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Abstract: In femtosecond (fs) 4D ultrafast electron microscopy (UEM), a tradeoff is made
between photoelectrons per packet and time resolution. One consequence of this can be longer-
than-desirable acquisition times for low-density packets, and particularly for low repetition rates
when complete photothermal dissipation is required. Thus, gaining an understanding of
photoelectron trajectories in the gun region is important for identifying factors that limit collection
efficiency (CE; fraction of photoelectrons that enter the illumination system). Here, we continue
our work on the systematic study of photoelectron trajectories in the gun region of a Thermo
Fisher/FEI Tecnai Femto UEM, focusing specifically on CE in the single-electron regime. Using
General Particle Tracer, calculated field maps, and the exact architecture of the Tecnai Femto
UEM, we simulated the effects of fs laser parameters and key gun elements on CE. The results
indicate CE strongly depends upon the laser spot size on the source, the (unbiased) Wehnelt
aperture diameter, and the incident photon energy. The CE dispersion with laser spot size is found
to be strongly dependent on aperture diameter, being nearly dispersionless for the largest apertures.
A gun crossover is also observed, with the beam-waist position being dependent on the aperture
diameter, further illustrating that the Wehnelt aperture acts as a simple, fixed electrostatic lens in

UEM mode. This work provides further insights into the operational aspects of fs 4D UEM.
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Introduction

Femtosecond (fs) laser-driven pulsed-beam transmission electron microscopy (called 4D
ultrafast electron microscopy, UEM) can reach sub-picosecond timescales and has been used to
conduct ultrafast pump-probe imaging, diffraction, and element-specific spectroscopy.!-!! For this
approach, the pulsed electron beam is typically generated with fs UV pulses and has been
successfully extended to all standard gun types used in commercial electron-microscope
platforms.!-61219  Indeed, it has been shown that both single-shot nanosecond imaging and
stroboscopic picosecond imaging can be done with the identical thermionic electron gun, the same
cathode, and without the need to adjust the electric fields around the emitter (base instrument was
an FEI Tecnai T12).202! Properties of the photoelectron packets — and thus the achievable
resolutions — can be controlled to some extent with the pulsed laser (e.g., through photon energy,
pulse fluence, pulse duration, and laser spot size) and characterized with spectroscopy and cross-
correlation methods.36-811.13,15,18,22-27

A key parameter dictating the manner in which materials and phenomena can be studied
with UEM is the laser repetition rate (fy,).”!*?*?? Unlike for molecular beams or liquid flow
cells, the specimen region in UEM is typically not refreshed prior to arrival of the next
photoexcitation pulse. Thus, care must be taken not to induce specimen changes that are
temporally long lived compared to f r_e;. That is, one ideally wants the time between packets (f r_ezl,)
to be longer than the full specimen recovery time (,.; e.g., electron and lattice thermalization and
complete thermal dissipation). This is to avoid creating new long-lived phases or producing
irreversible degradation, such as plastic deformation, fracture, or melting. Identifying and using
such an f,,, — which is material, specimen, and photoexcitation dependent — also enables

consistent excitation of the same initial state, such as the ground state.
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The thin, electron-transparent specimens required for UEM experiments (as with TEM
experiments) pose challenges for achieving complete photothermal heat dissipation between
excitation pulses for high f,.,. However, while operating at the minimum-possible f., may be
preferred for the reasons noted above, beam current is commensurately reduced with lowering £,
(and with all else remaining the same) such that longer acquisition times are needed to reach usable
signal levels and contrast strengths. Like with TEM, longer acquisition times can limit resolution
due to specimen drift and lab instabilities, system fluctuations, and detector and background signal
noise. Beyond creating an extremely stable lab environment, one method for mitigating this is to
increase the incident laser pulse fluence and thus the number of photoelectrons per packet for a
given fr.,. This, however, can lead to deleterious space-charge effects, a reduction in coherence,
and thus a reduction in spatiotemporal resolution.%!!,22.23

Intuitively, one anticipates optimum beam quality at the lowest-possible acquisition time
for a given photon energy (4v) to be achieved when operating in the so-called single-electron
regime, wherein each packet is populated with, on average, one photoelectron.!?328 In principle,
this entirely avoids particle-particle interactions while providing the highest current at a given f.p,
for a space-charge-free regime. However, this implies that low f., experiments can be reliably
conducted only at low magnifications due to the commensurately long acquisition times and
increased blurring due to drift and mechanical/field instabilities. Indeed, high-magnification fs
pulsed-beam photoelectron images (i.e., resolved features smaller than 1 nm) have been generated
with fr¢p =200 kHz (f 725 <5 ps) and with acquisition times spanning seconds to minutes.>!316:19.29
Importantly, however, ultimate quantitative limits of the high-resolution parameter space,
particularly for low f;., experiments, have yet to be established for true pump-probe fs UEM

imaging (i.e., with specimen photoexcitation); speculative predictions suggest that no better than
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1 nm will be possible, regardless of f,.,.° Though for the predicted photon-induced near-field
(i.e., PINEM) aberration, deconvolution of the annular chromatic point spread function should
recover the otherwise obscured details.>>326 As an interesting aside, very few ultrafast pump-
probe UEM experiments have been conducted in the weak-excitation regime, where low-fluence
pump pulses (¥ ~uJ/cm?) induce “dilute” dynamics that are then probed at high f., common to
laser oscillators and beam-blanker pulsers.!-20:28.30-38

