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2. . Interaction of mist and micro-particle
Decommissioning of 1F requires the removal of the
solidified radioactive debris from the damaged reactor
structures. During cutting and cleaning processes, Fig.2 UTARTS facility
submicron-sized radioactive aerosol particles (APs) are
generated, potentially spreading within the PCV and posing a ‘
radioactive threat to the public and environment. In this year’s | 77 """ (T E TSI,
experimental studies at Blanket, by using our UTARTS
facility, we focused on studying methods to suppress and
eliminate these radioactive aerosols within the PCV to prevent
environmental contamination. We firstly conducted the
experiments by using neutral spray and neutral mist to study
the better configuration to improve the performance of neutral
spray system to remove the agglomerated aerosol-mist Fig. 3 Developed electrodes
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particles. Further, we developed the charging system to further improve the aerosol spray scavenging efficiency
and enhance the aerosol-mist agglomeration. Our developed techniques were also validated at more realistic
conditions in the laser-induced aerosol generation & spray scavenging experiments.

Figure 2 depicts our UTARTS facility. The main containment vessel is made by stainless steel with 2.5-m
height and 1.5-m in diameter along with a total volume of 3.92 m*. The facility is equipped with a water pump for
the spray generation with different spray nozzles. An aerosol generator coupled with an air compressor is used to
inject aerosol particles (APs) into the vessel. A mist generator is also connected to the top part of the vessel for the
experiments requiring mist. Finally, two sampling lines connect two points in the vessel to an aerosol analyzer
WELAS 3000 through a heated pipe to evaporate water droplets coming from the spray or mist. Figure 3 shows
some electrodes we developed for charging the water spray and water mist.

In the neutral spray & mist experiments, we validated the effectiveness of using aerosol-mist agglomeration
method for the improvement of aerosol scavenging. To have a better performance for removing agglomerated
aerosol-mist particles, the water spray droplet velocity and coverage were suggested to enlarge for capturing the
large-sized particles by enhanced inertial impaction. Experimental results from charging cases show that a
saturation of the aerosol removal efficiency seems to be achieved at high voltage due to the enhanced droplet
deposition on the electrode, corona discharge and space charging. For safe industrial operations (esp., localized
aerosol suppression in a damaged reactor), voltage at saturation stage but without corona discharge may be
considered. The aerosol scavenging process is accelerated by using the charging spray with both polarities.

Present study develops improved spray system with effective electrical electrodes and attains important
knowledge for understanding the effects of charging configurations on the aerosol scavenging process. Data from
our experiments is expected to be useful for further model developments and validations regarding the aerosol
scavenging in Fukushima decommissioning.
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High-energy X-ray imaging testing is expected to figure out internal structures of aging infrastructure without any destructions.
However, images with high resolution are necessary for subsequent segmentation and 3D construction. Experimental research

and numerical works have been conducted to improve both the quality and efficiency of X-ray inspection technique.
Kevwords : high-energy X-ray, infrastructure, image processing, geant4, non-destructive detection.

1. Introduction

The aging problem of society infrastructure threats daily activities of the human beings, and therefore, advanced inspection
and maintenance techniques are required to ensure the public safety. Bridges, as a typical infrastructure, have drawn significant
attention. Given the continued use requirements, various non-destructive techniques such as acoustic emission (AE), ultrasonic
testing, and radiography (RT) are widely used in bridge inspection. RT is the most effective method in detecting hidden internal
defects due to the outstanding penetration ability of X-rays. However, low energy X-ray sources cannot provide clear contrast
within concrete, whereas high energy X-ray sources are expected to significantly improve bridge inspection technology. Thus,
950keV and 3.95MeV portable high-power X-ray sources have been developed and ready for developing in bridge inspection.
Except for experiments, numerical works based one Monte Carlo Geant4 code were conducted simultaneously for optimizing
the inspection strategy and even noise evaluation in X-ray images. To further explore the depth information of bridges,
tomosynthesis reconstruction were also initially developed based on simple structures.

2. _Geant4 simulation

Geant4, a typical Monte Carlo code is developed to meet the challenges of creating complex and robust software
frameworks for particle and nuclear physics experiments. Its functionality encompasses tracking, geometry, physics models, and
handling of particle interactions with materials. Herein, Geant4 is used to simulate the interaction between photons and the
specimen and the final projections on the detector. To test the detectability of X-ray imaging technique in evaluating grout loss
of sheath structures (important internal structures of bridges), a simple numerical model shown in Fig.1(a) was built in Geant4.
Fig.1 (b) shows the output image of the detector, which is transformed from the photon energy deposited on the detector. Fig.1
(c) draws the gray value profile for better identifing the grout and air existing inside the sheath structure. The result verified the
feasibility of the X-ray inspection technique in detecting defects inside bridge. Complex geometries representing various bridge

structures  will  be Grout Air
further developed to (@) O T T [ e
figure out the imaging Detoctor st | B
P | v I
characterization  and X=rays 204 ' |
X % v ;M®< Sheath
€ 1

optimize the (Cone-beam)
inspection strategy for
accuracy detection and

evaluation of bridge
state. Fig.1 (a) The setup in Geant4; (b) the output image of Geant4 model; (c) the gray value profile of

area inside the yellow square in (b).
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3._Image correction

Generally, the energy of photons in an X-ray source has broad 1850
distribution. Therefore, the actual photographs will exhibit uneven 1800
illumination, with areas closer to the center of the x-ray source appearing 1750
brighter, as shown in Fig. 2. The projection image in Fig.2 was captured -
without any specimen placed between the X-ray source and the detector,
i.e. the background image. The gray value profile along the red line
segment shows that the values are the highest near the center, decreasing
from the center as the distance. The uneven illumination can result in

1650
1600

o 250 500 750 1000 1250 1500

Fig.2 the uneven illumination in background image.



sheath

excessively bright parts

of the image, thereby 2) (al)y S
causing a loss of detail. L

This effect is e

demonstrated in Fig. 3 T

(a), which shows a real 8 * % Dbtuceguy “ Dtaceguey

image taken at the Fig.3 (a) the original image and the gray value profile of the area in the yellow square, (b) the
bridge. We extracted  corrected image and its corresponding gray value profile.

grayscale values from

the area in the yellow square. Due to the uneven illumination, it is challenging to discern the internal structure of the sheath in
Fig. 3 (a) and the corresponding gray value profile in Fig. 3(al). To subtract the background shown in Fig. 2 from Fig. 3 (a), a
fitting function was developed based on Fig. 2 and then was applied to Fig. 3 (a). Fig. 3(b) shows the corrected results and the
corresponding gray value profile, from which the difference caused by two rods and the overlap can be discerned. Additionally,
the presence of the sheath is visible, indicating that necessary post-imaging processing is effective in real-world bridge
inspections.

4. A Bridge specimen

To test the image quality
of the X-ray source in our lab,
the bridge specimen shown in
Figs.4 (a) and (al) was used for
imaging. Its dimensions are Z iy o
800(width) x 500 (height) x . e e
880(depth) mm. Figs.4 (b) and  Fig.4 (a) and (al) the size of the bridge specimen: 800(W)x500(H)x880(D) mm, (b)the
(c) show the original projection  original image, (c) the filtered image.
and its filtered image of the
specimen. The sheath and steel rods inside the concrete can be seen from the side. Thus, high-energy X-rays effectively reveal
the arrangement of the steel rods inside the sample. Obviously, the rods overlap with each other and bring difficulty in
distinguishing them one by one. An effective method for evaluation is expected in X-ray inspection technology. On the one hand,
optimize the position relationship among X-ray source, specimen and detector, which can be conducted by establishing a
numerical model based the original bridge design. On the other hand, suitable post image processing methods will be helpful in
improving the evaluation accuracy and efficiency.
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SECEIUL, KV RAZEICEVE 2 A TOBEESHINFEBLTE D AMREMN D 5, 2023 FFEEIE, 2022 FFEITHESE L
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ZllzkoTmELE, ZAUCK Y BRHEERM EL, REKGEA XY (#92ppm) O 2CHy » BCHy & FRHIT
5HZLNTE (M3), ZDRINAKE 2 270 L 7= 5. k%ff%&ygLffﬁwﬁwﬁﬁ%ﬁé*tﬁf%ko
KRR A £ LDt LTRRBLIZR], 4%, WREEHIEF T A [RNLIAR%Z CRDS (2 X 0 93 5 FIEOBF %
HD 5 L[FIRFIC, HUgLTIZ kmf;@Aﬁ:—z@ﬁwM%éaﬁ%&&@ﬁ#ﬁ%ﬁ%é&@%ﬂ%&Lt
CRDS OB ZAT 2 5B TH D,

BEE AL, BIFESS T(23K13686), FHFESEZS B(22H05023), NUMO LFRIBFZEIC L 22 & A E T,

BRUYR+ (BF Piex HER - BEKE#EE BE JLARR PARXEE)
[1] Ryohei Terabayashi and Shuichi Hasegawa, CLEO 2023 Technical Digest Series, JW2A.148. (2023).
[2] Ryohei Terabayashi, Fumiko Yoshida, Takanori Kunimaru and Shuichi Hasegawa, Rev. Sci. Instrum. 95, 043005 (2024).
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2011 4FD \F SFHzLRE, FlmEREL (ATF) OWFZEBIZ N HERAE TR D T b, <&
BRIV a A1, BUTHM O UV a A (Zry)FRmIZ Cr FEEE2 a2 —T 0 7§52 & C, @ EiROF IR
DIEREIHITHZ LN TE D, L L, Ml ECdh 2 Crid, RIB/EIR(1473 K)NI1T 5 JEMERARIRE A 200/50
MPa ThH-o T, ZHNETIZ, Cr~DOF ik L L TN, Mo S MEIRINT D 2 & CHBAMEI &M, 51
3. BVOLEMEOWENHLND L EZ LTS, 1721, REHEEEMBIOMASLIEE LT, Cr ~D% 5t
TN L0 7187 BMRERE A B L<HLS RN ERFETH Y | Yi%#lR L Y | Cr-Fe, Cr-Sn, Cr-Al
ROFIHFATREMED WA SR TH D Z LN nholz, b XY, AIFETIT Cr BB OB /& 28I
B3 27 —# _X—2DHi% BHI L U, @ SRR O S 25 U 7o AaiR, 72 5 0N, 2 ORI/ AT
ZIEE LT,

