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Abstract

We developed a ‘hybrid algorithm’ that combines the Monte Carlo (MC) and point-kernel methods
for fast dose calculation in boron neutron capture therapy. The objectives of this study were to
experimentally verify the hybrid algorithm and to verify the calculation accuracy and time of a
‘complementary approach’ adopting both the hybrid algorithm and the full-energy MC method. In
the latter verification, the results were compared with those obtained using the full-energy MC
method alone. In the hybrid algorithm, the moderation process of neutrons is simulated using only
the MC method, and the thermalization process is modeled as a kernel. The thermal neutron fluxes
calculated using only this algorithm were compared with those measured in a cubic phantom. In
addition, a complementary approach was used for dose calculation in a geometry simulating the head
region, and its computation time and accuracy were verified. The experimental verification indicated
that the thermal neutron fluxes calculated using only the hybrid algorithm reproduced the measured
values at depths exceeding a few centimeters, whereas they overestimated those at shallower depths.
Compared with the calculation using only the full-energy MC method, the complementary approach
reduced the computation time by approximately half, maintaining nearly same accuracy. When
focusing on the calculation only using the hybrid algorithm only for the boron dose attributed to the
reaction of thermal neutrons, the computation time was expected to reduce by 95% compared with
the calculation using only the full-energy MC method. In conclusion, modeling the thermalization
process as a kernel was effective for reducing the computation time.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

1. Introduction

Boron neutron capture therapy (BNCT) is a radia-
tion therapy based on a nuclear reaction between a
boron-10 nucleus and a thermal neutron (Locher,
1936) [1]. The two ionizing particles (an alpha
particle and a lithium-7 nucleus) produced by the
reaction have high linear energy transfer; therefore,
they can effectively kill cells. The ranges of the
produced alpha particles and lithium-7 nuclei are 9
and 4 pm, respectively, which are comparable to the
size of a human cell. Therefore, BNCT can selec-
tively kill tumor cells and ensure minimal damage to
normal cells, by accumulating a boron drug at the
target site before neutron irradiation, and it is

considered an effective treatment for intractable
cancers (Barth et al 2012) [2]. Furthermore, in
contemporary BNCT, an epithermal neutron beam
with higher energy than a thermal neutron is used
for treating deeply located tumors, utilizing the
thermalization of neutrons in the body of a patient
(Fairchild et al 1965) [3]. Accelerator-based neutron
sources are preferred over reactor-based ones
(Suzuki, 2020) [4]. Recently, cyclotron-based neu-
tron sources have been developed (Tanaka et al
2009, Kato et al 2020) [5, 6]. In Japan, clinical
treatments using accelerator-based neutron sources
have been provided since 2020 for unresectable,
locally advanced, and recurrent head and neck
carcinomas (Kanno et al 2021) [7].

© 2023 The Author(s). Published by IOP Publishing Ltd
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Considering the increasing number of patients,
treatment planning efficiency has become increasingly
important. The Monte Carlo (MC) method has been
conventionally used for dose calculation in BNCT
treatment planning, because of its high calculation
accuracy. Several MC-based treatment planning sys-
tems have been developed for BNCT, such as the Neu-
Cure Dose Engine (Sumitomo Heavy Industries, Ltd),
which was commercialized as a medical device, and
the Tsukuba plan developed by Kumada et al [8-10].
The NeuCure Dose Engine and Tsukuba plan allow
accurate calculation of dose distribution because they
include the Particle and Heavy Ion Transport code
System (PHITS), which is an MC code system devel-
oped by Sato et al [11]. However, in the MC calcul-
ation, the particles are tracked until they come to rest.
Therefore, high-accuracy MC calculation of the dose
distribution requires considerable time, and dose calc-
ulation using the MC method can be a bottleneck in
the treatment planning process in BNCT, hindering
optimization of the irradiation conditions. Hence, a
dose calculation algorithm faster than the con-
ventionally used MC method is required, and the reali-
zation of such an algorithm can help quickly treat a
large number of patients.

Studies on dose calculation algorithms have been
conducted using diffusion equations (Takada et al
2016, Albertson et al 2001) [12, 13]. Takada et al divi-
ded the continuous neutron energy into eight energy
groups used for neutron beam calculations and calcu-
lated the spatial distribution of neutrons by solving a
fixed-source neutron diffusion equation. The time
required for a calculation using this method is shorter
than the MC method. However, the calculation accur-
acy of the method is low—particularly for the fast neu-
tron flux distribution [12]. This is due to the
limitations of simplified equations for neutron trans-
port simulations.

