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A B S T R A C T

Purpose: An accelerator-based boron neutron capture therapy (BNCT) system with a solid-state Li target is re-
ported to have degradation of the Li target. The degradation reduces the Li thickness, which may change spectra
of the generated neutrons corresponding to the Li thickness. This study aims to examine the relationship between
the Li thickness and the generated neutrons and to investigate the effects of the Li thickness on the absorbed dose
in BNCT.
Method: The neutron energy spectra were calculated via Monte Carlo simulation for Li thicknesses ranging from
20 to 150 μm. Using the system, the saturated radioactivity of gold induced by reactions between 197Au and the
generated neutrons was evaluated with the simulation and the measurement, and those were compared.
Additionally, for each Li thickness, the saturated radioactivity was compared with the number of generated
neutrons. The absorbed doses delivered by 10B(n,α)7Li, 14N(n,p)14C, 1H(n, g)2H, and (n,n′) reactions in water
were also calculated for each Li thickness.
Results: The measurement and simulation indicated a reduction in the number of neutrons due to the de-
gradation of the Li target. However, the absorbed doses were comparable for each Li thickness when the re-
quisite number of neutrons for BNCT was delivered. Additionally, the saturated radioactivity of 198Au could be a
surrogate for the number of neutrons even if the Li thickness was varied.
Conclusions: No notable effect to the absorbed dose was observed when required neutron fluence was delivered
in the BNCT even if the degradation of the Li was observed.

1. Introduction

Clinical reports on boron neutron capture therapy (BNCT) have
been published in many studies [1–10], and its biological effectiveness
has been reported through in vivo and in vitro experiments [11–16]. In

BNCT, adequate amount of compounds containing boron-10 are deliv-
ered to tumor cells, following which neutron irradiation is performed to
kill the tumor cells using the 10B(n, α)7Li reaction. The particles gen-
erated in the reaction (i.e., 4He and 7Li) exhibit high linear energy
transfer (LET). Thus, the relative biological effectiveness (RBE) of BNCT
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is expected to be greater than that of conventional radiotherapies such
as photons and electrons. For example, when sufficient 10B compounds
have been delivered to the cells, BNCT is expected to effectively kill
cells that are resistant to conventional radiotherapy [13,15,17]. Bor-
onophenylalanine (BPA) is the 10B compound generally applied in
BNCT [8]. Several clinical studies have been conducted using BPA at
locations adjacent to nuclear reactors, such as the study performed at
Kyoto University [1–4,10]. However, nuclear-reactor-based BNCT is not
considered a standard treatment method, as it is difficult for hospitals to
employ nuclear reactors as neutron sources [1–3,18,19].

Recent researches have indicated that accelerator-based neutron
sources can be employed in BNCT [20–23]. Two reactions are generally
utilized to generate neutrons in accelerator-based BNCT systems—7Li
(p,n)7Be and 9Be(p,n)9B [20–24]. Considering a constructed system, the
maximum neutron energy of the first reaction is approximately 1MeV
(Q-value=− 1.644MeV, i.e., the incident proton energy is approxi-
mately 2.5 MeV), whereas that of the other reaction is higher than a few
MeV (Q-value=− 1.850MeV, i.e., the incident proton energy is higher
than 8MeV) [20,24–29]. The advantage of the first reaction is that the
lower neutron energy facilitates a relatively more compact BNCT
system because the ideal neutron energy can be acquired without the
need for a thick moderator. Therefore, the system is compact and can be
easily installed in hospitals. The accelerator-based BNCT system eval-
uated in this study generates neutrons via the 7Li(p,n)7Be reaction.
However, a disadvantage is that the melting point of Li is lower than
that of Be [27,28]. Considering the above, the National Cancer Center
Hospital (NCCH), Tokyo, Japan, is currently in the midst of installing an
accelerator-based BNCT system with a solid-state Li target to evaluate
the efficacy of BNCT in clinical oncology [24].

The accelerator-based BNCT system requires multiple reactions to
acquire sufficient number of neutrons, which can result in high thermal
loading [24,27,28]. A previous study has suggested that the Li target is
expected to degrade due to ion impact, high operating temperature, and
other factors resulting from proton bombardment [28]. The degrada-
tion may induce thinning of the Li target and reduction in the efficiency
of neutron generation per unit of proton current [28,30]. In BNCT, the
total absorbed dose is the sum of high-LET dose components and γ-ray
[1]. The main γ-ray dose component is delivered from 1H(n, g)2H re-
action [1]. The high-LET dose components are derived from the com-
bined effects of the 10B(n, α)7Li, 14N(n, p)14C, and (n, n’) reactions
[28,36]. Hence, there is a possibility that the degradation induces
changes in these dose components because the generated neutron
quality is changed. In the previous study on BNCT, Kobayashi et al.
reported the doses delivered to a patient for various Li thicknesses when
the incident proton energy was the near-threshold energy in the 7Li(p,
n)7Be reaction [28]. It can be inferred from these reports that the Li
thickness is important in an accelerator-based BNCT system with a
solid-state Li target. However, although proton energy of more than
2.25MeV is generally proposed in an accelerator-based BNCT system
with a Li target because the 7Li(p, n)7Be reaction has a resonance cross-
section at this energy, reports focused on Li thickness under this con-
dition are not sufficient [20,23–26,31]. Therefore, this study aims to
examine the relationship between the Li thickness and neutrons gen-
erated by the 7Li(p,n) reaction and to investigate the effects of the
absorbed dose components under free-air condition in BNCT when the
incident proton energy is more than 2.25MeV. Additionally, this study
also investigates the effect of the Li thickness in BNCT in terms of the
high-LET dose components related to the generated neutrons.

