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ABSTRACT

A long-standing motivation driving high-speed electron microscopy development is to capture phase transformations and material dynamics
in real time with high spatial and temporal resolution. Current dynamic transmission electron microscopes (DTEMs) are limited to nanosec-
ond temporal resolution and the ability to capture only a few frames of a transient event. With the motivation to overcome these limitations,
we present our progress in developing a streak-mode DTEM (SM-DTEM) and demonstrate the recovery of picosecond images with high
frame sequence depth. We first demonstrate that a zero-dimensional (0D) SM-DTEM can provide temporal information on any local region
of interest with a 0.37 um diameter, a 20-GHz sampling rate, and 1200 data points in the recorded trace. We use this method to characterize
the temporal profile of the photoemitted electron pulse, finding that it deviates from the incident ultraviolet laser pulse and contains an unex-
pected peak near its onset. Then, we demonstrate a two-dimensional (2D) SM-DTEM, which uses compressed-sensing-based tomographic
imaging to recover a full spatiotemporal photoemission profile over a 1.85-um-diameter field of view with nanoscale spatial resolution, 370-
ps inter-frame interval, and 140-frame sequence depth in a 50-ns time window. Finally, a perspective is given on the instrumental modifica-
tions necessary to further develop this promising technique with the goal of decreasing the time to capture a 2D SM-DTEM dataset.

© 2024 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/10.1063/4.0000219

I. INTRODUCTION

A suite of high-speed electron microscopy instruments and meth-
ods have been developed in the past few decades to provide unique
views of the atomic processes involved in material excitations and

series of 20 frames can then take 30 min to collect, requiring stable
microscope operation, no sample degradation, and consistency in its
response on this time scale.

Alternatively, the dynamic transmission electron microscope
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dynamics.'  The most widespread representative of such instruments
is the ultrafast transmission electron microscope (UTEM), which has
been used to study metal-insulator phase transitions,’ expansion
dynamics,” anisotropic atomic structural dynamics of metal nanopar-
ticles,” magnetization dynamics,” and biomechanical properties of
DNA.” This instrument uses ultraviolet (UV) light pulses from a high-
repetition-rate ultrafast laser to generate low-charge electron pulses
from a cathode material (< 10 electrons per pulse) via the photoelec-
tric effect.” As a single pulse does not contain sufficient electrons to
form an image, a UTEM image is collected stroboscopically, and cap-
turing one single frame can require an exposure time of 100s." A time
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(DTEM) has been developed for snapshot imaging and used to capture
dynamics of many transient and irreversible processes, including the
formation of thin films,'”"" intermetallic phase surface reactions, ”
alloy melting,'” '® and rapid phase transformations.”” The DTEM
relies on a high-intensity laser to generate high-charge electron pulses
(~107-10® electrons per pulse) that form an image in a single shot."*"”
At this limit, electron-electron interactions play a significant role in
defining many properties of the electron pulses used in a DTEM. The
maximum photoemitted current density is governed by the Child-
Langmuir limit,””" the pulse energy distribution is broadened by the
Boersch effect,’ and the pulse also suffers from longitudinal and
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transverse broadening at beam crossovers as it propagates in the
column." Despite all these effects, no measurements of the temporal
profile of high-charge electron pulses in a DTEM have been previously
reported. Previous works have focused on characterizing low-charge
photoemitted electron pulses used in UTEM instruments.”* ** In these
studies, pulses containing up to 1000 electrons were found to have a
pulse duration that was increased by 1 ps due to space-charge repul-
sion in the gun. The electron flux of these pulses (i.e., 500-electron/ps)
is comparable with those generated in a DTEM, the difference being
that the laser pulse used to generate an electron pulse in a DTEM is
more than 20000x longer, producing a proportionally larger total
number of electrons in the pulse. Therefore, it is commonly assumed
that the temporal broadening of a DTEM electron pulse is negligible
compared to its pulse duration and that the temporal photoemission
profile follows the UV pulse.

