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When impinging on optical structures or passing in their vicinity, free electrons can spontaneously emit electromag-
netic radiation, a phenomenon generally known as cathodoluminescence. Free-electron radiation comes in many guises:
Cherenkov, transition, and Smith-Purcell radiation, but also electron scintillation, commonly referred to as incoherent
cathodoluminescence. While those effects have been at the heart of many fundamental discoveries and technologi-
cal developments in high-energy physics in the past century, their recent demonstration in photonic and nanophotonic
systems has attracted a lot of attention. Those developments arose from predictions that exploit nanophotonics for
novel radiation regimes, now becoming accessible thanks to advances in nanofabrication. In general, the proper de-
sign of nanophotonic structures can enable shaping, control, and enhancement of free-electron radiation, for any of the
above-mentioned effects. Free-electron radiation in nanophotonics opens the way to promising applications, such as
widely-tunable integrated light sources from x-ray to THz frequencies, miniaturized particle accelerators, and highly
sensitive high-energy particle detectors. Here, we review the emerging field of free-electron radiation in nanophotonics.
We first present a general, unified framework to describe free-electron light-matter interaction in arbitrary nanophotonic
systems. We then show how this framework sheds light on the physical underpinnings of many methods in the field
used to control and enhance free-electron radiation. Namely, the framework points to the central role played by the
photonic eigenmodes in controlling the output properties of free-electron radiation (e.g., frequency, directionality, and
polarization). We then review experimental techniques to characterize free-electron radiation in scanning and transmis-
sion electron microscopes, which have emerged as the central platforms for experimental realization of the phenomena
described in this Review. We further discuss various experimental methods to control and extract spectral, angular, and
polarization-resolved information on free-electron radiation. We conclude this Review by outlining novel directions for
this field, including ultrafast and quantum effects in free-electron radiation, tunable short-wavelength emitters in the
ultraviolet and soft x-ray regimes, and free-electron radiation from topological states in photonic crystals.
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I. INTRODUCTION

The interaction of free electrons with light and matter is
a century-old field of research, that has had profound impli-
cations in electron microscopy, radiation sources, and high-
energy particle detection. At the heart of this field lies a
few fundamental discoveries, unveiling various conditions in
which free electrons can convert part of their energy into
photons.1–5 On the other hand, over the past two decades,
nanophotonics has emerged as a platform to control pho-
tonic modes at the nanoscale, by patterning materials at scales
comparable to the photon wavelength. The recent merger of
these two fields has spurred new applications and fundamen-
tal discoveries.6–30 This Review is dedicated to (1) providing
a general understanding of free-electron-light interactions me-
diated by nanophotonic structures; (2) highlighting recent the-
oretical and experimental developments in the field; (3) out-
lining future prospects for fundamental research and novel ap-
plications.

How can charged particles emit light? This fundamen-
tal question has driven much development in theoretical and
experimental physics in the twentieth century. Perhaps the
original interest in this question can be traced back to early
discoveries in radioactivity, where luminescence from liquids

was used to detect the presence of radioactive substances.31,32

Later on, emission processes such as the Cherenkov ef-
fect were extensively used to track and detect particles.33–36

Therefore, the understanding of radiation processes from
charged particles, such as free electrons, has evolved in tan-
dem with some of the most profound discoveries of modern
physics, such as quantum electrodynamics and particle de-
tection within and beyond the standard model.35,37 Concepts
from free-electron radiation have also permeated throughout
many fields of physics, from nonlinear optics to gravitational
physics.38 Other forms of spontaneous emission induced by
free-electron (de)acceleration – which are not covered in this
Review – have received a lot of interest, especially in the con-
text of free-electron lasers.39

Much more recently, nanophotonics has become a
paramount framework and technology, enabling, among other
things, the design of novel light sources, detectors, and de-
vices controlling the polarization, spectral, and angular dis-
tribution of light.40,41 A hallmark of nanophotonics is the
design of nanostructured materials (metasurfaces,42 photonic
crystals,40,43 resonators,44,45 etc.) to tailor the interaction
of light with matter, either by shaping light propagation at
the nanoscale, or by controlling emission from atoms and
molecules.

Free electrons and other types of charged high-energy par-
ticles usually carry large kinetic energies compared to the en-
ergies of optical photons often controlled with nanophoton-
ics, and can in principle emit photons with any energy be-
low the kinetic energy of the electron (including at optical fre-
quencies). The perspective of enhancing and controlling free-
electron radiation with nanophotonics thus applies to wide
spectral ranges.

There has been a recent surge of interest in research at the
intersection of free-electron physics and nanophotonics.26,27

If this research is successful, nanophotonics-enhanced free-
electron light sources could cover the entire electromagnetic
spectrum, with controllable polarization, spectral, spatial, and
angular properties. This perspective is all the more attractive
for regions of the electromagnetic spectrum where sources are
scarce, inefficient, bulky, and/or expensive (such as THz, deep
ultraviolet (UV), and x-rays), enabling novel lab-on-chip ap-
plications. Unveiling novel regimes of free-electron radiation
in nanophotonic systems would also open the way to enhanced
beam diagnosis and detection tools, such as Cherenkov and
scintillation detectors which are ubiquitous in many domains
of modern science and engineering.33–36,46,47 Such detectors
could, for instance, leverage various effects in nanophotonics
to significantly increase their sensitivity and strongly discrim-
inate signals from various incident particles.48,49

The inverse effects have also attracted a great amount of
attention: in nanostructures absorbing energy from power-
ful lasers, particles can be accelerated, forming the basis for
highly compact particle accelerators that may even one day fit
on a chip.20,50,51 Nanophotonic particle accelerators exhibit
much higher damage threshold and acceleration gradient than
conventional linear accelerators and their compact form fac-
tor opens the perspectives of point-of-care radiation medicine
and table-top high-energy electron microscopes. One should
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expect other areas of nanophotonics, such as topological pho-
tonics and design optimization (via inverse design and topol-
ogy optimization), to have an equivalently important impact
on nanophotonics-enhanced free-electron physics. In this con-
text, we wish to provide a unified picture of free-electron
radiation in nanophotonic structures, highlighting physical
processes to control and enhance radiation, thereby enabling
some of the applications mentioned above.

In all of the above-mentioned applications, recent
works52–60 have highlighted the possibility of shaping the
quantum properties of free electrons and the emitted radia-
tion. This branch of work could also open the way to novel
sources of quantum light with controllable properties.

Previous works reviewed experimental results in electron-
light interactions, providing frameworks to calculate electron
energy loss spectroscopy (EELS) and cathodoluminescence
(CL) in classical and quantum regimes.26 More recent reviews
highlighted spectroscopy techniques combining the unprece-
dented combination of high space, energy, and time resolution
enabled by electron beams, with a focus on quantum and ul-
trafast effects.27

In this Review, we highlight the role of nanophotonics in
free-electron physics and electron-light interactions. We show
how one can control and enhance the interaction of electron
beams with photonic modes for various types of free-electron
radiation physics. We first give a high-level overview of sev-
eral types of free-electron radiation processes, followed by a
historical timeline of the field of free-electron physics, and
an outline of some of the recent achievements enabled in this
field by nanophotonics. In section II A, we then revisit the
typology of free-electron radiation with a general formalism
accounting for most types of coherent (sections II B 1, II B 2,
II B 3, and II B 4) and incoherent cathodoluminescence (sec-
tion II D). With building blocks of the formalism outlined in
section II, we revisit several types of free-electron radiation
as a form of interaction between a free electron and specific
photonic eigenmodes in a nanophotonic structure. We also
connect our formalism to recent works on calculating bounds
for free-electron radiation and energy loss in nanophotonics
(section II C). In section III, we review experimental methods
and considerations to observe and quantify such effects (sec-
tion III A), and describe nanophotonic techniques to control
(section III B) and enhance (section III C) (coherent and inco-
herent) cathodoluminescence. We then outline several excit-
ing perspectives at the intersection of nanophotonics and free-
electron physics in section IV. We conclude this Review in
section V by summarizing our main findings, progress in the
field, and future applications of this active field of research.

A. Free-electron-light interaction mediated by nanophotonic
structures

Free electrons can emit light in many different ways. Ra-
diation generally occurs when the electron (with charge q and
propagating at velocity v) interacts with a structure or medium
supporting photonic modes such that energy-momentum con-
servation is satisfied. In general, one can predict which

modes are excited by a free electron by considering the phase-
matching condition:61

ω = v ·k, (1)

where ω is the photon frequency, and k its wavevector. This
condition requires that the electron velocity and the mode
phase velocity coincide. From this formula, many situations
in free-electron radiation can be readily analyzed. For ex-
ample, one immediate consequence of Eq. (1) is that in free
space, free-electron radiation from uniformly moving parti-
cles is prohibited. It would require the electron to move at the
phase velocity of light in vacuum. Unless stated otherwise,
in the following, we will consider point electrons propagating
in rectilinear motion defined by v in three-dimensional space.
This is in contrast to sheet electrons, which can be considered
in two-dimensional problems as a mathematical convenience
that reduces computational complexity. In the latter case, the
transverse component of the momentum in Eq. (1) can be ne-
glected.

Nanophotonic structures with various geometries and sym-
metries enable the control of the dispersion relation ω(k). In
particular, because of the ability of these structures to reduce
the phase velocity of light, they enable radiation in situations
where unstructured materials may not. In periodic media,
Bloch modes generally have an infinite Fourier series of com-
ponents at wavevectors given by k = k′+G, where k′ lies in
the first Brillouin Zone (BZ) and G is a reciprocal lattice vec-
tor. This means that Eq. (1) can be satisfied at arbitrarily small
velocities v, which is why Smith-Purcell radiation (SPR) – an
effect we discuss extensively in this Review – has no low-
velocity cutoff. Another important consequence of Eq. (1)
is that for structures that break translation symmetry (e.g., a
photonic crystal defect cavity or a plasmonic nanoparticle),
photonic modes have all possible wavevectors, allowing pho-
ton emission into any localized mode. Another example in
which translation-symmetry-breaking is important is in tran-
sition radiation, discussed below, where the interface between
two materials is chiefly responsible for the emitted light.

A typical interaction of an electron beam with a sample is
shown in Fig. 1. A beam of electrons interacts with a sample
in two distinct manners, corresponding to the grazing-angle
and impact interaction zones. We now proceed to discuss each
of these two zones separately.

1. Grazing-angle interaction zone

In the grazing-angle interaction zone, the phase-matching
condition from Eq. (1) allows us to predict which photonic
modes are excited by free electrons, given prior knowledge
of the photonic modes, as shown in Fig. 1(a-d). This general
principle accounts for the excitation of localized and extended
modes, in various photonic environments.

More specifically, as shown in Fig. 1(a-d), electrons pass-
ing in the vicinity of photonic structures can transfer some of
their energy into available modes. Examples of such interac-
tions include Cherenkov radiation from free electrons propa-
gating in a uniform medium (Fig. 1(a)); excitation of guided,
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FIG. 1. Overview of free-electron radiation in nanophotonics. Schematic of an electron beam interacting with a sample. Radiation can
occur from events in the "grazing-angle interaction zone" (a-d) or in the "impact interaction zone" (e). In this Review, we discuss interactions
of free-electrons with nanophotonic structures made of materials as listed in (f), and of geometries as listed in (g). In (a-d), the electrons’
surfaces/lines are shown in blue and photonic mode band structures are shown in red. (a) Schematic band structure of Cherenkov radiation
in uniform medium. The black plane represents an isofrequency plane with intersections of red and blue surfaces shown as dashed lines. (b)
Schematic band structure of free electrons interacting with a one-dimensional periodic photonic crystal (PhC) slab waveguide. Free electrons
propagating at velocity β1 (full line) can excite guided modes (circles) and symmetry-protected bound states in the continuum (triangle).
Free electrons propagating at velocity β2 (dashed line) can excite guided modes (circles) and leaky resonances (square). (c) Dispersion plot
of plasmon polariton (SPP) excitation by free electrons flying above a vacuum-metal interface. Electrons propagating at various speeds can
excite modes of various energies under the cut-off (ωp/

√
2). (d) Dispersion plot of free-electron radiation in a two-dimensional periodic PhC.

Electron planes with various radiation orders m ∈ N can intersect the photonic band structure. (e) In the impact interaction zone, emission
can occur at the boundary between vacuum and sample (resulting in transition radiation (TR)); or from emitters in the sample excited in the
electron energy loss volume (shown in blue). Emission from fluctuating current sources can be modeled by taking into account their occupation
level dynamics and the nanophotonic environment in which they emit.25,62

radiative, and bound states in the continuum (BIC) modes in
photonic crystals (PhC) (Fig. 1(b)); excitation of surface plas-
mon polaritons (SPP) localized at metal-dielectric interfaces
(Fig. 1(c)); and excitation of a superposition of Bloch modes
in a two-dimensional PhC (Fig. 1(d)).

In a bulk medium, free electrons propagating faster than
the phase velocity of light in the medium can excite photonic
modes (such that the velocity component of the photon phase
velocity is equal to the electron velocity, as per Eq. (1)). In
a non-dispersive dielectric, such an electron thereby emits
Cherenkov radiation, a "shock wave" of light.2,32,63,64 In
Fig. 1(a), the free-electron plane (defined as ω = |v|k‖) inter-
sects the light cone (defining bulk medium plane waves) only
above a certain threshold velocity β = 1/n (where β = v/c
is the reduced velocity). At a given frequency (isofrequency

plane shown in black in Fig. 1(a)), the intersection of the two
surfaces (consisting of two points at±k⊥) defines the angle of
emission (see section II B 1 for more details).

When propagating in periodic media, free electrons can
spontaneously emit photons in the form of Bloch modes.4

The folded free-electron line (for sheet electrons) or plane (for
point electrons) can intersect photonic bands at various loca-
tions in the BZ. Two such scenarios are shown in Fig. 1(b,d)
for the case of a one-dimensional PhC slab (interacting with a
sheet electron) and a two-dimensional PhC (interacting with
a point electron). In both cases, free electrons can excite
modes from several bands at the same time, resulting in com-
plex emission processes. In PhC slabs, guided modes and
leaky resonances can be excited, and even modes with diverg-
ing quality factors (so-called bound states in the continuum



5

(BIC)65). Emission patterns in the two-dimensional case can
exhibit even richer physics, given that radiation arises as a su-
perposition of multiple modes with various group velocities.6

Other types of spatially-extended modes, such as SPPs,
phonon polaritons, and other surface waves can be excited
by free electrons flying in their vicinity (for SPPs, typically,
parallel to the interface between a metal and a dielectric).
The excitation of SPPs with free electrons was originally pro-
posed by Ritchie.5 The typical dispersion relation converg-
ing asymptotically to ωp/

√
2 (where ωp is the plasma fre-

quency) intersects the electron dispersion at various (ω,k‖)
as a function of the electron velocity. Such as dispersion re-
lation is shown in Fig. 1(c) for the case of a sheet electron.
Similar analysis can be performed to account for the excita-
tion of high-Q resonances in, e.g. optical beads exhibiting
whispering-gallery modes.22,66

2. Impact interaction zone

In the impact interaction zone, one way in which electrons
can radiate is transition radiation (TR), which occurs when an
electron crosses the interface between two media with distinct
electromagnetic properties. From an electromagnetic perspec-
tive, TR originates in the continuity relation of the fields at
the interface.26 This effect might still be explained in terms
of the excitation of photonic modes by a free-electron current
source, using the image charge formalism (see section II B 3).

Beyond the simple TR effect, the more general family of
impact interaction effects appear in almost all experiments,
whenever some fraction of the incoming electrons penetrates
into the sample. In this impact interaction zone, the electron
kinetic energy can be transferred to the material, allowing sub-
sequent emission processes.

