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(Contract Research)
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Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research Institute, Sector of Fukushima Research and Development
Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

Ibaraki University
(Received September 20, 2023)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2020.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2018, this report summarizes the research results of the “Contribution
to Risk Reduction in Decommissioning Works by the Elucidation of Basic Property of Radioactive
Microparticles” conducted from FY2018 to FY2021 (this contract was extended to FY2021).

The present study aims to understand the basic properties (size, chemical composition, isotopic
composition - including concentration of a-emitters, electrostatic properties, and optical properties, etc.) of
fine particles composed of silicate with insoluble properties which contain regions of highly concentrated
radioactive cesium (Cs) released to the environment by the accident at the Fukushima Daiichi Nuclear Power
Station of TEPCO in 2011 March. For the purposes, Japanese dedicated and distinguished radiochemists,
analytical chemists, and aerosol scientists gather their wisdom and cooperate with the excellent British
researchers. Further research has been carried out to elucidate the reactor accident events along with particle
generation processes, aiming at contributing to the establishment of better decommissioning procedures,
recovery of molten fuel, etc., and achievement of safety assurance of workers, sites, and the surrounding
environment.

Keywords: Water Insoluble Micro Radioactive Particle, Radiocesium (Cs), Silicate, Size, Chemical
Composition, Isotopic Composition, a-emitters, Electrostatic Properties, Optical Properties

This work was performed by Ibaraki University under contract with Japan Atomic Energy Agency.
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Particle type
Characteristic A B
Size distribution (observed) 1-10 gm 70400 Lim
134Cg/"*7Cs (mean) 1.04 0.93
Other radionuclides N/A Antimony-125 ('°Sb)
Distribution wide limited (North)
Suspected emission date March 15, 2011 March 12, 2011
Source reactor(s) Unit 2 or 3 Unit 1
Specific radioactivity high Low
Cs detection method SEM-EDS synchrotron X-ray
Elements contained Fe, Sn, C1 Na, Mg, Ca, Ba
Elements in common Si. 0. Zn
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TUMIF 1| SHEKTH D Z & E2ENDTZ LRI, ZOEFRIZDTNTHY, VI I
KD BTIIR Y 72 <R\ & ZHEFR LT,

BEERI~ O FREHIR Y C I 3 FRE T T ORGHEMRL T2, S A 15 & O JAEA WELIZHI Y Tt
XEA(ToT ) A THZEEY & LTI L, e CORFRFZEICHE LTz, XA 7 C Kt
ZRTIFHKROBFER - ERETDICHIED, HEOO S MG Diamond Light
Source (DLS) THHi L7280 X #RIT KD CT s ThL WD LR AR HIE 2 ZIRITHIZAT,
BonERE RV,

(2) AHFEOIE
AREBHEIZOWTIL, BARTIHEE U WAGHE IR A JeE o KM FERR iR CHEMm L, €D
YT NTT D T BT K0 Rk D R AR ST A T ETH o7, L
L, ZEETESM2HE 1L ALy o VAR PIC L bm 7 20 33
Sz, U TR BERBRENZENLOBENIEE>TLESTZ, £Z T, PO O
AKREFT, EMMZ 12 7 ARER L0 T, 244 A~5M 443 A ETOERKE
LITFCiR <2,

© HHY

IF S TR S VT2 B 713, IFIZH D FMEA U2 4 DOFETFDO S 6, A7
EY 2 OORTIFNO R AR SN Z EBH LN TS, LI LEDED
FIET, 2N E TCONFETITFRIR S N TORWRL AR B STl B3B8 ARFRE D
ORI EBR THEM T 2 B MR 725, BERO b D TH L0, HHWITESERDL B D
THHINOHW 2 L hiE, FRICEONIERERGET 5 2 LN TE . MO
WEETH D, Elo, ZEBERENTIA L X DRI R AR AR £ & D D LEEMENR
b5, A THEEMEREZLDID T 20 ER A2 [IcFEI T 5K %
HEFF T2 Z L NEHEETH D,

F ORI - 0> SEM B1%21% CLADS MR 3 % i o fiFRe A AT FE T BAMEE (B ARE -8 JSM-
7800F) Z VN, BURVERKL 1 OFE MG BUG M OV %L —EDX fEHTIC K 2 0BT &2 170,
SEEHE 21T o 72, A L7225 E OFMITMEEoREFEICTEOBY THhDH, —FH. Ff
2 MR (ROMEE L 2o 7-8F0 3 ) 13MboFELL2E O UER L & ik
Ki-OF —2 2B &b, ki T-ONFERE FRGE L., 58T ED X 5 7 i ERRL 1
EEEBT D ATREMED B D R LT,
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@  HEYERRL - D535

