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Abstract— Radiographic imaging and tomography (RadIT),
which started with Röntgen’s seminal X-ray work in 1895,
now includes an increasing number of IT modalities. In addi-
tion to the original absorption-based X-ray radiography, others
include phase contrast X-ray imaging, coherent X-ray diffractive
imaging, MeV X- and γ -ray radiography, X-ray computed tomog-
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raphy, proton IT, neutron IT, positron emission tomography
(PET), high-energy electron radiography, and cosmic-ray muon
tomography. Scintillators are widely used in RadIT as the
detector frontend that converts ionizing radiation into signals
and data. We give an overview of the status and needs of
scintillator applications in RadIT. More than 160 kinds of
scintillators were presented during the SCINT22 conference and
offered ample options for novel RadIT applications. New trends
in scintillators for RadIT applications include inorganic and
organic scintillator composites or heterostructures, liquid-phase
synthesized perovskites and single-crystal micrometer-thick films,
use of multiphysics models and data science to guide scintillator
and RadIT optimization, structural innovations, such as photonic
crystals, nanoscintillators enhanced by the Purcell effect, het-
erostructural scintillating fibers, and multilayer configurations.
RadIT has also been recognized as a powerful tool for scintillator
discovery and development.

Index Terms— Data-driven discovery, dose, fast timing, high
energy physics (HEP), inorganic scintillator, ionizing radia-
tion, multimodal imaging, nanomaterial, photodetectors, photonic
crystal (PhC), Purcell effect, radiographic imaging, radiographic
tomography, radiography, scintillation, structured scintillators.

I. INTRODUCTION

SCINTILLATORS are important materials for radiographic
imaging and tomography (RadIT) when ionizing radi-

ations, such as X-rays, energetic charged particles (e.g.,
electrons, positrons, protons, and α-[4He] particles), neutrons,
and others are used to penetrate through optically opaque
objects to reveal their internal material structures. RadIT
started with Röntgen’s discovery of X-rays and the invention
of X-ray radiography in 1895 [1], which predated the discover-
ies of electrons and atomic nuclei as the elementary building
blocks of matter. By the 1930s, quantum mechanical inter-
pretation of atomic structures and fundamental forces paved
the way toward understanding material properties, such as
crystal or periodic lattice structures, polycrystalline structures,
high-entropy materials, defects, and phase transition [2], and
also provided the theoretical framework to interpret X-ray
radiographs resulting from X-ray interactions with the elec-
tronic structures of materials. Nuclear interactions with X-rays,
except for X-ray energies above 1 MeV, are usually ignored.

Since their initial use by Röntgen, Crookes, and other
pioneers, there is now an enormous number of scintilla-
tors to choose from for X-ray detection, RadIT, and other
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applications. It is no exaggeration to say that a scintillator
can be found in each phase and form of matter. More
than 160 kinds of scintillators and their applications were
reported in the 16th International Conference on Scintillat-
ing Materials & Their Applications, Santa Fe, NM, USA,
September 19–23, 2022 (SCINT22) Conference. It is clear
from Table III that the majority of the scintillators are inor-
ganic chemicals. The SCINT conference series, which dates
back to 1992, has accordingly addressed inorganic scintillator
science and technology predominantly [3]. Some additional
reviews on scintillators relevant to ionizing radiation detection,
high energy physics (HEP), and medical imaging can be found,
for example, in [4], [5], [6], [7], and [8].

One may find scintillators in all four common phases of
matter: solid scintillators, liquid scintillators, gas scintillators,
and plasma scintillators [9]. Standalone, chemically stable,
and solid-state scintillators are by far the most convenient to
use. Scintillators have also been classified according to their
elemental composition, namely organic scintillators, inorganic
scintillators, oxides, garnets, halids, rare-earth scintillators,
and so on. In addition to doped halides, such as NaI:Tl,
CsI:Tl, rare-earth inorganic scintillators, such as cerium-
doped lutetium–yttrium oxyorthosilicate (LYSO), and garnets,
such as cerium-doped lutetium aluminum garnet (LuAG), are
among the popular scintillator choices in X-ray and RadIT
applications today. New formulations of rare-earth doping of
inorganic scintillators using europium (Eu), praseodymium
(Pr), ytterbium (Yb), and others remain an exciting discovery
frontier for faster scintillation decay time, minimal afterglow,
higher light yield (LY) in the desired wavelengths, more
flexible emission wavelength tuning, and other performance
improvements.

Scintillators may still be classified according to their
material structures, such as single-crystal scintillators, poly-
crystal scintillators, perovskite scintillators, glass scintillators,
ceramic scintillators, plastic scintillators, heterostructured or
composite scintillators, nanoscintillators, and so on. In addition
to new scintillator discoveries, a new trend is to combine
existing organic and inorganic scintillators in the same system,
driven by “higher information yield” from a radiation field,
such as particle identification (e.g., neutron/γ -ray discrimi-
nation), higher energy resolution, finer spatial resolution in
imaging and particle tracking, picosecond (ps) time and/or
timing resolution in time-of-flight (TOF), up to 4π detec-
tion solid angle, larger detection volume, and lower cost.
With the emergence of liquid- or solution-based synthesis
of scintillators, and additive manufacturing (AM) technology,
scintillators may also be classified according to their synthesis
and manufacturing methods. Liquid-phase synthesis of per-
ovskites has enjoyed phenomenal success in recent years [10].
For example, lead-free low-dimensional perovskite-like metal
halides, such as ternary copper (I) halides, were found to
have very high photoluminescence yields, ∼90 k photons/MeV
(kph/MeV), and large Stokes shift, in addition to their pho-
tophysical properties and stability [11]. CsPbBr3 reported
an LY of 50 kph/MeV and 1-ns decay time at 7 K [12].
AM technology for scintillator fabrication remains in its
infancy. Advances are still needed to 3-D print some of

the most common polymer bases, such as polystyrene and
polyvinyltoluene (PVT).

Scintillator LY and X-ray stopping power (or X-ray atten-
uation mean free path equivalently) are the first two material
properties to be considered when selecting a scintillator for
X-ray detection, including X-ray IT. LY is a measure of the
number of optical photons per unit of X-ray energy (1 MeV
or 1 keV, for example) deposited in the scintillator. Stopping
power is a measure of scintillator thickness for effective
attenuation of X-rays. Both the LY and stopping power
affect the X-ray detection efficiency. Meanwhile, the growing
adoption of and continuous advances in X-ray radiography
technology and its variants, such as X-ray microscopy, X-ray
phase contrast imaging (PCI), X-ray diffractive imaging, X-ray
tomography, X-ray ptychography, motivated new scintillator
discoveries and development [13], [14], [15], [16], [17], [18],
[19]. In Section II, we expand upon the discussion of different
aspects of X-ray IT, such as spatial and temporal resolu-
tions, that require consideration of other scintillator properties
besides LY and attenuation length.

An overview of scintillator applications in RadIT is given
in Section III. Besides X-rays, particle IT, such as proton IT,
neutron IT, electron IT, and positron emission tomography
(PET), have also been invented, which have not only greatly
enriched the field of RadIT but also motivated scintillator
development and new scintillator properties due to the different
particle interaction physics. Some highlights of the recent
scintillator development are given in Section IV.

Scintillator-based RadIT modalities are also closely corre-
lated with advances in modern light and particle sources, such
as particle accelerators [20], [21], detector technologies, espe-
cially, 2-D photodetectors and more recently data science [22].
Besides topics, such as scintillators for space applications,
scintillator development, and discovery, are poised to enter
a new phase through big data mining, multiphysics models,
new experimental information derived from automated, high
throughput, and in situ RadIT, including multimodal RadIT,
as discussed in Section III-J. It is clear that the interdisci-
plinary marriage between scintillator science and technology
and RadIT offers many exciting opportunities for innovation
in the coming decade, as summarized at the end in Section V.

II. RADIT AND SCINTILLATOR METRICS

The most common setup of X-ray radiography has essen-
tially remained the same as in Röntgen’s original work [1],
as illustrated in Fig. 1, which consists of an X-ray source,
the object to be radiographed, and a detector that captures the
2-D projection of the object. Scintillators, together with the
optics and optical array detectors, such as a CCD camera, are
often used for radiography using high-energy X-rays. X-ray
image size may be estimated with geometric or ray optics.
The magnification, for example, is given by (z1 + z2)/z2 for
a point source, where z1 is the distance between the point
source and the object, z2 the distance between the object and
the detector. Image blurs usually occur due to the finite source
size, X-ray scattering, finite scintillator thickness, optical blur,
and finite detector pixel size.
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Fig. 1. Basic setup of X-ray radiography consists of an X-ray source, the
object, and a detector.

In X-ray radiography, X-ray attenuation is commonly used
to generate images and contrast in objects. The transmitted
X-ray intensity through an object (I ) that reaches a scintil-
lator is attenuated from the source intensity (I0) by the line
integrated density or areal density, see [23]

I = I0 exp

(
−

∑
i

∫ L

0
dlρwiσi/Ai M0

)
. (1)

Here, the object thickness that the X-ray traverses is L .
The object is a material compound of multiple elements
represented by i . ρ is the mass density of the compound. wi =

gi Ai/
∑

j g j A j is the fraction by weight of the i th atom in the
compound molecule. gi is the number of i th atoms in the com-
pound molecule. Ai is the corresponding atomic mass number.
M0 is the atomic mass unit. σi the total X-ray attenuation
cross section corresponds to the i th element. σi/Ai M0 ≡ µi is
also called the mass attenuation coefficient, which varies with
the type of element in the periodic table but does not depend
on the density. The integral formula (1) is also applicable to
materials with a mixture of compounds or position-dependent
mass density ρ = ρ(l), which we shall not elaborate further
for algebraic simplicity. For materials with a uniform density
ρ, (1) reduces to I = I0 exp(−

∑
i Lρwiσi/Ai M0).

Neglecting smaller probability events, such as photonuclear
processes, the total X-ray attenuation cross section in most
IT settings can be approximated by a sum of four cross
sections

σi = σ
pe

i + σ coh
i + σ inc

i + σ
pair
i . (2)

Here, σ
pe

i , σ coh
i , σ inc

i , and σ
pair
i are photoelectric (PE) absorp-

tion, coherent or Rayleigh scattering, incoherent or Compton
scattering, and electron–positron pair production cross section,
respectively. For each element Z i in the periodic table, the
PE cross section dominates at low X-ray energies up to
a threshold (≲0.1 MeV, lower thresholds for low-Z atoms,
such as hydrogen and carbon), σ

pe
i ∝ (1/Ai )(Zα

i /Eβ) ∝

(Zα−1
i /Eβ), with α ∼ 4–6 and β ∼ 3–3.5 [2], [24]. The

X-ray PE attenuation cross section is a strong function of
the atomic number Z i and decreases rapidly with increasing
X-ray energy (E). Above ∼0.1 MeV and depending on Z i ,
the incoherent scattering cross section becomes dominant until
the electron–positron pair production becomes important. The
pair production threshold is at twice the electron mass-energy
2mec2

= 1.022 MeV. The pair-production becomes significant
only above ∼3 MeV and depends on Z i linearly [25].

Fig. 2. Energy-dependent X-ray cross sections in LYSO with an atomic
number ratio of Lu:Y:Si:O = 2(1−x):2x :1:5 and x = 0.075. The total cross
section is a sum of PE absorption, coherent scattering, incoherent scattering,
and electron–positron pair production. The data are from the NIST/XCOM
database.

In short, X-rays primarily interact with the electrons in
materials except for energies above a few megaelectron volt,
see Fig. 2 for an example of energy-dependent X-ray cross
sections in LYSO. The total X-ray attenuation cross section
is a sum of PE absorption, coherent scattering, incoherent
scattering, and electron–positron pair production.

The above-mentioned ray-tracing or “particle” model for
X-ray attenuation in the matter, (1), are complicated by wave’
properties of X-rays, such as refraction and diffraction [26].
Coherent scattering leads to X-ray diffraction and tends to
redistribute the X-ray flux and intensities in the forward
and backward direction with respect to the X-ray beam
propagation. Incoherent scattering spreads X-rays into the
4π solid angle according to the well-known Klein–Nishina
formula. Diffraction and scattering, therefore, can compli-
cate the interpretation of absorption-based X-ray radiography
through reduced image contrast [27]. Another limitation in
absorption-based X-ray IT methods is the low contrast for
low-Z materials, such as biological objects, when X-rays with
energies above 20 keV are used [14].

Meanwhile, X-ray diffraction and interference can also be
used for X-ray imaging when a sufficiently high-intensity
monochromatic X-ray source, such as the third-generation
synchrotrons, is available [13], [16]. While the modern X-ray
tubes using rotating anodes can deliver 105 times the X-ray
flux available to Röntgen, the third-generation synchrotron
X-ray sources can deliver 1018 times the X-ray flux and keep
improving. The high X-ray fluxes and associated X-ray doses
are now causing significant scintillator heating and potentially
reducing the lifetime of the scintillator due to radiation dam-
age. X-ray PCI has seen great success using synchrotrons, see
Fig. 3. Hard X-ray PCI is also effective for low-Z materials,
in part due to the fact that X-ray phase shift cross section can
be a thousand times larger than the X-ray absorption cross
section for light elements, such as hydrogen, carbon, nitrogen,
and oxygen [15]. In X-ray PCI, the distance between the object
and detector satisfies z ∼ a2/λ [13], which corresponds to a
distance z ∼ 2 m for an object resolution a ∼ 10 µm at the
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Fig. 3. Several lensless X-ray radiography and imaging modalities, depending
on the X-ray source properties (coherent and incoherent), X-ray interactions
(absorption, scattering) with the object, postinteraction X-ray propagation
(interference and diffraction), and the X-ray detector distance to the object.