Those emission processes can be understood as arising
from fluctuating current sources associated with bound po-
larization (e.g., from excited electrons in defects, excitons,
etc.). Such bound polarization is qualitatively similar to elec-
trons in atoms or molecules, and thus their light emission (and
nanophotonic shaping perspective) is understood from the per-
spective of bound-electron radiation engineering, which is a
dominant paradigm in nanophotonics currently. Therefore, in
this process, the phase-matching condition does not describe
the coupling of free electrons with light. However, photonic
engineering can still be used to enhance and control radiation.

This type of radiation is commonly referred to as incoher-
ent cathodoluminescence (ICL). Since this process is equiv-
alent to what is referred to as scintillation in other fields of
physics (e.g. as observed with x-rays, γ-rays,67 α and β par-
ticles68), we will refer to this effect as "electron scintillation"
as well, to highlight their common physical origin and similar-
ity. Scintillation is a complex “multi-physics” process span-
ning several disparate length, time, and energy scales. The key
steps in scintillation can be summarized as follows: (1) ion-
ization of electrons in the sample by the pump electrons fol-
lowed by production and diffusion of secondary electrons69;
(2) establishment of a non-equilibrium steady-state of bound
electrons70,71; and (3) recombination, leading to light emis-

sion (when the recombination is radiative). The final step of
light emission is particularly complex in nanophotonics envi-
ronments, as it results from fluctuating, spatially-distributed
dipoles with a non-equilibrium distribution function. The fi-
nal step also hints at the feasibility of enhancing and control-
ling ICL with nanophotonics. Moreover, such ICL is often
ubiquitously present in experimental studies of CL, and much
analysis is typically devoted to attributing signals to CL versus
ICL/scintillation.72

We note that there exist additional free-electron radia-
tion processes such as bremsstrahlung ("braking" radiation)
that arises from abrupt deceleration. We do not focus on
these processes in this Review because their enhancement
or shaping with nanophotonics structures has not been (yet)
demonstrated. In contrast, free-electron radiation effects such
as parametric X-ray and coherent bremsstrahlung are dis-
cussed below to highlight their connections to the wider fam-
ily of diffraction radiation phenomena that can be affected
by nanophotonics. We do however discuss connections be-
tween the previously-mentioned acceleration/deceleration ef-
fects (in both interaction zones) and other forms of "diffrac-
tion radiation"73 such as parametric x-ray emission and coher-
ent bremsstrahlung.

B. Fundamental discoveries in free-electron physics

The fundamental physics of radiation by free-electrons
(without nanophotonics) has been known for decades in
the context of macroscopic electrodynamics and high-energy
physics. The fundamental physics of electron-light interac-
tion has a long history, dating back to the early 1900’s and
has resulted in several cornerstone discoveries in fundamental
physics.

Perhaps the most celebrated of those effects is Cherenkov
radiation (CR), given its many analogues in other systems,38

applications in nonlinear optics,74–78 high-energy particle de-
tectors,35 dosimetry, medical imaging and therapy.47 The orig-
inal observation of CR was reported by Cherenkov2 and
Vavilov79 from secondary (Compton) electrons in a liquid
irradiated by γ-rays. Shortly thereafter, the observation
was confirmed by a series of observations and theoretical
predictions by Cherenkov, Vavilov, Frank, and Tamm.80–82

Cherenkov, Frank, and Tamm were awarded the Nobel Prize
in Physics in 1958 for the "discovery and the interpretation of
the Cherenkov effect" (a few years after Vavilov had passed
away). Tamm insisted in his Nobel lecture83 that the effect
should rather be named the "Vavilov-Cherenkov effect", to
highlight the contribution of Vavilov. Ginzburg later noted (re-
gretfully) that the name "Vavilov" had been dropped in most
instances.32 CR is discussed in greater depth in section II B 1.

TR was originally proposed by Ginzburg and Tamm in
1945.3,84 The original observation was reported by Goldsmith
and Jelly in 1959 in the visible by bombarding metallic sur-
faces with 1 MeV protons. Significant important contributions
to the field of CR and TR were reported in the few decades fol-
lowing their original discovery, such as TR calculations from
metallic thin films85 discovery of the anomalous Doppler ef-
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fect in the Cherenkov cone,49,86,87 and quantum recoil cor-
rections to the Cherenkov effect.57,63,64 Both techniques be-
came mainstay technologies in high-energy particle detector
experiments.33–36 Free-electron injection into a metal can also
lead to the generation of SPPs. This fundamental discovery
was first proposed by Ritchie in 19575 and experimentally ob-
served for the first time in 2006.7

Scintillation (from various high-energy particles, such as
x-rays, free electrons, and α-particles) was originally discov-
ered as a diagnosis and detection tool in early works on gemol-
ogy and radioactivity. Early works by Hittorf (reported in
Ref.88) and later Crookes1 reported ICL from various stones,
including diamonds. The first reported scintillator detector
was invented by Crookes in 1903 to detect α-particles, fol-
lowing original observations of light emission from phospho-
rescent powders in cathode-ray tubes in 1879.1 Developments
in optical amplification devices made scintillator detectors
widely available for applications in radiology, electron mi-
croscopy, and high-energy particle detection.46 Interestingly,
the first x-ray images following Röntgen’s discovery were
not performed with scintillators, but rather radiation-sensitive
photographic film,89 which required very long exposure and
acquisition times. Scintillators became the workhorse detec-
tion technique in x-ray imaging around the 1990’s with the
emergence of digital detectors.90 ICL, or equivalently free-
electron scintillation, has remained a technique of interest in
gemology91 and semiconductor physics,92 with applications
in cathode-ray tube instruments.93 ICL, scintillation and their
applications to nanophotonics are discussed in section II D.

All of the original observations discussed up to this point
were performed with bulk media and high-energy electrons.
The first occurrence of free-electron radiation in structured
media was done in 1953 by Smith and Purcell who ob-
served visible radiation from≈300 keV electrons flying above
a metallic diffraction grating.4 The effect, now coined as
SPR is also sometimes referred to as a form of "diffraction
radiation73". SPR has found direct applications in microwave
electronics94 and is considered as a promising platform for
non-invasive particle beam diagnosis.95 SPR is discussed in
greater depth in section II B 2.

The core of this Review is to discuss recent developments in
nanophotonics which have enabled a plethora of new effects
and a new framework to understand free-electron emission.
Specifically, we discuss how the interplay of free-electron
physics (and more generally high-energy physics in the case
of scintillation) has enabled the control and enhancement of
the above-mentioned emission effects.

C. Recent milestones enabled by nanophotonics

A historical timeline of free-electron radiation, from the
discovery of its fundamental building blocks to recent effects
enabled by nanophotonics, is shown in Fig. 2. The first wave
of discoveries in the field of free-electron radiation happened
in the years between 1870-1953. In this period, the funda-
mental mechanisms were first observed and explained. What
we have seen in the past 10-20 years is a second wave of dis-

coveries, mostly driven by the possibilities and new concepts
emerging from the field of nanophotonics.96

Around the turn of the 21st century, advances in nanofabri-
cation triggered a renewal of interest in understanding light
propagation in patterned materials on the scale of optical
wavelengths.41 In particular, the birth of PhCs enabled an
abundance of techniques to control photonic properties in en-
gineered materials.40,43 The field of nanophotonics recently
found applications in free-electron physics, as a way to con-
trol and enhance radiation from free electrons. Alternatively,
free electron beams can be used as diagnostic tools to probe
photonic properties of nanostructures.26,27

Perhaps the most obvious, yet much awaited application
of nanophotonics in free-electron physics is the miniaturiza-
tion of free-electron-driven radiation sources.12,13,15,17,18,97,98

Specifically, nanophotonic structures have been shown to al-
low visible radiation from relatively slow electrons (β < 0.2,
which can be generated and accelerated on chip-scale dis-
tances), and to eliminate emission threshold in CR.17,99,100

This effort has also been bolstered by advances in integrated
free-electron sources such as field emitter arrays.101–103

More generally, nanophotonics offers a convenient platform
to control and enhance radiation by engineering the interac-
tion of electron beams with photonic modes.19,104–108 Some
regimes of electron emission forbidden in most macroscopic
media109 are realizable in some specific nanophotonic struc-
tures, such as backward CR in PhC.6,49

One of the most promising advantages of free-electron ra-
diation is its wide tunability and the available wavelength
ranges, from microwave to x-ray radiation. This tunability
is achieved via structural and electron beam engineering. This
is in contrast with wavelength tunability in, e.g. laser sources,
which typically requires the sometimes painstaking develop-
ment of new materials emitting at the wavelength of inter-
est. Specifically, nanophotonic structures pumped by free-
electron beams have been shown to emit photons in hard-to-
reach regimes, such as UV,99,110–113 soft x-ray,21 THz,114 and
mm-wave.115 Free electrons provide a versatile platform to ac-
cess parts of the electromagnetic spectrum where few sources
are available, utilizing the radiation control and enhancement
techniques mentioned above.

Given the nanometer scale spatial resolution of electron
beams in most electron microscopes, free-electron radia-
tion has been considered as a spectroscopic probe to study
nanophotonic structures.26,27,116 Free electrons can also in-
teract with nanophotonic structures over extended interaction
lengths, thereby achieving stronger coupling strengths, en-
abling regimes of multi-photons stimulated emission and ab-
sorption by a single electron,117 and electron acceleration in
integrated dielectric laser accelerators.20

Some of the above-mentioned applications have been en-
abled by recent advances in ultrafast electron microscopy,
where electron-beam and optical excitation of the sample
can be modulated in time down to attosecond pulses,118–121

thereby unveiling quantum properties of electron-light
interactions.122–124 In particular, in photon-induced near-field
electron microscopy125–127 (PINEM), one can probe near-
field non-equilibrium properties of physical systems with un-



7

TABLE I. Table of acronyms used in this paper.

Acronym Meaning
CR Cherenkov effect
SPR Smith-Purcell radiation
TR transition radiation
CL cathodoluminescence
ICL incoherent cathodoluminescence
PhC photonic crystal
BIC bound state in the continuum
SPP surface plasmon polariton
BZ Brillouin zone
UV ultraviolet
NIR near-infrared

PINEM photon-induced near-field electron microscopy
EELS electron energy-loss spectroscopy

precedented time and spatial resolution. The recent introduc-
tion of nanophotonics in PINEM has enabled the implemen-
tation of cavity quantum electrodynamics22,23 with free elec-
trons, the generation of electron vortex beams,128 the coherent
control of electron beam statistics,129 electron beam modu-
lation with silicon photonics,130 coincidence electron-photon
detection,131,132 and strong coupling in the single-photon–
single-electron regime.133

II. TYPOLOGY OF FREE-ELECTRON RADIATION

In this section, we describe the basic organizing principles
of this Review, which help to sort out the different effects un-
der a general formalism that highlights the role and prospects
of nanophotonics in this field.

A. Coherent vs. incoherent cathodoluminescence

All of the effects in the grazing-angle interaction and im-
pact interaction zones have a common physical origin: they
result from the coherent interaction between the photonic
eigenmodes of the structure and a current source J(r, t) (de-
scribing the particle trajectory). The current distribution can
be equivalently described in time and frequency domain. In
the following, we consider a trajectory of the form r(t) = vt
(with the initial position at t = 0 taken to zero without loss of
generality):

J(r, t) = qvδ (r−vt) (2)

J(r,ω) = qr̂‖δ (r⊥)e
iωr‖/v, (3)

where q is the electron charge. The particle propagates along
the linear trajectory defined by the velocity vector v = vr̂‖.
The unit vector parallel to v is r̂‖ and the orthogonal space is
denoted as {r̂ j,⊥} j=1,...N−1 (where N is the dimensionality of
space). Given the mismatch in energies between the incom-
ing electron (> 1 keV in most settings) and the emitted pho-
ton energy (few eV’s in the visible to near-infrared (NIR)),
one can often safely neglect the quantum emission recoil, and

therefore consider the trajectory to be unaffected by radiation
processes.

This current source can be plugged into Maxwell’s equa-
tions in free space, resulting in an evanescent near field,134

which can be scattered by the structure26,27. This observa-
tion also led to the application of fundamental bounds on free-
electron radiation and energy loss (derived in section II C and
Ref.19). Said differently, the current source (representing the
free electron) is performing work on the system and some of
which results in radiation.

The current distribution in Eq. (2) can be modeled in
Maxwell’s equations in several ways, depending on the type
of numerical solver. For instance, in finite-difference time-
domain solvers, it can be modeled as an array of dipoles
"turned on" sequentially at a speed corresponding to the flight
of the electron.18,98 Alternatively, it can be directly injected
as a line current in frequency domain (with Bloch periodic
boundary conditions to model periodic systems).19,135

Coherent CL effects are often considered in opposition to
ICL, which originates from stochastic energy losses in the ma-
terial. Because of the stochastic nature of the process, emit-
ted photons lose their coherence with respect to the incoming
electron. Instead of the deterministic current distribution from
Eq. (2), one models ICL as radiation from a stochastic current
distribution, whose current-current correlations are prescribed
as:

〈J−j (r1,ω)J+k (r2,ω)〉 ≡ 2πT S jk(r1,r2,ω), (4)

with S jk(r1,r2,ω) = ∑α,β Jαβ

j (r1)J
βα

k (r2) × fα(1 −
fβ )δ (ω − ωαβ ), and T is a normalization time. In this
spectral function, fα is the occupation factor of microscopic
state α with energy Eα , Jαβ represents the matrix element
of the current density operator J ≡ e

m ψ†(−ih̄∇)ψ , and
ωαβ = [Eα − Eβ ]/h̄. The current density matrix and the
occupation functions can depend on position, as they depend
on the electron energy loss density.

Direct calculation of radiation from the stochastic cur-
rent source described in Eq. (4) is a computationally ex-
pensive problem, as is known in the context of thermal
emission.136 Such calculations would indeed require the sam-
pling of a three-dimensional current distribution, whose cor-
relations partially depend on the microscopics and electron
energy loss dynamics. Therefore, it is strongly beneficial to
resort to more efficient numerical methods, leveraging elec-
tromagnetic reciprocity, to make such calculations tractable
in three-dimensions.25

The distinction between coherent and incoherent CL is also
linked to the final quantum state in which the sample is left af-
ter radiation.26 In the following, we show how CR, TR, SPR,
and other coherent CL effects arise from the coherent inter-
action of the current distribution from Eq. (2) with photonic
eigenmodes. We also show how the stochastic current distri-
bution from Eq. (4) can radiate ICL in arbitrary nanophotonic
environments, and computational techniques to calculate it ef-
ficiently.
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Foundational observations and theories
~1870-1957

Recent milestones enabled by nanophotonics
after ~2000

Integrated tunable sources Exotic regimes of radiation

Incoherent cathodo-

luminescence (~1870)

Cherenkov effect (1934)

Transition radiation (1945)

Smith-Purcell effect (1953)

Generation of SPPs 

by free electrons (1957)

(a)

(d) (e) (f) (g)

(h) (i) (j) (k) (l)

(b)

(c)

Enhanced free-electron-light interaction

FIG. 2. Historical timeline: from fundamental discoveries to novel applications enabled by nanophotonics. The field of free-electron-
light interactions was enabled by a few late-19th and 20th-century fundamental discoveries and theoretical proposals such as incoherent
cathodoluminescence, CR, TR, Smith-Purcell radiation (SPR), and excitation of surface plasmon polaritons (SPPs) by free electrons. (a-
m) Recent advances in nanophotonics have enabled the demonstration of several new effects and technologies relying on those fundamental
effects. (a) Light well: tunable electron beam source, reproduced with permission from Ref.12. (b) Ultrafast multidimensional spectroscopy
and microscopy in a transmission electron microscope (TEM), such as perovskite materials, frozen cells, quantum dots and two-dimensional
materials, reproduced with permission from Ref.23. (c, g) Deep ultraviolet SPR enabled by nano-slot aluminum grating, reproduced with per-
mission from Ref.110. (d) Thresholdless integrated Cherenkov emitter in a hyperbolic metamaterial, reproduced with permission from Ref.17.
(e) Tunable x-ray generation from van der Waals heterostructures, reproduced with permission from Ref.21. (f) Backward Cherenkov emission
in PhCs, reproduced with permission from Ref.6. (h) Bound state in the continuum enhancement of free-electron emission, reproduced with
permission from Ref.19. (i) Flatband resonance enhancement of free-electron emission, reproduced with permission from Ref.104. (j) Inverse-
designed electron accelerator, reproduced with permission from Ref.20. (k) Resonant interaction between an electron beam and a photonic
resonator, reproduced with permission from Ref.22. (l) Phase-matched interaction between a free-electron beam and a light wave, reproduced
with permission from Ref.117.