The movie-mode DTEM (MM-DTEM) has been developed to
follow the dynamics of an individual transient event by capturing a
sequence of images in a few microsecond time window.”” This opera-
tion requires the implementation of a nanosecond laser controlled by
an arbitrary waveform generator to generate a customizable laser pulse
train and a high-speed electrostatic deflector to deflect images formed
by each pulse in the train to different regions of the TEM camera.”””®
However, the MM-DTEM’s performance is limited to frame rates less
than 100 MHz due to pulse durations longer than 10 ns and a delay
between pulses to allow for stabilization of the plate voltage.'
Furthermore, as adjacent images recorded on the TEM camera should
not overlap, a sequence of only 9-16 snapshots of an event can be cap-
tured with an MM-DTEM. Improving the DTEM frame rate and
image sequence depth can allow new data acquisition strategies for
imaging picosecond dynamics in a much shorter measurement time
than possible with a UTEM. This improvement can alleviate the con-
straint that the sample and instrument must be stable for long acquisi-
tion times and allow for studies probing the ultrafast response of
systems as they evolve on slower time scales. This ability could be use-
ful to study materials that are especially prone to electron beam dam-
age, such as mixed halide perovskites that are known to phase
segregate and degrade when exposed to a moderate dose of a high-
energy electron beam.””

Streak imaging is a popular technology for boosting temporal res-
olution and frame rate, which has been prevalent in optical imaging
systems for the last few decades.”” ** By using an ultrafast temporal
streaking unit that deflects an electron pulse to different spatial posi-
tions according to their arrival time, commercially available streak
cameras have enabled direct measurement of transient signals with a
temporal resolution as high as hundreds of femtoseconds.”"” Recent
years have witnessed substantial enhancements in the technical specifi-
cations of streak imaging systems, featuring broad sweep ranges span-
ning from picoseconds to milliseconds’® ** and high-dimensional data
acquisition.”"m Moreover, CCD/CMOS cameras with several million
pixels have been incorporated as standard configurations to record
streak images."’ These collective advancements empower streak imag-
ing with the ability to operate across multiple imaging speeds, span-
ning from thousands to trillions of frames per second (fps).*

A few examples exist of how streak imaging has been adopted to
enhance the temporal resolution of time-resolved TEM measurements.
Streak imaging with a DTEM was first demonstrated by the
Bostanjoglo group using nanosecond laser pulses with a sweep time
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of >20ns."" * In this work, the approximate time scale of metal film

melting was extracted based on the average contrast change in the
streak images. This technique was applied to the study of hydrody-
namic instability during melting with a micrometer-level spatial reso-
lution and a tenth-of-microsecond-level temporal resolution.”’ More
recently, streak-mode (SM) imaging based on compressed sensing has
been proposed to obtain picosecond temporal resolution and a nano-
meter spatial resolution in an MM-DTEM."” This study showed the
possibility of synergizing coded-aperture imaging and compressed-
sensing-based image reconstruction via analytical modeling and
numerical simulation to observe irreversible nanoscale dynamic events
in real time at picosecond temporal resolutions.

This article presents our recent progress in implementing differ-
ent modes of streak imaging functionality in an MM-DTEM. This
involved changing the voltage waveform applied to the existing deflec-
tor plates, while keeping the electron optics and laser hardware of the
instrument intact and unaltered. After detailing the instrumental setup,
we demonstrate zero-dimensional (0D) SM-DTEM, which provides a
direct measurement of image contrast changes in a specific nanoscopic
region of interest (ROI) with a 20-GHz sampling rate. We use it to
characterize the temporal profile of the photoemitted electron pulses
generated in our instrument and find that the electron pulse does not
exactly follow the UV pulse profile as commonly believed. Then, we
introduce a new two-dimensional (2D) SM-DTEM imaging approach,
which applies a tomographic compressed sensing algorithm to recover
the spatiotemporal dynamics of an electron pulse passing through a
gold cross-grating sample. We demonstrate the recovery of images at
2.7 x 10° fps with a sequence depth (i.e., the number of frames in the
movie) of 140 frames in a 50-ns time window of a 3-um? field of view
(FOV) with nanometer-level spatial resolution. In this approach, the
reconstruction is achieved by acquiring streak images of different
streak speeds and directions, requiring a measurement time of just
over 2min. We conclude with a perspective of further developments
necessary to reduce the acquisition time of the 2D SM-DTEM to less
than a second and measure a 0D SM-DTEM trace with a single pulse.

