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DESIGN DEVELOPMENT OF DOUBLE-LAYER BEAM SHAPING ASSEMBLY USING
EXTENSIO§ NOZZLE TO INCREASE THE QUALITY OF EPITHERMAL NEUTRON BEAM
AS A BORON NEUTRON CAPTURE THERAPY NEUTRON SOURCE

Double layer beam shaping assembly (DLBSA) is a system that moderates fast neutrons into epithermal neutrons.
The epithermal neutrons that leave the aperture in the DLBSA system are broadened in the space, thereby reducing the
intensity and homogeneity of the epithermal neutron beams. Therefore, it is necessary to improve the design. The
development of the DLBSA design was carried out using an extension nozzle. The nozzles are designed using materials
made in three configurations, namely Ni+LiF load polyethylene, Pb4LiF load polyethylene, and Bi+LiF load
polyethylene. The simulation results show that the addition of a nozzle at the tip of the DLBSA can channel the beam
more directionally with high intensity. The addition of nozzles with Ni+LiF load PE material produces an epithermal

neutron beam that meets the IAEA standards.

Keywords: extension nozzle, double layer beam shaping assembly, epithermal neutron, boron neutron capture

therapy.

1. Introduction

Boron neutron capture therapy (BNCT) is one of
the cancer therapy methods currently developed. In
BN@T therapy, a neutron beam is needed to induce
the "®B(n, )'Li reactions in cancer cells. The key to
a successful cancer therapy using the BNCT method
is determined by, among others, the accumulation of
"B in cancer cells and the availability of an
appropriate neutron source. The reaction produces
alpha and lithium particles that can damage the
cancer cells [1].

Initially, nuclear reactors were used as the source
of neutrons. However nuclear reactors are
constrained by several things, which include
requiring very tight security, the presence of
radiation waste from fission reactions. very high
costs in the establishment, and difficulty in
concession [2, 3]. Hence, more environmentally
friendly neutron sources are developed in form of
tandem accelerators and proton accelerators [4, 5]. A
proton accelerator produces fast neutrons using
beryllium or lithium targets [6].

One type of proton accelerator is the cyclotron. It
has been developed in many countries, including
Korea and Japan. Korea developed the accelerator-
based boron neutron capture therapy (AB-BNCT)
and Japan developed the cyclotron-based epithermal
neutron source (C-BENS). C-BENS uses protons
with an energy of 30 MeV and a beryllium target.

The interaction of protons and beryllium targets
produces fast neutrons through the reaction
“Be(p, n)°B. Fast neutrons produced by a C-BENS
accelerator emit energy up to 28 MeV with a total
flux of 1.9 - 10" n/s/mA™ [7]. The neutrons emitted
by the beryllium are highly energetic and need to be
moderated into epithermal neutrons using beam
shaping assembly (BSA) for BNCT. To fulfill
epithermal neutrons as a neutron source for BNCT, a
DLBSA model has been developed [8].

The DLBSA that has been developed is capable
of producing an epithermal neutron flux close to the
IAEA standard of 10 n/(cm?®s). Epithermal neutrons
flow through the aperture resulting in a neutron
beam that radiates sideways (broadened in the
space). As a result, the further away from the
aperture the neutron beam decreases in intensity [9].
Therefore, it is necessary to have a new design of
DLBSA that can reduce the neutron beam that
spreads out from the aperture so that the epithermal
neutrons are collected and channeled effectively.
The approach in the new DLBSA design is by
adding a nozzle channel at the end of the aperture.
With this additional channel, it is expected that
neutron beams complying with the requirement of
the IAEA can be directed more conveniently toward
the patient. In this article, the results of the
development of the DLBSA design using additional
nozzles and their effects on improving the quality of
the epithermal neutron beam will be presented.
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2. Materials and methods
2.1 Design of DLBSA

The proton source modeled in the DLBSA design
is 30 MeV protons generated from a 30 MeV
cyclotron type accelerator developed by the KURRI
institute in Japan, namely C-BENS. 30 MeV protons
impinge on ’Be target producing fast neutrons with
energy ranging from 0.01 to 28 MeV and total flux
of 1.9-10%n/sfmA~" [7]. The neutrons are subse-
quently processed using a DLSBA into epithermal
neutrons.

