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ABSTRACT
Efforts to push the spatiotemporal imaging-resolution limits of femtosecond laser-driven ultrafast electron microscopes (UEMs) to the com-
bined angstrom–fs range will benefit from stable sources capable of generating high bunch charges. Recent demonstrations of unconventional
off-axis photoemitting geometries are promising, but connections to the observed onset of structural dynamics are yet to be established. Here
we use the in-situ photoexcitation of coherent phonons to quantify the relative time-of-flight (r-TOF) of photoelectron packets generated
from the Ni Wehnelt aperture and from a Ta cathode set-back from the aperture plane. We further support the UEM experiments with
particle-tracing simulations of the precise electron-gun architecture and photoemitting geometries. In this way, we measure discernible shifts
in electron-packet TOF of tens of picoseconds for the two photoemitting surfaces. These shifts arise from the impact that theWehnelt-aperture
off-axis orientation has on the electron-momentum distribution, which modifies both the collection efficiency and the temporal-packet dis-
tribution relative to on-axis emission. Future needs are identified; we expect this and other developments in UEM electron-gun configuration
to expand the range of material phenomena that can be directly imaged on scales commensurate with fundamental structural dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222993

I. INTRODUCTION

Femtosecond (fs) laser-based ultrafast electron microscopes
(UEMs) employing (Schottky) field-emission or thermionic electron
guns (S/FEGs or TEGs, respectively) can be operated via photo-
electron emission from a photocathode source.1–14 In general, a
visible or UV pulse train is focused onto a photoemitting material
located at the position of the conventional electron source. For
UEMs employing Wehnelt electrodes, the photoemitting material
is typically set-back from the plane of the Wehnelt aperture.11,15–17

Particularly when using UV photons, or when the laser-spot size
is larger than the cathode tip apex, electrons can be photoemitted
from multiple surfaces at different planar distances from the anode
plane.11,12,18–20 This can lead to the generation of more than one dis-
crete electron packet from a single UV fs laser pulse and, thus, a
difference in arrival time at the specimen.11,19 Scattering information

gathered from such a condition will produce data points that are
convolutions of more than one discrete time point if the packet
distributions are well-resolved in time. If they are not resolved, it
will still lead to an effectively broadened packet and degradation of
temporal resolution.11,12,21

Accordingly, photoemission from a single point, as for S/FEGs,
or from a single planar surface, as for TEGs, is desirable in UEM.
This is not to say that selectable, spatially-confined emission from
different regions in the gun cannot be useful.12 For example, we
have found that photoemission from the Wehnelt aperture surface
can produce stable and robust pulsed electron beams of comparable
quality to that from on-axis photocathodes.18 Importantly, however,
such geometries beg the question of time-zero shift relative to pho-
toemission from the flat photocathode position. A few methods for
determining electron-packet arrival time at the specimen plane in
fs UEM have been demonstrated.22–27 Of these, the photon-induced
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near-field effect has been used to illustrate relative shifts in packet
arrival time when photoemitting from different parts of the cathode
in a TEG-based UEM with independent Wehnelt biasing.11

Here, we use UEM imaging of photoexcited coherent acous-
tic phonons (CAPs) to quantify the relative time-of-flight (r-TOF)
of photoelectron packets generated from the anode-facing surface
of a Ni Wehnelt aperture and from the flat tip apex of a Ta cath-
ode set back from the aperture plane. For laser-pulse trains aligned
entirely on the photoemitting surfaces, we measure a relative differ-
ence in TOF of 37.3 ± 0.5 ps for a 0.35-mm set-back position. This
manifests in the initial photoexcitation of coherent c-axis phonons
in a multilayer flake of 2H–MoS2. That is, CAP dynamics probed
with photoemission from the Wehnelt aperture are shifted forward
in time due, at least in part, to the shorter pathlength of the UV
pulse train relative to the Ta cathode. General Particle Tracer (GPT)
simulations of the specific experimental geometry, in tandem with
field maps calculated using Poisson Superfish, mostly agree with the
experiments with some notable deviations.28,29