X-ray energy of 25 keV (λ = 0.0496 nm). Dynamic X-ray
PCI, or movies of X-ray PCI images, are also possible due to
the repetitive X-ray pulses at 10 s of nanosecond intervals.
X-ray free electron lasers (XFELs) are currently the most
intense, coherent laboratory X-ray sources for coherent imag-
ing and related applications [21]. X-ray coherent diffractive
imaging [19], X-ray Bragg projection ptychography [18] from
XFELs are used to image nonperiodic material structures and
lattice dynamics with nanometer-resolution. X-ray computed
tomography (CT), introduced as a method to reconstruct 3-D
models from 2-D radiographs of many different angles, was
introduced in the 1970s. X-ray diffraction CT was introduced
based on the coherent scattering [28]. In addition to continuous
improvements in resolution, another trend in X-ray IT is to
improve temporal resolution and reduce the number of 2-D
projections toward time-resolved CT.

It should be mentioned that table-top microfocus X-ray
sources with a spot size less than 100 µm, which have high
spatial coherence at the object location but are not necessarily
monochromatic in energies, have also been successfully used
for X-ray PCI [14]. This is made possible in part by the use of
high-performance detectors, including the use of scintillators
in conjunction with high-resolution pixelated cameras [29].
Further advances in X-ray IT critically depend on advances in
scintillators LY and other metrics, which we elaborate on in
Section II-A.

A. RadIT Metrics

1) Spatial Resolution: Spatial resolution measures the abil-
ity to differentiate the smallest spatial variations in density and
other physical quantities, such as the temperature, velocity,
lattice structure, or phase, of an object [30]. Similar to optical
imaging, a point-spread function (PSF) can be used to describe
the finite resolution or the image blur in X-ray IT and
RadIT. A PSF may be interpreted mathematically as a 2-D (in
imaging) or 3-D (in tomography) intensity distribution as the
result of the blurring of a pointed intensity, which is described
by a 2-D or 3-D Dirac delta function [31]. PSF is most useful
for the analysis of a linear information system like an image,

which may be treated mathematically as a linear superposition
of intensities, or the convolution of PSF with the unblurred
image.

Image blur occurs due to a number of reasons: the finite
X-ray source size or equivalent in particle-based IT, dispersion
of the optics or propagation in lensless imaging, diffraction,
and scattering of the X-rays by the object and the scintillator,
motion of the object in a dynamic experiment such as material
compression and deformation due to implosion, vibration of
the scintillator and the instrument, and different mechanisms
of instrumentation broadening, such as the isotropic emission
of scintillating light in a bulk scintillator or the charge sharing
among neighboring pixels, in CCD or CMOS cameras. Assum-
ing that each source of blurring is a mutually independent
Gaussian process, the overall resolution (δ) may be estimated
as a sum of blurring widths (δk)

δ =

√∑
k
δ2

k (3)

for each of the blurring mechanisms k. Micrometer spatial res-
olution has now been routinely obtained for small (∼1 mm3)
objects by using synchrotrons and scintillator cameras [32].
The resolution also depends on the object size, the wavelength
of the X-ray, or the energy of the particle in a particle IT,
such as neutron or proton radiography, and the magnifica-
tion. Submicrometer resolution down to atomic dimension is
possible in X-ray microscopy, coherent diffractive imaging
for small objects less than 106 µm3 in volume. In medical
and industrial X-ray CT, nondestructive IT of thicker objects
(>103 cm3 in volume) is achieved with a compromised
resolution at δ > 100 µm.

A comparative summary of the spatial resolution (δ),
or voxel resolution in tomography for different forms of RadIT
is given in Fig. 4. A previous consideration was given to
single-photon emission CT (SPECT) [33]. Depending on the
interaction cross sections, the radiation dose D scales with
the spatial resolution δ as D ∝ 1/δk . For X-ray radiation-
damage-limited dose, k was found to be 4 [34]. A similar
consideration may be used for protons, neutrons, muons, and
others. The X-ray dose has to increase by a factor of 104 to
maintain a constant signal-to-noise ratio (SNR) for a factor
of 10 improvements in resolution; for example, imaging at
50-µm resolution requires 104 higher dose than at 500-µm
resolution [35]. Therefore, the dose constraint poses a signifi-
cant limitation to the achievable spatial resolution in practice
in X-ray IT, especially in in vivo and in situ medical IT. For
neutron, proton, and muon IT, as well as time-resolved X-ray
IT, the spatial resolution is typically limited by the radiation
source intensity.

Scintillators become a significant contributor to image blur
and PSF in high-energy photon IT and neutron IT. In MeV
photon radiography, tens of millimeter thick scintillator, such
as LSO:Ce, are needed for efficient detection of the high-
energy photons. In fast neutron imaging, millimeter and thicker
scintillators are also needed. Modulation transfer functions
(MTF) is a frequency space representation or Fourier transform
of the line spread function (LSF). LSF is related to a 2-D PSF
through an integration that reduces the dimension by one [31].
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Fig. 4. Comparison of spatial resolution and range (of the interrogating
radiation in the target) or the size of the field-of-view (FOV) for different
RadIT modalities. symbolizes flash or single-pulse (or a very few pulses)
time-resolved radiographic capabilities.

Due to the complex interplay among different mechanisms
for PSF, Monte Carlo (MC) simulations are often used for
image analysis, including PSF, LSF, and MTF [31], [36], [37].
Some factors, such as visible light transport in scintillators and
electronics in digital cameras, which are usually ignored in the
MC calculations, require experimental data inputs due to the
lack of accurate models.

Several methods are used to improve the spatial resolu-
tion when thick scintillators are used. Traditionally, columnar
scintillators and segmented scintillators are used to confine
the optical emissions along the direction of X-ray and parti-
cle beams [38]. Alternatively, the multilayer thin-scintillator
configuration is also useful to improve the efficiency without
compromising the spatial resolution by minimizing the optical
photon pathlength before reaching the photodetectors [39].
Some recent work on using micrometer-thick scintillators is
summarized in Section IV-C. More recently, photonic crystal
(PhC) scintillators or structured scintillators, with features
comparable to and less than optical wavelengths are showing
promising results to guide optical emissions to the detectors
with minimal loss and spatial spread [40].

2) Field of View: Centimeters and larger objects are fre-
quently encountered in RadIT, which require commensurately
large FoV and depth of field. As shown in Fig. 4, medical
CTs are designed for a human body (>1 cm). Industrial CTs
are used for quick (seconds to minutes on many occasions)
and noninvasive inspection of cargo containers (>1 m) [41],
airport security (>1 cm), nondestructive testing in the industry
(>1 cm), and lately AM (>1 cm). Cosmic-ray muon tomog-
raphy was used to look for hidden chambers in a pyramid
(>10 m) [42] and has recently been used to inspect damaged
nuclear reactors (>1 m) [43].

There are a number of practical limitations to cover the
full FoV, which ideally should intercept all the detectable
signals in the 4π solid angle. Compton scattering of
X-rays, nuclear scattering of neutrons, and multiple-Coulomb
scattering of charged particle beams can spread the primary
ionizing beams and secondary particles into the 4π solid angle.
For a 100 × 100 cm FoV, a spatial resolution of δ = 1 mm
would require a pixelated detector with Np = 106 pixels (Np

symbolizes the number of pixels of a pixelated sensor, such
as a CMOS or CCD camera). To resolve the PSF with smaller
pixels, for example, a factor of 3 decrease in pixel size would

increase the number of pixels by a factor of 9. The spatial
dynamic range, which is equivalent to (Np)

1/2, is traditionally
limited by the availability of large-format imaging sensors and
image sensor cost. Recent advances in CMOS sensors at lower
cost provide opportunities for billion-pixel and large format
RadIT camera designs [44]. Monolithic inorganic scintillators
of 1 m in size are rare due to, for example, the crystal
growth cost. Segmented scintillators (see Section III-B) and
tiled scintillators (see Section III-D) are, therefore, often used
for large FoV. Due to the refractive index mismatch, scintillator
light spread at the tile boundaries can lead to undesirable
artifacts.

3) Time or Temporal Resolution: Röntgen’s first X-ray
radiograph was static, but nature is fundamentally dynamic
and in perpetual motion according to Heisenberg’s uncertainty
principle. Time-resolved RadIT methods have been increas-
ingly used to examine the changes or dynamics of materials
since Röntgen’s pioneer work. In high-speed imaging, such
as GHz X-ray imaging [45], [46], it is known empirically
that the time or temporal resolution (δτ ) is correlated with
the spatial resolution (δ) as δ/δτ ∼ 1−100 km/s [47], limited
by the achievable speed of motion in the laboratory. To image
the motion requires a sufficient number of X-rays and other
particles (107 or greater per Mpixel image for low noise
detectors, see the discussions in Section II-A4) for at least two
images separated by δτ , which usually require a sufficiently
bright source of X-rays or particles, and an efficient scintillator
converter and photodetector. When a scintillator is used, the
scintillator decay time needs to be a fraction (∼1/3) of δτ for
consecutive frames of images, which results in a scintillator
light decay by a factor of e−3, sufficient to avoid significant
image latency from one image frame to the next as in
high-speed synchrotron X-ray imaging [48].

4) Feature Detectability and Noise: One of the central
questions in RadIT, similar to other forms of IT, such as optical
IT, ultrasound IT, MRI, and so on, is what tiny features may be
resolved in the ubiquitous presence of noise. This is sometimes
known as the detectability problem. A theoretical framework
for feature identification in a noisy environment, which is
intrinsically statistical, now exists, following the pioneering
work of Rose et al. [31], [49]. Many useful concepts, such
as contrast, contrast transfer function, contrast threshold [50],
noise-equivalent power, contrast-to-noise ratio, SNR, and so
on, are applicable to normal vision, as well as RadIT. For
example, contrast (C) is intuitively defined as the difference
between observed intensity for feature A (IA) and a reference
feature B (IB), C = 2|IA − IB |/(IA + IB). In the absence of
reference feature intensity, a “dark field” (with illumination,
such as the X-ray source off) and a “white field” (with
illumination on but without the object) may be taken as
references for images with an object of interest. In another
example, detective quantum efficiency (DQE) as a function of
spatial frequency ( f , in lp/mm) may be defined as

DQE( f ) =
SNRout( f )

SNRin( f )
∝

MTF( f )2

NPS( f )
(4)

where the input SNR, SNRin( f ) = (8i )
1/2, is for an incident

Poisson distributed flux 8i (per mm2), and SNRout( f ) is the
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Fig. 5. Comparative study of X-ray (Ba Kα and Kβ lines) source images
with (B) and without (A) an LYSO scintillator. An image intensifier was used
to enhance the sensitivity of scintillator detection in (B). (C) and (D) are the
corresponding vertical lineouts of intensities through the centers of the two
images above. The arrowed lines in (C) and (D) indicate the regions within
the X-ray emission circles in (A) and (B).

corresponding quantity in the image. DQE was introduced
by A. Rose as a measure of “useful quantum efficiency” or
noise-equivalent quantum efficiency of a detector [51]. Noise
power spectrum (NPS) measures the noise of the imaging sys-
tem as a function of spatial frequency. NPS can be estimated
by, for example, using a method given in [52].

Contrast, feature detectability, and noise are detector and
scintillator dependent. One of the oldest detectors with
single-visible photon sensitivity is a photomultiplier tube.
There is now a growing number of photodetector technologies
with single-photon detection sensitivity and high quantum
yield in the visible wavelength regime, such as silicon photo-
multiplier (SiPM), multipixel photon counter (MPPC), CCD
cameras, and more recently CMOS pixelated sensor arrays or
CMOS cameras [44], [53]. CCD and CMOS cameras ushered
in the age of digital and real-time RadIT.

The use of low-cost and high-performance CMOS cameras
is now growing in RadIT [44]. Low cost is in part due to the
large quantities of CMOS sensors used in both scientific and
consumer applications as in cell phones. High performance is a
combination of small pixel pitch (<1 µm), high visible-light
quantum yield (>90%), low electronic noise (<1 e−), and
large FoV or format exceeding ten million pixels [44]. CMOS
sensors are directly sensitive to X-rays, charged particles [54],
and neutrons with a layer of neutron absorber, such as 10B,
deposited on the sensor surface [55]. An example of direct
CMOS (model Vita 5000, see [44] for more information)
detection of X-ray (Kα 32.06 and Kβ 36.55 keV characteristic
lines of barium), in comparison with the use of an LYSO
(0.2-mm thick) converter, is shown in Fig. 5.

Fig. 5(A) and (B) both have two main features from the
same X-ray source: the center of the X-ray source circle and
the source edge. In Fig. 5(A) and (B), the raw data contrast are
0.93 and 0.34 out of the perfect contrast of 2. The relatively
lower contrast in (B) also led to a large deviation in identifying
the center of the X-ray source using the intensity centroid

Fig. 6. RadIT metrics and scintillator metrics are correlated through the
energy and data (information) flows. Material properties, such as density,
composition, and so on, determine how the information encoded in radiation,
such as X-rays, are converted to (visible) light emission, then electrical signals
in photodetectors, before being recorded as data, such as images, which can
be characterized by metrics, such as spatial resolution, FoV, DQE, and so on.

from the data, as shown in the colored star in Fig. 5(B) (the
corrected one is the white star). SNR in Fig. 5(A) and (B) are
15 and 8, respectively.

B. Scintillator Metrics

The complex correlations between RadIT metrics and scin-
tillator metrics are summarized in Fig. 6 through the energy
and data (information) flows. In addition to LY, other metrics
for radioluminescence may include the emission spectrum,
spatial distribution of the light, decay time, polarization, ampli-
fication (in active scintillator medium, which is relatively rare
for now), and emission stability or degradation due to radiation
damage of scintillator. Light emission depends on a number
of scintillator metrics, which include scintillator mass density,
material composition, material structure, impurity and defects,
scintillator size, scintillator geometry, scintillator boundary
conditions, and scintillator responses, to the environment,
such as temperature, moisture, coupling to the photodetectors,
refractive index, and self-absorption. The light emission also
depends on the type of radiation, as discussed in more detail
in Section III for X-rays of different energies, neutrons, and
charged particles.

