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TaAITARRFBRER E~BET 5, bL, &FHE S X o U7y A E
Nl oT- a1, ETHMECOR T HERBILOBXEO TEEZEL, D%,
SIMS 2EE A2 VTl 2 DU TR A DRINAREEZRIE L 7 — Z AT, s FERK
D, IAEA \TRERZ WG T 5, k264 B LT S —T 4 7V or HradloBh B &,
24k ChH o7z,

2.5. N=T 47 Vo3 N Bl (FT-TIMSE)

FT-TIMS # T, AVATREHICE ZNDE 2 DU TR A 12OV T, AT
(2 TIMS #E@EZ AW TR LZRIE T D, ZIICEDETITE, K-2.61T7 389
IS B O B RER T RAT- D DAZ)— =2 FRE R DT 4N E— DAY,
B B OAERR, I Co TR, 7o ar b Ty s BlgR 74T A bk
ORLF B R R E ORI TR DD, RINARLRIER T, 7 — 2T, s E 1
D% | IAEA IR R2 S 5, AEE, 75 (JRR-3 3% JRR-4) ToO 7
Wb BEST L0, 264 IR F IR OB IR 23ME kL TV 27
FT-TIMS 53#7 AR D% i AN B L OV AT IR E i L 227 o 72,
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3. PRIEHRTEBR BL AT BT O#ER  [7) LA A ZE 70 i - 5 i 55

DEFrE H

. B ERBE I HTHI SR (CLEAR) OKERF & #

f“f%i%/\w}? B (CLEAR) 1Z, BB E | B E &Uﬁ%kpwﬁﬁw
(B VR B DB BH B R M a% . BRI R o 32 %8 1 L i G i Pt
DG IR BT DEFRT HE S HUR M RN T Al s Th 5, /£A&UFJTM%/E
(A DB AR SR D B BB B P ER R 2 LRI I ) B A 28 i s
PRIEE TR I )RV A SR T O B B BR o) IR DS U A
1T o7z, W26 BETAT o 7o BB B DONED L B PRI T 38 OO 17 Jo & i A
HEICED LN B FRA CEFIX LN T,

IF

3.2, mEBRE AT ATIER (CLEAR) O1F i 2 A L

BRI ZEM(CLEAR) D 7V — 2 /b — A X 1SO Bk 14644-1 [ICHEJLL 7= 4
HET-TRY, TOIFEEIT, A V7 ((LPLE) B U7 (Bds o) kO C =V
T GREHMRE ) 2720 A U7 DIFHF L 1SO 7T A5(Z7A 100)FH4 . B =U7
1XISO 7726 (77 A 1,000)FH ., C =T ISO Z7F7 A 7(77410,000) FH Y4 TH 5,

CLEAR DIEHFEZMaF§ 572012, NEFEEHFIR 2 ED, B FIRIESE
LT OEBUEEDEFEZED, 7)—2 Vb — L TOIEEF IZNAST - HUEZ K > T
2o

- IEE S A E

« U= b— b NI E
« JV— T —REIRVEE &
- RO\ E

- IV U RIREE PR

- TERICET A EEE

CLEAR (I, BHMEDOIHHEE B Y F LBV TWD, ZORBIX, /F¥EFIC
FLFIEZNASF S DI LTIV DG MR 3628 15 B PRIC ML EE R
TG EHIE S B M7 8 Thb, CLEAR TIZUA T2 E AR S MER L TED,
ZNEFHEIIZEREL TVD,

s TR RUOFRGE (118]/4F)
- FFU & & (11al/24F)
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« =R R_RUF LRI RERETR (11a]/47)
© TR RUFTpE—U—7  (1[8]/4)
- FFU 742 —)—V (1[ml/24%)
- E A AR (11a]/47)

i HEML TWD 7Y — 2 b — LOTFEEERIE DGR AKX -3. 1R T, A =T D
TEEEE L, BE LRI+ 0B B E X RFIRT- TS, FERIZ, B =70
BHESRIFChHoT, UL EOZERY, mERRE IR D ) — L —L0D1E
FEX BRI ITRIZNTOBZEN LD, Z)—2 7 —R e _RUF OFEERIE THIE
BB 7o A3 e TR O 1L 1SO 77 A 4(27 A 10) FH & & LT
W5, MBERRIE (2 ISR ¥R IERL T 2L OB MO L T- kA PR I E B % O
TH Y B (118 RAPE VR RIAE B S LR U TR E e 2 kId 72K, B2 IRREZHERFL T,

fikZE AN REEI)— 2 b — LN ORD DIV LRI — R EL, 212k
Mg 2R ZFHEL T ICP-MS THOWL T, ZhaE T 770 7L TCW5, 77D
VT T I 7E, 7V — e — A I B W T AT T 7 LR LT R
25 ThoT,

PR 264 BEIZ TN L7 T v BE 8 BRIC B 3 A F ¥4 K -3.11C, £/ CLEARDIE
W REERZ AT O T2 DI E R LI B« D% O S EHIF¥EAL R -3.2107 T, Zhb
DERERIZE TR THoT=,

3.3, RERFRE OMEFFE B

(1) BERRIERE OMER: i 8

DHTEEE LU TGRSR S/ IAYE BT ERE ., EAMNE FBHME, o
FRARTIVRIEREE , B0 fREE v BRIAIEEE TR o mHIEEE, &SRB X
BROTHTEERE R “RAF L E B TERE . B n—7 X #~AraT7 7749
—., v F AL sZ —RIREEHE B IEERENRE SN TR, £IHEC
BRI AL TG, EUNCHERFE BLAZ 7O 8IS XD, BTl oMREZ HERF L=,
R EGFRERE S T I A E B EREIZ OV TR, BIER IR 10D Bk
i UREIE BRI LB S O BLEB T h L TRy, B BICLY FEZFITICKE
DHTE=T=0, WHEEEIT-T2,

(2) BEEMFHERE LTS A~ Ry 8 0

SRR P L, A 4 AL O FUE IR B AR 5 D TS 217
VISR R UE LT, ALITH TALISALL . B ARDRIUE Tha T~ MEATE
LTz, RS A7 T A~ T BT E R OV, £-3.3107 T, 1R
107 SRICHA LB A TR 217 o 72, RIS A 26 IS K0T T M- R R
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DFERZR-3.3TR T, HEOMRAKIT T XATHEL, & THY, BH A,
NBREDL G LIZOT, 12H RITKRINE LT 72, AL RBEGRGE S S 77X
~E & EEONE A K-3.212~ T,

RO LT Rk 85 6 7 7 A~ B B iEBE O & 21T o7, KRR T
(IRMM~184) }r "7 )V b= 222 FE #E (NBL SRM - 949) D RINLAK % | TAEA 235D
(R E T AL X LR FIECRIE LTz, ~ANAT A EIZIX, vT7r DY
BIL RN AR HE (U015) %2, 7 Vb= L% JE T HEXIET V=0 AR IRAE
(SRM 947) &M L7=, [FNARLEORIE L, M H 7= 2080 E 2 5D L, #l
ESNTFNAR OB R ORE R 2 (o ) ZR ML, 1o ZRIEREE L, vTF
AL EE (PU/2P0) PERE a2 R -3.41007 T, b UEREOEWEF 0.51%T, 4
BIORPEDIZTHDOEE 0.08%E /NS FRFEEED T L 0.12% TIEFITI—FK LT,
FRE U D BEED, °U/*U OIE R D3 2% T ChHD T, HEEZ R LT,
V=0 ARINAR EE (FOPu/*PPu) ORI EFE R E2FK-3.5107 7, EbRIERE DR
W 2.37% T, 6 DHEITEDIXSDEY 0.88%E/NSvoT=, ZOREHT, 7V h=D A
EBERBROTZD ., Pu AL T EINZTHDHI-D | ARBEEE D LB XL Ty, 12
RUTZ RO BEEDS, *Pu/*Pu ORIEREEED 20%LL T THHDT, HIEEEZERL
77

SO, EH LIS AGE SR G 7 IR E &SI EEETH OV, V70 KW LR
=ULDERRREIT o7, BEANL, 555, 1.2 2B REN-W, DL EoMERRE
TV fERD BRI THoT-D T, IAEA D DARFES AU 3B 43 1 S OV Al B 8 L2
)2 e B Nt B
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4. B E OYER S Hr i O B %

4.1. IFLHIZ

RIEHE RGBT 2B /3 =T 4 7V p BT Tk, AV AT B o 2 o
EWE & AR D RNAR 2R E T 5281280, ToRER Y7V TS
ETOJRAINEBONEDRBBITHOILTND, LvL, &I TIL, IAEA 2H0/x
—T ATV D HTIKRIRD I, BB LD M &« OWE & AR DTBIR
BEBIORMMD TR O ENST2b 0L EENDIDIT > TE TS, 2,
IAEA NZNEDHHE MG F IIEBOMZED L TEE TH L LD EF> T
HIEHERLTWD, (E- T, Fex bIBIREIE O TT 3R M 7e & Doy iz
PR T M E N DD, ARFTTIE, ATVA T B & ENDIEWE & AR 1Tk L
T, ZOIRRL G ENDRMMEHONIT DI EERRE T 5, REE L, T b=
U LRt G U TR Iy AT R DB R 2 B 2R o7,

4.2. AR GIE

FEOFIEZ L TICRT, T VI7ARRFRE G LIzt 7T he
BARRER FL, BRI, ZO%., A 02— N TEDORERICA
DA 7 @B ORI Z UL LT, kA% 150°C T 15 0 MMV L . ARy 2 FREL
Too TOREZE THMBEICAN, KAE G288 7528207 V=0 Lk
THBRRL | B AEHINT X BT T =0 DR 2R E LT, FrE L7z Vb
= LRI, vAav = ol — 2 AW TRIO T Z AR R FREA EICB AL,
TNENOTT R FITH LT, ZIREFBRBIORNE T REREL, £, &
TR IR O L — 238 X e 2 (EDX) Z W TR oz 7u,
R TEEIT OV TOIEFREIRIGLTZ, o, TNENDILE DKL - TOHARIR
REZTARDTDICK TR D X~y B T OB E T o7, L ED S E T o721
ZRAF L E &Sy HT (SIMS) IS il & DR DTV N=0 ARALAR L AT E2 T o
77

4.3. FERMOEL

4.1~ -4.5\Z 7 Jyhi s TERIENTZAT A7 50k TABA B BARBRFE A &L
TRy NI =2 TN L T D AT A7 3B D7 L b= Bk 7 10 EIZXL
CTERON EATo TR RE /R U, 22T, )KEE BIF, BB BOREVWTHE
DI BEVIEE CTBESNOE VI REER L TS, LIzno T, — I3
FDORERT V=D LD A0 L TSR G OBREE ML O TT IR A0 A L TS 77 &
DHE, B2 X, K-4.30K -5DOFEFRTIX, ZIREBEIRL - TIRE R
WDS72DITH L, R EA B TIE RO — 53 DI LN EWNIFERNED
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NTWD, 2T, KL DOT NS =0 AOSGATIRBEN — Kk TIERNWZ LA/ RL TN,
28 X B OFERNOIT, TN D USMEF NI A, < T R A Y3,
Vo, HE5E, #k HEh, S E DR TR DG EN WD LN ool e, v
=D LD X 8 GER~ 7)) DFERNG, ZOR - HITIET V=T LD —ERIZ
FAEL CWABDTIEARL, K HICRIEL TIEEL TWAIERN DD, 728, 2D
TEL TV AL, K E M CHENE WS ITE L TBY, KFE FBOE
WKL FH DT V=T AOSATNIRENHEL TEHTEERL TV D,

ZDRLAIZONT SIMS (XY RN ELRINE 24T > 72 3 2°Pu/*Pu, *'Pu/*Pu,
H2py/Hpu RINLAREEIE, 2240 0.4161, 0.1037, 0.0032 Toh-o7-, ZOFERIT, ZD
i DR A P CTHEASH TR D T V=0 b e & A TNDBZEERLTND, £
DD T V=17 DRI £ *Pu/*Pu RN ITEVME TH o7, LIZA>T, Zivh
DRI F-Z TV T U Tl R F O V=0 2B R B> T b2
EMHEES T,

