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Peak intensity of quadrupole doublet of cordierite by single crystal Mössbauer 
microspectros-copy 

γ

 single crystals of natu-
ral cordierite were used for this study. 

Crystallo-
graphically oriented thin sections perpendicular to c* was 
prepared by measuring X-ray diffraction patterns by using 
X-ray precession camera. Mössbauer spectra of thin sec-
tion of single crystal of cordierite were measured under γ-
ray parallel to the c*-axis.

Mössbauer measure-
ments were carried out in transmission mode on a constant 
acceleration spectrometer with an Si-PIN semiconductor 
detector (XR-100CR, AMPTEK Inc.) and multi-channel 
analyzer of 1024 channels. A 3.7GBq 57Co/Rh of 4mmφ in
diameter was used as γ-ray source. An 57Fe-enriched iron
foil was used as velocity calibrant. The two symmetric 
spectra were folded and velocity range was ±5mm/s. 
Thickness corrections of raw spectra were not done.  

Fig.1 Mössbauer spectrum of hexagonal cordierite meas-
ured under γ-ray parallel to the c*-axis.

 Fig.1. Mössbauer spectrum of hexagonal cordierite meas-
ured under γ-ray parallel to the c*-axis. Isomer shift, Q-
splitting, line width and intensity of quadruploe doublet 
were 1.21, 2.30, 0.32 mm/s and 0.31, respectively. Ortho-
rhombic cordierite shows quite resemble spectrum to the 
hexagonal cordierite The Mössbauer parameters were also 
the same values. The results suggest that the second neigh-
boring atoms give little effect to electric gradient at Mössa-
bauer nuclei.  

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,
537-543
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Recoil-free fraction in 197Au Mössbauer Spectroscopy
for precursor of supported gold cluster catalysts  

H. Ohashi, T. Sai, Y. Umetsu, H. Murayama1, M. Takaki1,
T. Ishida2, D. Kawamoto3, Y. Kobayashi4, S. Kitao4

Faculty of Symbiotic Systems Science, Fukushima Uni-
versity 
1Faculty of Sciences, Kyushu University 
2Department of Applied Chemistry for Environment, 
Tokyo Metropolitan University 
3Faculty of Sciences, Okayama University of Science 
4Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

  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 analyze the state of 
gold valence and Au-S bond on gold sulfide synthesized 
by a similar method of SDP using 197Au Mössbauer 
spectroscopy. 

EXPERIMENTS: 
The gold sulfide (Au2Sx) and activated carbon 

supported gold sulfide were synthesized by the similar 
SDP method already reported[1]. Samples obtained were 
characterized by X-ray Absorption Fine Structure 
(XAFS) and 197Au Mössbauer spectroscopy. Au L3 edge
XAFS spectra were measured at Kyushu University 
Beamline (SAGA-LS/BL06). 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 the Au2Sx and acti-

vated carbon supported gold sulfide were showed in 
Fig.1. It showed that the Mössbauer spectrum of Au2Sx 
consisted of doublets in shape. Based on the value of 
IS-QS derived from the synthesized Au2Sx and 
Na3[Au(S2O3)2], the chemical state of gold in Au2Sx was 
estimated to be monovalent (Au(I)). Shown in Fig.1 (a), 
the spectrum of activated carbon supported gold sulfide 
did not appear when accumulating over 2,500,000 γ-ray- 
counts.  Since XANES spectrum of the sample were 
similar to that of Au2Sx,  chemical state of gold in the 
sample was estimated to be Au2Sx.  These results sug-
gested that recoil-free fraction of the sample was quite 
small, which were exceptionally rare phenomenon. We 
are going to discuss the details on the fraction. 

Fig.1.197Au Mössbauer spectra for activated carbon sup-
ported Au2Sx (a) and Au2Sx (b) prepared by similar SDP 
method. 

REFERENCE: 
[1] H. Ohashi et al., "Method for dispersing and
immobilizing gold fine particles and material obtained 
thereby", Patent No. 5010522. 
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Development of Single-Line Compounds for 166Er Mössbauer Spectroscopy 

S. Kitao1, M. Kobayashi1, T. Kubota1, M. Kurokuzu1, H.
Tajima2, and M. Seto1

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

INTRODUCTION: 
The Mössbauer spectroscopy is a powerful method for 

various investigations of electronic states, magnetic 
properties, chemical properties, and so on. One of re-
markable features is that this method can extract the in-
formation of specific isotope. Although about one hun-
dred of Mössbauer energy levels are known, recent 
Mössbauer activities are quite limited to 57Fe and 119Sn, 
whose sources are commercially available. In order to 
promote studies for other less-common Mössbauer iso-
topes, we have been developing 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 -ray irradia-
tion using the electron linear accelerator 
(KURNS-LINAC). We have already developed prepara-
tion methods of the Mössbauer sources for various iso-
topes (source nuclides in parentheses): 61Ni(61Co), 
125Te(125mTe), 129I(129Te,129mTe), 161Dy(161Tb), 166Er(166Ho), 
169Tm(169Er), 170Yb(170Tm), 197Au(197Pt), etc. Among 
these researches, an improvement of 166Er Mössbauer 
spectroscopy is described in this report. 
The 80.6keV level of 166Er is the most useful for Er 

Mössbauer spectroscopy. Since the natural abundance of 
165Ho is 100 %, 166Ho with a half-life of 26.8 hours can 
be obtained as the Mössbauer source without by-product 
nuclides even by neutron irradiation of natural Ho. As for 
the source material, we had used HoAl2, by arc-melting 
method from Ho and Al. Several 166Er experiments have 
already been performed using HoAl2 at KUR[1]. Howev-
er, since HoAl2 has a Curie temperature of about 25 
K[2,3], the source temperature had to be kept above 40 K 
to avoid line broadening by magnetic splitting. To over-
come this disadvantage, rare-earth dihydrides can be used 
as single-line compounds at the temperatures down to 4 
K[4]. 

EXPERIMENTS AND RESULTS: 
In this study, we have synthesized rare-earth dihydrides 

for 166Er Mössbauer experiments, Ho0.4Y0.6H2 as the 
source and ErH2 as the absorber. The synthesis procedure 
is basically similar to that in ref. 4. We used TiH2 instead 
of H2 gas bombe for the H2 gas source[5]. Since the TiH2 

decomposes by heating and generates H2 gas, this method 
is convenient and safer for the H2 gas handling. The 
Ho0.4Y0.6 was prepared by the arc-melting method from 
Ho and Y metals. The Ho0.4Y0.6, doubly-rapped with Ti 
and Ta foils, was evacuated in quartz tubes in an electric 
furnace. The pelletized powder of TiH2, rapped with Ti 
foil, is separately evacuated in quartz tubes in another 
electric furnace. Two tubes are connected by a tube 

through a liquid N2 trap with a valve. The valve was open 
and the evacuation was stopped when the hydridation 
proceeded. The furnace for the Ho0.4Y0.6 was kept at 
850 °C before and during the hydridation. The tempera-
ture of the furnace for the TiH2 was changed from about 
400 to 800 °C to control the pressure of decomposed H2. 
After the hydridation, the quartz tube of Ho0.4Y0.6H2 was 
quenched into the water. The ErH2 is prepared similarly 
using Er metal. The obtained Ho0.4Y0.6H2 was sealed into 
coin-shaped polyethylene container using polystyrene 
resin. Typical irradiation condition for the Ho0.4Y0.6H2 

containing 20 mg Ho was 15-min irradiation using the 
pneumatic tube in 1 MW operation of KUR to obtain 140 
MBq of 166Ho. The observed Mössbauer spectrum of 
ErH2 using 166Ho source in Ho0.4Y0.6H2 at the temperature 
of 18 K is shown in Fig. 1. Since the recoilless fraction of 
Er compounds is low at high temperature, the sample and 
the source were necessary to be cooled. The gamma-rays 
with the energy of 80.6 keV have been measured by a 
CeBr3 scintillation detector. The obtained spectrum suc-
cessfully showed a single-line shape, indicating both the 
Ho0.4Y0.6H2 source and the ErH2 absorber has a sin-
gle-line shape. This source and absorber are useful for 
various application in Er Mössbauer studies even for the 
low temperatures. Moreover, the preparation method of 
rare-earth dihydrides is applicable to synthesize a sin-
gle-line source or absorber for other rare-earth Mössbauer 
spectroscopies. 

REFERENCES: 
[1] S. Nakamura, H. Yokota, S. Kitao, Y. Kobayashi, M.
Saito, R. Masuda, M. Seto, Hyperfine Interact. 240, 75
(2019).
[2] E. Munck, D. Quitmann, S. Hufner, Z. Naturforsch.
21A, 847 (1966).
[3] E. Munck, D. Quitmann, S. Hufner, Phys. Lett. 24B,
392 (1967).
[4] J. Stöhr and J. D. Cashion, Phys. Rev. B 12, 4805
(1975).
[5] D. B. Prowse, A. Vas and J. D. Cashion, J. Phys. D:
Appl. Phys. 6, 646 (1973).
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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, five research projects were in-
cluded. One research projects (P4-4 could not be con-
ducted due to delay of begging of KUR by COVID-19). 

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.  

P4-1: “The effect of boron neutron capture therapy 
(BNCT) on normal lung in mice.” 
   The effect of thermal neutron beam at KUR on nor-
mal lung was analyzed with reference to the survival. 
The mice were sorted into four treatment groups, 40-
min, 50-min, 60-min, and 70-min irradiation groups. 
In each group, six to seven mice were irradiated. In 
70-min irradiation group, all the three mice died within
10 days. In 60-min irradiation group, six mice died
within an observation period of 12 days, and three mice
survive within an observation period of 380 to 540 days.
In 50-min irradiation groups, five mice died, and two
mice survived within an observation period of 451 to
570 days.  In 40-min irradiation groups, two mice died,
and five mice survived within an observation period of
465 to 577 days.

P4-2: “Clarification of the normal cell fractionation 
as a trigger for radiation-induced liver injury.” 
The objective of our study is to clarify the mechanism 

of radiation-induced liver injury. 
We used the following boron cluster-sugar chain-con-
jugated albumin.  

Asialo-N-glycan-HSA-10B
Mannose-N-glycan-HSA-10B
Hybrid-N-glycan-HSA-10B

The sugar chains recognize the normal tissue compo-
nents, hepatocytes, and non-parenchymal cells. We an-
alyzed boron spatial distribution using autoradiography 
technique. 

P4-3: “The Effect of Boron Neutron Capture Ther-
apy to Normal Bones in Mice.” 
Cognitive impairment and radiation brain necrosis are 

late adverse effects after radiation therapy against brain 
or head and neck tumors. Biological effect of Boron 
Neutron Capture therapy (BNCT) on central nervous 

system is unknown. To avoid those late adverse effects, 
We investigate the biological effects of BNCT on neu-

ronal cells and brain blood vessels We used human
iPSC-derived Neural stem/progenitor cell (NSPC) lines 
and blood-brain barrier (BBB) model composed of rat 
brain capillary endothelial cells, pericytes, and astro-
cytes.

In neuronal cells, early apoptosis was not detected af-
ter 24 hours after BNCT. Frequency of Necrosis occur-
rence did not increase with increasing BPA concentra-
tion. 

