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The National Institutes for Quantum Science and Technology (QST) was established in April 2016 by 

combining two research directorates, Quantum beam science and Nuclear fusion research in the Japan Atomic 

Energy Agency (JAEA), with the National Institute of Radiological Sciences (NIRS). Currently, QST has three 

research and development (R&D) directorates: Quantum Beam Science Research (QuBS), Quantum Life 

and Medical Science, and Fusion Energy. QuBS comprises Takasaki Advanced Radiation Research Institute 

(TARRI), Kansai Photon Science Institute (KPSI), and Institute for Advanced Synchrotron Light Source (IASLS). 

Using advanced beam facilities, we conduct intensive fundamental and applied research in fields such as 

materials science, life science, and quantum beam technology. TARRI has two research sites, Takasaki and 

Tokai, and manages three main radiation facilities at the Takasaki site: Takasaki Ion Accelerators for Advanced 

Radiation Application (TIARA), a 2-MeV electron accelerator, and 60Co gamma-ray irradiation facilities.  

At TARRI, we have 16 research projects and two research groups conducting quantum beam science 

R&Ds with the aforementioned three main radiation facilities to contribute to the progress of science and 

technology, as well as the promotion of industry. The Advanced Functional Polymer Materials Research Group 

was established in 2017 under QST’s innovation hub program. Its purpose is to develop next-generation graft-

polymer materials through the combined use of quantum beam processing, analysis techniques and material 

informatics. The Quantum Sensing and Information Materials Research Group was established in August 2018 

to conduct fundamental and applied research for realizing quantum devices, such as quantum sensors, 

quantum bits, and spin transistors, based on wide-bandgap semiconductors including diamonds and 2D 

materials such as graphene. Furthermore, we conduct R&D on advanced ion beam technology at the Beam 

Engineering Section of the Department of Advanced Radiation Technology. Our beam facilities are available 

to industry, academia, and governmental research institutes, and beam time is allocated to users based on 

the evaluation of their R&D programs. 

This annual report covers research activities at TARRI for the fiscal year 2021 (FY2021). This report is 

composed of two parts. Part I describes the recent activities of all research projects and groups, including the 

Beam Engineering Section. Part II presents recent R&D results obtained using the quantum beam facilities of 

TARRI. This part contains 74 research papers in the fields of materials science, life science and advanced 

quantum beam technology, and eight status reports on the operation and maintenance of the quantum beam 

facilities. 
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The following three topics are the research highlights of FY2021 in materials science, life science, and 

advanced quantum beam technology. The first topic is in the field of materials science. The 3D structures such 

as fold or protrusions are widely observed in human organs. However, on conventional cell culture dishes, 

epithelial cells only form a planar monolayer. In our study, unique structures like the human organs were built 

with a film-on-substrate cell culture system. This system mimics the in vivo layering of epithelium–basement 

membrane–mesenchyme by controlling the 3D distributions of scission/crosslinking regions of polylactic acid, 

which is a biocompatible and bioabsorbable polymer, using the ion beam nanofabrication technique. The 

second topic is in the field of life science. It has been difficult to detect genome-wide mutations from a 

mutagenized plant (the first generation) till now, because of the presence of cells with different mutation 

patterns. We developed a method to enrich progenitors originating from a single mutated cell in the 

mutagenized plant by using the loss of heterozygosity of genes for anthocyanin pigmentation in Arabidopsis 

and to detect genome-wide mutations occurring in the first-generation tissues. By taking advantage of the 

mutation characteristics in irradiated plants revealed through this research, it is expected that the mutation will 

be used for the early selection of promising strains in the improvement of trees and nutritionally reproductive 

plants, to select branches that bear good fruit even before maturity. The third topic is in the field of advanced 

quantum beam technology. The laser Compton scattering (LCS) gamma-ray distribution in the energy-angle 

phase space has been reconstructed from crystal diffraction data. Such diagnostics have been used for photon 

energies below 100 keV, but have not been realized for energies above 1 MeV. We demonstrated the 

reconstruction of the energy-angle phase space distribution of an LCS photon beam with an energy of 1.7 

MeV by photon diffraction using silicon mosaic and comb crystals with improved integral reflectivity. This 

diagnostic technique is an efficient tool for LCS source development and is also beneficial for the use of existing 

LCS facilities. 

An azimuthally varying field (AVF) cyclotron and three electrostatic ion beam accelerators in TIARA, as 

well as an MeV electron accelerator and 60Co gamma-ray irradiation facilities have been continuously and 

safely operated. The key components of the accelerator system in TIARA are updated year by year to maintain 

its worldwide technological superiority. In this year (FY2021), control systems of three electrostatic accelerators 

and two microbeam apparatuses connected to both the single-ended and the tandem accelerators were 

replaced, and the stability of the beam current improved by 65 % under typical operating conditions. The new 

microbeam apparatus for quantum device fabrication enables to reduce the beam-spot size from the 

micrometer revel to tens of nanometers. The low-fluence gamma-ray irradiation conditions available in the 

food irradiation facility, which was closed in March 2022, were developed in irradiation room No. 3 of the first 
60Co gamma-ray irradiation facility. 

Lastly, we would like to extend our gratitude to our domestic and foreign colleagues for their cooperation 

and support in our quantum beam science R&D, as well as technological advances in the facilities of TARRI. 
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Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) consisting of four ion 
accelerators, an electron accelerator, and gamma-ray irradiation facilities are available to researchers 
in QST and other organizations for R&D activities on new functional and environmentally friendly 
materials, biotechnology, radiation effects of materials, and quantum beam analysis. We are developing 
various shape area irradiation technique at the cyclotron. In addition, technical developments of 
elemental map imaging by C60 fullerene microbeam at the electrostatic accelerators are in progress.  
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 Specification     Apr. 2022   

  
  
  
  

Name of 
facility 

Cobalt-60 
activity (PBq) 

Number 
of rooms Principal utilization 

  
  
  
  

Co No.1 bld. 5.1 3 
Radiation-resistance test, radiation effects on 
materials as polymers, semiconductors, and 
biological substances as bacteria, cell, plant 

Co No.2 bld. 6.0 3 R & D on functional organic, inorganic 
materials and dosimetry 

Food 
Irradiat. bld. 

The third gamma-ray irradiation facility named ‘food irradiation facility’ 
has stopped operating as of March 1st, 2022. 
The lower dose rate-field of this facility was installed in the No.3 room of 
the Co No.1 building.   

 

  
  

Dose-rate range     Unit：kGy/h   
  Name of room 10-4 10-3 10-2 10-1 10-0 101 102 103 104 105 

  
  
  
  
  

Co No.2     
 

        
  
    
  

Co No.7     
 

      

Co No.3   
 

        

  
EB accel.            

  
 

 

Gamma-ray irradiation facility building 

Gamma-ray irradiation room Electron irradiation room with conveyor system 

Electron accelerator 
（0.5～2.0 MeV, 0.1～30 mA)  

Cobalt-60 gamma-ray and electron beam irradiation facilities 
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Project ³Functional Polymer Research´ has been 
developing the advanced functional polymer materials, 
such as polymer electrolyte materials and separation 
membranes for high performance fuel cells and hydrogen 
collection systems by using quantum beams. We have 
synthesized the proton- and anion-conducting electrolyte 
membranes (PEM and AEM) and the hydrogen 
permselective membranes using J-rays and electron 
beams. We report herein two recent developments: new 
structural analysis on benchmark materials Nafion� and 
poly(ethylene-co-tetrafluoroethylene) (ETFE)-based AEMs 
for hydrogen- and alkaline hydrated hydrazine-fuel cells. 

 
Three-component domains in the fully hydrated Nafion 
membrane characterized by partial scattering function 
analysis [1] 

Nafion� is a benchmark PEM material that has been 
commercialized in residential and automobile fuel cells. Its 
properties are closely related to hierarchical structures 
upon hydration. The phase-separated morphology in the 
hydrated Nafion� has been extensively studied using the 
small-angle scattering technique. However, the detailed 
structure is still under debate because conventional 
intensity analysis fails to provide the concrete structure of 
individual components. This obstacle is for the first time 
solved by us using partial scattering function (PSF) 
analysis through the contrast variation small-angle neutron 
scattering (SANS) method. 

Our results confirmed the validity of three-component 
domains of main-chain (MC), side-chain (SC) and water in 
Nafion�. The analysis of PSF self-terms revealed the 
detailed structure of each component, and that of the cross-
terms gave the correlation between two components 
leading to the location determination. The whole structure 
pattern of Nafion� was constructed as shown in Fig. 1: MC 
forms bicontinuous-shaped template made of crystalline 
MC domains and amorphous domains composed of 
amorphous MC, SC and water. All components have a 
bicontinuous-like local structure. MC and SC show 
heterogeneity on the large-scale with a size of > 65 nm; 
however, water distributes homogeneously on the large-
scale, indicating the formation of a well-connected network 
which is believed to be the key structural factor for high 
membrane conductivity. 

 
Synthesis and characterization of 4-vinylimidazolium/styrene-
cografted anion-conducting electrolyte membranes [2] 

Imidazolium(Im)-type AEMs exhibited lower water 
uptake and induced less damage to polymer backbone 

than ammonium-type AEMs, which recently attracted 
attention for AEM fuel cell applications. However, Im-AEM 
prepared from commercially available N-vinylimidazole as 
a graft monomer was subjected to severe E-elimination and 
ring-opening hydrolysis of imidazolium groups. We have 
found that these reactions can be suppressed by the 
copolymerization of hydrophobic styrene in the graft chain 
and by modifying imidazolium with protecting group at the 
C2 position of the imidazolium ring [2]. In this work, we 
synthesized a new imidazole monomer, 2-methyl-N-
methyl-4(5)-vinylimidazole (2M4VIm), and then made 
AEMs by co-grafting 2M4VIm and styrene (St) to ETFE 
base films (denoted as 2M4VIm/St-AEM shown in Figure 
2) to fully prevent E-elimination reaction and introduce 
methyl groups at the C1 and C2 positions to prevent 
hydroxide attack leading to ring-opening hydrolysis. 

2M4VIm/St-AEM with a 6/4 molar ratio of 2M4VIm/St 
and 1.7 mmol/g ion exchange capacity (IEC) shows 75 
mS/cm conductivity and 60% water uptake at room 
temperature in water, which are enhanced values 
compared to previously reported best AEM with 2-methyl-
N-vinylimidazolium (2MNVIm/St-AEM) that have a similar 
comonomer ratio and IEC. SANS results on 2M4VIm/St-
AEM revealed hydrophilic/hydrophobic two-phase 
separation, where hydrophilic layers consist of partially 
grafted polymers with water as ion channels. These AEMs 
exhibited higher alkaline stability in 1 M KOH at 80 °C at an 
early stage owing to the suppression of imidazolium E-
elimination but lower long-term stability than that of 
2MNVIm/St-AEM due to the ring-opening reaction of the 
imidazolium group for its outward orientation from the graft 
main chain. These findings provide new insight into 
imidazolium-based graft-type AEM, namely, further 
improvement of steric hindrance of the imidazole group will 
be desired. 

 
References 
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Fig. 2. Structure of E-elimination free 2M4Vim/St-AEM. 
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Fig. 1. Schematic of the hierarchical structure of the MC, SC and 
water domains in the fully hydrated Nafion�. 
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The main target of our project is development of catal\tic 
materials for ne[t-generation energ\ devices in future H2 
societ\ b\ effective use of electron and ion beams. The 
advantage of our overarching strateg\ is that these 
quantum beams can lead to high-energ\ defect creation, 
active-site formation via non-equilibrium chemical reactions, 
and nano-to-micro fabrication. This report deals Zith R&Ds 
of nanomaterials for active electrocatal\sts in pol\mer 
electrol\te fuel cells (PEFCs). 
 
Development of highly-active platinum catalysts by ion 
beam-induced defects in carbon support [1] 

Development of highl\ active catal\sts for PEFCs is one 
of the urgent issues to promote the spread of fuel cell 
vehicles (FCVs). Platinum (Pt)/carbon catal\sts are 
e[tensivel\ used for an o[\gen reduction reaction (ORR; 
O2 + 4H+

 + 4e-
 → 2H2O) in the cathode of PEFCs. HoZever, 

the problem is that high loading of precious Pt increases 
the price of PEFCs and, therefore, hampers the e[pansion 
of the FCV market. We have been developing Pt/carbon 
Zith higher ORR activit\ utili]ing ion beam-induced defects 
in the carbon support.  

The Pt nanoparticles Zere deposited on a glass\ carbon 
(GC) substrate irradiated Zith 380 keV Ar+ at a fluence of  
1 î 1016 ions/cm2 in vacuum at room temperature. The ORR 
activit\ of the obtained Pt/irradiated GC catal\st Zas 2.2 
times higher than that of Pt/non-irradiated GC catal\st. To 
elucidate the origin of the high ORR activit\, the X-ra\ 
absorption fine structure (XAFS) for the Pt L3-edge Zas 
measured at the s\nchrotron radiation facilit\, SPring-8.  

As seen in XAFS spectra of Fig. 1, the peak intensit\ of 
Pt/irradiated GC at around 11567 eV Zas loZer than that of 
Pt/non-irradiated GC, indicating the suppression of Pt 
o[idation probabl\ due to a decrease in the bonding energ\ 
betZeen Pt and o[\gen (O). This Zould boost the 
desorption of O-containing intermediates during the ORR 
process. Densit\ functional theor\ (DFT) calculations also 
suggested strengthening of the electronic interaction 
betZeen Pt and carbon at the interface Zith electron 
transfer from Pt to defective carbon support. As a result, the 
introduction of defects in the carbon support b\ ion-beam 

irradiation Zas found to (i) modulate electronic interactions 
betZeen Pt and the carbon support, (ii) decrease the 
bonding energ\ betZeen Pt and O, and finall\ (iii) improve 
the ORR activit\. Our results demonstrated the possibilit\ 
of the reduction of Pt loading in PEFCs to contribute to the 
spread of FCVs. 
 
Fabrication of free-standing nanowires with an ultra-
high aspect ratio by utilizing high energy-charged 
particles [2] 

High specific surface area is one of the most important 
properties for catal\tic materials. We have succeeded in 
fabricating free-standing nanoZires Zith diameters of 
single-nm and aspect ratios of > 100 b\ a so-called Single-
Particle-Triggered Linear Pol\meri]ation (STLiP) method.  

When a thin film of sublimable organic molecules (e.g. 
C60-derivatives) Zas irradiated Zith charged particles at 
energies of several hundred eV (e.g. 350 MeV 129Xe), 
pol\meri]ation of the organic molecules occurred in the 
latent tracks of charged particles. The irradiated film Zas 
heat-treated to sublimate the non-pol\meri]ed organic 
molecules outside the tracks.  

Figure 2 (a) shoZs the SEM image of the isolated free-
standing nanoZires. The number, diameter, and length of 
nanoZires are controllable b\ the number, species, and 
energ\ of charged particles. For comparison, Fig. 2 (b) 
indicates the nanoZires fabricated b\ the conventional Zet 
process involving the irradiation Zith charged particles and 
subsequent immersing into solvents. Apparentl\, the 
fabricated nanoZires aggregated and la\ onto the 
substrate, leading to their loZ specific surface area. Our 
neZ dr\ process gave free-standing nanoZires Zith high 
specific surface area, Zhich could be used for catal\st-
supports or catal\tic materials. 
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Fig. 2. SEM images of C60-based nanowires fabricated by an STLiP 
method: a dry process with 350 MeV 129Xe at 1 × 1011 ions/cm2 and 
(b) the conventional wet process with 490 MeV 192Os at 1 × 1011 
ions/cm2. A scale bar represents a length of 1 Pm. 

(a) (b)

 
Fig. 1. Pt L3-edge XAFS spectra of Pt nanoparticles deposited on 
the pristine and Ar+-irradiated GC substrates. The result of a Pt foil 
is shown for reference.  
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TKH DLP RI WKLV SURMHFW LV WR UHYHDO WKH QRYHO SKHQRPHQD 
UHODWHG WR ³VSLQ´ LQ VROLGV XVLQJ RXU RULJLQDO VSLQ-SRODUL]HG 
SRVLWURQ EHDP WHFKQRORJLHV. SR IDU, ZH KDYH EHHQ 
FRQVWUXFWLQJ WKH VSLQ-SRODUL]HG VXUIDFH SRVLWURQLXP 
VSHFWURVFRS\ WKDW LV VXEVWDQWLDOO\ XVHIXO IRU GHWHFWLQJ VSLQ-
SRODUL]DWLRQ DW WKH ILUVW VXUIDFH OD\HU DQG WKH VSLQ-SRODUL]HG 
SRVLWURQ DQQLKLODWLRQ VSHFWURVFRS\ LQ VWURQJ PDJQHWLF ILHOG 
IRU GHWHFWLQJ YDFDQF\-LQGXFHG PDJQHWLVP. TR HVWDEOLVK WKH 
IRXQGDWLRQ RI WKH DERYH VSHFWURVFRSLHV, GHHS XQGHUVWDQGLQJ 
RI SRVLWURQ DQG SRVLWURQLXP HOHPHQWDU\ SURFHVVHV LV DOVR 
LPSRUWDQW. WH WKXV SXUVXH VXFK D EDVLF DVSHFW RI SRVLWURQ 
SK\VLFV, WRR. IQ WKLV UHSRUW, ZH SLFN XS WZR WRSLFV LQ WKH ODVW 
ILVFDO \HDU (2021); RQH LV WKH SRVLWURQLXP IRUPDWLRQ SURFHVV 
DW GDN DQG AON VXUIDFHV UHYHOHG E\ WKH SRVLWURQLXP WLPH-RI-
IOLJKW VSHFWURVFRS\ DQG RQH LV WKH LQYHVWLJDWLRQ RI PDJQHWLF 
YDFDQFLHV LQFOXGHG LQ CR2MQGD, ZKLFK LV H[SHFWHG DV D 
IHUURPDJQHWLF WH\O VHPLPHWDO. 
 
Positronium formation at GaN and AlN surface [1] 

PRVLWURQLXP HPLVVLRQ IURP ZXUW]LWH GDN(0001) DQG 
AON(0001) VXUIDFHV ZDV REVHUYHG E\ SRVLWURQLXP WLPH-RI-
IOLJKW VSHFWURVFRS\. TKH SRVLWURQLXP HQHUJ\ VSHFWUD 
FRQWDLQHG WZR SRVLWURQLXP FRPSRQHQWV GLVWLQJXLVKHG E\ 
WKHLU HQHUJLHV. TKURXJK GHWDLOHG DQDO\VHV EDVHG RQ MRQWH 
CDUOR VLPXODWLRQV, WKHVH WZR FRPSRQHQWV ZHUH DWWULEXWHG WR 
SRVLWURQLXP IRUPHG IURP YDOHQFH DQG FRQGXFWLRQ HOHFWURQV. 
TKH REWDLQHG UHVXOWV DXJPHQW WKH SUHYLRXV DUJXPHQWV 
UHJDUGLQJ WKH FRQWULEXWLRQ RI FRQGXFWLRQ HOHFWURQV WR 
SRVLWURQLXP HPLVVLRQ IURP 4H SLC(0001) DQG SL(111) 
VXUIDFHV. 

PRVLWURQLXP, WKH ERXQG VWDWH RI DQ HOHFWURQ DQG D 
SRVLWURQ, KDV EHHQ H[WHQVLYHO\ LQYHVWLJDWHG LQ IXQGDPHQWDO 
SK\VLFV. RHFHQWO\, VRPH QHZ FKDOOHQJHV, VXFK DV 
SRVLWURQLXP BRVH±ELQVWHLQ FRQGHQVDWLRQ DQG WKH 
GHYHORSPHQW RI SRVLWURQLXP EHDPV, DUH VWHDGLO\ EHLQJ 
H[SORUHG. IQ PDWHULDO SK\VLFV, SRVLWURQLXP VSHFWURVFRS\ 
SOD\V DQ LPSRUWDQW UROH LQ SURELQJ VSLQ-SRODUL]HG VXUIDFH 
HOHFWURQLF VWDWHV. IQ WKHVH DUHDV, REWDLQLQJ D 
FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH SRVLWURQLXP HPLVVLRQ 
SURFHVV IURP VROLG VXUIDFHV LV RI IXQGDPHQWDO LPSRUWDQFH. 

TKUHH SRVLWURQLXP HPLVVLRQ SURFHVVHV KDYH EHHQ 
LGHQWLILHG: (L) GLUHFW HPLVVLRQ IURP WKH VXUIDFH ZLWK D 
QHJDWLYH IRUPDWLRQ SRWHQWLDO, (LL) FRPELQDWLRQ EHWZHHQ 
SRVLWURQV FRQILQHG LQ WKH VXUIDFH PLUURU SRWHQWLDO DQG 
VXUIDFH HOHFWURQV, DQG (LLL) G\QDPLFDO QHXWUDOL]DWLRQ RI 
HQHUJHWLF SRVLWURQV GXULQJ VFDWWHULQJ DW WKH VXUIDFH. IQ 
VRPH LQVXODWRUV, SRVLWURQLXP BORFK VWDWHV OLNH WDQQLHU±
MRWW-W\SH H[FLWRQ DUH NQRZQ WR EH IRUPHG. SXFK EXON 
SRVLWURQLXP LV DOVR WKRXJKW WR EH GLUHFWO\ HPLWWHG LQWR 
YDFXXP ZKHQ WKH SRVLWURQLXP ZRUN IXQFWLRQ LV QHJDWLYH.  

SHPLFRQGXFWRUV DUH LQWHUPHGLDWH PDWHULDOV EHWZHHQ 
PHWDOV DQG LQVXODWRUV. TKH GLHOHFWULF FRQVWDQWV RI 
VHPLFRQGXFWRUV OLH EHWZHHQ WKRVH RI PHWDOV DQG LQVXODWRUV. 
TKH SRVLWURQLXP ELQGLQJ HQHUJ\ LQ WKH EXON LV H[SHFWHG WR 
EH VPDOO EXW ILQLWH (RI WKH RUGHU RI 10±100 PHV), DQG KHQFH 
EXON SRVLWURQLXP HPLVVLRQ FDQQRW EH GLVPLVVHG LQ SULQFLSOH. 
PRVLWURQLXP HPLVVLRQ IURP SRVLWURQV LQ WKH VXUIDFH PLUURU 
SRWHQWLDO DQG VXUIDFH GDQJOLQJ-ERQG VWDWHV LV DOVR SRVVLEOH 
VLPLODU WR PHWDOV.  

TR GDWH, SRVLWURQLXP HPLVVLRQ IURP GH, SL, DQG 4H SLC 

VXUIDFHV KDV EHHQ LQYHVWLJDWHG. IQ FRQWUDVW WR WKH VKDUS ULVH 
LQ WKH HQHUJ\ VSHFWUXP DW WKH QHJDWLYH RI WKH SRVLWURQLXP 
IRUPDWLRQ SRWHQWLDO (−ĭPV) REVHUYHG IRU PHWDOV, WKH HQHUJ\ 
VSHFWUD RI VHPLFRQGXFWRUV H[KLELW KLJK-HQHUJ\ WDLOV DERYH 
−ĭPV, LPSO\LQJ WKH FRQWULEXWLRQ RI HOHFWURQV LQ WKH H[FLWHG 
VWDWHV WR WKH SRVLWURQLXP HPLVVLRQ. IQ WKLV ZRUN, ZH IXUWKHU 
LQYHVWLJDWHG WKH SRVLWURQLXP HPLVVLRQ IURP GDN(0001) DQG 
AON(0001) VXUIDFHV XVLQJ SRVLWURQLXP WLPH RI IOLJKW 
(PVTOF) VSHFWURVFRS\. TKH KLJK-HQHUJ\ SRVLWURQLXP 
FRPSRQHQWV ZHUH DOVR REVHUYHG KHUH. 
 
High-density magnetic vacancies in Co2MnGa [2] 

CR2MQGD LV D WH\O VHPLPHWDO H[KLELWLQJ JLDQW 
DQRPDORXV HDOO DQG NHUQVW HIIHFWV. UVLQJ VSLQ-SRODUL]HG 
SRVLWURQ DQQLKLODWLRQ VSHFWURVFRS\, ZH H[DPLQHG D 
BULGJPDQ-JURZQ CR2MQGD VLQJOH FU\VWDO ZLWK D QHDUO\ 
SHUIHFW L21-RUGHUHG VWUXFWXUH DQG D UHIHUHQFH CR2MQAO 
SRO\FU\VWDO ZLWK D MQ±AO-GLVRUGHUHG B2 VWUXFWXUH. WH IRXQG 
WKDW D ODUJH DPRXQW RI PDJQHWLF YDFDQFLHV (PRUH WKDQ 100 
SSP) ZHUH LQFOXGHG LQ WKH CR2MQGD FU\VWDO EXW QRW WKH 
CR2MQAO FU\VWDO. WH GLVFXVV SRVVLEOH UHDVRQV IRU WKH 
LQFOXVLRQ RI YDFDQFLHV, WKH UROH RI YDFDQFLHV LQ WKH 
GHYHORSPHQW RI WKH RUGHUHG VWUXFWXUH, DQG WKH HOHFWURQLF 
VWDWHV DVVRFLDWHG ZLWK WKH YDFDQFLHV. TRZDUG WKH 
GHYHORSPHQW RI CR2MQGD-EDVHG GHYLFHV, WKH PDQQHUV IRU 
UHGXFLQJ YDFDQFLHV DV ZHOO DV WKH LQIOXHQFH RI YDFDQFLHV 
RQ WKH HOHFWULFDO WUDQVSRUW SURSHUWLHV VKRXOG EH FRQVLGHUHG. 

IQ 2016, CR2MQGD DQG CR2MQAO, ZKLFK DUH WZR NLQGV RI 
IXOO HHXVOHU DOOR\V, ZHUH WKHRUHWLFDOO\ SUHGLFWHG WR EH 
IHUURPDJQHWLF WH\O VHPLPHWDOV ZLWK SRWHQWLDO DSSOLFDWLRQV 
LQ VSLQWURQLF GHYLFHV. TKH WH\O VHPLPHWDOOLFLW\ RI CR2MQGD 
KDV EHHQ H[SHULPHQWDOO\ FRQILUPHG WKURXJK SKRWRHPLVVLRQ 
VSHFWURVFRS\, WKH JLDQW DQRPDORXV HDOO HIIHFW, DQG WKH 
JLDQW NHUQVW HIIHFW. 

TKH FU\VWDOOLQLW\ RI HHXVOHU DOOR\ LV DOZD\V DQ LPSRUWDQW 
LVVXH. AWRPLF VZDSV DPRQJ WKH FRQVWLWXHQWV UHVXOW LQ 
GLVRUGHUHG VWUXFWXUHV. UQGHU QRQ-VWRLFKLRPHWULF FRQGLWLRQV, 
H[FHVV DQWLVLWH GHIHFWV DUH IRUPHG. FXUWKHUPRUH, WKH 
LQFOXVLRQ RI D ODUJH DPRXQW RI YDFDQFLHV ZDV DOVR IRXQG 
H[SHULPHQWDOO\. TKHRUHWLFDO VWXGLHV KDYH VXJJHVWHG WKDW WKH 
H[SHULPHQWDOO\ REVHUYHG ORZ KDOI-PHWDOOLFLW\ DQG GHJUDGHG 
HOHFWULF SHUIRUPDQFH PD\ EH H[SODLQHG E\ FRQVLGHULQJ 
GLVRUGHU DQG GHIHFWV. TKH HIIHFWV RI FU\VWDO GLVRUGHU DQG 
GHIHFWV RQ WKH WH\O WUDQVSRUW SURSHUWLHV RI CR2MQGD PD\ 
DOVR EH RI VRPH LPSRUWDQFH. 

PRVLWURQ DQQLKLODWLRQ VSHFWURVFRS\ LV DQ HVWDEOLVKHG 
PHWKRG IRU GHWHFWLQJ DWRPLF YDFDQFLHV LQ FU\VWDOOLQH VROLGV. 
TKH VSLQ-SRODUL]HG YHUVLRQ, VSLQ-SRODUL]HG SRVLWURQ 
DQQLKLODWLRQ VSHFWURVFRS\, HQDEOHV WKH LQYHVWLJDWLRQ RI 
PDJQHWLVP DVVRFLDWHG ZLWK DWRPLF YDFDQFLHV. IQ WKLV VWXG\, 
ZH DSSOLHG WKLV WHFKQLTXH WR D FRQYHQWLRQDOO\ SURGXFHG 
CR2MQGD VLQJOH FU\VWDO. TKH UHVXOWV VKRZ WKDW WKH FU\VWDO 
FRQWDLQV D KLJK-GHQVLW\ RI VLQJOH YDFDQFLHV DQG WKDW 
IHUURPDJQHWLVP LV PDLQWDLQHG LQ WKH YLFLQLW\ RI WKH YDFDQFLHV. 
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QXDQWXP WHFKQRORJLHV, VXFK DV TXDQWXP FRPSXWDWLRQ, 
TXDQWXP FU\SWRJUDSK\ LQIRUPDWLRQ DQG TXDQWXP VHQVLQJ, 
DUH UHJDUGHG DV LQGLVSHQVDEOH WHFKQRORJLHV IRU RXU IXWXUH 
OLIH. CRORU FHQWHUV, RI ZKLFK RSWLFDO DQG VSLQ SURSHUWLHV FDQ 
EH PDQLSXODWHG ZLWK KLJK ILGHOLW\, FDQ EH DSSOLHG WR TXDQWXP 
ELWV (TXELWV) DQG TXDQWXP VHQVRUV. WH FUHDWH FRORU FHQWHUV 
LQ ZLGH EDQGJDS VHPLFRQGXFWRUV VXFK DV GLDPRQG DQG 
VLOLFRQ FDUELGH (SLC) XVLQJ LRQ DQG HOHFWURQ EHDPV. WH 
VWXG\ RSWLFDO DQG VSLQ SURSHUWLHV RI VXFK FRORU FHQWHUV IRU 
TXELWV DQG TXDQWXP VHQVRU DSSOLFDWLRQV. IQ DGGLWLRQ, ZH 
LQYHVWLJDWH WKH UDGLDWLRQ HIIHFWV RQ VHPLFRQGXFWRU 
PDWHULDOV DQG GHYLFHV WR GHYHORS UDGLDWLRQ UHVLVWDQW 
WHFKQRORJLHV IRU VSDFH DQG QXFOHDU DSSOLFDWLRQV. 
 
Creation of Nitrogen-Vacancy centers in diamond by 
electron irradiation  

NHJDWLYHO\ FKDUJHG QLWURJHQ-YDFDQF\ (NV) FHQWHUV LQ 
GLDPRQG DUH NQRZQ DV D VSLQ GHIHFW DFWLQJ DV D TXDQWXP 
VHQVRU DW URRP WHPSHUDWXUH >1@. TR LQFUHDVH WKH VHQVLWLYLW\, 
KLJK FRQFHQWUDWLRQ NV FHQWHUV DUH UHTXLUHG. IQ VXFK D FDVH, 
HOHFWURQ LUUDGLDWLRQ LQWR GLDPRQG ZLWK KLJK QLWURJHQ (N) 
FRQFHQWUDWLRQ ZKLFK LV FDOOHG DV IE GLDPRQG LV D XVHIXO 
PHWKRG >2@. HRZHYHU, WKH RSWLPXP FRQGLWLRQV WR FUHDWH 
QHJDWLYHO\ FKDUJHG NV FHQWHUV E\ HOHFWURQ LUUDGLDWLRQ, 
HVSHFLDOO\ D KLJK NV FRQFHQWUDWLRQ UDQJH KDV QRW \HW EHHQ 
FODULILHG. HHUH, ZH VWXG\ WKH FUHDWLRQ RI NV FHQWHUV E\ 
HOHFWURQ LUUDGLDWLRQ XS WR UHODWLYHO\ KLJK IOXHQFH UHJLRQV (8 î 

1018 /FP2) >3@.  
DLDPRQGV XVHG LQ WKLV VWXG\ ZHUH W\SH IE GLDPRQGV 

JURZQ E\ D KLJK SUHVVXUH DQG KLJK WHPSHUDWXUH PHWKRG. 
TKH P1 FHQWHUV (VXEVWLWXWLRQDO QHXWUDO N DWRPV DW WKH ODWWLFH 
VLWHV RI FU\VWDO) DUH FRQWDLQHG IURP 46 WR 80 SSP LQ WKH IE 
GLDPRQGV. TKH FRQFHQWUDWLRQ RI P1 DQG QHJDWLYHO\ FKDUJHG 
NV FHQWHUV IRU GLDPRQGV ZHUH HVWLPDWHG E\ HOHFWURQ VSLQ 
UHVRQDQFH (ESR) PHDVXUHPHQWV. AOO VDPSOHV ZHUH 
LUUDGLDWHG ZLWK 2 MHV HOHFWURQV DW URRP WHPSHUDWXUH DQG 
VXEVHTXHQWO\ DQQHDOHG DW 1000RC IRU 2 KRXUV LQ YDFXXP 
DIWHU HOHFWURQ LUUDGLDWLRQ. 

FLJXUHV 1 (D) DQG (E) VKRZ P1 FRQFHQWUDWLRQ DQG NV 
FRQFHQWUDWLRQ DV D IXQFWLRQ RI 2 MHV HOHFWURQ IOXHQFH, 
UHVSHFWLYHO\ >3@. P1 FRQFHQWUDWLRQ GHFUHDVHV ZLWK 
LQFUHDVLQJ HOHFWURQ IOXHQFH, DQG NV FRQFHQWUDWLRQ 
LQFUHDVHV ZLWK LQFUHDVLQJ HOHFWURQ IOXHQFH, DV VKRZQ LQ 
FLJV. 1 (D) DQG (E). TKLV UHVXOW LQGLFDWHV WKDW N DWRPV 
FDSWXUH YDFDQFLHV ZKLFK DUH FUHDWHG E\ HOHFWURQ LUUDGLDWLRQ 
GXULQJ VXEVHTXHQW WKHUPDO DQQHDOLQJ, DV D UHVXOW NV 
FHQWHUV DUH FUHDWHG. IQ DGGLWLRQ, LW LV FRQFOXGHG E\ 
SKRWROXPLQHVFHQFH PHDVXUHPHQWV WKDW QR VLJQLILFDQW 
DPRXQWV RI QHXWUDO NV FHQWHUV, ZKLFK GR QRW DFW DV 
TXDQWXP VHQVRUV, DUH REVHUYHG LQ DOO VDPSOHV HYHQ DIWHU 
HOHFWURQ LUUDGLDWLRQ DW 8 î 1018 /FP2. TKLV VXJJHVWV WKDW 
HQRXJK DPRXQWV RI P1 FHQWHUV UHPDLQ LQ DOO VDPSOHV DIWHU 
LUUDGLDWLRQ, DQG UHVLGXDO P1 FHQWHUV JLYH FKDUJHV WR NV 
FHQWHUV.  

IGHDOO\, WZR P1 FHQWHUV DUH FRQVXPHG ZKHQ RQH NV 
FHQWHU LV FUHDWHG. TKXV, RQH P1 LV XVHG WR EH IRU NV LWVHOI, 
DQG WKH RWKHU P1 ZRUNV DV D GRQRU LPSXULW\. II WKLV LGHDO 
UHODWLRQVKLS LV FRUUHFW, WKH DPRXQW RI >P1@ + 2>NV@)/>P1@LQLWLDO 
VKRXOG EH XQLW\. WKHUH, >P1@LQLWLDO, >P1@ DQG >NV@ UHSUHVHQW 
WKH DPRXQWV RI P1 FHQWHUV EHIRUH LUUDGLDWLRQ, P1 FHQWHUV 
DIWHU LUUDGLDWLRQ DQG QHJDWLYHO\ FKDUJHG NV FHQWHUV. 

HRZHYHU, >P1@ + 2>NV@)/>P1@LQLWLDO GHFUHDVHV ZLWK LQFUHDVLQJ 
HOHFWURQ IOXHQFH, DQG WKH YDOXH EHFRPHV DURXQG 0.65 DIWHU 
LUUDGLDWLRQ DW 8 î 1018 /FP2. TKLV UHVXOW VXJJHVWV WKDW VRPH 
P1 FHQWHUV DUH XVHG WR FUHDWH RWKHU GHIHFWV EXW QRW NV 
FHQWHUV. SLQFH VSLQ SURSHUWLHV VXFK DV VSLQ FRKHUHQFH WLPH 
PLJKW EH GHJUDGHG E\ VXFK UHVLGXDO GHIHFWV, ZH QHHG WR 
LPSURYH WKH FUHDWLRQ PHWKRG IRU NV FHQWHUV E\ HOHFWURQ 
LUUDGLDWLRQ. WH DUH LQYHVWLJDWLQJ WKH HIIHFWV RI DQQHDOLQJ 
WHPSHUDWXUH DQG GXUDWLRQ RQ WKH FUHDWLRQ \LHOG RI NV 
FHQWHUV DQG WKHLU VSLQ SURSHUWLHV. 
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Fig. 1. (a) P1 concentration and (b) NV concentration as a 
function of 2 MeV electron fluence [3]. P1 and NV 
concentrations for each sample was measured using ESR. The 
concentration of P1 centers in ppm for each sample are 
described in the figures. 
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IQ WKH PURMHcW ³EQYLURQPHQWaO PRO\PHU RHVHaUcK´, ZH 
aUH GHYHORSLQJ IXQcWLRQaO SRO\PHU PaWHULaOV b\ UaGLaWLRQ 
LQGXcHG JUaIW SRO\PHUL]aWLRQ WHcKQLTXHV XVLQJ HOHcWURQ 
bHaPV aQG J-Ua\V. RHcHQWO\, ZH IRcXV RXU UHacK RQ WKH 
PHWaO-aGVRUSWLRQ SURcHVV RI WKH IXQcWLRQaO PaWHULaOV, aQG 
WKH accHOHUaWLRQ LQ WKH GHYHORSPHQW RI IXQcWLRQaO PaWHULaOV 
b\ WKH PacKLQH OHaUQLQJ aSSURacK. 
 
In situ obserYation of the chromium adsorption b\ X-
ra\ absorption fine structure (XAFS) instrument [1] 

TR GHYHORS VaIH aQG VLPSOH PHWKRGV IRU WKH UHGXcWLRQ RI 
WR[Lc cKURPLXP (VI) WR WKH OHVV KaUPIXO cKURPLXP (III) LQ WKH 
LQGXVWULaO ZaVWHZaWHU, ZH GHYHORSHG a IXQcWLRQaO aGVRUbHQW 
KaYLQJ aPLGR[LPH JURXSV, QaPHO\ AO-aGVRUbHQWV, b\ WKH 
UaGLaWLRQ LQGXcHG JUaIW SRO\PHUL]aWLRQ RI acU\ORQLWULOH RQWR a 
QRQZRYHQ IabULc IROORZHG b\ cRQYHUVLRQ RI WKH c\aQR 
JURXSV LQWR aPLGR[LPH JURXSV. TKH UHVXOWHG PaWHULaOV KaYH 
a KLJK cKURPLXP-aGVRUSWLRQ caSacLW\. IQ aGGLWLRQ, ZH IRXQG 
WKaW WKH WR[Lc cKURPLXP (VI) ZaV UHGXcHG WR OHVV KaUPIXO 
cKURPLXP (III) GXULQJ WKH aGVRUSWLRQ SURcHVV. 

TR LQYHVWLJaWH WKH UHGXcWLRQ SURcHVV RI WKH cKURPLXP (VI) 
WR WKH cKURPLXP (III) LQ WKH AO-aGVRUbHQWV, XAFS 
PHaVXUHPHQWV ZHUH SHUIRUPHG XVLQJ WKH V\QcKURWURQ 
UaGLaWLRQ. TKH PLcURVWUXcWXUHV aVVRcLaWHG ZLWK WKH 
cKaUacWHULVWLc X-Ua\ abVRUSWLRQ HGJHV ZHUH aQaO\]HG WR 
RbWaLQ LQIRUPaWLRQ UHJaUGLQJ WKH ORcaO VWUXcWXUH aQG WKH 
YaOHQcH RI WKH cKURPLXP aGVRUbHG RQ WKH aGVRUbHQWV. FRU 
WKLV SXUSRVH, a IORZ cHOO V\VWHP ZaV GHVLJQHG IRU WKH LQ VLWX 
XAFS PHaVXUHPHQWV XQGHU WKH cKURPLXP aGVRUSWLRQ LQ 
WKH cROXPQ-PRGH (FLJ. 1). 

Fig. 1. Schematic diagram of the in situ XAFS adsorption system 
for studying the chromium reduction behavior in the AO-adsorbent.  

 
WH IRXQG WKaW WKH cKURPLXP(III) H[KLbLWHG a VKaUS HGJH 

aQG a YHU\ VPaOO SUH-HGJH SHaN RQ WKH X-Ua\ abVRUSWLRQ 
QHaU-HGJH VWUXcWXUH (XANES) VSHcWUa ZKLOH WKH 
cKURPLXP(VI) H[KLbLWHG a cKaUacWHULVWLc SUH-HGJH SHaN LQ 
WKH YLcLQLW\ RI 5980 HV. DXULQJ WKH PHaVXUHPHQWV, WKH 
VSHcWUa cRUUHVSRQGLQJ WR WKH cKURPLXP (VI) aQG cKURPLXP 
(III) cRH[LVWHG, bXW WKH IRUPHU GHcUHaVHG ZKLOH WKH OaWWHU 
LQcUHaVHG JUaGXaOO\ ZLWK LQcUHaVLQJ aGVRUSWLRQ WLPH, 
LQGLcaWLQJ WKaW WKH cKURPLXP (VI) ZaV UHGXcHG WR WKH 
cKURPLXP (III) LQ WKH aGVRUbHQWV. FXUWKHUPRUH, WKH 
GHVRUSWLRQ RI WKH UHGXcHG cKURPLXP (III) IURP WKH 
aGVRUbHQWV KaV QRW RccXUUHG GXULQJ WKH PHaVXUHPHQW. TKH 
cKURPLXP(III) LV aGVRUbHG b\ WKH bLGHQWaWH cRRUGLQaWLRQ RI 
WKH AO JURXSV LQ aQ RcWaKHGUaO VWUXcWXUH, ZKLcK LV JHQHUaOO\ 
cRQVLGHUHG WR KaYH VWURQJ bRQGV aQG KLJK VWabLOLW\. TKH 

UHGXcWLRQ ZaV GXH WR WKH UHacWLRQ RI cKURPLXP (VI) ZLWK WKH 
AO JURXSV RQ WKH aGVRUbHQWV. CRPSaUHG ZLWK cRaJXOaWLRQ 
VHGLPHQWaWLRQ aQG HOHcWURcKHPLcaO PHWKRGV, WKH XAFS 
PHWKRG LV HaV\ WR RSHUaWH aQG UHTXLUHV RQO\ cLUcXOaWLRQ WR 
cRPSOHWH WKH WUHaWPHQW. TKXV, ZH bHOLHYH WKaW WKLV PHWKRG 
KaV WKH SRWHQWLaO IRU IXUWKHU aSSOLcaWLRQV VXcK aV 
UHPHGLaWLRQ RI OLTXLG ZaVWH IURP LQGXVWULaO SURcHVVHV. 
 
Machine learning approach for prediction of the grafting 
\ield in radiation induced graft pol\meri]ation [2] 

IQ JHQHUaO, WKH GHYHORSPHQW RI QHZ IXQcWLRQaO SRO\PHU 
PaWHULaOV LV WLPH-cRQVXPLQJ aQG H[SHQVLYH, aQG WKH 
SURSHUWLHV RI WKH GHYHORSHG PaWHULaOV caQQRW IXOO\ PHHW WKH 
QHHGV. IQ RXU SURMHcW, WKH UaGLaWLRQ-LQGXcHG JUaIW 
SRO\PHUL]aWLRQ WHcKQLTXHV KaYH ZHOO bHHQ HVWabOLVKHG IRU 
WKH GHYHORSPHQW RI IXQcWLRQaO SRO\PHU PaWHULaOV. IQ WKLV 
VWXG\, ZH HVWabOLVKHG a QHZ, IaVWHU aQG PRUH HIILcLHQW 
PHWKRG IRU PaWHULaO GHYHORSPHQW XVLQJ WKH PacKLQH 
OHaUQLQJ aSSURacK. TKLV VWXG\ LQcOXGHV WKH VWUaWHJ\ WR ILQG 
PacKLQH OHaUQLQJ aOJRULWKPV WR HVWabOLVK SRO\PHUL]aWLRQ 
SUHGLcWLRQ PRGHOV.  

A VLPSOH aQaO\WLcaO IORZcKaUW IURP GaWa cROOHcWLRQ WR WKH 
HYaOXaWLRQ RI SUHGLcWLYH PRGHOLQJ aQG WHVWLQJ RI WKH 
SUHGLcWLYH PRGHO LV VKRZQ LQ FLJ. 2. IQ WRWaO, 49 PRQRPHUV 
ZHUH XVHG, LQcOXGLQJ 41 PRQRPHUV aV WUaLQLQJ GaWa aQG WKH 
UHPaLQLQJ 8 PRQRPHUV aV WHVW GaWa RbWaLQHG IURP WKH 
H[SHULPHQWV. TKH UHVXOWV LQGLcaWH WKH H[WUHPH JUaGLHQW 
bRRVWLQJ PRGHO VKRZHG KLJKHU SUHGLcWLRQ accXUac\ WKaQ 
WKH PXOWLSOH OLQHaU UHJUHVVLRQ PRGHO. FURP WKH PacKLQH 
OHaUQLQJ aSSURacK, ZH caQ GHVLJQ QHZ JUaIW-W\SH IXQcWLRQaO 
SRO\PHU PaWHULaOV KaYLQJ cHUWaLQO\ IXQcWLRQaO caSacLW\ 
(JUaIWLQJ \LHOG) aQG VSHcLaO VWUXcWXUHV/JURXSV LQ IXWXUH 
ZRUNV. 

 
Fig. 2. Simple analytical flow chart from data collection to the 
evaluation of predictive modeling and testing of the predictive 
model.  
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Project ³Biocompatible Materials´ has been developing 
the functional biocompatible materials based on the 
radiation-induced crosslinking technique. The obtained 
materials can be utili]ed for bio-devices in diagnostic, 
treatment, and regenerative medicine.  
 
Development of novel collagen hydrogels to regulate 
cellular processes 

It has been found that cells cultured on conventional 
plastic dishes exhibit behaviors that differ from those 
observed in vivo. It is essential to use a culture substrate 
that mimics the key features of the native extracellular 
matrix (ECM), a hydrogel of proteins and polysaccharides 
with a wide range of elasticities (E = a1 kPa to a few 100 
kPa in soft tissue) and nanometer- to micrometer-
topographies. Although we can obtain a collagen hydrogel 
via self-assembly, E is limited to a1 kPa. Enhancing E 
values requires aldehydes or carbodiimide cross-likers, 
that damage cell-binding motifs such as arginine±glycine±
aspartic acid (RGD). Thus, we developed a radiation-
induced crosslinking method to produce the elasticity- and 
topography-controlled collagen hydrogels [1]. 

ECM-derived collagen type-I (porcine skin, Collagen BM, 
#639-30861; Nitta Gelatin), gelatin (porcine skin, Type A, 
G1890; Sigma-Aldrich), and collagen peptide (porcine skin, 
Type A; Nitta Gelatin) solutions were used. After pouring 
the solutions into cell culture dishes, micro-patterned 
flexible polydimethylsiloxane molds loaded onto a plastic 
cover were placed in the solution. The samples were 
irradiated with 60Co J-rays in the air at 15±20�C.  

The irradiation of J-rays successfully altered collagen I, 
gelatin, and collagen peptide solutions into micropatterned 
hydrogels without altering the amino acid composition ratio, 
cytocompatibility, and biodegradability. This is because the 
phenylalanine and tyrosine residues in these proteins 
become cross-linking points through a reaction with 
hydroxyl radicals generated in water [2]. The collagen 
hydrogels had tunable elastic moduli covering a broad 
range of soft tissues (E = 1±236 kPa) originating from the 
final collagen density in the hydrogels (0.3±14%) and 
precise micro-topographies (Fig. 1). 

Using collagen hydrogels, we demonstrated various cell 
responses that could not be observed on conventional cell 
culture dishes (Fig. 2). The cells responded to elastic cues 
and changed their morphologies from a round to a flattened 
shape with increasing E. Depending on E, that is, the 
density of the collagen network, cells chose to stay on top 
of the collagen hydrogels or spontaneously migrate into 
them. HeLa cells became spindle-shaped with increasing 
E. Epithelial-mesenchymal transition would be induced on 
collagen hydrogels. We also demonstrated that 
microtopographies affected cell morphology, and the stiffer 
microgrooves aligned cells more effectively. Rat 
cardiomyocytes were aligned with aligned sarcomeres, 
which drive muscle contraction, and C2C12 myoblasts 
formed aligned myotubes. Collagen hydrogels can 
therefore be utili]ed to induce and control diverse cell 
behaviors in vitro.  

In addition to reducing in vivo and in vitro behavioral 
disparity of cells, our collagen hydrogels may be useful for 

strategically inducing and controlling cell function and fate 
in tissue formation, maintenance, regeneration, and repair, 
and contribute to applications in tissue engineering and 
regenerative medicine.  

As an example of applied research, we have developed 
functional postoperative anti-adhesion barriers using novel 
collagen hydrogels. By mixing or layering collagen gel, 
which has excellent cell adhesion, and non-adhesive 
materials such as carboxymethylcellulose and polyvinyl 
alcohol, we succeeded in achieving both wound healing 
and adhesion prevention [3, 4]. These materials could be 
used as highly functional barriers to prevent adhesions 
after abdominal and pelvic surgery that have severe clinical 
consequences and negative impact on patient quality of life. 
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Fig. 1. Developed collagen hydrogel and its elasticity and 
topographic properties (green colored area) compared to 
conventional cell culture materials and in vivo soft tissue. 

Fig. 2. Various cells cultured on the collagen hydrogels responded 
to both elasticity and microtopography. 
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Our project aims to develop novel spintronic and spin-
photonic devices for future information technology 
applications by taking advantages of the low dimensionality 
and quantum electronic properties of two-dimensional (2D) 
materials and related low-dimensional nanostructures. 
Advanced quantum beam techniques available at QST 
enable us to control and design the local atomic structures 
and spin-/photon-related properties in low-dimensional 
systems. 

This fiscal year, we explored negative spin polarization 
materials, an emerging class of magnetic materials which 
provide a new operation principle of spintronic devices in 
collaboration with the NIMS group (H. Suto, Y. Sakuraba eW 
al.) [1]. We focused on a disordered FeCr alloy as a 
possible candidate of negative spin polarization materials, 
and its spin-dependent transport properties and local 
atomic structures were investigated both theoretically and 
experimentally. 
 
Study on FeCr thin film for a spintronic material with 
negative spin polarization 

The injection of a spin current into magnetic materials to 
induce switching or precession of magnetization has been 
a subject of intensive research as the operating principle of 
spintronic devices such as magnetic tunnel junctions and 
spin-torque oscillators. In magnetic trilayer structures 
comprising such spintronic devices, a spin-polarized 
current generated in the fixed magnetic layer is transported 
to the free magnetic layer and exerts torque on the free 
layer magnetization. In most of magnetic materials for spin 
injection studied so far, the direction of the spin polarization 
of conduction electrons is “positive” and the same as the 
magnetization direction. On the other hand, there are also 
materials having “negative” spin polarization which 
generates spin current whose direction is opposite to the 
magnetization direction. Since the trilayer structures 
consisting of both positive and negative spin polarization 
magnetic layers show inverse magnetoresistance, i.e., a 
high (low) resistance for a parallel (antiparallel) magnetic 
configuration, opposite to normal magnetoresistance in 
those consist of only positive spin polarization magnetic 
layers, negative spin polarization materials are of 
technological importance for providing an additional degree 
of freedom in designing spintronic devices. 

In the present study, we theoretically and experimentally 
investigated a disordered FeCr alloy which is a promising 
candidate for negative spin polarization materials [1].  

First-principles calculations for the FeCr alloy predicted 
that despite the electronic density of states (DOS) at the 
Fermi level being positively spin-polarized, the conductivity 
of the minority-spin bands is markedly higher than that of 
the majority-spin bands, indicating nearly complete 
negative spin polarization of spin current generated therein. 
The large negative spin polarization in the conductance 
was attributed to the weak scattering of conduction 
electrons in the minority-spin bands due to the nearly 
identical partial DOS of Fe and Cr. 

Magnetoresistance measurements conducted for giant 
magnetoresistive (GMR) device using a FeCr alloy thin film 
(Fe0.7Cr0.3) as one magnetic layer of the magnetic trilayer 
structure successfully provided the direct evidence of the 

negative spin polarization in the FeCr alloy. However, the 
amplitude of negative spin polarization (28%) estimated 
from the GMR measurements was much smaller than the 
theoretically predicted value (~100%). 

To gain microscopic insight into the mechanism of the 
small negative spin polarization in the FeCr thin film, the 
local atomic structures of the films were analyzed by using 
the advanced synchrotron Mössbauer spectroscopy 
technique which was recently developed together in 
partnership with the Kansai Photon Science Institute [2, 3]. 
The Mössbauer spectroscopy indicated the presence of the 
atomic-scale inhomogeneity of the Fe and Cr composition 
even in the as-deposited FeCr thin film. Furthermore, Fe-
rich regions were formed by annealing in the device 
fabrication process, owing to the phase separation nature 
of the Fe-Cr system. This inhomogeneity could be the origin 
of the small negative spin polarization estimated from the 
GMR device. This suggests that fabricating uniformly 
disordered FeCr thin films, for example by cooling the 
substrate to low temperatures during the film deposition, 
could improve the negative spin polarization. 
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Fig. 1. (a) and (e) Mössbauer spectra of FeCr thin film (Fe0.7Cr0.3) 
in the as-deposited state and after annealing at 400 ºC. Fitting 
curves for the analysis of the hyperfine field distribution are also 
shown. (b) and (d) hyperfine field distribution calculated from (a) 
and (c), respectively [1]. Fitting by four Gaussian functions is 
depicted in (b), and the data in (b) are also plotted in (d) for 
comparison. The hyperfine field distributions in (b) and (d) are 
responsible for the number of Cr atoms neighboring the Fe atom. 
These results indicate short-range inhomogeneity in the as-
deposited state and its development by annealing at 400 ºC. 
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PURMHFW ³EUV UOWUD-ILQH FDEULFDWLRQ´ KDV EHHQ 
GHYHORSLQJ WKH IXQFWLRQDO SRO\PHU PDWHULDOV VXFK DV KLJK- 
SHUIRUPDQFH UHVLVW PDWHULDOV IRU H[WUHPH XOWUDYLROHW (EUV) 
DQG QH[W JHQHUDWLRQ EUV OLWKRJUDSK\. WH KDYH V\QWKHVL]HG 
UHVLVW PDWHULDOV VXFK DV PHWDO UHVLVW DQG EORFN FRSRO\PHU 
ZLWK FKHPLFDO V\QWKHVLV RU E\ XVLQJ TXDQWXP EHDPV VXFK 
DV J-UD\V DQG HOHFWURQ EHDP (EB). WH DLP WR GHYHORS UHVLVW 
PDWHULDOV IRU EUV OLWKRJUDSK\ DQG FRQGXFW IXVLRQ EHWZHHQ 
WRS-GRZQ DQG ERWWRP-XS QDQRIDEULFDWLRQ IRU QH[W 
JHQHUDWLRQ EUV OLWKRJUDSK\. WH UHSRUW KHUHLQ WZR UHFHQW 
VWXG\: CRPSDULVRQ RI SKRWRUHVLVW VHQVLWLYLW\ EHWZHHQ KUF, 
EB, EUV H[SRVXUH DQG DHSHQGHQFH RI DLVVROXWLRQ KLQHWLFV 
RI MDLQ-CKDLQ SFLVVLRQ T\SH RHVLVWV RQ MROHFXODU WHLJKW. 
 
Comparison of photoresist sensitivity between KrF, EB 
and EUV exposure [1] 

IW KDV EHHQ UHSRUWHG WKDW WKH JRRG FRUUHODWLRQ LQ 
VHQVLWLYLW\ DQG UHVROXWLRQ EHWZHHQ EUV H[SRVXUH DQG EB 
H[SRVXUH EHFDXVH RI WKH VLPLODU DFLG JHQHUDWLRQ 
PHFKDQLVP LQ UHVLVWV GXULQJ H[SRVXUH. HRZHYHU, LQ WKH 
HDUO\ VWDJHV RI EUV UHVLVW GHYHORSPHQW, WKHUH DUH 
SUREOHPV RQ WKH SRLQWV RI WKH FRVW DQG WLPH-FRQVXPLQJ WR 
HYDOXDWH DOO EUV UHVLVW PDWHULDOV E\ EB H[SRVXUH. 
TKHUHIRUH, ZH LQYHVWLJDWHG WKH SRVVLELOLW\ RI XVLQJ KUF 
H[SRVXUH DV WKH LQLWLDO VFUHHQLQJ RI EUV UHVLVWV.  

UVLQJ YDULRXV NLQG RI SKRWRUHVLVWV, ZH PHDVXUHG 
VHQVLWLYLW\ RI SKRWRUHVLVWV E\ KUF, EB DQG EUV H[SRVXUH, 
DQG FDOFXODWHG WKH FRUUHODWLRQ EHWZHHQ HDFK H[SRVXUH. 
FLJ.1 VKRZV FRUUHODWLRQ DPRQJ VHQVLWLYLW\ LQ VL[ NLQGV RI 
SKRWRUHVLVWV EHWZHHQ KUF, EB, EUV H[SRVXUH. AV D UHVXOW, 
LW ZDV IRXQG WKDW WKHUH ZDV VRPH FRUUHODWLRQ EHWZHHQ KUF, 
EB DQG EUV H[SRVXUH LQ UHVLVWV H[FHSW IRU WKH PDLQ FKDLQ 
VFLVVLRQ W\SH. EVSHFLDOO\ WKH FRUUHODWLRQ EHWZHHQ KUF DQG 
EUV DJUHH ZHOO ZLWK WKH QXPEHU RI DFLG JHQHUDWLRQ 
FDOFXODWHG E\ WKH VLPXODWLRQ.  

Dependence of dissolution kinetics of main-chain 
scission type resists on molecular weight [2] 

IW LV FKDOOHQJLQJ WR FRQWLQXH WR LPSOHPHQW EUV 
OLWKRJUDSK\ IRU PDVV SURGXFWLRQ EHFDXVH WKH GHPDQG IRU 
WKH EUV UHVLVW PDWHULDOV LV YHU\ VWULFW. CKHPLFDOO\ DPSOLILHG 

UHVLVW KDV EHHQ XVHG IRU WKH SXUSRVH RI ERWK KLJK VHQVLWLYLW\ 
DQG KLJK UHVROXWLRQ. WLWK WKH SURJUHVV RI PLQLDWXUL]DWLRQ, 
WKH GLIIXVLRQ RI DFLGV XVHG DV D FDWDO\VW EHFRPHV DQ 
REVWDFOH WR WKH LPSURYHPHQW RI UHVLVW SHUIRUPDQFH VXFK DV 
UHVROXWLRQ. TKHUHIRUH, LW LV GLIILFXOW IRU FKHPLFDOO\ DPSOLILHG 
UHVLVWV WR REWDLQ VXE-10 QP SDWWHUQLQJ.  

MDLQ FKDLQ VFLVVLRQ W\SH UHVLVWV VXFK DV SRO\(PHWK\O 
PHWKDFU\ODWH) (PMMA) DQG ZEP520A LQGXFH PDLQ FKDLQ 
VFLVVLRQV DIWHU EB RU EUV LUUDGLDWLRQ. LW LV WKRXJKW WKH\ FDQ 
LPSURYH UHVROXWLRQ DQG LWR RZLQJ WR WKH UHPRYLQJ RI 
UHVROXWLRQ EOXU. TKHUHIRUH, PDLQ-FKDLQ-VFLVVLRQ-W\SH UHVLVWV 
KDYH UHFHQWO\ DWWUDFWHG PXFK DWWHQWLRQ.  

HRZHYHU, WKH GHWDLOV RI WKH GLVVROXWLRQ NLQHWLFV LQ PDLQ 
FKDLQ VFLVVLRQ W\SH UHVLVWV UHPDLQV XQFOHDU LQ RUJDQLF 
VROYHQW. IQ WKLV VWXG\, WKH GLVVROXWLRQ NLQHWLFV DQG PROHFXODU 
ZHLJKW LQ PDLQ FKDLQ VFLVVLRQ W\SH UHVLVWV VXFK DV PMMA 
DQG ZEP520A ZHUH LQYHVWLJDWHG XVLQJ D TXDUW] FU\VWDO 
PLFUREDODQFH (QCM) PHWKRG DQG D GHO PHUPHDWLRQ 
CKURPDWRJUDSK\ (GPC) WR FODULI\ WKH HIIHFWV RI WKH 
PROHFXODU ZHLJKW DIWHU SRO\PHU GHJUDGDWLRQ RQ WKH 
GLVVROXWLRQ NLQHWLFV. 

G-YDOXHV RI PDLQ FKDLQ VFLVVLRQV LQ PMMA DQG 
ZEP520A DUH HVWLPDWHG XVLQJ GPC PHDVXUHPHQW. FLJXUH 
2 VKRZV WKH UHODWLRQVKLS EHWZHHQ DEVRUEHG GRVH DQG G-
YDOXHV LQ PMMA DQG ZEP520A. TKH G-YDOXH RI ZEP520A 
VKRZHG KLJKHU G-YDOXHV WKDQ WKDW RI PMMA. AOVR, 
GLVVROXWLRQ EHKDYLRU RI PMMA DQG ZEP520A ZHUH 
LQYHVWLJDWHG XVLQJ QCM. TKHUH DUH WKUHH PROHFXODU ZHLJKW 
UHJLRQV LQ PMMA, ZKHUHDV WKHUH DUH RQO\ WZR PROHFXODU 
ZHLJKW UHJLRQV LQ ZEP 520A. WH FRXOGQ¶W REVHUYH WKH 
PLGGOH PROHFXODU ZHLJKW UHJLRQ, ZKHUH VZHOOLQJ DQG 
GLVVROXWLRQ RFFXU VLPXOWDQHRXVO\ LQ PMMA. TKLV UHJLRQ 
DIIHFWV OLWKRJUDSKLF SHUIRUPDQFH. TKHVH UHVXOWV LQGLFDWH 
WKDW ZEP520A LV EHWWHU WR EH EHWWHU OLWKRJUDSKLF 
SHUIRUPDQFH. 

 
References 
[1] Y. Ohta et al., J. Photopolym. Sci. Technol. 35, in press. 
[2] A. Konda et al., J. Photopolym. Sci. Technol. 35, in 
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Fig. 2. Relationship between absorbed dose and G-values in 
PMMA and ZEP520A. 

 
Fig. 1. Comparison of photoresist sensitivity curves of six kinds of 
photoresists between (a) KrF and EB, and (b) KrF-EUV). 
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Quantum beams are versatile sources for materials 
processing. Our project e[plores the basic process of the 
laser-matter interaction to separate elements from 
industrial waste liquid or anal\]e elements under harsh 
environments. We applied a new anal\tical method based 
on X-ra\ absorption fine structure (XAFS) and X-ra\ 
absorption near edge structure (XANES) as X-ra\ 
absorption spectroscop\ for element separation to 
elucidate the laser-induced particle formation mechanism. 
For element anal\sis, we stud\ the sensitive detection of 
element in an aqueous solution using laser-induced 
breakdown spectroscop\ (LIBS). The recent results of our 
project are introduced as follows. 
 
Dispersive XAFS study on the laser-Induced reduction 
of a Rh3+ ion complex: Presence of a Rh+ intermediate 
in direct photoreduction [1] 

Photoreduction of precious metal (PM) ion comple[es in 
aqueous and organic solvents has been studied as a 
method for preparing PM nanoparticles, recovering PMs 
from industrial waste, and modification of catal\st surfaces 
with PMs. Based on reaction mechanisms, photoreduction 
can be classified into (i) direct photoreduction, (ii) 
photocatal\tic reduction, and (iii) photo activator reduction. 
This time, the reaction mechanism of the direct photo-
reduction of a Rh3+ ion comple[ to a Rh0 species induced 
b\ pulsed ultraviolet laser irradiation was studied using 
dispersive XAFS. The time-resolved XANES showed the 
absence of isosbestic points and suggested that more than 
two Rhn+ species contribute toward the direct 
photoreduction of Rh3+. Anal\sis of the time-resolved 
XANES data b\ singular value deposition showed that the 
direct photoreduction involves three Rhn+ species. 
Multivariate curve resolution b\ alternating least-squares 
anal\sis of the time-resolved XANES data gave pure 
spectra and the concentration profiles of the three Rhn+ 
species. The Rhn+ species were assigned to Rh3+, Rh+, and 
Rh0 based on the features of the pure XANES spectra. The 
concentration profiles suggested that the direct 
photoreduction proceeds in the order of Rh3+

 ĺ Rh+
 ĺ Rh0. 

A reaction mechanism, which was proposed involving 
photoreductions of Rh3+ and Rh+, photoinduced 
autocatal\tic reductions of Rh3+ and Rh+, and 
photoo[idation of Rh+, well reproduced the concentration 
profiles of three Rhn+ species. The direct photoreduction 
mechanism is schematicall\ shown in Fig. 1. 
 
Highly sensitive detection of sodium in aqueous 
solutions using laser-induced breakdown spectroscopy 
with liquid sheet jets [2] 

Recentl\, ultrathin liquid sheet jets were applied to LIBS 
measurements [3]. The LIBS signal intensit\ depended 
largel\ on the sheet thickness; the 20 �m sheet jet \ielded 
the highest optical emission among a range of 5±80 �m jets 
[3]. The presence of an optimal thickness was attributed to 
a compromise between minimi]ing splash and ma[imi]ing 
ablation volume. This stands in contrast to the conventional 
c\lindrical jet (> 100 �m), for which a thicker jet is favorable 
for the sensitive detection of Na, indicating that a large 
ablation volume is advantageous for achieving high 

emission intensities in this range of thickness. Therefore, it 
is worth comparing the ultrathin sheet jet with the thick 
c\lindrical jet in terms of the Na detection sensitivit\ of LIBS. 
In this stud\ we e[amined the difference in Na detection 
sensitivit\ between LIBS with the sheet jet and LIBS with 
the c\lindrical jet, combining both methods with 
conventional single-pulse ablation. The sensitivities of two 
t\pes of liquid jets were compared: a liquid c\lindrical jet 
with a diameter of 500 �m and a liquid sheet jet with a 
thickness of 20 �m. Compared with the c\lindrical jet, the 
liquid sheet jet effectivel\ reduced the splash from the 
laser-irradiated surface and produced long-lived luminous 
plasma. The limit of detection (LOD) of Na was determined 
to be 0.57 �g/L for the sheet jet and 10.5 �g/L for the 
c\lindrical jet as shown in Fig. 2. The LOD obtained for the 
sheet jet was comparable to those obtained for 
commerciall\ available inductivel\ coupled plasma 
emission spectrometers. This method is e[pected to be 
applied to difficult-to-treat waste liquids containing precious 
metals in near future. 
 
References 
[1] M. Saeki, et al., J. Phys. Chem. C 126, 5607 (2022). 

DOI: 10.1021/acs.jpcc.1c10160 
[2] R. Nakanishi, eW al., Opt. E[press 29, 5205 (2021). 

DOI: 10.1364/OE.415308 
[3] H. Ohba, eW al., Opt. E[press 22, 24478 (2014). 

DOI: 10.1364/OE.22.024478 
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Fig. 1. Schematic drawing of the reaction mechanism and its 
analysis method. 
 

 
Fig. 2. Calibration curves of Na obtained from a liquid sheet jet 
and a liquid column jet. 
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The research of “Advanced Functional Polymer 
Materials Group´ has been focused on efficient 
development techniques for advanced functional polymer 
materials, which are widely used in advanced devices and 
construction materials. The technique includes materials 
informatics such as machine learning and neural network 
in addition to the established radiation techniques 
regarding the radiation-induced graft polymerization and X-
ray/neutron structure analysis. This group has been 
conducting mainly the R&D for “Advanced functional 
polymer materials alliance´ under QST innovation hub 
program in collaboration with participant companies. 
 
Research results of “Advanced functional polymer 
materials alliance” 

On the alliance project of the 5th year, the main 
achievements in four research subjects are as follows.  
(1) Grafting yields prediction: To find quickly optimal 
experimental conditions, we constructed a GPBO model 
that combined Gaussian process (GP) and Bayesian 
optimization (BO) as the machine learning algorithms. The 
experimental conditions such as dose, grafting temperature, 
reaction time, and monomer concentration were optimized 
by using the GPBO model with only 62 experimental data, 
and we were able to predict the conditions that maximize 
the degree of grafting. 
(2) Structural data accumulation: We analyzed the 
hierarchical structures of the proton-conducting electrolyte 
membranes (PEM) using an atomic force microscope and 
small angle X-ray/neutron scattering. The 
hydrophobic/hydrophilic domain structure in PEMs based 
on poly(ethylene-co-tetrafluoroethylene) (ETFE-PEM) was 
digitalized by dissipative particle dynamics simulation. It 
was found that the structure of ETFE-PEM can be well 
predicted by optimizing the terminal structure of monomer 
constituting the graft polymer. 
(3) Property prediction: We evaluated the properties of the 
anion conducting electrolyte membranes (AEM), such as 
anion conductivity (AC) and water uptake (WU), using 
machine learning. In the random forest regression analysis, 
the AC, WU, and ionic conduction efficiency (AC/WU) were 
predicted and the importance of the explanatory variables 
was estimated. As a result of the evaluation, it was found 
that the ion exchange capacity showed a significant 
contribution to the explanatory variables. 
(4) Database preparation: We continued the data migration 
work and increased the number of the data concerning the 
graft-type polymer materials. We improved the user 
interface for efficient utilization of the graft database. 
 
Integrating the hydrophobic alcohol adding into 
radiation-induced emulsion graft polymerization 
method [1] 

The emulsion graft polymerization method is an 
economical way to obtain higher reaction efficiency than 
the general organic solvent system. Upon immersing a 
polymer base material therein, the monomer micelles 
adhere to the polymer base material due to the action of 
the surfactant. As a result, the monomer concentration in 
the vicinity of the polymer base material surface becomes 

locally concentrated, and efficient migration occurs on the 
inside of the polymer base material to enhance the graft 
polymerization reaction. However, the drawback of this 
emulsion graft polymerization method is that at low 
monomer concentration the monomer dissolves in water 
and stable monomer micelles cannot be formed. For 
example, glycidyl methacrylate (GMA), which is a monomer 
comprising epoxy groups that facilitate the functionalization 
of a polymer material, is a typical monomer applied in 
emulsion graft polymerization. However, in an aqueous 
solvent, it dissolves at low concentrations (2 wt% or less), 
the stability of the formed monomer micelles is low, and the 
graft polymerization rate decreases. We focused on the 
hydrophobic alcohol such as 1-octanol. It is well known that 
hydrophobic alcohols work as a stabilizer for micelles. 
Therefore, we report that hydrophobic alcohol added 
emulsion graft polymerization method, in which by adding 
hydrophobic alcohol to a GMA monomer emulsion system, 
the graft polymerization rate was increased due to the 
stabilized GMA monomer micelles. 

Fig. 1a and b show the degree of grafting at 0.5 and 0.25 
wt% GMA monomer concentration, respectively. By adding 
0.5 wt% of 1-octanol to the GMA monomer emulsion the 
degree of grafting was 4 times higher than in the case 
without addition at both 0.5 and 0.25 wt% GMA 
concentration. Surprisingly, even at the extremely low 
monomer concentration such as 0.25 wt%, the degree of 
grafting exceeded 80%. In emulsion graft polymerization, a 
rapid decrease in the grafting rate is often observed within 
a few hours. This is because the consumption of monomer 
destabilizes the monomer micelles. However, in the 
presence of 1-octanol, there was no sudden decrease in 
the grafting rate. This result suggests that the added 1-
octanol strongly stabilizes the monomer micelles even after 
the monomer is consumed by the progress of the graft 
polymerization reaction. Thus, this method can be 
expected to be useful as an economic and eco-friendly graft 
polymerization method. 

 
Reference  
[1] M. Omichi et al., Radiat. Phys. Chem. 191, 109867 

(2022). DOI: 10.1016/j.radphyschem.2021.109867 
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Fig. 1. Graft polymerization at the 0.5 (a) and 0.25 wt% (b) 
GMA monomer concentration with (●) and without 0.5 wt% 
1-octanol (○). 
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QXDQWXP WHFKQRORJLHV VXFK DV TXDQWXP VHQVLQJ, 
TXDQWXP LQIRUPDWLRQ DQG TXDQWXP FRPSXWLQJ DUH UHTXLUHG 
WR UHDOL]H SXSHU SPDUW SRFLHW\. TKHUHIRUH, R&D IRU 
TXDQWXP WHFKQRORJLHV DUH LQWHQVLYHO\ FDUULHG RXW DOO RYHU 
WKH ZRUOG QRZ. WH VWXG\ TXDQWXP WHFKQRORJLHV WRJHWKHU 
ZLWK GRPHVWLF DQG LQWHUQDWLRQDO UQLYHUVLWLHV DQG RHVHDUFK 
IQVWLWXWHV. WH IRFXV RQ FRORU FHQWHUV ZKLFK DFW DV VSLQ 
GHIHFWV DQG/RU VLQJOH SKRWRQ HPLWWHUV LQ ZLGH EDQGJDS 
VHPLFRQGXFWRUV. IQ DGGLWLRQ, ZH SURSRVH D QHZ WHFKQRORJ\ 
FRPELQLQJ VSLQWURQLFV ZLWK SKRWRQLFV ³VSLQ-SKRWRQLFV´. FRU 
FRORU FHQWHUV, ZH FUHDWH VXFK GHIHFWV LQ ZLGH EDQGJDS 
VHPLFRQGXFWRUV, e.J. GLDPRQG, VLOLFRQ FDUELGH (SLC) DQG 
JDOOLXP QLWULGH XVLQJ HQHUJHWLF SDUWLFOHV. WH LQYHVWLJDWH WKH 
RSWLFDO DQG VSLQ SURSHUWLHV RI FRORU FHQWHUV. IQ DGGLWLRQ, ZH 
WU\ WR IDEULFDWH HOHFWURQLF GHYLFHV ZLWK VXFK VSLQ 
GHIHFWV/VLQJOH SKRWRQ HPLWWHUV WR UHDOL]H TXDQWXP GHYLFHV. 
FRU VSLQ-SKRWRQLFV, ZH VWXG\ WHFKQRORJLHV IRU QHZ GHYLFHV 
LQ ZKLFK WKH LQWHUDFWLRQ EHWZHHQ VSLQV DQG SKRWRQV LV 
DSSOLHG WR UHDOL]H H[WUHPHO\ ORZ HQHUJ\ FRQVXPSWLRQ 
GHYLFHV. TKH UHVHDUFK UHVXOWV WKDW OLQN WR WKLV JURXS DUH DOVR 
VKRZQ LQ WKH UHVXOWV REWDLQHG E\ WKH UHVHDUFK SURMHFWV 
³VHPLFRQGXFWRU UDGLDWLRQ HIIHFWV´ DQG ³VSLQWURQLFV LQ 2D 
PDWHULDOV´  
 
Electrical detection of negatively charged silicon 
vacancy in silicon carbide  

NHJDWLYHO\ FKDUJHG VLOLFRQ YDFDQF\ (VSL) LQ VLOLFRQ 
FDUELGH (SLC) LV NQRZQ DV D TXDQWXP GHIHFW ZKLFK DFW DV D 
VSLQ TXELW DQG D TXDQWXP VHQVRU DW URRP WHPSHUDWXUH >1@. 
TR PDQLSXODWH DQG UHDGRXW LWV VSLQ VWDWHV, WKH RSWLFDOO\ 
GHWHFWHG PDJQHWLF UHVRQDQFH (ODMR) WHFKQLTXH LV XVXDOO\ 
DSSOLHG >2@. OQ WKH RWKHU KDQG, WKH HOHFWULFDO GHWHFWLRQ RI VSL 
LV DQ LQWHUHVWLQJ WRSLF WRR VLQFH SLC LV VXLWDEOH IRU HOHFWULF 
GHYLFHV DQG TXDQWXP GHYLFHV FRPELQHG ZLWK HOHFWULF 
GHYLFHV DUH H[SHFWHG. HRZHYHU, WKH WHFKQLTXH IRU 
HOHFWULFDOO\ PDQLSXODWLRQ RI VSL SURSHUWLHV KDV QRW \HW EHHQ 
GHYHORSHG. IQ WKLV VWXG\, ZH IDEULFDWH PHWDO-R[LGH-
VHPLFRQGXFWRU ILHOG HIIHFW WUDQVLVWRUV (MOSFETV) RQ 
KH[DJRQDO (4H) SLC, DQG GHWHFW VSL LQ WKH MOSFETV XVLQJ 
HOHFWULFDOO\ GHWHFWHG PDJQHWLF UHVRQDQFH (EDMR) >3@. 

TKH MOSFETV XVHG LQ WKLV VWXG\ ZHUH IDEULFDWHG RQ DQ 
HSLWD[LDO OD\HU JURZQ RQ D SL-IDFH 4H-SLC VXEVWUDWH E\ 
FKHPLFDO YDSRU GHSRVLWLRQ. TKH JDWH R[LGH ZDV IRUPHG 
XVLQJ WKHUPDO R[LGDWLRQ IROORZHG E\ NO JDV DQQHDOLQJ. TKH 
WKLFNQHVV RI WKH JDWH R[LGH ZDV DERXW 50 QP. VSLV ZHUH 
LQWURGXFHG LQ 4H-SLC MOSFETV E\ LUUDGLDWLRQ RI 80 NHV-
SURWRQV DW 1 î 1013 /FP2 DW URRP WHPSHUDWXUH. TKH HQHUJ\ RI 
SURWRQV ZDV VHOHFWHG WR FUHDWH VSL LQ WKH FKDQQHO UHJLRQ RI 
WKH MOSFETV E\ D MRQWH CDUOR VLPXODWLRQ FRGH ³SRIM´. 
EDMR IRU 4H-SLC MOSFETV ZHUH PHDVXUHG DW URRP 
WHPSHUDWXUH. 

FLJXUHV 1 VKRZV PDJQHWLF ILHOG DQJXODU GHSHQGHQFH RI 
EDMR VSHFWUD IRU MOSFETV EHIRUH DQG DIWHU SURWRQ 
LUUDGLDWLRQ. AV VKRZ LQ FLJ. 1, SHDNV RI EDMR VLJQDOV 
(SRLQWHG RXW E\ UHG DOORZV) DUH GHWHFWHG IURP MOSFETV 
LUUDGLDWHG ZLWK SURWRQV DOWKRXJK QR VLJQLILFDQW SHDNV DUH 
REVHUYHG DW WKH VDPH SRVLWLRQV IRU QRQ-LUUDGLDWHG 
MOSFETV. CRPSDULQJ ZLWK WKHRUHWLFDO FDOFXODWLRQ, WKH 
SHDNV SRLQWHG RXW E\ UHG DOORZV ZHUH FRQFOXGHG WR EH 

ODMR VLJQDOV RULJLQDWHG IURP VSL. 
IQ DGGLWLRQ, WKH LQWHQVLW\ RI EDMR VLJQDOV IRU VSL ZDV 

PHDVXUHG XQGHU WKH GLIIHUHQW JDWH ELDV FRQGLWLRQ. AV D 
UHVXOW, WKH EDMR VLJQDOV IRU VSL LQFUHDVH DURXQG WKH JDWH 
ELDV EHWZHHQ -2 DQG 1 V. TKLV UHVXOW FDQ EH H[SODLQHG LQ 
WHUPV RI WKH UHODWLRQVKLS EHWZHHQ WKH FHUPL OHYHO DQG WKH 
FKDUJH VWDELOLW\ (WKXV -1 EXW QRW -2 QRU 0) RI VSL. 
 
References 
[1] M. Widmann et al., Nat. Mater. 14, 164 (2015). 
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Fig. 1. Magnetic field angular dependence of EDMR spectra for 
proton irradiated 4H-SiC MOSFETs at room temperature [3]. Red 
and blue lines show EDMR spectra for MOSFETS after and 
before proton irradiation, respectively. The black arrow indicates 
the EDMR signal from the interface defects. Red arrows 
correspond to a spin defect of VSi. 
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TKe SURMecW "MLcURbeaP RadLaWLRQ BLRORJ\" SURPRWeV 
UeVeaUcK IRU deYeORSLQJ KeaY\-LRQ PLcURbeaP WecKQRORJ\ 
aQd IRU eOXcLdaWLQJ WKe UadLaWLRQ UeVSRQVe PecKaQLVPV RI 
OLYLQJV XVLQJ WKe deYeORSed WecKQRORJ\. 

HeaY\ LRQV ZLWK a KLJK LET, ZKLcK KaYe KLJKeU bLRORJLcaO 
eIIecW, SURYLde a cRQceQWUaWed eQeUJ\ deSRVLWLRQ WR WKe 
OLYLQJV aQd caXVe VeYeUe daPaJe RQ DNA. HRZeYeU, WKLV 
cRQceQWUaWed eQeUJ\ deSRVLWLRQ caXVeV LQKRPRJeQeLW\ RI 
WKe VSaWLaO dLVWULbXWLRQ RI WKe eQeUJ\ deSRVLWLRQ aW WKe 
PLcURPeWeU VcaOe. TR VROYe WKLV SURbOeP, a WecKQLTXe IRU 
WaUJeWLQJ ceOOV XQdeU a PLcURVcRSe XVLQJ a PLcURPeWeU-
VcaOe beaP VSRW, ZKLcK LV VPaOOeU WKaQ WKe ceOO, LV UeTXLUed. 

TKLV PLcURbeaP LUUadLaWLRQ WecKQRORJ\ aOORZV WR LUUadLaWe 
KeaY\ LRQV RQO\ WR a SaUW RI a ceOO RU a ceOO SRSXOaWLRQ. 
IUUadLaWLQJ a VSecLILc SaUW RI aQ LQdLYLdXaO ZLWK PLcURbeaP 
eQabOeV WR eOXcLdaWe WKe PecKaQLVP RI bLRORJLcaO IXQcWLRQV 
LQYROYLQJ WKe LUUadLaWed UeJLRQ. TaNLQJ adYaQWaJe RI WKLV 
IeaWXUe, Ze aUe eOXcLdaWLQJ WKe UeVSRQVe RI LQdLYLdXaO 
RUJaQLVPV WR ORcaO LUUadLaWLRQ. 
 
Induction of testis-ova with microbeam irradiation in 
p53-deficient medaka testis [1] 

TeOeRVW aUe Ve[XaOO\ bLSRWeQWLaO, aQd LQdXcWLRQ RI WeVWLV-
RYa, LQ ZKLcK VSeUPaWRJRQLa dLIIeUeQWLaWe LQWR eJJ-OLNe ceOOV, 
caQ be RbVeUYed. IW ZaV UeSRUWed WKaW JaPPa LUUadLaWLRQ 
LQdXceV WeVWLV-RYa dLIIeUeQWLaWLRQ LQ PedaNa WeVWLV OacNLQJ 
WKe S53 JeQe. EVWURJeQ adPLQLVWUaWLRQ KaV aOVR beeQ 
UeSRUWed WR caXVe WeVWLV-RYa dLIIeUeQWLaWLRQ LQ PedaNa WeVWLV. 
OQ WKe RWKeU KaQd, aQ LQcUeaVe LQ VeUXP eVWURJeQ OeYeOV LV 
NQRZQ WR be RbVeUYed LQ LUUadLaWed PLce. HRZeYeU, LW LV QRW 
cOeaU ZKeWKeU UadLaWLRQ-LQdXced dLIIeUeQWLaWLRQ RI PedaNa 
WeVWLV-RYa LV PedLaWed b\ LQcUeaVed VeUXP eVWURJeQ OeYeOV. 
TKXV, WR cOaULI\ ZKeWKeU PedaNa WeVWLV-RYa dLIIeUeQWLaWLRQ LV 
PedLaWed b\ LQcUeaVed eVWURJeQ OeYeOV LQ WKe bORRd, 
XSUeJXOaWed b\ UadLaWLRQ, Ze LUUadLaWed WKe WeVWeV RI adXOW 
PedaNa ILVK ORcaOO\ ZLWK a PLcURbeaP aQd RbVeUYed WKe 
IRUPaWLRQ RI WeVWLV-RYa aIWeU LUUadLaWLRQ. IQ WKe WeVWLV RI 7 
da\V aIWeU LUUadLaWLRQ, cOXVWeUV RI WeVWLV-RYa ceOOV ZeUe 
RbVeUYed LQ WKe PLcURbeaP LUUadLaWed UeJLRQ. HRZeYeU, 
RQO\ QRUPaO VSeUPaWRJRQLa ZeUe RbVeUYed LQ WKe RWKeU 
VXUURXQdLQJ VSeUPaWRJRQLa c\VWV, aV ZeOO aV LQ WKe QRQ-
LUUadLaWed cRQWURO WeVWLV. TKeVe UeVXOWV LQdLcaWe WKaW 
UadLaWLRQ-LQdXced eOeYaWLRQ RI KRUPRQe VLJQaOLQJ LV QRW 
LQYROYed LQ WKe dLIIeUeQWLaWLRQ RI WeVWLV-RYa LQ PedaNa ILVK. 
 