Due to the complex interplay among different metrics and
material properties, quantitative mappings between scintillator
metrics and RadIT metrics usually require multiphysics codes
as Geant4 [56], [57] and MC N-particle (MCNP) [58]. First-
principles simulations of full RadIT systems are still beyond
the current scope of Geant4 and MCNP due to the lack of suffi-
cient accuracy for data interpretation and object reconstruction
from images and tomographic measurements. In addition to
improvements in RadIT system-specific modeling and simula-
tions, laboratory experiments to characterize scintillators, and
scintillator-photodetector prototypes (see Sections III and IV)
remain essential in scintillator selection for RadIT applications
and system optimization. Recently, data science and the use
of RadIT, such as neutron imaging for in situ scintillator
development and characterization are highlighted as exam-
ples of emerging topics in Section III-H. Table III in the
Appendix lists metrics requirements for specific applications.
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It is obviously impossible to meet all the scintillator require-
ments simultaneously in most applications. A tradeoff between
different metrics is often necessary, as briefly summarized
here.

1) Stopping Power: The stopping power or linear atten-
uation coefficient depends on density, material composition
(effective atomic number), and cross sections. A thicker scin-
tillator corresponds to high stopping power. However, the
spatial resolution usually degrades due to a larger volume
of scintillator light emission and increases in scattering and
straggling. Therefore, a tradeoff between stopping power and
resolution is often necessary.

2) Light Yield: LY can differ for the same X-ray, charged
particle, and neutron energy deposited. For X-rays, there is
an additional complication due to the different X-ray-electron
interactions. All the X-ray energy transfers to an electron in
the scintillator in PE absorption. No energy transfer happens
in the coherent scattering by the scintillator. Only a fraction of
X-ray energy is absorbed by the scintillator for an incoherent
scattering event, and there can be multiple such scattering
events, thereby complicating image interpretation. For the
pair-production process, the positron may carry a fraction
of energy to a different location before reabsorption through
electron–positron annihilation, and the possible detection of
511-keV photons at points remote from the annihilation event.

Many scintillators emit a relatively broad spectrum of wave-
lengths, and therefore, LY is wavelength dependent. Other
factors, such as self-absorption and refractive index matching,
count as well. It is known empirically that many scintillator
emissions have multiple decay time constants for different
wavelengths. A tradeoff between LY and the decay time is
often necessary.

3) Decay Time: The scintillator decay times are determined
by the spontaneous emission rate at the luminescence centers,
which is an intrinsic property of the scintillator. Lumines-
cence efficiency can be compromised by quenching/ionization
processes affecting the excited state of luminescence centers
which affects also its timing characteristics [59]. Furthermore,
since the spontaneous emission in a bulk material is isotropic,
some of the emitted photons may not reach the photodetector
due to, for example, internal reflection at the boundary of
the scintillator. PhC structures have been proposed or recently
demonstrated to modify spontaneous emissions so that it is
possible to obtain anisotropic emissions [60], higher efficiency
of the scintillator light collection [61], as well as reduction of
the intrinsic spontaneous emission rate, all in the visible range
of wavelengths [62]. The last one is known as the Purcell
effect, which was initially proposed for radio waves [63].
By locally enhancing the electric field, a higher emission
rate may be obtained even if the probability of the electronic
transition is weak [64].

4) Radiation Hardness (RH): RH is a passive characteristic.
Radiation-induced charge carriers are relocated to material
(point) defects and color centers arise, the absorption of which
overlaps with the luminescence spectrum. Rising reabsorption
decreases the externally measured LY. So-called radiation
damage can be bleached, even spontaneously, by the release
of charge carriers from traps so that the radiation-induced

absorption shows distinct time and temperature dependence.
RH of scintillators is an important consideration for RadIT
as X-ray and particle sources continue to become brighter [8].
RH requirement can sometimes rule out scintillators with high
LY or fast decay time. Furthermore, radiation-hardened scintil-
lator materials can potentially activate when irradiated. This is
especially important when imaging with neutrons, as activation
of the scintillator materials can result in a persistent afterglow
due to the decay products of the activation.

5) Size and Scalability: Large volumes of scintillators are
needed in RadIT, e.g., for high-energy (MeV) X-/γ -ray and
neutron detection. Large-size scintillators are needed to fully
stop and capture high-energy particles/neutrons to measure the
particle energy. A tradeoff between the scintillator size and the
cost to buy or grow them and a tradeoff between the volume
and fabrication time are often necessary.

6) Cost and Fabrication: Raw materials, fabrication pro-
cesses, and crystal quality affect scintillator cost and availabil-
ity. Some of the highest LY or fastest scintillators may require
single-crystalline structures with minimal self-absorption, and
fabrication cost is a key factor in scaling up some promising
scintillators to the industrial scale. If they cannot be scaled up,
a tradeoff between cost, LY, and decay time may be necessary
for certain applications.

7) Stability and Ruggedness: Some scintillators are hygro-
scopic. Many organic liquids are degraded by dissolved
oxygen and must be stored and operated under inert gas.
There can be issues of scintillator dopants diffusing out or
concentrating in the material due to for example mechanical
and “thermal” shocks (sudden transition from indoor temper-
atures to outdoor temperatures). Low temperatures including
cryogenic temperatures can reduce the thermal quenching of
excited states in a scintillator, and therefore, increase the LY
and reduce the radiative decay time for some fast scintillators.
However, the use of cryogens can complicate the measure-
ments. Therefore, a tradeoff between the operating scintillator
environment and performance may be necessary.

III. CURRENT SCINTILLATOR APPLICATIONS IN RADIT

While there is a growing number of semiconductor tech-
nologies, including high-Z semiconductors, such as GaAs and
CdTe, CdZnTe (CZT) for X-ray IT [65], [66], [67], [68],
scintillators, remain a favorite and sometimes the only option
in RadIT applications, as summarized in Tables I and III in
the Appendix.

Based upon the metrics discussed earlier, some advantages
of scintillator-based detectors include but are not limited to
a large number of scintillators and photodetectors to choose
from, the flexibility in different combinations of scintillator
with photodetectors, lower cost, and radiation hardness [69].
Some disadvantages of the scintillator detection scheme may
include more complex data interpretation in order to model the
scintillator light propagation with high fidelity, lower intrinsic
spatial resolution due to the light propagation and spread, and
edge effects due to the mismatch in refractive indices of differ-
ent materials at the boundaries. There is no fundamental reason
not to overcome these disadvantages, which motivate efforts
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TABLE I
DIFFERENT RADIT MODALITIES, CONTRAST MECHANISMS,

AND SCINTILLATOR CHOICES (EXAMPLES)

in thin-film scintillators, nanostructured scintillators, meta-
scintillators, PhC guiding of scintillator light, data science, and
other exciting development, in this growingly interdisciplinary
field.

A. X-rays Below 100 keV

Built upon the legacy of Röntgen and other pioneers, a large
variety of X-ray sources ranging from compact microfocus
sources to modern light sources, such as synchrotrons, and
continually improving detectors, including scintillator-enabled
ones, X-ray IT with photons below 100 keV is by far the
most accessible form of RadIT. PE absorption dominates
X-ray-matter interactions in this energy range. Depending
on the materials with which X-rays interact, coherent, and
incoherent scattering may not be negligible as the source
intensity increases. To reduce the X-ray dose, contrast agents
can be used to enhance the absorption contrast and allow not
only structural imaging or static imaging but also functional
imaging of in situ biochemistry and disease pathology [35].
Some of the most important developments for scintillators
in this energy regime come from the growing number of
synchrotron facilities around the world, e.g., the advanced
photon source (APS), CHESS (hosted by Cornell Univer-
sity, Ithaca, NY, USA), diamond light source, The European
Synchrotron Radiation Facility (ESRF), Grenoble, France,
National Synchrotron Light Source II, Upton, NY, USA,
PETRA III Max von Laue Experimental Hall, Hamburg,
Germany, Shanghai Synchrotron Radiation Facility (SSRF),
Shanghai, China, Super Photon ring-8 GeV, Sayo, Japan,
and others, where the X-ray intensities are many orders of
magnitude higher than the brightest table-topic X-ray sources,
and the X-ray fluxes can be delivered at a repetition rate close
to or above 10 MHz.

The bright synchrotron X-ray sources, together with
sub-nanosecond short pulses, tunable wavelengths, and tunable
bandwidths (from broadband “white beams” to monochro-
matic X-rays with less than 0.1% BW), allow different
modalities of X-ray IT using scintillators, including the

ones shown in Figs. 3 and 4. The high repetition rate of
the synchrotrons allows time-resolved X-ray movies, with a
sub-nanosecond temporal resolution dictated by the individual
X-ray pulsewidth. By considering the stopping power, LY,
decay time, and limiting scintillating light emission to the
visible wavelengths (>400 nm), several commercial scintil-
lators YAG:Ce, LuAG:Ce, and LYSO:Ce have been identified
for time-resolved X-ray imaging at a repetition rate approach-
ing 10 MHz [71]. These scintillators are widely used today
in synchrotron facilities. A typical scintillator thickness is
100 µm to less than 1 mm, a tradeoff between energy-
dependent X-ray detection efficiency and spatial resolution.
Since a typical synchrotron beam diameter is only 1 mm or so,
monolithic single crystals are readily available commercially
for imaging and microtomography. For higher resolution, thin
single-crystal films (SCFs), with a thickness in the range of
1–30 µm have been grown for high-resolution hard X-ray
microimaging [72]. Monolayer and multilayer (with different
dopants for each layer) thin films of LSO:Tb, LYSO:Ce were
reported as alternates to YAG:Ce, LAG:Eu, and GGG:Eu for
micrometer and sub-micrometer resolution. The search for
brighter and heavier scintillator films, such as CsPbX3 (X =

Cl, Br, and I) is also ongoing [73]. Some additional discussions
on SCF are given in Section IV-C.

In addition to multilayer thin films, one trend in scintillators
that can potentially improve X-ray detection efficiency without
sacrificing the resolution is structured scintillators. In one
example, high aspect ratio pores were filled by melting of
powered CsI (Tl) [74], a different approach from earlier work
on CsI needles [75]. In another example, PhC cavities (1-D)
were added to bulk scintillators BGO, CdWO4, CsI:Tl, NaI:Tl,
(PEA)2PbBr4, and YAG:Ce to tailor the emission spectrum
for higher detection efficiency [76]. A broader “structure
engineering” strategy was recently discussed in [77]. Practical
structured scintillators that can meet the growing demand for
synchrotron and other X-ray IT applications remain limited.
In the following, we discuss some additional limitations and
needs for scintillators.

Synchrotrons are now routinely used to examine polycrys-
talline nonperiodic structures, and to retrieve 3-D structural
information through diffraction, extending X-ray crystallog-
raphy pioneered by Laue, Bragg, and others. High-energy
X-ray diffraction microscopy (HEDM) or 3-D X-ray diffrac-
tion microscopy (3DXRD) is such an implementation [78],
[79], [80], [81]. Currently available sources and detectors
lead to a spatial resolution of ∼1 µm and an orientation
resolution of <0.1◦. With energies above 50 keV, sample
cross section dimensions of ∼1 mm can be studied in mate-
rials containing elements across much of the periodic table.
Using commercially available inorganic scintillators like doped
LuAG, LY ∼20 ph/keV [82], 7% absorption efficiency, and
a spatial resolution of around 2 µm was achieved by using
a 20–30-µm-thick LuAG scintillator for the X-ray energy at
50 keV [83]. Fig. 7 shows an example of the 3-D microstruc-
ture of UO2 characterized before and after heat-treatment using
HEDM with 90-keV X-rays. It is only recently that such
measurements have been possible [84]. However, the need
for a long acquisition time to collect sufficiently high SNR
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Fig. 7. Three-dimensional microstructure of UO2 characterized before and
after heat-treatment using HEDM.

Fig. 8. Two-dimensional detector image showing diffraction from multiple
grains satisfying the Bragg condition before and after 12% deformation of
polycrystalline copper. Unit in 1.5 µm.

diffraction images prevented the collection of the kinetics
information of grain growth.

To achieve submicrometer spatial resolutions in HEDM
experiments, it is desirable to have thinner scintillators with
higher LY, the theoretical limits of which are known for
many materials [85]. A thinner scintillator improves spatial
resolution but decreases detection efficiency and SNR, and
vice versa. Moreover, the scintillator’s LY is a critical factor in
HEDM experiments, particularly when imaging high-Z mate-
rials at high energies (>80 keV) with high spatial resolution
imaging (∼1 µm or better) that require penetration of bulk
specimens (e.g., >500 µm of uranium) [84].

The quality of diffraction signals deteriorates significantly
when the crystallinity of an as-received sample starts to break
due to defects and deformation. This results in diminished
information extraction capabilities at large strains, severely
limiting the effectiveness of HEDM [86]. Fig. 8 (LuAG
scintillator) demonstrates the diffraction image recorded at the
initial, recrystallized state, and after 12% tensile deformation
of a polycrystalline copper specimen. The limitations imposed
by large strain deformation on diffraction images are evident,
including the loss of high-order scattering intensity and the
streaking of diffraction spots. To address these challenges
and enhance the quality of diffraction patterns for deformed
specimens, it is crucial to develop and employ scintillators
with higher LY and efficiency, enabling more accurate and
detailed microstructural characterization.

As synchrotrons, such as APS-U, become brighter and
deliver higher pulse rates, faster and brighter scintillators than
L(Y)SO with no afterglow (image latency) will be needed.
The marriage of several imaging and diffraction techniques
together is another trend in synchrotrons. X-ray ptychography
is a combination of conventional scanning transmission X-ray
microscopy and coherent diffractive imaging (CDI) [87]. Inte-
gration of far-field HEDM with Bragg CDI was described

recently [88], which requires single-X-ray photon counting
together with a large dynamic range. Other emerging scintilla-
tor metrics in intense X-rays are also note worthy. In addition
to heating and radiation damage due to higher X-ray doses,
scintillator screens can become electrostatically charged due to
X-ray ionization of the air, and ambient dust particles could
be attracted to the scintillator screens [89]. Nonproportional
response of LaBr3 and LaCl3:Ce to synchrotron X-rays in
the range of 9–100 keV were reported [90], which could
complicate data interpretation.