KD RIZEL TIE, A EHE L7 R DITBIRICE > TR+ 2 3 T&ES
X E DHREIEVIT RO/ oT0, Flo, AW ITERICE B 758, FhFI2B0
T, IR0 L BBRUINZ, FRITL TAI=T L ~ T XL Vay Yo,
W3R, FH 8 ran, =yov #lidn, SRS, TRIT A 7=
L~ TR L Vay Vo WERRAEOTTREIT - REREFICHZLFELTED,
BRI IZ 7 Vb =0 DRI IA N bl TR A LTZb 0 LB 2 b
Do Flo, FHU B Iab =yav #igh, SR7eE X, BLE RS R 7 BE R fF
MELHELTHWHILTWATZS | FIVHDNREFIZEIA N TR R m I fH A LT
HDOEHEREIND,

4.4, F&0

LLED XIS ARFCIE, {IEI/?ODM%@ WE TG T E TG AR T
TRV YE T BLORNMKRL T 2470 —#E O TiEz L. £ Tho7 /L E
=0 LR OMREHSENITT DT kﬁ)f’a“?io 2% AR ORERNDITRL T DR
DHINOIEA TIEE ZHEE T O LIIREETH 72D, 5%, SHIZELDRL &5
Prd HZelcI T — 2% &EETHIET, B IIEBOHEE I SRR H/ A7 iR
NELNLLDEHIFFSND,
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5. HMT FHEEIMEFER O B 3 i &

5.1. 7L I558r
5.1.1. [FNEIEFIRE &M 7 Vb= DA A 7 E R O ELE43 E(CLEAR)
IAEA PRFEFHTE BR 5 Bt 20 A O BR 4G 24 9] (Rl 1445E) 2B Af - TE T[N e Ay
RE &5 4T (IDMS) FH D *°Pu ZARA 7R AR B IE A6 HEE ICL-> TRV b
PN IpoTe, ZZTHHICANSA VBRI LT, 4 £ TD TAEA BEERETO
T NR= NE B O RIFAZEIY 2% RE ThDH, I T, AR LI AL VIR E
WTHEHEIRIR O T V= DEE & LTRERD 2% N TR REE — BT idak e
Lize FITZICHRABLLI= T IV b= DAL TN Z D VL4 e+ 2030 57=0 . #rlA
ASA D % AN TV =0 WRINAR A TR Gr Mr D EBRZAT > 72, [RINCAR HE R E ek
DOREIZHVTUWS ELEMENT TiT-o72,

O AAVWERBIOT V=0 DFEAEVRIE DO FREL 5 15

*PPu %, CLEAR |[ZTREEFEHL CODEKN L BLTHER AL, 2
D Pu ANRATERWNE ., A FETH S CETEANRAIBERE WL R THY .,
CLEAR IZCH W= AREOBEEFEPMTOILTCND, AT TARED ST fFx
KB 8% 5y B 72 *PPu ANA VEHRIT AM RS2 N2 TR L, IHA S A 75
HEEFRICIE (90 pe/g) DEATAHL (AM A2 15 mL) (ZFHSLL 7=, IDMS T/ /L b= L%
E'ETDIZOIZMERT V=0 MEEREIZ CLEAR TIXREL TV o7d T,
NUCEF THREEHL WAL FHERET L =T 2% I CERTHZ 8L, BE
HEE S BUIAL PR NE T )V = DRI AR WL S/ 7% AM IR CIEnLTE
LCARATARD ST EREFITEL, 100 mL OEIE (F Vb= L EE 5 R
194.9 pg/g) ICFRHL 7=,

@) ARA VIR DR IE J7 15

FARLU AL ALY )L =7 BRI 0.2 mL (PPu 142 p)lZ A/ A Z78#5 0.1 mL
ZIRIUTZ IDMS #BHZ 81, [HASA VISR I Z UKL THRUBHMERLL | IDMS |
£oT #Pu BEEELIZ, A3 72 MATOREZAFEUET L =0 AJHIE R
WfFL, 7 V=T ARINAK 22 Lz, IDM HIE B D &7 Vb= A &1, *Pu
EEAER AL FIEMET V= LD *Pu [FINARTFIEE(97.3%) B LT Vb= LD
Ji - 5:(239.08)7 53R 6 7,

@ I EHE B
X-5.1TH IBA A I E AL TENTENE & LTAEEEAET L =0 AR
B U AL AR ME PRI I FE 2 A S O R SHRE 75 (%) T/RUTZ, T AL DO E &

19



i Rl T ALV E T 0.08%m D (R EEICL T 0.15 pg/g) CAEYER Z&2 DI FH N T
IL—&K LTz, ZORERNDL, S AU ANA V7B R =SB O T V=0 LE &
NN ZEIZ LT, [BARAZ D E EERITZRELVG T 0.13%KD (R
FEIZLT 0.26 pg/g) TooT=D, bR B+ EMR T VA= AEBSTHT N TE
TWAZEDHEFR TET, TNV LB g I A LT < BRI ORI L
FENELWESNAN, IWIHEZAM HREEIREL C, AR T ITARIRE L, BIK
BAEHMICERE T 52T, 10 RITHE S THIH ATREE 72D | IERE/R /7 AT 08
HIRDZEMFER STz, Fox OZDOEEE I ITIEIT 2012 40 TAEA SV o0 Hre
B THIL, 260/ F ISV, SFEEICHESNVZIAEA NV T s
TlX, 77 ADO Ry NI — 27 55 N BT (NWAL)DHH Y 5 033« OF B k2B L=
EIZED, TR =T A IDMS AT & IEREICAT 2 A IS/ oo bk Tz,

5.1.2. BEHLIZICP-MSIZ LA RN AR TRE &5 07

LR B LTI RS S T A~ E B S E (B i 4 ELEMENT2)
THERICFN AR ARG B0 IDMS) N CEAZLEMERT A0, 5.1.1%E T
WA IDNHFEE R E AW CEBEED Y 7 b TNI 7 V=0 L% IDMS TEEL
THESEAE L LR LT, 2 DOREMEN S RUE IR L TENZ L 19725 TNT 2%LAN T
E A A ey S By

O WEBELO R S 1k

TIR=D DZOWTUIARE EDS. 1.1, U TN DV TIE % 2 54 B R fit
WEREOITAARGEZOL5.1. 1. mEFERFEIC, REREM(11.6 ng/0d DU 7 U FEER
W 0.4 mL Z57 B, A SA VTV Z RN - 184 LT ICP-MS T IDMS {EIZXVE
BN LT, U7 OREEEERIZOWTL, REREREDNLEES L TWAHIER
BRI MW= T, —E 83 mL) OEEUEYRIE & 2 L H VIR 27858 WL 6 &
HTaBARI AN —IZXV YT REEZRE L, £/, U705 TE
CLEAR & NUCEF TZNEIRE L T 5 IDMS H U 231 211k %Z VT
RUREZEELTHEREO EMIZE L, ELEMENT2 @ #lE SR
ICP-MS(ELEMENT )& RIZE R E L=,

@ WIERER

X-5.2LM-5.3ICFNZENT V=0 KAET TN T D TE A 2 R HEVE IR D
TR\ CHATE L | A YE AR I B 2 IRAED B O MR 72 (%) TsLiz, #HilH ICP-MS T
D EEFE R AT 5728, [H ELEMENT THIE LM B2 Lz (7120
TR 254 FE R PR B BR B o Aol A w5 325 3. 1L LB DRIERE R, 7V =D Al
OWTIARREES 1 IEZORIER RE2SM]H),
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TN =T LIZHOWTIE, B ELEMENT TOZ/Lh=0 AE &S RIIS R L0E
WEIT 0.08%E 6 (REICLT 0.15 pg/g) CIEMERZD RPN TI—H L7, K&
BT DR 0.7T%FREE Ch o7z, SiED & S R OFEUERR 2% 3.72%
EREVD, BEXONLREEL T, BRI T2 V=0 MERERRE T L
F=D B2 S VBT IR A SN TR 722 2N ZEF B 5, ELEMENT2 ©
DT Nh= LIE &G RIL ZRIEIVE T 0.28%KD (REEIZLT 0.55 pg/g) T
FEVE AR 72(0.28%) D A FH N T2 i & < — B L7z, 63K & BT L<Hi~>THY,
0 BT T D RRES 0.563%E I HTHE DI ER A ITIZIEELL, ZhbHD e
D5, FHTLIZ ELEMENT2 IZB W TH R EL T IV A=Y AR E R TIXHIENHERT
7,

U7 AZ OV TCIE, ELEMENT2 CHIE L= Bid, 2BEICxL T CLEAR TAX
AV Z I UT= 50 CTIES RO )28 0.40% KD (EZEIZL T 19 pg) ThH-
72 NUCEF TANSAZEEMRZ ISINUT 50Tl 5 30RO 2925 0.14% i (F &l
IZLT Tpg) THY, EBLOLLAMENRELLZ1%Z I TR, FRk254E 2R
ELEMENT THIE L/ B (B RMICKTLT 0.33%m ) LRk, EfEICERETELD
LEMER LT,

VL EfE RS, B L7Z ELEMENT2 (2B W ThA £ TERBRICIEMICT 70
TNV LD E BN TEDHIENHER TET,

5.1.3. 727538 (NUCEF)

FIHEAD A 75RO 121X, $r(P) 2 2 B H il B N 2 <AE/EL Tz, ICP-MS
HENZIBWNT, JEREFHICE R ZIRATHE, KFEMH), EHEN), BBRO), 7V
TANANRE DR EDFEEIZESTUT | TN =T LDRNAREFRICE &D 5+
AF L H R L B E OREE R E ISR 2% K IE T, BT, ICP-MS & O kHA
WOEANTA L PR TIHYRESNDE ANRA T A BB ST H~ N o IV A RENEL, %@
TELTZRNAREERIE D51 L7025, ZD7-8 , JIEREF~DFHE A &I 100 ng LA
Tz 5Z&ELTW5, NUCEF Tl W TWA AT — A TIISRIZT V=
VLTTIari0bU T 7T ar O SBATAAREIENE WD | KRy T
O EFE O EICFEEEZLIMLENDH D, LLRTOERESHTICB N T, $hed &
G e, U7 ORERIZE LU= N D o7, B D IO NI T~ T27=
D ERHDT T OREENT @ O EEAT — A1 B BIck VW Ta vk FEREAE
WAHAXF— A (2 BEH) (LU, THERIE I EES, )ITEV T o7, Ll AT IEITER R
FHZH WA — L THY, & A EWE B DM RO LR R 5 B 5 el b 2 5 525
FHENTZAF— LTI R, SHIC1E B L2 B O BiE R BIETINE TS E
NHDT- OB EE LTS WEWO IR -T2, ZOfRIRE LTI, @5 D5y BfEA
F— L& 2R T LI Lo TERMOU 7 A RFRTELTENEEL, 5% S5
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\Z 2 & E A O N BEE XN T 5B 265, ZNHDIEND, #IED R
FibE BREL T, il AT — 2% 2[R 40K 3 51k GRETE) O H O /[ 512250 T
RErBR a1 T o7,

O FEH

UBFE LTI, SRR W FREEVEYATR . *PU IR R A A 27 1R B O *PPu i
HaFINAR 2 RA ZERIE N SZ N ENE 10 mg, VT2 4 ng K OF /L h=714 10 pg %
B TR G Uiz e, ARBR O &L, AVA T MITE K 30 mg DFRHMT
FHLTWEREIO T2 E L TR E Lz G T I it 25k & i3l 2 & o
30% CTHDHTD, BRI ET AP0 BITH 10 mg 3 Ee K &7 D), IRA B E 24
FHLE L CHIAMUR A2 T o= Db | Gl kiE R OB IEICIVT T 2k
U7z, M EO S B TREZ X -5.412R T, X542 W TRERIE LR IE L CIRHE
WD DIBTII R F TR U, ShDOTE A 2R T 5720, 777 aZ/lin<
BNT TR IR Z BRI LT, BRI 7= S Pa IR XA B L= 0B MR L | wE Y7 éh
BB XA INEAEZ AT TRIEREL LT, 2O DG ICP-MS HIEZITV,
FDFRERINOE T T ar ~OEIRANEHEIZOWTRH L=,

