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Femtosecond and Attosecond Electron Microscopy
with Single and Multiple Electrons

Peter Baum
Universitdt Konstanz, 78464 Konstanz, Germany

All processes in materials, nanostructures and devices are on a fundamental level defined by electronic
and atomic motion from initial to final conformations. Atoms realign in femtoseconds and electron
densities respond in attoseconds when interacting with laser light. Our approach for a direct, real-space
visualization is pump-probe electron diffraction and microscopy with single-electron wavepackets [1]
under the control of laser light [2-9]. Terahertz waves are ideal to obtain isolated electron pulses [2-3]
while modulation with the optical cycles of continuous laser light provides a train of electron pulses
with attosecond shapes [4-5]. Using these concepts, we can visualize atomic motions and electron
dynamics in space and time [6-7]. We will report selected results on magnetic materials [7], electronic
circuitry [8], and light-wave propagation around metamaterials [4]. We will also report latest results on
utilizing pulses with more than one electron to understand the quantum-mechanical basics of electron-
electron interaction and scattering with materials [8].
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Figure 1. Selected concepts for controlling a single electron or multiple electrons in time by using the optical
cycles of laser light. Left: Transmission electron microscope with femtosecond emitter, terahertz compressor and
sample excitation. Right: Attosecond electron microscopy with pulse compression in a continuous laser wave.
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Incoherent and coherent cathodoluminescence spectroscopy —nanoscale

light distribution in semiconductors
Saskia Fiedler'", Loriane Monin?, Robin Schot?, Imme Schuringa?, Hiroshi Sugimoto?, Minoru
Fujii?, Bruno Ehrler?, Wiebke Albrecht?, and Albert Polman?
INWO-Institute AMOLF, Science Park 104, 1098 XG Amsterdam, the Netherlands
2Department of Electrical and Electronic Engineering, Graduate School of Engineering, Kobe University,
Rokkodai, Nada, Kobe 657-8501, Japan
“s.fiedler@amolf.nl

The growing demand for precise nanoscale characterization tools has driven advancements in techniques
capable of probing optical and thermal phenomena beyond the diffraction limit. In this work, we
highlight recent developments in cathodoluminescence (CL) spectroscopy within a scanning electron
microscope (SEM), enabling high-resolution studies of light-matter interactions at the nanometer scale.
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Figure 1. (a) Normalized CL spectra of an individual Si NP (d = 250 + 2 nm) on a 15 nm-thin SisN4s membrane
averaged over the NP’s rim (b = 90 - 120 nm), showing laser-induced red-shift of EQ (A = 442 nm, cw, up to 9.6
mW, 1 um spot size). (b) CL map (c) and EBSD map of the same area of the CsPbBr3 thin film.

In the first part, we demonstrate a novel approach to nanoscale thermometry using coherent CL from
individual crystalline silicon nanospheres (NPs, d ~ 200-240 nm) exhibiting optical Mie resonances. By
coupling 442-nm laser light into the SEM, we locally heat individual nanoparticles and use the electron
beam as a probe to monitor spectral shifts in the Mie modes (see Fig. 1a). The electric quadrupole (EQ)
mode serves as a sensitive temperature indicator, exhibiting red-shifts up to 100 meV corresponding to
temperatures as high as 575°C. Thermal simulations reveal that the heat dissipation is highly dependent
on the NP’s contact area with the 15 nm-thin SiN membrane. We further implement a pump-probe CL
technique by synchronizing ns-laser and electron pulses, allowing us to investigate the temporal
dynamics of heating and cooling processes in a single NP. This approach opens new pathways for
localized, time-resolved thermometry with potential applications in integrated electronics,
optoelectronics, and nanoscale heat management.

In the second part, we explore the structural-optical correlations in polycrystalline CsPbBrs perovskite
films. By combining electron backscatter diffraction (EBSD) and CL spectroscopy on the same region,
we achieve the first direct mapping of crystal orientation with optical emission at the nanoscale (cf. Fig.
1b, ¢). While grain orientation does not significantly affect intra-grain CL emission, a strong decrease
in CL intensity is observed at grain boundaries. Depth-resolved CL and optical simulations reveal the
key roles of carrier diffusion and outcoupling in shaping the spectral response.

