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BRAAL 7200 C 41 0 itk 7 FREFRI A 2 LA 2 C R 147 Rl 2 A U 7 B RR ] o0 Fc i
LalBra E ML 7=,



3. R Bl SE DR E B

3.1. EEREEATHIFEAR (CLEAR) DM & B

CLEAR (%, BZJFEHE | BB E S OV 7R OB BE T D1 5 S BEBREH & {4
T E% . HCEHE R 5T 38 55 0 FRHN 2 B 3~ 2 VAR S B S <R R e B A it 5% Th D, 155 &
OFTHELE 7 B2 2E i 0 B R B it s SR 22 HL I TR 7 DB SE P i
PRI E TP HRR R RS ZE T B e 22 2l B D I DX @ U E B A T o7, oFn 3
HEFE S U7 B R O MR D, PR RN TR OE B EFRAE, HEICEDLNH ERA
EORER, BT o7z, CLEAR O IEF 7R IERZITH /DI 3 F-FEICEMEL 78 ~ D%
DIRSFEHEE -3, 1 ITRLT,

3.2. FEEREE AU (CLEAR) DIE 14 & 4 BE

CLEAR D27V — b —Ai%, A V7 ((BFALER) B U7 (BESR0HT) KON C =V 7 GREMRE
) CTRERRS AL, 1SO #IkS 14644-1 (ZHERLL 7= E AT - T D, ZOIEEHEIL, A =7 1X 1SO 7
FAS5(ZF7A100)F824, B =UT L ISO 77 A 6 (774 1,000) FH Y K X C =UT X ISO VTR T(77
2 10,000) #124 TH D, CLEAR OIFFELZHEFRF T 572012, NEFEEHTIA 2 ED, 2, 4T
EICHSE L FOMEBHWERED FNEEEZ D, 7V — b — L TOVEEEITNES RUEE > T D,

- IHEEE P TIRE

« J)—2— A ABRETIEE

« JU)—r 7 —REHR W FIEE

= Wi A FIEE

« IV U KRAREE BRI E

- BB T A FIRE

CLEARIZIX., BHEOIEEE S B Y E A E L QWD TORGIL, MEEE I Lt FIEZNEST
SHLZLITIVNER DIGHEEAHER T 22L& THE VBB B BEE G EERE R B ey
ZEhti 452 THD, CLEAR TIELL FAEMMZ2SMIE R ELTED . ZNE GBI L T
[AYSR

c J)— T —RRIRE (1 [a]/4)

- FFU &t & (1 [=]/2 4F)

© V=T — R REHETR (1 [al/47)

« )= T —RTnH—0—27 (1 [8/4)

- FFU 742 —)—7 (1[=1/2 %)

< IHEE R R (1 [a]/4)

i H FEfiL CTND I — 2 /b — LOIEE EENE DR Rx X -3. 1 (A =V7) K T-3. 2(B =U7")
\ORT, A U7 KON B U7 OIFE L, BE BRI+ 1HE T B A ISR TND,
FaHERCRIE IR 1T 1T DR 7 Z D HE N O 0] o fa HE AR FREC B % OO 15 v BE 118 R PR L AT
RRE LI L CRERZEAIT2RL, BAFRIRBAHER L T, 7o, MiKE AN TRz ) —
J—LNORD SIS — B FE L, 2SRRI DR -2 L T ICP-MS T/H#TLC,
INETVT T TG, U7 DT T I 7fEIR, 7V — 2 b — A BRI B W T A
Ty L TH RN TH -T2, A0 3 ARSI L7 i 5 A BRI B A E A K-
3. 2 1R LT,



3.3. B OHERE B

3.3.1. BER L B OMERFE PR

CLEAR Zi%., fRIEH E BB T2 FE i3 D70 DM@ L LT, ~ /v F a2 RIEE LA
M T X G EHTEE, MR ERE A T I X E BoNTat, EERE T HEMEL, o BRAY
MUVRIERE R @ fERE v AR E SR R o mE R SR EE X Mok, il
TWRAF A EGHTEE, K IRAF VB BN B e —T X e Ara T oAl
INFRE SN TRY ., FERZECREI IR L CD, S 4EELEUNICHERFE FRA1THOZ 828D,
AT OMEREZ HERF L T2,

3.3.2. TIVT 7 RRARY NV AL E OB g L e
< B DA

T IV FREANT N VIEE T AW E SO T VT 7 RS SN T V7 7 AR E 52
ET. TN 7 EHRDRNE « € BT 572 DI HWTED . fREHERE DI IZBW TEME O
a5 DIEE Th D, LU, BEFOT LT 7REART VISR X, SR 10 4B |28 A
LT 20 AELL ERRmL TRABIENEA TERY, FEOM BRI TICKENH TE-7-90,
BT 0Z&E Uiz, EHDORIEIZHT->TL, BEFOZEELFRFELLITENL LOMEREEZHFT5
TEEBELTRELL, TD%k, B PFAFLER T, VAT 7 /Y — X Xy RIS
BOT N Ty AT aA—=Z IR TE LT, s, S 442 H 21 BITALZZOL, 5F1 4 4 2
A 24 BIZRTORMS - FHRRIEELE T UL, BEOIMIGEEZX-3. 3 1TnTLEbIT, £-3. 31T
PEEO LA R U, AR, HEHREZE AT LT v o — KO L7 ria Hds, 7
YR —NEBZE RSO DEZEYER R, M USRS EE I CF — X 2 U572 2 & il
e 7 — X ALERERI Z LR S D,

BT, AR L3 E GO E) 2 VG, B E(REE) ERE L EoMiEE A9 5
ZEEMER T HIEEUT, MHERE IHEEE DA 201E 450 mm® 2 B EEE O 1200 mm* (AL,
Has—aURHEREZ 45 mm &R —SfFRICA o, *MCm FEERIRGHE R T, 7L 7 7 #EOFL 0
D 597 1 N)%E 300 FPHIE LTz, XI-3. 412, JIE THLNTT VT 7 #RART MV E R T, Firik
BEORHETHELNTZ AT LIS, B — Ty T 324 I M5 545 A7 b, B — V7 HFET
1L 5704 7RG 14247 17 Rk 2 (SRS BHizh=3 ) EL7=Z &35, 2, [[l—
AREFOHRIEIZIH T, [FREE ORE 215570 IR @R 2, B2 Eoicdisshnsze
ZEML, [F—REENIC, I0EZ<OREIZHIETESD, LLEOZ LD REEEE VT o BEHAE
DRI EN TEDZEEMRLIZDO T, 51%1% IAEA 3B ST VWD,

3.3.3. VU FAGRA ik 5T T A~ E B TR OB LAk RS R
BB O

VU B S 6 BT X~ EE AR (ICP-QMS) 1, 3L 7 3T\ T, L2y B D7k
BHICEEND YT, FIVb= LD 5 E RSB AW 54T, B CRRBR O — T fi
M 2HETHD. LinL, BEFO ICP-QMS (3, BFEA LIS LD, SOEFTHU0% OEEER
TRA IR N OME B ISR E TRY, BRARREL /o728 5 ICP-QMS &AL BEfFE
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EEEXHZ HZ LUl FE ORI, BEFOEELFRIFEOLLIULE N, EOMREEF 524,
B OIS OEANBR R B Z AEZ ZIUCH O CTELI LR EEEEL CRELT-,
TD%, WP AFERE T, —F T v v —V A T4 7 v 7RSO iICAP-RQ (T
WE LT, BEaE. B 44E 1 A 17 BT CLEAR B-01 ST ALT=006 IS HIKELAE | 1 ARLAS |
BE2eRIE K VBRI A I T, A 4 4E 2 A 4 BICETORN - {BEELE T L, HE
DIMBI B EZX-3. 5 LTH-3. 6 [T EEHIT, R-3. 4 ITEBEO T2 bEREZ R LT, AT,
B E FAREAE AT DREHE A (4 — M 7T — BRI AT 255 T0) K O A ALER, 3R
BRI E LA 2 I8 AF I F R BT AT I EOTFWERETHaVa U7
Jiars AF BRI T oA URIER ., EE AR S EEIIROTCD OREZEYEK R, £LT
FESRARAHIEL TF — 2 &2 BUS$ 57- 6 OLEE HIiH - 7 — Z LR - K> THERR S5,

B TCIE, AR A W OO RIR AR 2T E L, R0 T IRIEZe & O3 AT i hE
AR U7z, B K ORI EME O EIIT Y —E 7 vy — A= T4 7 oo 4 RUE S 1 E
W (F2—= 7 RIR) B FERAEOWNE 1T T B IR A EENEIRIR XSTC-289 (SPEX #E#
0.968 ppb) L7z, BUEMLFED R T TA P —L AT L —F 2 N— O/ E I L HRERE AR
THIELEGA . RE &5 (L) . P8 &5 () L OEE &4 (FU) fEI CORE L, T2
5.9X10% 1.3X10° &z TN 5.6 X10° cps/ppb THY, A—T—fRFHE ("Li: 5.5X10%, ""In: 2.4X10°,
#8U: 3.3X10° cps/ppb LA E) &L QBRI EZ MR LT, F7-. U OHIERE IXBE DM E
(2.1X10° cps/ppb) LOHLENTEY ., EUVMEREZ AL COAZENHER TE -, (IRE &5 (L) . f
B85 (n)  OVEE &4 (C¥BI) fEiE TR H N RRMEIL, £41E 4 0.3, 0.03 & TX0.07 ppt Th
0, A—H—{%ZFE (*Be: 0.5, "°In: 0.1, ?°Bi: 0.1 ppt LA ) &=L CWAZ AR LT~ IEfET
R EE IS @S RA G DT-0121E, A A AL E BB OE B EE N L E IR TD
ZENEETHD, Li, PCo, "PIn LT U DA ZHREED 10 53 M ORFRIZ2E ML, FH X HE R 2=
LT, ZNEI 0.8,0.8, 0.2 XY 0.5%THY, A—H—ERFHEQ % LL F) &7 L CW\AHZ L& fif
LT,

HILEEER R Z VT, U7 7 Vb= AHIE DO 5 & 70 2 A il ot 58 O JI E IR M OV
R 2R L7z, JIEICI, BT ERIR 2 IR R LR A AR (0.01, 0.1, 1,
5. 10 ppb) ZfEH L7z, #EFA2FR-3. 5 (TR LTz, FFTEEIMEVVE &3 57 CHIET 5 Fe OMH T
FRAEIZ 205 ppt. ZDOfDTFEORH FIRMEIX 0.4 ppt LA K Th-otz, Tz, ALEE O HETH
% 2 WEHMEE X, FHECRN A<D, BRI OVARIENST T IE Y0 D%
REZAL TV, IREEDY 10 ppb (27258, T KON Bi 1&, FHECRB EW=0 T FuaZ JE Il -7
S KR EAR D ERREDHERFS AL, 10 ppt 235 10 ppb £ THIE TETo, AVA T B> MR (28
7 mL)% 0.05 mL 7 EL., 2%/ 5 mL (ZFARLL /=10 AE VTV 5 D AT ) — =0 7\ 2k
T 522 4ET 58, FlZ 1L, 144 ng Dk, 0.29 ng DZL T 2T 0.12 ng DERE R H T 5
BEZH T 5, ZNOLORERNG, AW eE IR EAE T AMEREE AL QWA Z e a iR LT,

KIRDZ iR (IRMM184) 2 FHWT, U7 Of T IRMEZ R LT 24, 1@ ORIE 1A
FBUWT 1.1 X107 ppt O H FIRIEZ ST, £, SO V=0 MIIRE THHZ LD, 1
HOWE S IETINZ ., &R ) E 23 vl BB 72 i S & (APEX-Q) 2 L 72356 O I E I K
O P IRMEA RERE L7z, JEIIL, 7 V=0 MU PR YETA IR (Pu949) 20 L7, i R2 3 -3.
6 (TR LT, sBHE AR IS B A L7- L & OMRIERE X 9.3 X 10° cps/ppb THY, FE#E
DOFREHE AR a2 LT84 (3.4 X 10° cps/ppb) K0 JHIERKE N 2.7 fi516) B LT, £7-. BLIAHE
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EEAHHL, WERZ 10 FRETHZET, @ Z0H IRV i H T RRME (3.1 X 10™ ppt) 73
Boiic, FRRAZ)—=0 7 LRERICREBIZFARL 070 KO V=0 22l 5 E LTS 6
HHEOHET 8 pg DRIRVT 2 pg DT V=0 LR FTRE CTh D, DAL E 2 V-5
A1 0.22 pg OF V=D LB TELMREEZ A T 5, DL ELY RIUEBRGEEEE 7 I7X~E
BOWEIERWTY 7 RO =0 AOTH G ELCAFMP DY EN TEHZ LA R TEI=D
T, A% IAEA R E BB B O 2 AL BRI I L T <,
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4. 77 R A DFEE RN L o AT TE DB 3

{RPEHHE BB ST Tl B2, 3B U Z o DRIGEEERZTHR, ZOEEHESN TV
U7 DRNL KR DL L5 2 LK RHEORYE OIFESCER P51 5B &
T DIENTED, AFELDIRN U L U (AT —TT7) 1%, NI LR T O - IR 72
EIZL o TALIMIZESB NS, Bl 2L, RIROT T 2L U 1RFEALE G FIL TR0, 47
TRESNTZT7020T 20 B2 I 52812 TAEL S 25U BWMEET S (U + 1n —
PU), ZDTe | FOU FINLAR A 3T 3528 T, RIL R DOT 7 Tho>Th, BRRFOUZ
2 JRIR TR SN D728 N T2 VR G SN T=T T E KB E RN AREL 72D, LvL.,
U KON HU FEEREHRE A T DO, U KON RIS TR ER &3
RN NS D RNAR LS B IR E T D SR EETH T, TNV P=T LD S E->TIE
BRI A L7 NTETIIE T 57> FT-TIMS (5 CLMNIE T A2 EN TEX o7, 2T 4
FEEPSRA P O~AF =0T RNARSL T V=0 LD E RN AR T EE DB 3 A b 52 L
LT,

LAEFE X, U7 R AR OREE FINAR EL AT IR O BRI 2 I LT=, B 1-Hh o U U 2 & e
U7 R DRINAR L Z ICP-MS TRl 2T 3 HHIE S22 e 57212, 2hbows
VIRNLARZE & TR ERL N LT D, Ll THIROEENED 7 k71 IRMM-2331P) [Z1% U 23
EENTNRNWARE | BE T RN DR E AT DOIXNEETH D, Fi2. V7 W iE
WL C R K 2RI L ChL 12 ERK 95 J7 15 (Truyens et al (2021), JRC REFERENCE
MATRIALS REPORT) &% 723, 2O EIE, U7 RIR O N BB IR H2VWES, VT a—
TR AR EHAE Y EDHEBINE T D, 2T, xRN AR AR DT R4 L0 8 -
LRNNER T REZR T EZ R UTz, F72, 2P0, U KONV U 25 0 7 ik & i L MC-ICP-
MS Z W e~ AT —0 7 [RNARINE DA A i LT,

4.1. U AEEERLF DR

AWFGETIL, U7 AR DIERK T IEE L T, ZALUE R FICU T 2 3R S5 IEE /G
U7z, FEERL DO RHARE L T =LA D Z fLE ) e — X (SB-700, “EHJRL7-#8 :4-6 mm,
Ee R mIFE 1 400-700 m*/g) ZE A LT=, £9°, 7T 7L TUTU NI AE —XZE FI TRV
BT~ $9 5 mg DIV HE—X (4 38}) 2 PFA 225 HL . 0.5 mL @ 68%i5EEE 0.5 mL ™
38% 7 ALK FEIMZ THRELT-, ZD%., HAFT 57 AbKRFBWmEFRET D720 68%MEEEE
0.5 mL NZ CTHIHLE LT~ ZAFIEE% 5 mL O 2% L ERERE LT, BIEIT—
T4 —P AT T 47 478 Blement2 2 LT, FEREFK-4. 1 {ORLZ, ZHETY
HE—R1 g TOTTU PRI 4.7 ng ThoT-, PN 5 um, BLEN 2.1 g/cm®*DEREE
T HE, DR4720 28U ®1% 6.4 X107 pgTHY, T I BN RN L2z LT,

