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Free-Electron Radiation Engineering via Structured Environments
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Abstract—TFree-electron radiation results from the interaction between swift electrons and the local
electromagnetic environment. Recent advances in material technologies provide powerful tools to
control light emission from free electrons and may facilitate many intriguing applications of free-
electron radiation in particle detections, lasers, quantum information processing, etc. Here, we
provide a brief overview on the recent theoretical developments and experimental observations of
spontaneous free-electron radiation in various structured environments, including two-dimensional
materials, metasurfaces, metamaterials, and photonic crystals. We also report the research progresses
on the stimulated free-electron radiation that results from the interaction between free electrons and
photonic quasi-particles induced by the external field. Moreover, we provide an outlook of potential
research directions for this vigorous realm of free-electron radiation.

1. INTRODUCTION

Free-electron radiation refers to the physical process that moving charged particles (e.g., free electrons)
emit light into the surrounding environment. One prototypical free-electron radiation is Cherenkov
radiation, which was experimentally observed by Cherenkov in 1934 [1] and later theoretically explained
by Tamm and Frank in Refs. [1,2]. According to their theory, the uniformly moving charged particle
can produce Cherenkov radiation when the particle velocity exceeds a threshold velocity, i.e., the phase
velocity of light in the surrounding medium. Cherenkov radiation is of key importance in the community
of particle physics and photonics owing to its unique features such as high emission directionality,
continuous spectrum, etc. As a concrete example, Cherenkov radiation has indispensable applications
in high-energy particle detection [3-5], because of the strong dependence of Cherenkov emission angle
on the particle velocity.

Subsequent theoretical and experimental developments have revealed that emission behaviors (e.g.,
threshold velocity, emission angle, polarization, and intensity) of free electrons can be tailored. First of
all, emission behaviors of free electrons highly depend on the particle trajectory. For instance, when the
free electron moves in a circular trajectory, the electron emits harmonics of its cyclotron frequency. Such
a radiation phenomenon is known as synchrotron radiation (for relativistic particle velocity) or cyclotron
radiation (for nonrelativistic particle velocity) [6]. More importantly, the surrounding environment also
strongly influences emission behaviors, leading to many fundamentally new classifications of free-electron
radiation, including transition radiation, Smith-Purcell radiation, and bremsstrahlung radiation. To be
specific, transition radiation refers to the scattering radiation when a charged particle passes through
a spatial (or temporal) boundary of two different media [7,8]; Smith-Purcell radiation corresponds
to the diffraction radiation when a free electron moves close to a periodic grating [9]; Bremsstralung
radiation is the braking radiation when the swift charged particle is decelerated [10]. Enabled by their

Received 13 August 2021, Accepted 13 September 2021, Scheduled 20 September 2021
* Corresponding author: Yu Luo (luoyu@ntu.edu.sg).
1 School of Electrical and Electronic Engineering, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798,
Singapore. 2 Interdisciplinary Center for Quantum Information, State Key Laboratory of Modern Optical Instrumentation, College
of Information Science and Electronic Engineering, Zhejiang University, Hangzhou 310027, China. 3 International Joint Innovation
Center, ZJU-UIUC Institute, Zhejiang University, Haining 314400, China.



76 Hu, Lin, and Luo

tailorable emission properties, free-electron radiations find broad applications in the field of particle
physics, integrated photonics, microscopy, medical imaging and therapy, etc.

