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Abstract

Boron neutron capture therapy (BNCT) is recognized as a precise binary targeted radiotherapy technique that effectively
eliminates tumors through the '°B(n,a)’Li nuclear reaction. Among various neutron sources, accelerator-based sources have
emerged as particularly promising for BNCT applications. The ’Li(p,n)’Be reaction is highly regarded as a potential neutron
source for BNCT, owing to its low threshold energy for the reaction, significant neutron yield, appropriate average neutron
energy, and additional benefits. This study utilized Monte Carlo simulations to model the physical interactions within a
lithium target subjected to proton bombardment, including neutron moderation by an MgF, moderator and subsequent BNCT
dose analysis using a Snyder head phantom. The study focused on calculating the yields of epithermal neutrons for various
incident proton energies, finding an optimal energy at 2.7 MeV. Furthermore, the Snyder head phantom was employed in
dose simulations to validate the effectiveness of this specific incident energy when utilizing a ’Li (p,n)’Be neutron source
for BNCT purposes.
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1 Introduction

The concept of boron neutron capture therapy (BNCT) was
first introduced by G.L. Locher in 1936 as a binary targeted
radiation therapy [1]. In BNCT, compounds containing
boron-10, which are non-toxic and can be normally metab-
olized, are administered into the human body via intrave-
nous injection. These compounds specifically target tumor
cells with minimal distribution in normal tissues. Following
administration, the patient is exposed to a beam of epither-
mal or thermal neutrons, initiating the therapeutic process.
This selective targeting approach underscores the potential
of BNCT in treating various cancers with precision. The
principle behind the therapeutic effects is the emission of
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lithium-7 and alpha particles with a high linear energy trans-
fer (LET) as a result of the high cross section between the
boron-10 nucleus and thermal neutrons. The nuclear reaction
of 1°B(n,a)Li is described in Eq. (1). The particles released
during BNCT, being smaller than a typical cell (<10 pm),
exhibit potent biological effects. Their ability to specifically
target and inactivate tumor DNA while sparing normal tissue
from irradiation damage is a key advantage of this therapy.
As a result, BNCT has seen broad application in the treat-
ment of various malignant tumors, such as glioblastoma
multiforme (GBM), recurrent head and neck cancer, lung
cancer, and liver cancer, demonstrating its effectiveness and
versatility in oncology [2-6].

"B +n ->'""B - a+'Li + y(0.48 MeV) (93.7%)

YB 4+ n 5""B - a+’Li(6.3%) (1)