The main challenges associated with conducting high-resolution UEM (HR-UEM) studies
of fs-ps atomic, molecular, and nanoscale materials dynamics seem clear. Accordingly, a path
forward involving systematic and increasingly complex modeling and simulations targeted at
optimization can be designed.?3° However, the complexity of the instruments and the variety of
cathode materials, shapes, and gun types necessitates a thorough, rigorous approach to the
development of a quantitative and comprehensive understanding of pulsed-beam behavior in
modified commercial instruments.!317-2240 Indeed, one must contend with particle-particle and
particle-field interactions, the precise fields and geometries of all elements comprising the TEM,
the properties and behaviors of the laser system, and the unconventional manner in which the TEM
is operated when in UEM mode, in addition to lab-specific and laser instabilities.

Accordingly, there are significant opportunities to identify and understand the influence of
key elements and effects, as well as simple (low-cost) areas of improvement and optimization.!3??
In fact, despite fs UEM — defined here as coupling of a fs laser with an otherwise conventional
TEM - having been under earnest development and application for nearly 20 years,! there is still
much to understand about the fundamental behaviors and performance metrics. This is not
surprising considering the history of analogous (and still ongoing) efforts dedicated to the more

mature methods of ultrafast electron diffraction (UED) and dynamic (nanosecond single-shot)

Page 4 of 30

Page 4 of 30



Page 5 of 30

Physical Chemistry Chemical Physics

Curtis, Willis, and Flannigan UEM Single-Electron Dynamics

TEM and especially considering the relative simplicity of dedicated UED instruments.?>4!:42 In
fact, one can look to the arc of development of high-resolution TEM, normalized by the associated
monetary investment and activity level, to estimate an analogous trajectory for the development of
HR-UEM.#-48

Owing to the opportunities noted above, we have initiated an effort to fully and completely
characterize and quantify the behavior of single-electron packets in a Thermo Fisher/FEI Tecnai
Femto UEM paired with a Light Conversion PHAROS fs pulsed laser, which is the system
installed at the University of Minnesota within the Minnesota Institute for Ultrafast Science. One
aspect of this effort includes simulating single-electron trajectories for the exact architecture and
elements of the Tecnai Femto gun region’ (i.e., from the electron source to the X-ray aperture)
using particle tracing software and calculated field maps. Once complete, we envision modifying
and extending these methods to multi-electron packets and to the entire microscope column — from
source to detector. We are first focusing on mapping the single-electron regime, which
hypothetically should provide the highest resolutions, all else being the same.!-%2%23 Further, it is
our hope that the approach and methods we develop, and the insights we glean, can be extended
to other systems, thus serving as a useful foundation upon which to build specific descriptions and
resolution-focused, operational “phase diagrams” for modality optimization.5!3

We have divided our initial effort specific to the electron gun region into three interrelated
but conceptually distinct Focus Areas: (1) temporal resolution, (2) collection efficiency (i.e., beam
current), and (3) beam coherence. Such a segmented approach allows us to simplify the design of
the work, focus our efforts, and compartmentalize the large body of results. We have previously

described our findings for single-electron temporal resolution in the gun region (Focus Area 1).3°

 Provided by Dr. Erik Kieft at Thermo Fisher Scientific.
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Among other insights, results of the simulations indicate that the statistical electron packet duration
can be controlled not only with laser pulse duration and Wehnelt bias,%!3 but also with laser spot
size, (unbiased) Wehnelt aperture diameter, and incident photon energy (for a fixed work
function). This is in addition to the cathode-to-Wehnelt aperture distance.!34?

Here, we now focus on simulating and calculating the collection efficiency in the single-
electron regime (Focus Area 2). We define collection efficiency (CE) as the fraction of
photoemitted electrons that pass through the X-ray aperture and enter the illumination (condenser)
system. Accordingly, the CE will range between 0 and 1, with 1 indicating that each photoelectron
generated at the source passes through the X-ray aperture. The importance of CE to optimizing
UEM beam current and minimizing acquisition time is clear and has been previously noted.®*° As
we illustrate here, and as we found in the temporal resolution study, parameters such as laser spot
size on the source (and the resulting distribution of transverse momenta), and the Wehnelt-aperture
diameter, have a significant impact on the overall behaviors for even the single-electron
regime.!33% Indeed, enhanced coupling of single electrons into the illumination system may occur
even for an unbiased Wehnelt electrode and an otherwise unmodified TEM, though much