Therefore, we developed an algorithm that combines
the MC and kernel-based methods (hereinafter called the
‘hybrid algorithm’) for fast dose calculation with accep-
table accuracy. In this algorithm, calculations are per-
formed for two processes of neutrons that have entered a
body. The first is the moderation process, in which the
energy of the incident neutrons is reduced by collisions
with the atomic nuclei in the body. The second is the
thermalization process, in which the moderated neu-
trons reach thermal equilibrium with the atomic nuclei
in the body. The former is calculated using the MC
method, and the latter is modeled as a kernel in advance,
as in the superposition method (Anhesj0 et al 1987) [14].
In the MC calculation for the moderation process, the
tracking of a neutron is terminated when its energy
reaches the lower limit to shift to the thermalization pro-
cess. This reduces the time needed to derive the dose
components arising from the interaction of the thermal
neutrons with the atomic nuclei of the body. However,
this hybrid algorithm has a low calculation accuracy [15].
The currently adopted kernel is calculated in a

M Nojiriet al

homogeneous geometry with an infinite volume, and the
inhomogeneity of the density of the materials is not con-
sidered in kernel modeling. Therefore, calculations using
this kernel cannot represent the leakage of thermal neu-
trons to the surrounding air (outside the body), resulting
in the overestimation of the thermal neutron fluxes near
the beam incident surface of the body.

Utilizing the result calculated using the full-energy
MC method only for the shallow part from 0 to a few
centimeters is considered advantageous for com-
plementing the low accuracy of the hybrid algorithm
in the shallow region. In the ‘full-energy’ MC calcul-
ation, the MC method is adopted for the calculation of
both moderation and thermalization processes, as a
conventionally used calculation. The statistical uncer-
tainty associated with the MC calculation can be easily
reduced in the shallow region. Therefore, if the result
obtained via the full-energy MC calculation is used
only for the shallow region, results with sufficiently
low statistical uncertainty can be obtained within a
shorter time than the calculation adopting the full-
energy MC method for the entire region. In addition,
the advantage of the hybrid algorithm—the high calc-
ulation speed—is not completely removed.

In this study, we propose the hybrid algorithm as
the first step in the development of fast dose calcul-
ation algorithm and evaluate the calculation accuracy.
In addition, we evaluate the calculation accuracy and
time of the complementary approach.

2. Materials and methods

The calculation accuracy of the hybrid algorithm was
evaluated by comparing the calculated thermal neutron
fluxes with the values obtained in an experiment using a
cubic phantom. The evaluation of the thermal neutron
flux is crucial in BNCT. This is because thermal neutron
flux is proportional to the boron and nitrogen doses,
which are related to the nuclear reaction of thermal
neutrons with boron and nitrogen nuclei, respectively.
The boron doses are dominant in BNCT.

Subsequently, we evaluated the calculation accur-
acy and time of the complementary approach. The
complementary calculation was performed under
conditions similar to those of clinical treatment. The
calculations included fast neutron and gamma-ray
doses, in addition to boron and nitrogen doses. The
results obtained via the complementary approach
were compared with those obtained by adopting the
full-energy MC method for the entire region.

In these evaluations, three types of dose calculations
were performed: calculations adopting the full-energy
MC method for an entire region, calculations adopting
the hybrid algorithm for the entire region, and calcula-
tions adopting the complementary approach. Herein-
after, these are referred to as the ‘entire-full-MC’, ‘entire-
hybrid’, and ‘complementary’ calculations, respectively.
In the ‘complementary’ approach, the entire region was

2
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Figure 1. Flow of (a) the ‘entire-hybrid’ calculation and (b) a part of the ‘complementary’ calculation. In the ‘complementary’
calculation, the convolution in Step 2 of (a) is performed to derive the distribution only in the deep region, and the full-energy MC
calculation is performed for the shallow region, as shown in (b). Each dose component whose distribution is surrounded by a thick
frame is determined in each energy range and region condition in each calculation step. Each of Tj, Tp, and T; represents the time
required for the calculation in each step. The subscripts G, N, B, F, and th denote gamma-ray, nitrogen, boron, fast neutron, and
thermal neutron. Each of f, f;, f5»and fi represents the kernel of dose, the number of productions, or thermal neutron flux. Each
of dg, dg, dn dp, 76, and ¢, represents the distribution of dose, the number of productions, or thermal neutron flux. ‘<1 eV’ and
>1 eV’ are the energy ranges of neutrons considered for the calculation.

divided into two regions at the separation surface, which
were located at a few centimeters away from the body
surface of the head phantom, and the full-energy MC
method and hybrid algorithm were adopted for the shal-
low and deep regions, respectively. The ‘entire-full-MC’
and ‘entire-hybrid’ calculations using a cubic phantom
were experimentally verified with regard to the calcul-
ation accuracy; ‘entire-ful-MC’ and ‘complementary’
calculations using a geometry simulating a head region
were verified with regard to the computation time and
calculation accuracy.

The MC calculation was performed using PHITS
ver. 3.24 (Sato et al 2018) [11]. For the PHITS calcula-
tions, shared-memory parallel computing was con-
ducted using a multi-core central processing unit (i9-
10900, Intel Corporation, 10 cores).