AR A B AE U 7- SRR 30 4R OB Tl 1F FH i L2 O Mok 132 A 7 A L %
A7 BO2FENBMENT W, A 7B IFAbdbiio Z < RN - - D Ak LT
BY ., BESNIGFTOBEEREN D 3 A 12 BHO 1 SHKFIBRICHEO B Lz 1 S8k
DRLTTELWIE SN TND, —HZ AT A ITIRYNAFIED R S AT Uk - ¢ 0 1|
3 A 15 HRHADLSHEDNEE Y . BEMET LV — A0 LTEHBBEICETRIEL, &5
HERTU X—032 L) B2 & 2080, RS IS L CRNIC & BT
BELEMESNTWD, AT ATMHEEHNR 3 AI5HEVWI 2L bHY, FNETICHE
FEE R IFENOE=42 ) 7RA N (ERBRE) Ofd EALTWDZ &b, st
MBI ENTZHONE, FFTIZE > T\ eholz, SRELEZRERSC, k2D boot v
T L B Cs/PICs [ANRLEIZ L Y, BEDHL 2, 3 HFHOELLNEINTVDEN, FEFICE
STEORMFIZE L TR D EENGFET D, —FH, KEOTTHX AT A KOF A7 B
WTHIUZ LB S R0 — R 25 EBUVWINEO X D 2R 1IF FMIC RO - 728 = ookt
FIETAH, TAI =T LIMABBEEICEATEY , BRSO E D B U L8O
y IR, A TY T %0 o HERITBRE ST, SocEEoREETIEZ okl
FEEERNCHAA T C LML, Bl&EMirzEn s 2t L Lz, lEDZ &b IF FHT
VR B BOR PR & 5 > THEEFOREII e b ONFE L, 7024 6 I AEPITK
5952 & T, BEIFIEEICE T 2 50O RZ 2R G B> T SN R S 115,

1) TR T O R R4y 48

IF HSED MRk 7 2 84 - (%8959 2T, HOO THHEOBIEIT-71-, FFICH
AT N EXZAT BITDHEIZOWVWTIEEIILTWAHINGFIET D, TAUIZXA 7 A B H
O TZDONRKIFIRS IEH T IF 725 170 km FPEICALE L T2 2 &b & FERER
ENRT VRN OIBIROKLF-OHRNEEL, SHIT 2~3 um OFRZ 722 LT [y
LAR= ) EWIANIRE ST Z EICHRT D, HROICX AT A TS TEHRRDO B D
T, RELSTERRZIT TN ONZ A7 B EESNDIZESTWND, L LERRIZIEAR
FEOP CHEBE R INTZ LI ICERIR TRV RBIRE L7zZ A4 7 A bIFET D (K
3.2.1-1), ¥FIC 1F B TIXEDFENBE T, L LARERDOZ A 7 A DFBZVRILTH
Do FTeHA T BIXIF BELISESIZE, BRIKRTRWEDIZINZ, £ b2 b mRIIMki 11k
SNDHIDOHT T AHEEMED L5 ki b Roho T,

ARFREDOUEFEH T ERRL T D % A 7 A L OF A 7 B DIHEIC DN T, Satou B3 T-
To IR & BEA & U T 20 B TR EoR + 2 Bl > T\ D (R 3.2.1-1), & DO H CHUEGER
K% ZNENDEET 5 D 2 THAULHE, KLk, b roRKE S, BAEREH -0 O Rt
HEE (PLHUHRE) KON PiCs/"Cs RINLIRIEZe P2 EAMICRIA LER L T\ 5, RICENZE
LD TSR 7 I DWW TR Z T HE T 5, 2B RDNAITHEANE T2 <, BAERE ko7
AR O SREIEE U 1 S0 SIEF IR T 5,
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X 3.2.1-1 1FJLVE 5 km #iL CROMN o722 A 7 A ki1

# 3.2.1-1 Satou & DIT - = FstHEgsck: - o & 7

A B
Size disimbution (observed) 1-10 pm TO—400 pm
s/ Cs (mean value) 1.04 0.93
Distnbution Widely Limited (MNorth)
Suspectid enmssion date 15-Mar 12-Mar
Source reactor Unit 2 or 3 Uit 1
Specific radioactivity high low
Detection of
Cs stic Xoray by EDS by Synchrotron X-ray
Contain elements Fe Sn, 1 Na Mg Ca Ba
Elements m common 5.0, Fn

a) 1 SHEHRO BRI (¥ 4 7'B)

1 S KBIBIEIH NG L7 AbAL 8 O TR & N 7= #iH TR -2 o Ty 5 [l B8l B, 6] = g
B A T ORIFIE s/ PCs RN 2N & MM O BRI 7 L 0 /S VWMEZ R L TEY
1 SHEOBBRTHIMOTHELY HIERWE Y T ARNIKREZ KL T 5, BAARRESHY
DFFEED # A 7 A L VIRV, 12 H OKBIEII - TR S L7272, RifEDs 500 um f2
FEORF S BEEREGR STV D,