additional work is needed, especially for multi-electron packets.5>°

Experimental

The elements and dimensions of the Tecnai Femto gun region, as well as the software tools
and simulation methods, are the same as those used in the single-electron temporal resolution
study.’® Nevertheless, they are again described here for convenience. Particle tracing simulations
were conducted using General Particle Tracer (GPT, Pulsar Physics) and cylindrically symmetric

field maps calculated with Poisson Superfish.>!»2 GPT is used to solve the relativistic equations
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of motion with a fifth-order embedded Runge-Kutta solver and to calculate the Lorentz force acting
on the particle. Poisson Superfish consists of a finite element method used to solve Poisson’s
equation for electrostatics. The exact architecture and dimensions for the gun region of the Thermo
Fisher/FEI Tecnai Femto UEM (base instrument is a Tecnai T20 G2) comprised the physical
elements (Fig. 1a). The key parameters of interest in the gun were the Wehnelt aperture diameter
(Dw, varied), the LaBg tip diameter (D, mainly fixed at 180 um but varied for one set of
simulations), and the aperture-to-tip distance (Z,,, fixed at 350 um).* In UEM mode, the Wehnelt
triode is unbiased in the Tecnai Femto and thus acts as a simple, fixed electrostatic lens. Indeed,
this 1s one motivator for conducting detailed simulations of the Tecnai Femto UEM — we seek to
quantitatively determine the effect of an unbiased Wehnelt triode on photoelectron packet

properties and behaviors.6-3%°
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Fig. 1. Overview of the simulation elements. (a) Simplified schematic of the Tecnai Femto
electron gun with key elements and dimensions labeled (not to scale). (b) Representative
photoemission probability distribution for the case where the Gaussian laser spot size (i.e., photon
spatial profile) is larger than the LaBg tip diameter (D;;,). (c) Photoemission probability (P) as a
function of emission angle (@) relative to the optical axis of the electron gun. An emission angle
of zero corresponds to a trajectory parallel to the optical axis and a maximum emission probability.
y and f are the Lorentz factor and the normalized relativistic velocity, respectively. Their product
is the rest-mass-normalized particle momentum used in GPT. (d) Calculated normalized initial
photoelectron kinetic energy (E,) distributions for zv = 4.81, 3.61, and 2.41 eV (left, middle, and

right, respectively). Reproduced from Ref. 39 with permission from the PCCP Owner Societies.

Photoemission spot size is defined as a Gaussian laser spot size (fwhm) on the cathode
surface.'?° Here, only photoemission from the flat surface is simulated (Fig. 1b), a configuration
that can be achieved experimentally by focusing the laser, by using a LaB¢ (or other material)
cathode where Dy;, is larger than the laser spot size, or by using a cathode with a non-emissive
guard ring.1!113:17 For some simulations, the photoemission spot size was fixed at 50 um, the laser
spot sized typically used in the University of Minnesota UEM lab.3?® To reduce computation time,
and to be consistent with the temporal resolution study, simulations were conducted with n = 5SE4
non-interacting particles generated from the cathode along a Gaussian temporal profile set to be
Tiaser = 300 fs (fwhm). Thus, each data point is the integrated result of the spatial Gaussian
distribution (i.e., the photoemission probability distribution, Fig. 1b) of 5E4 non-interacting
particles. The emitted trajectory probability distribution from the cathode [P(6)] was set to follow

a cos(#) behavior azimuthally integrated over an angle ¢ (Fig. 1¢).#>>* Again, we did this in order
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to remain consistent with the temporal resolution study.?® The nature of the initial distribution will
affect the CE, mainly due to interactions of the off-axis photoelectrons with the Wehnelt aperture.
Thus, it is important to use a consistent approach despite the cos(6) distribution not being employed
universally.>>->7

Photoelectrons generated at the LaBg4 source are accelerated from initial kinetic energies
(Ey) dictated by the incident photon energy (4v) to 200 keV along the accelerator region before
reaching the X-ray aperture (Fig. 1a). Here, the LaB4 work function was fixed at @ = 2.4 eV.>3
(Note that @ for LaBg is sensitive to a number of factors — use of a different value here will only
lead to a commensurate rescaling of the findings. The specific number used in the simulations is
less important than the observed trends.) Thus, different distributions of £y will result for the
different values of 4v > @& simulated here (Fig. 1d). The distributions were modeled as
transmission coefficients for a free electron encountering a step potential, and photoemission was
approximated by shifting the Fermi-Dirac distribution by the /#v energy of the incident photon,
following the approach taken by Mogren and Reifenberger for LaBg.>® Note again that because
we are presently focused on the gun region, the X-ray aperture is the final limiting element in the
simulations. Electron packet populations were collected at a virtual screen positioned 35 cm from
the photoemission plane. At this position, all electrons have been fully accelerated, have kinetic

energies of 200 keV, and have propagated past the X-ray aperture plane.?’