Together, these results illustrate the strength of SEM-based CL spectroscopy for in-situ exploration of
structural, optical, and thermal properties in functional nanomaterials, with broad relevance to materials
science, photonics, and device engineering.
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Controlling and Sensing Spin Systems with Free Space Electrons
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Coherent control and detection of quantum systems lie at the heart of quantum optics and
guantum technologies. While optical and microwave control techniques are well established,
the use of free-space electron beams as both manipulator and sensors opens an entirely new
regime for spatial resolution and spectroscopic access.

In this talk, | will first outline intuitively our theoretical work [1] showing how the non-radiative
near-fields of temporally modulated free-space electron beams can coherently drive quantum
systems. | show that such manipulation can be performed with only classical control over the
electron beam itself and that potential challenges like shot noise and decoherence through
back action on the electrons are for certain parameter ranges insignificant for our approach. |
will discuss possible implementations and show preliminary data on manipulating spin
systems in a sample.

| will then present our recent experimental setup on SPINEM (Spin Electron Microscopy) [2],
which integrates continuous-wave electron spin resonance (ESR) spectroscopy directly into a
transmission electron microscope. By combining a custom microwave resonator with a free
space electron beam [3], we achieve in-situ, phase-locked detection of microwave-driven spin
precession with picoradian deflection sensitivity (~280 prad) and spatial mapping capabilities
down to 30 um. This approach directly senses the magnetic fields generated by precessing
spins in the GHz regime, enabling localized spin spectroscopy in a TEM.

| will conclude with perspectives on pushing SPINEM towards atomic resolution and single-
spin sensitivity [4]. These advances could open new frontiers in nanoscale spintronics,
magnonics, and quantum materials research, and provide an electron-based analogue to
magnetic resonance imaging at the level of individual nanostructures.
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Extending inelastic electron-light scattering to the single-electron single-photon regime has generated
considerable interest, with theoretical studies promising the generation [1] and probing [2] of quantum states
of light as well as entanglement-based quantum-enhanced sensing [3]. The advent of event-based electron
detection, enabling electron-photon coincidence measurements [4,5], as well as a boost in the underlying
interaction strength through velocity phase matching and resonant field enhancement [6,7], have brought
these proposals within reach of state-of-the-art experiments. The preparation of nonclassical states of light
and the demonstration of electron-photon entanglement are two critical milestones in the development of
free-electron quantum optics.

In this contribution, we present the experimental realisation of these cornerstones: The demonstration of
electron-heralded photon number state generation and the observation of free-electron-photon entanglement.
For the former, we place integrated optical waveguide structures inside a transmission electron microscope
(TEM) to enhance the electron interaction with a single optical mode, creating electron-photon pair states
[4]. Using time- and energy-resolved detection of both particles, we trace the resulting correlation between
energy-loss electrons and photon generation. Extending the photon detection setup by a second detector, we
study the photon statistics heralded by such loss-electrons in a Hanbury Brown and Twiss (HBT) setup and
observe an anti-bunching that verifies the generation of non-classical photon number states [8]. The
underlying inelastic electron-light scattering is expected to induce entanglement, which can be investigated
using a quantum eraser-type scheme involving the electron position and photon polarisation [9,10]. In the
experiments, we pass two partial electron beams, generated in a coherent superposition utilizing an amplitude
grating, near the two edges of a sub-micron-sized, metal-coated glass prism. At these edges, the electrons
can spontaneously emit photons with a polarisation tied to the electron path [11]. Observing the interference
of the recombined electron beams in coincidence with measurements of the photon polarisation in different
bases, we experimentally implement a state tomography of the complete electron-photon quantum state and
find a violation of the Peres-Horodecki entanglement criterion by more than 7 standard deviations. This
constitutes a first unequivocal demonstration of free-electron-photon entanglement [11,12].