B. X-rays Above 100 keV

The large mean-free-path of X-ray photons above 100-keV
energies makes them an effective nondestructive tool to radio-
graph thick and/or dense objects. Applications include weld
inspection, parts inspection (including AM), portal monitoring,
and hydrotesting.

The major limiting factors in high-energy radiography are
the resolution loss due to Compton scattering in the detector
and the low DQE of common scintillator–photodetector pairs.
High detection efficiency for MeV photons is particularly
important for flash radiography applications where fast data
acquisitions are required to obtain high-fidelity images and the
source flux is limited [91]. Quantum efficiency can be traded
for: time in emergency response applications, patient dose in
medical radiography, and the number of views in tomography.
Therefore, maximizing the DQE is of paramount importance
in these applications.

Some high-density crystals have been developed which are
suitable for high-energy radiography and tomography, namely,
bismuth germanate (BGO) [92], cerium doped lutetium oxy-
orthosilicate (LSO), and LYSO [93]. The properties of these
scintillators are shown in Table II. LYSO and LSO suffer
in some applications due to the intrinsic radioactivity of
lutetium [94]. These single crystals cannot be grown in large
sizes (>10 cm in diameter), and therefore, need to be pixelated
or segmented for radiography purposes.

Segmented scintillators are composed of individual pixel
light pipes, which produce a planar image suitable for fast
optics [37], [38], [97]. The light pipe aspect is extremely
important for multiple reasons. First, it allows low-f -number,
planar optics to be used, and second, it eliminates veiling glare
from inclusions, seams, and other defects in the scintillator.
Using high-density material also reduces the spread of the
Compton scattered photons thereby reducing the blur and
improving the resolution. Additionally, when the pixels are
optically isolated by means of a metal grid or similar the
optical scatter is eliminated. Fig. 9 shows two segmented
scintillators, a 40-cm-diameter LSO grid with 1 × 1 × 40 mm
scintillator pixels [98] and a 10 × 20 cm BGO grid with
1 × 1 × 40 mm pixels. In both, the pixels are separated by a
thin metal septum.

Recent developments in transparent sintered ceramics have
produced a new bixbyite transparent ceramic scintillator,
GLO [99], [100]. GLO has a very high density and high LY,
but a relatively long decay time (properties shown in Table II).
The largest scintillator fabricated thus far is roughly 30 ×

30 cm in dimensions [101].
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TABLE II

PROPERTIES OF SCINTILLATORS USED FOR HIGH ENERGY RADIOGRAPHY (DATA FROM [95] AND [96])

Fig. 9. Segmented BGO and LSO [98] scintillators. Both have
1 × 1 × 40 mm scintillator pixels and are separated by a metal septum.

Another technique available to take advantage of a large
number of commercially available powdered or needle scintil-
lators [of NaI, CsI, or Gadox (Gd2O2S)] is to use intensifying
screens of high-Z metals [102], [103], [104], [105]. These
screens convert energetic photons into Compton scattered
electrons which are more readily captured by the scintillator.
However, because of scintillator self-absorption, the quan-
tum efficiency of these is still very low with a maximum
of 1%. Intensifying screens and imaging plates can be stacked
(at 1% per layer) with as many as 40 being demonstrated to
obtain 20% DQE [106], as defined in (4). The downside is each
plate must be read out individually and the radiographs aligned
and averaged (suited more for storage phosphor imaging
plates).

Fig. 10 shows an example of experimental DQE for various
segmented scintillators [38]. These results demonstrated for
the first time a 50% DQE system with a segmented BGO
scintillator and a room-temperature camera. The glass fiber
optic faceplate was shown to have a DQE of 30% and is a good
compromise between the expensive segmented scintillators and
commercial powdered or needle scintillators.

Fundamental scintillator research into high-density scintil-
lators is ongoing, and breakthrough scintillators are always of
interest. However, one of the key scintillator challenges for
megaelectron volt photons is to find a way to manufacture
existing scintillators into a myriad of forms, with reason-
able cost, large format, and shorter timeline. Pixelated or
segmented arrays with various thicknesses, dimensions, and
even curvatures are examples of taking existing scintillators
and modifying them for high-energy photon radiography and
CT. Another possibility to explore is bonding pixels of BGO
or LSO with an index-matching material to produce a large
format scintillator.

C. Neutrons

Neutron IT as a nondestructive testing tool is relatively new
when compared with X-ray IT. The International Society for

Fig. 10. Measured DQE for segmented BGO, image quality indicator (IQI)
fiber optic glass plate, tungsten and glass pixelated array, and DRZ high
(Gadox). The vertical dashed lines show the Nyquist rates for the segmented
BGO scintillators. From [38] with permission.

Neutron Radiology (ISNR) was created in 1996 [107] to bring
the neutron radiography and neutron imaging international
communities together. Neutrons, mostly from nuclear fission
reactors and spallation sources, have now been successfully
used for in situ imaging and 3-D tomography of hydrogen fuel
cells, diesel particulate filters, nuclear fuel rods, and fossils.
Neutron IT has been extensively explored in the neutron
energy range from subthermal to hundreds of megaelectron
volt using the Los Alamos Neutron Science Center (LANSCE)
800-MeV accelerator, as summarized in a recent review [108].
The latest breakthroughs in laser-driven inertial confinement
fusion may open up new avenues for neutron IT by providing
a prompt (<1 ns) intense neutron source.

Neutrons complement X-rays as a unique material probe due
to their strong nuclear interaction and relatively weaker inter-
actions with electrons, e.g., through magnetic scattering [109].
The different transmission properties of neutrons and X-rays
allow for better segmentation of materials when both of
them are used simultaneously as in multimodal RadIT. The
transmission of neutrons through a material obeys the same
equation as (1) with the corresponding neutron cross sections.
Similar to X-rays, neutron nuclear interaction cross section is
a sum of absorption, coherent, and incoherent scattering in
the nonrelativistic regime. On the other hand, neutron cross
sections are highly isotope-sensitive, which makes neutrons
more sensitive to 1H than 2H for image contrast, for example.
The total 1H thermal neutron scattering cross section is more
than ten times that of 2H. The thermal neutron absorption
cross section of 6Li is 940 barn, which is orders of magnitude
lager than that of 7Li, and makes 6Li a popular element in
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Fig. 11. Energy-dependent proton stopping power in a vinyltoluene
(C10H9)-based plastic scintillator. The density is assumed to be 1.032 g/cm3.
The data are from the NIST/PSTAR database.

scintillators for neutron detectors. While 6Li-based scintillators
are more sensitive to thermal neutrons, they are also, therefore,
more susceptible to noise from energy down-scattered neu-
tron background during fast neutron imaging compared with
7Li-based scintillators, such as with CLYC-7.

Synergies between neutron scintillator detectors and X-ray
scintillator detectors have been recognized [107]. An X-ray
camera can turn into a neutron camera by switching the
scintillators. From Table III in the Appendix, it is clear that
in addition to neutron-specific scintillators that contain 6Li,
Gd (157Gd and 155Gd in particular), composite scintillators that
combine materials with differential neutron sensitivities may
also be considered. Further discussions on composite scintil-
lators for fast neutrons are given in Section IV-D. Background
reduction in neutron scintillators, especially, γ -ray background
reduction, remains an important consideration and motivates
new scintillator innovations.

D. Protons and Heavy Ions

Proton [110], [111] and heavy-ion beams, e.g., helium
[112], carbon, and others [113], [114], have been used for
RadIT since 1960s. Two primary contrast mechanisms of
energetic proton and heavy ion IT are energy loss and multiple-
Coulomb scattering [111], [115]. Fig. 11 gives an example of
energy-dependent proton stopping power, calculated by using
continuous slowing down approximation (CSDA), as a func-
tion of energy in a vinyltoluene-based [CH2CH(C6H4CH3) or
C10H9] plastic scintillator. Electronic energy loss is the dom-
inant process in the energy range shown. Nuclear collisions
and the corresponding energy loss may be neglected.

In addition to a lower dose, the proton and heavy ion
IT have better material density resolution (∼0.1%) than
those of X-ray CT (∼1%); however, higher cost and larger
footprint have limited proton and heavy ion IT to existing
proton and ion accelerator facilities. The energy ranges of
such facilities are divided into three bands: low energy or
<300 MeV per nucleon (mostly medical facilities for cancer
therapy) [116], medium energy ∼1 to a few gigaelectron volt
per nucleon [117], [118], [119], and high energy >10 GeV
per nucleon [120]. A magnetic lens allowed flash proton

Fig. 12. Images of a proton beam made with the standard tiled monolithic
LSO scintillator crystals (top row) and an LYSO granular screen (bottom row).
The arrows point to the crystal scintillator tile boundaries. The fixed pattern
noise from both detectors is observed to cancel in the ratio of a single image
to a fixed pattern correction. However, the data from within ∼1 mm of the
tile boundary are not reliable.

radiography of thick objects (up to 50 g cm−2) with a
time/spatial resolution below 200 ns/200 µm [121]. The spatial
resolution was further enhanced by the implementation of a
×3 magnetic lens, that effectively shrinks the FoV for a higher
spatial resolution to 65 µm [122].

For low-dose (time-integrated flux <108 particles) low-
energy proton and ion IT, NE102 (equivalent to EJ-212) plastic
scintillators (3.18 ± 0.05 mm thick) were used to measure
the residual range of individual protons [123]. More recently,
new detectors made of scintillator fibers coupled to SiPM
arrays [124], and a phoswich detector made of LaBr3(Ce)
and LaCl3(Ce) crystals [125] were developed for energy loss
measurements.

Dynamic experiments require fast proton imaging at a
higher dose rate. This was attained by focusing the light from a
scintillator onto multiframe multiplexed CMOS cameras [117],
[118]. The scintillator currently used is a 3 × 2 tiled array
of 4 × 6 cm2 monolithic LSO crystals 1.9-mm thick [117].
This system suffers from nonlinearities at the tile edges that
produce artifacts in the images, and from the background
due to totally internally reflected light that escapes due to
defects in the crystals. The use of granular screens may address
these problems. LYSO screens produce as much as six (black
backing) or 12 (reflective backing) times more light per areal
density thickness than the tiled crystal scintillator.

Fig. 12 shows 800-MeV-proton-induced images obtained
using a tiled LSO scintillator along with a large grain
(38–76 µm in size) LYSO screen. The center panel at the
top shows clearly visible tile boundaries. Although the tile
boundaries cancel when fixed pattern maps are used to correct
the image, the data from within 1 mm of the boundary is not
reliable because of reflections from the edge of the tile. The
screen has a fixed pattern noise that cancels in the ratio.

For X-ray and charged particle radiography, DQE is deter-
mined in part by the brightness of the scintillator. However, for
flash proton radiography, LYSO granular scintillator screens
process sufficient light to give high DQE along with added
benefits, which include high specific light output, the absence
of tile boundaries, lower backgrounds, and the ability to
construct detectors from a wider range of materials that may
not be available in large size, similar to megaelectron volt
photon radiography.
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Scintillator detectors were recently studied for laser-driven
proton beam imaging [126]. Further advances in detectors
and scintillators can be particularly beneficial to existing
proton and ion accelerator facilities [127], [128], [129]. Time-
of-flight (TOF) method is an alternative to residual energy
measurement [130]. The requirement for picosecond timing
resolution in ToF is due to the fact that in a facility, such
as LANSCE [127], the flight path (L0) is limited to about
20 m. The required timing resolution (δτ ) is related to energy
resolution through δτ/τ = 0.41(δE/E). δτ is about 3 ps for
1E/E of 10−4 and the flight time τ = 79 ns for 800 MeV
protons and 20-m proton flight path. Sub-picosecond timing
resolution is desirable but difficult in order to achieve energy
resolution of 10−5 for the same proton energy and real estate.

E. Electrons

Electrons in the energy range of 6–20 MeV have been
used in the treatment of cancers of less than 5-cm depth
for many years [131]. A portable electron radiography setup
at the electron energy of 30 MeV has been reported [132].
Permanent magnet quadrupoles were used to focus electrons
to form radiographic images of thin static and dynamic objects
at about 2 m away. The objects had a nominal areal density
sensitivity range of 10–1000 mg cm−2. The spatial resolution
was found to be about 100 µm. Electron radiography was
recently extended to 14 GeV at the linac coherent light
source (LCLS) [133], and also called transmission high energy
electron microscopy (THEEM). In addition to the highly
relativistic electrons, an additional feature of the THEEM
was the very short electron bunch duration down to 1 ps,
which offers a very high resolution of dynamic processes.
A 400-µm-thick columnar CsI scintillator was used in con-
junction with a CCD camera to collect the focused electrons
with a spatial resolution below 10 µm. Recently, the develop-
ment of higher-charge laser plasma accelerator-driven electron
production [134] has enabled ultrafast (sub-picosecond) imag-
ing using electrons [135]. This source generates a broad
spectrum of electrons, with a peak energy above 200 MeV,
and maximum flux (or current density) around 20 MeV. Using
the OMEGA EP lasers as a source, target-on-detector and
projection radiography have been demonstrated on inertial
confinement fusion (ICF) scale targets [136]. Work is under-
way now to implement a similar lens-based system within
the confines of OMEGA EP to project high-quality electron
radiography onto a fast detector system, enabling flash electron
radiography for ICF experiments.

Energetic electrons interact with other electrons and nuclei
through collisions and long-range Coulomb force and lose
energy through radiation of photons and direct energy trans-
fers to other electrons in materials. Fig. 13 shows the
energy-dependent stopping power of energetic electrons in
LYSO at energies up to 10 GeV. Collisional and Coulombic
scattering energy loss dominate over the radiative energy loss
at low energies up to 15.2 MeV.

