
Introduction

Boron Neutron Capture Therapy (BNCT) is a method

of cancer therapy that utilizes capture reaction of thermal

neutrons by 10B atoms. BNCT has long been aspired to

be an innovative form of radiation therapy that has the

potential to treat various types of cancer. The success

of the BNCT method depends on the ability to deposit
10B compound selectively solely on cancer cells and

the ability to irradiate thermal neutrons on their area

(He et al., 2021).

Neutrons can be produced using an accelerator, one of

which is a cyclotron. Cyclotron type accelerators have

been largely developed in various countries including:

the C-BENS, developed by the KURI Institute in Japan,

the BNCT-based Accelerator (AB-BNCT), developed in

Korea (Lee et al., 2020). Neutrons generated in the

cyclotron system are obtained through the reaction of

protons with target materials. However, the characteristics

of the resulting neutrons do not allow them to be directly

used because they also contain conta-minants apart from

fast neutrons. Fast neutrons must be moderated using a

beam shaping assembly (BSA) system (Hang et al., 2016;

Savolainen et al., 2013).

BSA designs usually consist of a moderator, filter,

reflector and collimator. Each component is typically
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designed using one type of material. However, the single

layer configuration has its weakness, namely that each

component of the BSA is not optimal in processing

neutron radiation beams. Therefore, to overcome this

weakness, a double layer model was developed using

more than one material. Designing the BSA in a double

layer configuration model allows better processing of

the neutron source beam. The double layer beam shaping

(DLBSA) model is optimized by components. Using

step by step optimization, an epithermal neutron flux

of 5 x 108 n/cm2/s is produced (Bilalodin et al., 2020).

When used as a neutron source in BNCT therapy, the

value of the neutron flux is still relatively low. The low

flux causes the therapy time to be long. Therefore,

further optimization is still required, especially on the

targets used in DLBSA in order to increase the epithermal

neutron flux and consequently shorten the therapy time.

Several target materials have been investigated for larger

neutrons production. The lithium (Li) target material is

used to produce neutrons using low energy protons

(< 5 MeV). A 100 (mm) thick Li is capable of producing

fast neutrons of 1.4 x 1012 n/cm2/s at its maximum with

neutron energy of 1.8 MeV (Zaidi et al., 2017). Another

material that was also tested was Beryllium (Be). The

results showed that the interaction of 5 MeV protons

beamed at a current of 2 mA produced a maximum fast

neutron of 3.9 x 1012 n/cm2/s (Hashimoto et al., 2014).

The interaction of a proton of 30-40 MeV at a current
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Abstract. The optimization of the 9Be target has been carried out to increase the fast neutron flux and is

expected to induce an increase in the epithermal neutron flux. Optimization was carried out by interacting

of the 9Be target with protons of 5-30 MeV and studying the effect of variations in the thickness and

diameter of the target on the production of fast neutrons. Proton energy optimization results show that the

interaction of a 30 MeV proton with a 9Be target produces the highest fast neutron flux with an energy

above 10 keV. The optimization results of the Be configuration results in 7 cm thick and 5 cm diameter

capable of producing the highest fast neutron flux of 1013 cm2/s. The increase in the fast neutron flux

produced by the target resulted in an increase in the epithermal neutron flux from 1 x 109 n/cm2/s to 4.26
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of 20 A with a Be target produces a maximum fast

neutron of 1.0 x 1012 n/cm2/s (Shin and Park, 2015).

In order for fast neutron flux to be able to produce an

epithermal neutron flux of 109 n/cm2/s after moderation

in BSA, the number of fast neutrons produced from the

interaction of protons with the target should be >1 x

1013 n/cm2/s (Mank et al., 2011). When fast neutron

flux produced is less than 1013 n/cm2/s, the resulting

epithermal neutron flux is low. Therefore, the right

target configuration will contribute to the increase in

the epithermal neutron flux. Suitable materials for target

material include those with the characteristics of high

thermal conductivity, not easily corroded and resulting

short half-life radioisotope. The materials should also

have high melting and boiling point characteristics,

especially for targets that are reacted with high energy

protons (Anderson et al., 2016). In this article, the

results of the optimization of beryllium targets in DLBSA

in producing fast neutrons will be presented and their

effect on the increase of epithermal neutrons produced

by DLBSA output.

