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Identification of Altered Phases of Fuel Debris by Laser Fluorescence Spectroscopy

(Contract Research)
— FY2019 Nuclear Energy Science & Technology and Human Resource Development Project —

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
The University of Tokyo
(Received November 10, 2020)

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 FY2019.

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 “Identification
of Altered Phases of Fuel Debris by Laser Fluorescence Spectroscopy” conducted in FY2019.

In the present study, we focus on uranium that is the main component element in debris, and identify the
altered phase produced on the debris surface under various conditions by time-resolved laser fluorescence
spectroscopy (TRLFS) with high sensitivity to hexavalent uranium (U(VI)) that is stable in oxidation
environment. In particular, further high-sensitive and high-resolution measurements are implemented by
ultra-low temperature. In addition, with the supports by quantum chemical calculations, multivariate analysis,
and machine learning, the method will lead to the identification of multicomponent and heterogeneous altered
phase of fuel debris. In FY2019, we have developed the ultra-low temperature TRLFS system, based on the
room-temperature TRLFS system established in the previous year, and verified its performance. In addition,
three reference samples were synthesized and measured by the ultra-low temperature TRLFS system. The
obtained TRLFS data were summarized as a part of the TRLFS spectral library of reference samples.
Furthermore, we have started the alternation experiments at the different conditions set in the previous year
with synthesized U(VI)O; as a fuel debris simulant and tested the performance of spectral decomposition by
Parallel Factor Analysis (PARAFAC) and spectral matching by machine learning.

Keywords: Fuel Debris Alternation, Uranyl, Time-resolved Laser Fluorescence Spectroscopy, TRLFS,
Multivariate Analysis

This work was performed by The University of Tokyo under contract with Japan Atomic Energy Agency.
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TAERN (@), (b) TH D, BRI T B OREI R IEART MAREETE, &5
W2, BMKIRICT 252 & T, =27 DEN/NIL R s ART MLVOM /e fEEN LD
BHBRIC 72 0 . @O MREERIENER TETCWDL N ND, Bonb b v — 71X, ME
DMEWT D BNEIZ, 576-586 nm 13T, 590-596 nm fFIT, 610-620 nm fTiT & 72 o7=, Zi b
FENEN, H3-TICBT D, Eu” ORARFIFEIREE Do 25 Fy (A =0) , Fr (AJ=1) .
Ty (AJ = 2) OBBIEICHELIZE—27 THY | FHEMORBEOFFNALND, FEC,

T _
|\ SERHEEEE)

-

X 3-4 BE=> be—F— O VPHRREERR GUERER)

3-3
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77AFRXRXy b

3-5  RURHEEAM
() 7 7 A A A2 v bOWNIEE,  f) SRR T —2 L a5

a - " y c
.t m 298K | L 2 ® 208 K
=N 1 B ® 33K
¢ E. .‘o
21 ) s
= € '30.
T L ]
b 8t 33K §m.., .25
H $ ®e0
§_ o eo®
o o e%e
) : 3 4 S %o
66'0“1:620 B0~ ~ 660 100 200 300 400 500 600 700 800
-~

3-6 fEfEr v oA ([Eu(NOy),-4H,0]) @ TRLFS A7 hLds KO
el (a) R (298 K) | (b) FBMEIR (3.3 K) . (c) Fids K OMBEIR D3
B, (d) A = 1EGEORMDIEARZ M (e) AT = 2 UG DR
AT RV

Z D615 nm fHEDAJ = 2 OFEBITERNT 58— 2713, BRI EE TR DER T
HY . ECEHOGFREDIKTIC L > T, TOMENREEEMTHZ ENMBNTND,
F2. BWIRTTIEA A2 DY OSSN TEN A D3T3 TR D SUGd FE N & W

3-4
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X LC, ERTIEZITER D 6720, RFERTIE, My o vy A A0 OBLE T
5T S NI BUNL 135 % AT D854 4 > D140 1 OREER M 2 KB U2 B — 27 B & it
LTWb, 2F0, 2 by AZRFRHFLE LIEEA A 25k T 5121, Znboe—7
DB AR Z LFTHIERWE WS Z L2 b, ThEFHMICHERT DI12IE, Bs 1 DREN
1% 600 g/mm X% 1200 g/mm &V K HIT, KD AT MAGERER & L T HUE R DR,
L7223-> T, RBRTIL 3.3 KIZBWT, 1200 g/mm OEFTHE T2 HWT, L0 EofEo A~
7 M EHU Lz, ZOREZH 3-6(d) & () IZrRT, ZORE, ZAFove—7 8T 1
(AJ =0 @578 nm) . 3 (AJ =1 @591-594 nm) . 5 (A= 2 @614-619 nm) ThHD I & DHED
HHITo, D 1:3:5 LD Syl S AR FRME 2 5k 3 2 R 272 %,