Results and discussion
Unbiased Wehnelt aperture interaction strength. A key parameter for determining the
Wehnelt-aperture lensing behavior is the beam radius in the aperture plane. As described in the

Experimental section, the Wehnelt aperture is at zero bias relative to the photoemitter (-200 kV)
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and thus acts as a weak electrostatic lens in the tip region of the electron gun. Nevertheless, emitted
electrons experience repulsive transverse forces that depend on Dy and the beam radius in the
aperture plane. Figure 2 shows the calculated spatial distributions of the magnitudes of the
transverse electric fields (|E,|) in the tip region of the electron gun for Dy = 0.7 and 1.0 mm. As
can be seen, the Dy = 0.7 mm aperture generates a field distribution that permeates further into the
footprint of Dy, In addition, the electric-field gradient is steeper within this footprint for the
smaller aperture. Accordingly, off-axis photoelectrons experience a stronger field gradient for
smaller apertures and a given cathode size. Indeed, the difference in transverse displacements of
the electrons is on the order of millimeters for the different aperture diameters (see below).
Further, larger apertures provide a larger field-free region centered on the optical axis, in addition
to generating a more expansive electric field overall — for example, compare the |E,| values
spanning the 180 um centered at R = 0 pm for the Z = 1 mm positions in Figure 2a,b. No temporal

broadening occurs within this field-free region.?°

R (um) R (um) |E, |
(@) s00 400 300 200 100 0 100 200 300 400 500 (D) 500 400 300 200 100 © 100 200 300 400 500 (MV/m)
0 0

” ' ' 0.5

0.4
T 400 0.3
= 500
N

0.2

0.1

0.0

Fig. 2. Electric field contour maps in the vicinity of the unbiased Wehnelt aperture for (a) Dy =
1.0 mm and (b) Dy = 0.7 mm. The horizontal dotted line at Z =350 um marks the position of the
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outer face of the Wehnelt aperture (relative to the emitter surface at Z =0 um). This defines the
Z:, dimension. The vertical dotted lines mark the edges of the cathode surface and thus define the
Dy;, dimension (180 pm diameter). The color bar displays the scale of the electric-field magnitude,

|E,|. The grey rectangles centered at Z = 300 um in (b) represent the Wehnelt aperture edges,

which extend out to R = 350 um; the aperture edges are flush with the vertical borders in ().

Two main factors affect beam radius in the Wehnelt aperture plane: (1) the initial emission
point relative to the optical axis (i.e., the position relative to R = 0), and (2) the initial electron
kinetic energy, Ey. The first factor is a direct modulation of the initial spot size of the electron
beam (determined by the laser spot size on the cathode). The second factor can be understood by
noting that electrons with higher £, have larger transverse momenta, thus leading to a relative
increase in the initial integrated packet divergence. The effect these factors have on CE can be
illustrated by considering single electrons emitted from R =45 pm and R = 90 um with £, = 2.40
eV and with initial trajectories normal to the Wehnelt aperture. For the Dy = 1.0 mm aperture, the
difference in |E,| in the aperture plane at these two positions is 0.21 MV/m. Assuming constant
Wehnelt interactions and no transverse acceleration by the accelerating field, the calculated
difference in transverse displacement is 8 mm after 2 ns of propagation (roughly the gun escape
time). This is a significant displacement and indicates the more strongly-deflected electron will
not pass through the X-ray aperture (diameter < 8§ mm), thus illustrating the impact on CE. Also
note that electrons with higher £y have larger longitudinal momenta, on average, which shortens
the residence time in the aperture transverse fields leading to a weaker convergence. Having
established the general effects of an unbiased Wehnelt electrode, the effects of specific electron-

gun elements and laser parameters on CE are now considered.
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Dependence of CE on photoemission spot size for key values of Dy. As was done in
the temporal resolution study,*® we first established baseline behaviors for single-electron CE by
simulating three key and discrete initial photoelectron kinetic energies (£, = 0.10, 1.76, and 2.40
eV) for Dy = 0.7 and 1.0 mm. Beginning by using three discrete energies instead of the
distributions shown in Figure 1d serves as a first approximation to the more complex but also more
realistic cases. As can be seen in Figure 3, a strong dependence of CE on photoemission spot size
and Dy is generally observed; CE decreases with increasing spot size for both values of Dy.
However, precise behaviors for each of the £, values vary and strongly depend upon Dy. First,
while the behaviors for each of the £, values are identical for Dy = 0.7 mm (Fig. 3, top panel), the
Ey=0.10 eV energy deviates significantly from the 1.76 and 2.40 eV energies for Dy = 1.0 mm
(Fig. 3, bottom panel). Second, while CE = 1.0 for all £ at spot sizes below 5 um for Dy = 0.7
mm, only the 0.10 eV energy shows a CE = 1.0 (for spot sizes below 20 um) for the 1.0 mm
aperture. The higher E, energies attain maximum CE values between 0.33 (2.40 eV) and 0.38
(1.76 eV). Third and finally, while CE rapidly decreases to below 0.01 with increasing spot size

for all E, for Dy = 0.7 mm, the lowest value for D= 1.0 mm is 0.14 for £, =2.40 eV.
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Fig. 3. Single-electron-packet collection efficiency (CE) as a function of photoemission spot size

for three discrete values of £, for Dy = 0.7 mm (top panel) and 1.0 mm (bottom panel).