One attractive potential of a THEEM is that the colocation
of the electrons and the XFELs using a single (electron)
accelerator would allow dual-probe radiography of electrons

Fig. 13. Energy-dependent electron stopping power in LYSO with an atomic
number ratio of Lu:Y:Si:O = 2(1−x):2x :1:5 and x = 0.075. the density is
assumed to be 7.2 g/cm3. The data are from the NIST/ESTAR database.

and X-rays. Such a dual-probe of electron and X-ray could
be simpler than dual-probe radiography based on protons and
photons, which may require two accelerators, one for the
electrons to generate X-rays, the other for the protons [137].
Alternatively, due to the strong bremsstrahlung radiation from
a relativistic electron beam, electron radiography is intrinsi-
cally a multiple probe technique by itself if the bremsstrahlung
information can be decoded. Multi-gigaelectron volt electron
radiography or THEEM can potentially deliver 1-µm spatial
resolution through objects of 1-mm thickness.

In summary, opportunities for experimental scintillator
detector development for electron IT include: 1) experimental
study of LYSO for higher LY and 2) scintillator thickness
optimization for higher resolution. These studies will likely
lead to better results than using columnar CsI. Another oppor-
tunity is to search for scintillators for dual-probe IT, such as
electron-X-ray IT.

F. Positron-Induced γ -Rays (511 keV)

Inorganic scintillators are used in PET [138]. Recent PET
makes use of TOF information to increase the SNR in
the reconstructed image and improve the location of the
annihilation event. The emergence of new technologies in
nanophotonics, microelectronics, artificial intelligence (AI),
and so on opens new perspectives for PET scanners to break
present performance limits. An ambitious goal has been set in
the frame work of the 10-ps TOF-PET challenge [139].

Achieving this ambitious goal would improve the effective
PET sensitivity by a factor of 20 over the biograph vision
from Siemens, Munich, Germany [140], opening the way to
reducing the radiation dose (currently 5–25 mSv for whole-
body PET/CT), scan time (currently > 10 min), and costs
per patient (currently > 1000 e per scan), all by an order
of magnitude. One of the most important components in
TOF-PET instrumentation is the scintillation crystal. In spite of
many efforts, in particular co-doping strategies, to reduce the
delay between the creation of the hot electron–hole pairs and
the capture of the resulting slow charge carriers by the lumi-
nescent centers after their multiplication and relaxation in the
medium [141], [142], [143], standard scintillation mechanisms
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in inorganic scintillators are unlikely to produce a scintillation
photon rate large enough to break the present barrier of about
200-ps coincidence time resolution (CTR). Several approaches
are investigated to boost the timing resolution of scintillator-
based X-ray and γ -ray detectors. The first one consists of
exploiting a few Cerenkov photons produced by the recoil
electron from the PE γ -ray interaction in the medium. The
second one is based on metascintillators where the recoil
electron is sampled in thin layers of fast organic scintillators
or ultrafast nanoscintillators. A third, longer term possibility,
is to boost the coupling of the electromagnetic wave associated
with particles traversing a medium with the optical states in
the medium, increasing, therefore, the scintillation quantum
efficiency and exciton radiative recombination rate.

1) Improving TOF With Cerenkov Light: Due to their high
densities and refractive indices, the majority of crystals used
in PET scanners have a relatively low Cerenkov threshold on
the order of 100 keV. As the recoil electron following a PE
interaction has an energy of 511 keV minus the binding energy
of this electron in the deep core level of the component heavy
nucleus or atom [91 keV in BGO and 63 keV in L(Y)SO],
it is emitted with an initial energy of 420 keV (BGO) and
448 keV [L(Y)SO], respectively, i.e., well above the Cerenkov
threshold. A number of Cerenkov photons (17 on average
for BGO and 12 for LYSO) are, therefore, produced and can
potentially be used to time tag the γ conversion events. This
bunch of Cerenkov photons increases the photon rate in the
leading edge of the scintillation pulse, as shown in [144].

The number of detected photoelectrons from Cerenkov
emission is generally no more than 5 on average per event
and is subject to large fluctuations from event-to-event. This
poses severe constraints on the electronics and results in a
nonnegligible number of events, where zero Cerenkov pho-
tons are detected in at least one (if not both) crystal in
coincidence. However, a clever sorting of all the events in
several classes associated with different amounts of Cerenkov
photons detected in BGO crystals in coincidence, Fig. 14,
has led to a significant improvement in CTR, which can
provide useful information for improving SNR of the recon-
structed image [145]. The value of about 200 ps obtained for
20-mm-long BGO pixels is interesting as it is similar to the
state-of-the-art with LYSO crystals in the biograph vision PET
scanner but with three times cheaper BGO than LYSO. This
can start a new life for BGO, with an objective of 300–500-ps
CTR at the system level and a cost-effective total-body PET.

2) Metascintillators: The metascintillator concept, intro-
duced in [146] and first tested in [147], is based on composite
scintillator topologies allowing the sampling of the recoil
electron produced by the γ -ray conversion in dense scintillator
regions in much faster scintillators, such as organic, core-
valence luminescent (CVL), or nanoscintillators (see Fig. 1
in [148], for example).

A first generation of metascintillators is now pursued by
combining the high stopping power of BGO or LYSO crystals
with the fast emission of plastic scintillators [149] or CVL
crystals, such as BaF2 [148], [150]. The stochastic nature of
the energy sharing between the metascintillator components
poses challenges in energy resolution and event selection

Fig. 14. CTR full width at half maximum (FWHM) (a) and full width at
tenth-maximum (FWTM) (b) from the 25 coincidence categories between five
classes of events per detector (20% of events each) sorted by their individual
timing resolution in 20-mm-long BGO pixels. From [145] with permission.

if the different components have a different LY and in the
timing resolution. However, different surrogates, based on the
light pulse analysis, allow the estimation of the amount of
energy sharing on an event-to-event basis and the necessary
corrections [151].

The metascintillator results obtained so far confirm that
a CTR of 200 ps at the system level can be reached
with BGO-based low-cost metascintillators, equivalent to the
state-of-the-art with bulk high-cost LYSO crystals. On the
other hand, LYSO-based metascintillators allow CTR to reach
100 ps [152], twice as good as the state-of-the-art. It is worth
noticing that the concept of metascintillator has been recently
extended to a semimonolithic block geometry [150], benefiting
from these excellent timing properties while allowing the
determination of the depth of interaction (DOI) of the γ -ray
interaction with 2–3-mm precision. From the knowledge of
the DOI, a correction on the timing can be applied, allowing
a further improvement of 20–30 ps to the CTR.

Decay times of 100–500 ps have been observed in ZnO:Ga
quantum dots [153] or CdSe nanoplatelets (NPLs) [154].
This has triggered extensive research toward a second gen-
eration of metascintillators, e.g., CdSe NPLs [155], ZnO:Ga
nanopowder [156], perovskites [157], mixed inorganic–organic
perovskites, such as CsPbBr3 with methylammonium, and
GaN/InGaN multiple quantum wells [158].

An interesting attempt has been made to deposit layers
of CsPbBr3 nanocrystals on GAGG:Ce plates, resulting in
a clearly identified bunch of prompt photons on top of
the GAGG scintillation pulse [157]. A number of problems
remain to be solved to benefit from the excellent scintil-
lating properties, and in particular, the ultrafast emission of
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nanoscintillators. These problems are related to the important
self-absorption in several of them and the long-term stability
of perovskites. We can fortunately rely on the huge research
and development and industrial effort on perovskites for pho-
tovoltaic applications and we can expect progress on the large
scale and cost-effective production of excellent quality and
stable perovskites.

Different solutions are being investigated to mitigate the
problem of self-absorption in perovskites. One solution
consists of embedding perovskites in transparent organic mate-
rials, such as polyethylene or polystyrene [159], with different
strategies to transfer the excitation from the nanocrystals to or
from the organic host [160]. Using PhCs to control optical
photons is also being pursued [161].

G. Dosimetry in Radiation Therapy

Photon, electron, and proton beams, embedded radioactive
sources, and injected radioisotopes are used therapeutically in
medical applications, predominantly in the treatment of cancer.
These radiation dose distributions can be highly complex,
and suitable RadIT tools, including scintillators, are required
for characterizing beam and source shapes and spatial and
temporal distributions of intensity.

Scintillator dosimeters are used for machine characteri-
zation, machine quality assurance (QA), and patient dose
measurement in radiation therapy. Scintillator detectors have
been developed for machine testing of X-ray radiosurgery
devices [162] and to measure patient treatment plans for
X-ray-based radiation therapy [163]. One common detector
format is the miniature plastic scintillation dosimeter (PSD),
where a small volume of the plastic scintillator is attached to
a fiber-optic light guide leading to readout electronics. The
intensity of the scintillator light output can be converted to an
absolute radiation dose reading. Organic scintillators, includ-
ing BC-400 [164], EJ-260 [165], BC-531 [166], and others
are commonly used in radiation therapy. Organic scintillators
have many good properties for radiation dosimetry, including
water equivalence in the clinical photon and electron beam
energy range with minimal beam perturbation and energy-
independency above 125 keV, reproducibility, linearity, and
dose rate independence [167], [168], [169]. PSDs usually
provide similar dosimetry results to ionization chambers (the
standard radiation detectors for most radiation therapy appli-
cations) in both photon and electron beams while being much
smaller and much more flexible [168], [170]. Certainly, the
temperature dependence of scintillator light output needs to
be considered to get correct results [171], especially in cases
of in vivo dosimetry where the scintillator will be operated
at body temperature but may be calibrated at room temper-
ature [172]. It is also important to correctly account for the
Cerenkov light produced in the optical fiber [167], [173].

Inorganic scintillators, such as Scintacor GS1, ZnSe:O, and
CsI:Tl, while lacking radiological water-equivalence, typically
provide a higher light output and are denser, which can be
advantageous in some applications [174]. However, the high
cost or the difficulties to grow single crystal ingots limit the
application of inorganic scintillators for some applications.

One example is 3-D scintillation dosimetry, which has used
organic liquid [175] and plastic [165] scintillators due to their
low cost and large volumes in almost any shape or size.

Scintillators have been widely used in radiation therapy,
especially in X-ray based photon therapy. The major clinical
applications include: 1) small-field dosimetry and 2) in vivo
dosimetry. With the increased use of stereotactic body radia-
tion therapy (SBRT) and stereotactic radiation surgery (SRS)
(for example, GammaKnife and CyberKnife) to treat small
tumors, small field dosimetry has become more important
in radiation therapy. Unfortunately, it is very challenging to
get accurate results in small field dosimetry due to: 1) loss
of charged particle equilibrium; 2) energy dependence; and
3) partial volume effects if the detector is too large (e.g.,
ion chambers). Scintillators are an ideal solution in these
scenarios. Due to the radiological water-equivalence of plastic
scintillator materials, charged particle equilibrium is main-
tained and the detectors’ energy dependence mimics that of
water. The high light output of many scintillators allows PSDs
to be made very small, avoiding partial volume effects.

The unique dosimetric features of PSDs make them ideally
suited to the challenging problem of measuring very small
radiation fields. Given a field size smaller than 10 mm,
the scintillator results were closer to the MC simulation
results compared with diode, microdiamond, and microLion
chambers [176], [177], which are commonly used. Some
commercial products have become available in the market,
including the Exradin W1 and W2 Scintillator detectors (Stan-
dard Imaging, Middleton, WI, USA), which have become
popular for small-field dosimetry [169].

Another important application of scintillator dosime-
try in radiation therapy is the measurement of patient
dose during radiation therapy delivery. PSD’s radiological
water-equivalence allows them to be placed in the radiation
field without perturbation, while their operation without a high
bias voltage makes them safe for measurements on or even
inside of patients. The flexibility of PSD’s is well suited, for
example, to rectal balloon-mounted detectors for prostate dose
verification, such as the OARtrac Dose Monitoring System
(RadiaDyne, Houston, TX, USA) and detection of radioactive
source position in needles or catheters for high dose rate
(HDR) brachytherapy [178].

Scintillator detectors have also found extensive use in pro-
ton beam therapy applications for beam performance quality
assurance testing. Errors in the proton beam range might result
in missing the target or overdosing on nearby critical tissues
or organs, both leading to unfavorable patient outcomes.
Therefore, it is critically important to check the proton beam
range routinely. The American Association of Physicists in
Medicine (AAPM) Task Group (TG) 224 [179] recommends
a monthly consistency check of the proton beam range. How-
ever, the conventional method of using a multiple-layer ion
chamber (MLIC) can be very time consuming and provides
limited spatial resolution. Scintillator detectors have been
developed specifically for efficiently measuring proton beam
range, which provides fast, accurate, and high-resolution beam
range measurements [180], [181]. Scintillator-based detectors
are also used for other proton machine QA tests, including
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Fig. 15. Depth-dose curves of a proton spread-out Bragg peak (160-MeV
maximum energy, maximum beam range 13 cm after passing through a 5-cm
water-equivalent range shifter) measured with an ionization chamber (orange)
and a liquid scintillator detector (blue). The scintillator signal is depressed
near the end of the beam range due to ionization quenching.

beam isocentricity [182], pencil beam profile and positioning
testing [183], and daily comprehensive beam testing [184].
One limitation of scintillator detectors for proton therapy is
the ionization quenching of most scintillator materials. As the
protons’ linear energy transfer (LET) increases toward the
end of their range [185], the linear dose-to-light relationship
breaks down, leading to an under-response of the scintillator,
as shown in Fig. 15. This relationship is described by the
well-known Birks relationship [186], which can be used to
provide quenching correction factors, presuming the LET can
be determined [166], [187].

In summary, radiation therapy is an important tool in the
treatment of cancer, including brachytherapy, external beam
radiation therapy, and particle therapy. Scintillator dosimetry
plays an important role in radiation therapy; however, its
potential has not been fully exploited. Additional research
and development and collaboration, especially from outside
the medical physics community, is needed to use scintillator
dosimetry and RadIT more to improve the therapeutic efficacy
of radiation therapy.