© FERLEBL

BI-5. 5121 RIEM REZEO I B DK 770 a ~DEDIRBNRE T,
BRARII[Z 77 ar HEhE/REIER & (WI~Pu 77732 ) ORIV EH LT,
PERIE R R BIED 1B H O BEAF — LB T 58 O I FENI R Wi B4
RU, W IEEBIEHER OFRIENE DD WA 777 a TR BITH 2 5238 CTh
ST, Ul 777 ar OB AZRIT 0.1% ~ 0.3%, T72PLEET 10 ug ~
30 ug THY, 1EDIHETIEER A 100 ng LLFETERETERWIZENFER SN, Pu
7T ar DR AL 0.00001% ~ 0.00002%, A ET1ng ~ 2 ng ThH-o7=,
BB 207 TN 208 DRI O LREA L TE B4k 239 L TN 240 D PbO, 4y - &K
L, 7NV =0 LORBERE~EEERIFTTESND, Pb 225 PO, ~D Ik L
(PbO,/PbiZ~3X 108 THAHZEMD, 2 ng D “BPb OB SIS “Pu LRIUE & D
*PPbO, 1349 6 X10° pg LHEEEND, ZDOHE | ICP-MS HIEKD *Pu ~F 5325
FHEEIL 0.007cps EDOTNTHY, 7= LIE ~D BT AL CE D, /B
BHZ 10 mg @f’%‘ié\ihfb VCHE T DA — L THEET 57217 TH A= LD
B E RECHAIENINoT,

X-5.6 qé}l%/f&@ﬁﬁ/f@ YEE2ERX B DR T T ar ~DEDIRNRE T,
BRI [T T arheng/MEIEhEWE ~ U2 777 a)]ouchBEHL
Too SR HZEENL, TEKIETIEIWE 7773 arnb W8 777 a imit TR &
D LTS O DEE M Uke T A2 R L, iEZETIE 1B H O BfAx— Lk
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[FARICIEBER OFEENE DD LR T2 M Tholz, £z, fERIEICB W TIY
EAKRFEEEHDZ HNWDZ LIS TR RIS Z R E TED DI TRV LN
BT Te, rBE2B: B DA DRERIER REIED U2 777 ar ~DiDikE
AL 0.03% % Y 04%9ThHo72Znb, 1B HE2B B 2/ 5 &4 715 TH
0.00003% K T*0.001%, BEL T3 ng V100 ng FRE ETHERETEXAEZEN Do
77

VL EDFERND, 10 mg DErZEA L TODEO /BT, @ Oy fEAS
— L% 2[A 0T BE TR A A WAZ LI T E R T~ D DR A B
100 ng TR CTEXDIENMR TET, T2, VTV K OT V=0 LD Z AL
13K 90% M TF 80% THY, + 7 IC@mIN R CTRIN TELZLZMER LI, 2B DRE R
O, hEZEICH LRBIMKBE SN S G, TERIEITE 2 Tl O REAT — L
Z 2R 0K FEIIE A TRE ChAIENEIESINTZ, 5%, ZEMEAREOY
T2 ORI H AKX — L& 2R0IR T HIEICIVITHIZEET 5, ZHIUTEY, B
BRENRT FLS, RBEER D L TEHLEXON5, Fio, DB ETHAHKICE
WCIIRERIED4 R MBI AR LRV B OEMEN KNS, SHIZ, @ Ty
Rk B DOa LK BB OEREZRETONLIEIZEVT T DT av AT T 7D
BN HIRES LD,

5.2. =T 7V HTHR (SIMSTE)
5.2.1. AILERICH WA T L7 7 7o 7B A5,

TRAA G ESHT (SIMS) B AN S =T IV HTHEL, Tyt ar b Ty r-F
[ B HEE &0 (FT-TIMS) 5L &H 1T PREEHTE R B AU 0 AT I W CER R H
ZHSTWD, FT-TIMS EIZIFFITHEER HETHLD, JRF IR I LD M+ B
SR T- 0 | BB O AT LR DN E M Z &S0 E £ TITRERI 3030572 8 O
Wb, LML, WMDY 7R 2 R IR LT T 52 EmTE A28, (R
E EXb) CTEERFETHD, —J7, SIMS EIX, AP o+ 205
LW 2 | B CTORMLERIS TOMIE R FTRETH Y, Z< DB & 5T % 5
ICBWTEETHD, Ll miEfEy 7k ORI B L OO RN &
WV AR STz,

WEAEEE X, ZOMBEZ R TAT-DIT IV T 7 s 7IEIC LA T R+ DR %
SIMS Z3#fr AL A5 0H B HIEIC OV THEHERUE B LOVERT A 75U IAEA K
D 2 W TRFZ T o7, TV 7 7 Iy 7 IETlE, BWENOENA T V7 7
KA D3 T T AT 7 ELO ER MR T2\ CH AV TE /M2, 7TV Vs P Coy T
ARG HZ LR, SEFBMEE CHE TELIOICT S, ZORBOBEIZEY,
B %Gkl T OALEEFFEL, TORICFENKIL W 2175, 22T, TV 7 7hT
V7 DEIE, FEL TR DT 234 00T 235 DIFAEEITIRTE T 5720, T
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T 7T IO LKA ZRSTEICLY mIRAET TR A IR A TR - AT
HZEDNHREIZ/2 D, WEAEEE ORFTOfE R, SIMS {EORTLHEFE TT V7 78Ty 7
EEZRNDZEIZRY, mIRMED 70 % L0 T CED LD RSN, ARAEJE
1. DTN T 7T 7B LD T R ORI O ERELZ BAIEL T, ME D 5
7B T VT Ty s E WA IR E O m _EE AT,

EBRIZIX, VEREE R W=7 V7 7 87y 74 (CR-39, C,H,,O,, ¥ =F L7
A= B R TV I —RIANITINZ, AR T2CT V7 7Ty 7/ H 28
(TNF-1(v=F Lo 7 Va— LA (T —R32—h) (99wth) +N-—1 V7 a7
ZUNTIR (wth) ) ) Z Ve, 2O X, N7 ae L7 7Uv 7 IR %Z 1wthl
ZHZELIZED, RN ZLTELINICH BN D THDH, ZNHDO M ER2 A
TUZ VRN EEER AR EE LT 6 O R, IRERFFICT 27 V7 78Ty
BOBERE I ~T, EBRTIEL, UT7 U RNAREEEYE Téhd NBL CRM U350 (35%ik
MO TNTE ENAER 2.8 pm, 4.2 um ORFZE FIEMEB R T Ty (/n~=
Bl —ZZ AV T5mmX5 mmDKEEDIVaL g BICTE:ET-, 0%, Y Ua ki
bl rmnxzf D rau A B AR ET TL, BREBIEH5ZLI2kh7 1
LWRICUTe, 22T BUTURLFEHEDT AV LFIZBACIAD T, ZOT 4V NET L
Ty IRRIHERICE A ST 7, 14, 21, 28 AWM. BEL-, TO%, T T 7TV
2R D B2 KL T R LI IR L TPy F o 7 2 i L7z, 2k
Fry T TBR LT VT 7 Ty R g A BRREE CRIEE L, N kL OhL
BETINT 78Ty 78 DR Z TR~

X-5.7120%, BifE 2.8 pm BL V4.2 pm D U350 Ki+-12-2W T, BRI A %%,
MEERIC T VT 7T E o T ay N Licb D E /R LT, IR T IOWT o7
NI 7Ty g bR R B AU BI L CEBRICT VT 7 8T 7B DO BN I 5
iz, Bz, K 2.8 pm ORI CTid, CR-39 i 284 AW 2355412 28 H R E
BOT VT 7Ty BT 20 ATHY, TNF-1 STl 42 A THo72, ZDIHT4
RELT, TNF-1 B Hi#e o 7723 CR-39 M H#n JVH 40 1.8 AR E mEE THHZ LM
RSV, UTRLFORHNIZIE TNF-1 fRHZRDEN TODZ LML LR o7, IR
(2, TNF-1 MR HHZRDJEZDEND | U T KA ORI RIE T HBEL D201,
JEE 900 pm DOHDITHNZ, JES 100 um D TNF-1 # H sz AW CRBEOIRTEETT -
7o TORERZIX-5.81T/R LT, fEfmE L TiX, TV T7 7Ty 7 BDE N TIFEA L
ST, B ER O RS TR R (S ZIUEE B LW ENH LS~ T-, UL,
PR CRIESNDT V7 7 b Ty 7 DRI -5.91R" T IO e > Tz, 20
EWT, JEENENG S, 77 7R B R N T IE S FIC 2 ERIT T b7
HEEZLND, TIVT 7Ty 7 IRICBIEE TEDLWOB EDBIE, JES 900 pm D
TNF-1 MiHEBD T NTT R -OBHICEL TWAEEZ LN, [X-5.10121%, J&
& 900um @ TNF-1 BHE8Z2 WA IZ oW T, VTV B LT VT 7 T v 7B
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MR CEXHECTOBRBRM ORI OWTHE LM A, bR 2.8um & 4.2um ©
BLFAZDOWTENE IR, [T ORLFEHITIEMED 10% L EdH i, 53 [
FEEEDUREE TR FTRE T B,

LLED I, SIMSYEIZL DT T KA o3 M ORTLBREL M TT V7 7 Ty 7iE%
WAEE, TNF-1 # H2#E CR-39 M HHZ L0 MR E CTHhHZ L, MHEROEIDEWN
(R % A e N E R - A g A RV ANV =Y g W

5.2.2. U7 KA ORI EIF O mE EACIZEE T 25T

BUEETIT, WHE & AR O e AR I L ONRN AR F AR A [ E 92
EIZOWT, X BT EEOTEEZ AW THENM TN TERY, (REHEREE )
FrZBWTEERY — L ESNTND, — ., BEMESA ML DLFIREBIX, K
FHOIEMERFE CTRARAT-D | ki 08l > 7= BRI A1 #ME S A TS, 1o T,
L IRRBICBI T AIE b R EHE LG H THL LM TNDN, BAEZD 7T
TEIIRMENL CTHD, BT~ BT, | um DL FOEN -2 M0 fREEEZFi D720 |
ZDREZE) T ZETE 2 OWRLF 2B T LR BRICE T 21 HmLND L
HIFFS D, AWFETIE, BT ~ 2 o3 eiEa T 2 O E & B WL+ DAk
FARRB T IEZ PSS L | (RFEHT B BRI AT & T 28 o7 oM Bl O e e & B ) &
T 5,

ARAFE L, Lambda Vision BLBAH T ~ 45 e EE & MicroRAM—-300Z/532A %7212
AL, ZV—2 b —ANOEBREICHE L, T~r o EE ik, iy —%
—Z L, BN ETHT B EE RN T 22T, B DL FAE A IR
TOEREB/DLIENTED, KAWL, By ——Z2 R 2572001
— W=, BB ORELEE T D0 g Bt 2B T oM s
TN > TS, BT~y e E Tk, Bl U7z BARRE RSN 2, B EE %
HEDEHIET 1 um LT EWIGRD TN R FIR DO IE RAEFHZENTEDH, AT
JEE A U2 T ~ oy e dt O /M & -5, 1112, Bl TH WS AL 2 X -5.12
\R LTz, AMEE T, L —Y— IS Nd:YAG L —5—(532 nm), 2y K252 1 DD
[El 3%+ (1800 gr/mm), M HZRIZT > R —/ L8 CCD % vy, ZHH1Z Nikon HLEE
W8S LVI50N ZALA GO HZET, BT~ 0 HEZ FTREICL TW5,

EPIEDIC, HEOVERERBR DD Iy Var Mg O EZ2IT 72, B LT
DL—H—iREE 10 mW, HURFRER 5 f0, FER 3 RO SfE2 v, STHRE (L 1 0)m
WKL T~ R EEIT TG R %2 X -5.131~ 7, [X-5.1312F\ T, el
T B DR | BRE T T~ U T MR L TTERY, M GIE T v AR O R S
R DIXWE 2 5 00 F DIRENF MG HD, Bl 21X, 520 cm ™ (TE DL
VI =7, 300 cm ! BEON1000 cmt HIZVO TV — I F T N TRE R EDO T
aHETHD, ZOINCENTHOY —7ICH KT H 0+ OREHRES - LT,
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T AR MVEFRRIIC WA Z LX) WE DL PRI B LN Z DR E%E
1THZEMTED,