On the other hand, structured environments have gained increasing attentions thanks to the
development of modern material technologies.  Such structured environments include but not
limited to two-dimensional materials, metasurfaces, metamaterials, and photonic crystals. Two-
dimensional materials are substances with a thickness down to atomic scale [11]. Electrons/phonons
in these materials are free to move in a two-dimensional plane, leading to the formation of
surface plasmon/phonon polaritons. Highly confined surface modes in two-dimensional materials
have important applications in nanoscale manipulation of electromagnetic waves. Metamaterials
consists of a densely arranged array of optical scatters in the subwavelength scale [12]. As a key
advantage, the effective macroscopic parameters of metamaterials can go beyond those of natural
existing materials. The prominent examples of metamaterials include negative-index, zero-index and
hyperbolic metamaterials. The continuously emerging metamaterials provide new paradigms for the
photon manipulation. Photonic crystals (i.e., photonic analogues of atomic lattices) are made of
periodically arranged optical scatters with their lattice constant comparable to the wavelength [13].
Intriguingly, photonic crystals can reflect and trap light in a designed way that is prohibited for their
constituents. Recent advances reveal the existence of topological phases in photonic crystals, and many
photonic topological insulators have been discovered, including photonic Chern insulators, photonic
Weyl semimetals, etc. [14]. These findings pave the way to novel photonic applications that are robust
against external perturbations.

The wide variety of structured materials provides powerful tools to control emission behaviors
of free-electron radiation that leads to many significant findings [15-23]. Simply within the topic of
Cherenkov radiation, the relevant studies have continuously demonstrated new phenomena include non-
divergent [24], threshold-free [25] and reversed Cherenkov radiation [26]. In addition, recent theoretical
and experiment work have shown the important role of quantum nature on free-electron radiation in
structured environments while these quantum effects are conventionally negligible in natural existing
materials [27]. Such a quantum interaction is even more significant in the presence of external fields,
giving birth to the important applications such as the photon-induced near-field electron microscopy [28].
The engineered free-electron radiation in structured environments thus shows a promising future for the
next generation of particle detectors, free-electron lasers, particle accelerators, electron microscope, etc.

2. SYSTEMS FOR FREE-ELECTRON RADIATION ENGINEERING

2.1. Two-Dimensional Materials

The community of nanophotonics has drawn significant research attention on two-dimensional materials
in past few years owing to their ability to control the light-mater interaction in a squeezed dimension [29].
The highly desired free-electron radiation source at the nanoscale naturally motivates the study of free-
electron radiation in the platform of two-dimensional materials.

One prominent example of two-dimensional materials is graphene that supports surface plasmon
polaritons resulting from the oscillation between light and electrons in materials [30-33]. Compared to
other plasmonic materials such as noble metals, graphene has shown so many intriguing properties to
manipulate free-electron radiation [34]: first, the high degree of confinement and low level of loss in the
terahertz to mid-infrared frequency range makes graphene a potential platform for achieving on-demand
free-electron radiation sources; second, the extremely small phase velocity of graphene plasmon (down
to 1/300 of light speed in the vacuum) relaxes the condition of free-electron radiation by significantly
lowering down the threshold velocity; moreover, the flexible tunability of chemical potential of graphene
can enable novel active optical devices.

These unique features facilitate the research of free-electron radiation in the platform of
graphene [35-39]. A recent theoretical work has revealed the dynamical generation process of
surface plasmons by a free electron perpendicularly penetrating through the graphene as shown in
Figure 1(a) [40,41]. The calculation results have shown that the swift electron dissipates a large part of
energy before the graphene plasmons are excited, and deepens our understanding on the dynamic process
of electron energy loss. Another relevant work bridges the gap between the free-electron radiation and
nonlinear optics in Figure 1(b) [42]. Thanks to the high tunability of graphene plasmons in graphene
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Figure 1. Free-electron radiation in two-dimensional materials. (a) Transition radiation from a
graphene sheet. (b) Nonlinear interaction between the free electron and graphene nano-island. (c)
Cherenkov radiation from hot carriers in the graphene. (d) Compton scattering from the free electron
interacting with graphene plasmons. In (c), (d), the Feynman diagrams are shown in the corresponding
inset.  (e)—(f) Cherenkov radiation in silver nanowire/hBN heterostructures. (e) Schematic of
experimental realization. The silver nanowire is illuminated by a laser beam with the electric field
parallel to the nanowire. The excited plasmon propagates along the nanowire. The propagating
metallic plasmon generates Cherenkov radiation of hBN’s phonon polaritons. (f) Experimental image of
Cherenkov radiation of phonon polaritons in the silver nanowire/hBN heterostructures. (a) Reproduced
with permission [40]. Copyright 2017, American Association for the Advancement of Science. (b)
Reproduced with permission [42]. Copyright 2020, American Chemical Society. (c) Reproduced with
permission [43]. Copyright 2016, Nature Publishing Group. (d) Reproduced with permission [44].
Copyright 2016, Nature Publishing Group. (e), (f) Reproduced with permission [49]. Copyright 2020,
American Chemical Society.
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nano-islands, the condition of emitting nonlinear signals from free electrons can be largely relaxed. As a
result, the low-energy electron can trigger strong nonlinear response in the graphene, in sharp contrast
to the case of metallic structures where high-energy electrons are required.

