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ABSTRACT: Recent research in nanophotonics for scintillation-based
imaging has demonstrated promising improvements in scintillator
performance. In parallel, advances in nanophotonics have enabled
wavefront control through metasurfaces, a capability that has trans-
formed fields such as microscopy by allowing tailored control of optical
propagation. This naturally raises the following question, which we
address in this Perspective: can wavefront-control strategies be leveraged
to improve scintillation-based imaging? To answer this question, we
explore nanophotonic- and metasurface-enabled wavefront control in
scintillators to mitigate image blurring arising from their intrinsically
diffuse light emission. While depth-of-field extension in scintillation
faces fundamental limitations absent in microscopy, this approach reveals promising avenues, including stacked scintillators, selective
spatial-frequency enhancement, and X-ray energy-dependent imaging. These results clarify the key distinctions in adapting wavefront
engineering to scintillation and its potential to enable tailored detection strategies.
KEYWORDS: Scintillation, Wavefront Control, X-ray Imaging, Nanophotonics, Metaoptics, Inverse Design

■ INTRODUCTION
Scintillation is the process by which certain materials, called
scintillators, absorb ionizing radiation such as X-ray or γ-ray
photons and re-emit the deposited energy as visible light
detectable by standard photodiodes or camera sensors. This
enables indirect measurement of radiation that is otherwise
difficult to detect.1 Scintillators are therefore widely used as
radiation detectors and are central components in many
medical imaging systems including X-ray radiography,
computed tomography (CT), and positron emission tomog-
raphy (PET). In these imaging applications, scintillator
performance metrics such as light yield and absorption
efficiency directly impact clinical image quality, radiation
dose, and ultimately the effectiveness of disease diagnosis and
treatment.

Recent work has shown that nanophotonic structuring can
substantially change how scintillators emit light and, in turn,
improve the detector performance. By patterning the
scintillator or an adjacent layer on the scale of the scintillation
wavelength, one can reshape the photonic environment in two
main ways: (i) nanostructures can modify the local density of
optical states seen by the scintillation transitions, speeding up
and spectrally reshaping spontaneous emission;2,3 and (ii) they
can introduce additional outcoupling channels that redirect
light toward the detector4 or allow for better optical coupling.
This “nanophotonic scintillator” approach has been explored
using plasmonic structures,5−7 photonic crystals,2,4,8−11 and
inverse-designed nanophotonic stacks.12,13 Together, these
studies have demonstrated up to order-of-magnitude increases

in light yield,3−7,9,11,12 improved control over angular
emission,4,8,11 and scalable routes to patterning.9−11 Recent
analyses estimate that current CT usage may account for
roughly 100,000 radiation-induced cancers per year in the U.S.,
corresponding to up to ∼5% of all new cancers,14,15

underscoring the urgency of improving detector performance.
To date, however, this work has largely focused on controlling
the emission rate, spectrum, and light extraction, leaving
scintillation wavefront engineering largely unexplored.

Wavefront engineering refers to shaping how emitted light
propagates through the imaging system and is encoded at the
detector. More broadly, wavefront engineering encompasses
the deliberate modification of the optical wavefront�typically
through pupil-plane phase or amplitude control�to tailor the
system point spread function (PSF) for a given imaging task.
Rather than maximizing image sharpness alone, wavefront
engineering redistributes desired optical information in a
controlled manner so that it can be more effectively recovered
through computation. In scintillation-based imaging, wavefront
engineering can extend beyond the scintillator itself to the full
imaging pipeline, encompassing the X-ray source, scintillator
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architecture, detection optics, and reconstruction algorithms.
Figure 1 provides a schematic overview of this broad design
space.

