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ABSTRACT: Scintillators are materials that emit visible photons when bombarded by high energy particles (X-ray, gamma
ray, electrons, neutrinos, etc.), and are crucial for applications including X-ray imaging and high energy particle detection.
Here, we show that one-dimensional (1D) photonic crystal (PhC) cavities — added externally to scintillator materials - can
be used to tailor the intrinsic emission spectrum of scintillators via the Purcell effect. The emission spectral peaks can be
shifted, narrowed or split, improving the overlap between the scintillator emission spectrum and the quantum efficiency
(QE) spectrum of the photodetector. As a result, the overall photodetector signal can be enhanced by over 200%. The use of
external PhC cavities especially benefit thick and large-area scintillators, which are needed to stop particles with ultrahigh
energy, as in large-area neutrino detectors. Our findings should pave the way to greater versatility and efficiency in the de-

sign of scintillators for applications including X-ray imaging and positron emission tomography.

Introduction

High energy particles undergo a variety of interactions
when incident upon scintillators, including Compton scat-
tering, electron-positron pair formation, electron ioniza-
tion and recombination of electron-hole pairs at lumines-
cence centers. The last process is directly useful in the de-
tection of high energy particles as it produces light that can
then be captured by photodetectors such as photomultipli-
er tubes (PMT)! or avalanche photodiodes (APD)2. Scintil-
lation, which refers to the generation of light in a material
(known as a scintillator) from incident high energy parti-
cles, plays a vital role in many technologies including posi-
tron emission tomography (PET)?4, medical and industrial
computed tomography (CT)5, security scanning®, neutrino
detection’-1! and radioluminescence microscopy'2.

Crucial to the performance of scintillators are their re-
sponse times (as small as possible) and efficiencies (as
large as possible). Approaches to improve these properties
include engineering the scintillator’s atomic composition!*
14 and developing new materials!*1° to optimize the decay
rate and scintillator efficiency. Other approaches include
implementing the scintillator as a thin film?° and adding
photonic crystals (PhCs) as coatings?!-23 to enhance the
photon extraction efficiency. In the latter case, PhCs are
only used to manipulate the already-created scintillation

emission, as opposed to the intrinsic emission properties.
In a series of recent, exciting research breakthroughs, it
was shown that structuring the scintillator material itself
into a PhC can enhance the intrinsic emission process
through the Purcell effect?4, resulting in improved scintilla-
tion efficiency.252” However, the impact of externally add-
ed PhC structures on the intrinsic emission process has not
been explored.

In this work, we show via numerical simulation that ex-
ternal large-area PhC cavities can enable over 200% en-
hancement of the overall photodetector signal (The photo-
detector signal enhancement is defined as the ratio of the
photoelectron number detected at the photodetector with
the PhC cavity to that without PhC cavity). This enhance-
ment occurs because the external PhC cavity shapes the
scintillator’s emission spectrum via the Purcell effect, re-
sulting in an improved overlap between the emission spec-
trum and the quantum efficiency (QE) spectrum of the
photodetector. This enhances the rate of photoelectron
generation and hence the overall photodetector signal. To
study this enhancement, we present a theory that takes
into consideration the fact that dipoles in different posi-
tions have different decay rates, as well as the decay of the
dipole density with depth from the scintillator surface. Our
theory is suitable for studying large-area detectors, whose
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Figure 1. Enhancing high-energy particle detection with external photonic crystal (PhC) cavities. (a) Illustration of the scintillation
process in activated scintillator: an incident high energy particle creates a primary electron (glowing black circle), which in turn
creates secondary electrons (black circles) and holes (white circles). The dotted circles in processes I, IlI and IV indicate trapped
holes, trapped electrons, and self-trapped excitons, respectively. Visible light is emitted by the recombination of electron-hole pairs
in the dopant ions through spontaneous emission. The spontaneous emission properties can be tailored by the PhC band structure
(inset), where k, w, d denote the wavevector magnitude in air, angular frequency, and PhC period, respectively. (b) & (c) Purcell
factor as a function of emission wavelength and emission angle (in air) for a dipole located at the middle of the scintillator (CsI:Na).
The Purcell factor is suppressed within the bandgap (white area) of the PhC but enhanced by some fringe-like TE and TM modes
within the energy bands of the PhC. (d) Enhancing photoelectron number at the photodetector by tailoring the emission spectrum
of scintillator (thick film Csl:Na) with an external PhC cavity. The solid lines and shaded areas denote the spectral density of pho-
tons (ph) and photoelectrons (phe), respectively, normalized to the respective spectra peaks for the case without PhC cavity. The
PhC is composed of alternating layers of dielectric material (refractive index 5) and air. The emission spectrum is tailored via Pur-
cell effect, resulting in an improved overlap between the emission spectrum and the quantum efficiency (QE) spectrum of the pho-
todetector, achieving 3.06 times enhancement in the overall detected photoelectron number.