B. A unifying picture of coherent cathodoluminescence in
arbitrary nanophotonic environments

Considering the current source in Eq. (2) as a source in
Maxwell’s equations, one can calculate radiation from a mov-
ing free electron in arbitrary nanophotonic media. We expand
the Green dyadic tensor – relating currents to fields linearly
as E(r,ω) = iωµ0

∫
dr G(r,r′,ω)J(r′,ω) – over its set of

eigenmodes41 {Fm(r,ω)}m :

G(r,r′,ω) = c2
∑
m

(
Fm(r,ω)⊗F∗m(r

′,ω)
)

g(ω,ωm), (5)

where g(ω,ωm) = (ω2 − ω2
m − 2iωmγm)

−1.
The eigenmodes Fm are normalized such
that:

∫
V

1
2ωm

d
dω

(
ε(ω)ω2

)
|Fm(r,ω)|2 = 1. The main as-

sumption in deriving this equation are small losses and weak
dispersion, which are valid in most cases we consider in this



9

Coherent cathodoluminescence Incoherent cathodoluminescence
(electron scintillation)

Cherenkov e�ect
(a) (b) (c) (d)

Smith-Purcell e�ect Transition radiation

θ

β
e-

ε(r, ω) ε(r) 
periodic

ε(r) 
discontinuous

Non-equilibrium 
perturbation to Im(ε(ω)) 

Uniform medium Periodic medium

Medium photon Bloch photon
Surface 

mode

Free space photon

Medium photon

Electron
energy loss

Defect sites(di�using)
e-/hole pair

Discontinuous medium Semi-
conductor

Defect-doped 
medium

ε(r, ω) = ε

FIG. 3. Examples of spontaneous emission from free electrons. Free electrons can emit photons spontaneously in several manners. (a)
CR: a free electron propagating in a bulk medium at a speed larger than the speed of light in the medium (c/Re(

√
ε)). (b) SPR: in a periodic

medium, free electrons can emit a Bloch photon. (c) TR: when going through a discontinuous interface between two media (such that ε(r) is
discontinuous), free electrons can emit a surface plasmon at the interface. (d) Incoherent cathodoluminescence (ICL), also known as electron
scintillation, occurs in materials with radiating energy levels, such as in semiconductors or in defect-doped media. A free electron impinging
on the material can convert part of its energy into a cascade of secondary electrons and excite radiating sites, such as diffusing electron-hole
pairs or excited states in implanted defects. In such materials, optical emission can be modeled as a small (perturbative) non-equilibrium loss
function Im(ε(ω)) at the emission wavelength. This review focuses on types of spontaneous emission that have been enhanced or controlled
using nanophotonics. Other types of spontaneous emission from free electrons, not covered in this Review, include bremsstrahlung, betatron
radiation, and undulator radiation.

work, and can be relaxed further by using the dyadic Green
tensor directly59 (without referring to a mode expansion).

The total energy radiated by a dipole can be calculated as
an integral in frequency domain,137 and we get the following
expression:

U =

prefactor︷ ︸︸ ︷
µ0q2c2

π

∫
dr‖dr′‖Im

∫
dω ω ∑

m

(
r̂‖ ·Fm(r‖,r⊥,ω)

)(
r̂‖ ·F∗m(r′‖,r⊥,ω)

)︸ ︷︷ ︸
mode-electron overlap

phase-matching︷ ︸︸ ︷
eiω(r′‖−r‖)/v g(ω,ωm)︸ ︷︷ ︸

spectral dep.

. (6)

Eq. (6) already highlights the main physical parameters rele-
vant to understanding all effects in coherent CL, and we there-
fore refer to it as the "master equation". The prefactor is al-
ways proportional to q2, which underlines possible radiation
enhancements by considering highly-charged particles (such
as heavy ions138). More generally, the q2 dependence offers
a mechanism to distinguish between particles with elemen-
tary charge q (such as electrons, protons, etc.) and nuclei
with charge Zq (where Z is the atomic number). For instance,
even CR from fully ionized helium is four times stronger than
that of hydrogen isotopes and elementary charges.32 In heav-
ier materials, the larger discrepancy can be used to "count" the
energy of each incoming particle.36

The rest of the expression is summed over all photonic
modes indexed by m which may, in principle, contribute to
radiation. The photonic mode-electron overlap highlights the
importance of the spatial overlap between the photonic mode
and the electron beam (since Fm is evaluated at the fixed lo-
cation r⊥ perpendicular to the axis of propagation of the elec-
tron). Radiation might also be enhanced by considering ex-
tended interactions over lengths such that Fm(r‖,r⊥,ω) re-

mains large over the polarization parallel to the electron tra-
jectory.

Further physical considerations can be made to evaluate the
mode-electron overlap. The mode profile Fm(r‖,r⊥,ω) has a
given polarization distribution, but only the polarization along
the beam propagation contributes to emission. The spatial de-
pendence of the field profile results in evanescent coupling
strengths in many scenarios, as will be made evident for ex-
citation of SPPs and electromagnetic bounds on coherent CL
(sections II B 4 and II C).

The spectral dependence of the emitted energy is encoded
in g(ω,ωm), such that Im(g) ≈ πδ (ω2−ω2

m) ≈ π

2ωm
δ (ω −

ωm) in the limit of small losses (where Im denotes the imag-
inary part). Therefore, radiation in eigenfrequencies of the
photonic structure are strongly enhanced.

The term labeled "phase-matching" in the master equa-
tion Eq. (6) only contributes partially to the phase-matching
condition described in Eq. (1) and is complemented by a
phasor of the form eik‖r‖ from the mode-electron overlap
term, which for instance appears in systems exhibiting trans-
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lational invariance (see below). Their combination yields
the phase-matching relation from Eq. (1). To further out-
line the physical importance of phase-matching, we consider
a specific mode with longitudinal wavevector k‖, such that
Fm(r‖,r⊥,ω) = eik‖r‖ fm(r⊥,ω). This yields a version of the
master equation where the phase-matching condition is evi-
dent:

U ∝ ∑
m

∣∣r̂‖ · fm(r⊥,ωm)
∣∣2︸ ︷︷ ︸

mode-electron overlap

phase-matching︷ ︸︸ ︷
Λ

2sinc2
((

ωm

v
− k‖

)
Λ

)
, (7)

where sinc(x) = sin(x)/x is the sinc function, and Λ is the
length of interaction. The phase-matching term becomes a
Dirac delta function for large interaction lengths Λ, thereby
highlighting the critical importance of phase-matching in
physical settings with extended interactions. Compared to
Eq. (6), this equation also highlights the spectral dependence
of the radiation, which is determined by the photonic eigenfre-
quencies ωm(k). This compact form also hints at a geometric
method to calculate the emitted power by (1) considering the
intersection of the band structure dispersion ωm(k) with the
electron plane k · v = k‖v; (2) weighting each intersection by
the mode-electron overlap term in Eq. (7). We described in
section I A how such a method can be used to predict radia-
tion in various radiation events occuring in the grazing-angle
interaction zone in the introduction, for CR in bulk media and
PhCs, SPR, and excitation of SPPs.

To gain further physical insight with this formalism, we
must consider specific photonic environments, which will be
described by various eigenmode distributions, and are dis-
cussed in the next sections.

1. Cherenkov radiation

CR in its simplest embodiment occurs in a homogeneous di-
electric medium (of index n) and consists in the spontaneous
emission of plane waves by a charged particle (see Fig. 3(a)).
Its description, in the language of the previous section and the
master equation, can be understood in terms of plane wave
eigenmodes of a medium of index n. The dispersion relation
is ωk = c|k|/n. Plugging this expression into the master equa-
tion Eq. (6), we can get the famous Frank-Tamm formula80

for the spectral density per unit propagation length, shown in
the Appendix A 1. Emission is only allowed for superluminal
electrons, which is equivalent to the phase-matching condition
from Eq. (1) in a bulk medium.

Quantum corrections to this formalism can be intro-
duced, taking into account recoil,63,64 non-perturbative ef-
fects with heavy ions,138 the particle’s spin and orbital angu-
lar momentum,57 reduced dimensionality,133 or emission from
hot electrons in two-dimensional materials.139

2. Smith-Purcell radiation

SPR is a natural extension of CR to periodic media as
the spontaneous emission of Bloch photons59 (see Fig. 3(b)),
which we use as eigenmodes in the expansion from Eq. (5).
We first consider the case of a one-dimensional periodic struc-
ture (period L) along the direction of electron propagation.
Eigenmodes can be described by the band index m and re-
ciprocal lattice vector G in the first BZ, such that Fm,k‖ =

∑G cG
m,k‖

(r⊥)e−ir‖(G+k‖)/
√

L, where cG
m,k‖

are coefficients of
the mode’s Fourier expansion.

We then get the following expression for the energy spectral
density:

1
L

dU
dω

=
µ0q2c2

2 ∑
m

∑
G

∣∣∣r̂‖ · cG
m,k‖

(r⊥)
∣∣∣2 δ (ω−ωm,k‖). (8)

The δ function in Eq. (8) gives us a geometric way of predict-
ing which Bloch modes are excited by the electron beam, by
considering the intersection of the band structure ωm,k‖ with
ω = k‖v. This method generalizes well to higher dimensions
where the electron "line" becomes a plane in the band struc-
ture representation (see Fig. 1(b,d) for some example band
structures). The phase-matching condition also sets the dis-
persion relation, known as the Smith-Purcell relation:

λ =
L
m

(
1
β
− cosθ

)
, (9)

where λ is the photon wavelength, and m the Bloch mode
index. The emission angle θ is measured, as in the case of
CR, with respect to the electron propagation direction.

This simple relation enables us to make quick predictions
of the radiation spectrum (in the absence of resonant enhance-
ment), knowing the structure periodicity along the electron
trajectory. Several observations of SPR from various period-
icities and electron energies are shown in Fig. 4, on a back-
ground corresponding to the wavelength predicted by Eq. (9)
with θ = π/2 and m= 1. The original observation from Smith
and Purcell was performed with β ≈ 0.78−0.8. The relatively
large grating pitch they used should have resulted in radiation
in the short-wave infrared at normal emission direction, but
they measured visible radiation at a shallower angle θ ≈ 20◦.

Early work on SPR was essentially focused on metal-
lic structures.140 More recent work used electrons in simi-
lar energy ranges, pushing radiation into the near-UV regime
with higher diffraction orders.141 With the goal of integrat-
ing Smith-Purcell emitters into optoelectronic devices, recent
effort has been targeted at reducing the electron kinetic en-
ergy and periodicity, to retain emission in the NIR to UV
regimes142. This effort has been enabled by recent progress
in nanofabrication, namely the capability of fabrication sub-
100 nm periodic structures with electron-beam lithography.18

Some works even reported emission from electron beams
generated on-chip by field emitters97 and/or with integrated
all-silicon structures.98 The prospect of generating radiation
deeper in the UV remains an exciting perspective, with re-
cent work demonstrating SPR in the UV with β ≈ 0.24−0.33
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and leveraging higher-order diffraction modes.110 Beyond the
technological promise of integrated and tunable UV emitters,
short-wavelength SPR also exhibits quantum recoil effects
in low-energy and short-period settings.143 While demonstra-
tions of short-wavelength SPR have been limited to the near
UV, other free-electron radiation effects, such as coherent
bremsstrahlung and parametric x-ray radiation, being similar
in some respects to SPR, are amenable to generation of x-
ray radiation. In these effects, the electron flies in a "struc-
tured" medium consisting of a crystalline lattice of atoms,
such that the period is on the ångström scale. Those tech-
niques offer an interesting platform to generate x-ray photons
with moderately relativistic electrons.144–149 We highlight re-
cent work21,150 to reveal the similarities and differences be-
tween SPR and the previously-mentioned x-ray emission tech-
niques.

Many theoretical studies focused on SPR and CR in 2D,
where the structures are assumed to be invariant along the
third dimension and the electron beam is assumed to be a
"sheet" beam. In higher dimensions, the point-like nature of
the electron must be considered, and the photonic band struc-
ture gives greater flexibility in tuning the coupling between
the electron and photonic modes. Considering the case of a
three-dimensional periodic PhC, we get the following expres-
sion, as previously reported in Ref.137:

dU
dωdl

=
q2

8π2ε0
∑
m,G

∫
∂S

dk
|cG

m,k(ω) · r̂‖|2

|∇k⊥ωm,k|
, (10)

where ∂S is the contour defined by ω = ωm,k. This formula
shows that the radiated power is proportional to the Fourier
coefficient |cG

n,k(ω) · r̂‖|, describing the coupling of the current
density with the electromagnetic field at the electron location.
Also, the emitted power is proportional to the inverse of the
transverse group velocity. This suggests a path to strongly
enhance emission from electrons using engineered bands in
PhCs.19,104,137

3. Transition radiation

To describe transition radiation within the same framework,
we consider the simplified case of a charge impinging at nor-
mal incidence on a perfect conductor (see Fig. 3(c)) and resort
to the introduction of an image charge with opposite charge
and velocity. The current distribution J(r,ω) is modified ac-
cordingly and its emission in free space is considered. Doing
so, we get the spectral distribution shown in Appendix A 2,
first derived by Ginzburg and Tamm.63

This relation can be extended to interfaces between
two media with finite permittivities,63,154 radiation into
waveguides,155 and metallic thin films.85 Resonant transition
radiation, the coherent interference of multiple TR emission in
a multilayered medium, has also been considered as a promis-
ing platform for high-energy particle detectors48,49 and x-ray
emission.156 Though considered as an extension of TR at a
single interface, we note that resonant TR has a dispersion re-
lation similar to that of SPR.157

Near UV

Visible

NIR

SWIR

MWIRLWIRFIR

Far UV

Soft x-ray

Hard x-ray

Towards 

quantum effects

Shentcis et al. (2020)

Huang et al. (2022)

Massuda et al. (2018)

Roques-Carmes et al. (2019)

Yamamoto 
et al. (2015)

Ye et al. (2019)

(Parametric x-ray generation)

(Parametric x-ray generation)

Kaminer et al. (2017)

Ishizuka et al. (2001)
Adamo et al. (2009)

Smith et al. (1953)

Bechheimer et al. (1972)

FIG. 4. Overview of progress in Smith-Purcell emitters. Each
straight thick white line corresponds to a reported experimental ob-
servation, starting from the original observation from Smith and
Purcell4 (top right corner). The overview highlights recent progress
enabled by nanophotonics towards high-frequency radiation (visi-
ble and ultraviolet) with short-pitch gratings and/or low-energy elec-
trons (<10 keV). The background color corresponds to the emitted
wavelength "color" at normal incidence θ = 90◦. References ap-
pearing in the figure are Refs.4,12,18,21,97,98,110,141,151–153. In some
references,110,151 the main reported result comes from a higher-order
Smith-Purcell peak, which is why the work appears in a longer wave-
length domain (e.g., Ref.110 reports radiation in the deep ultraviolet
with up to third-order SPR). In some other references,4 radiation is
measured at an angle closer to θ = 0◦, therefore reporting shorter
wavelengths than what is displayed here. In Ref.21,153, free electrons
emit soft x-ray photons via parametric x-ray radiation or coherent
bremsstrahlung. UV: ultraviolet; NIR: near infrared; SWIR: short
wave infrared; MWIR: mid wave infrared; LWIR: long wave in-
frared; FIR: far infrared. "Quantum effects" denote the region where
recoil effects become observable, delimited by λ (θ = 90◦) = λe,
where λ (θ = 90◦) is the emission wavelength at normal incidence,
and λe the de Broglie wavelength of the electron.