Autophagy is induced in Caenorhabditis elegans 
irradiated at very high doses [2] 

IUUadLaWLRQ RI adXOW C. eleganV ZRUPV ZLWK 0.5 NG\ RI 
JaPPa RU caUbRQ UadLaWLRQ caXVeV a decUeaVe LQ ZKROe-
bRd\ ORcRPRWLRQ. OXU SUeYLRXV VWXd\ VKRZed WKaW WKLV 
UedXced ZKROe-bRd\ ORcRPRWLRQ LV UecRYeUed ZLWKLQ a IeZ 
KRXUV aIWeU LUUadLaWLRQ. TKeVe ILQdLQJV LQdLcaWe WKaW C. 
eleganV KaV e[WUePeO\ KLJK WROeUaQce WR UadLaWLRQ. HRZeYeU, 
WKe PecKaQLVP RI WKLV VKRUW-WeUP UecRYeU\ IURP WKe 
UadLaWLRQ eIIecW UePaLQed XQcOeaU. AXWRSKaJ\ LV aQ 
LPSRUWaQW bLRORJLcaO KRPeRVWaVLV PecKaQLVP LQ eXNaU\RWLc 
ceOOV. AXWRSKaJ\ deJUadeV daPaJed SURWeLQV LQ LQMXUed 
ceOOV aQd LV LQYROYed LQ WKe UecRYeU\ RI ceOO IXQcWLRQ. 
TKeUeIRUe, Ze LQYeVWLJaWed KRZ aXWRSKaJ\ ZRUNV LQ 
LUUadLaWed C. eleganV ceOOV. EYeQ LQ C. eleganV LUUadLaWed 

ZLWK YeU\ KLJK dRVeV RI UadLaWLRQ (3 NG\), Ze RbVeUYed a 
ceUWaLQ UecRYeU\ RI ZKROe-bRd\ ORcRPRWLRQ, ZKLcK ZaV 
UedXced b\ WKe LUUadLaWLRQ. IQ WKLV LUUadLaWed QePaWRde, WKe 
LQdXcWLRQ RI a JeQe LQYROYed LQ WKe IXQcWLRQ RI aXWRSKaJ\ LQ 
WKe ceOO ZaV RbVeUYed b\ IOXRUeVceQce YLVXaOL]aWLRQ. 
AXWRSKaJ\ SOa\V a UROe LQ SUeYeQWLQJ WKe accXPXOaWLRQ RI 
abQRUPaO SURWeLQV LQ ceOOV, Uec\cOLQJ SURWeLQV LQ UeVSRQVe WR 
cKaQJeV LQ WKe ceOOXOaU eQYLURQPeQW aQd eOLPLQaWLQJ 
SaWKRJeQV. OXU UeVXOW VXSSRUWV WKaW aXWRSKaJ\ cRQWULbXWeV 
WR UecRYeU\ IURP UadLaWLRQ daPaJe, UeVXOWLQJ LQ e[WUePeO\ 
KLJK UadLRUeVLVWaQce LQ C. eleganV. 
 
Development of a novel assay method to detect 
response of Caenorhabditis elegans to extremely low 
concentration chemicals [3] 

OXU SURMecW KaV beeQ VWXd\LQJ WKe PecKaQLVP RI 
cKePRWa[LV RI C. eleganV XVLQJ PLcURbeaP LUUadLaWLRQ WR 
XQdeUVWaQd WKe QeXUaO QeWZRUN IXQcWLRQ RI WKe OLYLQJ 
RUJaQLVP. HRZeYeU, WKe cKaQJeV LQdXced b\ PLcURbeaP 
ORcaO LUUadLaWLRQ ZeUe VXbWOe eQRXJK QRW WR be caSWXUed b\ 
cRQYeQWLRQaO cKePRWa[LV aVVa\ PeWKRdV IRU C. eleganV. 
TKe cRQYeQWLRQaO cKePRWa[LV aVVa\ IRU C. eleganV KaV 
beeQ ZLdeO\ XVed IRU PRUe WKaQ 30 \eaUV. TKLV PeWKRd KaV 
VRPe accXUac\ aQd eIILcLeQc\ LVVXeV LQ deWecWLQJ VOLJKW 
cKaQJeV LQ cKePRWa[LV caXVed b\ LUUadLaWLRQ, VXcK aV WKe 
LQIOXeQce RI aQeVWKeWLcV WKaW WUaS WKe aWWUacWed ZRUPV aQd 
WKe cRPSOe[LW\ RI cRXQWLQJ WKe QXPbeU RI ZRUPV RQ WKe 
aJaU SOaWe. TKeUeIRUe, Ze deYeORSed a QRYeO WeVW PeWKRd, 
QaPed PRQd AVVa\ IRU WKe SeQVRU\ S\VWePV (PASS). IQ 
WKLV PeWKRd, a SRUe LV Pade RQ WKe aJaU SOaWe, ILOOed ZLWK 
WKe WeVW VROXWLRQ, aQd WKe ROIacWRU\ aQd WaVWe UeVSRQVeV RI 
WKe ZRUPV aUe e[aPLQed. WRUPV WKaW aUe aWWUacWed IaOO LQWR 
WKe WeVW VROXWLRQ SRQd aQd WUaSSed ZLWKRXW aQeVWKeVLa 
becaXVe WKe\ caQQRW eVcaSe. TKe accXUac\ aQd eIILcLeQc\ 
RI WKe aVVa\ KaV LPSURYed dUaPaWLcaOO\ IURP WKe 
cRQYeQWLRQaO PeWKRd. TKLV LV becaXVe WKe UeVSRQVe caQ 
RQO\ be eYaOXaWed b\ cRXQWLQJ ZRUPV WKaW KaYe IaOOeQ LQWR 
WKe SRQd RI WeVW VROXWLRQ. TKe SeUIRUPaQce RI WKe PASS ZaV 
eYaOXaWed b\ a cKePRWa[LV WeVW XVLQJ dLaceW\O. TKe UeVXOWV 
VKRZed WKaW QePaWRdeV accXUaWeO\ VeQVed ORZeU 
cRQceQWUaWLRQV RI dLaceW\O WKaQ SUeYLRXVO\ UeSRUWed. TKLV 
WeVW aVVa\ ZLOO JUeaWO\ cRQWULbXWe WR RXU IXWXUe UeVeaUcK RQ 
WKe PecKaQLVP RI cKePRWa[LV LQ C. eleganV XVLQJ 
PLcURbeaP LUUadLaWLRQ.  
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IRQ EHDPV DUH XVHIXO PXWDJHQV WR LPSURYH 
FKDUDFWHULVWLFV RI SODQW DQG PLFUREHV EHFDXVH LRQ EHDPV 
DUH WKRXJKW WR FDXVH PXWDWLRQV YLD D PHFKDQLVP GLVWLQFW 
IURP WKRVH RI FKHPLFDO PXWDJHQV RU JDPPD UD\V. OXU 
SURMHFW DLPV WR XQGHUVWDQG IHDWXUH RI LRQ-EHDP-LQGXFHG 
PXWDWLRQV DQG GHYHORS DSSOLFDWLRQV RI LRQ EHDP 
PXWDJHQHVLV LQ EDVLF ELRORJ\ DQG DSSOLHG ELRWHFKQRORJ\. 
:H XVH D QH[W JHQHUDWLRQ VHTXHQFLQJ WHFKQLTXH WR 
LQYHVWLJDWH WKH LRQ-EHDP- DQG JDPPD-UD\-LQGXFHG 
PXWDWLRQV DW ERWK JHQRPH ZLGH DQG VSHFLILF JHQH OHYHOV. IQ 
DGGLWLRQ, ZH WU\ WR HVWDEOLVK YDOXDEOH PXWDQWV LQ YDULRXV 
W\SH RI SODQWV, DOJDH, \HDVWV, IXQJL, DQG EDFWHULD XQGHU 
FROODERUDWLRQV ZLWK DFDGHPLF RU LQGXVWULDO UHVHDUFK 
RUJDQL]DWLRQV. RHYHDOLQJ ELRORJLFDO EDVLV RI UDGLDWLRQ 
UHVSRQVH DQG UHVLVWDQFH LQ PROHFXODU OHYHO LV DQRWKHU PDMRU 
EXVLQHVV LQ RXU SURMHFW. 
 
Analysis M1 genome reveals mutation-size-preferable 
sequence signatures [1] 

QXDQWXP EHDPV VXFK DV LRQ EHDPV DQG JDPPD UD\V 
LQGXFH YDULRXV W\SHV RI PXWDWLRQV LQ WKH JHQRPH DNA RI 
RUJDQLVPV. AOWKRXJK PRVW RI PXWDWLRQV LQGXFHG DUH VLQJOH 
EDVH VXEVWLWXWLRQV (6B6)V DQG VPDOO-VL]HG GHOHWLRQV RU 
LQVHUWLRQV, SUHVHQFH RI UHODWLYHO\ KLJK UDWLR RI 
UHDUUDQJHPHQWV, ZKLFK LQFOXGHV ODUJH DNA ( ≧ 100 ES) 
GHOHWLRQV (DEL)V, LQYHUVLRQV, DQG FKURPRVRPDO 
WUDQVORFDWLRQV DUH FKDUDFWHULVWLF RI PXWDWLRQ SURILOH LQGXFHG 
E\ TXDQWXP EHDPV. 7KH UHDUUDQJHPHQWV XVXDOO\ KDYH KLJK 
LPSDFW RQ FHOO YLDELOLW\. 7KHUHIRUH, WKH\ DUH KDUGO\ 
WUDQVPLWWHG WR M2 JHQHUDWLRQ (WKH VHFRQG JHQHUDWLRQ RI 
PXWDJHQL]HG SODQWV SURGXFHG YLD VHOI-SROOLQDWLRQ). BHFDXVH 
DQ LUUDGLDWHG M1 SODQW LV D FKLPHUD, ZKLFK LV FRQVLVWV RI 
GLIIHUHQW FHOOV KDYLQJ D GLIIHUHQW VHW RI PXWDWLRQV, PXWDWLRQ 
SURILOHV LQGXFHG E\ TXDQWXP EHDPV KDYH EHHQ 
FKDUDFWHUL]HG XVLQJ M2 SODQWV RU ODWHU JHQHUDWLRQ. 
7KHUHIRUH, QRW PXFK LQIRUPDWLRQ DERXW WKH IHDWXUH RI WKH 
UHDUUDQJHPHQWV LQGXFHG E\ TXDQWXP EHDPV LV DYDLODEOH.  
NHYHUWKHOHVV, FKDUDFWHUL]DWLRQ RI PXWDWLRQ SURILOH LQ D M1 
SODQW (D PXWDJHQL]HG SODQW LQGLYLGXDO) LV LPSRUWDQW EHFDXVH 
PDQ\ FURSV DQG RUQDPHQWDO SODQWV DUH UHSURGXFHG WKURXJK 
YHJHWDWLYH SURSDJDWLRQ DQG XQGHUVWDQGLQJ JHQHWLF HIIHFWV 
RI TXDQWXP EHDPV LQ M1 SODQWV LV QHFHVVDU\ IRU HIIHFWLYH 
EUHHGLQJ RI WKHVH SODQWV. 7R RYHUFRPH GLIILFXOW\ RI 
LQYHVWLJDWLQJ PXWDWLRQ SURILOH LQ M1 SODQWV, ZH HVWDEOLVKHG 
WULSOH KHWHUR]\JRXV AUDELGRSVLV SODQWV RI WKUHH DQWKRF\DQLQ 
ELRV\QWKHWLF JHQHV (TT4, TT3, DQG TT18). II RQH RI WKH TT 
JHQHV LV IXQFWLRQDOO\ GLVUXSWHG E\ D PXWDWLRQ, D FHOO 
FRQWDLQLQJ WKLV PXWDWLRQ FDQQRW SURGXFH DQWKRF\DQLQV DQG 
WLVVXHV RULJLQDWHG IURP WKH PXWDWHG FHOO DUH GHILFLHQW LQ UHG 
FRORU SLJPHQWV LQ WKH M1 SODQWV. B\ H[WUDFWLQJ DQG 
DQDO\]LQJ JHQRPH DNA IURP WKHVH FORQDO WLVVXHV DIWHU 
JDPPD LUUDGLDWLRQ, PXWDWLRQ SURILOH LQ WKH M1 SODQWV ZHUH 
VXFFHVVIXOO\ UHYHDOHG. 7KH UHVXOW VKRZHG WKDW DOWKRXJK 
PXWDWLRQ SURILOH RI WKH M1 WLVVXHV ZDV FRPSDUDEOH ZLWK WKDW 
RI M2 SODQWV, SURSRUWLRQ RI UHDUUDQJHPHQWV ZDV KLJKHU LQ 
WKH JHQRPH RI M1 WLVVXHV WKDQ M2 SODQWV. FXUWKHUPRUH, 
DQDO\]LQJ D QXPEHU RI UHDUUDQJHPHQWV DQG DELV UHYHDOV 
PXWDWLRQ-VL]H-SUHIHUDEOH VHTXHQFH VLJQDWXUHV LQ WKHLU 
UHMRLQHG VLWHV (FLJ.1). 7KH IUHTXHQF\ RI LQVHUWLRQV RI 
QXFOHRWLGHV DW WKH UHMRLQHG VLWHV ZDV VLJQLILFDQWO\ KLJKHU LQ 

WKH UHDUUDQJHPHQWV WKDQ LQ WKH VPDOO (2a9 ES) DQG LQ WKH 
PHGLXP (10-99 ES) DELV, ZKLOH WKH IUHTXHQF\ RI SUHVHQFH 
RI PLFUR KRPRORJ\ (MH) VHTXHQFHV ZDV KLJKHVW LQ WKH 
PHGLXP DELV. RHMRLQHG VLWHV ZLWKRXW DQ LQVHUWLRQ DQG 
ZLWKRXW MH ZHUH PRVWO\ IRXQG LQ WKH VPDOO DELV. 7KHVH 
VLJQDWXUHV LPSOLHG WKDW UHDUUDQJHPHQWV, PHGLXP DELV, 
DQG VPDOO DELV WHQG WR EH IRUPHG E\ GLVWLQFWLYH SURFHVVHV.  
 
Microalgae biofuels: converting carbohydrates into 
oils [2,3] 

GUHHQ PLFURDOJDH KDYH EHHQ H[SHFWHG DV QH[W 
JHQHUDWLRQ ELRIXHO SURGXFHUV WKDW DUH DEOH WR V\QWKHVLV 
OLSLGV IURP CO2 XVLQJ VXQOLJKW DV WKH HQHUJ\ VRXUFH.  
HRZHYHU, LQ OLSLG-ULFK PLFURDOJDH VXFK DV Chlamydomonas 
VS, OLSLG DFFXPXODWLRQ ZDV GHFUHDVHG XQGHU OLJKW/GDUN 
F\FOLQJ DQG XQGHU QLWUDWH-UHSOHWH FRQGLWLRQV. 7R RYHUFRPH 
WKHVH SUREOHPV, E\ FROODERUDWLRQ ZLWK KREH 8QLYHUVLW\, ZH 
LUUDGLDWHG WKH Chlamydomonas VWUDLQ J6C4 E\ FDUERQ LRQ 
EHDPV, FXOWXUHG WKHP XQGHU OLJKW/GDUN FRQGLWLRQ, DQG 
VFUHHQHG OLSLG-ULFK FHOOV IURP WKH FXOWXUH E\ XVLQJ 
IOXRUHVFHQFH DFWLYDWHG FHOO VRUWLQJ (FAC6). 7KH VHOHFWHG 
VWUDLQ KOR1 KDV GHVWUXFWLYH PXWDWLRQV LQ WKH JHQH RI VWDUFK 
GHEUDQFKLQJ HQ]\PH. 7KH PXWDWLRQV DUH SUREDEO\ 
UHVSRQVLEOH IRU UDSLG FDUERK\GUDWH GHJUDGDWLRQ WRJHWKHU 
ZLWK LQFUHDVHG OLSLG DQG FDURWHQRLG FRQWHQWV LQ WKH VWUDLQ 
KOR1. NH[W, ZH DJDLQ LUUDGLDWHG WKH VWUDLQ KOR1 E\ FDUERQ 
LRQ EHDPV DQG VFUHHQHG OLSLG-ULFK FHOOV XQGHU QLWUDWH-
UHSODWH FRQGLWLRQV. 7KH REWDLQHG VWUDLQV KAC1710 DQG 
KAC1801 VKRZHG 1.5-IROG DQG 2.1-IROG OLSLG FRQWHQW RI WKH 
VWUDLQ KOR1, UHVSHFWLYHO\, LQ WKH DEXQGDQW QLWUDWH FRQGLWLRQ. 
MHWDERORPH DQDO\VLV UHYHDOHG WKDW WKH SRRO VL]H RI 
S\UXYDWH ZDV VLJQLILFDQWO\ LQFUHDVHG LQ WKH ERWK VWUDLQV. :H 
EHOLHYH WKHVH LPSURYHG VWUDLQV FRXOG FRQWULEXWH WR HVWDEOLVK 
DQ HIIHFWLYH SURFHVV IRU SUDFWLFDO PLFURDOJDO ELRIXHO 
SURGXFWLRQ. 
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Fig. 1. Comparison of the characteristics among mutations; 
rearrangements, medium DELs, and small DELs. The ratio and 
number of rejoined sites with (+) and without (-) an insertion (INS) 
and/or MH are provided. 
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TKH UHVHDUFK REMHFWLYH RI RXU SURMHFW LV WR GHYHORS WKH 
UDGLRSKDUPDFHXWLFDOV ODEHOHG ZLWK XVHIXO UDGLRLVRWRSHV (RI) 
IRU FDQFHU WKHUDQRVWLFV. OXU SURMHFW IRFXVHV RQ WKH 
UHVHDUFK RI WKH RI GUXJ GHOLYHU\ V\VWHP (RI-DDS) XVLQJ 
ELRDFWLYH FRPSRXQGV VXFK DV DQWLERGLHV DQG SHSWLGHV LQ 
RUGHU WR PDNH WKH PRVW RI WKH DELOLW\ RI RI. TR DFKLHYH RXU 
UHVHDUFK REMHFWLYH, ZH DOVR DGGUHVV HIIHFWLYH RI SURGXFWLRQ, 
WKH PROHFXODU PHFKDQLVPV RI UDGLRQXFOLGH WKHUDS\, DQG 
GRVLPHWU\.  
 
Dosimetry: a novel absorbed dose conversion method 
using pharmacokinetics of radiopharmaceuticals [1]  

RDGLRSKDUPDFHXWLFDOV GHOLYHU VHOHFWLYHO\ RI WR DQ RUJDQ 
RU WXPRU WLVVXH WKURXJK SK\VLRORJLFDO DQG PHWDEROLF 
SURFHVVHV. TKH GLVWULEXWLRQ RI RI FDQ EH WUDFHG E\ H[WHUQDO 
PHDVXUHPHQW RI HPLWWHG JDPPD-UD\V IURP RI WKHPVHOYHV. 
AOVR, UDGLRSKDUPDFHXWLFDOV ODEHOOHG ZLWK DOSKD RU EHWD- 
HPLWWLQJ RI FDQ GHVWUR\ WXPRU FHOOV EHFDXVH RI WKHLU KLJKO\ 
IRFXVHG DQG GHSRVLWHG HQHUJ\. TKXV, UDGLRSKDUPDFHXWLFDOV 
KDYH EHHQ XVHG IRU ERWK GLDJQRVWLF DQG WKHUDSHXWLF 
SXUSRVHV, DQG WKH XQLTXH GXDOLW\ LV FDOOHG ³WKHUDQRVWLFV´. 

DRVLPHWU\ IRU UDGLRSKDUPDFHXWLFDO WKHUDS\ (RPT) LV 
EDVLFDOO\ EDVHG RQ WKH VFKHPD UHFRPPHQGHG E\ WKH 
FRPPLWWHH RQ MHGLFDO IQWHUQDO RDGLDWLRQ DRVH (MIRD). TKH 
MIRD PHWKRG XVHV WKH SKDUPDFRNLQHWLFV RI UDGLRSKDUPD-
FHXWLFDOV, FDOFXODWHV HQHUJ\ GHSRVLWLRQ RI UDGLDWLRQ IURP RI 
LQ WKH VRXUFH RUJDQ WR WKH WDUJHW RUJDQ E\ MRQWH CDUOR 
VLPXODWLRQ, DQG GHWHUPLQHV WKH DEVRUEHG GRVH RI WKH WDUJHW 
RUJDQ. RHFHQWO\, NRG-NCI-WRUNVKRS VXPPDUL]HG WKDW 
WKHUH ZHUH VRPH FKDOOHQJLQJ LVVXHV IRU RPT-GRVLPHWU\: 
RSWLPL]LQJ LPDJLQJ WLPH SRLQWV, DOSKD-GRVLPHWU\, DQG PXOWL-
VFDOH GRVLPHWU\ [2]. HRZHYHU, WKHUH KDV EHHQ QR DWWHPSW WR 
FRQVLGHU GRVLPHWU\ IURP WKH YLHZSRLQW RI WKHUDQRVWLFV. 

TKHUDQRVWLFV DFKLHYHV GLDJQRVWLF DQG WKHUDSHXWLF JRDOV 
E\ FKDQJLQJ WKH ODEHOLQJ RI. TR WDNH DGYDQWDJHV RI 
WKHUDQRVWLFV ZLWK GLDJQRVWLF GDWD DYDLODEOH, ZH IRFXVHG RQ 
WKH LPSRUWDQW SKDUPDFRNLQHWLFV LQ GRVLPHWU\. AW ILUVW, ZH 
FRQYHUW WKH SKDUPDFRNLQHWLFV RI UDGLRSKDUPDFHXWLFDOV LQ 
GLDJQRVLV WR WKDW RI WKHUDSHXWLF RQHV, DQG ILQDOO\ VLPXODWH 
WKH DEVRUEHG GRVH XVLQJ FRQYHUWHG SKDUPDFRNLQHWLFV RI 
WKHUDSHXWLF RQHV. IQ SDUWLFXODU, ZH DLPHG WR VLPXODWH in YiYo 
211AW-ODEHOHG meta-EHQ]\OJXDQLGLQH (211AW-MABG) DEVRUEHG 
GRVHV E\ WKH GRVH FRQYHUVLRQ PHWKRGV XVLQJ 131I-MIBG 
ELRGLVWULEXWLRQ GDWD. 

WH XVHG WKH IUDPHZRUN RI WKH MRQWH CDUOR PHWKRG WR 
FUHDWH VHYHUDO WKRXVDQG YLUWXDO H[SHULPHQWDO GDWD VHWV RI 
DFWLYLW\ FRQFHQWUDWLRQV (NBT/J) WR JHW WKH VWDWLVWLFDO 
LQIRUPDWLRQ. VLUWXDO H[SHULPHQWV VKRZHG WKDW 211AW-MABG 
DQG 131I-MIBG KDG VLPLODU SURSHUWLHV RI LQLWLDO DFWLYLW\ 
FRQFHQWUDWLRQV DQG ELRORJLFDO SKDUPDFRNLQHWLF SDUDPHWHUV. 
TKHUHIRUH, ZH ILUVWO\ XVHG WKH GHFD\-FRUUHFWHG GRVH 
(SKDUPDFRNLQHWLF) FRQYHUVLRQ WKDW WKH KDOI-OLIH RI 131I ZDV 
UHSODFHG ZLWK WKDW RI 211AW WR HYDOXDWH WKH DEVRUEHG GRVH RI 
211AW-MABG. TKH GHFD\-FRUUHFWHG GRVH FRQYHUVLRQ 
VKRZHG WKH UHODWLYHO\ JRRG VLPXODWLRQ RI WUXH DEVRUEHG 
211AW-MABG GRVH, EXW WKHUH ZHUH WKH GLIIHUHQFHV IURP 
VHYHUDO WR VHYHUDO WHQV RI SHUFHQW EHWZHHQ WKHP. WH 
ORRNHG IRU WKH FDXVH RI WKH GLIIHUHQFH, DQG IRXQG RXW WKH 
UDWLR RI WKH SHUFHQW LQMHFWHG GRVH (%ID)/J DV WKH FDXVH. TKH 
WUHQG RI WKH UDWLRV RI WKH GLIIHUHQFH RI VLPXODWHG DQG WUXH 
DEVRUEHG GRVHV ZDV DOPRVW SHUIHFWO\ PDWFKHG WR WKDW 

RI %ID/J REVHUYHG 1 K DIWHU LQMHFWLRQ (FLJ. 1). NH[W, ZH WULHG 
IXUWKHU FRUUHFWLRQ E\ PXOWLSO\LQJ WKH GHFD\-FRUUHFWHG 
DEVRUEHG GRVHV RI 211AW-MABG E\ WKH LQYHUVH RI WKH UDWLR 
RI %ID/J. TKLV LQYHUVH UDWLR, ZH FDOOHG WKH RAP (RAWLR RI 
PKDUPDFRNLQHWLFV) FRHIILFLHQW, VLQFH ZH XVH WKH RDWLR RI 
PKDUPDFRNLQHWLFV IRU GRVH FRQYHUVLRQ, VKRZHG D JUHDW 
LPSURYHPHQW LQ WKH GRVH FRQYHUVLRQ (FLJ. 2).  

IQ FRQFOXVLRQ, ZH FKDOOHQJHG WKH K\SRWKHVLV WKDW WKH 
ELRGLVWULEXWLRQ GDWD IURP GLDJQRVLV RU SUHYLRXV WUHDWPHQWV 
RI 131I-MIBG FRXOG EH XVHG WR VLPXODWH DSSUR[LPDWH 
DEVRUEHG GRVH RI 211AW-MABG. UVLQJ %ID/J, ZH IRXQG WKH 
QRYHO GRVH FRQYHUVLRQ PHWKRG, RAP. 
 
Dosimetry: Optimal timing of a single biodistribution 
measurement for the RAP dose conversion method [3] 

 TKH RAP GRVH FRQYHUVLRQ GLVSOD\HG D JRRG VLPXODWLRQ 
RI 211AW-MABG DEVRUEHG GRVHV XVLQJ D SKDUPDFRNLQHWLFV 
RI 131I-MIBG [1]. HRZHYHU, WKHUH ZHUH VRPH PDWKHPDWLFDO 
DPELJXLWLHV LQ GHWHUPLQJ WKH RSWLPDO WLPLQJ RI D VLQJOH 
PHDVXUHPHQW RI WKH %ID/J. TKXV, ZH DLPHG WR 
PDWKHPDWLFDOO\ UHFRQVWUXFW WKH RAP PHWKRG DQG WR 
H[DPLQH WKH RSWLPDO WLPLQJ RI D VLQJOH PHDVXUHPHQW. WH 
GHULYHG D QHZ IRUPDOLVP RI WKH RAP GRVH FRQYHUVLRQ 
PHWKRG DW WLPH t. IQ DGGLWLRQ, ZH DFTXLUHG D IRUPXOD WR 
GHWHUPLQH WKH RSWLPDO WLPLQJ RI D VLQJOH PHDVXUHPHQW RI 
WKH %ID/J, DVVXPLQJ WKH RQH-FRPSDUWPHQW PRGHO IRU 
ELRORJLFDO FOHDUDQFH. TKH SUHVHQW IRUPDOLVP UHYHDOHG 
RSWLPL]LQJ LPDJLQJ WLPH SRLQWV RQ DEVRUEHG GRVH 
FRQYHUVLRQ, RAP, EHWZHHQ WZR UDGLRSKDUPDFHXWLFDOV. 
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Fig. 1. The trend of the ratios of the difference of simulated and 
true absorbed doses (orange circles) and that of %ID/g observed 
1 h after injection (blue squares) at organs and tumor tissues. 
 

 
Fig. 2. Ratios of true absorbed doses of 211At-MABG (red boxplots) 
and those approximately simulated from the RAP dose conversion 
method (green boxplots). 
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The aim “Radiotracer Imaging Research” project is to 
measure, visualize the radiation sources quantitatively, and 
characterize the biological processes and functions, using 
radioisotopes and imaging devices such as positron 
emitting tracer imaging system (PETIS). We will establish 
systematized the most advanced techniques for live-
imaging using radiotracers and these production methods, 
nuclear imaging apparatus, imaging techniques using each 
apparatus, and kinetic analytical methods for under-
standing the elements and molecules transport functions 
related to agriculture, environmental problems and 
medicine within living systems. 
 
Development of the positron-emitting 74As tracer for 
non-invasive imaging of Arsenic dynamics in living 
plants  

Arsenic (As) is a toxic element that is usually found in 
soils and groundwater as a result of natural and 
anthropogenic processes. Chronic exposure to inorganic 
As may lead to cancers of prostate, bladder and skin. PWeris 
YiWWaWa is known to have the ability to accumulate As at 
concentrations of up to 2%, making it a promising candidate 
for phytoremediation, the use of hyperaccumulator plants 
to clean As-contaminated soil and water. However, little is 
known in detail about the mechanism of As absorption in P. 
YiWWaWa, especially the role of the rhizome tissue. In this 
study, to visualize the movement of As in living plants, we 
utilized the positron-emitting 74As tracer (T1/2ௗ=ௗ17.7 d) and 
the positron-emitting tracer imaging system (PETIS). As a 
result, we succeeded in obtaining continuous images of 
hydroponically growing P. YiWWaWa absorbing 74As from the 
roots and transporting it to the leaves while accumulating it 
in the rhizome (Fig.1). We also visualized As dynamics in a 
non-accumulator plant, Arabidopsis Whaliana, as a control 
plant, and found that the 74As was retained in the roots. 
Furthermore, we investigated the location and amount of 
As accumulated in P. YiWWaWa by autoradiography and 
inductively coupled plasma mass spectrometry, and 
obtained an overview of the As transport process in P. 

YiWWaWa. Under low As exposure, As was predominantly 
accumulated in young fronds and the midrib and rachis of 
mature fronds. In contrast, under high As exposure, most 
of the As finally accumulated in the periphery of the mature 
leaves, and tissue necrosis was observed in these areas. 
These results indicate that the rhizome of P. YiWWaWa plays a 
role in regulating the transient accumulation of As absorbed 
from the roots and the translocation of As to mature leaves 
to protect young leaves, especially under high As exposure. 
This study provides useful knowledge for the application of 
P. YiWWaWa in phytoremediation [1]. 
 
Development of new imaging method for therapeutic 
carbon-ion beams using imaging plates 

Beam imaging methods for therapeutic carbon-ion 
beams is expected to eliminate deviations of the irradiation 
area and to improve treatment outcome. In this study, we 
proposed a new beam imaging method measuring 
secondary electron bremsstrahlung (SEB) with imaging 
plates (IP), which are widely used in the field of radiological 
diagnosis. An experimental study was performed at Gunma 
University Heavy Ion Medical Center. Figure 2(a) 
represents the experimental setup. Carbon-ion beams 
having ranges from 61 to 121 in 5-mm steps were injected 
into water target. A pinhole-type tungsten collimator was 
placed 30 cm under the beam axis. The diameter and 
length of the pinhole were 1 and 1 cm, respectively. The 
thickness of the collimator was 6 cm. The diameter of the 
beams was 3.5 of full width at half maximum. The number 
of the injected carbon ions for each measurement was 
6 × 1010. The acquired images for the carbon-ion beams 
having the range of 61, 91 and 121 mm are summarized in 
Fig. 2(b). As shown in this figure, we successfully acquired 
high-resolution beam images with the IP. It was found that 
the estimation of the carbon-beam range was possible with 
the accuracy of the standard deviation of 2.5 mm [2]. 
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Fig. 1. Serial images of 74As dynamics in P. vittata. 

 
 
Fig. 2. (a) Experimental setup of the beam imaging. (b) Imaging 
result for the carbon-ion beams having the ranges of 61, 91 and 
121 mm. 
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In our project, we have developed the production of 
medical radioisotopes (RI) for cancer diagnosis and 
therap\ such as 99Mo/99mTc, 90Y, 47Sc, 64Cu, and 67Cu using 
fast neutrons from a c\clotron accelerator. The neutrons 
were obtained b\ irradiating 40-50 MeV deuterons to 
ber\llium or carbon. A separation and purification method 
of aimed radioisotope from the target materials and 
radioactive impurities has also been developed. We also 
investigate the production of medical RI such as 211At and 
95, 96Tc b\ the tandem accelerator in Tokai (Japan Atomic 
Energ\ Agenc\). Our final goal is to build a domestic 
production s\stem of medical radioisotopes using 
accelerator driven neutrons. 
 
Large scale production of 64Cu and 67Cu via the 
64Zn(n, p)64Cu and 68Zn(n, np/d)67Cu reactions using 
accelerator neutrons [1]  

Both 64Cu and 67Cu are promising radionuclides in 
nuclear medicine. Production \ields of these radionuclides 
were quantified b\ irradiating 55.4 g of natural ]inc with 
accelerator neutrons. The 64Cu and 67Cu \ields using 100 
g enriched Zn samples 64Zn or 68Zn, which is an attainable 
sample weight to be irradiated b\ accelerator neutrons, 
were estimated to be 940 GBq of 64Cu in 13 hours and 56 
GBq of 67Cu in 24 hours irradiation. These results are 
based on the good agreement between the measured and 
calculated \ields of 64Cu, 67Cu, and 65Zn using a natural 
]inc sample of 55.401 g and 40 MeV deuterons. 

In order to process a large amount of irradiated enriched 
]inc, a combined thermal- and resin-separation method 
was developed to isolate 64Cu and 67Cu in an acceptable 
separation timeframe. The ]inc sample was separated b\ 
99% in sublimation (apparatus shown in Fig. 1), out of 
which 97% was ph\sicall\ recovered to reuse. The 
enriched ]inc can be rec\cled with the same methodolog\ 
as well as purified before irradiation b\ pre-removal of 
copper to increase the specific activit\ of 64,67Cu. 

Separation conditions can be optimi]ed to minimi]e copper 
transport with ]inc b\ monitoring radioactive ]inc and 
copper in real time using CZT detector.  

After the majorit\ of ]inc was removed with thermal 
separation, the residual ]inc containing 67Cu was on the 
order of mg, which was further purified using commerciall\ 
available chromatographic resins followed b\ evaporation 
to dr\ness process giving 73% 67Cu \ield in total. The 
methods developed in this stud\ can be a promising 
candidate for the clinical scale production of 64Cu and 67Cu. 
 
Adsorption temperature of volatile astatine species 
formed via dry distillation in a glass tube [2] 

The 211At was produced via the 209Bi(4He, 2n)211At 
reaction b\ irradiating a stack of a couple of bismuth targets 
with 4He beams accelerated at 30 MeV and supplied from 
CYPRIS MP-30 c\clotron in the Advanced Clinical 
Research Center at Fukushima Medical Universit\ (FMU). 
Astatine atoms (a1011) were isolated from bismuth targets 
irradiated with 4He beams via dr\-distillation. The dr\ 
distillation was conducted in a glass tube (4 mm inner 
diameter [i.d.] î 750 mm) filled with nitrogen gas b\ heating 
using an electric furnace for a80 min at a750 �C. The dr\-
distillation procedure was controlled b\ monitoring the 
astatine radioactivit\ using cadmium-]inc-tellurium (CZT) 
J-ra\ spectrometers (GRSs). The reliabilit\ of the 
simultaneous measurements of temperatures and the 
astatine radioactivit\ with thermocouples and CZT GRSs in 
the present experimental setup was confirmed. 

The adsorption temperature (Tads) of astatine on glass 
was determined more precisel\ to be 42.2 � 2.5 �C than the 
results obtained in the previous studies [3,4]. The 
adsorption was observed in a narrow temperature range of 
60±30 �C for the full width at half maximum (FWHM) of the 
radioactivit\ distributions, indicating that single volatile 
chemical species could be formed and adsorbed on the 
glass. 

The present Tads value of 42.2 � 2.5 �C was found to be 
different from the previousl\ reported values of 16 �C, 
272 �C, and 72 �C for At2 [5], At, and AtO2 [6], respectivel\, 
under the flowing gas measurement conditions. To 
understand the basic chemical nature of astatine and its 
volatile characteristics, further investigations need to be 
conducted to obtain comparable Tads data. 
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Fig. 1. Schematic diagram of thermal separation system showing 
an enlargement of the quartz tubes inserted within the stainless 
chamber.  
[a] Zinc samples, [b] Quartz spheres placed in between, [c] Inner 
quartz tube, [d] Outer quartz tube, [e] Adaptor, [f] Quartz tube for 
zinc deposition, [g] Top lid, [h] Electric tubular furnace, [i] Stainless 
cylinder, [j] Sublimation chamber, [k] Lead-shielded CZT detector, 
[l] Pressure gauge, [m] Leak bulb, [n] Cold trap, [o] Turbo 
molecular pump. 
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TKH REMHFWLYH RI WKH SURMHFW LV WR GHYHORS D KLJK-
SUHFLVLRQ VLQJOH-LRQ-LPSODQWDWLRQ V\VWHP WR FUHDWH D 
QLWURJHQ-YDFDQF\ (NV) FHQWHU LQ GLDPRQG. NV FHQWHUV SOD\ 
DQ LPSRUWDQW UROH LQ TXDQWXP WHFKQRORJLHV EHFDXVH WKH\ 
FDQ EH DSSOLHG WR TXDQWXP ELWV (TXELWV) DQG TXDQWXP 
VHQVRUV. FRU VXFK SXUSRVHV, LW LV QHFHVVDU\ WKDW RQH NV 
FHQWHU H[LVWV ZLWKLQ DSSUR[LPDWHO\ 20 QP DZD\ IURP RWKHU 
RQHV. WH DUH IDFLQJ VXFK D FKDOOHQJH ZLWK WKH VLQJOH-LRQ 
LPSODQWDWLRQ RI QLWURJHQ LQWR GLDPRQG: TKH NH\ WHFKQLTXHV 
DUH LRQ WUDSSLQJ DQG ODVHU FRROLQJ. TKHVH PDNH LW SRVVLEOH 
WR SURYLGH H[WUHPHO\ KLJK-TXDOLW\ LRQ EHDPV, ZKRVH 
HPLWWDQFH LV FORVH WR ]HUR. II DQ H[WUHPHO\ ORZ HPLWWDQFH LV 
DYDLODEOH, WKH EHDP VL]H FDQ EH D QDQRPHWHU VFDOH ZLWK DQ 
DSSURSULDWH IRFXVLQJ OHQV. MRUHRYHU, WKHVH WHFKQLTXHV 
HQDEOH XV WR LUUDGLDWH D WDUJHW ZLWK VLQJOH LRQV RQH E\ RQH. 
 
Construction of a linear-Paul-trap system 

AV GHVFULEHG DERYH, LRQ WUDSSLQJ DQG ODVHU FRROLQJ DUH 
NH\ WHFKQLTXHV IRU WKH SURMHFW. WH KDYH GHYHORSHG D OLQHDU-
PDXO-WUDS V\VWHP IRU FDOFLXP (CD) LRQV. FLJXUH 1 VKRZV D 
SKRWR RI WKH LQVLGH RI WKH WUDS FKDPEHU, ZKLFK KDV D OLQHDU 
PDXO WUDS, D CD RYHQ, DQ HOHFWURQ JXQ, DQG DQ LRQ GHWHFWRU. 
IQ DGGLWLRQ, WKH V\VWHP KDV WZR ODVHUV IRU FRROLQJ DQG 
UHSXPSLQJ ZLWK WKHLU RSWLFV DQG DQ HOHFWURQ-PXOWLSO\LQJ 
CCD FDPHUD IRU REVHUYDWLRQ RI ODVHU-LQGXFHG IOXRUHVFHQFH. 
WH KDYH VXFFHHGHG LQ GHWHFWLQJ LRQV, ZKLFK DUH JHQHUDWHG 
LQ WKH WUDS DQG HMHFWHG IURP WKH WUDS. WH DUH WU\LQJ WR WUDS 
LRQV LQ WKH WUDS DW SUHVHQW, DQG WKHQ DUH JRLQJ WR REVHUYH 
ODVHU-LQGXFHG IOXRUHVFHQFH. TKH LPPHGLDWH JRDO LV WKH 
IRUPDWLRQ RI D CD+ CRXORPE FU\VWDO. 
 
Examination of the choice of an electrostatic focusing 
lens for the single-ion-implantation system 

IQ WKH VLQJOH-LRQ-LPSODQWDWLRQ V\VWHP, D OLQHDU PDXO WUDS 
LV FRPELQHG ZLWK DQ DSSURSULDWH IRFXVLQJ OHQV LQ RUGHU WR 
KDYH D QDQREHDP. WH KDYH H[DPLQHG WKH FKRLFH RI D 
IRFXVLQJ OHQV: WZR NLQGV RI HOHFWURVWDWLF IRFXVLQJ OHQVHV, 
ELQ]HO DQG DFFHOHUDWLRQ OHQVHV, KDYH EHHQ FRPSDUHG. 
FLJXUH 2 VKRZV VFKHPDWLF ILJXUHV RI ERWK WKH OHQVHV. AQ 
ELQ]HO OHQV FRQVLVWV RI WKUHH HOHFWURGHV. AQ LRQ LV 
GHFHOHUDWHG EHWZHHQ WKH ILUVW DQG WKH VHFRQG HOHFWURGHV DW 
ILUVW, DQG WKHQ DFFHOHUDWHG EHWZHHQ WKH VHFRQG DQG WKH 
WKLUG HOHFWURGHV: TKH HQHUJ\ RI DQ LRQ GRHV QRW FKDQJH 
EHIRUH DQG DIWHU WKH OHQV. OQ WKH RWKHU KDQG, DQ 

DFFHOHUDWLRQ OHQV, ZKLFK KDV EHHQ GHYHORSHG DW 
QST/TDNDVDNL, LV FRPSRVHG RI WZR HOHFWURGHV. AQ LRQ LV 
DFFHOHUDWHG EHWZHHQ WKH WZR HOHFWURGHV. IQ ERWK WKH OHQVHV, 
DQ LRQ EHDP FDQ EH IRFXVHG ZLWK WKH DFFHOHUDWLRQ RU WKH 
GHFHOHUDWLRQ. IQ RUGHU WR FRPSDUH ERWK WKH OHQVHV, WKH 
PDJQLILFDWLRQ ZDV FDOFXODWHG ZLWK QXPHULFDO VLPXODWLRQV 
EDVHG RQ WKH MUNRO FRGH [1]. TKH UHVXOWV DUH VKRZQ LQ 
FLJ. 3 DV D IXQFWLRQ RI WKH N YDOXH, ZKLFK LV GHILQHG DV WKH 
HQHUJ\ UDWLR E1/E2. IW LV REYLRXV LQ FLJ. 3 WKDW WKH 
PDJQLILFDWLRQ RI ERWK WKH OHQVHV GHFUHDVHV PRQRWRQRXVO\ 
ZLWK WKH N YDOXH DQG WKDW WKH DFFHOHUDWLRQ OHQV WDNHV 
VPDOOHU N YDOXHV WKDQ WKH ELQ]HO OHQV IRU WKH VDPH 
PDJQLILFDWLRQ. SPDOOHU N YDOXHV OHDGV WR ORZHU YROWDJH 
UHTXLUHG WR IRFXV D EHDP. TKHUHIRUH, ZH KDYH VHOHFWHG WKH 
DFFHOHUDWLRQ OHQV DV WKH IRFXVLQJ OHQV RI WKH VLQJOH-LRQ 
LPSODQWDWLRQ V\VWHP. 
 
Reference 
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Fig. 3. Dependence of the magnification on the N value for an 
Einzel lens and an acceleration lens. For the N value, see the text. 

 
 

Fig. 1. Photo of the linear Paul trap system. 

 
 

Fig. 2. Schematic figures of (a) an Einzel lens and (b) an 
acceleration lens. E1 and E2 are the energy of an ion. 
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The research objective of LCS Gamma-ra\ Research 
Project is developing the technologies of high-brilliance  
J -ra\ generation and e[ploring its scientific and industrial 
applications such as nuclear ph\sics, nuclear astroph\sics 
and non-destructive measurement of nuclear material. The 
J-ra\ source is based on laser Compton scattering (LCS), 
which enables one to generate energ\-tunable mono-
energetic J-ra\s. In the research project, we are developing 
critical components for electron accelerators to achieve 
small-emittance and high-average current beams, J-ra\ 
optics and a Monte Carlo simulation code. 
 
Reconstruction of the LCS J-ray Distribution in the 
Energy-AQgle PhaVe SSace fURP CU\VWal DiႇUacWiRQ 
Data [1] 

The distribution of LCS photons in energ\-angle phase 
space reflects the parameters of the laser and electron 
beams at the collision point and provides the spectral 
densit\ and bandwidth available for LCS sources. 
Therefore, diagnostics of the energ\-angle phase space 
are important for the development of high-flu[, narrow-
bandwidth LCS sources. Such diagnostics have been used 
for photon energies below 100 keV, but have not been 
reali]ed for photon energies above 1 MeV. In this stud\, we 
demonstrated the reconstruction of energ\-angle phase 
space distribution of an LCS photon beam with energ\ of 
1.7 MeV b\ photon diႇraction using silicon mosaic cr\stal 
and silicon comb cr\stal with improved integral reflectivit\. 
The reconstructed photon distribution is well reproduced b\ 
numerical simulations. This diagnostic technique is an 
efficient tool for LCS source development and is also 
beneficial for the use of e[isting LCS facilities. 

The e[periment was carried out at the LCS beamline of 
the storage ring NewSUBARU as shown in Fig. 1. The 
diffraction cr\stal was installed just after the second 
collimator and a high-purit\ Germanium detector at the 
second hutch was used to measure the diffracted J-ra\ with 
rotating the cr\stal. From the measured J-ra\ spectrum, we 
can reconstruct the J-ra\ distribution at the energ\-angle 
phase space.  

Figure 2 shows the measured J-ra\ spectra with rotating 
a mosaic cr\stal. We can identif\ diffraction from the (440) 
plane around 1700 keV and diffraction from (220) plane 
around 850 keV in addition to the natural background at 
1461.7 keV. The energ\-angle phase space can be 
reconstructed b\ back-projection of the J-ra\ spectra as 
shown in Fig. 3. We show a result of Monte Carlo simulation 
with the e[perimental parameters for comparison. From the 
figure, we can confirm that the reconstructed distribution is 

well reproduced b\ numerical simulations. The 
demonstrated method provides an efficient diagnostic 
technique for evaluating the parameter of the electron and 
laser beams at the collision point and optimi]ing the 
collimator geometr\ to shape the energ\ spectrum. 
 
Low-lying electric and magnetic dipole strengths 
in207Pb [2] 

The low-l\ing electric (E1) and magnetic (M1) dipole e[-
citations in atomic nuclei have attracted interest during the 
past decades. The observation of such e[citations pro-
vides valuable information on collective and single-particle 
motions. Previousl\, the low-l\ing dipole strength 
distribution in 207Pb was studied b\ using nuclear 
resonance fluorescence (NRF). While the spins and 
parities of the states at 5490, 5598, and 5611 keV are 
known from previous work, those of the higher-l\ing states 
remain to be revealed. In this stud\, we conducted a NRF 
measurement of 207Pb using a quasi monochromatic, 
linearl\ polari]ed photon beam generated b\ laser 
Compton scattering (LCS). The e[perimental results were 
compared with predictions from the particle-vibration 
coupling with the quasi particle random-phase 
appro[imation model (PVC+QRPA) using Sk\rme effective 
forces. 

The e[periment was performed at the NewSUBARU 
storage ring facilit\ where the LCS photons with ma[imum 
energies of 5.8, 6.3, and 6.8 MeV were produced. Figure 4 
presents parts of the photon-scattering spectra observed at 
a polar angle of ș = 90ƕ relative to the incident photon beam 
with Ema[

 = 5.8 MeV. The spectrum was obtained at 
a]imuthal angles of ĳ = 0ƕ and 90ƕ relative to the polari]ation 
plane. 

To determine the spins and parities of the observed states, 
we used the a]imuthal intensit\ ratio defined b\ R� = N⊥/Nۅ 

P3-2  Project ³LCS GaPPa-Ua\´ 

 
Fig. 1. The LCS beamline of the storage ring NewSUBARU. 

 
Fig. 2. Diffracted J-ray spectra with rotating a mosaic crystal. The 
top line is the incident J-ray spectrum. 

 
Fig. 3. Energy-angle phase space in the horizontal plane: (a)   
reconstructed from the diffraction data and (b) obtained from 
Monte Carlo simulation. 

(a) (b)
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where N⊥(Nۅ) represents the intensit\ of resonant photons 
detected in the plane perpendicular (parallel) to the 
polari]ation plane at ș = 90ƕ. The E1 photoabsorption cross 
sections deduced from the present (J, J¶) e[periment are 
shown with those obtained from previous e[periments of  
(J, n) and calculations based on the PVC+QRPA. The 
predicted photoabsorption cross sections in the energ\ 
region from 5 to 10 MeV are shown in Fig. 5. The 
PVC+QRPA calculations are in reasonable agreement with 
the e[perimental data above § 6 MeV. A small bump 
observed around 8 MeV is reproduced for all three Sk\rme 
forces. 
 
Isomer production ratio of the 112Cd(n, J)113Cd reaction 
in an s-process branching point 

A ȕ-deca\ unstable isomer with a half-life of 14.1 \r at 
264 keV in113Cd is a branching point in the s-process, from 
which a weak branch reaches to a rare tin isotope115Sn 
whose astroph\sical origin has been an open problem. We 
have measured J-ra\s deca\ing to the ground state or the 
isomer in the112Cd(n, J)113Cd reaction using high-energ\ 
resolution detectors in conjunction with a time-of-flight 
method.  

The ratio at thermal energ\ was measured using 
neutrons at the JRR-3 nuclear reactor. To e[plore the ratio 
in an energ\ region of keV, we measured J-ra\s from 
neutron capture reactions on an enriched 112Cd target with 
intense neutron pulses provided b\ the Accurate Neutron-
Nucleus Reaction measurement Instrument (ANNRI) in the 
Materials and Life Science E[perimental Facilit\ (MLF) at 
the Japan Proton Accelerator Research Comple[ (J-PARC) 
The isomer production ratios were evaluated from the 
intensit\ ratios of J-ra\s populating the isomer to J-ra\s 
deca\ing to the total of the ground state and the isomer. In 
the previous e[periment, we measured the ratios of 
resonances with energies of up to 5 keV. In the present 
stud\, we conducted resonance measurements up to 30 
keV, the energ\ region relevant to the s-process in the core 

He burning of massive stars and shell He burning of low 
mass stars. 

Figure 6 shows t\pical J-ra\ energ\ spectra with a gate 
on 83 or 737 eV neutron energ\ in the TOF. Most J-ra\s in 
these spectra originate from e[cited states in 113Cd. 
Although the 333-keV J-ra\ is observed in some spectra 
with gates on neutron resonances in 112Cd we cannot 
assign its origin. A J-ra\ with an energ\ of 259 keV that 
deca\s to the 113Cd isomer is observed and J-ra\s deca\ing 
to the ground state with energies of 299 and 316 keV are 
also observed in both spectra. 

To evaluate the isomer production ratios as a function of 
neutron energ\, we evaluate the J-ra\ intensit\ ratios of 259 
keV to the sum of 259 and 299 keV, R = 259 keV/(259+299 
keV), obtained from individual J-ra\ spectra with a gate on 
a neutron resonance energ\ in Fig. 7. These ratios are 
e[pected to be appro[imatel\ proportional to the isomer 
production ratios. 

The result shows that the isomer production ratio does 
not increase drasticall\ in the energ\ region of E < 9 keV, 
supporting the previous results that the s-process 
contribution from the 113Cd isomer to the solar abundance 
of 115Sn is relativel\ minor. However, because the ratios in 
the energ\ higher than 9 keV have not been measured, the 
s-process origin of 115Sn is still an unresolved problem. 
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Fig. 5. E1 photoabsorption cross sections obtained from the 
experiment are compared with previous experiments and 
calculations based on the PVC+QRPA. 

 
Fig. 4. Photon-scattering spectra observed at a polar angle of ș = 

90ƕ relative to the incident photon beam and azimuthal angles of 
ĳ = 0ƕ (top) and 90ƕ (bottom) relative to the polarization plane of the 
LCS photon beam. 

 
Fig. 6. Energy spectra gated on 83 eV (a) and 737 eV 
resonances(b). J�rays radiated from neutron capture reactions on 
112Cd are clearly observed. 
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Fig. 7. J-ray intensity ratios of 259 keV decaying to the isomer to 
the sum of 259 and 298 keV decaying to the ground state. These 
values are expected to be approximately proportional to the 
isomer production ratios. The dashed line represents the expected 
ratio of resonances with a spin and a parity of Jʌ = 1/2+ calculated 
using a statistical model. The dotted line and dot-dashed lines 
represent those of Jʌ = 1/2í and Jʌ = 3/2í resonances, respectively. 
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The research objectives in our section are development 
of various accelerator-related-techniques including ion-
beam-irradiation-techniques and ion-beam-analyses. Each 
member has been engaged in individual research more 
than one. Recent remarkable studies are shown as follows; 
the first article is progression of idiopathic pulmonary 
fibrosis Is associated with silica/silicate Inhalation, and the 
second one is absolute local quantification of Li as function 
of state-of-charge in all-solid-state Li batteries via 2D MeV 
Ion-Beam Analysis. 
 
PUogUeVVion of idioSaWhic SXlmonaU\ fibUoViV iV 
aVVociaWed ZiWh Vilica/VilicaWe inhalaWion [1] 

Recently, environmental dust exposure has emerged as 
a possible risk factor for interstitial pneumonia. Inhaled 
silica/silicates and titanium are associated with the 
progression of rapidly progressive pneumoconiosis. 
However, the relationship between inhaled elements and 
idiopathic pulmonary fibrosis (IPF) remains unclear. In this 
study, we focused on IPF presenting with histological usual 
interstitial pneumonia and investigated the relationship 
between inhaled elements and IPF progression. We 
examined the elements in the lungs using in-air micro-
particle induced X-ray emission analysis (PIXE). Lung 
tissue samples with IPF were analy]ed and compared with 
control lung samples as shown in Fig. 1. There was a 
significant difference between IPF and the control lungs in 
terms of silicon, assumed to form silica/silicates. Inhaled 
silicon in the lungs significantly correlated with the annual 
decline in forced vital capacity in patients with IPF. 
Furthermore, IPF patients with higher accumulation of 
silicon showed a significantly poorer prognosis than those 
with lower accumulation of silicon in the lungs. These 
significant differences were also seen in multivariate 
analyses, including smoking history, IPF severity, and/or 
antifibrotic treatment. In-air micro-PIXE can be beneficial 
for detecting inhaled elements in the lung. These results 
indicate that inhaled silica/silicates in the lung may be partly 
involved in the progression of IPF. 
 

Absolute local quantification of Li as function of state-
of-charge in all-solid-State Li batteries via 2D MeV ion-
beam analysis 

Direct observation of the lithiation and de-lithiation in 

lithium batteries on the component and microstructural 
scale is still difficult. This work presents recent advances in 
MeV ion-beam analysis, enabling quantitative contact-free 
analysis of the spatially-resolved lithium content and state-
of-charge (SoC) in all-solid-state lithium batteries via 3 MeV 
proton-based characteristic x-ray and gamma-ray emission 
analysis. The analysis is demonstrated on cross-sections 
of ceramic and polymer all-solid-state cells with LLZO and 
MEEP/LIBOB solid electrolytes. Different SoCs are 
measured in ex-situ and one polymer-based operando cell 
is charged at 333 K during analysis. The data  obtained in 
reference [2] unambiguously show the migration of lithium 
upon charging. Quantitative lithium concentrations are 
obtained by taking the physical and material aspects of the 
mixed cathodes into account. This quantitative lithium 
determination as a function of SoC gives insight into 
irreversible degradation phenomena of all-solid-state 
batteries during the first cycles and locations of immobile 
lithium. The determined SoC matches the electrochemical 
characterization within uncertainties. The presented 
analysis method thus opens up a completely new access 
to the state-of-charge of battery cells not depending on 
electrochemical measurements. Automated beam 
scanning and data-analysis algorithms enable a 2D 
quantitative Li and SoC mapping on the µm-scale, not 
accessible with other methods as shown in Fig. 2. 
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Fig. 1. A PIXE spectrum and an elemental map of control lung 
tissue samples. Red: sulfur distribution and lung tissue form, Green: 
the distribution of silicon. 
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Fig. 1. Camera image of the 4.2 V charged LLZO-based cells as 
seen through the beam window (center) with a schematic of the cell 
setup (right) including approximate thicknesses. The red rectangle 
marks the analysis region of 50 × 300 µm2 and the resulting Co 
mapping by PIXE and Li mapping by PIGE (left). 
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Introduction  

Polymer electrolyte membrane (PEM) is key material for 
next-generation energy devices such as metal-air batteries 
and fuel cells, and are desired to have both high 
mechanical strength and high ion conductivity. However, 
the fact that not only the chemical composition (molecular 
design) but also the polymer association state (hierarchical 
structure) in the micron to nano range affects the material 
properties and functions has hindered the progress of 
material creation. In addition, structural evaluation by X-ray 
and neutron scattering techniques requires microscopic 
image models for scattering profile analysis [1]. In this study, 
we performed structural measurements by atomic force 
microscopy (AFM) on PEMs prepared by radiation-induced 
graft polymerization, which does not require a film-forming 
process that affects the hierarchical structure. 
Experimental 

A 50 µm thick ethylene tetrafluoroethylene (ETFE) 
substrate film was irradiated with 15 kGy of J-rays under an 
Ar atmosphere. After immersion in a 40 vol% styrene 
/toluene solution, the membrane was immersed in 0.2 M 
chlorosulfonic acid/1,2-dichloroethane solution followed by 
pure water at 50°C to obtain a PEM grafted with polystyrene 
sulfonic acid (PSSA) (Scheme 1). The water uptake (WU 
[%]) of the PEM was calculated using following equation: 

WU (%) = (Ws,wet – Ws,dry) / Ws,dry × 100 
where Ws,wet and Ws,dry are the masses of water-swollen and 
dried PEM, respectively. 

The AFM measurements were performed by AFM5300E 
(Hitachi, Tokyo, Japan) equipped with an open-loop 
scanner. The PEMs were embedded in epoxy resin and 
sectioned by an ultramicrotome for cross-sectional imaging. 
All AFM measurements were performed at room 
temperature with a relative humidity range of 20% – 30%. 

Results and discussion 

In the AFM phase images of cross-sections of ETFE-
PEM with different grafting degree (GD), the structure 
derived from hard PSSA graft chains was observed in the 
area of small phase shift, and the area increased with 
increasing GD (Fig. 1a, b, black area). The area ratio of the 
PSSA-derived structure and the volume ratio calculated 
from the membrane weight measurement showed good 
agreement, indicating that quantitative evaluation is 

possible (Fig. 1c).  
The size (radius from the center of mass) of the PSSA-

derived structures contributing to ionic conduction was 
calculated from image analysis, and it monotonically 
increases up to 39% GD to about 12 nm, whereas it 
significantly increases at 46% GD (Fig. 2a, Ŷ). As shown in 
Fig. 2b, this result indicates that above the GD threshold 
(here about 40%), adjacent PSSA-derived structures fuse, 
affecting, for example, the connectivity of ion conduction 
paths (Fig. 2a, ż). The structural properties of PEMs can be 
visualized and semi-quantitatively characterized by AFM [2]. 
The unnoticed hydrophilic domains of a few tens of nm are 
expected to enable the design of the functions of PEM. 
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Scheme 1. Process of PS grafting and sulfonation with ETFE 
base film. 
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Fig. 1. (a,b) Binarized phase images for the cross-section of 
ETFE-PEM with a GD of (a) 16% and (b) 46%. The phase shift 
distribution was also shown with a threshold point (dashed line).  
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Fig. 2. (a) Plot of size of PSSA-GHULYHG�VWUXFWXUHV��Ŷ��OHIW�D[LV��
and water content of PEM (ż, right axis) against GD. 
(b) Schematic diagram of ETFE-PEM at low GD ~ 39% where 
each grafted domain is separate from the others, and ETFE-PEM 
at high GD where several domains are grown and fused together 
to create a larger domain.  
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Anion conducting electrol\te membrane (AEM) fuel cells 
(AEMFCs) have recentl\ received a widespread attention 
because of their promising power densit\ and cost 
advantage in utili]ation of platinum group metal (PGM)-free 
catal\sts [1]. These properties suggest them as candidates 
to replace proton conducting electrol\te membrane (PEM) 
fuel cells (PEMFCs). However, several issues associated 
with AEMFCs have not been well resolved so far, 
particularl\ in terms of alkaline durabilit\ and ion 
conductivit\. Recentl\, our group developed a new series of 
imida]olium-t\pe AEMs (SWIm-AEM) b\ radiation-induced 
grafting method, where 2-(4-ethen\lphen\l)-1-prop\l-1H-
imida]ole monomers were grafted into pol\(eth\lene-co-
tetrafluoroeth\lene) (ETFE) base films [2]. These AEMs 
exhibit well-balanced properties of high ion conductivit\ and 
moderate alkaline stabilit\; the AEMs degraded via the 
initial ring opening reactions and following oxidation 
reaction of the imida]olium unit. 

In this stud\, we aimed to improve the durabilit\ of SWIm-
AEM. AEMs were s\nthesi]ed b\ grafting pol\(2-(4-
ethen\lphen\l)-1,4,5-trimeth\l-N-alk\l-imida]olium), which 
have meth\l substituents on 4,5-position of imida]olium 
unit. The effect of the number of the carbon atoms on alk\l 
substituents was investigated. 

2-(4-ethen\lphen\l)-1,4,5-trimeth\l-1H-imida]ole (Me-
StIm) as a graft monomer was s\nthesi]ed using 4-
vin\lben]aldeh\de and 2,3-butanedione with the ammonia. 
The ETFE films were irradiated with a 60Co J-ra\ source 
(QST Takasaki) at room temperature in argon atmosphere 
with an absorption dose of 50 kG\. The pre-irradiated ETFE 
films were immersed into the argon-purged monomer 
solution of Me-StIm in 1,4-dioxane (50 vol%). The imida]ole 
groups in the grafted-ETFE were N-alk\lated b\ alk\l iodide. 
The resultant AEMs were immersed in 1 M HCl, followed b\ 
1 M KOH at room temperature for 16 h to give the OH- forms 
of the AEMs, as shown in Fig. 1. 

The ionic conductivit\ was measured b\ two-point probe 
AC impedance spectroscop\ at 100% relative humidit\ in 

N2-purged deioni]ed water. The alkaline stabilit\ of AEMs 
was evaluated b\ monitoring the change in conductivit\ of 
AEMs in 1 M KOH at 80 �C. 

The pol\(Me-StIm)-grafted ETFE films with grafting degrees 
of 50% were successfull\ prepared and the N-alk\lation 
reaction proceeded quantitativel\. Me-Me-AEM, Me-Pr-AEM, 
and Me-BX-AEM with calculated IECs of 1.55, 1.42 and 1.39 
mmol g-1 showed ionic conductivities of 91, 46, and 13 
mS cm-1 at 60�C, respectivel\. The conductivities were 
decreased drasticall\ with increasing the h\drophobicit\ of 
alk\l substituents. The water uptake of these AEMs were 
72, 49, and 7%, respectivel\. 

Figure 2 shows the normali]ed conductivities of the 
AEMs on the basis of the initial conductance as a function 
of immersion time. The Me-Me-AEM become a gel and lose 
their strength within 50 h immersion and the Me-BX-AEM 
showed sudden loss of conductivit\. On the other hand, the 
Me-Pr-AEM showed good alkaline stabilit\ even though 
compared with 4,5-unsubstituted SWIm-AEM. The 
conductivit\ loss of the Me-BX-AEM probabl\ due to the 
loss of ion channel connection. The gradual loss of 
conductivit\ was mainl\ caused b\ imida]olium ring 
opening degradation reaction, which triggered b\ the attack 
of h\droxide ion at the 2-position of imida]olium ring. Thus, 
these results indicated that the importance to take a 
balance between steric protection and membrane 
properties. Accordingl\, the Me-StIm-graft-ETFE with 
appropriate N-alk\l substituents would be promising AEM 
for alkaline durable AEMFCs.  
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Fig. 2. The AEM conductivities after being immersed in 1 M KOH 
at 80 �C. 
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Fig. 1. Reaction scheme, grafting-degree (GD), and a number of 
the carbon atoms on alk\l substituents for prepared AEMs. 
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SeparaWion and pXrificaWion of gas molecXles ZiWh similar 

ph\sical and chemical properWies are an imporWanW maWWer in 
indXsWr\. In Whe presenW s\sWem for Whe gas separaWion and 
pXrificaWion, hoZeYer, iW is accompanied b\ a large energ\ 
loss [1]. The permselecWiYe membranes are reqXired Wo 
redXce Whe energ\ loss. 

RadiaWion-indXced grafW pol\meri]aWion is a XsefXl 
WechniqXe for inWrodXcing neZ fXncWional pol\mers inWo 
pol\mer sXbsWraWes. We preYioXsl\ reporWed WhaW Whe 
h\drogen permselecWiYe membranes Zere prepared b\ Whe 
grafW pol\meri]aWion ZiWh J-irradiaWed pol\Yin\lidene flXoride 
films [2]. On Whe oWher hand, Zhen pol\mer films are 
irradiaWed ZiWh heaY\ ion beam insWead of J-ra\s, radicals 
are prodXced in Whe laWenW Wrack. The grafW pol\meri]aWion of 
Yin\l monomers proceeds from Whe radicals, generaWed in 
Whe laWenW Wrack Wo prodXce perpendicXlarl\ aligned 
c\lindrical grafW-pol\mer region ZiWh seYeral hXndred nm 
diameWer. In Whis Zork, Ze propose a deYelopmenW of gas 
permselecWiYe membranes b\ Whe combinaWion of Whe ion-
beam irradiaWion and Whe grafW pol\meri]aWion (Fig. 1) and 
sXmmed Xp of grafW-W\pe permselecWiYe gas membranes 
Xsing nXclear Wracks b\ ion beam irradiaWion. 

SXbsWraWes ZiWh grafW-W\pe gas permselecWiYe membrane 
Zas Xsed eWh\lene WeWraflXoroeWh\lene copol\mer (ETFE) 
films (AGC Inc.) and pol\(Yin\lidene chloride) (PVDC, 
ASAHI-KASEI Corp.) ZiWh 25 Pm Whickness Zere irradiaWed 
ZiWh 560 MeV Xe ions (129Xe26+) or 310 MeV Kr ions 
(87Kr20+) aW TIARA, respecWiYel\. The irradiaWed films Zere 
immersed inWo YarioXs monomer solXWions conWaining of p-
WrimeWho[\sil\l sW\rene (TMSS), Yin\leWho[\silane (VESI) or 
3-meWhacr\lo[\prop\lmeWh\l dieWho[\silane (3-MPMDS) 
(TMSS, VESI or 3-MPMDS/WolXene = 50:50 Yol.%) aW 60 �C 
Wo obWain Whese-grafWed films. PermeabiliWies of h\drogen 
(H2), o[\gen (O2), niWrogen (N2), and meWhane gas (CH4) 
WhroXgh Whe grafWed films Zere condXcWed b\ a differenWial 
pressXre meWhod. 

GrafWing degree (GD), gas permeabiliW\, and gas 
permeaWion raWio ZiWh Whe obWained films are sXmmari]ed in 
Table 1. The H2, O2, N2, and CH4 permeaWion WhroXgh Whe 
original PVDC and ETFE films Zere qXiWe loZ, in Zhich 
each gas permeabiliW\ e[hibiWed beloZ 0.8 î 10-11 
mol/secām2āPa. These gas permeabiliWies of Whe ion-beam 
irradiaWed (non-grafWed) PVDC films shoZed 4.5 - 5.0 î 104 
Wimes higher Whan original film, and Whe permeabiliW\ WhroXgh 
ion-beam irradiaWed ETFE film shoZed 1.3 Wo 9 Wimes higher 
Whan original one. 

PVDC-J-TMSS film (GD:12%) shoZed higher H2 gas 
permeaWion (6.4 î 10-11  mol/secām2āPa). The highesW 
permeaWion raWio (H2/N2, H2/N2) Zas 5.8 and 6.0, 
respecWiYel\. The H2 and CH4 permeabiliWies of Whe ETFE-J-
TMSS film (GD:1.9%) Zere 119 î 10-9 and 53 î 10-9 
mol/secām2āPa, respecWiYel\, and Whe H2/CH4 Zas 0.3. On 
Whe oWher hand, The H2 permeabiliW\ of Whe ETFE-J-VESI, 
and 3-MPMDS (GD:0.9 and 2.7%) Zere 978 and 25780 
Wimes larger Whan WhroXgh ETFE-J-TMSS films, and H2/CH4 
Zas 4.5 and 2.2, respecWiYel\. IW Zas foXnd WhaW Whe 
appropriaWe selecWion of Whe sXbsWraWe membrane and Whe 
grafW chains coXld selecWiYel\ e[WracW Whe WargeW gas b\ Whe 
meWhod of filling Whe nXclear Wracks ZiWh grafW chains. 
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Table 1  
GD, gas permeabiliW\, and gas permeaWion raWio ZiWh films obWained 
b\ Whe combinaWion of ion beam irradiaWion and grafW 
pol\meri]aWion. 

Fig. 1. S\nWheWic illXsWraWion of gas permselecWiYe films prepared b\ 
Whe combinaWion of ion beam irradiaWion and grafW pol\meri]aWion. 
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InWrodXcWion 

VanadiXm redo[ floZ baWWer\ (VRFB) iV Whe ke\ deYice Wo 
VWore and/or leYel Whe inWermiWWenW reneZable energ\ oXWpXW. 
The degradaWion of Whe elecWrode of VRFB iV a Wechnical 
iVVXe becaXVe VRFB freqXenWl\ repeaWV charge/diVcharge 
operaWionV. The preYioXV VWXdieV inViVWed Whe reaVon for 
degradaWion iV noW e[plained b\ Whe changeV of VXrface 
o[\gen groXpV aW Whe negaWiYe elecWrode [1], and e[plained 
b\ Whe corroVion of Whe graphiWe felW [2]. HoZeYer, Whe deWail 
of Whe degradaWion iV VWill Xnder diVcXVVion becaXVe Vome 
VWarWing maWerialV for Whe elecWrodeV iniWiall\ conWain VXrface 
o[\gen VpecieV. In WhiV VWXd\, Ze emplo\ed a Vingle-Zalled 
carbon nanoWXbe (SWCNT) ZiWhoXW VXrface o[\gen groXpV 
aV Whe VWarWing maWerial for Whe elecWrode. SWCNT ZaV 
acWiYaWed b\ Whe elecWron beam irradiaWion, and When 
repeWiWiYel\ charged and diVcharged Xnder acceleraWed 
degradaWion condiWionV (1.8  V). X-ra\ phoWoelecWron 
VpecWroVcop\ ZaV performed for each elecWrode. 
E[perimenWal VecWion 

SWCNT elecWrode VheeW ZaV prepared b\ YacXXm 
filWraWion [3]. SWCNT poZder (Zeon CorporaWion) ZaV 
diVperVed in meWhanol b\ VonicaWion. The SWCNT 
VXVpenVion ZaV When filWered Xnder YacXXm and dried aW 
100 �C ZiWh eYacXaWion. Then SWCNT VheeW (75 ȝm-Whick) 
ZaV irradiaWed b\ 29.7 MG\ of Whe elecWron beam in Whe air 
aW TARRI. A cXVWom-bXilW Vingle-cell VeWXp made of a carbon 
block ZiWh an inWerdigiWaWed floZ field ZaV XVed for charge-
diVcharge meaVXremenW (cXWoff aW 1.8  V/0.6  V). The 
irradiaWed SWCNT VheeW ZaV VandZiched b\ a carbon 
paper (MFK, MiWVXbiVhi Chemical Corp.) and WheVe Zere 
placed on boWh Whe negaWiYe and Whe poViWiYe VideV XVed aV 
elecWrodeV, and Nafion 117 membrane ZaV XVed aV Whe 

VeparaWor. The concenWraWion of YanadiXm acWiYe maWerialV 
ZaV 1 M, Zhich ZaV diVVolYed in VXlfXric acid aqXeoXV 
VolXWion. The VXrface elemenWV of Whe elecWrodeV Zere 
anal\]ed b\ an X-ra\ phoWoelecWron VpecWromeWer 
(PHI5000VerVaprobe II, ULVAC-PHI) aW TARRI. 
ReVXlWV and diVcXVVion 

The VXrface o[\gen VpecieV ZaV noW foXnd for Whe 
priVWine SWCNT (Table 1), WhXV Whe effecW of original o[\gen 
VpecieV can be neglecWed. FigXre 1 VhoZV Whe daWa of Whe 
acceleraWed degradaWion WeVW b\ charge/diVcharge. The 
charging YolWage increaVed, Whe diVcharging YolWage 
decreaVed, and Whe diVcharge capaciW\ decreaVed dXring 
Whe repeWiWiYe operaWion. Table 1 VhoZV Whe VXrface 
elemenWal fracWion of each elecWrode b\ XPS anal\ViV. The 
VXrface o[\gen aW Whe negaWiYe elecWrode decreaVed afWer 
Whe acceleraWed degradaWion WeVW. RelaWiYel\ high YolWage 
(1.8 V) VhoXld decreaVe Whe poWenWial aW Whe negaWiYe 
elecWrode. The VXrface o[\gen iV conVidered Wo be redXced 
dXe Wo Whe loZ poWenWial. Since Whe VXrface o[\gen groXpV 
are belieYed Wo be acWiYe ViWeV for Whe reacWion aW Whe 
negaWiYe half-cell [4], Whe decompoViWion of Whe VXrface 
o[\gen aW Whe negaWiYe half-cell iV aWWribXWed Wo Whe main 
reaVon for Whe degradaWion. 
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Fig. 1. Charge/diVcharge profileV dXring Whe acceleraWed 
degradaWion WeVW. 
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e-beam: 29.7 MGy Table 1. 
The VXrface elemenWal fracWion of each elecWrode b\ XPS anal\ViV. 

  Surface elemental fraction  

  C O N  
Pristine  100 N.D. N.D.  

Before the test  81 18 0.4  

After the test Negative 89 10 1.1  

Positive 83 17 0.4  

  *N.D.: Not detected.  
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H\drogen storage materials composed of loZ-cost and 

environmentall\ friendl\ metals such as Al, Fe promote 
reali]ing a h\drogen societ\. Although Al and Fe 
demonstrate almost no h\drogen storage at ordinar\ 
temperature and pressure, it has recentl\ been investigated 
that Al-Fe allo\ (Al3FeH4) store h\drogen under high 
temperature and high-pressure conditions [1]. This Al-Fe 
allo\ is thermod\namicall\ predicted to store h\drogen 
even under normal temperature and pressure, and if it can 
be reali]ed, an ine[pensive and lightZeight h\drogen 
storage materials can be provided. In this stud\, Al-Fe thin 
films Zere prepared b\ sputtering method, and the 
h\drogen distribution in the films Zas investigated b\ ion 
beam anal\sis techniques. As a result, Ze found that 
h\drogen is uniforml\ distributed in the amorphous Al-Fe 
thin film. 

The Al-Fe films Zas deposited on Si (100) substrates in 
an Ar gas atmosphere (0.18 Pa) b\ using an rf magnetron 
sputtering Zith a sintered target (atomic ratio of Al: Fe = 76: 
24). The h\drogen distribution in the films Zas measured 
b\ ERD (elastic recoil detection) and the composition of the 
films Zas measured b\ RBS (Rutherford backscattering 
spectroscop\) using 3 MV single-ended accelerator at QST 
Takasaki. For the ERD measurement, an anal\]ing beam 
of 2.8 MeV 4He+ Zas incident on the sample at an angle of 
75� to the surface normal and the recoiled h\drogen atoms 
Zere detected at an angle of 30� Zith respect to the 
anal\]ing beam. An Al foil (12 ȝm thickness) Zas placed in 
front of the detector to stop the forZard scattered He ions. 
For the RBS measurement, an anal\]ing beam of 2.0 MeV 
4He+ Zas incident on the sample and the backscattered 
particles Zere detected at an angle of 165� Zith respect to 
the anal\]ing beam. The thickness of the films Zas 
confirmed b\ cross sectional TEM observation. The 

structure of films Zas characteri]ed b\ XRD (X-ra\ 
Diffraction) Zith CuKa radiation. 
   Figure 1 shoZs the XRD patterns from the Al-Fe and Al 
films deposited on Si (100) substrates at room temperature. 
It can be confirmed that the Al film has a pol\cr\stalline 
structure from diffraction peaks of Al 111 and Al 200, and 
the Al-Fe film has an amorphous structure from single 
broad peak around 35 degrees. The Al-Fe films features an 
amorphous structure in spite of metal. The results of RBS 
measurements confirmed that the composition of the Al-Fe 
films Zas almost same as that of the Al-Fe sputtering target. 
The results of ERD measurements of the Al-Fe (247 nm 
thickness) and Al (160 nm thickness) films are shoZn in 
Figure 2. The ERD spectra in Fig.2 corresponds to the 
h\drogen distribution in the Al-Fe film (a) and the Al film (b), 
the h\drogen in the Al-Fe film is more abundant than in the 
Al film, and the h\drogen is uniforml\ distributed from the 
surface to the Si substrate interface. The amount of 
h\drogen in the Al-Fe film is estimated to be about 18 at%. 
Our measurements indicate the amorphous Al-Fe film has 
h\drogen-storage properties at ordinar\ temperature and 
pressure. It is not clear at this time hoZ h\drogen in the Al-
Fe film Zas incorporated in the film. Therefore, Ze plan to 
clarif\ the mechanism of incorporation of h\drogen into the 
film. 
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Fig. 1. X-ray diffraction patterns for the Al-Fe film and the Al film. Fig. 2. ERD spectra for the Al-Fe film (a) and the Al film (b). 
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According to the Basic Hydrogen Strategy formulated in 

March 2019, efforts for popularization of 800,000 fuel cell 
vehicles (FCVs) by 2030 are declared as one of the goals 
in the field of mobilities in Japan. To achieve this goal, the 
cost of polymer electrolyte fuel cells (PEFCs) for the FCVs 
should be reduced; the cost of about 20,000 yen/kW for the 
current PEFCs is required to be reduced to about 5,000 
yen/kW. In the PEFCs, platinum of several tens grams is 
used as a catalyst to enhance the reaction at the cathode 
as shown in Fig. 1. Therefore, non-precious metal catalysts 
have been desired to reduce the cost of the PEFCs. An 
oxygen reduction reaction (ORR; O2 + 4H+

 + 4e-
 ĺ 2H2O) 

occurs at the cathode in the PEFC. This ORR proceeds 
through production of some intermediates (*OOH, *O, *OH) 
as shown in Fig.1. The adsorption energy of the 
intermediates on the catalyst surface dominates the 
performance of the catalysts, therefore, appropriate 
adsorption energy of each intermediate should be 
controlled to realize the highest performance. However, 
theoretical calculation has revealed that the equilibrium 
potential (E0

 = 1.23 V vs. RHE) cannot be achieved in the 
case of platinum catalysts because the adsorption energy 
of the intermediates is independently uncontrollable on the 
platinum catalysts [1]. On the other hand, another 
theoretical calculation has predicted that titanium oxide 
(TiO2) with oxygen defects and/or doped heteroatoms 

exhibit the possibility to realize the equilibrium potential of 
1.23 V vs. RHE [2]. Here, we propose the quantum beam 
irradiation technique as a method to form ideal catalytic 
sites and electron conductive paths for TiO2. In this work, a 
mixture of TiO2 powder/polyacrylonitrile/carbon nanotube 
was irradiated by 2 MeV electron beam with dose of 5 MGy 
under N2 atmosphere and pyrolyzed at 1000 °C under N2 
atmosphere. Comparing with the unirradiated sample, the 
EB-irradiated sample showed higher ORR activity: 
enhanced current density and onset potential for the ORR 
(Fig. 2). This result indicated that the treatments of EB-
irradiation and subsequent pyrolysis are effective to form 
catalytic sites and electron conductive path for TiO2 powder. 
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FLg. 1. SFKHPH RI WKH SRO\PHU HOHFWURO\WH IXHO FHOO (PEFC) aQG 
R[\JHQ UHGXFWLRQ UHaFWLRQ (ORR) aW WKH FaWKRGH. 
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FLg. 2. ORR aFWLYLW\ RI TLO2 FaWaO\VW V\QWKHVL]HG E\ XWLOL]LQJ EB-
LUUaGLaWLRQ WHFKQLTXH. 
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Modification of pol\meric materials b\ quantum beam 
irradiation (2) 

 
A. Idesaki, A. Hiroki, S. HasegaZa and Y. MaekaZa 

 
DeparWmenW of AdYanced FXncWional MaWerials Research, TARRI, QST 

 
The Basic H\drogen SWraWeg\ Zas formXlaWed b\ 

H\drogen and FXel Cell SWraWeg\ CoXncil in March 2019. In 
Whe Basic H\drogen SWraWeg\, efforWs for popXlari]aWion of 
fXel cell Yehicles (FCVs) and h\drogen sWaWion (HRSs) are 
declared as one of Whe mosW imporWanW issXes in Whe field of 
mobiliWies. The main componenWs insWalled in Whe FCVs are 
fXel cells and high pressXre-h\drogen Wanks so WhaW Whe 
cosWs of Whem shoXld be redXced in order Wo reali]e Whe 
popXlari]aWion of FCVs and HRSs. In Whe case of Whe high 
pressXre-h\drogen Wanks, Whe cosW of �700,000 for one 
cXrrenW Wank is reqXired Wo be redXced Wo aroXnd �300,000. 
The common high pressXre-h\drogen Wank for FCVs, W\pe 
IV Wank, is composed of plasWic liners and carbon fiber 
reinforced plasWics (CFRPs). IW is effecWiYe Wo redXce Whe 
amoXnW of e[pensiYe carbon fiber in order Wo reali]e Whe loZ 
cosW-Wank, Wherefore, noYel high performance-pol\meric 
maWerials Zhich can be alWernaWiYe Wo Whe CFRPs haYe been 
sWrongl\ desired. 

The maWerials in Whe W\pe IV Wank are e[posed repeaWedl\ 
Wo seYere condiWions sXch as high pressXre of 70 MPa, Zide 
WemperaWXre range of -40 �C Wo 85 �C. Especiall\, Whe 
maWerials mXsW reWain sXfficienW dXrabiliW\ againsW Whe high 
pressXre-h\drogen; Whe maWerials ZiWh loZ h\drogen gas 
permeabiliW\ and high mechanical properWies are desirable. 
Professor NishimXra aW K\XshX UniYersiW\ has sXmmari]ed 
relaWionship beWZeen h\drogen gas permeabiliW\ and 
elongaWion aW break for YarioXs pol\meric maWerials as 
shoZn in Fig. 1. AlWhoXgh Whe pol\meric maWerials shoXld 
mainWain Whe capabiliW\ of elasWic deformaWion againsW Whe 
repeWiWiYe loading and Xnloading in Whe pracWical Xse, Whe 
elongaWion can be one of Whe indicaWors for Whe screening of 
maWerials. Hard pol\amides, Zhich e[hibiW loZ h\drogen 
gas permeabiliW\ and loZ elongaWion aW break, cannoW afford 
large deformaWion. Pol\eWh\lenes, Zhich e[hibiW high 
elongaWion aW break, can afford large deformaWion, hoZeYer, 

cannoW sXppress Whe h\drogen gas permeaWion. According 
Wo Whe relaWionship as shoZn in Fig. 1, oXr goal for 
deYelopmenW of pol\meric maWerials ZiWh loZ h\drogen gas 
permeabiliW\ and high mechanical properWies is Wo achieYe 
Whe ³TARGET ZONE´. We haYe e[amined inWrodXcWion of 
crosslinking sWrXcWXre inWo Whe pol\meric maWerials, Zhich is 
e[pecWed Wo redXce Whe h\drogen gas permeabiliW\ and 
enhance Whe mechanical properWies, XWili]ing qXanWXm 
beam irradiaWion WechniqXe. In Whis Zork, foXr kinds of 
pol\amides Zere irradiaWed b\ 60Co gamma-ra\s Xp Wo dose 
of 2500 kG\ Xnder YacXXm aW ambienW WemperaWXre. AfWer 
Whe irradiaWion, Whe samples Zere immersed inWo formic 
acid/chloroform for 48h aW room WemperaWXre and dried aW 
80�C for 16h Xnder decompression Wo measXre Whe gel 
fracWion. The gel fracWion Zas calcXlaWed b\ Whe folloZing 
eqXaWion: 

Gel fracWion (%) = W1 / W0 î 100 
Zhere W0 is Whe iniWial ZeighW (g) and W1, Whe final ZeighW 
(g) of dried sample. IW Zas foXnd WhaW Whe gel fracWion 
increased in Whe dose range of seYeral hXndred kG\ dXe Wo 
Whe crosslinking Wo prodXce insolXble componenW. OWher 
measXremenWs sXch as Wensile WesWs, e[posXre WesWs for 
high pressXre-h\drogen gas, and so on, haYe been Xnder 
condXcWing. These daWa Zill be sXmmari]ed as a daWabase 
for discXssion of Whe gXideline for deYelopmenW of high 
pressXre-h\drogen-resisWanW pol\meric maWerials. 
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Fig. 1. RelaWionship beWZeen H2 permeabiliW\ and Wensile properW\ 
for YarioXs pol\meric maWerials. 

 
Fig. 2. Change of gel fracWion of pol\amides afWer gamma-ra\ 
irradiaWion Xnder YacXXm aW ambienW WemperaWXre. 
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StXd\ on nitrogen-doping into carbon material b\ Xtili]ing 
electron beam irradiation techniqXe 
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Nitrogen-doped (N-doped) carbon materials Zhich 

e[hibit the catal\tic actiYit\ for an o[\gen reduction reaction 
(ORR; O2 + 4H+

 + 4e-
 ĺ 2H2O) have been expected as a 

platinum-alternative catalyst in the cathode of proton 
exchange membrane fuel cells. As shown in Fig. 1, nitrogen 
is doped into carbon structure as several chemical 
structures: pyridinic nitrogen, graphitic nitrogen, pyrrolic 
nitrogen and oxidized nitrogen. It has been reported that 
the requirements for catalytic activity of N-doped carbon are 
the formation of a graphite structure and the incorporation 
of N into carbon as the pyridinic nitrogen structure [1], 
therefore, it is important to develop a method to fabricate 
N-doped carbon in high efficiency. In many cases, the N-
doped carbons have been fabricated by pyrolysis of blends 
of precursor polymers and/or metal-compounds. However, 
the catalytic activity of obtained N-doped carbons is not 
sufficient because of their low N content (N/C ~ 0.02). In this 
work, N-doping into carbon materials was examined by 
utilizing electron beam (EB) irradiation technique. 