Il. RESULTS
A. Setup and method

The SM-DTEM experiments were carried out on the MM-
DTEM located at the Institut National de la Recherche Scientifique—
Center Energie Matériaux Télécommunications. This instrument is
comprised of an IDES” cathode laser system and a modified Jeol®
JEM 2100-Plus TEM.”” The laser operates at 10 Hz and allows tuning
the pulse duration and profile using an electro-optical modulator to
adjust the seed pulse sent into a series of Northrup Grumman® Nd:
YAG bulk amplifiers. The output is then sent to a pair of nonlinear
crystals to generate fourth harmonic UV light pulses with a wavelength
of 266 nm and an energy of up to 1.5 mJ. The cathode laser was config-
ured to produce flat 50-ns UV pulses, as illustrated in Fig. 1(a). The
UV light directed into the MM-DTEM column was focused on a
Tantalum disk cathode in a Wehnelt with a spacing of 540 um and a
gun accelerating voltage of 200kV. A schematic diagram of the elec-
tron optics of the MM-DTEM is shown in Fig. 1(b). The MM-DTEM
has an additional condenser lens (C0) before the standard TEM con-
denser lens (CL) to compensate for the loss of electrons due to the
added laser port.”® This design provides the required electron through-
put (>10" electrons per pulse) to achieve single-shot imaging.
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FIG. 1. Schematics of the streak-mode dynamic transmission electron microscope
(SM-DTEM). (a) lllustration of the cathode laser pulse profile. (b) System configura-
tion of the SM-DTEM. Insets: lllustrations of the static image (top) and the streak
image (bottom). CO: Additional condenser lens, CCD: Charge-coupled device; CL:
Condenser lens; GIF: Gatan imaging filter; IL: Intermediate lens; OLLPP: Objective
lens lower pole piece; OLUPP: Objective lens upper pole piece; PL: Projector lens;
SA: Selected-area aperture. (c) lllustration of the photoemitted electron pulse profile.
At: Time delay. (d) lllustration of the voltage waveform applied to the deflectors.

The MM-DTEM also has two pairs of electrostatic deflectors placed
after the projector lens, which allows for the collection of multiple
frames in an image by deflecting the electron beam using a step voltage
waveform from the deflector controller.””** The beam then passes
through a Gatan imaging filter (GIF) and is collected on a charge-
coupled device (CCD) camera (2048 x 2048 pixels, each of which is
14 x 14 um” in size). A flat-top photoemitted electron pulse is best
suited for uniform illumination of the sample during an MM-DTEM
measurement, as illustrated in Fig. 1(c). The time delay (At) shown in
the figure is caused by the combination of laser transit to the cathode,
photoelectron generation, and photoelectron transit to the deflector
plate region. This time delay is compensated in the system control soft-
ware to synchronize the voltage change of the deflector to the electron
pulse and capture the targeted dynamics on the CCD.

The SM-DTEM system has been developed by replacing the step
voltage waveform applied to the deflector plates with a voltage ramp
[Fig. 1(d)] generated by a customized deflector controller (Axis
Photonique Inc.). The voltage ramp is triggered by a 10-Hz TTL signal
from the MM-DTEM system controller. When the electron pulse
passes through the deflector plates, the trajectories of the electrons are
deviated according to the instantaneous voltage, producing a streak
image of the FOV across the CCD camera [illustrated in the inset of
Fig. 1(b)]. The MM-DTEM contains two pairs of deflector plates so
that the photoelectron pulse can be streaked in four directions on the
CCD (i.e., leftward, rightward, upward, and downward).

To synchronize the voltage ramp with the photoelectron beam,
the time delay was adjusted until the streak image was centered in the
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CCD for each of the following linear voltage sweep speeds: 4.0, 2.0, 1.3,
1.0, and 0.8 V/ns. Profiles of the electron pulses were then obtained by
binning the counts in the image perpendicular to the streak direction.
Then, by measuring the change in the position of the streak image on
the camera as a function of the deflector plate time delay, a factor was
determined to convert the x axis of such streak profiles from units of
pixels to nanoseconds. The conversion factors for each voltage sweep
speed were found to be 40 pixel/ns, 20 pixel/ns, 13 pixel/ns, 10 pixel/
ns, and 8 pixel/ns.