L SORi & LTREGA,. BV U ADOREIIMEWPRIENRE WD, 1 K& Ok
FHREIIMRD THRL 720 . K 20 kBq (2 57 L) $RORIF2DEHATH Roho> T 5,
F 72N 5 B Satoul B MR L TV nWE L 207 B oy AMIKIFNERCTAYE —
WAL TRY, KTOHRE(LTEY T ARBEL CWDEFOANTRE LIZGA., BE
INDED B REDMEFDREMEES . B, —RARICHEZDBEERD 5,

ZAT BIXZERDTHLT7AZBOHKPME—HBRIZHII L TWAKL T, Z0OHRERo7
DIT 1 BHEA R L — g 7 a TR DI T EWT P T 5, KBBIERNCA L
—Tary7uaTIRB LI Y A EERARID T A B E By & LTZWBRICE A E i,
1RO L LIRS AL F IR L& B2 bhd, ZOBE, B 7 AL4
(27 T -125(0%8h) . USr, RO U, Pu HEY A F IR ST WL B
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TS OFURYE - BRI E S L AV D OUE, S0 AR TR O R EE TR E D3R
KamMIRR L7 Z 2R L TR Y, 2ORMUT, ThETICHE SN FiERE b —
HLTWD,

ZDOXITHEAT BT 1 R HTc D ORMETHE L RIRDBRE WD, S LicA X2 FDRFEE
SINTHEY, BHIMNZOWTIEBBLZOSM B LIRS TWD, EBHINIZIBWNT
b 1 B O FLEESEFEEMIC & £ D ATREMED & 2 28, FEURE IR\ N 7 oD FEAH) 7 kAL
15 Ch DB OB, (EXIR T 2 BRI MmIE CE 5 L HIFF S D,

b) 2 SHEH RO HEYERL T (X4 77 A)

AT ARFIE, TNET2 5L LT 3 SO L oo sh- & &, Bk
A7 IR IE T E STV ie o o, BHGERORERFIMICIE 2 SN0 THL Z &
NHoEXBELZE YN, HEBENIEAKR 25 125 i Lz 3 SiA XL —va>r7r7 TO
MBEHRAE T, ¥4 7 ADWREMENRB SN DR 3R Sl 2 & T8 RS E T & 7
Tpodz, RETHIUL BCs/PCs [FNRLL TIRESIT HNAIUTER W, 2, 3 STV TN
HBIFNTHER L2 P1Cs/PCs RNAREE A UTVME & 72> TE D B KRNSO R EWIFERNA o~
R M) —FRPOHEESND B U ARMEDOAEKRENOTE L BARMEOZEL VD DN
O LT W oTe, ZD%, 3 SHBKFRIBIIRFZ HEPA 7 ¢ )L & — D3R L TR -3 AR
L7l WO RREINLIIRE . 247 A DER - RN 2, 3 BHEL L7200k
il Sz oTe,

LU ZAT A BRI D oo 2 AXHICEE L2 7 v — A%, 156 HARBICHK
HE S M OEPE B2 @il LBBOEEICREE L TV D, TORZAE T TWEDIT 2 S 0E
NERDIEITNE T CTH D, £z Tkehara B DIT o 72 FGHERRL 035 & BN O I F75 YL &
N HVWOEIGTHET LznETHE LR T, o 156 BRI L7z 7 v— L0803 L
7o S O EROR - DR 5 DSBS D o 72, 2 L CHBE NI DMT o7z 2 A< L—
Tar7uaTIlBEISNTOWEEREY— FOSWTT, A4 7 A BRI Ao - 72142,
—J7 3 SO AR L= g T T LA A 7 A B LR T, 3 SR KEE
AL L, BEIBEZIER LRI 2 SN L XA TORPEE TWEHD, 3 St
Nl —varrny B 2 SHECROBESTERERLF23LE L T THFE LRV, Lo
THAT AT 2 BHETHRAELELEEZEIDLONEYTHY . I OISR EHWRITh S
ZEMD, IV EBEICEV U ANEZLGITERLIEEEZOND,

AT A BRARXL—arrar707aT Ty b3S s i LizBEIC - CTERED K
HENZEIRET D E, AL —2ar7aT TR EADI AT A BPEE LTS
AR D D, FTEBRNESR LT O =V T T 7D FICKEDBSEDE (B> v anE
F%5y) AEE L TV D AEEMER R SN TV D, T2 &L IASELIZITE I RKED
AAT ADPEELTCOHDIENNHY ., RET 7 U EH LICR LT, KA SSEL CIEE%21T
I BRIE, BMARIE DB E O BROVEIC D EREEL Y LERSH D L b b,

c) 3 HHEH RO U MR (# A4 7°C)

