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Abstract
Background: In Japan, the clinical treatment of boron neutron capture therapy
(BNCT) has been applied to unresectable, locally advanced,and recurrent head
and neck carcinomas using an accelerator-based neutron source since June
of 2020. Considering the increase in the number of patients receiving BNCT,
efficiency of the treatment planning procedure is becoming increasingly impor-
tant. Therefore, novel and rapid dose calculation algorithms must be developed.
We developed a novel algorithm for calculating neutron flux, which comprises
of a combination of a Monte Carlo (MC) method and a method based on the
removal-diffusion (RD) theory (RD calculation method) for the purpose of dose
calculation of BNCT.
Purpose: We present the details of our novel algorithm and the verification
results of the calculation accuracy based on the MC calculation result.
Methods: In this study, the “MC-RD”calculation method was developed,wherein
the RD calculation method was used to calculate the thermalization process of
neutrons and the MC method was used to calculate the moderation process.
The RD parameters were determined by MC calculations in advance. The MC-
RD calculation accuracy was verified by comparing the results of the MC-RD
and MC calculations with respect to the neutron flux distributions in each of the
cubic and head phantoms filled with water.
Results: Comparing the MC-RD calculation results with those of MC calcu-
lations, it was found that the MC-RD calculation accurately reproduced the
thermal neutron flux distribution inside the phantom, with the exception of the
region near the surface of the phantom.
Conclusions: The MC-RD calculation method is useful for the evaluation of
the neutron flux distribution for the purpose of BNCT dose calculation, except
for the region near the surface.
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1 INTRODUCTION

Boron neutron capture therapy (BNCT) is a type of
radiotherapy that makes use of the nuclear reaction
that occurs between a thermal neutron and a 10B atom,
which has a large thermal neutron absorption cross-
section.1 By accumulating the 10B atoms inside the
tumor cells prior to neutron irradiation, it can selectively
kill the tumor cells and ensure minimal damage to the
normal tissue. This is because the ranges of the alpha
particle and 7Li nuclei produced by the nuclear reaction
are similar in size to those of human cells. In addition,
it has a strong antitumor effect because the produced
particles exhibit high linear energy transfer. Therefore,
BNCT is expected to be effective in treating intractable
tumors.2 Furthermore, using epithermal neutrons, which
have higher energy than thermal neutrons,makes it pos-
sible to treat deep-seated tumors, which is difficult to
accomplish with thermal neutrons.3

In Japan, the clinical treatment of BNCT has been
applied to unresectable, locally advanced, and recur-
rent head and neck carcinomas using accelerator-based
neutron sources since June of 2020.4−8 Considering
the increase in the number of patients receiving BNCT,
treatment planning efficiency is becoming increas-
ingly important. Treatment planning system for BNCT
includes the NeuCure Dose Engine (Sumitomo Heavy
Industries, Ltd), which is commercialized as medical
equipment, and Tsukuba Plan developed by Kumada
et al.9–11 The dose calculation code system imple-
mented in these systems is Particle and Heavy Ion
Transport code System (PHITS), a Monte Carlo (MC)
code developed by Sato et al.12 Recently, a novel treat-
ment planning system, NeuMANTA, was developed and
has a novel MC dose engine COMPASS.13,14 Only the
MC method is currently used as the dose calculation
algorithm in the treatment planning systems for the clin-
ical treatment of BNCT. There is a need and demand to
develop a faster dose calculation algorithm that can also
be used for independent dose calculation.

Some studies have focused on the development of
dose calculation algorithms for BNCT. Takada et al. cal-
culated neutron flux distributions in a head and neck
phantom by solving multi-group diffusion equations,
which were made by dividing a continuous neutron
energy into eight energy groups.15 The calculation time
was shorter than that of the MC calculation but the
calculation accuracy was low. In our previous study,
we calculated the thermal neutron flux distribution by
convolution-integrating isotropic kernels with the distri-
bution of neutrons terminated below 1 eV.16 This method
achieved a shorter calculation time than that of the
MC method,and the calculations mostly reproduced the
distribution in the deep region, compared with the MC
calculation. However, it significantly overestimated the
distribution in the shallow region. This was attributed to
the lack of consideration of the neutrons escaping from
the surface.Albertson and Niemkiewicz et al. suggested

the calculation method based on the removal-diffusion
(RD) theory considering neutrons in the pre-collision
process.17–19 Consequently, the calculation accuracy of
thermal neutron flux distribution was high near the sur-
face.However, they limited the evaluation for the neutron
energy range below 0.3 MeV, which is below the maxi-
mum value (∼28 MeV) of the energy used for the current
clinical BNCT.5,8,17–19 In addition, they performed RD
calculations only for the neutron energy below 0.3 MeV.
At higher energies, it is difficult to establish the diffusion
theory, and therefore the calculation accuracy will be
lower. In addition, they conducted the calculation using
only simplified geometry,such as semi-infinite geometry,
ellipsoids, and cuboids, instead of the geometries close
to the actual conditions.17–19

In this study, we calculated the neutron flux inside a
phantom with a shape resembling that used in the clin-
ical treatment, using a combination of the MC and RD
calculation methods based on RD theory, hereby known
as the “MC-RD”calculation.The accuracy of the MC-RD
calculation of neutron flux distribution was verified using
cubic and head-shaped water phantoms.