In the following demonstrations of the SM-DTEM imaging capa-
bilities, a Ted Pella® gold cross-grating sample with 2160 line/mm was
utilized. The streak images were collected with a 10-s camera exposure,
corresponding to the signal accumulation from 100 pulses on the cam-
era. A magnification of 2300x between the sample and the detector
was used for all SM-DTEM experiments. The magnification ratio
between the object plane and the SA plane was 53.9x, while the mag-
nification ratio from the selected-area aperture (SA) plane to the CCD
camera plane was 42.7 .

B. Demonstration of OD SM-DTEM

The 0D SM-DTEM measurement strategy involves first placing
the SA in the FOV of the static image, collecting a streak image, and
then extracting a linear trace along the streak direction of the average
transmitted intensity as a function of time. The size of the SA used
determines the ROI, as well as the temporal resolution of the measure-
ment. A rough estimate of the temporal resolution of such a measure-
ment is then given by the size of the ROI in pixels multiplied by the
streak rate of the image on the camera given in nanoseconds per pixel.

The time to collect a 0D SM-DTEM trace can be as short as a sin-
gle DTEM pulse, and it directly provides access to dynamics occurring
on time scales faster than the pulse duration. As demonstrated by
Bostanjoglo et al,” ** a single-shot 0D SM-DTEM measurement is
well suited to extract the time scale of laser melting occurring homoge-
neously in the FOV. Defining a smaller ROI can also allow for its
application to measure dynamics happening in more inhomogeneous
microstructures, such as composites or polycrystalline materials. Such
a measurement may also be used to enhance the time resolution of in
situ TEM studies of crystal defect creation due to cyclic application of
an electric field or pulsed laser heating. In one such experiment, the
shear fault density created in a rutile lamella near an electrode tip was
found to change with the number of applied voltage cycles."”
Therefore, a short measurement time over just a few cycles is critical to
uncover the dynamics of such a process.

To demonstrate the data quality and capability to selectively
define the ROI, we performed a series of measurements on the gold
cross-grating sample that was described in Sec. II A. A static image of
the full 12.49 x 12.49-um* FOV is shown in Fig. 2(a). We then
employed a 20-um-diameter SA to define an ROI with a diameter of
370 nm on the sample. A series of streak images were collected by plac-
ing the SA at the three different positions indicated in Fig. 2(a) using a
50-ns UV pulse with a 1-m] pulse energy. The images of the SA were
swept from left to right with a speed of 2.0 V/ns, which corresponds to
a sampling rate of 20 GHz (i.e., 50 ps per time bin) with 1200 data
points in the trace. Using this aperture size and streak rate, we esti-
mated the temporal resolution of the trace to be 3 ns. To better show
the capability of the 0D SM-DTEM, a video was generated by merging
the data from the three measurements to the static image of the gold

11, 014303-3

¥0:00:1Z ¥20z Arenuged v


pubs.aip.org/aip/sdy

cross-grating sample [ ]. The datacube of the three ROIs was
obtained by modulating their static images by the measured temporal
profiles and overlaying it on a gray background image of the sample
that was later captured with a large FOV. Nine selected frames from
the generated video (Visualization 1) are shown in . The
measured intensity profiles are also shown in , and all profiles
show a similar trend in the transmitted intensity. Closer inspection
finds a slight peak in the profiles around 18ns. The profiles slightly
deviate at later times, just above the noise of the trace.

C. Photoemission characterization by OD SM-DTEM

We also used 0D SM-DTEM measurements to characterize the
temporal profile of the photoemitted electron pulse in more detail. For
these measurements, the sample was removed from the column, and
streak images were collected with the beam centered in a 100-um SA
at a sweep rate of 4 V/ns, corresponding to an estimated time resolu-
tion of 7 ns. These parameters were chosen to maximize the electron
counts on the camera as the photoemission pulse profile was found to
be rather spatially uniform, as also shown in the measurements pre-
sented in . The photoemitted electron yield shown in
was determined separately from measurements of the total number of

electrons per pulse collected on the camera as a function of UV pulse
energy output from the laser. The yield is shown to increase rather line-
arly until 0.8 mJ when it saturates to a value of around 1.2 x 107 electrons
per pulse. This laser output pulse energy corresponds to a UV fluence of
2.3J/cm? incident on the photocathode based on measurements of a
TEM column throughput of 30% and UV spot size of 115 um.