In summary, we discuss the preparation of electron-heralded photon number states and the verification of
electron-photon entanglement. These results have significant implications for the development of free-
electron quantum optics, demonstrating the feasibility of electron-driven sources of quantum light and
paving the way to quantum-enhanced sensing in electron microscopy based on photon-mediated electron
entanglement.
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Nearly a decade since first demonstration, vibrational electron-energy-loss spectroscopy has pushed the
capabilities of analytical in a scanning transmission electron microscope (STEM) [1]. Phonon eigen
modes can now be detected at atomic resolution [2], along with their dispersion in momentum space [3],
and related to local atomic structure and chemistry. Magnons are quasiparticles representing the
collective excitation of spins in magnetic materials. They, along with hybrid magnon-phonon
quasiparticles (magnon polarons), are the basis for the operation of new spin wave transfer logic devices.
They occupy the same energy loss windows as phonon modes, ranging from a few to a few hundred
meV in solid-state materials, suggesting that STEM-EELS may offer the ability to detect them at the
nanoscale.

Here, we show that bulk THz magnons can be excited and detected at the nanoscale using high-energy-
resolution STEM EELS [4] with the help of hybrid-pixel electron detectors. Momentum-resolved (®-()
vibrational EELS measurements on antiferromagnetic and ferromagnetic material systems (NiO and
yttrium iron garnet, YIG, respectively) reveal the unambiguous dispersion behaviour of the magnon
signal (Fig. 1) in NiO, and magnon-polaron bands in YIG. The experimental findings are shown to be
in excellent agreement with theoretical momentum-resolved magnon EELS dispersion curves (Fig. 1),
calculated using theoretical methodologies to electron inelastic scattering of magnons and phonon-
magnon coupling in an electron microscope [5]. Finally we explore the limits of spatial resolution, by
performing atomically resolve measurements and discuss of the contrast formation in atomically
resolved magnon maps.
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Figure 1. a.w-q EELS map along the T' — M g-path of NiO, showing the dispersion of the NiO LA / LO phonon
branches. b Experimental background-subtracted and ¢ calculated w-q EELS maps showing the dispersion of the
magnon bands.
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Nanoscale characterization of optical chirality
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In this talk, we will report recent results on nanometer-scale circular dichroism in canonical 3D chiral
systems and discuss their interpretation. We will first present nanoscale, circularly polarized
cathodoluminescence (pCL) experiments performed in a scanning transmission electron microscope on
plasmonic Born—-Kuhn systems (BKS, Fig. 1, a).

Using a novel detection scheme, we observe highly localized and strongly dichroic signals (Fig. 1, b),
in excellent agreement with simulations (Fig. 1, c). At first glance, such strong dichroism could be
attributed to the well-known large geometrical chirality of BKS. However, a systematic experimental
and numerical study as a function of BKS parameters reveals that this contribution is unexpectedly
weak. Instead, we show that a continuous pseudo-scalar quantity—the plasmonic chirality
characteristic—can be rigorously defined to characterize the chirality of individual plasmonic modes
[1]. Remarkably, we demonstrate that electron spectroscopy, unlike optical spectroscopy, provides
direct experimental access to this quantity.

We will then extend cathodoluminescence excitation spectroscopy (CLE)—i.e., spatially resolved, time-
correlated measurements of EELS and CL [2]—to the polarized CL case using experiments on BKS. If
time permits, we will discuss how combining such experiments with phase shaping paves the way to
probing entanglement between electrons and photons mediated by plasmons.
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Figure 1. Circular dichroic measurement of a plasmonic BKS structure by spatially resolved
cathodoluminescence in a STEM. a: High angle annular dark field image of a BKS with a schematic of the BKS
structure in the inset. b: Experimental and c: simulated circular dichroic cathodoluminescence maps filtered at ~

1.38 eV.
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Electron wave shaping in space and time using structured light
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Stimulated interaction between photons and free electrons allow to coherently modulate the phase of
electron wave function and to create photon sidebands in electron energy/momentum spectra. Such
manipulation has been utilized for high-resolution imaging and spectroscopy with electron beams. It can
be generalized to the case of optical fields structured both in space and time domains.

In this talk I will summarize our recent theoretical and experimental results on free electron wave
function shaping using tailored light waves allowing to generate chiral electron beams, to shape the
electron pulses, to monochromatize pulsed electron beams or to compensate spherical and chromatic
aberrations of electron lens. | will also discuss development and demonstration of a new ultrafast 4D-
STEM (scanning transmission electron microscopy) technique allowing to image the transverse
component of Lorentz force acting on the electrons during their interaction with optical near-fields of
nanostructures or with ponderomotive potential of optical waves in free space.
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Probing phonons and thermal states within nanocavities with electrons
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Heat transfer processes between two surfaces spaced by a nanoscale gap (nanocavity) are assisted by
surface phonon polaritons [1]. Determining the spectral distribution of the heat transfer across a
nanoscale gap or the thermal state of each coupled phonon modes remain as open scientific questions.
Addressing those challenges requires the use of local spectroscopy probes with nanoscale sensitivity.
We will present spatially-resolved high energy resolution EELS studies [2] of coupled phonons in
dielectric cavities (nanogaps) subjected to different temperatures.

