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Highlights: 

⚫ System-level assembly strategies for improving scintillator light collection efficiency. 

⚫ Couples geometry, surface finish, reflectors and optical coupling to reduce losses. 

⚫ Matching between scintillators and photodetectors for efficient signal readout. 

⚫ AI-assisted design strategies provide new opportunities for scintillator assembly optimization. 

Abstract: As a core technology for ionizing radiation detection, the performance of scintillation 

detectors has improved significantly over the past few decades, and their key components, such as 

scintillators and photodetectors, have also undergone multiple iterations. However, little attention has 

been paid to the fact that, besides the intrinsic properties of materials and the quantum efficiency of 

photodetectors, the assembly matching between components also plays a decisive role in the overall 

performance of the detector, as reflected in improved light collection efficiency (LCE). Therefore, a 

systematic investigation into the influence of assembly optimization on LCE is of great significance for 

promoting the development of high-performance scintillation detectors. This paper first defines the 

concept of LCE and clarifies its influence on the key performance of scintillation detectors. Subsequently, 

focusing on assembly optimization, it outlines improvements in LCE through multi-interface optical 

synergy among scintillators, reflective layers and coupling media. Finally, the effective conversion of 

collected photons into measurable electrical signals is promoted through rational photodetector 

matching, thereby further improving the overall detection efficiency of scintillation detection systems. 

In addition, the emerging role of AI-assisted design in scintillation-detector assembly optimization is 

discussed as a forward-looking perspective. This review systematically summarizes and compares 

LCE-enhancement strategies at the assembly level, extracts transferable design guidelines from different 

optimization approaches, and outlines a possible future workflow for AI-assisted assembly optimization. 

Keywords: scintillation detector; light collection efficiency (LCE); assembly optimization; optical 

coupling; photodetector selection; AI-assisted design 
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1. Introduction 

As an important technology for ionizing radiation detection, the optimization of scintillation detector 

performance has been a central research topic in relevant fields since their inception. Numerous studies 

have focused on improving the luminescence efficiency of scintillators, developing novel scintillation 

materials, and enhancing the quantum efficiency and response characteristics of photodetectors [1–5]. 

These advances have significantly promoted the applications of scintillation detectors in nuclear radiation 

detection, medical imaging, homeland security, industrial non-destructive testing, and other fields [6–9]. 

However, in addition to the intrinsic properties of materials and photodetectors, the inter-component 

assembly configuration also decisively influences the overall performance of scintillation detectors [10–11]. 

During the process from photon generation in the scintillator to conversion into electrical signals by 

the photodetector, photons undergo a series of propagations and cross-interface transmissions, resulting 

in considerable photon loss. Scintillator materials generally have a high refractive index, which differs 

significantly from that of the surrounding medium (primarily air, with a refractive index of 1), making 

total internal reflection highly likely at the interface [12]. Owing to the intrinsic absorption of 

scintillators, the longer photon propagation path within the scintillator further increases the probability 

of photon absorption, resulting in greater photon loss [13]. Even photons successfully exiting the 

scintillator may fail to be collected by the effective sensitive area of the photodetector due to mismatched 

interfacial optical properties or an exit angle distribution that deviates from the optimal incidence 

conditions [14]. In addition, the main emission band of scintillators must match the high-response region 

of photodetectors to achieve efficient signal conversion [15,16]. These multiple loss mechanisms 

collectively reduce light collection efficiency (LCE). 

To improve LCE, researchers have proposed a variety of technical strategies. For instance, photonic 

crystals can be introduced onto the scintillator surface to enhance the probability of photon escape by 

regulating the local density of electromagnetic states and the exit angle distribution [12,17]; optimizing 

the geometric design of the scintillator can alter the photon propagation path and exit angle distribution, 

thereby reducing the probability of internal total internal reflection [18,19]. In addition, common 

strategies include depositing reflective layers with high reflectivity on the scintillator surface and 

employing refractive-index-matched optical coupling agents between the scintillator and photodetectors, 

all of which have achieved favorable results [11,20]. However, the conversion process from optical to 

electrical signals involves multiple components, such as scintillators, reflective layers, coupling media, 

and photodetectors, and the level of LCE depends on the synergistic interactions among these 

components. To date, there is still a lack of comprehensive review studies on LCE optimization achieved 

through improved assembly configurations of these components. 

Based on the above discussion, this review summarizes assembly-level strategies for improving the 

LCE of scintillation detectors from the perspective of the optical transport chain. By comparing their 

mechanisms, applicable conditions, and limitations, this review aims to provide practical design 

guidance for high-performance scintillation detectors. Firstly, the working principle of scintillation 

detectors and the physical connotation of LCE are summarized, and its key role in energy resolution and 

the signal output chain is clarified. Subsequently, the discussion is carried out from the two aspects of 

photon generation and transport: on the one hand, the focus is placed on the selection of scintillator 

materials and the optimization of their geometric structure and surface treatment; on the other hand, the 
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rational configuration principles of light collection subsystems such as reflective layers, optical coupling 

media, and light guide structures are summarized. Finally, combined with the emission spectrum of 

scintillators and application requirements, the selection and matching strategies of photodetectors are 

discussed to maximize the conversion probability of photons arriving at the sensitive area into 

photoelectrons, thereby improving the overall detection efficiency of the system. In addition to 

summarizing conventional assembly strategies, this review further discusses the emerging role of 

artificial intelligence in accelerating detector design. In particular, AI-assisted surrogate modeling, 

inverse design, and multi-objective optimization are highlighted as promising tools for navigating the 

highly coupled parameter space of scintillation detector assembly. 

2. Principles and light collection efficiency of scintillation detectors 

A scintillation detector is a type of radiation detection device that converts the energy of incident ionizing 

radiation into an optical signal, which is further converted into an electrical signal for output. Its basic 

configuration generally consists of a scintillator, a photodetector, a light-collection and optical-coupling 

system, and subsequent signal-processing electronics [21]. Its working principle is illustrated in Figure 1. 

 

Figure 1. Working principle of typical scintillation detectors. 