H. In Situ Neutron Imaging to Optimize Crystal Growth

The discovery of new scintillators or semiconductor mate-
rials typically starts with very small grains of synthesized
samples. Once important properties have been characterized
for these small samples, a proper crystal growth recipe has
to be developed for producing large crystals to meet the
requirements of specific applications, especially where large
volumes are required by the relatively long attenuation length,
e.g., as in γ -ray and fast neutron detection, see Section III-B
and IV-D. The latter step often limits the transition of a
promising material to industrial-scale manufacturing. These
crystals need to be grown reproducibly, with high yield and
affordable. Most of the time, multiple trial-and-error attempts
are conducted and the grown materials are characterized ex
situ by various nondestructive and destructive techniques.
The number of such optimization runs is limited by the
time required for each attempt. If various crystal growth
parameters could be monitored during the growth in real

Fig. 16. Schematic of the energy-resolved neutron imaging experiment.
A crystal growth furnace is placed directly in the neutron beam in front of a
neutron counting detector. Thousands of images are acquired simultaneously,
each corresponding to a specific neutron energy. Neutron transmission spec-
trum is, thus, measured for each pixel of the transmission dataset. Reproduced
with permission from [190].

time, the search for proper growth parameters would be much
easier, faster, and cheaper. However, only a limited number
of parameters can be measured in situ without disturbing
the growth. Remote sensing of growth parameters is, most
of the time, obscured by the equipment used for the crystal
growth and by the opacity of the grown materials themselves to
conventional probes, such as photons and electrons. It has been
demonstrated recently that energy-resolved neutron imaging
can monitor, in situ, various growth parameters, such as
elemental distribution within the solid material and the melt,
the location and shape of the liquid–solid interface, mosaicity
of solidified material, segregation, and diffusion of dopant
elements, and the presence of defects and others [188], [189],
[190], [191], [192]. Although these demonstrations were only
for the Bridgeman crystal growth process, this novel in situ
diagnostic can be extended to other growth techniques due
to neutrons’ capability to penetrate many materials, including
metals. Although the number of facilities where such neutron
measurements can be conducted is very limited at the present
time, the crystal growth optimization technique described here
is useful for developing better crystal growth recipes, which
then can be transferred to the industry.

The neutron imaging setup for monitoring in situ crystal
growth in a furnace is shown in Fig. 16. A neutron counting
detector with 512 × 512 pixels (55-µm pitch) was used [193].
The detector used neutron-sensitive microchannel plates to
convert the incoming neutrons into a charge of ∼105 elec-
trons, and a pixelated timepix readout for high counting rate
operation. The spallation neutron source delivered short pulses
of neutrons at 20–60 Hz. The neutrons propagated over a
10–15-m path length toward the sample and the detector. The
energy of each registered neutron is reconstructed from its time
of flight. The short duration of the neutron pulses is, therefore,
crucial for measuring the neutron transmission spectrum in
each pixel of the imaging dataset. Some growth parameters
(such as the location and the shape of the liquid–solid inter-
face, qualitative uniformity of elemental composition, and
location of defects) can be measured with regular neutron
imaging, where a white transmission spectrum is measured for
each pixel. A wider range of parameters can be investigated
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Fig. 17. Maps of Li concentration within the growth volume of
Cs2LiLaBr6:Ce charge. Dashed lines represent the location of solid/liquid
interface. During the first 11 h, the temperature profile and the ampoule
location were kept steady. A Cs-rich/Li-deficient phase formed within the
melt. The color bar represents the Li concentration in atom %. Reproduced
with permission from [190].

with a pulsed neutron beam where transmission spectra that
depend on the isotopic composition can be measured as a
function of neutron time of flight for each pixel.

One strength of energy-resolved neutron imaging is to use
neutron resonance absorption to separate neutron attenua-
tions from different isotopes, and thus, to map the isotopic
compositions for several elements [194], [195], [196], [197],
[198]. An example of measured transmission spectrum for
Cs2LiLaBr6:Ce can be found in [190].

It is well known that the shape, stability, and location of
liquid/solid interface play an important role in the quality of
material grown. A convex interface is often desirable. Obser-
vation of the interface is enabled by the presence of dopant
segregation, which was used in several studies [189], [190],
[192], [199], [200]. With neutron imaging, the shape and the
location of the liquid–solid interface and the speed of ampoule
translation could be optimized in real time by adjusting the
temperature profile and the speed of translation. Moreover, the
formation of two phases within the melt was observed during
in situ growth of Cs2LiLaBr6:Ce crystal, as shown in Fig. 17.
In the very first in situ growth of this crystal, it was found that
Cs-rich/Li-deficient layer forms in the melt just above the solid
phase. Good scintillator material was only grown after the
Cs-rich layer is settled over about an 11-h period. Quantitative
maps of Li concentration, shown in Fig. 17 for different
times of crystal growth, demonstrate the formation of this
Cs-rich layer at a steady temperature distribution. Once phase
separation within the melt stabilized, the temperature profile
was gradually changed, and a good crystal could be grown.
Discovering the need for that stabilization blindly, as it was
done by the industry before that experiment was conducted,
was obviously a much longer process. This experiment showed
that neutron imaging can substantially reduce the cost and time
of the transition from the discovery of new candidate materials
to the industrial growth of bulk crystals.

I. Space Applications

With the continued decline in rocket launch cost, a rapid
increase in the number of robotic and human missions

throughout the solar system, and commercialization of the
low Earth orbit (LEO), scintillators and RadIT applications
in space are a new frontier poised for significant growth.

Scintillators and imaging detectors have long been used in
X-ray, γ -ray, and high-energy astronomy from space [201],
[202], [203]. X-/γ -ray and neutron instruments are impor-
tant for planetary missions to localize water, ice, and other
resources [204]. Increasing human presence through, for exam-
ple, permanent habitation in LEO, longer duration exploration
missions, Mars colonization, space tourism, and in-space
manufacturing, will need to qualify ground-based X-ray CT
and other RadIT technologies for in-space human health and
medicine [205]. LEO commercialization needs scintillators
and RadIT to monitor the aging of space assets without the
shielding by the Earth’s atmosphere and magnetic fields, and
assess the quality of the parts manufactured in space in situ.

Due to the significant background radiation, space applica-
tions need better scintillators than traditional space-qualified
ones, such as NaI (Tl), CsI (Tl), and BGO. In addition
to particle identification (background and noise rejection),
radiation hardness, energy resolution [206], [207], LY, and
others described in Section II-B, another unique requirement is
the constraints in size, weight, and power (SWaP) for all space
instruments and components. For X-ray, γ -ray spectroscopy
and imaging, energetic trapped particles, cosmic rays, and
neutrons coexist as the background noise in the harsh environ-
ment of space. Promising bright scintillators, such as L(Y)SO,
LaBr3, or LaCl3, have intrinsic background that may not be
suitable for low-noise operations due to in-space activation
and the radioactive decays of 176Lu (2.6% natural abundance
and 3.8 × 1010 year half-life), 139La (0.09% natural abundance
and 1.0 × 1011 year half-life) [208]. Other scintillators being
assessed for space imaging missions include CeBr3 [203],
CLLB:Ce [207], CLYC-7 [207], GAGG:Ce [209], [210], and
SrI2:Eu [207]. A new class of perovskite scintillators that can
be synthesized in liquids and low temperatures has recently
been considered for space applications. Lead-free halide per-
ovskite Rb2CuBr2 (density 3.83 g/cm3) [211], for example,
was reported to have more than twice the LY of LYSO [11].
Other examples of water-grown or hydrothermal scintllators
include CsPbBr3 single crystal [212], Cs2NaTbCl6 [213], and
(ETP)2MnBr4 [214]. Material instability, scintillator light self-
absorption, toxicity, and relatively small sizes of the perovskite
scintillators [215] necessitate further studies before they can
be qualified for space use. For neutron RadIT in space,
X-ray, γ -ray, cosmic ray, and energetic particle rejection is an
important considerations. Solution-grown trans-stilbene single
crystals [216] are being considered together with commercial
plastic scintillators for neutron detection in space and planetary
missions [217].

We mention two additional trends briefly as they are in a
relatively early phase of development. First, heterogeneous and
structured scintillators are being pursued for space applica-
tions, since a single type of scintillator or structure may not
meet all the necessary performance requirements. A phoswich
detector combining a LaCl3 + LiI:(Eu,Sr) and pure LaCl3
crystals for discriminating thermal neutron, fast neutrons, from
γ -rays, is under study (Sonu, in Table III). Another example
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is the quintuple discrimination of α-particles, βs, γ s, thermal
neutrons, and fast neutrons (Bertrand, in Table III). The com-
posite organic scintillator detector is a three-layer phoswich.
Second, 3-D IT in space is emerging despite the fact that
they demand larger data capacities than spectroscopy and 2-D
imaging. SWaP constraints have also been limiting the amount
of data that can be gathered in robotic missions for a long time,
but such limitations are being removed due to the advances
in information technology for space missions. In addition
to man-made structures in LEO, there is growing interest
in using 3-D IT to collect more data from samples in situ,
to map the Moon, Mars, and other planets in higher resolution.
Computerized ionosphere tomography is an example to map
very large natural structures in LEO [218].

J. Multimodal RadIT

Most current RadIT methods summarized in Section III can
be characterized as a unimodal RadIT in the sense that a
monochromatic/monoenergetic (narrow bandwidth in practice)
X-ray/neutron, electron, or proton beam is used as the source
of illumination, and a single parameter, such as scintillator
light intensity, is recorded. A recent trend is multimodal RadIT
(MM-RadIT), when more information [219], such as mass
density and material identification simultaneously [220], can
be extracted than by a traditional unimodal RadIT.

MM-RadIT comes in many varieties. A binary combination
of the five methods in Section III leads to 20 different kinds.
When two different energies for protons, electrons, and neu-
trons each are included as for X-rays, the number of varieties
grows to 72. In practice, MM-RadIT has been reported in
a much smaller number of varieties, in part limited by the
available sources [221]. Two or more color X-ray CTs have
already been used successfully in biology and medicine [222].
Examples of neutron and X-rays, neutrons and proton imaging
can be found in [108]. From the signal collection perspective,
light intensity/particle counts can also be used in conjunction
with energy, momentum, polarization, and other light/particle
properties for multimessenger RadIT. From the signal pro-
cessing perspective, signals in real-physical space can be
extended to the phase space for multidimensional RadIT, e.g.,
X-ray ptychography [87]. In the following, we give additional
examples of detectors and data processing for MM-RadIT [22].

One of the key ingredients that enable dual-energy [222]
and multicolor CT is energy-resolved X-ray photon counting
detectors at a high flux (∼109 ph·mm−2

·s−1). Two-layer scin-
tillator detectors were described for dualenergy/multienergy
CT, which consist of a thinner layer (∼1 mm) of, e.g., YAG,
ZnSe, or CsI, on the top, and a thicker layer (∼2 mm) of
Gd2O2S in the bottom [223], [224]. Novel ceramic scintillators
were described with SiPM detectors [225]. CZT and CdTe
can also resolve the energy of individual X-ray photons with
good quantum efficiency [226]; however, due to material
saturation (polarization at high X-ray fluxes, <108 Hz/mm2),
low mobilities of electrons and holes in CdTe or CZT and
other effects, such detectors may not be able to handle the
high photon fluxes in clinical CT [227].

ML-based methods for signal processing and image analysis
are a promising direction and growing for both unimodal and

MM RadIT [228], [229]. In one example, a deep convolu-
tion neural network (CNN) was used to discriminate signals
induced by neutrons from γ -rays in organic scintillation
detectors [228]. The pulse shape discrimination performance
for the conventional charge comparison method was compared
against the CNN discriminating algorithms for two different
detectors to confirm the superior performance of the deep-
learning model. In another example, CNN was able to generate
higher fidelity images by leveraging the underlying physics
of dual-energy CT [230]. It is equally important to include
independent validations, such as through experiments, other
models, or uncertainty quantification (UQ), of ML models.

IV. RECENT SCINTILLATORS AND CONCEPTS

In addition to progress in new inorganic scintillators,
Section IV-A, we shall highlight results and progress in struc-
tured scintillators presented during the SCINT22 conference,
ranging from nanostructures, Section IV-B, micrometer-thick
thin films, Section IV-C, to bulk composite structures,
Section IV-D. As presented, each topic emphasizes a particular
application: Section IV-A on new inorganic scintillators for
fast timing, Section IV-B on nanostructures for light guiding
and higher LY, Section IV-C on thin film for high X-ray
imaging resolution, Section IV-D on bulk composites for fast
neutrons. Many other new applications in RadIT may be found
for each of the scintillators and novel structures. Section IV-E
discusses the emerging opportunities associated with machine
learning (ML) and data science.

A. Novel Ultrafast Inorganic Scintillators

Due to the gaps between desired scintillator performance
and what is achievable with existing commercially available
materials, continued exploration of novel scintillators is neces-
sary. Consideration of materials with fast timing characteristics
is especially important in applications, such as TOF-PET
(discussed in Section III-F) or GHz hard X-ray imaging [46],
[231]. BaF2 has been strongly considered for this and other fast
timing applications (such as TOF-PET via the heterostructure
concept) but comes with several major drawbacks, including
its dominant slow decay component (∼630 ns), which leads to
pulse pileup issues, and the spectral mismatch with common
photodetectors due to its emission wavelengths lying in the
VUV range. Additional discussions may be found in the recent
reviews [3], [139], [232]. In this section, we highlight exam-
ples of new ultrafast (subnanosecond up to a few nanoseconds
decay times) scintillators with the potential to overcome the
limitations of current technology.

