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Abstract 

 

This study evaluates the performance of imaging-based alpha particle detectors using YAG:Ce composite 

scintillators in mixed radiation fields. Scintillators with varying thicknesses (0.1 mm, 0.5 mm, and 1.0 mm) 

and YAG:Ce to epoxy ratios (5%, 15%, and 20%) were modeled using the GEANT4 simulation package to 

analyze the detection efficiency, light output, and energy resolution of the alpha particle detectors. The 

results indicate that a 0.5 mm thick scintillator with 90% YAG:Ce and 10% epoxy is the optimal 

configuration among the simulated scintillators for an alpha particle detector. Additionally, phantom-based 

simulations demonstrated that the detector is capable of producing clear imaging of alpha particles. 
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1. Introduction 

 

Alpha particle detectors are widely used in various fields, 

including monitoring natural radioactivity, nuclear 

physics, space research, and radiation safety [1-3]. Their 

applications have expanded into the medical field as well, 

due to the growing use of alpha-emitting isotopes in 

medical treatments [4, 5]. Moreover, following the 

devastating earthquake in Japan that hit the Fukushima 

Daiichi Nuclear Power Plant (FDNPP), alpha particle 

detectors were employed to assess contamination caused 

by radioactive substances such as 238Pu and 239Pu. This 

disaster underscored the need for advanced detection 

methods and led to increased research into imaging-

based alpha particle detectors [6-8].  

 

Currently, ZnS(Ag) scintillation detectors are commonly 

used for the detection of alpha particles [9-13]. However, 

due to its opacity and limited energy resolution, there are 

challenges in identifying alpha-emitting radioisotopes or 

distinguishing natural radiation caused by Radon (Rn) 

from radiation originating from nuclear fuels [14, 15]. A 

potential solution to these limitations is to use alternative 

scintillators that offer good energy resolution and 

enhance the ability to utilize two-dimensional 

distribution differences to distinguish Plutonium (Pu) 

from Radon (Rn) progeny, such as 214Po and 218Po [16, 

17]. Therefore, there is growing interest in developing 

imaging-based alpha particle detectors using scintillators 

capable of providing good energy resolution and spatial 

resolution. 

 

In line with this trend, several recent studies have focused 

on improving scintillation-based alpha particle detectors. 

For instance, an alpha particle imaging detector was 

developed to assess nuclear contamination at the 

Fukushima Daiichi Nuclear Power Plant (FDNPP) by 

coupling a 0.05 mm-thick Gd3(Ga,Al)5O12 (GAGG:Ce) 

scintillator to a 1 mm-thick glass plate and a 1 mm-thick 

acrylic light guide, with signal readout achieved using an 

8 × 8 silicon photomultiplier (SiPM) array [17]. Analysis 

of smear papers collected from the FDNPP site 

confirmed that alpha emitters within the reactor buildings 

originated from nuclear fuels. Additionally, it was 

reported that this finding could not have been obtained 

using ZnS(Ag) detectors [17]. Similarly, Yamamoto et al. 

utilized a 1 mm-thick GAGG:Ce scintillator coupled to a 

1 mm-thick light guide and an 8 × 8 SiPM array, 

employing pulse shape discrimination to distinguish 

alpha signals from gamma signals, resulting in high-

resolution alpha imaging [18]. Additional approaches 

have included coupling a 1 mm-thick YAlO3:Ce 

(YAP:Ce) scintillator to a photomultiplier tube (PMT), as 

demonstrated by Unzueta et al., resulting in sub-

millimeter position resolution for alpha detection [19]. 

Yasuda et al. utilized a phoswich detector composed of 

ZnS(Ag) powder, YAP:Ce, and Y3Al5O12:Ce (YAG:Ce) 

scintillators to simultaneously measure alpha and 

mailto:onur.kolcu@istinye.edu.tr
https://orcid.org/0000-0002-9177-1286


 

Celal Bayar University Journal of Science  
Volume 21, Issue 3, 2025, p 72-79 

Doi: 10.18466/cbayarfbe.1599240                                                                            O. B. Kolcu 

 

73 

beta/gamma emissions [20]. Shimaoka et al. further 

explored Gd2Si2O7 (GPS) scintillator powders applied at 

a 0.1 mm equivalent thickness onto 1 mm-thick glass 

substrates and coupled to a PMT, determining the 

optimal grain size for alpha particle detection [21]. 