During the process from photon generation to reception by the detector, photons undergo complex 

physical losses (e.g., crystal self-absorption, losses from surface reflection, and trapping caused by total 

internal reflection at interfaces), which result in only a fraction of photons being able to successfully 

escape from the crystal and reach the detector. To quantitatively describe the effectiveness of this optical 

transport process, the concept of LCE has been introduced in the academic field to characterize the 

proportion of photons that can overcome transport losses and finally arrive at the sensitive area of the 
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photodetector among the total number of photons generated inside the scintillator [22]. Its mathematical 

expression is generally defined as follows: 

[LCE =
Narrival

Ngenerated
] (1) 

N𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑  is the total number of photons excited by incident particles in the scintillator (depending 

on the light yield of the material), and N𝑎𝑟𝑟𝑖𝑣𝑎𝑙  is the number of photons that actually reach the sensitive 

surface of the photodetector after optical transport. LCE describes the geometric and optical transport 

efficiency of photons, excluding the photoelectric conversion process. The final performance of the 

detector also needs to consider the ability of the photodetector to convert collected photons into 

photoelectrons, namely: 

[𝑁𝑝𝑒 = 𝑁𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 × 𝐿𝐶𝐸 × 𝜀] (2) 

In Equation (2), Npe denotes the number of effective photoelectrons, and 𝜀 represents the combined 

factor of the effective quantum efficiency (QEeff) and the photoelectron collection efficiency (CE). 

According to Poisson statistics, when the detection process is limited by statistical fluctuations, the energy 

resolution is inversely proportional to the square root of the number of photoelectrons (R ∝1 ⁄ √Npe). 

Therefore, under the premise that the detector quantum efficiency (QE) is fixed, maximizing LCE is one 

of the most direct and critical approaches to improve the energy resolution of the detector, reduce 

statistical noise, and enhance the signal-to-noise ratio (SNR) [23]. 

Based on the above link decomposition, improving the performance of scintillation detectors can be 

attributed to the synergistic optimization of loss mechanisms across the three stages of luminescence, 

transport, and photoelectric conversion [24]. This paper focuses on assembly optimization to improve LCE. 

At the scintillator level, LCE is mainly restricted by the photon transport characteristics inside the 

crystal. Scattering and self-absorption of photons inside the scintillator are the dominant loss sources. 

The total internal reflection mode can be effectively disrupted, and the photon escape probability can be 

increased through crystal shape design and surface microstructure modulation [25]. At the optical 

transport and coupling interface, losses primarily result from boundary escape and refractive-index 

mismatch. To this end, the crystal side surfaces are often coated with reflective layers that provide diffuse 

or specular reflection to achieve directional photon convergence, and optical coupling media are used to 

establish a transition channel with a refractive index gradient, thereby minimizing Fresnel reflection loss 

at the interface. From this perspective, LCE is jointly governed by geometry, interface conditions, and 

detector response, and can therefore serve as a physically meaningful target metric for subsequent data-driven 

modeling, surrogate learning, and multi-objective optimization. In addition to these methods for directly 

improving LCE, the exploitation of terminal detection performance is equally important. Appropriate 

photodetector selection and matching ensure that photons reaching the readout end are efficiently 

converted into measurable electrical signals [26,27]. 

3. Selection and optimization of scintillators 

As the signal source in the detection chain, the effective light output of a scintillator is jointly determined 

by its intrinsic light yield and light extraction efficiency. The essence of scintillation detection lies in the 

energy deposition and conversion processes triggered by the interaction of high-energy radiation with 
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matter. When high-energy particles or rays are incident on the scintillation medium, they deposit energy 

in the material through ionization and excitation, generating excited species or carriers and enabling energy 

transfer; subsequently, the excited luminescent molecules or luminescent centers undergo de-excitation 

via radiative relaxation, releasing part of the deposited energy in the form of scintillation photons [15]. 

Figure 2 illustrates the microscopic luminescence process in inorganic scintillators, including energy 

deposition, carrier relaxation, and photon emission. This intrinsic luminescence property establishes 

scintillators’ central role as photon emitters in the signal generation stage. However, the intensity of the 

final detection signal depends not only on the initial light yield but also on the photon transport and 

extraction processes inside the scintillator. 

 

Figure 2. Microscopic energy conversion and photon generation mechanism induced by high-energy 

particles incident on inorganic crystals. 

Specifically, the intrinsic light yield determines the theoretical upper limit of the detection system’s 

signal output, while the light extraction efficiency is primarily limited by processes such as crystal 

self-absorption and interfacial total internal reflection (TIR). The refractive index of most scintillators 

is approximately 1.5–2.2, which is significantly different from that of the external medium (usually 

air, n ≈ 1.0), resulting in a small critical angle. Some photons are trapped inside the crystal due to satisfying 

the total internal reflection condition (Figure 3), which prolongs the photon propagation path and 

accumulates absorption and scattering losses, ultimately reducing the number of effective photons 

reaching the photodetector. On this basis, this section is organized into two aspects: “signal generation” 

and “photon transport”. Firstly, the selection of scintillators is discussed based on radiation type and 

detection requirements to ensure a sufficient initial photon yield. Subsequently, focusing on engineering 
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optimization, it is clarified that the photon trajectory is regulated through geometrical design and surface 

treatment to weaken the total internal reflection-related trapping and reduce internal losses, thereby 

improving the photon escape probability and the overall collection efficiency. 

 

Figure 3. Schematic diagram of the TIR critical angle and photon escape cone at the scintillator 

exit interface. The refractive index of air is n1, and the refractive index of the scintillator is n2, 

where sinθc = n1 / n2: (a) θi > θc; (b) θi’ = θc; (c) θi” < θc. 

3.1. Selection of scintillators 

When selecting scintillators, it is necessary to first clarify the type and energy range of the radiation to be 

detected, since different ionizing radiations exhibit distinct energy deposition behaviors in materials [15]. 

For instance, inorganic scintillators with high effective atomic number and high density are preferred 

for X-ray and gamma-ray detection [21]. Alpha particles feature short range and prominent surface 

energy deposition, so thin-layer, coated or flake scintillators are commonly adopted [28–30]. For beta 

particle detection, scintillator thickness is determined according to particle energy and detection 

efficiency, and organic or plastic scintillators with low effective atomic numbers help suppress 

bremsstrahlung interference [31]. For neutron detection, thermal neutrons usually require 6Li, 1B and Gd 

conversion components, while fast neutrons are commonly detected using hydrogen-rich organic liquid 

or plastic scintillators [32–34]. 