2 MATERIALS AND METHODS

In the MC-RD calculation method, neutron collision and
scattering are divided into two processes: the modera-
tion process, in which the incident neutrons reduce their
energy by colliding with nuclei comprising the human
body, and the thermalization process, in which the mod-
erated neutrons reach thermal equilibrium with the
nuclei. The neutron distributions are calculated for each
process. The moderation and thermalization processes
are simulated by MC and RD calculations, respectively.

The calculation accuracy was verified based on the
results of the full-continuous-MC calculation, which
adopts the MC method continuously for all neutrons,and
the isotropic-thermal-MC calculation, which uses the
MC method assuming that neutrons isotropically spread
immediately after entering the thermalization process.

We further calculated the in-phantom neutron fluxes
modeling the irradiation of the cubic and head-shaped
phantoms filled with water. The neutron source used
for the calculation was modeled to closely resemble
the Heavy Water Neutron Irradiation Facility of Kyoto
University Reactor (KUR-HWNIF), which has a neu-
tron energy close to the energy range of epithermal
neutrons.20 The main types of neutrons and the cor-
responding energy ranges for BNCT are defined as
follows: thermal neutrons with energy lower than 0.5 eV,
epithermal neutrons with energy from 0.5 eV to 10 keV,
and fast neutrons with energy above 10 keV.21,22 Since
the MC method is used in both situations to compute the
flux of neutrons with energy greater than 1 eV, the fast
neutron flux distribution results for the MC-RD and full-
continuous-MC computations are considered to be the
same.Therefore, the accuracy of the MC-RD calculation
for fast neutron flux is omitted.
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‘MC-RD’ CALCULATION METHOD FOR BNCT 3713

In this study, the MC-RD calculation results of thermal
and epithermal neutron flux distributions were compared
with those of the full-continuous-MC and isotropic-
thermal-MC calculations. MC calculations were con-
ducted using the MC code PHITS, and the distributions
were calculated using a mesh size of 3 mm.12

2.1 MC-RD calculation

2.1.1 RD theory and equations

The traditional diffusion theory only takes into account
the “collided” neutrons, whereas the RD theory includes
both the “uncollided” and the collided neutrons.17–19,23

When calculating the neutron flux in the geometry
shown in Subsection 2.2, the distribution S0(r ′) of neu-
trons terminated below 1 eV in the phantom after being
produced from the neutron source was derived using
MC calculation with the cutoff function by setting the cut-
off energy to 1 eV. S0(r ′) was used as the source for the
calculation of uncollided neutron fluxes.

The number of uncollided neutrons decreases as
a function of the macroscopic total reaction cross-
section for the material through which the neutrons pass.
Therefore, the flux 𝜙u,m(r) of the uncollided neutrons in
the energy group m(m = 1, 2, 3, ⋯) at position r is
obtained using the following equation:

𝜙u,m (r) = ∫
S0,m

(
r ′
)

e−Σut,m|r−r ′|
4𝜋|r − r ′|2

dr ′, (1)

where S0,m(r ′) is the distribution of neutrons terminated
in the energy range of group m in the phantom. As
described in Equation (2), it is determined using S0(r ′)
and the source intensity ratio Cm(0 < Cm < 1) for group
m, which is derived from the spectrum calculated in
Subsection 2.1.2.

S0,m
(
r ′
)
= CmS0

(
r ′
)
. (2)

Σut,m is the macroscopic total reaction cross-section,
which depends on the energy spectrum of uncollided
neutrons.

As described in Equation (3), the 𝜙u,m(r) is multiplied
by the macroscopic scattering reaction cross-section
Σus,m→n(n ≥ m) in the process where neutrons moder-
ate from the energy group m to n due to the collision
with the material to derive the source intensity Sc,n(r)
for collided neutrons in the group n:

Sc,n (r) = Σus,m→n𝜙u,m (r) . (3)

Σus,m→n depends on the energy spectrum of uncollided
neutrons. Using Sc,n(r), the flux 𝜙c,n(r) of collided neu-
trons in the group n is derived by solving the following

diffusion equation:

−∇
{

Dn (r)∇𝜙c,n (r)
}
+ Σcr,n𝜙c,n (r)

=
∑

m(<n)

Σcs,m→n𝜙c,m (r) + Sc,n (r) , (4)

where Σcr,n is the macroscopic reaction cross-section in
the process where the collided neutron is removed from
group n by down-scattering to group l (l > n) from n or
by absorption in the group n, as shown in the following
equation:

Σcr,n = Σca,n +
∑
l(>n)

Σcs,n→l . (5)

Dn(r) is the diffusion coefficient for the neutrons in group
n. In this study, Dn(r) is constant at position r because
the material related to the diffusion equation is only
water, which is homogeneously filled in the phantom.
Therefore, Equation (4) is simplified to the following
equation:

−DnΔ𝜙c,n (r) + Σcr,n𝜙c,n (r) =
∑

m(<n)

Σcs,m→n𝜙c,m (r) + Sc,n (r) . (6)

The diffusion Equation (6) can be discretized and trans-
formed into three-dimensional difference equations.The
𝜙c,n(r) is derived by solving the difference equations.

