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Abstract: The quenching factor (QF), defined as the  light output ratio, is a key parameter for evaluating 
the radiation discrimination performance of scintillators. In this study, five sample detectors were fabricated 
using Y SiO :Ce³  nanophosphor powders synthesized at different annealing temperatures of the xerogels, 
specifically 900 °C, 950 °C, 1000 °C, 1050 °C, and 1250 °C. The detectors were tested under excitation by -
particles (from 241Am, 5.48 MeV) and -rays (from 137Cs, 662 keV). The QF was determined from the pulse-
height spectra by comparing the - and -induced peak positions and normalizing the measured light output to 
the corresponding deposited energies and electronic gains. A QF value of 0.46 was obtained for the YSO_1250 
sample, indicating a significant reduction in quenching at higher annealing temperatures. Conversely, samples 
treated at lower temperatures exhibited stronger quenching, with QF values as low as 0.17. This trend is 
attributed to improved crystallinity and reduced defect density at elevated temperatures, which enhance 
scintillation efficiency for highly ionizing -particles. These findings demonstrate that annealing temperature 
serves as an effective tuning parameter for optimizing the QF and, consequently, the scintillator's suitability for 
either  discrimination or -sensitivity, depending on the application. 
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1. INTRODUCTION 
The accurate detection and discrimination 

of ionizing radiation including -particles, -
rays, and -particles are critical in a wide 
range of applications such as nuclear security, 
environmental monitoring, and fundamental 
physics experiments like dark matter searches 
and rare-event detection [1–6]. Among the 
various detection techniques, scintillation 
detectors are widely used due to their high 
sensitivity and versatility in detecting different 
radiation types. These detectors operate by 
converting radiation energy into measurable 
light pulses. However, their performance is 
strongly affected by the quenching effect, 
wherein heavily ionizing particles such as -
particles produce significantly less scintillation 
light per unit energy deposited compared to 
lightly ionizing particles like -rays or 
electrons. 

A key metric for characterizing this 
behavior is the quenching factor, defined as 
the ratio of the light yield from -particles to 
that from -rays at the same energy 
deposition. Typically, a QF less than 1 
indicates light output suppression for -
particles due to high ionization densities along 

their tracks, which promote non-radiative 
recombination in accordance with Birks’ law 
[7,8]. Interestingly, materials such as 
ZnSe(Te) have exhibited anomalous behavior 
with QF values greater than 1, defying 
conventional models and presenting unique 
opportunities for particle discrimination [9]. 

The QF varies considerably across 
scintillator classes, reflecting differences in 
electronic structure, defect chemistry, and 
energy transfer mechanisms. Oxide 
scintillators such as BGO, CWO, and GSO:Ce 
generally display low QF values in the range 
of ~0.20–0.21, which limits their suitability for 

-particle detection despite offering good 
energy resolution for -rays [10]. This low QF 
in oxides is primarily attributed to lattice 
defects and the high ionization density of -
tracks, which promote non-radiative 
recombination. In contrast, alkali halide 
scintillators like CsI(Tl) and NaI(Tl) exhibit 
moderate QF values (0.45–0.67), associated 
with more efficient energy transfer to 
luminescent centers [10]. Semiconductor 
materials such as ZnSe(Te) demonstrate 
anomalous QF values exceeding 1, often 
attributed to defect-mediated luminescence, 
although challenges remain regarding 
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scalability and reproducibility [3]. Liquid noble 
gases like liquid argon (LAr) exhibit energy-
dependent QF behavior, making them suitable 
for background suppression in precision 
experiments [7]. These examples illustrate 
that QF is a complex function of material 
properties, defect structure, and excitation 
conditions. 

Within the oxide scintillator family, 
orthosilicates have emerged as particularly 
attractive candidates due to their high density, 
good chemical stability, and excellent light 
yield when appropriately doped. Among 
these, cerium-doped yttrium orthosilicate 
(Y SiO :Ce³ , or YSO:Ce) is of particular 
interest because Ce³  ions provide fast 5d 4f 
radiative transitions with nanosecond-scale 
decay times, making it suitable for high-count-
rate applications. 