A key enabler of practical wavefront engineering is the
emergence of fabrication techniques for metasurfaces and
related nanophotonic optical elements that allow compact,
lithographically defined control of the optical phase at
subwavelength resolution. Aperiodic local metasurfaces,17,18

free-form or inverse-designed phase profiles,19,20 and three-
dimensional nanophotonic structures16,21,22 have all been
demonstrated at length scales corresponding to the character-
istic emission wavelength of scintillators, with many fabrication
approaches compatible with wafer-scale processing and large-
area patterning. These advances make it feasible to implement
sophisticated wavefront-control strategies directly at the
detection stage of scintillation systems or in close integration
with structured scintillators.

It is important to acknowledge that direct detectors, such as
silicon and cadmium zinc telluride (CZT), are relevant
alternatives to scintillators. These materials convert radiation
directly to electrical charge, avoiding the isotropic light spread

that fundamentally limits the spatial resolution of bulk
scintillators�an advantage that has driven the recent
introduction of photon-counting computed tomography
(PCCT). However, the relative advantages of direct-con-
version and scintillator-based systems are often application-
dependent, and each technology carries distinct physical,
engineering, and economic trade-offs. Direct-conversion
detectors can offer major advantages in spatial resolution
and, in photon-counting implementations, intrinsic spectral
information. At the same time, there remain important trade-
offs that can favor scintillator-based approaches in many
imaging regimes. First, common semiconductors like silicon
have significantly lower stopping power than high-Z
scintillators, which reduces dose efficiency at medical X-ray
energies.23 Second, while high-Z direct materials like CZT
offer excellent stopping power and spectral sensitivity, they are
difficult to grow as large, defect-free single crystals, leading to
substantially higher manufacturing costs compared to standard
scintillator fabrication.24 Third, under the extreme X-ray fluxes
typically encountered for rapid clinical imaging, direct
detectors operating in the photon-counting mode are

Figure 1. Wavefront engineering in scintillation-based X-ray imaging. Schematic highlighting wavefront control in scintillation: tailoring X-ray
sources with dedicated optics (here we show a zone plate common for X-ray focusing), designing custom scintillators (e.g., multicolor stacks), and
integrating end-to-end computational design. On the detection side, aperiodic, free-form, and 3D nanostructures together with arbitrary pupil-phase
control provide further degrees of freedom for shaping scintillation light. The inset for “Custom Scintillator Stacks” is adapted from ref 13,
reproduced under a Creative Commons Attribution 4.0 International License (CC BY 4.0). The inset for “3D Nanostructures” is adapted with
permission from ref 16. Copyright © 2022 American Chemical Society.
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susceptible to charge sharing and pulse pile-up. In contrast,
scintillators operating in current-integration mode naturally
handle large photon fluxes without saturation or pile-up
errors.25 In this context, nanophotonics offers a promising
strategy to improve scintillator-based detectors: by applying
wavefront control to scintillators, one preserves the inherent
robustness, stopping power, and practical cost advantages that
continue to make scintillators highly attractive in many
imaging settings while addressing the optical resolution limits
that have historically challenged their performance.

In optical microscopy, wavefront engineering has been
widely used to extend imaging capabilities beyond those
achievable with conventional diffraction-limited optics. By
shaping the pupil-plane phase, the system PSF can be
engineered to encode additional information into the image,
which is later recovered computationally. Prominent examples
include engineered PSFs for three-dimensional single-molecule
localization, which encode the axial position into the image of a
point emitter,26,27 as well as adaptive optics, where program-
mable wavefront corrections compensate for aberrations to
preserve high resolution deep within biological tissue.28 These
approaches illustrate how redistributing optical information�
rather than simply sharpening the PSF�can enable new
imaging functionalities.

This observation naturally prompts the question of whether
analogous wavefront-engineering strategies could address long-
standing limitations in scintillation-based X-ray imaging.
Scintillation systems face optical-blurring challenges that are
reminiscent of depth-of-field constraints in microscopy. To
efficiently stop X-rays, scintillators must be millimeters thick,
but the visible photons they emit are generated isotropically
and can propagate laterally over significant distances before
reaching the detector. As scintillator thickness increases, this
lateral spread leads to image blur and degraded spatial
resolution, creating a fundamental trade-off between X-ray
stopping power and imaging resolution.12

In this Perspective, we investigate the use of wavefront
engineering for scintillation-based imaging and find that there
are fundamental limitations that stem from the depth-
distributed nature of scintillation emission. Using wavefront
coding as a representative example, we identify when wavefront
engineering can provide new functionalities and when
fundamental differences between scintillation and conventional
microscopy make them ineffective. Guided by these insights,
we outline new avenues for wavefront engineering in
scintillation including stacked multicolor scintillators, selective
enhancement of specific spatial frequencies, and X-ray-energy-
dependent imaging.