Flo. ARKOREIRES A I 7 ﬂbf:mmﬁf7@#~%@h%%mé@5:&
T, KGR MRS L, BhEETry 45 (K36 () . FEiREEAKROR
BIFOFKBRT 7 v hOHETIE, KIRIZT 5 2 & THBBREDORNHFMNRKE 2 5BMN
HHHLOD, BRELTURFEAEEELZ2 (~200 ps) k#%;f%tommmkg
(1912 & D & Eu* O fhiEIRRE (Do, X 3-7) 137K D OH fREN D5 O = R )L F—HENL I
%@%ﬁmiof\@%%K%@I*»?~%@#T\Oib\ﬁ%%%&%%t7mﬁxh
DL ENHBILTWD, EDT2, Eu® O EFH A O WEN ] 2 Biph#d O E R (kobs)
S BuJE OKFIEDOEL (Moo) IZHBIT 22 L1270 ZORBRRE L TREAPIBEINT
W5 [20],

N0 = 1.05 x 10 3 kgps — 0.44 (3.1

L= T, ZOXREANWSLZ LT, FiR L7200 us OFNeFf (hys = 3465.7 stiZ

X 102
25 —%-":* I sLﬁ -1
L g 1 SD .
L | = I 3 .
| 2 ]
[| o —I— *D, ]
20 '-E I 5D 7
i T—— Db |
= °D,
g
o °[ 394 7
o)
g [ 579
c | ED
[1¥] | -
= 10 i 591
= MD
616 §
e ED E ]
[ & &
: 7FJ ? - v
0 = 0 v

X 3-7 EWWOEFART bV L —YERD

3-5
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FH4) \mﬁm&zﬁmmﬁﬁé:&ﬁ%#éoEE\EFEWﬁﬁ?ﬁﬁﬁémiﬂm
SN ENG, ZOFEFTIE. [EuNOy) 3 (H:0) 4] D Eu® JE IR ERERNL LT K D035 5
HLOD, TNHITEEIRO KD T L R THENE T BRI T 50T 0O8N%E 5. oib\
F & U ThHFRIOEZEM AN & 2 B3 80 T/hE <, 3.3 K & W ) YEIRIC

WTh, R &I LT, KFIKORERHE D Z(LL TWienD &%iﬁ?é#%&ﬁ

-7,

4) a—IL FRHDOIBIEE TRLFS AR MLIZH T HEER

BEFEOBFZEI LAuE[21], X 3-6 (B L Tl 7z, 1:3:5 LW\ ) yilbbid, B R (R
FEEERLC by B, G« BEHER (G 6, G) XIF=RHE% (G, 6) | Jﬁm’f‘%éo =
512, [EuNOs) s (H0) 4] 1% 2/c DZERFEZ AT 2 Z L [22], B X, [EuNOy) s (Hz0) 4]
2(H:0) 1% 2/c DZERMBEEAT 2 Z & (231006, AEIOER (1:3:5 L) 4pikkk) &
52L& o T, [EulNOs)3(H0) 4] * n(H0) 13 Gow DXAVEIZIE T2 Z L 353725, LTzdio
T, n=2ThHV, BETAXI MOBENZL > T, K0T Of&EEH-Z&1lkd, 72
B, K36 (DIZHDEHIT, 58275 586 nm D 4 T — 7%, KRN EALT MO 2
T —ATHERLTEY, hot'—27 LT, B0Em(~1 us) iy Thsd kﬁ%
Do TiE7e <, Dy MoOMEEICER T E—7 Thd EE2bND, T, #HlxiX
Di=F, BEZLNDLMR[24], ZTHHEDARY MLVHDIFEOFEMICIE, AROT—4 %248
DTS HICHRATT DL END D,

3.1.2 TRLFS BIZE

(1) BESFEH
&21?@@Lt3@ﬁ@£%ﬁﬂ%\&Llf%%kaﬁFT&max%AfMEb
7o &2TORER 3.3 K TiThdv, ¥ &EIX 419 nm, 43 ERI121X 300 lines/mm D [RIFTHS
F-Z v, ICCD I A T DY v T 4 T IIFIHIR I E (1n1t1a1 delay) 10 usec, 7 —
M 10 msec ThH o7,