transverse dimensions are typically at least 10-100 times able for realizing the PhCs, allowing for a smaller number
larger compared to the structure’s thickness, making a 1D of layers and therefore less vulnerability to fabrication
model?® a good approximation. Such large-area detectors error. Furthermore, using external PhC cavities avoids
are used in many applications including X-ray imaging, modifying the scintillator material itself in the event that
security scanning and dark matter detection.®2%30 [n par- such modifications are challenging or impractical: for in-
ticular, our numerical results show that the 1D PhC cavities stance, when thick scintillators are needed to stop photons
can be designed to shift, narrow and split peaks of the scin- with ultrahigh energy, as in large-area neutrino detectors’
tillator emission spectrum. Compared to structuring the 11,

scintillator material directly into PhCs, externally added
PhC cavities benefit from a wider range of materials avail-

Results



Figure 1 shows a thick single-crystal scintillator sand-
wiched between two PhCs of the same design - we refer to
this PhC sandwich as a PhC cavity. lonizing radiation (e.g.,
X-ray, gamma rays) are converted into charged particles
(e.g., hot electrons and holes) by processes like the photo-
electric effect, Compton scattering, and pair production as
they pass through the scintillator and dielectric
materials.1>31-3¢ These charged particles lose their energy
through the creation of multiple less energetic electrons
and holes. The electrons and holes can form excitons that
later relax radiatively to emit photons, or non-radiatively
to heat, or transfer primarily to the dopant ions. Independ-
ent electrons and holes can also transfer energy to the do-
pant ions. The resulting excited dopant ions can then relax
to its ground state either radiatively or not. The branching
ratio between the processes associated with charged parti-
cle energy loss is dependent on the properties of the host
excitons, dopant ions (i.e., type, concentration) and host
defects.

Scintillators are self-activated if they rely mainly on the
host exciton for emission, and activated if they rely on the
dopant ions for emission. Self-activated scintillators have
exciton emission lifetimes varying from few picoseconds to
microseconds.3> 3¢ The 5d-4f transitions of Lanthanide
doped scintillators, an example of activated scintillators,
have a primary decay component of several tens or hun-
dreds of nanoseconds.37-3° Scintillation in activated scintil-
lators involves three main mechanisms in Figure la: 1)
direct electron-hole capture by dopant ions (energy trans-
fer mechanism I), which takes place on a timescale of < 1
ns; 2) delayed electron and hole capture due to metastable
electron and/or hole trapping at defect sites (energy trans-
fer mechanisms II and III), with transfer rates and efficien-
cies determined by defect characteristics. Electron and/or
hole trapping can lead to delayed excitation of the dopant
ions, which could result in lifetimes longer than the intrin-
sic lifetime of the dopant ions; 3) dipole transfer from self-
trapped excitons (STEs) to dopant ions (energy transfer
mechanism IV) with transfer rates and efficiencies deter-
mined by STE/dopant ion affinity, which once again could
result in lifetimes longer than the intrinsic lifetime of the
dopant ions.*® Regardless of the energy transfer mecha-
nism, an electron-hole pair captured in a dopant ion will
recombine and emit a photon or decay non-radiatively.