II. RESULTS AND DISCUSSION
Figure 1 shows the photoemitting geometries and the specimen

used to quantify r-TOF with CAP dynamics. The 2H–MoS2 speci-
men was prepared following previously reported methods.30,31 The
cathode was a truncated, 0.2-mm diameter polycrystalline Ta source
(Applied Physics Technologies). For all measurements, the source

was set-back 0.35 mm from a 1.0-mm diameter NiWehnelt aperture
[Thermo Fisher, Fig. 1(a)]. Photoelectrons from both surfaces were
generated with 240-fs pulses (fwhm) of 4.8-eV photons, a repetition
rate (frep) of 20 kHz, and a pulse energy of 75 nJ (Light Conversion
PHAROS and HIRO). The UV laser-spot size on the photoemitting
surfaces was estimated to be 50 μm (fwhm).32 The position of the
UV laser-pulse train on the emitting surfaces was controlled with a
piezo mirror positioner in the gun periscope module of the Tecnai
Femto UEM (Thermo Fisher). Gun alignments were separately opti-
mized for the two photoemitting geometries. Images were acquired
with a 30-s acquisition time using a Gatan OneView 16 MP CMOS
camera.33 For all scans, the specimen was photoexcited with 2.4-eV
photons, an frep of 20 kHz, and a fluence of 10.8 mJ/cm2.

Prior to conducting UEM imaging scans with the photoemit-
ting surfaces, we verified that pure photoemission from those sur-
faces could be achieved and could produce viable and comparable
images. While the signal-to-noise ratio (SNR) was lower for aper-
ture photoemission (with the same UV pulse energy), the bright-
field contrast patterns were similar [Figs. 1(b) and 1(c)], and the
qualities were comparable and usable for quantitative analysis of
CAP dynamics from the same regions of interest. Image SNR was
calculated using Eq. (1):

SNR =
⎧⎪⎪⎨⎪⎪⎩

N

∑
i=1

M

∑
j=1

Î (i, j)2/
N

∑
i=1

M

∑
j=1
[I(i, j) − Î (i, j)]2

⎫⎪⎪⎬⎪⎪⎭

1/2
. (1)

FIG. 1. The two photoemission geometries and the 2H–MoS2 specimen used in the electron-packet r-TOF measurements. (a) Simplified schematic of key elements of the
UEM electron gun and the two photoemission geometries (anode and dynodes omitted for clarity). (b) and (c) Pulsed-beam bright-field image of the 2H–MoS2 flake obtained
with the Ta cathode photobeam and with the Ni Wehnelt aperture photobeam, respectively. Blue rectangles outline the regions from which image statistics were generated
(see main text). (d) Image of pure Ta cathode photoemission. (e) Image of photoemission from both the Ta cathode (blue = tip, red = shank) and the Wehnelt aperture (white).
(f) Image of pure Wehnelt-aperture photoemission.
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Here, I is the input M × N image size and Î is the noise-free image
of I. We estimated Î from the vacuum regions of approximately con-
stant intensity outlined in blue in Figs. 1(b) and 1(c) by assuming
entirely Gaussian image noise. We then assumed Î to be equal to the
average intensity, I, within the associated outlined regions, as per
Eq. (2):

Î(i, j) ≅ I = 1
MN

N

∑
i=1

M

∑
j=1

I(i, j). (2)

Image standard deviation, σ(I), was determined from the outlined
regions using Eq. (3):

σ(I) =
⎧⎪⎪⎨⎪⎪⎩

1
MN

N

∑
i=1

M

∑
j=1
[I(i, j) − I ]2

⎫⎪⎪⎬⎪⎪⎭

1/2
. (3)

We estimated SNR from Eqs. (2) and (3) as (SNR ≅ I/σ(I)). Note
that the lower SNR for aperture photoemission is likely due to a

combination of lower quantum efficiency and the off-axis geome-
try. The lower collection efficiency at the x-ray aperture as a result
of the off-axis geometry also appears in the GPT simulations (see
below).16,17

The fine control needed to move the laser-spot position from
the cathode to the aperture surface was accomplished with a piezo-
mounted mirror in the gun periscope module. In this way, pure
photoemission from either the cathode or the aperture surface could
be achieved [Figs. (1d)–(1f)].18 Based on the aperture diameter
and the laser-spot size, the approximate minimum physical planar
peak separation of the two photoemitting regions is ∼0.6 mm. For
positions between the two ideal settings, photoemission from the
aperture and the cathode can be observed [Fig. 1(e)].11,18 Alignment
of the Wehnelt-aperture photobeam can be done using conven-
tional methods, with gun shift and tilt requiring the most significant
changes relative to on-axis emission. In addition to the images
shown here, acquisition of pulsed-beam diffraction patterns and
generation of nanoscale probe beams illustrate the viability of this
configuration.18