(2) AERREER

I KGR E TR L L7- 3 FEO e (Metaschoeplte Studtite, Uranophane)
ORI TRLFS A7 MV AKX 3-8 128, F£7o, ROz, EHREY 7 = L KIEKR
(10 mM, pH 2) D=RIEIZ kféﬂM@x«&bw%l39_rﬁ B, 2 ToOREE
IZOWT, F|RTOBEETIEL, +oRENBENGONT, BENTERNSTLIEND,
R E (2 36 1 2 #OBIRE DHFRO IR L CTHAL S, ZIEEL & U0, (C104) o Tk LD
FER TRLFS 282 hUZH1T 2 B e v — 7 (i & B — 7 fE & & 3-1 1277,

38 LV, BRTOSHAB DA~ LT, VT7=10=U=02=y MIHKT D, &
TRIVF —YEN L IRE) = R VX —YENL DO v 7 ) U I L D IREER IR OEBO B —
I BN TWS[25] (3.2.6 ) |

Metaschoepite OFMKIE TRLFS A7 kL (X 3-8 (a)) IZIREBEBICERT HHEEE—
7 DPEREN R ER2OODE =7 b 7> TWD (R 3-1) , JATHIZE L i+ 2

3-6
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BRAXARDI=HIEAH

X 3-8 ZIREEIOMIKIE TRLFS A7 kL (3.3 K)
(a) Metaschoepite, (b) Studtite. (c) Uranophane
77 7HORBIIR -1 ICE LD E— I EICKHET S

480 500 520 540 560 580
Wavelength (nm)

Normalized fluorescence
intensity

X 3-9 & MEEEIOMMEIE TRLFS A7 kv
10 mM UO2(C104) . ¥8WE, pH 2, JabiE PR 414 nm
HAIE -1 ICE L O — I BICxHET 5

3 3-1 WG U0, (C100) o IR O RMEIE TRLES A7 R LIZEIT 5
FHEAAEY—IEE E—7RE (n)

B3
jof
E-

XNFDT-HIEAE

L. Froideval & [26] 2385 L TV % Metaschoepite MR, 430 nm Jih#e TP TRLFS A2~
MUz, A TH oz AT hardo00, OO0, OO0 miZxtsT b E—27 BE6
LN, W2, Wang B [27]1%. Metaschoepite OFEIR TRLES A7 k)L (6 K, 415 nm i
3-7
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&) ovr—27A@E e LT, 511, 527, 551, 579 nm (1 = 824 cm?) ZHEL WD, Zh
LOFER I . ABFFE/ERLL 72 Metaschoepite ¢ TRLFS A2 L%, Froideval % [26] %
AT FL & Wang 5 [2T]D AT MLV OEREGOEIZELLTEY ., UVDIZkT 2547
EBL2FEORRDENBRENFEL TVDIHDEF XD, TDH 2207 V—T DN
E—7 Ok (n) X, 4, 840, 834 cm M IZKG L TR Y, EAITVME & 72 - 72,
IO XD IRENEREEOFE T, 3.2.1 (4) TR R MM OGFEICERT L EEZD

Fu. RAEFE ORMKIE TRLFS JIEIZ X 28887 7V OBEMHORIEICB W THHEET 2 LEN
b5,

Studtite OMMEIE TRLFS 227 kb (K 3-8 (b)) IZMMDOSIEREID A7 kL~
T, REN/NES L SNEERENY, F2, AT MUVTBEEO HESEO/ NS ey v — 77 B
— I PbRoTEY, ZNHLON, HEBRENRENWE—271300, OO0, OO nm 127
&L TW5, Studtite @ TRLFS A7 R L OHWEFNIRE S TERY . Vitova H[28]1%, 8 K
TORERBE LT, KFEL [FEROBEE DY ¥ =T R =T MBI AT ML A#REL
THY, EBRBEDORE 22— 2713490, 510, 530 nm (» = 878 em) ITLETHE LT
Wb, ZhbHboE—71F, Ll L7ZK 3-8 WIZB T MEDKE2EHE—7 DOpicdh D
EDO/NS YT T4 PE—Z RIS LTI bDEEZEXLND, LR T,
Metaschoepite & [AlEk, Studtite (2%, /R DEMNIEREAZHF TS5 UVD NG FEILTWD ATHE
MEPNREINS, 3.2.1 (4) TiB2% XRD OFEHRNE ., Ak L7z Studtite Ok b0y 72 fliAE
DEWNZ EMND 20X D RENEREE OEW IR E D@ TIEZR < | Studtite DREIEZ D