The impact of adding an external PhC cavity is twofold:
Firstly, the PhC cavity affects the intrinsic dipole decay rate
in the scintillators via the Purcell effect and thus tailors the
intrinsic emission spectrum of dipole emitters. The Purcell
effect is dependent on the local density of states (p,) con-
structed by the photonic crystal cavity, i.e., y « p, (1, ),
where y, r, w are the Purcell factor, dipole position, and
emission angular frequency, respectively. Secondly, the
PhC cavity further shapes the emitted photons through the
transmission coefficient of the internal photons into the
external environment where they are captured by the pho-
todetector.

Our theory follows the derivations in Ref?>, with the fol-
lowing key differences that are crucial for accuracy in the
scenario that we consider:

(a) Our model takes into consideration the fact that di-
poles in different positions have different decay rates.

(b) We consider the spectral dependence of the scintilla-
tor’s emission and photodetectors’ quantum efficiency.

(c) We consider the absorption of high energy particles
by both dielectric and scintillator materials.

(d) We do not assume a uniform dipole distribution, but
instead consider an exponential decay with the depth from
the scintillator surface.

Full details of our theory are provided in the Methods
and Supporting Information (SI) Section I. In particular,
Figure S5 in SI Section I. C illustrates the importance of
considering the ability of the PhC cavity to modify the in-
trinsic emission spectrum via the Purcell effect, in addition
to affecting the transmission of photons after they have
been emitted.

The external photonic crystal cavity affects the scintilla-
tor dipole decay rate via the Purcell effect and reshapes the
emission spectrum. The Purcell factor y(w, 6, o) for a di-
pole located at the center of the scintillator is presented in
Figure 1b and 1c, which shows the suppression in the
bandgap region and the enhancement in some modes with-
in the energy bands. Here w denotes the emission angular
frequency, 6 denotes the emission angle in vacuum, o de-
notes the emission polarization. Based on spontaneous
emission process described by Einstein’s coefficient and
the transmission of photons shaped by PhC cavity, the pho-
ton number is suppressed and enhanced in the bandgap
and some modes within the energy bands, respectively. It
leads to the better match between emission spectrum of
the scintillator and QE spectrum of the specific photode-
tector and shows 3.06 times enhancement of photoelec-
tron number in Figure 1d.

Figure 1 illustrates the promise of an external PhC cavity
in enhancing the overall detector efficiency. We consider
the scintillator material Csl:Na,*! whose emission spectrum
peaks at 410 nm with a full-width-at-half-maximum
(FWHM) bandwidth of 120 nm. Csl:Na is widely used in
computed tomography (CT).#2 The QE spectrum of PMTs#*3
are known to have one of the best overlaps with the emis-
sion spectrum of Csl:Na, making the PMT one of the most
suitable photodetectors for Csl:Na. However, PMTs do not
feature a high QE (around 30% for MCP-PMTs) compared
to most APDs. The photodetector we consider in Figure 1
corresponds to the parameters of the APD Hamamatsu-
S$6429-01* with maximum QE 62% at 540 nm and FHWM
64 nm. Although its QE is attractive, the overlap between
its QE spectrum and Csl:Na’'s emission spectrum is rela-
tively small. This forces us to choose between the relative-
ly good spectral overlap of the PMT and the relatively high
maximum QE of the APD. Figure 1b-d show that the addi-
tion of an external PhC cavity allows us to enjoy the best of
both worlds simultaneously, by reshaping the scintillator
emission spectrum via the Purcell effect (Figure 1b and 1c).
Details on the Purcell factor derivation and photonic band
structure calculation are presented in SI Sections 1. C and
IV respectively. Owing to the Purcell effect, the intrinsic
emission spectrum is reshaped to have an improved over-
lap with the APD QE spectrum. Specifically, the emission
peak of Csl:Na is redshifted, as can be seen going from the
red to blue curve in Figure 1d. Ultimately, this results in an
enhancement of 3.06 times (or > 200%) in photoelectron
number and hence detection efficiency, as shown in Figure
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Figure 2. Tailoring the scintillator emission spectrum to achieve greater overlap with the photodetector quantum efficiency (QE)
spectrum and hence greater overall photodetector signal. Through the Purcell effect due to the presence of an external photonic
crystal (PhC) cavity, the scintillator emission spectral peaks can be narrowed (Figure a), split (Figure b) or shifted (Figure c to f).
The PhCs (50 layers on each side) sandwich 1 mm thick scintillators. The name of the scintillator materials used in the simulation
are labelled at the top right corners of each panel. The tailored emission spectrum overlaps more with the QE spectrum of the pho-

