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Cherenkov radiation provides a valuable way to identify high-energy particles in a wide momentum range, through the relation
between the particle velocity and the Cherenkov angle. However, since the Cherenkov angle depends only on the material's
permittivity, the material unavoidably sets a fundamental limit to the momentum coverage and sensitivity of Cherenkov detec-
tors. For example, ring-imaging Cherenkov detectors must employ materials transparent to the frequency of interest as well as
possessing permittivities close to unity to identify particles in the multi-gigaelectronvolt range, and thus are often limited to
large gas chambers. It would be extremely important, albeit challenging, to lift this fundamental limit and control Cherenkov
angles at will. Here we propose a new mechanism that uses the constructive interference of resonance transition radiation from
photonic crystals to generate both forward and backward effective Cherenkov radiation. This mechanism can control the radia-
tion angles in a flexible way with high sensitivity to any desired range of velocities. Photonic crystals thus overcome the mate-
rial limit for Cherenkov detectors, enabling the use of transparent materials with arbitrary values of permittivity, and provide a
promising versatile platform well suited for identification of particles at high energy with enhanced sensitivity.

(denoted as the Cherenkov angle 8 below)"” and the veloc-

ity v of charged particles is of fundamental importance to
many applications’*. For example, this determines the sensitivity
of different types of Cherenkov detector such as the ring-imaging
Cherenkov detectors”® for particle identification.

However, the relation between the Cherenkov angle and the
particle velocity is inherently limited by the material in which the
Cherenkov radiation is emitted. This unavoidably sets a strict limit
on the design of Cherenkov detectors. For conventional Cherenkov
radiation generated in a non-magnetic material, when the particle
velocity is known, the Cherenkov angle relies only on the materi-
al’s relative permittivity ¢, (which determines the refractive index
n=_Jg;) through the formula cosf= (np)”", where p=* and c is
the speed of light in free space. Regular transparent dielectrics are
not suitable for conventional Cherenkov detectors. This is because
these materials have a relative permittivity far above unity and the
Cherenkov angle would saturate to a value independent of the par-
ticle velocity. As an example, quartz has a relative permittivity of
around 2, limiting the useful momentum range to below 3.5GeV/c
(and even that requires using water instead of air to out-couple
the light)’. Large volumes of gas radiators with a relative permit-
tivity very close to unity are typically used to detect particles with
momentum higher than 10 GeV/c (refs '*-'2).

The limitation of Cherenkov radiation in regular transpar-
ent dielectrics also comes from another reason: the total inter-
nal reflection at the air-dielectric interface will prevent the
Cherenkov radiation generated by relativistic particles from being
observed for relative permittivity e, >2, as coincidentally hap-
pens for most transparent dielectrics, and especially in the visible
spectrum”. Having &,>2 would lead to the existence of the

_|_he relation between the angle of Cherenkov radiation cones
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fields inside the dielectric, and then the fields outside the dielec-
tric become evanescent. Besides, material losses (bulk absorption)
have a large impact on the performance of Cherenkov detectors.
Recently, anisotropic metal-based metamaterials with a complex
permittivity, which still requires one component of the relative
permittivity to be very close to one, have been proposed to con-
trol Cherenkov angles'’. However, the existence of loss, which is
particularly unavoidable in metal-based systems, will destroy the
relation between the Cherenkov angle and the particle velocity, as
described in Supplementary Section 4. Therefore, it will be neces-
sary to use purely transparent systems to gain efficient control of the
Cherenkov angle.

The studies of Cherenkov radiation and its applications have along
history’*'"~"%, and recently there has been renewed interest and prog-
ress in the topic*~*. However, the ability to control the Cherenkov
angle in a flexible way is still limited by the permittivity of the radiator
material as described above and remains very challenging.

