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Scintillators are a ubiquitous tool to detect 
high-energy particles (ionizing radiation)

Ionizing 
radiation
(e-, X, 𝜸)

3

FIG. 1: A general framework for scintillation in nanophotonics. (a) We consider the case of HEP bombarding an arbitrary nanophotonic

medium. (b) Subsequent HEP energy loss results in excitation of radiative sites (darker blue region in sample) which may diffuse before

spontaneously emitting photons (lighter blue region in sample). Our theoretical framework accounts for arbitrary (b) high-energy particle en-

ergy loss densities, (c) types of microscopic emitters, (d) nanophotonic environments. Electromagnetic reciprocity maps (e) far-field radiation

calculations from
the stochastic many-body ensemble in (f) a single plane-wave scattering electromagnetic simulation.

FIG. 2: Experimental demonstration of nanophotonic shaping and enhancement with photonic crystals. (a) A
modified SEM

is used

to record scintillation from
electron beams (5-40keV) bombarding scintillating nanophotonic structures. (b) Electron energy loss in the SOI

wafer is calculated via Monte Carlo simulations. Inset: Zoomed-in electron energy loss in the scintillating (silica) layer. (c) SEM
images of

PhC sample (etch depth 35 nm). Tilt angle 45 �. Scale bar: 1 µm (top), 200 nm (bottom). (d) Scintillation spectrum from TF and PhC samples.

(e) The scintillation signal is coupled out of the vacuum
chamber with an objective and then imaged on a CCD camera and analyzed with a

spectrometer. Comparison between theoretical (left) and experimental (right) scintillation spectra for green (f) and red (g) scintillation peaks.
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Much knowledge (collected over decades) about scintillators in classic textbooks like Lecoq et al. 



The quest for better scintillators is still on

Chen et al. Nature (2018)

Zaffalon et al. Nat. Photon. (2022; yesterday!)

Wang et al. Nat. Photon. (2022)

perovskites

heavy-atom
engineered
chromophores



A different approach: scintillation 
engineering by nanophotonic structures

Kurman et al. Phys. Rev. Lett. (2020)
[Kaminer group]

Knapitsch et al. IEEE Trans. 
Nuc. Dev. (2010) [Lecoq group]

Controlling emission with nanophotonics
Purcell. Phys. Rev. (1946) [Purcell effect]
Yablonovitch. Phys. Rev. Lett. (1983) [Purcell in photonic crystals]
Gerard et al. Phys. Rev. Lett. (1998) [Purcell in a resonant cavity]
Greffet et al. Nature (2003) [thermal radiation]
Polman & Atwater. Nat. Mater. (2010) [solar cells]

Early work enhancing scintillation with pure photonics

spontaneous emission!



A general framework for nanophotonic scintillation

[One of our main contributions: general framework to model 
nanophotonic scintillation taking this picture into account.] 

Roques-Carmes* & Rivera* et al. Science (2022).



A general framework for describing 
nanophotonic scintillators

• Spectral & angular density of emitted light in scintillation

• Strong similarity to description of thermal radiation (except for non-
equilibrium current-current correlations) [essentially same tools as used to 
model thermal radiation.]
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[specified by microscopics: 
energies, matrix elements, 
occupations, energy loss]

[specified by 
Maxwell solutions]



The end-to-end numerical pipeline for 
nanophotonic scintillation, summarized 



Designing a better scintillator = 
designing a better absorber 

• In this theory of scintillation, the power spectrum can be calculated (and 
optimized) readily from absorbed power in a volume!

• Can now take ideas from solar cells, LEDs, thermal emission
• Inverse design and optimization now become feasible for scintillators
• Powerful way to understand Purcell from ensembles
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where Veff (!) is the effective volume of absorption or field enhancement. Such an expression

states that the ICL spectrum is a simple product of a microscopic factor, set by the non-equilibrium

steady-state distribution function, and an effective absorption volume, which is set only by the

(structured) optical medium surrounding the scintillating medium. This expression also allows

inference of the microscopic spectral function S(!), given knowledge of Veff , and a measurement

of the scintillation spectrum.

This, as we now demonstrate theoretically and validate experimentally, enables an extremely

simple computational framework for scintillation, as compared to what is often considered. Often,

scintillation, being spontaneous emission by stochastic currents, is modeled computationally by

incoherently summing the emission by point dipoles placed according to the assumed spatial and

frequency distribution of the scintillating centers. Such calculations, in realistic structures, are

prohibitive, given the sheer number of 3D simulations required. The formulation of Eq. (5) allows

the computation of a single “absorption map” (setting Veff ).