2.1. Calculation using hybrid algorithm

2.1.1. Flow of calculation using hybrid algorithm

In the calculation using the hybrid algorithm, the
moderation process of the neutrons is calculated using
the MC method with a cut-off function implemented
in PHITS, and the thermalization process is modeled

as a kernel in advance. In the MC calculation with a
cut-off function, the particle transport is stopped
below the preset cutoff energy. In this study, the energy
where the neutrons need to reach the lower limit to
switch from the moderation process to the thermaliza-
tion process (the cut-off energy) was setas 1 eV.

As shown in figure 1(a), the calculation using the
hybrid algorithm was performed as follows. First, the
kernels of the thermal neutron flux and dosimetric
quantities related to the thermal neutrons, including
the boron dose, nitrogen dose, and number of second-
ary gamma-rays produced, were precalculated. Here,
the boron and nitrogen doses were attributed to '°B(n,
@)’Li and "*N(n, p)'*C, respectively. In addition, the
reactions of 1H(n, 'y)zH, 10B(n, a'y)7Li, 40Ca(n, 'y)41Ca,
and *'P(n, 7)**P were considered for the calculation of
the number of secondary gamma-rays. In the calcul-
ation, the neutron source was set as a point source with
an energy spectrum of neutrons terminated below
1 eV. The distributions of the above quantities gener-
ated by the source were obtained via an MC calcul-
ation in a homogeneous geometry with a sufficiently
large volume. Therefore, the kernel used in this study

3L
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for mesh i are used to derive quantity D at each point.

Quantity at this point was derived by convolution-integration as follows:
D= f)XIi=123,..
i

I; : Number of neutrons terminated in mesh i
d; : Distance from center of mesh i
f(d;) : Kernel value at d; away from center of mesh i

Figure 2. Overview of convolution-integration in the hybrid algorithm. The values I; in mesh i constitute the distribution of neutrons
terminated below the cut-off energy and are multiplied by the values f of the point-kernel at a distance d; from mesh . The products

was isotropic. Details of the kernel calculation are pre-
sented in section 2.1.2.

Second, an MC calculation with a cutoff function
for neutrons was performed to derive the in-phantom
distribution of neutrons terminated below 1eV. In
addition, the distributions of the boron dose, nitrogen
dose, and number of secondary gamma-rays produced
in the phantom, arising from the reaction of neutrons
with energy of >1eV, were derived. However, the
contributions were expected to be small because these
doses are mainly produced by the reactions of thermal
neutrons. Furthermore, the fast neutron dose attrib-
uted to "H(n, n)'H and the dose attributed to primary
gamma-ray mixing in the neutron irradiation field
were determined.

Third, the in-phantom distribution of the neu-
trons terminated with energy of <1 eV was convolu-
tion-integrated with the kernel, to derive the
distributions of the thermal neutron flux, boron dose,
nitrogen dose, and number of secondary gamma-ray
productions. An overview of the convolution-integra-
tion is presented in figure 2. The distribution of neu-
trons terminated with energy of <1eV, which
constituted the values I, was convolution-integrated
with the values f of the kernel represented as a func-
tion of the distance d from the source, and the quan-
tity D (thermal neutron flux, boron dose, etc) was
derived at each point. Finally, the distribution of the
secondary gamma-ray dose was calculated by setting
the distribution of the number of gamma-rays pro-
duced as the source.

2.1.2. Calculation of kernels

The kernels were calculated in a spherical geometry,
with a point source having an energy spectrum of
neutrons terminated below the cut-off energy of 1 eV
at the center.

The energy spectra of the terminated neutrons on
the central axis of each phantom were calculated using
the [T-Time] tally function implemented in PHITS. In
PHITS, if the energy cutoffis set as 1 eV, the tracking is
terminated when the energy of particles is below 1 eV
after scattering. In the [T-Time] tally, the particle

decelerate below 1 eV after scattering is tallied, and the
energy after the scattering is recorded.

The spectra were obtained at the depths between 0
and 6.5 cm with a calculation mesh of 5 mm, and the
calculation results were averaged to derive the neutron
spectrum. As described in section 3.1, the spectrum
did not change significantly with respect to the depth.

Then, using the source spectrum, the kernels for
the thermal neutron flux, boron dose, nitrogen dose,
and secondary gamma-ray production were derived
using PHITS as a function of the distance with a
1-mm mesh.

In addition, kernels were prepared for each calcul-
ation associated with the cubic and head phantoms. As
shown in figure 1(a), the kernels were calculated in the
geometry filled with water or brain tissue.