DLBSA is modeled with 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 and CaF, materials. The
reflector is selected from a combination of plumbum
with nickel material. The collimator is composed of
nickel and carbon materials. The final stage is
selecting a combination of fast neutron filters and

Ni C

FeC,
|

I |
Canl Al Ni Pb

thermal neutrons. The combination of fast and
thermal neutron filters is materialized by combining
FeC with cadmium material. Besides the cadmium
filter, a gamma filter made of plumbum is installed
[9]. At the end of the collimator, an additional
channel is added in the form of a cylindrical nozzle.
The DLBSA design with additional nozzles is
intended for usage in BNCT therapies, which is
more efficient in delivering radiation beams onto
patients. Additional nozzles are also intended to
suppress beam spread as it exits the aperture. The
position of the nozzle is placed at the output end of
the aperture. The shape of DLBSA without nozzles
(basic DLBSA) and with added nozzles is shown in
Fig. 1. The nozzle material is made in three configu-
rations, namely Ni+LiF load polyethylene, Pb+LiF
load polyethylene and Bi+LiF load polyethylene.
The length of the nozzle is 20 cm with a diameter of
12 em. The evaluation of the neutron beam is carried
out at the position of the output end of the nozzle.

Be
FeC

Pb, Bi, Ni

Pb.Cd
&=
Evaluation em

8

Borated
Polyethylene

Nozzle

b

Fig. 1. DLBSA: a — basic DLBSA without the additional nozzle; b — DLBSA with nozzle extension.
(See color Figure on the journal website.)

Neutron beam parameters for BNCT according to IAEA standard [11]

Parameter Notation (unit) | TAEA recommendation
ithermal neutron flux Qepi, D/(cm?s) =1,0-10°
Fast neutron dose rate / Epithermal neutron flux | D¢, Gy-cm? <2,0-107"°
_.amma dose rate / Epithermal neutron flux Dy/epi, Gy-em? <2,0-107"
The ratio of epithermal and thermal neutron flux Pepi/Pun > 100

An evaluation of the characteristics of the neutron
beam coming out of the nozzle was carried out using
the particle heavy ion transport version 3.2. code with
nuclear data JENDL-40 [10]. The evaluation is
carried out at the output tip of the nozzle as shown in
Fig. 1. The characteristics of the neutron produced at
the nozzle output tip are meant to comply with [AEA
standards as shown in the Table.
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3. Results and discussions

3.1. The characteristics of epithermal neutron flux

The development of the DLBSA design was
carried out by adding a nozzle at the output end of
the aperture. The resulting epitif§rmal neutrons can
expectedly reduce the scattering of the neutron beam

ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2021 Vol. 22 No. 4




DESIGN DEVELOPMENT OF DOUBLE-LAYER BEAM SHAPING ASSEMBLY

and reduce the decrease in the epithermal neutron
flux. The nozzle design combines metal and non-
metallic materials. Metallic materials are intended to
increase the reflectivity of epithermal neutrons. On
the other hand, non-metals are used to absorb
contaminants that accompany epithermal neutrons,
such as thermal neutrons and fast neutrons.

The results of the evaluation of the spectral
characteristics of the neutron emerging from
the DLBSA without a nozzle are shown in Fig. 2.
The spectrum of neutrons is shown in the basic
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Fig. 2. The neutron flux spectrum of DLBSA output
without and with nozzles.
(See color Figure on the journal website.)

The evaluation results of the epithermal neutron
flux produced by DLBSA using nozzles are better
than DLBSA without nozzles (basic DLBSA). The
addition of nozzles with Pb+(LiF-PE), Bi+(LiF-PE),
and Ni+(LiF-PE) materials the
epithermal neutron flux (see Fig. 2). The epithermal
neutron flux produced following the addition of
Pb+(LiF-PE), Bi+(LiF-PE) and Ni+(LiF-PE) nozzles
is 155-10°, 1.73-10%, 2.25:10° n/(cm®s), respec-
tively. The epithermal neutron flux output of
DLBSA with nozzles is higher than without nozzles.

can increase

The epithermal neutron flux agrees with the TAEA
recommendation (see Fig.3). The addition of
nozzles from Ni+(LiF-PE) produces the highest
epithermal neutron flux. Nickel material can
transmit the highest epithermal neutron flux
compared to plumbum and bismuth materials. This
is because nickel has the highest
elastic scattering cross-section: aos (Ni)=26b,
s (Pb) =11.11 b dan o5 (Bi) = 9.156 b [13 - 15].