2. Bk

Mk & LT — 7 A K> TR L7z Cr-TFe (Wt%) 2 L7z, 24061 4X4 X1 mm? (2
L L, BRI A2 = A U —WFEEARIC &> THRATEE U, R S 260 L7z, £otk, BEEHEIEERNIZIN T
REGFHE T TO 1173, 1273, 1373, 1473, 1573 K Ol e I L. £ OERZLARHE L 72, 723,
2T BB =L LTV TR A L SRR S LTV S TR E e, B FREE
(T 20 K/min & L, FREIREICISN T3 hr OFRERFF ORI O BRI 27 E L 7z, BRIERBREORENT, #
ASF X #RIEHT(Grazing Incidence X-ray Diffraction: GIXRD), J&7FBEf#E, SEM #l52, 72 5 ONZ, EDS % %6 L,
PR AR DR A S0t L 72,
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LS T CTOMEMAL TRV F— (E)) 1E, ~210k)/mol & HAES Hiv/z, T LV | ABRSAOFPHN T, Wi
N FE—OIEHAGIERRIZ LV LIS ET L TWA 2 E3m0n5d, 72, ZOMo Cr 5421 2 EiRigb
PR E DI IV | M Cr &l U T B ORI LY kL, ME T T 5 2 L2300 -> T Y . ABFERES 2
EHUILTRZ R L TCWD Z ENahoTe, —hH, kIXRE EAITHEVVE T Le, Ziud, 3 BREE O EAIZ
IR & BB L8 D EFEIZIRR OAR—E, 72 LIk, BB OO AR R ISR R L 7= gD FTREMEDSE 2
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REMEBEV, 2D LD, %L, MiLTET NORYMERREEZTT ) TEEL LT D,
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D X BRORANRES ZHIE L, BEHIEOBEEDRIE 2R ATz, 2B X0, 30 <20<75 HHNIT 34,
36, 42, 43, 44, 50, 55, 63, 65, 73, 76" fHILICEWTE—2 PHER I, 2D DOKELN Cnos IZRET 5
eyl Fin, X BOBRAENEINT S Z T, 4° (HECFEET D Cr O OB E— 7 OIEEH
ML, N CTiEdH o b 00, 43° FHEIZ CoN, 2V UL, FasOulZlmE T dEHie— 27 B35 bz, b &
D HERER LS IR AR Cr0s MR TH - T, EDONEL, 720 Ui, B i8OS firiZ CoN
K0 Fes04 DINTE LI BGIRAR RS 2 A L QW EHE SN D, F70, B EaRBRi O R BaMEE - X 2 akBlEsi R ©
X, PRNIC AR A RS S, ZORA RHRRIEZ T v & L7 A X050, TIREA LT\ e, 72, #iliEe
B0 L b EABEARE T, ORI BV THERIRHBES MR Sz, 72720, Cr Mo /TN
EEUGHER SR oTo Z b Ziuh OFIRHBET, B OMEBRIER LIz b D L BRI D,
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Cr JEHEBRrB DR /IS AN 57 — F _— 28 (i & LT, W S R OV Stk 2 A L7 IS
BB, RO ONT, T OB AT 2 320 L 7=, Cr-7Fe sABHO LRSI AHEE L7- 1173 - 1573 K I2BT
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BN R Uz, X BT, 22 HONS, SRR EIZR 208 L, 3 CnOs 2 50y & LBk s A LTk
0., ME. Ao, M7 FesOun CoN 25 A L TND ZERDh oz, 708, —HROBIEMERIZ I\ CTHR Ak
DIHERR SIS, URLEPTIZ 81T 2 Ak O JmF 22 B L EOS(FRLARRR) I TR S e o T 2 & v . 2 2 T
ST PRI T, e LaBRIE DM EREIRI I 1T DR & Fobl & OBRROBENCER L7 b o L BRESh D,

BlEfiE, BEAIECHYSMTICBIT DERRBRIC LM Cr ° Cr RAEOMRMIELZFM L., &8
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ARV = —IZ XD Cs DULERGRZ 0t L7, pH fEIKICBIDO 5T, HRENMERVNE Y, F72 CsIREMRWIE E
IAEEIE D EVMERIDFRD BTz, F 7o BRI CIICEEI A MR T3 2, DU I EICA A R L 5 H DT,
HIFT DA AL DFEEZT D 2 ERFHR I, ET /ML DP0E A =X LOEMT 65 Lz,

X—0—F: EREANYTHEL UARY v —, Cs, IG5

1. FX
IXC®IC

JE T IR —DFRIZBNT, BETHRNRFEEMEILY AT AOBFENRRD LN TND, EEE—
JR7-J138FERT (IF) OF 7 U EY H USRS BEECTG YRR 5 “IRBEEY), FRRRTHM S AL TV D31 R
15, Es - BEIHRE IS L 0 AT DKL ~VEEH OREEINTEE T D, b OFEEY AU g
L. B2 2 oA T D72 OI2iE, RN TIEIR LI Ch 5, £ AV RRMERC VAR Y v —72 &
DOIEAEMENL, BEPEFEEY OB LBV D TR Y | FEOH UiAw & BRI a2 i 2 88m
SEEREEZ BT LEZ LN TND, IR~ N 72L& LTOR AL FRMER VAR Y ~—DMEREIT. £
FEDBARIERPRE MR, MEWE, MHEHRENZ, BRI 530 THRHEOREMAS, RO RSO
fRICARRI R T D, BT, BEERFREDOBATEEERE ) AV P LU EWE SN TWB VAR ~—n 3 THEEE
REMZEEZ OV TOHAOERRIA 0 TH Y | SRR RO LN TS, DZIT, ABFEO BRIE, & 2
¥ NRIEEMEL, FRC AR Y = — D) THREA S L EOS OBLE B BN L, Z Ok bl L O
LAFHHOEHEMER FIC271F 5 2 L Th D, AFEEIL, UARY ~—I2 XD Cs OREFRNAE WV 7IE F25
DB, EOWEEMEREZ T L7z,
FHik
ARFETIE, KRBT N U DL EKRTTZNSRDT AR VRIS & AZ A 7% VAR Y ~—(Na-
MKGP)ZfEH L7z, Si:Al:Na thid 2:1:1 TH 5, FiR FB L OMIEIREIC T, 1 HEOBEZ T LT-, ED%,
L. lum REORIZEAFF O L L7z, OHIZ, Na-MKGP & 1795 2FID NaOH A3 % 1= 0I5 &
Fh L, Cs DUICGERBRIZAE L7z, Cs OICERBRIL, WHEERET b Y 7 L2 HWT0.1M H 50T 0.01M O
(ZAEE L, Cs AR 1.0 7213 0.1 mM 1T THEME L7, WEEIGZ KD 2D pH #PHIE, 4-10 & L7z, 24 FFEOSIG
DOBIZ, FFEFEEGT T A~ EE&SHTEE (Agilent 7500cx) & HW T, IHKIZERAFT 5 Cs OIREZRIE L=, Iz
T, PEEFBROFERIZRT U, A A o agiids L O ESE R 2 H 2 “two-site proteolysis no-electrostatics surface
complexation/cation exchange (2SPNE SC/CE)” €7 /W& H\\C 7 (4 v T 4 VT 54T 1=,
FERLBER
B 112, pH ICX LT Cs DUUERIGET 7> F LIZXEZR 100 7 a)

T, Cs OIGEBIAIE, BIREMRN GG, Cs BEME &

WHAEV MBI B o7, pH REIGIC K BRI D SR T 80 § o0 # o °
ST, BT IO TIE, OIS L RO € e

BENT, Ei. HRE. ShbbA A vamEc X vcEs EOT e

BIEET 5 Z LD Cs DIGEITRICHEET DA A £ 0 15 0% ¢ @ o o
NCE D KRELSEBEZ L L NbD, Ut A4y B ‘C o0 e, o o
ST LD Cs WOARY v —HOWGES A MAHET DS G0
LERLTWS, £, BEEfERICBO X, 72 hobEr 8 eCs' 0.1 mM&LS.01M  ©Cs* 0.1'mM & LS. 0.01 M
BOAF L L7205 5120, WEEGMET LIZEE2 b0 0 e S
%. ¥7- 2SPNE SC/ICE EFNLD7 4 w7 4 7 1iBi L% 4 5 6 Tygd 95 1 1
I RS R A BT 250 L7320 | A AL 53Ic LY Cs

O Na-MKGP |25 BUGEA I T& 5 = L #1372, 1. A A s Cs D Rre 5%
1w D Cs IEEIE D pH 21t [1]

AT, VAR =—0N) TR T 5 2 L AL
L7c, AEIOFEBRTIX, Na-MKGP % VY, Cs DL ERNARE W TICERER 2 550 U7, IR L Cs IRE A2
&, pH 2% 4-10 OFEFH CRHM L7, ICEEISIIEREIMEVE L, Cs IREMRWNE E R R AR L6



Too FRPEREIE CIINEEIEME T L, A A SN TERERNTHD Z EAVRIB Sz, F7-. 2SPNE SC/CE &
FTINZE BT 4 T 4 v TRINERBREREZ BIFICHRE CE/22 200, VAR ~—~D Cs DYESIA 4
VR KD ERERR AT B b,
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[1] Yildirim, A. C., Toda, K., & Saito, T. (2024). Determination of the sorption mechanisms of sodium-alkalinized metakaolin-
based geopolymers. Applied Clay Science, 251. https://doi.org/10.1016/j.clay.2024.107303
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1. A. C.Yildirim, K. Toda, T. Saito, 18th International conference on the chemistry and migration behavior of actinides and
fission products in the geosphere, Poster Presentation: “Metal ion diffusion through metakaolin-based geopolymer”