WIZ, YIIE —RA~DERFIEZDOWTHRET LT, TR LRI -2 B 3 BB, 1R L 72k 1
HFOTZ BB E THHO KL TP 25 g BB E IS TRk 5281
WEELE 2 5D, 22T, BT 2V 7RIS T RNAR LRI E N B % B2 72 VT F 7
(Lu) ZIRAESHHZEELT, Lu 1 TEEME FBMEO NS E B TIIAEAD T, HIIDIT
R RENATE LTIREBZBIE T2 LTS,

F9 . NRAR R T IEICOWTHE LT, 1 mL @ Lu A=YEEETE (1000 1 g/ml.) Z P M8
D 7 ml @ PRA SHIZ AFL, ZRIEHE[E % 20 u L D 2% 4R E Nz | Bl A BRI LT, &
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R FIEIZLL T O2iBIZ DWW TRET L7,

FHEQ: Ve =X ERREEEINZ . PFA B2 HWTRAE L, —BkiER, Ay 7L —R BT
INENL | REld 5,

FEQ Ve — X% FRUEIRICINZ TEEA L, WA RN TEIN LRI U e — X% P
IR D T BaE % Ay 7L —b ETINEL | §iSE5,

TERLTAARERL - D — A AT AT TEERY , AL/ F—IZLORL P2 B L7214, AR E

TEARESE CBIER LT, X4, 1 (2274 —TCRIN LR Ok 2 Rd, K, HiEOTIE

LuZ B ok - OEIG DI DITH LT, FIEQ@TIE Lu 25 &R T3 S8 EL . J0EhEMIC

IR EAER CEDIEN -T2,

4.2. MC-ICP-MS \Z& B~ AT —0Z U [FINLARRIE DA D MERERR

MC-ICP-MS |Z& 5~ AF—UZ V[RGAREIE DA MEZ R ET 572012 U, *'U O #°U
EE e T R TR T, RINLAREEYE U015 AR (10 1 g/g) & U IR EFEAERIR A A LT,
U015 ¥ 1 mL (ZxfL, #U/%5U e 107 BREE IS5 301 U IR B IR G LT, Z D%, TiR%E
290 IR CAIRL CU TR IEZ 832 ppt L, IO U FfLRZ Y —FT 4y —H AT
?474’)7*:[:;@ Neptune XT %f)ﬂl/ \T{EUELT 233u/238U\ 234U/238U\ ZSSU/“SU &U ZSbu/ZSSU tt%‘,ﬂ%
FELT (4. 2), RIZ. MC—ICP—MSIC LA~ AT —F U RINAREIE DA WWEE R T 57
DI, ZOTZ R Z 2% HEE TAARL T 7 IR FE 0.83 ppt, 8.3 ppt, 83.4 ppt DK A FELL |
0T B LT ERE B D BMR A TN, X4, 2 IS TR L U /280, BU/AP0, BU/A0 RO
POU/2PU ORI E RS O M7 vy Mes T, IS 2P0 25 0.17 ppa. U 23 0.22 ppq., *°U
25 0.11ppq & EFNAUE, ZHHDOU T RN EITREE 10% CHIE TEAZENDM -T2, FIFRIC,
INH~AT—0Z U RAED 0.41~0.73 ppq & FNAUIKEE 5%, 9~16 ppa & FAUAUX, K
FE 1% CHIERTRE Ch A EN DT, o, B EZENNR L KA A 2R OULEHE () %
FEL TRHGL 72/ R 2 X -4, 31237, *PU &L T 1.9 ppq L BB ENL5A . U0 [FIfLIRE
2 ERRZER PN CIEMEICIE TEXAZEN DI T, U & 1.9 ppq G TeilEr 1 DICB W TEEE
#iPH (10 ) N T L7 > 3RAEHFH (2 0 ) WTIE—E L7, ®'U/%U KO #U/*U R
ECIE, #UEL T 0.07 ppg, *U&L T 0.14 ppg YA EEFiuiu, Z2HERR =P (1 0 ) W CIERE
WZHIE TELZED 0D 2T, ARRBRIZEY WK O~ AT —0F U RINEARR B LR EE O B A3
BDE7R0  MC-ICP-MS (2L~ AT — U7 [RNEARRIE DB MDD L TE T,
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5. AT Tk RAER

5.1. 7L 7 55K HfT (CLEAR)
(1) ~WFabrRERERES T I E&OIE 2 WM&y 7 - 7 V=7 ARG IA L
RIEZBIT DY FA A A LD ED E BRI

HEAEL T T A E BN HEE (ICP-MS) IZE DM EDT T (U) K O V=7 2 (Pu) [ E
IZBWWT, JIEREH AWM DK BEICTFETDE, TNORT VIR ELEA L THE R W
DIRNAR LRV E D5y T AA L R L IEMEZRRNAR R EZ I BT 5, 2072 I EILHEIT
KT 25 F A4 DR, TNORFRNARERIE I S-2 5 B2 EBACHE T 2803, &
BIO PR OMEE, IEMEZ2 RN R EIZIIR AR THD,

WEAERE |, S o7 a2 [CP-MS (h—F 7 4wy —H AT T 47 748 Element?2) |2
X2 U FNRELRIERE D4y 1A AN KD EIZ DWW TR L 7=, Element2 T, 3EHE AR
ATV —F %\ —Z T U R AEZ I L T\, —J7, /L Fab-s& 8 [CP-MS (4
—ET 4P AT T 4T 4758 Neptune—XT) Tk, KV ERERIEZITH-8 , 3EHE A
R EEEE & 2 L T, BUBHEARF DT AR 30Ky BN IR DT LD 1E 1 AF
YOS Element2 LR HZ LN T ESND, £ T, SFEIX, ~/LFabsxB [CP-MS 12
LHIEMEZ AR U KON Pu [RIRCREEEICREE AT T 00 A3 DIRE & N D 2D E
BRI AT 572,

(2) BRIk
O EA A DR E

U LK Pu FPARIGEZ I E T 50 R 2 REICIE, o 7 AT (W), L=U A(Re) , AUV
L(Ir) 7T7FF(Pt) | 4 (Au) . ZUTA(TI) | §7 (Pb) L TRE A~ (Bi) D H LR EEAERRHK (0.4 ppb)
W 2D OFEHERR TR A Neptune—XT [ZEAL, v /VFAF L 7T 40712500 K UPu
DENENDE EDOT 7 FINVRELRE LT, Flo, G2 B LS TIET Vv B E—
NIZED, Wi ETLEOL T FNEELE T 7577 — o7 IZXOHIE LT, Neptune—XT ~DalEHE A
|Z1Z. Elemental Scientific #- B IATAERE (APEX- Q) & FV -, ABEBEORIEREE T, 1 ppb DK
RUBRIK T 1V UMt D1E B iR B ITHA R 35 & 6.25x107 cps #HXY4) B2 Th D, F7-, U015
[EARFE AR 2 AN TR A R HAR DI ER AR D | IR IE LT 7 ViR EE 2 VT &
DAAT DR E R LTz,
[X-5. 112, 0.4 ppb OHLITHEMEUEYRIK A2 ELT-FFD U KO Pu [RINARDIEMDT 7 )L fE %
RUTz, U RINARHIE Cid, B B8 233 12 Ir'%Ar, B B8 234 12 WPt °Ar, B #2235 12 °PtAr,
B L 236 12 OPLAr ICELDBAFE R E (AT NV SRS, Pu [RINARHIE TIE, &
B 244 127" PhYAr DT DR AR NV ER S, B E DRI LRI OWT, 47
T AT TR AR5, 1 IR LTz, ARIEE O BIrAr K OPtPAr 43 A4 TRk bR Neptune—
Plus (A IEEE B 2 (N 72355 O &S fE (Oh et al (2012), Mass Spectrom. Lett., 3, 54-57.,
Pollington et al (2016), J. Radioanal. Nucl. Chem., 307, 2109-2115.) ¢ [RIfEE CTH -7~ AT L —F
YN =% B AR ELTZHLA O Element2 ORERE RITHK L T PIrAr THIAfE, PtAr TRI6RE 5
W AT IR L Th T2,

@ EAA L DU K O PulRIALER L HIE ~0D 522800 & BerIR A
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W EAF NCLDURNAR LR E ~FEBZ R T 572012, 1 ng/g DRIXTZ > (IRMM184) &
0.4 ng/g O_EFEDOIETLRE G LIRIRE TN ENIRMLTZ, ZIHDRH % Neptune—XT [Z3E A
L. YIVTF AT AT 4 ZIZEOURNAREEZ ]I E LT, PulZ DWW T, 0.2 pg/g @ Pu kgt
% (Pu=949) &£ 0.4 ng/g O _EREDIETLREE S TIRIRZZIEIEHTIL | [RIERIZ Pu [RINZ IR L3
ELT,

AERAF-5. 2 1TRLTe, 1 ng/g DRIRTZ AR I 23 0.4 ppb & FENLEE ., *U/4U [H
ALAREEIE 3.11 X107 ThY | ARIEHE HFINAFAELZRN 22U 23 30 ppg O F A EEL CREHiiS L7z, &
7o, Pt 23 0.4 ppb & E£NAGE . P00, 2PU/APU K OVPU/#PU [RIRCAREEIR, EZ 41 9.09 X 107
L T.298 X107 TR 2.80 X 10° LS A7z, 504072 *'U/2PU HIIRAHMELDS 1.7 5@, BiE
DFAT ORI, U EEUTRAMELDD 36 ppam<iHiliZiiz, *PU/*U I RFHEEL
DHHOTNITEVMETHY FExHRFE:0.5%) . 2°U 8L TIRAMELVE 34 ppamfbflisii-, K
IR T AT, 2PU Y 0.726%AFAET BT 73 FAZANAZED 2°U/#U ERHIE ~D R/ NED»
72, U0 [RNEAR BRI IARREE LD 225 f5E<, U LU CTRAEELDS 27 ppam<iEfliEiv
720 PulZ oW T, 0.2 pg/g @ Pu L FEEETEIEHIZ Pb 23 0.4 ppb & £41554A . *Pu/*Pu [F]
NEAREEIE 4.8 X107 THY | ARIRIK FITAFAHELZ2 *Pu 28 0.1 ppq D& A L TRl vz,
ZOWEREREMES T, PEFEBHIIRIEL CWBIEA AL DRNAR LR EIZ 52 A BDO KEX
R AL EHIT, DB NER RN B/ R ii 22 LS IR E DO AL AT,
HEREHOUT R0 N h=y 2 GRS 5708 O E 3D,

5.2. I HrE AR (NUCEF)

NUCEF (23 TR PR E R B E O 3 AT I W T D [RINL AR A7 BRVE 53 A (IDMS) FH o7 71
R=D DAL TSR INFED D2 o T2 ZD7280  FHRA S 7R ORI A T Iz L LTz, =
ALET NUCEF TIX 7 Vb= DDA/ A7 *Pu JRARIRINL AR Z FANTE T, PRI & BREHUR
DTN MLT LTI THDLMN Pu NG ENDHZENL i O Pu 5 *Pu FTOD[H]
NAREZ TEAEIRODT-01220 *Pu BHEFINIRICE N7 V=0 ARIN AR BE M EL TX
72 LML, ZOMEIZ LV RINLAR B DO RS KT 5720 NSRS L TREFLE 7 Pu
RGN AR Z A SA 7 EL THWADNIEL TWDHESID, ZD7-8 IAEA I3 i E 7 *Pu JE4E
N ARZ RS 57 0 = 7 e St D BT, & NWAL ~EEERAT TEXHL512/M 51T L (2008 4F) |
o *Pu IR A A Z L 72 (2019 4F) . CLEAR T, 200 *'Pu iR RIALIAZ IAEA #UBH O %)
MR I CE DI E OWRIRICAIRL T, IAEA 3BT L A, NUCEF [ZBWThH, =
NETT NI LDZRAZELTHNTE: 2Py BHERINARDO BN Do TE72, 20
2Mpy ERERIN A~ E 5281207, 244, CLEAR Tl L TUW5 *“Pu JE#E RINIR A A 7R
WESBLUTHEHATHIE%2E 272, LU G, NUCEF [IKESNDREHZ & NG5 7 V=
U A BT CLEAR (RS NSRBI O DI T%< CLEAR THWTWAEIMED 10 £%(10
pg) DLETHY, CLEAR O *Y'Pu ARA VR EZDEFHWTZHE . A 7T ITIEE
LTCLEID TERATITAR, 2072 IAEA 23552560072 “MPu JEHE RN AR Z B LIS AR L .
NUCEF COHTIZ WD) 72 (Bl 5, CLEAR OO 10 %) O *M'Pu JEHERINL
RANA TR HR A LT,

BT, ZOFBL T2 A SA 7 IR % FOTEEEYR IR D7 )V =7 A% IEFEICE B TEDHMITDOW
TRERBREITV, ZOREFA2 TN L T4 % OO FHE E BR B R0 BT~ 5 H i 45 0 H] 7 &
1772, NUCEF Tk 1 FfICHH L7z 10 EO 7 /L =0 LD & &k R OFE SRR 2132
¥) 3.5% CThHoTm, 2O FFRRIL 7= 2 A 7R E AW TUEERIR O T V=0 LE ERL
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TZRE RN 3.5% AN TS RIEE — B AT 5 & O~ i ATREL I L 72,

O  HHL M Pu IRHE FINLAR A A IR DT L YT 7L b =17 DRGSR O i

L 2MPu JEMEIRINIAS A A 7RI, CLEAR TRE B HL TWD A A7 TRk H4 B L T
TR 7=, HT LA S FRIRIC CLEAR TR SV CWA TR (R 112,737 pe/g—AHR) 725 0.11 mL
(1,555 pg—*""Pu) ZHRHEUL7=D 5 AM fil§fs% N2 T 14 mL OWRIR R :95.8 pg/g— A1) (ZA R
L. 2+ % NUCEF H *"Pu B RINARA A 7R E LT, IDMS TEEET V=0 A E &3 57
DI BE72PRIE L, CLEAR CRRIZIRE & BLL QWD L FAERET )L b= DRI 4y B L T
U7z, 7 Vb= I BE DS BEFN ORI (2 BE 195.97 pg/g—ImiR) 227 7 #3121 mL (212pg—Pu)
ZorELT=05, AM fEEEE N Z T 2 mL OATR (FEEE:97.1 pg/g—I&ik) ISR 7=,

Q@ ALV DIRIE

R CHRELL 72 M Pu G RN A A 2K 0.1 mL e O /L =17 L EE S BEE O TR (b2
BEAET L h=0 1) 0.1 mlL 22 NEIR) =T L BRI E (R T, ZOm I E I AM fElE %
0.36 mL M OVEfliZkZ 6.44 mL N . Fof&AIIC 0.32M FSERIAHE 7 mL L7, 2% IDMS #kke
L7, ¥ L7-5M D IDMS 32 ICP-MS (ELEMENT2) 2 T 2“Pu/*Pu [RINARELZRIEL .
FoNTZEBMO EESEFIM AR L,

O E k5 F

FHRPu G RINAR A SA 7RI TR O 7 V=0 B E B LT T a5, 31T T,
TNh= LB ORI EIZX T 5 E EEDOR X, 0.01%2°6 1.20% OHiH THY | FHEI
0.73% (£0.46%) T o7z, W FLOFUEL O Fb 8 F 18 74 1 W FE7E (3.5% LI T ffa L — %)
DOHEIPHNTHY, +57i & TEARE R Th -T2,