Graphene o[ide (GO) poZder Zas irradiated b\ 2 MeV 
electron beam (EB) Zith dose of 100 kG\ in 28% ammonia 
Zater at room temperature. After the irradiation, the 
chemical states of nitrogen (N) in the carbon materials Zere 
inYestigated b\ X-ra\ photoelectron spectroscop\ (XPS). 
The N/C of about 0.08 Zas obtained GO sample Zhich is 
four times higher than that of conYentional N-doped carbon. 
It Zas found that the main chemical structure of N Zas 
p\ridinic N in the GO sample; the incorporated N Zas 
consisted of 49% of p\ridinic N, 35% of p\rrolic N, 14% of 
graphitic N and 2% of o[idi]ed N. The XPS measurement 
reYealed that the decreasing in the o[\gen species such as 
C=O, COOH and C=O. This result suggests that N 
incorporation into the GO structure Zas achieYed through 
the decomposition of C=O, COOH and C=O bonds, as 
illustrated in Fig. 2. The ORR catal\tic actiYit\ of obtained 
N-doped GO Zas eYaluated b\ a rotating disk method in 
the o[\gen-saturated 0.5 M H2SO4 (Fig. 3). Comparing Zith 
the as-receiYed GO sample, the obtained N-doped GO 
sample shoZed higher negatiYe current densit\ at higher 
potential, indicating that higher performance for the ORR. 
As a conclusion, the N-doping into carbon materials b\ 
utili]ing EB irradiation technique is useful to fabricate 
carbon material Zith the ORR actiYit\. 
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Fig. 1. Chemical structure of N-doped carbon. 

N
N N

NH

OH

pyridinic

pyrrolic

graphitic

oxidized

 
Fig. 3. ORR actiYit\ of N-doped GO obtained b\ EB irradiation 
technique. 
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Fig. 2. Scheme of N-doping into graphene o[ide b\ EB irradiation. 
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Preparation of ion-track membranes of polystyrene 
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A pol\mer film is irradiated Zith MeV-GeV heaY\ ions, 
and the damaged regions in a c\lindrical shape, referred to 
as latent tracks, are susceptible to a proper etchant. There 
haYe been numerous studies on the resulting ion-track 
membranes for pol\(eth\lene terephthalate) and 
pol\carbonate because the tracks of these materials are 
easil\ dissolYed in an alkaline solution. HoZeYer, Yer\ feZ 
studies haYe been reported for ion-track membranes of 
radiation-resistant pol\st\rene (PS); to our knoZledge, onl\ 
one proceeding report [1] Zas published b\ J. KaeZsaenee 
eW aO. The\ reported the conditions of irradiation and the 
subsequent chemical etching, but the\ did not mention the 
information regarding the depth direction of the prepared 
pores, L.e., Zhether or not the pores penetrated through the 
PS film. We discuss the morpholog\ of the pores to 
demonstrate their cone structure using surface and cross-
sectional scanning electron microscope (SEM) images 
toZard deYeloping the first e[ample of PS ion-track 
membranes Zith through-pores. 
Experimental 

Commerciall\-aYailable 50-�m-thick PS films Zere 
irradiated Zith 560 MeV 129Xe ions at a fluence of 3.0 î 106 
ions/cm2 from the TIARA c\clotron of the QST. The 
irradiated PS films Zere etched in a mi[ture of 40% H2SO4 
and 1.2 mol/L K2Cr2O7 at 80 �C Zithout stirring. The etched 
samples Zere Zashed Zith a large amount of Zater and 
dried for 4 h in air. The surface and cross-section of the 

membranes Zere obserYed Zith an SEM after their Au 
coating. To prepare cross-sections Zithout an\ distortion, 
Ze tried tZo sectioning methods; one Zas commonl\ used 
free]e fracturing and the other Zas neZ electron-beam 
irradiation fracturing.  
Results and discussion  

Figures 1 (a)-(d) shoZ the SEM images of the surface of 
the membranes prepared b\ etching for 8, 16, 24 and 48 h. 
The pores Zith surface diameters of 0.78, 2.1, 2.4 and 3.9 
ȝm Zere obtained. Figure 1 (e) shoZs a plot of etching time 
and the pore diameter. The longer the time Zas, the larger 
the pore si]e became, confirming the Yalidit\ of the results. 

In order to inYestigate the pore morpholog\, cross-
sectional specimens Zere prepared. As shoZn in Fig. 2 (a), 
the cut surfaces obtained b\ the free]e fracturing seemed 
not to be flat and Zere far from ideal; such the large 
distortion made it impossible to obserYe the cross-section 
of the pores clearl\. On the other hand, the ion-track 
membrane Zas irradiated in air Zith 2 MeV electron beams 
at a dose of 355 MG\, leading to embrittlement as a 
consequence of radiation effects. Thus, the sample Zas 
easil\ broken to giYe cut surfaces Zith much loZer 
distortion and to increase the image resolution as seen in 
Fig. 2 (b). Figure 2 (c) shoZs an enlarged YieZ of the cross-
section near the surface, confirming non-penetrating cones 
Zith a depth of 6.2 �m and aspect ratio of 2.6.  
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Fig. 1. The SEM images (a)-(d) of the surface of the membranes, 
Zhich Zere obtained b\ the 8, 16, 24 and 48-h etching. (e) Zas the 
relationship betZeen etching time and the diameter of ion-track PS 
membranes. 
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Fig. 2. The cross-sectional SEM images of ion-track PS 
membranes. The specimens Zere prepared b\ using (a) free]e 
fracturing and (b, c) and electron-beam irradiation fracturing. 
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TheUmal imageUV YiVXali]e Ueal-Wime VXUface 

WempeUaWXUe diVWUibXWion ZiWhoXW conWacW baVed on infUaUed 
imaging. The accXUac\ of WheUmal imaging haV become 
incUeaVingl\ impoUWanW ZiWh Whe ZideVpUead XVe of a WheUmal 
imageU aV a feYeU VcUeening Wool Wo pUeYenW Whe VpUead of 
infecWioXV diVeaVeV. FlaW-plaWe blackbod\ infUaUed UadiaWoUV 
aUe WempeUaWXUe UefeUenceV WhaW coUUecW Whe meaVXUemenW 
eUUoUV of Whe WheUmal imageUV aW Whe VcUeening ViWeV, 
enabling moUe accXUaWe onViWe meaVXUemenWV. High-
pUeciVion UefeUence UadiaWoUV VhoXld haYe a high emiVViYiW\ 
İ (cloVe Wo 1). HoZeYeU, conYenWional high-emiVViYiW\ 
maWeUialV haYe inVXfficienW mechanical dXUabiliW\, making iW 
difficXlW Wo emplo\ Whem foU onViWe UefeUence UadiaWoUV. We 
haYe deYeloped dXUable peUfecW blackbod\ VheeWV ZiWh 
nXmeUoXV micUo conical piW VWUXcWXUeV (anWiUeflecWion (AR) 
VWUXcWXUeV) foUmed b\ high-eneUg\ ion WUack eWching 
WechniqXe and demonVWUaWed high emiVViYiW\ and in-plane 
XnifoUmiW\ of Whe VheeW [1, 2]. In WhiV VWXd\, Ze fabUicaWed a 
blackbod\ plaWe b\ appl\ing Whe blackbod\ VheeW 
Wechnolog\, and deYeloped a high-pUeciVion flaW-plaWe 
UefeUence UadiaWoU eqXipped ZiWh Whe blackbod\ plaWe. 

The blackbod\ plaWe conViVWV of Whe lighW abVoUpWion la\eU 
of a caUbon-baVed painW on an alXminXm VXbVWUaWe and Whe 
AR la\eU of a UV-cXUable UeVin (Fig. 1(a)). A Pol\ all\l 
digl\col caUbonaWe (CR-39 in WUade name) VXbVWUaWe ZaV 
eWched afWeU being iUUadiaWed ZiWh eneUgeWic heaY\ ion beam 
fUom an a]imXWhall\ YaU\ing field c\cloWUon aW Whe TakaVaki 
Ion AcceleUaWoUV foU AdYanced RadiaWion ApplicaWion 
(TIARA). A Pol\dimeWh\lVilo[ane (PDMS) Ueplica mold ZaV 
made b\ WUacing Whe AR VWUXcWXUe on Whe CR-39 VXbVWUaWe 
afWeU eWching. The AR VWUXcWXUe of Whe UV-cXUable UeVin on 
Whe blackbod\ plaWe ZaV VXcceVVfXll\ foUmed XVing Whe 
PDMS Ueplica mold (Fig. 1(b)). The UeflecWance (= 1 í İ) of 
Whe blackbod\ plaWe VhoXld be XlWUaloZ in Whe meaVXUemenW 
ZaYelengWh Uange of WheUmal imageUV (W\picall\ fUom 7 ȝm 
Wo 14 ȝm). OXU blackbod\ plaWe e[hibiWed VXfficienWl\ loZ 
UeflecWance < 0.001 (İ > 0.999) oYeU Whe WaUgeW ZaYelengWh 
Uange (Fig. 1(c)) [3]. 

A pUoWoW\pe of flaW-plaWe UefeUence infUaUed UadiaWoU ZaV 
fabUicaWed b\ moXnWing Whe blackbod\ plaWe on a PelWieU XniW 
Wo conWUol WempeUaWXUe (Fig. 2). The UefeUence UadiaWoU 
achieYed an XnpUecedenWedl\ Vmall e[panded XnceUWainW\ 
(95 % leYel of confidence) of a0.1 �C foU Whe Uadiance 
WempeUaWXUe [4] (The emiVViYiW\ of Whe conYenWional 
UefeUence UadiaWoU pUodXcW iV W\picall\ 0.96 � 0.02, UeVXlWing 
in an e[panded XnceUWainW\ of a0.4 �C). The AR VWUXcWXUe 
fabUicaWed b\ high-eneUg\ ion WUack eWching pla\ed a piYoWal 

Uole in Whe high emiVViYiW\ of oXU UefeUence blackbod\ 
UadiaWoU. The high-pUeciVion UefeUence blackbod\ UadiaWoU 
Zill conWUibXWe Wo impUoYing Whe UeliabiliW\ of non-conWacW 
feYeU VcUeening b\ WheUmal imageUV. 
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Fig. 1. (a) SchemaWic cUoVV VecWion, (b) Vcanning elecWUon 
micUoVcop\ image of AR VXUface, and (c) hemiVpheUical 
UeflecWance of Whe blackbod\ plaWe foU UefeUence UadiaWoU. 

Fig. 2. PUoWoW\pe of flaW-plaWe UefeUence infUaUed UadiaWoU. 
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The Whermochemical ZaWer-VpliWWing h\drogen prodXcWion 
meWhod, called iodine±VXlfXr (IS) proceVV, haV been 
deYeloped Wo redXce CO2 emiVVion. In Whe IS proceVV, a 
neZ proWon-e[change membrane (PEM) [1] prepared b\ 
Whe radiaWion-indXced grafW pol\meri]aWion haV been applied 
Wo Whe elecWro-elecWrodial\ViV (EED), Zhich can enrich 
h\drogen iodide (HI) in an HI-I2-H2O mi[WXre (HI[ VolXWion). 
We deYeloped Whe PEMV b\ a radiaWion grafWing meWhod [1], 
Zhich inYolYeV Whe irradiaWion of Whe baVe pol\mer film ZiWh 
J-ra\V and grafW pol\meri]aWion for inWrodXcWion of Whe caWion 
e[change groXpV. The prepared PEMV ZiWh Whe high ion 
e[change capaciW\ (IEC) Zere foXnd Wo VhoZ Whe H+ 
condXcWiYiW\ higher Whan WhaW of Whe conYenWional PEM. 
UnforWXnaWel\, hoZeYer, WheVe highl\-condXcWiYe PEMV 
VhoZed loZer VelecWiYiW\ (H+ and H2O): Whe\ Xne[pecWedl\ 
permeaWed Whe oWher chemical VpecieV VXch aV I- and H2O 
becaXVe Whe ion channelV compoVed of Whe h\drophilic grafW 
chainV and abVorbed ZaWer ZoXld VZell e[ceVViYel\.  

QXiWe recenWl\, Ze haYe VWarWed Wo deYelop Whe PEMV b\ 
an ion-Wrack grafWing WechniqXe XVing MeV-GeV heaY\ ionV, 
inVWead of J-ra\V. SXch a high-energ\ ion beam can creaWe 
Whe one-dimenVional c\lindrical ion channelV. The reVXlWing 
c\lindrical ion channelV can efficienWl\ WranVporW H+, Zhile 
Whe VXrroXnding Xnmodified regionV can reVWricW Whe e[ceVV 
VZelling of Whe ion channelV. So far, iW ZaV confirmed WhaW 
Whe ion-Wrack grafWed PEM coXld haYe Whe pracWical 
applicabiliW\ Wo EED [2]. In WhiV VWXd\, Whe effecW of ion 
VpecieV on Whe H+ and H2O VelecWiYiW\ ZaV inYeVWigaWed. 

In order Wo Yerif\ Whe effecW of bombarding ionV, Whe baVe 
pol\(eWh\lene-co-WeWraflXoroeWh\lene) film irradiaWed ZiWh 
560 MeV 129Xe and 520 MeV 40Ar aW 3.0 î 108 and 1.0 î 109 
ionV/cm2, reVpecWiYel\. For Whe PEM preparaWion, WhiV ZaV 
folloZed b\ grafW pol\meri]aWion of VW\rene inWo Whe ion 
WrackV and VXlfonaWion of Whe grafWed VW\rene XniWV (referred 
Wo aV 129Xe and 40Ar PEMV). The 129Xe and 40Ar PEMV had 
IECV of 1.0-2.3 mmol/g Zhile Whe PEMV prepared b\ Whe 
conYenWional J-ra\-indXced grafWing (referred Wo aV a J-ra\ 
PEM) e[hibiWed 1.1-2.4 mmol/g [1]. For Whe HI concenWraWion 
WeVW, Whe EED cell ZiWh an effecWiYe area of 5 cm2 ZaV XVed. 
An aqXeoXV HI/I2 VolXWion aW Whe molaliW\ of [HI] = [I2] = 10 
mol/kg ZaV VXpplied Wo boWh Whe caWhode and anode VideV. 
The EED ZaV condXcWed aW 40�C b\ appl\ing a conVWanW 
cXrrenW of 200 mA/cm2. The WranVporW nXmber (t+) and ZaWer 
permeaWion facWor (E) aV H+ and H2O VelecWiYiW\ Zere 
calcXlaWed b\ meaVXring Whe Wime coXrVe of Whe VolXWion 
concenWraWionV dXring Whe EED operaWion. 

FigXre 1 VhoZV Whe t+ YalXeV of Whe WeVWed PEMV aV a 
fXncWion of IEC. The meaVXred YalXeV decreaVed ZiWh an 
increaVe of IEC, and Where ZaV no difference beWZeen Whe 

129Xe and 40Ar PEMV. AW loZer Whan 1.5 mmol/g of IEC, Whe 
t+ YalXeV of Whe 129Xe and 40Ar PEMV Zere higher Whan WhoVe 
of J-ra\ PEM, VXggeVWing WhaW H+ VelecWiYiW\ ZaV improYed 
b\ Whe ion-Wrack grafWing WechniqXe. 

FigXre 2 VhoZV Whe IEC dependence of E. The YalXeV of 
129Xe and J-ra\ PEMV Veemed Wo e[hibiW a Vimilar Wrend in 
WhaW Whe\ repreVenWed Whe ma[imXm in Whe YiciniW\ of IEC = 

1.5 mmol/g. On Whe oWher hand, Whe E YalXe of Whe 40Ar PEM 
ZaV almoVW independenW of IEC; eVpeciall\, WhiV ZaV noW 
enhanced aroXnd IEC = 1.5 mmol/g. TheVe reVXlWV VXggeVW 
WhaW Whe grafWing ZiWh Whe lighWer ionV ZoXld giYe XV PEMV 
ZiWh VXppreVVed H2O permeaWion for Whe HI concenWraWion. 
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Fig. 2. IEC dependence of ZaWer permeaWion facWorV (129:ەXe, 
■:40Ar, ▲:J-ra\). 
 

Fig. 1. IEC dependence of WranVporW nXmberV (129:ەXe, ■:40Ar, 
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InWUodXcWion 

 Iron-based superconductors haYe some fascinating 
properties for applications, such as reasonabl\ high 
superconducting transition temperature Tc, a quite smaller 
anisotrop\ Ȗ and larger critical grain boundar\ angle than 
high-Tc cuprate superconductors. In order to emplo\ 
superconductors in the practical application, it is crucial to 
raise the critical current densit\ Jc in magnetic fields. The 
high in-field Jc performance could be obtained b\ 
introducing nano-si]ed precipitates and defects, Zhich can 
pin the Yortices. The desirable Yorte[-pinning defects could 
be afforded b\ ion irradiation, Zhich basicall\ enables the 
creation of Yarious defects, such as points, clusters and 
tracks, b\ choosing appropriate ion species and energ\. We 
haYe introduced pinning defects in iron-chalcogenide 
FeSe0.5Te0.5 (FST) superconducting films to enhance Jc in 
magnetic field b\ ion irradiation.1,2) In this stud\, Ze report 
the effect of the irradiation fluence Zith 190 keV proton on 
superconducting properties in FST thin films. 
E[peUimenW  

 All FST films Zith a100 nm thickness Zere fabricated 
b\ the pulsed laser deposition (PLD) method using a 
Nd:YAG laser (Ȝ = 266 nm). The same FST film Zas 
characteri]ed before and after irradiation to eliminate the 
influence of sample Yariations. A beam of 190 keV proton 
at fluences of 5î1014 to 1î1016 ions/cm2 Zas directed to the 
film surface at normal incidence. Superconducting 
transport properties Zere measured using the conYentional 
four-probe method in a ph\sical propert\ measurement 
s\stem (PPMS D\naCool, Quantum Design). 
ReVXlWV and DiVcXVVion 

Figure 1 shoZs Tc as a function of fluence for FST films 
before and after 190 keV irradiation at (a) 0 T and (b) 10 T 
Zith H//c. Interestingl\, the FST film irradiated at a 5î1014 
ions/cm2 dose e[hibited an increase of Tc at 0 T b\ a0.3 K. 
The enhancement of Tc could arise from the nanoscale 
compressiYe strain produced b\ the proton irradiation.1) 
HoZeYer, Tc decreased after the irradiation at oYer 1î1015 
ions/cm2 doses. We also found that the Tc enhancement at 
10 T for the FST films irradiated at a 5î1014 ions/cm2 dose 
is larger than that at 0 T. In addition, the increase of Tc at 
10 T Zas obserYed in the FST film irradiated at a 1î1016 
ions/cm2 dose, Zhich shoZs a decrease of Tc at 0 T after 
the irradiation. This could be attributed to the Yorte[ pinning 
defects produced b\ 190 keV proton irradiation.  

Figure 2 shoZs magnetic field dependence of Jc 
enhancement, (Jcafter  Jcbefore)/Jcbefore, for FST films 
irradiated Zith 190 keV protons. Upon irradiation at 
fluences from 1î1015 to 1î1016 ions/cm2, s\stematic Jc 

enhancement Zas obserYed in the magnetic field, reaching 
a80% enhancement oYer 7 T. This indicates that the 
structural defects produced b\ 190 keV proton irradiation 
can be highl\ effectiYe pinning centres.  

Our studies shoZ that 190 keV proton irradiation is 
sufficient in order to proYide a strong pinning defect 
landscape in iron-chalcogenide FeSe0.5Se0.5 supercon- 
ducting films. 
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Fig. 1. Fluence dependence of Tc at (a) 0 T and (b) 10 T for FST 
films before and after the 190 keV irradiation. 
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Fig. 2. Jc enhancement as a function of magnetic field for FST films 
irradiated with 190 keV protons. 
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Our preYious stud\ demonstrated that the Pt 

nanoparticles (NPs) on an Ar+-irradiated glass\ carbon (GC) 
substrate e[hibited a higher o[\gen reduction reaction 
(ORR) actiYit\ than those on the non-irradiated GC 
substrate [1]. From the [-ra\ absorption fine structure 
(XAFS) measurements, Ze found that the Yacanc\ 
introduction increased the Pt-C interaction [2], Zhich Zould 
change the electronic structure of the Pt NPs. We also 
performed the in ViWX XAFS measurements in an O2 
atmosphere to elucidate the electronic states of the Pt NPs 
upon O2 adsorption, Zhich is the first step of the ORR 
process. We demonstrated that the Pt-O* antibonding leYel 
due to o[\gen adsorption Zere loZered in energ\. The 
obserYed shift suggests that electrons could easil\ be filled 
in the antibonding leYel because its leYel gets close to the 
Fermi leYel, leadings to a Zeaker Pt-O* bond. Since Pt binds 
o[\gen too strongl\ and thus the ORR rate is limited b\ the 
remoYal of surface o[ide [3], the Zeak Pt-O* bond results in 
higher ORR actiYit\. In order to elucidate the origin of the 
Zeakened Pt-O* bond, Ze simulated the o[\gen adsorption 
to a Pt cluster supported b\ graphene Zith Yacancies. 

We simulated o[\gen adsorption to Pt4 cluster supported 
on the pristine graphene (PG) and the graphene sheet Zith 
the double Yacancies (DV), Zhich has the smallest 
formation energ\ for the sheet Zith Yacancies until si[, in 
Zater b\ the molecular d\namics calculation using the Car-
Parrinello MD approach [4] Zithin a planeZaYe 
pseudopotential scheme. The total energies Zere conYerted 
to Gibbs free energies. 

We found that the o[\gen adsorption and the supported 
form of Pt4 cluster b\ graphene sheet for DV are different 
from that for PG, as shoZn in Fig. 1. For the o[\gen 
adsorption, the o[\gen binds to the Pt atom Zith Pt-C bond 
for DV Zhilst adsorbs to the Pt atom Zithout Pt-C bond for 
PG. For the supported form, tZo Pt atoms haYe tZo Pt-C 
bonds in DV. On the other hand, one Pt in the interface has 
onl\ one Pt-C bond in PG. Thus, these results suggest that 
the Yacancies affect to the o[\gen adsorption through the 
Pt-C bond. The changes of free energ\ before and after 
o[\gen adsorption for both cases are estimated to be      
-0.385 eV for DV and -1.113 eV for PG. This indicates that 
the o[\gen adsorption Zas Zeakened b\ the Yacancies 
because the gain of free energ\ before and after o[\gen 
adsorption Zas small. Therefore, Ze could assume the model 
Zith the Zeakened Pt-O* bond b\ the Yacanc\ introduction, 
Zhich is consistent Zith our preYious XAFS research. 

We estimated the h\bridi]ation of electron orbital 
betZeen Pt cluster, the adsorbed o[\gen, and graphene 

sheet. The orbital oYerlap populations betZeen Pt 5d and O 
2S orbitals Zere estimated to be 0.07 for DV, and 0.13 for 
PG, respectiYel\. The small h\bridi]ation betZeen Pt 5d and 
O 2S orbitals for DV compared to that for PG means that the 
Pt-O* bond is Zeakened b\ the Yacancies. We also found 
that the h\bridi]ation betZeen Pt 5𝑑௭మ  and C 2S orbitals 
Yer\ increases b\ the Yacanc\ introduction. This implies the 
increase of Pt-C interaction b\ the Yacanc\ introduction, 
Zhich is consistent Zith the result in our preYious XAFS 
stud\ [2]. The origin of the strong h\bridi]ation betZeen Pt 
5𝑑௭మ and C 2S orbitals is that the coYalent bond electrons of 
the carbon atom ne[t to the Yacancies due to the Yacanc\ 
introduction are deficient and then are compensated from 
the Pt 5d electrons. Therefore, Ze found that the strong 
h\bridi]ation betZeen Pt 5𝑑௭మ  and C 2S leads to the 
reduction of the oYerlap populations betZeen Pt 5𝑑௭మ and 
O 2S orbitals. In the stud\, Ze demonstrated that the origin 
of the Zeakened Pt-O* bond is the increase of Pt-C 
interaction b\ the Yacanc\ introduction into carbon support 
in Pt catal\sts and the Yacanc\ can change the bond 
strength betZeen Pt and adsorbates in ORR process. 
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Fig. 1. The structure of Pt4 cluster Zith adsorbed o[\gen molecule 
on (a) the PG and (b) the DV in Zater. YelloZ, blue, red, and Zhite 
balls are Pt, carbon, o[\gen, and h\drogen atoms, respectiYel\. 



- 41 - 

QST Takasaki Annual Report 2021  

CKePLcaO VWaWe Rf SOaWLQXP LRQV LPSOaQWed LQWR JOaVV\ 
caUbRQ VXbVWUaWeV 

 
T. KimaWa 

a,b), S. KaWo 
b), T. Koba\aVhi 

c), S. YamamoWo 
a), T. Yamaki 

a) and T. Terai 
b) 

 
a)

 DeparWmenW of AdYanced FXncWional MaWerialV ReVearch, TARRI, QST 
b)

 DeparWmenW of NXclear Engineering and ManagemenW, The UniYerViW\ of Tok\o 
c)

 NeXWron Beam Technolog\ Team, RIKEN 
 

GlaVV\ carbon (GC) haV been Zidel\ XVed aV an 
elecWrode maWerial, oZing Wo iWV graphiWe-like properWieV and 
e[cellenW chemical and elecWrochemical VWabiliW\. We 
inYeVWigaWed Whe effecW of WXngVWen (W)-ion implanWaWion on 
GC VXbVWraWeV in WermV of Whe W depWh diVWribXWion and Whe 
chemical and morphological properWieV of Whe implanWed 
la\er. UnforWXnaWel\, nanoparWicleV of W carbide and W 
Vemicarbide WhaW appeared in Whe implanWed GC la\er had 
inWrinVicall\ loZ elecWrochemical acWiYiW\1). We haYe recenWl\ 
prepared elecWrochemicall\ acWiYe plaWinXm (PW) 
nanoparWicleV on Ar+-implanWed GC VXbVWraWeV, Zhere Whe 
PW-C bonding promoWed b\ ion-beam-indXced laWWice 
defecWV ZoXld be Whe origin of Whe higher acWiYiW\2). Here, Whe 
GC VXbVWraWeV Zere implanWed ZiWh PW ionV Wo efficienWl\ 
e[preVV PW/C inWerfacial inWeracWionV, and When the chemical 
states of the constituent elements in the Pt-ion-implanted 
GC substrate were investigated3). 

The GC VXbVWraWeV Zere implanWed ZiWh 100 keV PW ionV 
in an IA chamber aW Whe TIARA ion implanWer. Sample 
anal\ViV ZaV performed b\ X-ra\ phoWoelecWron 
VpecWroVcop\ (XPS); a 2 keV Ar-ion VpXWWering gXn ZaV 
XVed for deVWrXcWiYe in-depWh anal\ViV of Whe PW-ion-
implanWed la\er.  

FigXreV 1 (a) and (b) VhoZ PW 4f and C 1V VpecWra 
obWained for Whe VampleV afWer Whe Ar-ion VpXWWering for 
differenW dXraWionV, reVpecWiYel\. AV VhoZn b\ Whe blXe line 
in Fig. 1 (c), for VpXWWering longer Whan 120 V, Whe inWenViW\ 
of Whe PW 4f peak gradXall\ increaVed aV Whe PW-ion-
implanWed la\er ZaV e[poVed on Whe VXrface and Whe PW 
concenWraWion increaVed. AW depWhV greaWer Whan 30 nm, Whe 

PW 4f peak VhifWed WoZard loZer energieV (red line in Fig. 1 
(c)), VXggeVWing WhaW Whe chemical VhifW alVo haV an effecW.  
Since Whe chemical VhifW iV e[pecWed Wo be dXe Wo Whe 
formaWion of PW-C bondV, Ze alVo e[amined Whe C 1V XPS 
VpecWra. The green line in Fig. 1 (c) indicaWed WhaW Whe peak 
poViWion of C 1V VhifWed Wo loZer energ\ aV Whe VpXWWering 
Wime increaVed and Whe meaVXred la\er became deeper. 
Comparing Whe C 1V VhifW ZiWh Whe PW concenWraWion 
diVWribXWion, Whe peak VhifWed WoZard loZer energieV aV Whe 
PW concenWraWion increaVed. HoZeYer, Whe difference 
beWZeen Whe binding energ\ for WhiV peak and WhaW for Whe PW 
carbide ZaV appro[imaWel\ 0.7 eV, VXggeVWing WhaW WhiV 
peak VhifW ZaV noW oZing Wo Whe formaWion of PW carbide 
molecXleV, bXW oZing Wo Whe inWeracWion beWZeen PW and C, 
aV obVerYed in oXr preYioXV VWXdieV2). 
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FLJ. 1. (a) PW 4f XPS and (b) C 1V XPS VpecWra of Whe GC Vample implanWed ZiWh 100 keV PW ionV aW a flXence of 1.7î1016 ionV/cm2. Sputtering 
time indicates the irradiation time by an Ar-ion sputtering gun. (c) The peak energies at Pt 4f7/2 (red line) and C 1s (green line), and peak 
intensity (blue line) at Pt 4f7/2, against the sputtering time. 
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X-ra\ e[ciWed opWical lXmineVcence (XEOL) iV 
phoWolXmineVcence indXced b\ X-ra\ illXminaWion on 
maWerialV. X-ra\ abVorpWion VpecWrXm (XAS) of Whin film 
fabricaWed on a WranVparenW VXbVWraWe VXch aV MgO can be 
obWained b\ meaVXring XEOL emiWWed inVide Whe VXbVWraWe 
becaXVe iWV inWenViW\ iV baVicall\ proporWional Wo X-ra\ 
abVorpWion of a film [1].X-ra\ magneWic circXlar dichroiVm 
(XMCD), a difference in XAS for righW- and lefW-handed 
circXlarl\ polari]ed X-ra\V, can be XVed aV a microVcopic 
probe of magneWiVm. X-ra\-deWecWed ferromagneWic 
reVonance (XFMR) iV a WechniqXe Wo inYeVWigaWe 
magneWi]aWion d\namicV in ferromagneWic filmV or 
mXlWila\erV Zhich reqXireV Wo deWecW Yer\ Vmall XMCD 
Vignal aVVociaWed ZiWh Vpin preceVVion [2]. SXch Vignal iV 
obWained b\ meaVXreing XEOL from VXbVWraWeV. In caVe of 
MgO, XEOL iV mainl\ aWWribXWed Wo Cr3+ impXriWieV. 

In Whe reVearch and deYelopmenW of qXanWXm and 
VpinWronic maWerialV, iW iV imporWanW Wo e[pand applicabiliW\ 
of XFMR Wo diYerVe claVV of maWWer. In WhiV VWXd\, Ze Wried Wo 
enhance Whe inWenViW\ of XEOL from MgO VXbVWraWe b\ 
increaVing denViW\ of Cr3+ ZiWh ion implanWaWion Wo faciliWaWe 
Whe XFMR e[perimenW. 

Cr ion implanWaWion ZaV performed XVing an ion 
implanWer aW TIARA. Prior Wo ion implanWaWion, MgO(001) 
VXbVWraWeV (aboXW 10 î 10 mm2 ZiWh 0.5 mm Whick) are 
proceVVed b\ XlWraVonic cleanVing in aceWone and 
iVopropanol, and VXbVeqXenW UV o]one irradiaWion Wo 
prepare a clean VXrface. 190-keV acceleraWed Cr+ ion beam 
ZaV irradiaWed on MgO VXbVWraWeV aW room WemperaWXre ZiWh 
Yar\ing flXenceV from 1014 Wo 1016 ionV/cm2). Ion beam 
energ\ ZaV VeW Wo ma[imi]e Whe amoXnW of Cr ionV aW 
aroXnd 100 nm from a VXrface. IrradiaWed MgO VXbVWraWeV 
are annealed aW 900 �C for 1 h, and Wheir VXrface roXghneVV 
ZaV eYalXaWed b\ aWomic force microVcop\. 

XEOL meaVXremenW ZaV performed aW BL-19B aW Whe 
PhoWon FacWor\, KEK. Linearl\ polari]ed X-ra\ ZiWh an 
energ\ of 720 eV ZaV XVed. SampleV Zere kepW aW room 
WemperaWXre dXring Whe e[perimenW. XEOL VpecWra Zere 
meaVXred XVing a FLAME-S-VIS-NIR-ES VpecWromeWer 
(Ocean InVighW, Inc., USA). 

FigXre 1 VhoZV Whe XEOL VpecWra of MgO. XEOL 
inWenViW\ iV enhanced for VampleV ZiWh Whe flXence of   
1015 /cm2 and 1016 /cm2 aV compared Wo WhaW of priVWine MgO. 

On Whe oWher hand, a VlighWl\ Vmaller XEOL inWenViW\ ZaV 
obVerYed for Whe 1014 /cm2 flXence Vample Whan WhaW of 
priVWine MgO. Black barV in Fig. 1 repreVenW peakV 
originaWing from Whe Cr3+ ion. ThiV reVXlW indicaWeV WhaW Cr3+ 
impXriW\ aV XEOL color cenWer in MgO ZaV VXcceVVfXll\ 
increaVed b\ Cr ion implanWaWion. HoZeYer, XEOL inWenViW\ 
ZaV noW proporWional Wo Whe Cr ion flXence. ThiV ma\ come 
from Whe difference in VXrface roXghneVV beWZeen differenW 
flXence. We need fXrWher inYeVWigaWion Wo deWermine opWimal 
flXence and poVW-annealing proceVV Wo ma[imi]e XEOL 
inWenViW\. 

In conclXVion, Cr ion implanWaWion VXcceVVfXll\ increaVed 
XEOL inWenViW\ from MgO. Ion implanWaWion Wo VXbVWraWe 
maWerialV iV e[pecWed Wo be a Yiable meWhod Wo enhance Whe 
efficienc\ of Whe XEOL-XAS e[perimenW. 
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Fig. 1. X-ra\ e[ciWed opWical lXmineVcence (XEOL) VpecWra of MgO. 
Black barV repreVenW peak poViWionV of Cr3+ deriYed lXmineVcence. 



- 43 - 

QST Takasaki Annual Report 2021  

RadiaWion UeViVWance of diamond FeFET ZiWh inoUganic 
feUUoelecWUic gaWe 

 
T. KaZae 

a), H. Oka]aki 
b) and T. Yamakib) 

 
a)

 College of Science & EngineeUing, Kana]aZa UniYeUViW\ 
b)

 DepaUWmenW of AdYanced FXncWional MaWeUialV ReVeaUch, TARRI, QST 
 
InWUodXcWion 

IW iV Zell knoZn WhaW Whe poZeU deYiceV e[ploiW Whe limiWed 
poZeU VoXUce efficienWl\ foU elecWUical eqXipmenW. FoU oXWeU 
Vpace deYelopmenW in neaU fXWXUe, iW iV UeqXiUed Wo cUeaWe 
Whe poZeU deYiceV ZiWh e[cellenW UeViVWance Wo UadiaWion and 
heaW Ua\V. Widegap VemicondXcWoU diamond iV knoZn Wo be 
a pUomiVing candidaWe aV a ne[W-geneUaWion poZeU deYice 
maWeUial ZiWh e[cellenW UadiaWion UeViVWance. Then, in oUdeU 
Wo enhance Whe efficienW opeUaWion of poZeU FET deYiceV, 
Ze pUopoVed Whe feUUoelecWUic gaWe diamond FET (FeFET), 
and demonVWUaWed iWV W\pical pUopeUWieV VXch aV an efficienW 
caUUieU indXcing [1]. In addiWion, inoUganic feUUoelecWUicV alVo 
haYe VXpeUioU UadiaWion UeViVWance [2]. ThXV, Whe abiliW\ Wo 
opeUaWe Whe diamond FeFET ZiWh inoUganic feUUoelecWUic 
gaWe in e[WUemel\ haUVh enYiUonmenWV e[poVed Wo UadiaWion 
and heaW Ua\V iV UeqXiUed foU fXUWheU e[panVion of 
applicaWion aUeaV of Whe oXWeU Vpace indXVWU\. 

FUom oXU pUeliminaU\ VWXd\ of FeFET ZiWh Zidegap 
VemicondXcWoU ZnO and inoUganic feUUoelecWUic Pb(ZU,Ti)O3 
(PZT) in J-Ua\ enYiUonmenWV, Ze foXnd WhaW elemenWal 
diffXVion aW Whe channel-feUUoelecWUic gaWe inWeUface iV Whe 
moVW VeUioXV pUoblem caXVed b\ J-Ua\ iUUadiaWion [3]. BaVed 
on Whe aboYe UeVXlWV, Ze haYe pUepaUed MeWal FeUUoelecWUic 
InVXlaWoU SemicondXcWoU (MFIS)-W\pe gaWe [4] and VelecWiYe 
gUoZn channel VWUXcWXUeV WhaW compoVe diamond FeFET, 
and inYeVWigaWed elecWUical pUopeUWieV of pUepaUed VWUXcWXUeV 
Wo high-eneUg\ J-Ua\ iUUadiaWion. 
E[SeUimenWal SUocedXUe 

The p+-diamond la\eU ZaV depoViWed on Whe (111) 
diamond VXbVWUaWe b\ a micUoZaYe plaVma chemical YapoU 
depoViWion meWhod. To pUepaUe Whe MFIS gaWe, AX, PZT and 
Al2O3 filmV ZeUe depoViWed on Whe p+-diamond coaWed 
VXbVWUaWe b\ WheUmal eYapoUaWion, chemical VolXWion 
depoViWion and aWomic la\eU depoViWion meWhodV, 
UeVpecWiYel\. The p--diamond channel and p+-diamond 
VoXUce/dUain elecWUode ZeUe VelecWiYel\ gUoZn on Whe (111) 
diamond VXbVWUaWe XVing paWWeUned Ni haUd-maVk film. 

The pUepaUed MFIS gaWe and diamond channel 
VWUXcWXUeV ZeUe iUUadiaWed ZiWh J-Ua\V aW Co-60 iUUadiaWion 
faciliW\ of TARRI, XndeU Whe condiWionV of a doVe UaWe of 3.85 
kG\/h and of an iUUadiaWion Wime of 4 h. TheiU elecWUical 
pUopeUWieV ZeUe compaUed befoUe and afWeU Whe iUUadiaWion. 
ReVXlWV and diVcXVVion 

The pUepaUed MFIS gaWe e[hibiWed cleaU feUUoelecWUiciW\. 
FigXUe 1 (a) VhoZV P-V cXUYeV of Whe pUepaUed MFIS gaWe 
befoUe/afWeU J-Ua\ iUUadiaWion ZiWh a WoWal doVe of 15.4 kG\. AfWeU 
Whe J-Ua\ iUUadiaWion, no degUadaWion in Whe feUUoelecWUiciW\ and 
inVXlaWing pUopeUWieV ZeUe obVeUYed. ObVeUYed e[cellenW 
UadiaWion UeViVWance of elecWUical pUopeUWieV ZeUe mainl\ 

caXVed b\ baUUieU fXncWion of Whe Al2O3 inVXlaWing la\eU foU 
inWeUdiffXVion beWZeen PZT and diamond la\eU. FigXUe 1 (b) 
VhoZV I-V cXUYeV of Whe VelecWiYel\ gUoZn p--diamond channel 
befoUe/afWeU J-Ua\ iUUadiaWion ZiWh a WoWal doVe of 15.4 kG\. No 
degUadaWion of channel condXcWiYiW\ ZaV obVeUYed foU J-Ua\ 
iUUadiaWion. AlVo, iW iV conVideUed WhaW deWeUioUaWion of Whe p+/p- 
homoepiWa[ial diamond inWeUface did noW occXU Vince non-
lineaU I-V cXUYeV (dXe Wo Whe cUeaWion of Whe SchoWWk\ baUUieU) 
ZeUe noW obVeUYed afWeU Whe iUUadiaWion. 

 
TheVe obVeUYed UeVXlWV demonVWUaWe e[cellenW UadiaWion 

UeViVWance of Whe fXndamenWal elecWUical pUopeUWieV of Whe 
MFIS gaWe and VelecWiYel\ gUoZn channel VWUXcWXUeV Zhich 
conVWiWXWe a pUopoVed diamond FeFET. In oUdeU Wo Ueali]e 
Whe adYanced poZeU FeFET foU haUVh enYiUonmenWV, iW iV 
neceVVaU\ Wo V\VWemaWicall\ VWXd\ Whe deYice pUopeUWieV of 
pUopoVed diamond FeFET Wo high-eneUg\ J-Ua\ iUUadiaWion, 
VXch aV on-UeViVWance, WhUeVhold YolWage VhifW, and channel 
mobiliW\. PUepaUaWion of FeFET XVing feUUoelecWUic BiFeO3 
Zhich haV Whe higheU CXUie WempeUaWXUe and polaUi]aWion 
YalXe Whan WhoVe of PZT iV alVo XVefXl Wo obWain Whe e[cellenW 
deYice peUfoUmance [5]. 
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The Yacanc\-induced magnetism has attracted attention 
as a neZ method for fabricating ferromagnetic 
semiconductor materials Zithout the doping of magnetic 
elements. At cation Yacancies in semiconductors, the 
magneti]ation is normall\ cancelled out because the same 
number of electrons Zith spin up and doZn are arranged. If 
these Yacancies are adjacent, the degenerate energ\ 
leYels of cation Yacancies are e[change-splitted due to the 
interaction among unpaired electrons [1]. As a result, one 
electricall\-neutral cation Yacanc\ in metal nitride can 
possess the magneti]ation of 3 �B (�B: Bohr magneton). 
This is the theoreticall\ proposed origin of Yacanc\-induced 
magnetism. Gallium nitride (GaN) introducing cation 
Yacanc\ (gallium Yacanc\, VGa) b\ N ion implantation is 
e[pected to e[hibit the magneti]ation. HoZeYer, although 
the positron annihilation measurements clearl\ shoZ the 
introduction of VGa, onl\ a Yer\ Zeak magneti]ation has 
been detected [2]. In addition, the intensit\ of the magnetic 
Doppler broadening (MDB) measured b\ the spin-polari]ed 
positron annihilation (SP-PAS) method, Zhich Zill increase 
b\ the Yacanc\-induced magnetism, is not increased in the 
ion implantation region. This disappearance of Yacanc\-
induced magnetism might be caused b\ the cancelling out 
of induced spins b\ the e[tra electrons trapped to the VGa 
defects. In this stud\, Ze haYe inYestigated Zhether the 
magnetism is enhanced b\ light illumination that flick off the 
e[tra electrons at the Yacancies.  

Sample Zas prepared b\ irradiation of 100 keV nitrogen 
ions (1015 cm-2) onto a GaN epita[ial film (undoped, 2 ȝm 
thick) groZn on a sapphire substrate using the TIARA ion 
implanter. The MDB spectra Zere measured b\ the SP-PAS 
method under ultraYiolet (UV) light (360 nm LED irradiation, 
3 W) illumination under the magnetic fields of 0.91T at the 
temperature of 20 K.  

Figure 1 shoZs the MDB spectra of GaN sample 
irradiated Zith nitrogen ions. The positron incident energ\ 
Zas set to 6 keV (equiYalent to the N ion implantation 
depth). In the dark condition (UV off), the MDB spectrum is 
almost flat same as reported before [2]. As positrons are 
knoZn to preferentiall\ trapped to VGa in GaN [3], this result 
indicates that Yacanc\-induced magnetism haYe not 
appeared. When the Yacanc\-induced magnetism is 
recoYered, the finite intensit\ Zill appear on the MDB 
spectrum. HoZeYer, eYen under UV irradiation condition, 
the MDB intensit\ haYe not increased. Figure 2 shoZs the 
energ\ dependence of the MDB intensit\ for UV illumination 
or dark condition. Not onl\ in the ion implantation depth 
(5a7 keV) but also in all depth regions, clear s\stematic 
changes are not detected. 

 In our e[periment, the enhancement of the Yacanc\-
induced magnetism of GaN b\ UV light irradiation Zas not 
obserYed, suggesting that the magnetism is not 
suppressed b\ the electron compensation at the cation 
Yacancies. The Yacanc\-induced magnetism in GaN might 
be caused not b\ single cation Yacancies as predicted 
theoreticall\, but b\ other defect structures, such as 
Yacanc\ clusters[4]. 

 
AcknoZledgmenWV  

This Zork Zas supported b\ JSPS KAKENHI Grant 
Number 18K04931. 

 
ReferenceV 
[1] O. Volnianska�HW��DO, Ph\s. ReY. B 83, 205205(2011). 

DOI: 10.1103/Ph\sReYB.83.205205 
[2] M. MaekaZa HW� DO�, e-J. Surf. Sci. Nanotechnol. 16, 

347(2018). DOI: 10.1380/ejssnt.2018.347 
[3] K. Saarinen HW��DO�, Ph\sica B 273±274, 33 (1999).  

DOI: 10.1016/S0921-4526(99)00400-7 
[4] M. MaekaZa HW�DO., Ph\s. ReY. B 102, 054427 (2020). 

DOI: 10.1103/Ph\sReYB.102.054427 

1 - 17 

 
Fig. 1. UV irradiation effect of MDB spectra of N-ion irradiated GaN 
measured at the incident positron energ\ of E=6keV. 
 

 
Fig. 2. The positron energ\ dependence of the MDB intensit\. 
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Fly Ash (FA, Fig. 1(a)) is an industrial byproduct 
generated during coal combustion at coal-burning thermal 
power plants. To date, its industrial utilization has been 
limited primarily to the construction industry despite its 
potential versatility. However, this abundantly available 
byproduct can be put to better use now that it can be turned 
into a continuous long fiber, named as BASHFIBER® (Fig. 
1(c)). 

Made of a mixture of FA, slag and metallic elements, the 
fiber has great resistance to alkali to industrial Kevlar® or 
carbon-fiber which would be used to reinforce such 
materials as concrete. Unlike asbestos, BASHFIBER® is a 
continuous and perfect mono-filament with even diameter 
distribution all the way through and has no fuzz or branches. 
This reinforcing fiber is hugely versatile for industrial use, 
showing potential for a variety of applications. NEDO (New 
Energy and Industrial Technology Development 
Organization, Japan) has supported a civil engineering 
application and METI (Ministry of Economy, Trade and 
Industry, Japan) authorized the project as the Zero-
Emission Challenge in 2021 [1].  
Resistance fibers for space 

Exposure to the space environment and thermal 
properties had tested the durability of BASHFIBER® on the 
exterior and inside of the International Space Station (ISS) 
[2], and it showed its resistance to cosmic rays. 
BASHFIBER® could provide an alternative to industrial 
glass or carbon fibers used to reinforce materials, 
contributing to more durable materials for use in space. 

The returned samples have been studied on the ground 
more academically by the PAS (Positron Annihilation 
Spectroscopy, Fig. 1(d)) dedicated to it. Furthermore, to 
understand the exposure effects with atomic levels on the 
fiber in space, we started the irradiation test in 2021. 
Positron annihilation spectroscopy 

Figure 2(a) shows the spectra of ordinally glass fibers. 
Blue color curve in Fig. 2(a) is the spectrum of ordinally 
glass fiber. Red color curve in Fig. 2(a) is the spectrum of 
irradiated that by the electric beam in TARRI. Total dose is 

about 1.45 GGy. Clear difference exists between non-
irradiated and irradiated fibers. The similar result implying 
the structural changes with irradiation was also reported by 
Ref. 3. 

Figure 2(b) shows the spectra of BASHFIBER®. Any 
differences between non-irradiated and irradiated fibers are 
not observed. We also measured XRD, Raman, TG-DTA, 
SEM and so on, but a difference between those has not 
been observed. To understand the phenomena, we have 
planned other irradiation experiments including proton and 
gamma. High-energy proton beam experiments are 
especially important for the space communication 
application because the development of resistance 
materials for solar cosmic ray is now urgent challenges. 
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Fig. 1. (a) Fly ash (FA). (b) Thermal test in ISS. (c) Mono-filament 
of BASHFIBER®. (d) The experimental overview about PAS. 
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(b) 

(c) 

Fig. 2. Spectra of lifetime obtained for irradiated fibers in our 
system. 
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Ni silicide s\nWhesis b\ Ni ion beam irradiaWion inWo Si 

aWWracWs aWWenWion dXe Wo iWs adYanWages inclXding Whe abiliW\ 
of formaWion of local sWrXcWXres, Whe conWrollabiliW\ of ion 
beams, Whe formabiliW\ of silicide ZiWhoXW heaW WreaWmenW and 
Whe high reprodXcibiliW\ of Whe resXlWing specimen.  

In Whis Zork, Ze inYesWigaWe Whe eYolXWion of Whe NiSi2 
s\nWhesis dXring 3.0 MeV Ni+ ions irradiaWion ranging from 
1013 Wo 1016 ions�cm-2. The local aWomic sWrXcWXre of Ni 
implanWed in Si is clarified b\ anal\]ing Ni K-edge 
flXorescenW XAFS. Si(100) specimens Zere irradiaWed ZiWh 
3.0 MeV Ni+ ions aW room WemperaWXre. The irradiaWion 
e[perimenWs Zere carried oXW aW Takasaki Ion acceleraWors 
for AdYanced RadiaWion ApplicaWion (TIARA), NaWional 
InsWiWXWes for QXanWXm Science and Technolog\ (QST). The 
Ni K-edge XAFS specWra Zere collecWed in Whe flXorescence 
mode aW BL-27B hard X-ra\ beamline aW Whe PhoWon FacWor\ 
of High Energ\ Research Organi]aWion (KEK-PF).  

FigXre 1 shoZs Ni K-edge EXAFS specWra of Ni+-
irradiaWed Si. Difference arose in Whe fine sWrXcWXre of Whe 
specWra beWZeen Whe ion flXence beloZ 1014 ions�cm-2 and 
aboYe 1015 ions�cm-2. In Whe FoXrier Wransforms (FTs) of Whe 
EXAFS specWra ZiWh Whe ion flXence loZer Whan 1014 
ions�cm-2, WZo prominenW sWrXcWXres are obserYed aW aroXnd 
1.7 and 2.2 c, Zhich are aWWribXWed Wo Whe Ni-Si bond in NiSi2 
and Whe Ni-Ni bond in meWallic face-cenWered cXbic Ni, 
respecWiYel\ [1]. IW can be considered WhaW Whe high diffXsiYiW\ 
of Ni in cr\sWalline Si caXses segregaWion of implanWed Ni 
aWoms as Zell as Whe formaWion of NiSi2 phase. The peak 
from Whe Ni-Ni bond disappears afWer Whe Ni irradiaWion aW Whe 
flXence aboYe 1015 ions�cm-2. Table 1 sXmmari]ed Whe Ni-
Si and Ni-Ni bond lengWh in Whe Ni-implanWed Si obWained b\ 
EXAFS anal\sis. In Whe case of 1013 and 1014 ions�cm-2, Whe 
FTs can be fiWWed ZiWh WZo single-scaWWering paWhs (Ni-Si in 
NiSi2 and Ni-Ni in fcc Ni). The difference of Whe Ni-Si bond 
lengWh in Ni-irradiaWed Si from Whe bXlk cr\sWal is larger for Whe 

1014 ions�cm-2 irradiaWion Whan WhaW of Whe 1013 ions�cm-2. This 
is WhoXghW Wo be originaWed from Whe increase in laWWice sWrains 
dXe Wo Whe accXmXlaWion of radiaWion indXced damage and 
implanWed Ni aWoms. In conWrasW, Whe FT specWrXm can be 
fiWWed ZiWh a Ni-Si single-scaWWering paWh in Whe case of 1015 
and 1016 ions�cm-2. These resXlWs indicaWe WhaW aW Whe flXence 
aboYe 1015 ions�cm-2 Whe NiSi2 phase is dominanWl\ formed, 
and Whe Ni-Ni bond formaWion is less dominanW.  

IW is foXnd WhaW Whe increase in Whe concenWraWion of Ni did 

noW lead Wo Whe increase in Whe formaWion of Whe Ni-Ni bond. 
Ion beams lose Wheir energ\ in Whe maWerial and caXses 
displacemenWs of Whe laWWice aWoms Yia Whe nXclear energ\ 
deposiWions. As Whe ion flXence increases Wo a criWical YalXe, 
Whe accXmXlaWed damage prodXces a conWinXoXs 
amorphoXs region in Whe cr\sWal. According Wo Whe Kinchin-
Pease model, Whe displacemenWs per aWom is calcXlaWed b\ 
considering kineWic energ\ Wransfers aboYe a Whreshold of 
Whe displacemenW energ\; Td/2Ed, Zhere Td is Whe damage 
energ\ (Whe nXclear energ\ deposiWion) and Ed is Whe 
displacemenW energ\ of laWWice aWoms [3]. ThXs, Whe criWical 
flXence Dc for Si-amorphi]aWion is e[pressed as Dc = 

2EdNSi/Td, Zhere NSi is densiW\ of silicon aWoms. WiWh Xsing 
Ed = 15 eV, Td = 2.1 î 109 eV�cm-1 and NSi = 5.0 î 1022 
aWoms�cm-3, Dc is calcXlaWed Wo be 7.1 î 1014 ions�cm-2. This 
sXggesWs WhaW Whe amorphi]aWion of Si begins Wo appear aW 
Whe flXence aboYe 1015 ions�cm-2. IW is considered WhaW Whe 
amorphi]aWion of Si dXe Wo Whe accXmXlaWion of irradiaWion 
indXced damage is ke\ Wo obWain Whe NiSi2 phase in Ni+-
irradiaWed Si.  
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Fig. 1. (a) EXAFS specWra, (b) N2-ZeighWed F(N) specWra and (c) 
FoXrier WransformaWions (FTs) of Whe EXAFS specWra. Gre\, red, 
green, blXe and sk\ blXe lines in (a,b,c) are specWra of Ni foil, 1013, 
1014, 1015, 1016 ions�cm-2-irradiaWed Si, respecWiYel\. The simXlaWed 
fiWWing cXrYes (doWWed line) are also indicaWed.  

Table 1 
Ni-Si and Ni-Ni bond lengWhs of Ni aWoms implanWed in Si. 

FlXence  
(ions�cm-2) Ni-Si lengWh (c) Ni-Ni lengWh (c) 

1013 2.27 r 0.03 2.45 r 0.02 
1014 2.65 r 0.02 2.50 r 0.01 
1015 2.33 r 0.02 � 
1016 2.31 r 0.01 � 

 2.36 (NiSi2 on Si(111)) [2] 2.48 r 0.02 (Ni foil) 
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The conversion efficienc\ of a solar cell corresponds to 
the amount of non-radiative recombination via defect levels. 
For space solar cells, it is difficult to suppress the defect 
densit\ after exposure of high-energ\ electrons and 
protons since the particles create radiation-induced defects 
in solar cells. In this stud\, we investigated the device 
structure that can reduce the effect of non-radiative 
recombination centers, namel\, extend the effective 
minorit\-carrier lifetime with the same defect densit\. We 
focused on the solar cell that emplo\s a hetero p/n junction 
structure [1] instead of a homo p/n one to reduce radiation 
damage in the depletion region and show the differences in 
radiation resistance of carrier lifetime between the two 
structures. 

First, we show the simulation results of the radiation 
damage coefficient for the carrier lifetime in the depletion 
region (𝐾ఛ

ௗ) [2] of a GaAs p/n homojunction (HOJ) and an 
n-InGaP(emitter)/p-GaAs(base) heterojunction (HEJ) using 
the solar cell simulation software PC1D [3]. Figure 1 plots 
𝐾ఛ
ௗ of HOJ and HEJ solar cells as a function of the doping 

concentration in the emitter la\er (𝑛௧௧). In the case of 
high 𝑛௧௧ , there is almost no difference in 𝐾ఛ

ௗ 
between HOJ and HEJ structures. However, in the case of 
low 𝑛௧௧ , the result indicates that 𝐾ఛ

ௗ of the HEJ is 
lower than that of the HOJ, that is, a suitable HEJ structure 
can be improved the radiation resistance of the solar cells.  

Then, 𝐾ఛ
ௗ  of HEJ structures were obtained from 

experiment. We emplo\ed a GaAs p/n HOJ design as 
reference and three different n-InGaP/p-GaAs HEJ designs. 
The doping (sulfur) concentration of the InGaP emitter la\er 
were varied for the HEJ structures. The solar cells were 
irradiated with 1 MeV electrons at National Institutes for 
Quantum and Radiological Science and Technolog\ (QST), 
Takasaki. The fluence was 1 î 1014 cm-2. 

Figure 2 shows the dependence of 𝐾ఛ
ௗ on the sulfur 

concentration in the InGaP emitter la\er. The actual sulfur 
concentration depth profiles were measured b\ secondar\ 
ion mass spectrometer. 𝐾ఛ

ௗ of the HOJ solar cell agreed 
with the simulation result. 𝐾ఛ

ௗ of the HEJ solar cells were 
lower than that of the HOJ solar cell. Furthermore, the lower 
the sulfur concentration in InGaP emitter la\er, the lower 
𝐾ఛ
ௗ. This tendenc\ also agreed with the simulation. We 

consider that the radiation resistance of HEJ structure can 
be improved b\ decreasing 𝑛௧௧   and forming a 
significant region of the depletion region in the emitter la\er 
which has a lower intrinsic carrier densit\. We believe that 
further improvement of radiation resistance of HEJ solar 
cell is possible b\ optimi]ing the doping concentration 
profiles in a p/n junction. 
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Fig. 2. Experimental results of the dependence of 𝐾ఛ

ௗ  on the 
sulfur concentration in InGaP la\er. 

 
Fig. 1. Simulation results of the 𝑛௧௧ dependence of 𝐾ఛ

ௗ of 
homojunction and heterojunction. 
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InWUodXcWion  

FinFET, Zhich has three-dimensional gate structure field 
effect transistor (FET), is Zidel\ utili]ed in modern 
commercial electronics. Static random-access memories 
(SRAMs) are ke\ circuits occup\ing over the half of the 
area in integrated circuits. Single bit upsets (SBUs) and 
multiple-cell upsets (MCUs) caused b\ an energetic particle 
hitting on FinFET SRAMs are major concern in not onl\ 
space but also terrestrial environment. 
E[SeUimenWal VeWXS  

The device under test (DUT) is fabricated in a 
commercial 16-nm bulk FinFET process. DUTs Zere 
irradiated b\ a mono-energetic heav\-ion beam using 
Takasaki Ion Accelerators for Advanced Radiation 
Application (TIARA) at QST. Details are described in [1] 
ReVXlWV and DiVcXVVionV  

SBUs and 2-bit MCUs Zere observed under Neon (56 
MeV) and Nitrogen (75 MeV) irradiation. Fig. 1 shoZs the 
cross-section (CS) of 2-bit MCUs under N and Ne 
irradiation. 2-bit MCUs Zere consist of four t\pes of vertical 
2-bit MCUs (as shoZn in the [-a[is label in Fig. 1), Zhich 
depends on the voltage distribution condition of the FinFET 
SRAM bit cell. In Fig. 2, the estimated sensitive areas (SA) 
under N and Ne irradiation are illustrated based on the 
e[perimental results. In the case of N irradiation, the SA is 
supposed to be separated along tZo fins comprising an n-
t\pe FinFET, because the estimated Zidth Zas narroZer to 
cover the tZo-fin FinFET. 
SimXlaWion 

The technolog\ computer aided design (TCAD) 
simulation, Zhich is H\per Environment for E[ploration of 
Semiconductor Simulation (H\ENEXSS) [2], is used to 
anal\]e the along-fin characteristic charge collection of 
FinFET SRAM bit cell. Details including simulation 
conditions are described in [3]. B\ integrating the drain 
current, the collected charge (Qcol) Zas obtained. Fig. 3 
illustrates simulation results, shoZing a good agreement 
Zith e[perimental results. 
ConclXVion 

The CS of SBUs and MCUs on commercial 16-nm 
FinFET SRAM induced b\ heav\ ion irradiation Zere 
investigated. The estimated SA of SBU and 2-bit MCUs 
Zere proposed, Zhich implies the along-fin effects of 
FinFET in SRAM under heav\ ion irradiation. 
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Fig. 1. 2-bit MCUs CS bar plots for each MCU pattern. The [-a[is 
labels shoZ patterns of each MCU in the case of All0/All1 pattern. 
The error bars represent the standard deviation. Note that there 
Zere feZ 2-bit MCUs in the case of CKB1 pattern. 

 
Fig. 2. Illustrations of estimated SA under N and Ne irradiation. The 
blue and red areas are estimated SA of SBU and 2-bit MCUs, 
respectivel\. 

 
Fig. 3. Qcol map of nFinFETs plotted on the top vieZ of the TCAD 
model. The contour area plot represents the Qcol at each point, 
Zhich interpolated linearl\, Zhere the area is colored b\ the color 
scale shoZn in the color bar. The black contour plot is overlaid on 
the map, Zhich shoZs the area over the 50% upset probabilit\. The 
Zhite and black plots shoZ upset and no upset position, 
respectivel\, Zhen the e-h pair deposits. The black squares, gra\ 
and black dotted lines are gates, fins and the estimated SRAM bit 
cell border, respectivel\. The scale bar represents 50 nm. 
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A niWUogen Yacanc\ (NV) cenWeU in diamond iV knoZn aV 

a Volid-VWaWe Vpin qXanWXm biW (qXbiW) aW Uoom WempeUaWXUe. 
The fabUicaWion of Vcalable qXanWXm UegiVWeUV baVed on NV 
cenWeU iV a long-VWanding iVVXe. In 2005, NV-N paiU ZaV 
VXcceVVfXll\ fabUicaWed b\ N2 ion implanWaWion [1]. In 2010, 
an enWanglemenW beWZeen WZo elecWUon-Vpin qXbiWV ZaV 
demonVWUaWed b\ XVing an NV-NV [2]. LaWeU, VWUongl\ dipolaU 
coXpled NV-NV ZaV Ueali]ed b\ 14N+-30 keV implanWaWion 
Yia nanoholeV in PMMA UeViVW maVk [3]. B\ XWili]ing 
nanohole WechniqXe, Whe cUeaWion \ieldV of NV-NV 
dUamaWicall\ impUoYed. HoZeYeU, Whe Vcaling of NV cenWeUV 
iV VWagnanW Xp Wo WZo foU VeYeUal \eaUV. The pUoblem of Whe 
WechniqXe iV Whe finiWe Vi]e of nanohole. While Whe 
diVWUibXWion of niWUogen aWomV iV deWeUmined b\ boWh ion 
VWUaggling and nanohole diameWeU. In 2019, oXU pUeYioXV 
UeVeaUch gaYe a gUoXnd-bUeaking idea of mXlWiple NVV b\ 
inWUodXcing molecXlaU ion (C5N4Hn) implanWaWion [4]. We 
VXcceVVfXll\ cUeaWe WhUee NV cenWeUV. ThiV iV no doXbW WhaW 
fXUWheU incUemenWaWion of NV cenWeU comple[ iV capable Wo 
be accompliVhed b\ deYeloping neZ beamV of molecXlaU 
ionV Zhich conWain higheU nXmbeU of niWUogen aWomV. In WhiV 
VWXd\, Ze neZl\ deYelop phWhaloc\anine (C32N8H18) ion 
beam [5].  

PhWhaloc\anine poZdeU ZaV XVed aV Whe ion VoXUce. The 
poZeU ZaV YapoUi]ed and ioni]ed b\ a heaWeU aW 336 �C in 
Whe VXppoUW AU gaV ambienW. The poViWiYe ionV ZeUe 
elecWUicall\ e[WUacWed b\ an acceleUaWion YolWage of 3 kV. The 
e[WUacWed beam conWained a YaUieW\ of fUagmenWV. Fig. 1 
VhoZV Whe maVV VpecWUXm of ionV fUom Whe phWhaloc\anine 
ion VoXUce. The hoUi]onWal a[iV VhoZV Whe maVV nXmbeU, 
and Whe YeUWical a[iV VhoZV Whe beam cXUUenW. A Zide YaUieW\ 
of fUagmenWV and AU ZeUe deWecWed in maVV nXmbeUV 
Uanging fUom 0 Wo 250. The C32N8H18 ion ZaV deWecWed aW 
appUo[imaWel\ a maVV nXmbeU of 505. The C32N8H18 ion 
beam paVVing WhUoXgh Whe VliWV afWeU Whe maVV VpecWUomeWU\ 
magneW ZaV acceleUaWed aW an eneUg\ of 281 keV and 
implanWed inWo diamond VampleV. AfWeU ion implanWaWion, Whe 
VampleV ZeUe annealed aW 1000 �C foU 2 hoXUV in a YacXXm 
Wo combine niWUogen aWom ZiWh Yacanc\ and alVo Wo UecoYeU 
Whe diamond laWWice VWUXcWXUe. MXlWiple NV cenWeUV ZeUe 
foXnd aV bUighW VpoWV in laboUaWoU\ bXilW confocal 
micUoVcop\ obVeUYaWion. We VXcceVVfXll\ foXnd one, WZo, 
WhUee, foXU and fiYe NV cenWeUV in confocal VpoWV. Since Whe 
diVWance beWZeen niWUogen aWomV inWUodXced b\ molecXlaU 
ion implanWaWion iV calcXlaWed Wo be 9�4 nm, Whe\ aUe 

e[pecWed Wo haYe a VWUong dipolaU coXpling. In addiWion Wo 
CFM obVeUYaWion, Ze meaVXUed Whe opWicall\ deWecWed 
magneWic UeVonance (ODMR) VpecWUa. ODMR enable Wo 
idenWif\ Whe nXmbeU of NV cenWeUV Xp Wo foXU, Zhen all NV 
cenWeUV haYe diffeUenW oUienWaWion a[eV. We cleaUl\ foXnd 
foXU NV cenWeUV in a confocal VpoW, Zhich VhoZV eighW dipV 
in ODMR VpecWUXm. UnfoUWXnaWel\, fiYe NV cenWeUV cannoW 
be idenWified, bXW WhiV ZoXld Voon be jXVWified b\ inWUodXcing 
a local magneWic field gUadienW Wo ODMR, ZheUe NV cenWeUV 
ZiWh Whe Vame oUienWaWion can be idenWified.  
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Fig. 1. MaVV VpecWUXm of ionV fUom phWhaloc\anine ion VoXUce. 
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The negatiYel\ charged nitrogen-Yacanc\ (NVí) center 

in diamond is a lattice defect consisting of one nitrogen 
atom adjacent to one atomic Yacanc\. The NVí center has 
been in the center of attention as a qXantXm sensor for 
detection of magnetic field, electric field, temperatXre, 
strain and so on [1]. For qXantXm sensing Zith high-
sensitiYit\, high concentration of ensemble NVí centers is 
reqXired. For e[ample, the magnetic sensitiYit\ is 
proportional to the reciprocal of (N72 )1/2, Zhere N is the 
nXmber of NV centers and 72 is the spin coherence time. 
ThXs, the dense NVí centers Zith long T2 increases the 
sensitiYit\. In this stXd\, Ze inYestigate irradiation flXence 
dependence of the densit\ of NV centers and P1 centers 
(Zhich are sXbseqXent Nitrogen atoms) in t\pe-Ib 
diamonds b\ Xsing electron spin resonance (ESR) [2].  

Commerciall\ aYailable t\pe-Ib diamonds s\nthesi]ed 
b\ high-pressXre-high-temperatXre (HPHT) method 
(SXmitomo Electric IndXstries, Osaka, Japan) Zere Xsed in 
this stXd\. Nitrogen atom at a lattice site is called as P1 
center, and the initial concentrations ([P1]initial) Zere 
measXred b\ ESR and referred to as Ib-80, Ib-72, Ib-52, Ib-
46 depending on [P1]initial of 80, 72, 52, and 46 ppm, 
respectiYel\. Electron beam irradiation in atmosphere at an 
energ\ of 2 MeV Zas carried oXt Zith irradiation flXence Xp 
to 8.0 î 1018 electrons (e)/cm2 at TARRI, QST. SXbseqXentl\, 
irradiated samples Zere annealed in fXrnace at 1000 �C for 
2 h in YacXXm at each flXence step. 

FigXre 1(a) and Fig. 2(a) shoZ ESR signals of P1 and 
NV-centers before and after irradiations at flXences of 3.5, 
6.0 and 8.0 î 1018 e/cm2. The P1 concentration decreases 
Zith increase in flXence as shoZn in Fig. 1(b). In contrast, 
the NV- concentration increases Zith increase in flXence as 
shoZn in Fig. 2(b). FigXre 3(a) sXmmari]es the change in 
P1 centers. The decrease rate of P1 centers shoZs similar 
tendencies for all t\pe-Ib diamond samples, regardless of  
[P1]initial (40±80 ppm) in the loZ flXence range (a4.0 î 1018 
e/cm2). The redXction rate of P1 centers sXggests that P1 
centers are consXmed b\ recombination Zith introdXced 
Yacancies. HoZeYer, the decrease rate of P1 centers 
became loZer in the high flXence ranges from 6.0 î 1018 
e/cm2 to 8.0 î 1018 e/cm2, especiall\ Zhen [P1]initial is smaller, 
in spite that [P1] still e[ists eYen after irradiation at 8.0 î 

1018 e/cm2. The process of P1 center consXmption seems 
to shift depending on the residXal P1 centers. FXrthermore, 
as shoZn in Fig. 3(b), the P1 center consXmption and NVí 
center creation Zere compared and as a resXlt, it is 
conclXded that some amoXnts of the P1 centers Zere 
consXmed b\ other defects. The conYersion efficienc\ from 
[P1]initial to the [NVí] reached a19% at 8.0 î 1018 e/cm2 and 
the YalXe confirms the XsefXlness of electron beam 

irradiation for high concentration of NVí centers in t\pe-Ib 
diamonds, Zhereas resXlts in this stXd\ sXggest that not all 
P1 centers conYerted to NVí center. 
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Fig. 1. (a) The center peaks of ESR spectra from P1 center of Ib-
46 Zhen the e[ternal magnetic field is parallel to [100] a[is. (b) 
Irradiation flXence dependence of [P1]. 
 

 
Fig. 2. (a) The left most peaks of ESR spectra from NV center of 
Ib-46 Zhen the e[ternal magnetic field is parallel to [111] a[is. (b) 
Irradiation flXence dependence of [NV-]. 
 

 
Fig. 3. (a) Irradiation flXence dependence of ǻ[P1] (changes from 
the [P1]initial). Broken line is for YisXal gXide. (b) Irradiation flXence 
dependence of YalXe of ([P1] + 2[NVí])/[P1]initial. 
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Radiation-induced grafting can impart desired functions 
without degrading the ph\sical and chemical properties of 
the trunk pol\mer. However, in the conventional grafting 
method, the researchers make h\potheses based on 
e[perience and intuition, and repeatedl\ verif\ the 
h\potheses through e[periments to obtain a new material. 
Therefore, the research period with the conventional 
method was long, and as a result, a great deal of labor and 
e[pense was required to commerciali]e the new material. 
To solve the above problems, we believe it is necessar\ to 
renew the conventional inefficient process based on 
precedent, e[perience, and intuition into a highl\ efficient 
process that integrates e[perimental science and data 
science. The objective of this stud\ is to use machine 
learning to predict grafting \ields and further quantif\ the 
importance of e[planator\ variables on grafting \ields. 

Of the 49 methacr\late ester monomers, 41 monomers 
were selected as training data, and the remaining eight 
monomers were used in e[periments as test data. The 
grafting \ield, which is the objective variable, obtained b\ 
actual grafting e[periments. The e[planator\ variables for 
building the machine learning dataset were calculated b\ 
quantum chemical (QC) calculations using Spartan¶18 
software. 28 e[planator\ variables were emplo\ed based 
on the monomer structure information, natural bond orbital 
(NBO) charges of the methacr\late group, NMR chemical 
shifts of the methacr\late group, and FT-IR vibrational 
frequencies and intensities. Multiple linear regression 
(MLR) and e[treme gradient boosting (XGBoost), which is 
one of the ensemble learning methods, were adopted as 
the machine learning method to construct the grafting \ield 
prediction model, and R-Studio was used for its calculation. 
Two machine learning algorithms were used: the ³glmnet´ 
algorithm for MLR and the ³[gbTree´ algorithm for XGBoost, 
as implemented in the caret package. The prediction 
accurac\ of the grafting \ield prediction model was 
evaluated through the coefficient of determination (R2) and 
the root mean square error (RMSE). 

It is known that the prediction accurac\ of a prediction 
model varies greatl\ depending on the t\pe of machine 
learning algorithm. Figure 1 shows the results of MLR and 
XGBoost models. The prediction results of the XGBoost 
model, which is an ensemble learning method, showed 
smaller prediction errors and higher accurac\ in predicting 
grafting \ields compared to the MLR model. The XGBoost 
model succeeded in instantl\ predicting the grafting \ields 
of unknown monomers with high accurac\ b\ simpl\ 
inputting information on its ph\sical properties (Test data: 
R2 = 0.71, RMSE = 41.51). The RMSE value for the 
unknown monomer was about half that of the MLR model, 
which greatl\ improved the generali]ation performance of 
the prediction model. This result ma\ be attributed to the 

characteristics of ensemble learning, which is less 
susceptible to outliers and noise and can make stable 
predictions. In other words, since this stud\ is a small data 
anal\sis with onl\ 41 monomers used in the training data, 
data bias and outliers are likel\ to occur. Therefore, it is 
inferred that the XGBoost model, which is an ensemble 
learning with higher outlier resistance, was selected as a 
better machine learning method than the MLR model, which 
is susceptible to the influence of outliers. 

B\ anal\]ing the prediction model, it is possible to 
objectivel\ evaluate which e[planator\ variables are 
important response factors governing the grafting \ield. As 
a result of anal\]ing the XGBoost model, we found that 
³polari]abilit\ of monomer´ and ³NMR chemical shift of 
o[\gen atom near the substituent in monomer´ are the 
important e[planator\ variables for the graft pol\meri]ation 
among the 28 e[planator\ variables that make up the 
prediction model. Especiall\, we assume that the ³NMR 
shift of o[\gen atom´ was selected as an important 
e[planator\ variable because of the following reason. This 
o[\gen atom is more susceptible to the influence of 
substituents than other atoms, and it is assumed that this is 
because the difference in substituent structure manifested 
a change in the ph\sical and chemical properties of the 
o[\gen atom. This ³NMR chemical shift of o[\gen atom´ is 
a useful scientific discover\ that researchers had previousl\ 
overlooked and could not have discovered without the use 
of machine learning. The use of machine learning is 
e[pected to lead to the ³creation of new knowledge´ and 
the ³deepening and development of basic research´. 
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FLJ. 1. Predicted versus observed grafting \ields plot. (A) MLR 
model and (B) XGBoost model. 
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InWrodXcWion  

SXrface modification of pol\meric materials is one of the 
most important research topics in the s\nthesis of 
fXnctional pol\meric materials. Among YarioXs sXrface 
modification methods, radiation-indXced graft 
pol\meri]ation (RIGP) has been as a XniqXe chemical 
method that can install neZ material properties to oXt-of-
the-bo[ materials ZithoXt harming their ph\sical properties. 
In this regard, Ze haYe achieYed RIGP of methacr\lated 
Yanillin (MV), Zhich can be s\nthesi]ed from the lignin 
deriYatiYe Yanillin, from the sXrfaces of materials sXch as 
pol\eth\lene-coated pol\prop\lene (PE/PP) and 
cellXlose.[1, 2] Of note here, the graft pol\meri]ation of MV 
needed to be carried oXt in classical organic solYents, 
inclXding DMSO in order to secXre the homogeneit\ dXring 
the graft pol\meri]ation conditions. AlthoXgh the Xse of 
DMSO as a solYent led to satisfactor\ graft pol\meri]ation 
resXlts, it mXst be emphasi]ed here that the Xse of DMSO 
as a solYent Xnnecessaril\ increased the operational cost 
becaXse of the high boiling point of the DMSO. In addition, 
the Xnnecessar\ contact to DMSO solXtion containing 
reactants ZoXld be potentiall\ dangeroXs dXe to the skin 
penetration of the DMSO solXtions in general.  

Considering the aboYe backgroXnds, Ze tXrned oXr 
attentions to the Xse of a neZ generation solYent instead of 
conYentional solYents. In this stXd\, PE/PP sXbstrate Zas 
sXbjected to the graft pol\meri]ation of MV in a safer and 
neZer organic solYent featXring eas\-to-Xse properties 
compared to conYentional solYents (Fig.1). 

 

 
ResXlWs and DiscXssion  

As mentioned in the introdXction, radiation-indXced graft 
pol\meri]ation of MV Zas targeted in a neZ generation safe 
solYent. For this, Ze tXrned oXr attention to the Xse of 
c\clopent\l meth\l ether (CPME) as a neZ solYent (Fig. 1). 
This is becaXse CPME is a h\drophobic ether-based 

organic solYent Zith a boiling point of 106 �C. Unlike 
conYentional ether-based solYents sXch THF or dieth\l 
ether, CPME shoZs limited tendenc\ to form pero[ides and 
high tolerance to acidic and basic conditions. In addition, 
CPME can be easil\ remoYed Yia a]eotropic distillation Zith 
Zater. As sXch, CPME renders the ideal solYent properties 
for the Xse in graft pol\meri]ation of MV. The MV graft 
pol\meri]ation is briefl\ docXmented here. MV (0.60 g) Zas 
dissolYed in a CPME (3.6 mL) and the resXlting reaction 
solXtion Zas degassed Zith argon gas. PE/PP sXbstrate 
irradiated Zith 200 kG\ electron beam Zas immersed in the 
CPME solXtion and alloZed to react for 2 hoXrs at 60 �C. 
After the reaction completion, the resXlting PE/PP sXbstrate 
Zas Zashed Zith CPME and methanol to afford MV-grafted 
PE/PP sXbstrate (PE/PP-g-PMV). ThoXgh CPME is knoZn 
as a good organic solYent for a range of organic molecXles, 
its penetration to PE/PP Zas sXfficientl\ sXppressed so that 
onl\ the sXrface graft pol\meri]ation Zas rea]lied. As a 
resXlt, CPME shoZed higher grafting efficienc\ than the 
conYentional DMSO solXtion s\stem. Specificall\, the 
grafting degree (GD), corresponding to the Zeight gain Yia 
the graft pol\meri]ation, Zas aboYe 400 % in CPME Zhile 
GD in DMSO remained onl\ aroXnd 150 %. This resXlt 
rendered that the Xse of a neZ generation safe solYent of 
CPME led to not onl\ replace the high-boiling point DMSO 
bXt also increase the grafting efficienc\ concXrrentl\. 
ConclXsions 

In this Zork, Ze haYe sXcceeded in performing graft 
pol\meri]ation of MV in the state-of-the-art organic solYent, 
CPME, Zhich shoXld lead to the decrease in difficXlties 
dXring the graft pol\meri]ations and concXrrentl\ increase 
the efficienc\ of the graft pol\meri]ation process. We 
belieYe that the Xse of CPME shoXld increase the oYerall 
greenness for the graft-pol\meri]ation processes. 
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Fig. 1. Radiation-indXced Graft pol\meri]ation of MV from PE/PP 
sXbstrates. 
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Radiation graft polymerization is widely used in the 

development of functional polymer materials. To synthesize 
the grafting materials, the grafting rate is an important factor 
because the amount of functional groups directly affects the 
functionality. However, it is known that the adsorption 
performance of radiation graft materials varies greatly 
depending on the graft polymerization conditions even at 
the same grafting rate. The reason is that the grafted chains 
are not uniformly propagated in the base polymer material. 
The grafted chains could be distributed at the surface and 
its depth parts of the base polymer material. Therefore, it is 
important how to control this distribution uniform as well as 
grafting rate. In this study, we report the simple evaluation 
method for the distribution of grafted chains by taking 
advantage of the difference in pyrolysis behavior of 
radiation grafting materials caused by the distribution of 
grafted chains.  

The polyethylene (PE) nonwoven fabrics (size: 1.2 î 2.5 
cm, average weight: 18 mg) were packed into a gas barrier 
bag. After that, the bag was sealed under a nitrogen 
atmosphere, and the PE fabrics in the bag was irradiated 
with an electron beam of 250 keV energy and 3.9 mA 
current at room temperature for a total dose of 50 kGy.  
The irradiated PE fabrics were then stored in í80 °C freezer 
until use. The PE film was immersed in the 7.5-100 wt% 
GMA monomer solution (Dimethyl sulfoxide solvent) and 
heated at 40 °C. Reaction time was adjusted to achieve a 
grafting rate of 100%. After the reaction, the PE fabrics 
were washed three times with methanol and vacuum-dried 
overnight to obtain the GMA-grafted PE (GMA-g-PE) with 
the same 100% grafting rate and different grafted chain’s 
distributions. The thermogravimetric analysis (TG) was 
performed with the GMA-g-PE, a heating rate of 10 °C/min, 
and flowing nitrogen (50 mL/min).  

Figure 1 shows cross-sectional scanning electron 
microscope (SEM) images of GMA-g-PE fibers (GMA 
monomer concentration:7.5 and 100 wt%) after conversion 
reaction with an iminodiacetic acid disodium salt (IDA-Na). 
For both 7.5 and 100 wt% GMA concentration, sodium 
element detected only in the outer layer, which contains 
GMA grafted chains, by using energy dispersive X-ray 
spectroscopy. At low GMA concentration, it takes a long 
time for the grafting rate to reach 100% and the grafted 
chains form to the inside of the PE substrate. On the other 
hand, at high GMA concentration, grafted chains form on 
localized surface of the PE substrate. These results 
indicate that the distribution of grafted chains can be 
controlled by adjusting the monomer concentration and 
reaction time. 

Figure 2 shows derivative thermogravimetry (DTG) 

curves of GMA-g-PE fabrics with the same 100% grafting 
rate and the different distribution of grafted chains. At the 
DTG peak at around 350 °C, it was confirmed that the peak 
intensity increases as the GMA monomer concentration 
decreases. This peak is mainly attributed to the GMA 
grafted chains. These results suggested that at low GMA 
monomer concentrations, the PE substrate was also 
pyrolyzed at around 350 °C simultaneously with the GMA-
grafted chains. The PE area, which the graft chains have 
formed, is likely to be pyrolyzed. This implied that the DTG 
peaks can be used to estimate approximate the PE area 
containing the grafted chains.  

In conclusion, we have succeeded in evaluation of the 
distribution of grafted chains as the pyrolysis behavior of 
radiation grafting materials. This evaluation method is 
expected to make it possible to optimize graft 
polymerization conditions for the expression of functionality, 
considering not only the graft rate but also the distribution 
of grafted chains. 
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FLg. 1. Cross-sectional SEM images of GMA-g-PE fibers (GMA 
monomer concentration:7.5 and 100 wt%) with the grafting rate 
of 100% after conversion reaction with an IDA-Na. 

FLg. 2. DTG curves of GMA-g-PE fabrics with the same 100% 
grafting rate and the different distribution of graft chains (GMA 
monomer concentration:7.5, 10, 15, 50, 90 and 100 wt%).
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FoldV and proWrXVionV are Zidel\ obVerYed in hXman 
organV VXch aV Whe brain, airZa\V, and gXW, and Whe\ pla\ 
ke\ roleV in Whe WiVVXe/organ fXncWionV. TheVe 3D VWrXcWXreV 
are formed dXring embr\onic deYelopmenW from Vimple flaW 
epiWhelial cell VheeWV WhroXgh morphogeneViV. HoZeYer, on 
conYenWional cell cXlWXre diVheV, Whe epiWhelial cellV onl\ 
form a planar monola\er. One of Whe moVW Zidel\ accepWed 
WheorieV iV WhaW epiWhelial paWWern formaWion iV Wriggered b\ 
mechanical inVWabiliWieV beWZeen Whe epiWhelial VheeW and 
Whe meVench\me foXndaWion, Vimilar Wo WhaW obVerYed in 
non-liYing film-on-VXbVWraWe VWrXcWXreV. ThXV, Ze deYeloped 
a film-on-VXbVWraWe cell cXlWXre V\VWem (FoSS) WhaW mimicV 
Whe in vivo la\ered V\VWemV of epiWheliXm±baVemenW 
membrane±meVench\me [1].  

FoSS ZaV reali]ed b\ conWrolling Whe 3D diVWribXWionV of 
VciVVion/croVVlinking probabiliWieV in pol\lacWic acid (PLA), a 
biocompaWible and bioabVorbable pol\mer, b\ Whe ion beam 
nanofabricaWion WechniqXe. PLA VXbVWraWeV Zere prepared 
b\ hoW-preVVing Whe pelleWV (Eco-PlaVWic U¶] S-12; opWical 
pXriW\ of L-lacWic acid = 99.6%; MW = 112,000; To\oWa MoWor 
CorporaWion) aW 15 MPa and 190 �C. A 50 keV N+ ion beam 
aW a flX[ of 2.5±6.7 î 1011 ionV/cm2/V ZaV irradiaWed Xnder 
YacXXm (a3.0 î 10±4 Pa). SWainleVV-VWeel maVkV Zere XVed 
for Whe paWWern irradiaWion. The obWained FoSS VXrfaceV 
Zere inYeVWigaWed XVing micro-area X-ra\ phoWoelecWron 
VpecWroVcop\ (XPS) (PHI5000 VerVaProbe II, ULVAC-PHI), 
aWomic force microVcope (AFM) (AFM5300E, HiWachi High- 
TechnologieV CorporaWion), and VWaWic ZaWer conWacW angle 
(WCA) meWer (FACE, CA-V, K\oZa InWerface Science). 
MDCK cellV (RCB0995) Zere cXlWXred on FoSS.  

