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Preface for the KURNS Progress Report 2021 

It is our pleasure to announce that the KURNS Progress Report 2021 has been published. 

This report contains all of the accomplishments of research and related activities at the Institute 

for Integrated Radiation and Nuclear Science, Kyoto University (KURNS) during the fiscal 

year 2021 (hereafter called as FY2021). Many research subjects have been enrolled also in 

FY2021, which cover various fields of nuclear science and technology, material science, 

radiation life science and radiation medical science. It means that our institute continues to play 

a distinctive role as a Joint Usage/Research Center, promoting an extensive range of studies 

from fundamental to applied research using research reactors, accelerators, and other facilities. 

In FY2020, our joint research was severely restricted due to the declaration of a state of 

emergency caused by the spread of the COVID-19, but in FY2021, the impact was reduced to 

a limited extent because of the establishment of measures against the COVID-19. On the other 

hand, the operation of KUCA has been suspended since the latter half of FY2021 due to various 

procedures and works associated with the reduction of uranium fuel enrichment, which 

undertook with US-Japan government agreement. We aim to resume operation of KUCA during 

FY2023. As a result, KUR was operated for 1029 hours and KUCA was for 234 hours in 

FY2021. In total, we accepted 3,501 man-day researchers and students for using research 

facilities. 

We strive for safe and stable operations, making it our primary mission to provide scientists 

the opportunity to conduct research and education. We are happy to dedicate our support to 

enable users conduct significant interdisciplinary research at KURNS. 

Kumatori, July 6, 2022 
Ken Nakajima 

Director, KURNS 
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The effect of boron neutron capture therapy on normal tissues 

M. Suzuki 

Institute for Integrated Radiation and Nuclear Science, Kyoto 
University 

In this research project, six research projects were in-
cluded. One research project (P1-3 could not be re-
ported due to delay of the analysis). 

The effect of normal tissues including lung, liver, brain, 
and bone were investigated in this study. Details of each 
project is referred to the following contents.  

P1-1: “The effect of boron neutron capture therapy
(BNCT) on normal lung in mice.” 
   The effect of boron neutron capture therapy 
(BNCT) on normal lung was analyzed with reference 
to the survival. The whole thorax irradiation (WTI) 
with thermal neutron beam was carried out at 1 hour 
after subcutaneous administration of boronophenylala-
nine (BPA) at the dose of 500mg/kg. The mice were 
sorted into four treatment groups, 10-minutes (min), 
15-min, 20-min, and 25-min irradiation groups. In each
group, three to six mice were irradiated. In 25-min ir-
radiation group, all the mice died within 10 days. To
compare the result of BNCT-treated group with those
of thermal neutron beam irradiation group and X-ray ir-
radiation group, further observation is needed.

P1-2: “Clarification of the normal cell fractionation
as a trigger for radiation-induced liver injury.” 

To clarify the mechanism of radiation-induced liver 
disease, we used the following boron cluster-sugar 
chain-conjugated albumin.  
・Asialo-N-glycan-MID*-albumin (targeting hepato-
cytes)
・Mannose-N-glycan-MID*-albumin (targeting non-
parenchymal cells)
*MID: maleimide combined with closo-dodecarborate

These boron compounds were administered subcutan-
iously at 1.5 hour before sacrifice the mice for sampling 
their blood and livers. The boron concentrations in the 
blood and liver were measured and spatial distributions 
of these compound in the liver were analyzed using -
autoradiography technique. The liver/blood boron con-
centration ratio for asialo-N-glycan-MID-albumin was 
higher than that for mannose-N-glycan-MID-albumin. 
The spatial distribution of these compounds detected on 
-autoradiography were visually almost the same.  

P1-4: “Examination of the influence on normal liver
tissue by boron neutron capture therapy.”
The purpose of this study is to find the early indicator 

or surrogate marker which cause fibrosis in the normal 
liver tissue after BNCT. The degree of the steatosis in 
the normal liver and the expression level of Sonic 
Hedgehog protein were investigated at the seven days 
after thermal beam irradiation with or without borono-
phenylalanine (BPA). The degree of liver fibrosis was 
evaluated with Masson trichrome staining at six months 
after the irradiation. The degree of stenosis, expression 
of Sonic Hedgehog protein and liver fibrosis in BNCT 
cohort was higher compared with these in control and 
thermal neutron beam.  

P1-5: “The Effect of Boron Neutron Capture Ther-
apy to Normal Bones in Mice.” 

The purpose of this project is to elucidate the com-
pound biological effectiveness (CBE) factor of normal 
bone by evaluating the influence on bone strength in 
mice. In this year, the 10B bio-distribution in the bone 
was investigated after boronophenylalanine (BPA) ad-
ministration using -autoradiography and laser ablation 
(LA) ICP-NS. The higher accumulation of 10B were 
seen in the growth plate, the trabecular bone, and the 
bone marrow. 

P1-6: “The biological behavior of boron compound
in normal bone of young mice and the influence of 
boron neutron capture therapy on bone growth.” 

The purpose of this project is to investigate the bio-
logical behavior of boron compound in the normal tibia 
of young mice, including the analysis of the boron con-
centration and the bio-distribution of administered bo-
ron compound. Furthermore, BNCT was performed on 
the bones of four-week-old C3H/He mice. The results 
in this study showed that the tibial growth in the young 
mice was slightly suppressed in the higher doses of 
BNCT. 

PR1
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The effect of boron neutron capture therapy (BNCT) on normal lung in mice 

M. Suzuki and Y. Tamari

Institute for Integrated Radiation and Nuclear Science
Kyoto University

INTRODUCTION: We have reported the results of 
overall survival (OS) following whole thoracic irradiation 
(WTI) with X-ray and thermal neutron beams derived 
from Kyoto University Research Reactor (KUR) in 
previous reports of “Progress Reports.”.  In this year, we 
have carried out the experiment of WTI with boron 
neutron capture irradiation (BNCR) using 
boronophenyalanine (BPA).  
In this report, we reported the result of WTI with BNCR 

using BPA.  
EXPERIMENTS:
Mice 
Ten- to twelve-week-old female C3H/He mice were used. 
The mice were purchased from Japan SLC, Inc. 
Treatments 
  The mice were sorted into four treatment groups, 10-
minututs (min), 15 min, 20 min, and 30 min 
irradiation (IR) groups. Three to six mice were 
included in each cohort.  The thermal neutron flux 
was measured at the surface of the acryl box in 
which the mice was contained. The WTI with BNCR 
were carried out at the 5MW reactor power which was the 
same condition as that in the WTI with thermal neutron 
beam. BPA was administered subcutaneously at the dose of 
500 mg/kg at 1hour (hr) before WTI. 
RESULTS: The acryl box containing mice were irradiated 
with thermal neutron beam at the thermal neutron flux of 
4.8E+09 n/cm2/s which was measured by analysis of 
activation of gold foil attached to the surface of the box.  
The observation of the cohort irradiated with thermal 
neutron irradiation was finished since all the mice were dead. 

Figures 1 and 2 shows OSs of WTI with thermal 
neutron beams and with BNCR using BPA. 

Within10 days after WTI with thermal neutron beam, all 
the mice in the 70 min IR group and 60 % of mice in the 
60 min IR group were dead.   Within 10 days after WHI 
with BNCR, all the mice in the 25 min IR groups are dead. 
   The cause of acute death following WTI within 10 days 
is supposed to be dysfunction of esophagus since the basal 
epithelium cells in esophagus decreased substantially in 
number within 5 days after WTI. 
  Figure 3 shows the OS of WTI with thermal neutron 
beam using the data in which the number of the mice were 
omitted.   

Further observation is needed to compare the results of 
WTI with thermal neutron beam and WTI with BNCR. 

PR1-1
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Clarification of the normal cell fractionation as a trigger for radiation-induced liver 
injury 

S. Takeno1 and M. Suzuki2

1Graduate School of Science, Kyoto University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: 
Radiation-induced liver disease (RILD) is one 
of the fatal adverse events in radiation 
therapy.  The mechanism of the RILD is still 
not clear. Boron neutron capture radiation 
(BNCR) can irradiate the cell fractions in 
which boron compounds distribute selectively 
since the path of heavy particles (4He and 7Li 
atoms) derived from boron neutron capture 
reaction are no-ticeably short ones less than 
10 µm. To inves-tigate the mechanism of the 
RILD, BNCR is available for detecting the 
normal cell fractions which triggered to cause 
RILD. The objective of our study is to clarify 
the mechanism of radia-tion-induced liver 
injury using BNCR with bo-ron compounds 
selectively accumulating in normal cell 
fractions.  
EXPERIMENTS:
Boron compounds
In this experiment, we used two boron com-
pounds. These consist of albumin conjugated 
with two functionalized portions which are 
maleimide combined with closo-dodecaborate 
(MID) and sugar chain targeting normal cell 
fractions in liver. The boron compounds are as 
follows 
  Asialo-N-glycan-MID-albumin (distributes in 
hepatocytes)  
- Mannose-N-glycan-MID-albumin (distributes

in non-parenchymal cells)
Mice 
We used seven-week female BALB/c mice 

which were purchased from CLEA Japan, Inc. 
Treatments 
The two boron compounds were administered 

intravenously via tail vain at the dose of 100
l. At 1.5 hour (hr) later, the blood was sampled, 
and the liver were resected. Liver tissue sec-
tions were divided into two portions. The one 
portion was put onto CR-39 (solid state nuclear 
track detector) and irradiated with thermal 
neutron to analyze boron spatial distribution 
using −autoradiography (ARG) technique de-

scribed in our previous study [1]. The 10B con-
centrations of the blood and liver were analyzed 
with inductively coupled plasma atomic emis-
sion spectroscopy.  

RESULTS:
The 10B concentrations in the liver and blood
The 10B concentrations in the blood and liver at 
1.5 hr after administration of two boron com-
pounds are shown in Table 1.  
Table 1. 　The 10B concentration in the liver and blood 

Liver Blood

mean±SD mean±SD

Asialo-N-glycan-MID-albumin 18.4±3.6 20.8±3.7 0.89±0.06

Mannose-N-glycan-MID-albumin 13.3±1.1 20.8 ±4.0 0.67±0.14

Liver/Blood ratioBoron compounds

 The value of the liver/blood of Asi-
alo-N-glycan-MID-albumin was higher than 
that of Mannose-N-glycan-MID-albumin. 
Distribution of 10B in the liver 
 The ARGs of each boron compound in liver is 
shown in Figs. 1 and 2.  

 Visually, no apparent difference of 10B distribution 
was observed. As shown in Table 1, the 10B concentra-
tions in the blood were high, which might obsucure the 
difference of 10B distribution of each boron compound 
in normal cell fractions of liver.  
 The further study is necessary to detect the optimal 
point in time at which the 10B concentration ratio of 
liver to blood is higher compared to that in this study.  

REFERENCES:

[1] S.Takeno, H.Tanaka, T. Watanabe, T. Mizowaki,
M. Suzuki, Quantitative autoradiography in boron
neutron capture therapy considering the particle
ranges in the samples. Phys Medica
2021;82:306–20.
https://doi.org/10.1016/j.ejmp.2021.02.012.
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Examination of the influence on normal liver tissue by Boron neutron capture therapy 

Y. Tamari1,2, T. Takata2, S. Takeno2, H. Tanaka2, H.
Yamazaki1, K. Yamada1, M. Suzuki2

1Department of Radiology, Kyoto Prefectural University 
of Medicine 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  Boron neutron capture therapy 
(BNCT) for liver tumor, which has been conducted up to 
the present, has used the compound effectiveness factor 
(CBE) determined by using genotoxicity for hepatocytes 
as an indicator, which has been clarified by Suzuki et al 
[1]. But there is a problem whether it is appropriate as a 
real clinical endpoint. Fundamental researches of liver 
fibrosis that are the late effect of radiation therapy are 
necessary. It is necessary to do basic research that uses 
liver fibrosis, which is a late radiation injury to the liver, 
as an evaluation index. The hedgehog signaling pathway 
is one of the important processes involved in animal de-
velopment, and has been implicated in the maintenance 
and regeneration of adult tissues. The hedgehog signaling 
pathway is activated in the damaged liver and affects 
tissue remodeling. It has also been reported that cell pro-
liferation is promoted and epithelial-mesenchymal transi-
tion leading to fibrosis is induced [2]. A purpose of this 
study is to find the early indicator or surrogate marker 
which cause fibrosis in the normal liver tissue after 
BNCT. 

EXPERIMENTS:  Female C57BL6 mice at 6weeks 
of age were injected 1,000 mg/kg p-boronophenylalanine 
(BPA) solution subcutaneously 2 hours before neutron 
irradiation. The mice were irradiated for 60 minutes at 
the 1MW output. One week after irradiation, mice were 
sacrificed and the blood and livers were analyzed. Blood 
and liver boron concentrations 2 hours and 3 hours after 
the administration of 1,000 mg/kg BPA were quantified 
using Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ICP-AES). In addition, Masson trichrome 
staining was performed to determine the degree of liver 
fibrosis six months after neutron irradiation. Hematoxy-
lin Eosin (HE) staining and triglyceride quantification 
were performed to investigate degree of the steatosis in 
the mouse normal liver tissue after BNCT. Western blot-
ting was performed to determine the expression level of 
Sonic Hedgehog protein.  

RESULTS:  Two hours after the administration of 
BPA, the liver boron concentration was about 8.1 µg/g, 
and the blood boron concentration was about 9.2 µg/g. 

Three hours after BPA administration, the liver boron 
concentration was about 4.1 µg/g, and the blood boron 
concentration was about 4.4 µg/g. As shown in Fig. 1, 
Masson trichrome staining showed a tendency for in-
creased liver fibrosis in the neutron-irradiated group re-
ceiving BPA (BNCT group). The result of HE staining 
demonstrated that the steatosis of the BNCT group was 
increased (Fig. 2). Triglycerides in mouse normal liver 
tissue after BNCT tended to be increased compared to 
control. Furthermore, as a result of Western blotting, the 
expression of Sonic Hedgehog protein in the BNCT 
group was higher than in the group only irradiated with 
neutrons (Fig. 3). 

REFERENCES:
[1] M. Suzuki et al., Jpn. J. Cancer Res., 91 (2000)

1058-1064.
[2] Y. Jung et al., Gut, 59 (2010) 655-665.

Fig. 1. Fibrosis of mouse liver by BNCT six months 
after neutron irradiation. 

Fig. 3. Shh expression of mouse liver by BNCT. Ctrl: 
control, Nut: neutron alone, BNCT: BNCT treated. 

Fig.2 Fatty degeneration of mouse liver by BNCT 
one week after neutron irradiation. 
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The Effect of Boron Neutron Capture Therapy to Normal Bones in Mice 

R. Iwasaki, R. Yoshikawa1, T. Mori, Y. Sakurai2, M. Su-
zuki2 and K. Ono3
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1United Graduate School of Veterinary Sciences, Gifu 
University 
2Institute for Integrated Radiation and Nuclear Science, 
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INTRODUCTION: 
  There are various tumors in which normal bone is in-
cluded in the irradiation field, such as bone and soft tissue 
sarcoma, head and neck cancer, gynecologic cancer, pros-
tate cancer, and tumors that have metastasized to the bone. 
As a result, radiation-induced bone toxicity, such as frac-
ture, necrosis, and impairment of skeletal growth, can be 
occurred. 
  On the other hand, compared with the X-ray irradiation, 
boron neutron capture therapy (BNCT), a tumor cell -se-
lective particle radiation therapy, is considered to be more 
effective without any late effects to the normal bone. How-
ever, to apply BNCT to the clinical practice, accurate do-
simetry is essential. And the compound biological effec-
tiveness (CBE) factor, the value which is necessary when 
converting to the X-ray equivalent dose, is significant for 
this purpose.  
  In this project, we had elucidated the CBE factor of nor-
mal bone by evaluating the influence on bone strength in 
mice. Furthermore, the boron concentrations in whole 
bones after the administration of the boron compound 
were analyzed. In this year, we visualized the 10B bio-dis-
tribution to investigate the BNCT-specific reduction of 
bending strength. 

EXPERIMENTS: Female eight-week-old C3H/He mice 
were used for the study (n = 3 in each group). As boron 
compound, p-boronophenylalanine (BPA) was prepared at 
a dose of 30 mg/ml.  
Bone sample preparation 60 minutes after 125, 250, and 
500 mg/kg of BPA were subcutaneously injected into mice, 
tibias in each mouse were collected. Then, each sample 
was cut as thin sections of 5 µm-thickness by Kawamoto 
method, which is a non-demineralized frozen section prep-
aration method. 
α-autoradiography The sections were pasted onto CR-39 
and irradiated with thermal neutrons at KURNS at a flu-
ence of 6.32 × 1011 n / cm2 – 1.36 × 1012 n / cm2 for 7–15 
minutes. The irradiated CR-39 was etched with a PEW so-
lution at 50 °C for 8 minutes. The obtained macroscopic 
pit images were accurately superimposed on the tissue sec-
tion, and the distribution of α-ray tracks in the tibia was 
observed with an optical microscope. 
Laser ablation (LA) ICP-MS After the sample introduc-
tion by LA using the NWR213, analysis by ICP-MS was 
conducted using the Agilent 8800. The localization of bo-
ron was imaged semi-quantitatively based on the previ-
ously obtained boron concentration. 

RESULTS: Fig. 1 shows the 10B bio-distribution in the 
tibia evaluated by the α-autoradiography. The higher accu-
mulations of 10B were seen in the growth plate (a), the tra-
becular bone (b), and the bone marrow (c). On the other 
hand, the lower accumulation was seen in the cortical bone 
(d), although the 10B was localized a little in the perios-
teum and endosteum. In each region, the figures clearly 
show that the boron accumulation is dose dependent. LA-
ICP-MS also showed the same results (Fig. 2).  

CONCLUSION: The results showed that 10B was mainly 
distributed in regions with abundant blood flow, such as 
cartilage, bone marrow, and trabecular bone. It is neces-
sary to perform the morphological analysis using micro-
CT and the histopathological examination to investigate 
the relationship between the decrease in bone strength by 
BNCT and the 10B distribution in the normal bone.

Fig. 1. 10B distribution in the tibia by α-autoradiography. Red 
dots representing the presence of boron. (a) growth plate, (b) tra-
becular bone, (c) bone marrow, and (d) cortical bone. 

Fig. 2. 10B distribution in 
the tibia by LA-ICP-MS. 
Regions of high concen-
trations of boron are col-
ored white, red, and 
green. 
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Fig. 1. Boron concen-

tration changes in the 

tibia after 125, 250 and 

500 mg/kg of BPA ad-

ministration by ICP-

AES.  

Fig. 3. Tibial length 
changes after irradiation. 
Data are shown as relative 
values. 

The Biological Behavior of Boron Compound in Normal Bone of Young Mice and the 
Influence of Boron Neutron Capture Therapy on Bone Growth 

R. Iwasaki, R. Yoshikawa, R. Kido, T. Mori, Y. Sakurai1,
and M. Suzuki1

Faculty of Applied Biological Sciences, Gifu University 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: 
  There are various tumors in which normal bone is in-
cluded in the irradiation field, such as bone and soft tissue 
sarcoma, head and neck cancer, gynecologic cancer, pros-
tate cancer, and tumors that have metastasized to the bone. 
In particular, there is a high incidence of bone tumors such 
as osteosarcoma, chondrosarcoma and Ewing’s sarcoma in 
the adolescent and young adult generation. As a result, ra-
diation-induced bone toxicity, such as fracture, necrosis, 
and impairment of skeletal growth, can be occurred. 
  On the other hand, compared with the X-ray irradiation, 
boron neutron capture therapy (BNCT), a tumor cell-se-
lective particle radiation therapy, is considered to be more 
effective without any late effects to the normal bone. How-
ever, in our previous study using the adult mice, the higher 
accumulation was seen in the epiphyseal cartilage includ-
ing the growth plate. This finding indicates that the higher 
radiation doses might be delivered to the growth plate and 
may cause the impairment of skeletal growth.  
  In this project, we investigate the biological behavior of 
boron compound in the normal tibia of young mice, in-
cluding the analysis of the boron concentration and the 
bio-distribution of administered boron compound. Fur-
thermore, BNCT was performed on the bones of young 
mice to evaluate their influence 3 months after the irradia-
tion. 
EXPERIMENTS: Female four-week-old C3H/He mice 
were used for the study (n = 5 in each group). As boron 
compound, p-boronophenylalanine (BPA) was prepared at 
a dose of 30 mg/ml. The X-ray and neutron irradiation was 
performed at Gifu University and Kyoto University Reac-
tor, respectively. 
Boron concentration measurement After subcutaneously 
injected into mice at doses of 125, 250, 500 mg/kg  of BPA, 
the boron concentrations at each time point (30, 60 and 90 
min after administration) in the tibia were measured by 
ICP-AES. 
X-ray irradiation Mice were irradiated at a dose rate of
250 cGy/min to their right hind limb at single doses of 4,
8, 12, 16, 20, 24, 28, 32 and 36 Gy.
Neutron irradiation Each neutron irradiation at a power
of 1 MW was carried out as follows; neutron beam only
(for 30, and 60 min), neutron beam for 30 and 60 min after
subcutaneously injected into mice at doses of 125, 250,
and 500 mg/kg of BPA. Based on the results of the biodis-
tribution of BPA, irradiation was started at 30 min after the
injection.
Bone growth measurement Tibias were collected at 12
weeks post-irradiation. Subsequently, the length of the
tibia in each group was measured using a caliper. The

obtained data were shown as relative values to the length 
of the non-irradiated left tibia. 

RESULTS: 
  Fig. 1 shows the boron concentration in the tibia after 
BPA administration. The results shows that the boron con-
centration in the tibia was maintained in a dose-dependent 
manner at measurement times up to 90 min after BPA ad-
ministration. 

  Subsequently, the irradiation experiments to the right 
hind limb of young mice were performed. Fig. 2 shows the 
tibias sampled 12 weeks after neutron-irradiation with 500 
mg/kg of BPA administration. The growth in the irradiated 
tibia was slightly suppressed compared with that in the 
non-irradiated tibia. Fig. 3 shows the changes in the tibial 
length according to the irradiated dose and the irradiation 
time. Similar to the X-ray irradiation, higher dose of 
BNCT mildly suppressed the bone growth. 

CONCLUSION: The results showed that the tibial 
growth in the young mice was slightly suppressed in the 
higher doses of BNCT. Further investigations such as 10B 
bio-distribution, the morphological and the pathological 
analysis are necessary to elucidate its mechanism.

Fig. 2. The length of the tibias 12 
weeks after irradiation. Irradiated 
and non-irradiated tibias are shown 
as (+) and (-), respectively. 
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Preclinical studies on gadolinium neutron capture therapy 

M. Suzuki 

Institute for Integrated Radiation and Nuclear Science, Kyoto 
University 

In this research project, nine research projects were in-
cluded. Details of each project is referred to the follow-
ing contents.  

P2-1: Investigation of cell killing effect by auger 
electrons emitted during gadolinium neutron cap-
ture therapy (Gd-NCT) 

In this year, we developed a new irradiation method 
to investigate the cell killing effect by auger electrons 
in Gd-NCT. Using the positive-charged Gd-nanoparti-
cles, the cell killing effect of Gd-NCT was assayed by 
colony formation assay. In this study, no additive cell 
killing effect by Gd-NCT was yielded. The Gd concen-
tration of thirty ppm was supposed to be too low. Fur-
ther study is needed to elucidate the cell killing effect of 
auger electrons. 
P2-2: Development of Nano Carriers Installed with 
Gd (III)-Thiacalixarene Complex for Gd-NCT 

In this year, the cell killing effect of Gd-NCT with 
Gd3TCAS2-installed albumin nanoparticles (NP) was 
investigated by comparison with those of Gd3TCAS2, 
Gd-DTPA, and PBS control. The results of this study 
showed that even though the delivery efficiency of 
Gd3TCAS2-installed albumin NP to the cells was lower 
than that of free Gd3TCAS2, Gd3TCAS2-installed albu-
min NP showed higher NCT effect. 
P2-3: Gadolinium neutron capture therapy as new 
treatment for head and neck cancer. 

 In this study, using masseter muscle invasion model, 
in vivo tumor-killing effects of Gd-NCT with Gd-
loaded chitosan nanoparticles (Gd-nanoCPs) was inves-
tigated. The tumor-loaded model was developed by in-
jection of SCC-VII (1x106 cell/mouse) into the left 
masseter muscle. The result showed that decrease in tu-
mor volume in Gd-NCT group was observed without 
damage to the normal surrounding mucosa.  
P2-4: Preparation of drugs targeting cell nucleus
with Hoechst unit 
In this study, the synthesized BPA-Hoechst collecting in 
the nucleus was subjected to cellular experiments. 
 Experiments using F-Hoechst shows that the unit take 
functional molecules into cell nucleus. The cytotoxic 
effect of thermal neutron beam irradiation was signifi-
cantly enhanced when the cells were irradiated in the 
presence of BPA-Hoechst. BPA-Hoechst conjugate is a 
potent candidate agent for BNCT. 
P2-5: Development of Gadolinium-loaded mesopo-
rous silica-based nanoparticles and application to 
cancer radiotherapy. 
In this study, preliminary evaluation of Gd-

biodegradable periodic mesoporous organosilica
（BMPO）  using the chicken chorioallantoic mem-
brane (CAM) model that was established by transplant-
ing human ovarian cancer cells.

Preliminary investigation of tumor growth inhibition 
efficacy Gd-BPMO in the CAM model showed that the 
tumor growth was significantly inhibited when Gd-
BPMO was injected compared to no injection or empty 
BPMO. 
P2-6: Pathological findings of tumor growth sup-
pression of GdNCT with intra-tumoral injection of 
gadolinium-polyplex in pancreatic cancer model in 
vivo. 
In this study, the gadolinium/ hyaluronic acid/ prota-
mine-mixed with cationic liposome (157Gd-plex) was 
prepared and its efficacy as the compound of GD-NCT 
was estimated with Human Pancreas Adenocarcinoma 
cell line (AsPC-1) bearing mice. HE dyeing & apoptotic 
assay was performed for evaluating the mechanism for 
cancer cell cytotoxicity by GdNCT. Cancer cell hyalini-
zation and degeneration and apoptotic changes were ob-
served in the GdNCT treated group with 157Gd-plex. 
P2-7: Development of gadolinium-coating inorganic
nanoparticles with polyglycerol coating for gadolin-
ium neutron capture therapy of cancer. 
In this study, Gd-containing inorganic nanoparticles 
grafted with polyglycerol (Gd-NP-PG) was evaluated 
as the agent of Gd-NCT using CT26-bearing mice. Gd-
NP-PG nanoparticles-mediated Gd-NCT significantly 
suppressed the growth of CT26 tumors 
P2-8: Study about neutron capture therapy using
polymeric drug delivery systems chelating Gd. 
In this study, new class of Gd-DOTA introduced poly-
mers (polymer-drug) were used for evaluating its effi-
cacy of the Gd-related therapeutic performance thor-
ough neutron irradiation using CT26 bearing Balb/c 
mice. The result showed that the low-molecular drug 
and polymer drug exhibited antitumor efficacy with no 
significant difference. In the next year, modification of 
experimental designs and polymer structure will be 
planned. 
P2-9: Neutron irradiation after administration of
Gd-EDTMP to a mouse mode of mammary tumor 
bone metastasis: Effects and distribution of Gd for-
mulation as a novel neutron capture therapy agent. 
In this year, after neutron irradiation of the tumor-bear-

ing mice with Gd tetra (methylene phosphonic acid) 
chelate (Gd-EDTMP), the distribution of 157Gd in and 
around the bone was imaged using laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-
MS). The weight of the right leg in the Gd-NCT group 
tended to be lower than the control groups. LA-ICP-MS 
Gd imaging of the legs in the Gd-EDTMP administra-
tion groups showed extremely high Gd signal intensity 
in bone.  
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Investigation of cell killing effect by auger electrons emitted during gadolinium neutron 
capture therapy (Gd-NCT) 

M. Suzuki and H. Tanaka

Institute for Integrated Radiation and Nuclear Science
Kyoto University

INTRODUCTION:
   We reported the feasibility of the irradiation system to 
investigate the cell killing effect by auger electrons in 
Gd-NCT by micronucleus assay.  
  In this year, we developed another irradiation system 
which can irradiate the cells attached to the flasks with 
horizontal thermal neutron beam derived from the Kyoto 
University Research Reactor.  
  Using a new system, we evaluated the cell killing effect 
of the Gd-containing nanoparticels. 

EXPERIMENTS:
Cell line: The V79 cells were maintained in E-MEM 
supplemented with L-glutamine and 10% fetal bovine 
serum (FBS). 
Gd-nanoparticles:  The Gd-nanoparticles which were used 
in this study were provided from Dr. T. Ando. The surface 
of Gd-nanoparticles has positive charge which makes the 
particles adhere to the tumor cells. 
Irradiation system:  To irradiate the cells attached 
to the flasks with horizontal thermal neutron 
beam, the flasks which are processed for 
transporting cells were used in this study. The 
flasks are separated with a partition to reduce the 
volume of medium for filling the space including 
the bottom. 
As shown in Fig. 1, two flasks filled with 30 ml 
medium were set vertically to be irradiated with 
horizontal thermal neutron beam. 
RESUTLS 
Dosimetry:  The flasks were irradiated with thermal 
neutron fluence of 1.9E+12, 3.7E+12 and 5.8E+12 n/cm2 
which was measured by analysis of activation of gold foil 
attached to the surface of the bottom of flasks. 

Colony formation assay 
Figure 2 shows the picture of stained colonies dispersed 
into the six wells on the microplates. 

No apparent difference of numbers of colonies between 
the cells irradiated with Gd-nanoparticles and those of 
control was observed. This experiment was repeated three 
times. In all the experiments, Gd-nanoparticles did not 
yield the additive cell killing effect.  

DISCUSSION: The feasibility of new irradiation system 
was confirmed in this study. In this system, no leakage of 
medium during irradiation occurred since the flasks was 
sealed tightly with caps. Gd-neutron capture reaction 
using the positive charged Gd-particles which adhere to 
the cells during irradiation are supposed to emit auger 
electrons on the cell membrane. The damage of the cell 
membrane leads to the apoptosis of the cell.  
  In this study, no cell killing effect by irradiation derived 
from Gd-neutron capture reaction was observed. The 
possibility of this result is that the concentration of Gd (30 
ppm) was too low to cause the cell killing effect. Further 
study is needed to investigate the cell killing effect of 
auger electrons using this system.  
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Development of Nano Carriers Installed with Gd(III)-Thiacalixarene Complex for Gd-NCT 

tion (EPR) effect. We have so 
far studied nano-carriers for 
Gd3TCAS2 such as silica nano-
particle [5] and albumin NP 
(AlbNP) [6] aiming at Gd-NCT. 
Here we report the ability of 
Gd3TCAS2-installed AlbNP to 
kill cancer cells upon neutron ir-
radiation by comparison with 
the cases of Gd3TCAS2, Gd-
DTPA, and PBS control. 

EXPERIMENTS:  Preparation of AlbNP installed with 
Gd. The trinuclear complex Gd3TCAS2 was prepared as re-
ported elsewhere [2]. The AlbNP was prepared by a 
method reported [7]. Briefly, BSA solution was added 
EtOH, followed by addition of glutaraldehyde to obtain the 
particle containing solution. This was mixed with 
Gd3TCAS2 to afford Gd3TCAS2-installed AlbNP (denoted 
as Gd3TCAS2-AlbNP(EtOH)).  
Cell experiment 1. MCF-7 cells were seeded in a 6-well 
plate at a cell concentration of 1.0 ´ 105 cells/mL and in-
cubated for 24 h. After supernatant was removed, RPMI 
medium and solution containing Gd in a form of 1) 
Gd3TCAS2-AlbNP(EtOH), 2) free Gd3TCAS2, 3) Gd-
DTPA, and 4) PBS (as control) were added to each well 
and incubated for 24 hr. The concentration of Gd in the 
medium to incubate MCF-7 was set to be 25 μM for 1–3). 
After washing with PBS, the cells were detached from the 
well and transferred to tubes to be irradiated with thermal 
neutron for 20 min. 
Cell experiment 2. MCF-7 cells were mixed with RPMI 
medium containing Gd3TCAS2-AlbNP(EtOH), the abso-
lute amount of which was adjusted to the same value of 
one delivered into the cells in the experiment 1. Afterward, 
the cell was irradiated with thermal neutron for 20 min. 

Assay. To the wells containing 2 mL of RPMI medium in 
6-well plates, irradiated cells were seeded at the concen-
tration of 1,000 cells/well. After incubation for 14 days,
the colony was stained with crystalviolet.

RESULTS:  
In Experiment 1, the ansolute amount of Gd into 2.0 ´ 104 
cells was estimated to be 1) 9.8 , 2) 73.6, and 3) 2.6 pmol 
by using ICP-AES. The colony formation units (CFU) nor-
malized with one for no irradiation is shown in Fig. 2a. As 
can be seen, there seems appreciable difference between 
CFU for 1) and others 2–4). Thus, despite the fact that the 
delivery efficiency of Gd3TCAS2-installed AlbNP to the 
cells was lower than that of free Gd3TCAS2, Gd3TCAS2-
installed AlbNP showed higher NCT effect. In Experiment 
2, neutron was irradiated to a sample containing the same 
amount of Gd in the medium but outside the cells. The 
CFU showed that the NCT effect is lower than that attained 
by Experiment 1 (Fig. 2b). This unambiguously shows that 
internalization of Gd3TCAS2-installed AlbNP in the cells 
is essential to show the NCT effect. 

(a)

(b)

Fig. 2 Dependence of neutron fluence on the colony for-
mation rate (n = 3). a) Comparison among the Gd-agents 
1–3) internalized in MCF-7 cells. b) Comparison between 
internalized and outside Gd3TCAS2-installed AlbNP. 
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Fig. 1  Structure of 
Ln3TCAS2 complex. 
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INTRODUCTION:  Owing to a large thermal neutron 
capture cross section and total kinetic energy of 
157Gd(n,g)158Gd larger than that of 10B(n,a)7Li, gadolinium 
attracts growing attention as an alternative to boron in neu-
tron  capture   therapy    [1].    Because   free   gadolinium 
(Gd(OH2)9) has toxicity, a safe carrier of Gd to tumor not 
to release free Gd is required. We recently found that thia-
calix[4]arene-p-tetrasulfonate    (TCAS)    self-assembled 
three  lanthanide (Ln) cores including Gd to form a sand-
wich-type complex, Ln3TCAS2 (Fig. 1) [2], the character-
istic features of which are high kinetic stability, lumines-
cence signal [3], and 1H relaxation arising from the Ln cen-
ter [4]. Nano-sized particles are frequently used as a drug 
carrier toward tumor by enhanced permeability and reten-

 3Institute for Integrated Radiation and Nuclear Science, 
Kyoto University
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Gadolinium neutron capture therapy as a new treatment for head and neck cancer: 
tumor-killing effects on a masseter muscle invasion model 
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INTRODUCTION: Neutron-capture therapy using 
nonradioactive 157Gd (Gd-NCT) is currently under de-
velopment as a potential radiation therapy option for 
cancer. Gd-NCT with 157Gd has several potential ad-
vantages over boron (10B) neutron capture therapy 
(BNCT). The deep tissue penetration (100 μm) of γ-rays 
from the 157Gd (n, γ) 158Gd reaction is expected to provide 
tumor-killing efficacy within bulky tumors such as head 
and neck cancers. Furthermore, oral mucositis caused by 
BNCT using p-boronophenylalanine could be a potential 
dose-limiting consideration for head and neck tumors [1]. 
We have previously developed gadolinium-loaded chi-
tosan nanoparticles (Gd-nanoCPs) for controlled Gd de-
livery in Gd-NCT. These nanoparticles were composed of 
Gd-diethylenetriaminepentaacetic acid (Gd-DTPA, an 
MRI contrast agent), and chitosan (a naturally abundant 
biodegradable polysaccharide with good biocompatibility 
and bioadhesive characteristics). In the present study, we 
investigate the in vivo tumor-killing effects after NCT 
with intra-tumoral injected nanoparticulate formulations 
on a masseter muscle invasion model close to the oral 
mucosa. 

EXPERIMENTS:  Gd-nanoCP was prepared by using 
chitosan with molecular weights of 10 k and Gd-DTPA 
through the previously developed w/o emulsion-droplet 
coalescence technique [2]. Mean particle size and zeta 
potential of the resultant Gd-nanoCPs were measured by 
Zetasizer® (Malvern Instruments Ltd, UK) in water at 
25oC. Gd content in Gd-nanoCPs was determined by in-
ductively coupled plasma atomic emission spectrometry 
(ICP-AES, SPS3100, Hitachi High-Tech Science Corpo-
ration, Japan) followed by incineration of each sample. In 
the NCT trial, male 5-week-old C3H/HeN mice were 
used. SCC-VII (1 × 106 cells/mouse) were injected into 
the left masseter muscle [3]. The mice were divided into 
NCT group and HOT control group. Before injection, 
Gd-nanoCPs were concentrated to 6000 μg Gd/mL by 
centrifugation. Gd-nanoCPs incorporating 1.2 mg of nat-
ural Gd were injected intratumorally twice (2.4 mg 
Gd/kg) to the mice. The tumors were exposed to thermal 

neutron irradiation at the Institute for Integrated Radia-
tion and Nuclear Science, Kyoto University. For deter-
mining the tumor volume, two bisecting diameters of the 
tumor were measured with a slide caliper and calculated 
with the longest and shortest length of the tumor in mil-
limeters (mm). The tumor-growth suppressing effect was 
assessed by the ratio of tumor volume before and after 
neutron irradiation. 

RESULTS:  Mean particle diameter, Gd content, and 
zeta potential of the Gd-nanoCP were 178 nm, 19%, and 
+24 mV, respectively. In the NCT trial, thermal neutron
irradiation was applied to mouse tumors 8 h after the last
administration. Remarkable tumor growth was observed
in the HOT control group, whereas the NCT group
showed tumor growth suppression (Fig. 1). Decreases in
tumor volume were similar to those observed in our pre-
vious study using a transplanted tumor-bearing mouse
model [4]. The tumor mass was selectively suppressed
without damage to the normal surrounding mucosa be-
cause Gd-nanoCPs could not penetrate the surrounding
tissue. These results indicate that Gd-nanoCPs displayed
potent tumor tissue affinity after intratumoral injection,
reduced tumor tissue volume, and did not damage the
mucosa. GdNCT using Gd-nanoCPs could thus be a
promising therapeutic option to shrink tumors occurring
close to the mucosa.
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[2] H. Tokumitsu et al., Pharm. Res., 16, 1830–1835
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(2014).

Fig. 1.  Tumor volumes after thermal neutron beam 
irradiation of NCT and HOT control groups. 



Preparation of drugs targeting cell nucleus with Hoechst unit 
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INTRODUCTION:  
In recent years, Boron Neutron Capture Therapy (BNCT) 
has been attracting attention as the fifth cancer treatment 
method next to surgery, chemotherapy, radiation, and 
immunotherapy. BNCT is a treatment that selectively 
destroys cancer cells by accumulating 10B compounds, 
which cause nuclear reaction with neutrons, on the cancer 
cells and irradiating them with neutrons. However, at 
present, there are only two types of boron drugs available 
for BNCT: BPA and BSH. Therefore, it is an urgent issue 
to develop drugs that accumulate in the tumor tissue with 
high selectivity and show effective therapeutic effects. In 
this study, we attempted to construct the molecular system 
to take the complex into cell nucleus by using Hoechst 
molecules. Since the Hoechst group has high DNA
−binding function and accumulates in the cell nu-cleus,1 it
was expected that this molecule act as a courier molecule
to deliver drugs into the nucleus. We expected that by
collecting the drug in the nucleus, we could achieve an
effective DNA-targeted attack in tumor cells. We
attempted to modify the conventional drug, BPA, for
BNCT and the gadolinium complexes. The synthesized
BPA-Hoechst was subjected to cellular experiments, and
we confirmed that BPA-Hoechst exhibited effective cy-
totoxic effects under irradiation conditions of thermal
neutrons.

EXPERIMENTS:
Huisgen cycloaddition reaction between A-Hoechst 
and BPA to form BPA-Hoechst. A-Hoechst 
(1.0 mg, 2.2 µmol) was added to the solution of BPA 
with azide unit (0.5 mg, 2.1 µmol) in DMF-H2O. Then,
CuSO4, TBTA and sodium ascorbate were added to the 
solution. The resulting mixture was stirred for 20 h at 
ambient temper-ature. After the reaction, the mixture 
was extracted with ethyl acetate. The organic layer was 
washed with brine, dried over MgSO4, filtered and 
concentrated in vacuo. The crude product was purified 
by silica gel column chromatography to give BPA 
derivative with Hoechst unit (BPA-Hoechst). 

Cellular experiments using BPA-Hoechst. A549 cells 
were seeded in 96 well plates at a density of 4.5× 103 cells
per well in DMEM and allowed to grow at 37 ˚C for 24 
hours. The cells were incubated with 0, 10, 100 µM BPA-
Hoechst in DMEM (DMSO 1%) for 3 h. After in-
cubation, the cells were irradiated with neutron for 45 min 
at KUR (1 MW). Then, the cell was cultured for 2 days in 
the fresh DMEM at 37 ˚C. Then, cell viability assay was 
performed Cell Counting Kit-8 (Dojindo) and 

microplate reader (Absorbance at 450 nm). 

RESULTS:
Preparation of BPA-Hoechst was achieved as shown in 
Figure 1A. Initially, we conducted the Huisgen reaction 
of A-Hoechst and BPA derivative bearing azide group. 
The reaction was proceeded at ambient temperature in the 
presence of catalytic CuSO4 and ascorbic acid. Efficiently, 
the triazole ring formation occurred, and BPA with 
Hoechst unit (BPA-Hoechst) was formed. On the other 
hand, the modification of gadolinium complexes is still 
ongoing. Using cyclic amine 3 as starting material, two 
amino groups were protected with BOC groups and the 
remaining amino groups were alkylated. The removal of 
the protecting groups and the Huisgen reaction are cur-
rently under investigation. 
For understanding of the biological activity of 
BPA-Hoechst, we measured its cytotoxic effect against 
A549 cells, which were exposed to neutron (1 MW) in 
the presence of aqueous solution of BPA-Hoechst and 
then incubated at 37 ˚C. Cell survival was determined by 
WST assay. Figure 1C compares cell survivals in the 
presence and absence of BPA-Hoechst after irradiation. 
The cytotoxic effect of radiation was significantly en-
hanced when the cells were irradiated in the presence of 
BPA-uridine. It is likely that BPA is effectively activated 
in the cell nucleus and thereby exhibits high cytotoxicity 
against tumor cells upon irradiation. In a separate exper-
iment, we evaluated the cytotoxic effect of BPA in the 
presence of fluctose that complexed with BPA to dissolve 
into water. The cytotoxic assay revealed that 
BPA-fluctose conjugate showed similar cyototoxic effect 
upon irradiation. Thus, it is reasonable to conclude that 
BPA-Hoechst conjugate is a potent candidate agents for 
BNCT. In vivo experiments to evaluate the function of 
BPA-uridine is in progress. 

Figure 1. (A,B) Synthesis of BPA-Hoechst (A) and lig-
and of gadolinium ion (B). (C) Cytotoxic effect of 
BPA-Hoechst conjugate upon thermal neutron irradiation 
(1 MW, 45 min). 

REFERENCES:
[1] K. Tanabe et al., ChemBioChem. 19 (2018), 956–962.
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INTRODUCTION: Boron phenylalanine (BPA) has 
been developed as useful boron compound which is 
available for Boron neutron capture therapy (BNCT) 
therapy. We have developed two types of mesoporous 
silica-based nanoparticles that are loaded with BPA and 
found that the BPA-loaded nanoparticles have ability of 
improving the BNCT efficacy [1]. On the other hand, we 
have recently developed novel type of biodegradable pe-
riodic mesoporous organosilica (BPMO) which was 
loaded Gadolinium instead of BPA (Gd-BPMO). We as-
sumed this Gd-BPMO could be applied to Gadolinium 
neutron capture therapy (GdNCT). GdNCT has been de-
vised as a less inversive cancer therapy as well as BNCT. 
Gd-BPMO has a large surface area where Gd can be at-
tached for GdNCT application. We preliminary evaluated 
the GdNCT efficacy with Gd-BPMO in chicken chori-
oalaantoic membrane (CAM) model that was transplant-
ed ovarian cancer cells. 

EXPERIMENTS: 
BPMO was synthesized by sol-gel synthesis of two pre-
cursors, bis[3-(triethoxysilyl) propyl] tetrasulfide and 1, 
2-bis(triethoxysilyl) ethane. This resulted in the incorpo-
ration of tetrasulfide bonds into the framework of the 
nanoparticles. BPMO was then modified with amino 
group. Gadolinium diethylenetriamine penta-acetic acid 
(DTPA) was then mixed with amine-modified BPMO to 
couple Gd on BPMO by electrostatic interaction between 
positively charged NH3+ and negatively charged COO- of 
DTPA. The synthesized nanoparticles were characterized 
by using SEM and EDX-TEM. The amount of Gd at-
tached on the nanoparticles was examined by ICP-AES, 
and Gd content was determined. 

CAM model was established by transplanting human 
ovarian cancer cells OVAR8 on the CAM in fertilized 
chicken egg. After intravenously injection of Gd-BPMO, 
the eggs were placed at the center of emerging neutron 
beam. Eggs were irradiated with thermal neutron for 1 h at 
an operating power of 1MW. After the irradiation, eggs 
were incubated for 3 days at 37℃ with 65% humidity. 
Tumors were then cut out to evaluate the tumor size. 

RESULTS: As seen in Fig. A, Gd-BPMO synthesized 
had approximately 80-100 nm of diameter and homoge-
nous shapes examined by SEM microscopy (TEM image 
is not shown). After coupling of Gd to BPMO, we de-
tected the amount of Gd that was coupled with BPMO by 
ICP. The 2.6% of Gd were coupled with BPMO. 

As seen in Fig. B and C, Investigation of tumor growth 
inhibition effect of Gd-BPMO was preliminary resulted 
that the tumor growth was significantly inhibited when 
Gd-BPMO was injected compared to no injection or 
empty BPMO (27% tumor growth inhibition effect com-
pared to No injection). We have been carrying out further 
experiments about the characterization and biodistribu-
tion of Gd-BPMO, and their tumor growth inhibition 
efficacy by neutron irradiation is currently ongoing. 

REFERENCES: 
[1] F. Tamanoi et al., Int. J. Mol. Sci. 22, 2251 (2021).

72 h after irradiation of chicken egg xenografted with 
ovarian tumor and injected with nanoparticles

No 
injection

Empty 
MSN

Empty 
BPMO

Free Gd

Gd-BPMO

100%

134%

105%

75%

27%

0

10

20

30

40

50

No
injection

Empty
MSN

Empty
BPMO

Free Gd Gd-BPMO
Tu

m
or

 w
ei

gh
t (

m
g)

*

Size of Gd-BPMOs are around 80-100 nm.

SEM image of Gd-BPMO
A

B

C

ICP-AES determines Gd content to be 2.6 wt%

Development of Gadolinium-loaded mesoporous silica-based nanoparticles and 
application to cancer radiotherapy

PR2-5

2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

- 15 -



Pathological Findings of Tumor Growth Suppression of GdNCT with Intra-
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INTRODUCTION: 
Gadolinium atoms react thermal neutron and offers 

cytotoxic effect by 1m-range high LET Auger electron, 
and long-range gamma rays on Gadolinium-neutron cap-
ture therapy(GdNCT) [1, 2, 3]. For effective GdNCT, it is 
necessary to accumulate Gadolinium atoms into the tu-
mor tissues selectively, so we prepared the gadolinium / 
hyaluronic acid / protamine-mixed with cationic lipo-
some (157Gd-plex) as neutron capture agent. In this study, 
we evaluated the mechanism for cancer cell cytotoxicity 
by GdNCT performing with HE dyeing & Apoptotic 
analysis using tumor tissues after GdNCT in vivo. 

EXPERIMENTS: 
We prepared nanoparticles mixed with 1.5mL of Gado-

linium compound “Gadovist” (MW: 604.71), 0.2mL of a 
solution of 10mg/mL-hyaluronic acid sodium, and 0.1mL 
of 20mg/mL of protamine incubating at room tempera-
ture for 30min. Then, these mixing solutions were poured 
into Coatsome EL-C. Human pancreatic cancer AsPC-1 
cell was used for the in vivo anti-tumor effect evaluation. 
We prepared AsPC-1(5x105) model by transplanting to 
right lower leg. Twelve hours after intra-tumoral injection 
of 0.1mL of 157Gd-plex, we performed thermal neutron 
irradiation at Institute for Integrated Radiation and Nu-
clear Science, Kyoto University (average neutron fluence 
of 3.0 × 1012 n/cm2). The change in tumor growth and 
survival rate of the mice reflected the anti-tumor effect of 
157Gd-plex. We obtained a tumor and various organs 
(heart, the lungs, liver, kidney, spleen) one month after 

irradiation, and performed a formalin fixation and the 
freeze fixation using the OCT compound and examined 
the pathological cell cytotoxic effects. We performed 
apoptotic analysis using the TUNEL dyeing to analyze 
the mechanism of the antitumor effect (Apoptosis in situ 
detection Kit Wako, 293-71501, Osaka, Japan) [4]. 

RESULTS:
  The nuclear dysplasia of the cancer cell was strong in 
the non-irradiation group, but the degeneration was not 
seen. The degeneration was not seen in the groups with 
only irradiation, but the cancer cell hyalinization and de-
generation were seen in the 157Gd solution and 157Gd-plex 
treated groups(Figure 1). The apoptotic changes of the 
cancer cells were not seen in the non-irradiation group. 
There were few apoptotic changes in the control group 
with irradiation, but the apoptotic changes were dominant 
in the GdNCT treated group with 157Gd-plex (Figure 2). 

Figure 1. HE staining of tumor growth suppression by 
157Gd-plex on GdNCT 

Figure 2. TUNEL staining of tumor growth suppres-
sion by 157Gd-plex on GdNCT 

REFERENCES: 
[1] Dewi N et al., Biomed & Pharmacother (2013) 67:451-7.
[2] Dewi N et al., J Can.Res.Clin.Oncol. (2016) 142(4):767-75.
[3] Mi P, et al. : J Cont. Release (2014) 174:63-71.
[4] Yanagie H, et al. : Br J Radiol (2017), PMID: 28406315
DOI: 10.1259/bjr.20170004.
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Neutron capture therapy (NCT) that employs bo-
ron or gadolinium isotopes as sensitizers holds great 
promise for cancer treatment. 157Gd is the most effective 
isotope in terms of thermal neutron capture, holding a 
large cross-section of 254000 barn. The Gd neutron 
capture reaction, 157Gd(n, γ)158Gd, is capable of gener-
ating high linear energy transfer (LET) Auger-Coster-
Kronig (ACK) electrons as well as low LET γ photons 
to damage cancer cells. Another advantage of GdNCT 
is that Gd(III) is an efficient contrast agent for magnetic 
resonance imaging (MRI), which enables noninvasive 
detection of Gd content in the tumor and can guide 
GdNCT.[1] Unfortunately, because of the lack of appro-
priate tumor-selective Gd agents, the GdNCT concept 
has thus far not been clinically tested. 

Gd-containing inorganic nanoparticles (Gd-NP) 
carrying a large number of Gd atoms in a single particle 
are considered as a potential Gd agent for GdNCT. We 
have recently prepared a kind of Gd-NP, which were 
further grafted with polyglycerol (PG) to increase the 
colloidal stability and dispersibility in physiological 

media.[2] The resulting Gd-NP-PG nanoparticles were 
characterized and investigated as a Gd agent for 
GdNCT of murine CT26 colon cancer. The results 
showed that Gd-NP-PG nanoparticles can disperse in 
phosphate buffer saline (PBS) at a fairly high concen-
tration of > 10 mg Gd/mL, showing no aggregation 
and precipitation over 3 months. Upon intravenous 
admin-istration, Gd-NP-PG nanoparticles circulated 
in the mouse blood for a relatively long time, and 
accumulated in CT26 tumor through enhanced 
permeability and re-tention (EPR) effect, reaching a 
high Gd concentration of about 150 µg/g at 24 h 
postinjection. As expected, Gd-NP-PG nanoparticles-
mediated GdNCT (thermal neutrons: 1 MW for 50 
min) significantly suppressed the growth of CT26 
tumor as compared to the control groups, suggesting 
that the nanoparticles can be a po-tential Gd agent. 

We are going to study the MRI of tumor using 
Gd-NP-PG nanoparticles as a contrast agent, with an 
aim to realize MRI-guided GdNCT (Figure 1), which 
can not only help optimize the GdNCT plan, but also 
enhance the accuracy and efficacy of GdNCT. In 
addition, the therapeutic mechanism of Gd-NP-PG 
nanoparticles-mediated GdNCT will also be explored. 
Reference:
[1] P. Mi, N. Dewi, H. Yanagie, D. Kokuryo, M. Suzuki,
Y. Sakurai, Y. Li, I. Aoki, K. Ono, H. Takahashi, H. Ca-
bral, N. Nishiyama, K. Kataoka, ACS Nano, 9 (6),
5913-5921 (2015).
[2] L. Zhao, T. Chano, S. Morikawa, Y. Saito, A. Shiino,
S. Shimizu, T. Maeda, T. Irie, S. Aonuma, H. Okabe, T.
Kimura, T.Inubushi, N. Komatsu, Adv. Funct. Mater.,
22 (24), 5107- 5117 (2012).

Figure 1. MRI-guided GdNCT using Gd-NP-PG as a Gd agent. 
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Study about neutron capture therapy using polymeric drug delivery systems chelating 
Gd 

Y. Miura1, T. Nomoto1, K. Konarita1, D. Tokura1, Y. Sa-
kurai2, M. Suzuki2, N. Nishiyama1

Fig. 1.  Antitumor efficacy to subcutaneous CT26 tumor 
models. 

REFERENCES: 
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(2016) 767-775.
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INTRODUCTION:  157Gd has the high neutron capture 
cross section and can generate Auger electrons and g-rays 
upon thermal neutron irradiation. Thus, Gd has been ex-
pected to be a promising atom in neutron capture therapy. 
We previously synthesized the inorganic-organic hybrid 
nanoparticle encapsulating Gd and demonstrated strong 
antitumor efficiency in subcutaneous tumor models [1]. 
However, the tumor accumulation level of Gd and ulti-
mate antitumor efficiency was not always well correlated 
[2]. To improve the tumor accumulation and penetration 
performance of drug carriers, we designed and synthe-
sized new class of Gd-DOTA introduced polymers (pol-
ymer-drug) by using controlled polymerization tech-
niques and selective polymer modifications. According to 
in vivo biodistribution study, obtained polymer-drug ena-
ble selective Gd delivery against targeted tumors. Thus, 
in this year, we tried to confirm the Gd-related therapeu-
tic performance of the polymer-drug through neutron 
irradiation.  

EXPERIMENTS:  BALB/c mice bearing subcutaneous 
CT26 tumors were prepared by subcutaneous injection of 
the cell suspension. The polymer drug or the 
low-molecular drug (Gd-DOTA) as a control were intra-
venously injected to the mouse, and the thermal neutrons 
were irradiated to the tumor using KUR at 5 MW for 10 
min. The tumor volume (V) was calculated using the fol-
lowing equation:  

V = 1/2 x a x b2 

where a and b denote major and minor axes of a tumor, 
respectively. 

RESULTS:  As shown in Fig. 1, the low-molecular 
drug and polymer drug exhibited antitumor efficacy, 
suggesting the successful neutron capture therapy and the 
appropriate irradiation condition. However, the two sam-
ples did not exhibit a significant difference for tumor 
growth inhibitory effect, suggesting that the dosr of pol-
ymeric drug and/or administration schedule were insuffi-
cient. In the next fiscal year, we will improve the thera-
peutic efficacy by modification of experimental designs 
and polymer structure. 
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INTRODUCTION: To develop the next generation of 
cancer radiation therapy, we evaluated the tissue distribu-
tion of Gd tetra (methylene phosphonic acid) chelate 
(Gd-EDTMP), a gadolinium-containing neutron capture 
therapy preparation, and the effects of thermal neutron 
irradiation on animal tumor models. Previous our exper-
iments with a single intraperitoneal administration of 
Gd-EDTMP in young mice suggested that Gd-EDTMP 
has a high dose distribution in parts of the femur, espe-
cially in bones with epiphyseal line. In this study, mice 
model of carcinogenesis was created in elderly mice with 
a closed epiphyseal line to investigate the basis for neu-
tron capture therapy. After neutron irradiation of the mice, 
the distribution of 157Gd in and around the bone was im-
aged using laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS). 

EXPERIMENTS: Gd-EDTMP solution was prepared 
from gadolinium chloride and EDTMP. BALB/cAJcl 
female mice (12 weeks old) were acclimated for 1 week 
and then transplanted Luciferase stably expressing cell 
line 4T1; mouse mammary tumor cell line JCRB1447 
into the right tibia. After acclimation for another week 
and confirmation of tumor formation, mice were divided 
into three groups: (n=3 or 4): Gd-EDTMP treated and 
neutron-irradiated (Gd+/Nu+), Gd-EDTMP treated and 
not neutron-irradiated (Gd+/Nu-), and phos-
phate-buffered saline treated and neutron-irradiated 
(Gd-/Nu+). Gd+/Nu+ and Gd+/Nu- mice were adminis-
trated a single intraperitoneal dose of 20 mg/kg body 
weight of Gd-EDTMP (1 mg-Gd/ml PBS) (n=3). 
Gd-/Nu+ mice (n=4) were administrated only PBS 
equivalent to the same dose as the previous two groups. 
Twenty-four hours after Gd-EDTMP or PBS administra-
tion, Gd+/Nu+ and Gd-/Nu+ mice the lower limbs were 
irradiated with thermal neutrons for 15 minutes at the 
Kyoto University Research Reactor (KUR, 5MW). The 
irradiate fluence of thermal neutron was 3.6 x 1012 cm-2. 
After irradiation, mice were allowed free access to food 
and water until 14 days, and their general condition was 
monitored. After euthanasia, the right thighs and shins 
were harvested and weighed for tumor weight. The right 
thighs and shins were thinned to 5 μm by the Kawamoto 
method, a non-decalcified frozen section preparation 
method, and the distribution of 157Gd was imaged by 
LA-ICP-MS (LA: NWR213, ICP-MS: Agilent 8800) by 

the methods previously mentioned [1]. The tumor status 
was also evaluated by micrographs of Hematoxylin Eosin 
(H.E.) stained sections of the lower limbs.

RESULTS and DISCUSSION: syu 
Comparing the weight of the right legs, including the 
tumor (Fig. 1), the Gd+/Nu+ group (822 ± 27 mg) tended 
to be lower than the Gd+/Nu- (1255 ± 390 mg) or 
Gd-/Nu+ (1147 ± 173 mg) groups. This may suggest that 
tumor growth in the Gd+/Nu+ mice was suppressed. 
LA-ICP-MS Gd imaging of the legs of Gd +/Nu + and 
Gd +/Nu - showed extremely high Gd signal intensity in 
bone. In 4T1 tumor areas, Gd signal intensity was higher 
than in surrounding muscle tissue (Fig. 1). It was sug-
gested that 4T1 cells may uptake Gd-EDTMP. 

 
 
 

 
 
 
 
 

REFERENCES: 
[1] A. Kubota et al., Juntendo Medical Journal., 65
(2019): 461-467.

Fig. 1. Leg section of a 4T1 mammary tumor cell transplant-
ed mouse 14 days after treatment with Gd tetra (methylene 
phosphonic acid) chelate (Gd-EDTMP) (20 mg/kg). (A) He-
matoxylin Eosin stained microscopic image: T indicating 
tumor area and M indicating muscle area. (B) Imaging of 
157Gd distribution by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS). In the figure 
(B), white areas indicate areas of high 157Gd signal intensity. 

PR2-9

- 19 -

R3P2-9 



I-1.  PROJECT RESEARCHES

Project 3 

- 20 -



Enhancement of research methods for material irradiation and defect analysis 

A. Kinomura

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

OBJECTIVES:  Irradiation facilities of high-energy
particles for neutrons (Material Controlled irradiation 
Facility), ions (e.g., Heavy ion irradiation facility) and 
electrons (Temperature-controlled irradiation facilities of 
KUR-LINAC) have been extensively developed at the 
Institute for Integrated Radiation and Nuclear Science. 
The developed facilities have been in operation and 
opened for joint research projects.  One of the objectives 
of this project is to further improve or optimize 
irradiation facilityies for advanced irradiation 
experiments. 
  As characterization techniques for irradiated materials, 
a slow positron-beam system and a focused ion beam 
system have been developed and introduced, respectively, 
in addition to previous characterization facilities such as 
an electron microscope, an electron-spin-resonance 
spectrometer, a bulk positron annihilation spectrometer 
and a thermal desorption spectrometer.  Another 
objective is to introduce new experimental methods or 
reconsider analytical methods of previously used 
characterization techniques. 
  Based on these two objectives, we expect the 
enhancement of previous studies and the attraction of 
new users for the joint research program. 

The allotted research subjects (ARS) and 
co-researchers are listed below.  The titles of research 
subjects are taken from the individual reports. 
ARS-1: 
Study to improve transport and measurement 
performance of a slow positron beamline (A. Kinomura 
et al.) 
ARS-2: 
Doping effect of Cr, Mo, Ta, and Re on defect formation 
after electron irradiation (T. Toyama et al.) 
ARS-3: 
Hydrogen Thermal Desorption Analysis in 
Electron-irradiated F82H (K. Sato et al.) 
ARS-4: 
Gamma-ray induced photo emission from ZnO single 
crystal wafer: Comparison with GaN (T. Nakamura et al.) 
ARS-5: 
Irradiation technique for study on corrosion resistance of 
fusion divertor materials to liquid metal during irradiation 
(M. Akiyoshi et al.) 
ARS-6: 
Investigation of free volume in diamond like carbon films 
deposited by various methods (K. Kanda et al.) 
ARS-7 
Positron annihilation spectroscopy on diamond-like 
carbon films (S. Nakao et al.) 
RESULTS: 

In ARS-1, a brightness enhancement system have been 

developed for the KUR slow positron beamline as well as 
measurement systems for positron annihilation lifetime 
spectroscopy.  In this year, positron annihilation lifetime 
measurements were successfully demonstrated with a 
brightness enhanced beam in the KUR slow positron 
beam system. A spot size evaluated by a knife edge 
method using sample edges was 2.3 mm (FWHM). 

In ARS-2, electron irradiation to pure W, W-5%Re (in 
weight %), W-0.3%Cr, W-1.5%Mo, and W-5%Ta was 
performed at LINAC at KUR at 8 MeV. After electron 
irradiation, the average lifetime increased, showing 
positron trapping to vacancy type defects. Average 
lifetimes for W-0.3%Cr and W-5%Re remained relatively 
short compared with the W-1.5%Mo and W-5%Ta alloys, 
suggesting that the formation of irradiation induced 
defects was suppressed. 

In ARS-3, the TDA of electron-irradiated F82H was 
conducted after electrolysis hydrogen charging. The 
hydrogen atom trapping sites in materials were 
investigated using simulation program for TDA. The 
TDA curve of electron-irradiated F82H showed a main 
peak around 320 K and a shoulder peak from 370 K to 
420 K. The simulation curve corresponds well to the 
experimental one except for the shoulder around 420 K. 

In ARS-4, although ZnO and GaN have the wurtzite 
structure and direct bandgap with almost the same 
bandgap values, peak intensities of the gamma-ray 
induced photo emission were different.  It is considered 
to be due to the difference in the light emitting 
mechanism between YL of GaN and GL of ZnO. 

In ARS-5, the planned experiments were not 
performed this year for the influence of infectious disease 
countermeasures. 
  In ARS-6, S parameters showed good correlation with 
film density and hardness. As the density and hardness 
decrease, the S parameter increases, since the increase in 
S parameter is considered to mean the increase in free 
volume. Positron lifetimes increased with decreasing of 
the density and hardness as well. On the other hand, it 
was found that the S parameter and positron lifetime have 
no direct correlation to the hydrogen content estimated 
from ERDA or NEXAFS measurements. 
  In ARS-7, Si-DLC and Si-PLC films were deposited 
on Si substrates by a bipolar-type plasma-based ion 
implantation and deposition (PBII) system, followed by 
annealing at 400 oC and 800 oC in vacuum to investigate 
the thermal stability of the films.  The results of positron 
annihilation spectroscopy suggested that Si incorporation 
may promote to increase porosity in the films and prevent 
structural changes due to H release by ion bombardment 
or thermal annealing at high temperature. 
SUMMARY: Several new irradiation (electron-beam and
gamma-rays) and analytical (slow-beam and conventional 
positron measurements) techniques for various materials 
have been developed and improved for the objectives of 
this project.  Such studies may enhance developments of 
new techniques and materials research on irradiation 
effects. 
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INTRODUCTION:  Positron annihilation spectroscopy
is an important analytical method to detect vacancy-type 
defects and vacant spaces of materials.  Energy-variable 
mono-energetic positron beams (slow positron beams) are 
essential to perform depth-dependent positron 
annihilation spectroscopy of surface layers such as 
ion-implanted layers or thin films formed on substrates. 
Intense positron sources are necessary to obtain slow 
positron beams for practical use.  In general, positron 
sources based on pair creation can provide higher 
intensity than radioisotope-based positron sources.  A 
positron source using pair-creation by gamma-rays from 
a nuclear reactor have been developed by using Kyoto 
University research Reactor (KUR) to obtain a slow 
positron beam for materials analysis.  In the KUR slow 
positron beamline, the source size (converter and 
moderator assembly) is approximately 30 mm in diameter. 
For typical sample sizes of materials analysis (<10 mm), 
it is necessary to reduce beam sizes efficiently while 
keeping beam intensity as high as possible.  For this 
purpose, a brightness enhancement system have been 
developed for the KUR slow positron beamline [1].  In 
addition, measurement systems for positron annihilation 
lifetime spectroscopy have been optimized in this study. 
EXPERIMENTS:  In previous studies, the brightness
enhancement system of the KUR slow positron beam line 
has been evaluated using beam-spot images on phosphor 
screens attached to microchannel plates.  In addition, a 
knife-edge method using a brightness enhanced beam 
was examined over samples edges with Doppler 
broadening measurements.  During the brightness 
enhancement operation, a positron pulsing system and a 
sample holder need to be biased with an extraction 
voltage (typically 5 keV).  As pulsing signals are 
required for the lifetime measurement circuit located at 
the ground state (0 V), pulsing signals were transported 
through an isolation transformer from the high voltage 
state to the ground state.   
RESULTS:  After the positron pulsing system with a
normal setup [2] was optimized for a Kapton sheet at 2 
keV, the brightness enhancement system was then 
operated.  The Ni re-moderator was inserted in the beam 
trajectory and additional optics with a magnetic lens and 
solenoid coils were excited.  An extraction voltage of 
the beam from the Ni re-moderator was 5 keV.  As a 
result, the high voltage of the sample was adjusted to 7 
keV to obtain an acceleration voltage of 2 keV.   

Fig. 1 shows the positron annihilation lifetime spectra 
of the Kapton sheet measured with and without the 

brightness enhancement (B.E.) system.  A satellite peak 
around 8 ns in Fig. 1(a) is one of the background peaks 
corresponding to the bunching period of the pulsing 
system.  On the other hand, no satellite peak was 
observed around 8 ns in fig. 2(b).  This difference is 
attributed to the narrower energy spread of the brightness 
enhanced beam. 
  Fig. 2 shows the result of position-dependent 
intensities of the Kapton lifetime component.  The 
positron beam was moved across the edges of a YSZ 
sample placed on the Kapton sheet.  The positron 
lifetime spectra were collected at each position.  The 
intensities of the lifetime component of the Kapton was 
plotted.  This procedure can be used as a knife-edge 
method.  The fitting of a Gauss function gave a spot size 
of 2.3 mm (Full width half maximum: FWHM). 
  In summary, positron annihilation lifetime 
measurements were successfully demonstrated with a 
brightness enhanced beam in the KUR slow positron 
beam system.  A spot size evaluated by a knife-edge 
method using sample edges was 2.3 mm (FWHM).  
REFERENCES:
[1] Y. Kuzuya et al. J. Phys. Conf. Series 791 (2017)
012012.
[2] M. Nakajima et al. Rev. Sci. Instrum. 91 (2020)
125109.

Fig. 1 Positron annihilation lifetime spectrum of a 
Kapton sheet measured without (a) and with (b) the 
brightness enhancement system. 

Fig. 2 Position depnedence of intensities of the 
Kapton lifetime component across sample edges. 
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INTRODUCTION: Tungsten (W) is a first-candidate 
material as plasma-facing materials for fusion reactors 
thank to its high melting point, high sputtering resistance 
to energetic particles, and the very low solubility of hy-
drogen isotopes which is a notable advantage in reducing 
tritium (T) retention. However, recent studies have re-
ported that neutron-irradiation and ion-irradiation cause 
significant enhancement of hydrogen isotope retention in 
W, due to hydrogen trapping at irradiation-induced de-
fects such as vacancies, vacancy clusters, and dislocation 
loops. Recently it was found that the addition of rhenium 
(Re) to W drastically reduces the hydrogen isotope ac-
cumulation [1]. As a mechanism for this, quantum chem-
ical calculation has been performed [2]; it is suggested 
that Re is strongly bound to interstitial atoms, so that 
recombination of interstitial atoms and vacancies is pro-
moted, and the formation of vacancy-type defects that 
become hydrogen capture sites is suppressed. However, 
no experimental studies on this have been obtained. In 
this study, we performed electron-irradiation to introduce 
only a simple Frenkel pair to W or W-Re alloy. The effect 
of Re addition on the defect formation is investigated by 
the positron annihilation method. In addition, the effect of 
Cr, Mo, and Ta is investigated as well. 

EXPERIMENTS: Electron-irradiation to pure W, 
W-5%Re (in weight %), W-0.3%Cr, W-1.5%Mo, and
W-5%Ta was performed at LINAC at KUR at 8 MeV, at
temperature of < 100 ℃ to the fluence of ~4E+23 e-/m2.
Positron annihilation measurements (lifetime measure-
ment and coincidence Doppler broadening measurement)
were performed.

RESULTS: Figure 1 shows results of average positron 
lifetime before and after electron-irradiation for the sam-
ples. In pure W, the average lifetime was about 120 ps 
before electron-irradiation, which is close to the value in 
W bulk. After electron-irradiation, the average lifetime 
increased, showing positron trapping to vacancy-type 
defects induced by electron-irradiation. In W-1.5%Mo 
and W-5%Ta alloys, the trends were almost similar to that 
for pure W, indicating that the effect of these elements on 
the formation of irradiation-induced defects are not sig-
nificant. In contrast, the average lifetime for W-0.3%Cr 
and W-5%Re remained relatively short compared with 
the other alloys, suggesting that the formation of irradia-
tion-induced defects was suppressed. The possible can-
didate for positron trapping site for W-0.3%Cr and 
W-5%Re after irradiation could be dislocations in which
positron life-time value may be shorter than

mono-vacancy. Figure 2 shows the deuterium (D) reten-
tion in W and W alloys before/after 6.4 MeV Fe ion irra-
diation at DuET at Kyoto University. For pure W, 
W-2.5Mo, and W-5Ta, significant increases in D retention
were observed, which is attributed to the irradia-
tion-induced defects after ion irradiation. On the other
hand, the increase in D retention after irradiation was not
significant for W-0.3%Cr and W-5%Re. This is due to the
suppression of defect formation after irradiation, which is
well-confirmed by the present positron lifetime meas-
urements shown in Fig. 1.

Fig. 1 : Average positron lifetime in W alloys before/after 
electron irradiation at LINAC.  

Fig. 2 : Deuterium retention in W alloys before/after 6.4 
MeV Fe ion irradiation (Reproduced from J. Wang et al., 
J. Nucl. Mater. 545 (2021) 15274) .

REFERENCES:
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INTRODUCTION:  Thermal desorption analysis 
(TDA) is widely used to identify the gas atom trapping 
sites in the field of spallation neutron source materials [1], 
fusion reactor materials [2] and hydrogen embrittlement 
[3] and so on. To know the interaction between gas atoms
and defects, which has an influence on microstructural
evolution, is very important to develop the performance
of their materials. TDA curves change if defects grow in
the material (size or density change). Therefore, using the
TDA, Komazaki et al. detected the formation and growth
processes of defects during creep test of high Cr ferritic
steels, and estimated the remaining life of the structural
materials [4, 5].
In TDA, to obtain the binding energy of gas atoms to
defects, three experiments under different rate of temper-
ature increase should be performed [6]. However, it is
often difficult to prepare multiple samples irradiated in
spallation neutron sources or fusion reactors under same
irradiation condition. Therefore, the simulations were
also carried out to identify the gas atom trapping sites [2,
7]. In this study, the TDA of electron-irradiated F82H
was conducted after electrolysis hydrogen charging. The
hydrogen atom trapping sites in materials were investi-
gated using simulation program for TDA.

EXPERIMENTS AND SIMULATIONS:  IEA heat 
F82H [8] was used in this study. Disk samples with a 
dimeter of 5 mm and thickness of 0.5 mm were fabricated 
using a wire electric discharge machine. Defects were 
introduced by irradiation with electrons at 8 MeV using 
the electron linear accelerator of Institute for Integrated 
Radiation and Nuclear Science, Kyoto University. The 
irradiation temperature was 333 ± 10 K, and irradiation 
dose was 1.4 × 10−4 dpa. Hydrogen was charged to the 
samples using a cathodic electrolysis charging method; 
also, 0.1 mol/L NaOH with 0.5 mass% NH4SCN was 
used. The current density and the charging temperature 
were 50 A/m2 and 303 K, respectively. The charging time 
was for 4 h. The hydrogen molecules were counted at 
intervals of 5 min using a gas chromatograph, and the 
system was calibrated with a standard mixture of hydro-
gen and argon gas with a heating rate of 100 K/h. Simu-
lation program for TDA developed by Kamimura et al. 
[9] was used in this study.

RESULTS:  In unirradiated F82H, when we used the 
values obtained in the previous study (hydrogen migra-
tion energy of 0.145 eV, the defect density of 1.6 × 1023 
/m3 (1.9 × 10−6), and binding energy of 0.580 eV) [10] 

(case 1), the density was too low and the binding energy 
was too high to fit the simulation curve to the experi-
mental one. When we used the hydrogen migration ener-
gy of 0.145 eV, the trapping site density of 4.65 × 1024 
/m3 (5.52 × 10−5), and binding energy of 0.373 eV (case 
2), the curve fitted to the experimental one was obtained. 
It is expected that trapping sites are interface of precipi-
tates, dislocations, and block/packet/lath boundaries. Jia 
et al. observed dislocations of approximately 1014 /m2 
(density of atoms which compose dislocation core: 8.2 × 
10−6) by transmission electron microscopy in F82H [11]. 
Therefore, the defect density of 1.6 × 1023 /m3 (1.9 × 
10−6) in the previous work [10] is too low. The hydrogen 
migration energy in α-Fe of 0.058 eV [12] is lower than 
that in F82H. As F82H includes many kinds of solute 
atoms, they capture hydrogen atoms, and slow the diffu-
sion of hydrogen in F82H [13]. 
In the experimental TDA curve of electron-irradiated 
F82H, we can see a main peak around 320 K and a 
shoulder peak from 370 K to 420 K. The hydrogen mi-
gration energy, density, and binding energy of 
pre-existing defects were the same as case 2. The irradia-
tion-induced defect is identified by positron annihilation 
lifetime measurements, di-vacancies were formed, and 
their density was 3.03 × 10−5. The binding energy of hy-
drogen to vacancy clusters changes with the occupancy 
of hydrogen [14] and this changed according to the equa-
tion: Eb = −0.631θ2 + 0.110θ + 0.628 (eV) (θ: occupancy 
of hydrogen to vacancy clusters). When the defect densi-
ty is assumed as constant during the temperature increase, 
the curve does not fit to the experimental one. Therefore, 
it is assumed that the density of vacancy clusters mono-
tonically decreases with increasing the annealing temper-
ature. The simulation curve corresponds well to the ex-
perimental one except for the shoulder around 420 K. If 
the growth of the vacancy clusters is considered, better 
fitting curves will be obtained. 
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INTRODUCTION:  Emission characteristics for native 
and radiation induced defects of wide-gap semiconduc-
tors such as ZnO and GaN have been studied by cath-
ode-luminescence using an electron beam and photolu-
minescence using a He–Cd laser. We recently observed 
gamma-ray induced photo emission from GaN single 
crystal wafers [1]. This observed emission corresponds to 
yellow luminescence (YL). We have also reported that 
the high resistive ZnO bulk single crystals became low 
resistive due to the Zn interstitials induced by gamma-ray 
irradiation of 170 kGy [2]. Whether the luminescence by 
the excitation of gamma rays is observed in ZnO is im-
portant as it may be used as an application as a gamma 
ray detector. The gamma-ray generates a Compton elec-
tron, causing the material to undergo internal bombard-
ment by MeV electrons [3].  

EXPERIMENTS: Undoped ZnO single crystal wafers 
with a size of 1 cm square and a thickness of several 100 
μm meters were used for the present study. The resistivity 
measured by van der Pauw method was 104 Ω cm for an 
un- irradiated ZnO and varied to 30 Ω cm for ZnO irradi-
ated with the total gamma-ray dose of 170 kGy [2]. 
Therefore, the resistance change of the ZnO crystal does 
not occur in the short-time during gamma-ray irradiation 
emission measurement of about 20 min, corresponding to 
the gamma-ray dose of ~0.59 kGy. That is, short-time 
irradiation will not produce detectable lattice defects. The 
crystals were irradiated at room temperature with gam-
ma-rays of 1.17 and 1.33 MeV from a cobalt-60 source of 
Institute for Integrated Radiation and Nuclear Science, 
Kyoto University. The gamma-ray irradiation induced 
photo emission measurements were performed by using a 
charge coupled device (CCD) equipped spectrometer (QE 
Pro, Ocean Insight Co. Ltd.). Each measurement was 
performed under 20 min, gamma-ray irradiation and each 
spectrum was acquired for 2 min, CCD exposure time.  

RESULTS: Fig. 1 shows the gamma-ray induced photo 
emission spectra of ZnO and GaN single crystal wafers. 
These spectra were measured at room temperature by the 
absorption dose rate of about 1.4 kGy/h using wafer 
thickness of 0.5 mm for ZnO and 0.25 mm for GaN. The 
GL peak in- tensity of ZnO is about 1/60 of gamma-ray 
induced YL observed in GaN single crystal wafers [1]. 
Note that this peak intensity ratio was cor- rected by the 
thickness of the wafer. Although ZnO and GaN are the 
wurtzite structure, direct bandgap, and have almost the 
same bandgap values, the difference in peak intensity of 
the gamma-ray induced photo emission observed in the 
present study is considered to be due to the difference in 

the light emitting mechanism between YL of GaN and 
GL of ZnO. YL of GaN has been proposed as a transition 
from a shallow donor to gallium vacancy (VGa) located 
at about 1.1 eV above the valence band [4]. Our previous 
study [5] reported that the low-dose gamma-ray irradia-
tion of 160 kGy mainly induces N vacancies (VN) locat-
ed at about 50 meV below the conduction band. There-
fore, the gamma-ray induced YL observed in GaN is at-
tributed to a shallow donor to VGa transition due to the 
excitation from valence band to conduction band by 
Compton electrons. On the other hand, GL in ZnO is the 
recombination of electrons in singly ionized oxygen va-
cancy (Vo+) with photo-excited holes in valence band. 
However, it is suggested that a part of the electrons in 
Vo+ in ZnO are excited in the conduction band by the 
Compton electrons and Vo+ become the doubly ionized 
states (Vo++), reducing their contribution to GL. As in the 
previous report [2], this situation is similar to the Vo+ 
signal observed in the electron paramagnetic resonance 
measurements of ZnO irradiated with the total gam-
ma-ray dose of 170 KGy disappears with red LED illu-
mination. 
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Part of this research was published in Solid State Com-
munications 336, 114413 (2021). 
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Fig. 1.  Gamma-ray induced photo emission spectra 
from GaN and ZnO single crystal wafer. 
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INTRODUCTION: As diamond-like carbon (DLC) has 
the lowest friction coefficient among various coating ma-
terials and its aggressiveness toward other materials is 
much less, its practical use have wide spread applications 
in, for instance, automobile parts, magnetic storage disks, 
implant parts, and food containers [1]. The film proper-
ties of DLC film is depended on its three kinds of struc-
tural factors, that is, sp2/sp3 ratio of carbon atom, hydro-
gen content, and free volume. The free volume in DLC 
film strongly related to the several physical properties of 
the DLC films, especially important ones such as hard-
ness, Young's modulus, electrical conductivity, and gas 
barrier properties. In this study, the free volume of DLC 
films was discussed from the positron annihilation spec-
troscopy (PAS) study using a slow positron beam. 

EXPERIMENTS: Eight kinds of DLC films were pre-
pared. The following five methods were used for film 
deposition, ion plating, unbalanced magnetron spattering, 
plasma-enhanced chemical-vapor-deposition, DC sput-
tering, and filtered cathodic vacuum arc (FCVA) method. 
In FCVA method, four types of films were produced by 
varying the voltage. The measurements of Doppler 
broadening (DB) and positron annihilation lifetime spec-
troscopy (PALS) were carried out using a slow positron 
beam installed in the B-1 hole of KUR. Doppler broad-
ening profiles of annihilation -rays were obtained using 
a Ge detector in the voltage range up to 30 kV. The Dop-
pler broadening is characterized by the S- and 
W-parameters, corresponding to the annihilation with low
and high momentum electrons, respectively. PALS was
performed at an energy of 2 keV, corresponding to the
DLC film on Si. The film density and the hardness were
determined from X-ray reflectivity (XRR) measurements,
and nanoindentation method, respectively.

RESULTS:  The W-parameters were plotted as a func-
tion of the S-parameter in Fig. 1. The W-parameter of 
various DLC decreased linearly with increasing of the 
S-parameter. This indicated that the same types of posi-
tron trapping sites are present. In other words, different
types of vacancies were not created with different deposi-
tion methods or under different film deposition condi-
tions. In addition, the PAL and the S-parameter show very
good correlation, except for the DLC film with specifi-
cally high hydrogen content.

Figure 2 shows the correlations between the S-parameters 
of various DLC films and the density and Martens hard-
ness of DLC films. S-parameter shows good correlation 
with film density and the hardness. As the density and 
hardness decrease, the S-parameter increases, since the 
increase in S-parameter is considered to mean the in-
crease in free volume. As well as, PAL increased with 
decreasing of the density and hardness. On the other hand, 
it was found that the S-parameter and PAL have no direct 
correlation to the hydrogen content, which was estimated 
rom the ERDA analysis, or the sp2/sp3 ratio of carbon in 
the DLC film, which was obtained from the NEXAFS 
measurements. This is because the magnitude of the 
S-parameter and PAL depends first of all on the size of
the free volume, and the influence of the chemical envi-
ronment around the free volume is a secondary factor.

REFERENCES:
[1] N. Ohtake et al., Materials 14 (2021) 315.

Fig. 1 The core annihilation parameter W versus 
the valence parameter S, in various DLC films. 

Fig. 2 Correlations between density, hard-
ness and S-parameters of DLC films. 
●: Density [g/cm3], 〇: Hardness [GPa]
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INTRODUCTION:  Diamond-like carbon (DLC) films 
have attracted much attention because of their excellent 
mechanical properties. However, the properties strongly 
depend on the microstructure of the films which is varied 
by the deposition conditions and methods. Recently, DLC 
or carbon films are categorized from type I to VI, which 
includes graphite-like carbon (GLC) and polymer-like 
carbon (PLC). 
The thermal stability of the films is of importance for 
practical applications. However, the thermal stability is 
not always enough at high temperature. It is considered 
that the degradation of the properties should be caused by 
the changes of the microstructure at high temperature. 
The structural changes may be related to hydrogen (H) 
desorption and the creation of defects at high temperature. 
Many studies have been carried out on the thermal stabil-
ity of DLC films. However, the principal phenomena, 
such as defect behavior, are not always clear. Therefore, 
to make clear the behavior of defects is necessary for 
every type of DLC films (type I to VI) because of differ-
ent microstructure and hydrogen content. The positron 
annihilation spectroscopy (PAS) is one of the useful 
methods to clarify the defect behavior of materials. The 
aim of this study is to examine the relationship between 
the thermal stability and the behavior of defects in several 
types of DLC films by PAS measurement. 
It is known that the thermal stability of DLC films may 
be improved by the incorporation of Si element into the 
amorphous network of the films (Si-DLC). However, the 
reason is not always clear. In this study, Si-DLC and 
Si-PLC films are prepared and annealed up to 800oC, and 
the samples are examined by PAS measurement. 

EXPERIMENTS:  Si-DLC and Si-PLC films were 
deposited on Si (100) substrates by bipolar-type plasma- 
based ion implantation and deposition (PBII) system. A 
mixture of trimethylsilane (TMS) and acetylene gases 
was used. Negative pulse voltage (Vn) was changed from 
-0.4 to -5 kV to change the structure from polymer-like to
diamond-like in the films. The details on the PBII system
were reported elsewhere [1].
Samples were annealed at 400oC and 800oC in vacuum
by an infrared image furnace. In the PAS measurement,
the S-parameter was obtained at different positron ener-
gies ranging from 0 to 30 keV. The S-parameters of sin-
gle crystal diamond, Si wafer and highly oriented pyro-
lytic graphite (HOPG) were also measured as a reference.

RESULTS:  Figure 1 shows the change in S-parameter 
obtained from the PAS spectra of the samples prepared at 

different Vn (a), and the samples after annealed (b). The 
sample of -0.4kV is categorized to Si-PLC and the others 
of -2.6 and -5kV are categorized to Si-DLC. The Si and 
H concentration was decreased with increasing Vn. The 
S-parameters of the references, diamond, Si and HOPG
were ~0.48, ~0.51 and ~0.47, respectively. It is clearly
seen in the Fig.1 that the S-parameters of ~0.51 at higher
energies correspond to Si substrates. The S-parameters of
the films should correspond to the low energy portion at
least less than 5keV. The S-parameters of Si-PLC reaches
~0.53 which is higher than that of Si wafer. With in-
creasing Vn, the parameters decrease to ~49, possibly due
to densification by ion bombardment. Further increase of
Vn may cause the increase of defects in the films so that
the S-parameter slightly increases to ~0.5. On the other
hand, thermal annealing causes the S-parameters decrease
to ~0.51 in the sample of Si-PLC. It was noted that the
S-parameter of PLC was like that of DLC and decreased
from ~0.49 to ~0.475 after annealed at 800oC (not
shown). These results suggest that Si incorporation may
promote to increase porosity in the films and prevent
structural changes due to H release by ion bombardment
at high Vn or thermal annealing at high temperature.
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Fig.1. The change in S-parameter of samples at (a) dif-
ferent negative pulse voltage and (b) different annealing 
temperature. 
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INTRODUCTION:   
Actinide compounds shows a unique chemical and elec-
tronic nature due to the partial and insufficient shield of 5f 
orbital electrons as inner transition elements. We have a 
deep interest in the aspect of the electronic properties of 
the actinide compounds and formed the group consisting 
of three major fields: (1) inorganic and coordination chem-
istry, (2) electronic properties and (3) theoretical chemistry 
and its users. These studies will be also useful for applica-
tion research area such as the handling of the 1F debris and 
developments of nuclear medicines. 
Such research environments to handle actinides elements 
are extremely difficult to build in ordinary university insti-
tutes. The hot laboratory of the KURNS offers unique op-
portunities for the above-mentioned characteristic re-
search activities. 

EXPERIMENTS: 
The last fiscal year of the project has been devoted to the 
setting up the experimental environment and initial test ex-
periments. Each of research fields has made their progress 
as followings: 
(1) T. Suzuki et al. has the investigated adsorption behav-
iors of actinides on polyvinylpolypyrrolidone (PVPP) in
nitric acid and hydrochloric acid solutions. The adsorption
behaviors were evaluated through measurements of the
distribution coefficient.
(2) Y. Haga et al. has synthesized the novel uranium inter-
metallic compound U2Pt6Ga15. The single-crystalline sam-
ples of this compound have been investigated by the meas-
urements of crystallographic, thermodynamic, and
transport properties.
(3) M. Nakase et al. has studied properties of Phthalocya-
nine (Pc) as a ligand for an effective extraction of U. The
Pc-Zn complex was sublimely purified in a self-made ap-
paratus that was maintained last year. The pure product
was found to be solid (powder), but slightly moistened by
moisture in the air. Powder X-ray diffraction (PXRD) and
Raman spectrophotometry were used.
(4) Kobayashi et al. has studied changes in the chemical
state and structure of simulated fuel debris were studied
under a controlled environment simulating the environ-
ment inside and outside a nuclear reactor were investigated

by XAFS. conducted at the JAEA beamline BL22XU at 
SPring-8. 
(5) Abe et al. calculated isotopic fractionation factors (ε)
for 64 U(VI), U(V), and U(IV) species with various lig-
ands using an exact relativistic quantum chemistry method.
U isotopic frac-
tionation is im-
portant and
widely discussed
in geochemistry
[1]. We validated
the accuracy of
our method by
comparing it with
experimental re-
sults for U iso-
tope fractiona-
tion. 

RESULTS: 
(1) From the dis-
tribution coefficients measured for uranyl ions on PVPP, T.
Suzuki et al. confirmed that the thorium is strongly ad-
sorbed on PVPP in higher concentration of HNO, and the
cross-linkage effects on adsorption of uranyl ion on pyr-
rolidone resin. They found that this tendency change is re-
lated with the surface potential of resin.
(2) Uranium layers embedded in Pt-Al(Ga) metal blocks
exhibit a variety of magnetic properties [2]. Although the
transition temperatures are almost the same, the behavior
at low temperatures is quite different: U2Pt6Ga15 exhibits
typical antiferromagnetic, whereas U2Pt6Al15 shows a
rapid expansion of magnetization in the ordered state.
(3) The purified Pc-Zn sample and its XRD pattern are
shown in Fig. 2. the XRD pattern shows a large halo peak
due to the use of ethanol and a glass plate, but also some
sharp diffraction due to Pc. Therefore, we conclude that
the purification by sublimation was successful.
(4) Immersion in water and γ-ray irradiation has found to
oxidize uranium on the sample surface from tetravalent to
hexavalent and the U-O distance was shortened. No
change in uranium valence or local structure was observed
when the samples were removed from the water and ex-
posed to atmospheric air, suggesting that the debris may be
stable in the air.
(4) Obtained values of ε were almost U(VI)>U(V)>U(IV)
for both HF and DFT. The X2C-HF method seems to be
more reliable for the calculation between U(VI)-U(IV). On
the other hand, when the isotopic fraction of the U(VI)-
U(VI) ligand exchange system is considered, the values
obtained at the DFT level are generally in better agreement
with experiments than the HF values.

REFERENCES: 
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074707 (2021).

Fig.1 Cross-linkage effects on adsorp-
tion of uranyl ion on pyrrolidone resin 
in HNO3. 



Study of Magnetic Structure in UIr2Ge2 by Resonant X-Ray Scattering Experiments 
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INTRODUCTION:  The magnetic structure of the ura-
nium compound UIr2Ge2 has been investigated for the first 
time by resonant X-ray scattering experiments using a sin-
gle crystal sample. This compound has a tetragonal 
CaBe2Ge2-type structure (space group: P4/nmm, D4h

7, No. 
129) [1,2], which is characterized by an inversion-sym-
metric pairing of two U ions occupying a site lacking spa-
tial inversion symmetry in the unit cell. When an antifer-
romagnetic order with order wavenumber Q = 0 is induced
in such a U ion, the global spatial inversion symmetry of
the system is broken and cross-correlated responses such
as current-induced magnetization are predicted. For this
reason, CaBe2Ge2-type magnetic materials have attracted
much attention in recent years because they may provide
the simplest example of a system in which odd-parity mag-
netic multipoles can be active.

On the basis of bulk property measurements on single-
crystal sample of UIr2Ge2, we have confirmed that the sys-
tem exhibits a phase transition suggestive of antiferromag-
netic ordering at 18.3 K (≡ TN), strong magnetic anisot-
ropy with the c-axis as the easy magnetization axis [3]. In 
the present study, we performed resonant X-ray scattering 
experiments to identify the magnetic structure of this order. 

EXPERIMENTS: The measurements were carried out at 
BL-11B of KEK PF using soft X-rays of 3.70 ~ 3.75 keV. 
The sample was a single crystal with a diameter of about 2 
mm formed into a plate. The temperature range was 6 K to 
24 K. A 4He flow refrigerator was used for cooling. 

RESULTS and DISCUSSION: By searching for mag-
netic reflections in the a*-c* plane, it was confirmed that 
the superlattice reflections due to resonant scattering at the 
M4 edge of U (3d → 5f transition: 3.723 keV) grow con-
tinuously at (reciprocal lattice points) + (0, 0, 1/2) at lower 
temperatures than near TN (Fig. 1) [5]. The fact that the 
magnetic susceptibility of this material shows a cusp 
anomaly at TN suggests that an antiferromagnetic ordered 
state with an ordered wavenumber vector Q = (0, 0, 1/2) is 
realized below TN. For the space group P4/nmm, there are 
three maximal magnetic subgroups where the U ion has a 
magnetic moment and Q = (0, 0, 1/2): P2c4/nmm  (No. 
129.13.1087), C2cmma  (No. 67.11.587), and P2cmmn  (No. 
59.9.486). Among these, only P2c4/nmm  has the magnetic 
easy axis at c-axis. 

In order to identify the direction of the magnetic moment, 
we measured the azimuth angle dependence of the mag-
netic scattering intensity. The diffractometer is fixed to the 
Bragg condition with the magnetic scattering vector q = (2, 

0, 1/2), the sample is rotated around q, and the change in 
scattering intensity is measured. The rotation angle is φ, 
and the range of -100° ≤ φ ≤ 90° is investigated by setting 
φ = 0 so that the (0, 1, 0) direction of the sample is perpen-
dicular to the scattering plane.  

Fig. 1.  Temperature profiles of magnetic reflections (2, 
0, 1/2) and results of Gaussian-fit (solid line) (top) and 
temperature dependence of integrated intensity (bottom). 

The φ-dependence of the integrated intensity of the mag-
netic reflections show maxima and minima near φ ~ ± 90° 
and φ ~ 0, respectively. The results suggest scattering by 
magnetic dipoles lying in the c direction, showing a good 
agreement with calculations based on the magnetic struc-
tures belonging to P2c4/nmm . 

SUMMARY: In this study, we confirmed that the mag-
netically ordered structure in UIr2Ge2 is antiferromagnetic 
with Q = (0, 0, 1/2) due to the magnetic dipole parallel to 
the c-axis. It was found that the system is not an antiferro-
magnet with Q = 0, as expected for the original purpose. 
However, the ferroicly ordered layers of the odd-parity 
multipoles may be antiferromagnetically stacked in the c 
direction due to weak interlayer interactions, which is of 
interest in relation to a variety of unusual physical proper-
ties of this system. 
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INTRODUCTION:  Actinium chelation chemistry has 
been drawn attention from not only chemists but also med-
ical workers, who are relevant to nuclear medicine. Be-
cause 225Ac (T1/2 = 10 d) which decays through a chain of 
four a-emissions and two b-emissions to the stable 209Bi, 
are of great interest for a targeted alpha therapy nuclide 
due to its ability to kill considerably high efficiency of tu-
mor cell [1]. However, g-ray spectrometry, which is a con-
venient method for identification of radionuclides, has an 
uncertainty about the application to 225Ac due to its low 
emission ratios. In contrast, 228Ac (T1/2 = 6.15 h, daughter 
nuclide of 228Ra) has potential value because it emits well-
defined and intense g-rays that are easily resolved from the 
daughter nuclides. Havelka reported the preparation 
method of 228Ra standard solution from natural thorium ni-
trate salt [2]. Aldrich et al. also reported the preparation 
method of 228Ac generator from natural thorium salts in 
2020 [3]. Their method was composed of two parts with 
the balk thorium separation by the precipitation of thorium 
hydroxide, and purification of 228Ra by the column chro-
matography using ion-exchange resins. In the handling of 
thorium hydroxide, the voluminous slurry precipitate com-
plicates the convenient separation from the daughter nu-
clides.  

Hence, we studied precipitation behavior of thorium hy-
droxide by titration method. 

EXPERIMENTS:  The precipitation method was based 
on a technique used in 228Ac separation from natural tho-
rium salts [3]. Thorium oxide (9.95 g) was dissolved in 30 
mL of conc. HCl spiked with 0.1 mL of conc. HF with 
heating (~150°C) for a few minutes. The solution was 
evaporated near dryness and added mili-Q water (18.2 MW, 
repeated two times). Then, the solution was brought to dry-
ness and dissolved in 0.1 M (mol/L) HCl. Finally, the so-
lution volume was adjusted to 100 mL by the addition of 
mili-Q water.  

The balk thorium separation by NaOH titration was pro-
cessed according to the following steps. The 20 mL of Th 
stock solution was diluted to 100 mL with mili-Q water 
and transferred to a beaker of 250 mL. The solution was 

intensely stirred and titrated with NaOH solution under pH 
measuring (Condition A was adjusted to pH12, then re-
versed by HCl until pH7, refer to previous study [3]: con-
dition B and C were adjusted to pH5 and pH8, respec-
tively.). After the titration, the solution was stayed at sev-
eral hours (Fig. 1), then the solution passed through a PES 
filter (0.2 µm filter size). The filtrate was collected, then 
an additional 20 mL of mili-Q water was passed through 
for washing the residual (repeated 3 times). These were 
also corrected in the same bottle. This solution was sub-
jected to the g-ray spectrometry using a high-pure Ge-de-
tector (ORTEC). The 228Ac activity was determined by g-
emission of 911 keV. The distribution ratio (D) of 228Ra in 
the solution was calculated by the equation: 
𝐷 = 𝐴!"# 𝐴$%$⁄                                                  (1). 
Here, Asep and Aini are activities obtained from g-ray spec-
trometry of the separated solution and Th stock solution, 
respectively. Th concentration of the solution was also 
measured by ICP-AES (ICPS-7500, Shimazu). 

RESULTS:  As shown in Fig. 1, supernatant liquids 
were found in Condition A and C, which was assumed to 
be contained thorium as a major precipitated hydroxide.  

The initial 228Ra atomicity (N1) of each fraction can be es-
timated by the equation: 
𝑁&' = 𝜆( (𝜆& − 𝜆()⁄ ∙ 𝑁(+𝑒)*!+ − 𝑒)*"+- + 𝑁&𝑒)*"+ (2). 
Here, N2 and N2’ are the number of 228Ac atom at initial 
and elapsed time t, respectively, l1 and l 2 are the decay 
constant of 228Ra and 228Ac, respectively. The distribution 
ratios (D) of 228Ra in the solutions were determined by 
228Ac activities and summarized in Table 1. This result in-
dicates that over 90% of 228Ra is remained in the solution 
and successful bulk thorium separation is realized in the 
titration condition both A and C. 

Table 1 228Ra distribution ratio (D) and Th concentration 
Condition no. A B* C 
D 0.99 - 0.93
Th conc. (ppm) 5.9 - < 5.1

*Hard to filtrate the solution
REFERENCES: 
[1] C. Kratochwil et al., J. Nucl. Med., 57 (2016)
1941-1944.
[2] M. Havelka, Appl. Rad. Isotopes, 109 (2015) 222-225.
[3]  K. E. Aldrich et al., Inorg. Chem., 59 (2020) 3200-3206.

Condition A       Condition B   Condition C 

Fig. 1.  photos of titrated samples after titration. 
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Elution Properties of Re(VII) from Cyclic Monoamide VBPR Resin by Chelating Agents 
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INTRODUCTION: Development of highly selective 
compounds for actinyl ions in aqueous media (extractants, 
precipitants, resins, etc.) has been important.  We have 
been focusing on monoamide compounds (Fig. 1) as 
promising candidates for nitric acid media, considering 
the possibility of complete incineration of waste com-
pounds (so-called “CHON principle”[1]).  For mono-
amide resins, not a few have been newly synthesized, and 
adsorptivity to metal ions has been examined, where ura-
nium(VI) was used as the representative of actinyl ions.   

Fig. 1.  Chemical structure of monoamide compounds. 
(R, R’, R” : hydrocarbon group) .

Effective elution of the adsorbed metal ions is neces-
sary for recycle use of resins.  Many of the monoamide 
resins are found to adsorb more U(VI) species with in-
creasing concentration of HNO3.  Selective U(VI) re-
covery would be, therefore, achieved by adsorbing U(VI) 
under relatively higher concentration of HNO3 (e.g. 3 to 6 
mol/dm3 (=M)) followed by elution of the adsorbed 
U(VI) by using H2O or diluted HNO3 (e.g. 0.1 M).  On 
the other hand, it has been revealed that some metal ions 
except U(VI) are also adsorbed to monoamide resins. 
Adsorptivity for many of the ions are lower than that of 
U(VI), but some ions are adsorbed in almost all HNO3 
concentration range.  In this case, the adsorbed metal 
ions can’t be eluted only by changing the concentration 
of HNO3, and use of chelating agents is necessary.   

In the present study, a monoamide resin consisting of 
1-(4-vinylbenzyl)pyrrolidin-2-one (VBPR) was taken. 
As can be seen in Fig. 2, it has a cyclic monoamide 
structure with a long spacer between the functional mon-
oamide group and the main polymer chain.  VBPR resin 
shows adsorptivity to Re(VII) (simulant of Tc(VII)) in all 
HNO3 concentration range and the distribution ratio, Kd, 
is higher under lower concentration of HNO3.  Based on 
the above, elution properties Re(VII) by some chelating 
agents were investigated.   

Fig. 2.  Chemical structure of VBPR resin 

EXPERIMENTS: VBPR resin is a silica-supported type 
and was synthesized by following the earlier study[2]. 
Three chelating agents, ethylenediaminetetraacetic acid 
tetrasodium salt (EDTA-4Na), oxalic acid (Ox), and 
trisodium citrate dihydrate (Cit-3Na) were used as the 
candidate eluents.  Elution experiments were carried out 
by batch method.  As the first step, 0.1 M HNO3 con-
taining 10 mM Re(VII) was mixed with VBPR resin (wet 
3.0 g) at 25 oC for 24 h in order that VBPR resin might 
adsorb Re(VII).  Next the mixture underwent sol-
id-liquid separation.  The solid was air-dried and the 
concentration of Re in HNO3 was measured by ICP-OES. 
The dried VBPR resin (0.15 g) was mixed with solutions 
containing 0.1 M chelating agents mentioned above and 
H2O for reference, respectively (3 cm3 each), at 25 oC for 
24 h.  The mixture underwent solid-liquid separation 
again and the concentration of Re in HNO3 was measured 
by ICP-OES.  Elution ratios were calculated by the 
eluted amount of Re divided by the adsorbed one.   

RESULTS: Elution ratios of Re(VII) by each chelating 
agent are shown in Table 1.  All examined chelating 
agents are found to elute Re(VII) more effectively than 
H2O.  Above all, elution ratio by Cit-3Na is highest. 
The reason still remains unclear and further investiga-
tions are necessary.  

Table 1.  Elution ratio of Re(VII) 
by each chelating agent. 

EDTA-4Na Ox Cit-3Na H2O 
Elution 

ratio / % 
7.8 24.4 32.6 3.6 

Following the above result, dependence of Cit-3Na 
concentration on elution ratio was examined.  The result 
is shown in Fig. 3.  The data for H2O in Table 1 is used 
for [Cit-3Na] = 0 M.  The elution ratio is increased with 
increasing concentration of Cit-3Na up to 0.1 M and al-
most constant over 0.1 M.  This suggests that ca. 0.1 M 
is the most appropriate concentration of Cit-3Na for elut-
ing Re(VII) under the present experimental condition.   

Fig. 3.  dependence of Cit-3Na concentration 
on elution ratio of Re(VII). 
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INTRODUCTION:  Theoretical calculations of acti-
nide compounds are very important to understand or pre-
dict new phenomenon in these compounds. We have de-
veloped computational methods based on relativistic 
quantum chemistry, which can describe electronic states 
of actinide compounds. In this work, we calculated equi-
librium isotope fractionation coefficients () for 64 U 
species in U(VI), U(V), and U(IV) states with various 
ligands (e.g., H2O, CO3

2-, CH3COO-, Cl-, NO3
-, etc.) us-

ing accurate relativistic quantum chemical methods. The 
U isotope fractionations are important and widely dis-
cussed in geochemistry [1]. We verify the accuracy of the 
computational methods by comparing to some experi-
mental results of U isotope fractionations.  

METHODS:  We calculated  between 235U and 238U as 
the sum of the nuclear volume term (lnKnv) and the nu-
clear mass term (lnKnm) [2-4]. lnKnv is due to the elec-
tronic energy difference caused by the different size and 
shape of nucleus of isotopes [2,3], while lnKnm is due to 
the vibrational level caused by the different reduced mass 
of isotopologues [4]. In the heavy element system, lnKnv 
is dominant in . Because lnKnv is highly affected by rela-
tivity, we used the exact two-component (X2C) relativ-
istic method with the Gaussian finite nucleus model, im-
plemented in the DIRAC16 program. We performed both 
the Hartree-Fock (HF) and density functional theory cal-
culations using the B3LYP functional to discuss the elec-
tron correlation effects in lnKnv.   

RESULTS: Fig. 1 (a) and (b) show the calculated results, 
and the magnitude of  obtained is approximately U(VI) 
> U(V) > U(IV) for both the HF and DFT cases. The  
values between U(VI)-U(IV) were obtained in the range
of 0.96~3.00‰ for X2C-HF, and 0.53~1.94‰ for
X2C-B3LYP; thus, the results between HF and DFT are
different. The equilibrium  between U(VI)-U(IV) in hy-
drochloric acid was estimated as 1.70‰ from X2C-HF
and 0.92‰ from X2C-B3LYP, while the experimental
counterpart was reported as 1.64‰ [5]. Therefore, the
X2C-HF method seems to be more reliable for the  cal-
culation between U(VI)-U(IV).

On the other hand, if we consider the isotope fractiona-
tions in the U(VI)-U(VI) ligand exchange systems, the  
values obtained at the DFT level show generally better 
agreements with experiments [6,7] than those for HF. 
This indicates that the DFT calculations are accurate for 
U(VI) species, which are closed-shell systems, but not for 

U(IV) species, which are open-shell systems. Recently, 
we found that the DFT calculations in the DRAC pro-
gram do not automatically adopt the aver-
age-of-configuration (AOC) open-shell algorithm, 
whereas our HF calculations adopt it. Hence, recalcula-
tions including AOC for DFT is ongoing to improve the 
description for the open-shell U(IV) electronic states.  

REFERENCES:
[1] C. H. Stirling et al., Geochim. Cosmochim. Acta, 163
(2015) 200-218.
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[8] A. Sato, R. Bernier-Latmani, M. Hada, and M. Abe, to
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Fig. 1. lnKnv, lnKnm, and  of 64 U species, calculated 
(a) at the HF level and (b) at the B3LYP levels for
lnKnv. The light blue, green, and deep blue plots rep-
resent , lnKnv, and lnKnm, respectively. These plots
for U(VI), U(V), and U(IV) species are surrounded by
the purple, orange, and pink rounded squares, respec-
tively. [8]
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INTRODUCTION:  Partitioning and transmuting is 
presently regarded as an effective method to address the 
issue of high-level radioactive waste disposal [1]. We 
have proposed to transmute MA rather moderately, 
namely with a low fission reaction rate to avoid imposing 
severe engineering challenges on the system design [2]. 
This concept has considered MA mixed oxides (e.g., 
Np–Am–O) to be loaded into limited space in fusion re-
actors. Whereas some studies have reported the phase 
diagram of U or Pu based MA oxides, no reports have 
provided the diagrams of the MA-only mixed oxides.  

The objective of this study is to evaluate the ther-
modynamic values and phase diagram of the MA-only 
mixed oxides. Measurement of the phase diagrams is not 
a straightforward task; we thus aim to develop a method 
to evaluate the phase diagrams.  

In the current fiscal year, we have performed the 
electronic structure calculations of NpO2 and AmO2 
mixed oxide based on the method obtained in the previ-
ous year. Because there are no reported crystal structure 
data for the mixed oxide, crystal structures were prepared 
assuming appropriate atomic configurations, and struc-
tural optimization calculations were performed on them.  

METHODS:  The calculated crystal structure of (Np, 
Am)O2 is shown in Fig. 1. The composition ratio of Np to 
Am is 1:1, and the atomic arrangement of Np and Am is 
assumed to have the two crystal structures shown in Fig. 
1. The crystal groups are P4/mmm and R-3m, respec-
tively. We performed the structural optimization for these
crystals. We used WIEN2k to calculate the electronic
state [3]. The generalized gradient approximation (GGA)
developed by Perdew, Burke, and Ernzerhof was used as
the exchange–correlation functional. The product of the
muffin-tin radius and the K vector (RmtKmax) was 8.5 Ry,
and the sampling k points were set to 5,000. The calcula-
tion was performed as a non-magnetic material without
considering the matters related to the electron spin.

RESULTS:  The Energy–Volume curves for the two 
crystal structures of (Np, Am)O2 are shown in Fig. 2. The 
curves show Murnaghan's fitting curves. Whereas there is 
no significant difference between the two crystal struc-
tures, the total energy is slightly lower for the R-3m 
crystal structure.  

REFERENCES: 
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[2] Y. Furudate et al., Prog. Nucl. Energ. 103 (2018)

28-32.

Fig. 1.  Crystal structure of (Np, Am)O2: (a) P4/mmm; 
(b) R-3m.
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INTRODUCTION:  Unusual physical properties aris-
ing from geometrical characteristics of magnetic mo-
ments are now attracting active research interests. In par-
ticular, the situations where magnetic interactions are 
frustrating can result in highly unconventional ground 
states as demonstrated historically by the spin-glass or, 
more recently, skyrmions formations involving a number 
of spins. Here, we investigate uranium compounds where 
the uranium atoms form honeycomb layers. The target 
materials in this study are a series of compounds having 
Sr0.6Fe2Si4.9-type structure where uranium atoms are lo-
cated at Sr position. Although earlier study suggested 
atomic disorder inside the uranium layer, our investiga-
tion on a U-Pt-Ga ternary analogue showed that a hon-
eycomb arrangement of uranium atoms is likely. The re-
sulting formula should therefore be U2Pt6Ga15. In this 
study we further investigated uranium intermetallics with 
the same crystal structure. 

EXPERIMENTS:  Single crystals were grown from the 
self-flux method. The chemical composition of the sam-
ples was characterized by the electron-probe microanaly-
sis. Crystal structure was determined using the sin-
gle-crystal X-ray diffraction.  

RESULTS:  We have successfully grown single crystals 
of U2Pt6Al15 [2] and U2Pt6Ga15[3]. Reflecting the differ-
ent atomic radius of Al and Ga, the lattice parameters of 
these compounds differ as shown in Table 1. The reduc-
tion of the lattice parameters would modify the electronic 
interaction through the change in the interatomic distanc-
es. In f-electron system in general, the smaller the intera-
tomic distance increases the hybridization and leads to a 
modification of magnetic interaction. Considering the 
same valence electron count in Al and Ga, the substitu-
tion effect would result primarily in chemical pressure 
effect. 
 Temperature dependence of magnetization divided by 
magnetic field applied along the c-direction is shown in 
Fig. 1 for both U2Pt6Al15 and U2Pt6Ga15. Both compounds 
show an anomaly in M/H corresponding to the magnetic 
phase transition at around 25 K as shown by arrows in 
Fig. 1. 

 

 
 
 
 
 

This result demonstrates that the magnetic properties are 
drastically modified by substituting Al to Ga. Although 
the transition temperature is almost the same, the low 
temperature behavior is completely different. While 
U2Pt6Ga15 shows a typical antiferromagnetic behavior, 
U2Pt6Al15 shows a steep enhancement of magnetization in 
the ordered state. Detailed investigation on U2Pt6Al15 (not 
shown) further suggests existence of multiple magneti-
cally ordered phases as functions of temperature and 
magnetic field, which cannot be explained by a simple 
antiferromagnetic ordering. 
 Present results demonstrate that uranium layers embed-
ded in the metallic Pt-Al(Ga) block show a variety of 
magnetic characteristics. 
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a (Å) c (Å) 
U2Pt6Al15 4.2957(7) 16.2211(14) 
U2Pt6Ga15 4.3038(5) 16.297(2) 

Table. 1.  Lattice parameters of U2Pt6Al15 and 
U2Pt6Ga15. 
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Figure 1.  Temperature dependence of magnetiza-
tion divided by magnetic field for U2Pt6Al15 and 
U2Pt6Ga15. 
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INTRODUCTION: We have been studying the solid
adsorbents for separation and recovery of actinides [1], 
and actinide analysis [2]. Recently, the supply of 
-nuclides for -therapy is becoming increasingly im-
portant. For the purpose, the actinides separation from the 
decay series is required. In this year, the adsorption be-
haviors of actinides on polyvinylpolypyrrolidone (PVPP) 
and styrene (Sty)-divinylbenzene (DVB) type pyrrolidone 
resin were investigated. Especially, we obtained the ex-
tended data about adsorption of thorium ion on PVPP, 
and investigated the cross-linkage effects on the adsorp-
tion. In addition, we studied the dissolution methods of 
thoria.

EXPERIMENTS:  We used the commercially available
type PVPP (Alfa Aesar) and synthesized pyrrolidone res-
in in our laboratory. The synthesized resins are 
N-vinylpyrrolidone (VP)/ Sty/DVB copolymers. These
resins were synthesized with the different mixing ratio of
monomers by the bulk -polymerization method. The
proportion of DVB and total monomer is same to
cross-linkage degree. The thorium ion was used in
ICP-MS standard solution (XSTC-311, SPEX) and uranyl
ion was used in XSTC-289. The adsorption behaviors
were discussed by using distribution coefficient, Kd
[mL/g]. Kds were obtained by batch experiment.

