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MICRODOSIMETRY TEST ON DOUBLE LAYER BEAM
SHAPING ASSEMBLY NEUTRON BEAM AS A BORON NEUTRON CAPTURE
THERAPY NEUTRON SOURCE USING PHITS CODE

A microdosimetry test on a double layer beam shaping assembly (DLBSA) neutron beam has been carried out using
the particle and heavy ion transport code system (PHITS). The test aims to understand the mechanism of interactions
between neutrons and microcells and to determine the linear energy transfer (LET) and the relative biological
effectiveness (RBE) values of the DLBSA neutron beam. The test was carried out by interacting a neutron beam with
microcells containing °B using a boron concentration of 70 ppm. The neutron source used comes from a 30 MeV
cyclotron-based DLBSA. The simulation results show that the interaction of neutrons with microcells occurs through
scattering, reflection, and absorption reaction mechanisms. The results of the microdosimetry test showed that the peak
LET value of a-particles was 100 keV/um and ’Li was 200 keV/um, with an RBE value for a of 9.83 and “Li of 6.11.

Keywords: microdosimetry, microcell, linear energy transfer, relative biological effectiveness, particle and heavy
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1. Introduction

Boron neutron capture therapy (BNCT) is a
therapy method for destroying cancer cells by
shooting neutrons at them. The key to successful
cancer therapy using the BNCT method is deter-
mined by two factors, which include the accu-
mulation of B in cancer cells and the availability of
a neutron source that meets BNCT criteria [1, 2].

The source of neutrons can be nuclear reactors,
radioisotopes, and accelerators. One type of acce-
lerator that is being developed is the cyclotron [3, 4].
The neutron beams produced from the cyclotron
cannot be used directly for BNCT because they still
consist of fast neutrons and contain many conta-
minants [5]. Therefore, they need to be processed
using a beam shaping assembly (BSA) to obtain an
output neutron beam from the BSA with characte-
ristics that agree with the International Atomic
Energy Agency (IAEA) standards. The standard for
neutron beams is set as the requirement for BNCT.

One of the BSA designs that is developed to meet
the IAEA standards is the double layer beam
shaping assembly (DLBSA) model. The BSA design
can produce neutron flux according to IAEA stan-
dards. The neutron beam from DLBSA has been
tested on head, lung, and thyroid cancer cells. The

test is intended to obtain the most effective boron
concentration that results in the maximum thera-
peutic dose. A simulation result showed that neu-
trons from DLBSA reach the maximum dose of
BNCT and a therapy time of less than 1 hour on
head, lung, and thyroid tumors at a boron concen-
tration of 60 - 70 ppm [6].

The neutron beam from DLBSA is subjected to a
microdosimetry test. This test is crucial to determine
the quality of neutron radiation at the cellular level
[7]. The quality of neutron radiation is indicated by
parameters such as linear energy transfer (LET) and
relative biological effectiveness (RBE) [8]. LET
refers to the average amount of energy transferred to
the medium through which radiation source particles
travel per unit distance, expressed in a unit of
keV/um [9]. As for RBE, it shows the level of dama-
ge to cells due to radiation exposure. Microdo-
simetry testing is also significant to determine the
most effective location to place °B in cancer cells,
whether in the cell nucleus or the cell wall. Effective
location determination is essential in developing
boron carrier compounds, which deliver ‘°B to can-
cer cells [7, 10].

Neutron beam microdosimetry tests have been
carried out by Lund et al. [11]. Running a test on
mono-energy neutrons exposed to body tissue cells,
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they concluded that the RBE value is highly depen-
dent on the energy of the neutrons that interact with
body tissue cells. Fukunaga et al. [12] ran a simu-
lation of tumor cells, with and without B in them,
that are irradiated by thermal neutrons. Their result
shows that cells containing boron absorb neutrons
more effectively than those without boron. Hu et al.
[13] carried out a microdosimetry test on thermal
neutron beams produced by the Kyoto University
Research Reactor (KUR) using a tissue equivalent
proportional counter containing boron of 20 -
100 ppm. Their results showed that the neutron
radiation from KUR produced an RBE of 4.2 to 4.4
and a LET value of 100 keV/um. According to
Hariguchi et al. [14], a simulation dosimetry test can
also use a water phantom.

Microdosimetry tests are carried out experi-
mentally and by simulation. A simulation approach
typically uses a Monte Carlo-based program. The
Monte Carlo method is an excellent technique for
understanding the mechanisms of radiation effects at
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the cellular level [15]. One of the Monte Carlo-based
software currently being developed is the particle and
heavy ion transport code system (PHITS). This
software has been successfully developed to support
medical research [16]. In this work, a microdosimetry
test will be carried out on neutron beams produced by
the DLBSA system on microcells in a water phantom
using a boron concentration of 70 ppm.