AT C ATk D AT D@ T, 1IF iz LRS- 0 TH D (X
3.2.1-2) BB ZORIFIXTAFE TAI=T A BB ERS ML BRNEELTEY,
hoR L RIZENRRKRE R, FHBHEIZIZY A7 B L0 b I HITK<, BRI 1 mm
BB 2 ADRIEREBRER SN TCW5A, F LT ¥Cs/BCs [AfIARIZIFIEX A7 A EFL 1.0
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A OEZ R LTz, 20951 D&BEEICHEEL 1 pwn WG OESIRE THE X CT O
EATo7o 2 A, BV AORESHPBRINRD -T2, ZORRIIZY AT A BEEFICT
MOAFIE LT2/NAEIZAE Ly BT B LW O B R ERRR SN TV A DO Tid7Ze <,
Foe < H LW+ TH D Z LA XL TS, £ L CRAENKE < @H O TIER
BT ERRETHDZ &, MATRAFZDOHODOKFHREIZEL HHE LY B8RV &b,
REP TR U LAZWE L EIIB 2, TNOORNEREZ S L. 2O FIIEFF
JDODEZTHER L, KBERO X S RRER)THREBESNT EHEESNLDH D, BCs/¥Cs
RN EL R ORI D 3 SR K RIER R U S LT ATREME N IRIE T 5,

AAT CH 3 BHKFIBRTHRHE LT 2 &, TORETRE L RESEIZT Clohtk
R IF HHIANICRE S CWD, £72 3 B OREANTAEK Y 7 BEG Lo TRV &
X —U T MET LTS, ZDTHX AT C BEEIFIERICEG X DB L LTIX 3 5
B AAZIREL 2 B0 7m0l A L —s a7 a7 TEET DB, 1EEE &3l
TOHRREMER S D, Ll 1 Kb Ofitee & idtsnFnb ¥ 147 B L0{E<, —
I 72 xR TR TE D B2 b s,

X 3.2.1-2 XA 7 CRiF+DORFEMNREER

@ F&o

AEEE W 1 B TSN YERRL - D % A 7 A-C ORI DR AT LT, FRTHE AL
T3 IF FTHRE L2 3 DT RTOFFF RO B SN Z EAVRS I, B2 U MEFZEE)
ZREY 5 0 A CTHEELMAE B 2T, 3.2.1-3 (TAERRE THEHL U 7 ST PEARORE 7 22 R
HOZHEFR L7228, BRI & “IRAERDKLFIZEDL L b A= T VA7 T 7 4 — ETIIRR
L7 BAITIREE 2T TR E DX A T DORLA Th LM CE 22, Loy UK MR 1%
HEPCLEZLXTHEHLbDOTERLS, RETTIIBRBLLORMNTRTE LI ENHE
FYERICB W T OB RERZIT O ZENRUTH D, TS SRR+ 2 R A Ay HE B
LI TNT =0 A 7T OWELED, JRROWY £ LDHEToT, ROz T (2
Y,
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EFRE

ST IR T FEBKFE [REFRE

FEERT

X1 3.2. 1-3  HCHHHERRL 7 O Rk 0 FE DR ZR

(RKLHPIcdH B L 9ISt Cs ORI, TRk « THEMER. Sk Slcik-3<
S TH D) RO M PR 7 D4 FE 1% Mukai et al. OFEREMWIZES<
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3.2.2  JHVERKL 7 O HP IR RE K VR R BB DO S HTIC B A28 (&R - BBERR RS
(1) AR E CTOFERE
O HEBROHW

IF ST & - TRAE LR O S Cs k13 g FREEIC LV EFRE it LT 5
TR AEFITAFHEL T D AN RIB SN TV D, ARBFECIE, BbdHE Cs ki 7o
WIPED 5 BLAFBITh D EIRE A M L. BUHE Cs Bk - [al e & OBRYEATIZE T 2
ZEHEBEBELTWD, ERMIZIE, KPRM 352 FWT, BRME Cs #0RI 1 OB SBREME: 2 B
LN THEAZBRL TERAIT-> TS, KPEM 1% SPM OHliEE— FRO—FETHY , Fr—
7R ERIEBHIERNOERE LT, e —T RS Z T HERNC L o THRE)E M
EEASELZEEREL, ABtoEm B EREENBO~ v B T ERIRRHIITH 2 ENRT
XHHETHDH, HMITEEETIC, BREDEEDOHOBMALEICRE L, ThE2NE
T 52 LT, KPEM JIEIZ K DR DOFF ORI EN OREB DO Y ML RS Z LN TET,
FTo, EBRITHEE Cs MR- KPFM IE 24TV, £ ORMEEN A, okl & 13- T
WARIBEMEZ /R T Z LR TE 2, KRIT, HIIERBRNE S Th HERERKHRL 2OV T O
KPPM Il 7E St O Fedi b 217V, & 2 TR DIV I E i o 0F & JR I, e Cs Bk o
KPFM JIE e Db 24T o 72, & BT, BEMO W R 2 o 7ok 2 Hik BICiigE L T
KPEM JIE 21TV, KOs S & KPEMAIEE (R END) & OB Z R~ T,