After this initial screening, scintillators should be further selected according to application-specific 

requirements such as light yield, density, decay time, energy resolution, radiation tolerance, chemical 

stability, and cost. For example, NaI: Tl is suitable for conventional gamma-ray spectroscopy because 

of its high light yield and mature technology [35]; LYSO: Ce is widely used in PET owing to its high 

density and fast decay [36]; and LaBr3: Ce combines high light yield, rapid decay and superior energy 

resolution, making it applicable to high-resolution gamma spectroscopy and miniaturized detection 

systems [37]. More detailed discussions of scintillator materials and applications can be found in the 

reviews by Dujardin et al. [9] and Lecoq et al. [38]. 

3.2. Optimization of scintillators 

3.2.1. Geometrical structure 

Changing the scintillator’s geometrical shape essentially controls the distribution of photon transport 

within the medium. The total light yield is determined by the material’s intrinsic properties, while the 

number of collectible photons depends on the balance between transmission efficiency and loss 

mechanisms. Due to the bulk absorption and surface scattering in crystals, the longer the optical path of 
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photons inside the scintillator and the greater the number of reflections, the higher the probability of 

photon attenuation [39,40]. Therefore, the core of geometrical optimization lies in breaking photon-trapping 

paths caused by total internal reflection and shortening the average optical path for photons to reach the 

detection end [41]. 

The scintillator volume and aspect ratio jointly determine the balance between radiation stopping 

efficiency and effective light output [18,42]. Increasing the volume can improve radiation absorption, 

but it also increases the average optical path and may enhance bulk absorption losses [15,43,44]. For 

example, Sasano et al. showed that the light output of BGO crystals generally decreases with increasing 

crystal size under the same APD readout and reflective-coating conditions, and deeper crystals tend to 

exhibit lower light collection efficiency for the same readout area [40]. Similarly, Pauwels et al. [45] 

observed that slender LSO: Ce crystal strips with higher aspect ratios produced lower light output than 

shorter and thicker crystals. 

Breaking the geometrical symmetry of scintillators is an effective strategy for improving light output, 

because it can disrupt cyclic reflection paths and modify the exit-angle distribution of photons [42,46]. 

Tapered structures, such as conical scintillators, can act as optical funnels and reduce repeated internal 

reflections in regular crystals [18,47]. For example, Sosa et al. [48] showed that, compared with 

cylindrical trans-stilbene, a tapered geometry significantly reduced the average number of internal 

reflections, thereby improving light collection efficiency and energy resolution (Figure 4a). Their 

subsequent work further demonstrated that this optimization also enhanced neutron–gamma pulse 

shape discrimination, especially in the low-light-output region [49]. In addition to tapered geometries, 

non-conventional prismatic structures can also improve light collection behavior. Studies on CaWO4 

crystals showed that, at similar volumes, hexagonal prisms exhibited higher light collection efficiency 

than cylindrical and rectangular geometries, while triangular prisms achieved the highest light output 

and better energy resolution (Figure 4b) [18]. These results indicate that non-axisymmetric or tapered 

geometries can improve LCE by regulating photon reflection paths and exit-angle distributions, without 

substantially increasing the scintillator volume [50]. 

 

Figure 4. Geometrical structure optimization of scintillators: (a) Comparison of the average number 

of optical-photon reflections before detection in cylindrical and conical trans-stilbene scintillators [48]; 

(b) Comparison of LCE and FWHM for scintillators with different geometries and surface 

treatments [18]. Redrawn by the authors based on the data and concepts reported in [18,48]. 
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3.2.2. Surface treatment 

Grinding and polishing are the main techniques for regulating the surface optical properties of 

scintillators (Figure 5a). By modifying microscopic roughness, they produce interfaces dominated by 

either specular or diffuse reflection [51]. A polished surface tends to preserve photon directionality and 

supports total-internal-reflection-based light guiding, whereas a roughened surface randomizes photon 

directions and approximately follows Lambertian scattering behavior [51,52]. 

The optimal surface treatment depends strongly on scintillator geometry. For low-aspect-ratio 

crystals, such as bulk or cubic scintillators, photon trapping caused by repeated total internal reflection 

is often a major source of light loss [18]. In this case, roughened or etched surfaces can disrupt stable 

reflection loops, redistribute photon directions, and increase the probability of photons entering the 

escape cone, thereby improving light collection efficiency [18,53–56]. In contrast, for slender strip- or 

fiber-like scintillators, photon transport is dominated by long-distance guiding along the crystal axis. 

Polished surfaces are therefore preferred because they preserve specular propagation and reduce 

scattering-induced path-length broadening, whereas diffuse scattering may increase the average optical 

path and aggravate bulk absorption [19,57–59]. The dependence of light output and photon-arrival-time 

spread on crystal length under grinding and polishing treatments is shown in Figure 5b,c. 

Surface treatment also involves a trade-off between energy and timing performance [11,60]. 

Roughened surfaces or diffuse reflection can increase light output and may improve energy resolution, but 

they also broaden the photon arrival-time distribution due to increased optical-path uncertainty [61,62]. 

Conversely, polished surfaces help retain direct or early-arriving photons and reduce transit-time jitter, 

which is particularly important for timing-sensitive applications such as TOF-PET [63,64]. 

 

Figure 5. Surface treatment of scintillators: (a) Grinding and polishing treatments; (b) Variation 

of light output with crystal length [58]; (c) Variation of standard deviation of arrival time with 

crystal length [58]; (d) Photonic crystal applied to the output end face of the scintillator in 

scintillation detectors [61]; (e) SEM image of TiO2 photonic crystal pattern [65]. Reprinted with 

permission from [58,61,65]. Copyright 2011 IOP Publishing. 
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Beyond conventional grinding and polishing, photonic crystal structures have been introduced to 

improve light extraction at scintillator surfaces (Figure 5d) [61]. These subwavelength periodic structures, 

such as holes, pillars, cones, or pyramids, provide diffraction channels and act as effective refractive-index 

transition layers, thereby reducing total-internal-reflection limitations caused by refractive-index mismatch 

(Figure 5e) [65,66]. As a result, they can enhance light extraction while reducing photon trapping and 

bulk absorption losses [67]. 