2. Materials and methodology
2.1. Model of cell in the water phantom

The cell model used in the microdosimetry test is
spherical with a cell membrane radius reen = 5 um
and a core radius rnye = 2.5 um [17]. The number of
cells used in the test is 11 x 11 x 11 cells. The cells
were placed in a 15 x 15 x 15 cm® water phantom at
the position (0,0,1.5) cm in front of the neutron
beam output from the DLBSA. The multicell model
in the water phantom is shown in Fig. 1, a.

Water phantom DLBSA

b

Fig. 1. Schematic diagram of the neutron beam microdosimetry test from DLBSA using an 11 x 11 x 11 multicell.
a — The water phantom is represented by a blue rectangle and the multicells are small brown circles; b — the DLBSA
components consist of a moderator in dark brown (3) and pastel blue (4), a reflector in magenta (5) and green (6),
a collimator in orange (7) and cyan (8), and a filter in brown (9) and green (10). Meanwhile, the proton channel with an
energy of 30 MeV is shown in white (1), while the Be target is depicted in black (2). Outside the DLBSA, the air is
represented in winered (11). (See color Figure on the journal website.)

2.2. Neutron source

The source of neutrons is a 30 MeV cyclotron,
which is processed using a DLBSA system. The
neutrons originating from the DLBSA are generated
from the interactions of 30 MeV protons with the
beryllium target. The DLBSA is modeled with four
main components; a moderator, a reflector, a colli-
mator, and a filter. Each component is made from a
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combination of two materials. The moderator is
composed of aluminum and BiFs. The reflector is
made from a combination of lead and carbon. The
collimator consists of nickel and borated poly-
ethylene. A combination of iron and cadmium is used
as filters for fast and thermal neutrons. The DLBSA
model is shown in Fig. 1, b.

The characteristics of the neutrons are epithermal
neutron flux of 1.1 x 10° n/cm?s, the ratio of epi-

389



BILALODIN, A. HARYADI, SEHAH ET AL.

thermal neutron flux and thermal neutron flux of
344, ratio of epithermal neutron flux and fast neu-
tron flux of 85, ratio of fast-neutron dose rate and
epithermal flux of 1.09 x 10~ Gy-cm?, and the ratio
of gamma dose rate and epithermal neutron flux of
1.82 x 107** Gy-cm? [18].

2.3. Calculation of LET

The quality of the neutron beam is evaluated by its
LET calculations. It is determined through simulation
using the PHITS version 2.88 [19]. Visualization of
the interactions between thermal neutrons and the
water phantom and cells in the water phantom can be
created using the Tally Track, and the LET value is
determined using the Tally LET [20]. The values of
LET are determined solely on o and lithium particles,
which result from the decay of thermal neutron
interactions with '°B in the cell.

2.4. Calculation of RBE
The RBE value is determined based on Eq. (1) [13].

where d(y) is the probability distribution of linear
energy or dose distribution, y is the LET value, and
r(y) is a function of biological response to the
radiation. Types of radiation with low LET values
have a fixed value of r(y) = 1, while those with high
LET will have fluctuating r(y) values. The r(y) for
this study was estimated using a 2 Gy biological
response of fractional cell survival [21].

3. Results and discussions

3.1. Modeling of B-filled microcells
in the water phantom

The cell model is a ball with a cell nucleus of ra-
dius 2.5 um and a cell membrane of radius 5 um.
The cells filled with B with a concentration of
70 ppm are located in the cell nucleus in the water
phantom. The microcell was placed 1.5 cm from the
wall of the water phantom and 1 cm from the outlet
tip of the DLBSA. The results of the interaction of
neutron particles from DLBSA with a water phan-
tom containing °B-filled microcells are shown in

o0
RBE = [r(y)-d(y)-dy, (1) Fig. 2.
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Fig. 2. a— Interaction of the neutron beam from DLBSA with the water phantom; b — visualization of the interaction
of neutrons from DLBSA with microcells in a water phantom. (See color Figure on the journal website.)

The intensity of the neutron flux from DLBSA
striking the water phantom containing microcells is
expressed in color. The highest neutron flux is
shown in red, and the lowest in blue. Fig. 2 shows
that the highest neutron flux intensity occurs around
the output end of the DLBSA and the water phan-
tom. It suggests that neutron interactions primarily
occur in the water phantom. These neutrons also
interact with °B-filled microcells.
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The visualization results of the interaction of neu-
tron flux with °B-filled microcells show that the
interaction of neutrons with microcells occurs
through scattering, reflection, and absorption reac-
tion mechanisms [22]. The scattering reaction occurs
when the direction of the neutrons at an angle col-
lides with the microcells (forming a color trail that
passes between the microcells). The reflection reac-
tion occurs when the direction of the neutron colli-
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ding with the microcell is perpendicular so that the
neutron reverses to its original direction. Absorption
reactions occur when microcells absorb neutrons and
decay and produce o and Li particles (the cell
nucleus has a red intensity).

The intensity of neutron fluxes in cells varies. It
suggests that the number of neutrons absorbed by
cells varies, shown by different intensities of color in
the cells, some are yellow, and some are red. The
difference in the number of neutrons will cause the
number of a and lithium particles produced from the
interaction of thermal neutrons with *°B in the cell to
vary as well.