P4-5: “The Effect of Boron Neutron Capture Ther-
apy to Normal Bones in Mice.” 

In this project, we have performed X-ray or neutron 
irradiation to normal tibial bone in mice with and with-
out boronophenylalanine (BPA) and determined the 
compound biological effectiveness (CBE) factor for 
BPA as the biological endpoint of the tibial bending 
strength. 
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Development of Gadolinium-loaded mesoporous silica-based nanoparticles and 
application to cancer radiotherapy 

F. Tamanoi1, K. Matsumoto1 and M. Suzuki2

1Institute for Advanced Study 
Institute for Integrated Cell-Materials Sciences, Kyoto 
University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: Boron phenylalanine (BPA) has 
been developed as useful boron compound which is 
available for boron neutron capture therapy (BNCT). 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]. We have also developed mesoporous 
silica-based nanoparticles loaded with gadolinium instead 
of boron. We assumed this Gd-MSN or Gd-BPMO could 
be applied to gadolinium neutron capture therapy 
(GNCT). These nanoparticles have a large surface area 
where Gd can be attached for GNCT application. We 
carried out preliminary evaluation of these gadolinium 
nanoparticles using the chicken chorioallantoic mem-
brane (CAM) model that was established by transplanting 
human ovarian cancer cells. 

EXPERIMENTS: 
Mesoporous silica nanoparticles (MSN) were synthesized 
by sol-gel synthesis of TEOS. BPMO nanoparticles were 
synthesized by sol-gel synthesis of two precursors, 
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. These nanoparticles were surface modified 
with an amino group. Gadolinium diethylenetriamine 
penta-acetic acid (DTPA) was then mixed with 
amine-modified BPMO to couple Gd on the nanoparticles 
by electrostatic interaction between positively charged 
NH3+ and negatively charged COO- of DTPA. The syn-
thesized nanoparticles were characterized by using SEM 
and EDX-TEM. The amount of Gd attached on the na-
noparticles 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 eggs. After intravenously injection of Gd-loaded 
nanoparticles the eggs were placed at the center of 
emerging neutron beam. Eggs were irradiated with ther-
mal 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: Nanoparticles synthesized had approximate-
ly 80-100 nm of diameter and homogenous shapes ex-
amined by SEM and TEM microscopy. After coupling of 
Gd, we detected that the amount of Gd coupled with the 

nanoparticles by ICP. Gd occupied 2.6% of the weight of 
Gd-BPMO nanoparticle. 

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. Tumor weight after the injection of 
Gd-BPMO followed by neutron irradiation and incuba-
tion was 27% of that compared with no injection of emp-
ty nanoparticle injection. Free Gd was 75% of the no in-
jection control.  

Further experiments on the biodistribution of Gd-BPMO 
are planned.  

REFERENCES: 
[1] Tamanoi, F. et al., Int. J. Mol. Sci. 22, 2251 (2021).
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Change of free volume in hydrogenated DLC film by the irradiation of soft X-rays

K. Kanda, F. Hori1, A. Yabuuchi2 and A. Kinomura2

Laboratory of Advanced Science and Technology for In-
dustry, University of Hyogo
1Department of Materials Science, Osaka Prefecture 
University
2Institute for Integrated Radiation and Nuclear Science,
Kyoto University

INTRODUCTION: Diamond-like carbon (DLC) film 
generally has a very strong tolerance of soft X-ray irradi-
ation. However, highly hydrogenated DLC (H-DLC) film 
with a hydrogen content greater than 40 at.% was report-
ed to be modified by the irradiation of soft X-rays [1]. 
Soft X-ray irradiation against H-DLC film decreases the 
film volume and hydrogen content and increases hardness.
The density of the H-DLC film was reported to increase 
dramatically from 1.25 g/cm3 before irradiation to 1.40 
g/cm3 after the irradiation of soft X-rays with 200 mA∙h.
However, how the free volume in DLC films is changed 
by soft X-ray irradiation has not been investigated at all. 
In this study, we observed the dependence of the free 
volume in the H-DLC film on the dose of soft X-ray irra-
diation by Positron lifetime spectroscopy (PAS) meas-
urement using a slow positron beam, and discussed the 
structural change of the H-DLC film caused by hydrogen 
desorption upon soft X-ray irradiation.

EXPERIMENTS: H-DLC film was deposited on Si 
wafers by using an amplitude-modulated radio-frequency 
plasma-enhanced chemical vapor deposition method. 
(Nippon ITF Co.) The desired film thickness was 
200-nm-thick. The hydrogen content of H-DLC film was
estimated to be 50 at.%.

The irradiation of soft X-rays to the H-DLC film was 
carried out at BL06 of the NewSUBARU synchrotron 
facility [2]. The synchrotron radiation (SR) at the BL06 
sample stage had a continuous spectrum from infrared to 
soft X-rays, lower than 1 keV. An SR dose [mA h] is 
derived from the product of the ring current [mA] and 
exposure time [h]. 

Positron lifetime spectroscopy (PAS) measurement was 
performed at the slow positron beam system (B-1) at
Kyoto University research Reactor (KUR). Doppler 
broadening profiles of annihilation -rays were obtained 
using a Ge detector for each positron energy. The low and 
high momentum parts of spectra were characterized by 
the S and W parameters. S and W parameters as a function 
of energy were measured in the range of 0 - 30 keV. Posi-
tron annihilation lifetime spectroscopy (PALS) was per-
formed at an energy of 2 keV, corresponding to the DLC 
film on Si. A Kapton (polyimide) film was measured be-
fore and after measurements of the DLC samples as a 
control sample. Obtained lifetime spectra were analyzed 
by the PALSfit code assuming one-lifetime component.

RESULTS: Figure 1 shows the SR dose-dependence of 
positron annihilation lifetime. The positron annihilation 

lifetime of the H-DLC film before irradiation was 0.41 ns 
and it increased to 0.44 ns rapidly at an SR dose of less 
than 500 mA h. However, at an SR dose above 500 mA
h, the positron annihilation lifetime was approximately 
constant at 0.44. An increase in positron annihilation 
lifetime indicates an expansion of free volume in H-DLC 
film. That is to say, the desorption of hydrogen caused by 
the irradiation of soft X-rays increases the film density 
but increases the volume of the voids.

The W parameters were plotted as a function of the S
parameter in Fig. 2. The W parameter decreased linearly 
with increasing of the S parameter. This indicated that the 
same types of positron trapping sites are present. In other 
words, different types of vacancies were not created by 
the desorption of hydrogen due to the SR irradiation.

REFERENCES:
[1] K. Kanda et al., Sen. Mater., 29 (2017) 817-826.
[2] J. Taniguchi et al., Jpn. J. Appl. Phys., 41 (2002)
4304-4306.

Fig. 1 The SR dose-dependence of positron annihi-
lation life-time.

Fig. 2 The core annihilation parameter W versus the 
valence parameter S, in H-DLC films before and 
after SR irradiation.
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R2P8-4

Neutron radiography measurements of the mixing behavior of reactant streams 
during hydrothermal synthesis

S. Takami, K. Sato, M. Kubo1, T. Tsukada1,
K. Sugimoto2, N. Odaira3, D. Ito3, Y. Saito3

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

INTRODUCTION:  We have performed the neutron ra-
diography measurements of the mixing behavior of cold 
and supercritical water in a tubular flow reactor to eluci-
date the effects of mixing on the supercritical hydrother-
mal synthesis [1-4]. In the previous measurements, the 
density and temperature of water at the mixing point were 
visualized, which suggested the mixing behavior of the 
two streams. However, the temperature of the streams can 
be also affected by the heat conduction through the tube 
wall. Therefore, the experiments that directly show the 
mass transport should be performed. Here, in this experi-
ment, we performed the neutron radiography measure-
ments of the mixing behavior of the aqueous solution of 
Gd(CH3COO)3 with heated water and observed the distri-
bution of Gd3+ ions at the mixing point.

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. Sim-
ultaneously, the aqueous solution of Gd(CH3COO)3 
(0.025~0.2 M) was fed using another high-pressure pump. 
The two streams were mixed at the mixing point to initiate 
the hydrothermal reaction. The inner diameter of the tubes 
at the mixing point was 2.3 mm. 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:  First of all, we mixed the aqueous solution 
of Gd(CH3COO)3 with the stream of water at room tem-
perature. Figure 2a shows the radiography image of the so-
lution that contained Gd3+ ions. As we noticed, the darker 
area existed in the side and the lower tubes. These areas 
corresponded to the streams that contained Gd3+ ions. By 
subtracting the absorption profile by water, the distribution 

of Gd3+ ions was obtained (Fig. 2b). This image confirmed 
that the reactant solution was fed from the side tube and 
went downward on the right-side wall in the lower tube 
after mixing. This image also showed that the Gd3+ ion can 
be used as the tracer ion to study the mixing behavior in 
the tubular flow reactor.

Figure 2 Neutron radiography images of the mixing point show-
ing the absorption by (a) solution and (b) Gd3+ ions.

We then performed simi-
lar mixing experiments at 
higher temperatures. Figure 3 
shows a snapshot of the neu-
tron radiography measure-
ment during the hydrothermal 
synthesis of Gd(OH)3 from 
Gd(CH3COO)3 aqueous solu-
tion. The heated water with 
smaller density penetrated the 
upper part of the side tube. 
The Gd3+ solution went 
through the lower part and 
mixed with the heated water. 
The absorption by Gd3+ di-
rectly indicated the flow of 
reactant solution. However, 
as we continued the experiments, the blocking by pro-
duced Gd(OH)3 occurred and we could not obtain the neu-
tron radiography images at the steady-state conditions.

CONCLUSION: By using the aqueous solution of 
Ga3+ ions, the mixing behavior of the reactant solution was 
directly visualized using neutron radiography. However, 
the measurement at the steady-state conditions was not 
successful this time due to plugging.

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.
[4] K. Sugioka et al., J. Supercrit. Fluids, 109 (2016) 43-
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Figure 3 The neutron radi-
ography image of the mix-
ing point during hydro-
thermal synthesis.
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Quantatively Visualization of a Microchannel Heat Exchanger under Non-
uniformly Heated Condition 

H. Umekawa1, T. Ami1, H. Sakai1, R. Funakura, Y. Saito2

and D. Ito2

1Department of Mechanical Engineering, Kansai Univer-
sity 
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 used as the heat ex-
changer of air-conditioning unit. But this microchannel 
heat exchanger is consisted from a lot of parallel micro-
channels, thus it would easily cause the flow oscillation, 
such as pressure drop oscillation and density wave oscil-
lation. Moreover, the heat transfer coefficient of air at the 
front edge of heat exchanger plate takes larger value than 
that of the tail edge owing to the development of thermal 
boundary layer. and it cause the nonuniform heat flux 
condition. 
 In this series of investigation, the effect of heat flux dis-
tribution on the heat transfer and flow characteristics 
have been estimated by using single plate micro channel 
heat exchanger. 
 In this report estimation results of a void fraction of 
microchannel heat exchanger under non-uniform heating 
by using neutron radiography are briefly introduced. 

