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EFFECTIVENESS OF DOUBLE-LAYER BEAM SHAPING ASSEMBLY NEUTRON BEAM
FOR BORON NEUTRON CAPTURE THERAPY: A MICRODOSIMETRIC STUDY
USING PARTICLE AND HEAVY ION TRANSPORT CODE SYSTEM

Boron neutron capture therapy (BNCT) is a cancer therapy currently under development. The key to successful BNCT
therapy depends on the ability of 1°B to be distributed within cells and the quality of the neutrons being used. The research
aims to study the effectiveness of the neutron beam from Double-Layer Beam Shaping Assembly (DLBSA) in interacting
with B in producing o and “Li particles carried by two boron compounds: p-boronophenylalanine (BPA) and sodium
borocaptate (BSH). The effectiveness of the neutron beam is evaluated using microdosimetric parameters by analyzing
its range, linear energy transfer (LET) values, and dose distribution at the cellular level. The assessment was carried out
using two cell geometry models, namely: single- and multi-cell. The neutron source comes from DLBSA with a neutron
flux of 1.1:10° n/cm?s. The modeling, simulation, and calculation of microdosimetry parameters were carried out using
the Particle and Heavy lon Transport code System (PHITS) program. The study shows that the interaction between
neutrons and 1°B produces o and Li particles with ranges of 10 and 4 pm and LET values of 251.19 and 363.08 keV/um.
The dose distribution of o and "Li particles from the BPA compounds accumulates in the nucleus, and those from the
BSH compounds in the cell membrane. Based on the microdosimetry study, neutron interactions from DLBSA can
interact with 1°B using both the BPA and BSH compounds to produce o and “Li particles. The quality of the resulting o

and 7Li particles has met the therapeutic quality required in BNCT.
Keywords: boron neutron capture therapy, Double-Layer Beam Shaping Assembly, microdosimetry, alpha, lithium,

linear energy transfer, dose.
1. Introduction

Boron neutron capture therapy (BNCT) is a cancer
therapy method that utilizes thermal neutron irradia-
tion on cancer cells previously injected with the boron
isotope (1°B). The interaction of a neutron with °B
produces !B, which spontaneously decays into 'Li,
producing an a particle and gamma radiation. The use
of neutron reactions to treat tumors was introduced by
Locher in 1936, which became the basis for the
development of BNCT [1]. The first application of
BNCT was performed in 1951 on a patient suffering
from malignant glioma. The neutron source originates
from the nuclear research reactor at the Brookhaven
Graphite Research Reactor. The use of nuclear reac-
tors as a neutron source faces several obstacles, which
include strict security requirements, the presence of
radiation waste from fission reactions, and very high
installation costs [2]. Therefore, more environmen-
tally friendly neutron sources were developed in the
form of tandem accelerators and proton accelerators
[3]. A proton accelerator produces fast neutrons using
a Be or Li target [4].

One type of accelerator that is currently being
developed is the cyclotron [5]. The neutrons gene-
rated by the cyclotron are not ready for use as a neu-
tron source for BNCT because they are fast neutrons
and the presence of numerous contaminants [6].
Therefore, a beam shaping assembly (BSA) is
required to process the neutrons such that the output
from the BSA acquires the characteristics of neutrons
that satisfy the standard of the International Atomic
Energy Agency (IAEA). The BSA consists of some
components: moderator, reflector, collimator, and fil-
ter [7]. A Double-Layer Beam Shaping Assembly
(DLBSA) design developed by Bilalodin et al. (2022)
has effectively produced neutron beams that meet the
IAEA standard. The resulting epithermal neutrons are
more suitable for deeply located cancers [8].

A measurement of the penetrating power of neu-
trons from DLBSA has been carried out on a water
phantom. The results showed that the neutron flux
produced from DLBSA can penetrate the water phan-
tom to a depth of 6 cm. The thermal neutron flux at
this depth is 0.5-10° n/cm?s. It is at the minimum
limit of neutron flux required in cancer therapy [9].
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Apart from being studied for its penetrating
power, the neutron beam from DLBSA has also been
tested on several organs affected by cancer, including
the head, thyroid, and lungs. The simulation results
show that the neutron beam from DLBSA can pro-
duce the maximum dose to cure these cancers at a
boron concentration of 60—70 ppm with an irradiation
time of less than 1 h [10]. In this test, the distribution
of boron is assumed to be spread throughout all parts
of the tumor, notwithstanding that boron will be in the
cell walls if the carrier compound is sodium boracap-
tate (BSH) and in the cell nucleus if the carrier com-
pound is p-boronophenylalanine (BPA) [11]. There-
fore, an effectiveness test of neutron radiation from
DLBSA at the cellular level by considering the loca-
tion of boron in cancer cells is required. The test on
radiation at the cellular level is called a microdosi-
metry test [12].