2.2. Experimental verification using cubic phantom

A cubic phantom filled with boric acid-water was used
for the experimental verification of the calculation
accuracy for the thermal neutron flux. As shown in
figure 3, the volume of the phantom was 20 x 20 x 20
cm’. The concentration of boron-10 in the boric acid-
water was 23 ppm, which is close to the typical
concentration of normal tissues in clinical situations
(Koivunoro et al 2015, Kawabata et al 2021) [16, 17].
The thermal neutron fluxes were measured using the
gold activation method as follows. A set of bare gold
wires (The Nilaco Corporation) with a diameter of
0.25 mm was placed along the central axis and the off-
axis direction of the phantom. Gold wires covered with
cadmium tubes with a wall thickness of 0.5 mm were
used to remove the contribution of the thermal
neutron component from the activation reaction. The
bare and cadmium-covered gold wires were irradiated
by an epithermal neutron beam (CO-0000F mode) at
the Heavy Water Neutron Irradiation Facility of Kyoto
University Reactor (KUR-HWNIF) (Sakurai et al
2002) [18]. This neutron irradiation was operated with
the power of 1 MW. (In the clinical trial, the irradia-
tion had been operated with the power of 5 MW, and
the order of thermal neutron flux had been 10° n
(cm>s) ™). The irradiation field was formed using a

4
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Figure 3. Horizontal cross-sections of the geometry in the experimental verification using the cubic phantom at KUR-HWNIF with
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polyethylene collimator containing LiF with an aper-
ture diameter of 12 cm. After irradiation, the activated
gold wires were cut into small pieces with lengths of
5mm or 1cm, and 412-keV gamma-rays emitted
from the activated gold wire at each point of the
phantom were measured using an Nal(T]) scintillation
detector (SP-20, Ohyo Koken Kogyo Co., Ltd). Subse-
quently, the rates of the '*’Au(n, 7)'*®Au reaction of
the bare and cadmium-covered gold wires were
derived from the number of emitted gamma-rays, and
the thermal neutron fluxes were determined from the
difference between the reaction rates of the bare and
cadmium-covered gold wires (ASTM E262-17,
2017)[19].

In addition, the thermal neutron flux distributions
in the geometry simulating the experiment were
obtained by the ‘entire-full-MC’ calculation using
only the full-energy MC method and the ‘entire-
hybrid’ calculation using only the hybrid algorithm.
The kernel used in the ‘entire-hybrid’ calculation was
calculated in a spherical geometry with a radius of
30 cm, filled with boric acid-water with a '°B con-
centration of 23 ppm. In the MC calculation of the in-
phantom distribution for both of the ‘entire-full-MC’
and ‘entire-hybrid’ calculations, a mesh size of
5 x 5 x 5 mm’ was used. The calculation results were
compared with the results obtained via the aforemen-
tioned measurement.

2.3. Calculations using complementary approach
for humanoid phantom simulating head region
2.3.1. Complementary approach adopting full-energy
MC method for shallow region alone

In the ‘complementary’ calculation, the entire region
was separated into two regions at the boundary, which
were a few centimeters from the body surface of the

head phantom, to prevent the overestimation of the
thermal neutron flux near the beam incident surface of
the phantom. Hereinafter, the inward distance
perpendicular to the body surface is called the ‘separa-
tion depth’. The separation depth was set as 4 cm in
this study. In addition, the region from the body
surface to the separation surface is called the ‘shallow’
region, and the region within the separation surface is
called the ‘deep’ region.

In the ‘complementary’ calculation, the convolu-
tion in Step 2 shown in figure 1(a) was performed to
derive the distribution only in deep region, and the
full-energy MC calculation was performed for shallow
region, as shown in figure 1(b). In Step 1, an MC calc-
ulation with a cut-off function for the neutrons was
performed to derive the in-phantom distribution of
neutrons terminated with energy of <1eV. In addi-
tion, the distributions of the boron and nitrogen doses
attributed to the reactions of neutrons with energies of
>1 eV were derived for the deep region. Furthermore,
the fast neutron dose, primary gamma-ray dose, and
secondary gamma-ray dose attributed to the reactions
of neutrons with energies of >1 eV were determined
for the entire region. Note that fast neutron dose dis-
tribution was obtained via MC calculation using the
cut-off function for the entire region, and the separa-
tion depth was not set in the calculation. This is
because the contribution of neutrons below a cut-off
energy of 1 eV was considered sufficiently small to be
neglected. In Step 2, the region was separated into
shallow and deep regions. In Step 2-1, the in-phantom
distribution of the neutrons terminated with energy
<1 eV was convolution-integrated with the kernels to
derive the distributions of the thermal neutron fluxes,
boron dose, nitrogen dose, and number of secondary
gamma-rays produced in the phantom for the deep
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Figure 4. (a) Three-dimensional view and (b) coronal cross-section of geometry simulating a humanoid head. An epithermal neutron
beam is irradiated from the top of the head through the aperture of the collimator, as indicated by the red arrow in (a). The red circle in
(b) shows the reference region for the statistical uncertainty evaluation.

region. In Step 2-2, full-energy MC calculations were
performed to obtain the aforementioned doses for the
shallow region. In Step 3, the distribution of the sec-
ondary gamma-ray dose generated by the neutron
capture reactions with 'H, 198, 49Caq, and *'P peresent
in the phantom and collimator was derived using the
MC calculation with only photon transport. In this
step, the distributions of the number of secondary
gamma-ray productions calculated in step 2 were used
as the gamma-ray source.