Before moving on to the results, we now deepen the connection between cathodolumines-
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where the right-hand side is under the same assumptions that led to Eq. (6). As just two examples

of ⇥, we note that for a system governed by Fermi-Dirac statistics with temperature T , ⇥(!) =

~!
e~!/kT�1

. In other words, it is the Planck factor, and the luminescence spectrum is just that of

thermal radiation. On the other hand, if one considers for an example luminescence in a two-band

system (Fig. 1a) which is in a non-equilibrium steady state with different chemical potentials µc

and µv for the electrons and holes, ⇥(!) = ~!
e~(!�µ)/kT�1

, with µ = µc�µv. As can be seen from this

derivation, the spectrum of ICL has effectively the same dependence on the photonic environment

as the spectrum of thermal radiation, suggesting clearly how to optimize scintillation.
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spectral
function

proportional to 
“absorption”: 

remain well-defined. In that case, the normally-ordered correlation function between different

components of the current is given simply as
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with T a normalization time and J↵�
k (r) is the matrix element of the k-component of the current

operator between quantum states ↵ and �. It follows immediately that the radiated intensity spec-

trum in the far-field, which is given in terms of the normally-ordered correlation functions of the

electric fields, is simply
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What we will now show, in a series of steps, is that the cathodoluminescence spectrum is directly

related to the absorption cross section of the luminescing centers. Let us focus on the case in

which the current fluctuations are local, so that Sjk(r1, r2,!) = Sjk(r1,!)�(r1� r2). In that case,

we have
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The factor Gik(r, r1,!) is the ith component of the electric field at position r of a dipole ori-

ented along direction j. In reciprocal electromagnetic systems, Gij(r, r1,!) = Gji(r1, r,!),

thus relating the power to the field emitted by a dipole at position r, which is taken to be in

the far-field. Defining Gji(r1, r,!) = ↵Ej(r1, r, i,!), with ↵ a proportionality factor, Eq. (3) can

be translated then into the power spectrum per unit solid angle dP
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where we have defined |Einc(r0, r, i,!)| as the magnitude of the field of a dipole emitting from the

far-field, which is |↵/4⇡R|. Since the luminescing material is far from the detector, this field is

equivalent to a plane wave incident from the far field at an angle set r. While this result is general,

to make clear the physics contained within Eq. (4), we consider the case where the luminescing

material is isotropic, so that Sjk(r0,!) = �jkS(r0,!). In that case, we have
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From Eq. (5), one can immediately see that the emitted power is proportional to the field enhance-

ment by a plane wave at frequency ! (incident from direction ⌦) inside the volume governed by

3

• In the case of a uniform spatial distribution of 
scintillating centers in some volume:

Reciprocity-based calculations in 
non-equilibrium settings

Schulz et al., Optics Express (2018)
Sheng et al., Nano Letters (2018)
Zhang et al., Synth. Metals. (2015)

Greffet et. al., Physical Review X (2018)



Enhancement of electron-induced 
scintillation in photonic crystal slabs
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FIG. 1: A general framework for scintillation in nanophotonics. (a) We consider the case of HEP bombarding an arbitrary nanophotonic
medium. (b) Subsequent HEP energy loss results in excitation of radiative sites (darker blue region in sample) which may diffuse before
spontaneously emitting photons (lighter blue region in sample). Our theoretical framework accounts for arbitrary (b) high-energy particle en-
ergy loss densities, (c) types of microscopic emitters, (d) nanophotonic environments. Electromagnetic reciprocity maps (e) far-field radiation
calculations from the stochastic many-body ensemble in (f) a single plane-wave scattering electromagnetic simulation.

FIG. 2: Experimental demonstration of nanophotonic shaping and enhancement with photonic crystals. (a) A modified SEM is used
to record scintillation from electron beams (5-40keV) bombarding scintillating nanophotonic structures. (b) Electron energy loss in the SOI
wafer is calculated via Monte Carlo simulations. Inset: Zoomed-in electron energy loss in the scintillating (silica) layer. (c) SEM images of
PhC sample (etch depth 35 nm). Tilt angle 45�. Scale bar: 1 µm (top), 200 nm (bottom). (d) Scintillation spectrum from TF and PhC samples.
(e) The scintillation signal is coupled out of the vacuum chamber with an objective and then imaged on a CCD camera and analyzed with a
spectrometer. Comparison between theoretical (left) and experimental (right) scintillation spectra for green (f) and red (g) scintillation peaks.