4. Optimization of the light collection system 

Previous sections have discussed improving the light generation and extraction efficiency inside 

scintillators through material selection, surface treatment, and geometrical optimization. This section 

shifts the focus to the external light-collection system, emphasizing the optimization of components, 

including reflective layers, optical coupling agents, and light guides [15]. The content covers type 

selection and spectral matching of reflective layers, the refractive-index-coupling mechanism at the 

scintillator-detector interface, and the role of light guides in geometric regulation and uniformity 

improvement. Through collaborative optimization of the external optical link, the aim is to minimize 

transmission loss and approach the theoretical upper limit of the detector’s light-collection efficiency. 

4.1. Reflective layers 

4.1.1. Types of reflective layers 

To prevent lateral photon leakage and improve light output, scintillator surfaces are commonly wrapped 

or coated with reflective layers [14]. According to their reflection mechanisms, commonly used 

reflectors can be classified into specular materials, such as aluminum, silver, and Enhanced Specular 

Reflector (ESR), and diffuse materials, such as PTFE and TiO2 powder (Figure 6a). The effectiveness of 

a reflector depends strongly on its compatibility with the scintillator surface treatment, because different 

combinations of specular and diffuse reflection regulate photon recycling and angular redistribution at the 

interface (Figure 6b) [68,69]. 

For high-aspect-ratio scintillators or systems requiring long-distance light guiding, polished side 

walls combined with specular reflectors are generally preferred. In this configuration, photon transport 

is mainly maintained by total internal reflection, while photons escaping due to unsatisfied total 

internal reflection conditions or non-ideal interfaces can be redirected by the external specular 

reflector [64,70–72]. Compared with diffuse reflection, specular reflection better preserves photon 

directionality and suppresses angular broadening, thereby reducing arrival-time dispersion in 

timing-sensitive applications [60,63,65,73]. 

 

Figure 6. Surface reflection types of scintillators. 
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For low-aspect-ratio scintillators, such as bulk, flat, or nearly cubic crystals, roughened side walls 

combined with diffuse reflectors often provide higher LCE when the main goal is to enhance light output 

and energy resolution [58,74]. Rough surfaces disrupt stable total-internal-reflection trapping paths, 

while near-Lambertian diffuse reflectors such as PTFE and TiO2 recycle laterally escaping photons by 

randomizing their directions, increasing the probability that photons enter the escape cone at the readout 

end [58,74–76]. Although this strategy may increase the average optical path and broaden the photon 

arrival-time distribution, the gain from reduced trapping can be dominant when self-absorption is not 

severe [58,73,74]. 

A compromise scheme combining polished surfaces with diffuse reflective coating is often adopted 

in practical detector assemblies, particularly for hygroscopic scintillators requiring encapsulation or 

large-volume bulk crystals [77]. In this configuration, photons are first transported along the polished 

interface through total internal reflection, while those escaping because the TIR condition is not satisfied 

pass through the interfacial gap and are scattered back by the external diffuse reflector [77,78]. This 

multistage reflection process balances transmission stability and light-output enhancement [61,77]. 

4.1.2. Selection of reflective layer materials 

The primary step in material selection is to identify the scintillator’s emission wavelength band, and 

priority should be given to materials with high reflectivity in this band [11]. Since reflectivity shows a 

strong wavelength dependence (Figure 7), band mismatch can significantly reduce the reflection gain. 

Relevant reflectivity data can be obtained from the systematic study by Martin Janecek on the spectral 

reflection characteristics of reflective materials [14,76]. The operating wavelength ranges of common 

reflective layer materials are listed in Table 1. 

 

Figure 7. Reflectivity spectral characteristics of different reflective materials [19]. Reprinted with 

permission from [19]. Copyright 2017 IOP Publishing. 
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Table 1. Representative reflector materials for scintillation detectors and their typical spectral applicability. 

M                   T p  T p     App        W      g h    g    m  

Al Specular reflection  etallic coating 200–2000 [79] 

Ag Specular reflection  etallic coating 450–2000 [79] 

Au Specular reflection  etallic coating 700–2000 [79] 

PTFE  iffuse reflection Polymer 400–1500 [80] 
Tyvek  iffuse reflection Polymer 400–700 [81] 

BaSO4  iffuse reflection Inorganic powder/coating 200–2000 [82] 

TiO2  iffuse reflection Inorganic powder/coating 400–700 [83] 

 gO  iffuse reflection Inorganic powder/ceramic 400–700 [84] 

Aluminum foil semi-diffuse reflection  etal rolled foil 250–2500 [85] 

ESR Specular reflection  ultilayer polymer 400–800 [86] 

 elinex/Lumirror  iffuse reflection Polyester film 400–700 [87] 

In addition to spectral matching, the crystal geometry and array packing density also determine the 

morphology of the reflective layer material [88]. In high-spatial-resolution PET arrays, the gap between 

crystals is extremely small, making it difficult to use thick diffuse reflection materials. In this case, ESR 

film with a thickness of approximately 65 µm and good mechanical stiffness can maintain a high packing 

factor while preserving high light transmission efficiency [88–91]. For complex surfaces such as 

spherical, hemispherical, or shaped light guides, sheet materials are difficult to conform seamlessly. 

Diffuse reflection coatings based on TiO2 or BaSO4 are more suitable due to their strong adhesion and 

flexible processing, but multilayer spraying is required to reduce the risk of cracking during curing [92]. 

Chemical stability and hygroscopicity of materials also constitute important engineering 

constraints [93]. For highly hygroscopic halide scintillators (e.g., NaI: Tl, LaBr3), PTFE exhibits 

high chemical inertness, but its porous structure makes it difficult to block water vapor. Therefore, it is 

usually only used as an inner reflective medium and must be combined with aluminum or stainless steel 

housings to achieve hermetic packaging [93]. On the other hand, in TOF-PET, aiming for picosecond-level 

time resolution, specular reflection materials are often selected at the expense of partial light yield to preserve 

the directionality of Cherenkov light and reduce time broadening caused by optical path differences, thereby 

achieving faster transient response [94–96]. 

4.1.3. Thickness consideration of reflective layer materials 

In the optical model of scintillation detectors, the reflective layer thickness is not only a geometric 

parameter but also affects the photon escape probability and light collection efficiency [19]. 

