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INTRODUCTION:  Boron neutron capture therapy 
(BNCT) is one of the radiotherapies. This is a combined 
modality of radiotherapy and chemotherapy for cancer 
treatment.  In the BNCT, a boron-containing agent, 
which is concentrated into tumor cells, are irradiated with 
thermal neutrons and 10B(n,a) reactions are induced. 
The BNCT is radiotherapy using neutrons.  Recently, an 
accelerator-driven neutron source has actively been de-
veloped instead of nuclear reactors, owing to its simplic-
ity of management.  The energy spectrum of neutrons, 
which is irradiated to patients, should be evaluated in 
order to assure safety of patients.   

The conventional technique for neutron spectrometry 
is the Bonner sphere method.  The similar concept is the 
liquid moderator type neutron spectrometer, in which a 
small neutron detector can be moved and various neutron 
responses can be acquired.  In this study, we are devel-
oping a new neutron detector using an optical fiber.  So 
far, in order to realize the optical fiber type neutron de-
tector showing a neutron peak in the pulse height spec-
trum, bright neutron scintillators, such as Eu:LiCaAlF6 or 
LiF/Eu:CaF2 eutectics, have been used [1].  Recently, 
we attempted to replace them with the faster Li glass 
scintillator[2].  For the both cases, we have never con-
trolled a shape of scintillators because the scintillator size 
have been too small.  Since they had random shapes, the 
Monte-Carlo simulation based study was difficult to be 
conducted.  In order to evaluate the accurate detector 
response, the scintillator shape is required to be con-
trolled. 

We proposed that a transparent composite Li glass 
scintillator, in which fine Li glass scintillator powder and 
resin are mixed.  This type of scintillator is expected to 
be easily shaped because it is a resin-based material.  In 
this study, we fabricate the transparent composite Li glass 
scintillator and evaluate its response to thermal neutron 
irradiation.  
EXPERIMENTS:  We fabricated the transparent com-
posite Li glass scintillator.  First, a Li glass scintillator 
was crushed and grinded in a mortar.  And then, fine 
powder of the Li glass and UV curable resin were mixed. 
We prepared two types of transparent composite scintil-
lator with different mixing ratio.  One of them has the 
mixing ratio of the UV resin to Li glass powder of 1:2 in 
weight percent.  Other one has the ratio of 2:5.  Finally, 
the mixed resin was irradiated with UV light to solidify 
the resin.  Figure 1 shows a photograph of the fabricated 
transparent composite Li glass scintillator.  They were 
semi-transparent.  A small piece of the fabricated trans-

parent composite Li glass scintillator was mounted at a 
photocathode of a photomultiplier tube(PMT).  The 
scintillator and PMT were shielded with a black sheet 
against an ambient light.  The signal of the PMT was fed 
into the digital multichannel analyzer, in which the signal 
pulse height spectrum was created. 

Fig. 1  Photograph of the fabricated transparent compo-
site Li glass scintillator. 

RESULTS:  Figure 2 shows signal pulse height spectra 
obtained when the fabricated transparent composite Li 
glass scintillators were irradiated with thermal neutrons. 
The neutron source was a Cf-252 source surrounded with 
a polyethylene moderator.  The fabricated transparent 
composite Li glass scintillator shows a clear neutron peak 
in the signal pulse height spectrum.  The peak pulse 
height was smaller than that of the bulk Li glass scintil-
lator.  There is no difference between the composite 
scintillators with the different mixing ratio. 

Fig. 2 Signal pulse height spectra obtained when the 
fabricated transparent composite Li glass scin-
tillator was irradiated with thermal neutrons. 
The pulse height spectrum obtained by a bulk Li 
glass scintillator was also plotted.  
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INTRODUCTION:  Spectrometers for intense neu-
trons are desired to ensure the performance and safety of 
boron neutron capture therapy (BNCT). Unfolding 
method using Bonner sphere spectrometer (BSS) is one 
of the effective solutions [1]. In this study, two types of 
Bonner sphere detectors were developed in AIST and 
demonstrative measurements were carried out at the 
KURNS. 

EXPERIMENTS:  Two types of BSS were irradiated 
by the standard mixed neutron in the heavy water irradia-
tion facility of the KUR [2], as shown in Fig. 1. 
The first Bonner sphere detectors consist of HDPE mod-
erators and a pair of lithium-glass scintillators, the GS20 
and the GS30, coupled with current-integration-operated 
PMTs [3] [4]. 