2. A. C.Yildirim, K. Toda, T. Saito, Atomic Energy Society of Japan (AESJ) Meeting - 2023, March, Oral Presentation:
“The Effect of Structural Integration of Radionuclides and Sodium Alkalinized Metakaolin-Based Geopolymer on Leakage from
Host Matrix”

3. A. C.Yildirim, K. Toda, T. Saito, Atomic Energy Society of Japan (AESJ) Meeting - 2023, March, Poster Presentation:
“Multisite Sorption Mechanism of Potassium Alkalinized Metakaolin Based Geopolymer”
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LINAC 7°5® 10ns OV A Z W, BRI B i 26 = U, 2 D% ORFEZEE 2 BEHEEH L T D (X
VAT OH Y AW SRR ko TR S5 DNA HBEOWIHIEEE . BB 2 FIH Lz & FeHB o rébe k.
HEWEDR, VY 7T 7 ¢ FRERE, 73 ERE & 2 KIERGR DML S DWW TR 2D T 5,

X—0—F: NSRRI UFV R TIHN, REHOREIE, FOSHRE, BT

1. FEHIS

KIFNHEOAFEREICBNTH o2 b SNTEWEDO > TH Y AERTEHRS THLH D, RO 2
DA T) =R LFATZT Tl < | BkA 723 B COGHFIN Z R LT 572D b | BEHREZ 31T 27K D5 iE0k
BT COLFERINTEE TH 2, LINAC 7O DR/ WV AEFE—L &2 N2 Z LT, BIHRICE VRS NLD
QAWM CBIIT 2 2 LN TED NV RAT VA VRE), AT, RN ORHHZ LD & KA
BT ROG 2B L T 2,

JEFHIC & % DNA B GF ORI 2 X 113 F, BERRO =3 F—2 RIS 5 DA% DNA % Do
FNS R | EEEEH & MBERIC S D, MIBAERIZIW TR BRI L, A L 72IEERED 5 B
FIZEAEPED OH 7 2 /v Hs DNA \CHIHHRIE 55T 5, EEAERCHBAEN CAMR LI-WIEHREIL. 0%,
R - < 0 ELER L TWE, ZiE7: DNA ZH (HUIKr, HIRMBETAL, © ) I P UlEERE, 7' R
iR L) DR END, ZhbDEIIENOBEEERIC L > TEE SN D, BE#R 5D DNA BF#EA 1 =X
LELT, ZVHNAHHE (radical scavenging) & FEE (chemical repair) D 2038 %, Hi#EILOH 7 /LN
DNA ERIST20%MAETLHOT, BT/ BUNICEZ 20BN S, —H T, BHIHENP- D &L
TrtEATHY, MERMIFIOGEITIEZ b ORI D, AT, 7 BT F R 20 L) »ilE
WAL U, R & 7 1 3SR 32 2 L 2B AN TR Y | 207 ORBERIET — & 2K

HFEFIHICIBO TS L TV D,
@%swbmzaiion

9 5 Strand break
o i A ol a8 oC;D
Direct actio o, -
d o0 e

o
L0 o » Olnjgial damage
: \\ Charge migration

Base damage Enzymes

Opa O . . )
g Radical scavenging Chemical repair .
IoniZing radiation (amino':::(i?:lgiatlin\t/ig(iants, etc.) vl

Radiation syndromes

B 1 BEHRIZ& 5 DNA BIGFERDEBE

2. IMWVRSOF) LRE

IR LF— 35 MeV, [EAR Smm, 7LV AEE 1-10ns OFE - — L%z, 7OV RSB T OURIGHR
BIEEK 100 Gy FREEC, MBI LT Cu X2 Pb SO A FV Tl X7, IBIEHRAESE DGS535/DG645
(Stanford Research Systems) Z FH\>, BT/ SV A L GHTHDH A I v 7wz (FHIEIGE) . B & 72 030
HTRE DAL E B Lz OEEDZEL LW E A RDTZ), BAHR UV ARG LT & X ONFREEN I,
AR SVARRR U2 & S OJEREN [ O & X WL Absorbance =logio(I/ly) & 72 %, WILEEDRFFIZ LN |
(B DRFEFSO SR EELASTEAM L, R = CHUS U 72RO OIRFREIZE b GRIEI) A ATE O (B




TR IV RN G ORGEEEE]) THIY T Z LIk D FORRICEIT DEERINA R SARELND,

3. BWREEE

PCP (Positively-Charged Peptide) &1%., 7T R&tkT 27 I BT A VT I VBEGEATEBY ., 7
REBANERFR VALY $E L MERE LTIEEMICHE LT WRTF N CThod, RIFFETIL PCP %,
His-Tyr-His & Lys-Tyr-Lis (His: & 2F 2 Tyr: Fri s Lys: U P0), O 2 A A RIEIC X 0 AR LT,
PCP |%, ZOEBMICLY, ABMICHE L7 DNA OV UEREAICHES LS9 <, DNA ITRIZJREC& 5 AlRE
HnH 5,

OH 7 ¥V & DRI I T D PERIN 2 £~ 72, X 2 OEMINZIE PCP OMSENIR A~ F v, AN
IR 2457 2/ FEOBIERINA LT hLExd, PCP O predicted 1, 7 2 / FEDIEPERIL AT RGBT
HENDHOERLTUVND, Measured TR EFRFER MR L < —E LTV, 7272 L, 330nm I TENRS
Nz, ZOWEET Tyr kO E—27 TH Y | Tyr OIS PCP TIHLESNTND Z EE2RIB LTS, 51T,
FOGIEEEHbRHMMI L7z & 2 A, Tyr ORJSHEE (shielding) SIVTWDZ ENZH L THAER I,

X7 VAF RO—>TH% dGMP (deoxyguanosine monophosphate) % DNA DE7 /L4531 & L CTHUW, OH 7
AT AGMP LS 712, PCPIZ XL W [FHE SN o+ ((bEFEIHE) b#IZ L=, Z D841 shielding O
KO RITER ST, L LARTF MET 22 & T, RSN E23D Z &R ahiz,

—IHEORFIISE R [1] & LTHIRESN TV DO TEL L ES I,

34 (a) His-Tyr-His

'6- 23, ,@OOOOOO“\ s_ymbol: mea§ured _
o "0p08 o0+ line: predicted '~
2, °oo‘oé O3] 26 —e=— His
P 00055000000, . ] A N 0 Tyr
QD o O- 1
S 0t e R = PR qn A Lys
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[1] C. Tian, S. Yamashita, Y. Obata, A. Kimura, H. Yu, M. Taguchi, "Hydroxyl Radical Scavenging and Chemical Repair
Capabilities of Positively Charged Peptides (PCPs): A Pulse Radiolysis Study", Free Radical Research 58 (6-7), 388-395
(2024). https://doi.org/10.1080/10715762.2024.2385342 .

[2] HEET, "BEHERGRER & L COIEBM<7T NIZBET D078 : MIFIRRRICE A A TC, UL R R L
FRMZERHR D EBS L, B 5mT (2024).

[3] MEJEMAE, "R DNA BB 27 2 BROBGEDR", B RKFER TR TR SRR 1 ) [E
W, fELFRSC (2024).

[4] WFE— "B LD DNA BEFREOYILERRIZIST A /KFIKOEEM", A A EF T3 74 (2), 85-89,
2023.

[51 S. Yamashita, H. Yu, C. Tian, Y. Obata, "Radiation damage to DNA and its protection with a tiny amount of additives

considering the water-DNA interface." (invited talk), 4th International Conference on Ionizing Processes 2024
(ICIP2024), Notre Dame, Indiana, USA, August 11-15, 2024.
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FIEOWFERED b & | B0 5 R IVEEE IS & . BaltBA%E L7 Bi— Al RIE(SDMG ) THR L
72 Dy123 36 KL OVY 123 BSfleEE SV 7 [ OWTEHHRBFIC L d v =0 7 o 2 —EADR Z A~ DRI
DA, EEFUREF X OB IAREIC 36 JIE T TR R ORI A HE D 7,

X—U—F: SiREEEE SRy, BERRA, =07 RERE R

I

ﬁﬁ%@«@ BRI L VA SN KIGIIE = T 2 — L) BERERE A R LSS
ZEMHRTH D, Br=r 7 Z—IRIGOFARENT M OTGIR, KE S S OIENIT, BB R O EEE
TRAF—DOEEL Y = T INIFHET D, B8 1L ¥ —IZ2%8T % REBa BEEOHIEHOZ O, A
&R A HE U727 1200 T, B ARRIBERIC K0 mRIEROE =2 e v 2 — 58 AL, £ ORI OB
RIS 2 LI K0 BB OB DS 2 N 5 2 k%ahbfwé AEEFEIIVEEIC S S i & —
Fr IR (SDMGE THR L 72 Dyl23, Y123 all c-growth # VL7 [ZEFHIRE 21T\ RE JCROENZ L 5
S ROENE T2,
2. R

Fig. 1 (/R T PIETHEERAZ1T>72, RE123: RE211 =7 3 (RE = Dy, Y)DE/LEL TR A S 7z TEP ABUE Ay
K% 850°C, 12 h THBERK L7 RIZ AgO % 10 wt%, CeO, 0.5 wt% Z U L 72 FiBE A~ L k%[ L 7=, EuBCO
N7 RN E LT, Dyl23, YI23 EalBeE v 7 2ER L7z, o AV 3E T =—
(Poz2 = 1 kPa, 850°C, ~36 h) & figs5 7 =—/1(425°C, ~200 h)|Z & HEER BRI 24T > 7=, /N REHT V27 dlCRESE
B 5 2 mm BENZALE N HEI D H L, BRI 252 B TWKREOEAZ LTz, 2 b0 EHZ W,
AR ORI B B 7 2 5B OB L 2 2 SQUID BEHAHZ X W JIIE L, EEEREE J 25 H Uiz, J OB T b
b 27U T ADIEH HILE Bean £ 7 /b4 IV, M ST E(ZAE 2 @i L7E 7O & & U CRERIE & KRR
DHRAS -7z, SR 1R A 3.3x107 em?, 2 [ H 28 3.2x10"7 cm? TH 5.,

