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Abstract
Background: Evaluation of the boron dose is essential for boron neutron
capture therapy (BNCT).Nevertheless,a direct evaluation method for the boron-
dose distribution has not yet been established in the clinical BNCT field.To date,
even in quality assurance (QA) measurements, the boron dose has been indi-
rectly evaluated from the thermal neutron flux measured using the activation
method with gold foil or wire and an assumed boron concentration in the QA
procedure. Recently, we successfully conducted optical imaging of the boron-
dose distribution using a cooled charge-coupled device (CCD) camera and a
boron-added liquid scintillator at the E-3 port facility of the Kyoto University
Research Reactor (KUR),which supplies an almost pure thermal neutron beam
with very low gamma-ray contamination.However, in a clinical accelerator-based
BNCT facility, there is a concern that the boron-dose distribution may not be
accurately extracted because the unwanted luminescence intensity, which is
irrelevant to the boron dose is expected to increase owing to the contamination
of fast neutrons and gamma rays.
Purpose: The purpose of this research was to study the validity of a newly pro-
posed method using a boron-added liquid scintillator and a cooled CCD camera
to directly observe the boron-dose distribution in a clinical accelerator-based
BNCT field.
Method: A liquid scintillator phantom with 10B was prepared by filling a small
quartz glass container with a commercial liquid scintillator and boron-containing
material (trimethyl borate); its natural boron concentration was 1 wt%. Lumines-
cence images of the boron-neutron capture reaction were obtained in a water
tank at several different depths using a CCD camera. The contribution of back-
ground luminescence, mainly due to gamma rays, was removed by subtracting
the luminescence images obtained using another sole liquid scintillator phan-
tom (natural boron concentration of 0 wt%) at each corresponding depth, and a
depth profile of the boron dose with several discrete points was obtained. The
obtained depth profile was compared with that of calculated boron dose, and
those of thermal neutron flux which were experimentally measured or calculated
using a Monte Carlo code.
Results: The depth profile evaluated from the subtracted images indicated
reasonable agreement with the calculated boron-dose profile and thermal
neutron flux profiles, except for the shallow region. This discrepancy is thought
to be due to the contribution of light reflected from the tank wall. The simulation
results also demonstrated that the thermal neutron flux would be severely
perturbed by the 10B-containing phantom if a relatively larger container was
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2 OBSERVATION OF BORON-DOSE DISTRIBUTION

used to evaluate a wide range of boron-dose distributions in a single shot. This
indicates a trade-off between the luminescence intensity of the 10B-added
phantom and its perturbation effect on the thermal neutron flux.
Conclusions: Although a partial discrepancy was observed, the validity of the
newly proposed boron-dose evaluation method using liquid-scintillator phan-
toms with and without 10B was experimentally confirmed in the neutron field of
an accelerator-based clinical BNCT facility. However, this study has some limi-
tations, including the trade-off problem stated above. Therefore, further studies
are required to address these limitations.

KEYWORDS
boron neutron capture therapy (BNCT),boron-dose distribution,charge-coupled device (CCD),liquid
scintillator, optical dosimetry, quality assurance (QA)

1 INTRODUCTION

Boron neutron capture therapy (BNCT) uses the nuclear
reaction of 10B(n, α)7Li, as expressed in Equation (1),
to selectively kill tumor cells.1 Following the reaction
expressed in Equation (1), the excited state of the 7Li
nucleus (7Li*) emits a prompt 478 keV gamma ray, as
expressed in Equation (2).

10B + n → { 7Li + " (6 %, Q = 2.79 MeV)
7Li∗ + " (94 %, Q = 2.31 MeV)

(1)

7Li∗ → 7Li + $ (478 keV) (2)

The physical dose deposited by 7Li nuclei and alpha
particles is known as the boron dose, and the treat-
ment results of BNCT effectively depend on the boron
dose. Hence, the direct measurement of boron-dose
distribution is highly desirable for further progress in
BNCT.

However, even in quality assurance (QA) measure-
ments, the direct measurement of the boron-dose
distribution has not yet been practically established
owing to several technical difficulties. Thus far, only the
thermal neutron flux distribution has been measured,
and the boron-dose distribution has been indirectly eval-
uated by calculation from the measured thermal neutron
flux by assuming an adequate boron concentration. For
such thermal neutron flux measurements, a conven-
tional activation method using a gold wire or foil is often
used. The activation method is the most standard and
reliable method; however, the measurement of multiple
points using this method is time-consuming. Thus, in
daily QA measurements, the activation method tends
to be used for only a few limited point measurements.2

For the further development of BNCT, it is desir-
able to establish a more convenient and dedicated
method that can directly measure the boron-dose
distribution.