The high reflectivity of diffuse reflection materials arises from multiple bulk scatterings induced by 

their microstructure, making them highly sensitive to thickness when used as reflective layers [76]. Such 

materials are generally translucent, and photons must penetrate to a certain depth to be efficiently 

backscattered. When the thickness is below the threshold, insufficient optical density leads to photon 

transmission through the layer or absorption by the housing. Roncali et al. [19] pointed out that within 

this thin-layer regime, each additional layer of the reflective material results in an approximately linear 

and significant increase in light collection efficiency (Figure 8a). As thickness increases, transmission is 

gradually suppressed, and reflectance approaches a limiting value (> 98%) once the saturation thickness is 

reached; further thickening yields negligible gain in LCE (Figure 8b) [97,98]. Therefore, large-volume 

single-crystal detectors should ensure that the diffuse reflection layer thickness lies in the saturation 

region with sufficient margin to avoid transmission leakage. 
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Unlike diffuse reflection materials, specular reflection materials reflect photons relying on surface 

coatings or optical interference structures [99]. They are inherently opaque, and their thickness has 

negligible influence on reflectivity (e.g., a 0.065 mm-thick ESR film already exhibits reflectivity above 

98% [100]). Excessively thick reflective layers will reduce the detector’s geometric packing factor and 

degrade mechanical conformability [90]. Therefore, under the premise of satisfying opacity, the key 

engineering selection criterion for such materials is to ensure complete coverage and mechanical strength 

of the film, rather than blindly increasing thickness. 

 

Figure 8. Variation of PTFE reflectivity with thickness [19,98]. Reprinted with permission 

from [19,98]. Copyright 2017, 2020 IOP publishing. 

4.2. Coupling agents and light guides 

4.2.1. Selection of coupling media 

Optical coupling media are critical materials for reducing interfacial losses among scintillators, light 

guides, and photodetector windows. Their primary function is to fill microscopic air gaps between 

adjacent optical components and to establish a smoother refractive-index transition, thereby reducing 

Fresnel reflection and total internal reflection losses. Makek et al. [101] reported that, in a Lutetium Fine 

Silicate (LFS) scintillator matrix coupled to a SiPM array, the use of BC-630 silicone optical grease 

increased the signal amplitude by up to approximately 40% and also improved the energy resolution. 

The selection of coupling media should comprehensively consider refractive index, spectral 

transmittance, assembly mode, and long-term stability. In general, the refractive index of the coupling 

material should lie between those of the scintillator and the photodetector entrance window or light 

guide, and the material should maintain high transmittance over the scintillator emission band. Taking 

EJ-550 silicone grease as an example, its refractive index is approximately 1.46. At a thickness of 0.1 mm, 

its transmittance is higher than 90% in the 300–500 nm range, whereas it decreases markedly when the 

wavelength is below 300 nm [102]. 

For applications requiring temporary coupling or convenient replacement, silicone grease is 

generally more suitable, whereas optical adhesives, optical cements, or optical interface pads may be 

selected for long-term fixed connections depending on the specific interface. Meanwhile, the long-term 

stability of the coupling material is also important, since temperature variation, irradiation, yellowing, 

evaporation, bleeding, or interfacial delamination may degrade optical transmission. Romanchek et al. [103] 
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performed 2 h temperature-exposure tests on several coupling materials from −20 to 50 °C. The results 

showed that the energy resolution at 662 keV varied with both the coupling material and the thermal 

history, with values ranging from 9.8% to 13.3% for BC-630 and from 10.2% to 14.6% for OG0010. 

Therefore, the selection of coupling media should not rely solely on refractive index and initial transmittance, 

but should also account for the actual operating temperature, interface structure, and long-term stability. 

4.2.2. Design of light guides 

In the light-collection chain of scintillation detectors, light guides do not increase the intrinsic light yield 

but convert the direct coupling between the scintillator and the photodetector into a designable optical 

channel to maximize the retention of readable photons under engineering constraints [15]. They are 

mainly used to alleviate four types of coupling issues: achieving aperture and shape transition through a 

tapered cross-section to reduce geometric mismatch and response non-uniformity (Figure 9a) [104–106]; 

extracting optical signals from strong magnetic fields, high temperatures, or high-radiation environments 

to protect sensitive devices and front-end electronics (Figure 9b) [107,108]; enabling flexible layout and 

improved integration via bent optical paths in space-constrained systems [105,109]; and implementing 

optical signal mapping and multiplexing from multiple pixels to fewer channels using a light-guide 

matrix in array readout (Figure 9c) [109–111]. 

 

Figure 9. Application scenarios of light guides: (a) Light guides of various shapes manufactured 

by Eljen [104]; (b) Remote optical signal extraction and transmission using a scintillation fibre 

link [107]; (c) Light-guide matrix for optical signal mapping and multiplexed array readout [111]. 

Panel (a) was redrawn by the authors based on product photographs from Eljen Technology [104]. 

It should be noted that light guides introduce additional interfaces and optical path lengths. Improper 

design leads to light loss and time broadening, so their design must simultaneously satisfy optical, 

geometric, and reliability constraints [111,112]. 

Firstly, materials with good refractive index matching, high transmittance in the emission band, and 

low self-absorption should be selected. Meanwhile, internal bubbles, impurities, and defects should be 

controlled to reduce scattering and attenuation. Air gaps at the coupling interfaces between the 

scintillator, light guide, and detector should be eliminated during assembly. In terms of geometry, the 

cross-section transition of a light guide should be smooth, and abrupt shrinkage or sharp bending must 

be avoided [113]. This is because rapid cross-section reduction can break the total internal reflection 

condition and aggravate intrinsic light loss, with the loss generally becoming more severe as the 

reduction ratio increases. Some inorganic scintillation crystals (e.g., NaI: Tl, BGO) are highly brittle and 

fragile, so light guides can sometimes serve as a mechanical buffer layer between the PMT and the 

crystal [114]. For operation in environments with large temperature variations, the difference in thermal 
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expansion coefficients among the scintillator, optical adhesive, and light guide must be considered. Rigid 

coupling (e.g., cured optical adhesive) may fracture the crystal surface under thermal cycling. In such 

cases, non-curing optical silicone grease combined with a spring to provide moderate and constant 

compressive force is preferred. 