todetectors, resulting in higher photodetector signal.

1d. The parameters of the PhCs, scintillators, and photode-
tectors used in the simulation are shown in Table S1.

Figure 2 shows the ability of external PhC cavities to re-
shape the emission spectrum of thick scintillators, thereby
achieving enhancing photodetector signal. As examples,
the parameters of six leading scintillator materials (acti-
vated and self-activated scintillators) and four different
types of APDs are used in the simulation.3> 3641 The PhC
cavity is composed of alternating layers of dielectric mate-
rial (refractive index 5) and air. By varying the PhC cavity
parameters — which include the refractive indices of con-
stituent layers, layer number, period, and filling factor (the
thickness ratio of the higher refractive index material in
the PhC) - the emission spectrum can be reshaped in vari-
ous ways: for instance, to induce a redshift, blueshift, nar-
rowing or splitting of the emission peak. These shaping
mechanisms allow us to improve the overlap between the
emission spectrum of scintillators and QE spectrum of pho-
todetectors. The narrowing of the peak, for instance, facili-
tates a better spectral overlap with photodetectors whose
QE spectrum have a similarly narrow peak,*> as in the ex-
ample shown in Figure 2a. The splitting of the peak is used
to improve the photodetector signal in the example shown
in Figure 2b. Redshift and blueshift of the emission spec-
trum are realized in Figure 2c-f. The percentage enhance-
ment in the overall photodetector signal from Figure 2a-f
are 32%, 220%, 73%, 63%, 223%, and 90%, respectively.

Figure 3a shows that a larger photodetector signal can
generally be obtained with larger PhC refractive index con-
trast. The PhC is composed of alternating layers of air and
dielectric material, whose refractive index varies from 1.5
to 5.0 (shown in the x axis of Figure 3a). The number of
layers of PhC in each side is set to be 50. The periods and
filling factors of PhCs have been optimized for maximum

photodetector signal in each case. For comparison, four
high efficiency APDs are considered. Our simulation results
show that the photodetector signal increases with larger
refractive index contrast in the PhC, for all cases, allowing
the emission spectrum to be tailored to a larger degree.
Figure 3b and 3c explore the impact on photodetector sig-
nal by varying periods and filling factors of PhCs for two
specific values of refractive index in Figure 3a (circled red
points). The photodetector signal enhancement and sup-
pression area are distributed within adjacent fringes. PhC
configurations within the enhancement strips would be
strongly recommended in future experiment realization.