The XPS anal\VeV reYealed WhaW FoSS iV compoVed of 
Whree la\erV: a croVVlinked/carboni]ed VXrface la\er, a 
decompoVed middle la\er, and a foXndaWion of non-
irradiaWed PLA (Fig. 1). The chemicall\ modified FoSS 
VXrface ZaV foXnd Wo be c\WocompaWible and e[hibiWed high 
cell adheVion properW\. The decompoVed middle la\er ZaV 
locall\ decompoVed and XnderZenW VolaWion Xnder Whe cell 
cXlWXre condiWionV, dXe Wo Whe loZered glaVV-WranViWion and 
melWing WemperaWXreV.  

The improYed VXrface properWieV of FoSS alloZed cellV 
Wo VWarW adheVion appro[imaWel\ 30 min afWer Veeding. When 
Whe flXence ZaV 7.1 î 1013, 1.0 î 1014, and 1.4 î 1014 
ionV/cm2, Whe cXlWXred cellV caXVed Whe VXrface la\er Wo 
Zrinkle and delaminaWe aV Whin filmV ZiWhin 1 da\ of cXlWXre. 
The WhickneVV of Whe VXrface la\er peeled afWer irradiaWion aW 
1.0 î 1014 ionV/cm2 ZaV 165 � 13 nm (n = 3). The ZrinkleV 
gradXall\ e[Wended and When connecWed Whe cellV, eYen 
WhoXgh Whe cellV Zere VeparaWed b\ VeYeral hXndred 
micromeWerV. InWereVWingl\, Whe cellV affecWed each oWher¶V 

migraWion WhroXgh Whe ZrinkleV formed beWZeen Whem. 
Specificall\, Whe cellV Wended Wo migraWe along Whe ZrinkleV 
dXe Wo Whe Wopographical effecWV, moYing Wo each oWher¶V 
placeV b\ Whe VhorWeVW cXW.  

On paWWerned FoSS, Whe cellV VWarWed delaminaWing Whe 
VXrface la\er in Whe irradiaWed areaV aboXW 1 h afWer Veeding 
and formed 3D VWrXcWXreV b\ aggregaWing Whe delaminaWed 
filmV ZiWhin 48 h (Fig. 2). The peeled Whin filmV Zere 
crXmpled b\ and encloVed in Whe MDCK monola\er, and 
Whe\ became Whe coreV of Whe 3D archiWecWXreV. AV a reVXlW, 
Ze VXcceVVfXll\ obWained 3D epiWhelial VheeWV ZiWh 
millimeWer-lengWh foldV and VXbmillimeWer proWrXVionV XVing 
Whe FoSS. 

FoSS can form 3D cell VheeWV Vimpl\ and effecWiYel\ 
XVing a WracWion force proYided b\ Whe cell popXlaWion. FoSS 
Zill faciliWaWe Whe prodXcWion of noW onl\ in vitro modelV of 3D 
morphogeneViV, bXW alVo 3D cell VheeWV WhaW are cXrrenWl\ 
in demand in biolog\, drXg deYelopmenW, WiVVXe engineering, 
and regeneraWiYe medicine. 
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Fig. 1. DeYeloped film-on-VXbVWraWe cell cXlWXre V\VWem (FoSS). 

Fig. 2. Cell-indXced bXckling-delaminaWion of FoSS and 3D cell 
VheeWV formaWion. 
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5DGLRO\VLV RI FRQWDPLQDWHG ZDWHU RI WKH FXNXVKLPD 

DDLLFKL NXFOHDU 3RZHU 6WDWLRQ (1F) LV D FULWLFDO LVVXH WR 
HYDOXDWH WKH FRUURVLRQ EHKDYLRU RI VWUXFWXUDO FRPSRQHQWV LQ 
WKH FRQWDLQPHQW YHVVHO. A ODUJH YROXPH RI JDV SKDVH VSDFH 
H[LVWV LQ WKH 1F FRQWDLQPHQW YHVVHO DQG LV FRQVWDQWO\ 
H[SRVHG WR LRQL]LQJ UDGLDWLRQ. AOWKRXJK WKH JDV SKDVH LV 
OHVV VHQVLWLYH WR LRQL]LQJ UDGLDWLRQ WKDQ WKH OLTXLG SKDVH, WKH 
HIIHFW RI UDGLRO\VLV RI FKHPLFDO VSHFLHV LQ WKH JDV SKDVH 
PD\ QRW EH QHJOLJLEOH XQGHU WKH ODUJH YROXPH DQG WKH ORQJ 
LUUDGLDWLRQ WLPH. EVSHFLDOO\, QLWURJHQ R[LGHV (NO[), ZKLFK 
DUH GRPLQDQW VSHFLHV SURGXFHG IURP JDV-SKDVH UDGLRO\VLV, 
DUH NQRZQ DV VWURQJ R[LGDQWV. 7KHVH QLWURJHQ R[LGHV DUH 
PDLQO\ SURGXFHG E\ WKH UHDFWLRQ RI H[FLWHG QLWURJHQ DQG 
R[\JHQ LQ WKH DLU. IQ WKLV VWXG\, WKH HIIHFW RI UDGLRO\VLV RI WKH 
JDV SKDVH LQ WKH 1F FRQWDLQPHQW YHVVHO RQ FKHPLFDO 
VSHFLHV LQ WKH FRQWDPLQDWHG ZDWHU ZDV HYDOXDWHG. J-UD\ 
LUUDGLDWLRQ H[SHULPHQWV XQGHU JDV-OLTXLG FRH[LVWHQFH 
FRQGLWLRQV ZHUH FRQGXFWHG WR TXDQWLI\ WKH SURGXFWV IURP 
UDGLRO\VLV RI WKH JDV DQG OLTXLG SKDVH, UHVSHFWLYHO\. 

7KH 60CR J -UD\ LUUDGLDWLRQ IDFLOLW\, 7A55I, 467 ZDV XVHG 
IRU WKH LUUDGLDWLRQ. GODVV YLDOV RI 20 PO FRQWDLQLQJ 5 - 20 PO 
RI SXUH ZDWHU ZHUH VHDOHG ZLWK D FDS DQG D EXW\O UXEEHU 
VHSWXP. 7KH VDPSOHV ZHUH VDWXUDWHG ZLWK DLU RU N2 
FRQWDLQLQJ 5-10 % O2. 7KH OLTXLG SKDVH RI VRPH VDPSOHV 
ZDV VKLHOGHG ZLWK D 100 PP OHDG EORFN IRU VRPH 
H[SHULPHQWV WR IRFXV RQ UDGLDWLRQ HIIHFWV LQ WKH JDV SKDVH 
(FLJ. 1). 7KH GRVH UDWH LQ WKH OLTXLG SKDVH ZDV DWWHQXDWHG 
E\ D IDFWRU RI DERXW 100. 7KH FRQFHQWUDWLRQ RI QLWUDWH LRQ 
(NO3-) LQ WKH OLTXLG SKDVH ZDV PHDVXUHG E\ DQ LRQ 
FKURPDWRJUDSK. 7KH SH DQG H2O2 FRQFHQWUDWLRQ ZHUH 
PHDVXUHG E\ SH PHWHU DQG H3LC ZLWK DQ HOHFWURFKHPLFDO 
GHWHFWRU. 

6DPSOHV ZLWK D OLTXLG SKDVH YROXPH RI 10 PO (JDV-OLTXLG 
UDWLR: 50/50) VDWXUDWHG ZLWK N2 FRQWDLQLQJ 0 WR 20% O2 ZHUH 
LUUDGLDWHG E\ J-UD\V (FLJ. 2D). 6DPSOHV FKDQJLQJ WKH JDV-
OLTXLG UDWLR XQGHU DLU-VDWXUDWHG FRQGLWLRQV ZHUH LUUDGLDWHG E\ 
J-UD\V DV VKRZQ LQ FLJ. 2E. 7KH NO3- FRQFHQWUDWLRQ 
LQFUHDVHG ZLWK WKH R[\JHQ FRQFHQWUDWLRQ RU WKH JDV SKDVH 
SRUWLRQ, LQGLFDWLQJ WKDW NO3- LV PDLQO\ IRUPHG LQ WKH JDV 
SKDVH. IQ DGGLWLRQ, O2 ZDV QHFHVVDU\ IRU NO3- IRUPDWLRQ LQ 

WKH JDV SKDVH. 
7R LQYHVWLJDWH WKH HIIHFW RI NO3- IRUPDWLRQ LQ WKH JDV 

SKDVH RQ WKH FRUURVLYH HQYLURQPHQW RI WKH OLTXLG SKDVH, 
JDV-OLTXLG FRH[LVWHQW VDPSOHV (JDV/OLTXLG = 75/25) ZHUH 
LUUDGLDWHG ZLWK J-UD\V XQGHU FRQGLWLRQV LQ ZKLFK WKH OLTXLG 
SKDVH ZDV VKLHOGHG ZLWK WKH OHDG EORFN. FLJ. 3 VKRZV (D) 
FRQFHQWUDWLRQ RI H2O2 DQG (E) SH LQ WKH JDV-OLTXLG 
FRH[LVWHQW VDPSOHV DV D IXQFWLRQ RI DEVRUEHG GRVH XQGHU 
DHUDWHG FRQGLWLRQ. 7KH DEVRUEHG GRVH UDWH RI ZDWHU ZDV 
0.016 NG\/K, DQG WKH ORQJHVW LUUDGLDWLRQ SHULRG ZDV DERXW 
300 K. A VOLJKW GHFUHDVH LQ SH DQG IRUPDWLRQ RI H2O2 ZDV 
FRQILUPHG. 7KH VROLG OLQHV LQ FLJ. 3 ZHUH WKH VLPXODWLRQ 
UHVXOWV RI SXUH ZDWHU UDGLRO\VLV XQGHU WKH VDPH FRQGLWLRQV. 
7KH VLPXODWLRQ, ZKLFK GLG QRW WDNH LQWR DFFRXQW WKH HIIHFW RI 
NO3-, ZDV HTXLYDOHQW WR WKH H[SHULPHQWDO UHVXOWV. IW FDQ EH 
FRQVLGHUHG WKDW WKH HIIHFW RI UDGLRO\VLV LQ WKH JDV SKDVH RQ 

WKH OLTXLG SKDVH LV VPDOO. 
IQ WKH IXWXUH, ZH FRQWLQXH WR LQYHVWLJDWH WKH HIIHFWV RI 

SURGXFWV IURP WKH JDV-SKDVH UDGLRO\VLV VXFK DV NO3- RQ WKH 
OLTXLG SKDVH. 
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Fig. 3. (D) CRQFHQWUDWLRQV RI H2O2 DQG NO3

- DQG (E) SH LQ SDUWLDOO\ 
VKLHOGHG JDV-OLTXLG FRH[LVWHQW VDPSOHV (JDV/OLTXLG = 75/25) XQGHU 
J-UD\ LUUDGLDWLRQ. 

 
Fig. 2. NO3

- SURGXFWLRQ LQ JDV-OLTXLG FRH[LVWHQW VDPSOHV XQGHU J-
UD\ LUUDGLDWLRQ. (D) 7KH HIIHFW RI O2 LQ N2 DQG (E) WKH HIIHFW RI JDV-
OLTXLG UDWLR. 

 

Fig. 1  NO3- production in gas-liquid coexistent samples under J-ray 
irradiation. (a) The effect of O2 and (b) the effect of gas-liquid ratio. 

 
Fig. 1. LD\RXW RI WKH VDPSOH YLDO, VKLHOGLQJ OHDG EORFN IRU WKH 60CR 
J-UD\ LUUDGLDWLRQ. 
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Silicon carbide (SiC) is a promising non-o[ide ceramic 

material Xsed in a Zide range of applications. SiC has been 
Xtili]ed as a Zide-bandgap semicondXcting material and 
strXctXral material Xnder high temperatXres, oZing to its 
attractiYe chemical, ph\sical, and mechanical properties. 
ConYersel\, nanomaterials ma\ possess e[cellent and 
noYel properties that differ from those of their bXlk materials. 
In particXlar, Ze sXcceeded in s\nthesi]ing nanometer-
si]ed pol\cr\stalline SiC nanotXbes Zith engrossing 
geometries [1]. PhotolXminescence energ\ peaks Zere 
obserYed for these SiC nanotXbes, Zhich Zere higher than 
in the case of bXlk SiC; indicating bioactiYit\ for the first time 
and demonstrating a noYel microstrXctXral change b\ ion 
irradiation that differed from bXlk SiC materials [2, 3]. 
Recentl\, Ze haYe reported that the completel\ amorphi]ed 
dose of SiC nanotXbe Zas mXch higher than those of bXlk 
SiC materials [3]. HoZeYer, the si]e effect of a completel\ 
amorphi]ed dose of SiC nanotXbe has not been 
inYestigated. Therefore, the effect of oXter diameter on the 
complete amorphi]ation dose of SiC nanotXbe b\ ion 
irradiation at room temperatXre Zas inYestigated in this 
stXd\. 

The mXlti-Zalled carbon nanotXbes (MWCNTs: GSI 
Creos Corporation, Tok\o, Japan) Zere heated Zith Si 
poZder (The Nilaco Corporation, Tok\o, Japan) at 1,200 �C 
for 30 h in a YacXXm. The samples Zere then heated at 
800 �C for 4 h in the air to remoYe Xnreacted MWCNTs and 
carbon la\ers. The samples heated in the air Zere 
immersed in 5 M NaOH and then a 0.2 M HCl solXtions to 
eliminate the thin SiO2 la\ers. The mol\bdenXm grid holder, 
Zhich deposited the pol\cr\stalline SiC nanotXbes, Zas 
irradiated Zith 200 keV Si+ ions from a 400 kV ion implanter 
at room temperatXre in TEM (Model JEM-4000FX, JEOL 
Ltd., Japan) operating at 400 kV. The in-sitX TEM 
obserYation Xnder ion irradiation Zas performed at the 
Takasaki Ion Accelerators for AdYanced Radiation 
Application (TIARA) facilit\ at the National InstitXtes for 
QXantXm Science and Technolog\. The ion flXence Zas Xp 
to 1.2 î 1020 ions/m2, and the corresponding irradiation 
damage (in terms of displacement per atom; dpa) for the 
SiC Zas estimated b\ SRIM 2008 to be 3.2 dpa. The 
circXmstantial microstrXctXral deYelopments to the SiC 
nanotXbes before and after ion irradiation Zere obserYed 
b\ TEM (Model 2100F, JEOL Ltd., Akishima, Japan) 
operating at 200 kV. Electron energ\-loss spectroscop\ 
(EELS, EnfiniXm spectrometer, Nippon Gatan, Nishi-Tok\o, 
Japan) Zas carried oXt to eYalXate the plasmon energies of 
SiC nanotXbes before and after the ion irradiation. 

The SiC nanotXbes formed in this stXd\ haYe 

heterogeneoXs inner and oXter diameters becaXse as-
receiYed MWCNTs also haYe heterogeneoXs inner and 
oXter diameters and Zall thickness. FiYe kinds of SiC 
nanotXbes Zith different oXter diameters Zere irradiated. 
The irradiated SiC nanotXbes in this stXd\ haYe an oXter 
diameter in the range of 106 � 6 to 236 � 22 nm. FigXre 1 
shoZs the effect of oXter diameter on the complete 
amorphi]ation dose of SiC nanotXbe b\ ion irradiation at 
room temperatXre. This resXlt reYeals that Most SiC 
nanotXbe Zith smaller oXter diameter has a higher 
resistance to completel\ amorphi]ation b\ ion irradiation. 
HoZeYer, the complete amorphi]ation dose in the SiC 
nanotXbes Zith an oXter diameter of 111�14 nm 
(hereinafter named SiC nanotXbe A) Zas hardl\ high 
compared to that Zith a large oXter diameter. According to 
the EELS eYalXations of seYeral SiC nanotXbes, the 
plasmon energ\ in the SiC nanotXbe A Zas high compared 
to that Zith a high completel\ amorphi]ation dose. This 
resXlt e[hibits that the SiC nanotXbe A has smaller amoXnts 
of point defects sXch as interstitials, Yacancies and stacking 
faXlts compared to that Zith a high completel\ 
amorphi]ation dose. From these resXlts, the complete 
amorphi]ation dose of SiC nanotXbe b\ ion irradiation is 
dependent on its oXter diameter and the nXmber of intrinsic 

defects. 
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Fig. 1. Effect of oXter diameter on completel\ amorphi]ation dose 
of SiC nanotXbe b\ ion irradiation at room temperatXre. 
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DecommiVVioning of TEPCO FXkXVhima Daiichi nXcleaU 
poZeU planW (F1-NPP) iV needed, ZheUe molWen fXel debUiV 
mighW be VXbmeUged in ZaWeU. To obWain infoUmaWion inVide 
Whe UeacWoU coUe, UemoWe inVpecWion WechniqXe in naUUoZ 
Vpace iV UeqXiUed. A fibeU-opWic pUobe laVeU-indXced 
bUeakdoZn VpecWUoVcop\ (LIBS) iV conVideUed one of Whe 
pUomiVing meWhodV foU UemoWe inVpecWion [1]. GianW-pXlVe 
micUochip laVeU (MCL) iV compacW ZiWh high peak poZeU of 
MW leYel, and Vince Whe feaWXUe iV VXiWable foU LIBS 
applicaWion, iW ZaV applied Wo UemoWe LIBS V\VWem, ZheUe 
MCL iV VeW cloVe Wo Whe WaUgeW and bUighW plaVma iV 
geneUaWed b\ diUecW laVeU iUUadiaWion. BaVed on Whe 
deYeloped V\VWem, effecWiYe UemoWe inVpecWion iV e[pecWed 
[2, 3]. HoZeYeU, UadiaWion effecWV Wo Whe V\VWem needV Wo be 
inYeVWigaWed conVideUing iWV opeUaWion in Whe UadiaWion 
enYiUonmenW. In Whe pUeYioXV annXal UepoUW, Ze UepoUWed 
WhaW Whe laVeU oXWpXW decUeaVed b\ Whe incUeaVe of UadiaWion 
doVe UaWe of gamma Ua\. In WhiV ZoUk, Whe UadiaWion effecWV 
on Whe pUopeUWieV of a laVeU UemoWe inVpecWion V\VWem XVing 
ceUamicV (CeU) and Vingle cU\VWal (SC) micUochipV laVeU 
compoViWe ZeUe meaVXUed. InVWead of compaUing 
pUopeUWieV aW diffeUenW doVe UaWeV, Whe WempoUal changeV of 
Whe pUopeUWieV aW fi[ed loZ doVe UaWe of gamma-Ua\ foU a 
UelaWiYel\ long peUiod of Wime ZeUe obVeUYed. OZing Wo WheiU 
VXcceVViYe XWili]aWion aW UelaWiYel\ loZ doVe UaWe, UadiaWion-
VenViWiYe meWhodV need Wo be e[ploUed Wo eYalXaWe Vmall 
UadiaWion inflXence. 

The UadiaWion doVe UaWe effecWV ZeUe meaVXUed XVing a 
60Co gamma-Ua\ VoXUce. TZo VeWV of Whe Vame laVeU V\VWem 
ZeUe placed each in a UadiaWion aUea iUUadiaWed aW Whe doVe 
UaWe of appUo[imaWel\ 150 G\/h and in a non-UadiaWion aUea 
(0 G\/h) behind a Zall aV a UefeUence. BoWh ZeUe opeUaWed 
VimilaUl\, and WheiU laVeU pUopeUWieV ZeUe meaVXUed. AnoWheU 
appaUaWXV ZaV poViWioned oXWVide Whe Zall a feZ meWeUV 
fUom Whe Vpecimen. MonoliWhic Nd:YAG/CU:YAG compoViWeV 
(3 î 3 î 10 mm3) ZeUe XVed aV VpecimenV and placed in a 
holdeU. A CeU compoViWe (KonoVhima Chemical/BaikoZVki-
Japan, Japan) and an SC compoViWe (CU\VlaVeU Inc., 
ChengdX, P. R. China) ZeUe e[amined. LaVeU oXWpXW eneUg\ 
fUom Whe compoViWe ZaV meaVXUed ZiWh an eneUg\ deWecWoU 
and an oVcilloVcope. 

FigXUe 1 VhoZV Whe Vingle pXlVe eneUg\ aV a fXncWion of 
doVe (G\) fUom Whe UadiaWion VWaUW foU ceUamicV and SC ZiWh 
(150) and ZiWhoXW (0) iUUadiaWion. The ploW ZaV noUmali]ed 
aW Whe iniWial Wime. DXUing meaVXUemenWV, Whe pXmp laVeU 
ZaV opeUaWed aW an LD cXUUenW of 150 A aW 5 H]. LD pXmp 
61WempoUal dXUaWion ZaV adjXVWed (45±60 ȝV) Wo geneUaWe 

a Vingle pXlVe. UndeU no iUUadiaWion (0), eneUg\ UedXcWion iV 
negligible foU ceUamicV (CeU 0) and SC (SC 0). FoU ceUamicV 
ZiWh iUUadiaWion (CeU 150), Whe eneUg\ decUeaVed ZiWh Wime 
and Ueached 78% of Whe iniWial YalXe. ThiV phenomenon 
ma\ be aVcUibed Wo Whe incUeaVe in opWical loVV in Whe 
ceUamicV dXUing iUUadiaWion. SignificanW eneUg\ decUeaVe 
ZaV alVo meaVXUed foU SC (SC 150). AlWhoXgh Whe inWenViW\ 
ZaV flXcWXaWing, a compaUiVon of UelaWiYe inWenViW\ aW Whe 
almoVW VaWXUaWed Uegion (>1500 G\) UeYealed WhaW Whe 
UedXcWion UaWe foU SC ZaV VmalleU (∼6%) Whan WhaW foU 
ceUamicV. ThiV UeVXlW indicaWeV WhaW Whe UadiaWion effecW on 
SC Vpecimen ZaV VmalleU Whan WhaW on ceUamicV, and SC iV 
moUe UobXVW againVW UadiaWion Whan ceUamicV [4]. 
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Fig. 1. RelaWiYe pXlVe eneUg\ aV a fXncWion of doVe (G\) foU 
ceUamicV (CeU) and Vingle cU\VWal (SC) VpecimenV ZiWh (150) and 
ZiWhoXW (0) iUUadiaWion. 
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JADA (ITER pUojecW Japan DomeVWic Agenc\) iV 

deYeloping Wo pUocXUe fiYe diagnoVWic V\VWemV, micUofiVVion 
chambeU (MFC), poloidal polaUimeWeU (PoPola), Edge 
ThomVon ScaWWeUing (ETS), diYeUWoU impXUiW\ moniWoU (DIM) 
and diYeUWoU infUaUed WheUmogUaph\ (IRTh). 

The UeliabiliW\ XndeU Whe ITER UadiaWion condiWionV of 
UeleYanW eqXipmenW Wo be inVWalled in Whe YacXXm YeVVel, in 
Whe inWeUVpaceV (IS) beWZeen Whe YacXXm boXndaU\ and Whe 
biological Vhield and in Whe poUW cellV (PC) oXWVide Whe 
biological VhieldV VhoXld be eYalXaWed. In WhiV pUojecW, Ze 
laXnched gamma-Ua\ iUUadiaWion e[peUimenWV in QST 
TakaVaki AdYanced RadiaWion ReVeaUch InVWiWXWe fUom 2018. 
The UeVXlWV obWained in Whe e[peUimenWV aUe XVed impoUWanW 
baVVeV foU VhoZing WhaW componenWV can mainWain iWV WheiU 
peUfoUmanceV XndeU Whe ITER UadiaWion enYiUonmenW in Whe 
deVign UeYieZ foU each diagnoVWic V\VWem. 

FoU MFC, WZo pUoWoW\pe pUeamplifieUV foU ITER ZeUe 
WeVWed in 3Ud cell aW Co-60 1VW BXilding. The gamma-Ua\ 
iUUadiaWion ZaV peUfoUmed Xp Wo 100 G\ aW a doVe UaWe of 
10-25 G\/h. We inYeVWigaWed Whe effecWV of gamma Ua\V on 
Whe pXlVe amplificaWion facWoU, fUeqXenc\ chaUacWeUiVWicV and 
Vignal VWabiliW\ (noiVe leYel) of Whe pUeamplifieUV in ViWX 
dXUing iUUadiaWion. A fXncWion geneUaWoU cUeaWed pUogUamed 
paWWeUn VignalV and WhoVe VignalV ZeUe inpXW inWo Whe 
pUeamplifieUV WhUoXgh aWWenXaWoU Zhich had a gain inYeUVe 
of WhaW of Whe amplifieU. The oXWpXW VignalV fUom Whe amplifieU 
ZeUe conWinXoXVl\ moniWoUed and peUiodicall\ UecoUded b\ 
an oVcilloVcope and compaUed ZiWh Whe geneUaWed VignalV. 
AV a UeVXlW of anal\]ing Whe obWained daWa, iW ZaV confiUmed 
WhaW no abnoUmaliW\ occXUUed. 

FoU PoPola, an endXUance WeVW on Whe pie]oelecWUic 
elemenW Wo be XVed in ITER ZaV peUfoUmed in 2nd cell aW Co-
60 1VW BXilding. The gamma-Ua\ iUUadiaWion ZaV peUfoUmed 
Xp Wo 1 MG\ aW a doVe UaWe of 6.3 kG\/h. The Vample ZaV 
fi[ed dXUing iUUadiaWion in a VWainleVV-VWeel cage ZiWh Whe 
heighW adjXVWed b\ a laboUaWoU\ jack. AfWeU Whe iUUadiaWion, 
Whe VoXndneVV of Whe pie]o elemenW ZaV WeVWed, and no 
degUadaWion of peUfoUmance of VWUoke lengWh and VWUoke 
foUce ZaV confiUmed, pUoYing WhaW iW can be XVed foU Whe 
acWXal ITER machine. 

FoU ETS, conWinXing pUeYioXV UeVXlWV [1], opWical 
elemenWV ZeUe iUUadiaWed in 6Wh Cell aW Co-60 2nd BXilding. 
The glaVV maWeUialV and opWical fibeUV ZeUe iUUadiaWed b\ 
gamma Ua\V Xp Wo 10 MG\ and inYeVWigaWed befoUe and 
afWeU iUUadiaWion in VpecWUal WUanVmiWWance aW 590-1070 nm.  

FoU DIM, opWical fibeUV ZeUe iUUadiaWed eYenWXall\ Xp Wo 
200 kG\ in 1VW cell aW Food iUUadiaWion BXilding and 2nd Cell 
aW Co-60 1VW BXilding. The candidaWe opWical fibeU fUom Whe 

pUeYioXV e[peUimenWal UeVXlWV [2] ZeUe e[amined foU moUe 
deWailed opWical pUopeUW\ YeUificaWion. The gamma-Ua\ 
iUUadiaWion WeVWV ZeUe peUfoUmed obVeUYing Whe VpecWUal 
WUanVmiWWance afWeU iUUadiaWionV foU Whe fibeUV; VolaUi]aWion-
UeViVWanW Vilica fibeUV foU meaVXUemenW in Whe UV Uegion 
(200-450 nm) and Vilica fibeUV ZiWh loZ OH conWenW in Whe 
VIS/NIR Uegion (400-1,000 nm). In addiWion Wo Whe 
conYenWional NA = 0.22 opWical fibeUV, Whe UadiaWion 
UeViVWance of Whe NA = 0.12 opWical fibeUV ZeUe alVo 
confiUmed in Whe WeVWV. FXUWheU e[peUimenWal WUial-and-eUUoU 
iV UeqXiUed Wo conWUibXWe Wo Whe deciVion of aYailabiliW\.  

FoU IRTh, e[peUimenWV b\ XPS aW TARRI ZeUe peUfoUmed 
on ZnSe and ZnS lenV Vpecimen iUUadiaWed ZiWh gamma-Ua\ 
Xp Wo 5.6 MG\ in Whe pUeYioXV \eaU. IW ZaV foXnd WhaW 
WUanVmiWWance deWeUioUaWion aUoXnd Whe lighW ZaYelengWh of 
3 ȝm occXUUed neaU Whe VXUface, and iW ZaV foXnd WhaW iW ZaV 
noW Whe effecW of Whe coloU cenWeU caXVed b\ gamma-Ua\ 
iUUadiaWion, and iW ZaV foXnd WhaW iW doeV noW hindeU XVe in a 
gamma Ua\ enYiUonmenW [3]. 

The deWailV of each e[peUimenW aUe VXmmaUi]ed in 
elVeZheUe [4]. 
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The ITER blanket remote handling s\stem (BRHS) will 

replace the first walls in a gamma radiation environment 
having a dose rate of 250 G\/h to 500 G\/h. BRHS 
components have a radiation hardness requirement of 1 
MG\, however, we set a radiation hardness target value of 
5 MG\ to increase the availabilit\ of the s\stem. In this 
stud\, we investigated the radiation hardness of part of 
frame ground on the AC servo motors. Our AC servo motors 
are designed to fix the shield wire frame ground (FG) onto 
the inside of the motor b\ crimped terminal for conduction 
[1]. However, this design requires additional space for fixing 
the shield wire FG, which will increase the length of the 
motors. Instead, the shield wire FG will be fixed onto the 
outside of the rear bracket. However, fixing the shield wire 
FG on the outside of the motor will leave the screw exposed, 
so we need to verif\ whether screws loosen, or electrical 
resistance increases due to irradiation b\ conducting 
irradiation tests. 
TeVW meWhodV 

Test pieces (100 mm x 100 mm x 3 mm) were made using 
various materials, surface-treated A 6063 and SUS303, as 
shown in Table 1. Test pieces were set on a stand (Figure 
1) and irradiated up to 3 MGy at 2 kGy/h and then from 3 
MGy up to 5 MGy at 4 kGy/h. After irradiation, the surface 
of the materials and the screws were observed, and 
conduction resistance (requirement is 500 mΩ or less) 
was measured. 

TeVW reVXlWV  
Screw: None of the screws became loose. 
Conduction resistance: Conduction resistance satisfied the 
requirement up to 5 MG\ in A6063 (Chromate) and SUS303. 
However, in the case of A6063 (Black colored alumite), 
conduction resistance exceeded the requirement value 
before irradiation up to 5 MG\. 

Surface observation: Surfaces of A6063 (Black colored 
alumite) and SUS303 did not change owing to irradiation. 
White dots were observed on the surface of A6063 
(Chromate) in 1 MG\ irradiation, however, these dots did 
not flake off. 

Irradiation tests have narrowed down the choice of 
candidates to either A6063 (Chromate) or SUS303. For our 
future work, we will compare the manufacturabilit\ of the 
materials and in-bod\ temperatures. 
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Table 1 
Candidate materials for motor. 

Material Surface treatment Si]e [mm] 
A6063 Black colored alumite 100 x 100 x 3 
A6063 Chromate 100 x 100 x 3 
SUS303 No treatment 100 x 100 x 3 
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Fig. 1. Test pieces were set on the stand for irradiation. 

Sample Sample Sample

Table 2 
Surface of candidate materials after irradiation. 
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Tungsten materials are one of the leading candidates as 

divertor materials for DEMO reactors. However, since the 
divertor material in DEMO reactors is e[posed to up to 10 
dpa neutron irradiation, must evaluate the irradiation effect, 
and a self-ion irradiation e[periment that can remove 
unnecessar\ phenomena (transmutation, precipitation, 
etc.) during the irradiation is significant. However, in the 
case of tungsten ion irradiation, since the irradiation area is 
ver\ limited to about 2 ȝm from the irradiation surface, a 
method for evaluating the irradiation effect on mechanical 
properties is limited. The micro tensile test is a new method 
that could evaluate the tensile properties using a specimen 
of micro level and it is thought to be effective for assessing 
ion irradiation materials with a minimal irradiation area. 
Therefore, this stud\ investigates the effects of self-ion 
irradiation (specificall\, irradiation hardening) on tungsten 
materials using micro tensile tests. In addition, verification 
tests were also conducted to e[amine the validit\ of the 
irradiation hardening results obtained through the micro 
tensile test.  

Evaluated the effect of irradiation hardening for ITER-
grade pure tungsten (IGW) [1]. 18 MeV W6+ ions were 
irradiated to 18 dpa at 500 �C and 800 �C. Figure 1 shows 
the results of the micro tensile verification tests [2].  

The green data appl\ a round shoulder to the specimens 
and can confirm the effect of the shape of the specimen on 
the test result because it shows higher UTS (ultimate 
tensile stress) compared to data without a round shoulder 
(\ellow and blue data). Ne[t on, the \ellow data includes a 
grain boundar\ in the specimen gauge, and the blue data 
does not include a grain boundar\. These data indicate that 
the grain boundar\ does not affect the test results because 
it shows a constant UTS regardless of the presence or 

absence of a grain boundar\. Finall\, the red data indicate 
the result of the defect (pore) included in the specimen 
gauge. This data shows a significantl\ lower UTS 
compared to other data, even though it adopts a round 
shoulder. Since the tungsten material used in this stud\ was 
manufactured through powder metallurg\, it contains 
numerous pores, and the specimen is likel\ to contain 
pores. Therefore, in this stud\, a round shoulder specimen 
was adopted, and it was manufactured not to include pores 
and ignored the e[istence of a grain boundar\.  

Figure 2 shows the trend of irradiation hardening using 
a micro tensile test [2]. In the irradiation at 500 �C, UTS was 
increased with the irradiation dose, and when the irradiation 
dose e[ceeded 1.0 dpa, the UTS was constant at about 1.7 
GPa. On the other hand, when irradiated at 800 �C, the 
UTS increased until the irradiated dose reached 3.0 dpa, 
and UTS was constant at about 1.9 GPa. These results 
suggest that the saturation of irradiation hardening 
depends on temperature. In addition, this trend was the 
same as irradiation hardening saturation using 
nanoindentation in the 2020 annual report. Therefore, as a 
result of careful consideration, we have concluded that the 
micro tensile test method is ver\ effective for evaluating the 
tensile properties and hardening of ion irradiation materials. 
However, the total elongation did not depend on the 
irradiation temperature or the irradiation dose, which is 
thought to be affected b\ the cr\stal direction. Therefore, in 
the future, single cr\stal pure tungsten will be used to 
evaluate the effect of the cr\stal direction and the irradiation 
hardening using identical cr\stal direction specimens. 
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FLJ. 1. Results of the micro tensile test for unirradiated specimens 
with consideration of the effects of the specimen shape and the 
presence of the grain boundar\ and pores inside the specimen. 

 
FLJ. 2. Results of the irradiation hardening b\ the micro tensile test. 
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InWrodXcWion 

TriYalenW minor acWinides (MA(III): Am and Cm) 
conWained in high leYel liqXid ZasWe (HLLW) generaWed from 
reprocessing of spenW nXclear fXel possess radioWo[iciW\, 
and parWiWioning and WransmXWaWion of Whose elemenWs are 
imporWanW sWraWeg\ for sXsWainable nXclear energ\ [1]. In 
order Wo recoYer MA(III) from HLLW ZiWh pracWical process, 
oXr groXp is proposing a h\brid process consisW of solYenW 
e[WracWion and e[WracWion chromaWograph\ Zhich is 
e[pecWed Wo redXce amoXnW of secondar\ ZasWes and Wo 
haYe adYanWages in safeW\ and econom\ oYer Whe 
processes of onl\ Whe solYenW e[WracWion or Whe e[WracWion 
chromaWograph\. In Whis Wechnolog\, MA(III) and lanWhanides 
(Ln(III)) are recoYered from high leYel liqXid ZasWe b\ Whe 
solYenW e[WracWion ZiWh cenWrifXgal conWacWors, and MA(III) is 
separaWed from Ln(III) b\ graYiW\ driYen e[WracWion 
chromaWograph\. E[isWing e[WracWion chromaWograph\ XWili]e 
poroXs silica sXpporW made b\ sol-gel meWhod, and small 
pore and parWicle si]e generaWe large pressXre drop of 
packed colXmns. The graYiW\ driYen e[WracWion 
chromaWograph\ reqXires a neZ sXpporW for adsorbenWs, 
and Ze are condXcWing opWimi]aWion in sWrXcWXre of Whe 
sXpporW Wo achieYe efficienW floZ of mobile phase in colXmns 
and separaWion performance. In Whis sWXd\, inflXence of co-
e[isWing elemenWs on local sWrXcWXre of comple[es aroXnd 
EX (III) formed in Whe adsorbenW is inYesWigaWed b\ Ion beam 
indXced lXminescence (IBIL) and E[Wended X-ra\ 
absorpWion fine sWrXcWXre (EXAFS) WechniqXes Wo giYe 
beneficial informaWion Wo Whe opWimi]aWion sWXd\.  
E[perimenWal 

Silica based poroXs sXpporWs Zere prepared b\ liqXid colXmn 
cXWWing meWhod. N,N,N¶,N¶,N¶¶,N¶¶-he[aocW\lniWriloWriaceWamide 
(HONTA) Zas impregnaWed inWo sW\rene-diYin\l ben]ene 
copol\mer coaWing aroXnd Whe parWicles, and EX(III) ZiWh co-
e[isWing elemenWs (Re(VII), Pd(II), Zr(IV) or Mo(VI)) Zere 
loaded inWo Whe adsorbenWs from 0.1 M niWric acid solXWion. 

EX-LIII edge (6.98 keV) EXAFS measXremenWs Zere 
carried oXW aW Whe BL5S1 beamline of Aichi S\nchroWron 
RadiaWion FaciliW\, Japan. The adsorbenW Zas pXW in a SUS 
flaW Zasher ZiWh 1 mm Whickness and 10 mm inner diameWer, 
and When sealed b\ WZo KapWon films. 

The IBIL measXremenWs Zere performed Xsing Whe 
ILUMIS s\sWem eqXipped in Whe lighW-ion microbeam line 
connecWed Wo a 3-MV single-ended acceleraWor in TIARA [2]. 
A feZ parWicles of Whe adsorbenW Zere pXW on a KapWon film 
aWWached Wo a sample holder, and sealed b\ a KapWon film. 
The samples Zere irradiaWed b\ 3 MeV proWon beam ZiWh a 
beam cXrrenW of aboXW 100 pA. The IBIL SpecWra Zere 
obserYed b\ an UV-Yis specWromeWer (Solid Lambda CCD, 

SpecWra CO., LWd.). 
ResXlWs and discXssion 

EXAFS anal\sis reYealed WhaW Whe nXmber of Whe nearesW 
coordinaWing O aWom aroXnd EX(III) slighWl\ depends on 
elemenWs co-e[isWing in Whe adsorbenWs. IBIL specWra of 
EX(III) loaded in Whe adsorbenWs ZiWh YarioXs elemenWs are 
shoZn in Fig. 1. These characWerisWic peaks are assigned Wo 
be 5D0Ѝ7F WransiWions of 4f elecWron in EX(III) [3]. InflXence 
of Whe co-e[isWing elemenWs on Whe peak profile aW aroXnd 
700 nm Zhich corresponds Wo Whe 5D0Ѝ7F4 WransiWion Zas 
obserYed. The 5D0Ѝ7F4 WransiWion profile is knoZn Wo be 
sensiWiYe Wo s\mmeWr\ of aWoms aroXnd EX(III), Wherefore 
change in s\mmeWr\ of Whe comple[ mXsW be obserYed b\ 
Whe IBIL measXremenW. QXanWXm chemical calcXlaWion on 
EX(III)-HONTA comple[ shoZed WhaW difference in 
orienWaWion of niWraWe ions in Whe comple[ caXsed Whe 
difference in EXAFS and IBIL. These resXlWs conWribXWed Wo 
design of an appropriaWe MA(III) recoYer\ process floZ. 
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Fig. 1. IBIL specWra of EX(III) loaded inWo Whe adsorbenWs. 
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Introduction 

In a nXcleaU fXel UepUoceVVing, iW iV deViUable Wo UecoYeU noW 
onl\ U and PX bXW alVo minoU acWinideV (MA) VXch aV Np, Am, 
Cm Wo UedXce UadioWo[iciW\ and Whe YolXme of YiWUified ZaVWeV 
[1]. An e[WUacWion chUomaWogUaph\ pUoceVV haV been VWXdied 
Wo UecoYeU MA fUom high-leYel liqXid ZaVWeV geneUaWed in 
UepUoceVVing of VpenW nXcleaU fXelV. PoUoXV SiO2 paUWicleV 
impUegnaWed ZiWh an e[WUacWanW foU MA aUe XVed aV an 
adVoUbenW foU Whe e[WUacWion chUomaWogUaph\ pUoceVV. The 
adVoUbenW ZaV packed inWo a colXmn, and high-leYel liqXid 
ZaVWe ZaV floZed WhUoXgh Whe colXmn Wo VepaUaWe MA. IW iV 
impoUWanW Wo eYalXaWe Whe VWUXcWXUe of comple[eV foU efficienW 
MA UecoYeU\ becaXVe Whe VWUXcWXUe of comple[eV VXch aV 
V\mmeWU\ ZoXld affecW Whe eaVe of elXWion foU MA. In Whe 
pUeYioXV VWXdieV [2,3], EX ZaV XVed inVWead of MA, and ion 
beam indXced lXmineVcence (IBIL) VpecWUa of EX ZeUe 
meaVXUed b\ H+ ion iUUadiaWion Wo eYalXaWe Whe VWUXcWXUe of EX 
comple[eV. HoZeYeU, WheUe iV feZ VWXdieV aboXW of Whe IBIL 
anal\ViV of comple[eV in Whe adVoUbenW, and collecWing a loW 
of IBIL daWa iV needed Wo eYalXaWe Whe VWUXcWXUe of comple[eV. 
LineaU eneUg\ WUanVfeU (LET) iV poVVible Wo affecW Whe IBIL 
VpecWUXm of comple[eV. TheUefoUe, Whe inflXence of ion 
beamV on Whe IBIL VpecWUa of EX ZaV eYalXaWed in WhiV VWXd\. 
E[perimental 

SW\Uene-diYin\lben]ene copol\meU ZaV coaWed on Whe 
VXUface of poUoXV SiO2 paUWicleV (SiO2-P), Zhich ZeUe 
impUegnaWed ZiWh e[WUacWanW. In WhiV VWXd\, n-ocW\l(phen\l)-
N,N-diiVobXW\lcaUbamo\lmeWh\lphoVphine o[ide (CMPO) 
ZaV XVed aV an e[WUacWanW. EX ZaV XVed aV VimXlaWed 
maWeUial foU MA becaXVe EX3+ haV VimilaU e[WUacWion behaYioU 
Wo WUiYalenW MA. EX niWUaWe VolXWion ZaV mi[ed ZiWh CMPO-
impUegnaWed SiO2-P paUWicleV, Zhich ZaV VepaUaWed fUom EX 
niWUaWe VolXWion. The UecoYeUed adVoUbenW ZaV pXW in a 
KapWon caVe and ZaV XVed foU Whe IBIL meaVXUemenW.  

In Whe e[peUimenWV, WZo ion beamV, a 3 MeV H+ in Whe lighW-
ion micUobeam line connecWed Wo a 3-MV Vingle-ended 
acceleUaWoU [4] and 107 MeV AU8+ ZiWh Whe beam line foU laUge-
aUea XnifoUm iUUadiaWion aW an a]imXWhall\ YaU\ing field (AVF) 
c\cloWUon in TIARA ZeUe XVed. The e[poVXUe WimeV ZeUe 6.5 
V and 1 V foU H+ and AU8+ ionV iUUadiaWion, UeVpecWiYel\. 
Results and discussion 

FigXUe 1 VhoZV Whe IBIL VpecWUa of EX comple[eV in Whe 
CMPO/SiO2 adVoUbenW b\ H+ and AU8+ iUUadiaWion. The 
VpecWUXm obWained b\ AU8+ ion iUUadiaWion ZaV VimilaU Wo WhaW 
b\ H+ ion iUUadiaWion. HoZeYeU, inWenViW\ of lXmineVcence of 

EX comple[eV iUUadiaWed b\ A8+ ion ZaV laUgeU Whan WhaW 
iUUadiaWed b\ H+ ion. TheUefoUe, Whe IBIL VpecWUa of a Win\ 
amoXnW of EX comple[eV coXld be meaVXUed b\ AU8+ ion 
iUUadiaWion. IW iV knoZn WhaW EX3+ ion Zhich haV 54 elecWUonV 
in Whe cloVed VhellV and 6 elecWUonV in Whe 4f Vhell and e[hibiWV 
VWUong lXmineVcence in Whe WUanViWion of 4f elecWUonV [5]. The 
5D0 ĺ 7FJ (J = 0±6) WUanViWionV in Whe lXmineVcence VpecWUXm 
aUe obVeUYed. The peak ZaV obVeUYed aW 592 nm dXe Wo Whe 
5D0 ĺ 7F1 WUanViWion, and Whe dominanW peak ZaV aW 617 nm 
aVVignV Whe 5D0 ĺ 7F2 WUanViWion. VeU\ cloVe WZo peakV ZeUe 
confiUmed aW 689 and 696 nm in Whe 5D0 ĺ 7F4 WUanViWion. 
Among WheVe WUanViWionV, Whe 5D0 ĺ 7F2 WUanViWion iV knoZn 
aV h\peUVenViWiYe WUanViWion and Whe inWenViW\ VWUongl\ 
dependV on Whe enYiUonmenW. The 5D0 ĺ 7F2 WUanViWion iV 
XVed aV a meaVXUe foU Whe aV\mmeWU\ of EX3+ ViWe. The 
eYalXaWion of Whe V\mmeWU\ of EX comple[eV in Whe adVoUbenW 
ZoXld be XVefXl foU eaVe of elXWion foU EX, and iW conWUibXWeV 
Whe MA UecoYeU\ in Whe e[WUacWion chUomaWogUaph\ pUoceVV. 
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Fig. 1. IBIL VpecWUa of EX comple[eV in Whe CMPO adVoUbenW. 
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Metallic nanomaterials have attracted tremendous attention 

due to their unique properties, such as luminescence, 
absorption, magnetic propert\, catal\tic activit\ and h\drogen 
absorption. These properties come from their si]e, shape, 
allo\ s\stem and comple[ electronic state Zhich is not appear 
in bulk materials. Ion irradiation to solid target is one of a 
method to s\nthesis of nanostructured materials 
(precipitations) that is highl\ controlled impurit\ injection Zith 
high densit\ of energ\ into solid folloZed b\ thermal annealing. 
In some cases, metal nanoparticles are formed in silica glass 
Zithout annealing b\ ion implantation. We suppose this 
method is useful to s\nthesi]e the neZ functional 
nanomaterials Zith control of allo\ structures and phases. So 
far, Ze have successfull\ s\nthesi]ed neZ functional 
nanoparticles in glass\ solid b\ using this method [1, 2]. In this 
stud\, amorphous SiO2 Zas alternatel\ irradiated Zith Ni and 
Ag ions at room temperature to investigate the effects of multi-
ion irradiation and changing their irradiation order on the 
formation of nanoparticles in solid. We found that it is possible 
to form metal nano-composite and also the irradiation 
sequence affects the formation of Ag-Ni metal nano-composite. 
The structure of these nanoparticles s\nthesi]ed b\ Ag and Ni 
ions irradiation in SiO2 has onl\ discussed Zith X-ra\ diffraction 
results in our previous report [3]. 
E[SeUimenWal 

Transparent amorphous silica glass (SiO2: 5 î 5 î 1 mm3) 
Zas prepared as an irradiation target. The target Zas 
irradiated Zith 380 keV Ag ions and 200 keV Ni ions at room 
temperature b\ using ion implanter at TIARA, National 
Institutes for Quantum and Radiological Science and 
Technolog\ (QST-Takasaki). Dual irradiation Zith Ag and Ni 
ions has done b\ changing irradiation order (AN: is irradiated 
firstl\ Zith Ag ions and folloZed b\ Ni ions, NA: is vice versa). 
The irradiation fluence of Ag ion is 5 î 1015 to 7 î 1016 /cm2 
and that of Ni ions Zas 1 î 1015 to 1 î 1017 /cm2. After each 
ion irradiation, these samples Zere e[amined b\ fine 
structure b\ using X-ra\ at KEK, UV-vis, Gra]ing Incidence 
X-ra\ Diffraction (GIXD) and Scanning TEM Zith Energ\ 
dispersive X-ra\ spectroscop\ (EDX) anal\sis. Figure1 
shoZs the depth profiles of implanted ions of 380 keV Ag and 
200 keV Ni calculated b\ TRIM. B\ changing the ion energ\, 
it is possible to deposit ions to the same depth. 
ReVXlWV and DiVciVViRn  

Our previous data of light absorption for s\nthesi]ed 
nanoparticles AN and NA shoZed clearl\ different [3]. The 
lattice structure of these nanoparticles is defined as face 

centered cubic b\ GIXD, but their brag peaks of NA is 
slightl\ shifted to loZ angle compare Zith that of AN. This 
result is considered to be due to the lattice e[pansion of the 
NA nanoparticles caused b\ the allo\ing of Ag and Ni atoms. 
Figure 2 shoZs cross-sectional photographs of NA and AN 
sequential irradiation formed nanoparticles b\ using STEM-
EDX. From this figure, it Zas found that ions are deposited 
at almost the same depth as e[pected in an\ order of 
irradiation and composite nanoparticles Zere generated, 
but there Zere clear differences in particle si]e distribution 
and state. That is, in case of NA, core-shell particles having 
a uniform particle si]e are formed centering on Ni and 
covered Zith Ag. In the case of AN, the particle si]e is 
dispersive and the\ look like an allo\ of Ni and Ag. This 
result is also consistent Zith the XRD results.  
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Fig. 1. TRIM simulation of 380keV-Ag and 200keV-Ni into SiO2. 

 
Fig. 2. TEM-EDX observation of nanoparticles in SiO2 s\nthesi]ed 
b\ ion implantation. (a) Irradiation sequence NA and (b) AN. 
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In recenW \ears, Whe deYelopmenW of small saWelliWes has 

become more acWiYe and has been reqXiring loZer cosW, 
smaller si]e, and higher fXncWionaliW\ of onboard 
componenWs. To meeW Whese reqXiremenWs, Whe Xse of COTS 
deYices is desired. HoZeYer, in general, COTS deYices are 
noW designed for Xse in space enYironmenWs, and Wheir 
radiaWion Wolerance is XnknoZn. Therefore, iW is necessar\ 
Wo confirm Whe operaWion and degradaWion sWaWXs of COTS 
deYices in Whe space enYironmenW b\ radiaWion WesWs. 

The effecWs of radiaWion on elecWronic deYices can be 
diYided inWo WZo major paWWerns: ToWal Ioni]aWion Dose (TID) 
and Single EYenW EffecW (SEE). TID is Whe performance 
degradaWion of elecWronic deYices caXsed b\ ȕ, Ȗ, and 
proWon beams. SEE is a fXncWional failXre caXsed b\ 
incoming heaY\ parWicles. In Whis research, small saWelliWe 
Zhich is assXmed Wo Xse COTS deYices is less affecWed b\ 
TID becaXse of iWs loZ orbiW and shorW operaWion period of 
one \ear. On Whe oWher hand, eYen a single occXrrence of 
SEE can desWro\ Whe elecWronic deYice iWself and Whe 
sXrroXnding circXiWs. The pXrpose of Whis research is Wo 
eYalXaWe radiaWion Wolerance in Whe space enYironmenW b\ 
WesWing YarioXs COTS deYices and obserYing Whe 
occXrrence of SEE. 

This research XWili]ed Whe Shared Use Program of QST. 
The AVF c\cloWron and real-Wime beam moniWor irradiaWion 
chamber aW Takasaki AdYanced RadiaWion Research 
InsWiWXWe Zas Xsed for Whe eYalXaWion. 

Onl\ Kr beam Zas Xsed as Whe irradiaWion soXrce dXe Wo 
machine Wime consWrainWs. The SEE probabiliW\ Zas 
calcXlaWed from Whe cross-secWion area obWained from Whe 
WesW, Whe LET (Linear Energ\ Transfer) Whreshold, and Whe 
orbiWal radiaWion disWribXWion calcXlaWed Xsing CREME96 
[Cosmic Ra\ EffecWs on Micro-ElecWronics (1996 ReYision)]. 

The orbiWal characWerisWics of Whe small saWelliWe for Zhich 
Whe COTS deYices are Wo be Xsed in Whis research, are as 
folloZs; alWiWXde of 700 km, orbiWal inclinaWion of 98 degrees, 
saWelliWe sWrXcWXre Xsing alXminXm of 2 mm Whickness, and 
operaWional period of one \ear. 

The radiaWion Wolerance of COTS deYice Zas eYalXaWed 
b\ comparing Whe calcXlaWed freqXenc\ of SEE occXrrence 

ZiWh Whe e[pecWed operaWion period. 
In FY2021, Ze selecWed FPGA (Field Programmable 

GaWe Arra\) as Whe sample. The FPGA is an SOI (Silicon On 
InsXlaWor) process prodXcW WhaW is e[pecWed Wo haYe 
radiaWion Wolerance and is a deYice ZiWh bXilW-in RAM 
(Random Access Memor\) and IO (InpXW OXWpXW) 
peripherals in addiWion Wo general-pXrpose logic cells (39K 
scale). IW is applicable Wo signal processing XniWs in small 
saWelliWe componenWs. 

Table 1 shoZs Whe eYalXaWion iWems, WesW resXlWs, and 
calcXlaWed probabiliW\ of SEE occXrrence Xnder Whe 
assXmed orbiW characWerisWics for Whe samples. 

The WesW inclXded Whe folloZing eYalXaWion iWems. 
・ SEL (Single EYenW LaWch-Xp) 
・ SEFI (Single EYenW FXncWional InWerrXpW) 
・ SEU (Single EYenW UpseW) 
For SEL, Zhen Whe cXrrenW consXmpWion of a sample 

increases aboYe SEL Whreshold (WZice Whe cXrrenW 
consXmpWion dXring normal operaWion), iW Zas jXdged Wo be 
a SEL, and Whe nXmber of occXrrences Zas coXnWed. In 
addiWion, a poZer reseW Zas performed Wo confirm Whe 
meWhod Wo resWore Whe sample Wo normal operaWion afWer Whe 
SEE occXrred. 

For SEFI, Whe nXmber of occXrrences Zas coXnWed Zhen 
a sample malfXncWion Zas deWecWed. 

For Whe SEU, biW errors Zere coXnWed for Whe SRAM 
(SWaWic Random Access Memor\) area and gaWe secWion in 
Whe FPGA. 

TesW resXlWs shoZed WhaW Kr irradiaWion did noW caXse SEL, 
SEFI and SEU. Therefore, Whe probabiliW\ of SEE 
occXrrence Zas calcXlaWed assXming WhaW one eYenW of SEE 
occXrred b\ Kr as a ZorsW-case scenario. The Single EYenW 
ProbabiliW\ YalXes shoZn in Table 1 indicaWe WhaW Whe 
freqXenc\ of SEE occXrrences is loZ for Whe e[pecWed one-
\ear operaWion period, WhXs Whe sXfficienW radiaWion Wolerance 
Zas confirmed. 

Finall\, since Whe sample COTS deYices Zere noW made 
for Xse in a space enYironmenW, Whe resXlWs of Whis WesW do 
noW indicaWe sXperioriW\ or inferioriW\ of Whe performance or 
fXncWion of Whe deYice iWself. 
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TabOe 1 
Single eYenW probabiliW\ of FPGA. 

EYalXaWion IWem LET Threshold 
(MeV-cm2/mg) 

Cross-secWional area 
(cm2) 

InWegral FlX[ 
(#/cm2/\ear) 

Single EYenW ProbabiliW\ 
(eYenW/\ear) 

SEL 

> 34.0 

8.29E-07 

7.30E-03 

< 6.05E-09 
SEFI 8.29E-07 < 6.05E-09 
SEU (SRAM) 1.58E-12 (cm2/biW) < 1.15E-14 (eYenW/biW/\ear) 
SEU (GaWe) 2.63E-10 (cm2/biW) < 1.92E-12 (eYenW/biW/\ear) 
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Films of Ti1-[Al[N haYe been knoZn as the material Zhich 

e[hibits sXperior mechanical and thermal properties, and 
those are Zidel\ Xsed as coatings for indXstrial applications 
sXch as cXtting tools. IrrespectiYe of those attracting 
performance, little is stXdied on the groZth mechanism as 
Zell as the chemical process. In this Zork, Ti1-[Al[N thin 
films haYe been prepared b\ reactiYe Chemical Vapor 
Deposition (CVD) and anal\]ed b\ Field Emission GXn 
Scanning Electron Microscop\ (FEG-SEM), Transmitting 
Electron Microscope (TEM) [1], and X-ra\ Diffraction (XRD).  

Recentl\, it has been reported that Ti1-[Al[N films haYe 
been groZn b\ Xse of the titaniXm tetra chloride, TiCl4, and 
c-plane (0001) monocr\stalline he[agonal alXminXm nitride, 
AlN, precXrsors [2]. The AlN has been prepared at 1500 �C 
Zith the gas mi[tXre of NH3 and AlCl3 on c-plane (0001) 
monocr\stalline he[agonal sapphire. DXring the Ti1-[Al[N 
groZth, h\drogen (H2) gas is Xsed as carrier gas of TiCl4.  
The groZth has been performed on the 100-nm-thick 
monocr\stalline AlN on sapphire.  

In order to characteri]e the effect of H2 carrier gas flX[ 
on the cr\stallinit\ and composition of Ti1-[Al[N films, X-ra\ 
diffraction patterns of the films deposited at 1200 �C for 15 
minXtes Zith H2 carrier gas flX[ fi[ed (a) at 100 sccm 
(Standard CXbic Centimeter per MinXte), (b) at 1000 sccm  
and (c) 2000 sccm on monocr\stalline AlN sXbstrates, Zere 
obserYed as shoZn in Fig. 1. The shift of the position of the 
peak Ti1-[Al[N (222) marked b\ * can be foXnd according to 
the Vegard¶s laZ. MoreoYer, it can be recogni]ed that H2 
carrier gas promotes the groZth of Ti1-[Al[N film Zhich leads 
to the increase in the intensit\ of Ti1-[Al[N (222) peak. 
These indicate that more H2 carrier gas leads to the groZth 

of of Ti-rich Ti1-[Al[N films.  
In order to eYalXate the composition of the Ti1-[Al[N non-

stoichiometric compoXnd groZn b\ introdXcing TiCl4 gas 
Xsing H2 carrier gas onto a monocr\stalline AlN sXbstrate at 
1200 �C, a thermod\namicall\ phase diagram Zas simXlated 
at 0.01 atm and 1200 �C for the AlN-TiCl4-H2 ternar\ s\stem 
as shoZn in Fig. 2. This simXlation Zas calcXlated in a closed 

eqXilibriXm state, and the actXal e[periment Zas performed 
in an open s\stem Zith a gas floZ rate. Therefore, it is 
considered that there is a large amoXnt of H2 in the Yicinit\ of 
the AlN sXbstrate sXrface compared to TiCl4 and AlN, and the 
H2-rich state shoZn in Fig. 2 is reali]ed, Zhich leads to the 
groZth of Ti1-[Al[N films. The affinit\ of nitrogen for titaniXm 
is stronger than that of nitrogen for alXminXm, and in the 
initial stage of the reaction, TiN non-stoichiometric 
compoXnds are preferentiall\ formed on the AlN sXbstrate, 
and then Al is incorporated into the TiN non-stoichiometric 
compoXnds b\ the diffXsion. Therefore, Al atoms of the AlN 
sXbstrate are classified into those that eYentXall\ become Ti1-

[Al[N and those that become gases sXch as alXminXm 
chlorides (AlCl3, AlCl2, AlCl) and leaYe the sXbstrate. 
Therefore, the more H2 carrier gas flX[, the more alXminXm 
chloride eYaporates and the less the amoXnt of Al ([) in the 
resXlting Ti1-[Al[N non-stoichiometric compoXnd.  

Therefore, it can be conclXded that the H2 carrier gas 
promotes the groZth of Ti-rich Ti1-[Al[N films. 
 
RefeUeQceV 
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Fig. 1. X-ra\ diffraction patterns of the la\ers fabricated on 
monocr\stalline AlN at 1200 �C Zith H2 gas fi[ed at (a) 100 sccm, 
(b) 1000 sccm, (c)2000 sccm. The marks of * indicate the position 
of the peak of Ti1-[Al[N (222). 

76 77 78 79 80 81 82 83

*
*

*

h-
A

lN
 (0

04
)

c-
A

lN
 (2

22
)

1000 sccm

100 sccm

 

 

In
te

ns
ity

 (a
rb

. u
ni

t)

2 Theta

2000 sccm

c-
Ti

N
 (2

22
)

 
 

 
Fig. 2. AlN-TiCl4-H2 ternar\ phase diagram simXlated at 1200 �C 
at 0.01 atm. Note that Ti1-[Al[N lattice strXctXre is cXbic s\stem, 
and AlN is he[agonal s\stem. Main compoXnds e[isting in the gas 
phase are noted. 
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FDFXOW\ RI EQJLQHHULQJ, GUDGXDWH SFKRRO RI SFLHQFH DQG EQJLQHHULQJ, SDLWDPD UQLYHUVLW\ 

 
IQWURdXcWiRQ 

TKH FRORU IRUPHUV KDYH EHHQ GHYHORSHG >1-2@ WR YLVXDOO\ 
GHWHFW UDGLDWLRQ WKDW LV KDUPIXO WR WKH KXPDQ ERG\ EXW 
FDQQRW EH GHWHFWHG E\ WKH KXPDQ VHQVHV. GHO GRVLPHWHUV 
EDVHG RQ WKH FRORU IRUPHUV >3@ ZLOO EH XVHIXO IRU WKH YLVXDOO\ 
GHWHFWLRQ RI WKH DUHD LUUDGLDWHG ZLWK KHDY\ SDUWLFOH EHDPV, 
ZKLFK DUH XVHG IRU FDQFHU WUHDWPHQW. IQ RXU SUHYLRXV 
VWXGLHV RQ J UD\ GHWHFWLYH FRORU IRUPHUV, WKH SKHQRWKLD]LQH-
W\SH FRORU IRUPHU 1, ZKLFK KDV ZDWHU-VROXELOLW\ E\ 
LQWURGXFLQJ D ZDWHU-VROXEOH VXEVWLWXHQW LQWR WKH SURWHFWLQJ 

JURXS, VKRZHG WKH FRORU GHYHORSPHQW E\ 10 G\ RI J 
LUUDGLDWLRQ LQ DTXHRXV VROXWLRQ ZLWK WKH DGGLWLRQ RI LURQ(II) 
VXOIDWH KHSWDK\GUDWH >4@. TKLV SDSHU SUHVHQWV WKH FRORU 
GHYHORSPHQW FKDUDFWHULVWLFV E\ FDUERQ LRQ EHDP LUUDGLDWLRQ 
RI WKH K\GURJHO G\H GRVLPHWHUV, ZKLFK DUH SUHSDUHG ZLWK 
SKHQRWKLD]LQH-W\SH FRORU IRUPHU 1 DQG JHODWLQ RU N-
FDUUDJHHQDQ DV JHOOLQJ DJHQWV. GHODWLQ DQG N-FDUUDJHHQDQ 
DUH IDPLOLDU JHOOLQJ DJHQWV IRU ZDWHU.  
ReVXlWV aQd diVcXVViRQ 

TKH K\GURJHO G\H GRVLPHWHUV ZHUH SUHSDUHG DV IROORZV. 
TKH FRORU IRUPHU VROXWLRQ FRQWDLQLQJ LURQ(II) VXOIDWH 
KHSWDK\GUDWH ZDV SUHSDUHG VR WKDW WKH FRQFHQWUDWLRQV ZHUH 
>1@₀=0.13 PM DQG >FHð⁺@₀=0.125 PM. 120 PJ RI JHODWLQ ZDV 
DGGHG WR 1 PL RI WKH VROXWLRQ DQG WKH VROXWLRQ ZDV KHDWHG 
WR 60�C DQG WKHQ FRROHG LQ D IUHH]HU IRU 10 PLQXWHV. FRU WKH 
N-FDUUDJHHQDQ JHO, 15 PJ RI N-FDUUDJHHQDQ ZDV XVHG 
LQVWHDG RI 120 PJ RI JHODWLQ. 

IUUDGLDWLRQ RI FDUERQ LRQ EHDP WR WKH K\GURJHO G\H 
GRVLPHWHU ZDV FDUULHG RXW DW TIARA. 220 MHV FDUERQ LRQV 
(12C+5) ZHUH LUUDGLDWHG WR WKH GRVLPHWHUV DW 4 QA IRU WKH 
H[SRVXUH WLPHV RI 30 V DQG 60 V, RU DW 2 QA IRU 120 V ZLWK 
VFDQQLQJ WKH EHDP RYHU WKH DUHD RI 7.5 FP [ 7.5 FP XQGHU 
QRUPDO WHPSHUDWXUH DQG DPELHQW SUHVVXUH. 

TKH LPDJHV RI WKH K\GURJHO G\H GRVLPHWHUV XVLQJ JHODWLQ 
DV D JHOOLQJ DJHQW RU ț-FDUUDJHHQDQ EHIRUH DQG DIWHU FDUERQ 
LRQ EHDP LUUDGLDWLRQ DUH VKRZQ LQ FLJ. 1 DQG FLJ. 2, 
UHVSHFWLYHO\. FURP WKH LPDJHV, WKH FRORUDWLRQ RI WKH FRORU 
IRUPHU GXH WR FDUERQ LRQ EHDP LUUDGLDWLRQ ZDV FRQILUPHG, 
DQG WKH JHODWLQ JHO GHYHORSHG D JUHHQ FRORU, ZKLOH WKH N-
FDUUDJHHQDQ JHO GHYHORSHG D EOXH FRORU.  

TKH FRORUHG JHO DIWHU LUUDGLDWLRQ ZDV GLVVROYHG LQ ZDWHU 
DQG WKH UV-VIS VSHFWUD ZHUH PHDVXUHG. TKH ORQJHVW 
ZDYHOHQJWK DEVRUSWLRQ EDQG ZDV REVHUYHG DW 650 QP IRU 
WKH JHODWLQ JHO, DQG WKH DEVRUSWLRQ EDQG DW 650 QP ZDV QRW 
REVHUYHG LQ WKH N-FDUUDJHHQDQ JHO, EXW WKH DEVRUSWLRQ EDQG 
ZDV REVHUYHG DW 560 QP.  

TKH, K\GURJHO G\H GRVLPHWHUV QRW FRQWDLQLQJ LURQ (II) 
VXOIDWH KHSWDK\GUDWH ZHUH SUHSDUHG DQG LUUDGLDWHG ZLWK 
FDUERQ LRQ EHDP. TKH JHODWLQ JHO DQG WKH N-FDUUDJHHQDQ 
JHO GRVLPHWHUV GLG QRW GHYHORS DQ\ FRORU E\ WKH LUUDGLDWLRQ. 
TKH VHQVLWL]LQJ HIIHFW RI LURQ (II) VXOIDWH KHSWDK\GUDWH LV 
LPSRUWDQW DOVR IRU WKH FRORUDWLRQ E\ FDUERQ LRQ EHDP. 
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Fig. 2. CRORU FKDQJLQJ LPDJH RI 1 LQ κ-FDUUDJHHQDQ JHO GRVLPHWHU 
DIWHU 12C+5 EHDP LUUDGLDWLRQ (>1@0 = 0.13 PM, >FHð⁺@0 = 0.125 PM). 

 
Fig. 1. CRORU FKDQJLQJ LPDJH RI 1 LQ JHODWLQ JHO GRVLPHWHU DIWHU 
12C+5 EHDP LUUDGLDWLRQ (>1@0 = 0.13 PM, >FHð⁺@0 = 0.125 PM). 

 
Scheme 1. CRlRUaWiRQ Rf SheQRWhia]iQe-W\Se cRlRU fRUmeU 1 

blank   30 s   60 s     120 s 

        4 nA   4 nA     2 nA  

EODQN   30 V   60 V     120 V 

        4 QA   4 QA     2 QA  
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It is important for the purpose of earthquake disaster 
preYention to date the absolute age of unrecogni]ed actiYe 
faults distributed in the regions Zithout clear tectonic landform 
or Quaternar\ oYerl\ing sediments. At present, Ze haYe no 
aYailable dating technique e[cept for ESR (electron spin 
resonance), TL (thermo-luminescence) or OSL (optically 
stimulated luminescence) dating method.  

In the ESR method, Ze use fault rock formed b\ fault 
shearing at the time of fault moYement and estimate the 
absolute age of fault rock using radical centers detected from 
fault-rock-forming minerals [1]. The fault-rock-forming 
minerals are often subjected to frictional heat and 
h\drothermal alteration b\ fault shearing. Therefore, the 
radical centers deriYed from hydrothermally altered minerals 
ma\ giYe the absolute age of fault moYement.  

In this stud\, I carried out h\drothermal reaction 
e[periments for 2 Zeeks at 250 ℃  under an aqueous 
solution of 10%NaOH using the poZder sample of potassium 
feldspar e[tracted from the Hoo-t\pe granite distributed along 
the Hakushu fault belonging to the ItoigaZa-Shi]uoka 
Tectonic Line (ISTL) ActiYe Fault S\stem.  

Figure 1 shoZs the X-ra\ diffraction (XRD) patterns 
obtained from the natural and h\drothermall\ altered samples. 
The XRD anal\sis indicates that the XRD peaks of potassium 
feldspar (orthoclase) disappear and those of plagioclase 
(albite) e[tremel\ decease, Zhile those of kaolinite, a kind of 
cla\ mineral, neZl\ appear after the h\drothermal reaction 
under an aqueous solution of 10%NaOH.  

Figure 2 shoZs ESR spectra obtained from the natural and 
h\drothermall\ altered samples. The abscissa is represented 
b\ the g-Yalue, spectroscopic splitting factor. The ESR 
anal\sis reYeals that unknoZn multiple radical centers e[cept 
the signal at g = 1.997 come to appear from the h\drothermall\ 
altered sample under an aqueous solution of 10%NaOH after 
gamma-irradiation. The signal at g = 1.997 is the Ge center 
deriYed from germanium ions in quart] [1].  

The unknoZn multiple radical centers regularl\ increase 
Zith increasing radiation dose, and then the\ ma\ be 
applicable to the dating of h\drothermal alteration in faulting, 
that is, the absolute dating of fault moYement. It is unclear 
Zhether the unknoZn multiple radical centers are deriYed 
from kaolinite since the intrinsic signal deriYed from kaolinite 
has a large lineZidth and increases b\ gamma-irradiation Zith 
a high radiation dose of 10 kG\ or more [2]. 
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Fig. 2. Gamma-irradiation effect on radical centers detected from 
the natural and h\drothermall\ altered samples. a) natural sample, 
b) h\drothermall\ altered sample. The ESR spectra Zere measured 
at a microZaYe poZer of 1 mW under RT. The irradiation dose rate 
is 317.3 G\/h. Irradiation time: 1) 0h, 2) 1h, 3) 2h, 4) 3h, 5) 4h, 6) 
5h, 7) 6h, 8) 7h, 9) 8h, 10) 9h, 11) 10h. 

 
Fig. 1. X-ra\ diffraction patterns obtained from the natural and 
h\drothermall\ altered samples of potassium feldspar. The heating 
temperature and duration are 250 �C and 2 Zeeks. a) natural 
sample consisting mainl\ of potasium feldspar (orthoclase) in the 
fresh Hoo-t\pe granite, b) h\drothermall\ altered sample under an 
aqueous solution of 10%NaOH.Q: quart], Ab: albite, Or: 
orthoclase, K: kaolinite. 



- 68 - 

QST Takasaki Annual Report 2021  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

blank Sage 



- 69 - 

QST Takasaki Annual Report 2021 

Part Ⅱ 

2.   Life Science 

2-01 
 
 

Quality effects of carbon ion and proton beams and gamma-rays  
on reversion mutation in zebrafish embryos  ································································ 72 

S. Oda, D. Li, E. Sha, Y. Shen, B. Ma, M. Suzuki and T. Funayama 

2-02 
 

DNA damage foci formation after simulated-space radiation exposure  ····························· 73 
T. Oizumi, T. Suzuki, T. Funayama, and AJ. Nakamura 

2-03 
 
 

Precise localized irradiation of individual organisms using focused heavy ion microbeams ···· 74 
T. Funayama and M. Suzuki 

2-04 
 
 
 

New trial toward the precise identification of fluorescence dots originated  
from oxidative damage in DNA thin sheet perpendicularly irradiated with heavy ions  ·········· 75 

A. Ito, K. Urano, A. Sudo, B. Daisi, S. Yoshida, R. Hirayama, Y. Furusawa,  
Y. Yokota and T. Funayama 

2-05 
 
 

Development of depth-controlled irradiation methods for silkworm eggs 
 – Determination of shielding range –  ········································································ 76 

N. Miyasaka, Y. Soma, T. Funayama, M. Suzuki and K. Shirai 

2-06 
 
 

Comparison between 190MeV 12C6+ and 220MeV 12C5+ ions  
in inducing P-53 gene dependent bystander cell-killing effect in human tumor cell lines········ 77 

M. Suzuki, T. Funayama and M. Suzuki 

2-07 
 

Basic study of immunoradiation therapy using anti-PD-L1 antibody ·································· 78 
T. Hara, T. Funayama, H. Sato, Y. Nakagami, Y. Suzuki and T. Ohno 

2-08 
 

Efficient dose of carbon ion beam irradiation for azalea seeds ········································ 79 
K. Ureshino, K. Satoh and Y. Oono 

2-09 
 
 

Effect of carbon ion-beam irradiation on growth and mutation spectra  
of Physcomitrium patens ························································································· 80 

Y. Yokota, K. Satoh and A. N. Sakamoto 

2-10 
 

Mutagenesis of the oil-producing algae by heavy ion irradiation ······································· 81 
H. Araie, Y. Hase, Y. Iwata, Y. Oono and I. Suzuki 

2-11 
 

Genome analysis of the low cesium-accumulating mutants  
of Rhodococcus qingshengii CS98 generated by ion beam breeding  ······························· 82 

K. Satoh, S. Ozawa, H. Hayashi and Y. Oono 

2-12 
 
 

Pilot-scale sake brewing tests using non-urea producing Gunma KAZE3 yeast  
bred by ion-beam mutagenesis ················································································· 83 

T. Watanabe, M. Yanagisawa, K. Satoh and Y. Oono 

2-13 
 
 
 

Growth curve analysis of Bacillus subtilis spores to evaluate  
damage and growth inhibition by ion-beam and gamma Irradiations ································· 84 

K. Tatsumoto, R. Asada, J. J. Sakamoto, T. Tsuchido, M. Furuta,  
K. Satoh and Y. Oono 

2-14 
 

Gamma-ray resistance of the thermophilic Rubrobacter species ······································ 85 
K. Katsumata, K. Satoh, Y. Oono, K. Miyazaki and I. Narumi 



- 70 - 

QST Takasaki Annual Report 2021 

2-15 
 

Strategy for detecting genome-wide mutations in mutagenized Arabidopsis plants ·············· 86 
S. Kitamura, K. Satoh and Y. Oono 

2-16 
 

Elucidation of genes involved in camptothecin biosynthesis of Ophiorrhiza pumila ·············· 87 
A. Takamatsu, N. Tsujimoto, S. Kitamura, Y. Oono and M. Yamazaki 

2-17 
 
 
 

Enhancing the therapeutic effect of 2- 211At-astato-α-methyl-L-phenylalanine  
with probenecid loading ··························································································· 88 

H. Hanaoka, Y. Ohshima, H. Suzuki, I. Sasaki, T. Watabe, K. Ooe, 
S. Watanabe and N. S. Ishioka 

2-18 
 
 

Rapid flow-based system for separation of radioactive metals  
by selective complex formation  ················································································ 89 

Y. Sugo, S. Obata, R. Miyachi, H. Manabe, M. Mori, S. Ohira and N. S. Ishioka 

2-19 
 

Preparation for single-cell RNA-sequence assay of PC12 pheochromocytoma cells  ··········· 90 
T. Sakashita, Y. Ohshima, Y. Yokota and N. S. Ishioka 

2-20 
 
 
 

Spatial distributions of cesium and strontium in tea leaves  
evaluated by micro-PIXE analysis ············································································· 91 

A. Terakawa, K. Momokita, Y. Hattori, M. Sato, K. Ishii, M. Koka, N. Yamada,  
R. Yamagata, Y. Ishii, N. Suzui, T. Satoh and N. Kawachi 

2-21 
 
 

Identification of multi-element accumulation mechanism in legume ·································· 92 
J. Furukawa, Y. Noda, N. Suzui, Y.-G. Yin, M. Koka, N. Yamada, R. Yamagata,  
Y. Ishii, N. Kawachi and T. Satoh 

2-22 
 
 
 

Visualization of zinc distribution in the root of oilseed rape plants  
by atmospheric micro-PIXE (Particle Induced X-ray Emission) analysis ···························· 93 

S. Nakamura, Y. Imaizumi, K. Suda, A. Shinozawa, K. Sato-Izawa, N. Yamada,  
R. Yamagata, Y. Ishii, T. Satoh, Y.-G. Yin, N. Suzui and N. Kawachi 

2-23 
 
 

Evaluation of photosynthate translocation dynamics to strawberry fruits  
in response to increasing daylight integrals at leaf surface ············································· 94 

Y. Miyoshi, K. Hidaka, Y.-G. Yin, N. Suzui, K. Kurita and N. Kawachi 

2-24 
 
 
 

Elemental distribution into root dentin from pilot materials  
incorporating with titanium fluoride ············································································ 95 

K. Okuyama, Y. Matsuda, H. Yamamoto, M. Sakurai, K. Naito, H. Kanda, T. Saito, 
M. Hayashi, Y. Tamaki, T. Satoh, N. Yamada, R. Yamagata and Y. Ishii 

2-25 
 
 

Ion penetration of zinc-containing fluoride material into sound and demineralized dentin  ····· 96 
H. Yamamoto, K. Okuyama, Y. Matsuda, K. Naito, H. Kanda, M. Sakurai,  
M. Hayashi, T. Satoh, N. Yamada, R. Yamagata and Y. Ishii 

2-26 
 
 

Estimation of damage localization of ion beam-irradiated DNA in water  
by means of fluorescence anisotropy ········································································· 97 

K. Akamatsu, N. Shikazono and K. Satoh 

2-27 
 

Development of drug delivery system (DDS), through two repetitions of radiation ··············· 98 
S. Harada and T. Satoh 

 
  



- 71 - 

QST Takasaki Annual Report 2021 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

blank page 



- 72 - 

QST Takasaki Annual Report 2021  

 Quality effects of carbon ion and proton beams and 
gamma-rays on reversion mutation in zebrafish embryos 

 
S. Oda 

a), D. Li 
a), E. Sha 

a), Y. Shen 
a), B. Ma 

a), M. SX]Xki 
b) and T. FXna\ama 

b) 
 

a)
 DeparWmenW of InWegraWed BioVcienceV, The UniYerViW\ of Tok\o 

b)
 DeparWmenW of RadiaWion-Applied Biolog\ ReVearch, TARRI, QST 

 
CellV haYe a YarieW\ of machinerieV Wo repair DNA 

damaged b\ YarioXV enYironmenWal facWorV VXch aV ioni]ing 
radiaWion and XlWraYioleW lighW and iW iV eVVenWiall\ imporWanW 
Wo elXcidaWe Whe croVVWalk beWZeen WheVe damage repair 
machinerieV Wo XnderVWand genome VWabiliW\. RecenWl\, 
WranVgenic moXVe and medaka haYe been deYeloped Wo 
YiVXali]e reYerVion mXWaWion in YiYo, WhaW regain Whe loVW 
phenoW\pe of a mXWaWed gene [1, 2] and occXrrence of 
reYerVion mXWaWion can be deWecWed b\ e[preVVion of GFP 
in place of mCherr\ in Whe WranVgenic medaka ZiWh a 
parWiall\ dXplicaWed ȕ-acWin promoWer [2]. In WhiV VWXd\, Ze 
generaWed a WranVgenic ]ebrafiVh line ZiWh Whe conVWrXcW Wo 
YiVXali]e reYerVion mXWaWionV in medaka, and reYerVion 
mXWaWionV indXced b\ irradiaWion ZiWh Whree W\peV of 
radiaWion (carbon ion and proWon beamV, gamma-ra\V) Zere 
obVerYed in ]ebrafiVh embr\oV. 

The conVWrXcW, in Zhich Whe 3' porWion of Whe medaka ȕ-
acWin promoWer and GFP gene Zere inVerWed doZnVWream of 
Whe mCherr\ gene driYen b\ Whe medaka ȕ-acWin promoWer 
[2], ZaV microinjecWed inWo ferWili]ed eggV of ]ebrafiVh and a 
WranVgenic ]ebrafiVh line ZaV generaWed, Zhich e[preVVeV 
mCherr\ in cellV WhroXghoXW Whe Zhole bod\ ZiWh red 
flXoreVcence Zhen ZiWhoXW reYerVion mXWaWionV. 

IrradiaWion of carbon ion beam (12C5+, 26.7 MeV/X, 5 or 
10 G\) Wo Whe WranVgenic ]ebrafiVh embr\oV aW 9 hoXr-poVW-
ferWili]aWion (hpf) indXced VeYere malformaWionV VXch aV 
VhorW and/or cXrYed Wail, VZelling of pericardiXm caYiW\, and 
all of Whe irradiaWed embr\oV died ZiWhin 4 da\V afWer Whe 
irradiaWion. In addiWion, indXcWion of GFP e[preVVion ZaV 
obVerYed in all of Whe embr\oV irradiaWed ZiWh 5 or 10 G\ of 
carbon ion beam (Fig. 1). In Whe WranVgenic ]ebrafiVh 
embr\oV generaWed in WhiV VWXd\, reYerVion mXWaWionV Zere 
deWecWed onl\ afWer leWhal doVeV of irradiaWion of carbon ion 
beam. 

IrradiaWion of proWon beam (H+, 15 MeV/X, 10 G\) Wo Whe 
WranVgenic ]ebrafiVh embr\oV (9 hpf) alVo indXced Whe 
VeYere deYelopmenWal malformaWionV VXch aV VhorW and/or 
cXrYed Wail, VZelling of pericardiXm caYiW\, hoZeYer, Vome 
embr\oV Zere VWill aliYe 6 da\V afWer Whe irradiaWion. We 
obVerYed GFP e[preVVion in 12 embr\oV among Whe 
irradiaWed 18 embr\oV (Fig. 1). In WhiV VWXd\, Ze foXnd WhaW 
proWon beam indXced leVV VeYere malformaWionV and a 
higher VXrYiYal raWe Whan carbon ion beam of Whe Vame doVe. 
ThiV reVXlW VXggeVWV WhaW proWon beam irradiaWion mighW be 
more VXiWable Wo indXce and VWXd\ reYerVion mXWaWionV in 
YiYo in ]ebrafiVh embr\oV. 

All (20 of 20) of Whe WranVgenic ]ebrafiVh embr\oV (9 hpf) 
irradiaWed ZiWh 30 G\ of gamma-ra\V VhoZed VeYere 
deYelopmenWal malformaWionV (VhorW and/or cXrYed Wail, 

VZelling of pericardiXm caYiW\, head d\VplaVia, eWc.) and 
e[preVVed GFP bXW died ZiWhin 3 da\V afWer Whe irradiaWion. 
IrradiaWion of 20 G\ of gamma-ra\V alVo indXced Vimilar 
malformaWionV in all of Whe embr\oV bXW Vome of Whem 
VXrYiYed 3 da\V afWer Whe irradiaWion and a half of Whe 
irradiaWed embr\oV (10 of 21) e[preVVed GFP 2 da\V afWer 
Whe irradiaWion. More embr\oV VXrYiYed afWer 10 G\ of 
gamma-ra\ irradiaWion and Vome embr\oV VhoZed 
malformaWionV (cXrYed Wail, VZelling of pericardiXm caYiW\) 
onl\ afWer haWching, hoZeYer, none of Whem e[preVVed GFP. 

The obWained reVXlWV VXggeVW WhaW higher (and leWhal) 
doVe of gamma-ra\ irradiaWion iV reqXired Wo indXce 
reYerVion mXWaWion in ]ebrafiVh embr\oV and proWon beam 
iV more VXiWable Wo indXce reYerVion mXWaWion in ]ebrafiVh 
embr\oV in YiYo Whan carbon ion beam and gamma-ra\V. 

 
References 
[1] A. Noda eW al., PLOS ONE 10, e0136041 (2015). 

DOI:10.1371/joXrnal.pone.0136041 
[2] T. WaWanabe-AVaka, eW al., C\Wologia 83, 221 (2018). 

DOI:10.1508/c\Wologia.83.221 

2 - 01 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. E[preVVion of mCherr\ and GFP in Whe WranVgenic ]ebrafiVh 
embr\oV 2 da\V afWer Whe irradiaWion ZiWh carbon ion beam (10 G\, 
A, B, C), proWon beam (10 G\, D, E, F) and gamma-ra\V (30 G\, G, 
H, I). WhiWe arroZV in C, F and I indicaWe Whe cellV e[preVVing GFP 
Zhich iV Whe Vignal of occXrence of reYerVion mXWaWion. BrighW field 
imageV: A, D, G, J. Red flXoreVcence imageV: B, E, H, K. Green 
flXoreVcence imageV: C, F, I, L. J, K and L are imageV of noW-
irradiaWed WranVgenic embr\o. The ]ebrafiVh egg iV appro[imaWel\ 
0.7 mm in diameWer. 
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E[posXre to ioni]ing radiation is one of the critical 
concerns associated Zith hXman actiYities in space. HeaY\ 
ion beams Zith high linear energ\ transfer (LET) in space 
radiation are knoZn to caXse clXster DNA damage in Zhich 
mXltiple DNA damage occXrs Zithin 1±2 heli[ tXrns of a DNA 
molecXle [1]. FXrthermore, radiation e[posXre ZoXld occXr 
Xnder the micrograYit\ enYironment in space that might 
indXce different responses for radiation e[posXre from that 
on the groXnd. Since the failXre of DNA damage repair ma\ 
indXce genomic instabilit\ and increase the risk of deYeloping 
cancer, it is important to Xnderstand the difference of DNA 
damage response after space radiation e[posXre. Therefore, 
in this stXd\, Ze eYalXate the DNA damage responses after 
radiation e[posXre b\ immXnostaining for phosphor\lated 
H2AX (J-H2AX) and 53BP1 to assess the biological impact 
of those stresses in space. 