Here, we propose a new underlying mechanism for the genera-
tion of Cherenkov radiation from a one-dimensional (1D) photonic
crystal composed of widely available transparent dielectrics, which
can transmit into air and thus can be used in Cherenkov detector
designs such the ring-imaging Cherenkov detector. This comes from
the constructive interference of the forward or backward resonance
transition radiation from periodic dielectric interfaces. Therefore,
along with the availability of many lossless dielectrics and the flex-
ibility in the design of periodic structures®, this mechanism allows
photonic crystals to flexibly control both the forward and backward
Cherenkov angles. We note that while many phenomena based on
Cherenkov radiation have been studied in photonic crystals’>**!,
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including the backward (or reversed) Cherenkov radiation®, spec-
troscopy of photonic nanostructures®, and novel compact radiation
sources™'’"", the possibility of using photonic crystals to tailor the
Cherenkov angle has not been directly addressed. In addition, the
proposed Cherenkov detectors based on photonic crystals are dif-
ferent from transition radiation detectors®, where the latter relies
only on the intensity of transition radiation from multilayer struc-
tures and disregards the information of radiation angles®.

To illustrate the underlying physics, we begin by schematically
showing in Fig. 1 that the effective Cherenkov radiation can be gen-
erated by the constructive interference of resonance transition radi-
ation excited from multiple interfaces in 1D photonic crystals. The
simplest 1D photonic crystal can be constructed by alternating two
different dielectric materials with relative permittivities denoted as
&, and ¢, that are taken to be transparent (lossless); the impact of
loss on the effective Cherenkov radiation from photonic crystals is
described in Supplementary Section 6. When the relativistic particle
with a charge of g and a velocity of ¥ = Zfic penetrates through a 1D
photonic crystal, forward (backward) radiation can be generated in
the bottom (top) air region, as shown in Fig. 1a. As a conceptual
demonstration of resonance transition radiation, Fig. 1b presents
the radiation field distribution (without the charge field) generated
from a swift electron (#=0.5022) passing through a 1D photonic
crystal (e,,=2and e, =2.3).

Resonance transition radiation from 1D photonic crystals is
analytically calculated by extending Ginzburg and FranK’s theory
of transition radiation’>* to a 1D photonic crystal structure; the
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detailed calculations are in Supplementary Sections 1-2. Since
the particle velocity is below the Cherenkov threshold (that is,
p< [max(e,, srz)]_l/ 2, there will be no conventional Cherenkov
radiation within each dielectric. However, due to the transition
radiation at each interface, plane-like waves are still emitted within
the photonic crystal near the particle trajectory, as Fig. 1b clearly
shows. Interestingly, the zcomponent of Poynting’s vector S (which
represents the direction of power flow) is antiparallel to the direc-
tion of motion of the particle. Consequently, more radiation energy
enters into the top air region than into the bottom air region. These
are characteristic features of the effective backward Cherenkov radi-
ation, which originates entirely from the constructive interference
of resonance transition radiation in the backward direction. This
new mechanism for the generation of Cherenkov radiation is differ-
ent from that of conventional Cherenkov radiation described by the
theory developed by Frank and Tamm?>* and from that of Smith—
Purcell radiation®”. For the last two cases, the generated fields are
directly emitted into the air region without the intermediate modu-
lation by a periodic dielectric environment, and the charged particle
moves only within one material without crossing interfaces between
different materials.

We would like to emphasize that all of the radiation into air
in the photonic crystal designs we propose comes only from the
interference of resonance transition radiation. When the resonance
transition radiation interferes constructively in air, it behaves
similarly to the conventional Cherenkov radiation. In this sense,
such resonance transition radiation can be treated as the effective
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Fig. 1| Controlling Cherenkov angles with photonic crystals. a, Structural schematic. The forward (backward) radiation is collected in the bottom (top) air
region. b-g, Field distribution of backward Cherenkov radiation induced by the constructive interference of resonance transition radiation in the backward
direction. In b, plane-like waves are excited near the particle trajectory (dashed green arrow), with the zcomponents of both Poynting's vector S and phase
velocity vy being antiparallel to the direction of motion of the particle. In c-g, the Cherenkov angle is shown by the phase fronts of the far field in the top

air region, exhibiting high sensitivity to the particle velocity v = c. Here, and in the following figures, the working wavelength in air A = 2nc/w is set to be

700 nm. In b, the photonic crystal consists of 40 unit cells; the thickness of the unit cell is d
two dielectric constituents are d;=d,=0.5d,,;; £1=2 and ¢, = 2.3. In c-g, the thickness of the photonic crystal is 2mm, with d

d,=0.44

units

eq=10.6 and g, =2.1.