EFRROZEND FHRICTRHRIL 7224 Pu IR MG RINAR A SA 7RI OPR LT %24 THY, NUCEF |2
B ORERERE BT ICB W TH B2 7 V=0 AEBSWT B FIHE CTh DI LA
R CETz, ARRFHT DM Pu B RINLAR A A 7 i % Sl ATl c &2 B L2157,

5.3. /X—T 47T (LG-SIMS {£)
(1) FREEFEEREREO LV —TF 58T

EI=E=N
H 5L

PR B F I BRBE R P O B — R D RALAR I 2~ 2 F71E & LT, SIMS JEI3aRE Do K fife
T =2 B8N HiEO—>L LTHOLNTWS, ZOHETIE, AT A 7Rk
(A5 LTRI T A 2 8y 2 —RIC & 0 S oM EREHE BICEIR L, 2EE Loy T ok
FOAEZRE LTCRIZ, BBFRA A B — b xllx ORI IZRE T 5, BBEA A E— LD
FREHZFE > T T R DI &N D T T VRNRD —IRA 4 > 2T 5 2 & T, kit
DY F AR OREAFIEE & 72 %, CLEAR Tl IAEA K Y {KHE &40 25 (R Ry E B 230k
T ~EE R AT D IRA A EEHTEE. Large geometry-SIMS(LG-SIMS) 44 & %
L TWo, LG-SIMS ZE{E 1L 5 OB IR 2 D = & THEEH D72 2 RN Z [FRF 12
RIT 22 DR TH S, Lol BEORERIZTNENIRR DRINMRERSZ LIS
MAT A A BNE LD T HIRITRAE U TR O 7o 28 —BFRITIR T L, kil 72
BENEIET 8% (R TR 28, GEEPORBEELRNEZIT OISO > TEET
EHMO L AT D, £ 2T, LG-SIMS 3B & EHIRIZ 1L LB RO NSRS K
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7 FOREZBE L, AFIERIORENEIRT 2720 OFR M AHRTHZ L & B2 ORIEID
BOTHRAETLAEEO S S\EMAREEGRO U 7k Z2fE 2 FEZHE FNAISHE A
teZ &Rl

© SEBR T IEK O R

TIRAF DA 13 B S TW o To g (LI B L OV HL) 12X L CEHECE 1.0
X10° T T v ZIRA A 2 U, AR EICRE R HNE I Ls, —IRA A DO AS
BRAG D & ORI 9 2 e R FUNEE Db 2R LI-DOMRK-5. 2, K-5.3 TH D,
XI-5. 2 1% U Z M9 2 e L1 O Z2FEINEE 02k, [K-5. 313 20 24 2%
HEs H1 OREREINELEOZLEZ R L T\5, EOMmHist 2 BERE, M kA
FUBAS Lo 256, AFRBIBERITEE LD SWENELESLETH -T2, &I
HKI 20 Sy T TR & S R FVINEE O MK T Lt 7% . B & 1ERT & RIFRE O
ECEE LT, ZOERNOHK 2 B OEERE LN LEIFSE8GE, MESRELESED
72O 2 OBHERT 20 2T oA Ao E SR ERH DL Z ENphoTz, — T,
H 2 JIEZAIT O HEICid, B 68 H CHRAT 2\MRMRHEEO R 7 N EETEN
X+ Thotz, TOXD REMARHEEDO KU 7 MZBAL T, HAITHEREY T R
X B B ERAE I INEE T 2 A T 2 & T, BHIRANE & R IR HE 2 28 S
VDR LT, =P BTN TEHEEE5.0X 10 ~8.0X 1071 D U O kA
F o h AT ORMHESRICE L, Z0RICEERELZITOETCE LA I vE LT, 2
Nz 20 A 70D IRT Z L THREDIRONIE & ELHELERRFICIT-o T, ZOFEE
A % OREN—TF ANFHIIAI, FEROBEEIT -T2, BRI LL LS HL OFNELE &
RHZEEROLL/HD O L Z 3 22 A BBIEE Lo R 4-5. 4, [X-5. 5, [X-5. 6 THDH, [X-5.
4, X-5. 5 £V ZOOMmHERITEE OBR@IKREN M L TV AGA B W T, HUNEEDZE
EIEIX £5 VAN TZE L T\ e, R CX-5. 6 2> 5B R OMER RT3 2 A R ok
HZIROMEERZE 1 o OFPICEZERP CTINE > TEB Y . BMEROZEMENHEESNA TV D
TR T o, HEEDNEBIBE L O AIREETHIUE, FHEER5.0X 107 ~8.0X 10" D ¥
FTUTRAF L HE— I Dy Ik o TS ORI 4 BT ol S5 A 7L
Z 20 ARV K3 Z &, HEEBEERFICA L O 2BMARMREERO R U 7 N OfEE &[RRI R
HRNRBEDTZD Z Do le, ZOMRFHEREZNV—F O FIRICHAIAT Z & T,
PEE ORI O KR 20T 2 L2 < MBSO ZEME MR, RT 2 N REE 22

S77,

5.4. X—TF 47 )V (FET-TIMS)

(1) 5t

T4 ar s (FETY TR0 NV A= D E O S E & & okl T2 it L,
TEHEE &0 W FH(TIMS) CRINAR LI E 21T 5/ N —T 4 Z VoM 84l (FT-TIMS  1£) 1%, LG-SIMS
L& AT IAEA (R FEHE E SR B st O 72 AT BT O — > TH D, FT—TIMS HEDBFE I, LG-
SIMS = TIX AT A3 R EE72 okl CREBR DS~ A 7 B A— VLR 7okl D [RINLAR 3 #T2 B gL L, X
—T AT IO EELD—BRELTIT>TD,

FT-TIMS {£I3, YRk 19 422 IAEA RERE RSB O/ —T 4 7V HiE (D7 ki) &L
T IAEA 2 BIERUTHARFERE S, IAEA IRFEFEH T 2 BRAE LT, By S E 2 & Tkl 1%
FT & TR DT IR DB 22720 | R DRI E T N O BF 28 H R 74P (JRR-3M
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KO JRR-)Z L T3, JRR-3M, JRR-4 EHITERR 23 AF TS ST A AR KRR RIS -
TR A4F DIEERAAF (R LTV,

JRR-4 134 1% BEILHFE G L7228 > TR IS 7= Fhe & 232 JRR-3M [ ZIEERFTFHRIC
A CH R ZE HE Ll B D~ B R O THMThI, SR 34ET H 12 BICHBEEL-,
ZOXIRBURNG, FT 3RO e T I AT CE S IAEA (REEEFEEREEREL O FT-TIMS 53471
BRI TETWRD 72, TAEA 13 LG-SIMS E721F T/ FT-TIMS HTEIC LD/ 3 =T 4 7V 53HTh
R IR AR T2 E CEEROIHIN THLHEEZE L TWDIENS, IKIEF O FT-TIMS #Ki#
ST DB Z B L T e, IRFHT O BT P BRI DSR2 > TV D 2 e B R A T2 &2
5\ IAEA D¥ 2L T ==+ Rez (CVR) B FE s OF 58 IR 747 (LVR-15) 231 Al AL 7 72,

AN, TAEA DD OB AT LISHE RZ M E LT, ZAUSK L CTIAEA I, 7V h=
U LR EOREREEZESDIZRSTDIE L BWEKIF 1500y T E7 Vb= WO T TLHR
(ZOWTRANLIHARR Z AT CEHRES 2B NG UECREMA 452 L% FT-TIMS {ED 3 HTRE/ 1L LT
ERLTZ,

AEEIT, ZNHDERZ 29720 O AL 1TV ZDORURE [AEA 250 fr 2K s
U= BRBEREL 3 BOBHCIE I L7z, 2 OF5F, IAEA 2N ERT D HEAMT B 472 L, FT-TIMS 12X
% IAEA IpDOYKIE S T 2 B9 2 &I LT,

(2) IAEA {RREHE BREE BB HT ~ D/ S —F ¢ 7 VA3 HEEART (FT-TIMS 1) 03 ]
@ TIMS BIE RS RARED SO SR

FT-TIMS {EIZ 31T 28 BT TR 7 I8 B 12 BR%S U 7- e AR L Rk 1 84 pk FL ik
BB ZHAL TS, LOFETH, WEERNLRWET HETF— 2 RBL, 207
BE BRI D2 AV TEREEEDIET — 5% 5 SO7 ry /I HIL T my
DGR A AL RN R A B L. 20 5 SO RN FA B 5% LR
7R (5 T ey 7T ) EL TV, LRSS, TIAEA 715137 L h=m7 DTS B AR
M S DRESEIRRSN T, 2070 | RSOk EE B I 0T — 2 15
L7z,

v/ 5 A (pg) BDO T V=7 BB RN R L E 51T CTOBB AT TEAD Inglis b
(Jeremy D. Inglis et al., J. Radioanal. Nucl. Chem., 312, 663-673 (2017))I%, ~/LFaL-Z7&%l TIMS
2 VI N L S — S s AR R B U RO | SO R R B3 L, 20
R AR LA RE L1, I TR EHR D E I RO & RS (BB, n* o= n+Jn)
LA EREAL TS, ZOHEEBEIL, ThETYTUET A= ADFRBHIE A v 8T
I L= AN Ak 3L NBS U-350, NBL SRMO4T 0> 5 7 oy Z T il i L= 2K R 7 — 4
R, A FNLARORRE R EZ R L T OMREHIED DIRIALIR L L Inglis HE[RIBRD T IE THEE
RZEZRE LU GREHEAEMNTIE) , O R%Z 5 7T ay VITIEORE R i LT,

LRI TN R R DM B RABI-5. 7 1S3, B FHEAEARAT i otal
ents) DRNARLEOIEIZ, WTNORIGIELL YT TVR=0 LEBIT 5 Tay ZfEiiiEDb DL
W E R R S OFPET B — B U7, BN 351 DB E R e S0 Hle il A5, 8 1277,
AKIE GREHEAEARNTR) TIX, T2 TVR=0 AEBICRINAR L DO RN S 5 7 vy ZfRATIED
LD THERE K252 B 22 e TET,

LRORRD S, K IFAERATEER O SET, RO ERSIZEOEE 5 7y /A
PR Db RS AR 217 LIF o LA T, ~AUICLED . IABA Ao 5T f T FREA S0
YR IOV TR T B LA,
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@ IAEA FHmaREREEl O 4T

IAEA 753210 B T2 dEM e BR VR (AU A 7 50BN 1338 Th o7z, IAEA I BHFNIEZITHL> T
WEIEBR T, TONDIKUIT 70 78BN ChHED L2 o7, ZIT ST EHI A Fn 2 HEZE
EEEMEMEEICRHRE L FERZAOWT,FT ISV b FON B ETHEELIC, T
NI 7T 7 (a T IE) IV T Vb= DR DN E R E LT,

AT AT REINS T V=0 DR -2 BT DIEZEICB W T, YHIBELN 7 V=T LR D&
WEIEFIT DI oTe, ZZ T, AR DR DL B L CODALE Z DT DI AT A7 50k}
EEICVAT—EENLTCaT MHEMZEEFED, 11 HEREL, ZOEEOMELX-5. 9 |2
RT, K IRALTRTER T IV =0 DA DS RTEL CWNDIENR 0D, Fio, ZDHE oy DRL
FEEPINIEI T HIETHIETHT V=0 DR 22 CETWDIEN D,
HEEIEEIC L THRONTRL - OFNL T NV N=0 DR T 2R ELTZDOD, TIMS 747 A b~k
L, T F 8 TIMS(MC-TIMS) IZ3E A LT, FT LRSI > Tohi 13T 7 [F
NARLE 3T DI, FT 18 o T OW 5 B SR 130 70 87 NV b= AD [RIFFH E AV v R
Tl LR D RNARK AR Z AT LTz, 2O DRIEIZL S TIRO AT 3T i R D R NS D )y
iz X -5. 10 (29, 2010 F(2 7 vab- 728 TIMS TRIFE IAEA 30BNz 23 #T L7 s R L Lk
U CARREINEI DN KR ELYGES IV, TFEE MR #1U R 20U, O 7 V=0 AT W TRIZ/NE
Lo TWDZENG DD, LD RA2 £l T IAEA IS T34 10 H 29 BICHE L, A3
£ 12 4 6 H~10 HOWIMIZA 2 —F v L CTRESI IABA EPIZEES/ITRBWT, A% 24F
W DOIEEY 5 #12 B F LD 7B & B 1 A I FT-TIMS ¥5% W= =T 7V HTRE ) %
HTHNWAL ELTHBRESILZ, SHIZ, ZOMTRENZA T2 NWAL [3ED 72 e, X —
TAZIVIHTRE ) DEESRIZ D723 D L U TR DHHE OTE BN ~DEGH 7Y TAEA Of)EFEICFLES
iz,

(3) M FiEOM#E M

AAEFE T DT FIEDOBISALE LTy T EF NN b= LD RN AR ST B o F 8L IE A B L
72o ZIVETIE FT-TIMS 738kl e a T-TIMS 3 Aradkl 231 TYERRL . UV [RIEARE T V=1
ARPBARZ BN AT T e, ZOHIETIIU 7 7 V=0 ADNRTEL TR MFTEL T
WTHY T U RN AR DI LNE Qo Tz, &2 CH FT-TIMS @ REHI L To T 27 b
=Y LDRNARZ W 752G AIRETIEH D03, PIERFE A R L T 57202 FHTlden, £
ZC FTEICES T b2 ELT- 4. a THEICES TN LD F AR THZET,
BEEMBIEC L DD T T V=0 AO RINCARHE O B W LT, 202812k, Tk
T VR=D ADNRAE T DRIV TH It LR O RINAAK A A AT 352 L ATREE 7o o7, 4lal,
RELZLIE oM FIEZX-5. 11 1277,

7. A IR EERFSE TN OBFZE F R A 10 (JRR-3) S AR | i 2 FFBI L7228 5, FT-
TIMS 3BTt oD s VE - B BRI L a0 C ol B2 PR R & T2 hi U 7, ANEEE 1L, FREHRER D T
JES2HR S 2R 1% DS B RE . FRIERER L 7= FT MM D FT #8728 OfER%s B & L= &3
BRaFihe LT, A9 T AR FT M T2 T 28 A S CHRME IR 21T o 70, IR % 21 F),
43 Fb, 85 oL 2 THHIMIZ ST T SRR D FE B\ WE T2, F7-, SZERICHURHR b 2 p5
LC R [EUUAE D T T 77 4 B R OEICKE -3 35 LT 7 A VB2 2 AR F TSR L C A i
HIA AT LT30S 85 FOR (i 771y 2 :4x10% n/cm?) PR L7-, 2 EREDFE%
AU MEF7 Lo & (FRETEER 120 #) T LVR-15 THIRH L=,
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Hp 7 FRAT U 72 30RO R B U BRI+ 90 LIRS TAEA M ERBRGAEL Tl - R mfp E s Ll
FRZ%THY BRI LAWIR T CTED 2L, ZL CINE TR, FT 0vBobnszs
AR LT,

KERILT N AAIRICED FT M o=y F o ZREBIZEHB W T, JRR-3 THRELZSE . FT
A 230 TN AW L7250 O BRI L DIEWIERO O -T2, L L LVR-15 CTHRG
L7256, FT MM CIIBR AT &0 LT B A AU, JRR-3 THRSEBERL 72 FT e HHf
D FT B EEAX-5. 1212, JRR-3 & LVR-15 THM TR L7 EHZ DWW T, =oF 7% O FT
A O BEARILO i BB %2 [X]-5. 13 (2R, 20O B O E AW FEA-IF O R L%
— AT RL TOBONIA B e 20 H 5, LVR-15 1% JRR-3 1T E~ Tl i+ A
100 fEmEWZEND, Il ME L TR IS BE DR Z A7 DI HETHZENE
DID, 514 U ARG IR VR A ORI S0l WM 1 AR A MO H R - BRI G ORI e E
ZRRETT 5,