Graphene is also an exciting platform to access the quantum regime of free-electron radiation.
Cherenkov radiation from charge carriers in graphene is widely believed to be prohibited because
the velocity of carriers limited by the Fermi velocity is impossible to exceed the classical Cherenkov
threshold. However, recent study has shown that the actual Cherenkov threshold can be below the
Fermi velocity, if the quantum recoil of charge carriers comes into play [43]. Thus, charge carriers
in graphene can indeed enable efficient two-dimensional Cherenkov radiation [Figure 1(c)]. Another
exciting and relevant study is related to the Compton scattering of the free electrons interacting with
graphene plasmons [Figure 1(d)] [44]. Relying on the large momentum of graphene plasmons, the
resulted emission from the free electron is featured by extremely high frequency and directional nature.
These fundamental research holds promises for achieving highly efficient on-chip sources applicable to
terahertz and X-ray frequencies.

Since the advance of graphene, the interest in the atomically layered materials has grown
exponentially. More recently, two-dimensional polar van der Waals materials have been realized [45].
These materials support phonon polaritons that originates from the oscillation between the light and
lattice vibrations. The most widely studied two-dimensional polar van der Waals material is hexagonal
boron nitride (hBN), that can support phonon polaritons with strong field confinement, long lifetime
and extreme polariton anisotropy in mid-infrared frequencies. These striking properties stimulate the
recent research on Cherenkov radiation of phonon polaritons in hBN [46-48]. The newly revealed
Cherenkov radiation opens up an opportunity to realize the tunable free-electron radiation source in
the mid-infrared frequency [Figures 1(e), (f)] [49].