RESULTS:  The adsorption behavior of thorium ion in
HNO3 solution is shown in Fig.2. We confirmed that the 
thorium is strongly adsorbed on PVPP in higher concen-
tration of HNO3, while thorium is weekly adsorbed in 
lower concentration of HNO3. The results of the depend-
ence of adsorption on the mixing ratio of monomers are 
shown in Fig. 2. Percentage of DVB means the 
cross-linkage degree. Kds are standardized by percentage 
of VP. We confirmed the cross-linkage effects on adsorp-
tion of uranyl ion on pyrrolidone resin in HNO3 solution. 
The difference of adsorption behaviors by VP-ratio can 
be explained by the difference of permittivity and hydro-
phobicity of resins. The normalized distribution coeffi-
cient increases or decreases depending on cross-linkage 
degree in the case of constant VP percentages. The ad-
sorption tendency is varied between the VP percentage of 
70% and 60%. We found that this tendency change is 
related with the surface potential of resin. However, the 
mechanism of surface potential change is not clarified, 
although we infer this effect due to the swelling-shrinking
tendency of resin [3].   
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Fig. 1.  Adsorption behavior of thorium ion on 
PVPP in HNO3 solution. 

Fig. 2.  Cross-linkage effects on adsorption of ura-
nyl ion on pyrrolidone resin in HNO3 solution. 
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INTRODUCTION: Development of highly selective 
compounds for actinyl ions in aqueous media (extractants, 
precipitants, resins, etc.) has been important.  We have 
been focusing on monoamide compounds (Fig. 1) as 
promising candidates for nitric acid media, considering 
the possibility of complete incineration of waste com-
pounds (so-called “CHON principle”[1]).  For the resins, 
we have taken two factors into accounts for selective in-
teraction between functional monoamide groups and 
actinyl ions; one is “chelating effect” of the ring formed 
by polymer monoamides and actinyl ion(s), and the other 
is “flexibility” of monoamide.  Our previous experi-
mental results suggest that the contribution of “chelating 
effect” is predominant.  This report describes our past 
one year’s activity in the above research field. 

Fig. 1.  Chemical structure of monoamide compounds 
(R, R’, R” : hydrocarbon group) 

RESULTS: We made fruitful discussions with other re-
search groups especially through symposiums organized 
by IIRNS.  For developing our resins, we have devoted 
our attention to the interaction between functional mon-
oamide groups and actinyl ions as described above. 
However, we were given a comment on the importance of 
“component except functional monoamide groups”, 
namely, “chemical structure of polymer network” in the 
resin.  In our resins, divinylbenzene (DVB) is basically 
used as the crosslinking agent.  Also, many resins with a 
longer chain between the functional monoamide group 
and the main polymer chain consist of derivatives of 
polychloromethylstyrene.  The point of the comment 
was that the benzene ring included in the above-described 
compounds might decrease adsorptivity to metal ions, 
and that, therefore, it would be worth trying for us to 
newly synthesize resins without benzene rings as the 
component.  

 For the suggestion, we have already partially tried. 
Diethyleneglycoldimethacrylate (DEGDMA : Fig. 2) was 
used as a crosslinking agent except DVB.  DEGDMA 
consists of methacrylate ester and ether, and has no ben-
zene rings as can be seen.  In the earlier study in the 
field of actinide chemistry by another research group, 
such crosslinking agents as methacrylate ester system 
have been investigated for application to those for sus-
pension polymerization of amidoxime resin (Fig. 3) 
which is well known as the resin for recovery of U from 
seawater.  According to the literature, by mixing one of 

these methacrylate esters with DVB, improvement of 
adsorption capacity and rate have been found compared 
with the case where only DVB was used as the cross-
linking agent.  It is basically because addition of meth-
acrylate ester compounds increases hydrophilicity of res-
ins.  On the contrary, mechanical strength and acid/base 
resistance has been found decreased[2].   

Fig. 2.  Chemical structure of DEGDMA 

Fig. 3.  Chemical structure of amidoxime resin 

In our research on crosslinking agents, we synthesized 
“diamide” resin, not monoamide one, by similarly using 
the mixture of DEGDMA and DVB.  Diamide com-
pounds are famous for the separation of actinide(III) and 
lanthanide(III) species as well as actinide(IV) and (VI) 
ones[3].  The applied functional diamide compound was 
N,N,N’,N’- tetramethylmalonamide (TMMA : Fig. 4) and 
the resin was derived from polychloromethylstyrene like 
monoamide resins with a longer chain.  The “TMMA 
resin” was examined for a column adsorption/elution 
experiment using Nd(III) under the following conditions ; 
column : 8 mmφ x 50 mmH, packed resin volume : 2.5 
cm3, feed solution : 3 mol/dm3 (=M) HNO3 containing 10 
mM Nd(III), eluent : 0.05 M HNO3, temperature : 50 oC, 
SV : 24 h-1.  As the result, a distinguished tendency was 
obtained from the elution experiment.  Namely, only ca. 
38 % of adsorbed Nd(III) was eluted against our expecta-
tion of almost 100 % elution.  This strongly suggests 
that esters in DEGDMA underwent acid hydrolysis fol-
lowed by the formation of carboxyl and hydroxyl groups 
which have adsorptivity under low HNO3 concentration 
of 0.05 M.  Considering the above, applicability of 
compounds with esters to the component of monoamide 
resins would be difficult due to unstable characteristics 
under relatively higher concentration of HNO3.  

Fig. 4.  Chemical structure of TMMA 
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INTRODUCTION:  For decommissioning the Fuku-
shima-Daiichi Nuclear Power Plant, it is necessary to 
understand the characteristics of fuel debris. Particularly, 
for safe and reliable removing of the debris, estimation of 
the aged deterioration of a debris with changes in envi-
ronmental conditions could be required. Thus, this study 
is aiming to investigate the changes in chemical state and 
structure of a simulated fuel debris under controlled en-
vironment simulating conditions inside and/or outside the 
reactor by XAFS method.

EXPERIMENTS:  Currently, the fuel debris inside the
reactor is expected to be placed in a high radiation envi-
ronment and reductive atmosphere while being immersed 
in water. Thus, in this study, a simulated debris samples 
prepared by sintering UO2 and ZrO2 was immersed in 
water and the samples were irradiated with γ-ray to sim-
ulate the high radiation environment inside the reactor. 
The samples were prepared at Nuclear Science Research 
Institute of JAEA and Hot Laboratory of Institute for In-
tegrated Radiation and Nuclear Science, Kyoto Universi-
ty. The γ-ray irradiation was performed at LINAC of In-
stitute for Integrated Radiation and Nuclear Science, 
Kyoto University. The XAFS measurement was per-
formed at JAEA beamline BL22XU of SPring-8. 

RESULTS:  As a result, it was found that the uranium
on the surface of the sample was oxidized from tetrava-
lent to hexavalent and the U-O distance was shortened, 
by immersing samples in water and irradiating it with 
γ-rays (Fig. 1). From the comparison of the samples in 
which the immersion time and the γ irradiation time were 
varied, it was revealed that the oxidation reaction mainly 
occurred during the γ-ray irradiation. Furthermore, even 
if the sample was picked out from water and exposed to 
the air atmosphere, no change was observed in the va-
lence or local structure of uranium, suggesting that debris 
may be stable in the atmosphere. 

Fig. 1 XANES spectra (upper) and radial structure func-
tions (lower) of simulated fuel debris under several con-
ditions. 
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INTRODUCTION:  Effective separation of U from Th
and other fission products in spent Th fuels is needed in 
Th fuel cycle. To enable the separation, thorium–uranium 
extraction (THOREX) process, like the plutoni-
um–uranium redox extraction (PUREX) process, has 
been studied [1]. In the THOREX process, UO2

2+ is ex-
tracted by tri-n-butyl phosphate (TBP) with the aid of 
Al(NO3)3. Some of the other extractant which consisted 
of C, H, O, N atoms (CHON principle) such as monoam-
ide is recently reported for U/Th separation [2]. In this 
study, Phthalocyanine (Pc) was selected as the main 
structure of the extractant which also satisfy the CHON 
principle. To make the solubility of Pc in organic solvent 
higher, the Pc derivatization is ongoing. The Pc-metal 
complex in organic solvent itself is interesting to investi-
gate. To obtain the complex with actinide, the purification 
technique with minimized waste production is highly 
desirable. In FY2021, some of the purification techniques 
were tested including chromatography, Solxlet extraction 
and sublimation. This year, some of the purified samples, 
mainly Pc-Zn compounds were characterized as well as 
the other samples.

EXPERIMENTS:  The Pc-Zn complex was purified by
sublimation by the hand-made apparatus equipped last 
year as shown in Figure 1. The pure product was sup-
posed to be solid (powder), but the obtained product was 
slightly wet maybe due to the moisture in the air since the 
Pc-Zn sample was exposed in the hot temperature. By the 
1H-NMR, judgement of purification condition was diffi-
cult due to the similarity of the Pc and the substructure of 
Pc such as phthalonitrile. Therefore, powder x-ray dif-
fraction (PXRD) and Raman spectrophotometry were 
implemented as well as further purification test. The La-
ser Raman Spectrophotometer (NRS-3100) is shown in 
Figure 3 

Figure 1 Sublimation setup equipped at Kyoto University. 

Figure 2 Laser Raman Spectrophotometer (NRS-3100) .

RESULTS:  The Purified Pc-Zn sample and its XRD 
pattern are shown in Figure 3 and 4. In the XRD pattern, 
large hallow peak was seen due to the use of ethanol and 
glass plate, but some of the sharp diffraction attributed to 
Pc are seen. Therefore, we decide that the purification by 
sublimation was successful. The Raman spectra in good 
quality was also obtained and the evaluation by database 
is ongoing. Raman spectra of other phosphate samples 
(simulated waste generated in Fukushima Daiichi nuclear 
Power Station, synthesized in Tokyo Tech) were also 
measured properly. Due to the strong laser, it seems that 
the sealed samples can also be measured by adjusting the 
measurement conditions. 

Figure 3 Purified Pc-Zn (left; after sublimination, right; 
Pc-Zn spread by ethanol for PXRD) .

Figure 4 PXRD pattern of sublimated Pc-Zn. 

PLANS:  We accelerate the synthesis of Pc derivatives 
and Pc-Actinide complex in both solid and in solution in 
next year. In addition, some of the irradiated samples 
such as phosphate waste forms will be shipped to Kyoto 
University for further characterization. 
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Development on Neutron Imaging Application 
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1. Objectives and Allotted Research Subjects:  Neu-
tron imaging provides valuable information which cannot
be obtained from an optical or X-ray imaging. The pur-
pose of this project is to develop the imaging method
itself and also the experimental environment for expand-
ing the application area of the neutron imaging. The al-
lotted research subjects are as follows:

ARS-1:  Measurements of Multiphase Flow Dynam-
ics using Neutron Radiography (Y. Saito et al.) 

ARS-2:  Evaluation of Water Distribution and Elec-
trochemical Characteristics in Polymer Electro-
lyte Fuel Cell (H. Asano et al.) 

ARS-3:  Neutron Radiography on the Mixing Be-
havior of Reaction Solution and Cooling (S. 
Takami et al.) 

ARS-4:  Visualization of Dynamic Flow Maldistri-
bution in a Microchannel Heat Exchanger (H. 
Umekawa et al.) 

ARS-5: Measurement of Frost Distribution by Us-
ing X-ray and Neutron Cooperative Imaging (R. 
Matsumoto et al.) 

ARS-6: Introduction of contrast agent for 
X-ray-based visualization of roots planted on or-
ganic medium (U. Matsushima)

ARS-7: Effect of the water content of high-strength 
concrete on the spalling phenomenon under fire 
(M. Kanematsu et al.) 

ARS-8:  Visualization of Excimer cluster tracers by 
using Neutrons (Y. Tsuji et al.) 

ARS-9:  Dynamic Visualization of Hydrogen Accu-
mulation Behavior in Metallic Materials via Neu-
tron Imaging (K. Shimizu et al.) 

ARS-10: In-situ Lithium diffusion behavior in NA-
SICON-Type Structured Lithium Ion Conductive 
Composite by Means of Neutron Radiography (S. 
Takai et al.) 

ARS-11 Visualization in the Accumulated Curved Rod 
Arrays (M. Kaneda) 

2. Main results and the contents of this report:  To
develop neutron imaging, our imaging system was de-
veloped so that high-speed imaging could be per-formed
at thermal neutron flux of 107 n/cm2s. Such improved
system was shared with all of the project members and
valuable results were obtained as follows:

ARS-1 improved the above-mentioned high-speed im-
aging system at the B4 port. In this study, 1-D total varia-
tion denoising was ap-plied to image sequences measured 
by using a system with a high-speed camera and an im-
age intensifier. Such denoising was applied to detect a 
falling sphere in the air. By applying the 1-D denoising 
with a parameter λ = 500, only the noise can be removed. 

In addition, a neutron CT system was tested in the E-2 
port. In the CT reconstruction process, TomoPy, which is 
an open-sourced Python toolbox. Developed system was 
applied to aluminum plates with holes and slits so that the 
CT reconstruction results could be compared to those at 
other neutron imaging facilities. 

ARS-2 In this study, neutron radiography and electro-
chemical impedance spectroscopy (EIS) were employed 
to clarify the relationship between the water contents and 
the sources of polarization loss in a PEFC. As a result, the 
relation between the water contents in the PEM and the 
ionic conductivity is discussed. 

ARS-3 applied neutron imaging to the flow visualiza-
tion of mixing behavior of reactant streams during hy-
drothermal synthesis. In the synthesis process, cooling of 
the reaction solution may affect the particle size. In this 
study, temperature distribution was measured by chang-
ing the flow rate of the cooling water. From measurement 
results, it was confirmed that faster cooling resulted in 
the production of smaller nanorods. 

ARS-4 applied the neutron imaging to visualization of 
dynamic maldistribution in a microchannel heat ex-
changer under non-uniformly heated conditions. The ef-
fect of heat flux distributions on the maldistribution of 
liquids was estimated.  

ARS-5 applied neutron imaging to frosting behavior in 
cooling heat exchange system. Simultaneous Xray and 
neutron imaging was performed to clarify the 3D frost 
deposition at the B4 port. 

ARS-6 X-ray imaging is not suitable for plant root visu-
alization because of its low sensitivity for biological 
samples. However, by introducing a contrast agent into 
the plant roots and increasing the absorption of X-rays 
compared to rice husk medium, roots in the rice husk 
medium could be observed. Therefore, this study estab-
lished a method to locate roots in culture medium with 
high organic matter using X-ray imaging. 

ARS-7 applied neutron to measurement of effect of the 
water content of high-strength concrete on the spalling 
phenomenon under fire. In this study, the effect of mois-
ture content on the spalling phenomena of high-strength 
concrete was investigated by using the neutron imaging 
technique.  
 ARS-10 applied to in-situ Lithium diffusion behavior 
in NASICON-Type structured Lithium Ion conductive 
composite. From measurement results, it indicates that 
the material should be changed.

ARS-11 applied to measurement of coolant distribu-
tion in the curved rod arrays simulating the stator coil 
for the future vehicle electro devices. In this study, the 
coolant visualization inside the simplified stator coil 
structure is carried out by using the neutron radiog-
raphy. The coil structure is made of aluminum and 
composed by layered curved rod array. 
ARS-8, 9 were not performed due to the COVID19.
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INTRODUCTION:  Enhancement of the spatial and
temporal resolutions in neutron radiography (NRG) is 
very important for multiphase flow visualization. In this 
work, image denoising for high-speed neutron imaging 
was evaluated to observe the dynamic phenomena, and 
the neutron computed tomography (CT) system was im-
proved to enhance spatial resolution.  

IMAGE RESTORATION FOR HIGH-SPEED IM-
AGING: In high-speed neutron imaging, image noise
reduction is very important to understand the phenomena 
from the acquired images. A lot of filtering methods have 
been tested to improve the neutron transmission image 
quality so far. In this study, 1-D total variation denoising 
[1] was applied to image sequences measured by using a
system with a high-speed camera and an image intensifier.
Figure 1 shows neutron transmission images of a
free-falling metallic sphere in the air. The frame rate is
2000 fps and the exposure time is 1/3000 sec. Although
the motion of the sphere can be observed, the images
include many noises. The result of denoising is shown in
Fig. 2. The change of the grayscale at the center point of
the image in Fig .1 is plotted. The original signal repre-
sents the large fluctuation. By applying the 1-D denoising
with a parameter λ = 500, only the noise can be removed.
However, the signal of the falling sphere is lost as in-
creasing the denoising parameter. Thus, optimization of
the parameter should be done for each measurement ob-
ject.

IMPROVEMENT OF CT SYSTEM: To increase the
spatial resolution in neutron CT, a fine rotation angle and 
sufficient statistical accuracy are required. So, it takes a 
long time to get a good result. In this study, our CT sys-
tem was improved to optimize the CT parameter like ro-
tation angle and exposure time in the E-2 port. The 
schematic diagram of the system is illustrated in Fig. 3. A 
CCD camera and a rotation stage are controlled by the 
same software, which is developed by LabVIEW (Na-
tional Instruments), on a PC. In the CT reconstruction 
process, TomoPy [2] which is an open-sourced Python 
toolbox is used. This library has a lot of reconstruction 
algorithms, and the grid reconstruction is chosen in the 
present process. The example of the CT reconstruction of 
measured images at the E-2 port is shown in Fig. 4. The 
sample is aluminum circular plates with small holes and 
slits. The rotation angle is 0.6 degree and the exposure 
time is 150 sec. As a result, it takes about 13 hours for a 
measurement. The location and size of the small holes 
could be observed clearly from the reconstructed images.  

Fig. 1  Neutron transmission images of a free-falling 
sphere. 
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Fig. 2  Time-series grayscale value of the original 
and denoised signals. 

Fig. 3  Improved CT system in E-2 port.

Fig. 4  Neutron CT reconstruction results of alumi-
num plates with holes and slits.  
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INTRODUCTION:  Water management is a key topic 
of a polymer electrolyte fuel cell (PEFC). It is well 
known that the water accumulation in the gas diffusion 
layer (GDL) increases the polarization resistance, where-
as the increase in the water content in the proton ex-
change membrane (PEM) decreases the proton conduc-
tivity in the PEM. The water distribution may change 
during the PEFC operation because of the water genera-
tion. However, the effect of water distribution and the 
water contents in the GDL and the membrane on the re-
sistances has not been fully understood because of the 
difficulty of measuring water distributions in the PEFC. 
In this study, neutron radiography and electrochemical 
impedance spectroscopy (EIS) were employed to clarify 
the relationship between the water contents and the 
sources of polarization loss in a PEFC. As a result, the 
relation between the water contents in the PEM and the 
ionic conductivity is discussed. 

EXPERIMENTS:  A small size PEFC having a sin-
gle-serpentine gas channel with a cross-sectional area of 
1 × 1 mm2 was used for measuring two-dimensional wa-
ter distribution and the electrochemical characteristics. 
Nafion® NR-212 was used as the PEM with a thickness 
of approximately 90 μm having catalyst layers on both 
the anode and cathode sides. Two-dimensional water dis-
tributions were obtained every 60 sec during the PEFC 
operation using neutron radiography. The EIS measure-
ments were simultaneously carried out with the neutron 
radiography for evaluating the PEM resistance and the 
reaction resistance. The experiments were carried out at 
room temperature.

RESULTS:  Fig. 1(a) shows an example of the 
two-dimensional water distribution at a current density, i, 
of 158 mA/cm2 with MPL in the parallel channels at 20 
min after the start of the PEFC power generation. Con-
densation water is confirmed as indicated black color. It 
can be confirmed that the condensed water remains in the 
flow channels. The relation between the ionic conductiv-
ity, σ, and the water contents in the PEM, λ, was evalu-
ated based on the experimental results. Since it was dif-
ficult to evaluate the absolute value of λ, the difference in 
water content, Δλ, was evaluated. 
Fig. 1(b) shows the relationship between Δσ and Δλ ob-
tained under various experimental conditions, i.e. sin-
gle-serpentine or nine-parallel gas channels, and current 
density. It is clear that Δσ almost linearly increases with 
Δλ. It is thought that the ionic conductivity can be evalu-
ated as a function of the water content in the PEM re-

gardless of the difference in the experimental conditions. 
Springer et al. [1] proposed a correlation between the 
ionic conductivity of the PEM and the water content in 
the PEM. In our experiment, the ionic conductivity was 
less affected by the water content than in Springer’s 
model. It is thought that Springer's model cannot be ap-
plied under low λ conditions such as at the begging of the 
PEFC operation. Based on the experimental results, an 
empirical equation regarding the water content and the 
ionic conductivity is proposed particularly for lower λ. 
Numerical analysis was carried out for predicting the cell 
voltage to compare with Springer’s model and the empir-
ical equation. The results are compared as shown in Fig. 
2. By applying the equation to the numerical analysis, the
difference in the cell voltage is large until 30 min from
the PEFC operation. At the beginning of the PEFC opera-
tion, the water content in the PEM is low. Therefore, the
difference in the ionic conductivity model affects the
prediction of the cell voltage.
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Fig. 1. Examples of the experimental results; (a) 
Two-dimensional water distributions obtained by neutron 
radiography; (b) Relation between the change of the wa-
ter contents in the PEM, Δλ, and the change of the ionic 
conductivity, Δσ.  
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Fig. 2. Effect of the ionic conductivity models on the 
prediction of the cell voltage by the numerical analysis. 
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Neutron Radiography on the Mixing Behavior of Reaction Solution and Cooling 
Water at a T-shaped Junction in a Flow-type Supercritical Hydrothermal Reactor. 
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Kyoto University 

INTRODUCTION:  We have synthesized metal oxide 
nanoparticles by mixing a stream of an aqueous reactant 
solution with another stream of supercritical water in a 
flow-type reactor. The mixed reaction solution was grad-
ually cooled to room temperature by using a jacket cooler 
and released from a back pressure regulator. However, 
the gradual cooling might result in the production of 
larger nanoparticles with broader size distribution. In this 
study, we proposed quicker cooling of the reaction solu-
tion by mixing cooling water and observed the cooling 
process by neutron radiography. 

EXPERIMENTS:  Fig. 1 shows the schematics of the 
experimental apparatus. A stream of water was fed using 
a high-pressure pump and heated by an external heater. 
Simultaneously, another high-pressure pump fed a stream 
of room temperature water. The two streams were mixed 
at the mixing point to mimic the cooling process of the 
reaction solution by mixing. Toward this mixing point, a 
neutron beam was irradiated and radiography images 
were obtained using 6LiF/ZnS scintillator screen. 

Fig. 1.  Schematics of the experimental apparatus. 

RESULTS:  Fig. 2 shows the averaged water density in 
the flow channel around the T-shaped junction. The 
heated water (380°C, 12 g/min) was supplied from the 
top while the cooling water was supplied from the side 
(12~36 g/min). When the flow rate of the cooling water 
was 12 g/min, the cooling water gradually mixed with the 
heated water in the vertical tube. On the other hand, fast-
er cooling was expected when the flow rate of cooling 
water was 24 and 36 g/min. To evaluate the change in the 
temperature of the heated water from the top, we evalu-

ated the density of water at the center of the vertical flow 
channel and estimated the temperature. Figure 3 shows 
the change in the temperature in the vertical tube. 

Fig. 2.  Averaged water density in the flow channel. Heated 
water (reactant solution) and cooling water came from the top 
and the side, respectively.  

Fig. 3.  Estimated temperature of the heated water in the verti-
cal tube around the T-junction. Cooling water was mixed where 
the position was between 0~2.3 mm. 

When the flow rate of cooling water was 24 and 36 g/min, 
much faster cooling was realized. We then synthesized 
ZnO nanorods while supplying cooling water. The results 
showed that nanorods with thinner diameters were ob-
tained as we increased the rate of cooling water. These 
results confirmed that the size of the product by a 
flow-type reactor can be controlled by the rate of cooling 
of the reacted solution. 

CONCLUSION: By performing neutron radiography 
measurements, we evaluated the rate of cooling of the 
reactant solution in the flow-type reactor and confirmed 
that faster cooling resulted in the production of smaller 
nanorods. 

REFERENCES: 
[1] S. Takami et al., J. Supercrit. Fluids, 63 (2012) 46-51.
[2] K. Sugioka et al., AIChE J., 60 (2014) 1168-1175.
[3] S. Takami et al., Phys. Proc., 69 (2015) 564-569.
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Visualization of Dynamic Flow Maldistribution in a Microchannel Heat Exchanger 
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2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  Microchannel heat exchanger has 
several advantages against the conventional fin-tube heat 
exchanger, thus recently it has been widely used as the 
heat exchanger of air-conditioning unit. But the structure 
of microchannel fundamentally causes the flow oscilla-
tion especially under non-uniform heat flux condition. 

In this series of investigation[1-3], heat and flow char-
acteristics has been evaluated by using a single plate mi-
crochannel heat exchanger.  

In this report, the quantitatively visualization of a dy-
namic flow maldistribution by using neutron radiography 
will be briefly explained. 

EXPERIMENTS:  The experimental apparatus is a 
forced convective boiling system, and the working fluid 
is Methanol. It has low viscosity similar with actual re-
frigerant (R32), and has enough attenuation coefficient 
for visualization. The cross section of the test-section is 
shown in Fig.1, and it has 9 channels with a.1.6mm di-
ameter. The test-section is heated by Joule heating by 
using nichrome foils attached to the plate surface with 
200 mm heating length and it can generate the nonuni-
form heat flux distribution. The detail construction and 
procedures can be shown elsewhere[1-3].  

RESULTS:  Figure 2(a) is a example of the time aver-
aged visualization image under uniform heating condi-
tion. In this report,  is used as simple 
image processing. 

As shown in this figure, flow maldistribution can be 
observed visually. In the former experiment[1-3], it was 
difficult to evaluate the detail flow movement in each 
channel owing to the lack of the spacial resolution, but in 
this experiment which used slightly wide channel, the 
each channel can be clearly distinguished. Then, it can 
make the time strip image of each flow channel as shown 
in Fig.2(b). This time strip image is the stacked of time 
sequence images of each channel, and Fig.3 is the same 
data at the inlet of the visualization area is plotted against 
time. On the basis on these data, the propagation of 
wet/dry area and also correlation of flow fluctuation 
among each channel will be evaluated Theses character-
istics will be correlated with the heat transfer characteris-
tics. 

REFERENCES: 
[1] H. Umekawa et al., The 25th National Symposium on

Power and Energy Systems (2021) B135.
[2] R.Funakura et al., Thermal Engineering Conference

(2021) B123.

 
 

 
 

 
 

 
 

 
 

[3] Sakai Master Thesis, Kansai Univ. (2021).

Fig.1 Cross section of Microchannel. 
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Fig.2 Visualization image (x ex=0.1- G=50kg/m2s). 
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Measurement of Frost Distribution by Using X-ray and Neutron Cooperative Imaging  
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Kyoto University 

INTRODUCTION:  Recently, heat pumps have been 
proposed as an effective air conditioning system of heat-
ing operation for electric vehicles, because of the inabil-
ity to use the engine heat as in the conventional vehicles. 
However, during the heating operation, frosting occurs 
on the outdoor heat exchanger of the air conditioning sys-
tem. The frost formation causes a serious energy loss on 
the battery due to the heat transfer performance degrada-
tion by increasing the thermal resistance. In addition, the 
corrugated fin tube heat exchanger which is mainly used 
as an automotive heat exchanger has a more complicated 
structure than conventional one, hence it is difficult to 
capture the frosting situation. In this study, the frost dep-
osition on the corrugated fin tube heat exchanger was 
evaluated by X-ray and neutron cooperative radiography 
imaging in a pseudo-three-dimensional measurement. 
Last year, the radiography images were obtained by the 
image intensifier. In this experiment, the scintillator is 
used for observing the detail frost distribution on the cor-
rugated heat exchanger. 

EXPERIMENTAL PROCEDURE:  Figure 1 shows 
the schematic view of the experimental setup. The frost 
deposition between the fins is measured by irradiating X-
ray parallel to the fins of the heat exchanger. The heat 
exchanger is made of aluminum. Thus, the frost deposi-
tion inside of the heat exchanger can be measured by ir-
radiating neutron beam perpendicularly to the fins 
through the heat exchanger. Flow velocity of cooled hu-
mid air adjusted to at 1 m/sec is supplied to the test sec-
tion. The test section consists of the styrofoam block duct 
with the corrugated fin tube heat exchanger. The heat ex-
changer was cooled by circulating the -21 ºC fluorinert. 
The frost deposition on the heat exchanger was observed 
by CCD camera (Princeton Inst., 16-bit, 1024×1024 
pixels and 512×512 pixels) with scintillator (Fujifilm 
Co., HR-Ultra Fast HR-16 and Chichibu Fuji Co., ZNSL-
L100-AL1016) in every 10 sec for 1200 sec frosting du-
ration. Exposure time is 8 sec for X-ray and 6 sec for 
neutron beam.  

RESULTS:  Figure 2 shows the front view of the cor-
rugated fin tube heat exchanger. The heat exchanger con-
sists of flat tubes and the brazed corrugated louver fins. 
The coolant flows in the parallel flat tubes and the humid 
air flows in the small fin channels formed by the corru-
gated louver fins. Figure 3 shows the frost deposition dis-
tributions on the heat exchanger using by the scintillator 
or the image intensifier. X-ray images show the frost for-
mation observed from the front view of the heat ex-
changer. Last year, the frost deposition was overesti-
mated by using image intensifier on the X-ray imaging. 
The detailed frost-deposition distribution can be meas-
ured by using the scintillator. clearly. The neutron images 
show the frost deposition inside of the heat exchanger. 
The main flow direction is left to right on the neutron 
images in Fig. 3. At 1200 sec, the frost deposits on the 

fin front edge. Frost deposition decreases along the flow 
direction. There is no frost deposition in the downstream 
of area of the heat exchanger. This result shows the frost 
deposition distribution in the corrugated fin heat ex-
changer more clearly by X-ray and neutron cooperative 
imaging.  

Fig. 1 Schematic view of the experimental setup. 

Fig. 2 Front view of the corrugated fin heat exchanger. 
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(a) Image intensifier

(b) Scintillator
Fig. 3 Frost deposition distributions observed by X-ray 

and neutron radiography at 1200 sec. 
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Introduction of contrast agent for X-ray-based visualization of roots planted on 
organic medium

Uzuki Matsushima1，Daisuke Ito2,
Yasushi Saito2

1 Faculty of Agriculture, Iwate University
2 Institute for Integrated Radiation and Nuclear 
Science, Kyoto University

INTRODUCTION: Rice husks are considered an 
industrial waste product and have been used in rice husk 
medium, which is a mixture of rice husks and soil at a 3:1 
ratio by volume. This inexpensive medium has the 
advantage of being lightweight, easy to carry, and offers 
good drainage and resistance to plant root rot. Even if the 
bottom portion of a potted plant filled with rice husk 
medium were flooded with water, the capillary rise of the 
water was less than 8 cm. Therefore, the medium 
remained dry 8 cm above the waterlogged surface. We 
investigated the phenomenon of water movement by roots 
into the arid zone formed in the rice husk medium. This 
arid region is believed to be a key factor in the 
development of the plant’s ability to tolerate salt. Neutron 
imaging is sensitive to water, but not minerals, making it 
suitable for studying water transfer from the soil to the 
roots. However, in media with high organic matter, such 
as the rice husk medium, it is difficult to distinguish 
between roots and the medium, which leads to 
inconclusive images. X-ray imaging is not suitable for 
plant root visualization because of its low sensitivity for 
biological samples. However, by introducing a contrast 
agent into the plant roots and increasing the absorption of 
X-rays compared to rice husk medium, roots in the rice
husk medium could be observed. Therefore, this study
established a method to locate roots in culture medium
with high organic matter using X-ray imaging.

MATERIALS and METHODS: Common beans 
(Phaseolus vulgaris L.) were sown in aluminum 
containers (200 mm height, 25 mm width, and 25 mm 
depth) filled with rice husk medium and grown until the 
first true leaf developed. The shoot was cut off leaving 
approximately 20 mm from the root tip to introduce the 
iodine solution. To dehydrate the rice husk medium, the 
bottom of the aluminum container was opened to allow 
water to evaporate from the roots and nearby medium(Fig. 
1). Three iodine solution concentrations of 0.10, 0.25 and 
0.05 mol/L were used as treatments, and water was used 
as a control. The aluminum container was inverted to 
immerse the stem cut ends into the beaker containing the 
iodine solution, as shown in Fig. 1. After the cut ends of 
the sample stems were immersed in the contrast media for 
24 hours, they were each packed in a plastic bag and 
shipped to KURNS, Kyoto University. X-ray imaging was 
performed at the B4 experimental chamber of the Kyoto 
University Reactor.

Fig. 1. Introduction of iodine solution into the 
sample. Left: at the time of introduction; Right: the 
bottom of the aluminum container is opened.

Fig. 2. X-ray CT image. The upper panel is a 
longitudinal section, and the lower panel is a 
transverse section. The brighter the pixel, the higher the 
X-ray absorption at that location.

RESULTS: The stems of the common bean plants turned 
brown all the way to the root tips after immersion in the 
iodine solution, confirming that the iodine solution had 
been introduced into the visible stem and root before the 
X-ray images were taken. In this experiment, the bottom
of the aluminum container was opened to expose the
medium and sample roots to air. This exposure caused the
water potential of the roots to decrease due to the water
vapor pressure difference between the sample root system
and the surrounding air. The change created a difference
between the root water potential and the osmotic potential
of the iodine solution, which was sufficient to introduce
the iodine solution into the plant body. The degree of
darkness in the X-ray computed tomography (CT) image
increased with the degree of the material’s absorption of
X-rays. The images of the sample stems and roots
containing various concentrations of iodine solution were
slightly brighter than that of the control sample root
(Fig.2). This indicated that the iodine solution in the plant
roots was not sufficient to enhance the X-ray absorption.
The contrast agent must contain elements with higher X-
ray absorptivity than the iodine solution. The increased X-
ray absorption of the plant roots approached that of the
soil in the rice husk medium, which made it difficult to
distinguish between the roots and the soil in the image.
For future studies, it will be necessary to track the
visualized roots to determine their shape.
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Effect of the water content of high-strength concrete on the spalling phenomenon 
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Graduate School of Science and Technology, Department 
of Architecture, Tokyo University of Science 
1Graduate School of Engineering, Department of Archi-
tecture, The University of Tokyo 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  In general, reinforced concrete 
buildings are fireproof structures because they have cover 
concrete to resist heat from a fire. However, spalling [1] 
phenomena may occur to lose their cover concrete when 
the structures were heated by fire, especially in case of us-
ing high strength concrete. In the past research, the expla-
nations for this phenomenon have been widely accepted 
by thermal stress and water vapor pressure, or both. On the 
other hand, it has been pointed out that the spalling does 
not occur at the low water content but at the high moisture 
content. In this study, the effect of moisture content on the 
spalling phenomena of high-strength concrete was investi-
gated by using the neutron imaging technique. 

EXPERIMENTS:  Heating experiments were per-
formed on test specimens with target relative moisture 
contents of 20%, 40%, 60%, 80%, and 100%, in the 
KUR-B4 port of KURNS. Transmission images were 
obtained using neutron radiography to detect the mois-
ture behavior inside the specimens to determine the 
moisture behavior inside the concrete. And at the same 
time, temperatures at 10 mm and 20 mm from the heat-
ing surface were measured by thermocouples. Fig.1 
shows the schematic diagram of the test equip-
ment used in the experiment. The specimens are 
100×70×30 mm (width × height × thickness) of rein-
forcing rebar with a cover depth of 30mm. For compar-
ison, two types of cement, Ordinary Portland Cement 
(OPC) and High-early Strength Cement (HSC), were 
used. The compressive strength of concrete measured 
on the day (18 days after the mixing) of the heating ex-
periments was 153N/mm2. 

RESULTS:  It observed the different trends in the spall-
ing phenomenon by the hydrous condition between the 
specimens of OPC and HSC.  
Fig.2 shows an example of a change in the amount of 

moisture content inside the concrete. Fig.3. shows the rel-
ative moisture content inside the concrete just before the 
explosion. The moisture contents in the specimens tend to 
increase as the distance from the heating surface increases, 
regardless of the type of cement or the moisture content. 
On the other hand, the increase in the moisture content was 

Fig. 1 Schematic diagram of the heating experiment. 

Fig. 2 Changes in the amount of moisture content. 

Fig. 3 The effect of initial relative moisture content on 
the relative moisture distribution just before the spalling. 

only at most 0.02mg/mm3, which is equivalent to about 
30% of the initial relative moisture content. In addition, in 
this experiment, no localized increase in moisture content 
reported as “moisture clog” in previous studies was ob-
served in the relative moisture distribution just before the 
spalling observed. 
Cracks, which were thought to be due to the restraint of 

reinforcing bars during heating, were observed, however, 
the effect on the spalling phenomenon due to the presence 
or absence of reinforcing bars was not confirmed. 
Considering the timing of spalling and cracking at the po-

sition of the reinforcing bar, it can be said that no cracks 
were observed in the specimens where thermal stresses 
were released by the spalling, suggesting that thermal 
stress may have contributed to the spalling phenomenon. 

REFERENCES: 
[1] JCI, (2017). “Committee Reports: JCI-TC-154A
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Visualization of Lithium Ion Migration in the Solid Electrolyte by Neutron Radiography 
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2Kyoto University 
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INTRODUCTION:  Enhancement of lithium ion con-
duction in oxide-based solid electrolyte is one of the fo-
cused issues for the development of All Solid-State Bat-
teries. We have revealed that LaPO4 dielectric particle 
dispersion in NASICON-type solid electrolyte LATP 
(Li1.3Al0.3Ti1.7(PO4)3) improves the conductivity by 3 
times [1-3]. The conductivity enhancement is thought to 
be due to the formation of space charge layer in the vicin-
ity of LaPO4 / solid electrolyte interface, in which the 
defect concentration is higher and thus the lithium diffu-
sion occur faster [4]. We have recently measured the 
tracer diffusion coefficient of lithium ion in pristine and 
LaPO4 dispersed LATP by means of neutron radiography 
[5]. Due to large neutron attenuation factor of 6Li, diffu-
sion profile has been obtained for LATPs consisting of 
7Li using 6Li as the tracer. 
  In above experiments, diffusion process has been 
achieved by simply annealing after applying the tracer. 
On the other hand, in terms of the battery application, 
visualization of lithium migration in the solid electrolyte 
is also significant. In the last year, we have constructed 
MnO2 / 7Li-LATP / NLi-LATP / Li1.33Ti1.67O4 cells to 
electrolyze for the neutron imaging. Herein, NLi indicates 
the natural isotope ratio of 6Li / 7Li. However, the lithium 
transfer at the interface is relatively difficult to observe 
the lithium migration in 7Li-LATP. Then, in the present 
study, we changed the cell configuration as LiMn2O4 / 
7Li-LATP / LiMn2O4 symmetry cell to reduce the sol-
id-solid interface. 

EXPERIMENTS: 7Li-LATP (Li1.3Al0.3Ti1.7(PO4)3) and 
NLi-LiMn2O4 pellets were prepared by high-temperature 
solid-state reaction method. The surfaces of the samples 
were polished at the both sides of surface to ensure the 
flat plane with mirror finish. These samples were stacked 
as the illustration of Fig. 1, heated up to 300 °C to facili-
tate the lithium migration across the interface, and sub-
jected 0.25 μA of DC current to lead the solid-state elec-
trolysis. The photograph of the apparatus is also shown in 
Fig. 1. After the electrolysis was started, the entire appa-
ratus was subjected to direct neutron beam for 45 minutes 
at B4 port of KUR (generated at 1MW). Neutron radiog-
raphy images were taken by the CCD camera (5 min ex-
posure) every 15 minutes. 

RESULTS:  Fig. 2 shows the typical radiography im-
ages of the symmetrical cell. Since the natural isotope 
abundance was employed for LiMn2O4, the image shows 

darker in comparison with LATP. On the other hand, 
LATP shows the whiter image. Comparing the two imag-
es of LiMn2O4 / 7Li-LATP / LiMn2O4 symmetry cell, no 
significant change was observed for LATP region, and 
the trace of lithium migration toward 7Li-LATP cannot be 
detected. This would be due to the solid – solid interface 
between LiMn2O4 and LATP is rather severe, restricting 
DC current down to 1 μA. We are planning to paste 
LiMn2O4 slurry to resolve the difficulty in lithium migra-
tion across the interface.  

Figure 1 Schematic view and photograph of the appa-
ratus.  

Figure 2 Radiography images of LiMn2O4 / 7Li-LATP / 
LiMn2O4 symmetry cell after electrolyzed for (left) 1 h 
and (right) 3 h.  

REFERENCES: 
[1] H. Onishi et al. Electrochemistry. 84 (2016) 967.
[2] F. Song et al. J. Alloys Compds. 853(2021)157089.
[3] F. Song et al., Materials 14 (2021) 3502.
[4] C. C Liang. J. Electrochemical Soc. 120 (1973) 1289.
[5] F. Song et al., Solid State Ionics 377 (2022) 115873.
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Visualization in the Accumulated Curved Rod Arrays 

M. Kaneda, Z. Li, M. Sugimoto

Department of Mechanical Engineering, Osaka Prefec-
ture University 

INTRODUCTION:  Electrification of vehicles has 
been promoted to reduce greenhouse gas. The powertrain 
of the vehicles is the electric motors which is required to 
have high performance, more power, and compactness 
[1]. This leads to the higher emission heat density from 
the motor package and the effective cooling scheme of 
the heated stator coil has been important. The stator coil 
in the motor is cooled by the coolant poured from a noz-
zle above. Although there have been some studies of the 
temperature measurement [2, 3], the coolant profile in-
side the coil has not been clarified yet and the pouring 
conditions are decided empirically. In this study, there-
fore, the coolant visualization inside the simplified stator 
coil structure is carried out by using the neutron radiog-
raphy. The coil structure is made of aluminum and com-
posed by layered curved rod array. 

EXPERIMENTS:  The schematic model of the exper-
iment is shown in Fig.1(a). The stator coil is presumed by 
the accumulated curved rod arrays shown in Fig.1(b) 
where the coolant is directly poured from above. Each 
square rod is made of aluminum and aligned with a gap 
of 1mm. This roughly corresponds to the enlarged stator 
coil structure.  
The flow rate of the coolant is 0.5-0.65L/min and the 
temperature of the coolant is varied from 20-50 degree C. 
The neutron beam is in horizontal and coaxial direction to 
the curved coil structure. 

(a) (b)
Figure 1. Experimental setup. (a) schematics  
(b) enlarged stator coil structure

RESULTS:  The visualized image of one condition is 
shown in Fig. 2(a). As expected, the fluid spreads along 
the structure at lower layer. The rest of the fluid goes 
down vertically. This profile is converted to the cylindri-
cal coordinate to investigate the fluid volume inside the 
structure as shown in Fig. 2(b). The fluid profile depends 
on the flow rate and temperature. Since the fluid viscosity 
decreases at higher temperature, the fluid area decreases. 
The higher the flow rate results in the large fluid area.   

(a)                          (b) 
Figure 2. Visualized coolant profile. (a) snapshot (b) 
converted to cylindrical coordinate. 

By using the neutron attenuation factor of the fluid, the 
local fluid volume in the spanwise direction can be esti-
mated, which is shown in Figure 3 at 500mL/min. This 
supports the quantitative temperature dependence. 

Figure 3. Volume profile of the fluid at 0.5L/min along 
the circular direction. 

The total fluid volume in the structure can be calculated 
by the integration of the local profile. The flow rate and 
the temperature dependency can be regarded as the di-
mensionless number in the horizontal axis and the vol-
ume can be normalized by the nozzle diameter, which is 
partially shown in Figure 4. This yields the linear correla-
tion successfully. 

Figure 4. Dimensionless volume versus Capillary number 
at 0.5L/min. 

REFERENCES:

[1] N. Kobayashi and T. Ikegami, Thermal Sci. Eng., 15,
2 (2007) 49-54.
[2] T. Davin et al., Applied Thermal Eng., 75 (2015)
1-13.
[3] S. Onimaru et al., Denso Technical Review, 13 (2008)
19-25.
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Advancement of integrated system for dose estimation in BNCT 

Y. Sakurai

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

BACKGROUNDS AND PURPOSES: 
Several types of accelerator-based irradiation system 

for boron neutron capture therapy (BNCT) are under de-
velopment at present. But, there are a number of subjects, 
which should be improved for the further advance and 
generalization of BNCT. 

In the viewpoints of medical physics and engineering, 
the advance for dose estimation is one of the important 
subjects. For the characterization of irradiation field, 
quality assurance and quality control (QA/QC), clinical 
irradiation to actual patient, and so on, an ultimate goal is 
to perform the three-dimensional and real-time dose es-
timation in discriminating for thermal, epi-thermal and 
fast neutron doses, gamma-ray dose, and boron dose, 
with simplicity and low effort. Considering about this 
ultimate dose estimation, several kinds of dose estimation 
method are studied. It is so difficult to realize the ultimate 
dose estimation using only one method, but it is neces-
sary to use simultaneously more than two methods. 

The purposes of this project research are the advance 
for various dose estimation methods, and the establish-
ment of an integrated system for dose estimation in 
BNCT. 

In the second year of this research project, 2021, the 
advancement for the respective dose estimation methods 
were forwarded mainly using Heavy Water Neutron Irra-
diation Facility (HWNIF) and E-3 Neutron Guide Tube 
(E-3) at KUR. The integrated system was considered for 
the simultaneous usage of several dose estimation meth-
ods, same as the previous year. 

RESEARCH SUBJECTS: 
The collaboration and allotted research subjects (ARS) 

were organized as follows; 

ARS-1 (R3P6-1): Establishment of characterization es-
timation method in BNCT irradiation field using Bon-
ner sphere and ionization chamber (V). (Y. Sakurai, S. 
Shiraishi, A. Sasaki, N. Matsubayashi, M. Nojiri, R. 
Narita, H. Kato, D. Fu, T. Takata, H. Tanaka) 

ARS-2 (R3P6-2): Study on new type of neutron energy 
spectrometer for BNCT. (K. Watanabe, Y. Oshima, A. 
Ishikawa, A. Uritani, S. Yoshihashi, A. Yamazaki, Y. 
Sakurai) 

ARS-3 (R3P6-3): Development and demonstration of 
Bonner sphere spectrometer for intense neutrons. (A. 
Masuda, T. Matsumoto, S. Manabe, H. Tanaka, H. 
Harano, Y. Sakurai, T. Takata) 

ARS-4 (R3P6-4): Improvement of the SOF detector sys-
tem for energy-dependent discrimination and long-term 
stability. (M. Ishikawa1, S. Ishiguri, H. Handa, K. Baba, 
K. Takamiya, Y. Sakurai)

ARS-5 (R3P6-5): First direct observation of boron dose 
distribution with a boron-added liquid scintillator. (A. 
Nohtomi, H. Maeda, N. Sakamoto, G. Wakabayashi, Y. 
Sakurai, T. Takata) 

ARS-6 (R3P6-6): Development of absolute epi-thermal 
neutron flux intensity monitor for BNCT (I. Murata, S. 
Tada, D. Hatano, S. Tamaki, S. Kusaka, H. Tanaka, Y. 
Sakurai, T. Takada) 

ARS-8 (R3P6-8): Study for microdosimetry using sili-
con-on-insulator microdosimeter in the BNCT irradia-
tion field (V). (Y. Sakurai, N. Ko, T. Takata, H. Tanaka, 
T. L. Tran, J. Davis, S. Guatelli, A. Rozenfeld, N. Kon-
do, M. Suzuki)

ARS-10 (R3P6-10): Measurement of BNCT beam com-
ponent fluence with multi imaging plate system. (K. 
Tanaka, Y. Sakurai, C. Hatori, T. Kajimoto, H. Tanaka, 
T. Takata, G. Bengua, S. Endo)

ARS-11 (R3P6-11): Development of 2D real-time neu-
tron imaging system in the BNCT irradiation field. (S. 
Uno, T. Koike, K. Miyamoto, R. Hosoya, H.Tanaka) 

ARS-12 (R3P6-12): Measurements of neutron fluence 
and gamma ray distribution using thermoluminescence 
slabs. (K. Shinsho, M. Tanaka, N. Sugioka, H. Tanaka, 
T. Takata, G. Wakabayashi, W. Chang, Y. Koba)

ARS-14 (R3P6-14): Development and evaluation of 3D 
gel dosimeter for the measurement of dose distribution 
in BNCT. (S. Hayashi, Y. Sakurai, M. Suzuki, T. Taka-
ta) 

ARS-15 (R3P6-15): Establishment of beam-quality es-
timation method in BNCT irradiation field using dual 
phantom technique (V). (Y. Sakurai, N. Kondo, D. Fu, 
T. Takata, H. Tanaka, M. Suzuki)

ARS-16 (R3P6-16): Development of real-time thermal 
neutron monitor for BNCT. (H. Tanaka, N. 
Matsubayashi, S. Kurosawa, T. Takata, Y. Sakurai) 

ARS-17 (R3P6-17): Quantitative measurement of 478 
keV prompt gamma-rays of boron-neutron capture re-
action with the ETCC. (T. Mizumoto, S. Komura, Y. 
Sakurai, T. Takata, T. Tanimori, A. Takada) 

ARS-19 (R3P6-19): Evaluation of neutron irradiation 
fields for semiconductor device irradiation. (H. Tanaka, 
N. Matsubayashi, T. Takata, Y. Sakurai)

ARS-20 (R3P6-20): Optimization of bolus shape for 
boron neutron capture therapy - examination using 
simple shaped phantom for experimental verification -. 
(T. Takata, H. Tanaka, A. Sasaki, N. Matsubayashi, M. 
Nojiri, Y. Sakurai, M. Suzuki) 

ARS-22 (R3P6-22): Annealing properties of boric acid 
infused PVA-GTA-I gel irradiated with neutrons. (H. 
Yasuda, JE. Taño, CAB. Gonzales, Y. Sakurai) 

ARS-23 (R3P6-23): Three dimensional model for 
pre-clinical assessments in BNCT. (K. Igawa, A. Sasaki, 
K. Izumi, E. Naito, M. Suzuki, N. Kondo, Y. Sakurai)

ARS-7, ARS-9, ARS-13, ARS-18 and ARS-21 could 
not be performed because of the influence of COVID-19 
infection. 
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Establishment of characterization estimation method in BNCT irradiation field using 
Bonner sphere and ionization chamber (V) 

Y. Sakurai, S. Shiraishi1, A. Sasaki1, N. Matsubayashi1, M.
Nojiri1, R. Narita1, H. Kato1, D. Fu1, T. Takata and H.
Tanaka

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 
1Graduate School of Engineering, Kyoto University 

INTRODUCTION:  Development in accelerator-based 
irradiation systems for BNCT is underway. In the near 
future, BNCT using these newly developed systems may 
be carried out at multiple facilities across the world. Con-
sidering this situation, it is important that the estimations 
for dose quantity and quality are performed consistently 
among several irradiation fields, and that the equivalency 
of BNCT is guaranteed, within and across BNCT systems. 
Then, we are establishing QA/QC system for BNCT. 
As part of the QA/QC system, we are developing estima-
tion method for neutron energy spectrum using Bonner 
sphere [1]. For our spectrometer using Bonner sphere, 
liquid such as pure water and/or boric acid solution is 
used as the moderator. A multi-layer concentric-sphere 
case with several sphere shells is prepared. The modera-
tor and its diameter are changeable without entering the 
irradiation room, by the remote supply and drainage of 
liquid moderator in the several layers. For the detector, 
activation foils are remotely changed, or online meas-
urement is performed using SOF detector, etc. 
In 2021, the prototype Remote-changeable Bonner-sphere 
Spectrometer (RBS) was revised. An experiment was 
performed for the characteristic verification of the proto-
type RBS at Heavy Water Neutron Irradiation Facility of 
Kyoto University Reactor (KUR-HWNIF) [2]. 
MATERIALS AND METHODS:  In the neutron en-
ergy spectrometry by Bonner-sphere, the combinations of 
the moderator material and diameter should be previously 
decided and prepared. Of course, the more information 
can be obtained as the more moderators and detectors are 
prepared. However, the information number from those 
measured data is less than the combination number, be-
cause of the overlapped regions among the combinations. 
The selection is important, in which the more information 
number is obtained for the combination number. 
The combination of moderator and detector is decided, 
for that the response functions cannot be approximated 
by the linear functions of the other response functions. 
The accuracy and precision for the spectrometry can be 
higher, because the independent information can be ob-
tained from the measurement by the respective combina-
tions. We were developed the selection method, High 
Independence Selection (HIS) [3]. 
On the assumption of the application in the standard 
epi-thermal neutron irradiation mode of KUR-HWNIF, 
the combination of the moderators for boron-10 concen-
tration and diameter was optimized by HIS. Based on this 
optimization, the prototype RBS was revised. Some ex-

periments were performed for the characteristic verifica-
tion of the revised prototype RBS at KUR-HWNIF. 
RESULTS:  The configuration of the revised RBS was 
decided as follows. A five-layer concentric spherical 
acrylic shell is used as a container. Each acrylic wall is 1 
mm in thickness. The moderator injection part is 9 mm in 
thickness for each layer. Pure water and 0.12-wt% boric 
acid water for boron-10 were used as liquid moderators. 
Gold wire was used as the detectors. Figure 1. shows 
the revised prototype RBS. 
Unfolding was performed by GRAVEL using the re-
sponse function of each Bonner sphere corrected by mul-
tiplying the ratio for measured/calculated values. The 
nominal spectrum of the epi-thermal neutron irradiation 
mode was input as an initial guess. 
The comparison between the nominal spectrum and un-
folded spectrum was performed. The spectrum obtained 
by the unfolding reproduced the nominal spectrum rela-
tively well, but the absolute value was overestimated al-
most one and a half times. 
The accuracy of the revised prototype RBS was improved 
compared with the first prototype RBS. However, the 
overestimation was not resolved. It is considered that the 
possible reasons for the overestimation are the differ-
ences in sizes between the actually prepared spectrometer, 
field size, beam directionality, etc.. 
CONCLUSION:  We have the plans to perform (1) the 
further revision of the prototype RBS and (2) the prepa-
ration of a Bonner sphere spectrometer including the re-
mote mechanism for the supply and drainage of the liquid 
moderators. 

REFERENCES: 
[1]  S. Shiraishi et al., Appl. Radiat. Isot. 163 (2020)
109213.
[2] Y. Sakurai and T. Kobayashi, Nucl. Instr. Meth. A 453
(2000) 569-596.
[3] H. Ueda, Doctoral Thesis (2016).

Figure 1. The revised prototype RBS. 
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Study on New Type of Neutron Energy Spectrometer for BNCT

K. Watababe, Y. Oshima, A. Ishikawa1, A. Uritani1, S.
Yoshihashi1, A. Yamazaki1 and Y. Sakurai2

Graduate School of Engineering, Kyushu University 
1 Graduate School of Engineering, Nagoya University 
2 Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

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.  

REFERENCES: 
[1] K. Watanabe et al., Nuclear Instruments and Meth-

ods in Physics Research Section A , 802,  1 (2015).
[2] A. Ishikawa et al., Sensors and Materials, 32, 

1489-1495 (2020).
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Development and demonstration of Bonner sphere spectrometer for intense neutrons 

A. Masuda, T. Matsumoto, S. Manabe, H. Tanaka1,
H. Harano, Y. Sakurai1 and T. Takata1

National Metrology Institute of Japan, National Institute 
of Advanced Industrial Science and Technology 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

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. 

 

REFERENCES: 
[1] A. Masuda et al., Appl. Radiat. Isot., 127 (2017)

47-51.
[2] Y. Sakurai and T. Kobayashi, Nucl. Instr. Mes. Phys. 

Res. A, 453 (2000).
[3] T. Matsumoto et al., Radiat. Prot. Dosim., 188 (2020)

117-122.
[4] A. Masuda et al., 2018 IEEE NSS/MIC Proceedings 

(2019) 10.1109/NSSMIC.2018.8824697.

This study is supported by Grand-in-Aid for Scientific 
Research, Japan Society for the Promotion of Science 
(JSPS KAKENHI Grant Number 19K12638). 

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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Improvement of the SOF detector system for energy-dependent discrimination and 
long-term stability 

M. Ishikawa1,2, Shu Ishiguri2, H. Handa2, K. Baba2,
K. Takamiya3 and Y. Sakurai3

1Faculty of Health Sciences, Hokkaido University 
2Graduate School of Biomedical Science and Engineer-
ing, Hokkaido University 
3Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: In the conventional BNCT, thermal 
neutron flux and thermal neutron fluence during treat-
ment could not be measured in real time because gold 
wire activation was used to evaluate thermal neutron flu-
ence. Therefore, we developed a detector (SOF detector; 
Scintillator with Optical Fiber Detector) with a plastic 
scintillator attached to the tip of the optical fiber, tried 
real-time measurement of thermal neutron flux in neutron 
capture therapy, and got good results. The long-term sta-
bility of the SOF detector and the wide measurement dy-
namic range (linearity of 104 to 1010 n/cm2/s) have been 
confirmed in previous collaborative experiments. [1,2] 
However, signal degradation of SOF detector in 
long-term exposure was reported [3]. The signal degrada-
tion might not be a significant problem in case that cali-
bration can be performed before use. However, signal 
degradation greatly affects measurement accuracy in case 
of long-term monitoring because calibration prior to use 
is difficult. From the previous experiment, it is presumed 
that the main cause of deterioration of the SOF detector is 
due to deterioration of the plastic optical fiber, so we 
tried to conduct two experiments: (A) monitoring deteri-
oration of the SOF probe by using external UV excited 
signal and (B) the deterioration-accelerated experiment 
with an SOF detector probe using a quartz optical fiber. 

EXPERIMENTS: From the previous experiment, it was 
presumed that the main cause of deterioration of the SOF 
detector is due to deterioration of the plastic optical fiber. 
In order to monitor the SOF probe deterioration, a pulsed 
UV-LED was used to excite scintillation signals. The 
decrease of scintillation signals was treated as a compre-
hensive deterioration including a plastic optical fiber and 
a scintillator. 
Figure 1 shows the deterioration monitoring system using 
pulsed UV-LED. In addition to the 1-second interval 
measurement by the SOF detector, the scintillation light 
excited by the UV-LED was measured once every 10 
seconds to assess the deterioration of the SOF probe. 
Figure 2 shows the SOF signal count rate change during 
irradiation at the Slant exposure tube with 5 MW. The 
output of the SOF detector gradually decreases from the 
start of irradiation and drops to 80% at the end of irradia-
tion. On the other hand, the output of the SOF detector 
corrected by the measurement by the deterioration moni-
tor system keeps a constant output for 5 hours, indicating 
that the deterioration correction by the deterioration mon-
itor system is possible. 

In addition, as shown in Fig. 3, no deterioration was con-
firmed in any of the scintillator, the neutron sensitizer 
(6LiF), and the reflector in the measurement using the 
quartz fiber.

(a) Schematic illustration of deterioration monitor

(b) Experimental setup at the Slant exposure tube

Fig. 1.  Deterioration monitor using pulsed UV-LED. 

Fig. 2.  SOF detector measurement w/ and w/o correction 
with deterioration monitor system. 

Fig. 3.  Deterioration assessment for SOF detector compo-
nent using a quartz optical fiber. 

REFERENCES:
[1] M. Ishikawa et al., Appl. Radiat. Isot., 61 (2004) 775-779.
[2] M. Ishikawa et al., Nucl. Instr. Meth., A 551 (2005) 448-457.
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INTRODUCTION: For the boron-neutron capture ther-
apy (BNCT), boron dose plays a significant role to kill 
tumor cells. However, it is very difficult and almost im-
possible to measure the boron dose distribution directly 
due to the short ranges of Li and alpha particles in tissue 
(~ 10 µm) generated by 10B-neutron capture reactions. 
Instead, the distribution is usually evaluated by calcula-
tions with an information of thermal neutron flux. In the 
present work, direct observation of 10B-neutron capture 
reactions (so called “boron dose”) was carried out by 
using a boron-added liquid scintillator [1].

EXPERIMENTS:  We dissolved trimethyl borate in a 
commercially-available liquid scintillator (InstaGel Plus) 
approximately 1 wt% and 0.25 wt% in natural boron 
concentration. The boron-added liquid scintillator was 
filled in a quartz bottle phantom and was irradiated by 
thermal neutrons (~105 n/cm2/s) during 150, 300 and 600 
seconds at E-3 irradiation port [2]. Luminescence of the 
liquid scintillator was observed by a cooled CCD (SBIG, 
STF8300M) camera during the irradiation in a black box. 

RESULTS:  As shown in Fig. 1, the luminescence dis-
tribution showed a good agreement with that of the ener-
gy deposition of Li and alpha particles from 10B-neutron 
capture reactions calculated by Monte Carlo simulations 
(PHITS). When trimethyl borate was not dissolved in the 
liquid scintillator (0 wt%), no visible luminescence was 
observed even for 600 seconds irradiation. The luminance 
value recorded by the CCD camera was simply propor-
tional to the irradiation time of thermal neutrons as indi-
cated in Fig. 2. 
 From the facts mentioned above, it is evident that the 
observed luminance is originated from Li and alpha par-
ticles generated by 10B-neutron capture reactions. This 
means the luminescence distribution is directly related to 
so called “boron dose” to liquid scintillator. To the best 
knowledge of authors, direct optical observation of the 
boron-dose distribution has not been reported yet exper-
imentally. 
 This novel technique will be useful for the quality as-
surance (QA) purposes of BNCT, because instantaneous 
neutron irradiation may be enough for observation of the 
actual intense neutron beam of clinical BNCT (~109 
n/cm2/s) with less amount of addition of trimethyl borate. 
A quick check of the boron-dose distribution will be 
promising instead of the conventional gold-wire activa-
tion method which is generally very time-consuming 
task. 

 
 
Fi.g. 1  Visualized boron dose distribution observed by a 

CCD camera (left) and calculated dose distribu-
tion deposited by a and Li particles (right).  

Fi.g. 2  Luminance value of boron-added liquid scintil-
lator as a function of neutron irradiation time. 
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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, γ)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 
－ －

φφφφepi [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 
－ －

φφφφepi [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. 
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INTRODUCTION:  Research and development into 
several types of accelerator-based irradiation systems for 
boron neutron capture therapy (BNCT) is underway [1,2]. 
In the near future, BNCT using these newly developed 
irradiation systems may be carried out at multiple facili-
ties across the world. In contrast to conventional radio-
therapy, the types of radiation present in BNCT consists 
of many distinct radiation components, each having a 
different biological weighting factor. 
Microdosimetry is an effective dosimetry technique in a 
mixed radiation environment. Using this technique, it is 
possible to derive the relative contributions of different 
radiation modalities. The feasibility study of a novel 3D 
mesa bridge silicon-on-insulator microdosimeter (SIM) in 
BNCT [3], developed by University of Wollongong 
(UOW). 
A new-type silicon microdosimeter and its application for 
boron neutron capture therapy (BNCT) are continuously 
investigated mainly by Monte Carlo simulation. 
MATERIALS AND METHODS:  Two detector con-
figurations were investigated, based on the current 3D 
mushroom microdosimeter. The first structure consists of 
a cylindrical p+ core electrode through the center of the 
SV with n+ ring electrode wrapped around the outside of 
the SV. The second structure consists of a cylindrical n+ 
core electrode through the center of the SV with p+ ring 
electrode wrapped around the outside of the SV. Each SV 
has a diameter and height of 10 μm and the pitch between 
each individual SV is 40 μm to reduce cross talk between 
neighboring row of detectors. A total of 2500 individual 
SVs were connected in an array with odd and even de-
tector row readout channels. 
PHITS was used for this study. The T-deposit tally, which 
scores dose and event-by-event deposition energy distri-
bution was used to calculate the energy deposited inside 
the SV of the mushroom microdosimeter. The microdo-
simetric spectrum (frequency mean and dose mean lineal 
energy distribution) were calculated by dividing the de-
posited energy by the average chord length of the SV. 
The neutron response of the new-type detector were in-
vestigated using the neutron source for the mixed neutron 
irradiation mode of Heavy Water Neutron Irradiation 
Facility installed in Kyoto University Reactor 
(KUR-HWNIF) [4]. 
RESULTS:  The ion track of 840 keV Li-7 ions pro-
duced inside the p+ region is shown in Figure 1. Similarly, 

with the alpha particles, higher number of Li-7 ions were 
deposited inside the SV with the p+ core through the 
center. 
The number of Li-7 depositing it’s full energy (840 keV) 
was also found to be higher with the p+ core design, 
shown in Figure 2. The range of 840 keV Li-7 ions inside 
silicon is approximately 2.5 μm. Most of the Li-7 gener-
ated inside the p+ core will deposit all its energy inside 
the SV. However, the Li-7 ions generated inside the p+ 
ring will only deposit a portion of its energy inside the 
SV before escaping. 
CINCLUSION:  It was found that the absorbed dose 
was approximately 2.4 times more with the p+ core de-
sign. No dose was deposited to the surrounding PMMA 
with the p+ core design. 

REFERENCES: 
[1] H. Tanaka et al., Nucl. Instr. Meth. B 267 (2009)

1970-1977.
[2] H. Kumada et al., Appl. Radiat. Isot. 88 (2014)

211-215.
[3] L. T. Tran et al., IEEE Trans. Nucl. Sci. 62 (2015)

3027-3033.
[4] Y. Sakurai and T. Kobayashi, Nucl. Instr. Meth. A 453
(2000) 569-596.

Fig. 1. Ion track of 840 keV Li-7 ions inside a single 
SV. Left) p+ core through the centre of the SV. Right) 
p+ ring around the outside of SV. 

Fig. 2. Deposit energy of 840 keV Li-7 ions inside the 
SV for p+ core and p+ ring. 
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INTRODUCTION: Measurement of beam fluence spa-
tial distribution is required for quality assurance in the 
irradiation field for boron neutron capture therapy. This 
study investigated the use of the multi imaging plate (IP) 
system which consists of IPs and beam component con-
verters. 

EXPERIMENTS: The converter configuration is shown 
in Fig. 1. The IP is BAS-TR from Fuji Film corporation, 
Japan. The IP #1 in carbon is to detect gamma rays via 
secondary electrons, #2 for epithermal neutrons via sec-
ondary particles of 6Li(n,)3H reactions, and #3 for fast 
neutrons via recoiled protons. Here, material #2 is poly-
ethylene. Material #1 is polyethylene infused with LiF, 
where 6Li is enriched up to 95 at% The concentration of 
6Li in Material #1 is 10 wt%. The details of the converter 
was described previously [1]. 
The experiment was performed with the standard epi-
thermal neutron irradiation mode of KUR-HWNIF [2] at 
1 MW. The beam size was set to about 120 × 120 mm2 
using the collimator. The irradiation for 2 minutes was 
performed 3 times..  

neutron
gamma IP #1

Carbon

5 1(mm)
5

5

4 1 1 5

IP #2 IP #3

Material #1 Material #2

1

Fig. 1 Converter configuration. 
The figure is not in scale. 

The fluence j of each component was determined using 
the following model; 
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  (1), 

1A PSL     (2), 

where aij denotes the response fuction of the ith IP for the 
component j estimated by the PHITS simulation [3] 

RESULTS: The fluence estimated using the results for 
the three IPs are shown in Fig. 2. All of three beam com-
ponents yielded positive values successfully. The repro-
ducibility of the results is about 10-30% in standard devi-
ation. The reduction of the deviation is planned to be in-
vestigated. 
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(c) Fast neutrons
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Fig. 1 Estimated fluence distribution. 
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INTRODUCTION:  We have been developing a 2D

real-time neutron imaging system using a gas electron 

multiplier (GEM) [1]. Boron neutron capture therapy 

(BNCT) is a radiation therapy that selectively destroyed 

tumor cells by means of high linear energy transfer 

charged particles released by nuclear reaction caused by 

thermal neutrons irradiation of 10B. In order to irradiate tu-

mor cells that have taken up 10B efficiently with thermal 

neutrons, neutron attenuation by the tissue must be taken 

into account, so an epithermal neutrons irradiation field are 

required. For the higher accuracy of BNCT, it is important 

to quality assurance and control of the irradiation field, 

such as properly evaluate to spatial distribution and flu-

ence rate of the epithermal neutron beams. In this study, 

the performance of our system were evaluated using E-3 

Neutron Guide Tube (E-3) and Heavy Water Neutron Irra-

diation Facility (HWNIF) of the Kyoto University Re-

search Reactor. 

EXPERIMENTS:  Our real-time neutron imaging sys-

tem consists of a detector module (GEM chamber and 

readout electronics board) and a PC that controls the de-

tector and processing/display the acquisition data [2]. The 

detector module has a compact size with dimensions, 

444mm × 270mm × 41mm. The effective detection area is 

100mm × 100mm. These signals are processed by an 

FPGA-based data acquisition board, and the resulting dig-

itized neutron event data is recorded to PC via Gigabit 

Ethernet. The GEM chamber works as a gas radiation de-

tector for neutrons by detecting the charged particles emit-

ted through a 10B(n, α)7Li nuclear reaction. It is incorpo-

rates a cathode plane coated with a thin layer (0.05µm 

thickness) of 10B, a single GEM used to amplify the charge 

deposited in the gas of the detector (Ar-CO2, 70:30,1atm), 

and 128 X and 128 Y strips with a 0.8mm pitch strip planes 

with 2D readout. Detection efficiency for thermal neutrons 

is 0.2%. Our system have a feature of a spatial resolution 

of approximately 1 mm (FWHM), an excellent time reso-

lution of 15 ns, low sensitivity to gamma-ray, and Mcps 

rate capability. The GEM is the double-side printed circuit 

board, which consists of low temperature co-fired ceramic 

(LTCC) with 100μm thickness as an insulator and gold lay-

ers with 6μm thickness on both sides as an electrode. It has 

also a large number of holes with 100μm diameter and 

200μm pitch (LTCC-GEM) [3]. The LTCC-GEM is quite 

robust and stability against the large discharge, it is em-

ployed to prevent the breakdown of short-circuit between 

two electrodes of the GEM by abnormal discharge. To 

evaluate whether this system can image the neutron distri-

bution in real-time, experiments were performed on ther-

mal neutrons at E-3 and epithermal neutrons at HWNIF, 

and the system response to increased neutron fluence were 

also evaluated. 

RESULTS:  Figure 1 shows real-time spatial distribution

of the thermal neutron beam, and its beam profiles. From 

the measurement (FWTM) of the obtained images, the hor-

izontal and vertical lengths were 14.2mm and 20.6mm, re-

spectively. Those are almost consistent with the actual 

physical dimension of the collimator (beam collimator ap-

erture H: 14mm, V: 18mm), but the horizontal beam pro-

file was asymmetric (at the base), which shows a tendency 

similar to the result of Nohtomi et al [4]. The thermal neu-

tron fluence rate was estimated to be 0.5× 106n/cm2s at a 

reactor output of 1MW. In the future, it will be necessary 

to compare it with the evaluation of thermal neutron flu-

ence rate by the activation analysis using gold foil. 

Fig. 2 shows the neutron spatial distribution at the colli-

mator surface at HWNIF. The beam condition of the neu-

tron irradiation field could be evaluated in real-time and 

the collimator shape could be clearly seen. As a result of 

changing the aperture width of the Cd-Shutter to increase 

the neutron fluence, we found that our system showed 

good counts linearity. It is presumed that the exponential 

increase in the compared scintillation monitor was due to 

the location of the detector, and it is necessary to make a 

more accurate comparison in a similar arrangement. 

REFERENCES:
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Fig.1. Real-time spatial distribution of the thermal 

neutron beam, and its beam profiles at E-3. 

Fig.2. Real-time spatial distribution of the neutron 

beam and the variation of relative counts on aperture 

width of Cd-Shutter at HWNIF. 
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INTRODUCTION:  Boron Neutron Capture Therapy 
(BNCT) is one of the radiation therapies using neutrons 
and 10B drugs which are attracted to tumors. BNCT is 
expected to be next-generation cancer therapy which will 
improve the QOL of patient because it is able to irradiate 
a cancer cell at the molecular level selectively. However, 
dosimetry techniques in mixed neutron-gamma fields 
have not been established yet. Therefore, we focused on 
neutron and gamma ray measurements using two- dimen-
sional thermoluminescence dosimeter (2D-TLD). The 
2D-TLD which we used is thermoluminescence (TL) 
phosphor Cr doped Al2O3 ceramic plate (2-D Al2O3: Cr 
TLD) [1] and BeO ceramics plate.  

In this study, we investigated that neutron imaging us-
ing 2-D Al2O3: Cr TLD and Cd neutron-gamma ray con-
verter technique, and gamma ray dosimetry using BeO 
ceramics plate in mixed neutron-gamma fields.  
EXPERIMENTS: 

1. Thermal neutron fluence distribution measurements.
Low melting point Al2O3 of Chibaceramic MFG Co. 
LTD., which was composed of Al2O3 > 99.5 wt% was 
used. The bulk density of the plates was 3.7g·cm-1. The 
dimensions used for the glow curve measurements were 
80 × 80 × 0.7 mm3. The concentration of Cr2O3 in the 
present study was 0.05 wt%. Fig.1 shows the Diagram of 
neutron imaging using 2-D Al2O3: Cr TLD and Cd neu-
tron-gamma ray converter technique. Collimator sizes 
were 5 mm, 10 mm, and 20 mm. The Two - dimensional 
TL measurement system consists of a CMOS camera, 80 
×80 mm2 heater, and a dark box. After exposure, the TL 
slabs were heated to 400 ℃ for 5 min. The TL images 
were captured using a CMOS camera equipped with a 
thermal cut filter.  

Fig.1 Diagram of neutron imaging using 2-D Al2O3: Cr 
TLD and Cd neutron-gamma ray converter technique.  
curve measurements. 
2. Gamma ray dosimetry

The BeO ceramic TLD (Thermalox® 995, Materion

Corp.) and Na-doped BeO powder TLD (UD-170LS, 
Panasonic) were used. BeO ceramic TLD content of at 
least 99.5 wt% and were 10 × 10 × 1.0 mm3. 
Na-doped BeO powder TLDs were encapsulated in a ⌀2 
mm ×12 mm quartz glass tube. Both TL phosphors were 
compared to evaluate the usefulness of ceramic BeO for 
distribution measurement. 

In both experiments the irradiation fields are the mixed 
neutron irradiation mode in KUR-HWNIF, with a power 
of 1MW.  
RESULTS:  Figure2 shows the OCR of Al2O3: Cr using 
Cd converter at mixed neutron irradiation mode in 
KUR-HWNIF. This 2-D Al2O3: Cr TLD and Cd neu-
tron-gamma ray converter technique was found to obtain 
thermal neutron fluence distributions with high spatial 
resolution. In the future, we will proceed with the verifi-
cation by theoretical analysis to improve the accuracy of 
the measurement in the penumbra region. 

Figure 3 shows the Gamma ray dose for irradiation 
time of BeO ceramic TLD and Na-doped BeO powder 
TLD. The BeO ceramic TLDs showed the same charac-
teristics as Na-doped BeO powder TLDs in the BNCT 
irradiation field. It was suggested that γ-ray dose distri-
bution measurement is possible by using BeO ceramic, 
which can be made large area. 

Fig.2 OCR of Al2O3: Cr using Cd converter at mixed 
neutron irradiation mode in KUR-HWNIF. 
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INTRODUCTION:  Three-dimensional (3D) gel do-
simeters have been developed for the 3D dose measure-
ment of the complex dose distributions in clinical appli-
cations [1]. These devices utilize radiation-induced 
chemical reactions in the gel to preserve information 
about the radiation dose. The 3D absorbed dose distribu-
tion is deduced from the distribution of the reactant 
measured by imaging modalities, such as MRI (magnetic 
resonance imaging), X-ray CT (computed tomography), 
and optical CT. These gel dosimeters have excellent dose 
properties such as high sensitivity, dose rate independ-
ence, and a wide dose range, on X- and gamma-rays and 
the potential as a 3D dosimeter has been suggested.   

In recent years, we have been studying the applica-
tion of radiochromic gel dosimeters to dose evaluation in 
neutron irradiation. Up to last year, the optical 
dose-response of the PVA-I (PVA-GTA-I) radiochromic 
gel dosimeters [2, 3] on the irradiation of neutron beams 
with different energy spectra from a nuclear reactor was 
examined and its availability was investigated. In the 
results, the significant dose response improved by the 
addition of the hydrated electron scavenger as a sensitizer 
was demonstrated while the undesirable dose dependence 
was also observed. 

So, this year, we investigated the dose-response and 
the potential of another type of radiochromic gel dosim-
eter that utilizes organic dye, leuco crystal violet (LCV) 
[4]. 

EXPERIMENTS:  As sensitizers, boric acid, B(OH)3, 
containing 10B of 20% naturally, were added into the 
LCV radiochromic gel dosimeter. The concentrations in 
the gel were 0, 25, and 50 mM of 10B(OH)3. The result-
ing solution was subdivided by pouring into PMMA cu-
vettes (4.5 mL, 1 cm path length). The neutron irradia-
tions were performed using Heavy Water Neutron Irradi-
ation Facility (HWNIF) of Kyoto University Research 
Reactor (KUR, power of 1 MW). The samples were irra-
diated in air at room temperature. The three different 
modes (thermal neutron rich for 30 min, epi-thermal and 
fast neutron rich for 50 min, and the mixed modes for 20 
min) of neutron beams made by heavy water spectrum 

shifter and cadmium thermal-neutron filters were applied 
to the samples. The measurements were performed at 
room temperature using an UV–Vis spectrophotometer 
(SHIMADZU, UV-1600PC, Japan). The change in the 
absorbance (ΔAbs.) at the peak wavelength (600 nm) 
was investigated as the dose response. 

RESULTS:  Figures 1(a) and 1(b) show the absorption 
spectra and the dose responses of the gel samples con-
taining different concentration of boric acid exposed to 
neutron beam of mix, thermal, epi-thermal and fast 
modes, respectively. 

In the result, the sensitizing effect of 10B was ob-
served as in the gel dosimeter investigated earlier such as 
PVA-I gel dosimeter. However, its sensitivity was signif-
icantly lower than that of the other gel dosimeters. It was 
suggested that when using the LCV gel dosimeter, it is 
necessary to add the other sensitizer such as a radical 
generator. 

(a)

(b) 

Figure 1 (a) Absorption spectra of the samples containing 
different concentrations of boric acid irradiated by the 
mix mode. (b) The dose enhancement with 10B at each 
mode. 
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INTRODUCTION:  Development in several types of 
accelerator-based irradiation systems for boron neutron 
capture therapy (BNCT) is underway. Many of these sys-
tems are nearing or have started clinical trials. Before the 
start of treatment with BNCT, the relative biological ef-
fectiveness (RBE) for the fast neutrons (over 10 keV) 
incident to the irradiation field must be estimated. 
Measurements of RBE are typically performed by bio-
logical experiments with a phantom. Although the dose 
deposition due to secondary gamma rays is dominant, the 
relative contributions of thermal neutrons and fast neu-
trons are virtually equivalent under typical irradiation 
conditions in a water and/or acrylic phantom. Uniform 
contributions to the dose deposited from thermal and fast 
neutrons are based in part on relatively inaccurate dose 
information for fast neutrons. 
The aim of this study is the establishment of accurate 
beam-quality estimation method mainly for fast neutrons 
by using two phantoms made of different materials, in 
which the dose components can be separated according to 
differences in the interaction cross-sections. The funda-
mental study of a “dual phantom technique” for measur-
ing the fast neutron component of dose is reported [1]. 
In 2021, verification experiments for the dual phantom 
technique were performed using Heavy Water Neutron 
Irradiation Facility installed in Kyoto University Reactor 
(KUR-HWNIF) as in the previous year. Biological ex-
periments were performed using the solid phantoms, 
which were made based on the simulation results. 
MATERIALS AND METHODS:  One of the dual 
solid phantoms was made of polyethylene with natural 
lithium fluoride for 30 weight percent (LiF-polyethylene 
phantom), and the other phantom was made of polyeth-
ylene with 95%-enriched lithium-6 fluoride for 30 weight 
percent (6LiF-polyethylene phantom). 
Glioblastoma U87MG ΔEGFR cells were cultured in 
Dulbecco Modified Eagle medium (DMEM) with 10 % 
fetal bovine serum in 5 % CO2 incubator at 37 ℃. The 
cells were divided in two groups. One was 
p-boronophenylalanine (BPA, consisting of 10B) treated
group, and the other was non-treated group. The treat-
ment group was cultured with 25 ppm BPA containing
medium overnight.
The neutron flux and gamma-ray dose rate were meas-
ured using activation foils and thermo-luminescent do-
simeter, respectively. The depth dose distributions for the
thermal neutron, fast neutron and gamma-ray components
were determined based on the simulation calculation re-
sults normalized referring to the measured values.

The epi-thermal neutron irradiation mode was used for 
the phantom experiments. 
RESULTS:  Figure 1 shows the depth distributions of 
the cell survival for the BPA administration group, 
BPA(+), and the non-administration group, BPA(-), in the 
LiF-polyethylene phantom. The survival rates compared 
to non-irradiated control was higher in Non-treated cells 
than those in BPA-treated cells in LiF-polyethylene 
phantom. 
Figure 2 shows the depth distributions of the cell survival 
in the 6LiF-polyethylene phantom. The survival rates 
compared to non-irradiated control showed no difference 
between non-treated cells and BPA-treated cells in 
6LiF-polyethylene phantom. 
CONCLUSION:  The 6LiF-polyethylene phantom ab-
sorbs thermal neutrons although it has not significant 
effect in fast neutron dose. No difference in survival rates 
between non-treated cells and BPA-treated cells with 
6LiF-polyethylene phantom indicated fast neutrons might 
not effect cell survival. On the other hand, due to mixture 
of thermal neutron in LiF-polyethylene phantom, 
BPA-treated cells were killed effectively compared with 
non-treated cells through n-alpha reactions. In addition, 
colony forming assays will be performed to confirm the 
effect of fast neutrons on cell survival. 
ACKNOWLEDGMENT:  This work was supported by 
JSPS KAKENHI Grant Number JP 16H05237. 

REFERENCES: 
[1] Y. Sakurai et al., Med. Phys. 42 (2015) 6651-6657.

Fig. 1. Depth distributions for the cell survival in the 
LiF-polyethylene phantom. 

Fig. 2. Depth distributions for the cell survival in the 
6LiF-polyethylene phantom. 
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INTRODUCTION: Treatment of head and neck cancers 
with the accelerator-based BNCT system is now available 
at medical institutions [1]. It is necessary to assure the 
quality of the therapeutic beam before treatment can be 
performed. Until now, thermal neutron flux has been 
measured using the activation method that has been used 
in research reactors. This method does not provide re-
al-time information. In medical institutions, it is desired 
to perform quality assurance quickly and accurately, and 
there is an urgent need to develop a real-time thermal 
neutron detector.  

A thermal neutron monitor using a combination of Eu: 
LiCaAlF6(LiCAF) scintillator and an optical fiber has 
been developed [2]. However, since LiCAF scintillator 
have a long decay time, it is important to develop a 
fast-response scintillator to measure thermal neutron flux 
in the BNCT irradiation field with a high dynamic range.  

In this study, fast-response Cs2LiYCl(Ce)(CLYC) scin-
tillator crystals were prepared, and neutron irradiation 
tests were performed in the E-3 guide tube.  

EXPERIMENTS: Because CLYC scintillators were 
deliquescent, the crystals were encapsulated in quartz 
glass. The crystals were placed in a photomultiplier tube, 
and the output waveform was obtained with an oscillo-
scope. The neutron and gamma-ray components can be 
discriminated based on the relationship between the 
counts integrated over the entire pulse time (Total : T) 
and the counts integrated from a certain point after a cer-
tain time to the final point of the pulse (Decay compo-
nent : D). 

RESULTS: The relationship between T and 1-D/T is 
shown in the results in Fig. 1. The data projected in the 
y-axis direction are also shown in Fig. 2. The
two-dimensional plot confirms that the events below
about 0.2 are neutron events. On the other hand, the pro-
jected figure confirms that the neutrons and γ-rays are
sufficiently discriminated.

CONCLUSION: The neutron and gamma-ray discrimi-
nation ability of the CLYC scintillator was confirmed in 
the E-3 guide tube. In the future, we aim to install them 
in optical fibers and adapt them to the irradiation field of 
BNCT.  

Acknowledgements 
We thank Prof. Akira Yoshikawa's laboratory staff of In-

stitute for Materials Research, Tohoku University for 
their guidance in the fabrication and evaluation of scin-
tillator crystals. 

Fig. 1.  Relationship between total components and de-
cay components of pulse shape. 

Fig. 2.  Pulse shape discrimination of CLYC scintilla-
tors. 
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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 
10

B 

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 
10

B 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: 

[1] S. Komura et al., KURNS Progress Report 2020.



R3P6-19 

Evaluation of neutron irradiation fields for semiconductor device irradiation 

H. Tanaka1, N. Matsubayashi1, T. Takushi1, Y. Sakurai1

1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: In the irradiation field of BNCT, 
electronic devices with semiconductor devices such as 
neutron monitors, patient monitoring cameras, and im-
plantable pacemakers may be irradiated. If semiconductor 
devices contain nuclides that have a large capture cross 
section for thermal neutrons, charged particles are gener-
ated in the semiconductor devices when they are irradi-
ated by thermal neutrons. The charged particles generate 
electron-hole pairs in their trajectories, and this charge 
becomes a noise current in the semiconductor device. 
This current can cause semiconductor devices to fail. In 
addition, semiconductor devices are becoming finer and 
finer every year, and the signal current is becoming 
smaller and smaller. In other words, they tend to be more 
sensitive to noise. 

For thermal neutrons, systematic data are lacking [1]. 
It is also important to investigate the effects of neutron 
and gamma radiation doses. In this study, we evaluated 
the neutron and gamma-ray doses in the thermal neutron 
irradiation field, which is necessary to investigate the 
effects of thermal neutrons on this semiconductor device. 

EXPERIMENTS: The heavy water neutron irradiation 
facility (HWNIF) of KUR moderates the fast neutrons 
generated in the reactor core to thermal neutron energy 
using heavy water and aluminum. The HWNIF has a 
cadmium shutter behind the heavy water moderator to 
change the neutron energy. In addition, semiconductor 
devices are installed on substrates, and to observe semi-
conductor errors in real time, it is necessary to install a 
measurement device on a large carrier and irradiate it 
while acquiring data. Although changes in thermal neu-
tron flux on a bismuth surface using rail device have been 
reported, no evaluation of neutron doses has been per-
formed using a large carrier in combination with a colli-
mator. Here, neutron and gamma-ray doses at the exit of 
the collimator with a collimator diameter of 300 mm x 
300 mm were evaluated using the paired-ionization 
chamber method. 

RESULTS: The figure 1 shows the neutron and gam-
ma-ray dose results at the center of the collimator exit 
when the cadmium shutter aperture was varied. When the 
cadmium shutter is 0 mm, the dose rate was 190 
mGy/hr/1 MW, with the majority of the dose coming 
from epithermal and fast neutrons. The gamma-ray dose 
also tends to increase with increasing thermal neutron 
flux due to the presence of secondary gamma rays gener-
ated by the collimator and other sources. 

CONCLUSION: In the HWNIF, the relationship be-
tween cadmium shutter aperture and neutron and gamma 
-ray doses were derived in an irradiation field combining

a large carrier and a collimator. Based on this information, 
irradiation of semiconductor devices will be carried out 
in the future. 

Fig. 1.  Relationship between cadmium aperture and 
neutron and gamma-ray doses. 
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INTRODUCTION:  In Boron Neutron Capture Thera-
py (BNCT), an epithermal neutron beam has been uti-
lized to penetrate a deep site of a patient’s body based on 
its thermalization. However, thermal neutron buildup 
near a beam incident surface, associated with the use of 
epithermal neutron, causes dose deficiency in a case 
where a tumor extends to the vicinity of the patient sur-
face. For such a case, a thermal neutron compensation 
bolus consisting of a hydrogen-rich material has been 
utilized to improve the dose distribution. In the present 
clinical BNCT, a bolus with a uniform thickness and a 
simple shape has been adopted. This study aims to in-
crease the dose ratio of tumor to normal tissues more 
aggressively, by optimizing the bolus shape. An overview 
of the optimizing method was described in the previous 
report [1]. In addition, a verification using a water phan-
tom has been attempted through experimental measure-
ments [2]. As a part of the verification, the experiments 
using the phantom with/without a simple-shaped bolus 
were conducted before comparisons to the optimized one. 

MATERIALS AND METHODS:  A cylindrical water 
phantom with a height of 20 cm and diameter of 20 cm 
was used, assuming a head-and-neck case with a parotid 
gland cancer irradiated from the lateral direction. A 
spherical volume with a 4-cm diameter centered at a 
2-cm depth from the side surface of the cylinder was de-
fined as a planning target volume (PTV), assuming a tu-
mor extended to a subcutaneous region. A tubular volume
with a 3-cm diameter along the center axis of the cylinder
was defined as an organ at risk (OAR), assuming a mu-
cosal tissue of the oral cavity and pharynx [2].

The simple-shaped bolus was fabricated using a water 
bag with an acrylic container. The rectangular container 
with an outer dimension of 7.5 × 7.5 × 1.1 cm3, filled 
with the water bag was attached to the beam incident 
surface (mid-height position of cylinder side) of the 
phantom (Figure 1). 

In-phantom distributions of thermal neutron fluence 
with/without the bolus were measured using an activation 
method using gold wires. The gold wires were located in 
the phantoms to cover the PTV and OAR regions, and 
irradiated with the epithermal neutron beam of KUR 
Heavy Water Neutron Irradiation Facility (CO-0000F 
mode). After the irradiation, the gold wires were placed 
on an imaging plate (BAS-MS) to obtain the relative dis-
tributions of induced activities along the wires. Also, the 
absolute activities of some positions were determined by 
a well-type NaI(Tl) detector (SP-20, Ohyo Koken) or an 

HP-Ge detector to normalize the relative distribution ob-
tained by the imaging plate. 

RESULTS:  Figure 2 shows the depth distributions of 
thermal neutron fluence along the beam axis for the cases 
with/without the rectangular bolus. In the case with the 
bolus, a shift in the distribution was observed toward the 
incident surface by the bolus thickness (1.1cm). The dis-
tributions along other wires, covering the PTV and OAR, 
will be derived in the same way. Also, the measurement 
with the optimized bolus will be conducted and analyzed 
to evaluate the improvement in volume-specific parame-
ters of the thermal neutron fluence distribution.

ACKNOWLEDGMENT:  This work was supported by 
JSPS KAKENHI Grant Number JP 17K17838. We thank 
Dr. Ken-ichi Tanaka of Kyoto Pharmaceutical University 
for allowing us to use the imaging plate reader with his 
helpful support.

Fig. 1  Schematic layout of irradiation experiment using 
water phantom with rectangular bolus. 

Fig. 2  Depth distributions of thermal neutron fluence 
for cases with/without bolus. 
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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: 

𝐴(𝑡) = 𝐴 × 𝑒ିఒ∙௧ (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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INTRODUCTION:  In Boron Neutron Capture Thera-
py (BNCT), the Boron dose and neutron dose in tumor 
cells are the key factors. The development of boron 
agents for BNCT requires the evaluation system bridging 
the gap between in vivo and in vitro research. Also, from 
the viewpoint of the guiding principles for animal ex-
periments (3Rs:Replacement, Reduction and Refinement), 
the alternative research methods that do not use animals, 
are required for BNCT. On the other hand, 
three-dimensional (3D) models have been widely used in 
cancer research due to their ability to mimic multiple 
features of the tumor microenvironment [1]. Therefore, 
the validity of the 3D in vitro oral cancer model for 
pre-clinical investigations in BNCT is examined in this 
study. 

EXPERIMENTS:  First, we fabricated 3D in vitro oral 
cancer and normal oral mucosa models. For the facilita-
tion of 3D in vitro oral cancer model, normal oral mucosa 
fibroblasts（Niigata University ）were embedded and 
cultured in type I collagen matrix (Niita-gelatin, Japan) for 
7 days under a humidified atmosphere of 5% CO2 at 37 
◦C. Oral squamous carcinoma cells（HSC3, Riken Cell
Bank）were seeded on top of the surface of 3D collagen
matrix, and then, the composite was cultured under a
submerged condition for additional 7 days in DMEM
medium (Wako, Japan) supplemented with 10 % fetal
bovine serum (Sigma -Aldrich, USA) and 100 unit/ml
penicillin and 100 µg/ml streptomycin (1% p/s) (Thermo
Fisher Scientific, USA) (Fig.1) [2]. Similarly, the 3D
normal oral mucosa model was manufactured by seeding
normal oral keratinocyte (Niigata University) on the top of
the collagen matrix with normal oral fibroblasts using
complete EpiLife® medium containing 0.06 mM Ca2+ [3].
The fabrication of both models was completed by cultur-
ing at an air-liquid interface for another 7 days (total 21
days in culture). After the infusion of Boron (Ste-
boronine®, Stella pharma, Japan) or Phosphate Buffered
Saline (PBS, Sigma -Aldrich, USA), 3D in vitro models
were incubated for 2 hours, washed by PBS, and irradi-
ated by neutron for 20 minutes. After irradiation, they
were cultured for another 7 days (Fig. 2). Finally, the 3D
models were fixed with 10 % formalin, embedded in par-
affin, cut in 5 µm sections and stained with hematoxylin
and eosin.

RESULTS:  The histological examinations of the 3D 
oral cancer model after neutron irradiation revealed that 
the cancer cell layer appeared to be apoptotic after neu-
tron irradiation. More remarkably, the thickness of the 
underlying fibroblasts-embedded collagen matrix was 
significantly thinner in BNCT group, compared with 
control group as shown in Fig.3(a). In contrast, in the 
normal oral mucosa model, the epithelial layer did not 
seem to be different after neutron irradiation, except 
moderate irregular cellular arrangement of the basal cells 
layer. (Fig.3b). Additionally, the thickness of the under-
lying collagen matrix did not change after neutron irradi-
ation. These results suggest that our 3D in vitro models 
could be useful to evaluate cellular response to BNCT for 
oral cancer cells as well as the surrounding normal oral 
mucosa, and would be an alternative tool to animal test 
for BNCT. 

Fig.1. Diagram of manufacturing 3D oral cancer model 

Fig.2. BNCT protocol for 3D in vitro models 

Fig.3. Histology of the 3D cancer model at 7 days after 
neutron irradiation. (a) 3D oral cancer model (b) 3D 
normal oral mucosa model. 

REFERENCES:
[1] D Corallo et al., frontiers in Immunology vol.11
(2020)  https://doi.org/10.3389/fimmu.2020.584214.
[2] K Haga et al., Translational Oncology 12 (2021)
DOI: 10.1016/j.tranon.2021.101236.
[3] A Uenoyama et al., Biosci, Biotechnol, and Biochem,
80（2016）DOI:10.1080/09168451.2016.1153957.
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Project Research on Advances in Isotope-Specific Studies Using Muti-Element 
Mössbauer Spectroscopy 

M. Seto

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

OBJECTIVES OF RESEARCH PROJECT: 
One of the most irreplaceable features of the Mössbauer 

spectroscopy is to extract several information such as 
electronic states for a specific isotope. The main objec-
tives of this project research are the investigation in the 
frontier of the materials science and the development of 
advanced experimental methods by using multi-element 
Mössbauer spectroscopy. Promotion of variety of Möss-
bauer isotope provides more useful and valuable methods 
in modern materials science even for complicated sys-
tems. 

In this project research, each group performed their re-
search by specific isotopes: 

57Fe in P7-1, P7-2, P7-3, P7-4, P7-5, P7-9, and P7-13 
61Ni in P7-8 
119Sn in P2-5, P7-7 and P7-10 
151Eu in P2-5, P7-9, P7-10 and P7-11 
197Au in P7-6 and P7-7 
Other isotopes in P7-11 and P7-12 

MAIN SUBJECTS AND RESULTS OF THIS RE-
PORT: 

Main subjects and results from these researches are as 
follows: 

(P7-1, K. Shinoda) Intensity Tensor of Fe2+ in the M2 
Site of Hypersthene by Single Crystal Mössbauer Mi-
crospectroscopy 

K. Shinoda et al. characterized the electric field gra-
dient tensor of single crystals of hypersthene as small 
as 1mm3 by developed Mössbauer microspectrometer. 

(P7-2, H. Fujii) Mössbauer Study of the Model Com-
plexes of Heme Enzymes 

H. Fujii et al. investigated model complexes of cyto-
chrome P450 in different solvents of acetonitrile, tetra-
hydrofuran and methanol to obtain comparable results 
from the EPR experiments. 

(P7-3, Y. Akiyama) Analysis of Iron-based Products 
Using Mössbauer Spectroscopy - Iron Oxide Scale 
Generated in the Boiler Feed-water in Thermal Power 
Plant - 

Y. Akiyama et al. are investigating a design for the
magnetic separation system of the iron oxide scale from 
power plant through evaluation of ferromagnetic and 
paramagnetic components. 

(P7-4, I. Mashino) Electrical Conductivity and the 
Iron Valence State of Enstatite Glasses up to Mbar 

Pressures 
I. Mashino et al. investigated pressure dependence of

electrical conductivity of Fe-bearing enstatite glasses. 
The Mössbauer spectroscopy is used to determine the 
composition ratio of Fe2+ and Fe3+components. 

(P7-5, Y. Matsushi) The Role of Iron in the Differen-
tial Weathering Processes of Volcanic Fall Deposit 
H. Fukui et al. investigated several soil samples with

different weathering patten to reveal the crucial role of
iron in the weathering process.
(P7-6, H. Ohashi) Rough Estimation of Debye Tem-

perature for Precursor of Supported Gold Cluster Cata-
lysts Derived from Recoil-Free Fraction in 197Au
Mössbauer Spectroscopy
H. Ohashi et al. investigated Au2Sx, a precursor of

supported Au cluster and evaluated its Debye tempera-
ture, which was quite low but appropriate as Au cata-
lysts.

(P7-7, Y. Kobayashi) Recoilless Fraction on 197Au 
Mössbauer Spectroscopy 

Y. Kobayashi has investigated the evaluation method
of the Debye temperature for Au compounds. 

(P7-8, T. Kitazawa) 61Ni Mössbauer Spectroscopy for 
Supramolecular Bridging Cyanide Complexes 

T. Kitazawa et al. have investigated several Ni cya-
nides to evaluate slight difference of Ni environments. 

(P7-9, H. Wadachi) Mössbauer Spectroscopy of a 
Perovskite-Type Iron Oxide Ba2/3La1/3FeO3 

M. Onose et al. have revealed the temperature de-
pendence of Mössbauer spectra of Ba2/3La1/3FeO3 to 
find the magnetic structure of spin charge ordering. 

(P7-10, Y. Kamihara) Research on Magnetism in a 
Novel Kondo Lattice III 

Y. Kamihara et al. studied the temperature depend-
ence of EuSn2P2 by using both 151Eu and 119Sn Möss-
bauer spectroscopy to elucidate its magnetic ordering. 

(P7-11, R. Masuda) Optimization for the Energy 
Standard Material for Mössbauer Spectroscopy 

R. Masuda et al. evaluated the efficiency of a stand-
ard material for Mössbauer spectroscopy using EuF3. 

(P7-12, S. Kitao) Development of 180Hf Mössbauer 
Spectroscopy 

S. Kitao et al. have attempted to observe 180Hf Möss-
bauer spectra using a HfC source material. 

(P7-13, K. Yonezu) Experimental Preliminary Ap-
proach on the Precipitation Mechanism of Banded Iron 
Formation (BIF) 

K. Yonezu et al. are investigating sedimentary rock to
understand its formation mechanism. 
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Intensity tensor of Fe2+ in the M2 site of hypersthene by single crystal Mössbauer 
microspec-troscopy 

K. Shinoda1, K. Onoue1, Y. Kobayashi2

1Department of Geosciences, Graduate School of Sci-
ence, Osaka Metropolitan University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: Pyroxene is a major rock-forming 
mineral and a typical multi-site solid solution. Common 
chemical formula of natural pyroxene is (Ca, Fe, Mg)2 Si2

O6. Occupying sites of divalent cations are the M1 and M2 
sites. In pyroxene, Fe2+ in M1, Fe2+ in M2 and Fe3+ in M1 
sites are possible. Fe2+ in the M1 site shows a little wider 
quadrupole doublet than Fe2+ in the M2 site in Mössbauer 
spectra. Fe3+ in the M1 site shows the narrower quadrupole 
doublet than Fe2+. Intensities of component peaks in a 
quadrupole doublet of a thin section as a single crystal are 
asymmetric and vary depending on the angle between the 
direction of incident g-rays and the crystallographic orien-
tation of the thin section. Intensity of quadrupole doublet 
(Ih / Itotal ) means a ratio between area of the peak of the 
higher energy (Ih) and total area of the doublet (Itotal= Ih + 
Il) (sum of Ih and area of the lower energy (Il)). In tensity 
of quadrupole doublet can be calculated from the intensity 
tensor. In Mössbauer spectrum of pyroxene in which three 
doublets are overlapping, it is important to know intensity 
tensors of the three doublets to separate overlapping dou-
blets. Zimmermann (1975, 1983) showed relationships be-
tween the intensity tensor and electric field gradient (EFG) 
tensor and introduced experimental determination of the 
intensity tensor from the Mössbauer spectrum of a single 
crystal. Shinoda and Kobayashi (2019) revealed EFG ten-
sor due to Fe2+ in M2 site of ortho-enstatite, which is or-
thorhombic Fe-poor pyroxene of chemical formula (Mg2.03, 
Fe0.16) (Si1.78, Al0.13) O6. However, the intensity tensor of 
Fe-rich orthopyroxene has not been revealed. In this study, 
the intensity tensor of Fe2+ at the M2 site of hypersthene 
(Ca0.06, Mg1.26, Fe0.68) (Si1.95, Al0.05) O6 by EDS analyses 
were determined by single crystal 57Fe Mössbauer spectra 
using crystallographically oriented thin sections.  

EXPERIMENTS and RESULTS: Single crystals of hy-
persthene as small as 1mm3 from Inawashiro-ko, Aizu-
wakamatsu, Fukushima, Japan were used for this study. 
Three crystallographically oriented thin sections perpen-
dicular to a*, b* and c* were prepared by measuring X-
ray diffraction using Laue and precession camera. Seven 
Mössabuer spectra of oriented thin sections were measured. 
In this study, Cartesian coordinate (X Y Z) is set as X//c*, 
Y//a*, Z//b*, where a*, b*, c* are reciprocal lattice vectors 

of hypersthene. Mössbauer measurements were carried out 
in transmission mode on a constant acceleration spectrom-
eter with an Si-PIN semiconductor detector (XR-100CR, 
AMPTEK Inc.) and multi-channel analyzer of 1024 chan-
nels. A 3.7GBq 57Co/Rh of 4mmf in diameter was used as
g-ray source. An 57Fe-enriched iron foil was used as veloc-
ity calibrant. The two symmetric spectra were folded and
velocity range was ±4mm/s. Thickness corrections of raw
spectra were not done.

Fig.1 Mössbauer spectrum of hypersthene measured under 
g-ray parallel to the a*-axis.

Fig.1 shows Mössbauer specrtum of hypersthene meas-
ured under incident g-ray parallel to a*-axis. A doublet due
to Fe2+ in M2 site of hypersthene was observed. Averages 
of isomer shift, Q-splitting, and line width were 1.15 2.13 
and 0.39 mm/s, respectively. From seven sets of intensity 
of quadrupole doublet, three components (IXX, IYY, and IZZ) 
of the intensity tensor of Fe2+ in the M2 site of hypersthene 
are obtained as 0.577, 0.453 and 0.470. three components 
of the intensity tensor of Fe2+ in the M2 site of ortho-ensta-
tite were 0.615, 0.455 and 0.424 (Shinoda and Kobayashi, 
2019). Three components of the intensity tensor of Fe-poor 
and Fe-rich ortho-pyroxene suggest that IXX and IZZ show 
weak chemical dependence of Fe2+ and IYY is independent 
of Fe2+ components.  

REFERENCES 
[1] Zimmermann, R. (1983) Advances in Mössbauer spec-

troscopy (Thosar, B.V. Ed.). pp.273-315, Elsevier
Sci-entific Publishing Co. Amsterdam.

[2] Zimmermann, R. (1975) Nucl. Instr. and Meth. 128,
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Mössbauer Study of the Model Complexes of Heme Enzymes 

H. Fujii, Y. Kobayashi1, A. Takeda, S. Iwamoto 

Graduate School of Science, Nara Women’s University 
1Graduate School of Science, Kyoto University 

INTRODUCTION:  Iron porphyrin complexes are ac-
tive sites of many heme proteins in nature.  For example, 
cytochrome P450 generates a high-valent oxoiron(IV) por-
phyrin π-cation radical species called compound I in the 
catalytic cycle. The oxidation state and the spin state of the 
compound I are key for controlling the function of tcyto-
chrome P450.    In this project, we prepared a model 
complex (FeS) of cytochrome P450 and studied the oxida-
tion state and the spin state of FeS by using Mössbauer 
spectroscopy. 

EXPERIMENTS:  Mössbauer spectroscopy was con-
ducted in conventional transmission geometry by using 
57Co-in-Rh(50 mCi) as γ-ray source. The Doppler ve-
locity scale was calibrated using an Fe metal foil at 
room temperature.  57Fe was purchased from commer-
cial as a powder and changed to iron(II) acetate.  Syn-
thesis of FeS and its iron(III) chloride complex will be 
reported in elsewhere. 

RESULTS: EPR spectra of FeS indicated that FeS is a 
mixture of ferric high spin state and ferric low spin state in 
acetonitrile (AC) at 4K while FeS is a ferric low spin com-
plex in tetrahydrofuran (THF) and methanol. These results 
can be interpreted by the coordination of THF and metha-
nol, which work as oxygen donor ligand for the heme iron, 
in THF and methanol, respectively. The binding of THF or 
methanol is consistent to the coordination of water ligand 
in cytochrome P450. To confirm the change of the spin 
state of FeS with coordination of these solvent ligand, we 
measured Mössbauer spectra of FeS in AC, THF, and 
methanol at 6K (Figure 1). Mössbauer parameters are 
listed in Table 1. We found that the Mössbauer peaks from 
all of these samples are extremely broad, compared with 
those of other ferric porphyrin complexes. This is also 
close to the nature of cytochrome P450, for which ex-
tremely broad Mössbauer peaks have been reported. These 
results suggest that FeS can mimic the active site of cyto-
chrome P450. We found two Mössbauer peaks in AC, but 
one peak in THF and methanol. We tentatively assigned 
these peaks on the basis of the EPR results. The two peaks 
in AC result from high spin state and low spin state of FeS; 
the peak around 0 mm/s results from high spin state and 
the peak around 1.5 mm/s results from low spin state. On 
the other hand, the peaks in THF and methanol are assign-
able to the low spin state. These assignments were further 
supported by Mössbauer spectrum in AC at 77 K. 

Table 1. Mössbauer parameters of FeS at 6 K. 
Ratio IS QS FWHM1 FWHM2 

AC 57.0% 0.891 1.213 3.658 1.209 
43.0% 0.011 1.607 

THF 0.891 1.213 3.658 1.209 
metha-
nol_THF 0.674 1.575 2.041 0.824 

REFERENCES: 
[1] H. Fujii, in Heme Peroxidases,edited by E. Ravan, and
B. Dunford (The Royal Society of Chemistry: London,
2016), pp 183-217.
[2] M. Sharrock et al., Biochemistry, 12 (1973) 258-265.
[3] P. G. Debrunner et al., Proc. Natl. Acad. Sci., 93 (1996)
12791-12798.

Fig 1. Mössbauer spectra (6 K) of FeS in acetonitrile 
(top), in THF (middle), and in methanol (bottom). 
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Analysis of Iron-based Products Using Mössbauer Spectroscopy 
- Iron Oxide Scale Generated in the Boiler Feed-water in Thermal Power Plant -

Y. Akiyama, M. Okumura, K. F. Mishima1, S. Nishijima1,
H. Okada2, N. Hirota2, T. Yamaji3, H. Matsuura3,
S. Namba3, T. Sekine4, Y. Kobayashi5, M. Seto5

Graduate School of Engineering, Osaka University 
1 Department of Nuclear Technology and Applied  

Engineering, Fukui University of Technology 
2 National Institute for Materials Science 
3 Shikoku Research Institute Inc., 
4 Ebara Industrial Cleaning Co., Ltd., 
5 Institute for Integrated Radiation and Nuclear Science, 

Kyoto University 

INTRODUCTION:  The power generation efficiency 
of thermal power plants decreases due to corrosion prod-
ucts (iron oxide scale) formed in the feed-water system. 
In this study, removal of iron oxide scale from thermal 
power plants applying oxygen treatment (OT) using high 
gradient magnetic separation (HGMS) was investigated.  

While the scale of thermal power plants applying all 
volatile treatment (AVT) is mainly composed of ferro-
magnetic particles, the OT scale is mainly composed of 
paramagnetic particles, which are difficult to capture by 
magnetic force. Our previous analysis of the scale col-
lected from actual OT-adopted thermal power plant using 
Mössbauer spectroscopy showed that the OT scale con-
tains up to 20% ferromagnetic particles, while the other 
components are paramagnetic particles, and these parti-
cles do not form co-crystal [1].  

Based on the results, we proposed the two-stage mag-
netic separation system shown in Fig.1, that captures fer-
romagnetic particles in the first stage and paramagnetic 
particles in the second stage [2]. To design the magnetic 
separation system for an actual thermal power plant used 
at high temperature, we focused on the second stage and 
investigated the change in the capture performance of 
paramagnetic scale by the temperature. 

EXPERIMENTS:  High-gradient magnetic separation 
using superconducting solenoidal magnet was conducted 
targeting hematite (Fe2O3), which is the main component 
of OT scale. Suspension of 20.0 g of hematite particles at 
500 ppm was prepared, and the experiment was conduct-
ed at 25-80 °C under the conditions of magnetic field of 6 
T, flow velocity of 20 cm/s, and pH=4. These conditions 
assume the installation of separation equipment in the 
chemical cleaning line of a thermal power plant boiler 
feedwater system. The filters made of ferromagnetic 
stainless steel were installed inside the superconducting 
magnet. In case the fluid passing through the supercon-
ducting magnet was hot, cooling water was flowed be-
tween the magnet and the piping to prevent the magnet 
from temperature increasing. The results were compared 
with simulations based on particle trajectory calculations 
based on the magnetic field and flow velocity distribu-
tions around the ferromagnetic filter wire. 

RESULTS:  Fig. 2 shows the captured amount for each 
of the five filters. The captured amount increased as the 
temperature increased. In comparison with the simulation 
results, the measured value was lower than the estimated 
value, and the difference tended to increase as the tem-
perature increased [3]. The reason is thought to be the 
increase in thermal motion of hematite particles and the 
decrease in fluid temperature due to the cooling water in 
the magnetic separation section. Based on this, the cap-
tured amount was re-calculated considering these effects. 
As a result, it was estimated that 90 % of the generated 
paramagnetic particles could be captured by installing 
2745 filters in the practical scale. Based on the results, 
we were able to design the magnetic separation system 
and conditions for the introduction of a two-stage mag-
netic separation system for the practical use. 

REFERENCES: 
[1] M. Hiramatsu et al., J. Phys. Conf. Ser., 1293 (2019)
012079.
[2] K. Akiyama et al., IEEE Transactions on Applied Su-
perconductivity, Vol. 31，No. 5, (2021) 3700204.
[3] M. Okumura, et al., IEEE Transactions on Applied
Superconductivity, in press.
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Fig.1  Composition of the scale collected at 
low-pressure heater drain measured by the Mössbauer 
spectroscopy and the two-stage magnetic separation sys-
tem. based on it. 

Fig.1  Temperature dependence of capture amount of 
hematite per a filter. 
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Electrical conductivity and the iron valence state of enstatite glasses up to Mbar pressures 

I. Mashino, T. Yoshino, S. Kitao1, T. Mitsui2, R. Masuda3

Institute for Planetary Materials, Okayama University 
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2Synchrotron Radiation Research Center, Kansai Photon 
Science Institute, Quantum Beam Science Research Di-
rectorate, National Institutes for Quantum and Radiolog-
ical Science and Technology 
3Graduate School of Science and Technology, Hirosaki 
University 

INTRODUCTION: The existance of gravitationally 
stabilized melts at the bottom of the Earth’s mantle has 
been proposed because a density crossover between melts 
and crystals is expected to occur. However, whether the 
crossover occurs in the lower mantle or not strongly de-
pends on the chemical composition of both the melt and 
crystals. The valence and spin states of iron are believed 
to affect the iron partitioning between melts and crystals, 
thus also control a depth of the density crossover [1]. In 
order to understand the valence/spin states of iron in sili-
cate melts, we firstly conducted high-pressure electrical 
conductivity measurements of iron-bearing enstatite glass 
which has a representative composition of the mantle, 
because silicate glasses have been considered as good 
analogues of silicate melts. 