2.3.2. Dose calculation using humanoid phantom
simulating head region

The geometry of the humanoid phantom simulating
the head region used for calculations is shown in
figure 4. An epithermal neutron beam was simulated
to be irradiated from the top of the head through the
aperture of the collimator at the KUR-HWNIF. A
voxel phantom was constructed from computed
tomography images of the phantom, and soft tissues,
brain, and cranial bones were assigned to each voxel
with aboron-10 concentration of 25 ppm [16, 17]. The
elemental composition and density of each material
were obtained from National Institute of Standards
and Technology and International Committee for
Radiological Units Report 46 [20, 21]. In addition, the
kernel used for the ‘complementary’ calculation was
calculated in a spherical geometry with a radius of
30cm filled with brain tissues with a boron-10
concentration of 25 ppm [16, 17].

Furthermore, doses administered to a normal
brain by neutron irradiation to the top of the head,
assuming the treatment for brain tumours, were deter-
mined using the following equations:

Boron dose = CBE x Dy (D
Nitrogen dose = RBEN X Dy 2)
Fast neutron dose = RBEg X D 3)

Gamma-ray dose = RBEg X Dg (4)

Here, Dy, Dy, Dp, and Dg represents the physical
boron, nitrogen, fast neutron, and gamma-ray doses,
respectively. Dy was calculated by setting the boron-
10 concentration as 25 ppm [16, 17]. Dy and Dy were
calculated by setting the concentrations of nitrogen
and hydrogen as 2.0 wt% and 11.1 wt%, respectively
(Sakurai et al 2002) [18]. Dp was weighted by a
compound biological effectiveness (CBE) value of 1.35
(Kawabata et al 2008) [22]. Dy and Dy were weighted
by a relative biological effectiveness (RBE) value of 3.0,
and Dg was weighted by an RBE value of 1.0
(Kawabata et al 2008) [22]. The total dose was
calculated as the sum of those RBE- or CBE-weighted
doses.

In this study, the dose distributions and computa-
tion time were evaluated according to the doses admi-
nistered to a normal brain as presented in the previous
paragraph. Note that the dose distribution in other
materials, such as tissue, bone, and tumor, can be
obtained by the scaling according to such parameters
as the concentration of elements, RBE, CBE. in each
material because each of the boron, nitrogen, and
gamma-ray production dose kernels were prepared as
values per density of elemental (1 wt% or ppm).

2.3.3. Evaluation of computation time and accuracy

For the ‘complementary’ calculation, the computation
time was evaluated as the total time required only for the
MC calculations because the time required for the
convolution-integration was considered negligible. The
computation times in Steps 1, 2-2, and 3 of the
‘complementary’ calculation were defined as Tj, T, and
T3, respectively, as shown in figure 1. Each of the times Tj,
T, and T; was estimated as the computation time
required to achieve the desired statistical uncertainty of
<1% of each dose relative to the total dose for all dose
components. This condition is expressed as follows:
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Here, the symbol ‘A’ denotes a logical conjunc-
tion. In addition, ug,n/r/G Was defined as the uncer-
tainty of each RBE or CBE-weighted dose, which was
derived from each statistical uncertainty of the boron,
nitrogen, fast neutron, and gamma-ray doses, and Dt
was defined as the total dose. This condition main-
tained the uncertainty of the total dose at <2%, which
satisfies the recommendation of the American Asso-
ciation of Physicists in Medicine Report 13 for the
uncertainty of dose computation [23]. The reference
region for the statistical uncertainty evaluation was
defined within a spherical volume with a 4-cm radius
centered at a 4-cm depth on the beam axis, as indi-
cated by the red circle in figure 4(b), according to the
conditions used by Kumada et al [10]. The time
required for the ‘entire-full-MC’ calculation was esti-
mated as the time required for satisfying equation (5)
in the region.

To evaluate the calculation accuracy, each dose
distribution obtained via the ‘complementary’ calcul-
ation for the determined times was compared with
that obtained via the ‘entire-full-MC’ calculation.
Here, the MC calculations included in both the
‘entire-full-MC’ and ‘complementary’ calculations
were conducted with a mesh size of 5 x 5 x 5 mm’.
Additionally, in the ‘complementary’ calculation, the
distributions of the thermal neutron fluxes were calcu-
lated for both the shallow and deep regions. Each dose
distribution calculated using the hybrid algorithm for
the deep region was normalized to match the thermal
neutron flux calculated by adopting the hybrid algo-
rithm for the deep region to the value calculated by
adopting the full-energy MC method for the shallow
region at the separation depth on the central axis.

2.4. Calculation of each dose component using
PHITS

The calculations using PHITS were performed as
follows. First, the in-phantom distribution of neutrons
terminated below the cut-off energy of 1eV was
calculated using the [T-Time] tally.