This test is significant to determine the quality of
the neutron radiation produced by DLBSA when it
interacts with cancer cells. The results of the micro-
dosimetry test will show the range of o and "Li parti-
cles, the linear energy transfer (LET) value, and the
dose distribution in the cell components. Micro-
dosimetry testing is also useful to determine the
effective placement of '°B in cancer cells, whether in
the cell nucleus, cytoplasm, or cell wall. The effective
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placement is instrumental in the development of
boron-carrier compounds.

Microdosimetry tests can be carried out using a
Monte Carlo-based simulation approach. The Monte
Carlo method is an excellent technique to understand
the mechanisms of radiation effects at the cellular
level [13]. One of the Monte Carlo-based software
programs currently being developed is the Particle
and Heavy lon Transport code System (PHITS). This
software has been successfully developed to support
medical research [14]. In this research, evaluation of
neutron beam effectiveness will be carried out on
neutron beams produced by the DLBSA system on
single-cell and multi-cell cells for the development of
BNCT therapy.

2. Materials and methodology
2.1. Model of cell and its composition

Microdosimetric analyses of neutron beams from
the DLBSA were performed using both single-cell
and multicellular models. Single-cell and multi-cell
models are composed of the cell nucleus, cytoplasm
A, cytoplasm B, and the cell membrane with radii of
1,2, 4, and 5 um, respectively. Meanwhile, the multi-
cell model consists of seven closely packed cells [15].
Fig. 1 shows the single-cell and multi-cell models.

Fig. 1. Models of cancer cells: a — single-cell model; b — multi-cell model.
(See color Figure on the journal website.)

Cancer cells are composed of the elements hydro-
gen, carbon, nitrogen, oxygen, and phosphorus,
which refer to International Commission on Radia-
tion Units and Measurements Report 44 [16]. The
placement of 1°B is based on the characteristics of the
boron-bearing compound. The boron-bearing com-
pound BSH accumulates in the cell membrane, and
the boron-bearing compound BPA accumulates in the
cell nucleus. The boron concentration used is 70 ppm.

2.2. Limitations of the model

In this study, single-cell and multi-cell models are
utilized to investigate the microdosimetric characte-
ristics of o particles and ‘Li ions resulting from
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B(n,a)’Li reactions. The underlying geometry is
simplified to maintain computational efficiency while
facilitating the evaluation of fundamental neutron-
boron interactions and energy deposition mechanisms
at the cellular level. In this framework, the single-cell
model is represented as a sphere comprising a cell
membrane, cytoplasm, and nucleus. Furthermore, the
multi-cell model consists of a periodic lattice of iden-
tical cells characterized by uniform dimensions and
intercellular distances. This geometric simplification
does not capture the morphological heterogeneity and
spatial distribution of actual cells and tissues. Hence,
the proposed model serves as a theoretical approxi-
mation aiming to evaluate broad microdosimetric
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trends rather than providing an exact representation
of biological responses.

Another essential assumption pertains to the cellu-
lar distribution of boron. The concentration of boron,
carried by BPA and BSH, is assumed to be distributed
homogeneously in the designated areas. In reality,
boron absorption is influenced by cell metabolism,
transport mechanisms, and tissue heterogeneity,
resulting in a heterogeneous distribution both inter-
cellularly and in subcellular structures [17]. Conse-
quently, the dose distribution obtained from the
simulation may differ from the dose distribution in
actual biological tissues.

Additionally, the model does not account for com-
plex biological factors, such as variations in cellular
radiosensitivity, deoxyribonucleic acid (DNA) repair
mechanisms, cell cycle, or the tumor microenviron-
ment. Instead, this work focuses particularly on phy-
sical aspects of energy depositions resulting from
neutron capture reactions.