2. Methods

The experiments were performed using the accelerator-based BNCT
system (manufactured by Cancer Intelligence Care Systems, Inc., Tokyo,
Japan, (CICS)) at NCCH, which employs a solid-state Li target and
supports a maximum proton current of 20mA, although 12mA is nor-
mally used in clinical conditions [24]. The Li target was produced by a

thermal evaporation method under vacuum. The evaporation of Li oc-
curred when a filament contained the Li was heated, and the Li was
then attached to a target basement of the Li target. The nominal
thickness of Li target was approximately 100 μm. Thus, the Li target
could be available for the accelerator-based BNCT system. Protons with
nominal mean energy of 2.5 MeV bombard on the Li target. Thus, the
maximum energy of the generated neutrons after passing the Li target is
approximately 8× 102–9×102 keV [20,24–29]. After the generated
neutrons pass through the beam-shaping assemblies made of MgF2
(Nippon Light Metal Co. Ltd., Tokyo, Japan, and CICS) [31], most of
them are moderated to approximately under 10 keV.

In the accelerator-based BNCT system with a solid-state Li target, a
reduction in the Li thickness may change the neutron energy spectrum
and the number of generated neutrons. Thus, in BNCT, the absorbed
doses induced by the reactions of 10B(n, α)7Li, 14N(n, p)14C, 1H(n, g)2H,
and (n, n’) may depend on the Li thickness. Hence, the effect of the Li
thickness in BNCT was examined by simulations and experiments in this
study. Additionally, this study examined whether the saturated radio-
activity of gold, which was exposed to the neutrons generated for each
Li thickness, was a surrogate for the total neutron flux reached at a
patient.

To evaluate the neutron flux, the radioactivity induced in gold wires
covered with/without cadmium was measured after being bombarded
by certain number of neutrons generated by the accelerator-based
BNCT system at the NCCH. The saturated radioactivity was calculated
from the induced radioactivity [24]. The relationship between the
generated neutrons and incident protons was then evaluated using the
saturated radioactivity of the metals. Using a ratio of the gold with/
without the cadmium, proportion of the thermal neutrons was eval-
uated. Additionally, to investigate the effects of the Li thickness in an
accelerator-based BNCT system with a solid-state Li target, the gener-
ated neutrons for each Li thickness were examined using Monte Carlo
simulation. The results of the simulations were compared with those of
the measurements to validate the effect of Li thickness.

2.1. Radioactivity measurement

The induced radioactivity was measured using a high-purity ger-
manium (HP-Ge) detector (ORTEC, GEM20P4-70, Oak Ridge, USA). In
order to determine the radioactivity of the radionuclide, the detection
efficiency of the HP-Ge detector for the measurement sample was first
assessed via Monte Carlo simulations (GEANT4, ver. 10. 1) [32–35]. It
should be noted that the detection efficiency of the HP-Ge detector was
modeled via simulation in a previous study [35]. The detection effi-
ciency contained the detector efficiency in this study. The measurement
geometries for the induced radioactivity were reproduced in the si-
mulation to obtain the detection efficiencies for each measurement. The
events resulting from the reactions between the sample and the HP-Ge
detector were counted using a multichannel analyzer (MCA 7600,
SEIKO EG&G, Tokyo, Japan), and a Gamma-Studio system (SEIKO EG&
G, Tokyo, Japan) was used to count the number of photoelectric events
that occurred in the HP-Ge detector.

2.2. Measurement of the neutron flux per unit of proton current and
evaluation of thermal neutrons and doses from 10B(n,α)7Li, 14N(n, p)14C,
and 1H(n, g)2H at a patient position

To elucidate the relationship between the number of generated
neutrons and the number of irradiated protons, specific equations were
used to evaluate the saturated radioactivity of the metal in units of Bq/
mA [24]. The effects of fluctuations in the irradiated protons can be
avoided by using the unit of Bq/mA. These equations are provided in
equations (1)-(4) in the previous study [24]. In this study, the weight in
equation (3) in the previous study was replaced with the number of
atoms in the metal. It is well known that the saturated radioactivity is
proportional to the neutron flux at a certain position in the neutron
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field. In this study, the saturated radioactivity was evaluated in place of
the neutron flux because the saturated radioactivity is a reasonable
surrogate of the neutron flux. Six Li targets were used to evaluate the
reproducibility in this study.