In addition, the thermal neutron flux was calcu-
lated using the [T-Track] tally. The boron, nitrogen,
and fast neutron doses were calculated using the [T-
Track] tally with the multiplier subsection, as follows:

D= f{K(E) % &(E) x w)dE, 6)

where D, K(E), and w represent the physical dose,
kerma coefficient, and mass fraction of elements in a
compound (water, tissue, brain tissue, or bone),
respectively. The elements associated with the boron,
nitrogen, and fast neutron doses are 108, 14N, and 'H,
respectively. Moreover, E represents the neutron
energy, and ¢ (E) represents the neutron flux.

M Nojiriet al

The gamma-ray doses were calculated using the
[T-Deposit] tally, for which the kerma approximation
was adopted.

In the ‘entire-full-MC’ calculation that has been
normally used, the gamma-ray doses were directly cal-
culated via the simultaneous transport calculation of
neutrons and gamma-rays. In contrast, in the calcul-
ation using the hybrid algorithm, the distribution of
the number of secondary gamma-ray productions was
set as the gamma-ray source, as described at the end of
section 2.3.1 and in figure 1. Then, the gamma-ray
dose was determined via the transport calcuation for
only gamma-rays.

The number of secondary gamma-ray produc-
tions Rg was calculated using the [T-Track] tally with
the multiplier subsection wusing the following
equation:

Ro = [{o(B) x 6(E) x N)dE, @)

where o (E) represents the gamma-ray production
cross-section of 'H, '°B, *°Ca, or >'P,and N represents
the number density of each 'H, 1B, “°Ca, and >'P
nucleus in each compound.

3. Results

3.1. Prepared kernel for hybrid algorithm

Figure 5(a) shows the neutron source spectra used for
kernel calculation. As described in section 2.1.2, in the
[T-Time] tally that was used to calculate the spectrum,
the particle decelerated below 1 eV after scattering is
tallied, and the energy after the scattering is recorded.
Therefore, the range of the energy spectrum was 0 to
1 eV. These neutron source spectra were derived by
averaging the spectra at depths of 0.25 to 6.25 cm, and
the spectra were similar for all depths. In addition, the
averaged neutron spectra did not depend on the shapes
of the cubic and head phantoms, as shown in
figure 5(a). However, this was not sufficiently verified.
Therefore, in this study, each spectrum was used for
the calculation of the distribution in each geometry.
Figure 5(b) shows the kernel used for the calculation of
thermal neutron fluxes in the head region, as an
example.

3.2. Comparison of calculations with experiment
using cubic phantom

To validate the calculation accuracy of the hybrid
algorithm, the thermal neutron flux distribution
obtained via the ‘entire-hybrid’ calculation, using only
the hybrid algorithm, was compared with the mea-
sured distribution in the phantom. In addition, the
results obtained via the ‘entire-full-MC’ calculation
using only the full-energy MC method were compared
with the measured data to confirm the calculation
accuracy of the full-energy MC method. Figure 6
shows the in-phantom distributions of the thermal
neutron flux along the central axis and off-axis
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direction. Here, the calculated distributions were
normalized to match the flux with the measured value
at the depth of 5.7 cm. As shown in figure 6(a), the
depth distribution obtained via the ‘entire-hybrid’
calculation reproduced the measured distribution at
depths of >4 cm and overestimated it at depths of
<4 cm. The ‘entire-hybrid’ calculation overestimated
the measurement by 20% at the peak position of the
measured distribution at a depth of 1.45 cm, and the
maximum difference from the ‘entire-full-MC’ calcul-
ation was 156% at the surface. In addition, the peak
position in the result obtained via the ‘entire-hybrid’
calculation was shifted to a shallower depth compared
with the measurement result. At all depths, the results
obtained via the ‘entire-full-MC’ calculation agreed
well with the measurement results.

Furthermore, as shown in figure 6(b), the off-axis
values obtained via the ‘entire-hybrid’ calculation
exceeded the measured values near the side surface of
the phantom, whereas those obtained via the ‘entire-

full-MC’ calculation agreed well with the measured
values from side to side.

3.3. Comparison with calculation using full-energy
MC method for humanoid head phantom

The ‘complementary’ calculation using the full-energy
MC method and the hybrid algorithm was compared
with the ‘entire-full-MC’ calculation, using only the
full-energy MC method, with regard to the computa-
tion time and accuracy.

Table 1 presents the computation times needed to
achieve the condition that the statistical uncertainty of
each dose relative to the total dose was less than 1% for
all dose components. The required total times were
52min for the ‘complementary’ calculation and
86min for the ‘entire full-MC’ calculation. The
‘entire-hybrid’ calculation was not performed for the
head region; however, the computation time was
expected to be 39 min excluding the full-energy MC
calculation for the shallow region. Furthermore, the
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time required for the MC calculation with a cut-off
function was mostly determined by the time required
for the calculation of the fast neutron dose, and the
calculation of the fast neutron dose took longer to
converge than those of the other doses.