3. #ERLER

Fig. 2 {2 SDMG & THERK L 7= Dy123, Y123 all c-growth #3/L 7 /N ik Bk BB - #R B T OB LR DR R AEME
Zond, [ UEEHIXT LC 2 RIOE FHIRI 217> TV . XIH O open o R/VITARMES, closed THDHD T
AT 1 [EIH((3.3%107em?), closed THEMAD T > R/WIE 2 IEI E(6 5x107 em?)DFRIRE B A R LT D, Kalklo
Rﬁ%%%ﬁ%ﬁf%kk% T AEmA R ST, @R, RELZE %#&%T&%%%ﬁf%cmﬁmﬁ
DO DO—EHEIZLEHT DI TLOKRTRALND, —F, SEIOBEIHED T.om Eix, BREEORIIC
%v)?@%wﬁaﬂ%b 7%H#6Wﬁ% TIRREIZE DWW Ted L E 2 Hivd, Fig 312 WK%;UwK
B D EAERF O E T, %%W®LJJWU3EYH3T ERSETH DN, 1 EHOWREE, FRC

YU3TL#ﬁ%<L%L b TT@M%%ﬁﬁ_m<&otoYn3@19ﬁDwBanmmaE%ﬁmé
<, BHE= R X—BENEOERENEE L TS 2 EAVREB ST, 2 EHORE®ZIE, Y123 XIZEAL J
HEPE ’ﬁmiﬁgm&#ot~ﬁDwmfi%%i®ﬁm_ﬁoé%tékmmimﬁ%mtwﬁaiWKlT
TIZBITD J i, RIEBEASIEIC, 1.2x10%, 2.1x10% 2.7x10* Alem? & 25k L7=, Y123 & Dyl23 Ti&fF UHREH&T
HLRMGDOANY FRE = 7 —b LTORGNERD Z LIVRES NS,

A41%, SDMG {E CTHRK L7 RE123 VAl SV 7 2 Huis, S BITBMRERA21T 9 & & b IS E R
B LIET RE JuRIKAFNE, FESR BB ORILR A N7 =—/WZ K % RE/Ba [EAHNH] D2, %%%@%k)b~7
ﬁ%@ﬁﬁ%ﬁ%m_ﬁﬁbtw



TEP RE123E 2R —— S
RE123+RE211+Ag,0+CeO, 42 MABNERE L ES_ i)

425°C, ~200 h in O, flow

e, FE. =L v bpA

L WLETE
1010-1050°C, ~12 h in air EIRRIEEIE  h— L ETF
seedB LR L v FEREDEEHT BEEIE - NE5)Y L%, SQUID
B, R—X NBAE, il

B RLEEE 1

~120 h in air EFRE
T L., HE 1818 : 3.3 x10' cm-2
&5t 7 = — b (RE/BalE A O 57 R

850°C, ~36 h in 1%0O,/Ar flow

Fig. 1 FBRFIA

all c-growth
0}

L Dy123
—o— pristine

—e—3.3x10"7 cm2
—8—6.5x10"7 cm2

Y123

-0.5

Magnetization / -(normalized)

ZFC H'°¢=10 Oe

88 89 90 91 92 93 94
Temperature / K

Fig. 2 B T-#IRIN A21T - 7= Dyl123, Y123 I&AR#hEE
[/ 7L 2 DRV OIREERAFNE

8 T T T 30 T T T T
all f/::lngOMh —o— pristine all g;)g'r(owth —o— pristine
Hilc —e—3.3x10"7 cm™? L Hie —e—3.3x10"7 cm™? ]
6 —=—6.5x10"7 cm?2 | —8—6.5x10"7 cm2
20, 7
% Y123
o
<
s _
e
j(.Y

J./10*Acm2

2
HHIT

Fig. 3 SDMG £ CTHERL L 7= Dyl123, Y123 IRRREERE SV 7 OFE - HRIBETHC X 2 W B TR O 22177 K, 60 K)



EEGE S v F L—5 OB & RS T
MOKIES ", BT 2 WWTE— . BAR2 BHEN?
1. BEXE. 2. FLKE, 3. ®RAZ

2023L.-06

Yb*' A A D 5d-4f BT, ZHETITHH SN TWERIEOER AR T 5 Ce¥', Eu¥'. H25WIT Prrofs
720550, BEHEMOACUVEHEREZ R LI 28ICBWT, sOYrF L—ra VEENTEMTH D, ARIFFET
X, YO A A RIS F L— 2 TH D Yb IR SBr (2FW\ T, THEA SR L O B U AHIERIC I 1T DB
TEYEHGEBROFEE v T L— 3 VBB LT,

X—D—F: 5d4f 8B, AU UERIER, HEAGE, REKRFNE

1. [FCHIC

RS T L —FIZRBW T EN & 72 DR
T 70 —F OO, A A A D 5d-AF BRI 1 sk
L2 EHNDLOTHD, TDELTIEH, | 200K
O OFF A A 33O E L THERINS D, 0.1 0K
Ce*™° EnOFANE <, LY EEREOEFEMD
RIERHT-OIZ PEPFHEINDZ b 5D, =
NoOAF w23 EPLE LTHWAES, YT

Intensity (arb. unit)
[=1
2

L— 2B, 2R ORI AR R & R A waﬁMMWMMWWWWMWMwNJ
MEEMOREE L IREDOEIRZPIZROND Z LI 0.001
2%,

ﬁﬂi‘ ﬁ/z@ﬁ/l/_7o@%§§%)/é\y)\ Yb2+@ 0.0001 ° [] ! 1
5d-4f B & W DRSS H H[1], FFRom -0 0 10 20 30 40 50 60 70 8 90
T AP SN HEIS, My FL—v Time (ps)

g VINENMELNTWD, —7 T, Ce=° B D
B L RARDOIL. YO OFHERKREN SO sdar Bz | B1  RGHRETO Yb FSBr.OYVFL
kwfi FDAE RIS LT, BHEMOAY —, g S

VIR L B RGO A U UAHRER & VBTSN L aVREES
6 VU FL—Z L LTCORRTIL, BHEMDOAL VHREBENEE LY, Zhb @%@%@@ﬂ (B TTTR 2 2AN

ElHAE L, EWAZZOE b 3L — b i 72 SIRET 5720, WEEBOIRERFIEI IS Clan
HIENBEETHD,

AWFZETIL, FiliFex D7 N—FTRFE LIz, YOI ~a 7 oAy v F L— X ORI OW T, 7L A
BFRE NIRRT OY v F L—3 g UIEEERIE IS W TERT 5.

2. REAE

HERFER T L OE T-RIGNINERR)N S DR LV ZABTFRE AV, 7534 F 2% > hoik & i L.
VoFL—ralrEEL BENLDOUTFL—ra B LU AR T2 LY MCP WAL E A
~EE L, TORMMEREZT XA Aa—F TR LT[2], 25 7V AGORHE S &L, v o T
L— 3 U A 1R,

3. HRLER

X112, #7RDEETO YD I SIBn f&fRD Y o F L— a UEEFEI 2 RT, BEIRTE Ebic, BFHEm
Ry Dy T L—a UEEEFEINELS 20 e MRELIK T L, 2 bnZ i, IEF?Q?%@}VETEHK
WRETHY, FACUEHEEOREZIEET 5 &L 5 2BV GRRENTFET D I EBHLNE o T,

SE30H
[1T1 K. Mizoi, et al., Appl. Phys. Express 13, 112008 (2020).
[2] K. Shibuya et al., Rev. Sci. Instrum., 78, 083303 (2007).




MA S BHHHFI DB R S A h =X LOWE
FEIIEE, BHEH BARE #EE' WTE—?2
1. [BFH#E 2. RXRT

2024L.-07

~ AT =T 7F A4 RMAYGBE m e A TRIRANRIAER NI CH LT oA 7 FLT T ) a—LT IR
(TODGAYSR~FHF 27 FL=r U b7+ F7 2 RHONTA)D 7 /L a2 — /LI BIT 5 SR fRsEh %2, ~OL
AT VAN U AEIZ L DR RFHNC K 0 IR

X—0—F: ~AFT—=T727F /A F, WA, TODGA, HONTA, /LA T VA Y /A

1. AX

A AR - 7R Se B ClE, @ LV BERPEBSIR IS B EN D HEME LR D 5 6, IR, 2ol
PEFMEDO RN MA Z55BET 5725, MA EEHRICEEERT 5 2 LI LV BERP ) BEREFTREZR 7 X RRAh Al
DBAYE % 1#:8 T & 72(Y. Sasaki, et al., J. Nucl. Sci. Tech., 44,405 (2007)). IAHhHEICIESW =S o 2 Tl%, £
< DEAITBWTHHANL K7 7 A2 X2 0 AR U CHEH X405 23, #8508 S O PIH] OBLS ) S RT3 2 T8
= FDOEIRT = LRI E S (Y. Ban, et al., Solv. Extr: Ion Exch., 37, 27 (2019)). fili A D F 45 fiis
FRIZHRT DT 3 — RO EEIZ OV T, 7V 22— Ly T MBI O RS C G5 KT T Vv h
FALDAHR Dy —L LTEIK 2 ENHRESNTNDR, — 5 TV 2 — L ORNINS X D HhHEI O43 fifm)2h
BT 5 3797(G. P. Horne, et al., Phys. Chem. Chem. Phys., 22, 24978 (2020)), & DFEMIZOWTIXEZH LT > T
VRV, ZCHREERENE, TV — WIS L o TAERRT 5 2 E BN PRSI D IRBERNE 1 & & O SO6 2 737,

2. ZER

TODGA 3 X OVHONTA % 1-4 7 % J —/LZ 0.01 mol/dm® DFRE CAR L7k AR L, 722 AT
RLTzbD%, ke LTHWE. BlgD72%, PUREX EICHWOND U VR N 7 F/(TBPIZOWT, [FAlfk
DESEEAT S ToRBL bR L 7=, 7SV RA T U4 U U RAEBR T, R KERFBEDA T D8I DA S
% 35 MeV &R VVANE : ~20 n) & & LT, BFHREFEHLIEx® /7T v a T T anitiie L
THW-=.