WCHNTET 2 B2 LD,

Uranophane OABKIE TRLFS 227 kL (X 3-8 () 1%, H#eH, PEEEARE L, 7
n— K72 4 oorv—7 (00, OO, OO, OO nmm) 726725 TW5, Wang b [11]1%
Uranophane OMEIE TRLFS 227 kL (6 K, 415 nm Jihifd) & LT, A#FZED 0 LHELLL
72503, 526, 547, 570 mm 27 B— R —27 2 HTH A7 MEHREL TS, £,
Lehmann ©{X[29], =@, 22D, %6nm%t®#%@x&&bw"iéﬁ~7ﬁ%&b
T, 485, 493, 512, 533, 556, 580 nmZ#HE L TW\W5H, —F, 3.2.1 (4) T L7z
AL CYERL L 7= Uranophane (Z1%, 272257 7 =7 A BRIESMN G ENTND E%Z%
%23, Uranophane OMUEIE TRLFS A7 b WEFATIFE COMEF L L L TnD Z &
225, TRLFS A3FRMi7e il gl c K32 K0 vie LA, UV B O e s 2k K
TOREMAMEREZKM L TND ZEIZHIETHHDEB LN,

o Xoiz, 3.2.1 TERLE 3 EOSHREE (Metaschoepite, Studtite,
Uranophane) % %42, MK TRLFS JIE 24TV, 15 B ALZHE R4 S HEE O TRLFS 1 7
ZUVELTEEDT,

3-8
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SR TRLFS S14T5 DE{E
3.2.1 SHEMDETE LR
(1) B

1 ECTHIRA LD ITEFT 7Y OfEk, 72 EDOMRDZIEICHI-5, £z, BT 7
UELY H LREOKRFH O LSS L BERB IE O 728 O 7R o BRIRIN O ] B0 A ik 53 D 5
Boar s )— NORBRUIZLST, BEFOZEMEESND, Lznd> 7T, TRLFS H
EEANT, BT 28ET 7Y OBEHORIEZIT> TV 72DIZiE, BESRMEEZH 5
FESFHLIZ LT, BRMICBWTERT 2 FRENRES N E B DN L2EEMZ TO-RE
L., ZNZAR LT BT, TRLFS BB T 2RO O OB L T2 EDNHEHTH
Do REMIEE TIX, AIFEE, BEHT 7 VB H LREOIERME O 25 2 18E L2280 %
FHEMNG, ZER UV 25T U CGRE SN Z EERICA L, 3.1 THEE
L 72 MR TRLES & 27 & FIW T, TRLFS 22 R L OJAIE 24TV, B HREEID TRLFS Z
A7V ELTHERTHZEEZEEE L, £o, BEIBEEHER OFT) XK S5< &1k
FEEZTO, UVD ISR V052 =y NOREBEARZ MO TRIEITo 7,

NS

(2) BNFHEICEDCSBEAMDETE

T IEEIO 105 3 SHENOBH - IRKIZOW L, HEN, BLOY
JAEA 12 & o T, BREERCFE MU YRR E ORIENED 5 TWH 30, 31], —H,
BT 7 ) OEEEZZ D L TEELRDKENR, DE 0. pH LBLEICEN. T LT,
B« BE2A A OFEERE, AWMIRER ST IHREFRONA TS, BlxIX, HR
WX, 2015 45 10 A 22 HIZERE L T2 3 SHEDJR1-Iiass (PCV) N OEK D HTHE
BEFE 32 OB HEL TS [32], HREAKITTMHEAMIO pH THY ., /-, EERED
AFREE LT 1 mM B LRV, S 51T, KEEFHEOR o R 2. 11 kBa/L £V, FHig
R DBRELD U & Pu ORINRIAL, BEON Z S OHBEEED DHEE S5 250 ORREET
45.2 M TH 0 | FLESIERPESMK < . FERTEOR U0, OIFfEEETRFOJRE CTh H 5k oM &
B2 E[33], 1 MHHIEERENE DD, UNVD) ZETeEMHOEME L D E+/hE <
MR AKIIBERE N R BRBE Ch D L EX BNLD,

AR ORGET Tl & 3-2 OKEEHFOKEETIC (F—A0) | BRET 7 VERY H LI
WCHESNDKEOENEZLLTOr —A 1B 608 L, TNEITHEE I A AR 7
bR E2EE L, BI)FHEN O ZEEM, ELEEMEZFEL7-, LT, ZOMET
b5,

e r—21 WMKERA

AR —2%, B 7 VR I LICBW T, (EEEEORNEIIE KR, 83X O, A
SO JFHEDE OREBL 1D T= I, P FREOAIEERAZITH Z L BES NS [1],
Mz T, MO HLOZDOHMEDIRAN /L EOBEILLH D 2 Lnh, BENICEENREA
L. WRKPOBRRREN LA L, BEHREIFCR 55— A Th b,

® —X2 I+ MALRFEIRA
3-9
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#3-2 3 S PCV INODTERE K DT B