The general behaviors shown in Figure 3 again arise from the Wehnelt aperture acting as a
weak, fixed electrostatic lens when in UEM mode (i.e., absent feedback biasing). As such, the
distance of an electron from the center x,y = 0,0 position in the plane of the Wehnelt aperture —
which is determined by the initial photoemission position and momentum — determines the
transverse electric-field strength experienced by the propagating electron. Note that here we are
assuming a perfectly flat LaBg emitting surface; initial trajectories from actual cathodes will be
more complex owing to surface roughness, structural and compositional evolution with time, and
adsorption of contaminating species.’®¢0-62 Here, we observe that the divergence of an electron
after the Wehnelt aperture scales with photoemission spot size, which then impacts the integrated
transverse packet radius (parameterized here as the fwhm diameter, D,,c/) as it is accelerated

toward the X-ray aperture. Accordingly, one would expect a larger fraction of the total population
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exiting the Wehnelt to ultimately be blocked by the X-ray aperture for larger photoemission spot
sizes; these electrons will not enter the illumination system, and the CE will be reduced.

Overall, the simulation results indicate that both the single-electron CE and the temporal
resolution can be improved by reducing the photoemission spot size for a given Dy (i.e., by
creating a tighter laser focus on the LaBg surface while in the single-electron regime).'33° Possible
practical avenues for further reducing the photoemission spot size on the source could involve
expansion of the laser spot diameter on the final focusing lens (limited by clipping requirements
along the beam path) or redesign of the internal laser path to minimize the distance between the
final lens and the photocathode. As an aside, we hypothesize that this also may have implications
for the ideal electron source shape for laser-driven UEM.??> Note also that CE values of 1.0 for
certain gun configurations have been previously predicted,* which has significant implications for
the role of aperturing and reductions in beam current in the condenser system — this is a key area
of interest for future work. As shown below, regimes with CE values of 1.0 are also predicted to
exist when considering the full £, distribution (Fig. 1d), even for iv =4.81 eV and @ = 2.4 eV.
However, full system simulations are required to gain insights into the fraction of photoelectrons
making it to the specimen and to the detector.

Energy filtering and the presence of a gun crossover. The difference in CE at a select
spot size for discrete £, values for Dy = 1.0 mm shown in Figure 3 (bottom panel) suggests that a
serendipitous energy filtering effect is at work in the gun region. This filtering leads to a narrowing
of the electron-energy distribution arising from preferential aperturing of electrons with higher
initial kinetic energies, analogous to aperturing the beam further down the column. The potential
origins of this effect can be illustrated by analyzing a simulation of the transverse beam properties

for a fixed Ej and a fixed photoemission spot size as electrons exit through Wehnelt apertures of
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various Dy (Fig. 4). Here, we chose Ey, = 1.76 eV and a photoemission spot size of 50 um. We
simulated how the packet diameter, D,,cter, €volves from the LaBg surface (Z = 0) to a longitudinal
position Z = 10 mm for Dy ranging from 0.7 mm to 1.2 mm. Note that all gun elements within
this longitudinal distance were included in the simulation despite not being explicitly shown in the

figure.

0 1 2 3 4 5 6 7 8 9 10

Z (mm)
Fig. 4. Evolution of photoelectron packet diameter (D,4cke;) for a 50 um laser spot size, for Ey =
1.76 eV, and for Wehnelt aperture diameters (Dy) ranging from 0.7 mm to 1.2 mm. The LaBg
cathode surface is at Z = 0, and the grey shaded region denotes the Z;, region (see Fig. 1a). The
dashed grey line is the plane of the Wehnelt aperture. The colored dots mark the beam waists (wy)

for each aperture size and were found by taking using a first-derivative analysis of the beam

diameter in MATLAB.