2.2. Metamaterials

The interaction between the free electron and metamaterials has attracted wide attentions in the
last two decades. A large class of novel free-electron radiation enabled by metamaterials have been
revealed. For example, non-divergent Cherenkov radiation is discovered in the nanowire metamaterial
[Figure 2(a)] [24]. By engineering flat eigenfrequency contour for nanowire metamaterials, the field
amplitude of Cherenkov radiation remains unchanged with the increasing distance from the electron
trajectory along the radiation path [Figure 2(b)]. Another remarkable emission behavior enabled by
metamaterials is the reversed Cherenkov radiation. This phenomenon has been theoretically predicted
and experimentally observed on the left-handed metamaterials [26,50-52], whose permittivity and
permeability are designed to be simultaneously negative [Figure 2(c)]. Due to the negative refractive
index of structured environments, the traditional forward Cherenkov cone is reversed, counter-intuitively
leading to the backward radiation [see the measured power in port 1&2 in Figure 2(d)]. In addition,
the transformation optics offers a more general method to design metamaterials that can manipulate
the free-electron radiation in a flexible way. As a demonstration, free-electron radiation is studied in
the platform of invisible cloak designed by transformation optics [53]. When the free electron travels
through the invisible cloak, the emission behavior remains unperturbed even in the presence of objects
inside the cloak [Figures 2(e), (f)]. More recently, Cherenkov radiation in the hyperbolic metamaterials
has excited broad research interest. Ref. [25] has mentioned that Cherenkov radiation in the
hyperbolic metamaterials is threshold-free, owing to the their extremely large photonic density of states
[Figure 2(g)] [25]. In their experiment, the minimum measured threshold velocity is down to 0.25eV [25].
However, the further reduction of the electron velocity increases the difficulty for the measurement of
Cherenkov signal. Recently, Ref. [54] has found that the threshold of Cherenkov radiation in hyperbolic
metamaterials is actually always nonzero by considering the spatial nonlocality [55]. To be specific,
the nonzero Cherenkov threshold [54] is determined by the spatial dispersion from the finite period
and nonlocal electron screening in metals [Figure 2(h)]. These findings are of fundamental importance
to develop novel free-electron radiation sources with precisely controllable emission angles, threshold
velocities, etc.
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Figure 2. Free-electron radiation in metamaterials. (a), (b) Cherenkov radiation in a nanowire
metamaterial. (a) Schematic of nanowire metamaterial. The period of nanowire metamaterial is d. The
free electron transverses the nanowire metamaterial along the z-direction. (b) Isofrequency contour for
the ordinary wave (dotted line), “isotropic” extraordinary wave (dash dotted line) and “anisotropic”
extraordinary wave (dashed line). The directions of phase velocity and group velocity are indicated by
the long and short arrows, respectively. (c)—(d) Cherenkov radiation in a left-handed metamaterial. (c)
Experimental setup. An electron bunch is moving on the top of left-handed metamaterial inside the
square waveguide. (d) Measured power spectral densities. Port 1 measures the intensity of forward
emission while port 2 measures the intensity of backward emission. (e), (f) Cherenkov radiation in an
invisible cloak. The cloak region is indicated by the dashed circle. Photon propagation path (denoted
as red dashed line) and free particle trajectory (denoted as blue circles) are highlighted in both the
physical space (e) and the virtual space (f). (g)—(h) Cherenkov radiation in a hyperbolic metamaterial,
which is constructed by a metallo-dielectric layered structure. (g) Experimental setup. An electron
bunch is moving on the top of metallo-dielectric layered structure. (h) The total radiation power of free
electron in hyperbolic metamaterial. Here, P is the structure period describing the degree of spatial
nonlocality from the finite period; 3 is the nonlocal parameter describing the degree of nonlocal electron
screening in metals. All the nonlocal effects are neglected when the layered structure is replaced by the
homogeneous medium (as indicated by the red dashed line). (a), (b) Reproduced with permission [24].
Copyright 2012, American Physical Society. (c), (d) Reproduced with permission [51]. Copyright
2017, Nature Publishing Group. (e), (f) Reproduced with permission [53]. Copyright 2009, American
Physical Society. (g) Reproduced with permission [25]. Copyright 2017, Nature Publishing Group. (h)
Reproduced with permission [54]. Copyright 2020, Wiley VCH.
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2.3. Photonic Crystals

Photonic crystals provide an additional route to control free-electron radiation. Similar to that of
metamaterials, the isofrequency contour of photonic crystals can be flexibly engineered for photon
manipulation. Early in 215 century, Ref. [56] has demonstrated how the engineered isofrequency
contour of photonic crystal can flexibly impact emission behaviors (i.e., emission angles and threshold
velocity) of Cherenkov radiation in Figures 3(a), (b) [56]. On the other hand, photonic crystal has
a photonic bandgap resulting from the diffraction and destructive interference. This is different from
metamaterials, whose diffraction behaviors are forbidden. Such a unique feature has been used to design
tunable and efficient free-electron radiation sources in Figure 3(c) [57]. To be specific, when the free
electron transverses the photonic crystal, photon emission from the free electron is enhanced when the
evanescent wave of electron couples to the eigenmodes of photonic crystal outside the photonic bandgap,
whereas the photon emission is prohibited within the photonic bandgap. Via judicious structural design,
the modified dispersion band can lead to the frequency shift of designed radiation sources.

