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Needs, trends, and advances in scintillators for radiographic imaging and tomography
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Radiographic imaging and tomography (RadIT), which started with Röntgen's seminal X-ray work in 1895, now include an increasing number of imaging and tomography (IT) modalities. In addition 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 tomography, 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 micrometerthick films, use of multi-physics models and data science to guide scintillator and RadIT optimization, structural innovations such as photonic crystals, nano-scintillators enhanced by the Purcell effect, heterostructural scintillating fibers, and multilayer configurations. RadIT have also been recognized as powerful tools for scintillator discovery and development.

I. INTRODUCTION

S CINTILLATORS are important materials for radiographic imaging and tomography (RadIT), when ionizing radiations such as X-rays, energetic charged particles (e.g., electrons, positrons, protons, and α-[ 4 He] 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 invention of Xray radiography in 1895 [START_REF] Röntgen | On a new kind of rays[END_REF], which predated the discoveries of electrons and atomic nuclei as the elementary building blocks of matter. By the 1930s, quantum mechanical interpretation of atomic structures and fundamental forces paved the way towards understanding of material properties such as crystal or periodic lattice structures, polycrystalline structures, highentropy materials, defects, and phase transition [START_REF] Berestetskii | Pitaevskii Quantum electrodynamics[END_REF], and also provided the theoretical framework to interpret X-ray radiographs resulting from X-ray interactions with the electronic 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 scintillators to choose from for X-ray detection, RadIT and other 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 Scintillating Materials & their Applications, Santa Fe, NM, Sept. [START_REF] Miao | Beyond crystallography: Diffractive imaging using coherent x-ray light sources[END_REF][START_REF] Ekdahl | Modern electron accelerators for radiography[END_REF][START_REF] Pellegrini | X-Ray Free Electron Lasers: Principles, Properties and Applications[END_REF][START_REF] Wang | Radiographic imaging and tomography[END_REF][START_REF]X-ray data booklet[END_REF]2022 ('SCINT22') conference. It is clear from Table III that the majority of the scintillators are inorganic chemicals. The SCINT conference series, which dates back to 1992, has accordingly addressed inorganic scintillator science and technology predominantly [START_REF] Dujardin | Needs, Trends, and Advances in Inorganic Scintillators[END_REF]. Some additional reviews on scintillators relevant to ionizing radiation detection, high energy physics (HEP), medical imaging can be found, for example, in [START_REF] Moses | Current trends in scintillator detectors and materials[END_REF]- [START_REF] Kim | A Review of Inorganic Scintillation Crystals for Extreme Environments[END_REF].

One may find scintillators in all four common phases of matter: solid scintillators, liquid scintillators, gas scintillators and plasma scintillators [START_REF] Hajivassiliou | Distribution of plasma turbulence in our Galaxy derived from radio scintillation maps[END_REF]. Stand-alone, chemically stable, 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, etc. In addition to doped halides such as NaI:Tl, CsI:Tl, rare earth inorganic scintillators such as cerium-doped lutetium-yttrium oxyorthosilicate (LYSO), garnets such as ceriumdoped lutetium aluminium 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, polycrystal scintillators, perovskite scintillators, glass scintillators, ceramic scintillators, plastic scintillators, hetero-structured or composite scintillators, nanoscintillators, etc. 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 discrimination), higher energy resolution, finer spatial resolution in imaging and particle tracking, pico-second (ps) time and/or timing resolution in time-of-flight (TOF), up to 4π detection 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 perovskites has enjoyed phenomenal success in the recent years [START_REF] Zhou | Metal halides perovskites for X-ray imaging scintillators and detectors[END_REF]. 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 thousand photons/MeV (kph/MeV), and large Stokes shift, in addition to their photophysical properties and stability [START_REF] Yang | Lead-Free Halide Rb2CuBr3 as Sensitive X-Ray Scintillator[END_REF]. CsPbBr 3 reported a 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 3D print some of the most common polymer bases such as polystyrene and polyvinyltoluene (PVT).

Scintillator LY and X-ray stopping power (or X-ray attenuation mean free path equivalently) are the first two material properties to be considered when selecting a scintillator for Xray detection, including X-ray imaging and tomography (IT). LY is a measure of the number of optical photons per unit 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, X-ray diffractive imaging, X-ray tomography, X-ray ptychography motivated new scintillator discoveries and development [START_REF] Snigirev | On the possibilities of x-ray phase contrast microimaging by coherent high-energy synchrotron radiation[END_REF]- [START_REF] Miao | Beyond crystallography: Diffractive imaging using coherent x-ray light sources[END_REF]. In Sec. II below, we expand upon the discussion of different aspects of X-ray IT, such as spatial and temporal resolutions, that require consideration of other scintillator properties besides LY and attenuation length.

An overview of scintillator applications in RadIT is given in Sec. III. Besides X-rays, particle IT such as proton IT, neutron IT, electron IT, 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 Sec. IV.

Scintillator-based RadIT modalities are also closely correlated with advances in modern light and particle sources such as particle accelerators [START_REF] Ekdahl | Modern electron accelerators for radiography[END_REF], [START_REF] Pellegrini | X-Ray Free Electron Lasers: Principles, Properties and Applications[END_REF], detector technologies, esp. 2D photodetectors and more recently data science [START_REF] Wang | Radiographic imaging and tomography[END_REF]. 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 multi-modal RadIT, as discussed in Sec. ??. It is clear that the interdisciplinary marriage between scintillator science and technology and RadIT offers many exciting opportunities for innovation in the coming decade, as summarized at the end in Sec. V.

II. RADIT AND SCINTILLATOR METRICS

The most common setup of X-ray radiography has essentially remained the same as in Röntgen's original work [START_REF] Röntgen | On a new kind of rays[END_REF], as illustrated in Fig. 1, which consists of an X-ray source, the object to be radiographed, and a detector that captures the two-dimensional (2D) 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 (z 1 + z 2 )/z 2 for a point source, where z 1 is the distance between the point source and the object, z 2 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.

Fig. 1: The 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 Xray intensity through an object (I) that reaches a scintillator is attenuated from the source intensity (I 0 ) by the line integrated density or areal density, see for example [START_REF]X-ray data booklet[END_REF],

I = I 0 exp(- i L 0 dlρw i σ i /A i M 0 ). (1) 
Here the object thickness that 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. w i = g i A i / j g j A j is the fraction by weight of the ith atom in the compound molecule. g i is the number of ith atoms in the compound molecule. A i is the corresponding atomic mass number. M 0 is the atomic mass unit. σ i the total X-ray attenuation cross section corresponds to the ith element. σ i /A i M 0 ≡ µ i 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 Eq. ( 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, Eq. ( 1) reduces to I = I 0 exp(-

i Lρw i σ i /A i M 0 ).
Neglecting smaller probability events such as photonuclear processes, the total X-ray attenuation cross section in most imaging and tomography (IT) settings can be approximated by a sum of four cross sections,

σ i = 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 absorption, 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 photoelectric 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 A i Z α i E β ∝ Z α-1 i E β
, with α ∼ 4 -6 and β ∼ 3 -3.5 [START_REF] Berestetskii | Pitaevskii Quantum electrodynamics[END_REF], [START_REF] Langeveld | Effective Atomic Number, Mass Attenuation Coefficient Parameterization, and Implications for High-Energy X-Ray Cargo Inspection Systems[END_REF]. The X-ray photoelectric 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 2m e c 2 = 1.022 MeV. The pair-production becomes significant only above ∼ 3 MeV and depends on Z i linearly [START_REF] Attix | Introduction to Radiological Physics and Radiation Dosimetry[END_REF].

In short, X-rays primarily interact with the electrons in materials except for energies above a few MeV, see Fig. 2 for an example of energy-dependent X-ray cross sections in lutetium-yttrium oxyorthosilicate (LYSO). The total X-ray attenuation cross section is a sum of photoelectric (PE) absorption, coherent scattering, incoherent scattering, and electronpositron pair production.

The above ray-tracing or 'particle' model for X-ray attenuation in matter, Eq. ( 1), are complicated by wave' properties of X-rays such as refraction and diffraction [START_REF] Warren | X-ray diffraction. Reading[END_REF]. Coherent scattering leads to X-ray diffraction and tends to redistribute the Xray 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 complicate interpretation of absorption-based Xray radiography through reduced image contrast [START_REF] Leclair | A semianalytic model to investigate the potential applications of x-ray scatter imaging[END_REF]. 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 [START_REF] Wilkins | Phase-constrast imaging using polychromatic hard X-rays[END_REF].

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 [START_REF] Snigirev | On the possibilities of x-ray phase contrast microimaging by coherent high-energy synchrotron radiation[END_REF], [START_REF] Chapman | Diffraction enhanced X-ray imaging[END_REF]. While the modern X-ray tubes using rotating anodes can deliver 10 5 times the X-ray flux available to Röntgen, The third-generation synchrotron Xray sources can deliver 10 18 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 reduce the lifetime of scintillator due to radiation damage. Xray phase contrast imaging (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 [START_REF] Momose | Phase-contrast X-ray computed tomography for observing biological soft tissues[END_REF]. In X-ray PCI, the distance between the object and detector satisfies z ∼ a 2 /λ [START_REF] Snigirev | On the possibilities of x-ray phase contrast microimaging by coherent high-energy synchrotron radiation[END_REF], which corresponds to a distance z ∼ 2 m for an object resolution a ∼ 10 µm at the 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 10s of nanosecond intervals. X-ray free electron lasers (XFELs) are currently the most intense, coherent laboratory X-ray sources for coherent imaging and related applications [START_REF] Pellegrini | X-Ray Free Electron Lasers: Principles, Properties and Applications[END_REF]. Xray coherent diffractive imaging [START_REF] Miao | Beyond crystallography: Diffractive imaging using coherent x-ray light sources[END_REF], X-ray Bragg projection ptychography [START_REF] Hruszkewycz | Quantitative Nanoscale Imaging of Lattice Distortions in Epitaxial Semiconductor Heterostructures Using Nanofocused X-ray Bragg Projection Ptychography[END_REF] from XFELs are used to image nonperiodic material structures and lattice dynamics with nmresolution. X-ray computed tomography (CT), introduced as a method to reconstruct three-dimensional (3D) models from 2D radiographs of many different angles, was introduced in the 1970s. X-ray diffraction computed tomography was introduced based on the coherent scattering [START_REF] Harding | X-ray diffraction computed tomography[END_REF]. In addition to continuous improvements in resolution, another trend in X-ray IT is to improve temporal resolution and reduces the number of 2D projections towards time-resolved CT.

It should be mentioned that table-top microfocus X-ray 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, post-interaction X-ray propagation (interference and diffraction), and the X-ray detector distance to the object.

sources with a spot size less than 100 µm, which have high spatial coherence at the object location but not necessarily monochromatic in energies, have also been successfully used for X-ray PCI [START_REF] Wilkins | Phase-constrast imaging using polychromatic hard X-rays[END_REF]. This is made possible in part by the use of the high-performance detectors including the use of scintillators in conjunction with high-resolution pixelated cameras [29]. Further advances in X-ray IT critically depends on advances in scintillators LY and other metrics, which we elaborate in the next section.

A. RadIT Metrics 1) Spatial resolution: Spatial resolution measures the ability to differentiate the smallest spatial variations in density and other physical quantities such as the temperature, velocity, lattice structure or phase of an object [START_REF] Adrian | Dynamic ranges of velocity and spatial resolution of particle image velocimetry[END_REF]. 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 two-dimensional (in imaging) or three-dimensional (in tomography) intensity distribution as the result of the blurring of a point intensity, which is described by a 2D or 3D Dirac delta function [START_REF] Dainty | Image Science, Principles, Analysis, and Evaluation of Photographic-Type Imaging Processes[END_REF]. 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 Xray 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. As-suming that each source of blurring is a mutually independent Gaussian process, the overall resolution (δ) may be estimated as a sum of blurring widths (δ k ),

δ = k δ 2 k (3)
for each of the blurring mechanism k. Micrometer spatial resolution has now been routinely obtained for small (∼ 1 mm 3 ) objects by using synchrotrons and scintillator cameras [START_REF] Martin | Recent developments in X-ray imaging with micrometer spatial resolution[END_REF]. 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 magnification. Submicrometer resolution down to atomic dimension is possible in X-ray microscopy, coherent diffractive imaging for small objects less than 10 6 µm 3 in volume. In medical and industrial X-ray CT, non-destructive imaging and tomography of thicker objects (> 10 3 cm 3 in volume) are 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 computed tomography (SPECT) [START_REF] Meikle | Small animal SPECT and its place in the matrix of molecular imaging technologies[END_REF]. Depending on the interaction cross sections, the radiation dose D scales with the spatial resolution δ as D ∝ 1/δ k . For Xray radiation-damage-limited dose, k was found to be 4 [START_REF] Howells | An assessment of the resolution limitation due to radiation-damage in x-ray diffraction microscopy[END_REF]. Similar consideration may be used for protons, neutrons, muons and others. The X-ray dose has to increase by a factor of 10 4 to maintain a constant signal-to-noise ratio (SNR) for a factor of 10 improvement in resolution; for example, imaging at 50 µm resolution requires 10 4 higher dose than at 500 µm resolution [START_REF] Chen | Advances in functional X-ray imaging techniques and contrast agents[END_REF]. Therefore, the dose constraint poses a significant 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 the image blur and PSF in high-energy photon IT and neutron IT. In MeV photon radiography, tens of mm thick scintillator such as LSO:Ce are needed for efficient detection of the high-energy photons. In fast neutron imaging, mm and thicker scintillator 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 2D PSF through an integration that reduces the dimension by one [START_REF] Dainty | Image Science, Principles, Analysis, and Evaluation of Photographic-Type Imaging Processes[END_REF]. Due to the complex interplay among different mechanisms for PSF, Monte Carlo simulations are often used for image analysis including PSF, LSF and MTF [START_REF] Dainty | Image Science, Principles, Analysis, and Evaluation of Photographic-Type Imaging Processes[END_REF], [START_REF] Watson | Use of dense, monolithic, scintillator membranes as a high resolution imaging detector for megavolt radiography at U1-A and DARHT[END_REF], [START_REF] Winch | Modeling blur in various detecto geometries relevant to DARHT[END_REF]. Some factors such as visible light transport in scintillators, electronics in digital cameras, which are usually ignored in the Monte Carlo (MC) calculations, require experimental data inputs due to the lack of accurate models.

Several methods are used to improve the spatial resolution when thick scintillators are used. Traditionally, columnar scintillators and segmented scintillator are used to confine the optical emissions along the direction of X-ray and particle beams [START_REF] Winch | Segmented scintillators for megavolt radiography[END_REF]. 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 [START_REF] Wang | Thin scintillators for ultrafast hard X-ray imaging[END_REF]. Some recent work on using micro-meter-thick scintillators are summarized in Sec. IV-C below. More recently, photonic crystal 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 [START_REF] Yasar | Spatially resolved x-ray detection with photonic crystal scintillators[END_REF].

2) Field of View (FoV): Centimeters and larger objects are frequently 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 non-invasive inspection of cargo containers (>1 m) [41], airport security (>1 cm), non-destructive testing in industry (>1 cm), and lately additive manufacturing (>1 cm). Cosmic-ray muon tomography was used to look for hidden chambers in a pyramid (>10 m) [START_REF] Alvarez | Search for Hidden Chambers in the Pyramids[END_REF] and recently been used to inspect damaged nuclear reactors (>1 m) [START_REF] Perry | Imaging a nuclear reactor using cosmic ray muons[END_REF].