■ WAVEFRONT CODING: A REPRESENTATIVE
EXAMPLE

Wavefront coding is a technique that extends the depth of field
of an imaging system by deliberately making the PSF invariant
over a wide range of depths.29 Because the PSF hardly changes
as the object moves in or out of focus, the recorded image can
later be processed with a matching computational operation
(e.g., deconvolution) to reconstruct a sharp image over that
entire depth range. A seemingly natural extension of wavefront
coding to scintillation-based imaging would be to design an
imaging system with an extended depth of field that spans the
entire scintillator thickness. In principle, such a system would
bring emission from all depths into focus simultaneously,
allowing their contributions to be combined without blurring

from isotropic scintillation light and potentially recovering
high-resolution images even in thick scintillators.

Figure 2 outlines similarities between scintillation-based
imaging and microscopy, where a scintillator is coupled to

imaging free-space optics. In scintillation-based imaging, the
object is encoded in the “shadow” of X-rays incident on the
scintillator and emitted according to the depth-dependent
characteristics of the scintillator. This is analogous to the
imaging of a three-dimensional fluorescent object in emissive
microscopy such as fluorescence microscopy. Furthermore,
wavefront coding can be applied to alter the PSF of the system
in microscopy, allowing for computational methods to extract
the desired information. We show the acquired image
measurements as well as the associated PSFs with and without
a cubic phase mask designed to enable extended depth of field
in Figure 2d and e.

Since scintillation is an incoherent emission process, the
response of the imaging system is linear in intensity. We model
the scintillator as a discrete stack of incoherently emitting
planes spanning its thickness, as shown first in Figure 3b. Each
plane forms an image at the detector according to its associated
point spread function, denoted hz(r) for emission originating
at depth z, which encodes the depth-dependent optical blur

Figure 2. Similarities between scintillation-based imaging and
microscopy. (a) In scintillators imaged by, for example, free-space
optics, light emission from the scintillator is collected and focused to
the detector. (b) In microscopy, detection optics similarly image a
biological specimen, and wavefront engineering can be used to
enhance certain functionalities. (c) A cubic phase profile can be
inserted to modify the system point spread function to be depth-
invariant. (d) Without a phase profile, the PSF results in standard
image defocus, but (e) with a cubic phase profile, the PSF is altered to
be invariant to defocus, allowing an extended depth of field (EDOF)
to be achieved through computational reconstruction. The ground
truth image can be found in (b).
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and can be modeled within the framework of Fourier optics.30

The intensity of each plane is set by the fluence of X-rays
absorbed at that depth, which can be estimated from the
source X-ray spectrum, scintillator X-ray mass attenuation
coefficients, and Beer−Lambert law. This model is validated by
a multiphysics Geant431 and Zemax OpticStudio32 ray-tracing
pipeline that considers all relevant scintillation physics,
described in Supplement S1.

While Figure 2a depicts a free-space optical readout�
common in micro-CT and high resolution laboratory imaging
systems�we note that the depth-resolved model introduced
above is not specific to this configuration. Many scintillation
detectors instead employ direct coupling between the
scintillator and the image sensor, where lateral blur arises
from near-field scintillator light spreading, internal scattering,
and sensor integration rather than from defocus through an
imaging lens. In both cases, however, the recorded image is
formed as an incoherent sum over the emission depth, with
each depth contributing a characteristic impulse response
hz(r). The framework developed here therefore applies broadly
across detector architectures. Wavefront engineering, whether
implemented through free-space meta-optics or via nano-
photonic structures patterned directly on or within the
scintillator, acts by reshaping these depth-dependent responses
and the resulting system PSF.