KT 17 v —F o 7

pH 6.8 6.3
MR (uS/cm) 14 10. 2
Na (uM) 74.1 53.6
Fe (uM) 8.2 5.5
Ni (uM) 1.9 2.1
4 o (kBq/L) 2.11 0.97

AR —A&, 7 —=ALTIMA T, UVI) & LEREEAR (U0:(C05) ") ZTBpk LI33], FEfHO
R IEE S EDRIRA A ZELEND CO,DIRAZBE LTS —ATH D,

® —X3 MBBFRAN+RVEERM

T7 VI H URFOERAB LD T2, EREEM ~DORENDLIRWHAR VIS N U
LK DTN SN TWB 1], Kr—AF, BEORAIMZ T, TOLIREY
RO BEME LI r—ATh D,

o r—x4 BRIEBATHIREE
FRROIRET 7 ) 505 OBIHRIC k> T, £ORFEBOATIE, Hic, MG
PHEAT L. ZOEHM & LT, IRV ERT 5. 20 & 5 ko BB R OB
BT E AL B D, BMEHEMO ERE R AN = A LD —2L S TS [3-
51, T MEEREAKE (1,0y) 1x. UNVD ERUS L. ZEAEMETENT 5 = & e s h
TG, Ko —AlL, BEORMINZ T, KOKEHBIMCORANIE SN D 0, DR
BEBELIr—ATbb,

® S —x5 [EHFE, “BLRFRAT WAKEE

FHE S, WHBSEEA TR LR IR OWmAEIO 72012, —RFIICHEK DA ThiTz,
REY DUEKER L. FOBDOERDEAT L - T, PGS i, B KL R BEIEY)
RMBKRE X T ICBAT LI b D LB X HNHN, —i, . DV, Fri LT,
FRNIZEGFE L CWDREEER H D, R — A%, BEHR & ZBILRFORANITINAT, D
£ 0 KRy DB ERE L —ATh D,

® /—R6 [EFEALEE

O, VRAL LT REE O —ER S POV IS DT A X VZREL, a7 U — M ERIEL,
MCCI (Molten Core Concrete Interaction) 7 U ZEHKLIZbDEEZ LN TS, T
7 U — MIWMSoWH el a2t A FTRESELZLDOTHD, ZOEA L MlGNAKEHE
fih g% &, RS TH D Cad AR L. pH 13 FREDOE T I Y OKIRIEZ KT S &t

3-10
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Io. ZZICH AR (S10) R Cat AT B [34], A — 1%, BEEORAMNZ T, K-
TR MUOSORELRE LT —ATh D,

INHED6 OO —AZK LT, F—A 10055 Tik, KEHEFHEFSAL T 25H
A3 8 = — N PHREEQC (ver. 3.5.0) [35], 3BX N, ZA Z®D Paul Scherrer WFZEFT
(PST) & WSt EBEE WAL 7y D EHi EARTH D NAGRA DAL TWVWEHT —HX— 2R
(Nagra/PSI TDB ver. 12/07) [36]ZH\T, &7 — A THE I LLEEFH, L EEHE
EHE L, F2, BAV MEREEZMRE L7 —26 Tid, A2 O XD A IEHARNMEN
m <, ELERLEDLSNEZWVWRTORN)FEAREL{EL T 23— RToHY, PSI A
BAL CU % GEMS (ver. 3) [37] & Eifo Nagra/PSI TDB, 3LV, A A @R Kl ABRAF ST
AT (Empa) WNABIL TWAE AL MNHOT—XZX—Z2Th5 Cemdata (v. 18.1) [38]%
WT, EINDLEEM, ELEBMBELZFMLT, &7 —2ADOFEORRER 3-3 1T7
I, ZEMAH & LT, Metaschoepite (U0s;-aH:0) . Studtite ([ (UOy) 0, (H0) 4] (Hy0)s)
Uranophane (Ca (U0y) ;8105 (0H) 2+5 (H;0)) . Mg (U0,) 28105 (OH) » 3B MREREL & /0 %, = 2 T,
Uranophane & Mg (U02)2Si0;5(OH) 5 1, 744 U HHEEROE DL TH VD | FEES/DILFER
FEQHL TV D Z B ESND T2, AEEFRT 2 S MECEHE, Mg (U0,) 25105 (OH) » %
k& % . Metaschoepite, Studtite. Uranophane & L 7=, 2B, MELZEEMEE L 7=
Rutherfordine ( U0,CO; ) . Soddyite ( (U0s)2Si04-2(H:0) ) . Na-Boltwoodite
(Nay (U02) (S104) -1.5(H0)) I, WA DZEE KD TRLFS HIEIZH VT, SRS 6%
LARWRERPE LN TS EI, FROER 2T 52 L1275,