The second ones consist of HDPE moderators and a 
spherical 3He proportional counter surrounded by a 
6LiF-loaded neutron absorber. Since the 6LiF-loaded layer 
reduces moderated thermal neutrons just around the 
thermal neutron detector, detection efficiency is reduced, 
and the relative response characteristic is not so different 
from that of the ordinary Bonner sphere detector without 
the 6LiF-loaded layer. 

RESULTS:  Fig. 2 shows results of the measurements 
using the scintillator-based BSS. Output values are within 
the operating range of the system. Net neutron-induced 
current is derived by subtracting the GS30 current from 
the GS20 current without correction factors, because the 
correction factors have not been evaluated for used de-
tectors yet. The results will be corrected using the correc-
tion factors [3] and neutron spectral fluence will be de-
rived by the Bonner unfolding method [1]. 

Fig.3 shows output pulse-height spectra from the BSS 
with the 6LiF-loaded layer. The extent of the pile up was 
limited within the allowance. Large sphere shows less 
neutron signals and more -ray signals, which resulting 

from the neutron capture on hydrogen. The results show 
that the sensitivity-reduced Bonner sphere detector with 
the 6LiF-loaded layer is acceptable for the BNCT intense 
neutron beams. Characteristics of the Bonner sphere de-
tectors will be investigated in more detail at AIST and 
possible combination with neutron detection element will 
be explored. 
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Fig. 3.  Pulse height spectra of the BSS with the 
6LiF-loaded layer. 

Fig. 1.  BSS with  a pair of lithium-glass scintillators 
(left) and BSS with a 6LiF-shielded 3He proportional 
counter (right). 

Fig. 2. Measurement results of the scintilla-
tor-based BSS. 
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INTRODUCTION:  BNCT is a promising cancer 
therapy which kills tumor cells while suppressing expo-
sure dose to normal tissues. Normally, the neutron field 
of BNCT has an energy distribution spreading within 
thermal, epi-thermal and fast neutron regions. Because 
epi-thermal neutrons are generally used for BNCT, we 
must measure the epi-thermal neutron flux intensity to 
evaluate the therapeutic effect and patient’s exposure 
dose. In addition, we also have to evaluate the exposure 
dose of the fast neutrons that may be harmful to the hu-
man body. However, it is quite difficult to know such 
intensities directly and accurately, because there is no 
suitable neutron spectrometer or no activation material 
covering epi-thermal or fast neutrons separately. We are 
therefore developing new monitors to precisely measure 
the absolute integral flux intensities of epi-thermal (0.5 
eV ~ 10 keV), called first monitor, and fast neutrons (10 
keV ~ 1 MeV), called second monitor.[1] The objective 
of this work is to design and develop the two new detec-
tors and to validate them experimentally.   

EXPERIMENTS:  The first monitor measures the ab-
solute epi-thermal neutron flux intensity from 72Ga activ-
ity created via 71Ga(n, )72Ga reaction by setting a cubic 
polyethylene (PE) in which a GaN foil is placed at the 
center. Fig. 1 shows the sensitivity of the first monitor. 
For the second monitor, two detectors are used, one of 
which consists of a cubic PE and a GaN foil covered with 
a Cd sheet is placed at the center (PE type), and the other 
one is a similar shape to the first monitor, but with a B4C 
sheet surrounding the cubic PE (B4C type). By making 
difference of the two 72Ga activities, the absolute fast 
neutron flux intensity is estimated. Fig. 2 shows the sen-
sitivity of the second monitor. In the present study, the 
performance of the epi-thermal and fast neutron monitors 
were verified experimentally at KUR, Kyoto University. 
Irradiations were carried out for 5 and 15 min. in 5 MW 
operation for the first and second monitors, respectively. 

Fig. 1 Sensitivity of the first monitor. 

Fig. 2 Sensitivity of the second monitor. 

RESULTS:  The activities of 72Ga in the monitors were 
carried out just after their irradiations. The measurements 
were performed with an HpGe detector. Absolute fluxes 
were deduced from the obtained activities with the sensi-
tivities shown in Figs. 1 and 2. The results are summa-
rized in Tables 1 and 2. In the tables, the nominal value 
means the value evaluated at KUR. 

Table 1 Absolute epi-thermal neutron flux intensity ob-
tained by the first monitor. 