There are a number of practical limitations to cover the full FoV, which ideally should intercept all the detectable signals in the the 4π solid angle. Compton scattering of Xrays, 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 cm × 100 cm FoV, a spatial resolution of δ = 1 mm would require a pixelated detector with N p = 10 6 pixels (N p symbolizes the number of pixels of a pixelated sensor such as a CMOS or CCD camera). To resolve the point-spread function with smaller pixels, for example, a factor 3 decrease in pixel size would increase the number of pixels by a factor of 9. The spatial dynamic range, which is equivalent to N p , 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 [START_REF] Wang | Billion-pixel x-ray camera (BiPC-X)[END_REF]. Monolithic inorganic scintillators of 1 m in size are rare due to, for example, the crystal growth cost. Segmented scintillators (see Sec. III-B) and tiled scintillators (see Sec. 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 increasingly used to examine the changes or dynamics of materials since Röntgen's pioneer work. In high-speed imaging such as GHz X-ray imaging [START_REF] Wang | Towards hard X-ray imaging at GHz frame rate[END_REF], [START_REF] Wang | Gigahertz (GHz) hard X-ray imaging using fast scintillators[END_REF], it is known empirically that the time or temporal resolution (δ τ ) is correlated with the spatial resolution (δ) as δ/δ τ ∼ 1-100 km/s [START_REF] Zewail | 4D Electron Microscopy[END_REF], limited by the achievable speed of motion in the laboratory. To image the motion requires a sufficient number of X-rays and other particles (10 7 or greater per megapixel image for low noise detectors, see the discussions on Feature detactability and noise below) for at least two images separated by δ τ , 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 δ τ for consecutive frames of images, which result 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 [START_REF] Campbell | Ultrafast x-ray imaging of pulsed plasmas in water[END_REF].

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, etc. 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 pioneer work of A. Rose, C. E. Shannon and others [START_REF] Dainty | Image Science, Principles, Analysis, and Evaluation of Photographic-Type Imaging Processes[END_REF], [START_REF] Rose | Vision: Human and Electronic[END_REF]. Many useful concepts such as contrast, contrast transfer function, contrast threshold [START_REF] Burgess | The Rose model, revisited[END_REF], noise-equivalent power, contrast to noise ratio, signal to noise ratio, etc. 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 (I A ) and a reference feature B (I B ), C = 2|I A -I B |/(I A + I B ). In the absence of a 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 ) = SN R out (f ) SN R in (f ) ∝ M T F (f ) 2 N P S(f ) , (4) 
where the input SNR, SN R in (f ) = √ Φ i , is for an incident Poisson distributed flux Φ i (per mm 2 ), and SN R out (f ) is the corresponding quantity in the image. DQE was introduced by A. Rose as a measure of 'useful quantum efficiency' or noiseequivalent quantum efficiency of a detector [START_REF] Rose | A unified approach to the performance of photographic film, television pick-up tubes, and the human eye[END_REF]. Noise power spectrum (NPS) measures the noise of the imaging system as a function of spatial frequency. NPS can be estimated by, for example, using a method given in [START_REF] Hanson | A simplified method of estimating noise power spectra[END_REF].

Contrast, feature detectability and noise are detector and scintillator dependent. One of the oldest detectors with single visible photon sensitivity is 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 photomultiplier (SiPM), Multi-Pixel Photon Counter (MPPC), CCD cameras, and more recently CMOS pixelated sensor arrays or CMOS cameras [START_REF] Wang | Billion-pixel x-ray camera (BiPC-X)[END_REF], [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 [START_REF] Wang | Billion-pixel x-ray camera (BiPC-X)[END_REF]. 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 10 million pixels [START_REF] Wang | Billion-pixel x-ray camera (BiPC-X)[END_REF]. CMOS sensors are directly sensitive to X-rays, charged particles [54], and neutrons with a layer of neutron absorber such as 10 B deposited on the sensor surface [55]. An example of direct CMOS (model Vita 5000, see Ref. [START_REF] Wang | Billion-pixel x-ray camera (BiPC-X)[END_REF] for more information) detection of X-ray (K α 32.06 keV and K β 36.55 keV characteristic lines of barium), in comparison with the use of a LYSO (0.2 mm thick) converter, is shown in Fig. 5. Fig. 5A andB 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. 5A andB, 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 from the data, as shown in the colored star in Fig. 5B (the corrected one is the white star). SNR in Fig. 5A/B are 15/8 respectively.

B. Scintillator Metrics

The complex correlations between RadIT metrics and scintillator metrics are summarized in Fig. 6 through the energy and data (information) flows. In addition to light yield, other metrics for radioluminescence may include the emission spectrum, spatial distribution of the light, decay time, polarization, amplification (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, 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 details in Sec. 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 multi-physics codes as Geant4 [START_REF]Geant4 website[END_REF], [57] and MCNP [58]. First-principles simulations of full RadIT systems are still beyond the current scope of Geant4 and MCNP due to the lack of sufficient accuracy for data interpretation and object reconstruction from images and tomographic measurements. In addition to improvements in RadIT system specific modeling and simulations, laboratory experiments to characterize scintillators, scintillatorphotodetector prototypes (see Sec. III, Sec. IV) remain essential in scintillator selection for RadIT applications and system optimization. Recently, data science and use of RadIT such as neutron imaging for in-situ scintillator development and characterization are highlighted as examples of emerging topics in Sec. ??. Table. III in the appendix lists metrics requirements for specific applications. It is obviously impossible to meet all the scintillator requirements simultaneously in most applications. A trade-off between different metrics are often necessary, as briefly summarized here.

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

2) Light yield: Light yield can differ for the same X-ray, charged particle, and neutron energy deposited. For X-rays, there is an additional complications due to the different Xray-electron interactions. All the X-ray energy transfers to an electron in the scintillator in photoelectric 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 re-absorption 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 wavelengths, and therefore light yield (LY) is wavelength dependent. Other factors such as self-absorption, 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 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 scintillator. Luminescence efficiency can be compromised by quenching/ionization processes affecting the excited state of luminescence centers which affects also its timing characteristics [START_REF] Knapitsch | Review on photonic crystal coatings for scintillators[END_REF]. 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. Photonic crystal structures have been proposed or recently demonstrated to modify spontaneous emissions so that it is possible to obtain anisotropic emissions [START_REF] Kurman | Photonic-Crystal Scintillators: Molding the Flow of Light to Enhance X-Ray and γ-Ray Detection[END_REF], higher efficiency of the scintillator light collection [START_REF] Roques-Carmes | A framework for scintillation in nanophotonics[END_REF], as well as reduction of the intrinsic spontaneous emission rate, all in the visible range of wavelengths [START_REF] Kronberger | Probing the concepts of photonic crystals on scintillating materials[END_REF]. The last one is known as the Purcell effect, which was initially proposed for radio waves [START_REF] Purcell | Spontaneous emission probabilities at radio-frequencies[END_REF]. By locally enhancing the electric field, higher emission rate may be obtained even if the probability of the electronic transition is weak [START_REF] Silvestre | Light management in scintillating materials[END_REF].

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 luminescence spectrum. Rising reabsorption decreases the externally measured light yield. 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 [START_REF] Kim | A Review of Inorganic Scintillation Crystals for Extreme Environments[END_REF].

RH requirement can sometimes rule out scintillators with high LY or fast decay time. Furthermore, radiation-hardened scintillator 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 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 processes, and crystal quality affect scintillator cost and availability. 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 can not be scaled up, a tradeoff between cost, LY, and decay time may be necessary in certain applications.

7) Stability and ruggedness: Some scintillators are hygroscopic. 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 temperatures 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 measurements. 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 technologies, including high-Z semiconductors such as GaAs, CdTe, CZT for X-ray IT [START_REF] He | 3-D position sensitive CdZnTe gamma-ray spectrometers[END_REF]- [START_REF] Shanks | The MM-PAD-2.1: A Wide-Dynamic-Range Detector For High-Energy X-ray Imaging[END_REF], scintillators remain a favorite and sometimes the only option in RadIT applications, as summarized in Table . I and Table . III in the appendix.

Based upon the metrics discussed above, some advantages of scintillator-based detectors include but are not limited to the large number of scintillators and photodetectors to choose from, the flexibility in different combinations of scintillator with photodetectors, lower cost, and radiation hardness [START_REF] Hu | Hadron-Induced Radiation Damage in Fast Heavy Inorganic Scintillators[END_REF]. 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 different materials at the boundaries. There is no fundamental reason not to overcome these disadvantages, which motivate efforts in thin-film scintillators, nano-structured scintillators, meta-scintillators, photonic crystal guiding of scintillator light, data science and other exciting development in this growingly interdisciplinary field. e-e + annihilation BGO, L(Y)SO P2T [START_REF] Lyu | Tomographic detection of photon pairs produced from high-energy X-rays for the monitoring of radiotherapy dosing[END_REF] e-e + annihilation a PCI: Phase Contrast Imaging. CT: Computed tomography. CDI: coherent diffractive imaging. PET: Positron emission tomography. P2T: Pair-production tomography.

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. Photoelectric 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 the structural imaging or static imaging but also functional imaging of in-situ biochemistry and disease pathology [START_REF] Chen | Advances in functional X-ray imaging techniques and contrast agents[END_REF]. 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 University), Diamond light source, European Synchrotron Radiation Facility (ESRF), NSLS-II, PETRA III, Shanghai Synchrotron Radiation Facility (SSRF), SPring-8, and others, where the Xray 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 subns short pulses, tunable wavelengths, and tunable bandwidths (from broadband 'white beams' to monochromatic X-rays with less than 0.1% BW), allow different modalities of X-ray IT using scintillators, including the ones shown in Fig. 3 and Fig. 4 above. High repetition rate of the synchrotrons allows time-resolved X-ray movies, with a sub-ns temporal resolution dictated by the individual X-ray pulse width. By considering the stopping power, LY, decay time, and limiting scintillating light emission to the visible wavelengths (> 400 nm), several commercial scintillators YAG:Ce, LuAG:Ce and LYSO:Ce have been identified for time-resolved X-ray imaging at a repetition rate approaching 10 MHz [START_REF] Rutherford | Evaluating scintillator performance in time-resolved X-ray studies at synchrotron light sources[END_REF]. These scintillators are widely used today in the 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 micro-tomography. For higher resolution, thin single crystal films (SCFs), with a thickness in the range of 1 to 30 µm has been grown for high-resolution hard X-ray micro-imaging [START_REF] Martin | LSO-based single crystal film scintillator for synchrotron-based hard X-ray micro-imaging[END_REF]. Mono-and multi-layer (with different dopants for each layer) thin films of LSO:Tb, LYSO:Ce were reported as alternates to YAG:Ce, LAG:Eu, GGG:Eu for µm and sub-µm resolution. The search for brighter and heavier scintillator films such as CsPbX 3 (X= Cl, Br, and I) is also ongoing [START_REF] Wu | Ultrathin, transparent, and high density perovskite scintillator film for high-resolution X-ray microscopic imaging[END_REF]. Some additional discussions on SCF are given in Sec. IV-C.

In addition to multi-layer 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) [START_REF] Hormozan | High resolution X-ray imaging using a structured scintillator[END_REF], a different approach from an earlier work on CsI needles [START_REF] Nagarkar | Structured CsI(Tl) scintillators for X-ray imaging applications[END_REF]. In another example, photonic crystal cavities (one dimensional) were added to bulk scintillators BGO, CdWO 4 , CsI:Tl, NaI:Tl, (PEA) 2 PbBr 4 , YAG:Ce to tailor the emission spectrum for higher detection efficiency [START_REF] Ye | Enhancing largearea scintillator detection with photonic crystal cavities[END_REF]. A broader 'structure engineering' strategy was recently discussed in [START_REF] Lin | Structured Scintillators for Efficient Radiation Detection[END_REF]. Practical structured scintillators that can meet the growing demand of synchrotron and other Xray IT applications remain limited. Below we discuss some additional limitations and needs for scintillators.

Synchrotrons are now routinely used to examine polycrystalline non-periodic structures, and to retrieve 3D structural information through diffraction, extending X-ray crystallography pioneered by Laue, Bragg and others. High-energy Xray diffraction microscopy (HEDM) or 3D X-ray diffraction microscopy (3DXRD) is such an implementation [START_REF] Poulsen | Three-dimensional X-ray diffraction microscopy: mapping polycrystals and their dynamics[END_REF]- [START_REF] Bernier | High-energy X-ray Diffraction Microscopy in Materials Science[END_REF]. Currently available sources and detectors lead to a spatial resolution of ∼1 µm and an orientation resolution of < 0.1 o . With energies above 50 keV, sample cross-section dimensions of ∼1 mm can be studied in materials containing elements across much of the Periodic Table . Using commercially available inorganic scintillators like doped LuAG, LY ∼ 20 ph/keV [START_REF] Toda | Applied Imaging Methods[END_REF], 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 [START_REF] Poulsen | 4D characterization of metals by 3DXRD[END_REF]. Fig. 7 shows an example of 3D microstructure of UO 2 characterized before and after heat-treatment using HEDM with 90 keV Xrays. It is only recently that such measurements have been possible [START_REF] Pokharel | Non-destructive characterization of UO2+ x nuclear fuels[END_REF]. However, the need for long acquisition time to collect sufficiently high SNR diffraction images prevented collection of the kinetics information of grain growth.

To achieve sub-micron 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 [START_REF] Dorenbos | Fundamental Limitations in the Performance of Ce3+, Pr3+, and Eu3+ -activated scintillators[END_REF]. 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 materials at high energies (> 80 keV) with high spatial resolution imaging Fig. 7: 3D microstructure of UO 2 characterized before and after heat-treatment using HEDM.

(∼1 µm or better) that require penetration of bulk specimens (e.g., > 500 µm of uranium) [START_REF] Pokharel | Non-destructive characterization of UO2+ x nuclear fuels[END_REF]. 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 [START_REF]High-resolution 3D X-ray diffraction microscopy: 3D mapping of deformed metal microstructures[END_REF]. Figure 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 light yield and efficiency, enabling more accurate and detailed microstructural characterization.

As synchrotrons such as APS-U become brighter and deliver higher pulse rate, faster and brighter scintillators than L(Y)SO with no afterglow (image latency) will be needed. 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 CDI [START_REF] Pfeiffer | X-ray ptychography[END_REF]. Integration of far-field HEDM with Bragg CDI was described recently [START_REF] Maddali | High-energy coherent X-ray diffraction microscopy of polycrystal grains: steps toward a multiscale approach[END_REF], which requires single X-ray photon counting together with a large dynamic range. Other emerging scintillator metrics in intense X-rays are also note worthy. In addition to heating and radiation damage due to higher X-ray dose, scintillator screens can become electrostatically charged due to X-ray ionization of the air, ambient dust particles could be attracted to the scintillator screens [START_REF] Zhou | Development of an X-ray imaging system to prevent scintillator degradation for white synchrotron radiation[END_REF]. Nonproportional response of LaBr 3 and LaCl 3 :Ce to synchrotron X-rays in the range of 9 to 100 keV were reported [START_REF] Khodyuk | Nonproportional response of LaBr3:Ce and LaCl3:Ce scintillators to synchrotron X-ray irradiation[END_REF], 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 non-destructive tool to radiograph thick and/or dense objects. Applications include weld inspection, parts inspection (including additive manufacturing), 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 [START_REF] Watson | The DARHT Camera[END_REF]. 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) [START_REF] Nestor | Bismuth germanate: A high-Z gammaray and charged particle detector[END_REF], cerium doped lutetium oxyorthosilicate (LSO) and lutetium yttrium oxyorthosilicate (LYSO) [START_REF] Melcher | Cerium-doped lutetium oxyorthosilicate: A fast, efficient new scintillator[END_REF]. The properties of these scintillators are shown in Table . II. LYSO and LSO suffer in some applications due to the intrinsic radioactivity of lutetium [START_REF] Blower | A nuclear chocolate box: the periodic table of nuclear medicine[END_REF]. 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 [START_REF] Winch | Modeling blur in various detecto geometries relevant to DARHT[END_REF], [START_REF] Winch | Segmented scintillators for megavolt radiography[END_REF], [START_REF] Vasile | Cost-effective segmented scintillating converters for hard x rays[END_REF]. The light pipe aspect is extremely important for multiple reasons. First, it allows low-f-number, planar optics to be used, and secondly, 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. Figure 9 shows two segmented scintillators, a 40 cm diameter LSO grid with 1 mm × 1 mm × 40 mm scintillator pixels [START_REF] Watson | Design, fabrication and testing of a large anti-scatter grid for megavolt γ-ray imaging[END_REF] and a 10 cm × 20 cm BGO grid with 1 mm × 1 mm × 40 mm pixels. In both, the pixels are separated by a thin metal septum. II: Properties of scintillators used for high energy radiography (data from [START_REF]Saint Gobain, Scintillation Crystal[END_REF], [START_REF] Cherepy | Performance of europium-doped strontium iodide, transparent ceramics and bismuth-loaded polymer scintillators[END_REF]).