 

Due to their short range, alpha particles can be detected 

using scintillators such as GAGG:Ce, YAP:Ce, and 

YAG:Ce, which can be manufactured as thin screens, and 

studies involving these materials, as described above, 

have been extensively reported in the literature. Most 

studies focus on alpha particle detectors constructed from 

scintillators of similar thickness produced via growth 

methods or from composite scintillators. Research 

involving composite scintillators has been focused on 

determining the optimal particle size to achieve 

maximum light output and energy resolution [20-22]. 

However, investigations into changes in detector 

response due to variations in the concentration of binder 

material used with scintillator powders for GAGG:Ce, 

YAP:Ce, and YAG:Ce are limited. 

 

This study focuses on determining the appropriate 

thickness for an alpha particle detector constructed using 

a YAG:Ce composite scintillator and examines the 

effects of binder material concentration (specifically 

epoxy) on light output, energy resolution, and detection 

efficiency through GEANT4 simulations. The primary 

objective is to determine the optimal design for an 

imaging-based alpha particle detector suitable for 

applications in mixed radiation environments, such as 

nuclear power plants planned for construction in Turkey. 

Additionally, this work will serve as a feasibility study 

for future prototyping efforts. 

 

2. Materials and Methods 

 

2.1. Alpha Detector Module 

 

The YAG:Ce scintillator, with its refractive index of 

1.82, density of 4.57 g/cm³, non-hygroscopic property, 

light output at approximately 40% of that of NaI:Tl 

scintillators, emission wavelength around 530 nm, and 

ability to provide relatively good energy resolution, is a 

suitable scintillator for nuclear spectroscopy applications 

[23, 24]. Its dual-component decay times of 88 ns and 

300 ns make it well-suited for pulse shape discrimination 

to distinguish alpha and gamma particles [25]. 

Furthermore, its high mechanical strength allows it to be 

fabricated into extremely thin structures, making it an 

ideal scintillator for use in alpha detectors in mixed 

radiation environments. Another advantage is that 

YAG:Ce single-crystal, ceramic and composite 

scintillators exhibit similar properties, offering flexibility 

in the production of scintillators with various geometries 

and thin structures [26]. 

 

In this study, the responses of alpha particle detectors 

constructed with YAG:Ce composite scintillators were 

investigated for thicknesses of 1 mm, 0.5 mm, and 0.1 

mm. The scintillator width was set to 13 × 13 mm² to 

match the total width of the SiPM array, which was based 

on the Hamamatsu S13361-3050AE-04. In individual 

simulations for each scintillator thickness, the 

scintillators were coupled to a light guide made from 1 

mm thick epoxy material. To detect the scintillation 

photons, a 4 × 4 SiPM array, with each SiPM having an 

area of 3 × 3 mm², was coupled to the light guide. The 

SiPM array was mounted on a printed circuit board 

(PCB) made of copper. To minimize photon leakage and 

optimize light collection efficiency, the scintillator and 

light guide were enclosed in an aluminum foil layer. The 

aluminum foil has a thickness of 3 µm on the front side 

of the scintillator and 0.5 mm on the lateral sides of the 

scintillator and light guide. The geometry used in the 

simulations is shown in Figure 1.  

 

 
 

Figure 1. Lateral (left) and angled (right) views of the 

simulation geometry with a 1 mm thick YAG:Ce 

scintillator. The same setup was used for all YAG:Ce 

thicknesses. 

 
For the material definition of the YAG:Ce scintillator in 

simulations, the volumetric mixing ratio of scintillator to 

epoxy was set at 90% and 10%, respectively, and the 

mixture's properties were assigned using weighted 

averages. The configuration yielding optimal light output 

and energy resolution for alpha particle interactions was 

selected by comparing the outputs obtained from three 

simulation setups with different thicknesses. 

Subsequently, the epoxy content was volumetrically 

varied (5%, 15%, 20%), and the resulting changes in 

detector response were analyzed. 