Finally, the total neutron flux 𝜙(r) is derived by sum-
ming 𝜙u(r) and 𝜙c(r) in each energy group as follows:

𝜙 (r) = 𝜙u (r) + 𝜙c (r) . (7)

The MC calculation for the moderation process was
conducted by setting the cutoff energy as 1 eV to derive
the distribution of the neutrons terminated below 1 eV
in the phantom and the flux distribution of epithermal
neutrons with the energy between 1 eV and 10 keV.
The RD calculation for the thermalization process was
conducted following Equations (1)–(7) by dividing the
neutrons with energies below 1 eV into two energy
groups: neutrons with energies between 0.5 and 1 eV
were placed in group 1, and neutrons with energies
below 0.5 eV were placed in group 2.Diffusion equations
for the energy groups were set up and solved to derive
the neutron fluxes. The neutron flux in group 2 was
determined to be the thermal neutron flux. The epither-
mal neutron flux was determined by summing the fluxes
of the neutrons in group 1 and neutrons with energies
between 1 eV and 10 keV. The calculation flow is illus-
trated in Figure 1. In addition, a glossary for the terms
used in Equations (1)–(7) can be found in the Appendix.

2.1.2 Spectrum of neutrons terminated
below 1 eV

The energy spectrum of neutrons terminated below
1 eV was calculated as the first step for determining the
parameters of the macroscopic reaction cross-sections,
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MC calculation with
a cutoff energy of 1 eV

The distribution of 
terminated neutrons

( )

Neutron flux distribution
( )

RD calculation

The flux distribution of 
neutrons in group 2

( )

The flux distribution of 
neutrons in group 1
( )

Epithermal neutron 
flux distribution

Using as 
in Equation (1)

Summation

Thermal neutron flux 
distribution

Equal

: Neutron energy

F IGURE 1 MC-RD calculation flow. The calculation accuracy of the distribution surrounded by the thick black frame was verified.

diffusion coefficients, extrapolation distances, and the
ratio of source intensities of neutron energy groups 1
and 2, which are required for the RD calculation. The
neutron spectra terminated below 1 eV in the phan-
tom were calculated using depth intervals of 0.5 cm
between 0.25 and 6.25 cm along the central axis for both
the cubic and head-shaped phantoms filled with water.
The spectra were then averaged to derive the spectrum
in each geometry. As described in our previous study,
these spectra were estimated to be independent of the
geometry and the depth on the beam central axis.15 The
spectrum was divided into spectra in groups 1 and 2.The
cross-sections, diffusion coefficients, and extrapolation
distances were estimated for each group in the geom-
etry, wherein each spectrum was set as the source, as
shown in Subsections 2.1.3 and 2.1.4.

2.1.3 Macroscopic reaction
cross-sections

The macroscopic absorption and scattering reaction
cross-sections were determined using a water sphere
with a radius of 4 cm, as shown in Figure 2. The
point source with the energy spectrum of neutrons in
each energy group was set at the center of the sphere
to determine the cross-sections of neutrons in each
energy group.

The macroscopic absorption reaction cross-section
Σua,m of uncollided neutrons in group m was determined
as follows. The absorption reaction rate Rua,m of the
uncollided neutron for 1H and the uncollided neutron flux
𝜙′u,m were calculated for neutrons in group m,and Rua,m
was divided by 𝜙′u,m to determine Σua,m. The absorption
reaction cross-section Σca,m of the collided neutrons in
group m was obtained in the same manner. The absorp-
tion reaction cross-sections for 1H only were used as
the cross-sections Σua,m and Σca,m for water because the
absorption by 1H was attributed to the calculation result.

The macroscopic cross-section Σus,m→n of the scat-
tering reaction from the energy group m to n for
uncollided neutrons was determined as follows. The
reaction rate Rus,m→n of scattering from the energy

group m to n after the first collision and 𝜙′u,m were
calculated, and Rus,m→n was divided by 𝜙′u,m to deter-
mine Σus,m→n. The energy spectrum of neutrons after
the first collision was calculated in each spherical shell
surrounded by the outer and inner surfaces with radii
increasing with intervals of 1 mm. The spectra in the
region, except for the source position and the edge of
the sphere, were averaged to derive the spectrum of
collided neutrons. Using the source with the spectrum,
the macroscopic cross-section Σcs,m→n of the scatter-
ing reaction from the energy group m to n for collided
neutrons was determined by a process similar to the
determination of Σus,m→n.

These calculations were conducted using PHITS ver.
3.24 and JENDL-4.0 (the fourth version of Japanese
Evaluated Nuclear Data Library).12,24,25 The reaction
rate was calculated using the [T-Track] and [Multiplier]
tally functions,and the neutron flux was calculated using
the [T-Track].The uncollided and collided neutrons were
distinguished by using the [Counter] tally. The scatter-
ing reaction rate in each collision was calculated using
[Counter] and [T-Product] tallies. [Counter] allows stor-
ing the increment of the counter of the particle when a
scattering reaction occurs in the track of the particle. In
the calculation using [T-Track], uncollided and collided
neutrons were discriminated by selecting the particle to
score whose value corresponded to the value of the
counter. In the calculation using [T-Product], the first col-
lisions of neutrons were captured by a process similar
to that in the calculation using [T-Track].

Finally, the total reaction cross-sections Σut,m and
Σct,m in energy group m were determined by sum-
ming the absorption and scattering cross-sections in the
group.