Scintillator

Formula Density (g/cm 3 ) LY (10 GLO [START_REF] Cherepy | Transparent Ceramic Scintillators for Gamma Spectroscopy and MeV Imaging[END_REF], [START_REF] Seeley | Two-step sintering of Gd0.3Lu1.6Eu0.1O3 transparent ceramic scintillator[END_REF]. GLO has a very high density and high light yield, but a relatively long decay time (properties shown in Table II). The largest scintillator fabricated thus far is roughly 30 cm by 30 cm in dimensions [START_REF] Cherepy | Lens-coupled MeV x-radiography and CT with transparent ceramic GLO scintillators[END_REF].

Another technique available to take advantage of the large number of commercially available powdered or needle scintillators (of NaI, CsI or Gadox (Gd 2 O 2 S)) is to use intensifying screens of high Z metals [START_REF] Barnea | Use of storage phosphor imaging plates in portal imaging and high-energy radiography: The intensifying effect of metallic screens on the sensitivity[END_REF]- [START_REF] Munro | X-ray quantum limited portal imaging using amorphous silicon at-panel arrays[END_REF]. These screens convert energetic photons into Compton scattered electrons which are more readily captured by the scintillator. However, because of scintillator self-absorption, the quantum 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 been demonstrated to obtain 20% DQE [START_REF] George | Monte-Carlo calculations of high-energy photon energy deposited in a film pack[END_REF], as defined in Eq. ( 4) above. The downside being each plate must be read out individually and the radiographs aligned and averaged (suited more for storage phosphor imaging plates). Figure 10 shows an example of experimental DQE for various segmented scintillators [START_REF] Winch | Segmented scintillators for megavolt radiography[END_REF]. 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. Fig. 10: Measured DQE for segmented BGO, 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 [START_REF] Winch | Segmented scintillators for megavolt radiography[END_REF] with permission.

Fundamental scintillator research into high density scintillators is ongoing, and breakthrough scintillators are always of interest. However, one of the key scintillator challenges for MeV photons is to find a way to manufacture existing scintillators into a myriad of forms, with reasonable 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 non-destructive testing tool is relatively new when compared to X-ray IT. The international society for neutron radiology (ISNR) was created in 1996 [START_REF] Lehmann | Status of neutron imaging -activities in a worldwide contex[END_REF] 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 3D 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 sub-thermal to hundreds of MeV using the LANSCE 800 MeV accelerator, as summarized in a recent review [START_REF] Nelson | Neutron Imaging at LANSCE -From cold to ultrafast[END_REF]. 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 interactions with electrons, e.g. through magnetic scattering [START_REF] Zaliznyak | Magnetic neutron scattering[END_REF]. The different transmission properties of neutrons and Xrays allow for better segmentation of materials when both of them are used simultaneously as in multi-modal RadIT. The transmission of neutrons through a material obeys the same equation as Eq. ( 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 non-relativistic regime. On the other hand, neutron cross sections are highly isotope-sensitive, which make neutrons more sensitive to 1 H than 2 H for image contrast, for example. The total 1 H thermal neutron scattering cross section is more than 10 times that of 2 H. The thermal neutron absorption cross section of 6 Li is 940 barn, which is orders of magnitude lager than that of 7 Li, and makes 6 Li a popular element in scintillators for neutron detectors. While 6 Li based scintillators are more sensitive to thermal neutrons, they are also therefore more susceptible to noise from energy down-scattered neutron background during fast neutron imaging compared to 7 Li based scintillators such as with CLYC-7.

Synergies between neutron scintillator detectors and X-ray scintillator detectors have been recognized [START_REF] Lehmann | Status of neutron imaging -activities in a worldwide contex[END_REF]. 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 contains 6 Li, Gd ( 157 Gd and 155 Gd in particular), composite scintillators that combine materials with differential neutron sensitivities may also be considered. Further discussions on composite scintillators for fast neutrons are given in Sec. IV-D below. Background reduction in neutron scintillators, esp. γ-ray background reduction, remains an important consideration and motivate new scintillator innovations.

D. Protons and heavy ions

Proton [START_REF] Koehler | Proton radiography[END_REF], [START_REF] Hanson | History of proton radiography and tomography[END_REF] and heavy-ion beams of, e.g. helium [START_REF] Martišíková | Helium ion beam imaging for image guided ion radiotherapy[END_REF], carbon and others [START_REF] Sommer | Heavy-ion radiography: density resolution and specimen radiography[END_REF], [START_REF] Parodi | Heavy ion radiography and tomography[END_REF], 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 [START_REF] Hanson | History of proton radiography and tomography[END_REF], [START_REF] Cookson | Radiography with protons[END_REF]. Fig. 11 gives an example of energy-dependent proton stopping power, calculated by using continuous slowing down approximation (CSDA), as a function of energy in a vinyltoluene-based [CH 2 CH(C 6 H 4 CH 3 ) or C 10 H 9 ] plastic scintillator. Electronic energy loss is the dominant process in the energy range shown. Nuclear collisions and the corresponding energy loss may be neglected. Fig. 11: Energy-dependent proton stopping power in a vinyltoluene (C 10 H 9 ) based plastic scintillator. The density is assumed to be 1.032 g/cm 3 . The data are from the NIST/PSTAR database.

In addition to lower dose, proton and heavy ion IT have better material density resolution (∼ 0.1%) than those of Xray 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) [START_REF] Poludniowski | Proton radiography and tomography with application to proton therapy[END_REF], medium energy ∼ 1 to a few GeV per nucleon [START_REF] Morris | Charged particle radiography[END_REF]- [START_REF] Varentsov | Commissioning of the PRIOR proton microscope[END_REF], and high energy > 10 GeV per nucleon [START_REF] Morris | Flash radiography with 24 GeV/c protons[END_REF]. A magnetic lens allowed flash proton radiography of thick objects (up to 50 g cm -2 ) with a time/spatial resolution below 200 ns/200 µm [START_REF] Mottershead | Magnetic optics for proton radiography[END_REF]. 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 [START_REF] Merrill | Magnifying lens for 800 MeV proton radiography[END_REF].

For low-dose (time-integrated flux <10 8 particles) lowenergy 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 [START_REF] Hanson | Proton computed tomography of human specimens[END_REF]. More recently, new detectors made of scintillator fibers coupled to silicon photomultiplier arrays [START_REF] Presti | Design and characterization of a real time proton and carbon ion radiography system based on scintillating optical fibres[END_REF], and a phoswich detector made of LaBr 3 (Ce) and LaCl 3 (Ce) crystals [START_REF] Briz | Proton radiographs using positionsensitive silicon detectors and high-resolution scintillators[END_REF] were developed for energy loss measurements.

Dynamic experiments require fast proton imaging at higher dose rate. This was attained by focusing the light from a scintillator onto multi-frame multiplexed CMOS cameras [START_REF] Morris | Charged particle radiography[END_REF], [START_REF] King | An 800-MeV proton radiography facility for dynamic experiments[END_REF]. The scintillator currently used is a 3×2 tiled array of 4×6 cm 2 monolithic LSO crystals 1.9 mm thick [START_REF] Morris | Charged particle radiography[END_REF]. This system suffers from nonlinearities at the tile edges that produce artifacts in the images, and from 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 6 (black backing) or 12 (reflective backing) times more light per areal density thickness than the tiled crystal scintillator.

Figure 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. Fig. 12: Images of a proton beam made with the standard tiled monolithic LSO scintillator crystals (top row) and a 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 is not reliable.

For X-ray and charged particle radiography, DQE is determined 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 MeV photon radiography.

Scintillator detectors were recently studied for laser-driven proton beam imaging [START_REF] Tang | Scintillator detector characterization for laser-driven proton beam imaging[END_REF]. Further advances in detectors and scintillators can be particularly beneficial to existing proton and ion accelerator facilities [START_REF] Morris | New developments in proton radiography at the Los Alamos Neutron Science Center (LANSCE)[END_REF]- [START_REF] Freeman | Dark field proton radiography[END_REF]. Time-of-This article has been accepted for publication in IEEE Transactions on Nuclear Science. This is the author's version which has not been fully edited and content may change prior to final publication. Citation information: DOI 10.1109/TNS. 2023.3290826 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ flight (TOF) method is an alternative to residual energy measurement [START_REF] Worstell | First results developing time-offlight proton radiography for proton therapy applications[END_REF]. The requirement for picosecond timing resolution in ToF is due to the fact that in a facility such as LANSCE [START_REF] Morris | New developments in proton radiography at the Los Alamos Neutron Science Center (LANSCE)[END_REF], the flight path (L 0 ) 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 ∆E/E of 10 -4 and the flight time τ =79 ns for 800 MeV protons and 20 m proton flight path. Sub-ps 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 to 20 MeV have been used in treatment of cancers of less than 5 cm depth for many years [START_REF] Addido | A novel Technique to irradiate surgical scars using dynamic electron arc radiotherapy[END_REF]. A portable electron radiography setup at the electron energy of 30 MeV has been reported [START_REF] Merrill | Electron radiography[END_REF]. 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) [START_REF] Merrill | Demonstration of transmission high energy electron microscopy[END_REF], 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 very high resolution of dynamic processes. A 400µm thick columnar CsI scintilator was used in conjunction with a CCD camera to collect the focused electrons with a spatial resolution below 10 µm. Recently, the development of higher-charge Laser Plasma Accelerator-driven electron production [START_REF] Shaw | Microcoulomb (0.7 ± 0.4 0.2 µC) laser plasma accelerator on OMEGA EP[END_REF] has enabled ultrafast (sub-ps) imaging using electrons [START_REF] Scoby | Single-shot 35 fs temporal resolution electron shadowgraphy[END_REF]. 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 has been demonstrated on Inertial Confinement Fusion (ICF) scale targets [START_REF] Bruhaug | Single-Shot Electron Radiography Using a Laser-Plasma Accelerator[END_REF]. Work is underway 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 transfers to other electrons in materials. Fig. 13 shows the energydependent 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 and Xrays. Such a dual-probe of electron and X-ray could be simpler than a dual-probe radiography based on protons and photons, which may require two accelerators, one for the electrons generate X rays, the other for the protons [START_REF] Barnes | Technology risk mitigation research and development for the matter-radiation interactions in extremes (MaRIE) project[END_REF]. Alternatively, due to the strong bremsstrahlung radiation from a relativistic electron beam, an electron radiography is intrinsically a multiple probe technique by itself if the bremsstrahlung information can be decoded. Multi-GeV electron radiography or THEEM can potentially deliver 1 micrometer spatial resolution through objects of 1 mm thickness.

In summary, opportunities on experimental scintillator detector development for electron IT include a.) Experimental study of LYSO for higher LY; and b.) Scintillator thickness optimization for higher resolution; These studies will likely lead to better results than using columnar CsI. Another opportunity 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 positron emission tomography (PET) [START_REF] Van Eijk | Radiation detector developments in medical applications: inorganic scintillators in positron emission tomography[END_REF]. Recent PET make use of TOF information to increase the signal-to-noise ratio (SNR) in the reconstructed image and improve the location of the annihilation event. The emergence of new technologies in nanophotonics, microelectronics, artificial intelligence, etc. open 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 [START_REF] Lecoq | Roadmap toward the 10 ps timeof-flight PET challenge[END_REF].

Achieving this ambitious goal would improve the effective PET sensitivity by a factor of 20 over the the Biograph Vision from Siemens [START_REF] Casey | Siemens Biograh Vision[END_REF], opening the way to reducing the radiation dose (currently 5-25 mSv for whole body PET/CT), scan time (currently > 10 minutes), and costs per patient (currently > 1000 C 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 luminescent centers after their multiplication and relaxation in the medium [START_REF] Nikl | Modification of PbWO4 scintillator characteristics by doping[END_REF]- [START_REF] Nikl | Defect Engineering in Ce-Doped Aluminum Garnet Single Crystal Scintillators[END_REF], standard scintillation mechanisms 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 the few Cerenkov photons produced by the recoil electron from the photoelectric 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 to 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 photoelectric 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, 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 [START_REF] Gundacker | Measurement of intrinsic rise times for various L(Y)SO and LuAG scintillators with a general study of prompt photons to achieve 10 ps in TOF-PET[END_REF].

The number of detected photoelectrons from Cerenkov emission is generally no more than 5 on average per event and subject to large fluctuations from event-to-event. This poses severe constraints on the electronics and results on a non-negligible number of events, where zero Cerenkov photons are detected in at least one (if not both) crystals 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 reconstructed image [START_REF] Kratochwill | Pushing Cherenkov PET with BGO via coincidence time resolution classification and correction[END_REF]. The value of about 200 ps obtained for 20 mm long BGO pixels is interesting as it is similar to the stateof-the-art with LYSO crystals in the Biograph Vision PET scanner, but with the 3 times cheaper BGO than LYSO. This can start a new life for BGO, for an objective of 300 to 500 ps CTR at the system level and a cost effective total-body PET.

2) Metascintillators : The metascintillator concept, introduced in 2008 [START_REF] Lecoq | Metamaterials for novel X-or gamma-ray detector designs[END_REF] and first tested in 2017 [START_REF] Turtos | Towards a metamaterial approach for fast timing in PET: an experimental proof-of-concept[END_REF], 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 nano-scintillators (see Fig. 1 in Ref. [START_REF] Konstantinou | A proof-of-concept of cross-luminescent metascintillators: Testing results on a BGO:BaF2metapixel[END_REF], 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 [START_REF] Pagano | Advances in heterostructured scintillators: toward a new generation of detectors for TOF-PET[END_REF] or CVL crystals, such as BaF 2 [START_REF] Konstantinou | A proof-of-concept of cross-luminescent metascintillators: Testing results on a BGO:BaF2metapixel[END_REF], [START_REF] Lecoq | Metascintillators: New results for TOFPET applications[END_REF]. The stochastic nature of the energy sharing between the metascintillator components poses challenges in energy resolution and event selection if the different components have a different light yield, 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 [START_REF] Konstantinou | Metascintillator pulse shape analysis for optimizing energy and timing measurements[END_REF].

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 stateof-the-art with bulk high-cost LYSO crystals. On the other hand, LYSO-based metascintillators allow CTR to reach 100 ps [START_REF] Konstantinou | Metascintillator pulse feature and shape analysis to detect photoelectric interactions and energy sharing[END_REF], twice as good as the state-of-the-art. It is worth noticing that the concept of metascintillator has been recently extended to a semi-monolithic block geometry [START_REF] Lecoq | Metascintillators: New results for TOFPET applications[END_REF], benefiting from these excellent timing properties, while allowing the determination of the depth of interaction (DOI) of the γ-ray interaction with 2 to 3 mm precision. From the knowledge of the DOI, a correction on the timing can be applied, allowing a further improvement of 20 to 30 ps to the CTR.