Histone H2AX, Zhich is a ke\ protein in DNA repair, is 
rapidl\ phosphor\lated at the site of DNA doXble-strand 
breaks (DSBs) folloZing DNA damage indXction [2-3]. Upon 
DNA DSB indXction b\ ioni]ing radiation (IR), the 
accXmXlation of hXndreds of molecXles of YarioXs DNA 
repair proteins inclXding J-H2AX and 53BP1 can be 
YisXali]ed as a clear focXs at the DNA DSB site Zhich is 
knoZn as Ioni]ing Radiation-IndXced Foci (IRIF) [4]. The J-
H2AX foci serYe as sites of accXmXlation of DNA repair 
proteins and ma\ also indXce chromatin remodeling possibl\ 
to aid access of repair proteins to the DSB sites. Therefore, 
the formation of J-H2AX foci is critical for efficient DNA repair 
and the maintenance of genome stabilit\. 

In preYioXs stXd\, Ze anal\]ed the kinetics of J-H2AX and 
53BP1 foci formation after e[posXre of proton beam (20 
MeV), heliXm ion beam (63 MeV) and carbon ion beam (190 
MeV) that are considered as a component of cosmic ra\s. 
TIG-3 (normal hXman diploid skin fibroblast) Zere plated on 
chamber slides and e[posed to radiation. Cells Zere fi[ed b\ 
2% paraformaldeh\de and immXnostained for J-H2AX 
and/or 53BP1. Carbon ion beam, Zhich caXses more 
comple[ DNA damage than the heliXm ion, indXced a larger 
si]e of J-H2AX foci than heliXm ion beam at one hoXr after 
e[posXre [5]. Not onl\ one hoXr after the e[posXre, LET-
dependent foci si]e e[pansion Zas clearl\ shoZn b\ foXr-
hoXr post-irradiation, indicating more comple[ DNA 
damages Zere indXced LET-dependent manner [5]. 
Consistent Zith J-H2AX, the 53BP1 focXs si]e at one hoXr 
after irradiation increased in a LET-dependent manner [5]. 
Interestingl\, in the proton and heliXm irradiated groXps, the 
mean 53BP1 focXs si]e Zas slightl\ increased from 1±4 hoXr 
after irradiation [5]. It has been reported that the repair of 
DSBs, characteri]ed b\ large 53BP1 foci, Zas a sloZ 

process Zithin the biphasic kinetics of DSB repair, 
sXggesting non-homologoXs end joining Zith error-prone 
end resection. Therefore, it is reasonable to assXme that the 
LET-dependent specific DNA damage repair sZitching is 
occXrred after radiation e[posXre. 

HoZeYer, the real sitXation of radiation e[posXre in the 
space enYironment ZoXld not be simple. For e[ample, different 
t\pes of radiation might e[pose simXltaneoXsl\. Therefore, 
here, Ze eYalXated Zhether DNA damage indXction differed in 
the order of beams of e[posXre from C-ion to He-ion and He-
ion to C-ion. DNA damage foci Zere inYestigated after the 
combination of heliXm ion beam and carbon ion beam 
e[posXre. TIG-3 cells Zere plated on chamber slides and 
e[posed to mi[ed beam. As shoZn in Fig. 1, no difference of 
nXmber of J-H2AX foci Zere detected regardless the order of 
beam e[posXre. This resXlt indicates the order of beam might 
not affect at least the indXction of DNA damage and repair 
kinetics. OXr data sXggest that the biological effects of space 
radiation ma\ be significantl\ inflXenced b\ the dose as Zell as 
the t\pe of radiation e[posXre. 
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Fig. 1. Mean nXmber of J-H2AX foci per cell after radiation 
e[posXre.TIG-3 cells Zere e[posed to either C-ion (0.5 G\) to He-
ion (0.5 G\) and He-ion (0.5G\) to C-ion (0.5G\), and then fi[ed at 
1hr to 12hr post irradiation. It took aboXt 20min to sZitch beams. 
100 cells Zere coXnted. (error bars signif\ SD, n=3) 
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At QST-Takasaki, Ze haYe been deYeloping heaY\-ion 

microbeams for irradiating biological samples and stXd\ing 
the biological effects of heaY\ ions Xsing these microbeams. 
QST-Takasaki has tZo microbeam deYices Zith different 
microbeam formation methods: collimated microbeam and 
focXsed microbeam. The collimated microbeam has been 
Xsed since 1994, and the focXsed microbeam Zas 
deYeloped for precise irradiation that cannot be achieYed 
Zith the collimated deYice [1]. 

Using this microbeams, Ze haYe been stXd\ing the 
effects of heaY\-ion irradiation on a Yariet\ of organisms. 
One of these research categories is a research that 
anal\]es indiYidXal fXnctions b\ locall\ irradiating specific 
tissXes or organs of indiYidXal model organisms Zith a 
microbeam and e[amining the sXbseqXent effects. 

In this research on irradiating model organisms, stXdies 
haYe been carried oXt Xsing silkZorm, Japanese medaka, 
and nematode Zorms as materials. These stXdies haYe 
been condXcted Xsing a collimated microbeam deYice that 
alloZs the change of target tissXe si]e b\ changing the 
beam e[it. HoZeYer, the beam spot shape of collimated 
microbeam deYices is circXlar becaXse it Xses a pinhole. 
Therefore, it is impossible to irradiate the entire tissXe or 
area to be targeted Zith a Xniform dose. 

On the other hand, Ze haYe established a method of 
Xsing focXsed microbeams to target a specific point on 
cXltXred cells or a specific cell in the central nerYoXs s\stem 
of the nematode C. eleganV [2]. We considered that this 
focXsed microbeam coXld be Xsed to irradiate a specific 
tissXe or region of a model organism Zith a Xniform dose 
oYer the entire target area, Zhich is not possible Zith 
collimated microbeams. ThXs, Ze started to deYelop a 
technolog\ to proYide sXch irradiation. 

Irradiation that fits the shape of the area is possible Zith 
the Xse of a beam scanner. HoZeYer, controlling the 
absorbed dose is complicated becaXse the dose to the 
sample prodXced b\ a heaY\ ion hit is discrete and not 
continXoXs. For e[ample, a single carbon ion hit Zith a LET 
of 80 kiloelectronYolts per micrometer (keV/�m) on a 2 �m 
sqXare area, Zhich is the same si]e as the beam spot, 
resXlts in an aYerage absorbed dose of 3.2 G\ for the area; 
tZo hits resXlt in 6.4 G\. No intermediate YalXe can be taken. 
To achieYe an intermediate YalXe for the entire region, the 
area to be targeted can be diYided into smaller matrices, 
and the nXmber of ions irradiated in each matri[ can be 
adjXsted. Then, it becomes important to determine Zhich 
matri[ to e[clXde ions from the hits in order to proYide a 
Xniform ion hit. 

To solYe this problem, Ze deYeloped a method for 
calcXlating hit positions in Zhich a specified nXmber of ions 

are randoml\ and Xniforml\ distribXted in a specified region. 
This method can calcXlate a more Xniform ion distribXtion 
than the tZo other methods that Xse pseXdo-random 
nXmbers, eYen thoXgh the distribXtion is random. We 
irradiated a CR-39 film to the ion distribXtion calcXlated b\ 
this method and confirmed that the ion hit become Xniform 
and increased according to the specified absorbed dose. 

Finall\, Ze performed irradiation of specific organs of 
indiYidXal organisms. Gonads of the C. eleganV obserYed 
Xnder the microscope Zere designated and irradiated (Fig. 
1A). The distribXtion of etch-pits on the CR-39 film that Zas 
oYerlapped on the irradiated sample shoZed the same 
shape as that of the gonads (Fig. 1B). From this resXlt, it 
Zas confirmed that the deYeloped irradiation method can 
be Xsed to irradiate the targeted organs of C. eleganV b\ 
Xniforml\ irradiating them Zith the dose specified. 

This technolog\ is e[pected to make a significant 
contribXtion to fXtXre research Xsing microbeams to 
elXcidate the fXnctions of liYing organisms. 

 
Fig. 1. Designated irradiation of C. eleganV gonads Zith focXsed 
heaY\-ion microbeam. (A) ObserYation of the anterior half-bod\ of 
C. eleganV enclosed in a straight microflXidic channel of a 
microflXidic chip (Worm Sheet) [3] to immobili]e motion dXring 
irradiation. Gonads Zere designated for irradiation (painted in blXe 
on the irradiation control softZare). (B) Etch-pits of carbon ions on 
a CR-39 film placed Xnder the Worm Sheet.  
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InWUodXcWion 

We haYe been deYeloping the imaging method of 
penXmbra area Zith loZ-LET natXre prodXced b\ heaY\ 
ions, Xsing an immXnoflXorescence method for 8-
h\dro[\deo[\gXanosine (8-OHdG) as a representatiYe 
species in OH radical indXced DNA damages [1, 2, 3]. For 
this pXrpose, Ze adopted Zater insolXble DNA thin sheet 
made on coYerglass in order to enable ion irradiation in 
Zater enYironment that is indispensable for the generation 
of OH radicals. In the preYioXs report, for the Zhole 
flXorescence dots obserYed in irradiated DNA sheet, Ze 
tried to discriminate flXorescence dots prodXced b\ incident 
ions from backgroXnd dots, b\ estimating the threshold 
leYel of flXorescence intensit\ betZeen ion indXced dots 
and backgroXnd ones [2]. HoZeYer, more precise 
identification of ion indXced dots is definitel\ desired. In the 
present stXd\, Ze made DNA sheet on CR39 plate 
generall\ Xsed for the ion track detection, and tried to detect 
both 8-OHdG flXorescence dots and etch pits prodXced b\ 
passing ions simXltaneoXsl\. 
MaWeUialV and MeWhodV 

DNA thin sheet Zas made on CR-39 Zith 0.1mm 
thickness (HARZLAS TNF-1, FXkXYi Chemical IndXstr\ Co, 
Ltd., Japan) instead of coYer glass as described preYioXsl\ 
[1]. After the irradiation of CR-39 Zith 50 MeV He ions 
haYing LET of 16.2 keV/Pm at the dose of 0.135 G\, the 
side opposed to that Zith attached DNA Zas pXt gentl\ on 
the sXrface of etching solXtion (13.4 M KOH) at the 
temperatXre of 65 °C. The treatment time Zas sXrYe\ed 
from 10 min to 90 min to find the best etch pit si]e to 
obserYe Zith phase-contrast microscop\ Xsing 100 î oil 
immersed objectiYe lens. FolloZing etching, the DNA sheet 
Zas treated Zith the procedXre of immXnoflXorescence 
method Xsing 8-OHdG antibod\ (Santa CrX] Biotech. Inc., 
USA). The image of flXorescence dots Zas obtained Zith 
flXorescence microscope. 
ReVXlWV and DiVcXVVion 

The etching time Zas determined as 60 min as shoZn in 
Fig. 1. The nXmber of etch pits Zas coXnted as 0.3 dots per 
5 Pm sqXare area, Zhich is close to the estimated nXmber 
of 1 dot per the same area. In addition, since the opposite 
side of CR-39 to beam incidence is sXbjected to etching, 
etch pits ma\ not be formed in the case that beam is 
stopped in the middle of CR-39. 

 
Fig. 1. Etch pits on CR-39 irradiated Zith He ions Zith an LET of 
16.2 keV/Pm at the dose of 0.135 G\. 

 
FigXre 2 shoZs a preliminar\ resXlt of a sXperimposed 

image of etch pits and flXorescence dots b\ the 
immXnoflXorescence treatment. Red circles indicate 
possible coincidence of etch pits and flXorescence dots. 
Une[pectedl\ a considerable nXmber of flXorescence dots 
do not accord Zith the location of etch pits. Since the 
e[perimental assa\ condition has been established, fXrther 
accXmXlation of data for different ion species and LETs is a 
ne[t issXe. 
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Fig. 2. SXperimposed image of etch pits and flXorescence dots. 
Red circles shoZ possible pair of the same position. 
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In general, there are no (or incomplete) checkpoint 

systems in the early embryo of animals to carry out rapid 
cell (or nuclear) cleavage. However, we have reported a 
dose-dependent developmental delay of the silkworm 
(BRmb\[ mRUi) eggs at the early developmental stage after 
heavy ion irradiation. These results suggest that the 
silkworm egg in the early developmental stage has the 
developmental arrest mechanisms by checkpoints.  

The maternally derived components control early 
embryonic development in the silkworm eggs. Moreover, 
the egg is a polynuclear cell (syncytium) at the cleavage 
stage. So, the radiation response of the eggs is quite 
complicated. The targeted irradiation experiments using the 
collimated heavy-ion microbeam of TIARA suggest that the 
developmental arrest of the egg is probably determined by 
the ratio of damaged and normal nuclei. 

However, the targeted irradiation using the microbeam 
cannot process enough eggs, thus, we attempted to 
construct a new irradiation method last year. It enables 
expose only half of the nuclei of the egg by depth-controlled 
irradiation with broad field irradiation using stacked Mylar 
films. The irradiation using two-layer films had a significant 
delay in the development, but the irradiation using three-
layer films did not. Nevertheless, optimal irradiation 
conditions have not yet been determined.. 

In this study, the effect of irradiation depth control was 
verified again with increasing the irradiation dose from 20 
Gy to 100 Gy, and based on the results, the optimal 
thickness range of the Mylar film for depth control irradiation 
was determined.  
Materials and Methods 

The silkworm strain used in the experiments was the 
pigmented non-diapause strain, Snd SS. The silkworm eggs 
were collected and irradiated with 100 Gy of carbon ions 
(190 MeV) at broad field irradiation of HY1 port at 8 hours 
after oviposition. The irradiated eggs were incubated at 
25�C until fixation with Carnoy's solution. Depth control of 
the irradiation was carried out using stacked Mylar films 
(100 �m/sheet). Two weeks after oviposition, unhatched 
eggs were fixed in hot water, and then the eggshells were 
removed for morphological observation. 
Results and Discussion 

The developmental stage of most eggs 8 hours after 
oviposition is cycle 7. Most of the non-irradiated control 
eggs fixed 4 hours after irradiation (12 hours after 
oviposition) reached cycle 11, and some eggs reached 
cycle 12 (Table 1).  

On the other hand, irradiated eggs covered with two 
layers of Mylar film were significantly delayed in 

development, and many remained at cycle 7. This result is 
probably because the process of development stopped 
immediately after irradiation (Table 1). These eggs seems 
to be severely irradiated, and although incomplete serous 
membrane cells were formed, embryogenesis was not 
observed. 

On the other hand, no significant developmental delay 
was observed in eggs shielded with three-layer films (Table 
1). However, the eggs did not hatch even after two weeks. 
Observation of the unhatched embryo revealed an 
existence of abnormalities. Most lethal embryos had the 
head capsule hypoplastic at either side (Fig. 1). In addition, 
some individuals showed the deletion of thoracic legs. 
These abnormalities can be seen only on one side, either 
left or right, so it is judged that they have been deleted by 
irradiation. 

 
These studies revealed that depth-controlled irradiation 

for the silkworm eggs at the cleavage stage (8 hours after 
oviposition) was possible by shielding them with a Mylar 
film with a thickness of 200 �m to 300 �m. By investigating 
the conditions under which only the nucleus on the egg's 
left (or right) side can be irradiated, we will try to analyze 
the radiation response of the egg in which both the 
damaged nucleus and undamaged nucleus coexist in one 
cell. 
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Table 1 
Developmental delay of the irradiation (100 Gy of carbon 
ions)eggs shielding with maylar film 

 developmental stage 
cycle 5 or 6 cycle 7 cycle 11 cycle 12 

control   33 10 
2-layer  2 8   
3-layer   13  

 

 
Fig. 1. Unhatched irradiated larvae (shieled with three-layer films) 
A: non-irradiated larvae, B: irradiated larvae. 

A B 



- 77 - 

QST Takasaki Annual Report 2021  

CRmSaUiVRn beWZeen 190MeV 12C6+ and 220MeV 12C5+ iRnV 
in indXcing P-53 gene deSendenW b\VWandeU cell-killing 

effecW in hXman WXmRU cell lineV  
 

M. SX]Xki 
a), T. FXna\ama 

b) and M. SX]Xki 
b) 

 
a)

 Department of Charged Particle Therap\, IQMS, QST 
b)

 Department of Radiation-Applied Biolog\ Research, TARRI, QST 
 

We haYe been stXd\ing the cellXlar b\stander effects, 
sXch as cell killing and gene mXtation, in normal hXman 
fibroblasts and tXmor cell lines Xsing the heaY\-ion 
microbeams. In 2010 Ze reported the difference in 
b\stander cell-killing effect betZeen hXman tXmor cell lines  
harboring Zith Zild-t\pe P53 and mXtated-t\pe P53 gene 
Xsing 220MeV-12C5+-ion microbeams. The resXlts clearl\ 
shoZed that the b\stander cell-killing effect Zas indXced in 
the cells harboring Zith Zild-t\pe P53 gene, not mXtated-
t\pe P53 gene. FXrthermore, obserYed b\stander cell-
killing effect Zas sXppressed b\ treating Zith a specific 
inhibitor of gap-jXnction mediated cell-cell commXnication 
[1]. This \ear Ze e[amined the same b\stander cell-killing 
effect in both cells Zith Zild-t\pe P53 and mXtated-t\pe P53 
gene Xsing 190MeV-12C6+-ion microbeams, and compared 
to the resXlts of 220MeV-12C5+-ion microbeams.  

HXman adenocarcinoma cell line deriYed from lXng 
cancer harboring Zith Zild-t\pe P53 gene (Cell name, 
A549; Cell No., JCRB0076) distribXted b\ the JCRB Cell 
Bank, National InstitXtes of Biomedical InnoYation, Health 
and NXtrition in Japan and also hXman gliosarcoma cells 
harboring Zith mXtated-t\pe P53 gene (Cell name, KNS-
89; Cell No., IFO50360) distribXted b\ the InstitXte for 
Fermentation in Japan Zere Xtili]ed in this stXd\. 
Irradiations Zere carried oXt b\ the 256 (16 î 16)-cross-
stripe method Xsing C ions (12C6+, 190 MeV) at the HZ1 port 
[2]. The beam si]e Zas 20 �m in diameter and the 
irradiations in each point Zere performed to deliYer 7 ions. 
Half of the sample dishes Zere treated Zith a specific 
inhibitor of gap-jXnction mediated cell-cell commXnication 
(40 �M of J-isomer of he[achloro-c\clohe[ane) from 3 h 
before irradiation. After the irradiations, sample dishes Zere 
incXbated for 3 h in a CO2 incXbator at 37 �C, and assa\ed 
cell-killing effect, Zhich Zas measXred b\ a colon\-forming 
assa\ as a reprodXctiYe cell death. 

FigXre 1 shoZed cell-killing effect in the 2 different 
hXman tXmor cell lines Zith different P53-gene statXs 
irradiated Zith 190MeV-12C6+-ion microbeams, comparing 
to 220MeV-12C5+-ion microbeams. The sXrYiYing fraction in 
the cells harboring Zith Zild-t\pe P53 gene (A549) in 
microbeam-irradiated dishes ZithoXt the gap-jXnction 
inhibitor (IR) Zas appro[imatel\ 0.90, Zhile almost 1.0 Zas 
obserYed in microbeam-irradiated dishes Zith the gap-
jXnction inhibitor (L+IR). On the other hand, the sXrYiYing 
fraction in the cells harboring Zith mXtated-t\pe P53 gene 
(NKNS-89) Zas the same at 1.0 betZeen IR and L+IR. 
Using the 256 (16 î 16)-cross-stripe method, the estimated 
percent of carbon-ion direct hit cells Zas appro[imatel\ 

0.032% of all cells in the dish. The sXrYiYing fraction Zere 
markedl\ less than e[pected, assXming that onl\ carbon-
ion direct hit cells (0.032%) Zere killed in the cells irradiated 
Zith both 220MeV-12C5+-ion and 190MeV-12C6+-ion 
microbeams. The obtained resXlts shoZed that b\stander 
cell-killing effect indXced b\ 190MeV-12C6+-ion microbeams 
Zas obserYed in tXmor cells harboring Zith Zild-t\pe P53 
gene, bXt not in P53-mXtated tXmor cells as Zell as 
220MeV-12C5+-ion microbeams. FXrthermore, obserYed 
b\stander effect Zas sXppressed b\ treating Zith the 
specific inhibitor of gap-jXnction mediated cell-cell 
commXnication. There is eYidence that both P53-mediated 
cellXlar response and gap-jXnction-related b\stander effect 
are an important role of carbon-ion indXced b\stander cell-
killing effect. It is consistent Zith the data Xsing 190MeV-
12C6+-ion and 220 MeV 12C5+-ion microbeams. 
 

 
 

Fig. 1. B\stander cell-killing effect in the 2 different hXman tXmor 
cell lines Zith different P53-gene statXs. Upper graphs shoZed Zith 
220MeV-12C5+-ion microbeams taken from [1] and loZer graphs 
Zere the resXlt of the 2021 report. Cells Zere irradiated Zith 
carbon-ion microbeams treated Zith (L+IR) / ZithoXt (IR) a specific 
inhibitor of gap-jXnction mediated cell-cell commXnication. The 
resXlts Zere the means and standard errors from 6 independent 
beam times for 220MeV-12C5+ ions and the means and standard 
errors from 2 independent beam times for 190MeV-12C6+ ions.  
 
RefeUenceV 
[1] M. SX]Xki eW al., JAEA Takasaki Ann. Rep. 2009 JAEA-

ReYieZ 2010-065,92 (2011). 
[2] M. SX]Xki eW al., JAEA Takasaki Ann. Rep. 2006 JAEA-

ReYieZ 2007-060,107 (2008). 

2 - 06 



- 78 - 

QST Takasaki Annual Report 2021  

BaVic VWXd\ Rf iPPXQRUadiaWiRQ WheUaS\  
XViQg aQWi-PD-L1 aQWibRd\ 

 
T. Hara 

a), T. Funa\ama 
b), H. Sato 

c), Y. Nakagami 
d), Y. Su]uki 

e) and T. Ohno 
c) 

 
a)

 Department of Radiological Technolog\, Gunma Prefectural College of Health Sciences 
b)

 Department of Radiation-Applied Biolog\ Research, TARRI, QST 
c)

 Department of Radiation Oncolog\, Gunma UniYersit\ Graduate School of Medicine  
d)

 Department of Radiolog\, Dokk\o Medical UniYersit\ 
e)

 Department of Radiation Oncolog\, Fukushima Medical UniYersit\ School of Medicine 
 
BackgURXQd aQd ObjecWiYeV  

The current deYelopment of immunotherap\ has been 
remarkable; among them, treatment using immune 
checkpoint inhibitors has attracted attention. Among these 
immune checkpoint inhibitors, there is anti-PD-L1 antibod\. 
It has been suggested that the e[pression of PD-L1 is 
related not onl\ to the immune eYasion mechanism of tumor 
cells, but also to the Yiabilit\ and proliferation of tumor cells 
themselYes [1]. In addition, recent studies haYe shoZn that 
the PD-L1 pathZa\ is associated Zith DNA repair pathZa\s 
and radiosensitiYit\ [2]. Therefore, Ze h\pothesi]ed that the 
PD-L1 pathZa\ might be a target for radiosensiti]ing effects. 
MaWeUial aQd MeWhRdV  

A mouse melanoma cell line, B16, Zas used in the 
e[periments. First, the cell killing effect of the drug alone 
Zas e[amined using the alamer blue assa\. The 
concentration of the drug in combination Zith radiation Zas 
determined from the graph of the cell killing effect of the 
drug alone. The combined effect of radiation and drug Zas 
e[amined using the colon\ formation assa\. The protocol 
for the combined use of radiation and drug Zas as folloZs: 
pre-treat, in Zhich the drug Zas added 24 hours before 
irradiation, and post-treat, in Zhich the drug Zas added 24 
hours after irradiation (Fig.1).  

Irradiation Zas carried out using 60Co gamma-ra\ facilit\ 
of QST-Takasaki. Radiation dose irradiated Zas in range of 
1-8 G\.  
ReVXlWV  
Treatment of B16 cells Zith anti PD-L1 antibod\ resulted 

in dose-dependent manner inhibition of cell surYiYal. A drug 
concentration that resulted in appro[imatel\ 20% inhibition 
of cell Yiabilit\ Zas 0.015㎎/ml for B16 cells. (Fig.2)  
The influence of anti PD-L1 antibod\ on radiosensitiYit\ 

Zas e[amined Zith three different drug treatment: pre-treat, 
post-treat and Zithout treat (RT). Anti PD-L1 antibod\ 
increased the Increase of c\toto[ic effects of radiation Zas 

obserYed onl\ in pre-treat. (Fig.3) 

 
CRQclXViRQ 

The radiosensiti]ing effect obserYed in this stud\ is 
considered to haYe been caused b\ suppressing PD-L1 
e[pressing B16 Zith an anti-PD-L1 antibod\. Our data 
suggest that targeting the PD-L1 pathZa\ Zith an immune 
checkpoint inhibitor can produce a radiosensiti]ing effect. 
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Fig. 3. Effect of anti PD-L1 antibod\ on radiosensitiYit\ (colon\ 
formation assa\). 

 
 
 
 
 
 
 
 
 

 
Fig. 1. Protocol for irradiation procedure. 

 
Fig. 2. Effect of anti PD-L1 antibod\ (Alamer Blue assa\). 
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InWUodXcWion 

EYergreen a]aleaV are one of Whe repreVenWaWiYe 
ornamenWal Zood\ planWV. The floZer colorV of cXlWiYaWed 
YarieWieV are mainl\ YariaWionV of ZhiWe, pink, red, or pXrple. 
HoZeYer, no \elloZ-floZered cXlWiYar of eYergreen a]aleaV 
haV been prodXced Will daWe.  

R. jaSRnicXm f. flaYXm iV a \elloZ-floZered decidXoXV 
VpecieV belonging Wo Whe VXbgenXV PenWanWhera [1]. The 
\elloZ peWalV conWain caroWenoid compoXndV VXch aV ȕ-
caroWene and lXWein aV Whe main pigmenWV [2]. To creaWe 
\elloZ-floZered eYergreen a]aleaV, Ze haYe condXcWed 
inWerVXbgeneric Whree-Za\ croVVeV beWZeen an inWerVpecific 
h\brid of ZhiWe-floZered eYergreen a]aleaV 
(µMi\amaVaWVXki¶) and R. jaSRnicXm f. flaYXm (a \elloZ-
floZered decidXoXV VpecieV belonging Wo Whe VXbgenXV 
PenWanWhera). The peWal color of Whe bXdV on Whe progenieV 
ZaV lighW \elloZ jXVW before anWheViV, and WheVe peWalV 
conWained caroWenoid pigmenWV [3]. HoZeYer, Whe lighW-
\elloZ color of Whe peWalV ZaV noW VWable, and iW faded aV Whe 
floZer deYeloped. CaroWenoid degradaWion in Whe peWalV of 
Whe progen\ ZaV mediaWed b\ a high CCD4 gene 
e[preVVion inheriWed from ZhiWe-floZered eYergreen a]alea 
[2]. InacWiYaWion of CCD4 gene dXring peWal deYelopmenW iV 
XVefXl Wo aYoid diVcoloraWion of peWalV in Whe progenieV. 

HeaY\-ion beam irradiaWion iV one of Whe XVefXl meWhodV 
for inacWiYaWion of WargeW geneV. We preYioXVl\ inYeVWigaWed 
Veed germinaWion WeVW ZiWh VeedV irradiaWed ZiWh YarioXV 
doVeV (8.3, 25, 50 and 83 G\) of carbon ion beam [4]. 
GerminaWion raWe of VeedV and freqXenc\ of green planW 
appearance Zere noW VignificanWl\ differenW among 
WreaWmenWV. On Whe oWher handV, VXrYiYal raWeV of VeedlingV 
VignificanWl\ decreaVed aW 83 G\. The preVenW VWXd\ ZaV 
condXcWed Wo clarif\ an efficienW doVe of carbon ion beam 
irradiaWion for a]alea VeedV in more deWail. 
MaWeUialV and meWhodV  

SeedV from Whe Whree-Za\ croVVeV beWZeen a ZhiWe-
floZered eYergreen h\brid from R. kiXVianXm î R. 
eUiRcaUSXm (µMi\amaVaWVXki¶) and \elloZ floZered 
decidXoXV VpecieV, R. jaSRnicXm f. flaYXm Zere XVed. The\ 
Zere irradiaWed ZiWh YarioXV doVeV (0, 5, 15, 30 and 50 G\) 
of Whe 320 MeV carbon ion (12C6+) acceleraWed b\ a TIARA 
AVF c\cloWron. AfWer irradiaWion, VeedV Zere VWerili]ed in 5 % 
VodiXm h\pochloriWe VolXWion for 15 min folloZed b\ Whree 
ZaVheV in VWerile diVWilled ZaWer. AfWer VWerili]ing, aboXW 100 
VeedV Zere VoZn on Whe peWri-diVh (¡ 9.0 cm) filled ZiWh 25 
mL of AnderVon¶V rhododendron mediXm [5] VXpplemenWed 
ZiWh 30 gālí1 VXcroVe haYing pH 5.0 and Volidified ZiWh 3.5 
gālí1 gellangXm. Three replicaWeV Zere condXcWed per each 
WreaWmenW. The cXlWXreV Zere incXbaWed aW 25 �C in a groZWh 
chamber in Whe lighW (ca. 44.73 �molāVecí1āmí2) of 16 h 
da\lengWh. AfWer one monWh, Whe germinaWion raWe and leaf 

color of progenieV Zere obVerYed. The VeedlingV Zere When, 
WranVplanWed inWo Whe mediXm ZiWh 10 mgālí1 of N6-(2-
iVopenWen\l) adenine (2ip) Wo indXce mXlWiple VhooWV. AfWer 
one monWh, VXrYiYal raWe of VeedlingV ZaV obVerYed. 

 DeriYed VhooWV Zere cXW inWo a VphagnXm moVV Wo 
indXce rooWV aW Whe Vame enYironmenWal condiWionV. RooWed 
planWV Zere planWed in poWV conWaining KanXma Voil, and 
cXlWXred aW non heaWed glaVV hoXVe. 
ReVXlWV 

GerminaWion raWe of VeedV, freqXenc\ of green planW 
appearance and VXrYiYal raWeV of VeedlingV Zere noW 
VignificanWl\ differenW among WreaWmenWV from 0 Wo 30 G\ 
(Table 1). On Whe oWher handV, germinaWion raWe and VXrYiYal 
raWeV VignificanWl\ decreaVed aW 50 G\. From WhiV, Whe 
efficienW doVe ZaV conVidered Wo be 30G\. 

SeedlingV from preYioXV inYeVWigaWion Zere cXlWXred in a 
non-heaWed glaVV hoXVe. Their planW heighW ZaV aboXW 
20cm, bXW differenWiaWion of floral organ haV noW been \eW 
(Fig. 1). In fXWXre, Ze Zill check Whe floZer color and 
caroWenoid conWenW of Whem.  
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Table 1 
EffecW of carbon ion beam irradiaWion on Veed germinaWion, leaf 
color and VXrYiYal raWe of VeedlingV. 

Dose 
(Gy) 

% of 
germination 

% of green 
plant 

appearance 

% of 
seedlings 
survived 

0 45.3a 52.2a 86.2a 
5 48.1a 57.4a 78.9a 

15 53.1a 57.9a 85.5a 
30 49.4a 45.1a 63.9a 
50 33.7b 44.1a 53.6b 

ValXeV marked ZiWh differenW leWWerV indicaWe VWaWiVWicall\ VignificanW 
difference (TXke\¶V WeVW, 1 % Vignificance). 
 

Fig. 1. SeedlingV Zhich Zere 
irradiaWed ZiWh YarioXV doVeV of ion 
beam. 
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Introduction 

We haYe preYioXVl\ VhoZn WhaW Whe moVV 
(Ph\VcomiWUiXm paWenV) cellV are 200-fold more reViVWanW Wo 
Ȗ-ra\V Whan mammalian cellV [1], and VXggeVWed WhaW P. 
paWenV haV an efficienW repair mechaniVm for DNA doXble 
VWrand breakV (DSBV). In mammal, DSB can be repaired b\ 
non-homologoXV end-joining (NHEJ), alWernaWiYe end-
joining (AlW-EJ), or homologoXV recombinaWion (HR). To 
e[amine if an\ of WheVe paWhZa\V conWribXWe Wo Whe 
radioreViVWance of P. paWenV, Ze haYe creaWed Whe knock-
oXW (KO) planWV for LIG4, POLQ, RAD51B, Zhich 
reVpecWiYel\ pla\ major roleV in NHEJ, AlW-EJ, and HR.   

In oXr preYioXV groZWh anal\ViV of Ȗ-ra\ irradiaWed P. 
paWenV, no difference ZaV deWecWed among ZildW\pe (WT), 
LIG4-KO and POLQ-KO planWV [2]. HoZeYer, a draVWic 
redXcWion of groZWh ZaV VhoZn in RAD51B-KO planWV. 
MoreoYer, Ȗ-irradiaWion Wo RAD51B-KO planWV freqXenWl\ 
indXced comple[ mXWaWionV aW adenine phoVphoWranVferaVe 
(APRT) allele [2].  

To anal\]e Whe reVponVeV of WheVe mXWanWV Wo DSB, 
fXrWher, here Ze irradiaWed WT, LIG4-, POLQ-, and 
RAD51B-KO planWV ZiWh carbon ion-beamV and anal\]ed 
Whe effecW on Whe groZWh and mXWaWion VpecWra.   
Materials and methods 

WT, lig4-1, polq-1, and Uad51b-1 Zere proYided b\ F. 
NogXp. Si[-da\-old WiVVXeV groZn on BCDAT [3] plaWeV 
Zere irradiaWed ZiWh 220 MeV carbon ionV (LET = 108 
keV/ȝm). To meaVXre Whe radioreViVWance, Whe irradiaWed 
WiVVXe ZaV groZn for anoWher 6 da\V, When dried and 
ZeighWed. For mXWaWion anal\ViV, Whe irradiaWed WiVVXe ZaV 
fXrWher groZn on 2-flXoriadenine (2-FA)-conWaining BCDAT 
plaWeV for 3-4 ZeekV. DNA ZaV e[WracWed from 2-FA 
reViVWanW colonieV Wo deWecW mXWaWion aW APRT allele. 
SWaWiVWical Vignificance ZaV aVVeVVed b\ PoiVVon WeVW.   
Results and discussion  

While LIG4-KO and POLQ-KO lineV VhoZed no or liWWle 
redXcWion of dr\ ZeighWV aV compared Wo WT, RAD51B-KO 
line VhoZed draVWic redXcWion of Whe dr\ ZeighW (Fig. 1). ThiV 
reVXlW implieV WhaW Whe P. paWenV moVWl\ dependV on HR Wo 
repair DSBV indXced b\ carbon ionV. The VlighW redXcWion 
of Whe groZWh of polq-1 ZiWh high doVe ma\ VXggeVW WhaW Whe 
alW-EJ paWhZa\ iV XVed in parW Zhen e[ceVV DSBV are 
preVenW.  

For mXWaWion anal\ViV Whe doVeV WhaW redXce Whe dr\ 
ZeighW b\ half (100 G\ for WT and lig4-1, 70 G\ for polq-1, 
and 3.5 G\ for Whe Uad51b-1) Zere XVed. MXWaWionV in each 
line Zere claVVified inWo WranViWion, WranVYerVion, inVerWion or 
deleWion (In/Del) or comple[ mXWaWion, and mXWaWion 
freqXencieV Zere calcXlaWed b\ diYiding Whe 2-FA reViVWanW 
cell nXmber ZiWh Whe WoWal cell nXmber (Fig.2). ToWal mXWaWion 

freqXencieV in WT, lig4-1, and Uad51b-1 Zere comparable, 
bXW VlighWl\ loZer in polq-1 (p<0.05). In addiWion, Uad51b-1 
VhoZed no WranViWion (p<0.05). IW ma\ impl\ WhaW differenW 
DNA pol\meraVeV are emplo\ed in HR and oWher repair 
paWhZa\V.  

FXrWher anal\VeV XVing doXble or Wriple KO lineV Zill 
XnYeil Whe VecreW of radioreViVWance of P. paWenV.  
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There are high e[pectations for Carbon dio[ide Capture, 
Utili]ation, or Storage (CCUS) technolog\ development 
toward the reali]ation of a carbon-neutral and 
decarboni]ed societ\ in 2050. Among them, regarding the 
effective utili]ation of CO2, the practical application of 
biofuels produced b\ photos\nthetic organisms, especiall\ 
microalgae, is attracting attention because it does not 
compete with food production. However, it is necessar\ to 
improve and create useful strains, which have high oil 
content or high growth rate and are more suitable for oil 
production. In this stud\, we focused on ver\-long-alk\l 
ketones so-called alkenones (Fig. 1), which are thought to 
be good candidates for biofuels [1]. There are 5 haptoph\te 
species known to produce alkenones. Among them, we 
selected Tisochr\sis lutea (Strain T-Iso), because some 
molecular biotechnological methods and information are 
available [2, 3]. In sake \easts, it is reported that mutants 
with enhanced fatt\ acid s\nthesis were obtained b\ adding 
cerulenin to the medium after heav\ ion beam irradiation [4]. 
Therefore, we added cerulenin to the samples during heav\ 
ion beam irradiation to get mutants with enhanced 
alkenone s\nthesis. Previousl\, we reported the screening 
results of high oil-producing mutants b\ monitoring the lipid 
fluorescence intensit\ for mutants obtained above 
e[periments [5].  

Here, we anal\]ed alkenone amounts of 61 high oil-
producing mutants obtained from previous screening [5]. As 
the result, 5 mutants with high-alkenone productivit\ and 2 
mutants with a high-alkenone amount per cell were picked 
up. These mutants will be candidates for the anal\sis of 
alkenone bios\nthesis and production. 

In this e[periment, 61 high oil-producing mutants 
obtained from previous screening were grown in 50 mL 
plastic flasks containing the 20 mL MA-ESM medium. All 
cultures were maintained for 2 weeks in the algal growth 
chamber where continuousl\ illuminated at the intensit\ of 
100 ȝmol photons m-2 s-1 and temperature was controlled 

at 22 �C. The total lipid content of cells was e[tracted with 
methanol and dichloromethane and anal\]ed in alkenone 
amounts b\ GC-FID [6].  

As the results, 2 mutants (red circles) showed 3.5 to 4.5 
times higher alkenone amount per cell than the wild t\pe 
(Fig. 2A). However, these 2 mutants showed almost the 
same alkenone productivit\ as the wild t\pe (Fig. 2B). On 
the other hand, 5 mutants (orange circles) showed 1.5 to 
2.2 times higher alkenone amount per cell than the wild 
t\pe (Fig. 2A) and 1.3 times higher alkenone productivit\ 
than the wild t\pe (Fig. 2B). Overall, man\ mutants showed 
a little bit higher alkenone amount per cell than wild t\pe. 
But onl\ a few mutants showed higher alkenone 
productivit\. These results suggested that it is difficult to 
improve the balance between lipid accumulation and 
growth. However, the possibilit\ was shown that the 
balance can be improved b\ heav\ ion beam irradiation. 
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Fig. 1. Alkenone structures. The carbon number of these 
alkenones is 37 and the\ have two to four trans-t\pe double bonds 
and a keto group at a C2 position. 
 

 

Fig. 2. The alkenone amounts and productivit\ of mutants to wild 
t\pe. (A) The ratio of alkenone amounts per cell and alkenone 
amounts to wild t\pe. (B) The relationship between alkenone 
amounts per cell and cell numbers. Black, orange and red circles 
indicate wild t\pes, 5 mutants with high-alkenone productivit\, and 
2 mutants with a high-alkenone amount per cell, respectivel\. The 
dash line indicates alkenone productivit\ of wild t\pe.  
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BioUemediaWion XVeV biological oUganiVmV Wo VolYe an 

enYiUonmenWal pUoblem, Zhich dUaZV aWWenWion aV a 
Wechnolog\ ZiWh a loZ enYiUonmenWal bXUden compaUed ZiWh 
ph\Vical and chemical WechnologieV. MicUooUganiVmV ZeUe 
ofWen XVed foU deYeloping a Wechnolog\ Wo UemoYe and 
UecoYeU conWaminaWed enYiUonmenWV. RhodococcXV 
er\WhropoliV CS98 ZaV iVolaWed fUom Voil aV a ceViXm (CV)-
accXmXlaWing bacWeUia [1]. R. er\WhropoliV CS98 iV e[pecWed 
Wo be XVefXl foU UemoYing UadioacWiYe CV fUom conWaminaWed 
enYiUonmenWV foU bioUemediaWion pXUpoVeV. RecenWl\, WhiV 
VWUain ZaV UeclaVVified aV RhodococcXV qingVhengii CS98 
baVed on Whe UeVXlWV of Whe aYeUage nXcleoWide idenWiW\ 
anal\ViV [2], and iWV compleWe genome VeqXence haV been 
UeYealed [3]. HoZeYeU, Whe mechaniVmV of CV-
accXmXlaWion in R. qingVhengii CS98 aUe VWill incompleWel\ 
XndeUVWood. In Whe pUeYioXV VWXd\, Ze had geneUaWed loZ 
CV-accXmXlaWing mXWanWV b\ iUUadiaWion of caUbon ion 
beamV (12C5+, 220 MeV, 121.8 keV/�m) acceleUaWed b\ an 
AVF c\cloWUon aW TIARA [4]. In WhiV VWXd\, Ze did 
compaUaWiYe genome anal\ViV Wo UeYeal Whe geneV 
UeVponVible foU Whe CV-accXmXlaWing mechaniVmV. 

The Zhole genome VeqXence ZaV peUfoUmed XVing 
genomic DNA fUom WZo loZ CV-accXmXlaWing mXWanWV 
(named No.5 and 6) WhaW VhoZed beloZ 20% loZeU Whe 
inWUacellXlaU CV concenWUaWion Whan WhaW of Whe paUenWal VWUain 
(CS98) [4]. SeqXencing libUaUieV ZeUe pUepaUed XVing Whe 
KAPA H\peUPlXV KiW (Nippon GeneWicV) and IDT foU IllXmina 
TUXSeq DNA UD Inde[eV (IllXmina). The libUaUieV ZeUe 
VeqXenced on an IllXmina Ne[WSeq500 plaWfoUm and 150 bp 
paiUed-end UeadV ZeUe geneUaWed. The UaZ VeqXencing 
UeadV ZeUe cleaned XVing IllXmipUoceVVoU (YeU. 2.0.9), and 
Whe cleaned daWa ZeUe mapped Wo Whe UefeUence VeqXence 
of R. qingVhengii CS98 XVing BWA (YeU. 0.7.5), SAMWoolV 
(YeU. 1.3.4), and PicaUd-WoolV (YeU. 1.119). The candidaWe 
mXWaWion ViWeV ZeUe idenWified XVing GATK HaploW\peCalleU 
(YeU. 4.1.8), pindel (YeU. 0.2.4), and BUeakDanceU (YeU. 1.4.5) 
algoUiWhmV. The candidaWe mXWaWionV deWecWed aW Whe Vame 
poViWion and mXWaWion W\pe in boWh VampleV ZeUe e[clXded 
aV falVe poViWiYeV. The candidaWe mXWaWion ViWeV ZeUe 
conVideUed aV XniqXe and fi[ed mXWaWionV if allele 
fUeqXencieV (pUopoUWion of mXWanW UeadV aW a ViWe) ZeUe 
higheU Whan 80%. All candidaWe mXWaWionV ZeUe confiUmed 
ZiWh InWegUaWiYe GenomicV VieZeU (YeU. 2.4.10). The 
candidaWe mXWaWionV ZeUe confiUmed b\ fXUWheU SangeU 
VeqXencing of Whe PCR-amplified pUodXcWV. 

The mXWanW No.5 genome had a G:C Wo T:A WUanVYeUVion 
aW poViWion 1,613,922 bp, a C:G Wo T:A WUanViWion aW poViWion 
1,822,937 bp, and Vimple inYeUVion beWZeen 1,79,110 and 

3,616,436 bp (Table 1). The WZo poinW mXWaWionV caXVed 
miVVenVe mXWaWionV in peUmeUaVe and elongaWion facWoU TX 
geneV. The jXncWion of Vimple inYeUVion caXVed fUameVhifW 
mXWaWionV of h\poWheWical pUoWein and TeWR famil\ 
WUanVcUipWional UegXlaWoU geneV. On Whe oWheU hand, Whe 
mXWanW No.6 had a T:A Wo C:G WUanViWion aW poViWion 3,616,395 
bp and a laUge VWUXcWXUal YaUianW (SV) conWained an inYeUVion 
ZiWh 2 deleWionV beWZeen 4,171,397 Wo 4,382,535 (Table 1). 
The poinW mXWaWion caXVed miVVenVe mXWaWionV in TeWR 
famil\ WUanVcUipWional UegXlaWoU gene. The laUge SV caXVed 
fUameVhifW mXWaWionV of lXcifeUaVe-like monoo[\genaVe, MBL 
fold meWallo-h\dUolaVe and fUXcWoVe-1,6-biVphoVphaWaVe 
geneV. FUom Whe compaUaWiYe genome anal\ViV, Whe mXWaWion 
of TeWR famil\ WUanVcUipWional UegXlaWoU ZaV deWecWed in Whe 
WZo loZ CV-accXmXlaWing mXWanWV in common, indicaWing WhaW 
WhiV pUoWein iV inYolYed in CV-accXmXlaWing mechaniVmV of R. 
qingVhengii CS98. The TeWR-famil\ WUanVcUipWional UegXlaWoUV 
aUe knoZn aV DNA binding facWoUV WhaW UegXlaWe gene 
e[pUeVVion in bacWeUia. FXUWheU anal\ViV of Whe facWoUV 
UegXlaWed b\ Whe TeWR-famil\ WUanVcUipWional UegXlaWoUV Zill be 
neceVVaU\ Wo elXcidaWe Whe molecXlaU baViV of CV-
accXmXlaWion mechaniVmV. 
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Table 1 
MXWaWion ViWeV in loZ CV-accXmXlaWing mXWanWV. 

MXWanW PoViWion T\Se REF ALT Gene deVcUiSWion 

No.5 

1,613,922 SBS G T PeUmeUaVe 

1,822,937 SBS C T ElongaWion facWoU TX 

1,79,110 
Wo 

3,616,436 
INV ± ± 

H\poWheWical pUoWein 
& 

TeWR famil\ 
WUanVcUipWional 

UegXlaWoU 

No.6 

3,616,395 SBS T C 
TeWR famil\ 

WUanVcUipWional 
UegXlaWoU 

4,171,397 
Wo 

4,382,535 

DEL 
+ 

INV 
± ± 

LXcifeUaVe-like 
monoo[\genaVe 

& 
MBL fold meWallo-

h\dUolaVe 
& 

FUXcWoVe-1,6-
biVphoVphaWaVe 

REL, UefeUence nXcleoWide; ALT, alWeUed nXcleoWide; SBS, Vingle baVe 
VXbVWiWXWion; DEL, deleWion; INV, inYeUVion. 
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Gunma KAZE \easts, bred for ginj\o-sake breZing, are 
utili]ed in man\ sake-manufactures of Gunma prefecture. 
In Japanese sake, urea is a main precursor of eth\l 
carbamate Zhich is classified in the group 2A ³probabl\ the 
cause of cancer´ b\ International Agenc\ for Research on 
Cancer. We previousl\ bred non-urea producing Gunma 
KAZE1 \east (KAZE1-Arg) b\ natural mutation and Gunma 
KAZE2 \east (KAZE2-Arg) b\ ion-beam irradiation (12C5+, 
220 MeV) accelerated b\ an AVF c\clotron at TIARA [1]. 
We also attempted to breed a non-urea producing \east 
from Gunma KAZE3 \east b\ ion-beam irradiation. B\ 
modif\ing the selecting condition, Ze succeeded to isolate 
si[ candidates that did not produce urea [2]. In this stud\, 
Ze tried select non-urea producing KAZE3 for practical use. 

We first performed the laborator\ scale sake breZing 
e[periment using 1 kg of total rice, and sensor\ evaluation. 
From si[ candidates, KAZE3-2-2 and KAZE3-7-4 Zere 
selected as non-urea producing KAZE3 candidates (data 
not shoZn). Pilot-scale sake breZing tests Zere performed 
using 72 kg of total rice (40% polishing of Yamadanishiki). 
Koji making Zas performed using a seed koji, High-G 
(Higuchi Matsunosuke Shoten). Wild t\pe KAZE3 and tZo 
candidates Zere pre-incubated in 18 mL of Koji-e[tracts at 

23 �C for 4 d. Sokuj\o seed mash Zas made using 1.2 kg 
of koji, 2.4 kg of steamed rice, 28.8 mL of lactic acid, 18 mL 
of pre-culture, and 4.8 L of tap Zater. Three-step 
preparation (soe, naka, and tome) for fermentation mash 
Zas performed. KAZE3 produced 10.7 mg/L of urea in sake 
breZing Zhile tZo candidates did not. KAZE3-2-2 produced 
loZer and higher amounts of isoam\l alcohol and eth\l 
caproate, respectivel\ than KAZE3. Ethanol productivit\ of 
KAZE3-7-4 Zas loZest in the three strains (Table 1). 
Therefore, Ze Zill perform practical scale breZing tests 
using KAZE3-2-2. 
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Table 1 
Fermentation profile of KAZE3 and tZo candidates Zith pilot-scale sake fermentation test. 

4d 6d 8d 11d 13d 15d 18d 20d 22d 25d 27d 28d

Ethanol (%) 2.4 4.1 6.8 10.8 12.4 13.8 15.4 15.9 16.4 16.9 17.2 - 17.0

Acidity (mL) 0.8 0.7 1.1 1.2 1.2 1.4 1.5 1.5 1.5 1.5 1.6 - 1.4

Glucose (%) 6.7 5.3 3.6 1.9 1.1 0.9 0.4 0.4 0.3 0.3 0.3 - 0.5
Isoamyl acetate (ppm) 0.1 0.1 0.1 1.2 1.5 1.8 2.1 2.2 2.3 2.2 2.3 - 1.7
Ethyl caproate (ppm) 1.3 1.5 2.9 4.3 4.7 5.7 5.8 6.8 6.9 6.7 6.9 - 4.5

4d 6d 8d 11d 13d 15d 18d 20d 22d 25d 27d 28d

Ethanol (%) 2.6 4.7 7.3 11.2 13.0 14.4 15.7 16.5 17.0 17.5 - - 16.8

Acidity (mL) 0.9 0.9 1.2 1.3 1.6 1.7 1.8 1.8 1.7 1.9 - - 1.7

Glucose (%) 6.6 5.3 4.0 2.2 1.6 1.2 0.8 0.7 0.6 0.6 - - 1.1
Isoamyl acetate (ppm) 0.1 0.1 0.1 0.9 1.0 1.2 1.4 1.6 1.6 1.7 - - 1.3
Ethyl caproate (ppm) 0.1 0.8 2.9 7.8 9.3 10.3 11.2 12.5 12.2 12.5 - - 7.7

4d 6d 8d 11d 13d 15d 18d 20d 22d 25d 27d 28d

Ethanol (%) 1.8 3.3 5.9 10.7 12.4 13.5 14.9 15.4 15.9 16.3 16.4 16.4 16.5

Acidity (mL) 0.7 0.7 0.7 1.0 1.2 1.2 1.3 1.2 1.2 1.3 1.4 1.4 1.2

Glucose (%) 7.1 6.7 4.2 1.0 0.6 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.4
Isoamyl acetate (ppm) 0.1 0.1 0.1 2.1 2.9 3.5 4.0 3.8 3.8 3.8 3.8 3.6 2.4
Ethyl caproate (ppm) 0.9 1.0 2.2 4.6 5.5 6.0 6.2 6.0 6.1 6.2 6.4 6.3 4.2

KAZE3-7-4
Fermentation mash

Sake

KAZE3 (wild type)
Fermentation mash

Sake

KAZE3-2-2
Fermentation mash

Sake
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InWUodXcWion 

Bacillus VpoUeV aUe moUe UeViVWanW Wo ph\Vical and 
chemical VWUeVV Whan WheiU YegeWaWiYe cellV dXe Wo WheiU 
XniTXe la\eUed VWUXcWXUe ZiWh deh\dUaWed inWeUioU, making 
VpoUe conWUol a cUiWical iVVXe in deconWaminaWion of foodV and 
VWeUili]aWion of medical pUodXcWV. In oUdeU Wo effecWiYel\ XVe 
UadiaWion VWeUili]aWion foU food and medical VXpplieV, iW iV 
eVVenWial Wo claUif\ Whe UadiaWion UeViVWance of Whe VpoUeV and 
Wo claUif\ Whe chaUacWeUiVWicV of iUUadiaWion in compaUiVon ZiWh 
oWheU VWeUili]aWion meWhodV. In paUWicXlaU, iW iV VWill XncleaU 
ZheWheU damaged bacWeUia, i.e., cell popXlaWionV WhaW aUe 
damaged b\ VWeUili]aWion bXW Uegain YiabiliW\ XndeU ceUWain 
condiWionV, ma\ alVo emeUge afWeU YaUioXV UadiaWion 
WUeaWmenW ZiWh diffeUenW LET inclXding high eneUg\ ion 
beamV. The UelaWionVhip beWZeen Whe leYel of damaged 
bacWeUia and Whe leYel of mXWanW emeUgence iV alVo XnknoZn. 

To gain inVighW inWo Whe gUoZWh UeWaUdaWion and emeUging 
injXUed cellV among Whe VXUYiYoUV dXUing deYeloping 
pUoceVV fUom B. subtilis VpoUeV Wo YegeWaWiYe cellV afWeU J-
iUUadiaWion and ion beam iUUadiaWion ZiWh diffeUenW LETV, Ze 
eYalXaWed Whe pUeVence of injXUed bacWeUia b\ Whe 
diffeUenWial YiabiliW\ meWhod (DiVSaL meWhod) [1]. AW Whe 
Vame Wime, Whe mXWaWion UaWe ZaV alVo e[amined. 
E[peUimenWal meWhodV 

B. subtilis 168 (trpC2) VpoUeV ZeUe pUepaUed ZiWh 
SchaeffeU'V mediXm and obWained accoUding Wo Whe meWhod 
of KoVhikaZa [2]. The VpoUeV ZeUe VXVpended in 50 mM 
poWaVViXm phoVphaWe bXffeU (KPB) conWaining 0.1% TZeen 
80 and iUUadiaWed ZiWh 60Co J-Ua\V (0-6 kG\) aW Whe RadiaWion 
ReVeaUch CenWeU, OVaka MeWUopoliWan UniYeUViW\, and ZiWh 
4He2+ (50 MeV; 19.4 keV/�m) 12C6+ (190 MeV; 148.7 
keV/�m), and 20Ne8+ (350 MeV; 440.8 keV/�m) ion beamV 
ZeUe iUUadiaWed aW TIARA, TARRI, QST. The nXmbeU of 
VXUYiYing VpoUeV (CFU) ZaV deWeUmined b\ Whe plaWe 
coXnWing meWhod, in Zhich Whe VpoUeV ZeUe appUopUiaWel\ 
dilXWed in KPB, incXbaWed on LB agaU plaWeV and Whe 
colonieV geneUaWed ZeUe coXnWed. The diffeUence beWZeen 
iUUadiaWed and XniUUadiaWed ZaV compaUed b\ Whe DiVSaL 
meWhod [1] Wo eVWimaWe Whe TXanWiW\ of Whe damaged bacWeUia, 
in Zhich Whe nXmbeU of Yiable VpoUeV (CFU) ZaV 
deWeUmined b\ Whe colon\ coXnWing meWhod. The Vame 
VpoUeV ZeUe When VXVpended in liTXid LB mediXm, and 
changeV in WXUbidiW\ ZeUe WUacked oYeU Wime XVing a 
micUoplaWe UeadeU Wo moniWoU gUoZWh UeWaUdaWion. ConYeUWed 
YiabiliW\ (IV) ZaV deWeUmined b\ Whe DiVSaL meWhod [2], and 

Whe diffeUence beWZeen IV and CFU deWeUmined b\ Whe 
colon\ coefficienW meWhod ZaV XVed Wo enXmeUaWe injXUed 
bacWeUia. The deWecWion and TXanWificaWion of Rifampicin (50 
�g/ml) UeViVWanW mXWanWV ZeUe eYalXaWed b\ Whe appeaUance 
of colonieV afWeU incXbaWion on agaU mediXm conWaining Whe 
dUXg. 
ReVXlWV and DiVcXVVionV 

The killing effecW of ion beam iUUadiaWion of VpoUeV ZiWh 
diffeUenW LETV VhoZed a LET-dependenW loVV of colon\ 
foUming abiliW\ aV pUeYioXVl\ UepoUWed [3]. Anal\ViV b\ 
DiVSaL meWhod alVo VhoZed Whe UepUodXcible UeVXlWV (Fig. 
1), in Zhich injXUed cell popXlaWion, enXmeUaWed b\ Whe 
diffeUence beWZeen IV and CFU, Wended Wo incUeaVe ZiWh 
incUeaVing RBE accoUding Wo Whe LET of ion VpecieV XVed 
foU iUUadiaWion, VXggeVWing WhaW high-LET ion beamV mighW 
caXVe moUe leWhal damage Wo Whe genome DNA and DNA 
UepaiU deficienc\ mighW be UelaWing Wo Whe occXUUence of Whe 
injXUed cell popXlaWion. MXWaWion UaWe ZaV noW coUUelaWed 
ZiWh Whe LET alWhoXgh moUe inYeVWigaWionV aUe needed. 
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Fig. 1. EYalXaWion of injXUed fUacWion of VXUYiYoUV of B. subtilis 
folloZing 60Co- and high LET ion-beam iUUadiaWion b\ DiVSal 
meWhod. DiffeUence of VXUYiYal UaWe YalXeV aW each doVe VhoZV Whe 
injXUed cell fUacWionV.  
● :SXUYiYed and UecoYeUed cell fUacWion fUom injXUed VWaWe b\ 
cXlWXUing on Whe LB agaU media obWained CFU.  
■ :SXUYiYing cell fUacWion ZiWhoXW injXUe deWeUmined b\ DiYSal 
meWhodV. 
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InWURdXcWiRn 

 The genXs RXbUobacWeU belong to the ph\lXm 
³Actinobacteria´ Zhile the genXs  DeinococcXV  belong to 
the distinct ph\lXm ³DeinococcXs-ThermXs´, both members 
of Zhich are Zell knoZn as the radioresistant bacteria. 
PreYioXsl\, Ze cXltXred seYeral RXbUobacWeU species, 
inclXding the strain AA3-22 isolated from Arima Onsen [1], 
at their optimal groZth temperatXres and media and 
shoZed sXrYiYal cXrYes after gamma irradiation [2]. To 
compare the gamma radiation resistance of RXbUobacWeU 
more accXratel\, seYeral thermophilic strain, inclXding AA3-
22, Zere groZn in the same mediXm at optimal groZth 
temperatXres and sXrYiYal rates after gamma irradiation 
Zere determined in this stXd\. 
MaWeUialV and MeWhRdV 

Strain AA3-22, R. [\lanoShilXV (strain PRD-1), R. 
calidiflXminiV (strain RG-1) and R. naiadicXV (strain RG-3) 
Zere cXltiYated in CYC mediXm (3.5% Difco C]apek Do[ 
Broth, 0.2% Bacto Yeast E[tract, 0.6% Difco Casamino 
Acids) at 60 �C, Zhich is their optimal groZth temperatXre, 
Xntil late e[ponential groZth phase. For gamma irradiation, 
cXltXred cells sXspended in 10 mM sodiXm phosphate 
bXffer (pH 7.0) Zere e[posed to 60Co gamma-ra\s at the 
gamma-ra\ irradiation facilit\, TARRI, QST, and the 
sXrYiYed cells Zere coXnted Xsing the serial dilXtion 
spotting method on CYC agar after incXbating at 60 �C. 
ReVXlWV and DiVcXVViRn 

 RXbUobacWeU species haYe been isolated from YarioXs 
enYironments. Until noZ, there are 11 Yalidl\ pXblished 
species in the genXs RXbUobacWeU (https:// 
lpsn.dsm].de/genXs/rXbrobacter). Some RXbUobacWeU 
species inhabit geothermal areas, bXt some inhabit non-
thermal areas sXch as ocean sediment, marine sponge, 
and chXrch Zalls. Among them, R. [\lanoShilXV (PRD-1) 
Zas isolated from thermall\ pollXted indXstrial rXnoff at 
Wilton in England [3], Zhile R. calidiflXminiV (RG-1) and R. 
naiadicXV (RG-3) Zere isolated from a stream heated b\ 
seYeral fXmaroles near Ribeira Grande on the Island of Smo 
MigXel in the A]ores [4]. The optimal groZth temperatXre of 
these three species as Zell as strain AA3-22 is knoZn to be 
60 �C. The other knoZn RXbUobacWeU species is shoZn to 
haYe loZer optimal groZth temperatXre. No bacteria of the 
genXs RXbUobacWeU haYe been isolated Zith an optimal 
groZth temperatXre e[ceeding 60 �C. Therefore, the strains 
Xsed in this stXd\ are classified as a thermophilic 
RXbUobacWeU groXp. 

FigXre 1 shoZ the sXrYiYal cXrYes of the foXr 
thermophilic RXbUobacWeU strains. Stains AA3-22 and PRD-

1 Zere eqXall\ resistant to gamma radiation, Zhile strains 
RG-1 and RG-3 Zere slightl\ more sensitiYe bXt shoZed 
similar sXrYiYal cXrYes. FigXre 2 shoZed the Neighbor-
joining tree based on 16S rRNA gene seqXences of the foXr 
thermophilic RXbrobacter strains. The similarit\ of the 
sXrYiYal cXrYes Zas thoXght to reflect the similarit\ of the 
16S rRNA gene seqXences of the respectiYe strains.  
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Fig. 1. SXrYiYal cXrYes of the foXr thermophilic RXbUobacWeU strains 
folloZing gamma irradiation. 
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Fig. 2. Neighbor-joining tree based on 16S rRNA gene seqXences 
of the foXr thermophilic RXbUobacWeU strains. 
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https://lpsn.dsmz.de/genus/rubrobacter


- 86 - 

QST Takasaki Annual Report 2021  

Strategy for detecting genome-wide mutations  
in mutagenized Arabidopsis plants 

 
S. KitamXra, K. Satoh and Y. Oono 

 
Department of Radiation-Applied Biology Research, TARRI, QST 

 
Until noZ it has been difficXlt to detect genome-Zide 

mXtations from a mXtageni]ed plant (the first generation; 
M1), in Zhich cells haYing different mXtation patterns are 
present. ThXs, cXrrent knoZledge on the genome-Zide 
mXtations in plants depends solel\ on the anal\sis resXlts 
Xsing M2 or later generation of the mXtageni]ed plants. In 
this report, Ze describe the method to enrich progenitors 
originated from a single mXtated cell in the mXtageni]ed 
plant b\ Xsing loss of hetero]\gosit\ of genes for 
anthoc\anin pigmentation in Arabidopsis and to detect 
genome-Zide mXtations occXrred in the M1 tissXe [1]. 

Arabidopsis triple mXtants for anthoc\anin pigmentation 
(WW3 WW4 WW18) Zere crossed Zith Zild-t\pe plants to obtain 
triple hetero]\goXs plants (TT3WW3 TT4WW4 TT18WW18). Seeds 
of the tiple hetero]\gote Zere irradiated Zith 1,000 G\ of 
60Co gamma-ra\s. When a mXtation does not occXr in Zild-
t\pe TT alleles at an\ of the three hetero]\goXs loci, Zhole 
aerial part of the M1 seedlings Zill be anthoc\anin-positiYe. 
On the other hand, Zhen one of the Zild-t\pe TT alleles at 
the three hetero]\goXs loci is disrXpted b\ irradiation, the 
anthoc\anin s\nthetic pathZa\ Zill be abolished in the 
corresponding cell. BecaXse loss of anthoc\anins does not 
affect cell diYision, the cell harboring the GH QRYR TT 
mXtation forms an anthoc\anin-less sector in an irradiated 
plant. This sector Zill be composed mainl\ of cells Zith the 
same mXtation pattern, proYiding an opportXnit\ to detect 
genome-Zide mXtations b\ Zhole-genome seqXencing 
(WGS) from the irradiated plant tissXe (Fig. 1). The cell 

responsible for anthoc\anin-less phenot\pe is composed of 
pre-mXtated allele and GH QRYR mXtated allele at a 
hetero]\goXs locXs. If the sector is deriYed absolXtel\ from 
diYision of a single cell, allele freqXenc\ (AF) of the GH QRYR 
mXtation ZoXld be 0.5 in the sector DNA. If cells Zith other 
mXtation patterns are inclXded in the sector, the AF ZoXld 
be beloZ 0.5, depending on the e[tent of the inclXsion. This 
is contrastiYe to simple genome composition of the 
preYailing WGS Xsing M2 plants, sXch as homo]\goXs (AF 

= 1) or hetero]\goXs (AF = 0.5) at an\ loci. ThXs, to detect 

mXtations Zith sXch the loZ AF, WGS Xsing the 
anthoc\anin-less sector in the M1 plants shoXld be 
condXcted Zith deep coYerage (a100).  

SeYen anthoc\anin-less sectors Zere isolated from 
gamma-irradiated triple hetero]\goXs plants. Genomic 
DNA Zas e[tracted independentl\ from the 7 sectors and 
Zas Xsed for librar\ preparation for short-read ne[t-
generation seqXencing. Differences of the seqXence from 
Zild-t\pe Arabidopsis reference seqXence Zere detected 
b\ standard bioinformatics protocol and Zere called as 
mXtations. We first e[amined the presence of GH QRYR 
mXtations at three hetero]\goXs loci in the sector DNA. OXt 
of 7 sectors, 5 Zere foXnd to possess GH QRYR TT mXtations 
at one of the three hetero]\goXs loci and their AF YalXes 
Zere aboXt 0.3 to 0.4. This implies that a single cell 
popXlation Zith the same mXtations inclXding the GH QRYR 
TT mXtation Zas sXccessfXll\ enriched b\ oXr e[perimental 
s\stem. Then Ze searched mXtations be\ond the three 
heterologoXs loci, and foXnd 769 genome-Zide mXtations 
Zith YarioXs t\pes sXch as single base sXbstitXtion (SBS), 
deletion (DEL), insertion (INS), strXctXral Yariation (SV) 
inclXding inYersion and translocation, and comple[, from 7 
sectors (Fig. 2A). The oYerall spectrXm foXnd in the M1 
plants Zas similar to that in the M2 plants irradiated Zith the 
same dose of gamma-ra\s to Arabidopsis seeds (Fig. 2B 
[2]). HoZeYer, the proportion of large DNA alterations sXch 
as �100 bp deletion (�100 DEL) and SV Zas higher in M1 
than M2, sXggesting that M1 genome anal\sis is 
appropriate for detecting large DNA alteration more 
effectiYel\ than M2 genome anal\sis.  
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Fig. 1. Scheme for detecting genome-Zide mXtations in M1 plants. 
Fig. 2. MXtation spectrXm in the DNA of the M1 sectors (A) and M2 
plants (B) folloZing the gamma-irradiation of seeds. 
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We applied random mutagenesis b\ ion beam irradiation 

to elucidate gene functions in Ophiorrhi]a pumila (Fig. 1) 
producing camptothecin, anti-cancer mono-terpenoid 
indole alkaloid. Camptothecin is one of the strongest 
inhibitors of topoisomerase I, and its derivatives e.g. 
Irinotecan and Topotecan are frequentl\ used in clinical 
cancer treatments. This to[ic alkaloid is produced in several 
plant species of separate families as the result of 
convergent evolution. The elucidation of bios\nthetic 
pathwa\ is important subject for sustainable usage of 
natural medicinal resources. O. pumila belonging 
Rubiaceae is a perennial herb growing naturall\ in Nansei 
islands in Japan. So far, we established in vitro culture 
s\stems of hair\ roots and h\droponics s\stem of this 
species. Recentl\, chromosome-level genome assembl\ of 
this species had been completed [1] and transcriptome and 
metabolome data are available.   
Effect of ion beam irradiation on germination rate 

The seeds of O. pumila were irradiated b\ various doses 
(0, 5, 10, 15, 20, 30, 40, 50 G\) of 17.3 MeV/u carbon ion 
beams. The 50 seeds/dish were put on filter paper 
moistened in petri dishes for two weeks and the germinated 
plants were counted and germination rate was investigated. 
The results (Fig.2) showed that 5, 10,15, 20, 25 and 30 G\ 
irradiations do not affect so much on the germination rate 
besides the rate was reduced to 50-60% at 40 G\ and to 
30-40% at 50 G\. 
Frequency of morphological abnormality 

The germinated plants were transferred to h\droponics 
s\stem and maintained. After 2-3 months, morphological 
changes were observed in plants grown from 15-50 G\ 
irradiated seeds. The frequenc\ of morphological changes 
was increased according to the irradiation intensit\ (Fig. 3).  
The morphological changes were found roughl\ 10% plants 
at 15G\, 30% plants at 30 G\ and 50% plants at 50 G\. 
Seed setting of hydroponic plants 

The progen\ seeds were obtained in some plants. The 
camptothecin producibilit\ was tentativel\ measured b\ 
fluorescence induced b\ UV-illumination of germinated 
plants in microtiter plates. The variation of the producibilit\ 
could be evaluated b\ using this s\stem, becoming 
effective for screening the camptothecin-related mutants in 
this large-scale irradiation stud\. 
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Fig. 3. Frequenc\ of morphological changes.  
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Fig. 1. Plant of O. pumila grown h\droponicall\. 

Fig. 2. Germination rate of irradiated seeds. 
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Targeted alpha therap\ (TAT), a cancer treatment Zith a 
specificall\ deliYered Į-emitter, is an attractiYe potential 
therap\ because of its high therapeutic effect Zithout 
significant to[icit\. We preYiousl\ deYeloped Į-meth\l-L-
phen\lalanine deriYatiYes labeled Zith 211At, an attractiYe Į-
emitter of halogen (2-[211At]astato-Į-meth\l-L-phen\lalanine 
[2-AAMP]) [1]. 2-AAMP shoZed tumor-specific uptake Yia L-
t\pe amino acid transporter 1 (LAT1) highl\ e[pressed in 
Yarious t\pes of human cancers and had a beneficial effect 
on surYiYal in tumor-bearing mice. HoZeYer, its therapeutic 
effect Zas insufficient, likel\ due to its loZ tumor retention. 
Its therapeutic effect could be improYed b\ increasing its 
accumulation and retention in tumors. A preYious stud\ 
demonstrated that preloading of probenecid, an organic 
anion transporter (OAT) inhibitor, markedl\ dela\ed the 
clearance of radioiodine-labeled Į-meth\lt\rosine (IMT) 
from the blood and increased its accumulation in tumors b\ 
reducing renal uptake [2]. Considering the target molecule 
(LAT1) and structural similarit\ betZeen 2-AAMP and IMT, 
Ze speculated that the probenecid loading strateg\ should 
Zork on 2-AAMP. In this stud\, Ze eYaluated the effect of 
probenecid loading on the biodistribution and therapeutic 
effect of 2-AAMP in mice [3]. 

In tumor-bearing mice, probenecid (400  mg/kg) 
preloading dela\ed the clearance of 2-AAMP from the 
blood. The accumulation of 2-AAMP in tumors in the 
probenecid loading group Zas significantl\ higher than that 
in the control group at 1 h and 3 h after injection (Fig.1, 
p < 0.01 and p < 0.05, respectiYel\). Thereafter, in the 
probenecid loading group, radioactiYit\ Zas rapidl\ 
eliminated from the tumors, and the accumulation leYel Zas 
similar to that in the control group at 6 h after injection. 
Probenecid preloading also increased the accumulation of 
2-AAMP in other organs at 1 h and 3 h after injection and 
then the accumulation became Yer\ loZ at 6 h after injection. 
These results indicate that probenecid preloading 
preYented the renal uptake of 2-AAMP, Zhich dela\ed its 
clearance from the blood as e[pected. In the therapeutic 
stud\, tumor groZth Zas suppressed b\ 2-AAMP treatment, 
Zhereas tumors treated Zith probenecid alone rapidl\ greZ 
at the same rate as those in the control mice (Fig. 2a). The 
transient loss (< 10%) in bod\ Zeight Zas similar betZeen 
the 2-AAMP and probenecid-onl\ groups, thus the loss in 
bod\ Zeight Zas caused b\ probenecid injection and not 2-
AAMP (Fig 2b). Kaplan±Meier surYiYal anal\sis reYealed 

that the surYiYal of mice significantl\ improYed Zith 2-AAMP 
treatment (p < 0.05; Fig. 2c). These results indicate that 
probenecid loading is useful to improYe the therapeutic 
effect of 2-AAMP b\ increasing its accumulation in tumors. 
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Fig. 1. Biodistribution of 2-AAMP in tumor-bearing mice (mean ± 
SD, n = 4). * p<0.05 and # p<0.01 compared with the control group. 

 
Fig. 2. The therapeutic effect of 2-AAMP (2 MBq) in tumor-bearing 
mice with or without intraperitoneal injection of probenecid (mean 
± SD, n = 5±6). (a) average tumor volume, (b) average body weight 
change, (c) Kaplan±Meier survival curves after treatment. * p<0.05 
and # p<0.01 compared with the control group. 
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Introduction 

ShoUW-liYed UadioacWiYe meWalV, VXch aV 64CX (half-life of 
12.7 h), 66Ga (9.5 h), and 68Ga (1.1 h), aUe XVefXl nXclideV 
foU poViWUon emiVVion WomogUaph\ (PET) diagnoViV. 
RecenWl\ 68Ga iV paUWicXlaUl\ in Whe limelighW ZiWh incUeaVing 
applicabiliW\ of 68Ga-labeled PSMA (pUoVWaWe Vpecific 
membUane anWigen). RadioacWiYe Ga can be pUodXced fUom 
Whe VoXUce Zn b\ iUUadiaWion ZiWh pUoWon beam XVing 
c\cloWUonV. FoU clinical XVage, UadioiVoWopeV need Wo be 
Uapidl\ and efficienWl\ VepaUaWed fUom a laUge amoXnW of Whe 
VoXUce meWalV.  

In WhiV VWXd\ [1], Ze deYeloped a neZ floZ-baVed V\VWem 
ZiWh a paUallel plaWe caWion-WUapping deYice folloZed b\ UV 
iUUadiaWion. The pUinciple of WhiV VepaUaWion iV baVed on Whe 
diffeUence in foUmaWion conVWanWV beWZeen Ga/Zn and 
eWh\lenediamineWeWUaaceWic acid (EDTA) (log KGD-EDTA = 20.3, 
log K=Q-EDTA = 16.5). The foUmaWion conVWanW of Whe Ga±EDTA 
comple[ ([Ga-EDTA]-) ZaV 3.8 oUdeUV of magniWXde higheU 
Whan WhaW of Whe Zn±EDTA comple[ ([Zn-EDTA]2-), 
pUomoWing Whe VelecWiYe foUmaWion of Ga±EDTA comple[ 
XndeU opWimi]ed condiWionV. 
E[perimental 

A Volid WaUgeW naWZnO ZaV iUUadiaWed ZiWh an 18 MeV 
pUoWon beam aW a cXUUenW of 5 ȝA XVing Whe AVF c\cloWUon of 
TIARA. RadioacWiYe nXclideV VXch aV 67Ga (3.26 d) and 
65Zn (243.7 d) ZeUe VimXlWaneoXVl\ pUodXced b\ nXcleaU 
UeacWionV of 68Zn(S,2Q)67Ga and 66Zn(S,pQ)65Zn, UeVpec-
WiYel\. TheVe nXclideV ZeUe XVed aV WUaceUV foU Whe 
eYalXaWion of Ga/Zn VepaUaWion peUfoUmance. The iUUadiaWed 
WaUgeW ZaV diVVolYed in HNO3. The VolXWion maWUiceV ZeUe 
adjXVWed Wo 1 mmol L-1 EDTA in 30 mmol L-1 HNO3 (pH 1.5). 
ThiV condiWion ZaV pUe-opWimi]ed in cold VepaUaWion WeVW. 
The pUepaUed Vample VolXWion ZaV paVVed WhUoXgh a caWion 
e[change WUap Wo VelecWiYel\ UemoYe Zn (adVoUpWion 
pUoceVV). SXbVeqXenWl\, 1 mol L-1 HNO3 VolXWion ZaV 
paVVed WhUoXgh Whe oppoViWe Vide of Whe caWion-WUapping 
deYice Wo UecoYeU Zn (deVoUpWion pUoceVV). The UecoYeUed 
Ga-EDTA comple[ ZaV iUUadiaWed ZiWh UV lighW Wo 
decompoVe EDTA.  
Results and Discussion 

The Vample conWaining 67Ga and 65Zn WUaceUV ZiWh 100 
mg L-1 naWZn ZaV paVVed WhUoXgh Whe caWion-WUapping deYice. 
The UecoYeU\ of 67Ga and 65Zn in each fUacWion iV illXVWUaWed 
in Fig. 1a. DXUing Whe adVoUpWion pUoceVV, onl\ 67Ga ZaV 
obVeUYed. The fUacWion collecWed aW 1-2 min pUeVenWed Whe 
higheVW concenWUaWion of Ga, and moVW Ga ZaV collecWed 
ZiWhin 8 min. ConYeUVel\, onl\ Zn ZaV UecoYeUed in Whe 
deVoUpWion pUoceVV. The WoWal UecoYeUieV of Ga and Zn ZeUe 

UeVpecWiYel\ 98.0% and 83.5% (Fig. 1b). FigXUe 1c VhoZV 
Whe J-Ua\ VpecWUa befoUe and afWeU VepaUaWion. TheVe UeVXlWV 
indicaWe WhaW Zn ZaV VelecWiYel\ and qXanWiWaWiYel\ WUapped, 
and Ga ZaV effecWiYel\ VepaUaWed fUom Zn aV Whe Ga±EDTA 
comple[ in WhiV V\VWem.  

In addiWion, UV iUUadiaWion ZaV WUeaWed Wo UeleaVe Whe 
Ga3+ ionV fUom Whe Ga±EDTA comple[. The UecoYeU\ of 
Ga3+ ionV (98.9%) ZaV achieYed Yia UV iUUadiaWion foU 10 
min in Whe pUeVence of 0.3% H2O2. TheUefoUe, Whe obWained 
EDTA comple[ of Ga ZaV conYeUWed Wo fUee Ga3+ b\ 
decompoViWion XndeU UV iUUadiaWion. 

IW iV conclXded WhaW oXU deYeloped V\VWem ZaV 
VXcceVVfXll\ applied Wo VepaUaWe UadioacWiYe Ga fUom Whe 
VoXUce Zn.  
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Fig. 1. Separation of 67Ga from 65Zn using the selective chelate 
formation method. (a) recovery of Ga and Zn in each fraction, (b) 
total recoveries of Ga and Zn, and (c) J-ray spectra before and 
after separation. 
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InWURdXcWiRn 

Pheochromoc\Womas (PCCs) are rare neXroendocrine 
WXmors ZiWh malignanW progression. Clinical improYemenW of 
malignanW PCCs ZiWh ȕ-emiWWing PeWa-131I-iodo-
ben]\lgXanidine (131I-MIBG) consWiWXWes a sWage of parWial 
remission in meWasWaWic PCC [1]. RecenWl\, Ze reporWed 
sWrong anWi-WXmor effecWs of Į-emiWWing PeWa-211AW-asWaWo-
ben]\lgXanidine (211AW-MABG) in a PCC moXse model, 
sXggesWing a poWenWial opWion for WargeWed Į Wherap\ (TAT) 
for paWienWs ZiWh malignanW PCC [2]. We also foXnd WhaW Whe 
gene e[pression profiles of cell c\cle checkpoinWs displa\ed 
similar modes of cell deaWh Yia Whe p53-p21 signaling 
paWhZa\ afWer 211AW-MABG WreaWmenW and J-ra\ irradiaWion 
[3]. On Whe oWher hand, heWerogeneoXs disWribXWion of 
nXclear medicine ZiWhin WXmor WissXe has been reporWed [4], 
and Whe same ZoXld go for cell-popXlaWion. OXr preYioXs 
findings mighW noW \eW be sXfficienW Wo XndersWand Whe cell-
killing mechanism of TAT, becaXse of noW single-cell 
anal\sis bXW bXlk RNA-seqXence (RNA-seq) anal\sis. 
Therefore, Ze aimed Wo carr\ oXW a single-cell RNA-seq for 
TAT in fXWXre e[perimenWs. Here, Ze reporWed preparaWion 
for single-cell RNA-seq assa\ of PC12 cells. 
MaWeUialV and meWhRdV  

Cell cXlWXUe. PC12 cells Zere cXlWXred in RPMI1640 
mediXm (Wako, Osaka, Japan) sXpplemenWed ZiWh 5% Y/Y 
feWal boYine serXm (FBS), 10% horse serXm (HS), 100 
U/mL penicillin and 100 ȝg/mL sWrepWom\cin in a hXmidified 
5% CO2, 37 qC incXbaWor.  

Cell iUUadiaWiRn. PC12 cell sXspension Zas irradiaWed b\ 
60Co J-ra\s aW Whe absorbed dose of 10 G\. 

Cell deWachmenW. 6 h afWer J-ra\s irradiaWion, PC12 cell 
sXspension Zas cenWrifXged aW 200 g for 3 min, and 
sXpernaWanW Zas remoYed. Cell pelleW Zas genWl\ 
resXspended in 1 mL accXWase (Nacalai WasqXe, K\oWo, 
Japan), and incXbaWed for 30-40 minXWes in a hXmidified 5% 
CO2, 37 qC incXbaWor. 

Cell ZaVh and filWeUing. A Yial conWaining deWached cells 
Zas placed on ice and deWached cells Zere coXnWed b\ Whe 
cell-coXnWing meWhods. Cell sXspension Zas filWered Xsing a 
FloZmi Wip sWrainer (40 ȝm, ScienceZare, Wa\ne, NJ, USA) 
Wo remoYe small aggregaWes from single cells. FilWered cell 
sXspension Zas cenWrifXged aW 200 g for 3 min aW 4 qC. Cell 
pelleW Zas Zashed b\ 1 mL of 1[ PBS ZiWh 1.0% BSA 
(BoYine SerXm AlbXmin solXWion). Washed cell sXspension 
Zas cenWrifXged aW 200 g for 3 min aW 4 qC and Zashed b\ 
1 mL of 1[ PBS ZiWh 1.0% BSA again. Finall\, cell 
sXspension Zas filWered Xsing a FloZmi Wip sWrainer. Final 
prepared cells Zere coXnWed b\ Whe cell-coXnWing meWhods 
Wo check a loss of cells and deWermine mi[ing condiWion aW 
Whe sWandard proWocol of ChromiXm Ne[W GEM single cell 

RNA-seq [5]. 
Cell cRXnW. To disWingXish dead cells, 20 �l cells Zere 

aliqXoWed and mi[ed ZiWh 20 �l 0.4% Wr\pan blXe sWain. 
Mi[ed cells Zere manXall\ coXnWed Xnder microscope ZiWh 
a BXrker-TXrke hemoc\WomeWer eqXiYalenW Wo 104 cells/mL.  

PUeSaUaWiRn fRU Vingle-cell RNA-VeT. The ChromiXm 
Single Cell Gene E[pression SolXWion Xpgrades shorW read 
seqXencers Wo deliYer a scalable microflXidic plaWform for 3މ 
digiWal gene e[pression b\ profiling 500-10,000 indiYidXal 
cells per sample [5]. A pool of a3,500,000 10[ Barcodes are 
sampled separaWel\ Wo inde[ each cell¶s WranscripWome. IW is 
done b\ parWiWioning WhoXsands of cells inWo nanoliWer-scale 
Gel Beads-in-emXlsion (GEMs), Zhere all generaWed cDNA 
shares a common 10[ Barcode. Libraries are generaWed 
and seqXenced from Whe cDNA and 10[ Barcodes are Xsed 
Wo associaWe indiYidXal reads back Wo Whe indiYidXal 
parWiWions. 
PUeliminaU\ UeVXlWV 

Cell YiabiliW\. To achieYe a single-cell RNA-seq, PC12 
cells mXsW be incorporaWed inWo Whe GEM Zhile Whe\ are aliYe. 
ThroXgh cell Zash and filWering processes, cells are 
reqXired Wo haYe a YiabiliW\ of 80% or greaWer. Table 1 shoZs 
Whe oYer 80% YiabiliW\ of PC12 cells dXring Whese processes. 
 
Table 1 
ViabiliW\ of PC12 cells aW Whe Wime of coXnWing dXring cell Zash and 
filWering processes. 