The neutron flux was evaluated using a 99.5%-pure gold wire with
0.5-mm diameter and 8.0-mm length. The cadmium ratio was also
evaluated to measure the proportion of thermal neutrons in the gen-
erated neutrons. The cadmium ratio was defined as the ratio of the
saturated radioactivity of an un-encapsulated gold wire to that of a gold
wire encapsulated with cadmium (0.5-mm thickness) [18,19]. In each
evaluation of the saturated radioactivity, the number of protons deliv-
ered to the Li target was approximately 3.6× 103 mC, and it was not
exactly same. However, the cadmium ratio was calculated by each of
the saturated radioactivity of an un-encapsulated gold wire and that of
a gold wire encapsulated with cadmium. Cut-off energy of the cadmium
capsule was approximately 0.55 eV since the thickness of cadmium
capsule was 0.5mm [37]. The measurement setup is shown in Fig. 1. In
the measurement, the gold wires with and without the cadmium cap-
sule were placed on the bottom surface of an irradiation port of the
accelerator-based BNCT system at the center of the neutron field, and
the neutrons were subsequently directed toward it. The gold wire en-
capsulated with the cadmium capsule was irradiated after the irradia-
tion of the gold wire without the cadmium capsule, and the cadmium
ratio was then evaluated. The reaction between the gold wire and the
irradiated neutrons induced the formation of 198Au, which subse-
quently emitted 412-keV gamma rays. The number of gamma rays was
counted using the modeled HP-Ge detector to evaluate the neutron flux
and the proportion of thermal neutrons in the neutron flux. In the dose
components of BNCT, 10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H were
induced by the reaction between the thermal neutrons and 10B, 14N, or
1H in the human body [1]. Hence, an evaluation of the number of
thermal neutrons is needed when these doses are calculated. Since the
cadmium ratio represents a proportion of thermal neutrons in the
neutron beam, the cadmium ratio could be surrogate for evaluation of
these dose components when the requisite number of neutrons at the
patient was delivered. In this study, the evaluation of these dose com-
ponents was performed with evaluation of the cadmium ratio.

During irradiation, the number of irradiated protons was measured
with an ammeter (NPCT-CF6, Bergoz Instrumentation, Saint-Genis-
Pouilly, France) installed in the BNCT system, and the saturated
radioactivity was evaluated for a certain amount of proton irradiation
received at the Li target. A previous study suggested that the number of
generated neutrons per unit of proton current decreases depending on
the amount of proton irradiation delivered to the Li target due to the Li
sputtering and the subsequent vaporization of the Li. Considering this,
successive saturated radioactivity measurements were also performed
[27–28]. The accumulated proton charges delivered in the intervals
between the evaluations of the saturated radioactivity of the gold wire

without the cadmium capsule was not above 86.4×103 mC, which is
comparable to 2 h of irradiation with a proton current of 12.0 mA. On
the other hand, that with the cadmium capsule was not above
30.2×104 mC. In this study, a unit of the accumulated proton charge is
represented as “mA×h.” Hence, proton charge of 86.4×103 mC is
equivalent to 24.0mA×h.

The cadmium ratios for each Li target were compared. Bartlett’s test
was used to examine whether the cadmium ratios were normally dis-
tributed. We used one-way ANOVA as a parametric test on these results.
Additionally, if the cadmium ratio was not statistically significant for a
Li target, we regarded all of the cadmium ratios as one group. Then, the
cadmium ratios in the group were examined to check whether they
were normally distributed by using the Shapiro–Wilk test. A P-value of
less than 0.05 was considered statistically significant in this study.

2.3. Simulated neutron flux and dose from (n, n’) reaction for each Li
thickness

In this study, a Monte Carlo simulation (PHITS ver. 2.80) was used
to quantify the effects of the Li thickness in the accelerator-based BNCT
system [38]. The dose from the (n, n’) reaction in the human body was
evaluated to investigate the effect of each Li thickness on the absorbed
dose from the high-LET dose component. The absorbed dose from the
(n, n’) reaction depended on the neutron energy although the absorbed
doses from the 10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H reaction were
affected by the number of thermal neutrons [1,36]. Therefore, the
neutron energy spectrum delivered to a patient was evaluated in this
study. The dose from the (n, n’) reaction was defined as the neutron
dose in this study. The neutron dose was calculated by multiplying the
neutron flux at each energy, which was acquired with the simulation,
by KERMA coefficients for water reported in ICRU 63 [36]. The neutron
energy group structure comprised 56 groups in the energy range from
1.10×10−5 to 1.05MeV in the simulation. The energy group structure
was below the maximum generated neutron energy in the Li(p, n) re-
action corresponding to that for the reported KERMA coefficient [36].
This process was separated into two stages. The simulation geometries
of these processes are shown in Fig. 2. In the first stage, Monte Carlo
simulation (PHITS) was used to evaluate the energy spectrum of the
generated neutrons. Unfortunately, PHITS is not equipped with the
cross-section files of the Li(p, n) reaction. Hence, the cross-section files
in MCNP 6.1 were installed into PHITS, and the simulation was then
performed [38,39]. The Li density was defined as 0.534 g/cm3, and the
Li thickness ranged from 20 to 150 μm in the simulation. The simulation
geometry of the first stage is shown in Fig. 2(a). For each Li thickness,
proton energy of 2.5 MeV was irradiated on the Li target, which had
sufficient breadth to receive the proton beam. The neutrons across the
bottom plane of the Li targets were evaluated in the simulation. The
energy spectra of the generated neurons were compared for each Li