3. WHRLER

1-A 7 % ) — VA OFEBEFIEF1% 630 nm T
WZe— 7 O A BT 5. —J, 1-A 7%
—LHZT X RRIHEAIZRINT 5 & 520 nm 43T
VAN D SRRy iR F S DRI D3RR STz &

2
L, ZORINAEENT H720IC 630nm LV Rk 8 0= 1 N ctanal)
R CYRIEFIEE 7 OB 21T - 7=, X 112 700 nm THi 3 — TBP
W U 7= VAT T OB &Ry, 1A 2 ) — — HoneA
SV OISR 11350~ A 7 a BRLEE DFfn & F .
TBP Z %L T HIAMFNE DI ECHEMIIZEL L L ! L
o= L, 7 RRIHEH AR 2 & ¢ 1 2 3 4 5
BEREL pot-, ZHUTT I FRITHEAIDNREEFNE Time / ps
e AT 3 1| A3 55T
Lolun L POD CEERLORY, WAREL @y petEstc & o T 145 8 — LB
TBP <° MA ZyBEshitiAl 0% < 1%, FFH o 4R L3RBT 08 E RN

WCBWT RTFH T P HNTTF A Db L D

B &0 BRI RICED LD EEZ BN TE -, REBRTRLIZE D1, TBP OEAIIAMME /2 LIk
STEILINDAINTEZ 5720, b LIZZFDONERR~DOEFEIZ IS T THDH EEZLND. LLen
5 TODGA <° HONTA & W 727 2 RRAIHANZ W T, FRCHUEER & LTT v a—L & 10%LL BRI
T 5 &L 5 725 CIEHAINE L SN D 2 & TR IFT 5 2 L DVRME Sz, Z ORITERIGRIZ X 2 B iy
AR 25D, AStREIEHiE 7 X RRIMHA OB ifE R O 2 387 5 .



2023L-08 Mﬁﬁﬁ%ﬁ%ﬁfﬁﬁesw%

HERK-fR-T

LINAC 225D 10ns OFL VA % N, BRI HBERFR iR 2 2 L, 2 O% OR824 BEEEER L Tvd (3
VAT OF N AW . KRR DS S T DU T ZAVE TR 2 VTR 2o C X 7228, 1B
FEDOARWVEREHZIZEH T& 9, LV EMERRTOREEZRIEZ, 7~ N E8A LT, ~a i AtA DX
A== PHNT =& BRI LT, WEAEL—P—HEALRE,

X—0—F: BHBEIR, SAVRTOF VT RIE TUHIV GT < o, R IRERIE

1. (FLCHIS
HEBRD R OMITEIL, BERESCHERR O A%, T <ITtEE -7, FRCPHEIBREOMIE Tl VAT VR Y

VAENIRS HK L, RERREAZFT TE Iz, 7OVRAT UF Y U RAIETIE, AL &S5RI rIIsk ORI 556
FORBRHTAZERZLEALETHA, ERANITT = Lo 3 7 EDHIEIT O 2 & RN, HIER E L
LT W EBIRSHR LIZHBATH D, Ll WIS EIToex BB CRVW EIEMT 2 eV, £, %
< OIBEARNIEL- L 5 7ol BRI VRIS 25 6 | il 2 ORFRZEE 2 0B T 5 = L RREE e — A H 20, F 2
T, B Tl IREEEL & D\ EREEENE IS L2 IREV Y62 aE B LTV 5, IREV G E L CdaRIMNE D
W& T~ eMER & 72D, Ly L, RIMEIZ IR IR E O @\ DR HER N Z LW, £ 2 TTF w2k
BNV AT A Y T AERITEA U GER DI PTG & 13572 2 BUS CHE AR L PR A B T & 5
IV REUE L TWD, T~ U0 IHE S 0MME 7203, ETRIEIC K 5 YW A B D iR DI x L Ciddhng
N Z > TEFHKIEICSKESND, £ 2 TARETIIZoHfB2FH LT\ 5,

I I REE 5 ~ PR AR T
He-Ne laser Gated
iCCD)

Polythromator Feamera Electron accelerator
(Mitsubishi, ML-35)

Bundle fiber
\
Beam duct
Mirrors
ND filters
LD pumped Sample
YAG laser
(Q1D, Quantum Light Instruments) Laser dump
trigger ElectrorlwI beam
DG645 !
ooz et *“Excitation laser Beam
Logical ov oot catcher
circuit
\
pre-trigger LD plfjrlnpled
—{DG645 e entom e nsrmeres
Digital delay - .
genelator LINAC facility, Univ. Tokyo, Japan

H1  BESEES T U3k ER

IR O SEImI  INVARE L, BTV AERF L, 24 I 2abEe UL —F—b b
T, HEL L7t &t 2, il b —Y%—ITi3FiC, LEM L MmE N7 LD B E AR L — 3 — Quantas
Q1-1064-Q1D-SH (Quantum Light Instruments) O —fiFiaiii (532 nm, ~ 16 mJ/pulse, < 10 Hz) ZHW\ T\ 5%, #ieD
W REORNE L ——Z2 AW S BRIZIE, KT 2 MY v 7 %EE (OPO, optical parametric oscillator) Q-tune E-10
(Quantum Light Instruments) ZFIH L7z, 7~ U BELOE I 7o D, R/ A ZAR™EHE /) A X 572
DITHRHRITBEORIERICHRE L, KT 74— (N LT 7 A 13=) TEELTWD, il L—%— LR UK
EPBELSND LA ) —BELOMGNTIRT ED 720, =y V7 422X 532mm U TFOEEZREL TWD,
T UBELD O B RIERMNTRENZET 2 A b—2 ABEL LT 2810 L T2, BELDEoicidy = v
=S —F WA A= T8 SR-5001-B1 (Andor Technology) & %7*— hff& CCD % A< DH340T-18F-A3
(Andor Technology) Z MW\ T\ %, BEF#/ VULV A, Bt L—HF— VLA Mg O RSN ITBIEE A48 DG645
(Stanford Research System) % FV T %,



3. BRLEER

BAR, L—P— ERICOVWTENED X A I 7 LfIEAEEICG DY D 2 & TR T ~
ELOAE S D3 BUGF T & 1o, BN ESNE L — Y —OFCALEL, B UV 2 2 S L TR0 TRy 70
7% AT MBI L B E NS & 5 P LT (SON) OS5 54 4 (5 CHIRICBIIIC & 72 (192).
B, & CLiZoWTh 7THEBEREE CREEFZBINTLIZ N TEE (M3), Lz WL, BEAESI THD 15
DEROFE BN TE b o7z,

Aug 2, 2023 (Q-1D SHG = 532 nm)
0.1 M NaSCN agq. soln. (neutral pH, N,O-sat.)

3000 -
B i 100 ns (1,000-shot ave.)
< j 200
@ 2000 4 500
S ,E} 1us
8 i
=1000 i
C
2
(%]

0_

0 200 400 600 800 1000 1200
Raman shift / cm™

B2 (SCN)"DIIUARY kL

Aug 3, 2023 (Q-tune THG = 351 nm) Aug 4, 2023 (Q-tune THG = 351 nm)
4000 ©-1M NaBr aq. soln. (neutral pH, N,O-sat.) 0.1 M NaCl + 10 mM HCIO, aq. soln. (acidic pH, N,O-sat.)
- 2000 100 ns (1,000-shot ave.)

5 i 100 ns (1,000-shot ave.) o 200
ﬁ 3000 = 500 » { 500
) 5ps £ 1ps
5 3 & 2
3 2000 g 1004 &
3 a T ﬁ;,%
51000 & 5.4 5 ﬁ‘
n & 7 3 AR <SR

PoR sy 1

0 _L—é 0 ' T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000

Raman shift / cm™ Raman shift / cm™

B3 Br;” (E) &£CL™ (A) DSIVART RV

BiEE

TEERG CIBE S AR LOEREE A (& BITRIR) 12, FEBEOREIZOWTIEL Janik 64 CKIE
/= RV HF LK) IZHIE W, ABFFEIL ISPS BHifFEr 18H03891 18 L TUY 19H00880 MBIk A321), HAEIKYF:
SR DL OILERIAFFEO—BR & L CTEM LT,

BRYR L
[1] Shinichi Yamashita, “Installation of Time-resolved Resonance Raman Spectroscopy to Pulse Radiolysis Setup of the
University of Tokyo” , 32" Miller Conference on Radiation Chemistry, 2023.6.3-8.



