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Abstract 
 

The designs of Beam Shaping Assembly (BSA) for moderating fast neutron 

into epithermal neutron have been conducted. Some BSA models that are 

previously developed are still having problems in generating epithermal 

neutron. Instead, we propose designs of double layer beam shaping 

assembly (DLBSA) to produce epithermal neutron. Optimization of the 

Double Layer Beam Shaping Assembly (DLBSA) design was carried out 

using the genetic algorithm (GA) method using MCNPX and verified using 

the Particle and Heavy Ion Transport code System (PHITS). The optimization 

resulted in four configurations up to the 21st generation capable of 

producing epithermal neutron beams that comply with the IAEA standards. 

The best four configurations are obtained by combining: (1) Al with one of 

the CaF2, BiF3 or PbF2 materials as moderator, (2) Pb with Pb, Ni, or Bi as a 

reflector, (3) Ni with FeC, or C as collimator, (4) (FeC + LiF) as fast neutron 

filter, Cd or B4C as thermal neutron filter. Verification of the four optimum 

configurations of the DLBSA model using PHITS code shows that the 

epithermal neutron beam produced by DLBSA has met the IAEA standards. 

 

Keywords: DLBSA optimization, verification, epithermal neutron, MCNPX, 

PHITS, BNCT 

 

© 2022 Penerbit UTM Press. All rights reserved 

  

 

 

1.0 INTRODUCTION 
 

Boron Neutron Capture Therapy (BNCT) is a promising 

cancer therapy method, considering its possibility to 

kill cancer cells selectively by using neutron irradiated 

in-cell boron compound. The key success for 

therapies using the BNCT method is determined by 

two factors, namely accumulated boron compound 

in cancer cells and availability of adequate neutron 

sources [1, 2].  

Current adequate neutron sources derived from 

nuclear reactors are very expensive and it is almost 

impossible to build nuclear reactor in hospitals. 

Therefore, neutron sources from accelerators are 

developed [3, 4]. A model of accelerator that is 

currently being developed and is suitable for 

laboratory and hospital purposes is the cyclotron [5].  

The neutrons produced by a cyclotron come from 

the interactions of protons with a target material. 

However, fast neutrons resulting from the interactions 

remain to be processed by moderating systems, such 

as the beam shaping assembly (BSA), to yield 

neutrons having range of energy in the level of 

epithermal neutrons 0,5 ~ 10 keV and low 

contaminants [6, 7]. The quality and quantity of the 

neutron beams to be utilized as a neutron source for 

BNCT must comply with the standards of IAEA 

TECDOC 1223 [8].  

Some designs of BSA based on 30 MeV cyclotrons 

are continually developed. Three models are 
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developed for processing high energy neutron 

beams that result from reactions of 30 MeV protons 

with a beryllium target.  The earliest model of BSA was 

introduced by Tanaka et al., 2011 [9]. Their BSA 

model uses Pb material as neutron multiplier, and Al 

and CaF2 as moderator. The moderator material is 

circumscribed by a Pb reflector. LiF combined with 

polyethylene is used as a filter for thermal neutron 

and Pb as gamma shielding. This configuration is able 

to produce epithermal neutron flux, but is still 

accompanied by contaminants, making it non-

compliant with the IAEA standard. 

Hasimoto et al., (2014) constructed second BSA 

model to process neutron beams that results from the 

interactions of protons with a beryllium target ranging 

from 20 MeV to 30 MeV [10]. Such configuration of 

BSA consists of moderator, reflector, collimator, and 

filter.  MgF2 material is used as moderator and Pb as 

reflector. The wall of the collimator is made of two 

layers, i.e. PE 50% mixed with LiF and Pb. Fe and LiF 

are used as a filter for fast and thermal neutrons and 

Bi as gamma shielding. This configuration can 

produce epithermal neutron flux, but yet it contains 

contaminants of fast neutrons and gamma ray.  

The third model of BSA was introduced by Khorsidi 

(2017) [11]. This model is used to process neutron 

beams from the interactions of a target and protons 

with energy of 15 MeV to 30 MeV. The moderator 

used in this model is Pb and fluental. Fluental is a 

combination of three materials, namely 69 w% AlF3, 

30 w% Al and 1 w% LiF. Pb is arranged to circumscribe 

the beryllium target, while fluental is placed on the 

surface of Pb. The reflector is made of graphite, and 

the collimator is made from Bi material coated by 

Boron Carbide (B4C). In order to reduce 

contaminants, a filter consisting of Fe, Li, and Bi is 

installed, in which Li as a filter for thermal neutron, Bi 

as a filter for gamma ray, and Fe as a second filter for 

fast neutron. The resulting epithermal neutron is 

significantly high, but the accompanying 

contaminants are still high too.  

