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Abstract - PET (Positron-emission tomography) is used to determine physiological and metabolic 

functions in the body. Monte Carlo simulation is an important part of PET imaging, and the Particle 

Heavy Ion Transport code System (PHITS) is a simulation platform that can be used to perform Monte 

Carlo simulations. This study uses a Monte Carlo simulation based on PHITS to determine the range of 

gamma absorption with an energy of 511 keV in a scintillation detector crystal material. The gamma 

absorption range determines the effective crystal length in the PET modality. The simulation process is 

carried out by shooting Gamma at various types of materials, which are the materials used in PET 

scintillation crystals. The materials used in this simulation are NaI (Sodium Iodide), BaF2 (Barium 

Florida), BGO (Bismuth Germanate), and GSO (Gadolinium Oxyorthosilicate), considering their 

atomic number and crystal density. The crystal material is capable of absorbing gamma radiation with 

an energy of 511 keV with detailed crystal lengths for each NaI crystal of 0.26 cm; 0.25 cm BaF2 

crystals; 0.1cm BGO crystals; and 0.18 cm GSO crystals. The crystal length from this simulation is 

smaller than the commercially available crystal length (range 1-3 cm). Based on the crystal length data, 

the most effective crystal for absorbing gamma radiation is the BGO crystal. 
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INTRODUCTION 

Positron Emission Tomography (PET) 

is a nuclear medicine modality used to assess 

physiological and metabolic functions 

within the body  (Hambitzer, 2012; Saha, 

2010; Vaquero & Kinahan, 2015). The main 

components of PET include 

radiopharmaceuticals injected into the body, 

radiation detectors to capture radiation 

emitted from within the body and a computer 

for image reconstruction. 

Radiopharmaceuticals are administered into 

the body through intravenous injection, 

inhalation through the respiratory system, or 

oral administration (Bushong, 2005). These 

radiopharmaceuticals distribute to the 

targeted tissues in the body and decay by 

emitting positrons. The positrons interact 

with surrounding electrons, resulting in 

annihilation and the emission of two gamma 

rays with an energy of 511 KeV, each in 

opposite directions. These gamma rays are 

then captured by detectors around the body  

(Berger, 2003; Xie et al., 2020). 

The radiation detector used in PET 

consists of scintillation crystals and needs 

good resolution, sensitivity, and efficiency. 

The narrowness of its cross-section 

influences the detector's resolution, 

sensitivity is affected by the type and 

material of the crystal, and the detector's 

length influences efficiency. Scintillation 

crystals must be sufficiently long to detect 

all incoming radiation (Cates & Levin, 

2018). Commercially available PET 

scintillation crystals have lengths ranging 

from 10 to 30 mm with cross-sectional 

widths of 4 to 5 mm (Cates & Levin, 2018; 

Van Eijk, 2003). Various studies have been 

conducted on the efficiency of scintillation 

crystal detectors using different materials, 

such as NaI, BaF2, BGO, and GSO (Chanho 

Kim et al., 2021; Tai & Piccini, 2004). From 

the study results, it has been observed that 
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increasing the length of the crystal detector 

leads to a decrease in the signal-to-noise 

ratio (SNR).  

Monte Carlo simulation is an essential 

part of PET imaging. The results of this 

simulation can be used to assist in the design, 

optimization, and evaluation of imaging 

systems. It can also be utilized to predict 

equipment performance, optimize parameter 

acquisition, and reconstruction algorithms to 

enhance image quality (Salvadori et al., 

2020). PHITS (Particle Heavy Ion Transport 

code System) is one simulation platform that 

can be used for Monte Carlo simulations. 

PHITS, developed by the Japanese Atomic 

Energy Agency (JAEA), has been enhanced 

in version 3.2 to expand its energy range and 

accuracy, making it suitable for medical 

applications (Sato et al., 2018). 

This study focuses on using Monte 

Carlo simulation (PHITS) to determine the 

range of absorption of 511 keV gamma 

radiation in scintillation crystal detector 

materials. This research aims to determine 

the range of gamma radiation absorption in 

PET detectors. The range of gamma 

absorption is calculated to determine the 

effective crystal length used in PET 

modality. By knowing the effective radiation 

absorption range, the crystal length can be 

reduced, resulting in a more cost-effective 

and efficient modality. 