4. Coherent excitation of surface plasmon polaritons (SPPs)
by free electrons

SPPs can be excited by free electrons7,17,133,158–162 either
when impinging on metals or when grazing the interface, with
first observations reported in Ref.7 and Ref.133, respectively.
This phenomenon is observed even in the absence of corru-
gation at the surface, and can be understood with our formal-
ism, when considering SPP eigenmodes. For concreteness,
we consider the case of an interface between two media ε1 > 0
and ε2, with the electron propagating in ε1. The lower branch
of the SPP mode is shown in Fig. 1(c) for a Drude-like metal
ε2 = 1− (ωp/ω)2 (where ωp is the plasma frequency). The
energy emitted by the free electron per unit length is derived
and shown in Appendix A 3.
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As expected from the master equation Eq. (6), the expo-
nential decay of the field at the interface results in a fac-
tor exp(−2|k⊥|r⊥), arising from the mode-electron overlap
evaluated along the electron trajectory. As with other effects
in the grazing-angle interaction zone, one can predict which
SPP modes are excited by an electron with velocity reduced β

by identifying the intersection of the dispersion relation with
the electron line159 ω(k‖) = vk‖. Analogues of this effect
have been observed in systems supporting Dyakonov surface
waves163 and hyperbolic dispersion.110

C. Fundamental bounds for coherent cathodoluminescence

Another perspective that the field of nanophotonics brought
to research on free-electron radiation is the idea of setting
electromagnetic bounds from first principles. Nanophotonics
research led to the formulation of universal bounds on various
photonic processes,164 such as scattering and absorption,165

focusing,166 Raman scattering,167 and near-field optical re-
sponse.168 The same approach was applied in Ref.19 to pro-
pose a universal bound on free-electron radiation and energy
loss. Such bounds represent the maximal amount of power
that could be scattered or absorbed by an optimal structure
excited by free electrons and enclosed in a given volume.

Coherent CL can be interpreted as a scattering problem,
and is therefore amenable to recent work on electromagnetic
bounds.19 Intuitively, the scattering problem can be bounded
by a convex optimization problem, whose solution is obtained
by calculating variational derivatives of the incident fields.19

(The incident evanescent field is generated in free space by the
current distribution26 J(r,ω).) Maximal radiation and energy
loss powers can then be derived19 for an arbitrary "scatterer"
(corresponding to the sample inducing coherent CL) with sus-
ceptibility χ(r,ω) = ε(r,ω)−1 and volume V :

Pτ ≤
q2ξτ

8ε0ωπ2

∫
V

dr
|χ|2

Imχ︸︷︷︸
material

geometry︷ ︸︸ ︷(
k4
⊥K2

0 (k⊥ρ)+ k2
⊥k2
‖K

2
0 (k⊥ρ)

)
,

(11)
where τ ∈ {rad, loss}, ξloss = 1, ξrad = η(1−η)≤ 1/4 (with
η the ratio of radiative to total energy loss), k‖ = ω/v, and

k⊥ =
√

k2
‖− k2 = k/βγ (with γ the Lorentz factor). Kn is the

n-th order modified Bessel function of the second kind.
The power bounds from Eq. (11) apply to the non-retarded

or retarded regimes, and only assume the absence of gain in
the optical medium. This expression also highlights the main
physical parameters of interest to maximize radiation from
free electrons: the material factor |χ|2/Imχ which reflects the
influence of material choice, depending on the wavelength of
interest; the electron velocity β and Lorentz factor γ appearing
in the impact parameter k⊥ρ in the integral. Approximations
of this bound19 explicit the role of the minimum distance be-
tween the electron trajectory and the scatterer d, such that the
relevant length scale of interaction is set by k⊥d = kd/βγ . At
large beam-sample distances, the bound decays exponentially

∝ e−2k⊥d , which matches the dependence from Eq. (A10).
The analytical bound also reveals several interesting phys-

ical behaviors. Namely, there exists a regime of near-field
interaction between the beam and the structure where slow
electrons are favored (i.e., they radiate more efficiently). Re-
cent works also highlighted the possibility of strong interac-
tions between slow electrons and plasmonic near fields.169–171

This supports recent interest in developing on-chip sources of
free-electron radiation18,98,110, where electron beams can be
precisely aligned to nanophotonic structures (e.g. gratings for
SPR) to control the beam-sample coupling.

Another interesting feature is the apparent divergence of the
bound in the limit of small losses, which suggests mechanisms
to strongly enhance free-electron radiation with high-Q reso-
nances, a path which we discuss in section III C 1.

D. Incoherent cathodoluminescence (electron scintillation)

All of the previous types of radiation were forms of coher-
ent CL, which naturally give themselves into control via shap-
ing of the photonic eigenmodes, as we explained in the pre-
vious paragraphs. We now consider the case of ICL, or elec-
tron scintillation, and propose ways to control and enhance
this form of radiation. The method we propose here is readily
transferable to scintillation from other types of high-energy
particles, such as x- and γ-rays.

ICL is usually observed when a beam of electrons is bom-
barding a material directly (and is therefore occurring in the
impact interaction zone), as depicted in Fig. 3(d). Energy is
then lost by the electron beam, which can be transferred to
radiative sites (electron-hole pairs in semiconductors, or de-
fect states in a doped medium), which subsequently radiate
in a nanophotonic environment described by the eigenmode
expansion from Eq. (5).

We can calculate the emitted energy by the stochastic cur-
rent distribution in Eq. (4), and for simplicity make the as-
sumption that the current correlations are local, isotropic,
and real-valued Si j(r1,r2,ω) = δi jδ (r1− r2)S(r1,ω), a con-
dition which can be straightforwardly relaxed.172 ICL is,
in general, described by the light emission from this non-
equilibrium steady-state distribution. This assumption is cor-
roborated by the fact that energy deposition occurs on picosec-
ond time scales, which are effectively instantaneous relative
to the excited-state depletion time scales (typically nanosec-
onds).27,71 We then get:

d〈U〉
dω

=
πT
ε0

∑
m

∫
dr |Fm(r,ω)|2 S(r,ω)δ (ω−ωm). (12)

This expression makes explicit the way in which ICL (where
the light emission results from spontaneous emission) can be
controlled by photonic shaping via the eigenmodes Fm(r,ω).
It is also apparent that ICL can be enhanced by optimizing the
overlap between a given eigenmode and the current correla-
tion function S(r,ω) (for example, by optimizing the overlap
between the photonic eigenmode and the energy-loss density
of the high-energy particles).



13

Another formulation of ICL can be obtained by using elec-
tromagnetic reciprocity and the Green’s function directly (in-
stead of its eigenmode expansion), yielding the following ex-
pression for the power spectrum per unit solid angle and fre-
quency:25

dP(i)

dωdΩ
=

π

ε0ω
×S(ω)×

[
V (i)

eff (ω,Ω)/λ
3
]
, (13)

where we also assumed that the current correlations
are uniform and isotropic in the material (corresponding
for example to uniform energy loss), and V (i)

eff (ω,Ω) =∫
VS

dr |E(i)(r,ω,Ω)|2/|E(i)
inc(ω,Ω)|2. Eq. (13) states that the

ICL spectrum, under this approximation, is a simple product
of a microscopic factor, set by the non-equilibrium steady-
state distribution function S(ω),25,62 and an effective absorp-
tion volume Veff, which is only determined by the (structured)
optical medium surrounding the emitting sites.

Eq. (13) enables a key simplification thanks to electromag-
netic reciprocity, which relates the following two quantities:
(1) the emitted ICL from the structure (at a given frequency
ω , direction Ω, and polarization i) and (2) the intensity of
the field induced in the sample (|E(i)(r,ω,Ω)|2) by sending a
plane wave at it (of frequency ω , propagating along direction
Ω (with field E(i)

inc(ω,Ω)) into the structure, and polarization
i). This expression opens the path to efficient numerical meth-
ods for ICL and scintillation in three dimensions and arbitrary
nanophotonic environments.25

III. CONTROL AND ENHANCEMENT OF
CATHODOLUMINESCENCE WITH NANOPHOTONICS

The previous section suggested several ways in which one
can control CL with engineered nanophotonic structures. In
this section, we describe several methods to experimentally
measure (coherent and incoherent) CL from nanophotonic
structures in electron microscopes; we also review experi-
mental demonstrations and nanophotonic techniques to con-
trol and enhance CL.

A. Cathodoluminescence in electron microscopes

It is worth noting that CL in electron microscopes was
an already-established technique before the 2000’s, given its
widespread use in gemology and materials science.91 The
transfer of this technique to the characterization of nanopho-
tonic structures enabled the observation of electron-light in-
teractions in nanophotonic structures via direct spectroscopic
techniques (measuring CL) and indirect electron measurement
techniques (EELS).

1. Cathodoluminescence spectroscopy and polarimetry
techniques

Apart from optical-CL instruments − in which an electron
beam is generated under moderate vacuum via discharge in
a chamber (small enough to be mounted on a standard op-
tical microscope) − most modern CL instruments are based
on a scanning electron microscope (SEM) or a transmission
electron microscope (TEM). Fig. 5 illustrates representative
types of SEM- and TEM-based CL instruments. In all in-
struments, the light generated by the interaction of a focused
electron beam with a sample is out-coupled (with free space
collection optics or an optical fiber). Collection optics that
have been used for CL measurement and characterization in-
clude parabolic mirrors (for angular resolution) and objective
lenses (for spatial resolution). Depending on how the light
is collected and what additional components are utilized, a
wide range of measurements can be performed from obtain-
ing spatially resolved spectral information to angular, polar-
ization, and even time-sensitive detection. Alternatively, plac-
ing the nanostructures on the tip of a fiber enables to directly
collect the radiation through the fiber, a technique shown to
enhance the evanescent field of the free electrons interacting
with a nanostructure.185 It has also been demonstrated that the
evanescent field of free electrons can by amplified as electrons
fly over a plasmonic surface.186 Having to pass through a win-
dow to exit a vacuum chamber can limit the detectable wave-
length range. An extensive review of current CL measurement
techniques was recently published.116

Relevant to this Review, we highlight selected pa-
pers detailing different experimental methods useful for
nanophotonic applications of CL. The use of tightly focused
electron beams allows for collecting spectral information
directly from nanoscale samples with spatial resolution
limited by the size of the focused electron beam. CL found
applications in plasmonics,7,9–11,187–194 photonics,195,196

semiconductors,197–199 electron-beam lithography,200 and
tomographic reconstruction.201 Additionally, the combination
of spatial and spectral resolution can be combined to measure
the dispersion of CL effects such as SPR.18,19,98,152 Methods
were also proposed to disentangle several types of emission
from farfield measurements.202 Inspired by the early days of
radio, it has been shown that a nanoscopic dipole Herzian
antenna acts as an efficient emitter of visible light when an
electron beam is injected in the dipole gap.187

Thermal measurements can also be performed with CL,
such as nanoscale thermometry and thermal transport mea-
surements both in low current conditions (where sample heat-
ing is avoided) and higher current conditions203 (where elec-
tron beam induced heating is present). Other electron-beam
induced effects such as phase transitions in gallium nanopar-
ticles at picojoule excitation energies have also been observed.
Transformations between coexisting structural phases are ac-
companied by continuous changes in the nanoparticle film’s
reflectivity204 and luminescence,205 which may be used for
modulating light and optical data storage. Promising new
techniques for resolving and hyperspectrally mapping pico-
metric movements by detecting secondary electron emission



14

Scanning Electron Microscopes

Transmission Electron Microscopes

(a) Angle/polarization-resolved 
and correlations

(b) Spectrally/spatially-resolved

(c) Direct optical measurement

With �ber out-coupling

With imaging optics

(d) Ultrafast TEM

SEM column

electron beam

parabolic mirror
sample

SEM column

electron beam

sample
(90° config.)

objective

λ

λ

be
am

sp
litt

er

polarizer

detection system

detection system

EELS

stage

TEM column

collecting mirror
thin sample

holder
fiber 

coupling

TEM column

fs laser

delay line

NL 
crystal

HG
UV beam trigger

sample

optical 
excitation

EELS

TEM column

EELS

in 
vacuum

out of
vacuum

in 
vacuum

out of
vacuum

imaging optics

sample
(90° config.)

polarization optics CCD
detection 

optics coincidence 
electronics

g(2)

FIG. 5. Probing electron-light interactions in scanning and transmission electron microscopes. The figure illustrates example systems
that represent the wide range of experimental capabilities in modern electron microscopy for measuring free-electron-light interactions in
nanophotonics. (a) Angular/polarization-resolved and correlation measurements in a scanning electron microscope.107,173–176 An electron
beam impinges on a sample through a hole in a parabolic mirror. Light emitted by the sample upon bombardment is collimated with a parabolic
mirror. Light can be (1) analyzed with polarization optics before being detected by a CCD camera or (2) analyzed with a Hanbury Brown-Twiss
setup to measure intensity correlations. The electron beam might be triggered by an ultrafast laser or a beam blanker27 (similar to ultrafast
TEM shown in (d)). (b) Spectrally-spatially-resolved cathodoluminescence in a scanning electron microscope.18,19,25,98,104,152,177 Sample is
mounted in a 90◦ configuration. Light emitted from the sample is collected with an objective and imaged on a CCD. Light is also coupled to
a spectrometer. Spatial resolution is obtained within the CCD field of view. (c) Direct cathodoluminescence measurement in a transmission
electron microscope. Top: with collecting mirrors.178–181 An electron beam goes through two facets of a collecting mirror and a thin sample.
Electron energy loss spectroscopy (EELS) is performed with a magnetic prism after the electron-sample interaction. Light is collected with
mirrors focusing light into two optical fibers, which are then analyzed with a detection system. Bottom: with imaging optics.105,182 An
objective, tube lens, and CCD rotating assembly is used to measure radiation from a sample in a 90◦ configuration. (d) Ultrafast transmission
electron microscope setup.22,23,117–120,122,125,128–130,183,184 An electron beam is triggered by an ultraviolet pulse generated via a HG (harmonic
generation) setup with a NL (nonlinear) crystal pumped by a femtosecond laser. A delay line is used to control the time delay between the
optical excitation of the sample and the beam trigger. EELS is also used to measure the electron beam dispersion.
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from the edge of the nanostructure in an electron micro-
scope206 might also be realized via cathodoluminescence mi-
croscopy in the future.