BT~ 2 o E T, REHC IR T2 — P — BB A2 EMD, i 1A
IZHBWT 1 pum BLFEWHMBIIZ 3 fRREZFF D, AT, HME SR % AV DK
Ty W T, T B DS RERETS T TRl IRE T M DSy RRED W 2 EANEF
MThHs, KM-5.14121F, VVary B @maES T mIC@EHN LG8l BT5,
520 cm™ DAL= DFRE A Z R LT, EUESE R KIRENEOND HETHE,
ZOENEK 3 um LT HEICT AL, T IVREMN 5 Sy 1 BREICE DD, 2
DEFZEIENTIET, Bum EWVOES S HERE TRUEL D T 23 FTREE 725,

WAZ ., FEBRICAEE 2 AW Chi 5 um  ORURL 1262 E N A RENE D)%
MFET A7, BT RRIKFZE R LD MnO, ki +2 AW TEREI T2, 7,
MnO, ¥y RD X ) — VIR % 777 AR TR Bt RIZii T U, il S CllbE i
BRAERIL T, ZOFEHI LT, 1 ORER M ZZLSE TEREZITo TR A
X-5.151Z"F, i ETCoOL—Y —ihE 5 mW, FEHE 3EIOSIFEEEL, 1E 0
HE R O Az B b7, JIERER Y 5 7P, 10 #2, 30 B, 60 7, 120 P& E<7eD
IZ24LC, 650 cm ' L DOE — 7 NBAF T/ DT EDFERE TE 5, o, HIERFH N
KIpBHLEHIT, 200 em ™ FBEWY 1100 em ™ FHED T~ 58 EE AR/, 380 cm ' X2
860 cm ' fFITICHE —2ZMNEH B o TLD, ZNHDOE — 758 EEN <25 D%, Hl
ERFI DR LA DIV TMNO, DEELYETE T T, EREL THW T I AR IR
DAL E L TLEI 2O THD, 700 cm ™ X° 840 cm™, 1060 cm ™' | ZHEFRT
XDANAVGE FIE, BERAXF—OFHMRD CCD MHEFITHID 5 7L ThHY
VRENTEZEILEA AR THD, M-5.15TIXHIE THEONT-AEAI MLV E R LT
W, ZHLBRIIANSA G B E R E LA MV E R T,

RIZ, MnO, K THD 650 cm DT~ B —2Z W, TR R FE R Lo
MnO, D~ 755 E T o7, KM-5.16121%, L —V — WA EE 5 mW, JI &K
[ 10 #b, FER BEIDKAFITIB VT, ZNZH 50 um, 10 pm, 5 pm, 3 pm U5 D~
VU TN ERAT o T2 B A TR LTV, 650 cm L DT~ LB — ZHR EE DN A 1L B
FRVER IR CTaRLTc, TENENOFEB O~y B ZHIERERIZEWNT, &b
650 cm ' DY — Z5EFEMRTRN S A HULTHR 2 [ZHEIFHZ ) T E | i &r9icid 3 um
DHEFHICEB N Ty 7 0 & T 572, K-5.16 10 HUWWFEERIE, RISHOGEIR T
DONT&IFHZ R L TD, [X-5.164 FIZ/RLTZ 3 um &BHIZRBIT 5~y 7 08¢
1E. 3 um FREE D MnO, kL DX NN T~ A A=V LI, K-5.17121%,
PRI LD MnO, Bkl T DB LT~ vy BV TN L DT A A= T B DL
A R CWND, KRB LT~ A A= T, MnO, Bk 1 D RESEIRAIF
IE—BLCWAZEDN MR TES, LLEDORERDG, B um ORESER SR D7
< HBENFRE THDHI L%, MnO, kL 7 DR EIT IV EFELIZ,
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WA, WA T ~ 2 53 JEIE IS KDL AR B A3 A & 2B oD PR B 4 & PR 4 AURH 2 3
THATEMEE LT LB RED U,0, THAY TR 1% ARG 21T o7, £
T INDDU TR E B LT AV LEAER L, FT EICE S TU T 0k % e i
Ll U—F —OIBIC IR 2 5 e 7 L AR ZEIVEY, v/~ =o' L —X
ERAWICE Y 7T T EATOT T AR IR B EMR LICFEE T2, ZOT7 v MY anx
Yoy rmu AR ARG AT T U CGREIERIZEE L, By 77y T RID
ML, TITARRFEEMRICE 7T > 7 % IRAEIRICLD [E E % O N F I G %
X-5.181Z7R 7, HFEBMB I W TELI R 7 DO R EXITH 6 um THY, B
I HI I T T IRITIE T 4 AT T TFTEL COVAE 123 FR L TX B,
L L. IRB KD FICE > TER EICHEE L BITIE., SR8 7 4 /L DD
FRIEL CWBZENDID, S ENE, ZDOT AV B BRE LTk 2 AW T~
VOFEREEATHIZE T, WIEREIZB T D7 VL O EEE LUz,

X-5.19121%, &t Lo —F—FREE 5 mW, HIEREM 120 £, fEHE 3 [Eo
ST CEONTETYTUMRL DT~ AT v E2RT, 230cm ', 380 cm™* |
480 cm™', 750 cm ', 810 cm ' fATIZ TV BV DFENHETR T, LLRTOH 5] &
ROLEDOELZET, ZOUTRLF DL EED U0y THHEFRIE TEZ, —F
T, U,Of IZFFII72 810 cm™ OB —ZBERISHTUIWDED D ZDIRENFELL
§3<72 > T 5, ZOE— IR EEAR T OBERIZOWTIE, FT (&5 AR OB 251k
R — P — R LAAB O E W ENE 2 N5, L —F — MR IC LD 028
DOHELT, X-5.2011F 7~ HIERTET ~ 2 JITE % OFF BB OE N ER LT,
B-5.20 4017~ REH DKL AF DHFHBRTHY, L —F —RENLE THDHIRN
BRORE 2PN BN RKESLEL TCOBFEF AR TED, LTEN->T, IV
HERFOL —F — Lo TREFEEL WA ATREEDS RS Ve, F72, M-5.
211Z1% 10 pm PO 5 ORESFH O FEAME L, F#EHICB N T~ o~y 745y
W17 o2 BED U0, 12K 230 cm ' DT~ A A= 2R UTc, T~ ~y 8 7 o0
IZBEWTE, L—F—38 5 mW, 1 um DA77 C, 1 JIZHBITAHIERER 60 Fho
ST TREEITo T, TV <y ZIZEARFDRESIT 6 um FEETHY,
LHATSEE CEIER SR O KESITUZIEHEL Y, 1 pm DAT 7 THEE LN
FATBITEBZENS A ERIE AWk Z0b /S0 Eum OvF ki -
ThoTh, 77V EITFRETHHLEE X DI,

AL, EWE & AR OAL IR RE S BT O AL B R 21T H 728, BT~
VOB DBANEIT oI, YU BEE B IO MnO, ORIEIZ IV EEE D LA M
REDHEREZITV, Fum O REZDOFKL - DOREN FTRE THDHZEEFEFELT-, F/-,
ERRDT T AERER A H 6 BRI T ~ oy R EZATV, Z DL ZIERED R E %
1To7. TOFER, WIEIZHWZ 6 pm FEE DT T AFHERL DL FIEREL U,04 &[F
ETHLEEBIZ, FRFIAToTo~ vy B 7 b iium O REZIDOT T R ~D
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A RENEZ AR LT,

5.3. /N—=T NG (FT-TIMSIE)

Tayvar sy kLR IEEME &0 2587 FT-TIMS &%, SIMS {&
LEBITR—=T 4 I NV T EAT) ECIER ICEBEREM CTh D, FT-TIMS £ TiX, 7+
v ar "I I BERICKOT TR R, FDT 4y ar by I RS-
D7 4V (K 50 pm ) ZEIVH LT, TIMS 12X Y Z ki D RINLAR Ly Hr &4 T
ST, Lol U7 1R E<E ENAEHRE Tl U1V L7 I o r
TR DEREE L TIFEL OB ERHY ., ZOFFREL TLEIEELNDFRIALEK
FEDNEERL 7 DB 7> CLED, KL TR HDFEEREN TV DG EITIX, 7oy
9L b B DB IV IER T TR DIFEE T T HIEL TTRE TH AN, ete
LTCWAEAIZIZIREE THD, Zhdy FT-TIMS D KERREThHD, £-. ZOE
BRI DEEEIL, SIMS IEIZEV ST T 25 A B W TH ARSI TV b, Afast
TIE, FT-TIMS {AIZBWTZOREZ BT 572012, UV LT 7 1V L% 7T T 2R
RFFEH EICEE T IAIKALL, & T BMESE T T~ Okl 2y 7
7 LT TIMS IZED RNEAR I E 2479 ik Z BT 56282 HELT,

F7 AEERLF (NBL CRM U050) Z Jit 147 TR L7232 VY, 7y va b
BRI LY TR TR EL T LT L, IR RBRBS Lok
Bz, TL T, FIA=KAL (300 W, 20 min.) LT, B BEEEEIC LDk DBl 2217
ST, ZDH 6HDORIFIZ OV T A7/~ = 2l —2 % AW T TIMS A7 4T A b
B, TIMS & W AR RIS K RINAR B 0 24T~ 7=, E Tl 747
AVPEIEEITE AL A MEEOEZE G| EZIT oIz DBIZLL T OBIEICZLD AR
BEORNAR L ZRIE LT, £9°, "Re O FHREZBIELRNBOLAT AT 4T AR
DOERAEEZ B A4 PREMEA OFREZITV, ¥ Re DIF FHEELL T 100 mV (2
RHINTAF AT 4T A NEFEEZ A Lz, I, REZBGLIZOBIZ, 30k
NEESNT-T AR —2 a0 74T A MO EFELY 100 mA/min. OEST FiF7-,
F— AT, B FNARDOE BBEEE — 7Py B 7 IR E Sy &, =
R —ar 74T A RO EFRED 5000 mA (ZETDHETIT o7z, K RNAROFESY I
ML, 20U 22\ TE 2.097 BB EL., TEIEE DO/NSWRINAR TH D U, 2°U O #U
[ZDOWTIEFED 4.194 & UTe, FRNLIREEOENT, BIE T — X %257 vy 7 1k THERT
TAHZEIZEN G T, D~ AT A EAEIL, RN R EY)E NBL CRM
U350 Z[FERDEAETHTTHZLICLVEE LT, IE DR, X-5.2212-F89
2T R TORLFIT DWW TRRGEEE B <— B U7 [FNAR L RE S RO/ b7z,

WRIZ, 2RO RN AR D B2 DD F ki (NBL CRM U950a(RKRT 7).,
U100 (10%RAEY 7)) DRIEL CWARUEHE W T, IERIEB I OS[BS L=
ETHIEZEIT T2, £ WERETHIELIZEA O U550 RN RN E O Fa
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(-5.231ZR" LTz, ZOiE R TIX 20K T 4RI 7 D H 2NGRGHEE — L THY, 16HL
FUXFRGEE DA LT 20U /2P0 [RNAR & R U2, ZhuE, Bk 72 0L CL &
STlzd THDHEE ZBND, HlZIE, U/ H 0.0254, 0.1051, 0.1087 72 & i
TSHEFRS VT, PPU/PU B 0.0254 1, BIZIE, B 1 um ORIART TR LB
0.61 um @ U100 ki 1-ARIELIZGA D THS, £i-, *U/*U t 0.1051, 0.1087
L BIAIE, B L um O U100 K- LA 0.43, 0.35 um D KRRV T RN ENE
WIRTELTZ S G D THD, ZOREHI LT, S RIS LI FIETHIE L/ R %
X-5.24\ZR LT, ZOHA, 200 - 17k CRRGEEE — B L7 fE RN EL L,
T—FDOENHLNCE ELTWAZENRENT, L EDORERIY, Kk Bk,
FT-TIMS {EIZBTHEED TR F o OEZ N 32 ETIFEFICHD THHZ
DRI,

