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 Comprehensive dosimetric evaluation of light and heavy ions such as protons,   

alpha particles, carbon, and oxygen ions is essential for advancements in       

radiation therapy and space applications. This study employed the Particle and 

Heavy Ion Transport code System (PHITS) to simulate dose distributions and 

secondary particle fluence in a water phantom across a range of therapeutic         

ion energies. A 30 × 30 × 30 cm³ water phantom with 2.0 × 108 primary particles 

at a Source to Surface Distance (SSD) of 100 cm were irradiated using            

mono energetic axial source. This simulation study also evaluated particle    

fluence of secondary particles such as electrons, positrons, and neutrons. Results 

showed that positron fluence concentrates around the water phantom, dispersing 

more at higher energy, while neutron flux focuses along the source path.             

The PHITS generated Percent Depth Dose (PDD) curves illustrate varied           

dose deposition patterns for each ion at different energies. For the highest      

energy considered, the simulated Bragg peak positions deviated by not more than 

4.55 % from the experimental data, with simulation uncertainties kept below 0.1  %, 

ensuring accurate dose analysis. Helium ions (alpha particles) exhibited favorable 

treatment characteristics such as lower entrance dose, minimal lateral scattering, 

and reduced fragmentation consistent with the experimental findings. Additionally, 

the spatial distributions of electrons, positrons, and neutrons show elevated 

concentrations near the water phantom, indicating potential benefits for enhancing            

treatment precision. 

 

© 2025 Atom Indonesia. All rights reserved 

 
     

INTRODUCTION 

With rising rates of morbidity and mortality, 

cancer is a significant worldwide public health 

concern. Hadron or particle therapy is one of its 

treatments, and the number of new particle therapy 

centers has increased dramatically in the last decade  

[1-3]. Particle beams such as protons and heavier ions 

possess distinct radiobiological effects compared to 

conventional photon based therapies, offering potential 

advantages in precision medicine, particularly in 

cancer treatment. The precise evaluation of their dose 

distributions and biological impacts is essential for 

optimizing therapeutic outcomes and minimizing 

damage to surrounding healthy tissues. 
                                                 

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The Monte Carlo (MC) approach is 

recognized as the most accurate analytical 

methodology for creating tumor treatment plans in 

the field of medical radiation physics. Its application 

spans across various areas, and comprehensive 

reviews have been published. Several studies have 

demonstrated the superiority of the MC method       

in dose calculations, particularly in complex 

geometries, compared to conventional radiation 

therapy treatment planning systems [4-12]. One of 

the MC computational models is the Particle and 

Heavy Ions Transport code System (PHITS) and has 

proven to be a robust tool for simulating the 

transport and interaction of heavy ions with matter. 

Despite its accuracy, limited research has explored 

the dose distribution of heavy ions using the    

Particle and Heavy Ion Transport code System 

(PHITS) simulation platform. This study aims to 
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evaluate the depth dose distributions and secondary 

particle fluence of therapeutic ions proton (¹H), 

alpha (
4
He), carbon (

12
C), and oxygen (

16
O) at 

various energies in a water phantom using PHITS. 

Secondary particles such as electrons, positrons,       

and neutrons were also analyzed to assess their 

contribution to the overall radiation field. Furthermore, 

the simulation results were compared with the 

experimental findings of Tessonnier et al. (2017) [13]. 

 

 
THEORY/CALCULATION  

At the end of their range, heavier ions and 

protons deposit energy as they go through matter, 

resulting in a peak called the Bragg peak. A key 

concept in radiation physics and dosimetry is the 

rate of energy loss of a charged particle as it moves 

through a material, which is mostly caused by 

ionization and atom excitation. This rate, commonly 

referred to as stopping power S, designated as  
  

  
, 

is fundamental in understanding the interaction of 

particles with matter and is calculated using the 

Bethe Bloch formula given by Eq. (1). 
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The amount of energy that an ionizing particle 

imparts to the substance it passes through per unit 

distance is known as linear energy transfer (LET) 

and is correlated with the particle’s mass [14,15]. 

 

 
METHODOLOGY 

PHITS Monte Carlo simulation toolkit 

The Particle and Heavy Ion Transport code 

System (PHITS) version 3.30, was used to perform 

MC simulations of a medical linac [16,17]. Using a 

variety of nuclear reaction models and data libraries, 

the PHITS code system is a general purpose MC 

Particle and Heavy Ion Transport code system that 

can estimate the transport of particles across         

any medium over a wide energy range. PHITS's 

accuracy and utility have been proven in a number 

of research fields, such as accelerator shielding 

studies, space radiation dosimetry, radiosurgery [10] 

and heavy ion radiotherapy [11,12,18]. 