EXPERIMENTS:  Experiments of the visualization 
were carried out using the B-4 beam line in KUR (1 MW). 
The schematic diagram of experimental apparatus is 
shown in Fig.1. The working fluid used in this study was 
Methanol (99.5% purity), which has low viscosity similar 
with actual refrigerant (R32) and enough attenuation co-
efficient for visualization. The experimental apparatus is 
consisted of a reserve tank, a pump and a test section. 
Test section is an actual aluminum microchannel heat 
exchanger of the air-conditioning unit, and it was heated 
by Joule heating by using two nichrome foils attached to 
the plate surface with electrical insulation of Kapton film. 
These nichrome foil heaters could be heated inde-
pendently, and which achieved the non-uniform heating 
condition.   

RESULTS:  Fig. 2 shows the void fraction profile un-
der certain heating condition. All results was obtained 
with same exit thermal equilibrium quality (xexave=0.188), 
but (a) was heated by uniform heat flux, and the heat flux 
ratio (qL:qH) of (b) is 1:2 and ratio of (c) is 1:4, respec-
tively. Histograms of void fraction at the high heat flux 
side of Fig.2 are drawn in Fig 3. As shown in these Fig-
ures, influences of the heat flux distribution on the void 
fraction profile is clearly obtained quantitatively. In this 
stage, the void fraction profile is obtained as time aver-

age image, but quantitatively data of the flow oscillation 
will be obtained by using dynamic image in next step. 
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Study on New Type of Neutron Spctrometer for BNCT 

K. Watababe, A. Ishikawa, A. Uritani, S. Yoshihashi, A.
Yamazaki and Y. Sakurai1 

Graduate School of Engineering, Nagoya University 
1 Institute for Integrated Radiation and Nuclear Science, 
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INTRODUCTION:  Boron neutron capture therapy 
(BNCT) is a combined modality of radiotherapy and 
chemotherapy for cancer treatment.  In the BNCT, a 
boron-containing agent is injected in patient’s blood and 
concentrated into tumor cells.  And then, the patient is 
irradiated with neutrons externally and 10B(n,a) reactions 
are induced in tumor cells.  Recently, an accelera-
tor-driven neutron source has actively been developed 
instead of nuclear reactors, owing to its simplicity of 
management.  In commissioning phase of the facilities, 
characterization of the irradiation field, such as neutron 
intensity, the neutron energy spectrum and gamma-ray 
components, should be characterized in order to assure 
designed ones. 

We are developing a new neutron energy spectrometer 
using the optical fiber type neutron detector.  The con-
ventional technique for neutron spectrometry is the Bon-
ner sphere method.  Generally, energy response in epi-
thermal region in moderation based neutron spectrome-
ters is not sufficient.  In order to improve the energy 
response, the number of detectors with different respons-
es should be increased.  In our proposed system, the 
thermal neutron flux profile in a liquid moderator is 
measured by the optical fiber type neutron detector.  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.  Using an optical fiber with high numerical 
aperture, we successfully demonstrated the optical fiber 
type neutron detector showing a neutron peak by using 
the Li glass scintillator [2].  In this study, we evaluated 
gamma-ray sensitivity of the optical fiber type neutron 
detector using the Li glass scintillator. 

EXPERIMENTS:  We fabricated the optical fiber type 
neutron detectors using Li glass scintillator.  A small 
piece of the Li glass scintillator was mounted at a tip of 
the optical fiber.  The scintillator was coated with a re-
flector powder and then covered with a heat shrinking 
tube for light shielding. 

 First of all, we evaluated the neutron response at the 
E3 port in the Kyoto University Reactor. In this experi-
ment, signal pulse height spectra for 6Li(n,t) reactions 
were obtained.  And then, the same detectors were irra-
diated with gamma-rays at Co-60 gamma-ray irradiation 
facility in Nagoya University to evaluate the gamma-ray 
sensitivity.  Figure 1 shows photographs of thermal neu-
tron and Co-60 gamma-ray irradiation experiments. 

Optical
fiber

detector

Thermal
neutrons

Gamma-ray
60Co source

Optical fiber detector
& ion chamber

a)
b)

Fig. 1  Experimental setup. a) E3 port in KUR for ther-
mal neutron irradiation. b) Co-60 gamma-ray irradiation 
facility in Nagoya University. 

RESULTS:  Figure 2 shows signal pulse height spectra 
obtained when the optical fiber type neutron detector 
using a Li glass scintillator of 18 g was irradiated with 
thermal neutrons and Co-60 gamma-rays.  The fabri-
cated optical fiber type neutron detector shows a clear 
neutron peak.  When irradiating with Co-60 gam-
ma-rays, signals with slightly lower pulse heights com-
pared with a neutron peak were recorded.  In order t 
define the gamma-ray sensitivity of the detector, we have 
to determine the discrimination level for neutron events. 
When setting the discrimination level at a valley in the 
pulse height spectrum, the gamma-ray sensitivity was 
evaluated to be 4 cps at 1.9 Gy/h irradiation, which is 
higher dose rate compared with expected BNCT irradia-
tion fields. This gamma-ray sensitivity is sufficiently low 
because the counting rate of the detector in typical BNCT 
irradiation field is expected to be more than 103 cps. 

Fig. 2 Signal pulse height spectra obtained when the 
optical fiber type neutron detector using a Li 
glass scintillator of 18 g was irradiated with 
thermal neutrons and Co-60 gamma-rays.  

REFERENCES: 
K. Watanabe et al., Nuclear Instruments and Meth-
ods in Physics Research Section A , 802,  1 (2015)
A. Ishikawa et al., Sensors and Materials, 32,
1489-1495 (2020)
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INTRODUCTION:  Nuclear emulsion can be used as 
slow neutron detectors by combining it with thin layers 
including nuclide which convert neutrons to ionizing par-
ticles or adding such nuclide into emulsion layers. We 
conducted two experiments, Experiment 1 and 2, using 
the former and the latter type of detector, respectively.
The former type whose spatial resolution was estimated 
to be finer than 100 nm was developed [1]. It can be a
novel device for neutron imaging. In this detector, neu-
trons are detected by the emission of  particles or 7Li
nuclei from the neutron capture reaction, 10B+n 7Li,
by 10B in the converter layer. One can observe their tracks 
as series of silver grains under an epi-illumination optical 
microscope. The lengths of these tracks are approximate-
ly 5 and 2 m, respectively. In the Experiment 1, detec-
tors were produced by sputtering 10B4C (200 nm)-NiC-C
layers on Si substrate using ion beam sputtering system 
[2] at KURRI and applying the fine-grained nuclear
emulsion [3] at Nagoya University. We produced several
samples that recorded tracks at different densities of them
to develop track recognition method that can be applied
to various densities of tracks. The latter type of detector
can be used for fundamental studies of radiation therapies.
We are applying it to the study of the mechanism of pro-
ton boron capture therapy (PBCT). The therapy was pro-
posed to improve the dose concentration of proton cancer
therapy using 11B(p, )2  reaction. For the study, a fi-
ne-grained nuclear emulsion added of natural boron will
be developed for the detection of  particles emitted from
the reaction point. A uniformity of the distribution of the
boron has to be checked. In order to check it, Experiment
2 was conducted. Sodium pentaborate was added to fi-
ne-grained nuclear emulsion to introduce boron in it. The
emulsion was exposed to neutrons and tracks of  parti-
cles and 7Li from reaction 10B+n 7Li were counted.

EXPERIMENT 1: Neutron irradiations were con-
ducted at the CN3 beamline at KURRI. The detectors 
were individually packed in a light-tight film and placed 

directly downstream of the neutron guide tube. Irradia-
tions of 1000 s, 10000 s, and 25000 s were conducted 
under 1 MW thermal power of the reactor. The detectors 
were developed and observed under the microscope. 

RESULTS: 390 16 tracks per 100 m2 were observed 
in the sample for irradiation of 1000 s as shown in Fig.1.
Assuming a neutron flux of 7.6 105 /cm2/sec at the 
window of the neutron guide tube [4], the neutron con-
version efficiency was calculated to be approximately 
0.5%. We have scanned these detectors with an optical 
microscope to obtain a dataset of sample images. Using 
these images, we are developing image processing for 
track recognition.

EXPERIMENT 2:  The sample consists of fine-grained 
emulsion with Na2B10O16∙10H2O added by a concentra-
tion of 1 10-1 mol/L. The film was then exposed to 20 
meV neutrons at the CN3 beamline. The beam density 
was 5 108 /cm2. The exposed film was developed and 
observed under an epi-illumination optical microscope. 

RESULTS:  The frequency of the 10B+n 7Li reac-
tion in the exposed emulsion was expected to be 4 per 
100 100 m2 from the amount of sodium pentaborate 
and the reaction cross-section. The number of the candi-
date events was 3.1±0.6 per 100 100 m2, which was 
approximately consistent with the expected one. The re-
actions were distributed uniformly within statistical error 
along the depth in the emulsion layer. The results indi-
cated that sodium pentaborate is uniformly distributed. 

REFERENCES:
[1] N. Naganawa et al., Eur. Phys. J. C. 78 (2018) 959.
[2] M. Hino et al., Nucl. Instrum. Methods Phys. Res. A 

797, 265–270 (2015).
[3] T. Asada et al., Prog. Theor. Exp. Phys. 2017, 2017,

063H01.
[4] M. Hino et al., Annu. Rep. Res. React. Inst. Kyoto

Univ. 27 (1994) 196-204.

Fig. 1.  One of the microscopic images of the detector 
that recorded tracks of  particle and 7Li from neutron 
absorption by 10B. The dimension of field of view was 50

50 m2. About 120 tracks were recorded in this area by 
1000 seconds of neutron irradiation. 
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Development of Real-time Subcriticality Monitor Using an Optical Fiber Type Detector 

K. Watanabe, T. Endo, A. Uritani, A. Yamazaki, and C. H.
Pyeon1

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

INTRODUCTION:  The accelerator-driven system 
(ADS) has been developed for transmuting minor acti-
nides and long-lived fission products [1-2].  For the 
ADS system, development of a real-time subcriticality 
monitor is desired to be developed in order to ensure to 
keep subcritical condition in any case.  Therefore, we 
are developing a real-time subcriticality monitoring sys-
tem.  For the ADS experiments in Kyoto University 
Critical Assembly (KUCA), optical fiber neutron detec-
tors were developed.  To realize high sensitivity of the 
detector, neutron scintillator is coated around the wave-
length-shifting fiber, which can collect photons from the 
side surface of the optical fiber.  The detector with a 
long coated region has high sensitivity.  In the last year 
experiments, we used a LiF/Eu:CaF2 eutectics scintillator, 

because this scintillator material is transparent and can be 
thick to improve the sensitivity without attenuation loss 
of the scintillation photons.  However, since this scintil-
lator has relatively low / , which is the ratio of light 
yield for alpha (high LET) and beta (low LET) particles. 
Therefore, this detector has relatively high beta-ray sensi-
tivity.  This detector is influenced from the beta particles, 
which are emitted from the activated material, such as 
aluminum sheath of fuel elements, especially under low 
neutron intensity situation. 
  In this study, we attempted to fabricate the optical fiber 
detector with low beta sensitivity but high neutron sensi-
tivity.  
EXPERIMENTS:  We fabricated the optical fiber neu-
tron detector using LiF/ZnS scintillator.  This scintillator 
material has been used for the optical fiber neutron de-
tector conventionally.  In this study, the detector with 
quite long sensitive region was realized.  Figure 1 shows 
the fabrication processes of the detector.  This detector 
has a sensitive region of 100 mm long.  In addition, 
since the sensitive region was covered by a stainless steel 
tube with 3 mm outer diameter, this can easily be inserted 
into a space between fuel elements.  We compared the 
beta sensitivity of the detectors using LiF/Eu:CaF2 and 
LiF/ZnS scintillators in the KUCA experiments.   
RESULTS:  Figure 2 shows the time trends of the 
measured count rate by the fabricated detectors.  We can 
see that the both detectors have the almost same neutron 
sensitivity.  However, the detector using LiF/ZnS scin-
tillator showed lower count rates when the reactor was 
shutdown.  On the other hand, the detector using 
LiF/Eu:CaF2 scintillator showed the decay component 
after reactor shutdown.  
REFERENCES: 