Decay times of 100 to 500 ps have been observed in ZnO:Ga quantum dots [START_REF] Turos | Timing performance of ZnO:Ga nanopowder composite scintillators[END_REF] or CdSe nanoplatelets (NPL) [START_REF] Turtos | Ultrafast emission from colloidal nanocrystals under pulsed X-ray excitation[END_REF]. This has triggered extensive research towards a second generation of metascintillators, e.g. CdSe NPLs [START_REF] Polovitsyn | Synthesis of Air-Stable CdSe/ZnS Core-Shell Nanoplatelets with Tunable Emission Wavelength[END_REF], ZnO:Ga nanopowder [START_REF] Buresova | Preparation and luminescence properties of ZnO:Ga -polystyrene composite scintillator[END_REF], perovskites [START_REF] Decka | Scintillation Response Enhancement in Nanocrystalline Lead Halide Perovskite Thin Films on Scintillating Wafers[END_REF], mixed inorganic-organic perovskites such as CsPbBr3 with methylammonium, and GaN/InGaN multiple quantum wells [START_REF] Hubacek | Advancement toward ultra-thick and bright In-GaN/GaN structures with a high number of QWs[END_REF].

An interesting attempt has been made to deposit layers of CsPbBr 3 nanocrystals on GAGG:Ce plates, resulting in a clearly identified bunch of prompt photons on top of the GAGG scintillation pulse [START_REF] Decka | Scintillation Response Enhancement in Nanocrystalline Lead Halide Perovskite Thin Films on Scintillating Wafers[END_REF]. A number of problems remain to be solved to benefit from the excellent scintillating properties, and in particular the ultrafast emission of nanoscintillators. These problems are related to the important selfabsorption in several of them and the long-term stability of perovskites. We can fortunately rely on the huge R&D and industrial effort on perovskites for photovoltaic applications and we can expect progress on the large scale and costeffective 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 materials such as polyethylene or polystyrene [START_REF] Děcká | Timing performance of lead halide perovskite nanoscintillators embedded in a polystyrene matrix[END_REF], with different strategies to transfer the excitation from the nanocrystals to or from the organic host [START_REF] Perego | Highly luminescent scintillating heteroligand MOF nanocrystals with engineered Stokes shift for photonic applications[END_REF]. Using photonic crystals (PhC) to control optical photons is also being pursued [START_REF] Salomoni | Enhancing Light Extraction of Inorganic Scintillators Using Photonic Crystals[END_REF].

G. Dosimetry in radiation therapy

Photon, electron, and proton beams, embedded radioactive sources, and injected radioisotopes are used therapeutically in medical applications, predominantly 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 shape, spatial and temporal distributions of intensity.

Scintillator dosimeters are used for machine characterization, machine quality assurance (QA) and patient dose measurement in radiation therapy. Scintillator detectors have been developed for machine testing of X-Ray radiosurgery devices [START_REF] Wang | WE-DE-BRA-11: A Study of Motion Tracking Accuracy of Robotic Radiosurgery Using a Novel CCD Camera Based End-To-End Test System[END_REF] and to measure patient treatment plans for X-Ray-based radiation therapy [START_REF] Snyder | Use of a plastic scintillator detector for patient-specific quality assurance of VMAT SRS [published online ahead of print 2019/09/21[END_REF]. One common detector format is the miniature plastic scintillation dosimeter (PSD), where a small volume of 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 including BC-400 [START_REF] Beddar | Water equivalent plastic scintillation detectors in radiation therapy [published online ahead of print 2006/08/03[END_REF], EJ-260 [START_REF] Darne | A novel proton-integrating radiography system design using a monolithic scintillator detector: Experimental studies[END_REF], BC-531 [START_REF] Robertson | Quenching correction for volumetric scintillation dosimetry of proton beams [published online ahead of print 2012/12[END_REF], 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 energyindependency above 125 keV, reproducibility, linearity, and dose rate independence [START_REF] Beddar | Water-equivalent plastic scintillation detectors for high-energy beam dosimetry: I. Physical characteristics and theoretical consideration[END_REF]- [START_REF] Beierholm | Dosimetric characterization of the Exradin W1 plastic scintillator detector through comparison with an in-house developed scintillator system[END_REF]. PSDs usually provide similar dosimetry results to ionization chambers (the standard radiation detectors for most radiation therapy applications) in both photon and electron beams, while being much smaller and much more flexible [START_REF] Beddar | Water-equivalent plastic scintillation detectors for high-energy beam dosimetry: II. Properties and measurements[END_REF], [START_REF] Lacroix | Extraction of depth-dependent perturbation factors for parallel-plate chambers in electron beams using a plastic scintillation detector[END_REF]. Certainly the temperature dependence of scintillator light output needs to be considered to get correct results [START_REF] Colwes | Temperaturedependent properties of BC-412 polyvinyl toluene scintillator[END_REF], especially in cases of in-vivo dosimetry where the scintillator will be operated at body temperature but may be calibrated at room temperature [START_REF] Wootton | Temperature dependence of BCF plastic scintillation detectors [published online ahead of print 2013/04[END_REF]. It is also important to correctly account for Cerenkov light produced in the optical fiber [START_REF] Beddar | Water-equivalent plastic scintillation detectors for high-energy beam dosimetry: I. Physical characteristics and theoretical consideration[END_REF], [START_REF] Fontbonne | Scintillating fiber dosimeter for radiation therapy accelerator[END_REF].

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 [START_REF] Kertzscher | Inorganic scintillation detectors for (192)Ir brachytherapy[END_REF]. However, the high cost or the difficulties to grow single crystal ingots limit the application of inorganic scintillators for some applications.

One example is 3D scintillation dosimetry, which has used organic liquid [START_REF] Robertson | Optical artefact characterization and correction in volumetric scintillation dosimetry [published online ahead of print 2013/12[END_REF] and plastic [START_REF] Darne | A novel proton-integrating radiography system design using a monolithic scintillator detector: Experimental studies[END_REF] 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) invivo dosimetry. With the increased use of stereotactic body radiation 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 maintained 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 Monte Carlo simulation results compared to diode, microdiamond, and microLion chambers [START_REF] Underwood | Application of the Exradin W1 scintillator to determine Ediode 60017 and microDiamond 60019 correction factors for relative dosimetry within small MV and FFF fields [published online ahead of print 2015/08[END_REF], [START_REF] Morin | A comparative study of small field total scatter factors and dose profiles using plastic scintillation detectors and other stereotactic dosimeters: the case of the CyberKnife[END_REF], which are commonly used. Some commercial products have become available in the market, including the Exradin W1 and W2 Scintillator detectors (Standard Imaging, Middleton, WI), which have become popular for small-field dosimetry [START_REF] Beierholm | Dosimetric characterization of the Exradin W1 plastic scintillator detector through comparison with an in-house developed scintillator system[END_REF].

Another important application of scintillator dosimetry in radiation therapy is 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) and detection of radioactive source position in needles or catheters for high dose rate (HDR) brachytherapy [START_REF] Therriault-Proulx | On the use of a singlefiber multipoint plastic scintillation detector for 192Ir high-dose-rate brachytherapy[END_REF].

Scintillator detectors have also found extensive use in proton beam therapy applications for beam performance quality assurance testing. Errors in the proton beam range might result in missing the target or overdosing nearby critical tissues or organs, both leading to unfavorable patient outcomes. Therefore, it is critically important to check proton beam range routinely. American Association of Physicists in Medicine (AAPM) Task Group (TG) 224 [START_REF] Arjomandy | AAPM task group 224: Comprehensive proton therapy machine quality assurance[END_REF] recommends a monthly consistency check of proton beam range. However, 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 provide fast, accurate, and high-resolution beam range measurements [START_REF] Shen | A novel and fast method for proton range verification using a step wedge and 2D scintillator [published online ahead of print 2017/07[END_REF], [START_REF] Deng | Technical Note: Using dual step wedge and 2D scintillator to achieve highly precise and robust proton range quality assurance[END_REF]. Scintillator-based detectors are also used for other proton machine QA tests, including beam isocentricity [START_REF] Cai | Semi-automated IGRT QA using a cone-shaped scintillator screen detector for proton pencil beam scanning treatments[END_REF], pencil beam profile and positioning 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.

testing [START_REF] Russo | Characterization of a commercial scintillation detector for 2-D dosimetry in scanned proton and carbon ion beams[END_REF], and daily comprehensive beam testing [START_REF] Placidi | Range resolution and reproducibility of a dedicated phantom for proton PBS daily quality assurance[END_REF]. One limitation of scintillator detectors for proton therapy is the ionization quenching of most scintillator materials. As the protons' linear energy transfer (LET) increases towards the end of their range [START_REF] Deng | A Critical Review of LET-Based Intensity-Modulated Proton Therapy Plan Evaluation and Optimization for Head and Neck Cancer Management[END_REF], 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 [START_REF] Birks | Scintillation Efficiency of Anthracene Crystals[END_REF], which can be used to provide quenching correction factors, presuming the LET can be determined [START_REF] Robertson | Quenching correction for volumetric scintillation dosimetry of proton beams [published online ahead of print 2012/12[END_REF], [START_REF] Wang | Determination of the quenching correction factors for plastic scintillation detectors in therapeutic high-energy proton beams [published online ahead of print 2012/11[END_REF].

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 R&D 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

Discovery of new scintillator or semiconductor materials 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 Sec. 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 non-destructive 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 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 liquidsolid interface, mosaicity of solidified material, segregation and diffusion of dopant elements, the presence of defects and others [START_REF] Tremsin | In-situ diagnostics of crystal growth process through neutron imaging: application to scintillators[END_REF]- [START_REF] Tremsin | In-situ observation and analysis of solid-state diffusion and liquid migration in a crystal growth system: A segregation-driven diffusion couple[END_REF]. Although these demonstrations were only for Bridgeman crystal growth process, this novel in-situ diagnostic can be extended to other growth techniques due to neutron's 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 monitering 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 [START_REF] Tremsin | Unique capabilities and applications of Microchannel Plates detectors with Medipix/Timepix readout[END_REF]. The detector used neutron-sensitive microchannel plates to convert the incoming neutrons into a charge of ∼10 5 electrons, 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 10-15 m path length towards 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 liquid-solid interface, qualitative uniformity of elemental composition, 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 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 attenuations from different isotopes, and thus to map the isotopic compositions for several elements [START_REF] Kai | Visibility estimation for neutron resonance absorption radiography using a pulsed neutron source[END_REF]- [START_REF] Losko | 3D isotope density measurements by energy-resolved neutron imaging[END_REF]. An example of measured transmission spectrum for Cs 2 LiLaBr 6 :Ce can be found in [START_REF] Tremsin | In-situ Observation of Phase Separation During Growth of Cs2LiLaBr6:Ce Crystals Using Energy-Resolved Neutron Imaging[END_REF].

It is well known that the shape, stability, and location of liquid/solid interface plays an important role in the quality of material grown. A convex interface is often desirable. Observation of the interface is enabled by the presence of dopant segregation, which was used in several studies [START_REF] Tremsin | Real-time crystal growth visualization and quantification by energy-resolved neutron imaging[END_REF], [START_REF] Tremsin | In-situ Observation of Phase Separation During Growth of Cs2LiLaBr6:Ce Crystals Using Energy-Resolved Neutron Imaging[END_REF], [START_REF] Tremsin | In-situ observation and analysis of solid-state diffusion and liquid migration in a crystal growth system: A segregation-driven diffusion couple[END_REF], [START_REF] Zhang | Analysis of chemical stress and the propensity for cracking during the vertical Bridgman growth of BaBrCl:Eu[END_REF], [START_REF] Derby | Computational modeling and neutron imaging to understand interface shape and solute segregation during the vertical gradient freeze growth of BaBrCl:Eu[END_REF]. With neutron imaging, the shape and the location of liquid-solid interface and the speed of ampule translation could be optimized in real time by adjusting Fig. 16: Schematic diagram 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 spectrum is thus measured for each pixel of the transmission dataset. Reproduced with permission from [START_REF] Tremsin | In-situ Observation of Phase Separation During Growth of Cs2LiLaBr6:Ce Crystals Using Energy-Resolved Neutron Imaging[END_REF].

the temperature profile and the speed of translation. Moreover, formation of two phases within the melt was observed during in-situ growth of Cs 2 LiLaBr 6 :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 Csrich layer is settled over about an 11-hour period. Quantitative maps of Li concentration, shown in Fig. 17 for different times of crystal growth, demonstrate the formation of this Csrich 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 industrial growth of bulk crystals.

I. Space applications

With 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 [START_REF]Significant Achievements in Space Science 1965[END_REF]- [START_REF] Mcconnell | Applications for new scintillator technologies in Gamma Ray Astronomy[END_REF]. X-/γ-ray and neutron instruments are important for planetary missions to localize water, ice, and other resources [START_REF] Prettyman | Dawn's Gamma Ray and Neutron Detector[END_REF]. Increasing human presence through, for example, 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 [START_REF] Hart | Digital Radiography in Space[END_REF]. LEO commercialization needs scintillators and RadIT to monitor the aging of space assets without the [START_REF] Tremsin | In-situ Observation of Phase Separation During Growth of Cs2LiLaBr6:Ce Crystals Using Energy-Resolved Neutron Imaging[END_REF].

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 applications needs 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 [START_REF] Owens | Scintillators on Interplanetary Space Missions[END_REF], [START_REF] Mitchell | Proton-induced activation of new scintillator materials: SrI, GAGG, CLLB, CLLBC, TLYC, CLYC-7[END_REF], LY and others described in Sec. 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 environment of space. Promising bright scintillators such as L(Y)SO, LaBr 3 , or LaCl 3 have intrinsic background that may not be suitable for low-noise operations due to in-space activation and the radioactive decays of 176 Lu (2.6% natural abundance, 3.8×10 10 year half life), 139 La (0.09% natural abundance, 1.0×10 11 year half life) [START_REF] Quarati | Study of 138La radioactive decays using LaBr3 scintillators[END_REF]. Other scintillators being assessed for space imaging missions include CeBr 3 [START_REF] Mcconnell | Applications for new scintillator technologies in Gamma Ray Astronomy[END_REF], CLLB:Ce [START_REF] Mitchell | Proton-induced activation of new scintillator materials: SrI, GAGG, CLLB, CLLBC, TLYC, CLYC-7[END_REF], CLYC-7 [START_REF] Mitchell | Proton-induced activation of new scintillator materials: SrI, GAGG, CLLB, CLLBC, TLYC, CLYC-7[END_REF], GAGG:Ce [START_REF] Yoneyama | Evaluation of GAGG:Ce scintillators for future space applications[END_REF], [START_REF] Ghelman | Design of 4π highefficiency directional radiation detector based on Compton scattering[END_REF], and SrI 2 :Eu [START_REF] Mitchell | Proton-induced activation of new scintillator materials: SrI, GAGG, CLLB, CLLBC, TLYC, CLYC-7[END_REF]. A new class of perovskite scientillators that can be synthesized in liquids and low temperatures have recently been considered for space applications. Lead-free halide perovskite Rb 2 CuBr 2 (density 3.83 g/cm 3 ) [START_REF]87 Rb can βdecay to 87 Sr with a half life of 4.97 × 10 10 years[END_REF], for example, was reported to have more than twice the light yield of LYSO [START_REF] Yang | Lead-Free Halide Rb2CuBr3 as Sensitive X-Ray Scintillator[END_REF]. Other examples of water-grown or hydrothermal scintllators include CsPbBr 3 single crystal [START_REF] Peng | Crystallization of CsPbBr3 single crystals in water for X-ray detection[END_REF], Cs 2 NaTbCl 6 [START_REF] Wang | Cerium doping double perovskite scintillator for sensitive X-ray detection and imaging[END_REF], and (ETP) 2 MnBr 4 [START_REF] Li | Zero-dimensional luminescent metal halide hybrids enabling bulk transparent medium as large-area X-ray scintillators[END_REF]. Material instability, scintillator light selfabsorption, toxicity, relatively small sizes of the perovskite scintillators [START_REF] Zhou | Halide Perovskite, a potential scintillator for X-ray detection[END_REF] necessitate further studies before they can be qualified for space use. For neutron RadIT in space, Xray, γ-ray, cosmic ray, and energetic particle rejection is an important consideration. Solution-grown trans-stilbene single crystals [START_REF] Zaitseva | Scintillation properties of solution-grown trans-stilbene single crystals[END_REF] are being considered together with commercial plastic scintillators for neutron detection in space and planetary missions [START_REF] Pinilla-Orjuela | Performance evaluation of pulse shape discrimination capable organic scintillators for space applications[END_REF].