3.2. Calculation of LET and RBE

The LET is the average amount of energy trans-
ferred through a medium per unit length. The simu-
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lation of calculating the LET value from the interac-
tion of neutrons with microcells produces the LET
spectrum of o and ’Li, as shown in Fig. 3. The inter-
actions of neutrons with microcells result in a spec-
trum of a LET, varying from 10-° to 150 keV/um.
Meanwhile, the LET values of ‘Li particles range
from 10° to 300 keV/um. The peak LET values of o
and 'Li particles are 100 and 200 keV/um, respec-
tively. The variation in LET values is probably
caused by the neutrons produced by DLBSA having
energy variations of 10° to 1 MeV [18]. The LET
values of o and "Li particles result from the interac-
tion of thermal neutrons with °B in microcells. The
LET value is higher than the value obtained by Hu et
al. [23].
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Fig. 3. a — Spectrum of o LET; b — spectrum of "Li LET.

The calculation of RBE for o and ’Li particles
using Eg. (1) in the energy range of 10° to
200 keV/um results in an RBE value for a particles
of 9.83 and an RBE value for 'Li particles of 6.11.
The RBE value is higher than the result of Hu et al.
[23]. A higher RBE indicates that neutron radiation
from DLBSA is more effective in destroying cancer
cells than gamma radiation or X-rays. The high RBE
value is likely due to the neutron beam produced by
DLBSA being epithermal neutrons. Hence, when
they enter the phantom water and strike the multi-
cell, they turn into high-energy neutrons in the ther-
mal neutron region (= keV).

4, Conclusion

The neutron beam microdosimetry test of the
DLBSA has been successfully carried out using a
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198_containing microcell model in a water phantom
using the PHITS code. The microcells are spherical
with a cell nucleus radius of 2.5 um and a cell
membrane radius of 5um. The neutrons from
DLBSA interact with microcells through scattering,
reflection, and absorption mechanisms. The LET
value produced by the interaction of thermal
neutrons with microcells has varying values. The
calculation of LET gives the highest LET value for
o of 100 keV/um and for “Li of 200 keV/um. The
calculation result of the RBE value for a is 9.83, and
for "Li is 6.11.

The authors express their gratitude to Institutions
for Research and Community Service (LPPM)
Jenderal Soedirman University which has fully
funded this research through the 2023 Unsoed Basic
Research Grant.
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MIKPOJIO3UMETPAYHHUI TECT IBOIIAPOBOI'O bJIOKA ®OPMYBAHHAA HEﬁTPpHHOFO
ITYUKA SAK JUKEPEJIA VIS HEUTPOHHOI TEPAIIII I3 3AXOIIVIEHHAM BOPHUX HEUTPOHIB
3 BUKOPUCTAHHAM ITPOI'PAMMU PHITS

Mikpoo3uMeTpHYHHI TecT ABOIIapoBoro Onoka (opmyBaHHsS HeiTporHoro myuka (DLBSA) Gyio nposeneno 3a
JIOTIOMOTOI0 TPOTPaMHU PO3PaxXyHKY TepeHocy 4acTHHOK 1 Baxkkux ioHiB (PHITS). Tect mae Ha MeTi MpOSICHHTH
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MEeXaHi3M B3a€MOJIl MK HEMTPOHaMH Ta MIKPOKJIITHHAMH Ta BU3HAYMTH 3HAuYeHHs JiHiNHHOT nepenadi eneprii (LET) i
BigHocHOi Gionoriynoi edextuBHOCTi (RBE) myuka neiitponiB DLBSA. Tect mpoBoaunu [uisi Iydka HEHTPOHIB 3
MIKPOKJIITHHAMH, WO MicTATh °B, 3 BUKOPHCTaHHAM KOHIUEHTpanii 6opy 70 ppm. BukopucraHe /pKepeno HEHTPOHIB
noxoauth Bim DLBSA Ha ocHOBiI mukinotpoHa 3 eHeprieto 30 MeB. B3aemonist HeWTpOHIB 3 MIKpOKIITHHaAMHU
BiIOYBa€ThCS dYepe3 peakilii po3CifoBaHHS, BIiOWTTS Ta IMOTIWHAHHSA. Pe3ynbTaTé MIKPOZO3UMETPUIHOTO TECTY
nokasaiu, 1o 1ikose 3HaueHHs LET ayis o-yactunok cranosuio 100 keB/um, a ais “Li — 200 keB/um, 3i 3Ha9eHHAM
RBE gns o 9,831 “Li —6,11.

Kniouosi crnosa: Mikpomno3uMmeTpisi, MiKpOKJIITHHH, JiHIHHA TIepefada eHeprii, BiTHOCHA 0ioioridyHa e()eKTUBHICTB,
IporpamMa MOJISJTIOBAHHS TPAHCIIOPTY YACTHHOK 1 BAKKHX 10HIB, TEpaIis i3 3aXOIICHHAM OOpHUX HEHTPOHIB.
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