2.1.4 Diffusion coefficient and
extrapolation distance

Diffusion coefficients Dn and extrapolation distances
𝜖n were determined for each neutron energy group.
Here, the extrapolation distance is the distance from the
boundary between the material and the void (or air) to
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F IGURE 2 Determination of cross-sections and diffusion coefficients. The macroscopic reaction cross-section and diffusion coefficient
were determined using the geometry setting the energy spectrum of neutrons terminated below 1 eV as the source. The macroscopic
cross-section was determined by the calculation in the geometry where the point source was set at the center of the water sphere. The radial
distribution of neutron absorption reaction rates, neutron fluxes, and the reaction rate in the first collision of neutrons were calculated to
determine the neutron absorption reaction cross-section and the uncollided neutron scattering reaction cross-section. The energy spectrum of
neutrons that collide more than once was also calculated as the source in the geometry to determine the scattering reaction cross-section for
the collided neutrons. Diffusion coefficients were determined by the calculation in the geometry where the cubic source was set at the center of
the cubic water region. The collided neutron flux was calculated to determine the diffusion coefficient by fitting the MC-RD calculation results to
the MC calculation results using only the diffusion coefficient.

the pseudo-determined position, where the neutron flux
reaches zero.Dn and 𝜖n are defined using the mean free
path 𝜆tr as follows26:

Dn =
𝜆tr

3
, (8)

𝜖n = 0.7104𝜆tr. (9)

Therefore, 𝜖n is estimated using Dn as follows:

𝜖n = 0.7104 × 3 × Dn. (10)

Dn was determined by fitting the results of the calcula-
tion based on Equations (1)–(6) to the MC calculation

results based on the collided neutron flux distribution.
Generally, on the condition that the movement of atomic
nuclei bound by water molecules is negligible in the
simulation of the collision and scattering processes of
neutrons, 𝜆tr can be derived using the total reaction and
total scattering reaction cross-sections. However, in the
calculation for the thermalization process, the deriva-
tion of 𝜆tr is more complex because the movement of
nuclei in water molecules cannot be ignored. Therefore,
Dn was determined by fitting RD calculation results to
the results of MC calculation using PHITS. The fitting
parameter can only be Dn because 𝜖n was determined
based on Dn using Equation (10). Here, the glossary for
the terms used in Equations (8)–(10) can also be found
in the Appendix.
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F IGURE 3 Cross-section views of (a) cubic and (b) head-shaped water phantoms. Neutrons with energies higher than 1 eV were tallied at
the circular surface including the downstream surface of the LiF-doped PE collimator. The two-dimensional distribution in the region surrounded
by the dotted line is demonstrated in the Results section.

After determining the cross-sections as shown in Sec-
tion 2.1.3, the collided neutron flux distribution 𝜙′c,n(r)
was calculated based on Equations (1)–(6) in rectangu-
lar coordinates with a mesh size of 3 mm. The fitting
was conducted using a geometry such that the source
with a side of 3 mm was set at the center of the cubic
water region,with a side distance of 12.3 cm.This allows
the geometry to be divided into calculation meshes in
rectangular coordinates.The fitting target region was set
such that the region where the source position was and
the region comprising the positions three times larger
than 𝜆tr from the edge were excluded. In addition, the
flux distribution of collided neutrons in the same energy
group as the source was used for the fitting by set-
ting the first term

∑
m(<n) Σcs,m→n𝜙c,m(r) on the right side

of Equation (6) to zero, limiting the number of fitting
parameters to one.
𝜖n was determined from Dn using Equation (10).

However, the estimated 𝜖n changed depending on the
calculation mesh size M in the numerical calculation.
When 𝜖n was larger than or equal to pM and less than
(p + 1)M for p = 0, 1, 2, ⋯, 𝜖n could be changed to the
following 𝜖′n:

𝜖′n = pM. (11)

2.2 Calculation geometry and source

MC-RD calculations using cubic and head-shaped water
phantoms were used to verify the calculation accuracy.
As shown in Figure 3a, a cubic phantom with a geom-
etry of 20 × 20 × 20 cm3 was modeled using PHITS.
As shown in Figure 3b, the head-shaped voxel-phantom
was modelled based on the CT images of the head
phantom, with the composition set to water. The col-
limator (LiF-doped PE) has a circular aperture with a
diameter of 12 cm.

The calculation accuracy was verified by setting the
dump source of neutrons with energies larger than 1 eV
on the surface between the collimator and phantom. In
the MC-RD calculation, the in-phantom distribution of
neutrons terminated below 1 eV was used. Therefore,
neutron sources below 1 eV was not considered for
the calculation. However, in current applications of clin-
ical treatment of BNCT, the contribution is expected to
be small because the accelerator-based neutron source
does not contain many neutrons with energy below
1 eV.4–8

The dump source was generated as follows. First,
the source with a spectrum in the epithermal neutron
irradiation field of KUR was set on the upstream side
of the collimator, and the material on the downstream
side of the collimator was set as void. Then, the dump
source was created using the MC calculation, tallying
the energy, position, and momentum of neutrons with
energies larger than 1 eV at the circular surface with a
radius of 45 cm, including the downstream side surface
of the collimator. The statistical uncertainty of the sur-
face source finally used for the calculations was ∼0.01%
for the entire region of the circular surface.