Figure 3a demonstrates the application of wavefront coding
with a cubic phase mask to scintillation and compares it with
standard detection optics. In the standard case (top), the

imaging system has a single focal plane, whereas wavefront
coding extends the depth of field across the scintillator
(bottom). Figure 3b shows the PSFs of select discrete planes
along the depth of the scintillator. In the standard case (top
row), the PSFs vary strongly in size with depth, while in the
wavefront-coded case (bottom row), they exhibit the
characteristic cubic PSF shape and remain nearly invariant
across the entire thickness. When the emission from all planes
is summed, this depth-invariant PSF would, in principle, allow
deconvolution to recover the full image.

■ LIMITS OF IMAGE RECONSTRUCTION IN
SCINTILLATION-BASED IMAGING

A key distinction between scintillation and conventional
imaging modalities like microscopy is the integration of
depth information at the detector, which fundamentally alters
how wavefront coding can be applied in scintillation-based
imaging. This difference arises once we consider the full
imaging workflow, which includes a reconstruction step
(typically deconvolution) to generate a final image. Figure 3c
illustrates how wavefront coding can shape the modulation
transfer function (MTF), which quantifies how an imaging
system transfers object contrast to the image as a function of
spatial frequency. In the standard imaging system (top plot),
the image blur varies with emission depth in the scintillator:
the in-focus plane has a high MTF, while the out-of-focus
planes show a rapid loss of contrast. In the extended depth of
field (EDOF) system (bottom plot), the object image remains

Figure 3. Extended depth of field (EDOF) for scintillation-based imaging. (a) Comparison between scintillation using standard detection optics
versus scintillation with extended depth of field (EDOF) capabilities. (b) Point spread functions along discrete scintillator planes for standard
detection (top) and EDOF detection (bottom). The depth-dependent energy deposition in the scintillator is modeled using the source X-ray
spectrum and the energy-dependent scintillator mass attenuation coefficients. (c) Comparison between discrete planar standard and EDOF
modulation transfer functions (MTF). Different color lines in the MTF plots correspond to the various discrete planes in the scintillator. Despite
the apparent advantage of the discrete planar MTFs in the EDOF case, the system MTF of the standard system lies above the system MTF of the
EDOF system at all spatial frequencies.
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nearly unchanged for all emission planes, because the PSFs are
depth-invariant. The corresponding MTFs are likewise
consistent across planes and, importantly, exhibit no zeros in
spatial frequency, a typical requirement for stable image
reconstruction.

However, the picture is different once we include the
reconstruction process in the comparison. The key distinction
lies in how PSF is used in reconstruction. In microscopy,
computational postprocessing is performed with a single in-
focus PSF, which can be directly measured. For example, in
Wiener deconvolution,33 the PSF is used in its Fourier-space
representation as H0:

O
H

H
Ik

k
k

k( )
( )

( )
( )0

0
2=

*
| | + (1)

where Ô(k) is the reconstructed image in the spatial-frequency
domain, k denotes the spatial frequency coordinate, γ is a
regularization parameter related to the noise-to-signal power
ratio, and I(k) is the measured image in the Fourier domain.
The form of this Wiener deconvolution, along with the
underlying assumptions, is summarized in Supplement S2.

In scintillation, however, the measured image is an
incoherent sum of contributions from all depths, so linearity
of convolution leads to a single effective system PSF (Figure
3b) given by a fluence-weighted sum of the depth-dependent
PSFs:

h w hr r( ) ( )
z

z zsys =
(2)

where hz(r) is the PSF for emission originating at depth z, and
wz is the corresponding fluence weighting. Since I(k) is
approximated by O(k) Hsys(k) in scintillation, deconvolution
must therefore be performed with the Fourier-space
representation Hsys(k), rather than the single-plane PSF
H0(k). Put simply, depth in microscopy carries new
information, whereas depth in scintillation carries only
redundancy and blur, since all scintillator depths image the
same transverse object.

