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Glass scintillators (GS), with their tunable composition, large-scale fabrication capabilities, and
cost-effectiveness, have emerged as a novel choice for solid scintillation materials. The density of
glasses can close to those of scintillation crystals (~6 g/cm?>) at a lower cost, making it the preferred
light-emitting device for scintillation detectors. Since 2021, the High-Density Glass Scintillator
Collaboration Group (GS group) has been working on the development of large-sized, high-density
(~6 g/cm?), high light output (>1000 ph/MeV), fast decay (<300 ns), and radiation-resistant glass
scintillators. These scintillators are being considered for potential use in future high energy physics
experiments, such as the Glass Scintillator Hadron Calorimeter (GS-HCAL) for the Circular
Electron Positron Collider (CEPC) and the Future Circular Collider (FCC).Significant progress
has been made in achieving the above objectives, with substantial breakthroughs in light yield

performance.
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1. Introduction

Glass Scintillator (GS) possesses advantages such as large-scale production capabilities and
cost-effectiveness, which are lacking in crystals[1].In order to achieve better Higgs boson mass
resolution (BMR), the Institute of High Energy Physics, Chinese Academy of Sciences (IHEP) has
proposed the implementation of a Glass Scintillator Hadron Calorimeter (GS-HCAL) scheme[2],
which can be used in the future on colliders such as the Circular Electron Positron Collider (CEPC)
and the Future Circular Collider (FCC)[3]. The pivotal aspect of this scheme hinges on the utilization
of GS as the detection material to enhance energy resolution. In pursuit of this objective, a specialized
collaboration group, the High-Density Glass Scintillator Collaboration Group (GS group), has
been established to focus on extensive research in high density and large-area GS[4]. This group
is committed to the design and fabrication of high-quality, high-performance GS, as well as the
exploration of additional applications. This article offers a comprehensive introduction to the
research and development goals, directional analysis, and accomplishments of the GS initiative.
The main goal of the GS Group is to develop GS that meets the requirements for establishing an
efficient and accurate GS-HCAL system for accurately measuring the BMR[5]. The fundamental
tasks encompass the investigation of the properties of GS materials, the fabrication of large-scale
components, and the optimization of performance. Through progress in the development and
manufacturing processes of GS, the GS Group has achieved a series of significant milestones. Up to
now, the GS Group has prepared over 800 glass samples, with some samples shown in Figure 1.
Furthermore, this article briefly outlines the members of the GS Group and their respective roles.
The GS Group focused on GS research, working collaboratively to advance the utilization of GS
within the realm of particle physics.

Figure 1: Photographs of the Glass Scintillators from the High-Density Glass Scintillator Collaboration
Group under a UV lightbox.

2. The research progress of the High-Density Glass Scintillator Collaboration Group

As a crucial material for GS-HCAL, the performance of GS must align with the requirements.
For instance, a higher density is beneficial for improving the energy sampling ratio, thereby enhancing
measurement precision. To enhance neutron capture and improve the response to hadronic particles,
specific elements like Gd, which are devoid of radioactive background, are doped into the material[6].
Several regulations have been put in place to adhere to the aforementioned requirements. The use
of elements containing radioactive isotopes such as La and Lu is strictly prohibited to prevent the
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introduction of detrimental background radiation. Moreover, the high cost of raw materials for Lu
renders it economically unviable for extensive applications.

Among the rare earth elements responsible for scintillation emission, Tb** and Eu** exhibit
electron transitions of 4f-4f, with decay times in the microsecond or millisecond range, which are
not suitable for detecting fast events. Eu?* often undergoes interconversion with Eu®*, making it
challenging to control its valence state. On the other hand, Ce** has an allowed parity transition of
5d-4f with a decay time in the tens of nanoseconds range[7], making it the primary luminescent center
for GS-HCAL. Additionally, GS with rapid decay times can be integrated with fast photomultiplier
tubes (FPMT) for a wide range of applications across diverse fields, encompassing high-energy
physics experiments and nucleic acid detection devices[7, 8].

Table 1: Parameters of the GS1, GS1+ and GS5 glass scintillators from the High-Density Glass Scintillator
Collaboration Group and the standard BGO crystal.*

Parameters Unit BGO GS1 GS1+ GS5
Cost ¥/cc 1 ~0.1 / /
Density g/em? 7.13 6.0 6.0 5.9
Hygroscopicity / No No No No
Radiation Length, X0 1.12 1.59 1.60 1.61 /
Transmittance % 82 70 80 80
Refractive Index / 2.1 1.74 1.71 1.75
Emission Peak nm 480 400 390 390
Light Yield, LY ph/MeV 8000 985 2445 1154
Energy Resolution, ER %@662keV 9.5 30.3 25.8 254
Decay Time ns 60,300 36,105 101,1456 90,300

*The data of the GS1, GS1+ and GS5 come from the small size of Smmx5mmx5mm.