Of the various potential avenues for achieving faster timing
performance, core-valence luminescence (CVL) is of particu-
lar interest due to the overall well-balanced set of properties
that can be obtained—sub-nanosecond decay time, moderate
density (3–6 g/cm3), good chemical stability, and relatively
bright emission, for example. Unlike the Cerenkov emission
and hot-intraband luminescence, which produce very few pho-
tons per gamma interaction (∼17 photons per 511-keV gamma
for BGO [233]), CVL scintillators typically have LYs in the
range of 1000–2000 ph/MeV (at 662 keV), making them more
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practical for use in a wide range of applications. Likewise,
the ability for these materials to be used in bulk form without
significant effects from self-absorption provides an advantage
over semiconductors. The generally higher density and Zeff
of fully inorganic CVL scintillators compared with halide
perovskite nanocomposites and hybrid organic–inorganic crys-
tals provide an advantage over these materials. With these
considerations in mind, recent progress on the development of
CVL scintillators will be presented next, and areas in which
future efforts should focus will be identified.

Novel CVL scintillators that have been discovered in the
last decade include Rb2ZnCl4 [234], [235], Cs2BaCl4 [236],
Cs3ZnCl5 [237], and BaGeF6 [238]. In addition to these
novel materials, there has been renewed interest in the more
traditional CVL scintillators CsSrCl3, CsMgCl3, and CsCaCl3
due to the advances in photodetector technology and signal
processing methods since they originally drew interest in the
1990s. The most promising of these seems to be CsCaCl3
due to its high LY of 1371 ph/MeV and fast decay time of
2.47 ns. The CTR has recently been reported to be 148-ps
FWHM for a 2 × 2 × 3 mm3 CsCaCl3 pixel measured with a
VUV SiPM (Hamamatsu, S13370-3075CN), which is superior
to that of BaF2 (CTR of 164-ps FWHM) measured with the
same setup [239].

Cs2BaCl4 is one of the fastest and brightest (1.68-ns
decay time and 1369-ph/MeV LY) materials recently studied
in [239]. In a separate study, an even shorter decay constant
of 1.2 ns and higher LY of 1700 ph/MeV (for the fast
component) are reported [236]. Unfortunately, the instability
of this compound at room temperature may hinder its usage,
as Cs2BaCl4 reportedly decomposes upon cooling [239], [242].
This means growth from the melt will present substantial
challenges.

Similar to the resurgence of AMCl3-type compounds,
Cs2ZnCl4 has resurfaced as a promising new ultrafast
scintillator despite being discovered almost 20 years ago.
Between 2003 (when it was initially discovered) and 2019,
there were only three publications that reported scintillation
properties of Cs2ZnCl4 [243], [244], [245]. In the past few
years alone, that number has now doubled [237], [241], [246].
This is partly due to improvements that have been made to
crystal growth techniques that have allowed for better quality
and larger volume crystals to be fabricated. Fig. 18 shows
some examples of different CVL crystals grown in recent
years.

Several properties make Cs2ZnCl4 an attractive candi-
date for further investigation. It is nonhygroscopic, has a
single-component decay time of around 1.7 ns, and has longer
wavelength emission than BaF2 [237], [241], [244], [245]. As a
result of recent improvements to crystal quality, better perfor-
mance has now been achieved with Cs2ZnCl4. Specifically,
LY as good as 1980 ph/MeV (at 662 keV) has been measured
for small crystals with approximate dimensions of 5 × 5 ×

5 mm3 [241], surpassing that of the CVL component of BaF2
(1400 ph/MeV). The CTR has so far been measured to be as
good as 136 ps FWHM for two Ø7 × 3-mm-thick slabs of
Cs2ZnCl4 measured in coincidence using SiPMs (Broadcom,
AFBR-S4N44C013) [241]. This value is expected to improve

Fig. 18. Examples of some CVL crystals grown in the last decade. The
growth methods are noted in parentheses next to each composition. (a) KMgF3
and (b) LiBaF3 (Czochralski). Reprinted from [239], [240], and [241], with
permission from Elsevier.

Fig. 19. Scintillation decay time profiles of Cs2ZnCl4 and Cs3ZnCl5
compared with BaF2 and LSO:Ce. Crystals were measured using the
Bollinger–Thomas single-photon counting method. The feature around 30 ns
is an instrumental artifact. Adapted from [241].

with the optimization of the measurement setup. Another
promising new Zn-based CVL scintillator is Cs3ZnCl5, which
has a 0.82-ns decay time [241]. A comparison of the decay
profiles of Cs2ZnCl4 and Cs3ZnCl5 with BaF2 is shown in
Fig. 19 to illustrate their ultrafast timing characteristics and
lack of slow decay components.

Various strategies are currently being explored in an effort to
improve the performance of radiation detectors for fast-timing
applications. For scintillator-based detectors, the performance
is ultimately limited by the scintillator’s decay time; therefore,
there is a strong push toward the discovery and development
of ultrafast materials that may overcome the limitations of
existing technology. Exploiting fast emission processes and
the concept of metascintillators (or heterostructures) are two
approaches in particular that have received much attention in
the last few years. The compositional space in which CVL
materials exist has not yet been exhausted, and continued
efforts devoted to searching for and developing novel CVL



1262 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 70, NO. 7, JULY 2023

materials are necessary in order to find suitable alternatives
to existing ultrafast inorganic scintillators, such as BaF2.
A deeper investigation into impurity-induced or impurity-
enhanced CVL may also be a pathway for discovering new
ultrafast scintillators and is a relatively unexplored area.
If they are to be utilized in RadIT environments, the radi-
ation hardness of newly developed CVL scintillators needs
to be assessed, and future work should also prioritize denser
materials.

B. Nanostructures

Structured scintillators are also called heterostructured
scintillators or metascintillators. These scintillators combine
materials with complementary properties to achieve func-
tions better than any of the individual components, see
Section III-F2 earlier and references therein for additional
information on fast-timing applications. The application of
structured scintillators is broader than fast timing. Phoswich
scintillators have been described for particle identification in
a number of works, as summarized in Table III. Innovations
through structure engineering have also been recognized else-
where [77].

In comparison with bulk scintillators, nanocomposite scin-
tillators have features potentially including enhanced light
output, reduced cost, and greater size scalability [247]. Opti-
mization of monolithic nanocomposite and transparent ceramic
scintillation detectors for PET was discussed in [248].

Patterning by plastic deformation or nanoimprint was devel-
oped in the 1990s [249]. It permits nanometer patterns in clean
ambient air and without complex optics. Cerna et al. [250]
tested nanoscale structured plastic scintillators for better light
extraction. By using empirical methods for structuring com-
mercial scintillating polymers surfaces, up to 50% more light
was extracted by patterned surfaces. Additional results related
to the Purcell effect, PhCs were reported, see Table III for
additional examples.

C. Micrometer Thin Films

Two-dimensional X-ray imaging and 3-D microtomography
with submicrometer resolutions can be achieved by using
thin scintillators in synchrotron facilities when the X-ray flux
can exceed 106 ph·s−1

·µm−2 [251], [252]. In a microscope
setup that uses a thin scintillator screen to convert X-rays
into visible light, the spatial resolution depends on the screen
thickness, the depth of focus (or defect of focus), optical
aberrations, and camera electronic noise. A spatial resolution
of 0.8-µm FWHM (1000 line pairs/mm with 10% contrast)
was reported [251]. Ce-doped crystalline YAG film of 5-µm
thick was deposited on an undoped YAG substrate (170-µm
thick). LSO:Ce less than 10 µm was used in another case.
X-ray absorption is weak in these rather thin scintillators
(about 1% at 30 keV and 0.25% at 50 keV per 1-µm-thick
LSO). High material density is, thus, desired for high X-ray
absorption efficiency, particularly at high X-ray energies.

One promising growth technique for such a range of thick-
nesses with high optical qualities is the liquid phase epitaxy

(LPE), which allows single-crystal film deposited on a single-
crystal substrate. Several materials, such as doped Lu2SiO5
(LSO), and many garnets doped with cerium, europium,
or terbium, Lu2O3:Eu3+ have been developed as thin scintil-
lating films [72], [253], [254]. Double layers (LSO:Tb3+ and
LSO:Ce3+) screens emitting at different wavelengths combined
with double read-out systems spectrally filtered has been
proposed to compensate the weak X-ray absorption [255].
At low X-ray energies, the absorption edges of the absorption
films play a crucial role, and the composition may be adapted
for specific energies as exemplified by Riva et al. [256].

The substrate is also of crucial importance and has several
severe requirements. First, it has to be compatible with the
epitaxial growth, i.e., showing the same crystalline structure
and a weak lattice mismatch. Second, the X-ray absorption in
the substrate is very large as compared with the scintillating
film, the substrate has to be nonscintillating. Indeed, even a
weak scintillation leads to an image out of the focal plane
of the objective contributing to blurring the image. Finally,
it has been recently shown using MC simulation and confirmed
by experiments, that the secondary X-ray emission from the
substrate may significantly affect the modular transfer function
(MTF) [31], [36], [37] of the overall device and that effect
strongly depends on the X-ray energy. This effect becomes
very critical when ultimate spatial resolution is desired [257].
The figure of merit (FoM) presented combining the MTF at
500 lp/mm and the effective energy deposition in the active
film (Fig. 20) highlights jumps due to the X-ray absorption
thresholds as a function of the energy used to perform the
X-ray imaging. These jumps are related to a combination of
the X-ray absorptions of the film and the substrate, and the
X-ray fluorescence of the substrate. It is shown, for exam-
ple, that among the evaluated film/substrate combinations,
it is preferable to use the GAP:Eu deposited on YAP in
the 50–62-keV range and Lu2O3:Eu deposited on undoped
Lu2O3 beyond 62 keV. This FoM does not take into account
the optical qualities of the films, nor the scintillation efficiency.
Because the performances are pushed to the limit, it suggests
that the scintillating screens tend to become very specific to
each energy range, even to small changes when approaching
the absorption edge of their constituents.

D. Bulk Neutron-Sensitive Composite Scintillators

Scintillator detectors for pulsed fast neutron sources play
a vital role in nuclear safeguards, material inspections, and
fundamental science [258], [259]. While the combination of
homogenous, monolithic scintillators (e.g., Cs2LiYCl6:Ce3+

and GS20) [260], [261] with moderator material (e.g.,
polyethylene) can meet some of the current requirements, dif-
ficulties arise from operating a large volume neutron detector
in the harsh radiation environments with: 1) the ubiquitous
gamma (γ ) ray backgrounds and 2) the limitations imposed
on the neutron count rate by the size and geometry of the
detector material or readout electronics.

Detecting neutrons is unique due to the neutron’s elec-
tric charge neutrality and isotope-dependent absorption cross
section. Some neutron converter isotopes are 3He, 6Li, 10B,
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Fig. 20. FoM calculated from the contrast in the MTF blurred by optics
(NA = 0.40) at 500 lp/mm and the energy deposited in SCF. Values are
extracted from simulations at X-ray energies from 5 to 100 keV for 5-µm
SCFs supported by 150-µm substrates. Reprint from [257] with permission.

and 238U [262], [263]. Time- and energy-resolved fast neutron
detection requires efficient neutron detection in a relatively
large volume (and, therefore, low cost) of neutron-sensitive
materials [264]. Additional requirements or highly desirable
properties include tolerance to radiation degradation for long
periods of use, and particle or energy discrimination against
the background, such as γ -rays. For neutron counting, short
response time is often needed to improve temporal resolution,
and event statistics, and to prevent event pileups. Generally,
desirable detector attributes come with significant trade-offs
due to the lack of an “ideal” scintillator for neutrons in
practice.

Organic–inorganic composites represent a large group
of diverse material combinations for fast neutron detec-
tion [265], [266], [267], [268], [269], [270], [271]. In an
organic–inorganic composite, a fast neutron interacts primar-
ily with the organic matrix, and energy then transfers to a
scintillating material imbedded in the organic matrix. While
neutron interaction rates with organic constituents can be rela-
tively high compared with higher atomic number constituents,
significant scintillation light scattering can occur due to the
refractive index mismatch between the organic matrix and the
scintillator material; ultimately, this optical property difference
can reduce the mean free path of scintillation photons and
contribute to optical losses [271], [272]. While the scintil-
lation process is well-studied for homogenous scintillators,
the optical composite parameter space can be vast. The main
design criteria for organic–inorganic composite focus on scin-
tillation light transport. The volume fraction of the individual
constituents and the effective optical absorption coefficient of
the resulting mixture are important factors. Fortunately, this
unique multiparameter space can also enable flexibility in
meeting targeted application specifications [265], [266], i.e.,
neutron interaction rate, temporal response, and light output
to the photodetectors.

Recently, heterogeneous scintillating particle composite
materials have demonstrated promising properties for com-
pact fast neutron detection; specifically, these detectors can

Fig. 21. Generalized fast neutron detector scheme using transparent compos-
ites. A fast neutron interacts primarily with organic constituents, slows down,
and gets captured by the neutron-sensitive scintillating particle, e.g., GS20
scintillator cubes. The scintillating light is then detected by photodetectors,
SiPMs, or photomultiplier tubes.

potentially address the needs for good detection efficiency,
large active volumes, fast timing, and respectable radiation
damage tolerances at a reasonable cost [272], [273]. Fig. 21
illustrates a fast neutron detection scheme using a scintillating
particle detector with a nonscintillating moderator matrix. If a
scintillating moderator matrix was used instead, additional
scintillation light would be created during the moderation pro-
cess. One main advantage of scintillating particle composite
is that γ -ray suppression relies solely on the arrangement
of small neutron-sensitive scintillating particles within the
organic matrix. Many new possibilities exist with hybrid
scintillator particle composites, e.g., scintillating particles with
wavelength shifting coatings for improved light transport and
performance stability, tunable dynamic range or segmented
composite detector designs.

E. Data Science and ML for Scintillator Screening

Data science, ML, and AI have had a significant impact on
physical sciences, including scintillator materials science over
the past decade [274], [275], [276], [277], [278]. Data-enabled
methods have been applied to expedite the development and
optimization of luminescent materials. ML algorithms can
efficiently encode chemical similarity and interpolate across
high-dimensional feature spaces to screen potentially new
scintillator compounds as well as to develop predictive models
for their performance estimation.