@  ABRIEE

FEARN 7o B e ONESRMFIE S FeFE L R TH L3, Z ZICHBT 5, KPR JIE
(VL E R ERT R SPM-9700 @ KPFM E— R&AfEH L7z, o F L= {Zid n B =72 ) =2
> (NanoWorld, EFM) #fEH L7-. D> F L AR—DEMEEIZLLTO®EY Thb, D F LA
—RE MRS 0 225um/ 28 um,/ 3 um, ZREHE S 0 10~15 pm, ZEEHCIEEEREE 15
nm, NRIEEK 2.8 N/m, HIREREE : 75 kHz, AEE CTIXEHESS KPRM ) SR
(AFM 18)  Z[FIRFICRE - TS L Tk 0 | MR E 3R AIRIE 2 (bR A CTh D, iR
BT 256 X256 £ B, AF ¥ A — RIL0.1~0.3 Hz T, AHEITR LZEBITT T
1 BIOAF ¥ THLNEZLDOTHD, KPPM 12X D REENMHAEIL, BE 25°C, B 35~
40%DENET T, REETHLIBMENT- AT LV AREENMN OV E LT, 20 RICEEB2#
W TITbiz, MERER LG OMIZ, HE M~ (B M, F—%A ) ZHNT
Pz ik 7o, ABHZIX, KPR JIE £ COM. E 50%L FOT v r—%—NTHRY =F L
VHEIA KN Y Z2F 4 K (Millipore, PDMA04700) ([ZfR& SN/ D& H /=, SEM | FEI
Inspect F50 &S AEARIE 7 BAMEE (FE-SEM) Z 7z, 7235, fEE oOHlE S 3l
EZ LTI L T D,

HNR—=HZ A LEOEACT ) T L, I AR—=HT7 A LOELE Y T A, A%H T AEE ED
Bb B U DTHOWTEREIT o7, FERAELK 3.2.2-1 [TRT, ZOFET AL, %k
MCanFREEIT) LIV~ AT ADKREA AV ERETDEETCHD, =70/ L
DOFRERRIITIEAE U A BT o E=v LA, BT N U AZNEND 1% KIEKE
W, BAE LR FE2HEN L ORICOTT=F ¥ o X—NTHE S, Mo EKBENE S
Hes (Differential mobility analyzer ; AT, DMA] W5, ) ICHEB LT, FDOHBA 30
2 —Thifk 300~500 nm Ki1-Zo5fk L. FEAR EICHEE LT KPRM JlTE 21T > 72, RO
FAWT-BEDA 307 Z —ORIER % 3.2.2-2 (/£) 12, £7- KPFM HlERDO® v T ¢ v 2
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A A=V %K 3.2.2-2 (f) \[ORLTzZ, 22T, EEDI—RT—7ITITBH EM 80 SEM
HAWm S —AR T —F 2R LT,

=BT [ !

_ | Collection
y - | Impactor —x—+{ Pump
0.3-05pm 0.5 LFPM
3.5 LPM MFM
Atomizer

-

X 3.2.2-1 ZAliHrE Lok &2 384 - it 2 FZBCREE X

Arnbiant
Ferosol 0.5 LPM
Probe
Mano-orfica ' Conductive carban Aerosol particles
impactor | ® L.® tape -
P Y i *, _r"""
o® AN -~ P

T
r SR
s ;h*¢¢o§'¢g
BTNy
7 AL o
R T T

L '.
. Stainless steel sample stage ™
Subsgtrate Glass substrate with grids

X 3.2.2-2 (f£) RRHKLFOREFE ) KRB0 KPRM Il E 3 ORERE ]

@ PR

SBonzlEEBop E LT, -10 fli, 400 nm O T ki E558k L CHIE L.
KPP JIE LA SR 3,2.2°3 (R T Z0BI () 10 LR S @b, gl
DNWTHIRZ KD, B LI REEORIR L | DIA TR %2 0k T BRI E Lo BRI BB E
EHOT, ENENORAC W TRERZ RS REE L ORRETm Y L bOE
B 3.2.2-4 ISR T, SR KPRM 12 5 RE BN & KT HEEOMICHIE A R T & 72,

srann B ‘J'_ A

0.00 4 0,06
S0 pm . 10 I'H'u u 1000 ||rr| |:u, im = 10,00 % 10,00

(f2) msf (E)ﬁu@
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300 I -
S 200 y=18466x-51.63| .[y=1.2649x- 41538
E Rz =03312 . R==0.83561
o ] 3
S 100 3
E
=
; L ¥ = 04122 - 27196
f — _
£ -100 =T R=0.76m
L —_—

z 200 « CzCl particdles on quartz glass
E » CsCl particles on cover glass
E -0 . « Madl paricles on coverglass
| ot e
-400 . -.‘.1,- . .
-500 A
=300 -200 =100 0 100 200 300

Charge number [-]