(4) F&b

AAEFE T, BB T O L= BRI ONWT R OTRE ) D i B b 2 KB e Fim, 7
T2 T M= KOG RIEIC LA R HAR OB R 20 5L b IS, FIEOYEE KD
ELUCREE MR L IABA 225 FT-TIMS 34T DRESI %495 NWAL L CHRREZ 72, 5% D
FRRELL T, IAEA DBIRIES - 3B U S RSN HT TE A X, BOBEoD ML 3 2 T
THOVENRDD, EDOT=DITIE, AN HANT 2 E 2 W AILT FT 40 B 8k HSCER L2
ERL D TIMS o Aral BRI 15 E 2 B BRIE T2 BN B %,

5.5. BEWERLF OPEIR Mk (2 B8 - A b iR

BREE U SR DAL TR L, £ OFRL O, i 7 e 22 #EE 45 L TH
BfE AR, BWE ThDY T 0%, KB - M - iR E O 7 I L TRIZRB W T, £ L
W LTAL DB OB D, 2072 R ik bR IS N BmER NS & Ehar 7 kL
FOACFEINDHZET, TOMRIZIBIT Y7 O TREZHEE CEHRIEEMED B D,

INET, AIIBEW T~ o TiEET T R DT AWAZET, by o
(UO) DAL Z B TEAHTEZFHFEL TV, RFEFE T, BRFEHA T CEMMMARFINT
UO, BL DWW T REZL DN FAEZ A LN T 572012, 1960 I RIS 72 UO, 7R
BH BRI T ~ 0 e TiE Tt UTc, Eio, BRAEELDRENR B %G, Jux D U0, DL %
HEE FTREIC T B7-010 B - BAR DT~ AT VA H NS TR T 5H1E FiEE2ETL .
INETOESHTORIE FHEL R LT,

X-5. 14 |2, BT~ 0 HREEIT -T2 UO, K1 DB E 5 2 R LT, 3B ORIFE,
F1~5 u mRRED B2 5 K2 EL I L CTotra1T-72, XI-5. 15 1ZiE, Fhi D H0
EBATIZEB VT, 532 nm, 0.056 mW DL —HF—% T, 1 AXIML 10 BOBEMT ~ 4 HlE %
5 [EToT=BR TN T~ U AT MV ERLTZ,

445, 1150 cm™ 2% UO,DIEEICH K THT7~ B —27THDHM, No.l LT No.d DR -5
X 1150cm™ DT < B — 7 BNBHIS 20 -7, FT2. 820, 866 cm™ £11T1Z1% UO,*nH,O DFEEIZ
HRT 57~ B = BREHISI T D, ZOFEENS R TR ES R OB ICL->TEEL T
WA RIREMEDN RIS T,

K- OIRBBICOW TR ZITH7-85 . No.l ORI FDT~ <yt 75 i&iT-77, 532 nm
DL —H—% WG E DL —F—DARY A XTI Lum THHO, BEXZ lum BED
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ZE Ry fRERE CIRPT oM N Al RECTH D, X-5. 16 11X 5umX5um DHEPHEZ, 1 um DATYT
T, 1 ROJERFF 10 O~ 7558247 > TIREOALIZ 445, 818 cm ' DFRE D3R,
445, 818 cm ' DFREED U CHABIE T B DB IR EED R PTHIIZ B2 > TWDFEERL TV,
F720A EE B DALV E LU TZK -5, 17 THD, A A TiE, 1150 cm ' DT~ —7
IEBLAIS U TR0, B ARIZB W IR CTRY, BT U0, 2> TND I LAV RIBEIL
77

K- OREIREDENE LT D720, KL T2 E~ oy 7L, KA THRELNEARI L
PP THFEERBRL-, BBLEOR O REZE~yE U THIPHEL, lum ODAT Y
T, 1 HORIEERE 10 PO~ s 75 24T > TELNTZ AT MVE LS L T-H 0% [X-5. 18
IR LTz, B TCORIA-DARTIL)N 1150 cm OT~ B — 7 08BHIS L., JFTaHr CiZB<
ol UO,DFEEICH KT HT v B — 25T mM &, U EORE R, REE
L7 UO, ARDALFIEZHEE T D7D, KL R I BAIRD AT M5 ORI T D2 A %)
ThoHEZZ LI,

VL b AREEFE O# SRR OME D | BT ~ 4 o irisaE v, R 22 K5 A T C%
fF3NTe BT 7 R T LT ik 3L BB b7 812 K> TR ATRIICHSORL 1 D FR LR BE DS
BALL TODEE MBI ST, T2, BB L72 8 DO ELE S T CODEAIC, R AkD UO,
DAL 2B T2 HIELEL T, B 2R E~ oy 7T L CEBELIZ AR MUNST < E
— 7 EBRTHEREH THLEELNICLT,

5.6. BT IZIESL O A MR E

INIVT TR —T 4 IV G T IR E B0 HT RIS Lo T E ORISR AR EL TV D,
DT TR LI DR E LRV E B L2 AT U H TR T D Iu BN E ENDHGA . IEMER
INTEE S5 BTl ELRD, T, RN EICE TN CWEGE IR BEWE D415
FRPMEPLS DT DB DME T D0 BB T80T IAEA DORATEL ST AT A7 50k
FITHEL T DEY TR0 F T 2R OREESSEO M2 HEL THRBLIET, ST irick
T OREHTL B E A G5 L Ca ARG E 0D, I8 —T 47V HTIZRB W TH, AUA T
BHIA B L QOB ERL O E Z T OHRETETCWAHE, ZERARL 1 BI A FTREE 72D,

DX ERE T T T ZonRFIRFAE SR LT D X — o A O X M ek
(Energy Dispersive X-ray Spectrometry)Z V2 Jt38 Al E R E A FH L TW\D, ZOIE3R A0
WL, 10em A O EEV B B Smm Xt Tmm O KX 2H A 1-OO X EH7 &L TA
Xy L, SEHRVRAEHIAE L TWDIEHEOHIEE &L HE T 5D THD, K-5. 1912, JLHFEHy
P EIEEDAF v A A= m T, ZOLFESAPEREEIL, BED 10 FLL ERGEL , &
Kb DT AR MAITE DBEDOALEARGEN 1 cm 225301278~ T, ZO728 RN AT A
FORIERLEEEEED X BRI U T ICHEE S B ) SEFE L AL IEZ A E T DN TTET,
ZZT, MEEEIVX-5. 19 (25D X BRIRFT U7 NI, ) — BB SN A B R IE e /Rl
i 7, LinL, TERIL7Z3EI O S E N E E LR WE WO RIBEDM IR S 2o T2 T2 | REEJE
I3 ALERE AREHERYE O B A DT, 1ERIECLT, SERIE, Tho=F Lo 7 )a— L
B EUEHATR A N2 C—EBJE BOV) ZHUNL CEEZ D T, EIRIMER 1 A0S 0.5 A RRJE
WA ETCEEMEN TRV IEELETC)BET D, ZOHIEL 10 R E TEE T D720
BENDN, LA & E CIlE T A7 O EMICKIaN AL, BAEETE T T ORI EMmMEIC
BRI D a bbb ol F2 T A TEBNL O ARy MROS ERE AR B A B 57
b, BEDBEELZ FIF AL THRBZDNT CRIRICES SE D HIEERTF U, FiEemRrtoREHA
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HRIZT =T Z N Z W M2 pH2 (IZFRRE L 72 1% , SUBHA IR IR T T2 AR 2.5cm DAT L ARIZ
15V OELEEZHNMLTO0.5 A TEBIMERDINNCHEIL-, ZORMTRARY T % 2 FFEE
& UTo, EEEFITEMORIaL D72 EMB OB L EHZ LT > T, [X-5. 20 12, ZD )ik
TEALEZFEIO SEM Bl 062 RT, ZOLXEEINTTY T DOV AXTELK 4 mm TH
0 NLEE IR IE T D23 01 NS AR Y MR T, H 070 S B ORE BT AN T
o, WIS, BAEE S DY) — M2 357280 SEM IZXVIERBIZL LU=, -5, 21 12, BAET
PR3 L OGRS D SEM 144753, SEM 235 1 YE#BIic 10 pm B2 3 F&HBIZ 100 pm F2E D
B SN T AL D LT DBIESITZDN, X BRIRE Y A X THD 5 mm X 7 mm (ZEE~_+47127)
S NEEREEITITR B LW e R I, 5% 1%, ZOFEICIOALER ERFEBAERT
R

5.7. (rRBERERE SATIZEE T o0&
(1) TAEA »NVI S HTEEFZE S S

S/NTAVTAATTS H10 BvH5 H 14 HETOD 5 HREI(5 A 13 HIZFERIME) | PRIEEE R
BB T EFERFZEHER Ry hT — 2 TR, NWAL) 2 FLE LI KE, 750 &, w7, BA, F
—ANTUT | EEE, 7TV OEMFERERND 1~2 4 & IAEA IS/ ar OISR 362
ADHFE LT, S2E1E, KFEZZEL, JEEKEE E (FRTOE) &8 - EREE [E (1% D) 124317 T
177z, S.Balsley IAEA ff:[s# & BB &R & C. Norman iR £ HEE O EICH [ EHiE . 4 NWAL
N LT 53 T AT ] ELGRRIBR O AT DWW T AT RO TEMESORGE 72 E OBLEDD TAEA &
EE DR EEDTFEROBENRH -T2, IRWTHIEENLZNZ D NWAL OBLIRS5 B - 43
HrEAIZ W TOHENTOIL, A THESNT-NESHEmE 5% 2 EHMOIRE T oS
FELLUTIAEBA NEFED T,

ZINFE (EA) 1L, A 1 TI T QOB AL ST O BUIR AN L. LLFOIE B IZ oW Tl
HLT, () 2 HiciiT 5 CLEAR O3 315 S, () B 2 %25 TR 1 IRE D 5 HT
L7CRABHROHERS, (i) TAEA 7345 NWAL (ZECAT L7omfliE *!'Pu A A7 & W7 v b=0 Wi
IHTED EMES, (v) SATEES M E I BT 2BLIRH S, DI >\ CiE, R eam iz
BT IAEA SO HHEIEIZ S 2 HIL720 Y NWAL 82\t e/ A8 oD Toor S 3 2 fikie
95T ET IAEA OIRENCFRERMAIC T BR U722 & & ah 72, GOV TIE, R 11T IABEA 25
B2 32T AFUT, AR 30~40 BB VI 5 HTRE R A A L QDI e Al T, ([ D\T
1L, AN 2 DD IABA (&> THIAA SNz @l *M'Pu A1 7% IV T Pu &2 0T T AT
R LTz, ZOERIEE *MPu AL HWAZET, BEED *“Pu A AT 2AFE A L= HELDY
IEfEIC Pu B2 ERTEALZE, 2MPu FNIREL TORBENIER ITEL, #Pu <2 “Pu [RNENIFE
NEGFENT2NTZD | 2D Pu A SA T HTINUTZGEETE °Pu/*Pu b IEREIZ AT CEHZ LR
7z, (iv) IAEA 23 FE L7201 AT e ek BR <L, BN & A EY 707 Vb=
LDFRNRLSCE BENSIREE — B L TR, IEMROIEREREL COAIENHER TE,
L2, BUA D ICP-MS TILIEE DREA TE5 10 g LT OB E »°U, 2°U, *'Pu, **Pu %
T AZENTEeh o7, ZORERITRLTL, BFlic BT Lz~ /v Fars28 [CP-MS @
N PIAZHEAH 3 DL EHITHE S DI b 21T > T CEDINTTH T E THDHI EA R~
77

SN (& B ) L, 2SIV ST EFAFE S A IO TS IIL NWAL 2B T3 07 5T OB
WRIZOWTIHFRINELZ, SO /0 Aa ZIx—a L BhiExtE, U, Pu SHEOS R Am
IHTEDBRSE . KV IEMEZR T — ZBURIC AT T RN AR ME DR E S, & o AT T ORRE SRS 1k
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IZOWTIHIRAETS T,

R FPICBESNTZNREHBEEOLOE R RIS HBSINE TE RO F#tEiEmL . 5% 0
IEEN T #HE £ LT, I DHTREI T OU T 2 BT AN BE LD @ *PU 2 (V%
IAEA 234 NWAL [ZEAT 35720 OEE FIRC LB RO, ATk BRI T D RN S EM
PR DOFHEICE T DG MAHA/ R E 24 THH DR A B S ENESHE THEESN,

(2) TAEA N—T A IV EMFE RS

DH/NTAVTAATTI2 H 6 BHD 12 A 10 HETO 5 HIM. fREEH & BRSR B0 i e
FeREB (R N — 2778 ; NWAL) 2L ELTKE, HE, R4V, 770 A vy T BAR, Fx3,
A —AZV7 | wEE, P EOEFIERERND 1~2 4 & BINZE B 2O RMFZEHTR IAEA b4
YU arOEMZE G 16 AN LTz, 21T EEZ S B L CHCEERGEE (GARITDHER) EVE =Bk
FHE (B OER) 1245 Tz, S.Balsley IAEA {f:EHNE R & & C. Norman = HEIfED
BRESIT B EHeX | 2019 4R ITAT OB W IEAT O /AT HE JTRRER DAL FeCam I L& T AT D
BB RA~D OV T IAEA EEE DI EEOT-5E ROBRENH -T2, RO THFEEBZN
Z D NWAL OBLRSCRINLAK L, 7T R - DAE R kL DLFERE, 70 RO Vb=
LRI DGHTHANZ OV TOWMEIThIL, A THRESNTEANRREME S % 2 FHOTEE)
T OB EELLTIAEA RV EED T,

ZINE (AL, JEF SRS TIT > QOB =T I DB ZFE L, L FOIEF 12
WTHRE LTz, () e 4lcdid D CLEAR O #Tr EE15E, () BHIT O 2 FE 5 Te i1 15
BT LT OHERS, (i) 7 4 al bT v 7(FT) — Rk BEEE B (TIMS)IEIZ LD/ —TF ¢
IV EAR O EREEAL, (v) LG-SIMS Z3#HTRE /1000 M Bl B -2 BUIR A, (2> T,
R A 7eaa 230 T IAEA OO AT IKFEIZIS 2 B2y NWAL BV ST EZEH C
BTz IAEA FREIOMIRZ 5215 T~ + 072 TR R A UL b1 NI O TR
FE T T S 2E 2 ke LT Z 2l 7=, GO TI, 2018 4RI HLIZE A L7z LG-SIMS #EE DO
TR EH L TOM ANEEDS—BEHIAR F L7228 IEBRIC KD AT ALERAE 71 D [BIHE 12 LV 45 Hr
SBHHAE 2 BN CLART O K HEIZHE IR L o5 D& FT-TIMS 1% - S—F 0 7 V5T
DIRFEE T HIETHEH, SOITHITZ AN OB RIAD LT E2@E L, G2V T,
JE T )RS DR E BT IO T2 TIMS Tl TAEA 28BUTE SR 4 A0 M kg B2 L0 7270
V2D D NWAL IZERESIVTUND TIMS LRIEDOMEREZ A T 00 DICH BT LIz 2w A LT,
F7o AROMEC LD ST BB 2I12H 72> T IAEA (X770 KON T Vb= A& Tt
BRI IR CH . W IC RO FINLAR L T IS TEDONTRE I DIRA Z R L TV, ZOFREEIC
KU THIERE D7 )V —7 TRIFE U= AR IE I C LD RINLAR L AT BT &2 WA Z e TR fIR L,
IAEA (2L DBE EHMRBR I L T T7v RO Vb= AD RN A2 43 2k B Tt c& -2
EEHAE LTz, IABA [IBMEBE LD 7 N —T LD 0TS R+ 070 i LT TE TN D LRI L .
JFT- IR FT-TIMS 5% W e S—T 4 2V Wie D& H 35 NWAL &L CHFRRES L, &
BIT, ZOBWTRE S AT D NWAL ITE D 72N ZEnb =T 7 VS HTRE I DS FRIZ SRz b e
U TR IS OTR B~ DGR DS TAEA OFN & EICFLEiS -,