2.3 Isotropic-thermal-MC calculation

In the MC-RD calculation, the distribution of neutrons
that are terminated below 1 eV in the phantom after
being produced from the neutron source, was used
as S0(r ′) in Equation (1), and S0(r ′) was assumed
to be an isotropic source. The isotropic-thermal-MC
calculation was conducted following the assumption
to confirm the other systematic factor related to the
difference between the MC-RD calculation and the
full-continuous-MC calculation results.

The isotropic-thermal-MC calculation was conducted
as follows: The dump source of neutrons terminated
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F IGURE 4 Energy spectra of neutrons terminated below 1 eV in
the cubic and head-shaped water phantoms.

below 1 eV in the phantom was generated by the MC
calculation using [T-Time] and dump mode implemented
in PHITS.24 The dump source information included the
energy, position, and momentum of each terminated
neutron. The neutron flux calculation was conducted
isotropically producing neutrons from the dump source
whose sampling in terms of the direction of move-
ment was changed to an isotropic direction. In addition,
the dump source was set in a geometry that included
only the phantom. The numerical calculation for the
thermalization process in MC-RD calculation did not
consider the scatter structure, including the collima-
tor. Therefore, the isotropic-thermal-MC calculation was
conducted using the geometry, including only the phan-
tom without the scatter structure. Notably, the effect of
the scatter structure, including the collimator, was mini-
mal and not primarily responsible for the variation from
the full-continuous-MC calculation result.

The statistical uncertainties of the generated dump
source of neutrons terminated below 1 eV were less
than 0.01% in the phantom region for each of the cubic
and head-shaped phantoms.

3 RESULTS

3.1 Spectra of neutrons terminated
below 1 eV

Figure 4 shows the energy spectra of neutrons termi-
nated below 1 eV in the beam central axis of the cubic
and head-shaped water phantoms, which were derived
by MC calculation with a cutoff energy of 1 eV. The
maximum statistical uncertainty of the spectra before
being averaged was less than 3%. Figure 4 shows
that the spectra calculated using both cubic and head-
shaped phantoms were similar. Our previous research
also revealed that the spectrum does not depend on the

shape of the phantom.16 The neutron spectrum calcu-
lated using the cubic phantom was used as the neutron
source for the determination of cross-sections, diffu-
sion coefficients, extrapolation distances, and the ratio
of source intensities of neutron energy groups 1 and 2
that are required for the RD calculation.

3.2 Determined parameters for the RD
calculation

Table 1 shows the parameters used for the RD calcula-
tion. The cross-sections and diffusion coefficients were
estimated using the calculation described in Subsec-
tions 2.1.3 and 2.1.4, using the spectrum of neutrons
terminated below 1 eV in the cubic phantom shown
in Figure 4 in Subsection 3.1. The extrapolation dis-
tances were determined from the diffusion coefficients
using Equation (10). However, the extrapolation dis-
tances change depending on the calculation mesh size
following Equation (11) in the numerical calculation.

The statistical uncertainties of the results of the cal-
culation using PHITS to determine the cross-section
were less than 4%. The uncertainties of the results to
determine the diffusion coefficient were less than 0.4%.

3.3 Comparison of neutron flux
distributions

In terms of the neutron fluxes in each energy group
and epithermal neutron, the distribution derived through
MC-RD calculation was mostly consistent with the full-
continuous-MC and isotropic-thermal-MC calculation
results for both the cubic and head-shaped phantoms,
as shown in Figures 5–8. Figures 5 and 6 show the neu-
tron flux distribution in the cubic water phantom, and
Figures 7 and 8 show them in the head-shaped water
phantom.

Figure 5a1 shows the depth distribution of the flux of
thermal neutrons in the energy group 2 for the depths
below 10 cm along the beam central axis of the cubic
water phantom. Figure 5a2 shows the depth distribution
of differences of the MC-RD calculation result for the
full-continuous-MC and the isotropic-thermal-MC cal-
culation results. Compared with the full-continuous-MC
calculation values, the MC-RD calculation values were
higher by approximately 16% for the depths below 1 cm
and lower by approximately 9% for the deeper region.
In addition, compared with the isotropic-thermal-MC
calculation values, they were higher by approximately
20% for the depths below 2 cm and mostly consistent
within 3% for the deeper region.For the two-dimensional
distribution, as shown in Figure 5b, the MC-RD calcu-
lation result had values higher than both the results
of full-continuous-MC and isotropic-thermal-MC calcu-
lations at the shallow region. For the deep region, the
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3718 ‘MC-RD’ CALCULATION METHOD FOR BNCT

TABLE 1 Values of parameters used for the RD calculation. The values in each row were determined for uncollided and collided neutrons
(as indicated in parentheses). In the columns, in terms of the macroscopic cross-section, the absorption, scattering to stay in the energy group
m, scattering from the energy group m to n, and total reaction cross-sections are shown from the left column.