In 1951, Sweet et al. conducted the first BNCT clinical
trial based on a reactor neutron source at the Brookhaven
Graphite Research Reactor (BGRR) of Brookhaven
National Laboratory (BNL). After that, a series of patients
with malignant brain tumors were treated with BNCT at
the Brookhaven Medical Research Reactor (BMRR) from
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1959 to 1961. During this same period, the Massachusetts
Institute of Technology (MIT) performed clinical studies
on patients using a reactor [7]. Subsequently, several coun-
tries worldwide have conducted research on reactor-based
BNCT, including research conducted at the High Flux Reac-
tor (HFR) in the Netherlands [8], FiR1 research reactor in
Finland [9], LVR-15 reactor in the Czech Republic [10],
Kyoto University Research Reactor (KURR) in Japan [11],
RA-6 reactor in Argentina [12], and Tsing Hua Open-pool
Reactor (THOR) in Taiwan, China [13]. This research has
yielded a series of valuable BNCT clinical results, and
BNCT has reached a new stage during this period. However,
because of the shortcomings of using a reactor located far
from the hospital, along with the high costs of maintenance,
low acceptance by the public, and other unfavorable factors,
the development of reactor-based BNCT stagnated in the late
twentieth century. Accelerator-based BNCT (AB-BNCT)
neutron sources have gradually replaced reactor neutron
sources, and this type of therapy has rapidly developed in
recent years. In Japan, the first commercial AB-BNCT facil-
ity was designed and constructed by Kyoto University and
Sumitomo Heavy Industries, Ltd. A system was built at the
Southern Tohoku BNCT Research Center using a cyclotron-
based epithermal neutron source (C-BENS) producing a pro-
ton beam with an energy of 30 MeV and a current of 2 mA,
which is used to bombard a beryllium target. On March
2020, a BNCT system (NeuCure™ System) and dose cal-
culation program (NeuCure™ Dose Engine) were approved
by the Japanese Ministry of Health, Labor and Welfare [14,
15]. In addition, the University of Tsukuba and National
Cancer Center are also conducting an AB-BNCT project,
which is called iBNCT. The energy of the incident proton
beam is 8 MeV, and its current intensity is 5 mA. The target
material is beryllium, and this facility has been in opera-
tion since 2016 [16]. AB-BNCT research is also being per-
formed at the University of Helsinki in Finland. A 2.6 MeV,
30 mA compact linear accelerator-based neutron source with
a rotating lithium target was installed in 2018. Clinical tri-
als with patients with recurrent head and neck cancer are
about to begin if approved by the Finnish health authorities
[17]. In China, the Spallation Neutron Source (SNS) team
has been working on an AB-BNCT project called D-BNCT,
which involves a proton energy of 2.8 MeV and current
of 20 mA. D-BNCT will be applied to BNCT research as
soon as possible [18, 19]. The Xiamen Humanity Hospital
(XHH) BNCT Center has developed a tandem accelerator
with vacuum insulation and a solid lithium target bombarded
by a 2.5 MeV, 10 mA proton beam. All of these AB-BNCT
facilities have been tested, and the medical BNCT system
NeuPex, which was developed by NEUBRON, began regis-
tration testing in March 2023 in preparation for the accept-
ance of patients [20].
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In AB-BNCT, neutrons are obtained by accelerating
charged particles and bombarding a target. Based on the
different reaction channels between the accelerated charged
particles and target, the main types of accelerator-based
neutron sources include (p,n), (d,n), (d,d), (d,t), and other
patterns [21-23]. Related research indicates that a proton-
driven accelerator neutron source based on the (p, n) reac-
tion has the advantages of a high neutron yield, suitable
average neutron energy, and easy moderation of the fast
neutrons generated by the target bombardment to the epi-
thermal neutron energy region (0.5-10 keV) applicable to
BNCT [24]. Therefore, it is the most promising accelerator-
based neutron source in BNCT commercial application.
The selection of the target material is a key issue. Blister-
ing and cooling are two crucial factors to be considered in
the design of the target. Lithium and beryllium are the two
main neutron production target materials commonly used for
neutron sources based on the (p, n) reaction [25, 26]. It is
well known that the neutron yield of a lithium target in a low
incident proton energy range of less than 10 MeV is higher
than that of beryllium [27]. Increasing the incident proton
energy increases the cost of the accelerator. Thus, in the low
incident proton energy range, the performance of a lithium
target is superior to that of a beryllium target.

The current study primarily focuses on investigating a
proton-driven accelerator-based neutron source utilizing
a lithium target. The study emphasizes how variations in
the energy of incident proton beams give rise to distinct
physical characteristics in the resulting neutrons produced
by bombardment. Furthermore, these energy variations
have a significant impact on subsequent neutron modera-
tion, ultimately shaping the spectrum of the therapeutic
neutron beam and influencing therapeutic outcomes. The
main objective of this study is to propose a proton acceler-
ator-driven neutron source with an optimal incident proton
energy tailored for BNCT applications. This study aims to
serve as a valuable reference for the future development of
commercial AB-BNCT facilities. Throughout the calcula-
tions, the Monte Carlo program MCNPX [28], coupled with
the JEFF3.1 database, was employed. To ensure statistical
accuracy within a 3% error margin, variance reduction tech-
niques such as geometry splitting and roulette were utilized,
with a total of 5 x 10® histories considered.