Fig. 1. (a) Schematic showing the neutron irradiation on the target metal, and (b): a photograph of the actual irradiation setup.
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thickness. Additionally, the proton path length for each residual proton
energy value within the Li target was also calculated for each Li
thickness. In this study, the residual proton energy in each Li thickness
was divided into 25 energy groups, and the proton path length in each
energy group was then evaluated. Interval of the energy group was
uniform and its value was 0.1MeV since the residual proton energy was
between 0 and 2.5MeV.

In the second stage, considering the application of BNCT in the
treatment of patients, the accelerator-based BNCT system at NCCH was
simply reconstructed on the simulation. The simulation geometry of the
second stage is shown in Fig. 2(b). The simulation geometry consisted
of the 1st copper support, mixture of cooling water and copper support,
2nd copper support, and the moderator made of MgF2. The neutrons
acquired for each Li thickness in the first stage were bombarded on the
1st copper support and passed on to the other layers. The patient, de-
fined as a 1×1×1 cm3 voxel, was placed at the center of the neutron
irradiation in the second stage. The position of the patient corresponded
to that in the measurement of saturated radioactivity in the previous
subsection. The neutron energy spectrum at the patient location was
calculated, followed by the calculation of the neutron dose delivered to
the patient although material of the patient location was assumed as air
in the simulation of neutron transport. Thus, the effects of each Li
thickness on the neutron dose were evaluated. In order to compare the
neutron flux between the measurement and the simulation, the satu-
rated radioactivity of 198Au was also calculated using the simulation
result. For calculating the saturated radioactivity, the number of neu-
trons delivered to the patient was multiplied by the cross-sections of the

capture reaction in 197Au for each neutron energy. Additionally, for
each Li thickness, the saturated radioactivity acquired with the simu-
lation was compared with the total neutron flux, which was delivered to
the patient, in the simulation to evaluate whether the value of the sa-
turated radioactivity could be a surrogate for the total neutron flux. The
Pearson’s correlation coefficient was calculated to evaluate the corre-
lation between the total neutron flux and the saturated radioactivity for
each Li thickness. The total neutron flux per unit of proton and the
saturated radioactivity per unit of proton at the patient end were
evaluated to compare with the measurement results in the previous
subsection. In the calculation, the lower cut-off energy was set to 11 eV
because the S(α, β) library for layers such as the moderator was not
available in the Monte Carlo simulation. The S(α, β) library is required
to calculate the transport of low-energy neutrons accurately.

3. Results

3.1. Measurement of the neutron flux per unit of proton current and
evaluation of thermal neutron and doses from 10B(n,α)7Li, 14N(n, p)14C,
and 1H(n, g)2H at a patient position

The measured neutron flux per unit of proton current and the cad-
mium ratio are shown in Fig. 3. In Fig. 3, the plots along to the hor-
izontal axis were determined by the number of protons delivered to the
Li target before each measurement of the saturated radioactivity with
bare gold wire. As shown in Fig. 3(a), the neutron flux for each target
reduced depending on the accumulated protons delivered on the Li

Fig. 2. (a): Schematic showing the simulation geometry of the reaction between Li target and protons, (b): Schematic showing the simulation geometry of the dose
derived from the (n, n’) reaction delivered to a patient.

Fig. 3. (a) Neutron flux per unit of proton current and (b) cadmium ratio in each of the Li target along with the accumulated protons delivered to the Li target. The
saturated radioactivity of 198Au was used as a surrogate for the neutron flux. The ratio of the saturated radioactivity of 198Au with and without the cadmium capsule
was calculated as the cadmium ratio.
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target, following which the degradation of the Li target was observed.
Additionally, the reduction in neutron flux did not change considerably
with the accumulation of protons delivered to the Li target. The re-
duction in the neutron flux reached approximately 30% for the rise in
the accumulated protons delivered to the Li target from 0 to
700mA×h. The cadmium ratios were normally distributed (P=0.81)
among the six Li targets. According to the result of the one-way ANOVA
test, the cadmium ratios of the six Li targets did not show a statistically
significant difference (P=0.18). The boxplot of the cadmium ratios in
each Li target is shown in Fig. 4. The mean values and standard de-
viations (SD) of the cadmium ratios in the targets 1, 2, 3, 4, 5, and 6
were 1.20 ± 0.01, 1.21 ± 0.02, 1.19 ± 0.02, 1.20 ± 0.02,
1.21 ± 0.02, and 1.21 ± 0.01 (mean ± SD), respectively. We re-
garded all of the cadmium ratios as one group, and the Shapiro–Wilk
test was applied to the group. The cadmium ratios in the group were
normally distributed (P=0.21). Additionally, the mean value and SD
for all cadmium ratios was 1.21 ± 0.02. As shown in Fig. 3(b) and
these results, the cadmium ratio was comparable at each accumulated
value of protons delivered to the Li target. Hence, the proportion of the
thermal neutron in the neutron flux was comparable for each amount of
protons delivered to the Li target. Therefore, the doses from 10B(n,
α)7Li, 14N(n, p)14C, and 1H(n, g)2H reaction delivered to the patient
were comparable under free-air condition when the requisite number of
neutrons for BNCT were delivered to the patient at each value of the
accumulated proton irradiation on the Li target, as those doses were
derived from the reaction between thermal neutron and 10B, 14N or 1H
in the patient.