ZINE (& H FHF) 1. fiElOSE THRE L LG-SIMS ZEE O R0, Hi- oA L-RED
FHNF L TES TR IR SOCMER IOV T Lz, [AfED LG-SIMS HEEAZFEIZE A HDH
ITEADTENHDHMD NWAL 135 AT E 4R D o 5K O E 78 &k Oofe g
NWAL [ CREMRIIZIE MR H T HZ L&l T,

R FPICBESNTZNREHBEEOLOE R RIS HBSINE TEH RO F#tEiEmL . 5% 0
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o A Dt SV B A A =5 A L 11 B 1 5 T - Taw S A NN £ s RSV A 0 Lo A S G0 ¥/ TR VAN
VX DT TR T OALFICRE AT O B EIEO BN, FT-TIMS 1B KD ERL 13T D B
Bh Gz 23 THE NSRS ENSE TAEIN,
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6. REDT=D DL FER E BT R O 04T

IAEA 7B BENT LT, T —, R EEMEOHAECR B AR T GBI E DR &Rz )
FoNTSE DN IS RRET DT (SRR B BR B o M & S0t 4%, PREEHRTEIRBE AT
EEMTHICE o TUE, BB 2 WIS LIEoIrEE RIUIISCTREE TS, FM3HEE
13, 5% E T HHRDR SEEDTZD D3 BT 5 Leh > 72,
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7. ¥PYIT

7.1. SBT3 OREE

IAFA OfRFEH EEEN 2 X129 DEHLD —BRE LT, IAEA OIKFEICEE S & (R E R Bk
DR Fhi Uiz, 5F0 3 FEEIL, SAZ aHTEIC LY 36 3B /=T 1 7 VT E(LG-SIMS ¥
KON FT-TIMS ¥ 23 BRELO A EE 59 Bt T a1 T -7, (5 2 R R)

IABA ORFAIZ FE SR BEHNE BR B AT 2k L CTHO 720 F72, TS E O R E BB 04T
FeIr 2 HERF - 7] BT D7 DT B - BRI OMERF OB LA T o7, 5Fn 3 BT, T v
FRRAA VIS E O P& DB SRS S8 T XA~ B st OB H A1) NWAL LT
W2 NTRE S HERF LT,

EIECBHE . BRI M OV 7-JF O BN BE 3 B 1A A K OV R B O B 1R 2B T35
BCHESEWEYNE LT 5L 010, CLEAR D2V —2L—hDIEE L A =V T ({LEALER) ©
1L ISO 77 A 5(77A 100) 824, B =7 (B0 H7) TILISO 772 6 (774 1,000) 84 IZHERFL
7m0 BRIICOWTH YN HER S FRAITHIZLIC LD I OMEREZ HERFLT-, ((BE3E=ESR)

T T DR RIN AR AT EE D BT I OWTT ARAEFE TR o U R0 25U 2 &ty
Z KA DRINLAR L Z ICP-MS "CR&EE 8T 3 DI E S ORRETEAT o T2, TIE S 2 fEtd
LI B2 T R A REHT, ZAE RV HE =R U T GRS T iEEfE->CoT
FEHERL 2B LTz, EORER., IR LTEWIRIREZ Ve —XITINZ TR &N TEIN LB
HE— X% M HEERICED TBGE L% . Ay b7 L —b E T CRZIBES 58T 2R n
R B EDZ LN Al R o Te, o, BRSED YT U RN AR HERRIRIZ Lu 2L T
ZLT, BHEMEB RN T UNERL QODRL TR RINCED DI LN REL 2o T, 5D
NIRRT 7 R o~ VT aL X RERERE A 75 X< g B T CIRINLIR L &2 23 T L7k -,
RHENSOHFPHANTRLS K LT, 5% WERY T U RNARE NSO ND IOWE SRR
HEICRN T 2B, LG-SIMS 728 % TR O BR 3 OB e L CHO R 572,
(FATES )

ST FIEE A ERBR 2BV T S T T Tl w v TFal 24 RIEEEE S T I~ E &
INTFHCE DT TR0 V=0 ARNEAREE D RIEIZ B W T, EEIR T IZIRE T 2 EARICE-
THETDHHA A4 DN EHETDRENARDOE — 7 LB 7- L &I, [FNLAR L DS B M IE 9
WL TEEINGHE LTz, AV LR 4, $h728 TREOE AWV EL, OO TTHENHIER
BHZIRAEL TN Z & & RINAR L3 BT AT PRI E 9 A2 & D B EME DN RS NARE R Lo -T2,

Ry M VBT CIE, 7V =0 ADIEMER TE BT EEZ 15572912, CLEAR TEREL TV
BENARFT IR AT OB HEE Pu G RINAR A S A 28R 2 Sy U OF IR U= 1% | I FERE A oD
T Vh=D MEREATR A O CIEfEICE B CEX DI LA MR LT,

IN=T ATV D LG-SIMS 15T, & 2 K& H 5 1L U7 BRI A D/ HEs O FN
EIEDOEENZX LT, H 2 OHIE T R E I HNE LR AT Z e T B B4
M2 TRIEROLZEREHEFRF T2 Z LR ARE L 72 o T2,

FT-TIMS {ETld, AUVATREHI T V7 7 bT o 7 M 28 & G550 T b= SR 3 LA
HLTOWDOE IO #REGEHIE T, 7/Vh=0 DR 2 BB 52T P LT, F5H4L
TR DRINARKLEL 38T Tl ~ AT F v 2 TIMS (MC-TIMS) Z AW TARSZ st HER R T
boEGL A IRIEAZ A T528T, T ET N =T DO RN AL Z [RIRE D k5 EE B <SHIET 5
ZLNTET, EBIT, RN E RS RO EFHLFI R BB AT A2 VDL T, 2N ETRYE
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BERGEZR 2 518 RIF2ZENTEIZ, ZOH1ELZ AWT IAEA 7652 Bto 7ol sl BrRal bl 4
EREDOREE BT CEAHZEE TABA IRLIREF, FT-TIMS 1EIZL D/ =T 4 7 ARFE ST
NEBSNDHZ LT,

BB R OMR ST i OB IS b RBR I B W TIE, ZREHR T CEMBREFESNL TV
W R b 7 R il B NS T R AR AL D BB A BE T ~ 4y Yo i T L7z, 5 um
U5 O#FHZ 1 um OE T, ALFIREEHIEL Th 2ROk -2 XL 228128~ T, 22X
el 72 SN Ko TRk 1 DERALIRBEN AL L CODHEE 2B D2 E N AT REL 72 o 72,

B IZE ENA M OWE TIL, TR MEEEEL AW TRATA TR LichoEmE
BT DFEMZRNLE S WA IEMEICAS 5720 | MLERIE BB O R GTEL R U, BIEIZHWS
KR Z L HAREIE (V) TR ZNT CTEA 52T mm YA XD SR IEFRE 952
EINTE, ZOFRM TR U2 W T Ef A B IET 5283 TEe, (55 5 E5M)

CRED 728 DR FEHEE BR BE BT I OV CIE, B 3 IXRE Y TR0 oiTidsE
MEL7ehoTz, (FHE6FESR)

7.2. BARIZED IAEA (R FEHEE H R 3% (JASPAS)

BUAE  (RFERS B B BT I B L C R EE 3 0D JASPAS # 27 N E i T 5,

L BIE, OZ kA R O V=0 DR ORG R A I B L2 TR R & & B R En oo /-
HDOTT L R YT V=7 R ORE B O P B ST ) (JC-21, JPN A 1679) THY . 45 Fn
2 HEFEIE TAEA Y37 L A— )L AR 8Tt FED BFIRIUZ DWW TR L | IH A 20
L7,

2 B, TBREY TV T D/ R—T 4 7V M ORTLBRE AN B O 7=b D 3% | (JC-24, JPN
A 1845) THY, /N—T 4 7V HT (LG-SIMS 1E) IZ8F 2011 FIERRICEE T4 A7 ThDH, A
X, BEIZ LG-SIMS {2 FHWTUWA TAEA Z iR E L7242 TO NWAL TR TR, priifio H
INTEERL SV TS, 514, IABA DD EREZFREX | RI AT E/ T DN DN TR 2,

3{EE I, TTAEA OBEEH 7 /L D43 H(CLEAR) | (JC-25. JPN X 2004) THY . IAEA & JAEA
DEBEICESE | REFERERBIOIE, 57, o ROWMEEZIToTND, Fo, —HFI&
BRSNS 7SIV 3K e OV —T 4 7 VI HT AR D AT 2 AW T T SR LR i IRF
PEIZ OV T E 2 — a7 TWVD,

7.3. SR OHHE

IABA D DARFHS VDB O T 2ATH L EHIC BRI E ORI L 3T IZ 81 D TABA B
EHHT ~03 3 DB A T D3I OV T [ E R A1 T T E R H B, FRIZ S—
T AT IVAIHTICIBUNTIE, LG-SIMS 75 M TN FT-TIMS #: &6 12 i 85 2255 W B it oD BR %8 LAkt
~DIEHZ IAEA DO HIFFSIVTWD, EDT2DIZIE, UNT TR e O V=17 LR - D [FINL
(RHLRC T HT H T 2 R E LU TS T A LB 12, IABA DBAKFAS DRI D 75 8T 2 52 AFUD IR %
HERFL QUL E D D,
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IAEA [EI BRI 71 #% B
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JAEA A A1 J 458 B s i

JASPAS HAIZ IS TIAEA (R R Bl S 4%
LANL T AT 7 A[E LA

LLNL 0—L > R NE T E SEAFSC T
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NBL KEOEEMEMIERT, =27 T AT v I ERT
NUCEF PRBES A 7 V22 4 TS T hi ek
NWAL AN iNs

ORNL =27V [E LA LT

Pu I =ty N
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SIMS CIRAT E B HTRE
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9. ik

TNT 7 Tv 7k

TNT 7T IIEZX, UT7 R N N=T LA OEFER T VT 7 ARE T HZ LI L0 AR TR
BAaTR L, ORI EBIE T HZ LIV 2R ET D HIETHD, ZD%, FrELT RN T2 E &
SSRTEHTE AL, FNAREE T 2ATY. T4 ar boo 7L [RIRRICIEFEE DB\ 70 ORI
HNTHDLN, TNVT7 7877 EOGAIIIR T2 E O IRZ LB LU,

APM ik

SIMS EEHFHHDOY 7 7 =7 (APM, Automated Particle Measurement) Z fV % SIMS R E ¥,
B DIRWEEPHND S IVD —IRAT L A A= L TRHIL, U7 RO E M VB E
DR RINEAR L2 B CHIE T&E D, LTy » T, U7 RO i e ONFRINLAR L D 3 A 2 5
ETCHERRFIETHD, 7220, BONARNAR LIRS E S W=D REE R FINAR LA~ 57
DIZIE, APM JIE D&, ll % DUT R A —IRAA L E —2EBE L CHIETI2HERHD,

ALy —1k

AT AT RER ORL %/ NUDOR 7 TR SIL ., EOFEE I E) - E AEEE BTk
IR T2 HETHD, R DR CRRIES I, BIfE, SIMS {EIZXV =T 4 7V 3T a T > T
HATHO NWAL T, FILERIZHW ST,

TUT T I

IV = b= BOTEE E R EED—> T, BENLED IR NE DS WIHTEHIIRA
T OB E L THEFEER D HIETHD, EEHEIZIT20 M, oo NWAL Tf7-> T
WORTHEHY T RO SEE O —EREL TUToTWD, JR T DHERETIE, 100 ml OF7 7 %5
FRZHARIR A AL, PTEORIENMBEIZ —HEEL . 2 D% EEEZINZ ICP-MS THIEZTT>T
W5, JIEFEIE, % NWAL THEZR-STEY, Sz B0y,

D)= L— WD E

KELREFHIE TIX, 7= —L2DIFEEZ, 7V — v —L50 1 S 74— 30 cm £4)
ZEZHICHD 0.5 um LA EORESORLFE TR, FlZ1E, 100 ELL T O5E CLASS 100 &K
T5, D%, 1SO HAENHIESNTHRILL ISO (T —& iz, KEREFHIF D CLASS 100 1%
ISO 7 A 5, CLASS 1000 /% ISO 77 A 6 {ZF Y4 L, I E DR HEZ NI/ HE SO 7T AT 1
DI D T E — K DOBREEIL SO 7T A 9~10 [ZF Y $ 5L\ b, — 78R RE T oo
J—2b— AT ISO 7T A 3~5 Thb,

o T 4va=

ISV TRREE DA A AW T T N L DAL B et > THT o A EREE Th D, BiR
NI BERTIC A A A HE T T LT S il DR IR SCHE R . 2 L CEMI/K 2 28 B[R] it L CBE
5, ZOMIRUTEEESEIZE ST A VR BBEC A 7 LNEEIZRAE L QO & O™ 7
RN ETLE DRI T TR E DT a v AT T ARSI DI ENTED,

29



AINAY

ABHhDOTF R N = AO BT, PEEE L F DO RINAR DB E DS ERE T FE A S T U
A RBHC—EEMZ CRINAKLZETAZLICEIDEREICRDAZENTED, ZOXITE
B4 5 EZ RNARFTIRONTELIEODY, ZAUCHWDIEYER IR D Z 2% 2 7 LIE 5,

IN—=T 4TIV HTIE

ABHZE DM 2 ORI DWW TRINEAR L 3T 2175 7 15, DR F-IZ- DN TD
[FNARLETE SR EONDT20 B EDR - IITEE OB Z T DN A RETH D, 7\ —T
A TIVEHTEEE LTI, 322U TSIMS L FT-TIMS iER WS TUWA,

A/ LIRS

B RIRZFRIC LML AL BE R E ZAT o TR I E & R ONRINAR L 0 2479 71T
%o [FALAREIC B TITEBH 2R D BEL NGO TS E O E DO HTICH ) Th
60

750

(LB ZED TE B0 AT Tl APRIZ AW D RIED R LR 20D ORI K> TR E D
AT IEEIPNRBA LT GAITIE, BIEMEICIEDRREE AT 5D, o, 7SIV oHTETIEAT A 75308
EEREREL THONr 50T, MIEEIZIZATA T2 G ENTHDY T EB RS T
5o RAEH DAY AT HFRELEEHITALEL T T2 LI L~ T MEP ST RIEAB O 7 &%
WIETAHZENTED, ZORMGEHDATIAT BT T I ATAT LR, TG ENDHTT T )L
N=D LB T T LS, FT2, ZEOREOIREE CRIBRIZ AT LT EI S D WITHIER RO %
T RT T LN, B IRSMEOE S I WA,

BT T E

B BMEBIBIEE N Ol =—RF L EZH W 2 Ok 27Ty 7 T 58T Ch s, w0k
FD HHPRL 7O A2 RO L TONTEITOZEN TEDT=D  HTREO Rl DR 872 & 2 HERR
T&5, F- BRUERBIERSITB W T, BIGRL 2B H L QAL HIE T A0 DO EE /R
hrchH s,

SIMS %

SIMS 1%, ZRAAVE &5 HT (Secondary ion mass spectrometry) Ol & % ORIFI1Z—IRAA
V(BRI ZMREL ., R DS ND —IRAF L (UT7 72 8) Rl 35 515 Th D, —IRAF
ZERICEVSBEEL TR 2281280 FARFGIE DS ATREL /25, MR 5L THY | BREEd
PANT ANV ALY (R QYN