 

RESEARCH METHODS 

The research stages are depicted in 

Figure 1. This study is based on PHITS 

version 3.29. The simulation code was 

developed using Notepad++, and the 

visualization was performed using Sumatra 

PDF and GoScript 3D applications 

(Iwamoto et al., 2022). The simulation 

process involves data collection and data 

analysis. 

The simulation setup includes the 

radiation source and scintillation crystal 

detector material geometry. The radiation 

source geometry is represented by a circular 

shape with a radius of 1 mm. The chosen 

radiation source is gamma rays with an 

energy of 511 keV, and 1000 particles are 

used in the simulation. The gamma rays are 

directed at the crystal at a distance of 1 cm 

from the surface of the scintillation crystal. 

The scintillation crystal has a cylindrical 

shape with a radius of 1 cm and a length of 3 

cm, as shown in Figure 2. 

 
Figure  1. Research Step

 

The gamma rays are directed at 

various types of materials used in PET 

scintillation crystals, namely NaI (Sodium 

Iodide), BaF2 (Barium Fluoride), BGO 
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(Bismuth Germanate), and GSO 

(Gadolinium Oxyorthosilicate), with 

specific parameters as listed in Table 1. The 

material's radiation absorption is influenced 

by atomic number, material density, and 

radiation energy (Podgorsak, 2004). 

 

Table  1. The parameters of the scintillation 

crystal detector material used in the simulation 

(Melcher, 2000). 

 NaI BaF2 BGO GSO 

Number 

of Atom 

(Z) 

51 54 74 59 

Density 3,67 

g/cm3 

4,89 

g/cm3 

7,13 

g/cm3 

6,70 

g/cm3 

 

The data collection stage involves the 

following steps: a) setting parameters; b) 

creating geometry; c) running the 

simulation; d) collecting data; e) analyzing 

the data. The data in this simulation is 

obtained from computer calculations based 

on pre-determined parameters, including the 

density and atomic number of the 

scintillation crystal material, the geometry, 

and the energy of the incident gamma rays. 

 

 

Figure 2. The result of the crystal detector 

simulation in PHITS 

The data analysis is conducted in a 

semi-qualitative manner. The original data 

obtained from the PHITS simulation is 

visualized using the Sumatra PDF 

application. The photon energy used in the 

simulation is 511 keV, which is the energy 

of photons emitted by the body due to the 

process of positron formation from the decay 

of radioisotopes inside the body. 

 

RESULTS AND DISCUSSION 

Results 

1. The interaction of 511 keV gamma 

radiation in NaI (Sodium Iodide) 

crystal 

The gamma radiation simulation with 

NaI crystal, which has a density of 3.67 

g/cm3 and an effective atomic number of 51, 

has been conducted. The simulation results 

show the radiation fluence on the axial and 

lateral detector cross-sections, as shown in 

Figure 3. The distribution of absorbed 

radiation dose in the crystal is visible in 

Figure 4. 

 
(a) 

 

(b) 

Figure 3. The absorbed radiation fluence in the 

NaI detector crystal. (a) Axial cross-section. (b) 

Lateral cross-section. 

Gamma rays that approach the crystal 

will be partially reflected and partially 
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absorbed by the crystal. The reflected 

gamma rays are isotropic or scattered in all 

directions. From the simulation results, it 

can be observed that the range of 511 keV 

gamma rays in NaI crystal is 0.27 cm. 

 

 
Figure 4. Radiation dose distribution in NaI detector crystal 

2. The interaction of 511 keV gamma 

radiation in BaF2 crystal  

Gamma radiation simulation has been 

conducted with BaF2 crystal, which has a 

4.89 g/cm3 density and an effective atomic 

number of 54. The simulation results show 

the radiation fluence on the axial and lateral 

detector cross-sections, as shown in Figure 

5. The distribution of absorbed radiation 

dose in the crystal is visible in Figure 6. 

 

 

 
Figure 5.  Radiation fluence absorbed in BaF2 detector crystal. (Left) Axial section. (Right) Lateral 

section 
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From the obtained results, 511 keV gamma 

rays have a range of 0.25 cm in BaF2 crystal. 