In practice, traditional deconvolution with the system PSF
given by eq 2 yields little to no improvement in resolution: the
system’s MTF is below that of the standard (nonwavefront-
coded) system at all spatial frequencies, shown in Figure 3c.
While widefield fluorescence microscopy also involves

incoherent emission from multiple depths, wavefront coding
is typically applied in regimes where depth information is
either sparse, recoverable, or explicitly reconstructed. In
scintillation-based imaging, depth is irreversibly integrated
prior to detection, fundamentally altering the role of wavefront
engineering. This fundamental difference constrains how
wavefront coding can be used for resolution enhancement in
scintillation, but it also points to new potential functionalities
for wavefront engineering in scintillator design.

■ WAVEFRONT ENGINEERING FOR
SCINTILLATION-BASED IMAGING

Extended Depth of Field (EDOF) in Scintillation-Based
Imaging
In this section, we highlight how one can adapt wavefront
coding to applications in scintillation-based imaging, leading to
new performance metrics and use cases with distinct
functionalities. In all of the following examples, we use Wiener
deconvolution33 for postprocessing, since it depends only on
the system PSF and noise statistics. (Other algorithms that
incorporate stronger priors may perform better for specific
tasks, but we do not consider them here to simplify the
comparison.) Throughout, we use the system MTF as the
primary performance metric for wavefront-engineered scintil-
lation because it directly quantifies the robustness of each
spatial frequency to noise in the system. Since the phase-only
pupil modifications considered here do not change the total
detected photon flux or the underlying detector noise sources,
we assume a design-independent noise power spectrum
(NPS), under which the system MTF serves as a
straightforward proxy for the fundamental performance metric
of detective quantum efficiency (DQE).34

The traditional use of wavefront coding for depth-of-field
extension is most useful when none of the relevant emitting
scintillator planes are sharply imaged by the system. If the
focus of the imaging system lies inside the scintillator, then
some emission planes are already well focused; thus, wavefront
coding only smears information that is already sharp. On the
other hand, if the focus lies outside the scintillator, then no
emission plane is well focused, and wavefront coding can
preserve high-frequency information that would otherwise be
lost. Figure 4a illustrates this point. The shaded yellow band on
the left marks the scintillator thickness, and the dashed lines

Figure 4. Use cases for EDOF in scintillation-based imaging. (a) When the desired focal plane lies outside the scintillator volume, the extended
depth of field becomes beneficial, as seen in the system MTFs comparing the standard and cubic phase mask designs. (b) The same principle
extends to stacked multicolor scintillator systems where, without EDOF, the scintillator layers away from the chosen focal plane are severely out of
focus.
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labeled (1)−(3) indicate three possible focus planes of the
objective: in the center of the scintillator, at its edge, and
outside it. The three panels on the right show, for each focus
position, the system MTF of a standard objective (dotted
black) and of the same objective with a cubic phase mask
(solid blue). When the focus lies inside the scintillator (cases
(1) and (2)), the cubic-mask MTF stays below the standard
objective MTF at all spatial frequencies; therefore, wavefront
coding only degrades the information that is already in focus.
When the focus lies outside the scintillator in case (3), no
emission plane is sharply imaged, so the unmasked system
strongly suppresses high spatial frequencies in Hsys. In this
regime, the cubic phase mask redistributes defocus blur more
evenly across depth, leading to a larger |Hsys(k)| at high spatial
frequencies than for the standard objective. Thus, the extended
depth of field through wavefront coding is beneficial only when
the defocused information does not already appear sharply at
some in-focus plane of the system�a guideline that applies to
all applications of wavefront coding.

This observation has important implications for stacked
scintillator systems. Such stacks have been explored for energy-
resolving detection, where scintillators with different emission
characteristics are combined to recover information about X-
ray attenuation,35−38 enabling energy resolution and material
decomposition.39 As with single-layer scintillators, stacked
designs still face a trade-off between thickness and spatial
resolution. This trade-off can be even more severe when light
generated in one scintillator must traverse another scintillator
layer before reaching the detector.