2.3. Neutron source

The neutron source originates from a 30 MeV
cyclotron, processed using a DLBSA system. The
neutrons produced from DLBSA have characteristics
of an epithermal neutron flux of 1.1-10°n/cm?s, a
ratio of epithermal neutron flux and thermal neutron
flux of 344, a ratio of epithermal neutron flux and fast
neutron flux of 85, a ratio of fast neutron dose rate
and the epithermal flux is 1.09-10 Gy-cm?, and the
comparison of gamma dose rate and epithermal neu-
tron flux is 1.82:10°* Gy-cm? [18].

2.4. Determination of microdosimetry parameters

The neutron beam required in BNCT therapy is
neutrons that can interact with '°B and produce a and
"Li particles. Calculation of the range of a and "L par-
ticles, LET, and dose distribution in cells utilizes
PHITS software developed by the Japanese Atomic
6.0 | -
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Energy Agency. The data library used is JENDL-40.
The parameters were determined using 10 million
particles. Determination of the range and footprint of
o and 'Li particles uses the track tally, linear energy
transfer uses the LET tally, and dose distribution uses
the deposit tally [19].

3. Results and discussions

When neutrons from the DLBSA irradiate a cell
that contains boron (*°B), the thermal neutrons will
react with °B and form B. The B isotope decays
to produce a and Li particles. The mechanism for the
formation of o and ‘Li particles occurs in two ways.
First, the interaction of neutrons with ‘°B produces a
particles with an energy of 1.78 MeV and ’Li with an
energy of 1.01 MeV. Both produce o and 'Li particles
in an excited state. The Li ion then decays to the
ground state while emitting gamma rays with an
energy of 0.428 MeV, a particles (1.47 MeV), and "Li
(0.84 MeV). The percentage of occurrence of the first
mechanism is 6.3 %, and the second mechanism is
93.7 % [20].

3.1. The range of a and "Li particles

The interaction of thermal neutrons with *°B atoms
produces o and lithium "Li particles in the cell. The
range of a and "Li particles is relatively short, namely
in the order of micrometers. The range of a particles
is about 9 pm, and “Li is about 4 um. This finding
aligns with the research results of Pitto—Barry (2021),
which states that the range of o and Li particles is
around 4-9 um [21]. Such characteristics of a range
of aand "L particles can potentially damage the DNA
of cancer cells. Optimal cell damage by o and "Li par-
ticles occurs when interactions between thermal neu-
trons and '°B in the cell reach the value of 10°
atoms/cell or 20 pg/g [22]. The range of o and "Li
particles in the cell is shown in Fig. 2.
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Fig. 2. The range of o and "Li particles. (See color Figure on the journal website.)

The difference in range between o and ’Li particles
is likely due to the difference in kinetic energy at the
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time of their formation. The kinetic energy of a and ‘Li
particles in the first formation reaction (6.3 %) is 1.47
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and 0.84 MeV. In the second formation mechanism
(93.7 %), the o and ’Li particles produce higher
kinetic energy, namely 1.78 and 1.01 MeV [23].

3.2. LET

LET is the average energy transferred through a
medium per unit length. The unit for the LET value is
kiloelectronvolts per micrometer (keV/um). The
simulation results of the LET values of a and "Li par-
ticles show that the lowest LET value for a particles
is 33keV/um and the highest is 251.19 keV/um.

Meanwhile, the obtained LET values of 7Li are
70 keV/um at the lowest and 363.08 keV/um at the
highest. The results of the LET o and "Li values dis-
agree with the research results of Hu et al. (2020) and
Mukawa et al. (2011) [24, 25]. The disagreement
results from the difference in neutron flux and con-
centration of '°B used in the respective calculations.
According to Conte et al. (2023), the LET resulting
from the interaction of thermal neutrons with '°B is
influenced by the amount of boron [26]. The LET
values of o and ’Li particles are shown in Fig. 3.

10°

T 3

-
9

T TTTT

-
o
P

T

T

1072

Dose [MeV/(keV/um)/source]

L]

1l Ll L NET1

T T T T 11170

Ll

[1— 7Li
| L — alpha

Lol

Ll

Ll L vl

10° 10’ 107

10° 10*

LET [keV/um]
Fig. 3. LET value of o and “Li particles. (See color Figure on the journal website.)