In the hybrid algorithm, modeling the thermaliza-
tion process as a kernel is essential; therefore, the time
required to calculate the boron dose was estimated to
confirm the effect of the modeling on reducing the
computation time. Table 2 presents the computation
time required to achieve a relative statistical uncer-
tainty of <1% for a boron dose. The required total
computation times were 25min for the ‘com-
plementary’ calculation and 41 min for the ‘entire-
full-MC’ calculation. In addition, the time required
for the MC calculation with the cut-off function was
expected to be equal to that required for the ‘entire-
hybrid’ calculation, and it was 2 min.

Figures 7 and 8 show the dose distributions
obtained for the computation times presented in
table 1. The depth distributions of the boron, nitrogen,
fast neutron, and gamma-ray doses obtained via the
‘entire-full-MC’ and ‘complementary’ calculations are
shown in figure 7. The distributions of the total doses
on the central axis and in the coronal cross-section
were compared, as shown in figure 8. Here, each max-
imum value of the results obtained via the ‘entire-full-
MC’ calculation was normalized to 1 on the central
axis, and then each result obtained via the

‘complementary’ calculation was normalized using
the normalization factor that was employed for the
‘entire-full-MC’ calculation.

As shown in figures 7(a) and (b), the distributions
of the boron and nitrogen doses obtained via the ‘com-
plementary’ calculation agreed well with the results
‘entire-full-MC’
Figure 7(c) shows the distribution of the gamma-ray

obtained via the calculation.
doses. The doses obtained via the ‘complementary’
calculation were slightly higher than those obtained
via the ‘entire-full-MC’ calculation for the deep
region. Figure 7(d) shows the distributions of the fast
neutron doses. The doses obtained via the ‘com-
plementary’ calculation agreed well with those
obtained via the ‘entire-full-MC’ calculation.

Figure 8(a) shows the depth distributions of the
total dose. The distributions obtained via the ‘com-
plementary’ calculation agreed well with the results
obtained via the ‘entire-full-MC’ calculation for all
depths. The maximum difference between the results
of the ‘complementary’ and ‘entire-full-MC’ calcula-
tions was small (<2%). Figures 8(b) and (c) show the
distributions in the coronal cross-section and the dis-
tribution of the difference from the result obtained via
the ‘entire-full-MC’ calculation. The distributions
obtained via the ‘complementary’ calculation agreed
well with the results obtained via the ‘entire-full-MC’
calculation.

3L
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Table 1. Time [min] required for the calculation of all doses.

Calculation contents

‘complementary’ calculation

‘entire-full-MC’ calculation

MC calculation with cut-off function for neutron
Full-energy MC calculation for shallow region
Photon transport calculation

Total calculation

38 —
13 86

1 _
52 86

Table 2. Time [min] required for calculation of the boron dose.

Calculation contents ‘complementary’ calculation ‘entire-full-MC’ calculation
MC calculation with cut-off function for neutrons for deep region 2 —
Full-energy MC calculation for shallow region 23 41
Total calculation 25 41
4. Discussion ‘complementary’ calculations was 5%. The ‘entire-

In the experimental verification, the calculation accur-
acy of the hybrid algorithm was verified by comparing
the ‘entire-hybrid’ calculation result with the measure-
ment result in terms of the thermal neutron flux
distribution. The ‘entire-hybrid’ calculation partially
reproduced the measured values at depths of >4 cm.
However, it overestimated the results in the shallower
region. In contrast, the ‘entire-full-MC’ calculation
accurately reproduced the measurement results. As
described in 4th paragraph in the Introduction
section, the overestimation by the ‘entire-hybrid’
calculation was caused by neglecting the leakage of
neutrons from the phantom to the surrounding air in
the kernel calculation.

Considering the overestimation of the thermal
neutron flux in the shallow region by the hybrid algo-
rithm, the ‘complementary’ calculation was tested.
The ‘complementary’ calculation was compared with
the ‘entire-full-MC’ calculation for a geometry simu-
lating the head region. For the boron and nitrogen
doses, which were proportional to the thermal neu-
tron fluxes, the maximum difference between the
the ‘entire-ful-MC’ and

results obtained via

hybrid’ calculation overestimated the thermal neutron
fluxes in a cubic phantom by 156% compared with the
‘entire-full-MC’ calculation near the surface, as descri-
bed in section 3.2. Therefore, the complementary calc-
ulation was confirmed to be more accurate in
calculations related to thermal neutron compared to
the calculation using only the hybrid algorithm.

In addition, the calculation accuracy of the com-
plementary approach was evaluated with regard to the
fast neutron and gamma-ray doses for the geometry
simulating the head region. The distributions of the
fast neutron dose obtained via the ‘complementary’
calculation agreed well with those obtained via the
‘entire-full-MC’ calculation. This was attributed to the
small contribution of neutrons with energies of <1 eV
to the fast neutron dose. The distributions of the
gamma-ray doses obtained via the ‘complementary’
calculation had slightly higher values than those
obtained via the ‘entire-full-MC’ calculation for the
deep region. This was attributed to the slight over-
estimation of the number of secondary gamma-ray
productions in the deep region.