We fabricate cavities with gaps raging between 5 and 150 nm which were subjected to temperatures
between 300 — 1000 K. Temperatures gradients across the cavities were also generated to probe them
under hear transfer conditions. We detect a large variety of coupled phonon modes within the cavity
indicating the existence of several available channels for heat transfer processes (i.e. spectral
distribution). We also map out coupled phonons across the cavity gap revealing strong temperature-
dependent behavior (Fig. 1), which suggests a complex interplay between thermal and phonon behavior.
The EELS scattering signal across the cavity gap exhibits a parabolic distribution, which is strongly
dependent on both the gap distance and the temperature profile across the gap. Temperature near the
cavity was measured locally with high precision [3].
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Figure 1. Spatially resolved Phonon EELS map of a nanoscale cavity subjected to a temperature gradient.

This work represents progress towards interpretation of temperature-dependent EELS data and
understanding of the interplay between thermal and phonon properties of nanoscale cavities.
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Measuring Symmetry, Coherence, and Phase in STEM-EELS
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Interferometric methods can be applied in electron spectroscopy to measure the phase of excitations. In
this method, a pair of nanoscale phase gratings [1] are used as diffractive amplitude beamsplitters placed
before and after a specimen to create an electron interferometer in a STEM [2-4]. These beamsplitters
coherently divide the electrons into separated probes at the specimen, and then recombine the two paths
after the specimen, creating a set of discrete interfering outputs. We demonstrated using this setup to
induce optical dipole transitions in nanoparticles, showing that the scattered electrons remain in a
superposition, retaining phase coherence between the two paths [3]. In this setup, both electron paths
pass near an aluminum nanoparticle, inducing an optical dipole transition. The scattered electron
wavefunctions overlap and interfere at the second beamsplitter, recombining to discrete output beams
that can be measured in EELS. When the interferometer is initially tuned to have constructive
interference at the EELS detector when the paths pass through free space, introduction of the
nanoparticle and inducement of a plasmon imprints a 7 phase difference between the two paths results
in destructive interference and a decrease in counts at the detector. Conversely, if the interferometer
output is initially tuned to result in destructive interference at the detector before introducing the
nanoparticles, the 7 phase shift induced by the plasmon excitation results in constructive interference at
the detector. When the probes are place at 90 degrees from each other relative to the particle, there are
initial indications that path entanglement with orthogonal plasmon polarization may reduce coherence
at the output. We propose to continue developing this setup to explore electron-photon entanglement as
well as applications such as demonstrating electron energy loss sensitivity without the use of a
spectrometer [5].
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Figure 1.

(a-f) Adapted from [3]. (a) ADF-STEM image of a 60 nm gold nanoparticle (NP) isolated on the edge of a carbon
substrate. (b) Sketch of the two-grating electron Mach Zehnder interferometer consisting of a STEM with two
gratings used as beamsplitters. The first grating (G1) divides electrons in a superposition of two separate paths,
each of them interacting with the NP sample, with some probability of losing energy to an excitation such as a
plasmon resonance (orange). (c,d) The electron paths are then recombined using the second grating (G2), which
can be positioned for (c) destructive (blue borders) and (d) constructive (green borders) interference, conversely
modifying the elastic and inelastic signals. Two NPs are observed in the image because of the two-spot beam



configuration, with the central frame selecting the interference region (i.c., each beam passing by one side of the
NP). (e,f) For both alignment schemes, we integrate over the plasmon (yellow-shaded) and ZLP (red-shaded)
regions of the energy loss spectra (f) at every scan location to create the spectral images shown in (e). The raw
spectra in (f) correspond to the dotted positions in (e). (g) and (h), borrowed from [4], illustrate the interaction free
measurement.
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Mg is the cheapest plasmonic metal by volume, is biocompatible, and can sustain strong LSPRS across
the UV-Vis-NIR owing to its lack of interband transitions at those energies, making it an exciting
material for nanoplasmonics. However, while Mg alloys have been studied for a century, nanoscale
Mg is a recent and growing research field, akin to the state of Au NPs 50 years ago (after millennia of
research on Au alloys). For Mg, the challenge of developing a nanoscience toolbox is compounded by
its distinction from all other plasmonic metals: it has a different crystal structure (HCP, not FCC) and
a high negative reduction potential, such that the synthesis and coating approaches of Au and Ag are
not suitable.