ET-TIMS &

FT 1%, 74w ar b7 (Fission track) D&, TIMS 1%, 2 mEREE &457#7 (Thermal ionization
mass spectrometry) D&, FT [, U7 7ol % Toki 12 T FRE U712 BE OB 3 SER R DO FAE
WDk T D15, T D% B LR a2 B 74T AR LTINS D LI kAR,
AT AESHE, HSNAAF (VT 70 8) b T 5, A4 2 E&IZEIDDBEL TR 35248
(28D, [RINLARELIE DS TR 72D, JEHEZR 7L TIEH D03, SIMS 1EL0E B 72 3 HTiE TH D,

30



LG-SIMS %

SIMS {EO—FETHY, KD SIMS # & (LG-SIMS; Large Geometry—Secondary lon Mass
Spectrometer) & W5 515 TH 5, SIMS {ELVHE &0 MEO S WVEESTRIZAL TRY, U7
VRNAREE D S AT FE L2255 A A (BPhYIAI 7R E) DB R L TELT-0 , IV IEMER
T — B EBIGFTHIENTED, o, BEROBRMHEREA L THY, & RAAEA A % RIRF IR
HCED7D R DT ERERE E LB I 5 BN EAL T 25E TORBE Lo T5260
T&5, T4, LG-SIMS HEEAE A 925 NWAL MBHX CTETRY, (REHERE SRV TE
MDIHTEEI2>TND,
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10. §WX. FEREERE

KRBT W THHFE LI BB L THRFITB W TRER LTV, FAZEL LTI D
AIMECRRBEIZ DWW TR L7, Fo, Bl 55208  HERE B ISR LA R T D828, Fx
DHEArOAZFNER _EIZw G Uz, L FICHERI AN R T,

(FRHR)

1. AL 65 [BlETiae (WEB BifE, 2021 429 H 22-24 H)

& R, E R, SR KE, Z2 B —ES, AR X

"MC-ICP-MS FW=Mf BT « 7 N = ARINAR LR BB 1T 50y FAA N XD ED
& B

2. AARIEHESES 65 [HlEtime (WEB BRf, 2021 4£9 H 22-24 H)
B HE, B A, ERIE, A KIS, 2B, TR, EARa A
PEIKFE L AR A TR T T R O R ST L RN AR R A

3. B SR JEA SHE TR 7L — 7 - A F RS 22 AR - B R P AR
e R HRE S — R NEEE X2 DN - Fa - B9 — (WEB B, 2021 411 H 2 H)
“JE SRR FEE E  AT L S8 Gr OMFFEEE ) N K B e A b a3 @i 7

VR B SIMS-APM O

(P 3E - MRS T BT Him )
1. Journal of Radioanalytical and Nuclear Chemistry (2021) 328:103-111
ER K, & HEE, B B TTCCE, RS, B ZS

“Age determination analysis of a single uranium particle for safeguards”

(TP #H)
1. JR IO E BRI ik : 2021-22 p.39
N (lyar ias i N SV W lyaravg oSG e g sl
—fE B A HE 9 A7 O BOTh/2U BB L AT B i~

2. JAEA R&D Review 2021-22 p.39

“Detection of Undeclared Uranium Purification Activities
—-20Th/***U Radio—Chronometry with a Single Uranium Particle—*
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10.1.  HAMEHMEFEE 65 EFtHm2 (2021) @

MC-ICP-MS WM& 7 « 7' LV b= ARINAR LRI E 2 BT 5
A AT AL D EOEEFHE
(R 0HkE) O'F BRI, & HECE, 8RR, Z2HfE—BR, =A%

[5] PREEHEBRBEEHCHIER L 3B O 047 Tl I E D7 (U) 07 Vb= A (Pu)
ZRET D, EERREIIH U CTIFEE O UFPU, 21U, #5U) O RINAA LSS Pu [RINLIRELIT, B
PREHE DOEIRC BRI T AIEMAE A 5720 2O RN AL Z EMICHET AL T EE
TdhD, ICP-MS ([ZXAHHE T, HEREH IR TR NS BICHETDE, ENHNRT VA
R LA L CHIE B D RINARERIE D4 F A4 2 TERL L, IEMEZR RN BRI E % 5
EFTL M ZIE.U BMAEERHEOLE S, U, PU, U L TERE
AU PIPOArT W0, PEOArT | Pu [RIALAR R E CIE #Pu, *'Pu, *MPu IZXL TENE N
“BPpMNO'H, *Bi'°0,", P Ar &N E 2 HD, B EILRITER T B FAA DK, £
VO FRINAR LR E I 5 2 D828 % E B rICHIE 3 62 813, BBt O B O MG, EfE/elR
AR E IR IR THD, £2°C, Ef R EREBREFE M2 H &L T, AWF5E T,
~LF 3L 7 HE ICP-MS (MC-ICP-MS) (2 X5 IEfE7e i & U K& OY Pu [RINEAR LI @2 2B %
ET 0 FAA L DEE M O DD E BT Z1T>7-,

[£85r] RN ERIEICIL, Thermo Fisher Scientific £#4 MC-ICP-MS (Neptune XT) % i\
72 MEE ~OFEHE AIZ1X, Elemental Scientific #-H Bl idE & (APEX Q) % V-, AREE O
TEREIX, 1 ppb D RIR UK T 1 VLA UM DIE 500 B TR 35 & 6.25x107 cps FH4)
FETHD, U L Pu [RNARGAIEZ 1 E T 5e R 2R EICIE. W, Re, Ir, Pt, Au, TI, Pb T
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Abstract

An analytical technique was developed to determine the age of uranium particles. After the chemical separation of uranium
and thorium, the 2**Th/?**U ratio was measured using single-collector inductively coupled plasma mass spectrometry and
a **U-based reference material comprising a certain amount of ***Th as a progeny nuclide of 22*U. The results allowed us
to determine the purification age of two certified materials, i.e., U-850 and U-100, which was in good agreement with the
reference purification age (61 y). Moreover, the age of a single U-850 particle was determined with a difference of — 28 to

2 years from the reference date.

Keywords Age determination - Uranium particles - Safeguards - Isotope ratio - [CP-MS - Anion-exchange separation

Introduction

The analysis of safeguards environmental samples has
been adopted by the International Atomic Energy Agency
(IAEA) for the detection of undeclared nuclear activities,
where isotopic and quantitative analyses of nuclear mate-
rials have been performed in environmental swipe sam-
ples collected during IAEA safeguards inspections [1, 2].
Determining the age of nuclear materials can reveal impor-
tant and detailed data on nuclear activity, as it can provide
hints about their origin and history. To date, several stud-
ies have focused on determining the age of nuclear mate-
rial for nuclear safeguards and forensics purposes using the
BOTh-2340 or 2! Pa—?*"U chronometer for uranium [3—12]
and the ' Am—**'Pu or »*U—?*"Pu chronometer for pluto-
nium [13-17].

The nuclear materials contained in safeguards envi-
ronmental swipe samples collected from nuclear facilities
are expected to be found in small quantities in the form of
micron-sized particles. Therefore, the age dating in the field
of swipe sample analysis for safeguards should focus mainly
on individual nuclear particles. In previous studies, we have
determined the age of plutonium for single plutonium or

<1 Daisuke Suzuki
suzuki.daisuke @jaea.go.jp

Research Group for Safeguards Analytical Chemistry, Japan
Atomic Energy Agency (JAEA), 2-4 Shirakata, Tokai, Naka,
Ibaraki 319-1195, Japan

uranium-plutonium mixed particles [18-20]. However, the
determination of the age of uranium, which is one of the
most interesting elements in safeguards, is more challeng-
ing compared to plutonium, because the number of dangh-
ter atoms grown from their parent nuclide is small due to
the long half-lives of 2*U and ***U compared to those of
20py and 2*'Pu. Several studies have reported the age deter-
mination of micron-sized particles consisting of uranium
oxides. Pointurier et al. [7] determined the age (40 years) of
1%-enriched uraninm samples of a few micrograms (107 g)
by spiking of *Th and 2**U reference solutions, chemical
separation using anion-exchange columns, and determina-
tion of the 2*°Th/***U ratio by combination of inductively
coupled plasma mass spectrometry (ICP-MS) and thermal
ionization mass spectrometry measurements. They deter-
mined 6-25 fg of 2**Th in their analysis. Meanwhile, further
ultra-trace analytical technique should be used for the [AEA
safeguards environmental samples to determine the age of
micron-sized uranium particles. Fauré et al. [10] determined
the age of uranium oxide particles (0.8-2.8 pum in diameter)
of U-100, U-850, U-900, and U-970 by secondary ion mass
spectrometry (SIMS). They directly measured *°Th/***U
ratio in a particle which may contain sub-fg of ***Th. Szakal
et al. [21] determined the purification age of individual ura-
nium micron-sized particles by large geometry secondary
ion mass spectrometry (LG-SIMS). [n many research works
on the U-Th age determination, the 2*°Th/?**U ratio was
measured by SIMS/LG-SIMS, or isotope dilution method
for determining uranium and thorium in a sample separately.
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In our laboratory, a batch of 2**U spike solution have been
stored for determining the total mass of uranium in the IAEA
safeguards environmental samples by the isotope dilution
method. It was found that our batch of the CRM 111-A was
contaminated with trace plutonium, and the uranium in this
CRM 111-A was chemically purified in 2004. Almost all
other elements, including the long-lived thorium isotopes
(**Th and **°Th) were also chemically eliminated by this
purification. The progeny nuclides of the purified 2**U,
including *°Th were growing in equilibrium in this bottle.
This aged ***U solution was naturally spiked with 2**Th,
whose **Th/***U atomic ratio is calculable, and let us come
up with this idea to simply determine the purification age of
a single uranium particle by adding this Z*Th—"**U spike
to the samples.

Herein, we demonstrated a method for determining the
age of uranium particles using the ***Th—->**U spike solu-
tion. Uranium oxide particles with known purification age
were used, while the 2*°Th->**U chronometers along with
the chemical separation of femtograms (fg) of thorium from
uranivm were applied for the accurate determination of the
purification age. This analytical technique could be further
applied to individual uranium particles collected from safe-
guards environmental swipe samples.

Experimental
Materials and reagents

Two types of uranium certified reference materials (CRM),
U-850 (85% enriched ***U, 0.6437% ***U) and U-100 (10%
enriched **U, 0.0676% ***U) as U;0, now distributed by
New Brunswick Laboratory (NBL), USA, whose uranium
purification was completed on December 31, 1957 and Janu-
ary 8, 1939 [6], respectively, were used for the analysis of
this study. The atomic ratios of >**U and ***Th in the ura-
nium samples were determined by spiking a CRM 111-A
solution (99.4911% enriched ***U, NBL, USA) stored in
our laboratory, where uranium was chemically purified on
August 5, 2004 by anion-exchange chromatography. The
feed CRM 111-A (807 pg of ?**U) was dissolved in 2 mL of
10 M HC1-0.1 M HNO,, and loaded on an anion-exchange
column (inner diameter: 3.5 mm, length 130 mm, volume:
1.25 mL). Then, 6.4 mL of 10 M HC1-0.1 M HNO,, 7 mL of
10 M HCI, and 14.2 mL of 10 M HC1-0.1 M HI were eluted
in order to remove trace plutonium as a contaminant. The
thorium (Th(IV)) was not retained on the anion-exchange
resins, and eluted to the waste fractions. The amount of
remaining **Th in the purified CRM 111-A were negli-
gible to determine the uranium purification age; less than
6x107° of *°Th/***U atomic ratio, which was estimated
from the analytical results of similar experiments of thorium
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and uranium separation. On this date, the progeny nuclides,
including “**Th, were also removed from the CRM. The
amount of > Th increased as a decay product of U, and
the calculated atomic ratio of **Th/”**U in the spike solution
as of September 2019 was 6.56x 107, The decay-corrected
2TWPU, 24U/22°0, and 2 Th/”?Th ratios of CRM 111-A
were in good agreement with the experimental results meas-
ured by ICP-MS within the uncertainty. Thus, the calculated
atomic ratio was used to determine **°Th, which is the **U
progeny nuclide produced in uranium particles,

Highly pure HCl and HNO, (TAMAPURE AA-100 and/
or AA-10, TAMA Chemicals Co. Ltd., Japan) were used
for all chemical treatments. Water was deionized (resistiv-
ity: 18.2 MQ cm) with the Milli-Q system (Millipore Corp.,
USA), while quartz glass beakers and columns and small PFA
jars (capacity: 7 mL) were purified before their use by soaking
in HNO, (analytical grade) and rinsing with Milli-Q water.

Sample preparation

Sixteen and twelve samples with varying number of particles
were prepared for the CRM U-850 and U-100, respectively. In
particular, 2-210 particles with a diameter of 3—-17 pm (ecuiva-
lent to 0.7-126 ng of the total uraninm content) were included
in U-850, whereas 23-375 particles with a diameter of 2-15 um
(equivalent to 9.9-356 ng of the total uranium content) were
included in U-100. Five sets of single U-100 particles (diam-
eter: 620 um) ranging between 0.9 and 16.3 ng and six sets of
single U-850 particles (diameter: 8—10 um) ranging between
0.9 and 3.4 ng were also prepared. The total uranium amount
in each sample was calculated by the isotope dilution mass
spectrometry method based on the measured 2**U/2*U iso-
topic ratio, the CRM isotopic abundance, and the CRM 111-A
amount added to each sample. The CRM uranium oxide par-
ticles were collected and transferred to a $X 5 mm piece of
silicon wafer (Semitec Co. Ltd., Japan) using a manipulator
attached to a scanning electron microscope (SEM, JSM-7800F,
JEOL Ltd., Japan) [22]. There was no electrostatic charging
during the particle transfer due to using a glass-needle coated
with gold. Figure 1 shows a typical SEM image of a U-830
particle. The silicon wafer loaded with the uranium particles
was then placed into a small PFA jar, and 1.8 mL of 8 M HNQ,
and 0.2 mL of 6 M HCI were poured into the jar. The PFA jar
lid was tightly screwed and the jar was heated on a hot plate
at 180 °C for 7 h to completely dissolve the uranium parti-
cles. After removing the silicon wafer, .22 mL of the CRM
111-A solution (2.3 ng-U mL™Y, in which 0.5 ng of U is
containing, was spiked into this acid-digested solution in the
PFA jar, followed by evaporation to dryness. The dried residue
was dissolved again using 0.7 mL of 15 M HNO; to achieve
a more efficient mixing of the contents, and the solution was
evaporated to dryness. The dried residue was dissolved again in
0.7 mL of 9.5 M HCl to form the corresponding hydrochlorides
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Table 1 Operating conditions for the ICP-MS measurements
Parameter Settings
[ICP-MS]
RF power 1250 W
Cooling gas flow rate 17.0-17.4 L min™!
Auxiliary gas flow rate 0.80 L min™!

Fig.1 SEM image of a U-850 particle (Sample ID: 29)

and the resulting solution was evaporated again to eliminate the
nitrate ions. The final dried residue was dissolved in 0.7 mL
of 8.5 M HCI. Then, thorium and uranium contained in the
solution were chemically separated by anion-exchange chroma-
tography using an anion-exchange resin (MCI GEL, CA08Y,
Mitsubishi Chemical Corporation, Japan) packed into a quartz
glass column (inner diameter: 2 mm, length: 16 mm, volume:
0.05 mL). The feed solution was loaded onto the column and
thorium and uranium were sequentially eluted using 0.7 mL
of 8.5 M HCl and 0.5 mL of 0.2 M HCI, respectively. The
obtained thorium and uranium fractions were then evaporated
to dryness and redissolved in 0.3 mL of 15 M HNO,;. After fur-
ther evaporation to dryness, the residues were dissolved in 7 mL
of 0.81 M HNO; and these solutions were used for the ICP-MS
measurements. All operations, including the sample prepara-
tion and the ICP-MS measurements, were performed in clean
rooms (ISO Class 6) at the Clean Laboratory for Environmental
Analysis and Research (CLEAR) of the Japan Atomic Energy
Agency (JAEA) [23]. Moreover, to evaluate the performance of
the single anion-exchange separation method, the decontamina-
tion factor and the recovery yield were estimated by separating
five aliquots of a solution containing 270 ng of the CRM U-850
and 6 ng of the CRM 111-A and measuring the intensity of the
22Th and **3U signals in the spikes.