Pyeon CH, Lim JY, Takemoto Y et al, Ann. Nucl. En-
ergy, 38 (2011) 2298–2302
Pyeon CH, Yagi T, Sukawa K et al., Nucl. Sci. Eng.,
177 (2014) 156-168
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Fig. 2 Time trends of the count rates of the optical 
fiber detectors using the LiF/ZnS and 
LiF/Eu:CaF2 scintillators. The count rates was 
normalized at the maximum count rate. 

a)

b)

1m

c)

Fig. 1 Photographs of the fabricated optical fiber 
neutron detector. a) LiF/ZnS scintillator pow-
der coated around a wavelength-shifting fiber. 
The length of coated region was about 100 
mm. b) The scintillator coated region was
wrapped by Teflon tape reflector. c) Just be-
fore inserting the optical fiber into a stainless
tube (for ambient light shielding and support
structure) with 1 m long.
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Defect structure and characterization of electron irradiated intermetallic alloys
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INTRODUCTION:

Fig. 2 Hardness chage with wlwctron irradiation fluence for 
NiZr alloys. 
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EXPERIMENTS:  

θ
θ

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

1289-1293.

R2053 

A22G22(t) =
2[N(π ,t) − N(π /2,t)]
N(π,t) + 2N(π /2,t)

- 113 -



- 114 -



R2056 

(a)111In(→111Cd)

(b) 111mCd(→111Cd)

- 115 -



4 3 2

In
te

ns
ity

Photon energy (eV)

300 400 500 600 700
Wavelength (nm)

0 500 1000 1500 20000

500

1000

In
te

ns
ity

 (a
.u

.)

Irradiation dose (Gy)

200 300 400 500
0.0

0.5

1.0

1.5

2.0

N
or

m
al

iz
ed

 In
te

ns
ity

Temperature (oC)

300 325 350 375
Magnetic Field (mT)

- 116 -



- 117 -



R2066 

Tritium release behavior from long term heated Li2TiO3 pebbles 

K. Katayama, A. Ipponsugi, T. Hoshino1, T. Matsumoto,
and Y. Iinuma2

Interdisciplinary Graduate School of Engineering Sci-
ences, Kyushu University 
1Breeding Functional Materials Development Group, 
Fusion Research and Development Directorate, Quantum 
and Radiological Science and Technology 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION: From the viewpoints of the feasibil-
ity and safety of the fuel cycle of a fusion reactor, it is 
important to understand tritium behavior in the blanket. 
Tritium release behavior from solid tritium breeding ma-
terials has been investigated by neutron irradiation in 
previous studies [1,2]. However, the influence of 
long-term high-temperature heating expected in a fusion 
DEMO reactor on tritium release are not sufficiently un-
derstood. In our previous study [3], it was observed that a 
certain amount of Li was evaporated from the Li2TiO3 
pebbles by heating to a high temperature of 900 oC and 
the grain size was increased by the sintering effect. These 
changes by heating pebbles may affect tritium behavior. 
In this study, Li2TiO3 pebbles were heated at 900 oC in 
H2/Ar flow for 720 hours at most and that was irradiated 
by neutrons in the Kyoto University Research Reactor. 
And then, tritium release behaviors from the pebbles by 
heating were observed in Kyushu University. 

EXPERIMENTS: The sample pebbles of Li2TiO3 (Li/Ti 
ratio:2.00) were kindly provided by National Institutes 
for Quantum and Radiological Science and Technology. 4 
samples were prepared by heated at 900 oC in 1000 Pa 
H2/Ar flow for 0, 72, 240, 720 hours, respectively. Each 
sample was packed in a quartz tube sealed under vacuum 
and neutron irradiated with the fluence of 1.65×1015 cm-2.
The irradiated samples were transported to Kyushu Uni-
versity and taken out from the quartz tube in a glove box 
filled with Ar gas. Each sample was packed in a quartz 
tube and heated to 1000 oC in 1000 Pa H2/Ar flow to en-
hance tritium release as HT by the isotope exchange reac-
tion. The time variation of tritium concentration in the 
outlet gas was observed two ionization chambers, IC1 
and IC2, which were connected in series. Water bubbler 
was installed between IC1 and IC2 to collect HTO. Total 
tritium concentration (HT + HTO) was monitored by IC1 
and HT concentration was monitored by IC2.  

RESULTS:  Fig.1 compares the inner structure of 
Li2TiO3 pebbles as received and that heated at 900 oC for 
720 h. It seems that the particle size increased slightly, 
and the pores decreased. No considerable changes were 
seen in the structure after heating for 720 h. Fig.2 and 
Fig.3 show tritium release curves from Li2TiO3 pebbles 
as received and pre-heated for 720 h. For the sample 
heated for 720 h, the tritium release rate around 

200-300 oC became slightly slower, and the broad peak
at the high temperature was not observed. It can be
said that the influence of long-term heating on tritium
behavior cannot be ignored.

Fig. 1. SEM images inside pebble as received and 720 
h pre-heated. 
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Fig. 2. Tritium release curve from Li2TiO3 pebbles as 
received. 
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Research on Polymer Composite Materials Containing Ion-implanted Metal 
Nanoparticles Using a Slow Positron Beam 

Y. Kobayashi1, T. Kavetskyy2, A. Yabuuchi3 and
A. Kinomura3 

1Waseda Research Institute for Science and Engineering, 
Waseda University 
2Department of Biology and Chemistry, Drohobych Ivan 
Franko State Pedagogical University  
3Institute for Integrated Radiation and Nuclear Science 
(KURNS), Kyoto University 

INTRODUCTION:  Controlling the size of nanoparti-
cles (NPs) in a polymer matrix is important for fabrica-
tion of nanocomposites with foreseen properties for their 
applications in nanophotonics, electronics, biomedicine, 
etc.. In particular, the nanocomposites containing Ag-NPs 
dispersed in the polymer matrix by low-energy (< 100 
keV) ion implantation with high ion fluences (> 1016 
ions/cm2) can be used for fabrication of plasmonic 
waveguides [1] and diffraction gratings as well as for 
anti-microbial applications. 

Positron annihilation spectroscopy (PAS) employing a 
variable-energy slow positron beam is a versatile tech-
nique for characterization of defects in thin films, allow-
ing depth-profiles from tens of nanometers up to several 
micrometers. This technique has been successfully uti-
lized as a major experimental tool to understand carbon 
nanostructures kinetics during high fluence B ion im-
plantation into polymethylmethacrylate (B:PMMA) [2]. 

In our previous studies [2,3], usage of both Doppler 
broadening and positron lifetime methods in combination 
with other tools (e.g. UV-Vis absorption and Raman 
spectroscopy) allowed successful verification of the for-
mation of carbon nanostructures in B:PMMA samples. A 
key point for such conclusion in the case of 
ion-implanted B:PMMA was positron annihilation life-
time spectroscopy (PALS) data at the positron energy 
corresponding to a depth of implanted range of the sam-
ple with maximum radiation damage, showing no or-
tho-positronium (o-Ps) yield at high ion fluences (> 1016 
ions/cm2); the same, there is no o-Ps yield in carbon 
based materials such as, for instance, fullerene C60 cage 
and carbon molecular sieve membranes. Thus, taken this 
o-Ps yield feature in carbon based materials into consid-
eration, it is expected that similar important information
should be obtained for investigating the ion-synthesized
silver nanoparticles in polymer matrixes containing car-
bon clusters or carbon nanostructures formed upon ion
bombardment.
EXPERIMENTS: The positron pulsing system of the
KUR slow positron beam system have been developed
for PALS of thin films or near-surface layers.  It is con-
firmed that the pulsing system is effective for samples
with relatively short positron lifetimes (τ < 1 ns) such as
metals and semiconductors without o-Ps formation.  In
this study, we examine the validity of the PALS meas-
urement system of the KUR slow positron beamline for
samples with o-Ps components.  Acceleration energies

of 2 - 3 keV was used for PALS measurements.  
RESULTS:  Figure 1 shows the Kapton spectrum 
(closed circles) with simulated spectra (solid and broken 
lines) after background subtraction.  The simulated 
spectra assumed two lifetime components with the Kap-
ton lifetime and longer lifetimes (2, 5 and 10 ns with 10% 
intensity).  One of the problems with PALS measure-
ments in the KUR system is higher background signals. 
Indeed, unwanted satellite peaks originating from a ra-
diofrequency-driven-buncher exist on the background 
signals with a period of the buncher signal as shown in 
Fig. 1.  Such signals prevent appropriate o-Ps life-
time/intensity determination in PALS measurements. 
The simulated spectra in Fig. 1 suggest that relatively 
shorter o-Ps components (<5ns) are acceptable.  But, for 
the longer o-Ps component, appropriate fitting or back-
ground-subtraction procedures are required.  Figure 2 
shows the lifetime spectrum for a polymer thin film for a 
trial measurement.  In this case, an o-Ps component can 
be observed but its lifetime is sufficiently shorter to avoid 
the influence of the satellite peak. 
  In summary, the PALS measurement system of the 
KUR slow positron beamline was applied for polymer 
materials with long lifetime (o-Ps) components.  The 
result suggested that the PALS system was effective for 
relatively shorter o-Ps components. 
REFERENCES: 
[1] T. Kavetskyy et al., Phys. Status Solidi C, 9 (2012)

2444-2447.
[2] T. Kavetskyy et al., J. Phys. Chem. B, 118 (2014)

4194-4200.
[3] T.S. Kavetskyy, A.L. Stepanov, in Radiation Effects

in Materials, edited by W.A. Monteiro (InTech,
Rijeka, 2016), p. 287-308. 

Fig. 1 Kapton spectrum and simulated spectra with long 
lifetime components. 

Fig. 2 Spectrum of the measured polymer film. 
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Formation of radiation defects on tungsten and their influence on effect of 
hydrogen isotope retention   

K. Tokunaga, M. Matsuyama1, M. Hasegawa,
K. Nakamura and Q. Xu2

Research Institute for Applied Mechanics, Khushu Uni-
versity
1Hydrogen Isotope Research Center, University of 
Toyama
2Institute for Integrated Radiation and Nuclear Science,
Kyoto University

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 
addi-tion, EBSD Electron Back Scatter Diffraction Pat-
terns analyses has been carried out on the specimens 
before and after the electrons irradiation. T exposure ex-
periments have been carried out using a T exposure de-
vice in University of Toyama. Pressure of the T gas was 
1.3 kPa and T exposure was kept for 4 h. 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 -ray-induced X-ray spectrometry (BIXS) 
and imaging plate (IP) measurements.

