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Graphical abstract 
 

 

Abstract 
 

An analysis on the distribution of particle flux emanating from reactions of 30 

MeV-proton with beryllium target in a double layer beam shaping assembly 

(BSA) has been carried out using the PHITS program.  It studies important 

parameters relating to the distribution of proton, neutron, and gamma. It is 

revealed that reactions of proton and beryllium in double layer BSA produce 

fast neutrons and other protons, resulting from certain reactions, and recoil 

protons from the interactions of fast neutrons and hydrogen atoms. Fast 

neutrons are distributed around beryllium target, moderator, reflector, and 

collimator. They are moderated by Al and LiF material. Epithermal neutrons 

spread along the moderator, with a distribution that is tapering down as it 

approaches the end of the collimator (aperture). During its travel along the 

moderator, an epithermal neutron decreases in energy to become a thermal 

neutron. The spectrum of neutron beam produced by the double layer BSA is 

wide, which indicates that the neutron beam exiting the aperture consists of 

three kinds of neutrons, dominated by epithermal neutrons with energy range 

1 eV – 10 keV.   

 

Keywords: Particle distribution, 9Be(p,n)9B reaction, double layer BSA,  
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1.0 INTRODUCTION 
 

The key to a successful cancer therapy using the 

Boron Neutron Capture Therapy (BNCT) methods is 

determined by, among others, two factors, 

specifically boron compound accumulated in 

cancer cells and availability of neutron sources [1].  

One of the neutron sources for BNCT purposes is the 

cyclotron [2]. A neutron producing reaction in the 

cyclotron is the reaction of 30 MeV protons with the 
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9Be target. However, the characteristic of the 

resulting neutrons does not allow direct applications 

because apart from fast neutrons, contaminants are 

also produced. Neutron beams remain to be 

processed using the beam shaping assembly (BSA) 

system [3,4]. 

The Components of a BSA are moderator, 

reflector, collimator, and filter. The functions of each 

component of BSA are as follows. The moderator 

serves to lower the energy of fast neutrons into that of 

epithermal neutrons. The reflector is for increasing 

neutron flux and reducing its leak. The collimator is for 

focusing the beam, and the filter is for suppressing 

gamma radiations and non-epithermal neutrons [5].  

Each of BSA components is commonly designed 

with single layer configuration, i.e., they only use one 

type of material. The downside of the single layer 

configuration is that every component does not work 

efficiently, causing the moderated fast neutrons to 

not be transformed into epithermal neutrons with 

such quality and intensity that agree with the 

requirements of BNCT therapies. To overcome the 

weakness, double layer, even multilayer, 

configurations may be developed.  

Evidence suggests that combining two suitable 

materials yields better quality. Using two-layered 

moderators combination, Dao-wen et al., (2012) [6] 

were able to improve moderation up to 19.3%. Adib 

et al., (2016) [7] combined two or more filter materials 

and succeeded to produce epithermal neutron 

beams within a range of 1.5 to 10 keV. Better results 

were also obtained when two reflectors are 

combined. A combination of reflector materials such 

as tungsten (W) and molybdenum (Mo) can multiply 

neutron reflection to five times as much, compared 

to when only tungsten is used [5, 8]. Based on these 

evidences, the use of four BSA components in the 

form of a double layer configuration is expected to 

produce epithermal neutron beams with better 

intensity and quality. 

Until now visualizations regarding interacting 

mechanism between particles and component 

materials are hardly ever conducted. This is contrary 

to the fact that visualization is useful to know the 

distribution of interacting particles with matter. The 

use of the MCNP programming to display particle 

distributions in BSA is deemed inefficient considering 

its complex procedure, particularly with regards to 

mesh tally and graphical output display. By contrast, 

the PHITS programming is regarded to have easier 

procedure in graphical output display [9, 10]. This 

article discusses an analysis of the distribution of 

particles interacting with BSA materials using the 

PHITS programming. The BSA of interest is that of a 

double layer using two kinds of materials [11]. 