Within such challenges, we have found multiple exciting opportunities over the past seven years.
Crystallographically, Mg forms different twin planes from FCC metals, leading to fundamentally
different shapes that have been a fructuous playground for tomography and Wulff modelling
approaches. The bright EELS signal of metallic Mg at ~10.5 eV has also provided plenty of interesting
characterization opportunities, where one can map metallic (with EELS) vs all Mg (with EDS).
Finally, the plasmonic behavior of Mg has led to many new opportunities in low-loss EELS mapping,
as well as optical spectroscopy investigations, including our latest work on twinned Mg cubes.

Yet there remain challenges in need of advanced spectroscopy approaches—mostly revolving around
to the coupling of the plasmonic Mg with the defective oxide layer surrounding it, as well as Mg
coupling with other engineered surface oxides.

(@) Plasmonic NPs
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Figure 1. (a) Mg as a plasmonic metal, (b) optical properties of various sizes of Mg nanoparticles, (c) Mg
nanocubes, displaying ma metallic core, thin oxide shell, and multiple LSPRs (d) Mg nanokites.
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Recent CL studies using Hanbury-Brown=Twiss interferometry (as Fig.1a) uncovered unexpectedly
strong photon bunching behavior in the g®(t) measurement [1], meaning that CL photons excited by
CW electron beams show apparent super-Poissonian statistics. This CL photon bunching can be
understood through the mixture with zero photon states introduced by random electron excitation with
some intervals (Fig.1c). While such bunching behavior is useful to measure the emission lifetime, it
blurs the “true” photon statistics by free electron excitation.

We here extract the photon statistics within the single electron excitation event by comparing the
“bunching” and the flat background parts in the g®(t) curves (Fig.1b) [2]. This allows calculating a
parameter corresponding to g®(0) in the single electron excitation, which we call the correlation factor
keorr. IN cOherent CL processes, where light is generated through a direct electromagnetic interaction
(Fig.1d), xcorr is found to be ~1 in various coherent CL systems. This confirms that coherent CL obeys
Poisson statistics, in agreement with the coherent states. However, in incoherent CL, which involves
multiple mediator particle generations (like bulk plasmons or secondary electrons, Fig.1d), xcorr €Xxceeds
1, meaning that incoherent CL is super-Poissonian (‘“bunching”) even within the single excitation event.

Through a model analysis with multiple (cascade) particle generation steps, we were able to reproduce
this super-Poissonian behavior in incoherent CL even when each particle generation process follows
Poissonian statistics. This approach not only offers a refined understanding of CL mechanisms but can
also be extended to the analysis of internal particle generation processes in general.
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Figure 1. a Schematic illustration of the CL photon statistics measurement and CL processes.[2]
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Abstract:

The interaction between light and electrons can be exploited for generating radiation, or for
controlling electron beams for dynamical investigation of materials, enabling new applications
in quantum technologies and microscopy. In this contribution, | will describe an innovative
method for coherent and versatile longitudinal/transverse manipulation of a free-electron wave
function. Using appropriately shaped light fields in space and time, | will demonstrate how to
modulate the energy, linear and orbital angular momenta, as well as spatial and temporal
distributions of the electron wave function. The experiments have been performed in an
ultrafast-TEM, where a pulsed electron beam was made to interact with a shaped optical field
generated via a spatial light modulator, and the energy-momentum exchange resulting from
such interaction was directly mapped in the electron multidimensional phase space. We will
demonstrate how our approach for arbitrary longitudinal/transverse electron modulation at the
sub-fs timescale is fundamental for the first time implementation of new imaging techniques,
such as Ramsey-like holography and Single Pixel Imaging, as well as for enhanced TEM
performance, such as spherical aberration correction. Our results would pave the way for
achieving unprecedented insights into non-equilibrium phenomena in advanced quantum
materials, playing a decisive role in the rational design and engineering of future photonics
and electronics application.
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There exist significant challenges in resolving spectral features in electron-beam spectroscopy. These challenges
include low signal-to-noise ratios, spectral overlap, and low probability of detecting spontaneous multi-photon
events. Recent developments in the synthetic complex-frequency wave (CFW) approach have demonstrated
notable improvements in optical microscopy and spectroscopy. Building on this foundation, the present work [1]
extends the synthetic CFW methodology to the realm of electron-beam spectroscopy and microscopy, aiming to
address analogous challenges in electron-based measurements.