4 3.2.2-4 FEBRIZ X VGO TOR T s & i AL O Bk

(2) AHEHEDOER

AREBHAIZOW T, HARTIEEE L WS IR A R E O KRR THEm L., AA
TITIM TR 2 A 7 B RO b o 7Ok 2 35E L v 5 1F . KPEM 258 &2 £l
DT ECH-T, LnL, JETEAM 24 11 A L0 an v ¢ L R TR &
a7 XY URERINTZTED, EETOY U TUERL BB K O S Olgpe s ik
FoTLEo7e, £I T, PODAKRAMT, EhHfZ 12 W HFIER L7z T, 52 4 4
A~FF44E 3 A £ TOEEE LTSRS,

@O EEHERL - O AR IEBRIZ K0 15 5 AV TR & IS PERL 70> KPRM JIE

ARM 15T & BB D AR OfRHT KO8 SEM-EDX 812212 & BRI 1t & BB TIT - 72K
B Cs RIFDARRERIT, LFO®BYITo72, ETRMRFESTEF IR FHEFTIC BT,
Hifbe oy S ETF R RS L, P0s 2B b T A 54 MBa/g ZAERR L7z, WRIT, EERE
t (L7 v 2ROEMEE, (M) 0.16 ¢ HEEE D L (54 MBa/g) 0.04 g, #l
A 1ml ZIRBEL, 610 mxX20 mm OMFEHEOAT L ARG (LLF, [520F) £n),)

[T, BOIE T L HEMRERTT 60°C, 20 MFRILL AR L REfR S 72, 20tk 5013 KOk
THEMOAER R E %2, LEICH T ABOH LEMERIIAN., TOEMARRZ S HITK
XRpF v U N—NICRE L, EEHADL—F— (R T 7 A SN — L — P R

1,080 nm, FMUREFRH <K 1 #) ZMH Lo, MU, A& L, SEM-EDX #BIZR 2470,
RKIF-78 Cs ZEATNDZ L 2R L9 2T, KPRM HIEMORELE L-, EBROMET %X
3.2.2°5 [T d, ZITHRLNEY T A, THESHERL T DA ERIC L W &SIk 7
(LR, TR &9 ,) LRtk d 5,
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3.2.2-5  JHEIE Cs hiA DR FEER DR+
(f£) BEPARGBNOEE  (F) V——RREFRFORET

£, BUME Cs R OARKEERR & REROTFNAT, Apk L7z Bt o v ATl <k
SR Z B LT Zantift v U A2 W TR bR &2 DERER YR ) & LTz,

HOR R - KPRM A ERE RO —H %2 [X] 3. 2. 2-6 TR, @SN HITo X 0 LRl T OmEhs
NESNZHDEBEIN L, Inage] TN L Chi+DOERBEA & AR T AHROBADES
KTz, RBEIFNICHL DN EEGAET 25681, BRLZK T2 & ADOARBEBRIRL
T\,

3.2.2-6  JSHERLT-0> KPPM I fit 5 0 — il
oo msty hR BB A RSB (AR 2oEBIRLUCR T
Cantilever: EFM (NanoWorld), Lever Rate: 64.664 kHz, Lever Gain: 0.0981
Cantilever Bias Gain: 0.5000, Cantilever Bias Rate: 54. 700 kHz
Scanning Size: 5 um X5 pm, Scanning Rate: 0.10 Hz
Operating Point: 0.226 V, Integral Gain: 800, Proportional Gain: 0.001

KiFE 150 nm LA EORIAIZHOWTHNT LTRSS 23R 3.2, 2-1 1T~ PR3 IE st
MR & L CEDOBMPAEEICE 72, ZOFEKNE LT, RAPICE TN TV Dk

33
7587



JAEA-Review 2023-021

P U AZDO S OIE B REEIC LV IEICHET 25T, bkt > v 20610 8 I AT
LTCWARIOWENE RN CTAERMAZHFOD Z & T, L0k -RmIZE WA BN O
NRZTWDHAREMENRE 2 b, SB%IIZ o7 nt A4 Ex, vIa2lb—va v
FEMEDDH T L THRIEL T RERH D,

7% 3.2. 21 HhHE B OSFE R ERL - 0> KPEM Il E b 5

R DFERI n BALOEYE [V]
MR - 8 -0. 241+0. 087
FEHH R 8 -0. 084=0. 095

@ R DO AR ERRIC X 0 15 DTk & R R T 0> KPRV I E

REM RSN, #A T BRTFEZERA A —2 (LT, [FIB) & 9H,) I2&D
T L7t 7 niz-o& . KPR JIE % S0 L7=, KPFM JIERFIZIS 1T 5. e & ki1 OArE B
Z& 3.2.2-T IT7-T, ZDEYT 4 70BN T, 20X20 um ORI CRIEZIT - -5
Z[ 3.2.2-8 (T, WD LEICENMAE LS 2o TWDHE R bz, EAAE < R-o
TWDHE T OHL EIMUADEMOZEE, ML —ABEBRIZBWNTEEZ 0.75 V, U L — 2
BTHEELZ0.70V ThoTe, BANELL > TWDHEHZITEBNT, bIhiimInEfbL T
WAHERF BRI, ZOYF U7 VE B0 HERE L., TOBRBOME LTE ZA, FEORKE
DHF BTz, WIT, X3.2.2-8 DX H B LI RERE 3D P (8 S0 6 HiE X % FREl
L. GO GaE s SICHIPRIZEMIT LK) L LTRLEBDOZK 3.2.2-9 [ZRT, =