Several notable behaviors emerge from the beam dynamics simulations summarized in
Figure 4. First, while D, initially increases upon moving away from the LaB, surface (Z = 0),

the smaller diameter apertures show a noticeable decrease in D, before reaching the aperture
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plane (Z = 0.35 mm; see, for example, Dy = 0.7 mm). Second, while D, appears to be always
increasing for Dy > ~0.9 mm and Z < 0.35 mm, smaller aperture values show a decrease before
reaching the aperture plane. Third, all values of D, €xcept for the 1.2 mm aperture continue to
decrease once past the aperture plane before again increasing. This reduction in D,k Once past
the aperture results in a beam waist, wy, generally positioned within 3 mm of the source surface
and increasing in size with increasing Dy. This is indicative of a crossover and occurs for aperture
sizes less than 1.2 mm, despite the Wehnelt being unbiased. Further, the Z position of wy (i.e., the
crossover point, Z,, ) shows an increase and then decrease in going from 0.7 to 1.1 mm. Fourth,
the smaller apertures show stronger divergence to larger D, for Z > Z,,. Generally, these
behaviors are dictated by the resulting proximity and thus the transverse electric field magnitude
experienced by the statistical photoelectron packet. Accordingly, reducing the photoemission spot
size for a given Dy has the same basic effect as increasing Dy for a given spot size; Z,,, will first
increase and then decrease, and the divergence to larger D, et for Z> Z,, will go down.

Having established the behavior of D, 44, for Z <10 mm from the LaBg¢ surface for a single
initial kinetic energy, we next simulated and compared the beam waist position (i.e., crossover
position) and size for all three discrete values of £y shown in Figure 3, again for a photoemission
spot size of 50 um. Figure 5 shows a summary of the results for Dy = 0.7 to 1.2 mm. Note that
no crossover occurs for the specific cases of £y = 1.76 and 2.40 eV and Dy = 1.2 mm. In these
cases, D4k continuously expands as it propagates from the cathode surface to Z = 10 mm,
indicating that interactions with the aperture field are too weak to induce a dramatic change in
transverse momentum. While the general behaviors of Z,,, and wy are similar for each Ey, two
obvious trends can be seen. First, the increasing and decreasing behavior of Z,,, with increasing

Dy, as seen in Figure 4, occurs for each energy, but the maximum value of Z,,, for all simulated
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apertures increases with decreasing E, (Fig. 5, top panel). This shows that, for a given Dy and
photoemission spot size, the crossover point of initially higher energy photoelectrons will be
positioned closer to the Wehnelt aperture — a range of crossover points will be present for a range
of Ey. Second, again as seen for £y = 1.76 eV in Figure 4, wy steadily increases with increasing
Dy, with higher kinetic energy photoelectrons generally having larger beam waists for a given

aperture diameter (Fig. 5, bottom panel).

a
1

Z at wy, (mm)
i

< 30-

0 L] L L] L] L] L]
0.7 0.8 09 1.0 1.1 1.2
D, (mm)

Fig. 5. Photoelectron beam waist behavior as a function of Wehnelt aperture size for three discrete
initial kinetic energies. The top panel shows the crossover position (Z,,) between the cathode
surface and Z = 10 mm from the surface, while the bottom panel shows how wj varies, both as a
function of Dy for the initial kinetic energies noted. The solid curves are spline interpolations of
the individual points and are included to guide the eye and to show the general trends. Here, w
and the crossover position were found using a first-derivative analysis of beam diameter in

MATLAB.
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The behaviors shown in Figure 5 arise from effects of a lower initial deviation of transverse
momentum for the lower kinetic energy photoelectrons — the interaction strength with the aperture
field can be qualitatively appreciated by noting how the position and size of w, for each E shift
relative to one another. That is, the resulting crossover properties are entirely contingent upon
how the photoelectrons are lensed by the unbiased Wehnelt aperture. While the photoemission
spot size is fixed, D,k Clearly varies as the photoelectrons are accelerated toward the X-ray
aperture (see Fig. 4). For a given E, reduced values of Dy create smaller packet diameters at the
aperture plane — this again can be seen by inspecting the Z = 0.35 mm position in Figure 4 for £,
= 1.76 eV. As noted above, increasing Dy has the same basic effect as reducing the size of the
photoelectron beam for a fixed aperture size. This is because the interaction strengths are reduced
due to simple proximity arguments. As illustrated in Figure 5, this is also the case for varying
initial kinetic energies — fewer photoelectrons are strongly impacted by electrostatic lensing at
lower initial kinetic energies because the initial deviation in transverse momentum is
commensurately lower. Note that the increase in slope for each £, above Dy ~0.9 mm is also an
indication of how the populations are shifting toward weaker overall interactions, with lower E
being impacted to a greater degree, as expected (Fig. 5, lower panel).

CE as a function of Dy for a fixed laser spot size. Having identified the presence of a
gun crossover and an energy filtering effect, we next analyzed the simulated trajectories for the
entire gun region (i.e., from source to X-ray aperture) in order to determine the behavioral
dependence of CE on Dy. The electron-packet parameters were the same as those shown in Figure
3. The photoemission spot size was fixed at 50 um, while Dy was varied from 0.7 to 1.2 mm. As

can be seen in Figure 6, while all three discrete values of £, show an increase in CE with increasing
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Dy, the higher energies reach maximum values of only 0.23 and 0.27 at Dy = 1.2 mm (£, = 2.40
and 1.76 eV, respectively). Comparatively, the £, =0.10 eV energy reaches a value of 0.95. Note,
however, that CE vs. Dy, generally shows a sigmoidal response indicating that values of Dy > 1.2
mm will result in little or no additional increase in CE, regardless of E,,. Indeed, the higher energies
show increases in CE of only ~0.4% in going from Dy = 1.1 to 1.2 mm. Conversely, for the
smallest diameters simulated (0.7 and 0.8 mm), CE is nearly identical for all values of Ey; clear

deviations begin to appear for Dy > 0.8 mm.