 

2.2 Monte Carlo Simulations 

 

The Monte Carlo simulations for the alpha particle 

detector were performed using the GEANT4 simulation 

package (version 11.1.2) [27]. GEANT4 is ideal for 

modeling particle interactions within matter and provides 

realistic outputs for the behavior of optical photons in 

materials. Therefore, this simulation package is highly 

suitable for examining the performance of a scintillation-

based alpha particle detector. 
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Section 2.1 outlines the general structure of the detector 

and the assigned materials. The reflective surfaces of the 

aluminum foil, which enclosed the scintillator and light 

guide, were modeled using the GLISUR model. The 

surface finish was defined as “polished” with a dielectric-

metal interface. The surface smoothness was set to 0.9 to 

simulate a slightly imperfect polished surface, creating a 

realistic interface between the scintillator and aluminum 

foil, as well as between the light guide and aluminum foil. 

 

In the simulations performed for the alpha particle 

detector, radioactive sources 241Am, 137Cs, and 90Sr were 

used. The 241Am source was modeled as a monoenergetic 

point source with dominant gamma and alpha decay 

energies of 59.5 keV and 5.49 MeV, respectively. The 

alpha particles emitted from 241Am are at energy levels 

similar to those emitted by radioactive elements such as 
238Pu (Ealpha ~ 5.49 MeV) and 239Pu (Ealpha ~ 5.15 MeV) 

[28, 29]. Due to this similarity in alpha particle energies, 

only the 241Am source was used in simulations to save 

computation time. Another reason for this choice is that 

the 241Am source is readily available in our laboratory, 

allowing the planned prototype to be tested with this 

source in future experiments. To investigate the response 

of the alpha particle detector in a mixed radiation 

environment, other radioactive sources reported as 

contaminants at the FDNPP, such as 137Cs and 90Sr, were 

included in the simulations [17]. This allowed the 

evaluation of the detector's response to alpha, beta, and 

gamma particle interactions across various scintillator 

thicknesses and YAG:Ce/epoxy mixing ratios. The 137Cs 

source was modeled as a monoenergetic gamma source, 

while 90Sr was used as a predefined ion source in 

GEANT4. All radioactive sources were positioned at 2 

mm from the detector, and 106 events within the 

detector's solid angle were generated for each source.  

  

Optical photons produced by scintillation were 

transferred to the SiPM array via the light guide in the 

simulations. The SiPM array was modelled based on the 

dimensions and specifications of the Hamamatsu 

S13361-3050AE-04. This SiPM array was chosen for the 

simulations because its photon detection efficiency (40% 

at 450 nm with a spectral response range of 320 to 900 

nm) aligns with the emission wavelength distribution of 

YAG:Ce [30]. Based on the number of detected optical 

photons, the light output, relative energy resolution, and 

detection efficiency of detectors modeled with different 

configurations were determined. 

 

Since the energy resolution of the full energy peak of a 

scintillation-based detector is affected by various factors, 

such as the intrinsic resolution of the scintillator, transfer 

resolution, statistical contribution of the photodetector, 

and dark noise contribution, accurately determining the 

energy resolution using the GEANT4 simulation package 

is challenging [31, 32]. Therefore, instead of directly 

determining the energy resolution for the relevant energy 

peaks, the relative changes were analyzed to evaluate 

which detector configurations could offer relatively good 

energy resolution for an alpha particle detector. 

 

3. Results and Discussion 

 

The detection efficiency for alpha, beta, and gamma 

particles was evaluated using scintillators composed of 

90% YAP:Ce and 10% epoxy at thicknesses of 0.1 mm, 

0.5 mm, and 1 mm. The detection efficiencies presented 

in Table 1 were obtained based on the interaction of 106 

particles within the detector's solid angle. As expected, 

the gamma detection rate of the detector increases with 

increasing scintillator thickness. This trend is evident 

from the rise in detection efficiency values observed for 
137Cs and 241Am radioactive sources (see Table 1). Since 

the 241Am source emits both gamma and alpha particles, 

its detection efficiency represents a combined efficiency. 