Furthermore, the calculation accuracy of the
depth distribution of the total dose was high in the

10
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depth range of 0—8 cm on the central axis. With regard
to the distribution in the coronal cross-section, the
‘complementary’ calculation accurately reproduced
the ‘entire-full-MC’ calculation result.

The time required for the ‘complementary’ calcul-
ation was reduced by approximately 40% relative to
that for the ‘entire-full-MC’ calculation. If the ‘entire-
hybrid’ calculation is performed for the head region,
the computation time could be reduced by 55% rela-
tive to the ‘entire-full-MC’ calculation. Because a cut-
off function could be employed for the neutron trans-
port in the MC calculation used in the ‘com-
plementary’ calculation, the time required for a single
neutron transport was reduced by approximately half,
and the total computation time was reduced.

Here, setting the separation depth as 4 cm was
attributed to the experimental verification. The depth
distribution obtained via the ‘entire-hybrid’ calcul-
ation reproduced the measured distribution at depths
>4 cm. This indicated that using a separation depth of
4 cm allows high calculation accuracy in the deep
region, where the hybrid algorithm is applied, with the
minimum calculation time consumed in the MC calc-
ulation in the shallow region.

Additionally, we estimated the impact in the case
of changing the separation depth by conducting the
calculation using the separation depth of 3 cm. Com-
pared with that for separation depth of 4 cm, the total
computation time was reduced by only 2 min, and the
calculation accuracy became lower because the hybrid
algorithm was applied to the shallower side.

In the calculation using the separation depth of
>4 cm, the computation time would be longer
because the full-energy MC method was applied to the
deeper region, and the calculation accuracy would not
significantly change because the maximum difference
between the depth distributions derived by the ‘com-
plementary’ approach using the separation depth of
4 cm and ‘entire-full-MC’ calculations was below 2%
and sufficiently small. Therefore, the optimal separa-
tion depth is considered to be 4 cm from the balance of
the accuracy.

The time required for the calculation of the fast
neutron dose accounted for most of the total time
required for the MC calculations in both the ‘entire-
full-MC’ and ‘complementary’ calculations. In the
MC calculation, the convergence of the statistical
uncertainty of the fast neutron dose was the slowest
among all the doses—particularly in the deep region
where few particles could maintain high energy.
Accordingly, the total computation time was domi-
nated by the time needed to calculate the fast neutron
dose, which was reduced by using the cut-off function,
as described in the 5th paragraph in this section.

However, we considered that modeling the ther-
malization process of the neutrons as a kernel in the
hybrid algorithm can reduce the time required for
dose calculation. The time required for the ‘entire-
hybrid’ calculation only for the boron dose was

M Nojiriet al

expected to be 2 min, which was equal to the time
required for the MC calculation with the cut-off func-
tion, as shown in table 2. In contrast, the time required
for the ‘entire-full-MC’ calculation was 41 min. The
boron dose is dominant for BNCT and is mostly
attributed to the thermalization process which is mod-
eled in the hybrid algorithm. In the calculation of the
distribution attributed to the thermalization process,
the hybrid algorithm can reduce the computation time
by 95% compared to the full-energy MC method.
Therefore, modeling the thermalization process of the
neutrons can reduce the time required for dose
calculation.

The calculation accuracy of the hybrid algorithm
was high for the calculation in the deep region, as
shown by the results such as figure 6. Therefore, the
hybrid algorithm can reduce the computation time,
while maintaining high calculation accuracy in the
calculation of the distribution attributed to the ther-
malization process for the deep region.

5. Conclusion

In this study, a newly developed hybrid algorithm was
explored, and its calculation accuracy was verified.
Subsequently, a complementary approach using both
the hybrid algorithm and full-energy MC method was
applied, and the computation time and calculation
accuracy were verified. In the experimental verifica-
tion, the calculation using the hybrid algorithm
reproduced the measurement result at depths >4 cm
and overestimated it at depths <4 cm. This was
attributed to the currently adopted kernel being
calculated in a homogeneous geometry with a large
volume. Thus, in the dose calculation using a geometry
simulating the head region, the full-energy MC
method was adopted in the shallow region from the
phantom surface to the separation surface, which was
a few centimeters from the body surface of the head
phantom, and the hybrid algorithm was adopted in the
deep region inside the separation surface with the
optimal separation depth of 4 cm. This complemen-
tary calculation required a shorter time than the
calculation using the full-energy MC method for the
entire region, while maintaining nearly the same
accuracy. The calculation results for only the boron
dose attributed to the thermal neutron showed that
the hybrid algorithm significantly reduced the compu-
tation time compared with the full-energy MC
method. Therefore, we conclude that the modeling of
the thermalization process of neutrons as a kernel in
the hybrid algorithm reduces the time required for
dose calculation in BNCT.
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