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The scintillator is the key material for various applications fields such as high-energy physics, nuclear medical imaging, 

and environmental monitoring. Despite of the great success in construction of various inorganic scintillators, the fabrication 

of the candidate with high active dopant solubility remains a great challenge. In this manuscript, we report a scintillating 

phosphate glass with extremely high Ce solubility of more than 20 mol%. It exhibits excellent radiation response properties 

not only to X-ray but also alpha particle. In addition, the material shows fast decay dynamics with the lifetime of 31ns. 

Furthermore, the materials also exhibit strong radiation stability and the continuous radiation exposure does not lead to 

obvious degradation. By using this material, their practical applications for X-ray imaging have been demonstrated. The 

results demonstrate that the Ce-doped phosphate glass show great promise for high-energy radiation detection. 
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1. Introduction 

 

The scintillator, which functionalizes to convert 

high-energy radiation into low energy photons, have 

demonstrated unique advantages in various applications 

fields such as high-energy physics, nuclear medical 

imaging, and environmental monitoring [1-5].  

Compared with the traditional crystalline 

scintillators, glass host exhibits distinctive characteristics 

including excellent optical quality, low cost, and ease of 

fabricating complex geometries, making them a research 

hotspot in the radiation detection field. In the past several 

years, significant progress has been achieved in 

developing novel glass scintillators [6-10]. 

Pr3+-doped lithium glass with ultra-fast decay 

lifetime of 6 ns for alpha particle and neutron has been 

proposed and its application for laser fusion experiments 

at the GEKKO XII facility have been explored [11]. 

Novel superdense Ce3+-activated lutetium silicate 

scintillating glass with the density of 7.15 g/cm3 has been 

designed and fabricated. This represents the highest 

density among the fast decay glass system and the 

excellent X-ray radiation detection performance has been 

demonstrated [12]. Glass materials also exhibit reliable 

fibrilization performance, enabling the fabrication of 

various scintillating glass fibers. The novel radiation 

detectors based on these scintillating fibers can achieve 

higher spatial resolution imaging and remote neutron flux 

monitoring [13-15]. 

In addition, the functionalization of glass via 

controllable crystallization toward glass composite 

scintillator have also been tried and the efficient neutron 

detection, X-ray imaging and ray-neutron discrimination 

have been achieved [16-19]. All above results indicate 

that the scintillating dopants, generally Ce3+ and Eu2+, 

govern the performance of the material. Particularly, the 

solubility of active dopants directly governs the 

scintillating yield. Despite of great progress have been 

achieved, the dopant concentration is usually limited to 

be ~1 mol% [20]. The way to improve the dopant 

solubility remains a long-standing challenge. 

In this paper, we report on the design and fabrication 

of novel scintillating phosphate glass with extremely 

high Ce solubility of more than 20 mol%. The X-ray and 

alpha scintillating properties have been studied and the 

samples exhibit excellent radiation response performance. 

In addition, the materials also exhibit strong radiation 

stability. Furthermore, their piratical applications for 

X-ray imaging have been demonstrated. The materials 

are believed to show great potentials for high-energy 

radiation detection. 
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2. Experimental section 

 

2.1. Material synthesis 

 

Ce-doped phosphate glasses composed of 

La2O3-P2O5-CeO2 with different mole ratio was designed, 

as presented in Table 1. The glass samples were 

synthesized using the classic melt-quenching method. 

High-purity precursors (La2O3, (NH4)H2PO4 and CeO2) 

were fully mixed in mortar. In a typical synthesis process, 

about 30 g of the raw materials was transferred into a 

corundum crucible and melted at 1350 °C for 30 minutes 

in a muffle furnace. The homogeneous melt was rapidly 

quenched by pressed with a stainless-steel plate. The 

resultant glass with the thickness of ~3 mm was cut into 

5×5 mm samples. The glass samples were then annealed 

at 450 oC for 6 hours. Finally, the samples were carefully 

polished for structural and optical characterization. 

 

 

2.2. Material characterizations 

 