3.2. Neutron flux distribution

The distribution of epithermal neutron flux in
DLBSA without a nozzle and using a nozzle is
shown in Figs. 4 and 5. The distribution of epither-
mal neutron flux in DLBSA is represented by color
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Epithermal neutron flux,

spectrum of DLBSA. The neutron energy
@roduced by DLBSA without a nozzle consists
of thermal, epithermal., and fast neutrons
with predominantly epithermal neutrons in the
energy range 107°- 1072 MeV. The total flux of
epithermal neutrons before the nozzle is applied is
0.5-10° n/(ecm®s) (Fig. 3). The value of the neutron
flux is included in the category of low epithermal
neutron flux because it is below the IAEA
standard. Low flux causes cancer treatment time
to be more than 1 h [12].
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Fig. 3. The comparison of epithermal neutron flux
of DLBSA output without and with nozzles.
(See color Figure on the journal website.)

intensity. Low epithermal neutron flux intensities are
depicted in blue and high intensities are shown in
red. The Figure shows that the epithermal neutron
flux is spread out in the DLBSA. The epithermal
neutron flux intensity 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 epithermal neutron flux can be
attributed to the change of epithermal neutrons into
thermal neutrons due to collisions with the material
it passes through [16]. The neutron flux produced by
DLBSA without a nozzle was measured at a 20 cm
distance from the aperture is 0.5-10° n/(cm>s).
Without a nozzle, neutron flux tends to spread
sideways after exiting the aperture (Fig. 4). This is
due to the diffraction effect (deflection) of the
neutron particles. The scattering of the epithermal
neutron beam causes a decrease in the intensity of
the neutron flux [17].

The distribution of epithermal neutrons in
DLBSA using nozzles can channel more directed
beams with greater intensity. Nickel, bismuth, and
plumbum materials are very effective as reflectors
on the nozzles so that (deflection in direction) of the
neutron particles that spread to the side can be
reduced. The use of nozzles can channel the
epithermal neutron beam without a significant
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Fig. 4. Epithermal neutron distribution in basic DLBSA. X — wide of DLBSA; Z — length of DLBSA.
(See color Figure on the journal website.)

Flux, 1/cm?/source
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Fig. 5. Epithermal neutron distribution in DLBSA with Ni+LiF load polyethylene nozzle.
X — wide of DLBSA; Z —length of DLBSA.
(See color Figure on the journal website.)

decrease at a distance of 20 cm (Fig. 5). The effec-
tiveness of the nozzle material in distributing the
epithermal neutron beam isfupported by the fact
that the material has a high scattering cross-section
and low absorption cross-section [ 13, 15].

3.3. Characteristics of contaminants

The neutron beam used in BNCT therapy requires
low levels of contaminants that accompany
epithermal neutrons. The TIAEA sets the minimum
standard for contamiffants accompanying epithermal
neutrons as follows. The ratio of epithermal neufpn
flux to thermal neutron @@, > 100, the ratio of fast
neutron dose rate to epjfjermal neutron flux Dy (e, <
<2:10™" Gy-cm® and ratio of gamma dose rate to
epithermal neutron flux Dy, < 2-10~" Gy-em® [11].

Using nozzles in DLBSA can improve flie quality
of epithermal neutrons. The ratio of the epithermal
neutron flux to the thermal neutron flux before the
nozzle is applied is 50. The attachment of the nozzle
increases the Qcpi/@u ratio. The value of @ei/@u after
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attachments of nozzles made of Pb+LiF load
polyethylene, Bi+LiF load polyethylene, Ni+LiF load
polyethylene are 173, 174, and 274 respectively. The
addition of nozzles for the combination of bismuth
and plumbum, and nickel metals with LiF load
polyethylene materials can reduce the thermal
neutrons that still escape the thermal filter cadmium.
The decrease is caused by the lithium material, which
has a high thermal neutron absorption cross-section
[18]. Polyethylene material which is composed of
carbon and hydrogenium elements also contributes to
the decrease infllhermal neutrons [19]. The value of
the ratio of the epithermal neutron flux to the thermal
neutron flux .T-J(pm has exceeded the IAEA criteria.
The value of the ratio of the epithermal neutron flux
to the thermal neutron flux is shown in Fig. 6.

Adding nozzles to DLBSA reduces contaminants
caused by the presence of fast neutrons accompa-
nying epithermal neuffons. Based on the calculation
of the ratio of the fast neutron dose rate to the
epithermal neutron flux, Dy/geyi decreased with the
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Fig. 6. The ratio of epithermal neutron flux to the thermal neutron flux.
(See color Figure on the journal website.)

attachment of the nozzle. The values of the fast
neutron dose rate relative to the epithermal neutron
flux using Pb+LiF load polyethylene, Bi+LiF load
polyethylene, and Ni+LiF load polyethylene

materials are respectively 4.35-107'3, 1.50-107" and

10,0 -
9,0 -
8,0
7,0
6,0
5,0
4,0
3,0
2,0
1,0

Component, x 10" Gy-cm?

0.39-107" Gy-cm®. The decrease in the fast neutron
dose rate is caused by fast neutrons still escaping the
moderation process and will collide with the walls of
the nozzle channel as a result, decreasing their
energy to become epithermal neutrons [20].

