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Spread-out of Bragg peak of proton beam using Au 
nanoparticles: A Monte Carlo simulation study 

INTRODUCTION 

The proton beam offers advantages over the             
photon beam in treating various cancers, such as 
esophageal squamous cell carcinoma, non-small cell 
lung cancer, and deep-seated chordomas (1-4). This is 
primarily due to the more precise dose localization 
and higher biological effectiveness of the cells near 
the Bragg peak, which enhances the therapeutic             
efficiency of Proton Beam Therapy (PBT) (5,6). The 
potential benefit of PBT is associated with the energy 
distribution of the traversed matter, which differs 
significantly from that of photon beams (7,8). The       
energy loss of the proton beam increases to a peak 
value and then decreases rapidly. Because of this 
unique physical characteristic, there is a region of 
maximum dose along the beam's path of the protons 
called the Bragg peak (9,10). The depth of the Bragg 
peak depends on the initial kinetic energy of the               
protons.  

When the Bragg peak is over the region of               
interest, the maximum dose is delivered to the target 
cells, while normal cells receive lower energy. A             
proton beam deposits its energy almost entirely at 
the end of the particle's path in the matter, resulting 
in a sharp decline in the dose. This energy                       
distribution benefits conformal radiation therapy and 
can reduce treatment-related toxicities (11). 

 A monoenergetic proton beam is unsuitable for 
treating large cancer tumors due to the narrow width 

of the Bragg peak. The Bragg peak's width in the 
depth dose profile ranges from 3 to 20 mm in the  
energy range of 60 to 200 MeV, which is insufficient 
for covering larger target volumes (12). Spreading the 
Bragg peak helps extend the application of proton 
beams and provides better conformal doses for large 
tumors. 

 Both passive scattering and active scanning            
techniques are commonly used for Spread-Out Bragg 
Peak (SOBP) formation (13). The passive scattering 
technique spreads the beam by introducing a set of 
range modulator wheels or ridge filters into the 
beam's path (14). The active scanning technique uses 
fast-steering magnets to vary the proton beam's             
initial kinetic energy (15,16). However, these SOPB 
techniques have their limitations. Significant effort is 
required to define the modulating devices in the              
passive scattering technique to achieve a 3D-
conformal dose distribution. In the active scanning 
technique, switching the initial energy of the beams 
increases the irradiation time (17). 

 In recent years, nanoparticles (NPs) have been 
investigated for clinical applications ranging from 
diagnostics to disease control (18,19). Among NPs, 
AuNPs have been extensively studied due to their 
unique biological properties (20,21). NPs can effectively 
spread the Bragg peak by passing the proton beam 
through a solution containing NPs. This approach 
offers advantages such as ease of implementation and 
avoidance of increased irradiation time. However, 
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until now, no investigation has examined the SOBP 
caused by AuNPs. In this study, we explore the SOBP 
phenomenon when utilizing layers containing gold 
NPs at various concentrations, employing a powerful 
simulation toolkit capable of simulating physical             
processes up to several electron volts. 

 
 

MATERIALS AND METHODS 
 

GEANT4.10.6 was used for Monte Carlo (MC)            
simulations of proton transport in a medium                 
containing AuNPs (22). GEANT4 is open-source code 
that is freely available for tracking nanoscale                  
particles inside materials. The binary cascade 
(QGSP_BIC_EMY) model in Livermore physics was 
used to consider nuclear interactions of protons with 
AuNPs (23).  

In the GEANT4 code, a water slab with dimensions 
of x = 0.4 cm, y = 2 cm, and z = 2 cm was taken into 
account. Various concentrations of AuNPs were              
integrated into these slabs. This study employed a 
series of 35 water slabs, each containing different 
concentrations of AuNPs ranging from 1M to 35M. 
AuNPs were considered to be a mixture of Au atoms 
inside the water slab. A proton beam with an energy 
of 200 MeV was uniformly directed at the water slab, 
which had dimensions of x = 0.4 cm and y = 2 cm. 
Bragg curves were calculated in the water phantom 
(x = 4 cm, y = 4 cm, z = 40 cm) for each slab with             
different concentrations of AuNPs. A total of 107            
protons were considered to have acceptable                 
uncertainty (< 2%). The energy cutoff range and step 
size were 0.1 mm for all particles. 