EXPERIMENTS: 57Fe-bearing enstatite glasses (here-
after Fe-enstatite glass) were synthesized from reagent 
MgO, 57Fe2O3 and SiO2 powders. The mixtures of oxides 
were placed in a platinum crucible and melted at 1650 ℃, 
and subsequently quenched by immersing the base of the 
crucible in water. The conventional 57Fe-Mössbauer 
spectroscopy was performed using a 57Co source in Rh 
matrix with nominal activity of 1.85 GBq at Institute for 
Integrated Radiation and Nuclear Science, Kyoto Univer-
sity. The velocity scale is referenced to α-Fe. According 
to the Mössbauer spectroscopy, iron in the synthesized 
glasses was found to be present as shown in Table 1. 
Compared with hyperfine parameters in silicate glasses 
previously reported at ambient condition [2, 3], doublet 1 
and doublet 2 can be associated with Fe3+ and Fe2+ in 
octahedral site, respectively. 
Table 1.
Fitting results of the ambient conventional Mössbauer spectra of Fe-enstatite glasses
Doublet 1 (Fe3+) Doublet 2 (Fe2+)
CS (mm/s) QS (mm/s) Aria ratio (%) CS (mm/s) QS (mm/s) Aria ratio (%)
13 mol% Fe-bearing enstatite glass

0.36 1.27 57 1.04 1.98 43
19 mol% Fe-bearing enstatite glass

0.34 1.25 65.2 1.05 2.01 34.8
10 mol% Fe, 10 mol% Al-bearing enstatite glass

0.34 1.24 43 1.03 1.91 57

 The synthesized glasses were loaded into a diamond 
anvil cell with 150 and 300 μm culets. The gold foils 
electrically insulated by Al2O3 layer were attached to the 
sample and connected to platinum electrodes outside the 
sample hole. Electrical conductivity measurements were 
performed at Institute for Planetary Materials, Okayama 
University using the two-wire terminal method with an 

alternating current signal, an amplitude of 1 V and within 
a frequency range of 0.1–1 MHz. 

RESULTS: Fig. 1 shows the obtained electrical conduc-
tivity of Fe-enstatite glasses with various iron contents as 
a function of pressure at 300 K in this study. At lower 
pressure, the electrical conductivity of Fe-enstatite glass-
es gradually increases with increasing pressure. At pres-
sures above 70 GPa, the conductivity decreases once and 
then increases in higher pressure (shadowed areas in Fig. 
1). Previous studies observed the trend change in electri-
cal conductivity of (Mg,Fe)O ferropericlase between 25 
and 40 GPa, which is likely associated with spin transi-
tion from high-spin to low-spin states of iron [4, 5]. The 
trend change in Fe-enstatite glasses is similar to the pre-
vious results. Therefore, the spin transition of iron is one 
possibility to account for the trend change. Another pos-
sibility is that Fe3+/ΣFe ratio changes under high pressure. 
In previous Mössbauer spectroscopic study of Na, 
Fe-bearing silicate glass, the Fe3+/ΣFe slightly increases 
around 60 GPa [6]. Generally, the electrical conductivity 
changes depending on Fe3+/ΣFe ratio. The trend change 
can be also explained by the change of Fe3+/ΣFe ratio 
with increasing pressure. Besides the ambient conven-
tional Mössbauer data, a high-pressure synchrotron 
Mössbauer spectroscopic experiment was performed for 
the enstatite glass with 13 mol% Fe. Geophysical discus-
sion is now ongoing. 

REFERENCES: 
[1] R. Nomura et al., Nature 473, 199 (2011).
[2] M. Dyar, Am. Mineral. 70, 304 (1985).
[3] B. Mysen and P. Richet, Silicate Glasses and Melts

(Elsevier, 2019). 
[4] K. Ohta et al., Proc. Japan Acad. Ser. B 83, 97

(2007). 
[5] T. Yoshino et al., J. Geophys. Res. 116, 1 (2011).
[6] C. Prescher et al., Earth Planet. Sci. Lett. 385, 130

(2014). 

Fig. 1. Electrical conductivities of Fe-bearing ensta-
tite glasses as a function of pressure at 300 K. 
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Fig. 1. Ferrous/ferric ratio of (A) 6 powder samples and (B) 8 in-situ Mossbauer analysis 
of a thin section. Sampling locations of powder samples (A) and position ID, P1 to P8 (B), 
are indicated in the referenced paper [3] in preparation. 

The role of iron in the differential weathering processes of volcanic fall deposit 

H. Fukui, Y. Matsushi1, S. Kitao2, Y. Kobayashi2, K.
Shinoda3, T. Watanabe4

Graduate School of Science, Kyoto University 
1Disastert Prevention Research Institute, Kyoto 
University
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 
3Graduate School of Science, Osaka city University 
4Graduate School of Agriculture, Kyoto University 

INTRODUCTION: During the alteration of volcanic 
material into secondary mineral, iron plays an important 
role. Iron is easy to precipitate under an oxidizing 
condition, whereas under a relatively reducing condition, 
because the divalent cation is present in liquid phase, it 
could contribute to the formation of aluminosilicate [1]. 
Moreover, halloysite, one of the clay minerals, could be 
easy to form under the condition in which ferrous iron is 
present [2]. The aim of the study is to evaluate the role of 
iron in the weathering processes of volcanic material by 
examining the chemical state using 57Fe Mossbauer 
spectroscopic analysis. 

EXPERIMENTS: We collected soil samples containing 
an Andesitic pumice, Ta-d2, at Atsuma town, southern 
part of Hokkaido, Northern Japan. The soil has altered into 
the three weathering pattern, reddish-weathered pumice 
(RP), white-weathered pumice (WP), and greyish-
weathered pumice (GP) [3]. To examine the valence and 
chemical-bonding state of iron included in the soil, we 
conducted room-temperature (300 K) and cryogenic 
(22K) 57Fe Mossbauer spectroscopic analysis. We 
measured Mossbauer spectra using 57Co with Rh matrix 
as a radiation source for 6 representative powder samples. 
In addition to the powder samples, to examine the 
weathering condition 
within a single pumice, 
we conducted in-situ 
Mossbauer analysis for a 
thin section of the pumice 
using 0.5 mm diameter 
pinhole. 

RESULTS AND 
DISSCUTIONS: 
Ferrous/ferric ratio in 
the representative 
powder samples at GP, 
RP and WP were shown 
in Fig. 1A. GP 
contained the largest 
amount of ferrous ion, 
56.6%, whereas RP 

contained smaller amount and WP did the lowest 
amount of ferrous iron. Clay fraction obtained from 
WP sample had no divalent iron. Also, both S3-50 
and S1-60 located at shallower part of Ta-d2 showed 
less amount of ferrous iron and more amount of 
ferric iron than both S3-80 and S1-80 located at 
deeper part of Ta-d2.  
 Fig. 1B indicates the ferrous/ferric ratio of 8 
locations, P1 to P8, for in-situ pinhole Mossbauer 
analysis within a single pumice. The greyish cores of 
pumice, P4 and P6, have the highest amount of 
ferrous iron, whose values were similar to the 
powder sample of GP (Fig. 1A). On the other hand, 
the white rind of pumice, P3 and P5, showed no 
ferrous iron, all of which have altered into trivalent 
state. On the reddish band located in between the 
core and rind, P1 and P2 have an intermediate 
content of ferrous ion. P6 located just inside the 
reddish band contained much larger amount of 
ferrous ion, whereas P7 and P8 just outside the 
reddish band contained no ferrous iron. 
 The results revealed that iron in the Ta-d2 pumice follow 
a different reaction path; under an oxidizing condition of 
RP, the pumice altered into iron (hydr)oxides such as 
goethite and hematite, whereas under a relatively reduced 
condition of WP and GP, halloysite could be easy to form 
because divalent iron would be present in the solution. 
Although iron takes trivalent state both in RP and WP, the 
value of QS (quadrupole splitting) was completely 
different, 0.75 mm/sec for RP and 0.58 mm/sec for WP, 
indicating that chemical-bonding state of iron plays a 
crucial role on the differential weathering of Ta-d2. 

REFERENCES: 
[1] Gainey et al., Nat. Commun., 8 (2017) 1230.
[2] Churchman et al., Clay Miner., 51(2016) 395-416.
[3] Fukui et al., Catena (in preparation).
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 INTRODUCTION: 

  Though sulfide deposition-precipitation (SDP) meth-
od was a kind of new DP method, it was a very unique 
method and different from DP on several points such as 
preparation pH. However, until now, the structure of 
gold sulfide as a precursor synthesized by the SDP 
method was unknown.  
  On the other hand, Mössbauer effect (recoilless nu-
clear resonance) is the phenomenon of resonant absorp-
tion of γ-radiation, emitted at the radioactive decay of a 
nucleus in a radioactive material, which act as absorber. 
This method is widely used in material research that 
contains iron (57Fe) and tin (119Sn), which are easy to 
obtain radioactive isotopes that are radiation sources. 
However, 197Au Mössbauer spectroscopy has not been 
widely used because radiation source, 197Pt has short 
half-life.  
  The purpose of this study was to estimate the Debye 
temperature derived from recoil-free fraction in 197Au 
Mössbauer spectroscopy for the precursor of heteroge-
neous gold catalysts by SDP method. 
EXPERIMENTS: 

Gold sulfide (Au2Sx) and activated carbon supported 
gold sulfide were synthesized by the similar SDP 
method already reported[1]. 197Au Mössbauer spectra 
were measured at Kyoto University Research Institute of 
Nuclear Science. The 197Pt isotope (T1/2 = 18.3 h), γ-ray
source feeding the 77.3 keV Mössbauer transition of 
197Au, was prepared by neutron irradiation of 
isotopically enriched 196Pt metal at the Kyoto University 
Reactor. The measurement temperature was 14 - 20 K, 
and the measurement was performed by the transmission 
method. 

RESULTS: 

   The 197Au Mössbauer spectra for gold foil (standard) 
and precursor of supported gold cluster catalysts were 
measured.  These spectra were normalized by the con-
tent of gold (n) in measured sample.  Each area (A) of 
normalized spectrum was calculated. There is a follow-
ing relationship between recoil-free fraction (f) and area; 

f = a A/n  (eq.1) 
where "a" is proportional constant in this measurement 
equipment. On the other hand, equation of recoil-free 
fraction is as follows; 

where kB is Boltzmann constant, ER is recoil energy, T is 
measurement temperature and θD is Debye temperature.
Variations in the recoil-free fraction (ln f) of 197Au 
Mössbauer spectrum as a function of Debye temperature 
derived from eq.2 were shown in Fig.1. Though Debye 
temperature for bulk gold was 165K, we estimated "a" 
in eq.1 from eq.2, and roughly estimated θD for the pre-
cursor from area and eq.2. It was turned out that 
θD-precursor was around 80 K. This θD was quite low but
appropriate from the standpoint of precursor of gold 
cluster catalysts.   

Fig.1. Variations in the recoil-free fraction (ln f) of 197Au Mössbauer 

spectrum as a function of Debye temperature derived from eq.2. 

REFERENCE:

[1] H. Ohashi et al., "Method for dispersing and
immobilizing gold fine particles and material obtained
thereby", Patent No. 5010.
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INTRODUCTION:  As a study of new materials, we 
are conducting Mössbauer spectroscopy of Au-supported 
catalysts.  In the measurements, we noticed the samples 
in which the absorption intensity of the Mössbauer spec-
trum was small even though the amounts of Au in the 
samples were sufficient.  This result indicates that the 
recoilless fraction is small, which is the probability of the 
Mössbauer absorption.  In the case of nanoparticles, the 
recoilless fraction depends on the size of the particles. 
It could be the technique to measure the size of small 
nanoparticles that cannot be observed with an electron 
microscope. 

Measuring the absolute amount of recoilless fraction is 
difficult due to the background fluctuations in the 197Au 
Mössbauer measurement.  Therefore, we investigated a 
method for estimating the Debye temperature from the 
temperature dependence of the spectral absorption inten-
sity and confirmed its validity with pure Au foil.   

The following equation describes the recoilless frac-
tion f using the Debye model [1]. 
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Here, T is the temperature, D is the Debye temperature, 
and ER is the recoil energy.  

EXPERIMENTS:  197Au Mössbauer measurement was 
conducted using a constant-acceleration spectrometer 
with a NaI scintillation counter.  The 197Au -ray source 
(77.3 keV) was obtained from 197Pt (half-life; 18.3 hours) 
generated by irradiation of neutron to 98%-enriched 196Pt 
metal foil using KUR.  The -ray source and samples 
were cooled to the same temperatures using a helium 
refrigerator.  The thickness of the Au foil (sample) was 
20 m.  The isomer shift value of a gold foil was refer-
enced to 0 mm/s.  

RESULTS:  Figure 1 shows the Mössbauer spectra at 
each temperature.  The absorption areas on the spectra 
decrease at higher temperatures, indicating that the re-
coilless fraction decreases.  Figure 2 shows the temper-
ature dependence of the absorption area on the Mössbau-
er spectra.  The areas are normalized by the value at 
20K.  The solid line is the calculated value from the 
equation.  The absorption areas are proportional to the 
product of the recoilless fraction of the -ray source and 
the absorber.  The Debye temperature of the -ray 
source is 270K, which is the Debye temperature of plati-
num metal.  And the Debye temperature of the absorber 
is 164K from gold metal.   

The observed absorption areas are in good agreement 
with the calculated curves.  The observed area and the 
calculated value are normalized by the value of 20K, and 
no other corrections are made.   
  From this result, we found that the measurements of 
the temperature dependence of the absorption area are 
adequate for measuring the Debye temperature of the 
sample and are also helpful for the study of nanoparticles. 
In the future, we plan to measure temperature changes in 
various samples.
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Fig. 1  The 197Au Mössbauer spectra of Au foil at vari-
ous  temperatures. 
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Fig. 2  Temperature dependence of the absorption area 
on the Mössbauer spectra.  The markers are the ob-
served absorption areas (normalized by the value at 20K), 
and the solid line is the calculated value. 
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INTRODUCTION:  The Mössbauer Effect has been 
found for about 100 nuclear transitions in some 80 nu-
clides in nearly fifty elements. The technique is a very 
valuable and helpful tool to the material sciences linking 
to molecular magnetisms. It is well-known that 3-d block 
transition metal complexes with d4-d7 configuration in an 
octahedral crystal field have a possibility of SCO be-
tween the low spin (LS) and the high spin (HS) state. 
Octahedral iron(II) SCO systems with 3d6  can be trans-
ited between the diamagnetic (t2g)6 and the paramagnetic 
(t2g)4(eg)2  configuration. Coordination polymers with 
bistable systems between the LS and the HS states, usu-
ally triggered by external stimuli, such as temperature, 
light, pressure and guest molecules, are a class of poten-
tial candidates for smart materials. As the very important 
history of  SCO researches of the Hofmann-like coordi-
nation polymers, the SCO in FeII(pyridine)2Ni(CN)4 was 
found using 57Fe Mössbauer spectroscopy and SQUID 
measurements in 1996 [1],  SCO supramolecular Hof-
mann-like metal-organic frameworks containing  2D 
layers and  3D structures, with octahedral iron(II) ions 
linked by cyanidemetallates  along the in-plane direc-
tions, have been investigated thoroughly for the devel-
opment of interesting SCO materials in order to obtain 
potential applications in smart materials [2-7]. Ni(II) ions 
states are associated with Fe(II) ions state. Now we have 
carried out 61Ni Mössbauer spectroscopy for three Hof-
mann type SCO compounds which act as different spin 
transition temperatures and behaviors including LS spin 
and HS spin ratios; Fe(pyridine)2Ni(CN)4, 
Fe(3-Methyl-py)2Ni(CN)4, and Fe(3-Cl-py)2Ni(CN)4, and 
mononuclear K2[Ni(CN)4]. 
EXPERIMENTS: We freshly synthesized 
Fe(pyridine)2Ni(CN)4, Fe(3-Methyl-py)2Ni(CN)4, and 
Fe(3-Cl-py)2Ni(CN)4,  according to the applied methods 
[1,5-7] and mononuclear K2[Ni(CN)4]. 
  61Ni Mössbauer source production associated with 
62Ni(γ, p)61Co was done using activation with Brems-
strahlung from the Electron beam of the
KURNS-LINAC. 61Ni Mössbauer measurements were 
carried out conventional methods, Since the half-life of 
61Co is about100 minutes, about three hours measure-
ments were done for one cycle. For one SCO compound 
sample, three times cycles are carried out in order to get 

suitable Mossbaer spectra. All spectra were obtained at 
16 K. Ni-14at%V alloy was used for characterizations of 
velocities.  
RESULTS:  As shown in Fig. 1, 61Ni Mössbauer spec-
tra of three SCO compounds with MOF(Metal Organic 
Framework) were found for the first time at 16K. 
The obtained Mössbauer parameters have relationship 
with the square planar crystal field of [Ni(CN)4]2- units. 
The parameters for three SCO compounds are slightly 
different due to slightly different Ni(II) environments, 
indicating environments of Ni(II) ions are associated with 
those of Fe(II) ions. 

Fig.1 61Ni Mössbauer Spectroscopy for Supramolecular 
Bridging Cyanide Complexes. 
REFERENCES:
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INTRODUCTION:  Spin and charge ordering in tran-
sition-metal oxides manifests itself as an emergent col-
lective phenomenon of strongly correlated electrons. For 
example, a perovskite-type iron oxide Sr2/3La1/3FeO3 is 
known to show a characteristic spin-charge ordering 
(SCO) as shown in Fig. 1, where six-fold collinear spin 
ordering and three-fold charge ordering as 3Fe3.67+ → 
2Fe3+ + Fe5+ are coupled with each other[1,2]. This 
spin/charge ordering ranges from x = 0 to x = 0.75 in its 
Ba-substituted system (Sr1-xBax)2/3La1/3FeO3, whereas our 
previous neutron diffraction experiments for x = 1 sug-
gests a spin-charge decoupling: whereas the magnetic 
structure of the ground state remains to be the same as 
that of the SCO phase, an unexpected G-type AFM phase 
appears as the high-temperature phase. To further clarify 
the existence or absence of charge disproportionation for 
x = 1, we performed Mössbauer spectroscopy measure-
ments. 

EXPERIMENTS:  A polycrystalline sample of x = 1 
was obtained by high-pressure synthesis. The 57Fe 
Mössbauer spectra were measured with a 57Co source in 
Rh. The velocity was calibrated with α-Fe. Fits to the 
Mössbauer spectra were performed by the least-squares 
method assuming Lorentzian peaks. 

RESULTS:  As shown in Fig. 2, the spectra in the 
paramagnetic phase (180K ≤ T ≤ 293 K) can be well fit-
ted by quadrupole-splitted doublets for Fe3.67+, and those 
below 140 K by the superposition of two sextets corre-
sponding to Fe3+ and Fe5+, indicating the emergence of 
the SCO phase along with our previous neutron diffrac-
tion measurements. Although the spectra at T = 160 K in 
the G-AFM phase are significantly broadened making it 
difficult to obtain a satisfactory fitting, the asymmetric 
spectral shape, i.e., an asymmetric distribution of isomer 
shift, suggests the development of incoherent charge or-
dering or the slowing down of charge fluctuation as 

3Fe3.67+ ⇄ 2Fe3+ + Fe5+. The hyperfine field for x = 1 are 
comparable with the previous study of x = 0[3], implying 
that they share the same SCO phase as a ground state. On 
the other hand, isomer shift (IS) for x = 1 is systematical-
ly larger than that for x = 0 by about 0.01 mm/s. This 
difference in IS is most likely due to the change in the 
bonding state of Fe-O, considering the IS of the related 
Fe4+ compounds SrFeO3[4] and BaFeO3[5]. 

REFERENCES: 
[1] P. D. Battle et al, J. Solid State Chem. 84, 271 (1990).
[2] J. Q. Li et al, Phys. Rev. Lett. 79, 297 (1997).
[3] J. Blasco et al., Phys. Rev. B 98, 104422 (2018).
[4] P. Adler et al., Phys. Rev. B 73, 094451 (2006).
[5] N. Hayashi et al., Angew. Chem. Int. Ed. 50, 12547
(2011).

Fig. 2. Temperature dependence of the Mössbauer 
spectra for Ba2/3La1/3FeO3 with the fitting curves of 
Lorentzian functions. 

Fig. 1. Spin-charge ordered phase of Sr2/3La1/3FeO3. 
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The compounds with a 1:2:2 compositional ratio 
(so-called "122 compounds") are attractive for thermoe-
lectric materials and topological conductor with sponta-
neous magnetic moments. [1-3] In 2018, high quality 
polycrystalline samples of EuSn2As2 have been reported 
using a new synthesis technique. [4, 5] In the report, we 
prepared a polycrystalline sample of EuSn2P2 according 
to the similar process to that of EuSn2As2. Theoretical 
magnetic phases of Eu sub lattice are calculated as fer-
romagnetic along to (a, b) axis and antiferromagnetic 
along to c axis. The magnetic phases are dominated by s-f 
interaction between Eu 4f electrons via itinerant elec-
trons. 

Gui et al. reported that a Neel temperature of the Eu 
sublattice was about 30 K in EuSn2P2. [2] In the poly-
crystalline sample, Gui et al. also reported that antifer-
romagnetic phase with spontaneous magnetic moments 
~6 µB at 2 K under 5 tesla. The reported spontaneous 
magnetic moments were smaller than those of theoretical 
Eu2+ ions with spontaneous magnetic moments ~7 µB. A 
possible mechanism, which should explain the difference 
between experimental and theoretical magnetic moments 
of Eu2+, is controversial. In this report, we demonstrate 
element-specific internal magnetic fields measurement 
for the polycrystalline EuSn2P2 using Mössbauer spec-
troscopy. 

EXPERIMENTS: According to our previous report, 
polycrystalline samples of EuSn2P2 were prepared from 
Eu ingots and Sn-P pellets via a liquid phase reaction in 
carbon crucibles within evacuated silica tubes. [4] X-ray 
diffraction measurements at room temperature (RT) were 
performed in order to characterize the crystallographic 
phases of powdered sample of as-grown EuSn2P2. In this 
research, we have measured 151Eu and 119Sn Mössbauer 
spectra for polycrystalline EuSn2P2 using conventional 
optical setting. Both of 151Eu and 119Sn Mössbauer spectra 
demonstrates magnetic splitting at low temperatures. The 
spectra were fitted to Lorenzian line shapes using the 
MossWinn [6, 7] Program. 

RESULTS:  Figure 1 shows temperature dependence of 
151Eu Mössbauer spectra observed for our polycrystalline 
sample. At temperature (T) = 298 K, there are apparent 
two structures, which are due to the emission and absorp-
tion of the gamma ray in the sample. 
 The structures are assigned for two valent states of Eu 
ions in EuSn2P2; i.e. a mixed valent state of Eu ions. The 
mixed valent state is similar to that observed for Eu ions 
in EuSn2As2. [6] 

At T = 15 K, a splitting of the lower structure is clearly 
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observed. The splitting is mainly due to an existence of 
finite internal magnetic field. 
 In a future study, we will demonstrate quantitative anal-
ysis on element specific internal magnetic fields, sponta-
neous magnetic moments, isomer shifts, a portion of 
mixed valent state, and Debye temperature of EuSn2P2. 
 These future study will verify bulk properties on the 
possible magnetic topological conductors, EuSn2Pn2 (Pn 
= P, As), in which the Eu ions exhibit the Kondo lattices. 
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Fig. 1.  151Eu Mössbauer spectra for EuSn2P2 at 
temperatures (T) = 15 K and 298 K. 
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INTRODUCTION:  Mössbauer spectroscopy is usual-
ly known as a powerful method for the analysis of iron 
compounds. In fact, most of Mössbauer experiments has 
been performed using 57Fe nuclide, although the other 
nuclides are also available in Mössbauer spectroscopy, in 
principle. This is because there is a critical problem in the 
preparation of the γ-ray source; we can purchase 57Co for 
γ-ray source of 57Fe Mössbauer spectroscopy, but we 
cannot do the corresponding radioactive isotopes for 
γ-ray source for Mössbauer spectroscopy using various 
nuclide. This problem can be overcome by making the 
isotopes by a nuclear reactor or an accelerator. KURNS 
has all of them and is actually the most active research 
institute for Mössbauer spectroscopy using various nu-
clides.  
 Recently, we are focused on the Mössbauer spectrosco-
py using rare-earth nuclides. The 4f electrons causes var-
ious electronic states, such as Kondo state. One of nu-
clides available for Mössbauer spectroscopy is 151Eu. 
Mössbauer spectroscopy using this nuclide is usually 
used performed with 151SmF3 at room temperature be-
cause the recoilless fraction, the probability of Mössbauer 
effect, is reasonable at room temperature. However, re-
coilless fraction always increases as the temperature de-
creases. [1] Fig. 1 shows the temperature-dependence of 
the recoilless fraction of 151EuF3, which is the decay 
product after the β-decay of 151SmF3. The recoilless frac-
tion is around 0.6 at room temperature, but it reaches 
around 0.9 at 10 K. This predicts further efficient meas-
urement with 1.5 times deeper absorption by cooling the 
source material. However, there is another requisite; it 
should not have hyperfine splitting even at low tempera-
ture, although rare-earth element often shows magnetic 
order which induces nuclear Zeeman splitting and some-
times structural change from room temperature. There-
fore, we measured Mössbauer spectra of EuF3 at low 
temperature to certify no hyperfine splitting for the im-
provement of the efficiency of 151Eu Mössbauer spec-
troscopy.  

EXPERIMENTS:  The sample was non-enriched EuF3 
purchased from Wako pure chemical industry. The sam-
ple was shaped to the pellet with the cross section of 20 
mmφ and the thickness of 25.3 mg EuF3/cm2. The Möss-
bauer spectroscopy was performed at Tracer Laboratory 
at KURNS. The γ-ray source was 151SmF3 and the trans-
mitted γ-rays after the cooled EuF3 sample was detected 
by Xe proportional counter. 

RESULTS:  Fig. 2 shows the 151Eu Mössbauer spectra 
at some temperatures. No evidence of hyperfine structure 
is observed even at 10 K. Furthermore, the velocity val-
ues at absorption are equal in experimental error, about 
0.05 mm/s for all temperatures. This is also reasonable 
even when we consider the second order Doppler shift, 
the thermal effect to the velocity value at absorption. The 
shift is calculated to be 0.057 mm/s at maximum in our 
case and similar to the experimental error. In the case of 
151Eu, the isomer shift, the effect of valence state, is quite 
larger than this error; the difference between the isomer 
shift of Eu3+ compounds and those of Eu2+ ones, are typ-
ically 10 mm/s. Therefore, we can discuss the valence 
without any special consideration of the effect of second 
order Doppler shift at EuF3. 
 This result suggests that the efficiency of 151Eu Möss-
bauer spectroscopy can be improved by cooling not only 
at Mössbauer spectroscopy with conventional radioactive 
γ-ray source, but also that with synchrotron radiation. 

REFERENCES:
[1] N. N. Greenwood and T. C. Gibb, Mössbauer Spec-
troscopy (Chapmann and Hall Ltd, London, 1971).
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Fig. 1. Calculated Recoilless fraction of Mössbauer 
effect for 151Eu nuclear resonance at EuF3. 

Fig. 2.  151Eu Mössbauer spectra of EuF3 at some tem-
peratures. 
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INTRODUCTION: 

The Mössbauer spectroscopy is one of the most power-

ful methods to investigate electronic states and magnetic 

properties by extracting the information of a specific iso-

tope. Even though more than one hundred of Mössbauer 

energy levels are known, Mössbauer spectroscopy in 

general is performed for quite limited isotopes, such as 
57Fe and 119Sn. In order to promote studies for 

less-common Mössbauer isotopes, we have been devel-

oping practical methods for short-lived Mössbauer 

sources by neutron irradiation at Kyoto University Reac-

tor (KUR). Moreover, some short-lived isotopes can be 

complementarily produced by high-energy γ-ray irradia-

tion converted from electron beam using the electron 

linear accelerator (KURNS-LINAC). We have already 

developed practical preparation methods of the Möss-

bauer sources for various isotopes (source nuclides in 

parentheses): 61Ni(61Co), 125Te(125mTe), 129I(129Te,129mTe), 
161Dy(161Tb), 166Er(166Ho), 169Tm(169Er), 170Yb(170Tm), 
197Au(197Pt), etc. 

In this research, a new attempt for 180Hf Mössbauer 

spectroscopy is described. Hf has several Mössbauer iso-

topes and energy levels: 176Hf(88.36 keV), 177Hf(112.97 

keV), 178Hf(93.2 keV), 180Hf(93.33 keV). However, all of 

these levels have high γ-ray energy of about 100 keV and 

their parent isotopes have short half-lives[1]. Because of 

these disadvantages, Hf Mössbauer spectroscopy have 

not been studied actively so far. Hf is an important ele-

ment for some industrial applications and material sci-

ences. Therefore, the improvement of the methods for Hf 

Mössbauer spectroscopy is necessary to become a useful 

technique to investigate Hf compounds. 

EXPERIMENTS AND RESULTS: 

Among the Hf Mössbauer levels, an attempt for the 93.3 

keV level of 180Hf has been studied. By neutron irradia-

tion of 179Hf, 180mHf with a half-life of 5.5 hours is pro-

duced[2,3]. Since a natural Hf contains 179Hf with an 

abundance of 13.6 %, natural Hf was used for this ex-

periment. As a candidate of the single-line material, HfC 

is tried as a source material. HfC was pelletized with Al 

powder and rapped with Al foil for the neutron irradiation. 

The irradiation was performed at the pneumatic tube(Pn) 

of KUR for 4 hours at 1MW operation or 1 hour at 5MW. 

In order to reduce shorter lived by-product, the irradiated 

source has used after waiting for a few hours from the 

end of irradiation. Since the recoilless fraction of Möss-

bauer isotope with high-energy level is low at high tem-

perature, the sample and the source are cooled at the 

temperature of about 22 K. The γ-rays with the energy of 

93.3 keV have been measured by a CeBr3 scintillation 

detector. The spectra were measured for about half a day. 

The observed Mössbauer spectrum of HfC absorber using 

HfC source is shown in Fig. 1. The Mössbauer absorption 

spectrum has been successfully observed. Since the line 

shape is almost single line, 180Hf Mössbauer spectroscopy 

will be able to be performed to some extent. 

Figure 2 shows Mössbauer spectrum of HfO2 absorber 

using HfC source. The spectrum is apparently broader 

than HfC absorber due to the quadrupole splitting of 

HfO2. 

In summary, it is successfully confirmed that 180Hf 

Mössbauer spectroscopy can be performed by a 180mHf 

source obtained by neutron irradiation of natural Hf. 

However, further improvement of the source material and 

measurement efficiency must be required for a practical 

spectroscopy. 
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Fig. 1. 180Hf-Mössbauer spectrum of HfC using 
180mHf source in HfC at 22K. 

Fig. 2. 180Hf-Mössbauer spectrum of HfO2 using 
180mHf source in HfC at 22K. 
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INTRODUCTION: Banded Iron Formation (BIF) is 
chemically precipitated sedimentary rock at Precambrian 
age. Currently iron resource widely used in our industries 
largely depends on BIF. BIF was formed by seafloor hy-
drothermal activity. In addition, the hydrothermal water, 
anoxic water was mixed with oxic seawater (e.g., Otake 
and Otomo, 2021). However, there are many mysteries 
on the formation mechanism. One of the biggest issue is 
the alternation of iron mineral and silicate (+carbonate) 
minerals. Therefore, this study aims to understand the 
formation mechanism, especially redox condition during 
the formation of BIF. 

EXPERIMENTS:  The samples used here were col-
lected from operating geothermal power plant or prepared 
by the rapid pH change of iron/silica bearing solutions. 
Former samples are so called silica scale, and those were 
analyzed by XRF and NMR. Latter samples were col-
lected by filtration using 0.45µm and analyzed by mainly 
XRD. Precipitation percentage of iron and silica were 
also determined by ICP-AES using the difference before 
and after precipitation. 

The precipitation experiments were carried out using the 
fixed volume (250ml) of aqueous solutions to limit the 
dissolved oxygen concentration. Once the dissolved ox-
ygen was consumed to form iron bearing precipitates, no 
atmospheric oxygen affected in the system. Therefore, as 
increasing in ferrous ion in the system, more dissolved 
oxygen was consumed to create more anoxic condition 
during the experiments (reaction time was 15 minutes). 

RESULTS:  Five of silica scale samples were chemi-
cally analyzed. Those were directly precipitated from 
geothermal water, model of anoxic hydrothermal water 
without mixing by oxic aqueous solutions. Iron concen-
tration in geothermal water is below detection limits of 
ICP-AES (less than 0.01 ppm), while iron concentration 
as Fe2O3 in silica scale were up to 15% (Tab. 1). This fact 
suggested that iron is specifically concentrated in silica 
scale. The concentration mechanism is still in discussion, 
but further Mossbauer spectroscopy strongly help under-
standing the precipitation mechanism due to amorphous 
form of silica scale. At least, some of aluminum precipi-
tated as 6-coordination by NMR, suggesting that smectite 
group mineral precursor was formed. 

Unit Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

H2O(-) ％ 0.0 5.4 2.5 3.8 0.9
H2O(+) ％ 15.5 8.3 7.6 9.2 8.6
Fe2O3 ％ 0.2 12.0 12.3 4.8 15.6
Al2O3 ％ 12.9 7.0 6.6 10.5 9.3
Na2O ％ 1.6 0.8 0.6 1.4 1.4
K2O ％ 1.8 0.7 0.3 1.2 1.2
CaO ％ 4.5 2.5 1.4 2.3 3.7
MgO ％ 0.4 10.5 18.9 7.0 1.7
SiO2 ％ 75.3 55.6 49.1 70.2 67.3

As shown in Fig. 1, different initial concentration of fer-
rous ion led to the different mineralogy of iron bearing 
precipitates. The monitored dissolved oxygen was almost 
zero when initial ferrous ion was more than 100 ppm. At 
the initial ferrous ion greater than 100 ppm, some of 
crystalized iron bearing minerals could be observed, 
while only amorphous phase precipitates (iron hydroxide) 
were collected less than 90 ppm initial ferrous ion condi-
tions. 

Crystalized iron bearing mineral can be further identi-
fied as magnetite, maghemite and lepidocrocite. Magnet-
ite is dominant at 100-1000 ppm of initial ferrous ion, 
while maghemite is dominant at above 1250 ppm. In ad-
dition, lepidocrocite could be formed at above 1000 ppm 
of initial ferrous ion together with magnetite or ma-
ghemite. In order to fully understand the iron speciation 
of the precipitates, Mossbauer spectroscopy is powerful 
tool. 

REFERENCES: 
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Fig. 1.  XRD patterns of iron precipitates obtained 
from various initial ferrous concentration. 

Tab. 1.  Chemical composition of silica scale used 

in this study. 
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INTRODUCTION: Neutron diffraction is a powerful 
tool to precisely determine the positions of light elements 
(H, Li, etc.) in solids. This is the main reason why neutron 
powder diffractometers are critical for structural investiga-
tions of energy storage materials such as rechargeable lith-
ium-ion batteries and hydrogen-absorbing materials. The 
B–3 beam port of Kyoto University Research Reactor 
(KUR) had long been used as a four-circle single-crystal 
neutron diffractometer (4CND). For the last decade, how-
ever, the 4CND was so old that its research activity on neu-
tron science was quite low. Nowadays, the versatile com-
pact neutron diffractometer (VCND) has been installed in-
stead of the 4CND, as shown in Fig. 1 [1]. The neutron 
wavelength, l, which is monochromatized by the (220) 
plane of a Cu single crystal (i.e., Cu monochromator), is 
1.0 Å. To cover the detector area of 6 º ≤ 2q ≤ 130 º, 
twenty-five 3He tube detectors (1/2 inch in diameter) are 
used, where 2q is the scattering angle. A detector bank in-
cluding twenty-five 3He tube detectors is placed on the arm 
of the HUBER-440 goniometer. The distance from the Cu 
monochromator to the sample is approximately 2 m, and 
the distance from the sample to the detector is 1.2 m. 

CRYSTAL STRUCTURE ANALYSIS: Aragonite is one 
of the crystal forms of calcium carbonate (CaCO3). For bi-
ominerals such as shells, eggshells, pearls, and corals, 
aragonite plays an important role in their mechanical prop-
erties [2]. The crystal structure of the synthetic aragonite 
can be described by an orthorhombic system (space group 
Pnma). In Fig. 2, an excellent fit was obtained between the 
observed and calculated intensities (where Rwp = 14.992% 
and S = 3.4488). It is worth noting that the background in-
tensities were omitted from the ND data. The values of a, 
b, and c were estimated to be 5.739(3), 4.962(2), and 
7.968(4) Å, respectively. The atomic positions (x, y, z) and 
isotropic atomic displacements (Biso) for each element 
were precisely determined as follows: Ca (0.236(3), 1/4, 
0.417(2)) and Biso(Ca) = 0.67(38) Å2 in the 4c site; C 
(0.086(3), 1/4, 0.7619(14)) and Biso(C) = 0.21(29) Å2 in the 
4c site; O1 (0.096(3), 1/4, 0.9247(18)) and Biso(O1) = 
0.48(27) Å2 in the 4c site; and O2 (0.087(3), 0.477(2), 
0.6821(12)) and Biso(O2) = 0.77(22) Å2 in the 8d site. 

REFERENCES 
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Fig. 1. Versatile compact neutron diffractometer (VCND) 
installed at the B-3 beam port of Kyoto University Re-
search Reactor (KUR) [1]. 

Fig. 2. Rietveld refinement using ND data for synthetic 
aragonite (CaCO3) at room temperature. 
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INTRODUCTION:  Progress of neutron optical devic-
es is very significant. We have established fabrication 
method for aspherical focusing supermirror with metal 
substrate [1-3]. The metallic substrate is robust and duc-
tile, to which able to fabricate steeply curved surface with 
high form accuracy. It is also applicable to use under high 
radiation irradiation and high-temperature filed, even at a 
place close to the neutron target and moderator. Further-
more, it is possible to fabricate a large focusing mirror by 
combining multiple segmented mirrors with mechanical 
fastening entailing the usage of screw holes and fixture 
tabs. We have solved the problem of required surface 
roughness for neutron mirror. The roughness should be 
smaller than 0.3 nm for high-m supermirror coating. Here 
m is the maximum critical angle of the mirror in units of 
critical angle of natural nickel. By using electroless nick-
el-phosphorus (Ni-P) plating, we overcame the problem 
and are establishing fabrication process for aspherical 
focusing supermirror. There is still a problem of peeling 
off for high-m supermirror coating on metal substrate 
with steep curvature. It is also important to improve re-
flectivity of the supermirror. In this study, we report a 
status of mass production for high-m neutron focusing 
supermirrors. 
EXPERIMENTS: We fabricated ellipsoidal metallic 
substrates with the Ni-P plating, based on the technology 
using ultrahigh precision cutting with correction pro-
cessing, followed by mechanical precision polishing. The 
first precise manufacturing was conducted at a CNC ma-
chine for development of neutron optical devices at 
workshop of the KURNS. The ultra-precise manufactur-
ing, polishing and cleaning of the metallic substrate were 
conducted at RIKEN. The supermirror coating was con-
ducted with ion beam sputtering machine at the KURNS 
(KUR-IBS) [4]. Figure 1 shows the photograph of ellip-
soidal supermirror deposited on the latest lot (LOT-23) 
and silicon substrates. The semi-major and semi-minor 
axes of the ellipsoidal supermirror were 1250 mm and 
65.4 mm, respectively. The acceptable angle of the minor 
axis arc of the ellipsoidal supermirror is 20 degree. In this 
study, we had to reconfirm the importance of the cleaning 
process and storage period because many failures were 
made in depositing on a substrate with a long storage 
period. Eventually, we have fabricated m=6 NiC/Ti(C) 
supermirrors in which effective number of layers was 
9750, where the half of the layers were very thin carbon 
interlayers. The thickness of interlayer is constant and 

approximately a few sub-nanometers. In the point of view 
of the reflectivity performance, the effective number of 
periodic layers is 4875. The neutron experiments were 
conducted at the BL06 (VIN ROSE) beam port at 
J-PARC MLF.
RESULTS: Figure 2 shows reflectivity profiles of neu-
trons by the m=6 NiC/Ti (C) supermirror deposited on the
monitor mirror (silicon substrate). The measurement was
conducted by four incident angles, 0.8, 1.6, 3.2 and 4.8
degrees. By adding very thin carbon interlayer between
NiC and Ti layers, we have realized m=6 supermirror
with high reflectivity. Here the number of effective layers,
4875, is not so many enough for m=6 supermirror, and
there is still room for improvement of reflectivity of the
supermirror. Noting that it is not reflectivity of ellipsoidal
supermirror. The evaluation of ellipsoidal supermirror is
now analyzing.
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Fig. 1. The photograph of LOT-23 ellipsoidal super-
mirrors with two monitor mirrors.  

Fig. 2. The measured reflectivity of m=6 NiC/Ti (C) 
supermirror deposited on a monitor mirror (silicon 
substrate).  
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INTRODUCTION:  Neutron interferometry is a pow-
erful technique for studying fundamental physics. Nu-
merous interesting experiments [1] have been performed 
since the first successful test of a single-crystal neutron 
interferometer [2]. However, the single-crystal interfer-
ometer is inherently not able to deal with a neutron that 
has a wavelength longer than twice its lattice constant. In 
order to investigate problems of fundamental physics, 
including tests of quantum measurement theories and 
searches for non-Newtonian effects of gravitation, the 
interferometry of cold neutrons is extremely important, 
since the sensitivity of interferometer for small interac-
tion increases with the neutron wavelength. A large scale 
of interferometer also has the advantage to increase the 
sensitivity to small interactions. 
One of the solutions is an interferometer using neutron 
multilayer mirrors [3]. We succeeded in developing a 
multilayer interferometer for cold neutrons in which two 
paths are completely separated for the first time using 
wide-gap etalons [4]. We can easily control parameters 
such as Bragg angle, reflectivity, and Bragg peak width 
by selecting the deposited material and tuning the bilayer 
thickness and the number of layers.  
We have started the development of multilayer interfer-
ometer at the beamline 05 NOP in MLF. From 2019, we 
are continuing the experiments with etalons with mono-
chromatic mirrors in order to demonstrate the perfor-
mance of the interferometer. Figure 1 shows the interfer-
ence fringes with etalons according to time-of-flight. The 
phase of interferogram depends on the wavelength of 
neutrons. We are testing the practical application of the 
interferometer. Neutron coherence scattering length of the 
material can be measured by inserting the sample into a 
path of the interferometer. The results of the trial meas-
urements were consistent with the literature values. 
Because the mirrors have narrow bandwidth of the neu-
tron reflectivity, the number of neutrons contributing to 
the interference is limited. When the neutron supermir-
rors whose lattice constants vary gradually are utilized in 
the interferometer, the effective range of neutron wave-
length can be broadened to be applicable to a pulsed 
source. In addition, the wavelength dependence of the 
interactions can be measured simultaneously by using 
pulsed neutrons. 

EXPERIMENTS AND RESULTS: We are trying to 
fabricate the neutron mirrors with wide band for the in-
terferometer by using Ion Beam Sputtering facility in 
KURNS. The mirrors should have the wide and smooth 
top of the reflectivity with the range of momentum trans-

fer from 0.4 nm-1 to 1.0 nm-1. Especially, half mirrors 
with the wide range of neutron wavelength are needed for 
the interferometer. We tried to make the half mirrors and 
to measure the reflectivity at MINE2 in JRR3. Figure 2 
shows the reflectivity of the half mirrors on the fused 
silica substrates. Neutron wavelength was 0.88 nm and 
the bandwidth of the beam was 2.7% of the wavelength. 
Mirrors with more uniform reflectivity were created. We 
are continuing the development of the mirrors for the 
neutron interferometer. 
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Fig. 1. Interference fringes with multiplayer mirrors 
for pulsed neutrons. The contrast was improved. 

Fig. 2. Reflectivity of the half mirror with wide band 
of neutron wavelength. Colors represent the sample 
ID.  
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INTRODUCTION: Nuclear emulsion is a 3D-tracking 
detector for charged particles with a submicron resolution. 
It consists of silver halide crystals with diameter of sev-
eral ten – several hundred nm. It works as a slow neutron 
detector by combining it with nuclides which absorb neu-
trons and emit charged particles. A cold/ultracold neutron 
detector with spatial resolution less than 100 nm has been 
developed by combining nuclear emulsion with a thin 
converter layer including 10B[1]. An experiment (Exper-
iment 1) was conducted at PF2, Institut Laue-Langevin 
(ILL) in order to obtain a spatial distribution of UCNs in 
the Earth’s gravitational field using a detector fabricated 
by coating a nuclear emulsion on a converter layer sput-
tered by an ion beam sputtering system (KUR-IBS) in 
KURRI[2]. Nuclear emulsion can also be used for fun-
damental studies of radiology such as that of proton bo-
ron capture therapy (PBCT)[3]. A related experiment 
(Experiment 2) was conducted at CN-3 beam line. Stud-
ies for applications of emulsion detectors to neutron im-
aging are going on[4,5]. Also applications of fluorescent 
nuclear track detectors (FNTD) [9] to neutron imaging 
has been studied in parallel. An experiment with the latter 
detector (Experiment 3) was conducted at CN-3. 

Experiment 1: Layers of 10B4C(200 nm)-NiC-C were 
sputtered on double-side-polished Si plates with thick-
ness of 500 m with KUR-IBS and were coated with 10 
m-thick fine-grained nuclear emulsion[6] at Nagoya 
University. They were exposed to UCNs of 9.5 m/s at the 
downstream of a mirror-absorber system of the 
qBOUNCE experiment[7] which is in a similar configu-
ration as described in the Ref. [8] with keeping the gap 
between the mirror and the absorber 24 m. The number 
of arrived UCNs at the fiducial area (6.5 cm×24 m) of 
one of the detector was 1.1×104. The detector was de-
veloped and tracks of -particles and 7Li from neutron 
absorptions that are in the angle acceptance of  < 0.9 rad 
were read out by an automatic track readout system at 
Nagoya University. The acceptance guarantees the spatial 

resolution of the absorption points less than 100 nm. 
Results: The number of the tracks read out from the fi-
ducial area was 1674, which was reasonable considering 
the detection efficiency[1] and the fraction of tracks to be 
found in the angle acceptance. Analyses will be continued 
and a final spatial distribution will be obtained.

Experiment 2: The sample consists of fine-grained 
emulsion and a 16 m thick polyvinyl alcohol sheet im-
mersed in sodium tetrachloride solution. The sheet con-
tains natural boron of 31 g/cm2. The sample was ex-
posed to 20 meV neutrons at the CN3 beamline. The 
beam density was 5 x 108 cm-2. The exposed film was 
developed and observed under an epi-illumination optical 
microscope.
Results: The track density of  and 7Li produced from 
10B(n, )7Li reaction was expected to be 1 x 106 cm-2 
from the amount of sodium tetrachloride and the reaction 
cross section. The number of observed tracks was 
(1.3±0.1) x 106 cm-2, which is approximately consistent 
with the expectation. Furthermore, the number of silver 
grains along the observed tracks was counted manually. It 
showed a bimodal distribution reflecting the difference in 
energy deposition. We can extract  tracks produced in 
the proton boron capture reactions by counting the silver 
grains in a track.

Experiment 3: A sample of a neutron imaging device 
that combines an FNTD and a 10B4C (200 nm)-NiC-C 
film was created to study the fundamental characteristics 
of the detector. The FNTD is a single crystal of aluminum 
oxide doped with carbon and magnesium. It records 
tracks of ions, and the tracks are observed as fluorescence 
features against the background under a confocal laser 
microscope with a resolution of sub-micrometers. This 
detector can be reused repeatedly because UV laser irra-
diation can erase the recorded tracks. The sample was 
irradiated with the neutron beam for 104 sec under one 
megawatt thermal power of the reactor and recorded the 
tracks of neutron capture events from the 10B4C-converter 
and background γ-ray. The authors are tuning the UV 
laser conditions for the track erasure.
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INTRODUCTION: Existence of non-zero permanent 
electric dipole moments (EDM) of the fundamental parti-
cles violates time reversal symmetry. Under CPT conser-
vation, T violation implies CP violation. Thus, a precise 
measurement of an EDM may reveal the origin of matter 
dominant universe. The TUCAN (TRIUMF Ultra-Cold 
Advanced Neutron source) collaboration aims to measure 
a neutron EDM with a sensitivity of 10-27 ecm, which is 
more than one order better sensitivity than the current best 
measurement. 

The neutron EDM is measured by the precise measure-
ment of spin precession frequency of neutrons. Ultra-Cold 
Neutrons, whose kinetic energy is less than a few 100 neV, 
is used for the measurement. One of the key components 
of the measurement is a spin analyzer of the UCN. Since 
the kinetic energy of an UCN is so low that magnetic po-
tential can is used as a spin filter. When iron, which has a 
large saturation magnetization of 2.2 T, is used for the spin 
filter, the effective potential 𝑉𝑒𝑓𝑓  is

𝑉𝑒𝑓𝑓 =  𝑉𝐹𝑒 ∓ |𝜇| ∙ |𝐵| = 90 neV, or 330 neV

Where 𝑉𝐹𝑒 = 210 neV is the Ferimi potential of the iron,
μ = 60 neV/T is the magnetic moment of the neutron, 
and B = 2.2 T. Only one spin state of UCNs with kinetic 
energies between 90 neV to 330 neV can transmit the iron 
magnetic potential. Therefore, magnetized iron functions 
as an UCN spin filter. In order to reduce UCN absorption, 
the iron should be as thin as an order of 100 nm. 

EXPERIMENTS: The thin iron films are prepared by ion 
beam sputtering facility at the Institute for Integrated Ra-
diation and Nuclear Science, Kyoto University (KURNS). 
We produced thin iron films with thicknesses of 30, 50, 
and 90 nm on Al foils and Si substrates. 

Magnetic properties of the samples were measured by a 
vibrating sample magnetometer at KURNS. Samples on 
the Si substrates were also characterized by the cold neu-
tron reflectometry. The measurements were carried out at 
the J-PARC/BL05. Polarized cold neutron beam was inci-
dent on the sample and the reflectivity was measured. A 
spin-flipper was used to change the spin state of the inci-
dent neutrons.  

RESULTS: Figure 1 shows the magnetization curves of 
the samples. The iron films are fully saturated by the mag-
netic field of 12 kA/m for the samples on the Al foils and 
4 kA/m for those on the Si substrates.  

Figure 2 shows the reflectivity of the iron film with 90 
nm thickness on the Si substrate. The reflectivity depends 

on the momentum transfer of the reflected neutrons. The 
polarization of the incident neutron beam was evaluated 
by another experiment. From the fitting, the critical mo-
mentum transfer was extracted. This is translated to the ef-
fective potential of the samples 328 neV for the one spin 
state and 65 neV for the other spin state. This means the 
iron film has ability to select spin state for the UCNs in an 
energy range of 65 – 328 neV. This result is very promising 
for the development of the spin analyzer for UCN. We plan 
to evaluate the samples using UCNs in the spring 2022. 

Fig. 2. Neutron reflectivity Red shows the data with spin 
flipper OFF and Blue shows the data with spin flipper OFF. 
Solid lines are indicates fit result. Figure from [1] 

REFERENCES:
[1] H. Akatsuka, M. Hino for the TUCAN Collaboration,
JPS Conference Proceedings of SPIN2021, accepted.

Fig. 1.  Magnetization curves of iron films on Al 
foils (a) and on Si substrates (b). Figure from [1] 
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Measurement of Energy Resokution in the KURNS-LINAC Pulsed Neutron Facility[2] 
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ma1 and J. Hori1

Atomic Energy Research Institute, Kindai University 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  The electron linear accelerator at 
the Research Reactor Institute, Kyoto University (KUR-
RI-LINAC) had been originally established in 1965 by 
the High Voltage Engineering Co., USA and started as a 
23 MeV machine. In 1971, the machine power had been 
increased to 46 MeV. The KURRI-linac has two different 
operation pulse modes. One is a long mode with a maxi-
mum repetition rate of 120 Hz, a pulse width of 0.1–4.0 
μs and a peak current of about 0.5 A for the measurement 
at low energies below 10 eV. Another is a short mode 
with a maximum repetition rate of 300 Hz, a pulse width 
of 2–100 ns and a peak current of about 5 A for the 
measurement at high energies above 1 eV. It is worth 
noting that the peak current of short mode is ten times as 
large as that of long mode. In measurements of nuclear 
data, a water-cooled tantalum (Ta) target as a pho-
to-neutron target and a light water moderator are used. 
There are two kinds of the moderator. One is a water tank 
type and another is an octagonal shape moderator called 
“pac-man type”. In order to measure accurate nuclear 
data, it is very important to evaluate the energy resolution 
(ΔE/E) of a moderator. For example, the energy resolu-
tion for pac-man type moderator had been calculated 
about 0.7 % between energy range of 0.1eV from 10keV 
[1]. However, measurement and detail evaluation of en-
ergy resolutions for the tank type moderator has not car-
ried out in KURRI-LINAC. Furthermore, the relationship 
between energy resolution and beam pulse width is not 
discussed in Reference [1].  

In this study, the energy resolutions of neutron flux from 
a tank type moderator were obtained using the TOF tech-
nic in 4 operational mode with different pulse width. 

EXPERIMENTS:  In this study, the energy resolution 
of KURNS-LINAC was obtained by transmitted neutron 
flux via 181Ta sample. In order to measure the transmitted 
neutron flux, a cylindrical moderator tanks which have 19 
cm diameter and 30cm height was installed at the target 
room. The tanks were filled with light water.   

We used the neutron at “12 m room” which is located on 
135 deg. axis from the electron beam line. The flight path 
of neutron flux between the 181Ta sample which has 0.2 
mm thickness and the moderator was 12.65 m as shown 
in Fig.1. The transmitted neutron flux was measured by 
TOF technic with 12 BGO detectors. In order to obtain 
the relationship between neutron beam pulse width and 
energy resolution, the KURNS-LINAC was operated 
under 4 different conditions as shown in Table 1. The 
beam frequency was adjusted to 50 Hz and the pulse 
width were about 4 sec – 0.033 sec (nominal value).  

Measurement room
Neutron flight tube Ta

12.65m

n

Target room

135°

e-
(0.2mmt)

BGO

〰
〰

〰
〰

〰
〰

〰
〰

〰
〰

Figure 1 Experimental geometry 

Table 1 KURNS-LINAC operational condition 
in this study. 

Run No. Frequency 
(Hz) 

Beam pulse 
width (sec) 

Beam cur-
rent () 

1 50 4 20.5 
2 50 1 20.5 
3 50 0.1 17.5 
4 50 0.033 5.6 

RESULTS:

Obtained energy resolutions in this experiment are shown 
in Fig.2 [2]. The energy resolutions with the beam pulse 
width of 4 sec are depended on the incoming neutron 
energy to the sample, clearly. On the other hand, When 
the pulse width is shorter than 100 ns, the energy resolu-
tion shows a constant value. This indicates that as the 
pulse width increases, the pulse width component is 
dominant, whereas as the pulse width decreases, the con-
tribution of neutron moderation by the moderator is 
dominant. 

Figure 2 Results of Energy Resolutions 

REFERENCES:
[1] T. Sano, et al., EPJ web of conference, Vol.146,

03031(2017).
[2] Y. Matsuo, et. al., AESJ 2022 spring meeting, 2A07,

(2022)
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Measurements of Thermal-Neutron Capture Cross-Section of the 237Np(n, γ)
Reaction with TC-Pn in KUR 

S. Nakamura1, S. Endo1, A. Kimura1, Y. Shibahara2 

1Japan Atomic Energy Agency 
2Institute for Integrated Radiation and Nuclear Science, Kyoto 
University 

INTRODUCTION:  In terms of nuclear transmutation stud-
ies with neutrons of minor actinides contained in nuclear wastes, 
accurate neutron capture cross sections are required to obtain 
transmutation rates. The present work selected 237Np nuclide 
among minor actinides because 237Np causes long-term radio-
toxicity in nuclear waste management due to a long half-life of 
2.14×106 years.[1] When examining the situation of ther-
mal-neutron capture cross-section (0) of 237Np, there have been 
discrepancies in reported data even in recent year as shown in 
Figure 1. Previous study [2] has demonstrated that the 0 can be 
measured using the graphite thermal column equipment 
(TC-Pn) installed in KUR. Consequently, the present work 
aimed to measure the 0 of 237Np by an activation method using 
a well-thermalized neutron field in the TC-Pn. 

Fig.1 Situation of past reported data for the 0 of 237Np. 

EXPERIMENTS:  Nitric acid solutions of 237Np equivalent 
to 950 Bq and 370 Bq were dropped onto glass micro filters and 
dried with an infrared lamp. To monitor neutron flux compo-
nents, flux monitor sets of Au/Al wire, Co, Sc, Mo and Ta foils 
were put around each Np sample as shown in Figure 2. A set of 
the 237Np sample and flux monitors was used as a 237Np target; 
two 237Np targets were prepared. The targets were set separately 
at the upper edge of polyethylene capsules. Two dummy cap-
sules were transferred to the TC-Pn in advance, and then the 
capsule containing 237Np target was subsequently transferred so 
that the target would be exposed to the well-thermalized neutron 
field in TC-Pn. irradiated for 30 minutes in 1-MW power opera-
tion. The similar irradiation was performed on the second 237Np 
target. After irradiations, the 237Np samples and flux monitors 
were enclosed in a vinyl bag one by one, and then  rays emitted 
from the samples and monitors were measured with a 

high-purity Ge detector. The sample was placed at a distance of 
100 mm from the front surface of the Ge detector. The gam-
ma-ray peak efficiencies of the Ge detector were obtained with a 
mixed source. In the process of -ray measurements, we found 
that the radiation equilibrium was lost in the 237Np samples. 
Hence, the amount of 238Np was firstly measured; then the irra-
diated 237Np samples were stored during a period of 11 half-lives 
of 233Pa until radiation equilibrium would be maintained again. 
After that, the 237Np samples were re-quantified with radiation 
equilibrium. 

ANALYSIS:  The reaction rates of neutron flux monitors were 
obtained from their -ray yields. With these reaction rates, the 
thermal-neutron flux component was derived on the basis of 
Westcott’s convention [3], and found to be (5.69±0.09) ×1010 

n/cm2/sec. The 237Np samples were re-quantified using 312-keV 
 rays emitted from 233Pa in radiative equilibrium with 237Np. 
The reaction rate of 237Np was obtained with the sample amount, 
-ray yields given by 238Np and experimental conditions.  
RESULTS:  The thermal-neutron capture cross section 0 was 
derived straightforward by dividing the reaction rate of 237Np by 
the thermal-neutron flux component, and found to be 173.7±4.8 
barn in the first irradiation and 174.0±5.1 barn in the second 
irradiation. By taking a weighted average of these results, the 0 
was finally obtained as 173.8±4.7 barn [4]. The present result 
was in agreement with the reported data given by a 
time-of-flight method [5 ,6] within a limit of uncertainty.  

REFERENCES: 
[1] R.B. Firestone et al., Table of Isotopes, 8th ed. (1998). 
[2] S. Nakamura et al. J. Nucl. Sci. Technol. 2021; 58(10): 1061. 
[3] C.H. Westcott et al. “Proc.2nd Int. Conf. Peaceful Use 

of Atomic Energy, Geneva”, 1958; 16: 70. 
[4] S. Nakamura et al. J. Nucl. Sci. Technol. (to be published.) 
[5] K. Hirose et al. J. Nucl. Sci. Technol. 2013; 50: 188. 
[6] G. Rovira et al. J. Nucl. Sci. Technol. 2020; 57: 24. 

Fig.2 237Np targets and partial plane structure of KUR. 
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β-decay spectroscopy of rare fission products with a 4π clover detector using an 
Isotope Separator On-Line KUR-ISOL 
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T. Miyazawa2, M. Shibata3 and A. Taniguchi4 

1School of Engineering, Nagoya University 
2Graduate School of Engineering, Nagoya University
3Radioisotope Research Center, Nagoya University 
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INTRODUCTION: The decay data of the fission 
products are important for the decay heat evaluation and 
also structure of neutron-rich nuclei. Many neutron-rich 
nuclei with mass numbers near 150 do not have detailed 
decay schemes because of their short half-lives and low 
fission yields. The nucleus of 155Pr was proposed to have 
a half-life of 1.49 s by Wu et al. [1] and a level scheme of 
the daughter nucleus 155Nd was reported by Hwang et al. 
using spontaneous fission of 252Cf [2], but, no decay 
γ-rays have been reported. Based on the experimental 
results of 153,154Pr in the last year and the expected yields 
of an on-line mass separator KUR-ISOL, the observation 
of the γ-rays in the β decay of 155Pr are expected. In this 
year, to identify γ rays in the β decay of 155Pr, β-γ 
coincidence measurements were carried out using a 
high-efficiency clover detector coupled with β-ray 
detectors. The clover detector has four large Ge crystals 
with a diameter of 80 mm and a length of 90 mm 
arranged in the shape of a four-leaf clover around a 
through hole with a diameter of 15 mm. The β-ray 
detectors to set in the through hole of the clover detector 
developed by Ishikawa [3] were modified.  
EXPERIMENTS: 72 mg of 93% enriched 235UF4 target 
was inserted at the through-hole facility in Kyoto 
University Reactor. The nuclei of interest were produced 
by thermal neutron-induced fission of 235U. The nuclei of 
interests were transported by He-N2 gas jets and ionized 
in a thermal ionization ion source. The mass-separated 
radioactive beams were collected on a thin Mylar tape 
and periodically transported to the center of the detector 
by a computer-controlled tape transport system, and were 
measured by the detectors. Two identical β-ray detectors 
were made of plastic scintillators 105 mm long, 12.6 mm 
wide, and 1 mm thick, contacted with a semi-cylindrical 
light guide with a radius of 6.5 mm, and set in a 
through-hole in the clover detector. A 3×3 mm2 MPPC 
(Multi-Pixel Photon Counter) module C13367 made by 
Hamamatsu Photonics was mounted on the end of each 
light guide. The whole of the detectors was shielded with 
10 cm thick lead bricks and 10 cm thick boron-doped 
polyethylene bricks outside them to reduce background 
neutrons and γ rays. Data were recorded on APV8008 
and APV8016 DSP data acquisition systems made by 
Techno AP Corporation. The nucleus 155Pr was measured 
in two modes of collection-measurement time sequence, 
those are 2.5 s - 2.5 s and 5 s - 5 s, for 16.5 h and 11 h, 
respectively. Prior to the measurements, 94Rb, 94Sr, 94Y, 

and 146La were measured to evaluate the performance of 
the β-ray detectors. 
RESULTS and DISCUSSION: The coincidence 
efficiency of the β-ray detectors was determined from the 
ratio of the γ-ray peak areas of the coincidence spectra to 
those of single spectra about the four nuclides. The 
efficiency of the detector was about over 20% for the 
energy of β ray above 2 MeV.  

To identify the γ rays in the decay of 155Pr, the γ rays and 
Nd KX-rays and their decay properties, and coincidence 
relations between KX rays and γ rays were analyzed. The 
coincidence time was set to 500 ns. The measured β-γ 
coincidence spectrum is shown in Fig.1. In the spectrum, 
the background radiation such as the γ ray in the decay of 
41Ar produce with 40Ar(n, γ) reaction in the reactor room 
were reduced effectively. The γ rays in the decay of 155Nd 
and 155Pm were clearly observed in the spectrum. The 
seven γ-rays and an excited level were newly assigned in 
the decay scheme of 155Nd, but unfortunately, any γ rays 
in the decay of 155Pr were not observed. If γ rays have 
high multipolarity, the Nd KX-rays should be observed 
and they should decay with the proposed half-life [2]. So, 
the decay properties of KX-ray region were analyzed 
with the spectrum-multi-scaling analysis, but the 
corresponding energy region of Nd KX-ray did not decay 
with half-life of about 1.5 s. 

The reason why 155Pr could not be observed is the 
shorter half-life than the reported value [1], the low 
fission yield than the reference [4], or both. To identify 
the γ rays, it is necessary to rearrange the measuring 
setup including the tape transport system. 
REFERENCES: 
[1] J. Wu et al., Phys. Rev. Lett. 118, 072701 (2017).
[2] J. K. Hwang et al., Phys. Rev. C78, 014309 (2008).
[3] Y. Ishikawa, Graduate School of Engineering, Nagoya 
University, master's thesis (2021).
[4] https://wwwndc.jaea.go.jp/cgi-bin/FPYfig.
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Development of a current-mode 3He gas neutron detectors for BNCT 

T. Matsumoto, A. Masuda, S. Manabe, H. Harano, J.
Hori1, K. Terada1

National Metrology Institute of Japan, National Institute 
of Advanced Industrial Science and Technology 
1 KURNS

INTRODUCTION:  In the present study, we have de-
veloped a current-mode neutron detector [1] that can be 
used in intense neutron fields such as boron neutron cap-
ture therapy (BNCT) fields. It is necessary to measure the 
neutron flux for a large dynamic range because of connec-
tion between a BNCT field in a hospital and a neutron cal-
ibration field in the National Institute of Advanced Indus-
trial Science and Technology (AIST). The difference of 
neutron fluxes between the BNCT field and the calibration 
field is more than 5 orders of magnitude.  We have devel-
oped a new 3He gas detector (proportional counter or ion-
ization chamber) with the current mode.  The current 
mode gas detector is expected to be high radiation re-
sistance in comparison with a photo-multiplier tube in the 
scintillation detector. However, subtraction of gamma-ray 
component is a problem that need to be overcome in the 
current-mode neutron detector. In the present study, we ex-
perimentally verify the gamma-ray subtraction method in 
the current-mode 3He gas detector using 3He proportional 
counters with 4 different gas pressures. 

EXPERIMENTS:  A collimated neutron beam with 30-
mm diameter was obtained by the photo neutron reaction 
using a tantalum target with a water moderator at the 
KURNS Linac [2]. Figure 1 shows the experimental setup. 
In the experiments, we used 3He proportional counters 
with nominal 3He gas pressures of 4, 0.2, 0.02 and 0.002 
atm (Reuter Stokes RS-P4-0806-275, RS-P5-0806-221, 
RS-P5-0806-220 and RS-P5-0806-222). All counters have 
total gas pressure with 6 atm and partial pressure of Kr 
with 2 atm. The 4He gas was used as other gas in the coun-
ters with 0.2, 0.02 and 0.002 atm. Each 3He proportional 
counter was set at approximately 12 m away from the tar-
get. The 3He proportional counters were measured by 
means of the time-of-flight (TOF) method. The measure-
ments were performed for both pulse and current modes. 
In the pulse mode, signals from the 3He proportional coun-
ter were obtained using a pre-amplifier (ORTEC 142PC) 
and main amplifier (ORTEC 570). In the current mode, the 
signals were obtained using a current integrator (ORTEC 
439). Finally, TOF data were extracted using a multi-stop 
time to digital converter and a multi-channel analyzer 
(Fast Com Tec MPA3). 

RESULTS:  Figure 2 shows results of output count rates 
for pulse and current modes. The count rates for the linac 
experiments were normalized using counts obtained from 
a BF3 proportional counter used as a neutron monitor. In 
the case of current mode, the count rate is proportional to 
the electric current obtained from the counter. In the pulse 
mode, signals due to only neutrons are obtained by setting 

regions of interest in the pulse height and TOF spectra. On 
the other hand, gamma-ray component is included in the 
current mode. Especially, the gamma flash from the target 
is dominant. Gamma-ray component is extracted from dif-
ferent of slopes for the pulse and current modes in the linac 
experiments in Figure 2. In Figure 2, results obtained from 
measurements at a thermal neutron field at AIST are also 
included. In this case, the slope of results of pulse mode in 
the linac experiments are similar to those of current mode 
in the AIST experiments, because the gamma-ray compo-
nent in the AIST thermal neutron field is considerably 
smaller than the gamma flash. It was confirmed that the 
neutron-gamma discrimination in the current-mode 3He 
gas detector is available using a pair of 3He and 4He gas 
detector. To evaluate measurement uncertainty, we will 
improve further the experimental evaluation of electrical 
noise and gamma-ray background. Especially, the evalua-
tion of electrical noise is very important in accelerator fa-
cilities. 

Fig. 1.  Experimental setup for the 3He gas detector. 
The detector was set at approximately 12 m away from 
the target. 

Fig. 2.  Outputs from 4 3He proportional counters in 
the pulse and current modes. 

REFERENCES:
[1] T. Matsumoto et al., Radiat. Prot. Dosim. 188 (1), 117
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[2] K. Kobayashi et al., Annu. Rep. Res. Reactorinst.
Kyoto Univ. 22, 142 (1989).
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INTRODUCTION:   
In a reactor core, γ rays are radiated by some kinds of 
neutron induced reactions such as the fission, capture, 
inelastic scattering, etc. Accordingly, γ ray spectroscopy 
is potentially useful to identify and quantify those reac-
tions. Focusing on that, one of the authors has studied γ 
ray spectroscopy for Kyoto University Critical Assembly 
(KUCA) [1]. In KUCA, the uranium fuel of 93 wt% -235U 
enrichment is scheduled to be alternated to the fuel with 
lower enrichment (LEU). By the reduction of the enrich-
ment, the reactions of 238U would be more significant in 
the core. In order to quantify the capture reaction rates of 
238U, we need neutron induced γ ray emission data. For 
the reason, prompt γ ray spectrum measurements have 
been conducted for uranium metallic samples irradiated 
by neutrons of white spectrum at the LINAC facility [1,2]. 
EXPERIMENTS:  
The outline of the γ ray spectroscopy is as same as the 
previous studies [1,2], where the 238U(n,γ )γ ray was 
measured with a HP-Ge detector and the pulse height 
(PH) and the time after the beam pulse incident on the 
tungsten target (TOF) were stored event by event. Then 
we can see the PH spectrum for a specific neutron energy. 
In 2020, PH had been shifted for resonance energy neu-
trons by extending the pulse width from 1 to 3 µs [2]. In 
this year, the relation between the pulse width and the 
spectrum gain was carefully checked. By inserting lead 
sheet with 6 mm thickness in the neutron beam duct, the 
spectrum shift was prevented as shown in Fig. 1. Thanks 
to the extension of the pulse width and the increment of 
currents, the statistical error in the spectra was reduced. 

In order to calibrate the TOF data, we 
measured TOF for a 10B sample while the source neutron 
was filtered with Cd, In, Ag, and Co plates. For the ura-
nium sample, PH and TOF spectra were also measured 
with and without the plates. Those spectra are shown in 
Fig. 2. The filtered spectrum for uranium sample was 
often used to evaluate background events. In the TOF 
range greater than 8000, there is a difference between the 
spectra of filtered and non-filtered conditions. Those 
might be due to emission of γ rays from fission products 
(FPs) with half-lives longer than beam periods (20 ms). 
FPs are generated by fission of 235U or 238U in the sample. 
Then we should consider subtracting component from the 
spectra in Fig.1. Some bumps in spectra for thermal neu-
trons in Fig. 1 are due to such FP γ rays. 

For quantification of γ ray emission per 
capture, its reaction rate should be known. For that, the 
pulse height weighting method is useful with calculated 
response function R. Compared to HP-Ge, response cal-

spectra are shown in Fig. 3. For all incident neutron ener-
gies, structures related to 238U(n,γ) 4060 keV γ rays ap-
pear as well as 56Fe(n,γ) components. We shall estimate 
the response and try to deduce the reaction rates from 
these data. 
REFERENCES: 
[1] Y. Nauchi et al., KURNS prog.rep.2019, CO3-3.
[2] Y. Nauchi et al., KURNS prog.rep.2019, CO2-2.
[3] Y. Nauchi et al., KURNS prog.rep.2020, CO2-1.
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culation is easier for scintillators. Then we measured 
238U(n,γ )γ rays with a BGO of 7.56 cm φ x 7.56 cm. The 
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Fig. 1 TOF spectra obtained by the MLS detec-
tor.  
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INTRODUCTION: The Japan Atomic Energy Agency 
(JAEA) is conducting research and development of active 
neutron NDA techniques [1] for nuclear nonproliferation 
and security. As a part of these projects, technology de-
velopments for a compact neutron resonance transmis-
sion analysis (NRTA) [2] system using a laser-driven 
neutron source (LDNS) was performed [3]. Using an ex-
tremely short pulse laser (~ps), an LDNS can provide 
short-pulsed fast neutrons (~ns) [4]. This is potentially 
useful to perform high resolution NRTA measurements 
(neutron time-of-flight (TOF) measurements) with a short 
flight path.  
In experiments of NRTA, one of the origins of back-

ground is the emission of 2.2-MeV gamma rays of 1H(n, 
γ)2H reaction in a moderator for pulse neutron generation. 
The 2.2-MeV gamma-ray emission decreases exponen-
tially just after a neutron pulse generation with a decay 
time of few hundreds µs. In a measurement using short 
flight path, therefore, the background overlaps neutron 
resonance dips of a spectrum, resulting in decline of sen-
sitivity of the NRTA system. To overcome the problem, 
we developed a multi-layer 6Li glass scintillation (MLS) 
detector [5] that has low sensitivity to high energy gam-
ma rays. 

In the previous experiment [5], we compared the per-
formance of an MLS detector (total 6Li thickness: 0.5 
cm) and a conventional 6Li glass scintillation detector
(6Li thickness: 1.0 cm). Influence of the 2.2-MeV gamma
ray in TOF spectra (<100 µs) were examined. From the
study, we concluded that the MLS detector could reduce
the sensitivity to 2.2 MeV gamma rays.
Based on the previous results [5], we manufactured a

new and upgraded MLS detector. The total thickness of
6Li glass was increased to 1.5 cm to achieve better neu-
tron detection efficiency. Another photomultiplier tube
(PMT) was introduced to eliminate noise signals by using
the coincidence technique. The performance of the new
MLS detector was tested at the Kyoto University Institute
for Integrated Radiation and Nuclear Science – Linear
Accelerator (KURNS-LINAC). Neutron transmission
spectra were measured varying the thicknesses of reso-
nance samples.

EXPERIMENT AND RESULT: A performance test of 
the MLS detector was performed at the 12 m TOF meas-
urement room of the KURNS-LINAC. Pulsed electron 
beams of about 30 MeV were used for the pulsed fast 
neutron generation with a repetition rate of 50 Hz, pulse 
width of 100 ns, and average current of about 18 µA. To 
slow down the fast neutrons, a water tank (20 cm in di-

ameter and 30 cm in height) was used as a neutron mod-
erator. A Pb-shadow bar (5 cm in diameter and 20 cm in 
length) was placed in front of the entrance of the neutron 
flight tube to reduce the gamma-flash. As the resonance 
sample, the three indium (In) samples of different thick-
nesses (0.02, 0.05, and 0.1 mm) were used. To estimate 
the background level, 0.7-mm thick silver, 0.5-mm thick 
tantalum, and 1.0-mm thick cadmium were used as the 
black resonance filters. In the present experiment, the 
output signals from the MLS detector were processed 
using a 0.5-GS/s flash waveform digitizer (CAEN 
V1730) and then transferred to a computer. 

Fig. 1 shows the TOF spectra of the three In samples 
with the resonance filters. The three 1.46 eV resonance 
peaks of 115In were clearly observed from the TOF spec-
tra obtained by the MLS detector. At present, we have 
been analyzing the obtained TOF spectra for NRTA. 
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INTRODUCTION: 

The thorium based nuclear fuel cycle has many ad-
vantages with respect to the reduction of the risk of pro-
liferation of fissile material and the reduction of buildup 
of long-lived higher actinides. In the previous works, we 
have already finished the neutron capture cross section 
measurement of 232Th [1, 2]. Uranium-233 is the main 
fuel in the thorium fuel cycle, and its fission reaction 
plays an important role in the reactor system. Therefore, 
it is necessary to improve the accuracy of nuclear data 
associated with the neutron induced fission cross sections 
of 233U for the feasibility study of the thorium nuclear 
system. We carried out the neutron induced fission 
cross-section measurement of 233U. 

EXPERIMENTS: 
The experiment was performed with the time-of-flight 
(TOF) method at the 46-MeV electron linear accelerator 
in Institute for Integral Radiation and Nuclear Science, 
Kyoto University. Pulsed neutrons were produced from a 
water-cooled Ta target in a water tank as a neutron mod-
erator. The flight path used in the experiment is in the 
direction of 135 degrees to the electron beam. The pulsed 
neutron beam was collimated to 30 mm in diameter. The 
233U sample was electrodeposited on a stainless steel 
plate with an active spot of 20 mm in diameter. The sam-
ple deposits of 233U was set in a back-to back (BTB) type 
double fission chamber [3] which was used as a fission 
products detector. The distance between the electrode and 
the deposit layer is 8 mm. The BTB chamber is filled 
with a mixed gas of Ar and CO2 at a pressure of 1 atm.  
 The 233U sample in the BTB chamber was placed at 10.2 
m from the Ta target in the TOF beam line. Fission events 
were detected via the energy deposited in the gas by the 
fission fragments produced in very thin layer of fissile 
material. Output signals from the chamber were stored in 
the Yokogawa’s WE7562 multi-channel analyzer as the 
two dimensional data of pulse-height (PH) and TOF.  
 The linac was operated with two different conditions. 
One is for the low-energy experiment below 1 eV with a 
repetition rate of 50 Hz and the other is for the high en-
ergy experiment with a repetition rate of 200 Hz, respec-
tively. In the high energy experiment, a Cd sheet of 0.5 
mm in thickness was inserted into the TOF beam line to 
suppress overlap of thermal neutrons from the previous 
pulses due to the high frequency of the linac operation. A 
beam width and an electron energy were 100 ns and 
about 30 MeV., respectively. 
 To obtain the neutron flux at the sample position, neu-
trons were also measured by using a 6Li-glass detector 

directly. The efficiencies of the 6Li-glass detector were 
provisionally estimated by using the 6Li(n,) standard 
cross sections and the nominal thickness of scintillator. 
The energy calibration of the TOF neutron beam and the 
determination of background were performed in the addi-
tional experiment with the well-known resonance ener-
gies of 1.457 eV of In, 5.19 eV of Ag, 132 eV of Co, and 
336 eV of Mn. 

RESULTS: 

Making use of the BTB chamber and the TOF method, 
the neutron-induced fission cross sections of 233U were 
obtained relative to the 6Li(n,) standard cross section at 
the energies from 0.002 eV to 1 keV. The relative cross 
sections were normalized to the reference value of 531.5 
b at 0.0253 eV in the JENDL-4.0[4]. Figure 1 shows the 
comparison of the preliminary results with the evaluated 
values in JENDL-4.0.  
 The evaluated data in JENDL-4.0 show general agree-
ment with the present results in the resonance region be-
low 10 eV, although the evaluated data are considerably 
higher than the present results in high energy region.  
 We will try to derive the final results from the detail 
analysis on the detection efficiencies of 6Li-glass detec-
tor. 
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Fig.1 Comparison of the experimental fission cross sec-
tions of 233U with the evaluated values in JENDL-4.0. 
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INTRODUCTION: In the fuel debris removal process 
of Fukushima Daiichi nuclear power plant, subcriticality 
monitoring system should be equipped to prevent crit-
cality accident.  For this purpose, International Research 
Institute for nuclear Decommissioning (IRID) is devel-
oping criticality control techniques for fuel debris remov-
al based on neutron noise analysis using Feynman-alpha 
method or Rossi-alpha method. Prototype of the 
sub-criticality monitoring system was tested to verify 
applicability on various sub-criticality measurement con-
ditions. 
For this measurement, a small neutron detector based on 
a SiC with boron coated film is one of the candidates at 
Fukushima because of its toughness against gamma-ray 
and neutron radiation exposure and low detection effi-
ciency for gamma-ray. We are also developing a data 
transfer system from this SiC neutron detector to data 
acquisition system which is placed at outside of a reactor 
vessel by a specially designed optical fiber with high re-
sistance against radiation. In this research, we used this 
new data transfer system to measure subcriticality. 

EXPERIMENTS:  Experiment was carried out at 
KUCA solid moderated core, B-core, as shown in Fig.1 
whose fuel assemblies were 3/8”p36EU with relatively 
soft neutron spectrum.  The fuel coupon plates were 
sandwiched with polyethylene plates and assemblies 
were surrounded by polyethylene reflector to simulate 
water.  This core was in subcritical state with low sub-
criticality with Cf-252 neutron source inserted in a fuel 
assembly. Data transfer system is illustrated in Fig.2. 
Boron-lined neutron detector was inserted in a periphery 
fuel region whose neutron detection analog signal was 
transfer pre-amplifier and then a data sender system by a 
co-axial cable. In the data sender system, analog signal 
was changed to optical digital signal and it was trans-
ferred to the data receiver system located at outside of the 
reactor room by a thin and long quartz optical fiber cable. 
Then digital data was changed to analog data in the data 
receiver system and finally neutron detection time whose 
time bin was 1 micro-second was transferred to PC by 
USB cable and stored in PC. 

DATA ANALYSIS: Neutron detection time stamp data 
stored in PC whose time unit was 1μs were analyzed by 
the neutron noise analysis methods, Feynman-alpha 

method and Rossi-alpha method. 

Fig.1 Core configuration. 

B-10 lined
detector

Data Sender

Pri-Amp.

Data Receiver
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Optical
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Fig.2 Data transfer system. 

Table 1 Experimental results. 
Subcriticality 
(%dk/k) 

Calculated 
Alpha (s-1) 

Experimental 
Alpha (s-1) 

1.08 382 405±2 
1.38 442 468±2 
1.60 487 511±2 
1.90 547 590±2 
2.11 588 656±2 

RESULTS:  Results of Feynman-alpha method are 
shown in Table 1, where prompt neutron decay constants 
(alpha value) in various subcriticalities are listed. It is 
found that alpha value is close to calculated values in 
near critical state. 
We continue to develop this data transfer system based of 
optical fiber combined with a SiC neutron detector for 
future usage. 
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INTRODUCTION: In the last study, a neutron detector 
located about 55 cm away of fuel assembly measured the 
auto power spectral density. However, the prompt neutron 
decay constants obtained by this detector was different 
from that of other detectors. The objective of this study is 
experimental study of reactor noise analysis by the power 
spectrum method using neutron detector placed outside 
reactor core. 

EXPERIMENTS: The core configuration is shown in 
Fig. 1. “F” is test zone fuel assembly. “D” is a driver fuel 
assembly. “G” is graphite reflector. Yellow cell is poly-
ethylene reflector. “1” to “6” are BF3 proportional neu-
tron counter positions. The dimensions these counters are 
1.0 in. diameter and 15.47 in. length. The distance from 
core region to detector positions “1” and “2” are about 
15cm, that to detector position “3” is about 20cm, that to 
detector position “4” is 35cm, that to detector position 
“5” is 55cm, that to detector position “6” is about 75cm. 

Fig. 1 Core configuration. 
(B7/4”G2/8”p8EU(3)+3/8”p38EU) 

Reactor noise analysis by power spectrum method was 
performed in the critical state of suitable reactor power 
for each detector position. The reactor power during 
measurement was adjusted so that the count rate of each 
detector was about 3,000[cps]. 

RESULTS: The auto power spectral densities and cross 
power densities by detector position ”3” to “6” are shown 
in Fig. 2 and Fig, 3. These figures also include least 
squares fits of a conventional formula [1] to the spectral 
densities to determine the prompt neutron decay constant 
0 (eff/), where the fitting was confined to a frequency 
range from 2.5 to 100 Hz or 2.5 to 50 Hz. The prompt 
neutron decay constant obtained by the detectors “3” and 
“4” were the same within the error range. However, the 
decay constant obtained by detector “5” and “6” were 
very different. In the future, it is necessary to improve the 
fitting formula and reexamine the analysis frequency 
range of power spectrum method. 
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Fig. 2 Auto power spectral densities. 
(Detector “3” to “6”) 

Fig. 3 Cross power spectral densities. 
(Detector position “3” to “6”) 
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INTRODUCTION: The Japan Atomic Energy Agency 
(JAEA) started the Research and Development (R&D) to 
improve nuclear prediction techniques for High Temper-
ature Gas-cooled Reactors (HTGRs) in 2018. The objec-
tives are to introduce the generalized bias factor method 
to avoid full mock-up experiment for the first commercial 
HTGR and to improve neutron instrumentation system by 
virtue of the particular characteristics due to a graphite 
moderation system. For this end, we composed 
B7/4”G2/8”p8EU(3)+3/8”p38EU in the B-rack of Kyoto 
University Critical Assembly (KUCA) in 2021.  

EXPERIMENTS:  The core configuration is shown in 
Fig.1. The objective is to cover the characteristics of 
commercial HTGR with relatively high enriched fuel. 
The Gas Turbine High Temperature Reactor 300 
(GTHTR300) employs 14wt% enriched uranium fuel to 
achieve high burn-up of 120GWd/t. The core of 
B7/4”G2/8”p8EUNU+3/8”p38EU composed in 2018 has 
the fuel assembly averaged enrichment of which is 
5.41wt% to realize a characteristics of High Temperature 
Engineering Test Reactor (HTTR). The characteristics of 
GTHTR300 are expected to be evaluated by the interpo-
lation of the characteristics of the two cores from the 
viewpoint of generalized bias factor method because the 
present core is composed of only highly enriched urani-
um plate.  

Detector moving path

Fig. 1 Core configuration. 

To demonstrate the power distribution measure-
ment system from ex-core detector which have 
been developed by JAEA[1], not only a noise 
analysis, which was performed by the detector 
expressed by a dot mark in Fig. 1, but also neu-
tron detector signals measurement by a moving 

detector as shown in Fig. 2 were performed. 

Fig.2 Moving detector system. 

RESULTS: The spectrum of the core is compared with 
that of GTHTR300 in Fig.3. The Maxwell peak is suc-
cessfully realized and close sensitivity is expected. 
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Fig.3 Neutron spectrum. 

The moving detector system is expected to demonstrate a 
power distribution measurement from ex-core detector. 
By virtue of a long neutron flight path of a graphite mod-
eration system, the power distribution can be evaluated 
by inverse analysis with measurement data by moving 
detector system. The feasibility was already proved by a 
numerical simulation in HTTR geometry [1]. The detec-
tor signals along with the moving path illustrated in Fig.1 
are shown in Fig. 4. The detector moves 1m stroke by 87 
sec. The expected detector signals were obtained com-
pared with calculation result by MVP code. 
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Fig.4 Neutron detector signals 
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INTRODUCTION:  The reactor noise methods can 
measure the subcriticality without additional instruments. 
International Research Institute for Nuclear Decommis-
sioning (IRID) is developing the monitoring subcriticality 
system based on the reactor noise methods using the 
Feynman-alpha method. A prototype system was devel-
oped using B-10 neutron detectors [1]. The system is 
required with radiation hardness. We, IRID, picked up the 
corona detectors and multi-cell detector as the candidate 
detectors with radiation hardness. 
For this measurement, the applicability of the monitoring 
subcriticality systems with corona counters with B-10 or 
He-3 and a multi-cell He-3 detector are verified. 

EXPERIMENTS:  Experiment was carried out at 
KUCA solid moderated core, B-core, as shown in Fig.1 
whose fuel assembly was 3/8”p32EU. We measured some 
cores that changed number of the fuel assemblies, in or-
der to simulate shallow/deep subcriticality and situation 
of high neutron count-rate. This core was aimed to com-
pare the porotype system with B-10 detectors used in past 
experiments. In Fig.1, D1 is mean a corona He-3 detector, 
D2 is mean a corona B-10 detector, and D3 is mean a 
multi-cell He-3 detector. 

RESULTS:  As shown in Fig. 2, the testing systems can 
measure the available time-list data for the Feyn-
man-alpha method. The comparison of k-effective evalu-
ated by time-list data of each system is shown in Fig. 3. 
These results those k-effective are higher than 0.95 are 
good agreement with reference k-effective simulated by 
the MVP code with JENDL-4. The results in the deep 
subcriticality less than 0.7 of k-effective are agreement 
with 10% error. 
The test results showed that the testing systems are feasi-
ble to measure the subcriticality. 

Fig. 1 Core configuration. 

Fig. 2 Example of Feynman-Y value & curve. 

Fig. 3 Comparison of k-effective. 
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INTRODUCTION:  The estimation of reactivity of an 
amount of unknown fissile material is one of important is-
sues in the field of criticality safety. 
JAEA has been theoretically developing a method to esti-
mate the reactivity from neutron count rate alone[1-2]. The 
method is based on a newly developed equation of power 
in quasi-steady state after prompt jump/drop of power due 
to reactivity and/or neutron source change. 
The purpose of the experiment is to obtain the experi-
mental data for the verification and validation of the de-
veloped method. This time, the data were obtained for 
deep subcritical states around keff = 0.95, which is a 
threshold value for a subcritical condition in a numerical 
analysis.  

EXPERIMENTS:  A subcritical experiment was done 
with the basic critical core configuration known as 3/8’’ 
p36EU of A-core. The Am-Be was used as the external 
neutron source. 
3He detectors were used. Figure 1 shows the core configu-
ration and the position of Am-Be neutron source. 

For the first several hundred seconds, as shown in Fig.2, 
the system was kept under a subcritical steady state. Then 
a negative reactivity was inserted by dropping control rods, 
C1-C3, safety rods, S4-S6, and/or Center Core. The 
achieved keff is shown in Table1. 6 rods were dropped for 
0.97, Center Core for 0.95 and the rods and CC for 0.93. 
Those keff values were roughly estimated by summing up 
the reactivity worth of each device.
After that, neutron count rate decreased and the measure-
ment was terminated after several hundred seconds or 
more. 

RESULTS:  Reactivity value was estimated following 
the procedure described in [2], in which the neutron count 
rate data from the detector far from the neutron source was 
chosen and treated. The points (𝑋(𝑡), 𝑌(𝑡)) were calcu-
lated from the neutron count rate data and its slope value, 
𝑎 = −0.794, was estimated by linear fitting as shown in 
Fig. 3. Then the reactivity value was calculated as follows; 

The estimated value obtained by preparatory calculation 
with the new method was summarized in Table 1. The dif-
ference between the reference value and estimated one is 
up to 12%. It shows the applicability of the new method to 
deep subcritical state, and more detailed analysis is needed 
to quantify its degree of accuracy.  

REFERENCES:
[1] Y. Yamane, J. Nucl. Sci. Technol.
Vol.57(8), 926-931 (2020).
[2] Y. Yamane, J. Nucl. Sci. Technol.
https://doi.org/10.1080/00223131.2022.2053221 (2022).

reference ($) estimated($) difference(%)

drop C1-S6 0.97 -4.1 -3.9 -5.4

drop CC 0.95 -8.1 -9 12

drop all 0.93 -12 -12 -5

keff
reactivity

operation

Fig. 1.  Configuration of fuels and devices in A-core. 

Table 1.  The experimental condition and estimated 
reactivity value by applying the new method.  

Fig. 2.  Neutron count rate data. Blue circle shows 
neutron counts per 0.01s and orange circle shows a 
profile of averaged one. 

Fig. 3.  Linear fitting to the points (X, Y) calculated 
from the neutron count rate data shown in Fig. 2. 

𝜌$ =
1

(1 𝑎⁄ + 1)
= −3.9 
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INTRODUCTION: We are developing an in-core power 
distribution estimation method (PHOEBE) using ex-core 
neutron detectors to reduce the cost and improve the 
maintainability of nuclear instrumentation in small reac-
tors as a distributed power source [1]．Theoretical and 
numerical examinations were initially studied with the 
experimental demonstration conducted at UTR-KINKI 
[2]. The demonstration was conducted with a simple core 
Hence, more complex experiment geometry is required to 
evaluate the power distribution of the core inner region 
for the experimental demonstration of PHOEBE. In this 
study, a new core was constructed at KUCA and tested to 
confirm the effectiveness of PHOEBE.  

EXPERIMENTAL GEOMETRY:  Figure 1 shows a 
configuration of fuel element in this experiment. A unit 
cell consisted of one 1/16” EU plate, two 1/8” PE plate 
and one 1/4” graphite plate. The fuel element had 30- or 
14-unit cells and graphite reflectors. Figure 2 shows the
experimental core layer. 31 fuel elements were loaded
into the core and 3 control rods, 3 safety rods, graphite
reflectors elements were installed. In addition, 8 eight
neutron detector systems (ERYNGII), which can effi-
ciently measure epi-thermal neutrons as shown in Fig. 3,
were inserted for this experiment.

RESULTS: Table 1 shows the measured neutronics 
characteristics. The all characteristics were satisfied with 
the KUCA regulations. In this core, the power distribu-
tion was distorted by control rod manipulation or special 
fuel element, and the epi-thermal neutron flux were 
measured by ERINGII. As a result, the validity of 
PHOEBE was confirmed. 

REFERENCES:
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Figure 3 Schematic diagram of neutron detector system. 
(ERYNGII) 

Table 1 Measured neutronics characteristics. 
Neutronics Char-
acteristics 

Measured KUCA 
Regulation 

Excess reactivity 
(%dk/k) 

0.154 < 0.35 

Max. reactivity 
insertion rate 
(%dk/k/sec) 

0.007 
C3:830mm-730mm 

< 0.02 

Rod 
worth 
(%dk/k) 

C1 0.599 Max. worth 
< 1/3 of 

total worth 
C2 0.422 
C3 0.654 
Total (0.599+0.422+ 

0.654)x2=3.350 
Total worth 
> Excess +

1 %dk/k
Center core worth 
(%dk/k) 

3.325 > 1%dk/k
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Measurement of Neutronics Characteristics for Th loaed core at KUCA (III) 

T. Sano, T. Kanda1, J. Hori2, Y. Takahashi2, K. Terada2,
H. Yashima2, and H. Unesaki2

Atomic Energy Research Institute, Kindai University 
1Graduate School of Science and Engineering, Kindai 
University
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: 
In engineering discussions of the feasibility of new reac-
tor systems, it is necessary to evaluate the impact of the 
fuels and materials for the neutronics characteristics such 
as criticality, conversion rate, and fuel balance. In order 
to develop of Thorium (Th) nuclear system, critical ex-
periments on Th loaded cores using the KUCA with solid 
moderator core have been systematically carried out to 
perform neutronics characteristics measurements of Th 
loaded thermal neutron systems and integral evaluation of 
Th cross sections [1]. In order to perform nuclear design 
for Th loaded reactors, it is important to validate U-233 
nuclear data. In order to perform an integral validation of 
U-233 fission cross section, measurements of sample
reactivity worth in KUCA solid moderated core were
carried out.

EXPERIMENTS:
In this experiment, two types of fuel element were 

loaded into the KUCA solid moderated core. Figure 1 
shows composition of a fuel element “F” and a special 
fuel element “S”. The fuel element “F” was consisted of 
31 unit cells and sandwiched by a upper and a lower pol-
yethylene reflector. The unit cell has one enriched ura-
nium plates of 0.159 mm (1/16 in.) thickness, three poly-
ethylene plates of 0.318 mm (1/8 in.) thickness. The fuel 
element “S” was consisted of 30 unit cells and one sam-
ple case made of aluminum. The geometry of sample case 
has 50.8 mm × 50.8 mm × 11.11 mmt (7/16 in.). 

A sample plate was made of U3O8-Al and the amount 
of U-233 in a plate was about 0.09 g. The U-233 enrich-
ment was 99.4 wt% [2]. The geometry of a plate was 
12.66 mm × 12.68 mm × 1.08 mmt and has a round 
chamfering (R = 3 mm). 9 plates of U-233 sample were 
set into a aluminum sample case. Figure 2 shows a core 
configuration of this experiment. The experimental core 
has 24 fuel elements “F” and one special fuel element 
“S”. The C1 – C3 are control rods and the S4 – S6 are 
safety rods. 

RESULTS:
The sample reactivity value was defined as the difference 
of excess reactivity between the core with the aluminum 
case installed the U-233 sample plates and the core with 
the aluminum case without the samples. The excess reac-
tivity measurements were carried out by the positive pe-
riod method. In each measurement, the C2 and C3 control 
rods were set to the upper limit (U.L.) and the C1 control 

rod was adjusted to the critical position. And the C1 con-
trol rod was drawn out to the U.L. from the critical posi-
tion and the reactivity was inserted into the core. As the 
result, the excess reactivity with and without U-233 sam-
ple were 0.1003 ± 0.0032 %dk/k and 0.0649 ± 
0.0014 %dk/k [2]. Therefore, the sample worth was ob-
tained as 0.0354 ± 0.0015 %dk/k [2].  

Figure 1. Configuration of a fuel element “F” and “S”. 

A

B F F F F F

C F F F F F p

D F F S F F

E F F F F F

F F F F F F

G

1 2 3 4 5 6 7 8 9

S5C3

S4 C1

S6C2

Figure 2 Core configuration.

ARKNOWLEGEMENT: 
A part of the present study was supported by CHUBU 

Electric Power Co., Inc. 

REFERENCES:
[1] T. Sano, et. al., Proc on PHYSOR2020, Cambridge,
UK, Mar.29th – April 2nd, (2020).
[2] T. Sano, et. al., Abstract of AESJ 2021 Fall
meeting, Online, 1F14, (2021).

CO3-7

- 105 -



R3CA03 

Subcriticality measurement by using a small neutron detector (4) 

T. Misawa, Y. Kitamura and T. Takahashi

Institute for Integrated Radiation and Nuclear Science, 
Kyoto Uniersity

INTRODUCTION: Subcriticality monitoring system 
has to be used to detect criticality approach for each step 
of debris removal in Fukushima Daiichi nuclear power 
plant. For this purpose, International Research Institute 
for nuclear Decommissioning (IRID) is developing criti-
cality control techniques for fuel debris removal based on 
neutron noise analysis using Feynman-alpha method. A 
prototype of the sub-criticality monitoring system was 
tested to verify applicability on various sub-criticality 
measurement conditions. 
For this measurement, a small neutron detector based on 
a SiC with boron coated film is one of the candidates at 
Fukushima because of its toughness against gamma-ray 
and neutron radiation exposure and low detection effi-
ciency for gamma-ray. We are also developing a data 
transfer system from this SiC neutron detector to data 
acquisition system which is placed at outside of a reactor 
vessel by a specially designed optical fiber with high re-
sistance against radiation. In this research, we used this 
new data transfer system to confirm the availability for 
subcriticality measurement. 

EXPERIMENTS:  Experiment was carried out at 
KUCA solid moderated core, B-core whose fuel assem-
blies were 3/8”p36EU. Data transfer system is illustrated 
in Fig.1. Boron-lined neutron detector was inserted in a 
periphery fuel region whose neutron detection analog 
signal was transfer pre-amplifier and then a data sender 
system by a co-axial cable. In the data sender system, 
analog signal was changed to optical digital signal and it 
was transferred to the data receiver system located at out-
side of the reactor room by a thin and long quartz optical 
fiber cable. Then digital data was changed to analog data 
in the data receiver system and finally neutron detection 
time whose time bin was 1 micro-second was transferred 
to PC by USB cable and stored in PC. 
In the previous year experiments, unexpected noise signal 
sometimes appeared, for example once in 5 minute, in 
accumulated data, which cause inaccurate subcriticality 
results.  This unexpected data transfer may be caused 
from data transfer system, however, we cannot clear up 
this phenomena up to the present time. 
To remove those unexpected noise signal, we divided 
time stamp data into several part, and each time period 

data was analyzed by the neutron noise analysis methods, 
Feynman-alpha method and Rossi-alpha method.  Then, 
we compared those results to confirm existence of noise 
signal.   

B-10 lined
detector

Data Sender

Pri-Amp.

Data Receiver

PC

Co-axial cable

Co-axial cable

Optical
Fiber
cable USB cable

Fig.1 Data transfer system. 

Fig.2 Rossi-alpha results by dividing time stamp data. 

RESULTS:  The results are shown in Fig. 2 for Ros-
si-alpha method after removing unexpected time stamp 
data.  By using this data dividing technique, it is possi-
ble to remove unexpected noise signal data. 
We continue to improve this data transfer system based of 
optical fiber combined with a SiC neutron detector for 
future usage. 
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Measurement of Validation Data for Kinetics Parameter and Reactor Kinetics 
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Central Research Institute of Electric Power Industry 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: Precise estimation of the reactor 
kinetics is essential for the nuclear safety. In CRIEPI, 
continuous energy Monte Carlo (MC) method has been 
studied to estimate the point kinetics parameters in a crit-
ical condition [1, 2] and reactor periods [3]. Besides, time 
dependent neutron transport calculation techniques are 
now under development [4, 5]. In order to validate those 
calculations, comprehensive data sets of reactor kinetics 
were measured in A3/8”p36EU(3) core.  
RESPONSE FOR STEP REACTIVITY INSERTION: 
Positive and negative reactivities were inserted step 
wisely by moving C1 rod and time variation of power 
was measured as shown in Fig. 1 (left). The reactivity 
range was from -46 to 51 pcm. The asymptotic period 
given by the flux a few hundred seconds after the inser-
tion shall be used to validate whether the effective de-
layed neutron fraction repartition per precursor family, 
eff,i, relates the measured periods to the calculated static 
reactivities [1,2]. The transient phase from the prompt 
jump to the asymptotic behavior is also useful to validate 
time dependent calculation. For that, the prompt jump 
behavior was focused by raising the initial critical power 
(Fig. 1, right). 
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Fig.1 Response to positive & negative step reactivity in-
sertion (left). Focusing on prompt jump (right). 

EFFECT OF REACTIVITY INSERTION RATE: 
Reactivity insertion rate is also important for kinetics 
behavior of a core. In this work, we attained criticality by 
adjusting the C1 rod position (688 mm) while C2 and C3 
rods were withdrawn. Then the C1 rod was fully inserted 
from time 0 second by 1) dropping and by 2) continuous 
down with speed of -8.013 mm/s. Neutron flux decre-
ment with time was measured three times for both the 
insertion conditions. The results are shown in Fig. 2. In 
the rod drop measurements, the negative reactivity was 
measured -404, -392, -394 pcm for the case 1, 2, 3, re-
spectively. The time dependent neutron flux of case 2 and 
3 are similar and that of case 1 is bit different. Due to the 
instant insertion of the negative reactivity, negative 

prompt jump was observed. Whereas in the continuous 
down case, the time dependent neutron flux of the three 
cases is similar each other and that is very credible as the 
validation data. According to the worth curve of C1 rod 
and the insertion speed, the negative reactivity of -392 
pcm is given within 34.5 s. After 35 s, the flux by the 
continuous down of C1 rod approaches to that by the rod 
drop test. These data shall be applied to validate the time 
dependent MC calculation. 
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Fig. 2 Neutron flux decrement by C1 rod insertion. 

VARIANCE TO MEAN METHOD: For the validation 
of the generation time Λ, measurement of α eigenvalue is 
useful. For that, the Feynman - α measurement was done 
with a conventional method. The neutron count rate in FC 
#2 and #3 were measured with dwell time of 0.1 ms and 
the Y value and α were preliminary evaluated without 
correction for dead time of detectors. βeff and Λ are cal-
culated with enhanced MCNP-5.1.30 with the AcelibJ40 
library. The reactivity ρ is given based on the rod worth 
curve based on βeff,ij by MCNP calculation [1,2]. Then the 
calculated α is given as α = (βeff － ρ)  / Λ. The measured 
and calculated αs are compared in Table 1. The C/E 
ranges from 0.985 to 1.126. We shall investigate the in-
fluences of the dead time and spatial higher-mode flux to 
make C/E more credible.  
Table 1: Measured and calculated α eigenvlaue. 
Reactivity 
(pcm) 

Measured 
(s-1) by FC#2 

C/E Measured 
(s-1) by FC#3 

C/E 

-329 214.09 1.040 225.92 0.985 
-144 171.44 1.084 174.46 1.065 
-72 161.23 1.065 152.93 1.122 
0 139.64 1.126 155.08 1.014 
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Basic Research for Sophistication of High-power Reactor Noise Analysis (IV) 
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1Atomic Energy Research Institute, Kindai University 
2Graduate School of Science and Engineering, Kindai 
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INTRODUCTION:  Reactor noise for high-power re-
actors were actively measured in the 1960’s and 1970’s. 
The major focuses of those researches were for the ab-
normality diagnosis or the output stabilization diagnosis, 
and almost researchers were in the field of system control 
engineering or instrumentation engineering. High-power 
reactor noise measurements for dynamics’ analysis of 
reactivity change, reactivity feedback or reactor charac-
teristics itself were few in the time (1960’s and 1970’s), 
because of the powerless measurement system. In this 
research, we plan to measure KUR’s output with pre-
sent-day measurement system and plan to analyze with 
several analysis methods. The results of this work will 
supply some knowledges and technics in the aspect of 
sophistication of reactor noise analysis or simulation 
methods.  
In this year, we tried to measure the reactor nuclide noise 
of the critical state KUR core via a 1-inch 3He counters at 
CN-1 port focused on epi-thermal neutrons. The experi-
mental work was done on 25th November 2021. As the 
result of the experiment, a result looks like the nuclear 
reactor noise was observed in 1MW critical state. 

EXPERIMENTS:
In this experiment, the output signal of the 3He counters 
(LND 25291×3) were put into Spectro Scopy AMPs 
(2022: Canberra and 590A: ORTEC), and the output of 
the SSAs were measured with a time-series measurement 
system (HSMCA4106_LC: ANSeeN Inc.). A schematic 
view of the measurement is shown in Fig.1, and the 
counter installation overview is shown in Pic.1. 
As you can find in Pic.1, the neutrons from the KUR core 
were measured with 3He counters via a 5-mm thickness 
B4C sheet. 

Fig. 1. Schematic view of the measurement.

The experimental condition is shown in Table.1. The re-
actor Power was set in 1MW. The measurement time was 

8,000 sec.

Pic. 1. An overview of the counter installation

Table 1. Experimental condition
Reactor 
Power 
[W] 

Measurement 
Time [sec] 

Count Rate 
[cps] 

1M 8,000 
620 - 660 (#1) 
210 - 230 (#2) 
560 - 600 (#3) 

RESULTS:
The measurement results were analyzed by Feynman-α / 
bunching method, Rossi-α method and Covariance to 
Mean Ratio method.  
As a result of the Feynman-α analysis, plot shapes like 
Feynman's theoretical formula were not obtained, be-
cause of the gradually increasing of the KUR power. 
As a result of the Rossi-α analysis, plot shapes like 
Orndoff’s theoretical formula were obtained on the 3 
counters’ results. As a result of the Covariance to mean 
ratio analysis, plot shapes like Feynman's theoretical 
formula were obtained, however the Y values were ex-
tremely small. 
An analysis result example of the Rossi-α analysis is 
shown in Fig.3. The result of this work show that the 
neutron energy selection may improve the sensitivity of 
the reactor nuclide-noise measurements for the light wa-
ter moderation reactor. 
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Development of Faster Measurement Method of High Neutron Flux with SPND 

C. H. Pyeon and R. Okumura

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: To safely control the reactor, moni-
toring neutron flux inside the reactor is necessary. There-
fore, a reliable technology is needed to measure neutrons 
of high intensity, as in the reactor. Self-powered neutron 
detectors (SPNDs) are available as detectors to perform 
the measurement. The SPND is possible to obtain infor-
mation on neutron flux by measuring the current signal 
generated with the use of activation of emitter material 
(Rh, V, Co etc.). In the detection principle, the response 
time of the detector is determined by the time constant of 
activation decay, which makes it difficult to respond 
quickly. In this study, we will explore a method to speed 
up the response of SPND by digital data processing. 

EXPERIMENTS: Since the self-output neutron detector 
requires high neutron intensity, neutron measurements 
were conducted in the inclined irradiation borehole (SLY) 
of the Kyoto University research Reactor (KUR), which 
allows measurements to be made close to the reactor core 
in this test. The preliminary measurement was performed 
with the detector inserted during 1 MW operation, and 
the next measurements of output power were carried out 
at the KUR operation ranging between 1 and 5 MW. 
The detector was a self-output neutron detector using 
rhodium (Rh) as the detector. The output of the 
self-output neutron detector was measured using a pi-
co-ampare-meter.  

RESULTS: Figure 1 plots the current from the SPND 
versus time versus the linear output meter of the furnace; 
the output of the SPND at 1 MW output was about 5 nA 
the response time of the detector after insertion into the 
SLY was about 300 s. The response time is due to the 
decay constants of the activation products of 113Rh, 114Rh 
and 114mRh, of 40 s and 4.4 min. When the output was 
changed from 1 MW to 5 MW, the maximum current 

value from the SPND was 24 nA at 5 MW. 
To accurately examine the time response of the SPND, 

we examined the time variation after the detector was 
pulled out from the SLY. The results of exponential fitting 
to the time variation are shown in Figure 2. Figure 2 in-
dicates that the time variation is confirmed to be repro-
duced by adding the two exponential curves together. The 
time constants of the response were 41 s and 4.3 min, 
respectively. The ratio of the current values derived from 
104Rh and 104mRh was 1:0.07. Using the parameters, we 
will investigate a useful way to estimate the output of 
SPNDs more quickly. 

In this study, we considered the method to estimate the 
output from the activation equation. The activation equa-
tion can be expressed by Eqs. (1) and (2) as follows: 

  . (1)

  , (2)

where σ is the activation cross section, f the neutron flux, 
and N the number of atoms. 
  The two equations are different from each other, and 
the filtered neutron fluxes are plotted in Figure 3. The 
filtered result were found to respond faster that the raw 
measurement result.  

put on bottom of SLY

Reactor power change from 1 MW to 5 MW

take out from SLY

Fig. 1 Plot of SPND measured current and linear 
poser meter ratio via time. 

Fig. 2 Plot focused on SPND current decay after the 
detector pulled out from SLY. The decay curve 
was fitted with the two exponential curves. 

Fig. 3 Comparison between the raw SPND current 
and the filtered one. 
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Characterization of Additive Aggregation in Lubricant using Small-Angle X-ray Scattering 

Y. Oba, M. Hino1, R. Motokawa, N. Adachi2, Y. Todaka2,
R. Inoue1, and M. Sugiyama1
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2Department of Mechanical Engineering, Graduate 
School of Engineering, Toyohashi University of Technol-
ogy 

INTRODUCTION:  In lubricants, nanostructures of 
additives are closely related to their lubrication properties. 
Although small-angle scattering is a promising means to 
characterize such nanostructures [1,2], it is not commonly 
used in the field of tribology. While small-angle neutron 
scattering (SANS) has been conducted in those previous 
studies, we have recently examined the application of 
small-angle X-ray scattering (SAXS) to the characteriza-
tion of the additives in the lubricants [3]. The results 
show that SAXS is useful for the observation of the addi-
tives. While SANS can precisely analyze the nanostruc-
tures using contrast matching and variation techniques 
with deuterated samples, SAXS can provide easy access 
to experiments. However, a part of samples shows very 
weak scattering. Therefore, in this study, denser samples 
are measured to discuss the detail of the nanostructures of 
the additives. 

EXPERIMENTS:  SAXS measurements were per-
formed using the in-house SAXS instrument with Mo K 
radiation. Scattering patterns were obtained using a 
two-dimensional detector (PILATUS 100k) equipped 
with a 1000 µm-thick silicon sensor. The path of X-ray 
between the entrance slit and up to the detector including 
the sample area was in vacuum to eliminate background 
scattering from air and vacuum windows. Oleic acid 
(OA) and oleyl acid phosphate (OLAP) were chosen as 
the additive and poly--olefin (PAO) as base oil. In our 
previous study, we measured 5 mass% OA and 1 mass% 
OLAP dispersed in PAO [3]. In the current study, 20 
mass% OA and 10 mass% OLAP in PAO were measured. 
The samples were sealed in sample cells with the optical 
path length of 10 mm. Two samples-to-detector distances 
(SDD), 0.4 and 1.8 m, were used to cover wide q range, 
where q is the magnitude of the scattering vector. The 
measurement times are 1 hour and 5 hours for 0.4 m and 
1.8 m conditions, respectively.  

RESULTS:  Fig. 1 shows the SAXS profiles of 20 
mass% OA in PAO, 10 mass% OLAP in PAO, and pure 
PAO. Based on our previous report [3], a peak at around 
q = 4.5 nm-1 reflects the nanostructures in PAO. Both OA 
and OLAP show additional scattering compared to PAO. 
Therefore, we successfully observe the nanostructures of 
these additives using SAXS. Compared to our previous 

study, OA indicates significant scattering. This is at-
tributed to the denser concentration of 20 mass%. In the q 
range higher than 3.4 nm-1, the scattering intensity of 
PAO exceeds that of 20 mass OA in PAO. This is proba-
bly due to the partial specific volume of OA. 
Fig. 1 also shows that the SAXS profile of 10 mass% 
OLAP has a significant shoulder in the q range lower 
than about 2.5 nm-1. This feature corresponds to the gyra-
tion radius of about 0.7–0.8 nm and larger than the size of 
a single OLAP molecule [4]. Hence, OLAP probably 
forms aggregate in PAO.  
 These result will promote further development of ad-
vanced lubricants in conjunction with the nanostructural 
characterization by SAXS. 
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Fig. 1.  SAXS profiles of 20 mass% OA in PAO, 10 
mass% OLAP in PAO, and pure PAO. Open and 
filled symbols indicate the profiles obtained using 
SDD = 1.8 and 0.4 m, respectively. 
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Radiation Tolerance of SiC p+n Junction-Diodes for Beam Monitor Applications 
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INTRODUCTION:  Silicon carbide (SiC) has been 
considered as a potential alternative to Si for the manu-
facture of dosimeters, spectrometers, and charge particle 
detectors in high energy physics experiments, by virtue of 
its operation capability in strong radiation and/or 
high-temperature environments. To take advantage of 
such properties for future radiation detectors with a com-
parable size of silicon, we firstly investigated the influ-
ence of the bulk defects on the radiation sensor charac-
teristics, by irradiating neutrons at Institute for Integrated 
Radiation and Nuclear Science, Kyoto University. 
EXPERIMENTS:  The reverse blocking characteristics 
is a primary concern of the radiation effects. The radia-
tion-induced effects are generally divided into bulk and 
surface defects. The formers are caused by the displace-
ment of crystal atoms, introducing to the increase of the 
leakage current and degraded reverse blocking character-
istics. The latter include all effects in the covering die-
lectrics and the interface region. Since the bulk damage 
caused by the elastic nuclear scattering of the lattice nu-
clei has a profound effect in our device, we irradiated 
neutrons to pixelized diodes under unbiased conditions. 
The irradiation test was conducted by putting the samples 
at the Kyoto University nuclear reactor core. After disas-
sembling of the samples, we carried out measurements of 
the leakage current and compared with those of the 
pre-irradiation samples. 
RESULTS:  The typical I-V characteristics before irra-
diation are shown in Figure 1. The leakage current shows 
a device-to-device dependence and are distributed be-
tween 1~8 nA at a reverse bias of 1 kV (corresponding to 
leakage current density of 10~83 nA/cm2). The funda-
mental reason of the distribution is beyond comprehen-
sion, however, the bulk defects in the crystal are the nat-
ural interpretation. Figure 2 shows the typical leakage 
currents after irradiation. Compared with Fig. 1, the bulk 
leakage current in reverse bias is not increased after neu-
tron irradiation of 1.63 x 1013 neq/cm2 fluence, except the 
pixel-to-pixel dependence and data fluctuation due to the 
different sampling time settings. The reverse blocking 
property was also retained up to 3 kV. Irradiation tests at 
higher fluences are severe with the current device struc-

ture due to the radioactivation of the metals. We note that 
the 1 MeV neutrons have the same efficiency in the de-
tector degradation as 24 GeV protons at a comparable 
neutron equivalent fluence. The theoretical nonionizing 
energy loss (NIEL) calculation performed on SiC can be 
found in Lee et al. [1]. The primary radiation defects 
produced by single particles (protons and pions) or gam-
ma-rays were not evaluated in this measurement, howev-
er, the number of primary defects is reported as low as 
that of diamond. Thus, we conclude that the bulk defects 
introduced by irradiation at the 1013 neutron equivalent 
fluence is ignorable, in agreement with the previous 
studies on neutron-irradiated pn devices [2, 3]. 