Next, phase-sensitive imaging measurements were per-
formed utilizing both angle-resolved CL and hyperspectral
angle-resolved cathodoluminescence to characterize the far-
field phase signal from scattering off of plasmonic nanostruc-
tures allowing for the reconstruction of the angle-dependent
phase distributions207 and the coupling between nanoparticles
and SPPs.208 Similar techniques were used in the Fourier do-
main to determine the emission polarization properties of sub-
wavelength structures like optical nanoantennas.209 CL mea-
surements have also been used to directly image plasmonic
modes in annular nanoresonators, ultrathin plasmonic strip an-
tennas, and metallic thin films,9,11,14 and to measure the statis-
tics of the emitted light.174,176,210–212 Finally, CL measure-
ments can be employed to characterize photonic band struc-
tures and measure the local density of states in nanostructured
metallic, semiconductor and dielectric materials.213–216

2. Probing electron-light interactions in ultrafast electron
microscopes

Several TEM-based CL instruments are similar to their
SEM analogues, as shown in Fig. 5(c). For instance, col-
lecting mirrors can be used to couple light out of the TEM
vacuum chambers. The presence of two collecting mirrors
can even allow the measurement of backward and forward ra-
diation independently in some commercial systems.178–181 A
TEM analogue of the spectrally/spatially-resolved SEM CL
setup was also built,105,182 with a low-numerical-aperture ob-
jective outside the vacuum chamber and an additional rota-
tion degree of freedom to measure radiation at various angles.
An interesting advantage of TEM-based solutions is the avail-
ability of EELS which allows the measurement of electron
energy loss and gain after interacting with a sample. EELS
provides a method to probe near-field electron-light interac-
tions and is complementary to CL measurement techniques.27

Since EELS is directly related to the photonic local density of
states,215 tomographic techniques have been demonstrated to
reconstruct the full three-dimensional local density of states
in nanoparticles.217

Several techniques have been developed to add time-
resolved measurements to the field of SEM- and TEM-based
CL. This field has also been inspired by the techniques devel-
oped for ultrafast TEM in the Zewail group.218,219 Currently,
time-resolved CL involves modifications to the electron beam
emitter to generate electron pulses by the use of ultrashort
laser pulses or by using fast electrostatic beam blanking to
modulate a continuous electron beam. An example of a time-
resolved TEM instrument is shown in Fig. 5(d), wherein an
ultrafast laser is used to generate short time duration electron
pulses from the electron source. The ultrafast laser can also
be used to excite or probe the sample as a function of the of
arrival of the electron pulse. Alternatively, instruments with
beam blanking devices located after the electron source can
provide time-resolved measurements, albeit at a lower time

resolution than the laser-driven emitters. One example of a
beam blanking measurement is found in Ref.220, where a mod-
ified standard SEM with beam blanking electronics was used
to produce electron pulses in the 80 to 90 ps duration range.
This provided sufficient time resolution to characterize the
spontaneous emission decay rate in a cerium-doped yttrium
aluminium garnet sample.220

3. Free-electron analogues

Physical analogues of free electrons are convenient plat-
forms to observe some of the above-mentioned physical phe-
nomena. There are many free-electron analogues in the con-
text of CR, since it is a general wave phenomenon, with ana-
logues in classical and quantum electromagnetics, superfluid
hydrodynamics, and classical hydrodynamics.38 In electro-
magnetics, CR can also be observed with superluminal polar-
ization waves in SPP,221 quantum cascade lasers,78, solitons in
optical fibers,74–77 and superluminal domain perturbations in
rapidly time-modulated systems.222–225 Synchrotron-like ra-
diation has also been observed by nonlinear polarization in-
duced in a metasurface.226

Most of the physical effects discussed in this Review are
typically observed from electron beams generated in elec-
tron microscopes, with kinetic energies from few keV to hun-
dreds of keV. Analogues of those effects have been predicted
with hot electrons in graphene for CR139 and two-dimensional
electrons in a driving field for SPR in the THz regime.227

Some of those analogue systems have been utilized as
a test bed for novel physical phenomena. In particular,
metamaterial-loaded and slot waveguides have been used to
directly emulate the propagation of an electron beam.228–232

The slot waveguide platform was first used to demonstrate
backward Cherenkov radiation,229 an intriguing effect which
has otherwise not been demonstrated in free-electron experi-
ments. They have also been used to demonstrate polarization
control in SPR230 and, in combination with helical metastruc-
tures, SPR vortex beams.233,234

B. Controlling free-electron radiation in nanophotonic
structures

1. Angular and spectral control

The spectral-angular distribution of coherent CL effects is,
to first order, embedded into their dispersion relation (e.g.,
Eq. (9) for SPR). When free electrons emit in a nanophotonic
medium, certain spectral and angular components of the ra-
diative fields can be selectively enhanced. The possibility of
selective enhancement is evident in periodic structures, where
the emitted energy is proportional to the overlap between the
electron trajectory and Fourier components of the photonic
modes (as in Eqs. (8, 10)). The shaping of the spectral-angular
distribution via photonic engineering has been the focus of
many recent works in coherent CL. Certain notable results are
shown in Fig. 6.
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FIG. 6. Controlling and enhancing coherent cathodoluminescence with nanophotonics. Angular control: (a) Angular SPR distribution in
a metallic grating with permittivity profile shown as inset. The sharp peak at θ = 71deg is where the surface-plasmon mode is excited strongly.
Reproduced with permission from Ref.106. (b) Angular control of CL emission in plasmonic Yagi-Uda antennas. Reproduced with permission
from Ref.107. (c) Distribution of radiated magnetic field from free electron propagating in PhC. Inset shows the value of v used in simulation (in
units of c). Reproduced with permission from Ref.6. Polarization control: (d) SPR polarization control with Babinet metasurfaces. Reproduced
with permission from Ref.235. (e) SPR electric-field distributions from C-apertures. Reproduced with permission from Ref.235. Spatial control:
(f) Schematic representation of a chirped grating acting as a SPR lens. Reproduced with permission from Ref.236. (g) Focused Smith-Purcell
emission by a free-electron-driven metalens: free electrons passing in close proximity to a metagrating with a chirped period emit a converging
wavefront, with different wavelengths converging at different positions. Reproduced with permission from Ref.237. (h) Graphene metasurfaces
offer a playground to control the amplitude, phase, and polarization of SPR. Reproduced with permission from Ref.238. (i) Schematic of a
free-electron holographic light source, a universal approach allowing generation of light with prescribed wavelength, direction, divergence
and topological charge via point-excitation of holographic metasurfaces. Reproduced with permission from Ref.239. (j) Formation of focused
broadband transition radiation in interaction of an electron beam with an engineered planar lens. The structure is designed to effectively mimic
a porous hemispherical geometry. Reproduced with permission from Ref.240. Enhancement: (k) Electron-beam-driven collective metamaterial
light source concept: highly localized electron beam excitation at the center of a metamaterial array leads, via the strong coupling among
metamolecules, to the collective oscillation of many cells and thereby the emission of a free-space light beam. Reproduced with permission
from Ref.15. (l) The calculated TE band structure (solid black lines) in the Γ-X direction. The area shaded in light and dark yellow indicates
the light cone of air and silica, respectively. The electron lines (blue for velocity v, and green for v/2) can phase match with either the guided
modes (circle) or high-Q resonances near a BIC (red square). Reproduced with permission from Ref.19. (m) Probability of free-electron-
induced photon emission in a two-dimensional PhC slab as a function of reduced electron velocity. Strong enhancement of SPR matched
phase-matched to BIC and analytical limit accounting for material losses (shaded green). Reproduced with permission from Ref.19.

It was first proposed by Van den Berg that even perfect re-
flectors with sinusoidal corrugations could significantly alter
the angular distribution of SPR.241 Controlling the emission
direction can also be achieved by exciting plasmonic reso-
nances in periodic metallic gratings with a free electron.106

SPR spectral-angular shaping has also been proposed and
demonstrated with engineered grating profiles,105 resulting in
multi-peaked spectra, and aperiodic gratings.242

Localized electron beam excitation can also be leveraged
to achieve directional emission in single resonators243 (se-
lectively exciting and interfering multipolar modes) and plas-
monic Yagi antennas excited by free electrons.107

The control of radiative angular distribution has also been
proposed in CR in PhC6 and resonant TR in multi-layer
structures.48,49 It was demonstrated for TR in elliptical plas-
monic bull’s eye targets.244

2. Polarization control

Coherent CL effects are strongly linearly polarized, with
limited tunability of the polarization angle. For instance, the
polarization angle in SPR is set by the propagation direction
of the electron beam. The control of the linear polarization
angle and the generation of spin angular momentum in CL has
therefore received recent interest, with some notable works
shown in Fig. 6(d-e).

In CR, small components of circular polarization can be ac-
quired when considering spin-polarized electron beams.57,245

With unpolarized electron beams, metasurfaces on waveg-
uides have been proposed as platforms to generate circularly
polarized CR.246 Because of its potential applications in spec-
troscopy, the generation of circularly-polarized TR light in the
mm-wave regime was realized by interfering its forward and
backward components247
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In particular, SPR is highly polarized along the direction of
the electron beam (a feature which has been known since its
original discovery4). Recent work using cross-coupled elec-
tric and magnetic dipoles in THz Babinet metasurfaces sug-
gested a path to steer the angle of linear polarization.108,235,248

In principle, graphene metasurfaces can also be utilized to
generate circular polarization states in the THz regime.238

More recently, an experimental demonstration was provided
by exciting cross-polarized resonances in a PhC.104 The gen-
eration and control of SPR with orbital angular momen-
tum (vortex beams) could also be achieved with holographic
gratings.249 Full control of the optical angular momentum
(spin and angular) in SPR could also find applications in on-
chip spectroscopy, but its realization has remained elusive thus
far.

3. Spatial control

As coherent CL relies on the excitation of photonic eigen-
modes, phase relationships between different wave vector
components are constrained, which prevents the control of
the radiation far-field profile. With the promise of on-chip
electron-driven light sources, there has been a growing inter-
est in manipulating the far-field spatial distribution of emitted
radiation in CL. If successful, this effect could be leveraged to
realize integrated sources and collimators into a single com-
ponent, with some notable works shown in Fig. 6(f-h).

The design of a CR lens was first proposed by adjusting the
boundary of the Cherenkov target based on ray optics consid-
erations to concentrate light into a focal spot.250,251 Given the
well-defined spectral-angular relation in SPR, a natural design
for a SPR concentrator is a chirped grating (with decreasing
pitch along the beam trajectory). That way, the emission angle
is tuned along the direction of propagation or, equivalently, a
thin-lens-like phase modulation is imparted to light generated
via SPR. This concept was first proposed theoretically and
demonstrated numerically for concentrators working at sin-
gle wavelengths,105,236 and exhibiting strong chromatic aber-
rations. Alternatively, graphene metasurfaces can also gen-
erate converging SPR in the THz regime.238 Recently, signa-
tures of SPR lensing have been reported237 using a chirped
grating design.

The most general type of far-field wavefront engineering,
holography, has also been proposed using tailored nanopho-
tonic structures (see Fig. 6(i, j)).239 This method relies on
the controlled interference of transition radiation, generated
by a focus electron beam, with an interference holographic
mask. This enables the generation of light with prescribed
wavelength, direction, divergence and topological charge via
point-excitation of CL holography in plasmonic207,239,252 and
dielectric253 metasurfaces. Free-electron holographic light
sources offer a universal approach to generate light with
prescribed wavelength, direction, divergence and topologi-
cal charge via point-excitation of holographic metasurfaces
with an electron beam. Lastly, inspired by transformation op-
tics, several nanophotonic structure designs have been demon-
strated to realize broadband focusing of transition radia-

tion,240 vortex light beams,254 and more generally structured
light from free electrons.30 Such structures have been pro-
posed as platforms to measure time-energy correlation func-
tions in electron microscopes, paving the way towards attosec-
ond electron-based spectroscopy techniques.255.

C. Enhancing free-electron-light interactions in
nanophotonics

1. Coherent cathodoluminescence

The existence of fundamental bounds on CL, as presented
in section II C, begs the following question: could one en-
hance coherent CL with nanophotonics to achieve emission
efficiencies approaching such bounds?

The possibility of resonant enhancement in electron-light
interaction is highlighted in the phase-matching relation
Eq. (1). Emission into phase-matched photonic modes is se-
lectively enhanced by adjusting the electron velocity. This
concept has been proposed to enhance SPR by coupling elec-
trons to photonic256 and plasmonic resonances,106 and CR in
PhCs.6 Resonant enhancement of the electron-light interac-
tion is also observed in an increase in PINEM signal when
exciting photonic resonances.22,23

Specifically, one can design a resonance mode of interest in
metamaterials and excite it with a beam of free electrons. In
particular, localized free-electron-beam excitation can create
a low-divergence spatially coherent free-space light beam that
bears similarity with laser light through coherent collective
oscillation of an ensemble of coupled metamolecules.15

An interesting feature of the general bound from Eq. (11)
is its apparent divergence in the limit of small losses. Re-
cently, the use of BICs257 was theoretically proposed as a
new mechanism for enhanced SPR: coupling of electrons with
BICs.19 Such photonic modes have the extreme quality factors
of guided modes but are, crucially, embedded in the radiation
continuum, with no resulting SPR into the far field. Fig. 6(j)
shows that by tuning the electron velocity (here, a sheet elec-
tron beam translationally invariant along the y direction), one
can achieve strong emission enhancements (such as in CL into
a guided mode), while keeping the radiative coupling into a
continuum resonance. This enhancement technique also re-
quires a large modal overlap between the BIC and the elec-
tron near field (see Fig. 6(i)). This enhancement mechanism
is in line with the upper limits from Eq. (11), since the en-
hancement is limited by the material’s non-zero losses at the
emission wavelengths. Nevertheless, it has been theoretically
shown that BIC-enhanced coupling enables the radiation in-
tensity to closely approach this upper limit at several reso-
nant velocities. In the presence of an absorptive channel, the
maximum enhancement occurs at a small offset from the BIC
where the Q-matching condition is satisfied.

Photonics can also provide CL enhancement via band struc-
ture engineering in periodic structures. Specifically, the
perspective of enhancing SPR and CR was first proposed
in two-dimensional periodic PhCs, where the intersection
of the electron plane with photonic band structures can be
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manipulated.137 In particular, it was predicted that bands with
vanishing transverse components of the group velocity would
display strong emission enhancement; this has been suggested
recently as a platform to realize full phase-matching of point
electrons with photonic modes (with a continuum of phase-
matched transverse modes). Recent experimental demonstra-
tion of resonant enhancement from flatbands also shows their
potential in enhancing electron-light interactions.104

2. Incoherent cathodoluminescence and scintillation

The process of light emission from fluctuating current
sources in samples pumped by high-energy particles is called
ICL (for free-electron pumps) or scintillation (for x- and γ-
ray pumps). From the multi-physics picture illustrated in
Fig. 1(e), there appears to be at least two ways to enhance
it: (1) control of the available emitting states in the electronic
band structure (material engineering) and; (2) control of the
nanophotonic environment (nanophotonic engineering).

a. Material engineering. ICL can be enhanced by en-
gineering the electronic band structure of emitting materials,
and specifically available defect states or band gap to make
bright emitters. Such techniques are also ubiquitous in the
context of brighter and faster x-ray scintillator development,
which rely on the development of new materials46 (typically,
with large atomic numbers, high density, and doped with rare
earth elements to emit strongly in the UV-NIR).

In the context of ICL, two-dimensional materials and van
der Waals heterostructures have received particular atten-
tion, given their bright emission properties and exceptional
nanophotonic properties.260,261 Specifically, bright UV emis-
sion from hexagonal boron nitride has been demonstrated,
with emission patterns reminiscent of a lasing behavior.113

Such substrates were then integrated into handheld de-
vices to demonstrate their applicability to sanitization111 (see
Fig. 7(c, d)). Those achievements have been enabled by the
control of hexagonal boron nitride’s excitonic properties, by
growing crystals under high pressure and temperature. Re-
cent work utilized ICL as a probe of the material’s properties
down to the few-layer regime.262

In semiconductors, the emission process is similar to LEDs,
and the electron-hole pair recombination probability limits the
emission efficiency. In van der Waals heterostructures, en-
gineering of the excitonic properties of an ICL emitter can
be realized, for instance by "sandwiching" a transition metal
dichalcogenide monolayers between two layers of hexagonal
boron nitride, resulting in several orders of magnitude ICL
enhancement.258

Another common method for enhancing ICL and scintil-
lation is by fabricating semiconductor quantum dots whose
small dimensions cause quantum confinement of the excited
charge carriers, resulting in larger dipoles and enhanced emis-
sion rates.263

b. Nanophotonic engineering. The other avenue to en-
hance ICL and scintillation is to engineer the nanophotonic
environment in which the fluctuating current sources from
Eq. (4) radiate. The possibility of nanophotonic enhancement

can be explained by Eqs. (12, 13).
Scintillation and ICL being in essence spontaneous emis-

sion, they can be enhanced with nanophotonics in two dis-
tinct ways: (1) via direct enhancement of the rate of sponta-
neous emission by shaping the density of optical states62,264

(as evident from the eigenmode formulation in Eq. (12)); or
(2) through improved light extraction from bulk scintillators
(as evident from the far-field formulation in Eq. (13)). The
prospect of enhancing scintillation through the local density
of states, as well as the prospect of large scintillation enhance-
ments, by either mechanism, had remained unrealized until
recently.25

A recent demonstration of enhanced ICL from self-trapped
hole defects in silica is shown in Fig. 7(e), where the emitted
ICL from a defect transition emitting around ∼ 700 nm is en-
hanced and spectrally-shaped. This is enabled by the presence
of several high-Q photonic resonances due to the PhC pattern-
ing at the surface of the scintillator. In the same work, ICL is
used as a spectroscopic probe of the nonlinear microscopic dy-
namics accounting for competing emission processes. Given
the generality of Eqs. (12, 13), we note that similar techniques
can be used to enhance emission from a stochastic ensem-
ble of emitters, which could find applications beyond ICL
and scintillation: in thermal radiation,71,265–267 LEDs,268 and
photoluminescence.268

3. Nanophotonic scintillators for x- and γ-ray detection

Our approach highlights the common physical origin of
ICL (from free electrons) and scintillation from x- and γ-
rays. In a broader context scintillators are used for appli-
cations across medical imaging, non-destructive testing, and
night vision technologies.46 This analogy holds especially for
low-energy x-rays whose penetration depths are comparable
to electrons in SEM and TEM.