A first-principle approach to the entire scintillator property
portfolio prediction, as discussed in Section II-B, remains
beyond the scope of the state-of-the-art computations. Recent
studies have focused on alternative data-enabled routes for
scintillator property predictions. A majority of the research in
this direction has focused on predicting one or more scintillator
performance metrics, such as light yield or response time,
utilizing a prescribed set of features or descriptors that are
largely selected based on domain knowledge. This surrogate
model for efficient property predictions mainly implements the
following key steps: 1) selection of easily accessible attributes
or design variables (also referred to as features or descriptors)
that are expected to be causally related to the target property
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Fig. 22. (a) Parity plot cross validating ML predictions of thermal quenching
temperatures with the corresponding experimental values for 134 com-
pounds. Crystal structures of new host compounds predicted by the ML
algorithm are: (b) Sc2ScO3F, (c) LiBaB9O15, (d) Ba2P2O7, (e) Y3Al5O12,
and (f) Cs2MgSi5O15. Sc, B, P, Al, and Si (Mg) occupy the center of the
polyhedra. Sr, Li, Ba, and Cs are colored in different shades of gray. F is in
green, Y is in pink, and O is in orange. Adapted from [281].

of interest; 2) integration of the identified variables in an
ML model to establish a mapping between the materials and
the target properties; and 3) assessment and analysis of the
predictive power and generalizability of the developed models
to identify design rules using unseen data. This framework
has been applied to predict a range of properties that are
either directly or indirectly connected to the performance
of luminescent materials, including scintillators [279], [280],
[281], [282], [283].

Zhuo et al. [280] employed a tree-based ensemble learning
algorithm, along with elemental features (such as the average
electronegativity, average polarizability), local configurational
information, and the relative dielectric permittivity of the host
medium, to train an ML model that could reliably predict 5d
level centroid shift of Ce3+ substituted inorganic phosphors,
a quantity that is critical in predicting the LY and thermal
response of rare-earth substituted inorganic luminescent mate-
rials. In a different study, Zhuo et al. [281] developed an ML
regression model using a set of 134 experimentally measured
temperature-dependent Eu3+ emission spectra of phosphors to
rapidly estimate the thermal quenching temperature—defined
as the temperature when the emission intensity is half of
the initial value—and subsequently used the model to screen
more than 1000 oxide Eu3+ doped host compounds to select
five new candidates, which were not included in the train-
ing dataset, with predicted thermal quenching temperatures
>423 K (see Fig. 22). These compounds were eventually
synthesized to validate this informatics approach. Closely
following along similar lines of research, Park et al. [283]
reported an integrated ML platform, consisting of 18 different
learning algorithms, to evaluate and compare the performance
of different models toward predicting the band gap, the excita-
tion and emission wavelengths of Eu2+-activated luminescent
materials.

Going beyond the surrogate models for predictions of
scintillation-related properties that are otherwise expensive
to compute or time- and resource-intensive to measure
directly, the data-enabled approach has also been applied
to extract new insights and practically useful design param-
eters from scintillator materials databases. As a recent
example, Pilania et al. [282] employed a curated dataset of

Fig. 23. Strong correlation between experimental light output of Ce- and
Eu-doped scintillators and averaged ionic part of the dielectric constant of the
host over a wide range of chemistries. Adapted from [282].

scintillation LY and response time measurements for 25 Ce- or
Eu-doped scintillator compounds to discover a strong correla-
tion between the lattice contribution to the dielectric constant
and the LY, regardless of the specific composition or crystal
structure of the host material, as depicted in Fig. 23. This
trend was then rationalized via the identification of a direct
mechanistic connection between the light output and the
efficiency of germinate recombination process through which
hot charge carriers recombine to form excitons at an early
stage of the energy absorption and thermalization process.
At this stage, charge carriers multiply via impact ionization
while settling down to the conduction and valence band edges
by losing their energy to phonons. Throughout this process, the
dielectric permittivity plays an important role in modifying the
carrier Coulombic interactions via dielectric screening [282].

A major limitation of these surrogate models is that they
cannot readily be applied to discover potentially new scin-
tillators in large chemical spaces. Since these models are
predominantly trained on scintillators and other closely related
luminescent compounds, with either no or very few examples
of nonscintillators, they generally fail to correctly distinguish
scintillators from nonscintillators in large chemical spaces
where a vast majority of compounds are, in fact, nonscintil-
lators. There is a need for sufficiently accurate yet efficient
predictive classification models to distinguish scintillators
from nonscintillating compounds.

To address the classification problem for lanthanide
(Ce)-doped inorganic scintillators, a recent study by
Pilania et al. [284] focused on the positions of 4 f and 5d1
activator levels relative to the host valence and conduction
band edges as the main electronic structure indicator for a
viable scintillator. If the activator levels are buried in the
band edges, i.e., 4 f in the valence band edge and/or 5d1
in the conduction band edge, respectively, the charge carriers
generated by ionizing radiation cannot reach the activator sites
to yield scintillation light via radiative recombination. On the
other hand, if either the 4 f - or 5d1-level lands too far from
the band edges, situated deep in the bandgap of the host,
then again charge carriers will have to dissipate excess energy
required to bridge the gap between the activator states and the
band edges via a nonradiative process, such as energy transfer
to phonons, before reaching the activator sites. This again is
undesirable because it not only increases the response time
but also decreases the overall efficiency of the scintillation
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process. Ideally, it is preferrable when the 4 f or 5d1 level is
situated close to the band edges, but not too close to exciting
the localized charge carriers back to the delocalized host
bands by thermal vibrations. To make these more quantitative,
the study utilized a well-known and widely used scintillator
material Cs2LiYCl6:Ce (CLYC) as a reference. A classification
metric was defined that compared the relative positions of the
activator levels to the band edges in a new compound with
those in the reference compound.

Using the above-mentioned domain-knowledge-informed
criterion for scintillator/nonscintillator classification, two dif-
ferent regression models were trained and validated using a
database of accurate experimental measurements of two key
spectroscopic quantities, namely, the U and the D parame-
ters [285], [286]. The U parameter is a quantitative measure
of e–e repulsion in the 4 f shell of lanthanides and is directly
related to the electronic binding energy in the 4 f shell.
The D parameter, on the other hand, captures the relative
shift of the lowest d level of a lanthanide ion in a given
host environment with respect to that of the isolated ion
in the vacuum, better known as the spectroscopic redshift.
Knowledge of these two parameters, when combined with
the accurate host bandgap computations using the Dorenbos
chemical shift model [287], allows one to locate the relative
position of the activator states with respect to the host band
edges. This framework can be used to predict potentially novel
scintillators during high-throughput screening. The efficacy of
this approach toward practically identifying new compounds
was further demonstrated using a case study on elpasolites
or double perovskite halides of A2BB′X6 type. This class is
known to harbor many known scintillator compounds and the
physics-based classification approach was shown to correctly
identify all the known scintillators within the target chemical
space [284].

Despite the considerable progress in data-enabled scintilla-
tor (and related materials) design and development, many more
exciting opportunities in active learning and adaptive design
for scintillator discovery and optimization remain largely
unexplored. Fig. 24 illustrates the essence of a closed-loop
adaptive design approach [288], [289] for expedited scintillator
development in a target chemical space. This iterative feedback
loop starts with the available data on a set of key scintillator
properties or performance metrics, which may be obtained
either from accurate first-principles computations or direct
measurements. Subsequently, existing materials knowledge in
combination with advanced descriptor/feature selection tools
can be employed to identify a set of physically meaningful
and easily accessible descriptors for a targeted property. As a
next step, an initial set of accumulated data is used to train a
statistical inference model which estimates the property with
associated uncertainties.

A key aspect of the design loop is the uncertainty associated
with the properties predicted from inference, which is often
accessed through bootstrapping or other model-specific routes,
such as Gaussian process regression [290]. The uncertainties
on the target properties play a key role in the adaptive
experimental design which suggests the next material to be
chosen for further calculation or experiments by balancing

Fig. 24. Schematic illustration of the close-loop adaptive design and statistical
inference approach to targeted scintillator discovery and development.

exploration and exploitation. That is, at any given stage several
samples may be predicted to have given properties along with
the associated uncertainties. The tradeoff is between exploiting
the results by choosing to perform the next computation on
the material predicted to have the optimal property or further
improving the model by performing the calculation on a
material where the predictions have the largest uncertainties.
By choosing the latter, the uncertainty in the property is
expected to (given the learning model) decrease, the model
will improve (and its domain of applicability will expand)
and this will influence the results of the next iteration in the
loop (i.e., exploration) [290]. The new compounds proposed
by the adaptive design strategy are then synthesized and
characterized, and the new data are used to augment the
training database. The loop repeats until one has identified
a few materials and exploits the trained models that have
the necessary performance and can serve as the starting point
for further applied development or optimization. Note that a
similar strategy can also be used during the optimization stages
to further fine-tune newly identified scintillator chemistry for
a given application.

In addition to active learning and adaptive design, numer-
ous other emerging opportunities in the quickly growing
field of materials informatics and ML are expected to sig-
nificantly change the ways in which functional materials’
discovery and development are going to be pursued. Going
forward, increasingly efficient and improved ML methods
integrated with advanced data infrastructure, automated, and
autonomous robotics for high throughput experimentations,
generative design of materials with targeted properties, and
natural language processing for automated extraction of rele-
vant information from the text and over the Web, are going
to further push the boundaries of what is possible today
with data-enabled routes for expedited development of novel
luminescent materials.

V. CONCLUSION

Started by Röntgen and other pioneers at the dawn of the
20th century, the interdisciplinary field of RadIT science and
technology is now more than 100 years old (young). Scin-
tillators played pivotal roles since the very beginning when
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TABLE III
SUMMARY OF SCINTILLATORS AND INTENDED APPLICATIONS BASED ON THE PRESENTATIONS DURING THE SCINT22 CONFERENCE. THE

SCINTILLATOR METRICS INCLUDE LY, LINEARITY/NONLINEARITY OF THE LY AS A FUNCTION OF ENERGY DEPOSITION (NL), ENERGY RESOLUTION

(σE ), SINGLE-PHOTON SENSITIVITY (SP), SPATIAL RESOLUTION (δ), SPECTRUM TUNING CAPABILITIES (CL), LIGHT EMISSION ANISOTROPY (EA),
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the human eyes were the best photodetectors and continue
to be enabling for RadIT. In addition to absorption-based X-
ray radiography, there are many other RadIT modalities, such
as phase contrast X-ray imaging, coherent X-ray diffractive
imaging, high-energy X-/γ -ray radiography at above 1 MeV,
X-ray CT, proton IT, neutron IT, PET, high-energy electron
radiography, muon tomography, and so on. The coexis-
tence of many RadIT modalities opens doors to multimodal
RadIT.

More than 160 kinds of scintillators and applications were
presented during the SCINT22 conference, as summarized
in Table III. Recent work included inorganic and organic
scintillator composites or heterostructures, liquid-phase syn-
thesis of perovskites and single-crystal micrometer-thick films,
use of multiphysics models, and lately data science to guide
scintillator development, structural innovations, such as PhCs,
nanostructured scintillators enhanced by the Purcell effect,
novel use of existing scintillators through heterostructural
innovations (fibers), and multilayer configurations.

Scintillator metrics, such as LY and decay time, are dis-
cussed in light of RadIT metrics. RadIT, both photon- and
particle-based, continues to aim for finer spatial and tempo-
ral resolution, the highest possible efficiency in conjunction
with advances in high luminosity X-ray and particle sources,
photodetectors, and efficient algorithms for data processing
(mostly left out of this article). While X-ray and charged
particle IT necessarily require faster, brighter scintillators,
and the concerns with radiation damage are growing, neutron
IT, on the other hand, is currently limited by the neutron
source intensity, and, therefore, high-efficiency scintillators
with good spatial, energy resolution (for neutron recoils)
would be desired. The scintillator requirements in RadIT
overlap significantly with other applications, such as in HEP.
For example, the calorimeter applications at FCC at the Euro-
pean Organization for Nuclear Research (CERN), Geneva,
Switzerland, or CEPC in China will not only need excellent
energy resolution but also new scintillator functions, includ-
ing fast and precision timing (picosecond, driven by high
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luminosity above 1034 cm−2/s and corresponding high data rate
and large datasets), outstanding radiation tolerance and finer
granularity or spatial resolution of the active elements. Dark
matter search usually requires a large volume and surface area
of scintillators, which overlaps with requirements of RadIT in
higher detection efficiencies, large FoV, and up to 4π solid
angle signal coverage.

Since there is no universal scintillator that can fit all
needs, tradeoffs between, for example, cost and performance,
spatial resolution and efficiency, LY and decay time, are often
necessary. Optimizing a scintillator for a specific application
appears to be the next best option. Scintillator optimization
can become a part of the “global” optimization strategy in
RadIT applications, which include cradle-to-grave analysis of
an ionizing photon or particle. In addition to a growing number
of successful empirical approaches, a new approach is an opti-
mization through data science for maximal information yield.
For many years, the discovery and design of new scintillator
materials relied on laborious, time-consuming, trial-and-error
approaches, yielding little physical insight sometimes, and
leaving a vast space of potentially revolutionary materials to
be explored. A closed-loop machine-learning-driven adaptive
design framework based on data from the literature, in-house
experiments, and first-principles (quantum mechanical) calcu-
lations have recently been demonstrated for fast screening of
perovsikites, garnets, and elpasolites. It is possible to extend
such a framework to, for example, high entropy scintillators,
even though it is well-recognized that computation can become
a bottleneck.

Plenty of new opportunities exist that make RadIT and
scintillator development mutually beneficial and dependent.
Examples include optimization of RadIT performance with
reduced radiation dose, data-driven measurements, pho-
ton/particle counting and tracking methods supplementing
time-integrated measurements, multimodal RadIT, and novel
applications of RadIT for scintillator discovery.

APPENDIX
SCINTILLATOR LIST FOR SCINT22

Table III summarizes different scintillators presented during
the SCINT22 conference and their applications.
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