 
 

Simulation set-up 

A box shaped phantom of 30 × 30 × 30 cm³ 

was employed in this investigation. Water was used 

as the phantom material, with the density of 1 g/cm
3
.  

2.0 × 10
8
 primary particles from various radiation 

sources, including carbon (
12

C), oxygen (
16

O),    

alpha (
4
He), and proton (

1
H), were used to irradiate 

the phantom. Refer to Fig. 1 for the configuration of 

the simulation. Source to Surface Distance (SSD) 

was set at 100 cm. Four sets of initial energies per 

particle source were considered as these datasets 

share a comparable energy index from the energy 

tables, reflecting a similar range in water [17].      

The initial energies for proton (
1
H) were set at    

54.19 MeV/u, 78.30 MeV/u, 101.90 MeV and 

121.95 MeV. For alpha (
4
He): 56.44 MeV,          

79.78 MeV/u, 103.05 MeV/u and 122.93 MeV/u. 

For Carbon (
12

C): 100.07 MeV/u, 145.47 MeV/u, 

190.75 MeV/u and 229.76 MeV/u and for oxygen 

(
16

O): 117.20 MeV/u, 171.03 MeV/u, 224.84 MeV/u 

and 271.59 MeV/u. The source of energy was an 

axial mono energetic source, and the size of the 

radial source was 0.10 cm.  

 

 
 

Fig. 1. Simulation set-up. 

 

 

Percentage Depth Dose (PDD)  

Dose data were calculated using the PHITS 

program tally depositiom and subsequentlyextracted 

for analysis. 
 

 

Electron, positron, and neutron flux  

Using tally tracks, the PHITS program was 

used to visualize and compute the flux of secondary 

particles, including electrons, positrons, and neutrons. 
 

 

RESULTS AND DISCUSSION 

Figure 2 displays the PDD curves for proton, 

alpha, carbon, and oxygen ions at different energies 

in water. The depth dose profile of each incident 

particle with four sets of initial energies are shown 

in Fig. 3. As shown, the PDD profiles for all the 

particle sources have tiny dosage at entrance,            

a dramatic rise in dose at a specific depth, and a 

quick decline in dose beyond the maximum dose 

deposition, or the Bragg peak, which was roughly 

where the incident beam range ends. By increasing 

the initial beam energy for each particle source,      

the Bragg peak position was moved to the deeper 

parts of the water phantom as shown in Table 1.    

The depth of maximum dose deposition, or Bragg 

Incident particle 

phantom 

z 

y 

x 
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peak, rose with energy for all ion types investigated 

including proton (¹H), alpha (4He), carbon (¹²C),    

and oxygen (16O). These peaks correlated to             

lower starting energy (~54 MeV for protons and 

~118 MeV for oxygen) at a depth of about 2 cm. 

Bragg peaks moved deeper into the phantom with 

increasing energy, reaching roughly 4.5 cm, 7.5 cm, 

and 10.5 cm for increasingly higher energy levels. 

This pattern indicates that to reach penetration 

depths comparable to those of lighter ions, heavier 

ions need higher energy.  
As shown, comparative analysis between the 

simulated Bragg peak positions and the experimental 

data presented by Tessonnier et al. [13] demonstrates 

that the percentage difference remains within 20 %    

for all ion species investigated. This deviation        

was within acceptable bounds for Monte Carlo 

simulations involving heavy ions, considering          

the complexity of nuclear interactions and          

medium heterogeneity. Additionally, the statistical     

uncertainty of the PHITS simulations was maintained            

below 0.1 %, ensuring high precision and confidence           

in the reported dose and fluence distributions.   

Helium ion, also known as the alpha particle, 

provides more conformal treatment because of its   

low entrance dosage, reduced lateral scattering,       

and decreased fragmentation, which aligns with the 

experimental findings [13]. 

 
Table.1. Comparison of the PHITS simulated and experimental 

range by Tessonnier et al., (2017) [13] at various incident 

energies for proton (¹H), alpha (⁴He), carbon (¹²C), and      

oxygen (¹⁶O) ions in a water phantom. 
 

Incident Energy of Light and                

Heavy Ions (MeV/u) 
Range (cm) 

(1H) (4He) (12C) (16O) 
Exp. Data 

[13] 

Monte 

Carlo Sim. 

% 

Diff. 

54.19 56.44 100.07 117.20 2.50 2.00 20.00 

78.30 79.78 145.47 171.03 5.00 4.50 10.00 

101.90 103.05 190.25 224.84 8.00 7.50 6.25 

121.95 122.93 229.76 271.59 11.00 10.50 4.55 

 

 

 
 

Fig. 2. Percent Depth Dose (PDD) profiles of proton (1H),      

alpha (4He), carbon (12C), and oxygen (16O) ions at various 

energy sources in water. 