FIG. 2. (Multimedia available online) r-TOF of photoelectron packets from the Ta cathode and the Ni Wehnelt aperture determined with CAP dynamics. Each UEM image
series captures dynamics at 2-ps steps spanning 212 ps in total slowed by a factor of 1.75 × 1010. (a) Bright-field image of the 2H–MoS2 flake. The ROI within which CAP
dynamics were quantified is outlined in blue. (b) and (c) Magnified ROIs of UEM images generated using the Ta cathode and the Ni aperture, respectively. STCPs were
generated from the rectangular regions outlined in red. (d) STCPs from scans generated using the Ta cathode and the Ni aperture (upper and lower panel, respectively).
Peaks of the first period of image-contrast oscillation are marked with vertical red dashed lines. The region used as a template for the cross-correlation calculations is outlined
in white. (e) Normalized cross-correlation (NCC) coefficient between the Ta cathode STCP template and the Ni aperture STCP. The maximum coefficient of 0.77 occurs at
Δt = 37 ps and Δx = 0 nm. (f) Comparison of the time-dependent scaled image intensities generated with the two sources. Intensities were tracked at the same relative pixel
positions within the sub-ROIs. Data generated with the Ta cathode are shifted +37 ps to illustrate the maximum correlation. Statistical noise level (horizontal dashed lines) is
compared to the image-intensity difference between the two sets.

Rev. Sci. Instrum. 95, 093705 (2024); doi: 10.1063/5.0222993 95, 093705-3

Published under an exclusive license by AIP Publishing

 13 M
ay 2025 16:17:54

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

We next conducted a series of pump-probe UEM imaging
experiments on the 2H–MoS2 specimen [Fig. 2(a);Multimedia avail-
able online]. We selected a region of interest (ROI) from which CAP
dynamics were probed with each photoemitting geometry. When
comparing dynamics within ROIs captured using the different
geometries, ROI position and size were matched across the different
image series using drift correction and cross-correlation methods.
Again, while the SNR for the Ni aperture was lower than that for
the Ta cathode, the contrast patterns were nevertheless usable and
comparable [Figs. 2(b) and 2(c)]. Matched sub-ROIs [e.g., the red
rectangles in Figs. 2(b) and 2(c)] were used to generate space–time
contour plots (STCPs) of the CAP dynamics so that relative onset
times and electron-packet TOF could be determined.34,35

The STCPs generated from the identical sub-ROIs in Figs. 2(b)
and 2(c) both display a coherent contrast oscillation over the
selected delay-stage temporal window [0–212 ps, sampled every
2 ps; Fig. 2(d)]. This behavior arises from photoexcitation of CAPs
that then propagate along the c-axis layer-stacking direction in the
flake.30,35–43 By identifying and comparing a shared feature of the
STCPs [e.g., the peak position of the same period of contrast oscilla-
tion – see the vertical red-dashed lines in Fig. 2(d)], a temporal shift
in the onset of CAP dynamics imaged with each source becomes
apparent.35 See Fig. 2 Video for a side-by-side comparison of rep-
resentative UEM image scans generated with the two photoemitting
geometries.

To quantify the shift seen in Fig. 2(d), we selected a distinctive
region of the Ta-cathode STCP as a template. Using this template, we
performed a normalized cross-correlation (NCC) with the Ni aper-
ture STCP.44 We selected a template region that contains both pre-
and post-excitation responses owing to the distinct asymmetry in the
STCP pattern. The NCC coefficient, γ, is defined in Eq. (4):

γ(u, v) =
∑x,y [ f (x, y) − f u,v][t(x − u, y − v) − t]

{∑x,y [ f (x, y) − f u,v]
2
∑x,y [t(x − u, y − v) − t ]

2}
1/2 . (4)