5.4, BTN S AR SRl E

Wik 26 AEEELT IAEA /D DREERBI D A7) — =0 5 Efi 5L L0112, &
S ERE v AT R AR —(HRGIZE T 57V Rt Vi RO D QC ko
TR FER LTz, RIE T, IAEA [2X5T70Rae r iRl BRo o Hrikhss 5 & JAEA
BT DU HE ROV TR LIZO THE T2,

ZORBIL, Ry MU — 2 T (NWAL) 2873 T L7z TAEA {REEHE & BR 52 50 D
WEMEO EMSCREIZOW TR ZFHME 7224 BRYE L, BRI & DOy ##
g FEZ & TRl — 3B 2% NWAL BEEEE T T2 Ch b, ZOiER~
DEED NWAL DS INIEETHY, 4 BIOSINET, 60 E sz (AWEE),
ESL(H) . JAEA(H ), KAERI(##), LANL(K), LLNL(K), ORNL(CA), PNNL(CK) .
LMA(#R)) ThoTz, IAEA MOEFFESN - oAralehT, RaEfEZTE&EAL, A
VAT RBHIAT A S T3 B Ch oo, MENEFIT, B BU O BUR e &%
Cs—137 U Retb e L TE § 023010, B O T IR(Lo)bH b ThRlskiL iz,
B1-5.25|Z, IAEA \ZX2 0 Hratlifl a2~ 7, Bl IS 0B % | e dh 3508
ID(30123-01, -02, -03)3 L UMERE(" Am, “Co, 'Cs F)D~ NN w7 AT, fEREERFT
L5, il BHHICE EFNCQWBEFET LIC ¥'Cs i RELL R Z A7 CRHMIIS VTR
O, BRI Y, BHLFHESHE L LB L QWA R = AT HESE ) D K&
TNBIEERLTWS, 72k, 72 Aa7 Lid, BIE MM EHESHE D 222 V) DR EREAR
FEHENRZE) Dt TR 5 T D, 22T, JAEA @ LablD 1%, F LLTREN T
%o B T IRARM ORI H TR0 o208, BBHI S TR CUORWEEFE DA
HITHE ST, o, MEMEIL 20 OHIFHNTHY, BB R BAFCThH-7-, IAEA
BHEIZIE, ARIOFEREZIEX 2T IOV THELIZNWEDZETHD,

AEIOTURaE BRSO S INCLY | JAEA TR I~ WO 0%
FEIZOWT, B TEREBEWI LRI, ZORIZOWT, REERFL,
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FRUBFEIZE % O 5 E 12 L0 BB P1Cs R0 %Co 7 E D A — REE KRR
GENTVAIENHLNERST-D T, B — I AliIEZ Z &+ 5720 3B-#
WIREREEZ 10 cm DL EEAZEELT-, 207280, v RO IR/ NSL720 | R
FITHRH TR @R o T2 2B 2 bvDd, £z, il BRI 5B, fi s EiR OB A0 HAK
Ry 77T REEBICL D M PR E NN #ECh o772 i IR PN I E - 7
Mratc 735720, sEHIE R Z + 0 ICRA ZEM TE e olz, DT, Sy
TIVRITHAS 0370 0 NIRRT ZEB BRI DO ONEDTH D, KAl
MO DBHIL, ©— 7 A EZ R - W R 2 L 52 & Tk 572
L BT T N B LI ADa v Ea—H i lal — v al il > T IE
THIELMETT 5, £lo, HIERMZ+ 2B D L), R EIRAT Vo — i S
BL TV Ree i BHAIE 2 E 35282 L2,

5.5. REEHERERE TSR DDA

= BRI 7 B BIUAEA) =4 O TR PR B BR B aB O v 7 5 W I B T2 8 =
ANFIAEA REFRIZTIL H 4 B 7 BETO 4 A, PREEH E BRSO AT 526t
WFFERERE (R R — 2 F7R; NWAL) DAL SR —Tdh 5K [EH (4 AFFEHER) . 77 A, 1
T AR, SF— A —ANTUT | EEOSIEREREND 1,2 & AT
— L CF =i AT — DA HD 1 495, Z LT IAEA b4t
TarOBMZE KRB 40 4 NHEL TiThiliz, 26 OBRBICHTZ0, IABA Of%
Bes Fi i B 0 AT B AR 05 NWAL 3545 L7243 it SR O F-AIT O o0 A s e 25 0 4
BDOBHY F72EIZOWTRENDH ST, IROTHEFNLENZ LD NWAL OBLK
R HE - ST HTHATIZ OV THE Tl 28 CHESNIZNECHEm L 5%
M OIEE) 7+ DEIEELL TIAEA BAEVEED T2,

(1) JAEA OFRKRBIOTHENE

JAEA TITo TV A7 L7 T OBURZAR T L, OFFEFD 5 HIZ IAEA 3 EL7Z
NWAL A8 A EEHGERBR I 6 53k 2« DA RO RGN, ZOFABRIZEK T D[]
R OFER OIAEA E2E MR ERE R RE OBRBUZ WA AT A 7T E £
AU T CRNIRE DR ERE R, QENMEFH SR S I7A~E BT ERE
(HR-ICP-MS)D B HIZ DWW THRE LTz, @IZ DWW TE, REFA DAV AT D Hiz
U0 FRLAR LN RERFA R LD b Em Wb D05 Z L2 JIERE B bR, sEko
BlAi DLRTICZE DR R B DHZ LA B LTz, Fio, AR HIE RS RS OB
THRERSNT, IAEA 13T 2 DMT 7= ZORE R RABEBEMHRL ., ki L CHER LT
i3 _REFIHTHDH LB IAEA OOHFTETRIZAVAT M OZ FHHEIZ AN T
ZFDORKEZB KT RETIIZRV, & IAEA BRE ICIRE LT,

HaRE 13 NWALIZEB T D RNAREL AT S iy DB F s L O @ IS B L CRRA L 72,
NWAL OKI8%FI2, Z B Nk B & 7 7 A~ E &0 rEEMC-ICP-MS)%
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AL T2, MC-ICP-MS O HERICTF v v b Tl TIRE TG E %
BRTAZETHIEREBSOREMENT LU, @WK E TOMENESN TV, 4y
BB D BLMEIZ DV Th R i R E & i 2 & (TIMS) & L~ THIS S M L35k
DML NDH STz, T DIEEDRIIOFEINRINL— T, EBEEZFTAL TS
NWAL O3 Tl 42513, MC-ICP-MS T @& B 72 oo Wil 2 15 A 11325 18 O #7078
BN OB IEEENMLETHD, LB _XTW=, 5% N E 1T+ B PERERC /04T
EOFBEARENZ DN T, NWAL OSP4T 5 55 LA A5 & &b IS HT B A1 &7
AL, BV OEEUNVERE IZ DWW THRIE TED LR O AT H il a3 55 54
ERbHD,

(2) HifFeA CHEmINEAR

— BB DO RNAR L2 S RS FE CHIE TE% MC-ICP-MS (X, =@M TR
B 70 ek AR BR S B B0 720 | IEREIZ RINLAR FLIIE 24T H 72D O i e a2 Bl ik
BHOENHEERZ THTHIREIEEOE AR, UL CEBESHEO SR EF
ML THMASAEZRIENIBRERENT-, NWAL 25t GRICEMLT-/ L 75 Bt ik
Bk FAN AR AL e B (X 00 M7 BT O [ RE AR S0y AT M RE 2 Ll - BT 5 TR %)
Thol-Zinh, S HbRBEZEMMICERTHIENEEGHHEOEE TIREL,
RAFE D FE Nz B AU BARM 72 AR ThhT,

(3) ITAEA Z3#rr O BLAK A

AEIOZETIX, IAEA D3RR E BR 5L ol 0 AT B O Bk & 4 1% D e 2451
T 2728, 2N LE L TTA4— LV RRI DT A/X—=AR VT HIZH D IAEA D5y
Mt 03RO =, 5 E TV I0oE T CXI=7)—0TRIL, 3%
Y DEF LR BB W > 7o 2 B DIZWE O 53 B B IEH R E /R E K E
LTWEzDT AL 7 — RO ANBRZ ROV X, 74V H— D KRB/ AZ W73
ExAToleDZEIE T, 5%1X. 2 BOEWEZWHA IR O ToHBEEL .
L F BT EB R T 2728 L TR Tl BHI RIS TEA LI T 5D L2 5
7o T2, BiEETAYEEZ ) — 0 TR R (BSIICRR B STV D MC-ICP-MS THr#r
ARBZHETHEDZETH T, Bl 5B LT E oy B 7 R(NMLIE 53 72 A S
AL, WX BRSO H O BIEEDN BB ESN &Y ThoTo, £i2, K
PE)E OFEFEC B CHOES KA HIFR L, 5O TOR ARG IEX R K ST
7o BB 2 B0 ) FEARK IR A~DANEIX, TOEE ID I —RICLDFEEIT
VENRHY | TR E BRI S TN, SR A VSIS E 2 AL T, &
WV 2 W B ek L L COTEBI AN A EH LD L TH S,
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6. AEDTD DERELY 7 )LD oMt

JIM— BSENTH L RS OEWE K O TIEENARDEEFRZ TARA 15
MFONTSA B RZZT #0NI Iz SGIET D72 T B LR D IR T
EBR BT 2 it 5, PRIERTEBRE AT TIE, H2RISiEE Lo sz, IR
(IS CHLA B HETT,

AT, A TR oT3AT DR 0T,
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S

7. FHYIZ

7.1, VK264 E DRSS

SRR 264FFE 1T . IAEA OREEHIZEE DX LIS E253 B, 2 S—F 4 Z LT
IE(SIMS 1£)24308, G RH 9B DR 7L D o3 E R LT=,

i BEBR B AT A TR AR BB L BB E K OV 0RO BN B 21k
A O R FEE OB IR A5, FpTNEICESE@EUNCE 3548
BT, EEBRESIATEHM(CLEAR) D 7Y — 1 L — ADTE G E %2 A )7 ({L2F L)
TIXISO 77 A5 (77 A 100) fHY , B =U7 (B3 4r) TIX1SO 7726 (774 1,000)
YIRS LI, 7V —0 7 — B OB E % 1SO 7T A 4(7F7 A 10) F8 24 1 THE
FrL7z, BABIC DWW CHE BN HERF B B 2T L2 ED ., ol O MERe & HEFRF L7, 72
B, BSRFHEEEE T I E BT IEEICOW TR, EFEELZEML ., MAZE
FITLAHMERERNBR (B IRE) | [FINL AR EL I E 3RBR & & TR EBIZ B AF CTho
oD T, EHEZRHBLE,

BEWE OMER BT E I O BRI DWW Tl 2 DR 7O ZIRE B I E 14,
AH o347 TR~ T BIORNARE 3T 2479 — 8O HrisZ AL, 10
B DT V=0 LKA DR EZH O T HIENTEZ, — 7 K DIBIRIZEL T
X, A EHIE LR RN DITIBIRIC K> TR 72 0 TEDIZE OB/ E VT RS
Wi ole, 51 SHICEL DR A2 T 2281V T — 22 EET 5L T,
FINEBOHEE T D72 R DF AR AN ELNLb DM SNnG, M A 07
ZEL VBT~ o EEEE T D010, Yar iR B IO MnO, OH#|
EICEVEE O LA OMREZITV, 6 um FEE DU T FEHER T DL F T RE
U,04 LIRIETHEEBIT, FARFITAT 572w v E L 7 5 Mo biium O RES DT T ek
T~ AT REEE R LT,

ST FiEE AL Tl SV HrECER T AR AR A IRE &0 8T H 7 v
N=0 BANSA VR DO FABLERRE 2T B Ao Ra 157, £io, R LI mEGA
WEG T IR E BT B B IS LA RN A IRNE &0 iR a2 T, 4 7etkRE
FroZla Rz, IR E 25 alB Tl MLl T 'O Z e AV A
T RBIN L L B, FTe 72 BEAR — D ER R L, R EMR LT, /XN—T V5
Brik (SIMS ) Tl EEEICHEmET V7 7 I 7B LAY T ki D%
SIMS 73 M LML G R D ITHEDR kL . TV 78Ty 7iEZ WDk
FRDOFMEESIZONWTOR REBT, 7 S—T 4 7V 0Bt (FT-TIMS %) Tid, ¥
TR A N LA 2 DKL D AT N TEZRLIp DB E R T 57280, 7T TA~K
{BRiFE 7Ty TEORIE TV, BRI iE B2 5T, B AT e e D A i
HE T, IAEA EAEO RS ERE v SRARZ AN —ICBET57 0 U Nre L iliRic,
ZIL., EHRWERFIZOWTHER Z R L=,
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KAED =8 DBIEY L TV DDA ONTIT, ST 4T A5EL N,
IINTIZAT D7 > T,