The normalized temporal pulse profile of the 50-ns cathode UV
laser pulse used for the measurements is shown in . This profile
was measured with a silicon-amplified photodiode with a 2-ns time reso-
lution at a point along the beam path before entering the microscope. A
representative temporal profile of the current in a laser-generated elec-
tron pulse is shown in . This trace was taken from a streak
image accumulated over 100 pulses using a laser pulse energy of 1 mJ
and a Wehnelt bias of 103 V. Interestingly, a peak in the pulse profile is
seen at around 18 ns, after which the electron count decreases by 6%
and then remains flat for the remainder of the pulse. It is also interesting
to note that the simulation of photoemitted electron trajectories of simi-
lar gun configurations has found that the cathode-to-anode transit time
is also in the range of a few nanoseconds, which is the same time scale
as the observed peak in the pulse profile.

A series of further measurements were conducted to investigate
the cause of the unexpected peak in the photoelectron profile. Keeping

FIG. 2. Zero-dimensional (0D) SM-DTEM.
(a) Static image of a gold cross-grating
sample. (b) Three selected positions con-
strained by a 20-um-diameter SA. Right
column: Zoomed-in views of the three

points. (c) Selected frames of the photo-

emissions merged to the static image in
0.5 (@). Scale bar in (a)-(c): 500nm. (d)
..?P Temporal profiles of the three selected
) ions of interest.
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FIG. 3. Photoemission characterization using the SM-DTEM. (a) Photoelectron yield vs cathode laser pulse energy. (b) Profile of a 50-ns cathode laser pulse. Error bar: stan-
dard deviation. (c) Profile of a 50-ns photoemitted electron pulse. (d) Photoemission profiles with four different Wehnelt biases. (€) Photoemission profiles generated by 10 dif-

ferent cathode laser pulse energies.

the UV pulse energy at 1 m], streak images were collected with increas-
ing Wehnelt bias voltages. The Wehnelt bias setting was converted
into an approximate voltage using a lookup table provided by the
TEM manufacturer. The Wehnelt filters photoemitted electrons by
focusing them into a virtual source within the electron gun.”
Electrons with dramatically different energy or those that do not follow
a straight trajectory originating from the center of the cathode do not
fall into this focus. They are later screened by the electron gun anode
aperture. Figure 3(d) shows that the measured electron pulse profiles

are susceptible to the applied Wehnelt voltages and that increasing it
leads to a flatter pulse. The peak is still clearly visible when applying a
voltage of 667 V to the Wehnelt but disappears for 881 V and higher.
This measurement suggests that the observed peak in the pulse profile
comes from electron interactions in the electron gun, not elsewhere in
the microscope column. The electrons contributing to the peak have
an energy or trajectory that deviates from the ideal values.

Then, the electron pulse profile was measured as a function of the
UV laser pulse energy, as shown in Fig. 3(e). It is seen that with
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decreasing pulse energy, the peak in the electron pulse gradually shifts
from 18 to 10ns; however, it is found to persist until the UV pulse
energy is reduced to 0.03 mJ. While this pulse profile is desirable for
more uniform illumination of the sample, the electron yield at this
pulse energy is less than 10° electrons per pulse, which makes it too
weak for single-shot imaging. Cross-referencing this information with
the trend in Fig. 3(a), it is seen that the peak in the photoemission per-
sists for electron charge densities that are an order of magnitude below
the photoemission saturation value. This finding suggests that electron
screening inside the electron gun (Child-Langmuir effect) is not
responsible for this feature in the electron pulse profile. Furthermore,
investigations are ongoing to test other explanations for the observed
peak in the photoemission trace, including the generation of an oppos-
ing in_(lil_lctive voltage caused by the fast current rise time of the electron
pulse”

> or laser ablation of the Ta cathode.™

D. Demonstration of 2D SM-DTEM imaging

Despite allowing straightforward measurements of contrast
changes within a pulse duration, the 0D SM-DTEM has the major lim-
itation that achieving a faster temporal resolution requires reducing
the size of the SA. In turn, this shortcoming limits the spatial content
and electron throughput of the measurement. As a consequence, this
approach requires a large number of measurements via point scanning
to obtain a full 2D image of the sample.