Dose (G\) FirsW coXnWing Second coXnWing 
0 96.9�7.5% 96.5�11.4% 
10 98.7�12.8% 99.0�8.6% 

 
GEM. PC12 cells Zere incorporaWed 

inWo Whe GEM. Then, GEMs become a 
ZhiWe sXspended sWaWe. OXr sample of 
GEMs shoZed ZhiWe sXspension (Fig. 1). 
Ne[W, Ze carried oXW cDNA amplificaWion 
and made 3¶ gene e[pression librar\ 
consWrXcWion in accordance ZiWh Whe 
sWandard proWocol in Whe Xser gXide of 
10î Genomics [5]. 
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Fig. 1. GEM 
sXspension. 
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InWUodXcWion 

After the nXclear poZer plant accidents in Chernob\l and 
FXkXshima, e[tensiYe research focXsed on radioactiYe 
contamination of tea plants dXe to 134,137Cs in tea-groZing 
regions of TXrke\ [1] and Japan [2], respectiYel\. HoZeYer, 
feZ stXdies haYe e[amined 90Sr in tea plants. In this stXd\, 
Ze performed particle-indXced [-ra\ emission (PIXE) 
anal\sis Xsing a micrometer-si]ed beam (micro-PIXE) to 
e[plore similarities and differences in Cs and Sr 
accXmXlation on cell and tissXe scales and the 
relationships betZeen their homologoXs elements. 
MaWeUialV and meWhodV 

To obtain tea leaf samples, Ze greZ fiYe tea trees 
[Camellia VinenViV (L.) KXnt]e] in pots Zith commercial 
garden soil. We transferred stable Cs and Sr into tea leaYes 
Yia foliar absorption b\ partiall\ soaking the leaYes in mi[ed 
aqXeoXs solXtions of CsCl (43.6 g/L) and SrCl2 (104.8 g/L) 
for 1 minXte. Tea leaYes Zere collected 3, 30, and 90 da\s 
after foliar absorption, Zashed in Zater for 1 minXte, and 
free]e-dried. We cXt aZa\ portions of the leaYes sXbject to 
foliar and non-foliar absorption as samples for a micro-PIXE 
anal\sis. We performed the micro-PIXE anal\sis Xsing a 3-
MeV proton beam and an in-air micro-PIXE anal\sis s\stem 
at TIARA. 
ReVXlWV and diVcXVVion 

FigXre 1 presents the tZo-dimensional spatial 
distribXtions (elemental maps) of K and Cs obtained b\ 
micro-PIXE anal\sis of the foliar-absorbed samples. We 
confirmed that K and Cs Zere distribXted throXghoXt the 
sample. No significant differences Zere basicall\ obserYed 
in the distribXtion of K or Cs or in the da\s elapsed after leaf 
sXrface absorption. 

FigXre 2 presents elemental maps of Ca (red) and Sr 

(green) in the foliar absorbed potions of the leaf samples. 
When Ca and Sr accXmXlate in the same location, their 
distribXtions appear \elloZ in the oYerlaid images. Unlike 
the tendenc\ of K and Cs accXmXlation, Ca and Sr 
accXmXlated mainl\ in e[tremel\ narroZ areas of the tea 
leaYes, seen as small dots. FXrthermore, Ze confirmed that 
Sr accXmXlated in almost e[actl\ the same narroZ regions 
as Ca, e[cept on da\ 3. In the Sr map for da\ 3, the 
accXmXlation Zas obserYed in narroZ areas and also 
Zidel\ distribXted. Based on the Sr maps from da\ 3 to 90, 
it appears that Sr absorbed from the leaf sXrface Zas 
translocated and accXmXlated in the same small areas as 
Ca as time passed. Additionall\, clear Cs and Sr 
accXmXlation Zas obserYed in the non-foliar absorption 
portion at da\s 30 and 90 dXe to translocation from the 
foliar-absorption region. 

ConclXVion 
An almost Xniform Cs concentration Zas obserYed 

throXghoXt the leaf, in common Zith K. On da\ 3, the foliar-
absorbed Sr Zas distribXted in narroZ areas as small dots, 
as Zell as in the entire leaf. On da\s 30 and 90, hoZeYer, 
the Sr in the samples accXmXlated in almost e[actl\ the 
same narroZ areas as Ca, inclXding the non-foliar 
absorption portion of the same leaf Yia elemental 
translocation. 
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Fig. 1. Spatial distribXtion of Cs and K in the foliar-applied region 
of tea leaf samples collected 3, 30, and 90 da\s after foliar 
absorption. 

 
 

Fig. 2. Spatial distribXtion of Ca and Sr in the foliar-applied region 
of tea leaf samples collected 3, 30, and 90 da\s after foliar 
absorption. BlXe open sqXares indicate the corresponding     
400 î 400 �m areas to the right. 
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PlanWV need YaUioXV elemenWV foU iWV gUoZWh. NoW onl\ 
majoU elemenWV, VXch aV niWUogen, ShoVShoUoXV and 
SoWaVViXm, bXW man\ eVVenWial WUace elemenWV aUe needed 
foU SlanW deYeloSmenW. The anal\ViV of WUace elemenW 
conWenW and locali]aWion in Whe focXVed oUgan oU WiVVXe iV 
imSoUWanW Wo idenWif\ iWV fXncWionV. EVSeciall\, XndeU Vome 
VWUeVV condiWionV, infoUmaWion aboXW Whe locali]aWion of WUace 
elemenWV in Whe WiVVXe leYel iV highl\ YalXable foU 
inYeVWigaWing ZheUe Whe deficienc\ oU Wo[iciW\ of elemenWV iV 
deWecWed and hoZ Wo conWUol Whe mechaniVmV foU keeSing 
meWal homeoVWaViV of SlanW bod\. AWmoVSheUic MicUo-PIXE 
(PaUWicle IndXced X-Ua\ EmiVVion) anal\ViV can YiVXali]e 
mXlWi-elemenW locali]aWion ZiWh high-UeVolXWion imageV and 
iV a SUomiVing meWhod foU XndeUVWanding SlanW adaSWaWion 
foU Whe gUoZWh enYiUonmenW [1, 2].  

LRWXV MaSRQLFXV iV a model legXme and iWV WZo 
e[SeUimenWal lineV, MG-20 and B-129, haYe a diYeUViW\ in 
Vome meWal concenWUaWionV inclXding iUon (Fe) [3, 4]. IUon 
concenWUaWion in aboYe gUoXnd VhooW SaUW ZaV higheU in 
MG-20, hoZeYeU, in UooW, Fe concenWUaWion ZaV obYioXVl\ 
higheU in B-129. TheVe Fe allocaWion SaWWeUn VXggeVWV Whe 
Fe WUanVlocaWion acWiYiW\ fUom UooW Wo VhooW iV loZ in B-129. 
BaVed on Whe MicUo-PIXE anal\ViV XVing 3 MeV H+ beam, 
high Fe accXmXlaWion aUoXnd Whe UooW VWele ZaV obVeUYed 
in B-129, VXggeVWing Whe Fe ion WUanVfeUUed fUom UooW 
VXUface Wo Whe VWele ZaV loaded inWo Whe [\lem YeVVelV in 
MG-20 bXW mighW noW in B-129 [5].  

FoU inYeVWigaWing Whe adaSWaWion VWUaWeg\ foU loZ Fe 
concenWUaWion in B-129 VhooW, Fe homeoVWaViV UegXlaWing 
gene, LMIMA1, ZaV focXVed on WhiV VWXd\. PlanW IMA iV 
UecenWl\ idenWified in AUabidoSViV and Whe IMA homolog in L. 
MaSRQLFXV ZaV named LMIMA1 [6]. IMA gene encodeV a 
Vmall SeSWide and iWV e[SUeVVion in VhooW iV WhoXghW Wo 
UegXlaWeV Fe XSWake and WUanVlocaWion UelaWed geneV in UooW 
b\ Whe IMA WUanVfeU fUom VhooW Wo UooW Yia VieYe WXbeV. 

AfWeU Whe 4-Zeek-cXlWiYaWion of MG-20 and B-129 ZiWh 
h\dUoSonicV XVing 1/10 Hoagland'V VolXWion, VhooW and UooW 
ZeUe haUYeVWed and VXbjecWed Wo gene e[SUeVVion anal\ViV. 
AlWhoXgh loZ concenWUaWion of Fe in VhooW and Fe 
accXmXlaWion in UooW VWele VXggeVWed Whe Fe deficienc\ in 
B-129 VhooW, LMIMA1 e[SUeVVion in B-129 VhooW ZaV loZeU 
Whan MG-20 (Fig. 1A).  

FoU idenWif\ing Fe XSWake and WUanVlocaWion acWiYiWieV in 
B-129 UooW, LMIRT1, LMIRT3 and LMNAS1 e[SUeVVion ZaV 
inYeVWigaWed. LMIRT1 and LMIRT3 aUe inYolYed in Whe Fe 
XSWake fUom Voil VolXWion and LMNAS1 e[SUeVVion iV 
neceVVaU\ foU Whe inWUacellXlaU Fe WUanVlocaWion. ComSaUing 

Wo MG-20, each gene e[SUeVVion ZaV moUe Whan WhUee-fold 
higheU in B-129, VXggeVWing Whe high acWiYiW\ of Fe XSWake 
and WUanVlocaWion in B-129 UooW (Fig. 1B). 

TheVe UeVXlWV VXggeVWed WhaW LMIRTV and LMNAS1 
e[SUeVVion ZaV UegXlaWed b\ Whe VhooW Fe VWaWXV in L. 
MaSRQLFXV and Whe e[iVWence of neZ V\VWemic Fe 
homeoVWaViV UegXlaWion e[ceSW foU LMIMA1. FoU idenWif\ing 
WhiV long-diVWance inWeUacWion beWZeen VhooW and UooW, 
fXUWheU e[SeUimenW inclXding WUanVcUiSWomic gene 
e[SUeVVion anal\ViV XndeU Fe deficienc\ and Fe e[ceVV 
condiWionV aUe VchedXled. 
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Fig. 1. Gene e[SUeVVion anal\ViV XVing 4-Zeek-old MG-20 and B-
129 [4]. WhiWe and black baUV indicaWe MG-20 and B-129, 
UeVSecWiYel\. E[SUeVVion leYelV aUe noUmali]ed b\ ACT7 
e[SUeVVion. A) LMIMA1 e[SUeVVion in VhooW. B) LMIRT1, LMIRT3 and 
LMNAS1 e[SUeVVionV in UooW. Fold change in B-129 comSaUing Wo 
MG-20 ZeUe indicaWed b\ Whe YalXe. ** S < 0.01. 
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Zinc iV one of oXU eVVenWial elemenWV ZiWh YaUioXV 

ph\Viological fXncWionV [1]. InadeqXaWe inWake of ]inc foU XV 
leadV Wo a loVV of oXU healWh. TheUefoUe, Ze need Wo obWain 
Whe pUopeU amoXnW of ]inc in oXU dail\ dieW. HoZeYeU, noW 
man\ foodV conWain enoXgh ]inc Wo meeW Whe inWake WaUgeW. 
BiofoUWificaWion" iV an effoUW Wo make planWV (Whe edible paUWV 
of planWV) accXmXlaWe ceUWain WaUgeW componenWV WhaW Ze 
need, VXch aV ]inc [2]. In oUdeU Wo pXW "]inc biofoUWificaWion" 
inWo pUacWical XVe, iW iV neceVVaU\ Wo elXcidaWe ]inc behaYioUV 
in planWV and conWUol Whem. 

OXU pUeYioXV UeVeaUch UeYealed glXWaWhione, applied Wo 
leaYeV ViWe-Vpecificall\, acWiYaWeV ]inc WUanVlocaWion fUom 
UooWV Wo VhooWV in oilVeed Uape planWV [3]. GlXWaWhione, 
applied Wo leaYeV, affecWed ]inc behaYioUV in WheiU UooWV and 
acWiYaWed ]inc loading inWo [\lem YeVVelV [3]. ElXcidaWing Whe 
molecXlaU mechaniVmV of WheVe phenomenon Zill lead Wo 
pUacWical applicaWionV of ]inc biofoUWificaWion in cUXcifeUoXV 
planWV. To WhaW end, iW iV neceVVaU\ Wo inYeVWigaWe ]inc 
behaYioUV in Whe UooWV of oilVeed Uape planWV in moUe deWail.  

In-aiU micUo-PIXE (PaUWicle IndXced X-Ua\ EmiVVion) 
anal\ViV alloZV XV Wo YiVXali]e Whe WZo-dimenVional 
diVWUibXWion of Whe elemenW of inWeUeVW in VampleV [4]. ThiV 
anal\ViV meWhod alVo demonVWUaWed WZo-dimenVional 
diVWUibXWionV of a WaUgeW elemenW in planW VampleV [5]. 
TheUefoUe, Ze aWWempWed Wo YiVXali]e WZo-dimenVional 
diVWUibXWion of ]inc in planW UooWV b\ XVing WhiV anal\Wical 
meWhod. We e[pecW WhaW Whe e[peUimenWal UeVXlWV obWained 
in WhiV VWXd\ Zill pUoYide an inVighW foU XndeUVWanding Whe 
molecXlaU mechaniVmV Zhich iV WUiggeUed b\ glXWaWhione, 
applied Wo leaYeV, and conWUol ]inc behaYioUV in planW UooWV.  

OilVeed Uape planWV (BUaVVica QaSXV L. YaU. NoXUin 
No.16) ZeUe gUoZn XVing h\dUoponic VolXWionV XndeU fXll\ 
conWUolled condiWionV [3]. In WhiV VWXd\, 30 �M ZnCl2 ZeUe 
giYen Wo WeVW planWV foU 10 da\V pUioU Wo haUYeVW. AW haUYeVW, 
planW UooWV ZeUe embedded in a cleaU UeVin (CU\omaWUi[, 
EpUedia) foU fUo]en VecWion pUepaUaWion and VWoUed aW -30�C. 
SecWionV foU anal\ViV ZeUe pUepaUed XVing a VecWioning 
deYice (CM1520, Leica BioV\VWemV). SecWionV ZeUe 
pUepaUed aW a WhickneVV of 60 �m. AfWeU Vlicing, Whe VecWionV 
ZeUe fUee]e-dUied bUiefl\ XVing a l\ophili]eU (FDU-1200, 
Tok\o Rikakikai) and fXUWheU heaWed on a hoW plaWe (NHP-
45N, NISSIN) Wo UemoYe moiVWXUe fUom Whe VecWionV. AfWeU 
micUoVcopic confiUmaWion WhaW VecWionV of UooW cUoVV 
VecWionV had been pUepaUed, micUo-PIXE anal\ViV ZaV 
peUfoUmed aW TIARA (TakaVaki Ion AcceleUaWoUV foU 
AdYanced RadiaWion ApplicaWion). PUepaUed VecWion 

VampleV ZeUe anal\]ed foU 15 minXWeV XVing a 3 MeV 
pUoWon beam. The chaUacWeUiVWic X-Ua\V geneUaWed b\ 
pUoWon beam ZeUe deWecWed b\ a Si(L) X-Ua\ deWecWoU. 

FigXUe 1A indicaWed Whe UooW cUoVV VecWion fUom oilVeed 
Uape planWV pUepaUed in afoUemenWioned meWhod. ReVXlWV of 
Whe micUo-PIXE anal\ViV aUe VhoZn in Fig. 1B. DiVWUibXWion 
of ]inc (c\an coloU) ZaV Veen in Fig 1B. Zinc diVWUibXWion in 
UooWV of oilVeed Uape planWV ZaV YiVXali]ed. DiVWUibXWion of 
poWaVViXm (Ued coloU) ZeUe alVo indicaWed. UneYenneVV 
e[iVWV in poWaVViXm diVWUibXWion (Fig.1B). In oXU pUeliminaU\ 
e[peUimenWV, poWaVViXm ZaV obVeUYed Wo be diVWUibXWed 
WhUoXghoXW Whe cell. TheVe e[peUimenWal UeVXlWV indicaWe 
WhaW WheUe iV Uoom foU impUoYemenW in Whe meWhod of cUoVV 
VecWion pUepaUaWion. The opWimi]aWion of Whe VecWioning 
meWhod and ion beam iUUadiaWion Wime Zill lead Wo Whe 
obVeUYaWion of moUe deWailed diVWUibXWion of ]inc in planW 
UooWV b\ micUo-PIXE. 
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Fig. 1. A: PhoWo of UooW cUoVV VecWion fUom oilVeed Uape planWV 
gUoZn ZiWh 30 �M ]inc. B: MicUo-PIXE anal\ViV of UooW cUoVV 
VecWionV, c\an; ]inc, Ued; poWaVViXm 
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The translocation of photos\nthates from source leaves 
to sink fruits is an important ph\siological function in 
protected cultivation, which directl\ affects dr\ matter 
accumulation in fruits and promotes au[etic growth of the 
sink tissues. Therefore, controlling d\namics of 
photos\nthate translocation is critical for high-\ield and 
high-qualit\ fruits production. This requires a more detailed 
understanding of the ever-changing photos\nthates 
translocation, which must be based on measurement data 
with higher temporal and spatial resolution than the 
conventional techniques. The positron-emitting tracer 
imaging s\stem (PETIS) is an advanced imaging technique 
to visuali]e and quantitativel\ anal\]e the d\namics of 
photos\nthetic translocation from leaves to sink organs 
(roots, fruits, etc.) in intact plant bodies [1,2]. In this stud\, 11C-
photos\nthates translocation into fruits of strawberr\ 
(FUagaUia î ananaVVa Duch.) was visuali]ed non-invasivel\ 
and repeatedl\ using PETIS and 11C tracer (half-life: 20.4 
min) to assess the spatiotemporal variabilit\ in the 
translocation d\namics in response to increasing da\light 
integrals.  

Strawberr\ plants were cultivated for two weeks in the 
growth chamber with 12 h photoperiod, photos\ntheticall\ 
active radiation of 400 ȝmol m-2 s-1, air temperature of 20oC, 
and subsequentl\ anal\]ed b\ PETIS. The 11CO2 gas was 
fed to a fourth leaf just below the inflorescence of test plants 
and PETIS imaging for 180 min was immediatel\ started. 
Three consecutive e[periments of PETIS imaging were 
performed on the same plant. The first imaging started 0.5 
h after the change from dark period to light period which is 
referred to as ³0.5 h lighting´. The second imaging started 
4.5 h and the third imaging started 9 h after the change to 
light period which are referred to as ³4.5 h lighting´ and ³9 h 
lighting´, respectivel\. At the end of the third imaging 
e[periment, inside the growth chamber was change to dark 
period again. These treatments were performed b\ 
irradiating the assimilated leaves with LED. Diurnal changes 
of photos\nthetic rates of leaves were measured from an 
hour before to an hour after the 12 h light period, under the 
same environmental conditions as in the PETIS e[periment. 

Serial images obtained from PETIS confirmed that 11C-
photos\nthates were translocated heterogeneousl\ into 
each fruit on the same inflorescence (Fig. 1). In addition, the 
fruits in which translocation was observed did not change 
with the elapsed time of the light period. These results 
indicate that the correspondence between source leaves 
and sink fruits is unaffected b\ changes in the light 

environment but is mediated b\ the individual vascular 
connections between a source leaf and each sink fruit as 
reported in Hidaka eW al. 2019 [1]. The translocation rate of 
11C-photos\nthates into each fruit significantl\ increased as 
the integrated light intensit\ at the leaf surface increased 
(Fig. 2). The cumulated photos\nthesis in leaves increased 
almost linearl\ with during the light period (data not shown), 
suggesting that an increase in the amount of photos\nthates 
in leaves promotes the e[port of photos\nthates from leaves, 
resulting in an increase in the photos\nthate translocation 
rate into fruits. This is the first stud\ to use 11C-radioisotopes 
to clarif\ the spatiotemporal variabilit\ in photos\nthate 
translocation from source leaves to individual sink fruits in 
YiYR in response to increasing da\light integrals at a high 
spatiotemporal resolution [3]. 

 
 
 
 
 
 
 
 
 
Fig. 1. (A) Strawberr\ fruits in the PETIS field of view. (B) 
Integrated PETIS images of 11C-photos\nthate translocation into 
fruits for the 0.5 h, 4.5 h, and 9 h lighting treatments.  
 
 
 
 
 
 
 
 
 
Fig. 2. Time-course anal\sis of 11C radioactivit\ in fruits 1 and 2 
shown in Fig. 1 in response to the 0.5 h, 4.5 h, and 9 h lighting 
treatments. The data were normali]ed against the 11C-radioactivit\ 
assimilated b\ the leaf during PETIS imaging e[periment. 
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Introduction 

We UeSoUWed Whe effecW of WiWaniXm flXoUide (TiF4) on Whe 
inhibiWion of demineUali]aWion in a SUeYioXV UeSoUW [1]. The 
SXUSoVe of WhiV VWXd\ iV Wo eYalXaWe Whe elemenWal 
diVWUibXWion of UooW denWin fUom maWeUialV incoUSoUaWing TiF4. 
Materials and Methods 

E[WUacWed boYine WeeWh ZeUe XVed aV VSecimenV. Each 
WooWh ZaV e[SoVed Wo a flaW UooW denWin VXUface and made a 
caYiW\ aW Whe cenWeU of Whe flaW VXUface (2 î 5 î 1 mm3). 
TiWaniXm flXoUide ZaV added Wo Whe SoZeU of glaVV ionomeU 
cemenW (FXji IX E[WUa) foU 0.1%(01T), 1% (1T), oU 10% (10T) 
of iWV ZeighW, UeVSecWiYel\. The SoZdeU ZiWh TiF4 ZaV mi[ed 
ZiWh liTXid foU FXji IX b\ a VWandaUd UaWio of SoZdeU/liTXid, 
and When Whe mi[ed cemenW ZaV filled inWo Whe caYiW\. BoYine 
aUWificial caUieV-affecWed denWin ZeUe SUeSaUed b\ SH c\cling 
(SH 4.5 and 7.0, 6 c\cleV/da\) foU 8 ZeekV. Then WheVe 
VSecimenV ZeUe Vliced SeUSendicXlaU Wo Whe WooWh a[iV 
(WhickneVV: 500 �m) Zhile keeSing Whe WooWh VWUXcWXUe. 
CalciXm, flXoUine(F), and WiWaniXm (Ti) diVWUibXWion ZeUe 
anal\]ed b\ an in-aiU micUo-PIXE/PIGE V\VWem ZiWh a 1.7-
MeV 1H+ micUobeam aW TIARA. Then Whe cXmXlaWiYe 
concenWUaWion of F oU conWenWV of Ti in each VSecimen ZaV 
calcXlaWed aV an aUea of 100 �m fUom Whe VXSeUficial VXUface. 
The obWained daWa ZeUe anal\]ed b\ a GameV-HoZell WeVW 
(Į = 0.05). FXji IX ZiWhoXW TiF4(GI), and UeVin comSoViWe 
(DenWcUafW finefloZ) (CR) ZeUe XVed in WhiV VWXd\ alVo. Si[ 
VSecimenV ZeUe WeVWed on each gUoXS. 
Results 

FigXUe 1 VhoZV Whe maSSing imageV of each gUoXS. 1T 
and 10T indicaWe boWh cleaU diVWUibXWionV of F and Ti. Ti on 
CR mighW VhoZ baUiXm in Whe maWeUial. FigV. 2 and 3 VhoZ 
Whe diVWUibXWion of F and Ti, UeVSecWiYel\. FoU F, 10T 
indicaWed a higheU YalXe Whan 0.1T, GI, and CR. TheUe ZeUe 
no VignificanW diffeUenceV among gUoXSV of 1T, 01T, and GI. 
CR VhoZV Whe loZeVW F diVWUibXWion in all gUoXSV. FoU Ti, 
WheUe ZeUe no VignificanW diffeUenceV beWZeen 10T and 1T, 
oU 1T and 01T. 10T VhoZV a higheU Ti diVWUibXWion Whan WhaW 
of 01T. GI and CR indicaWe loZeU diVWUibXWion Whan Whe 1T 
and 10T gUoXSV. 
Discussion 

The F oU Ti diVWUibXWion deSended on Whe concenWUaWion 
of Whe VolXWion, eVSeciall\ foU Ti. 01T did noW VignificanWl\ 
indicaWe F and Ti diVWUibXWion Whan GI, becaXVe WhiV F and Ti 
diVWUibXWionV fUom Whe maWeUialV VhoZ loZeU YalXeV 
comSaUed ZiWh WhoVe b\ WUeaW b\ TiF4 VolXWion [1]. TheVe 
elemenWV UeleaVe fUom Whe maWeUial WhUoXgh a VolXWion Wo 

denWin. LoZeU elemenWV ZeUe deWecWed Whan Zhen WeeWh 
ZeUe WUeaWed b\ VolXWion, becaXVe F oU Ti coXld noW go inWo 
Whe WooWh diUecWl\. AlWhoXgh Whe nXmbeU of VSecimenV iV 
Vmall, WhoVe flXoUine and WiWaniXm diVWUibXWionV fUom Whe 
maWeUial incoUSoUaWing WiWaniXm flXoUide inclXding Whe 
SoZdeU beWZeen 1% and 10% of TiF4 mighW VhoZ 
SUeYenWiYe effecW. 

 
Reference  
[1] K. OkX\ama HW�DO�, DenW. MaWeU. J. 40, 736 (2021). 

DOI: 10.4012/dmj.2020-193 

2 - 24 

 
Fig. 1. ReSUeVenWaWiYe elemenWal PIXE/PIGE maSSing imageV of 
VSecimen and VchemaWic dUaZing WheVe imageV. USSeU imageV 
VhoZ calciXm b\ PIXE. Middle imageV VhoZ flXoUine b\ PIGE. 
LoZeU imageV VhoZ WiWaniXm b\ PIXE. WhiWe doWV in Whe maS 
UeSUeVenW each elemenW. 

 
Fig. 2. ConcenWUaWion of diVWUibXWed F inWo denWin aW 100�m deSWh 
aUea fUom VXSeUficial VXUface. Same leWWeUV indicaWe no VignificanW 
diffeUenceV (S > 0.05). 

 
Fig. 3. Ti diVWUibXWion inWo denWin aW 100�m deSWh aUea fUom 
VXSeUficial VXUface. Same leWWeUV indicaWe no VignificanW diffeUenceV 
(S > 0.05). 
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Introduction 

IW iV Zidel\ knoZn WhaW flXoride iV effecWiYe in inhibiWing 
denWal carieV, and man\ reporWV haYe recenWl\ been 
pXbliVhed on Whe carieV inhibiWing effecWV of oWher Wrace 
elemenWV. We haYe alVo reporWed Whe carieV-inhibiWing 
effecWV of ]inc-conWaining maWerial [1], and in WhiV VWXd\, Ze 
e[amined Whe XpWake of ]inc inWo VoXnd and deminerali]ed 
denWin (abbreYiaWed aV S- and Dem- DenWin). 
Materials and Methods 

SpecimenV Zere prepared aV preYioXVl\ reporWed [1]. 
The S-denWin of Vi[ hXman molarV ZaV e[poVed, and Whree 
Zere immerVed in deminerali]ed VolXWion for 3 da\V, Wo 
creaWe Dem-denWin. Three flXoride-conWaining maWerialV 
^ZIF-10 (]inc-conWaining), FRC-02 and MI VarniVh (all from 
GC)` Zere applied Wo Whe S- and Dem-DenWin and immerVed 
in Valine VolXWion for 3 monWhV. Then, 500-�m-Whick VecWionV 
Zere prepared, and denWin croVV VecWionV Zere meaVXred 
for calciXm, ]inc, and flXoride concenWraWion from Whe 
VXrface la\er inWo Whe denWin XVing an in-air micro-
PIXE/PIGE V\VWem ZiWh a 1.7-MeV 1H+ microbeam aW 
TIARA [1].  

Ionic peneWraWion from Whe VXrface Wo 200-�m depWh ZaV 
compared in S- and Dem-DenWin, and VWaWiVWical proceVVing 
ZaV performed b\ KrXVkal-WalliV and Mann-WhiWne\ 
(p < 0.05). 
Results 

There ZaV a Wendenc\ for more peneWraWion inWo Dem-
denWin, onl\ ZIF-10 VhoZed a VignificanW difference in Whe 
amoXnW of peneWraWion in boWh S- and Dem-DenWin. There ZaV 
no VignificanW difference in Whe amoXnW of peneWraWion beWZeen 
Whe maWerialV in boWh S- and Dem-DenWin, and in ZIF-10, Whe 
amoXnW of peneWraWion of ]inc ZaV VignificanWl\ higher Whan 
flXoride in boWh S- and Dem-DenWin (FigV. 1 and 2). 
Discussion 

AlWhoXgh Where ZaV no difference in Whe amoXnW of 
flXoride peneWraWion beWZeen maWerialV in boWh S- and Dem-
DenWin, onl\ Whe maWerial conWaining ]inc VhoZed VignificanW 
peneWraWion of flXoride inWo Dem-denWin. Therefore, iW iV 
conVidered WhaW ]inc haV an inflXence on WhiV reVXlW. IW haV 
been reporWed WhaW Whe addiWion of ]inc ionV ma\ increaVe 
Whe biological acWiYiW\ of denWin WiVVXe [2]. IW iV poVVible WhaW 
WhiV ma\ haYe faciliWaWed Whe peneWraWion of flXoride. 
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Fig. 1. CXmXlaWiYe flXoride and ]inc concenWraWionV in Zif-10 from 
Whe VXrface Wo 200-ȝm depWh of deminerali]ed and VoXnd denWin. 
AVWeriVked barV indicaWe VignificanW differenceV. 
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Fig. 2. CXmXlaWiYe flXoride concenWraWion in each maWerial from Whe 
VXrface Wo 200-ȝm depWh of deminerali]ed denWin and VoXnd 
denWin. 
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InWrodXcWion 

Ioni]ing UadiaWion-indXced DNA damage can caXVe 
mXWaWion and caUcinogeneViV. In paUWicXlaU, ³clXVWeUed 
damage´, WhaW iV a DNA Uegion ZiWh WZo oU moUe leVionV 
ZiWhin a feZ helical WXUnV, iV belieYed Wo be haUdl\ UepaiUed. 
ThiV damage ZoXld be indXced aUoXnd high-LET ioni]ing 
UadiaWion WUackV. HoZeYeU, deWail of Whe damage iV XnknoZn. 
We haYe alUead\ deYeloped a meWhod foU eVWimaWing 
locali]aWion of apXUinic/ap\Uimidinic ViWeV (APV) on DNA 
XVing flXoUeVcence UeVonance eneUg\ WUanVfeU (FRET) 
occXUUing beWZeen diffeUenW flXoUeVcenW d\eV (Ale[a350 
and Ale[a 488) (KHWHUR-FRET). The FRET efficienc\ (E) 
ZaV calcXlaWed fUom Ale[a350 flXoUeVcence inWenViWieV 
befoUe/afWeU en]\maWic digeVWion of Whe labeled DNA ZiWh 
APV [1]. We VXcceeded in eVWimaWing TXaliWieV of clXVWeUed 
APV pUodXced in 4He2+-, 12C5+-, and 60Co J-iUUadiaWed dU\ 
DNA film Wo VWXd\ ³diUecW´ UadiaWion effecWV XVing Whe meWhod 
[2]. We alVo applied Whe meWhod Wo aTXeoXV DNA VolXWion 
Wo VWXd\ ³indiUecW´ UadiaWion effecWV. HoZeYeU, WheUe aUe 
Vome pUoblemV of Whe comple[ pUoWocol and of Whe 
VenViWiYiW\ dXe Wo Whe loZ e[WincWion coefficienW of Ale[a350. 
We haYe, WheUefoUe, deYeloped ³KRPR-FRET´ occXUUed 
beWZeen WZo oU moUe Ale[a488 molecXleV. We Zill obWain 
magniWXde of FRET alVo fUom ³flXoUeVcence aniVoWUop\´ of 
KRPR-FRET beWZeen Ale[a488 molecXleV [3]. The neZ 
pUoWocol XVing KRPR-FRET enableV XV Wo eVWimaWe DNA 
damage locali]aWion ZiWhoXW an\ en]\meV and impUoYeV 
VenViWiYiW\ Wo deWecW a clXVWeUed damage. 
E[perimenWs 
ƔSample pUepaUaWion and iUUadiaWion 

PUC19 digeVWed b\ Sma I ZaV XVed (lineaU foUmed) foU 
DNA VampleV Wo be iUUadiaWed. The DNA ZaV diVVolYed in 
pXUe ZaWeU, Wo be a10 g/L. EighW micUoliWeUV of Whe DNA 
VolXWion ZaV moXnWed on a 10 mmI glaVV plaWe (WhickneVV: 
a0.1 mm), and ZaV iUUadiaWed ZiWh 4He2+ (LET: 17 keV/Pm),  
12C6+ (LET: 78), and ZiWh 20Ne8+ (LET: 511) aW VeYeUal doVeV 
Xp Wo 30kG\. MoUeoYeU, X-Ua\V (70kVp, WXngVWen WaUgeW; 
LET: a1) ZeUe alVo XVed aV a VWandaUd UadiaWion VoXUce.  
ƔPUepaUaWion of flXoUophoUe-labeled iUUadiaWed DNA and 
FRET obVeUYaWion [3] 

The iUUadiaWed DNA (10 PL in ZaWeU) and 10 PL of 100 
mM TUiV-HCl (pH 7.5) ZeUe mi[ed in a micUoWXbe. TZo 
micUoliWeUV of Ale[a488/DMSO ZeUe added Wo Whe DNA 
VolXWion, folloZed b\ incXbaWion foU 24 h aW 37 �C. The 
flXoUophoUe-labeled DNA ZaV pXUified b\ eWhanol- 
pUecipiWaWion and Volid phaVe e[WUacWion.  

The flXoUeVcence aniVoWUop\ ZaV meaVXUed aW 525 nm 
(e[. 470 nm). The aniVoWUop\, < U >, iV defined aV folloZV: 

< U > = (IVV - GÂIVH) / (IVV + 2ÂGÂIVH) 
ZheUe IVV iV Whe flXoUeVcence inWenViW\ Zhen Whe e[ciWaWion 

and emiVVion polaUi]eUV aUe boWh YeUWicall\ oUienWed. IVH iV 
one Zhen Whe e[ciWaWion/emiVVion polaUi]eUV aUe 
YeUWicall\/hoUi]onWall\ oUienWed. G iV Whe gUaWing facWoU 
defined aV IHV/IHH. 

ResXlWs and discXssion 
FigXUe 1 VhoZV UelaWionVhipV beWZeen aYeUaged AP 

denViW\ and flXoUeVcence aniVoWUop\, <U>, foU He-, C-, Ne-, 
and X-iUUadiaWed DNA in ZaWeU (ZiWhoXW an\ Uadical 
VcaYengeU). ThiV indicaWeV WhaW all Whe UadiaWion VoXUceV 
WeVWed aUe likel\ Wo pUodXce clXVWeUed leVionV compaUed ZiWh 
Whe caVe of Uandoml\ diVWUibXWed leVionV. MoUeoYeU, Whe 
degUee of damage locali]aWion doeV noW depend on 
UadiaWion TXaliW\. ConWUaU\ Wo Whe UeVXlWV, in Whe Volid VWaWe 
(XVing dU\ DNA Vample) AP diVWUibXWion cleaUl\ depended 
on lineaU eneUg\ WUanVfeU (LET) [4] (daWa noW VhoZn), WhaW iV, 
Whe higheU LET UadiaWion pUodXceV moUe clXVWeUed damaged 
ViWeV b\ Whe ³diUecW´ effecWV. TheVe findingV VXggeVW WhaW 
³indiUecW´ effecW (e.g., b\ OH Uadical) ZoXld noW be 
UeVponVible foU DNA damage clXVWeUing. 
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Fig.1. FlXoUeVcence aniVoWUop\ of DNA iUUadiaWed ZiWh 70kVp X-
Ua\V (ż), 4He2+ (LET:17 keV/Pm) (Ɣ), 12C6+ (78) (Ÿ), and 20Ne8+ 
(511) (￭) aV a fXncWion of aYeUaged AP denViW\. Each of Whe cUoVV 
maUkV (×) indicaWeV Whe YalXe of DNA ZiWh Uandom AP-ViWeV 
pUodXced b\ incXbaWion in Whe acidic bXffeU (apH 5) aW 70�C. 
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DeYelopmenW of dUXg deliYeU\ V\VWem (DDS), WhUoXgh WZo 
UepeWiWionV of UadiaWion 
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 Department of AdYanced Radiation Technolog\, TARRI, QST 
 

We innoYated P-selectin antibod\-labelled nanoparticles, 
Zhich accXmXlate to P-selectin antigen and releases 
anticancer drXg Zith response to radiation (radiosensitiYe 
nanoparticles) [1]. Using intraYenoXsl\ injected those 
radiosensitiYe particles, Ze deYeloped neZ anticancer drXg 
deliYer\ s\stem Zith tZo repetitions of radiations, folloZing 
foXr steps: 1) the first radiation to tXmors indXces P-selectin 
antigen in the endotheliXm of tXmor Yessels; 2) the 
radiosensitiYe particles Zere intraYenoXsl\ injected; 
3) injected radiosensitiYe circXlate in the bod\ and  
trapped to the first irradiated tXmor Yessels, Yia antigen-
antibod\ reaction of P-selectin; 4) those trapped 
radiosensitiYe particles receiYed the second radiation and 
released anticancer drXg. In this stXd\, Ze tested the 
efficac\ of oXr anticancer drXg deliYer\ s\stem, Xsing micro 
PIXE camera. 
PUepaUaWion of paUWicleV 

The nanoparticles Zere 
prepared b\ spra\ing a mi[tXre 
of h\alXronic acid and alginate; 
sXpplemented Zith carboplatin, 
into a solXtion of CaCl2 
sXpplemented Zith P-selectin 
antibod\ and FeCl2 throXgh a 
0.8 Pm pore stainless mesh 
filter. The generated particles 
b\ micro PIXE camera (TARRI, QST) Zas shoZn in Fig. 1. 
The mean diameter Zas 457 r 24 nm. 
TXmoU modelV, fiUVW UadiaWion, indXcWion of P-VelecWin 
anWigen, and accXmXlaWion of P-VelecWin anWibod\ -
labelled paUWicleV WhUoXgh P-VelecWin¶V anWigen (Ag)-
anWibod\ (Ab) UeacWion 

MM 46 tXmors (breast cancer cell lines), Zhich Zere 

inocXlated in the left hind legs of C3He/N mice, receiYed 
single 10 or 20 G\ of 100 KeV X-ra\ irradiation (first 
irradiation). The P-selectin Ag Zas pro[imall\ indXced, 
dependentl\ on radiation doses. Their peaks Zere 
obserYed on 72 hoXrs after radiation. SXbseqXentl\, the P-
selectin Ab -labelled particles Zere injected throXgh tail Yein 
of mice. The P-selectin Ab-labelled particles Zas 
accXmXlated to tXmors Yia P-selectin Ag-Ab reaction. The 
accXmXlation Zas increased oYer time and Zas completed 
on 9 hoXrs after first irradiation. 
Second iUUadiaWion and UeleaVing of caUboplaWin fUom 
paUWicleV 

To those accXmXlated particles the second radiation Zas 
giYen. The rXptXring of particles b\ irradiation Zas 
determined, basing on the tZo morphological changes, 
obserYed b\ Pt-images of micro PIXE camera: 1) releasing 
of Pt from particles (Fig. 2 A); 2) particle obfXscation (Fig. 2 
B). The freqXenc\ of rXptXring Zas e[pressed as the mean 
percentage of rXptXred particles Zithin 10 YieZs of micro 
PIXE camera at 12 î 12 ȝm scan. The freqXenc\ of rXptXred 
particles Zas increased, dependentl\ on radiation dose (Fig. 
2 C). 
AnWiWXmoU effecW 

AntitXmor effect Zas measXred b\ alteration of tXmor 
diameter da\s after treatment. In the combination of 
radiation Zith carboplatin that Zas encapsXlated in P-
selectin labelled particles, antitXmor effect Zas elongated 
and enhanced than an\ other treatments in each radiation 
dose (Fig. 3 A-C x). The strongest antitXmor effect Zas 
obserYed in the combined treatment of 30 G\ radiation Zith 
carboplatin, encapsXlated in P-selectin labelled particles 
(Fig. 3 C x). 
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Fig. 2. RXptXred particles b\ Pt- imaging , 
obserYed Xsing micro PIXE camera (A, B), 
and their freqXenc\ Ys radiation dose (C) . 

 
Fig. 3. AntigXmor effect. A: 10 G\, B; 20G\, C: 30 G\.  x: No treatment, x: Unirradiated 
particle (P-selectin Xnlabelled) x: Unirradiated particle (P-selectin labelled),             
x: UnencapsXlated carboplatin onl\, x: Radiation onl\, x: Radiation + XnencapsXlated 
carboplatin, x: Radiation + particle (P-selectin Xnlabelled), : Radiation + particle (P-selectin 
labelled). 
 

 
Fig. 1. Generated particles. 
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A beam energy and position monitor (BEPM) [1] is 

installed to measure beam energy precisely in real time at 
the beam transport line for the RI production, which is in the 
straight line with the exit of the TIARA AVF cyclotron. To 
measure the energy of the beam accelerated by the 
cyclotron, a precision bending magnet (TAM) on the way of 
this beamline is usually used, as shown in Fig.1. However, 
during the more than 30 minutes required for this 
measurement and the excitation and degaussing of the 
TAM, the accelerated beam cannot be transported to the 
target at the end of this beamline and the RI production 
experiment have to be interrupted.  

The BEPM consists of two cylindrical electrostatic pickup 
electrodes. The beam energy is calculated from the 
distance between the electrodes divided by the time 
difference (time of flight) of each signal produced by the 
beam passing through the electrodes. It is possible to 
acquire beam energy in real-time while irradiating the target 
with a straight beamline, since the beam is not stopped or 
deflected by the BEPM. The measurement test of a beam 
energy using the BEPM have been performed by a 50 MeV 
4He2+ beam. The results of beam energy measurements 
with the BEPM were compared with the results using the 
TAM. 

 The energy measurement results using the BEPM and 
the TAM on each experimental day are shown in Fig. 2. Due 
to the tight operating schedule of the cyclotron, there were 
a few opportunities to measure the beam energy using the 
TAM. Both measurement methods show that the beam 
energy often change at each experiment day. The 
difference of the beam energy is caused by conditions and 
setting parameters at the time of starting up the cyclotron 
and the fine adjustment of parameters for the beam. The 

beam energy measurements using the BEPM are always 
about 0.4 MeV lower than those of using the TAM. In the 
beam energy measurement using the TAM, measurement 
errors are large because the beam position is visually 
adjusted to the center of the beam duct using an alumina 
fluorescent plate before entering and after exiting the TAM. 
In addition, since there is no limit to the angle of the beam 
injection into the TAM, the beam energy cannot be 
measured accurately when the beam is obliquely injected 
into the TAM, and the measured value of the beam energy 
of the TAM differ from that of the BEPM. On the other hand, 
since the BEPM can monitor the beam energy in real time, 
the fluctuation of the beam energy within the same 
experiment day is also obtained, and the fluctuation is less 
than about 0.1%. This result shows that the beam energy 
is almost constant after starting up the cyclotron and the 
change of parameters due to beam adjustment. Therefore, 
the beam energy measurement using the BEPM has the 
advantage of accuracy and real time measurement 
compared to that using the TAM. Consequently, the use of 
the BEPM allows us to precisely measurement of the beam 
energy used for RI production in real time. 
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Fig. 1. Schematic layout of the AVF cyclotron and beam transport 
line for RI production. 
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Fig. 2. Measured 4He2+ beam energy by the BEPM and the TAM 
at each experiment. 



- 101 - 

QST Takasaki Annual Report 2021  

C\cloWUon deYelopmenW VWXd\ foU Whe beam foUmaWion 
XVing Whe nonlineaU magneWic field 

 
T. YX\ama, H. KashiZagi, T. Ishi]aka and Y. YXri 

 
DeparWmenW of AdYanced RadiaWion Technolog\, TARRI, QST 

 
The WechniqXe on nonlinear focXsing of charged-parWicle 

beams has Whe poWenWial Wo form YarioXs beam profiles. So 
far, Ze haYe deYeloped Whe formaWion WechniqXes of a large-
area Xniform beam WhaW enables consWanW-flXence-raWe 
irradiaWion and a holloZ beam WhaW has a high inWensiW\ in 
Whe radial edge of Whe beam Xsing mXlWipole magneWs [1]. 
We haYe condXcWed some e[perimenWal sWXdies mainl\ ZiWh 
10-MeV proWon beams aW Whe LB line of Whe TIARA c\cloWron 
for Whe adYanced beam formaWion [2]. 
E[WUacWion of a GaXVVian-like beam foU Whe laUge-aUea 
XnifoUm beam foUmaWion 

A beam ZiWh a GaXssian WransYerse disWribXWion is iniWiall\ 
reqXired for large-area Xniform irradiaWion ZiWh Whe mXlWipole 
magneWs, so as Wo fold iWs oXWer Wail ZiWh a nonlinear 
magneWic field. This iniWial disWribXWion has been achieYed b\ 
mXlWiple scaWWering Xsing a Whin foil aW Whe beam line afWer Whe 
beam e[WracWion from Whe c\cloWron. HoZeYer, Where are 
some problems on Whe beam loss dXe Wo Whe charge 
e[change for heaY\-ion beams and an increase in Whe 
beam emiWWance. To solYe Whese problems, Ze Wried Wo 
obWain a GaXssian-like beam direcWl\ Xsing Whe single-WXrn 
e[WracWion from Whe c\cloWron. For Whis pXrpose, opWimi]ing 
Whe isochronoXs magneWic field, acceleraWion phase, and 
beam e[WracWion adjXsWmenW Zas performed. The 
measXremenW resXlW is sXmmari]ed in Fig. 1. The WXrn 
separaWion of Whe beam in Whe c\cloWron became more 
disWincW. The e[WracWed beam acWXall\ had a GaXssian-like 
disWribXWion in Whe hori]onWal direcWion aW Whe firsW diagnosWic 
porW (TS1) of Whe c\cloWron beam line.  

WiWh Whis beam WXning in Whe c\cloWron, Ze Zill Wr\ Whe 
large-area Xniform beam formaWion for high-inWensiW\ beams 
and cockWail acceleraWion of heaY\-ion beams. 
MeaVXUemenW of Whe beam WUanVmiVVion diVWUibXWion foU 
beam loVV UedXcWion in Whe holloZ beam foUmaWion 

A holloZ beam ZiWh differenW cross-secWional shapes can 
be formed b\ Whe hori]onWal-YerWical coXpling effecW of 

nonlinear focXsing force. HoZeYer, parWicles ZiWh larger 
oscillaWion ampliWXde can be a soXrce of beam halo, Zhich 
resXlWs in beam loss. ToZard redXcing Whe generaWion of Whe 
beam halo, Ze e[plored Whe beam measXremenW Wo idenWif\ 
Whe beam halo Xsing a phase-space collimaWor [3] insWalled 
aW Whe injecWion secWion in Whe c\cloWron. Using Whe phase-
space collimaWor, iW is possible Wo scan an arbiWraril\ 
WransYerse phase-space region and, WhXs, measXre Zhich 
parW of Whe phase-space region of Whe injecWed beam 
reaches Whe beam halo or holloZ beam. The injecWion beam 
regions WhaW form Whe beam halo and holloZ beam can be 
measXred separaWel\ b\ Whe cXrrenW in Whe sliWs cXWWing Whe 
beam halos and Whe cXrrenW in Whe Farada\ cXp sWopping Whe 
holloZ beam. The measXremenW seWXp and resXlW are 
shoZn in Fig. 2. Comparing Whe graphs in Fig. 2(c), iW can 
be confirmed WhaW Whe region in Zhich Whe beam halo is 
formed is obYioXsl\ differenW from Whe region in Zhich a 
holloZ beam is formed.  

ThXs, Ze shoZed Whe possibiliW\ of increasing Whe 
inWensiW\ of a holloZ beam and redXcing Whe beam halo b\ 
opWimi]ing Whe beam conWrol aW Whe injecWion secWion. 
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Fig. 2. (a) 2D inWensiW\ disWribXWion of a holloZ beam ZiWh beam 
halo. (b) The beam measXremenW configXraWion. The beam halo 
and Whe holloZ beam are separaWed b\ Whe sliWs (XL, XR, YU, YL) 
and Whe holloZ beam is sWopped b\ a Farada\ cXp (FC) behind Whe 
sliWs. The real-space Wransmission disWribXWions of Whe injecWed 
beam reaching YU and FC are shoZn in (c). 
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Fig. 1. MeasXred beam inWensiW\ disWribXWions for (a) mXlWi-WXrn 
e[WracWion and (b) single-WXrn e[WracWion. The hori]onWal inWensiW\ 
disWribXWions (lefW) before Whe e[WracWion from Whe c\cloWron and 
(righW) afWer Whe e[WracWion. 
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K. KaZamura 

a), H. Seki 
a), Y. Ishii 

b) and H. NishikaZa 
a) 

 
a)

 Department of Electrical Engineering, Shibaura Institute of Technolog\ 
b)

 Department of Advanced Radiation Technolog\, TARRI, QST 
 

With increasing demand for IoT devices to ensure the 
safet\ and securit\ of our societ\, Ze need to develop loZ-
cost electronic devices Zith loZ-poZer consumption. 
Amorphous Indium-Gallium-Zinc-O[ide (a-IGZO) is an 
o[ide semiconductor Zith superior characteristics such as 
a high electron mobilit\ and loZ leakage current [1]. 
Therefore, these characteristics make a-IGZO TFT as a 
highl\ functional sZitching device Zith loZ-poZer 
consumption. Since the a-IGZO can be s\nthesi]ed b\ a 
solution process, printing methods using stamps have been 
proposed as a loZ-cost and eas\ to fabricate process [1]. 

In this report, Ze studied the application of proton beam 
Zriting (PBW) to fabricate molds for the printing process of 
a-IGZO TFT.  

PMMA (Ka\aku Microchem, 950A) Zas spin-coated on 
Si Zafer (400 rpm for 30 secs, 1000 rpm for 2 sec) to make 
a 10 Pm-thick PMMA la\er. The PBW Zas performed using 
scanning focused beam of 1.0 Pm from proton beam 
facilities at beam energ\ of 1.0 or 1.7 MeV at Shibaura 
Institute of Technolog\ or TIARA Takasaki, QST.  

The patterning Zas successfull\ made Zith fluence of 
100 to 200 nC/mm2. After development for 20 min. Zith a 
solution of isoprop\l alcohol (IPA) and Zater (IPA: 
Zater=7:3) and rinse in Zater, Ze obtained a mold for 
PDMS stamps. PDMS solution (DoZ Corning, S\lgard184) 
prepared as specified in the recipe Zas casted onto the 
mold of PMMA and cured at 150 �C for 11 min. in air. We 
confirmed successful pattern transfer from the PMMA mold 
to 50-200 Pm squared PDMS stamps. 

We studied the effect of plasma treatments (Harrick 
Plasma, PDC-32G) on the Zettabilit\ of IGZO solution 
(In:Ga:Zn = 6:1:3 [2]). The contact angle on the surface of 
the PDMS b\ a measuring s\stem (Dataph\sics 
Instruments, OCA15EC). Figure 1 shoZs the results of the 
contact angle measurements of the IGZO solution Zith 
PDMS surface. The Zettabilit\ of the stamp Zas ensured 
Zith increasing plasma treatment time [3]. 

We used the configuration of a bottom-gate transistor 
Zith 300-nm-thick silicon o[ide as a gate insulator on silicon 
Zafer, Zhere the Si substrate Zorks as a gate as shoZn in 
Fig. 2 (a). A preliminar\ large area (10 mm-square) pattern 
transfer Zas made b\ an IGZO-spin-coated (2000 rpm for 
15 sec) PDMS block. After transfer of the IGZO solution to 
the o[ide from PDMS and baking at 300 �C for 1h in air, Ze 
patterned source and drain electrodes b\ Al evaporation. 
The dimension of the channel area is 5.0 mm in Zidth and 
500 Pm in length.  

We characteri]ed the transfer characteristics (IDS-VGS) of 
the a-IGZO TFT Zith a semiconductor parameter anal\]er 

(HP 4145B). As shoZn in Fig. 2 (b), the sZitching 
characteristics Zas observed for the stamped IGZO. A 
comparison Zith a standard solution process sample b\ 
spin coating shoZs that the onset voltage of VGS shifts to 
higher region and the on-current IDS is smaller b\ one-to-
tZo orders of magnitudes. 
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Fig. 1. Contact angles of the IGZO solution to the PDMS stamp as 
a function of plasma treatment time. 

 
 
 
 
 

 
 

(a) 
 

 
 

 
 
 
 
   
 
 
 
 
 

 
(b) 

Fig. 2. (a) Schematics of the a-IGZO-TFT characteri]ation and (b) 
transfer characteristics of the printed a-IGZO TFT compared Zith 
spin-coated a-IGZO TFT. 
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Introduction 

The pracWical applicaWion of all-solid-sWaWe liWhiXm-ion 
baWWeries (ASS-LIB) Xsing solid elecWrol\Wes reqXires a 
significanW improYemenW in oXWpXW performance, and hoZ Wo 
redXce Whe inWerfacial resisWance beWZeen Whe elecWrodes and 
Whe solid elecWrol\We is an issXe. Therefore, iW is essenWial Wo 
deYelop a meWhod Wo YisXali]e Whe moYemenW of liWhiXm. 

So far, Whe WZo-dimensional disWribXWions of liWhiXm in Whe 
ASS-LIBs Zere sXccessfXll\ measXred b\ deWecWing prompW 
478-keV gamma-ra\s from Whe nXclear reacWion of 
7Li(p, p¶J)7Li indXced b\ a 3.0-MeV proWon microbeam. 

In conWrasW, Whe caWhode of an acWXal ASS-LIB consisWs of 
parWicXlaWe caWhode maWerial ZiWh a si]e of appro[imaWel\ 10 
ȝm and a solid elecWrol\We ZiWh a si]e of 1 ȝm or less. 
Therefore, Wo obWain clXes for redXcing Whe inWerfacial 
resisWance, iW is necessar\ Wo YisXali]e Whe d\namics of 
liWhiXm ions aW Whe inWerface Whree-dimensionall\ ZiWh 
micron-leYel spaWial resolXWion. 

Therefore, in Whis sWXd\, Ze performed nXclear reacWion 
anal\sis (NRA) Xsing a MeV-class proWon microbeam. 
Since appro[imaWel\ 10-MeV energ\ of Į-parWicles from Whe 
nXclear reacWion 7Li(p, Į)4He are aWWenXaWed in Whe sample, 
iW is e[pecWed WhaW energ\ specWra of Whe Į-parWicles proYide 
informaWion on depWh profiles of liWhiXm in a WargeW. As a firsW 
sWep, Ze bXilW an NRA measXremenW s\sWem and confirmed 
Whe qXanWificaWion Xsing sWandard samples ZiWh differenW 
liWhiXm concenWraWions. 
E[periment 

Using pXlsed laser deposiWion, sWandard WargeWs of liWhiXm 
cobalW o[ide, Zhich is commonl\ Xsed as a posiWiYe 
elecWrode maWerial, Zere prepared ZiWh differenW liWhiXm 
concenWraWions sXch as Li[CoO2, Zhere [ = 0.2, 0.4, 0.6, 0.8, 
1.0 and 1.4. 

A sXrface barrier deWecWor haYing sensiWiYe YolXme of 50 
mm2

 î 100 ȝm Zas placed aW 101 mm from Whe WargeW and 
aW 140 degrees Wo Whe beam a[is. AW Whe same Wime, in order 
Wo sWandardi]e Whe dose of Whe proWon beam ZiWh \ield of 
characWerisWic X-ra\s of cobalW, a Si(Li) deWecWor haYing 
sensiWiYe YolXme of 30 mm2

 î 500 ȝm Zas placed aW 72 mm 
from Whe WargeW and aW 140 degrees Wo Whe beam a[is. 

A 3-MeV proWon beam from Whe single-ended machine in 
TIARA Zas Xsed. The beam cXrrenW Zas appro[imaWel\ 50 
pA. To obWain sXfficienW sWaWisWical accXrac\, Whe NRA 
measXremenW Zere made for appro[imaWel\ WZo hoXrs per 
WargeW. 

Results 
FigXre 1 shoZs one of Whe energ\ specWra from Whe 

sXrface barrier deWecWor. The large nXmber of coXnWs in 
channel range belloZ 1200 Zere RXWherford back 
scaWWering (RBS) proWons. The righW shoXlder and Whe peak 
in Whe RBS region are dXe Wo cobalW and o[\gen in Whe WargeW, 
respecWiYel\. On Whe oWher hand, Whe precioXs Į-parWicle 
coXnWs in channel range aboYe 1200 shoZ Whe 
concenWraWion of liWhiXm in Whe WargeW. 

FigXre 2 shoZs Whe WoWal coXnW in channel range aboYe 
1200 sWandardi]ed b\ Whe X-ra\ coXnWs from cobalW, Zhere 
Whe hori]onWal a[is represenWs Whe liWhiXm concenWraWion. IW 
is confirmed from Whis resXlW WhaW Whe qXanWiWaWiYe 
performance for liWhiXm is kepW Xp Wo [ = 1.0. ThaW ma\ be 
relaWed Wo Whe lack of cr\sWallographic siWes ZiWh [ > 1 in 
Li[CoO2. 
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Fig. 2. Į coXnWs sWandardi]ed b\ cobalW X-ra\ coXnWs. 

  
Fig. 1. Energ\ specWrXm from Whe sXrface barrier deWecWor. 
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InWrodXcWion 

Collagen disease is a s\stemic disease that causes 
connective tissue abnormalities in s\stemic organs such as 
the skin, kidne\s, lungs, and l\mph nodes due to 
d\sfunction of the immune s\stem. Although the causes of 
connective tissue diseases have not \et been elucidated, it 
has been suggested that e[posure to heav\ metals and 
silica ma\ cause s\stemic scleroderma, a t\pical 
connective tissue disease. Recentl\ we identified the 
accumulation of silica/silicates in the lungs in patients with 
idiopathic pulmonar\ fibrosis b\ in-air microparticle-induced 
X-ra\ emission (micro-PIXE) [1]. Therefore, we performed 
the elemental anal\sis of scleroderma lungs b\ in-air micro-
PIXE and compared them with control lungs. 
MaWerialV and meWhodV 

From 2001 to 2019, elemental anal\sis of aluminum, 
magnesium, silica, sulfur, phosphorus, iron, calcium, and 
]inc in lung tissue specimens of 18 cases of control and 
s\stemic sclerosis was performed. The relative 
concentrations normali]ed b\ sulfur concentration were 
compared each other. Elemental anal\sis of the normal 
lung part of 18 cases of earl\-stage lung cancer was also 
performed for a control. The elemental distributions of 
scleroderma and control lungs were statisticall\ compared 
using Graphpad Prism software. 
ReVXlWV 

Elemental analysis of 18 scleroderma lungs by in-air 
micro-PIXE showed significantly higher relative 
concentrations of silica and magnesium compared with 
control lungs (Fig. 1). Aluminum also tended to be higher in 
scleroderma lungs, however it was not significant. Other 
elements such as phosphorus, iron, zinc, and calcium did 
not show significant differences between the two groups. 

High-magnification elemental analysis revealed that the 
silica particles accumulated in the lungs were a few ȝm in 
size and could reach the alveolar space (Fig. 2). 
Furthermore, co-localization of silica with other elements 
such as iron was shown in part. 
DiVcXVVion 

In-air micro-PIXE anal\sis of scleroderma lungs 
suggested that inhalation of silica/silicates into the lungs 
ma\ be a cause of the development of s\stemic sclerosis. 
 
 
 
 
 

ReferenceV 
[1] Y. Koga HW� DO�, Environ. Health Prev. Med. 21, 492 

(2016). DOI: 10.1007/s12199-016-0576-5 
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Fig. 1. Elemental comparison between control and 
scleroderma lungs b\ in-air micro PIXE. Significant difference 
between control (n = 18) and scleroderma lungs (n = 18) of silica 
and magnesium accumulation. Aluminium also tended to be 
increased in scleroderma lungs. 

 
Fig. 2. Representative elemental images of control and 
scleroderma lungs b\ in-air micro PIXE. High magnification 
anal\sis of in-air micro PIXE showed the aggregation of a few 
μm particles containing silica/silicates in the scleroderma lungs. 
No apparent aggregation of silica particles was seen in the 
control lungs. 
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We haYe pUeYioXVl\ UepoUWed WhaW Whe ZnO/CXO 

nanocompoViWe haV anWibacWeUial effecWV [1]. In addiWion, 
]inc and coppeU aUe knoZn Wo enhance UemineUali]aWion and 
inhibiW demineUali]aWion. TheUefoUe, WhiV VWXd\ aimed Wo 
eYalXaWe Whe UemineUali]aWion effecWV of WUace elemenWV. 
Materials and Methods 

ThUee e[WUacWed boYine WeeWh ZeUe XVed in Whe pUeVenW 
VWXd\. The WeeWh ZeUe cXW hoUi]onWall\ Wo obWain VpecimenV 
ZiWh appUo[imaWel\ 500 �m WhickneVV. The Vliced 
VpecimenV ZeUe immeUVed in a 10% lacWic acid VolXWion foU 
72 hoXUV. AddiWionall\, 1% VolXWionV of ZnCl2, CXSO4, MgCl2, 
and NaF ZeUe pUepaUed. The demineUali]ed VpecimenV 
ZeUe immeUVed in WheVe maWeUial VolXWionV 48 hoXUV. The 
conWUol gUoXp ZaV immeUVed in diVWilled ZaWeU. 

AfWeU immeUVing Whe maWeUial VolXWionV, Whe VpecimenV 
ZeUe UemineUali]ed in Whe UemineUali]ed VolXWion (pH 6.8, 
0.02 M HEPES, 3.0 mM CaCl2, and 1.8 mM KH2PO4) aW 37  
qC one Zeek. The anal\Wical WechniqXeV in WhiV VWXd\ ZeUe 
Whe Vame aV WhoVe UepoUWed pUeYioXVl\ [1]. In -aiU micUo-
PIXE/PIGE anal\ViV ZaV caUUied oXW XVing a 1.7-MeV 
pUoWon beam fUom Whe Vingle-ended acceleUaWoU aW TARRI. 
One of Whe VpecimenV ZaV aWWached diUecWl\ Wo a ZindoZ aW 
Whe end of Whe micUobeam line. The beam VpoW Vi]e ZaV 
appUo[imaWel\ 1 �m in diameWeU ZiWh a beam cXUUenW of 
appUo[imaWel\ 100 pA.   

The Ca and WUace elemenW concenWUaWionV ZeUe 
meaVXUed aW a 270 �m î 270 �m aUea. The meaVXUed daWa 
ZeUe opened XVing Whe anal\ViV applicaWion package 
pUogUam, Zhich conYeUWed Whe daWa inWo 128 î 128 pi[elV. 
AfWeU WhoVe meaVXUemenW, one-Za\ ANOVA and TXke\¶V 
WeVW ZeUe XVed foU Whe anal\ViV (p < 0.05). 
Results 

FigXUe 1 VhoZV Whe YolXme of calciXm in Whe denWin. The 
nXmbeU of maWeUial gUoXpV ZaV VignificanWl\ diffeUenW fUom 
WhaW of Whe conWUol gUoXp. HoZeYeU, WheUe ZeUe no VignificanW 
diffeUenceV among Whe maWeUial gUoXpV. TheVe UeVXlWV 
VXggeVWed WhaW WUace-elemenWV in Whe collagen of denWin Zill 
enhance Whe UemineUali]aWion. The WUace-elemenWV. The 
elemenWV XpWake VhoZed Whe VignificanW diffeUenceV among 
Whe elemenW W\peV. 
Discussion 

AlWhoXgh Whe WUace elemenW VolXWionV concenWUaWionV 
ZeUe Whe Vame, WheUe ZeUe VignificanW diffeUenceV in Whe 
amoXnWV Waken Xp Wo Whe denWin. 

FlXoUine ZaV Whe VmalleVW elemenW XVed in WhiV VWXd\ and 
WheUefoUe ZaV conVideUed Wo haYe peneWUaWed moUe. 

HoZeYeU, deVpiWe being laUgeU Whan ]inc, coppeU 

peneWUaWed Whe denWin moUe pUedominanWl\ Whan ]inc, 
poVVibl\ becaXVe coppeU iV inYolYed in Whe cUoVV-linking 
VWUXcWXUe of collagen fibeUV and haV a higheU affiniW\ foU 
collagen Whan ]inc. In Whe fXWXUe, Ze ZoXld like Wo fXUWheU 
inYeVWigaWe Whe Uole of WUace elemenWV in denWin 
UemineUali]aWion in moUe deWail. 
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Fig. 2. TUace-elemenW beam coXnWV / CX coXnWV in Whe UemineUali]ed 
denWin. 

 
Fig. 1. VolXme of calciXm in Whe UemineUali]ed denWin. The Vame 
leWWeUV indicaWe no VignificanW diffeUenceV (p > 0.05). 
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When an energeWic molecXlar or clXsWer ion is incidenW on 
condensed maWWer, iWs consWiWXenW ions or aWoms 
simXlWaneoXsl\ collide ZiWh man\ WargeW aWoms in a small 
space. This leads Wo highl\ dense energ\ deposiWion. A 
large molecXle or clXsWer sXch as fXllerenes shoXld indXce 
sXch an effecW significanWl\, Zhich can make fXllerene-ion 
beams a promising Wool for highl\ dense energ\ deposiWion.  
For applicaWion Xse of fXllerene-ion beams, WZo facWors are 
indispensable: One is sWable and inWense beams. We 
sXcceeded in sXppl\ing sWable 0.03-Wo-1-MeV C60- and C70-
ion beams ZiWh enoXgh flX[ from a 400-kV ion implanWer of 
TIARA. In addiWion, Ze haYe recenWl\ deYeloped a highl\ 
inWense negaWiYe fXllerene-ion soXrce for a Wandem 
acceleraWor [1]. The oWher facWor is pracWical daWa on 
fXndamenWal processes relaWing Wo ion sWopping in maWWer; 
as knoZn Zell, ion-beam applicaWions aW presenW are based 
on sXch hXge pracWical daWa. There are noW enoXgh daWa on 
fXllerene ions Xp Wo Whe presenW. SpXWWering is one of Whe 
mosW imporWanW sXbjecWs, becaXse iW is noW onl\ a 
characWerisWic of clXsWer-ion bombardmenW bXW also closel\ 
relaWed Wo fXllerene-ion sWopping in condensed maWWer and 
secondar\-ion emissions b\ fXllerene ions. In Whe presenW 
sWXd\, Ze haYe measXred AX spXWWering \ields b\ 0.03-Wo-
9-MeV C60- and C70-ion bombardmenW. 

AX spXWWering \ields Zere measXred ZiWh a qXarW]-cr\sWal 
microbalance WechniqXe. A AX Whin film, Zhich Zas one of 
Whe elecWrodes on a qXarW] cr\sWal, Zas Xsed as a WargeW as 
iW is and Zas bombarded ZiWh C60 and C70 ions. These ions 
Zere acceleraWed Wo 0.03 Wo 1.08 MeV and Wo 1.08 Wo 9 MeV 

ZiWh Whe 400-kV ion implanWer and a 3-MV Wandem 
acceleraWor of TIARA, respecWiYel\. SpXWWering \ields b\ 18-
Wo-150-keV C+ ions Zere also measXred. 

FigXre 1 shoZs Whe e[perimenWal resXlWs, Whe 
dependence of Whe spXWWering \ield per consWiWXenW aWom of 
an incidenW ion on Whe energ\ per aWom. The spXWWering 
\ields b\ C monaWomic ions are also ploWWed. As shoZn in 
Whe figXre, Whe spXWWering \ields per aWom are nearl\ eqXal 
for C60 and C70 ions. BoWh Whe spXWWering \ields per aWom 
rise Wo Whe peak of appro[imaWel\ 10 aroXnd 10 keV/aWom. 
The spXWWering \ields b\ C monaWomic ions are compared 
ZiWh SRIM simXlaWion [2] as Zell as Whe linear-collision-
cascade Wheor\ b\ SigmXnd [3]. In Whe MonWe Carlo 
simXlaWion Xsing Whe SRIM2008 code, Whe laWWice binding 
energ\, Whe sXrface binding energ\ and Whe displacemenW 
energ\ Zere 3.0 eV, 3.8 eV and 25.0 eV, respecWiYel\. The 
nXclear sWopping poZer for a C monaWomic ion in Whe 
calcXlaWion of SigmXnd¶s Wheor\ Zas calcXlaWed Xsing Whe 
SRIM2008 code. The agreemenW beWZeen Whe e[perimenWs 
and Whe calcXlaWions for C monaWomic ions is noW so bad. 
The spXWWering \ields per aWom b\ C60 and C70 ions are 2a4 
Wimes larger Whan Whose b\ C monaWomic ions, Zhich means 
WhaW Whe nonlinear effecW Zas obserYed. 
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Fig. 1. Energ\ dependence of Whe spXWWering \ield per consWiWXenW 
aWom of an incidenW ion. The resXlWs of MonWe Carlo simXlaWions 
Xsing Whe SRIM2008 code and calcXlaWions b\ modified SigmXnd 
Wheor\ are represenWed b\ sWars and a solid cXrYe, respecWiYel\. 
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Research & industrial use  

Four kinds of accelerators, a cyclotron and three 
electrostatic accelerators (tandem accelerator, single-
ended accelerator and an ion implanter), are used at the 
TIARA facility to meet various researchers¶ needs. The 
activities of research fields that the cyclotron was used for 
the past 5 fiscal years are shown in Fig. 1. Total utilization 
time of each fiscal year (FY) was in the range of 1,090 to 
1,380 hours except for FY 2018 and FY 2021. The 
utilization time of FY 2018 was reduced to about 500 hours 
because of repairing of the main coil of the cyclotron. And 
also, the utilization time of FY 2021 was reduced to about 
800 hours because of changing of the cyclotron operating 
time from 24 hours to 14 hours. The utilization time of 
“Material Science´ and “Life Science´ accounted for more 
than about 60% of the total time. 

On the other hand, for the three electrostatic 
accelerators, as shown in Fig. 2, the utilization time of 
“Material Science´ and “Basic Technology of Quantum 
Beam´ accounted for more than about 60% of the total time. 
Total utilization time amounted to about 430 days per year 
until FY 2019. However, in FY 2020 and FY 2021, total 
utilization time was reduced due to the cancel of 
experiments under the influence of COVID-19 and to the 
renewal of control systems of the three electrostatic 
accelerators. 

The trend of the number of project category (Internal use, 
Joint research, Cooperation priority research, Funded 
research and Facility use program) for the past 5 years is 
shown in Fig. 3. The total number of projects was in the 
range of 59 to 73 per year. 

The trend of the number of users in the past 5 years is 
shown in Fig. 4. The total number of users was in the range 
of 460 to 770 per year. 

 
Fig. 4. The number of users for the past 5 years. 
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Fig. 2. Research activities for the three electrostatic accelerators 
for the past 5 years. 
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Fig. 1. Research activities for the cyclotron for the past 5 years. 
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Fig. 3. The number of projects for the past 5 years. 
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Operation 

Since the continuous operation of the cyclotron from 
Monday to Friday was abolished, operation time of the AVF 
cyclotron in fiscal year of 2021 was remarkably reduced. 
After checking the water-cooling system and changing the 
acceleration harmonics, the operation of the cyclotron 
starts every day by 11 am. After careful beam tuning, the 
experiment starts at 2 pm. or 3 pm. and ends at 10 pm. The 
total operation time of the AVF cyclotron eventually 
amounted to 1338 h, and the number of experiments of the 
year was 189. The accumulative operation time was 88762 
h and the total number of experiments was 12679 from the 
first beam extraction in 1991 to March, 2022. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Monthly operation times are shown in Fig. 1. The 

scheduled maintenances were carried out from the middle 
of July to October and in March. Table 1 shows the statistics 
of the cyclotron operation of fiscal 2021, with the data of 
fiscal 2020 for comparison. The percentages of operation 
time of the year used for regular experiments, facility use 
program and promotion of shared use program, beam 
tuning, and beam development are 46.0%, 6.9%, 44.7%, 
and 2.4%, respectively. Table 2 shows the operation time of 
each ion source. NANOGAN ion source is used to produce 
H, D, and He ions. For production of ions heavier than He, 
HYPERNANOGAN ion source is used. OCTOPUS ion 

source is mainly used for the cocktail beam of M/Q = 5. The 
operation times of OCTOPUS and HYPERNANOGAN ion 
source were reduced by the abolishment of 24 hours 
operation. Fractional distribution of major ions used for 
experiments is shown in Fig. 2. The tendencies of the 
statistics are similar to those of the past years.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
Machine trouble and maintenance 

The number of machine troubles and maintenances of 
the year were 64 and 69, respectively. The rubber hoses of 
the main coils for cooling water between the valve and the 
main coil were replaced in summer. The beam detector of 
the magnetic channel probe was replaced to improve water 
cooling efficiency. The P501 water pump for ion sources 
and injection line was overhauled due to water leakage 
from the mechanical seal. 

The other major items of the maintenance were as 
follows: 1) Inspection of all power supply for magnet coils. 
2) Replacement of the consumable parts of the cryopumps 
of the beam injection line. 3) Replacement of the fast-
closing vacuum valve controller of the HC line. 4) 
Replacements of the gas leakage detector in the ion-source 
room. 5) Inspection of the power supplies and the main RF 
system. 6) Change of lubricating oil for 47 vacuum pumps. 
7) Replacements of internal power supply and cooling fan 
in the control systems. 
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Table 1 
Statistics for cyclotron operation. 

Fiscal year 2020 2021 
Beam service time 1035 h 708 h 
Beam tuning  722 h 598h 
Machine study  123 h  32 h 
Total operation time 1880 h 1338 h 
Change of particle and/or energy 152 times 143 times 
Change of beam course 135 times 141 times 
Change of harmonic number  67 times  61 times 
The number of experiments 194 189 
Cancellation due to machine trouble 0 0 

 

Table 2 
Operation times of ion sources. 
 

ECR Ion source 2020 2021 

NANOGAN 530 h (26.0%) 504 h (33.3%) 
OCTOPUS 365 h (17.9%) 159 h (10.5%) 
HYPERNANOGAN  1143 h (56.1%) 852 h (56.2%) 
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Fig. 2. Ion species used for experiments in fiscal 2021. 
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OperaWion of elecWroVWaWic acceleraWorV in TIARA 
 

K. <DPDGD, A. CKLED, <. HLUDQR, S. KDQDL, 
<. ARNL, M. HDVKL]XPH DQG S. KXUDVKLPD 

 
DHSDHUWPHQW RI AGYDQFHG RDGLDWLRQ THFKQRORJ\, TARRI, QST 

 
OperaWion 

TKH WUDQVLWLRQV RI WKH DQQXDO RSHUDWLRQ WLPH VLQFH WKH 
VWDUW RI RSHUDWLRQ IRU HDFK HOHFWURVWDWLF DFFHOHUDWRU DUH 
VKRZQ LQ FLJ. 1. TKH DQQXDO RSHUDWLRQ WLPHV RI WKH WDQGHP 
DFFHOHUDWRU, WKH VLQJOH-HQGHG DFFHOHUDWRU DQG WKH LRQ 
LPSODQWHU LQ F< 2021 ZHUH 1,021 K, 1,227 K DQG 918 K, 
UHVSHFWLYHO\. :LWK WKH UHYLVLRQ RI WKH PDQDJHPHQW VWUXFWXUH 
RI WKH HOHFWURVWDWLF DFFHOHUDWRUV, WKH GDLO\ RSHUDWLRQ WLPH RI 
WKH DFFHOHUDWRUV KDV EHHQ VKRUWHQHG DERXW 5 K IURP F< 
2021. TKHUHIRUH, WKH DQQXDO RSHUDWLRQ WLPHV RI DOO 
DFFHOHUDWRUV ZHUH VLJQLILFDQWO\ ORZHU WKDQ ODVW ILVFDO \HDU. 
TKH PRQWKO\ RSHUDWLRQ WLPHV RI F< 2021 IRU HDFK 
HOHFWURVWDWLF DFFHOHUDWRU DUH VKRZQ LQ FLJ. 2. TKH VLJQLILFDQW 
GHFUHDVH LQ RSHUDWLQJ WLPHV IURP FHEUXDU\ WR MDUFK LV GXH 
WR WKH XSJUDGH RI WKH FRQWURO V\VWHPV RI HDFK HOHFWURVWDWLF 
DFFHOHUDWRU. TKHUH ZHUH QR VHULRXV SUREOHPV ZLWK WKH 
WDQGHP DFFHOHUDWRU DQG WKH LRQ LPSODQWHU WKDW WKH 
H[SHULPHQW KDG WR EH VWRSSHG. OQ WKH RWKHU KDQG, WKH 
H[SHULPHQWV ZLWK WKH VLQJOH-HQGHG DFFHOHUDWRU ZHUH 
FDQFHOOHG IRU IRXU GD\V GXH WR WKH GDPDJH RI YROWDJH 
PHDVXUHPHQW UHVLVWRU DQG WKH YDFXXP WXEH RI WKH RF 
RVFLOODWRU FLUFXLW FDXVHG E\ WKH GLVFKDUJH RI DFFHOHUDWLRQ 
YROWDJH. IQ WKH UHJXODU PDLQWHQDQFH, WKH SHOOHW-FKDLQ RI WKH 
WDQGHP DFFHOHUDWRU ZDV FOHDQHG, DQG WKH DOLJQPHQW RI WKH 
H[WUDFWLRQ HOHFWURGH RI WKH VLQJOH-HQGHG DFFHOHUDWRU ZDV 
GRQH DQG HDFK LRQ VRXUFH RI DFFHOHUDWRUV ZDV RYHUKDXOHG. 
 

Upgrade of acceleraWor conWrol V\VWemV 
TKH GHWHULRUDWLRQ RI FRQWURO PCV DQG UHPRWH I/O 

FRQWUROOHUV RI WKH DFFHOHUDWRU FRQWURO V\VWHP ZDV D FRPPRQ 
SUREOHP IRU DOO WKUHH HOHFWURVWDWLF DFFHOHUDWRUV. IQ UHFHQW 
\HDUV, WKH FRQWURO PCV KDYH RIWHQ KXQJ XS, UHTXLULQJ D 
UHERRW HDFK WLPH, ZKLFK ORVW WLPH RI H[SHULPHQWV XVLQJ WKH 
HOHFWURVWDWLF DFFHOHUDWRUV >1@. TKHUHIRUH, WKH FRQWURO PC DQG 
VRIWZDUH IRU HDFK HOHFWURVWDWLF DFFHOHUDWRU KDYH EHHQ 
XSGDWHG WR EH FRPSDWLEOH ZLWK WKH FXUUHQW LLQX[ OS. FRU WKH 
WDQGHP DFFHOHUDWRU, LQ DGGLWLRQ WR WKH FRQWURO PC, WKH 
UHPRWH I/O FRQWUROOHUV DQG WKUHH DQDO\]LQJ PDJQHW SRZHU 
VXSSOLHV IRU WKH EHDP WUDQVSRUW OLQH, ZKLFK KDG EHHQ XVHG 
IRU DERXW 30 \HDUV, ZHUH XSJUDGHG VKRZQ LQ FLJ. 3. TKH 
W\SH RI UHPRWH I/O FRQWUROOHU ZDV FKDQJHG IURP WKH CAMAC 
WR WKH ACT V\VWHP PDGH E\ NDWLRQDO EOHFWURVWDWLFV 
CRUSRUDWLRQ. AV D UHVXOW RI WKHVH XSJUDGHV, FRQWURO RI WKH 
DQDO\]LQJ PDJQHWLF ILHOG EHFDPH PRUH SUHFLVH DQG WKH LRQ 
EHDP VWDELOLW\ KDV EHHQ LPSURYHG. AURXQG WKH VDPH WLPH, 
IRFXVLQJ PDJQHW DQG FRQWURO V\VWHPV RI WKH OLJKW- DQG 
KHDY\-LRQ-PLFUR-EHDPOLQH ZHUH XSJUDGHG. 8VLQJ WKHVH 
XSJUDGHG DFFHOHUDWRU FRQWURO V\VWHPV DQG PLFUR-EHDPOLQHV, 
ZH SODQ WR GHYHORS PRUH DGYDQFHG LUUDGLDWLRQ WHFKQLTXH LQ 
WKH IXWXUH. 
  

 
 

Reference 
>1@ A. CKLED eW al., QST TDNDVDNL AQQX. RHS. 2017 QST-M-

16, 150 (2019). 
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Fig. 2. MRQWKO\ RSHUDWLRQ WLPH. 
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Fig. 1. TUDQVLWLRQV RI DQQXDO RSHUDWLRQ WLPH. 
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Fig. 3. 8SJUDGHG FRQWURO V\VWHP DQG PDJQHW SRZHU VXSSO\ RI WKH 
WDQGHP DFFHOHUDWRU. 
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 and Whe gamma-Ua\V iUUadiaWiRn faciliWieV 
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a)
 Department of Advanced Radiation Technology, TARRI, QST 

b)
 Takasaki Establishment, Radiation Application Development Association 

 
Operation 

TKH HOHFWURQ DFFHOHUDWRU DQG WKH 60CR JDPPD-UD\ 
LUUDGLDWLRQ IDFLOLWLHV LQ TDNDVDNL AGYDQFHG RDGLDWLRQ 
RHVHDUFK IQVWLWXWH (TARRI) ZHUH RSHUDWHG DOPRVW VPRRWKO\ 
LQ ILVFDO \HDU 2021 (F<2021). 

TKH RSHUDWLRQ RI WKH HOHFWURQ DFFHOHUDWRU, DQG WKH ILUVW 
DQG WKH VHFRQG 60CR JDPPD-UD\ LUUDGLDWLRQ IDFLOLWLHV ZDV 
VXVSHQGHG LQ F<2021 GXH WR WKH VHLVPLF UHLQIRUFHPHQW 
ZRUN RI WKHLU EXLOGLQJV. 

TKH DQQXDO RSHUDWLRQ WLPH RI WKH HOHFWURQ DFFHOHUDWRU LQ  
F< 2021 ZDV 312 K, LQFOXGLQJ 45 K RI FRQGLWLRQLQJ RSHUDWLRQ 
WR NHHS WKH DFFHOHUDWRU LQ JRRG FRQGLWLRQ. TKH DQQXDO 
RSHUDWLRQ WLPH GHFUHDVHG GXH WR WKH VHLVPLF UHLQIRUFHPHQW 
ZRUN. TKH RSHUDWLRQ WLPH LQ UHFHQW \HDUV LV VKRZQ LQ FLJ. 1. 
AOWKRXJK WKHUH ZDV D WURXEOH DERXW WKH KLJK IUHTXHQF\ 
SRZHU VXSSO\ XQLW RI WKH DFFHOHUDWRU, WKH DQQXDO RSHUDWLRQ 
WLPH VKRZV DQ LQFUHDVLQJ WHQGHQF\ IURP F<2017 WR 
F<2021 EHFDXVH WKH QXPEHU RI ORQJ-WLPH LUUDGLDWLRQ 
H[SHULPHQW LQFUHDVHG. DHVSLWH WKH LQIOXHQFH RI CO9ID-19, 
WKH DQQXDO RSHUDWLRQ WLPH LQ F< 2020 GLG QRW GHFUHDVH GXH 
WR ORQJ-WLPH LUUDGLDWLRQ H[SHULPHQWV FRQGXFWHG E\ WKH LQ-
KRXVH XVHUV. 

TKH 60CR JDPPD-UD\ LUUDGLDWLRQ IDFLOLWLHV FRQVLVWLQJ RI 
WKUHH EXLOGLQJV ZLWK HLJKW LUUDGLDWLRQ URRPV FRYHU D ZLGH 
GRVH-UDWH UDQJH IURP 2 î 10-1 G\/K WR 0.9 î 104 G\/K DV RI 
MDUFK 2021. TKH DQQXDO RSHUDWLRQ WLPHV RI WKH ILUVW DQG WKH 
VHFRQG 60CR JDPPD-UD\ LUUDGLDWLRQ IDFLOLWLHV DQG WKH IRRG 
LUUDGLDWLRQ IDFLOLW\ ZHUH 14,008 K, 11,806 K DQG 13,419 K, 
UHVSHFWLYHO\, DV VKRZQ LQ FLJ. 2. TKH DQQXDO RSHUDWLRQ WLPH 
XQWLO F< 2017 LQFUHDVHG EHFDXVH ORQJ-WLPH LUUDGLDWLRQ 
LQFUHDVHG. HRZHYHU, WKH DQQXDO RSHUDWLRQ WLPH GHFUHDVHG 
IURP F< 2018 EHFDXVH ORQJ-WLPH LUUDGLDWLRQ H[SHULPHQWV E\ 
WKH LQ-KRXVH XVHUV GHFUHDVHG. DXH WR WKH LQIOXHQFH RI 
CO9ID-19, WKH QXPEHU RI LUUDGLDWLRQ H[SHULPHQWV E\ LQ-
KRXVH DQG RXWVLGH XVHUV GHFUHDVHG, EXW WKH ORQJ-WLPH 
LUUDGLWLRQ H[SHULPHQWV GLGQ¶W OHDG GHFUHDVH RI WKH RSHUDWLQJ 
WLPH LQ F<2020. E[FHSW IRU WKH IRRG LUUDGLDWLRQ EXLOGLQJ, 
ZKLFK GLG QRW XQGHUJR VHLVPLF UHLQIRUFHPHQW ZRUN, WKH 
DQQXDO RSHUDWLRQ WLPH LQ F<2021 DOVR GHFUHDVHG GXH WR WKH 
VHLVPLF UHLQIRUFHPHQW ZRUN. 
Maintenance 

IQ WKH VHLVPLF UHLQIRUFHPHQW ZRUNV RI WKH HOHFWURQ 
DFFHOHUDWRU EXLOGLQJ, WKH ILUVW DQG WKH VHFRQG 60CR JDPPD-
UD\V LUUDGLDWLRQ IDFLOLWLHV, UHLQIRUFH RI WKH VWUXFWXUDO VWHHO 
IUDPH RI WKH IDFLOLW\ ZDV FDUULHG RXW, DV ZHOO DV UHSODFHPHQW 
RI WKH PHUFXU\ ODPSV LQ WKH FHLOLQJ ZLWK LEDV, DQG XSGDWH 
RI WKH VKXWWHUV DQG HPHUJHQF\ H[LW GRRUV. 