Material and Methods

The target used in the Double layer beam shaping

assembly (DLBSA) system is beryllium (Be), with mass

number of 9. The target is bombarded by 30 MeV

protons generated from a 30 MeV cyclotron type

accelerator developed by the KURRI institute in Japan,

namely C-BENS (Tanaka et al., 2011). The proton beam

is designed to enter the cylinder through a vacuum

tunnel which is 7 cm in radius and 20 cm in length. The

target is placed at the end of the cylinder and placed in

a wrapping chamber made of Ta alloy material. The

reaction between Be and protons produces neutrons

through the 9Be(p,n)9B reaction (Chavan et al., 2022).

Neutron beam recording on target and DLBSA output

is shown in Fig. 1.

Optimization of the target configuration was carried

out by simulating protons with energy variations from

5 MeV to 30 MeV which ensure that the 30 MeV protons

produce 1013 n/cm2/s beam. The neutron flux conforms

to the fast neutron beam standard for moderation into

epithermal neutrons. The next step is to test its ability

to produce fast neutrons. The test was carried out on

variations in thickness and diameter of the target from

1 to 7 cm. In each test, the neutron yield spectrum,

neutron flux distribution around the target and inside

the DLBSA were calculated.

DLBSA is modelled as having four main components,

namely moderator, reflector, collimator and filter. Each

component is formed from a combination of two

materials. The moderator is chosen from a combination

of aluminium (Al) and BiF
2
 materials. The reflector is

selected from a combination of Pb material with FeC

material. The collimator is composed of Ni and Borated

polyethylene. At the final stage a combination of filters

for fast neutron and thermal neutrons is selected. It is

carried out by combining FeC with Cd materials, as a

fast neutron and thermal neutron filter. Besides the Cd

filters, a gamma filter made of Pb is installed (Bilalodin

et al., 2019).

The design and recording of the characteristics of the

neutron beam generated by the target and DLBSA was

carried out using the Particle Heavy Ion Transport

(PHITS) program version 3.2, with nuclear data JENDL-

4.0 (Sato et al., 2013). In order to get simulation results

with low statistical error, a large combination of maxcas

and maxbch is carried out with a ratio of 10:1. The

neutron beam produced by DLBSA is verified by

calculating the neutron spectrum using Tally Track. The

fast neutron dose rate and gamma dose is calculated by

the Tally Track which is equipped with K
fast

 and K
g

conversion factors to convert flux into dose rate. The

characteristics of the neutrons produced at the end of

the DLBSA aperture are desired to meet the needs of

BNCT according to the IAEA standards.

Results and Discussion

Profile of the neutron beam resulting from the

interaction of proton and target. Figure 2 shows the

neutron flux generated from bombardment of protons

with 5 MeV to 30 MeV of energy on a beryllium (Be)

target. Neutron flux as a function of projectile energy

follows an exponential function at low energies and is

linear at high energies. The difference in the curves at

low and high energies is caused by the difference in the

reactions that occur in the formation of neutrons. At

low energies the formation of neutrons occurs through

the Be(p,xn) reaction. In this reaction, one proton

interacting with the target produces many neutrons.

This results in an exponential curve, while at high

energy, it follows the 9Be(p,n)9B reaction (Lee et al.,

2020). The reaction shows that one proton produces

one neutron, resulting in a linear curve.