The thermal properties of glass samples were 

characterized with a STA449C differential scanning 

calorimeter (DSC), with the heating rate of 10 °C/min at 

the standard air atmosphere. The compositions of the 

glass samples were studied through a Nova Nano SEM 

430 scanning electron microscope (SEM) integrated with 

an energy dispersive spectrometer (EDS). The 

microstructure of the glass samples was analyzed by 

using the Raman scattering spectroscopy on a Raman 

spectrometer (Renishaw in via) equipped with the 532 

and 785 nm laser. Absorption spectra was recorded on a 

PerkinElmer Lambda 900 UV-Vis-NIR 

spectrophotometer. The photoluminescence spectrum and 

decay dynamics were measured on the Edinburgh FLS 

920 spectrofluorometer with an xenon lamp as the 

excitation source and PMT as the detector. The complete 

scintillation detection system consists of glass composite 

materials, a photomultiplier tube (PMT), a high-voltage 

power supply, a multichannel analyzer (MCA), and a 

computer. In this system, the glass composite material 

interacts with high-energy particles, releasing low-energy 

photons. These photons are then detected and amplified 

by the photomultiplier tube. Finally, the amplified signals 

from the PMT are acquired by the multichannel analyzer, 

and the results are displayed on the computer. This 

sophisticated experimental device enables precise 

quantification of the sample's light yield. The scintillating 

luminescence was characterized by employing a 

Mini-X-OEM X-ray tube (Amptek Inc.) as the excitation 

source. The corresponding spectrum was recorded with 

an Ocean Maya 2000 Pro spectrometer (Ocean Optics). 

 

 

3. Results and discussion 

 

The chemical compositions of the glass system are 

summarized in Table 1. The dopant concentration of 

CeO2 was controlled from 4 to 22 mol%. The total 

content of CeO2 and La2O3 was set to be 25%. Energy 

dispersive spectroscopy (EDS) analysis was performed 

on a typical sample G and the result is shown in Fig. 1(a). 

It can be observed that the sample is composed of La, P, 

Ce and O. The structure of the samples was characterized 

by Raman scattering. As shown in Fig. 1(b), the 

characteristic peak observed at 700 cm-1 can be ascribed 

to the P–O–P symmetric stretch of bridging oxygens 

connecting adjacent [PO4] tetrahedral [21]. 

 The results indicate the formation of phosphate 

components in the glass system. EDS mapping was 

performed and the results are presented in Figs. 1(c)-(f). 

It can be observed that the investigated elements are 

homogeneously distributed, confirming the success in 

fabrication of the sample with high quality. 

 

Table 1. The compositions of the glass samples 

 

Sample 
Composition (mol%) 

 La2O3       P2O5        CeO2 

A 21 75 4 

B 19 75 6 

C 17 75 8 

D 15 75 10 

E 11 75 14 

F 7 75 18 

G 3 75 22 
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Fig. 1. Structure analysis of Ce-doped glasses. a) EDS analysis on the glass sample. (b) Raman scattering spectra of  

the glass samples.(c-f) The element mapping of various elements of P, Ce, La and O (colour online) 

 

 

The optical properties of various Ce-doped glass 
samples were studied. Fig. 2(a) exhibit the optical 
transmission spectra of the samples with various Ce3+ 
doping concentration. All of the samples exhibit 
transmission large than 60% in the visible waveband, 
indicating the excellent optical quality. Fig. 2(b) shows 
the emission spectra under excitation with 320 nm. The 
broadband characteristic emission bands covering from 
340 nm to 450 nm can be observed and they can be 
indexed to the 5d1→2F5/2,7/2 transitions of Ce3+ [22]. Fig. 
2(c) presents the excitation spectra of samples by 
monitoring the emission at 350 nm. The broadband 
excitation bands from 200 to 340 nm can be observed 
and they can be ascribed to the electronic transitions 

from the 4f ground states to the 5d excited states of Ce3+ 

[22]. The optimal excitation and emission occurs at the 
sample with 14 mol% Ce3+. Notably, no obvious decrease 
in the excitation and emission intensity with further 
increase of the Ce3+ doping concentration. The results 
demonstrate that the concentration quenching can be well 
prevented and the dopant solubility is rather high in the 
investigated glass system. The luminescence decay 
dynamics was studied and the decay curves of the 
emission at 350 nm are summarized in Fig. 2(d). They 
can be fitted to the single-exponential function and the 
characteristic decay lifetime is calculated to be around 31 
ns. The short decay process indicates the great potential 
for scintillating application. 
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Fig. 2. Optical properties of Ce-doped glasses. (a) Absorption spectra glass samples. (b) The luminescence spectra upon excitation 

with 320 nm. (c) The excitation spectra of glass samples by monitoring the emission at around 350 nm. (d) The luminescence decay 

curves with luminescence at 350 nm (colour online) 

 

 
The scintillating properties of Ce-doped glass 

samples were studied. Fig. 3(a) presents the interaction 
mechanism between the X-ray and the glass. Under the 
excitation with high-energy X-ray, many hot electrons 
and holes can be generated through the photoelectric 
effect or Compton effect inside the material. Some of the 
carriers will be trapped by the deep traps and most of 
them transfer through the lattice. They will finally 
recombine in the active Ce3+ dopant, resulting in the 
scintillating emission. The absorption coefficient of the 
glass was calculated and the standard BGO sample is 
also shown for comparison. As shown in Fig. 3(b), the 
sharp peaks at 0.006, 0.040 KeV can be ascribed to the 
CeL2 and CeK, respectively. The total absorption 
coefficient of the studied glass is relatively higher 
compared with the that of the BGO. The X-ray induced 
luminescence was characterized and shown in Fig. 3(c). 
The intense emission with the central wavelength at ~350 
nm can be observed, consistent with the ultraviolet light 
induced luminescence feature. 