0.93464; within each unit cell, the thicknesses for the
nit=0.27921, d;=0.64,

unitr

unit =

u
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Fig. 2 | Two conceptual schemes of controlling forward and backward
Cherenkov angles with photonic crystals. a,b, Hypothetical isofrequency
contours of photonic crystals (that is, the relation between wavevectors
k, and k,) determine the relation between the Cherenkov angle in air,
9:asin[%], and the particle velocity, %: %C The goal of the two schemes
is to create a wide range of Cherenkov angles for a narrow range of the
particle velocity. In the first scheme (a), the maximum Cherenkov angle
corresponds to the maximum particle velocity. In the second scheme
(b), the maximum Cherenkov angle corresponds to the minimum

particle velocity.

Cherenkov radiation of photonic crystal Bloch modes that can cou-
ple out to air, and whose phase velocity is smaller than the particle
velocity; this is elaborated in Supplementary Section 6. In contrast,
when the resonance transition radiation interferes destructively in
air, it behaves similarly to the conventional transition radiation,
and is devoid of the characteristic features of the Cherenkov radia-
tion (because the corresponding Bloch modes that get emitted can-
not couple out to air and are trapped inside the photonic crystal by
total internal reflection). Importantly, the Cherenkov angles from
photonic crystals can be sensitive to relativistic velocities of par-
ticles as illustrated in Fig. 1c-g.

The resonance transition radiation from 1D photonic crystals can
be devised for manipulating the effective Cherenkov angles. To gain
an intuitive understanding of such schemes, we qualitatively analyse
the interaction between the charged particle and the eigenmodes of
the photonic crystal. When the particle is assumed to move along the
zdirection, it induces a current density of 7* (7,#) =75 (z=v)8 ()2 in
cylindrical coordinates**>*. By transforming all quantities to the
frequency domain, we have the particle-induced fields propor-
tional to exp(i%z) (refs®*>%), at each angular frequency ®. From
the momentum-matching condition, the charged particle is prone
to excite the eigenmodes of photonic crystals with the wavevector
along the zdirection being k,=<% (ref."). Moreover, to guarantee
that the excited modes inside the photonic crystal can reach the
detectors (which are generally located in the air region—or more
generally, in an external medium), we need to avoid the total inter-
nal reflection at the photonic crystal-air interface. This requires the
wavevector along the pdirection of the excited modes to be k,<*
Due to the momentum matching along the pdirection at the pho-
tonic crystal-air interface, k, determines the Cherenkov angle 6 in
the air region from the equation k,= Zsin(6).

From the above analysis, the relation between the Cherenkov
angle in air and the particle velocity is effectively determined by the
isofrequency contour of photonic crystals at each frequency (that is,
the relation between the wavevectors k, and k,). Two representative
kinds of conceptual isofrequency contour of photonic crystals are
shown in Fig. 2; practical examples of such contours can be seen in
Supplementary Section 5. As the particle velocity increases in the
range [V, Vimax ) the Cherenkov angle in air increases in the range
(6 ]in Fig. 2a, but decreases in the range|[6, ..., 0,,;,] in Fig. 2b.

min® emax min]
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Fig. 3 | Controlling Cherenkov angles with photonic crystals using the
first scheme proposed. a,b, Angular spectral energy density of forward
(backward) radiation in the bottom (top) air region. The highly directional
radiation in a shows the relation between the Cherenkov angle and the
particle velocity. ¢, Cherenkov angles versus the particle momenta for four
types of particle, where the velocity in a is converted to the momentum
using the masses of the different particles. The thickness of the photonic
crystal is 2mm, with d;;=1.0205A, d,=0.3d,+, d»= 0.7dit, £1=10.6

and ¢, =2.1.d, Cherenkov angles versus the particle momenta, where
dynit="1.01441 and the other parameters are the same as those in ¢. The

uni
results in this figure follow the proposed scheme in Fig. 2a.