The detection of the 478 keV prompt gamma rays
emitted from 7Li*, as expressed in Equation (2), is a
promising candidate technique that enables the direct
evaluation of boron concentration or boron dose in
patients, because the number of 478 keV prompt
gamma rays is proportional to the number of boron neu-
tron capture reactions. Thus, several studies have been
conducted to realize this method.3–5 However, the reli-
able selective detection of 478 keV prompt gamma rays
is difficult under severe background signals of 511 keV
annihilation radiations owing to 2.2 MeV gamma rays
emitted from the 1H(n, γ)2H reaction and under other
intensive background gamma rays emitted from the
neutron-originated process. Therefore, this method is
still in the research phase, mainly because of the insuf-
ficient energy resolution and poor count-rate capability
of the currently available detectors.

For BNCT dosimetry, several applications of gel
detectors have also been studied because of their
potential for three-dimensional (3D) dosimetry and the
advantage of tissue equivalence.6–8 However,there is an
obstacle for practical applications because they require
special readout equipment such as optical CT or MRI
scanners.

Optical dosimetry using scintillating materials and
camera systems is another viable candidate for two-
dimensional (2D) and/or 3D dosimetry for radiation
therapy beams; several papers on such dosimetry have
been published for conventional x-ray radiation ther-
apy,proton therapy,and carbon-ion therapy.9–11 Recently,
in a clinical BNCT facility, Yamamoto et al. and Yabe
et al. reported the optical imaging of thermal neutron
distribution and Cerenkov radiation distribution, which
originated from 2.2 MeV gamma rays owing to the
1H(n, γ)2H reaction.12,13 Motivated by these previous
studies, we attempted direct optical observation of the
boron-dose distribution using a 10B-added liquid scin-
tillator and a charge-coupled device (CCD) camera.
We conducted a preliminary experiment using a ther-
mal neutron beam at the E-3 port facility of the Kyoto
University Research Reactor (KUR). The first optical
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TABLE 1 Comparison of characteristics of neutron fields of E-3
port facility of KUR and those of typical accelerator based clinical
BNCT facility.

E-3 port facility
of KUR

Typical accelerator
based clinical BNCT
facility

Thermal neutron
flux

∼ 1 x 105

n/cm2/s
∼ 1 x 109 n/cm2/s

Spectral
information of
the beam

Almost pure
thermal
neutron

Epi-thermal neutron is
dominant, including fast
neutron.

Gamma-ray
contamination

∼ 1 µSv/h ∼ 1 Gy/h

The thermal neutron flux in the E-3 port was measured by gold foil activation
method when the reactor power was set to 1 MW in our previous experiment.

observation of the boron-dose distribution was suc-
cessfully conducted under a neutron irradiation time of
600 s.14

It should be noted that the neutron field characteris-
tics of the E-3 port facility are significantly different from
those of a typical accelerator based clinical BNCT facil-
ity, as summarized in Table 1. In a clinical BNCT neutron
field, a short irradiation time (approximately a few sec-
onds) is sufficient to acquire clear images because of
the intensive thermal neutron flux. However, there is a
concern about the increase in unwanted luminescence
that is not related to the boron dose, owing to recoil
protons or gamma rays.

Kaplan et al. and Rosenfeld et al. have studied sub-
traction methods to eliminate the effects of gamma rays.
In their method, a pair of dosimeters was used: the first
one was covered by a 10B converter,and the other was a
bare dosimeter.15,16 Similar to their studies,we assumed
that the unwanted luminescence mentioned above could
be eliminated through the subtraction method using liq-
uid scintillators with and without 10B. In this study, we
experimentally investigated the feasibility of our opti-
cal imaging method for boron-dose distribution using a
boron-added liquid scintillator and a CCD camera in a
clinical BNCT neutron field.