Frontier research in free-electron radiation has explored the interaction between free electrons and
novel optical quasi-particles in photonic crystals. One special quasi-particle in photonic crystal is
the bound state in the continuum (BIC) that behaves localized but can couple to extended waves.
Owing to its negligible radiation loss, BICs are featured by superhigh quality factor (@ factor) close
to the infinity [see inset in Figure 4(e)] and this feature makes them particularly important for laser
applications. Recent works have demonstrated the free-electron radiation coupled to the BICs in the
photonic grating [Figure 4(d)—(g)] [58,59]. The calculation results have shown that the free electron can
efficiently excite the BICs at a particular velocity when the electron wave vector is infinitely close to the
wave vectors of BICs. The high-Q) free-electron radiation enabled by BICs has potential applications in
free-electron laser. In parallel to the development of BICs, photonic topological states have been widely
studied recently. Photonic topological states propagate at the interface of topological photonic crystals
as a manifestation of bulk-edge correspondence. The properties of topological states are protected by
a particular geometric symmetry, and these modes are robust against certain disorders. Free-electron
radiation coupled to topological edge states has been recently revealed in Ref. [60] [Figures 4(h)—(k)].
This work has designed two quantum spin-hall photonic topological insulators with opposite topological
invariants (i.e., spin Chern numbers) [Figure 4(j)]. Two topological edge states emerge at the domain
wall between two types of topological photonic crystals. The propagation direction of topological edge
states is stringently locked to their propagation direction: spin-up (spin-down) leads to the forward
(backward) propagation. A free electron traversing the domain wall at the angle of 60° relative to the
interface successfully excites the spin-up topological edge state that propagates toward right direction.
Reversing the top and bottom photonic topological insulator flips the spin of excited topological edge
states, and thus leads to the wave propagation at an opposite direction. Owing to the topologically
protected transportation of edge states by the domain wall, the measured emission intensity in the
terminal of domain wall is significantly larger than that in the bulk [Figure 5(k)]. The revealed transition
radiation coupled to topological states opens a new door to achieve the novel free-electron radiation
source with topologically enabled robustness.

2.4. External Fields

Free-electron radiation without external fields belongs to the spontaneous emission, while free-electron
radiation in the presence of external fields corresponds to the stimulated process. The theoretical and
experimental development of stimulated free-electron radiation leads to the important applications in
the photon-induced near-field electron microscopy (PINEM). Recent advances have shown the powerful
capability of PINEM to characterize the photonic quasiparticles (serving as external fields) including
surface plasmon polariton [Figures 4(a), (b)] [61], phonon polariton [Figure 4(f)] [62], photonic crystal
modes [Figures 4(c)—(e)] [63], etc. Figure 4(a) demonstrates the schematic to image the surface plasmons
with PINEM [61]. Two light pulses are used in the experimental setup: an optical pulse irradiates the
sample to excite the intended photonic quasi-particle (i.e., surface plasmons) whereas an ultraviolet
pulse triggers the electron gun to launch the electron beam. The interaction between the free electron
and surface plasmons results in their inelastic exchange of energy quanta, and thus the electron energy
gain or loss. Via measuring the energy gain or loss with the electron energy spectrometer, one can learn
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the properties of studied mode such as amplitude, phase, and polarizations. More excitingly, PINEM
can enable ultrafast time resolution of corresponding modes by controlling the time delay between two
light pulses [see the example of surface plasmons in Figure 4(b)].