3.2. Simulated neutron flux and dose from (n, n’) reaction for each Li
thickness

In order to verify the effects of the Li thickness in the accelerator-
based BNCT system, the generated neutrons for each Li thickness was
examined. Fig. 5(a) shows the mean proton path length at each value of
the residual proton energy within the Li target. According to Fig. 5(a),
the mean proton path lengths at residual energy between 2.2 and
2.3MeV were comparable at the Li thickness of more than 50 μm, al-
though it shortened at the Li thickness of less than 50 μm. The neutron
energy spectrum for each Li thickness in the first stage is shown in
Fig. 5(b). When the Li thickness was reduced, the number of generated
neutrons was reduced at lower energy. Additionally, the number of
generated neutrons at the neutron energy of 0.5 MeV was decreased for
the Li thickness of less than 50 μm.

In the second stage, the neutron dose reaching the patient was
calculated. For each Li thickness, the neutron energy spectrum and the

neutron dose per unit of neutrons reaching the patient are shown in
Figs. 6 and 7, respectively. The neutron doses per unit of the neutrons
were comparable for each Li thickness. The difference between the
neutron doses was within ± 4%. The saturated radioactivity per unit of
proton and the number of neutrons per unit of proton delivered to the
patient for each Li thickness are shown in Fig. 8. The saturated radio-
activity per unit of protons was decreased by approximately 20% for the
Li thickness between 50 and 100 μm. The total neutron flux and the
saturated radioactivity depended on the Li thickness. The total neutron
flux for each Li thickness was correlated with the corresponding satu-
rated radioactivity, and the correlation coefficient between the two was
1.00. The trend of the reduction in saturated radioactivity for Li
thickness of less than approximately 50 μm differed from that for the Li
thickness of more than 50 μm. The reduction was greater in the case of
Li thickness of less than approximately 50 μm.

4. Discussion

Previous reports have suggested that there are some challenges re-
lated to neutron generation in the accelerator-based BNCT system with
a solid-state Li target [27,28]. The primary challenge is the reduction in
the neutron flux per unit of proton current due to the degradation of the
Li target [28]. Hence, this study focused on the degradation of the Li
target, and its effects on the neutron generation was examined by using
the accelerator-based BNCT system. The experiments and simulations in
this study showed that the degradation of the Li target, such as the
reduction in the Li thickness, could reduce the neutron flux. According
to Fig. 8, when the Li thickness below 50 μm was decreased by the 10
µm in the simulation, the reduction of neutron flux expected approxi-
mately 15%. The decrease of Li thickness might be observed due to a
thermal load to the Li target [28]. In each of the systems, cooling ef-
ficiency to remove the thermal load, which is induced by protons de-
livered to the Li target, are different. Hence, ratio of the reduction of
neutron flux is not constant in every system. Therefore, in the system,
this study suggested that the proton irradiations to the Li target of
approximately 300–350 mAh expected to decrease the Li thickness of
10 µm in which the density was assumed as the theoretical density
(Fig. 3(a)).

The Li target was produced by the thermal evaporation method in
this study. According to the previous study, physical property of the Li
target, such as a particle size, produced by the thermal evaporation
method depends on several conditions of its method [40]. Although
density of the Li target was assumed as 0.534 g/cc in the simulation,
actual density of the Li target might be lower than its assumption.
Unfortunately, the Li target under air condition is not utilized for the

Fig. 4. Boxplot of the cadmium ratio in six Li targets.
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Fig. 5. (a) Evaluation of the proton path length at each value of the residual proton energy for various Li thicknesses. (b) Evaluation of the neutrons generated by Li
(p,n) reaction for each Li thickness. These evaluation at the Li thickness of more than 100 μm is omitted because the proton path length related to the neutron
generation is comparable at the Li thickness of more than 90 μm and the evaluation of the neutron generation is also consistent.

Fig. 6. Neutron energy spectrum at a patient surface for the Li thickness between 20 and 100 μm. The neutron energy spectrum at the Li thickness of more than
100 μm is omitted because difference of the neutron energy spectrum was not observed at the Li thickness of more than 50 μm.