2 Materials and methods

2.1 Incident protons and lithium target parameters

In this study, the physical dynamics of target bombardment
were simulated using a unidirectional parallel proton beam.

A threshold energy of 1.88 MeV for the "Li(p,n)’Be reac-
tion was referenced from the Evaluated Nuclear Data File



Study on the optimal incident proton energy of ’Li(p, n)’Be neutron source for boron neutron c...

Page3of 11 60

1000 T T T

Average neutron energy (keV)

0 1 1 1

2.0 25 3.0 35 4.0
Incident proton energy (MeV)

()

5x10"! T T T

4x10"

3x10"

2x10"

Fast neutron flux (n/ cm?-s)

1x10"

Ol 1 1 1
2.0 2.5 3.0 35 4.0

Incident proton energy (MeV)
(b)

Fig. 1 a Average neutron energy after bombardment of lithium target by protons with different energies; b Fast neutron flux values at different

incident proton energies with 10 mA beam intensity
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Fig.2 (Color online) Neutron spectra under different incident proton
energies

(ENDF) [29]. Figure 1a illustrates the average neutron ener-
gies resulting from various incident proton energies within
the 2.0-4.0 MeV range. A clear trend was observed where
the average neutron energy rose consistently with increas-
ing proton energy, yet remained below 1.0 MeV for proton
energies up to 4.0 MeV, the average energy of the produced
neutrons did not exceed 1.0 MeV. Figure 1b shows the fast
neutron flux after incident protons with different energies
bombarded lithium targets with a 10 mA beam intensity.
Additionally, Fig. 2 depicts the neutron spectra for inci-
dent proton energies ranging from 2.0 to 4.0 MeV, showing
that both the spectrum and total neutron flux increase with
proton energy. However, excessively high neutron energies

complicate their moderation to the epithermal range suit-
able for BNCT. Consequently, to maintain neutron energies
within a manageable range for BNCT, this study restricted
incident proton energies to 2.0-4.0 MeV and set the beam
intensity at 10 mA.

Notably, with an appropriate lithium target thickness,
neutron yield increased as the incident proton energy rose
from 2.0 to 4.0 MeV. To optimize neutron production, simu-
lations were conducted on bombarding a lithium target with
protons at an incident energy of 4.0 MeV and a beam radius
of 3 cm. The energy deposition in the lithium target by a
4.0 MeV proton beam is depicted in Fig. 3, where a notable
Bragg Peak is observed at the end of the proton's trajectory.
To prevent target blistering and enhance heat dissipation, the
Bragg Peak’s position was strategically placed outside the
target’s main body. The simulation showed that the Bragg
Peak occurred at a lithium target thickness of approximately
450 pm for a 4.0 MeV proton beam. Consequently, to meet
the objectives and ensure adequate neutron yields for protons
up to 4.0 MeV, the lithium target was designed with a thick-
ness of 500 pm and a radius of 8 cm for further calculations.

2.2 BSA model for Monte Carlo simulation

A beam shaping assembly (BSA) is designed to transform the
fast neutrons produced by proton bombardment into an epith-
ermal neutron beam suitable for BNCT applications. Figure 4
presents a sectional view of a BSA, with the proton beam
directed positively along the X-axis. The BSA consists of a
cylindrical structure that includes a moderator, reflector, ther-
mal neutron absorption layer, gamma-ray shielding layer, and
collimator. The reflector surrounds the moderator and the pro-
ton beam channel, reflecting neutrons back into the moderator
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Fig.3 Energy deposition in the 5
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Fig.4 (Color online) Sectional view of BSA