Besides, the stimulated free-electron radiation provides an excellent platform to shape the electron
wave function. A recent work has shown the quantized electron energy comb when a free electron
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Figure 3. Free-electron radiation in photonic crystals. (a), (b) Controlling Cherenkov angles with the
two-dimensional all-dielectric photonic crystal. (a) Schematic of photonic crystal and its isofrequency
contour. (b) Contours of group velocities in the photonic crystal. « is the angle of Cherenkov cone when
the particle velocity is v, and the group velocity is u. (c¢) Tunable free-electron radiation source enabled
by the one-dimensional photonic crystal, which is a periodic stacking of metal and dielectric slabs.
(d)—(g) Free-electron radiation coupled to the BICs. (d) Structural schematic. The free electron moves
close to and on the top of an all-dielectric photonic grating. (e) Band structure. The dispersion band of
the photonic grating in (d) is marked in black whereas the electron line is marked in green. The inset
shows the @ factor of modes around the BIC. (f) Spectra of free-electron radiation at different electron
velocities. (g) Emission intensity versus the electron velocity. (h)—(k) Free-electron radiation coupled
to topological edge states. (h) Structural schematic. The blue and red cylinder arrays denote two
topologically distinct domain. (i) Demonstration of the experimentally designed photonic topological
insulator. (j) Band structure. The red (blue) curve denotes the spin-up (spin-down) topological edge
state whereas the black curve denotes bulk states. (k) Measured emission spectrum from the free
electron. Probe 1 (probe 2) is close to (far from) the end of domain wall. (a), (b) Reproduced
with permission [56]. Copyright 2003, American Association for the Advancement of Science. (c)
Reproduced with permission [57]. Copyright 2009, American Physical Society. (d)—(g) Reproduced with
permission [59]. Copyright 2018, Nature Publishing Group. (h)-(k) Reproduced with permission [60].
Copyright 2019, American Physical Society.
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Figure 4. Free-electron radiation in external fields. (a)—(b) Imaging surface plasmon polaritons
on a single nanowire by PINEM. (a) Schematic demonstration of the experimental setup. (b) Top:
electron energy loss spectrum versus time delay between the optical pulse and electron pulse; Bottom:
the inelastically scattered electron at different time moment. (c)—(e) Imaging the cavity modes of
photonic crystals with PINEM. (c¢) Structural demonstration of the photonic crystal. (d) Measured
band structure of the photonic crystal. (e) Spatial maps of the inelastically scattered electron from
the photonic crystal. (f) Imaging hBN’s phonon polaritons by PINEM. (g) Quantized electron energy
comb enabled by the interaction between the free electron and evanescent waves. The phase of light
fields and electron wave packet are indicated by the alternating red and blue. In the phase-matched
condition, each point in the electron wave function always interacts with the light field in a resonant
behavior. (h), (i) Electron vortex beam enabled by the interaction between the free electron and
interfering chiral plasmons. (h) Schematic of generating and controlling electron vortex beam. (i)
Spatial maps of the inelastically scattered electron for intensity-periodicity control (top) and helicity
control (bottom). (a), (b) Reproduced with permission [61]. Copyright 2015, Nature Publishing Group.
(c)—(e) Reproduced with permission [63]. Copyright 2020, Nature Publishing Group. (f) Reproduced
with permission [62]. Copyright 2021, American Association for the Advancement of Science. (g)
Reproduced with permission [64, 65]. Copyright 2020, Nature Publishing Group. (h)—(i) Reproduced
with permission [65]. Copyright 2019, Nature Publishing Group.
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interacts with the evanescent wave (induced by the total reflection of optical pulse) [64]. As shown in
Figure 4(g), the work has found that when the electron wave vector matches with the wave vector of
evanescent wave, the light-electron interaction induces a resonant exchange of hundreds of photon quanta
with the single electron. As a result, the electron wave function evolves into a quantized energy comb
extending over hundreds of electron volts. On the other hand, the stimulated free-electron radiation
can enable the generation and control of electron beam vortex as shown in Figures 4(h), (i) [65]. In
the experiment, two elliptically polarized optical pulses are used to excite interfering chiral plasmons
on the plasmonic material [Figure 4(h)]. After the momentum transfer between the electron beam and
interfering chiral plasmons, the electron beam carries nonzero vortex. Interestingly, the intensity and
helicity of electron wave function can be dynamically tuned via controlling the time delay between two
optical pulses and the helicity of incidences [Figure 4(i)].

3. OUTLOOK

To conclude, we have thoroughly reviewed the theoretical and experimental development of modified
free-electron radiation in structured environments. The demonstrated novel free-electron radiation could
find applications in particle physics, nanophotonics, microscopy, astrophysics, etc. Even so, we highlight
that many research directions related to free-electron radiation remain unexplored.