 

The scintillating properties under excitation with 

alpha particle were studied. Fig. 3(d) show the pulse 

height spectra of the fabricated sample and the standard 

lithium glass. In this study, 241Am radioactive source was 

used as the alpha particles produced by the 6Li(n, 

alpha)3H reaction and the energy is estimated to be 5.5 

MeV. The detected signal peak is located at ~365 

channels. The signal peak of the commercial lithium 

glass under the same conditions is at ~856 channels. 

Thus, the light output of the sample under alpha particle 

excitation is about 42.6% of the standard sample. Ce 

dopant concentration dependent channel number of the 

signal peak is summarized and exhibited in Fig. 3(e). It 

can be observed that the channel number increases with 

the enhancement of Ce concentration. No obvious 

saturation can be observed even when the Ce 

concentration reaches to 22 mol%, indicating the success 

in suppression of quenching phenomenon in the glass.  
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Fig. 3. Scintillating properties of Ce-doped glasses. (a) The scintillating mechanism of the X-ray induced emission. (b) The 

comparison on the X-ray absorption coefficient of BGO and glass samples. (c) The X-ray induced luminescence spectra. (d) The 

scintillating response under excitation with alpha particle. The standard GS20 sample is also shown for comparison. (e) Ce 

concentration dependent scintillating performance under excitation with alpha particle. (f) The single pulse signal of the glass  

under excitation with alpha particle. (g) The scintillating emission intensity evolution in the time window of 50 minutes  

(colour online) 

 

The decay dynamics under excitation with alpha 

particle was studied and the monitored decay curve is 

exhibited in Fig. 3(f). The decay process is fast and it 

implies the great promise for dynamic event monitoring. 

Furthermore, the radiation stability of the glass sample 

was studied. Fig. 3(g) exhibits the scintillating emission 

intensity evolution with the radiation duration of 50 

minutes. No obvious radiation induced emission 

degradation can be observed, demonstrating the excellent 

radiation hardness of the fabricated glass samples. 

The attractive scintillating properties of the 

fabricated glass samples prompt us to explore their 

application for X-ray imaging. In this study, the typical 

sample with the Ce concentration of 22 mol% was used. 

Fig. 4(a) illustrates the principle of X-ray imaging system. 

It consists of an X-ray source, the glass sample as the 

scintillation screen, the imaging object, and a CMOS 

camera. The imaging target was placed between the 

X-ray source and the scintillation screen. The X-ray 

radiation first passes through the target and then arrives 

at the scintillation screen. The microscopic information 

of the target mediated by the scintillating emission can be 

captured by using the CMOS camera. The modulation 

transfer function (MTF) obtained by the slanted-edge 

approach is shown in Fig. 4(b). The spatial resolution 

was estimated to be 18 lp/mm. The imaging resolution 

can also be characterized by using the X-ray line-pair 

card. Fig. 4(c) and (d) exhibit the used standard X-ray 

line-pair card and the test result, respectively. The 

corresponding imaging resolution was estimated to be 18 

lp/mm, well consistent with the MTF result. The imaging 

system was further employed for imaging of metal 

22% Ce 
Fitting 

La-P-Ce 
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pattern and circuit board. Figs. 4(e) and (f) exhibit the 

metal patterns used for imaging and the corresponding 

X-ray imaging picture, respectively. Figs. 4(g) and (h) 

show the circuit board employed for imaging and the 

corresponding X-ray imaging images, respectively. 

Notably, the microscopic and the internal structure of the 

imaging targets can be clearly distinguished. 

 

 

Fig. 4. X-ray imaging application of Ce-doped glasses. (a) Schematical illustration of the principle for X-ray imaging. (b) MTF of 

X-ray imaging images by using the glass sample. (c, d) The standard X-ray imaging line-pair card (c) and the corresponding imaging 

images (d). (e, f) The metal patterns used for image (e) and the corresponding X-ray imaging images (f). (g, h) Circuit board (g) and 

the corresponding X-ray imaging pictures (h) (colour online) 

 

 

4. Conclusions 

 

In this manuscript, we have proposed a scintillating 

phosphate glass system with high Ce solubility more than 

20 mol%. The optical, X-ray and alpha scintillating 

properties have been studied and the samples exhibit 

excellent radiation response performance. 

Interestingly, the materials also show strong 

radiation stability and no obvious degradation has been 

observed even after long-duration high-energy radiation. 

The practical applications for X-ray imaging on the metal 

patterns and circuit board have been demonstrated. The 

results not only prove the excellent potential of heavily 

doped glass materials for high-energy imaging, but also 

provide useful reference for active photonics such as 

optical amplification and laser generation. 
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