 

･Electron accelerator 
TKH WURXEOH RI WKH KRUL]RQWDO EHDP OLQH RFFXUUHG DW WKH 

EHJLQQLQJ RI DHFHPEHU 2017, DQG JHQHUDWLRQ RI WKH 
KRUL]RQWDO EHDP FDPH WR D KDOW. :H IRXQG LQ WKH 
PDLQWHQDQFH LQ 2018 WKDW WKLV WURXEOH ZDV GXH WR IDLOXUH RI 
D FHUWDLQ FDSDFLWRU RI WKH SRZHU VXSSO\ FLUFXLW IRU WKH 
HOHFWURQ JXQ, QRW WR IDLOXUH RI D ILODPHQW. RHSODFHPHQW RI 
WKLV FDSDFLWRU ZDV SHUIRUPHG GXULQJ WKH PDLQWHQDQFH 
LQVSHFWLRQ FRQGXFWHG LQ 2019, 2020 DQG 2021, DQG WKH 
HOHFWURQ EHDPV RI WKH KRUL]RQWDO EHDPOLQH ZHUH JHQHUDWHG 
ZLWK JRRG VWDELOLW\. SLQFH WKH RSHQLQJ DQG FORVLQJ SUREOHP 
RI VKLHOG GRRU RI WKH KRUL]RQWDO LUUDGLDWLRQ URRP RFFXUUHG 
DQG KXPDQ DVVLVWDQFH ZDV UHTXLUHG XQGHU XQVDIH 
FRQGLWLRQ, D VKLHOG GRRU KLQJH ZKLFK ZHUH WKH FDXVHV RI WKH 
SUREOHP ZDV XSGDWHG LQ F< 2021. 
･Gamma-ray irradiation facilities 

TKH SHULRGLFDO PDLQWHQDQFH FKHFN PDLQO\ RQ 
PHFKDQLFDO V\VWHPV IRU UDGLDWLRQ VRXUFH WUDQVSRUWDWLRQ LV 
SHUIRUPHG HYHU\ \HDU DW RQH RI WKH WKUHH JDPPD-UD\V 
LUUDGLDWLRQ IDFLOLWLHV LQ WXUQ. TKH PDLQWHQDQFH FKHFN RI WKH 
ILUVW 60CR JDPPD-UD\V LUUDGLDWLRQ IDFLOLW\ ZDV GRQH LQ 
OFWREHU DQG NRYHPEHU 2021 ZLWK VXVSHQVLRQ RI RSHUDWLRQ 
IRU 21 GD\V. TKH IRRG LUUDGLDWLRQ IDFLOLW\ FORVHG DW WKH HQG RI 
FHEUXDU\ 2022. 
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Fig. 1. Annual operation time of the electron accelerator. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Annual operation time of the 60Co gamma-rays 
irradiation facilities. 
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The electron accelerator and the three 60Co gamma-ray 

irradiation facilities were operated for various research 
subjects according to the operation plans of the fiscal year 
(FY) 2021. Their research fields were classified to 
‘Materials science’, ‘Life science’, and ‘Quantum beam 
science’. 

Figure 1 shows the time and the number of electron 
beam (EB) irradiation experiments in each research field in 
FYs 2017-2021. The accelerator was mainly used for 
materials science such as NV-center process in diamonds, 
novel catalyst materials, graft-polymerization for new 
absorbent material and so on. The EB-irradiation time 
increased in FYs 2017 - 2020 due to smoother operation 
than in FY 2016. The irradiation time in FYs 2018-2020 
increased because of increase in long-term irradiation for 
research in material science such as developing 
techniques of NV-center process in diamonds and novel 
catalyst. But the irradiation time for ‘Facility Use Program’ 
in FY 2020 was dramatically reduced under the influence of 
the rise of irradiation fee and COVID-19. In FY 2021, the 
irradiation time was shortened to about 20% of the usual 
year due to the seismic reinforcement work for the building. 
Therefore, the time and the number of electron beam 
irradiation dramatically reduced. 

Figure 2 shows the time and the number of gamma-ray 
irradiation experiments in each research field in FYs 2017-
2021. The gamma-rays irradiation time decreases year by 
year except FY2019. This is because of a reduction of a 
research subject on the radiation resistance test of 
materials and equipment that required long-term irradiation. 
Furthermore, research on the creation of novel functional 
materials synthesized in a short time using high dose rates 
of gamma-rays also decreased since the sources of 60Co 
could not be supplied enough to increase the radiation 
intensity in gamma-rays irradiation facilities. In FY 2021, the 
irradiation time of each facility was also shortened to about 
30% of the usual year due to the seismic reinforcement 
work for the first and second 60Co gamma-rays irradiation 
facilities. As a result, the time and the number of the 
gamma-ray irradiation experiment also decreased 
dramatically. 

The first 60Co gamma-rays irradiation facility was 
employed mainly for long-term-radiation-resistant tests, 
such as polymeric materials used for accelerators, cables 
used in nuclear power plants and nuclear reactor facilities. 
The second 60Co gamma-rays irradiation facility, including 
the irradiation room No.6 operated according to hourly 
schedule, was used for development of new functional 

polymeric materials such as biocompatible protein 
hydrogels, fuel cell separator membrane and hydrogen fuel 
tube, as well as radiation-resistant tests of materials and 
parts for International Thermonuclear Experimental 
Reactor (ITER), and other research subjects. The food 
irradiation facility of a lower-dose-rate field was used for 
radiation-resistant tests of electric devices and Li battery at 
wide dose-rate ranges to simulate the space environment 
and radiation effects of organisms such as microorganisms 
and plants. 

Especially in the 60Co gamma-rays irradiation facilities, 
several irradiation-resistance experiments of various 
devices used in the accident of the Fukushima Daiichi 
Nuclear Power Station of Tokyo Electric Power Company 
were carried out largely using ‘Facility Use Program’.  
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FLg. 1. The time and the number of irradiation experiments in 
the electron accelerator. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
FLg. 2. The time and the number of irradiation experiments in 
the 60Co gamma-rays irradiation facilities. 
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Radiation Monitoring in TIARA 
 

Safety Management Section 
 

DHSaUWPHQW RI AGPLQLVWUaWLYH SHUYLcHV, TARRI, QST 
 
Individual monitoring 
(1) IQGLYLGXaO PRQLWRULQJ IRU WKH UaGLaWLRQ ZRUNHUV 

TabOH 1 VKRZV a GLVWULbXWLRQ RI HIIHcWLYH GRVH RI WKH 
UaGLaWLRQ ZRUNHUV LQ FY 2021. TKH HIIHcWLYH GRVH YaOXHV RI 
aOPRVW aOO UaGLaWLRQ ZRUNHUV ZHUH bHORZ WKH GHWHcWLRQ OLPLW 
RI 0.1 PSY. 

TKH Pa[LPXP GRVH RI WKH UaGLaWLRQ ZRUNHU ZaV 0.2 
PSY/\, ZKLcK ZaV GXH WR H[SHULPHQWV ZLWK SRVLWURQ-HPLWWLQJ 
UaGLRQXcOLGH. 
 
Table 1 
Distributions of the effective dose of the radiation workers in FY 
2021. 

 
(2) IQGLYLGXaO PRQLWRULQJ IRU WKH YLVLWRUV aQG RWKHUV 

TabOH 2 VKRZV WKH QXPbHU RI SHRSOH ZKR WHPSRUaULO\ 
HQWHUHG WKH UaGLaWLRQ cRQWUROOHG aUHaV. TKH HIIHcWLYH GRVHV 
RI aOO SHRSOH ZHUH OHVV WKaQ 0.1 PSY. 
 
Table 2 
TKH QXPbHU RI SHRSOH ZKR WHPSRUaULO\ HQWHUHG WKH UaGLaWLRQ 
cRQWUROOHG aUHaV LQ FY 2021. 

 
Monitoring of radioactive gases and dusts 

TabOH 3 VKRZV WKH Pa[LPXP UaGLRacWLYH cRQcHQWUaWLRQV 
aQG WRWaO acWLYLWLHV IRU UaGLRacWLYH JaVHV UHOHaVHG IURP WKH 
VWacN RI TIARA LQ HacK TXaUWHU RI FY 2021. 

SPaOO aPRXQWV RI 11C aQG 77BU ZHUH GHWHcWHG 
RccaVLRQaOO\ GXULQJ WKH RSHUaWLRQ RI WKH c\cORWURQ RU 
H[SHULPHQWV, bXW WKH SaUWLcXOaWH VXbVWaQcHV (65ZQ, HWc.) 
ZHUH QRW GHWHcWHG. 
 
 

Table 3 
Monitoring results of released radioactive gases and dust in FY 
2021. 

 
Monitoring for external radiation and surface 
contamination 

TKH PRQLWRULQJ IRU H[WHUQaO UaGLaWLRQ aQG VXUIacH 
cRQWaPLQaWLRQ ZaV URXWLQHO\ SHUIRUPHG LQ/aURXQG WKH 
UaGLaWLRQ cRQWUROOHG aUHaV. NHLWKHU aQRPaORXV YaOXH RI 
GRVH HTXLYaOHQW UaWH QRU VXUIacH cRQWaPLQaWLRQ ZaV 
GHWHcWHG. 

FLJXUH 1 VKRZV a W\SLcaO H[aPSOH RI GLVWULbXWLRQ RI WKH 
GRVH HTXLYaOHQW UaWH LQ WKH UaGLaWLRQ cRQWUROOHG aUHa RI WKH 
c\cORWURQ bXLOGLQJ. 

 
Fig. 1. DRVH HTXLYaOHQW UaWH GLVWULbXWLRQ LQ WKH UaGLaWLRQ cRQWUROOHG 
aUHa RI WKH c\cORWURQ bXLOGLQJ. 
Measurement date : 9th, 24th and 25th March 2022, 
Measuring position : Indicated with × (1 m above floor), 
UQLW : ȝSY/K.(TKH YaOXHV aUH QRW LQGLcaWHG LI OHVV WKaQ 0.2 ȝSY/K.) 

4 - 06 

1st 2nd 3rd 4th
quarter quarter quarter quarter

  　 　   HE 䠘 0.1 562 630 655 604 864

 0.1 ≦ HE ≦ 1.0 1 1 2 1 4

 1.0 䠘 HE ≦ 5.0 0 0 0 0 0

 5.0 䠘 HE ≦ 15.0 0 0 0 0 0

 15.0 䠘 HE 0 0 0 0 0

563 631 657 605 868

　 Exposure
Number of persons

( B ) 0 0 0 0 0

　　  above 1mSv ( B )/( A )×100(%) 0 0 0 0 0
0.1 0.1 0.2 0.1 0.5

0.00 0.00 0.00 0.00 0.00
0.1 0.1 0.1 0.1 0.2

　　　　　　*1 The dose by the internal exposure was not detected.

Annual

Number  of  persons  in each periods

Items

 Mean dose  (mSv)
 Maximum dose  (mSv)

Distribution range of
effective dose

HE:Effective dose *1

               (mSv)

Total number of persons (A)

 Mass effective dose  (Person・mSv)

1st 2nd 3rd 4th
quarter quarter quarter quarter

Number of persons 209 247 313 408 1,177

TotalPeriods

Periods 1st 2nd 3rd 4th
Items quarter quarter quarter quarter

0 0 0 0 0

 2.0×108  1.1×108  2.8×108  2.7×108  8.6×108

― ― ―  5.2×104  5.2×104

0 0 0 0 0

<7.9×10-10Maximum <5.8×10-10 <1.2×10-9 <6.9×10-10

concentration ― ― ―  3.1×10-9Maximum

concentration <1.2×10-4 <1.2×10-4 <1.2×10-4 <1.2×10-4

concentration <1.2×10-4 <1.2×10-4 <1.2×10-4 <1.2×10-4

65Zn
Activity

　　 77Br
Activity

concentration

　　　Unit 䠖 Bq/cm3 for Maximum concentration, Bq for Activity.

11C
Activity

Maximum

Total

41Ar

Nuclide

Maximum

Activity

D

D

D

D

D

U

EPS SＤ

SＤ

PS

D
U

D

××

×

×

× × ×

×

×

×

×

×

×

×

×

×

×

×

×

×

× ×

×

×

×

×

×

×

××

×

×

×
×

×

×

×
×

×

×
×

×

×
×

×

×
×

×
×

×

×

×
×

×

×

×
×

×

×
×

×

× ×

×

×

×

×

×

×

×

×

0.4

0.4

14

3.0×

8.0
0.8

3.0

39
52

6.0
24

320
0.5

52
0.6

0.6

4.0

2.0

0.6

18
14

1.4
39

156

91

1.2

0.8 0.5
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RaGLRacWLYH ZaVWH PaQaJHPHQW LQ TIARA 
 

N. HLJXFKL 
 

DHSDUWPHQW RI AGPLQLVWUDWLYH 6HUYLFHV, 7ARRI, Q67 
 
RaGLRacWLYH ZaVWH PaQaJHPHQW 

7KH UDGLRDFWLYH ZDVWH JHQHUDWHG LQ 7IARA LV PDQDJHG 
E\ 8WLOLWLHV DQG MDLQWHQDQFH 6HFWLRQ. 7KH PDLQ UDGLRDFWLYH 
ZDVWH LV WKH VROLG ZDVWH JHQHUDWHG IURP UHVHDUFK 
H[SHULPHQWV DQG WKH PDLQWHQDQFH RI WKH F\FORWURQ. OWKHU 
UDGLRDFWLYH ZDVWH LV WKH OLTXLG ZDVWH VXFK DV LQRUJDQLF ZDVWH 
IOXLGV JHQHUDWHG IURP UHVHDUFK H[SHULPHQWV DQG WKH DLU-
FRQGLWLRQLQJ PDFKLQHV LQ WKH UDGLDWLRQ FRQWUROOHG DUHD. 
7KHVH ZDVWHV DUH PDQDJHG DFFRUGLQJ WR WKHLU SURSHUWLHV. 
RDGLRDFWLYH ZDVWH LV VWRUHG LQ D VWRUDJH IDFLOLW\ DQG KDQGHG 
RYHU WR WKH JDSDQ RDGLRLVRWRSH AVVRFLDWLRQ IRU GLVSRVDO. 
SROLG UaGLRacWLYH ZaVWH 

7DEOH 1 VKRZV WKH DPRXQWV RI YDULRXV W\SHV RI VROLG 
ZDVWH JHQHUDWHG LQ HDFK TXDUWHU RI F< 2021.  CRPEXVWLEOH 
ZDVWH FRQVLVWV RI SDSHUV DQG FORWKHV, DQG VR RQ. FODPH-
UHWDUGDQW ZDVWH FRQVLVWV RI UXEEHU JORYHV, SODVWLF DUWLFOHV, 

DQG SRO\HWK\OHQH DUWLFOHV. IQFRPEXVWLEOH ZDVWH FRQVLVWV RI 
PHWDO SLHFHV, WKH JODVVHV, DQG FRQWDPLQDWHG SDUWV. 6ROLG 
ZDVWH HPLWWLQJ Į, ȕ, DQG J LV FODVVLILHG DFFRUGLQJ WR WKH 
SURSHUWLHV. 
LLTXLG UaGLRacWLYH ZaVWH 

7DEOH 2 VKRZV WKH DPRXQWV RI OLTXLG ZDVWH JHQHUDWHG LQ 
HDFK TXDUWHU RI F< 2021. MRVW RI OLTXLG ZDVWH ZDV LQRUJDQLF 
ZDVWH ZDWHU JHQHUDWHG IURP FKHPLFDO H[SHULPHQWV DQG 
RWKHUV ZHUH FRQGHQVHG ZDWHU JRLQJ RXW RI WKH DLU-
FRQGLWLRQHU LQVWDOOHG LQ WKH UDGLDWLRQ FRQWUROOHG DUHD. 7KH 
ODUJHVW DPRXQW RI ZDVWH ZDWHU LQ VXPPHU VHDVRQ (2QG 
TXDUWHU) ZDV WKH FRQGHQVHG ZDWHU. AIWHU WKH WUHDWPHQW RI 
HYDSRUDWLRQ RI WKH ZDVWH ZDWHU, LQRUJDQLF ZDWHU LV UHXVHG LQ 
WKH UDGLDWLRQ FRQWUROOHG DUHD. OQO\ VPDOO DPRXQWV RI 
FRQFHQWUDWHG OLTXLG ZHUH JHQHUDWHG E\ WKH WUHDWPHQW. 

 
TabOH 1 
RDGLRDFWLYH VROLG ZDVWH JHQHUDWHG LQ F< 2021. 

Number of
1st 2nd 3rd 4th package

quarter quarter quarter quarter /drum
0.86 0 0.10 0.40 1.36 32

Combustible 0.02 0 0 0.12 0.14 3
Flame-retardant 0.04 0 0.04 0.18 0.26 10
Incombustible(Compressible) 0 0 0.04 0.10 0.14 3
　　　〃　　　(Incompressible) 0.80 0 0 0 0.80 16
Laboratory animal 0 0 0.02 0 0.02 0
Filters 0 0 0 0 0 -

0 0 0 0.14 0.14 4
Combustible 0 0 0 0 0 0
Flame-retardant 0 0 0 0.10 0.10 4
Incombustible(Compressible) 0 0 0 0.02 0.02 0
　　　〃　　　(Incompressible) 0 0 0 0 0 0
Laboratory animal 0 0 0 0.02 0.02 0
Filters 0 0 0 0 0 -

Amounts of generation in each period (m3)

Total

 Category β , J*

 Category α *

    Items

                    Amounts    

**
**
**
**

  
* GHILQHG E\ DPRXQW LQ BT (β, J ): < 2 GBT , (α) : < 37 MBT, 
** 50-OLWHU GUXP. 

 
TabOH 2 
RDGLRDFWLYH OLTXLG ZDVWH JHQHUDWHG LQ F< 2021.  

Number of
1st 2nd 3rd 4th package

quarter quarter quarter quarter /drum
 Category β , J* 13.91 19.32 4.54 5.03 42.80 -

1)Inorganic 13.91 19.32 4.54 5.03 42.80 -
Inorganic 13.91 19.32 4.54 5.03 42.80 treatment
Sludge, Evaporation residue 0.00 0.00 0.00 0.00 0.00 0

2)Organic 0.00 0.00 0.00 0.00 0.00 0
Organic 0.00 0.00 0.00 0.00 0.00 0
Oil 0.00 0.00 0.00 0.00 0.00 0

 Category α * 0.00 0.00 0.00 0.00 0.00 0

Amounts of generation in each period (m3)

  Items Total

                    Amounts  

  
* GHILQHG E\ FRQFHQWUDWLRQV LQ BT/PL (β, J  IQRUJDQLF) : < 200 NBT, (OUJDQLF) : < 2 NBT, (α) : � 1.85 NBT, 
 

 

4 - 07 
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FaciliW\ UVe Program in TakaVaki AdYanced 
RadiaWion ReVearch InVWiWXWe 

 
S. No]awa, H. Hana\a and A. Shimada 

 
 Department of Research Planning and Promotion, QuBS, QST 

 
Irradiation facilities in Takasaki Advanced Radiation 

Research Institute (TARRI) have been opened to man\ 
researchers in universities, public institutes, R&D divisions 
of private companies (hereafter µexternal users¶), under 
Facilit\ Use Program. 

In this program, external users can use gamma-ra\s, 
electron beams, and ion beams, these were provided from 
irradiation facilities of Co-60 gamma-ra\, electron 
accelerator, TIARA¶s four ion accelerators, and off-line 
anal\tical instruments. When using these facilities, external 
users are required to bear the operating costs of irradiation 
equipment. 
FaciliW\ UVe Program in FY2021 

In Pricing s\stem of Facilit\ Use Program, experimental 
costs have been calculated from the total amount of service 
charge, irradiation charge, and extra-costs (ex. additional 
consumable goods and human support).  

 Research-and-development¶s users, who disclose the 
results of studies b\ publication, have been partiall\ 
discounted for the experimental costs. To receive this 
discount, users were required to submit a research 
proposal to Research Planning and Promotion Office in 
TARRI. The proposals were reviewed b\ expert committee 
members in terms of the effectiveness of experimental 
designs. The approved proposals were implemented under 
Facilit\ Use Program with the partiall\ discounted cost. This 
discount was not applied at gamma-ra\ irradiation facilities 
and electron accelerator. 
NXmber of irradiaWion e[perimenWV Xnder FaciliW\ UVe 
Program 

 Number of irradiation experiments under Facilit\ Use 
Program in FY2021 were shown in Table 1. The number of 
experiments in Co-60 gamma-ra\ irradiation facilities was 
much higher than other facilities. Number of experiments 
classified b\ user¶s affiliation were shown in Table 2. AVF 
c\clotron and 3 MV tandem accelerator were mainl\ used 
b\ researchers who belonging to universities. On the other 
hand, man\ users of Co-60 gamma ra\ irradiation facilities 
were belonging to private companies. 

Due to suspension of electron accelerator for the 
renovation of building, the number of experiments in 
FY2021 were decreased. 
 

Additional information about this program is available at 
the following QST website: 

 
https://www.qst.go.jp/site/qubs/1954.html 
 

 
 

Table 1 
Number of irradiation experiments under the Facilit\ Use 
program in FY2021 

*: Discounting was not applied 
 
 
Table 2 
Number of irradiation experiments classified b\ user¶s 
affiliations 

 
User¶s affiliation 

 
Irradiation Facilit\ 

U
ni

ve
rs

it\
 

Pu
bl

ic
 

in
st

itu
te

 
Pr

iv
at

e 
co

m
pa

n\
  

  

To
ta

l 

TI
AR

A 

AVF c\clotron 13 6 5 24 

3 MV tandem accelerator 28 9 4 41 

3 MV single-ended accelerator 9 13 0 22 

400 kV ion implanter 16 12 0 28 

Co-60 gamma-ra\  
irradiation facilities 27 21 104 152 

Electron accelerator 1 1 2 4 

Total 94 62 115 271 

 
Pricing s\stem 

 
Irradiation facilit\ 

Pu
bl

ic
 

di
sc

lo
su

re
 

N
on

- 
di

sc
lo

su
re

 
 To

ta
l 

TI
AR

A 

AVF c\clotron 13 11 24 

3 MV tandem accelerator 22 19 41 

3 MV single-ended accelerator 15 7 22 

400 kV ion implanter 12 16 28 

Co-60 gamma-ra\  
irradiation facilities -* 152 152 

Electron accelerator -* 4 4 

Total 62 209 271 
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Appendix 1  Publication List 
 
 

Bold letters at the last of each item mean accelerators or irradiation facilities used for the work as follows: 
C : Cyclotron,  T : Tandem accelerator,  S : Single-ended accelerator,  I : Ion implanter, 
E : Electron accelerator,  G : Gamma-ray irradiation facilities,  N : Not used. 

Items in gray show the works in collaboration with other projects of QST. 
 
 

P1-1  PUojecW ³FXncWional Pol\meU ´ 
 

Papers 
1) S. SaZada and Y. MaekaZa, ³Radiation-Induced Asymmetric 

Grafting of Different Monomers into Base Films to Prepare Novel 
Bipolar Membranes´, MolecXles, 26, 2028 (2021).        G 

2) T. Motegi, K. Takiguchi, Y. Tanaka-Takiguchi, T. Itoh, and R. 
Tero, ³Physical Properties and Reactivity of Microdomains in 
Phosphatidylinositol-ConWaining SXpporWed Lipid Bila\er´, 
Membranes, 11, 339 (2021).           N 

3) Y. Zhao, K. Yoshimura, T. Motegi, A. Hiroki, and Y. Maekawa, 
³Three-Component Domains in the Fully Hydrated Nafion 
Membrane Characterized by Partial Scattering Function 
Anal\sis´, MacromolecXles, 54, 4128-4135 (2021).        N 

4) S. Okushima, S. Hasegawa, T. Kawakatsu, and Y. Maekawa, 
³Coarse-grained Molecular Dynamics Simulation to 
Reproduce Phase-separated Structures in Graft-type Polymer 
ElecWrol\We Membranes´, Pol\mer 230, 124036 (2021).       G 

5) T. Hamada, K. Yoshimura, K. Takeuchi, S. Watanabe, Y. Zhao, 
A. Hiroki, T. Hagiwara, H. Shishitani, S. Yamaguchi, H. Tanaka, 
A. RadXlescX, K. OhZada and Y. MaekaZa, ³S\nWhesis and 
Characterization of 4-Vinylimidazolium/Styrene-Cografted 
Anion-CondXcWing ElecWrol\We Membranes´, Macromol. Chem. 
Phys. 222, 2100028 (2021).          G 

6) T. Hamada, Y. Zhao, K. Yoshimura, A. Radulescu, K. Ohwada 
and Y. MaekaZa, ³Hydrophobic Effect on Alkaline Stability 
of Graft Chains in Ammonium-type Anion Exchange 
Membranes Prepared by Radiation-Induced Graft 
Pol\meri]aWion´, ChemistrySelect 6, 8879-8888 (2021).        G 

7) M. Schiavone, Y. Zhao, H. Iwase, H. Arima-Osonoi, S. Takata, 
A. RadXlescX, ³On Whe ProWon CondXcWion PaWhZa\s in 
Polyelectrolyte Membranes Based on Syndiotactic-
pol\sW\rene´, Membranes 12, 143 (2022).        G 

8) L. H. Hao, T. D. Tap, D. T. T. Hieu, E. Korneeva, N. V. Tiep, 
K. Yoshimura, S. Hasegawa, S. Sawada, T. V. Man, N. Q. 
Hung, L. A. Tuyen, V. P. Dinh, L. Q. Luan, and Y. Maekawa, 
³Morphological CharacWeri]aWion of GrafWed Pol\mer 
Electrolyte Membranes at a Surface Layer for Fuel Cell 
ApplicaWion´, J. Appl. Pol\m. Sci., 139, 51901 (2022).         G 

9) Y. Ueki, N. Seko, and Y. MaekaZa, ³Machine learning 
approach for prediction of the grafting yield in radiation-
indXced grafW pol\meri]aWion´, Appl. Mater. Today 25, 101158 
(2021).             G 

10) Y. Hosaka, H. Yamamoto, M. Ishino, T. H. Dinh, M. Nishikino, 
A. Kon, S. Owada, Y. Inubushi, Y. Kubota, Y. Maekawa, 

³SWXd\ on IrradiaWion EffecWs b\ FemWosecond-pulsed Extreme 
UlWraYioleW in ResisW MaWerials´, J. PhoWopol\m. Sci. Technol. 
34, 95-98 (2021).             N 

11) A. Hiroki and M. TagXchi, ³Development of Environmentally 
Friendly Cellulose Derivative-Based Hydrogels for Contact 
Lenses Using a RadiaWion Crosslinking TechniqXe´, Appl. Sci. 
11, 9168 (2021).             E 

Proceedings 
1) 茂木俊憲䠈吉村公男, 䝄䜸䝴䜶䠈廣木章博, 前川康成, ³構㐀
機能相㛵ゎ明䛻向䛡䛯放射線䜾䝷䝣䝖㔜合㧗分子膜䛾䝘䝜

䜲䝯䞊䝆䞁䜾´, 第 18回放射線䝥䝻䝉䝇䝅䞁䝫䝆䜴䝮 せ旨㞟, 
67, 䜸䞁䝷䜲䞁 (2021).           G 

2) 澤田真一䠈前川康成, 坂本有希子䠈船津公人, ³機械学習法
䛻䜘䜛放射線䜾䝷䝣䝖㟁ゎ㉁膜䛻㐺䛧䛯㧗分子基材䛾特性

ホ価´, 第 18回放射線䝥䝻䝉䝇䝅䞁䝫䝆䜴䝮 せ旨㞟, 68 , 䜸
䞁䝷䜲䞁 (2021).            G 

3) 坂本有希子, 澤田真一, 廣木章博, 前川康成, ³放射線䜾䝷䝣
䝖㔜合法䛻䜘䜛全固体二次㟁池用㧗分子㟁ゎ㉁材料䛾創

製研究´, 令和 3年度日本化学会㛵東支㒊群㤿地区研究交
流発表会 せ旨㞟, P025, 䜸䞁䝷䜲䞁 (2021).        G 

4) 㜿㒊聖㈼, 茂木俊憲䠈吉村公男, 廣木章博, 前川康成, ³散㐓
粒子動力学法䛻䜘䜛䜾䝷䝣䝖型㧗分子㟁ゎ㉁膜䛾構㐀最㐺

化´, 令和 3年度日本化学会㛵東支㒊群㤿地区研究交流発
表会 せ旨㞟, P038, 䜸䞁䝷䜲䞁 (2021).          G 

5) 出崎亮䠈廣木章博, 㛗㇂川伸䠈藤原広匡, 澁㇂光夫, 竹下宏
樹䠈前川康成䠈徳満勝久, す村伸䠈 ³耐㧗圧水素材料䛾㛤
発䜢目指䛧䛯放射線架橋䛻䜘䜛䝫䝸䜶䝏䝺䞁䛾改㉁´, 第 70
回㧗分子ウㄽ会 せ旨㞟, 2N01, 䜸䞁䝷䜲䞁 (2021).  E, G 

6) 藤原広匡, 澁㇂光夫, す村伸䠈出崎亮䠈廣木章博, 㛗㇂川伸䠈
前川康成,竹下宏樹䠈徳満勝久, ³放射線架橋䝫䝸䜶䝏䝺䞁䛾
㧗圧水素特性´, 第 70回㧗分子ウㄽ会 せ旨㞟, 2N02, 䜸䞁
䝷䜲䞁 (2021).        E, G 

7) 藤原広匡, 澁㇂光夫, す村伸䠈出崎亮䠈廣木章博, 㛗㇂川伸䠈
前川康成,竹下宏樹䠈徳満勝久, ³燃料㟁池用水素㈓蔵䝍䞁
䜽㛤発䛻向䛡䛯䝰䝕䝹材料䛸䛧䛶䛾放射線架橋䝫䝸䜶䝏䝺䞁

䛾㧗圧水素耐性ホ価´, 第 62回㧗圧ウㄽ会 せ旨㞟, 3A09, 
姫㊰䞉䜰䜽䝸䜶䜂䜑䛨 (2021).       E, G 

Patent 
1) 吉村 公男, アーメドハンマド アーメド マフムード㸪ユ 
ハンチュル㸪ザオ ユエ㸪廣木 ❶博, 前川 康成, ³樹⬡⤌
成物、樹⬡⤌成物の〇㐀方法及び㟁気化学デバイス´, 特
㢪2021-088830 (2021.05.26).      E, G 
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P1-2  PUojecW ³AdYanced CaWal\VW´ 
 

Papers 
1) T. Mori, K. Tong, S. Yamamoto, S. Chauhan, T. Kobayashi, N. 

Isaka, G. Auchterlonie, R. Wepf, A. Suzuki, S. Ito, Fei Ye, 
³AcWiYe PW nano-coated layer with Pt-O-Ce bond on CeOx 
nanoZire caWhode formed b\ elecWron beam irradiaWion´, ACS 
Omega 7, 25822-25836 (2022).           E 

2) S. Entani, S. Sato, M. Honda, C. Suzuki, T. Taguchi, S. 
Yamamoto, T. Ohshima, ³SWrXcWXral anal\sis of high-energy 
implanted Ni atoms into Si(100) by X-ray absorption fine 
sWrXcWXre specWroscop\´, RadiaW. Ph\s. Chem. 199, 110369 
(2022).              C 

3) T. Kimata, K. Kakitani, S. Yamamoto, I. Shimoyama, D. 
Matsumura, A. Iwase, W. Mao, T. Kobayashi, T. Yamaki, T. 
Terai, ³AcWiYiW\ enhancemenW of plaWinXm o[\gen-reduction 
electrocatalysts using ion-beam indXced defecWs´, Ph\s. ReY. 
Mater. 6, 035801 (2022).            C 

4) Y. Shimizu, M. Imbe, K. Godo, N. Sasajima, H. Koshikawa, T. 
Yamaki, K. Amemi\a, ³High-precision flat-plate reference 
infrared radiator using perfect blackbody composite with a 
microcaYiW\ sWrXcWXre´, Appl. OpW. 61, 517-522 (2022).        C 

5) Y. Sato, H. Koshikawa, S. Yamamoto, M. Sugimoto, S. 
SaZada, T. Yamaki, ³FabricaWion of size- and shape-controlled 
platinum cones by ion-track etching and electrodeposition 
WechniqXes for elecWrocaWal\Wic applicaWions´, QXanWXm Beam 
Sci. 5, 21 (2021).             C 

6) A. Miyashita, M. Maekawa, C. Suzuki, S. Yamamoto, A. 
Kawasuso, J. Wang, T. Seki, R.Y. Umetsu, K. Takanashi, 
³EffecW of disorder and Yacanc\ defecWs on elecWrical WransporW 
properties of Co2MnGa thin films grown by magnetron 
spXWWering´, J. Appl. Ph\s. 130, 225301 (2021).         N 

7) Y. Shimizu, H. Koshikawa, M. Imbe, T. Yamaki, K. Godo, N. 
Sasajima, K. Amemiya, 䇾Micro-cavity perfect blackbody 
composite with good heat transfer towards a flat-plate 
reference radiation source for thermal imagers䇿, Opt. Lett. 46, 
4871-4874 (2021).            C 

8) M. Yoshimoto, T. Nakanoya, Y. Yamazaki, P. Saha, M. 
Kinsho, S. Yamamoto, H. Okazaki, T Taguchi, N. Yamada, R. 
YamagaWa, ³Anal\sis of J-HBC stripper foil for the J-PARC 
RCS´, J. Ph\s. Soc. Conf. Proc. 33, 011019 (2021).    C, S 

9) H. Ishitobi, S Yamamoto, T. Ishii, K. Oba, H. Doki, R. Obata, 
A. Miyashita, H. Okazaki, N. Nakagawa, ³AcWiYiW\ 
enhancement of a carbon electrode material for vanadium 
redox flow battery by electron-beam irradiaWion´, J. Chem. Eng. 
Jpn. 54, 219-225 (2021).            E 

10) S. Chauhan, T. Mori, T. Kobayashi, S. Yamamoto, S. Ito, G. 
AXchWerlonie, R. Wepf, S. Ueda, F. Ye, ³SXrface la\er of PW-
O-Ce bonds on CeOx nanowire with high ORR activity 
conYerWed b\ proWon beam irradiaWion´, J. Am. Ceram. Soc. 104, 
1945-1952 (2021).        T, I 

11) T. TagXchi, S. YamamoWo, H. Oba, ³S\nWhesis and formation 
mechanism of novel double-thick-walled silicon carbide 
nanoWXbes from mXlWiZalled carbon nanoWXbes´, Appl. SXrf. 
Sci. 551, 149421 (2021).            C 

12) H. Amekra, M. Toulemonde, K. Narumi, R. Li, A. Chiba, Y. 
Hirano, K. Yamada, S. Yamamoto, N. Ishikawa, N. Okubo, 
YXichi SaiWoh, ³Ion Wracks in silicon formed b\ mXch loZer 

energ\ deposiWion Whan Whe Wrack formaWion Whreshold´, Sci. Rep. 
11, 185 (2021).             T 

Proceedings 
1) 岡崎 宏之, 出崎 亮, ㉺川 博, 松村 大樹, 池田 㝯司, 山本 春
也, 八巻 徹也, ³担体䜈䛾䜲䜸䞁照射䛻䜘䜛炭素担持 Ptゐ媒
䛾㓟素吸着状態変化´, 㟁気化学会第 89回大会, 3H01, 䜸
䞁䝷䜲䞁 (2022.03).             I 

2) 河裾 厚男, 宮下 敦巳, 前川 㞞樹, 㕥木 智広, 山本 春也, 㛵 
剛斎, J. Wang, 梅津 理恵, 㧗梨 弘毅, ³Co2MnGa中䛾不つ
則性䛸点欠㝗䛜㟁気伝導特性䛻与䛘䜛影㡪´,日本物理学
会第 77回年次大会, 17pT31-9, 䜸䞁䝷䜲䞁 (2022.03).             N 

3) 恩田 拓実, 山本 春也, 出崎 亮, 中村 将志, 星 永宏, ³Pd䝗䞊
䝥 TiO2単結晶㟁極上䛻䛚䛡䜛 ORR 活性化因子´, 㟁気化
学会第 89回大会, 2H08, 䜸䞁䝷䜲䞁 (2022.03).          I 

4) 渡㎶ 友理, 松澤 幸一, 永井 崇昭, 池上 芳, 㛛田 㝯二, 今す 
哲士, 山本 春也, 石原 㢧光, ³4族㓟化物薄膜䛾物性䛜㓟性
溶液中䛷䛾㓟素㑏元反応䛻与䛘䜛影㡪´, 㟁気化学会第 89
回大会, 1H28, 䜸䞁䝷䜲䞁 (2022.03)          N 

5) ㉺川 博, 澤田 真一, 八巻 徹也, ³䜲䜸䞁䝡䞊䝮照射䛻䜘䜛䝫䝸
䝇䝏䝺䞁多孔膜䛾作製´, 日本膜学会第 44年会, 1C-1, 䜸䞁
䝷䜲䞁 (2022.06)             C 

6) H. Okazaki, A. Idesaki, H. Koshikawa, D. Matsumura, S. 
YamamoWo, T. Yamaki, ³O[\gen adsorpWion sWaWe of PW 
nanoparticles deposited on the ion-irradiaWed carbon sXpporW´, 
MRM2021, H5-O10-02, Online (2021.12).          I 

7) T. TagXchi, S. YamamoWo, H. Oba, ³S\nWhesis of 
Polycrystalline and Amorphous Double-Thick-Walled Silicon 
Carbide NanoWXbes´, MRM2021, H5-PR17-04, Online 
(2021.12).          T, I 

8) S. Yamamoto, H. Koshikawa, T. Taguchi, A. Idesaki, H. 
Oka]aki, T. Yamaki, ³FormaWion of MeWal NanoparWicles inside 
Ion-Track-EWched Pol\imide Capillaries´, MRM2021, H5-
PR17-01, Online (2021.12).            I 

9) N. Tanaka, S. Sawada, C. Sugimoto, T. Yamaki, 
³DeYelopmenW of proWon e[change membranes for hydriodic 
acid concentration by ion-Wrack grafWing WechniqXe´, 
MRM2021, H5-PR17-05, Online (2021.12).          I 

10) H. Koshikawa, S. Yamamoto, M. Sugimoto, S. Sawada, T. 
Yamaki, ³FabricaWion of meWal o[ide nanocones Xsing ion-
Wracks of pol\mer membranes´, MRM2021, B2B3-PR15-16, 
Online (2021.12).             C 

11) T. TagXchi, S. YamamoWo, H. Oba, ³Ion irradiaWion indXced 
synthesis of novel amorphous double-thick-walled silicon 
carbide nanoWXbes´, The 9Wh InWernaWional S\mposiXm on 
Surface Science (ISSS9), 30PS-33, Online, (2021.11).     T, I 

12) 牛木 知彦, 今澤 良太, 村上 英利, 清水 宏祐, 杉江 㐩夫, 岡
崎 宏之, 北澤 真一, 石川 正男, 波多江 仰紀, ³ITER䝎䜲䝞
䞊䝍㉥外䝃䞊䝰䜾䝷䝣䜱䛾䝺䞁䝈材料䛾䜺䞁䝬線及䜃中性

子照射䛻䜘䜛中㉥外光学特性䛾影㡪ホ価´, 第 38 回䝥䝷䝈
䝬核融合学会䞉年会, 23P-4F-15, 䜸䞁䝷䜲䞁 (2021.11).       G 

13) 岡崎 宏之,  出崎 亮,  ㉺川 博,  山本 春也,  八巻 徹也, ³炭素
担体䜈䛾䜲䜸䞁照射䛻䜘䜛 Pt 䝘䝜粒子ゐ媒䛾 ORR 活性向
上´, 第 18 回放射線䝥䝻䝉䝇䝅䞁䝫䝆䜴䝮, P3-3, 䜸䞁䝷䜲䞁 
(2021.11)               I 

14) 藤原 広匡, 澁㇂ 光夫, す村 伸, 出崎 亮, 廣木 章博, 㛗㇂川 
伸, 前川 康成, 竹下 宏樹, 徳満 勝久, ³燃料㟁池用水素㈓
蔵䝍䞁䜽㛤発䛻向䛡䛯䝰䝕䝹材料䛸䛧䛶䛾放射線架橋䝫䝸䜶
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䝏䝺䞁䛾㧗圧水素耐性ホ価´, 第 62回㧗圧ウㄽ会, 3A09, 䜰
䜽䝸䜶䜂䜑䛨 (2021.10)           G 

15) 㰻藤 寛之, 佐藤 ㇏人, ㇂上 真惟, 池田 一㈗, 町田 晃彦, 綿
㈏ 徹, 田口 富嗣, 山本 春也, 八巻 徹也, 㧗木 成幸, 大友 季
哉, 折茂 慎一, ³Al-Fe合㔠䛾㧗温㧗圧水素化反応´, 第 62
回㧗圧ウㄽ会, 1S05, 䜰䜽䝸䜶䜂䜑䛨 (2021.10).          I 

16) H. Okazaki, A. Idesaki, H. Koshikawa, D. Matsumura, S. 
YamamoWo, T. Yamaki, ³Changes of o[\gen adsorpWion sWaWe 
of Pt nanoparticle catalyst on the carbon support by the ion 
irradiaWion.´ 240Wh ECS MeeWing, I01D-1175, Online 
(2021.10).               I 

17) 山本 春也, 㰻藤 寛之, 田口 富嗣, 内海 伶㑣, 綿㈏ 徹, 
八巻 徹也, ³䝇䝟䝑䝍䝸䞁䜾法䛻䜘䜚成膜䛧䛯Al-Fe薄膜中䛾
水素´, 日本㔠属学会 2021年秋期ㅮ演大会, S7.17, 䜸䞁䝷䜲
䞁 (2021.09).              I 

18) 㰻藤 寛之, 内海 伶㑣, 町田 晃彦, 綿㈏ 徹, 山本 春也, 田口 
富嗣, 八巻 徹也, 佐藤 ㇏人, 㧗木 成幸, 折茂 慎一, 池田 一
㈗, 大友 季哉, ³䜰䝹䝭䝙䜴䝮-㑄移㔠属合㔠水素化物䛾合
成´, 日本㔠属学会 2021年秋期ㅮ演大会, S7.16, 䜸䞁䝷䜲䞁 
(2021.09).                I 

19) 出崎 亮, 藤原 広匡, 廣木 章博, 㛗㇂川 伸, 澁㇂ 光夫, 
竹下 宏樹, 前川 康成, 徳満 勝久, す村 伸, ³耐㧗圧水素
材料䛾㛤発䜢目指䛧䛯放射線架橋䛻䜘䜛䝫䝸䜶䝏䝺䞁䛾改

㉁´, 第 70 回㧗分子ウㄽ会, 2N01, 䜸䞁䝷䜲䞁 (2021.09).
              G 

20) 藤原 広匡, 澁㇂ 光夫, す村 伸, 出崎 亮, 廣木 章博, 㛗㇂川 
伸, 前川 康成, 竹下 宏樹, 徳満 勝久, ³放射線架橋䝫䝸䜶䝏
䝺䞁䛾㧗圧水素特性´, 第 70回㧗分子ウㄽ会, 2N01, 䜸䞁䝷
䜲䞁 (2021.09.07).            G 

21) 田口 富嗣, 山本 春也, 大場 弘則, ³䜲䜸䞁照射䛻䜘䜛䜰䝰䝹
䝣䜯䝇二層厚壁 SiC 䝘䝜䝏䝳䞊䝤䛾合成䛸䛭䛾形状変化´, 
日本㢧微㙾学会第 77 回学術ㅮ演会, P-M_14, 䜸䞁䝷䜲䞁 
(2021.06).          T, I 

22) 㞵倉 宏, 㬆海 一㞞, 千葉 敦也, 平㔝 ㈗美, 山田 圭介, 山本 
春也, 㰻藤 勇一, ³MeV C60䜲䜸䞁照射䛻䜘䜛媒㉁䛻埋䜑㎸

䜎䜜䛯㔠属䝘䝜粒子䛾楕円変形䛸 Si 中䛷䛾䜲䜸䞁䝖䝷䝑䜽形
成´, 2020年度㐃携㔜点研究成果報告書, H30-4 (2021.06).
               T 

Books 
1) T. KimaWa, K. NakamXra, T. Yamaki, ³ChapWer 16: 

Electrocatalysts developed from ion-implanted carbon 
maWerials´, High-Energy Chemistry and Processing in Liquids, 
Springer Nature, 311-330 (2022). 

2) 八巻 徹也, 䇾18.2 単一䛾潜在㣕㊧䜢用䛔䛯加工技術䠖䝘䝜

構㐀制御機能膜䛾創製´, 㟁子䞉䜲䜸䞁䝡䞊䝮䝝䞁䝗䝤䝑䜽
䠄第䠐版䠅, 日本学術振興会第 132委員会, 480-498 (2021). 

Press䡡TV 
1)  ³燃料㟁池ゐ媒䛾㓟素㑏元反応活性䜢 2倍以上向上䛥䛫䜛
䛣䛸䛻成功 䠉ゐ媒性能 10倍䛻向䛡前㐍 燃料㟁池䛾䝁䝇䝖

低減䛻期待䠉´, 2022.03.29, 䝥䝺䝇発表䠖 TechEyesOnline, 
EE Times Japan, YAHOO! JAPAN 䝙䝳䞊䝇, 䝙䝳䞊䝇䜲䝑䝏, 
日本経済新聞, MIT䝔䜽䝜䝻䝆䞊䝺䝡䝳䞊, ASCII.jp㽢䝡䝆䝛
䝇, 䝬䜲䝘䝡䝙䝳䞊䝇, 日刊工業新聞䠄㟁子版䠅, Mapion 䝙䝳
䞊䝇, BIGLOBE䝙䝳䞊䝇, dmenu, 䜶䜻䝃䜲䝖䝙䝳䞊䝇, 䝬䜲䝘
䝡䝙䝳䞊䝇 TECH+, fabcross for 䜶䞁䝆䝙䛻掲㍕.         I 
 

 
P1-3  PUojecW ³PoViWUon NanoVcience´ 

 
Papers 
1) A Kawasuso, K. Wada A. Miyashita M. Maekawa H. Iwamori, 

S. Iida and Y Nagashima, ³PosiWroniXm formaWion aW 4H 
SiC(0001) surfaces´, J. Phys. Condens. Matter 33 035006 
(2021).              N 

2) M. Maekawa , A. Miyashita , S. Sakai , S. Li , S. Entani , and 
A. Kawasuso and Y. SakXraba, ³Spin-Polarized Positronium 
Time-of-Flight Spectroscopy for Probing Spin-Polarized 
Surface Electronic States´, Phys. Rev. Lett. 126, 186401 
(2021).               N 

3) A. Kawasuso, M. Maekawa, A. Miyashita, K. Wada, Y. 
Nagashima and A Ishida, ³PosiWroniXm emission from 
GaN(0001) and AlN(0001) surfaces´, J. Phys. B-At. Mol. Opt. 
Phys. 54, 205202-1-6 (2021).            N 

4) A. Miyashita, M. Maekawa, Y. Shimoyama, N. Seko, A. 
KaZasXso and R. Y. UmeWsX, ³High-density magnetic-vacancy 
inclusion in Co2MnGa single crystal probed by spin-polarized 
positron annihilation spectroscopy´, J. Phys. Condens. Matter 
34, 045701-1-9 (2022).            N 

5) A. Miyashita, M. Maekawa, C. Suzuki, S. Yamamoto, A. 
Kawasuso, J. Wang, T. Seki, R. Y. Umetsu, and K.  Takanashi, 
³EffecW of disorder and Yacanc\ defecWs on elecWrical WransporW 
properties of Co2MnGa thin films grown by magnetron 
sputtering´, J. Appl. Phys. 130, 225301-1-7 (2021).        N 

6) 半導体䛛䜙䛾䝫䝆䝖䝻䝙䜴䝮放出䚸河裾 厚男䚸和田 健䚸宮下 
敦巳䚸前川 㞞樹䚸㝧㟁子科学 第 18号, 3-17 (2022).        N 
 

Proceedings 
1) M. MaekaZa, A. Mi\shiWa and A. KaZasXso, ³EYalXaWion of 

energy-resolved spin polarization of surface electrons by spin-
polarized positronium time-of-flight method´, 12.5th 
International Workshop on Positron and Positronium 
Chemistry, Online, (2021.08-09).            N 

2) A. Kawasuso, K. Wada, A. Miyashita, Y. Nagashima and A. 
Ishida, ³PosiWroniXm emission from semicondXcWor sXrfaces´, 
12.5th International Workshop on Positron and Positronium 
Chemistry, Online, (2021.08- 09).           N 

3) A. KaZasXso, ³Spin-polarized positron beam: Application to 
spintronics´, 䛆 Invited talk 䛇 , Materials Research Meeting 
2021, Yokohama, Japan (2021.12).           I 

4) 河裾 厚男, 和田 健, 前川 㞞樹, 宮下 敦巳, 石田 明, 㛗嶋 泰
之, ³GaN(0001)表㠃䛻䛚䛡䜛䝫䝆䝖䝻䝙䜴䝮生成´, 第 58 回
䜰䜲䝋䝖䞊䝥䞉放射線研究発表会 ,  䜸䞁䝷䜲䞁  (2021.07) 
               N 

5) 前川 㞞樹, 宮下 敦己, 河裾 厚男, ³䝇䝢䞁偏極䝫䝆䝖䝻䝙䜴䝮
放出䜶䝛䝹䜼䞊分光測定䛻䜘䜛磁性体最表㠃䝇䝢䞁ホ価´, 
第 58 回䜰䜲䝋䝖䞊䝥䞉放射線研究発表会 , 䜸䞁䝷䜲䞁 
(2021.07).               N 

6) 宮下 敦巳, 前川 㞞樹, 河裾 厚男, ³第一原理䝞䞁䝗ィ算䛻䜘
䜛䝫䝆䝖䝻䝙䜴䝮分光䝇䝨䜽䝖䝹䛾ゎ析䡚放出ゅ制㝈䛻䛚䛡

䜛 k空㛫㑅択´, 第 58回䜰䜲䝋䝖䞊䝥䞉放射線研究発表会, 䜸
䞁䝷䜲䞁 (2021.07).             N 

7) 河裾 厚男, 宮下 敦巳, 前川 㞞樹, 下山 㝧子, 瀬古 典明, 梅
津 理恵, ³䝽䜲䝹半㔠属候補物㉁ Co2MnGa䛜内包䛩䜛多㔞
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䛾磁性空孔䠉䝇䝢䞁偏極㝧㟁子䛻䜘䜛ほ測䠉´, 日本物理学
会 2021年秋季大会, 䜸䞁䝷䜲䞁 (2021.09).          N 

8) 前川 㞞樹, 宮下 敦巳, 河裾 厚男, ³䝇䝢䞁偏極䝫䝆䝖䝻䝙䜴䝮
分光䛻䜘䜛物㉁最表㠃㟁子状態ホ価´, 日本物理学会 2021
年秋季大会, 䜸䞁䝷䜲䞁 (2021.09).           N 

9) 山田 智子, 岩瀬 彰宏, 松井 利之, 前川 㞞樹, 河裾 厚男, 堀 
史ㄝ, ³二㔜䜲䜸䞁照射䛻䜘䜛 SiO2内 Ag-Ni 複合粒子合成
䛻䛚䛡䜛微細構㐀䛾照射㡰序効果´, 日本㔠属学会 2021年
秋期ㅮ演大会, 䜸䞁䝷䜲䞁 (2021.09).      T, I 

10) 大林 浩也, 岩瀬 彰宏, 㔠㔝 泰幸, 和田 武, 加藤 秀実, 前川 
㞞樹, 河裾 厚男, 石川 法人, 堀 史ㄝ, ³㔜䜲䜸䞁照射䛻䜘䜛
Ni-Zr 㔠属㛫化合物䛾微細構㐀䛸硬度変化´, 日本㔠属学会 
2021年秋期ㅮ演大会, 䜸䞁䝷䜲䞁 (2021.09).  T, S, I 

11) 河裾 厚男, 宮下 敦巳, 前川 㞞樹, 梅津 理恵, ³䝽䜲䝹半㔠属 

候補物㉁ Co2MnGa 䛾多㔞原子空孔内包䇷原子空孔䛾つ
則化䛻䛚䛡䜛役割䇷䇾, 京㒔大学複合原子力科学研究所専
㛛研究会䛂㝧㟁子科学䛸䛭䛾理工学䜈䛾応用䛃, 䜸䞁䝷䜲䞁
(2021.12.10).              N 

12) 宮下 敦巳, 河裾 厚男, 前川 㞞樹, 梅津 理恵, ³䝽䜲䝹半㔠属
候補物㉁ Co2MnGa 䛾多㔞原子空孔内包 原子空孔䛻付㝶
䛩䜛㟁子状態´, 京㒔大学複合原子力科学研究所専㛛研究
会䛂㝧㟁子科学䛸䛭䛾理工学䜈䛾応用䛃 , 䜸䞁䝷䜲䞁 
(2021.12.10).              N 

13) 前川 㞞樹, 宮下敦 巳, 河裾 厚男, ³䝇䝢䞁偏極䝫䝆䝖䝻䝙䜴䝮
分光法䛾㛤発´, 京㒔大学複合原子力科学研究所専㛛研究
会䛂㝧㟁子科学䛸䛭䛾理工学䜈䛾応用䛃 , 䜸䞁䝷䜲䞁 
(2021.12.10).              N 

 
 
 

P1-4  PUojecW ³SemicondXcWoU RadiaWion EffecWV´ 
 

Papers 
1) R. Nag\, D. B. R. Dasari, C. Babin, D. LiX, V. Vorob\oY, M. 

NieWhammer, M. Widmann, T. LinkeZiW], I. Gedi], R. SWohr, H. 
B. Weber, T. Ohshima, M. Ghe]elloX, N. T. Son, J. U. Hassan, 
F. Kaiser and J. WrachWrXp, ³NarroZ inhomogeneoXs 
disWribXWion of spin-acWiYe emiWWers in silicon carbide´, Appl. 
Ph\s. LeWW. 118, 144003-1-7 (2021).          E 

2) S. YanagimoWo, N. YamamoWo, T. Sannomi\a and K. Akiba 
³PXrcell effecW of niWrogen-Yacanc\ cenWers in nanodiamond 
coXpled Wo propagaWing and locali]ed sXrface plasmons 
reYealed b\ phoWon-correlaWion caWhodolXminescence´, Ph\s. 
ReY. B 103, 205418-1-9 (2021).           N 

3) M. Imai]Xmi, T. Ohshima, Y. YXri, K. SX]Xki and Y. IWo, 
³EffecWs of Beam CondiWions in GroXnd IrradiaWion TesWs on 
DegradaWion of PhoWoYolWaic CharacWerisWics of Space Solar 
Cells´, QXanWXm Beam Sci. 5, 15-1-12 (2021).           E, S, C 

4) Y. HijikaWa, S. Komori, S. OWojima, Y. MaWsXshiWa and T. 
Ohshima, ³ImpacW of formaWion process on Whe radiaWion 
properWies of single-phoWon soXrces generaWed on SiC cr\sWal 
sXrfaces´, Appl. Ph\s. LeWW. 118, 204005-1-6 (2021).        N 

5) J. CoXWinho, J. D. GoXYeia, T. Makino, T. Ohshima, Z. 
PasWXoYic, L. Bakrac, T. Brodar and I. Capan, ³M cenWer in 4H-
SiC is a carbon self-inWersWiWial´, Ph\s. ReY. B 103, L180102-
1-5 (2021).             E 

6) H. Takashima, A. FXkXda, K. Shima]aki, Y. IZabaWa, H. 
KaZagXchi, A. W. Schell, T. Tashima, H. Abe, S. Onoda, T. 
Ohshima and S. TakeXchi, ³CreaWion of silicon Yacanc\ color 
cenWers ZiWh a narroZ emission line in nanodiamonds b\ ion 
implanWaWion´, OpW. MaWer. E[press 11, 1978-1988 (2021).
                I 

7) Y. Mi\a]aZa, G. M. Kim, A. Ishii, M. Ikegami, T. Mi\asaka, 
Y. SX]Xki, T. YamamoWo, T. Ohshima, S. Kana\a, H. To\oWa 
and K. Hirose, ³EYalXaWion of Damage CoefficienW for 
MinoriW\-Carrier DiffXsion LengWh of Triple-CaWion PeroYskiWe 
Solar Cells Xnder 1 MeV ElecWron IrradiaWion for Space 
ApplicaWions´, J. Ph\s. Chem. C 125, 13131-13137 (2021).     E 

8) H. KXboWa, H. OgaZa, M. Mi\a]aki, S. Ishii, K. Oh\ama, Y. 
KaZamXra, S. IshiZaWa and M. SX]Xki, ³Microscopic 
TemperaWXre ConWrol ReYeals CooperaWiYe RegXlaWion of 
AcWin±M\osin InWeracWion b\ Drebrin E´, Nano LeWW. 21, 9526-
9533 (2021).             N 

9) K. Shima]aki, H. KaZagXchi, H. Takashima, T. F. SegaZa, F. 
T.-K. So, D. Terada, S. Onoda, T. Ohshima, M. ShirakaZa and 
S. TakeXchi, ³FabricaWion of DeWonaWion Nanodiamonds 
ConWaining Silicon-Vacanc\ Color CenWers b\ High 
TemperaWXre Annealing´, Ph\s. SWaWXs Solidi A 218, 2100144-
1-9 (2021).              I 

10) K. O\ama, S. Ishii and M. SX]Xki, ³OpWo-Whermal Wechnologies 
for microscopic anal\sis of cellXlar WemperaWXre-sensing 
s\sWems´, Bioph\s. ReY. 14, 41-54 (2021).         N 

11) M. O. D. Vries, S. -I. SaWo, T. Ohshima, B. C. Gibson, J. -M. 
BlXeW, S. CasWelleWWo, B. C. Johnson and P. Reineck, 
³FlXorescenW Silicon Carbide NanoparWicles´, AdY. OpW. MaWer. 
9, 2100311 (2021).         I, 7 

12) H. Nakane, M. KaWo, Y. OhkoXchi, X. T. Trinh, I. G. IYanoY, T. 
Ohshima and N. T. Son, ³Deep leYels relaWed Wo Whe carbon 
anWisiWe±Yacanc\ pair in 4H-SiC´, J. Appl. Ph\s. 130, 65703-
1-8 (2021).             E 

13) R. BernaW, L. Bakrac, V. RadXloYic, L. Snoj, T. Makino, T. 
Ohshima, Z. PasWXoYic and I. Capan, ³4H-SiC SchoWWk\ Barrier 
Diodes for EfficienW Thermal NeXWron DeWecWion´, MaWerials 14, 
5105-1-10 (2021).             N 

14) K. SakamoWo, S. Baba, D. Koba\ashi, S. OkamoWo, H. ShindoX, 
O. KaZasaki, T. Makino, Y. Mori, D. MaWXXra, M. KXsano, T. 
NariWa, S. Ishii and K. Hirose, ³InYesWigaWion of BXried-Well 
PoWenWial PerWXrbaWion EffecWs on SEU in SOI DICE-Based 
Flip-Flop Under ProWon IrradiaWion´, IEEE Trans. NXcl. Sci. 68, 
1222-1227 (2021).            C 

15) T. TaWsXishi, K. Kanehisa, T. KageXra, T. Sonoda, Y. HaWa, K. 
KaZakaWsX, T. Tanii, S. Onoda, A. SWace\, S. Kono and H. 
KaZarada, ³Highl\ aligned 2D NV ensemble fabricaWion from 
niWrogen-WerminaWed (111) sXrface´, Carbon 180, 127-134 
(2021).              N 

16) C. Zhang, F. ShagieYa, M. Widmann, M. K�bler, V. Vorob\oY,P. 
KapiWanoYa, E. NenasheYa, R. Corkill, O. Rhrle, K. NakamXra, 
H. SXmi\a, S. Onoda, J. Iso\a and J. WrachWrXp, ³Diamond 
MagneWomeWr\ and GradiomeWr\ ToZards SXbpicoWesla dc 
Field MeasXremenW´, Ph\s. ReY. Appl. 15, 64075-1-11 (2021).
               E 

17) R. A. Parker, N. DonWschXk, S. -I. SaWo, C. T.-K. LeZ, P. 
Reineck, A. Nadarajah, Ohshima Takeshi, B. C. Gibson, S. 
CasWelleWWo, J. C. McCallXm and B. C. Johnson, ³Infrared 
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erbiXm phoWolXminescence enhancemenW in silicon carbide 
nano-pillars´, J. Appl. Ph\s. 130, 145101-1-8 (2021).        N 

18) X. WX, S. Kondo, H. YX, Y. OkXno, M. Ando, H. KXroWaki, S. 
Tanaka, K. HokamoWo, R. Ochiai, S. Konishi and R. Kasada, 
³Bonding sWrengWh eYalXaWion of e[plosiYe Zelding joinW of 
WXngsWen Wo ferriWic sWeel Xsing XlWra-small WesWing Wechnologies´, 
MaWer. Sci. Eng. A 826, 141995 (2021).          N 

19) S. Ishii, S. Saiki, S. Onoda, Y. MasX\ama, H. Abe and T. 
Ohshima, ³Ensemble NegaWiYel\-Charged NiWrogen-Vacanc\ 
CenWers in W\pe-Ib Diamond CreaWed b\ High FlXence ElecWron 
Beam IrradiaWion´, QXanWXm Beam Sci. 6, 2-1-10 (2021).
               E 

20) C. Shinei, M. Mi\akaZa, S. Ishii, S. Saiki, S. Onoda, T. 
TanigXchi, T. Ohshima and T. Teraji, ³EqXilibriXm charge sWaWe 
of NV cenWers in diamond´, Appl. Ph\s. LeWW. 119, 254001-1-5 
(2021).              E 

21) J. Ieda, S. Oka\asX, K. Harii, M. KobaWa, K. Yoshii, T. FXkXda, 
M. Ishida and E. SaiWoh, ³The damage anal\sis for irradiaWion 
WoleranW spin-driYen WhermoelecWric deYice based on single-
cr\sWalline Y3Fe5O12/PW heWerosWrXcWXres´, IEEE Trans. Magn. 
58, 1301106 (2022).            N 

22) Y. Abe, A. Chaen, M. SomeWani, S. Harada, Y. Yama]aki, T. 
Ohshima and T. Umeda, ³ElecWrical deWecWion of TV2a-W\pe 
silicon Yacanc\ spin defecW in 4H-SiC MOSFETs, Appl. Ph\s. 
LeWW. 120, 064001-1-6 (2022).            I 

23) C. P. Anderson, E. O. Glen, C. Zeledon, A. BoXrassa, Y. Jin, Y. 
ZhX, C. VorZerk, A. L. Crook, H. Abe, J.  U. Hassan, T. 
Ohshima, N. T. Son, G. Galli and D. D. AZschalom, ³FiYe-
second coherence of a single spin ZiWh single-shoW readoXW in 
silicon carbide´, Sci. AdY. 8, eabm5912-1-9 (2022).        E 

24) K. Yamane, R. FXWamXra, S. Genjo, D. HamamoWo, Y. Maki, E. 
M. PaYelescX, T. Ohshima, T. SXmiWa, M. Imai]Xmi and A. 
Wakahara, ³ImproYed cr\sWalliniW\ of GaP-based dilXWe niWride 
allo\s b\ proWon/elecWron irradiaWion and rapid Whermal 
annealing´, Jpn. J. Appl. Ph\s. 61, 020907-1-5 (2022).    E, I 

25) F. So, A. I. Shames, D. Terada, T. Genjo, H. MorishiWa, I. Ohki, 
T. Ohshima, S. Onoda, H. Takashima, S. TakeXchi, N. Mi]Xochi, 
R. Igarashi, M. ShirakaZa and T. F. SegaZa, ³The AnomaloXs 
FormaWion of IrradiaWion IndXced NiWrogen-Vacanc\ CenWers in 
5-NanomeWer-Si]ed DeWonaWion Nanodiamonds´, J. Ph\s. Chem. 
C 126, 5206-5217 (2022).            E 

26) M. Imai]Xmi, Y. OkXno , T. TakamoWo, S. -I. SaWo and T. 
Ohshima, ³DisplacemenW damage dose anal\sis of Whe oXWpXW 
characWerisWics of In0.5Ga0.5P and CX(In,Ga)(S,Se)2 solar cells 
irradiaWed ZiWh alpha ra\ simXlaWed heliXm ions´, Jpn. J. Appl. 
Ph\s. 61, 044002-1-7 (2022).        I, 7 

27) T. LXo, L. Lindner, J. Langer, V. Cimalla, X. Vidal, F. Hahl, C. 
Schre\Yogel, S. Onoda, S. Ishii, T. Ohshima, D. Wang, D. A. 
Simpson, B. C. Johnson, M. Capelli, R. Blinder and J. Jeske, 
³CreaWion of niWrogen-Yacanc\ cenWers in chemical Yapor 
deposiWion diamond for sensing applicaWions´, NeZ J. Ph\s. 24, 
0033030-1-16 (2022).            E 

28) M. Capelli, L. Lindner, T. LXo, J. Jaske, H. A, S. Onoda, Onoda, 
T. Ohshima, B. Johnson, D. A. Simpson, A. SWace\, P. Reineck, 
B. C. Gibson and A. D. GreenWree, ³Pro[imal niWrogen redXces 
Whe flXorescence qXanWXm \ield of niWrogen-Yacanc\ cenWres in 
diamond´, NeZ J. Ph\s. 24, 033053-1-10 (2022).        E 

29) I. Capan, T. Brodar, R. BernaW, ä. PasWXoYiü, T. Makino, T. 
Ohshima, J. D. GoXYeia and J. CoXWinho, ³M-cenWer in 4H-SiC: 

IsoWhermal DLTS and firsW principles modeling sWXdies´, J. 
Appl. Ph\s. 130, 125703-1-10 (2021).          E 

30) J. Meinel, V. Vorob\oY, B. YaYkin, D. Dasari, H. SXmi\a, S. 
Onoda, J. Iso\a and J. WrachWrXp, ³HeWerod\ne sensing of 
microZaYes ZiWh a qXanWXm sensor´, NaW. CommXn. 12, 1-8 
(2021).              E 

31) D. Koba\ashi, K. Hirose, K. SakamoWo, Y. TsXchi\a, S. 
OkamoWo, S. Baba, H. ShindoX, O. KaZasaki, T. Makino and 
T. Ohshima, ³An SRAM SEU Cross SecWion CXrYe Ph\sics 
Model, IEEE Trans. NXcl. Sci. 69, 232-240 (2022).        C 

32) T. Umeda, K. WaWanabe, H. Hara, H. SXmi\a, Onoda ShinobX, 
A. Uedono, I. ChXprina, P. Si\XsheY, F. Jele]ko, J. WrachWrXp 
and J. Iso\a, ³NegaWiYel\ charged boron Yacanc\ cenWer in 
diamond´, Ph\s. ReY. B 105, 165201-1-13 (2022).         I 

33) T. KageXra, Y. Sasama, C. Shinei, T. Teraji, K. Yamada, S. 
Onoda and T. YamagXchi, ³Charge sWabiliW\ of shalloZ single 
niWrogen-Yacanc\ cenWers in lighWl\ boron-doped diamond´, 
Carbon 192, 473-481 (2022).           N 

34) O. V. ZZier, T. Bosma, C. M. Gilardoni, X. Yang, A. R. OnXr, 
T. Ohshima, N. T. Son and C. H. Wal, ³ElecWromagneWicall\ 
indXced Wransparenc\ in inhomogeneoXsl\ broadened 
diYacanc\ defecW ensembles in SiC´, J. Appl. Ph\s. 131, 
094401-1-8 (2022).            E 

35) M. G. Fard, Z. Khabir, P. Reineck, N. M. Cordina, H. Abe, T. 
Ohshima, S. Dalal, B. C. Gibson, N. H. Packer and L. M. 
Parker, ³TargeWing cell sXrface gl\cans ZiWh lecWin-coaWed 
flXorescenW nanodiamonds´, Nanoscale AdY. 4, 1551-1564 
(2022).              E 

36) T. Yanagi, K. Kaminaga, M. SX]Xki, H. Abe, H. YamamoWo, T. 
Ohshima, A. KXZahaWa, M. Sekino, T. Imaoka, S. KakinXma, 
T. SXgi, W. Kada, O. Hanai]Xmi and R. Igarashi, ³All-OpWical 
Wide-Field SelecWiYe Imaging of FlXorescenW Nanodiamonds 
in Cells, In ViYo and E[ ViYo´, ACS Nano 15, 12869-12879 
(2021).              E 

37) K. Kaminaga, H. Yanagihara, T. Genjo, T. Morioka, H. Abe, M. 
ShirakaZa, T. Ohshima, S. KakinXma and R. Igarashi, ³Non-
conWacW MeasXremenW of InWernal Bod\ TemperaWXre Using 
SXbcXWaneoXsl\ ImplanWed Diamond MicroparWicles´, 
BiomaWer. Sci. 9, 7049-7053 (2021).          E 

38) A. AkWher, E. P. Walsh, P. Reineck, B. C. Gibson, T. Ohshima, 
H. Abe, G. McColl, N. L. Jenkins, L. T. Hall, D. A. Simpson, 
A. R. Re]k and L. Y. Yeo, ³AcoXsWomicroflXidic ConcenWraWion 
and Signal EnhancemenW of FlXorescenW Nanodiamond 
Sensors´, Anal. Chem. 93, 16133-16141 (2022).         E 

39) H. Ikegami, K. Akiba and H. Minoda, ³EYalXaWion of elecWron 
radiaWion damage Wo green flXorescenW proWein´, 
UlWramicroscop\ 225, 113272-1-5 (2021).         N 

Proceedings 
1) M. Imaizumi, Y. Okuno, S. -I. Sato and T. Ohshima, 

³DisplacemenW Damage Dose Anal\sis of Alpha-ray 
DegradaWion of OXWpXW of a CIGS Solar Cell´, Proc. 48th IEEE 
Photovoltaic Specialists Conference (48th PVSC), Online 
(2021.06).                 7, I, E 

Books 
1) 小㔝田  忍䚸㇂井 孝至䚸寺地 徳之䚸渡㑔 幸志䚸磯㇂ 㡰一䚸

³㔞子䝉䞁䝅䞁䜾 NMR䛻䜘䜛㉸微㔞ヨ料䛾化学構㐀同定³, 
第 2章 第 3節䚸³䠪䠩䠮䛻䜘䜛有機材料分析䛸䛭䛾ヨ料前処
理䚸䝕䞊䝍ゎ㔘³, 技術情報協会, 72-109 (2021). 

2) 小㔝田 忍䚸山崎 㞝一䚸大島 武䚸³䝎䜲䝲䝰䞁䝗中䜈䛾㈇䛻
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帯㟁䛧䛯窒素-空孔(NV-)䝉䞁䝍䛾形成技術´䚸第 1章 第 3節䚸
³㔞子䝉䞁䝅䞁䜾䝝䞁䝗䝤䝑䜽´䚸監修 根来 ㄔ䚸株式会社䜶
䝚䞉䝔䜱䞊䞉䜶䝇, 43-56 (2021). 

Patents 
1) 山崎 㞝一, 増山 㞝太, 大島 武, ³物理㔞検出装置䚸物理
㔞検出方法䚸䛚䜘䜃物理㔞検出䝥䝻䜾䝷䝮´ 特㢪 2022-
005281 (2022.01.17).           S 

 
 

2) 佐⸨ ┿一㑻㸪出来 ┿斗㸪す村 智朗㸪“温度検出⨨、
温度センサ、温度検出方法、および温度検出プログラ

ム”特㢪 2021-032894 (2021.03.02).          I 
3) 佐⸨ ┿一㑻, 出来 ┿斗, す村 智朗, “温度センサ、温度
検出⨨、温度検出方法、温度検出プログラム、およ

び温度センサの〇㐀方法”, 特㢪 2021-032895 
(2021.03.02).             I 

 

 
P1-5  Project ³EnYiUonmenWal Pol\meU´ 

 
Papers 
1) Y. Ueki, N. Seko, ³S\nWhesis of FibroXs MeWal AdsorbenW ZiWh 

a Piperazinyl-Dithiocarbamate Group by Radiation-Induced 
GrafWing and IWs Performance´, ACS Omega 5, 2947±2956 
(2020).              E 

2) N. A. F. Othman, S. Selambakkannu, T. T. Ming, N. H. 
Mohamed, T. Yamanobe, N Seko, ³ApplicaWion of Response 
Surface Modelling to Economically Maximize Thorium (IV) 
AdsorpWion´, DesalinaWion WaWer TreaW. 179, 172±182 (2020).
           E,G 

3) N. A. F. Othman, S. Selambakkannu, T. Yamanobe, H. 
Hoshina, N. Seko, T. A. T. AbdXllah, ³RadiaWion grafWing of 
DMAEMA and DEAEMA based adsorbents for thorium 
adsorpWion´, J. Radioanal. Nucl. Chem. 324, 429±440 (2020).
           E,G 

4) N. A. F. Othman, S. Selambakkannu, H. Azian, C.T.Ratnam, 
T. Yamanobe, H. Hoshina, N. Seko, ³S\nWhesis of sXrface ion 
imprinted polymer for specific detection of thorium under 
acidic condiWions´, Polym. Bull. 78, 165±183, (2021).   E, G 

5) Y. Ueki, N. Seko, Y. MaekaZa, ³Machine learning approach 
for prediction of the grafting yield in radiation-induced graft 
pol\meri]aWion´, Appl. MaWer. Toda\ 25, 101158 (2021).      E 

6) A. Miyashita, M. Maekawa, Y. Shimoyama, N. Seko, A. 
KaZasXso, R. Y. UmeWsX, ³High-density magnetic-vacancy 
inclusion in Co2MnGa single crystal probed by spin-polarized 
posiWron annihilaWion specWroscop\´, J. Ph\s. Condens. MaWWer. 
34, 045701 (2021).             N 

7) N. Hayashi, D. Matsumura, H. Hoshina, Y. Ueki, T. Tsuji, J. 
Chen, N. Seko, ³ChromiXm(VI) adsorpWion±reduction using a 
fibrous amidoxime-grafWed adsorbenW´, Sep. PXrif. Technol. 
277, 119536 (2021).             E 

8) R. Kakuchi, R. Tsuji, K. Fukasawa, S. Yamashita, M. Omichi, 
N. Seko, ³Pol\mers of lignin-sourced components as a facile 
chemical integrant for the Passerini three-componenW reacWion´, 
Polym. J. 53, 523±531 (2021).           E 

9) H. Hoshina, J. Chen, H. Amada, N. Seko, ³ChelaWing fabrics 
prepared by an organic solvent-free process for boron removal 
from ZaWer´, Pol\mers 13, 1163 (2021).     E, G 

10) B. J. D. Barba, D. P. Peñaloza Jr., N. Seko, J. F. Madrid, 
³RAFT-mediated radiation grafting on natural fibers in 
aqXeoXs emXlsion´, MaWer. Proc. 7(1), 4 (2021).          E 

11) T. Hamada, H. Hoshina, N. Seko, ³Pol\(Yin\l digl\colic acid 
ester)-grafted polyethylene/polypropylene fiber adsorbent for 
selecWiYe recoYer\ of samariXm´, ACS Appl. Pol\m. MaWer. 4, 
1846±1854 (2022).            E 

12) P. J. E. Cabalar, T. Hamada, J. F. Madrid, N Seko, ³S\nWhesis 
of anion electrolyte membrane through radiation-induced graft 
polymerization of poly(4-vinylbenzyl chloride) onto isotactic 
pol\prop\lene film´, Mindanao J. Sci. Technol. 20, 189±210 
(2022).              E 

13) Y. Ueki, M. Oshida, H. Sando, N. Seko, ³Bleed-out 
sXppression of silicone rXbber b\ elecWron beam crosslinking´, 
Radiat. Phys. Chem. 193, 110002 (2022).         E 

14) M. Omichi, N. Seko, Y. MaekaZa, ³S\nergi]ing radiaWion-
induced emulsion graft polymerization of glycidyl 
methacrylate on polyethylene-coated polypropylene 
nonZoYen fabric b\ addiWion of h\drophobic alcohols´, RadiaW. 
Phys. Chem. 191, 109867 (2022).          E 

Proceedings 
1) 瀬古 典明, 䇾㔞子䝡䞊䝮䜢用䛔䛯㧗分子材料䛾創製䛸ホ価䇿
䛆招待ㅮ演䛇, 第 63回放射線化学ウㄽ会 (2020.12). 

2) 瀬古 典明, 䇾㔞子䝡䞊䝮䜢活用䛧䛯機能性㧗分子材料䛾㛤
発䇿䛆招待ㅮ演䛇, 群㤿大学 S 䝯䞁䝤䝺䞁䞉䝥䝻䝆䜵䜽䝖䠋複合
材料懇ヰ会 (2021.03). 

3) 瀬古典明, 䇾㔞子䝡䞊䝮䜢活用䛧䛯材料創製䛸ホ価䇿䛆招待ㅮ
演䛇 日本原子力学会 2022年春䛾年会 (2022.03). 

Book 
1) 瀬古 典明, 植木 悠二, 䇾㟁子線䞉放射線䛻䜘䜛加工䞉改㉁䇿, 

2020版 薄膜作製応用䝝䞁䝗䝤䝑䜽, 660±665 (2020).         E 
Patents 
1) 保科宏行, 瀬古典明, 㧗橋牧克, ³㔠属担持材料䛾製㐀方法䚸
及䜃䛭䛾利用´, 特㢪 2021-078062 (2021.04.30).        E 

2) 物㒊 㛗㡰, 物㒊 㛗智, 内村 泰㐀, 瀬古 典明, 保科宏行, ³䝉
䝅䜴䝮及䜃䝇䝖䝻䞁䝏䜴䝮吸着䜝㐣剤 及䜃䛣䜜䜢用䛔䛯䝉䝅
䜴䝮及䜃䝇䝖䝻䞁䝏䜴䝮㝖去䝅䝇䝔䝮´, 特㢪 2022-013799 
(2022.01.31).        E, G 

3) 植木 悠二, 瀬古 典明, 渡㑓 朗, ㉥井 日出子, 㰺藤 ㈗宏, 澤
田 幸子, ³䝉䝹䝻䞊䝇䝘䝜䝣䜯䜲䝞䞊䜾䝷䝣䝖㔜合体䛾製㐀方
法´, 特㢪 2022-031941 (2022.03.02).     E, G 

4) 植木 悠二, 瀬古 典明, 岩曽 一恭, ³䝉䝹䝻䞊䝇䜾䝷䝣䝖㔜合
体䛾製㐀方法´, 特㢪 2022-031942 (2022.03.02).   E, G 

Press䡡TV 
1) ³素材䛛䜙䛂㖟䛃䛜剥䛜䜜䛺䛔䚸効果㛗持䛱䟿抗䜴䜲䝹䝇䜾䝷
䝣䝖材料䛾㛤発䛻成功䡚䝬䝇䜽䛻付着䛧䛯 COVID-19䜴䜲䝹
䝇䛾 99.9䠂以上䜢 1 時㛫䛷不活化 䡚´, 2021.07.15, 䝥䝺䝇
発表䠖FM 䛠䜣䜎䚸上毛新聞䚸日刊工業新聞䚸東京新聞䛻掲

㍕.          E, G 
2) ³䛹䛾原料䝰䝜䝬䞊䜢使䛘䜀䚸䛹䜣䛺㧗分子材料䜢作䜜䜛䛛
分䛛䜛䟿䠛 人工知能䠄AI䠅䛷㔜合反応率䜢簡単䛻予測´, 
2021.09.29, 䝥䝺䝇発表䠖上毛新聞䛻掲㍕.         E 
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P1-6  PUojecW ³BiocomSaWible MaWeUialV´ 
 

Papers 
1) M. Koshimizu, N. Kawano, A. Kimura, S. Kurashima, M. 

TagXchi, Y. FXjimoWo and K. Asai, ³EffecWs of E[ciWaWion 
Density on the Scintillation Properties of Organic-Inorganic 
Layered Perovskite-W\pe CompoXnds´, Sens. MaWer. 33, 2137-
2145 (2021).            C 

2) T. G. Oyama, K. Oyama, A. Kimura, F. Yoshida, R. Ishida, M. 
Yama]aki, H. Mi\oshi and M. TagXchi, ³Collagen h\drogels 
with controllable combined cues of elasticity and topography 
Wo regXlaWe cellXlar processes´, Biomed. MaWer. 16, 045037 
(2021).             G 

3) B. J. D. Barba, T. G. O\ama and M. TagXchi, ³Simple 
fabrication of gelatin-polyvinyl alcohol bilayer hydrogel with 
ZoXnd dressing and nonadhesiYe dXaliW\´, Pol\m. AdY. 
Technol. 32, 4406-4414 (2021).          G 

4) T. G. Oyama, K. Oyama, H. Miyoshi and M. Taguchi, ³3D cell 
sheets formed via cell-driven buckling-delamination of 
paWWerned Whin films´, MaWer. Des. 208, 109975 (2021).        S 

5) S. Matsuura, T. Takayama, T. G. Oyama, K. Oyama, M. 
Taguchi, T. Endo, T. Akai, T. Isaji and K. Hoshina, 
³RadiaWion-crosslinked gelatin hydrogel that promotes tissue 
incorporation of an expanded polytetrafluoroethylene vascular 
grafW in raWs´, BiomolecXles 11, 1105 (2021).        G  

6) T. Tachibana, T. G. Oyama, Y. Yoshii, F. Hihara, C. Igarashi, 
A. B. Tsuji, T. Higashi and M. TagXchi, ³A noYel in YiYo 
xenograft mouse model of a subcutaneous submillimeter tumor 
formed from a single spheroid transplanted using radiation-
crosslinked gelaWin h\drogel microZell´, Appl. Sci. 11, 7031 
(2021).             G 

7) Y. Kawahara, T. Sekiguchi, Y. Shinahara, N. Nagasawa, Y. 
NishikaZa, T. Yoshioka and Y. Tamada, ³SWrXcWXre of Whe 
gamma ray irradiation-curable liquid silk 3D scaffold with 
cell-adhesiYe properW\´, J. Macromol. Sci. B 61, 10-25 (2021).
              G 

8) A. Hiroki and M. TagXchi, ³Development of environmentally 
friendly cellulose derivative-based hydrogels for contact lenses 
Xsing a radiaWion crosslinking WechniqXe´, Appl. Sci. 11, 9168 
(2021).              E 

9) F. Kobirumaki-Shimozawa, T. Shimozawa, K. Oyama, S. 
Baba, J. Li, T. Nakanishi, T. Terui, W. E. Louch, S. Ishiwata 
and N. FXkXda, ³S\nchron\ of sarcomeric moYemenW regXlaWes 

left ventricular pump function in the in vivo beating mouse 
hearW´, J. Gen. Physiol. 153, e202012860 (2021).        N 

10) Y. Kumagai, A. Kimura, M. Taguchi and M. Watanabe, 
³ZeoliWe-assisted radiolysis of aromatic chlorides mitigating 
inflXence of coe[isWing ions in ZaWer maWri[´, RadiaW. Ph\s. 
Chem., in press.            G 

11) E. H. Kubota, H. Ogawa, M. Miyazaki, S. Ishii, K. Oyama, Y. 
Kawamura, S. Ishiwata and M. Su]Xki, ³Microscopic 
temperature control reveals cooperative regulation of actin-
m\osin inWeracWion b\ drebrin´, Nano LeWW., in press.        E 

12) M. Koshimizu, S. Kurashima, A. Kimura, M. Taguchi, T. 
Yanagida, Y. FXjimoWo and K. Asai, ³E[ciWaWion densiW\ effects 
on scinWillaWion d\namics of CdWO4´, Sensors and MaWerials 
33, 2137-2145 (2921).            C 

13) K. O\ama, S. Ishii and M. SX]Xki, ³OpWo-thermal technologies 
for microscopic analysis of cellular temperature-sensing 
s\sWems´, Bioph\s. ReY. 14, 41-54 (2022).         N 

14) Q. YXn, A. KimXra, M. TagXchi and E. Mi\ako, ³SonicaWion- 
and Ȗ-ray-mediated biomolecule-liquid metal nanoparticlization 
in cancer opWoWheranosWics´, Appl. MaWer. Toda\ 26, 101302 
(2022).             G 

15) A. Omori, S. Ajito, H. Abe, K. Hata, T. Sato, Y. Kaji, H. Inoue, 
M. Taguchi, H. Seito, E. Tada, S. Suzuki and E. Akiyama, 
³Corrosion moniWoring of carbon sWeel in non-irradiated, 
humidity-controlled environments simulating gamma-ray 
irradiaWion´, MaWer. Trans. 63, 555-561 (2022).         G 

16) A. E. Swilem, T. G. Oyama, K. Oyama, A. Kimura and M. 
TagXchi, ³DeYelopmenW of carbo[\meWh\l cellXlose/gelaWin 
hybrid hydrogels via radiation-induced cross-linking as novel 
anti-adhesion barriers´, Pol\m. Degrad. Stab. 197, 109856 
(2022).             G 

17) N. Natori, Y. Shibano, A. Hiroki, M. Taguchi, A. Miyajima, K. 
Yoshi]aZa, Y. KaZano and T. HanaZa, ³PreparaWion and 
evaluation of hydrogel film containing tramadol for reduction 
of peripheral neXropaWhic pain´, J. Pharm. Sci., in press.        E 

Press䡡TV 
1) ³平㠃状䛾細胞䝅䞊䝖䛜立体的䛻䟿細胞䛜自分䛾力䛷䝅䞊
䝖䜢䠏次元化 ʊ 臓器表㠃䛻䝣䜱䝑䝖䛩䜛移植治療用細胞䝅
䞊䝖䜈䛾応用䛻期待 ʊ´, 2021.07.14, 䝥䝺䝇発表䠖上毛新聞, 
日刊工業新聞,科学新聞, 㞧ㄅ䛂医薬経済䛃䛻掲㍕. 