The possibility of nanophotonic scintillation enhancement
for x- and γ-ray application was recently revived by the
availability of large-scale deposition and patterning tech-
niques compatible with state-of-the-art scintillators in x-ray
and nuclear imaging. Early work demonstrated enhanced
light extraction provided by a PhC coating atop a bulk
scintillator259,269–274 (see Fig. 7(i)). It was then realized that
x-ray scintillation could be enhanced via local photonic den-
sity of state enhancement in multi-layered structure, a conve-
nient platform to also shape the scintillation angular emission
profile.62 Taking a step forward, a general framework for scin-
tillation in nanophotonics was proposed,25 with experimental
demonstrations of both enhancement mechanisms in two dis-
tinct platforms (ICL and x-ray scintillation). The perspective
of using such nanophotonic scintillators for x-ray imaging was
demonstrated in the same work (see Fig. 7(j,k)).

IV. FUTURE PERSPECTIVES

In this section, we outline several research directions,
which we believe will significantly flourish in the next few
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FIG. 7. From shaping incoherent cathodoluminescence (ICL) to nanophotonic scintillators. (a) Nearly monochromatic cathodolumi-
nescence can be observed from monolayers of chalcogenide semiconductor in a van der Waals heterostructure when it is sandwiched between
layers of boron nitride with a higher energy gap. Reproduced with permission from Ref.258. (b) Photograph of a prototype far-ultraviolet
plane-emission device in operation. Reproduced with permission from Ref.111 (c) Output spectra show a dominant peak at 225 nm. This
broad far-ultraviolet band is a result of superposition of excitonic bands from 215 to 227 nm. The weak tail from 250 to 400 nm is a result of
impurities and defect states. Reproduced with permission from Ref.111. (d) ICL signal from self-trapped holes defect in silicon-on-insulator
wafer for various PhCs and thin film geometries. Inset shows SEM image of PhC with etch depth 35 nm (scale bar 200 nm). Reproduced
with permission from Ref.25. (e) Angular distribution from a multilayer scintillator. Reproduced with permission from Ref.62. (f) Angular
distribution from bulk scintillator. Reproduced with permission from Ref.62. (g) Schematic of PhC scintillators for x-ray applications. (h)
Measured scintillation angular distribution from scintillators with dielectric antireflection coatings. Inset: scanning electron micrograph of
sample P6 (scale bar 100 nm). Samples "P2" and "P6" refer to two different designs of antireflection coatings on scintillators. Reproduced
with permission from Ref.259. (i) X-ray scan of a TEM grid glued to tape using a PhC scintillator on YAG:Ce. The yellow bright area corre-
sponds to the PhC pattern. Reproduced with permission from Ref.25. (j) Flat-field corrected image from (i). Reproduced with permission from
Ref.25.



20

years. In particular, we highlight the use of nanophotonics in
enabling these novel applications of (quantum) electron-light
interactions.

A. Quantum effects

Much of the content of this Review can be understood in
purely classical terms: in terms of solutions to the classi-
cal Maxwell’s wave equation in a dielectric medium, with a
source J(r,ω) (a moving electron). Even in the case of ICL
(scintillation), the radiation may be understood in terms of ra-
diation from classically non-deterministic current sources, al-
though the correlations of the current sources may be dictated
by the quantum statistics of the radiating currents (e.g., Bose-
Einstein or Fermi-Dirac statistics). Nowadays, there is a great
deal of effort in theoretically predicting, as well as experimen-
tally isolating, genuinely quantum mechanical effects in free-
electron radiation, which may not be described in terms of the
classical wave equation with a source. In this section, we give
a brief outline of the different types of quantum effects that
can emerge in free-electron radiation. For more discussion of
such effects (with different emphasis), we refer the reader to
Ref.55,59.

1. Recoil effects

As discussed in section II, much of the spectral and angu-
lar properties of coherent cathodoluminescence may be un-
derstood from the phase-matching relation Eq. (1). This
phase-matching, while naturally following from the classi-
cal Maxwell’s equations, can also be understood in quan-
tum mechanical terms. Taking the emitted photon to have
a four-momentum k = h̄(ω,k) and the electron to have its
own (initial (i) / final ( f )) four-momentum pi, f = (Ei, f ,pi, f ),
with E the electron energy and p the electron momentum -
one finds that the phase-matching condition is nothing other
than an approximate solution to the energy-momentum con-
servation condition pi = p f +k: under the approximation that
the electron energy and momentum change only weakly due
to the emission. For almost all cases in electron-photon in-
teractions in nanophotonics, this approximation is very ac-
curate, since the typical energy of the photon (≈1 eV), is
quite small compared to that of the electron (in excess of
≈1 keV). The main regimes in which the recoil approxima-
tion may break down are: low electron energies,143,153,278 high
photon energies,275,276,279 and near velocity thresholds57 (be-
tween which the emission is kinematically forbidden or al-
lowed). All three of these regimes have been subject of the-
oretical investigation: as of this writing, clear quantum recoil
effects in coherent CL have not been observed (for SPR, the
region where such quantum effects should arise is shown in
Fig. 4).

2. Quantum interference and waveshaping effects

Another way by which quantum effects can alter light emis-
sion by electrons is through electron waveshaping. One might
imagine that controlling the wavefunction of the emitting elec-
tron will control the emitted radiation in much the same way
that controlling the shape of the current density in Maxwell’s
equations controls the radiation. The situation in quantum me-
chanics is more subtle, as the wavefunction of the electron
does not represent a smeared out charge density. If it did,
one could imagine that simply expanding or compressing the
electron wavefunction transverse to its motion would change
its radiation (e.g., by Cherenkov or Smith-Purcell emission):
tunable transverse coherent size has shown that the intensity
does not depend on the electron wavefunction.182 In fact, the
transverse size had no influence on the emitted radiation, as
first predicted for CR.57 Despite this, the shape of the electron
wavefunction can alter the radiation, under specific circum-
stances: namely, if the emitted photon has enough symmetries
broken. For example, in a recent experiment involving EELS,
it was found that the electron energy-loss spectrum could be
modified by shaping the electron wavefunction to have its
symmetry be compatible with different localized (plasmonic)
modes of a structure.184 Namely, the electron could lose en-
ergy primarily through a dipolar mode of the structure (of one
energy) when the electron wavefunction had a certain symme-
try, and lose energy primarily through a quadrupolar mode (of
a different energy) when the electron had a different symme-
try. This shows the influence of the electron wavefunction on
plasmon emission.

The key constraint that enables the dependence on the
wavefunction is that the measurement system performs post-
selection on the electron (by conditioning the measurement
on the electron state). Without electron post-selection, the
radiation intensity is independent on the electron wavefunc-
tion.55–57 Unlike with the radiation intensity, other properties
of the radiation such as coherence can be modified by shaping
the electron wavefunction. This was first predicted in Ref.52,
showing that the pulse duration of CR depends on the electron
wavefunction. Building on this concept, electron wavefunc-
tion shaping was proposed as a method to control the quantum
states of free-electron radiation.53,280

Recent theoretical work has also shown how the emis-
sion of high-energy photons such as x-rays can be controlled
through quantum interference effects.54 In that work, it was
shown how quantum interference of amplitudes could lead to
strong control over phenomena such as bremsstrahlung radia-
tion, where an electron emits radiation after scattering off of
an external (Coulomb) potential. In particular, two different
initial electron states can scatter into the same final electron
and emitted photon states, leading to quantum interference.
Such interference can only occur when the external potential
breaks sufficient symmetries to enable both transitions to con-
serve energy and momentum simultaneously. Beyond this, the
effect of the electron wavefunction on the entanglement struc-
ture of the emitted radiation has been explored theoretically
in other examples of coherent CL (e.g., CR).57 Ref.58 also
showed the existence of phase correlations between the emit-
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Multiphoton processes Probing nanophotonics with ultrafast free electrons

Controlling electron beams with nanophotonics

FIG. 8. Quantum and ultrafast free-electron-light interactions. (a) Electron energy loss spectra (EELS) of carbon nanotubes irradiated
with an intense fs laser pulse at two different delay times. The energy spectrum at coincidence of the two pulses (t = 0 fs) displays the zero-loss
peak (ZLP) and multiple quanta of photon absorption/emission. Reproduced with permission from Ref.125. (b) Electron energy loss spectrum
for a perfectly phase-matched interaction between a free-electron and a photonic near field along a prism. Reproduced with permission from
Ref.117. (c) Experimental (dots) and simulated (solid curve) probabilities of the electron–cavity-photon interaction as a function of delay time,
enabling the measurement of photonic Q-factors. Reproduced with permission from Ref.23. (d) Band structure measured by scanning over
incident laser angles and wavelengths. Each data point in the map is a separate EELS measurement of the electron–light interaction at zero
delay time. Reproduced with permission from Ref.23. (e) Probing multiple nanophotonic resonances with EELS and a chirped pulse. The
colour maps present the relevant azimuthal component of the electric field. Reproduced with permission from Ref.22. (f) Rendering of the
experimental setup to achieve continuous-wave modulation of an electron beam. Inset: magnified interaction region with the electron beam
passing a microresonator. CW, continuous wave; PD, photodiode. Reproduced with permission from Ref.130. (g) Left: during interaction
with the laser-driven cavity mode, the initially narrow electron spectrum (black) develops discrete sidebands at integer multiples of the photon
energy (red). Right: in a cavity quantum electrodynamics depiction, the cavity photons induce transitions between the free-electron energy
ladder states. Reproduced with permission from Ref.130. (h) CW modulation of electron wave functions in transmission electron microscopy.
Reproduced with permission from Ref.129. (i) Highly efficient electron-light interaction facilitated by an inverse-designed silicon-photonic
nanostructure (scanning electron microscope image), consisting of a Bragg mirror and a periodic channel that achieves quasi-phase-matching
of electron and quantum light. Reproduced with permission from Ref.129. (j) The electron energy spectrum after the interaction with two types
of light states: coherent and thermal. Reproduced with permission from Ref.129. (k) The corresponding photon statistics reconstructed from
the measured spectra. Reproduced with permission from Ref.129.
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FIG. 9. Future prospects in free-electron radiation. (a) Schematic
illustrating a beam of electrons travelling in the near field of a
nanophotonic structure. The vacuum fields lead to random modu-
lations of the trajectory with a non-zero variance, resulting in signif-
icant x-ray emission. Reproduced with permission from Ref.275. (b)
Compton scattering with graphene plasmons: free electrons (dotted
white lines) interact with the graphene plasmon field (glowing red
and blue bars) to produce short-wavelength output radiation. Repro-
duced with permission from Ref.276. (c) Detected power vs. electron
beam current in an experiment demonstrating superradiant SPR in
the 300-900 µm range. Reproduced with permission from Ref.114.
(d) Proposal for free-electron lasing in nanophotonic structures. Un-
bunched electron beam interacting with a high-Q photonic mode can
self-bunch. The use of an optional pump can enable the observa-
tion of stimulated emission from free electrons. (e) TR between two
PhCs, resulting in the excitation of edge and bulk modes. Repro-
duced with permission from Ref.277. (f) Spatially-resolved cathodo-
luminescence spectroscopy of topological modes in a hexagonal pho-
tonic lattice of silicon Mie resonators. Reproduced with permission
from Ref.214. (g) Fully-integrated on-chip Smith-Purcell silicon radi-
ator, consisting of a silicon field emitter array and a silicon nanograt-
ing. Reproduced with permission from Ref.98. (h) Planar molyb-
denum electron emitter used for on-chip Cherenkov emission from
hyperbolic metamaterials. Reproduced with permission from Ref.17.

ted CL field and the electron-modulating laser in the quantum-
optical regime.

3. High-order effects in quantum electrodynamics

A third class of important effects, which are now a rich and
vibrant field on their own, is related to strong-field interac-
tions, in which an electron can interact with a strong exter-
nal field, leading to absorption or stimulated versions of co-
herent CL (see Fig. 8). For the types of fields that are now
typical in such experiments, an electron can emit and absorb
multiple (even hundreds) of quanta from the external field,
leading to a large number of quantized peaks in the electron
energy loss/gain spectrum of the post-interaction electron.117

Since the first observations of this effect in 2009,125 which
forms the basis for PINEM, this effect has been observed
and extended in many guises and has been exploited for
imaging electromagnetic fields in materials with high spatial
(nanometer) resolution and high temporal (sub-picosecond)
resolution.23,117–120,122,126,128,183,184 Of particular note is that
the electron energy spectrum after the interaction is sensitive
to the quantum statistics of the field,281 as recently demon-
strated in Ref.129 to distinguish between thermal and coherent
light. Such effects form the basis for the extension of quan-
tum optics to free electrons. High-order processes have also
been proposed in CR from heavy ions, resulting in modified
emission angles and suppression of radiation pathways close
to the threshold.138 More recently, quantum regimes of inter-
actions between free electrons and photons were observed at
much lower energies in a SEM.282

B. Ultrashort-wavelength emitters

Free electrons are ideal platforms to generate high-energy
radiation, since they carry large kinetic energies (in the keV
to MeV range in most electron microscopes) that can be con-
verted into electromagnetic radiation. Among the effects we
have discussed in this Review, SPR displays the most evident
wavelength tunability, via the incident electron velocity and
the structure periodicity. In Fig. 4, we highlighted recent work
towards SPR from low-energy (sub-keV) electrons and short-
wavelength photons. Specifically, there has been excitement
around achieving tunable SPR in the UV.283 There has been
renewed interest in using SPR to generate UV light, with re-
cent experimental demonstrations down to a wavelength of
230 nm. The perspective of generating UV light with SPR
is especially promising for sanitization applications.284

Generation of much shorter wavelength radiation has been
reported in crystals, whose structure is naturally "modulated"
at ångström scales. Recently, such effects found renewed in-
terest in van der Waals heterostructures pumped by free elec-
trons emitting soft x-ray light,21 with enhanced functional-
ity demonstrated in Ref.285. The ability to control coher-
ent CL with engineered nanostructures is especially exciting
for short-wavelength radiation generation, given the unavail-
ability of efficient focusing optics in this wavelength range.
Therefore, the ability to concentrate coherent CL has received
specific attention recently, with proposals in the near-UV105

and x-ray regime.150,286

Pumping of wide-bandgap materials with free electrons is



23

another way to generate bright UV light. In particular, hexag-
onal boron nitride was proposed as a bright UV emitter, ex-
hibiting lasing behavior,113 and the possibility of being inte-
grated in compact devices.111 The existence of a large cata-
logue of wide-bandgap semiconductors,287 in addition to the
availability of nanophotonic enhancement and shaping,25 and
the theoretical possibility of large conversion efficiencies,69

makes UV ICL a particularly promising research direction.
Other avenues, such as scattering of electrons with

graphene SPPs276,279,288 (see Fig. 9(a)) and virtual vacuum
photons275 (see Fig. 9(b)) have been proposed to generate
table-top x-ray sources pumped by free electrons.