RESULTS: Figure 1 shows X-ray spectra observed for 
the SR-W(a) and RC-W(b) which were not irradiated by 
the high energy electrons. Temperature of T exposure is 
350oC. In the case of SR-W, WM , ArK , WL and
bremsstrahlung X-rays are detected. These results indi-
cate that T exists deeper area than that of RC-W. This is 
considered that T traps with the internal defects in the 
SR-W. T exposure on the samples after the electron irra-
diation is undergoing.

Fig. 1.  X-ray spectra for SR-W(a) and RC-W(b)
by BIXS
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A study on destruction of cesium aluminosilicate compounds 
by gamma irradiation (2) 

H. Ohashi, H. Umetsu, T. Saito1

Faculty of Symbiotic Systems Science, Fukushima Uni-
versity 
1

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 framework 
by radiation decay is concerned because it contains 137Cs. 
It has been reported that the effect of β-ray emission and 
nuclide conversion by β-decay of 137Cs on aluminosili-
cate 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 framework of Pollucite. 
Pollucite samples were synthesized to investigate the 
effect of gamma irradiation. 

EXPERIMENTS:  Sodium aluminate, sodium 
metasilicate and cesium chloride were dissolved in so-
dium 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. Thereafter, each solid was collected by filtration 
and dried at 110 oC for 12 hours or more. 

The powder samples were characterized by XRD, and 
gamma-irradiated at 0 and 100 kGy by 60Co source. The 
7 days 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 atomic absorption spectropho-
tometry

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.  
 In our previous study, the irradiated pollucite sample 
showed little difference from the non-irradiated one in the 
amount of leached cesium. Then we concluded that 
frameworks were not destroyed by 60Co-irradiation. 
However, we found some questions about PCT-A method, 
then the leaktests were studied again. 
 It was estimated that amount of leached cesium from 
samples with and without 60Co-irradiation. Over 45 ppm 
Cs were measured in most samples regardless of whether 
irradiated or not, and these values of Cs concentration 
measured were quite higher than those measured by other 
researchers[5]. It is considered that the reason why the 
concentration of cesium ions leaked from pollucite was 
high to be insufficient washing and cesium adsorbed on 
the ion exchange site. 

REFERENCES: 
[1] Y. Yokomori et al., Sci. Rep., 4 (2014), 4195
[2] J. Fortner et al., Argonne National Laboratory,

Argonne, Illinois 60439 (2001).
[3] N. J. Hess et al., J. Nucl. Mater., 281 (2000), 22-33.
[4] ASTM C 1285-02 (2008).
[5] Z. Jing et al., J. Hazard. Mater., 306 (2016), 220–229.
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This study focuses on neutron
irradiation effects on optical elements and piezo-actuators 
used in ITER. Expected 1 MeV Silicon equivalent fluence 
is -  n/c  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. 

the slant exposure tube
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INAA, Halogen Analysis, and Ar-Ar/I-Xe Dating for the Hayabusa2-return sample 

R. Okazaki1, S. Sekimoto2, N. Iwata3, N. Shirai4, and Y.
Miura5

1Department of Earth and Planetary Sciences, Kyushu 
University 
2K  
3Faculty of Science, Yamagata University 
4Department of Chemistry, Tokyo Metropolitan University 
5Earthquake Research Institute, University of Tokyo 

INTRODUCTION:  In 2020 Dec, the spacecraft 
Hayabusa2 returned and brought back the samples col-
lected from the asteroid Ryugu to the Earth [1, 2]. The 
Ryugu samples will be allocated to and studied by the 
initial analysis teams consisting of the 6 sub-teams, 1) 
chemistry (elements and isotopes), 2) petrology and min-
eralogy of coarse grains, 3) petrology and mineralogy of 
fine grains, 4) volatiles, 5) insoluble organic matter, and 
6) soluble organic matter [3]. We belong to the volatile
sub-team, and will conduct a combination analysis of
INAA, halogen measurement, and Ar-Ar/I-Xe dating.

We have carried out rehearsal measurements since 2013 
(project #: 25066, PI: S.S.), and established the analytical 
method.  

The main object in this proposal is to evaluate the neu-
tron flux variation among the samples irradiated, by using 
two orthoclase mineral standards that were located at the 
top and the bottom in one irradiation capsule. Gamma-ray 
measurements and noble gas analyses were also per-
formed for various standard and meteorite samples as a 
realistic rehearsal for the Ryugu sample analysis. 

EXPERIMENTS:  Prepared samples for the November 
irradiation were three meteorite samples (Allende CV 
chondrite, Murchison CM chondrite, Bjurböle L/LL4 
chondrite) and our standard samples (JB-1, BHVO-2, 
orthoclase, sanidine, and wollastonite). For the December 
irradiation, orthoclase, sanidine, and Allende samples 
were prepared. Each of the samples was placed in a con-
ical dimple (φ1, depth ~ 0.5 mm) of a sapphire disk (φ5.5, 
1.5 mm thick), and covered with a sapphire disk (φ5.5, 
0.3 mm thick). Each of the sapphire container was 
wrapped with pure aluminum foil. These Al-wrapped 
containers were stacked and sealed in the capsules for the 
Long-term irradiation. Condition of the Long-term irradi-
ations were 94 hours under 1MW-operation + 12 h under 
5MW-operation and 141 hours under 1MW-operation + 
18 h under 5MW-operation for the Nov and Dec irradia-
tions, respectively.  

In order to reduce the radioactivity from the sapphire 
containers and Al foil, the samples were moved to 
non-irradiated sapphire containers after the irradiation. 
Gamma-ray measurements of radioactive nuclides were 
performed at KURNS, preceding noble gas analysis at 
Kyushu Univ. 

REUSLTS and DISCUSSION: The gamma-ray 

measurements for four Allende samples (the sample 
weights are 1.312 mg, 0.176 mg, 0.260 mg, and 0.162 
mg) confirmed the homogeneity of the sample. Also, the 
homogeneity of JB-1 (1.090 mg, 0.681 mg, 0.966 mg) 
and BHVO-2 (1.037 mg, 1.094 mg, 0.827 mg) standard 
samples were confirmed. 

Most of the 40Ar concentrations in the orthoclase stand-
ard samples converges on the right value of 3.0E-4 
cm3STP/g, whereas a few data are away from the value 
(Fig. 1). This problem is due to the small sample size 
(~100 μg), and can be solved by multiple measurements. 
Comparing the average values, the December irradiation 
samples contain about 1.5 times more 39Ar produced via 
the 39K(n, p)39Ar reaction than the November samples. 
The difference in the 39Ar concentrations is in good 
agreement with that in the irradiation duration. 

The concentrations of 39Ar also depend on the location 
within the irradiation capsule. There is an about 20% 
difference between the two orthoclase samples irradiated 
in the Nov irradiation. These two samples were ca. 5cm 
apart each other, and other samples were between the two 
orthoclase samples. Therefore, the neutron flux should be 
corrected with respect to the sample location within the 
irradiation capsule.  

REFERENCES: 
Tachibana et al. 52nd Lunar and Planetary Science

Conference, abstract #1289 (2021)
Yada et al. 52nd Lunar and Planetary Science Con-

ference, abstract #2008 (2021)
Tachibana et al. American Geophysical Union, Fall

Meeting 2018, abstract #P33C-3846 (2018)

Fig. 1. Concentrations of 39Ar and 40Ar in the irradiat-
ed orthoclase standard samples 
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Transfer of silver, cesium, and rubidium from nutrient solution 
to radish (Raphanus sativus var. sativus) 

T. Kubota, S. Fukutani, and Y. Shibahara

Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

INTRODUCTION:  Silver-110m is one of the radio-
nuclides that is significantly detected in the environmen-
tal samples after the accident of the Fukushima Dai-ich 
nuclear power plants [1]. Its effect on internal exposure 
was insufficiently reported compared to other major ra-
dionuclides, such as cesium-137. Evaluations of internal 
exposure require various environmental parameters. 
Among them, the transfer behavior of radionuclides to 
and inside editable plants, radish (Raphanus sativus var. 
sativus), was investigated under hydroponic condition. 
Besides of radioactive silver and cesium, radioactive ru-
bidium was added to compare their transfer behavior. 

EXPERIMENTS:  Silver-105, cesium-136, and ru-
bisium-83 used as tracers were produced through photo 
nuclear reaction at KURNS-LINAC and purified by pre-
cipitation and ion chromatography [2]. Radish samples 
were cultivated from seed in non-radioactive nutrient 
solution [3] for four weeks and then were replaced to 
fresh nutrient solution containing above radionuclides 
followed by cultivation for one, three, and five days. Af-
ter each cultivation time, the root was washed by re-
verse-osmosis water and the washing solution was re-
turned to its original nutrient solution. The cultivated 
sample was divided into three parts, root, radish, and leaf 
to be dried at 75 oC for more than 12 hours. The radioac-
tivity of dried samples and nutrient solution was meas-
ured by γ-spectrometry to determine the transfer and dis-
tribution ratio of three elements. 

RESULTS:  The transfer ratio of silver from nutrient to 
plant saturated at only one day, which was different from 
cesium and rubidium in Table 1. However, the ratio 
reached at most 60%. The transfer tendency of cesium 
was similar to rubidium while the ratio was smaller than 
rubidium. The distribution ratio of radionuclides between 
root and whole plant body was constant over cultivation 
time in Table 2. Silver almost completely remained in 
root and hardly moved to other parts. Even though the 
total amount of cesium and rubidium in the whole plant 
body increased as seen in Table 1, it is interesting that the 
distribution ration of those was constant. The distribution 
ratio of cesium and rubidium between radish and whole 
plant body decreased with cultivation time in Table 3. On 
the contrary, the distribution ratio of those between leaf 
and whole plant body increased in Table 4. This opposite 
tendency would be ascribed to the difference of the 
translocation rate of root to radish and radish to leaf. The 
same transfer tendency of silver between radish and let-
tuce (Lacutuca sativa var. crispa) [4] suggests that silver 
uptaken through root surface is one of elements that are 

unlike to translocate from root to other plant parts. 

Table 1 Transfer ratio of radionuclides from initial nutri-
ent solution to plant 

Day 105Ag 136Cs 83Rb 

1 0.56 0.05 0.11 

3 0.62 0.15 0.32 

5 0.56 0.33 0.61 

Table 2 Distribution ratio of radionuclides between root 
and whole plant body 

Day 105Ag 136Cs 83Rb 

1 0.96 0.24 0.15 

3 0.96 0.24 0.15 

5 0.95 0.26 0.15 

Table 3 Distribution ratio of radionuclides between radish 
and whole plant body 

Day 105Ag 136Cs 83Rb 

1 0.01 0.22 0.31 

3 0.01 0.19 0.24 

5 0.02 0.10 0.16 

Table 4 Distribution ratio of radionuclides between leaf 
and whole plant body 

Day 105Ag 136Cs 83Rb 

1 0.01 0.47 0.49 

3 0.03 0.58 0.61 

5 0.03 0.64 0.70 

REFERENCES: 
[1] K. Saito et al., J. Env. Rad., 139 (2015) 308 - 309.
[2] T. Kubota et al., KURNS Progress Report (2018) 209.
[3] K. Fujiwara et al., Jpn. J. Health Phys., 50 (2015) 189
- 193.
[4] K. Iwata et al., Proc. 18th Workshop on
Environmen-tal Radioactivity, (2017) 163-166
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Demostrated Measuring by Laser Device of the Thickness of 
A Human Thigh Calcified Artery Vascular Tissue 

N. Miyoshi and T. Takahashi1

Department of Gastroenterology/ Optical Clinic, Faculty 
of Medicine, Tsukuba University  
1 LINAC Beam-Line, Research Reactor Institute for Nu-
clear Science and Safety Nuclear Systems Research Cen-
ter Accelerator Applied Engineering Research Field, 
Kyoto University 

INTRODUCTION:  The LINAC beam source in Kyo-
to University is unique one of higher purity and higher 
energy in the far infrared field. It is very sensitive spec-
troscopic measurements for the medical samples although 
the sample thickness is changes variously. It will be need 
to correct of the thickness effects. We tried the measure-
ment them by the demonstrated measuring machine 
(Type CL-P.030) in this year (2020/30-31). As the thick-
ness is proportional to the absorbance of a sample, the 
value of the absorbance is affected by dividing with the 
thickness to be corrected. 