In nanostructured scintillators, the high 
surface-to-volume ratio and grain-boundary 
density make the material particularly 
sensitive to processing conditions. Annealing 
temperature, in particular, plays a decisive 
role in determining crystallinity, grain size, and 
defect density, all of which directly influence 
energy transfer efficiency and the probability 
of non-radiative recombination. Higher 
annealing temperatures promote grain growth 
and reduce structural defects that act as 
quenching centers [13]. These microstructural 
changes are expected to differentially affect 
the scintillation response to -particles versus 
-rays, given the higher susceptibility of dense 

ionization tracks to quenching by structural 
imperfections. 

The QF is influenced by various external 
and internal factors. These include the 
material’s composition and defect structure, 
for example, ZnSe exhibits QF inversion 
behavior following annealing, due to the 
disruption of {Zn –V_Zn} defect complexes [3]. 
Temperature also plays a critical role; alkali 
halides such as CsI(Tl) display strong QF 
temperature dependence, with increases up 
to 35% observed at –20 °C, a behavior not 
commonly observed in oxide-based 
scintillators [10]. The signal integration time 
further affects QF measurements: slow 
scintillation components, especially in CsI(Tl), 
lead to increased QF when longer integration 
windows are used [10]. Finally, particle 
quenching, such as energy loss in non-
scintillating regions (e.g., in plastic scintillator 
microspheres), may reduce the overall 
detection efficiency, especially in the case of 
low-energy -emitters [8]. 

Despite notable progress in 
understanding quenching factor (QF) behavior 

in scintillators, several important research 
gaps remain. In particular, the influence of 
thermal treatment parameters, such as 
annealing temperature, on the QF in 
nanostructured scintillator materials remains 
insufficiently explored. While numerous 
studies have focused on material composition 
and doping [11,12], systematic investigations 
linking annealing conditions to QF behavior 
are still limited. 

In this work, five sample detectors were 
fabricated using Y SiO :Ce³  nanophosphor 
powders synthesized at different annealing 
temperatures of the xerogels, specifically 
900 °C, 950 °C, 1000 °C, 1050 °C, and 
1250 °C. The aim is to contribute to bridging 
the current knowledge gap by evaluating the 
effect of annealing temperature on the QF of 
Ce³ -doped Y SiO  nanophosphor-based 
detectors. Through this study, we aim to 
demonstrate that annealing temperature 
serves as an effective tuning parameter for 
optimizing the QF and, consequently, 
enhancing the scintillator’s suitability for either 

 discrimination or improved -particle 
sensitivity, depending on the specific 
application. 

2. EXPERIMENTAL 
In our previous study [13], we synthesized 

Cerium (Ce3+)-doped Y2SiO5 (YSO: Ce3+) type 
oxyorthosilicate powders using the sol–gel 
method. Following synthesis, we conducted 
an extensive investigation into the effect of 
annealing temperature on the structural and 
photoluminescent properties of the YSO: Ce3+ 
samples. Utilizing these synthesized powders, 
we fabricated sample radiation detectors with 
the primary goal of studying the effect of 
annealing temperature on the quenching 
factor for achieving highly efficient radiation 
detectors. The fabrication process for the 
sample detectors follows the same 
methodology described in our previous work 
[14]. Figure 1a illustrates some powder 
samples with different annealing temperature 
and Figure 1b present a photograph of 
designed sample detector annealed at 1000 
°C. All sample detectors in this study 
underwent the same fabrication procedure 
and adhered to identical dimensions of 20 × 
15 × 1 mm³. For simplification, the prepared 
sample detectors were named: YSO_900, 
YSO_950, YSO_1000, YSO_1050 and 
YSO_1250, according to the annealing 
temperature used during the synthesis 
process. 
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Fig. 1 (a) YSO: Ce3+ sample powders 

annealed at 1000 °C and 1250 °C with 
corresponding crystallite sizes (Dsh), (b) 

Photograph of the prepared sample detector 
YSO_1000 

Scintillation pulse-height spectra were 
acquired at room temperature using 662 keV 
-rays from a 137Cs source (24.8 kBq) and 