The three models of BSA have not been able to 

produce neutron beams that completely meet the 

IAEA standards. This is presumably due to the use of a 

single layer configuration, which uses one type of 

material. According to Rasouli and Masoudi, (2012) 

one of the disadvantages of using a single layer 

configuration is that it is less than optimal for 

moderating neutrons and reducing contaminants in 

BSA [12]. Therefore, single-layer construction is being 

abandoned and multi-layer configurations began to 

be developed. The multilayer configuration utilizes 

more than one material in composing the 

components of BSA. One of the multilayer 

configurations is double layer. The double layer 

configuration produces an alloy of two materials that 

have better properties than the properties of each of 

the constituent materials [13].  

The three models are also designed using 

stepwise optimization. Staged optimization is carried 

out by selecting the type of material and followed by 

varying the thickness of the material through 

simulation. The weakness of the stepwise method is 

that the combined optimization results of each BSA 

component (moderator, reflector, collimator and 

filter) do not always produce an optimal beam. This is 

because each BSA constituent material affects each 

other in producing a radiation beam. According to 

Kasesaz et al., (2014) BSA system actually belong to 

highly complex systems because the components 

that make up BSA are independent variables that 

are difficult to control and influence each other [14]. 

Methods that can be used to optimize complex 

systems include artificial neural networks (ANN), 

colony algorithms, and genetic algorithms (GA) [15].  

ANN is an optimization method that mimics the 

human nervous system. The Colony algorithm in is 

based on colony behaviour of living creatures, while 

GA is based on natural genetic selection and 

inheritance. The use of the GA method is deemed 

more suitable as a BSA optimization method. The 

selection properties of GA can be used to select 

good BSA constituent materials. Meanwhile, genetic 

inheritance can be used in choosing a combination 

of materials that have been selected for combining 

into two materials that can produce the most 

optimal BSA output. The optimized BSA components 

are expected to produce high epithermal neutron 

beams and low contaminants according to IAEA 

standards. In this article, we will describe the results of 

the BSA design using a double layer configuration 

and its optimization using genetic algorithm (GA) 

optimization. The optimal configuration results are 

verified using a program based on the Monte Carlo 

Particle and Heavy Ion Transport code System (PHITS) 

so that the design and optimization results using the 

GA method is highly valid. 
 

 

2.0 METHODOLOGY 
 

2.1 Optimization  

 

The BSA design uses a double layer configuration. The 

neutrons come from reactions of 30 MeV protons with 

a 9Be target. Double Layer Beam Shaping Assembly 

(DLBSA) has four main components, namely 

moderator, reflector, collimator and filter. Each 

component is formed from a combination of two 

materials. The moderator was chosen from a 

combination of aluminum (Al) material and eight 

other moderator materials, namely Al2O3, LiF, AlF3, 

MgF2, CaF2, BiF3, PbF2 and C2F4. The reflector is 

selected from a combination of Pb material with 

bismuth (Bi), carbon iron (FeC), Nickel (Ni) and 

graphite (C) materials. Choosing the right 

combination of fast neutron filter and thermal 

neutron is done by combining FeC with Cd, Ti, Li, B4C 

and 10B materials. The double layer configuration of 

BSA is shown in Figure 1. 
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Figure 1 Configuration of double layer BSA 

 

 

In order to obtain the optimal DLBSA configuration 

in generating neutron beams that comply with IAEA 

standards, a genetic algorithm (GA) optimization 

based on Monte Carlo N particle X (MCNPX) 

software is used. The implementation of GA in DLBSA 

optimization goes through the following steps: 

representing the chromosomes from DLBSA, 

calculating fitness function, performing selection, 

crossover, mutation, and convergence test. The 

representation of chromosomes in DLBSA is expressed 

in the form of an arrangement of DLBSA 

components, namely moderator, reflector, collimator 

and filter. The composition of the material and its 

thickness in each component is expressed as a gene. 

The first material that makes up the DLBSA 

component is called the superior gene and the 

second material is called non-superior. Superior 

genes are always involved in every process of 

forming a new generation. The materials used in the 

design and optimization of DLBSA and their relation 

to chromosomes and genes are shown in Table 1. 