For example, Min et al.13 recently proposed a multicolor
scintillator stack coupled to a red-green-blue (RGB) detector,
consisting of three layers emitting approximately in the red,
green, and blue spectral bands. This work offers a concrete
example of a stacked scintillator architecture with a spectrally
separated readout. Figure 4b shows a proof-of-concept
implementation of such a multicolor stack and the
corresponding postdeconvolution images for both a standard
imaging system and an EDOF system using a cubic phase
profile. As seen in the leaf images, the red- and blue-emitting

layers suffer from severe loss of spatial resolution without an
EDOF design.

Having identified use cases where traditional wavefront
coding benefits scintillation and adopted the system MTF as
our figure of merit, we now ask what pupil phase profile might
be optimal for scintillation.
Inverse Design of Wavefront Encoders for
Scintillation-Based Imaging

Having established the system MTF as our figure of merit, we
can use inverse design40 methods to automatically discover a
pupil phase profile for enhanced scintillation-based encoding
by maximizing a cost function of the system MTF. Rather than
restricting ourselves to a specific mask such as a cubic phase
profile, we turn to gradient-based inverse design enabled by
our autodifferentiable simulation framework introduced in
Figure 3b. In general, the choice of the inverse design
algorithm depends on the parameter space and the intended
reconstruction strategy. For the continuous phase profiles
considered here, where the goal is optimizing linear
deconvolution or direct image quality metrics, gradient-based
local optimization is favorable due to its efficiency and ability
to efficiently navigate high-dimensional spaces. We therefore
employ this approach using the Method of Moving
Asymptotes (MMA).41 Conversely, end-to-end optimization
of optics with nonlinear neural network reconstructors
typically utilizes stochastic gradient descent,42 while designs
involving discrete or binary nanostructures often require
derivative-free global search algorithms like genetic algorithms
or particle swarm optimization as the discrete nature of the
parameters prevents the direct calculation of gradients.

For optimization, we parametrize the pupil phase using the
standard Zernike basis,43 a set of orthogonal polynomials
widely used to represent optical aberrations. Zernike modes
provide an efficient, nonredundant expansion of pupil phase
variations and help reduce parameter coupling during
optimization. Using the Zernike basis shown in Figure 5a,
we optimize the Zernike coefficients up to the 15th order (136
basis functions in total) to maximize the system MTF for

Figure 5. (a) Inverse design using the Zernike basis can optimize for certain spatial frequencies above the in-focus optimal MTF. (b) A toy model
demonstrates energy-dependent scintillation imaging, where some features of the Shepp-Logan phantom are carried by high energy X-rays, and
some features are carried by low energy X-rays. The X-ray energy deposited for each portion of the Shepp-Logan phantom is plotted on the yellow
rectangular prism, representing the scintillator. The detected image thus varies according to the plane of focus in the scintillator.
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scintillation. We define the optimization objective as the
integrated system MTF over spatial frequencies,

k kMTF ( ) d
k

MTF
0

sys
max

=

where MTFsys(k) is the system MTF and kmax denotes the
maximum spatial frequency represented in the discretized
Fourier domain. Performing optimization reveals two key
insights:
1. Maximizing the Integrated System MTF over All

Spatial Frequencies Always Shifts the Plane of Focus to
the Average Intensity Depth in the Scintillator. Among
all 136 Zernike basis functions, only the basis function
responsible for defocus (Z2