Instrumentation and purification age calculation

The isotope ratios of thorium and uranium were measured
using an ICP-MS instrument (ELEMENT-2, Thermo Fischer

20T} 2307 2307, B4y
By (229Th> - <zz9m> / (zasU) -
Meas. Sp. Meas.

Sample gas flow rate
Solution uptake rate
Sampling time per isotope
Scan per replicate
Number of replicate (for U)
(for Th)
Resolution (M/AM)
[APEX-Q desolvation system]
Spray chamber temperature
Condenser temperature
Nitrogen flow rate
Additional gas (Ar) flow rate

0.55-1.00 L min!
0.12-0.14 mL min™!
50 ms

200

5

10

300

100 °C

2°C

1.5 mL min™!
0.31-0.52 L min™!

Scientific Inc., USA) under the conditions shown in Table 1.
Specifically, the thorium isotope ratios were measured using
the ICP-MS instrument attached to a desolvation inlet system
(APEX-Q, Elemental Scientific Inc., USA). This inlet system
enhanced the sensitivity by a factor of three. The mass bias
was corrected by measuring the isotope ratio of the CRM
U-015 (NBL, USA) solution and using the following equation:

R =R (1+C™ o

where R, is the certified isotope ratio, R,, is the measured
isotope ratio, AM is the mass difference, and C is the mass
discriminator factor. In addition, the uranium age (¢) was
determined using Eq. (2):

Ayt — Ay
f= 1 (1 4 ZU234 TTha30 ><R) 2)
}'UZ$4 - }'Th230 U234

where R represents the 2°Th/?*U ratio in the sample and
Aunza and Apyoso are the decay constants of 23U and 2*°Th,
respectively, calculated based on the half-life of 23U
(2.455 (6)x 10° y [24]) and *°Th (7.54 (3)x 10* y [25]),
respectively.

The #°Th/?**U ratio (R) was in turn determined based
on Eq. (3):

234U 22‘)Th
U 233
Sp. Sp.
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where (P°Th/?*Th),.,. and (P4U/%*U),,.,. are the isotope
ratios of 2°Th/*?Th and “*U/**U measured by ICP-MS in
the thorium and uranium fractions, respectively. Moreover,
the ratios (**Th/***Th)g, , C**'UF*U)g,,, and C?Th/™ U,
represent the ratios in the CRM 111-A spike calculated from
the 2**U and 22U abundance data based on the CRM-111A
reference sheet. The radioactive decay and growth after the
uranium purification were also corrected. Considering that
the CRM 111-A contains 0.1847 atomic% of ***U and, that
20T is growing as a progeny nuclide of 2**U, the amount
of #*U, and #*°Th impurities in the CRM 111-A spike were
estimated by calculating the radioactive decay and growth.
The calculated amount of the 23U and **Th impurities in
the spike were subtracted from the measured values, which
in turn facilitated the accurate age determination of ura-
nium. The atomic ratio of **Th/***U in the CRM 111-4A,
(P Th/*U)g,, was calculated from the radioactive decay
of 2°U and growth of *°Th, assuming that no “*Th was
present in the purified **U spike. In addition, the combined
uncertainty was estimated taking into account all uncertain-
ties in the ICP-MS intensities, mass bias correction, certi-
fied values of the reference materials, and half-life values
of each nuclide to comply with the principles described in
the Guide to the Expression of Uncertainty in Measurement
(GUM) [26].

Results and discussion

As shown in Table 2, the measured ratios of ***Th/?**U,
B42%U, and 2°Th”2Th of the CRM 111-A were in good
agreement with the corresponding calculated ratios within
one standard deviation of each ICP-MS measurement.
This result indicated that the uranium-thorium decay chain
(i.e., 2PU-"Th and **U-?*"Th) was closed in this system.
Thus, the calculated values for the ***Th/?**U, 24U/>**U,
and P°Th/*®Th ratios of the CRM 111-A were used to fur-
ther calculate the *°Th/>**U ratio using Eq. (3). Based on
Table 3, uranium and thorium were separated with a high
chemical recovery yield, which was>97% for uranium and
88-96% for thorium, while the decontamination factor of

Table2 Atomic ratios of thorium and uranium isotopes in the CRM
111-A

Ratios Calculated values® Measured values

Th/*U 4.8x107 (4.6£0.6%)x107
By 1.86% 107 (1.91+0.08)x 107
ZO0Th/22Th 1.20x 107 (1.23+0.07)x 107

"Decay corrected values for July 8, 2015. (CRM 111-A was purified
in 2004.)

°The error represents one standard deviation derived from five repeti-
tion of an ICP-MS measurement

@ Springer

Table3 Performance of the chemical separation for the uranium-tho-
rium dating

No Recovery yield (%) DF of U
ﬁ in the Th fraction

1 8843 97+1 >4.8%10°

2 96+4 101+1 2.5%x10°

3 90x4 1001 2.1x10°

4 94+ 101+2 >7.2x10°

5 9243 1001 >5.5%10°

uranium in the thorium fraction was greater than 2 x 10°,
These results suggested that uranium and thorium were
sufficiently separated and recovered in each fraction, thus
allowing the precise determination of the purification age.

The whole process blanks and detection limits determined
for the investigated nuclides are shown in Table 4. Based on
the three-sigma criterion, the detection limits of the target
nuclides at these interested masses were determined using
three times the standard deviation of the process blank count
rate (cps) under the analytical conditions, 7 mL of the solu-
tion volume, and sensitivity (12.8 cps ppq ! for **Th and
20Th and 13.4 cps ppq ™" for 2**U and **U). The process
blanks in the entire analysis were estimated to be 0.04 ng
of natural uranium and 1 fg of 2**Th, The detection limit
for 2*°Th was calculated to be 1.3 fg, and was in line with
the results of Pointurier et al., who have reported that the
instrument detection limit for ***Th is 1 fg by measuring a
diluted 2% HNO; solution commonly used for the instru-
ment rinsing [7].

Furthermore, according to Table 3, the determined purifi-
cation ages for the U-850 particles agreed with the reference
age (61 y) within the expanded uncertainty at the 95% confi-
dence level. In the case of the U-830 particles, the difference
between the determined ages and the reference purification
age ranged between — 9.8 to 12 y and was 0.8 y in aver-
age, except for samples No. 4 and No. 3, where significantly
low chemical recovery yields (~27% each) were obtained.

Table4 Whole process blanks and detection limits determined for the
investigated nuclides during the age determination analysis

Mass process blank detection
(counts s limit

(fgin7 mL
of solution)

229 1.5+£04% 0.6

230 1.9+0.8 L3

233 2.4+2.3 3.6

234 43+07 1.1

®The error represents one standard deviation of three data obtained
for three individual samples (r=3)
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Table5 Analytical results of the purification age of the CRM U-850 particles

ID  Total Uamount Number of parti- Z°Th/*U atomic ratio Purification age Difference from the refer- Measured/caleu-

(ng) cles analyzed [x 107 (year)? ence purification date lated purification
(year) date

1 075 3 1.50 +0.46° 52+38° 9.1 Feb-07-1967
2 0.98 3 1.40£0.53 49+44 12 Nov-03-1969
3 2.65 2 1.45+0.29 S1+24 9.9 Dec-04-1967
4 4.18 7 1.14+£0.41 41+36 20 Jan-20-1978

5 4.64 5 0.97 £0.60 3649 26 Jul-13-1983

6 4.73 15 1.97£0.13 70£11 -9.2 Oct-29-1948
7 612 16 1.95+0.16 69+ 14 -7.6 Jun-09-1950
8 6.17 16 1.76 £0.21 62+17 -18 Mar-21-1956
9 721 11 1.70£0.15 60£13 0.4 May-30-1958
10 7.90 18 2.03+0.35 71+30 -9.8 Mar-31-1948
11 10.3 24 1.673 £0.085 59.1+7.1 L5 Jul-04-1959

12 18.0 37 1.68+0.13 60+11 1.0 Dec-16-1938
13 17.6 33 1.64+0.11 58.0+9.3 2.6 Aug-07-1960
14 94.4 172 1.688 +0.094 39.7+7.9 1.0 Dec-16-1958
15 110 175 1.691 +0.039 60.0+3.3 0.7 Sep-07-1958
16 126 210 1.684 +0.053 59.7+4.4 1.0 Dec-16-1958

Average of difference from the reference purification date:0.8 years®, and the reference purification date [6]: Dee-31-1957

*Reference age (i.e., elapsed year from the reference purification date on the date determined age): 61.1 years for ID 1-5, 60.6 years for ID 6,
8-9, 11-16, and 61.4 years for ID 7 and 10

®Combined uncertainty (k=1)
°Expanded uncertainty (95% confidential level)
dAv&:t'age without considering the difference for No.4 and No. 5

Table 6 Analytical results of the purification age of the CRM U-100 particles

ID Total U amount Number of Parti-  2*Th/2**U atomic ratio Purification age Difference from the refer- Measured/calcu-

(ng) cles analyzed [x 107 (year) ence purification date lated purification
(year) date

17 11.2 23 2.79+0.28° 99 +24° -38 Mar-19-1921

18 10.6 23 2.75+0.67 99 £33 -38 Mar-19-1921

19 9.90 24 2.39+0.28 85+24 —24 Nov-26-1934

20 53.1 111 1.72+0.16 61+14 -0.3 Sep-21-1958

21 56.9 119 1.79£0.25 63+20 -2.5 Jul-13-1956

2 61.5 120 1.91£0.53 68+44 =77 May-01-1951

23 123 123 1.81£0.14 64+12 -33 Sep-17-1955

24 121 142 1.74+0.23 62+19 -0.8 Mar-05-1958

25 129 278 1.763£0.048 62.4+4.1 -1.7 May-09-1957

26 322 289 1.81£0.19 64£16 -39 Feb-03-1955

27 350 248 1.73£0.13 61x11 -0.9 Feb-07-1958

28 356 375 1.66+£0.15 39+12 L5 Jul-26-1960

Reference purification date [6]: Jan-08-1959

"Reference age (i.e., elapsed year from the reference purification date on the date determined age): 60.8 years for ID 17-25, and 60.4 years for ID
26-27

*Combined uncertainty (k=1)
°Expanded uncertainty (95% confidential level)
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Especially when the total amount of uranium particles ana-
lyzed was higher than 10 ng (No. 11-16); the determined age
showed a difference of only three years from the reference
age. However, according to Table 6, the precision of the age
estimation for the U-100 particles was lower than that for the
U-850 particles due to the ultra-trace contents of >**Th and
231, As shown in Table 6, when more than 50 ng of U-100
particles were analyzed (No. 20-28), the difference from the
reference date ranged between —7.7 to 1.5 y. Consequently,
this trace analytical method proved to be available for the
determination of the purification age of uranium particles in
uranium-thorinum samples.

The contribution of uncertainty (uncertainty budgets)
to the age determination of the representative samples was
also investigated. As shown in Table 7, the 2OTh/?*°Th
ratio (0.202 +£0.013) was the main contributor to the uncer-
tainty for the U-850 particles, whereas both the 2*°Th/?**Th
(91-95%) and 2**U/?*°U (5-8%) ratios contributed to the
uncertainty for the U-100 particles. Moreover, Williams and
Gaffney performed an age determination analysis using large
amounts (of mg scale) of U-100 and reported that the con-
tribution of the *"Th/***Th ratio measurement to the overall
uncertainty was 53.19% [6]. Thus, we concluded that the
Z0Th/?*Th ratio measurement uncertainty significantly con-
tributes to the uncertainty of the purification age only when
the sample amount is low. Therefore, the 230TH/*%Th ratio
should be measured with high accuracy to achieve a small
uncertainty in the age determination when small sample
amounts, such as particles, are used.

The purification age of single U-850 and U-100 parti-
cles was also determined (Table 8). For the U-830 particles,
the difference from the reference purification age ranged
between — 28 to 2 v, which was in good agreement with the
actual age, although the uncertainties were large. In con-
trast, only the purification age of the U-100 particles No.
38 and No. 39, whose total uranium weight was more than

14 ng, could be determined. Figure 2 shows the relation-
ship between the difference from the reference purification
date and (a)the total uranium amount, (bjthe **“U amount,
and (c)the **°Th amount in the U-850 and the U-100 par-
ticles. Figure 2(a) shows the measured purification date of
the U-100 particles whose total uranium amount is less than
14 ng was older than the reference date, but the difference
was not found in the case of the U-830. By changing the
horizontal axis of this figure to the ***U amount (Fig. 2b)
and *°Th (Fig. 2c), the systematic error of the purification
date can be identified. The systematic error was obviously
confirmed in the case of less than 3 pg of 2“U and 0.5 fg
of 2°Th in the measured U-100 particles. In the case of the
U-850 particles, the all measured date were consistent with
the reference date within the uncertainty. The all U-850 par-
ticles contained enough 2**U and >**Th amount more than
the critical values, which were estimated from the analyti-
cal results of U-100 particles. The purification date of the
U-100 particles gradually decreased (older) as the 24U and
the #**Th amount decreased. The cause of this systematic
difference can be clarified by discussing the accuracy of #**U
and ***Th amount in the analyzed uranium particle. The ***U
amount in a particle of sample ID 35 listed in Table 8, which
sample was shown the largest difference from the reference
purification date, was estimated to be 0.6 pg (***U atomic
abundance: 0.0676%). This amount is enough to obtain the
24417/%3%U isotopic ratio with high aceuracy and good preci-
sion because several hundred counts were measured in the
ICP-MS measurement. Whereas, the 2°Th amount of sam-
ple ID 35 was approximately 0.1 fg. In this case, around 0.2
cps of the *°Th intensity can be expected in the ICP-MS
measurement. This intensity is extremely lower than that of
the **Th process blank (1.9 cps) listed in Table 4. As shown
in the Table 7, accuracy and uncertainty of the measured
ZOTh/2® Th ratio mainly contributed to the whole uncertainty
and the lower limit of determination of the purification age

Table 7 Representative

i Quantity Value %RSD Uncertainty
contrlbgLors to the who_le contribution (%)
uncertainty of the uranium
purification age U-850 particle (sample ID: 6)

U mass (ng) 4.7

ZOTh/2Th 0.202+0.013 6.6 99.1
2Ry (6.401£0.033)x 1072 0.52 0.6
234U half-life (2.455+0.006) x 10° 0.24 0.1
230 half-life (1.592+£0.002) x 10° 0.13 0.0

U-100 particle (sample ID: 25)

U mass (ng) 129

ZOTh/22Th 0.469+£0.012 2.6 91.0
Bty 0.1768 +0.0013 0.76 8.0
4 half-life (2.455 £0.006) x 10° 0.24 0.8
23U half-life (1.592+£0.002) x 10° 0.13 0.2
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Table8 Analytical results of the purification age of single U-850 and U-100 particles

D Total U amount ZOTh/24 atomic ratio Purification age Difference from the reference Measured/calcu-
(ng) [x107] (year)* purification date lated purification

(year) date

U850

29 0.90 1.60+0.37° 57+£33° 3.6 Aug-17-1961

30 0.98 1.72+0.43 60+36 2.0 Jan-15-1960

31 1.38 1.94+0.75 68 +£63 -6.2 Oct-29-1951

32 1.52 2.08+0.54 T4+47 -12 May-08-1946

33 176 2.35+0.45 82+38 -20 Feb-19-1938

34 3.40 2.58+0.62 90+52 —-28 Dec-03-1929

Reference purification date [6] Dec-31-1957

U100

35 0.90 29.8+5.3° 1068 £438° —1007 N.D

36 232 11.4+2.0 405+ 167 -344 N.D

37 4.34 83+15 296120 —234 N.D

38 14.0 2.45+0.29 87425 -25 Oct-09-1933

39 16.3 2.88+0.44 101+36 —40 Dec-27-1918

Reference purification date [6] Jan-08-195%

*Reference age (i.e., elapsed year from the reference purification date on the date determined age: 61.1 years for ID 29, 62.3 years for ID 30-34,

and 61.3 years for ID 35-3%
®Combined uncertainty (k=1)
°Expanded uncertainty (95% confidential level)

in this analytical technique. Figure 3 shows the relationship
between the 2*°Th/**U ratio of the U-100 particles (Table 8)
calculated from Eq. (3) and the total uranium amount ana-
lyzed in this study. The *°Th/***U ratio (i.e., the purifica-
tion age) in a single U-100 particle gradually increased as
the total uranium amount decreased. Moreover, the three
curves in Fig. 3 indicated that the gradual increase in the
20Th/2**U atomic ratio in a U-100 particle was due to the
contamination of ultra-trace 2*°Th as a process blank. The
determined 2**Th/>**U ratio was dotted ranging in the 1-2-
fg curvature region, indicating that >**Th contamination as
a process blank from 1 to 2 fg randomly occured during the
age determination analysis run of these U-100 paticles, This
systematic error of the variation between 1 and 2 fg implied
that the ?*“Th process blank should be carefully controlled
and accurately corrected at the fg level to accurately deter-
mine the purification age of a single low-enriched uranium
particle. Figure 3 shows *°Th contamination of 1-2 fg may
happen during the age determination analysis run, including
the chemical separation, the sample preparation of ICP-MS
measurement. However, many of the particles containing
20Th of approximately 1 fg were good agreement with the
reference purification date within the uncertainty as shown
in Fig. 2c. Consequently, the practical small particle-size
limit for being able to analyze an age determination with the
method in this work considered to be the particle containing
20Thof 1 fg, which particle size were, then, estimated to be
3.9 um in diameter for the U-850, and 12.6 um in diameter

for the U-100, respectively (in case of the age 61 y, and
the form of spherical shape U,O;). The precise measure-
ment of the isotope ratios using a multi-collector ICP-MS
(MC-ICP-MS) and LG-SIMS would also contribute to the
effective determination of the purification age.