Based on Table 1, each chromosome is made as an 

input program and run using the MCNPX program. 

The output of each chromosome is calculated for its 

fitness value, which is stated in Equation 1. 

 

 F=(w1epi +w2Repi/th + w3Repi/fast ) 

     +(w4Df + w5D)/108                                           (1) 

 

 where :   w1, w2, w3, w4, and w5    are weight = 1  

 

     epi = (epi  - 108)  

     Repi/th =(epi/th – 100) 

     Repi/fast =(epi/fast – 100 

     Df =(Df/epi – 10-13 ) 

     Df =(D/epi – 10-13 ) 

 
Weight factors w1-w5 are set uniformly =1 for their 

being equally significant in their contribution to 

generate chromosomes.  
 

The fitness value of each chromosome was tested 

for its convergence. Convergence conditions occur 

when the value of the fitness function of the 

chromosomes tends to be constant [16]. If it is not 

satisfied, the selection step is continued. The 

selection process was carried out to determine the 

potential probabilities of the chromosomes in 

producing five beam parameters according to IAEA 

standards. The selection makes use of Equation 2 

[17].  

Fs = (Fi/Fi)N                                                  (2)    

                                                                       

where FS = selection function, Fi = the i-th fitness 

function, N = number of chromosomes/individual in a 

generation. 

Chromosomes that have passed the selection are 

brought into crossovers and mutations to get a new 

generation. In this case, the material type or 

thickness of one of the selected chromosomes is 

exchanged with another chromosome. The crossover 

and mutation processes continue to progress in each 

stage until a convergent condition is reached [18].  

Value of the fitness function, selection, crossover and 

mutation are carried out with the help of the Python 

program.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 Representation of chromosomes and genes of DLBSA 

 

No Moderator Reflector Collimator Filter Remark 

m1 t1 m2 t2 m3 t3 m4 t4 m5 t5 m6 m7 t7 m8 t8 

1 Al 10 Al2O3 40 Pb 5 Ni 20 Ni 5 FeC FeC 22 Cd 1 K1 

2 Al 20 LiF 30 Pb 10 C 15 Ni 10 Ti FeC 22 B4C 2 K2 

3 Al 30 AlF3 20 Pb 15 FeC 10 Ni 15 C FeC 22 Li 3 K3 

4 Al 40 MgF2 10 Pb 20 Bi 5 Ni 20 B-Poly FeC 22 10B 4 K4 

5 Al 10 CaF2 40 Pb 5 Ni 20 Ni 5 FeC FeC 22 Cd 1 K5 

6 Al 20 BiF3 30 Pb 10 C 15 Ni 10 Ti FeC 22 B4C 2 K6 

7 Al 30 PbF2 20 Pb 15 FeC 10 Ni 15 C FeC 22 Li 3 K7 

8 Al 40 CF2 10 Pb 20 Bi 5 Ni 20 B-Poly FeC 22 10B 4 K8 

 
where t1-t8 = material thickness, m1-m8 = type of material,  t and m are expressed as genes. K1-K8 are expressed as 

chromosomes 
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2.2 Simulation process of DLBSA optimization using 

Genetic Algorithm (GA) 

 

The process of optimization simulation carried out 

from the 0-th generation chromosome is shown in 

Table 2. Input program for eight chromosomes in 

Table 2 is written in MCNPX 2.7 program [19]. The 

MCNPX program was run using 106 particle history 

with a multiplier of 6.251015 n/s in n p h mode and F5 

tally for the calculation of the thermal neutron beam, 

epithermal neutron, and fast neutron parameters. 

The calculation of gamma dose rate and fast 

neutron dose rate uses the DE and DF tally. 

Microscopic cross-section data for simulation use 

ENDF/B-VII and Visual Editor to create geometric 

visualizations from MCNPX inputs. For accuracy in 

data the simulation run with a statistical error of < 10 

%. The design and optimization flowchart as well as 

the simulation of the DLBSA simultaneously using the 

AG method is shown in Figure 2. 

 

2.2 Verification of the neutron beam of DLBSA in 

optimal configuration 

 

The design of BSA that has been successfully created 

using GA optimization (optimal configuration) is then 

verified using another design in the same form using 

the Particle and Heavy Ion Transport code System 

(PHITS) program [20]. 