[1] K. K. Lee et al., Nucl. Instrum. Methods Phys. Res. B,
vol.210, pp.489-494, 2003.
[2] F. Moscatelli et al., IEEE Trans. Nucl. Sci., vol.53,
pp.1557--1563, 2006.
[3] J. M. Rafi et al, IEEE Trans. Nucl. Sci., vol.67,
pp.2481--2489, 2020.

Fig. 1.  Typical reverse blocking characteristics of 
the fabricated pixel diodes. 

Fig. 2.  Typical reverse blocking characteristics after 
1 MeV neutron irradiation of 1.63 x 1013 neq/cm2. 
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TDPAC Spectra of the 111Cd(←111mCd) and 117In(←117Cd) Probes in CdIn2O4 
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INTRODUCTION: Ternary spinel oxides exhibit 
various physical properties depending on the constituent 
metal elements and on their distribution between the 
tetrahedral A site and octahedral B site.  Among various 
metal elements, it is known that Cd2+ is likely to occupy 
the A site forming normal spinel with divalent ions and 
trivalent ions on the A and B sites, respectively.  In our 
recent time-differential perturbed angular correlation 
(TDPAC) experiments on Cd spinel compounds such as 
CdFe2O4 and CdIn2O4, we noticed unexpected 
phenomenon that the directional anisotropy of the 
cascade γ rays emitted from the 111Cd(←111mCd) probe 
shows exponential-like relaxation as if the nuclear spin 
would experience dynamic perturbation from the 
extranuclear field [1,2].  If the attenuation of the 
anisotropy arises from dynamic perturbation, we can 
expect temperature dependence of the relaxation constant 
λ as in the following expression of the time-differential
perturbation factor G22(t) as a function of the time
interval t between the cascade γ-ray emission:

   G22(t) = exp(-λt). (1) 

In order to provide insight into the phenomenon, we have 
obtained high temperature TDPAC spectra for CdIn2O4, 
using two different probes 111Cd(←111mCd) and 
117In(←117Cd).  Here, a preliminary result is reported. 

EXPERIMENTS:  Neutron irradiation was performed 
for cadmium oxide (CdO) enriched with 110Cd and 116Cd 
in Kyoto University Reactor to produce radioactive 
111mCd and 117Cd, respectively, by neutron capture 
reactions.  Each of the radioactive Cd(111mCd)O and 
Cd(117Cd)O powders was separately mixed well with 
stoichiometric amounts of CdO and In2O3 in an agate 
mortar.  The mixtures were then pressed into disks and 
sintered in air at 1373 K for 45 min. 
TDPAC measurements were carried out for the 
111Cd(←111mCd) and 117In(←117Cd) probes with the 
intermediate states of I = 5/2 and 3/2 having half-lives of 
85.0 and 54.6 ns, respectively.  In the present work, we 
obtained the perturbed angular correlation as a function 
of the time interval of the cascade γ-ray emissions by the 
following expression: 

                           , (2) 

where A22 denotes the angular correlation coefficient and 
N(θ, t) stands for the number of the delayed coincidence 
events observed at an angle θ.  The measurements were 
performed at 973 K. 

RESULTS:  The TDPAC spectra of 111Cd(←111mCd) and 
117In(←117Cd) in CdIn2O4 are shown in Fig. 1.  The 
spectrum of 111Cd(←111mCd) (Fig. 1(a)) exhibits a 
relaxing trend in the directional anisotropy, which is 
similar to the spectra observed at room temperature and 
77 K [1]. However, the relaxation time seems a little 
longer for the present spectrum.  This slight temperature 
dependence may suggest that the motion of charges 
surrounding the probe is thermally activated at the 
present high temperature.  The spectrum of 
117In(←117Cd) also shows gradual attenuation of the 
directional anisotropy.  It should be noted that the probe 
nuclei having interaction with the extranuclear fields are 
of different elements, Cd and In.  Thus, the present 
observation demonstrates that the probes of different 
elements are perturbed in the same way and show similar 
spectral patterns.  In order to clarify the cause of the 
spectral attenuation, detailed temperature dependence 
needs to be investigated.    

REFERENCES: 
[1] W. Sato et al., J. Radioanal. Nucl. Chem., 316 (2018)

1289-1293.
[2] W. Sato et al., KURNS Prog. Rep., 2020 (2021) 113.

Fig. 1. TDPAC spectra (a) of 111Cd(←111mCd) 
and (b) of 117In(←117Cd) in CdIn2O4 
measured at 973 K. 
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Synthesis of metal nanocomplexes in water solution by g-ray and electron 
irradiation reduction 
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INTRODUCTION: It is known that metal nanoparticles 
(NPs) have some specific properties, which are not 
appeared in bulk materials such as catalytic activities, 
magnetic properties, electric conductivity and light 
absorption. These properties depend on its size, shape, 
structure, chemical composition and so on. In general, 
metal nanoparticles can be produced by various top-down 
and bottom-up methods. Above all, chemically 
synthesizing as bottom-up method can control the size and 
shape of it. However, it is not easy to fabricate multi 
elemental alloy NPs controlling with their structure. 
Almost fabrication method of NPs with commercially is 
based on equilibrium chemical reaction in ionic solution 
with reduction additive. We have been studying to 
synthesize various metal NPs by non-equilibrium reaction 
method that is reduction reactions induced by ultrasonic, 
solution plasma, electron beam, ion beam and gamma-ray 
irradiation into aqueous solution [1]. Recently, by using 
this radiation reduction method, we have been trying to 
synthesize metal nanocomposites. In this study, we have 
studied the fine structure of nanoparticles synthesized by 
electron and gamma-ray irradiation reduction in water 
solutions including multiple metal ions. 

EXPERIMENTS: 
 Aqueous solutions with various ternary combination of a 
given concentration of metal complexes 
((CH3COO)2Cu·H2O), AgNO3, NiCl, Na[AuCl4] and 
PdCl2NaCl3H2O with an additive of polyvinyl (PVP) and 8.5 
vol% ethylene glycol were prepared. The ratio of all ions 
concentration was adjusted to the ratio of 0.5 to 2.0 in the 
solution. The solution was argon gas purged and sealed 
into polystyrene vessels. They were irradiated at about 300 
K with 1.17 and 1.33 MeV gamma-rays from 60Co radio 
active source at gamma irradiation facility in KURRI, 
Kyoto University. The total dose was fixed to 10 kGy with 
the dose rate of 1.0 kGy/h. Also, same solutions were 
irradiated 8 MeV electron with total dose of 10kGy in 
about 60 sec by linear accelerator at same facility. After 
irradiation, the samples were measured for UV–vis 
absorption spectra. The structures for all colloidal products 
were examined by X-ray absorption fine structure 
(EXAFS) and X-ray photoelectron spectroscopy (XPS) at 

KEK-PF BL-27, X-ray diffraction and transmission 
electron microscope. 

RESULTS: 
Fig. 1 shows the TEM image of nanoparticles synthesized 
by electron and gamma-ray irradiation reduction methods 
in the solution including Ag, Au, Cu and Ni ions. As is 
seen in these figures, the size of nanoparticles are cleary 
different. This is because the higher reduction rate of 
electron irradiation than that of gamma-ray irradiation. 
This result is in good agreement with the result of 
correlation of particle size produced by irradiation with 
different irradiation reduction rates [2]. 
Fig. 2 shows the EXAFS spectra of synthesized 
nanoparticles in a AgAuCu ternary solution after electron 
and gamma-ray irradiation reduction. In case of electron 
irradiation, only one peak appeared but double peaks 
appeared in case of gamma-ray irradiation. These peaks 
originated from Cu-O and Cu-Cu metal combinations 
mainly. It found that the main products are Cu-oxide in 
case of electron irradiation, and Cu-metal alloy 
nanocomposites in case of gamma-ray irradiation.

REFERENCE: 
[1] N. Taguchi et al., Rad. Phys. Chem. 78, (2009) 1049-1053.
[2] N. Maeda et al., Mater. Res. Soc. Symp. Proc. Vol. 900E.

Fig. 2 EXAFS spectra of electron and gamma-ray irradiation 
reduction solutions including Ag, Au and Cu Au ions. 

Fig.1. TEM images of products in a Ag, Au and Cu ions solution 
synthesized by (a) electron irradiation and (b) gamma-ray 
irradiation. 
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Hydrogen trapping behavior at vacancy in Fe-Al alloy with electron irradiation
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INTRODUCTION: Intermetallic compounds have good 
properties such as specific strength to weight ratio, 
oxidation resistance and strength in elevated temperature. 
In addition, some of them can be applied for hydrogen 
storage material by production of hydride such as Mg and 
Ni based compound alloys. On the other hand, it found 
that hydrogen absorption properties in some compound 
alloys. It is reported that novel Ni- based alloy including 
defect type free volume can be used as hydrogen 
permeation membranes to separate H2 from CO2 and 
other gases obtained from water. Also, first principle 
calculation result shows that not only one hydrogen atom 
but some number of hydrogen atoms possibly be trapped 
by a single vacancy in B2 ordered Fe-Al alloy. However, 
the interaction between vacancy and hydrogen atom in 
this type of Fe-Al alloy is not cleared yet. So far, we 
have been studied defects behavior introduced by 
various energetic electron and ions irradiation. In this 
study, we have studied the interaction between 
hydrogen atom and non-equilibrium vacancies 
introduced by electron irradiation. 

EXPERIMENTS: B2 ordered Fe-Al alloys were 
prepared by arc melting method in argon gas atmosphere. 
Sliced samples with the thickness of 0.5 mm were 
annealed at 1273 K for 20 h and cool down to 973 K 
slowly and then quenched into water. These specimens 
were irradiated with 8 MeV electron up to the fluence of 
4×1018 /cm2 at KURRI, Kyoto University. Irradiation was 
carried out at about 330 K with temperature controlling 
water cool system. Hydrogen was introduced for 
unirradiated and electron irradiated samples at 0.1 
mA/cm2 in a NH4SCN solution bath added 0.001 mol/L 
H2SO4 by electro chemical method for 8 hours. These 
samples were examined by X-ray diffraction (XRD). Also, 
the thermal desorption spectroscopy (TDS) was measured 
with heating rate of 1 K/s. 

RESULTS: Figure 1 shows the X-ray diffraction spectra 
of Fe-Al alloy before, after electron irradiation and 
hydrogen charged after irradiation. The movement of the 
Bragg peak of (211) plane to a slightly higher angle is 
considered to be due to the formation of point defects by 
electron irradiation. But this peak shift recovered after 
hydrogen introduction. This is considered to be due to 
hydrogen trapping at vacancy site. Figure 2 shows the 
TDS spectra for hydrogen introduced Fe-Al alloys with 
and without electron irradiation. This figure clearly shows 
that the amount of absorbed hydrogen after electron 
irradiation is larger than that without irradiation. In 
addition, a sharp peak appears at 650 K, which indicates 
the dissociation temperature of hydrogen atoms from the 
pores introduced by electron irradiation. 

Fig. 1 XRD profiles of Fe-Al alloy before irradiation, after 
electron irradiation and hydrogen introduced after irradiation. 

Fig. 2 TDS spectrum of hydrogen introduced into 
electron-irradiated and unirradiated Fe-Al alloy samples.   
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Study of resonant frequency change with irradiation dose of piezoelectric PZT element 
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INTRODUCTION: This study aims to establish an in-
expensive method for dosimetry in high-dose environ-
ments. We consider changes in piezoelectric properties of 
piezoelectric elements due to irradiation for dosimetry in 
high-dose environments. For this purpose, the mechanism 
of radiation-induced change of piezoelectric properties 
has been investigated. 

In a previous experiment conducted at NIRS/HIMAC, 
piezoelectric PZT elements were irradiated with 400 
MeV/n Xe particles, and the decrease in the electrome-
chanical coupling coefficient k was investigated [1]. As a 
result, it was found that kr of the irradiated PZT element 
was -0.35%/kJ, which is a phenomenon concerning the 
irradiation dose. In order to investigate what happens to 
piezoelectric elements due to irradiation, electron beam 
irradiation experiments have been conducted at 
KUR/LINAC. The effect of temperature, which was neg-
ligible in the Xe particle experiments, has been investi-
gated and controlled in the experiments at KUR/LINAC. 
EXPERIMENTS IN THE FISCAL YEAR 2021: The 
geometry of the PZT element that has been irradiated so 
far was changed from a cylindrical shape of φ18 mm x 
t12 mm to a disk shape of φ18 mm x t1 mm. This shape 
satisfies the conditions of the approximate formula for 
determining k, and the evaluation of k value as an abso-
lute value can now be performed instead of the evaluation 
of relative changes. Furthermore, the thickness of the 
electron-beam irradiation target was made thinner, which 
reduced the number of neutrons produced and thus met 
the objective of this experiment, which was to investigate 
the contribution of electron beams alone. The thinner 
target also improves the air-cooling effect during irradia-
tion, and the temperature can be suppressed to a moderate 
value (≤90°C) even with an electron dose of 4.8 µA, 
whereas the irradiation current is about 1 µA for the con-
ventional device, thus shortening the irradiation time 
from half a day to about one hour. This enabled us to 
shorten the irradiation time from half a day to about one 
hour, thereby improving the efficiency of the experiment. 

In addition to such experimental setup, experiments 
were conducted to investigate the difference in response 
to electron irradiation between different types of PZT 
elements (soft PZT, high-temperature soft PZT, and 
high-temperature hard PZT), which are the specimens. 
The difference between the "soft" and "hard" materials is 
simply that the "soft" material is more or less distorted 
when a voltage is applied to it. The "high-temperature" 
materials are those that have a high Curie temperature at 
which they are completely depolarized. Table 1 summa-
rizes the percentage change in k after electron irradiation 

of each PZT. This is a summary of the experimental re-
sults using four samples for the soft material, three sam-
ples for the high-temperature soft material, and three 
samples for the high-temperature hard material. The kt in 
the thickness direction of the high-temperature soft mate-
rial is not shown due to measurement problems. 
DISCUSSION: The mechanism of radiation-induced 
degradation on piezoelectric PZT element was discussed. 
However, the effect of depolarization caused by temper-
ature rise due to irradiation is excluded. Radia-
tion-induced degradation includes (1) migration of atoms 
in crystals, (2) conversion to other nuclides by nuclear 
reactions, (3) acceleration of chemical reactions such as 
cross-linking or oxidation (mainly in polymer materials), 
and (4) dielectric breakdown due to charge accumulation 
generated by ionizing effects (mainly in semiconductors). 
The change in the properties of PZT due to electron irra-
diation is considered to be dominated by (4). Analysis of 
gamma-ray spectra immediately after irradiation shows 
that the number of activated atoms is limited. It is note-
worthy that k is larger in the high-temperature hard mate-
rial. At first glance, this appears to be an increase in pie-
zoelectricity, but it may be that the destruction of the do-
main walls inside the piezoelectric ceramics "softens" the 
entire element and increases electromechanical coupling 
coefficient k. In this case, the domain walls would be 
ionized by radiation. In this case, the domain walls may 
have been destroyed by the electric charge accumulated 
by ionization due to radiation. We would like to investi-
gate this further in the future. 

Table 1. Variation rate of coupling coefficient k per unit 
absorbed dose. 

PZT type Δ𝒌𝒌𝒓𝒓[%/𝒌𝒌𝒌𝒌] Δ𝒌𝒌𝒕𝒕[%/𝒌𝒌𝒌𝒌] 
Soft −0.090 ± 0.013 −0.10 ± 0.059

High temp. soft −0.087 ±0.038 --- 

High temp. hard +0.13 ± 0.081 −0.050 ± 0.0061
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INTRODUCTION:  Strontium titanate (SrTiO3) is a cu-
bic perovskite compound of ABO3 type.  Among ABO3 
perovskites, SrTiO3 has a wide band gap values of 3.2 eV, 
and doping effect of SrTiO3-based materials is attracting 
much attention.  It is known from many previous reports 
that chemical and physical properties of SrTiO3 change de-
pending on the kind of dopant ions and the surrounding 
local structures[1].  For a practical use of SrTiO3, it is 
necessary to obtain more microscopic information on var-
ious impurity sites.  Therefore, we applied the time-dif-
ferential perturbed angular correlation (TDPAC) method 
to study the local structures at impurity sites in SrTiO3. 
In our previous TDPAC study of SrTiO3 doped with the 
111Cd(←111In) probe, it is suggested that In dopants replace 
Sr2+ and Ti4+ in the lattice sites where defect exists in the 
vicinity of the probes.  In order to obtain further infor-
mation on the local fields at various impurity sites, we 
have thus performed TDPAC measurements for SrTiO3 
with 111Cd( ← 111mCd) probe, the same probe, but de-
scended from a different parent nucleus.  In order to uni-
formly introduce 111Cd(←111mCd) probe in SrTiO3, we first 
studied local structure of the 111Cd(←111mCd) in CdxSr1-

xTiO3
 at various Cd concentration.  We here report part of 

the result of TDPAC measurements for the 111Cd( ←
111mCd) in CdxSr1-xTiO3 

EXPERIMENTS:  Stoichiometric amount of SrCO3, 
CdCO3, and TiO2 powders were mixed in the mortar.  
The powders were pressed into disks.  For TDPAC meas-
urements, about 3 mg of CdO enriched with 110Cd was ir-
radiated with thermal neutrons in Kyoto University Re-
search Reactor, and radioactive 111mCd was generated by 
110Cd(n,  )111mCd reaction.  The neutron-irradiated CdO 
powder was dissolved in 6M HCl and added in droplets 
onto the pre-sintered CdxSr1-xTiO3 disk.  The disk was 
sintered in air at 1373 K for 90 min.  The TDPAC meas-
urement was carried out for the 151-245 keV cascade  
rays of 111Cd(←111mCd) probe with the intermediate state 
of I = 5/2 having a half-life of 85.0 ns.  

RESULTS:  Figure 1 shows the TDPAC spectra of 
111Cd(←111mCd) (a) in CdxSr1-xTiO3 (x = 0.04) and (b) in 
CdxSr1-xTiO3 (x = 0.06) at room temperature.  The direc-
tional anisotropy on the ordinate,  A22G22 t , was deduced 
with the following simple operation for delayed coinci-
dence events of the cascade:  

(1) 

Here, A22  denotes the angular correlation coefficient, 
G22 t  the time-differential perturbation factor as a func-
tion of the time interval, t, between the relevant cascade -
ray emissions, and N(,t) the number of the coincidence 
events observed at angle, .  With respect to Fig. 1(a), the 
spectral pattern is damped.  Because the dynamic pertur-
bation should not be considered in a TDPAC measurement 
at room temperature, the spectral pattern was fitted with 
two static electric quadrupole frequencies which have 
large distribution widths.  These 
large values of distribution widths indicate local random-
ness at 111Cd(←111mCd) probe sites in CdxSr1-xTiO3.  On 
the other hand, the spectrum in Fig. 1(b) can be reproduced 
by a fit with three unique quadrupole frequencies, which 
suggests that 111Cd(←111mCd) probes occupied three spe-
cific lattice sites in CdxSr1-xTiO3.  These experimental re-
sults show that Cd ions dispersed into CdxSr1-xTiO3 perov-
skite structure at atomic scale by increase of Cd ratio from 
x = 0.04 to x = 0.06.  This concentration dependence of 
local structure at Cd site might be attributed to the change 
of lattice constant of CdxSr1-xTiO3.  For more information 
on this concentration dependence, investigations of lattice 
constants of CdxSr1-xTiO3 perovskite are now in progress. 

REFERENCE: 
[1] C. M. Culbertson et al., Scientific Reports 10 (2020)
(3729(1)-3729(10)).
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Fig. 1.  TDPAC spectra of 111Cd(←111mCd) (a) in 
CdxSr1-xTiO3 (x = 0.04) and (b) in CdxSr1-xTiO3 (x = 
0.06) at room temperature. 
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INTRODUCTION:  In decommissioning of Fukushi-
ma Daiichi Nuclear Power Plant, radiation tolerant image 
sensors are strongly demanded. We have been developing 
a vacuum-based image sensor, which is consisted of a 
matrix type field emitter array (FEA), a mesh electrode 
and a photoconductor film (field emission image sensor) 
[1]. The image sensor detected light signal even after the 
gamma-ray irradiation to the dose of 1 MGy. Operation 
of field emitters under gamma-ray irradiation was 
demonstrated and no significant change of the properties 
due to gamma-ray irradiation could not be detected [2]. 
However, imaging characteristics under gamma-ray irra-
diation has not yet been confirmed. In this study, varia-
tion of the photo-signal detection properties with and 
without gamma-ray irradiation was investigated. 

EXPERIMENTS:  The FEA used in the present study 
was fabricated at National Institute of Advanced Industri-
al Science and Technology [3], and possessed 1,024 haf-
nium carbide emitters. It should be stressed here that the 
FEA was not a matrix-type. Cadmium telluride/cadmium 
sulfide photo diode, which was originally developed as a 
solar cell was used as an anode (photoconductor) [4]. 
Antimony sulfide thin film was formed on the surface of 
the photoconductor. The FEA, mesh electrode and anode 
were installed in a vacuum vessel which was evacuated 
by a non-evaporable getter pump. Gamma-ray irradiation 
was performed at Cobalt-60 Gamma-ray Irradiation Fa-
cility, Institute for Integrated Radiation and Nuclear Sci-
ence, Kyoto University. The vacuum vessel was settled in 
the irradiation room at the position 30 cm away from the 
gamma-ray source. An electric light was also settled in 
the irradiation room to illuminate the image sensor. The 
emitter was grounded and the gate was positively biased 
to extract the electrons. The mesh and the anode were 
also positively biased, typically 120 V and 10 V, respec-
tively. After several measurements of anode current-gate 
voltage characteristics, operation of the image sensor was 
conducted. Giving a fixed voltage to the gate, the varia-
tion of the anode current was observed with and without 
light illumination under gamma-ray irradiation.

RESULTS:  Figure 1 shows the variation of the anode 
current under gamma-ray irradiation. The estimated dose 
rate of irradiation was about 220 Gy h-1, which is higher 
than that of irradiation observed in the primary contain-

ment vessel of Fukushima Daiichi Nuclear Power Plant 
[5]. The electric light was turned on and off every 10 
seconds to confirm the capability of photo-signal detec-
tion. As is shown in Fig. 1, the anode current showed a 
step like variation, of which interval corresponded to the 
interval of the light illumination. From this figure, it is 
shown that the present device could detect photo-signal 
even under high dose rate gamma-ray irradiation. The 
intensity of illumination could not be evaluated in this 
study, so measurements with known intensity of illumi-
nation is necessary to estimate the property of the image 
sensor. Small signal would be attributed to the poor ad-
justment of the operating conditions of the image sensor. 
Deterioration of the antimony sulfide layer would be an-
other reason. The device configuration was not fully op-
timized in the present study. Therefore, improvement of 
the device performance can be expected, optimizing the 
operating condition and device configuration. 
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Figure 1. Variation of the anode current with and without 
light illumination under the gamma-ray irradiation. 
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INTRODUCTION:  The research and development 
(R&D) has been carried out to produce Molybdenum-99 
(99Mo) by the neutron activation method ((n, γ) method) 
from viewpoints such as nuclear security. In order to ap-
ply the (n, γ) method to the 99Mo/99mTc generator, it is 
necessary to improve the properties of Alumina (Al2O3) 
used as Mo adsorbent. To date, we have evaluated the 
quality of the 99mTc solution obtained from the column 
packed with the developed Al2O3 specimens. However, 
the problem was that 99Mo was desorbed in the solu-
tion[1]. In this work, we evaluated the quality of the 
99mTc solution obtained by taking measures to reduce the 
desorption of 99Mo. The measures are (1) application of 
dynamic adsorption, (2) increasing the concentration of 
the sodium molybdate solution (Mo solution), (3) reduc-
ing the amount of Mo added, (4) acid treatment of the 
alumina specimens, and (5) sufficient washing of the 
alumina specimens. 

EXPERIMENTS:  MoO3 pellet pieces irradiated with 
Pn-2 were dissolved with 6M-NaOHaq. The Mo concen-
tration of the solution was adjusted to about 330 g/L, and 
the pH was adjusted to 2 - 3 by adding concentrated hy-
drochloric acid. Four types of alumina specimen 
(D-201-300, V-V-300, V-B-300, Medical Alumina)[2] 
were prepared and immersed in hydrochloric acid at pH3 
overnight for acid treatment. A fluororesin column (ID 9 
mm × 62 mm) whose shape was same as that built into a 
commercial 99Mo/99mTc generator was filled with 2 g of 
each alumina specimen. The column was connected to a 
peristaltic pump and 0.2 mL of Mo solution was added to 
each column. Then, fifty milliliter of saline was flowed 
through the columns to wash thoroughly. After 24 hours, 
ten milliliter of saline was flowed through the columns to 
obtain 99mTc solutions as milking process. The eluate was 
collected as 1mL aliquots. The flow rate was approxi-
mately 40 mL/h. The milking was carried out for 2 days. 
The activities of obtained solution were measured by a 
gamma ray spectrometer. 

RESULTS:  The 99Mo specific activity of the Mo solu-
tion was 13.1 MBq/g-Mo when the solution was added to 
the columns. 
Table 1 shows the Mo adsorption capacities of each alu-
mina specimen. The alumina specimens were subjected to 

acid treatment, but the adsorption capacities didn’t im-
prove. About 90% or more of 99mTc was eluted with 4 mL 
of saline with the developed alumina specimen.  

On the other hand, 99Mo was contained in the 99mTc solu-
tions eluted from the columns. In the Minimum Re-
quirements for Radiopharmaceuticals of Japan (MRRP), 
the desorbed 99Mo amount in 99mTc solution is specified 
using the 99Mo/99mTc ratio as an index. The standard val-
ue is 99Mo/99mTc ≤ 0.015%. Fig.1 shows a comparison of 
the 99Mo/99mTc ratio of the 99mTc solution in the present 
work and the previous work. In the 99Mo desorption re-
duction measures, the acid treatment of alumina had no 
effect. However, due to the application of dynamic ad-
sorption, increasing the concentration of Mo solution, and 
reducing the amount of Mo added, the 99Mo/99mTc ratio 
was significantly improved and reduced by about 50%. 
Therefore, it was suggested that the application of dy-
namic adsorption, increasing the concentration of Mo 
solution and reducing the amount of Mo added are effec-
tive in improving the Mo desorption property. 

D-201-300
V-V-300

V-B-300
Medical Alumina

previous work

0

5

10

15

20

0 2 4 6 8 10 12

99
M

o/
99

m
T

c 
(%

)

Eluent volume (mL)

D-201-300

V-V-300

V-B-300

Medical Alumina

present work

The pH standard value of the 99mTc solution is specified 
as pH 4.5 to 7.0. The pH of the 99mTc solution obtained 
from the developed alumina specimens deviated to the 
basic side. 
In this work, the 99mTc solution didn't meet the MRRP, 
but it was suggested that the quality could be improved 
by changing the adsorption method and conditions. It is 
difficult to meet the MRRP with the current column 
shape. In the future, we will improve the quality of the 
99mTc solution for practical use by optimizing the column 
shape and Mo adsorption conditions. 

REFERENCES: 
[1] Y. Fujita et al., J. Radioanal. Nucl. Chem. 327(2021)

1355-1363.
[2] Y. Suzuki et al., Transactions of the Materials Re-

search Society of Japan, 43(2018)75-80.

Fig. 1.  Comparison of the 99Mo/99mTc ratio of the 99mTc 
solution in the present work (dynamic adsorption) and 
the previous work (static adsorption) on day 1. 

Table 1. Mo adsorption capacities of alumina specimen. 

D-201-300 V-V-300 V-B-300 Medical Alumina 

Mo adsorption 
capacity 

(mg/g-Al2O3) 
24.1 31.4 30.8 28.8 
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INTRODUCTION:  The rare-earth (RE)-based cuprate 
superconductor REBa2Cu3Oy (REBCO) exhibits high- 
temperature superconductivity and is expected to be use-
ful for magnetic coils. Critical current properties in ap-
plied magnetic fields are improved by introducing lattice 
defects using ion-irradiation techniques. Positrons are 
sensitive to vacancy-type defects, and they are useful for 
characterizing irradiation-induced defects. However, it is 
difficult to characterize irradiation-induced defects in 
GdBCO coated conductors (CCs), which were industri-
ally produced with a roll-to-roll process because GdBCO 
CCs initially contain vacancy clusters, whose size is 
larger than that of the newly-formed defects induced by 
the irradiation [1]. In this study, yttria stabilized zirconia 
(YSZ), which is an oxidized material and almost the 
same density as GdBCO, single crystal substrates were 
irradiated with He ions at 600 keV or Au ions at 10 MeV, 
and then probed using a slow positron beam. 

EXPERIMENTS:  The YSZ single crystal substrates 
were irradiated with 600 keV He+ (< 2.0×1016 cm−2) or 10 
MeV Au4+ (< 7.0×1013 cm−2) ions. The unirradiated and 
irradiated samples were probed by the KUR slow posi-
tron beam and the Doppler broadening of annihilation 
radiation (DBAR) spectra were acquired with incident 
positron energies E+ = 9 keV. Figure 1 shows positron 
implantation profile. The sharpness of the DBAR spectra 
is evaluated by a value called the S-parameter, which 
becomes generally lower when positrons annihilate in a 
perfect lattice, and higher when positrons are trapped into 
vacancies [2]. 

RESULTS:  Figure 2(a) and 2(b) show dose depend-
ence of S-parameter for YSZ single crystals irradiated at 
600 keV He+ and 10 MeV Au4+ ions, respectively. 
S-parameter is closely correlated to concentration and
size of defects in a material. As shown in Fig. 2,
S-parameters increases with increasing fluence up to
1.0×1016 cm−2 for He-ion irradiation and 2.0×1013 cm−2

for Au-ion irradiation, above which no significant in-
crease can be observed. This indicates that almost all of
the positrons are trapped at irradiation-induced vacan-
cy-type defects in the samples with the saturated
S-parameter value. The saturated S-parameter value of
YSZ single crystal substrate irradiated at 10 MeV Au ions 
is larger than that of the one irradiated at 600 keV He 
ions. This could be because the size of irradiation defect 
produced by Au-ions is larger than that of the one pro-
duced by He-ions.  

REFERENCES: 
[1]  A. Yabuuchi et al., Appl. Phys. Express, 13

(2020) 123004.
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single crystals substrate irradiated at (a)600 keV He+ 
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INTRODUCTION: To study the influences of ion irra-
diation induced damage on semiconductor surfaces at 
lower energies, we have prepared the plasma-exposed 
chips of the Si wafer as the samples. In the previous 
study using the oxygen plasma [1], we have observed 
almost no damages inside the sample surfaces. Because 
of the use of the oxygen, the Si surface was oxidized and 
the surface of the Si sample was covered with thin oxi-
dized films. Therefore, the effect of the plasma treatment 
on Si substrate was not evaluated. In the present study, 
we have used the SF6 gas to generate the plasma, and the 
effect of the damage induced during the etching of the Si 
surface was investigated by the S (line shape) parameter 
and the life-time measurement of the positron annihila-
tion using the KUR slow positron beam system.  

EXPERIMENTS: Chips of a Si (100) wafer with a size 
of about 18 mm  18 mm were exposed to the RF (ra-
dio-frequency) plasma at a power of 5 W (#2, #3, #6, #7) 
or 40 W (#4, #5, #8, #9) with the oxygen gas pressure of 
10 Pa (#2-#5) or 30 Pa (#6-#9) for 15 min. (#2,#4, #6, 
#8) or 30 min. (#3, #5, #7, #9). The sample of #1 was an 
untreated Si as a reference. For the measurement of the S 
parameters, slow positron beans at energies of 0 – 30 keV 
was used. Positron annihilation intensity at inter-lattice 
(I1) with bound electrons and inside damages (I2) with 
conduction electrons were obtained from the positron 
life-time spectra for each sample.  

RESULTS:  Fig. 1 shows the S parameters for the 
plasma treated, as well as untreated, Si wafer samples. In 
contrast to the oxygen plasma treated Si [1], S parameters 

at lower positron energies for plasma treated Si were in-
creased, showing that the damages were induced to the 
surface region of the Si wafer during the plasma etching 
using the SF6 gas. The S parameter of #2 (SF6 gas pres-
sure of 10 Pa) was larger than #6 (that of 30 Pa), which is 
because of the larger ion energies inside plasma for lower 
gas ambient in which the collision between ions (and/or 
radicals) are reduced in the lower density plasma.  

 From the life-time measurement of the positron annihi-
lation, the annihilation intensity of positrons at in-
ter-lattice sites (I1) and that at inside damages (I2), such 
as vacancies and voids, can be obtained. The result is 
shown in Table 1. Although I1 was far larger than I2 for 
untreated Si (#1), as might be expected, the values of I2 
were increased to roughly about 6 - 7 times of that of I1 
after plasma treatment, indicating that the damages were 
surely induced by the plasma treatment used in the pre-
sent study. For the sample #9, however, the value of I2 
was lower compared to other plasma-treated Si (#2 - #8). 
This might be because of the recovery of the induced 
damages due to the temperature-rise of the Si sample (i.e., 
annealing effect) during the plasma treatment using the 
conditions of the plasma of higher RF power (40 W), 
higher SF6 gas pressure (30 Pa), and longer process time 
(30 min.), used for #9.  

sample I1 [%] I2 [%] 
#1 93.27 6.728 
#2 12.03 87.97 
#3 14.64 85.36 
#4 15.46 84.54 
#5 11.94 88.06 
#6 11.03 88.97 
#7 12.89 87.11 
#8 16.03 83.97 
#9 19.82 80.18 

CONCLUSION: After the SF6-plasma treatment of Si 
wafer, damages of the etched surface was investigated 
using the method of the positron annihilations. It is found 
that both the value of the S parameter and the value of the 
annihilation intensity of positrons at inside damages were 
increased after the plasma treatment, indicating that 
damages, such as vacancies and voids, were induced in-
side the etched Si surfaces after the plasma treatment at 
conditions used in the present study. 

REFERENCE:
[1] J. Yanagisawa, T. Furukawa, Q. Xu, A. Yabuuchi, K.

Takamiya, and A. Kinomura, KURNS Progress Re-
port 2020 (Kyoto University), CO4-6 (R2052).

Fig. 1.  S parameters for SF6 plasma treated (#2, #6) 
and untreated (#1) Si wafer samples as a function of 
positron energy.  

Table 1. Annihilation intensities of positrons with 
electrons at inter-lattice (I1) and inside damages (I2).  

CO4-11

- 120 -

R3078



Complex Structure of Ions Coordinated with Hydrophilic Polymer 22. 
Ionic Diffusion in Polymeric Structure Utilized by Polyiodide Ions. (3) 

A. Kawaguchi and Y. Morimoto

KURNS

INTRODUCTION: 

We have been investigating dynamical and interacted 
structures between iodine and polymers.  Here, the term 
of "iodine" indicates not only simple I2, but polyiodide 
ions ( In

m-, m, n: integer, n > 1, "Poly-Iod" mentioned 
below) as charged molecules, which suggest concealed 
potential and diverse availability. [1,2] 

While "Poly-Iods" are composed of iodine as unique 
element, their structure (atomic distance and charge dis-
tribution in one molecule) and coordination behavior 
between "Poly-Iods" can be widely modified corre-
sponding to their environment.  Occasionally, dipole or 
distributed positive charge (σ-hole) on "Poly-Iods" can
be localized corresponding to their bonds with other at-
oms or ions.  Or, though iodine is a member of halogen, 
mono-iodide ion, I+, which does not belong to 
"Poly-Iods", can behave as single ion with positive 
charge. [3,4]  

Such characteristic nature and ambiguity of iodine or 
"Poly-Iods" are also more emphasized in interaction with 
polymeric matrices or macromolecular environments. 
Experimental procedure for "iodine doping", which in-
troduces "Poly-Iods" solved in solutions into the matrices 
advances through easy operation under normal pressure 
at room temperature.  While various polymers (both 
natural and synthesized ones) can diffuse "Poly-Iods" 
into them and construct modified structure in which each 
matrix coordinates with "Poly-Iods", the structures as 
"iodine-doped" polymer often indicates paradoxical re-
sults as phenomena.  For example, operation of "iodine 
doping" for polyamide-6 (PA6) introduces hardening and 
structuring as coordination of "Poly-Iods" with crystallite 
of PA6 or their re-orientation.  On the other hand, sim-
ultaneously, operation also introduces softening or 
de-structuring as vanishing orientation or activation for 
ionic mobility. [5-7]  Such paradoxical behaviors can be 
observed not only in PA6 matrix but also in other hydro-
philic matrices such as poly vinyl-alcohol (PVA) or even 
in hydrophobic matrices.  Furthermore, "Poly-Iods" 
even solved in aqueous solutions can interact with hy-
drophobic matrices. [8] 

These paradoxical ambiguity indicated by "io-
dine-doping" process and following activity suggest that 
"Poly-Iods", which are surely charged molecules solved 
in aqueous solutions, may overcome division between 
hydrophilic and hydrophobic matrices restrictively. 

DISCUSSION:

The most popular phenomenon as coordinated structure 
between "Poly-Iods" and polymer is "iodine-starch com-

plex"; it is explained as coordination of starch as aque-
ously solved polymer with I3

- or I5
-.[9]  On the other 

hand, existence of I5
- or hydrophobic structure of helix 

chain of starch in the complex is not considered suffi-
ciently.  And, besides such aqueously solved polymer as 
host matrices, structure and functionality in matrices like 
as PA6 or PVA, which are hydrophilic and but unsolvable, 
should be complicated.  Additionally, comprehensive 
explanation or theory have not be suggested yet. 

Modestly saying, however, explanation should be of-
fered beyond common dogma which may not be often 
considered strictly in chemistry.  While chemical struc-
ture of monomer unit along polymer chain should be one 
of important information, it does not wholly dominate 
and explain characterization and functionality of poly-
meric system where hierarchic structures exist inevitably.  
There can be suggested "hydrophilicity or dipole in hy-
drophobic matrix" or "(localized) hydrophobicity in hy-
drophilic polymer". 

In such microscopic environment presented for diffusion, 
simultaneous achievement for both coordination to fix 
ions with host matrices and dynamic transfer of sub-
stances through them can be suggested.  It also means 
that "hydrophilicity vs. hydrophobicity of polymer" or 
"softening vs. hardening of result composite" should be 
discussed considering hierarchic structures in polymers. 

Such ambiguous discussion which deviates from ordi-
nary chemistry might be required for dynamics and 
structure in polymeric matrices. [to be continued] 
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INTRODUCTION:  In recent years, energy-saving has 
become one of the most critical issues for developments 
in particle accelerator research.  The range of applica-
tions of permanent magnets in accelerators is expanding 
to reduce energy consumption.  In addition to rare earth 
magnets with large remanent magnetization, the use of 
inexpensive ferrite magnets has been proposed [1,2]. 
  One of the problems associated with applying perma-
nent magnets in particle accelerators is demagnetization 
caused by radiation.  Many research groups conducted 
experiments to evaluate the demagnetization for undula-
tors in synchrotron radiation facilities [3], but the data 
has many discrepancies [4].  In addition, there is a lack 
of data on radiation demagnetization for ferrite magnets. 
Therefore, a more precise analysis of the radiation de-
magnetization is required for accelerators targeting higher 
beam intensities.  Experiments have been carried out 
using the irradiation facilities of the KUR. 

EXPERIMENTS:  In this study, magnet samples were 
irradiated with up to 3 x 1019 n/cm2 neutrons using a 
Pneumatic transport tube (Pn-2), a hydraulic transport 
tube (Hyd), and a long-term irradiation plug (LI).  
The rate of radiation-induced demagnetization was eval-
uated by comparing the remanent magnetization of sam-
ples before and after the irradiation.  To measure the 
magnetization of the samples, we prepared a rotating 
stage for magnet samples and a Helmholtz-like pickup 
coil.  By rotating the sample in the pickup coil, the 
voltage is induced in the coil.  The measured amplitude 
of the induced voltage corresponds to the magnetization 
of the sample.  This method made it possible to evaluate 
the amount of magnetization more precisely and in a 
shorter time than with a Hall probe [5,6].   

RESULT AND DISCUSSION:  Ferrite magnets 
(Y30H) and neodymium magnets (N35H, N40) were 
used as samples in this experiment.  Fig. 1 shows the 
measured demagnetization rate as a function of irradiated 
neutron fluence [7].  For the ferrite magnets, 10% de-
magnetization was observed at a neutron fluence of 3 x 
1019 n/cm2.  For neodymium magnets, it was confirmed 
that large demagnetization was observed up to an irradia-
tion dose of 10 x 1016 n/cm2.  Comparing the results of 
N35N and N40, the magnitude of demagnetization differs 
by approximately a factor of two for the same amount of 
neutron irradiation.  These results suggest that one of 
the reasons for the variation of data in previous studies 
may be that the samples with different compositions were 
treated the same.  The temperature of the sample at the 
time of irradiation may also affect the degree of demag-

netization.  As a next plan, we plan to conduct experi-
ments to systematically evaluate the effects of different 
material compositions and irradiation temperatures on 
demagnetization. 
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Fig. 1.  Measured demagnetization rate for the 
samples of ferrite (Y30H), and neodymium magnets 
(N35H, N40). 
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INTRODUCTION:  A wide variety of biomolecules 
exist at high concentrations in the living cells and are 
thought to have a significant effect on the structure and 
dynamics of proteins. 1-3 Usually, measurement experi-
ments on protein solutions are performed using dilute 
solutions (1 mg/mL or less). However, there is a large 
difference from the actual concentration (200 to 400 
mg/mL) in the living cell. Therefore, it is quite important 
to reproduce the intracellular environment by adding 
various compounds (so-called crowders to reproduce the 
intracellular crowded system) at high concentrations to 
measure protein structure and dynamics under realistic 
conditions, and polymer crowders have been studied. 

In this study, we focus on the preparation of polyeth-
ylene glycol (PEG) and deuterated PEG as macromolec-
ular crowders to analyze their properties by small-angle 
X-ray scattering (SAXS) and dynamic light scattering
(DLS) experiments.

EXPERIMENTS and RESULTS: Firstly, we have tried 
direct polymerization of 1,2-ethanediol in the presence of 
iodine according to the previous report. After the heating 
for 22 h at 190 °C, we obtained the corresponding oligo-
meric products (up to 5 mers) and could not obtained 
H-PEG (Scheme 1). 4

Scheme 1.  Synthesis of a PEG from 1,2-ethanediol at 
190 °C for 22 h. 

We then tried a polymerization of ethylene sulfite in 
the presence of methyl trifluoromethanesulfonate ac-
cording to a report (Scheme 2).5 

Scheme 2.  Synthesis of PEG from ethylene sulfite at 
60 °C for 5 days. 

After 5 days at 60 °C, PEG was obtained at 25% yield. 
The number average molecular weight of the obtained 
PEG was estimated as 1140 (25.9 mers) based on the 1H 
NMR analysis.

Subsequently, we tried to partially deuterated PEG, 
which is an important material for the contrast variation 
small-angle neutron scattering (SANS) measurements. 
1,2-ethanediol and deuterated 1,2-ethanediol was con-
verted to deuterated and non-deuterated 
1,3,2-dioxathiolane 2-oxide, which were polymerized in 
the presence of methyl trifluoromethanesulfonate without 
purification (Scheme 3). We certainly obtained the par-
tially deuterated PEG; however, the yield was insufficient 
(8.5%). Now we are optimizing the reaction conditions of 
this reaction to obtain partially deuterated PEGs with 
high yield to submit SAXS, DLS, and SANS experi-
ments. 

Scheme 3.  Synthesis of a partially deuterated PEG 
from 1,3,2-dioxathiolane 2-oxide from 1,2-ethanediol 
and deuterated 1,2-ethanediol. 
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INTRODUCTION: Ultrafine bubbles, the gaseous cavi-
ties with diameters less than one micrometer, have recently 
attracted much attention because of their multifunctionali-
ties [1]. While applications of ultrafine bubbles are ex-
tended in a wide variety of fields, fundamental studies on 
ultrafine bubbles themselves are not well extended be-
cause of their small size, smaller than the wavelength of 
radiant rays.  
As we have previously shown in the internal pressure 
measurement of Xe-ultrafine bubbles [2], the perturbed 
angular correlation measurement is a useful technique for 
the study of the ultrafine bubble.  
This time, the time differential perturbed angular correla-
tion (TDPAC) of 111Cd( ¬ 111In) in the aqueous solution 
with ultrafine bubbles is performed for the study of the in-
terface of ultrafine bubbles, which should be one of the 
essential origins of its multifunctionality.  

EXPERIMENTS: Typical four-counter TDPAC meas-
urements were performed for the 171-245 keV cascade in 
111Cd( ¬ 111In) in aqueous solutions of pH = 2, 10, and 14 
with/without Oxygen-ultrafine bubbles. The average di-
ameter and the density of the ultrafine bubbles in each 
sample were 314 nm and 1.03 ´107/mL, respectively. 111In 
was obtained from Nihon Medi-Physics as the aqueous so-
lution of 111InCl3 at the pH of approximately 2. This 111In 
solution was added to each aqueous solution sample, fol-
lowed by the pH adjustments by the appropriate addition 
of NaOH or HCl. For comparison, aqueous samples with-
out ultrafine bubbles were also prepared in the same way. 
The angular correlation term 𝐴!!𝐺!!(𝑡) is given by the 
following equation, 

𝐴!!𝐺!!(t) =
!"#(%&'∘,))+#(,'∘,))-
#(%&'∘,)).!#(,'∘,))

, 

where N(90°, t) and N(180°, t) are the counting numbers 
of the 171-245 keV γ-γ cascade at 90 and 180 degrees, re-
spectively. Time-dependent term G22(t) for each sample 
was obtained by normalizing obtained A22G22(t) by the 

asymmetry parameter of 171-245 keV cascade in 111Cd, 
A22 = –0.18. 

RESULTS: Demille reported a long relaxation time in the 
cases that either low (up to pH = 3.5) or high (between pH 
= 13 and 14) pH region, and an initial drop to a minimum 
at 15 to 20 ns and at later times a slow relaxation similar 
to that observed at extreme pH values in pH = 3.5~13. This 
pH dependence is understood as the quadrupole interaction 
in the symmetrical complexes [In(H2O)6]3+ and 
[In(OH)6]3- in extreme pH values, and the formation of less 
symmetrical complexes and tumbling aggregations at in-
termediate pH values [3].  
Observed G22(t) in the present study well reproduced the 
results reported by Demille, and the initial drop at 15 to 20 
ns in G22(t) at pH = 10 was more significant in Oxygen-
ultrafine bubble water （Fig. 1). This difference may be 
caused by the interactions between the In complexes and 
the ultrafine bubbles. More studies, such as the detailed pH 
dependence, are underway. 

The present work is supported by JSPS KAKENHI Grant 
Number 18K03948 and 21K03854. 

Fig. 1 TDPAC spectra of 111Cd(¬ 111In) in ultrafine bubble 
water and pure water at pH = 10.  

REFERENCES:[1] E. G. Denis, The fine bubble break-
through. https://www.iso.org/news/2014/05/Ref1844.html 
[2] M. Tanigaki, T. Yamakura, Y. Ueda, A. Taniguchi, Y.
Tokuda, and Y. Ohkubo, KURNS Progress Report 2018,
p.31.
[3] G. R. Demille, D. L. Livesey, K. Mailer and S. P.
Turner, Chemical Physics Letters, 44 (1976) 164–168.
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INTRODUCTION:  In DT fusion reactors, under-
standing of tritium behavior is important from a view-
point of safety. In the self-cooling liquid blanket concept 
tritium breeding material plays two important roles of 
tritium transport and heat transport. Tritium is produced 
in the breeding material by the nuclear reaction between 
neutrons and Li. Fluoride molten salts such as FLiNaBe 
and FLiBe are a promising liquid blanket material due to 
high stability at high temperatures, low reactivity with O2 
and H2O, and low MHD pressure drop. Since fluoride 
molten salts have a low solubility for hydrogen isotopes, 
the produced tritium tends to release from the molten salt. 
This property means that tritium can be easily recovered 
from the molten salt but also a part of tritium is lost to the 
outside of cooling tubes by the permeation on the way to 
the tritium recovery system. For suppressing tritium loss 
by increasing effective solubility for tritium, the addition 
of Ti powder was proposed [1]. However, few studies on 
molten salt materials containing Ti powder have been 
performed. In order to control tritium safely and to design 
tritium recovery system, it is necessary to understand the 
fundamental behavior of tritium in the molten salt mixed 
with Ti powder. Since FLiNaBe and FLiBe contain high-
ly toxic beryllium and is not easy to handle safety, 
FLiNaK is usually used as a simulated fluid. In this study, 
the solid state sample of FLiNaK mixed with Ti powder 
was irradiated by neutrons at Kyoto University Research 
Reactor, and tritium release behavior from the free sur-
face of the molten salt by heating was observed in Kyu-
shu University. 

EXPERIMENTS:  In the powders of LiF, NaF and KF 
were mixed in a Ni crucible under Ar atmosphere. The Ni 
crucible was put in the stainless-steel heating pot and 
repeatedly heated to 600 ℃ with Ar purging to remove 
impurity water vapor. The heating was repeated to ho-
mogenize the FLiNaK and the plateau region of temper-
ature change was confirmed at at 454 ℃ which is melting 
point of FLiNaK. Ti powder was added to the part of 
FLiNaK with 2.5 wt% and it was heated with Ar purging. 
The prepared sample of FLiNaK was packed into quartz 
tubes in vacuum and it was installed into a polyethylene 
capsule. The thermal neutrons irradiation was performed 
by at pneumatic tube 2 (Pn-2) with the fluence of at 
Pneumatic Tube 2 (Pn-2) of the 1.7×1015 cm-2. 

Tritium release experiment was carried out in Kyushu 
University. The schematic illustration of experimental 
apparatus is shown in Fig.1 The irradiated sample was 

put in a Mo crucible and it was installed in the stain-
less-steel reaction tube. In order to melt the sample suffi-
ciently, heating temperature was set to be to 600 ℃ or 
700 ℃ with Ar purge. The chemical form of tritium re-
leased from the sample was expected to be TF and HT 
(T2) and HTO (T2O) and these were separately quantified. 
Details of the quantification method were described in 
Ref.2. 
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Fig.1 The schematic of experimental apparatus. 

RESULTS:  Fig.2 shows tritium desorption rate of HT 
and TF from neutron irradiated FLiNaK with 2.5 wt% Ti 
powder. It was found that most tritium was released as 
HT. A large difference was observed in the change of 
desorption rate between 600 ℃ and 700 ℃. It can be said 
that the lower the temperature, the higher the tritium ab-
sorption capacity of Ti, so that the amount of tritium 
transferred to Ti in FLiNaK increased and the release 
from the free interface was suppressed. Since tritium de-
sorption from Ti is took place with decreasing tritium 
concentration in FLiNaK, the decreasing of the desorp-
tion rate was slow at 600 ℃. On the other hand, at 700 ° 
C, the amount of tritium absorbed in Ti is small, and the 
concentration of tritium in FLiNaK decreased rapidly, 
and the decreasing of the desorption rate was fast. 
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Fig.2 Tritium desorption rate at 600 ℃ and 700 ℃ 
from FLiNaK mixed with 2.5 wt% Ti. 
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INTRODUCTION:  In the fusion blanket system, 
tritium (T) is produced by (n, α) reaction with lithium 
(Li). Li2TiO3 (LTO) and Li4SiO4 (LSO) are regarded as 
one of the promising solid breeder candidates. LTO has 
higher chemical stability, but the lithium density is not so 
high. On the contrary, LSO has higher Li density. Re-
cently, LSO-LTO biphasic materials are proposed as ad-
vanced candidates to achieve high tritium breeder ratio 
(TBR) and quick T recovery at lower temperature by the 
combination of both LSO and LTO advantages. However, 
the T recovery performance was not well understood. In 
this study, LSO-LTO biphasic materials with various 
phase ratios were used and their tritium desorption be-
haviors after neutron irradiation was evaluated by T 
thermal desorption spectroscopy (T-TDS). 
EXPERIMENTS:  Three kinds of pebble samples with 
different phase rates, namely Li4SiO4-Li2TiO3

(LSO-LTO), 2Li4SiO4-Li2TiO3 (2LSO-LTO) and 
Li4SiO4-2Li2TiO3 (LSO-2LTO) were fabricated at 
Southwestern Institute of Physics (SWIP) in China [1]. 
These samples were introduced in Kyoto University Re-
search Reactor (KUR) to perform neutron irradiation. 
The thermal neutron flux was 5.50×1012 n cm-2 s-1 and the 
fluence was reached to be 7.96×1016 n cm-2. After the 
neutron irradiation, T-TDS measurement was performed 
at Shizuoka University from R.T. to 1113 K with the 
heating rates of 5 - 30 K min-1. After T-TDS, total T 
amount trapped by water bubbler was measured by a 
liquid scintillation counter. 
RESULTS:  Fig. 1 shows the T-TDS results. In this 
experiment, no HT was observed and almost all of T was 
released as HTO form. The major T desorption tempera-
ture was shifted toward lower temperature side as in-
creasing the phase rate of LTO. For 2LSO-LTO sample, 
the T desorption was also observed at higher temperature 

side, but as increasing the phase ratio of LTO, these de-
sorption peaks were disappeared. This is conceivable that 
the grain size is become smaller as increasing the content 
of LTO, which would affect the tritium desorption due to 
shorter diffusion distance. Table 1 summarizes the lithi-
um density and the amount of desorbed T with chemical 
form of HTO and HT. It was clear that most of T was 
released as water form (HTO). The largest T retention 
was observed for 2LSO-LTO, and as the phase ratio of 
LTO increased, T retention was reduced, which was con-
sistent with Li density in the samples. In addition, by 
increasing the phase ratio of LTO, T release temperature 
were shifted toward lower temperature side, indicating to 
the easy T recovery. Comparing of T-TDS spectra for 
biphasic LSO-LTO ceramic with monophase LSO or 
LTO, the shape of TDS spectra was close to that for LTO 
as increasing the phase rate of LTO. As the phase ratio of 
LSO was increased, T-TDS spectra was consistent with 
that for monophase LSO. [2,3] Therefore, it was con-
cluded that LSO-LTO biphasic materials with the phase 
ratio of 1 : 1 has higher T recovery performance at lower 
temperature and good mechanical property. 

Fig. 1 T-TDS spectra of 2LSO-LTO, LSO-LTO and 
LSO-2LTO at 20 K min-1. 

Table 1 Li density and the amount of desorbed tritium. 

Sample Li density 
(g cm-3) 

HTO 
(MBq g-1) 

HT 
(MBq g-1) 

2LSO-LTO 0.44 8.63 0.21 

LSO-LTO 0.39 4.37 0.28 

LSO-2LTO 0.35 3.27 0.12 
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INTRODUCTION:  Tsai et al. [1] originally proposed 
the concept of sluggish diffusion, based on a positive 
correlation between the activation energies for atomic 
diffusion, which are normalized by the melting tempera-
ture, Tm , and the number of constituent elements in the 
CrMnFeCoNi high-entropy alloy(HEA) and its subsys-
tems. However, the reason for the sluggishness of diffu-
sion is not quite clear. 

In the CrMnFeCoNi HEA and its subsystems at high 
temperatures, atomic diffusion is expected to proceed via 
a vacancy mechanism because they are substitutional 
solid solutions. Therefore, vacancy formation and migra-
tion energies in the CrMnFeCoNi HEA and its subsys-
tems are important indexes for understanding the sluggish 
diffusion. In this work we have evaluated the vacancy 
migration energy in CrFeCoNi medium-entropy alloy by 
observing the vacancy migration and annihilation behav-
ior during an annealing process after electron irradiation, 
with the use of the positron lifetime spectroscopy.  

EXPERIMENTS:  An arc-melted ingot of CrFeCoNi 
alloy was homogenized at 1373K for 24 h under argon 
atmosphere, and cut into 10 mm × 10 mm × 0.5 mm 
plates. The plates were polished and then sealed in silica 
tubes. Solution heat treatment was carried out for 1 h at 
1373 K and the samples were quenched in water. Their 
X-ray diffraction analysis shows that all the samples are
composed of single phase with a fcc structure. Then, the
samples were irradiated in water with 8 MeV electrons at
a fluence of approximately, 1 × 1022 e− m−2 below 358 K
using the electron linear accelerator at the Institute for
Integrated Radiation and Nuclear Science, Kyoto Univer-
sity. The irradiated samples were isochronally annealed in
a temperature range from 373 to 673 K. The temperature
step during the isochronal annealing was 25 K and the
duration of exposure to each temperature was 1 h.

The positron lifetime measurements were made at 
297–299 K using a fast-fast timing coincidence system 
with a time resolution(FWHM) of 180–183 ps.  

RESULTS:  Before the electron irradiation the positron 
lifetime spectrum for the solution-treated alloys was rep-
resented by only one component of 108 ps, which is ap-
proximately equal to the values calculated for the de-
fect-free constituent pure metals. This indicates that posi-
trons annihilate in the bulk for the solution-treated alloy 
sample. After electron irradiation, the mean positron life-
time was increased to 133 ps. The analysis of positron 
lifetime spectra for the as-irradiated sample shows that 
many positrons are trapped and annihilate in the mono-
vacancies introduced by electron irradiation, because the 
lifetime component, τ2 , of trapped positrons was 180 ps, 

which is in agreement with the experimental values for 
monovacancies in the constituent pure metals. Assming 
that the specific trapping rate of monovacancies, μv , is 
1015 s −1, the vacancy concentration in the as-irradiated 
sample is of the order of a few atomic parts per million. 

Fig.1 shows the change in the vacancy concentration 
during the isochronal annealing of the irradiated sample, 
which was evaluated on the basis of the two- or 
three-component analyses for the positron lifetime spec-
tra. In the temperature range where dislocations and 
monovacancies are expected to coexist, the positron life-
time spectra were analyzed on the assumption that the 
positron lifetime component of dislocation is 150 ps. As 
shown in Fig.1, the vacancy concentration decreases with 
annealing temperature, because the vacancies introduced 
by electron irradiation gradually disappear as the vacan-
cies become mobile during the isochronal annealing. The 
decrease in the vacancy concentration was theoretically 
analyzed on the basis of Dryzek et al.’s model for iso-
thermal annealing [2] .  

Assuming that the vacancy migration energy is constant 
over the whole temperature range, there remains a few 
discrepancies between the theoretical fitting model and 
the experimental data, as shown in Fig.1. The positron 
lifetime measurements indicate that dislocation loop 
components are detected in addition to  vacancies at 
high temperatures, suggesting that the vacancy migration 
process is easily influenced by the presence of disloca-
tions. Therefore, we assumed two-component vacancy 
migration energies ( Hm

L , H m
H ) and optimized their 

values to fit the experimental data. The value of Hm
L ob-

tained in the low temperature range is 0.92 eV, which is 
nearly equal to 0.93 eV of vacancy migration energy in 
CrMnFeCoNi [3].  

Fig. 1 The relative changes in vacancy concentration ob-
tained from experiments and theoretical calculations. 

REFERENCES:
[1] K. Y. Tsai, M. H. Tsai and J. W. Yeh, Acta Mater., 61

(2013) 4887.
[2] J. Dryzek, C. Wesseling, E. Dryzek and B. Cleff, Ma-

ter. Lett., 21 (1994) 209.
[3] K. Sugita, R. Ogawa, M. Mizuno, H. Araki and A.

Yabuuchi, Scripta Materialia, 208 (2022) 114339.

CO4-18

- 127 -

R3119 



R3120 

A study on destruction of cesium aluminosilicate compounds by gamma irradiation (3) 

H. Ohashi, R. Tawatari, T. Saito1

Faculty of Symbiotic Systems Science, Fukushima Uni-
versity 
1KURNS

INTRODUCTION:  Pollucite which is one of cesium 
aluminosilicate compounds have attracted attention as a 
final storage material of 134Cs and 137Cs.  Pollucite is 
able to synthesized by hydrothermal method in low tem-
perature below 300oC [1]. Pollucite has various proper-
ties that favor the immobilization of Cs ions. 
  However, the damage to the aluminosilicate frame-
work by radiation decay is concerned because it contains 
134Cs and 137Cs. It has been reported that the effect of 
β-ray emission and nuclide conversion by β-decay of 
137Cs on aluminosilicate framework is minor [2, 3]. On 
the other hand, there are few reports of effects by gamma 
rays on pollucite framework. Therefore, we examined the 
effect of gamma radiation on the aluminosilicate frame-
work of Pollucite. 

EXPERIMENTS:  Potassium aluminate, potassium 
metasilicate and cesium chloride were dissolved in potas-
sium hydroxide solution. The solution was placed in a 
Teflon inner cylinder pressure container. Pollucite was 
synthesized by hydrothermal method, holding the con-
tainer at 180oC for 48 hours. The resulting precipitate was 
washed by distilled water. Thereafter, each solid was col-
lected by filtration and dried at 110 oC for 12 hours or 
more. After that, each dried solid was stirred and washed 
using 0.1 mol dm-3 HCl and NH4Cl for a day, respective-
ly. 

The powder samples were characterized by XRD, and 
gamma-irradiated at 0 and 100 kGy by 60Co source. The 
leaching test by PCT-A method [4] was carried out to 
evaluate the change of Cs retention performance by 
framework damage. Concentration of cesium in solution 
leached was estimated by Ge Semiconductor Detector 
and atomic absorption spectrophotometry

RESULTS:  All the XRD patterns of powders prepared 
were demonstrated that they were pollucite, and all the 
patterns showed that they contained only single-phase 
pollucite. The leaktests have been studied and we esti-
mated that amount of leached cesium from samples with 
and without 60Co-irradiation were over 10 ppm Cs.  It 
was quite higher than those measured by other research-
ers[5]. Then, each dried solid was washed using 0.1 mol 
dm-3 HCl and NH4Cl.  The results for leaktests were 
shown in  Table 1. The concentration of cesium ions 
leaked from pollucite was 10-15 ppm Cs. It was compa-
rable with that at last year.  The reason why the cesium 
ion concentration decreased by washing was due to the 
excessive adsorption of cesium ions on the sample sur-
face. The washing process has proved to be very 
im-portant in preparing the final disposal material.  
  In our previous study, the irradiated pollucite sample 
showed little difference from the non-irradiated one in the 
amount of leached cesium. There were no effects of -ray 
on the aluminosilicate framework of pollucite in these 
experiments. 

Table 1 Results for PCT-A-like leaktest. 
sample T 

(
o
C)

t / 

hr 

Leakage 

rate 

Method 

Fukushima 

polluted soil 

90 40 0.126% Ge Semicon-

ductor Detector 

Pollucite 90 40 0.034% AAS 
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INTRODUCTION: Metallofullerene (EMF) is a clath-
rate compound encapsulating metal atom in fullerene 
molecule. Lanthanide (Ln) EMFs: Ln@C82 have two or 
three charge transferred electrons on the C82 cage from 
the encapsulated Ln atom, and their electronic states re-
flecting the number of charge transfer electrons [1]. From 
the view point of inorgnic chemistry, It is interesing to 
know that the effect of the electronic state for a series of 
the encapsulated 10 lanthanide elements (La, Ce, Pr, Nd, 
Gd, Tb, Dy, Ho, Er, Lu) with the electronic states of 
(Ln3+)@(C82

3-) on the electronic state of the Ln@C82 
molecule from the difference in interaction with pylenyl 
stationary phase. So far, we have made clear the retention 
time in the pyrenyl stationary phase for five types of 
Ln@C82 from La to Gd by the thermal neutron activation 
method. On the other hand, the HPLC retention time of 
Ln@C82 with heavy lanthanide elements have not been 
obtained because the half-life of the radio nuclide pro-
duced by thermal neutron irradiation such as Dy and Er is 
very short, and the interference by the production of 
Ln2@C82 and Ln2C2@C80, whose production rate increase 
competitively with Ln@C82 as the increase of the atomic 
number of Ln. In this study, we used already purified 
Ln@C82 of heavy lanthanide by HPLC column of a 
5PBB for the neutron activation and developed at three 
different temperature using newly developed column 
cooler to obtained detailed HPLC retention time of these 
Ln@C82s. 

EXPERIMENTS:  The Ln@C82 (Ln = La, Pr, Dy, Ho, 
Er) studied in this work was produced by the arc dis-
charge method (DC 60 A) at 50 kPa under He atmosphere. 
The MF component was extracted from the crude fuller-
ene extract obtained by arc discharged soot by an oxida-
tion method using TiCl4 [2]. After that, the extracts were 
injected into a HPLC column of 5PBB (eluent: toluene, 
flow rate: 6.0 ml/min) for the isolation of Ln@C82s. 
These isolated Ln@C82 were separately sealed into poly-
ethylene vial and activated by a thermal neutron in the 
KUR of the Institute for Integrated Radiation and Nuclear 
Science, Kyoto university. After the irradiation, these 
samples were mixed and developed into a Buckyprep 
column (eluent: toluene) with a flow rate of 3.2 mL/min 
at 20 oC (room temperature), 0 oC, and -10 oC to obtain 
the radiochromatogram.

RESULTS:  Figure 1 shows the radiochromatogram of 
Ln@C82 obtained at 20 oC, 0 oC, and -10 oC together with 
HPLC chromatogram monitored by UV absorption. For 
each temperature, elution peak of Ln@C82 was observed 

around 60 min., 75 min., and 85 min., respectively. Some 
data, such as Pr, were found to be not enough statistics. 
However, we have succeeded to obtain relatively good 
chromatogram for some of the targeted heavy lanthanide 
metallofullerenes. In the near future, improvements such 
as increasing the sample weight will be attempted to ac-
quire data in addition to heavy lanthanoids, such as Ce, 
Nd, Tb, and Lu, for which data has not been acquired in 
this time.

Fig. 1. Radiochromatogram of studied Ln@C82 obtained 
at 20 oC, 0 oC, and -10 oC, respectively. Solid lines of 
radiochromatogram in this figure indicates the result of 
least square fit of the data. 
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INTRODUCTION:  Radiophotoluminescence (RPL) is 
an emission from luminescent centers that are generated 
in materials by exposure to ionizing radiation. Recently, 
we have reported that Cu-doped aluminoborosilicate and 
silica glasses exhibit prominent RPL [1, 2]. The RPL 
mechanism of these glasses are explained as follows. 
First, ionizing radiation generates electron-hole pairs in 
the Cu-doped glasses, 

Glass → h+ + e−          () 
Then, the electrons are trapped at Cu2+ ions, and the Cu2+ 
ions are converted to Cu+ ions, which emit bright lumi-
nescence in the visible region by UV excitation, 

Cu2+ + e− → Cu+.    (2) 
The reverse reaction, in which Cu+ ions trap holes and are 
converted to Cu2+ ions, may also occur, 

Cu+ + h+ → Cu2+.    (3) 
This reaction (3) reduces the RPL centers. Therefore, in 
the Cu-doped glasses, the RPL is induced by the progress 
of reaction (2). In this RPL mechanism, the concentration 
ratio of Cu+ and Cu2+ ions, and the concentration of Cu+ 
ions in glasses are important to observe remarkable RPL. 
The amount of Cu+ ions should be less than that of Cu2+ 
ions, and it is better that the concentration of Cu+ ions is 
as low as possible. It is well known that the concentration 
ratio of Cu+ and Cu2+ ions are strongly dependent on the 
components and compositions, and the preparation con-
ditions of glasses. Thus, we have investigated the rela-
tionship between the RPL behaviors, and the glass sys-
tems and compositions. Here, we present a new composi-
tion of the aluminoborosilicate glass which exhibits more 
prominent RPL than the previously reported one [1]. 

EXPERIMENTS:  The compositions of the prepared 
glasses are 25Na2O･25Al2O3･10B2O3･40SiO2 (mol%) 
(ABS25) and 30Na2O ･ 20Al2O3 ･ 10B2O3 ･ 40SiO2 
(ABS30); the former is the composition previously re-
ported [1] and the latter is a new composition. The con-
centration of copper incorporated into these glasses was 5 
mmol% of Cu to 100 mol% of the host glasses. Obtained 
glasses were cut to 1.0 mm in thickness and both sides 
were optically polished. 

X-ray and γ-ray irradiations of the glasses
were performed using an X-ray fluorescence spectrome-
ter equipped with an X-ray source with a Rh target, and 
the 60Co gamma-ray irradiation facility in the Institute for 
Integrated Radiation and Nuclear Science, Kyoto Univer-

sity, respectively. Both irradiations were performed at 
room temperature. 

RESULTS:
Figure 1 shows 
the emission 
spectra of the 
Cu-doped glasses 
before and after 
the X-ray irradia-
tion. Before the 
irradiation, a 
weak emission 
assigned to the 
transition from 
3d9 4s1 to 3d10 of Cu+ is observed for the ABS25 glass 
whereas the emission is hardly detected for the ABS30 
glass. This means that the ABS30 glass contains almost 
no Cu+ ions whereas some amount of copper ions in the 
ABS25 glass present as Cu+ ions [1]. This is due to the 
difference in the basicity of glass; in the glasses of higher 
basicity, the redox equilibrium between Cu2+ and Cu+ 
ions shifts to the oxidation side, i.e., the side of Cu2+. Af-
ter the irradiation, the intensity of the emission remarka-
bly increased. The emission intensity of the ABS30 glass 
after the irradiation is almost the same as that of the 
ABS25 glass. Therefore, the ABS30 glass is a material 
that exhibits a more prominent RPL behavior. 

In order to investigate the relationship be-
tween the luminescence intensity and the irradiation dose, 
the Cu-doped ABS30 were exposed to various doses of γ 
rays. Figure 2 shows the dependence of RPL intensity on 
the γ-ray irradiation dose. The RPL intensity increased 
even at 10 Gy or less. The inset show that the RPL inten-
sity proportionally 
increased with the 
γ-ray dose until 
about 300 Gy and 
then tended to be 
deviated from the 
proportionality. 
This value is much 
higher than that 
reported for the 
Ag-activated alu-
minophosphate 
glasses used for 
personal dosime-
ters. 

In conclusion, the Cu-doped aluminoboro-
silicate glass is promising for dosimeters used in envi-
ronments under the relatively high irradiation doses. 

REFERENCE:
[1] H. Hashikawa, et al., J. Am. Cer. Soc., 102(4),

1642-1651 (2019).
[2] Y. Takada, et al., AIP Adv., 11(3), 035208 (2021).
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INTRODUCTION:  It is of a great importance to clar-
ify phenomena of implantation, retention, diffusion and 
permeation of tritium (T) on surface of the armor materi-
als of the first wall/blanket and the divertor on fusion 
device from a viewpoint of precise control of fuel parti-
cles, reduction of tritium inventory and safe waste man-
agement of materials contaminated with tritium. Refrac-
tory metals such as tungsten (W) is potential candidate 
for the armor of the first wall and the divertor plate of the 
fusion reactor because of its low erosion yield and good 
thermal properties. The armor material will be subjected 
to heavy thermal loads in the steady state or transient 
mode combined with high energy neutron irradiation that 
will cause serious material degradation. In addition, high 
energy runaway electrons would bombard the armor ma-
terials along the equatorial plane in fusion device. It is 
considered that these cause radiation damage and en-
hance tritium retention. In the present works, T exposure 
experiments have been carried out on W samples which 
were irradiated by high energy electrons to investigate 
effects of high energy electrons irradiation on micro-
structure and tritium retention of W. In this fiscal year, 
pure W and recrystallized W were irradiated by high en-
ergy electron beam. Before and after that, positron anni-
hilation experiment was carried out to identify the radia-
tion defect. In addition, EBSD（Electron Back Scatter 
Diffraction Patterns）analyses has been carried out on the 
specimens before and after the electrons irradiation. Trit-
ium exposure experiments have been carried out using a 
tritium (T) exposure device.  

EXPERIMENTS:  W samples used were ITER speci-
fication W (ALMT-grade) (SR-W) and its recrystallized 
W (RC-W). The SR-W was fabricated via a powder met-
allurgical route including cold isostatic pressing, sintering, 
hot rolling, and heat treating to relieve the residual 
stresses. Some of the machined SR specimens were sub-
jected to a full recrystallization treatment at 2000 ºC for 1 
hr in vacuum. Sizes of the specimens were 10 mm x 10 
mm x 1mm (10 mm x 10 mm : ND-TD).  The surface of 
the both samples were polished to be mirrored． High 
energy electrons irradiation has been carried out using 
LINAC in Institute for Integrated Radiation and Nuclear 
Science, Kyoto University. An peak energy of electron 
irradiated was 8 MeV and DPA was 5.8 x 10-3. Tempera-
ture during the irradiation was measured by thermocou-

ples which was contacted with a backside of the W sam-
ples. Before and after that, positron annihilation experi-
ment was carried out to identify the radiation defect. In 
addition, a high energy ion irradiation experiment has 
stared to carry out. The sample surface was irradiated by 
2.5 MeV Fe ions with a flence of 5 x 1018 ions/m2 at RT.
T exposure experiments have been carried out using a T 
exposure device in University of Toyama. Pressure of the 
T gas was 1.3 kPa and T exposure was kept for 4 h at 100 
oC. T concentration in the gas was about 5 %. After the 
exposure to T gas, T amount retained in surface layers of 
the sample was evaluated by imaging plate (IP) meas-
urements and -ray-induced X-ray spectrometry 
(BIXS). 

RESULTS:  In the condition of 8 MeV electrons irradi-
ation, the electron beams go through in 1 mm thickness 
W sample. On the other hands, damage by the Fe ion 
beam irradiation is very thin surface layer ( a few m). 
However, DPA of the damage area of the Fe ions irradia-
tion is larger than that of the electron irradiation. Figure 1 
shows the result of the IP measurement. The amount of T 
of the specimen surfaces evaluated by comparison with 
the standard samples is shown as Figure 2. These results 
indicate that the amount of T of the specimens irradiated 
by the electron and the Fe ion beams increases compar-
ing with un-irradiated specimens. Quantitative evaluation 
is currently underway. 
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Figure 2 Amount of tritium on before and after elec-
tron and Fe ion irradiation measured by IP meas-
urement. SR-W and RC-W are stress relief and re-
crystallized state, respectively. 
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INTRODUCTION:  ITER [1] is being built in France 
by international cooperation. This study focuses on neu-
tron irradiation effects on optical elements used in Dignos-
tics for ITER. Expected 1 MeV Silicon equivalent fluence 
is 1012-1015 n/c m2 depending on locations of components.
In order to investigate the effect of such high fluence on 
the actual components in a short time, neutron irradiation 
was performed using the slant exposure tube and the pneu-
matic tubes of the KUR. This report mainly presents, (1) 
effect of neutron irradiation of Silicon (Si) which is candi-
date material for optical lens of Infrared Thermography 
(IRTh) system and (2) briefly summarize the test results 
for the Edge Thomson Scattering system (ETS). 

(1) Irradiation Tests of Si for Optical Lens of IRTh
IRTh will use Si lens in the ITER environment. Recent

gamma-ray irradiation tests conducted by the authors show 
that the transmittance of Si is not significantly degraded by 
gamma-ray irradiation. However, some studies suggest 
that strong neutron irradiation induce several absorption 
bands in the wavelength range of IRTh (1.5 μm-4.5 μm) 
[2]. This study investigated threshold value of the total 
neutron dose for keeping transmittance of Si.  

EXPERIMENTS: The slant exposure tube and pneumatic 
transportation facility was used for irradiation test of Si 
samples. In this test, several Si samples were irradiated in 
several neutron fluence up to 1.0 x 1017 (n/cm2). 
RESULTS: Figure 1 shows the irradiation test result of Si 
samples. As shown in Figure 1, the two fatal absorption 
bands (near-edge (less than 1.2 μm) and 1.78 μm) were in-
duced by neutron irradiation. Figure 2 shows dependence 
of transmittance degradation of Si on neutron fluence. 
Absorption of near-edge (1.2 μm) and 1.78 μm exponen-
tially increased from neutron fluence of 5.0 x1015 (n/cm2). 
Judging by these results, the author concluded that Si lens 
unit can survive in ITER environment if neutron fluence at 
the location of lens unit can be decreased to about 2.5 x 
1015 (n/cm2) by shielding design. This value can be easily 
achieved by shielding of 20 cm-thick Boron carbide.  

(2) Irradiation Tests of Optical Fibers of ETS
EXPERIMENTS: An optical fiber (hydrogen loaded fi-
ber) that transmits the signal light of ETS was irradiated
up to 9x1014 cm-2 for fast neutron and 8x1015 cm-2 for ther-
mal neutron, which is equivalent to the 20-year cumulative
fluence of the most severely irradiated areas of fibers of
ETS in ITER. The performance deterioration due to neu-
tron irradiation was investigated by comparing the wave-
length dependence of transmitted signal before and after
irradiation.

Fig. 1: Irradiation test result of Si samples. 

Fig. 2: Dependence of transmittance degradation of Si on 
neutron fluence. 

RESULTS: Wavelength dependences of the signal before 
and after irradiation were compared. When normalized by 
the signal intensity of 743 nm, which was the peak value, 
the wavelength dependence of the signal was almost un-
changed before and after neutron irradiation. It is unlikely 
that the transmittance was uniformly deteriorated in a wide 
wavelength range. This result indicates that it is highly 
possible that the spectral transmittance is not deteriorated 
by neutron irradiation in ITER. 

ON GOING INVESTIGATIONS AND PROSPECTS: 
The neutron irradiation test of grass materials (KU-1, 

KUVI) which will be used as vacuum window of Divertor 
Impurity Monitor was performed and the effect of the neu-
tron irradiation on spectral transmittance is being investi-
gated. 

The preamplifier of Microfission Chamber (MFC) am-
plifies and converts the weak signal from the MFC detec-
tor into a nose tolerant strong output. The preamplifier will 
be installed in the port cell area and maximum neutron flux 
at the installation position of the preamplifier could be-
come about 2.0 x 106 n/cm2s. However, the effects on neu-
trons have not been evaluated yet. Therefore, in order to 
evaluate how much neutron shielding is needed neutron 
irradiation tests on the preamplifiers will be conducted in 
2022 

REFERENCES: 
[1] B. Bigot, Fusion Eng. Des., 146, 124 (2019).
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Vacancy Formation by Al Doping in β-FeSi2 Studied by a Reactor-Based Slow Positron
Beam 
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INTRODUCTION:  β-FeSi2 is expected as an envi-
ronmentally friendly infrared luminescent material. 
However, further enhancement of luminescence intensity 
is desired for practical use. Doping of β-FeSi2 with Al 
atoms which substitute Si sites has been reported to en-
hance the luminescence intensity [1]. The enhancement 
of luminescence intensity was considered to result from 
the filling of Si vacancies with Al atoms. In this study, 
defects in β-FeSi2 thin films doped with Al atoms occu-
pying Si sites and Mn atoms occupying Fe sites were 
investigated with a slow positron beam. 

EXPERIMENTS:  Undoped, Al-doped, and Mn-doped 
β-FeSi2 films were prepared by the ion-beam synthesis 
method [1]. Each sample is expected to have a β-FeSi2 
layer with a thickness of around 60 nm on the surface of 
the Si substrate. These samples were probed by a slow 
positron beam at the Kyoto University Research Reactor 
[2]. The Doppler broadening of annihilation radiation 
(DBAR) spectra were acquired. All samples were treated 
with dilute hydrofluoric acid to remove oxide films be-
fore measurement. The shape of the obtained DBAR 
spectra was characterized in terms of the S-parameter [3], 
which depends on the fraction of positron annihilation 
with low momentum electrons.

RESULTS:  Figure 1 shows S-parameters as a function 
of incident positron energy for each sample. The 
Al-doped sample shows an increase in S-parameters. This 
indicates that Al doping leads to the formation of vacan-
cies. Figure 2 shows the positron implantation profile 
when positrons are implanted into β-FeSi2 with an energy 
of 3 keV. The incident positron energy was fixed at 3 keV 
to probe the β-FeSi2 layer formed on the Si substrate sur-
face of each sample, and the coincidence DBAR spectra 
were acquired. Figure 3 shows the coincidence DBAR 
spectra of each sample normalized by that of the refer-
ence sample (Si), called the ratio curves. The peak around 
11×10−3m0c is reduced in the Al-doped sample, indicating 
that the spectral shape is closer to that of Si. This means 
that the vacancies contained in the Al-doped sample are 
Fe vacancies. Contrary to the previously considered hy-
pothesis, Al-doping was found to result in the formation 
of Fe vacancies. 

REFERENCES:
[1] Y. Terai and Y. Maeda, Appl. Phys. Lett., 84 (2004)

903.
[2] A. Yabuuchi, Nucl. Instrum. Method Phys. Res., Sect.

B 513 (2022) 44.
[3] F. Tuomisto and I. Makkonen, Rev. Mod. Phys. 85

(2013) 1583.

Fig. 1.  S-parameters as a function of incident posi-
tron energy for each sample.  
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Fig. 3.  Coincidence DBAR spectra obtained for each 
sample at incident positron energy of 3 keV. Each 
spectrum is normalized by that of Si. 
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Change in Fe valence state of Fe and Ni substituted Li2MnO3 positive electrode 
material during different charge and discharge depths by 57Fe Mössbauer spectroscopy 
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INTRODUCTION: The Fe and Ni substituted Li2MnO3 
(present composition: Li1+x(FeyNi0.3-yMn0.7)1-xO2, 
0<x<1/3) is an attractive positive electrode material for 
next-generation and large-scale lithium-ion battery (LIB) 
[1]. To use it for LIB to the electric vehicle (EV), mini-
mizing Ni content and utilizing Fe as redox center are 
necessary to avoid the risk of depletion for Ni source.  
  To accomplish above subject, understanding Fe va-
lence change during different charge and discharge 
depths is needed by 57Fe Mössbauer spectroscopy.  

EXPERIMENTS: The sample was prepared by co-
precipitation-calcination method. Water-soluble Fe, Ni 
and Mn salts dissolved in distilled water and dripped into 
NaOH solution at +20°C for 2-3 h. The coprecipitate was 
aged and oxidized by bubbling with O2 flow for 2 days. 
The product was washed with distilled water and then 
was filtered. It mixed with Li2CO3 (Li/(Fe+Ni+Mn)=2) 
into distilled water to make homogeneous slurry. The 
dried slurry was used as a precursor. The precursor was 
powdered using vibration mill and then was calcined at 
650 °C for 5h in air. The product was milled again and 
calcined at 850 (y=0.15 and 0.20) or 900 °C (y=0.10) for 
5h in air or N2 flow. After each calcination, the product 
was washed with distilled water and then continue to the 
filtration and drying processes. 

The samples were characterized by X-ray diffraction 
(XRD), chemical analysis and half-cell tests. The lithium 
metal and 1.5 M LiPF6 EC-DMC (3:7) used as anode and 
electrolyte, respectively. The velocity axis of 57Fe Möss-
bauer spectra was calibrated by α-Fe. 

RESULTS: The XRD patterns for all samples can be 
indexed by monoclinic Li2MnO3-type structure (C2/m). 
The crystallographic parameters depend on calcination 
atmospheres even at same transition metal (TM) ratio; the 
lattice parameters and volume and sum of TM occupancy 
(gtotal) for the sample calcined in N2 were larger than 
those for the sample calcined in air. The elemental analy-
sis data showed that nominal Fe:Ni:Mn ratio was kept 
after preparation and the Li/(Fe+Ni+Mn) ratio for the 
sample calcined in N2 was smaller than that for the sam-
ple calcined in air. These results mean that at least one of 
TM ions in sample calcined in N2 was reduced. Fe va-
lence state was checked by 57Fe Mössbauer spectroscopy 
for the sample with y=0.15. The area fraction of minor 
Fe3.5+ or Fe4+ component for the sample calcined in N2 
was smaller than that for the sample calcined in air. 
Therefore, Fe valence state is responsible for the calcina-
tion atmosphere. 

Fig. 1 57Fe Mössbauer spectra for 
Li1+x(Fe0.15Ni0.15Mn0.7)1-xO2 (0<x<1/3) calcined in N2. 
Gray symmetric doublet corresponds to high-spin triva-
lent iron. 

Fig. 1 depicts change in Fe valence state during different 
charge and discharge depths for 
Li1+x(Fe0.15Ni0.15Mn0.7)1-xO2 (0<x<1/3) calcined in N2 
atmosphere. On 1st charging, pentavalent Fe components 
(B and C) [2] were observed with trivalent one (A), indi-
cating that Fe3+ to Fe5+ oxidation behavior was detected. 
The area fraction of pentavalent Fe component is drasti-
cally reduced at the end of charging (5th charging), 
meaning that most Fe ion is trivalent state. Almost same 
spectrum was obtained at 5th discharged state. The re-
sults show that the trivalent iron was utilized on initial 
Li-extraction process. Therefore, suppress of pentavalent 
iron reduction until the end of charging is necessary to 
improve its electrochemical performance. 
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INTRODUCTION: One interesting feature of many 
exotic physical properties of Al-based quasicrystals is 
tendency to show high electrical resistivities and negative 
temperature coeffcients[1]. The physical origin of these 
anomalous properties has not been satisfactorily ex-
plained so far. Semiconducting quasicrystals have at-
tracted attention, not only from the perspective of the 
academic field , but also from the standpoint of applica-
tion to thermoelectric materials to realize a direct conver-
sion between the thermal and electrical energies. Kimura 
et al.[2] have shown that the vacant centers of the 
Al-based icosahedral clusters plays an important role for 
stabilities and chemical bonding nature of clusters. The 
various experimental results[3-5] support that the struc-
tural vacancy of the icosahedral clusters plays an im-
portant role in the bonding nature and electronic transport 
properties in Al-based qujasicrystals and approximants. 
Recently Kimura and coworkers[6] have discovered the 
semiconducting-like quasicrystal approximant of 
Al-Si-Ru. It is of significance to study the semiconduct-
ing Al-Si-Ru quasicrystal approximant from the stand-
point of structural vacancies. Positron annihilation meth-
od is powerful one for detecting structural vacancies of 
icosahedral quasicrystals[7]. In this study, we have esti-
mated structural vacancies of the semiconducting 
qusicrystal approximant of Al-Si-Ru by means of posi-
tron annihilation methods. 

EXPERIMENTS : 
Bulk samples of 1/0-Al-Si-Ru and χ phase Al-Si-Ru were 
sealed in a quarts tube and annealed for 1 week at 1000 C 
and annealed for 1 week at 927 C,respectively. The 
phase characterization was performed by X-ray diffrac-
tion. The Doppler broadening spectra were measured 
using a slow variable mono-energetic positron beam. 
CDB measurements were performed with a collinear 
setup of two Ge detectors. 

RESULTS and DISCUSSIONS: 
Figure 1 shows X-ray diffraction patterns of C-phase 
Al69Si17.5Ru23.5(from up,C0,C2,C5,C9) and a diffraction 
pattern of the model of approximate 1/0 Al-Si-Ru(down). 
By using the slow positron beam, we have estimated the 
change in S-parameter with positron-incident energies in 
C-phase Al69Si17.5Ru23.5(semiconduction approximate)
and χ phase Al66Si15Ru19. In both materials,
S-parameter increases remarkably from  ̴ 0 to ̴1 keV. This

means that density of structural vacancies of C-phase 
Al-Si-Ru is comparable with that of χ phase Al-Si-Ru. 
Comparing with other experiment results[5,8], 
densities of structural vacancies of C-phase Al-Si-Ru and 
χ phase Al-Si-Ru are comparable with those of 
1/1Al73Re17Si10 [5] and 1/0 AlPdRu[8]. Taking account of 
the previous studies[5,9], densities of structural vacancies 
of C-phase Al-Si-Ru and χ phase Al-Si-Ru are estimated 
to be order of 1020 cm-3. Then we have done the coinci-
dence Doppler broadening(CDB) spectra of C-phase 
Al-Si-Ru and χ phase Al-Si-Ru.   

Figure  1: X-ray diffraction patterns of C-phase 
Al69Si7.5Ru23.5 and the model of 1/0 Al-Si-Ru(from up to 
down).  

Experimental results suggested strongly that the trapping 
sites of C-phase and χ phase seem to be similar. The pre-
sent study shows that there exist deformed Mackay clus-
ters[10] with vacant centers in semiconducting C-phase 
Al-Si-Ru. 
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INTRODUCTION:  Space-wood project (LignoStella 
project) is performed by Kyoto University collaborating 
with Sumitomo forestry Co Ltd in order to challenge to 
use wood-material in outer space. Firstly, possibility to 
use wood material in outer space has to be confirmed 
because a small wooden artificial satellite is going to 
launch until 2023. Space exposure test of wood specimen 
started on ExBAS at ISS in March 4, 2020. The wood 
specimen is going to be exposed until Dec. 2020. They 
will be affected by atomic oxygen and cosmic ray. In this 
study, effect of gamma-ray irradiation on cell-wall of 
wood material was studied on the ground in parallel with 
the exposure tests in outer space. 

EXPERIMENTS:  The sample was Honoki (Magnolia 
obovate), which is 100 mm (length) ×10 mm (radial) 
× 2 mm (tangential) in size. They were conditioned in 
20 °C and 60%RH for a few weeks before the dose test. 
They were irradiated for 5 hours, and four types of dose 
was performed, which is 30 kGy, 3 kGy, 1kGy and 0.1 
kGy. Before and after irradiation, bending test was per-
formed to obtain Young’s modulus in 3 point bending test 
until 5 N. After irradiation, ultra-micro structure of cell 
wall was observed using a small angle X-ray scattering 
analysis (SAXS) (Rigaku, Nano-viewer). The camera 
distance was 1000 mm and X-ray scattering (wave length 
0.154 nm) was recorded by 2-dimensional detector (PI-
LATUS 100K). Diameters of particle or pore and fractal 
dimension, distance between crystals were measured us-
ing scattering profiles.  

RESULTS: As shown in Fig. 1, density of wood speci-
men of 30 kGy dose decreased by approximately 1 kg/m3 
more than other dose specimens. Young’s modulus of 
wood specimen of 30 kGy dose changed by gamma irra-
diation, but other specimen did not change even if density 

decreased. As shown in Fig. 2, fractal dimensions did not 
change by irradiation. We think that mass fractal dimen-
sion show density of electron in cell-wall matrix, and 
meso-pore in cell-wall may not change by irradiation. As 
shown in Fig. 3, diameters of particle or pore were ob-
tained using Guinier plot. The size was similar to diame-
ter of cellulose micro fibril (CMF), so we determine that 
the particle is CMF. Diameters of CMF decreased slightly 
by irradiation. As shown in Fig. 4, distances of CMF 
were obtained using Krathy plot. The change in distance 
was similar to that of the diameter. But, we can not un-
derstand why Young’s modulus and density of 30 kGy 
decreased more than other species. 

-10

-8

-6

-4

-2

0

2

4

-250

-200

-150

-100

-50

0

50

100

0.1

Youngs modulus Desnity

1 10 100

C
ha

ng
e 

of
 d

en
si

ty
 (k

g/
m

3 )

C
ha

ng
e 

of
 Y

ou
ng

s 
m

od
ul

us
 (M

Pa
)

dose (kGy)

Fig. 1. Change of specific Young’s modulus and 
density by gamma irradiation. 
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2KURNS
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INTRODUCTION: The spacecraft Hayabusa2 
brought back the surface and sub-surface materials from 
the C-type near-Earth asteroid (162173) Ryugu [1]. The 
Ryugu samples were allocated to the volatile sub-team, 
which is one of the Hayabusa2 initial analysis sub-teams 
[2]. As part of the volatile team’s studies, we conducted 
combination analyses of the neutron-irradiated Ryugu 
samples to determine the abundances of minor/trace ele-
ments by Instrumental Neutron Activation Analysis 
(INAA), Ar-Ar and I-Xe ages, and the halogen abun-
dances. Prior to the neutron-irradiation, Fouri-
er-Transform Infrared (FT-IR) spectroscopy, 
Field-Emission Scanning Electron Microscope (FE-SEM) 
observation, and Secondary Ion Mass Spectrometry 
(SIMS) analysis were carried out [3]. Measurements of 
the native volatile compositions such as noble gas and 
nitrogen isotopes were also carried out using different 
grains of the Ryugu samples [4, 5]. These analytical re-
sults provided important information about the evolution 
history of the primitive bodies in the early solar system. 

EXPERIMENTS:  In advance of the Hayabusa2 sam-
ple analyses, the rehearsal was conducted in July 2021 
using meteorite samples (Allende, Murchison, Bjurböle, 
and Shallowater) and our standard samples (JB-1, 
BHVO-2, DTS-2b, MMhb1, orthoclase, and wollastonite). 
For short-lived nuclide measurements, NaCl and CaCO3 
standards were also prepared. Each of the samples was 
encapsulated in diamond dishes sealed with polyester 
tape. The samples in the diamond dishes were first sub-
jected to the Pn3 irradiation for gamma ray measure-
ments of short-lived nuclide measurement (project #: 
R3038, PI: N.S.). Prior to the Hydro irradiation, the pol-
yester tapes were removed from the diamond dishes. 
Each of the diamond dishes was wrapped with pure alu-
minum foil and encapsulated in the Hydro irradiation 
capsules for long-live nuclide measurement and conver-
sion of halogens and potassium to noble gases (project #: 
R3127, PI: Y.N.M.). 
In June 2021, the Hayabusa2 samples (typically 0.8 
mm-sized individual grains) were allocated to the volatile
sub-team. Each of them was pressed onto pure Cu disks
and pelletized. The pelletized samples were studied by
the FT-IR, FE-SEM, and SIMS analyses prior to the
INAA and noble gas analyses. After the SIMS analysis,
each of the pelletized samples was removed from the Cu
disks to collect in the diamond disk containers. Each of

the samples in the diamond container was measured for 
short-lived nuclides (project #: R3038, PI: N.S.), and then 
subjected to the Hydro irradiation (project #: R3121, PI: 
N.I.). As in the rehearsal, the meteorite samples and the
standard samples were also analyzed in the same way as
the Hayabusa2 samples.

REUSLTS and DISCUSSION:  In the rehearsal, 
short-lived nuclides (24Na, 27Mg, 28Al, 38Cl, 49Ca, 51Ti, 
52V and 56Mn) were determined for Allende and Murchi-
son samples by gamma-ray measurements. Noble gas 
isotopes were measured for the mineral standard samples. 
These results of the rehearsal confirmed the validity of 
our measurement procedures. 
The Hayabusa2 samples were irradiated in the Hydro 
irradiation term of Oct. 2021. One month later, the irradi-
ated samples were removed from the irradiation capsule, 
and it was found that the irradiation capsule had been 
flooded by reactor cooling water during the irradiation. 
The Al foils that wrapped the sample-containing disks 
became gray, cloudy and hardened (Fig. 1). The samples 
were carefully recovered from the disks, and long-lived 
nuclides (46Sc, 51Cr, 58Co, 59Fe, 60Co, 65Zn, 75Se, 152Eu and 
192Ir) were measured. 
After the gamma ray measurements, only small amounts 
of the samples were transferred to Kyushu Univ., enough 
to ensure that no radioactivity was detected. The effects 
of alteration due to the exposure to water are being eval-
uated based on the noble gas compositions of the stand-
ard and meteorite samples. 

Fig. 1. Recovered diamond dishes after the Hydro irradi-
ation. 

REFERENCES: 
[1] Tsuda et al., Acta Astronaut., 171 (2020) 42-54.
[2] Tachibana et al., Hayabusa Symposium 2021 (2021)
abstract #S1-3.
[3] Okazaki et al., Hayabusa Symposium 2021 (2021)
abstract #S1-7.
[4] Okazaki et al., 53rd Lunar and Planetary Science
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INTRODUCTION:  Uranium or thorium emit alpha 
particles and U,Th/He or U/Pb datings is applied to geo-
logical samples. When parent atoms emit alpha particles, 
these parent atoms recoil in accordance with the law of 
momentum conservation and leave disordered parts in 
crystal structure. Whey chemically etched, these disor-
dered parts are selectively dissolved and leave tracks, 
which are knows as alpha recoil tracks (ARTs), on the 
etched surface of geological samples (Fleischer, 2003). 
Compared to the fission tracks, which are formed by the 
travel of ionized particles with more energy than recoil-
ing, ARTs are expected to be small and thus less com-
monly used in Geology. To establish ART dating, 
knowledge on their appearance under particular sample 
treatment and observation equipment is necessary. Here 
in this study, we tried to create artificial ARTs by 252Cf 
(Hashimot oet al., 1989) and 241Am sources.   

EXPERIMENT:  Mica samples with clear cleavage is 
used as an ART recorder. Uranium and thorium concen-
trations of the mica are measured by the LA-ICPMS be-
forehand, and the results was under the detection limit. 
However, when etched with 48% HF for 2h at 32°C, two 
types of tracks are observed (Figure 1). One is the size of 
about 10mm in diameter and deep, the others show vari-
ety of size and shallow, almost invisible.  Therefore mi-
ca sheets were first annealed at 600°C for 5 hours then 
irradiated under the vacuum by 252Cf and 241Am sources 
at the Cf facility, KUR.   

RESULTS:  Because 252Cf sources (200MBq and 
1MBq were available) are rather strong and accompany 
by spontaneous fission, the resultant irradiated mica had 
so many fission tracks and they made the observation of 
ART difficult. When the cover of 200MBq 52Cf source 
was tested as a irradiation source, the strength of activity 
was fine, but the distribution was heterogeneous, again 
not suitable for experiment.  When 241Am source 
(around 200kBq)  was tested, the number of tracks on 
the mica surface was increased against time (Figure 2), 
and indicate that 241Am source is capable of giving artifi-
cial ART on crystals. Hereafter, after investigating the 
registration efficiency on the mica sheet, we will irradiate 
other minerals to see shape and registration efficiency of 
ART therein. Then we plan to apply ART dating to un-

known geological samples. 

REFERENCES: 
[1] Fleischer, R.L. Geoch. Cosmoch. Acta 67, 4769-4774
(2003).
[2] Hashimoto, T., et al, Nuclear Tracks, 4, 263-269
(1980).

Fig. 1.  Microscopy photo of mica after etching 
without annealing nor artificial irradiation. 

Fig. 2.  Phase contrast microscopy photo of mica 
after annealing, irradiation and etching. (a) after 12h 
irradiatnon. (b) after one week irradiation 
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INTRODUCTION: 
Robust tectonic reconstruction of Philippine Sea Plate 

evolution for the period immediately before and after sub-
duction initiation at ~52 Ma along the western Pacific mar-
gin is prerequisite to understand cause of subduction initi-
ation and test competing hypotheses for subduction initia-
tion such as spontaneous or induced nucleation (e.g., Stern, 
2004). Since gravitational instability between the neigh-
boring plates is thought to be a critical factor for subduc-
tion initiation (e.g., Leng and Gurnis 2015), it is important 
to understand the age, origin and crustal structure of the 
overriding plate. 

In this study we have investigated magmatism in the 
oldest part of the Philippine Sea Plate to 1) reveal for the 
first time the age and origin of Kita-Daito Basin and the 
intervening Daito Ridge Group; 2) understand origin of 
Eocene magmatism widely distributed in and around the 
Daito Ridge Group. The outcome of these studies will as-
sist in understanding the time sequence of magmatic and 
tectonic events which took place within a relatively short 
period around 45-52 Ma, i.e., during and after subduction 
initiation along the Pacific margin. 

EXPERIMENTS:  Ages of the igneous rocks were de-
termined using the 40Ar/39Ar dating facility at the Geolog-
ical Survey of Japan/AIST. 10-15 mg of phenocryst-free 
groundmass, crushed and sieved to 250 – 500 μm in size, 
was analyzed using a stepwise heating procedure. The 
samples were treated in 6N HCl for 30 minutes at 95°C 
with stirring to remove any alteration products (clays and 
carbonates) present in interstitial spaces. After this treat-
ment, samples were examined under a microscope. Sam-
ple irradiation was done either at the Kyoto University Re-
actor (KUR). The neutron irradiation was performed for 
10 h at the hydro-irradiation port under 1 MW operation, 
where thermal and fast neutron fluxes are 1.6 x 1013 and 
7.8 x 1012 n/ cm2 s, respectively, or for 2 h under 5 MW 
operation, where thermal and fast neutron fluxes are 8.15 
x 1013 and 3.93 x 1013 n/cm2 s respectively. Argon isotopes 
were measured in a peak-jumping mode on an IsotopX 
NGX noble gas mass spectrometer fitted with a Hamama-
tsu Photonics R4146 secondary electron multiplier. 

RESULTS: 9 samples have been dated by the laser-heat-
ing 40Ar/39Ar dating technique. Andesitic rocks from the 
basin floor of the Kita-Daito Basin show age range be-
tween 41.04 and 46.11 Ma. Andesites and basalts from the 
Northern Philippine Sea Seamounts gave age range be-
tween 42.10 and 46.29 Ma. Dioritic samples from the 
KPR–Daito Ridge intersection were dated on biotite sepa-
rates by stepwise heating analysis. For the sample 
6K1438R11, duplicate analyses gave consistent plateau 
ages of 48.1 ± 0.4 Ma and 47.66 ± 0.14 Ma. Porphyritic 
andesite from the southeastern part of the Oki-Daito Ridge 
returned slightly disturbed age spectrum with increasing 
ages with increasing laser output (i.e., temperature). 13 
steps at higher temperature steps give indistinguishable 
ages with a weighted average of 109.30 ± 0.20 Ma. 

SUMMARY: 
1) Eocene andesitic magmatism (Northern Philip-

pine Sea volcanics) has been discovered in and 
around the Kita-Daito Basin. 40Ar/39Ar and zircon U-
Pb dating results of these igneous rocks indicate that 
the andesitic rocks formed mainly between 45 and 42 
Ma. 

2) The results of this study strongly imply that the
Kita-Daito Basin postdate subduction initiation of the 
western margin of the Pacific Plate to form Izu-Bo-
nin-Mariana arc. 

3) 

Fig. 1.  Schematic tectonic history for the northern      
part of the Philippine Sea Plate (Ishizuka et al., 2022) .

REFERENCES: 
[1] O. Ishizuka et al., Geochem. Geochem. Geophys.
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Table 1. Analytical result for the four reference standard materials.
Reference
material This work Certified value This work Certified value
JSAC 0601-2 1.30±0.05 1.3±0.1 n.d.
Plastic
NIES No.5 5.49±0.17 4.4±0.4 1.50±0.16 1.4
Human hair
NIES No.13 4.97±0.13 4.4±0.4 1.84±0.10 1.79±0.17
Human hair
NIES No.9 0.324±0.030 0.04 n.d.
Sargasso

Hg (ppm) Se (ppm)

Determination of Mercury content using INAA 

N. Shirai1 and S. Sekimoto2

1Department of Chemistry, Tokyo Metropolitan University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  Mercury is cosmochmically clas-
sified as a highly volatile element based on its condensa-
tion temperature, meaning that Hg is supposed to have 
condensed at a relatively low temperature from the hot 
solar nebular gas in the early solar system [1]. Elemental 
abundance of Hg can potentially be used as cos-
mo-thermometers. Geochemically, Hg is classified as a 
chalcophile element. Mercury provides us information 
about the mantle-core differentiation including core for-
mation [e.g., 2]. There is a paucity of accurate Hg values 
in cosmochemical and geochemical samples due to the 
potential loss of Hg during analysis. It has been known 
that sample is easily contaminated with Hg in analytical 
laboratories, which could explain the extremely large 
variations of observed in meteorite samples [3]. Among 
the analytical procedure, INAA is suitable for the deter-
mination of Hg due to the non-destructive method. In 
INAA, two isotopes (197Hg and 203Hg) were usually used. 
The 77.4 keV peak of 197Hg could not be detected by 
INAA. Although the 279.2 keV peak of 203Hg could be 
detected, there is possibility of spectral interferences 
from Se and Ta. In this study, Hg abundances of envi-
ronmental samples with having different Hg/Se ratios 
were determined by INAA, and the accuracy of the ob-
tained values was evaluated. 
EXPERIMENTS:  JSAC 0601-2 (plastic), JSAC 
0602-2 (plastic) and NIES No.5 (human hair), No.9 (sar-
gasso) and No.13 (human hair) was used in this study. 
Mercury abundances for the four reference standard ma-
terials (JSAC 0601-2, 0602-2, NIES No.5 and NIES 
No.13) were reported as certified value, while reference 
value was reported for NIES No. 9. These samples 
weighing 20 – 40 mg were sealed in high pure polyeth-
ylene bag. Single element standard solutions for atomic 
absorption analysis were used for Se and Ta to confirm 
spectral interferences from these two elements. These 
standard samples were prepared by dropping known 
concentration solution of these elements on the three 
sheets of filter papers. Samples were irradiated for 1 h at 
the pn-2 of KURRI, whose thermal and fast neutron 
fluexes are 5.6 x 1012 and 1.2 x 1012 cm-2s-1, respectively. 
After irradiation, samples were measured for gamma-rays 
several times with different cooling intervals.  
RESULTS :  The 279 keV peaks for all samples were 
detected. As the 75Se and 182Ta peaks interfere with the 
203Hg peak at 279.2 keV and correction must be per-
formed. The 182Ta peaks for all samples analyzed in this 
study could not be detected. In this study, we estimated 
the ratio of the intensity of the gamma-ray peak of 264.7 
keV to the 279.5 keV peak using a standard sample for Se. 
This ratio was applied to the 264.7 keV peak of the sam-

ple, and the intensity of the gamma-ray peak of 279.5 
keV of 75Se was subtracted from the those of 279.2 keV 
peak of 203Hg. The 264.7 keV peak of 75Se could not be 
detected in JSAC 0601-2 (plastic), JSAC 0602-2 (plastic), 
and No.9 (sargasso), and the correction of spectral inter-
ference from Se was not made. For other elements, Se 
abundances were calculated by using a reference sample 
for Se, and the correction was performed. Among the 
samples analyzed in this study, JSAC 6020-2 has the 
highest Hg content, and the degrees of spectral interfer-
ences from 75Se and 182Ta were negligible. Thus, this 
sample was used as a reference standard for the determi-
nation of Hg. Analytical results were shown in Table 1, 
where certified values for Hg and Se are shown for com-
parison. Our Se values for NIES No. 5 and No. 13 are in 
good agreement with certified values. Our Hg value for 
JSAC 0601-2 was consistent with the certified value. 
However, differences in Hg values between our data and 
certified value were observed for the other three samples 
(NIES No. 5, No. 9, and No. 13). For NIES No. 9, no 
gamma-ray peaks for Se and Ta could be detected, and a 
correction was not performed. Our value was about eight 
times higher than the certified value. Contributions of 
spectral interferences from Se were about 5-6% for NIES 
No. 5 and 6-8% for NIES No. 13. Our values for NIES 
No. 5 and No. 13 were 25% and 13% higher than certi-
fied values, respectively. Although it is recommended 
that the minimum sample weight for NIES No. 5, No. 9, 
and No. 13 are 200, 400, and 120 mg, sample weights for 
these samples were 20 to 40 mg in this study. Differences 
between our data and certified values may be explained 
by sample heterogeneity. We need to confirm whether 
there is heterogeneity at the level of several ten mg of the 
sample by analyzing these samples with different 
weights. 

REFERENCES: 
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INTRODUCTION:  Compared to a few decades ago, 
when air pollution was a serious social problem, envi-
ronmental standards are now properly defined and rarely 
cause negative influence on the human body. On the oth-
er hand, since the distribution of substances in the envi-
ronment is known to have a large degree of variation, it is 
important to continuously sample and analyze the dy-
namics of elements over a long period of time. 
The Atomic Energy Research Laboratory of Tokyo City 
University (TCU-AERL) operated the Musashi reactor 
until 1989 and has been conducting research using neu-
trons, including instrumental neutron activation analysis 
(INAA). Although now it is in the decommissioning 
phase, the facility is still in operation as a facility for 
conducting experiments using RI. In 2018, a 1.7 MV 
Pelletron tandem accelerator (TCU-Tandem) was in-
stalled to conduct trace element analysis using Particle 
Induced X-ray Emission (PIXE) [1]. As it becomes in-
creasingly difficult to conduct experiments using research 
reactors, the advancement of analytical methods using 
accelerator ion beams is considered to be an effective. 
With the development of accelerator neutron sources also 
progressing, the realization of accelerator-based neutron 
activation analysis methods is also being considered. 
We believe that the idea of combining ion beam analysis 
and neutron activation analysis may be effective as an 
analytical method for environmental samples that require 
analysis of a large number of samples in a short period of 
time. 
In this study, we measured airborne dusts sampled at the 
TCU-AERL, where sampling has been ongoing since 
2002 [2]. During the years since 2011, we have been stud-
ying the decay of radiocesium (Cs-137) and changes in 
its chemical form using another analytical method [3, 4]. 

EXPERIMENTS:  We use a high volume air sampler 
(Shibata Scientific Technology LTD., HV-1000F, filter: 
ADVANTEC, QR-100 (collection efficiency: 99.99% for 
0.3 μm particles)) with an inhalation flow rate of 700 L 
min-1. The radioactivity of the filter that has collected 
dust is measured by a high-purity germanium semicon-
ductor detector, and a part of the filter was stored for 
neutron activation analysis. 
Irradiation was performed at the research reactor KUR at 
the Institute for Integrated Radiation and Nuclear Science, 
Kyoto University, between the July and August with four 
machine times in FY2021. The irradiation conditions are 
shown in Table 1. The measurement of radioactivity of 
short half-life nuclides was carried out using the HP-Ge 
semiconductor detector of the hot laboratory of KUR. 

And long and medium-lived nuclides, after cooling for 
one or two weeks, transported to the TCU-AERL, and 
was measured by a HP-Ge semiconductor detector. JLk-1 
was used as a comparative standard substance. 

Table 1. Irradiation conditions. 

date time position
2021/7/6 60 min Pn-2 5.5 x 1012 n/cm2/sec
2021/7/27 30 sec Pn-3 4.7 x 1012 n/cm2/sec
2021/8/3 60 min Pn-2 5.5 x 1012 n/cm2/sec
2021/8/24 30 sec Pn-3 4.7 x 1012 n/cm2/sec

Irradiation Operating 
power

Thermal neutron flux

1 MW

RESULTS:  In FY2021, 24 samples sampled between 
2014 and 2019 were measured. We plan to organize the 
data together with the results of past measurements. In 
addition, PIXE analysis is being conducted at 
TCU-Tandem. Fig. 1 shows an example of the results of 
PIXE analysis for mainly light elements in vacuum. In 
addition, we are now adjusting the beamline for PIXE 
measurement in air in order to measure more samples 
efficiently. 

Fig. 1. An example of PIXE Spectra measured by PIXE 
beam line of TCU-Tandem. 

Fig. 2. In-air PIXE analysis system at TCU-Tandem. 
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Atmospheric aerosols  ,which are particles suspended in 
the atmosphere, have a particle size of 0.001 to 100 μm 
(radius when spherical) and have various chemical 
compositions. The particle size and chemical composition 
vary depending on where and how it was made. The fine 
particles of which particle size is smaller than 2 μm are 
almost made from the combustion process and through 
some chemical reactions of gaseous matters. Coarse 
particles of which size are larger than 2 μm are almost 
naturally derived particles such as soil particles and sea 
salt particles and particles made by physical fracture. Fine 
particles that enter the respiratory tract can affect the 
health. For the indirect effect of coarse particle,cloud 
formation and solar scattering  ,coarse particles contribute 
to the some factors on which a climate changes.  
Consequently, coarse particles do not have much direct 
health effects, but they can have a greater impact on 
humankind by their effecting on the climate.

Our observations of the aerosols at Sakai show that the 
change in atmospheric aerosol concentration observed in 
Sakai City since 1995 has been decreased for both fine 
and coarse particles. The decreasing tendency of fine 
particles was caused by the decrease of particles derived 
from anthropogenic sources due to environmental 
measures , but the decreasing tendency of coarse particles 
is unlikely to decrease due to environmental measures, 
and it is due to changes in the natural environment 
including land use. Coarse particles are greatly influenced 
by soil particles which  are affected by soil particles from 
a wide area as well as around the observation point and  
also affected by areas more than 2000 km away, such as 
yellow sand particles from China land.  We will evaluate 
how much  the effect is near the observation point or far 
away(from China land). In this

report, we focus on the concentration change in 
aluminum (Al) and calcium (Ca), which are the main 
components of soil particles that occupy the main part of 
coarse particles, and have estimated the factors that cause 
the reduction of coarse particles.

We have collected the coarse particle  (> 2 μm) in 5 
particle size ranges (>11,7.0-11,4.7-7.0,3.3-4.7,2.1-3.3μ 
m) using Andersen sampler and analyzed  the elemental
composition concentration in each particle size range by
neutron activation analysis.  From the results of  Al and
Ca concentrations, we found the following.

1) The concentration of coarse particles have decreased
(1995-2020) and also the main components Al and Ca
tended to decrease. (Fig.1)

2) However, there was no clear decrease in the
concentrations of Al and Ca in the particle size range with 
the largest particle size (> 11 μm), in which range the 
influence of the vicinity was large, but  the concentrations 
of Al and Ca in the particle size range below this range 
have clear decrease trend.