F3-3 =R 1D 6Tk L CERE I N EF I L OYEZ E [EH

Ir—A 2 E [ FH HEL2 T [E AR
r—=x1 Metaschoepite -
r—22 (pH 6.3) Metaschoepite Rutherfordine
r— A 2 (pH 10) Metaschoepite -
r—23 Metaschoepite -
r—Z 4 Studtite -

Metaschoepite, Uranophane, Soddyite, Na—Boltwoodite,

r—25
Mg (U0,) »S10; (OH) » Rutherfordine
r—2x 6 Uranophane -
3-11
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Q) sBRHEMDERK

M Metaschoepite (UOz-2H,0)
Metaschoepite D& akld Sowder & [39] D FIEIZ L7=N»> TiTo72, £7. HEY 7=/
6 KFn# (U0, (NOs) 26H,0) % A A 2 RRHKIZETAfRE S H, 10 mM OREIE Y 7 = LIERHE 50 mL
AERLT-, Z2R 77 AaNT, #EY 7 =/WVIEIRIC, LN 6 1 M KEELT b
U2 (NaOH) KiEHE &, ROSHHED pH 25 5.4 (2725 F Tl N L7z, 7o, SEtORE
12300 K& L7z, ZHICK D, EEOOEMENERT S, Ak L7 EH 2 EEIC T 2 @A
RS, T AAEEBEEGERICEL > T, Ak L7ZEMZ BN L7z, Metaschoepite

DEFROEET %M 3-10 (F) (TR,

@ Studtite (U0,(0,) -4H,0)

Studtite OAEL%E Bastians H[40]DHIEIZ LT > THTo72, £7, WY 7=/ 6
KF# (U0, (NOs) °6H:0) % A A AZHKIZESME S . 10 mM OREEE Y T = /L¥SiHK 50 mL %
ER LTz, =217 7 2AaNT, MiEY 7 =/VEIRIC, IEHEEE 2 oL 23 L72%., 50 mL
O BRI K FRIEK Z . BN AROEMENERT 2 E T, KSRRICHE T Lz, 728,
AEFOMEIL 300 K & L7z, Bk L7cEZ2=EICT 2 BRRAK I E-%, T725iE
BZ2RIC Ko T, A LB Z BN L7, Studtite DEROBETZK 3-10 (£) (T
Y,

@ Uranophane (Cal (U0, (Si030H) 1, (H,0)5)
Uranophane MO&FLIE Stanley & Wilkin[41] D FEIZ LN T To7-, 7. Hifigw

¥ 3-10 Metaschoepite (£5) & Studtite (£) DA REDOFEF

3-12
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Z =)V 2 /KFn¥ (U0, (CH,CO0) »-2H,0) & FEfE A1 V7 I 1 KF#)  (Ca (CHyCO0) 2'Ho0) | A X
TABFT RN T L9 KNG, FE L, 0.09 MERRY 7 =/ LI, 0.05 MEEEE v
LR, 0.09 M AZ T AT U U LEEEER LT, 3 DAY T A3, [AED
0.09 M EFEEY T =/LYRIE, 0.05 MEFERD /LS NEAEMA, A5 7 A BT B Y 7L
WEMT Lz, XD, WROBREINDLEAGBICE D, TO%, MOSERIZ,
TUESTHEREPSL D E T LT, RO pH % 8.0 (2% L7t ARk Lo ik
W%, 333 K, ®F T AFAKT T 2 AERK ST, GO lHE T 7 2AAmEER
T > TR L7z, Uranophane OA KDL - %X 3-11 IZ/R 7,

4) X#REIFEAV-SREANOMR

3.2.1 (3) TYERLL 7= 3fEED B MAEHT XRD HIE &7V, HEEEIFT -2 o & —
(ICDD) DF —Z X—=R TS B KD E 21T > 72, HWEIZIL, Bruker LoD D8
ADVANCE (Cu Ka # 1.54059 A) Z v, JIEHIFE 20 10 225 80°, 0. 02°fFE, A ¥ ¥ >
WEE 19/ DEMETIT o7, BB XRD 717 7 A4 V&K 3-12, 3-13. 3-14 TR,
Metaschoepite O XRD 711 7 7 1 /b (X 3-12) (IO El & % & iy SN kb (375
N=) A X)) BEL BIfE—27 70— RKThY, KA TOREOHML LoD Z
LD, RIRENNSI, HDOEWIE, FEREREPRHED B BNWI ENTIBIND, .
Metaschoepite MFMIFEHIME 1LE <. 2, OOOOOO((ICDD card No. OO-O0O-O
O00) TtERENLN, —#., OOO0OOO (ICD card No. O-0O-O000) 00
(ICDD card No. OO-OO0-O000) BEEND Z ENRGD 5D,