The PHITS program belongs to Monte Carlo-based 

programs. As such, it can be used as a benchmark 

for other programs that are also based on Monte 

Carlo [21]). The verification of the neutron beam 

produced by DLBSA is carried out by calculating the 

neutron spectrum using Tally Track 

 

 

 

The calculation of the fast neutron dose rate and 

gamma dose is used by Tally Track which is equipped 

with Kfast and K conversion factors to convert. 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Design and Optimization of DLBSA using Genetic 

Algorithm (GA) 

 

DLBSA is a system that processes fast neutrons into 

epithermal neutrons and functions to reduce 

contaminants. The system has four main 

components, namely moderator, reflector, 

collimator, and filter. Each component is formed from 

a combination of two materials. The use of two 

materials in each DLBSA component is intended to 

enhance the contribution of each material. The initial 

three-dimensional design of the DLBSA using MCNPX 

programming visualized in the Vised software is 

shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Three dimensional view of DLBSA

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Flowchart of simultaneous DLBSA optimization using the GA method 
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Optimization of DLBSA using the GA method was 

carried to obtain the best composition and 

geometric configuration of the DLBSA. The DLBSA is 

expected to produce neutron radiation beam 

parameters that agree with IAEA standards. The 

results of the first generation optimization of DLBSA for 

8 chromosomes are shown in Table 2. Some 

chromosomes produce radiation beams that still 

deviate from IAEA standards. Table 3 shows that the 

highest epithermal neutron flux is 1.4 x 109 n/cm2.s 

and the lowest is 1.3 x108 n/cm2.s. The other four 

radiation beam parameters do not meet the IAEA 

criteria. It suggests that the epithermal neutron beam 

still contains many contaminants. Based on these 

data, the first generation DLBSA is not sufficient to be 

a source of BNCT therapy. The characteristics of the 

neutron beam produced by the first generation 

DLBSA are shown in Table 2. 

Based on Table 2, the optimization of DLBSA in the 

first generation has not been able to produce a 

neutron beam that meet the IAEA standard. 

Therefore, further optimization is carried out by 

increasing generations to get a convergent fitness 

function (fixed value). Convergent conditions 

indicate the attainment of an optimal solution, 

suggesting that a configuration capable of 

producing a neutron beam agreeing with IAEA 

standards has been found.  

Figure 4 shows the relationship between the 

increase in generation and the fitness function. It 

shows that the larger the generation, the higher the 

fitness value. The fitness value in the 18th to 21st 

generations tends to be constant. This shows that this 

generation has reached convergence [16]. This 

means that the optimum solution has been attained. 

This is an indication that there are several DLBSA 

configurations capable of producing neutron beams 

that accord with IAEA standards. 

 

 

 

 

 

 

 

 

 
 

Figure 4 Relation of the increase in generation to the fitness 

value  

 

 
Figure 5 Effect of generation change on epithermal   

neutron flux  

 
 

Figure 5 shows the effect of increasing generation 

on changes in epithermal neutron flux. A population 

whose chromosomes (individuals) produce a pareto 

optimal (optimal solution set) when the epithermal 

neutron flux is 1.0 x 109 n/cm2.s [16]. The figure shows 

that increasing generations produces solutions that 

spread towards the optimal solution and all optimal 

Table 2 Comparison of the characteristics of the first generation radiation beam with the desired solution 

(IAEA standard) 

 

No K Qepi x109 

(n/cm2.s) 

Qepi/Qth Qepi/Qfast Dfas/Qepi  

X 10-13 

(Gray.cm2) 

D/Qepi 

X 10-13 

(Gray.cm2) 

1 K1 1.02 405 23 9.32 0.246 

2 K2 0.15 122 3 5.48 0.486 

3 K3 0.63 203 8 1.98 0.149 

4 K4 0.13 71 4 1.71 0.148 

5 K5 1.40 667 15 2.71 0.957 

6 K6 0.36 50 5 1.75 0.116 

7 K7 0.69 137 69 5.41 0.141 

8 K8 0.13 43 2 1.34 0.141 

IAEA (2001)  1.0 >100 >20 < 2.0 < 2.0 

convergence 
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solutions are reached from the 18th generation to the 

21st generation. The epithermal neutron flux as a 

solution in the 21st generation varies between 1.0-

1.59 x 109 n/cm2.s. The values of epithermal neutron 

flux have met the IAEA requirements. However, other 

requirements in the form of contaminants in the form 

of fast neutrons, thermal and gamma rays 

accompanying epithermal neutrons must be as low 

as possible 

 

 
 

Figure 6 Value of fast neutron flux that accompany 

epithermal neutron flux in early, middle and late generation 

 

 

In addition to fast neutron flux, thermal neutron 

flux accompanying the epithermal neutrons that 

directly emerge from the DLBSA must also be limited. 