From the above, we have concluded that the ratio of Al 
and Ca to silicon (Si), which is the main component of 
soil in the neighboring soil particles, might changed (Si 
cannot be analyzed by neutron activation analysis). This 
change in composition might be caused by the effect of 
changes in the properties of soil particles from the 
surrounding area. Because the concentration of coarse 
particles in March and April is not clearly decreasing 
compared to other periods,  this shows that the influence 
of soil particles from mainly  China land, which has a 
large impact during this period, has not decreased much. 
From this results, we have estimated  that the influence of 
soil from the surrounding area imight be changed  by  the 
land use and changes in rolled up soil particles due to 
changes in traffic volume.

Fig.1 Long term (1995-2020) change in concentratio of Al and Ca in the atmospheric coarse particle(>2μm). 
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INTRODUCTION: The Canadian Shield has the oldest 
rocks; Acasta gneiss in the Northwest territory, and or-
thogneiss in the Saglek Block in the Labrador; both 
showing U-Pb age of c.a. 4.0 Ga [1]. We have already 
reported 40Ar/39Ar age results on zircons and potassic 
minerals [2]. Acasta gneiss results are consistent among 
all the minerals, giving 1.9-2.0 Ga ages of Wopmay oro-
gen, whereas only Labrador zircon showed ages older 
than 4.0 Ga. Recent study [3] indicated that the part of 
Greenland possibly belonged to Rae Province which rec-
orded c.a. 1.9 Ga event. These results suggest that the 
Labrador zircon somehow might have preserved the 4.0 
Ga age. Zircon does not contain potassium, but it nor-
maly has many little inclusions. The age might originate 
from these inclusions with some potassium. We analyzed 
the gas release pattern of the Labrador and Acasta zircons, 
and compared the diffusion characteristics of the zircons. 

EXPERIMENTS: Rock samples were  sieved in 
#25-100 mesh. After ultrasonic cleaning in distilled water, 
single mineral grains were separated by handpicking. The 
mineral grains were irradiated using the hydraulic facility 
of KUR for 47 hours at 1 MW, and subsequently 6 hours 
at 5MW. The total neutron flux was monitored by 3gr 
hornblende age standard [4], irradiated in the same sam-
ple holder. In the same batch, CaSi2 and KAlSi3O8 salts 
were used for interfering isotope correction. A typical 
J-value was (1.183 + 0.090) X10-2. In stepwise heating
experiment, the minerals were heated under defocused
laser beam, and temperature of sub-millimeter grains was
measured using infrared thermometer of which spatial
resolution is 0.3 mm in diameter with a precision of 5
degrees. A feedback circuit for relatively long time-lag
heating control is used not to overshoot the programmed
temperature. Zircon has relatively high melting point, and
a near-infrared laser was used for final fusion. Argon
isotopes were measured using a mass spectrometer with
mass resolution of approximately 400, allowing to sepa-
rate hydrocarbon from 39Ar and other argon isotopes.

RESULTS AND DISCUSSIONS: An example of argon 
release pattern of step heating results from a Labrador 
zircon grain is illustrated in Fig.1. The 40Ar fraction at the 
highest  temprature  over  1400  degrees has a small error, 
giving a 40Ar/39Ar ratio of Eoarchean age (> 4.0 Ga). The 

K-Ar and 40Ar/39Ar ages in Labrador area generally show
c.a. 1.9 Ga.  The results from Acasta gneiss showed that
40Ar/39Ar step ages of zircons are close to the and the
U-Pb age of apatite (c.a. 1.9 Ga) [5]. Comparison of these
results suggests that potassium carrier in the Labrador 
zircon did not experience the 1.9 Ga overprint event. In 
argon geochronology, presence of excess argon cannot be 
excluded in metamorophic rocks. In this case, the very 
high extraction temperature may play a key role to dis-
tinguish between the nearly-true age and excess age. The 
Labrador hornblende and biotite data do not suggest ex-
cess ages, and Wopmay orogen seems to have overprint-
ed the Acasta zircon as well as hornblende and biotite. If 
we assume excess argon only in the Labrador zircon, we 
need to assume a special conditions to create excess ar-
gon only in the zircon at very high temperature. This may 
be clarified in view from P-T condition analyses in met-
amorphic petrology. 
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Fig. 1. 40Ar/39Ar release pattern during step heating of 
a Labrador zircon grain. The experimental error in 40Ar 
anayses is very small while 39Ar error is moderately 
large due to its small amount. The highest temperaure 
step gave older than 4.0 Ga. 
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INTRODUCTION:  Previously, we reported that the 
absorption of radioactive cesium ions from contaminated 
soil into rice plants increased by adding stable cesium 
ions to irrigation water and that the possibility that the 
cesium ions added were replaced with radioactive cesium 
ions in soil [1, 2]. However, we also noted addition of 
excess amount of stable cesium caused an obstacle to 
growth of rice plant [3]. 

  Therefore, in the present study, we examined the 
removal of radioactive cesium from soil through chemi-
cal treatment with various kinds of alkali ion solutions. 
At first, two types of soil, kuroboku soil (Andsols) and 
vermiculite were contaminated artificially to understand 
the distribution and behavior of radioactive cesium in soil 
and to provide insights into removal methods. Second, 
the effect of decontamination with alkaline ions on the 
growth of plants was investigated. In investigation of the 
behavior of trace elements in white radish sprouts, simu-
lated decontamination with alkaline ions was performed 
on the soil containing no radioactive cesium and exam-
ined. 

EXPERIMENTS: 137Cs removal from soil   A sample 
(30 g) of commercially obtained vermiculite or kuroboku 
soil was placed in a metal mesh, immersed in 300 mL of 
aq. 137Cs (116 Bq) solution for one day, then removed 
from the solution and dried. After that, 100 mL of 0.140 
mol/L KCl, RbCl or CsCl solution were added to a beak-
er containing the contaminated soil and the mixture was 
stirred. After stirring, the beaker of soil and solution was 
allowed to stand for 10 minutes, then, each soil was 
washed with pure water once or twice. The same treat-
ments were applied to soil that was not contaminated 
with radioactive cesium. 
Materials and Method   The dried each soil mentioned 
above was placed in a plastic pot, wetted with pure water 
and 1.0 g of radish sprouts seeds were sown on it. After 
germination, Hyponex� diluted 2000 times was added as 
liquid fertilizer. After that, they were cultivated for 14 
days while giving only pure water as appropriate. White 
radish sprouts cultivated in soil without radioactive ce-
sium were subjected to INAA. 
INAA  The samples in polyethylene capsules were ir-
ra-diated in Pn-3 for 90 seconds and in Pn-2 for 4 hours, 
for short and long irradiation, respectively.  As compar-
ative standards, the certified NIST Standard Reference 
Mate-rial 1577b Bovine Liver as well as elemental 

standard for Cs was used.  The -ray spectroscopic 
measurements with an HPGe detector were performed 
repeatedly for the short-irradiated samples: the first 
measurements for 120 – 900 seconds after decay time of 
5 - 15 minutes and the second one for 250 - 1200 seconds 
after 60 - 150 minutes.  The long-irradiated samples 
were measured for 1 - 24 hours after an adequate cooling 
time (15 - 60 days). 

RESULTS:  When KCl solution was used as a decon-
tamination agent, no growth disorder of white radish 
sprouts was observed. When a CsCl solution was used as 
a decontamination agent, radish sprouts cultivated in ku-
roboku soil that had not been washed with pure water 
after decontamination showed significant growth disor-
ders. On the other hand, the growth disorder of radish 
sprouts cultivated with vermiculite was not so remarkable. 
This indicates that cesium ions are retained in kuroboku 
soil in a form that is easily absorbed by plants. When the 
RbCl solution was used as the decontamination agent, a 
slight growth disorder was observed for kuroboku soil 
that were not washed with pure water. 

  The decontamination effect estimated from the 
radioactive cesium absorbed by white radish sprouts was 
hardly observed in the KCl solution. As same as our pre-
vious report, the CsCl solution was able to remove some 
radioactive cesium from both kuroboku soil and vermicu-
lite. On the other hand, although the RbCl solution had a 
low effect of removing cesium in vermiculite, a remarka-
ble decontamination effect could be observed on kuro-
boku soil. 

The concentration of trace elements in radish 
sprouts cultivated in soil after decontamination with RbCl 
is described. Even when cultivated in soil washed with 
pure water after decontamination treatment, the concen-
tration of rubidium ions absorbed by radish sprouts was 
high. However, no abnormality was found in the concen-
trations of essential elements such as potassium and 
manganese. Just as there was no apparent growth disorder. 
Considering that the actual field soil is a mixture of ku-
roboku soil and clay minerals, it is necessary to consider 
the use of Rb ions, which are highly effective in decon-
taminating kuroboku soil. 

REFERENCES:
[1] M. Yanaga et al., NMCC ANNUAL REPORT, 22

(2015)185-190.
[2] M. Yanaga et al., NMCC ANNUAL REPORT, 23

(2016)172-179.
[3] M. Yanaga et al., KURNS Progress Report 2018

(2019)CO5-10.

CO5-8

- 144 -

R3093 



A. Toyoshima, K. Takamiya1 and H. Furutani2

Institute for Radiation Sciences, Osaka University 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University  
2Center for Scientific Instrument Renovation and Manu-
facturing Support, Osaka University 

INTRODUCTION:  Recently, first preliminary remov-
al of the fuel debris remaining in Fukushima Daiichi Nu-
clear Power Plant (1F) is just trying to be started. In the 
removal, however, fine particles containing alpha emit-
ters such as 235U and 239Pu are concerned to be generated 
in cutting the debris. We are therefore developing a novel 
real-time detection method of the scattered fine particles 
using Aerosol Time-Of-Flight Mass Spectrometer 
(ATOFMS) which can measure the particle size and can 
identify chemical composition and contained isotopes for 
each particle floated in carrier gas. At present, we are 
fabricating an enlargement and condensation apparatus to 
increase the detection sensitivity of ATOFMS by enlarg-
ing non-measurable tiny particles with ATOFMS to 
measurable-sized ones. The present study aims at evalu-
ating influence of the enlargement and condensation of 
fine particles to detection sensitivity of ATOFMS by its 
surface observation. Here we carried out SEM-EDS 
measurement of modeled fine particles containing 238U 
without condensation. 

EXPERIMENTS:  Fine particles were prepared from 
(U,Zr)O2 pellets as well as a ZrO2 one by laser ablation. 
The pellets had different U/Zr ratios. Laser power was 
20-30 kW. In a closed chamber, the pellet was irradiated
by the laser. The generated fine particles were swept out
of the chamber by carrier gas of dried air and were col-
lected on a carbon tape in an impactor connected with a
thin tubing. SEM-EDS measurement of the collected
samples was carried out after the transportation of these
to KURRI. Energy of bombarded electrons was 10 kV or
15 kV. SEM images and X-ray spectra of the samples
were taken for a few tens of fine particles found on the
carbon tapes.

RESULTS:  In Fig. 1, a SEM image of the fine particles 
from the ZrO2 pellets were demonstrated as an example. 
Many of tiny particles with a diameter of less than one 
micrometer and a few of larger particles were observed. 
We also analyzed the fine particle by EDS. An example is 
the particle in Fig. 1, in which analyzed point is depicted 
by a cross symbol. In Fig. 2, observed spectrum is 
showed. Characteristic X-rays of C, O, Y, and Zr are seen. 
Zr and O peaks from ZrO2 are clearly observed. Because 
the commercially available ZrO2 pellets used contains 
8mol% Y2O3, the x-ray of Y is also detected. C is from 
the carbon tape as a support. For other fine particle sam-
ples prepared from (U,Zr)O2, results are under analysis. 
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Fig. 1.  SEM image of fine particles prepared from 
ZrO2 pellet by laser ablation. 

Fig. 2.  EDS spectrum of fine particles prepared 
from ZrO2 pellet by laser ablation. 
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INTRODUCTION:  Radiometric dating is useful tool 
for unveiling formation and evolution process of plane-
tary material. 40Ar-39Ar method is invaluable to date the 
timing of heating events on planetesimals and asteroids 
(e.g. Swindle et al. (2014) [1]). Especially, 40Ar-39Ar da-
ting method with laser heating technique is suitable for 
small amount sample (e.g. Kelley, 1995 [2] and Hyodo, 
2008 [3]). 
For example, tiny material returned from asteroid 25143 
Itokawa is dated using laser heating 40Ar-39Ar dating 
method by Park et al. (2015) [4] and Jourdan et al. (2017) 
[5]. These ages indicate the timing of catastrophic events 
which occurred on Itokawa’s precursor body. Combining 
the 40Ar-39Ar ages and other chronological data, Terada et 
al. (2018) [6] overviewed the time evolution of the Ito-
kawa asteroid. Successor to earlier works, 40Ar-39Ar da-
ting of material that recovered from asteroid 162173 
Ryugu and other extraterrestrial materials have been car-
ried out using KUR (project #R3007, PI: RO, [7]). 
To implement of dating of extraterrestrial material by 
40Ar-39Ar method, we will develop a system which in-
cludes laser-heating gas extraction and gas purification 
line in KURNS (Fig. 1). 

EXPERIMENTS:  Dr. R. Okazaki of Kyushu Univer-
sity designed the system. A continuous Nd-YAG laser 
(~60 W) extract gas from neutron irradiated sample. The 
extracted gas is purified using a SORB-AC getter pump 
in purification part. After the purification of extracted gas, 
argon isotope ratios in the gases are analyzed by using an 
on-line connected quadrupole mass spectrometer. Alter-
natively, purified gases are encapsulated into metal gas 
trap, and are transported to laboratories of noble gas 
analysis (e.g. Kyushu University). Then, argon isotope of 
the gas is analyzed using a high sensitivity mass spec-
trometer. Whole of the extraction and purification parts 
will be evacuated by an oil rotary pump, two turbo mo-
lecular pumps and an ion pump to ultra-high vacuum 
condition. 

RESULTS:  We have continued assembling of the gas 
extraction and purification system in KURNS in FY2021. 
We could evacuate the extraction and purification parts 
using oil rotary pump. Unfortunately, the construction 
work was not finished due to influence of epidemic pre-
vention of COVID-19. We are going to continue setting 
the system up during FY2022. 
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Fig. 1.  View of gas extraction and 
purification line at KURNS. RP, TP, IP, 
SP and IG respectively denotes oil 
rotary pump, turbo molecular pump, 
ion pump, SORB-AC getter pump and 
ion gauge. 
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INTRODUCTION:  Extra-terrestrial materials, such as 
meteorites, micrometeorites, and samples collected by 
asteroid/planet explorations, provide a variety of infor-
mation for understanding the origin and evolution of the 
solar system. In particular, age determination gives us 
direct knowledge about thermal histories as well as tim-
ing of the events occurred in solar nebular and on the 
parent bodies. Ar-Ar and I-Xe ages usually, but not al-
ways, correspond to aqueous alteration and/or thermal 
events due to metamorphism/meteoroid impacts suffered 
on the parent body, and the parent body formation, re-
spectively [e.g., 1, 2]. Despite of their importance, Ar-Ar 
and I-Xe dating is performed at limited laboratories be-
cause they require technique involving neutron irradia-
tion and isotope measurements of the radioactive materi-
als. In order to conduct Ar-Ar and I-Xe dating for ex-
tra-terrestrial samples, we attempt to establish the analyt-
ical protocol and apparatus. A system for gas extraction, 
purification, and measurements is being constructed at 
KURNS. 

EXPERIMENTS:  (i) Hayabusa2, a mission operated 
by the Japan Aerospace Exploration Agency (JAXA), 
returned samples from the C-type near Earth asteroid 
(162173) Ryugu. Small grain samples (typically 0.8 mm 
in size) were distributed to us (PI. R. Okazaki) for Ar-Ar 
and I-Xe dating. Prior to analyses of the Hayabusa2 sam-
ples, advanced experiments were performed. One of the 
experiments were conducted in July 2021. Two meteor-
ites (Allende and Murchison) and terrestrial rocks and 
minerals were subjected to hydro irradiation as standard 
and interference-monitor samples. Individual samples 
were put in a hole of the diamond dish, which were 
wrapped with Al foil and stored in a Hydro irradiation 
capsule. In October 2021, returned Ryugu samples set on 
diamond dishes were irradiated (R3038; R3007) [3]. 
(ii) In Ar-Ar and I-Xe dating, isotope measurements of Ar
and Xe for samples after neutron irradiation are necessary.
For quicker and easier operation of Ar-Ar dating, we are
constructing an apparatus for gas extraction, purification,
and Ar isotope analyses. It needs ultra-high vacuum state
and is composed of an Nd-YAG laser, a SORB-AC getter,
vacuum gauges, and vacuum pumps (a mass spectrometer
has not connected yet). Gases are extracted from samples
by laser heating. Extracted gases are purified by the getter.
And then, gases are planned to be (a) measured on-site
with a quadrupole mass spectrometer (QMS) and/or (b)
stored in bottles and measured with a high sensitivity
sector-type mass spectrometer at Kyushu University. Va-

lidity of QMS was reported for K-Ar dating [e.g., 4-6]. In 
situ Ar-Ar dating using the laser heating and Ar meas-
urements by a QMS at KURNS can avoid transportation 
of irradiated samples. We are examining the sensitivity, 
background level and availability of the QMS at the Univ. 
of Tokyo. 

RESULTS: (i) The samples were first studied for short 
lived nuclides by Dr. Shirai and co-investigators. Then, 
the samples were irradiated, cooled, isolated from the 
dishes and transported to Kyushu University to measure 
noble gases (including Ar and Xe) with the sector-type 
mass spectrometer. The results are being analyzed in de-
tail. 
(ii) Most of the line components were assembled and
evacuated at KURNS. The heating examination for the
laser has not been done. The QMS that is planned to be
connected to the line at KURNS was installed into the
ultra-high vacuum system at the Univ. of Tokyo (Fig. 1)
for performance tests. Because the amounts of Ar re-
leased from irradiated samples are generally small, low
background conditions are required. To examine analyti-
cal procedures and to determine the sensitivity and the
precision of isotopic ratios, quantitative amounts of air,
≦7 × 10-6 cm3STP for 40Ar, were introduced into the
QMS. Suitable sample amounts and heating temperature
steps will be discussed based on the results from these
experiments.
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Fig. 1. The QMS is connected to the ultra-high vac-
uum line. 
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INTRODUCTION:   Halogen elements are a group of 
the elements belonging to group 17 in a periodic table of 
the elements, consisting of fluorine (F), chlorine (Cl), 
bromine (Br) and iodine (I) as stable elements. Geo-
chemically, halogens behave with relatively high volatil-
ity and incompatibility with silicates. Therefore, halogens 
are relatively abundant in several reservoirs in the outer 
layer of the earth such as sea water, oceanic sediments 
and crustal materials. Cosmochemically, halogens are 
grouped into moderately volatile (for F and Cl) and 
highly volatile elements (for Br and I). However, their 
behavior in the early solar system is not well understood 
even at present. A major reason for making difficult in 
understanding the cosmochemical behavior of halogens is 
the lack of reliable data of halogen contents in bulk me-
teorite samples. A main goal of this study is to obtain 
reliable halogen content data for chondritic meteorites, 
especially carbonaceous chondrites for better under-
standing of the halogen behavior when our solar system 
formed. Before reaching this goal, we determined halo-
gen contents in geochemical reference samples to estab-
lish the analytical procedure applicable to meteorite sam-
ples. Contents of the three halogens were determined by 
radiochemical neutron activation analysis (RNAA). 

EXPERIMENTS:   Two geochemical reference sam-
ples of about 200 to 300 mg each in clean plastic vials 
and reference standard samples of the three halogens 
were irradiated with neutrons for 10 min with a thermal 
neutron flux of 1 x 1013 cm-2 s-1 in the Pn-3 irradiation 
tube. After the irradiation, the samples were subjected to 
radiochemical separation of the three halogens. The ra-
diochemical procedure used was essentially the same as 
previously described ([1], [2]) and are briefly summa-
rized in the following. Each meteorite specimen was al-
kaline-fused with sodium hydroxide. The resulting fusion 
cake was disaggregated with water and the supernatant 
fractions was recovered by centrifugation. After neutral-
izing with nitric acid, I was precipitated as palladium 
iodide, which was immediately measured for a 423 keV 
gamma-ray emitted by 128I whose half life is 27 min. 
From the supernatant, silver chloride and silver bromide 
precipitates were recovered by adding silver nitrate solu-
tion. Gamma-rays of 38Cl (half-life: 30 min) and 82Br 
(half-life: 35 h) were measured just after the measure-
ment of 128I and on the following days, respectively. After 
completion of all gamma-ray measurements, the palla-

dium iodide and silver chloride-bromide mixture precip-
itates were reactivated for determining chemical yields.  

RESULTS:  Some preliminary results are summarized 
in Table 1. Errors quoted are uncertainties due to count-
ing statistics (one standard deviation) in gamma spec-
trometry. 

Table 1  Analytical results (in µg/g) of three halogens. 
sample Cl Br I 

AGV-2 76.5 ±3.2 0.085 ±0.006 0.023 ±0.005 
lit .1 72.5 ±2.7 0.101 ±0.007 0.197 ±0.038 

BCR-2 100 ±2.2 0.121 ±0.009 0.048 ±0.018 
lit .1 112 ±1 0.144 ±0.008 0.082 ±0.022 

BHVO-2 97 ±3.4 0.253 ±0.017 0.081 ±0.008 
lit .1 104 ±4 0.240 ±0.013 0.307 ±0.050 

GSP-2 336 ±14 0.067 ±0.010 0.011 ±0.007 
lit 1 363 ±29 0.117 ±0.020 0.075 ±0.018 

GSR-1 126 ±4 0.120 ±0.024 0.012 ±0.005 
lit.2 116 ±10 0.58 ±0.07 

GSR-2 38.9 ±3.6 0.021 ±0.013 0.011 ±0.005 
lit. 2 49.1 ±5.6 0.17 ±0.01 0.004 ±0.003 

GSR-5 37.2 ±1.5 0.238 ±0.014 0.249 ±0.014 
lit.2 49.7 ±5.4 0.51 ±0.02 0.14 ±0.01 

GSD-7a 43.4 ±7.1 0.813 ±0.045 0.471 ±0.016 
lit. 2 39.0 ±6.5 1.05 ±0.11 0.38 ±0.04 

GSD-11 320 ±12 1.41 ±0.05 2.56 ±0.08 
lit.2 276 ±13 1.88 ±0.10 1.86 ±0.10 

JR-3 139 ±9 0.549 ±0.023 0.469 ±0.023 
lit.3 134 ±12 0.577 ±0.045 0.482 ±0.037 

lit. 1: [3], lit. 2: [4], lit. 3: [2] (“lit.” denotes literature) 

Data in lit. 1 and lit. 3 were obtained by RNAA using the 
same analytical procedure as used in this study. Data of 
lit. 3 were obtained by ICP-MS. In Comparison with lit-
erature values, the following features can be seen; (i) (for 
Cl) literature data and our data are all consistent, (ii) (for 
Br) all data of lit. 2 are systematically lower than ours, 
(iii) (for I) all data of lit. 1 are systematically higher than
ours, while some of lit. 2 are lower than ours, (iv) (for
three halogens) data of lit. 3 and ours are consistent. We 
have repeatedly analyzed reference samples including
those listed in Table 1 to critically evaluate the literature
values. Outcomes will be submitted to scientific journals
in near future.
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INTRODUCTION:  A collisional event is a funda-
mental process of evolving and disrupting asteroidal 
bodies in the solar system. Because collisions induce 
shock metamorphism in meteorites, we can reveal a his-
tory of asteroidal evolution/destruction by examining 
shocked meteorites. Ordinary chondrites, the most abun-
dant meteorites reported, record complex collisional his-
tories on their parent bodies, particularly in the “early” 
solar system. Although LL chondrites are less investigat-
ed than H and L chondrites, certain authors suggested that 
LL chondrite parent body(ies) underwent a shock event 
before 4.5 Ga and a major shock event at 4.2 Ga [e.g., 
1,2].  
For discussions on such collisional histories, 40Ar/39Ar 
ages have been commonly adopted to examine collisional 
ages. The high diffusion rate of Ar leads to loss of radio-
metric Ar during shock heating [e.g., 3]. On the other 
hand, some shock events are accompanied by postshock 
heating so weak (e.g., Fritz et al., 2017; Gillet & El 
Goresy, 2013; Sharp & Decarli, 2006; St€offler et al., 
1991, 2018) that a resetting of 40Ar/39Ar ages is not al-
ways attained, and resistance against resetting depends on 
shock textures [e.g., 4]. Moreover, certain meteorites may 
have experienced multiple shock events, and possibly 
aliquots from the same meteorites having different petro-
logical textures yield distinct 40Ar/39Ar ages. Therefore, 
when we conduct 40Ar/39Ar chronological analysis to 
determine collisional ages, we should carefully observe 
shock textures and use the same aliquot for 40Ar/39Ar 
analysis. However, the number of such chronologi-
cal–petrological studies is still limited [e.g., 5], and rela-
tions between shock ages and collisional events are un-
clear, except for a major shock event at 0.5 Ga on the L 
chondrite parent body. To explain such collisional histo-
ries, including a time transition of impact scales, we re-
quire a chronological–petrological study of multiple me-
teorites. In this study, we focused on an LL chondrite and 
performed 40Ar/39Ar chronological–petrological analyses 
of an LL 6 brecciated chondrite to delineate the collision-
al history of the LL chondrite parent body. 

EXPERIMENTS:  The samples of 5-50 mg each and 
standards for neutron fluence were wrapped with alumi-
num foil and put in aluminum capsules of ϕ10 mm x 

30 mm. The capsules were irradiated with neutrons in 
KUR. After the irradiation, the samples were sent to the 
University of Tokyo. The samples were loaded into an 
ultrahigh-vacuum, noble gas extraction, purification, and 
separation line. Argon was extracted from the samples by 
heating up to 1800°C, purified with hot titani-
um-zirconium getters, separated into each noble gas with 
temperature-controlled cold traps, and then determined 
their isotope compositions with a noble gas mass spec-
trometer [6,7]. The fast neutron flux was estimated as 
(1.0–1.2) × 1018 neutrons cm–2, from the production of 
39Ar from 39K in the Hb3gr hornblende standard in which 
K contents have been determined by [8]. 

RESULTS: Petrological observations revealed that NWA 
2139 experienced at least five impact events, including at 
least two brecciation events, and two shock-induced 
heating events inducing silicate darkening and healing 
cracks, and one weak shock event inducing thin shock 
veins. 40Ar/39Ar analysis demonstrated that four aliquots 
of NWA 2139 provided a mini-plateau age of 4.17 ± 0.10 
Ga in high-temperature fractions. One aliquot shows a 
partial degassing event at <3.9 Ga. The heating event at 
4.17 ± 0.10 Ga induced the recrystallization of the thick 
veins and healing cracks in NWA 2139, which is the ma-
jor heating event on the LL chondrite parent body, as 
reported in other LL chondrites [e.g., 1,2]. Silicate dark-
ening, thick shock vein formation, and two brecciations 
occurred before the major heating event at 4.17 ± 0.10 Ga, 
whereas the thin shock vein formed after the heating 
event. The LL parent body might have been broken up by 
1.7 Ga, based on studies of probably from 4.2 to 3.8–3.9 
Ga. No brecciation occurred after 4.2 Ga, and many other 
LL chondrites, including NWA 2139, did not experience a 
strong shock event within 1.5–1.7 Ga reported for Itoka-
wa particles and the Chelyabinsk meteorite. Moreover, 
the heating event at 4.2 Ga is a common event in multiple 
LL chondrites. 
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INTRODUCTION: Instrumental photon activation 
analysis (IPAA) is multielemental and nondestructive 
analytical method like instrumental neutron activation 
analysis (INAA). Comparative method is generally used 
for determination of elemental contents in IPAA. In 
INAA, k0 method, which was developed based on a sin-
gle comparator method, as well as comparative method is 
used. A single comparator method and k0 method can 
determine all elemental contents by using only single 
element comparator. But there are no reports on determi-
nation by the single comparator method in IPAA as far as 
we know. So, we have applied single comparator method 
to IPAA at the Research Center for Electron Photon Sci-
ence (ELPH), Tohoku University using photoreaction 
yield ratios obtained by Oura et al.[1] at ELPH. Since 
neutron spectrum is unique to each irradiation position in 
a reactor, its correction is essential in k0-INAA. However, 
energy spectrum of the bremsstrahlung from any electron 
accelerator should be nearly identical for the same accel-
eration energy of the electrons and the same converter 
material. There must be no need to correct the energy 
spectrum as for the k0-INAA. That is, the yield ratios by 
Oura et al. should be also used to perform IPAA in any 
institution. In this study, the single comparator method 
was performed on various reference standard samples at 
the electron accelerator at the Institute for Integrated Ra-
diation and Nuclear Science, Kyoto University (KURNS) 
other than ELPH. 

EXPERIMENTS: Several geochemical and environ-
mental reference samples, which were same as those an-
alyzed at ELPH, in an Al foil container were irradiated
with stainless steel (SUS) foil fluence monitors by 
bremsstrahlung with E0 = 33.3 MeV from an electron 
LINAC at KURNS under air-cooling for 6 hours. The 
bremsstrahlung was produced by a Pt convertor (2-mm 
thick x 2 pieces). After irradiation, samples were trans-
ferred to a new Al foil container. Then, γ-rays in samples 
were measured by a Ge detector calibrated with 152Eu and 
182Ta sources. Samples were placed at approximately 
10-20 cm from the Ge detector to reduce true coinci-
dence. 

The determination calculation was performed using the 
single comparator method. In this study, Ni was used as 
the comparator, and the elemental mass fraction was cal-
culated using Equation (1), 

(1) 

where C is the elemental mass fraction, A is the induced 
radioactivity at the end of the irradiation period, W is the 
sample mass, w is mass of an element, M is the atomic 

weight, r is the isotopic abundance, σ is the reaction yield, 
λ is the decay constant, and t is the irradiation time. The 
suffixes ‘x’ and ‘Ni’ express the parameter for the sample 
and Ni monitor, respectively. The reaction yield ratios 
(σx/σNi) were taken from Oura et al.[1] The specific activ-
ity of 57Ni (ANi/wNi) at the position of each sample posi-
tion was calculated using an interpolation of 57Ni activi-
ties in SUS foils using a function determined by the least 
squares method. 

RESULTS: Ratios of determination values to literature 
values (cerified or recommended values) for determined 
elements are shown in Fig.1 with analytical results ob-
tained at ELPH, where yield ratios used in the single 
comparator method were determined at. Determination 
values obtained at ELPH expresed by open symbols were 
consistent with literature values within ± 10 % for almost 
elements, and some results were within ± 20 %. The re-
sults obtained at KURNS expressed by closed symbols, 
which is a different facility from the one where reaction 
yield ratios were determined, were also consistent with 
literature values like the result at ELPH. It is concluded 
that the single comparator method using reaction yield 
ratios obtained with the LINAC at ELPH [1] can gener-
ally be applied to IPAA using any accelerators. 

 
 

REFERENCES: 
[1] Y. Oura et al., ELPH Annual Report 2017 (2018),
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Fig. 1. Comparison between mass fractions deter-
mined in 7 kinds of reference samples and their liter-
ature values. The irradiation energy was E0 = 33.3 
MeV. The shaded area and dotted lines express the 
range of ±10 % of the literature value and ±20 % of 
the literature value, respectively. 
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INTRODUCTION: Instrumental photon activation anal-
ysis (IPAA) is multielemental and nondestructive analyti-
cal method like instrumental neutron activation analysis
(INAA). Comparative method is generally used for deter-
mination of elemental contents in IPAA. In INAA, k0

method, which was developed based on a single compara-
tor method, as well as comparative method is used. A sin-
gle comparator method and k0 method can determine all
elemental contents by using only single element compara-
tor. But there are no reports on determination by the single
comparator method in IPAA as far as we know. So, we
have applied single comparator method to IPAA at the Re-
search Center for Electron Photon Science (ELPH),
Tohoku University using photoreaction yield ratios ob-
tained by Oura et al.[1] at ELPH. Since neutron spectrum
is unique to each irradiation position in a reactor, its cor-
rection is essential in k0-INAA. However,
energy spectrum of the bremsstrahlung from any electron
accelerator should be nearly identical for the same accel-
eration energy of the electrons and the same converter ma-
terial. There must be no need to correct the energy spec-
trum as for the k0-INAA. That is, the yield ratios by Oura 
et al. should be also used to perform IPAA in any institu-
tion. In this study, the single comparator method was per-
formed on various reference standard samples at the elec-
tron accelerator at the Institute for Integrated Radiation
and Nuclear Science, Kyoto University (KURNS) other
than ELPH.

EXPERIMENTS: Several geochemical and environmen-
tal reference samples, which were same as those analyzed
at ELPH, in an Al foil container were irradiated with stain-
less steel foil fluence monitors by bremsstrahlung with E0

= 33.3 MeV from an electron LINAC at KURNS under
air-cooling for 6 hours. The bremsstrahlung was produced
by a Pt convertor (2-mm thick x 2 pieces). After irradiation,
samples were transferred to a new Al foil container. Then,
γ-rays in samples were measured by a Ge detector cali-
brated with 152Eu and 182Ta sources. Samples were placed
at approximately 10-20 cm from the Ge detector to reduce 
true coincidence.

! = #! × %"#
#"# × %!

× &!
&"#/("#
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RESULTS: Ratios of determination values to literature 
values (cerified or recommended values) for determined
elements are shown in Fig.1 with analytical results ob-
tained at ELPH, where yield ratios used in the single com-
parator method were determined at. Determination values
obtained at ELPH expresed by open symbols were con-
sistent with literature values within ± 10 % for almost 

elements, and some results were within ± 20 %. The results
obtained at KURNS expressed by closed symbols, which
is a different facility from the one where reaction yield ra-
tios were determined, were also consistent with literature
values like the result at ELPH. It is concluded that the sin-
gle comparator method using reaction yield ratios obtained 
with the LINAC at ELPH [16] can generally be applied to
IPAA using any accelerators.

REFERENCES:
[1] Y. Oura et al., ELPH Annual Report 2017 (2018), 115-
120.
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Fig. 1. Comparison between mass fractions deter-
mined by using LINAC at KURNS in 7 kinds of ref-
erence samples and their literature values. The irradi-
ation energy was E0 = 33.3 MeV. The shaded area and
dotted lines express the range of ±10 % of the mean 
value and ±20 % of the mean value, respectively.
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INTRODUCTION: Vast forest was markedly contami-
nated by radioactive plums containing radiocesium in the 
wide range of the eastern part of Japan in 2011 [1–4]. As 
forests have an important role in preventing landslides 
and maintaining the ecological and hydrological system, 
the destructive forest should be avoided and an appropri-
ately managed tree-felling should be conducted. It is 
necessary to know the environmental dynamics of radi-
ocesium in forest to keep the forestry vividly.  
In our previous field study [1], most of the radiocesium 
in the tree rings was directly absorbed by the atmospheric 
direct uptake via the bark and leaves rather than by roots. 
The chemical form of radiocesium on the leaves and bark 
would have been a mixture of water-soluble and insolu-
ble forms. Another our previous study [2] demonstrated 
that the effluence rate of radiocesium (137Cs) obtained 
from dissolved assay experiments on the trunks of Cryp-
tomeria japonica, indicating that the radiocesium in the 
trees was mainly water-soluble.  
As radioceium in tree may be absorbed from the roots in 
the future, it is important to know how much dissolved 
radiocesium is released from the soil. In this study, se-
quential-extraction experiment of radiocesium was at-
tempted to the surface soil 10 years after the accident, 
and compare the distribution ratio of the radiocesium in 
the soils: 2 years after the accident and 10 years after the 
accident.  

EXPERIMENTS:   
We extracted 137Cs from the surface soil sample from the 
Fukushima. The soil of depths of 0–2.5 cm was well 
mixed and the samples were used in the sequen-
tial-extraction experiment [4]. A ratio of solution to sam-
ple of 5 (v/w) was used for extraction in each step. After 
each fraction was stored into a U-8 vessel,137Cs was 
measured by gamma-ray spectrometry. 
Furthermore, we measured radiocsium in tree ring of 
Cryptomeria Japonica in the Fukushima. Detailed 
pre-treatment of the tree-ring and measurement of the 
radiocsium in the samples are described by our previous 
study[1].  

RESULTS:  As shown in Fig. 1, the sequentially chem-
ical fractionations of 137Cs in the soil indicate that most 
part of 137Cs were insoluble 2 years after the accident. 

After 10 years later from the accident, 137Cs was strongly 
fixed in the mineral of the soil, 137Cs in the water soluble 
fraction and ion exchange fraction decreased (Fig. 2).  

Fig. 1 Distribution of 137Cs in the surface soil collected at 
the Fukushima [4]. 
*1: ultrapure water, F: 1 M of NaAc, F: 1-M NaAc-HAc
(pH 5), 4: 0.04-M NH2OH・HCl in 25 % (v/v) HAc (pH
2), 5: 30 % H2O2 (with HNO3, pH 2), 1.8-M NH4Ac in
11 % HNO3(v/v), 6: Residual

Fig. 2 Distribution of 137Cs in the surface soil collected at 
the Fukushima. 
*1: ultrapure water, 2: 1 M of NaAc, 3: Residual

Furthermore, concentrations of the tree ring were less 
than 50Bq/kg collected in 2014. We compared that the 
concentration of the tree ring at the same sampling site, 
the concentration of radiocesium did not increase from 
2012 to 2014. We concluded that the radioceisum was not 
absorbed from the root effectively. 
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INTRODUCTION: Instrumental neutron activation 
analysis (INAA) has several advantages for geochemical 
tools to provide useful information for mineral explora-
tion. INAA enables highly sensitive multi-element analy-
sis without geochemical pretreatment. We have conduct-
ed studies using mineralized samples collected from sea-
floor hydrothermal fields, with a view to extend the range 
of application of this technique. Here we report a result of 
cross check with inductively coupled plasma quadrupole 
mass spectrometry (ICP-QMS analysis). 

EXPERIMENTS: Sulfide deposit and metalliferous 
sediment collected from an active seafloor hydrothermal 
field in a seamount in Izu-Bonin Arc were provided for 
cross check analysis. In total 29 samples were selected to 
examine analytical accuracy in wide range of concentra-
tions, and aliquots for INAA and ICP-QMS analysis were 
split from the same powdered sample. 
INAA analysis was conducted by two runs. For short life 
nuclides, powdered samples of 10-20 mg were irradiated 
at Pn-3 (thermal neutron flux = 4.68 × 1012 n/cm2/sec) for 
30 seconds, and the gamma ray activity was measured for 
3 minutes after adequate cooling time (3~15 minutes). 
For long life nuclides, powdered samples of 10-20 mg 
were irradiated at Pn-2 (thermal neutron flux = 5.50 × 
1012 n/cm2/sec) for 30 minutes, and the gamma ray activ-
ity was measured for 15 minutes after adequate cooling 
time (~30 hours).  
ICP-QMS analysis followed the procedure reported in the 
previous study [1]. Powdered samples of ca. 50 mg were 
dissolved by HNO3-HClO4-HF digestion in Teflon PFA 
screw-cap beakers, then heated overnight on a hot plate at 
110 °C. The digested samples were progressively evapo-
rated at 110 °C for more than 12 h, 130 °C for 3 h and 
160 °C until dryness. The residue was dissolved in 5 mL 
Milli-Q de-ionized water combined with 4 mL HNO3 and 
1 mL HCl, then further diluted to 1:100 by mass (total 
dilution factor ca. 20,000) before introduction into the 
ICP-QMS (Agilent 7500ce). 

RESULTS: Content of nine elements (Al, Mn, Cu, Zn, 
Ba, Na, As, Sb and Au) determined by INAA is plotted 
against that by ICP-QMS analysis (Fig. 1). Contents de-
termined by two analytical techniques basically well 
agreed, except for the case that determination of some 
specific elements was difficult due to extremely low con-
tent. Disagreement in Ba content for Ba-rich ore sample 
is caused by incomplete dissolution during the chemical 
treatment for ICP-QMS analysis [1]. Accuracy of INAA 
was confirmed for determination of metal elements in 
adequate content ranges such as Zn (>1%), Cu (>1000 
ppm), As (>100ppm), Sb (>100ppm) and Au (>1 ppm). 
Determination of Al in low contents below 1000 ppm 
showed rather poor accuracy by INAA probably due to 
short irradiation time to inhibit back ground. 

REFERENCES: 
[1] Nozaki et al., Sci. Rep., 11, 8809 (2021).

Fig. 1. Result of cross check analyses between 
ICP-QMS and INAA for sulfide deposit and metal-
liferous sediment (Upper: short lived nuclides, Low-
er: long lived nuclides). Note that both axes are in 
logarithm scale. 
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INTRODUCTION:  Geochemists are often interested 
in the abundance of halogen elements in geochemical 
materials such as crustal rocks, mantle materials, and 
meteorite samples, because halogens play an important 
role in investigating the petrogenesis of such materials 
and assist in tracing their origins and/or precursor materi-
als [1-3]. In our previous work, radiochemical neutron 
activation analysis (RNAA) was refined to accurately 
determine even trace amounts of halogens (chlorine, 
bromine, and iodine) in sedimentary rock reference sam-
ples [4]. Subsequently, U.S. Geological Survey (USGS) 
geochemical reference materials were subjected to 
RNAA, and the data obtained were compared with liter-
ature data [5]. The two kinds of carbonate reference ma-
terials investigated here, JCp-1 (Coral) and JCt-1(Giant 
Clam), are prepared by the Geological Survey of Ja-
pan/National Institute of Advanced Industrial Science and 
Technology (GSJ/AIST), and the concentrations of many 
major and a few trace elements in these materials have 
been determined [6-8]. Data about the halogen contents 
in these materials is expected to significantly contribute 
to a better understanding of the chemistry of seawater and 
the marine environment, since halogens (especially io-
dine) are known to be extremely useful in investigating 
the geochemical circulation of terrestrial materials [9]. 
However, to our knowledge, there is not much data on the 
halogen contents of these carbonate materials. 
The present study aims to use RNAA and instrumental 
NAA (INAA) to determine trace amounts of three halo-
gens in JCp-1 and JCt-1, together with other elements. 
Based on the halogen data, the differences between the 
two carbonate reference materials is investigated. 

RESULTS:  To probe the utility of the halogen data in 
interpreting geochemical formations, we have compared 
the halogen contents in these two carbonate materials 
with those in nine sedimentary rock materials (RNAA 
was used to determine the halogen content in all cases 
[4]). The ratios for I/Cl and Br/Cl in all these materials 
were calculated and are shown in Fig 1. Here, the sedi-
mentary rocks are classified into two groups (the rocks in 
seawater and those in inland water). The ratios corre-
sponding to sedimentary rocks in seawater (denoted by 
closed triangles) tend to be lower than the ratios for the 
sedimentary rocks in inland water (closed circles). This 
can be attributed to the fact that sedimentary rocks in 

seawater are affected to a greater extent by the high chlo-
rine content in seawater. Since the two carbonate materi-
als, coral and clam, are both found in seawater, it is rea-
sonable that JCp-1 and JCt-1 exhibit lower ratios than the 
four sedimentary rocks in inland water. The ratio of I/Cl 
for JCt-1 is lower than those for the five sedimentary 
rocks in seawater, as well as lower than that for JCp-1 by 
more than one order of magnitude, suggesting that iodine 
may have been fractionated from Br during the process of 
formation of JCt-1.  
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Fig. 1 I/Cl vs. Br/Cl ratios for JCp-1, JCt-1 and sedimen-
tary rocks.
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INTRODUCTION:  Excellent dose distribution in a 
cell of neutron capture reaction of boron atom induces 
high relative biological effectiveness. These phenomena 
are commonly assumed to be an interaction between cells 
and low energy heavy particles (α and Li) resulting from 
the boron atom fis-sions in the cells. However, there has 
been little study done concerning the action of the parti-
cles on living cells. We have investigated contributions of 
indirect actions of radiation in cell killing by heavy ions 
with radical scavenger that selectively reduces the indi-
rect action [1].  
  Therefore, it is important that how these mechanisms 
can be made to clear through a thorough basic research in 
boron neutron capture therapy is urgently discussed. The 
main object of this year is to make clear the contribution 
of indirect action of neutron beam to cell killing using 
mammalian cells. 

EXPERIMENTS:  We used HSGc-C5 (JCRB1070, 
here after call as HSG) cells. HSG cells were grown in 
Eagle’s minimum essential medium supplemented with 
10% fetal bovine serum and antibiotics (100 U/ml peni-
cillin and 100 µg/ml streptomycin) under humidified air 
with 5% CO2 at 37˚C. The cells were suspended at a den-
sity of about 3 × 105 cells/ml. The cells in Polypropylene 
tubes were irradiated at the remodeled heavy water facil-
ity at the KURRI.  

Total fluencies of thermal neutron, epithermal neutron 
and fast neutron were measured by means of gold foil 
activation analysis. The gamma ray dose including sec-
ondary gamma rays was measured with a thermo lumi-
nescence dosimeter. Boron concentrations in the cells 
were taken to be equivalent to those in the medium as 
reported previously [2].  

Three hours prior to irradiation, cells are treated with 
25 µg/ml BPA. 

After irradiation, cells were seeded in triplicate onto 
100 mm (Φ) culture dishes at densities to give approxi-
mately 100 colonies per dish. After 14 days of incubation, 
the colonies were fixed with 10 % formalin solution and 
stained with 1 % methylene blue in water. Colonies con-
sisting of more than 50 surviving cells were scored.  
  The contribution of indirect action on cell killing can 
be estimated from the maximum degree of protection by 
dimethylsulfoxide (DMSO) [1], which suppresses indi-
rect action by quenching OH radicals without affecting 
the direct action of neutron beam on cell killing. 

RESULTS:  The surviving fractions of HSG cells irra-
diated with 0.335 Gy dose initially increased with in-

creasing DMSO concentration and then plateaued at 
higher concentrations (Fig.1A). Degrees of protection 
(DP: (lnSF0-lnSFx)/lnSF0) defined was calculated and 
plotted as a function of the DMSO concentration (Fig. 
1B). Since the curve were upper concave in nature, DP 
curve was approached saturation as the concentration of 
DMSO increased. The maximum DP (i.e., saturation lev-
el) for DMSO concentrations was 0.30. Namely, the OH 
radical-mediated indirect action contributions to cell kill-
ing by neutron beam was 30%. 

REFERENCES:
[1] R. Hirayama et al., Radiat. Res., 171 (2009) 212-218.
[2] Y. Sakurai and T. kobayashi, Nucl. Instrum. Methods
Phys. Res. Sect. A., 453 (2000) 569-596.

Fig. 1.  Effects of DMSO on the survival of HSG 
cells after exposure to neutron beam. (A) HSG cell 
survival irradiated with neutron beam in the presence 
of various concentration of DMSO. (B) Degrees of 
protections were determined from panel A. The 
curve was fitted by MichaelisMenten kinetics. The 
error bars represent the standard errors.  
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INTRODUCTION:  In cancer studies, it has been sug-
gested that irradiation sometimes enhances invasion of 
tumor cells. Although there are many studies that esti-
mate effects of direct irradiation on tumor cell invasive-
ness, not so many reports did bystander effects of irradi-
ated tumor cell conditioned medium (CM) on it. Fur-
thermore. the same effect of high LET radiation therapy 
such as boron neutron capture reaction (BNCT) has not 
been reported. In this study, we conducted the experi-
ments to examine effects of X-irradiated tumor cell CM 
on cellular invasiveness in breast cancer and lung can-
cer-derived cells, prior to BNCT challenge. In 2018 and 
2019, using human breast adenocarcinoma 
MDA-MB-231 cells and human lung adenocarcinoma 
A549 cells, we reported the X-ray irradiated ce1l-derived 
CM promotes cell infiltration ability even if taken into 
consideration cell proliferation activity and Epidermal 
growth factor (EGF) acts as a bystander factor to promote 
the cell invasion ability. [3, 4]. In this year, we examined 
the effect of EGF suppression on the invasiveness and 
MMP activity of CM-treated MDA-MB-231 cells. 

EXPERIMENTS: 
[Western blotting] Cells were treated with CM containing 
10% FBS (CM/10 % FBS) for 0, 0.5, 1, 3 or 6 h. When 
cells were co-treated with AG1478, an EGFR tyrosine 
kinase inhibitor, they were pre-treated with 500 nM 
AG1478 for 10 min before treatment of CM/10 % FBS. 
After the treatment, cells were collected and lysed. Pro-
teins were separated by SDS-PAGE and transferred onto 
nitrocellulose membranes. The membranes were probed 
with anti-EGFR, anti-pEGFR. After being probed with 
HRP-conjugated secondary antibodies, bound antibodies 
were detected with Western LightningTM Chemilumi-
nescence Reagent Plus kit (Perkin Elmer Life Sciences, 
Boston, MA, USA). 
[In situ gelatin zymography] On cover glasses were cov-
ered with 0.178% gelatin and 0.022% fluoresce-
in-conjugated gelatin, cells (2 x 105) were suspended in 
RPMI 1640/10% FBS and seeded. The cells were cul-
tured for 6 hours to adhere to gelatin, the medium was 
replaced with CM / 10% FBS and the cells were cultured 
for an additional 18 hours. Cells on the cover glass were 
fixed with 3.7% paraformaldehyde and permeabilized 
with 0.5% Triton X-100. F-actin was stained with PBS 
containing 1% Alexa Fluor 488 phalloidin, and nuclei 
were further stained with PBS containing 300 nM DAPI. 
The fluorescence image was taken using an LSM 700 

confocal microscope. 
RESULTS: To investigate whether X-ray-irradiated 
cell-derived CM, which has been suggested to increase 
EGF, promotes cell infiltration through EGFR, the effect 
of AG1478 on EGFR phosphorylation. EGFR phosphor-
ylation at 3 h of CM treatment was increased in 4 Gy CM 
treated cells compared to 0 Gy CM treated cells, and this 
increase was clearly suppressed by AG1478 treatment 
(Fig. 1A). Furthermore, Cell invasion capacity was in-
creased in 4 Gy CM treated cells, and this increase was 
significantly suppressed by AG1478 treatment (Fig. 1B). 
These results suggest that X-ray-irradiated cell-derived 
CM promotes cell infiltration ability via EGFR. Next, we 
considered that EGF in CM derived from X-irradiated 
cells might promote the degradation ability of extracellu-
lar matrix via EGFR and examined it by in situ gelatin 
zymography. As shown in Fig. 2, the gelatin decomposi-
tion area per cell was significantly increased in the 4 Gy 
CM-treated cells. Furthermore, this increase was signifi-
cantly suppressed by AG1478 treatment. These results
suggest that X-ray-irradiated cell-derived CM promotes
extracellular matrix resolution via EGFR.

Fig. 1.  Involvement of EGFR in promoting cell infiltra-
tion induced by X-irradiated cell-derived CM. 

Fig. 2. Effect of CM on the degradation ability of extra-
cellular matrix. 

REFERENCES: 
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INTRODUCTION: Although the number of patients 
with Alzheimer's disease in Japan continues to increase, no 
effective disease-modifying drugs have been developed 
until now. Alzheimer's disease is hypothesized to be 
caused by the excessive accumulation of amyloid-β pro-
tein (Aβ) in the brain, and we have previously discovered 
that the secreted protein ILEI reduces Aβ production by a 
specific pathway [1]. After secreted extracellularly, ILEI 
binds to the extracellular region of presenilin-1, one of the 
components of the γ-secretase complex. Although the de-
tails are currently unknown, this binding promotes nonspe-
cific proteolysis of the Aβ precursor protein, the substrate 
of γ-secretase, and suppresses Aβ production. However, 
the structural mechanisms involved in the binding are still 
unknown. More recently, the X-ray crystal structures of 
monomeric and dimeric forms of ILEI have been reported 
[2], but the relationship between the monomeric and di-
meric forms and their functions is not clear. These struc-
tural aspects are critical issues for Alzheimer's disease 
drug development. 

The objective of this study is to clarify the relationship 
of ILEI dimers to the inhibitory function of Aβ production 
and to elucidate the molecular mechanism of ILEI. 

EXPERIMENTS: The wild-type and C185A mutant of 
ILEI (55-227)-His was produced in an E. coli expression 
system and purified by Ni-NTA resin and size exclusion 
chromatography (SEC). SDS-PAGE and SEC in the non-
reducing state confirm that they are a single band and a 
single peak, respectively. To compare the properties of 
wild-type and mutant forms, they were analyzed by ana-
lytical ultracentrifuge (AUC). The measurement tempera-
ture was 25°C and the rotational speeds were 60,000 rpm. 
To evaluate the function of Aβ production, plasmids en-
coding APP-CTF and control vectors or plasmids encod-
ing ILEI (wild-type or C185A mutant) were co-transfected 
into ILEI knock-out HEK293 cells, and the supernatant 
was quantified using an ELISA kit (Human Amyloidβ (1-
40) Assay Kit, IBL).

RESULTS: One of the functions of ILEI is oncogenesis, 
which is reported to be inhibited by the replacement of 
Cys185 with Ala [2]. We thus identified differences in 
physical properties to clarify the relationship between the 
C185A mutation and the inhibitory function of Aβ produc-
tion.  

Fig. 1 A, Results obtained from analytical ultracentrifu-
gation for wild-type and C185A mutant of ILEI.  
B, Quantitation of Aβ40 by ELISA. 

 First, the configuration of the wild-type and C185A mu-
tants was analyzed by AUC, but no significant differences 
were observed (Fig. 1A). In addition, the amount of Aβ 
was quantified by ELISA to analyze the inhibitory func-
tion of Aβ production. As a result, it was found that C185A 
has the same ability to inhibit Aβ production as wild-type 
(Fig. 1B). These results mean that the inhibitory function 
of ILEI in the production of Aβ and oncogenesis were 
found to be exhibited by completely different mechanisms. 
This is an important finding for the development of ILEI-
based drugs for Alzheimer's disease. 
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INTRODUCTION: Ubiquitin (Ub) molecules can be en-
zymatically connected through a specific isopeptide link-
age, thereby mediating various cellular processes by bind-
ing to Ub-interacting proteins through their hydrophobic 
surfaces. The Lys48-linked Ub chains, which serve as tags 
for proteasomal degradation, undergo conformational in-
terconversions between open and closed states, in which 
the hydrophobic surfaces are exposed and shielded, re-
spectively. Previously, we provided a quantitative view of 
such dynamic processes of Lys48-linked triUb chain in so-
lution [1]. The native and cyclic forms of Ub chains are 
prepared with isotope labeling by in vitro enzymatic reac-
tions. Our comparative NMR analyses using monomeric 
Ub and cyclic diUb as reference molecules enabled the 
quantification of populations of the open and closed states 
for each Ub unit of the native Ub chains (Fig. 1). The data 
indicated that the most distal Ub unit in the Ub chains was 
the most apt to expose its hydrophobic surface, suggesting 
its preferential involvement in interactions with the Ub-
recognizing proteins. We also demonstrated that a muta-
tional modification of the distal end of the Ub chain could 
remotely affect the solvent exposure of the hydrophobic 
surfaces of the other Ub units.  

Small-angle neutron scattering (SANS) and small-angle 
X-ray scattering (SAXS) are powerful techniques for the
structural characterization of biomolecular complexes. In
particular, neutron spin echo (NSE) measurement enables
a direct observation of coupled internal protein dynamics.
Here, we attempted to elucidate the time scale of the transit
domain motions of the Lys48-linked triUb chain as a fea-
sibility study of NES collaborated with SAXS and molec-
ular dynamics (MD) simulation.

EXPERIMENTS: We prepared the Lys48-linked triUb in 
D2O solution (5mL, 10mg/ml). We had measured NSE of 
Lys48-linked triUb at NCNR, NIST. We also performed 
SEC-SAXS of Lys48-linked triUb chain using the labora-
tory-based SAXS instruments (NANOPIX, Rigaku). 

RESULTS: We firstly performed SEC-SAXS of Lys48-
linked triUb chain. As shown in Fig. 2, the experimental 
SAXS profile (blue marks) showed disagreement with that 
calculated one (red line) from crystallographic data (State 
D in Fig. 1). This result strongly supported that the dynam-
ical conformational interconversions revealed by NMR 
experiments were also observed in SAXS data. Then, we 
measured NSE of Lys48-linked triUb at the two tempera-
tures of 10 and 42 degrees. An incident neutron wave-
length of 6 and 8 angstroms was used to cover fourier 
times up to 20 ns in a q-range from 0.06 to 0.22 inverse 
angstroms. Intermediate scattering functions for both 
states were successfully obtained. The effective diffusion 
constants (Deff) were obtained by exponential fittings at 
each q. Deff should include translational and rotational dif-
fusion as well as internal domain motions. The experimen-
tally obtained Deffs are consistent with the MD simulation 
derived ones at 10 degrees. Based on these results, the con-
tribution of the internal motions can be estimated. The 
analysis on the temperature dependence of the internal dy-
namics is on progress. We are trying to analyze the NSE 
data combined with computational analysis to observe the 
functional domain motions of Lys48-linked triUb. 

REFERENCE:
[1] M. Hiranyakorn et al., Int. J. Mol. Sci. 21, 5351 (2020).
DOI: 10.3390/ijms21155351.

Fig. 1. (Upper) 1H-15N HSQC peaks originating from 
Val70 of (a) uniformly 15N-labeled diUb (red), (b) 
uniformly15N-labeled triUb (red), (c) unit-selec-
tively 15N-labeled triUb chains at the distal Ub1 
(green), the middle Ub2 (magenta) and the proximal 
Ub3 (blue). (Lower) Cartoon model of the conforma-
tional equilibrium of n-triUb. The populations of 
states A, B, C, and D of n-triUb are denoted 
as PA, PB, PC, and PD, respectively. 

Fig. 2. SAXS of Lys48-linked triUb. Blue marks and 
red line show experimental and calculated data, re-
spectively. 
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INTRODUCTION:  In nature, organisms have evolved 
diversely by adapting to various environmental conditions, 
some of which can survive in extremely severe environ-
ments. Elucidating the mechanisms by which organisms 
adapt to such severe environmental conditions can provide 
meaningful information on evolution and biological diver-
sity. Some bacteria, known as radioresistant bacteria, 
demonstrate extreme resistance to ionizing radiation [1]. 
The extreme resistance mechanism of these bacteria to 
ionizing radiation is an interesting area of research from 
the standpoint of adaptive mechanisms employed by or-
ganisms in nature. In order to elucidate the mechanisms of 
radioresistance in these organisms, their biological defense 
mechanisms against external stress must be investigated at 
the molecular level. However, studies on naturally-occur-
ring radioresistant organisms are particularly challenging 
owing to the limited knowledge of their genetic and bio-
chemical properties. Therefore, in this study, radioresistant 
Escherichia coli, the wild-type genetic and biochemical 
characteristics of which have been elucidated in detail, 
were generated by an adaptive evolution experiment using 
gamma rays as the selective pressure, and the characteris-
tics of the evolved radioresistant E. coli were compared 
with those of the wild-type. A previous reports of this study 
described the generation of radioresistant E. coli with a 
7.9-fold resistance compared with that of wild-type E. coli 
[2, 3]. A significant increase in the expression of genes in-
volved in SOS response, response to stimulus, DNA repair, 
and DNA metabolism (described as anti-stress genes in the 
text) in radioresistant E. coli compared with wild-type E. 
coli under constitutive conditions was observed. This re-
port describes differences in gene expression status be-
tween wild-type and radioresistant E. coli following 
gamma irradiation. 
EXPERIMENTS: Gamma irradiation and RNA se-
quencing: Wild-type and radioresistant E. coli cells were 
grown in LB medium at 37°C and 200 rpm to the early log 
phase. Twenty milliliters of the culture medium was cen-
trifuged at 2000 ´ g at 20°C for 20 min. The supernatant 
was removed, and the pellet was suspended in 5 mL of 
PBS (-). Wild-type and radioresistant E. coli cell suspen-
sions were irradiated with gamma rays at a 33% survival 
dose (65 Gy and 420 Gy, respectively) at a dose rate of 22 
Gy/min at 20 ± 3°C. The irradiated E. coli cell suspension 

was added to 200 mL of LB medium and incubated at 37°C 
and 200 rpm for 2 h. The resulting E. coli cell suspension 
was centrifuged at 4000 ´ g at 4°C for 10 min, and the 
supernatant was removed to obtain a pellet. Total RNA ex-
traction from the resulting pellet and RNA sequencing 
were performed according to previously reported methods 
[3]. 
Analysis of gene expression status: In the analysis, gene 
expression data with “fragments per kilobase of exon per 
million reads mapped” values less than 1 for all samples 
from the two groups compered were filtered out to elimi-
nate noise data. Genes differentially expressed in radiore-
sistant E. coli compared with those in wild-type E. coli 
were identified by Welch's t-test and correction for multi-
ple testing using the Benjamini and Hochberg method (BH 
method) [4]. In addition, Gene Ontology (GO) analysis for 
the differentially expressed genes (DEGs) in radioresistant 
E. coli was performed using the Database for Annotation,
Visualization and Integrated Discovery bioinformatics re-
sources ver.6.8.
Statistical analysis: Welch's t-test and BH method were
used to identify DEGs among many genes, and a q-value
of less than 0.05 was considered statistically significant.
The Expression Analysis Systematic Explorer score was
used to test for significance in the GO analysis, and a P-
value of less than 0.05 was considered statistically signif-
icant [5].
RESULTS: No significant differences were observed in
anti-stress gene expression between the non-irradiated and
gamma-irradiated wild-type E. coli. In contrast, compar-
ing non-irradiated and gamma-irradiated radioresistant E.
coli, the expression levels of anti-stress genes were signif-
icantly increased in gamma-irradiated radioresistant E.
coli. Furthermore, in a comparison between gamma-irra-
diated wild-type and gamma-irradiated radioresistant E.
coli, the expression levels of anti-stress genes in the radi-
oresistant E. coli were significantly higher than that in the
wild-type E. coli. These results strongly suggest that the
radiation induction of genes involved in cell recovery,
DNA repair, cell survival, and stress response is involved
in the mechanism of high radioresistance in the evolved
radioresistant E. coli.
REFERENCES:
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INTRODUCTION:  HspB1 is a mammalian small heat 
shock protein that is ubiquitously expressed in almost all 
tissues and involved in regulating many vital functions. 
Previously, we analyzed the oligomeric structure of 
HspB1 from CHO cells (CgHspB1) by size exclusion 
chromatography with multiangle light scattering 
(SEC-MALS) and small-angle X-ray scattering (SAXS). 
The results suggested that CgHspB1 has a 16-mer struc-
ture [1]. However, the molecular architecture of HspB1 is 
controversial. Recently, the crystal structure of human 
HspB1 was reported [2]. Twenty-four monomers form the 
oligomeric complex of human HspB1 in a spherical con-
figuration. Each monomer is constructed of a structurally 
conserved α-crystallin domain exhibiting a 6-stranded 
beta-sandwich as previously described with mobile N- 
and C-termini. These results suggest the oligomeric 
structure of HspB1 changes with the conditions, such as 
temperature or concentration. This study examined the 
oligomeric structural change of CgHspB1 by sedimenta-
tion velocity analytical ultracentrifugation (SV-AUC). 

EXPERIMENTS:  Wild-type CgHspB1 and the phos-
phorylated mimics CgHspB1 and CgHspB1S15D were 
expressed in E. coli using a pET23b vector. They were 
purified by anion exchange chromatography using 
TOYOPEARL DEAE-650, RESOURCE Q column, and 
gel filtration chromatography using Superdex 200. The 
size of the oligomer structure under various temperature 
conditions was examined by analytical ultracentrifugation 
(AUC).  

RESULTS:  Figure 1 shows the SV-AUC results of 
CgHspB1 wild type (CgHspB1WT) depending on the 
temperature and concentration. At a low temperature of 
4 °C, CgHspB1 exists as an 18-mer, probably a trimeric 
complex of hexamers. It is relatively unstable and par-
tially dissociates into small oligomers, hexamers, and 
dodecamers. At elevated temperatures, the 24-mer was 
more stable than the 18-mer. The 24-mer is also in dy-
namic equilibrium with the dissociated oligomers in the 
hexameric unit. The hexamer further dissociates to di-
mers. Previously, we showed that a phosphorylation 
mimic mutant of CgHspB1 with the replacement of Ser15 
with Asp (CgHspB1S15D) exhibited relatively lower 
oligomer stability and more remarkable chaperone activ-
ity than the wild type [1]. In AUC-SV, the CgH-
spB1S15D mutant showed almost identical results as 
CgHspB1WT. Although we expected to observe more 

dissociated conformers in CgHspB1S15D at 40 °C, there 
was virtually no difference. To elucidate the role of the 
disulfide bond, we examined the effect of dithiothreitol 
(DTT) on the oligomer conformation of CgHspB1WT at 
40 °C. At a low concentration of 0.05 mg/mL, the large 
oligomer of CgHspB1WT almost wholly dissociated into 
small oligomers. They seem to be dimers, hexamers, do-
decamers, and 18-mers without DTT. In the presence of 
DTT, the proportion of dimers increased, suggesting that 
disulfide bonds between dimers partially stabilize hex-
amers. 

CONCLUSION:  Our results suggest the following 
conformational transition model. At a low temperature of 
4 °C, CgHspB1 exists as an 18-mer, probably a trimeric 
complex of hexamers. It is relatively unstable and par-
tially dissociates into small oligomers, hexamers, and 
dodecamers. At elevated temperatures, the 24-mer was 
more stable than the 18-mer. The 24-mer is also in dy-
namic equilibrium with the dissociated oligomers in the 
hexameric unit. The hexamer further dissociates to di-
mers. The disulfide bond between conserved cysteine 
residues seems to be partly responsible for stabilizing 
hexamers. 

 

 
 

REFERENCES: 
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[2] L. Nappi et al., J. Clin. Invest. 130 (2020) 699–714.

Fig. 1.  SV-AUC results of CgHspB1 WT at 4 °C, 25 °C, and 
40 °C. Red, green, and blue lines represent c(s20,w) at 1.5 mg/mL, 
0.5 mg/mL, and 0.1 mg/mL, respectively. 
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INTRODUCTION:  
DNA lesions induced by ionizing radiation and chemicals 
can cause mutation and carcinogenesis. In particular, 
complex double strand break (DSB), having a few base 
lesions near the end, is believed to hardly be repaired. 
This damage would be induced around high-LET ioniz-
ing radiation tracks. In fact, evidence is found in the di-
rect observation by AFM (atomic force microscopy) [1]. 
However, the reason why the complex DSBs are unre-
pairable is unknown. A possible hypothesis is that a re-
pair system by non-homologous end joining (NHEJ), 
initiated by recognition of DSB end by Ku70/80 hetero-
dimer (Ku), is unsuccessful due to a complex DSB end. 
In this study we investigate the affinity of Ku-DSB com-
plex and possible formation of Ku-DSB covalent cross-
linking using a real DSB end induced by irradiation as 
well as a model DSB end. Abundant DNA fragments with 
DSB are needed for this study. 

EXPERIMENTS: 
●Sample preparation and irradiation

The supercoiled plasmid DNA was used as a sample
for the study. The DNA was dissolved to be ~10 mg/mL 
in 0.2 M Tris-HCl buffer (pH 7.5) which is a 
cell-mimetic condition in relation to radical scavenging 
capacity. Eight microliters of the DNA solution were 
transferred to a glass plate (10 mm) under 100 % RH at 
r.t., and was irradiated with heavy ion beams at TIARA
and HIMAC (QST), and 60Co -rays (LET: ~0.3 keV/m;
KURNS) as a standard radiation source. Each of irradi-
ated DNA samples was divided into a few aliquots and
purified by ethanol precipitation, followed by being dried
in vacuum. The dry samples were kept at -20oC until use.

●Isolation of linear-formed fragment from irradiated
pUC19 by agarose gel electrophoresis

The irradiated DNA pellet was dissolved in 80 L of 
0.5 x TBE buffer at pH 8 with loading dye solution. The 
DNA sample solution was applied to several wells on an 
agarose gel. After electrophoresis (25V, 18h at 4 oC), one 
lane was cut out by a scalpel and was stained by ethidium 
bromide, which is used as a marker gel to isolate a band 
containing linear-formed fragment from the other lanes. 
The stained marker gel was reset on the original gel, and 
the bands containing the DNA with DSBs were collected 
using an illuminator equipped with a visible light excita-
tion system. The obtained gel fragments were set into 
D-Tube Dialyzer to isolate the DNA fragments from the
gel by electrophoresis (120V, 4 oC, 1h).

RESULTS AND DISCUSSION: 
Figure 1 shows an agarose gel image of 

-irradiated pUC19, indicating that the original super-
coiled DNA was successively changed to linear formed 
fragment via open circular form with increasing absorp-
tion dose. Figure 2 shows a gel image of samples after 
isolating linear-formed DNA. At a low dose, supercoild 
DNA fragments fairly remain, whereas high-
ly-fragmented DNA molecules may be contaminated at 
a high dose. Consequently, the optical dose at the pre-
sent irradiation condition is around 3kGy. We have 
plans to use the isolated DNA substrates for the study of 
Ku-DSB interaction by means of e.g., electrophoretic 
mobility shift assay and slot-blot-ELISA. 

REFERENCES: 
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(2022) e2119132119.

Fig. 1. The image of agarose gel electrophoresis of 
-irradiated pUC19. The gel was stained by ethidium bro-
mide. Lane1: 0.1-10kbp 2-log ladder marker, lane2: 
non-irradiated control (supercoiled form), lane3: 1kGy, 
lane4: 2kGy, lane5: 3kGy, lane6: 5kGy, lane7: 7kGy, lane8: 
10kGy. The arrow indicates linear formed DNA fragments. 
The upper bands than the arrow indicate those of the open 
circular DNA, induced by a single strand break formation on 
a supercoiled DNA. 

Fig. 2. The image of agarose gel electrophoresis of isolated 
linear-formed pUC19 fragments induced by -irradiation. The 
gel was stained by ethidium bromide. Lane1: 0.1-10kbp 2-log 
ladder marker, lane2: non-irradiated control, lane3: pUC19 
digested by Sma I, lane4: 1kGy, lane5: 2kGy, lane6: 3kGy, 
lane7: 5kGy, lane8: 7kGy, lane9: 10kGy.  
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Estimation of trace elements in foods and amounts of intake of wild Japanese macaques 
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Senshu University
2Research Reactor Institute, Kyoto University

INTRODUCTION:  It is important to obtain multi el-
ement levels in food samples of wild animals for their 
conservation.  Several reports on behavior observation, 
nutritional analyses, and estimations of energy and pro-
tein intake for wild Japanese macaques (Macaca fuscata), 
endemic species in Japan, have been published [1-3]. 
Primates need trace elements in addition to basic nutri-
tional terms (e.g., protein and energy) [ 4], but there have 
been less information on their intake of trace elements 
from natural food. Y. Tsuji collected food and feces of 
wild macaques inhabiting Kinkazan Island, Ishinomaki, 
Miyagi in 2004-2005.  Kinkazan is isolated from main 
island about 0.7 km away, and there are no residents. 
Intake of trace elements can be estimated by subtracting 
amounts of elements in feces from those of food.  Also, 
another approach for estimating intake of trace elements, 
enzymolysis was applied to food samples.    

EXPERIMENTAL:  Food samples included leaves, 
flowers, buds, seeds, barks, nuts of woody plants, sea-
weeds, shells, insects, leaves of herbaceous plants, and 
mushrooms. Samples were freeze dried without washing 
with water, and pulverized.  Dried powder of nuts was 
then dry-ashed for 5.5 hours at 550°C.  Feces were kept 
in 70% ethanol after the collection, and ashed for 2 hours 
at 600°C after drying ethanol at 60°C. 

NAA was done by two different conditions ac-
cording to nuclides for the interest.  1) One portion of 
samples was irradiated for 1-1.5 min in TcPn site.  After 
3 minutes decay, gamma spectrum was measured for 10 
minutes by Ge detector with CSS.  Levels of Br, Ca, Cl, 
Cu, I, K, Mg, Mn, Na, and V were analyzed using 80Br, 
49Ca, 38Cl, 64Cu, 128I, 42K, 27Mg, 56Mn, 24Na, and 52V.  2) 
Another portion of samples was irradiated for 1 hour, and 
gamma spectrum was measured for 20 minutes after 1 
month decay for analyzing Ag, Co, Cr, Cs, Fe, Rb, Sc, Se, 
and Zn using 110mAg, 60Co, 51Cr, 134Cs, 59Fe, 86Rb, 46Sc, 
75Se, and 65Zn, respectively.  NAA method used was 
validated using NIST SRM 1515 Apple Leaves, NIST 
SRM 1566b Oyster Tissue, SRM 1573a Tomato Leaves, 
NIST SRM 1575 Pine Needles, and NRCC-TORT-1 Lob-
ster Hepatopancreas. 

Enzymolysis was done by stepwise using 
α-amylase, protease, and amyloglucosidase to 1 g of food 
sample, after filtrating the residue, ethanol was added to 
elute for precipitating the water-soluble fiber.  Both of 
residue and water-soluble fiber are thought to be 
non-bioavailable portion.  Thus, intake of trace elements 
was estimated by subtracting amounts of elements in 
non-bioavailable portion from total amount of elements 
in food samples before enzymolysis. 

RESULTS:  One of results obtained for food sample are 

shown in Fig. 1 as an example.  Concentrations were 
calculated as average and standard deviation for results (n 
= 2 ~ 5).  Fe concentrations differed much between spe-
cies of trees.  Almost all elemental levels except Se 
were extremely high comparing to food of human beings. 

 Fig.1 Levels of minor elements in woody leaves 
(n=2~5) taken by Japanese macaques. 

Since Tsuji identified each macaque individual, he could 
collected fecal samples of identified animals. As an ex-
ample, we show estimated intake of elements in food and 
fecal samples for a female individual (body weight: 8 kg) 
in Table 1. 

Table 1 Estimated intake and excretion of elements of 
one specific female individual of Japanese macaque. 
Element Estimated 

intake (mg/day) 
Excretion 

(mg/occasion) 
Ca 694  233  
K 3150 186 

Mg 329 64.5 
Fe 292 611 
Zn 9.9 15.1 
Cu 2.4 0.38 
Mn 17.7 6.2 

I 0.64 Not determined 
Se Not detected 0.36 
Cr 0.04 0.88 
Rb 5.9 9.4 
V 0.44 0.15 

The intake did not cover the excretion for Fe, Zn, Cr, and 
Rb.  Further experiments are needed for future for the 
nutritional information for Japanese macaques.  

REFERENCES 
[1] Tsuji et al., Primates, 49 (2008) 157-160.
[2] Tsuji & Takatsuki, Int. J. Primatol., 33 (2012)

489-512.
[3] Kurihara et al., Primates, 61 (2020) 427-442.
[4] National Research Council (National Academic Press)
(2003).
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INTRODUCTION: 
The transparency of the lens is maintained by the stable 
long-lived protein interactions, comprising α-, β-, and 
γ-crystallin families. A kind of intrinsic damages of lens 
tissues, such as heat damage, is increased with time. On 
the other hand, extrinsic damages, such as UV damage, 
strongly depends on the living environment in the world. 
Lens contains various protection systems to prevent 
UV-inducing oxidative stress; however, damaged proteins 
can still accumulate because these protection systems are 
lost with aging. The damaged crystallin species have 
been further subjected to the additional covalent modifi-
cations of amino acid residues levels [1]. Those modifi-
cations, which are generated by UV light, ionizing irradi-
ation and oxidative stress, are believed lead to the devel-
opment of age-related cataracts. There are many data on 
the oxidation “sites” of aged human lens crystallin spe-
cies, but there are few studies of the oxidation “effects” 
for each amino acid residue in crystallin. One of oxida-
tive stress inducer, γ-Irradiation generates free radicals 
and reactive oxygen species (ROS) such as hydroxyl rad-
icals, superoxide, and singlet oxygen, which have been 
predicted to induce the oxidation of amino acids, as well 
as the truncation and cross-linking of proteins. Due to 
COVID-19, the preparation of mouse lens and the timing 
of irradiation experiment did not match. So, we used our 
stock aged human lens for targeting the oxidation “sites” 
for mass spectrometry. As a result, we could find out the 
oxidation “sites” in human lens βB2-crystallin. The fur-
ther aim of this study was to investigate that effect of
oxidation for βB2-crystallin stabilities. 

EXPERIMENTS:   
Material Lens from 79 years old was homogenized and 
fractionated by centrifugation to isolate lens water solu-
ble (WS) fractions. The WS proteins were dissolved and 
applied for trypsin digestion as previously reported [2]. 
Recombinantly expressed lens βB2‐crystallin wild-type 
(WT) were prepared and purified as described previously 
[3]. In vivo oxidation candidate sites in βB2-crystallin 
were mimicked by replacing Tryptophan residues (W) 
into Phenyl alanine (F) residues by using a QuikChange 
Mutagenesis kit (Stratagene). The purification was per-
formed as WT. 
LC-MS analysis The tryptic peptides from aged lens WS 
were filtered and injected into LC-MS/MS for modifica-
tion analysis as previously reported [2]. The oxidation 
was screened using by Proteome Discoverer™ 1.0 soft-
ware (ThermoFisher, USA). 
CD analysis Circular dichroism measurements in the 
far-UV range (far-UVCD) were obtained by using a 

J-810 spectropolarimeter (JASCO, Tokyo, Japan). For
far-UVCD, 0.3 mg/mL of protein sample was prepared,
and measured in a cell with a 0.1-cm path length.

RESULTS:  
The database search for oxidation of amino acid residues 
in 79 years old lens showed many modifications in crys-
tallin species. The heavily oxidation of W151 was de-
tected in βB2-crystallin (Fig. 1). There was also heavily 
acetylation of N-terminal of each protein (data not 
shown). These data were similar with our previous results 
that increasing oxidation of tryptophan residues on the 
βB2-crystallin after γ-Irradiation.  

Next, to investigate the significance of tryptophan resi-
dues in βB2-crystallin, four βB2-crystallin mimic pro-
teins were prepared (wild type, W82F, W85F, and 
W151F). The CD analysis for four out of four mimics 
indicated no structural alteration of secondary structure 
(Fig. 2).  

[1] B. Searle et al., J Proteome Res, 4 (2005) 546-554.
[2] N. Fujii et al., J. Biol Chem., 287 (2012) 663-669.
[3] K. Lampi et al., Biochemistry. 45 (2006) 3146-3153.

Fig. 1. Heavily Oxidation of Trp151 in human 
βB2-crystallin from aged lens. 

Fig. 2. CD analysis for all βB2-crystallin mimics. 

Since the structural differences between W and F is small, 
the effect for the secondary structure maybe little. How-
ever, loss of indole ring should be critical for oxidative 
stress. To see these effect, βB2-crystallin mimics would 
be used for γ-irradiation assay. 
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INTRODUCTION:  The elevation of internal pressure 
is often involved in neurodegeneration; intraocular and 
intraventricular pressure elevations over 20–30 cmH2O 
cause glaucoma and hydrocephalus, respectively. 
Previously, to investigate the mechanisms by which ele-
vation of intraluminal pressure causes cell or tissue de-
generation, we devised a novel two-chamber culture sys-
tem that enabled us to subject cultured cells to low levels 
of water pressure (2-50 cmH2O pressure load) [1,2]. We 
found that mouse primary neurons degenerated when the 
water pressure was above 30 cmH2O, and that ectodo-
main shedding of synaptic cell adhesion molecule 1 
(CADM1) increased in a water pressure-dependent man-
ner [1]. We also discovered that the increase of intracel-
lular product of CADM1 shedding (C-terminal fragment, 
CADM1-CTF) resulted in decreased neurite density with 
punctate localization of CADM1 suggesting its aggrega-
tion in neurites [1]. 
CADM1-CTF is rich in Asp residues neighbored by Ala 
residues, and the conversion of these amino acids to 
poly-Gly diminished its aggregation state. Since the 
racemization and isomerization of Asp residues contrib-
utes to aggregation of various proteins and it likely oc-
curred when the neighboring residues are small [3,4], 
these insights led us to hypothesize an involvement of 
Asp racemization/isomerization in the neurodegeneration 
induced by internal pressure elevation. 

EXPERIMENTS:   
(1) Synthetic peptide of internal sequence of
CADM1-CTF (GADDAADADTAIINAEGGQNNSEEK)
was incubated at 50℃ for 0-15 days and applied to
LC-MS to identify Asp isomer-containing peptides.
(2) Mouse neuroblastoma cell line Neuro-2a cells with
exogenously expressed CADM1-CTF were cultured un-
der 50 cmH2O and were prepared for LC-MS analysis.
(3) To mimic the human ocular hypertension, mouse
retinal explant cultures were prepared to exsert water
pressure on to the tissues.

RESULTS:   
(1) In LC-MS analysis of CADM1-CTF synthetic pep-
tide, multiple peaks were detected after 1 day at pH 6.0 or
pH 7.0 indicating that Asp racemization/isomerization
could occurred under neutral pH.
(2) CADM1-CTF proteins in Neuro-2a cells were solu-
bilized with water, Triton X-100 containing buffer, or
SDS containing buffer after 3 days culture under 50
cmH2O, and CADM1 immunoblot was carried out.
CADM1-CTF protein yields (CADM1-CTF / total pro-
teins) were in the order Triton X-100 > SDS > water,

however, the peptide peak was not identified using with 
LC-MS. To resolve this problem, future experiments are 
planned for the isolation of CADM1-CTF from cell ex-
tracts by immunoprecipitation with the antibody recog-
nize C-terminal of CADM1. 
(3) In retinal explant cultures, since PI-positive necrotic
cells have begun to appear after 3 days at atmospheric
pressure, the cultured retinae were collected at 2 days in
vitro. The number of TUNEL-positive apoptotic retinal
ganglion cells and the degree of GFAP-positive gliosis
were analyzed histologically. Those neurodegenerative
features were reproduced experimentally in cultured reti-
nae at 50 cmH2O. Furthermore, we found that
Lipocalin-2, an iron binding protein is involved in retinal
degeneration both in vitro and in vivo [5] (Fig.1). Since
iron dysregulation induces oxidative stress, further stud-
ies exploring the linkage between oxidative stress and
Asp racemization/isomerization are needed.

REFERENCES: 
[1] A. Yoneshige et al., Mol. Neurobiol., 54 (2017)

6378-6390.
[2] M. Hagiyama et al., Front. Physiol., 8 (2017)

997.
[3] N. Fujii et al., J. Biochem., 116 (1994)

663-669.
[4] T. Takata et al., Protein Sci., 29 (2020)

955-965.
[5] A. Yoneshige et al., Front. Cell Dev. Biol., 9 (2021)

664327.

Fig. 1.  Lipocalin-2 (Lcn2) upregulation in cultured 
retinae (A) and in retinae of glaucomatous DBA/2J 
mice (B). For more information, refer to [5]. 
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Introduction: 
Primary central nervous system lymphoma (PCNSL) is 
classified as WHO grade IV and accounts for 5% of all 
brain tumors [1, 2]. Standard care of PCNSL is based on 
high-dose methotrexate (HD-MTX) chemotherapy fol-
lowed by whole brain radiation therapy (WBRT), and is 
the widely recommended initial treatment. This tumor re-
sponds well to initial therapy, but relapses after successful 
treatment are causes of poor prognosis due to the lack of 
safe and effective treatments for relapse; BNCT may be an 
effective treatment for PCNSL relapse because it is a 
highly cell-selective particle therapy. Therefore, we con-
ducted basic experiments of BNCT for PCNSL in order to 
expand the indication of BNCT for the treatment of recur-
rent / refractory PCNSL. 

Materials and Methods: 
A CNS lymphoma model was created by inoculating the 
Raji human lymphoma cell line into the BALB/c nu-nu 
mice brain, which has been shown to accumulate boron in 
tumor cells by exposing to BPA in vitro. The boron com-
pound used for all experiments was boronophenylalanine 
(BPA), which was administered intraperitoneally and the 
dose was 500mg/kg b.w. (24 mg Boron/kg). The reactor 
power of the KUR was 1 MW and the irradiation times 
were 15 or 30 minutes. The mouse CNS lymphoma models 
were randomly divided into the following 5 groups for 
neutron irradiation experiments: untreated control group 
(Untreated), BPA only control group (BPA control), neu-
tron 30 minutes irradiation control group (Irradiated), BPA 
administration followed by 15 minutes neutron irradiation 
group (BNCT 15-min), and BPA administration followed 
by 30 minutes neutron irradiation group (BPA 30-min). 
The results were analyzed using Kaplan-Meier survival 
curves and statistical differences are shown using the log-
rank test. [3] 

Results: 
The results of BNCT study for the mouse CNS lymphoma 
models divided to 5 groups described above were summa-
rized in Table 1., and the Kaplan-Meier survival curves 

were shown in Fig. 1. The median survival time (MST) for 
each group were as follows: Untreated; 26.5 days [95% 
confidence interval (CI); 23.5 – 33 days], BPA control; 
31.0 days [95% CI; 24 – 33 days], Irradiated; 31.5 days 
[95% CI; 28 – 33 days], BPA BNCT-15min; 39 days [95% 
CI; 35.5 – 48.5 days], BPA BNCT-30min; 44.0 days [95% 
CI; 37 – days]. There were statistically significant differ-
ences between the BPA BNCT 15-min and Untreated (p = 
0.02) and between the BPA BNCT 30-min group and Un-
treated (p = 0.007). [3] 

Fig. 1 The Kaplan-Meier survival curves. The BPA-BNCT 
groups obtained a significant survival advantage over the 
control group. 

Conclusion: 
BNCT with BPA was highly effective in an experimental 
animal model of PCNSL. Some new treatment options for 
PCNSL are needed and BNCT may be a promising treat-
ment option for PCNSL. The results of this study suggest 
that future clinical trials exploring the potential of BNCT 
as a new treatment option for PCNSL may be successful. 

References: 
[1] Ostrom, Q.T. et al., Neuro Oncol, 21 (2019) v1-v100.
[2] Villano, J.L. et al., Br J Cancer, 105 (2011)

1414-1418.
[3] K. Yoshimura et al., Cells, 10(12) (2021) 3398.

Group n MST 
(days) 

95% CI 
(days) 

Untreated 6 26.5 23.5-33.0 
BPA control 6 31.0 24.0-33.0 

Irradiated 8 31.5 28.0-33.0 
BPA BNCT 15-min 7 39.0 35.5-48.5 
BPA BNCT 30-min 8 44.0 37- 

Table 1. The BNCT result for the CNS lymphoma models 
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Introduction: 
Boron neutron capture therapy (BNCT), which can be tar-
geted at the cellular level using high-energy particle beams, 
is a promising treatment for high-grade gliomas (HG). We 
have demonstrated the BNCT efficacy using maleimide-
conjugated closo-dodecaborate (MID) bound serum albu-
min (MID-AC) as a drug delivery system for an F98 rat 
brain tumor model. MID-AC accumulated in the brain tu-
mor and BNCT using MID-AC produced approximately 
the same therapeutic effect as BNCT using BPA [1]. 
Whereas, cyclic RGD peptide is known to bind to integrins 
that overexpress in many cancer cells including glioma 
cells. We focused on c(RGDfK), which binds strongly to 
integrin αvβ3. Consequently, the cRGD peptide ligand con-
jugated serum albumin bound MID (cRGD-MID-AC) has 
been developed. BNCT using cRGD-MID-AC showed 
significant tumor growth suppression in the U87MG xen-
ograft subcutaneous tumor models after neutron irradia-
tion [2]. However, the efficacy of BNCT against HG needs 
to be evaluated in an experimental brain tumor model due 
to the different nature of subcutaneous and intracerebral 
tumors, and thus this neutron irradiation experiment was 
conducted in a rat brain tumor model. 

Materials and Methods: 
To evaluate the BNCT efficacy at cRGD-MID-AC admin-
istration to the rat brain tumor model, an in vivo neutron 
irradiation experiment was performed at KUR. F98 rat gli-
oma cells and Fischer rats were used and created the F98 
rat glioma bearing brain tumor model. The result was ana-
lyzed using Kaplan-Meier survival curves. The reactor 
power of KUR was 5 MW and the irradiation time was 20 
minutes. The F98 rat glioma models were randomly 

divided into the following six groups: untreated control 
group (Untreated), neutron irradiated control group (Irra-
diated), neutron irradiation following 2.5 or 8 hours after 
termination of intravenous administration (i.v.) of BPA 
(BPA 2.5 h or 8 h), and neutron irradiation following 2.5 
or 8 hours after termination of i.v. of cRGD-MID-AC 
(cRGD-MID-AC 2.5 h or 8 h). 

Results: 
The treatment effect was evaluated by using Kaplan–
Meier survival curves. Each median survival times (MST) 
was as follows: Untreated; 30.0 days [95% confidence in-
terval (CI); 26–34 days], Irradiated; 35.0 days [95% CI; 
22–40 days], BPA 2.5 h; 42.0 days [95% CI; 39–50 days], 
BPA 8 h; 40 days [95% CI; 34–48 days], cRGD-MID-AC 
2.5 h; 43.0 days [95% CI; 32–47 days], and cRGD-MID-
AC 8 h; 38.5 days [95% CI; 27– days]. Significant differ-
ences were statistically observed between Untreated and 
all BNCT groups by the log-rank test. At the case of 
cRGD-MID-AC 8h, one F98 rat glioma model of them still 
survived for a long time at 90 days after the F98 rat glioma 
cells implantation when the other groups have completed 
their observations. 

Group n MST 
(days) 

95% CI 
(days) 

Untreated 5 30.0 26-34
Irradiated 4 35.0 22-40
BPA 2.5 h 6 42.0 39-50
BPA 8 h 5 40.0 34-48
cRGD-MID-AC 2.5 h 7 43.0 32-48
cRGD-MID-AC 8 h 6 38.5 27-

Conclusion: 
The addition of tumor directivity to MID-AC appears to 
have enabled coverage of a large number of tumor cells 
due to the albumin-based drug delivery system and integ-
rin-mediated tumor directivity. Based on these results, our 
research team is currently developing further novel boron 
compounds. We have previously developed boron com-
pounds that target a folate receptor [3], and we intend to 
introduce further tumor directivity and a drug delivery sys-
tem to these compounds in order to develop drugs that are 
more locally concentrated in tumors. 

References: 
[1]  H. Kashiwagi et al., Invest New Drugs, 40(2) (2022) 
255-264.
[2] K. Kawai et al., Mol Pharm, 17(10) (2020) 3740-3747.
[3] T. Kanemitsu et al., Radiat Environ Biophys 58(1)
(2019) 59–67.

Table 1. The BNCT result for the F98 rat glioma model 
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INTRODUCTION: 
One of the noticeable properties associated with neutron 

scattering is an isotope effect on the neutron scattering 
length and this effect is especially evident for hydrogen 
(H). To be more specific, the neutron scattering length of 
H is significantly different from that of Deuterium (D). 
Since H atoms are abundantly included in softmatter and 
biological samples, this property is quite advantageous for 
studying their structure and dynamics. Let us consider the 
case for utilization of isotope effect for the structural anal-
ysis of protein samples in solution with neutron scattering. 
The scattering intensity is given by the square of scattering 
contrast (Dr), which is defined as the difference of neutron 
scattering length density (SLD) between solute and solvent 
in the case of biological solution scattering. By setting the 
value of Dr to 0, the solute can be “scatteringly invisible”. 
This technique is quite helpful for the structural analyzes 
of partial concerned component in the multi-component 
system or complex with neutron solution scattering. To re-
alize high signal to noise ratio of observable scattering pro-
file, the inverse contrast matching SANS (iCM-SANS) 
method has been proposed and extensively utilized by our 
group [1-3]. In this method, both partially deuterated 
(~75%) and hydrogenated protein are prepared in 100% 
D2O. Under this solution condition, partially deuterated 
are “scatteringly invisible” and hydrogenated protein are 
“scattering visible”, respectively. The most important pro-
cedure is the preparation of partially deuterated protein. 
We then try to establish the procedure of preparation of 
partially deuterated protein, which is fitted for iCM-SANS. 

EXPERIMENTS: 
We prepared three different lots of partially deuterated 

αB-crystallin (αB) [3]. The cells are cultured in M9 mini-
mal media containing deuterated glucose (1.5 g/L), hydro-
genated glucose (0.5 g/L), autoclaved milliQ (250.0 mL), 
and 99.8% D2O (750.0 mL). MALDI-TOF Mass Spec-
trometry 20 (microflexLT: Bruker Daltonics) was used for 
the determination of degree of deuteration of prepared par-
tially deuterated protein. To check the quality of partially 
deuterated protein in terms of “scatteringly invisible”, we 
also performed small-angle neutron scattering measure-
ments on these sample. SANS measurements were per-
formed with QUOKKA installed at the Australian Nuclear 
Science and Technology Organization (ANSTO, Lucas 
Heights, NSW, Australia). 

RESULTS: 
Fig. 1 shows the mass spectra of three different lots of 

partially deuterated αB (pd-αB) and the degree of deuter-
ation ranged from 70.6 % to 71.7 %. From our preliminary 
calculation, 73.2% deuterated αB is exactly scatteringly 

invisible in 100% D2O solvent. Hence, it is expected that 
our prepared all three lots of partially deuterated could be 
nearly “scatteringly invisible” in 100% D2O. To validate 
such an expectation, we concentrated all three lots of pd-
αB and finally obtained pd-αB at the concentration of 28.5 
mg/mL. Fig. 2 shows the SANS profiles from pd-αB at 

28.5 mg/mL and hydrogenated αB (h-αB) at 0.45 mg/mL, 

respectively. Interestingly, the scattering intensity from 
pd-αB at 28.5 mg/mL is about four time lower than that of 
h-αB at 0.45 mg/mL. It means that our prepared partially
are fulfilled the criteria of “scatteringly invisible” in 100%
D2O even for concentrated protein. It is expected that our
protocol would be applicable for other protein samples.

REFERENCES: 
[1] M. Sugiyama et al., J. Appl. Cryst. 47 (2014) 430–435.
[2] M. Sugiyama et al., Sci. Rep. 6, (2016) 35567.
[3] R. Inoue et al., Sci. Rep. 11, (2021) 2555.

Fig.1 The mass spectra of three different lots of partially 
deuterated proteins. 

Fig. 2 SANS profiles from partially deuterated αB-cry 
at 28.5 mg/mL (circle) and hydrogenated αB-cry at 
0.45 mg/mL (black triangle). 
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INTRODUCTION:  The molecular machinery of the 
cyanobacterial circadian clock comprises three proteins: 
KaiA, KaiB, and KaiC. Through interactions among the 
three Kai proteins, the phosphorylation states of KaiC 
generate circadian oscillations in vitro in the presence of 
adenosine triphosphate (ATP). In this system, KaiA, 
KaiB and KaiC periodically assemble into a large com-
plex, which is considered to play the key role of the neg-
ative feedback loop of circadian rhythm. Recently, the 
cryo-electron microscopy (EM) structure of the ABC 
complex has been reported. However, the N-domains of 
KaiA subunits were poorly resolved due to their missing 
electron density maps. The whole structure of ABC com-
plex has remained to be elucidated. Herein, for charac-
terization of the overall structure of ABC complex, we 
conducted integrative techniques using small-angle X-ray 
scattering (SAXS), inverse contrast-matching small-angle 
neutron scattering (iCM-SANS) in conjunction with 
computer simulations. 

EXPERIMENTS: X-rays from a high-brilliance 
point-focused X-ray generator (MicroMAX-007HF, 
Rigaku, Tokyo, Japan) were focused with a confocal 
mirror (OptiSAXS) and collimated with a confocal mul-
tilayer mirror and two pinholes collimation system with 
the lower parasitic scattering, “ClearPinhole”. The scat-
tered X-rays were detected with a two-dimensional sem-
iconductor detector (HyPix-6000, Rigaku, Tokyo, Japan). 
The sample-to-detector distance and wavelength of X-ray 
used for present work was 1320 mm and 1.542 Å, respec-
tively. For removal of unfavorable aggregates from the 
sample solution, the laboratory-based SEC-SAXS System 
(LA-SSS) was employed to measure the SAXS profile in 
the Q range (0.01 Å-1–0.2Å-1). The SANS experiments 
were performed using the D22 instrument installed at the 
Institut Laue-Langevin (ILL), Grenoble, France. The 
sample-to-detector distance and wavelength of neutron 
used for present work was 5600 mm and 6.0 Å, respec-
tively. SEC-SANS system was also utilized for present 
work. 

RESULTS:   
Small-angle X-ray and inverse contrast matching 

small-angle neutron scatterings coupled with 
size-exclusion chromatography provided constraints to 
highlight the spatial arrangements of the N-terminal do-
mains of KaiA, which were not resolved in the previous 
structural analyses. We computationally built 3D models 
of the overall structure of ABC complex, which repro-
duced the SAXS and iCM-SANS profiles. Computation-
ally built 20 million structural models of the complex 
were screened out utilizing the constrains resulting from 
scattering data and then subjected to molecular dynamics 
simulations to examine their stabilities. Our modeling 
procedure is described Fig.1.  

The final model (Fig.2) suggests that, despite large fluc-
tuation of the KaiA N-terminal domains, their preferential 
positionings mask the hydrophobic surface of the KaiA 
C-terminal domains, hindering additional KaiA-KaiC
interactions.
Thus, our integrative approach provides a useful tool to
resolve large complex structures harboring dynamically
fluctuating domains.

REFERENCES: 
[1] M. Sugiyama et al., Sci. Rep., 6:35567 | (2016).
[2] Y. Yunoki et al., Commun. Bio., 5:184 | (2022).

Fig. 1.  Modeling procedure of the overall struc-
ture of ABC complex. 

Fig. 2.  Top and side view of the ABC complex 
structure after 100 ns MD simulation 
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INTRODUCTION:  The tumor suppressor protein p53 
is a transcription factor that induces DNA repair proteins 
when DNA is damaged or induces apoptosis when DNA 
damage is severe, thereby preventing cells from turning 
cancerous. In fact, p53 mutations are found in half of all 
cancers, and preservation of p53 function is important in 
terms of cancer prevention. However, the development of 
therapeutic drugs targeting p53 has been challenging. It 
has been reported that the DNA-binding domain of p53 is 
aggregation-prone, that the introduction of hot spot muta-
tions common in cancer increases its aggregation, and that 
the aggregates that form are heterogeneous [1,2]. 

We recently found that the environments in which amy-
loid aggregates and amorphous aggregates of p53C tend to 
form are distinct. They found that high salt and sugar con-
centrations inhibited amorphous aggregate formation of 
p53C and suppressed loss of function [3]. However, the 
mechanisms of p53 aggregation nucleation and elongation 
remain unresolved, which has been an obstacle in the de-
velopment of p53-related cancer drugs. The objective of 
this study is to elucidate the mechanism of aggregation. 

EXPERIMENTS:  The p53-DNA binding domain 
(p53C) protein was produced as a GST-fused form in an E. 
coli expression system. After GST tag affinity purification, 
the GST tag was cleaved with HRV3C protease and finally 
purified by size exclusion chromatography. The protein 
solution was aggregated with the addition of Reagent A, 
and then sonicated for DLS measurement.  

DLS measured by using a system equipped with a 22-
mW He-Ne laser, an Avalanche Photo Diode mounted on 
static/dynamic compact goniometer, ALV/LSE-5003 elec-
tronics, and ALV-5000 Correlator. Incident angles were 
45°, 60°, 75°, 90°, 105°, 120°, and 135°, and measure-
ments were taken three times at each angle. 

RESULTS:  We have previously found that p53C be-
comes predominantly amyloid aggregates when Reagent A 
is added. p53C aggregate is very difficult to analyze be-
cause it is formed as a mixture of amorphous and amyloid 
aggregates under normal conditions. Thus, we decided to 
characterize the amyloid aggregates by comparing them 
without and with Reagent A. Amorphous and amyloid ag-
gregates were sonicated and observed under a microscope, 
and many small granular aggregates were observed. The 
granular aggregates were measured by DLS and found to 
be a mixture of several sizes of aggregates (Fig. 1). Similar 
profiles were obtained for the amorphous and amyloid ag-
gregates, but the results suggest that the amyloid aggregate 

exhibits periodicity. Further analysis is needed to charac-
terize specific amyloid aggregates exclusively. 

REFERENCES: 
[1] A.P.D.A Bom, L.P. Rangel, D.C.F.Costa, G.A.P. de
Oliveira, D. Sanches, C.A. Braga, L.M. Gava, C.H.I. Ra-
mos, A.O.T. Cepeda, A.C. Stumbo, C.V.D.M. Gallo, Y.
Cordeiro and J.L. Silva, J. Biol. Chem., 287 (2012) 28152-
18162.
[2] S. Ghosh, S. Salot, S. Sengupta, A. Navalkar, D.
Ghosh, R. Jacob, S.D.R. Kumar, N.N.J.S. Sahay, S. Mehra,
G.M. Mohite, S.K. Ghosh, M. Kombrabail, G. Krishna-
moorthy, P. Chaudhari and S.K. Maji, Cell Death Differ.
24 (2017) 1784-1798.
[3] E. Hibino, T. Tenno and H. Hiroaki, Biophys. Rev., 14
(2022) 267-275.

A amorphous aggregate B amyloid aggregate

Fig. 1 Overlay of the DLS results of 3 measurements at 
each angle for amorphous aggregates (A) and amyloid 
aggregates (B). 
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INTRODUCTION: Wheat flour has been widely served 
as staple foods in many countries. In most cases, wheat 
flour is mixed with salts and water and kneaded to pro-
duce wheat dough, which is then processed to make var-
ious wheat food products: bread, noodles and cookies. 
The quality of those foods such as the rise of the bread 
and firm chewiness is much affected by the physical 
properties of wheat dough. It is well-known that gluten is 
a key component for determining the physical properties 
of wheat dough. Gluten is a composite of two major 
wheat proteins, glutenin and gliadin. Glutenin is 
high-molecular-weight network polymer protein, which 
is responsible for elasticity of dough. Gliadin, in contrast, 
is an aggregated monomeric protein, which is responsible 
for viscosity of dough. Thus gluten inherits both proper-
ties of those two proteins, but it is possible that the com-
posite formation of two proteins brings new properties 
unique to gluten. Therefore nanoscale structural analysis 
of the wheat proteins is necessary to make clear how 
glutenin and gliadin behave in the molecular scale and 
how they interact in the gluten. However, structural anal-
ysis of food materials often becomes a difficult work be-
cause they are generally opaque, condensed, disordered, 
and multicomponent systems. Small-angle scattering 
technique is one of effective method to overcome this 
difficulty. It has been utilized for a variety of soft matters 
including rubber, gels, colloids, and other condensed ma-
terials. From this viewpoint, we have been applying 
small-angle technique to the structural analysis of wheat 
proteins. In our recent study [1], aqueous solutions and 
hydrated solids of gliadins have been investigated by 
small-angle X-ray scattering (SAXS). As a result of this 
study, we demonstrated that gliadin monomers dispersed 
isolatedly in low-concentration aqueous solutions, but 
with increasing concentrations they gradually associate 
together to form multimolecular domains with interparti-
cle interference. It was also revealed that at much higher 
concentrations gliadins become insoluble in water to 
form hydrated aggregates with density fluctuation inside 
and the correlation length of this fluctuation becomes 
smaller with increasing gliadin concentrations. To under-
stand the structure of gluten, however, it is insufficient to 
clarify the structure of gliadin or glutenin alone because 
gluten consists of a composite of gliadin and glutenin. 
Several schematic illustrations have been presented so far, 
the detail of molecular scale structure of gluten is still 
unknown. We accordingly employ small-angle neutron 
scattering (SANS) with contrast variation technique to 
address this problem. Unlike X-ray scattering, neutrons 
are scattered by nuclei of atoms, and the scattering power 
depends on isotopes. Deuterium and hydrogen have dif-

ferent neutron scattering power. Therefore a part of mul-
ticomponent systems are deuterated, it has different con-
trast compared with the non-deuterated parts. If this fact 
is applied to the structural analysis of gluten, the structure 
of gliadin alone is observed in the gluten composite by 
mixing deuterated gliadin and mixed with non-deuterated 
glutenin. The largest difficulty of this concept lies on the 
difficulty of sample preparation. The deuterated proteins 
are often expressed in E. coli grown in heavy water and 
deuterated carbon sources. However recombinant wheat 
proteins have not yet been successfully obtained. Thus 
we planned to grow wheat by hydroponics using heavy 
water to prepare deuterated gliadin. As a first step, we 
built a hydroponics system optimized for the cultivation 
of wheat. Here we report the details of these system.  
DESIGN AND FABRICATION: Hydroponics of wheat 
is planned to conduct by the method reported by Singh 
and Jenner [2]. First, wheat seeds are grown in planter 
soil placed in a growth chamber. After the ears emerge, 
stems are cut and put into water in the cultivation vials. 
These vials are maintained at 1–2°C until the ears ripens. 
To keep low temperature, a temperature-controlled vial 
container with Peltier-cooling system was developed. A 
Peltier device (TEC1-12706) attached to an aluminum 
heat sink (30×98×100 mm) and DC fan (92×92×25 mm, 
1400 rpm) was driven by a Peltier controller 
(UTC-1000A, Ampere inc.). A 24-hole vial container 
made of an aluminum block was manufactured in the 
factory of KURNS and temperature probe of Peltier con-
troller was inserted into the container. 
RESULTS: When the container holding 24 vials filled 
with 100mL of water was cooled placed in a chamber at 
20°C, the container was successfully kept at 1°C for more 
than two weeks. This result shows that this system can be 
safely used for hydroponics of wheat.  
REFERENCES: 
[1] N. Sato et al., J. Agric. Food Chem., 63 (2015)
8715–8721.
[2] B. K. Singh and C. F. Jenner, Aust. J. Plant Physiol.,
10 (1983) 227–236.

Fig. 1  The hydroponics system for wheat cultivation. 
(Left) Temperature-controlled container for cultivation 
vials.  (Right top) Peltier device, heatsink, cooling fan 
and Peltier controller.  (Right bottom) Peltier cooling 
unit installed under the container base. 
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solubilize BPA in water to form a complex that exhibits 
hydrophilic properties. Therefore, we expected that uri-
dine, which has a ribose unit, would form a similar com-
plex with BPA. Last year, we synthesized the 
BPA-uridine complex and confirmed that it dissolves 
smoothly in water. We also applied the complex to cell 
experiments and found that it exhibited high cytotoxicity 
under thermal neutron irradiation. 
To determine whether the BPA-uridine conjugate is ef-
fective in vivo, we administered this conjugate to 
BALB/cAJcl nude mice with A549 tumors. We adminis-
tered this conjugate to BALB/cAJcl nude mice with A549 
tumors to characterize its efficacy in vivo. A549 cells 
were transplanted into BALB/cAJcl nude mice (n = 3 per 
group) and allowed to grow until the tumor size was 
about 100 mm3. The conjugate was then administered 
subcutaneously and changes in tumor size after thermal-
neutron irradiation were recorded. 
As shown in Figure 1B, the BPA-uridine conjugate effi-
ciently inhibited tumor growth at the same level as 
BPA-fluctose. These results suggest that BPA-uridine was 
activated within the tumor upon irradiation conditions 
and exhibited a cell-killing effect even in vivo. 

Figure 1. (A) Chemical structure of BPA-Uridine conju-
gate (B) In vivo evaluation of BPA-uridine as an anti-
cancer agent. Tumor volumes of each group (BPA-uridine 
(+: red, -: black), epi-/thermal neutrons: 50 min. 

REFERENCES:
[1] K. Tanabe et al., Org. Biomol. Chem. 7 (2009),
651–654.
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INTRODUCTION: 
Modified nucleobases are widely used as antitumor 
agents, and a variety of them have important functions in 
vivo. Among them, 5-fluorouridine (5FU), 
5-fluorodeoxyuridine (FdUrd), and cytarabine are
well-known antitumor agents, and their modified deriva-
tives are utilized as stimuli-responsive prodrugs.1 

Recently, we employed uridine with three alcohol units as
a solubilizer for poorly soluble compounds and prepared
BPA-uridine conjugates for boron neutron capture thera-
py (BNCT). We found that irradiation in the presence of
BPA-uridine markedly enhanced the cytotoxicity of the
radiation. In this study, we conducted a in vivo study of
BPA-uridine conjugate. Eventually, we confirmed that
BPA-uridine showed robust cytotoxic effect on tumor
tissue upon thermal neutron irradiation. Thus, uridine
seems to be good agents for drug delivery system.

EXPERIMENTS:
Preparation of BPA-uridine conjugate. BPA was 
added to the aqueous solution of uridine under basic 
conditions to solubilize the conjugate. After the BPA 
was dissolved in the aqueous solution, the resulting 
solution was neu-tralized and then subjected to in vivo 
experiments. Neutron capture therapy to A549 tumor 
models. A549 cells in matrigel (1 × 106 cells per mouse) 
were subcuta-neously inoculated into the right thighs of 
BALB/c nude mice. The tumors were allowed to grow 
~1.5 month. The mouse was injected with fructose-
BPA or uridine-BPA (250 mg/kg). The mice were placed 
in acrylic which were secured on a 5-mm-thick 
thermoplastic plate that con-tained 40 weight % (wt 
%) of 6LiF (96% 6Li) to block thermal neutrons and 
had a circular hole in the center. The thigh containing 
the tumor was stretched over the hole, and the tumor 
was irradiated with epi-/thermal neu-trons for 50 min, 1 
h after the injection. The tumor size was measured by a 
caliper, and tumor volume (V) was calculated using the 
following equation: V = ab2/2, where a and b are the 
major and minor axes, respectively. 

RESULTS:
Conventionally, fluctose has been used to solubilize BPA 
in water for the formation of their complex that showed 
hydrophilic properties. We expected that the uridine 
bearing ribose unit formed similar complex with BPA, 
and thus we combined BPA with uridine and prepared 
their conjugate. Eventually, we found that BPA-uridine 
conjugate was smoothly dissolved in water, and then ap-
plied them to cellular experiments. 
In the research process to date, fructose has been used to 
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INTRODUCTION:  Amyloid fibrils are a form of pro-
tein aggregates that are associated with various amyloi-
doses and neurodegenerative diseases. The formation of 
amyloid fibrils is typically progressed through nucleation 
and growth phases. The nucleation phase is a 
rate-limiting step, and once amyloid nuclei are formed, 
the subsequent rapid elongation of amyloid fibrils is in-
duced. However, much remains unclear about the aggre-
gation mechanisms during the nucleation phase. 

In this study, we investigated the fibrillation process of 
bovine and human insulin, the amino acid sequences of 
which are slightly different. We previously identified that 
bovine insulin formed prefibrillar intermediates in early 
stage of the fibrillation [1, 2]. Here, we performed 
small-angle X-ray scattering (SAXS) and analytical ul-
tracentrifugation (AUC) measurements to identify and 
compare the fibrillation process of two species of insulin. 

EXPERIMENTS:  A sample of 5.0 mg/mL bovine and 
human insulin dissolved in 25 mM HCl containing 0.1 or 
0.5 M NaCl was heated at 75 °C. At different time points, 
the reaction was instantly stopped with cooling on ice and 
the samples were subjected to subsequent measurements. 

The SAXS profile was collected at 25 °C with a NA-
NOPIX equipped with a HyPix-6000 (Rigaku Corpora-
tion, Japan). A Cu K-α line (MicroMAX-007HFMR) was 
used as a beam source, which was further focused and 
collimated with a confocal multilayer mirror (OptiSAXS). 
The camera length was set to 1.33 nm and the range of the 
scattering vector q was from 0.005 to 0.20 Å-1.

AUC was conducted with a ProteomeLab XL-I analyt-
ical ultracentrifuge (Beckman Coulter, USA). Sedimenta-
tion velocity analytical ultracentrifugation (SV-AUC) 
measurements were performed using Rayleigh interfer-
ence optics at 40,000 rpm at 20 °C with a 1.5 mm 
path-length cell. The experimental data were analyzed 
with SEDFIT software. The density and viscosity of sol-
vent, and partial specific volume of each protein were 
calculated from their amino acid sequences with 
SEDNTERP software. 

RESULTS:  We first performed SAXS measurements to 
investigate the amyloid formation process of bovine and 
human insulin (Fig. 1). In both insulin species, the SAXS 
profiles at 60 min, when the fibrillation was completed, 
showed the higher scattering intensity especially in lower 
q region compared to those before the reaction, indicating 
the fibrillation was successfully observed by SAXS 
measurements. The slope of the log-log plot at 60 min 
was close to -1, which is consistent with the rod-like 

morphology of amyloid fibrils. Interestingly, the SAXS 
profile of bovine insulin at 10 min exhibited a scattering 
pattern intermediate between those before the reaction 
and at 60 min. These observations indicate the formation 
of prefibrillar intermediates in the process of amyloid 
formation of bovine insulin in accordance with our pre-
vious observation [2]. On the other hand, the SAXS pro-
file of human insulin at 10 min showed almost the same 
pattern as that before the reaction, suggesting the absence 
of prefibrillar intermediates in the fibrillation process of 
human insulin. 

We further performed SV-AUC measurements to ex-
amine the early aggregation process of two species of 
insulin (Fig. 2). The sedimentation coefficient distribu-
tion of bovine insulin showed rapid evolution of aggre-
gates, while those of human insulin showed no significant 
aggregation. These results indicate that bovine insulin 
forms oligomers leading to the formation of prefibrillar 
intermediates immediately after the initiation of the reac-
tion, unlike typical amyloid formation pathway with a lag 
phase observed in human insulin. 

REFERENCES:
[1] E. Chatani et al., J. Biol. Chem., 289 (2014)

10399-10410.
[2] E. Chatani et al., Sci. Rep., 5 (2015) 15485.

Fig. 1.  SAXS profiles of bovine (a) and human 
insulin (b). The insulin samples heated in the pres-
ence of 0.1 M NaCl were subjected to the SAXS 
measurements. 