—

&Y, 7okt Eodh R80T, BANAMEITERR->TND Z LRSS,

X 3.2.2-7 EMAEHEY 7 (XA 7 B-FIBKi+) ® KPPM I ERE DR
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L0 O 20 00 x 2000 um 1000 A0dx A 06 um La0d pm 00 x 3000 um
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3.2.3  FUTERRL O - AL FRIMERIRIC BT 2098 (FREREE - HUER )
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Fhid 52 ENTE D, AWFIETIE, XRF W1 K 0B OALS2# % . XANES /0872 & 0 kL
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3.2.4 KL FhE T v 7 ARBHTIE & FERE S 7T A~ B OTIEIC XD E T HER
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(1) AIFEE COFER
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1TV, PIXE AT M ERF BT, JEHEDE AR HIXTEER S OEILHEND Sn & Pb @ KX
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WZT25Z T, MOTRIZOVWTHEEEZRDD Z LIS Lz, BoNT X TOILENRIL
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MR LIEEELY S LIS, R ORILROIRE O IE K O/ME & R REEK 3. 2. 4-1 1R
To TNOORERNG, REOIED O PNk & RELS BT HuEN R STz, Bt
K- oD BCs DFSTRED B E BITHUE LT ¥Cs DEED ¥Cs/ " Cs 13 0. 54 726 5. 30 DFIPAT
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3.2.5 o MURREOHREREEOSHTICET 20198 (BZ&REE « RIRKT)
(1) AR E CTOFERE
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KiAI1ZDONWT S DG EITUV, S BV DD U R 112D 29240.24py. ) &
WZHIDTEEI LTz, ZAUT LD Sr/YCs DFURREIZ 101 DA —X—TH VD | HH MR+
HFO NSr ORRFEIRWNZ B> T2, Pull W TEZE DR X ¥Cs ([THRT 108 4 —4
— LD TR L ZHLMNI L2, E5HIC Pu ORENVRIICIER L2 E 24, 1IF OBREIO
HEEMIZITVNZ E 2B 5T LT,
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A TIZ., EHIT Pu OFRMAEEIZONWT S BWHECRET HZ ENTE -,
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N K HEHEAEDY L BREEEE D B O FZRME P PR STV D, RIFETHE DIV [FIAL
BIIE, ¥ 2ab—va VL DHBMEE T2 DT DICEWVETFERL TN HEDD,
IKEELTWD I ERbroTz, EEEREE O TIH, EOWTRED L EVVE
ThdZEenbnol, ZAUTMEDREREIOSHTCTIL, BEFICT TITHFELTWVD S
10— LT k=TT MR Pu {GROEEL PR TETWRNWZ ENFRRTHL EE2DH
o,
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IE, Y2 b—va VI L HEEMEE T D E O DITEWET AR LT e, BHEE T
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UK - Japan Final Project Update

February 2022

Dr Peter Martin & Prof Tom Scott
University of Bristol

#SWNuclearHub

In partnership with
~ The South West Nuclear Hub incorporales the Bristol-Oxford Nuclear Research Centre (NRC)
( ,JL,‘NRC www southwestnuclearhub.ac. uk
” sw-nuclearhub@bristol.ac.uk

SOUTH WEST
NUCLEAR HUB
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[2] Sr (and some Cs)
associated with the location of
smaller voids (<10 pm) within

the CF-01 sample.
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analysis of Fukushima-derived
particulates using high-resolution
x-ray imaging and synchrotron
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Above laboratory XRT selection
through Unit 1 derived particulates.

In this work, we evaluated the structure and composition of the
particulates to suggest that they formed from materials associated
with the reactor Unit 1 building explosion, with debris fragments
embedded into the particles surface. Such a high void ratio,
comparable to geological pumice, suggested that such material
formed during a rapid depressurisation and is potentially susceptible
to fragmentation
subsequentvork,utilisinghe knowledgeof Bristolvolcanologists

through attrition. These results facilitated
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Above.Unit T and Unit 3 release chronology.

Following the analysis of both Unit 1 (Type ‘A’) and a new suite of potentially Unit 3 derived (Type ‘C’)
particulates, we applied volcanic analogues (using the expertise of the University of Bristol volcanologists) to
consider the structural form of both types of this material and how it relates to its environmental particulate
stability and the bulk removal of residual materials from the damaged reactors. We conclude that the brittle
and angular Unit 3 particulate are more susceptible to further fragmentation and particulate generation
hazard than the round, higher-strength, more homogenous Unit 1 material.