The energy difference between alpha and gamma 

particles emitted by the 241Am source facilitates the 

separation of their corresponding peaks. However, taking 

advantage of the simulation environment, monoenergetic 

alpha particles with an energy of 5.49 MeV were 

generated, and the detection efficiency specifically for 

alpha particles emitted by 241Am was also determined. As 

expected, the detection efficiency for alpha particles 

exceeded 99% across all scintillator thicknesses (see 

Table 1 – Det. Eff. (241Am) (*)). Although the distance 

between the detector and the radioactive source was set 

to 2 mm, less than 1% of alpha interactions were 

observed outside the detector. This result may be due to 

the air used as the simulation medium or the coating on 

the front side of the scintillator. The interaction of beta 

particles emitted by the 90Sr source increases with 

scintillator thickness, with a detection efficiency ranging 

between approximately 79% and 85%. The contribution 

of gamma rays emitted by the 137Cs source to the alpha 

spectrum in a mixed radiation field was estimated to be 

at most ~10%. 

 

Figure 2 shows the distribution of the detected number of 

optical photons using scintillators of three different 

thicknesses. This distribution can be interpreted as an 

uncalibrated energy spectrum, providing information 

about the light output as a function of scintillator 

thickness. As observed in Figure 2, the peak mean value 

corresponding to the alpha particles emitted by the 241Am 

radioactive source increases as the thickness decreases. 

Additionally, the contribution of beta particles emitted by 

the 90Sr radioactive source to the alpha peak region 

decreases with decreasing thickness. The overlap of beta 

spectra in the alpha peak region necessitates evaluating 

the background contribution from beta particles when 

determining the ideal configuration for the alpha particle 

detector. On the other hand, the 137Cs spectra, obtained 

with scintillators of the assigned thicknesses, is 

distributed far from the alpha peak due to the limited   
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Table 1. Detection efficiency (%) obtained for different particles emitted by 137Cs, 90Sr, and 241Am radioactive 

sources as a function of scintillator thickness. Values marked with (*) represent the detection efficiency for alpha 

particles expected from the 241Am source. 

 

Scintillator  

Thickness 

Det. Eff.  

(% - 137Cs) 

Det. Eff.  

(% - 90Sr) 

Det. Eff.  

(% - 241Am) 

Det. Eff.  

(% - 241Am) (*)  

 

0.1 mm 2.24 79.76 61.42 99.80 

0.5 mm 6.17 82.11 84.26 99.96 

1 mm 9.97 84.95 92.71 99.82 

 

 

 
Figure 2. Distributions of the number of detected optical photons for different particle sources and scintillator 

thicknesses (a) 0.1 mm, (b) 0.5 mm, (c) 1 mm. 

 

thickness of the scintillators and the relatively high 

energy of gamma rays. Therefore, for all scintillator 

thicknesses used in the simulations, the gamma rays from 
137Cs do not need to be considered as a potential 

background contribution. 

 

To investigate the changes in light output and energy 

resolution with respect to scintillator thickness, the 

distributions provided for different radioactive sources in 

Figure 2 were summed, and the alpha particle peak was 

fitted with a Gaussian function within a 3σ range. Two 

data sets were generated from the combined 

distributions: the total spectra for 241Am, 137Cs, and 90Sr, 

and the total spectra for 241Am, 137Cs (see Figure 3). The 

analysis of these two data sets was used to investigate the 

impact of beta-spectrum-induced background on energy 

resolution. This approach enables a more accurate 

determination of the detector’s response in a mixed 

radiation field. From the fits applied to the alpha particle 

peak in the data sets, the light output (mean value of the 

peak) was found to be 2959.72 ± 0.39, 1655.56 ± 0.12, 

and 890.26 ± 0.11 for scintillator thicknesses of 0.1 mm, 

0.5 mm, and 1 mm, respectively. The percentage 

increases in light output were calculated as 
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approximately 78.77% between 0.1 mm and 0.5 mm, 

85.96% between 0.5 mm and 1.0 mm, and 232.46% 

between 0.1 mm and 1.0 mm. 

 

 
 

Figure 3. Total spectra for (a) 241Am, 137Cs, and 90Sr (b) 

241Am and 137Cs for a scintillator thickness of 0.5 mm. 

The dashed red line represents the fit curve within the 3σ 

region. 