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 applications, since a single type of scintillator or structure may not meet all the necessary performance requirements. A phoswich detector combining a LaCl 3 +LiI:(Eu,Sr) and pure LaCl 3 crystals for discriminating thermal neutron, fast neutrons, from γ-rays, is under study [Sonu, in Table. III]. Another example is the quintuple discrimination of α-particles, βs, γs, thermal neutrons, and fast neutrons [Bertrand, in Table . III]. The composite organic scintillator detector is a three-layer phoswich. Second, 3D imaging and tomography in space are emerging despite the fact that they demand larger data capacities than spectroscopy and 2D 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 additional to man-made structures in LEO, there is growing interest in using 3D imaging and tomography 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 [START_REF] Tucker | Computerized Ionospheric tomography[END_REF].

J. Multi-modal RadIT

Most current RadIT methods summarized in Sec. III can be characterized as a unimodal RadIT in the sense that a monochromatic/mono-energetic (narrow bandwidth in practice) Xray/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 multi-modal RadIT (MM-RadIT), when more information [219], such as mass density and material identification simultaneously [START_REF] Cormode | Multicolor spectral photon-counting computed tomography: in vivo dual contrast imaging with a high count rate scanner[END_REF], can be extracted than by a traditional unimodal RadIT.

MM-RadIT comes in many varieties. A binary combination of the five methods in Sec. III leads to 20 different kinds. When two different energies for protons, electrons and neutrons 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 [START_REF]Accelerator-based pulsed neutron generation, and more recently laserdriven fusion ignition plasmas, with fast scintillators sensitive[END_REF]. Two or more color X-ray CT have already been used successfully in biology and medicine [222]. Examples of neutron and X-rays, neutrons and proton imaging can be found in [START_REF] Nelson | Neutron Imaging at LANSCE -From cold to ultrafast[END_REF]. 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 multi-messenger RadIT. From the signal processing perspective, signals in real physical space can be extended to the phase space for multi-dimensional RadIT, e.g. X-ray ptychography [START_REF] Pfeiffer | X-ray ptychography[END_REF]. Below we give additional examples of detectors and data processing for MM-RadIT [START_REF] Wang | Radiographic imaging and tomography[END_REF].

One of the key ingredients that enable dual-energy [222] and multicolor CT is energy-resolved X-ray photon counting detectors at high flux (∼10 9 ph•mm -2 •s -1 ). Two-layer scintillator detectors were described for dual-/multi-energy 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 Gd 2 O 2 S in the bottom [START_REF] Johnson | Dual-energy CT: General Principles[END_REF], [START_REF] Faby | Performance of today's dual energy CT and future multi energy CT in virtual non-contrast imaging and in iodine quantification: A simulation study[END_REF]. Novel ceramic scintillators were described with SiPM detectors [START_REF] Kiji | Spectral photon-counting CT system based on Si-PM coupled with novel ceramic scintillators[END_REF]. CdZnTe (CZT) and CdTe can also resolve the energy of individual X-ray photons with good quantum efficiency [START_REF] Iwanczyk | Photon counting energy dispersive detector arrays for X-ray imaging[END_REF]; however, due to material saturation (polarization at high X-ray fluxes, <10 8 Hz/mm 2 ), 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 [START_REF] Kappler | Quantum-counting CT in the regime of countrate analysis: introduction of the pile-up trigger method[END_REF].

ML-based methods for signal processing and image analysis are a promising direction and growing for both unimodal and MM RadIT [START_REF] Yoon | Fast neutron-gamma discrimination in organic scintillators via convolution neural network[END_REF], [START_REF] Doucet | Machine learning n/γ discrimination in CLYC scintillators[END_REF]. In one example, a deep convolution neural network (CNN) was used to discriminate signals induced by neutrons from γ-rays in organic scintillation detectors [START_REF] Yoon | Fast neutron-gamma discrimination in organic scintillators via convolution neural network[END_REF]. The pulse-shape discrimination performance for the conventional charge comparison method was compared against the convolution neural network discriminating algorithms for two different detectors to confirm a superior performance of the deep-learning model. In another exampe, CNN was able to generate higher fidelity images by leveraging the underlying physics of dual-energy CT [START_REF] Poirot | Physics-informed Deep Learning for Dual-Energy Computed Tomography Image Processing[END_REF]. 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, Sec. IV-A, we shall highlight results and progress in structured scintillators presented during the SCINT22 conference, ranging from nanostructures, Sec. IV-B, micrometer-thick thin films, Sec. IV-C, to bulk composite structures, Sec. IV-D. As presented, each topic emphasizes a particular application: Sec. IV-A on new inorganic scintillators for fast timing, Sec. IV-B on nanostructures for light guiding and higher light yield, Sec. IV-C on thin film for high X-ray imaging resolution, Sec. 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. Sec. IV-E discusses the emerging opportunities associated with machine learning 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 necessary. Consideration of materials with fast timing characteristics is especially important in applications such as TOF-PET (discussed in Sec. III-F) or GHz hard X-ray imaging [START_REF] Wang | Gigahertz (GHz) hard X-ray imaging using fast scintillators[END_REF], [START_REF] Hu | BaF2:Y and ZnO:Ga crystal scintillators for GHz hard X-ray imaging[END_REF]. BaF 2 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 [START_REF] Dujardin | Needs, Trends, and Advances in Inorganic Scintillators[END_REF], [START_REF] Lecoq | Roadmap toward the 10 ps timeof-flight PET challenge[END_REF], [START_REF] Vaněček | Advanced Halide Scintillators: From the Bulk to Nano[END_REF]. In this section, we highlight examples of new ultrafast (sub-nanosecond up to a few Of the various potential avenues for achieving faster timing performance, core-valence luminescence (CVL) is of particular interest due to overall well-balanced set of properties that can be obtained -sub-ns decay time, moderate density (3 to 6 g/cm 3 ), good chemical stability, and relatively bright emission, for example. Unlike Cerenkov emission and hotintraband luminescence, which produce very few photons per gamma interaction (∼17 photons per 511 keV gamma for BGO [START_REF] Gundacker | Experimental time resolution limits of modern SiPMs and TOF-PET detectors exploring different scintillators and Cherenkov emission[END_REF]), CVL scintillators typically have light yields in the range of 1,000 to 2,000 ph/MeV (at 662 keV), making them more 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 Z eff of fully inorganic CVL scintillators compared to halide perovskite nanocomposites and hybrid organic-inorganic crystals provides an advantage over these materials. With these considerations in mind, recent progress on 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 Rb 2 ZnCl 4 [START_REF] Ohnishi | Auger-free luminescence due to interatomic p-d transition and self-trapped exciton luminescence in Rb2ZnCl4 crystals[END_REF], [START_REF] Kitaura | Comparative study of Auger-free luminescence of Rb2ZnCl4 crystals between experiment and calculation[END_REF], Cs 2 BaCl 4 [START_REF] Takahashi | Luminescence characteristics of Cs2BaCl4[END_REF], Cs 3 ZnCl 5 [START_REF] Takahashi | Luminescence and scintillation properties of Cs2ZnCl4 and Cs3ZnCl5[END_REF], and BaGeF 6 [START_REF] Saaring | Time-resolved luminescence spectroscopy of ultrafast emissions in BaGeF6[END_REF]. In addition to these novel materials, there has been renewed interest in the more traditional CVL scintillators CsSrCl 3 , CsMgCl 3 , and CsCaCl 3 due to the advances in photodetector technology and signal processing methods since they originally drew interest in the 1990's. The most promising of these seems to be CsCaCl 3 due to its high light yield of 1,371 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 mm 3 CsCaCl 3 pixel measured with a VUV SiPM (Hamamatsu, S13370-3075CN), which is superior to that of BaF 2 (CTR of 164 ps FWHM) measured with the same setup [START_REF] Vaněček | INVITED) Ultraviolet cross-luminescence in ternary chlorides of alkali and alkaline-earth metals[END_REF].

Cs 2 BaCl 4 is one of the fastest and brightest (1.68 ns decay time and 1,369 ph/MeV light yield) materials recently studied in [START_REF] Vaněček | INVITED) Ultraviolet cross-luminescence in ternary chlorides of alkali and alkaline-earth metals[END_REF]. In a separate study, an even shorter decay constant of 1.2 ns and higher light yield of 1,700 ph/MeV (for the fast component) are reported [START_REF] Takahashi | Luminescence characteristics of Cs2BaCl4[END_REF]. Unfortunately, the instability of this compound at room temperature may hinder its usage, as Cs 2 BaCl 4 reportedly decomposes upon cooling [START_REF] Vaněček | INVITED) Ultraviolet cross-luminescence in ternary chlorides of alkali and alkaline-earth metals[END_REF], [START_REF] Seifert | Thermal analysis for generating phase diagrams of systems alkali metal chloride/divalent metal chloride[END_REF]. This means growth from the melt will present substantial challenges.

Similar to the resurgence of AMCl 3 -type compounds, Cs 2 ZnCl 4 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 3 publications that reported scintillation properties of Cs 2 ZnCl 4 [START_REF] Ohnishi | Reflection Spectrum and Auger-Free Luminescence in Molecular Ionic Crystals of Cs2ZnCl4[END_REF]- [START_REF] Ohnishi | Electronic Structure and Auger-Free Luminescence in Cs2ZnCl4 Crystals[END_REF]. In the past few years alone, that number has now doubled [START_REF] Takahashi | Luminescence and scintillation properties of Cs2ZnCl4 and Cs3ZnCl5[END_REF], [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF], [START_REF] Wang | Bridgman Growth and Intrinsic Luminescence of Pure Cs2ZnCl4 Single Crystal[END_REF]. 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 Cs 2 ZnCl 4 an attractive candidate for further investigation. It is non-hygroscopic, has a single-Fig. 18: Examples of some CVL crystals grown in the last decade. The growth methods are noted in parentheses next to each composition. Reprinted from [START_REF] Vaněček | INVITED) Ultraviolet cross-luminescence in ternary chlorides of alkali and alkaline-earth metals[END_REF], [START_REF] Yamanoi | Perovskite fluoride crystals as light emitting materials in vacuum ultraviolet region[END_REF], and [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF], with permission from Elsevier. component decay time around 1.7 ns, and has longer wavelength emission than BaF 2 [START_REF] Takahashi | Luminescence and scintillation properties of Cs2ZnCl4 and Cs3ZnCl5[END_REF], [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF], [START_REF] Yahaba | X-ray detection capability of a Cs2ZnCl4 singlecrystal scintillator[END_REF], [START_REF] Ohnishi | Electronic Structure and Auger-Free Luminescence in Cs2ZnCl4 Crystals[END_REF]. As a result of recent improvements to crystal quality, better performance has now been achieved with Cs 2 ZnCl 4 . Specifically, light yield as good as 1,980 ph/MeV (at 662 keV) has been measured for small crystals with approximate dimensions of 5 × 5 × 5 mm 3 [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF], surpassing that of the CVL component of BaF 2 (1,400 ph/MeV). The CTR has so far been measured to be as good as 136 ps FWHM for two Ø7 mm × 3 mm thick slabs of Cs 2 ZnCl 4 measured in coincidence using SiPMs (Broadcom, AFBR-S4N44C013) [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF]. This value is expected to improve with optimization of the measurement setup. Another promising new Zn-based CVL scintillator is Cs 3 ZnCl 5 , which has a 0.82 ns decay time [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF]. A comparison of the decay profiles of Cs 2 ZnCl 4 and Cs 3 ZnCl 5 with BaF 2 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 materials are necessary in order to find suitable alternatives to existing ultrafast inorganic scintillators such as BaF 2 . 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 Fig. 19: Scintillation decay time profiles of Cs 2 ZnCl 4 and Cs 3 ZnCl 5 compared to BaF 2 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 [START_REF] Rutstrom | Improved light yield and growth of large-volume ultrafast single crystal scintillators Cs2ZnCl4 and Cs3ZnCl5[END_REF]. utilized in RadIT environments, radiation 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 functions better than any of the individual components, see Sec. III-F2 above, 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 elsewhere [START_REF] Lin | Structured Scintillators for Efficient Radiation Detection[END_REF].

In comparison with bulk scintillators, nanocomposite scintillators have features potentially including enhanced light output, reduced cost, and greater size scalability [START_REF] Mckigney | Nanocomposite scintillators for radiation detection and nuclear spectroscopy[END_REF]. Optimization of monolithic nanocomposite and transparent ceramic scintillation detectors for positron emission tomography was discussed in Ref. [START_REF] Wilson | optimisation of monolithic nanocomposite and transparent ceramic scintillation detectors for positron emission tomography[END_REF].

Patterning by plastic deformation or nano-imprint was developed in the 1990s [START_REF] Chou | Nanoimprint lithography[END_REF]. It permits nanometer patterns in clean ambient air and without complex optics. C. Cerna et al. tested nanoscale structured plastic scintillators for better light extraction [START_REF] Cerna | Nanoscale structurized plastic scintillators[END_REF]. By using empirical methods for structuring commercial scintillating polymers surfaces, up to 50% more light was extracted by patterned surfaces. Additional results related to the Purcell effect, photonic crystals were reported, see Table . III for additional examples.

C. Micrometer thin films

Two-dimensional (2D) X-ray imaging and threedimensional (3D) microtomography with sub-micrometer resolutions can be achieved by using thin scintillators in synchrotron facilities, when the X-ray flux can exceed 10 6 ph•s -1 •µm -2 [START_REF] Koch | X-ray imaging with submicrometer resolution employing transparent luminescent screens[END_REF], [START_REF] Takeuchi | Submicrometerresolution three-dimensional imaging with hard X-ray imaging microtomography[END_REF]. In a microscope set-up 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 [START_REF] Koch | X-ray imaging with submicrometer resolution employing transparent luminescent screens[END_REF]. Ce-doped crystalline YAG film of 5 µm thick was deposited on 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 micron 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 range of thicknesses with high optical qualities is the Liquid Phase Epitaxy (LPE), which allows single crystal film deposited on single crystal substrate. Several materials such as doped Lu 2 SiO 5 (LSO), and many garnets doped with cerium, europium or terbium, Lu 2 O 3 :Eu 3+ have been developed as thin scintillating films [START_REF] Martin | LSO-based single crystal film scintillator for synchrotron-based hard X-ray micro-imaging[END_REF], [START_REF] Zorenko | Single Crystalline Film Characteristics Based on the Orthosilicate, Perovskite and Garnet Compounds[END_REF], [START_REF] Riva | Single crystal lutetium oxide thin film scintillators for X-ray imaging[END_REF]. Double layers (LSO:Tb 3+ and LSO:Ce 3+ ) screens emitting at different wavelengths combined with double read-out systems spectrally filtered has been proposed to compensate the weak x-ray absorption [START_REF] Douissard | A novel epitaxially grown LSO-based thinfilm scintillator for micro-imaging using hard synchrotron radiation[END_REF]. 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. [START_REF] Riva | Epitaxial growth of gadolinium and lutetium-based aluminum pervoskite thin films for X-ray micro-imaging applications[END_REF].