 

 

2.0 METHODOLOGY 
 

The double layer BSA model used in this simulation 

consists of four typical components: moderator, filter, 

reflector, and a collimator. The material in the 

moderator is be made of Aluminum (Al) and lithium 

fluoride (LiF). The material for fast and thermal 

neutron filter are FeC (Carbon Iron) and Cadmium 

(Cd), whereas the collimator is made of Nickel and 

borated polyethylene. A Lead (Pb) material for 

gamma shielding is commonly attached to the end 

of BSA. The neutrons are modeled to come from 

interactions between 30 MeV proton and beryllium 

(Be) target, at 1mA proton current [12]. In this model, 

neutron flux is calculated using the following 

Equations [13]. 

 
                          (1) 

 

 

     
      

  
                 (2) 

  
         

 

   
                    (3) 

 

where V is the volume of Be,   is the density of Be, NA 

is the Avogadro number, BA is the atomic weight of 

Be, I is  proton current (1 mA), e is elementary charge, 

A is the area of Be and  is macroscopic cross 

section. 

Based on calculation using Equation 1 it is 

obtained that the neutron flux is 1.48 x 1012 n/cm2.s. 

The distribution of protons, neutrons, and gamma 

fluxes in the BSA and the energy spectrum of the 

resulting neutrons are studied using the PHITS 

program. The distribution of particles is computed 

using track tally. The calculation of gamma dose also 

uses track tally along with flux to dose converter. 

Particle trajectories and geometries are visualized 

using the ANGEL software. The library data of cross 

sections for neutron and photon is obtained from the 

JENDL-4.0, while for proton is from the intra-nuclear 

cascade (INCL4.6) [9, 10]. The design of the double 

layer BSA and the research flowchart are shown in 

Figure 1 and Figure 2, respectively.   
 

 
Figure 1 The design of double layer BSA 
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Figure 2 The research flowchart of the stage in determining 

particle distribution in the BSA 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Distribution of Protons 

 

Computational results about the distribution of 

particles in the double layer BSA using the PHITS 

programming are shown in the following figures. The 

distribution of proton, neutron, and gamma photon 

fluxes are shown in colors ranging from blue to red. 

Blue and red represent the lowest flux and the 

highest flux, respectively.  

 

 
 

Figure 3 Distribution of proton in BSA 

 

 

Figure 3 shows the proton flux in the double layer 

BSA. The red color represents protons from 

accelerator having the energy of 30 MeV, while the 

blue color indicates new protons around the target, 

the moderator, and the collimator. It suggests that 

during their interactions with beryllium, only partial 

numbers of the protons become neutrons. The 

intensity of protons in the vicinity of beryllium target is 

104 p/cm2.s. New protons in the neighborhood of the 

target and moderator are resulted from 9Be(p,xn) 

reactions [14]. The protons surrounding the collimator 

come from interactions of fast neutrons with 

hydrogen atoms of borated polyethylene material 

through elastic scattering reaction [15]. The flux of 

such protons is 102 p/cm2.s 

 

3.2 Distribution of Neutrons  

 

This simulation shows that the interactions of protons 

with beryllium target are able to produce maximum 

neutron yield of 1014 (n/s mA) and average total flux 

of 1012 n/cm2.s. The neutrons are mainly resulted from 

reactions of 30 MeV protons with 9Be target material 

through 9Be(p,n)9B reaction [3, 16]. By calculation 

using empirical equations, such reactions produce 

fast neutrons with the maximum energy of 28 MeV [3] 

and average energy of 11.9 MeV [17]. 