7.2. A ARIZEAIAEALR RS & Bl 3242 (JASPAS)

PR & BR B aURE 0 T BT B ©, FER3f4E > JASPAS X A7 N FE i Th b,
— B 23, PubiF ORI EIEICEEL T, RESEBRNOIZO D, 7T
S T V=0 DR D FE RURF I O e B ilF ez (JC-21, A1679) T, IAEA F 1
D RFEHE BRI O V7 5 BT 286 ) (B55.5 8 S ) U R FEHT
BB B AR D/ N—=T 4 7V I T2 E NS G 1B W T, o FIEEO T HAS
ZLTW5, 72, IAEA 7267 AR Pu b2 Adv, Fex DOHEDO N T r—~2
AR LTz, BITE, IAEA OFHIfSFHTHY, A B, [BREY TV T D/ —T 4
IV oy AT DRTLERE AT BRI D720 D 342 | (JC-24, A1845) T, /X—TFT 4 7V o3 Hr
(SIMS #) DR; 7 EBI I B3 A2 A7 ThD, — B LIFIEE. IAEA DO HM;
DAEITHBWT, B EIGEDOE WA Z L TWD, —fFHIX, [TAEA OBV~
VD43 HT(CLEAR)] (JC-25, JPN X 02004) C, IAEA & JAEA D& B H S & REEHY
EREGUEIOIE L, T, ST RO EZIT-oTVD, —FEBEICHfESD, A
WG K QS =T 4 VIV T AR DT = BB W T, oAl R oo S VE | 8 IR
IOV T E a—LimatToTnND,

7.3. IABA~ODEITE R

AZFE TR LT 71Z TAEA O NWAL ThfE &St Z0Re S EICEBRL T
Wb, OBz T ERIZEE T,

=T 47V (SIMS) 3T DT DFABIHT LB E L L TA L "7 2 — 1B BFE LT,
ZHUC XY, BTALER R R A KR (MG L. SIMS 2y BT BRI R RE &7 D IE O+ D e
2 EDORBEERARIL L=, BAE, 7 S—T 427V (SIMS) DT &4 T> CNDT_TDOTR
TEAESI, Ry b =20 B DFEER) FiE L > T D,

KFE 77y 7B L, MR T COR—-BWER ORI T %
AREE LT, ZOHEAMIL TAEA ZIXUHETAHEBOTRITE ASIL, SIMS 4370
— R DT N =7 DERPE D EIBFE 2 S I HOSITWA,

7.4, S% OB

IAEA 1Z, U7 DIBEEZ D THNDEL T, Tk -2 LI E A RS LT
H CRERUEA) ORIEERI R ERREL TV D, L, U7V OEMRAIEIZ T V=D
LN EEAREELL, U7 R A OFAGAIEERIIE D8O E1INL 5 TR, LL ., milif
UTAZRIIE, TTREMERHHLEEZ LN TS, 5%, AUA T REIN S E i Z
VEERMICAHT FELA O TR OFRBIEER DAL EITRAEE DR
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ol

HTAE SIMS VEIZE D/ R—=T 4 7V o3k dT > TD8 47 D NWAL DHYL D44 i
(EU, #&. 2. IAEA) CHE &0 M “IRA A E &0 & iE (LG-SIMS) 28 A
U, FD NWAL THEAZFEL TS, 2T, #EkD SIMS XDt LG-SIMS D J5 A3,
JEE B L OVE B BREENKI 10 (@ W=Dy A4y (TF L LIS DITEEDAF )
2L =T WA PR TE, IEMERENBLNDIZD Th D, £z, HREH TOHHT
NA[REZRZ L0 B D B BRI TIE Y 7 M7 =T 2 WA LI KRR & L E
IR TEIRAED 7 R 1A BRI - B TEHE VIR AL TWA, Fia b, 1t
K SIMS ZHWTC, KBy 7T v 7 EOMBBDOREIZEDy TAF L DY —7 T
DR T IV T 7 b T 7 kLD ORI L D E MY 7 R ORI A 2 0 -
HE 2R E DFEAFZBAFE L, LG-SIMS IZLAHNE I HIL TETWD, LLRD G,
BUR Tl TREMNEME CHV AL E T 5200 T IR/ 23020570 & DR 3
WD D, ZDT | Akt IAEA 0o NWAL ER% DL _EDO S HTRE 1 & #ERF LT
7=®IZiF, LG-SIMS DEALBETLHLENHLHDEE 2 HiD,
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2 A
AWE JRF g T (1FUR)
BG NPT TR
CCD ERip e e
CLEAR 18 FE BRBE o AT i 20 A8
Co =PI
CRM R Y E
Cs RERVAVN
EDX TRV — A R X 2R
ESL BB e B SR AT (TAEA)
EU RN 3 A
DOE KEZ R LF—H
FFU Ty T ANH ==k
FT-TIMS Tavvar N7y R EHERVE &k
HRGS O FRRE v BRAASRT R ARY —
IAEA SR R B
[CP-MS LS T TR G By T
IDMS [ LA BRUE o0 AT
ISO [ AT M L A
JAEA H A - JIWFFE DR F H A
JASPAS A AIZE A IAEA {7 B4 & H T S 8%
KAERI s [E 5 - AR T
LG-SIMS By RRE IRA A T S
LANL HAT ZEAE L SERT
LLNL 1—L > AU R T E LR AT
LMA kL3 Ak gEpT (me77)
MC-ICP-MS ~ /v FalbyZ—iF8fh &7 7 X ~"E &oirikE
MnO, b~
MOX VT TN R=0 MRS LY
Na FRUT L
NBL KEOEWE T AIEEEMEW T, =a— 7 7 AU 0y JHFSET
NUCEF BB A 7 V2 42 T FE ek
NWAL S S AN A I
ORNL A — 2V ESLAFSE T
PNNL INTT A e ) — AT = ANE SR AT
Pu TIVR=0 A

36



W& 55 A

QC dn B PR

Re L=

Si V=%

SIMS TIRAF U E BT EE
SRM PR S

TIMS R E Eo T E
U 75

U,04 N =7
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9. HFE%E

TINT 7Ty ik

TNT 7Ty 7IEIR UT R T NN LA OBRFENT VT 7 T 528128
g PSR A R L Z DRI Z B T 52 LICKVRF A5 E T2 HETH S,
D% FEELTRL 2 E &M EHIBE AL, FARE S E21T9, 71y ar Ty
IIELTRRRIZIRMEEE DB\ 7 DR IICAE N THD0, TV T 7 Ty 7IEDSGEIC
IR E O RE LB L L,

AL ISR —

AUA TR ORL A2/ NLOR 7 TRGIL, O IS @A 23l E AR
Bte Bk 7235 H51ETH D, R I TR S, BLTE, SIMS L1240
IR—=T 4TIV KT AT CNDT_TO NWAL T, BT HAWSI TS,

U7 T30

V=2 b —LOIFEHEREED — DT, RENGED IR TR NE DLWy
HrafBHIB A T 2 2 B ICE L B E LD I7ETH D, EEERRICIT
RN DR BT — T 3T TIT o CWAFTLHY , oMTiE RO B EH O —BRE
LTITo W5, JAEA TiX, 100 ml DT 7o BB MAKZ Adv, FTE ORIEN
B AREL., ZTO®%MEEZINZ ICP-MS TRITEZIT>TW5, JlE HiET, %
AN =T 3BT C R > TEYD, S HiEITRN,

7 — )L — ADTE VG

KENELHFME TIX, 7= v —DIFEEZ 7V — b —L0D | L7 4—hb
(%9 30 cm £) 225 HZHD 0.5 um LU EDOKRESOR T HTHHD T, Flz i, 100
fELL T DA CLASS 100 ERBLT 5, 2D, 1SO BIFE 23] E S CTRBLUL 1SO 12
— STz, KREEFRIRFE D CLASS 100 (X ISO 77 A5, CLASS 1000 1X ISO 7746
(A YL TESEN T EENWICARBL1SO 77 AT 5, FHEfed — k0B
BIZ 1SO 77295 10 IS T 5L 5 bil, — FEEERRETHO/)— b — A
1% ISO 75 A3~5Th 5,

oL T va=y

ISIVT TR DA T U R T T I LD B e S > THT b LA MR E 3£
Thbd, BERINIT T BERTICA T 2 H 0 T S @ O RS IR e . & L CRE Mk
B A A FEL TR 35, ZOMDIR LB EEICI > T A4 R HHE S
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BT LNBECE S L TV E DT T v E T Z N RSN IR Enr
OB AT T BEERSNADIENTED,

AISNAYT

BT DT T RT NV b= T LD BT, PR & DO RINLAR L3 B O 53 A el Bt T
5 % Lo AR MR IR A GRS — E BN A TR AR 2 1 E 2 Z LI KD IEREIT SR
HIENTED, ZOIDNTE BT LT EZ RN AR R HIEEIF O, ZHICHWDHEE
UERIED Z LB A RA T LIS,

i 75 I5F ]

TINT 7 Ty ZIEIZBWT, B O BEZ T 7 AV LT R ERIS T TAT v 7R (7
VT 7 NI VR [T A S THE T 5, Z0%, HAORM R 5L, ki
ICEENDIEDENT VT 7T HZETT ITATF v IMRITENFRY, T a8l
BHZEIZEVFRE R OB BERL - O EZ R ETHIENTED, TOFE T HIFH %
B E HF R &N,

IN—T ATV E

AEBHIZE ENAE 2 DRLFIZHOWTRINAR B AT 24T ik, T Dkl +
IZOWCDRNARLEIE A OLNDT20 B ED R TGO B IEZFEM IR~ 5
ZEMARETH D, /N—T A7V HriEE L CiE, FELT SIMS & FT-TIMS £
WHIL TS,

2NV R iE

B 2R ETRIC IR AL B 82T T2 1% (8 & X ONRINEAR Loy AT %
1TOHETHS, RN EIZEL TEEREBF AR O EEEL R LILRNDY | RO
KEWE DIy HTICH $hThb,

| A o A

HENHTFHIBWTHRNARDE S 2 IG5 51k, iR — 2oL nWE
BOMNFTOHE . —EIZ—DORNAKDE SZLNELNRW, 207D | IBEICE
NENDRNARDIE FE2BHEFIZIVEEL, Tz @i Z LI RN IR 2
HET 5, MHENEEOLIE BSOS AT, —EIZT X TORNIKRDIEFN
BONDT-O ., ZOHEEZ WD EITR,

777
B2 AR TE B AT Tl BRI W DRI D R iy OB 250 b DR T K
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ST ED /M T ENRRALZE ST, BEMICIEORAEEZ LSS, £12, A
NI NTE TIZATA T 3B 2R BRI L COr 50T, WEMEIZIZATA T M
A EENTWAY T BENIKRESN TWD, RIEFDAT A7 %l kL L I ALF -
I T HZEICES T REWSTZREAB OV T EEMIETHIENTED, ZOK
FERDOADAT T 3L JAVAT LR, ZZACEENDT T RT IV DT T
JERES, F-, ZEORZZOIRFE CRBEIZ O LIZRAE A WTHERE ROz LE2
RERT T 7EEODN, M RFYEO R e S I WA,

~ ANA T AHIERR S

EEOITFHIBWTHIELZ T 256 FRMEOR I =RIT T TN R2 5, £
T2, HEESOWE AT DENIZ L Th IR I BIT R e - T, TNAE M EL TR
IRRNLAR L Z TR RD T 12i1X, HONUD [FNLIR LB O =Y E 2 [ EL, T D
AL S EEEOREMEDT NE RIEL DN ERH D, ZOTIEMIET D72 DR
PR~ AT A IER I THY |, SO RN Z OFR I E T D2 LA L R e 72
[FEVALN= Vi = 12y s W