The interaction of 30 MeV proton with 9Be produces

a boron isotope 9B (Shin and Park, 2015). The boron
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(9B) isotope decays with a very short half life without

emitting gamma rays (Stefanik et al., 2019; Capulat et

al., 2014). The neutron flux at the energy of 30 MeV

reaches 1013 n/cm2/s. The value of the neutron flux is

in accordance with the requirements to be moderated

into epithermal neutrons.

The neutron flux resulting from the interaction of protons

with the target Be yields neutrons or fast neutrons in

the energy range of 10-2 to 10 MeV. The distribution

pattern of the fast neutron energy produced by the

interaction of protons with the target Be from 5 MeV

to 30 MeV forms of a Gaussian distribution curve. The

Gaussian curve shows that the energy of neutrons

produce from the interaction of protons and targets

varies randomly and continuously (Iwamoto et al.,

2020). The simulation results also show that the Gaussian

curve is higher as the energy of the protons reacting

with the target is higher. This shows that the higher the

proton energy, the more neutrons are produced. The

spectral distribution curve of the interaction between

protons and the target Be is shown in Fig. 3.

The interaction of protons with Be target produces fast

neutrons. The highest fast neutron flux intensity is in

the vicinity of the target (shown in red in Fig. 4). Low

energy proton interaction results in a fast neutron flux

around the target (Fig. 4). The higher the proton energy,

the faster the neutrons spread through the moderator,

reflector, collimator and still escape through the aperture.

It shows that not all fast neutrons can be moderated by

Al+ PbF
2
 moderator and absorbed by FeCl fast neutron

filter. The presence of fast neutrons that still escape the

moderator is probably due to Aluminum (Al) as the

main moderator is moderates mainly neutrons with

energies between 10-100 keV (Ma et al., 2015). On the

other hand, the second moderator PbF
2
 containing

element F, are only able to moderate neutrons below 1

MeV (Fantidis and Nicolaou, 2018). Based on the

characteristics of the moderator used, the neutrons that

still escape the moderation process are high energy

neutrons above 1 MeV. Traces of fast neutrons begin

to emerge from the target and spread throughout the

DLBSA components, as shown in Fig. 4.

Effect of thickness and diameter of Be target on fast

neutron production. The results of the optimization

of the target configuration are shown in Figs. 5 and 6.

The optimization was carried out with variations in
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Fig. 1. Neutron beam recording on target and

DLBSA output.
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Fig. 2. Correlation of proton projectile energy with

fast neutron flux.
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Fig. 3. Distribution curve of energy spectrum of

neutrons resulting from the interaction

between protons and the 9Be target.
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Fig. 4. Traces of fast neutrons resulting from interactions of proton around the target 9Be and their distribution

in the DLBSA. Proton energy (a) 5 MeV, (b) 10 MeV, (c)15 MeV, (d) 20 MeV, (e) 25 MeV (f) 30 MeV.
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thickness and diameter to obtain the highest neutron

flux. It gives a very significant increase in flux when

the diameter of target is varied from 2 to 4 cm. The

neutron flux reaches a constant value when the diameter

changes from 4 to 7 cm. In general, the larger the

diameter of the target, the greater the flux of fast

neutrons produced. The larger the diameter of the target,

the more is the interaction of protons with the target

surface, thereby contributing to the increase in the

neutron flux.

Based on the maximum neutron flux obtained from the

variation of the target diameter, the thickness of the

target is then varied. The simulation result shows that
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the variation of the target thickness from 1 to 5 cm

resulted in an increase in the neutron flux and the

maximum is at 5 cm thick. The increase in neutron flux

is caused by the increasing number of protons interacting

with the target material, thus increasing the number of

neutrons released from the metal Be. On the other hand,

increasing thickness tends to decrease the fast neutron

flux. The thicker the target, the more protons interact

with the electrons on the target, thereby reducing the

number of electrons produced (Feghhi et al., 2014).

The results of target optimization at a diameter of 7 cm

and a thickness of 5 cm reached a fast neutron flux of

1.137 x 1013 n/cm2/s. The magnitude of the neutron flux

is sufficient to be moderated to epithermal neutrons

greater than 1.0 x 109 n/cm2/s (Mank et al., 2011).