To enhance spectral features in electron microscopy and spectroscopy (Fig. 1a), a mathematical approach involves
replacing the real frequency o with a complex frequency @ = w — i% to compensate for intrinsic losses.
Exploiting causality, one can reconstruct a complex-valued loss probability T‘((u) using the Kramers-Kronig
relations, where the real part is given by the principal value integral Re{T'(w)} = fP . - Im{r(m ) dw', and the
imaginary part corresponds to the experimentally measured real-frequency loss probablhty . By applymg a Fourier

transform, this approach enables the synthesis of the complex-valued loss probability ['(&) at complex frequencies

from a linear combination of experimentally obtained real-frequency probabilities I'(w,, ), which can be expressed
F(e)~ Y. T —ionttict Ao

as T(®) = Y, T(w,)e Py

enhances spectral resolution in electron-beam measurements.

. This synthesis effectively incorporates loss compensation and
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Figure 1. Synthetic gain for free-electron-light interaction. a. General schematic. b—d. Retrieval of localized surface plasmon resonances
obscured by the zero-loss peak: e-h. Enhanced CL spectroscopy of a film-coupled nanosphere i,j. Resolution of spontaneous multiphoton
events in free-electron—photon quantum interactions.

To demonstrate the experimental capabilities of the CFW technique, we present measurements on several
representative systems. We first investigate a suspended silver nanoparticle (~20 nm diameter) positioned within
a TEM grid hole, where a 200-keV electron beam is scanned across the particle and electron energy-loss
spectroscopy (EELS) spectra are acquired at three representative positions (A, B, and C). After CFW processing,
the dipolar Mie resonance becomes pronounced at positions A and C, while the bulk plasmon remains absent due
to the aloof interaction geometry; notably, CFW enhances both surface and bulk plasmon features at position B,
where they are otherwise weak. We further apply the CFW method to cathodoluminescence in a film-coupled
nanoantenna system, consisting of silver nanoparticles (~100 nm diameter) placed on a 100-nm-thick gold film
and excited by a 10-keV electron beam. Hyperspectral CL imaging along a scan line across a nanoparticle reveals,
in the unprocessed data, a dominant mode at 2.3 eV and a faint mode near 3.4 eV; however, following CFW
processing, four distinct optical modes (labeled M1-M4 in ascending energy) emerge, with simulations attributing
M1 and M2 to gap-plasmon modes at lower energies and M3 and M4 to Mie resonances at higher energies. Finally,
in the quantum regime, we simulate an EELS spectrum using a Poisson statistics model at strong quantum coupling
(gq = 1), enabling spontaneous multiphoton processes; after CFW processing, not only does the four-photon peak
become clearly identifiable, but the lower-order photon peaks are also significantly enhanced. These results
collectively demonstrate that the CFW technique substantially improves spectral feature recovery and resolution
in both classical and quantum regimes of free-electron—matter interactions.
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Electron accelerators are important in studying fundamental science, research, medical diagnosis and
treatment, and industrial processing. In dielectric laser accelerators (DLAS), laser pulses interact with
electron beams in the vicinity of dielectric nanostructures and can accelerate the electrons [1,2]. DLAs
have the potential to provide acceleration gradients at least one order of magnitude higher than
conventional radio-frequency accelerators, due to the high damage threshold of dielectric materials, with
a compact size.