5.48 MeV -particles from an 241Am source 
(48.2 kBq). The sample detectors were 
coupled to a GDB-4FF photomultiplier tube 
serving as the photodetector. The electronic 
chain consisted of an ORTEC 465 high-
voltage power supply, an ORTEC 113 
preamplifier, an ORTEC 672 pulse-shaping 
amplifier, an ORTEC 927-ASPEC 
multichannel analyzer, and a PC equipped 
with Maestro software. Further details 
regarding the experimental setup can be 
found in a previous report [11]. Because the 
scintillation response under -particle 
excitation increased considerably with rising 
annealing temperature, the amplifier gain for 
the  measurements was adjusted for the 
YSO_1050 and YSO_1250 detectors to 
maintain the corresponding pulse-height 
peaks within the optimum dynamic range of 
the multichannel analyzer and to avoid signal 
saturation. The gain correction was explicitly 
included in Eq. (1). The linearity of the pulse-
processing chain was verified over the gain 
range used in the measurements (100–300), 

and good linearity was observed for the peak-
position determination. 

The quenching factor, often referred to as 
the relative  light output ratio, is a key 
parameter in the characterization of 
scintillators, particularly in their ability to 
respond differently to various types of 
radiation. It essentially measures how 
efficiently the scintillator converts the energy 
of charged particles (such as alpha particles) 
into scintillation light compared to gamma 
rays. When alpha particles interact with 
scintillator detector, a considerable amount of 
energy is converted by other ways, instead of 
scintillation light. The quenching factor is 
mathematically defined as  [15]: 

= /

/
                                  (1) 

Where: 

P : is the peak position of the  particles, E : 
is the energy of the alpha particles, P : is the 
peak position of the gamma rays and E : is the 
energy of the gamma rays, with  and  as 
their respective gains. 

3. RESULTS AND DISCUSSION 
The YSO:Ce³  sample detectors were 

irradiated with 5.48 MeV -particles from a 
241Am source and 662 keV -rays from a 137Cs 
source. The corresponding results are 
presented in Figure 2, where the recorded 
pulse-height spectra were analyzed using 
Gaussian fitting to extract the peak positions 
associated with  (P ) and  (P ) interactions 
for each sample. Based on Equation (1), the 
corresponding QF were then calculated. 
These values, along with the experimental 
parameters used during the measurements, 
are summarized in Table 1. 
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Fig. 2 Pulse height spectra of: 137Cs-  and 241Am-  fitted by Gaussian function measured by studied sample 

detectors 

Table 1 QF as function of annealing temperature of YSO: Ce3+ nanoscintillator 
Sample 
detectors 

Peak position 
 

Peak position 
 

Gain  Gain  QF 

YSO_900 250±0.17 176±0.16 300 300 0.17±0.002 
YSO_950 309±0.14 185±0.11 300 300 0.19±0.002 
YSO_1000 350±0.10 202±0.09 300 300 0.21±0.001 
YSO_1050 299±0.14 218±0.09 150 300 0.33±0.002 
YSO_1250 310±0.17 245±0.06 100 300 0.46±0.003 

 The quenching factor (QF) of Ce³ -doped 
Y SiO  nanoscintillators exhibits a strong 
dependence on annealing temperature, driven 
by the interplay between radiation–matter 
interaction physics and the evolving 
microstructure of the material. At lower 
annealing temperatures (900–1000 °C), QF 
values remain low (0.17–0.21), reflecting 
substantial light suppression in response to -
particles. This behavior is fundamentally 
governed by the high linear energy transfer 
(LET) of -particles, which produce dense 
ionization tracks with elevated excitation 
densities. According to Birks’ law, the light 