 

 
 

Figure 4 Distribution of fast neutron flux 

 

 

Figure 4 shows the distribution of fast neutrons in 

the double layer BSA. The highest distribution of fast 

neutron is found in the vicinity of the beryllium target, 

indicated in red color. Fast neutrons spread across all 

components of the BSA, i.e. moderator, reflector, 

and collimator, which is shown in yellow color. The 

flux of fast neutrons going through the moderator 

changes as indicated by the change in color from 

yellow to green. The color change indicates there is 

a decrease in fast neutron flux due to fast neutrons 

being moderated by Al and LiF, and then 

transformed into epithermal and thermal neutrons. 

The flux of fast neutron as well as the intensity also 

decreases after going through Pb and FeC reflector, 

indicated by color change from yellow to green. 

Such flux and intensity decrease confirms that the 

reflector effectively reflects fast neutrons back into 

the moderator [18].  

Although Pb reflector and carbon-iron (FeC) are 

able to reflect fast neutrons, some fast neutrons are 

still able to escape from the reflector. Such an 

occurrence may be due to the reflector wall 

thickness is still inadequate. Therefore, the reflector 

fails to prevent neutron current leaks [3].  

Fast neutrons that are going through moderator 

and reflector will enter the collimator and undergo 

reflections at the collimator walls. The flux of fast 

neutrons resulted at the end of the collimator is 

107n/cm2.s. 

Design of BSA double layer 

Analysis of particles 

distribution in BSA 

Proton Neutron Gamma 

Analysis  of neutron distribution in 

aperture  
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Figure 5 Distribution of the epithermal neutron flux 

 

 

Figure 5 shows the distribution of epithermal 

neutrons after the moderation by Al and LiF materials 

in the double layer BSA. The highest distribution is 

found surrounding the moderator, as shown in red 

color. The effectiveness of Al and LiF in producing 

high epithermal neutron flux depends primarily on Al 

since it is has large scattering cross section with 

respect to neutrons with the energy of above 10 keV 

[19]. The interactions of neutrons with Al material are 

predominantly through 27Al(n,2n)26Al reactions, 

producing epithermal neutrons [20]. The existence of 

fluorine (F) element in LiF material enhances fast 

neutron moderations since fluorine has large 

scattering cross section with respect to fast neutrons. 

Hence, LiF contributes to increasing the number of 

epithermal neutrons [19, 21]. Epithermal neutron flux 

surrounding the moderator is around 1011 n/cm2.s. 

Epithermal neutrons are also distributed inside the 

components of the BSA, i.e. reflector and collimator. 

In the first reflector the intensity of epithermal neutron 

is relatively high, as indicated by the red color, but it 

decreases in the second reflector as indicated by 

yellow color. Such high intensity of epithermal 

neutron flux in the first reflector may be caused by 

fast neutrons being reflected back into the 

moderator, in which some of them turn into 

epithermal neutrons. As a result, the intensity of 

epithermal neutron flux in the BSA increases. The 

intensity decrease of epithermal neutron flux in the 

second reflector may be due to some epithermal 

neutrons turning back into thermal neutrons [18]. 

However, the intensity of epithermal neutron flux 

outside the wall of reflector is still high. Therefore, 

optimization in thickness of the reflector is needed to 

reduce the loss of epithermal neutron flux. 

At the end of the collimator the intensity of 

epithermal neutron flux also decreases, as shown by 

color change from red to yellow. We found the value 

of epithermal neutron flux at the end of the 

collimator is about109 n/cm2.s.  

Figure 6 shows the distribution of thermal neutron 

flux in the double layer BSA. The highest distribution of 

thermal neutron flux is found in the moderator 

component, shown in red color. Such high intensity of 

thermal neutron in the moderator may be resulted 

from two mechanisms. First, thermal neutrons are 

formed when epithermal neutrons are transformed 

into thermal neutrons, and second, epithermal 

neutrons move through the first reflector [11, 16].  

 

 
 

Figure 6 Distribution of the thermal neutron flux 

 

 

The intensity of thermal neutron at the collimator 

wall is also high as it shown in red color. It is caused 

by the interaction of fast neutrons with H atom in 

borated polyethylene material [22]. We found that 

the intensity of thermal neutron flux after going 

through Cd filter decreases to 106 n/cm2.s. 