AN g

RN AL AN BE N D [ — 3R 2 &y TR e B A3 e AT L L £ D AT oD 1E
S ORG EE IS DWW T M e B O RE ) A M AL HLER L | IAEA Ry NU — 7 TR ke
LCOLHrRE 1 & T 572D DR TH S,

WP T 7k

SR T TR =— R L2 AW 2 ORL -2y 7 7 v 7 T 5 i
ThD, kB ND B AR 7O ARZROH L CTONTZ2IT5Z 8N TEDI20, HTEED
N DR BT E Z PR TE D, o FERERRER ST W T, HAVRL -2 EY
HLUCEMRL, WET A0 DEERFNITTHD,

SIMS i

SIMS 1%, —WRAA42"E &M (Secondary ion mass spectrometry) DO, i % DHi
TN AL (B FR) ZHIH L, KL 7O ESND “IRAA L (U7 708) 2
THHETHD, “IRAFT 2 EEmICEIV L TR 2Z812E0 RINLAR L HTE
DA[REELTR D, fEER FIETHY, RIEEY 7V TITESHOWLILTNS,

ET-TIMS %
FT X, 74w 3> ;77 (Fission track) O, TIMS 1%, ZHEEHE &5
(Thermal ionization mass spectrometry) D&, FT 1%, V7L 72 ZE ki 2 P+
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MU U7 BR D8 53 RNERZ AR DO FRBF kL 12 R iE 2 5 1k, T D%, R & LTk 7
ZR/TATA D LTINS HZEICIVERIE A A s, thEns A4 (U7
IR E) BRI T D, AA VR EBICIDBEL TR D2 LKD) AL HNE 23
AIREL 72D, JEHEIRITIE TS L8, SIMS {ELD S B R 0 AT E T D,
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EN

T AT S EFD SCE S M C
SRRHER BRERNVEL\DOHEED,
BN AA=F PERT SO Y —~ o,
[C L2 Ee T BGL~ILTdh &l E iR,
802 HPGe, LOAX] 277 VL FSRITA N, HE
(2 2y BT iR iZED EE 8
WHXIFEEICLD VUL DRI BT A E RO T
&S EITE EMEE ST FOMERD
ot — S A— ViRl &AL L
(=L Z BRI ol FHE T R R

(7R 2587~ )

M-2.1 : BT AR RAIY—=L P ETO TN

42



IAEA

REHH v FILEE
iLﬂ(Aﬂ)iﬁiﬁ’é%ﬁ
[ mE
DHL express * —JL{& FEEEEICKDEZE
4 L 4 N 4 N\
[RZU—=2FR% | CLEAR [ BHB | NUCEF
i . PAN: 7]
[ e - BAE | [ EBEEE ] oAE |
| HEE® | YA
/ 5
< AINAL Y
_ (23U, 242Pu) _ (233U, 242Py)
& LK LRI E A 2 2 A = G A LRI A |2 2 A !
TN TETY Ak
v v
| ICP-MS(ELEMENT) Rl lAIE | [[aBARZFOAFU— |
T8, Fkt \ 4
AR | zspupaopy b |
N L : J
4 4

BERROBIT., THEASBEDHE., HEHRSEX(MS-EXCELT 7 A L)~ND X |

l BFA—IVICHMALTHRSE

| IAEA |

*1: b
*2: b

i TR D FEANILIX -2. 35
i TR DFEANIEIIX -2.45

iy

b

ﬁj\
ﬁj\

iy

-2.2 : SATGHTRBOZT ANNDIHTITIE, i ETOME
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SHEEE OM HCI - 0.2M HNOs (2 mL)
Oh HCI = 0 IM HNO 5 (ZRERE: 1 mL + 1 mL]
950 HCI (10 mL)

I HCH -0 16 HI (5 mL)
(—RAUEE)
At HCI - 018 HI (5 mL)

ﬂ C 5M HCI (5 mL)
NN V

[ 7 AT T 4
BiES MCLGEL CAOSP CIf (f2f2 70 — 150 pm)
PHE. 4 mm, B 70 mm (BHESEE. 084 mL)

=

PUSEE S (WS SN
15M HN D5, H,0,, HCIO, 7007 TSReE] L1018

B HNOEIA C2 % HNOGE R mL) i d 2,
CHEICPMSHES R S T2,

-2.3 @ BREEREI DT EEAT— L
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SEEETHE 10M HC - 0 1M HNG5 (0,25 mL)
1M HCI -0 TMHNO; (BBERE 01 L+ 0 1mL)
"lD‘ﬂ HCI -0 IMHNO; (0 TmL+ 0 TmL+ 02 m_)
08I HMO3 - 9U%CH30H [0.025 mL)

o] HINOy 00z mL+ 00 mbL + 0% m_)

Sht HMO5 (045 mL)
8 HNGs (4 0mlL)

MAHCHO 0 L +05mL+ 05 mL)
SARARRS vV

0 W RV - i R Y
felfE WCI-CEL CAOSY CHEY (YR 235 um)

Fo2mm RE18 mm @EISEE. 50 uL)

L0

BE

LiEEE PUEEES B

TOMHNO ;& DA ©Esede]al L iz
BE. HNOZFNIZ T2 % HNOSER(T mL) (CIFRT 2.
I EICE-VSEIERSEL S 4 A

X-2.4 : FRybeAEIO I BEAT — A
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A== ME

LasiEe
~ Mk FEE

HIAREEREs L
~MEFER

X

DI ROHEE
(SRR

PIHFOER
(RFERE

x

HIZAREERHE L~0

VI HTF OB
(BT

T

[EHE ¥ HBE
(SIMSSH#T)

¥

\

MERRORE . FTEISGEDOHT. HEHSERX (MS-EXCELT7 ML) ~DNER

MEA~EBRES

X-2.5
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IAEA

/ ADY—= B \

CLEAR

¥

4 i—LE~dD
#rER
A AR O
" DETEN
(RF5)

FiuialbouoniREe |°

¥

oS A D
oL TR

b

S OE urk:
(TIMS 34T

- /

]

BEHEPLOER FREASULEDHT . TR E T (MS-EXCEL I7 A L) ~MIE i

¥

MEA~FER4EE

¥-2.6 : FT-TIMS {EDO4S5HrFIE
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.l
|
#

, 3.
#/m”

-
i

174

b
il

3,

$i-FE (E/m

!

i~

3000 | \ /\ /\______M / | o~ B-12|

0 | i S e Bl
4 5H 6H 7HA B8R 9H 10R 11H 12 1A 2H 3H

X-3.1 : &

N

BRIE T HT IR IEAR 7 ) — 2 )b — B ODTE R E D ZEAL
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S AN

) i
i % .Wr.c_'..
X

~

i

B DGE

A~E &I5HT

e

5

3

AL

X|-3.2
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“RETFE | RHETE X #1&(0) X #:4% (Na) X #42(Mg) X #542(Si) Bt
X #:4%(Cl) X #4%(Fe) X #5248 (Ni) X #84%(2n) X #:42(Pb) X #5148 (Pu) oLl |
HF % 4 n_ * =
1 “lul 20 40 6.0 100
RFH (e} Na Mg Si Zn Pb Pu
(%) 72.88 0.81 4.96 5.33 2.24 0.59 0.32 0.96 1.65 9.58
240/239 241/239 242/239
Rk L
0.4111 0.1048 0.0313
—REFE | RHETFE X #1&(0) X #4% (Na) X #12(Mg) X #42(Si) oo '
& e l ]
ﬂ - - -
X#®BEC) | XH\EEC) | XHE(Fe) X #48(Ni) X#&(Pb) | XHE(Pu) _::: o |
HT | WV SR
2 o 20 lgnmmI;J] 100
g XEARIN L
FFH (6] Na Mg Si Cl Ni Pb Pu
(%) 60.41 1.11 2.39 2.08 1.89 0.60 0.96 0.70 1.31 28.02
240/239 241/239 242/239
Rkt
0.4108 0.1054 0.0278
X-4.1 : Z V=0 LR OMIR TSR (1)
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ZREFE RIAEFH X #218(0) X #7148 (Na) X ##1&(Mg) X #21%(Si)
X #2&(Cl) X #R1%(Fe) X #R1&(Zn) X #81%(Pb) X #&1&(Pu)
HF 0
3 é’ Eremy )
X ARG L
RFH (o] Na Cl Fe Zn Pb Pu
(%) 71.89 0.54 2.97 2.60 5.06 0.65 0.81 3.26 12.24
240/239 241/239 242/239
Rl LA L
0.4134 0.1162 0.0394
ZREFE RIAEFE X #818(0) X #5218 (Na) X #21%(Si) X ##8(Cl) oo CiJ T i
X $R48(Ti) X ##18(Cr) X #&1&(Fe) X ##1%(Zn) X $#21%(Pb) X $##21%(Pu) B
HFIF
4
XRARGE L
REF#% 0 Na Si cl Ti Zn Pb Pu
(%) 79.73 0.68 0.54 2.27 0.17 0.23 0.59 1.26 1.62 12.90
2401239 241/239 242/239
[GEIR% N4
0.4194 0.1235 0.0344
X-4.2 : TIVR=0 LR OMEIR TR E (2)

o1




—REFE

REBTH

X ##1&(0)

X #1% (Na)

X #21&(Mg)

X #R1&(Si)

X #21&(P) X #21&(Cl) X #R1%(Fe) X #21%(Zn) X #2182 (Pb) X #21&(Pu)
HiF
5 - [I———
X ARG L
[RF#% (0] Na Mg Si P Cl Fe Zn Pb Pu
(%) 75.54 0.73 5.06 6.57 0.56 1.31 0.64 0.69 1.21 7.30
240/239 241/239 242/239
RGLIRLE
0.4161 0.1037 0.0032
ZREFE RIABFE X #18(0) X ##1% (Na) X #21&(Mg) X #2148 (Si)
X #8142 (Cl) X #842(Ti) X 1% (Fe) X #818(2n) X #1%(Pb) -
¥
I:'I)J] 20 40 60 1l]:ll
6 Enerry §&V)
X#ERART L
[RF#H (@) Na Mg Si Zn Pb Pu
(%) 68.44 0.57 1.45 2.06 2.56 0.40 0.53 1.16 1.77 21.06
240/239 241/239 242/239
BBk
0.4165 0.0746 0.0295
X-4.3 : TIVE=D LR OMIR MR R (3)

o2




—REFR | REBETH X #42(0) X 4% (Na) X #518(Mg) X #2482 (Al)
X 4% (Si) X #§4%(Cl) X #1&(Fe) X #18(2Zn) X #:4%(Pb) X #4&(Pu) -
HF
7 RIS R
X ARG L
[RF#% (0] Na Mg Al Si Cl Fe Zn Pb Pu
(%) 62.85 2.48 9.50 0.23 10.64 1.49 0.72 7.06 1.30 3.73
240/239 241/239 242/239
Rk L
0.4240 0.0797 0.0358
KRBT | RHEFE X #4%(0) X 4% (Na) X #18(Mg) X 1848 (Si) o0
X 12 (Cl) X $812(Ti) X $:4%(Fe) X 48 (2n) X 42 (Pb) X #§&Pu) |
T
IlI)J] 20 40 60 1l]‘ll
8 Enexgy §2Y)
XRARGR L
[RFH (@) Na Mg Si Cl Zn Pb Pu
(%) 73.52 0.78 0.99 0.96 2.34 0.31 0.54 1.82 1.10 17.66
240/239 241/239 242/239
R AL
0.4130 0.1153 0.0348
4.4 : TOb=0 LRIA OMIR TS F (4)
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RETEFE X #8(0) X#4&(Na) | X#&&Mg) X $842(Si)
D ; - E | _
Ji i
X #&14&(Cl) X #&1&(Ti) X #&1&(Cr) X #R1&(Fe) X #&18(Pb) X #&18(Pu) b
e |
9 100
X ﬁx&; l~)L
BEFH 0 Na Mg Si Fe Pb Pu
(%) 70.01 1.03 1.24 1.08 2.65 0.45 0.34 0.40 1.73 21.07
240/239 241/239 242/239
Rl LA L
0.4094 0.1081 0.0292
ZREFE RIAEFE X #818(0) X #%1% (Na) X #2148 (Si) X ##8(Cl) soucol - i ]
g
£ s
=
X #818(Ti) X #1&(Fe) X #5218 (Ni) X ##1%(Zn) X #81&(Pb) X ##1% (Pu) B oo
0T . |
10 o 20 lJE]n,m'!‘:J] 100
XRARGE L
REF#% 0 Na Si o Zn Pb Pu
(%) 24.96 0.90 1.05 5.15 0.80 1.14 0.52 0.60 3.14 60.82
240/239 241/239 242/239
R {4 tE
0.4114 0.0936 0.0300
H-4.5 : TIVR=0 DR OMIR TR S (5)
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10M HCI — 0.1M HNO;, 0.45 ml
— 10M HCI - 0.1M HNO, 0.4 ml