The substrate is also of crucial importance and has several severe requirements. First, it has to be compatible for the epitaxial growth, i.e. a showing the same crystalline structure and a weak lattice mismatch. Second, the X-ray absorption in the substrate being very large as compared to the scintillating film, the substrate has to be non scintillating. Indeed, even a weak scintillation leads to an image out of the focal plane of the objective contributing to blur the image. Finally, it has been recently shown using Monte Carlo simulation and confirmed by experiments, that the secondary X-ray emission from the substrate may significantly affect the Modular Transfer Function (MTF) [START_REF] Dainty | Image Science, Principles, Analysis, and Evaluation of Photographic-Type Imaging Processes[END_REF], [START_REF] Watson | Use of dense, monolithic, scintillator membranes as a high resolution imaging detector for megavolt radiography at U1-A and DARHT[END_REF], [START_REF] Winch | Modeling blur in various detecto geometries relevant to DARHT[END_REF] 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 [START_REF] Wollensen | Scintillating thin film design for ultimate high resolution X-ray imaging[END_REF]. The figure of merit presented combining the MTF at 500 lp/mm and the effective energy deposition in the active film (Fig. 20) highlights jumps due to the Xray 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 example, 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 Lu 2 O 3 :Eu deposited on undoped Lu 2 O 3 beyond 62 keV. This figure of merit 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. Values are extracted from simulations at X-ray energies from 5-100 keV for 5 µm SCFs supported by 150 µm substrates. Reprint from [START_REF] Wollensen | Scintillating thin film design for ultimate high resolution X-ray imaging[END_REF] with permission.

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 [START_REF] Favalli | Pulsed Neutron Facility for Research in Illicit Trafficking and Nuclear Safeguards[END_REF], [START_REF] Baeton | An investigation of the neutron die-away time in passive neutron waste assay systems[END_REF]. While the combination of homogenous, monolithic scintillators (e.g. Cs 2 LiYCl 6 :Ce 3+ , GS20) [260], [261] with moderator material (e.g. polyethylene) can meet some of the current requirements, difficulties 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 neutron's electric charge neutrality and isotope-dependent absorption cross section. Some neutron converter isotopes are 3 He, 6 Li, 10 B, and 238 U [262], [START_REF] Chadwick | Possible Existence of a Neutron[END_REF]. Time-and energy-resolved fast neutron detection requires efficient neutron detection in a relatively large volume (and therefore low cost) of neutron-sensitive materials [START_REF] Wang | Tracking fast neutrons[END_REF]. Additional requirements or highly desirable properties include tolerance to radiation degradation for long periods of use, particle or energy discrimination against background such as γ-rays. For neutron counting, short response time is often needed to improve temporal resolution, 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 detection [START_REF] Mayer | Geometric optimization of a neutron detector based on a lithium glass-polymer composite[END_REF]- [START_REF] Hehlen | Light propagation in a neutron detector based on Li glass scintillator particles in an organic matrix[END_REF]. In an organic-inorganic composite, a fast neutron interacts primarily 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 relatively high compared to 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 [START_REF] Hehlen | Light propagation in a neutron detector based on Li glass scintillator particles in an organic matrix[END_REF], [START_REF] Richards | Performance assessment of a compact neutron detector module based on scintillating composites[END_REF]. While the scintillation 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 scintillation 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 multi-parameter space can also enable flexibility in meeting targeted application specifications [START_REF] Mayer | Geometric optimization of a neutron detector based on a lithium glass-polymer composite[END_REF], [START_REF] Wiggins | Computational investigations of arranged scintillating particle composites for fast neutron detection[END_REF], i.e. neutron interaction rate, temporal response and light output to the photodetectors.

Recently, heterogeneous scintillating particle composite materials have demonstrated promising properties for compact fast neutron detection; specifically, these detectors can potentially address the needs for good detection efficiency, large active volumes, fast timing and respectable radiation damage tolerances at a reasonable cost [START_REF] Richards | Performance assessment of a compact neutron detector module based on scintillating composites[END_REF], [START_REF] Wiggins | Investigations of radiation damaged arranged scintillating particle composites[END_REF]. Figure . 21 illustrates a fast neutron detection scheme using a scintillating particle detector with a non-scintillating moderator matrix. If a scintillating moderator matrix was used instead, additional scintillation light would be created during the moderation process. 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. Fig. 21: A generalized fast neutron detector scheme using transparent composites. 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, silicon photomultipliers (SiPMs) or photomultiplier tubes.

E. Data Science and ML for Scintillator Screening

Data science, machine learning (ML), and artificial intelligence (AI) have had a significant impact on physical sciences including scintillator materials science over the past decade [START_REF] Ramprasad | Machine learning in materials informatics: recent applications and prospects[END_REF]- [START_REF] Agrawal | Deep materials informatics: Applications of deep learning in materials science[END_REF]. 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 Sec. 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 the domain knowledge. This surrogate model for efficient property predictions mainly implement the following key steps: (i) 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 of interest; (ii) integration of the identified variables in a ML model to establish a mapping between the materials and the target properties; and (iii) 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 [START_REF] Zhuo | Identifying an efficient, thermally robust inorganic phosphor host via machine learning[END_REF]- [START_REF] Park | A data-driven approach to predicting band gap, excitation, and emission energies for Eu 2+ -activated phosphors[END_REF].

Zhuo et al. [START_REF] Zhuo | Machine learning 5d-level centroid shift of Ce3+ inorganic phosphors[END_REF] 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 a ML model that could reliably predict 5d level centroid shift of Ce 3+ substituted inorganic phosphors, a quantity that is critical in predicting the light yield and thermal response of rare-earth substituted inorganic luminescent materials. In a different study, Zhuo et al. [START_REF] Zhuo | Evaluating Thermal Quenching Temperature in Eu3+-Substituted Oxide Phosphors via Machine Learning[END_REF] developed a ML regression model using a set of 134 experimentally-measured temperature-dependent Eu 3+ 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 Eu 3+ doped host compounds to select five new candidates, which were not included in the training dataset, with predicted thermal quenching temperatures > 423 K (see Fig. 22). These compounds were eventually synthesized to validate this informatics approach. Closely following along the similar lines of research, Park et al. [START_REF] Park | A data-driven approach to predicting band gap, excitation, and emission energies for Eu 2+ -activated phosphors[END_REF] reported an integrated ML platform, consisting of 18 different learning algorithms, to evaluate and compare the performance of different models towards predicting the band gap, the excitation and emission wavelengths of Eu 2+ -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, data-enabled approach has also been applied to extract new insights and practically useful design parameters from scintillator materials databases. As a recent example, Pilania et al. [START_REF] Pilania | Data-enabled structure-property mappings for lanthanide-activated inorganic scintillators[END_REF] employed a curated dataset of scintillation light yield and response time measurements for twenty-five Ce-or Eudoped scintillator compounds to discover a strong correlation between the lattice contribution to the dielectric constant and the light yield, regardless of the specific composition or crystal structure of the host material, as depicted in Fig. 23. This trend was then rationalized via identification 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 [START_REF] Pilania | Data-enabled structure-property mappings for lanthanide-activated inorganic scintillators[END_REF]. A major limitation of these surrogate models is that they cannot readily be applied to discover potentially new scintillators 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 non-scintillators, they generally fail to correctly distinguish scintillators from non-scintillators in large chemical spaces where a vast majority of compounds are, in fact, non-scintillators. There is a need for sufficiently accurate yet efficient predictive classification models to distinguish scintillators from non-scintillating compounds.

To address the classification problem for Lanthanide (Ce)doped inorganic scintillators, a recent study by Pilania et al. [START_REF] Pilania | Physicsinformed machine learning for inorganic scintillator discovery[END_REF] focused on the positions of 4f and 5d 1 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. 4f in the valence band edge and/or 5d 1 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 4f or 5d 1 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 non-radiative 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 process. Ideally, it is preferrable when the 4f or 5d 1 level is situated close to the band edges, but not too close to excite 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 Cs 2 LiYCl 6 :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 domain-knowledge-informed criterion for scintillator/non-scintillator classification, two different regression models were trained and validated using a database of accurate experimental measurements of two key spectroscopic quantities, namely the U and the D parameters [START_REF] Dorenbos | Ce3+ 5d-centroid shift and vacuum referred 4f-electron binding energies of all lanthanide impurities in 150 different compounds[END_REF], [START_REF] Dorenbos | The 5d level positions of the trivalent lanthanides in inorganic compounds[END_REF]. The U parameter is a quantitative measure of e-e repulsion in the 4f shell of lanthanides, and is directly related to the electronic binding energy in the 4f 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, and 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 [START_REF] Dorenbos | Modeling the chemical shift of lanthanide 4 f electron binding energies[END_REF], 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 towards practically identifying new compounds was further demonstrated using a case study on Elpasolites or double Perovskite halides of A 2 BB ′ X 6 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 [START_REF] Pilania | Physicsinformed machine learning for inorganic scintillator discovery[END_REF].

Despite the considerable progress in data-enabled scintil-lator (and related materials) design and development, many more exciting opportunities in active learning and adaptive design for scintillator discovery and optimization remain largely unexplored. Figure 24 illustrates the essence of a closed-loop adaptive design approach [START_REF] Powell | Optimal learning[END_REF], [START_REF] Lookman | Information Science for Materials Discovery and Design[END_REF] 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 [START_REF] Friedman | The elements of statistical learning[END_REF]. 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 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, 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) [START_REF] Friedman | The elements of statistical learning[END_REF]. The new compounds proposed by the adaptive design strategy are then synthesized, characterized and the new data is used to augment the training database. The loop repeats until one has identified a few materials, and exploiting 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 a newly identified scintillator chemistry for a given application.

In addition to the active learning and adaptive design, numerous other emerging opportunities in the quickly growing field of materials informatics and machine learning are expected to significantly change the ways in which functional materials' discovery and development is 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 relevant information from 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. Fig. 24: Schematic illustration the close-loop adaptive design and statistical inference approach to targeted scintillator discovery and development.

V. SUMMARY AND 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). Scintillators played pivotal roles since the very beginning when 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 computed tomography (CT), proton imaging and tomography (IT), neutron IT, positron emission tomography (PET), high-energy electron radiography, muon tomography, etc. The coexistence 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 synthesis of perovskites and single-crystal micrometer-thick films, use of multi-physics models and lately data science to guide scintillator development, structural innovations such as photonic crystals, nanostructured scintillators enhanced by the Purcell effect, novel use of existing scintillators through heterostructural innovations (fibers), and multilayer configurations.

Scintillator metrics such as light yield, decay time are discussed in light of RadIT metrics. RadIT, both photon and particle based, continue to aim for finer spatial and temporal 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 paper). 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 CERN, or CEPC in China will not only need excellent energy resolution, but also new scintillator functions including fast and precision timing (ps, driven by high luminosity above 10 34 cm -2 /s and corresponding high data rate and large data sets), outstanding radiation tolerance and finer granularity or spatial resolution of the active elements. Dark matter search usually requires large volume and surface area of scintillators, which overlaps with requirements of RadIT in higher detection efficiencies, large field of view, 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, light yield 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 optimization through data science for the maximal information yield. For many years, the discovery and design of new scintillator materials relied on laborious, timeconsuming, trial-and-error approaches, yielding little physical insight sometimes, and leaving a vast space of potentially revolutionary materials to be explored. A closed-loop machinelearning-driven adaptive design framework based on data from literature, in-house experiments and first-principles (quantum mechanical) calculations has 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, photon/particle counting and tracking methods supplementing time-integrated measurements, multimodal RadIT, and novel applications of RadIT for scintillator discovery.

APPENDIX I: SCINTILLATOR LIST FOR SCINT22

Table III summarizes different scintillators presented during the SCINT22 conference and their applications. TABLE III: A summary of scintillators and intended applications based on the presentations during the SCINT22 conference. The scintillator metrics include light yield (LY), linearity/nonlinearity of the light yield as a function of energy deposition (NL), energy resolution (σ E ), single photon sensitivity (SP), spatial resolution (δ), spectrum tuning capabilities (CL), light emission anisotropy (EA), high density (ρ), high effective atomic number (Z ef f ), efficiency of absorption, attenuation (Eff.), radiation hardness (RH), decay time (τ d ), neutron/γ-ray discrimination (n/γ), stability to environment (SE) such as temperature, humidity, environmental radiation, adequacy for dose measurement (DS), size (SZ) and cost. OGS ay n/γ neutron LANL [J. Perello] a τ d stands for the scintillator decay time, which could limit detector time resolution, σt. b SCINT22 presentation with reference to previous or other people's work. c Gd can be replaced by Y, Lu; Ga can be replaced by Al or a mixture of Ga, Al. d GdX = Gd 0.894 RE 0.100 Ce 0.006 , RE = La, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Y and Lu; GaY = Ga 0.4 Al 0.6 . e also include high-energy X-rays above 100 keV. f X = Cl, Br, I. g PCCT stands for photon counting computed tomography. h WbLS stands for water-based liquid scintillator. i X = Ce, Eu. j X = Ga, In. k Nonlinearity of LY specifically. LS stands for liquid scintillator. l PPO, or 2,5-Diphenyloxazole is the fluor or luminophor chemical. PTP, POPOP are two other fluor chemicals m PhC stands for photonic crystal nanostructures. n x ∼ 0.75. o powder film thickness between 25 to 50 µm. p X = F, T, HR, which symbolizes different formulations and surface states provided by EPIC Crystals. q Gd fraction is about 99%, Ce about 1%, Mg about 0.1%. r MOF stands for metal organic frameworks. LY specifically target radioactive element induced photon counting rate. s Y above 99.7%, Nd about 0.2%, Tb about 0.003%. t RH specifically refers to thermal stability under intense XFEL flux. u SE specifically refers to high temperature nuclear reactor environment. v glass fiber structure (quartz or borosilicate) is used for optical guiding (cladding) of scintillator crystal emission. w also with Eu or Gd doping.

x Scintillator emission spectrum towards red wavelengths to reduce Rayleigh scattering loss in fiber. y Eljen Technology now recommends EJ-276D over EJ-276. A significant improvement over EJ-276