EXPERIMENTS: (1) Sample: A human thigh calcified 
artery vascular tissue was shown in Figure 1. (2) The 
mapping area of 4 lines (Z= 0, 1, 2, 3) are 14.7mm x 
5mm x3 (220.5 mm2) in Figure 1. (3) The laser device 
(Type CL-P030, Keyence Co., Osaka, Japan) was used to 
measure of the thickness of the sample in Figure 2. 

RESULTS: [I] The area of 4 lines (Z=0, 1, 2, 3) was 
mapping of 14.7mm x 5mm x 3 (220.5 mm2) through a 
human thigh calcified artery vascular tissue for 30 x 4 = 
120 points as shown in Fig. 1. 

Fig.1: The mapping area of 4 lines (Z=0, 1, 2, 3) was 
14.7mm x 5mm x3 (220.5 mm2) of a human thigh calci-
fied artery vascular tissue, respectively. 

[II] The laser device was used for the demonstrated
measuring of the sample thickness of the type of spot
(minimum size: 38 m of diameter) as shown the perfor-
mances in Fig.2.

Fig.2: The performance for the laser device of Type 
CLP030 (Spot-type: Right hand side) for the measure-
ment of a sample thickness. 

[III] The mapping measurement was automated drive on
the sample stage by T. Takahashi.

[IV] The measured data were not so satisfied unstable as
the thickness too sensitive, especially, transmitted lights
at the demonstrated measurement. Detailed ingenuity will
be required for the use it to develop of the thickness cor-
rection because the transmission will depend on the
points of calcified or the normal vascular tissue.

The laser device instrument (Type CL-P030) was 
demonstrated from Keyence Co. and thanked for the 
demonstration to apply for the Basic Research A in the 
Grants-in-Aid for the Scientific Research on the last year 
(2020). 
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Establichment of a novel mutation breeding using Boron Neutron Capture Reaction
(BNCR)

ed seeds were sown in cell trays on May 31, 2020, ger-
minated in a germination machine, grown outdoors, and 
the germination rate was examined 20 days after sowing.

RESULTS: The germination rate not decreased with 
BPA-Fc concentrations. But the germination rate de-
creased with immersion time (Table 1). Although there 
was a significant decrease in germination rate in the 
strongest treatment, the 100 mM BPA-Fc for 48h condi-
tion, the germination rate was similar to the control 48 h
condition. Therefore, the decrease in germination rate in 
48h immersing was not due to BNCR, but simply due to 
the effect of longer immersion time. In this experiment, 
we used BPA-Fc to increase the 10B concentration, but 
again, we could not confirm any decrease in germination 
rate due to the BNCR under the examined conditions. It 
is unclear at this time whether the accumulation of 10B in 
the meristematic cell of the seeds is not going well or 
whether this method is less likely to cause a decrease in 
germination rate. However, considering the solubility of 
BPA, the concentration of 10B in BPA is considered to be 
at the upper limit of the current conditions, and there may 
be differences in the uptake by plant seeds depending on 
the compound. Therefore, we are planning to study the 
treatment with boron compounds other than BPA.

Table 1. The relationship each treatment conditions and germination rate.

Concentrations of BPA-Fc (mM) Immersion time
(hour)

No. of
seeds

No of seeds
germinated

germination
rate (%)

0 40 28 70.0
10 (100 ppm) 80 72 90.0

100 (1000 ppm) 80 66 82.5
0 40 23 57.5

10 (100 ppm) 80 55 68.8
100 (1000 ppm) 80 45 56.3

* Numbers in ( ) indicate 10B concentrations.

24

48

REFERENCES:
[1] H. A. Soloway et al., Chem. Rev., 98 (1998),
1515-1562.
[2] B. Farhood, et al., Rep. Pract. Oncol. Radiother. 23
(2018), 462-473.
[3] Tanaka A. et al., Int. J. Radiat. Biol., 72, (1997),
121-127.
[4] H. R. Snyder, et al., J. Am. Chem. Soc. 80 (1958),
835-838.
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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. 

This method uses the principle of inducing mutation by 
an alpha particle and 7Li recoil nuclei high linear energy 
transfer and short range when irradiated with neutrons 
(low energy thermal neutrons (< 0.5 eV) can be absorbed 
the 10B atoms, leading to generating high linier energy 
transfer alpha particles (~ 150 keV/μm) and 7Li nuclei (~ 
175 keV/μm)) that are produced by BNCR of 10B selec-
tively taken into the meristematic cell with thermal neu-
tron. This principle is different from both chemical mu-
tagens, such as EMS and MNU, and physical mutagens, 
such as gamma rays and ion beams, used for mutation 
breeding so far. In other words, the mutagenic effect de-
pends on chemical and physical factors, such as 10B con-
centration, thermal neutron intensity, and irradiation time. 

The germination rate is used as one of the traits to verify 
the effect of mutagenesis[3]. In previous report, the seeds 
were immersed into different concentrations (0, 10, 100, 
200 ppm) of 10B-enriched p-boronophenylalanine (BPA) 
[4] for 16 h, re-dried seeds were irradiated with thermal
neutron for 90 minutes. The germination rate of these
irradiated seeds was investigated, and no BPA concentra-
tion-dependent effect on germination rate was observed.
In other words, in order to study the optimal treatment
conditions for mutagenesis, need to try a stronger process.
This time, new treatment conditions were investigated by
increasing the 10B concentration of the treatment solution
by using BPA as a fructose complex and by extending the
immersion time.

EXPERIMENTS: The experimental material used Ory-
za sativa L. cv. Nipponbare. The dry seeds were im-
mersed into different concentrations (0, 10, 100 mM) of
10B-enriched p-boronophenylalanine-fructose complex 
(BPA-Fc) for 24 h or 48 h. The samples were washed 
with water and re-dried. The seeds in 2-mL tubes were 
irradiated with thermal neutron for 90 minutes in the 
Kyoto University Research Reactor (KUR). The irradiat-

M.Kirihata, S. Segami1, Y. Hattori, T. Kinouchi,
Y. Kinashi2

Research Center of BNCT, Osaka Prefecture University
1Research Institute of Environment, Agriculture and 
Fisheries, Osaka Prefecture 
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INTRODUCTION: Boron Neutron Capture Therapy 
(BNCT) is a radiation therapeutic method for cancer 
therapy. Cancer cellular uptake of boron-10 (10B) atoms 
induces the cell death by the generation of alpha particles 
and recoiling lithium-7 (7Li) nuclei when irradiated with 
low-energy thermal neutrons. Current BNCT technology 
shows effective therapeutic benefits in refractory cancers 
such as brain tumor and head and neck cancer. However, 
improvement of insufficient cancer targeting and cellular 
uptake efficacy of boron compounds, and expansion of 
disease coverage in BNCT are strongly desired. In this 
research, we aimed to develop antibody-based drug de-
livery technology for BNCT using Z33 peptide [1],
which shows specific interaction recognition with the Fc 
of human IgG antibody, for on-demand receptor target. In 
addition, we found that macropinocytosis induction dur-
ing the antibody-based drug delivery is important for the
biological activity in BNCT in vitro assay.

EXPERIMENTS: Z33 peptides were synthesized via
Fmoc solid-phase synthesis methods. For preparation of 
dodecaborate-Z33 peptide conjugate, Z33 peptides was 
subjected to react with bismaleimide ethane and then to 
react with mercaptoundecahydrododecaborate (BSH).

RESULTS: We designed Z33 peptide-conjugated boron 
compounds (Z33-BSH), and we examined the cell mem-
brane accumulation and cellular uptake of Z33-BSH with 
or without complex of cetuximab antibody, which spe-
cifically target epidermal growth factor receptor (EGFR).
As a result, in A431 cells (highly expressing EGFR),
complex of cetuximab antibody (100 nM) with Z33-BSH
(200 nM) highly enhanced their accumulation on the 

A.C. Braisted, J.A. Wells, Proc. Natl. Acad. Sci. USA,
93 (1996) 5688-5692

J.A. Swanson, Nat. Rev. Mol. Cell Biol., 9 (2008)
639-649
[3] I. Nakase, et al. ACS Omega, 5 (2020) 22731-22738
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Development of antibody-tagged boron compounds using Fc-binding peptide 
for on-demand receptor target in boron neutron capture therapy

Figure 1. Schematic representation of the receptor tar-
geted delivery of boron compounds. Z33-BSH-antibody 
recognizes the targeted receptors on cancer cells. EGFR 
activation induces macropinocytotic cellular uptake of 
the BSH, leading to increased efficacy of the cancer 
cell-killing activity after thermal neutron irradiation. 

cancer cell plasma membranes. However, only their at-
tachment on plasma membranes with very low cellular 
uptake were observed. Macropinocytosis (accompanied 
by actin reorganization, ruffling of plasma membrane, 
and engulfment of large volumes of extracellular fluid) 
[2] is considered to be important cellular uptake pathway,
and activation of EGFR leads to macropinocytosis induc-
tion. Therefore, we next checked effects of treatment of
EGF on their cellular uptake. As our results, co-treatment
of EGF with cetuximab antibody/Z33-BSH complex sig-
nificantly increased their cellular uptake, and in the
thermal neutron irradiation experiment under the same
conditions, the cell killing effect of cetuximab anti-
body/Z33-BSH complex was enhanced through
macropinocytosis induction by EGFR activation [3].

CONCLUSION: In this research, we developed anti-
body-based receptor target system and found importance 
of macropinocytosis induction in BNCT. These results 
provide fundamental knowledge for the further develop-
ment of receptor target system in BNCT. 