 

The same data sets were used to examine the relative 

change in energy resolution. To perform the analysis, the 

energy resolution obtained with a scintillator thickness of 

0.1 mm was used as a reference, and the energy 

resolutions for different thicknesses were normalized to 

this value. In this way, the relative change in energy 

resolution was determined as a function of scintillator 

thickness. 

 

In the 241Am spectra corresponding to the 0.1 mm 

scintillator thickness (see Figure 2(a)), a partial 

asymmetry in the peak associated with alpha particles is 

observed. This asymmetry leads to the worst energy 

resolution being obtained from the data set with the 0.1 

mm scintillator. The energy resolution improves by 18.76 

± 0.06% with the 0.5 mm scintillator and by 6.64 ± 0.03% 

with the 1.0 mm scintillator. When curve fitting was 

applied to the data set excluding the 90Sr radioactive 

source, no change in energy resolution was observed for 

detectors using 0.1 mm and 0.5 mm scintillators. 

However, the energy resolution of the detector with the 1 

mm scintillator improved by 9.20 ± 0.03%. This 

improvement can be attributed to the contribution of the 

beta spectrum in the peaking region, which, as seen in 

Figure 2(c), is most significant for the 1 mm scintillator. 

 

Based on the results obtained for detection efficiency, 

light output, and energy resolution, the detector using a 

scintillator with a thickness of 0.5 mm yielded the most 

optimal results among the detectors used in the mixed 

radiation field. The 0.5 mm thick scintillator consisted of 

90% YAG:Ce and 10% epoxy, which was taken as the 

reference and named YAGref. The response of the alpha 

particle detector was further investigated in terms of 

detection efficiency, light output, and relative energy 

resolution by varying the YAG:Ce concentration in the 

0.5 mm thick scintillator to 5% (YAG-5/Ep-95), 15% 

(YAG-15/Ep-85), and 20% (YAG-20/Ep-80). Figure 4 

presents the spectra for the four YAG:Ce concentrations 

investigated: YAG-5/Ep-95, YAGref, YAG-15/Ep-85, 

and YAG-20/Ep-80. 

 

Changes in the YAG:Ce concentration do not 

significantly affect the spectral characteristics resulting 

from interactions with alpha, beta, and gamma particles, 

as shown in Figure 4. However, while detection 

efficiency for alpha particles remains unchanged (>99%), 

the detection efficiency for the 137Cs radioactive source 

decreases as the epoxy content increases (from 6.37% for 

YAG-5/Ep-95 to 5.79% for YAG-20/Ep-80). An increase 

in epoxy content is expected to lead to a rise in 

Cherenkov events caused by beta particles. However, as 

seen in Figure 4, no significant change is observed in the 

spectral characteristics associated with beta interactions. 

 

Using the detector with YAGref as a reference, the 

detector with YAG-5/Ep-95 demonstrated a 3.78% 

increase in light output, while detectors with YAG-

15/Ep-85 and YAG-20/Ep-80 showed decreases of 

3.89% and 7.93%, respectively. 

 

To evaluate energy resolution across varying YAG:Ce 

concentrations, two data sets were analyzed: one 

incorporating all contributions (241Am, 137Cs, 90Sr) and 

another excluding the 90Sr contribution. No significant 

changes in energy resolution were observed in either 

case. While an improvement in energy resolution is 

expected with the increase in light output as YAG:Ce 

concentration rises, the observed improvement was 

minimal (0.65% improvement for YAG-5/Ep-95), and a 

slight degradation in energy resolution (0.33%) was 

observed for YAG-20/Ep-80. These findings suggest that 

increasing the epoxy ratio up to 20% in a scintillator 

constructed with YAG:Ce allows for the development of  
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Figure 4. Distributions of the number of detected optical photons for different particle sources and YAG:Ce 

concentrations (a) YAG-5/Ep-95 (b) YAGref (c) YAG-15/Ep-85 (d) YAG-20/Ep-80. Plot (b) is identical to Figure 

2(b) but presented on a different scale (0 to 2600) for easier comparison. 

 

a more cost-effective detector without significant 

deterioration in energy resolution. 