Fig. 7. Absorbed does derived from the (n, n’) reaction per unit of neutrons reaching a patient for each Li thickness.
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accelerator-based BNCT system since the Li target easily reacts to water
and nitrogen in the air. Thus, density measurement of the Li target with
high accuracy could not be performed. However, according to Fig. 8,
the reduction of neutron flux in Fig. 3(a) might suggest that the
thickness of Li target with considering the actual density corresponded
to the thickness of below 50 μm in the theoretical density of Li target
(i.e., measurements of the saturated radioactivity of gold wire would be
a surrogate for measurements of density and thickness of the Li target).
Therefore, the degradation was observed since the actual density might
be lower than 0.534 g/cc. Consideration of the density of Li target can
be performed with multiplying the thickness of Li target by a ratio of
the density. Therefore, it may be important for designing an accel-
erator-based BNCT system with the Li target that the density of Li target
was considered. Additionally, the effects of Li thickness to the low en-
ergy neutrons might be observed in the measurements of this study.
According to Fig. 3(b), the cadmium ratio was comparable at each
number of protons delivered to the Li target although the thickness of Li
target might be reduced. The cadmium ratio plays an important role for
evaluations of thermal neutron. Cut-off energy of the cadmium capsule
was approximately 1 eV. Since the cut-off energies of cadmium capsule
and the lowest energy in the simulation were approximately compar-
able, the measurement result of cadmium ratio might ensure a result of
lower than the 11 eV in the simulation. In these reasons, the low energy
neutrons did not depend on the Li thickness in case of the accelerator-
based BNCT system. Therefore, this study investigated that absorbed
doses from thermal neutron reaction was comparable in each Li
thickness.

This study analyzed whether the measurement of the saturated
radioactivity of 198Au induced by the neutron bombarded on gold for
each Li thickness could be a surrogate for the measurement of the total
neutron flux for each Li thickness. Fig. 8 shows that the saturated
radioactivity of 198Au for each Li thickness is correlated with the cor-
responding total neutron flux. Therefore, the saturated radioactivity of
198Au can be a surrogate of the total neutron flux for each Li thickness
in an accelerator-based BNCT system employing a Li target.

This study investigated that the range of an incident proton energy
of 2.5MeV in the Li target was approximately 90 μm (Fig. 5). This result
was consistent to the previous study [29]. The previous study also
suggested that the Li thickness of approximately 35–40 μm is required
to decelerate 2.5-MeV protons to the resonance energy at 2.25MeV in

the 7Li(p,n) reaction [29]. According to Fig. 5(a), the required thickness
for decelerating the proton energy to 2.25MeV was between 30 and
40 μm, and its result was also consistent to the previous study [29].
However, it did not mean that the required thickness for decelerating
the proton energy to 2.25MeV stably acquired the neutron generations
with its energy. If the Li thickness between 35 and 40 μm stably ac-
quired the neutron generation with the proton energy of 2.25MeV, a
trend of the number of neutrons at the patient was not same in the Li
thickness of 50 μm (i.e., the treand was same in the Li thickness of equal
to or less than 40 μmwhile it was not same in the Li thickness of 50 μm).
According to Fig. 8, the trend of the number of generated neutrons with
the Li thickness of equal to or less than 50 μm was same. Therefore, we
thought that evaluations of the sufficient proton path length in each
residual proton energy was suitable for the evaluation of Li thickness
dependence rather than evaluations of proton range in the Li target.

According to Fig. 5, the number of generated neutrons with an en-
ergy of approximately 0.5 MeV was reduced in the case of Li thickness
of less than 50 μm. These generated neutrons were induced by the re-
action between Li and proton with an energy of 2.25MeV because the
Q-value of the reaction was−1.850MeV. Therefore, the number of
generated neutrons was considerably reduced for Li thickness of less
than approximately 50 μm because the proton path length was not
sufficient to decelerate the residual proton energy within the Li target
to the resonance energy of the 7Li(p, n)7Be reaction.

In BNCT, the absorbed dose related to the generated neutrons is
derived from the 10B(n, α)7Li, 14N(n, p)14C, 1H(n, g)2H, and (n, n’)
reactions in the composition substances of the human body [1]. The
doses from the 10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H reactions are
delivered to a patient due to the thermal neutron fluence. Hence, the
number of thermal neutrons is important for BNCT. Nevertheless, the
low-energy neutrons were ignored in the simulation. However, the
thermal neutrons were measured using the cadmium ratio in this study.
According to Fig. 3(b) and 4, the values of the cadmium ratio were
constant for 0–700mA×h of protons delivered to the Li target. These
results suggested that the proportion of thermal neutrons in the gen-
erated neutrons reaching the patient was consistent for each accumu-
lated value of protons delivered to the Li target. Hence, the proportions
of thermal neutrons were also comparable for each Li thickness in the
accelerator-based BNCT system. Thus, the saturated radioactivity of
198Au and the total neutron flux for each Li thickness showed the same