REFERENCES:
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Group A Group B Group C
cold control BSH (40 mg/kg) OKD-001 (40 mg/kg)

Median 36 41 51.5

stdev 5.8 5.7 3.9

Group A Group B Group C
cold control BSH (40 mg/kg) OKD-001 (40 mg/kg)

Median 36 41 51.5

stdev 5.8 5.7 3.9

- 179 -



Enhancement of the cancer cell-killing effects of boron neutron capture therapy by 
overexpression of LAT1 in human cancer cells 

RESULTS:

 

  

CONCLUSION: 

REFERENCES:
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INTRODUCTION:  

pCMV/LAT1-GFP

EXPERIMENTS: 

pCMV/LAT1-GFP

 



BPA+ 
No. 1 
Stem 

No. 1 
DC 

No. 2 
Stem 

No. 2 
DC 

Total 56.0 25.7 35.8 21.5 
Differentiation+ 

GFAP 20.5 18.4 10.5  8.6 
Tuj1 21.2 24.9 11.1  9.4 

Stem + 
Oct3/4 29.4 9.3 11.4 4.9 
CD15 19.2 10.6 11.0 6.1 

CD171 21.3 13.9 8.0 4.2 
IL6Ra 15.1 6.4 8.1 4.1 
SOX2 51.9 15.2 15.5 2.9 
Nestin 35.0 8.3 12.8 3.6 
CD144 11.6 5.3 6.8 3.9 

Musashi-1 28.1 14.5 19.0 8.2 
CD133 18.8 9.0 11.6 5.8 

 44.9 15.6 12.0 4.6 
Notch2 18.9 12.1 11.8 4.6 
CD44 19.1 9.9 11.6 5.9 

Nanog 20.6 6.9 11.5 5.0 
STAT3 44.9 17.2 16.2 1.1 
CXCR4 18.7 12.2 13.5 5.7 
c-Myc 27.1 11.6 13.2 5.7 
CD49f 29.8 18.7 15.0 2.0 
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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 can-
cer.
********************
***********

EXPERIMENTS: We used Boronophenylalanine 
(BPA) as a boron compound. Colon26-Luc cells were 
concentrated to 1.0×106/150μL in 0.15ml of PBS and 
injected into the pelvic cavity of each mouse. Animals 
were divided into three groups (8 animals per group); 
BNCT with BPA (i.p.) without tumor, only neutron irra-
diation, BNCT with BPA (i.p.).
**********************************************
********

RESULTS: We performed the histopathological as-
sessments of tumor, rectum and vagina of three groups. 
In the both groups of only neutron irradiation and BNCT 
with BPA, tumors infiltrated to rectum and vagina. In the 
control group of BNCT with BPA (i.p.) without tumor, all 
mice did not have symptoms such as diarrhea and sur-
vived until the endpoint. It suggested that BNCT induced 
no side effect. (Fig.1)
**********************************************
********

Figure.1

vagina

rectum

In the histopathological assessments of the control 
group, there was not structural change.

Ongoing study: We changed BALB/c mice to nude 
mice at the present because we would like to use a hu-
man colorectal cancer. We implanted DLD-1
clone#1-LUC to the pelvis of nude mice and observed 
the growth of tumors. The average overall survival was 
about a month. We are planning to investigate the use-
fulness of BNCT comparing with control. Moreover, we 
developed BSH-transferrin-PEG-liposome as a novel 
boron drug. We are planning to use this boron drug in our 
mouse model.
We will continue this study and the results will be pub-
lished in the future.

REFERENCES:
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) was proposed as novel type of radiation therapy 
in 1936 and has been investigated in a variety clinical 
studies against brain cancer, head and neck tumor or oth-
er type of cancer. Boron phenylalanine (BPA) is a useful 
boron compound which advanced BNCT therapy yielding 
promising results. However, new types of boron reagents 
with increased tumor accumulation and less toxicity are 
being sought by a number of groups. We have developed 
biodegradable periodic mesoporous organosilica (BPMO) 
based reagents which have a large surface area where 
BPA can be attached for BNCT application.  

To investigate the potential of BPA-loaded BPMO 
(BPA-BPMO) for BNCT, we used chicken chorioallanto-
ic membrane model (CAM model) which is generated by 
transplanting human cancers onto the CAM membrane. 
This assay is versatile and convenient. After intravenous 
injection of BPA-BPMO to the blood stream, chicken 
eggs were irradiated with neutron beams to evaluate the 
tumor growth inhibition effect. Dramatic inhibition of 
tumor growth was observed. 

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.  
 To investigate how BPA-BPMO behaves in biological 
systems, we evaluated cellular uptake of BPA-BPMO to 
cancer cells. Various types of cancer cells such as FaDu 
human head and neck cancer, OVCAR8 human ovarian 
cancer and A549 human lung cancer, were used. They 
were incubated with BPA-BPMO for 24 h at 37  hu-
midified CO2. Cellular uptake of BPA-BPMO was ob-
served by confocal microscopy. We then used the CAM 
model to gain insight into tumor accumulation of 
BPA-BPMO. 2.0 106 of OVCAR8 cells were trans-
planted onto CAM of fertilized chicken egg to form tu-
mor. 0.2 mg of BPA-BPMO was intravenously injected 
into the chicken egg, and tumor accumulation of 
BPA-BPMO was examined by red fluorescence of Rho-
damine B-labeled BPMO by stereomicroscopy and con-
focal microscopy. 
 We finally tested whether the growth of the CAM tumor 
can be inhibited the neutron exposure. After injection of 

BPA-BPMO to chicken eggs that have OVCAR8 tumor 
on CAM, the eggs were placed at the center of the 
emerging neutron beam. Eggs were irradiated with ther-
mal 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 and weight.  

RESULTS: BPMO synthesized had approximately 200 
nm of diameter and homogenous shapes examined by 
SEM and TEM microscopy. BPMO had 985.96 m2/g of 
surface area, 0.557 cm3/g of pore volume and 2.34 nm of 
pore diameter as determined by nitrogen adsorp-
tion-desorption analysis. FT-IR analysis showed diagnos-
tic peaks of typical Si-O-Si, -C-S-, -(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 phosphonate. The zeta potential of 
BPA-BPMO was -42.48 mV. 
 Cellular uptake of BPA-BPMO to various types of can-
cer cells was observed. From confocal microscopy and 
flow cytometry analysis, the red fluorescence of 
BPA-BPMO could be observed inside these cells and was 
localized at the perinuclear region. These results are con-
sistent with our previous observation that mesoporous 
silica-based nanoparticles are efficiently taken up by en-
docytosis system [1]. We also observed tumor accumula-
tion of BPA-BPMO on CAM model. Significant red flu-
orescence of BPA-BPMO was detected in the tumor that 
was formed using GFP-expressed OVCAR8; overlapping 
of red and green fluorescence was detected. The red flu-
orescence of BPA-BPMO was also detected in liver and 
kidney, but the level of fluorescence was less than that 
seen in the tumor. 
 We finally investigated tumor growth inhibition effect 
on BPA-BPMO. After injecting BPA-BPMO, the eggs 
were subjected to neutron irradiation. As seen in Figure 1, 
the weight of tumor after neutron irradiation exposure 
with the 
BPA-BPMO-ad
ministered sam-
ples were 
around 12 mg, 
while the tumor 
weight of con-
trol (no injection 
or empty BPMO 
injection) was around 60 mg. 80% inhibition was ob-
served by BPA-BPMO injection. Thus BPA-BPMO ex-
hibits efficacy in BNCT. These results are published. 
Mouse experiments to follow up this study are ongoing. 

EFERENCES: 
[1] Lu, J et al., Nanobiotechnology., 3 (2008)
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[2] Tamanoi, F. et al., Int. J. Mol. Sci. 22, 2251 (2021).
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INTRODUCTION: 
Only p-boronophenylalanine ( BPA ), sodium 

borocaptate ( BSH ) already have been used in Boron 
Neutron Capture Therapy ( BNCT ) trials as boron com-
pounds. However, to keep enough tumor to normal con-
centration ratio of boron for effective BNCT, BPA and 
BSH usually need to be continuously administrated to the 
patient just before neutron irradiation. Less toxicity, more 
accumulation and retention in tumor cells but not in the 
normal cells, and clear washout from the normal tissue 
are the important points for newly boron comounds for 
BNCT. 

We developed the BN-CNH was coated with phospho-
lipid polyethylene glycol having folate, 
BN-CNH/PLPEG-FA ( Iizumi 2015 ) called carbon na-
nohorns. 

The previous experiment data ( Tsurubuchi 2019 ) 
showed carbon nanohorns effectively suppressed the 
colony forming units of GL261 mice glioma cells. We 
considered whether carbon nanohorns accumulated in 
other types of tumor cells. To assess the therapeutic ef-
fects of carbon nanohorns in BNCT, we tried another 
irradiation study in vitro in the Kyoto University Re-
search Reactor ( KUR ). 

EXPERIMENTS:  This time, CT26, mice colon tumor 
cells were used for colony formation test. The 1*106 cells 
were plated on wells of 6 well plate 24 hours before ex-
periment. The drug, carbon nanohorns were added to 
each well 24 hours before irradiation. The BPA were 
added 2 hours before irradiation. The control group was 
radiation only group without drug. For counting plating 
efficiencies ( PE ), each group had only CT26 tumor cells 
without treatment. The cells were trypsinized and counted. 
The irradiation was performed with thermal neutrons 
with a flux of 1.6 x 1012 neutrons/cm2 over 15min at the 
KUR. The 200 cells per dish were plated respectively. PE 
were checked after counting colonies on day 14. The 
colony forming units were calculated as mean colony 
counts devided by PE. This time carbon nanohorns only 
contains natural boron.  

RESULTS:  The carbon nanohorns group showed better 
tumor suppression compared to irradiation only 
group ( Figure 1 ). Wash treatment did not reduce colony 
form-ing units. The BPA group showed better tumor 
suppres-sion effect compared to the carbon 
nanohorns group. Considering our carbon nanohorn 
consisting of natural boron, the carbon nanohorns 
group showed the same tu-mor suppression effect 
compared to the BPA group. The irradiation experiment 
using carbon nanohorns showed enough tumor 
suppression effect independent on the dif-ferent kinds of 
tumor cells. 

Figure 1

REFERENCES: 
Y. Iizumi et al., CARBON 93 (2015) 595-603.
T. Tsurubuchi et al., KUR report 2019 (2020)

- 195 -



R2170

Development of 10BPA-loaded mesoporous silica-based nanoparticles and 
preliminary evaluation in BNCT mouse experiments 

F. Tamanoi1, K. Matsumoto1 A. Komatsu1, S. Chin-
nathambi1, M. Laird1, Y. Higashi1 and M. Suzuki2

1Institute for Advanced Study 
Institute for Integrated Cell-Materials Sciences, Kyoto 
University 
2Institute for Integrated Radiation and Nuclear Science, 
Kyoto University 

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 two types of meso-
porous silica-based nanoparticles that are loaded with 
BPA. One is mesoporous silica nanoparticles loaded with 
BPA. Another is biodegradable periodic mesoporous or-
ganosilica (BPMO) loaded with BPA. These nanoparti-
cles have a large surface area where BPA can be attached 
for BNCT application. We have found and reported that 
BPA-BPMO exhibits efficacy in BNCT experiments 
which used chicken.  chorioallantoic membrane model 
(CAM model) [1]. In this study, we carried out experi-
ments to prepare for mouse experiments to evaluate their 
BNCT efficacy.  

EXPERIMENTS: MSN was synthesized by sol-gel 
synthesis employing TEOS as a precursor. BPMO was 
synthesized by sol-gel synthesis of two precursors, 
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. MSN and BPMO were then processed to 
modify with GOPTS (3-glycidyloxypropyl trimethox-
ysilane) that contain epoxy groups. After converting 
epoxy groups to diols, BPA was mixed with diol-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 adsorp-
tion-desorption analysis and zeta potential. The amount 
of boron attached on the nanoparticles was examined 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 25 days.  