So far, most studies focus their discussion on the spatially modulated media to manipulate the
free-electron radiation, while how the temporally modulated media (or more generally, spatiotemporally
modulated media) impact the radiation behaviors has been rarely researched [66-68]. Spatiotemporally
modulated media are fundamentally different from the spatial media. First, the system constructed of
spatially modulated media preserves the energy conservation that fundamentally limits the maximum
energy loss of free electron. However, such a limitation is absent if the media are modulated in time. For
example, the temporal photonic crystal can enable the parametric amplification once the wave vector is
within the inverted bandgap, providing a valuable approach to realize the free-electron radiation with
growing energy. Second, the spatial media preserve time-reversal symmetry while the spatiotemporal
media spontaneously break such a symmetry. Third, the modulation velocity of spatiotemporal media
can be subluminal or superluminal while that of spatial media is zero. These differences between the
spatiotemporal media and spatial media raise fundamental questions regarding free-electron radiation
in spatiotemporal media: What is the ultimate limit of the energy loss of free electrons? How the
broken time reversal symmetry and different modulation velocity in spatiotemporal media influence the
free-electron radiation, or will we witness new phenomena?

Another major problem remains to be tackled is related to the forbidden transition of free electrons.
The forbidden transition refers to the transitions fundamentally forbidden by negligible decay rates
include multipolar transitions (e.g., electric quadrupole and magnetic dipole transition), spin-flip
transitions, multi-quasi-particle emissions, etc. Recent work has shown that the forbidden transitions of
a molecule or atom can be observed via shrinking the light toward atomic length scale since the transition
probability scales with field confinement [69]. However, the forbidden transition of free electrons has yet
been explored, even in theory. Realizing forbidden transition of free electrons may produce important
applications such as entangled free-electron radiation source for quantum communications.

In addition, the realization of on-chip particle detectors is highly desired. Recently, attempts have
been made to design high-performance particle detectors with nanotechnologies. Transformation-optical
metamaterials [Figure 5(a)] [70] and resonance transition radiation in photonic crystals [Figures 5(b)-
(c)] [71] have been proposed to achieve highly sensitive particle detectors with miniaturized volume.
However, the narrow bandwidth of these two types of particle detectors severely hinders their practical
applications. To overcome this problem, additional two mechanisms have been proposed, i.e., Brewster
Cherenkov radiation [72] and surface Dyakonov-Cherenkov radiation [73]. Brewster Cherenkov radiation
refers to Cherenkov radiation on the Brewster photonic crystal [Figure 5(d)]. Relying on the broadband
optical angular selectivity of Brewster photonic crystal, the designed particle detector can enable particle
detection with high sensitivity and broad bandwidth. Surface Dyakonov-Cherenkov radiation refers
to Cherenkov radiation coupled to Dyakonov surface wave propagating on the surface of transparent
birefringent materials [Figures 5(e)—(h)]. The highly directional nature of surface Dyakonov-Cherenkov
radiation not only enables particle detection with broad bandwidth, but also offers a scheme to measure
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Figure 5. Examples of nanophotonic particle detectors. (a) Sensitivity of particle detectors enabled by
the transformation-optical metamaterial. (b)—(d) Particle detectors based on the resonance transition
radiation in photonic crystals. (b) Schematic demonstration of resonance transition radiation in photonic
crystal. (c) Field distribution of resonance transition radiation in the photonic crystal. (d) Particle
detectors using Brewster Cherenkov radiation. Brewster photonic crystal is indicated as the green
slab. The inset shows the details of Brewster photonic crystal. (e)—(h) Particle detectors using surface
Dyakonov-Cherenkov radiation. (e) Structural demonstration. (f) Cherenkov radiation with Dyakonov
surface waves. (g), (h) Cherenkov radiation without Dyakonov surface waves. (a) Reproduced with
permission [70]. Copyright 2014, American Physical Society. (b)—(c) Reproduced with permission [71].
Copyright 2018, Nature Publishing Group.

the particle direction. Although these findings are exhilarating, there is no such an experiment to
demonstrate a truly nanophotonic particle detectors yet. Such an experiment will eventually inspire the
future nanotechnology such as on-chip particle detections.
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