to enhance the epithermal neutron flux at the BSA outlet. Suit-
able reflector materials are those with high elastic scattering
and low absorption cross sections in the epithermal neutron
energy range. During neutron moderation, thermal neutrons
will be obtained and gamma-rays will be released. Hence,
the thermal neutron absorption layer and gamma shielding
layer are designed to protect healthy tissues from damage. A
collimator shapes and directs the therapeutic neutron beam,
minimizing neutron scattering outside the treatment area by
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absorbing the off-target emissions. The BSA’s design features
include an 8 cm radius lithium target with a 500 pm thickness,
surrounded by a 0.5 cm aluminum-wrapped moderator with a
15 cm radius located behind the target. Following the modera-
tor, 0.5 cm lithium fluoride (LiF) thermal neutron absorption
layer and a 0.5 cm bismuth gamma-ray shielding layer are
sequentially positioned. LiF was chosen for its high thermal
neutron absorption capability, and bismuth for its effective
gamma-ray shielding. Surrounding the moderator radially
were two types of reflectors made from lead and Teflon, cho-
sen for their favorable scattering and absorption properties in
the epithermal neutron energy range, with radii set at 15 cm
and 5 cm, respectively. The collimator, composed of lithiated
polyethylene with a 7% lithium-6 content, utilized Hydro-
gen-1’s low atomic mass to efficiently slow down neutrons
for absorption by lithium-6. The therapeutic neutron beam’s
exit to the bismuth gamma-ray shielding layer was set at a dis-
tance of 8 cm (L1), with the beam outlet also measuring 8 cm
in diameter. The moderator is the core component of the entire
BSA design. Its primary role is to reduce the energy of fast
neutrons into the epithermal neutron energy range through the
scattering effect. Many contributions to the design of modera-
tors based on "Li (p, n)’Be reactions have been made [30-32].
Generally, a good moderator needs a higher scattering cross
section in the fast neutron energy region and a lower absorp-
tion cross section in the epithermal neutron energy region
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Fig.5 (Color online) Scattering cross sections of fluorine-19 and
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Table 1 Densities of materials used in BSA facility components

Material Density (g/cm®)
Al 2.70
Bi 9.80
LiF 2.64
Lithiated polyethylene 0.98
MgF, 3.15
Pb 11.35
Teflon 2.25

[33]. For neutrons generated from the 7Li(p,n)7Be reaction,
fluorine-19 and magnesium-24 have complementary scat-
tering resonance peaks in the desired energy region, which
is beneficial for moderating. The scattering cross sections of
fluorine-19 and magnesium-24 are shown in Fig. 5. Moreo-
ver, MgF, has a low cost, stable properties, and no long-life
radionuclides after irradiation. Thus, MgF, was employed
as the moderator in this research, and its thickness (L.2) was
optimized for a series of incident proton energies from 2.0
to 4.0 MeV in the subsequent simulations. Table 1 lists the
materials used for all of the BSA facility components, along
with their densities.

3 Results and discussion
3.1 Search for optimum incident proton energy
In general, the neutron flux is an important parameter of

a neutron radiation field, especially the flux of epithermal
neutrons, which plays a primary role in the BNCT procedure

[34]. Therefore, the proportion and absolute flux of epither-
mal neutrons determine the quality of the therapeutic neu-
tron beam. The International Atomic Energy Agency (IAEA)
has provided recommended values for therapeutic neutron
beams in TECDOC-1223, including values for the absolute
flux of epithermal neutrons (@), the fast neutron compo-
nent of a therapeutic neutron beam (Dy,/P,,;), gamma-ray
component of a therapeutic neutron beam (D,/®,;), ratio
of the epithermal neutron flux to thermal neutron flux
(Ppi/ Pyy), and ratio of the neutron current to total neutron
flux (J/®) [35]. Although the ratio of the epithermal neutron
flux to total neutron flux is not clearly listed in these recom-
mended values, this parameter (P,/ P,y 1s non-ignorable
and significant. It is worth mentioning that this parameter
has also been used as a standard for evaluating the quality
of therapeutic neutron beams in recent research [36]. There-
fore, this standard was also adopted as a main indicator of
whether the therapeutic neutron beam reached the optimal
moderating state under the conditions of different incident
proton energies in this work.