 
 
 

P1-7  PUojecW ³SSinWUonicV in TZo-dimenVional MaWeUialV´ 
 

Papers 
1) F. Zheng, Z. Han, S. Li, Z. Ma, H. Gao, µImprovement of soft 

magnetic properties and in-plane uniaxial magnetic anisotropy 
in FeCoAlO films fabricaWed b\ as\mmeWric WargeWs¶ Appl. 
Phys. A 128, 253 (2022).            N 

2) 三井 㝯也, 境 ㄔ司, 瀬戸 ㄔ, ㉥井 久純, µ㕲䛾表㠃㏆傍䛾
特異䛺磁性䜢発ぢ - 原子一層毎䛻磁気䝰䞊䝯䞁䝖䛾大䛝䛥
䛜増減䛩䜛¶ 日本物理学会ㄅ 77, 23 (2022).         N 

3) J. Okabayashi, S. Li, S. Sakai, Y. Kobayashi, T. Mitsui, K. 
Tanaka, Y. MiXra, S. MiWani, µPerpendicXlar magneWic 
anisotropy at Fe/Au(111) interface studied by Mössbauer, x-

ray absorpWion, and phoWoemission specWroscopies¶, Ph\s. ReY. 
B 103, 104435 (2021).             N 

4) H. Yokota, Y. Kobori, S. Jitsukawa, S. Sakai, Y. Takeda, T. 
MiWsXi, Y. Koba\ashi, S. KiWao, µElemenW-specific agnetic 
hysteresis loops observed in hexagaonal ErFeO3 thin films¶ 
Mater. Res. Express 8, 086402 (2021).          N 

5) M. Maekawa, A. Miyashita, S. Sakai, S. Li, S. Entani, A. 
KaZasXso, Y. SakXraba, µSpin-polarized positronium time-of-
flight spectroscopy for probing spin-polarized surface 
elecWronic sWaWes¶ Ph\s. Rev. Lett. 126, 186401 (2021).        N 

6) S. Entani, M. Honda, H. Naramoto, S. Li, S. Sakai, 
µS\nchroWron X-ray standing wave characterization of atomic 
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arrangement at interface between transferred graphene and 
alpha-Al2O3(0001)¶ SXrf. Sci. 704, 121749 (2021).        N 

7) T. Mitsui, S.Sakai, S. Li, T. Ueno, T. Watanuki, Y. Kobayashi, 
R. MasXda, M. SeWo, H. Akai, µDirecW obserYaWion of magneWic 
Friedel oscillaWion aW Fe(001) sXrface¶ H\perfine InWeracW. 242, 
37 (2021).              N 

8) J. Okabayashi, S. Li, S. Sakai, Y. Kobayashi, K. fujiwara, T. 
MiWsXi, S. MiWani, µMossbaXer specWroscop\ ZiWh polari]ed 
s\nchroWron beams aW Fe/AX (111) inWerface¶ H\perfine 
Interact. 242, 59 (2021).            N 

 

 
 

P1-9  Project "Element Separation and Analysis" 
 

Papers 
1) K. Tamura, R. Nakanishi, H. Ohba, T. Taira, I. Wakaida 

³RecoYer\ of Whe laser-induced breakdown spectroscopy 
s\sWem Xsing a ceramic microchip deWerioraWed b\ radiaWion´, J. 
Nucl. Sci. Technol., Published online: 14 Jul 2022,       G 

2) M. Saeki, D. Matsumura, R. Nakanishi, T. Yomogida, T. Tsuji, 
H. Saitoh, and H. Ohba ³DispersiYe XAFS sWXd\ on Whe laser-
induced reduction of a Rh3+ ion complex: Presence of a Rh+ 
inWermediaWe in direcW phoWoredXcWion´, J. Phys. Chem. C 126, 
5607 (2022).             N 

3) S. Entani, S. Sato, M. Honda, C. Suzuki, T. Taguchi, S. 
Yamamoto, T. Ohshima ³SWrXcWXral anal\sis of high-energy 
implanted Ni atoms into Si(100) by X-ray absorption fine 
sWrXcWXre specWroscop\´, RadiaW. Phys. Chem. 199, 110369 
(2022).              N 

4) N. Ishikawa, Y. Fujimura, K. Kondo, G. L. Szabo, R.A. 
Wilhelm, H. Ogawa, T. TagXchi ³SXrface nanosWrXcWXres on 
Nb-doped SrTiO3 irradiated with swift heavy ions at grazing 
incidence,´ NanoWechnolog\ 33, 235303 (2022).         N 

5) T. SX]Xki, J. Ishihara, T. TagXchi, K. Mi\ajima ³EffecW of 
anionic surfactant on dispersibility and luminescence of SiC 
nanoWXbes,´ JoXrnal of LXminescence, 245, 118771 (2022).        N 

6) K. Tamura, R. Nakanishi, H. Ohba, T. Taira, I. Wakaida 
³RadiaWion robXsWness of laser ceramics and single cr\sWal for 
microchip laser remoWe anal\sis,´ Jpn. J. Appl. Ph\s. 61, 
032003 (2022).            G 

7) Y. KXrosaki, K. Yoko\ama, and Y. OhWsXki ³QXanWXm ConWrol 
of Isotope-SelecWiYe MolecXlar OrienWaWion,´ AIP conf. proc. 
ICCMSE 2022, in press.            N 

8) T. Yomogida, M. Saeki, S. Morii, H. Ohba, Y. Kitatuji, 
³SelecWiYe Pd separation from a simulated radioactive liquid 
waste by precipitation using a xenon lamp irradiation for 
simplified procedXre,´ Anal. Sci. 37, 1843-1846 (2021).       N 

9) R. Nakanishi, H. Ohba, M. Saeki, I. Wakaida, R. Tanabe-
Yamagishi, Y. IWo, ³Highl\ sensitive detection of sodium in 
aqueous solutions using laser-induced breakdown 
specWroscop\ ZiWh liqXid sheeW jeWs,´ OpW. E[press 29, 5205-
5212 (2021).             N 

10) H. Saitoh, T. Sato, M. Tanikami, K. Ikeda, A. Machida, T. 
Watanuki, T. Taguchi, S. Yamamoto, T. Yamaki, S. Takagi, T. 
OWomo, S. Orimo ³H\drogen sWorage b\ earWh-abundant metals, 
s\nWhesis and characWeri]aWion of Al3FeH3.9´, MaWer. Des. 208, 
109953 (2021).             N 

11) M. Yoshimoto, T. Nakanoya, Y. Yamazaki, P. Saha, M. 
Kinsho, S. Yamamoto, H. Okazaki, T. Taguchi, N. Yamada, R. 
YamagaWa ³Anal\sis of J-HBC stripper foil for the J-PARC 
RCS´, J. Ph\s. Soc. Conf. Proc. 33, 011019 (2021).        N 

12) T. TagXchi, S. YamamoWo, H. Ohba ³S\nWhesis and formaWion 
mechanism of double-thick-walled silicon carbide nanotubes 

from mXlWiZalled carbon nanoWXbes´, Appl. SXrf. Sci. 551, 
149421 (2021).              N 

13) R. Nakanishi, M. Saeki, I. Wakaida, H. Ohba, ³DeWecWion of 
Gadolinium in Surrogate Nuclear Fuel Debris Using Fiber-
Optic Laser-Induced Breakdown Spectroscopy under Gamma 
IrradiaWion´, Appl. Sci. 10, 8985 (2020).          G 

14) Y. KXrosaki, R. Nakanishi, M. Saeki, H. Ohba, ³Ab iniWio 
MRCI study on potential energy surfaces for double Cl loss 
from the palladium tetrachloride anion PdCl42±´, Chem. Phys. 
Lett. 764, 138247 (2020).            N 

15) Y. KXrosaki, K. Yoko\ama, ³QXanWXm OpWimal ConWrol of 
Isotope-SelecWiYe RoYibraWional TransiWions,´ AIP Conf. Proc. 
2343, 020005 (2021).            N 

16) K. Tamura, H. Ohba, M. Saeki, T. Taguchi, H. H. Lim, T. Taira, 
I. Wakaida, ³RadiaWion dose raWe effecWs on Whe properWies of a 
laser-induced breakdown spectroscopy system developed 
using a ceramics micro-laser for fiber-opWic remoWe anal\sis,´ 
J. Nucl. Sci. Technol. 58, 405-415 (2021). .       G 

17) S. Yamamoto, H. Koshikawa, T. Taguchi, T. Yamaki, 
³PrecipiWaWion of PW nanoparWicles inside ion-track-etched 
capillaries,´ QXanWXm Beam Sci. 4, 8 (2020).         N 

18) N. Ishikawa, T. Taguchi, A. Kitamura, G. Szenes, M. E. Toimil-
Molares, C. TraXWmann, ³TEM anal\sis of ion-tracks and 
hillocks produced by swift heavy ions of different velocities in 
Y3Fe5O12,´ J. Appl. Phys. 127, 055902 (2020).         N 

19) M. Saeki, T. Yomogida, D. Matsumura, T. Saito, R. Nakanishi, 
T. TsXji, H Ohba, ³Application of augmentation method to 
MCR-ALS analysis for XAFS and Raman data matrices in 
sWrXcWXral change of isopol\mol\bdaWes´, Anal\Wical Sci. 36, 
1371 (2020).             N 

20) K. Tamura, H. Ohba, M. Saeki, T. Taguchi, H.H. Lim, T. Taira, 
I. Wakaida, ³DeYelopment of a laser-induced breakdown 
spectroscopy system using a ceramic micro-laser for fiber-
opWic remoWe anal\sis´, J. NXcl. Sci. Technol. 57, 1189 (2020).
              G 

21) 大場弘則䠈若井田育夫䠈平等拓範䠈´原子炉廃炉措置䛻向
䛡䛯㐲㝸䝺䞊䝄分析技術´ 䠈㟁気学会ㄅ 142(2)䠈77-80, 
(2022).             G 

22) 石川法人䠈田口富嗣䠈大久保成彰䠈´㧗㏿㔜䜲䜸䞁照射䛧䛯
䝉䝷䝭䝑䜽䝇䛻䛚䛡䜛照射損傷䝯䜹䝙䝈䝮´ 䠈原子衝突学会学
会ㄅ䛂䛧䜗䛖䛸䛴䛃䠈18(3) 䠈43-55 (2021).          N 

23) 中す 㝯㐀䠈佐伯 盛久䠈大場 弘則䠈´䝟䝹䝇䝺䞊䝄䞊照射䛻
䜘䜛希少㔠属䜢回収䛩䜛´䠈䝺䞊䝄加工学会ㄅ 27(3)䠈159 
161 (2020).             N 

24) Y. Kurosaki, R. Nakanishi, M. Saeki, H. Ohba, ³Ab initio 
MRCI study on potential energy curves for a single Cl loss 
from the palladium tetrachloride anion PdCl42-´, Chem. Phys. 
Lett. 746, 137288 (2020).            N 
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25) 大場 弘則䠈佐伯 盛久䠈中す 㝯㐀䠈´廃液䛻䝺䞊䝄䞊䜢照射
䛧䛶希少㔠属䜢回収䛩䜛´䠈䜿䝭䜹䝹䜶䞁䝆䝙䝲䝸䞁䜾 65(6)䠈
347-352 (2020).             N 

26) 田村 浩司, 㐲山 伸一,  ³䝺䞊䝄䞊法䛻䜘䜛原子炉厚板㗰材 
 
 

切断技術䛾㛤発´, 日本原子力学会ㄅ 62(5), 268-271 (2020).
               N 

27) 大場 弘則, 若井田 育夫, 平等 拓範, ³㐣㓞環境下䛷䛾㐲㝸
䝺䞊䝄䞊分析技術´, 日本原子力学会ㄅ  62(5), 263-267 
(2020).             G 

 
 

P1-10  Advanced Functional Polymer Materials Research Group  
 

Papers 
1) S. Sawada and Y. Maekawa, ³Radiation-Induced Asymmetric 

Grafting of Different Monomers into Base Films to Prepare 
Novel Bipolar Membranes´, Molecules 26, 2028 (2021).
              G 

2) T. Motegi, K. Takiguchi, Y. Tanaka-Takiguchi, T. Itoh, and R. 
Tero, ³Physical Properties and Reactivity of Microdomains in 
Phosphatidylinositol-Containing Supported Lipid Bilayer´, 
Membranes 11, 339 (2021).           N 

3) Y. Zhao, K. Yoshimura, T. Motegi, A. Hiroki, and Y. 
Maekawa, ³Three-Component Domains in the Fully Hydrated 
Nafion Membrane Characterized by Partial Scattering 
Function Analysis´, Macromolecules 54, 4128-4135 (2021).
               N 

4) S. Okushima, S. Hasegawa, T. Kawakatsu, and Y. Maekawa, 
³Coarse-grained Molecular Dynamics Simulation to 
Reproduce Phase-separated Structures in Graft-type Polymer 
Electrolyte Membranes´, Polymer 230, 124036 (2021).       G 

5) T. Hamada, K. Yoshimura, K. Takeuchi, S. Watanabe, Y. Zhao, 
A. Hiroki, T. Hagiwara, H. Shishitani, S. Yamaguchi, H. Tanaka, 
A. Radulescu, K. Ohwada and Y. Maekawa, ³Synthesis and 
Characterization of 4-Vinylimidazolium/Styrene-Cografted 
Anion-Conducting Electrolyte Membranes´, Macromol. Chem. 
Phys. 222, 2100028 (2021).           G 

6) T. Hamada, Y. Zhao, K. Yoshimura, A. Radulescu, K. Ohwada 
and Y. Maekawa, ³Hydrophobic Effect on Alkaline Stability 
of Graft Chains in Ammonium-type Anion Exchange 
Membranes Prepared by Radiation-Induced Graft 
Polymerization´, ChemistrySelect 6, 8879-8888 (2021).       G 

7) M. Schiavone, Y. Zhao, H. Iwase, H. Arima-Osonoi, S. Takata, 
A. Radulescu, ³On the Proton Conduction Pathways in 
Polyelectrolyte Membranes Based on Syndiotactic-
polystyrene´, Membranes 12, 143 (2022).        G 

8) L. H. Hao, T. D. Tap, D. T. T. Hieu, E. Korneeva, N. V. Tiep, 
K. Yoshimura, S. Hasegawa, S. Sawada, T. V. Man, N. Q. 
Hung, L. A. Tuyen, V. P. Dinh, L. Q. Luan and Y. Maekawa, 
³Morphological Characterization of Grafted Polymer 
Electrolyte Membranes at a Surface Layer for Fuel Cell 
Application´, J. Appl. Polym. Sci. 139, 51901 (2022).       G 

9) Y. Ueki and N. Seko, 䇾Synthesis of Fibrous Metal Adsorbent 
with a Piperazinyl-Dithiocarbamate Group by Radiation-
Induced Grafting and Its Performance´, ACS Omega 5, 2947䇵
2956 (2020).             E 

10) N. A. F. Othman, S. Selambakkannu, T. T. Ming, N. H. 
Mohamed, T. Yamanobe, N Seko, ³Application of Response 
Surface Modelling to Economically Maximize Thorium (IV) 
Adsorption´, Desalination Water Treat. 179, 172䇵182 (2020). 

E, G 
11) N. A. F. Othman, S. Selambakkannu, T. Yamanobe, H. 

Hoshina, N. Seko, T. A. T. Abdullah, ³Radiation grafting of 

DMAEMA and DEAEMA based adsorbents for thorium 
adsorption´, J. Radioanal. Nucl. Chem. 324, 429䇵440 (2020). 

E, G 
12) N. A. F. Othman, S. Selambakkannu, H. Azian, C.T.Ratnam, T. 

Yamanobe, H. Hoshina, N. Seko, ³Synthesis of surface ion 
imprinted polymer for specific detection of thorium under acidic 
conditions´, Polym. Bull. 78, 165䇵183, (2021).    E, G 

13) Y. Ueki, N. Seko, Y. Maekawa, ³Machine learning approach 
for prediction of the grafting yield in radiation-induced graft 
polymerization´, Appl. Mater. Today 25, 101158 (2021).
               E 

14) A. Miyashita, M. Maekawa, Y. Shimoyama, N. Seko, A. 
Kawasuso, R. Y. Umetsu, ³High-density magnetic-vacancy 
inclusion in Co2MnGa single crystal probed by spin-polarized 
positron annihilation spectroscopy´, J. Phys. Condens. Matter. 
34, 045701 (2021).            N 

15) N. Hayashi, D. Matsumura, H. Hoshina, Y. Ueki, T. Tsuji, J. 
Chen, N. Seko, ³Chromium(VI) adsorption䇵reduction using a 
fibrous amidoxime-grafted adsorbent´, Sep. Purif. Technol. 
277, 119536 (2021).            E 

16) R. Kakuchi, R. Tsuji, K. Fukasawa, S. Yamashita, M. Omichi, 
N. Seko, ³Polymers of lignin-sourced components as a facile 
chemical integrant for the Passerini three-component reaction´, 
Polym. J. 53, 523䇵531 (2021).           E 

17) H. Hoshina, J. Chen, H. Amada, N. Seko, ³Chelating fabrics 
prepared by an organic solvent-free process for boron removal 
from water´, Polymers 13, 1163 (2021).     E, G 

18) B. J. D. Barba, D. P. Peñaloza Jr., N. Seko, J. F. Madrid, 
³RAFT-mediated radiation grafting on natural fibers in 
aqueous emulsion´, Mater. Proc. 7, 4 (2021).         E 

19) T. Hamada, H. Hoshina, N. Seko, ³Poly(vinyl diglycolic acid 
ester)-grafted polyethylene/polypropylene fiber adsorbent for 
selective recovery of samarium´, ACS Appl. Polym. Mater. 4, 
1846䇵1854 (2022).            E 

20) P. J. E. Cabalar, T. Hamada, J. F. Madrid, N Seko, ³Synthesis 
of anion electrolyte membrane through radiation-induced graft 
polymerization of poly(4-vinylbenzyl chloride) onto isotactic 
polypropylene film´, Mindanao J. Sci. Technol. 20, 189䇵210 
(2022).              E 

21) Y. Ueki, M. Oshida, H. Sando, N. Seko, ³Bleed-out 
suppression of silicone rubber by electron beam crosslinking´, 
Radiat. Phys. Chem. 193, 110002 (2022).         E 

22) M. Omichi, N. Seko, Y. Maekawa, ³Synergizing radiation-
induced emulsion graft polymerization of glycidyl 
methacrylate on polyethylene-coated polypropylene 
nonwoven fabric by addition of hydrophobic alcohols´, Radiat. 
Phys. Chem. 191, 109867 (2022).          E 

Proceedings 
1) 茂木 俊憲䠈吉村 公男, 䝄䜸 䝴䜶䠈廣木 章博, 前川 康成, 䇾構
㐀機能相㛵ゎ明䛻向䛡䛯放射線䜾䝷䝣䝖㔜合㧗分子膜䛾䝘
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䝜䜲䝯䞊䝆䞁䜾䇿, 第 18 回放射線䝥䝻䝉䝇䝅䞁䝫䝆䜴䝮 せ旨
㞟, 67, 䜸䞁䝷䜲䞁 (2021).           G 

2) 澤田 真一䠈前川 康成, 坂本 有希子䠈船津 公人, 䇾機械学習
法䛻䜘䜛放射線䜾䝷䝣䝖㟁ゎ㉁膜䛻㐺䛧䛯㧗分子基材䛾特

性ホ価䇿, 第 18回放射線䝥䝻䝉䝇䝅䞁䝫䝆䜴䝮 せ旨㞟, 䜸䞁
䝷䜲䞁 68 (2021).            G 

3) 坂本 有希子, 澤田 真一, 廣木 章博, 前川 康成, 䇾放射線䜾
䝷䝣䝖㔜合法䛻䜘䜛全固体二次㟁池用㧗分子㟁ゎ㉁材料䛾

創製研究䇿, 令和 3年度日本化学会㛵東支㒊群㤿地区研究
交流発表会 せ旨㞟, 䜸䞁䝷䜲䞁 P025 (2021).        G 

4) 㜿㒊聖㈼, 茂木俊憲䠈吉村公男, 廣木章博, 前川康成, 䇾散
㐓粒子動力学法䛻䜘䜛䜾䝷䝣䝖型㧗分子㟁ゎ㉁膜䛾構㐀最

㐺化䇿, 令和 3年度日本化学会㛵東支㒊群㤿地区研究交流
発表会 せ旨㞟, P038, 䜸䞁䝷䜲䞁 (2021).        G 

5) 出崎亮䠈廣木章博, 㛗㇂川伸䠈藤原広匡, 澁㇂光夫, 竹下宏
樹䠈前川康成䠈徳満勝久, す村伸䠈 䇾耐㧗圧水素材料䛾㛤発
䜢目指䛧䛯放射線架橋䛻䜘䜛䝫䝸䜶䝏䝺䞁䛾改㉁䇿, 第 70 回
㧗分子ウㄽ会 せ旨㞟, 2N01, 䜸䞁䝷䜲䞁(2021).    E, G 

6) 藤原広匡, 澁㇂光夫, す村伸䠈出崎亮䠈廣木章博, 㛗㇂川伸䠈
前川康成,竹下宏樹䠈徳満勝久, 䇾放射線架橋䝫䝸䜶䝏䝺䞁
䛾㧗圧水素特性䇿, 第 70回㧗分子ウㄽ会 せ旨㞟, 2N02, 䜸
䞁䝷䜲䞁  (2021).        E, G 

7) 藤原広匡, 澁㇂光夫, す村伸䠈出崎亮䠈廣木章博, 㛗㇂川伸䠈
前川康成,竹下宏樹䠈徳満勝久, 䇾燃料㟁池用水素㈓蔵䝍䞁
䜽㛤発䛻向䛡䛯䝰䝕䝹材料䛸䛧䛶䛾放射線架橋䝫䝸䜶䝏䝺䞁

䛾㧗圧水素耐性ホ価䇿, 第 62回㧗圧ウㄽ会 せ旨㞟, 3A09 ,
姫㊰䞉䜰䜽䝸䜶䜂䜑䛨 (2021).      E, G 

8) 瀬古典明, 䇾㔞子䝡䞊䝮䜢活用䛧䛯機能性㧗分子材料䛾㛤
発䇿, 䛆招待ㅮ演䛇䠈群㤿大学S䝯䞁䝤䝺䞁䞉䝥䝻䝆䜵䜽䝖䠋複合 
 

材料懇ヰ会 せ旨㞟, 䜸䞁䝷䜲䞁 (2021).     E, G 
9) 瀬古典明, 䇾㔞子䝡䞊䝮䜢活用䛧䛯材料創製䛸ホ価䇿, 䛆招待
ㅮ演䛇䠈日本原子力学会 2022年春䛾年会 せ旨㞟, 䜸䞁䝷䜲
䞁 (2022).         E, G 

Patents 
1) 吉村 公男, 䜰䞊䝯䝗䝝䞁䝬䝗 䜰䞊䝯䝗 䝬䝣䝮䞊䝗䠈䝴 䝝䞁䝏䝳
䝹䠈䝄䜸 䝴䜶䠈廣木 章博, 前川 康成, ³樹脂組成物䚸樹脂組
成物䛾製㐀方法及䜃㟁気化学䝕䝞䜲䝇´, 特㢪 2021-088830 
(2021.05.26).        E, G 

2) 保科 宏行, 瀬古 典明, 㧗橋 牧克, 䇾㔠属担持材料䛾製㐀方
法䚸及䜃䛭䛾利用䇿, 特㢪 2021-078062 (2021.04.30).        E 

3) 物㒊 㛗㡰, 物㒊 㛗智, 内村 泰㐀, 瀬古 典明, 保科 宏行, 䇾䝉
䝅䜴䝮及䜃䝇䝖䝻䞁䝏䜴䝮吸着䜝㐣剤 及䜃䛣䜜䜢用䛔䛯䝉䝅
䜴䝮及䜃䝇䝖䝻䞁䝏䜴䝮㝖去䝅䝇䝔䝮䇿 , 特㢪 2022-013799 
(2022.01.31)        E, G 

4) 植木 悠二, 瀬古 典明, 渡㑓 朗, ㉥井 日出子, 㰺藤 ㈗宏, 澤
田 幸子, 䇾䝉䝹䝻䞊䝇䝘䝜䝣䜯䜲䝞䞊䜾䝷䝣䝖㔜合体䛾製㐀方
法䇿, 特㢪 2022-031941 (2022.03.02).     E, G 

5) 植木 悠二, 瀬古 典明, 岩曽 一恭, 䇾䝉䝹䝻䞊䝇䜾䝷䝣䝖㔜合
体䛾製㐀方法䇿, 特㢪 2022-031942 (2022.03.02).   E, G 

Press䡡TV 
1) 䇾素材䛛䜙䛂㖟䛃䛜剥䛜䜜䛺䛔䚸効果㛗持䛱䟿抗䜴䜲䝹䝇䜾䝷
䝣䝖材料䛾㛤発䛻成功䡚䝬䝇䜽䛻付着䛧䛯 COVID-19䜴䜲䝹
䝇䛾 99.9䠂以上䜢 1時㛫䛷不活化 䡚䇿, 2021.07.15, 䝥䝺䝇
発表䠖FM 䛠䜣䜎䚸上毛新聞䚸日刊工業新聞䚸東京新聞䛻掲

㍕.          E, G 
2) 䇾䛹䛾原料䝰䝜䝬䞊䜢使䛘䜀䚸䛹䜣䛺㧗分子材料䜢作䜜䜛䛛
分䛛䜛䟿䠛 人工知能䠄AI䠅䛷㔜合反応率䜢簡単䛻予測䇿, 
2021.09.29, 䝥䝺䝇発表䠖上毛新聞䛻掲㍕.         E 
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Papers 
1) R. Nag\, D. B. R. Dasari, C. Babin, D. LiX, V. Vorob\oY, M. 

NieWhammer, M. Widmann, T. LinkeZiW], I. Gedi], R. SWohr, H. 
B. Weber, T. Ohshima, M. Ghe]elloX, N. T. Son, J. U. Hassan, 
F. Kaiser and J. WrachWrXp, ³NarroZ inhomogeneoXs 
disWribXWion of spin-acWiYe emiWWers in silicon carbide´, Appl. 
Ph\s. LeWW. 118, 144003-1-7 (2021).          E 

2) S. YanagimoWo, N. YamamoWo, T. Sannomi\a and K. Akiba 
³PXrcell effecW of niWrogen-Yacanc\ cenWers in nanodiamond 
coXpled Wo propagaWing and locali]ed sXrface plasmons 
reYealed b\ phoWon-correlaWion caWhodolXminescence´, Ph\s. 
ReY. B 103, 205418-1-9 (2021).           N 

3) M. Imai]Xmi, T. Ohshima, Y. YXri, K. SX]Xki and Y. IWo, 
³EffecWs of Beam CondiWions in GroXnd IrradiaWion TesWs on 
DegradaWion of PhoWoYolWaic CharacWerisWics of Space Solar 
Cells´, QXanWXm Beam Sci. 5, 15-1-12 (2021).           E, S, C 

4) Y. HijikaWa, S. Komori, S. OWojima, Y. MaWsXshiWa and T. 
Ohshima, ³ImpacW of formaWion process on Whe radiaWion 
properWies of single-phoWon soXrces generaWed on SiC cr\sWal 
sXrfaces´, Appl. Ph\s. LeWW. 118, 204005-1-6 (2021).        N 

5) J. CoXWinho, J. D. GoXYeia, T. Makino, T. Ohshima, Z. 
PasWXoYic, L. Bakrac, T. Brodar and I. Capan, ³M cenWer in 4H-
SiC is a carbon self-inWersWiWial´, Ph\s. ReY. B 103, L180102-
1-5 (2021).             E 

6) H. Takashima, A. FXkXda, K. Shima]aki, Y. IZabaWa, H. 
KaZagXchi, A. W. Schell, T. Tashima, H. Abe, S. Onoda, T. 

Ohshima and S. TakeXchi, ³CreaWion of silicon Yacanc\ color 
cenWers ZiWh a narroZ emission line in nanodiamonds b\ ion 
implanWaWion´, OpW. MaWer. E[press 11, 1978-1988 (2021).         I 

7) Y. Mi\a]aZa, G. M. Kim, A. Ishii, M. Ikegami, T. Mi\asaka, Y. 
SX]Xki, T. YamamoWo, T. Ohshima, S. Kana\a, H. To\oWa and K. 
Hirose, ³EYalXaWion of Damage CoefficienW for MinoriW\-Carrier 
DiffXsion LengWh of Triple-CaWion PeroYskiWe Solar Cells Xnder 
1 MeV ElecWron IrradiaWion for Space ApplicaWions´, J. Ph\s. 
Chem. C 125, 13131-13137 (2021).          E 

8) H. KXboWa, H. OgaZa, M. Mi\a]aki, S. Ishii, K. Oh\ama, Y. 
KaZamXra, S. IshiZaWa and M. SX]Xki, ³Microscopic 
TemperaWXre ConWrol ReYeals CooperaWiYe RegXlaWion of 
AcWin±M\osin InWeracWion b\ Drebrin E´, Nano LeWW. 21, 9526-
9533 (2021).             N 

9) K. Shima]aki, H. KaZagXchi, H. Takashima, T. F. SegaZa, F. 
T.-K. So, D. Terada, S. Onoda, T. Ohshima, M. ShirakaZa, and 
S. TakeXchi, ³FabricaWion of DeWonaWion Nanodiamonds 
ConWaining Silicon-Vacanc\ Color CenWers b\ High 
TemperaWXre Annealing´, Ph\s. SWaWXs Solidi A 218, 2100144-
1-9 (2021).              I 

10) K. O\ama, S. Ishii and M. SX]Xki, ³OpWo-Whermal Wechnologies 
for microscopic anal\sis of cellXlar WemperaWXre-sensing 
s\sWems´, Bioph\s. ReY. 14, 41-54 (2021).         N 

11) M. O. D. Vries, S. -I. SaWo, T. Ohshima, B. C. Gibson, J. -M. 
BlXeW, S. CasWelleWWo, B. C. Johnson and P. Reineck, 
³FlXorescenW Silicon Carbide NanoparWicles´, AdY. OpW. MaWer. 
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9, 2100311 (2021).         I, 7 
12) H. Nakane, M. KaWo, Y. OhkoXchi, X. T. Trinh, I. G. IYanoY, T. 

Ohshima and N. T. Son, ³Deep leYels relaWed Wo Whe carbon 
anWisiWe±Yacanc\ pair in 4H-SiC´, J. Appl. Ph\s. 130, 65703-
1-8 (2021).             E 

13) R. BernaW, L. Bakrac, V. RadXloYic, L. Snoj, T. Makino, T. 
Ohshima, Z. PasWXoYic and I. Capan, ³4H-SiC SchoWWk\ Barrier 
Diodes for EfficienW Thermal NeXWron DeWecWion´, MaWerials 14, 
5105-1-10 (2021).             N 

14) K. SakamoWo, S. Baba, D. Koba\ashi, S. OkamoWo, H. ShindoX, 
O. KaZasaki, T. Makino, Y. Mori, D. MaWXXra, M. KXsano, T. 
NariWa, S. Ishii and K. Hirose, ³InYesWigaWion of BXried-Well 
PoWenWial PerWXrbaWion EffecWs on SEU in SOI DICE-Based 
Flip-Flop Under ProWon IrradiaWion´, IEEE Trans. NXcl. Sci. 68, 
1222-1227 (2021).            C 

15) T. TaWsXishi, K. Kanehisa, T. KageXra, T. Sonoda,  Y. HaWa, K. 
KaZakaWsX, T. Tanii, S. Onoda, A. SWace\, S. Kono and H. 
KaZarada, ³Highl\ aligned 2D NV ensemble fabricaWion from 
niWrogen-WerminaWed (111) sXrface´, Carbon 180, 127-134 
(2021).              N 

16) C. Zhang, F. ShagieYa, M. Widmann, M. K�bler, V. Vorob\oY,P. 
KapiWanoYa, E. NenasheYa, R. Corkill, O. Rhrle, K. NakamXra, 
H. SXmi\a, S. Onoda, J. Iso\a and J. WrachWrXp, ³Diamond 
MagneWomeWr\ and GradiomeWr\ ToZards SXbpicoWesla dc Field 
MeasXremenW´, Ph\s. ReY. Appl. 15, 64075-1-11 (2021).        E 

17) R. A. Parker, N. DonWschXk, S. -I. SaWo, C. T.-K. LeZ, P. 
Reineck, A. Nadarajah, Ohshima Takeshi, B. C. Gibson, S. 
CasWelleWWo, J. C. McCallXm and B. C. Johnson, ³Infrared 
erbiXm phoWolXminescence enhancemenW in silicon carbide 
nano-pillars´, J. Appl. Ph\s. 130, 145101-1-8 (2021).        N 

18) X. WX, S. Kondo, H. YX, Y. OkXno, M. Ando, H. KXroWaki, S. 
Tanaka, K. HokamoWo, R. Ochiai, S. Konishi and R. Kasada, 
³Bonding sWrengWh eYalXaWion of e[plosiYe Zelding joinW of 
WXngsWen Wo ferriWic sWeel Xsing XlWra-small WesWing Wechnologies´, 
MaWer. Sci. Eng. A 826, 141995 (2021).          N 

19) S. Ishii, S. Saiki, S. Onoda, Y. MasX\ama, H. Abe and T. 
Ohshima, ³Ensemble NegaWiYel\-Charged NiWrogen-Vacanc\ 
CenWers in W\pe-Ib Diamond CreaWed b\ High FlXence ElecWron 
Beam IrradiaWion´, QXanWXm Beam Sci. 6, 2-1-10 (2021).        E 

20) C. Shinei, M. Mi\akaZa, S. Ishii, S. Saiki, S. Onoda, T. 
TanigXchi, T. Ohshima and T. Teraji, ³EqXilibriXm charge sWaWe 
of NV cenWers in diamond´, Appl. Ph\s. LeWW. 119, 254001-1-5 
(2021).              E 

21) J. Ieda, S. Oka\asX, K. Harii, M. KobaWa, K. Yoshii, T. FXkXda, 
M. Ishida and E. SaiWoh, ³The damage anal\sis for irradiaWion 
WoleranW spin-driYen WhermoelecWric deYice based on single-
cr\sWalline Y3Fe5O12/PW heWerosWrXcWXres´, IEEE Trans. Magn. 
58,1301106 (2022).            N 

22) Y. Abe A. Chaen, M. SomeWani, S. Harada, Y. Yama]aki, T. 
Ohshima, and T. Umeda, ³ElecWrical deWecWion of TV2a-W\pe 
silicon Yacanc\ spin defecW in 4H-SiC MOSFETs, Appl. Ph\s. 
LeWW. 120, 064001-1-6 (2022).            I 

23) C. P. Anderson, E. O. Glen, C. Zeledon, A. BoXrassa, Y. Jin, Y. 
ZhX, C. VorZerk, A. L. Crook, H. Abe, J.  U. Hassan, T. 
Ohshima, N. T. Son, G. Galli and D. D. AZschalom, ³FiYe-
second coherence of a single spin ZiWh single-shoW readoXW in 
silicon carbide´, Sci. AdY. 8, eabm5912-1-9 (2022).        E 

24) K. Yamane, R. FXWamXra, S. Genjo, D. HamamoWo, Y. Maki, E. 
M. PaYelescX, T. Ohshima, T. SXmiWa, M. Imai]Xmi and A. 

Wakahara, ³ImproYed cr\sWalliniW\ of GaP-based dilXWe niWride 
allo\s b\ proWon/elecWron irradiaWion and rapid Whermal 
annealing´, J. J. Appl. Ph\s. 61, 020907-1-5 (2022).    E, I 

25) F. So, A. I. Shames, D. Terada, T. Genjo, H. MorishiWa, I. Ohki, 
T. Ohshima, S. Onoda, H. Takashima, S. TakeXchi, N. Mi]Xochi, 
R. Igarashi, M. ShirakaZa and T. F. SegaZa, ³The AnomaloXs 
FormaWion of IrradiaWion IndXced NiWrogen-Vacanc\ CenWers in 
5-NanomeWer-Si]ed DeWonaWion Nanodiamonds´, J. Ph\s. Chem. 
C 126, 5206-5217 (2022).            E 

26) M. Imai]Xmi, Y. OkXno , T. TakamoWo, S. -I. SaWo and T. 
Ohshima, ³DisplacemenW damage dose anal\sis of Whe oXWpXW 
characWerisWics of In0.5Ga0.5P and CX(In,Ga)(S,Se)2 solar cells 
irradiaWed ZiWh alpha ra\ simXlaWed heliXm ions´, J. J. Appl. 
Ph\s. 61, 044002-1-7 (2022).        I, 7 

27) T. LXo, L. Lindner, J. Langer, V. Cimalla, X. Vidal, F. Hahl, C. 
Schre\Yogel, S. Onoda, S. Ishii, T. Ohshima, D. Wang, D. A. 
Simpson, B. C. Johnson, M. Capelli, R. Blinder and J. Jeske, 
³CreaWion of niWrogen-Yacanc\ cenWers in chemical Yapor 
deposiWion diamond for sensing applicaWions´, NeZ J. Ph\s. 24, 
0033030-1-16 (2022).            E 

28) M. Capelli, L. Lindner, T. LXo, J. Jaske, H. A, S. Onoda, Onoda, 
T. Ohshima, B. Johnson, D. A. Simpson, A. SWace\, P. Reineck, 
B. C. Gibson and A. D. GreenWree, ³Pro[imal niWrogen redXces 
Whe flXorescence qXanWXm \ield of niWrogen-Yacanc\ cenWres in 
diamond´, NeZ J. Ph\s. 24, 033053-1-10 (2022).        E 

29) I. Capan, T. Brodar, R. BernaW, ä. PasWXoYiü, T. Makino, T. 
Ohshima, J. D. GoXYeia and J. CoXWinho, ³M-cenWer in 4H-SiC: 
IsoWhermal DLTS and firsW principles modeling sWXdies´, J. 
Appl. Ph\s. 130, 125703-1-10 (2021).          E 

30) J. Meinel, V. Vorob\oY, B. YaYkin, D. Dasari, H. SXmi\a, S. 
Onoda, J. Iso\a and J. WrachWrXp, ³HeWerod\ne sensing of 
microZaYes ZiWh a qXanWXm sensor´, NaW. CommXn. 12, 1-8 
(2021).              E 

31) D. Koba\ashi, K. Hirose, K. SakamoWo, Y. TsXchi\a, S. 
OkamoWo, S. Baba, H. ShindoX, O. KaZasaki, T. Makino and 
T. Ohshima, ³An SRAM SEU Cross SecWion CXrYe Ph\sics 
Model, IEEE Trans. NXcl. Sci. 69, 232-240 (2022).        C 

32) T. Umeda, K. WaWanabe, H. Hara, H. SXmi\a, Onoda ShinobX, 
A. Uedono, I. ChXprina, P. Si\XsheY, F. Jele]ko, J. WrachWrXp 
and J. Iso\a, ³NegaWiYel\ charged boron Yacanc\ cenWer in 
diamond´, Ph\s. ReY. B 105, 165201-1-13 (2022).         I 

33) T. KageXra, Y. Sasama, C. Shinei, T. Teraji, K. Yamada, S. 
Onoda and T. YamagXchi, ³Charge sWabiliW\ of shalloZ single 
niWrogen-Yacanc\ cenWers in lighWl\ boron-doped diamond´, 
Carbon 192, 473-481 (2022).           N 

34) O. V. ZZier, T. Bosma, C. M. Gilardoni, X. Yang, A. R. OnXr, 
T. Ohshima, N. T. Son and C. H. Wal, ³ElecWromagneWicall\ 
indXced Wransparenc\ in inhomogeneoXsl\ broadened 
diYacanc\ defecW ensembles in SiC´, J. Appl. Ph\s. 131, 
094401-1-8 (2022).            E 

35) M. G. Fard, Z. Khabir, P. Reineck, N. M. Cordina, H. Abe, T. 
Ohshima, S. Dalal, B. C. Gibson, N. H. Packer and L. M. 
Parker, ³TargeWing cell sXrface gl\cans ZiWh lecWin-coaWed 
flXorescenW nanodiamonds´, Nanoscale AdY. 4, 1551-1564 
(2022).              E 

36) T. Yanagi, K. Kaminaga, M. SX]Xki, H. Abe, H. YamamoWo, T. 
Ohshima, A. KXZahaWa, M. Sekino, T. Imaoka, S. KakinXma, 
T. SXgi, W. Kada, O. Hanai]Xmi and R. Igarashi, ³All-OpWical 
Wide-Field SelecWiYe Imaging of FlXorescenW Nanodiamonds 
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in Cells, In ViYo and E[ ViYo´, ACS Nano 15, 12869-12879 
(2021).              E 

37) K. Kaminaga, H. Yanagihara, T. Genjo, T. Morioka, H. Abe, M. 
ShirakaZa, T. Ohshima, S. KakinXma and R. Igarashi, ³Non-
conWacW MeasXremenW of InWernal Bod\ TemperaWXre Using 
SXbcXWaneoXsl\ ImplanWed Diamond MicroparWicles´, 
BiomaWer. Sci. 9, 7049-7053 (2021).          E 

38) A. AkWher, E. P. Walsh, P. Reineck, B. C. Gibson, T. Ohshima, H. 
Abe, G. McColl, N. L. Jenkins, L. T. Hall, D. A. Simpson, A. R. 
Re]k and L. Y. Yeo, ³AcoXsWomicroflXidic ConcenWraWion and 
Signal EnhancemenW of FlXorescenW Nanodiamond Sensors´, 
Anal. Chem. 93, 16133-16141 (2022).          E 

39) H. Ikegami, K. Akiba and H. Minoda, ³EYalXaWion of elecWron 
radiaWion damage Wo green flXorescenW proWein´, 
UlWramicroscop\ 225, 113272-1-5 (2021).         N 

Proceedings 
1) M. Imaizumi, Y. Okuno, S. -I. Sato and T. Ohshima, 

³DisplacemenW Damage Dose Anal\sis of Alpha-
ra\DegradaWion of OXWpXW of a CIGS Solar Cell´, Proc. 48th 
IEEE Photovoltaic Specialists Conference (48th PVSC), Online 
(2021.06).                 7, I, E 

Books 
1) 小㔝田 忍, ㇂井 孝 ⮳, 寺地 徳之, 渡㑔 幸志, ☾㇂ 㡰一, ³㔞
子センシング NMR による㉸微㔞ヨ料の化学構㐀同定”, 
➨ 2❶ ➨ 3⠇, ³㹌㹋㹐による有機材料分析とそのヨ料前
処理、データゎ㔘³, 技⾡情報協会, 72-109 (2021). 

2) 小㔝田 忍, 山崎 㞝一, 大島 武, “ダイヤモンド中への㈇
に帯㟁した❅⣲-✵孔(NV-)センタの形成技⾡”, ➨ 1 ❶ 
➨ 3⠇, “㔞子センシングハンドブック”, 監修 根来 ㄔ, 
株式会♫エヌ・ティー・エス, 43-56 (2021). 

Patents 
1) 山崎 㞝一、増山 㞝太、大島 武、”物理㔞検出⨨、物
理㔞検出方法、および物理㔞検出プログラム ” 特㢪
2022-005281 (2022.01.17).          S 

2) 佐⸨ ┿一㑻㸪出来 ┿斗㸪す村 智朗㸪“温度検出⨨、
温度センサ、温度検出方法、および温度検出プログラ

ム”, 特㢪 2021-032894 (2021.03.02).          I 
3) 佐⸨ ┿一㑻㸪出来 ┿斗㸪す村 智朗㸪“温度センサ、温
度検出⨨、温度検出方法、温度検出プログラム、お

よび温度センサの〇㐀方法 ”, 特㢪 2021-032895 
(2021.03.02).             I 

 
 
 

P2-1  PUojecW ³MicUobeam RadiaWion Biolog\´ 
 

Papers 
1) K. Sakamoto, Z. Soh, M. Suzuki, Y. Iino and T. Tsuji, 

³ForZard and backZard locomoWion paWWerns in C. elegans 
generated by a connectome-based model simXlaWion´, Sci. Rep. 
11, 13737 (2021).             C 

2) T. Yanagi, K. Kaminaga, M. Suzuki, H. Abe, H. Yamamoto, 
T. Ohshima, A. Kuwahata, M. Sekino, T. Imaoka, S. 
Kakinuma, T. Sugi, W. Kada, O. Hanaizumi and R. Igarashi, 
³All-Optical Wide-Field Selective Imaging of Fluorescent 
Nanodiamonds in Cells, In ViYo and E[ ViYo´, ACS Nano 15, 
12869 (2021).              N 

3) A. Yamasaki, M. Suzuki, T. Funayama, T. Moriwaki, T. 
Sakashita, Y. Kobayashi and Q. M. Zhang-Aki\ama, ³High-
Dose Irradiation Inhibits Motility and Induces Autophagy in 
Caenorhabditis elegans´, InW. J. Mol. Sci. 22, 9810 (2021).         C 

4) K. Nagata, T. Yasuda, M. Suzuki, T. Funayama, H. Mitani and 
S. Oda, ³TesWis-ova Induction by Microbeam Irradiation in 
P53-DeficienW Medaka TesWis´, C\Wologia 87, 1 (2022).             C 

5) T. D. Ta, T. Umedachi, M. SX]Xki and Y. KaZahara, ³A 
Printable Soft-bodied Wriggle Robot with Frictional 2D-
anisoWrop\ SXrface´, J. Inform. Proc. 30, 201 (2022).        N 

6) M. SX]Xki, Y .HaWWori, T. SaiWo and Y. Harada, ³Pond Assa\ 
for the Sensory Systems of Caenorhabditis elegans:  A Novel  

Anesthesia-Free Method Enabling Detection of Responses to 
E[Wremel\ LoZ Chemical ConcenWraWions´, Biolog\ 11, 335 
(2022).               N 

7) 㕥木 芳代, 舟山 知夫, ³㔜䜲䜸䞁䝬䜲䜽䝻䝡䞊䝮䜢用䛔䛯個
体機能ゎ析研究´, 放射線生物研究 57, 114 (2022).         C 

Patents 
1) 㕥木 芳代, ³ヨ㦂方法䛚䜘䜃線虫ヨ㦂用䝥䝺䞊䝖´, 国㝿出
㢪 PCT/JP2021/039211 (2021.10.25).          N 

2) 㕥木 芳代, 服㒊 佑哉, 㰻藤 俊行, 原田 良信, ³線虫䝖䝷䝑䝥
用䝥 䝺䞊 䝖 䚸 䛚 䜘䜃䛭䛾利用 ´, 特㢪 2021-516257 
(2021.10.21).             N 

3) 㕥木 芳代, 服㒊 佑哉, 㰻藤 俊行, 原田 良信, ³NEMATODE 
TRAP PLATE AND USE THEREFOR´, 䜰䝯䝸䜹 17/605,337 
(2021.10.21).             N 

4) 㕥木 芳代, ³線虫封入䜹䝥䝉䝹䚸線虫封入䜹䝥䝉䝹䛾製㐀
方法䚸䛚䜘䜃䚸線虫封入  䜹䝥䝉䝹䛾用㏵´, 特㢪 2021-
199634 (2021.12.08).            N 

5) 㕥木 芳代, ³ヨ㦂方法䛚䜘䜃線虫ヨ㦂用䝥䝺䞊䝖´, 特㢪
2022-514816 (2022.03.04).           N 

6) 森 慎一㑻, 㕥木 芳代, 原田 良信, 立花 泰彦, 服㒊 佑哉, ³画
像ㄆ㆑䝥䝻䜾䝷䝮䚸䛣䜜䜢用䛔䛯画像ㄆ㆑装置䚸検出対㇟

個体数ィ数方法䚸䛚䜘䜃䛣䜜䜙䛻使用䛩䜛画像ㄆ㆑学習用

䝰䝕䝹画像作成装置´, 特㢪2022-042659 (2022.03.17).       N 

 
 

P2-2  PUojecW ³Ion Beam MXWageneViV´ 
 

Papers 
1) S. Kitamura, K. Satoh and Y. Oono, "Detection and 

characterization of genome-wide mutations in M1 vegetative 
cells of gamma-irradiated Arabidopsis", PLOS Genet. 18, 
e1009979 (2022).            G 

2) A. N. Sakamoto, T. Sakamoto, Y. Yokota, M. Teranishi, K. O. 
Yoshiyama and S. Kimura, "SOG1, a plant-specific master 

regulator of DNA damage responses, originated from 
nonvascular land plants", Plant Direct, 5, e370 (2021).       G 

3) Y. Hase, K. Satoh, A. Chiba, Y. Hirano, K. Moribayashi and 
K. Narumi, Proton-Cluster-Beam lethality and mutagenicity in 
Bacillus subtilis spores, Quantum Beam Science 5, 25 (2021).
               T 
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4) Y. Kato, T. Oyama, K. Inokuma, C. J. Vavricka, M. Matsuda, 
R. Hidese, K. Satoh, Y. Oono, J.-S. Chang, T. Hasunuma and 
A. Kondo, "Enhancing carbohydrate repartitioning into lipid 
and carotenoid by disruption of microalgae starch debranching 
enzyme", Commun. Biol. 4, 450 (2021).         C 

5) T. Oyama, Y. Kato, K. Satoh, Y. Oono, M. Matsuda, T. 
Hasunuma and A. Kondo, "Development of mutant microalgae 
that accumulate lipids under nitrate-replete conditions", Algal 
Res. 60, 102544 (2021).           C 

6) T. Koretsune, Y. Ishida, Y. Kaneda, E. Ishiuchi, M. Teshima, 
N. Marubashi, K. Satoh and M. Ito, Novel cesium resistance 
mechanism of alkaliphilic bacterium isolated from jumping 
spider ground extract, Frontiers in Microbiology 13, 841821 
(2022).             N 
R. Yokoyama, T. Yokoyama, Y. Kaga, Y. Oono and K. 
Nishitani,  "Characterization of Cuscuta campestris  cell  wall 
genes responsible for the haustorial invasion of host plants",  
Sci. J. Kanagawa Univ. 32, 21-26 (2021).        N 

 

Book 
1) 大㔝 ㇏, 㛗㇂ 純宏, 佐藤 勝也, ³18.1 植物䞉微生物䜈䛾䜲䜸
䞁䝡ʊ䝮照射´, 㟁子䞉䜲䜸䞁䝡䞊䝮䝝䞁䝗䝤䝑䜽䠄第䠐版䠅,日
本学術振興会第 132 委員会, 466-479 (2021). 

Patent 
1) 北村 智, 佐藤 勝也, 大㔝 ㇏,  ³同一細胞䜢㉳源䛸䛩䜛生物
組織又䛿生物細胞䜢㑅抜䛩䜛方法䚸及䜃䛭䛾利用´ , 特㢪
2022-006756, (2022.01.19䠅.         G 

Press䞉TV 
1) 神戸大学䞉㔞研機構, ³微細藻㢮䝞䜲䜸燃料䠖炭水化物䜢油
脂䛻変換´, 2021.04.09, 䝥䝺䝇発表䠖毎日新聞, 東京新聞, 上
毛新聞, 科学新聞, Tii技術情報 web䛻掲㍕䚸䜶䝣䜶䝮群㤿
䝙䝳䞊䝇䛷放㏦.            C 

2) ³世界初䟿変異処理䛧䛯植物䛛䜙䚸直接䚸DNA 䛻生䛨䛯突
然変異䜢全検出´, 2022.01.21, 䝥䝺䝇発表䠖毎日新聞, 日経
新聞, 上毛新聞䛻掲㍕.           G 

3) ³㔞子䝡䞊䝮䛷新㓝母´, 2022.01.08, 新聞㐃㍕グ事, 毎日新
聞.              C 

 
 

P2-3  PUojecW ³Medical RadioiVoWoSe ASSlicaWion´ 
 

Papers 
1) A. Kanai, H. Hanaoka, A. Yamaguchi, I. Mahendra, C. 

Palangka, Y. Ohshima, T. Higuchi and Y. Tsushima, 
³Enhancing Whe accXmXlaWion leYel of 3-[18F]fluoro-L-Į-
meWh\lW\rosine in WXmors b\ preloading probenecid´, NXcl. 
Med. Biol. 104-105, 47-52 (2022).          C 

2) Y. Nagao, M. Yamaguchi, S. Watanabe, N. S. Ishioka, N. 
KaZachi and H. WaWabe, ³Performance improYemenW of 
Compton imaging of astatine-211 by optimising coincidence 
Wime ZindoZs´, J. InsWrXm. 16, C12031, (2021).         C 

3) Y. Sugo, R. Miyachi, S. Obata, Y. Maruyama, H. Manabe, M. 
Mori, N. S. Ishioka, K. Toda and S. Ohira, ³Rapid FloZ-Based 
System for Separation of Radioactive Metals by Selective 
Complex FormaWion´, Anal. Chem. 93, 17069-17075, (2021). 

       C 
4) T. Sakashita, S. Matsumoto, S. Watanabe, H. Hanaoka, Y. 

Ohshima, Y. Ikoma, N. Ukon, I. Sasaki, T. Higashi, T. Higuchi, 
Y. TsXshima and N. S. Ishioka, ³Nonclinical sWXd\ and 
applicability of the absorbed dose conversion method with a 
single biodistribution measurement for targeted alpha-nuclide 
Wherap\´, EJNMMI Ph\s. 8, 80 (2021).          C 

5) H. Hanaoka, Y. Ohshima, H. Suzuki, I. Sasaki, T. Watabe, K. 
Ooe, S. WaWanabe and N. S. Ishioka, ³Enhancing Whe 
therapeutic effect of 2-211At-astato-Į-methyl-L-phenylalanine 
ZiWh probenecid loading´, Cancers, 13(21), 5514, (2021).        C 

6) H. Suzuki, Y. Kaizuka, M. Tatsuta, H. Tanaka, N. Washiya, Y. 
Shirakami, K. Ooe, A. Toyoshima, T. Watabe, T. Teramoto, I. 
Sasaki, S. Watanabe, N. S. Ishioka, J. Hatazawa, T. Uehara and 
Y. Arano, ³NeopenW\l gl\col as a scaffold Wo proYide 
radiohalogenaWed WheranosWic pairs of high in YiYo sWabiliW\´, J. 
Med. Chem. 64, 15846-15857 (2021).          C 

7) R. Imura, H. Ida, I. Sasaki, N. S. Ishioka and S. Watanabe, 
³Re-evaluations of Zr-DFO Complex Coordination Chemistry 
for the Estimation of Radiochemical Yields and Chelator-to-
Antibody Ratios of 89Zr Immune-PET Tracers´, MolecXles 26, 
4977 (2021).             C 

Proceedings 
1) 宮脇信正, 渡㎶茂樹, 柏木啓次, 石岡典子, 倉島俊, 福田光
宏䠈³TIARA AVF 䝃䜲䜽䝻䝖䝻䞁䛻䛚䛡䜛 RI 製㐀用䝡䞊䝮䝷
䜲䞁䛾䝡䞊䝮䜶䝛䝹䜼䞊䞉位置䝰䝙䝍䞊䛾㛤発´䠈Proc. 18Wh 
AnnXal MeeWing of ParWicle AcceleraWor SocieW\ of Japan䠈302-
305, 䜸䞁䝷䜲䞁 (2021.08).           C 

Patents 
1) Noriko S. Ishioka, Hiroo Kondo and Shigeki Watanabe, 

³ProdXcing MeWhod of Radioisotopes and Radioisotope 
ProdXcing ApparaWXs´, US 11,276,506 B2, (2022.03.15).
               C 

2) 大平 慎一, 戸田 敬, 㡲㒓 由美, 森 勝伸, 䇾分㞳方法䚸分㞳
精製方法及䜃放射性同位体䛾製㐀方法䚸並䜃䛻分㞳装置

及䜃分㞳精製䝅䝇䝔䝮䇿, 特㢪 2021-128299, (2021.08.04).
               C 

3) 坂下 哲哉,  渡㎶ 茂樹, 宮脇 信正, 石岡 典子, 䇾放射性同位
体䛾製㐀装置, 製㐀䝅䝇䝔䝮䇿, 及䜃製㐀方法, 特㢪 2022- 
75333 (2022.04.28). 

Press䡡TV 
1) 千葉大学䞉東京工業大学䞉大㜰大学放射線科学基盤機構䞉
㔞子科学技術研究㛤発機構, ³生体内䛷安定䛧䛶機能䛩䜛
䜰䝇䝍䝏䞁-211 標㆑法䜢㛤発 䜘䜚有効䛷安全䛺核医学治

療䜈䛾応用䛻期待´, 2021.10.28䝥䝺䝇発表䠖日経䝞䜲䜸䝔䜽
Web版䚸医療 NEWS QLifePro, 上毛新聞Web版䛻掲㍕, 䜶
䝣䜶䝮群㤿䝙䝳䞊䝇䛷放㏦.           C 
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P2-4  Project "Radiotracer Imaging" 
 

Papers 
1) K. Higuchi, K. Kurita, T. Sakai, N. Suzui, M. Sasaki, M. Katori, 

Y. Wakabayashi, Y. Majima, A. Saito, T. Ohyama and N. 
KaZachi, "³LiYe-AXWoradiograph\´ TechniqXe ReYeals 
Genetic Variation in the Rate of Fe Uptake by Barley 
Cultivars", Plants 11, 817 (2022).          N 

2) M. Yamaguchi, N. Suzui, Y. Nagao and N. Kawachi, 
"Simulation evaluation on a compact monitor for gamma-
emitting tracers in plant stems", Jpn. J. Appl. Phys. 61, 027001 
(2022).              N 

3) Y. Nagao, M. Yamaguchi, S. Watanabe, N. S. Ishioka and N. 
Kawachi, H. Watabe, ³Performance improYemenW of CompWon 
imaging of astatine-211 by optimising coincidence time 
ZindoZs´, J. InsWrXm. 16, C12031 (2021).         C 

4) Y. Miyoshi, Y. Nagao, M. Yamaguchi, N. Suzui, Y. G. Yin, N. 
Kawachi, E. Yoshida, S. Takyu, H. Tashima, T. Yamaya, N. 
Kuya, S. Teramoto and Y. Uga, "Plant root PET: visualization 
of photosynthate translocation to roots in rice plant", J. Instrum. 
16, C12018 (2021).            C 

5) K. Kurita, T. Sakai, N. Suzui, Y.-G. Yin, R. Sugita, N. I. 
Kobayashi, K. Tanoi and N. Kawachi, "Autoradiography 
system with phosphor powder (ZnS:Ag) for imaging 
radioisotope dynamics in a living plant", Jpn. J. Appl. Phys. 60, 
116501 (2021).             N 

6) Y.-G. Yin, Y. Mori, N. Suzui, K. Kurita, M. Yamaguchi, Y. 
Miyoshi, Y. Nagao, M. Ashikari, K. Nagai and N. Kawachi, 
"Non-invasive imaging of hollow structures and gas movement 
revealed the gas partial pressure gradient-driven long-distance 
gas movement in the aerenchyma along the leaf blade to 

submerged organs in rice", New Phytol. 232, 1974-1984 
(2021).              C 

7) M. Kitano, S. Yamamoto, T. Yabe, T. Akagi, T. Toshito, M. 
Yamaguchi, N. Kawachi, "Imaging and range estimations of 
prompt X-rays using YAP(Ce) camera during particle-ion 
irradiation to phantoms with air cavities", J. Instrum. 16, 
P08064 (2021).             N 

8) Y. Miyoshi, K. Hidaka, Y.-G. Yin, N. Suzui, K. Kurita and N. 
Kawachi, "Non-invasive 11C-Imaging Revealed the 
Spatiotemporal Variability in the Translocation of 
Photosynthates Into Strawberry Fruits in Response to 
Increasing Daylight Integrals at Leaf Surface", Front. Plant Sci. 
12, 688887 (2021).            C 

9) Y. H.-T. Kohda, Z. Qian, M.-F. Chien, K. Miyauchi, G. Endo, 
N. Suzui, Y.-G. Yin, N. Kawachi, H. Ikeda, H. Watabe, H. 
Kikunaga, N. Kitajima and C. Inoue, "New evidence of arsenic 
translocation and accumulation in Pteris vittata from real-time 
imaging using positron-emitting 74As tracer", Sci. Rep. 11, 
12149 (2021).              C 

Patent 
1) 三好悠太, 尹永根, 㕥井伸㑻, 河地有木, 䇾植物䛾育成管理
䝅䝇䝔䝮, 植物䛾育成管理方法, 師管㌿流㏿䛾測定方法及
䜃師管㌿流㏿䛾算出䝥䝻䜾䝷䝮, 植物䛾生産方法䇿, 特㢪
2021-130988 䠄2021.8.10䠅. 

Press䡡TV 
1) 䇾䝰䜶䝆䝬䝅䝎䛜猛毒䛾䝠素䛻耐䛘䜛䛧䛟䜏䛜ぢ䛘䛶䛝䛯䟿
䡚世界初, 䝠素㧗蓄積植物䛾根茎䛾役割䜢䜲䝯䞊䝆䞁䜾技
術䛷ゎ明䡚䇿, 2021.7.8, 䝥䝺䝇発表䠖 科学新聞, 大学䝆䝱䞊
䝘䝹䜸䞁䝷䜲䞁, Science Japan䛻掲㍕.          C 

 
 

P2-5  Project "Generation of Radioisotopes with Accelerator Neutrons" 
 

Papers 
1) I. Nishinaka, K. Washiyama and K. Hashimoto, ³Adsorption 

temperature of volatile astatine species formed via dry 
disWillaWion in a glass WXbe´, J. Radioanal. Nucl. Chem. 329, 
1459-1465 (2021).            N 

2) M. Kawabata, S. Motoishi, A. Ohta, A. Motomura, H. Saeki, 
K. Tsukada, S. Hashimoto, N. Iwamoto, Y. Nagai and K. 
HashimoWo, ³Large scale prodXcWion of 64Cu and 67Cu via the 
64Zn(n, p)64Cu and 68Zn(n, np/d)67Cu reactions using 
acceleraWor neXWrons´, J Radioanal. Nucl Chem 330, 913±922 
(2021).            N 

3) Y. Nagai, ³ProdXcWion scheme for diagnostic-therapeutic 
radioisoWopes b\ acceleraWor neXWrons´, Proc. Jpn. Acad. Ser. B 
97, 292-323(2021).            N 

4) 4) Y. Nagai, M. Kawabata, S. Hashimoto, K. Tsukada, K. 
Hashimoto, S. Motoishi, H. Saeki, A. Motomura, F. Minato 
and M. IWoh, ³EsWimaWed IsoWopic ComposiWions of Yb in 
Enriched 176Yb for Producing 177Lu with High Radionuclide 
Purity by 176Yb(d,x)177LX´, J. Ph\s. Soc. Jpn. 91, 044201-1-10 
(2022).              N 

 
 
 

Proceedings 
1) す中 一朗, 橋本 和幸, 㮖山 幸信, 䇾医療用 Į放射性 211At利
用䛾䛯䜑䛾基礎研究䠉乾式蒸留法䛻䛚䛡䜛熱分㞳特性

䠉䇿, 第 58 回䜰䜲䝋䝖䞊䝥䞉放射線研究発表会  せ旨㞟, 
29009-10-02, 䜸䞁䝷䜲䞁 (2021.07).          N 

2) 本村 新, 川端 方子, 太田 朗生, 本石 章司, 佐伯 秀也, 塚田 
和明, 初川 㞝一, 永井 泰樹, 橋本 和幸, 䇾低比放射能 99Mo
䜢用䛔䛯小型䝆䜵䝛䝺䞊䝍䞊䛾㛤発䇿, 第 58回䜰䜲䝋䝖䞊䝥䞉
放射線研究発表会  せ旨㞟 , 29004-04-01, 䜸䞁䝷䜲䞁 , 
(2021.07).              N 

3) 3) す中 一朗䠈㮖山 幸信䠈橋本 和幸, 䇾乾式蒸留分㞳䛻䛚䛡
䜛䜰䝇䝍䝏䞁䛾熱分㞳特性䇿, 日本放射化学会第 65 回ウㄽ
会 せ旨㞟, 3K04, 䜸䞁䝷䜲䞁, (2021.09).          N 

4) 永井 㞝太䠈㟷井 景㒔䠈丸山 俊平䠈す中 一朗䠈㮖山 幸信䠈
羽場 宏光䠈横山 明彦, 䇾核医学用䜰䝇䝍䝏䞁抽出䛻利用䛷
䛝䜛䜲䜸䞁液体䛾研究䇿, 日本放射化学会第 65回ウㄽ会 せ
旨㞟, 2P10, 䜸䞁䝷䜲䞁, (2021.09).          N 

5) 塚田 和明䠈橋本 和幸䠈橋本 慎太㑻䠈浅井 㞞人䠈初川 㞝一䠈
佐伯 秀也䠈川端 方子䠈太田 朗生䠈本村 新, 䇾加㏿器中性子
䛻䜘䜛䛜䜣治療用 Sc-47 䛾製㐀䛻㛵䛩䜛研究䇿, 日本放射化
学会第 65回ウㄽ会 せ旨㞟, 3P10 䜸䞁䝷䜲䞁, (2021.9).       N 
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P3-2  Project " LCS Gamma-ray" 
 

Papers 
1) R. Hajima, ³Bandwidth of a Compton radiation source with an 

electron beam of asymmetric emittance´, Nucl. Instrum. 
Methods Phys. Res. A 985, 164655 (2021).        N 

2) T. Shizuma, F. Minato, M. Omer, T. Hayakawa, H. Ohgaki, 
and S. Miyamoto, ³Low-lying electric and magnetic dipole 
strengths in 207Pb´, Physical Review C, 103 (2021). 024309.
              N 

3) R. Hajima, ³Few-Cycle Infrared Pulse Evolving in FEL 
Oscillators and Its Application to High-Harmonic Generation 
for Attosecond Ultraviolet and X-ray Pulses´, Atoms 9(1), 15 
(2021).              N 

4) T. Hayakawa, Y. Toh, A. Kimura, S. Nakamura, T. Shizuma, 
N. Iwamoto, S. Chiba and T. Kajino, ³Isomer production ratio 
of the 112Cd(n,Ȗ)113Cd reaction in an s-process branching 
point´, Phys. Rev. C 103, 045801 (2021).         N 

5) K. Ali, H. Zen, H. Ohgaki, T. Kii, T. Hayakawa, T. Shizuma, 
H. Toyokawa, M. Fujimoto, Y. Taira and M. Katoh, ³Three-
Dimensional Nondestructive Isotope-Selective Tomographic 
Imaging of 208Pb Distribution via Nuclear Resonance 
Fluorescence´, Appl. Sci. 11(8), 3415 (2021).         N 

6) T. Mori, A. Yogo, T. Hayakawa, S. R. Mirfayzi, Z. Lan, Y. 
Abe, Y. Arikawa, D. Golovin, T. Wei, Y. Honoki, M. Nakai, 
K. Mima, H. Nishimura, S. Fujioka and R. Kodama, ³Direct 
evaluation of high neutron density environment using (n,2n) 
reaction induced by laser-driven neutron source´, Phys. Rev. 
C 104, 015808 (2021).            N 

7) A. Yogo, S. R. Mirfayzi, Y. Arikawa, Y. Abe, T. Wei, T. Mori, 
Z. Lan, Y. Hoonoki, D. O. Golovin, K. Koga, Y. Suzuki, M. 
Kanasaki, S. Fujioka, M. Nakai, T. Hayakawa, K. Mima, H. 
Nishimura, S. Kar and R. Kodama, ³Single shot radiography 
by a bright source of laser-driven thermal neutrons and x-rays´, 
Appl. Phys. Express 14, 106001 (2021).          N 

8) R. Hajima, T. Hayakawa, T. Shizuma, S. Miyamoto and S. 
Matsuba, ³Reconstruction of the laser Compton scattered 
gamma-ray distribution in the energy-angle phase space from 
crystal diffraction data´, Appl. Phys. Express 14, 104004 
(2021).              N 

9) K. Inaba, Y. Sasamoto, T. Kawabata, M. Fujiwara, Y. Funaki, 
K. Hatanaka, K. Itoh, M. Itoh, K. Kawase, H. Matsubara, Y. 
Maeda, K. Suda, S. Sakaguchi, Y. Shimizu, A. Tamii, Y. 
Tameshige, M. Uchida, T. Uesaka, T. Yamada and H. P. 
Yoshida, ³Search for Į condensed sWaWes in 13C Xsing Į 
inelastic scattering´, Prog. Theor. Exp. Phys. 2021, Issue 9, 
093D01 (2021).             N 

10) Y. Honda, M. Adachi, S. Eguchi, M. Fukuda, N. Higashi, R. 
Kato, T. Miura, T. Miyajima, S. Nagahashi, N. Nakamura, K. 
Nigorikawa, T. Nogami, T. Obina, H. Sagehashi, H. Sakai, M. 
Shimada, T. Shioya, R. Takai, O. Tanaka, Y. Tanimoto, K. 
Tsuchiya, T. Uchiyama, A. Ueda, M. Yamamoto, D. Zhou, M. 
Kakehata, T. Sato, H. Yashiro and R. Hajima, ³Construction 
and commissioning of mid-infrared self-amplified 
spontaneous emission free-electron laser at compact energy 
recovery linac´, Rev. Sci. Instrum. 92 (11), 113101 (2021).     N 

11) T. Maruyama, T. Hayakawa, T. Kajino and M.-K. Cheoun, 
³Generation of photon vortex by synchrotron radiation from 

electrons in Landau states under astrophysical magnetic fields´, 
Phys. Lett. B 826, 136779 (2022).          N 

12) C. R. Howell, M. W. Ahmed, A. Afanasev, D. Alesini, J. R. M. 
Annand, A. Aprahamian, D. L. Balabanski, S. V. Benson, A. 
Bernstein, C. R. Brune, J. Byrd, B. E. Carlsten, A. E. Champagne, 
S. Chattopadhyay, D. Davis, E. J. Downie, M. J. Durham, G. 
Feldman, H. Gao, C. G. R. Geddes, H. W. Griesshammer, R. 
Hajima, H. Hao, D. Hornidge, J. Isaak, R. V. F. Janssens, D. P. 
Kendellen, M. A. Kovash, P. P. Martel, Ulf-G. Meissner, R. 
Miskimen, B. Pasquini, D. R. Phillips, N. Pietralla, D. Savran, 
M. R. Schindler, M. H. Sikora, W. M. Snow, R. P. Springer, C. 
Sun, C. Tang, B. Tiburzi, A. P. Tonchev, W. Tornow, C. A. Ur, 
D. Wang, H. R. Weller, V. Werner, Y. K. Wu, J. Yan, Z. Zhao, 
A. Zilges and F. Zomer, ³International workshop on next 
generation gamma-ray source´, Journal of Physics G: Nuclear 
and Particle Physics J. Phys. G: Nucl. Part. Phys. 49, 010502 
(2022).              N 

13) M. Oshima, J. Goto, T. Kin, T. Hayakawa, Y. Ohta, H. 
Shinohara, K. Kitamura, H. Seto and K. Isogai, ³Spectral 
deWerminaWion meWhod and iWs applicaWion Wo Ȗ-ray 
determination´, J. Nucl. Sci. Technol. 59, 472 (2022).        N 

Proceedings 
1) R. Hajima, R. Nagai, K. Kawase, H. Ohgaki, H. Zen, Y. 

Hayakawa, T. Sakai, Y. Sumitomo, M. Shimada and T. 
Miyajima, "Research and Development of Attosecond VUV 
and X-ray Sources Driven by Mid-Infrared FEL Oscillators´, 
OSA High-brightness Sources and Light-driven Interactions 
Congress 2020, paper EF1A.4, Washington D.C., USA 
(2020.11).              N 

2) 沢村 勝䠈羽島 良一䠈佐伯 学行䠈岩下 芳久䠈㡻宮 拓䠈中村 
哲朗䠈渡㑓 直久, 䇾㟁子䝡䞊䝮溶接䛧䛯䝇䝫䞊䜽䛾形状測
定䇿 , Proc. 18th Annual Meeting of Particle Accelerator 
Society of Japan, 330-331, Online (2021.08).        N 

3) 宮島 司䠈全 炳俊䠈㧗富 俊和䠈福田 将史䠈梶田 㥴汰䠈島田 
美帆䠈大垣 英明䠈羽島 良一, 䇾㧗効率極短 FEL䝟䝹䝇生成
䛾䛯䜑䛾 1.6䝉䝹㧗周波㟁子㖠䛾㛤発䇿, Proc. 18th Annual 
Meeting of Particle Accelerator Society of Japan, 610-613, 
Online (2021.08).            N 

4) 羽島 良一, ³共振器型自由㟁子䝺䞊䝄䞊䛻䛚䛡䜛㉸放射´, 
Proc. 18th Annual Meeting of Particle Accelerator Society of 
Japan, 748-751, Online (2021.08)   .      N 

5) 川瀬 啓悟䠈羽島 良一䠈森 㐨昭䠈永井 良治, ³差周波発生䛾
䛯䜑䛾㧗㠀線形性䝣䜷䝖䝙䝑䜽結晶䝣䜯䜲䝞䞊䛻䜘䜛波㛗䝅

䝣䝖 ´, Proc. 18th Annual Meeting of Particle Accelerator 
Society of Japan, 756-759, Online (2021.08).        N 

6) 住友 洋介䠈境 武志䠈早川 恭史䠈川瀬 啓悟䠈羽島 良一, 中
㉥外自由㟁子䝺䞊䝄䞊䝟䝹䝇㧗強度化䛾䛯䜑䛾外㒊蓄積

実㦂䛻向䛡䛶 , Proc. 18th Annual Meeting of Particle 
Accelerator Society of Japan, 942-945, Online (2021.08).       N 

Press䡡TV 
1) ³㔞子ㄽ䛷ゎ䛟 , 䝤䝷䝑䜽䝩䞊䝹䛷䛾䜺䞁䝬線渦生成 ´, 

2021.11.25, 䝥䝺䝇発表䠖 䜰䝇䝖䝻䜰䞊䝒, BIGLOBE䝙䝳䞊䝇, 
䝬䜲䝘䝡䝙䝳䞊䝇䛻掲㍕. 

2) ³䝺䞊䝄䞊中性子䞉X 線䛻䜘䜛同時瞬㛫撮影䠉10 万分䛾 1
秒䛾短䛔䝟䝹䝇䛷可ど光䜔 X 線䛷ぢ䛘䛺䛛䛳䛯㧗㏿現㇟
䜢撮䜛´, 2021.9.16, 䝥䝺䝇発表䠖 中日新聞, 日刊工業新聞䛻
掲㍕.
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P3-3  Beam Engineering Section 
 

Papers 
1) A. Terakawa, K. Monokita, Y. Hattori, M. Sato, K. Ishii, M. 

Koka, N. Yamada, R. Yamagata, Y. Ishii, N. Suzui, T. Satoh 
and N. Kawachi, ³Spatial distributions of cesium and strontium 
in tea [Camellia sinensis (L.) Kuntze] leaves evaluated by 
micro-PIXE analysis´, Int. J. PIXE 30, 41-47, (2022).        S 

2) H. Seki, K. Kawamura,  H. Hayashi, Y. Ishi, N. Puttaraksa and 
H. Nishikawa, ³Utilizing a photosensitive dry film resist in 
proton beam writing´, Jpn. J. Appl. Phys. 61, SD1006, (2022).
               S 

3) Y. Koga, T. Satoh, K. Kaira, Y. Hachisu, Y. Ishii , T. Yajima, 
T. Hisada, H.,Yokoo and K. Dobashi, ³Progression of 
idiopathic pulmonary fibrosis is associated with silica/silicate 
inhalaWion´, EnYiron. Sci. Technol. LeWW. 8, 903-910, (2021).       
               S 

4) S. Möller, T. Satoh, Y.Ishii, B. Teßmer, R. Guerdelli, T. 
Kamiya, K. Fujita, K. Suzuk, Y.Kato, H.-D. Wiemhöfer, K. 
Mima and M. Finsterbusch, ³Absolute local quantification of 
Li as function of state-of-charge in all-solid-state Li batteries 
via 2D MeV ion-beam analysis´, Batteries 7, 41 (2021).        S  

5) K. Motohashi, N. Miyawaki, K Narumi and Y. Saitoh, 
³FlXence enhancemenW of a 4 MeV-C4+ ion beam transmitted 
WhroXgh a c\lindrical glass channel afWer charging´, Jpn. J. 
Appl. Phys. 60, 096003 (2021).           T 

6) K. Narumi, H. Naramoto, K. Yamada, A. Chiba and Y. Saitoh, 
³SpXWWering Yields of Si Bombarded ZiWh 10±540-keV C60 
Ions´, QXanWXm Beam Sci. 6, 12 (2022).       I, S 

Proceedings 
1) 宮脇信正, 渡㎶茂樹, 柏木啓次, 石岡典子, 倉島俊, 福田光
宏, ³TIARA AVF 䝃䜲䜽䝻䝖䝻䞁䛻䛚䛡䜛 RI製㐀用䝡䞊䝮䝷
䜲䞁䛾䝡䞊䝮䜶䝛䝹䜼䞊䞉位置䝰䝙䝍䞊䛾㛤発´, Proc. 18Wh 
Annual Meeting of Particle Accelerator Society of Japan, 302-
305, 䜸䞁䝷䜲䞁 (2021.08).           C 

2) 倉島 俊䠈千葉 敦也䠈吉田 健一䠈石坂 知久䠈山田 圭介䠈湯
山 ㈗裕䠈平㔝 ㈗美䠈細㇂ 㟷児䠈宮脇 信正䠈柏木 啓次䠈百
合 庸介䠈石堀 㑳夫䠈奥村 㐍䠈奈良 孝幸䠈³QST㧗崎䜲䜸䞁
照射施タ䠄TIARA䠅䛾現状報告´, Proc. 18th Annual Meeting 
of Particle Accelerator Society of Japan, 771-773, 䜸䞁䝷䜲䞁 
(2021.08).              C, T, S, I  

 
 
 

External Research Groups Except for Takasaki Advanced Radiation Research Institute 
 

Paper 
1) J. H. YX, H. KXroWaki, M. Ando and T. No]aZa, ³Mechanical 

properWies of self-ion irradiaWed pXre WXngsWen Xsing nano-
indenWaWion WesW and micro-Wensile WesW´, NXcl. MaWer. Energ\ 30, 
101145 (2022).             7 

 
 
 
 

 

https://gweb03.qst.go.jp/dpop/view_person.php?id=10005937
https://gweb03.qst.go.jp/dpop/view_person.php?id=10004883
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Appendix 2  Type of Research Collaboration and Facilities Used for Research 

 
 

Paper 
No. 

Type of Research 
Collaboration*1 

Utilization of  
Irradiation Facility*2 Paper 

No. 
Type of Research 

Collaboration*1 
Utilization of  

Irradiation Facility*2 
Joint 
Res. 

Entr. 
Res. 

Coop.
Res. 

Inter. 
Use 

Ext. 
Use C T S I E G Joint 

Res. 
Entr. 
Res. 

Coop.
Res. 

Inter. 
Use 

Ext. 
Use C T S I E G 

1-01 ○                 ○ ○ 1-39         ○ ○           

1-02 ○                   ○ 1-40         ○           ○ 

1-03       ○   ○         ○             

1-04       ○           ○   2-01 ○         ○           

1-05 ○            ○       2-02 ○         ○           

1-06   ○               ○   2-03 ○         ○           

1-07   ○               ○ ○ 2-04 ○         ○           

1-08       ○           ○ ○ 2-05 ○         ○           

1-09 ○         ○           2-06 ○         ○           

1-10 ○         ○           2-07 ○                   ○ 

1-11 ○         ○           2-08 ○         ○           

1-12 ○           ○         2-09 ○         ○           

1-13 ○               ○     2-10 ○         ○           

1-14 ○               ○     2-11 ○         ○           

1-15 ○               ○     2-12 ○         ○           

1-16 ○                   ○ 2-13 ○         ○           

1-17       ○         ○     2-14 ○                   ○ 

1-18 ○                 ○   2-15 ○                   ○ 

1-19       ○     ○         2-16 ○         ○          

1-20 ○         ○ ○   ○ ○   2-17 ○         ○           

1-21 ○         ○           2-18 ○         ○           

1-22 ○         ○ ○ ○ ○     2-19       ○             ○ 

1-23       ○           ○ ○ 2-20 ○             ○       

1-24       ○           ○   2-21 ○         ○   ○       

1-25 ○     ○           ○ ○ 2-22     ○         ○       

1-26       ○           ○ ○ 2-23 ○         ○           

1-27 ○               ○     2-24 ○             ○       

1-28   ○                 ○ 2-25 ○             ○       

1-29       ○     ○   ○     2-26       ○   ○           

1-30       ○             ○ 2-27        ○     ○        

1-31       ○             ○             

1-32       ○             ○ 3-01       ○   ○           

1-33 ○           ○         3-02       ○   ○           

1-34         ○     ○       3-03 ○             ○       

1-35         ○ ○   ○       3-04 ○             ○       

1-36         ○   ○ ○ ○     3-05 ○             ○       

1-37         ○ ○           3-06 ○             ○       

1-38     ○    ○   3-07       ○     ○ ○ ○     

            Total 45 3 1 18 8 30 8 16 11 11 18 
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Paper 
No. 

Type of Research 
Collaboration*1 

Management of  
Irradiation Facility*2 

Joint 
Res. 

Entr. 
Res. 

Coop.
Res. 

Inter. 
Use 

Ext. 
Use C T S I E G 

4-01 

 

1 

 

- - - - - ○ ○ ○ ○   

4-02 

 

- - - - - ○      

4-03 

 

- - - - -  ○ ○ ○   

4-04 

 

- - - - -     ○ ○ 

4-05 

 

- - - - -     ○ ○ 

4-06 

 

- - - - - ○ ○ ○ ○   

4-07 

 

4-08 

 

- - - - - ○ ○ ○ ○   

4-08 

 

- - - - - ○ ○ ○ ○ ○ ○ 

            
*1

 Type of Research Collaboration 

Joint Res. : Joint research with external users 

Entr. Res. : Research entrusted to QST 
Coop. Res. : Cooperative research with plural universities 

through the University of Tokyo 
          (Paper submission is voluntary.) 

 Inter. Use : Internal use 
Ext. Use : Facility use program for external users 
           (Paper submission is voluntary.) 

  
*2

 Irradiation Facility 

C : AVF Cyclotron 

T : 3 MV Tandem Electrostatic Accelerator 

S : 3 MV Single-ended Electrostatic Accelerator 

I  : 400 kV Ion Implanter 

E : 2 MV Electron Accelerator 

G : Co-60 Gamma-ray Irradiation Facilities 
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Appendix 3  Abbreviated Name for National Organizations  
【National Institutes for Quantum Science and Technology: QST】 

（量子科学技術研究開発機構） 
 

◆Directorate and Institutes of QST appearing in this report 
QuBS 量子ビーム科学部門 ： Quantum Beam Science Research Directorate 
TARRI 高崎量子応用研究所 ： Takasaki Advanced Radiation Research Institute 
KPSI 関西光科学研究所 ： Kansai Photon Science Institute 
NFI 那珂研究所 ： Naka Fusion Institute 
RFI 六ヶ所研究所 ： Rokkasho Fusion Institute 
IQMS 量子医科学研究所 ： Institute for Quantum Medical Science 
IASLS 次世代放射光施設整備開発センター ： Institute for Advanced Synchrotron Light Source 

 
◆Department and Center of QST appearing in this report 
・量子ビーム科学部門、研究企画部 

Department of Research Planning and Promotion, QuBS, QST 
・量子ビーム科学部門、高崎量子応用研究所、量子機能創製研究センター 

Quantum Materials and Applications Research Center, TARRI, QST 
・量子ビーム科学部門、高崎量子応用研究所、先端機能材料研究部 

Department of Advanced Functional Materials Research, TARRI, QST 
・量子ビーム科学部門、高崎量子応用研究所、放射線生物応用研究部 

Department of Radiation-Applied Biology Research, TARRI, QST 
・量子ビーム科学部門、高崎量子応用研究所、放射線高度利用施設部 

Department of Advanced Radiation Technology, TARRI, QST 
・量子ビーム科学部門、高崎量子応用研究所、東海量子ビーム応用研究センター 

Tokai Quantum Beam Science Center, TARRI, QST 
・量子ビーム科学部門、高崎量子応用研究所、管理部 

Department of Administrative Services, TARRI, QST 

・量子ビーム科学部門、関西光科学研究所、放射光科学研究センター 
Synchrotron Radiation Research Center, KPSI, QST 

・量子ビーム科学部門、次世代放射光施設整備開発センター、高輝度放射光研究開発部 
Department of Advanced Synchrotron Radiation Research and Development, IASLS, QST 

・量子エネルギー部門、那珂研究所、ITERプロジェクト部 
Department of ITER Project, NFI, QST 

・量子エネルギー部門、六ヶ所研究所、核融合炉材料研究開発部 
Department of Fusion Reactor Materials Research, RFI, QST 

・量子生命・医学部門、量子医科学研究所、重粒子線治療研究部 

Department of Charged Particle Therapy Research, IQMS, QST 
・QST未来ラボ 

QST Advanced Study Laboratory, QST 
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【Other national organizations appearing in this report】 
 

 

AIST 産業技術総合研究所 ： National Institute of Advanced Industrial Science 
and Technology 

JAEA 日本原子力研究開発機構 ： Japan Atomic Energy Agency 
JAXA 宇宙航空研究開発機構 ： Japan Aerospace Exploration Agency  
NARO 農業・食品産業技術総合研究機構 ： National Agriculture and Food Research  

Organization 
NIMS 物質・材料研究機構 ： National Institute for Materials Science 
NINS 自然科学研究機構 ： National Institutes of Natural Sciences 
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