The intensity of thermal neutron outside the 

reflector is sufficiently low, as it shown in green and 

white color.  Pb and FeC are able to significantly 

suppress thermal neutron flux. 
 

3.3 Distribution of Gamma Particle 

 

Figure 7 shows the distribution of gamma rays in the 

BSA shown in yellow color. We found the flux of 

gamma rays around the beryllium target is 

1010/cm2.s. The gamma rays are produced mainly 

from interactions of protons with beryllium target 

through 9Be(p,)6Li() reactions. A small number of 

gamma rays are also emitted from capture reaction 

followed by inelastic scattering through 9Be(p,)10Be 

reactions [23]. Gamma rays are also produced by 

the reaction of neutrons with aluminum through 
27Al(n,)28Al reactions[20]. The flux of gamma rays 

declines after leaving the collimator. 

To obtain a neutron beam that is suitable for 

BNCT, fast neutron, thermal neutrons and gamma 

rays need to be filtered. FeC material is best in 

decreasing fast neutron. The effectiveness of Fe as 

fast neutron filter is due to its ability to scatter 

neutrons in-elastically as they pass through Fe 

material with the energy of higher than 14 MeV [8]. 

Lead is an excellent gamma ray filters, as indicated 

by good photon attenuation [21]. To eliminate 

thermal neutrons, cadmium (Cd) is used, since Cd is 

a material with large thermal energy rate absorption 

cross section without absorbing significant parts of 

epithermal neutrons [8]. So, with Pb and Cd material 
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as the last part of the BSA, the design can improve 

the BSA configuration in lowering contamination 

dose in patients and preventing healthy cells and 

tissues from damage. 

 

 
 

Figure 7 Distribution of gamma rays in the BSA 

 

 

3.4 Characteristics of Neutron Beam Spectrum 

 

The characteristic spectrum of neutron beam 

computed at the aperture of this BSA double layer 

design is shown in Figure 8. The spectrum is quite 

wide, specifically the neutron beams coming out 

from the aperture comprises three kinds of neutrons, 

which are thermal, epithermal and fast neutrons. 

Considering that the curve peaks at epithermal 

energy range (1eV – 10 keV), the neutron beam 

coming out of aperture is dominated by epithermal 

neutrons. The spectrum of neutron beams calculated 

at the location of the aperture is characterized by 

the epithermal neutron flux of 1.0 x 109 n/cm2.s, the 

ratio of epithermal to the thermal of 102, and the 

ratio of gamma dose to the epithermal neutron flux 

of  5.75 x 10-13 Gy.cm2. Such energy is enough for 

deeply located cancers in BNCT therapies [24]. 

 

 
 

Figure 8 Spectrum of neutron beams coming out of the end 

of BSA (aperture) 
 

 

 

 

4.0 CONCLUSION 
 

Interactions of 30 MeV proton beams with beryllium in 

double layer BSA produce fast neutrons. The 

interactions also produce proton by-products from a 

particular reaction and recoil protons, which appear 

from interactions of the fast neutrons with hydrogen 

atoms. Fast neutrons are distributed over beryllium 

target, moderator, and reflector. Fast neutrons are 

moderated into epithermal neutrons. Epithermal 

neutrons are distributed along the moderator and 

decrease in density toward the end of the collimator. 

Epithermal neutron flux computed at the aperture's 

position is 109 n/cm2.s. During their passage in the 

moderator, some epithermal neutrons experience 

decreases in energy turning them into thermal 

neutrons. The spectrum of neutron beams produced 

by the double layer BSA displays a wide curve. This 

indicates that the neutron beam that leaves the end 

of the collimator (aperture) consists of three kinds of 

neutrons, being dominated by epithermal neutrons 

with the energy range of 1 eV–10 keV.  
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