The ratio between the epithermal neutron flux and 

the thermal neutron flux (epi/ther) should not be 

less than 100 [16]. Based on Figure 6 and 7, the value 

of the fast neutron flux that accompanies the 

epithermal neutron flux in the early, middle and late 

generations causes an increase in the epithermal 

neutron flux and a decrease in the thermal neutron 

flux. In the 21st generation some individuals have 

produced pareto (optimal completion set) 100 [16]. 

This shows that in the 21st generation some DLBSA 

configurations have met the IAEA requirements, 

namely the ratio between the epithermal neutron 

flux and the thermal neutron flux (epi/ther) ≥ 100.  

The effect of generation changes on the ratio 

between changes in the fast neutron dose rate and 

the gamma dose rate on the epithermal neutron flux 

are shown in Figures 8 and 9. The increase in 

generation produces a number of solutions in the 

form of a ratio of fast neutron dose value to the 

epithermal neutron flux that varies and the value 

tends to produce a solution towards the ratio of the 

fast neutron dose rate to the epithermal neutron flux 

(Dfast/epi) that approaches 2 x 10-13 Gy.cm2. The 

optimization results pertaining to changes in the 

gamma dose rate to the epithermal neutron flux also 

resulted in a ratio of gamma dose rate and 

epithermal neutron flux < 2 x 10-13 Gray.cm2. The 

optimization results in the final generation (Gen-21) 

have very low radiation contaminants 

(contaminants) in form of fast neutrons and gamma 

radiation. This shows that in the 21st generation 

several DLBSA configurations have met IAEA 

requirements, especially the ratio between changes 

in fast neutron dose rate and gamma dose rate to 

epithermal neutron flux < 2 x 10-13 Gray/cm2. 

 

 
 

Figure 7 Value of thermal neutron flux accompanying 

epithermal neutron flux in early, middle and late 

generations 

 

 
 
Figure 8 Effect of generation change on the ratio between 

fast neutron dose rate and epithermal neutron flux in early, 

middle and late generations 

 



109                                  Bilalodin et al. / Jurnal Teknologi (Sciences & Engineering) 84:4 (2022) 103–112 

 

 

 
 
Figure 9 Effect of generation change on the ratio between 

gamma dose rate and epithermal neutron flux in early, 

middle and late generations 

 

 

The optimization of the DLBSA configuration until 

the 21st generation resulted in four (4) configurations 

that reached the optimum condition. The value of 

radiation beam parameter from the DLBSA has met 

the IAEA standards. The parameter values of the 21st 

generation radiation beam are shown in Table 3. The 

optimal configuration is obtained by combining the 

Al material with one of the PbF2, BIF3 or CaF2 

materials as a moderator. The best reflectors can be 

formed by combining Pb material with Ni, Pb or Bi 

materials. The best collimator is formed by combining 

Ni material with FeC and C materials. In order to 

reduce fast neutron contaminants, thermal and 

gamma it is highly recommended to use Fe, Cd and 

B4C. The success of optimization using the GA 

method cannot be separated from the use of 

superior genes such as Al, Pb, Ni, FeC and Cd, which 

are always involved in every process of forming a 

new generation. 

 

3.2 Verification of Neutron Beams Produced by 

DLBSA 

 

Verification of outgoing neutron beams from DLBSA is 

conducted using the PHITS code. The PHITS code has 

simple procedures in using tally and excellent 

graphic display output [20]. The input of PHITS code 

uses 4 (four) best configurations from the optimization 

using the GA method shown in Table 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data for verification is processed through the 

neutron flux distribution in the BSA and the neutron 

spectrum produced by the BSA. The simulation result 

of the distribution of epithermal neutron flux in DLBSA 

using the PHITS is shown in Figure 10. 