0) significantly affects the integrated
MTF, acting effectively as an additional lens term that adjusts
the focal length of the system. This means the optimization
does not introduce higher-order phase structure but instead
selects a “plane of best focus” inside the scintillator. We find
empirically that this optimized plane coincides with the
average emission depth, given by

x
xs x x

s x x

( ) d

( ) d

d

doptimal
0

0

=
(3)

where s(x) is the scintillation energy weighting as a function of
depth and d is the scintillator thickness (for example,
s x e( )

m
x m1 /= for a monochromatic X-ray energy with a

mean attenuation length m). A natural interpretation of this
result is that focusing near the average emission depth
minimizes the cumulative blur in the final image by balancing
the contributions from all emitting planes. This “optimal
plane” has important implications for wavefront engineering
with metasurfaces or other aperiodic nanophotonic structures
fabricated directly on scintillators.
2. Certain Spatial Frequencies Can Be Enhanced

through Inverse Design. In conventional wavefront coding,
no phase mask can increase the system MTF at any spatial
frequency beyond the in-focus, diffraction-limited MTF
because the two-dimensional optical transfer function (whose
magnitude is the MTF) is the autocorrelation of the pupil
function within the paraxial framework.30 Any additional phase
in the pupil can only introduce destructive interference and
reduce the MTF at various spatial frequencies: as derived in
Supplement S3 there exists a bound

k k kMTF( ) MTF ( )DL

where k denotes the transverse spatial frequency vector in the
image plane, MTF(k) denotes the modulation transfer
function for an arbitrary pupil phase, and MTFDL(k) is the
diffraction-limited MTF corresponding to a uniformly phased
pupil, for which the magnitude of the pupil autocorrelation is
maximized.

In scintillation systems, however, this constraint can be
relaxed because the image formation process is intrinsically
depth-dependent. As shown in Figure 5a, when we choose an
objective function that emphasizes a specific spatial-frequency
band, inverse design yields phase profiles that boost the system
MTF above the in-focus MTF of the standard system within
that band at the expense of spatial frequencies outside the
optimized range. This targeted enhancement suggests that
scintillation systems can be tailored to preferentially transmit

particular spatial scales�corresponding to specific feature or
object sizes such as anatomical structures, lesions, or
growths�with higher fidelity than would otherwise be
possible.

Building on these insights from inverse design, we next
examine how the optimal plane shifts when the depth-
weighting s(x) changes with X-ray energy and how this can
be exploited for energy-dependent imaging.
X-ray Energy Encoding with Wavefront Engineering

Up to this point, we have treated the scintillator response as if
it were independent of distinct X-ray energies. However,
identifying distinct X-ray energies can provide substantial
additional information, enabling material discrimination and
quantitative imaging.36,37,39 In our framework, X-ray photons
of different energies are associated with different scintillator
mass attenuation coefficients; therefore, they deposit energy at
different depths and thus contribute different depth weightings
s(x). Through eq 3, this immediately implies that each X-ray
energy (or energy band) has its own optimal plane of focus
inside the scintillator, given by its own average emission depth.

To illustrate this, we consider a simplified toy model in
which different spatial features of an object are carried by
different X-ray energy bands (whereas in reality, low- and high-
energy photons will be correlated through the material mass
attenuation coefficients). Figure 5b shows a segmented Shepp-
Logan phantom44 in which small features are associated with
higher-energy X-rays and large features with lower-energy X-
rays. Because the energy-dependent attenuation coefficients
differ across the segments, each band produces a distinct depth
profile, s(x), and therefore a different optimal focus plane
according to eq 3. Guided by this equation, we select two
imaging depths in a 1 mm-thick scintillator: one near the front
facet at 0.02 mm and one near the back facet at 0.80 mm. It is
important to note that this depth selection is optical, rather
than a physical rejection of photons. The detector integrates
the total flux from the entire scintillator volume, and thus the
total signal remains constant regardless of the focal setting. The
focal plane selection instead ensures that features at the
selected depth appear sharp, while emission from other depths
appears as a defocused background. Consequently, the signal-
to-background ratio for specific features is maximized at their
optimal focal plane, thereby improving the signal-to-noise ratio
for the desired features given a constant detector read noise.
Therefore, as seen in the simulated images, changing the focus
between these depths selectively sharpens different sets of
features, corresponding to different energy bands and thus
different material information.