This article has been accepted for publication in IEEE Transactions on Nuclear Science. This is the author's version which has not been fully edited and content may change prior to final publication. Citation information: DOI 10.1109/TNS.2023.3290826 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ in that the "D" version does not turn yellow with the passage of time. z The first author in the Mu2e international collaboration. aa fluorinated version of CsPbBr 3 . Phoswich configuration. ab LiI with Eu, Sr co-doping. Pure LaCl 3 . ac unspecified plastic scintillator with PMMA base. Polymer/plastic film made by nano-imprinting for Purcell effect. ad The presenting author in the ATLAS international collaboration. ae absolute light yield (ALY) that takes into account detector QE, system light collection efficiency, etc. af Three layer plastic phoswich. Discrimination of thermal neutrons, fast neutrons, α, β, and γ-rays. ag High-entropy rare earth garnets. RE = Y 1/4 Gd 1/4 Lu 1/4 X 1/4 . X = La, Pr, Nd, Sm, Eu, Tb, Ho, Er, or Yb. ah thin film on commercial ZrO 3 :Y substrates. Scintillator film thickness 5-10 µm typically, ai Gd-to-Lu ratio varied from 0 to 1.5. The best LY = 21 kph/MeV had a ratio of 1. aj LS based on a 9-methylcarbazole fluorescent die and linear-alkylbenzene primary fluor. ak 30-40 % wt. difluorenylsilane in poly(styrene) was identified as optimum for scintillation performance and manufacturability. ∼ 5 kg of materials thermally processed into "Nanoguide" fiber-optic bundles, using PMMA as a low refractive index component. al heterostructure may also be called metascintillators or metapixel. am NC imbedded in polystyrene (with different filling factors, up to 10%) and deposited as thin film on a dense scintillator (LYSO, BGO, and GAGG). an glass scintillators imbedded in transparent acrylic matrix. ao Cs 4 PbBr 6 nanocrystals with surface stabilized by organic ligands. ZnO nanoparticles covered by silica layer. ap Reported light yield 90 kph/MeV peaked at 385 nm. Rb element shows high natural radioactivity. see also note ar . aq TBA = tetrabutylammonium cation. X=Cl, Br. ar Low dimensional perovskite-like metal halides such as ternary copper(I) halides were found to have extremely high photoluminescence quantum yields (PLQYs) ∼ 90 kph/MeV and large Stokes shift, in addition to photophysical properties and stability. as PWO-II refers to the 2nd generation (current) single crystal PWO for calorimetry. PWO-III refers to the 3rd generation of PWO for fast timing. at a multi-layered photonic structure, or 1D photonic crystal, made from layers of scintillator and another dielectric. au 2D photonic structures of polymer, plastic, and halide perovskite. av 2D photonic structures of perovskites with LY > 20 kph/MeV, τ d = 1-15 ns. A = PEA, BA. X = Pb, Sn, Mn, Cu. Y= Br, I. aw melt-blended scintillators (MBS), produced by dissolving thermoplastic polymers with high performance fluorophores, such as fluorene. MBS's can be produced in one day, as monoliths or continuous filament, and have comparable scintillation performance to conventionally polymerized analogs. ax alternates to polystyrene, PVT that are suitable for 3D printing (rapid cure time < 30 s). ay OGS stands for organic glass scintillator(s). az Radiation environment of the DAMPE satellite with six years of in-orbit data. aaa the temperature dependency on the light output of ceramic Ce:GAGG scintillator wrapped with titanium oxide (TiO2, 100 micron thick) paint reflector. aab x=0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.07, 0.1.
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 2 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 photoelectric (PE) absorption, coherent scattering, incoherent scattering, and electron-positron pair production. The data are from the NIST/XCOM database.
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Fig. 4 :

 4 Fig. 4: A comparison of spatial resolution and range (of the interrogating radiation in the target) or the size of the fieldof-view (FOV) for different RadIT modalities. symbolizes flash or single-pulse (or a very few pulses) time-resolved radiographic capabilities.

Fig. 5 :

 5 Fig. 5: A comparative study of X-ray (Ba K α and K β lines) source images with (B) and without (A) a 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.

Fig. 6 :

 6 Fig. 6: RadIT metrics and scintillator metrics are correlated through the energy and data (information) flows. Material properties such as density, composition, etc. 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, etc.

Fig. 8 :

 8 Fig. 8: 2D detector image showing diffraction from multiple grains satisfying the Bragg condition before and after 12% deformation of polycrystalline copper. Unit in 1.5 µm.

Fig. 9 :

 9 Fig. 9: Segmented BGO and LSO [98] scintillators. Both have 1 mm × 1 mm × 40 mm scintillator pixels and are separated by a metal septum. Recent developments on transparent sintered ceramics have produced a new bixbyite transparent ceramic scintillator,

Fig. 13 :

 13 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/cm 3 . The data are from the NIST/ESTAR database.

Fig. 14 :

 14 Fig. 14: CTR FWHM (top) and FWTM (bottom) from the 25 coincidence categories between 5 classes of events per detector (20% of events each) sorted by their individual timing resolution in 20-mm long BGO pixels. From Ref. [145] with permission.
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Fig. 17 :

 17 Fig. 17: Maps of Li concentration within the growth volume of Cs 2 LiLaBr 6 :Ce charge. Dashed lines represent the location of solid/liquid interface. During the first 11 hours, the temperature profile and the ampule 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[START_REF] Tremsin | In-situ Observation of Phase Separation During Growth of Cs2LiLaBr6:Ce Crystals Using Energy-Resolved Neutron Imaging[END_REF].
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 20 Fig. 20: Figure of Merit (FoM) Calculated from the contrast in the MTF blurred by optics (NA = 0.40) at 500 lp/mm and the energy deposited in the Single Crystalline Films (SCF).Values are extracted from simulations at X-ray energies from 5-100 keV for 5 µm SCFs supported by 150 µm substrates. Reprint from[START_REF] Wollensen | Scintillating thin film design for ultimate high resolution X-ray imaging[END_REF] with permission.

Fig. 22 :

 22 Fig. 22: (a) A parity plot cross validating ML predictions of thermal quenching temperatures with the corresponding experimental values for 134 compounds. Crystal structures of new host compounds predicted by the ML algorithm are: (b) Sc 2 ScO 3 F, (c) LiBaB 9 O 15 , (d) Ba 2 P 2 O 7 , (e) Y 3 Al 5 O 12 , and (f) Cs 2 MgSi 5 O 15 . 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 Ref. [281].
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 23 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 Ref. [282].
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TABLE I :

 I Different RadIT modalities, contrast mechanisms, and scintillator choices (examples)