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. When 
BPA-BPMO was injected to tumor, the red fluorescence 
of BPA-BPMO could be observed in the tumor. However, 
the distribution was not even. We are further investigat-
ing the optimum condition for BPA-BPMO accumulation 
in the tumor.  

Investigation of tumor growth inhibition effect of 
BPA-loaded nanoparticles is currently ongoing. After 
injecting the nanoparticles, all mice are subjected to neu-
tron irradiation and tumor growth is followed for 25days. 
BNCT efficacy of BPA-loaded nanoparticles is compared 
with that of free BPA.  
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INTRODUCTION:  Electric motors used in vehicles 
has been required to have high performance, more power, 
and compactness [1]. This results in the higher emission
heat density from the motor package and the effective 
cooling scheme of the stator coil has been important. The 
actual vehicle stator coils are cooled by the coolant 
poured from a nozzle above. For the evaluation, the tem-
perature measurement was carried out [2, 3]. However,
the coolant profile inside the coil has not been clarified
yet and the pouring conditions are decided empirically. In 
this study, therefore, the coolant profile inside the simpli-
fied stator system is studied by using the neutron radiog-
raphy.

EXPERIMENTS: The schematic model of the exper-
iment is shown in Fig.1(a). The stator coil is presumed by 
the accumulated square rod arrays shown in Fig.1(b)
where the coolant is directly poured from above. Each
square rod is made of aluminum and horizontally aligned
with a gap of 1mm. This single layer is accumulated to
four and bundled in the coolant circulation system con-
sisted of a pump, flowmeter, temperature measurement
devices, etc. The flow rate of the coolant is 0.5L/min. The 
neutron beam is in horizontal direction so does the cool-
ant visualization. The experiment is carried out in the 
room temperature.

(a) overall setup

(b) rod arrays with coolant
Fig. 1. Experimental setup.

RESULTS: First, for the evaluation, the visualization
of the coolant between the two rods is carried out. The
result is shown in Fig.2(a). As in the figure, the coolant 
can be visualized due to the large attenuation rate differ-
ence between the aluminum and coolant.
Next, the coolant in the accumulated rod arrays is visual-
ized as shown in Fig.2(b). The coolant spreads in each 
array layer. It is found that the coolant in the below layer 
has larger area of coolant. This can be explained by the 
structure. At the top layer, the coolant can spread not only 
in the rod direction but also the spanwise direction due to 
the viscosity and the wettability of the coolant. The cool-
ant escapes down and hit the lower layer. The coolant can 
spread in the same manner. Each array is accumulated 
with an angle. This suggests that the coolant is partially 
sandwiched by the above and below rods. This may in-
duce the capillary effect and the horizontal spreading is 
enhanced. This is repeated as the coolant goes lower layer, 
resulting in the wider spread as it goes down.

(a) Between two horizontal aluminum rods.

(b) Inside the accumulated rod arrays
Fig. 2. Visualized coolant.
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INTRODUCTION: 125Sb, an isotope of antimony (Sb), 
is a fission product (FP) nuclide in the high-level liquid 
waste and understanding its extraction behavior is crucial 
for the reprocessing be highly active liquid waste. Alt-
hough the amount contained in the nuclear waste is rela-
tively small compared to other elements (0.026 mM for a 
synthetic solution [1]), its short half-life of 2.76 years [2]
is problematic and therefore the influence of Sb should be 
considered. N,N,N’,N’-tetradodecyldiglycolamide
(TDdDGA) is an extractant synthesized at Japan Atomic 
Energy Agency (JAEA) for the recovery of minor acti-
nides (MA) and rare earth elements (REE) from the 
high-level liquid waste, but the extraction behavior of Sb 
has not been studied using this extractant. In this study, 
the solvent extraction behavior of Sb by TDdDGA and its 
dependency on nitric acid solution and also the separation
factor from neodymium (Nd), a REE, were studied and 
determined.

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 0.1 M. A
Sb shot was placed in 7 M HNO3 for 18 hours at room 
temperature to dissolve and then diluted to form the 
HNO3 concentration of 0.1, 0.2, 0.5, 1, 1.5, 2, 3, 4, 5 M.
Both phases were stirred for 30 mins to reach equilibrium. 
The solution was separated by centrifugation and the 
aqueous phase was exchanged with a 0.1 M HNO3 and 
back extraction was performed. For the Nd separation
experiment, the concentration of Nd and Sb were adjust-
ed to be the same in a 1 M and 3 M HNO3 solution for 
the aqueous phase. The organic phase was 0.1 M 
TDdDGA diluted by n-dodecane and 1-octanol. All ex-
periments were carried out at room temperature. The Sb
and Nd concentration of the aqueous phase before and
after both extractions were measured by Inductively 
Coupled Plasma-Atomic Emission Spectrometry 
(ICP-AES) and Inductively Coupled Plasma-Mass Spec-
trometry (ICP-MS) at the Institute for Integrated Radia-
tion and Nuclear Science, Kyoto University, and the dis-
tribution ratios and separation factors were determined.

RESULTS AND DISCUSSIONS: The results for the 
HNO3 dependency are shown in Fig. 1. For the concen-
trations above 0.5 M HNO3, from slope analysis, there is 
a slope 1 positive correlation between the distribution 
ratio and HNO3 concentration. On the other hand, below 
0.5 M HNO3, there was no correlation. This suggests that

1) Sb and TDdDGA form a compound in a 1:1 ratio from
HNO3 concentrations greater than 0.5 M and 2) the oxi-
dation state of Sb changes around 0.5 M, due to the
HNO3 concentration. The possible ligands that can form
at the HNO3 concentrations used in this study is SbO2

+,
SbO+, HSbO2 and Sb(OH)6- [3] which are either Sb(III)
or Sb(V). This supports the observation of the correlation
change at 0.5 M HNO3.
The separation factor for Sb/Nd was 6.8×103 and 9.1×103

for 1M and 3M HNO3 respectively. Furthermore, the dis-
tribution ratios of Sb (1M: 0.0054, 3M: 0.086) of and Nd
(1M: 36.7, 3M: 786) show that the Sb and Nd can be
clearly separated into different phases. Compared with
TODGA [4], separation of Sb from a trivalent lanthanide
or actinide element is efficient using TDdDGA.

CONCLUSIONS: The extraction behavior of Sb in var-
ying nitric acid concentrations using TDdDGA was stud-
ied by using the solvent extraction method. The separa-
tion factor of Sb and Nd was also determined. Sb and 
TDdDGA had a 1:1 bond for HNO3 concentrations of 0.5 
M and above. TDdDGA is an efficient extractant to sepa-
rate Sb from trivalent F block elements.

REFERENCES:
[1] Savantesson I. et al., J. Inorg. Nucl. Chem., 41
383-389 (1979)

Meija J. et al., Pure Appl. Chem., 88 3 293-306
(2016)
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[4] Zhu Z.-X et al., Anal. Chim. Acta., 527 2 163-168
(2004).

Fig. 1.  Dependence of D on nitric acid concentra-
tion for Sb. 
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INTRODUCTION:  The national metrology institute 
of Japan (NMIJ) calibrates a response of equipment for 
monitoring a radioactivity in gaseous effluents. The re-
sponse is obtained by dividing the indication of the 
equipment by the activity per unit volume. It can be de-
termined by using an inner-through type ionization 
chamber (Ohkura ionization chamber: type I-4096 01/06) 
which is calibrated by a set of proportional counters. 85Kr
is used for calibrating the monitoring equipment [1-3]. 
For monitoring purpose, an energy dependence of the 
equipment should be assessed. 133Xe and 41Ar are useful, 
however, it is difficult to purchase them commercially.
Therefore, we planned to produce them and perform the 
assessment. We tested the response of the inner-through 
type ionization chamber using 41Ar produced in 
KUR-SLY last year [4]. This year, we tested the response 
using radioactive xenon gas.

SOURCE PREPARATION: The source of radioactive 
xenon was produced by activating stable xenon (128Xe,
130Xe, 132Xe, 134Xe, 136Xe) with irradiating thermal neutron. 
A xenon gas diluted by P-10 was poured to a small vessel 
of acrylic resin whose volume was 62 cm3. A pressure of 
the gas was 100 kPa. Then, the vessel was placed at the 
bottom of the KUR-SLY operating at 1 MW for 60 s. The 
nominal flux of the thermal neutron was 7.84×1011 [n-1 s-1 

cm-2]. The 133Xe of 17.4 kBq was produced through 132Xe
(n, ) 133Xe reaction, while impurities of 129mXe, 131mXe,
133mXe, 135mXe, 135Xe and 137Xe were also produced. The
radioactive xenon gas was then transported to Kindai
University Atomic Energy Research Institute where a
measurement system was temporally installed. The 41Ar
was also produced in KUR and used in the test.

MEASUREMENTS: A particle emission rate of radi-
oactive xenon gas was assessed by using a set of propor-
tional counters connected in series. Conventional pulse 
counting electronics were connected to the counters. The 
designs of the counters are the same except for their 
length. To eliminate distortion of counts near both ends of 
the counter, the net count rate was used which was ob-
tained by subtracting a count rate obtained by a shorter 
counter from that obtained by a longer counter. The parti-
cle emission rate can be easily converted to activity for 
85Kr and 41Ar. The pure 85Kr is commercially available 
and pure 41Ar can be produced in KUR. However, pure 
133Xe is difficult to obtain because pure stable 132Xe is 
difficult to prepare and there exist impurities (129mXe,
131mXe) of longer life. Therefore, results of this test are 
not for an activity per unit volume but for a particle 
emission rate per unit volume including from impurities.

RESULTS: Fig. 1 shows pulse height spectra of signals 
obtained from the proportional counters whose volumes 
are 100 cm3 (LL), 60 cm3 (M), 44 cm3 (S), 30 cm3 (SS). 
A continuous spectrum of beta particles from 133Xe are 
observed with several peaks of internal conversion elec-
trons and Auger electrons due to impurities. Fig. 2 shows 
a pulse count rate as a function of a volume of propor-
tional counter. A count rate per unit volume is derived 
from an inclination of approximate straight line obtained 
by the least square method. It was 35 s-1 cm-3. The output 
of inner through ionization chamber flown by the radio-
active xenon gas was 13.7 pA. Then, the response of 0.39
pA (s-1 cm-3)-1 was obtained. 

of proportional counter. 
As for the response test using 41Ar, we inserted lead 
shield of 10 cm in thickness between each proportional 
counter and the chamber. The production of 41Ar and 
measurements were performed similarly. 

REFERENCES:
[1] A. Yunoki, et. al., Applied Radiation and Isotopes, Vol.

68 (2010) pp.1340-1343.
[2] M Unterweger, L Johansson, L Karam, M Rodrigues

and A Yunoki, Metrologia 52 (2015) S156-S164.
[3] A. Yunoki, et. al., Applied Radiation and Isotopes, Vol.

134 (2018) pp.325-328.
[4] A. Yunoki, et. al., KURNS Progress Report 2019,

ISSN 2434-9488, CO12-5 (31059).

Fig. 2. Count rates as a function of a volume 
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Fig. 1. Pulse height spectra of signals. 
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