Controlling Cherenkov angles using these two schemes in Fig. 2
are illustrated in Figs. 3 and 4. In these figures, the working wave-
length in air is set to be 700 nm, and the relative permittivities of
the two dielectric constituents of the photonic crystals configured
are set to be £,=10.6 (such as GaP) and ¢,=2.1 (SiO,)"”. Here,
although the charge particles can create conventional Cherenkov
radiation inside each dielectric layer, those photons remain trapped
by total internal reflection at the dielectric-air interface and can-
not contribute to radiation in the air. This is because the conven-
tional Cherenkov radiation emerges with k, =2y —p7% (ref.*) that
satisfies the condition of total internal reflection k,>% (here £, >2
and f— 1). In these figures, the forward (backward) angular spec-
tral energy density U (4,6) =% (refs***>%), which represents the
energy W radiated per unit angular frequency o per unit solid angle
0 (dQ=2nsindd0), is adopted to characterize the forward (back-
ward) radiation in the bottom (top) air region shown in Fig.1 (more
details are provided in Supplementary Section 3).

Figure 3 illustrates the first scheme of controlling Cherenkov
angles as proposed in Fig. 2a. Figure 3a,b shows the angular spectral
energy density from the photonic crystal. The resulting radiation
energy in the air region flows predominantly along paths such that
in each case the corresponding radiation angle is highly dependent
on the particle velocity. Moreover, the forward radiation energy in
Fig. 3a is ~100 times larger than the backward radiation energy in
Fig. 3b. Therefore, the resonance transition radiation from this pho-
tonic crystal can be effectively considered as the forward Cherenkov
radiation. The weak backward radiation in Fig. 3b is attributed to

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 4 | Controlling Cherenkov angles with photonic crystals using the second scheme proposed. a,b, Angular spectral energy density of forward
(backward) radiation in the bottom (top) air region. The highly directional radiation in b shows the relation between the Cherenkov angle and the particle
velocity. Cherenkov angles at five different particle velocities, denoted as yellow dots in b, are schematically shown by the far-field radiation in the top air
region in Fig. 1c-g. ¢, Cherenkov angles versus the particle momenta for four kinds of particle, where the velocity in b is converted to the momentum using

the masses of the different particles. The thickness of the photonic crystal is 2 mm, with d,

The results in this figure follow the proposed scheme in Fig. 2b.

the mostly destructive interference of resonance transition radia-
tion in the backward direction.

Although conventional transition radiation has no threshold for
the particle velocity, the resonance transition radiation that con-
structively interferes in air has a threshold for the particle veloc-
ity Wpreshola (@s described in Supplementary Section 6.6), which
in Fig. 3a is %y eqnoiq = 0.99¢c. The appearance of such a threshold
emphasizes the deep connection of this particular resonance transi-
tion radiation with the effective Cherenkov radiation of the Bloch
modes. Altogether, the radiation into air can be classified into two
regimes—that is, Cherenkov-like radiation when v> v .04 and
(non-resonance) transition-like radiation when v < vy 4. These
two categories of radiation can also be distinguished from their
radiation spectra, as delineated in Supplementary Section 6.7. Here,
for particle identification, we utilize the radiation with v> vy .04

The Cherenkov angle from photonic crystals is well suited for
high-energy particle identification. For example, by applying the
angle-velocity relation of Fig. 3a, we show the relation between the
particle momentum and the Cherenkov angle for four types of par-
ticle in Fig. 3c. Here, for the hypothesis of the particle being an elec-
tron, a pion, a kaon or a proton with a momentum of 6.6 GeV/c, the
corresponding Cherenkov angles are 10.3°, 10.2°, 8.7° or 0°, respec-
tively. This would enable the different particle types to be effectively
distinguished from one another in the region near this momentum.
As another example, Fig. 3d shows the use of photonic crystals for
particle identification at very high momenta (~500 GeV/c). It may
also be noted that, as with conventional radiators, Cherenkov angles
for all particle types in Fig. 3c,d tend to converge as the particles’
momenta increase to large values (as described in Supplementary
Section 6), thus requiring different photonic crystal designs for dif-
ferent momentum ranges.