Fig. 8. Relationship between the number of neutrons and the saturated radioactivity at a patient surface for each Li thickness. These were evaluated based on per unit
of protons delivered to the Li target.
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trends in Fig. 8 even when low-energy neutrons were considered in the
calculation. Additionally, this result also suggested that the doses from
10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H were comparable under free-
air condition when the requisite number of neutrons were irradiated,
even if the Li target was degraded. On the other hand, the neutron dose
derived from the (n, n’) reaction depended on the neutron energy
spectrum at a certain position. However, according to Fig. 7, the neu-
tron doses per unit of the neutrons reaching the patient were compar-
able for Li thickness of more than 20 μm because the neutron energy
spectrum for each Li thickness did not have considerable difference at
the patient location. Hence, these results indicated that the absorbed
doses related to the generated neutrons were comparable when the
requisite number of neutrons for BNCT was delivered to the patient,
even if the Li target was degraded. Therefore, it may be necessary to
develop a technique for delivering the required number of neutrons in
the accelerator-based BNCT system to overcome the effects of de-
gradation of the Li target.

Additionally, in the accelerator-based BNCT system, gamma ray
doses associated with an incident protons to the Li target have to be
considered. Those gamma rays are induced by an inelastic proton
scattering reaction of 7Li(p,p’γ) in the Li target and by a proton capture
reaction of 7Li(p,γ) when an incident proton energy is equaled to or less
than 2.5MeV. The gamma ray energy from the inelastic proton scat-
tering reaction is 478 keV [26,41]. According to previous study [26], a
ratio of the gamma ray yields to the neutron yields was 0.419–25.10 in
case of the proton energy ranged from 1.89 to 2.50MeV. In the accel-
erator-based BNCT system with an incident proton energy of 2.5 MeV, a
certain thickness of moderator is required to acquire the suitable neu-
tron energy for BNCT [26]. In this system, the moderator made of MgF2
is equipped, and its thickness is 24 cm. Hence, the gamma ray is atte-
nuated by the moderator. According to previous study, a mass at-
tenuation coefficient of water with a gamma ray energy of 500 keV is
9.667× 10-2 cm2/g [42]. Hence, the gamma ray associated with the
inelastic proton scattering reaction is less than 1×10-5% even if a
density of the moderator is applied to the mass attenuation coefficient
of water (i.e., A mass attenuation coefficient of MgF2 would be higher
than that of water). Additionally, according to previous study, the
gamma ray dose associated with the protons delivered to the Li target
was less than half of that associated with the neutron capture reaction
in human nevertheless the moderator did not equip [28]. Therefore,
these reasons investigated that the gamma ray associated with the in-
elastic proton scattering reaction could be ignored in terms of effect of
the Li thickness to the absorbed dose in the accelerator-based BNCT
system. Additionally, in the gamma rays derived from the reaction of
7Li(p,γ), according to the previous study, this reaction can be neglected
because the gamma ray yields from its reaction is at least three orders of
magnitude lower than that of 7Li(p,p’γ) reaction [26].

The limitations of this study are as follows. The simulation geometry
was not reconstructed in detail; the cross section of the 7Li(p,n) reaction
on MCNP 6 might not be precise; the library of S(α, β) was not applied
to the simulation; the doses related to the generated neutrons were
evaluated under free-air condition; and protons with incident energy of
2.5 MeV were considered. The simulation geometry may affect the
neutron energy. Actually, Fig. 3(a) indicates that the trend of the
measured saturated radioactivity did not change considerably for
0–700mA×h of protons delivered to the Li target whereas the corre-
sponding reduction in saturated radioactivity was approximately 30%.
According to Fig. 8, if the reduction in saturated radioactivity is 30%,
the trend of the saturated radioactivity changes considerably (i.e., the Li
thickness decreases from more than 100 μm to 40 μm). In the simula-
tion, the trend changes at the Li thickness of approximately 50 μm. This
discrepancy may be caused because the actual geometry of the accel-
erator-based BNCT system has more complex beam-shaping assembly,
such as the inclusion of a reflector for generated neutrons [43]. How-
ever, according to Fig. 7, the effects of the Li thickness on the absorbed
doses in BNCT might be negligible even if the neutron energy spectrum