IESHRICEREFE S DILFTEA~ DR
BENFR
RERR . KHEAS | BAKT 2 RRES BIIMEM '
B BIE . RREM. WOX" WTE—?
1 KRAFRERELRHARH, 2 REAFRFRTERHRH

2023 L 09

o8k IR IR 2 FRAT 3 D B, BHiR & SPATICRES 2 FTING™ 2 & HORRRCEER S 2 e Bt e 23884 5 Bl
ENRRAH SNz, ZOBRD AT =X LI R TH DD, AT DT DREGNRT T TR TE 72, AF
ZECITHERHRRC K D KR 2 ST L TR S DEFFE(RRC OH 7 ¥ 1 W) DT DRGSR A 7SIV AT A & A
DOFEEFAWEIE L7z, KSCN KL Z V= OH 7 P h VORIEEREZIT-7T-,

X—0—F: OHZ VW, »IVAT VA A BRI, BERRR. Ml EReN

1. AX
EZL oI
2019 4F, &< H LW AEYBR G R ST, FATRSGHIIMZ L 5
TR D RN R LLRBE) DRI T 5, AIIEO RIS B e
— A FNA TG 2 FUIN 2% & | FERGRIIIRRZ Lb~Hla o A7 238 03 %%
LR T 2EN 0o, Z OB BRI CTHR T, B rRiaH
& IRFBAREIRDONFINT E DN D D, RBIGUIMTERL T D2 T DI H
VLR T & 9, AT CIIERC & B K oot e L CAE L 2L FHE
@%Héﬁiﬁ%&ﬁ% CHER L BRI TIZOH T P H VDT A A
(AR ER & 9% OH T 2 H AT O EER OB ETI5,

Sk E_l : sample solution in cell
HHKRFPIRA TTELRAED T A T 7 2 NIV AT U4 ) o A FEER D : magnetic circuit
ZATHOH T, OH 7 VI NDONEEZWET D, KSCN & F{R L LTokKisik %

FAWVE T4 B35, OH T P HANRIENTRAET S & SCNy » 2384 i> : electron beam
T 5, AR (X1 AR & EAT LIZENTE (X1 KRH]) 2 BRG L, SCNz

O IR & 72 53 B TONRIGRE 2 JET 5 H T, B HRREHIRE R E>

IND OH TV ANOREREWHET D, B RO LFEATIC 0.6T & H1 =BRED
RRHWRERESEONDREREIR (B 2B TRERE EAT =
Lk v (BRAR) OO 2R S D, BiGERAESEDLREE SERVEEO OH 7 ¥ 7 /V O E % Hik
TAHHET OH 7 VIV OERICH T DI RETR 5, AEOWFIETIE ;
REHRE 22 &2 F T, MGHELZa hr—L L, 7YV EDR :
I L 2R~

- light

Gvalue (/100eV)

AR LB Z

X 2 1ZHE L7- OH 7 ¥ B VORI b2 Uiz, AkElC OH Z < 1L H3 ;
IS E TIo B 2 P % & > T\ B, Z ORISICE T 5 BRI ke R
TR L SRR RE ) S HER UT-, RES A FIIN L 7Bl 2 i, -t me 0e)
DB DIFRRWIE NS Ch L EL R L, 2 OHSYAhILD
LWL ABDTE G-value

SEATRESEINING X B SR o 200 B ELRBE)DMIC B 5- L 9 5 OH 7 VO EE ., 7SV AT VA
VADFEEZFAVTE L=, OH 7 Y h/VDINEIL SCNy « OXRIRE N HHEE Lz, OH 7 VL DINE|IC
KT DR RIT, B %EH%EFEHXJ& L7zBRICHREE Ch D F 4 fL Uiz, AFRIIRIOCEOELGHmLE LTE
Loz, SRITELT IRV I 2l —ar EMABAEDEDE T, OH 7V INDRNIGEETEEZIE L,
(LR 2B )DL AT D, RO DNAHIEY S =2 L—y a3 VA ERT 5T, BRSOz &
S CHATRS R A C & D DREET 5,

BREYR b+
[1] KRFHBAA, KIRRFRFPE BRI, &3m0 (2023).



L—H—ifE L BEFE—LRFOMEMHEEMAK
b fZ*, T B, B8R ®F
ZR B, ®BO ®RE, ER R, M EX
HRAZ . FHERE"

2023L-10

FEOWTERED G &, A5 EEIDE L BT v — a0 - GiEUgeicmT <. & L ORERRE 1T 72,
FEIR O VA FREOFRI L —F—TH DYV 7 LT 7 A N —F—DFYRER N OVEIESS OFEEE L 3L
AHEDT-,

F—J7—F: L—¥— BHEEvr—LA @E VLR L—F

1L iIL®IT

L—W—HIFORBITZF L, 7 MO L—P =B TR L —W —72 SR Bl s 2845 & & biz, —
A SAETRIC B IATEH SN TS, —FH T, &1 E—2HI G F L AR ©— A BRI e K12 kY
X HRAEIR D L — P —FIR OB, BB E 3 2 & Re o/ M Ze St 70 E BB A ST D, Zihvh D%
B LW E AT 5 Z LR BiE T, £72. 2O X D Al - @A OBIRIZ X o TR e i A Al
T5EEBIC, HRERKFOWS E L TOMEZFEDO TN Z &&= BT, YiFEEIIREZR B L L CORE
BEFr—LAERE RN ——|C L AEF U — IR AT AORSE D T,

2. REAE

TR T E— A4 - L——IC K DE T E— 2RI T, b— PR A D T, T, R 2.
m &HE < DoOERhER - BV AR LR EETE LYY DA (Tm) ZRIMLEET7 7 ANk D7
7 A N =P —DIFFEREANCB T b TN D, 2D X D 72RHIT L — Y —IC X D E RISV T HIEF 2R
RINBNZ LG, ZOL——HROBHZRD, HBEEEDTZ, Tm 7 7 A N L OhORRIE—7 2H
L. BEANITIZ 1920 um DIEEERT D, IO 7= OREEE LT, HE 793nm O L—F—& 1 F— KKk
WHEE1S5um O Er 7 7 A N XA HFEE T Tm 7 7 A N L—W =38R OMEEEIT o 7=, Fig. 1 l2EhEh
OFENERRICB W TR L L——RiESR O v N7 v 7 2nd, A dBzEMoE Y b7 v 7 13EKET,
R R EER 2 W= — RREIZ A LT D, Tm T 7 A4 /38 LT, 793nm FhiEDHFAIII LT NI T
R7 7 A "%, 1560nm FHEOBRIZIZ Y > T NE— R 7 7 A4 NEHNTWDLHNRRD | ZO-00E LT 5
S Br > TWd, 793nm D L—H—H A 4 — RIIFHRK 8W H)TE 5 —7, 1560nm ¢ Er-Yb DCF HHlE#R 7>
HOHMNIHR IW BRETH 58, ZANMmE Y M7 230 L ye U —Th 5.

3. #ERLER

Fig. 2 [ZRHE L7= Tm 7 7 A N L—F—OFHllifs B Uiz, A 5 4EFE DB TIE, 793nm DJihiE 2 v V-
Tm 7 7 A N —WF—DF, sV AFERSEL Z LN TE -, 1560nm O Er L—F—h I LTk, B oiE
VNN SRy 5% oY N i) ﬂﬁbf%%%ﬂﬁ%%ﬁ%%ﬁ01m<%mf%éI@2®) T3 IV A FHRIFOD /X
VAR R LT, 925 MHz OV IR L T/ ULV ARIR L TOWDDORGND, BRI TWBE /L AIEIL T + &
A A= REOA T 0 A a—T ORI L 2 VAR TH Y | EREIZIT ps FREDIETH H = L NMEEI NS, Fig.
2 (b) (I TRE (L—V—&F A 4 — ROER) vs L—F—HDORERE /R LTz, £ 2.5A FE OB FRHVINKC

BWT, HARFRERUZEL L TND Z ERNg0D, ZABE— REFORIEL 72> Tk 2L @WERIET
13UV ARERE LT D, Fig. 2 (¢) 12IE, /\JVX%J?)»EH#ODXJ\& V7R LT, #9100nm DOIEF TRV % FF
DL —P—ULANHEREINTEY ., ELLFEHEZITo25E10E, B s BREOBE VAN ELND Z &N
BEIND, 5%, M L CRIRE ORI 22 & 21TV, 1560nm I OFRIRERDE — FRIMIRIREFEH L, &
TERRFIRAAAEET 5725 & & I MR /e & A2 HE6 Lo @ ECRaI T U L T2 Elii e 1
L OPFRIZMT T2V AT AEELED T TETH D,



Multimode LD
Wavelength : 793 nm

Pump combiner

HWP Qwp

Output PBS coL
7 Z M
7

et
SMF Tm-DCF DCF

450mm 1750 mm 600 mm
Isolator ber
600 mm
Qwp QWP  Isolator
coL
N— T T I Er-Yb-DCF amplifier
Wavelength: 1.5 ym Mirror
Mirror
SMF UHNA 4 High-power
isolator

150 mm 3050 mm

Fig. 1 : fE L7- 2 BB Tm 7 7 A /S L—H =3RS (/2 : 793nm Jihitd, 45 : 1560nm Jibite)

1000 1.2
% 800 -| z 1 A\
5 600 | o S 08 1 I
2 o g [\
3 O S 06 - \
S 400 - o > [\
3 o K7} B [ \
g o 5 0.4 - ‘1 \
O 200 - & E ol # \
o ' [
/
0 Q .vo«-m/\‘.w'm,/\/\_ﬂ«w"‘/‘# \x‘w"\'m\,m',«ﬁ
T T 0 T T

2 3 4 5 1600 1800 2000 2200 2400

LD current (A) Wavelength (nm)

(b) (c)
Fig. 2 : 793nm }5E{K L —F—[hte D Tm 7 7 A 7 IR T HE VA L—F—RIRRER @) 2~V AT
% (b) hiEddt vs L—F—HA DR (0) 7V AFIRKED L—F—HD AT hr



SERFRBEMORHARDOHE
L.Bo!, L.J. Cui !, J.AK. Jovellana !, Q.Q. Shi !, S. Kano !, H. Abe !
1. The University of Tokyo

2023H-01

Since the 2011 Fukushima-Daiichi accident, Cr coatings on Zircaloy for accident-tolerant fuel claddings have gained
attention. The effect of solute elements, especially under irradiation, is still unclear. In this study, Cr-7Fe was irradiated
with 2.8 MeV Fe** to 20 dpa at 550 °C. Results show Fe doping strengthens the material and reduces
irradiation-induced hardness compared to pure Cr. Microstructure analyses reveal Fe can limit defect diffusion and
void swelling. APT results indicate no harmful Fe-rich clusters in irradiated Cr-7Fe, showing improved irradiation

resistance over pure Cr.