3.3. Determination of dose distribution

Determination of dose distribution in single and
multi cells is carried out using the deposit tally. The
determination is conducted in the cell nucleus,
cytoplasm A, cytoplasm B, and the cell membrane.
The dose distribution being determined is the boron
dose, consisting of a and ‘Li doses. The boron dose
contributes the highest (85 %) in the calculation of the
BNCT dose [27].
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Distribution in a single-cell model. The simulation
results of the particle-trace distribution of o and 'Li in
a single-cell model using the compound BPA are
shown in Fig. 4. The figure shows that the highest
intensity of a and ’Li particles occurs in the cell
nucleus and decreases in the cytoplasm and cell walls.
Traces of a and ‘Li particles also penetrate out of the
cell with low intensity. Such high intensity of a and
"Li particles is due to the BPA compound being able
to penetrate the cell wall so that boron can accumulate
in the cell nucleus [28].
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Fig. 4. Visualization of the dose distribution of o and “Li particles in a single cell using the BPA compound:
a— a particle, b — "Li particle. (See color Figure on the journal website.)

The results of the particle tracing test in a single
cell using the boron-carrier compound BSH are
shown in Fig. 5. The figure shows that the intensity
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of a and "Li particles is highest in the cell membrane.
The distribution of a and "Li particles also spreads
into the cell nucleus and outside the cell wall with low
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intensity. The highest intensity of o and ’Li particles
only occurs in the cell wall because BSH is a boron-
carrying compound with low transport selectivity,
which can deliver boron only to the cell wall [29].
Complete data of dose distribution values in single
and multi cells using the boron-carrier compounds
BPA and BSH are shown in Table 1. The table shows
that the dose of a and Li particles using the boron-
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o 5 10
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carrier compound BPA produces a high dose value of
17.8 Gy in the cell nucleus. Meanwhile, the dose of a
and Li particles in the single-cell model using the
BSH boron-carrier compound produced a high dose
value of 8.79 Gy on the cell membrane. This result
shows that the BPA boron carrier is more effective
than the BSH boron-carrier compound.

High Dose

Low Dose

Z(pm)

b

Fig. 5. Visualization of the dose distribution of o and "Li particles in a single cell using the BSH compound:
a — a particle, b — 7Li particle. (See color Figure on the journal website.)

Table 1. The dose of o and "Li particles in the single-cell model using the BPA and BSH compounds

Bocrgg]—gg;rg/(;ng Area Cell nucleus, Gy | Cytoplasm A, Gy | Cytoplasm B, Gy | Cell membrane, Gy
a 6.50 1.32 0.30 0.07
BPA "Li 11.30 2.19 0.50 0.02
Total 17.80 351 0.80 0.08
a 0.03 0.02 2.14 3.11
BSH "Li 0.05 0.04 3.72 5.68
Total 0.08 0.06 5.86 8.79
i r T T b | T T &
10 F i /T/, k\\“/fl' ) _‘ ‘ -:én
\ ‘ @ &) \ ‘\:‘/ ) =
—_ £ e N\ / A // AN
S ° R : NN AN TN
> I NS - : MRS, /_/C X\' Y/ ,‘\\‘:\ ; (, 2
-10 M \ .'/; - “ \G/: A ‘f" / §
oo . N\ </ \\‘\\Q 2
L 1 . LI | N . - 1 i 1 i 1 =
-10 -5 o s 10 -10 -5 o 5 10
Z (um) Z (um)
a b

Fig. 6. Distribution of dose in a multi-cell model for the BPA compound:
a— a particle, b — 7Li particle. (See color Figure on the journal website.)

Distribution in the multi-cell model. Fig. 6 shows
the traces of o and "Li particles in the multi-cell model
using the BPA compounds. The figure shows that the
highest intensity of a and ’Li particles occurs in the
cell nucleus and decreases in the cytoplasm and cell
wall. Traces of o and "Li particles also affect the sur-
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rounding cells with very low intensity. Such domi-
nant traces of a and ‘Li particles in cells suggest that
BNCT is a targeted cell-based therapy. Such therapy
is safe for neighboring healthy cells [30].