Macroscopic reaction cross-section (cm−1)
Energy group Absorption Scattering (m→m) Scattering (m→n) Total

Diffusion
coefficient (cm)

Extrapolation
distance (cm)

Group 1 (uncollided) 4.10 × 10−3 7.62 × 10−1 8.38 × 10−1 1.60 – –

Group 2 (uncollided) 6.69 × 10−3 1.87 – 1.88

Group 1 (collided) 4.39 × 10−3 6.47 × 10−1 9.74 × 10−1 1.63 3.84 × 10−1 8.18 × 10−1

Group 2 (collided) 1.83 × 10−2 2.43 – 2.45 1.50 × 10−1 3.21 × 10−1

 (a1)  (a2) 

 (b1)  (b2) 

F IGURE 5 Comparison of thermal neutron flux distributions in the cubic phantom. (a1) Depth distributions derived by MC-RD,
isotropic-thermal-MC, and full-continuous-MC calculations, (a2) depth distributions of differences of MC-RD calculation result for
full-continuous-MC and isotropic-thermal-MC calculation results, and (b) two-dimensional distributions of differences of MC-RD calculation
result for (b1) full-continuous-MC and (b2) isotropic-thermal-MC calculation results. The contour lines are drawn on the points with same
differences at intervals of 5%, and the values are described on some lines.

MC-RD calculation result had values lower than the
full-continuous-MC calculation and consistent with the
isotropic-thermal-MC calculation.

Figure 6a1 shows the depth distribution of the neu-
tron flux in energy group 1 at depths below 10 cm along
the beam central axis. Figure 6a2 shows the difference
in the depth distribution of the MC-RD calculation result
for the full-continuous-MC and the isotropic-thermal-MC

calculation results. Compared with the full-continuous-
MC calculation values, the MC-RD calculation values
were higher by approximately 8% for the depths below
0.5 cm and lower by approximately 20% for the deeper
region. In addition, compared with the isotropic-thermal-
MC calculation values,they were lower by approximately
7% at depths below 1 cm and mostly consistent
within 4% for the deeper region. Figure 6b1 shows

 24734209, 2024, 5, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16931 by C

ochrane Japan, W
iley O

nline L
ibrary on [17/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



‘MC-RD’ CALCULATION METHOD FOR BNCT 3719

 (a1)  (a2) 

 (b1)  (b2) 

F IGURE 6 Comparison of flux distribution of (a) neutrons in energy group 1 and (b) epithermal neutrons in the cubic phantom. (a1, b1) The
depth distributions derived by MC-RD, isotropic-thermal-MC, and full-continuous-MC calculations, (a2, b2) depth distributions of differences of
MC-RD calculation results for full-continuous-MC and isotropic-thermal-MC calculation results.

the comparison of the depth distribution of the epither-
mal neutron flux including the flux of neutrons in the
energy group 1. Figure 6b2 shows the differences in
the depth distribution of the MC-RD calculation result
for the full-continuous-MC and the isotropic-thermal-
MC calculation results. The MC-RD calculation values
exhibited mostly high consistency within 4% with the full-
continuous-MC calculation values and within 1% with
the isotropic-thermal-MC calculation values.

Figure 7a1 shows the depth distribution of ther-
mal neutron flux in the neutron energy group 2 at
depths below 10 cm along the beam central axis of
the head-shaped water phantom. Figure 7a2 shows
the difference in the depth distribution of the MC-RD
calculation result for the full-continuous-MC and the
isotropic-thermal-MC calculation results.Compared with
the full-continuous-MC calculation values, the MC-RD
calculation values were higher by approximately 19%
at depths below 1.5 cm and lower by approximately
8% for the deeper region. In addition, compared with

the isotropic-thermal-MC calculation values, they were
higher by approximately 21% at depths below 3 cm
and in a mostly good agreement within 2% in the
deeper region. Moreover, as shown in Figure 7b, the
MC-RD calculation result had higher values than both
results of full-continuous-MC and isotropic-thermal-
MC calculations for the shallow region also in the
two-dimensional distributions. In the deep region, the
MC-RD calculation result had lower values than the full-
continuous-MC calculation result and were consistent
with the isotropic-thermal-MC calculation result.

Figure 8a1 shows the depth distribution of the neu-
tron flux in the neutron energy group 1 for the depths
below 10 cm along the beam central axis. Figure 8a2
shows the difference in the depth distribution of the
MC-RD calculation result for the full-continuous-MC
and the isotropic-thermal-MC calculation results. Com-
pared with the full-continuous-MC calculation values,
the MC-RD calculation values were higher by approx-
imately 9% at depths below 0.5 cm and lower by
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3720 ‘MC-RD’ CALCULATION METHOD FOR BNCT

 (a1)  (a2) 

 (b1)  (b2) 

F IGURE 7 Comparison of thermal neutron flux distributions in the head-shaped phantom. (a1) The depth distributions derived by MC-RD,
isotropic-thermal-MC, and full-continuous-MC calculations, (a2) depth distributions of differences of MC-RD calculation result for
full-continuous-MC and isotropic-thermal-MC calculation results, and (b) two-dimensional distributions of differences of MC-RD calculation
result for (b1) full-continuous-MC and (b2) isotropic-thermal-MC calculation results. The contour lines are drawn on the points with the same
differences at intervals of 5%, and the values are described on some lines.

approximately 15% for the deeper region. In addition,
compared with the isotropic-thermal-MC calculation val-
ues, they were lower by approximately 7% at depths
below 2 cm and mostly consistent within 4% for the
deeper region. Figure 8b1 shows the comparison of the
depth distribution of the epithermal neutron flux includ-
ing the flux of neutrons in energy group 1. Figure 8b2
shows the depth distribution of differences of the MC-
RD calculation result for the full-continuous-MC and
the isotropic-thermal-MC calculation results. The MC-
RD calculation result exhibited mostly high consistent
within 5% with the full-continuous-MC calculation result
and within 1% with the isotropic-thermal-MC calculation
result.