Charles Roques-Carmes
[postdoc at MIT/Stanford]

Nanophotonics in our SEM
Kaminer et al. Phys. Rev. X (2017)
Yang et al. Nat. Phys. (2018)
Roques-Carmes et al. Nat. Comm. 
(2019)

Roques-Carmes* & Rivera* et al. Science (2022).



Scintillation by self-trapped holes in silica
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FIG. 1: A general framework for scintillation in nanophotonics. (a) We consider the case of HEP bombarding an arbitrary nanophotonic
medium. (b) Subsequent HEP energy loss results in excitation of radiative sites (darker blue region in sample) which may diffuse before
spontaneously emitting photons (lighter blue region in sample). Our theoretical framework accounts for arbitrary (b) high-energy particle en-
ergy loss densities, (c) types of microscopic emitters, (d) nanophotonic environments. Electromagnetic reciprocity maps (e) far-field radiation
calculations from the stochastic many-body ensemble in (f) a single plane-wave scattering electromagnetic simulation.

FIG. 2: Experimental demonstration of nanophotonic shaping and enhancement with photonic crystals. (a) A modified SEM is used
to record scintillation from electron beams (5-40keV) bombarding scintillating nanophotonic structures. (b) Electron energy loss in the SOI
wafer is calculated via Monte Carlo simulations. Inset: Zoomed-in electron energy loss in the scintillating (silica) layer. (c) SEM images of
PhC sample (etch depth 35 nm). Tilt angle 45�. Scale bar: 1 µm (top), 200 nm (bottom). (d) Scintillation spectrum from TF and PhC samples.
(e) The scintillation signal is coupled out of the vacuum chamber with an objective and then imaged on a CCD camera and analyzed with a
spectrometer. Comparison between theoretical (left) and experimental (right) scintillation spectra for green (f) and red (g) scintillation peaks.
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FIG. 3: Probing the microscopics of scintillation in silica. (a)
Energy-dependent scintillation spectra (PhC sample). (b) Top: 3D
molecular model of STH defect in silica. Bottom: Calculated STH
defect energy levels via DFT. (c) Simplified four-level system mod-
elling the microscopics of electron scintillation in silica. (e) TF (left)
and PhC (right) scintillation peak ratios as a function of deposited
beam powers through electron pumping. The dashed line corre-
sponds to the mean model prediction and the shaded area to the pre-
diction from the model parameters ± their standard deviation (TF:
uncertainty on �34/�24; PhC: uncertainty on �12/�13.

dence of scintillation on properties of the HEP beam enables
insight into microscopic transition dynamics associated with
the scintillation process. In the specific case of silica defects,
we can utilize macroscopic spectral observables, such as the
ratio of green to red scintillation peaks (defined as ⌘) to test
assumptions on the microscopic properties of the scintillation
mechanism. We derive a set of equations describing a four-
level quantum system with minimal assumptions. This model
is consistent with DFT energy level calculations shown in Fig-
ure 3(b). The full four-level model is presented in the Methods
section, with a schematic representation shown in Figure 3(c).
By fitting this model to the measured ⌘, we are able to esti-
mate ratios of microscopic decay rates describing the scintil-
lation emission process, from the free-electron pumping to the
emission and collection of visible photons.

Figure 3(a) shows the evolution of the scintillation spec-
trum for various energies. At high-energy pumping (40 keV),
red peak scintillation in the PhC sample dominates, while we
observe that decreasing the pumping energy results in a grad-
ual increase of the green peak scintillation (and of ⌘). We
make similar observations for high and low-current pumps (at

a constant pumping energy of 40 keV) and compile our results
in Figures 3(c). There, one can observe that for the TF sam-
ple, the green peak scintillation always dominates (⌘ > 1),
while there is a cross-over at finite deposited beam power (in
the silica layer) at intermediate deposited beam powers such
that ⌘ = 1 in the PhC sample.

The four-level model, coupled with electron energy loss
calculations, shown in Figure 3(b) can reproduce the main
features described above, when fitting the values of the de-
cay rates to the experimental data. First, data from both sam-
ples indicate that the transition decay rate from high-energy to
green scintillation defect �34 is faster than its red counterpart
�24 (with consistent values of ⇠ 2.45 for the TF and ⇠ 2.36
for the PhC). The existence of a cross-over deposited beam
power between domains where ⌘ > 1 and ⌘ < 1 translates
into an enhancement of the decay rates ratio �12/�13. Com-
paring model parameters fitting the TF experimental data to
models fitting the PhC data, we estimate that the decay rate
ratio is enhanced by a factor of ⇠ 3.5 which is in agreement
with the Veff-enhancement predicted by our theory and by our
observation of enhanced scintillation from the red defect in
the experimental data. By patterning nanophotonic scintilla-
tors, one can thus tailor microscopic properties and selectively
enhance scintillation from microscopic defects.