Key challenges of DLAs include the integration of the optical power delivery waveguide with the DLAS,
extending the acceleration distance, and increasing the current throughput. In this presentation, we show
examples of how photonic design and control address these challenges. In a compact DLA system, the
electrons generated by on-chip sources are sub-relativistic. A major challenge of long-distance sub-
relativistic acceleration is dephasing, when the velocities of the accelerated particles increase and
become mismatched with the phase velocity of the accelerating field. To solve the dephasing, we
designed a tapered slot waveguide DLA (Fig. (a)) where the phase velocity of the slot waveguide
matches the electron velocity continuously [3]. The slot waveguide supports a guided mode that has a
longitudinal electric field in the vacuum slot and co-propagates with the electrons. The waveguide width
is changed gradually along the particle trajectory, such that the phase velocity is matched with the
velocity of the accelerated electrons. Moreover, light can be coupled into the slot waveguide through
grating couplers (Fig. (a)). Another challenge is the low current throughput due to the sub-wavelength
narrow channel (Fig. (b)). To increase the DLA current throughput for science and medical applications,
we introduced a photonic crystal DLA that has multiple electron channels (Fig. (c)) [4]. Through
engineering the band structure of the underlying photonic crystal, we can make the acceleration field in
different channels to be almost identical. The photonic crystal DLAs can increase the current throughput
by orders of magnitude.

The development of DLAS opens new opportunities in both classical and quantum applications. Modern
electron microscopy requires high temporal resolution to probe ultrafast physics. DLAS can generate a
train of micro-bunches of sub-femtosecond duration [5, 6]. Here, we propose the compression of
picosecond electron pulses using DLAs, where the energy modulation is generated by the optical beat
note (Fig. (d)) [7]. Its performance is comparable to terahertz electron compression, while being more
efficient and compact. In the quantum region, DLAs can modulate the wavefunction of free electrons,
as in photon-induced nearfield electron microscopy [8, 9]. We studied how resonant modulation of the
free electron can enhance the interaction between the free electron and a two-level atom and probe the
atomic coherence (Figs. (e)-(f)) [10]. We also found that distant identical atoms can be entangled by
interacting with the same free electron (Fig. (g)). Furthermore, a large coupling between free electrons
and photons is generally desired for many free-electron quantum optics applications. We derived an
upper bound for the coupling coefficient describing the free-electron—photo interaction (Figs. (h)-(i))
[11]. The upper bound depends on the interaction length, the optical medium, the free-electron velocity,
and the separation between the free electron and the optical medium. It can provide guidance to reach
the strong coupling between free electrons and photons.

Looking forward, to make free electron beams and free-electron radiation sources widely accessible, it
is important to further integrate the optical system and the free-electron components in a compact
platform. To explore the ultimate quantum capabilities of free electron probes, it is crucial to develop
systems that can enhance the quantum signals of free-electron—matter interactions.
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Coherent cathodoluminescence (CL) spectroscopy is an established, versatile tool for studying
nanophotonic structures at the nanoscale. While the coupling between an electron and a single scatterer
is well understood, the interaction of one electron with multiple scatterers has not yet been fully studied.
Here, we explore the coherent excitation of multiple scatterers with a single electron, addressing key
questions: How can multiple scatterers be coherently excited by the same electron? What is the effect
of lateral and temporal coherence of the electrons on emitted CL?

To study this, we introduce CL interferometry — an approach that reveals coherent interactions between
free electrons and plasmonic scatterers through interference between different components in the CL
emission. Using a configuration consisting of a gold nanotip and a planar gold surface, we demonstrate
that a single electron can coherently excite both scatterers in sequence (see Figure 1a). Both interactions
create coherent CL components that interfere in the far field. From the rich interference pattern, we
retrieve the height of the pillar, Az =5.36 um, and observe that the two scatterers are coherently excited
even though they are vertically spaced by micron distances.
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Figure 1. (a) Representation of the sequential excitation of a gold nanopillar above a gold planar surface and their
resulting CL interferogram in the far field. (b) First experiments to study the effect of the lateral coherence of the
electron on the angular pattern of the emitted TR from an aluminum planar surface.

Next, we investigate the role of lateral coherence of the electron beam on the emitted CL. First, we
demonstrate a method to measure the degree of coherence of the electrons using electron diffraction in
the SEM. Then, the question arises, considering the spatial coherence of the electron beam, is it possible
to coherently excite multiple scatterers that are spaced horizontally? In a first experiment, we vary the
beam spot size, from 1 nm (focused) to 300 nm (defocused), and probe transition radiation (TR) from
an aluminum planar surface, as illustrated in Figure 1b. Our measurements reveal no significant change
in angular emission pattern, suggesting that we do not coherently excite TR within the spot size.