Figure 6a shows the ratio of the epithermal neutron flux to
total neutron flux with an MgF, moderator for seven typical
incident proton energy values. The trend for the change in
the ratio of the epithermal neutron flux to total neutron flux
with the thickness of the moderator was first to increase to a
peak and then decrease for all of the incident proton energy
values. Obviously, excessive moderation would reduce the
quality of the therapeutic neutron beam as a result of unex-
pected neutron scattering and absorption effects. As the
energy of the incident proton increased, the thickness of the
moderator needed to reach the optimal moderating state also
continuously increased. This was consistent with the previ-
ously described conclusion that the difficulty of moderation
increases with the incident proton energy. In Fig. 6a, the
peaks for the ratio of epithermal neutrons to total neutrons
have been marked with colored arrows, and the details are
listed in Table 2. Moreover, other neutron beam quality
parameters for these incident proton energy values at their
optimal moderating states and the recommended values from
IAEA are also presented in Table 3. As can be seen from
Table 3, all seven incident proton energies could basically
meet the values recommended by IAEA for the therapeutic
neutron beam parameters from the BSA exit at their optimal
moderating states, except for the ratio of epithermal neutrons
to thermal neutrons when the incident proton energy was
greater than 3.0 MeV, and the situation where the absolute
flux of epithermal neutrons was insufficient when the inci-
dent proton energy was less than 2.3 MeV.

As an evaluation criterion, it was determined that the neu-
tron beam had reached the optimal moderating state when
the proportion of epithermal neutrons reached its highest
value. We used these data points at the optimal moderating
states and the curve fit by the optimal thicknesses of the
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Fig.6 (Color online) a Variation of ratio of epithermal neutron flux to total neutron flux with the thickness of the moderator for seven typical
incident proton energies; b Optimal moderator thicknesses for incident proton energies from 2.0 to 4.0 MeV

Table 2 Optimal MgF,

. . Parameter Incident proton energy (MeV)

thickness and neutrons ratios

for different incident proton 2.0 2.3 2.5 2.8 3.0 35 4.0

energies
Optimal thickness L2 (cm) 34 40 41 44 47 50 52
Dol Doyl 0.953 0.948 0.942 0.939 0.934 0.923 0.912
Relative error (%) 2.88 1.66 131 1.16 1.18 1.09 0.96

Table3 Neutron beam quality Incident proton @, Dy Py D, Dol Py, Jid

metrics for various 1n?1denF energy (MeV) (em~2s7!) (Gy-cm?) (Gy-cm?)

proton energies at their optimal

moderating states and IAEA 2.0 1.34x 108 1.92x 10715 7.18x 10714 39.4 0.707

recommended values 23 3.98x 108 2.03x1071 1.08x 10713 28.1 0.707
2.5 6.06x10% 2.23%x1071 1.11x107"3 26.4 0.706
2.8 6.83%x10° 2.69%x1071 1.22x10713 22.8 0.706
3.0 6.74%x10% 3.26x1071 1.40x 10713 19.8 0.706
3.5 7.86x108 5.76x 1071 1.59%x 10713 17.9 0.706
4.0 9.08x 108 1.08x 10714 1.78x 10713 17.0 0.703
IAEA recommend  >5x108 <2x1071 <2x1073 >20 >0.7