C. Nanophotonic dielectric laser accelerators

The time-reversal process of free-electron emission gener-
ation is particle acceleration. Similarly, nanophotonic devel-
opment leads to new designs, device miniaturization, and per-
formance improvement in particle accelerators.289–293

A channel for electron propagation usually has to be de-
fined for accelerators; this limits the current applied to the de-
vice. To address this issue, a multi-channel accelerator struc-
ture was proposed,294 which naturally transforms the seminal
dual-grating accelerating structure into PhCs, thus allowing
device designs via 2D and 3D band structure engineering. The
use of photonic flatband proposed for enhancing SPR104 can
be used in reverse to aid in optical localization and enhance-
ment of electron acceleration without the need for electron
channels, thus allowing more electrons to interact with accel-
erator devices.

Experimentally, an inverse-designed (see section below),
waveguide-integrated, microscale dielectric laser accelerator
was fabricated and tested, showing acceleration gradients
around 30 MeV/m in a recent demonstration.20 Meanwhile,
electron phase space control was realized via introducing
phase discontinuity (similar to a lattice dislocation) in a high-
aspect-ratio, silicon-based, integrated structure,293 indicating
the possibility for particle acceleration of confined beams to
the MeV range with minimal particle loss over extended dis-
tances. Quantized peaks in electron energy spectra have also
been observed in dielectric laser accelerators, revealing the
quantum nature of such devices.60

D. Inverse-designed free-electron radiators and accelerators

Computational inverse design has now penetrated every
single field of nanophotonics.295,296 Free-electron radiation
will be no exception. In general, inverse design enables the
automatic discovery of nanophotonics structures that are lo-
cally optimal for a pre-defined objective function. Among
the various inverse-design techniques available, topology op-
timization is one of the most popular, given the many degrees
of freedom it can investigate, while remaining computation-
ally tractable, thanks to efficient gradient calculation meth-
ods (such as the adjoint method295 and automatic differenti-
ation techniques297). Topology optimization enables the in-

verse design "pixel by pixel" of various nanophotonic compo-
nents, such as metasurfaces,298 multiplexers,299 and nonlinear
frequency converters,300 while taking into account fabrication
constraints.301

Topology optimization has recently been utilized to dis-
cover optimal nanophotonic structures as free-electron
radiators, nanophotonic scintillators,25 radiators and
accelerators.20,302 Several features of free-electron radi-
ation make it amenable to inverse design. First, electron-light
interaction lends itself to closed-form expressions describing
radiation and acceleration processes (such as the total emitted
power in a range of angles, frequencies, and polarizations;
or the particle acceleration gradient). Those expressions
are enabled by the modeling of electron-light interactions
mediated by the current sources from Eqs. (2, 4). Second,
numerical methods are available in the time- and frequency-
domains to calculate those expressions and their respec-
tive gradients efficiently, either via the adjoint method,
or via automatic differentiation algorithms. This enables
the implementation of efficient gradient-based discovery
of complex nanophotonic structures interacting efficiently
with free electrons. We also expect that recent efforts in
inverse design for free-electron physics will bolster interest
in fully-differentiable multi-physics pipelines, integrating
electron trajectories and energy loss, microscopic dynamics,
and nanophotonics.25

E. Free-electron lasing in nanophotonic structures and other
exotic effects

As discussed earlier in this Review, the various coherent
mechanisms by which a free electron can emit light (e.g.,
CR, SPR, TR) can be thought of as elementary processes of
spontaneous emission in which an electron transitions to a
state of lower kinetic energy while emitting a quantized mode
of Maxwell’s equations (a photonic quasiparticle59), whose
properties (e.g., energy, momentum, polarization, and other
quantum numbers) strongly control the observed properties
of the emission. From this “quantum” perspective of free-
electron radiation, the general principles of quantum mechan-
ics determine that an electron should be able to absorb pho-
tonic quasiparticles (leading to inverse processes, such as in-
verse CR303) and also stimulatedly emit photonic quasiparti-
cles - leading to amplification and lasing phenomena.304

Although we have used quantum arguments to infer the pos-
sibility of stimulated emission and free-electron lasing, much
of the known phenomena can be described classically. In fact,
the "stimulated emission" of light by a beam of classical elec-
trons simply corresponds to net deceleration of a beam of elec-
trons in an applied electromagnetic field: by energy conserva-
tion, the lost energy of the electrons goes into the field (into
photons). Meanwhile, "absorption" of photons by the elec-
trons corresponds to net acceleration.

Net stimulated emission by a beam of electrons forms the
basis for a number of developed and developing technolo-
gies. In the microwave domain, these effects form the basis
for established high-power microwave sources such as travel-
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ing wave tubes and klystrons used in space communication
systems.305,306 In traveling wave tubes and klystrons, such
“lasing” is largely based on SPR. In the x-ray domain, ampli-
fication has also been achieved based on the collective inter-
actions of a dense beam of electrons with a spatially periodic
magnetic field. In such systems, the electrons can amplify
their own spontaneous emission, when the density of the elec-
tron beam is sufficiently high.

As of this writing, free-electron lasing based on coherent
CL in nanophotonic systems is yet to be observed, despite
reported signatures of superradiance at THz frequencies,114

shown in Fig. 9(c). Such observations represent not only a
logical step in the development of compact and integrated free
electron radiation sources, but may also grant some practical
advantages. Compared to CL, the coherence of the lasing field
should be quite high (especially in architectures based on an
optical feedback cavity,39,307 such as a PhC resonance,308,309

as shown in Fig. 9(d)).
Lastly, other unconventional effects in free-electron ra-

diation, such as backward CR, remain unobserved as of
this writing. Originally predicted in left-handed materi-
als,6,109,228,310,311 and then in PhCs,6 this effect has not been
observed yet with free electrons (despite observations using
free-electron analogues229). The observation of this effect in
nanophotonics with free electrons could open a way to novel
high-energy particle detector designs.

F. Topological effects in free-electron radiation

Topological photonics312,313 has undergone rapid develop-
ment over the past decade. So far, optical excitations have
been mostly employed for these studies. In previous sections,
we have shown that photonic topological features, such as
BICs19,314 and flatbands,104 can be used for boosting radiation
generation from free electrons. In the following, we outline
other opportunities at the intersection between free-electron
nanophotonics and topological photonics.

Several recent advances show that free electrons can serve
as probes for photonic topology. In Ref.214, the local den-
sity of states and the band structure of a topological PhC
were mapped out via CL techniques, as shown in Fig. 9(f).
In Ref.277, highly relativistic electron beams were used to
excite the domain-wall edge states of a quantum-spin-Hall-
like metamaterial, where localization to the edge was iden-
tified (see Fig. 9(e)). In Ref.315, free electrons were pro-
posed for resolving the optically-driven phase transition of a
graphene-dielectric metamaterial. Besides, it is worth men-
tioning that photonic topological properties can also be poten-
tially adapted, in turn, for diagnosing the location, energy, and
duration of charged particle beams.

Furthermore, free electrons can serve as pumps for photonic
topology. It has been shown that free electron beams can drive
nonreciprocity in metallic waveguides, therefore giving rise to
unidirectionally-propagating modes.316 Because the free elec-
tron velocity can be substantially higher than that in solids, the
bandwidth of the resulting unidirectionality could be dramati-
cally increased.

Some of the free-electron analogues mentioned earlier in
this Review could be adequate platforms to demonstrate phys-
ical effects which require hard-to-realize photonic topological
states in the visible regime such as chiral edge states317 and
Weyl points.318

G. Non-equilibrium emission processes with free electrons

The recent development of a general framework to predict
non-equilibrium radiation phenomena such as scintillation (or
ICL) reveals the sensitive dependence of the scintillation spec-
trum on the non-equilibrium distribution of the excited elec-
trons generated by the high-energy electron beam.25 In par-
ticular, the radiated photons can inherit the non-equilibrium
statistical properties of the excited electrons and holes gener-
ated in the scintillation process. Consider an interesting exam-
ple which has yet to be observed in scintillation: when elec-
trons and holes in semiconductors are produced by a high-
energy pump, the electrons and holes quickly relax into a
non-equilibrium quasi-steady state which can be described
by quasi-Fermi levels for the electrons and holes which are
different. In such a case, the radiated photons must (by de-
tailed balance) experience an effective chemical potential dic-
tated by the difference between the electron and hole chem-
ical potentials.70,71 This is of course in complete contrast to
thermal radiation, in which the photons have no chemical po-
tential. More broadly, by controlling the energy of the high-
energy electron pump, different non-equilibrium distributions
of electrons and holes can be conceivably created, shaping the
quantum statistical properties of the radiated photons. The
ability to achieve this would represent a new way to con-
trol the quantum optical properties of photons. Such effects
could be measured through second-order intensity correla-
tion (g(2)) measurements, as applied to ICL,174,212 where it
was shown that for low enough electron-currents, the radia-
tion could show signatures of antibunching, indicating single-
photon emission, or signatures of bunching, indicating super-
Poissonian statistics, depending on the material.

H. Fully integrated on-chip systems

The use of compact nanoscale structures to convert energy
from free electrons into radiation has spurred interest into real-
izing fully on-chip systems. This perspective is enabled by the
realization of on-chip electron emitters, such as field emitter
arrays.101–103,319. Such devices can realize focused electron
beams, in continuous wave or pulsed regimes, with relatively
low kinetic energies (from few tens of keV to few hundreds of
eV).

It was first realized that Smith-Purcell and Cherenkov sys-
tems could be fully integrated on chip97,320–322, thereby en-
abling integrated, tunable light emitters. One of the addi-
tional advantages of fully integrated systems is the ability to
precisely align the electron emitter with nanophotonics struc-
tures, thereby optimizing free-electron emission. One such
device is shown in Fig. 9(g), with a recent design of electron
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emitter shown in Fig. 9(h). Recent work focused on the re-
alization of all-silicon Smith-Purcell emitters98 and on-chip
systems emitting CR from hyperbolic metamaterials.17 The
realization of fully integrated electron accelerator devices has
also been the focus of much research recently.20,50,51,293,323

With the development of vacuum packaging techniques324,
in addition to high-voltage DC-DC converters325 for lab-on-
chip applications, such integrated systems could be realized
in a scalable way and be compatible with CMOS fabrication
processes.

V. CONCLUSION

In conclusion, we have provided an extensive review of the
fundamental physics and applications of free-electron interac-
tions with nanophotonic structures. We first proposed a gen-
eral classical framework to model cathodoluminescence as the
excitation of photonic eigenmodes by the free-electron current
density. This excitation can be coherent, as is the case for all
coherent CL effects, or partially incoherent, as is the case for
ICL and scintillation. This framework enabled us to re-derive
fundamental formula in free-electron physics, and to provide
a unified method to shape and enhance CL. It also enabled
us to derive fundamental bounds on electromagnetic radiation
from free electrons in arbitrary nanophotonic environments.

Those methods have been confirmed and observed thanks
to the development of experimental methods to observe and
characterize light emission from free electrons in nanopho-
tonic structures. Specifically, we reviewed the development
of CL and EELS measurement techniques in SEM and (ul-
trafast) TEM. The several experimental methods we reviewed
have enabled the measurement of all optical properties of in-
terest: spectral, angular, time, spatial, polarization distribu-
tions, and quantum correlations. They can also be comple-
mented by measurement of the electron properties with EELS.

Finally, we shared our enthusiasm for a few avenues in
free-electron radiation enabled by nanophotonics, namely the
emerging fields of ultrafast, topological, and quantum effects
in electron microscopy, the design of ultrashort-wavelength
emitters pumped by free electrons, miniaturized particle ac-
celerators, novel inverse-design techniques applied to free-
electron emitters, and the aspiration to reach stimulated emis-
sion and lasing by free electrons in nanophotonics. While the
realization of some of those effects might still be a few years
ahead of us, we believe that the strong interest from our com-
munity has already demonstrated the potential of nanophoton-
ics in controlling and enhancing CL. Future developments in
the field might unlock some of the most promising prospects
in free-electron physics, such as the realization of widely tun-
able integrated light sources from x-rays to mm-wave, particle
accelerators, and high-energy particle detectors. They should
find direct applications across particle detection and accelera-
tion, electron microscopy, dosimetry, water sanitization, med-
ical imaging and therapy.
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Appendix A: Appendix: Unified theory of coherent
cathodoluminescence

In this Appendix, we provide more details on the derivation
of emitted power densities for coherent CL. We then re-derive
emblematic formulas of the field for CR, TR, and excitation
of SPPs.

We derive our theory in the context of classical electrody-
namics, with the analogy of a moving free electron as a time-
dependent current source. We consider the case of a moving
electron of charge q propagating along the linear trajectory
defined by the speed vector v = vr̂‖, which is described by the
current distribution of Eqs. (2, 3).

This expression of the current in Fourier domain already
highlights the existence of preferred field wavevectors to
which the electron beam will couple to, which is the essence
of the phase-matching condition shown in Eq. (1). The
nanophotonic environment is described by the Green’s func-
tion expansion shown in Eq. (5).

The total energy radiated by a dipole can be calculated as
an integral in frequency domain:137

U =− 1
π

Re
(∫

dω

∫
dr J∗(r,ω)E(r,ω)

)
. (A1)

We then get the master equation shown in Eq. (6), which
describes all coherent CL effects considered in this Review.
In the next sections, we provide more details on its application
the cases of CR, TR, and excitation of SPPs.
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1. Cherenkov radiation

CR in its simplest embodiment occurs in a homogeneous
dielectric environment and consists in the spontaneous emis-
sion of plane waves by a charged particle (see Fig. 3(a)). Its
description entails eigenmodes as plane waves of the form
Fk(r,ω) = eik·r

√
V ε̃

ε̂k, in a uniform medium of refractive in-

dex n =
√

ε with polarization vector ε̂k orthogonal to k, and
ε̃ = (2ωk)

−1 d
dω

(ω2ε(ω))|ω=ωk . The dispersion relation is
ωk = c|k|/n. We also make the following adjustment ∑m →∫

V dk
(2π)3 . Injecting this expression into Eq. (6), we get the

Frank-Tamm formula80 for the spectral density per unit prop-
agation length:

dU
dωdl

=
µ0q2

4π
ω sin2

θ Θ(βn−1), (A2)

with Θ the Heaviside function (Θ(x) = 1 if x > 0, otherwise
Θ(x) = 0). Here, the Cherenkov angle is defined such as
cosθ = (βn)−1. The Heaviside function defines the well-
known Cherenkov threshold βn > 1, which is equivalent to
satisfying the phase-matching condition from Eq. (1) in a bulk
medium.

2. Transition radiation

To describe transition radiation within the same framework,
we consider the simplified case of a charge impinging at nor-
mal incidence on a perfect conductor (see Fig. 3(c)). We resort
to the introduction of an image charge with opposite charge
and velocity (−q,−v). The current distribution J(r,ω) is
modified accordingly and its emission in free space is con-
sidered. The current distribution is given by:

J(r, t) = qv(δ (r−vt)+δ (r+vt)) for t < 0 (A3)
J(r, t) = 0 for t > 0, (A4)

and its Fourier transform

J(r,ω) = qr̂‖δ (r⊥)e
−iωσ(r‖)

r‖
v , (A5)

with σ the sign function. Utilizing the free space mode ex-
pansion as in the case of Cherenkov radiation, we get the
following spectral distribution, first derived by Ginzburg and
Tamm:63

dU
dωdΩ

=
µ0q2β 2c

4π3
sin2

θ

(1−β 2 cos2 θ)2 . (A6)

3. Coherent excitation of SPPs by free electrons

Excitation of SPPs is often considered in tandem with TR,
since it typically occurs at the interface between two media
supporting SPP. This phenomenon is observed even in the ab-
sence of corrugation at the surface because the electron point

nature enables coupling directly to the SPP modes. Our for-
malism captures this effect by considering emission into the
SPP modes rather than free space modes as before.