Dose distribution characteristics of o and 7Li par-
ticles are different when the BSH boron-carrier com-

ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2026 Vol. 27 No. 3



EFFECTIVENESS OF DOUBLE-LAYER BEAM SHAPING ASSEMBLY NEUTRON BEAM

pound is used. The dose distribution of o and Li par-
ticles with the BSH boron-carrier compound accumu-
lates in cell membranes. The dose also spreads into
the cell nucleus and outside the cell wall. The maxi-
mum intensity of a and ‘Li particles occurs at the cell

X (um)

Z(um)

a

membrane. This is due to the low selectivity of the
BSH compound, causing it to be able to enter the cell
wall [31]. The traces of the a and ’Li particles in the
multi-cell model using the BSH compound are shown
in Fig. 7.
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-10 -5 0 5 10
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b

Fig. 7. Distribution of dose in a multicell model for the BSH compound:
a— o particle, b —7Li particle. (See color Figure on the journal website.)

Table 2. Dose of o and "Li particles in the multi-cell model using the BPA and BSH compounds

Bocrc())rr;]—;:glrjrg/(;ng Area Cell nucleus, Gy | Cytoplasm A, Gy | Cytoplasm B, Gy | Cell membrane, Gy
o 1.75 0.38 0.14 0.05
BPA Li 3.42 0.64 0.20 0.09
Total 5.17 1.02 0.34 0.14
o 0.01 0.07 0.65 0.88
BSH Li 0.02 0.12 1.14 1.60
Total 0.03 0.19 1.79 2.48

The dose distribution values for each component
in the single- and multi-cell models using the boron-
carrier compounds BPA and BSH are shown in
Table 2. The table shows that the dose values for a
and "Li particles in the cell nucleus are 5.17 Gy using
the BPA compound and 2.48 Gy on cell walls using
the BSH compound. The dose values for o and "Li
using BPA are higher than with BSH because the use
of BSH causes a significant number of o and "Li par-
ticles to spread out of the cell nucleus.

The results of microdosimetry findings in this
study are subject to some uncertainties inherent in the
Monte Carlo simulation method [32]. First, statistical
uncertainty arises from the finite number of simulated
particle histories; consequently, the computed dose
values represent estimates bounded by a specific
variance. Second, the structural model employs a sim-
plified representation of actual biological morpho-
logy. While this geometric abstraction significantly
enhances computational efficiency, it fails to fully
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capture the complex cellular architecture and orga-
nelle distributions that influence energy deposition at
the microscopic level. Finally, systemic uncertainty
stems from the assumption of a homogeneous boron
distribution across the entire cellular volume,
whereas, in reality, boron localization is highly hete-
rogeneous at both the cellular and subcellular levels.

Despite the uncertainties arising from various ori-
gins, the utilized model can provide gquantitative
descriptions of dose deposition characteristics and
microdosimetric responses of various irradiation sce-
narios. Consequently, the findings are better suited to
evaluate trends and relative comparisons among
simulation scenarios rather than being an absolute
representation of real biological conditions. Future
work should consider the development of more rea-
listic cell geometry, heterogeneous boron distribu-
tion, and integration of experimental radiobiological
data to enhance the accuracy and validity of BNCT
dosimetry.
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4. Conclusions and suggestions

Analysis of neutron beams generated by the
DLBSA reveals that the range of o and "Li particles
resulting from °B(n,a)’Li are approximately 9 um
and 4 um, respectively, with corresponding LET
values of 251.19 keV/um and 363.08 keV/um. In the
single-cell model, the maximum dose delivered via
BPA reaches 17.9 Gy within the nucleus, whereas
BSH yields 8.79 Gy at the cell membrane. In the mul-
ticell model, the maximum dose is 5.17 Gy in the
nucleus and 2.48 Gy at the wall for BSH. The findings
demonstrate that BPA induces a higher deposition
dose than BSH, due to its superior target-cell selec-