__ 1.0
| .
0.8+ E,=|1.76 eV
2 0.10 eV
[}
‘5 0.6+
=
Ll
804
3
= 0.2+
=]
0 p——
0 L] L] L] L] L] L
0.7 0.8 09 1.0 1.1 1.2

D, (mm)

Fig. 6. Collection efficiency (CE) as a function of Wehnelt aperture diameter (Dy) for three

discrete values of £, and a photoemission spot size of 50 pm.

As with the other simulated behaviors, the trends shown in Figure 6 can be explained by
considering the interaction strength between the Wehnelt-aperture field and the photoelectrons.
For example, a decreased interaction strength, as occurs for larger aperture sizes (or smaller laser
spot sizes) and lower E), results in a larger number of initially off-axis photoelectrons (i.e., those

not emitted from the x,y = 0,0 LaB¢ center position) passing through the X-ray aperture. This can
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be understood by recognizing that photoelectrons with lower E, values have on average lower
transverse velocities, which leads generally to a decrease in interaction strength with the aperture.
For the parameter space explored here (e.g., 50 um spot size), this appears to be true for Dy >0.8
mm, where CE becomes dependent on £,. One might conclude from this that there is a combined
Dy and spot-size threshold value for CE divergence based on E, that shifts to smaller aperture
sizes for smaller laser spot sizes. Note, however, that the electrostatic field strength in the plane
of the Wehnelt aperture becomes increasingly uniform with decreasing Dy (see Figure 2). Thus,
using smaller laser spot sizes with small Wehnelt apertures only produces an overall increase in
CE, independent of E, (see Figure 3). That is, the x,y position of photoemission from the source
determines if the photoelectron will be deflected by the Wehnelt-aperture electrostatic field,
independent of transverse momentum. Overall, this shows that higher values of CE are found for
lower Ey and for larger Dy, as expected from the results already discussed. As importantly,
however, smaller apertures can be used in conjunction with smaller laser spot sizes to generate
dramatically improved beam currents and perhaps also improved coherence, potentially at the cost
of temporal resolution.>®

CE for an hv-determined E, distribution for @ = 2.4 eV. To this point, we have
simulated discrete values of E in order to determine baseline behaviors. While useful, behaviors
based on the distributions shown in Figure 1d are expected to more accurately reflect experiments.
Thus, we repeated the simulations shown in Figure 3 for a range of Dy, but this time using the £
distribution generated with 4v = 4.81 eV, the results of which are summarized in Figure 7. All
other parameters were kept the same. As was the case for the discrete values of Ej, a general
decrease in CE was observed with increasing photoemission spot size for all Dy. Further, the

effect was weakened for larger Dy, again as generally seen for discrete values of £, — the smallest
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apertures showed the largest CE dispersion behaviors, with the effects being dramatically
decreased with increasing Dy. In addition, CE is very roughly the same (~0.33) for all aperture
diameters at a photoemission spot size of ~20 um and, owing to the relative dispersions, is visually
analogous to a spectroscopic isosbestic point. Also, while CE for all Dy tends to become mostly
independent of spot size at values above ~90 um, a clear bifurcation occurs between 0.9 and 1.0

mm. That is, above ~90 pm, CE is ~0.15 for Dy > 1.0 mm but is only ~0.02 for Dy < 0.9 mm.

Collection Efficiency (CE)

0 40 80 120 160

Photoemission Spot Size (um)
Fig. 7. Collection efficiency (CE) as a function of photoemission spot size for a range of Wehnelt

aperture diameters (Dy) for the iv =4.81 eV E, distribution (Fig. 1d).

The general behaviors shown in Figure 7 again arise from the same interactions that
generated the results shown in Figure 3. Basically, a larger number of photoemission events
occurring far from the x,y = 0,0 source center point ultimately leads to a lower CE due to losses at
the X-ray aperture. Further, the results suggest that, for spot sizes between roughly 20 and 100
um, gains in CE are possible only by using a larger Wehnelt aperture, in essence by decreasing the

interaction strength felt by off-axis photoelectrons. For example, in our lab, we have a 50 um spot
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size on the electron source (measured externally and then extrapolated to the source),” we use a
1.0 mm diameter aperture, and we routinely use 4v = 4.81 eV photons for photoemission. For
these conditions, the simulation results shown in Figure 7 predict a CE of ~20% for the single-
electron regime. This could be further improved to ~30% by using a 1.1 mm diameter aperture
but with no further improvement for a 1.2 mm aperture. Other ways to improve CE would include
using lower energy photons for photoemission, but any gains might be offset by losses arising
from the reduced quantum efficiency.