Here, f refers to the image, while t refers to the template with
coordinates (u,v). All summations are over x,y under the window
containing the template. The NCC coefficient serves as a measure
of the similarity between the image (f) and the template (t), with
a coefficient of one indicating a perfect correlation (i.e., f is identi-
cal to t). Accordingly, the NCC coefficient generated by comparing
the STCPs is a measure of the spatiotemporal similarity of the CAP
dynamics probed with both photoemission geometries. Applying
this to the STCPs in Fig. 2(d), a maximum NCC coefficient of 0.77
occurs for a temporal shift of the Ta-cathode STCP by +37 ps and
a 0-nm spatial shift [Fig. 2(e)]. The 0-nm spatial shift is indicative
of the same CAP dynamics occurring within identical sub-ROI sizes
and locations. This offset agrees with the observed delay stage set-
point positions of the peaks of the first period of oscillation (55 ps
for the Ta cathode vs 92 ps for the Ni aperture). It is noteworthy
that the offset seen here is comparable to the 17-ps offset observed
for shank vs tip apex photoemission from a tapered 16-μm flat LaB6
cathode for a 100-VWehnelt bias.11

We also compared the scaled intensities of identical points
within the sub-ROIs. By shifting the Ta-cathode STCP by +37 ps,
the intensity differences between the two points as a function of

time are at a minimum [Fig. 2(f)], in agreement with the amount
of shift found using the NCCmethod. Indeed, the minimized differ-
ence falls almost completely within the calculated image noise level
across the entire 212-ps range [Fig. 2(f) lower panel]. Following the
approach taken for Eqs. (1)–(3), we approximated the noise level at
pixel position i,j in the image (I) as σ[I(i, j)] ≅ I(i, j)

SNR . The statisti-
cal noise level was determined by averaging the absolute intensity
at the point of interest in the sub-ROIs from each image acquired
up to 20 ps before the onset of dynamics. The resulting values were
used to calculate σ[I(i, j)]. Because data generated with the differ-
ent sources have different image counts, associated SNRs were used.
Each value was normalized by the maximum intensity value in the
corresponding I(t) datasets.

To determine if the observed temporal shift was photoemitting-
geometry dependent rather than specimen-ROI dependent, we ana-
lyzed an additional five ROIs. The results from three of the five are
shown in Fig. 3. Results from all five were consistent—we chose to

FIG. 3. r-TOF of photoelectron packets emitted from the Ta cathode and Ni
Wehnelt aperture, as determined with CAP dynamics. (a) UEM image of the flake
with the overall region outlined in blue. (b) Magnified view of the overall region of
interest showing the three specific ROIs from which CAP dynamics were quan-
tified. (c) STCPs from the three specific ROIs generated with the Ta cathode
(upper three panels) and the Wehnelt aperture (lower three panels). The onset
of dynamics for each series is marked with a red vertical line.
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display three simply for clarity and conciseness. A specimen region
different from that in Fig. 2 was selected [Fig. 3(a)]. The three ROIs
within this region selected for display are indicated in Fig. 3(b).
ROIs amenable to analysis were selected based on the presence of
clear CAP dynamics in the image series, which manifested as dis-
cernible bend-contour oscillations. As can be seen in the Fig. 2
Video, the sensitive nature of the bend-contour position to changes
in relative orientation of the incident electron wave vector and crys-
tal lattice can produce rich dynamics across a large swath of the
specimen.34,45–48

As can be seen in Fig. 3(c), CAP dynamics over the delay stage
set-point range of 212 ps are shifted for all ROIs when comparing
the Ta cathode and the Ni aperture geometries. The shift is the same
sign and magnitude for all ROIs, and it is the same as that seen for
the ROI shown in Fig. 2. Statistical analysis of all six ROIs probed
in this study returns a Δt shift of 37.3 ± 0.5 ps, with the onset of
dynamics probed with the Ni aperture being shifted to a later delay-
stage set-point position. For our pump-probe configuration, we scan
the pump beam in time relative to a fixed probe beam. Here, we
set the longest pathlength of the pump beam along the delay stage
as t = 0 ps. Positive delay-stage set-points correspond to shorten-
ing pathlength and relatively earlier arrival times at the specimen
plane, as occurs for electron packets photoemitted from theWehnelt
aperture. Note that, while ROI3 is located on a different crystal ter-
race, the overall field of view is of a single-crystal region that is
only slightly bent (as per the observed bend contours). Thus, the
measured structural dynamics are the same within the specific res-
olution limits of the measurement. Were the crystal to be severely
bent, however, one would expect to see dynamics representative of
different crystallographic orientations.35 For the purposes here, such
an orientation would be undesirable.

