exploited for additional new modes. For instance, real-space imaging
might be achieved via coherent lens-less imaging modes or by instal-
ling an objective lens.

The combination of relativistic electron bunches with a cryogenic
stage may also enable access to biological specimens such as proteins
and viruses, which may benefit from low dose-rate or, on the other
hand, single-shot “diffract and destroy” approaches for imaging and
diffraction.”* "’

The access to high repetition rates will also be an indispensable
asset for future gas and liquid phase studies””'~* as it will widen the
palette of systems that could be studied with UED to include those
that have low vapor pressures or low scattering power. To this end, the
parallel advances in laser technology providing high powers at high
repetition rates complement the use of high repetition rate electron
sources well. However, to take advantage of this feature in the case of
solid materials will require strict thermal management as discussed
earlier. Future work could investigate strategies including sample
mounting, reduction of laser spot size, and placing a metallic mask on
the sample outside of the region of interest.

Finally, the instrument temporal resolution is presently limited by
the pulse length of the excitation laser used (approximately 315 fs), and
by the amplitude and phase fluctuations of the accelerating and bunch-
ing RF fields. The large distance between the photocathode and the
experimental chamber (due to space constraints) increases the sensitivity
of the final time jitter to beam energy, leading to very tight stability
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requirements. Work toward 100 fs resolution is ongoing and includes
the use of the OPCPA beam for experiments, the shortening of the UED
line, the installation of an alternative chamber on the straight line, and
the development of noninvasive time-stamping techniques.”” These
upgrades are expected to enhance the versatility of the HiRES-UED
instrument and enable a host of novel experiments that could unveil
new domains of structural dynamics research and beyond.
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