CE for all three hv-determined E, distributions for select Dy. For comparison, the
specific case for hv = 4.81 eV shown in Figure 7 was extended to the other two E, distributions
shown in Figure 1d. Figure 8 displays the results for two key aperture sizes, Dw = 0.9 and 1.2
mm. We focused on these two diameters because they constitute elements of the bifurcated
groupings shown in Figure 7, and they also display significantly different dispersion behaviors
with spot size for #7v =4.81 eV. As with the highest photon energy, the two other £ distributions
also show a general reduction in CE with increasing spot size for both apertures. The CE
dispersion is again more significant for the smaller aperture, with all spot sizes above ~60 pm
having the same value regardless of 4v (Fig. 8, top panel). This suggests that, for this aperture
size, there is no benefit to using different incident photon energies with respect to CE for spot sizes
larger than this critical value. Further, the gains below ~60 um are less than a factor of two,
suggesting reductions in beam current due to reduced quantum efficiency may outweigh any such
modest gains. Compared to the 0.9 mm aperture, the dispersions for Dy = 1.2 mm are less severe,
and thus the CE values with increasing spot size are more robust. Indeed, constant values for each

of the E distributions are seen for spot sizes up to 40 pm.
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Fig. 8. Collection efficiency (CE) as a function of photoemission spot size for the E distributions
generated from Av =2.41, 3.61, and 4.81 eV for Wehnelt aperture diameters (Dy) of 0.9 mm (top

panel) and 1.2 mm (bottom panel).

While reducing the approach into Focus Areas aids systematic study and clear reporting,

practical aspects must ultimately be considered once the overall description takes shape. To a first

E
approximation, the average UEM photoelectron beam current (/) is given as I, = [(hz . 17) -CE ]

" e frep, Where E), is the laser pulse energy, /v is the photon energy, n = %Z is the photocathode

quantum efficiency (ratio of photoelectrons emitted to photons absorbed), e is the fundamental
charge, f.., 1s the laser repetition rate, and CE is the collection efficiency defined above. Thus, one
must consider multiple factors when optimizing the system for a particular application (e.g., HR-
UEM). For example, while values of 4v closer to @ may give CE ~1 for Dy = 1.2 mm and spot

sizes below ~40 pm (Fig. 8b) and will also reduce the E spread (Fig. 1d), the large drop in # will
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more than offset these gains.®3%4 Therefore, another parameter must be adjusted in order to again

increase /,

e, likely again at the expense of another beam property. These synergistic effects

illustrate the need for a detailed, methodical, and systematic approach, as taken here.

Effect of LaB¢ Dy, on CE for hy = 4.81 eV. Finally, as seen for the temporal resolution
simulations, LaBg tip diameter (D,;,) was also found to impact CE (Fig. 9).!33° This is due to
variations in the pre-Wehnelt-aperture electrostatic fields along the horizontal direction at the tip
surface. Four Dy, values were simulated for a fixed aperture size of Dy = 1.0 mm. While the
qualitative behavior is approximately the same for each tip, one can see that CE at a common spot
size decreases in going from Dy, = 180 pm to 50 um. Interestingly, CE values are approximately
the same for the two smallest tip sizes at common spot-size values, indicating the pre-aperture
electrostatic fields are minimally impacted with respect to photoelectron divergence and losses at
the X-ray aperture. As mentioned above, clearly a balance must be struck between factors such as
beam current, temporal resolution, and coherence when considering options and weighing
experimental requirements.'> For example, while a smaller source size may provide better
coherence, one may actually have a better overall beam current with a larger LaBg for a common
laser spot size. In our view, insights such as these further emphasize the need to map the available
parameter space and develop operational phase diagrams in order to optimize the instrument for a
given set of desired conditions — the complexity hinders prediction of some of the more subtle, but

nevertheless important, behaviors.
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Fig. 9. Collection efficiency (CE) as a function of photoemission spot size for Dy = 1.0 mm and

the hv = 4.81 eV E, distribution for different D, values.

In conclusion, the systematic simulations reported here further add to the operational
phase-space framework for the Tecnai Femto UEM, with the larger body of work potentially
serving as a template for other 4D UEM systems. Because the focus has thus far been on easily
adjustable and interchangeable laser parameters and relatively low-cost microscope elements, we
anticipate being able to identify readily accessible instrument phase space for optimization of
performance, depending upon the measurements of interest (e.g., HR-UEM at low f,,, or high f.,
at low specimen excitation). Owing to the systematic approach and quantitative categorization of
conditions and effects performed through simulations, identification and isolation of the effects of
lab and instrument instabilities on the limits of resolution can be more readily determined. Future
work will focus on beam coherence before building in complexity to multi-electron packets and

simulations of the illumination, objective, and projection systems.
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