In addition to the above, several important performance indicators for GS have been proposed.
Firstly, achieving a density of 6 g/cm? is crucial as high density provides superior energy sampling
ratio[9]. To reach the desired density level, the addition of Gadolinium (Gd) elements can effectively
increase the glass density, but this also requires the glass to have a high rare earth solubility. Secondly,
a light yield of 1000-2000 ph/MeV is required as it allows for higher energy resolution and facilitates
the detection of low-energy events. Furthermore, in order to minimize the loss of scintillation
photons, the transparency of the glass must be greater than 75 %. However, an excessive amount of
Ce “*content may lead to reduced transparency, especially in the blue-violet region. Additionally,
as the emission wavelength of Ce** is around 310-550 nm, it requires the glass to have a short
absorption cut-off edge. Lastly, an approximate decay time of about 100 ns is necessary for capturing
and resolving fast events. Ce>* has been identified as a suitable candidate to achieve this goal.
However, the challenge lies in effectively balancing the content of Ce** and Ce**to achieve the
desired decay time. Overall, these key indicators serve as important benchmarks for the development
of GS, ensuring its efficiency and suitability for various applications in the field.

Based on this, the GS Group has successfully developed five systems of Ce3* doped glass
scintillators. The glass systems GS1 and GS5 simultaneously achieved or approached high density,
high light output, and fast decay characteristics[10]. Therefore, these two systems were being
prioritized for further research and optimization. Currently, building on the original foundation,
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GS1 has achieved a substantial breakthrough in terms of light output performance, leading to its
designation as GS1+. Detailed parameters of the samples can be found in Table 1.

3. Introduction and development of the High-Density Glass Scintillator
Collaboration Group
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Figure 2: Members and Roles of the GS Group

The High-Density Glass Scintillator Collaboration Group (GS Group) is to meet the next
generation of large electron-positron collider large scientific device, particle physics experiment and
nuclear detection field urgent need of GS, led by Institute of High Energy Physics, Chinese Academy
of Sciences, domestic advantage universities, research institutes and enterprises jointly established
with group. Studies include: GS formulation optimization, performance standard formulation, batch
preparation and production, and application technology development, etc.

Since its establishment in September 2021, the GS Group has achieved several significant
breakthroughs (Figure 2)[11]. From the first detection of the full-energy peak of the sample to
the simultaneous achievement of the two major goals of high light yield (>1000 ph/MeV) and
high density(~6 g/cm?®) one year later, the GS group actively researched the GS, particularly the
composition and ratio of the matrix, and focused on developing glass compositions with high rare
earth solubility (for high doping with Gd to achieve high density) and stable performance[12].
Additionally, the combination of lanthanide elements and nanocrystals to form nanocrystal glass
scintillators provides an alternative option with high light yield (3400 ph/MeV, one of the highest
among glass materials internationally) and lower density (3.32 g/cm®)[13]. As of November 2023,
the GS group has achieved a light yield exceeding 1200 ph/MeV in large-sized glass samples[14],
and has completed muon beam experiments as well as sent samples to CALTECH for comparative
experiments. Up to now, the GS5 glass has achieved a light yield greater than 1100 ph/MeV, with a
decay time of less than 300 ns. For the GS1 glass, after optimizing the process, a light yield greater
than 2000 ph/MeV has been achieved, but with a longer decay time, more than 1000 ns.

Figure 3 illustrates the two-dimensional distribution of density and light yield of high-
performance glass scintillators with international acclaim, GS Group samples, and typical scintillators.
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The samples from the GS group exhibit exceptional performance in both density and light yield,
establishing them as standout contenders on the global stage.
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Figure 3: The distribution of density and light yield in international GS, GS Group samples, and typical
scintillation crystals.

4. Summary

To meet the specific requirements of GS-HCAL, the GS Group has custom-tailored a series
of specifications based on the material characteristics of GS-HCAL. They have established a
set of performance objectives for GS, including high density, high light output, fast decay, and
high transparency, among others. Throughout the development process of GS formulation and
performance, they have been progressively approaching these objectives and continuously optimizing
research and development standards in real-time to ensure that the final product meets the demands
of the hadron calorimeter. Currently, the performance of GS is largely in line with practical
requirements and has advanced to the later stages of development, providing robust support for the
application in high energy experiments, such as CEPC and FCC.
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