changes slightly. This is because the energy spectrum of the generated
neutrons is determined by the proton energy, the proton path length in
the Li target at each residual proton energy value, and the relevant
aspects of the Li(p, n) reaction, such as the Q-value. Actually, although
the energy spectrum changed slightly for each Li thickness (Fig. 5), the
neutron dose was comparable. Hence, the neutron dose per unit of
neutron might be constant for proton irradiation between 0 and
700mA×h delivered to the Li target. Therefore, in an accelerator-
based BNCT system employing a Li target, the effect of each Li thickness
on the absorbed doses corresponding to the generated neutrons might
be too low to affect the BNCT. Lee and Zhou reported the cross section
at a proton energy of under 2.5MeV [25]. In the proton energy region,
the cross section in MCNP6 was different from that reported by Lee and
Zhou. However, a shape of the cross section along to incident proton
energy of equal to or under 2.5MeV was comparable. Therefore, al-
though the number of generated neutrons might be overestimated in
this study, the neutron dose per unit of neutrons reaching a patient in
each Li thickness might be comparable since the shape of cross-section
was comparable. Additionally, a shape of the neutron energy spectrum
might be also comparable although the number of generated neutrons
at each energy was different. The measurement results of Fig. 3(b) and
4 might compensate lacks of the simulation results of low energy
neutrons although the library of S(α, β) was not applied to the simu-
lation. The cadmium ratio plays an important role for evaluation of the
low energy neutrons, such as thermal neutrons. Therefore, the results of
Fig. 3(b) and 4 indicated that the low energy neutrons were evaluated
in this study although the simulation did not contain those evaluation.
Additionally, according to Fig. 6, the effects of Li thickness to the
neutrons around 11 eV is not observed. Thus, the library of S(α, β)
might not significantly affect the result of this study. In this study,
evaluations of the absorbed doses were performed under free-air con-
dition. The KERMA coefficient is generally higher in a neutron with
higher energy, and the neutron dose with higher energy neutrons is
higher than that with lower energy neutrons [36]. The neutron energy
within a phantom is generally lower than that under free-air because of
neutron moderation within the phantom. Therefore, the dose derived
from the (n, n’) reaction under free-air condition is more sensitive than
that within the phantom. Hence, the effect of each Li thickness was
evaluated in this study under the free-air condition. According to Fig. 7,
the neutron doses per unit of the neutrons reaching the patient was
comparable under free-air. Additionally, Fig. 4 showed that the pro-
portion of thermal neutron in the neutron flux delivered to the patient
was consistent even when the Li thickness was reduced due to de-
gradation. Therefore, the absorbed doses derived from the 10B(n, α)7Li,
14N(n, p)14C, 1H(n, g)2H, and (n, n’) reactions in the human body were
comparable when the requisite number of neutrons for BNCT were
delivered to the patient. However, the application of a phantom in the
evaluation may require increasing the thermal neutrons due to neutron
moderation within the phantom. In BNCT, the absorbed doses derived
from the 10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H reactions are in-
duced by the thermal neutrons. Actually, the previous study indicated
that the dose derived from the 10B(n, α)7Li reaction reaches approxi-
mately 50% of the total dose in a normal tissue after considering the
RBE in each dose component. Hence, in future studies, it may be ne-
cessary to evaluate the effects of each Li thickness on these doses using
a phantom. The proton energy of 2.5MeV acquires sufficient neutron
flux for BNCT while keeping the generated neutron energy low in the
accelerator-based BNCT system employing the Li target. Therefore, the
proton energy of approximately 2.5MeV is considered in the con-
struction of the accelerator-based BNCT system. On the other hand,
when the proton energy of more than 2.5MeV is adopted in an accel-
erator-based BNCT system with a Li target, the effects of each Li
thickness may be observed because of the 7Li(p, n)7Be* reaction [29].
According to Figs. 5(a) and 6, the effect of the Li thickness on the
generated neutron with low energy was negligible in the accelerator-
based BNCT system because the generated neutrons were moderated by
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the moderator and the generated neutrons at low energy did not reach
the patient. On the other hand, its effect was observed on the generated
neutrons with high energy although the absorbed doses per unit of
neutrons were not affected in the BNCT. These effects need to be con-
sidered when the 7Li(p, n)7Be* reaction is utilized.

5. Conclusion

This study focused on the effects of Li thickness in the accelerator-
based BNCT system with a solid-state Li target in terms of the de-
gradation of the Li target. This study observed that the reduction in the
neutron flux per unit of protons delivered to the Li target is due to the
degradation. The degradation induced a reduction in the Li thickness in
the accelerator-based BNCT system with a Li target. For each Li thick-
ness, it was found that the neutron doses per neutron derived from the
(n, n’) reaction, reaching the patient, were comparable in the accel-
erator-based BNCT system because the neutron energy spectrum at the
patient changed negligibly in the BNCT. Additionally, the doses per
neutron derived from the 10B(n, α)7Li, 14N(n, p)14C, and 1H(n, g)2H
reactions, reaching the patient, were consistent for each Li thickness.
This was because the proportion of thermal neutrons in the neutron flux
at the patient was constant although the Li target was degraded.
Therefore, the effect of each Li thickness on the doses in terms of the
generated neutrons is comparable when the requisite number of neu-
trons for BNCT is delivered. It was also found that measurements of the
saturated radioactivity of 198Au could be a reasonable surrogate for the
measurement of the number of generated neutrons in an accelerator-
based BNCT system. Using the above knowledge, BNCT can be per-
formed as a suitable radiation therapy with an accelerator-based BNCT
system employing a solid-state Li target although the system has some
difficulties associated with neutron generation.
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