The Bragg curves from the slabs containing              
various concentrations of AuNPs were combined  
using MATLAB version R2020b. In various                   
combinations derived from layers with different 
AuNP concentrations, 2 fundamental criteria were 
assessed to select the most suitable arrangement. 
These criteria encompassed the SOBP width and the 
dose variation. Ideally, the optimal arrangement 
would demonstrate the maximum SOBP width and 
minimal dose variation in the SOBP plateau. The 
SOBP width refers to the width of the flat dose area 
above 90% of the maximum dose. 

Figure 1 schematically illustrates the proposed 
method. Four water slabs with varying                           
concentrations of 1M, 5M, 10M, and 15M are                  
individually exposed to proton beams with an energy 
of 200 MeV to validate this method. The obtained 
Bragg peak curves from each water slab are summed 
together. In the subsequent stage, these 4 layers are 
placed side by side. This configuration is                       
simultaneously exposed to a proton beam with an 
energy of 200 MeV, and the Bragg peak curve is               
calculated. For validation, the cumulative Bragg peak 
curves of the 4 layers will be compared to the Bragg 
peak curve resulting from the 4-layer configuration.  
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The difference between the cumulative Bragg 
peak curves of the 4 individual layers with the Bragg 
peak curve that emerges from the configuration of all 
4 layers combined is shown in figure 2. The Bragg 
peak curves obtained in both scenarios are in                
excellent agreement. 

Figure 3 shows the Bragg peak curves when layers 
with different concentrations of AuNPs were                 
introduced along the path of the proton beam. As the 
concentration of AuNPs increases, the attenuation of 
the proton beam by the NPs leads to a reduction in 
the depth of the Bragg peak. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4 shows the triple arrangements of slabs 
placed in the path of 200 MeV proton beams. The 
maximum width of the Bragg peak in the triple              
arrangements is 83 mm. In all the triple                          
arrangements, the dose variation in the SOBP plateau 
region is approximately 30%. The Bragg peak                
associated with quadruple arrangements of slabs is 
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Figure 1. A sketch of the SOPB with the water slabs with  
different concentrations of AuNPs. 

Figure 2. The difference between the cumulative Bragg peak 
curves of four individual layers with the Bragg peak curve that 
emerges from the combined configuration of all four layers. 

Figure 3. The Bragg peak curves  for different concentrations 
of AuNPs. 
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illustrated in figure 5. The maximum width of the 
Bragg peak in quadruple arrangements is 76 mm. 
Additionally, the dose variation in the SOBP plateau 
region for the quadruple arrangements is less than 
20%. 

Figure 6 shows the most appropriate quintuple 
arrangements of slabs placed in the path of 200-MeV 
proton beams. In the presence of proper quintuple 
configurations of slab arrangements, incorporating 
various concentrations of AuNPs, the width of the 

Bragg peak increases within the range of 45 to 66 
mm. Furthermore, in these arrangements, variations 
in dose within the SOBP plateau are less than 5%.  

Figure 7 shows the most appropriate sextuple 
arrangements of slabs. The maximum and minimum 
widths of the Bragg peak in the sextuple                     
arrangements are 65 and 48 mm, respectively. In all 
sextuple arrangements of slabs depicted in figure 7, 
the dose variation in the SOBP plateau region is less 
than 5%.  
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Figure 4. The Bragg for triple arrangements of layers             
containing AuNPs with different concentrations. Figure 5. The Bragg for quadruple arrangements of layers 

containing AuNPs with different concentrations. 