 

 

Table 3 Parameters of radiation beam resulting from optimization of DLBSA using the GA 

 

No 21st Generation 

Chromosome 

Qepi  x109 

(n/cm2.s) 

Qepi/Qth Qepi/Qfast Dfas/Qepi 

X 10-13 

(Gray.cm2) 

D/Qepi 

X 10-13 

(Gray.cm2) 

1 K1 1.47 1865 10 9.32 0.246 

2 K2 1.16 725 14 5.48 0.486 

3 K3 1.04 231 28 1.98 0.149 

4 K4 1.01 367 53 1.71 0.148 

5 K5 1.62 169 41 2.71 0.957 

6 K6 1.29 496 36 1.75 0.116 

7 K7 1.06 891 11 5.41 0.141 

8 K8 1.06 431 32 1.34 0.141 

IAEA (2001) 1.0         >100             >20     < 2.0  < 2.0 

Table 4 Configurations of double layer BSA that produce optimum radiation beam obtained from optimization 

of BSA using the GA method 

 

K Moderator Reflector Collimator Filter 

M1 t1 M2 t2 M1 t1 M2 t2 M1 t1 M2 M1 t1 M2 t2 

K3 Al 32 PbF2 18 Pb 20 Ni 5 Ni 5 FeC Fe+LiF 26 Cd 1 

K4 Al 28 CaF2 22 Pb 5 Ni 20 Ni 5 FeC Fe+LiF 24 Cd 1 

K6 Al 25 BiF3 25 Pb 5 Pb 20 Ni 15 C Fe+LiF 24 Cd 1 

K8 Al 20 CaF2 30 Pb 15 Bi 10 Ni 10 C Fe+LiF 29 B4C 1 
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Figure 10 Distribution of epithermal neutron flux in double layer BSA a. K3, b. K4, c.K6, d.K8 

 

 
The epithermal neutron flux is distributed inside of 

the double layer BSA. The highest intensity is found in 

the moderator and decline after passing the 

collimator and filter. The highest intensity is found in 

the moderator and decline after passing the 

collimator and filter. The decrease in the epithermal 

neutron flux can be attributed to the decrease in the 

energy of epithermal neutrons, transforming them 

into thermal neutrons [22]. The value of epithermal 

neutron flux at the end of the collimator is more than 

1.0 x 109 n/cm2.s. 

The spectrum of neutron beams produced by the 

DLBSA is shown in Figure 11. Based on the figure, the 

spectrum demonstrates a narrow peak at 10−2 MeV 

or 10 keV. It suggests that the neutron beams that 

exit the end of collimator (aperture) are dominantly 

epithermal neutrons. Such energy of neutron is 

needed in a BNCT therapy for deeply located 

cancers [23]. 

 

 

 

 

 

 
 
Figure 11 Spectrum of neutron flux produced by DLBSA a. 

K3, b. K4, c.K6, d.K8 

 

 

 

 

 

 
 

a. c. 

 
 

b. d. 
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Comparison of 5 parameters of neutron beams 

using the PHITS code is shown in Table 5. The data in 

Table 5 suggest that the values of neutron beam 

parameters computed using the PHITS code has 

successfully met the IAEA standard. The value of 

epithermal neutron flux computed using the PHITS 

code is higher than that of MCNPX computation. 

Such difference may result from the database used 

by each of the software. The MCNPX uses ENDF/B-VI-

6 database, while the PHITS uses JENDL-4.0 database 

[24]. However, both MCNPX and PHITS results have 

0.995 correlations. It suggests that the data have 

similar patterns.  

 

 

4.0 CONCLUSION 
 

DLBSA has been successfully optimized using the 

genetic algorithm method. The optimization is aimed 

to obtain a maximum solution of DLBSA configuration 

such that the resulting radiation beams satisfy the 

requirement for BNCT. The optimization of double-

layered BSA using the genetic algorithm method 

results in four (4) individuals that can produce optimal 

radiation beams. The most desirable configuration is 

obtained by combining:(1) Al with either one of 

CaF2or PbF2material as moderator, (2) Pb with one of 

Ni or Pb as reflector, (3) Ni with FeC, or C material as 

collimator, (4) using FeC+LiF and Cd as the filter for 

fast and thermal neutron and Pb as gamma filter. The 

parameters of radiation beams resulted by those four 

configurations of DLBSA has satisfied the IAEA 

standard. 

The DLBSA model is verified using the PHITS code 

results in thermal neutron beams having energy of < 

10-6 MeV, epithermal neutrons of 10-6 - 10-2 MeV and 

fast neutrons of > 10-2 MeV. The resulting spectral 

curve also suggests that the percentage of 

epithermal neutron is largest, with energy peak at 102 

MeV. It implies that the outgoing neutron beams from 

the end of the collimator has been dominated by 

epithermal neutrons. Results from the verification of 

the four optimal configurations of DLBSA show that 

the five parameters of the resulting radiation beam 

meet the IAEA standards. 
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