Effect of Be target optimization on the increase of

epithermal neutrons. The results of optimization of

the target configuration for increasing epithermal

neutrons are shown in Fig. 7. The neutron flux before

optimization of the target configuration is 1.09 x 109

n/cm2/s and after the optimization a total epithermal

neutron flux of 4.26 x109 n/cm2/s is obtained. The

number of epithermal neutron flux using an optimized

target is four times greater than using a nonoptimized

target. The increase in the number of epithermal neutrons

is caused by the increasing number of fast neutrons

which can be reduced in energy to epithermal neutrons

due to moderations in the DLBSA system. The process

in which the energy of fast neutrons are reduced by a

moderator into epithermal neutrons is inelastic collisions

mechanisms (Koay et al., 2018).

The spectral pattern produced by DLBSA is composed

of thermal neutron flux, epithermal neutrons and fast

neutrons. The neutron energy produced by DLBSA

consists of thermal neutrons with energy less than

10-6 MeV, epithermal neutrons with energy range of

10-6 to 10-2 MeV and fast neutrons with energy more

than 10-2 MeV. In the spectrum curve, the epithermal

neutron value is the largest in percentage. This is

indicated by a widening curve in the epithermal energy

range of 10-6 to 10-2 MeV. Based on the figure, it can

also be seen that the spectrum curve of the neutron

beam tends to have a peak at the energy of 10-2 MeV.

It shows that the neutron beam that exits at the end of

the collimator (aperture) is dominantly in the form of

epithermal neutrons.

The simulation result of the distribution of the epithermal

neutron flux in the DLBSA is shown in Fig. 8. The
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Fig. 5. Effect of variation target diameter on fast

neutron flux.

Fig. 6. Effect of changes in target thickness on

fast neutron flux.
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distribution of the epithermal neutron flux in the DLBSA

is represented by colour. Low neutron flux intensities

are depicted in blue and high intensities are shown in

red. It can be seen from the figure that the epithermal

neutron flux spreads out in the DLBSA. The intensity

of the epithermal neutron flux is highest in the first

filter with z=0 (shown in red) and increases through

the moderator, collimator and decreases after passing

through the filter with z >-100 (shown in yellow). The

decrease in the epithermal neutron flux is deemed to

be caused by the transformation of epithermal neutrons

into thermal neutrons due to a collision with the material

it passes through (Faghihi and  Khalili, 2013). The

epithermal neutron flux at the end of the collimator

(aperture) >1.0 109 n/cm2/s.

Based on its characteristics, the epithermal neutron flux

produced by the DLBSA source can be applied as the

main neutron source for BNCT. The epithermal neutron

flux intensity of 4.26 109 n/cm2/s can be used as a source

for cancer therapy that operates for less than 1 h. Because

the neutron flux of 1.0x109 can be applied for 1 h for

a maximum dose of 50 Gy (Copulat et al., 2014). The

epithermal neutrons produced from DLBSA can be used

as a neutron source for cancer therapy which is located

2-8 cm deep. Some types of cancer that may be treated

using a neutron source are head and neck cancer,

glioblastoma, lung cancer, breast cancer, pancreas, brain

tumors and sarcomas (Dymoa et al., 2020).

proton increases. The highest fast neutron flux is

produced by interaction of 30 MeV protons with 9Be

target. The highest intensity of fast neutrons is in the

vicinity of the target. The neutron flux spreads from

the vicinity of the target to the DLBSA components.

Based on the results of the optimization of the thickness

and diameter of the target, it is found that the highest

fast neutron flux was at the diameter of 7 cm and

thickness of 5 cm with neutron flux of 4.26 x 109 n/cm2/s.

The increase in the fast neutron flux produced by the

target impacts the increase in the epithermal neutron

flux produced by DLBSA.
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