Figure 4 shows the second scheme of controlling Cherenkov
angles as proposed in Fig. 2b. The backward radiation energy in
Fig. 4b is ~10 times larger than the forward radiation energy in
Fig. 4a. This is attributed to the constructive (destructive) interfer-
ence of resonance transition radiation in the backward (forward)
direction. Here also, the angular spectral energy density in air shows
that the radiation angles are sensitive to the particle velocity. As a
schematic demonstration of the effective backward Cherenkov radi-
ation, the far-field distribution of radiation from an electron with
different velocities highlighted by yellow dots in Fig. 4b is shown
in Fig. 1c-g. Figure 4c shows the relation between the Cherenkov
angles and the particle momenta for backward Cherenkov radiation

0.2792), d;=0.6d,;, d, = 0.4,

unit/

g,=10.6 ande,=2.1

unit =

from photonic crystals. In this figure, for particles with a fixed
momentum of 4 GeV/c (20 GeV/c), the Cherenkov angles corre-
sponding to the electron, pion, kaon and proton hypothesis are 0°,
2.6° 9.5° and 18° (0°, 0.48°, 1.88° and 3.58°), respectively. From this,
one can infer that this scheme is also suitable for identification of
high-energy particles and that it can be used in different momen-
tum ranges.

These two schemes above help to surmount the limitations posed
by conventional radiators. For example, to cover the momentum
range 1-10 GeV/c, there is a dearth of suitable conventional mate-
rials with permittivity around 1.06. The silica aerogels' that are
typically used for this suffer from significant losses due to Rayleigh
scattering. To cover high momenta near 500 GeV/c would require
using a gas at extremely low density and such a Cherenkov detector
is difficult to operate.

While the forward Cherenkov radiation has been extensively
studied”'’, the backward Cherenkov radiation® has never been con-
sidered for the design of Cherenkov detectors. When a photonic
crystal is used for backward Cherenkov radiation in the second
scheme, the emitted photon and the particle are naturally separated
in opposite directions and hence their physical interference is mini-
mized. This can lead to Cherenkov detector designs with two radia-
tors for two different momentum ranges where the emitted photons
go in forward or backward directions depending on the momentum
of the charged particle. Such designs would reduce the hit occupancy
in the corresponding photon detector planes and thus improve the
particle identification performance, compared to the configuration
where all of the photons go forward and reach a single-photon-
detector plane. As another illustration, since the difference between
the Cherenkov angles from an electron and a pion in Fig. 4c is much
larger than that in Fig. 3¢, the second scheme may offer a better pre-
cision in distinguishing between these particles than the first scheme
and what is achievable from conventional radiators.

To facilitate the potential design of Cherenkov detectors based
on photonic crystals, some of the salient features of the effective
Cherenkov radiation from photonic crystals are described below.
The number of photons emitted per unit length from the photonic
crystal described in this paper is similar to that from anisotropic
metamaterials in ref. ', but is one order of magnitude smaller than
what could be achieved from an isotropic material of hypotheti-
cally similar refractive index as can be inferred from Fig. 3a and
Supplementary Sections 3 and 4. One option to increase the photon
yield is to increase the thickness of the crystal. Various options to
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increase the yield are described in Supplementary Section 7. The
fraction of the effective Cherenkov radiation emitted into the rel-
evant direction is over 75% as shown in Supplementary Section 6.

The prospect of a thin photonic structure for the design of
Cherenkov detectors is highly desirable because the gas radia-
tors used for particle identification above 10 GeV/c are typically
at least 1 m long. Using photonic crystals, the radiator length may
be reduced to a few millimeters, considering that such crystals
will have ~10,000 periods, with the potential to create a sufficient
number of photons. The constraint in increasing the number of
layers is that the amount of radiation energy loss introduced by
the photonic crystal should be small enough to keep a low rate of
secondary particle production. This would require using transpar-
ent dielectric materials made from combinations of materials with
low atomic number such as silicon, oxygen, carbon and nitrogen.
One also needs to ensure that the material used is radiation hard
so that its properties do not degrade when used in a high-radiation
environment such as the particle detector regions of the Large
Hadron Collider.

We also note that using photonic crystals to design Cherenkov
detectors might suffer from the chromatic aberration induced by
the periodic structure. This also happens for Cherenkov detectors
from anisotropic metal-based metamaterials'’, due to the high-
frequency dispersion of the permittivity in metals. The chromatic
aberration will cause the Cherenkov angle to be sensitive to the
frequency. Mitigating the chromatic effect is part of optimizing the
photonic crystal design for a particular Cherenkov detector and
some options for this are summarized below. They are described in
more detail in Supplementary Section 6.