2 MATERIALS AND METHODS

The irradiation experiment was conducted at the Kansai
BNCT Medical Center, which has an accelerator-based
BNCT system (NeuCure,Sumitomo Heavy Industry Co.,
Tokyo, Japan) developed based on a cyclotron-based
neutron source (C-BENS).17 In this BNCT system, fast
neutrons generated by the proton beams at the beryl-
lium target were moderated to epi-thermal neutrons
using a moderator system composed of Fe, Pb, Al, and
CaF2. The epi-thermal neutron beam was then shaped
by a collimator made of polyethylene containing natural
LiF. Tanaka et al. reported details of the moderator, colli-

F IGURE 1 A picture of the liquid scintillator phantom that
contains 1 wt% of natural boron.

mator, and energy spectrum of the epi-thermal neutron
beam.17

2.1 Phantom preparation and camera
system

In this study, a quartz glass container filled with a liquid
scintillator was used, as shown in Figure 1. Hereinafter,
we refer to a glass container that is filled with liquid
scintillator as “phantom.”Based on our previous study,14

we prepared two types of phantoms with and with-
out 10B by filling glass containers with a commercially
available liquid scintillator (Insta-Gel Plus, Perkin Elmer,
USA) and trimethyl borate. The natural boron concen-
trations were 1 and 0 wt%, respectively. Based on the
natural abundance of 10B, a natural boron concentra-
tion of 1 wt% was equivalent to 2000 ppm (µg/g) of
10B concentration. The outer dimensions of the cross
section of the quartz glass container were 1.25 cm× 1.25 cm and the thickness of the glass wall was
1.25 mm; the inner dimensions of the container were
1 cm × 1 cm. The height of the container, including its
cap, was approximately 5 cm.

The camera system used was the same as that
used in our previous paper14: a cooled CCD camera
(SBIG-8300 M, SBIG, California, USA) with a 16-bit
monochrome image sensor and an optical lens with an f-
number of 0.95 (Xenon25 F/0.95, Schneider, Germany).
The camera was cooled to −5◦C during the experiment
to suppress dark current noise and operated in a pixel
binning mode of 5 × 5, such that the resolution of the
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F IGURE 2 Schematic drawings of the instrument setup in the experiment: top view (a) and camera’s eye view (b). The treatment couch and
shielding materials for the CCD camera are omitted in Figure 2(a).

images was 670 × 506 pixels. The size of a single pixel
of the images was 1.04 mm × 1.04 mm.

2.2 Experimental setup and imaging of
phantoms

First, the 10B-added phantom (1 wt%) was placed in
an acrylic water tank filled with pure water, which was
placed on the treatment couch, as shown in Figure 2a.
The outer dimensions of the water tank were 25 cm (W)× 25 cm (D) × 35 cm (H), and the thickness of each wall
was 4 mm.The neutron beam was collimated to a diame-
ter of 10 cm before irradiating the acrylic water tank.The
entire system was covered with a light-shielding sheet to
remove stray light from the treatment room. The cam-
era was remotely controlled using a laptop computer
installed in the next room through a 10 m USB cable.

As shown in Figure 2b, optical images were acquired
at each position while the phantom was manually moved
along the beam axis in 1 cm increments from 0 to 10 cm
of d, where d denotes the nominal distance from the
inner side of the tank wall to the surface of the phantom.
Each irradiation time of neutron beam was approxi-
mately 2 s, and the exposure time of the CCD camera
was set to 30 s to ensure sufficient coverage of the irra-
diation time.Blank images were also acquired to correct
for the dark-current noise of the CCD elements at each
position for the same exposure time. All images of the
1 wt% phantom and blank images were acquired once
at each phantom position.

Thereafter, the phantom without 10B (0 wt%) was
placed in the tank, and images of the 0 wt% phantom
and the corresponding blank images were taken in the
same manner at each position. The total neutron irradi-
ation time, including those of the other experiments,was
approximately 1 min.

In this experiment, the camera was protected from
the scattered thermal neutrons in the treatment room

F IGURE 3 A picture of the arrangement of the shielding
materials for the CCD camera from scattered neutrons. These
shielding materials were bonded to medium density fiberboards
(MDF) and combined at a perpendicular angle.

to prevent potential damage by incident neutrons. The
front side of the camera was shielded using a rubber
plate containing B4C with a viewing hole. A side of the
camera on the neutron-source side was covered with
a cadmium plate; a cadmium plate with a thickness of
1 mm in the close vicinity of the camera and a thickness
of 0.5 mm elsewhere was used.The arrangement of the
shielding materials is shown in Figure 3. The method
used for evaluating radiation damage to the camera is
described below.

2.3 Image processing

All images were analyzed using public-domain soft-
ware (ImageJ, ver. 1.53e). Salt-and-pepper noise was
removed using “Remove Outliers” function, a built-in
function of ImageJ, with default settings. Blank images
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were subtracted from those captured during the neutron
irradiation at the corresponding depth of each phantom.
Subsequently, these subtracted images were normal-
ized to the beam charges of the protons, which were
collected by a transmission ion chamber. The beam
charges corresponded to the monitor unit in conven-
tional radiotherapy. This was because there was some
fluctuation in the proton beam charge owing to the
very short irradiation time of a few seconds. Thereafter,
we subtracted the images of the 0 wt% phantom from
those of the 1 wt% phantom to eliminate luminescence
irrespective of the boron dose.