5. Photodetector selection and matching 

After the optimization of scintillator geometry, surface treatment, reflective layers, optical coupling 

media, and light-guide structures, the preceding sections have mainly focused on increasing the 

fraction of scintillation photons transported to the readout end, namely improving the LCE. The next 

assembly-level issue is whether these collected photons can be efficiently converted into measurable 

electrical signals. Therefore, photodetector selection and matching should be regarded as the 

terminal step of LCE-oriented optical-chain optimization rather than as an independent topic 

separated from LCE enhancement.  

This section focuses on the selection and matching of photodetectors. Firstly, general criteria for 

photodetector selection are summarized from three aspects including spectral matching, geometric 

matching and parameter optimization. Then, the advantages, applicable scenarios and operational 

precautions of typical devices such as PMT, MCP-PMT and SiPM are compared. Combined with the 

light collection efficiency improvement strategies discussed previously, this section aims to complete 

the overall optimization chain by enhancing the conversion efficiency from collected photons into valid 

electrical signals. 

5.1. General criteria for photodetector matching 

5.1.1. Spectral matching between scintillator emission and detector response 

Spectral matching is the primary basis for photodetector selection. Its core purpose is to make the main 

emission band of scintillators fall within the high-response region of photodetectors as far as possible, 

so as to improve the effective conversion probability of photons arriving at the readout end [50]. The 

spectral response of a photodetector describes the variation of its photoelectric conversion capability 

with incident light wavelength. For vacuum photodetectors such as PMTs and MCP-PMTs, spectral 

matching generally requires investigating entrance window transmittance and photocathode QE. The 

entrance window material mainly limits the short-wavelength transmission range, while the photocathode 

material determines the photoelectron emission probability, long-wavelength response range and QE peak 

position [115]. For SiPMs, spectral response is typically characterized by photon detection efficiency (PDE) 

curves. PDE is comprehensively influenced by light absorption in silicon, device structure, microcell fill 

factor and avalanche triggering probability [116]. Therefore, photodetector selection shall be based on the 

scintillator emission spectrum and compared with the wavelength-dependent response curves of target 

photodetectors. QE curves are generally taken as the main evaluation criterion for vacuum photodetectors, 

while PDE curves are used for SiPMs. 

In addition to direct comparison of spectral curve overlap, spectral matching can also be characterized 

by quantitative calculation. Taking LaBr3: Ce crystals and Hamamatsu H8500 series PMTs as research 

subjects, Scafe et al. [117] proposed the spectral matching factor (SMF) to evaluate the matching degree 
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between the scintillator emission spectrum S (λ) and the PMT quantum efficiency curve QE (λ). The 

SMF is defined as the ratio of their overlapping integral to the integral of the scintillator emission 

spectrum, which is essentially the normalized weighted average of PMT quantum efficiency over the 

scintillator emission spectrum. Its value ranges from 0 to 1. A value closer to 1 means a more sufficient 

overlap between the scintillator emission band and the high quantum efficiency region of the PMT, and 

the spectrally weighted effective response is closer to the peak response of the PMT. Furthermore, the 

effective quantum efficiency is expressed as QEeff = QEpeak × SMF, indicating that the actual photoelectric 

conversion performance of a photodetector relies on not only the peak quantum efficiency, but also the 

matching degree between the full emission spectrum and response spectrum. Similarly, QE (λ) can be 

substituted with PDE (λ) for SiPMs, and the effective PDE corresponding to a specific scintillator can 

be estimated by weighted averaging based on the scintillator emission spectrum. It can be concluded that 

in terms of spectral matching, photodetector selection should not only focus on peak QE or peak PDE 

values, but also pay attention to the effective overlap between the complete emission spectrum of 

scintillators and the spectral response of detectors. 

5.1.2. Geometrical matching between the scintillator output face and sensitive area 

Besides spectral matching, geometric matching also serves as an important criterion for photodetector 

selection. It mainly refers to the dimensional, morphological and spatial matching among scintillator 

light-emitting surface, light transmission path and effective sensitive area of photodetector. The effective 

sensitive area corresponds to the effective photocathode area of PMT, effective photosensitive area of 

SiPM, or effective pixel coverage of array detector. 

It should be noted that geometric matching is not equivalent to a simple equality between the light 

exit area of scintillators and the detector area. Instead, it is necessary to verify whether the main outgoing 

light distribution modulated by coupling layers or light guides can be effectively covered by the detector. 

If the effective sensitive area is excessively large (Figure 10b), the signal can hardly be further enhanced, 

on the contrary, it will lead to increased dark noise, equivalent input capacitance, readout channel load 

and packaging cost. When the effective sensitive area is too small (Figure 10c), some photons cannot 

enter the photosensitive region, which further deteriorates energy resolution [118]. 

 

Figure 10. Geometrical matching between the scintillator output light distribution and the 

effective sensitive area of the photodetector: (a) Proper matching; (b) Oversized sensitive area; 

(c) Undersized sensitive area. 
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5.1.3. Application-dependent selection of photodetector parameters 

After spectral and geometrical matching have been completed, further photodetector selection should be 

guided by the specific application requirements. Different scintillation detection systems impose 

different demands on the output signal; therefore, the suitability of a photodetector cannot be evaluated 

solely by a single parameter such as peak QE or PDE. From the perspective of assembly optimization, a 

more appropriate approach is to select the photodetector and its operating conditions according to the 

required energy resolution, timing resolution, count-rate capability, dynamic range, noise level, 

environmental adaptability, and long-term stability, on the basis that scintillation photons can effectively 

reach and cover the detector sensitive area. Table 2 summarizes the main parameter priorities for 

representative application scenarios. 

Table 2. Application-dependent priorities for photodetector parameter selection. 

App            g   M    s         p        T p     d           s d        

Energy spectroscopy 
Signal statistics and amplitude 

stability 

High effective response, low noise, stable 

gain, good linearity 

Fast timing/TOF Timing precision 
Low timing jitter, fast rise response, high 

prompt-photon sensitivity 

High count rate Linearity and rate capability 
Wide dynamic range, low saturation risk, 

fast recovery 

Weak-light or low-threshold 

detection 
Noise suppression 

Low dark signal, low false-count 

probability, stable threshold 

Imaging or array readout 
Integration density and channel 
uniformity 

Suitable active area, pixel pitch, fill factor, 
manageable capacitance 

 agnetic-field, portable, or 

harsh-environment 
Environmental compatibility 

Low-voltage operation, magnetic tolerance, 

temperature/radiation stability 

5.2. Representative photodetectors for scintillation readout 

5.2.1. Conventional dynode photomultiplier tubes 

Photomultiplier tube (PMT) is a kind of vacuum photodetector working on the basis of external 

photoelectric effect. It is generally composed of an entrance window, photocathode, focusing electrodes, 

multistage dynodes and an anode (Figure 11a) [115]. Incident light passes through the window and 

generates photoelectrons on the photocathode. These photoelectrons are focused by electric field and 

multiplied via secondary electron emission in multistage dynodes, and electrical signals are eventually 

output from the anode. With high sensitivity, high gain and fast response speed, PMTs are especially 

suitable for detecting weak scintillation light signals, and are widely used in scintillation counting, 

gamma spectrum measurement, medical imaging, high energy physics, environmental monitoring and 

industrial inspection [119]. 