 

A potential imaging scenario for alpha particles was also 

investigated using the detector with the YAGref 

scintillator. Since the detector employs an SiPM array, it 

is possible to generate images using the center of gravity 

(COG) method [33]. To examine the capability, a 1 mm 

thick phantom with the same dimensions as the detector 

was utilized. The phantom included 12 horizontal gaps, 

each 0.1 mm wide, on its left side, and 6 vertical gaps, 

each 0.2 mm wide, on its right side. A simulation image 

of the detector with the phantom is shown in Figure 5. 

The 241Am radioactive source was placed 2 mm away 

from the detector, configured to randomly distribute 

particles across the detector's front surface, and used to 

generate a total of 108 events. 

 

To generate and enhance the image of alpha particles, 

background contributions from gamma rays emitted by 

the 241Am radioactive source were excluded from the 

analysis under the condition number of optical photons 

bigger than 250. As shown in Figure 4, this roughly 

chosen threshold is sufficient to exclude 59.5 keV 

gamma rays from the analysis.  

 

 
 

Figure 5. Front (a) and side (b) views of the phantom 

positioned on the detector's front face. The phantom is 

rendered transparent to highlight the vertical and 

horizontal gaps. 

 

The COG method calculates the interaction point by 

weighting the physical positions of the SiPMs with the 
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number of photons they detect, effectively determining 

the centroid of the light distribution. The formulas for 

calculating the COG in the x and y directions are: 

 

𝑋 =  
∑ (𝑁𝑖∙𝑥𝑖)𝑖

∑ 𝑁𝑖𝑖
, 𝑌 =  

∑ (𝑁𝑖∙𝑦𝑖)𝑖

∑ 𝑁𝑖𝑖
               (3.1) 

 

where 𝑁𝑖 represents the number of photons detected by 

the i-th SiPM, 𝑥𝑖 , 𝑦𝑖  are physical coordinates of the i-th 

SiPM, and ∑ 𝑁𝑖𝑖  is the total number of photons detected 

across all SiPMs [33]. Figure 6 shows the image obtained 

from the simulation using the phantom. The image is 

relatively clear, and all gaps in the phantom are visible. 

However, shifts in the lines are present due to the 

pincushion effect, commonly observed in scintillator-

based imaging detectors. This effect is expected when 

using the basic COG method, and methods to reduce the 

pincushion effect are well-documented in the literature. 

Since image enhancement is not the focus of this study, 

efforts to improve the images will be conducted in future 

work using data obtained from the physically constructed 

detector prototype planned for development. 

 

 
 

Figure 6. Heatmap of the phantom image illustrating the 

distribution of hit positions across the 13 mm × 13 mm 

SiPM array, with intensity indicating photon counts. 

 

4. Conclusion 

 

In this study, the optimal scintillator thickness and 

corresponding detector response for an imaging-based 

alpha particle detector suitable for use in a mixed 

radiation field were investigated using YAG:Ce 

scintillators of varying thicknesses. Additionally, the 

effects of changing the epoxy and YAG:Ce ratio in a 

scintillator on detection efficiency, light output, and 

energy resolution were examined. 

 

Simulation results demonstrated that a detector 

constructed with a 0.5 mm thick scintillator provided the 

most optimal results in terms of detection efficiency, 

light output, and energy resolution. While an increase in 

light output was observed with changes in YAG:Ce 

concentration, no significant change in energy resolution 

was observed. This finding indicates that a more 

economical scintillator with 20% YAG:Ce and 80% 

epoxy content can also be used effectively as an alpha 

particle detector. 

 

As a continuation of this simulation study, future efforts 

will focus on fabricating composite scintillators with 

YAG:Ce powders and developing an alpha particle 

detector. This will enable a direct comparison of 

parameters such as detection efficiency, light output, and 

energy resolution determined through simulations with 

experimental measurements. Experimental results will 

also allow the incorporation of corrections into the 

simulation environment, considering factors that are 

expected to influence energy resolution, such as 

afterpulses, dark counts, crosstalk of the SiPM detector, 

and noise contributions from the experimental setup. 

These corrections will enable more accurate 

determination of energy resolution and allow the study to 

be extended to investigate different thicknesses and 

concentrations. 
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