For each processed image, a region of interest (ROI)
was set in the central part of the phantom, and the
average pixel value in the ROI was acquired.The dimen-
sions of the ROI were 5 × 10 pixels (equivalent to
approximately 0.5 cm × 1.0 cm). Finally, we obtained a
depth profile consisting of 11 discrete points from the
subtracted images corresponding to the depths of the
phantoms. This resulted in a spatial resolution of 1 cm
for this depth profile; the inner width of the phantoms
was 1 cm, and the phantoms were moved in 1 cm incre-
ments. This depth profile was compared with that of
the calculated boron dose and the depth profiles of the
thermal neutron flux experimentally measured by the
activation method with a gold wire or calculated using
the Monte Carlo code, as described below.

2.4 Monte Carlo simulation

To calculate the boron-dose and thermal neutron flux
distributions, Monte Carlo simulations were performed
using the particle and heavy-ion transport code system
(PHITS, ver. 3.28).18–20 We constructed the geometry
based on the experimental setup: an acrylic water tank
and a 1 wt% phantom were arranged in it, as shown
in Figure 4. In this simulation, we omitted the shielding
materials for the camera,B4C rubber and Cd plates.This
was because they were located approximately 85 cm
from the surface of the water tank and did not affect
the simulation results. Therefore, we simulated only the
water tank and the phantom. In addition, we assumed
that the emitted light would reach the camera directly. In
short,we did not consider other behaviors of the emitted
visible light, such as scattering, refraction,and reflection.
For simplicity, a parallel neutron beam with a diameter
of 10 cm was irradiated onto the phantom through the
water tank entrance wall. The neutron energy spectrum
of the C-BENS was used for this simulation.17 The ele-
mental composition of the Insta-Gel Plus was obtained
from the application note provided by PerkinElmer
Inc.21

First, we calculated the thermal neutron flux distribu-
tion in the water tank without phantoms. The validity
of the calculation was verified by comparing the cal-
culated depth profile of the thermal neutron flux with

that measured using the activation method with a gold
wire. It should be noted that the depth profile of the
thermal neutron flux is measured using only the gold
activation method in conventional QA. Both the depth
profiles obtained by the calculation and measurement
were free from 10B perturbation because the boron-
containing phantoms were not placed in the water
tank.

Second, we calculated the mean boron dose in the
ROI of the 1 wt% phantom at each depth in the water
tank. We then obtained a discrete depth profile for the
boron dose by following the same procedure as that
used in the experiment. This calculation was performed
to verify that the discrete depth profile of the boron dose
calculated above was consistent with that of the ther-
mal neutron flux calculated in the water tank without any
phantoms. We also calculated the thermal neutron flux
distribution around the position of 1 wt% phantom at a
depth of 1 cm to determine how the thermal neutron flux
was perturbed by the 1 wt% phantom with 10B.

Third, assuming that the acrylic water tank was com-
pletely filled with a liquid scintillator with a natural boron
concentration of 1 wt%, the thermal neutron flux in the
scintillator-filled tank was calculated. This calculation
was performed to predict neutron perturbations when an
extremely large container was used to capture a larger
area with a single shot using a CCD camera.

Finally, we calculated the mean deposited dose by
secondary gamma rays, for example, 2.2 MeV gamma
rays from 1H(n,γ)2H, in the ROI of the 0 wt% phantom at
each depth. In this study,a subtraction method was used
to remove the luminescence component irrespective of
the boron dose. Therefore, the lower luminescence of
the 0 wt% phantom was preferable because it was the
background luminescence that should be subtracted
from the luminescence of the 1 wt% phantom. This cal-
culation was performed to determine the origin of the
luminescence of the 0 wt% phantom.

The calculation of the boron dose was performed
through the “e–mode” and T–deposit tallies, whereas
the thermal neutron flux was scored using the T–track
tally. To precisely consider the behavior of thermal neu-
trons,a built-in thermal scattering law data S(α,β) library
was used. Considering that the major component of
Insta-Gel Plus is pseudocumene, which is similar to the
benzene ring, the S(α, β) data of the benzene ring were
substituted for those of Insta-Gel Plus. The statistical
uncertainty was less than 2% for the boron dose at a
depth of 2 cm, and less than 1% for the thermal neutron
flux over the entire water tank.