When selecting PMTs, good matching between the scintillator emission spectrum and the quantum 

efficiency curve of the device should be guaranteed first (Figure 11b) [120]. Insufficient overlap between 

the two spectra will result in a small number of initial photoelectrons, which degrades the signal-to-noise 

ratio and energy resolution even if the PMT has strong multiplication capacity. Then geometric matching 

should be considered. The effective photocathode area of PMT shall cover the main outgoing light 

distribution of the scintillator to the greatest extent. On this basis, further attention should be paid to 
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parameters such as dark current, gain stability, linear range, time response, maximum anode current and 

magnetic field sensitivity according to application demands. For example, energy spectrum 

measurement attaches more importance to low noise, stable gain and satisfactory linearity [121]; Rise 

time and transit time spread are prioritized for fast timing measurement and TOF detection [36]; For 

working conditions with high count rate or strong light output, it is essential to verify whether the PMT 

can sustain linear output characteristics [122]. 

 

Figure 11. Representative photomultiplier tube structure and spectral matching: (a) Structure of a 

dynode photomultiplier tube [115]; (b) Comparison between the X-ray induced emission of NaI: Tl 

crystals and the quantum efficiency of the photomultiplier tube [120]. Reprinted with permission 

from [120]. Copyright 2025 IOP Publishing. Panel (a) was redrawn by the authors based on the 

structural descriptions in [115]. 

5.2.2. Microchannel-plate photomultiplier tubes 

MCP-PMTs use microchannel plates (MCPs) instead of the conventional dynode multiplication 

chain. Their typical structure consists of an entrance window, photocathode, MCP, and anode, with 

a photocathode-to-MCP distance of approximately 2 mm, forming a proximity-focusing configuration 

(Figure 12a) [115,123]. To achieve sufficient gain, two or more stacked MCPs are often employed, 

and an ion-barrier film is introduced at the input to suppress ion-feedback damage to the 

photocathode [115,124,125]. This structure enables the application of a nearly uniform parallel electric 

field between the photocathode and MCP as well as between the MCP and anode, thereby reducing the 

influence of the initial emission angle and initial velocity on electron transit. In addition, the extremely 

short multiplication path within the MCP significantly shortens the transit time, making MCP-PMTs 

among the best-performing vacuum photoelectric devices in terms of temporal response. Taking the 

Hamamatsu R3809U-50 as an example, the TTS can reach 25 ps when evaluated using a 5-ps (FWHM) 

laser, making it suitable for extreme timing applications such as TOF and fast coincidence counting 

(Figure 12b) [115,126]. It should also be noted that its magnetic-field tolerance is highly directional: it 

can operate up to approximately 2.0 T when the magnetic field is parallel to the tube axis, whereas the 

output decreases significantly when the magnetic field is perpendicular to the tube axis and exceeds 

approximately 70 mT. Therefore, both device selection and installation should be designed with the 

magnetic-field orientation in mind [115]. 
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Figure 12. Structure and key performance features of MCP-PMTs for fast scintillation readout: 

(a) Schematic cross-section of an MCP-PMT structure [115]; (b) Measurement of T.T.S. for 

MCP-PMT [115]. Panels (a) and (b) were redrawn by the authors based on the structural descriptions 

and data reported in [115]. 

5.2.3. Silicon photomultipliers 

Silicon photomultipliers (SiPMs) are solid-state photodetectors composed of many Geiger-mode 

microcells connected in parallel (Figure 13a,b) [127,128]. Compared with conventional photomultiplier 

tubes, SiPMs offer low operating voltage, compact size, fast response, high integration density, and 

insensitivity to magnetic fields. These advantages make them suitable for compact scintillation detectors, 

PET detector modules, portable radiation instruments, and pixelated or array-based readout systems [116]. 

More detailed discussions of SiPM fundamentals and performance parameters can be found in the review 

by Gundacker and Heering [129]. 

For SiPM-based scintillation readout, the PDE spectrum should first be matched with the main 

emission band of the scintillator (Figure 13c). PDE represents the probability that an incident photon 

produces a detectable avalanche signal and is mainly determined by quantum efficiency, microcell fill 

factor, and avalanche triggering probability [116]. In addition to spectral matching, geometrical 

matching and dynamic range are particularly important. Since each fired microcell produces a nearly 

fixed-amplitude pulse, the SiPM output depends on the number of fired microcells within the signal 

integration time. When many photons arrive within a short time window, the finite number of available 

microcells may cause saturation and nonlinear response (Figure 13d) [130–132]. This issue is especially 

important for high-light-yield scintillators, efficient optical coupling structures, or small-area SiPMs. 

Therefore, SiPM active area, microcell size, microcell density, and recovery time should be selected 

according to the expected photon flux. 
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Figure 13. Structural features, spectral matching, and operational constraints of SiPMs for 

scintillation readout: (a) Equivalent circuit of a SiPM microcell array [127]; (b) Representative SiPM 

and array modules [128]; (c) Spectral overlap between scintillator emission spectra and SiPM PDE 

curves [130]; (d) Time evolution of ideal hits, fired microcells, and available microcells, illustrating 

saturation and nonlinear response under high instantaneous photon flux [130]; (e) Dependence of 

photon detection efficiency on overvoltage [116]; (f) Breakdown voltage-temperature curve for the 

Hamamatsu S13360-3050CS [133]. Panels (a), (b), (e) and (f) were redrawn by the authors based 

on the data, equivalent-circuit descriptions, and product information reported in [116,127,128,133]. 

