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Quantum optics with swift electrons

Nahid Talebi®'

Abstract

Stimulated and spontaneous interactions of electron wavepackets with optical near fields were explored with
complementary techniques. In striking agreement with theory, scientists have demonstrated the dependence of
spontaneous and stimulated quantum mechanical processes on the spatial distribution of optical modes.

The first quantum hypothesis reluctantly proposed by
Max Planck, in an effort to describe black-body radiation
in 1900, revolutionized the world of physics. The sub-
sequent interpretation of the photoemission effect by
Albert Einstein using Planck’s radiation theory initiated
the birth of quantum mechanics—the phrase proposed by
Max Born, Werner Heisenberg, and Wolfgang Pauli all at
the University of Gottingen. In 1923, Louis De Broglie
proposed that matters are waves, a contradictory
description of quantum mechanics; thus, physics had to
wait until the 1940s so that both quantum phenomena
could be unified within the framework of quantum elec-
trodynamics. Interestingly, a semiclassical theory, i.e., the
theory that constitutes the interaction between matter
waves, such as electron wavepackets and classical light
(described by Maxwell’s equations), gained importance
whenever spontaneous emission is negligible. However,
the latter phenomena cannot be neglected when a few-
photon process is considered: a situation that occurs
during the interaction of an electron wavepacket with
nanostructures to probe, for example, cathodolumines-
cence (CL) or electron energy-loss spectroscopy (EELS)
responses’.

In parallel to quantum mechanical developments, the
electron microscopy field emerged after the invention of
the first electron microscope by Ernst Ruska and Max
Knoll. Taking advantage of extremely short wavelengths
of matter waves, such as ultrafast electron wavepackets,
an ultimate resolution of a few tens of picometers is
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theoretically achievable. Everyday, experiments with
electron microscopes, including recording diffraction
patterns® and performing holography®, highlight the
unambiguous quantum nature of electrons as matter
waves, thus verifying semiclassical theories. However,
with the advent of ultrafast electron microscopy, which
synchronizes laser excitations with pulsed electrons
through the photoemission process, quantum electro-
dynamics experiments with an interplay between spon-
taneous and stimulated processes are becoming feasible.
The field of photon-induced near-field electron micro-
scopy (PINEM), invented by the late Nobel Laureate
Ahmed Zewail®, involves stimulated processes instead of
the spontaneous interactions of the EELS and CL spec-
troscopy techniques.

A recent publication by Liebtrau et al. reported exciting
first steps toward performing quantum electrodynamic
experiments with electron microscopy”. In an intelligent
experiment, EELS, CL, and PINEM spectra were acquired
and carefully analyzed. To conduct the experiments, a
gold nanostar structure was used that, thanks to its sharp
tips, hosts only single-mode dipolar resonances at its tips.
By controlling the polarization of the laser beams in the
PINEM experiment, it is possible to selectively excite
certain tips. Since sharp tips do not sustain higher-order
multipole resonances, both electrons and incident pho-
tons couple to the same mode when the light polarization
and the propagation direction of electrons and incident
photons allow for this. By carefully analyzing the spatial
dependences of the EELS, PINEM, and CL rates, Liebtrau
et al. showed the same spatial dependences for both sti-
mulated and spontaneous processes in good agreement
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Fig. 1 Spontaneous and stimulated processes in the interaction of electron beams with dipolar plasmonic resonances of a sharp tip are
investigated using complementary approaches. a Conventional cathodoluminescence and electron energy-loss spectroscopy, where
spontaneous interactions are responsible. b In a reciprocal approach to cathodoluminescence spectroscopy, the PINEM field addresses stimulated
interactions. Depending on the laser intensity, multiphoton processes can lead to a complete depletion of the so-called zero-loss peak (black dashed
arrow; Nanostar image, courtesy of Masoud Taleb and Maximilian Black, Kiel University).
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with theory, signifying the importance of the modal
representation in describing the coupling efficiency
between an external excitation and the system. Interest-
ingly, theoretical predictions demonstrate similar spectral
dependencies for both PINEM and CL that depend on the
radiative nature of the mode and differ from EELS spectra.
Comparing the CL and PINEM processes (Fig. 1a, b), this
effect could be linked to the reciprocal nature of excita-
tion and detection mechanisms in CL and PINEM
experiments. Moreover, demanding that the laser inten-
sity allows for multiple photon processes (Liebtrau et al.
used a laser intensity of 20 MW/cm?), the electron
wavepacket demonstrates a quantum walk on the energy
ladder specified by photon energies (Fig. 1b)°. Moreover,
nonlinear processes and Rabi oscillations could result in
the complete depletion of the zero-loss peak as well”.

In addition to the abovementioned experiments, Lieb-
trau and coworkers show that the maximum coupling
between the electron and optical modes occurs for lower
electron energies: indeed, an optimum coupling ensues
for an electron at a kinetic energy of 3.5 keV. This beha-
vior is due to the sharp tip apex (theoretically, a 3 nm
curvature radius was considered), which leads to tightly
bound evanescent tails of the plasmonic resonances so
that the phase-matching condition could be met for only
slow electron wavepackets®.

Technological developments in electron microscopy
thus push the field toward performing quantum optics
experiments and placing well-controlled electron beams
next to single-photon emitters, as unique tools for

performing such experiments. As perfectly demonstrated
in the work by Liebtrau et al, the marvelous ability of
electron microscopes to control the position of the beam
and focus it into deep subwavelength spots allows quan-
tum optics experiments to be performed on demand. This
ability of electron microscopes circumvents the need to
employ complicated schemes for controlling the position
of single-photon emitters, such as quantum dots with
respect to nanostructures. Therefore, by introducing an
external laser field and controlling its intensity, it becomes
possible to switch between spontaneous and stimulated
processes.

CL and EELS hence both work within spontaneous
interaction processes, where only single-photon exchan-
ges are normally possible; though it was recently
demonstrated that using slow electrons interacting with
graphene, one could expect multiphoton processes as
well’. New experiments that compare CL, EELS, and
PINEM in graphene enabling multiphoton spontaneous
processes could add a novel perspective in this regard.
Moreover, although theoretical works predict an opti-
mum energy for the electron that enables a strong cou-
pling to the field, PINEM experiments with slow electrons
within the range of intermediate electron energies
reachable by point-projection microscopes, and scanning
electron microscopes should be performed to test, for
example, the validity of nonrecoil approximations'’.
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