In the following, we will show that 2D SM-DTEM imaging can
overcome these challenges and enable high-throughput spatiotemporal
imaging based on compressed ultrafast tomographic imaging
(CUTI).” Integrating the concept of sparse-view computed tomogra-
phy to the spatiotemporal domain, CUTI employs temporal shearing
and spatiotemporal integration to achieve passive projections of the
transient phenomena. Particularly, a CUTI system includes three
essential units: an imaging unit, a temporal shearing unit, and a detec-
tor. After being imaged by the imaging unit, an (x, y, t) datacube is
spatiotemporally tilted to a specific angle. The detector passively inte-
grates the tilted datacube to a 2D image, which is equivalent to a pas-
sive spatiotemporal projection of the event from a particular angle.
Utilizing the multiple sweeping speeds and ranges of typical temporal
shearing units (e.g., streak cameras), passive projections at various spa-
tiotemporal angles can be acquired. Eventually, through the imple-
mentation of a compressed sensing-based reconstruction algorithm,
the (x, y, t) datacube of the transient event can be effectively recon-
structed from a few streak images.

To demonstrate the 2D SM-DTEM, we studied the transmission
of a 50-ns electron pulse through the gold cross-grating sample used in
the experiments described in Sec. IIB. A 100-um-diameter SA was
used, which defined a 1.85-um-diameter 2D FOV on the sample plane.
Based on the multi-directional and multi-scale capabilities of the
deflectors in the SM-DTEM system, 17 projections were acquired,
including one static image and 16 streak images of four sweeping
speeds (2.0, 1.3, 1.0, and 0.8 V/ns) in four directions [Fig. 4(a)]. The
acquired measurements were input into a two-step iterative shrinkage/
thresholding (TwIST) algorithm-based tomographic reconstruction
(TTR) algorithm’™”° to recover the transient event. Details of the raw
data treatment, as well as a review of the TwIST algorithm and its
implementation, are provided in supplementary material Sec. S1.”
The TTR algorithm recovered the datacube of the dynamic scene with
an imaging speed of ~2.7 x 10° fps (i.e., a 370-ps inter-frame interval)
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and a sequence depth of 140 frames (Visualization 2).” It should be
noted that this inter-frame interval provides more than an order of
magnitude improvement over the 7-ns time resolution 0D SM-DTEM
measurements made with the same size SA in Sec. II C. Figure 4(b)
presents nine selected frames of the CUTI-reconstructed results, which
highlight the clarity of the spatial features in the reconstructed images.
Notably, the square grid of the grating is resolved, as is the nonuniform
contrast gradient observable within a square. Closer inspection finds
two dark circles near the right edge of FOV, which are latex spheres
decorating the surface of the gold grating. These results demonstrate
that the 2D SM-DTEM can recover subtle changes in contrast.

The intensity profiles of three selected positions [marked in
Fig. 4(b)] are presented in Fig. 4(c). A peak in the profiles is found
around 15 ns, again in agreement with the previously presented mea-
surements in Secs. I B and II C. The similarity of each profile shows
the homogeneity of the sample region. Also, it shows the capability of
2D mode to extract the intensity profile over the entire FOV, providing
information about the nature of the sample. To evaluate the TTR algo-
rithm performance, we calculated the peak signal-to-noise ratio
(PSNR) of the recovered images. As shown in Fig. 4(d), the recon-
structed images recovered within the intense region of the pulse
(between 7 and 43 ns) exhibited good quality with a PSNR > 25. At the
beginning and end of the pulse, the signal was reduced by an order of
magnitude or more, corresponding to a significantly lower PSNR.
Moreover, to investigate the recovered contrast, we extracted intensity
cross sections from images corresponding to 19.98 and 45.14 ns along
a line that traversed the central grating square [Fig. 4(e)]. Compared
with the static image, the average errors of these cross sections were
calculated to be 14.9% and 17.3%, respectively, suggesting that the
recovered contrast was well conserved allowing for easy identification
of the features in the images.