Figure 4a presents the simulation results for the design
of an external PhC cavity-based scintillator device, where
the refractive indices used in the PhC layers correspond to
those of realistic materials. For the high refractive index
component of PhC, we choose TiO2 as it is a transparent
material and has a large refractive index (~2.87)*¢ around
the emission peak of the scintillator, Csl:Na.*! For the low
refractive index component, we use SiO2 porous material
which can be realized by random SiO: nano-rod
arrangement.*’ It exhibits a low refractive index around
1.06 in the emission wavelength range. The PhC on each
side of the cavity comprises 50 alternating layers of TiO2
and SiOz porous material. In a previous experimental work,
PhCs composed of TiOz and SiOz and have been already
proved feasible.*® Here we replace the SiO: film with SiO:
porous material, which has been shown to be feasibly im-
plemented in PhCs.#7- 4% A possible way to integrate the PhC
(TiOz + porous Si02) and the scintillator Csl:Na could be via
eutectic crystals.>® Eutectic techniques have been proven
feasible for the fabrication of PhCs and scintillators.51-54
Figure 4b shows the overall photodetector signal en-
hancement as a function of the periodicity and filling factor
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Figure 3. Impact of refractive index contrast on the performance of scintillator system with external photonic crystal (PhC) cavi-
ties. The PhCs are composed of alternating layers of dielectric material and air. The PhCs (50 layers on each side) sandwich 1 mm
thick Csl:Na. (a) Photodetector signal enhancement vs. refractive index of the dielectric material. The photodetector signal en-
hancement is defined as the ratio of the photoelectron number detected at the photodetector with the PhC cavity to that without
PhC cavity. For each refractive index and photodetector, the results presented correspond to the optimal choice of PhC period and
filling factor (the thickness ratio of the higher refractive index material in the PhC). The photodetector signal is improved with
increasing refractive index of the dielectric material. The model names of the photodetector (Hamamatsu#4) used in the simulation
are labelled on the left top corner. (b) & (c) Photodetector signal enhancement vs. period and filling factor of PhC for two examples
in Figure a (red points in red circles). The maximum enhancement in Figure b and c are 206% and 166%, respectively.

of the PhCs. Figure 4c shows the spectral density of the
photons and photoelectrons in the case where maximum
enhancement (of 121%, or a factor of 2.21) is achieved.
The effect of the PhC cavity is to redshift the scintillator
emission peak, resulting in an improved overlap with the
photodetector’s QE spectrum, and thus an enhanced over-
all photodetector signal. Other high refractive index mate-
rials we could consider for the PhC includes SiC, Diamond
and SrTiOs- these scenarios are analyzed in SI Section V.
Besides SiO2, the low refractive index material could also
be replaced by other transparent porous materials.55-5°

In practice, at least slight fabrication errors may occur
when manufacturing the nanofilm layers of the PhC struc-
ture. To ensure stable performance of PhC cavity-based
scintillators system in experiments, it is crucial to consider
the influence of fabrication accuracy on the scintillator
photodetector signal. We model the thickness of dielectric
layer of PhC as a random variable governed by a Gaussian
distribution. Figure 5 explores the impact of the standard
deviation (SD) of layer thickness and the layer number of
PhC on scintillation performance. The numerical results
show that the performance of the scintillator worsens
when both the layer number and SD increase. More details

of the impact of fabrication errors on the scintillation per-
formance can be found on the SI Section VI.