Experimental 
value (E)

Nominal 
value (C) C/E 

72Ga activity [kBq] (3.31 0.05)x103

epi [n/cm2/sec] (8.67 0.13)x108 7.26x108 0.84 

Table 2 Absolute fast neutron flux intensity obtained by 
the second monitor. 

Experimental 
value (E)

Nominal 
value (C) C/E 

72Ga activity*1 [kBq] (1.32 0.02)x103

72Ga activity*2 [kBq] (1.56 0.02)x103

epi [n/cm2/sec] 0.6x107 *3 4.94x107 7.8 
*1 For the PE type detector.
*2 For the B4C type detector.
*3 The estimated error is larger than 100%. 

From Table 1, the experimental result of the first monitor 
is a little larger than the nominal value of KUR. This ex-
perimental value was already corrected considering the 
high energy part of the neutron spectrum. The bare esti-
mation is 5% larger than this value. The first monitor was 
confirmed to work properly from the present result. On 
the other hand, as for the second monitor the experi-
mental value shows very small compared to the nominal 
value. This is due to subtraction of the two activities, 
namely, as the result the difference is very small and is 
beyond the statistical errors of the activity measurements. 
The point is that though the high energy neutron contri-
bution in the neutron spectrum is so small, the sensitivity 
below 10 keV is not perfectly zero. Now we are modify-
ing the design. Practically, the sensitivity is revised so as 
to realize zero sensitivity below 10 keV. 

REFERENCES:
[1] Y. Kashiwagi et al., “Development of epi-thermal

neutron beam intensity detector with 71Ga(n, )72Ga
reaction for boron neutron capture therapy.” Appl.
Radiat. Isot., 151, pp.145-149, 2019.
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) is one of the promising cancer treatment meth-
ods. However, we have not yet obtained a good monitor-
ing method of the treatment effect in real-time during 
BNCT. If we get images of 478 keV gamma rays gener-
ated by the boron-neutron capture reaction, and measure 
their intensity and generation positions, we can check the 
treatment effect on BNCT. As such imaging detector, we
have been developing electron tracking Compton camer-
as (ETCCs). ETCCs are advanced Compton cameras 
which take the information of the recoil direction of elec-
trons and can uniquely determine the arrival direction of 
sub-MeV/MeV gamma ray event by event. In the present 
study, we carried out the following three types of exper-
iments based on previous studies to confirm the perfor-
mance of our ETCC [1].
EXPERIMENTS AND RESULTS:
Exp. 1: We carried out the prompt gamma-ray imaging 
tests for a boron containing solution in a 4.5 mm diameter 
tube which simulates a small tumor tissue. The tube was 
located just above the ETCC and was irradiated with 
thermal neutrons at E-3 at the 1-MW operation. This ex-
periment was performed for four tubes with different 10B
concentrations (0, 462, 926, 1385 ppm). The experi-
mental setup is shown in Fig. 1. The ETCC measured the 
prompt gamma rays emitted from the solution during 
irradiation time. As the result, high quality 478 keV 
gamma-ray images with a spatial resolution of less than 1 
cm. As shown in Fig.1, we also comfirmed that the rela-
tionship between the detection rate of 478 keV gam-
ma-rays and B-10 concentrations relatively matches well
with simulation result.
Exp. 2: We carried out the prompt gamma-ray imaging
studies on U87 MG tumor-bearing mice treated with BPA 
with neutron irradiation with E-3 neutron beam line at the
5-MW operation. Each mouse was anesthetized and ad-
ministered 1000 mg/kg of BPA by tail vein injection, then
fixed in a plastic case. We carried out the measurement
with an ETCC and a mouse placed just above it. We also
carried out another measurement of a mouse with two
ETCCs installed facing each other. Analysing data of an

ETCC, we confirmed that the bright position in the back-
projection image of 478 keV gamma-rays shows just the 
irradiation position of the mouse. The analysis of ste-
reo-ETCC data is in progress. 
Exp. 3: We also carried out performance test of the 
ETCC in a BNCT environment using Heavy Water Neu-
tron Irradiation Facility of KUR at the 1-MW operation.
As shown in Fig. 2, we set a 10-cm cubic boron contain-
ing solution in the irradiation room. The ETCC measures 
the 478 keV prompt gamma rays which emit from the 
solution and pass through the cylindrical hole in the ceil-
ing. This experiment was performed with solution with 
several B-10 concentrations (0, 46, 93, 230 ppm). We 
obtained 478 keV gamma-ray backprojection images in 
which the position of the solution appears brighter. We 
also obtained that the relationship between the detection 

10B concentrations rate of 478 keV gamma-rays and 
matches well with simulation result. 
These results show that the ETCC has the high potential 
of the quantitative imaging and monitoring of 478 keV 
prompt gamma-rays of Boron-neutron capture reaction. 