tivity. The similar characteristics of dose distribution
in single-cell and multi-cell models highlight the con-
sistency of microdosimetric responses under neutron
irradiation from the DLBSA system. Overall, the
findings of this study underscore the promising
potential of DLBSA neutron beam for BNCT appli-
cations. This work is a preliminary evaluation based
on simulations with simplified cell geometries assu-
ming homogeneous boron distribution. Therefore,
further studies employing more realistic biological
models and experimental validations are required to
comprehensively evaluate the adequacy of DLBSA as
a neutron source for BNCT.
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E®EKTUBHICTb JIBOIIAPOBOi CHCTEMH ®OPMYBAHHS HEUTPOHHOI'O ITYYKA
JIJISI BOP-HEMTPOH-3AXOILTIOBAJIBHOI TEPAIII: MIKPOJJO3UMETPAYHE JOCJIJXKEHHSA
3 BUKOPUCTAHHSAM ITPOI'PAMHOI'O KOMILVIEKCY JJIAA MOJAEJIIOBAHHSA ITEPEHOCY
YACTHUHOK I BA’KKHUX IOHIB

Bop-neiirpon-3axommoBansHa Tepamis (BNCT) — me meron mikyBaHHSA paky, IO Hapasi mepeOyBae Ha cTamii
po3pobku. Yemix BNCT sanexuts Bin 3aaTHOCTi i30Tomy °B posmoiiisATHCs BCEPEMHI KINTHH Ta Big sKocTi
BUKOPHCTOBYBaHMX HEUTPOHIB. MeTOI0 JOCITIIKEHHS € OlliHKa e(pEeKTUBHOCTI HEHTPOHHOrO My4Yka, C(OPMOBAHOTO
nsomapooro cuctemoro (DLBSA), y B3aemoii 3 1°B 11 yTBOpeHHS oi-4acTHHOK Ta 'Li 32 y4acTIo JBOX CIOJYK 60py:
p-6oponodeninananiny (BPA) Ta narpiro Oopokanraty (BSH). EdexkrtuBHicTh mydka OI[IHIOBAJIKM 3a JOMOMOIOIO
MIKpO/I03MMETPHYHHX MTapaMeTpiB: aHalizy MpoOiry 4acTHHOK, 3HaueHsb JiHiiHOT nepenaui eneprii (JIIIE) ta poznoainy
JI031 Ha KINTUHHOMY piBHi. OI[IHKY TPOBOAMIN 3 BUKOPHCTAHHSIM JBOX F'€OMETPUYHUX MOJIENICH KIITHH: OJJHOKJIITHHHOT
Ta OGararokimituHHOI. JlKepenoMm HeliTponiB Oyma cuctema DLBSA 3 noroxom meiiTponmis 1,1:10° m/(cm?c).
MognenroBaHHs Ta PO3PaxyHOK MiKpOJ03UMETPUYHUX apaMeTpiB 371HCHIOBAIIN 32 JOIOMOT 010 IIPOTPaMHOT'0 KOMILIEKCY
PHITS (Particle and Heavy Ion Transport code System). PesynbraT fochimKeHHS CBiI4aTh, MO BHACTIIOK B3a€MOIl
HelTpoHiB i3 1B yTBOpIOIOTHCS Gi-4acTUHKHM Ta 'Li 3 mpo6irom 10 i 4 Mk Ta 3Hauennsamu JIIIE 251,19 i 363,08 keB/Mkm
BinmoBinHO. Po3momin mo3u Binm a-gacTHHOK Ta “Li, yrBopeHuX 3i conyk BPA, xapakTepu3yeTscsi HAKOIMYCHHSAM Y SApi
KIIITHHH, TOJI SIK y BUMaAKy cronyk BSH — y kiituHHIN MeMOpaHi. Mikpoio3uMeTpryHe JOCIIIPKEHHS MiATBEPANIIO, 10
HeiiTponu Bia cucremu DLBSA MosxyTh B3aemoaisth 3 1B (y cknani cnonyk BPA a60 BSH) 3 yTBOpeHHAM O-4aCTHHOK
Ta ’Li. XapaKkTepUCTUKH OTPHMAHMX O-9aCTHMHOK Ta 'Li BilNOBiZal0Th BMMOTaM IO SKOCTi BHIIPOMiHIOBaHHS,
HeoOximnum aist BNCT.

Kniouosi cnoea: Oop-HEHTpOH-3aXOILTIOBANbHA Tepamis, JBomiapoBa cucrema QopmyBaHHa mydka (DLBSA),
MIKpOJIO3UMETis, O.-4YaCTUHKH, JITiM, JiHIfHA ITepegada eHeprii, 1o3a.
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