The SiPM operating point also requires careful control. Increasing overvoltage generally improves 

gain, avalanche triggering probability, and PDE (Figure 13e), but it also increases dark count rate, optical 

crosstalk, and afterpulsing. In addition, the breakdown voltage of SiPMs is temperature dependent. If 

the bias voltage is kept constant, temperature variation changes the effective overvoltage (Figure 13f), 

thereby affecting gain, PDE, noise, crosstalk, and afterpulsing [116]. Therefore, temperature compensation, 

bias-voltage adjustment, or gain correction is often required to maintain stable detector response [134,135].  

6. AI-assisted design and optimization of scintillation detector assembly 

The assembly optimization of scintillation detectors is a highly coupled multi-parameter problem. 

Scintillator geometry, surface treatment, reflector configuration, coupling medium, light-guide design, 

and photodetector matching jointly influence LCE, light-output uniformity, photon transit-time 

distribution, energy resolution, and timing performance. These parameters are not independent: for 

example, a strategy that increases light extraction may also broaden the photon arrival-time distribution, 

while a reflector or coupling scheme that improves light output may compromise packing density, 

mechanical reliability, or long-term stability. Therefore, LCE-oriented assembly optimization should be 

regarded as a multi-objective design problem rather than the maximization of a single optical parameter. 
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Monte Carlo optical-photon tracking based on tools such as Geant4 and GATE can describe photon 

generation, reflection, refraction, absorption, scattering, and detector coupling in detail [136,137]. 

However, when realistic surface models, wavelength-dependent reflectors, coupling layers, light guides, 

and photodetector responses are considered simultaneously, exhaustive parameter scanning becomes 

computationally expensive. In this context, AI-assisted methods can act as an intermediate layer between 

physics-based simulation and experimental validation. Instead of replacing optical simulation, 

machine-learning models can be trained as surrogate models to approximate the relationship between 

assembly descriptors and detector performance, thereby accelerating sensitivity analysis, parameter 

screening, and design iteration. Figure 14 illustrates the AI-assisted workflow for scintillation detector 

assembly optimization, where Monte Carlo simulations and experimental data are used to build 

surrogate models for predicting detector performance, followed by multi-objective optimization to 

identify optimal assembly configurations. 

 

Figure 14. AI-assisted workflow for assembly optimization of scintillation detectors. 

A practical AI-assisted workflow may include four steps. First, hybrid datasets are generated from 

Monte Carlo simulations and selected calibration experiments. The input descriptors may include crystal 

size, aspect ratio, taper angle, surface finish, reflector type and thickness, coupling-medium refractive 

index, coupling-layer thickness, light-guide geometry, and photodetector spectral response. The output 

metrics may include LCE, detected signal yield, light-output uniformity, photon transit-time spread, and 

proxies for energy or timing resolution. Second, surrogate models are trained to predict these 

performance metrics from assembly parameters. Third, multi-objective optimization or inverse design 

is used to identify assembly configurations that balance LCE, timing response, uniformity, packing 

density, manufacturability, and stability. Finally, the predicted optimal assemblies are fabricated and 

experimentally validated, and the deviations between prediction and measurement are fed back to update 

the simulation and surrogate models. 

At present, AI-driven assembly optimization for scintillation detectors should still be considered a 

forward-looking workflow rather than a mature standardized methodology. Most existing AI studies in 

scintillator-based detectors focus on event positioning, timing estimation, response reconstruction, or 
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uncertainty-aware signal analysis, rather than direct optimization of assembly parameters. For example, 

neural-network-based methods have been used to infer gamma-interaction positions or timestamps from 

light distributions in monolithic or semi-monolithic scintillator detectors [138–140]. Although these 

studies do not directly optimize the assembly structure, they demonstrate that complex scintillation-light 

transport patterns contain learnable high-dimensional information. In addition, emulator-based Bayesian 

inference and uncertainty-aware deep-learning reconstruction show that surrogate or physics-guided models 

can be useful when direct computation is expensive and detector response is strongly coupled [141,142]. 

Therefore, the near-term role of AI in scintillation detector assembly is most credible as 

simulation-accelerated and experimentally calibrated optimization. AI can reduce the cost of large 

parameter scans, identify critical assembly variables, and support multi-objective design decisions. 

However, experimental feedback remains essential because practical assembly involves polishing 

nonuniformity, reflector attachment defects, coupling-layer thickness variation, trapped bubbles, 

adhesive shrinkage, aging, yellowing, and detector-to-detector variation. As standardized simulation 

datasets and experimentally validated assembly data become available, AI-assisted design may become 

an effective tool for transferable and application-specific LCE optimization. 

7. Conclusion and outlook 

Light collection efficiency is a key intermediate variable that connects the intrinsic scintillation 

capability of a material with the final measurable performance of a detector. Although scintillation yield 

determines the upper limit of photon generation, the fraction of photons that can be effectively extracted, 

transported, and converted into measurable electrical signals is largely governed by assembly-level 

design. Therefore, scintillation-detector performance should be understood not only as a material issue, 

but also as the result of coordinated optimization across the entire optical chain. 

This review has summarized the principal assembly factors affecting LCE, including scintillator 

selection, geometrical design, surface treatment, reflector configuration, optical coupling, light-guide 

engineering, and photodetector matching. Existing studies show that these factors are strongly 

interdependent: material properties define the initial photon-generation conditions, geometry and surface 

treatment regulate photon transport, reflector and coupling systems determine interface recycling and 

transmission, and photodetector matching controls the final utilization of collected photons. Rational 

assembly optimization can therefore improve light output, energy resolution, timing performance, and 

response uniformity. However, many reported strategies remain material- or application-specific, and 

improvements in one metric may compromise others. 

Future research should move from empirical optimization toward quantitative and application-oriented 

design rules. In particular, more attention should be paid to cross-scale coupling mechanisms among material 

properties, optical transport, interface conditions, and detector response. As scintillation detectors continue 

to evolve toward compact integration, array readout, high count-rate operation, and harsh-environment 

deployment, multi-objective optimization will become increasingly important. AI-assisted methods, when 

combined with optical simulation and experimental validation, may provide useful tools for exploring 

complex assembly parameter spaces and accelerating LCE-oriented detector design. Overall, assembly 

optimization provides an important pathway for translating the intrinsic advantages of scintillation 

materials into practical high-performance detection systems. 
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