A simple option is to use filters to limit the frequency range, and
to compensate for the corresponding reduction in photon yield, the
number of layers may be increased. Another option is to limit the
maximum momentum envisaged for particle identification from a
given photonic crystal. For example, for the photonic crystal struc-
ture used in Fig. 3¢, when the particle momentum is less than 3
GeV/c, the impact of chromatic aberration is negligible. A different
approach is to measure the time of arrival of each photon on the
detector plane to infer its wavelength and apply the required correc-
tion to the angle as described in ref. “°. This method makes use of the
variation in group velocity coming from the variation in wavelength
of the photons produced.

A general approach, which minimizes the chromatic aberration
inside the photonic crystal, is to use gain materials with anomalous
dispersion’~* to construct the photonic crystal, since the material’s
anomalous dispersion can help to cancel the dispersion caused by
the periodic structure. In Supplementary Section 6, this is eluci-
dated with a numerical example for the 1-16 GeV/c range. The use
of such gain materials may also help to augment the photon yield
while keeping the radiator thin, since the photons emitted will be
amplified during their propagation.

Alternatively, the use of optical elements (such as achromatic dou-
blets) to apply such corrections, as done in many microscopes*-*, is
also worth exploring. Moreover, the anisotropy in the crystal in the
plane normal to the charged track direction may also help to mag-
nify the Cherenkov angles produced'* and thus reduce the effect of
chromatic aberrations. After applying the correction to chromatic
aberration using such approaches, the bandwidth can potentially
be extended to over several tens to a few hundreds of nanometres,
depending on the photonic crystal design and the dielectric materi-
als used. The potential for such approaches is evinced with numeri-
cal examples in Supplementary Section 6.

It is also important to note that typical Cherenkov detectors
receive particles along different trajectories. In experiments such as
those at the Large Hadron Collider, several high-energy particles
are produced in the region near the nominal interaction point of the
beam particles, and then they move outward from that region. For
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example, the particles produced in the pseudorapidity range from 2
to 5 (that is, travelling within a cone of about 300 mrad around the
axis of collision) would be incident at small angles on a flat plane
of the photonic crystal. For such cases, corrections can be applied
to the above formalism* to estimate the Cherenkov angle. One
can also design the photonic crystal such that it forms a spherical
segment to facilitate normal incidence of a large fraction of such
particles and thus minimize any such corrections. Since the radius
of curvature of such a segment is much larger than the structural
periodicity, we can consider the curved crystal as effectively a planar
structure to a very good approximation. The fabrication of such a
structure is different from that of conventional 1D photonic crys-
tals. Nevertheless, a number of viable approaches already exist as
indicated in Supplementary Section 7. These include multilayer
polymer sheets (used as 1D photonic crystals in a number of appli-
cations'**) that can be easily bent.

During the production of photonic crystals, one can deposit
layers so that the required thickness of each layer can be attained
with single-nanometre precision over large areas (tens of square
centimetres and even square meters; for example, refs**°). Some
of the options available for this in the industry are described in
Supplementary Section 7.

To conclude, this paper introduces a new mechanism (that is, the
constructive interference of resonance transition radiation in the
forward or backward direction) to generate Cherenkov radiation
from a 1D photonic crystal. This new mechanism allows control
of both the forward and backward Cherenkov angles in a flexible
way, despite using transparent dielectrics with their relative per-
mittivities far above unity, and thus overcomes the material limit
for the design of conventional Cherenkov detectors. In particular,
the Cherenkov angle from a photonic crystal can be engineered
to be suitable for particle identification in very different momen-
tum ranges, some of which cannot be achieved with conventional
radiator materials. With the combined advantages of the abundant
choice of dielectrics and the flexibility in the structural design, pho-
tonic crystals thus provide a new viable platform for the design of
Cherenkov detectors with enhanced sensitivity and for the design of
novel radiation sources.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0138-4.
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Methods

Advantage of using photonic crystals to control Cherenkov radiation. Using

the two schemes described in the text, photonic crystals can control forward

and backward Cherenkov angles, while conventional radiator materials, such as
aerogels, gases or anisotropic metal-based metamaterials, can control only the
forward Cherenkov angle”'*'*. Moreover, photonic crystals do not suffer from the
strict limitations on the available values of dielectric permittivities, and instead
overcome this material limit since they enable the use of transparent materials with
arbitrary values of permittivity for the design of Cherenkov detectors.