In summary, we introduce and experimentally validate CL interferometry as a method to probe the
coherent excitation of multiple scatterers, revealing the role of lateral coherence in electron-induced
light emission.
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We report the first pump—probe experiment performed at 75 MHz repetition rate in the TU/e RF cavity-based
ultrafast transmission electron microscope (RF-UTEM) [1].

The system employs a miniaturized 3 GHz TMu10 dual-mode cavity to chop the continuous beam from the Schottky
field emission gun of a conventional TEM into ultrashort pulses, while preserving its low emittance and narrow
energy spread [2]. A fully integrated femtosecond laser system enables synchronized pump—probe operation with
~100 fs timing precision and reduced jitter, while supporting stroboscopic measurements at significantly higher
average currents than typical UTEMs.

To demonstrate the system’s capabilities, we conducted a photon-induced near-field electron microscopy (PINEM)
experiment, probing the coherent interaction between ultrashort electron pulses and the evanescent optical field
generated at the sharp edge of a platinum aperture. The resulting modulated electron energy loss spectra (EELS)
exhibit clear PINEM sidebands and spectral broadening of several eVs. Measurements were performed with laser
pulse durations from 100 fs to ~1 ps and pulse energies between 1.34 and 12 nJ. The observed enhancement in
light—electron interaction strength with increasing pulse duration and power is consistent with theoretical
expectations, and the measured spectra closely match fitted and simulated results. The delay-dependent
evolution of the PINEM spectra provides a robust characterization of the interaction envelope, serving as a
sensitive diagnostic of the temporal resolution of the RF-UTEM. We demonstrate an achievable effective temporal
resolution in pump—probe experiments of at least 334 fs, provided by the convolution of about 260 fs electron
pulses, 100 fs laser pulses and contributions from system-level temporal jitter. Additionally, integrated PINEM
spectra clearly expose any RF phase jumps or jitter, establishing the technique as a valuable tool for real-time
monitoring of synchronization stability. The high reproducibility across delay scans confirms laser—electron
synchronization and RF phase stability within a few hundred femtoseconds. These results demonstrates the
feasibility of stroboscopic pump—probe operation at 75 MHz in an RF cavity-based UTEM, where high-quality
spectra can be acquired within tens of milliseconds under the experimental conditions employed in this study, i.e.,
nanoamper continuous beam current and hundreds of femtoseconds electron pulses.
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Figure 1. Electron energy modulation via interaction with the optical near-field at a sharp aperture edge.
EEL-spectra measured at (a) ~100 fs and (b) ~1 ps laser pulse duration and 6 nJ pulse energy. For each laser pulse
duration, the figure shows the measured spectrum (yellow dotted line), the theoretically simulated spectrum
(dashed red line), the corresponding fitted spectrum (solid teal line), and the individual sideband components
(dashed gray lines) located at discrete energies +nhco.
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Understanding thermal transport in nanostructures is crucial for technological advancements,
particularly as devices shrink to the nanometer scale. Studying out-of-equilibrium behavior requires
access to timescales ranging from picoseconds to microseconds. However, existing methods with both
high temporal and spatial resolutions remain limited [1]. Recent advances in event-based direct detectors
for electron microscopy [2] offer new possibilities.

In this contribution, we present a novel technique for temperature measurement with nanometer and
nanosecond resolution in a scanning transmission electron microscope (STEM) (Figure 1). In this pump-
probe experiment, a focused (~1 pm) and pulsed (~25 ns) laser excitation is synchronized with electron
arrival times, detected using a Timepix3 detector. By analyzing distinct electron energy-loss
spectroscopy (EELS) signatures, we determine the temperature of 2D semiconductors, SiNx
membranes, and aluminum thin films. Our approach is widely applicable due to the broad spectroscopic
excitations spanning from infrared (hundreds of meV) to soft X-rays (tens of eV), providing a universal
tool for probing nanosecond thermal dynamics in nanostructures [3]. The observed temperature
evolution aligns well with a simple 2D thermal diffusion model. While the current temporal resolution
is limited by the Timepix3 detector, further improvements are anticipated.
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