2.5 Damage assessment of the CCD
camera by neutrons

It is necessary to evaluate the radiation damage to the
CCD camera when the camera is used in an intensive
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F IGURE 4 Examples of the geometry of the Monte Carlo simulation for a phantom position of d = 2 cm: top view (a) and side view (b).

neutron field, because the CCD elements are probably
damaged.Yamamoto et al. reported that their CCD cam-
era without neutron shielding was slightly damaged by
scattered neutrons in the BNCT treatment room.12 They
stated that the number of white spots with high inten-
sity increased by approximately a factor of four; such
white spots were permanent and did not decrease with
time.

We assessed the damage to the CCD camera caused
by the neutrons based on the number of permanent
white spots in the dark frame images observed in a
dark box. Before the neutron irradiation experiment,
dark frame images were captured in the dark box,
enabling the dark frame mode, twice on separate days.
Ten dark frame images were taken with an exposure
time of 30 s per day, that is, 20 images in total. The
camera operating parameters, cooling temperature, and
binning settings, were identical to those used in the
neutron irradiation experiments. We defined CCD ele-
ments with pixel values above a certain threshold in
all 20 dark-frame images as permanent white spots.
According to the criteria described in the paper of
Pugliesi et al.,22 we set the threshold pixel value at
6000 in this study in such a way that the proportion
of permanent white spots was approximately 0.1% of
the total pixels of these images before the irradiation.
Based on this threshold, permanent white spots were
extracted and counted prior to neutron irradiation. Two
weeks after the neutron irradiation experiment, 20 dark-
frame images were captured, and the permanent white
spots were counted in the same manner. Thereafter, we
assessed the damage to the CCD camera caused by
neutrons based on the increasing number of permanent
white spots.

3 RESULTS

3.1 Acquired images and depth profiles

The images of the 1 wt% phantom, 0 wt% phantom, and
the subtracted images between them for some depths,d,
are shown in Figure 5. Artifacts appeared in the images
at a depth d of 0 cm, which were reflections of the
tank wall on the left side of the phantom. As a result
of subtraction, only the boron dose components were
successfully extracted as subtracted images at each
depth d. Figure 6 shows the discrete depth profiles of
the pixel values obtained from these images. All profiles
reached a peak at a depth of approximately 2 cm and
subsequently decayed gradually with increasing depth,
whereas that of the 0 wt% phantom decreased more
gradually with increasing depth than those of the others.

The depth profiles of the subtracted images, cal-
culated boron dose at each position of the phantom,
calculated thermal neutron flux, and experimentally
obtained thermal neutron flux using gold wire are shown
in Figure 7. The four curves were normalized to their
maximum values. The depth profile of the calculated
thermal neutron flux in the water tank generally agreed
with that measured using the gold wire. Furthermore,
the depth profile of the subtracted image was in good
agreement with the calculated boron dose and thermal
neutron flux distributions in the water tank, except at
a depth of approximately 1 cm. The relative difference
between the experimental profile and the calculated
boron-dose profile was less than 4 % up to a depth of
6 cm, except for at depth of approximately 1 cm, where
there was approximately 14% difference, and less than
10% difference for a depth larger than 6 cm.
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F IGURE 5 Example images of the 1 wt% phantom, 0 wt% phantom, and subtracted images between them for some depths d.

F IGURE 6 Discrete depth profiles of pixel values obtained from
the images in Figure 5.

3.2 Perturbation of thermal neutron
flux distribution by the existence of
10B-containing liquid scintillator

Figure 8 shows the horizontal cross-sectional view of
the calculated thermal neutron flux distributions when
the 10B-containing phantom was not placed in the water
tank (a), when the 1 wt% phantom was placed at
d = 1 cm in the water tank (b), and when the acrylic
tank was entirely filled with a liquid scintillator with a

F IGURE 7 The depth profile of the subtracted images, the depth
profile of calculated boron dose at each position of the phantom, the
depth profile of calculated thermal neutron flux, and the depth profile
of the experimentally measured thermal neutron flux by gold wire.