We also carried out a simulation of a more complex dynamic
scene to test the performance of the algorithm to image a sample that
is rapidly changing under the electron beam. The scene consists of
three balls that change position and size during a datacube of 20
frames of a 128 x 128 pixel FOV. Streak images were then simulated
and reconstructed using the TTR algorithm. The simulation and
reconstruction code are described in supplementary material Sec. $2.”
A movie comparing the ground truth and reconstruction is available
in Visualization 3.” Five frames of the ground truth and recovered
scene are shown in Fig. S2,” depicting good agreement in the size and
position of all features in the scene. Furthermore, the centroid and size
of each object in the recovered scene are also shown to follow the
known values of the simulation. Therefore, we believe that this method
is well suited to image scenes where the sample morphology is also
evolving, and we are in the process of carrying out an experimental
demonstration. We have deposited the simulation and TTR algorithm
source code in an open repository (supplementary material Ref. $33)°
to allow anyone to test it on other dynamic scenes of interest and con-
tribute to its development.

lll. DISCUSSION

A number of improvements are envisioned to optimize the time
necessary to collect a set of streak images used in the presented 2D
SM-DTEM method. Each of the 16 streak images in the dataset shown
in Sec. IID was acquired by manually changing streak speeds and
streak directions before collecting an image. Software and slight hard-
ware modifications to automate this process are expected to reduce the
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measurement time of a full dataset to under 3 min, and this process
can be further improved by increasing the repetition rate of the elec-
tron pulse generation. Furthermore, as in the MM-DTEM, multiple
streak images can be collected at different positions on the camera
before they are read out. Therefore, a system producing the same elec-
tron counts per pulse operating at 6 kHz, collecting four streak images
on a camera that are readout at 15 fps, can collect the same dataset in
just 0.24 s. Increasing the electron counts per pulse reduces the neces-
sary repetition rate of the laser but will not significantly improve the
dataset measurement time, which is mainly limited by the number of
streak images that can be placed on the camera and its readout time.
However, developing algorithms or data collection strategies that
require less than 16 streak images in a dataset without sacrificing the
reconstructed time series data quality will further proportionately
reduce the data collection time.
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Reducing the number of shots averaged to form a streak image is
important for studying dynamics sensitive to the number of excitation
cycles. Acquiring a high-quality streak image with a single shot also allows
for the collection of 0D SM-DTEM traces of irreversible dynamics occur-
ring within the electron pulse duration. From the measurements pre-
sented here, it is seen that achieving this goal requires increasing the
photoelectron yield of our instrument by a factor of 10-100 to more than
10® electrons per pulse. A number of investigations are planned toward
this goal, including studies of the tradeoffs with laser pulse duration, spot
size, and photocathode material while characterizing the resulting spatio-
temporal pulse profile with the developed SM-DTEM modalities.

IV. CONCLUSION

In summary, we have presented two SM-DTEM operational
modes and used them to study the spatiotemporal profile of
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photoemitted electron pulses. First, the 0D SM-DTEM was shown to
provide a direct measurement of the average contrast evolution in a
desired ROI with a time resolution faster than the pulse duration.
Collected traces with time resolutions of 3-7 ns were used to demon-
strate that the DTEM photoemitted electron pulse did not strictly fol-
low the input UV laser pulse. Specifically, a peak was found between
10 and 18 ns that unexpectedly persisted for pulse energies well below
the photoemission saturation limit. Second, 2D SM-DTEM imaging
was demonstrated, incorporating the CUTI paradigm for efficient
ultrafast imaging using existing DTEM hardware. Notably, we were
able to reconstruct detailed images with a 370-ps inter-frame interval
and a 140-frame depth in a 50-ns time window. The reconstructed
images in this proof of principle demonstration were shown to have
good quality and allow for easy identification of the features in the
scene. Further experimental work is necessary to determine the perfor-
mance of this method with respect to signal level, contrast mecha-
nisms, and increased complexity of sample dynamics. Finally, the time
to measure a 2D SM-DTEM dataset can be decreased significantly
with continued instrumentation development, alleviating the sample
stability constraint and enabling the study of picosecond dynamics of
materials as they evolve.
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