Key words: Accident tolerant fuel cladding; Chromium; Ion irradiation; Dislocation loops; Void swelling

1. Introduction

Manipulating solute elements is a widely used strategy to enhance the irradiation resistance of materials. Solute atoms can
strengthen the material as a solid solution, act as sinks for recombining irradiation-generated point defects, and form
precipitates. To improve the performance of Cr-based coatings on Zircaloy cladding, Cr-Fe alloy was chosen for several
reasons. Firstly, Cr-Fe alloy has better ductility than pure Cr, which is crucial since pure Cr is brittle at relatively low
temperatures. Secondly, Cr's excellent corrosion resistance is maintained when Fe is a minor alloying element. Stainless steels
with 17-18% Cr form a protective chromium oxide scale, suggesting that Fe in Cr alloy should minimally impact Cr oxide
layer formation. Lastly, Cr-Fe alloy is expected to have superior radiation resistance compared to pure Cr.

The purpose of present study is to clarify the irradiation resistance of Cr-7Fe and pure Cr under ion irradiation at 550 °C,

focusing on irradiation-induced hardening, void formation, swelling rates, and potential Fe-cluster formation.

2. Experimental procedure

Pure Cr and Cr-7Fe (wt.%) specimens were prepared by vacuum arc melting using raw materials of pure Cr (99.995
wt.%) and pure Fe (>99.99 wt.%). The resulting ingots were then cut into plates and annealed at 800°C for 2 hours to achieve
the recrystallized microstructure, followed by furnace cooling to relieve mechanical stress. The irradiation experiment was
conducted at High Fluence Irradiation Facility of University of Tokyo (HIT) using 2.8 MeV Fe?* at 550+2°C. The damage
distribution was simulated using SRIM, with a peak dose of 20 dpa at a depth of 800 nm and a dose rate of 1.97 x 107 dpa/s.
Nano-indentation tests were performed on all specimens before and after irradiation using a Shimadzu DUH-211S equipped
with a Berkovich indenter. Thin transmission electron microscopy (TEM) foils were prepared using a Hitachi FB-2100 focused
ion beam (FIB) and subsequently polished electrolytically. Atom probe tomography (APT) experiments were carried out with a
Cameca LEAP 4000X HR in laser mode at 54 K, with a laser pulse energy of 50 pJ and a pulse frequency of 200 kHz.

3. Results and discussions

The hardness of unirradiated Cr-7Fe is estimated to be 1.1 GPa, which is higher than that of pure Cr. After irradiation, the
hardness of pure Cr increased from 2.3 GPa in the unirradiated state to 4.6 GPa at 15 dpa. In contrast, despite Cr-7Fe being
irradiated to a higher dose of 20 dpa, it exhibited less significant hardening compared to pure Cr. The irradiation-induced

hardness for Cr-7Fe at 0.1 dpa, 3 dpa, and 15 dpa were 0.77 GPa, 1.95 GPa, and 2.26 GPa, respectively. Notably, the hardness



of Cr-7Fe irradiated to 20 dpa was the lowest among all samples, at 0.43 GPa. This absolute hardness was even lower than that
of pure Cr irradiated to 3 dpa. These results indicate that adding Fe to Cr improves mechanical properties and significantly
reduces irradiation-induced hardening.

In irradiated pure Cr, voids differ significantly in distribution, shape, and swelling compared to those in Cr-7Fe alloy. In
Cr-7Fe, most voids are cubic with faceted {001} planes, while some are nearly spherical, likely due to including impurity in the
sample. To avoid free surface traction effects and point defect diffusion into unirradiated regions, void distribution and swelling
were measured at depths of 500-800 nm. The sample thickness was determined using convergent beam electron diffraction.
The void size follows a Gaussian distribution, averaging 8.2 nm. Ryabikovskaya et.al. reported that the irradiation-induced
void swelling is estimated to be 1.5 % at the 20 dpa, indicating that the swelling in Cr-7Fe (0.35%) is significantly lower than
in pure Cr at 20 dpa and the same temperature, and even lower than in 3 dpa irradiated pure Cr (0.59%). Thus, Cr-7Fe exhibits
much better irradiation swelling resistance than pure Cr.

The APT analysis results of Cr-7Fe alloy specimens, both before and after irradiation, include atom distribution maps and

the nearest neighbor distribution (NND) of Fe. The atom distribution maps show no clear Fe-rich clusters.

4. Summary and future work

To enhance irradiation resistance, the strategy of regulating solute atoms, specifically replacing pure Cr with Cr-Fe alloy,
was proposed to improve the performance of Cr-coated Zircaloy. Preliminary results show that Cr-7Fe alloy exhibits higher
hardness before irradiation and lower hardness after irradiation, demonstrating significantly improved resistance to

irradiation-induced hardening.

Achievement
[1] LJ.Cui, Y.F. Du, HL. Yang, J.A K. Jovellana, Q.Q. Shi, S. Kano, H. Abe, Improved irradiation resistance of Cr-Fe
alloy for Cr-coated Zircaloy application in accident tolerant fuel, Scr. Mater. 229 (2023) 115344.
https://doi.org/10.1016/j.scriptamat.2023.115344.
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In order to clarify the origin of radiation-induced amorphization of M23Cs in F82H steel, the HREM observation of the

irradiated and unirradiated bulk M23Cs (M: Cr, W) via atomic scale analysis was performed in this study.

F—" — F : Fusion reactor; Reduced activation ferritic/martensitic steel; Radiation induced amorphization; MaCs;

Transmission electron microscopy;
1. [FE&HIS

F82H steels, which is promising structural material for the Japanese DEMO fusion reactor, belongs to the
classification of tempered martensite structure and contains nanoscale particles, including MX (M: Ta and V, X: C and
N) and MxCs (M: Ta and V, X: C and N). These particles act as barriers to suppress dislocation migration and provide
sink sites for the annihilation of irradiation-induced defects. Consequently, they contribute significantly to the
improvement of the thermal stability and irradiation integrity of the steel.

Various efforts have been made to clarify the stability of these carbides under irradiation to provide a better
understanding of the structural integrity of the steel with respect to its future practical applications. It is well known that
the crystalline-to-amorphization (c-a) transition of M23Cs, also called radiation-induced amorphization (RIA), has been
observed under irradiation. In our previous studies, the amorphization of M23Cs particles could be observed under ion
irradiation at a temperature below ~623 K, and a core-shell structure with crystalline-core and amorphous-shell phases
was formed after irradiation. In more detail, the chemical and topological disordering of M23Cs particles in F82H were
visualized by high-resolution electron microscope (HREM) observation. The lattice parameter of Mx3Cs particle was
estimated to be 1.083 nm, and the preferential occupation site of W before irradiation was identified as the 8c site by
High-Angle Angular Dark Field (HAADF) observations. An important finding is that the W-free M23Cs particle in the
Fe-8Cr-0.1C ternary model alloy retained its crystallinity even at higher doses and low temperatures. This comparison
suggests that the addition of W affects the irradiation response of the MxCs particle. However, the underlying
mechanism remains unclear, especially the role of the solid solute W atoms in the RIA of M23Cs particles, which is of
great importance in predicting the instability behavior of the M23Cg particle in a fusion reactor environment.

In order to verify the effect of W concentration on the RIA of M23Cs, the bulk M23Cs specimens with different
W concentrations were investigated, so far. The results showed that the lattice parameter of the M»3Cs increased with
increasing W addition, and the maximum value was estimated to be 1.083 nm at the W concentration of 12 at.%.
Amorphization was observed only in the 4W specimen, with a W concentration 12 at.%, under 160 keV-He" irradiation
<500 K, indicating that the instability of M23Cs under irradiation is strongly related to the W concentration. However, the
atomic-scale microstructural analysis of the irradiated bulk M23Cs specimen is still lacking, resulting in an insufficient
understanding of the chemical and topological disordering in the bulk M23Cs due to irradiation. Therefore, the purpose of
the present study is to clarify the origin of radiation-induced amorphization of M»Cs, the HREM observation of the

irradiated and unirradiated bulk specimens via atomic scale analysis was performed.

2. Ak



The 160 keV-He" irradiation was performed at the High Fluence Irradiation facility of the University of Tokyo
(HIT). Helium (He) ions were bombarded into the specimen to mitigate the effect of chemical composition change on
the amorphization process. The irradiation temperature was maintained <500 K during the irradiation. The damage dose
and rate were estimated from the average beam flux (p) and the SRIM displacement calculation. The depth of the
damage peak is located at ~0.4 um from the surface. The irradiation damage achieved in this study was 5.0 dpa for each
specimen. Cross-sectional TEM analysis was performed to evaluate the occurrence of amorphization after irradiation.
The thin TEM lamella was prepared by the standard Focused Ion Beam (FIB) lift-out technique on a Hitachi FB-2100
system, and the surface was protected by a W-deposition layer to prevent irradiation damage caused by FIB processing.
Low-energy argon ion milling was then performed prior to TEM/STEM observation to remove the artificial defects
produced by FIB. After FIB and low-energy argon milling processing, TEM/STEM observation was performed to
identify the RIA features. The probe spherical aberration-corrected (Cs-corrected) microscope (FEI Titan3 G2) was used

for atomic-scale observation at the working voltage of 300 kV.

3. BRLER

From the HREM observation of the irradiated bulk M23Cs specimens, a significant change in atomic
arrangement due to irradiation was detected in all the specimens, especially in the region below 500 nm. The basic lattice
structure could be detected in 1W and 2W specimens (< 500 nm), although the intensity of each atomic column varies in
the irradiated region. It is suggested that the chemical disordering is surely caused by the irradiation, however, this is not
the primary effect of the amorphization. In the 4W specimen, no periodic rule of atomic arrangement was observed in
the irradiated region, indicating the occurrence of RIA in the regions <500 nm. In order to further evaluation of the
magnitude of the chemical disordering, a line analysis of the Fast Fourier Transform (FFT) of HREM image was
performed. As a result, in the 1 W specimen, peaks from each crystal plane were observed even within the irradiation
region. In contrast, although crystallinity is shown in the HREM image, the intensities in the 2W specimen were
relatively low, indicating that the extent of crystallinity was reduced by irradiation. In addition, in the 4W specimen,
there were no peaks corresponding to any crystal plane within the irradiated region. Based on these results, it is clear that
a higher W concentration is more likely to promote the occurrence of chemical disordering, which is closely related to

the occurrence of RIA.