Studtite ® XRD 71 7 7 A /b (K 3-13) X SN tbb BAFC, EHFE—2 b v —FTh
0. RBORERERENZ LRG0 D, Eo, Studtite OIEMFHIME TR, 2TOE

E

3-11 Uranophane ®O& DA+

3-13
- 38 -



JAEA-Review 2020-053

BRAXARDI=HIELH

3-12 =B} Metaschoepite @ XRD 7' 7 7 A JL & [RIE SN/ ft sntH
DB — 7 fLiE & FH xR EE

BRERXARD=OIELH

X 3-13 Z:PREEF Studtite D XRD 7' 7 7 A /L & [RIE ST fEeutH O E°
— 7 (L& & ARk

g —r 28, O0O0O0O (ICDD card No. OO-O0-O0) DH—DFH T, KBy D
[ — 27 2@ TE T\ D,
7%12. Uranophane ® XRD [Al[#7 71 7 7 4 /b (X 3-14) 1%, Studtite DB R, SNk
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BEERVIATLZ ERARETH Y . ARG TIE, MR R zeroth order regular
approximation (ZORA) [47]%& MV, ZZHUHBAULES & LT, —MILABLEEL (GGA) ¥E& L
TERED B % revPBE[48] % FIWCEHRE 21T o 72, IREAXZ MVOFREIZIE, £7°, bR
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BEMTH->TH, BEOYHBRIZBVTREIC UAV) 2 EF LB ERT 25 2 L2
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DA RTH S,

AREITIX, TRLFS T —H D X 9 ey T — X ITREFEN DL EH R B IRILT — X b,
STy Bl 5 2 LI b LT 2 E Bfifir 15T D Parallel Factor Analysis
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(5 3-6 &R)

BRERXARD=OIELH

3-31 FERENIxtT DT —X v D4 (case 2)
M. S. UlZ. Z#F2, Metaschoepite, Studtite, Uranophane %9
(3 3-6 1)

SHEAN —FNVEHNTWD, 2B, T—F &y b~ SW OBEHA T, WEsE, £,
M7 — 2Tkt L TFEE SN TWDR, REAT —ZIZX L TCEHES TE TRy, kT
X TCWARWIREEZRET A 72012, w7 VT U X AOREFHMONERIZR 5, AFHET
X, DEGRT AT ALOREEFEIZ, T DI aEILeT =2y MW E
RREZAT 272,

FRL727 =2t > b (1,000 x 701) 12K LT, 2 BRODERDDIHTZIT, 3 KD
SVM 1Z & 2l & ARAEMRFE 2 AT - T2 RER 2 TRFIFTSI & LT, case 1, 2 (LT, €hZ
i, 3-33, 34 TR d, BEATINE, £ 7 7 A HOMRIRIE 21TV OICKIR LTz b
DT, BRI TR S 08E, MEESIE LIS HRIS L, FROITHIO LIS, B
R (truth positive rate, TPR) . {AF&M:3R (false negative rate, FNR) % . TFIZIE.
k)R (predicted positive value, PPV) . {43 R (false detected rate, FDR)
R Lic, 2T, TPRIZEHHE (Recall) | PPV XA (Precision) & bIHENLD,
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X 3-32 Support Vector Machine (SVM) OHEEX

Case 1, 22X 208I%. EBOHBHRAFT, case 1ITOWTIEL, 822527 T RT3 LT,
O. O%LL EomEE (FHO. 0% L O. 0% Eoiiask (FHO. O% 2155,
Case 2 DL, BHTELNIMEITILNOA, case 11k LT, O. O%Lh EOFEHE (FH)
O.0% LO.0%L EoiEaHE (FHO. O%) »BEbnl, iz, 2EMR EMRERIT,
case 1 TO.O%, case 2 TO.O%THo7=, ZNHLDOFRERND, AT, O%LL LEDH
BEGy 7 T D% 608, SFE7R (w7 mf) BB, EEENO%L Loy .
O%LL LD EH RS 5T 25615, FHRBEE, WEER0%L Lo 5 &
THZENTET,

ISR AR DI

B4 3-33 HHiT—4 (case 1) ITKT 5 3R SWM & HWI=HFORR (R
[17451)
HRDITHIOBERIINFEINT T — 2 a2 KT,
TPR: FLEGMESR. NFR: fAFaPEsR. PPV: BEPEAYFSR, FDR: 4% RR
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BRERXARD=OIELH