For simplicity, we consider an electron flying parallel to a
planar interface at r⊥ = 0 (reduced to a 2D problem). We
consider the simplified case of a lossless interface between a
dielectric (relative permittivity ε1 > 0) and a metal (relative
permittivity ε2 < 0). The p-polarized modes take the form (in
the (r‖,r⊥) basis):

F1,k(r) ∝

(
1

−
√
− ε1

ε2

)
e−|k1,⊥|r⊥e−ik‖r‖ (A7)

F2,k(r) ∝

(
1

−
√
−i ε1

ε2

)
e−|k2,⊥|r⊥e−ik‖r‖ . (A8)

And the following dispersion relation:

k2
‖ =

ε1ε2

ε1 + ε2

ω2

c2 , and k2
⊥,i =

ε2
i

ε1 + ε2

ω2

c2 . (A9)

We obtained the following expression for the energy emit-
ted by the free electron per unit length:

dU
dωdl

∝
q2µ0c
2π2

√
−ε2

1
ε1 + ε2

e−2|k⊥|r⊥ , (A10)

with the phase-matching condition:

ω = vk‖ = β

√
ε1ε2

ε1 + ε2
ω, (A11)

which can be solved graphically by finding the intersection of
the SPP’s dispersion and the electron line ω = vk‖. Such an
intersection always exists for the lower branch (corresponding
to the excitation of a SPP).
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jačić, and I. Kaminer, “Controlling Cherenkov angles with resonance tran-
sition radiation,” Nature Physics 2018 14:8 14, 816–821 (2018).

50U. Niedermayer, O. Boine-Frankenheim, and T. Egenolf, “Designing a
Dielectric Laser Accelerator on a Chip,” Journal of Physics: Conference
Series 874 (2017).

51D. S. Black, K. J. Leedle, Y. Miao, U. Niedermayer, R. L. Byer, and

10.1364/OE.15.011313
10.1364/OE.15.011313
10.1103/PhysRevLett.109.217401
10.1103/PhysRevLett.109.217401
10.1103/PhysRevX.7.011003
10.1038/nphoton.2017.45
10.1364/CLEO{_}QELS.2017.FM3H.6
10.1126/SCIENCE.AAY5734/SUPPL{_}FILE/AAY5734{_}S2.MP4
10.1126/SCIENCE.AAY5734/SUPPL{_}FILE/AAY5734{_}S2.MP4
10.1063/5.0054456
10.1126/SCIENCE.ABM9293
10.1103/REVMODPHYS.82.209
10.1103/REVMODPHYS.82.209
10.1515/NANOPH-2020-0263/ASSET/GRAPHIC/J{_}NANOPH-2020-0263{_}FIG{_}005.JPG
10.1515/NANOPH-2020-0263/ASSET/GRAPHIC/J{_}NANOPH-2020-0263{_}FIG{_}005.JPG
10.1016/J.NIMA.2014.07.005
10.1016/J.NIMA.2014.07.005
10.1016/J.NIMA.2014.07.005
10.1103/RevModPhys.88.015006
https://link.springer.com/content/pdf/10.1007/978-3-319-45522-8.pdf
10.1038/nnano.2016.301


28

O. Solgaard, “Laser-Driven Electron Lensing in Silicon Microstructures,”
Physical Review Letters 122, 104801 (2019).

52A. Karnieli, N. Rivera, A. Arie, and I. Kaminer, “The coherence of light
is fundamentally tied to the quantum coherence of the emitting particle,”
Science Advances 7 (2021).

53A. Ben Hayun, O. Reinhardt, J. Nemirovsky, A. Karnieli, N. Rivera, and
I. Kaminer, “Shaping quantum photonic states using free electrons,” Sci-
ence Advances 7, 4270–4280 (2021).

54L. J. Wong, N. Rivera, C. Murdia, T. Christensen, J. D. Joannopoulos,
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“High-order Smith-Purcell radiation in Silicon Nanowires,” in Conference
on Lasers and Electro-Optics (OSA, Washington, D.C., 2017) p. JTh5B.8.

178J. Silver, X. Yan, G. R. Fern, and N. Wilkinson, “Cathodoluminescent
images and spectra of single crystals of Y2O2S:Tb3+ and Gd2O2S:Tb3+
nanometer sized phosphor crystals excited in a field emission scanning
transmission electron microscope,” Journal of Physics: Conference Series
619, 012049 (2015).

179M. Stöger-Pollach, L. Kachtík, B. Miesenberger, and P. Retzl, “Transition
radiation in EELS and cathodoluminescence,” Ultramicroscopy 173, 31–
35 (2017).

180M. Stöger-Pollach, K. Bukvišová, S. Schwarz, M. Kvapil, T. Šamořil, and
M. Horák, “Fundamentals of cathodoluminescence in a STEM: The im-
pact of sample geometry and electron beam energy on light emission of
semiconductors,” Ultramicroscopy 200, 111–124 (2019).

181M. Stöger-Pollach, C. F. Pichler, T. Dan, G. A. Zickler, K. Bukvišová,
O. Eibl, and F. Brandstätter, “Coherent light emission in cathodolumines-
cence when using GaAs in a scanning (transmission) electron microscope,”
Ultramicroscopy 224, 113260 (2021).

182R. Remez, A. Karnieli, S. Trajtenberg-Mills, N. Shapira, I. Kaminer,
Y. Lereah, and A. Arie, “Observing the Quantum Wave Nature of Free
Electrons through Spontaneous Emission,” Physical Review Letters 123,
060401 (2019).

183L. Piazza, T. T. Lummen, E. Quiñonez, Y. Murooka, B. W. Reed, B. Bar-
wick, and F. Carbone, “Simultaneous observation of the quantization and
the interference pattern of a plasmonic near-field,” Nature Communica-
tions 6, 1–7 (2015).

184G. M. Vanacore, I. Madan, G. Berruto, K. Wang, E. Pomarico, R. J.
Lamb, D. McGrouther, I. Kaminer, B. Barwick, F. J. G. de Abajo, and
F. Carbone, “From attosecond to zeptosecond coherent control of free-
electron wave functions using semi-infinite light fields,” Preprint available
at arXiv:1712.08441v1 (2017).

185J. K. So, K. F. MacDonald, and N. I. Zheludev, “Fiber optic probe of free
electron evanescent fields in the optical frequency range,” Applied Physics
Letters 104, 201101 (2014).

186J.-K. So, F. J. García de Abajo, K. F. MacDonald, and N. I. Zheludev,
“Amplification of the Evanescent Field of Free Electrons,” ACS Photonics
2, 1236–1240 (2015).

187A. I. Denisyuk, G. Adamo, K. F. MacDonald, J. Edgar, M. D. Arnold,
V. Myroshnychenko, M. J. Ford, F. J. García De Abajo, and N. I. Zheludev,
“Transmitting hertzian optical nanoantenna with free-electron feed,” Nano
Letters 10 (2010).

188J. Schefold, S. Meuret, N. Schilder, T. Coenen, H. Agrawal, E. C. Garnett,

10.1051/jphys:01983004408091300
10.1103/PhysRev.103.1055
http://www.jetp.ras.ru/cgi-bin/dn/e_021_05_0834.pdf
10.1063/5.0060552
10.1063/5.0060552
10.1002/ADVS.202100925
10.1002/ADVS.202100925
10.1063/5.0041809
10.1063/5.0041809
10.1103/PhysRevB.6.2985
10.1103/PhysRevX.7.011003
https://ui.adsabs.harvard.edu/abs/1984MoIzN....R....G/abstract
https://ui.adsabs.harvard.edu/abs/1984MoIzN....R....G/abstract
http://www.jetp.ras.ru/cgi-bin/dn/e_010_04_0787.pdf
http://www.jetp.ras.ru/cgi-bin/dn/e_010_04_0787.pdf
10.1103/PhysRevA.59.3673
10.1103/PhysRevE.63.016613
10.1021/NN405367E/SUPPL{_}FILE/NN405367E{_}SI{_}001.PDF
10.1364/oe.22.019252
10.1364/oe.22.019252
10.1126/SCIADV.1601192/SUPPL{_}FILE/1601192{_}SM.PDF
https://arxiv.org/abs/2109.05667v1
https://arxiv.org/abs/2109.05667v1
10.1364/oe.24.003329
10.1364/oe.24.003329
10.1103/PhysRevApplied.14.014007
10.1364/OE.27.035189
10.1103/PhysRevX.9.011043
10.1103/PhysRevX.9.011043
10.1021/acsphotonics.1c01442
10.1021/ACSPHOTONICS.5B00596
https://arxiv.org/abs/2112.03034v1
https://arxiv.org/abs/2112.03034v1
10.1016/J.ULTRAMIC.2018.11.006
10.1016/J.ULTRAMIC.2016.11.020
10.1016/J.ULTRAMIC.2016.11.020
10.1016/J.ULTRAMIC.2019.03.001
10.1016/J.ULTRAMIC.2021.113260
https://arxiv.org/pdf/1712.08441.pdf http://arxiv.org/abs/1712.08441
https://arxiv.org/pdf/1712.08441.pdf http://arxiv.org/abs/1712.08441
10.1063/1.4876395
10.1063/1.4876395
10.1021/acsphotonics.5b00130
10.1021/acsphotonics.5b00130


31

and A. Polman, “Spatial Resolution of Coherent Cathodoluminescence
Super-Resolution Microscopy,” ACS Photonics 6, 1067–1072 (2019).

189T. Han, S. Zu, Z. Li, M. Jiang, X. Zhu, and Z. Fang, “Reveal and Control
of Chiral Cathodoluminescence at Subnanoscale,” Nano Letters 18, 567–
572 (2018).

190S. J. Bauman, Q. Yan, M. Benamara, and J. B. Herzog, “Plasmonic
nanogap structures studied via cathodoluminescence imaging,” in Pro-
ceedings Volume 10346, Plasmonics: Design, Materials, Fabrication,
Characterization, and Applications XV; SPIE Nanoscience + Engineering
(SPIE-Intl Soc Optical Eng, 2017) p. 6.

191A. C. Liu, J. Lloyd, T. Coenen, and D. E. Gómez, “Mapping Local Surface
Plasmon Modes in a Nanoplasmonic Trimer Using Cathodoluminescence
in the Scanning Electron Microscope,” Microscopy and Microanalysis 26,
808–813 (2020).

192R. Ron, M. S. Zielinski, and A. Salomon, “Cathodoluminescence
Nanoscopy of 3D Plasmonic Networks,” Nano Letters 20, 8205–8211
(2020).

193V. Myroshnychenko, J. Nelayah, G. Adamo, N. Geuquet, J. Rodríguez-
Fernández, I. Pastoriza-Santos, K. F. MacDonald, L. Henrard, L. M. Liz-
Marzán, N. I. Zheludev, M. Kociak, and F. J. García De Abajo, “Plasmon
spectroscopy and imaging of individual gold nanodecahedra: A combined
optical microscopy, cathodoluminescence, and electron energy-loss spec-
troscopy study,” Nano Letters 12 (2012).

194J. Krehl, G. Guzzinati, J. Schultz, P. Potapov, D. Pohl, J. Martin, J. Ver-
beeck, A. Fery, B. Büchner, and A. Lubk, “Spectral field mapping in
plasmonic nanostructures with nanometer resolution,” Nature Communi-
cations 9, 1–6 (2018).

195B. J. Brenny, D. M. Beggs, R. E. Van Der Wel, L. Kuipers, and A. Polman,
“Near-Infrared Spectroscopic Cathodoluminescence Imaging Polarimetry
on Silicon Photonic Crystal Waveguides,” ACS Photonics 3, 2112–2121
(2016).

196N. Talebi, W. Sigle, R. Vogelgesang, M. Esmann, S. F. Becker, C. Lienau,
and P. A. Van Aken, “Excitation of Mesoscopic Plasmonic Tapers by Rel-
ativistic Electrons: Phase Matching versus Eigenmode Resonances,” ACS
Nano 9, 7641–7648 (2015).

197J. Yan, X. Fang, L. Zhang, Y. Bando, U. K. Gautam, B. Dierre,
T. Sekiguchi, and D. Golberg, “Structure and cathodoluminescence of
individual ZnS/ZnO biaxial nanobelt heterostructures,” Nano Letters 8,
2794–2799 (2008).

198A. Prabaswara, D. J. Stowe, B. Janjua, T. K. Ng, D. H. Anjum, P. Longo,
C. Zhao, R. T. Elafandy, X. Li, A. Y. Alyamani, M. M. El-Desouki, and
B. S. Ooi, “Spatially resolved investigation of competing nanocluster emis-
sion in quantum-disks-in-nanowires structure characterized by nanoscale
cathodoluminescence,” Journal of Nanophotonics 11, 026015 (2017).

199D. T. Vu, N. Matthaiakakis, H. Saito, and T. Sannomiya, “Exciton-
dielectric mode coupling in MoS2nanoflakes visualized by cathodolumi-
nescence,” Nanophotonics 11, 2129–2137 (2022).

200P. R. Edwards, R. W. Martin, B. J. Kowalski, A. Pieniek, A. Reszka,
S. Rodt, and S. Reitzenstein, “High-performance deterministic in
situ electron-beam lithography enabled by cathodoluminescence spec-
troscopy,” Nano Express 2, 014007 (2021).

201A. C. Atre, B. J. Brenny, T. Coenen, A. García-Etxarri, A. Polman, and
J. A. Dionne, “Nanoscale optical tomography with cathodoluminescence
spectroscopy,” Nature Nanotechnology 10, 429–436 (2015).

202S. Fiedler, P. E. Stamatopoulou, A. Assadillayev, C. Wolff, H. Sugimoto,
M. Fujii, N. A. Mortensen, S. Raza, and C. Tserkezis, “Disentangling
Cathodoluminescence Spectra in Nanophotonics: Particle Eigenmodes vs
Transition Radiation,” Nano Letters 22, 2320–2327 (2022).

203K. W. Mauser, M. Solà-Garcia, M. Liebtrau, B. Damilano, P. M. Coulon,
S. Vézian, P. A. Shields, S. Meuret, and A. Polman, “Employing Cathodo-
luminescence for Nanothermometry and Thermal Transport Measure-
ments in Semiconductor Nanowires,” ACS Nano 15, 11385–11395 (2021).

204S. Pochon, K. F. MacDonald, R. J. Knize, and N. I. Zheludev, “Phase co-
existence in gallium nanoparticles controlled by electron excitation,” Phys-
ical Review Letters 92 (2004).

205A. I. Denisyuk, F. Jonsson, K. F. MacDonald, N. I. Zheludev, and F. J.
García De Abajo, “Luminescence readout of nanoparticle phase state,” Ap-
plied Physics Letters 92 (2008).

206T. Liu, J. Y. Ou, E. Plum, K. F. MacDonald, and N. I. Zheludev, “Visu-
alization of Subatomic Movements in Nanostructures,” Nano Letters 21,

7746–7752 (2021).
207N. J. Schilder, H. Agrawal, E. C. Garnett, and A. Polman, “Phase-

Resolved Surface Plasmon Scattering Probed by Cathodoluminescence
Holography,” ACS Photonics 7, 1476–1482 (2020).
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wards graphene plasmon-based free-electron infrared to X-ray sources,”
Nature Photonics 10, 46–52 (2015).

277Y. Yu, K. Lai, J. Shao, J. Power, M. Conde, W. Liu, S. Doran, C. Jing,
E. Wisniewski, and G. Shvets, “Transition Radiation in Photonic Topolog-
ical Crystals: Quasiresonant Excitation of Robust Edge States by a Moving
Charge,” Physical Review Letters 123, 057402 (2019).

278N. Talebi, “Schrödinger electrons interacting with optical gratings: quan-
tum mechanical study of the inverse Smith–Purcell effect,” New Journal
of Physics 18, 123006 (2016).

279G. Rosolen, L. J. Wong, N. Rivera, B. Maes, M. Soljačić, and I. Kaminer,
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