To better understand the origins of the temporal shift, we per-
formed particle-tracing simulations with GPT.29 Electrostatic field
maps were generated with Poisson Superfish for the Tecnai Femto
gun architecture and photoemission geometries studied here.28 Tra-
jectories of 5 × 104 non-interacting electrons emitted from both
sources were tracked. The dimensions of the emitters were the same
as those used in the experiments. For electrons passing through the
limiting x-ray aperture, the arrival time at a virtual screen 0.35 m
from the Ta cathode surface (approximate entrance to the illumina-
tion system) was defined as the electron TOF. Counts at the virtual
screen were used to define the collection efficiency (CE). Initial
kinetic energy spreads were calculated using Fermi-Dirac statis-
tics, initial momenta were assigned according to an azimuthally
integrated cos θ distribution, and initial spatial coordinates were
Gaussian. See Refs. 16 and 17 for details.

The simulation results are summarized in Fig. 4. There are sev-
eral features worth noting. Most importantly, envelopes of the TOF
distributions show that electrons emitted from the Ta-cathode posi-
tion do indeed arrive at the virtual screen later than those emitted
from the aperture, in agreement with experiments. For a set-back
distance of 0.35 mm, peak positions of the TOF distributions differ
by 25.3 ps, which is 12 ps less than the experiments. This difference
has several likely origins. First, no electron–electron interactions
were included in the simulations. This was done so that baseline
behavior could be established prior to increasing the complexity.
In the experiments, hundreds of electrons populated each individ-
ual packet. Thus, repulsion could impact momenta such that larger

FIG. 4. Simulated electron TOF for the Ta cathode (top) and the Wehnelt aper-
ture (bottom) photoemitting geometries. Counts are the total number of electrons
reaching the virtual screen, and CE is the percentage of the total collected divided
by the total emitted (5× 104). The TOF is the peak position of the best-fit Gaussian
to the histograms, and the range is reported as full-width at zero-counts (fwzc).

dwell times occur in the gun. Second, simulations were carried out
only at the entrance of the illumination system, while CAP dynam-
ics reflect behaviors indicative of accumulated interactions from the
source to the specimen. Additional dispersive surfaces encountered
by packets could further exacerbate the temporal offset.

Third, deviation from expected material work function could
impact the initial kinetic energy spread in ways not captured here.
Indeed, the impact of initial kinetic energy, combined with pho-
toemitting geometry, is reflected in the observed difference in simu-
lated CE and the TOF full-width at zero-counts (fwzc). For example,
for the conditions used here, the CEs and TOF fwzc were 31.3% vs
15.4% and 1.8 vs 1.4 ps for the Ta cathode and Wehnelt aperture,
respectively. These differences are mainly due to the off-axis geome-
try acting as an energy filter—electrons emitted with relatively high
transverse momenta are less likely to pass through the limiting x-ray
aperture.16,17 Thus, this will lead to reduced CE and a narrowed tem-
poral distribution for the off-axis geometry, as seen in the simulation
results in Fig. 4. These and other effects will be the subject of future
systematic studies of this unconventional photoemitting geometry.

III. SUMMARY AND CONCLUSIONS
In conclusion, we have shown that a clear, quantifiable con-

nection exists between the photoemitting position in the electron-
gun region and the onset of structural dynamics in fs laser-driven
UEM. We accomplished this by using in situ photoexcited coherent
phonon dynamics and an unconventional photoemitting geometry
recently shown to be a viable means of stable and robust pulsed
electron-beam generation.18 Supporting particle-tracing simulations
not only agreed with the experiments but also uncovered addi-
tional elements worthy of further investigation. The results reported
here are expected to impact current efforts dedicated to defining
the resolution limits of TEG-based UEMs and to pushing these
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limits to the combined Å-fs range for probing the widest-possible
range of material responses at the fundamental spatiotemporal lim-
its of structural dynamics.5,6 Furthermore, the illustrated impact
of photoemitting geometry on structural dynamics demonstrates a
quantifiable means to account for resulting temporal shifts. When
optimum TEM and UEM operation in a single instrument is
desirable, the off-axis geometry explored here offers a viable and
accessible solution.
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