Discussion

One-dimensional (1D) PhC structures are made of peri-
odically alternating layers. Featuring periods typically of
several hundreds of nanometers, 1D PhCs have shown the
ability to tailor visible light emission, such as that generat-
ed from free electron radiation.®0-6> Qur use of a 1D model
makes our theory valid only for devices whose transverse
dimensions are much larger than their thickness -- which
include many types of large-area detectors.?® These large-
area detectors are widely used in many scintillation field,
including medical X-ray imaging, security scanning, dark
matter detection, and neutrino detection.6-1% 29 30 In this
work, The Purcell effect enabled by external PhC cavities
allows us to mold the scintillator emission pattern beyond
what is possible by just using external structures as reflec-
tive/transmissive media. This ultimately allows the overall
photodetector signal to be enhanced, by molding the emis-
sion spectrum to have a greater overlap with the QE spec-
trum of the corresponding photodetectors. Generally, most
standard scintillator materials have a specific emission
spectrum,3! 3¢ which means the choices for photodetectors
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Figure 4. External photonic crystal (PhC) cavity-enhanced scintillator system using actual materials. (a) Schematic diagram of
Csl:Na scintillator with a PhC cavity (TiO2 + porous SiOz). The TiO2/Si02 PhCs have been shown to be feasible in previous work.48
Here, we replace SiO: film with SiOz porous material so as to achieve a low refractive index (1.06)#7 for the SiOzlayer. SiO2 porous
material can be realized by random SiO2 nano-rod arrangement. (b) Photodetector signal enhancement vs. period & filling factor of
photonic crystal. (c) Spectral density of photons (ph) & photoelectrons (phe) with optimized configuration of PhC cavity (TiOz +
porous Si02). The emission spectrum is shifted to longer wavelength to match the quantum efficiency (QE) spectrum of the photo-
detector. The enhancement of the overall photodetector signal is 121%.

are very limited.®® For example, Microchannel plate PMTs
(MCP-PMTSs)¢7 are widely used for scintillators with emis-
sion wavelengths around 350 to 450 nm, e.g,, Csl:Na. But
the QE of MCP-PMT is moderate at around 30% due to its
high working frequency and broad band response. On the
contrary, photodetectors with high QE (e.g., APDs®8 6%) of-
ten work in a relatively long wavelength range (over 500
nm) and small bandwidth, which cannot achieve high pho-
todetector signal for most scintillators because of the lack
of overlap between emission spectrum and QE spectrum.
This often forces users to choose between the relatively
good spectral overlap of PMTs, versus the relatively good
peak QE efficiency of APDs. As presented in this work, ex-
ternal PhC cavities can be used to achieve the best of both
worlds, by tailoring the emission spectrum of scintillators
so that APDs can be used with a relatively good spectral
overlap. This allows for more versatility in choosing com-
binations of photodetectors and scintillator materials, and
also higher resulting photodetector signal.

The tailoring mechanism of Purcell factor by PhC cavities
is different from the situation where scintillator itself is
fabricated into a 1D PhC. In the latter case, the enhance-
ment of decay rate comes from the dipoles located close to
the surface. It requires the filling factor of scintillator to be
small enough to enable more near-surface dipoles. In the
PhC cavity-based scintillator system, the Purcell factor is
tailored by the photonic band structure construed by the
external PhC cavity. By implementing the high refractive
contrast PhCs, we could tailor the Purcell factor and thus
redistribute the emission spectrum.
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Figure 5. Impact of the standard deviation (SD) of every die-
lectric layer of photonic crystal (PhC) on the scintillator pho-
todetector signal enhancement. The PhC is composed of alter-
nating layers of dielectric material (refractive index 5) and air.
The scintillator used is a 1mm thick Csl:Na. The layer number
(on each side) varies from 50 to 200. With the increase of the
deviation from ideal PhC, the randomness increases and the
photodetector signal drops. With the increase of the layer
number, the influence of the SD increases. The results are
based on the average of 10 runs.

Although naturally occurring materials cannot push a
higher limit, novel research in nanostructures can be ap-
plied to further enlarge the refractive index contrast of PhC.
The high refractive index materials can be achieved by
metamaterials’%72, e.g., stacked cut-wire plasmonic struc-
tures (n~7)7%, metal film with periodic slits (n~16)79, etc.
The low refractive index materials can be achieved by
near-zero-index (NZI) materials73-77, an example of which



can be constructed by all-dielectric zero-index optical met-
amaterial’>. PhCs composed of those novel structures are
promising to achieve a higher photodetector signal. Fur-
thermore, to avoid the loss due to the photon absorption of
PhC, it is recommended to pick all dielectric design of met-
amaterials and NZI materials.”%.75