Derivation of resonance transition radiation. Resonance transition radiation
from 1D photonic crystals, which are composed of isotropic materials, is rigorously
calculated by extending Ginzburg and Frank’s theory of transition radiation within
the framework of macroscopic electrodynamics. Since we mainly consider the

case with 3 very close to 1, the high-energy particle can safely pass through the
photonic crystal and its velocity is treated as constant.

In Supplementary Sections 1 and 2, an analytical expression of the radiated
fields induced by a swift charged particle is obtained. By applying the Sommerfeld
integration®, numerical calculation of the field distribution of resonance transition
radiation is carried out as shown in Fig. 1.

Based on these radiation fields, the angular spectral energy densities of
photons emitted in the top and bottom air regions shown in Fig. 1 are derived in
Supplementary Section 3. The angular spectral energy density from an isotropic
slab is shown in Supplementary Fig. 3 and that from a photonic crystal is shown in
Figs. 3 and 4 and Supplementary Fig. 4. Since Maxwell equations are scalable, one
can scale the wavelength by any factor and keep the same radiation characteristics
(such as those in Figs. 3 and 4), as long as the structure of the photonic crystal
scales by the same factor. We note that when the particle velocity increases, the
radiation energy of the backward Cherenkov radiation decreases in Fig. 4b (see also
Fig. 1c-g), while that of the forward Cherenkov radiation increases as in Fig. 3a.

The transition radiation from the interface between an isotropic material and a
uniaxial material is also derived by using Ginzburg and FranKk’s theory of transition
radiation. By following the principle of resonance transition radiation between
isotropic materials, further derivation of the resonance transition radiation between
uniaxial materials and the transition radiation from a uniaxial slab is carried out
in Supplementary Section 4. The angular spectral energy density from a uniaxial
slab is shown in Supplementary Fig. 5, where the influence of material losses on the
relation between the Cherenkov angle and the particle velocity is discussed.

NATURE PHYSICS | www.nature.com/naturephysics

Various features of Cherenkov radiation in our proposed photonic crystal
designs. Details are provided in Supplementary Section 6, including: the
impact of local disorders in photonic crystals (Supplementary Section 6.1 and
Supplementary Fig. 7), angular spread of Cherenkov radiation (Supplementary
Section 6.2 and Supplementary Fig. 8) and momentum range for particle
identification (Supplementary Section 6.3). The equivalence between the effective
Cherenkov radiation into Bloch modes and the resonance transition radiation
that constructively interferes in air is discussed in Supplementary Section 6.4.
The radiation mechanism is further elaborated in Supplementary Section 6.5 and
Supplementary Fig. 9, by presenting the phase velocity of the excited Bloch modes
that can couple out to air.

Additional studies include the exploration of the velocity threshold in
our mechanisms (Supplementary Section 6.6 and Supplementary Fig. 10), the
similarity between radiation spectra from our photonic crystal designs and a
dielectric slab (Supplementary Section 6.7 and Supplementary Figs. 11 and 12),
the bandwidth and chromatic aberration correction of Cherenkov radiation
from photonic crystals (Supplementary Section 6.8 and Supplementary Figs.
13-18), the angular spectral energy density and the angle-integrated radiation
spectrum at a fixed velocity (Supplementary Section 6.9), the fraction of
Cherenkov radiation emitted into the desired direction (Supplementary
Section 6.10) and the impact of loss in material on our mechanism of
Cherenkov radiation from photonic crystals (Supplementary Section 6.11 and
Supplementary Fig. 19).

Photonic crystals. The band structure and isofrequency contour of the proposed
1D photonic crystal designs are calculated in Supplementary Section 5 (see
Supplementary Fig. 6).

Production and use of photonic crystals in high energy physics experiments.
Details are provided in Supplementary Section 7. This section includes the
references to the various methods available in the industry for the production of
large-area photonic crystals and flexible photonic crystals (Supplementary Section
7.1) and the options to increase the photon yield obtained from photonic crystals
(Supplementary Section 7.2).

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author upon
reasonable request.
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