Fig. 2.  Sedimentation coefficient distribution of 
bovine (a) and human insulin (b). The insulin sam-
ples heated in the presence of 0.5 M NaCl were sub-
jected to the AUC measurements. For bovine insulin, 
sample solutions were diluted 2-fold with 25 mM 
HCl before measurement to suppress flocculation of 
aggregates induced by cooling. 
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INTRODUCTION: 
Structural analysis of a protein complex in solution is 

essential to understanding physiological phenomena in 
biological systems. Small-angle X-ray scattering (SAXS) 
is powerful technique which gives three-dimensional 
structure of a biomacromolecule in solution. To obtain 
the high-quality structural model, it is crucial to obtain an 
scattering profile purely corresponding to the target 
protein complex. On the other hand, because protein 
complexes and dissociated proteins coexist in the solution 
under dissociation-aggregation equilibrium, the 
experimental scattering profile is offered as an 
ensemble-average of them. Therefore, it is necessary to 
extract the scattering profile of the concerned protein 
complex from the ensemble-averaged profile.  

Recently, size-exclusion chromatography (SEC)-SAXS 
attracts an attention to obtain the scattering profile of the 
concerned component in a multi-component solution. 
However, SEC-SAXS is unavailable for a weakly-bound 
complex because they break down in the SEC process.  

In this study, we developed the integrated analytical 
method with analytical ultracentrifugation (AUC) and 
SAXS, AUC-SAXS, to derive the scattering profile of a 
weakly-bound complex under dissociation-aggregation 
equilibrium [1].  

EXPERIMENTS:  
 AUC-SAS was demonstrated for the following two 
systems: 
(i) The complex of the ubiquitin-like domain of the 
proteasome shuttle factor hHR23b and PUB domain of 
N-glycanase: The sedimentation equilibrium (SE)-AUC
and SAXS was conducted for the mixture (hHR23b + 
PUB) with equimolar ratio (100 µM + 100 µM and 50 
µM + 50 µM).  
(ii) The complex of clock protein KaiA and KaiC: The
sedimentation velosity (SV)-AUC and SAXS was
conducted for the mixture (KaiA + KaiC) with the ratio
of 2 : 6 (5.7 µM + 17 µM).
SAXS measurements were carried out with NANOPIX 

(Rigaku). AUC measurements were conducted with a 
ProteomeLab XL-I (Beckman Coulter). All 
measurements were conduceted at 25 ºC 

RESULTS:  
Considering the equilibrium to be A + B ↔ AB for 

proteins A, B, and complex AB, the scattering profile of 
the solution under dissociation-aggregation equilibrium is 
expressed as  

Here, q and I(q) are the magnitude of scattering vector 

and experimentally obtained scattering intensity, 
respectively. cj and ij(q) are the concentration of 
component j and scattering intensity per the concentration 
of component j. In AUC-SAXS, in order to derive the 
scattering profile of the complex iAB(q), I(q), iA(q), and 
iB(q) are individually measured with SAXS, and cjs for 
all components are obtained with AUC.  
 For the system of hHR23b + PUB, cjs for all 
components were calculated with the dissociation 
constant KD, which was obtained with SE-AUC. Closed 
circles in Figure 1 show the scattering profile for the 
complex of hHR23b and PUB iAB(q). The obtained 
iAB(q) was not explained by the simple docking model 
between hHR23b and PUB (gray line in Figure 1). Then, 
we performed a normal mode analysis using the docking 
model as an initial structure. Finally, the optimal 
three-dimensional structure model that reproduces iAB(q) 
was offered (black line and inset in Figure 1). 
 With the same procedure, the scattering profile of the 
complex of KaiA and KaiC was obtained. The 
three-dimensional structure model that reproduces the 
scattering profile was revealed with the molecular 
dynamics simulation.  
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Figure.1. SAXS profile for the complex of hHR23b and 
PUB iAB(q) (closed circles). Gray and black lines are 
the profiles calculated from the docking simulation 
model and the optimized model (inset) with the normal 
mode analysis. 
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INTRODUCTION: Many proteins are composed of 
multiple structural domains, and function by dynamically 
changing their domain arrangement. X-ray solution scat-
tering measurement is a useful research technique for 
structural analysis of such dynamic biomolecules; All 
molecules with various structures contribute to the scat-
tering data. We have attempted to analyze molecular 
structures of a multi-domain protein ER-60 based on 
small-angle X-ray scattering (SAXS) profiles [1].  
Here, we focused on a multi-domain protein copper 
chaperone for superoxide dismutases (CCS) and study its 
behavior in solution. This protein passes Cu ion to Cu, Zn 
superoxide dismutases (SOD1), probably via flexible 
domain dynamics [2]. CCS monomer has three functional 
domains, and domain II of CCS bind to each other to 
form CCS homodimer [3]. We studied structure of the 
CCS dimer in solution by small angle X-ray scattering. In 
this study, a mutant CCS, which is more likely to main-
tain its dimeric state than wildtype CCS, was chosen for 
measurement. 

EXPERIMENTS:  A mutant human CCS protein was 
expressed using Escherichia coli and purified. 
Small-angle X-ray scattering (SAXS) was measured by a 
NANOPIX (Rigaku, Tokyo, Japan). From the raw scat-
tering data, one dimensional SAXS profile was calculated 
using SAngler [4]. Oligomeric state of CCS in sample 
solution was examined by analytical ultracentrifugation. 
The analytical ultracentrifugation was conducted with a 
ProteomeLab XL-I analytical-ultracentrifuge (Beckman 
Coulter). The content of each oligomer was calculated 
using SEDFIT [5]. Both the Small-angle X-ray scattering 
experiment and analytical ultracentrifugation were per-
formed at 25ºC. Scattering profile of dimeric CCS was 
calculated by combining the SAXS profile and analytical 
ultracentrifuge data, following a previous report [6]. 
SAXS profiles of atomistic models were calculated with 
Pepsi-SAXS [7]. 

RESULTS: We measured scattering profile of apo-state 
of the mutant CCS. The profile changed gradually with 
time; an increase in the radius of gyration of the sample 
was observed over time. This can be interpreted as the 
formation of CCS aggregates composed of non-native 
structure of CCS, which are caused by the radicals pro-
duced upon X-ray irradiation. For wild type CCS, it has 
already been reported that components other than dimeric 
CCS can contribute significantly to the SAXS profile [8]. 
Although we utilized a mutant CCS that could potentially 
suppress the formation of multimers larger than dimers, 

the SAXS measurements did not show the expected re-
sults. Therefore, we considered the data from the first 10 
minutes of the measurement as the SAXS profile of the 
aggregate-free CCS.  
Abundance of each CCS multimer was measured using 
analytical ultracentrifugation, and SAXS profile of the 
CCS dimer was calculated using the data. 
Subsequently, we examined whether the SAXS profile 
matched already studied tertiary structures. Currently, a 
structure of the CCS dimer can be modeled using known 
crystal structures of CCS [3, 9]. In addition, A theoretical 
predicted structure of the CCS by AlphaFold are also 
available [10, 11]. We generated one CCS dimer model 
from crystal structures, and generated one CCS dimer 
model from the AlphaFold model. The predicted SAXS 
profiles of these structures were different from our ex-
perimental profile; χ2 values were 7.71 and 7.39, respec-
tively. This result suggests that the structure of CCS di-
mer in solution is different from its crystal structure.  
Further improvement of the measurement conditions, 
such as the addition of radical scavengers to the sample 
buffer, is expected to enable the acquisition of more ac-
curate scattering curves.  
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INTRODUCTION: 
In eukaryotes, the genomic DNA is hierarchically folded 
as chromatin. The basic repeating unit of chromatin is 
termed nucleosome, in which approximately 145 base 
pairs of DNA wrap around an octameric histone core 
containing two copies of each core histone, H2A, H2B, 
H3, and H4. In the process of chromatin remodeling, a 
collision of two adjacent nucleosomes can form an alter-
native structural unit such as overlapping dinucleosome: 
OLDN [1]. We have previously reported that the crystal 
structure of the OLDN, in which the octameric histone 
core, and the hexameric histone core lacking one copy of 
H2A-H2B dimer, are tightly associated with each other, 
and 250 base pairs of DNA are continuously wrapped 
around it [2]. Subsequent molecular dynamics simula-
tions, small-angle x-ray, and neutron scattering (SAXS 
and SANS, respectively) analysis suggested that the 
OLDN adopt a variety of conformations in solution [3]. 
Here, we combined cryo-electron microscopy (cryo-EM) 
and analytical ultracentrifuge (AUC) with SAXS to 
characterize the structural dynamics of the OLDN. 

EXPERIMENTS: 
The OLDN sample was prepared by the salt dialysis 
method and purified by nondenaturing gel electrophoresis 
as previously described [2]. For cryo-EM analysis, 
OLDN was fixed by the glutaraldehyde crosslinking 
through the gradient fixation method. The micrographs 
were acquired using a cryo-EM: Tecnai Arctica transmis-
sion electron microscope (FEI), equipped with a K2 
summit direct electron detector (Gatan). Single-particle 
analysis of the OLDN was performed on RELION 3.1 
software. SAXS analysis was performed with a NANO-
PIX instrument (RIGAKU) at the Institute of Radiation 
and Nuclear Science, Kyoto University. To cover the 
wide q-range, we employed two sample-to-detector dis-
tances: 1,330 mm and 350 mm and combined these data. 
We performed the standard procedures of transmission 
correction, buffer solution scattering subtraction, and 
conversion to an absolute scale with water scattering. We 
also performed AUC to correct the SAXS data by re-
moving the SAXS profile portion derived from slight 
aggregates as previously described [4]. 

RESULTS: 
We collected 1737 k particle images from 2833 of micro-
graphs and then removed junk particles throughout the 
following 2D and 3D classification. Using the 1330 k 
particles, we performed a 3D classification of OLDN. 
Consequently, 12 OLDN structures, that exhibit different 
orientations of the octasome unit and the hexasome unit 
were observed. We built structural models from four of 
these classes and determined cryo-EM structures of 
OLDNs. We then performed AUC-SAS to obtain the re-
fined SAXS profile of the OLDN and plotted the calcu-
lated SAXS curves of the four cryo-EM structures with it. 
Notably, the theoretical SAXS curve derived from the 
open OLDN configuration fitted to the experimental 
SAXS curve with the reconstituted OLDN. This result 
suggests that the various relative orientations between the 
two histone cores, octasome and hexasome, observed in 
cryo-EM experiments reflect the structural dynamics of 
the OLDN in solution.  
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INTRODUCTION: L-[11C]-Methionine is used as a 
positron emission tomography (PET) reagent for medical 
diagnosis of brain tumors [1]. The medical 11C radioiso-
topes are mostly produced in a cyclotron via the 
14N(p,α)11C reaction by bombarding enriched nitrogen 
gas with a proton beam [2]. In Japan, Hokkaido Univer-
sity and Osaka University have worked in collaboration 
with Sumitomo Heavy Industries to obtain the govern-
ment permission for the PET examination with 
L-[11C]-Methionine for checking the metastasis and re-
currence test of the brain tumor patient [3,4].  

Instead of producing 11C with the cyclotron, we tried a 
novel method of producing 11C using the bremsstrahlung 
γ-rays with a carbon nano tube (CNT) target to get a rea-
sonable number of the 11C specific activity. 

Fig. 1 shows a schematic illustration to produce 11C 
isotopes from a CNT target and to extract them as 11CO2 
gas.   

Fig. 1.  Scheme of the 11C medical-isotope production 
via the 12C(γ,n)11C reaction with a CNT target. Neutron 
and 11C are released from the strong bonding network of 
CNT after the 12C(γ,n)11C reaction following the nuclear 
two-body kinematics. Since the recoiled 11C is chemical-
ly active, a 11CO2 molecule is produced via the 11C+O2 
11CO2 chemical process.

EXPERIMENTS: We prepare the O2 gas circulation
system, consisting mainly of 1) a CNT target with a
nanotube powder, 2) O2 gas tubes, and 3) molecular
sieves. We seal the CNT powders in the Al target vessel
with non-woven masks as gas inlet/outlet filter. We trap
the 11CO2 using the molecular sieves. The 12C(γ,n)11C
reaction experiment has been done using the brems-
strahlung γ-rays generated with a 40 MeV electron beam

at the electron LINAC facility. 
 Fig. 2 shows the experimental scheme to measure the 
11CO2 yields from the 12C(γ,n)11C reaction. The 11CO2 gas 
flows out from the CNT target and is trapped in two mo-
lecular sieve capsules. The radioactive 11C with a half-life 
of 20 minutes emits a positron. 511-keV γ-rays from pos-
itron-electron annihilation are detected using the CdZnTe 
detectors. Taking into account the incompleteness of 
trapping 11CO2 gas with molecular sieves, we prepared 
two molecular sieve capsules to correct for the trapping 
efficiency. 

Fig. 2. Experimental scheme to measure the 11CO2 ex-
traction rate. 

We confirmed that the 11CO2 flowed out from the CNT 
target capsules by observing 511-keV γ-rays from 11CO2 
trapped in the molecular sieves. The measured decay 
curve obtained by measuring 511 keV γ-rays as a func-
tion of elapsed time was well in agreement with the 11C 
half-life of 20 minutes. Several forms such as multiwall 
CNT, single-wall CNT, C60, and graphene were exam-
ined to achieve high yields of 11CO2.  

RESULTS:  We conclude that the extraction rate of
11CO2 from the single-wall CNT target can be as high as 
15%. With this extraction rate of 15%, we estimate that 
we can obtain the 11C activity of 34 GBq when we use a 
single-wall CNT target under the conditions with 1) a 
length of 50 cm, 2) weight of 1.13 kg for 0.155 g/cm3, 3) 
a 40 MeV electron beam intensity of 100 µA for 40 mi-
nute bombardment. This 34 GBq radioactivity is enough 
amounts for one patient’s diagnosis. The detailed report 
will be published in the near future [5]. 

REFERENCES: 
[1] Y. Komatsu et al., Radioisotopes, 67 (2018) 75.
[2] T.J. Ruth. A.P. Wolf, IEEE Trans., NS-26 (1979)

1710.
[3] M. Kinoshita et al., J. Neurosurg 125 (2016) 1136.
[4] M. Kameyama et al., Eur. J. Nucl. Med. Mol. Imaging

43 (2016) 2267.
[5] M. Kurosawa et al., to be published.

CO6-22

- 175 -

R3081 



Distribution of the chemical modifications of the amino acid residues in lens
structural proteins during development of age-related cataract 

S. Matsushita1, Y. Suzuki1, A. Nakamura1 and T. Takata2

1 Dept of Materials and Applied Chemistry, Nihon Uni-
versity 
2 Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: 
Imaging mass spectrometry (Imaging MS) is a technique 
to visualize the localization of a target peptide by scan-
ning mass spectrometry on tissue and superimposing po-
sitional information [1]. The method is based on the con-
ventional mass spectrometers, thus depending on the 
fragmentation of each peptide. 

Continuing from the previous year, we tackled to 
screen the best fragmentation pattern for visualizing the 
localization of chemical modifications that accumulate in 
lens structural protein with aging. Now, target modifica-
tion is the isomerization of Aspartate residues (iso-Asp). 
Protein-constituting Asp isomerizes spontaneously with 
aging (four types iso-Asp series: L-α-Asp, L-β-Asp, 
D-α-Asp, and D-β-Asp) and accumulates with aging [2].
Therefore, identification of iso-Asp is a useful predictor
as a new definition of aging.

In previous year, we found out the isomerization of 
Asp151 in αA-crystallin in the soluble fraction of porcine 
lens. This Asp is the homologous position of Asp151 in 
those of human lens αA-crystallin, which was heavily 
isomerized. We chemically synthesized this target pep-
tide, including Asp151, and a fragmentation pattern was 
decided using by quadrupole type mass spectrometer. At 
the next step, we attempted to make a frozen section of 
the porcine lens on a prep for imaging MS. However, it 
was technically difficult to prepare the frozen section of 
lens due to the rich water molecules and high concen-
trated protein in lens. Therefore, we changed the target 
peptide in mouse lens, which is easier to handle, and re-
sumed studies. 

EXPERIMENTS:
Material Mouse lens was homogenized and fractionated 
by centrifugation to isolate lens water soluble (WS) frac-
tions. The WS proteins were dissolved and applied for 
trypsin digestion as previously reported [2]. The peptide, 
corresponding of the mouse αA-crystallin 169–180 
(169VQSGLDAGHSER180), was synthesized by 
Fmoc-based solid-phase peptide synthesis (PSSM-8; 
Shimadzu). The crude peptides were purified by re-
verse-phase HPLC using a C18 column (Capcell Pak 
C18; Shiseido) as previously reported [3]. 
LC-MS analysis Asp-containing peptides were detected

by the multiple reaction monitoring (MRM) method us-

ing a triple quadrupole mass spectrometer (LCMS-8060; 

Shimadzu). Briefly, solutions containing 0.1–1 μg of 

peptides was applied into LCMS-8060, then fragmenta-

tion pattern was optimized. Then, the HPLC separation 

for tryptic peptide of mouse lens WS was carried out 

(Nexera X2, Shimadzu) using a combination of a C18 

column (L-column2 ODS, CERI). The binary mobile 

phase compositions were 0.1% formic acid/water (mobile 

phase A) and 0.1% formic acid/acetonitrile (mobile phase 

B). The linear gradient was 0–45% phase B for 60 min at 

a flow rate of 0.2 mL/min, and a column temperature of 

35°C.  

RESULTS:
Prior to analysis, survey for the valid MRM transitions of 

target peptides of mouse αA-crystallin 169–180 was per-
formed. The MRM method for Asp-containing peptide

was created with Lab Solutions software (Shimadzu, Ja-

pan). The MRM chromatograms for fragment ions of 

target peptide was acquired with the transitions as shown 

in Table 1. 

sequence MRM transitions for 
mouse peptide 

human 146IQTGLDATHAER157 1254.30 > 1236.25 

pig 146VPSGVDAGHSER157 CE: 51.0 
mouse 169VQSGLDAGHSER180 Positive ion mode 

Next, the isomerization of Asp174 of mouse 
αA-crystallin was investigated (Fig. 1). AS shown in Fig. 
1, we were able to confirm five peaks including the four 
iso-Asp residues. One more peak may be a peak derived 
from isomerization of other amino acids, such as Gluta-
mate residue at 179. That result implied the usefulness 
determination of fragmentation pattern of this peptide 
was successful. It may still present problem to digest lens 
tissue on plate, but we could apply this method for frozen 
section of the mouse lens for imaging MS. 
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Table. 1. αA-Crystallin derived peptide sequence 
and MRM transition for mouse peptide 

.

Fig. 1. LC-MS-MRM chromatogram of Asp174 
peptide isomers of αA-crystallin in the water sol-
uble fraction derived from the lens of a mouse. 
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INTRODUCTION:  ER-60, an oxidative protein fold-
ing enzyme that belongs to the PDI family, is a mul-
ti-domain protein consisting of four thioredoxin-like do-
mains, a and a’ domains with catalytically active cysteine 
pairs and chaperone association b and b’ domains in the 
order a-b-b-b’-a’. The oxidized form of active cysteine 
pairs (ox) catalyses the oxidation reaction of dithiol on an 
unfolded protein, while the reduced form (red) catalyses 
the reduction or isomerization of disulphide bonds. In this 
process, ER-60 might have the appropriate domain con-
formations and arrangement in order to function, and it is 
estimated that the structure fluctuates and changes ac-
cording to the redox state of active cysteine pairs in the 
solution [1]. Inverse Contrast Matching Small-Angle 
Neutron Scattering (iCM-SANS) [2], which takes ad-
vantage of the large difference in neutron scattering 
length between hydrogen and deuterium, is useful for 
observing the dynamics and structures of such mul-
ti-domain proteins in solution.  
When hydrogenated and 75% deuterated proteins are in 
100% deuterated solvent, the deuterated proteins become 
scatteringly invisible, and only the scattering of the spe-
cific part that is hydrogenated could be observed. Apply-
ing this method to multi-domain proteins, the domain 
motion of the hydrogenated domains could be selectively 
observed. To achieve this method for multi-domain pro-
teins, the hydrogenated and deuterated domains must be 
prepared separately and then connected by protein liga-
tion technique. 
To reveal the structure-function correlations of ER-60, we 
aim to analyze selective domain dynamics by iCM-SANS. 
For this purpose, we connected the hydrogenated and 
deuterated domains with the ligation enzyme, OaAEP. 

EXPERIMENTS:  Because 75% deuterated recombi-
nant protein requires E. coli to be cultured in 75% deu-
terated M9 medium [3], we examined culture conditions 
in M9 medium and M9 plus medium [4] in addition to 
LB broth. Each recombinant protein containing 75% 
deuterated protein (a domain) was purified using a 
His-tag affinity column and a ion-exchange column. The 
deuteration rate of 75% deuterated protein was calculated 
by mass spectrometry with MALDI-TOF MS using a 
previously reported [3]. The 75% deuterated a domain 
and the hydrogenated bb’a’ domain were mixed in buffer 
containing 200 mM Tris-HCl (pH 7.4) / 150 mM NaCl. 
Then, 0.2 µM of the ligation enzyme OaAEP was added 
to the mixture, and the protein ligation reaction was per-
formed at 20°C for 64 hours. The results of ligation reac-
tions were confirmed by SDS-PAGE. 

RESULTS:  a domain was more abundant in the M9 
medium, so we proceeded to perform 75% deuteration in 
this medium. In Fig. 1A, expression and purification of 
the recombinant 75% deuterated a domain yielded a 
highly purified protein sample. The deuteration rate of 
75% deuterated a domain was calculated to be 73.6% 
from the increase in mass due to deuteration of 
un-exchangeable hydrogen obtained from MALDI-TOF 
MS (Fig. 1B). 
The results of the protein ligation reaction are shown in 
Fig. 2. The band of ligation product, a-bb’a’, connecting 
a and bb’a’ domains was observed, indicating the pro-
gress of the protein ligation reaction. Currently, we are 
investigating conditions to increase the efficiency of the 
ligation reaction for iCM-SANS, are also carrying out 
ligation reactions at other ligation sites, and are planning 
to measure the preliminary structure of them by SAXS. 
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Fig. 1.  (A) Expression and purification of recombi-
nant 75% deuterated a domain of ER-60. Recombi-
nant a domain of ER-60 expressed in E. coli in 75% 
D2O M9 medium (lane 1) were purified by His-tag 
column chromatography (lane 2) and ion-exchange 
chromatography (3). Proteins in each effluent were 
separated by SDS-PAGE and stained with CBB. (B) 
Mass spectra of hydrogenated (gray line) and 75% 
deuterated (black line) a domain of ER-60. 

Fig. 2.  The ligation product from 75% deuterated a 
domain and hydrogenated bb’a’ domain of ER-60 by 
OaAEP (reaction times of 64 h at 20℃). Proteins 
were separated by SDS-PAGE and stained with 
CBB. 
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INTRODUCTION: Intrinsically disordered proteins 
(IDP), which do not have a rigid folded structure, play 
important roles in living cells. However, due to its flexi-
bility, it is difficult to understand its function based on its 
structure. Small-angle X-ray scattering (SAXS) is a use-
ful method to analyze IDP because it provides dynamic 
structural information of IDP in an aqueous solution. We 
analyzed a protein Hef involved in the repair of DNA 
damage. Hef consists of two folded domains (Helicase 
domain and Nuclease domain), which are connected by 
an intrinsically disordered region (IDR) [1]. Based on 
SAXS data, we analyzed the dynamic structure of Hef as 
an ensemble of computationally generated structures. 
The ensemble showed that the structure of Hef is slightly 
more compact rather than that expected to be a random 
structure, suggesting a relationship with its function. 
However, in SAXS, the scattering from the two domains 
and the IDR are all observed as one scattering curve, 
therefore the interpretation of the ensemble analysis re-
mains arbitrary. When we preparer segmentally deuter-
ated Hef and measure small-angle neutron scattering 
(SANS), we can obtain structural information of selected 
region from hydrogenated one utilizing inverse contrast 
matching SANS (iCM-SANS) [2]. In this study, we pre-
pared segmentally deuterated Hef and checked degree of 
deuteration and structural integrity. This integrative ap-
proach is expected to play a significant role for the anal-
ysis of IDP. 

EXPERIMENTS:
Preparation of segmentally deuterated Hef- In a con-
ventional contrast matching method, SANS of protein is 
measured in 40% (v/v) D2O solvent. In this condition, 
hydrogenated protein is matched out, and scattering of 
100% deuterated protein can be observed. However, un-
der this condition, incoherent scattering from 60% (v/v) 
H2O becomes large noise. On the other hand, if we pre-
pare a 75% deuterated protein and measured in a 100% 
D2O solvent, the 75% deuterated protein will be matched 

out and scattering of only the hydrogenated protein can 
be observed [2]. Under this condition, incoherent scatter-
ing from solvent is significantly lower than 40% D2O. 
Therefore, in this study, the deuteration degree was set to 
~75%. We prepared two segmentally deuterated Hef. One 
is (75D)Helicase/(H)IDR-(H)Nuclease and the other is 
(H)Helicase-(H)IDR/(75D)Nuclease. The (75D)Helicase
and the (75D)Nuclease were expressed in Escherichia
coli cells which is cultured in M9 medium containing
75% (v/v) D2O, 1.5 g/L of D-body glucose and 0.5 g/L of
H-body glucose. After extraction from the cells and puri-
fication, the 75D-proteins were ligated to the hydrogen-
ated proteins using a protein ligation enzyme NpuDnaE.
Determination of the degree of deuteration of proteins-
The degree of deuteration of proteins were determined
using a MALDI-TOF MS. From the peak shift value be-
tween (Δm/z) the 75D- and the H-protein, degree of deu-
teration was calculated by the following formula [3]; de-
gree of deuteration (%) = ((Δm/z)/N)*100, where N cor-
responds to a total number of non-exchangeable hydro-
gen of a protein.
SAXS measurement of segmentally deuterated Hef- The
SAXS measurements of segmentally deuterated Hef were
performed using a KUR SAXS instrument. Prior to
SAXS measurement, samples were dialyzed against
100% D2O solvent, and the protein concentration was
adjusted to 0.8 mg/mL.

RESULTS: We succeeded in preparation of segmentally 
deuterated Hef. Milligram order of segmentally deuterat-
ed Hef, which is enough to use SANS measurement, was 
obtained. Although the degrees of deuteration of the Hel-
icase and the Nuclease were expected to be 75%, it must 
be confirmed. Actual degrees of deuteration of the Hel-
icase domain and the Nuclease domain were 79.6% and 
70.0% respectively. This information is crucial for ful-
filling the precise contrast matching of solvent to the 
prepared protein and estimate of residual scattering of 
deuterated region. Prior to SANS analysis, we performed 
SAXS analysis to check structural integrity of segmen-
tally deuterated Hef in 100% D2O solvent. The Rg values 
of (79.6D)Helicase/(H)IDR-(H)Nuclease and 
(H)Helicase-(H)IDR/(70.0D)Nuclease were 50±2Å and
48±1Å respectively. These values are slightly larger than
that of non-deuterated Hef in 100% H2O solvent (45±1Å).
This indicates that these segmentally deuterated Hef con-
tain a small amount of aggregation. Stress during dialysis
to the 100% D2O solvent or transport of sample may have
caused sample aggregation. To obtain fine data in SANS,
we further have to optimize preparation and transport of
sample.
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INTRODUCTION:  Epithelioid sarcoma (ES) is an 
extremely rare malignant soft tissue tumor that predomi-
nates in young adults [1]. Because it is not sensitive to 
anticancer drugs and radiation therapy, wide surgical ex-
cision is the basis of treatment. On the other hand, good 
therapeutic effects of boron neutron capture therapy 
(BNCT) on soft tissue sarcoma have been reported [2, 3]. 
Therefore, in this study, BNCT was performed on 
ES-bearing animals at the Institute for Integrated Radia-
tion and Nuclear Science, Kyoto University (KURNS), 
and its antitumor effect was examined.  

EXPERIMENTS:  Using nude mice, a cancer-bearing 
animal model was prepared by transplanting a hu-
man-derived ES cell line (VA-ES-BJ) [4] into the subcu-
taneous space of the mouse right thigh. After the tumor 
grew, tumor volume was calculated from the tumor di-
ameter. Then animals were divided into 3 groups (n=4) of 
A, B, and C, and the A and B groups were used as con-
trols. In group C (BNCT), 45 minutes after intravenous 
administration of BPA (500 mg/kg), and in group B 
without administration of BPA, only the right lower limbs 
of both groups were irradiated with epithermal neutrons 
for 10 minutes. The tumor volume of the entire group 
was measured from the day of irradiation (day 0), and 14 
days after irradiation, the tumor tissue was removed and 
histological examination was performed immediately 
after expiry.  

RESULTS:  Fourteen days after irradiation, tumor re-
gression was observed only in group C. Histological ex-
amination revealed apoptotic tumor cells in the fibrotic 
tissue in group C [Fig. 1], while tumor cells in the other 
groups were still growing [Fig. 2]. The equivalent dose of 
group C obtained from the dose measurement was 8.7 
Gy-Eq for the skin and 20.7 Gy-Eq for the tumor, indi-
cating a selective dose for the tumor. 

DISCUSSION:  In recent years, it has been suggested 
that epigenetic-related enzyme EZH2 target inhibitors 
may improve the therapeutic outcome of advanced ES [5]. 
Furthermore, here, for the first time, it was clear that ES 
regressed with only one irradiation by BNCT in this study. 
Therefore, a new treatment method is expected to be de-
veloped in future that combines systemic treatment with 
drug therapy, local treatment surgery and local treatment 
with BNCT.
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Fig. 1. Histopathological study (HE staining) of 
group C (BNCT) reveals apoptotic tumor cells 
(***) are gradually replaced with connective tis-
sue (**). No damage to normal cells was observed 
on skin or subcutaneous area (*) by BNCT. 

Fig. 2. Histopathological study (HE staining) of 
group B (hot control) reveals no tumor cells (***) 
are destroyed, and no normal cells (*, **) are 
damaged. *, skin; **, subcutaneous space.   
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INTRODUCTION: 
The transparency of the lens is important for focusing 
target onto retina. Maintaining the function of lens de-
termines the quality of life. Lens cells contain rich struc-
tural proteins, which is called as crystallin. Those stable 
long-lived crystallin interactions is critical for lens func-
tions. Many past studies have reported about 
post-translational modifications in crystallin species de-
creased solubility of crystallins and lead senile cataract 
formation in aged lens. Those modifications were accu-
mulated under various stresses during life, such as heat 
and ultraviolet (UV) irradiation. It has also been consid-
ered that many factors in addition to UV are the main 
causes of nuclear cataract (NUC). In order to elucidate 
those factors, we performed a worldwide epidemiological 
survey and confirmed that the risk of NUC is significant-
ly higher in residents living in areas where the annual 
number of days with temperatures of 30°C or higher is 
higher. Furthermore, in an in silico simulation study, the 
applicant group showed that the incidence of NUC differs 
within a range of internal temperature differences 
(35.0-37.5°C). These obvious but new results are cur-
rently the focus of worldwide attention. Based on these 
results, this study aims to clarify the relationship between 
NUC and environmental temperature. We cultured lens 
model cells in different temperature and analyzed the 
modification levels of Aspartate (Asp) in crystallin to 
verify the mechanism of NUC onset in different temper-
ature. 

EXPERIMENTS:   
Material Immortalized human lens epithelial cells (iH-
LEC-NY2) are cultured on different temperature 
(35.0-37.5°C) and collected by RIPA buffer or PBS. Cell 
pellets was solubilized by sonication, 6 M Guanidine 
hydrochloric acid, 8 M Urea or MPEX solution (GL Sci-
ence). All denaturants were removed by reverse phase 
spin column, then used for trypsin digestion. 
LC-MS analysis After trypsin digestion, each tryptic 
peptide was injected to LC-MS/MS systems to identify 
the expressed αA-crystallin in iHLEC-NY2. Each sample 
was eluted over 60 min with a linear gradient (5%–45%) 
formed by mixing solvent A (0.1% formic acid aqueous 
solution) and solvent B (100% acetonitrile containing 
0.1% formic acid). The algorism for the database search 
was Proteome Discoverer 1.0 (ThermoFisher) as previ-
ously reported [1]. 
D/L analysis Next, the same sample was applied into 
LC-Q-MS/MS systems to evaluate isomerization levels 
of Asp58 in αA-crystallin. The mass chromatogram was 
depicted as previously reported [2].  

Western Blotting In order to get intense peptides chro-
matograms from isolated αA-crystallin, on membrane 
digestion was considered. To get unique αA-crystallin 
band on PVDF membrane, electrophoresis for cell ex-
tracts and immunoblotting for αA-crystallin was per-
formed with a monoclonal antibody against human 
αA-crystallin (Santa). 

RESULTS: 
In the preliminary study phase, the tryptic digestion for 
the cell extracted by RIPA buffer did not show the chro-
matograms. Based on the possibility that tryptic digestion 
was not possible due to the surfactant in RIPA buffer used 
for collecting cells, we used PBS for collecting cells. We 
next solubilized cell extracts using by denaturants 
(guanidine hydrochloric acid or urea). Solubilized sam-
ples were diluted for trypsin digestion followed by 
LC-MS/MS analysis, but no peak was observed. Consid-
ering the possibility that denaturants inhibited trypsin 
digestion, we changed denaturant into to the MPEX solu-
tion systems. All preparation included a desalting step 
before tryptic digestion. While the identification of hu-
man αA-crystallin in iHLEC-NY2 was successful, the 
quantitatively analysis of Asp58 in αA-crystallin was not. 
The peak on chromatogram was very poor, and not 
enough to evaluate the peak areas (Fig. 1). Though the 
molecular weight is specified, there are numerous peaks, 
although originally four peaks should have been seen 
even if isomerization was included. It is possible that 
background is seen due to the low total intensity. 

Western blot analysis showed a 20 kDa protein in iHLEC 
cells, that was strongly immunoreactive with the an-
ti-αA-crystallin antibody (data not shown). The on mem-
brane digestion for quantitative analysis should be in fu-
ture study. 

REFERENCES: 
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[2] N. Fujii et al., ACS Omega., 5 (2020) 27626-27632.

Fig. 1. Modifications on Asp151 of αA-crystallin in 
iHLEC extracts. 
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INTRODUCTION:  Interleukin 6 (IL-6) is a multi-
functional cytokine. The detailed mechanism of radiation 
resistance acquisition by IL-6 has not been elucidated. 
Our previous studies have revealed that the acquisition of 
radiation resistance by IL-6 is caused by suppressing 
mitochondrial-derived oxidative stress after γ-ray irradia-
tion [1]. mTOR exists as a regulator of various phenome-
na such as cell metabolism, growth, proliferation and 
survival. It has been reported that mTOR is regulated by 
the IL-6 signaling pathway [2]. Furthermore, suppression 
of active oxygen by mTOR has been reported [3], and it 
was hypothesized that mTOR is involved in the radiation 
resistance acquisition mechanism through suppression of 
intracellular oxidation degree by IL-6. Purpose of this 
study is to investigate the detailed mechanism of radia-
tion resistance acquisition through suppression of oxida-
tive stress by IL-6. 

EXPERIMENTS:  The human pancreatic cancer derived 
cell line Panc-1 was used. Recombinant IL-6 (rIL-6) 
was administered 24 hours prior to 4 Gy X-ray irradiation 
or analysis. The ELISA method was used to examine the 
amount of IL-6 produced by Panc-1. In addition, a colony 
formation assay was performed to investigate the acquisi-
tion of radiation resistance by IL-6. Furthermore, the pro-
tein expression level downstream of IL-6 was confirmed 
by Western blotting. At that time, rapamycin was used to 
investigate the involvement of mTOR in the IL-6 signal-
ing pathway. Fluorescent probes Mitosox Red and JC-1 
were treated and fluorescence intensities were measured 
to measure mitochondrial superoxide levels and mem-
brane potentials, respectively. 

RESULTS:  As a result of ELISA, Panc-1 produced con-
siderably less IL-6. However, the survival rate after X-
ray irradiation was significantly increased when rIL-6 
was administered.  Activation of STAT3 was shown 
when rIL-6 was administered, which was suppressed by 
administration of the mTOR inhibitor rapamycin. The 
acquisition of radiation resistance by IL-6 in Panc-1 and 
the involvement of mTOR located downstream of IL-6 
were clarified. The amount of active oxygen in mito-
chondria was increased by X-ray irradiation, but was 

suppressed by administration of rIL-6. However, admin-
istration of rapamycin neutralized the effects of IL-6. On 
the other hand, the decrease in mitochondrial membrane 
potential due to X-ray irradiation was suppressed by rIL-
6. Regarding the mitochondrial membrane potential, the
effect of IL-6 was canceled by suppressing mTOR.

REFERENCES:
[1] Y. Tamari et al., J. Radiat. Res., 58 (2017)412-420.
[2] JH. Kim et al., J. Biol. Chem., 283 (2008)708-715.
[3] J. Hu et al., Int. J. Biochem. Cell Biol., 89 (2017)

42-56.

Fig. 1.  Effect of mTOR inhibition on radiation re-
sistance acquisition. Mean±SD result are graphed 
(**p<0.001) 

Fig.2. Activation of mTOR and STAT3 by IL-6. (A) 
Phosphorylation of mTOR and STAT3 depending on 
the concentration of rIL-6 was observed. (B) Phos-
phorylation od mTOR and STAT3 was suppressed by 
rapamycin. 

CO6-28

- 181 -

R3155 



Production of medical radioisotopes using electron linear accelerator 

S. Sekimoto, M. Inagaki and T. Ohtsuki

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  A shortage in the supply of 99Mo 
resulting from the shutdown of reactors used for its pro-
duction is a global problem. Because 99Mo is an indis-
pensable source of 99mTc, which is used in nuclear medi-
cine to make diagnoses using techniques such as scintig-
raphy and single photon emission computed tomography 
(SPECT), a stable supply of 99Mo is vital. Therefore, 
production of 99Mo by using neutrons or protons gener-
ated in accelerators has been investigated [1–3]. To sepa-
rate 99mTc from 99Mo produced by an accelerator, meth-
ods based on sublimation, solvent extraction, and 
ion-exchange column chromatography have been exam-
ined and developed [2,4–6]. In addition, Gopalakrishna et 
al. have reported the preparation of 99Mo by the 
100Mo(,n) reaction using bremsstrahlung photons [6], 
followed by conventional solvent extraction using methyl 
ethyl ketone (MEK) and zirconium (Zr) molybdate gel to 
separate 99mTc. According to the regulations of the Japa-
nese pharmacopeia, the extraction using organic materials 
and the gel method using heavy metal elements such as 
Zr are not approved for the 99mTc-separation methods. 
Additionally, it is also difficult and impractical to use the 
sublimation method, which requires complicated and/or 
large scale devices for the mass-production of pure 99mTc. 
Recently, Kaken Inc. developed a new method, known as 
the “technetium master milker” (TcMM). This technique 
can produce highly pure 99mTc at a maximum activity of 
1.85 × 1013 Bq (500 Ci) per batch from 99Mo of low spe-
cific activity [7]. We carried out the production of 99Mo 
by the 100Mo(,n) reaction using bremsstrahlung photons 
generated in an electron linear accelerator (LINAC), a 
technique that has not been investigated significantly in 
Japan. The amounts of 99Mo produced at several electron 
energies (Ee) were examined. To separate 99mTc from the 
irradiated target, in this work, the TcMM was applied to 
the 99Mo produced by LINAC, and the subsequent yield 
of 99mTc was evaluated.  

RESULTS:  An example of the specifications for a 
LINAC necessary for the production of a stable supply of 
99Mo is now discussed. As mentioned by Gopalakrishna 
et al. [6], an expansion of 99Mo production to clinical 
levels requires the scaling up of the specifications for the 
LINAC, such as Ee, beam current of electrons, amount of 
target material, irradiation time, and so on. Additionally, 
to reduce target material costs, the use of natMoO3 is pref-
erable to that of 100MoO3. If natMoO3 is used as the target 
instead of 100MoO3, the amount of the target material 
must be increased by one order of magnitude. Therefore, 
this increase in the quantity of target material necessitates 
a new system designed to irradiate the bulky target with 
bremsstrahlung photons effectively.  

Here, we show the specification for LINACs where the 
target (100MoO3), mean current, and operation time are 10 
g, 100 A, and 20 h, respectively, and Ee is varied from 
21 to 41 MeV. The 99Mo activity produced at each Ee and 
its dependence on operation time and elapsed time are 
shown in Fig. 1. To efficiently produce 99Mo and reduce 
the production of radioactive impurities, the Ee must be 
optimized. Based on the experimental results in this work, 
the optimized Ee is 35 MeV (see Fig. 1). Therefore, if the 
LINAC were operated at Ee of 35 MeV, 44.0 GBq of 
99Mo would be produced, and if subsequent purification 
of 99mTc by TcMM were carried out more than three times, 
about 100 GBq of 99mTc would be obtained a few days 
after source irradiation. Because the required activity of 
99mTc in Japan is about 1000 GBq per day, 30 LINACs 
with the specifications would be able to supply the Ja-
pan’s demand for 99mTc in a few days. 
The specifications of the LINAC are general and practi-
cal. Furthermore, because LINACs can be downsized, it 
is possible to set up compact LINACs for the production 
of 99Mo-99mTc in different locations in Japan and even 
around the world. In the near future, the installation of a 
new complex using the LINAC 99Mo-production system 

and 
99mTc-sepa
ation sy
tem by th
TcMM 
would be 
desirable. 
Such com-
plexes must 
be compact
and inex-
pensive to 
allow their 
installation 
at many 
clinics and 
hospitals.
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INTRODUCTION: Neutron capture therapy using bo-
ron-10 (10B) (BNCT) is one of powerful therapies for 
local tumor control in the treatment of brain tumor, mel-
anoma, and related diseases [1]. 

We previously reported on the design and synthesis of 
phenylboronic acid pendant-cyclen (cyclen = 
1,4,7,10-tetraazacyclododecane) [2]. Based on its high 
intracellular uptake in cancer cell, we designed and syn-
thesized several phenylboronic acid-pendant 9-, 12-, and 
15-membered macrocyclic amines such as 10B-1a~3a and
their corresponding Zn2+ complexes 10B-1b~3b (Fig. 1) 
[3]. The experimental results suggest that the metal-free 
10B-1a~3a are introduced into cancer cells (A549 and 
HeLa S3 cells) more efficiently than their Zn2+ complex-
es 10B-1b~3b into normal cells with considerably high 
cancer/normal cells selectivity. Besides, it was found that 
12- and 15-membered derivatives 10B-2a~3a exhibit a
higher BNCT effect than 9-membered 10B-1a, possibly
because 10B-2a~3a form the corresponding Zn2+ com-
plexes 10B-2b~3b, which strongly interact with DNA
double strand in living cells, resulting in the efficient
breakdown of DNA double-strand upon the neutron irra-
diation.
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Fig. 1. Structures of boron-containing macrocyclic pol-
yamines and the corresponding Zn2+ complexes and the 
proposed scheme of their intracellular uptake and interac-
tion with DNA. 

EXPERIMENTS and RESULTS: The synthesis of 
1a~3a and their Zn2+ complexes 1b~3b was carried out 
and their cytotoxicity and cellular uptake activity against 
cancer cell lines (HeLa and A549 cells) and normal cell 

line (IMR-90) were determined on ICP-MS (inductivity 
coupled plasma-mass spectrometer), as shown in Fig. 2. 
It was found that the intracellular uptake of 1~3 is higher 
than that of BSH and BPA, possibly by the clath-
rin-endocytosis pathway including polyamine transporter 
system (PTS).  Fig. 3 shows more potent BNCT effect 
of 10B-2a, 10B-3a 10B-2b, and 10B-3b than that of BSH 
and BPA.   
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Fig. 2. The intracellular uptake 1~3 (30 µM) in HeLa S3, 
A549, and IMR-90 cells as determined on ICP-MS after 
the incubation with these drugs at 37 ºC for 24 hr.  Data 
represent the mean ±SD of at least three replicates. 

The design and synthesis of boron carriers that have 
higher intracellular uptake and more potent BNCT effect 
are now in progress. 
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was 1.4 X 109 n/cm2·s), as evaluated by a colony assay.  
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INTRODUCTION: Recent reports suggest that 
high-dose-rate irradiation, in which the dose rate is ex-
tremely high (1000 times or more) compared to the con-
ventional radiotherapy dose rate (about 0.03 Gy/sec), 
suppresses side effects better than conventional irradia-
tion and may have the same anti-tumor effect on tumors 
[1]. If side effects are indeed suppressed at ultra-high 
dose rates and anti-tumor effects remain unchanged, 
many conventional radiation therapies, especially X-rays, 
γ-rays, and proton beams, will be converted to high dose 
rates, and the position of neutron capture therapy will 
also change. This research plan will scrutinize the bio-
logical effects of ultra-high dose rates and clarify the dif-
ferences compared to neutron capture therapy, focusing 
on biological responses and effects on tumors, to consider 
the future role of neutron capture therapy as a long-term 
cancer therapy. The goal of this fiscal year is to establish 
the irradiation environment necessary for this purpose. 

EXPERIMENTS: Using an electron accelerator, we 
irradiate gafchromic films with pulsed electron beams 
and measure the dose per pulse. We constructed an irra-
diation system that can irradiate about 8-12 mice at a 
time. 

RESULTS: The dose per pulse was sufficient for biolog-
ical experiments, proving that experiments with high 
dose rates are possible. The irradiation system was con-
structed as shown in the figure (Figure 1 and Figure 2). 

Figure1: Irradiation system of mice in a closed system in 
an acrylic box. 

Figure2: The mouse is placed in the irradiation hole in the 
form of a radial projectile. 
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INTRODUCTION:  The medical use of radioisotopes 
(RIs) has already been applied since the discovery of RIs 
and radioactivity, and today, [18F]F-FDG and 
[99mTc]Tc-labeled radiopharmaceuticals are recognized as 
important for nuclear medicine diagnosis. Although re-
search and development of α-particles has been actively 
conducted in Japan in recent years from both basic and 
clinical aspects, there has been few research and devel-
opment of reactor-generated nuclides in Japanese RI 
production over the past 20 years. For the future devel-
opment of radionuclide therapy, it is important to conduct 
research on the development of radiopharmaceuticals 
based on the production and supply of 
β-radiopharmaceuticals using domestic nuclear reactors. 
PDRadiopharma will market 177Lu-DOTATATE, a labeled 
drug for the treatment of somatostatin receptor-positive 
neuroendocrine tumors by the end of FY2021, and treat-
ment has been provided to patients, but the supply source 
of the drug is entirely dependent on overseas countries. In 
March 2022, Novartis' 177Lu-PSMA-617 was approved 
by the FDA as a targeted radioligand therapy for the 
treatment of advanced PSMA-positive metastatic castra-
tion-resistant prostate cancer, a disease that affects a large 
number of patients worldwide, so demand for 177Lu is 
expected to increase worldwide. However, since the pro-
duction of 177Lu and the development of 177Lu-labeled 
radiopharmaceuticals are not so active in Japan, it is pos-
sible that future domestic demand will not be fully met. 

CONSIDERATIONS:  177Lu can be produced by the 
176Lu(n,γ) 177Lu reaction using thermal neutrons in a nu-
clear reactor with 176Lu as a target. 176Lu has a very high 
thermal neutron activation cross section, so irradiation in 
a reactor with high neutron flux can produce 177Lu with 
high specific activity. However, the isotopes of natural 
176Lu is only 2.6%, so in practice, 176Lu enriched to 70% 
or 98.5% is used. When the thermal neutron flux of reac-
tors producing medical RIs, such as BR2 in Belgium and 
MARIA in Poland, is 3.0×1014[1/cm2/s], the specific ac-
tivity reaches > 1,000 GBq/mg after 2 weeks of irradia-
tion if more than 70% 176Lu enriched isotope is also used 
(Figure 1). This value is close to the specific activity of 
4,100 GBq/mg of no carrier added 177Lu and is suitable 
for the development of antibody-labeled or pep-
tide-labeled radiopharmaceuticals. In contrast, in the case 
of the hydraulic irradiation holes in the Kyoto University 
Research Reactor, the neutron flux is 1.6×1013 [1/cm2/s], 

1/20 of BR2, which is less, resulting in a specific activity 
of > 60 GBq/mg after 2 weeks of irradiation even using 
more than 70% 176Lu-enriched isotopes. Based on this 
result, even if 176Lu enriched isotopes are used, Japanese 
domestic reactors cannot produce 177Lu with high specific 
activity, limiting its use to drugs that do not require very 
high specific activity, such as 177Lu-EDTMP, a drug for 
bone pain palliation. 
 In contrast, 176Yb can be used to produce 177Lu indirect-
ly by 176Yb(n,γ)177Yb→(β-)→177Lu reaction. Ytterbium 
and lutetium are rare earth elements, and their chemical 
properties are similar, but they can still be mutually sep-
arated using an extraction chromatography column, and 
target free 177Lu can be purified. Because the isotope sta-
bility is 13.0%, so the use of an enriched isotope of 176Yb 
is essential for the efficient production of 177Lu even in 
the indirect production method. 

CONCLUSION:  This study revealed that a reactor 
with a high thermal neutron flux is necessary to produce 
177Lu with a high specific activity. In the case of domestic 
research reactors, the 176Lu(n,γ) 177Lu reaction cannot be 
used to produce 177Lu with high specific activity, but the 
176Yb(n,γ)177Yb→(β-)→177Lu reaction can be used to 
produce a target-free 177Lu tracer by combining the 
chemical separation operation. In the future, for the sus-
tainable production of reactor-generated β-emitters in 
Japan, development of radiopharmaceuticals, we will 
actually produce the β-emitting radionuclide 177Lu, un-
derstand its production capacity and capability, and opti-
mize the chemical separation technique. 
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INTRODUCTION: 
Only p-dihydroxyboronophenylalanine (BPA) is cur-

rently used in BNCT as a boron agent. However, BPA has 
issues such as low tumor accumulation and selectivity, 
large single-dose amounts, and water solubility, so there 
is a need to develop novel agents that show more favora-
ble distribution in the body and higher tumor uptake. 
Many novel drugs are currently under development, in-
cluding boron-containing porphyrins, amino acids, pep-
tides, monoclonal antibodies, liposomes, various nano-
particles, boron cluster compounds, and copolymers. 

Prostate cancer is the most commonly diagnosed form 
of cancer and the second leading cause of cancer-related 
deaths in men in the world. The prostate specific mem-
brane antigen (PSMA) is an attractive target for diagnosis 
and therapy of prostate cancer because of its high expres-
sion in prostate cancer.1,2

PSMA is expressed in normal prostate tissue, primary 
prostate cancer, and lymph node metastases of prostate 
cancer,2 although PSMA expression in prostate cancer is 
10- to 100-fold higher than that in normal prostate tis-
sue.3

PSMA exhibits GCP-II (glutamatecarboxy pepti-
dase-II) activity. Previously, several asymmetric urea 
compounds (X-CO-Glu) were reported to act as GCP-II 
inhibitors. We also demonstrated the high affinity of 
asymmetric urea compounds (maleimido-Cys-CO-Glu) 
for PSMA in vivo.4 

Given this background, in this study, we designed and 
synthesized a novel BNCT agent targeting PSMA (BP-1). 

EXPERIMENTS:   
Synthesis: W-Prep 2XY (Yamazen Corporation, Osaka, 

Japan) was used for silica gel column chromatography on 
a Hi Flash silica gel column (40 mm, 60 Å, Yamazen). 
Silica gel 60 F254, 0.5 mm (Merck KGaA, Darmstadt, 
Germany), was used for preparative thin layer chroma-
tography (PTLC). A LC-20AD (Shimadzu Corporation, 
Kyoto, Japan) equipped with a SPD-20A UV detector (ρ; 
220 and 254 nm) (Shimadzu) and a NDW-351 radioiso-
tope detector (Hitachi Aloka Medical, Ltd., Tokyo, Japan) 
was used for high performance liquid chromatography 
(HPLC). The eluent consisted of a binary mixture of 
0.1% trifluoroacetic acid (TFA) in H2O (solvent A) and 
0.1% TFA in methanol (solvent B). Nanopure water was 
prepared by MQ Integra15 (Nihon Millipore, Tokyo, Ja-
pan). Mass spectra were recorded on a LCMS-2010 EV 
(Shimadzu). 1H NMR spectra were recorded on a 
LNM-AL500 (JEOL) using CDCl3 or D2O as the solvent 
and tetramethylsilane as an internal standard (Euriso-top, 

Saint-Aubin, France). Two human prostate carcinoma 
cell lines were purchased from DS Pharma Biomedical 
(Osaka, Japan):  

Cell culture: LNCaP (PSMA-positive) and PC-3 
(PSMA-negative). The cells were cultured as previously 
reported in Roswell Park Memorial Institute 1640 (RPMI 
1640) medium supplemented with 10% fetal bovine se-
rum, glutamine, and antibiotics (penicillin/ streptomycin) 
in a humidified CO2 incubator (37°C/5% CO2). 
  In vitro assay: BP-1 was administered to the LNCaP 
(PSMA-positive) and PC-3 (PSMA-negative). Then the 
cells were incubated for 1hr and irradiated (neutron, 
1MW) for 30min at KUR. After irradiation, the colony 
formation assay was conducted. 

RESULTS: 
BP-1 containing 10B could be synthesized in 30-40% 

total yield. In the absence of neutron irradiation, no cel-
lular damage was observed within the range of drug con-
centrations tested in this study. However, when neutron 
irradiation was conducted, cell damage was observed in a 
drug concentration-dependent manner. The basic useful-
ness of BP-1 was demonstrated, but further validation, 
including reproducibility, is needed. 

REFERENCES: 
[1] Siegel, R.; Naishadham, D.; Jemal, A. Cancer Statis-
tics, 2013. Ca–Cancer J. Clin. 2013, 63, 11-30.
[2] Hugosson, J.; Carlsson, S.; Aus, G.; Bergdahl, S.;
Khatami, A.; Lodding, P.; Pihl, C.; Stranne, J.; Holmberg,
E.; Lilja, H. Mortality Results From the Goteborg Ran-
domised Population-Based Prostate-Cancer Screening
Trial. Lancet Oncol. 2010, 11, 725-732.
[3] Su, S.; Huang, I.; Fair, W.; Powell, C.; Heston, W.
Alternatively Spliced Variants of Prostate-Specific Mem-
brane Antigen RNA - Ratio of Expression as a Potential
Measurement of Progression. Cancer Res. 1995, 55,
1441-1443.
[4] Harada, N.; Kimura, H.; Ono, M.; Saji, H. Preparation
of asymmetric urea derivatives that target pros-
tate-specific membrane antigen for SPECT imaging. J.
Med. Chem. 2013, 56(20), 7890-901.
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Introduction 
Colorectal cancer is the most common cancer 
worldwide. Surgical resection is the mainstay 
treatment of colorectal cancer. However, local 
recurrence still occurs in 5% to 13% of patients 
after curative resection. When the tumor is 
unresectable, it needs alternative therapeutic 
strategy.  

In this study, we investigated the 
effectiveness of boron neutron capture therapy to 
pelvic colorectal cancer using the mouse model of 
pelvic recurrence of colorectal cancer. 
Material and methods 
We used Boronophenylalanine (BPA) as a boron 
compound. DLD-1 cells were concentrated to 
1.0×106/100µL in 0.1ml of PBS and injected into 
the pelvic cavity of each mouse. Animals were 
divided into three groups (nine animals per group); 
control, neutron irradiation only, BNCT with BPA 
(i.p.). 
Result 
The nine mice were irradiated in the hot control and 
BNCT groups. BPA was administrated 4 h before 
irradiation in the group of BNCT. The experiment 
protocol was shown in Figure. 1A. The results 
showed that animal survival was significantly 
prolonged in the BNCT group compared with cold 
and hot control groups. (Figure. 1B) (VS. cold 
control, P<0.0001; VS. hot control, P<0.05) 
Kaplan-Meier plots also showed that animal 
survival was significantly prolonged in the hot 

control group compared with cold control. 
(P<0.05) The cold and hot control group showed a 
remarkable weight loss compared to the BNCT 
group. (Figure. 1C) These findings suggested that 
BNCT improved the survival CRC 
pelvic recurrence condition and no severe side 
effects of dehydration like diarrhea in the BNCT 
group. 

Figure.1 Overall survival and change in 
body weight after BNCT. 

A Experimental protocol 

B Overall survival 

C Body weight 
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INTRODUCTION:  It is reported that immune response 
is activated by partial radiation. The influence on immune 
organization of the mouse at the time of the head irradia-
tion is not well known. The purpose of this study is to eval-
uate the relative biological effectiveness in the severe com-
bined immunodeficiency (SCID), so-called SCID mice, 
those are having well-known high radiation sensitivity fol-
lowing thermal neutron irradiation for mice cranial.  
 Late effects of radiation are the influence to appear three 
months later after radiation. Here, I report the abscopal 
effect as the late influence after the head neutron-ir-
radiation of mice. 

EXPERIMENTS: CB17/Icr-Prkdcscid/CrICrIj (SCID 
mice) were obtained from Charles River Inc. As a compar-
ison experiment for the SCID mice, Balb/c and C3H/He 
mice were obtained from Japan Animal Inc.   

Neutron irradiation was performed as follows. The Heavy 
Water Facility of the Kyoto University Research Reactor 
(KUR) was used. Mice were restrained in a plastic box on 
a radiation board. Neutron fluence was measured by radio-
activation of gold foil and gamma-ray doses by TLD. I set 
the mouse so that the head part hit an irradiation port in the 
case of the escape pre-stick and irradiation 1Gy on the head 
in KUR 1MW. After neutron irradiation by KUR, mice 
were kept in animal breeding facilities and observed. 

RESULTS:  As shown in Table 1, the survival rate 12 
months after the partial head-irradiation of the neutron by 
KUR. The partial head-radiation dose was about 1Gy that 
does not cause the bone-marrow death to a mouse. For ex-
ample, by the experiment of the acute radiation damage of 
the SCID mouse, the dose of LD50/30 (the dose that 50% die 
within 30 days after radiation exposure) is reported around 
4Gy.  

As for the SCID mouse, the death began four months after 
head irradiation, and the number of deaths became constant 
12months from eight months.  In case of Balb/c mouse, 
the death began seven months after head irradiation, and 
the number of deaths became constant 12months from 
eight months. With C3H mouse, the death began eleven 
months after head irradiation, and the number of deaths be-
came the plateau from 12months. 

Table1. Survival rate 12months after head irradiation by 
KUR (1MW,1Gy) .

C3H 
(n=20) 

Balb/c 
(n=20) 

SCID 
(n=21) 

Survival 

rate 0.75±0.08 0.67±0.08 0.38±0.04 

Fig.1 Involution of the spleen. The splenic weight per 
body weight was compared with no radiation mouse. 
SCID mice and Balb/c mice shows the involution of the 
spleen at 4 months after irradiation.  

DISSCUSSION
In the previous study, I reported that the abscopal effect 
as the acute influence after the head neutron-irradia-
tion of mice. In experiment of the apoptosis induced in 
the splenic cells 24 hours after head irradiation, the RBE 
values of SCID mice was 1.67, comparing the RBE val-
ues of C3H/He mice was 2.12. SCID mouse show ex-
treme sensitivity to ionizing radiation, because cells 
lack functional DNA-dependent protein kinase.  
In this study, the radiosensitive SCID mouse had a low 
survival rate and splenic regression damage, a so-called, 
the abscopal effect as the late influence after the head 
neutron-irradiation. It is predicted that the involution 
of the spleen causes immunodeficiency and death. It 
is my research theme that details mechanism to ex-
plain it in the future study. 

 As a result of dissecting a mouse over time, and having 
observed the internal organs, the involution of the spleen 
was accepted after irradiation with SCID mouse and 
Balb/c mouse four months after irradiation. Figure 1 shows 
that the splenic weight per body weight 4 months after 
head irradiation by 1MW KUR. 

0

0.002

0.004

0.006

0.008

C3H Balb/c SCID

splenic weight (g) /
body weight (g)

control : No radiation KUR1MW
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INTRODUCTION: In several years, we performed neu-
tron activation analyses to more than several hundreds of 
samples for radiation shield concrete and raw materials by 
KUR facilities. Based on the above NAA, a little database 
of important elements for activation for shield concrete 
and their raw materials were established to perform low 
activation shielding design for specific facilities [1]-[4]. 
On the other hand, we have also developed database of 
shielding materials with analytical major element data for 
them. The relationship between major elements and ele-
ments for activation is discussed in this paper. 
DESCRIPTION of FIGURES: Figure 1 is described the
correlation between two contents of Cobalt and Europium 
in concrete and cement. Figure 2 and Figure 3 show the 
correlation of contents of Cobalt to those of Silicon and 
Calcium for them. 24 kinds of shield concrete used in ra-
diation facilities in Japan were prepared and irradiated in 
KUR, focusing to estimate Europium, Cobalt and Cesium 
(detail procedure was described in past report [4]), which 
are marked as blue circles in the figures. Nine kinds of ce-
ments are also symbolized as black triangles in the figures. 
Contents of Silicon and Calcium were estimated by x-ray 
fluorescence analysis (XRF), as well as other elements 
such as Aluminum, Iron, Sodium. 
DISCUSSION: Figure 1 indicates the relatively positive
correlation of Europium and Cobalt contents in concrete 
and cements, which were similar tendency as past works 
[4]. The relationships between such elements, which are 
important elements for activation, and major elements in 
concrete and cements are described in two following fig-
ures. Figure 2 indicates the relatively positive correlation 
between Silicon contents and Cobalt contents in concrete, 
while Silicon contents and Cobalt contents in cements are 
uncorrelated. Figure 3 also shows little correlation be-
tween Calcium contents and Cobalt contents.  
CONCLUSION: Correlations of Silicon and Calcium
contents to Cobalt contents are shown, which introduce the 
discussion of the relationship between major elements and 
important elements for activation in shield concrete based 
on material database for concrete and those raw materials.
REFERENCES:
[1]  K. Kimura, et al., Proceedings of 8th International Con-

ference on Radiation Shielding, vol. 1, pp.35-42, ANS
inc, Arlington, USA, 1994.

[2] M. Kinno, et al., ANS Radiation Protection & Shield-
ing Conference, pp.673-678, Spokane, USA, 2002.

[3] K. Kimura, et al., Proc. of Int. Conf. on Nuclear Engi-
neer Ing (ICONE16), Florida, USA, May 11-15,
(2008) 4848.

[4] K. Kimura, et al., KURNS Progress Report 2018–2020.

Figure 3 Correlation of Ca and Co in concrete and cement. 

Figure 1 Correlation of Eu and Co in concrete and cement. 

Figure 2 Correlation of Si and Co in concrete and cement. 
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INTRODUCTION:  Cancer cells alter amino acid and 
sugar metabolism in order to actively proliferate and me-
tastasize. Proliferating cancer cells increase their uptake 
of glutamine for energy metabolism, causing glutamine 
addiction. Glutamine is transported into cells through 
ASCT2, and the imported glutamine can be used or ex-
changed through the L-type amino acid transporter (LAT1 
or SLC7A5) for hydrophobic or aromatic amino acids 
such as isoleucine, valine, methionine, tryptophan, and 
phenylalanine. It is known that these transporters are 
overexpressed in a variety of tumor cells. Focusing on 
this characteristic of malignant tumor "glutamine addic-
tion," we have designed, synthesized, and evaluated bo-
ron cluster-containing amino acid derivatives to develop 
boron carriers that can efficiently accumulate 10B atoms 
in tumors via amino acid transporters that are highly ex-
pressed in tumors. As reported previously, BC2 showed 
the best cellular up-
take among the car-
borane-containing 
amino acid deriva-
tives, and we further 
investigated its up-
take process in the 
present study. 

EXPERIMENTS AND RESULTS: Intracellular boron 
concentrations were examined over time when BC-2 and 
L-boronophenylalanine (BPA) were administered to
T98G cells at 10 μg 10B/mL. As Fig. 2 shows, the boron
concentration reached its maximum at 2 hours was main-
tained up to 20 hours. Next, the intracellular boron uptake
was then measured at different BC-2 concentrations over
a 2-hour uptake time. The intracellular boron uptake was
then measured at different BC-2 concentrations over a
2-hour uptake time. The results showed that the boron
concentration at 20 µgB/mL was 645 ng B/106 cells, ap-
proximately 2.5 times higher than at 10 µgB/mL (251 ng
B/106 cells).

Next, to evaluate neutron sensitizing ability of the 
compounds, T98G cells were treated with 10 or 20 μg 10 

B/mL boron carrier for 2 h. Then the cells were washed 
with PBS, suspended in serum containing medium and 
aliquoted into Teflon tubes for irradiation. Cells were 
irradiated using the neutron beam at the Heavy Water 
Facility of the Kyoto University Research Reactor (KUR) 
operated at 1 MW power output. The survival rates of the 
irradiated cells were determined using conventional col-
ony assays. The D10 of BNCT was calculated from sur-
vival curve shown in Fig 2.  

 and treated for 20 hours, after which the collected cells 
were dissolved in nitric acid to be measured the boron 
concentration by ICP-AES. As a result, intracellular bo-
ron uptake was highest in BC-2, with a very high value of 
about 185 ng 10B/106 cells, which is more than 10 times 
higher than BPA (Fig. 2). 

DMSO BPA BC2(10 ) BC2(20 )

D10 (Gy) 3.73 2.77 0.18 0.10

ER 0.96 1.29 19.46 34.78

The cell-killing effect of neutron irradiation in the pres-
ence of BC-2 was enhanced in a dose-dependent manner. 
The Enhancement Ratio (ER) of BC2 (20 µgB/mL) was 
34.8, 30 times that of L-BPA (10 µgB/mL) (ER=1.29). 

Fig. 1. Uptake of BC2 in T98 cells. 

Fig. 2. Survival curves after irradiation on T98G 
with BC2. 
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INTRODUCTION:  Outcome from BNCT largely de-
pends on amount of intracellular accumulation of boron 
compound. L-type amino-acid transporter 1 (LAT1) [1], 
through which boronophenylalanine (BPA) is transported 
into cells, is frequently expressed in various types of tu-
mor cells including glioblastoma but not in normal cells 
[2]. We transfected pCMV/LAT1-GFP plasmids into a 
glioblastoma cell line, T98G, and selected several clones. 
The sensitivity of cancer cells to neutron and -ray flu-
ences was well correlated with the expression level of 
LAT1 and the level of BPA uptake in the clones [3]. 
These results suggest that overexpression of LAT1 in 
cancer cells results in enhanced anticancer effects of 
BNCT and BNCT combined with gene therapy is benefi-
cial for tumors with low LAT1 expression. In this study, 
we transfected pCD133-TRE/LAT1-tdTomato/IRES/tTA 
plasmids including a positive-feedback loop into glio-
blastoma cell line, T98G. The plasmids were designed to 
overexpress LAT1 tagged with tdTomato on cytoplasmic 
membranes of CD133 expressing cancer cells selectively. 
We obtained several transfectants which stably overex-
press LAT1 in hypoxic microenvironment of spheroids. 
We used transfectant spheroids in which LAT1 is selec-
tively overexpressed in CD133 positive cancer cells. We 
have already shown that the CD133 positive cancer cells 
in spheroids are model cells of cancer stem cells [4]. This 
study examined enhanced effects of LAT1 overexpression 
on BNCT in the transfectant spheroids.   

EXPERIMENTS: Spheroids formed with T98G/K10 
cells (LAT1-overexpressed in CD133 positive cell selec-
tively) and T98G/KC6 cells (neo control vec-
tor-transfected clone) were treated with medium contain-
ing 10BPA (0, 20, 40 ppm) or PBS for 2 hours. The sphe-
roids in 1.5-ml cryo-tubes were irradiated with the flu-
ences (boron dose 4.8 Gy + -rays 0.4 Gy for 20 min ir-
radiation, boron dose 10.0 Gy + -rays 0.6 Gy for 40 min 
irradiation) from KUR. The irradiated spheroids were 
transferred from the cryo-tubes to non-adherent dishes 
and then cultured with DMEM for 3 or 7 days. The 
spheroids were fixed with 10% formalin after the culture 
of spheroids.

RESULTS: As shown in Fig. 1, volumes of T98G/K10 
and T98G/KC6 spheroids treated with PBS (0 ppm) were 
relatively decreased (approximately 20% reduction) after 
the irradiation for 20 min or 40 min compared with 

non-irradiated spheroids. When T98G/K10 and 
T98G/KC6 spheroids were treated with 40 ppm 10BPA, 
the significant difference in reduction percentage of the 
volume between T98G/K10 and T98G/KC6 were ob-
served after the irradiation. The reduction percentages in 
T98G/KC6 spheroids were approximately 20% and 30% 
after 20 min and 40 min irradiation, respectively. On the 
other hand, the reduction percentages in T98G/K10 
spheroids were approximately 50% and 60% after 20 min 
and 40 min irradiation, respectively. These results sug-
gests that overexpression of LAT1 in CD133 positive 
cells (cancer stem cell-like cells) may result in enhanced 
sensitivity of spheroids to neutron and -ray fluences. 

Fig. 1. Sensitivity of spheroids including LAT1 overex-
pressed CD133 positive cells to neutrons. Relative vol-
umes of spheroids were measured in 10BPA- or 
PBS-treated spheroids after neutron and -ray irradiation. 

CONCLUSION: This study proposed that overexpres-
sion of LAT1 in cancer stem cells causes enhanced anti-
cancer effects of BNCT. BNCT combined with gene 
therapy seems to be beneficial for tumors including can-
cer stem cells resistant to radiation cancer therapy. 
REFERENCES: 
[1] Y. Kanai et al., J. Biol. Chem., 273 (1998) 
23629-23632.
[2] K. Kaira et al., Br. J. Cancer, 107 (2012) 632-638.
[3] K. Ohnishi et al., Radiat. Res., 196 (2021) 17-2.
[4] K. Ohnishi et al., Biochem. Biophys. Res. Communi., 
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INTRODUCTION:  Outcome from BNCT largely de-

pends on amount of intracellular accumulation of boron 

compound. L-type amino-acid transporter 1 (LAT1) [1], 

through which boronophenylalanine (BPA) is transported 

into cells, is frequently expressed in various types of tu-

mor cells including glioblastoma but not in normal cells 

[2]. We transfected pCMV/LAT1-GFP plasmids into a 

glioblastoma cell line, T98G, and selected several clones. 

The sensitivity of cancer cells to neutron and -ray flu-

ences was well correlated with the expression level of 

LAT1 and the level of BPA uptake in the clones [3]. 

These results suggest that overexpression of LAT1 in 

cancer cells results in enhanced anticancer effects of 

BNCT and BNCT combined with gene therapy is benefi-

cial for tumors with low LAT1 expression. In this study, 

we transfected pCD133-TRE/LAT1-tdTomato/IRES/tTA 

plasmids including a positive-feedback loop into glio-

blastoma cell line, T98G. The plasmids were designed to 

overexpress LAT1 tagged with tdTomato on cytoplasmic 

membranes of CD133 positive cancer cells selectively. 

We confirmed several clones which stably overexpress 

LAT1 in hypoxic microenvironment of spheroids. In this 

study, we examined enhanced effects of LAT1 overex-

pression on BNCT using the clones in which LAT1 is 

selectively overexpressed in CD133 positive cancer cells. 

We have already shown that the CD133 positive cancer 

cells in spheroids are model cells of cancer stem cells [4]. 

We transplanted the clone cells into nude mice and per-

formed neutron irradiation on tumors.   

EXPERIMENTS: We transplanted tumors formed with 

a clone (T98G/K10, 

pCD133-TRE/LAT1-tdTomato/IRES/tTA-transfected, 

LAT1-overexpressed cells in CD133 positive cell selec-

tively), or a clone 

pCMV/LAT1-GFP-transfected, LAT1-overexpressed 

cells) into femoral region of nude mice. Accumulated 

amounts of 10BPA in blood and tumor were measured 

using prompt gamma-ray assay (PGA) on 1 h after 10BPA 

s.c. injection (100 mg/kg, 1 h before irradiation). The

transplanted tumors into mice were irradiated with ther-

mal neutron beam at the fluences of 3.3 x 1012 n/cm-2 on

1h after the 10BPA injection.

RESULTS: Averages of the relative tumor volumes in 
10BPA-treated mice and PBS treated mice are shown in 

Fig. 1. Tumor growth in 10BPA-treated T98G/K4 (n=6) 

was strongly suppressed after neutron irradiation com-

pared with that in PBS-treated T98G/K4 (n=6). In con-

trast to this, tumor growth in 10BPA-treated T98G/K10 

(n=6) was weakly suppressed after neutron irradiation 

compared with that in PBS-treated T98G/K10 (n=6). The 

difference in tumor growth rate was observed between 
10BPA-treated T98G/K4 and T98G/K10, but not observed 

between PBS-treated T98G/K4 and T98G/K10. These 

results suggest that CD133 expressing cell-selective 

LAT1 overexpression is effective in 10BPA-treated cells 

compared with PBS-treated cells. In further experiments, 

we plan to compare the effectiveness of CD133 express-

ing cell-selective LAT1 overexpression between LAT1 

non-transfected tumors and T98G/K4 or T98G/K10 tu-

mors. 

CONCLUSION: We obtained preliminary data from this 

study. On the basis of the data, we plan to perform further 

detailed experiments in this study. 

REFERENCES: 
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23629-23632.
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[3] K. Ohnishi et al., Radiat. Res., 196 (2021) 17-22.
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546 (2021) 150-154.

Fig. 1. Tumor growth curves of LAT1 overexpress-
ing tumors (T98G/K4) and CD133 expressing cell 
selective LAT1 overexpressing tumors (T98G/K10).  
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INTRODUCTION: 
For effective Boron-neutron capture therapy(BNCT), it 

is necessary to accumulate Boron atoms into the tumor 
tissues selectively. We performed the experiments of bo-
ron delivery systems for BNCT using boronododecabo-
rane(10B12 H11SH; 10BSH) [1, 2, 3]. The 10BSH is difficult 
to be kept in the cytoplasm and nucleus in the cancer 
cells, so we need to develop some functional delivery 
systems. In this study, we evaluated 10BSH / hyaluronic 
acid / protamine-mixed with cationic liposome 
(10Boro-plex) or polymer (10Boro-PEI) as neutron capture 
therapy agent by in vivo experiment on AsPC-1 human 
pancreatic tumor-bearing mice. We also use electro-
poration combined catinic liposome / polymer as an 
method for selective delivery of compound into the cells 
by open the membrane poles elcectorically in the field of 
gene therapy and chemotherapy [4, 5]. 

EXPERIMENTS: 
  10Boro-plex were prepared mixed with 1.3mL of 
10BSH(6mg/mL), 0.15mL of a solution of 10mg/mL hya-
luronic acid sodium, and 0.05mL of 10mg/mL of prota-
mine incubating at room temperature for 30min, then, 
these mixing solutions were poured into cationic Lipo-
some; Genetransfer. 10Boro-PEI were prepared mixed 
with 1.3mL of 10BSH(6mg/mL), 0.20mL of a solution of 
10mg/mL hyaluronic acid sodium, and 0.10mL of 
10mg/mL of protamine incubating at room temperature 
for 30min, then, these mixing solutions were poured into 
0.40mL of Polyethyleneimine(PEI; Exgen). Human pan-
creatic cancer AsPC-1 cell was used for the in vivo an-
ti-tumor effect evaluation. We prepared AsPC-1(5x105) 
model by transplanting to right lower leg. Electroporation 
was performed after intra-tumoral injection of 0.1mL of 
10Boro-plex, then, we performed thermal neutron irradia-
tion at Institute for Integrated Radiation and Nuclear 

Science, Kyoto University (average neutron fluence of 
3.0 × 1012 n/cm2). The change in tumor growth and sur-
vival rate of the mice reflected the anti-tumor effect of 
10Boro-plex. While measuring the size of tumor, the 
weight change was also recorded for evaluation of the 
toxicity of these samples.  

RESULTS: 
  The experimental results showed that tumor growth 
suppression in 10Boro-plex injected group by NCT was 
4.5 times superior compared with non-irradiated group 
(only 10Boro-plex injection), and tumor growth suppres-
sion in 10Boro-PEI injected group was 2.3 times superior 
compared with non-irradiated group (only 10Boro-PEI 
injection). No significant weight loss were observed after 
treatment suggesting low systemic toxicity of this system. 

We attempted to enhance of retention of 10Boron atoms 
by mixing 10Boro-plex / 10Boro-PEI. The mechanism of 
transfection in 10Boro-plex and 10Boro-PEI is thought as 
endocytosis and proton-sponge effect, respectively. Elec-
troporation is very effective to increase the ratio of trans-
fection of the genes and compounds into the cytoplasms 
of cancer cells.  

It is easily heterogeneous of the concentration of 10B in 
the tumor by intratumoral direct injection, so it is thought 
that combination with the methods of gene delivery sys-
tem and electroporation was effective to accumulate the 
10B compound into the cancer cells. We hope to apply 
these techniques including gene therapy ansd elec-
trochemotherapy acutually using in clinical to BNCT for 
local advanced cancers. We also consider and develop the 
more safety and stable 10B delivery systems. 

Table1. Tumor growth suppression of by intra-tumoral in-
jection of 10Boro-plex / 10Boro-PEI and Electroporation with 
thermal neutron irradiation on AsPC-1 model in vivo 
----------------------------------------------------------------------     

Tumor growth rate 
     Day8         Day15         Day25 

---------------------------------------------------------------------- 
BNCT 
10Boro-plex+EP   3.02±0.44    2.71±1.69     3.84±3.68 
10Boro-PEI+EP    3.14±1.17    4.62±3.28     6.15±5.61 

Non NCT 
10Boro-plex+EP   5.86±3.35    9.02±5.14    17.35±13.54 
10Boro-PEI+EP    4.52±1.12    5.79±1.72    13.86±2.86 
---------------------------------------------------------------------- 
REFERENCES: 
[1]  Yanagie H, et al. : Br J Cancer (1997) 75(5):660-5.
[2] Maruyama K, et al. :J Control Release (2004)

98(2):195-207.

[3]  Yanagie H, et al. : In Vivo (2021) 35(6):3125-3135.
[4] Lambricht L, et al.: Expert Opin Drug Deliv (2016) 
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[5] Trotovšek B, et al.: World J Gastroenterol (2021)27(48) :  
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INTRODUCTION: 
Gadolinium reacts thermal neutron and offers cytotoxic 

effect by 1m-range high LET Auger electron, and 
long-range gamma rays on Gadolinium-neutron capture 
therapy(GdNCT) [1, 2, 3]. It is necessary to accumulate 
high concentration of Gadolinium atoms into the tumor 
tissues selectively for effective GdNCT. Electroporation 
is an method for selective delivery of compound into the 
cells by open the membrane poles elcectorically in the 
field of gene therapy and chemotherapy [4, 5].  In this 
study, we evaluated the electroporation with intra-tumoral 
injection of 157Gadolinium-Polyplex; 157Gd-plex (gado-
linium / hyaluronic acid / protamine-mixed with cationic 
liposome) by in vivo experiment on AsPC-1 human pan-
creatic tumor-bearing mice. 

EXPERIMENTS: 
  157Gd-plex were prepared mixed with 1.5mL of Gado-
linium compound “Magnescope” (MW: 753.86), 0.2mL 
of a solution of 10mg/mL-hyaluronic acid sodium, and 
0.1mL of 20mg/mL of protamine incubating at room 
temperature for 30min, then, these mixing solutions were 
poured into cationic Liposome; Genetransfer. Human 
pancreatic cancer AsPC-1 cell was used for the in vivo 
anti-tumor effect evaluation. We prepared AsPC-1(5x105) 
model by transplanting to right lower leg. Electroporation 
was performed after intra-tumoral injection of 0.2mL of 
157Gd-plex, then, we performed thermal neutron irradia-
tion at Institute for Integrated Radiation and Nuclear 

Science, Kyoto University (average neutron fluence of 
2.0 × 1012 n/cm2). The change in tumor growth and sur-
vival rate of the mice reflected the anti-tumor effect of 
157Gd-plex. While measuring the size of tumor, the 
weight change was also recorded for evaluation of the 
toxicity of these samples. 

RESULTS: 
  Thirty percent of tumor growth suppression was 
achieved in the 157Gd-plex+EP group in NCT groups 
compared with non-irradiated group. The tumor growth 
suppression of the 157Gd-plex+EP group was superior 
than the only 157Gd-plex injected group by NCT.  
  We attempted enhancement of retention of gadolinium 
atoms by mixing 157Gd-plex. The experimental results 
showed that the tumor growth suppression of 157Gd 
-plex+EP group was revealed superiority compared to the
group with 157Gd-plex group after NCT, and no signifi-
cant weight loss were observed after treatment suggesting
low systemic toxicity of this system. We would like to
consider the techniques to perform EP in the body. The
157Gd-plex will become one of the candidates for Gd de-
livery system on NCT. Moreover, the body weight of the
mice did not decrease after the treatments, which indicate
the safety of 157Gd-plex / 157Gd-plex+EP and the GdNCT.

Table1. Augmentation by electroporation of tumor 
growth suppression by GdNCT with intra-tumoral 
injection of 157Gd-plex on AsPC-1 model in vivo 
--------------------------------------------------------------------- 

Tumor growth rate 
    Day8           Day15             Day25 

--------------------------------------------------------------------- 
GdNCT 
157Gd-plex+EP   1.604±0.517   2.657±1.024     4.017±1.615 
157Gd-plex  2.217±0.569    4.034±1.254  7.522±1.499 

Non NCT 
157Gd-plex+EP    3.221±0.621  7.259±1.563     12.655±2.750 
--------------------------------------------------------------------- 
Tumor growth suppression in 157Gd-plex+EP group by 
NCT was 3times superior compared with non-irradiated 
group. Tumor growth suppression in 157Gd-plex+EP 
group was 1.8times superior compared with 157Gd-plex 
group in NCT groups. 

REFERENCES: 
[1] Dewi N et al. , Biomed & Pharmacother (2013) 67:451-7.

[2] Dewi N et al. , J Can.Res.Clin.Oncol. (2016) 142(4):767-75.

[3] Mi P, et al.: J Cont. Release (2014) 174:63-71.
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INTRODUCTION:  Various tumor immunostimulatory 
effects have recently been demonstrated following X-ray 
or gamma irradiation, including an increase in major his-
tocompatibility complex (MHC) molecules on the tumor 
surface [1], activation of antigen-presenting capacity by 
dendritic cells [2], and induction of diverse T-cell recep-
tor clones [3]. It has not been clarified whether BNCT 
has the same immunostimulatory effects as X- or gam-
ma-irradiation. Wet has shown in previous experiments 
using the reactor until last year that the anti-tumor effect 
of BNCT is weakened when the immune function of mice 
is weakened immediately before BNCT. In this fiscal year, 
we aim to elucidate the specific mechanism of immune 
activation by BNCT and to clarify the effect of the com-
bination of BNCT and immunotherapy by mouse exper-
iments. 

EXPERIMENTS: The spleen was removed from the 
mice and the splenocytes were collected. The splenocytes 
were activated and the activated spleen cells were treated 
with L-BPA followed by neutron irradiation. The subse-
quent degree of apoptosis of each immune cell was 
measured using a flow cytometer. Blood was withdrawn 
from C3H mice in which SCC7 tumor cells were im-
planted subcutaneously in the lower limbs, or C3H mice 
without tumor cells, and the blood was dried completely, 
and the dried blood was irradiated with neutrons. After 
irradiation, the specimens were subjected to ra-
dio-activation analysis. B16 mouse melanoma cells were 
implanted subcutaneously in C57BL/6 mice and cun-
ducted neutron irradiation, BNCT with L-BPA, BNCT 
with L-BPA combined with anti-PD-1 antibody (immu-
notherapy). Each tumor tissue was subjected to RNA-seq 
analysis. 

RESULTS: Each immune cell in the splenocytes showed 
a lower rate of apoptosis after BNCT than the tumor cells 
such as murine melanoma cell line, B16, and murine 
squamouse cell carcinoma cell line, SCC7. Among the T 
cells, CD8+ T cells and CD4+ T cells showed a similar 
rate of apoptosis as the immuno-suppressive regulatory T 
cells. There was no significant difference in the effect of 
BNCT on activated T cells compared to the non-activated 
state. Trace metals, which were expected to change by 
radio-activation analysis, were not detected in the blood 
of the carcinoma-bearing mice. RNA-seq results showed 
that the BNCT group expressed significantly more factors 
that induce and attract immune cells than the X-rays 
group. 

Fig1. Volcano plot of RNA-seq analysis 

The right side of the figure shows the group of genes 
more expressed in the BNCT group and the left side 
shows the group of genes more expressed in the X-ray 
group. 

REFERENCES: 
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INTRODUCTION:  In 2020, boron neutron capture 
therapy (BNCT) using L- BPA (borophalan, trade name: 
stevoronin) as a boron-based µm-scale cancer treatment 
with neutron irradiation is covered by insurance to the 
treatment of head and neck cancer patients in Japan. 
Clinical trials are currently underway to expand the indi-
cations of BNCT other than head and neck cancer in-
cluding malignant brain tumors and malignant melanoma. 
The challenges of BNCT are attenuation of thermal neu-
trons in the body, accumulation of the boron drug in 
normal tissues, and difficulty in uniformly accumulating 
the boron drug in the tumor tissue [1]. The first challenge, 
attenuation of thermal neutrons in the body, can be solved 
by multi-port irradiation from several directions The 
second issue, the accumulation of boron drugs in normal 
tissues, could be improved by modifying the pharmaco-
kinetics of boron drugs with simultaneous use of phar-
macokinetics modifiers. The third problem, the uniform 
accumulation of boron-based drugs in tumor tissues, is 
originated to the feature of tumor cells: tumor cells are a 
population of cells with heterogeneous characteristics. 
Multiple BNCT irradiations and the use of multiple boron 
drugs are possible solutions to this problem [2]. 
 The potential of BNCT greatly depends on boron agents. 
While many new boron agents have been developed and 
antibody is also tried to be used as a new boron drugs for 
BNCT, the treatment effect of the antibody-based BNCT 
had not been enough [3]. One of the big reasons for that 
is the tumor heterogeneity, one of the challenges of 
BNCT mentioned above. If we change BNCT target dif-
ferent pathologic cells instead of tumor cells, we may be 
able to improve morbid conditions using the BNCT prin-
ciple. This study aims to establish antibody-based BNCT 
for a new therapeutic stragety for non-tumor diseases, 
thereby expanding the range of therapeutic indications for 
BNCT. 

EXPERIMENTS: We have created a boronated module 
using maleimide to bind boron clusters to antibodies. 
Mice were injected intraperitoneally with β-glucan to 
induce immunoreactive inflammation (inflamma-
tion-induced mouse model). With the boronated module, 
we developped a boronated antibody targeting immune 
cells that cause inflammation, administered the boronated 
antibody to the inflammation-induced model mice, and 
examined the therapeutic effect of neutron irradiation on 
the inflammatory site compared to the neutron-alone 
group. 

RESULTS: 
Approximately 40 boron per antibody molecule was 
found to be bound by the maleimide-based method. To 
investigate the possibility that boronation of antibodies 
may inhibit the binding of antibodies to their target pro-
tein binding, the fluorescent boronated antibody to the 
CD8a molecule were prepared and co-stained with fruor-
escent anti-CD8b antibody with CD8+ T cells. Both 
CD8a and CD8b were well-stained with the antibodies, 
which shows the target specificity of the boronated anti-
body was maintained. Inflammation-induced mouse 
models were treated with the boronated antibodiy target-
ing inflammatory cells and irradiated with 5 MW 
12-minute neutron locally to the site of inflammation.
The intensity of local inflammation was evaluated over
time using the inflammation evaluation score compared
to the neutron-alone irradiation group. However, no im-
provement in inflammation was observed. With these
results, the boronation module of the antibody was modi-
fied to increase the amount of boron that can be bound
per antibody molecule.

REFERENCES: 
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INTRODUCTION:  Boron Neutron Capture Therapy 
(BNCT) have been applied to recurrent malignant glioma 
and even after standard therapy (surgery, chemo-radiation 
therapy) because of the selective damage to the tumor. 
Especially, glioblastoma (GBM) is the most miserable 
cancer, whose patient survival is 14.6 months and re-
markably resistant to chemo-radiation and immuno- 
therapy. With BNCT, we achieved better local control and 
survival benefit in malignant glioma using thermal neu-
trons produced by the reactor in Kyoto University. How-
ever, the recurrence is inevitable after BNCT. Reasons for 
recurrence after BNCT have not been fully elucidated.  

We reported glioma stem cells which are known to be 
resistant to chemo-radiation therapy, take up a boron 
compound, p-boronophenylalanine (BPA) and can be 
targeted by BPA-BNCT [1]. In this study, we investigated 
whether the glioma niche influences the survival of glio-
ma cells after BNCT.    

EXPERIMENTS: 
Cell culture: We used human GBM cell line, U87MG 
delta EGFR and human microglia cell line, HMC3 as a 
component of glioma niche. Both cells were cultured in 
Dulbecco's Modified Eagle Medium（DMEM） con-
taining 10% fetal bovine serum at 37 °C in CO2 incuba-
tor.  

Boronophenylalanine (BPA) Treatment and Thermal 
Neutron Irradiation: We treated U87MG delta EGFR 
cells with medium containing BPA at the concentration of 
20 ppm for 30 minutes. The BPA was formulated and its 
concentration was measured as previously described [2]. 
After we trypsinized and rinsed the cells, cells were col-
lected in Eppen tubes with DMEM containing BPA at the 
concentration of 20 ppm and irradiated with thermal neu-
tron for 20 minutes.   

Co-culture system: After thermal neutron irradiation, 
10E5 U87MG delta EGFR cells were disseminated into 
the bottom dish of 6 well plates. And the same number of 
HMC3 cells were disseminated into the insert (pore size, 
0.4 µm), and co-cultured with U87MG delta EGFR cells 
in 6 well plates. Five days after co-culture, U87MG delta 
EGFR cell numbers were counted and compared with 
mono-culture of U87MG delta EGFR cells.    

RESULTS: The cell numbers of non-irradiated 
mono-culture and co-culture groups were 7.2E5 cells and 

4.2E5 cells. While, the cell numbers of BNCT 
mono-culture and co-culture groups were 2.1E5 cells and 
1.0E5 cells (Figure 1). Compared to the mono-culture, 
cell growth of U87MG delta EGFR cells in co-culture 
system was reduced to 25.3 % in non-irradiated control 
group and to 27.4 % in BNCT group. In this co-culture 
system, microglia did not affect glioma cell growth after 
BNCT. We will further examine the various ways of 
co-culture system using 3D co-culture, co-culture before 
and after BNCT etc.  

*********************************************
REFERENCES: 
[1] N. Kondo et al., Cancers, 2020, 12, 3040;
doi:10.3390/cancers12103040
[2] N. Kondo et al. Radiat. Environ. Biophys. 55 (2016)
89–94.

Figure 1. Cell number of U87MG delta EGFR cells 
of non-irradiated control and BNCT groups in 
mono-culture or co-culture with HMC3 cells 5 days 
after BNCT.  
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INTRODUCTION:  Boron neutron capture therapy 
(BNCT) is a potent cancer therapy that exhibits cancer se-
lectivity at the cellular level and has few side effects. How-
ever, in many cases, it will not be completely cured due to 
recurrence/metastasis (distant dissemination). One of the 
reasons is the involvement of tumor-associated macro-
phages (TAM) present in the stroma of tumor tissue. It has 
become a major problem that TAM not only promotes ne-
ovascularization and tumor regrowth/metastasis, but also 
enhances antitumor immunity [1]. Since TAM exhibit an 
M2 phenotype that promotes tumor progression, conver-
sion of M2 TAM toward a tumoricidal M1 phenotype is a 
promising anti-cancer therapy. Recently Takeya et al. re-
ported that natural compounds possessing an inhibitory ef-
fect for signal transducer and activator of transcription-3 
(STAT3) suppressed M2 polarization [2]. Although all-
trans-retinoic acid (ATRA) is one of well-known and 
strong STAT3 inhibitor [3], handling of ATRA is not easy 
owing to its poor water-solubility. Herein, water-solubili-
zation of ATAR by using b-1,3-glucan is attempt in order 
to efficiently and selectively deliver the M2→M1 polar-
izer to M2 macrophages by targeting dectin-1 expressed in 
M2 macrophages.  

EXPERIMENTS:  b-1,3-glucan was used after purifi-
cation from black yeast (Aureobasidium pullulans). For 
the preparation of nanogels with excellent blood stability 
and high efficiency of dectin-1 mediated endocytosis, the 
molecular weight of b-1,3-glucan was reduced by soni-
cation. The complex nanogel of ATRA with b-1,3-glucan 
was prepared via a dialysis technique based on a supura-
molecular strategy. The hydrodynamic diameter of the 
complex was measured using a Zetasizer Nano ZS (Mal-
vern, UK). After lyophilization of aqueous ATRA/b-1,3-
glucan complex solution, the residue was re-dissolved in 
DMSO. The concentration of ATRA was estimated by mo-
lar extinction coefficient of ATRA in DMSO (e, 41500). In 
rectal cancer transplantation model, pharmacokinetics of 
ATRA/b-1,3-glucan complex nanogel was evaluated with 
co-complexation of Indocyanine Green using in vivo im-
aging system VISQUE® InVivo Smart-LF (Vieworks, Ko-
rea). 

RESULTS:  According with Fig. 1, water-solubilization 
of hydrophobic ATRA by the complexation with b-1,3-
glucan was revealed. The concentration of ATRA in aque-
ous solution was estimated as 1.10 mM. Dynamic scatter-
ing measurement revealed ATRA/b-1,3-glucan complex 
diameter of 80 nm and a size corresponding to the tumor 
targeting EPR effect [4].  

Tumor tissue accumulation of ATRA/b-1,3-glucan com-
plex nanogel was immediately confirmed using a mouse 
rectal cancer transplantation model in a few hours (Fig. 2). 

In conclusion, we succeed to prepare the water-soluble 
ATRA/b-1,3-glucan nanogel. We will evaluate the effect 
of the administrating of the macrophage polarizer on the 
tumor growth inhibitory effect and examine the BNCT 
sensitizing effect by controlling the polarity of TAM in 
near future. 

REFERENCES: 
[1] M. Takeya and Y. Komohara, Pathol. Int., 66 (2016)
491-505.
[2] M. Takeya et al., Can. Sci., 102 (2010) 206-211.
[3] Q. Zhou et al., Can. Immunol. Res., 5 (2017) 547-559.
[4] H. Maeda et al., J. Contr. Rel., 65 (2000) 271-284.

Scheme. Chemical structure of ATRA 

Fig.1. UV-vis absorption spectrum of ATRA/b-1,3-glucan nanogel 
in DMSO. 

Fig. 2. Pharmacokinetics of ATRA/b-1,3-glucan nanogel in tumor-
bearing mouse. Tumor tissue is marked with circle. 
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INTRODUCTION: With noninvasiveness and efficient 
damage inducibility for genomic DNA, boron neutron 
capture therapy (BNCT) is one of the most promising 
modalities for cancer treatment. Cell destruction in 
BNCT is achieved by energy from the particles which 
was generated by the nuclear reaction between 10B and 
low-energy thermal and/or epithermal neutron, that is 
boron neutron capture reaction, and effective ranges of 
the energy from these particles are corresponding to the 
size of a cell (<10 μm), suggesting that accumulation of 
boron agents toward cancer cells with high specificity is 
significant to maximize benefits from BNCT. Currently, 
L-boronophenylalanine (L-BPA) and disodium mer-
captoundecahydro-closo-dodecaborate (BSH) are clini-
cally available as boron agents for BNCT, however these
two types of boron agents have several issues in delivery
including short circulation time in blood stream, tumor
selectivity, and the leaky feature from cells. For these
points of views, delivery platforms for boron agents are
urgent requests to expand applicability of BNCT.

In this study, we demonstrated efficient tumor growth 
suppression using organic-inorganic hybrid nanogels 
(HBNGs) comprising of carborane bearing pullulan 
nanogels and hydrophobized boron oxide nanoparticles 
(Figure 1). Our HBNGs technology is based on a hybrid 
combination of boron oxide nanoparticles for boron con-
tents with a boronated nanogel carrier. Previously, we 
showed facile tumor-targeted boron agent delivery based 
on EPR effect using carborane bearing pullulan nanogel 
with high boron contents in each nanoparticle. In addition, 
the nanogels uptaken by cancer cells are accumulated in 
nuclear membrane, which is advantageous to induce effi-
cient DNA double strand break toward cancer cells.[1,2]

These advantages of carborane bearing pullulan nanogel 
in BNCT encouraged us to develop the HBNGs systems 
by coupling carborane bearing pullulan nanogel with hy-
drophobized boron oxide via supramolecular chemistry 
approach.[3,4] In the present study, we demonstrated ap-
plicability of HBNGs as a boron agent for BNCT in vitro 
and in vivo. We then evaluated therapeutic efficacy of 
BNCT against tumor xenograft mice. 

RESULTS AND DISCUSSION: Carborane bearing 
pullulan nanogels were prepared as previously reported.[1] 
To obtain hybrid nanoparticle (HBNGs), the hydro-
phobized boron oxide nanoparticles were injected to dis-
persion of nanogels and the boron oxide nanoparticles 
were encapsulated mainly via hydrophobic interaction. 
Dynamic light scattering measurement revealed that the 
hydrodynamic diameter of HBNGs is to be 180 nm, 
which is corresponding to the size for enhanced permea-
tion and retention effect (EPR effect) that is known as 
passive tumor targeting effect. Transmission electron 
microscopy revealed that the structures derived from bo-
ron oxide nanoparticles agglomerated within nanogels. 
This feature is ideal to achieve efficient boron neutron 
capture reaction.  
  We demonstrated therapeutic efficacy of BNCT in vitro 
using current system. In this study, we employed 
L-BPA/fructose complex, which is used in clinical, as a
comparison. As a result, both systems could induce cell
death toward murine colon carcinoma cell line (Colon26)
boron concentration dependently. Moreover, IC50 value
using HBNGs were 6 times lower than that using
L-BPA/fructose complex, suggesting our hybrid system
are potentially available as a boron agent for BNCT.

In conclusion, our system based on hybrid nanoparti-
cles enabled to induce cell death toward cancer cell lines 
by irradiating thermal neutron with high efficiency. We 
will address therapeutic efficacy in vivo in the near fu-
ture. 
REFERENCES: 
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Fig. 1. Schematic illustration of this study. BNCT 
with hybrid nanogel for cancer therapy. 
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INTRODUCTION:  Boronophenylalanine (BPA) has 
been considered as the most powerful drug in boron neu-
tron capture therapy (BNCT). Since BPA can be internal-
ized into cells through LAT1 amino acid transporters ex-
pressed on many tumor cells, BPA can accumulate selec-
tively within malignant tumors [1]. Although BPA has 
proven its promise in clinical studies, it was also reported 
that intracellular BPA is sometimes exchanged with ex-
tracellular amino acids including tyrosine due to the an-
tiport mechanism of the amino acid transporter, leading 
to short retention time in a target tumor [2]. This unfa-
vorable efflux of intracellular BPA is likely to compro-
mise the ultimate therapeutic effect; thus, it is important 
to prolong the intracellular retention of BPA. 
   In this regard, we recently found that polymers pos-
sessing multiple hydroxy groups or sugar moieties can 
form complexes with BPA molecules through boronate 
esters in aqueous solution and that the polymer-BPA 
complexes are internalized into cultured tumor cells via 
LAT1-mediated endocytosis and entrapped mainly in 
endo-/lysosomes, resulting in prolonged retention in the 
intracellular compartment by preventing the unfavorable 
efflux [3, 4]. The polymer-BPA complexes can exhibit the 
prolonged tumor retention even in in vivo condition and 
significantly enhance the BNCT effects. In particular, 
poly(vinyl alcohol)-BPA (PVA-BPA) complexes showed 
the considerably strong BNCT effects in subcutaneous 
tumor models [3]. Considering the ease of manufactura-
bility PVA-BPA, its clinical translation appears to be 
promising. Thus, in this study, we prepared PVA-BPA 
complexes with various compositions and compared their 
therapeutic effect to optimize the drug formulation for 
non-clinical studies. 

EXPERIMENTS:  BALB/c mice bearing subcutaneous 
CT26 tumors were prepared by subcutaneous injection of 
the cell suspension. PVA-BPA complexes with various 
compositions were prepared in aqueous solutions, and 
they were intravenously injected to the mice at a dose of 
10 mg BPA/mouse. As a control, conventional sorbi-
tol-BPA complexes were subcutaneously injected to the 
mice at a dose of 10 mg BPA/mouse. The thermal neu-
trons were irradiated to the tumor using KUR 3 h after 
injection. The tumor volume (V) was calculated using the 
following equation:  

V = 1/2 x a x b2 

where a and b denote major and minor axes of a tumor, 
respectively. 

RESULTS:  As shown in Fig. 1, all the PVA-BPA com-
plexes exhibited the enhanced BNCT effects even com-
pared with the conventional sorbitol-BPA that was sub-
cutaneously injected. We are now investigating possible 
side effects of these complexes and will find out the op-
timal composition for non-clinical studies. 

Fig. 1. Antitumor efficacy of sorbitol-BPA and PVA-BPA 
complexes at various compositions to subcutaneous 
CT26 tumor models. 
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INTRODUCTION:  Boron Neutron Capture Therapy 
(BNCT) is an expecting cancer therapy for the treatment 
of harsh and un-operatable malignant tumors. The effi-
ciency of boron agent depends highly on tumor selectivi-
ty, sufficient amount of boron agent in tumor site, 
non-toxicity, tumour/normal tissues ratio (>3) and ab-
sorption of thermal neutrons by boron. In 2020, accelera-
tor-based BNCT for head and neck cancer using L-BPA 
was approved by the Pharmaceuticals and Medical De-
vices Agency in Japan, making BNCT more accessible 
treatment [1]. L-BPA is known to actively accumulate 
into tumor cells thorough L-type amino acid transporter 1 
(LAT-1). However, there are still many patients for whom 
L-BPA is not applicable, thus the development of novel
boron carriers applicable to various cancers including
L-BPA-negative tumors is required for further develop-
ment for BNCT.

We focused on folate receptor (FRα). Folate is known 
to be taken into cells via the folate receptors, that are 
overexpressed on the surface of many cancer cells [2]. 
We have developed water-soluble 
pteroyl-closo-dodecaborate conjugates (PBCs) and ex-
amined their cell uptake using folate receptor (FRα) posi-
tive and negative cells. We found that PBCs showed sig-
nificant cell uptake by FRα positive cells, especially 
U87MG glioblastoma cells. In addition, PBCs were 
found to be adequately low cytotoxic with IC50 values in 
the range of 1~3 mM toward selected human cancer cells, 
low enough to use as BNCT boron agents [3].  

Fig. 1. Chemical structures of PBCs 

In this study, we examined in vivo biodistribution of 
PBCs in colon 26 tumor-bearing mice. 
EXPERIMENTS:  Tumor-bearing BALB/c mice (fe-
male, 5-6 weeks old) were prepared by injecting subcu-
taneously (s.c.) a suspension (1.0×106 cells/ 50 μl PBS/ 
mice) of CT26 cells. The mice were kept on a regular 
chow diet and water for a week. The tumor-bearing mice 
were injected i.v. with 200 μl of PBC1, PBC3 or 
L-BPA-fructose complex solution dissolved in ultrapure
(Milli-Q) water at the 1500 ppm [B]. At intervals of 1
hours for 6 h, the mice were lightly anesthetized and
blood samples were collected from heart. The mice were
then sacrificed by cervical dislocation and dissected. Liv-
er, spleen, kidney, brain, and tumor were excised, washed
with saline, and weighted. Each tissue was digested with
1 mL of HNO₃ at 90 ℃ for 3 h, and then the digested
samples were diluted with distilled water. After filtering
through a membrane filter (0.5 µmφ, 13JP050AN, AD-
VANTEC, Japan), boron concentrations were measured 
by ICP-OES.
RESULTS:  As shown in Fig. 2, boron concentrations
of PBC 1 and PBC 3 in blood were lower than that of
L-BPA. In contrast, accumulations of PBC 3 in liver and
kidney were significantly higher compared with those of
PBC-1 and L-BPA. A similar accumulation of PBC 1 to
L-BPA was observed in tumor at 1 h after injection,
however PBC 1 was rapidly cleared from blood after 3 h.

Fig. 2. Time-dependent boron distribution of PBC 1, PBC 
2, and L-BPA in CT26 mouse colon tumor-bearing mice. 
Each boron agent was injected into the mice via the tail 
vein at a dose of 15 mg[B]/kg. Data are expressed as 
means ± SD (n = 3). 
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INTRODUCTION:  Boron Neutron Capture Therapy 
(BNCT) is a promising cancer treatment of harsh and 
un-operatable malignant tumors. An important condition 
for effective planning of BNCT treatment of patients is 
the control of the distribution of the boron-containing 
drug in the body and its accumulation in tumors. Since 
the 10B isotope is non-radioactive, non-invasive meas-
urements in the body are a fairly difficult task and usually 
require either the introduction of radioactive labels for 
positron emission tomography (PET) [1]. 

We focused on the Gd-based magnetic resonance im-
aging (MRI), one of the most widely used methods of 
medical diagnostics. The 157Gd isotope has the highest 
thermal neutron capture cross section of all stable nu-
clides in the periodic table, which exceeds the thermal 
neutron capture cross section of the 10B isotope by more 
than 60 times. The reaction of neutron capture by 157Gd 
induces complex inner shell transitions that generate 
prompt γ-emission displacing an inner-core electron, 
which in turn results in internal-conversion electron 
emission, and finally in the Auger electron emission, to-
gether with soft X-ray and photon emission. Therefore, 
the synthesis of compounds containing both boron and 
gadolinium is of particular interest for the further devel-
opment of neutron capture cancer therapy. We have de-
veloped maleimide-functionalized closo-dodecaborate 
(MID) albumin conjugates that demonstrated high and 
selective accumulation in tumor tissue with no toxicity in 
the absence of thermal neutrons, hence a promising boron 
delivery system [2].  

In this study, we designed Gd-functionalized MID al-
bumin conjugates aiming MRI-guided BNCT.  
EXPERIMENTS:  To a solution of bovine serum al-
bumin (BSA) in 10 mM HEPES buffer (pH 7.4) was 
added Gd-complex ligand. The reaction solution was 
shaken at 800 rpm for 12 h at room temperature. The 
reaction solution was subjected to six cycles of ultracen-
trifugation with a 30 kDa filter to remove excess ligand 
before the addition of MID. The reaction solution was 
shaken for another 12 h at 37oC. The final BSA-Gd-MID 
conjugate was obtained after filtration of excess MID via 
ultracentrifugation. The concentration of 10B and Gd was 
estimated via ICP-OES. The conjugate solution was di-
luted with PBS for the biodistribution study. 
CT26 tumor bearing mice (Balb/cCrSlc nu/nu female, 
5−6 weeks old, 16−20 g) were injected via the tail vein 

with 200 μ L of MID-BSA or Gd-MID-BSA (25 mg 
[10B]/kg). The whole bodies of mice were placed in an 
acrylic mouse holder and fixed on a 5-mm-thick ther-
mo-plastic plate. At 12 h after administration, the right 
thighs of mice were irradiated with neutrons in the KUR 
nuclear reactor. BNCT effects were evaluated on the ba-
sis of the changes in tumor volume of the mice. 
RESULTS:  Previously, we demonstrated that thermal 
neutron irradiation was performed using the colon 26 
tumor-bearing mice injected with MID-BSA in a dose 
range of 7.5-30 mg [10B]/kg and observed efficient tumor 
growth suppression 2 weeks after irradiation [3,4].	
Therefore, we compared antitumor effects of 
Gd-MID-BSA with MID- BSA at a dose of 25 mg 
[10B]/kg. The results are shown in Fig. 1. Tumor of 
cold-control mice grew up very slowly, whereas the tu-
mor growth of mice injected with MID-BSA and 
Gd-MID-BSA was suppressed. Notably, hot-control mice 
also suppressed tumor growth similar to the mice injected 
with MID-BSA and Gd-MID-BSA. These results indicate 
that complete tumor growth suppressions were observed 
even in the mice without 10B injection probably due to 
the significantly high neutron fluence. Therefore, it is 
considered necessary to revise the irradiation plan for the 
next irradiation experiment. 

Fig. 1. Antitumor effect in colon 26 (CT26) tumor bear-
ing mice. Gd-MID-BSA and MID-BSA were intrave-
nously injected at a dose of 25 mg [10B]/kg via the tail 
vein, and the tumors were irradiated with thermal neutron 
(hot) for 12 min (3.0-4.2×1012 neutrons/cm2) 3 or 6 hours 
after injection or without irradiation (cold). 
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INTRODUCTION:  Recently, boron neutron capture
therapy (BNCT) has been recognized as an essential treat-
ment for refractory cancers such as glioma, head and neck 
cancer, and melanoma. Although many types of boron 
compounds, including amino acids, peptides, nucleic acids, 
anticancer drugs, and liposomes have been reported as bo-
ron delivery agents for BNCT, only two compounds, p-bo-
rono-L-phenylalanine (L-BPA, Boropharan-10B, Fig.1-1)
and disodium mercapto-closo- undecahydro-dodecabo-
rate (2) ([B12H11SH]2-2Na+, BSH, Fig.1-2), are clinically
used in the treatment of cancer with BNCT. In light of 
these factors, novel useful boron-pharmaceuticals for 
BNCT are in high demand. 
The translocator protein (TSPO) is an 18 kDa protein com-
posed of at least three subunits. TSPO is localized in the 
mitochondria and plays important roles in several biologi-
cal processes, such as cholesterol metabolism, prolifera-
tion, and apoptosis. Because TSPO is highly expressed in 
several disease states, including Alzheimer’s disease, Hun-
tington’s disease, and cancer, it is a potentially useful drug 
target. TSPO overexpression has been reported in several 
cancers, including breast, colorectal, prostate, and ovarian 
cancer and glioma, and appears to be an indicator of poor 
prognosis in patients with lymph-node negative breast can-
cer Therefore, TSPO ligands labeled with positron emis-
sion atoms, such as DPA-713 (Fig. 1-3a),  and DPA-714
(Fig. 1-3b), have been reported as potential cancer imag-
ing agents.  In paticular, pyrazolopyrimidine derivatives 
DPA-713 and DPA-714 show the high specific affinity for 

TSPO. Arylpyrazolo[1,5-α]pyrimidine acetamide moi-
ety of DPA-714 seem to be important role on TSPO bind-
ing affinity, alkyl ether derivatives at the 4’-position of the 
phenyl ring are repoterd. 
 In this study, three novel dodecaborate-containing pyra-
zolopyrimidine TSPO ligands were developed (Fig. 1): 
DPA-BSH (4a), DPA-BSCN (4b), DPA-BSTPG (4c).
Here, we present the biological evaluation of novel boron 
compounds 4a-c as boron carrier for BNCT. 

RESULTS and Discussion:  To evaluate the potential of
the dodecaborate-containing DPA derivatives as BNCT 
agents, we used two breast cancer cell lines, MCF-7 and 
MDA-MB-231 which exhibit low and high TSPO expres-
sion, respectively. We applied equal dosages of boron to 
the tumor cells via treatment with the novel compounds 
and L-BPA (6.0 Bpm, 0.6mM) as well as a high dosage of 
L-BPA (20 Bppm, 2.0 mM), and then measured the intra-
cellular boron concentrations by ICP-OES.
As shown in Fig. 2, all three novel dodecaborate-contain-
ing DPA derivatives successfully delivered boron to tumor
cells, and MDA-MB-231 cells with overexpressed TSPO
consistently took up more novel boron compounds than
MCF-7 cells. Although DPA-BSH (4a) and DPA-BSCN
(4b) delivered moderate levels of boron, DPA-BSTPG (4c)
delivered a notably higher level than L-BPA in both MDA-
MB-231 and MC F-7 cells.  Notably, the MDA-MB-231
intracellular boron concentration achieved by using DPA-
BSTPG (4c) was 5–6 times greater than that achieved by
using a more highly concentrated dose of L-BPA (DPA-
BSTPG: 0.05 mM, BPA: 2.0 mM).
In conclusion, we synthesized novel dodecaborate-con-
taining pyrazolopyrimidine derivatives (Fig. 1-4a-c).
The result of the in vitro evaluation suggest that these com-
pounds are useful boron carriers targeting TSPO over-ex-
pressing cells.  DPA-BSTPG (4c), in particular, delivers
a large amount of boron to breast cancer cells. The in vivo
evaluation of DPA-BSTPG is ongoing, and the results will
be reported in the near future.

Fig. 1. Boroncompounds and TSPO targeted compounds. 
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Y. Sanada, T. Takata, Y. Sakurai, H. Tanaka and T.
Watanabe

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  Hypoxia and glucose deprivation
have been suggested to play important roles in resistance 
to radiation [1]. Attempts to sensitize tumor cells by ex-
ploiting the tumor microenvironment have been studied. 
A major mediator of the cellular hypoxic response, hy-
poxia inducible factor 1 (HIF-1), is a potential target for 
cancer therapy, because it transcriptionally regulates a 
number of genes, including those involved in glucose 
metabolism, angiogenesis and resistance to chemotherapy 
and radiation therapy [2]. We previously reported that the 
disruption of Hif-1α enhanced the sensitivity of murine 
squamous cell carcinoma (SCC VII) cells to gamma-ray 
[3]. We have investigated whether the disruption of 
Hif-1α affects the sensitivity of SCC VII cells to the bo-
ron neutron capture reaction (BNCR) with analysis of 
early DNA damage response, analysis of the intracellular 
10B levels, analysis of SLC7A5 expression profiles, and 
clonogenic assays. Moreover, we examined whether the 
disruption of Hif-1α affects the tumor growth after 
BNCT. 