value

moderator for incident proton energies from 2.0 to 4.0 MeV,
as presented in Fig. 6b. At this point, we could obtain all
of the moderator thicknesses where the optimal moderating
state was reached with incident proton energies from 2.0
to 4.0 MeV. Under the condition of the optimal moderat-
ing state, the ratios of the epithermal neutron flux to total
neutron flux of protons with incident energy values rang-
ing from 2.0 to 4.0 MeV in 0.1 MeV steps are presented
in Fig. 7. On the whole, the proportion of epithermal neu-
trons at the optimal moderating state tended to decrease
with an increase in the incident proton energy. However,
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the difference between the maximum and minimum values
for the ratio of the epithermal neutron flux to total neutron
flux did not exceed 5%, which showed that there were only
slight differences. It is important to highlight that the ratio
of epithermal neutron flux to total neutron flux is critical for
assessing the effectiveness of therapeutic neutron beams for
therapeutic use, particularly as this ratio approaches criti-
cal values. To identify the most effective proton energy for
neutron production, we also examined the absolute flux of
epithermal neutrons at the BSA outlet across the same range
of incident proton energies, under optimal conditions. In the
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context of BNCT, managing the heat produced in neutron
generation targets is crucial. The use of lithium in the (p, n)
reaction poses challenges due to its low melting point, which
is a limitation for accelerator-based neutron sources. Thus,
the efficiency of epithermal neutron production per unit of
proton energy is a more suitable metric for evaluating the
quality of the therapeutic neutron beam, as shown in Fig. 8.

As depicted in Fig. 8, there exists a favorable range for
the absolute epithermal neutron flux per unit of energy when
the incident proton energy falls between 2.5 and 2.9 MeV.
Beyond an incident proton energy of 2.9 MeV, there is a
noticeable decline in the absolute epithermal neutron yield
per unit of energy. The most appealing finding is the peak

value, which reaches 1.66 x 108/cm?-s at an incident proton
energy of 2.7 MeV. For the sake of comparison, the absolute
epithermal neutron flux per unit of energy at 2.7 MeV inci-
dent proton energy is 3.7 times greater than that at 2.0 MeV.
Furthermore, the difference in the ratios of epithermal neu-
tron flux to total neutron flux between 2.0 and 2.7 MeV
incident proton energies is less than 1.4%. Consequently,
an incident proton energy of 2.7 MeV is deemed the most
advantageous choice.

3.2 Verification of optimal incident proton energy
using Snyder head phantom

To verify the therapeutic effect of the optimal incident pro-
ton energy of 2.7 MeV, a universal standard Snyder head
phantom was used for dose analysis. The elemental compo-
sition of the Snyder head phantom was based on the ICRU
46 report, with the values listed in Table 4 [37]. In addition,
the geometric dimensions of the Snyder head phantom are
described in Eq. (2) [38].

Brain : (g)ﬁ(g)ﬁ(%)i I
Skull : (&)%(%)1(%)2: 1

o x 2 y \2 2\
skin: (=5 ) +(335) +(55) =1 @

Several figures of merit (FOMs) were computed to serve
as benchmarks for assessing the quality of the therapeutic
neutron beam. The key FOMs are described as follows. The
advantage depth (AD) is defined as the depth at which the
dose within a tumor equals the maximum dose in normal
tissues. This parameter reflects the penetration capability
of the therapeutic neutron beam. The treatable depth (TD)
represents the depth at which the tumor dose equals twice
the maximum dose in normal tissues. The therapeutic ratio
(TR) is a valuable metric used to characterize the ratio of
the peak dose in a tumor to the peak dose in normal tis-
sues. This metric effectively reflects the specific efficacy
of therapeutic neutron beams in eradicating tumors under
identical irradiation conditions. The advantage depth dose
rate (ADDR) denotes the maximum dose rate delivered to
normal tissues. The treatment time (TT) could be estimated
as the time to reach the maximum allowable equivalent dose
(Dgg) of 12.5 Gy in normal tissues [39].