Recommended value
|

0,0

Basic DLBSA

Pb + LiF-PE

mDf

Bi + LiF-PE Ni + LiF-PE

B Dj

Fig. 7. The ratio of gamma dose rate (D) to the epithermal neutron flux without and with nozzles.
(See color Figure on the journal website.)

The addition of nozzles on DLBSA also affects of
reduction gamma contaminants. Gamma dose rate
over epithermal neutron flux D./¢e resulting
from the installation of Pb+LiF load polyethylene,
Bi+LiF load polyethylene, and Ni+LiF load
polyethylene materials are 2.74-107'%, 2.26:10™"* and
1.0-107" Gy-cm? respectively. The gamma dose rate
using Pb+LiF load polyethylene and Bi+LiF load
polyethylene is still above the TAFA requirement
(Fig. 7). This is because when plumbum and bismuth
materials interact with neutrons, a neutron capture
mechanism occurs. This mechanism produces gamma
emission [15]. This is the cause of such high gamma
dose rate in DLBSA using nozzles made of Pb+LiF
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load polyethylene and Bi+LiF load polyethylene
materials. The gamma dose rate in DLBSA with
nozzles made of Ni+LiF load polyethylene is the
lowest because when neutrons interact with Ni
material occurs elastic scattering without neutron
capture [21].

4. Conclusion

A new DLBSA design has been developed with
the addition of a nozzle at the end of the aperture.
This addition is intended to reduce beam spread and
decrease beam intensity. The result of adding a
nozzle at the tip of the DLBSA is the ability to
channel the beam more directionally with high
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intensity. The best nozzle for producing epithermal
neutron beams is DLBSA with the addition of
Ni+LiF load polyethylene material. DLBSA usis
Ni+LiF load polyethylene nozzles produces an
epithermal 1@utron flux of 2.25:10° n/(cm™s), the
ratio of the epithermal neutron flux to the thermal
neufgpn flux (@epi/ioum) 274, the value of the ratio of
the fast neutron dose rate (Dy) and the rate of the

gamma dose (D,) to the epithermal neutron ﬂu. is
0391077 and 1.010" Gy-cm?, respectively. The
epithermal neutron beam meets the IAEA standards.

The author expresses his gratitude to LPPM
Unsoed which has fully funded this research through
the 2021 Unsoed Basic Research Grant with a
Contract Number 1068/UN23/HK02/2021.
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PO3POBKA KOHCTPYKIIT JBOLIAPOBOI CHCTEMH ®OPMYBAHHSA MYUKA
3 BAKOPHCTAHHAM JOJATKOBOI HACAIKH IJTA MIIBUIIEHHSA AKOCTI MYYKA
EIITEPMAJIbHUX HEATPOHIB SIK JUKEPEJIA HEUTPOHIB
JIA BOP-HEUTPOH-3AXOILTIOBAJILHOT TEPAIII

JBomaposa cucrema thopmyBaHHS nyuka (DLBSA) — ue cucreMa, 110 MepeTBOPIOE IIBHIKI HEHTPOHH B eniTep-
maibHi Hefirponn. Enirepmanssi HelfTpoHy, 110 3aIHIIAIOTE anepTypy B cucreMi DLBSA, posmuproroTecs B mpoctopi,
THM CAMHMM 3MCHIIYIOUYH IHTEHCHUBHICTE Ta OJHOPIAHICTE MYUKIB erniTepMansHux Heifrponis. ToMmy HeobxinHo Brocko-
HAUTH KOHCTPYKILiW. Po3pobka koueTpykuii DLBSA npoBoamwacs 3 BAKOPHCTAHHAM J0/JaTKOBHX Hacanok. Hacaaku
PO3pobIIeHO 3 BHKOPHCTAHHAM MATEpiallis, BATOTOBICHHX Y TPhOX KOH(Irypalisx, a caMe: MOJICTHICH 3 J0JaBaHHAM
Ni+LiF, nonieruned 3 Pb+LiF 1a noniernien 3 Bi+LiF. Pesynsrarn MOAEIOBAHHA [10KA3YH0Th, IO J0AaBAHHA HACANKH
B DLBSA Moe KaHAMI3YBATH My4OK OUIBII CIPIMOBAHO 3 BUCOKOK IHTCHCHBHICTIO. JI0aBAHHA HACANOK 3 IIOJIETH-
neny 3 Ni+LiF cTBopioe myuok emitepManbHuX HEHTPOHIB, 1o Bignosizae crangapram MATATE.

Kuiovosi crosa: nopaTkoBa Hacalka, ABOUIAPOBA cHcTeMa (GOpMyBaHHS Mydka, emiTepManbHHil HelftpoH, Gop-
HEHTPOH-3aXO0IUII0BAILHA TEPaIts.
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