3-34 T —# (case 2) IZxIT 5 3 W SW AW 5BOMER (R
[F1751)
HROITHNDOERII NI N T — 2 e kT,

TPR: ERGIESR, NFR: fAREVESR, PPV:PERIF =R, FDR: 4% R
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3.4 WRHEHE
BRFAEH O T CHBIZE H 72 & NS BRI EBRIE Rt » & — (CLADS) % & Oiff
ARICLT, DR ED . £, BPREMFE A HEET 5 720 OITAE 02 % 2 M
L7,
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4. #E

S — R IR EITICB T DET 7 ) OREZEA IS % OIGYIK O T 7 VY H L
BEORL T RABICHEL 5252 8D, TOA=ALOBEM T, 77 VEY H LEROEYL
AALERL R OFEFHCEL Y H L LB IROREICRE D 2 EERMRE CH D, AFETIE, 77V
v H LH?'%ODKA%D?}(O){K%E’JEEF%*EE L7=5MC, BT 7 ) ORERBR 21TV, RHEIZIERK
THUNVD) ZETAEMZ TRIFSS MIEIZ LV FEEL, 77 UVREELET LV OBEIZET 5 UV
EEUDEEMOTA T TV EEMTHILEHAME LTS, SFInFEET, IR~ Y 7 ARE
TOMYKIR TRLFS v 27 AR L, 2RO ERL, B L O, HBE L 7MKIE TRLFS v AT A
ERWERIEZIT Y LI, BT 7V Bt o /ER L R RER 2 Bth LT,

R TRLES JIE > A7 A OAEEE L BBV TiE, MK TRLES 2 A7 ADHEZED =912,
ATAEEE (CHESE L 72 =8I TRLFS A7 A& Jcil, HMEEO M My 74 A2 2 v & —R
DFRTHZHEALE LT, A7 74w 7 A BEO, MY AT L&2&E - %L, £3 KT
HIE FTEEZ e TRLFS JITES AT A&AEE LT, & LT, BEu(NOs); & 22— b Rk & U 7= IR &
BTV, fEREZ LD E LD, VAT AERFEL, S50z a3 —L RREFOMMKIE TRLFS 2~
MUIE, BIRO AT ML E AT, Y —27 OFIEN/NE < X0 @ iEae 72l E N FEELT
&7z, Flo. SREEFTRLFS 74 77 U O3\ ) TER S 72 2 JREUE O fYIRIE TRLEFS &
%S hE L7,

SHGEEE TRLFS 74 77 U OBV TIE, U EC & L2 EHE & I L7 RiEE ORE
i SEE L 3 FEEOSHEE (Metaschoepite, Studtite, Uranophane) &KL, 6
klﬁ%xﬁ@ﬁ LGB Lz, £ LT, EROWIKIE TRLFS ¥ AT A% AW HllE ~itkl 2
g2 Liic, BoNET—F E2BMREO TRLFS T4 75 VU & L CHEi L7z, ZIRREE O
ﬁﬁHMSXA7FNi BERIEATIFRE COREEE LT DHDOTH LN, —#, GO
EWIZER LT, UVD JEE OB e ZRNBREOTFENRE S, Fio, BENREEE
AW B LSRR 2TV, U052 =y hDOBEF AT MVIZFHER 7 REER IR T 5 A
RT MUVEEIZB T SRR Y — 7 AR Y R TETWSH I AR LT,

KR T 7 ) BE R & BB O E T, AiFEEIC &k, BT 7 Ve e LT
U(IV) 0, &R L. RIS LBk + bR FRA (F—2 1+2) | BRIEA+S VR
m (r—=3) | BEREAHEHEE (F—2 4) | BBH, “BLRFREANHEKEE (F—
Z b)) | BRBREA+EALMEE (F—26) O 5 MEHOMBREI T, RERBREFR L, £
7o ZZEHUELD TRLFS IEFE R OMHT OT-DIZ, T —H2 DX 5 w2 BT 22K T
— X ~Ou DB WS E BN F1ETH 5 Parallel Factor Analysis (PARAFAC) 2k B A2
7 MVOTBETE, BEON BHEEEIC L DAY My~ vy F U7 FIEEEE LT-, PARAFAC T,
FEHZ B3 2 FATOEHEE LI, 8ED TRLFS T—X b b5 —X2 v b (B 5 RS
TR RS 5) 22D, FEtIC R D8RSy D AT bV RERZE L, BIEZSHET 5 2 &0
f%koik FERA T E 3 IRD S & WA E I L D086, 5 %L EOE AR

ST %A, 9 WA LD~ 7 o BER, HWEREAT L 0ERE, 1 WA EOE AR
ST DEAIX, 96 WA Lo~ 7 e lBLR WAEREATLI0ERERDDL I ENTE,
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