During the BNCT procedure, there were four types of
dose contributions. The boron dose (Dg) was the component
that dominated the dose contribution and was generated by
high LET particles released through the '°B(n,a)’Li reaction
between the neutrons and boron-10 compound. The thermal
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Table 4 Proportiqn of each H C N 0 Na Mg p S al K Ca

element (mass%) in adult head

from ICRU 46 Brain 107 145 22 712 02 - 04 02 03 03 -
Skull 5.0 21.2 4.0 43.5 0.1 0.2 8.1 0.3 - - 17.6
Skin 10.0 20.4 4.2 64.5 0.2 - 0.1 0.2 0.3 0.1 -

neutron dose (D,;) was attributed to the *N(n,p)!*C reaction
between the thermal neutrons and nitrogen-14 nuclei, which
released 0.66 MeV of energy. The fast neutron dose (D)
was produced by the elastic scattering of fast neutrons and
recoil protons through the 'H(n,n)p reaction. There were
two channels for gamma-ray dose (D,) generation. One was
the result of the gamma-rays existing in the therapeutic neu-
tron beam at the outlet of the BSA. The other was from the
hydrogen capture effect between the neutrons and hydro-
gen-1 nuclei through the lH(n,y)zH reaction [40].

The calculation of the dose distribution in the Snyder
phantom was divided into the following two steps. First,
the therapeutic neutron beam at the exit of the BSA was
defined as the source pattern of the phantom irradiation.
The F4 tally card and DE/DF card with the kinetic energy
released in material (KERMA) factor were used to calcu-
late the absorbed dose in each cell of the phantom. Then,
the absorbed dose of each component was weighted and
summed using Eq. (3) to obtain the equivalent biological
dose [41].

DEq = CBE factor X Dy + @y, X Dy, + 0, X Dy + w, XD,
3)

The compound biological effectiveness (CBE) factor is
characterized by values of 1.3 in normal tissues and 3.8 in
tumors. Furthermore, the relative biological effect (RBE)
factors, oy, wp,y. and w,, serve as weighting factors for ther-
mal neutrons, fast neutrons, and gamma-rays, respectively.
These factors were assigned values of 3.2, 3.2, and 1.0,
respectively, in the dose calculation [42]. It was assumed
that boron-10 compound concentrations were 10 ppm in
normal tissues and 35 ppm in tumors.

Figures 7 and 8 illustrate that the highest epithermal neu-
tron to total neutron ratio in the optimal moderating state
was achieved with an incident proton energy of 2.0 MeV.
However, the absolute epithermal neutron flux remained
suboptimal. To determine whether the ratio of epithermal
neutrons to total neutrons or the absolute flux of epithermal
neutrons was the key parameter determining the therapeutic
efficiency of BNCT, an incident proton energy of 2.0 MeV
was employed as one of the validation cases. In addition,
incident proton energies of 2.3 MeV and 3.0 MeV after
interpolation were also considered. These verification cases
with incident proton energies of 2.0 MeV, 2.3 MeV, and
3.0 MeV were compared with the case using 2.7 MeV. Fig-
ure 9a presents the spectra of therapeutic neutron beams
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at the outlet of the BSA for incident proton energies of
2.0 MeV, 2.3 MeV, and 2.7 MeV after optimal moderation.
Furthermore, Fig. 9b displays the dose distributions of these
therapeutic neutron beams in the Snyder head phantom, with
corresponding FOMs provided in Table 5.

It is evident that the values of AD, TD, and TR with inci-
dent proton energies of 2.0 MeV, 2.3 MeV, 2.7 MeV, and
3.0 MeV exhibit remarkable proximity due to the similar-
ity of their spectra in the epithermal neutron energy region.
Nevertheless, with an incident proton energy of 2.7 MeV, TT
was 40.9 min, which amounts to an 81% reduction compared
to the TT with an incident proton energy of 2.0 MeV. In the
context of BNCT procedures, it is imperative for the TT
to be within an acceptable range. Therefore, based on this
observation, it can be concluded that the absolute epithermal
neutron flux plays a pivotal role in enhancing the therapeutic
effectiveness of BNCT treatment, provided that the propor-
tion of epithermal neutrons in the total neutron population
does not exhibit a significant difference. The TT with an
incident proton energy of 2.3 MeV was 73.7 min, which
was between the values with 2.0 MeV and 2.7 MeV. As for
the incident proton energy of 3.0 MeV, TT only decreased
by 3.5% compared to that with 2.7 MeV. However, a higher
incident proton energy made the heat dissipation of the tar-
get and neutron moderating process more difficult Further-
more, it is noteworthy that the absolute epithermal neutron
flux per unit of energy for incident protons at 3.0 MeV was
lower than that for 2.7 MeV. As a result, the incident proton
energy of 2.7 MeV was deemed to be the optimal choice for
AB-BNCT, primarily relying on the "Li(p,n)’Be reaction.