natural boron concentration of 1 % (c). Obviously, in
Figure 8a, the thermal neutron flux distribution in the
water tank is free from the perturbation effect of the 10B-
containing phantom. As shown in Figure 8b, even when
a relatively small 1 wt% phantom was used, the neutron
perturbation was not negligible. When the acrylic tank
is entirely filled with 1 wt% liquid scintillator, the trend
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F IGURE 8 Calculated thermal neutron flux distributions [cross sectional view] (a) the phantom is not in the water tank, (b) the 1 wt%
phantom is placed at d = 1 cm, and (c) the entire tank is filled with liquid scintillator with a natural boron concentration of 1 wt%; due to quite low
thermal neutron flux in (c), this image is displayed with the different color scale from other images.

may be more significant, as shown in Figure 8c for an
extreme case. Despite this non-negligible perturbation
of the 10B-containing liquid scintillator shown in Figure 8,
the experimental depth profile showed good agreement
with the depth profiles of the calculated boron dose and
thermal neutron flux distributions, as shown in Figure 7.

3.3 Deposited energy to 0 wt%
phantom by secondary gamma rays

The measured discrete depth profile of the pixel values
of the 0 wt% phantom (the same data as in Figure 6) and
the calculated depth profile of the gamma-ray dose at
each position of the phantom are compared in Figure 9.
The profiles were normalized to their maximum values.
In this figure, these depth profiles show similar overall
trends, although there are some non-negligible discrep-
ancies. In the region deeper than approximately 7 cm,
the depth profile of the 0 wt% phantom showed a more
moderate decrease with an increase in depth than that
of the calculated gamma-ray dose profile.

3.4 Water luminescence accompanied
by a neutron incident

In the shallow region of the water tank, relatively weak
luminescence of water was also commonly observed

F IGURE 9 Comparison of the experimental depth profile of the
0 wt% phantom and the calculated depth profile of the gamma-ray
dose in the 0 wt% phantom. These profiles are normalized to their
maximum values.

under the 1 and 0 wt% phantom conditions.An image of
the 0 wt% phantom at d = 10 cm is shown in Figure 10
as an example. Figure 11 shows the observed depth
profiles along the beam axis of the images when the
1 wt % and 0 wt% phantoms were placed at d = 2,
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F IGURE 10 An example of observed water luminescence in the
shallow region [Left side part]. Gray scale level is adjusted to
emphasize the weak luminescence from water in the tank.

F IGURE 11 Observed depth profiles along the beam axis of the
images when 1 wt% and 0 wt% phantoms were placed at d = 2, 5,
and 10 cm.

5, and 10 cm, respectively. These six profiles exhibit
almost the same behavior in the water region owing to
their relatively weak luminescence. This luminescence
decreased gradually with increasing depth up to 14 cm,
except for the three peak regions around the phantoms.
In all images, such water luminescence was similarly
observed, independent of the boron concentration and
the nominal depth of the phantoms.

3.5 Damage assessment of the CCD
camera by neutrons

Examples of dark-frame images captured before and
after neutron irradiation experiments are shown in

Figure 12. Using 20 blank images, we evaluated the
frequency distributions of the pixel values before and
after the neutron irradiation experiment. The resulting
histograms of the pixel values are shown in Figure 13.
Based on Figure 13, the threshold pixel value was
determined to be 6000 and permanent white spots
that commonly appeared in all 20 blank images were
extracted.There were 373 permanent white spots before
irradiation (a) and 408 after irradiation (b).

4 DISCUSSION

4.1 Validity of the subtraction method
using the small phantoms with and
without 10B

As shown in Figure 7, the profile of the calculated boron
dose corresponds well with the depth profiles of the
thermal neutron flux. The profile of the pixel values
obtained from the subtracted images in Figure 5 is in
good agreement with the calculated results mentioned
above, except in the shallow region where the depth is
approximately 1 cm.This discrepancy was mainly owing
to the influence of the artifact of the reflected light on the
tank wall, as mentioned in the explanation of Figure 5.
Such artifacts can be suppressed using a special water
tank with a black wall. In this case,the subtracted images
correctly expressed the boron dose. Therefore, a sub-
traction method based on scanning a small phantom is
valid for boron-dose distribution measurements.