DISCUSSION

We have presented a general framework to model, tailor,
and enhance the spectral, angular, and polarization properties
of nanophotonic structures integrated into scintillating mate-
rials (nanophotonic scintillators). Our framework integrates
ab initio electronic structure, energy loss, and electromag-
netic response calculations in strong agreement with mea-
sured scintillation. We have demonstrated our framework by
using it to isolate the tailoring and enhancement of scintilla-
tion from silica defects in TF and PhC integrated in a SOI plat-
form. Our approach is versatile, first-principled, and directly
amenable to arbitrary scintillating materials and nanophotonic
structures, yielding a wide panoply of exciting applications,
from high-resolution low-dose X-Ray imaging to efficient ul-
traviolet electron-beam-pumped light sources. We conclude
by outlining a few promising avenues of future work that are
enabled by the results provided here. Further elaboration and
initial results, for each of these avenues, is detailed in the SI.

The first area, inspired by our simplified calculations based
on reciprocity, is numerical optimization of nanophotonic
scintillators. Our framework, which relies on the calcula-
tion of V (i)

eff (!,⌦) (which is relatively amenable, even in 3D),
enables for the first time the inverse-design of nanophotonic
scintillators. Methods to calculate the forward (V (i)

eff (!,⌦)
given a nanophotonic structure) and backward (gradients of
V (i)

eff (!,⌦) with respect to degrees of freedom describing the
nanophotonic structure) problems are detailed in the SI, Sec-
tion D. The experimentally reported enhancement can be fur-
ther improved upon by inverse-designing the nanophotonic

[DFT energy levels]

Girard et al., Reviews 
in Physics (2019)

Optical transition 
(bandwidth) [eV]



Accounting for scintillation spectra with 
the general framework
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FIG. 1: A general framework for scintillation in nanophotonics. (a) We consider the case of HEP bombarding an arbitrary nanophotonic
medium. (b) Subsequent HEP energy loss results in excitation of radiative sites (darker blue region in sample) which may diffuse before
spontaneously emitting photons (lighter blue region in sample). Our theoretical framework accounts for arbitrary (b) high-energy particle en-
ergy loss densities, (c) types of microscopic emitters, (d) nanophotonic environments. Electromagnetic reciprocity maps (e) far-field radiation
calculations from the stochastic many-body ensemble in (f) a single plane-wave scattering electromagnetic simulation.

FIG. 2: Experimental demonstration of nanophotonic shaping and enhancement with photonic crystals. (a) A modified SEM is used
to record scintillation from electron beams (5-40keV) bombarding scintillating nanophotonic structures. (b) Electron energy loss in the SOI
wafer is calculated via Monte Carlo simulations. Inset: Zoomed-in electron energy loss in the scintillating (silica) layer. (c) SEM images of
PhC sample (etch depth 35 nm). Tilt angle 45�. Scale bar: 1 µm (top), 200 nm (bottom). (d) Scintillation spectrum from TF and PhC samples.
(e) The scintillation signal is coupled out of the vacuum chamber with an objective and then imaged on a CCD camera and analyzed with a
spectrometer. Comparison between theoretical (left) and experimental (right) scintillation spectra for green (f) and red (g) scintillation peaks.



Out-of-equilibrium kinetics of defects 
controlled by nanophotonics

• Beyond predicting “nanophotonic” features 
the framework also, accounts for features 
requiring microscopics+nanophotonics
• Nonlinear dependence of emission on 

pump + “cross-over” from green to red
• 3-level dynamics of self-trapped holes



Nanophotonic-enhanced scintillation 
induced by X-ray bombardment

• Real-world example
• Patterned photonic crystal into an 

X-ray scintillator
• Put it into a micro-CT machine 

and look at light from patterned 
vs. unpatterned region

• 10x brighter image from the 
patterned region

Roques-Carmes* & Rivera* et al. Science (2022).



Outlook
Computational optimization of nanophotonic scintillators

Scintillation lasers

Watanabe et al.
Nat. Mater. (2004)