4 DISCUSSION

In this study, we proposed the MC-RD calculation
method that utilizes the MC calculation for the mod-

eration process of neutrons and the RD calculation
for the thermalization process. The accuracy of the
MC-RD calculation was verified based on the results
of the full-continuous-MC calculation adopting the MC
method continuously for full neutron energy and the
isotropic-thermal-MC calculation based on the assump-
tion that the neutrons isotropically spread immediately
after entering the thermalization process.

The extrapolation distance was calculated using
Equation (10). The value of 0.7104 used in the equation
was determined for the planar boundary. The extrapo-
lation distance can be increased and reaches 4

3
𝜆tr for

boundary surfaces with higher curvatures.26 Therefore,
the accuracy of the calculation for the head-shaped
phantom with a complex boundary surface could be
affected by the extrapolation distance determined for the
flat boundary surface. The phantom’s shape was found
to have an impact on the trends of disparities between
the MC-RD and MC calculation results. But compar-
ing Figures 5 and 7 shows that the trends were similar.
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‘MC-RD’ CALCULATION METHOD FOR BNCT 3721

 (a1)  (a2) 

 (b1)  (b2) 

F IGURE 8 Comparison of flux distribution of (a) neutrons in energy group 1 and (b) epithermal neutrons in the head-shaped phantom. (a1,
b1) The depth distributions derived by MC-RD, isotropic-thermal-MC, and full-continuous-MC calculations, (a2, b2) depth distributions of
differences of MC-RD calculation results for full-continuous-MC and isotropic-thermal-MC calculation results.

Therefore, we cannot confirm the effect attributed to the
difference in curvature of the boundary surface.

One of the factors that lead to the difference
between the MC-RD and the full-continuous-MC cal-
culation results can be elucidated based on the dif-
ference between the isotropic-thermal-MC and the full-
continuous-MC calculation results. It was the assump-
tion that neutrons spread isotropically immediately after
entering the thermalization process. In fact, the direc-
tion of movement of the neutrons is considered to tend
to take the downstream direction, especially near the
surface of the phantom. The uncollided neutrons in the
energy group 1 may be especially susceptible to this
trend, since their angle distribution tends to follow the
direction of irradiation at energies close to 1 eV. Fur-
thermore, the number of in-phantom neutrons moving
from the deep region to the shallow region and neutrons
leaking from the phantom to the surface was considered
to increase, compared to that in the full-continuous-MC
calculation. Figures 6a and 8a illustrate how the overes-
timation of the fluxes in energy group 1 occurred in the
shallow region, depending on the balance of the num-

bers, while Figures 5 and 7 illustrate the slight effect on
the fluxes in energy group 2. In addition, the number of
in-phantom neutrons moving from the shallow region to
the deep region decreased because neutrons moving
to the downstream direction were forced to move to the
upstream direction in the MC-RD and isotropic-thermal-
MC calculations, and the neutron flux distribution in the
deep region was made up of neutrons terminated below
1 eV in the shallow region. Therefore, the underestima-
tion of the fluxes in the energy groups 1 and 2 occurred
in the deep region.

Under the assumption that neutrons isotropically
spread immediately after entering the thermalization
process, the MC-RD calculation overestimated the ther-
mal neutron flux distribution obtained using the isotropic-
thermal-MC calculation near the surface of the phantom.
Similar trends appeared in the comparison of the two-
dimensional distributions. This was considered to be
attributed to the effect of diffusion approximation of the
diffusion equation. In the diffusion approximation, the
angular distribution of the neutron current was repre-
sented by the low-order angular approximation. The RD
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3722 ‘MC-RD’ CALCULATION METHOD FOR BNCT

calculation, in which the uncollided neutron distribution
was used to determine the source term, could reduce
the effect of diffusion approximation.However, this effect
could not be eliminated completely.

In this study, the accuracy of the MC-RD calculation
method was verified by focusing on neutron flux distri-
butions inside a water phantom. To use this method as
a treatment planning tool for clinical BNCT, it is neces-
sary to take into account the components of the human
body. By providing the ideal parameters for use in the
RD calculations, such as the cross-section and diffusion
coefficient, the MC-RD calculation may also be used to
calculate the distributions inside a human body. These
parameters can be prepared by using a simplified phan-
tom composed of each of tumor and human tissues
such as brain, bone, and soft tissue, following the deter-
mination process shown in Figure 2 and described in
Subsections 2.1.3 and 2.1.4.Thereafter, the distributions
can be derived via the RD calculations using the pre-
pared parameters, from the process shown in Figure 1.
Nevertheless,the components of the human body would
not significantly affect the accuracy of the MC-RD cal-
culation because the parameters would not significantly
change between tissue types. However, the difference
between the MC-RD calculation and the full-continuous-
MC calculation results can occur near the region filled
with air inside the body, such as the paranasal sinus
and lung, in addition to the surface, because of the lim-
itation in the diffusion approximation described above.
However, the magnitude of the difference is predicted
to be lower than the difference at the surface, shown in
Figures 7 and 8 and described in the Results section,
because the inner air region is surrounded with tissue.