3. FLHLESERDFE

RIA was observed only in the 4W specimen, corresponding to a W concentration of ~12 at.%, indicating that

RIA is strongly related to the W concentration in the bulk M23Cs. Analysis of both HAADF and FFT images revealed
that the occurrence of chemical disordering varies with W concentration and irradiation dose. A higher W concentration
tends to produce more pronounced chemical disordering. The visualization of atomic-scale displacements due to

irradiation will be performed more deeply to understand the instability of the particle under irradiation.
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Ion irradiation effects on microstructure and hardness changes of high
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purity vanadium alloys
Jingjie Shen

National Institute for Fusion Science

High-purity vanadium alloys containing much lower interstitial impurities and high-activation impurities were developed to
improve the low-activation properties and reduce the recycling period after use in fusion reactors. It is expected to further
improve the low-activation characteristics by reducing the Ti concentration in V-Cr-Ti system. To minimize and optimize the Ti
concentration, the effects of ion irradiation on microstructure and hardness variations of high-purity vanadium alloys with

different Ti levels were investigated.
Kevwords: High-purity vanadium alloys; Microstructure; Irradiation hardening; Ti concentration

1. Introduction

Low-activation vanadium alloy is considered as an attractive structural material for blanket application in fusion reactors.
V-4Cr-4Ti was selected as a reference composition on the basis of comprehensive studies, such as mechanical properties,
irradiation damage resistance, and corrosion resistance, etc. The alloying element Ti in the V-Cr-Ti system produces long-term
radioactive nuclides under fusion neutron irradiation, even though it has a benefit to precipitate the interstitial impurities, keep
the impurity level low in the matrix, and thus improve the ductility. It is, therefore, expected that reducing the Ti concentration
would reduce the cooling period of V-Cr-Ti alloy for full remote recycling within 10 years after use in fusion reactors, which
provides economical and safety benefits to reduce the amount of radiation waste. However, Ti reduction leads to degradation of
the strength. To maintain the necessary strength, increasing Cr concentration was examined, and high-purity vanadium alloys
with high-Cr and low-Ti levels were developed. In this study, it is to further optimize the Ti concentration, the effects of ion
irradiation on microstructure and hardness variations of high-purity vanadium alloys with various Ti levels were investigated.
2. Experimental

The high-purity vanadium alloys with nominal composition of V-4Cr-1Ti, V-4Cr-2Ti, V-4Cr-3Ti, V-4Cr-4Ti were used in
this study. The button ingots were prepared by arc-melting, and then warm/cold rolled to 0.25 mm thick sheets. The rolled
samples were punched and annealed at 1273 K for 1 h in the vacuum furnace. After annealing, the samples were
electro-polished in the electrolyte of 20 vol% H>SO4 in CH30H. 2.8 MeV Fe?" irradiation experiments were performed at 773
K by means of the High Fluence Irradiation Facility (HIT) at the University of Tokyo. The displacement damage dose was
estimated at about 10 displacements per atom (dpa) at the peak damage (~1000 nm) via SRIM code. After ion irradiation,
nanoindentation harness tests were carried out up to the depth of 150 nm from the irradiated surface. The average hardness
value was obtained by measuring 80 points on each sample. Regarding microstructure observation, micrometer scale samples
were prepared by a focused ion beam (FIB) device and characterized by transmission electron microscopy (TEM). Prior to
TEM observation, flash electro-polishing was carried out in the above-mentioned electrolyte at ~ 238 K.
3. Results and discussion

Figure 1 shows the nanoindentation hardness of unirradiated and irradiated V-4Cr-1Ti, V-4Cr-2Ti, V-4Cr-3Ti, V-4Cr-4Ti

alloys at 773 K. With respect to the unirradiated samples, the nanoindentation hardness of V-4Cr-4Ti alloy was higher than

V-4Cr-1Ti, V-4Cr-2Ti, V-4Cr-3Ti alloys, whose hardness were similar. After ion irradiation, significant hardening was



characterized in all alloys. Compared to other alloys, the hardness increase of V-4Cr-4Ti was lower, which indicated lower
hardening for V-4Cr-4Ti alloy, and 4% Ti addition can suppress irradiation hardening. The irradiated microstructure was
characterized by TEM. Irradiation defects, such as dislocation loops and dislocations were observed in the irradiated samples,
which were attributed to the obvious hardening after ion irradiation. Since the flash electro-polishing experiments were not
successful every time, more TEM samples and flash electro-polishing were needed to obtain more microstructure information,

which will be scheduled.
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Figure 2 Nanoindentation hardness of unirradiated and irradiated high-purity vanadium alloys with different Ti concentrations.
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1. Introduction

Structural materials in next-generation nuclear reactors would suffer from severe displacement damage at higher temperatures
with transmutation products such as helium as compared to current fission reactors. In recent years, medium and/or high-entropy
alloys (M/HEAs) have attracted attention due to their excellent mechanical property and high irradiation resistance ), especially
at higher temperatures. However, the helium effect on microstructure evolution in HEAs has not been well-studied thoroughly
so far. In this study, the investigation of the helium injection rate effect on microstructure evolution was carried out for ion-
irradiated CrosFeMnNi.

2. Experimental

CrosFeMnNi were first irradiated with He™ at 40 keV and 80 keV at room temperature in Hokkaido University to get evenly-He-
distributed samples at the depth of 150-200 nm. Then, the ion-irradiation with Fe** (1.3 MeV) was performed at 500°C in the
High Fluence Irradiation Facility at the University of Tokyo (HIT). The irradiation condition for each sample was 0, 10, 100 and
880 appmHe/dpa).

3. Results and discussion

According to the TEM results as shown in Fig. 1, irradiation- TN Cronn [0 B
= , 0 appm Hejdpa ' '

induced defects were found after irradiation at 500°C. The defects
in the samples with low and medium He concentration are all
black dots, while in high He samples, dislocation loops were found
near the grain boundaries. The size and the number density of the

defects are shown in Fig. 2. The size and the number density of

defects were decreased up to 1 appmHe/dpa. In general, He could

trap vacancies and form He-V complex, however, they seemed not [ Sl ~_ i I j .‘T‘, ':;: . g;(:‘:meh}l:l:’z s
to form stable complexs in this stage. Assuming that the long range & 7% }. FRE i “3:‘3 'v‘;.. o <
migration of V was suppressed by the high lattice distortion of s -;:,a.‘g;

HEAs, the interstitial atoms could recombine with V, resulting in i .-‘:f\‘:{. :

less large defect formation. In addition, the defect number density £ S :': :‘:*%"‘;k’

was increased in the range of higher He/dpa ratio, while the size ‘ .»'.';"{"‘_ \‘:L\\g

was increased. This could be due to the formation of the stable He- -Kn.—' I Rt : o :&.}.!_ l> 2y “.’!.S.}'J % 3 po

V complex, probably leading to the defect nucleation and growth.  Fig. 1 Microstructure of the CrosFeMnNi high entropy
alloy irradiated at various He injection rate after ion-
irradiation with Fe*" at 500°C.
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Fig. 2 The size and density of irradiation induced defects under different He injection rate.
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Irradiation effects of Zr-based accident tolerant fuel claddings
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To elucidate the irradiation effects in Zr-based nuclear fuel claddings after long-term operation, in which hydrides will be
readily formed, in-situ TEM observation under irradiation was conducted using the specimens with and without hydrogen
charging. Results show that the loop growth is enhanced by the solute H atoms and hydride re-precipitation is suppressed by

irradiation defects.
F—7—F : Nuclear fuel cladding, Zr-based alloy, Irradiation, Hydrogen

1. AX
1.1 Background

Zr-based alloys have been extensively utilized as fuel cladding and structural components in the water-cooled reactors.
Various degradation behaviors readily occur during the long-term operation of these components, such as irradiation and
hydrogenation induced embrittlement. To date, great efforts have been attempted to understand the single effect of either
irradiation or hydrogenation on the microstructural and mechanical property change. However, the synergetic effects from both
irradiation and hydrogenation have not been fully understood, which is of great importance to understand and to predict the
in-pile performance of the key Zr-based components, as these components are suffered from the harsh environment including
both intense irradiation and hydrogen adsorption. Therefore, the purpose of this study is to elucidate the concurrent effect of
hydrogen and irradiation on the microstructural and mechanical property change in Zr-based alloys.
1.2 Experimental

Zircaloy-4 specimens were employed for this study. The disk specimens with a diameter of 3 mm were prepared and
subjected to hydrogen charging with a gaseous hydrogen charging method under 3.5% H,-Ar mixture gas atmosphere.
Specimens with a H concentration of 49 ppm were achieved. The in-situ TEM observation was conducted at the High Fluence
Irradiation Facility, the University of Tokyo (HIT), with the application of 1-MeV Fe" beam. The irradiation was conducted at
633 K, the irradiation dose was achieved up to ~0.4 dpa.
1.3 Results and discussion

TEM observation results show that the density of irradiation loops increases quickly at the dose <0.1 dpa, and the size
increases gradually at the dose >0.2 dpa due to the agglomeration and the coalescence of the point defects. The defect density
in H-charged specimen is slightly higher than that of the as-received specimen, probably because the formation of H-vacancy
complex lowers the migration rate and enhances the nucleation of defects. Evidence that solute H atoms facilitate the formation
of irradiation loops was also clearly observed. In addition, the hydrogen in solid solution from the dissolved hydrides during
heating process could be reprecipitated during the cooling process. Irradiation suppresses the precipitation of hydrides,
probably because irradiation-induced defects increase the solid solubility of hydrogen in Zr by trapping hydrogen atoms. These
insights can be supplemented to provide a better understanding of the degradation behaviors of the Zr-based key components in

water-cooled reactors.



1.4 Future plan
For the next fiscal year, the irradiation effects in Zr-based intermetallic compounds, which existed in the current Zr-based
fuel cladding alloy and at the interface of Cr-coated Zr-based fuel cladding, will be studied, to provide a better understanding of

its phase stability in fuel cladding materials under the long-term in-pile operation.
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