Figure 6. The Bragg for quintuple arrangements of layers containing AuNPs with different concentrations. 
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DISCUSSION 
 

Robert Wilson suggested PBT in 1946, with the 
first patient being treated in 1954 (24,25). In                      
harnessing the benefits of PBT, achieving a conformal 
dose field stands as a pivotal objective. The                   
distinctive feature of a proton particle beam lies in 
the characteristic distribution of the mono-energetic 
beam, commonly known as the Bragg peak. While 
this offers a precisely defined dose field, it                  
necessitates meticulous energy control to attain the 
desired dose distribution. This intricacy sets particle 
therapy apart from conventional X-ray therapy,             
underscoring the need for sophisticated systems and 
highlighting the nuanced challenges associated with 
precision in energy management. As mentioned 
above, a monoenergetic proton beam is unsuitable 
for treating large tumors due to the narrow width of 
the Bragg peak. Broadened Bragg peaks are better 
suited for use in PBT. Passive scattering and active 
scanning techniques are employed for broadened 
Bragg peaks and energy management (13,26).                   
Previously conducted studies mainly focused on the 
design of ripple filters, ridge filters, and algorithms 
for modulating the intensity of proton beams (12,27,29). 
The proposed SOBP techniques are complex,                
expensive, and extend overall irradiation times (26). 

In our current investigation, we employed a 
straightforward approach to create SOBP. We                
propose the utilization of slabs containing varying 

concentrations of AuNPs, resulting in reduced               
irradiation duration and enhanced treatment                
efficiency. This method is sufficiently uncomplicated, 
enabling its implementation at any facility due to its 
minimal computational requirements. Embedding the 
slab of AuNPs with varying concentrations in the            
proton beam path leads to the generation of the Bragg 
peak at different depths. The superimposition of the 
various Bragg peaks leads to SOBP (26). The flatness of 
the dose in the Bragg peak should also be considered 
when choosing the best arrangements of the slabs. 
For example, using a triple and quadruple                 
arrangement of the slabs broadens the Bragg peak; 
however, the dose variation in the SOBP plateau           
exceeds 5%. These arrangements are unsuitable for 
PBT due to the lack of dose homogeneity in the Bragg 
peak. 

Increasing the number of slabs leads to better 
smoothing of SOBP. Figures 4 - 7 show that the dose 
variations within the SOBP plateau are less                
pronounced in the quintuple and sextuple                  
arrangements compared to the triple and quadruple 
arrangements. Moreover, increasing the number of 
slabs does not necessarily lead to an increase in the 
width of Bragg peaks. As mentioned above, the most 
suitable configuration exhibits a maximum Bragg 
peak width and a minimum dose variation in the 
SOBP plateau. Hence, despite their broad Bragg peaks 
due to significant dose variations, the triple and  
quadruple configurations are deemed unsuitable for 

700 Int. J. Radiat. Res., Vol. 22 No. 3, July 2024 

Figure 7. The Bragg curve for sextuple arrangements of layers containing AuNPs with different concentrations. 
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the SOBP due to the substantial dose fluctuations in 
the SOBP plateau. 

The discussion emphasizes the trade-offs between 
Bragg peak width and dose homogeneity in the SOBP 
plateau, culminating in the identification of                      
quintuple and sextuple arrangements as optimal                             
configurations. These configurations offer expanded 
Bragg peaks while maintaining dose uniformity, 
providing valuable insights for optimizing PBT              
efficacy. The study's findings contribute to the           
ongoing exploration of innovative approaches in the 
design of proton therapy configurations. 

 
 

CONCLUSION 
 

Our findings demonstrate a significant                  
advancement in modulating Bragg peak                         
characteristics by employing a specific arrangement 
of slabs, each with a uniform thickness of 4 mm,             
strategically placed along the path of proton beams. 
The observed outcome reveals a noteworthy                
expansion in the width of the Bragg peak, spanning 
from 45 to 80 mm. This broadening effect is                
contingent upon the concentration of NPs within the 
slabs. Furthermore, the applicability of this technique 
extends beyond proton therapy, as it can also be 
seamlessly incorporated into hadron therapy               
involving heavy ion beams. This versatility                    
underscores the broader impact of our methodology, 
paving the way for enhanced control and                      
customization in therapeutic interventions across 
different modalities. 
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