The enhancements possible with 1D external PhC cavi-
ties also raise the exciting prospects of 2D /3D external PhC
cavities, including even more complicated nanostructures
that might be realized using 3D printers. Higher dimension
PhCs could form more complicated photonic band struc-
tures?8 78-80 and lead to even more versatility in tailoring
the emission spectrum. Apart from periodic crystal, quasi-
crystals®!-82 and chirped crystals®? are also promising can-
didates for different photonic band structures and could
realize different ways to reshape the emission spectrum.
Furthermore, it is intriguing to consider real-time tuning of
scintillator emission through real-time tuning of the exter-
nal PhC cavities, which have been shown to be tailorable
via structural/chemical tuning8 or even by electric signals
when graphene is introduced as a coating?®.

While we mainly focus on the spectral distribution of
photons and photoelectrons, our theoretical framework
can also handle the angular distribution analysis. Similar
with wavelength, the angular distribution of the Purcell
factor can also be tailored by the photonic band structure
constructed by photonic crystal and results in the tailoring
of angular distribution of the photons. It would be mean-
ingful when some photodetectors have angular distribu-
tion of QE.8¢ Considering the angular overlap of the photon
emission and photodetector QE, the total photoelectron
number can be further enhanced by accumulating the pho-
tons in certain emission angles where photodetectors
show a higher QE.

As is shown in Figure 5, the performance of the scintilla-
tor benefits from the lower layer number and smaller SD of
the individual dielectric layer thickness. This in fact high-
lights two advantages of our external 1D PhC cavity design
compared to an alternative scheme where the scintillator
itself is fabricated into a 1D PhC, and whose performance
similarly deteriorates with number of layers.?5 Firstly, if
scintillator itself is fabricated into a 1D PhC, the layer
number should be large so as to absorb incident high ener-
gy particles.2> However, we do not need PhCs with a large
number of layers in external 1D PhC cavity because the
role to absorb incident high energy particles is the thick
scintillator in the middle. The PhC cavity is only to form a
suitable band structure to tailor the emission spectrum via
the Purcell effect. Therefore, external PhC cavity-based
scintillator system will be less influenced because of the
less layer number needed. Secondly, it may be impractical
to convert the scintillator material itself into a 1D PhC
when the scintillator material has to be very thick, for ex-
ample for neutrino detectors, as this would result in large
number of scintillator layers that negatively impacts the
fabrication sensitivity and worsens the physical stability.®
87 On the other hand, less layers would benefit the scintilla-
tor performance in another perspective. The high energy
particles can sometimes be absorbed by the dielectric ma-
terials, not by the scintillators, which could cause energy
loss. The decrease of layer number in external PhC cavity-

based scintillator system can reduce this loss. Based on the
analysis of fabrication errors, it will provide reference for
the future experimental verification and applications.

To summarize, we have shown numerically that external
PhC cavities can tailor the emission spectra of thick scintil-
lators, enhancing the photodetector signal by over 200%
due to the improved overlap between the scintillator’s
emission spectrum and the photodetector’s QE spectrum.
We have shown that the choice of external PhC geometry
and material can be used to shape the emission spectrum
in various ways, including shifting, narrowing and splitting
of the emission peaks. The presence of the external PhC
cavity thus makes each scintillator material much more
versatile, allowing it to be compatible with a wider range
of available photodetectors. Besides, considering the ex-
perimental verification and further applications, we
demonstrate that with the increase of the fabrication error
of the layer thickness and the increase of the layer number,
the photodetector signal declines. Therefore, a relatively
low layer number enough to form a suitable band structure
is suggested, which also reduces the absorption of high
energy particles by the non-scintillator material. The ex-
ternal PhC cavity-based scintillator design is especially
beneficial to applications that need a large area or large
thickness scintillator detector, e.g., PET scanners and neu-
trino detectors because the atomic structure and geomet-
rical structure of the scintillator do not need to be modified
in this system. Other applications including X-ray imaging
and high energy particle detection can also benefit from
higher scintillator photodetector signal and lower incident
radiation dose. Furthermore, in terms of fast response ap-
plications such as PET, the increase in photodetector signal
will improve timing resolution significantly.