Compared to NaI crystal, BaF2 crystal has a 

shorter range. It is because BaF2 crystal has 

a higher atomic number and density than NaI 

crystal. 

 

 
Figure 6. Distribution of radiation dose in BaF2 detector crystal. 

 

From the obtained results, 511 keV 

gamma rays have a range of 0.25 cm in BaF2 

crystal. Compared to NaI crystal, BaF2 

crystal has a shorter range. It is because BaF2 

crystal has a higher atomic number and 

density than NaI crystal. 

 

3. The interaction of 511 keV gamma 

radiation in BGO crystal 

Gamma radiation simulation has 

been conducted with BGO crystal, which has 

a 7.13 g/cm3 density and an effective atomic 

number of 74. The simulation results show 

the radiation fluence on the axial and lateral 

detector cross-sections, as shown in Figure 

7. The distribution of absorbed radiation 

dose in the crystal is visible in Figure 8.

 

 
Figure 7. Absorbed radiation fluence in BGO 

detector crystal. (Left) Axial cross-section. 

(Right) Lateral cross-section. 

 

 
Figure 8. Radiation dose distribution in BGO 

detector crystal. 
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The simulation results show that 

gamma rays with an energy of 511 keV stop 

at a range of 0.1 cm in the GSO crystal. The 

obtained range is smaller than NaI and BaF2 

crystals because the GSO crystal has a 

higher atomic number and density than NaI 

and BaF2. 

 

4. The interaction of 511 keV gamma 

radiation in GSO crystal 

Gamma radiation simulation has been 

conducted with GSO crystal, which has a 6.7 

g/cm3 density and an effective atomic 

number of 59. The simulation results show 

the radiation fluence on the axial and lateral 

detector cross-sections, as shown in Figure 

9. The distribution of absorbed radiation 

dose in the crystal is visible in Figure 10. 

 

 

 
Figure 9. Absorbed radiation fluence in GSO 

detector crystal. (Left) Axial cross-section. 

(Right) Lateral cross-section. 

 

 
Figure 10. Distribution of radiation dose in 

GSO detector crystal. 

 

The above simulation results show that 

the range of 511 keV gamma rays in the 

GSO crystal is 0.18 cm. This value is larger 

than the range of 511 keV in the BGO crystal 

and smaller than the NaI and BaF2 crystals. 

It is because the GSO crystal has a lower 

atomic number and density than the BGO 

crystal and a higher atomic number and 

density than the NaI and BaF2 crystals. 

 

Discussion 

Fundamentally, the interaction of 

gamma rays with matter occurs 

exponentially and is influenced by the 

attenuation coefficient of the material and 

the radiation source energy. Two important 

factors that affect the attenuation coefficient 

of a material are its density and atomic 

number. The higher the attenuation 

coefficient, the more effectively the material 

absorbs radiation. On the other hand, the 

higher the radiation energy, the greater the 

penetrating power and range in a material 

(Bushong, 2005). 

The simulation of the four materials 

shows that the most effective material for 

absorbing radiation is the BGO crystal due 

to its higher atomic number and density. The 

ranges of the four scintillation crystals for 

absorbing 511 keV gamma rays are less than 

1 cm, with the NaI crystal having a range of 

0.26 cm, the BaF2 crystal having a range of 
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0.25 cm, the BGO crystal having a range of 

0.1 cm, and the GSO crystal having a range 

of 0.18 cm. The typical length of scintillation 

crystals used in commercially available PET 

detectors is 1-3 cm (Van Eijk, 2008; 

Vaquero & Kinahan, 2015). The simulation 

results show that the length of the 

scintillation crystal can be reduced to less 

than 1 cm. 

 

CONCLUSION 

From the simulation results, 

considering the atomic number and density 

of the crystals, it can be concluded that the 

use of 1 cm scintillation crystals in PET 

detectors, namely NaI, BaF2, BGO, and 

GSO, is already capable of absorbing 511 

keV gamma radiation. The specific lengths 

of the crystals for absorbing 511 keV gamma 

rays are as follows: NaI crystal - 0.26 cm, 

BaF2 crystal - 0.25 cm, BGO crystal - 0.1 

cm, and GSO crystal - 0.18 cm. Based on 

these crystal lengths, it can be determined 

that the most effective crystal for absorbing 

gamma radiation is the BGO crystal. 
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