EXPERIMENTS: Seven-week-old female C3H/He mice
were used in the present study. SCC VII and SCC VII 
Hif-1α-knockout (ΔHif-1α) cells were subcutaneously 
inoculated into the right hind legs of mice. BPA was 
subcutaneously administered into nuchal sites in tumor 
bearing-mice. After 60 min, mice received neutron irradi-
ation for 12 min at 5 MW in the Kyoto University Re-
search Reactor (KUR). Tumor volume and body weight 
was measured every three days. 

RESULTS: In experiments using culture cells and tu-
mor-bearing mice, we found that the survival of SCC VII 
Hif-1α-knockout (ΔHif-1α) cells was lower than that of 
SCC VII cells. Hypoxia-treated SCC VII cells exhibited 
the decreased intracellular concentrations of BPA and the 
down-regulation of the SLC7A5 protein levels. BPA up-
take and the SLC7A5 protein were not decreased in hy-
poxia-treated ΔHif-1α cells, the survival of which was 
lower than that of SCC VII cells. More DNA damage was 
induced in SCC VII ΔHif-1α cells than in SCC VII cells. 
It was found that the disruption of the Hif-1α gene en-
hanced the direct cell-killing effects of BNCT with BPA 
[4]. 
Next, tumor growth in the right leg was measured in 
BNCT-treated and untreated (control) mice. In control 
groups, tumors continued to grow, regardless of the 
presence of Hif-1α gene. Tumor volume was smaller in 
SCC VII tumor-bearing mice treated with BPA-BNCT in 

than in control animals. Furthermore, in SCC VII 
ΔHif-1α tumor-bearing mice, the tumor volume was de-
creased and became undetectable at day 6 after 
BPA-BNCT. 
. 
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Fig. 1.  Mean tumor volume as a function of time 
after BPA-BNCT. Tumor-bearing animals were ad-
ministered BPA, followed by neutron irradiation (at 
day 0). Four to six tumors in each group were used. 
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INTRODUCTION: The biodistribution of boron com-
pounds in the microenvironment is an important factor in 
the success of boron neutron capture therapy, but an ap-
propriate and simple method for visualizing it has not yet 
been established. In general, intracellular concentrations 
are measured by wet ashing of cell samples collected from 
suspended cell suspensions by plasma luminescence anal-
ysis, and the same is true for tissue and blood samples. 
Therefore, we conducted experiments to establish a meas-
urement system using alpha autoradiography, which re-
quires neutron irradiation but for which materials are rela-
tively easy to obtain. 

EXPERIMENTS:  CR39 was marked and cut as shown 
in Fig. 1. A silicon cap was made to fit the 96 wells and 
sealed to prevent scattering of the radioactive materials 
during irradiation. Poly-lysine treatment was performed 
when cells were attached. 

Marking was done from the back side of the detection sur-
face and adjusted for laser power that did not penetrate the 
CR39. The cut CR39 was designed to fit the bottom of the 
96-well well and to be easily removed.
Silicon caps were made by pouring DOWSILTM 184 into
appropriate molds and solidifying at 80°C for 2 hours.
Irradiation was performed at KUR, and this sample was
irradiated for 15 minutes using rails.
After irradiation, samples with cellular components were
washed, ethanol-fixed, and stored at room temperature.
For analysis, as shown in the center of Figure 1, methylene
blue staining was performed to obtain microscopic images,
which were then etched, and the alpha-ray pits were reap-
plied to the microscopic images. Etching was performed
in a 6N sodium hydroxide solution at 60°C for 60min.

RESULTS:  In this case, we analyzed the determination 
of their location and the acquisition of calibration images 
As shown in Fig. 2., the laser-marked points did not 
change much in size before and after etching, and their rel-
ative positions were maintained. Using a sample with cells 
on it, it was possible to match the positional information 
before and after etching based on the markers and the 

shape of the particles adhering to the surface. It was con-
sidered possible to determine the position of the marker 
alone if the enlarged images were fused together. 

(A) and (C) are methylene blue stain image.
(B) and (D) are etched pit image by light microscope.
laser markers were useful for position matching.
alpha particle pathway made pits on image (C) and (D).

alpha pit on the CR39 with Boronophenylalanine solution. 
boron concentration were 0μg/mL (left), 20μg/mL (mid-
dle), 60μg/mL(Right). 

Fig. 3. visualizes the alpha-ray range of the boron 10-ther-
mal neutron reaction between the liquid surface (BPA so-
lution) and the solid (CR39) when a solution of borono-
phenylalanine is placed on CR39. The density of alpha 
rays increases with concentration. 

Disucussion: If the staining target is a cell, it is expected 
that by washing this area thoroughly before etching, more 
alpha rays will be seen in the cell-attached area on CR39 
than in the surrounding liquid phase, if enough boron is 
incorporated into the area. No other experimental 
system is capable of irradiating cells in a living state, and 
it would be possible to evaluate this system for radiobio-
logical studies in terms of visualization of alpha radiation 
rather than boron. Also, perhaps staining the pits could 
have applications in absorbance spectrometry and other 
applications. Although neutron irradiation is required, it 
may help in a rapid measurement system for boron con-
centration. 

REFERENCES: 
[1] H. Tanaka et al., Applied Radiation and Isotopes.
153-156, 88 (2014).
[2] H. Yabagie et al., Applied Radiation and Isotopes.
639-646, 61 (2004).
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Malignant brain tumor cells infiltrate very quickly, and the 
tumor cells have already spread widely already at the time 
of diagnosis, and treatment needs to be performed 
promptly. However, from our clinical experiences so far, 
the microdistribution of tumor cells is not visualized at the 
time of treatment, another words the brain is full of tumor 
cells. Although it has been excluded from the indication 
for BNCT in many cases where macroselectivity cannot be 
clearly expected on MRI images, it still shows recurrence 
in many indications. Perhaps malignant brain tumor cells 
might be free to move back and forth in the brain in a 
variety of ways and forms. In other words, it is no 
exaggeration to say that the target of malignant brain 
tumors is not being visible. 
The Rocher's theory that cell-selective treatment is 
possible in BNCT of malignant brain tumors may be 
achievable microscopically, mainly by devising biological 
carriers. However, since the physical depth of thermal 
neutrons is only within 6 cm or less from the brain surface 
even with intra-operative BNCT and about 4 cm with non-
invasive BNCT, the Rocher's theory does not hold in 
macroselectivity [1]. Therefore, we have conducted 
therapeutic experiments while improving the micro/macro 
distribution of thermal neutrons by inserting voids into the 
brain parenchyma with craniotomy and replacing body 
fluids with heavy water, but distant recurrence in the brain 
after BNCT has not been controlled. 
Our therapeutic strategies of BNCT for malignant brain 
tumors are (1) to suppress the infiltration of malignant 
brain tumor cells, and (2) to investigate the possibility of 
concomitant use of gadolinium capture reaction. The 
following is a report on the progress of the experiment last 
year. 

(1) Becker, Flieger and Hosman have already synthesized
boron compounds, B1 and B2, and their derivatives using
an infiltration inhibitor as a ligand, and confirmed a high
BNCT effect in in-vitro experiments in our screening tests.
The absorbed does yielding the D37 (dose used to inhibit
63% colony formation) values were 0.27 Gy for B-1, 0.32

Gy for B-2, 0.82 Gy for BPA and 1.55 Gy for boron-free 
control. The relative killing effect of R-I to BPA is 
0.82/0.27=3.0, and that of R-2 is 0.82/0.32=2.6. The 
survival fraction of B-1 and B-2 in a pre-incubation boron 
concentration at 0.143ppm 10B and 0.101ppm 10B 
respectively were similar, and these result suggest that B-
1 and B-2 are actively accumulated and/or attached to the 
SCCVII cells. In the next, it is necessary to evaluate 
infiltration suppression and BNCT effect by in-vivo alpha 
track experiments. Suppression of infiltration of malignant 
brain tumor cell should be innovative in itself. If suppress 
of the infiltration of malignant brain tumor cells can be 
attained by this strategy, it may also improve the clinical 
malignancy that correlates with invasiveness, so that in 
that future the indications of another adjuvant treatment 
options might be able to be reconsidered. 

(2) The possibility of gadolinium neutron capture therapy
is controversial, but the total range of heavy-charged
particles generated by the 10B (n, a) 7Li reaction is local
close to the cell diameter, and the total dose distribution is
probably too selective.  In GdNCT, it is expected that the
dose distribution will be improved by higher total kinetic
energy of gamma rays, electron beams, Auger electrons,
etc., by a single neutron capture reaction of 167Gd (n, g)
168Gd. Zairov and Neikter have prepared gadolinium 
inclusion nanoparticles and repeated GdNCT experiments 
in vitro, and confirmed their low toxicity, tumor retention 
and concentration-dependent GdNCT effect. The figure 
shows survival fraction of their Gd nano compounds, R1 
an R2 The absorbed does yielding the D37 (dose used to 
inhibit 63% colony formation) values were 0.55 Gy for B1, 
0.56 Gy for B2, and 1.50 Gy for control. We will continue 
to investigate the possibility of GdNCT.

REFERENCES: 
[1] NS. Hosmane, et al. ,  J  Boron and Gadolinium
Neutron Capture Therapy for Cancer Treatment . (ed. NS.
Hosmane) World Scientific Publishing, 2012.
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Introduction 
In the veterinary medicine field, a few studies 

have reported the use of BNCT for treatment1). 
Because small animals such as dogs and cats have 
smaller bodies, neutrons can be delivered to 
deeper portion into organs than that in humans. 
This is why, many tumors developed in compan-
ion animals can be candidate of BNCT. BNCT is 
expected to expand its application in veterinary 
medicine in the future. 

However, radioactivation of several atoms in 
the body are generated in the body following 
thermal or epitheramal neutron beams2,3). 
Therefore, animals and their excretions after 
BNCT include radioactive materials, and there are 
concerns about the effects on owners and the en-
vironment around them. Although there are some 
reports on radio activation of experimental ani-
mals after thermal or epithermal neutron beams, 
no reports on the radioactivation of urine and fe-
ces have been reported. In this study, we evaluat-
ed the changes in surface doses from rats and their 
urine and feces activated by neutron irradiation 
over time. 
Experiments 

After the neutron irradiation, NaI (TI) scintilla-
tion detector (TCS-1172 , Hitachi, Tokyo) was 
used for dose rate measurements at the surface of 
the abdomen and at ambient 30cm away from rat 
within 8 days.  

Radioactivation of the body was analyzed using 
an HP-Ge detector. In order to determine the ra-
dionuclide, it was necessary to obtain the detec-
tion efficiencies of the HP-Ge detector.  
Radioactivity in the urine (0.5ml) and stool (0.1g) 
of irradiated rat was measured with Geiger 
Mueller counter. 
Result  

The dose rate on the abdominal surface and the 
that at 30 cm away from the abdominal surface 
are shown in Fig1. The surface dose rate de-
creased to the same level as the background with-

Reference 
[1] A.E.Schwint et al., Biology (Basel)., 327
(2020).
[2] S. Nakamura et al., Proc. Jpn. Acad., Ser. B.,
93 821-831 (2017).
[3] N.Protti et al., Health Phys., 107 534-541
(2014).

The effects of radioactivation of animals on the environment for the BNCT to 
companion animals. 
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in about 8 days after irradiation, and the 30 cm 
dose rate decreased to the same level as the back-
ground at 1 day after irradiation. 

The induced radionuclides were 24Na, 38Cl, 
56Mn, and 42K from rat after the neutron irradia-
tion. 
 The half-life of radioactivity in the urine and 
feces of radioactivated rats was about 14 days. 
The results suggested that the radionuclide in the 
urine and stools from the irradiated rats were 32P. 

Fig1. Abdominal surface dose rate and abdominal dose 
rate at 30cm away from body after irradiation. 
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INTRODUCTION: In 2020, Steboronine® received 
manufacturing and marketing approval as the world’s 
first BNCT drug. Its medicinal ingredient, 
p-boronophenylalanine (BPA), shows excellent antitumor
effects after thermal neutron irradiation, but is known to
require large doses to achieve clinical efficacy because of
its low solubility. Therefore, we have been investigating
the use of ionic liquids (ILs) as new solvents for BPA. We
have already reported that ionic liquids, consisting of
meglumine and serine, exhibit high BPA solubility and
anti-tumor effects comparable to those of the
BPA-fructose complex (BPA-Fru) [1]. Here we advance
further and present in vivo antitumor effects of
BPA-based IL (BPA-IL) after thermal neutron irradiation.

EXPERIMENTS: 

1. Synthesis of BPA-IL

BPA-IL used in this study was synthesized using me-
glumine as a cation and BPA as an anion. Equimolar me-
glumine and BPA solutions were stirred at room temper-
ature for 24 hours. After that, the water content of the IL
was reduced to about 20 wt% by rotary evaporation at
80℃.

2. Anti-tumor effect using BPA-IL by BNCT

Female 3-week-old BALB/cA mice were purchased 
from CLEA Japan Inc. (Tokyo, Japan). The tumor model 
was prepared by grafting 2 × 106 of murine colon carci-
noma cells (CT26) to the right thigh of mice (4 weeks old, 
weighing 16-20 g) to develop a tumor of 6-8 mm in di-
ameter.  
Ten days later, 40µL of BPA-IL was administrated via 

intravenous injection before irradiation was delivered at a 
dose of 24mg10B/kg. Similarly, 200µL of BPA-Fru was 
administered. Two hours after injection, thermal neutron 
irradiation was performed with a flux of 1.2-1.3 × 109 
neutrons/cm2/s over 30 min. The tumor size was meas-
ured over time after the irradiation until day 30 and the 
volume was calculated using the previously applied for-
mula [2]. 
On the last measurement day, a significant difference 

between tumor size in each group was calculated using 
independent t-test. The p-values representing significant 

differences are marked with the following number of 
asterisks: *: p<0.05, **: p<0.01, ***: p<0.005, ****: 
p<0.001, and ns: no significant difference. 

RESULTS: 
As shown in Figure 1, BPA-IL significantly inhibited 

tumor growth compared to the control group despite the 
lower dose volume compared to BPA-Fru. As shown in 
Figure 2, no significant side effects (e.g., weight loss) 
were observed after using BPA-IL similar to BPA-Fru. 

(A) 

(B) 

Fig.1) BPA-IL anti-tumor effect after BNCT (n=4). 
(A) BPA-IL and BPA-Fru vs. irradiation only: ****
(B) BPA-IL vs. BPA-Fru: n.s.

Fig.2) Mice body weight after BPA-IL injection with fur-
ther neutron irradiation. 

REFERENCES: 
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and patent publication 2021-161093.
[2] M. Shirakawa, et. al., KURRI PROGRESS REPORT
2017, 69 (2018).
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Preliminary study of the anti-tumor effect of BNCT using bubble liposome on the canine 
hemangiosarcoma model 

RESULTS:  Tumor growth was suppressed in the group
with BSH-encapsulated liposomes, microbubbles, and 
ultrasound. Tumor growth was significantly suppressed in 
the Lipo-Bubble-US group than in the non-irradiated 
control group. 

Figure 1. Tumor growth in the canine hemangiosarcoma 
model.

  This preliminary result indicates that drug delivery 
systems using microbubbles and ultrasound have the po-
tential to be applied to BNCT in canine hemangiosar-
coma. In the future, we hope to apply this delivery sys-
tem to clinical studies of BNCT in veterinary medicine. 

REFERENCES:
[1] JH Kim et al,.Vet Sci. (2015) 2(4):388-405.
[2] DM Vail et al,.Withrow & MacEwen’s small animal
Clinical Oncology 6th (Elsevier, 2020).
[3] I. Yokoe et al,. Drug Deliv. 2021;28(1):530-541.
[4] I. Yokoe et al,.Cancers (2020)12(9):2423.
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INTRODUCTION:  Canine hemangiosarcoma is a
common malignant tumor derived from vascular endo-
thelial cells. Hemangiosarcoma often occurs in the spleen 
and liver and has a poor prognosis despite surgery and 
chemotherapy in veterinary medicine [1.2].  

Boron neutron capture therapy (BNCT) is a new treat-
ment that utilizes the nuclear reaction between boron and 
neutrons. BNCT is an effective treatment for malignant 
tumors in humans and is expected to be applied to canine 
malignant tumors. In order to enhance the therapeutic 
effect of BNCT, it is important to increase the concentra-
tion of boron in the tumor. 
 Recently, drug delivery using a combination of ultra-
sound and microbubbles has been reported to be effective 
in increasing drug concentrations [3]. The interaction of 
microbubbles and US increases the local permeability of 
blood vessels, allowing the injected drug to move easily 
out of the vessel and increasing the drug concentration in 
the tissue. The combination of liposomal doxorubicin, 
microbubbles, and ultrasound has been reported to inhibit 
tumors in veterinary medicine. [4]. 
 In this study, we prepared the BSH-encapsulated lipo-
somes and perfluorocarbon microbubbles for selective 
cancer targeting, and applied the BNCT to the canine 
hemangiosarcoma model by intravenous injection. 

EXPERIMENTS:  Canine hemangiosarcoma cell line
(Ju-A1) was cultured in RPMI1640 supplemented with 
10% FBS, L-glutamate, penicillin and streptomycin. 
8×105 cells subcutaneously injected into the right 
hindlimb of nude mice. 
 BSH-encapsulated liposomes and bubble liposomes 
were injected via the tail vein, and ultrasound was ap-
plied to the tumors. 

In vivo evaluation was performed on Ju-A1 tu-
mor-bearing mice irradiated at nuclear reactor facility of 
Kyoto University Institute for integrated Radiation & 
Nuclear Science. Antitumor effect was evaluated on the 
basis of the change in tumor growth. 
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INTRODUCTION:  We are working on elucidating 
the physiological function of boron in plants using a 
boron-10 neutron capture (BNC) reaction.  This is one 
of the effective applications of nuclear power in addition 
to generating electricity.  Although boron is an essential 
nutritional element for all plants, a deficiency or an 
excess of boron causes various growth disorders.  For 
the numerous and frequent crop disorders arising from 
boron-toxicity world-wide, noteworthy solutions have 
yet to be proposed, as a boron analysis method with high 
resolution has not been well-developed.  We still have a 
poor understanding of the physiological function of bo-
ron in plants.  In order to collect multidimensional 
information on how much boron is localized in specific 
tissue/cell at various stages of plant-growth, in situ 
high-resolution visualization technique capable of 
detecting the localization of boron is being developed by 
applying α-autoradiography with solid-state nuclear 
tracking detector, CR-39[1,2].  We expect that this 
technique will contribute to the establishment of the 
nutritional diagnosis method for boron in plants. 
    Here we report the result from BNC analysis of the 
boron-distribution in a seed of special tomato cultivar, 
‘Micro-Tom’. 

EXPERIMENTS: Plant materials and growth condi-
tions> Seeds used in analysis were harvested from a 
dwarf tomato cultivar, ‘Micro-Tom’ (Solanum lycopersi-
cum L).  Micro-Tom was originally derived for home 
gardens as the dwarf cultivar, but is now used as a major 
material for various plant researches[3].  The original 
seeds, which were obtained from Inplanta Innovations 
Inc., seeded on the moderately moisturized vermiculite 
and cultivated at 23°C under a 16-h light/8-h dark cycle 
in a 60%-humidified growth chamber.  A week later, 
their seedlings were transferred to the hydroponic media 
containing major nutrients (1 mM Ca(NO3)2, 0.5 mM 
KH2PO4, 0.5 mM K2SO4, 1 mM MgSO4, and 1.5 mM 
NH4NO3) and micronutrients (75 μM EDTA-Fe, 46 μM 
H310BO3, 9 μM MnSO4, 0.8 μM ZnSO4, 0.3 μM CuSO4, 
and 0.8 μM Na2MoO4) under the same condition. 
In situ visualization of boron in a Micro-Tom seed using 
neutron capture radiography> Mounted slice (10-μm 
thickness) of Micro-Tom seeds onto CR-39 (20 mm×30 
mm) was irradiated with epithermal neutron for 20 min
by applying to the pneumatic tube in the graphite thermal

column (Tc-Pn) of Kyoto University Research Reactor 
(KUR).  The irradiated CR-39 plate was etched in 6 M 
NaOH solution, and the resulting etch-pits were observed 
under an optical microscope. 

RESULTS: Both Fig. 1(A) and 1(B) show cross sec-
tions prepared from the same Micro-Tom seed.  Ar-
rowed contents in Fig. 1(A) are the granular starch and 
embryo, respectively.  On the other hand, Fig. 1(B) is a 
radiograph, which was generated by BNC reaction, and 
reveals distribution of boron in the cross section.  A 
large number of etch-pits derived from boron-10 were 
imaged throughout the section as small black spots. 
Interestingly, the distribution amount of boron in the em-
bryo was almost same as in the granular starch. 

Fig.1 Detection of boron in the Micro-Tom seed using 
BNC reaction.  (A): Optical microscopic images of the 
cross section of the seed.  Black and white arrows indi-
cate granular starch and embryo, respectively. (B): Radi-
ograph. 
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INTRODUCTION: Nuclear reactions between thermal 
neutron and boron-10 generate alpha particle and lithium 
nuclei of high LET. The analysis of tumor cell response 
including cell death and various biological reactions as 
well as the effect on immune regulatory environment is 
important to consider clinical optimization of boron neu-
tron capture therapy (BNCT). We used cancer cells and 
xenograft mouse models to analyze the responses to 
BNCT. 

EXPERIMENTS:  
Neutron irradiations at KUR reactor was operated at 1 
MW in all experiments. We used gold foil activation 
analysis for the measurement of thermal neutron flu-
ences and thermoluminescence dosimeter (TLD) for 
the measurement of the g-ray doses including second-
ary g-ray. Total physical dose calculation was carried 
out using the flux-to-dose conversion factor by the 
sum of the absorbed doses resulting from 1H(n, g)2D, 
14N(n, p)14C, and 10B(n, a)7Li reactions, as previously 
described.  
The cells were pretreated with 110B-boronophenylalanine 
fructose complex (BPA) for 1.5-2.0 hrs. The cell survival 
of human squamous cell line SAS and murine melanoma 
cell line B16 cells was analyzed by colony formation 
assay, and cells were harvested at 6 hours and 24 hours 
with ISOGEN after BNCT. RNA and proteins were also 
isolated and RNA expression levels were examined using 
real-time PCR and protein levels were analyzed by ELI-
SA. 
For mouse experiement, we used mouse melanoma cell 
line B16 and B16F10mGM.The C57BL/6J male mice of 
5 weeks old were transplanted with either B16 or 
B16F10mGM cells at bilateral legs 8 days before irra-
diation. The mice were placed on a board with the 
head facing out and the feet facing inward, with a cir-
cular cutout in the middle as the radiation port, and the 
left leg of the mouse was irradiated at the same time. 
Local irradiations to mouse hind legs were operated 
using 6LiF containing thermal neutron shield. Mice 
were injected with BPA at 500 mg/kg bodyweight ap-
proximately 30 min or 60 min before irradiation. 

RESULTS: 
Table 1. Irradiated doses to cells (E-4 rail port) on August 
24, 2021. (Cl: Closest, F: Farthest) 

Table 2. Irradiated doses for local irradiation of mouse 
legs (cart, irradiation room) on October 28, 2021. (P: 
Position, Ce: Center) 

 
Table 3. Irradiated doses for local irradiation of mice (cart, 
irradiation room) on November 30, 2021. (Cl: Closest, F: 
Farthest, Ce: Center, V: vial, M: mouse) 

The measurement of thermal neutron fluence and doses 
are shown in Tables 1-3. 
The results from dynamic profiles of RNA and proteins 
suggested that presence of early responding genes were 
confirmed after BNCT. A potential role of HMGB1 as a 
biomarker for evaluation of early in vivo response to 
BNCT was also indicated [1]. 

REFERENCES: 
[1] Imamichi, S, et al., Extracellular Release of

HMGB1 as an Early Potential Biomarker for the Thera-
peutic Response in a Xenograft Model of Boron Neutron
Capture Therapy. Biology 11: 420, 2022.

2021.8.24

Irradiation
No. Samples Start time Finish time

Irradiation time

[min]

1 Cells 11:10 11:20 10

2 Cells 11:26 12:26 60

3 Cells 12:32 12:34 2

4 Cells 12:40 12:44 4

5 Cells 12:46 12:52 6

6 Cells 12:59 13:07 8

RESULTS:

Table 1. Irradiated doses to cells. (C: Closest F: Farthest) 

2021.9.14

RESULTS:

Table 1. Irradiated doses to mice. (Ce:Center)

Irradiation 
time  
[min] 

Position 

Fluence 
[/cm2] [Gy] 

Thermal 
neutron  
[/cm2] 

Epi-
thermal 
neutron 
[/cm2] 

Thermal 
neutron 

[Gy] 

Epi-
thermal 
neutron 

[Gy] 

Fast 
neutron 

[Gy] 

Gamma-
ray 
[Gy] 

Physical 
Dose 
[Gy] 

B-10** 
(1ppm) 

10 
Cl 1.04E+12 1.84E+11 0.14 0.02 0.10 0.12 0.38 0.08 

F 7.76E+11 1.38E+11 0.10 0.01 0.08 0.12 0.31 0.06 

60 
Cl 6.40E+12 1.10E+12 0.85 0.09 0.63 0.62 2.20 0.47 

F 5.10E+12 9.10E+11 0.68 0.07 0.51 0.62 1.90 0.38 

2 Cl 2.30E+11 4.00E+10 0.03 0.00 0.02 0.02 0.08 0.02 

4 Cl 4.40E+11 7.80E+10 0.06 0.01 0.04 0.04 0.15 0.03 

6 Cl 6.00E+11 1.10E+11 0.08 0.01 0.06 0.09 0.24 0.05 

8 Cl 8.60E+11 1.50E+11 0.11 0.01 0.09 0.09 0.30 0.06 

2 mouse 13:41 14:41 60

Mouse
No.

P Fluence
[/cm2] [Gy]

2021.11.30

RESULTS:

Table 1. Irradiated doses to cells/mouse. (Cl: Closest, F: Farest, Ce: Center V: vial, M:mouse) 

Irradiation 
time 
[min] 

Position Fluence 
[/cm2] [Gy] 

Thermal 
neutron 

Epi-
thermal 
neutron 

Thermal 
neutron 

Epi- 
thermal 
neutron 

First 
neutron γ-

ray 
Physical 

Dose 

B-
10** 

(1ppm) 
60 Cl 

V 3.0E+12 5.4E+11 0.4 0.043 0.3 0.37 1.1 0.22 

F 
V 1.5E+12 2.7E+11 0.2 0.022 0.15 0.37 0.75 0.11 

Ce 
M 3.8E+12 6.8E+11 0.51 0.054 0.38 0.25 1.2 0.28 

60 Ce 
M 3.9E+12 6.9E+11 0.52 0.055 0.38 0.31 1.3 0.29 

Irradiation
time
[min]

Position Fluence
[/cm2] [Gy]

Thermal
neutron

Epi-
thermal 
neutron

Thermal
neutron

Epi-
thermal 
neutron

First
neutron γ-

ray
Physical

Dose

B-
10**

(1ppm)
60 Ce

3.8E+12 6.8E+11 0.51 0.054 0.38 0.25 1.2 0.28

60 Ce
3.9E+12 6.9E+11 0.52 0.055 0.38 0.31 1.3 0.29

2021.9.14

RESULTS:

Table 2. Irradiated doses to mice. (P: Position, Ce:Center)

 

Irradiation No. Samples Start time Finish time Irradiation time
[min]

1 mouse 12:31 13:31 60
2 mouse 13:41 14:41 60

Mouse  
No. 

P Fluence 
[/cm2] [Gy] 

Thermal 
neutron 

Epi-
thermal 
neutron 

Thermal 
neutron 

Epi- 
thermal 
neutron 

First 
neutron g-ray Physical 

dose 

B-
10** 

(1ppm
) 

60 Ce 3.3E+12 5.8E+11 0.44 0.046 0.32 0.23 1.0 0.24 

60 Ce 3.2E+12 5.8E+11 0.43 0.046 0.32 0.36 1.2 0.24 
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INTRODUCTION: Boron phenylalanine (BPA) has 
been developed as useful boron compound which is 
available for Boron neutron capture therapy (BNCT) 
therapy. We have recently developed a mesoporous sili-
ca-based nanoparticle which has biodegradable bond in 
the framework that are loaded with BPA, named biode-
gradable periodic mesoporous organosiliga (BPMO). 
These nanoparticles have a large surface area where BPA 
can be attached for BNCT application. In this study, we 
intratumor injected BPA-BPMO to mice transplanted 
with CT26 mouse colon cancer and evaluated the BNCT 
efficacy.  

EXPERIMENTS: BPMO was synthesized by sol-gel 
synthesis of two precursors, bis[3-(triethoxysilyl) propyl] 
tetrasulfide and 1, 2-bis(triethoxysilyl) ethane. This re-
sulted in the incorporation of tetrasulfide bonds into the 
framework of the nanoparticles. BPMO was then pro-
cessed to modify with GOPTS (3-glycidyloxypropyl tri-
methoxysilane) that contain epoxy groups. After con-
verting epoxy groups to diols, BPA was mixed with di-
ol-BPMO to graft BPA using a method to chelate boron 
with diol groups. The synthesized nanoparticles were 
characterized by using SEM, TEM, FT-IR, nitrogen ad-
sorption-desorption analysis and zeta potential. The 
amount of boron attached on the nanoparticles was ex-
amined by ICP, and boron content was determined. 

Mouse model was established by transplanting mouse 
colon cancer cells CT26 to BALB/c mouse. After injec-
tion of BPA-loaded nanoparticles, amount of boron in the 
tumor was examined by ICP.  

Irradiation of mice with neutron beams was carried out 
by placing mice in specially prepared holders. Irradiation 
was carried out with thermal neutron for 12 min at an 
operating power of 5MW. After the irradiation, mice were 
returned to cage, and tumor size was longitudinally and 
transversely measured every 2 days for up to 2 weeks.  

RESULTS: Nanoparticles synthesized had approximate-
ly 80-100 nm of diameter and homogenous shapes ex-
amined by SEM and TEM microscopy. FT-IR analysis of 
BPMO showed diagnostic peaks of typical Si-O-Si, 
-(CH2)2- and -CH2- vibrations. After loading of BPA to 
BPMO, we analyzed surface charge of BPA-BPMO 
which was negative due to modification with phospho-

nate. The zeta potential of BPA-BPMO was -41.38 mV. 

Boron accumulation in the CT26 tumor was investigated 
with ICP. We were able to achieve delivery of boron in 
the tumor but the route of delivery needs to be further 
investigated. We also observed accumulation of 
BPA-BPMO in the tumor by confocal microscopy. As 
seen in Fig.1, the red fluorescence of BPA-BPMO could 
be observed in the part of the tumor when 6.25 mg/tumor 
of BPA-BPMO (equivalent to 125 µg/tumor of 10B) was 
injected to tumor.  

Investigation of the BNCT efficacy of BPA-BPMO was 
carried out with Kyoto University Nuclear Reactor and 
evaluated by measuring tumor size every 2 days for 2 
weeks. After mice which was intratumor injected high 
concentration (6.25 mg/tumor of BPA-BPMO) or low 
concentration (0.625 mg/mouse of BPA-BPMO) were 
irradiated with thermal neutron, as seen in Fig.2, BNCT 
efficacy of BPA-BPMO was resulted in that was lower 
than that of free BPA, but constant tumor growth inhibi-
tion was seen.  

We are currently preparing BSH-BPMO instead of 
BPA-BPMO to transport more boron, and carrying out 
mouse experiment. 

BPA-BPMO (6.25 
mg of BPA-BPMO, 
125 μg of 10B)

Nuclei BPA-BPMO Merge

No injection

No injection

BPA-BPMO (Low)

BPA-BPMO (High)

Free BPA

No irradiation

Irradiation

Fig.2 BNCT efficacy of BPA-BPMO.
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Fig.1 Tumor accumulation of BPA-BPMO by confocal microscopy.
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   Detonation nanodiamonds (DNDs) have attracted 
considerable attention, in particular, in the field of na-
nomedicine due to its biocompatibility as well as var-
ious functionalities imparted by surface modification. 
Meanwhile, boron neutron capture therapy (BNCT) 
is an advanced cancer treatment utilizing nuclear fis-
sion reaction of 10B upon neutron irradiation. Re-
cently, quite a few boron-containing nanoparticles 
have been investigated to deliver 10B atoms into can-
cer tissue selectively and retentively. In this study, we 

explored boronic acid functionalized DNDs as an an-
ticancer agent for BNCT. Phenylboronic acid (PBA) 
moiety was introduced to polyglycerol (PG) modi-
fied DNDs (DND-PG) through multistep organic 
transformation (Figure 1 and 2), giving percent order 
of boron atoms. The process is scalable and reliable 
by simple covalent chemistry and the resulting prod-
uct is well dispersed, and stable chemically and phys-
ically under physiological conditions. In the in vivo 
experiments, the resulting material was accumulated 
into the tumor to exert the BNCT efficacy upon neu-
tron irradiation (Figure 3 and 4). These results 
demonstrate that the PBA functionalized DNDs are a 
promising candidate as an anticancer nanodrug for 
BNCT. 
Reference: M. Nishikawa, H. G. Kang, Y. Zou, H. 
Takeuchi, N. Matsuno, M. Suzuki, N. Komatsu* Bull. 
Chem. Soc. Jpn., 94(9), 2302-2312 (2021). 

Figure 1. Schematic illustration for design of the 
three-layered structure of DND-based nanodrug. 

Figure 3. Pharmacokinetic study of DND-PG-PBA-
SucMe-10 B; 10 B concentrations in tumor, blood and 
major organs (solid lines) and the concentration ratio

 

of tumor (T) to blood (B) (T/B ratio, dotted line). 

2.5 Pharmacokinetic study. In order to determine the
timing of drug injection before neutron irradiation, 
pharmacokinetic studies were conducted by use of 10B enriched
DND-PG-PBA-SucMe (DND-PG-PBA-SucMe-10B) through
conjugation of 10B enriched 2-formylphenylboronic acid with
DND-PG-NH2 (Scheme 2) to increase the sensitivity of 10B in
its quantification. In the experiments, after PBS dispersion of 
DND-PG-PBA-SucMe-10B (4.0 wt%, 200 µL) was injected
intravenously to a tumor mouse, the 10B concentration in tumor,
blood and major organs were measured by the neutron-induced
prompt γ-ray analysis (PGA).55 No acute symptoms on mice
were observed upon the sample injection. The result of the
pharmacokinetics is summarized in Figure 6.

The 10B concentrations of liver and spleen (orange and
purple solid lines, respectively) are higher than those of blood,
tumor and kidney (red, blue and green solid lines, respectively)
from 3 h to 48 h after injection, indicating that 
DND-PG-PBA-SucMe-10B tends to accumulate in these organs.
Assuming the average weights of liver and spleen to be 0.96
and 0.08 g, respectively, more than half amount of the injected
nanodrug is calculated to be accumulated in these organs. Since
PG was reported to show high stealth efficiency to avoid the
accumulation in liver and spleen,56 the PBA and/or SucMe
moieties may reduce the efficiency. On the other hand, the 10B 
concentration of kidney is low, implying that

DND-PG-PBA-SucMe-10B was not excreted through kidney
due to the hydrodynamic diameters larger than 20 nm
determined by DLS (Figure S7).

To elucidate the BNCT conditions, the ratio of 10B 
concentrations of tumor and blood (T/B ratio) is added in
Figure 6 (black dotted line). In addition to the high tumor 
accumulation of the drug aiming at the high BNCT efficacy, we 
should also consider the safety to avoid the side effect. The T/B
ratio is the important index other than the toxicity of the
material itself. The 10B concentrations of tumor were 17.1 and 
14.3 ppm at 14 and 48 h, respectively, which are higher than 
those at other time points. The T/B ratio was 11.1 and 6.7 at 14
and 48 h, respectively, which are also higher than those at other
time points, while the 10B concentration in blood decreased
from 32.8 ppm at 3 h at half-valued period of ca. 3 h. Since the
requirement of the T/B ratio is > 3 for the safety of BNCT, we
decided to irradiate the neutron around 14 and 48 h after the
injection of DND-PG-PBA-SucMe-10B.

2.6 BNCT study.Neutron was irradiated to the tumor
implanted BALB/c mice at 16 and 48 h after the nanodrug was
injected in the same way as that of the pharmacokinetic
experiments. Although the highest T/B ratio was observed at 14
h in Figure 6, we irradiated neutron at 16 h after the injection 
because of experimental arrangement. The tumor size and body
weight were monitored for 29 days after the neutron irradiation

Figure 5. Cell viability of DND-PG-PBA-Suc and DND-PG-PBA-SucMe against CT26 cells (n = 5).

Figure 6. Pharmacokinetic study of DND-PG-PBA-SucMe-10B; 10B concentrations in tumor, blood and major organs
(solid lines) and the concentration ratio of tumor (T) to blood (B) (T/B ratio, dotted line). The number of mice at each
time point is 3.

Figure 2. Chemical structure DND-based nanodrug 
including phenylboronic acid moiety for BNCT. 

in the next step without further purification because the free PG
is expected to be removed in the subsequent steps. The PG
content including free PG is 80.2 wt% on thermogravimetric 
analysis (TGA, in Figure S4b). The resulting material was
dispersed well in various aqueous solutions. Although the free
PG remained due to the difference in the purification procedure,
we confirmed that the DND-PG is almost identical to that
prepared in our previous works in FT-IR, 1H NMR and
TGA,38,46 and is different from DND in FT-IR (Figure S1a and
S1b).

In order to add the boronic acid layer as shown in Figure
1, the DND-PG was converted to amino functionalized
DND-PG (DND-PG-NH2 HCl as HCl salt of the amine) as 
shown in Scheme 1. Although we employed the process
reported previously,40,48 more precise characterizations were
carried out qualitatively and quantitatively in each step. For the 
DND-PG, some of the hydroxy groups in the PG layer was 
tosylated to give DND-PG-OTs. The content of tosylate was
determined to be 3.28 mmol/g by the sulfur content of the
elemental analysis (Table S5-2). In FT-IR, SO2 of the tosylate is
characterized by the peaks at 1362 and 1177 cm−1 for the
asymmetric and symmetric stretching vibrations, respectively
(Figure S1c). In 1H NMR, signals of the benzene ring and
methyl group are observed at 7.67 and 7.24 ppm, and 2.31 ppm,
respectively (Figure S2b).

In the next steps, the tosyl group was substituted with
azide and the resulting DND-PG-N3 was reduced to the amino
group by the Staudinger reaction with triphenylphosphine
(PPh3) to give DND-PG-NH2 HCl. Both DND-PG-N3 and
DND-PG-NH2 HCl were qualified and quantified by FT-IR,
solution phase 1H NMR and elemental analysis. FT-IR spectra
(Figure S1d and S1e) support the substitution with azide by the
absorption at 2102 cm−1 for asymmetric stretching vibration
and the subsequent reduction to amine by disappearance of the 
azide peak. Instead, the new peaks appear at 1601 and 1506
cm−1 corresponding to asymmetrical and symmetrical bending
vibrations of –NH3

+, respectively. In the 1H NMR (Figure S2c

and S2d), the transformations of OTs à N3 à NH2 are traced
by disappearance of signals of tosylate in the spectrum of
DND-PG-N3 and appearance of signals at 3.0 – 3.3 ppm in the
spectrum of DND-PG-NH2 HCl. The amounts of azide in
DND-PG-N3 and amino group in DND-PG-NH2 HCl are
calculated to be 4.45 and 4.22 mmol/g, respectively, from the 
TGA (Figures S4c and d) and the nitrogen content in the 
elemental analysis (Table S5-2). As we expected, the free PG
contaminating DND-PG is considered to be fully removed at
the syntheses of DND-PG-N3 and DND-PG-NH2 HCl due to
the consistent results of the PG contents at TGA (Figures S4c
and S4d) and the functional group density (Table S5-3). While
the “as-prepared” DND-PG contains 80.2 wt% including free
PG as mentioned above (Figure S4b), PG content in the “fully
purified” DND-PG without free PG is calculated to be 69 – 70 
wt% based on TGA of DND-PG-N3 and DND-PG-NH2 HCl
and the functional group content of each material. The content
of free PG in the “as-prepared” DND-PG is estimated to be 37
wt% which is roughly comparable to ca. 30 % in the SEC
(Figure S3b).

2.3 Introduction of PBA moiety and further
modification. As shown in Scheme 2, PBA moiety 
was introduced by reductive amination of
2-formylphenylboronic acid (o-boronobenzaldehyde) with 
DND-PG-NH2. The one-pot reaction was carried out in 
methanol to form the corresponding imine followed by
reduction with NaBH4 to give DND-PG-PBA. 10B enriched
2-formylphenylboronic acid was readily synthesized from
commercially available 10B boric acid via its triisopropyl ester
(experimental detail is shown in S6 in supporting
information)49 and was employed for the synthesis of 10B 
enriched DND-PG-PBA. The DND-PG-PBA-10B was used in
in vivo experiments, which will be described below. The
regioisomers of DND-PG-PBA were also prepared from 3- and
4-formylphenylboronic acid (m- and p-boronobenzaldehyde) to 
discuss the structure – property relationship, which also will be
described below.

Scheme 2. Addition of boronic acid layer on DND-PG though the reaction of 2-formylphenylboronic acid with DND-PG-NH2
and further modification by succinylation and methylation. Note that the regioselectivity between 1- and 2-positions of
glycerol unit is uncertain in the reductive amination of DND-PG-NH2 by 2-formylphenylboronic acid.

Figure 4. BNCT results of DND-PG-PBA-SucMe-10B. 
Relative tumor volume was monitored in BNCT and 
control groups for 29 days after neutron irradiation. (n 
= 5, the Student’s t-test, *p < 0.05, **p < 0.01). and the results are summarized in Figure 7. While the nanodrug

itself exhibited no effect on the tumor growth (injection control 
in Figure S8-1), neutron irradiation suppressed it to some
extent without the injection of the nanodrug (hot control in
Figure S8-1). As compared with the hot control,
DND-PG-PBA-SucMe-10B showed statistically significant
BNCT efficacy on days 17, 21 and 26 after the neutron
irradiation (BNCT 48 h in Figure 7). Although the faster
growth of one mouse increased the average tumor size (Figure
S8-2), the result of BNCT 16 h supports that of BNCT 48 h to
some extent. As for the body weight, no significant difference 
between the hot control and BNCT groups was observed,
indicating no acute or subacute toxicity of the nanodrug (Figure
S8-3). Since the reproducibility is confirmed by the
experiments using smaller number of mice (n = 3 except
injection control (n = 2)) as shown in Figure S9, we conclude
that DND-PG-PBA-SucMe-10B is a promising nanodrug for
BNCT.

3. Conclusion and Outlook
We synthesized PBA functionalized DNDs for BNCT

agent via the PG modified DNDs (DND-PG). PBA moiety was
introduced to contain the percent order of boron atoms. The
Wulff-type coordination of the resulting DND-PG-PBA may
help disperse it well under physiological conditions. To address
the aggregation problem in the presence of protein, the amino
groups of DND-PG-PBA were succinylated and methylated to
give individually dispersed solution without precipitation. The
resulting nanodrug was confirmed to be accumulated in the
tumor tissue and exert BNCT efficacy upon the neutron
irradiation. The result demonstrates that, as the first step for
proof of concept, the boronic acid functionalized DNDs can be
a promising candidate of BNCT agent.

To enhance the BNCT efficacy, we would like to elucidate
relationship of the structures of PBA, succinyl and methyl
moieties with cellular uptake. To improve anticancer efficiency,
multimodal system can be conceivable; BNCT combined with
chemotherapy by an anticancer drug such as cisplatin
incorporated at the succinyl moiety57 and radiotherapy
sensitized by the DND core.18 In the course of above
investigations, the nanodrug can be imaged by fluorescent color
center in DND. We are sure that the present work can create 
novel DND-based BNCT agents with multimodality.

4. Experimental
Materials Single-digit nanometer-sized water

dispersion of DNDs was manufactured by Daicel Corporation
(DINNOVARE™).58 For the modification of DNDs, the
following reagents and solvents were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka Japan);
2,3-epoxy-1-propanol (glycidol), N,N-dimethylaminopyridine
(DMAP), sodium azide, triphenylphosphine, magnesium
sulfate (anhydrous), formaldehyde solution (36 %), ammonia 
water, hydrochloric acid, sodium hydroxide, ethylene glycol,
pyridine, tetrahydrofuran (THF), toluene, 
N,N-dimethylformamide (DMF), ethyl acetate, methanol, 
ethanol, 2-propanol, cyclohexane, diethyl ether, t-butyl methyl
ether n-hexane, Roswell Park Memorial Institute (RPMI) 1640,
0.25 % trypsin-EDTA 4Na solution, Dulbecco's
phosphate-buffered saline (PBS(− )), 10x PBS(− ) and Cell
counting kit-8 (CCK-8, a formulation of
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfop
henyl)-2H-tetrazolium, monosodium salt (WST-8) and 
1-Methoxy-5-methylphenazinium methylsulfate (1-methoxy
PMS), produced by Dojindo Laboratories, Japan).
p-Toluenesulfonyl chloride (Ts–Cl), 2-formylphenylboronic
acid (natural abundance boron),
2-(2-bromophenyl)-1,3-dioxolane, butyllithium hexane solution 
and succinic anhydride were purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo Japan). Sodium borohydride was
purchased from Kanto Chemical Co., Inc. (Tokyo Japan).
Boron-10 boric acid (10B 99 %) is a product of Cambridge
Isotope Laboratories, Inc. (MA USA). Antibiotics solution
(penicillin-streptomycin-amphotericin B, 100x) is produced by
Thermo Fisher Scientific (MA USA). Fetal bovine serum (FBS)
was supplied by Biosera Inc. (France). RPMI 1640 from 
Nacalai Tesque, Inc. (Kyoto Japan) was also used.

Equipment 1H NMR spectra were measured by
ECX500 NMR spectrometer (JEOL). FT-IR spectra were
recorded on IR Tracer-100 FT-IR spectrometer (Shimadzu) 
equipped with DiffusIR DRIFT chamber (PIKE Technologies).
Elemental analyses were conducted at Organic Elemental
Microanalysis Center of Kyoto University. ICP-AES analysis
for boron content was done with SPS3100 (SII
Nanotechnology) at Nippon Steel Technology Co., Ltd.
Thermogravimetric analysis (TGA) was performed with

Figure 7. BNCT results of DND-PG-PBA-SucMe-10B. Relative tumor volume was monitored in BNCT and control groups
for 29 days after neutron irradiation. (n = 5, the Student’s t-test, *p < 0.05, **p < 0.01).
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INTRODUCTION: 
The number of patients with oral and oropharyngeal can-
cer exceeds 20,000, and both mortality and morbidity 
rates continue to increase, with approximately 7,000 peo-
ple currently suffering from oral cancer each year and 
more than 3,000 people dying in Japan [1]. The most 
common oral cancer is oral squamous cell carcinoma
(OSCC)(90 %), and OSCC has a high potential for nodal 
metastasis and locoregional invasion, from which over 
50% of patients die. As the most common histopatholog-
ical grading of OSCC, the World Health Organization 
differentiation criteria, based on the Broders criteria and 
merely recognizes well-, moderately-, and poor-
ly-differentiated variants of conventional OSCCs, is used 
for an indicator of prognosis. In consideration of the 
preservation of organ function, as well as appearance, 
Boron Neutron Capture Therapy (BNCT) for head and 
neck cancer is one of the effective treatments instead of 
surgical procedures, radiotherapy, chemotherapy, and 
combined therapy [2]. Therefore, the correlation between 
the tumor differentiation in OSCC and prognosis after 
BNCT is investigated in this study.  
********************************************** 

EXPERIMENTS:  The HSC-4 (JCRB cell Bank) as
well-differentiated OSCC and HSC-3 (JCRB Cell Bank) 
as poorly-differentiated OSCC were cultured in MEM 
medium (Gibco, Thermo Fisher Scientific, USA) sup-
plemented with 10 % fetal bovine serum (Sigma -Aldrich, 
USA) and 100 unit/ml penicillin and 100 mg/ml strepto-
mycin (1% p/s) (Thermo Fisher Scientific, USA) for 
OSCC mouse model. Each cell lines (1x106 cells) were 
subcutaneously injected into the left hind legs of 
6-week-old female Balb/c nude mice (Clea Japan Inc.,
Japan). After the injection of L-boronophenylalanine
(BPA, Steboronine®, Stella pharma, Japan) to the OSCC
mouse, the tumor was resected, centrifuged for 5 mins at
300×g then treated with 60% HNO3 and heated for 1
hour for measuring the boron concentration by the Induc-
tively Coupled Plasma-Mass Spectrometer (ICP-MS,
Agilent technologies 7500cx)[3]. After the administration
of BPA, OSCC mice were irradiated by neutron for 40

minutes and the follow-up body weight and the diameter 
of tumor were measured. The tumor size was calculated 
according to the following formula. 
Tumor volume [mm3] = (Long diameter [mm]) x (Short 
diameter [mm])2 /2 
********************************************** 

RESULTS and DISCUSSION:  
The results of ICP-MS analysis showed the boron uptake 
is observed in both OSCC models. However, the boron 
uptake in poorly-differentiated OSCC is slightly higher 
than the well differentiated OSCC. After BNCT, the
weight loss and the adverse effect were not observed in 
both OSCC. The tumor had significant growth in 
non-treatment group, compared to significant shrinkage 
in BNCT group. The tumor response rate is 84% in poor-
ly differentiated OSCC and 96% in well differentiated 
OSCC. 
These results indicate that BNCT is effective to both 
OSCC, although there are some slight differences. It was 
found that it is important to validate not only the boron 
concentration but also the boron distribution in this study. 
In 2022, the boron distribution and the boron neutron 
reaction in the tissue of well- and poorly -differentiated 
OSCC model would be investigated utilizing neutron 
induced autoradiography technique with a CR-39[4].  
In near future, the multidisciplinary approach including 
BNCT will proposed for OSCC. 
********************************************** 
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INTRODUCTION:

Pancreatic cancer refers to malignant tumors arising 
from the pancreas, but generally refers to pancreatic duc-
tal carcinoma. Ductal carcinoma originates from the pan-
creatic duct epithelium and accounts for 80-90% of all 
neoplastic lesions in the pancreas. According to national 
statistics, it was the fifth leading cause of death after lung 
cancer, stomach cancer, colorectal cancer, and liver can-
cer. Pancreatic cancer in our country has been on the rise 
in recent years, with more than 30,000 people dying from 
pancreatic cancer each year. 

The number of pancreatic cancer deaths has increased 
more than eightfold in the past 30 years, and the disease 
is more common in people in their 60s and slightly more 
common in men. It has been associated with smoking, 
family history of pancreatic cancer, diabetes, and chronic 
pancreatitis. 

Pancreatic cancer is difficult to detect in its early stag-
es because there are few subjective symptoms. It is usu-
ally noticed after the disease has progressed to a more 
advanced stage by abdominal pain, weight loss, jaundice, 
and other symptoms. Therefore, when pancreatic cancer 
is diagnosed, it is often found in an advanced stage. In 
addition, although some people worry about pancreatic 
cancer when they experience back pain, it is not neces-
sarily a characteristic symptom of pancreatic cancer. It is 
important to note that pancreatic cancer may be present in 
diabetics when their blood glucose control suddenly dete-
riorates.Ultrasonography, CT, MRI, endoscopic pancrea-
tography, and angiography are used to diagnose pancre-
atic cancer. If pancreatic cancer is suspected, the pancreas 
cannot be seen from the surface of the body, so an ultra-
sound or CT scan is first performed to check for the 
presence of a mass in the pancreas. CT scan can also be 
used to check for metastasis of pancreatic cancer to other 
organs such as the lungs and liver. 

One of the characteristic imaging findings of pancreat-
ic cancer is that the normal pancreas is contrasted without 
contrasting the pancreatic cancerous area when contrast 
enhanced CT scan is performed. 

Usually, malignant tumors have more pronounced tu-
mor vascular growth than normal tissues due to the rapid 
development of tumor blood vessels to nourish the tumor. 
In addition, these tumor vessels maintain a very leaky 
structure to provide a high degree of oxygen and nutrition 
to the tumor and are easily detectable using contrast me-
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dia. However, pancreatic cancer, despite being a malig-
nant tumor, is characterized by the fact that tumor blood 
vessels are somewhat scarce compared to normal, and the 
stroma between tumor cells is hyperplastic, making it 
difficult to receive the contrast effect of contrast media. 

DDS (Drug Delivery System) is a research field that 
delivers drugs such as anticancer agents to such malig-
nant tumors. It has been reported that when a liposomal 
formulation containing a drug is administered to a tu-
mor-bearing model, such a macromolecular drug accu-
mulates specifically in the tumor by leaking from the 
tumor blood vessels. This effect is called the EPR effect 
(Enhanced Permeability and Retention effect) and has 
been proposed as a theory that minimizes drug damage to 
normal tissue and maximizes the effect on tumor tissue. 

For pancreatic cancer that does not undergo contrast 
effect, we believe that it is difficult to use polymeric DDS 
formulations, which mainly have EPR effect, for future 
clinical applications. Therefore, we focused on PET (Pos-
itron Emission Tomography) using 18F-FDG, which is 
used in the diagnosis of pancreatic cancer. FDG is a test 
reagent of a glucose derivative called fluorodeoxyglucose 
F18. Glucose is labeled with 18F, a radionuclide, and is 
used as a test reagent for various types of cancer. In this 
study, we focused on glucose metabolism in cancer, and 
decided to develop a glucose-based boron drug [1]. 
EXPERIMENTS:  

In this study, we decided to develop a boron drug for 
pancreatic cancer by targeting glucose transporters. In 
classifying pancreatic cancer, we focused on CA19-9, a 
tumor marker for pancreatic cancer, which is a type of 
carbohydrate antigen called carbohydrate antigen 19-9. 
Pancreatic cancers with high CA19-9 levels are known to 
have a poor prognosis, and we investigated the relation-
ship between CA19-9 high human pancreatic cancer cell 
lines and CA19-9 high human pancreatic cancer To eval-
uate CA19-9, CA19-9 in the supernatant of cultured cells 
was measured by ELISA and observed by confocal laser 
microscopy with cell immunostaining using CA19-9 an-
tibody. 
RESULTS:   
In this study, we have succeeded in synthesizing a 
glucose-binding boron drug and have filed a pa-
tent application. It was confirmed that the glucose 
boron drug was efficiently introduced into the 
cells via glucose transporters highly expressed in 
pancreatic cancer. The anti-tumor effect of the 
new drug in pancreatic cancer model mice was 
demonstrated at  Institute for Integrated Radi-
ation and Nuclear Science, Kyoto University with 
neutron irradiation. The results were further de-
veloped and reported as a novel boron drug. We 
thank many collaborators for their cooperation. 
REFERENCES: 
[1] Leone RD, et al., Science. 2019 Nov
22;366(6468):1013-1021.
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INTRODUCTION: 
Melanoma has long been a target of BNCT. In particu-

lar, the effectiveness of BNCT has been recognized 
worldwide as evidenced by the publication of "Treatment 
of malignant melanoma by single thermal neutron capture 
therapy with melanoma-seeking 10B-compound" in the 
Lancet in 1989. In the article "Treatment of malignant 
melanoma by single thermal neutron capture therapy with 
melanoma-seeking 10B-compound" published in the 
Lancet in 1989, Dr. Mishima et al.[1] 

In this report, the world's first successful case of 
BPA-BNCT for melanoma was reported. It is regarded as 
the cornerstone of the development of BNCT in Japan. 
Melanoma is a cutaneous malignancy with an incidence 
of 1-2 per 100,000 people and is considered a rare cancer. 
In Australia, the incidence is about 35 per 100,000 people, 
with regional and racial variation. Surgery is the standard 
treatment of first choice for localized melanoma, and the 
prognosis is very good for Stage I melanoma that is un-
likely to spread to the regional lymph nodes. 

The prognosis, mainly surgery, for localized melanoma 
is very good, with a 5-year survival rate of 95-100%, and 
the disease is reported to be curable by surgery. The util-
ity of BNCT for local melanoma is reported to be high 
for melanoma patients, many of whom are elderly, be-
cause there is no pain or functional disability associated 
with surgery. 

The boron drug BAP (p-boronophenylalanine), which 
was developed to target melanoma, is a derivative of 
L-phenylalanine, the starting material for melanin syn-
thesis, and has been developed to target malignant mela-
noma from the beginning, and its concentration in mela-
noma is It is highly concentrated in melanoma. In recent
years, its use in malignancies other than melanoma has
been progressing, and its incorporation into various ma-
lignant tumors via LAT1, an amino acid transporter that
is highly expressed in cancers, has been reported.

Immunotherapy for advanced-stage melanoma has 
been in the spotlight in recent years. For many years, the 
therapeutic efficacy of immunotherapy was considered 
limited, but the development of immune checkpons and 
inhibitors by Professor Honjo Tasuku and his colleagues, 
who received the 2018 Nobel Prize in Physiology or 
Medicine, has established immunotherapy as a fourth 

therapeutic approach alongside surgery, chemotherapy 
and radiation therapy, immunotherapy has been estab-
lished as a fourth therapeutic modality alongside surgery, 
chemotherapy, and radiation therapy. 

Immune cells in our body are quick to attack invading 
foreign substances such as viruses. On the other hand, 
they cannot easily attack cancer cells generated from our 
own cells because they are our own cells, even if they 
proliferate in our body. They discovered that the reason 
why immune cells are unable to attack cancer cells is due 
to the binding between an immune checkpoint molecule 
called PD-1, which exists on the surface of cytotoxic T 
cells, and a molecule called PD-L1 on the surface of 
cancer cells. 

Furthermore, by developing a drug that inhibits the 
mechanism by which cancer cells escape from the im-
mune mechanism, the foundation of immunotherapy that 
enables immune cells to smoothly kill cancer cells has 
been completed. This drug is called an immune check-
point inhibitor. The efficacy of this immune checkpoint 
inhibitor was confirmed in patients with advanced-stage 
melanoma, marking the start of immunotherapy. 

We believe that it would be very useful for the future 
development of BNCT to investigate the direction of 
combined immunotherapy using anti-PD-1 antibody, 
which has good results in melanoma, and BPA-BNCT, 
which is compatible with melanoma, and to verify the 
effectiveness of this combination through basic research 
using animal models. 

EXPERIMENTS: 
We purchased the B16-F10 mouse melanoma cell line to 
create a melanoma model, as B16-F10 has high melanin 
synthesis capacity and has a large amount of black mela-
nin pigment even in cultured cells. Since B16-F10 origi-
nated from C57BL/6 mice, we used these mice as a mel-
anoma model. Animal experiments were conducted after 
strict approval by the ethics committees of Okayama 
University and Kyoto University. 

Melanoma model mice were created at Okayama Uni-
versity and then transported to t Institute for Integrated 
Radiation and Nuclear Science, Kyoto University, where 
BNCT treatment experiments were conducted and sub-
sequent experiments were performed. 

RESULTS: 
We used BPA as an effective boron agent for melano-

ma and confirmed the anti-tumor effect of neutron irradi-
ation. The results were favorable, and are useful for the 
development of BPA-BNCT for melanoma in the future 

We would like to express our deepest gratitude to the 
many collaborators who assisted in this project.. 

REFERENCES: 
[1] Y. Mishima et al., Lancet 334, 388–9 (1989).
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INTRODUCTION: Tumor tissue consists of tumor cells 
and stroma, especially the vasculature that supplies the 
cells with oxygen and nutrients. The antitumor effect in 
BNCT is almost specific to cells accumulating boron 
compounds. In this study, we compare the effect of this 
tumor cell-specific BNCT with the effect of X-rays that 
has no tumor cell specificity and quantitatively elucidate 
the effect of damage caused in the vascular system on the 
overall antitumor effect. This is the purpose of this re-
search. 
In FY2021, data from a previous paper using SCCVII 
tumors were re-analyzed to determine whether the effect 
of BNCT on solid tumors can be explained solely by its 
cellular-level killing effect. 
EXPERIMENTS:  The main mechanism of radia-
tion-induced cell death is double-strand breaks in DNA. 
Unrepaired breaks therefore appear as micronuclei in the 
cytoplasm after nuclear division. Addition of cytochalasin 
B to the culture medium of irradiated cells does not in-
hibit nuclear division but does inhibit cell division, so 
that cells which have undergone post-irradiation division 
are identified as binuclear cells. The decrease in the pro-
portion of cells without micronuclei is equal to the α val-
ue of the cell survival curve analyzed by the LQ model; 
the particles released from the BNCR are high-LET par-
ticles and cell survival can only be expressed in terms of 
α values. Therefore, if the distribution of the boron com-
pound is non-uniform, the lines obtained from both the 
micronucleus and colony formation assays should bend in 
the middle. Conversely, if the boron drug is not taken up 
by the cells and is distributed almost uniformly in the 
extracellular space, the two curves after BNCT should 
overlap perfectly. The relationship between neutron flu-
ence and cell survival at the level determining cure can 
be estimated from the neutron fluence and cure rate 
curves in tumor cure experiments. Combining these two 
neutron fluence and cell survival curves, and assuming a 
reasonable tumor cell count based on tumor size, the rela-
tionship between cell survival and neutron fluence can be 
estimated for the range from pre-neutron irradiation to 
the neutron fluence at which cure is achieved. 
RESULTS and DISCUSSION:  As shown in Figure-1, 
for BSH, which is not taken up by cells and is mostly 
present in the intercellular space, the cell survival curve 
showed an exponential decrease concerning neutron flu-
ence, and the micronucleus test curve completely over-
lapped on cell survival curve. On the other hand, for 
BPA-BNCT, cell survival showed an exponential de-

crease to the 10-3 level, but the micronucleus test curve 
bent in the middle. This was thought to be due to hetero-
geneous accumulation of BPA in the cells. This discrep-
ancy also suggests that the colony formation rate of cells 
which did not take up BPA was significantly lower than 
that of cells. Figure-2 shows the estimated slope of the 
cell survival curve at the level at which tumor cure is 
achieved in BNCT cure experiments with BSH and BPA. 
Combining the results of figures -1 and -2, the estimated 
cell survival curve in the full fluence range is shown in 
figure-3. From this, the tumor-forming potential of 
SCCVII tumor cells in mice was estimated to be between 
10-3 and 10-4. TD50 has not been determined but is con-
sidered to be an approximately reasonable figure based
on transplantation experience. As can be seen from the
present analysis, most of the anti-tumor effects of
BPA-BNCT but also BSH-BNCT with higher blood bo-
ron concentrations, can be explained by the direct effect
of BNCT on tumor cells and the contribution of vascular
damage to tumor cure is estimated very small if present.

Figure-1. 
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) is a cancer treatment based on the nuclear reaction 
between boron-10 (10B) and neutron. The high-energy par-
ticle beam after neutron capture by 10B is reported to break 
the double-stranded DNA of cancer cells and induce apop-
tosis. However, the effect of the particle beam on intracel-
lular organelles has not been investigated in detail. In this 
study, we investigate whether protein cleavage based on 
neutron irradiation occurs using the retinoid X receptor 
(RXR), one of nuclear receptors, and a boron-containing 
RXR ligand. 

EXPERIMENTS: The compounds shown in Figure 1A 
and bexarotene were synthesized by the authors. The RXR 
ligand binding domain (RXR-LBD) was kindly gifted by 
Prof. Nakano, University of Shizuoka. RXR-LBD binding 
assay and reporter gene assay were performed according 
to references 1 and 2. Neutron beam was irradiated at 5 
MW for 30–60 minutes. The irradiated sample (100 µL) 
was prepared as below; RXR-LBD (10 µM), CBTF-EE-
BSH (200, 100, 50 µM, converted to 10B concentration 24, 
12, 6 ppm), bexarotene (20 µM or not), buffer (10 mM 
HEPES, 150 mM NaCl, 2 mM MgCl2, 5 mM DTT, 5% 
DMSO). The irradiated sample was diluted 10 times with 
above buffer and mixed with BPB-containing buffer in a 
4:1 composition, and electrophoresed at 250 V, 20 mA for 
70 minutes. The concentration of RXR-LBD was esti-
mated using CBB staining. 

RESULTS: We have reported CBTF-EE (1a) as an RXR 
antagonist.[1] Also, it has been confirmed that CBTF-EE-
BODIPY (1b), which was designed by inducing a fluores-
cent group at the end of the alkoxy chain of 1a, functions 
as an RXR antagonist.[2] Thus, we designed and synthe-
sized CBTF-EE-BSH (1c), which has 10B cluster molecule 
BSH, and evaluated whether 1c will function as an RXR 
ligand (Figure 1A). As a result of RXR-LBD binding as-
sessment, it has been revealed that a Ki value of 1c was 
3.31 µM (Figure 1B). Then, neutron irradiation was per-
formed on each solution in which 1c and RXR-LBD coex-
isted, and in which bexarotene, which is an RXR agonist 
and inhibits the binding of 1c to RXR-LBD, was further 

added. After irradiation, the amount of RXR-LBD was es-
timated by SDS-PAGE, which can evaluate the migration 
distance according to the molecular weight of the protein, 
and CBB staining. Irradiation with 2.98 × 1013 /cm-2 as 
thermal neutrons and 5.53 × 1012 /cm-2 as extrathermal 
neutrons did not show (Figure 1C). Interestingly, NA-
TIVE-PAGE, which can evaluate the three-dimensional 
structure of the protein, indicated that the binding of bex-
arotene becomes dominant by neutron irradiation (Figure 
1D). 

Figure 1. (A) Chemical structures of 1a–1c. (B) Binding 
ability of 1c toward RXR-LBD. Evaluation of RXR-LBD 
concentration by SDS-PAGE (C), and the 3D structure of 
RXR-LBD by NATIVE-PAGE (D).  

DISCUSSIONS AND FUTURE PLAN: The neutron ir-
radiation to the combination of 1c and RXR-LBD could 
not induce RXR-LBD degradation. On the other hand, 
NATIVE-PAGE revealed that neutron irradiation induced 
the structural change of 1c and the dominant binding of 
bexarotene to RXR-LBD, when 1c and bexarotene coex-
isted. It remains whether this phenomenon is caused by 
BNCR. Irradiation of gamma ray or electron beams is a 
subject for future study.  

In recent years, various fields have been challenging to 
produce boron delivery agents which could replace L-bo-
ronophenylalanine (BPA). Given that the BNCT targets tu-
mor DNA cleavage, it is of interest to use nuclear receptor 
ligands as boron delivery agents. The reporter gene assay 
revealed that 1c functions as an RXR antagonist. In the fu-
ture, we will investigate the intracellular translocation 
ability of 1c in detail and aim to provide insights into the 
availability of nuclear receptor ligands as intracellular 10B 
delivery agents.  

REFERENCES: 
[1] M.Watanabe et al. J. Med. Chem., 2021, 64, 430–439.
[2] M. Takioku et al. ACS Med. Chem. Lett., 2021, 12,

1024–1029.
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) is a cancer treatment based on the nuclear reaction 
between boron-10 (10B) and neutron. Since this therapeutic 
effect depends on the collision of 10B with neutron, the 
concentration of boron in the cancer tissue is an important 
factor. However, for borofalan (4-boronophenylalanine), 
currently the only drug approved for BNCT, the boron 
concentration in cancer tissue is estimated from the blood 
concentration. Thus, we aimed to create a new BNCT 
agent whose boron concentration in cancer tissue is 
measurable. 

Since BNCT agents are used in large doses, we focused 
on iodine contrast agents for X-ray CT, which are also used 
in similar large doses, and enable quantify iodine 
concentration noninvasively by X-ray CT. We 
hypothesized that this principle could be used to measure 
boron concentration in tissues. To test the above 
hypothesis, we designed and synthesized 1 (Figure 1A), 
and investigated the intercellular transferability, X-ray CT 
imaging ability, and boron neutron capture reaction 
(BNCR) in cancer cell B16BL6. 

EXPERIMENTS: After obtaining iodine-containing 
boron compound 1, the intracellular transferability was 
determined by following the steps as below. Cells were 
cultured in 35 mm petri dishes submerged 2 cm squares of 
CR-39 and exposed to medium containing the 1 for 2 h. 
The cells were then washed with PBS and the cell lysates 
were prepared. Then, the concentration of 1 was measured 
using LC-MS/MS. And the CR-39 was irradiated with 
neutrons at KUR. Neutron irradiation conditions were at 
E-3 for 2 hours, 1 MW for 10, 20 minutes, or 5 MW for 10,
20 minutes, respectively. Sample conditions; were as
follows: blank, BSH (500 µM), 1 (500 µM), 1 (500 µM) +
A6K (100 µM). After neutron irradiation, the samples
were treated according to the literature [1] and imaged
using an optical microscope (BZ-X700). X-ray CT scan
was performed using Eminence STARGATE in aqueous
solutions with iodine concentrations of 4000, 2000, 1000,
and 500 ppm.

RESULTS: Chemical structure of 1 contains a boron 
cluster BSH, and two iodines for X-ray CT. The 
intracellular translocation of each condition was measured 

in B16BL6 cells, and 2-hour exposure at 500 µM of 1 gave 
an intracellular approximately 20-fold higher boron 
concentration than that of BSH, and a combination with 
A6K, which promotes intracellular delivery of BSH [2], 
approximately 100-fold higher boron concentration than 
that of BSH. 
X-ray CT imaging of aqueous solutions of 1 was

performed, and the correlation between the iodine
concentration of 1 and the CT values was obtained. It was
found that the iodine concentration which enables to
quantify was more than 800 ppm.
B16BL6 cells seeded on CR-39, which can quantify

BNCR, were irradiated with neutrons at KUR, and the
trajectory of alpha particle on CR-39 was analyzed. As a
result, while no etch pits were observed even after 2 hours
of irradiation in E-3, a boron concentration-dependent
number of etch pits was detected after 20 minutes of
irradiation at 1 MW (thermal neutron fluence 2.22×1012

cm-2). The BNCR on CR-39 after irradiation was
quantified as etch pits (Table 1). The results showed a high
correlation with the intracellular boron concentration
(Table 1) calculated by LC-MS/MS (R2 = 0.968, Figure
1B).

Figure 1. (A) The Chemical structure of 1. (B) Correlation 
between BNCR generated on CR-39 and intracellular 
boron concentration. 

Table 1. Comparison of conditions a–d, number of etch 
pits on CR-39 and intracellular boron concentration 

DISCUSSIONS AND FUTURE PLAN: In this study, 1 
was created and found to permeate B16BL6 cells in 
combination with A6K peptide, whose concentration is 
expected to be detectable by X-ray CT imaging. We are 
planning to perform CT imaging in tumor-bearing mouse. 
In addition, 1 was found to exhibit intracellular BNCR 
using CR-39. In accordance with the previous report [3], 
colony assays will be planned. 

REFERENCES: 
[1] T. Kusumoto et al., Radiat. Res., 2019, 191, 460–465.
[2] H. Michiue et al., J. Control Release., 2021, 330,

788–796.
[3] S. Masunaga et al., Springerplus., 2014, 3, 128.
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INTRODUCTION:  Recent studies have shown that 
irradiation of tumors with X-rays has various tumor im-
munostimulatory effects, and this is a new aspect of the 
antitumor effects of radiation therapy. Boron neutron 
capture therapy (BNCT) is a type of radiation therapy 
that uses the interaction of neutrons and boron nuclei 
(10B) to emit heavy particles with high cell-killing effects 
at a micro-level range [1]. In this study, we aim to devel-
op boron neutron capture therapy targeting immune func-
tions by creating boron-containing nanoparticles that tar-
get immune functions and cell populations that have neg-
ative effects on anti-tumor immunity. 

EXPERIMENTS: We attempted to develop BNCT using 
novel nanoparticles that target immunosuppressive cells 
by encapsulating the boron drug BSH in liposomes and 
binding proteins targeting immunosuppressive cells to 
their outer surface. Ligands were bound to 
BSH-encapsulated liposomes targeting CD25 and CD11b. 
The prepared boron drug was cultured with suppressor T 
cells and myeloid-derived suppressor cells (MDSCs), and 
the uptake capacity of the boron drug was evaluated us-
ing ICP-AES. 

RESULTS: Contrary to expectations, the boron drug 
created did not accumulate on suppressive T cells and 
MDSCs. 

REFERENCES: 
[1] Rolf F Barth et al. Radiat Oncol 2012;7:146.
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INTRODUCTION
Boron neutron capture therapy (BNCT) is a particle irra-
diation which can destroy tumor cells with selectivity. 
Owing to this merit, BNCT has been expected to be ad-
juvant therapy for invasive or unresectable cancers. Ac-
tually, BNCT using BPA has been covered by insurance 
for head and neck cancer since 2020. At our institution, 
we have clinically applied BNCT since 2002 as an ex-
perimental adjuvant therapy for intracranial malignant 
gliomas using nuclear reactor as a neutron source.
Intramedullary spinal cord tumors (IMSCT) are rare neo-
plasms, accounting for 4% of central nervous system tu-
mors, and for 15% of all primary spinal cord tumors. 
High-grade spinal cord gliomas make up 10% of them [1]. 
Due to such rarity, optimal management strategy remains 
controversial despite its poor prognosis. Imitating man-
agement of intracranial gliomas, intervention for IMSCT 
actually include surgical resection, radiation therapy, and 
chemotherapy. However, it is often difficult to obtain 
gross total removal for high-grade spinal cord glioma, 
and sometimes surgical compilations are inevitable. Fur-
thermore, in previous reports, extent of removal makes 
no statistical difference in prognosis [2]. Similarly, adju-
vant therapy is not estimated to prolong survival [3,4].  
The objective is exploring the possibility that BNCT have 
antitumor effect against malignant spinal cord glioma, 
which is often unresectable and resistant to conventional 
adjuvant therapy.  

MATERIAL AND METHOD 
Experimental design 
Twelve Fisher 344 rats received intramedullary injection 
containing 100,000 F98 rat glioma cells in 5µl Dulbec-
co’s Modified Eagle Medium (DMEM). They were ran-
domized into following 3 groups.  
<Group1> untreated control group (n=4) 
<Group2> neutron irradiation only (n=2) 
<Group3> neutron irradiation 2 hours after BPA admin-

istration by intravenous injection (n=6) 
Animals in group 3 received intravenous injection of BPA 
with dose of 250mg/kg b.w. (12mg B/kg) 2 hours before 
irradiation. A week after inoculation of F98 cells into a 
rat spinal cord, rats of group2 and group3 were irradiated 
at reactor power of 5 MW for twenty minutes. After irra-
diation, the animals were observed in KURNS. Euthana-

sia was performed when Basso, Bresnahan and Beattie 
(BBB) score (functional testing scale of hindlimb) was 
less than or equal to 5, or severe bladder and rectal ob-
struction was observed. The survival time since tumor 
cell implantation was calculated 
Production of spinal cord tumor model 
Animals were anesthetized with intraperitoneal injection 
of following anesthetics: medetomidine (ZENOAQ, Fu-
kushima, Japan) (0.4mg/kg), midazolam (SANDOZ, 
Yamagata, Japan) (2.0mg/kg), and butorphanol (Meiji 
Seika, Tokyo, Japan) (5.0mg/kg). Placed prone on sterile 
field, their backs were sterilized and shaved. Longitudinal 
skin incision was made on the level of Th8 to Th10. The 
underlying paravertebral muscles were retracted, spinous 
process and lamina of Th9 was removed, and finally spi-
nal cord was revealed. Cell implantation was performed 
at the median of bare spinal cord with a 28gauge Hamil-
ton syringe. The needle was proceeded to a depth of 3mm 
from the dorsal surface of the spinal cord. Wounds were 
sutured with 3-0 silk braided. 

RESULTS
Median survival of each group (untreated, irradiation 
only, irradiation after BPA i.v) was 15.8 ± 0.5 days, 18.5 
± 0.5 days, and 22.5 ± 2.0 days. There was significant 
difference between survival time of group 1 and group 3 
(p = 0.0071, log-rank test). But, comparison between 
group 1 and group 2, group 2 vs group 3 shows no statis-
tical difference (p = 0.0439, p = 0.1489 respectively).  

DISCUSSION 
This experiment resulted in a significant difference in 
survival time between the untreated group and BNCT 
group. None of the irradiated rats improved their BBB 
scores and eventually died, suggesting that therapeutic 
effect of BNCT was limited to retard the progression of 
tumor.  
Although the irradiation and boron compound contribu-
tion followed previous experimental protocol for the rat 
brain tumor model, we consider it is necessary to opti-
mize the experimental method for the spinal cord tumor 
model. Future assignment is unrevealing biodistribution 
of boron especially in normal spinal cord and spinal cord 
tumors to determine optimal conditions for boron com-
pound administration. Besides, evaluation of the histo-
pathology is indispensable to assess the antitumor effect 
and the presence of radiation necrosis.  

CONCLUSION 
It was suggested that BNCT is effective treatment for 
malignant spinal cord glioma.

REFERENCES
[1] A. Raco, V. Esposito, J. Lenzi, et al., Neurosurgery
56: 972–981, 2005.
[2] H. Adams, J. Avendano, SK. Raza, et al., Spine 37:
E727-735, 2012.
[3] MC. Chamberlain, SK. Johnston., J Neurooncol
102:427-432, 2011.
[4] T. Seki, K. Hida, et al., Asian SpineJ 9: 935-941, 2015.
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INTRODUCTION: A compact and low-cost 
non-destructive assay system to detect hidden nuclear 
material is required in the fields of nuclear security. We 
have therefore developed an innovative nuclear material 
detection method by using a neutron source of Califor-
nium-252. In this method, a neutron source is rotated at a 
speed of thousands of rpm nearby a measurement object. 
Meanwhile, it is possible to detect nuclear materials by 
confirming the deformation of the time-distribution spec-
trum obtained by a neutron detector near the object. The 
machine to rotate the neutron source is quite compact 
that its width, depth, and height is approximately 60 cm 
each. In the previous studies, we have accomplished fol-
lowing two objectives. One is that this new method was 
verified with a neutron detector bank composed of He-3 
proportional counters. Another is that a low-cost assay 
system setup was completed with the rotation machine 
and water Cherenkov detector. The water Cherenkov 
detector is much lower in cost than He-3 counters. The 
purpose of this year was to detect nuclear materials by 
using the low-cost assay system in KUCA. 

EXPERIMENTS: Figure 1 shows the experimental set-
up of the low-cost assay system and a measurement ob-
ject. The water Cherenkov detector basically consists of 
four PMTs (Photomultiplier tube) and an aquarium 
(30x25x30cm). The back of the aquarium is covered with 
PTFE diffuse reflective sheets. 
Black sheet and boron sheet are covered with the surface 
in order to prevent light and thermal neutrons. The 
aquarium is filled with the gadolinium aqueous solution 
of approximately 0.5wt%. The gadolinium was added in 
order to increase the amount of the Cherenkov light. To 
detect more Cherenkov light emission, a wavelength 
converter is added. Since high energy gamma ray also 
causes the Cherenkov light in water, we discriminate 
neutron signal by pulse height difference. A measurement 
object is put between the aquarium and the rotation ma-
chine. In this experiment, we used approximately 60 g of 
U-235 surrounded by polyethylene blocks. Measure-
ments of the neutron time distribution were performed by
a multi-channel scaler (MCS) that is synchronized with

the disc rotation. The rotation machine can rotate a neu-
tron source at a rotation speed between 0 and 4000 rpm. 
The neutron source was installed at the outer periphery of 
the disc of 32 cm diameter.  

RESULTS: Figure 2 shows an example of experimental 
results of a sample including uranium when the rotation 
speed is 3000 rpm. The left edge near 6000 micro sec-
onds is higher than the right edge near 11000 micro sec-
onds due to the geometric condition. Comparing the de-
formation of the time-distribution spectrum at 3000 rpm 
with that at 600 rpm, it was observed that the integrated 
value after the center, which is near 9000 micro-seconds, 
increased while the integrated value did not increase in 
the case not containing nuclear materials. We have con-
firmed detecting nuclear material by using the low-cost 
assay system composed of the rotation machine and wa-
ter Cherenkov detector. 

 
 
 
 

Fig. 1 Arrangement of the assay system: The water Cherenkov 
detector (left), measurement object containing uranium (mid-
dle) and the rotation machine (right). 

Fig. 2 Neutron events distribution of the uranium sample. 
The measurement time was 15 minutes with the rotation 
speed of 3000 rpm. 
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INTRODUCTION: A two-dimensional neutron detector 
with a gas electron multiplier (GEM) has been developed 
[1]. The GEM-based detector is called “nGEM” [2]. The 
nGEM is a gas-flow radiation detector having a 7:3 gas 
mixture of Ar and CO2. It has a compact body (52 × 25 × 
5 cm) that includes a gas chamber and onboard electron-
ics. In the onboard electronics, an application-specific 
integrated circuit for pulse shaping and a 
field-programmable gate array for online processing are 
also installed. The measurement data are transferred di-
rectly to a computer through a network. The data transfer 
capability is limited by the Gigabit Ethernet. The hit in-
formation, such as time of flight (TOF), hit position, and 
pulse width, is included in the 8-byte data format. The 
active area is 100 × 100 mm. For neutron detection, 
nGEM can be used to measure the number of charged 
particles originating from the n(10B, )7Li nuclear reac-
tion. The thermal neutron efficiency of nGEM depends 
on the thickness of the enriched-boron layer on cathode 
aluminum plate. The thermal neutron efficiency simulat-
ed by Geant4 [3] is shown in Figure 1. The maximum 
neutron efficiency is expected to be approximately 5% 
with a 2–3-m-thick 10B layer. Above the thicker layer 
region, the charged particles cannot come out from the 
10B layer because the particles from the n(10B, )7Li nu-
clear reaction have a shorter range. Therefore, the thermal 
neutron efficiency decreases. In the thinner layer region, 
because it is difficult to control the layer thickness, the 
film formation accuracy becomes worse. To perform ab-
solute measurements in some neutron experiments, neu-
tron detectors must first evaluate the neutron efficiencies. 
In this article, the experimental results of neutron effi-
ciency for nGEM are described. The neutron irradiation 
test was carried out using CN-3 [4] at the Kyoto Univer-
sity Reactor (KUR). 

EXPERIMENTS AND RESULTS: The neutron effi-
ciency of nGEM was studied through a comparison with 
the measurement data of helium-3 proportional counter 
(3He-PC). 3He-PC covered with B4C resin shield was 
used to measure the TOF. The counter had a gas mixture 
of 3He and CO2 (99:1), and the total pressure was 
1003.19 kPa. The counter was cylindrical with a 1-inch 
diameter. The opening area of the B4C resin shield was 
10 × 10 mm. A disk chopper was operated at 30 Hz to 
obtain the neutron wavelength dependence. Neutrons 
from 1.5 to 6 Å passed through the disk chopper. The 
3He-PC was set downstream at a distance of 2.154 m 
from the disk chopper. After the operation condition of 
the 3He-PC was defined, the beam center was scanned 
using CN-3. The relationship between the TOF and de-

tector position was measured by moving the detector po-
sition. The neutron intensity in CN-3 was derived from 
the measurement data of the 3He-PN with the absorption 
correction of the SUS detector housing. After the estima-
tion of the absorption correction with Geant4, the meas-
urement data were converted to the neutron intensity. The 
expected neutron intensity at CN-3 with a KUR beam 
power of 5 MW was approximately 2016.1 ± 1.4 neu-
trons/s‧cm2. Furthermore, the counting rate of nGEM was 
measured by replacing 3He-PC.  
The neutron efficiency is defined as the ratio of the 
nGEM counting rate and the expected neutron intensity 
in CN-3. The neutron efficiency of nGEM is shown in 
Figure 2. The results show that the nGEM has a thermal 
neutron efficiency of approximately 0.3%. The Geant4 
simulation result with a 0.07-m-thick 10B layer is indi-
cated as a blue line in the aforementioned figure. Because 
the measurement data are consistent with the simulation 
result, it can be concluded that the 10B layer thickness is 
close to 0.07 m.  
This work was carried out in part with the support of 
JSPS KAKENHI, Grant Numbers JP20K12503 and 
JP20H04462. 

Figure 1. Thermal neutron efficiency with Geant4. 

Figure 2. Neutron efficiency of nGEM. 
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INTRODUCTION: Boron Neutron Capture Reaction 
(BNCR) is based on the nuclear reaction of 10B atom with 
thermal/epithermal neutron already applied to cancer 
treatment (BNCT) [1, 2]. As a new utilization method of 
BNCR, the purpose of this study is to establish a novel 
mutation breeding using BNCR. 

The method attempts to mutagenesis by immersing 
plant seeds in a 10B-enriched boron compound, re-drying, 
and then irradiating the seeds with thermal neutrons to 
induce BNCR. Its mutagenic effect depends on chemical 
and physical factors such as 10B concentration, thermal 
neutron intensity, and irradiation time. In previous ex-
periments, rice seeds were treated with 10B-enriched 
p-boronophenylalanine (BPA) [3] or BPA-fructose com-
plexes (BPA-Fc) at concentrations of 10-1000 ppm for 16,
24, or 48 hours, irradiated with thermal neutrons, and
then examined for germination rate to evaluate mutagen-
icity. As a result, no decrease in germination rate was
observed under these conditions; considering the solubil-
ity of BPA, 1000 ppm is considered to be the upper limit,
and as for the immersion time, no relationship with
BNCR was observed for the 48h treatment, and simply
the immersion time decreased the germination rate, indi-
cating that 48h or longer is not appropriate. In other
words, it was difficult to achieve a stronger treatment
with BPA. In order to investigate a stronger treatment
method that would confirm a decrease in germination rate,
the experiment was conducted this time by changing the
boron compound used to 10B-enriched boric acid
(H3

10BO3).

EXPERIMENTS: The experimental material used Ory-
za sativa L. cv. Nipponbare. The dry seeds were im-
mersed into different concentrations (0, 1, 10, 50, 100 
mM) of 10B-enriched boric acid for 24 h and 100mM 
H3

10BO3 for 36 h. Solvent was PBS buffer. The samples 
were washed with water and re-dried. The seeds in 6-mL 
tubes were irradiated with thermal neutron for 90 minutes 
in the Kyoto University Research Reactor (KUR). The 
irradiated seeds were sown in cell trays on May 13, 2021, 
germinated in a germination machine, grown outdoors, 
and the germination and survival rate was examined 14 
and 21 days after sowing. As a control experiment, seeds 
that were only treated with H3

10BO3 immersing and not 
irradiated with thermal neutrons were sown on pe-
tri-dishes with continual moistening of filter paper to 
check germination rate after 7 days.  

RESULTS: Germination rate decreased in a H3
10BO3

concentration-dependent manner (Fig. 1). This concentra-
tion-dependent decrease in germination rate was not ob-
served in seeds that were not irradiated with thermal neu-
trons, suggesting that it was not due to immersion in 
H3

10BO3 solution, but rather to BNCR. As mentioned 
above, no reduction in germination rate was observed in 
previous experiments using BPA, so it is assumed that 
this result is due to differences in 10B uptake in plant 
seeds caused by differences in boric acid compounds. 
This is an interesting finding regarding the uptake of bo-
ron by plant seeds. Based on the results of this study, the 
germination and survival rates of the 10B boric acid 
treatment were less than 50% after 24h treatment at 50 
ppm, suggesting that 24h and 10 ppm is the most efficient 
treatment for mutagenesis. In the future, we would like to 
confirm the phenotype of M1 and M2 generations, evalu-
ate the mutation spectrum, and conduct genetic analysis 
to discover the effectiveness of this method as mutation 
breeding. 
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Fig.1 Relationship between treatment conditions and germination 

and survival rates. 

*DAS : day after sowing
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INTRODUCTION:  Safer handling of high-level radi-
oactive wastes (HLW) produced from nuclear recycling is 
a major scientific and engineering challenge. Although 
the possibility of early failure of HLW packages after 
repository closure is low, the radionuclides (RNs) could 
leach to the biosphere. The sorption reaction of RNs onto 
host rock would be exploited as an effective barrier to 
inhibit the migration. Simulation-, field-, and laborato-
ry-based studies have demonstrated that the sorption of 
RNs would be significantly affected by natural organic 
matters, such as humic acid (HA) molecules in ground-
water, by complexation or colloidal formations [1,2]. In 
addition, the gamma rays stemming from the decay of 
RNs penetrate through the steel canisters of HLW with a 
long-term gamma irradiation field will be generated near 
the packages. The gamma irradiation would affect the 
chemical properties of HA, subsequently leading to in-
teractions between HA and RN. Nevertheless, the effect 
of gamma-irradiated HA on the sorption of RN has not 
been clarified yet.  
This study was aimed at elucidating the dependence of 
gamma-irradiated HA solutions on the sorption of RNs. It 
can enable the prediction of radionuclide migration and 
help establish a sorption coefficient database. For this 
purpose, this research was conducted on investigating the 
impact of gamma irradiation on the complexation of HA 
with non-radioactive Cs and Eu, including the apparent 
formation constant and the complexation affinity in terms 
of molecular-weight fractions. 

Mn+(aq)

MSorbed

Humic acid
MM-HA

Migration

MM-HA,sorb

Gamma field

Fig. 1  Typical sorption and complexation of RNs (M) in 
the presence of humic acid and a groundwater systems. 

EXPERIMENTS:  The pH of the irradiated HA solu-
tion was adjusted to around 8. Stock metal solution was 
added to the HA solution to obtain an initial metal con-

centration of ca. 10−8 mol/dm3. The rock powder was put 
into a polycarbonate tube. The metal–HA solutions were 
either not aged or aged for a few months prior to the fol-
lowing process, named as the co-sorption and pre-contact 
systems. Samples were placed horizontally and shaken 
gently at room temperature. After a contact time of 1 
month, the supernatant was filtered through a membrane 
filter with a pore size of 0.20 μm. The filtrates were ana-
lyzed using a total organic carbon analyzer and ICP-MS 
for TOC and metal concentrations, respectively. For 
comparison, the metal concentration was also measured 
by using a 10 kDa pore size filter. Recovery experiments 
were also carried out for the loss of HA and metal ions in 
the metal–HA system using a 0.20 μm pore size filter 
under the same experimental conditions [3].  

RESULTS:  Batch sorption experiments were per-
formed to evaluate the effect of gamma-irradiated HA on 
the sorption reactions of Cs and Eu at neutral pH. The 
purified Aldrich HA in solution was irradiated by a 60Co 
source at KURNS of gamma rays up to 100 kGy. The 
irradiation reduced the sorption coefficients of the HA 
molecules.  
In the absence of HA, the sorption coefficient of trivalent 
Eu ions was as high as the reported values. In the pres-
ence of non-irradiated HA, the sorption of Eu complexed 
with HA was suppressed owing to the formation of neu-
tral or negatively charged complexes in aqueous phase. 
Although the ratio of HA- and non-complexed species 
was more than 10, the ratio in the solid phase was less 
than 1. The ratio was evaluated based on the difference in 
metal and TOC concentration solutions filtered by a dif-
ferent pore size filter. The result indicated the ratios de-
creased with dose, suggesting that the metal complexa-
tion affinity of the decomposed fragments of HA was 
lower than that of the non-irradiated one. 
On the other hand, the Cs sorption was not affected by 
HA and the gamma irradiation dose, probably due to a 
weak complexation ability of monovalent cation with HA. 
And, it indicates an insignificant contribution of HA to 
Cs sorption onto the rock surface. This new method to 
evaluate the molecular-weight distribution of species in 
liquid and solid would provide more quantitative findings 
of the impact of HA on the sorption of metal ions onto 
rock sample. Further experimental investigation of the 
sorption mechanism will provide more detailed insight 
into the different impacts of HA on RNs. 
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INTRODUCTION:  For the safety assessment of 
high-level radioactive waste disposal, it is important to 
establish a robust prediction of the migration behavior of 
radionuclides under relevant disposal conditions. Acti-
nides with long-half-lives behave as polyvalent metal 
ions and easily hydrolyzed to form amorphous hydroxide 
precipitates at neutral pH of groundwater. The sparingly
soluble amorphous hydroxides are considered to play as 
solubility-limiting solid phases to dominate the migration 
behavior of actinides [1]. However, due to decay heat 
from the high-level waste, the amorphous hydroxides are 
possibly transformed into more thermodynamically stable 
solid phases during the long-time migration scenario. On 
the other hand, some of crystalline oxides known as sta-
ble solid phases are reported to be partly converted to 
hydroxides in aqueous solutions under certain conditions 
[2]. Although it is necessary to elucidate the stable state 
of solid phase in long-term disposal system, there are still 
some open questions on the stability of hydroxide-oxide 
solid phases in aqueous solutions. In the present study, 
we focus on the trivalent lanthanum oxide-hydroxide 
solid phases as chemical analogous of trivalent americi-
um and curium. Lanthanum crystalline oxide was pre-
pared and aged in aqueous solutions at 90 ℃. After given 
aging periods, the solid phases were investigated by 
X-ray and neutron diffraction techniques.

EXPERIMENTS:  Lanthanum oxide (La2O3) were 
purchased from the manufacturer and heat at 1000 ℃ for 
2 hours to remove possible residual hydroxides. Then 
given amount of La2O3 was added in a sample solution. 
The sample solution was prepared by D2O and the initial 
pH was adjusted to pH 8 by DCl/NaOD with small por-
tion of pH buffer (TAPS). The ionic strength (I) was set 
to I = 0.1 by adding appropriate amount of NaClO4. After 
the sample solution with the solid phase was heated at 
90 ℃ for 1, 3, 7 hours, the solid phase was separated and 
dried. In order to prevent the possible contamination of 
proton (H) and possible transformation by atmospheric 
H2O, preparation of sample solution, aging, and drying 
were performed in an Ar glove box. The X-ray diffraction 
patterns were collected by Smartlab (Rigaku), The neu-
tron diffraction pattern was collected by the versatile 
compact neutron diffractometer (VCND) located at the 
B-3 beam port of the Kyoto University research reactor
(KUR) [3]. A Cu monochromator with 40 mm diameter
was used to monochromatize the neutron wavelength of
1.0Å. The beam size was approximately 10 mm in width
and 30 mm in height. The beam flux was 1.3×105 n/s･

cm2 during the operation at the power of 5 MW on KUR. 

RESULTS:  Figure 1 shows the X-ray and neutron dif-
fraction patterns of initial La2O3 and the solid phase after 
aging at 90 ℃ for 1 hour. The X-axis represent the lattice 
plane spacing d (d = /2 sin , =1.54 Å for X-ray dif-
fraction and =1.0 Å for neutron diffraction). By com-
paring the XRD patterns before and after the aging, peaks 
corresponding to La2O3 disappeared and those corre-
sponding to La(OH)3 appeared. This indicated that the 
initial La2O3 almost completely converted to crystalline 
La(OH)3 even after 1 hour. The XRD patterns of the solid 
phases after 3 and 7 hours aging were found to show no 
significant difference to that after 1 hour. Figure 1 also 
shows the neutron diffraction patterns of before and after 
the aging. The pattern seems to include both peaks cor-
responding to La2O3 and La(OH)3. Further confirmation 
is needed by the measurement of longer aging periods. 
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Fig. 1.  X-ray and neutron diffraction patterns of ini-
tial La2O3 and the solid phase after aging at 90 ℃ for 
1 hour. 
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INTRODUCTION: Electrochemical dissolution of acti-
nides in molten chloride salt is performed in electrorefin-
ing process of spent metallic fuels. Since part of actinides 
exists as alloys with noble metal fission products in spent 
metallic fuels [1], for the purpose of achieving a high 
dissolution ratio of actinides from the spent metallic fuels, 
it is necessary to accumulate the basic knowledge on the 
actinide dissolution from actinide-noble metal alloys. As 
one of actinides-noble metal alloys, this study focused on 
U-Ru alloy and electrochemical dissolution of U from
U-Ru alloy was investigated in LiCl-KCl-UCl3 melt.

EXPERIMENTS: All experiments were performed in an 
Ar atmosphere glove box. Cyclic voltammetry, one of the 
electrochemical measurements, was performed using a 
Ru metal plate and a W wire as the working electrode in 
LiCl-KCl eutectic salt containing 0.16 mol% UCl3 at 723, 
773 and 823 K. The counter electrode was a glassy car-
bon rod. The reference electrode was Ag/AgCl electrode 
which was composed of a Ag wire immersed in 
LiCl-KCl-AgCl melt loaded in a pyrex glass tube.  

RESULTS: Since W forms no alloy with U, a cathodic 
current, c1, and the corresponding anodic current, a1, 
observed at around -1.4 V (vs. Ag/AgCl) in Fig. 1 were 
ascribed to U metal deposition and the dissolution of the 
deposited U metal (reaction 1), respectively, 

U→  U3+ + 3e-                               (1) 
Another cathodic and anodic current couple (c2 and a2) 
was seen at around -0.2 V, corresponding to the U3+/U4+ 
redox reaction (U4+ + e- = U3+).  
Fig. 2 shows cyclic voltammograms of the Ru plate elec-
trode in the melt at 723, 773 and 823 K. In addition to the 
cathodic and anodic current couples ascribing to U metal 
deposition and dissolution (c1 and a1) and U3+/U4+ redox 
reaction (c2 and a2), several cathodic and anodic currents 
were observed. Taking into account that five alloy phases, 
U2Ru, URu, U3Ru4, U3Ru5 and URu3, exist in U-Ru bi-
nary system [2], it was considered that the cathodic cur-
rents corresponded to U3+ reduction on the Ru plate to 
form U-Ru alloys and the anodic currents were due to the 
U dissolution from the formed U-Ru alloys (reaction 2),  

UyRux →   U3+ + Uy-1Rux + 3e-        (2) 
The results of Fig. 2 also indicated that most part of U 
could be anodically dissolved from U-Ru alloy by keep-
ing the anode potential at more positive potential than 
-1.0 V at the electrorefining process. As the future study,
it is necessary to investigate the anodic dissolution be-
havior of U from U-noble metal fission products alloys
other than U-Ru alloy to evaluate the electrolysis condi-
tion of electrorefining process with a high dissolution

ratio of U from spent metallic fuels. 

Fig. 1 Cyclic voltammogram of the W wire electrode (1 
mmφ, immersion depth of 7 mm into the melt) in 
LiCl-KCl-0.16mol%UCl3 melt at 773 K. Scan rate was 
50 mVs-1. 

Fig. 2 Cyclic voltammograms of the Ru plate electrode in 
LiCl-KCl-0.16mol%UCl3 melt at (a) 723 K, (b) 773 K 
and (c) 823 K. Scan rate was 20 mVs-1. The effective 
electrode dimension was (a) 1×2×7 mm, (b) and (c) 
1×2×8 mm.  
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INTRODUCTION: For the long-term use of nuclear 
power plants, it is essential to make further progress in 
the technology for the processing of radioactive waste 
contained in the spent nuclear fuel. In response to this 
situation, JAEA has developed the “SELECT process” as 
a part of the technology for separation and transmutation 
of radioactive nuclides from radioactive liquid waste [e.g. 
1]. In this process, several extractants suitable for differ-
ent applications have been considered for the extraction 
of minor actinides (MAs) and rare earth elements (REEs) 
from radioactive liquid waste. More detailed studies to 
expand knowledge of the chemical extraction behavior 
between these extractants and radioactive elements are 
needed. We focused on europium (Eu), which is a radio-
active element contained in the spent nuclear fuel. Euro-
pium concentration in the spent nuclear fuel can be up to 
~0.52 g/L [2] and the isotopes 154Eu and 155Eu have a 
half-life of 8.6 years and 4.8 years respectively [3] pos-
ing as a threat to the recycling process. In order to under-
stand its chemical behavior during the extraction reaction, 
a new extractant, N,N,N’,N’-tetradodecyldiglycolamide 
(TDdDGA) was used to with the solvent extraction 
method to determine its chemical properties. In addition, 
terbium (Tb), which is also a lanthanide and has similar 
properties to Eu, was studied and the results were com-
pared. 

EXPERIMENTS: For the HNO3 concentration depend-
ency, TDdDGA was used as the extractant and a mixed 
solution of n-Dodecane and 1-Octanol was used as sol-
vents to adjust the TDdDGA concentration to 0.01, 0.02, 
0.04 and 0.10 M. For the aqueous phase, 1 ppm of Eu or 
Tb was added to HNO3 1.5 M. Both phases were stirred 
for 30 mins to reach equilibrium. The solution was sepa-
rated by centrifugation and the aqueous phase was ex-
changed with a 0.1 M HNO3 solution and back extraction 
was performed. The Eu and Tb concentrations of the 
aqueous phase before and after both extractions were 
measured by Inductively Coupled Plasma Quadrupole 
Mass Spectrometry (ICP-QMS) at Kyoto University, and 
the distribution ratios were determined. Furthermore, 
fluorescence spectra were measured to observe the com-

plex structure in the organic solutions after fore extrac-
tion. All experiments were carried out at room tempera-
ture. 

RESULTS AND DISCUSSIONS: The solvent extrac-
tion and fluorescence spectra results are shown in Figs 1 
and 2. Terbium was consistently up to 10 times higher in 
distribution ratios at all extractant concentrations com-
pared to Eu. From the extraction reaction and slope anal-
ysis, it is suggested that a TDdDGA : Eu = 3 : 1 complex 
had formed and the complex structure did not change 
with the increase in extractant concentration. For Tb, it 
was also suggested that a complex of TDdDGA : Tb = 3 : 
1 formed. However, since the fluorescence spectra inten-
sity increased between TDdDGA 0.01 M and above, this 
indicates the existence of multiple complex structures 
can be formed with Tb and that there is a distinct differ-
ence between 0.01 M and 0.02 M or higher. 
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Fig 1. Dependence of D on TDdDGA for Eu and 
Tb. Tb has a higher D compared to Eu.  

Fig 2. Fluorescence spectra of Tb with various 
TDdDGA concentrations.  
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INTRODUCTION: Nobelium (No) is an actinide 
element with atomic number 102. While other f-block 
elements are stable at +3 or higher valence states in 
aqueous solutions, No is considered to form +2 valence 
state stably because of its electronic configuration 
[Rn]5f14 7s2. Previous ion-exchange experiments have 
reported that No exhibits similar chemical behavior to 
that of Ca2+ and Sr2+ [1]. Our group has recently 
suggested that No2+ shows different behavior from 
alkaline earth metal ions, in the samarium hydroxide 
coprecipitation [2]. Further systematic studies are needed 
on the No2+ comparing with group II elements from the 
viewpoint of molecular structure in the solution and its 
electronic structure.  

We focus on solid-liquid extraction using crown ether. 
Sr resin, commercially available crown-ether supported 
resin, has extraction selectivity for alkaline earth ions, 
and this selectivity is sensitive to change by type of acid 
of a liquid phase and its concentration [3,4]. 

 This study aims to investigate the extraction behavior 
of No2+ in the Sr resin system and the bonding properties 
of No2+-crown complexes. To obtain a distribution 
coefficient (Kd) of 255No, which has a half-life of 3.5 min, 
chemical reaction in the extraction systems must rapidly 
reach chemical equilibrium. In this study, solid-liquid 
extraction experiments of 47Ca, 85Sr, 133Ba, and 226Ra 
were conducted to investigate the applicability of Sr resin 
extractioin system for 255No experiments. 

EXPERIMENTS: 0.5–2 mL of HNO3 or HCl solutions 
containing the radiotracers 47Ca, 85Sr, 133Ba, and 226Ra 
were contacted with 50–500 mg of Sr resin and shaken 
for 1–1440 minutes. 47Sr, 85Ba, and 133Ra are produced by 
AVF cyclotron at RIKEN Nishina Center and had no 
career (no matrix elements), while 47Ca was produced by 
neutron irradiation to natCaO powder at KURNS and had 
carrier about 1 mg / mL Ca dissolved. After extraction 
experiments, only the liquid phase was taken by 
centrifugation, and the γ rays of each nuclide were 
measured with a Ge semiconductor detector. A sample 
without resin was also prepared. Kd was calculated by the 
equation  

Kd = (ASTD - As)V / Asw, 
where As and ASTD are radioactivities of the aqueous 
phase of the extraction sample and the control sample, 
respectively; V is the volume of the aqueous phase (mL); 

and w is the mass of the dry resin (g). The A values for 
each nuclide were appropriately corrected considering 
their respective half-lives. 

RESULTS: Figure 1 shows the Kd values in 3.5 M HNO3
as a function of shaking time. For Sr, Ba, and Ra, the 
extraction equilibrium was reached within 1 min. On the 
other hand, it took about 5 minutes for Ca to reach 
chemical equilibrium. This difference may be caused by 
the fact that only the Ca sample contained a macro 
amount of carriers. It is important to examine the change 
in the Kd values of 255No for shaking times 1–5 min. 
  In both nitric and hydrochloric acid systems, the Kd 
values of Ca are significantly lower than that of Sr, Ba, 
and Ra. Since ionic radius and available coordination 
number of Ca2+ is small, the extracted species, 
Ca2+(NO3)2-crown, may have lower stability. 

We will obtain the Kd values of 255No in Sr resin 
system using the batch-type solid-liquid extraction 
apparatus developed in our previous study [5]. We also 
plan to conduct an X-ray absorption spectroscopy study 
to obtain the detailed molecular structure of the extracted 
Ca2+-crown complexes. 

Figure 1. The Kd values of 47Ca, 85Sr, 133Ba, 226Ra 
in Sr resin / 3.5 M HNO3 system (dashed lines 
indicate the values obtained in reference [3]). 
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Determination of Uranium in Fallout Using Fission-Track Analysis 
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Kyoto University 

INTRODUCTION:  A large amount of radioactive 
materials were released to the environment by the severe 
accident of Fukushima Daiichi Nuclear Plant in 2011. 
One of the major radioactive components of the released 
materials are radio-cesium, but there contained a small 
amount of uranium [1]. Insoluble radioactive particles 
which is one of the important chemical forms of fallout 
materials were found in the environment, and a part of 
them also contain uranium component [2]. The radioac-
tivity of uranium in fallouts is so large to affect human 
health, but the uranium is an important fingerprint of 
melted nuclear fuel of the power plant. In the case of ra-
dio-cesium, the quantity in insoluble particles can be de-
termined by measurement of gamma-ray spectrum, but it 
is difficult to determine the uranium component because 
of their low radioactivity. Fission track method is one of 
the useful techniques to determine a small amount of fis-
sile materials [3]. In the present work, a standard envi-
ronmental sample which contains uranium were subject-
ed to the fission-track analysis to investigate experi-
mental conditions for determination of the uranium in 
fallout materials.  

EXPERIMENTS:  The standard environment sample 
of IAEA-384 which contains comparable amount of ura-
nium as soils in Japan has been irradiated by neutrons to 
produce fission tracks on a polycarbonate detector 
(BARYOTRAK, Fukubi Chemical Industry). Several mg 
of the fine particles of the sample were scatted on the 
detector surface and wrapped by a paraffin film to fix 
particles on the detector. Samples with detectors were 
irradiated by neutrons using TC-Pn irradiation facility at 
the power of 1 MW on KUR. The irradiation time varies 
from 1 to 60 min. After the irradiation, sample particles 
were removed from the detector together with the film. 
Fission tracks were etched in the detector with a solution 
of 8 mol/L sodium hydroxide at 70°C for 1 hour. Detec-
tors were washed by pure water and the etched tracks 
were observed by using optical microscope.  

RESULTS:  Examples of image of fission tracks are 
shown in Fig. 1. The upper and lower panels indicate the 
images obtained by irradiation for 10 and 60 min, respec-
tively. Fission tracks were produced all over the surface 
of both detectors. There found several clusters of tracks 
in both images but not in the image of 1-min irradiation. 
The clusters might indicate existence of highly concen-
trated uranium. Because the concentration of uranium in 
fallout materials released from the nuclear power plant is 
expected to be higher than that of the sample used in the 
present work, it was found that the fallout materials con-

taining uranium can be clearly identified from soil and 
other natural particles by fission-track analysis. In the 
case of identification of fallout materials from the nuclear 
power plant, the irradiation time shorter than 10 min 
might be effective because cluster of tracks can be pro-
duced by only the fallouts but not by soil and other natu-
ral particles. 
  In the near future, we will try to determine the uranium 
concentration in fallout materials using fission-track 
analysis. And this method could be applied to detection 
of insoluble particles produced by nuclear incident such 
as explosion of an atomic bomb. 

Fig. Tracks produced on the surface of the detector by 
irradiation of IAEA-384. Upper and lower panels show 
images observed by irradiations for 10 and 60 min, re-
spectively. 
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INTRODUCTION:  Palladium-107 is one of long 
half-life nuclides in high level radioactive waste. It un-
dergoes only beta decay with a half-life is 6.5x106 y. Its 
migration in the environmental and the following inner 
exposure is a concern for safety assessment [1]. In the 
assessment with radiochemical methods, Pd-103 would 
be used as a tracer with an appropriate length of half-life; 
however, its low gamma ray emission rate is unfavorable. 
Nevertheless, the emission rate of X-ray around energy of 
20 keV from Pd-103 is much higher, which provides the 
possibility to make quantitative analysis. The acquisition 
of photon energy spectra is usually used by a Ge(Li) 
semiconductor detector. However, it cannot measure such 
low energy region. In this report the photon spectrum of 
Pd-103 was acquired with a CdZnTe (CZT) semiconduc-
tor detector which can detect low-energy photon. 

EXPERIMENTS:  Pd-103 was produced from Pd-104 
through photo nuclear reaction. The powder of PdCl2 was 
encapsulated in a quartz tube under vacuum [2]. The 
PdCl2 sample was irradiated with high-energy photons 
generated from the bombardment of platinum with elec-
trons of 30 MeV at KURNS-LINAC. The CZT detector, 
GR1TM from Kromek Ltd, can be used without cooling 
and its detector size was 1cm3 [3]. The calibration of the 
detector was conducted with reference sources containing 
Am-241, Cd-109, Co-57, Co-60, and Cs-137.  

RESULTS:  Figure 1 shows the photon spectrum of the 
reference sources. The CZT detector can measure the low 
energy photon of 10 keV without interfere by noise. The 
energy resolution was 1.6 % at 662 keV of Cs-137. The 
high peak of X-ray from Am-241 and Cd-109 was shown 
around 20 keV and is overlapped with a small peak 
probably from Cs-137. This spectrum yields an energy 
calibration curve in Figure 2, showing its high linearity in 
a wide energy range. Figure 3 shows the photon spectrum 
of PdCl2 two weeks after irradiation. The peak of 357 
keV of Pd-103 was hardly shown in the spectrum due to 
its low emission rate. The large peak shown around 300 
keV was identified as Rh-101m of 307 keV produced 
from Pd-102 through photo nuclear reaction. The large 
peak shown around 20 keV can be considered as mixed 
X-ray from Pd-103 and Rh-101m. The purification of
Pd-103 from Rh-101m can provide the X-ray source of
Pd-103, suitable for radiochemical tracer.

Figure 1 Photon spectrum obtained from mixed reference 
sources. 

Figure 2 Energy calibration curve evaluated with mixed 
reference sources. 

Figure 3 Photon spectrum obtained from irradiated palla-
dium. 
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Resin in HNO3  
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INTRODUCTION: We have been investigating the ap-
plicability of crown ether resins to radioactive liquid 
wastes treatment.  In our earlier study, silica-supported 
resins consisting of dibenzo-18-crown-6 (DB18C6) (Fig. 
1) has been found to adsorb e.g. Pd(II) and Ag(I) in nitric
acid media[1].  It has also been revealed that γ-ray irra-
diation to DB18C6 resin in HNO3 caused opening of
crown ether ring (Fig. 2), resulting in the formation of
structure obtaining plural hydroxyl groups without selec-
tivity to the above-mentioned metal ions[2].  These re-
sults suggest that coexisting adsorptive metal ions on
γ-ray irradiation for crown ether resins may suppress the
ring opening, because these metal ions would be captured
by DB18C6 resin in a manner of getting stuck in the
crown ether ring.  In the present study, therefore, γ-ray
irradiation behavior to DB18C6 resin in HNO3 containing
Pd(II) and Ag(I), respectively, was investigated.

Fig. 1.  Chemical structure of DB18C6 resin 

Fig.2.  An expected ring opening of DB18C6 
by irradiation in HNO3 

EXPERIMENTS: DB18C6 resin was synthesized by 
following the earlier study[1].  0.5 mol/dm3 (=M) HNO3 
containing 10 mM Pd(II) or Ag(I), and 0.5 M HNO3 as 
the reference were used as the sample solutions followed 
by the preparation of in total four irradiation samples 
shown below : 

(i) DB18C6 resin + 10mM Pd(II) in 0.5 M HNO3

(ii) DB18C6 resin + 10mM Ag(I) in 0.5 M HNO3

(iii) DB18C6 resin + 0.5 M HNO3

(iv) silica support + 10mM Ag(I) in 0.5 M HNO3

where solid/liquid ratio for every sample was 1g/5cm3. 
γ-Ray irradiation was carried out similarly to the earlier 
study (max. 54 kGy)[3].  The irradiated samples under-
went solid-liquid separation and concentrations of metal 
ions for supernatant liquid of samples (i), (ii) and (iv) 
were measured using ICP-OES.  Adsorptivities were 
evaluated by the distribution ratio, Kd.   

RESULTS: In this study, phenomena of interest except 
irradiation procedure itself were observed for the rela-
tionship between DB18C6 resin and metal ions.  For 
Sample (ii), white turbidity was generated in the glass 
sample tube after preparation of the solution.  After-
wards, the turbid compounds were precipitated and white 
lumps were deposited on the dark brown DB18C6 resin. 
The concentration of Ag in the supernatant after deposi-
tion of white lumps was found to be 0.8 M, meaning that 
more than 90 % of Ag disappeared from the liquid phase 
before irradiation.  Such a precipitation was not ob-
served in our earlier study, and it is probably because the 
initial concentration of Ag(I) was 10 times lower (1 mM) 
than that of this study[1].  On the other hand, such a 
precipitation was not seen in Sample (iv), either.  These 
results indicate that a precipitation reaction occurred be-
tween DB18C6 resin and Ag(I).  Ag has been expected 
to be adsorbed onto DB18C6 resin in the form of Ag(I). 
However, the expectation should be re-evaluated. 