Fig.1 Left: Photograph on Exp.1. Right: The rela-
tionship between 478keV gamma-ray detection rate of 
the ETCC and B-10 concentration of the solution. 

Fig.2 Left: Schematic view on Exp.3. Right: The ob-
tained result of the relationship between 478keV 
gamma-ray detection rate of the ETCC and B-10
concentration of the solution. 

REFERENCES:
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INTRODUCTION: Since 2019, the authors have investi-
gated the feasibility of infusing boric acid to an original 
radiochromic gel formula made of polyvinyl alcohol 
(PVA), glutaraldehyde (GTA), and iodide (I) [1,2], named 
“PGI gel” herewith. The results of the study demonstrated 
that addition of boric acid to the PGI gel worked to in-
crease its sensitivity of response to neutron irradiation. We 
reported that the standard formula PGI gel was capable of 
reuse through annealing, that is, the irradiated gel samples 
were reverted by heating from red to clear with the initial 
absorbance values before irradiation [2]. In the present 
study, we tried to examine if the reversibility of PGI gels 
can be achieved with infusion of boric acid after a certain-
period storage after irradiation with thermal neutron beams 
used for the boron neutron capture therapy. 

EXPERIMENTS:  All samples of PGI gel were pre-
pared using ultrapure water and analytical grade chemicals 
purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan). The standard formula of the PVA-
GTA-I formula was infused with different boric acid con-
centrations of 0, 25 and 50 mM. The liquid mixtures were 
poured into PMMA cuvettes and stored inside a vacuum 
chamber (-0.08 MPa) for 3-hours. The cuvette samples 
were then covered with PE lids and stored inside a steriliz-
ing oven at 50°C for 12 hours to convert from liquid to gel. 
The neutron irradiations of the samples were performed at 
the Heavy Water Neutron Irradiation Facility (HWNIF) of 
Kyoto University Reactor (KUR) with a 1MW nominal 
power. The samples were fixed on a rail system and irradi-
ated at different periods: 20-, 40-, 80-, and 120-min. After 
irradiation, the samples were stored at room temperature 
and measured 55 days after irradiation. The optical absorb-
ances were obtained using the NanoDrop OneC™ UV-Vis 
spectrometer (Thermo Fisher Scientific Inc., USA).  
After the initial reading, the gel samples were annealed in 
the oven at 50°C at time intervals of 24, 48, 72, and 96 
hours. It should be noted that after each annealing time in-
terval, the samples were stabilized at room temperature for 
2 hours before measurement. 

RESULTS:  Good linearities were confirmed in the dose 
responses of the PGI gels having different boron concen-
trations. While, different levels of natural oxidation were 
observed among the different formula gels after a certain 
storage period (~55 days). As to the effects of annealing 

process at 50°C, it was found that the PGI gels infused 
with boric acid needed longer time to become clear than 
the standard one. Also, the time for completely erasing the 
radiation-induced color tended to be longer in the samples 
with higher boric acid concentration. 
The time changes of decolorization process were well ap-
proximated with an exponential function below for all the 
cases: 

 (1) 

where A(t) is the absorbance of a PGI gel at the wavelength 
of 490 nm at the annealing time t; A0 is initial absorbance 
(=A(0)); and λ is an empirically determined parameter in-
dicating the speed of color decay. The estimated values of 
A0 and λ are shown in Fig.1 as function of the time of neu-
tron irradiation. Notable dependence of those fitting pa-
rameter values on boric acid concentration were seen. 
These findings imply that addition of boric acid can im-
prove the sensitivity of the PGI gel but lower the practical-
ity as it makes longer the annealing time. Further investi-
gation to confirm the reusability is to be continued. 

Fig. 1 The estimated parameter values: A0 (above) and 
λ (below) obtained through fitting with eq.1 as 
function of neutron irradiation time for the PGI 
cells with different boric acid concentrations. 
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