4.2 Background luminescence of the
0 wt% phantom

The origin of the luminescence observed for the 0 wt%
phantom is discussed below, because such lumines-
cence is the background that should be properly
subtracted as a noise component to evaluate the boron
dose; the poor S/N ratio causes inaccurate boron-dose
determination. As illustrated in Figure 6, the pixel value
of the images of the 0 wt% phantom was almost half of
that of the 1 wt% phantom, where d was 2 cm. In con-
trast, in our preliminary experiments at the E-3 port of
KUR, the luminescence of the 0 wt% phantom was less
than 2 % of that of the 1 wt% phantom.14 We assumed
that the major origin of the present high background
luminescence might be the presence of water around
the phantom. Owing to 1H(n, γ)2H reaction, 2.2 MeV
gamma rays with a long mean free path are generated.
The liquid scintillator is sensitive not only to the charged
particles generated by the boron neutron capture reac-
tion, that is, 7Li nuclei and alpha particles, but also to
gamma rays.The number of such gamma rays reaching
the phantom from outside the phantom would be signifi-
cantly greater than that of 7Li nuclei and alpha particles
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F IGURE 12 Examples of the dark frame images taken before (a) and after (b) the neutron irradiation experiment.

F IGURE 13 Histograms of the frequency of pixel values in 20
blank images before (a) and after (b) the neutron irradiation
experiment.

emitted inside the phantom, when a considerably large
neutron beam diameter of 10 cm and a large volume
of water surrounding the phantom were considered. As
shown in Figure 9, the depth profiles of the 0 wt% phan-
tom and the calculated gamma-ray dose showed similar
trends. This finding partially supports our assumption.

However, the depth profile of the 0 wt% phantom in
Figure 9 shows some discrepancies from that of the
secondary gamma-ray dose depth profile, both in the
shallow region where the depth is approximately 1 cm
and in the region deeper than approximately 7 cm. The
discrepancy in the shallow region may be related to light
reflected from the tank wall, as described above. Here,
we note a discrepancy in the deep regions. One pos-
sible reason for this discrepancy is the contribution of
the water luminescence, as shown in Figure 10. This
luminescence is thought to be due to Cerenkov light
as reported by Yabe et al.13 Figure 11 illustrates that
approximately 30 % of the total pixel values of the 0 wt%
phantom observed around the three peaks may be due
to the contribution of Cerenkov light generated in the
surrounding water. Usually, Cerenkov light is far weaker

than the scintillation light; however, it can be detected
as a certain signal because the volume of water irradi-
ated with neutrons is larger than that of the scintillator,as
previously mentioned. Therefore, the observed images
of the 0 wt% phantom contained both the scintillation
light emitted from the liquid scintillator in the phantom
and the Cerenkov light emitted from the water surround-
ing the phantom. Unfortunately, the Monte Carlo code
used in this study (PHITS) could not simulate Cerenkov
light emission. We believe that this contribution of the
Cerenkov light explains why the depth profile of the
0 wt% phantom cannot be explained by the secondary
gamma-ray dose alone.

4.3 Points to be improved

In this study, the potential of the optical observation
method for the boron dose was verified in a clinical
BNCT field.However,the method used in this experiment
was still time-consuming, similar to conventional scan-
ning methods using point detectors, such as ionization
chambers. In addition, the obtained spatial resolution of
the boron-dose distribution was 1 cm, which is not suffi-
cient for a modern QA method.To prove the principle,we
used a scanning method with a small phantom,because
large quartz glass containers were not available. If a
larger quartz glass container were available, a wider
area could be observed with a better spatial resolution
in a single shot. An acrylic container that is resistant
to liquid scintillators would be a solution to these prob-
lems, because there have been several studies in which
liquid scintillators were sealed in acrylic containers for
photon or proton therapy dosimetry.23–25 When using
such large acrylic containers for BNCT dosimetry, two
issues should be considered,as discussed in the follow-
ing sections: (a) the thermal neutrons are perturbed by
the 10B-containing phantom,and (b) the boron-dose dis-
tribution cannot be directly evaluated in detail from the
obtained images owing to the projection (or integration)
effect along the optical axis of the camera.
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4.4 Perturbation effect of the
10B-containing liquid scintillator

As shown in Figure 8a and 8b, the thermal neutron flux
perturbation of the 1 wt% phantom cannot be com-
pletely ignored, even when a relatively small phantom
is used. A natural boron concentration of 1 wt% cor-
responds to a very high concentration of 2000 ppm
in terms of 10B concentration (in clinical applications,
approximately 25 ppm is the nominal concentration of
10B in the blood). As a result, the mean free path of
the thermal neutrons in the 1 wt% phantom was much
shorter than that in water. Nevertheless, if the container
of the phantom is sufficiently small, as in this study,
the relative boron dose distribution is still observable
because the perturbation effect is moderated by scat-
tered thermal neutrons from the surrounding water. On
the other hand, as shown in Figure 8c, if a considerably
large acrylic container with the same boron concentra-
tion is used, the thermal neutron flux distribution in the
container is significantly disturbed because there is no
surrounding water. In this case, the depth profile evalu-
ated from the obtained images would be quite different
from the profile of the thermal neutron flux measured
using the conventional gold activation method.