55
7807



JAEA-Review 2023-021

The final period of work at the University of Bristol has seen the application of the UoB's expertise in volcanology
and igneous petrology to (i) better understand the formational characteristics/environment of Fukushima
derved “Type B" particles, and (i) invoke MCCUYFCM matenal properties (underpinned by joint UK-Japan
sample analysis actnities and knowledge of wvolcamic pumice formation) to support fueldebns retrieval
operations on the FDNPP site.

Laft; volcanic eruption (inset. oplical microscopy sechion of 2
“Pele’s Tear™ giection particwate). Righi: FONPFP reactor buiiding
explosion and XRT section of @ Unit 1 derived “Type B™ particie.

SOUTH WEST
NUCLEAR HUB

Farameters Symbol Value Tnit
Tarticle Paramieters
I 1 X Thermal conductivity ky 1.5 Wm : K :
: Convective & radiative cooling; viscosity : Bubble growth ﬁ;;:;.“‘"“"—‘ ‘;: iﬁ ! 'fgm_'s.
[} 154 ] Particle velocity ty 360 ms”'
[ = 1 Viscosity Parameters
' ! Fit parameter A 455 .
! 190 | Fit parameter B 45831 1
[ - Fit parameter c 6745 K
! Gilass transition temperaire. Ty 9514 K
: wo § Bubble Paramerers
: o External Pressure P. 0.1 (1 atm) MPa
- = Tntemal Pressure R 0.55 MPa
& ) : Initial bubble radius R 25.10 pm
2 ) 1 Alr Parameters
= ' Prandt] number Pr 071 :
9] External (air) lemperature T 280 K
Air viscosity g 181 x10°% Pas
[ | Air velacity t, 16 ms~!
Air conductivity ky 0026 wm 'K

The integrated model developed operates on two scales coupled to one another through the “melt viscosity”.
The particle-scale model captures the cooling of silicate melt fragments as they travel through the ambient
atmosphere immediately after the hydrogen explosion. The melt viscosity, which depends strongly on
temperature, is then computed at every point within the particle for any given time. Within the micro-scale
model, bubble growth is calculated radially along the 1D profile of the individual melt fragment. At both
scales, the radial expansion of particles due to bubble growth is neglected for simplicity, and it is assumed
that melt fragments are spherical, isotropic and of uniform composition.
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Above: Bi-modal distribution of void diameters calculated by the model for particles with diameters

of 406.5 um, 336.5 um and 384.5 pm. These correspond to particles CF-01-R009, CF-01-718 and

CF-01-T06 respectively. A strong agreement between the model output and experimental analysis
of the particulates is observed (Martin et al., 2020).

Above: Orthogonal X-ray tomographic (XRT)
(absorption contrast) section of a “Type B' CsMP.
Highlighted in red: central bubbles where the thin
shell model is applicable; also evident are voids in
the process of coalescing. Circled in blue: isolated

bubbles where the infinite shell model is more

appropriate.

SOUTH WEST

' NUCLEAR HUB

Using initial temperatures 1,850 K - 1,920 K
and pressures 0.55 - 0.67 MPa, the model
accurately reproduced the observed bi-
modal distribution of final bubble sizes. The
combined effect of bubble coalescence,
internal volatile diffusion, and
particle inflation provide a compelling
explanation for the offset in peak positions
xxx. The model presented in this study
therefore demonstrates the accuracy of the
CsMP  volcanic bomb analogue, and
confirms the hypothesis of Martin et al.
(2020), who invoked the radial variation in
cooling rate as the cause for a bi-modal
void distribution.
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Modelling the formation of radioactive “Type-B” ejecta released
from the Fukushima Daiichi nuclear disaster.

Conclusion; TEPCO plan to commence decommissioning and dismantling operations at FDNPP Unit 1 in
December 2021, a large part of which includes the mechanical milling and removal (via a robotic arm) of the
once-molten fuel debris. This corium “slump” had melted through both the RPV and the PCV by the time of

the hydrogen explosion on 12th March, resulting in violent molten core-concrete interactions (MCCI).
Comparison of the magmatic systems associated with the nuclear melt-down implies that this debris is also
likely to be extremely resistant to mechanical breakdown. The proposed removal methods are therefore
expected to be significantly more challenging than in other reactor buildings, however, it is foreseen that the
risk of radioactive dust generation is to be minimal due to mechanical properties of “Type-B" material.

Future Work: As is the case with all mathematical modelling of physical systems, experimental
validation is still required to confirm the findings of this study. We propose an experiment similar
to those conducted by Okumura et al. (2020), and Kogure et al. (2016) whereby synthesis of
smaller “Type-A" material was attempied in order to elucidate formation mechanisms for the Unit
2 derived particulates.

N . SOUTH WEST
NUCLEAR HUB

Project IPAD: a system for cataloguing and
analysing environmental particulates
released following the Fukushima Daiichi
Nuclear Power Plant accident.

Particle Ejecta Model: a simulatory toolkit
to explore the comparison of volcanic
pyroclasts and ‘Type B’ CsMPs —
incorporating factors and influences such as
Viscosity, Cooling, Void Growth, Heat
Equation, Amalgamation.
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