 
(a) 

 

 
 
 

(b) 

 

 
(c)  

 

 
(d) 

 

Fig. 3. PDD profiles for (a) proton(1H), (b) alpha (4He), 

(c) carbon (12C), and (d) oxygen (16O) ions at increasing 

energies in water. 
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For heavy ions like proton, alpha, carbon and 
oxygen yield secondary particles through nuclear 
interactions across the water phantom and 
experience straggling and nuclear fragmentation. 
This was evident in the presence of dose               
tails (see Figs. 2 and 3) which were caused             
by nuclear fragments via ionization processes.    
These secondary fragments in the tail were       
lighter compared to the incident ions. To have a 
longer range tails and lighter, are the primary   
drivers of the energy deposition that occur outside 
the incident primaries’ range [19,20]. Interestingly, 
the Bragg peak and the lateral dose deposit both 
broaden with increasing incident energy, particularly 
for heavier ions. Clinically, these physical behaviors 
are significant because broader dose distributions 
and elevated secondary particle production 
especially neutrons can increase radiation exposure 
to nearby healthy tissues. Thus, selecting the 
appropriate ion type and optimizing treatment 
planning are critical for ensuring accurate dose 
delivery and minimizing unintended side effects in 
particle therapy. 

 

 
(a)  

 
 

(b) 

 
 

(c) 

 
 

(d) 
 

Fig. 4. Electron fluence distributions from (a) proton (1H),        

(b) alpha (4He), (c) carbon (12C), and (d) oxygen (16O)                    

at energy of 121.95 MeV/u, 122.93 MeV/u, 229.76 MeV/u           

and 271.59 MeV/u, respectively. 

Additionally, the spatial distributions of   
electron, neutron, and positron fluence of proton (

1
H), 

alpha particles (
4
He), carbon ions (

12
C), and oxygen 

ions (
16

O) at energies of 121.95 MeV/u, 122.93 MeV/u, 
229.76 MeV/u and 271.59 MeV/u are shown in         
Figs. 4-6. Color gradients represent fluence intensity, 
with blue indicating the lowest and red the highest. 

Electron fluence approximately 10
-5

 
1/cm

2
/source for proton (

1
H) and alpha (

4
He), 

increasing to 10
-4 

1/cm
2
/source for carbon (

12
C) and 

oxygen (
16

O) ions. Neutron fluence showed a similar 
trend, ranging from 10

-3
 1/cm

2
/source for protons to 

10
-2

 1/cm
2
/source for heavier ions. Positron fluence 

was the lowest among the three, increasing from                      
10

-6
 1/cm

2
/source for light ions to 10

-5
 1/cm

2
/source        

for carbon and oxygen. 
These results indicate that the production              

of secondary particles increases with ion mass and 
energy. All three types electrons, neutrons, and positrons 
were primarily concentrated within the water     
phantom. Electron fluence was the lowest near the 
source across all ions. Neutron  fluence formed a path 
from the source to the phantom, while positron intensity,   
although generally low, shifted from moderate near       
the source to lower intensities as  n mass increases. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 5. Neutron fluence distributions from (a) proton (1H),         
(b) alpha (4He), (c) carbon (12C), and (d) oxygen (16O)                

at energy of 121.95 MeV/u, 122.93 MeV/u, 229.76 MeV/u          
and 271.59 MeV/u, respectively. 
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(a)  
 

 
 

(b) 
 

 
 

(c)  
 

 
 

(d) 
 

Fig. 6. Positron fluences for the energies used were                      

(a) 121.95 MeV/u for proton (1H), (b) 122.93 MeV/u                   

for alpha (4He), (c) 229.76 MeV/u for carbon (12C),                    

and (d.) 271.59 MeV/u for oxygen (16O). 

 
 

CONCLUSION 

The Percentage Depth Dose (PDD) curves 

generated by PHITS reveals distinct dose    
deposition patterns for proton, alpha, carbon, and 

oxygen ions at varying energy. These curves 
showcase the ability of different ions to deposit 

energy at specific depths within the phantom,       
with variations observed based on energy level.      

The Bragg peak positions from simulations       
showed good agreement with experimental data 

(within 20 %) and maintained statistical uncertainties 
below 0.1 %, supporting the reliability of the results. 

Helium ions exhibited favorable clinical properties, 

such as reduced entrance dose and minimal 
scattering. The electron, positron, and neutron 

visualization fluence provided more insight into 

secondary particles produced when primary ions 
interact with the water phantom. Electron and 

positron fluence concentrations were notably higher 
the water phantom, with dispersion increasing with 

the energy of the ion source. Conversely, neutron 
fluence tended to concentrate along the source path 

until reaching the phantom, with its distribution 

influenced by the energy level of the ion source. 
Overall, these findings underscore the importance of 

optimizing treatment planning strategies for cancer 
patients. 
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