A straightforward reduction in boron concentra-
tion can suppress this perturbation; however, it also
decreases the sensitivity to the boron dose. Therefore,
there is a critical trade-off between the low perturba-
tion of the thermal neutron flux and the high sensitivity
of boron-dose detection. Careful selection of boron
concentration is essential when using larger containers.

4.5 Projection effect along the optical
axis

When the emitted light distribution in the 3D space is
projected onto 2D images, the pixel values of the CCD
elements are approximately equal to the line integration
of the light distribution along the optical axis. If a large
container is used, this projection effect is significant;
the obtained images reflect the overall dose distribution
in the container, and a precise evaluation of the local
dose distribution becomes difficult. Some reconstruc-
tion techniques are required to evaluate the 3D dose
distribution; however, they typically require multiple pro-
jected images from different angles.26 Usually, such an
approach complicates the procedure.

4.6 Future plans

As stated above, simply enlarging the container dimen-
sions with 1 wt% natural boron may yield poor results.
We plan to apply a straw-like narrow glass tube as a con-
tainer filled with liquid scintillators set along the beam

axis to reduce the perturbation and projection effects
to practically acceptable levels. If this method can be
successfully realized, we will be able to observe a wide
area at once with a spatial resolution of approximately
1 mm while keeping the 10B concentration of the phan-
tom unchanged. We expect that this spatial resolution
of 1 mm is the best possible resolution for the pro-
posed method with the camera system used in this study
because it corresponds to the pixel size of the images.A
finer spatial resolution can be achieved using a camera
system with a higher resolution and sensitivity.

4.7 Damage assessment of the CCD
camera

As stated in Section 3.5 “Damage assessment of the
CCD camera by neutrons,” the number of permanent
white spots on the CCD camera increased by approx-
imately 10% from 373 to 408 owing to the neutron
irradiation experiment.Yamamoto et al.studied the dam-
age to the CCD camera during similar neutron irradiation
experiments without particular neutron shielding.12 We
prepared neutron shielding as previously mentioned in
this study. However, we cannot discuss the effect of
neutron shielding because a direct comparison is not
possible between the results of Yamamoto et al. and
those obtained in this study for the following reasons.
First, the distance between the camera and water tank
used was different. Second, the CCD cameras used
were different; therefore, the vulnerabilities of the CCD
elements were different. In addition, the details of the
analysis procedure for permanent white spots were not
described by Yamamoto et al. Therefore, it is likely that
the definitions of permanent white spots differ. Never-
theless, as far as the results obtained in this study are
concerned, we may conclude that an increase of rela-
tively 10% in permanent white spots is acceptable for
practical use when appropriate neutron shielding is pre-
pared. This is because the absolute increased number
of white spots corresponds to only 0.01% of the total
pixel number of the CCD element used for the present
study.

5 LIMITATIONS

This study had several limitations. First, the informa-
tion obtained by the present method is only the relative
boron-dose distribution, whereas the gold activation
method provides thermal neutron flux information by
which the absolute boron dose can be evaluated by
calculation. Second, the phantoms used in this study
were not optimized in terms of their boron concentra-
tions or dimensions,which yielded the insufficient spatial
resolution of the depth profile. Third, we did not con-
firm the reproducibility of the proposed method and the
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linearity between the pixel values of the images and
the boron dose. Finally, as stated in the “2.4 Monte
Carlo simulation,”we ignored the contributions of reflec-
tion, refraction, and scattering of emitted visible light.
Our simulation could not explain the partial discrepancy
between the depth profile of the subtracted images and
the calculated depth profile of the boron dose in the
shallow region.

6 CONCLUSION

The validity of the newly proposed boron-dose eval-
uation method using phantoms with and without 10B
was experimentally confirmed in the neutron field of
an accelerator-based BNCT clinical facility, although
some issues remained to be resolved. The effects of
the measurement parameters, such as the dimensions
of the liquid scintillator container and boron concen-
tration, were examined. The origins of the background
signals were also discussed. Finally, the limitations of
the proposed method were summarized. The most crit-
ical point to be improved is the trade-off between the
luminescence intensity of the phantom with 10B and its
perturbation effect on the thermal neutron flux, which
depends on both the dimensions of the liquid scintillator
container and the boron concentration. Further stud-
ies are needed to establish a more practical evaluation
method for the boron-dose distribution.
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