This example shows that wavefront engineering in
scintillation exposes a new handle for energy-dependent
imaging: the choice of focal plane implicitly selects an
“average” X-ray energy and the associated material information
encoded at that depth. The depth−energy structure of
scintillation then becomes a tunable channel, where focusing
at different planes emphasizes different energy bands and, in
turn, different features or materials in the object.

■ OUTLOOK
Our results show that wavefront engineering in scintillation
must be approached differently than in microscopy. As shown,
direct application of wavefront-coding strategies fails because
scintillation images are formed as incoherent sums over the
emission depth. When viewed at the system level, however,
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wavefront engineering still opens a rich and structured design
space for scintillator-based imaging. By working with the
system PSF and MTF, we identified when extended depth of
field is actually beneficial, how depth-dependent blurring in
stacked scintillators can be mitigated, how inverse design
reveals an “optimal” focus plane set by the depth distribution
of scintillation, and how specific spatial frequencies can be
selectively emphasized. We also showed that these ideas
naturally extend to X-ray energy-dependent imaging, where the
optimal wavefront pattern is tied to the average emission depth
of a given energy band.

Furthermore, this system-level approach fundamentally
alters the traditional scintillator trade-off between X-ray
stopping power and imaging resolution previously discussed.
In conventional scintillation detection, increasing the scintilla-
tor thickness to boost signal conversion inevitably results in
geometric blurring due to the isotropic spread of light. By
contrast, wavefront engineering decouples these parameters:
the scintillator thickness determines the stopping power, while
the lateral resolution is fundamentally limited by the numerical
aperture of the optical system. While the theoretical upper
limit is thus defined by diffraction, the practical performance
limit is dictated by additional system-specific constraints such
as the X-ray energy spectrum and exact detector configuration.
Here, the inverse design allows us to computationally optimize
for a specific hardware configuration, ensuring the system
approaches its fundamental physical limit.

We highlight a broad landscape of directions for advancing
scintillation-based imaging enabled by wavefront engineering.
Across the imaging pipeline, new degrees of freedom are
becoming accessible that make it possible to shape, encode,
and interpret scintillation light in ways that have yet to be
explored. On the detector side, recent demonstrations of
nanophotonic structuring directly within scintillators�includ-
ing volumetric and three-dimensional architectures�establish
the feasibility of embedding complex functionality at the point
of emission.45 More broadly, continued progress in nano-
fabrication, including nanoimprint lithography,46 colloidal and
block copolymer self-assembly,47,48 and two-photon lithog-
raphy,49 is expanding the set of wavefront- and emission-
shaping structures that can be realized in or on scintillators. A
range of material platforms have already been used for optical
phase and scattering control in this context, including dielectric
platforms such as SiN, TiO2, and SiO2 patterned as layers on
scintillators, direct structuring of common scintillator materials
(e.g., garnets and other oxides), and structured templates that
can be infused with liquid scintillators to realize composite
architectures. Crucially, these fabrication advances facilitate the
monolithic integration of the scintillator and detector layers.
Such unified architectures eliminate the scattering and
reflection losses associated with discrete interfaces, optical
adhesives, or air gaps, maximizing photon transfer efficiency
and ensuring that the benefits of wavefront engineering are
preserved at the detection stage. In parallel, emerging work on
stacked and other architected scintillator systems demonstrates
how depth, spectrum, and emission pathways can be
codesigned at the material level, providing a complementary
axis for encoding information prior to detection.13 Beyond the
scintillator itself, pupil-phase manipulation and end-to-end
optical-computational codesign offer additional levers for task-
specific encoding and reconstruction.50−52 Similar principles
could also be extended upstream, where engineered X-ray
illumination or source-side structuring might be codesigned

with scintillator architectures and detection optics to better
align scintillation light for specific imaging tasks. Taken
together, these directions point toward a shift from treating
scintillation as a fixed light source to viewing it as an integral,
designable component of the imaging system, with wavefront
engineering providing a unifying framework for understanding
performance limits and guiding future detector architectures.
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