Methods

A general framework for 1D external photonic crys-
tal cavity-enhanced scintillators: In the scintillation pro-
cess, numerous dipoles are produced inside the crystal and
the Purcell factor of the dipole is defined using
y(r, w, 8, 0),%5 where r denotes the position of the dipoles
and w, 6, o denote the emission angular frequency, angle,
polarization, respectively. The emission rate of a dipole
I'(r,w,0,0) = TIy(w,0)y(r w,0,0) represents the number
of photons produced by the dipoles in a certain position
per unit time with a certain emission wavelength, angle,
and polarization. [;(w, o) denotes the emission rate of a
dipole in vacuum with a certain wavelength and emission
polarization. The effective decay time for a dipole located
at a certain position r could be written as

1

(1)

Te r) = = 3
T T v (w) 26 sin 0%, T w,0,0)

where Y (w) is the intrinsic emission spectrum of a dipole
which is normalized by [ Y (w)dw = 1 (see SI Section 1. B).
In a 1D layered system, position could be denoted by z. The
total number of the photons produced by dipoles located
within dz area:

Io(2)
Feff(z)

N,(z)dz = {Nd_o G (z)dz} 2)



Ip(2) = f dwY (w) ff df sin @ Z T(z,w,0,0)T(z,w,0,0) (3)
0 g

where T(z, w, 6, o) denotes the transmission coefficient of
photons produced at position z. N;, denotes the total
number of radiative dipole emitters inside the scintillator.
G (z) denotes the spatial distribution of the dipole emitters.
In this work, we take an exponential decay of the dipole
density with the depth from the surface. Therefore, dipole
distribution function could be written as:

G(z) =*— )

where L is the total length of the scintillator material, k is
the linear attenuation coefficient of incident high energy
photons for the scintillator material. The data of linear
attenuation coefficient in this work is from NIST
database.?® The results under another dipole distribution
type, uniform distribution, is presented in Figure Sé.

The number of photons detected over time combines the
influence of total photon number, the decay rate and the
dipole position:

%m=£

After the photons pass through a photodetector with a
quantum efficiency QE (w) varying with wavelength, the
total number of photoelectrons at the photodetector pro-
duced by dipoles located within dz area could be written
as

L

{N,(2)dz} [1 - e_(feff(z)>t] (5)

T,
T,/ jf (2)

Feff(z)

N,(2)dz = {NyoG(2)dz} (6)

Lef (@)

- j dwY (0)QE (w) f %46 sinQZT(z,w, 8,0)T(z,w,0,0) (7)
0 (o2

The enhancement of the decay rate, the detected photon
number, and the detected photoelectron number for a di-
pole at a certain position z could be written as
Tefrputk(2) [Terr,pnc (@) Nppnc(2)/Nppur(z) , and
Ne,PhC(Z)/Ne,Bulk(Z)' where Teff,Bulk(Z)ﬂ Np,Bulk(Z)i and
N, puir(z) denote the decay time, detected photon number,
and detected photoelectron number for a dipole located at
a certain position z in a thick single-crystal (bulk) scintilla-
tor. More details can be found in SI Section L.

Influence of dipole distribution on the scintillator
performance: See SI Section II for details.

Influence of the loss of the scintillator on the Purcell
factor and scintillator performance: See SI Section III for
details.

Photonic band structure calculation of one-
dimensional photonic crystal: See SI Section IV for de-
tails.

Designs with realistic materials: See SI Section V for
details.

The influence of the fabrication error on the scintil-
lation performance: See SI Section VI for details.

Quantum efficiency of the photodetectors: See SI Sec-
tion VII for details.
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One-dimensional photonic crystal cavities - added externally to scintillator materials - can be used to enhance the overall photo-
detector signal by 3 times.
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