yield per unit energy deposited decreases with 
increasing ionization density due to enhanced 
probability of non-radiative recombination and 
saturation of luminescence centers [7,8]. This 
quenching effect is further exacerbated at 
lower annealing temperatures by the poor 
crystallinity, small grain size, and high 
concentration of structural defects and trap 
states, which act as non-radiative decay 
channels that disproportionately affect the 
already energy-dense -tracks. In contrast, -
rays interact via lower-LET mechanisms, such 
as compton scattering, producing sparsely 
ionizing electrons that are less susceptible to 
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quenching, thus resulting in higher light yield. 
As the annealing temperature exceeds 
1000 °C, QF increases sharply, reaching 0.33 
at 1050 °C and 0.46 at 1250 °C signaling a 
reduction in quenching for -particles. This 
enhancement is consistent with the improved 
crystallinity and grain growth reported in the 
XRD and SEM analyses of the corresponding 
samples in [13]. These structural changes 
may favor radiative recombination and 
contribute to the observed increase in light 
yield, particularly under heavily ionizing 
radiation. Moreover, the observed behavior 
may also stem from a concomitant reduction 
in defect-related trapping, which would 
otherwise act as non-radiative recombination 
centers. Figure 3 illustrates the correlation 
between QF values and crystallite sizes of the 
elaborated YSO:Ce powders as a function of 
annealing temperature, further supporting the 
role of structural evolution in tuning 
scintillation performance. These results 
underline how annealing temperature not only 
controls the structural integrity of the 
scintillator but also tunes its  response 
through mechanisms rooted in both material 
quality and ionization physics, providing a 
practical pathway to tailor QF for specific 
radiation detection requirements. 
 

  
Fig. 3 Evolution of the quenching factor and 

crystallite size of Ce³ -doped Y SiO  
nanophosphor powders as a function of annealing 

temperature. 
 

For comparison with other scintillation 
materials, the QF values obtained for the 
present YSO nanoscintillators span the range 
from 0.17 to 0.46. The QF obtained for 
YSO_900 (0.17) is slightly lower than the 
values reported for several oxide scintillators 
such as BGO, CWO, and GSO, which are 
typically around 0.20–0.21 [10]. In contrast, 
the QF of YSO_1250 (0.46) approaches the 
lower part of the range reported for alkali-
halide scintillators such as CsI(Tl) and NaI(Tl), 

for which values of approximately 0.45–0.67 
have been reported [10]. Thus, although the 
QF values of the present YSO³  detectors 
remain below unity, the substantial increase 
from 0.17 to 0.46 demonstrates that thermal 
treatment can significantly modify the relative 
scintillation response to -particles.  

4. CONCLUSION  
In this study, the quenching factor of Ce³ -
doped Y SiO  nanoscintillators was 
systematically investigated as a function of 
annealing temperature. Five sample detectors 
were fabricated from nanophosphor powders 
annealed between 900 °C and 1250 °C, and 
their scintillation responses to both -particles 
and -rays were characterized. The results 
demonstrate a clear dependence of QF on the 
thermal treatment conditions. At lower 
annealing temperatures (900–1000 °C), QF 
values remained relatively low (0.17–0.21), 
indicating strong quenching of -particles, 
primarily due to poor crystallinity, small grain 
size, and high defect concentrations. These 
structural imperfections favor non-radiative 
recombination and thus suppress the 
scintillation yield under heavy ionizing 
radiation. As the annealing temperature 
increased beyond 1000 °C, QF values 
improved significantly, reaching 0.33 at 1050 
°C and 0.46 at 1250 °C, suggesting a reduced 
quenching effect resulting from enhanced 
crystallinity, grain growth, and fewer trap 
states. 
These findings demonstrate that annealing 
temperature is an effective parameter for 
tuning the relative  scintillation response of 
Y SiO :Ce³  nanoscintillators. The lower QF 
values obtained at 900–1000 °C indicate 
stronger suppression of the scintillation 
response to highly ionizing -particles, 
resulting in a larger difference between the - 
and -induced light outputs. Such a response 
may be advantageous in applications where 
differences in light output are exploited for 
radiation-type discrimination. In contrast, the 
higher QF values obtained at 1050–1250 °C 
indicate reduced -particle quenching and 
therefore a more efficient conversion of 
deposited -particle energy into scintillation 
light, which may be preferable for applications 
requiring enhanced -particle detection 
sensitivity. 
This study provides valuable insight into the 
relationship between synthesis conditions, 
material structure, and radiation response, 
contributing to the development of optimized 
nanoscintillator-based detectors for mixed-
radiation environments. As a future 
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perspective, the QF could be further tailored 
by investigating the influence of Ce³  doping 
concentration on the scintillation behavior 
under different types of radiation. 
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