As described above,the verification of the accuracy of
the MC-RD calculation demonstrated that the calcula-
tion accuracy was affected by the assumption regarding
the isotropic distribution of neutrons immediately after
entering the thermalization process and the limitation
of diffusion approximation. In addition, the calculations
were conducted with the mesh size set to 3 mm. The
calculation with a bigger mesh cannot accurately con-
sider the extrapolation distance, thus decreasing the
calculation accuracy.

However, the epithermal and fast neutron flux calcu-
lations have an accuracy level comparable to that of
the MC calculation, because the moderation process
in this study was carried out using the MC calcula-
tion. As mentioned in the introduction, Takada et al. only
employed the diffusion equation for the calculation, and
Albertson and Niemkiewicz et al. only conducted the
RD calculation for neutrons with lower energy compared
to the source currently used for BNCT.15,17–19 The cal-
culation accuracy of their methods can be low for the
fast neutrons. Furthermore, the thermal neutron flux in
the deep region is expected to be better represented
by the MC-RD calculation than the study performed by
Takada et al.15 Moreover, the thermalization process in
our previous study was calculated using an isotropic

kernel, which resulted in an overestimation of the ther-
mal neutron flux near the surface of a cubic phantom
by approximately 150%.16 Compared to these previous
works, the calculation accuracy was improved by the
adoption of the MC-RD calculation.

In addition, a set of parameters used for the RD cal-
culation in this study was determined in advance using
the simplified geometry and adopted for the calculation
for cubic and head-shaped phantoms. The calcula-
tion result exhibited mostly high consistency with the
MC calculation result. Albertson and Niemkiewicz et al.
adjusted different parameters to match the RD calcu-
lation results with MC calculation results in terms of
neutron flux in each energy group in the semi-infinite
geometry.They did not verify the accuracy of the RD cal-
culation using the parameters for complex shapes, such
as head-shaped phantom.17–19

Recent studies have focused on machine learning for
fast dose calculation.27 However, the calculation accu-
racy depends on the learning data. On the other hand,
the MC-RD calculation was conducted based on physi-
cal principles, that is, the particle transport equation, as
with the conventionally used dose calculation method
and can be useful for rapid calculations.

In this study, the MC and RD calculations were
conducted using a multi-core central processing unit (i9-
10900, Intel Corporation, 10 cores) with a memory size
of 128 GB. We evaluated the time required to calcu-
late only the thermal neutron flux in the cubic water
phantom with the mesh size of 3 mm by confirming the
convergence in the batch-to-batch difference of calcu-
lation result with the interval of the same number of
particles. In terms of the time required for convergence
below 1% of thermal neutron fluxes in the region with
a size of 10 × 10 × 10 cm3 near the surface of the
phantom, the time required for the MC calculations was
approximately 2414 s for the full-continuous-MC calcu-
lation and approximately 9 s for the MC-RD calculation.
However, the time required for the RD calculation in the
MC-RD calculation was approximately 308 s. If the cal-
culation mesh size is increased,the calculation accuracy
would be reduced because the extrapolation distance
is not correctly reflected in the RD calculation, whereas
the calculation time would be shortened. In addition, the
time required for the RD calculation would be short-
ened by improving the specification of the calculator and
the optimization of the calculation method. On the other
hand, the time required for the MC calculation would
be reduced. Therefore, faster calculation is expected by
improving the RD calculation method and using smaller
mesh sizes.

5 CONCLUSION

In this study, the MC-RD calculation method was pro-
posed and verified in terms of calculation accuracy by
comparing it with the results of the full-continuous-MC

 24734209, 2024, 5, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.16931 by C

ochrane Japan, W
iley O

nline L
ibrary on [17/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



‘MC-RD’ CALCULATION METHOD FOR BNCT 3723

calculation method. The difference between the MC-
RD and full-continuous calculation results was attributed
to the assumption regarding the angular distribution of
neutrons immediately after entering the thermalization
process and the limitation of diffusion approximation.
However, the MC-RD calculation method is useful for
the evaluation of the neutron flux distribution, with the
exception of the region near the surface of phantom in
BNCT.
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APPENDIX : GLOSSARY FOR TERMS USED IN EQUATIONS (1 )– (10 )

𝜙 the neutron flux

𝜙u,m the uncollided neutron flux in the energy group m

𝜙c,m the collided neutron flux in the energy group m

S0,m the distribution of neutrons terminated in the energy range of the group m in the phantom

Sc,n the source intensity for collided neutrons in the group n

Cm the ratio of the number of neutrons terminated in the energy range of the group m in the phantom

Σut,m the macroscopic total reaction cross-section depending on the energy spectrum of uncollided neutrons in the energy group m

Σus,m→n the macroscopic scattering reaction cross-section in the process where neutrons moderate from the energy group m to n due
to the collision with the material, depending on the energy spectrum of uncollided neutrons in the energy group m

Σcs,m→n the macroscopic scattering reaction cross-section in the process where neutrons moderate from the energy group m to n due
to the collision with the material, depending on the energy spectrum of collided neutrons in the energy group m

Σca,n the macroscopic absorption reaction cross-section depending on the energy spectrum of collided neutrons in the energy
group n

Σcr,n the macroscopic removal cross-section depending on the energy spectrum of collided neutrons in the energy group n

𝜆tr mean free path

Dn the diffusion coefficient for collided neutrons in the energy group n

𝜖n the extrapolation distance for collided neutrons in the energy group n
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