Conclusions

The purification age of a high-enriched (1 ng) and a lower-
enriched single uranium particles (tens ng) with micron-
sized was accurately determined with the isotope dilution
method using a “?Th—">*U mixed spike. This mixed uranium
spike was readily prepared by leaving a chemically purified
237 spike solution to stand for a long time, thus increasing
the *°Th amount emerging as a progeny nuclide of 2**U.
The results indicated that the main factor contributing to the
whole uncertainty in the results was the uncertainty in the
20Tn/>*Th ratio measurement in the chemically separated
thorium fraction. Thus, it was strongly suggested that the
thorium isotopes should be accurately analyzed at the sub-
fg to fg level, and that the ***Th process blank should be
carefully controlled at the sub-fg level. MC-ICP-MS will
be thus applied as a powerful tool to achieve this ultra-trace
analysis and the analytical results will be reported in the
near future.
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Fig.2-19 Relationship between the number of years
since the purification period and the #°Th/?*U atomic
number ratio

Immediately after uranium is purified, 2°Th begins accu-
mulating due to radioactive decay of 2**U. Therefore, the
number of years elapsed from the date of purification can
be clarified by analyzing the atomic number ratios of both
nuclides.

The International Atomic Energy Agency (IAEA) conducts
safeguards to ensure that nuclear materials, such as uranium,
are only used for peaceful (i.e., energy-related) purposes.
One such activity comprises environmental sample analysis
to detect undeclared nuclear activities by analyzing the
composition and quantity of ultra-trace amounts of nuclear
materials adhering to the special cloths that IAEA inspectors
use to wipe down walls and other surfaces inside and outside
nuclear facilities. The samples collected are analyzed by the
TAEA Network Analytical Laboratories, of which JAEA is a
part. The year of uranium purification can provide evidence of
the existence of an undeclared nuclear development program;,
thus, researchers have aimed to develop analytical methods to
estimate the year of uranium purification.

The uranium isotope **U undergoes radioactive decay
to thorium-230 (*'Th) with a half-life of approximately
250000 years. As shown in Fig.2-19, the ratio of 2°Th/**U atoms
increases with time from purification; by analyzing this ratio,
the time elapsed since uranium purification can be estimated.

However, the uranium particles captured on samples collected
by IAEA inspectors are very small, weighing only nano-grams
(10 g). In ordinary laboratories, accurate results cannot be
obtained with such a small sample due to the influence of natural
uranium in environmental dust. Therefore, a **Th/*'U atomic
number ratio analysis technique using chemical separation was
developed for use on a single uranium particle at the Clean
Laboratory for Environmental Analysis and Research. The
isotope dilution method was applied by adding a standard to

Reference

Fig.2-20 Scanning electron microscope
image of a single uranium particle
By analyzing the 2*°Th/?**U atomic number
ratio of a single uranium particle (about
1/100 mm in size), it is possible to estimate
when uranium purification took place.

Table 2-2 Calculated time since purification using a single
uranium particle

Despite the high uncertainty of the atomic number ratio, the
number of years since purification was accurately estimated.

size 230Th/234 Analytical Difference between
ID (um) Atomic ratio results predicted and actual
H (x10) (years) purification (years)
1 9 1.60 + 0.37 57+ 33 36
2 8 1.72+ 043 60 + 36 20
3 g 1.94+0.75 68 + 63 -6.2

the sample to obtain accurate atomic number ratios. A single
standard with a known **Th/?*U atomic number ratio was
prepared to ensure accurate values could be obtained without
strictly controlling the amount added to the sample or the
weight of the standard material. An image of a sample particle
analyzed is shown in Fig.2-20. This particle was prepared
from a reference material with a known date of purification.
After the uranium particles were dissolved, standards were
added, and chemical separation pretreatment was performed.
The #°Th/**Th and **'U/**U ratios were then analyzed by
inductively coupled plasma mass spectrometry (ICP-MS), and
the ®°Th/*'U atomic number ratio was calculated to estimate
the years since purification.

The obtained results are shown in Table 2-2. For particles
with a diameter of 8 to 9 pm, the actual period of purification
(61 years) was estimated with an error of between —6.2 and
3.6 years. Therefore, the proposed technique can accurately
estimate the year of uranium purification from a single uranium
particle, as required by the IAEA. Future efforts will include
the use of ICP-MS equipped with high-sensitivity multiple
detectors. The ultra-trace amounts of 2°Th in uranium particles
in the range of femto-grams (10" g) can be then determined
with more accurately to estimate the year of purification. By
applying this technology to the analysis requested by the IAEA,
we hope to contribute to international safety and cooperation.

A part of this study was conducted in FY2020, sponsored by
the Nuclear Regulation Authority (NRA), Japan.

(Daisuke Suzuki)
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(2/2)
EA B EEH4A 5T -3
B R 2T 2 il - ok 2s D 2454k ZE R g
11/8-11/12 g T R RSF
11/8 REIEKEAE DI TR = (E3i
11/11,12 FS SR8 R ik S 1 E 2 ZE TR = SRR - PR5T
11/15-11/19 flioK g 2 1 ) AR 7 R = TE AR
11/15, 16, 11 N P N
/95, 96 CH D St CR, —fix5EHR=E E B AR
11/18 7 KA SRR T Ze R E = E KEE B
11/9-11/11 PER e & (SC-1) MM - A Ptk = R - PRST
11/18, 19, FLF LT N - N
30, 12/1, 2 FFU 0138 — F—tzzy7 e
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11/29, 30 /K SRR S BEE ZEFRAEM . CR R - PRSF
. I 1 PEHEAUREAR | ks g
12/1 BER T A VAR E 0 BB AR = R - PR5F
12/13-12/15 AR A B S s (T 3] S CR TE AR
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1/27 R e S JEE R SN B D SRR DT e TE SRR
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7/14-7/15 FFU 744 —)— 73R CR CR PERERERS
9/13-9/17 CR &8 CR CR Vi BEAfERF
10/18-10/22 T LT N —EWTE R AP A CR {B#REHERT
12/6-12/10 CH 745 —1— 73R CR, —flkF2HR= CH PERefERE
1/17-1/19 CH JEUH (Uit &) & CR, — 5= CH M Refte
3/15,16 TiE CH IR fEfERE CR., —flx32HR= CH MERERERE

CR: ZU—>)L— A (Clean Room)
CH: 7V—>7—F (Clean Hood)
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3-3.3 : TIVTFRRASTNVIEE O oAk

AR Mirrion Canberra % 7200-08

TR HH D Mirrion Canberra $ A1200-32, A450-18AM
HZERT FANTV—EZER T

LI AT A Mirrion Canberra ! LYNX-MCA

T — S FRAT R TV 7RERTY 7 B & O PC

ABHE R E JRAEL 7L F-21005-01

FR Al K LS & AVIIVRTEL Simplicity UV
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#-3.5 AT OREREE K O R RAE

JTR BEEK & (cps/ppb) & H T BR (ppt)

Fe 57 4.1x10° 205

W 182 2.8x10* 0.4

Re 185 1.2x10° 0.03
Ir 193 1.8x10° 0.007
Pt 195 6.8x10* 0.11
Tl 205 2.6x10° 0.02
Pb 208 1.7x10° 0.17
Bi 209 2.7x10° 0.10
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#-3.6 : TAP=ULOWEREE K O FRAE

TR BATVRATL BEE (cps/ppb) HRH TR (ppt)

FEE 3.4%X10° 2.8%X10°
Pu

APEX-Q 9.3%x10° 3.1x10™
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£-4.1 : ZHEIVHE—RD BU TS5 7

238 238
U N
(ng/v YA —X1 g) (pg/LKI™)

1 6.5 + 14 9.0E-07 + 2.0E-07

2 45 + 0.2 6.1E-07 = 2.5E-08

3 39 + 0.1 5.3E-07 + 1.8E-08

4 3.8 £ 0.1 5.2E-07 + 1.6E-08
MEY 47 £ 1.3 6.4E-07 + 1.8E-07

* R S um, LEE 2.1 g/cm® DERZARE
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K-4.2  HRLIZY TR ALK

kA% N

233() /238 0.0002302 + 0.0000017
234 /238 0.0000864 + 0.0000011
235 /238 0.015569 + 0.000028

236() /238 0.0001663 *+ 0.0000012

93



#-5.1 @ WiHEAT TR
AHR ETHR

EE Neptune-XT Element2 | Neptune-Plus*' | Neptune—Plus*?

AR | mamsr | SO0 | mamsE | passs
—wiggfim (7'72;:09517) 1.8x107° — - 13;:09210”
—1915}:;” ©. 2:;:09407) 6.8x107° — “ ZETO‘Z‘G’
—19512)5;1” ©. 0:;:0(3;106) 7.4%x107° — “ 25;:092117)
—wiiet;i” (3. 03;:09;108) 6.7x10° | 3.64x10 —
QOZEE;ZM (3. 951101_.612) . 424 x10°5 .

% 1:Pollington et al (2016), J. Radioanal. Nucl. Chem., 307, 2109-2115.
%k 2:0h et al (2012), Mass Spectrom. Lett., 3, 54-57.
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F-5.2 1 R THRERA LT U RO Pu EEHEAE O I 7 ik

R ALt | A4 > BIEE REEE

233, /238 1937 405, (3. ”3'1—"095 044) 29372 75 4
234, /238, 194p440y | (9. 083 110(25 162) (b. 31 33 '1_|'0(35 0003)
235 /238, 195p 440 (7. 293?09.3014) (1. 262:(3 '1_"0(33 0022)
286); /238 196p£40) | (2. 80:(1 _1_|_095 050) (1. 244)((3 '1_|'0(27 0017)
244p,, /239p, | 204ppy0p (4. 83 11094 51) 244p 72 75 1 S
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#-5.3 ¢ UpuliE A A 2% TN AL SRS Y L = I AT

3 e O]
B | (eI
e ARME P % & E(pg) FMEHSDFE
No.1 10.7531 (i06?0564753) 0.01%
No.2 10.7194 (io(i.s(;llsfél) 1.20%
No.3 10.6851 (i00719{;1(;14) 1.02%
No.4 10.7505 (i06?0152791) 0.58%
No.5 10.7570 (i%i;l?slzg) 0.82%
i (046
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S5 OM HCI - 0.2M HNOs (2 mL)
OM HCI - 0.1M HNO; (A& E: 1 mL+ 1 mL)
9.5M HCI (10 mL)

9M HCI - 0.1M HI (5 mL)
(—HRRER)
9M HCI - 0.1M HI (5 mL)

ﬂ 0.5M HCI (5 mL)
NNV Q

PBA A ORBHT L
#ths: MCI-GEL CAO8P CIE! (%i1f%: 70 — 150 pm)
NE: 4 mm, £&: 70 mm (BESE: 0.84 mL)

—
BEE

Puia Bt 5 Bl UiRBE S E

15M HNO3, H,0,, HCIO, #IN 2 THRRELE L 1=t.
BE. HNO,Z/Z T2 % HNOAR(7 mL)IZFART 5,
INZFICP-MSHIERH & T 5,

-2. 4 BREGARO(LF AT — A
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t5%5%: 10M HCI - 0.1M HNO3 (0.25 mL)

10M HCI - 0.1M HNOs (&% E: 0.1 mL + 0.1 mL)

] 10M HCI - 0.1M HNOs (0.1 mL +0.1 mL + 0.2 mL)
0.8M HNO3 — 90%CH3OH (0.025 mL)

8M HNO3 (0.05 mL + 0.1 mL + 0.05 mL)

8M HNOs (0.45 mL)
8M HNO3 (4.0 mL)
M HCI (0.05 mL + 0.5 mL + 0.5 mL)
AR Vv

[BAAURBNS L
#thg: MCI-GEL CA08Y CIZ! (#If%: 23.5 um)
AE: 2mm, £&: 16 mm (BIEESE: 50 L)

UBBt S E Puia Bt 53 8l

RREGE L&,
BE. HNO;ZM A T2 % HNO5A& (7 mL)IZEAR T 5,
CNFEICP-MSAEIERE LT S,

X-2.5 : HRybeAREIOLFEEAT— A
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500 ZHCm _
00l — $FEE (1200 mm) B
— B2 (450 mm)
300 —
200 —
100 — —
() e msennsmnliti I | I
5000 5200 5400 5600 5800 6000
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-3, 4 1 HrEEE K ONHEER OB I CRIEL7ZBICAL NI *'Cm O T L7 7RSI ML
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(1) 233ul238U H:

23UiRE (ppa)

2 —0.17 H 0.67 16.0
I I 1
— » I |
X1 I [
3 I
= I
il e ®
i:H.E 0
| 2.98 ppt 71.1 ppt
_1 1 1 1 1 1 1 1
-0.5 W0 0.5 1 1.5 2 2.5 3 3.5
0.76 ppt 7 7 viEE(log, ppt)
(2) 234ul23sutt
24yiRE (ppa)
2 —{ 0.22 H 0.73 —{ 11.9 i
| | | — RE10%
— [ I [ — BE 5%
X 1 | | : o,
l:oB \.\\j EE 1%
= I
o, : —_
e
_[257eet] 8.58 ppt 140 ppt ..
-0.5 0 0.5 1 1.5 2 25 3 3.5
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2 { 0.1 H 0.41 9.3
I ) )
= I I 1
1
1y \l 1
2 ° I
X 1
Ny
2.47 ppt 56.6 ppt .
-1 1 1 1 1 1 1 1
05 o0 0.5 1 1.5 2 2.5 3 3.5
0.64 ppt 7 7 ViEE(log, ppt)
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233U5RE (ppq)
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| | I |
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0.1 1 10 100 1000

7 7 ViRE (ppt)
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