Eventually, the concentration of Ag in the supernatant 
of Sample (ii) after irradiation was decreased to 0 mM. 
The result can be expressed as ∞ by evaluating by Kd. 
Kd value of neat DB18C6 resin for Ag(I) at 0.5 M HNO3 
was ca. 9[1].  Although the direct comparison is impos-
sible because the experimental conditions were not com-
pletely identical, it is likely that the irradiated DB18C6 
resin still captures Ag in a certain chemical form.  

For Sample (i), the concentration of Pd in the superna-
tant after irradiation was found to be 2.7 mM, which is 
equivalent to Kd ≈ 13.  Kd value of neat DB18C6 resin 
for Pd(II) at 0.5 M HNO3 was ca. 75[1].  Although the 
direct comparison is impossible due to the similar reason 
for Ag(I), adsorptivity of DB18C6 resin for Pd(II) is 
found decreased after irradiation.  These results suggest 
that the opening of crown ether ring by irradiation takes 
place even under coexistence of Pd(II).  
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INTRODUCTION:  
  Recent investigations on the targeted alpha therapy 
(TAT) revealed its efficacy in the case of 225Ac [1] and also 
the difficulty in the production of 225Ac. Depending on the 
target disease and patient's condition, cancer drugs based 
on β-ray emitting radionuclides (RI's) such as 177Lu is still 
competitive in the efficacy of 225Ac [2]. However, Japan is 
also very far behind in the production of β-ray emitting 
RI's that can be produced by neutron irradiation reactions. 
The author has taken part in the IAEA International Con-
ference "Technical Meeting on State of the Art Research 
Reactor Based Radioisotope and Radiopharmaceutical 
Production" on March 22-26, 2021 as the only Japanese 
participant [2]. It was a valuable opportunity to share best 
practices in each country, especially information on the 
production and supply of 177Lu and the recent 166Ho radio-
pharmaceuticals, in addition to the traditional 90Y. 
  For irradiation using the present KUR and the forthcom-
ing Fukui reactor, several requirements holds on the (n,γ) 
reaction candidates. The reaction have a certain neutron 
absorption cross section, the isotope abundance ratio of the 
target nuclide in nature be large, the β-ray energy available 
for therapy be large, and the half-life be in the range of 
several days to 20 days. The target and nuclide combina-
tions that satisfy these conditions  (Table 1) are (A) 
140Ce(88.5%)(n,γ) 141Ce (T1/2 = 32.5d), 142Ce(11.1%)(n,γ) 
143Ce (33.0h)  →143Pr(13.6d). If the conditions (4) allow 
for the lifetime of the daughter nuclide to be 1-2 years, then 

(B-1) 146Nd (17.2%) (n,γ) 147Nd (11.0d) → 147Pm (2.6y), 
148Nd (5.8%) (n,γ) 149Nd (1.73h) →149Pm(53.1h), (B-2) 
168Er (26.8%) (n,γ) 169Er (9.4d), 170Er (14.9%) (n,γ) 171Er 
(7.5h) → 171Tm (1.9y) are possible. 
  We need several discussions with researchers in this 
community and trial-error-based experiments of 177Lu 
production was put ahead of the present study. The exper-
imental study will be executed in the next KUR machine 
time. 

EXPERIMENTS: 
  The experiments planned were as follows: RI produc-
tion using a hydraulic transport tube, which has the highest 
neutron flux in the reactor at the Combined Research La-
boratory of Kyoto University. Ce (50μg), Nd (50μg), and 
Er (50μg) of atomic absorption standard solutions are 
dropped into a small quartz beaker, evaporated and dried 
under an IR lamp, sealed in a polyethylene bag, and placed 
in an Al irradiation vessel. During the 1-week cooling pe-
riod, (A) 143Pr and (B-1) 149Pm are produced and are sepa-
rated from the target by chemical manipulation and puri-
fied as carrier-free material. On the other hand, since (A) 
141Ce and (B-2) 169Er have half-lives in the good range in 
spite of not carrier-free, the amount produced and radioac-
tivity be checked. 
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1006. https://doi.org/10.2967/jnumed.115.168443
[3] T. Yamamura, RI production for medical applications
in Japanese Research Reactors, JRR-3, KUR and future re-
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Table 1 Classifications of RI's based on several requirements on the (n,γ) reaction candidates. 
Classification 
based on half-

life
Ele-

ments 

Starting nuclide Product nuclide
Side / Following re-

actionsNuclide σ 
[bahn]

Nuclide (Mass 
number) γ[keV] β[MeV] Half-life

Objective of this 
study (moder-
ate;10-40 d)

Ce
140 (88.5%) 0.58 141 145 0.4, 0.6 32.5 d Ce-138 (0.25%) 

→Ce-139 (137.6d)

142 (11.1%) 0.95 143 293, 57 1.1, 1.4→0.9 33 h→13.57d Ce-143→Pr-143

Nd 146 (17.19%) 1.4 147 91, 531 0.8, 0.9 10.98 d

Er
168 (26.8%) 169 169 110 0.3 9.40 d

170 (14.9%) 6 171 308, 296, 112 1.1, 1.5 7.52 h

Too short (<3d) 
#

La 139 (99.9%) 9.0 140 1596, 487 1.4, 2.2 40.2 h

Y 89 (100%) 1.25 90 ? 2.3 64.1 h

Too long (>40d)

Tb 159 (100%) 23.1 160 879, 299, 966 0.6, 1.7 72.3 d

Tm 169 (100%) 105 170 84 1.0 128.6 d

Sc 45 (100%) 15 46 889, 1121 0.4 83.82 d



Effective Measures on Safety, Security, Hygiene and Disaster Prevention in Laboratories 

T. Iimoto1, M.M. Hasan1, H. Koike1, Q. Jin1, S. Sho1, K.
Fukuda1, T. Takahashi2

1 The University of Tokyo
2 Institute for Integrated Radiation and Nuclear Science,
Kyoto University

INTRODUCTION:  Important aspects of the study can 
be found in the following keywords, such as safety, secu-
rity, hygiene and disaster prevention. Nuclear research 
reactor is one of representative facilities together with 
these keywords under their operation. It is effective to 
investigate the latest status on practical measures on these 
keywords in various facilities including nuclear research 
reactors, to compare each other among facilities, and to 
discuss more optimized ones for our positive safety 
management. Through this process, it is also essential to 
investigate the latest international and/or national regula-
tions and the movement of revision of them. In addition, 
development of human resource and public literacy on 
nuclear science and technology is also within the scope of 
the research. The total discussion contents and their fruits 
are directly useful for all relating laboratories. 

RESEARCH APPROACH:  
General research approach is as follows. 
- Measures of safety management during operation or

standstill status of the real facilities would be investi-
gated. This information would be used for our research
discussion on the positive and more optimized safety
management.

- It would not be a single year research, but maybe two to
three years research for one theme.

- Information source of facilities would not be only KUR,
KUCA or the other facilities in Kyoto University, but
also the Kindai university research nuclear reactor or the
facility of National Institute of Fusion Science, etc. This
research is an active joint-research with these relating
facilities and positive researchers on safety manage-
ment.

- One of the distinctive features of this research is to in-
volve office staffs as cooperators as well as researchers
and technical staffs. In The University of Tokyo, most of
the members in Division for Environment, Health and
Safety are office staffs who knows real situation of
safety management in laboratories very well.

Concrete discussion target in FY of 2021 was determined 
as following two; “local safety management rule for ex-
empted radioactive sources” and “developing a set of 
educational videos for safety managers and workers in 

universities on X-ray application”. IAEA safety standards 
recommend that nuclear regulators use a graded approach 
in their oversight of nuclear installations – that is, they 
adapt the rigorousness of their oversight to the likelihood 
that something could go wrong with the regulated facility 
or activity, and the severity of consequences should that 
happen. Our discussion and research fruits are following 
the strategy and concept fully. 

LOCAL SAFETY MANAGEMENT RULE FOR 
EXEMPTED RADIOACTIVE SOURCES 
The radiation risk of exempted radioactive sources is 
extremely low, therefore the rule of safety management 
for them should be followed as graded approach basis. 
The rule determined in The University of Tokyo is; 
1. Procedures for receiving, discharging, and disposing of
radiation sources should be performed by the depart-
ment's radiation control personnel.
2. Departmental radiation control personnel should per-
form the administrative procedures for transferring and
receiving radiation sources.
3. The use and storage of radiation sources should be in
accordance with the instructions attached to the sources.
In the absence of such instructions, the person in charge
of radiation control should check them with Japan Radio-
isotopes Association (JRIAS).
4. The storage location radiation sources should be de-
termined after appropriate consideration based on the
circumstances of the department.
5. The person in charge of radiation control in the de-
partment should establish a system to periodically check
the actual radiation sources.
6. When a radiation source is disposed of, it should be
returned and passed to JRIAS.

DEVELOPING EDUCATIONAL VIDEOS IN UNIV. 
FOR X-RAY APPLICATION: 
Safety education system for managers and users of X-ray 
has been discussed to standardize it in universities. Based 
on the discussion results, we developed a set of new 
safety educational videos, which is 10-15 min for each; 
(1) Laws and regulations concerning X-rays and the uni-
versity's management system, (2) Methods of managing
research x-ray equipment and electron microscopes, (3)
Internal inspection methods for X-Ray Generators, and
(4) New management methods for very low-hazard X-ray
generators. Especially the contents of (4) was prepared as
the local rule of The University of Tokyo, based on the
graded approach in an optimized safety management
concept. These videos will be opened and used from FY
2022 in The University of Tokyo.
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No Materials Only PE Bag
PE Sheet PE Bag + Cut up PE sheet

Glass Wool PE Bag + Glass Wool
Washed Filter PE Bag + Washed Filter Papera

Filter Paper(1/8) PE Bag + 1/8 size cut Filter Paper
Filter Paper(1/4) PE Bag + 1/4 size cut Filter Paper

Investigation of a method for analyzing chlorine and bromine in volatile liquid 
samples in neutron activation analysis 

K. Ito1, T. Fujimori2, K. Oshita1, S. Fukutani3, K. Shiota1,
M. Takaoka1, S. Takahashi4

1Department of Environmental Engineering, Graduate 
School of Engineering, Kyoto University 
2Faculty of Advanced Science and Technology, Ryukoku 
University 
3 Research Reactor Institute, Kyoto University (KURRI) 
4Graduate School of Agriculture, Ehime University 

INTRODUCTION: Among organochlorine and bromine 
compounds, persistent organic pollutants (POPs) are 
subject to international regulation, but the number of 
POPs is increasing year by year, so extractable organo-
chlorine (EOCl) and extractable organobromine (EOBr) 
have attracted attention as a comprehensive risk assess-
ment including related and alternative substances [1]. 
However, from a safety perspective, it is necessary to 
volatilize the liquid content of volatile liquid samples and 
measure them as solid samples [2]. However, the large 
chlorine and bromine content of filter paper, which is 
used as a medium to attach components to, has limited 
the quantification of EOCl and EOBr. Therefore, the ob-
jective of this study was to investigate alternative materi-
als to the filter paper used in sample preparation. Empty 
samples were prepared using various materials to deter-
mine the amount of chlorine and bromine as background, 
and the ability of those to attach components was com-
pared using extracts of sediment samples. 
EXPERIMENTS: Material was prepared in a polyeth-
ylene (PE) bag for background measurements (in Table1), 
binding it with a sealer, and then sealing it with a double 
PE bag. The weight of the materials was not standardized 
among the materials, but they were placed in the bags so 
that they were almost the same in volume. The sediment 
samples were Soxhlet extracted with toluene and inor-
ganic halogens were removed using sodium sulfate solu-
tion, dropped into a PE bag containing materials, allowed 
to dry and solidify for 12 hours at room temperature and 
pressure, then Sample Contents
bound with a 
sealer, and fur-
ther sealed with a 
double PE bag. 
As a standard 
sample, a mixed 
aqueous solution 
of ammonium 
chloride and ammonium bromide was dropped onto filter 
paper (1/8, unwashed) in a PE bag. Samples were 
irradiated for 15 min with a thermal neutron flux of 
2.0–2.4×1013 cm-2・S-1 at KURNS. 38Cl (t1/2 = 37.18 min, 
Eγ = 1642, 2168 keV) and 80Br (t1/2 = 17.6 min, Eγ = 616 
keV) were measured by using a Ge semiconductor 
detector for 300 sec. Concentrations in the sediment 
samples were calculated using the comparison method 
between those and standard samples minus the amount of 
chlorine and bromine from the PE bag and each material. 

RESULTS: Figure1(A) shows the results of the 
background measurement and Figure1(B) shows the 
results of the concentration measurement of the sediment. 
In Figure1(A), filter paper contains more chlorine and 
bromine than other materials, and the use of filter paper 
more than doubles the amount of chlorine and bromine of 
background-origin, so it is better to use other materials. 
Figure1(B) shows that there was no significant difference 
in the sediment concentration of about 5 µg/g for any of 
the materials. Note that the filter paper (1/4 size) has a 
higher sediment concentration of 9.2 µg/g, but this data 
includes the effect of background chlorine (especially 
from filter paper) because the calculation method has not 
been improved. The results indicate that there is no 
significant difference in the role of each material in 
"attracting" extracted components, and it is clear that 
sediment concentration can be obtained without the 
inclusion of any media. In addition, the standard error of 
the sediment concentration showed a large variation 
when quartz cotton was used.  
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 This study aimed to find an alternative material to filter 
paper, and it became clear that the most appropriate 
method was to drop only the extracted solution directly 
into a PE bag without any contents; the PE bag alone 
would also serve as a medium for the extracted compo-
nents, minimizing the amount of chlorine and bromine of 
background-origin, thus allowing for low-concentration 
samples to be more accurate calculations can be made. 
On the other hand, the filter paper was used in the stand-
ard sample, and it is desirable to investigate the same 
method can be applied to aqueous solution in the future. 
REFERENCES: 
[1], [2] Mukai et al. (2021) Science of the Total 
Environment. 756, 143843. 

Figure1. (A) is the Cl and Bromine content(µg/g) as backgrounds 
in each samples. (B) is the concentrations of EOCl and EOBr in the 
sediment samples. aN.M. means No Materials, bG.W. means Glass 
wool, cF.P. means Filter Paper. 

Table1. Prepared sample names and their 
contents. a Filter Paper which washed by 
ultra pure water and hexane and dried.  
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Development of the Evaluation Method of Dose Reduction Effects by Reverse Tillage 
in the Forest Using the Point-Kernel Integration Method 

Y. Sogabe1, M. Yoneda1, Y. Shimada1, S. Fukutani2, M.
Ikegami2

1Graduate School of Engineering, Kyoto University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: Decontamination of forests con-
taminated by the Fukushima Daiichi Nuclear Power Plant 
accident in March 2011 is required. In this study, we con-
sidered decontamination using the reverse tillage method 
as a method to reduce the radiation dose in the air without 
generating soil to be removed. In this method, the upper 
layer of soil with a high concentration of radioactive Cs 
is replaced with the lower layer with a low concentration 
to decrease the radiation dose in the air. Therefore, we 
develop a calculation method using QAD-CGGP2R, a 
direct ray calculation code based on the point-kernel in-
tegration method, and G33-GP2R, a sky shine calculation 
code, as a method for evaluating air dose that also takes 
land use classification and forest topography conditions 
into account. Using the developed calculation method 
and data obtained in actual forests in Fukushima Prefec-
ture for the implementation of our KURNS Collaboration 
Research, we evaluate the reduction effect of air dose 
when the reverse tillage is implemented in those forests. 

CALCULATION METHOD:  The following proce-
dure is used to evaluate the dose reduction effect of the 
reverse tillage in the forests. 1) Conduct a field survey to 
measure the density of trees, distribution of Cs concen-
tration in the soil, and distribution of air dose in the forest. 
2) Determine the area to be evaluated for radiation dose.
In order to calculate the radiation dose in this area, it is
necessary to calculate the radiation dose from outside the
assessment area, and in determining this calculation area,
it is necessary to include sufficiently distant locations that
will not have much effect on the calculated air dose in the
assessment area. 3) The forest to be calculated is modeled
as a collection of rectangular bodies. Determine the
spacing of the point sources for splitting the volume
sources and the spacing of the scattering points for cal-
culating skyshine. In determining the size of the rectan-
gular bodies for modeling these fields and the spacing,
set them as large as possible to save computation time, to
the extent that they do not affect the calculated doses at
the dosimetry points too much. 4) To perform calcula-
tions using existing calculation codes, an input file de-
scribing the settings of the above calculation conditions is
required. However, because it is difficult to input these
settings for each calculation, we developed a program to
automatically create the necessary input files and perform
the calculations.

The calculation code expresses the area as a collec-
tion of rectangles, but the following innovations were 
made to algorithmize the calculation method and shorten 

the calculation time. First, we used data from the Nation-
al Land Information System (NLDIS) as the elevation, 
and classified land types by visually classifying google 
earth photos into rough land types, and created a program 
that automatically identifies which land type each mesh 
for the calculation is included in. Next, in order to reduce 
the total amount of calculation while maintaining the 
accuracy of the calculation in the evaluation target area, 
the elevation mesh to represent the field and the source 
mesh to represent the distribution of radiation sources 
were made larger the further they were from the evalua-
tion target area. Furthermore, for the radioactivity distri-
bution in the subsurface direction, we considered the 
equivalent depth as the depth at which the calculated 
value of the dose at the evaluation point is the same 
whether the radioactivity distribution in the depth direc-
tion is taken into account or the total radioactivity in the 
depth direction is concentrated at a single point. This 
reduces the number of vertical rectangles and point 
sources. Then, calculations were performed based on 
measured data at the site, and the calculation accuracy 
was verified by comparing it with the measured data of 
air dose. In this study, we evaluated the dose reduction 
effects of several construction scenarios, in which the 
depth, extent, and percentage of the construction work to 
be done by the reverse tillage were varied. The percent-
age of construction means the percentage of the construc-
tion area that could actually be constructed, because it is 
difficult to completely construct a certain area due to the 
presence of tree roots and other factors.   

RESULTS:  The results of the analysis showed that the 
error between the measured and calculated values ranged 
from -38 to 54% (average -4.8%). The main cause of this 
error was considered to be that the calculation was per-
formed assuming that the distribution of radioactivity in 
the soil was uniform over the entire area, and the accura-
cy of the calculation could be improved if the horizontal 
distribution of radioactivity concentration in the soil was 
taken into account. The construction scenarios evaluated 
in this study were the following four patterns. (1) 17m x 
20m, with the upper layer (2cm organic layer + 0-20cm 
soil layer) and the lower layer (20-40cm soil layer) turned 
over 
(2) 17m x 20m with upper layer (2cm organic layer +
0-20cm soil layer) and lower layer (20-50cm soil layer)
(3) 30.6m x 28m, with the upper layer (2cm organic layer
+ 0-20cm soil layer) and the lower layer (20-50cm soil
layer)
(4) 17m x 20m, 80% of upper layer (2cm organic layer +
0-20cm soil layer) and lower layer (20-40cm soil layer)
are returned over, and 20% are not turned over. The cal-
culations resulted in air dose reductions of 32-70 (aver-
age 57)% for (1), 6-77 (average 63)% for (2), 38-80 (av-
erage 70)% for (3), and 29-65 (average 53)% for (4)
within the construction area.
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Application of KURAMA-II to Radiation Monitoring of Public Facilities 
in Fukushima Prefecture 

A. Maekawa, K. Kusakabe, H. Inoue and M. Tanigaki1

Fukushima Prefectural Centre for Environmental Creation 
1Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: KURAMA (Kyoto University RAdi-
ation MApping system)-II is a radiation measurement sys-
tem characterized by its compactness, autonomous opera-
tion, and acquisition of pulse-height spectrum data (Fig. 1) 
[1]. KURAMA-II measures ambient dose equivalent rate 
(hereafter referred to as air dose rate) and GPS position 
and automatically transmits them to a dedicated cloud 
server. We evaluated the effectiveness of a backpack style 
KURAMA-II (Fig. 2) for the radiation monitoring of pub-
lic facilities in Fukushima prefecture by comparing it with 
a NaI(Tl) scintillation survey meter conventionally used in 
radiation monitoring. 

EXPERIMENTS: From 2020 to 2021, the air dose rates 
of five public facilities were measured by walking with a 
KURAMA-II in a backpack. The situation of the sites is as 
follows. 
Site A: School grounds and surrounding road 
Site B: Gymnasium grounds and surrounding road 
Site C: Community center grounds and surrounding road 
Site D: School grounds and surrounding road 
Site E: Park in the forest 
A CsI(Tl) scintillation detector (C12137-01, Hamamatsu 
Photonics) was used for measurement. The air dose rate 
and GPS position were measured every 3 seconds. About 

400 data sets were obtained at each site. Air dose rates at 
10-14 points in each site were measured by a NaI(Tl) scin-
tillation survey meter (TCS-172B, Hitachi) for validity
confirmation. Additionally, the air dose rate owing to arti-
ficial radionuclide was separately evaluated from the
pulse-height spectrum data obtained by KURAMA-II [2].

RESULTS: As shown in Fig.3 and 4, there was no large 
difference between KURAMA-II results and those by 
NaI(Tl) survey meter. The dose ratio (artificial/total) was 
0.43-0.67 in 2020 and 0.38-0.61 in 2021. From 2020 to 
2021, no clear decreasing trend in air dose rate was ob-
served, suggesting that the contribution of short-lived ra-
dionuclides could be ignored at the time of 10 years after 
the accident. Based on the observed pulse height spectra, 
137Cs (T1/2 = 30.1 y) was estimated to be the dominant ar-
tificial radionuclide. 
In conclusion, KURAMA-II showed sufficient perfor-
mance for the radiation monitoring of public facilities. 

REFERENCES: 
[1] M. Tanigaki et al., Nucl. Instrum. Meth. Phys. Res. 781
(2015) 57–64.
[2] M. Andoh et al., T. J. At. Energy Soc. Jpn., 16[2]
(2017) 63-80 [in Japanese].

0.00

0.05

0.10

0.15

0.20

0.25

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

A B C D E

M
ea

n 
ai

r d
os

e 
ra

te
 (μ

Sv
/h

) 2020 KURAMA NaI

0.00

0.05

0.10

0.15

0.20

0.25

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

KU
R

AM
A

N
aI

A B C D E

M
ea

n 
ai

r d
os

e 
ra

te
 (μ

Sv
/h

) 2021 KURAMA NaI

Fig. 1. A typical example of pulse-height spectrum 
obtained by KURAMA-II measurement. 

Detector 

GPS 

Fig. 2. KURAMA-II in a backpack. 

Fig. 3. The result at each site in 2020. Error bars indi-
cate the standard deviation of the measured data. 

Fig. 4. The result at each site in 2021. Error bars indi-
cate the standard deviation of the measured data. 
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Study of FP contamination behavior on structural materials using neutron activation 
analysis – Study of penetration and elution behavior of Cs - 

K. Kondo1, K. Yoneyama1, I. Sato1, E. Suzuki2

1Tokyo City University 
2Japan Atomic Energy Agency 

INTRODUCTION:  In order to contribute to the eluci-
dation of the mechanism of radioactive contamination, 
which is one of the issues of NDF6, penetration and elu-
tion tests of Cs were conducted on concrete as a structur-
al material in the containment vessel of a nuclear reactor. 
INAA, PIXE, and ICP-MS were used for quantitative 
analysis of Cs in these experiments. 

EXPERIMENTS:  Mortar samples (ordinary portland 
cement, W/C=0.37, size: 20 mm ×20 mm ×20 mm) were 
used in the experiments. Acrylic resin was applied to 5 of 
the 6 surfaces to permit penetration to one surface. Then, 
(1): mortar penetrated in 10-2M CsOH solution for 10 
days and (2): mortar eluted with water for 1 day after (1) 
were ground 0.5mm ×4 times in depth direction and ana-
lyzed by PIXE for each powder obtained during griding. 
In addition, (3): Mortar penetrated in 10-3M CsOH 
solution for 10 days and (4): Mortar eluted with 
water for 1 day after (3) were ground in the same 
manner, and the powder was analyzed using 
INAA. 

RESULTS:  The Cs that penetrated into the mortar elut-
ed 39.0%, 80.9%, 51.6%, and 4.0%, in order from the 
surface side, and 48.8% for the entire sample. Regarding 
the penetration behavior, it could be considered that the 
greater the penetration depth, the harder it is to penetrate. 
On the other hand, if the migration of Cs was considered 
to be proportional to the concentration gradient, it could 
be presumed that the solution in contact with the mortar 
surface would change from CsOH solution to water con-
taining no Cs, resulting in a larger concentration gradient, 
and then the Cs concentration profile could be changed 
like in the red line in Fig. 2. However, it did not exhibit 
such behavior. This may be due to sites in the cement 
where Cs is strongly adsorbed, which may complicate 
diffusion phenomena during the elution. To analyze this 
elution behavior, it would be important to analyze the 
distribution of sites where Cs is strongly adsorbed and 
their ability to adsorb Cs at different depths in the cement. 
As to the difference in data due to the differ-
ence in analysis method, the Cs elution rate on the 
mortar surface determined by INAA was 29.6%, alt-
hough the value determined by PIXE was 39.0% as men-
tioned above. Considering that INAA detects Cs in the 
entire sample while PIXE detects Cs on the sample sur-
face, INAA, which can detect Cs in the entire powder 

obtained during, is considered to be more accurate in 
determining the elution rate. 
In these experiments, only the Cs elution rate at the mor-
tar surface was analyzed by INAA. Next year, we would 
like to analyze the elution rate in the depth direction to 
obtain more accurate results. 

CONCLUSION: Penetration and elution tests for Cs 
were conducted on concrete, a structural material, in the 
reactor containment vessel. The elution behavior of Cs 
from mortar indicates that analysis may need to take into 
account the diversity of Cs adsorption sites in mortar. 

Fig.1 Amount of Cs present at each mortar depth. 

Fig.2 Elution behavior according to concentration 
gradi-ent (a predicted diagram) .

REFERENCES: 
[1] T.Akimoto (2016), The Molecular Simulation Society
of Japan, Vol.18, No.3, 136.
[2] K.Yoneyama, ICONE28, Virtual Conference, Online,
August 4th – August 6th , 2021
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Determination of natural cobalt content as impurity in iron cyclotron yokes 

G. Yoshida, K. Nishikawa1, K. Takahashi, H. Nakamura,
H. Yashima2, M. Inagaki2, S. Sekimoto2, T. Miura, A.
Toyoda, H. Matsumura, and K. Masumoto

Radiation Science Center, KEK 
1 Quantum Life and Medical Science Directorate, QST 
2 Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  In Japan, the number of estab-
lishment of accelerator facility had increased rapidly 
since the 1990s. Most of them are cyclotrons for Positron 
Emission Tomography (PET) drug production and are 
expected to be decommissioned in the near future, con-
sidering their useful life. When the decommissioning of 
accelerators, the generation of radioactive waste resulting 
from activation and their disposal become significant 
issue. Therefore, it is important to quantify the degree of 
activation in the whole facility, and it can predict the 
amount of generated radioactive waste accurately in order 
to facilitate decommissioning. 
We focused on the iron yoke of PET cyclotron which 
accounts for a large amount of weight in the facility, and 
developed the activation estimation tool using Monte 
Carlo simulation. In this method, 3D-model which can 
reproduce the actual cyclotron is established and the rate 
of nuclear reactions for each modeling element is calcu-
lated by PHITS [1]. As a pilot study for this method, we 
performed the calculation for the PET cyclotron at the 
Nishina Memorial Cyclotron Center (MNCC) in the 
Takizawa Research Institute of the Japan Radioisotope 
Association in Takizawa City, Iwate Prefecture. The cal-
culated reaction rate gradient agreed well with the radio-
activity depth gradient of the actual yoke determined by 
the core boring method. However, we could not discuss 
whether the absolute values of radioactivity are consistent 
or not because the concentration of cobalt which content 
as impurity in the iron yoke has not been quantified. 
In this study, we analyzed trace element concentrations in 
some iron and steel samples with neutron activation 
analysis (NAA) which suitable for trace element analysis 
of ppm order. We have been used NAA for quantification 
of trace elements in accelerator facility concretes [2], 
though this is the first time to apply this method for me-
tallic materials. The feasibility of NAA for determination 
of trace elements in the steel sample was also verified in 
this study. 

EXPERIMENTS:  Irradiation samples were prepared 
from iron yoke of PET-cyclotron in NMCC. Chips were 
taken from the surface layer where no activation was ob-
served, using a drill. Iron chips were washed with boiled 
water twice and with acetone, then dried and weighed by 
100 mg as an irradiation sample. Japanese iron and steel 
certified reference materials (JSS001-8, JSS003-7, 
JSS050-8, JSS651-16, JSS-652-16) distributed by the 

Japan iron and steel federation were employed as refer-
ences and prepared in the same way. For analysis of 
short-lived nuclides generated by neutron irradiation, 
samples were irradiated at Pn-3 with 1 MW during 10 s, 
and measured with a Ge detector immediately after irra-
diation. Next day of 10s irradiation, samples were irradi-
ated at Pn-2 with 5 MW during 3000 s, and measured 
with a Ge detector after short lived nuclides were attenu-
ated. 

RESULTS:  The results of the 10s irradiation showed 
56Mn and 28Al peaks in the γ-ray spectra of all samples. 
Relative value of radioactivity was consistent with the 
nominal values of manganese and aluminum in the 
standard sample. We measured the 3000s irradiated sam-
ples with a Ge detector one month after irradiation. The 
result of the long time irradiation showed 59Fe and 60Co 
peaks in the γ-ray spectra of all samples, though that in 
some samples the 59Fe peak was too large and masked the 
60Co peak. Remeasurement of these samples after the 
59Fe had decay enough are mandatory. 
The cobalt concentration in the iron yoke of the NMCC 
cyclotron was estimated to be approximately 40 μg/g. 
From this value and the 60Co reaction rate, the radioactiv-
ity distribution was derived as shown in Fig.1 and agreed 
very well with the actual radioactivity depth distribution. 
In conclusion, it was found that aluminum, manganese, 
and cobalt in iron samples in an accelerator can be de-
termined accurately using NAA. 

REFERENCES: 
[1] G. Yoshida, H. Matsumura et al., The 3rd JSRM /
JHPS Joint Conference (1C5-4), online, 1-3. Dec. 2021.
[2] G. Yoshida, K. Nishikawa et al., J.Radioanal.
Nucl.Chem. 325 (2020) 801-806.

Fig. 1.  Depth distribution of 60Co activity in the 
iron yoke of PET-cyclotron at NMCC. 
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Neutron Resonance Spectrometry for Nuclear Security and Safeguards Education 

J. Kawarabayashi, R. Sasaki, R. Watanabe, A. Miura, T.
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Department of nuclear safety engineering, Tokyo City 
University 
1Research Reactor Institute, Kyoto University 

INTRODUCTION:  In order to support nuclear facility 
regulations in Japan for safe use, it is necessary to devel-
op educational training course with broad knowledge 
associated with nuclear engineering. Nuclear facilities 
include reprocessing, nuclear fuel factories, research fa-
cilities, etc. in addition to nuclear power plants, it is im-
portant to teach not only the knowledge of radiation, re-
actor physics, but also the physics of nuclear material 
itself at each stage of the nuclear fuel cycle. The 
knowledge of physical and chemical properties of nuclear 
material is also needed for effective regulation. As a part 
of this human resource development, we have proposed 
an isotope ratio measurement training program with ura-
nium using pulsed neutron spectrometry as a candidate 
for the nuclear regulatory educational course to deepen 
the understanding of the nuclides in nuclear fuel cycle. 
Observation of the neutron resonance absorption phe-
nomena of natural, enriched and depleted uranium will 
develop the understanding of the isotope itself and the 
properties of the nucleus of uranium. In this fiscal year, 
as the pandemic of Covid-19 limited our student to travel 
to Kyoto University, we tried to establish an online ex-
periment to acquire neutron resonance absorption spectra 
of various samples. 

EXPERIMENTS:  Samples of six different elements 
(Ag, In, Mn, Co, Cd, U) were irradiated at 
KURNS-LINAC to record neutron transmission spectrum. 
A 3He proportional counter followed by a multiple-stop 
time spectrometer (ORTEC EASY-MCS) was located 
behind the sample at 13m experimental room and gener-
ated timing signal of neutron detection. A signal from the 
accelerator was used as the start signal of the time spec-
trometer. The timing calibration between start signal and 
output signal of the 3He proportional counter was per-
formed with an oscilloscope by gamma-flash signal gen-
erated at the Ta target of the accelerator. The sample of 
Uranium was arranged at in front of the neutron irradia-
tion port and time spectra of neutron transmission were 
recorded. Five students participated in the experiment 
over computer network by Zoom meeting software.  

RESULTS:  As shown in left part of Fig. 1, a resonance 
dip of 109Ag was clearly observed in the time spectrum 
with the sample of silver plate (thickness: 1.0 mm) suc-
cessfully, with measurement of 60,000 sweeps and 20 
msec. range. The accelerometer was running at 50Hz 
with pulse-width of 4 micro sec. per pulse. The time 
spectrum was recorded within about 20 minutes. The 
energy of this dip was estimated to be 5.3 eV derived 

from the source-detector distance of 12 m and dip posi-
tion of 0.377 msec. The first energy level of 109Ag is 5.19 
eV [1]. There is a good agreement between the experi-
mental result and literature value. In right part of Fig. 1, 
time spectrum with In plate (thickness: 1 mm) were ob-
tained. There were three resonance dips corresponding to 
115In. We confirmed the dips corresponded to resonant 
absorption energies of 1.46 eV, 3.85 eV, 9.07eV[1]. Fig. 2 
shows the time spectrum of natural Uranium (left) and 
enriched Uranium (right, 235U amount of 0.416 g) sam-
ples. We can observe three clear resonant dips corre-
sponding to the first, second and third levels of 238U nu-
cleus in the left part of Fig. 2. In the observed time spec-
trum of enriched U, we can see the first resonance wide 
dip of 235U around 0.3 eV at TOF of 1.5 msec. and sever-
al weak resonance dips at 0.29 msec. and 0.34 msec. The 
screen of the PC acquiring these spectra was shared with 
online students through Zoom-meeting software. The 
online students were able to observe the acquisition of 
neutron transmission spectra in real time. The experi-
mental system and conditions were explained online with 
a video taken in the morning of the day when the experi-
ment was carried out. Interviews with students after 
training showed that the content of the experiment could 
be understood online. 

CONCLUSION: We proposed pulsed neutron spectrom-
etry as a candidate for the nuclear regulatory educational 
course to deepen the understanding of the nuclides in 
nuclear fuel cycle and performed online training program. 
The results showed that online program was able to sup-
port for students to understand the difference of the 
cross-sections of 235U and 238U for low energy neutron.  

 
 

 
 

 
REFERENCES: 
[1] S. F. Mughabghab, Atlas of Neutron Resonances.

Fig. 1.  ToF spectrum of Ag (left) and In (right). 

Fig. 2.  ToF spectrum of natural U (left) and enriched 
U (right). 
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INTRODUCTION:  Tribology is a research field that

deals with friction, wear, and lubrication techniques on 

mechanical sliding surfaces, and many efforts have been 

made to reduce friction. In recent years, some researchers 

have proposed the use of fullerenes (C60) in lubricants to 

reduce the friction between two surfaces, and their 

effectiveness has been verified. In fact, several research 

groups have reported that fullerenes are effective in 

reducing friction when mixed at relatively high 

concentrations of 1000 ppm or more, and fullerenes are 

highly anticipated as a lubricant additive in the near 

future. However, there are reports that the size of the 

effect varies depending on the base oil, and it is assumed 

that the effect depends largely on the dispersion form of 

fullerenes in the base oil, but the actual state remains 

unclear. In this study, the dispersion morphology of 

fullerenes in various base oils are investigated using 

small-angle X-ray scattering (SAXS). 

EXPERIMENTS:  SAXS analysis was performed to

understand the dispersion morphology of fullerenes in 

lubricant under various temperature conditions. A SAXS 

spectrometer with Cu radiation source installed at the 

Institute for Integrated Radiation and Nuclear Science, 

Kyoto University, was used for the analysis. First, 

fullerenes were dissolved in polyalphaolefin (PAO4) at a 

concentration of 1000 ppm, which was used as the target 

sample. The temperature conditions were 25°C and 

100°C. The radius of gyration Rh of fullerenes in PAO 

was estimated from the obtained scattering profiles.

RESULTS:  The obtained scattering curve is shown in

Fig. 1, and its transformation into a Guinier plot is shown 

in Fig. 2. The radius of gyration of the fullerenes in PAO 

was found to be 0.78 nm at 25°C and 0.96 nm at 100°C, 

respectively. No aggregation of fullerenes was observed 

in PAO. Since the outer diameter of a fullerene is 

approximately 1.4 nm, the radius of gyration of fullerene 

in PAO is almost the same as the original size. It remains 

to be verified whether this is due to the fact that the 

fullerenes are covered with PAO molecules, but at least it 

was confirmed that the radius of gyration and the 

aggregation form of the fullerenes in the base oil can be 

estimated by SAXS analysis.
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Fig. 1  I(q) profiles of C60 in PAO at 25 and 100ºC.

Fig. 2  Guinier plots transformed from Fig. 1.
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INTRODUCTION:  Engineering related to friction,

wear, and lubrication on mechanical sliding surfaces have 

been studied intensively in the field of tribology. In 

particular, the formation of oil film has a great influence 

on the tribological properties of sliding surfaces, and 

since the friction coefficient of a sliding surface varies 

greatly depending on the presence or absence of oil film, 

it is extremely important to predict the state of lubrication 

of sliding surfaces. In the field of tribology, the Reynolds 

equation is generally used to predict the state of oil film 

formation. However, when the Reynolds equation is 

applied to sliding bearings, for example, the boundary 

condition of atmospheric pressure at the end of the 

sliding bearing is often used. On the other hand, it is 

difficult to understand the behavior of the gas-liquid 

boundary at the end of machine elements such as sliding 

bearings because they are often made of metal and are 

difficult to visualize. 

In this study, we attempted to understand the shape of 

the gas-liquid boundary at the end of a sliding bearing by 

using neutron phase imaging. The main reasons for using 

neutron phase imaging are as follows. 

1. The high penetrability of neutron beams enables direct

observation of the gas-liquid boundary.

2. The contrast of the area to be observed can be adjusted

arbitrarily by deuterating a part of the liquid.

EXPERIMENTS:  In this study, we used the cold

neutron beamline CN-3 at Institute for Integrated 

Radiation and Nuclear Science, Kyoto University. 

Neutron phase imaging is a new visualization technique 

that uses a Talbot-Lau interferometer to detect the phase 

change of the neutron beam after it penetrates an object 

and to obtain an image of the waveform. The visibility 

image obtained by this method is particularly suitable for 

this study because it can map the microscopic 

inhomogeneous state of size and density of molecules in 

the target field. 

A bearing model used in the experiment is shown in 

Fig. 1, and the tapered shape of the sliding bearing end is 

also shown in Fig. 1.

RESULTS:  The transparent contrast image, differential

phase contrast image, and visibility contrast image 

obtained from the experiment are shown in Fig. 2. In this 

experiment, polyalphaolefin (PAO), a common machine 

oil, was used as the sample oil. It can be said that the 

numerical calculation of the images obtained by the 

phase imaging method enabled us to obtain images 

focusing on the information we expected to obtain.

Fig. 1  Sliding bearing model with taper seal at the

bearing end made from Aluminum.

Fig. 2  Obtained images; transparent contrast image

(upper left), differential phase contrast image (upper 

right), and visibility contrast image (lower).
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INTRODUCTION:  National Metrology Institute of 
Japan (NMIJ) is responsible for developing certified ref-
erence materials and for establishing the traceability of SI 
(The International System of Units) on chemical metrol-
ogy in Japan. To establish SI traceability, the primary 
method of measurements should be applied to the char-
acterization of the certified reference materials. Neutron 
activation analysis using comparator standard is recog-
nized as a potential primary ratio method [1]. Despite the 
potential of neutron activation analysis as primary ratio 
method, the evaluation the measurement capability and 
the measurement uncertainty are required in any analysis. 
In general, there are three main components of uncer-
tainty in neutron activation analysis, that is, sample prep-
aration uncertainty, neutron flux homogeneity, and gam-
ma ray measurement uncertainty. Usually, flux monitor is 
used to correct the neutron flux heterogeneity. However, 
although the flux monitor can correct the neutron flux 
variation using the count rate of the known amount of the 
monitor nuclide, it does not reflect the neutron flux of the 
actual sample. The most practical method to eliminate 
neutron flux heterogeneity to improve gamma ray meas-
urement uncertainty is an internal standard method [2, 3]. 
For the development of primary inorganic standard solu-
tion as national standard, the purity of starting material 
has to be determined. The high purity neodymium oxide 
was candidate starting material for preparation of Nd 
standard solution as national standard of Japan. The sev-
eral trace analytical methods including neutron activation 
analysis, were used for purity determination of the high 
purity neodymium oxide. In this work, we presented that 
capability of instrumental neutron activation analysis for 
determination of Sc, La, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Yb, and Lu as impurity about rare earth elements in the 
neodymium oxide.   

EXPERIMENTS:  The high purity neodymium oxide 
(Alfa Aesar, Reacton) purchased from FUJIFILM Wako 
Pure Chemical Corporation. The informative purity value 
of the neodymium oxide was 99.999 %. NIST SRM sin-
gle element standard solutions (3148a Sc, 3127a La, 
3142a Pr, 3147a Sm, 3117a Eu, 3118a Gd, 3157a Tb, 
3115a Dy, 3123a Ho, 3116a Er, 3160a Tm, 3166a Yb, 
3130a Lu) were used for calibration standard in impurity 
analysis of the neodymium oxide, respectively. The 
standard solutions were added on filter paper to prepare 
the calibration standard in the analysis. The prepared cal-
ibration standards were heat sealed into polyethylene 
bags. Ten mg of the neodymium oxide samples were used 
for impurity analysis. The neutron irradiations performed 

by KUR Pn2 (thermal neutron flux: 5.5×1012 cm-2s-1) for 
5 min, Pn3 (thermal neutron flux: 4.7×1012 cm-2s-1) for 1 
min and TcPn (thermal neutron flux: 8.0×1010 cm-2s-1) for 
12 h. The irradiated samples were cooled appropriately. 
The gamma rays form irradiated samples were measured 
using Canberra GC4070-7500 Ge detector with Labora-
tory Equipment Corporation MCA 600. The measure 
radioactive isotopes were 46Sc, 140La, 141Ce, 142Pr, 153Sm, 
152mEu, 159Gd, 160Tb, 165Dy, 166Ho, 171Er, 170Tm, 175Yb and 
177Lu. 

RESULTS:  Analytical results of the high purity neo-
dymium oxide were shown in Table 1. In this measure-
ment, Sc, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu in 
the neodymium sample could not be detected by instru-
mental neutron activation analysis. Therefore, the detec-
tion limits for these elements were estimate from the 
count rate of energy region of gamma rays emitted by 
induced radioactive nuclides. The estimated detection 
limits were also presented on Table 1.

Table 1. Analytical results of the high purity neodymium 
oxide 

Measured values, mg/kg 
Sc < 0.3 
La 0.4±0.16 
Pr < 4 
Sm < 1 
Eu < 0.04 
Gd < 40 
Tb < 8 
Dy < 0.7 
Ho < 4 
Er <11 
Yb < 6 
Lu < 2 

REFERENCES:
[1] R. Greenberg, P. Bode, E. De Nardi Fernandes (2011)

Spectrochim. Acta B, 66, 193-241.
[2] T. Miura, K. Chiba, T. Kuroiwa, T. Narukawa,

A. Hioki, H. Matsue (2010) Talanta, 82, 1143-1148.
[3] T. Miura, R. Okumura, Y. Iinuma, S. Sekimoto,

K. Takamiya, M. Ohata (2015) J. Radioanal. Nucl.
Chem.,303, 1417-1420.

[4] NuDat 2, National Nuclear Data Center in
Brookhaven National Laboratory, 
https://www.nndc.bnl.gov/nudat2/index.jsp.
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INTRODUCTION:  A coherent radiation generated by 
a relativistic electron beam, which was observed for the 
first time in Japan [1], becomes high power in the te-
rahertz-wave region. Therefore, many light sources using 
the coherent radiation have been developed at various 
electron linac facilities. Using an L-band linac at Kyoto 
University Institute for Integrated Radiation and Nuclear 
Science (KURNS-LINAC) [2], we have also demon-
strated a new radiation principle that is superior to co-
herent transition radiation (CTR) in radiation power [3]. 
However, the development of the new radiation principle 
is not the only effective means to obtain intense terahertz 
waves. By matching phases of multiple terahertz-wave 
sources, higher power terahertz waves can be obtained 
[4]. Then, we proposed that coherent radiation generated 
by a pulse train of electron bunches was confined in a 
ring resonator and superimposed with the same phase. In 
the initial experiments, it was confirmed that a CTR 
beam was amplificated by using a ring-type optical cavity 
installed in the electron beam orbit. However, it was dif-
ficult to adjust a cavity length of the optical cavity be-
cause it was installed in a vacuum chamber. Therefore, in 
order to adjust the cavity length, the optical cavity was 
set in the experimental room to guide the CTR beam into 
it. An amplification depending on the cavity length was 
successfully observed. 

EXPERIMENTS:  The CTR beam extracted from the 
coherent radiation beamline to the atmosphere in the ex-
perimental room was adjusted to a parallel beam with a 
diameter of 42 mm using two concave mirrors. It was 
guided to a Cyclo Olefin Polymer (COP) substrate with a 
thickness of 3 mm in the ring-type optical cavity, and a 
part of the CTR beam reflected on the surface of the COP 
substrate accumulated in the optical cavity. The optical 
cavity consisted of two parabolic mirrors with a focal 
length of 508 mm and two plane mirrors, and the cavity 
length was 922 mm, which corresponded to four electron 
micropulse intervals. The COP had a refractive index of 
1.531 and its absorption coefficient was negligible in the 
terahertz-wave region [5]. Approximately 8% of the CTR 
beam accumulated in the optical cavity was emitted to the 
outside of the optical cavity by reflection from both sides 
of the COP substrate per circumference of the optical 
cavity. The emitted CTR beam was synchronized with the 
CTR beam transmitted through the COP substrate with-
out entering the optical cavity. These CTR beams were 
focused by a parabolic mirror with a focal length of 101 

mm and detected by a D-band diode detector (Millitech 
Inc., DXP-06) with an antenna [6]. The output signal of 
the diode detector was measured by an oscilloscope with 
the frequency band less than 350 MHz.   

RESULTS:  We conducted experiments using the 
KURNS-LINAC electron beam with the electron energy 
of 41 MeV and the current of 2.4 A. The duration of the 
electron-beam macropulse was set to be 47 ns. Figure 1 
shows the measured powers of the CTR beams emitted 
from the optical cavity with and without an absorber in 
the optical cavity. The difference between two lines in 
this figure represents the presence of the CTR beam ac-
cumulated in the optical cavity. It is noted that the reso-
nated CTR beam increased with the time in the macro-
pulse. Because the power of the resonated CTR beam 
depended on the cavity length, it is considered that the 
CTR power was amplified by superimposing the each 
CTR pulse orbiting the ring-type optical cavity.  

  In the next experiment, we plan to install the optical 
cavity in the electron beam orbit to clarify the relation-
ship between the cavity length and the amplification of 
the CTR power. 

REFERENCES:
[1] T. Nakazato et al., Phys. Rev. Lett., 63 (1989)

1245-1248.
[2] T. Takahashi and K. Takami, Infrared Phys. Technol.,

51 (2008) 363-366.
[3] N. Sei and T. Takahashi, Sci. Rep. 7 (2017) 17440.
[4] N. Sei and T. Takahashi, Sci. Rep. 10 (2020) 7526.
[5] http://www.tydexoptics.com/pdf/THz_Materials.pdf.
[6] N. Sei et al., J. Phys. D: Appl. Phys. 46 (2013)
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Fig. 1  Measured CTR power emitted from the op-
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(black line) an absorber in the optical cavity. 
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INTRODUCTION:  Following the last year trial, in or-

der to establish the procedures to archaeologically identify 

local groups for production of ceramics in Japan, 16 pieces 

of the roof-tiles with stamp impression from the same col-

lection as the one in last year are analyzed. They were ex-

cavated from the archaeological site in Kyoto in 1992, 

where the garrison from the Tosa domain had occupied in 

the mid-19th century. The normal type of roof-tiles in the 

collection is almost exclusively composed of the ones hav-

ing the stamp impressions of Chinese characters which in-

dicate the name of maker/atelier of the tile. 24 kinds of 

stamp impression have been recognized in this collection, 

and 23 stamp impression groups of the 24 suggest the mak-

ers in Tosa region at that time [1].  

Despite the difference in potter’s names written in the 

impressions, it has been improbable to divide pieces in the 

whole collection into groups in terms of size and produc-

tion technique. This study thus tries to check whether the 

groups based on the difference in stamp impressions, sug-

gesting different production groups, corresponds with the 

groups of tile texture in detail.  

EXPERIMENTS:  Conventional INAA was applied to 

determine the elemental composition of samples of the 

tiles, each of which had been drilled into a fine powder as 

a sample by Maria Shinoto (Universität Heidelberg), and 

the same was also done by Johannes Sterba (Technische 

Universität Wien) at the Atominstitut in Wien (Vienna) for 

comparison [2]. In KURNS, 16 pieces of the roof-tile of 

normal type, composed of three stamp impression groups, 

were chosen; seven were from the “AKIBUN” group, an-

other seven from “AKIKANE” group, and the rest two, 

each of which had two samples for double measurement, 

respectively, from “SUMIKAWARA” group. Each 18 

samples, enclosed in a polyethylene bag, was neutron-irra-

diated, firstly at Pn-3 of KUR (1 MW) for 90 seconds to 

detect short-lived nuclides, and then at Hyd (1MW for 23 

hours and successively 5 MW for 6 hours) to determine 

long-lived nuclides. The comparative standards (JR-3, JB-

1b) were irradiated with the same condition. Around 20 mg 

was used for Pn-3 and around 30 mg for Hyd, in each sam-

ple.  

The gamma-ray spectrometry of the irradiated samples 

for short-lived nuclides had been performed four times 

based on the last year experience; just after the irradiation, 

after 15 minutes, 40 minutes, and around 20 hours. The 

photo-peak analysis for short-lived nuclides was per-

formed by using FitzPeaks [3]. Concentrations of elements 

included in the samples were estimated by comparison of 

the intensity of gamma-rays between the comparative 

standard and tile samples. 

RESULTS:  Concentrations of nine elements (Na, Mg, 

Al, K, Mn, Ga, La, Sm and Th) in every sample were de-

termined. Samples irradiation by Hyd for determination of 

long-lived nuclides could not be recovered because of ad-

hesion of plastic bags for sample sealing during irradiation. 

Before the comparison with the result in Atominstitut, 

which analyzed exactly the same roof-tiles, estimation of 

the elemental concentrations for long-lived nuclides is in-

evitably required at KURNS to apply the Mahalanobis 

Distance for quantitative investigation into the 16 tiles. 

Nevertheless the following two results can be pointed out; 

a) both two sets for double measurement suggest that two

elements (Al and Mg) have a wider range of value of

concentration (table 1).

Table 1 Concentration (μg/g) of two elements determined 

for the roof-tiles “KS92-466” and “KS92-693”. 

b) two elements (Na and Mn) show a clear difference in

concentration to divide 18 samples into two groups, re-

spectively, and the concentrations combination of the

two suggests the three groups, which fully correspond

with the stamp groups (Fig.1).

Fig 1 Distribution of 18 samples on the concentrations 

combination of Na with Mn. 
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INTRODUCTION:  Most of the neutron detectors 
currently in use are 3He gas detectors, and some neutron 
scintillator detectors are used to obtain a high counting 
rate and high position resolution. In this study, the LiTA 
system [1] has been developed as a high counting rate 
two-dimensional detector system. However, it is expen-
sive and difficult to use, and it has been not widely used. 
Therefore, we have developed an ADCnet64 system at 
last year as a low-cost, simple using, and 
high-counting-rate two-dimensional neutron detector 
system instead of the LiTA system. The performance of 
the ADC net64 system had been evaluated using the B3 
port of KUR continuously. 

EXPERIMENTS:  The ADCnet64 system is a readout 
circuit for high-speed scintillators. It has 64-channel 
high-speed analog to digital converters (ADCs) with 10 
bits 80 MHz sampling rate to read a 5 cm square 8 × 8 
multi-anode type photomultiplier tube. Although the 
ADCnet64 system is inferior to the LiTA system in per-
formance, similar data are obtained with fewer circuits 
and easy way.  
This year, we used a 1 mm thickness of 6Li and explored 
ways to achieve better position resolution and higher de-
tection efficiency with the B3 port. 
Since the ADCnet64 system uses a photo-multiplier tube 
with 64 anodes spaced 6 mm apart, it was found that a 
single threshold value did not give good characteristics. 
Figure 1 shows the single threshold data, which has good 
position resolution but poor detection efficiency. It is 
only 57 % more efficient than Figure 2. Figure 2 shows 
the data with a low hardware threshold and a high soft-
ware threshold, which proved to have both good position 
resolution and detection efficiency. 

RESULTS:  We have developed the ADCnet64 system 
with a low-cost, simple, high-counting-rate, and 
two-dimensional neutron detector. We have evaluated its 
performance using the B3 port at KUR. 

REFERENCES:
[1] S. Satoh, UCANS-V 2015, DOI 
10.1393/ncc/i2015-15197-7. 

Fig. 1.  Two-dimensional graph using 6Li glass in 1 
mm thickness by the single threshold. 

Fig. 2.  Two-dimensional graph using 6Li glass in 1 
mm thickness by the two thresholds. 
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INTRODUCTION: In order to calibrate monitors used 
for measuring radioactive noble gases in nuclear power 
plants or reprocessing facilities, use of activity reference 
measurement standard gases shall be required. A β-ray 
counting technique using a set of multiple ventilated 
proportional counters having different lengths is general-
ly used to determine activity concentration of standard 
gases [1]. In this study, a method based on the 4πβ-γ 
spectroscopic method using a plastic scintillator (PS) as a 
β-detector was carried out to measure activity of 41Ar 
absolutely as an alternative approach. 

EXPERIMENTS: 41Ar gas was produced via 
40Ar(n,γ)41Ar reaction. Pure argon gas was filled into the 
small crystal glass container having 10 ml with atmos-
pheric pressure and was irradiated for 60 s at the bottom 
of KUR-SLY under operating at 1 MW thermal output. 
Around 300 kBq of 41Ar was produced with 7.84×1011 
n-1s-1cm-2 of the nominal flux of the thermal neutron. The
radioactive gas was transferred to a large volume con-
tainer and diluted with stable argon gas. In the present
study 5 kBq of 41Ar produced at UTR-KINKI was also
used without dilution.

A small acrylic gas container with internal dimensions 
of φ60 mm × 40 mm (113 ml) was used as the 
β-detection part of the measurement system. The entire 
inner wall of the container was lined with 1 mm thick of 
PS. In addition, to observe β-spectra from each PS set on 
three different positions (top, bottom and side) of the 
inner wall separately, a series of measurements using a 
gas container lined with 1 mm PS on the top, bottom or 
side was also carried out. The container was covered with 
aluminum tape on the sides and white tape on the top as a 
reflector, and a photomultiplier tube (PMT) was con-
nected to the top of the container and stored in a 
light-shielded case. The β-detector was placed directly 
onto the Ge detector, and the signal outputs from the β- 
and γ-detectors were fed to the signal inputs of a mul-
ti-channel analyzer (MCA) capable of acquiring data in 
list mode to obtain list data consisting of the pulse height 
from each detector and a time stamp of the detection 
time.41Ar emits γ-ray (Eγ=1293 keV) following disinte-
gration by beta minus decay to excited levels of 41K with 
branching ratio of 0.9917 [2]. In order to obtain the β-γ 
coincidence spectrum from the time-stamped pulse height 
data, the γ- signals derived within 4.5μs from the 
β-detection time stamps were considered as true coinci-

dences. β-counting efficiency εβ is determined as the ratio 
of net peak area in the coincidence spectrum nc to the net 
peak area nγ in the γ-spectrum. 

RESULTS:  Figure 1 shows the coincidence and γ-ray 
spectra obtained in the present experiment. β-counting 
efficiency determined as nc / nγ was 0.872±0.001. The 
β-spectra observed by a set of measurements using a gas 
container lined with 1 mm PS on the top, bottom or side 
were shown in Fig. 2. As shown in this figure, the spectra 
obtained from the PS on the side or the bottom were sig-
nificantly degraded as compare with a spectrum obtained 
from the PS on the top, where is closest to the PMT, in-
dicating that the difference in light collection at each po-
sition of scintillator was considered to be one of the rea-
sons for the counting efficiency decrease of more than 
10 %. 

REFERENCES: 
[1] A. Yunoki, T. Yamada and H. Yashima, KURNS Pro-
gress Report 2019, ISSN 2434-9488, CO12-5 (31059).
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http://www.nucleide.org/DDEP_WG/DDEPdata.htm 

Fig. 1.  Coincidence- and γ-spectra obtained from 
the present measurement using 41Ar.  

Fig. 2.  β-spectra observed by a set of measure-
ments using a gas container lined with 1 mm PS on 
the top, bottom or side. 
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INTRODUCTION:  Decommissioning reactors at the 
nuclear power plant with safety is an important issue in 
Japan, and a real-time dose-rate monitor in the extremely 
high radiation dose condition is required for the above 
application.  
  Cs2HfI6 (CHI) has a high light output (over 60,000 
photons/MeV), high effective-atomic number (over 60), 
red and infrared emission (600 – 800 nm) and no after-
glow (less than 1% within 1s), and this material is availa-
ble for such dose monitors. On the other hand, this mate-
rial cannot be applied to alpha-ray detection due to the 
package for the hygroscopic nature[1,2].  
  Since the size of the scintillation sample should be 
small as well as a few mm3 due to the fiber diameter and 
space limitation in the power plant, a high effective 
gamma-ray efficiency and no package aginst the hygro-
scopic nature are required. One of the candidate materials 
is Yb-doped La2Hf2O7 (Yb:LHO), because this atomic 
number is 64. Moreover, Yb-doped samples are expected 
to have an infrared sharp peak around 970 nm originating 
from Yb3+ of 4f-4f transition. Although Yb:LHO has a 
high melting point of over 2400°C, we grew this crystal 
by the Core-Heating (CH) method, which we have de-
veloped as a novel crystal-growth technique in 2020[3]. 
 Last year, we reported the intensity of Yb:LHO has 
lower intensity (1% of CHI) than those of Cr:α-Al2O3 
(10% of CHI), and the dose-rate dynamic range was nar-
row than the others. In this year, we evaluated the sig-
nal-noise-to ratio, precisely. 

EXPERIMENTS:  We fabricated a Yb:LHO sample 
grown by the CH method, and the demonstration was 
performed at the 60Co Gamma-ray Irradiation Facility 
with an activity of ~70 TBq. The monitor and setup were 
the same as that last year; and an optical fiber 
(S.600/600B, Fujikura) had a length of 20 m and a pure 
SiO2 with a core diameter of 600 ± 30μm. The scintilla-
tion light was transmitted through the fiber and measured 
with a CCD spectrometer (Blue-UVNb, StellarNet). We 
defined the signal-to-noise ratio as shown in Fig. 1; The 
integral range was over 10% peak value in the wave-
length region as signal and noize. 

 RESULTS:  We succeeded in growing the transparent 
Yb:LHO sample, and the sample and fiber were assem-
bled. The assembly wae irradiated with gamma rays from 
the 60Co sourse, and the emission spectrum was obtain as 

shown in Fig.2. Here, this spectrum included optical fiber 
noise, and sharp peaks around 974 nm was oririnating 
from Yb3+ 4f-4f transition.  
Moreover, the fiber was also irradiated without Yb:LHO 

to measure background noise (Fig. 2), and signal-to-noise 
ratio was calicculated. When the scintillator and optical 
fiber were under 0.18 and 0.87 kSv/h, foe instatnce, the 
ratio was evaluated to be 0.63±0.2. On the other hand, 
CHI has that of 0.55±0.2. Although Yb:LHO had smaller 
emission intensity than that of CHI, Yb:LHO had the 
good ratio compard to CHI due to longer emission wave-
length. 
 As future works, we developed novel scintillators with 
high emission intensity at 800 – 1000 nm, which is the 
region of low backgraound level. 

REFERENCES: 
[1]S Kodama et al., Appl. Phys. Express, 13 (2020)
047002.
[2]S. Kodama et al., Radiat. Meas.,124, (2019) 54.
[3]https://www.tohoku.ac.jp/japanese/2021/01/press2021
0122-01-core.html

Fig. 1 Definition of integrating zone. 

Fig. 2 Emission specra of Yb:LHO+optical fiber 
and only fiber irradiated with gamma rays from 

the 60Co source 
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Size Measurement of Radioactive Aerosol Particles Using a Diffusion Battery and 
Imaging Plates in an Electron LINAC Facility 

Y. Oki, K. Takamiya, M. Inagaki, S. Sekimoto

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: Recently mA-class accelerators have 
been developed for isotope production and medical use. 
Target melting accidents, such as the J-PARC accident in 
2013, could happen easily by mis-handling of high-inten-
sity beam. The nature of radioactive species in air of the 
accelerator rooms is very important information to esti-
mate behavior of radionuclides emitted from the accidents 
in addition to ordinary radiation safety control. 

During machine operation the accelerator room is 
filled with radiation-induced aerosol particles in the size 
range of several nm to ca. 100 nm in addition to radioac-
tive gases. The size for the radioactive particles was often 
measured using a wire screen technique in accelerator fa-
cilities. Convenient size measurement techniques are 
needed for radiation protection in accelerator facilities. A 
combination technique with imaging plate (IP) was em-
ployed in a proton accelerator facility [1]. 

In this work, continuing from FY2020, an attempt was 
made to measure the size of 13N-bearing aerosol particles 
using the combination technique of screen-type diffusion 
battery (SDB) and IPs in an electron linear accelerator fa-
cility. Nitrogen-13 is a principal radionuclide (T1/2 = 9.965 
min) produced in air of accelerator rooms in electron LIN-
ACs. 

EXPERIMENTS:
Measurement method: The SDB employed in this work 
consists of 40 pieces of 500-mesh stainless steel wire 
screen and a backup filter (PTFE membrane filter). After 
collection of the aerosol particles with the SDB, selected 
screens and the backup filter were measured with an IP. 

Principle of SDB: When very fine aerosol particles pass 
through a stack of wire screens, a part of the particles is 
deposited on the wire surface of the screens by their diffu-
sion according to their particle size. The loss by the screens 
is expressed as a function of particle size, coarseness and 
number of screens, and flow rate of particles. The radioac-
tivity-based size distribution of the aerosol particles can be 
calculated by measuring the penetration ratio (A/A0), 
where A0 and A are activity of the nuclide of the aerosol 
particles before and after penetrating screens, respectively. 

Formation and collection of radiation-induced aerosols: 
Aerosol-free air was irradiated with an electron beam air-
irradiation experiment was carried out in the 46-MeV elec-
tron LINAC of the Institute for Integrated Radiation and 
Nuclear Science, Kyoto University (KURNS). An 

irradiation chamber was placed at a rear position of a plat-
inum target in the target room. During the irradiation, aer-
osol-free air was introduced to the chamber from the ex-
periment room next to the target room. The target was 
bombarded with a 30-MeV electron beam to produce 
bremsstrahlung. The bremsstrahlung ionizes air and pro-
duces the radiation-induced aerosol. The beam current was 
ca. 100 . The irradiated air was sampled with the SDB 
at the measurement station in the experiment room.  

Estimation of size distribution of radioactive aerosol par-
ticles: The IP image of the selected screens and the backup 
filter was simultaneously taken using a single large IP 
(Size: 43 x 35 cm). The penetration ratio for the i-th screen 
was calculated by the dividing total activity of the screens 
downstream of the i-th screen and the backup filter by the 
total activity of all screens and the backup filter. In this 
calculation, the activity of each 500-mesh screen was esti-
mated by fitting of the intensity of photostimulated lumi-
nescence (PSL) of the measured 500-mesh screens.  

RESULTS AND DISCUSSION: During the sampling the 
number-based particle size distribution was repeatedly 
measured using an SMPS (Scanning Mobility Particle 
Sizer). It was confirmed that the number-based particle 
size showed a stable lognormal distribution. The curve of 
the penetration ratios was successfully fitted to a theoreti-
cal function [2] for lognormal distributions to obtain the 
geometric mean and geometric standard deviation of par-
ticle diameter.  

The preliminary result of the size was found to be in 
the range of 40 to 60 nm in diameter, which coincided with 
the particle size previously reported by another SDB 
method [3]. The activity-based particle size was always 
larger than the number-based particle size. The radioactive 
aerosol particles (the radionuclide-bearing radiation-in-
duced aerosol particle) are formed by incorporating a radi-
onuclide atom into the radiation-induced non-radioactive 
aerosol particle. The activity-based particle size can be 
simply compared with the number-based size without any 
correction. Because the number concentration of radiation-
induced aerosol particles is several orders of magnitude 
greater than the activity concentration of radionuclides 
formed in accelerator air, the possibility of incorporation 
of plural radioactive atoms into a single the non-radioac-
tive particle is negligible. 

REFERENCES: 
[1] Y. Oki et al., J. Radiat. Prot. Res., 41 (2016) 216-221.
[2] Y.S. Cheng and H.C. Yeh, J. Aerosol Sci., 11 (1980)
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Study of Isotope Separation via Chemical Exchange Reaction 
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1Laboratory for Advanced Nuclear Energy, Tokyo Insti-
tute of Technology,  
2Graduate School of Engineering, Osaka University 
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Kyoto University 

INTRODUCTION: Chemical isotope separation for 
calcium and lithium has been studied by liquid-liquid 
extraction (LLE) with DC18C6 crown-ether [1, 2]. This 
report describes the change of separation factor (α) for 
the total of six times multistage process of LLE in terms 
of different solvent of water and 12M HCl. 

EXPERIMENTS: Chemical Isotopic exchange occurs 
according to the following chemical exchange reaction:  
40Ca2+

(aq) +48CaL2+
(org)48Ca2+

(aq) +40CaL2+
(org)   (1) 

, where L represents macrocyclic polyether(18-crown-6).  
Calcium chloride solution (30% w/w CaCl2 (aq), and 
CaCl2 (12M HCl)) was mixed in an Erlenmeyer flask 
with 0.07M DC18C6 in chloroform, by the volume ratio 
of 5/100 mL (aq/org), for 1 minute. The mixture solution 
was put in the separating funnel for 10 minutes before 
separation. The loaded solvent was removed with 10 mL 
pure water for back-extraction.  

Fig 1. The separation factor (α) of Ca isotope over the 
iteration stage with 12M HCl acid solvent: Preliminary. 

 = 48Ca/40Ca (━),  = 48Ca/42Ca (▪▪▪),  

 = 48Ca/43Ca ( ),  = 48Ca/44Ca ( ) 

The same procedure was iterated using the recovered 
solution from the previous extraction for six iterations by 
the new 100 mL organic phase. The calcium concentra-
tion was measured by AAS (Shimadzu AA-6800). The 
isotopic composition was measured by reaction-cell 
ICP-MS (Agilent 7900: H2 gas) (Fig 1, 2). It is noted that 

our measured isotope ratios of reaction-cell ICP-MS were 
checked to give the same magnitude by the measurement 
of TIMS (TRITON and MAT261) by the help of TIT [3]. 

Fig 2.  The separation factor (α) of Ca isotope over the 
iteration stage with aqueous solvent: Preliminary. 
 = 48Ca/40Ca (━),  = 48Ca/42Ca (▪▪▪), 
 = 48Ca/43Ca ( ),  = 48Ca/44Ca ( ) 

RESULTS: Multistage iteration using HCl solvent in-
creased the calcium absorption to the crown-ether [2]. 
Therefore, the recovery of calcium is lower than the 
aqueous solvent (25.6% and 50.4% for HCl and aqueous 
solvent at the sixth iteration, respectively). The separation 
factor (α) (48Ca/40Ca) of the recovered calcium was 
1.007±0.004 and 1.004±0.004 for HCl solvent and an 
aqueous solvent, respectively (Fig 1, 2). This finding in-
dicated the enrichment feasibility of 48Ca via liquid-liquid 
extraction under the presence of HCl acid, which can be 
compared with the chromatographic method [4]. It is 
noted that the recovery of cation content significantly 
influences a scale-up on mass production progress of 
isotope enrichment. Regardless of the calcium recovery, 
the required iteration to achieve ten-time enrichment of 
48Ca was 2112 and 3793 for HCl solvent and an aqueous 
solvent, respectively. The result shows that the mass 
production of calcium enrichment is possible via isotope 
exchange using crown-ether. Moreover, the LLE could be 
applied to other lighter elements, such as lithium [1, 2, 3], 
which is widely used in a nuclear reactor. 

REFERENCES: 
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Experiment, DeeMe 
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T. Uematsu2, and K. Yamamoto2

School of Science, Osaka University 
1Research Reactor Institute, Kyoto University 
2Faculty of Science, Osaka City University 
3Institute of Materials Structure Science, KEK 

INTRODUCTION:  The charged-lepton flavor viola-
tion (CLFV) process such as the muon-electron conversion 
has never been observed for unknown reasons.  Based on 
this fact, the charged-lepton flavor is assumed to be con-
served a priori in the Standard Model of particle physics 
(SM). However, it is rather natural to introduce the CLFV 
processes in the frameworks of many models beyond SM 
(BSM). Any discoveries or improvements of upper limits 
on the rate of CLFV processes provide very important in-
formation to elucidate BSM. DeeMe is one of experiments 
to search for the µ-e conversion in nuclear field [1]. It uses 
high-power high-purity pulsed proton beam from J-PARC 
RCS and the detector of DeeMe should be operational after 
an order of micro second from a burst of prompt particles 
(100 GHz/mm2). We successfully developed a multi-wire 
proportional-chamber (MWPC) with such a novel feature 
by introducing high-voltage switching technique [2] and 
have been performing various R&D for further improve-
ments of overall spectrometer performance. 

EXPERIMENTS:  The MWPC performance with gas 
mixtures of Ar : i-C4H10 (isobutane) : C3H8O2 (methylal) 
was tested. Addition of methylal is expected to reduce de-
layed false MWPC-pulses observed for longer than 10 µs 
after irradiation of burst electrons (107 electrons/200-ns). 
Since methylal comes in a liquid state, it must be evapo-
rated to gas by a precisely controlled manner. Such a gas 
mixture system is rather complicated and we were able to 
run the system stably after some struggles.  
MWPC output-signal gains were measured using low-

rate DC electrons from the LINAC, while the amount of 
delayed false pulses was investigated by injecting burst 
electrons to MWPC. MWPC output signals were recorded 
using a fast-FADC system [3]. 
 We also coated a part of MWPC cathode strip with graph-
ite and checked the effect on the MWPC gains. The cath-
ode is made of aluminum, while graphite has a larger work 
function than aluminum by about 20%. If the delayed false 
pulses originate from electron emission at the cathode 
electrode caused by positive ions hitting it, graphite coat-
ing could reduce them. 
As an extension of our spectrometer system, we are con-

sidering a plastic scintillation fiber-tracker system which 
can provide additional timing information. We tried to in-
vestigate responses of a plastic-scintillation fiber with 
SiPM readout to burst electrons. We newly developed a 
special circuit to switch bias voltages from the forward di-
rection to reverse direction according to the burst timing 

to see any effects on the slow recovery from the saturation 
due to burst injection.  

RESULTS:  Fig. 1 shows delayed false-pulse rate versus 
gain for a gas mixture of Ar : isobutane : methylal = 75 : 
15 : 15. The case of mixing R-134a gas instead of methylal 
is also included for comparison of which data were taken 
in previous beam tests. It is seen that methylal is much 
more effective to reduce false-pulse rates compared to R-
134a. The effect of delayed false pulses to momentum 
measurement is also estimated. For the same gas mixture 
and HV of 1460 V, the number of false tracks reconstructed 
from false pulses is expected to be about 0.01 for one year 
of data taking period and is confirmed to be small enough. 

The effect of painting graphite on the aluminum cathode 
strip on the gains was found to be small, about a 5% level 
of reduction. As a longer-term plan, we would like to in-
vestigate signal-to-noise ratios and explore the possibility 
of coating the cathode surface with an appropriate material. 
 As to the response of the fiber-SiPM system with apply-
ing switching bias voltages, it was found that the state 
change of the SiPM due to switching the bias voltages 
from the forward direction to the reverse direction took ra-
ther a long time (about 40 µs) which was too slow for our 
application. We need to investigate some more details of 
time evolution of semi-conductor states resulting from bias 
voltage switching.  

REFERENCES: 
[1] N. Teshima on behalf of the DeeMe Collaboration,
“DeeMe experiment to search for muon to electron con-
version at J-PARC MLF”, in proceedings of NUFACT
conference PoS (NuFact2017) 109 (2018).
[2] H. Natori, et al., “A fast high-voltage switching multi-
wire proportional chamber”, Prog. Theor. Exp. Phys.
2017(2) 023C01 (2017).
[3] N.M. Truong, et al., “Real-Time Lossless Compression
of Waveforms Using an FPGA”, IEEE Trans. Nucl. Sci. 65
2650 (2018).

Fig. 1 Relation between the gain and the delayed 
false-pulse rate. 
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Determination of Impurity Metals in the Uranium Oxide by ICP-MS 
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INTRODUCTION:  National Metrology Institute of 
Japan (NMIJ) is responsible for developing certified ref-
erence materials and for establishing the traceability of SI 
(The International System of Units) on chemical metrol-
ogy in Japan. To establish SI traceability, the starting ma-
terial of inorganic standard solution should be character-
ized and measured impurities by sensitive analytical 
method. In this study, the impurity metals in the uranium 
oxide reagent were measured by inductively coupled 
plasma mass spectrometry (ICP-MS) for assist the de-
velopment of precise titration method for uranium.

EXPERIMENTS:  The 0.2 g of uranium oxide reagent 
was weighed in the 200 mL borosilicate glass beaker. The 
weighed uranium oxide sample was dissolved by 5 mL of 
69 % HNO3. After dissolution of the uranium oxide rea-
gent, the solution was diluted by 1 % HNO3 and transfer 
to the 100 mL PFA (Perfluoroalkoxy alkane) bottle. Two 
samples (1.0 g and 0.98 g) were taken from the prepared 
sample solution. The sample solutions were evaporated to 
dryness using hot plate. After evaporation, the residue 
was dissolved with 20 mL 4 mol dm-3 HNO3. The sample 
solutions were loaded on eichrom U/TEVA extraction 
chromatographic resin column (bed volume; 2 mL) that 
had been previously washed with 10 mL of 4 mol dm-3 
HNO3. The U/TEVA resin [1] column was then washed 
with 10 mL 4 mol dm-3 HNO3 and 20 mL 5 mol dm-3 HCl. 
The Al, Mn, Fe, Bi, etc. on the U/TEVA resin column 
were eluted out with 10mL 4M nitric acid as the first 
washing solution, and then Th was eluted from the 
U/TEVA resin column with 20mL 5 mol dm-3 HCl as the 
second washing solution. The effluent at sample loading 
solution, 1st washing solution (10 mL 4 mol dm-3 HNO3) 
and 2nd washing solution (20 mL 5 mol dm-3 HCl) com-
bined and evaporated to dryness using hot plate. Then the 
residue was dissolved with 1 % HNO3. The sample solu-
tions were transferred to 50 mL polypropylene bottles. 
The sample solutions were introduced to determine the 
impurity metals by Analytic-jena PlasmaQuant ICP-MS. 
The operating conditions for the ICP-MS were shown in 
Table 1. 

Table 1 Operating conditions for the ICP-MS 
ICP source operation 
parameters 

RF power 1.2 kW 
Plasma gas flow 9.0 L/min 
Auxiliary gas flow 1.5 L/min 
Nebulizer gas flow 1.0 L/min 
Nebulizer Borosilicate glass con-

centric 

The NIST SRM standard solutions (Sc, La, Ce, Nd, Pr, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), SPEX 
XSTC-7, SPEX XSTC-22, SPEX XSTC-331were used 
for calibration of the ICP-MS.  

RESULTS:  The analytical results of impurity metals 
were shown in Table 2. The  

Table 2 Analytical results of metallic impurity elements 
in the uranium oxide reagent 

Analytical results Analytical results 
Sc < 50 mg/kg Pr < 9 mg/kg 
V < 70 mg/kg Nd < 10 mg/kg 
Cr < 15 mg/kg Sm < 4 mg/kg 
Mn < 1 g/kg Eu < 2 mg/kg 
Fe < 0.1 g/kg Gd < 5 mg/kg 
Co < 12 mg/kg Tb < 4 mg/kg 
Zn < 35 mg/kg Dy < 8 mg/kg 
Ga < 19 mg/kg Ho < 14 mg/kg 
Sr < 11 mg/kg Er < 30 mg/kg 
Y < 6 mg/kg Tm < 9 mg/kg 
Zr < 50 mg/kg Yb < 2 mg/kg 
Mo < 11 mg/kg Lu < 10 mg/kg 
Pd < 23 mg/kg Hf < 3 mg/kg 
Cd <9 mg/kg Pt < 16 mg/kg 
Sn < 40 mg/kg Tl < 7 mg/kg 
Ba < 6 mg/kg Pb < 0.5 g/kg 
La < 5 mg/kg Bi < 2 mg/kg 
Ce < 10 mg/kg Th < 16 mg/kg 
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INTRODUCTION:  In the drug delivery system, it is 
desired to obtain high therapeutic effects with no 
side-effect by direct transportation of medicine to lesion. 
At present, it is impossible to simultaneously evaluate the 
accumulation of administrated medicine in a targeted 
organ and its therapeutic effect without incision. Imaging 
of radiations emitted from activated medicine, however, 
makes it possible to visualize the pharmacokinetics 
without incision. In our group, an advanced imaging 
camera available for a wide energy range of X- and 
γ-rays has been already developed [1]. In this study, 
therefore, we activated gold nano-particle (AuNP), plati-
num nano-particle (PtNP), Cisplatin, and Gadoteridol by 
thermal neutron to produce short-lived radioisotopes 
suitable for imaging: 198Au (half-life = 2.69 d), 159Gd 
(18.48 h), and 197Pt (18.3 h). This study is our first ap-
proach to develop a novel methodology of the radioacti-
vated medicine imaging. 

EXPERIMENTS:  For AuNP, PtNP, and Gadoteridol, 
dried samples were separately prepared by evaporation of 
their commercial products on filter papers which were 
then enclosed in small plastic bags. For Cisplatin, its 
powder was enclosed in a plastic bag. The prepared 
AuNP (0.3 mg), Gadoteridol (1 mg), PtNP (2 mg), and 
Cisplatin (5 mg) samples were irradiated by thermal neu-
tron using the Pn-2 pneumatic transport system of KUR 
for 1 min, 10 min, 20 min, and 20 min, respectively. After 
the irradiation, these were transported to Osaka Univer-
sity. Experiments of PtNP and Cisplatin were carried out 
1 day after the irradiation for the decay of simultaneously 
produced detection-hindering radioisotope 199Pt with a 
shorter half-life (30.8 min). Gamma rays from the sam-
ples were measured using a high purity Ge detector. For 
AuNP and PtNP, purification by filtration was made after 
suspension. For Gadoteridol and Cisplatin, HPLC analy-
sis/separation was carried out after dissolution. After the 
separation, measurement for the purified samples was 
also conducted using the imaging camera [1]. 

RESULTS:  In the measurements using the Ge detector, 
γ-rays of 198Au (412 keV), 159Gd (364 keV), 197Pt (77 
keV) were identified in the AuNP, Gadoteridol, and both 
PtNP and Cisplatin samples, respectively. In Fig. 1, γ-ray 

spectrum of AUNP is showed as an example. Two 
γ-peaks of 198Au and characteristic X-rays from Hg after 
the β- decay of 198Au are clearly seen. This means that the 
irradiated AuNP was activated as intended. For the acti-
vated samples, the amounts of the radioisotopes at the 
γ-ray measurements were determined to be approximately 
100 kBq for 198Au in AuNP, 70 kBq for 159Gd in Gadot-
eridol, 15 kBq for 197Pt in PtNP, and 70 kBq for 197Pt in 
Cisplatin. Results on the purification of AuNP and PtNP, 
HPLC analysis of Gadoteridol and Cisplatin, and imaging 
of the activated samples are under analysis. 
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Fig. 1.  Gamma ray spectrum of the activated AuNP 
measured with a high purity Ge detector. 
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INTRODUCTION: We have developed an electron 
track detecting Compton camera (ETCC) that can 
uniquely determine the direction of arrival of 
MeV gamma rays. The ETCC is the unique 
gamma ray camera that can acquir linear im-
ages by bijective method as well as an optical 
camera, and thus can measure 3-D dose rates 
distribution from at least two directions simulta-
neously.  On the other hand, conventional 
Compton cameras or multi-pinhole cameras can-
not measure such quantitative 3D dose distribu-
tion due to their nonlinear images.  

To demonstrate this, 3D measurements of the 
1F (1st Fukushima Nuclear Power Plant) reactor 
building was scheduled in 2021 in the project of 
“Nuclear Energy Science & Technology and Hu-
man Resource Development Project”  supported 
by JAEA. However, due to the coronal disaster, it 
has been impossible to carry out the measure-
ment in  1F by the 
end of December 2021, 
when the project was 
to be terminated. 
Therefore, we pro-
posed the 3D dose rate 
measurement in the 
reactor facility of this 
institute, which is the 
only facility in Japan 
that can be used 

sis. Therefore, at this dose rate, 5 counts of 
gamma rays of which direction is determined 
completely per second can be obtained. To obtain 
a 3D dose distribution with an accuracy of 5 de-
grees cubic in space, we need at least 50,000 
gamma rays per direction, which means that 2-4 
hours obseration at one direction is needed. Con-
sidering the operation time of 6hours at 5MW 
opreration in one day, 3 days observation are 
needed. 

EXPERIMENTS AND RESULTS:
The experiment was done at 5 WM output on 

December 2, 9, and 16. We measured the reac-
tor from four different directions and obtained 
gamma-ray images with  the energy range 
from 0.1 to 5 MeV. The data are currently being 
analyzed. It is already well known that when 
the reactor power is increased to 5 MW, the air 
inside the reactor is irradiated and 41Ar was 
produced. Then, a small amount of 41Ar was 
emitted outside the reactor. 41Ar emits 1290 
keV γ-rays with a half-life of 110 minutes. Be-
cause the dose of 41Ar is so small, the details of 
how it exits from the reactor have long been 
unknown. From the catwalk in front of the 
control room, we measured the image of 1290 
keV gammas after 10:00 a.m., when 41Ar was 

strongest, and at 12:00 a.m., when the half-life 
had elapsed, as shown in Fig.2, 41Ar was clear-
ly measured to be decreasing. In fact, changes 
of 41Ar at intervals of 7 minutes were also cap-
tured, and we succeeded in capturing the diffu-
sion of 41Ar as an animation. Currently, we are 
seeking the distribution of gamma rays in oth-
er energy regions and their three-dimensional 
distributiona. 
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The ETCC was set 
on the second-floor catwalk of the reactor build-
ing looking down on the reactor and measuring 
the reactor from four directions, 70 to 120 degrees 
apart in Fig.1. The average dose on the catwalk 
at 5 MW output is about 2 µSv/h. The 20 cm di-
ameter ETCC to be used in this experiment has a 
detection efficiency of about 0.02% for 662 eV 
gamma radiation after noise reduction by analy-
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Theory of Deep Filtration From Iwasaki 
Hiroaki Ozaki, Yoko Fujikawa 
Journal of environmental conservation engineering 50(4) (2021) 180-185 (in Japanese) 

環境の分析技術・データ解析・モデル化講座Ⅱ．環境のデータ解析・モデル化－R によるデータ加工とグラフ

作成の自動化
Yoko Fujikawa  
Journal of environmental conservation engineering 50(3) (2021) 166-171 (in Japanese) 

水のろ過－古典的なろ過から最新のろ過まで－
Yoko Fujikawa  
Journal of environmental conservation engineering 50(4) (2021) 179 (in Japanese) 

Books 

2.4.2 安全でおいしい水のための浄水技術 鉄バクテリア法 
Yoko Fujikawa  
Encyclopedia of Water Environment  
Japan Society on Water Environment  
朝倉書店 (2021) (in Japanese) 

6. Life Science and Medical Science

Papers

Characterization of a Conformation-Restricted Amyloid β Peptide and Immunoreactivity of Its Antibody in 
Human AD brain 
Kageyama Yusuke, Irie Yumi, Matsushima Yuka, Segawa Tatsuya, Bellier Jean-Pierre, Hidaka Kumi, Sugiyama 
Hiroshi, Kaneda Daita, Hashizume Yoshio, Akatsu Hiroyasu, Miki Kunio, Kita Akiko, Walker Douglas G., Irie 
Kazuhiro, Tooyama Ikuo  
ACS Chemical Neuroscience 12(18) (2021) 3418-3432 (doi) 10.1021/acschemneuro.1c00416 

TLC-based MS Imaging Analysis of Glycosphingolipids and Glycerin Fatty Acid Esters after 1,2-Dichloroethane 
Washing 
MATSUSHITA Shoko, HASEGAWA Takuma, HIRAOKA Marina, HAYASHI Aki, SUZUKI Yusuke 
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Analytical Sciences 37(11) (2021) 1491-1495 (doi) 10.2116/analsci.21C009 

Terahertz Imaging for Formalin Fixed Malignant Liver Tumors Using Two-Band Beamline at the Accelerator 
Facility of Nihon University 
Kawashima Yusuke, Masaaki Suemitsu, Kuyama Kayo, Sakai Takeshi, Hayakawa Yasushi, Kaneda Takashi, Sei 
Norihiro 
Applied Sciences 12(4) (2022) 2229 (doi) 10.3390/app12042229 

Dynamic interactions in the l-lactate oxidase active site facilitate substrate binding at pH4.5 
Furubayashi Naoki, Inaka Koji, Kamo Masayuki, Umena Yasufumi, Matsuoka Takeshi, Morimoto Yukio 
Biochemical and Biophysical Research Communications 568 (2021) 131-135  
(doi) 10.1016/j.bbrc.2021.06.078 

Tumor-targeting hyaluronic acid/fluorescent carborane complex for boron neutron capture therapy  
Yamana Keita, Kawasaki Riku, Sanada Yu, Tabata Anri, Bando Kaori, Yoshikawa Kouhei, Azuma Hideki, 
Sakurai Yoshinori, Masunaga Shin-ichiro, Suzuki Minoru, Sugikawa Kouta, Nagasaki Takeshi, Ikeda Atsushi 
Biochemical and Biophysical Research Communications 559 (2021) 210-216 
(doi) 10.1016/j.bbrc.2021.04.037 

Conformational dynamics of a multidomain protein by neutron scattering and computational analysis 
Nakagawa Hiroshi, Saio Tomohide, Nagao Michihiro, Inoue Rintaro, Sugiyama Masaaki, Ajito Satoshi, 
Tominaga Taiki, Kawakita Yukinobu  
Biophysical Journal 120(16) (2021) 3341-3354 (doi) 10.1016/j.bpj.2021.07.001 

APOE ε4 allele advances the age-dependent decline of amyloid β clearance in the human cortex 
Saito Atsushi, Kageyama Yusuke, Pletnikova Olga, Rudow Gay L., An Yang, Irie Yumi, Kita Akiko, Miki Kunio, 
Li Ling, Southall Pamela, Irie Kazuhiro, Troncoso Juan C. 
bioRxiv (2021) (doi) 10.1101/2021.04.07.438832 

Overall structure of fully assembled cyanobacterial KaiABC circadian clock complex by an integrated 
experimental-computational approach 
Yunoki Yasuhiro, Matsumoto Atsushi, Morishima Ken, Martel Anne, Porcar Lionel, Sato Nobuhiro, Yogo Rina, 
Tominaga Taiki, Inoue Rintaro, Yagi-Utsumi Maho, Okuda Aya, Shimizu Masahiro, Urade Reiko, Terauchi 
Kazuki, Kono Hidetoshi, Yagi Hirokazu, Kato Koichi, Sugiyama Masaaki 
Communications Biology 5(1) (2022) 184 (doi) 10.1038/s42003-022-03143-z 

Design and Synthesis of Supramolecular Phosphatases Formed from a Bis(Zn2+‐Cyclen) Complex, Barbital‐
Crown‐K+ Conjugate and Cu2+for the Catalytic Hydrolysis of Phosphate Monoester 
Rahman Akib Bin, Okamoto Hirokazu, Miyazawa Yuya, Aoki Shin  
European Journal of Inorganic Chemistry 13 (2021) 1213-1223 (doi) 10.1002/ejic.202001009 

Synthesis and Anticancer Properties of Bis‐ and Mono(cationic peptide) Hybrids of Cyclometalated Iridium(III) 
Complexes: Effect of the Number of Peptide Units on Anticancer Activity 
Haribabu Jebiti, Tamura Yuichi, Yokoi Kenta, Balachandran Chandrasekar, Umezawa Masakazu, Tsuchiya Koji, 
Yamada Yasuyuki, Karvembu Ramasamy, Aoki Shin 
European Journal of Inorganic Chemistry 2021(18) (2021) 1796-1814 (doi) 10.1002/ejic.202100154 

Mefloquine, a Potent Anti-severe Acute Respiratory Syndrome-Related Coronavirus 2 (SARS-CoV-2) Drug as 
an Entry Inhibitor in vitro  
Shionoya Kaho, Yamasaki Masako, Iwanami Shoya, Ito Yusuke, Fukushi Shuetsu, Ohashi Hirofumi, Saso 
Wakana, Tanaka Tomohiro, Aoki Shin, Kuramochi Kouji, Iwami Shingo, Takahashi Yoshimasa, Suzuki Tadaki, 
Muramatsu Masamichi, Takeda Makoto, Wakita Takaji, Watashi Koichi 
Frontiers in Microbiology 12 (2021) 651403 (doi) 10.3389/fmicb.2021.651403 

Isorhamnetin Promotes 53BP1 Recruitment through the Enhancement of ATM Phosphorylation and Protects 
Mice from Radiation Gastrointestinal Syndrome 
Nishiyama Yuichi, Morita Akinori, Tatsuta Shogo, Kanamaru Misaki, Sakaue Masahiro, Ueda Kenta, Shono 
Manami, Fujita Rie, Wang Bing, Hosoi Yoshio, Aoki Shin, Sugai Takeshi 
Genes 12(10) (2021) 1514 (doi) 10.3390/genes12101514 
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Synthesis and antiproliferative activity of novel organometallic cobalt(III) complex encapsulated in 
polydiacetylene-phospholipid nanoformulation  
Mounica Arangasamy, Balachandran Chandrasekar, Gopalakrishnan Durairaj, Sivasakthi Pandiyan, Prakash 
Muthuramalingam, Aoki Shin, Ganeshpandian Mani 
Inorganica Chimica Acta 530 (2022) 120701 (doi) 10.1016/j.ica.2021.120701 

Oligomeric Structural Transition of HspB1 from Chinese Hamster 
Kurokawa Nina, Midorikawa Rio, Nakamura Manami, Noguchi Keiichi, Morishima Ken, Inoue Rintaro, 
Sugiyama Masaaki, Yohda Masafumi 
International Journal of Molecular Sciences 22(19) (2021) 10797 (doi) 10.3390/ijms221910797 

Evaluation of sodium orthovanadate as a radioprotective agent under total-body irradiation and partial-body 
irradiation conditions in mice 
Nishiyama Yuichi, Morita Akinori, Wang Bing, Sakai Takuma, Ramadhani Dwi, Satoh Hidetoshi, Tanaka Kaoru, 
Sasatani Megumi, Ochi Shintaro, Tominaga Masahide, Ikushima Hitoshi, Ueno Junji, Nenoi Mitsuru, Aoki Shin 
International Journal of Radiation Biology 97(9) (2021) 1241-1251 (doi) 10.1080/09553002.2021.1941377 

Potential anti-COVID-19 agents, cepharanthine and nelfinavir, and their usage for combination treatment 
Ohashi Hirofumi, Watashi Koichi, Saso Wakana, Shionoya Kaho, Iwanami Shoya, Hirokawa Takatsugu, Shirai 
Tsuyoshi, Kanaya Shigehiko, Ito Yusuke, Kim Kwang Su, Nomura Takao, Suzuki Tateki, Nishioka Kazane, Ando 
Shuji, Ejima Keisuke, Koizumi Yoshiki, Tanaka Tomohiro, Aoki Shin, Kuramochi Kouji, Suzuki Tadaki, 
Hashiguchi Takao, Maenaka Katsumi, Matano Tetsuro, Muramatsu Masamichi, Saijo Masayuki, Aihara 
Kazuyuki, Iwami Shingo, Takeda Makoto, McKeating Jane A., Wakita Takaji  
iScience 24(4) (2021) 102367 (doi) 10.1016/j.isci.2021.102367 

SPINK1 as a plasma marker for tumor hypoxia and a therapeutic target for radiosensitization 
Suwa Tatsuya, Kobayashi Minoru, Shirai Yukari, Nam Jin-Min, Tabuchi Yoshiaki, Takeda Norihiko, Akamatsu 
Shusuke, Ogawa Osamu, Mizowaki Takashi, Hammond Ester M., Harada Hiroshi 
JCI Insight 6(21) (2021) e148135 (doi) 10.1172/jci.insight.148135 

Structural and thermodynamical insights into the binding and inhibition of FIH-1 by the N-terminal disordered 
region of Mint3  
Ten Tensho, Nagatoishi Satoru, Maeda Ryo, Hoshino Masaru, Nakayama Yoshiaki, Seiki Motoharu, Sakamoto 
Takeharu, Tsumoto Kouhei 
Journal of Biological Chemistry 297(5) (2021) 101304 (doi) 10.1016/j.jbc.2021.101304 

A Novel RNA Synthesis Inhibitor, STK160830, Has Negligible DNA-Intercalating Activity for Triggering A p53 
Response, and Can Inhibit p53-Dependent Apoptosis 
Morita Akinori, Ochi Shintaro, Satoh Hidetoshi, Ujita Shohei, Matsushita Yosuke, Tada Kasumi, Toyoda Mihiro, 
Nishiyama Yuichi, Mizuno Kosuke, Deguchi Yuichi, Suzuki Keiji, Tanaka Yoshimasa, Ueda Hiroshi, Inaba 
Toshiya, Hosoi Yoshio, Aoki Shin  
Life 11(10) (2021) 1087 (doi) 10.3390/life11101087  

Cyclometalated Iridium(III) Complex–Cationic Peptide Hybrids Trigger Paraptosis in Cancer Cells via an 
Intracellular Ca2+ Overload from the Endoplasmic Reticulum and a Decrease in Mitochondrial Membrane 
Potential 
Balachandran Chandrasekar, Yokoi Kenta, Naito Kana, Haribabu Jebiti, Tamura Yuichi, Umezawa Masakazu, 
Tsuchiya Koji, Yoshihara Toshitada, Tobita Seiji, Aoki Shin 
Molecules 26(22) (2021) 7028 (doi) 10.3390/molecules26227028 

Isomerization of Asp is essential for assembly of amyloid-like fibrils of αA-crystallin-derived peptide 
Magami Kosuke, Hachiya Naomi, Morikawa Kazuo, Fujii Noriko, Takata Takumi 
PLOS ONE 16(4) (2021) e0250277 (doi) 10.1371/journal.pone.0250277 

Direct coordination of pterin to FeII enables neurotransmitter biosynthesis in the pterin-dependent hydroxylases 
Iyer Shyam R., Tidemand Kasper D., Babicz Jeffrey T., Jacobs Ariel B., Gee Leland B., Haahr Lærke T., Yoda 
Yoshitaka, Kurokuzu Masayuki, Kitao Shinji, Saito Makina, Seto Makoto, Christensen Hans E. M., Peters 
Günther H. J., Solomon Edward I. 
Proceedings of the National Academy of Sciences 118(15) (2021) e2022379118 
(doi) 10.1073/pnas.2022379118 
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Formation of clustered DNA damage in vivo upon irradiation with ionizing radiation: Visualization and analysis 
with atomic force microscopy 
Nakano Toshiaki, Akamatsu Ken, Tsuda Masataka, ujimoto Ayane, Hirayama Ryoichi, Hiromoto Takeshi, 
Tamada Taro, Ide Hiroshi, Shikazono Naoya  
Proceedings of the National Academy of Sciences 119(13) (2022) e2119132119  
(doi) 10.1073/pnas.2119132119 

Pro108Ser mutation of SARS-CoV-2 3CLpro reduces the enzyme activity and ameliorates the clinical severity of 
COVID-19 
Abe Kodai, Kabe Yasuaki, Uchiyama Susumu, Iwasaki Yuka W., Ishizu Hirotsugu, Uwamino Yoshifumi, 
Takenouchi Toshiki, Uno Shunsuke, Ishii Makoto, Maruno Takahiro, Noda Masanori, Murata Mitsuru, Hasegawa 
Naoki, Saya Hideyuki, Kitagawa Yuko, Fukunaga Koichi, Amagai Masayuki, Siomi Haruhiko, Suematsu Makoto, 
Kosaki Kenjiro,  
Scientific Reports 12(1) (2022) 1299 (doi) 10.1038/s41598-022-05424-3 

Proceedings 

Radioresistance mechanism of Escherichia coli acquired by adaptive evolution using gamma rays as a selective 
pressure 
Takeshi Saito  
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 42 (in Japanese) 

A study of small neutron source using proton accelerator for generation of intensity collimated neutron beam 
Masahiro Hino, Riichiro Nakamura, Yutaka Abe 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 14 (in Japanese) 

Deuterated/undeuterated positions in denatured/refolded hen egg lysozyme 
Akiko Kita and Yukio Morimoto 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022)31 (in Japanese) 

Dynamics of a multi-domain protein studied by small angle X-ray scattering and molecular dynamics simulations 
Masahiro Shimizu, Aya Okuda, Ken Morishima, Yasuhiro, Yunoki, Rintaro Inoue, Nobuhiro Sato, Reiko Urade, 
Masaaki Sugiyama 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 48(in Japanese) 

Hydrogen trapping in Fe-Al Intermetallic Compounds with supersaturated vacancies 
Hikotaku Otomo, Yasuyuki Kaneno, Akihiro Iwase, Kazuhito Ohsawa, Qiu Xu, Masaki Maekawa, Atsuo 
Kawasuso and Fuminobu Hori 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 15 (in Japanese) 

Integrated approach for structural analysis of protein in polydisperse solution with small angle scattering and 
analytical ultracentrifugation (AUC-SAS) 
Ken Morishima, Rintaro Inoue, Yasuhiro Yunoki, Masahiro Shimizu, Aya Okuda, Nobuhiro Sato, Reiko Urade, 
Masaaki Sugiyama 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 16 (in Japanese) 

Overall structure of a fully assembled complex in the cyanobacterial circadian clock analyzed by an integrated 
biophysical and computational approach 
Hirokazu Yagi, Yasuhiro Yunoki, Atsushi Matsumoto, Ken Morishima, Rintaro Inoue, Koichi Kato, Hidetoshi 
Kono, and Masaaki Sugiyama 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 22 (in Japanese) 

Preparation of deuterated wheat proteins for small-angle neutron scattering measurements   
Nobuhiro Sato, Reiko Urade, Aya Okuda, Yasuhiro Yunoki, Masahiro Shimizu, Ken Morishima, Rintaro Inoue 
and Masaaki Sugiyama  
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 33 (in Japanese) 

Solution structure of multi-domain protein ER-60 
Aya Okuda 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 8-9 (in Japanese) 
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Structural analysis of GATA3-nucleosome complex in solution 
Hiroki Tanaka, Yoshimasa Takizawa, Aya Okuda, Ken Morishima, Nobuhiro Sato, Rintaro Inoue, Masaaki 
Sugiyama, Hitoshi Kurumizaka 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 44 (in Japanese) 

Structural analysis of water-soluble vitamin K2 derived from Bacillus subtilis natto 
Toshiyuki Chatake, Yasuhide Yanagisawa, Aya Okuda, Ken Morishima, Rintaro Inoue, Masaaki Sugiyama 
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 13 (in Japanese) 

The molecular machine KaiC hexamer regulates circadian clock system 
Yasuhiro Yunoki, Atsuji Kodama,Maho Yagi, Ken Morishima, Nobuhiro Sato, Aya Okuda, Yasuhiro Shimizu, 
Rintaro Inoue, Reiko Urade, Yasukazu Yagi, Koichi Kato, Masaaki Sugiyama  
Proceedings of the 56th KURNS Scientific Meeting, Online (Feb. 9-10, 2022) 26 (in Japanese) 

SHORT PULSED BEAM EXTRACTION IN KURNS FFAG 
Tomonori Uesugi, Yoshihiro Ishi, Yasutoshi Kuriyama, Yoshiharu Mori 
Proceedings of the18th Annual Meeting of Particla Accelerator Society of Japan, Online (Aug. 9-10, 2021) 
(in Japanese) 

Combinatorial Construction of Metallosupramolecular Complexes to Mimic Natural Alkaline Phosphatases by 
the Self-assembly of Functionalized Building Block 
Shin Aoki, Hirokazu Okamoto, Akib Bin Rahman, and Mohd Zulkefli 
Thai Journal of Pharmaceutical Sciences (TJPS), Special Issue Malaysia, online (Sep. 28-29, 2021) 13-14  

Design and Synthesis of Poly(2,2’-bipyridyl) Ligands Directed toward Chelation Therapy of Cancer 
Masumi Hirose, Jun-Jie Zhu, Chandrasekar Balachandran, Tomohiro Tanaka, Yosuke Hisamatsu, Yasuyuki 
Yamada, and Shin Aoki  
Thai Journal of Pharmaceutical Sciences (TJPS), Special Issue Malaysia, online (Sep. 28-29, 2021) 14-15 

Design, Synthesis, and Anticancer Activity of Amphiphilic Anticancer Agents Having Cationic Peptides for the 
Induction of Programmed Cell Death in Cancer Cells 
Kohei Yamaguchi, Kenta Yokoi, and Shin AokiThai  
Thai Journal of Pharmaceutical Sciences (TJPS), Special Issue Malaysia, online (Sep. 28-29, 2021) 11-12  

Design, Synthesis, and Biological Evaluation of 2-Pyrolone Derivatibes as Radio Protectors Regulating p53 
Discovered in Phenotypic Screening  
Hidetoshi Satoh, Shintaro Ochi, Kosuke Mizuno, Shohei Ujita, Miyu Toyoda, Yuichi Nishiyama, Kasumi Tada, 
Yosuke Matsushita, Yuichi Deguchi, Keiji Suzuki, Yoshimasa Tanaka, Hiroshi Ueda, Toshiya Inaba, Yoshio 
Hosoi, Akinori Morita, and Shin Aoki, 
Thai Journal of Pharmaceutical Sciences (TJPS), Special Issue Malaysia, online (Sep. 28-29, 2021) 11 

One-pot Synthesis of Cyclic Oligosaccharides by Means of Thioglycoside Donor/Acceptor Units  
Gota Ishigami, Takehito Seki, Hidehisa Someya, Yasuyuki Yamada, and Shin Aoki, 
Thai Journal of Pharmaceutical Sciences (TJPS), Special Issue Malaysia, online (Sep. 28-29, 2021) 11 

Reviews 

Recent Advances in Cataract Research Using D-Amino Acids as a Molecular Marker 
Takumi Takata  
Journal of The Japanese Society for Cataract Research 33(1) (2021) 59-61 (in Japanese) 

The Post-Translational Modifications of Amino Acid in Crystallin and Their Contributions to Aged Lens 
Noriko Fujii 
Journal of The Japanese Society for Cataract Research 33(1) (2021) 12-24 (in Japanese) 

トリプル四重極質量分析計を用いた 抗体医薬品の新しい品質管理指標に関する研究
Takumi Takata, Toshiya Matsubara, Tsuyoshi Nakanishi, Tetsuo Tanigawa 
SHIMADZU Application Notes 71 (2021) 1-5 (in Japanese) 

Post-complexation functionalization によるシクロメタレート型イリジウム(III)錯体の機能化と生命科学および

材料科学への応用―金属錯体をビルディングブロックとする機能性分子の創製― 
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青木伸, 横井健汰, Chandrasekar Balachandran, 久松洋介 
有機合成化学協会誌 79 (2021) 1113-1124 (in Japanese)  

Books 

Gota Ishigami, Takehito Seki, Hidehisa Someya, Yasuyuki Yamada, and Shin Aoki 
薬学演習Ⅰ（スタンダード薬学シリーズⅡ-9） P195-200, P287-291, P479-480 
日本薬学会

東京科学同人 (2021) (in Japanese) 

Others 

Transfer of silber, cesium, and rubidium from nutrient solution to radish (Raphanus sativus var. sativus) 
T. Kubota, S. Fukutani, Y. Shibahara
KURNS Progress Report 2020 (2021) 152

Nanostructural Analysis of Hydrated Food Protein Assembly by Ultra-Small-Angle X-ray Scattering towards 
Development of Novel Functional Foods 
Nobuhiro Sato, Reiko Urade, Masaaki Sugiyama 
SPring-8/SACLA Research Report (2022) 64-66 (in Japanese) (doi) 10.18957/rr.10.1.64 

理科大の化学と生物学の研究力を活かした新型コロナウイルス治療薬の開発

倉持幸司, 渡士幸一, 大橋啓史, 青木伸, 田中智博 
理大科学フォーラム 422 (2021) 10-13 (in Japanese) 

7. Neutron Capture Therapy

Papers 

Dodecaborate Conjugates Targeting Tumor Cell Overexpressing Translocator Protein for Boron Neutron Capture 
Therapy 
Hattori Yoshihide, Ishimura Miki, Ohta Youichirou, Takenaka Hiroshi, Kawabata Shinji, Kirihata Mitsunori 
ACS Medicinal Chemistry Letters 13(1) (2022) 50-54 (doi) 10.1021/acsmedchemlett.1c00377 

Development of a real-time neutron beam detector for boron neutron capture therapy using a thin silicon sensor 
Takada Masashi, Nunomiya Tomoya, Masuda Akihiko, Matsumoto Tetsuro, Tanaka Hiroki, Nakamura Satoshi, 
Endo Satoru, Nakamura Masaru, Aoyama Kei, Ueda Osamu, Narita Masataka, Nakamura Takashi 
Applied Radiation and Isotopes 176 (2021) 109856 (doi) 10.1016/j.apradiso.2021.109856 

Extracellular Release of HMGB1 as an Early Potential Biomarker for the Therapeutic Response in a Xenograft 
Model of Boron Neutron Capture Therapy 
Imamichi Shoji, Chen Lichao, Ito Tasuku, Tong Ying, Onodera Takae, Sasaki Yuka, Nakamura Satoshi, Mauri 
PierLuigi, Sanada Yu, Igaki Hiroshi, Murakami Yasufumi, Suzuki Minoru, Itami Jun, Masunaga Shinichiro, 
Masutani Mitsuko 
Biology 11(3) (2022) 420 (doi) 10.3390/biology11030420 

Salvage Boron Neutron Capture Therapy for Malignant Brain Tumor Patients in Compliance with Emergency 
and Compassionate Use: Evaluation of 34 Cases in Taiwan 
Chen Yi-Wei, Lee Yi-Yen, Lin Chun-Fu, Pan Po-Shen, Chen Jen-Kun, Wang Chun-Wei, Hsu Shih-Ming, Kuo 
Yu-Cheng, Lan Tien-Li, Hsu Sanford P. C., Liang Muh-Lii, Chen Robert Hsin-Hung, Chang Feng-Chi, Wu Chih-
Chun, Lin Shih-Chieh, Liang Hsiang-Kuang, Lee Jia-Cheng, Chen Shih-Kuan, Liu Hong-Ming, Peir Jinn-Jer, Lin 
Ko-Han, Huang Wen-Sheng, Chen Kuan-Hsuan, Kang Yu-Mei, Liou Shueh-Chun, Wang Chun-Chieh, Pai Ping-
Ching, Li Chih-Wei, Chiek Daniel Quah Song, Wong Tai-Tong, Chiou Shih-Hwa, Chao Yee, Tanaka Hiroki, 
Chou Fong-In, Ono Koji 
Biology 10(4) (2021) 334 (doi) 10.3390/biology10040334 

Development of an irradiation method for superficial tumours using a hydrogel bolus in an accelerator-based 
BNCT 
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Sasaki Akinori, Tanaka Hiroki, Takata Takushi, Tamari Yuki, Watanabe Tsubasa, Hu Naonori, Kawabata Shinji, 
Kudo Yoshihiro, Mitsumoto Toshinori, Sakurai Yoshinori, Suzuki Minoru 
Biomedical Physics & Engineering Express 8(1) (2021) 015015 (doi) 10.1088/2057-1976/ac3d73 

Conjugation of Phenylboronic Acid Moiety through Multistep Organic Transformations on Nanodiamond Surface 
for an Anticancer Nanodrug for Boron Neutron Capture Therapy 
Nishikawa Masahiro, Kang Heon Gyu, Zou Yajuan, Takeuchi Hidekazu, Matsuno Naoyoshi, Suzuki Minoru, 
Komatsu Naoki  
Bulletin of the Chemical Society of Japan 94(9) (2021) 2302-2312 (doi) 10.1246/bcsj.20210200 

A Novel Boron Lipid to Modify Liposomal Surfaces for Boron Neutron Capture Therapy  
Shirakawa Makoto, Zaboronok Alexander, Nakai Kei, Sato Yuhki, Kayaki Sho, Sakai Tomonori, Tsurubuchi 
Takao, Yoshida Fumiyo, Nishiyama Takashi, Suzuki Minoru, Tomida Hisao, Matsumura Akira 
Cells 10(12) (2021) 3421 (doi) 10.3390/cells10123421 

Carboxyboranylamino ethanol: unprecedented discovery of boron agents for neutron capture therapy in cancer 
treatment 
Zhu Yinghuai, Cai Jianghong, Hosmane Narayan S., Suzuki Minoru, Uno Kazuko, Zhang Yingjun, Takagaki 
Mao  
Chemical Communications 79 (2021) 10174-10177 (doi) 10.1039/d1cc03034e 

Suppression of Tumor Growth in a Rabbit Hepatic Cancer Model by Boron Neutron Capture Therapy With 
Liposomal Boron Delivery Systems  
Yanagie Hironobu, Yanagawa Masashi, Morishita Yasuyuki, Shinohara Atsuko, Dewi Novriana, Nonaka 
Yasumasa, Furuya Yoshitaka, Mizumachi Ryouji, Murata Yuuji, Nakamura Hiroyuki, Suzuki Minoru, Sakurai 
Yoshinori, Tanaka Hiroki, Masunaga Shinichiro, Ono Koji, Sugihara Takumichi, Nashimoto Masayuki, 
Yamauchi Haruo, Ono Minoru, Nakajima Jun, Takahashi Hiroyuki   
In Vivo 35(6) (2021) 3125-3135 (doi) 10.21873/invivo.12607 

HIF-1α affects sensitivity of murine squamous cell carcinoma to boron neutron capture therapy with BPA 
Sanada Yu, Takata Takushi, Tanaka Hiroki, Sakurai Yoshinori, Watanabe Tsubasa, Suzuki Minoru, Masunaga 
Shin-ichiro 
International Journal of Radiation Biology 97(10) (2021) 1441-1449 (doi) 10.1080/09553002.2021.1956004 

Prevention and early management of carotid blowout syndrome for patients receiving head and neck salvage 
boron neutron capture therapy (BNCT) 
Lan Tien-Li, Chang Feng-Chi, Wang Chun-Wei, Igawa Kazuyo, Wu Szu-Hsien, Lo Wen-Liang, Chen Yi-Wei 
Journal of Dental Sciences 16(3) (2021) 854-860 (doi) 10.1016/j.jds.2020.12.013 

Measurement of spatial fluence distribution of neutrons and gamma rays using MAGAT-type gel detector doped 
with LiCl for BNCT at Kyoto University Reactor 
Tanaka Kenichi, Kajimoto Tsuyoshi, Mitsuyasu Aruma, Ito Yuto, Hayashi Shin-ichiro, Sakurai Yoshinori, 
Tanaka Hiroki, Takata Takushi, Bengua Gerard, Endo Satoru 
Journal of Physics: Conference Series 2167 (2022) 012006 (doi) 10.1088/1742-6596/2167/1/012006 

Technical note: Optical imaging of lithium‐containing zinc sulfate plate in water during irradiation of neutrons 
from boron neutron capture therapy (BNCT) system 
Yamamoto Seiichi, Yabe Takuya, Hu Naonori, Kanai Yasukazu, Tanaka Hiroki, Ono Koji 
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Boron Neutron Capture Therapy 
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medicine.-Challenges and potential for interdisciplinary research-, Online (2021 Mar. 4) 71-85 (in Japanese) 
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Current status of PET medical care in small animals 
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Examination of route of boron administration to brain tumor for BNCT-Looking for clinical usefulness of the 
intracerebroventricular injection of BPA to brain tumor for rat- 
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Radiation Therapy in Veterinary Medical Center in Yamaguchi University 
Munekazu Nakaichi 
Proceedings of the Symposium on the expansion of boron neutron capture therapy to the field of veterinary 
medicine.-Challenges and potential for interdisciplinary research-, Online (2021 Mar. 4) 41-51 (in Japanese) 
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Current Status of Accelerator-Based Boron Neutron Capture Therapy (BNCT)  
Hiroki Tanaka 
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Realization of the World’s First Accelerator BNCT System Using a Cyclotron  
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ポリビニルアルコールに秘められた可能性：ホウ素送達システムへの応用
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Matsushita T., Sonnenschein V., Iguchi T., Ito D., Kitaguchi M., Kiyanagi Y., Guo W., Saito Y.,Shinohara T., 
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Eisuke Watanabe, Yoshitaka Kasamatsu, Nakanishi Ryohei, Saki Otaka, Koichi Takamiya, and Atsushi 
Shinohara 
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Review 
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TAT 薬剤の最新動向－
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