Figure 10a and b illustrates the distribution and rela-
tive proportions of four distinct types of dose contributions
within tumors, as observed in the Snyder head phantom at an
incident proton energy of 2.7 MeV. Notably, the boron dose
emerged as the predominant component among the dose
types. This boron dose peaked at a depth of 2.4 cm within
the phantom, showcasing an initial increase up to this point
followed by a gradual decline as the depth further increased
beyond this point. In the shallower regions, closer to the
skin, the fast neutron dose was more pronounced, but its
significance and proportion dwindled with increasing depth.
The thermal neutron dose maintained a steady contribution
of approximately 2% across all depths within the phantom.
In contrast, the gamma-ray dose, which was the second-
largest contributor after the boron dose, showed a marked
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Table 5 Performance metrics for therapeutic neutron beams at opti-

mal moderating states with varied incident proton energies

increase in its proportion for tumor depths exceeding 4 cm,

highlighting its growing significance with depth.

4 Conclusion

In this study, we utilized a lithium target with an 8 cm radius
and a 500 pm thickness to generate neutrons. To avoid exces-
sively high average neutron energies and to economize on
moderation, we limited the range of incident proton energies
to 2.0-4.0 MeV. MgF, was selected as the moderator due
to its superior moderation capabilities and other beneficial

100 A e e R A

Incident proton AD TD TR ADDR (Gy- TT
energy (MeV) (cm) (cm) Eqg/min) (min)
2.0 8.5 6.6 5.30 0.06 223.0
2.3 8.5 6.6 5.32 0.17 73.7
2.7 8.4 6.5 5.33 0.29 42.4
3.0 8.3 6.4 5.31 0.31 40.9
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properties. The optimal moderation conditions for a BSA
with varying proton incident energies were identified by
maximizing the ratio of epithermal neutron flux to the total
neutron flux. Furthermore, we compared the parameters of
therapeutic neutron beams at the BSA exit for seven pro-
ton energy levels, ranging from 2.0 to 4.0 MeV, against
the IAEA recommended values, finding the results to be
broadly satisfactory. Optimal moderation thicknesses for
proton energies between 2.0 and 4.0 MeV were established
through curve fitting and analysis. At the optimal modera-
tion condition, the epithermal neutron flux per unit energy
peaked at an incident proton energy of 2.7 MeV, with nota-
ble benefits observed for energies between 2.5 and 2.9 MeV.
A Snyder head phantom was employed to assess the thera-
peutic efficacy of varying proton incident energies, including
a validation case at 2.0 MeV and interpolated energies at
2.3 MeV and 3.0 MeV for comparison with 2.7 MeV. The
analysis revealed a significant advantage in TT at 2.7 MeV,
while other FOMs showed no substantial differences. The
study also detailed the four types of dose contributions and
their proportions within tumors in the Snyder head phan-
tom. Finally, it could be concluded that a proton energy of
2.7 MeV is the optimal incident energy for AB-BNCT based
on the "Li(p,n)’Be neutron source. In the future, an incident
proton energy of 2.7 MeV may become the mainstream for
the construction of a commercial AB-BNCT facility based
on a 'Li(p,n)’Be neutron source.
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