	Modality	Contrast Mechanism	Scintillator
	X-ray radiography a	Absorption	LuAG:Ce
	MeV X-ray/γ-ray radiogra-	Incoherent scattering	BGO,
	phy		L(Y)SO,
			GLO
	X-ray PCI a	Coherent scattering,	LuAG:Ce
		interference	
	X-ray CT a	Absorption	
	X-ray CDI a	Coherent scattering,	
		interference	
	proton radiography	Electron scattering,	L(Y)SO
		or Coulomb scattering	
	neutron radiography	elastic scattering	
	relativistic electron	electron scattering,	CsI
	radiography	or Coulomb scattering	
	PET a		
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	Composition A 2 XY 4 av also :Li doping BaF 2 BaF 2 :Y (BaO:2SiO 2 ):Ce Bi 4 Ge 3 O 12 Bi 4 Ge 3 O 12 /BaF 2 Bi 4 Ge 3 O 12 + C 9 H 10 (Polyvinyltoluene) C 7 H 8 (Toluene) C 8 H 8 (polystyrene) C 8 H 8 (polystyrene) C 8 H 8 (polystyrene) C 8 H 8 (polystyrene) C 8 H 8 ak (polystyrene) C 8 H 10 (Xylene) C 9 H 10 (Polyvinyltoluene) C 9 H 10 (Polyvinyltoluene) C 9 H 10 (Polyvinyltoluene) C 9 H 10 (Polyvinyltoluene) C 9 H 10 (Polyvinyltoluene) C 9 H 10 (Polyvinyltoluene) CxHy ac CxHy + CuHv af CaMoO 4 CdSe/CdS + Cs 4 PbBr 6 LaCl 3 + LiI ab Rb 2 CuCl 3 ar (Y,Sc) 2 O 3 Lu 2 SiO 5 :Ce CdWO 4 CeBr 3 CeBr 3-x Ix Cs 3 Cu 2 Cl 5 ar Cs 5 Cu 3 Cl 6 I 2 ar CsCu 2 I 3 ar Cs 3 Cu 2 I 5 ar Cs 4 EuX 6 :Sm, X=Br, Cl Cs 2 HfI 6 CsI (pure) CsI:Tl CsI:Eu CsI/ 6 LiBr:Tl Cs 2 LiLaBr 6 Cs 2 LiLa(Br,Cl) 6 :Ce Cs 2 LiYCl 6 :Ce CsPbBr 3 CsPbBr 3 :F aa CsPbBr 3 + (Gd,Ce) 3 (Ga,Al) 5 O 12 Cs 2 ZnCl 4 Cs 3 ZnCl 5 Ga 2 O 3 Gd 3 (Al,Ga) 5 O 12 :Ce also :Mg doping also :Mg doping Gd 3 Al 2 Ga 3 O 12 -X p GdAlO 3 :Ce (Gd,Ce,Mg) 3 -(Al,Ga) 5 O 12 q Gd 3 Al 2 Sc 3 O 12 :Ce also :Pr doping (Gd,Y) 3 Al 3 Ga 2 -O 12 :Ce (Gd,Y) 3 Ga 2 Al 3 -O 12 :Ce Gd 3 Ga 5 O 12 :Ce c Gd 2 Hf 2 O 7 :Nd (Gd,Lu,Eu) 2 O 3 Gd 2 O 2 S Gd 2 O 2 S:Tb Gd 3 (Sc,Al) 5 O 12 :Ce c (Gd, Lu) 3 (Ga,Al) 5 -O 12 :Ce (GdX) 3 (GaY) 5 O 12 d Gd 2 SiO 5 H 2 O + X H 2 O + LS hj H 2 O+ Au+X HfO 2 LaBr 3 :Ce LaCl 3 LaCl 3 :Ce La 2 Hf 2 O 7 :Yb also :Nd doping LaI:(Eu,Sr) ab (La,Gd) 2 Si 2 O 7 :Ce Li 3 AlF 6 /CaF 2 LiCaAlF 6 :X i Li 2 Ca 1-2x SiO 4 :PrxNax aab LiBr/CeBr 3 RE 3 Al 5 O 12 :Ce ag Y 2 SiO 5 :Ce 51SiO 2 -5MgO-10Al 2 O 3 -33Li 2 O-0.7Ce 2 O 3 SrI 2 :Eu Lu 3 Al 5 O 12 :Pr (TBA)CuX 2 aq ZnO Tb 3 Al 5 O 12 :Ce w ZnO:Ga (Lu,Ga)AlO 3 :Ce ai ZnO:X j Lu 2 O 3 :Nd Tb 3 Al 5 O 12 :Ce + ZnO:Zn Gd 3 (Al,Ga) 5 O 12 :Ce + ZnS Lu 2 O 3 :Yb Gd 3 (Al,Ga) 5 O 12 :Ce ZnS:Ag (Lu,Hf) 4 O 7 :Eu ah TlCaX 3 f LiBr/LaBr 3 6 LiCl/LaCl 3 :Ce LiCl/Li 2 SrCl 4 LiCl/BaCl 2 LuPO 4 :Pr:Nd ZnWO 4 Lu 2 SiO 5 :Ce Tl 2 LaCl 5 also :Ce/Sr doping (Zn,Mg)WO 4 (Unspecified) (Lu,Gd) 2 SiO 5 :Ce (Unspecified) LiF/BaCl 2 LiF/CaF 2 LiF/CaF 2 /LiBaF 3 6 LiF/ (Gd,Y) 3 (Ga,Al) 5 -O 12 :Ce LiF/LiBaF 3 LiF/LaF 3 LiF/LiGdF 4 LiF/LiLuF 4 LiF/LiYF 4 6 LiF/ZnS:Ag Li 2 Hf(Cl,Br,I) 6 6 LiI:Eu Li 2 MoO 4 Li 2 O-CaO-SiO 2 :Eu Li 2 SrCl 4 /LiSr 2 Cl 5 LiSrI 3 /Lil Li 2 WO 4 Li 4 ZrF 8 LuAlO 3 :Ce Lu 3 Al 5 O 12 :Ce Rb 2 CuBr 3 RbCaBr 3 :Eu Rb 4 CaBr 6 :Eu also :Ce/Eu doping Y 2 O 3 also :Li doping (Y 1/4 Gd 1/4 Lu 1/4 X 1/4 ) 3 -Al 5 O 12 :Ce ag Y 3 Al 5 O 12 :Yb (PEA) 2 PbBr 4 Y 3 Al 5 O 12 :Ce+ (Y,Nd,Tb) 3 Al 5 O 12 s Gd 3 (Al,Ga) 5 O 12 :Ce Tb 3 Al 5 O 12 :Ce + Y 3 Al 5 O 12 :Ce + PbWO 4 Gd 3 Ga 3 Al 2 O 12 :Ce Y 3 Al 5 O 12 :Pr + PbI 2 Lu 3 Al 5 O 12 :Sc Na 2 W 2 O 7 Lu 3 Al 5 O 12 :Pr + Y 3 Al 5 O 12 :Ce + Na 2 MoO 4 NaI:Tl LuxY 1-x AlO 3 :Ce Tl 2 LiYCl 6 :Ce LuxY 1-x Al 5 O 12 :Ce n Lu 2(1-x) Y 2x SiO 5 :Ce (x=0.1-0.3) also :Ca/:Mg codoping (Unspecified) TlMgCl 3 (Unspecified) YAlO 3 :Ce YAlO 3 :Yb (Unspecified) Y 3 Al 5 O 12 :Ce (Unspecified) (Unspecified) (Unspecified) (Unspecified) (Unspecified) (Unspecified)	Popular Name BGO BGO/BaF2 BGO + EJ-232 (PVT) [PPO] l BCF-10 BCF-20 [PTP] l + [POPOP] l EJ-276 y 'nanoguide' EJ-309 BC-400 (PVT) EJ-200 (PVT) EJ-204 (PVT) EJ-208 (PVT) EJ-232Q (PVT) EJ-270 ( 6 Li) (PVT) CMO LSO CHI CLLB CLLBC CLYC GAGG:Ce GAGG GAGG+ (GaGG) GaGG GdAP GFAG GSAG GYAGG GYGAG GGAG GHO GLO GOS or Gadox P43 GSAG GGAG GSO WbLS h scintillator 'cocktail' LS k (Ultima gold) LHO LiCAF GS20 YSO LuAG TAG:Ce LuGAP TbAG:Ce GAAG:Ce GAAG:Ce LSO TLC MOF r LGSO MOF r GYAGG/ 6 LiF LMO LuAP LuAG YAG YAG:Ce+ PWO-III GAAG:Ce TbAG:Ce YAG:Ce PWO GGAG:Ce YAG:Pr LuAG:Sc NaWO LuAG:Pr YAG:Ce NMO LuYAP (Hf-based) LuYAG:Ce TLYC LYSO Garnet YAP YAP Metal oxide YAG:Ce (doped) Perovskite MBS aw	Material Phase Perovskite crystal av crystal crystal glass crystal crystal (segmented) meta-scintillator hetero-structure al liquid plastic (fiber) plastic (fiber) plastic (fiber) plastic plastic fiber liquid plastic plastic plastic plastic plastic plastic polymer ac (film) plastic composite (three-layer) crystal nano-(substrate) (fiber) v platelets nano-crystal crystal crystal crystal crystal composite (fiber) v crystal (film) crystal crystal crystal crystal 'sample' crystal crystal composite (fiber) v crystal 'sample' crystal crystal (segmented) 'sample' eutectic crystal crystal crystal nano-crystal (NC) (Colloidal) NC imbedded NC imbedded NC am crystal nano-crystal thin film crystal crystal ao crystal crystal crystal crystal crystal crystal ceramic crystal crystal crystal crystal crystal crystal ceramic crystal ceramic ceramic powder o film (screen) crystal powder ceramic crystal liquid liquid composite (nano) crystal crystal composite crystal crystal crystal eutectic crystal eutectic crystal ceramic glass crystal small particles an composite (fiber) v crystal crystal nano-powder, crystal ao also ceramic, crystal crystal ai crystal ceramic crystal thin film polycrystal thin film nanoparticles ceramic crystal nanoparticles (substrate) polycrystal thin film ah crystal eutectic eutectic eutectic eutectic nano-particle (perovskite) crystal crystal crystal crystal crystal crystal nano-eutectic eutectic eutectic composite powder (screen) eutectic eutectic eutectic eutectic eutectic powder (screen) crystal polycrystal crystal polycrystal amorphous eutectic eutectic crystal crystal crystal ceramic powder crystal crystal crystal crystal nanocrystal thin film ceramic crystal crystal PhC m crystal + crystal (substrate) crystal thin film thin film composite) (layered crystal ceramic ceramic 'sample' (substrate) crystal crystal thin film thin film crystal particle composite nano-(fiber) v aerogel crystal crystal in crystal crystal porous crystal composite crystal powder (screen) crystal crystal crystal nano-crystal crystal ao glass crystal ( 6 Li) doped crystal nano-thin film crystal ao nano-powder crystal ao crystal photonic crystal at photonic crystal au plastic plastic ax	Metric LY, τ d σ E , τ d a τ d LY, cost τ d RH, SZ, SE az , LY Z ef f , ρ, δ τ d τ d LY LY Z ef f , ρ, δ, LY LY LY LY, NL LY, δ, EA LY LY, NL LY, τ d , RH LY, δ CL, LY ae LY LY, NL n/γ τ d , LY n/γ LY LY, τ d , EA n/γ/α/β af LY, SE CL, LY, σ E τ d , SE SE n/γ RH LY EA LY, τ d Z ef f ,ρ LY Eff., δ LY, τ d LY LY, τ d , Z ef f. , SE, σ E LY, τ d , Z ef f. , SE, σ E LY LY, CL, τ d DS σ E , τ d Eff., δ NL, σ E LY, τ d LY CL n/γ/p/α SZ,τ d Z ef f , ρ, δ CL LY LY SE u , LY LY LY n/γ LY LY CL, LY RH τ d , LY τ d RH τ d , LY τ d , LY LY, τ d LY, τ d τ d LY, NL RH Eff., τ d Z ef f ,ρ, LY SZ, RH LY LY, RH LY, RH LY, SE, σ E SE, Eff. SE aaa LY, τ d τ d , ρ, LY LY, τ d LY, τ d NL, σ E LY, τ d Z ef f , ρ, CL x Z ef f , ρ, δ, LY LY LY, τ d RH, SP, τ d LY, τ d τ d , δ LY, τ d LY, cost LY, τ d SE, LY, CL, τ d LY, cost τ d , CL LY k Z ef f ,ρ LY, τ d n/γ n/γ/p/α SZ,τ d Eff., δ Z ef f , ρ, CL x n/γ LY LY SE LY Eff., LY LY, τ d SZ, RH LY τ d , LY, RH LY, NL τ d , LY, SP LY Eff., δ LY, RH Z ef f ,ρ,LY LY SE,τ d LY, cost τ d τ d , ρ, LY LY, τ d , RH Z ef f , ρ, DS LY CL x τ d τ d , LY τ d LY Z ef f. , ρ, LY Z ef f , ρ, Eff., LY LY LY LY LY CL LY EA LY, σ τ d , LY, RH EA n/γ/p/α τ d SZ, τ d LY r τ d Z ef f. LY r LY LY LY LY LY LY LY LY LY LY τ d , δ DS, CL LY CL, LY α/β LY LY LY CL, LY α/β LY, CL, SE, τ d τ d , ρ, LY Z ef f ,ρ,LY RH LY LY, RH LY, τ d LY, τ d LY, cost τ d , LY LY, τ d σ E τ d SE, LY LY τ d , RH DS τ d SZ, RH DS SE, RH EA τ d , LY LY, τ d LY, SE DS Eff., σ E Eff., δ σ E , LY τ d , ρ, LY SZ, RH LY τ d τ d τ d τ d RH τ d LY LY LY Eff., LY τ d , LY, RH SE,τ d Z ef f , ρ, SP, τ d LY τ d , ρ, LY τ d SE,τ d RH t SE,τ d LY LY, RH LY, Eff. LY, NL LY, Eff., τ d , LY k τ d cost, SZ cost, Shape SZ, RH	Application HEP HEP/cal., X-ray HEP HEP, X-ray EIC PET dark matter γ-ray PET PET Radio-chemistry muon γ-ray LHC proton C ion neutron proton C ion heavy ion neutron γ-ray, X-ray proton C ion neutron (TCSPC) proton neutron (TCSPC) neutron α-particle dark matter 0ν-DBD X-ray, γ-ray PET, HEP neutron cal. X-, γ-ray dark matter X-ray γ-ray e X-ray X-, γ-ray X-, γ-ray X-, γ-ray X-, γ-ray X-ray γ-ray electron γ-ray X-ray proton neutron γ-ray neutron neutron neutron γ-ray, neutron γ-ray, neutron neutron neutron neutron radio-isotope γ-ray X-ray, HEP PET γ-ray X-ray, HEP X-ray X-ray HEP, X-ray, PET HEP, X-ray, PET X-ray X-, γ-ray cal. X-ray PCCT g HEP HEP proton proton, γ-ray X-ray, γ-ray γ-ray γ-ray X-ray γ-ray HEP γ-ray X-ray DS (remote) γ-ray neutron X-ray X-ray X-ray neutron X-ray X-ray 0νDBD (0ν2β) νe νe Radio-chemistry X-ray (medical) X-ray neutron neutron DS (remote) neutron neutron neutron neutron X-ray X-ray,γ-ray HEP neutron HEP/cal. neutron X-, γ-ray PCCT g proton, γ-ray PCCT g X-, γ-ray PET, HEP X-ray X-ray X-ray heavy ion DS X-ray,γ-ray, neutron (remote) α, β neutron X-ray neutron neutron X-ray γ-ray e X-ray neutron neutron neutron neutron X-ray, cancer dark γ-ray, X-ray matter HEP/cal. proton dark neutron matter PET Radio-PET γ-ray chemistry Radio-neutron neutron neutron neutron neutron neutron neutron neutron neutron neutron neutron neutron double-β decay (0ν-DBD) neutron neutron neutron dark matter (spin-depend.) α, X-ray X-ray PCCT g cal. proton, γ-ray X-ray X-ray HEP, PET X-ray,γ-ray X-ray X-ray X-ray EIC γ-ray PET HEP/cal., HEP α, β X-ray,γ-ray, ECAL matter dark PET X-ray matter dark α, β X-ray,γ-ray, 0ν-DBD chemistry β, radio-X-ray chemistry HEP γ-ray, neutron HEP/cal. PET PET ToF cal. HEP/cal., PET PCCT g proton proton X-ray HEP/cal. PET, HEP γ-ray e X-ray neutron X-ray X-ray PET, HEP X-ray X-ray PET, HEP X-ray proton, γ-ray X-, γ-ray imaging PET X-ray neutron HEP	Institution [First Author] LRS-PORT [M. Sheikh] CERN b [R. Cala'] Caltech [C. Hu] b CERN [R. Cala']. Caltech [C. Hu] CUA/JLAB [T. Horn] BNL [C. Woody] i3M [D. Bonifacio] Cranfield U. [E. Rogers] USTC [C. Liu] LANL [N. Winch] i3M [D. Bonifacio] CERN [F. Pagano] CEA/LNHB b [B. Sabot] UNLV [J. Schoetker] LANL [N. Winch] UNL ad [B. Pinheiro-Pereira] UC Berkeley [T. Laplace] LANL b [D. Schaper] UC Berkeley [T. Laplace] GSI [M. Saifulin] LANL [D. Schaper] UC Berkeley [J. Brown] UC Berkeley [T. Laplace] UC Berkeley [J. Sebastian] LANL [M. Schanz] UC Berkeley b [J. Sebastian] STFC [G. Sykora] b CNRS/U. Bordeaux [C. Cerna] CEA/U. Paris [G. Bertrand] IBS [I. Pandey] IBS [B. Mailyan] [K. Kamada] [V. Dormenev] [O. Sidletskiy] CRNS/U. Lyon CTU b BARC/HBNI INFN/U. SICCAS b ENSEMBLE3/ISM [Z. Meng] Tohoku U. [S. Kurosawa] b UTK [K. Pestovich] b RMD [E. van Loef] b Tohoku U. [K. Kamada] RMD [B. Singh] SICCAS b [Y. Wu] SICCAS b [Y. Wu] SICCAS b [Y. Wu] SICCAS b [Y. Wu] Delft U. [C. van Aarle] Tohoku U. [D. Matsukura] b [C. Fujiwara] b JINR z [N. Atanov] Tohoku U. [K. Kamada] Teledyne FLIR [F. Liang] UTK b [K. Pestovich] LANL [M. Schanz] Wake Forest U. [K. Ucer] Kyungpook NU. [P. Vuong] LANL [N. Winch] Wake Forest U. [K. Ucer] Tohoku U. [R. Yajima] STFC [G. Sykora] b RMD [N. Kaneshige] Fisk U. b [R. Hawrami] Fisk U. b [R. Hawrami] BARC/HBNI b [Sonu] STFC [G. Sykora] b Tohoku U. b [K. Kim] [R. Yajima] CRNS/U. Lyon [M. Baravaglio] U. Milano-Bicocca [F. Cova] CTU [K. Děcká] CERN [F. Pagano] Delft U. b [J. van Blaaderen] U. Milano-Bicocca [F. Cova] CTU [K. Děcká] [Sonu] Milano-Bicocca [Y. Wu] NAS Ukraine [V. Čuba] Caltech [C. Hu] UTK [D. Rutstrom] UTK [D. Rutstrom] Caltech [C. Hu] LANL/UNM [T. Espinoza] INFN/U. Milano-Bicocca [M. Lucchini] STFC [S. Richards] U. Sussex b [N. Tuccori] FZU b [O. Zapalík] Crytur [S. Sýkorová] LANL [M. Schanz] U. Giessen [V. Dormenev] CERN [L. Martinazzoli] Korea U. [W. Lee] [A. Melis] [C. Park] U. Paris [D. Pailot] FZU [M. Nikl] b U. Paris [D. Pailot] FZU [O. Zapalík] Vilnius U. [S.Nargelas] Teledyne FLIR [F. Liang] RMD [Y. Wang] Tohoku U. [S. Ishizawa] LANL [N. Winch] Kurchatov Inst. [I. Komendo] b RMD [B. Singh] b ESRF [K. Pauwels] IIT [A. Shultzman] b FRM II/TUM [A. Losko] Charles U. [M. Kucera] UoD/UO [J. Indrei] b RMD [Y. Wang] USTC [Z. Jia] UC Berkeley b [N. Tausik] [W. Wolszczak] CEA/LNHB b [B. Sabot] FZU [I. Villa] Delft U. [J. de Haas] BARC/HBNI [Sonu] Kyungpook NU. [P. Vuong] Tohoku U. Tohoku U. [S. Ishizawa] BARC/HBNI [Sonu] ENSEMBLE3/ISM NAS Ukraine [O.Sidletskiy] Tohoku U. b [R. Yajima] STFC [G. Sykora] b Tohoku U. [K. Kim] [R. Yajima] FH Münster [F. Schröder] Tohoku U. b [M. Lucchini] UTK [K. Anderson] [O. Sidletskiy] STFC [S. Richards] ENSEMBLE3/ISM NAS Ukraine [O.Sidletskiy] STFC [G. Sykora] b U. Giessen [V. Dormenev] LANL [B. Wiggins]. LANL/UNM [T. Espinoza] Crytur [S. Sýkorová] U. Sussex b Tohoku U. ENSEMBLE3/ISM NAS Ukraine [K. Kamada] [N. Tuccori] U. Giessen [V. Dormenev] U. Sussex b [O. Sidletskiy] SICCAS b CTU b [Y. Wu] UoD/UO [J. Indrei] [V. Čuba] Caltech [C. Hu] [N. Tuccori] GSI [M. Saifulin] FZU [M. Nikl] UKW STFC [G. Sykora] b Tohoku U. [V. Gorbenko] STFC [S. Mann] [S. Ishizawa] STFC [S. Mann] Caltech [C. Hu] STFC [G. Sykora] ESRF [L. Wollensen] RMD [E. van Loef] STFC [S. Richards] b [R. Yajima] Tohoku U. b [R. Yajima] Tohoku U. [K. Kim] Tohoku U. b [R. Yajima] Tohoku U. b FH Münster Tohoku U. [J. Kappelhoff] Kyungpook NU. [S. Kurosawa] U. Giessen [V. Dormenev] [H. Kim] Tohoku U. [P. Vuong] [S. Kurosawa] LANL [C. Morris] CEA [S. Mauree] CERN [F. Pagano] b LBNL [F.Moretti] CERN [F. Pagano] b UC Berkeley U. Milano-Bicocca [R. Yajima] Tohoku U. b [R. Yajima] Tohoku U. [K. Kim] b Tohoku U. [R. Yajima] Tohoku U. b [R. Yajima] Kurchatov Inst. [I. Komendo] b Tohoku U. b [R. Yajima] Tohoku U. b [R. Yajima] Tohoku U. b [R. Yajima] Tohoku U. b [R. Yajima] Tohoku U. [K. Kim] b Kurchatov Inst. FRM II/TUM Kyungpook NU. U. Sussex b Caltech [C. Hu] NAS Ukraine U. Giessen ENSEMBLE3/ISM UoD/UO [J. Indrei] b UTK [K. Pestovich] UTK [K. Pestovich] UoD/UO [J. Indrei] b [N. Tuccori] CERN [R. Cala']. UTK [K. Anderson] FZU [M. Nikl] b [J. van Blaaderen] Caltech [C. Hu] [D. Daniel] [T.Horn] Delft U. [C. Roques-Carmes] MIT [F. Cova] CUA/JLAB [D. Matsukura] U. Milano-Bicocca BNL [C. Woody] Tohoku U. Tohoku U. [K. Kim] b [G. Tamulaitis] [R. Yajima] Vilnius U. Tohoku U. b Crytur [S. Sýkorová] [V. Gorbenko] [I. Komendo] [P. Orsich] UKW Kurchatov Inst. U. Giessen [B. Mailyan] [S. Kurosawa] IBS Tohoku U. [F. Cova] [F. Cova] [J. de Haas] U. Milano-Bicocca U. Milano-Bicocca Delft U. STFC [G. Sykora] b . [C. Fujiwara] IBS [I. Pandey] [V. Gorbenko] Tohoku U. [B. Mailyan] UKW CSNS [B. Tang] IBS [A. Losko] Tohoku U. [K. Kamada] [P. Mai] U. Lyon [I. Komendo] b FZU [M. Nikl] b [S. Srivastava] [M. Orfano] Crytur [S. Sýkorová] Fisk U. [R. Hawrami] U. Notre Dame [T. i3M [D. Bonifacio] CERN [F. Pagano] b Caltech [C. Hu] INFN/U. Milano-Bicocca [M. Lucchini] Vilnius U. [G. Tamulaitis] U. Sussex b [N. Tuccori] LANL [C. Morris] LANL [M. Schanz] STFC [S. Richards] U. Giessen [V. Dormenev] UC Berkeley CTU [S. Srivastava] [V. Čuba] RMD [E. van Loef] b LANL [A. Stamatopoulos] FZU [M. Nikl] b CTU Caltech [C. Hu] [V. Čuba] RMD [O. CTU Maksimov] [V. Čuba] UoD/UO [J. Indrei] b IIT U. Giessen [O. Segal] [V. Dormenev] [A. Shultzman] LANL/UNM LRS-PORT [T. Espinoza] CEA/LNHB [D. Kowal] SNL [B. Sabot] [N. Myllenbeck] ENSEMBLE3/ISM ORNL NAS Ukraine [M. Febbraro] [O.Sidletskiy] Crytur [S. Sýkorová]
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