10M HCI — 0.1M HNO;, 0.4 ml
10M HCI - 0.1M HNO, 0.4 ml
0.8M HNO, — 90%CH;0H 0.025 ml
— SMHNO, 0.2 ml

8M HNO, 0.45 ml

8M HNO; 4.0 ml
l IM HCI 1.05 ml

Y A 4 A A

MCI GEL CA08Y
2mm X 16 mmh (CV:50 uL)

MBI NN

w2 wa | ws

v

10M HC1 - 0.1M HNO; 0.45 ml
— 10M HCI - 0.IM HNO; 0.2 ml

10M HCI - 0.1M HNO;, 0.45 ml
— 10M HCI - 0.1M HNO, 0.4 ml

10M HCI - 0.1M HNO;, 0.4 ml
10M HCI - 0.1M HNO, 0.4 ml
0.8M HNO; — 90%CH,OH 0.025 ml
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l 1M HCI 1.05 ml
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w2 wa | ws

v

10M HCI — 0.1M HNO; 0.45 ml
— 10M HCI - 0.1M HNO;, 0.4 ml
10M HCI - 0.1M HNO; 0.4 ml
10M HCI - 0.1M HNO, 0.4 ml
0.8M HNO, — 90%CH,OH 0.025 ml
8M HNO, 0.2 ml
8M HNO, 0.45 ml

A 4 A 4 ¢
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2mm X 16 mmh (CV:50 uL)

v bW b 0

W7 W9

10M HC1 0.6 ml
9M HCl1 - 0.1M HI 0.3 ml
(—HEER)
— 9M HCI1 - 0.1M HI 0.3 ml
0.5M HC10.35 ml
v v ¢
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2mm X 16 mmh (CV:50 uL)
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Mumb<r of alpha racks
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Mumb<r of alpha tracks
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TNF-1 (900 pm) TNF-1 (100 pm)

5.9 : U350 kr 70 28 HREREFEROT LT 7T s DRRME%
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Raman Intensity / Counts
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Raman intensity / Counts

1500
4 120sec

o
o
o
o

| |
N

\
s g

e SRR\ — ~e] sec
200 400 600 800 1000

Raman shift / cm’’

X-5.15 : HITRRRFZIANR ED MnO, DT~ AT KL

69
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The determination of the time (i.e., age) elapsed since the last purification of plutonium with chemical separation
gives important information for monitoring nuclear activities related to reprocessing and nuclear weapon
production. Although methods for the analysis of plutonium solutions have been extensively studied, few studies
were conducted for the measurement of individual particles. In this work, a simple technique was developed for
age determination of individual plutonium particles by a combination of single particle dissolution and measure-
ment by inductively coupled plasma mass spectrometry (ICP-MS) without prior chemical separation. The analyt-
ical results of individual plutonium particles having an age of 5.98 y indicated that the use of 24°Pu/?3°U ratios
allowed for the determination of accurate ages, though that of 2>*Pu/234U and 2>°Pu/2>°U ratios was not suitable

Keywords:
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ICP-MS because of the contamination of natural uranium during the process of sample preparation. The developed
Age determination technique is especially useful for the analysis of the samples containing a number of plutonium particles having
Pu/U ratios different ages.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction The determination of plutonium ages for single plutonium particles

Plutonium is one of the elements used as fuels for nuclear power
generation. In nuclear reactors, 2>°Pu is produced when a neutron is
captured by 238U. The 2*°Pu is then converted to 24°Pu, 24!'Pu and
242py, Since plutonium in spent fuels is not usable for nuclear power
generation, reprocessing to separate plutonium from other elements
is necessary to get the plutonium into a usable form. The reprocessing
is one of the key processes not only for civilian use but also for
nuclear weapon production. Therefore, the information on the time
(i.e., the age) elapsed since the last purification of plutonium with
chemical separation is important for monitoring nuclear activities relat-
ed to reprocessing and nuclear weapon production.

Recently, analytical techniques for age determination of plutonium
have been extensively studied in a field of nuclear forensics [1].
Wallenius et al. determined the ages of plutonium in solutions based
on 238pu/?34U, 239py/?35U and 24°Pu/?3°U ratios [2]. Prior to isotope
dilution analysis with thermal ionization mass spectrometry (TIMS),
they performed chemical separation using anion exchange and UTEVA
resins. Chen et al. used TEVA and TRU resins to separate plutonium,
americium and uranium in plutonium solutions for subsequent isotope
dilution analysis with inductively coupled plasma mass spectrometry
(ICP-MS) [3]. The ages of plutonium were successfully determined
based on the 2*'Pu/?4'Am and 2“°Pu/?*9U ratios.

* Corresponding author. Tel.: +81 29 282 6165; fax: + 81 29 282 6950.
E-mail address: esaka.fumitaka@jaea.go.jp (F. Esaka).
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is a more challenging work and important for nuclear safeguards. In
nuclear safeguards, environmental particles in nuclear facilities are
routinely sampled by inspectors of International Atomic Energy Agency
(IAEA) to confirm the absence of undeclared nuclear activities [4,5]. For
this purpose, the isotope ratios of uranium and/or plutonium are
measured for individual particles with micron size. Although analytical
techniques are not established, the determination of plutonium ages for
individual particles also gives important information to reveal unde-
clared nuclear activities. Shinonaga et al. measured plutonium ages for
individual plutonium particles by a combination of single particle disso-
lution, chemical separation and 2*'Pu/2*'Am ratio determination with
wavelength dispersive X-ray and TIMS measurements [6]. We also
developed a method by a combination of single particle dissolution, ad-
dition of 2**Am spike solution, chemical separation and 24!'Am/?*!Pu
ratio determination with ICP-MS [7]. In order to perform the analysis
for a number of particles, the technique should be as simple as possible.
As a simpler technique without prior chemical separation, Wallenius
et al. developed a method using secondary ion mass spectrometry
(SIMS) [8]. Here, single plutonium particles were directly measured
with SIMS and ages were determined based on 238pu/234U, 23%pu/?35U
and 24°Pu/?3U ratios. This method was, however, strongly influenced
by the difference in detection efficiencies between uranium and pluto-
nium in SIMS measurement. Although the difference should have
been corrected by measuring standard solid materials having the
same chemical forms and matrices as those in the target samples,
it was difficult to obtain such standard materials for the analysis of
unknown real-life particles.
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In the present study, we developed a simple technique to determine
plutonium ages for individual plutonium particles. Each plutonium par-
ticle was dissolved with acids and the plutonium ages were determined
by measuring 238Pu/?34U, 23°Pu/?*U and 2*°Pu/?3%U ratios by ICP-MS
without prior chemical separation. The difference in the detection
efficiencies between uranium and plutonium was corrected by measur-
ing a prepared solution containing uranium and plutonium with known
isotope ratios, concentrations and matrix.

2. Experimental procedure
2.1. Samples

Plutonium particles were prepared from a plutonium standard
reference material (SRM-947, plutonium sulfate tetrahydrate, National
Bureau of Standards (NBS), USA). The reference material was dissolved
and purified with an anion exchange method on July 14, 2008. The
details of the particle production were described in previous papers
[9,10]. A uranium certified reference material (CRM U015, triuranium
octoxide, New Brunswick Laboratory (NBL), USA) was used for mass
bias correction. A 5% HNO; solution containing 2*U and 23°Pu with
the 22°Pu/?38U ratio of 7.944 x 10~ 3 was prepared to determine the
relative sensitivity factor (RSF) of Pu/U in ICP-MS measurement.

2.2. Sample preparation

Each plutonium particle on a glassy carbon planchet (Hitachi
Chemicals Co. Ltd., Japan) was sampled and transferred onto each
silicon wafer with a dimension of 5 x 5 mm (Semitec Co. Ltd., Japan)
by using a micro-manipulator [11] attached to a scanning electron
microscope (JSM-6700F, JEOL Co. Ltd., Japan). Each silicon wafer con-
taining each plutonium particle was placed in an 8 mL PTFE beaker
and 2 mL of deionized Milli-Q water was added. After ultrasoneration
for 5 min, each silicon wafer was removed and the water was evaporat-
ed. Each plutonium particle was dissolved with the addition of 1 mL of
68% HNO3 and 1 mL of 38% HF (TAMAPURE-AA-10, Tama chemicals
Co. Ltd., Japan) on a hot plate at 200 °C and the solution was evaporated
to dryness. This process was repeated three times. The final residue was
dissolved with 1.22 mL of 2 M HNOs, and then 1.78 mL of Mill-Q water
was added to make each sample solution with a matrix of 5% HNOs.

2.3. Instrumentation

An ICP-MS instrument (ELEMENT 1, Thermo Fisher Scientific Inc.,
USA) was used for measuring 2*2Pu/?34U, 22°Pu/?*>U and 24°Pu/23°U
ratios in individual plutonium particles. The measurements were
performed on July 8 and 9, 2014. At that time, the age of plutonium in
individual particles was 5.98 y. An Apex-Q desolvation system (Elemental
Scientific Inc., USA) was attached to the ICP-MS instrument for sample
introduction. The operating condition is compiled in Table 1. The mass
bias factor assuming the following equation was determined using a
51.83 pg mL™! NBL CRM U015 standard solution:

R, =R,(1+ 0" (1)

where R, is the certified isotope ratio, R;, is the measured isotope ratio,
AM is a difference in mass and C is a mass discrimination factor. The RSF
of Pu/U was determined by measuring the U and Pu mixed solution. Un-
certainties were estimated by considering measurement variability, mass
bias correction, RSF correction, process blank value subtraction, hydride
correction and the certified value of the reference material.

Table 1

Analytical condition in ICP-MS.
Parameter Setting
ICP-MS
RF power 1148 w
Cooling gas flow rate 16.0 L min~!
Auxiliary gas flow rate 0.85 L min~!
Sample gas flow rate 0.97 L min~!
Solution uptake rate 0.20 mL min~!
Sampling time per isotope 50 ms
Scan per replicate 200
Number of replicates 5
Resolution (M/AM) 300
Apex-Q desolvation system
Spray chamber temperature 100 °C
Condenser temperature 2 °C
Nitrogen flow 1.5 mL min~!
Additional gas (Ar) 0.156 L min~!

3. Results and discussion
3.1. Process blank values

The amount of uranium formed by the alpha decay of plutonium is
considerably small, compared to that of americium formed by the beta
decay of plutonium. Therefore, the process blank values should be as
low as possible. Table 2 shows the process blank values on m/z 234,
235, 236, 238, 239 and 240. Thorough washing of beakers, the use of
ultra-pure reagents and sample preparation in clean hoods in a clean
room with a cleanliness class of ISO 6 allowed us to reduce the blank
values. The values on m/z 234, 236, 239 and 240 were less than
1.3 counts s~ . However, the values on m/z 235 and 238 were relatively
high and the ratio of the count rate on m/z 235 to that on m/z 238 is close
to the 235U/238U isotope ratio of natural uranium. This implies that
contamination of natural uranium occurred during the process of
sample preparation.

3.2. Age determination of individual plutonium particles

Prior to the analysis of individual plutonium particles, the RSF of Pu/U
was determined by measuring a solution with the 23°Pu/2*8U ratio of
7.944 x 1073, The matrix (5% HNOs) of the solution was the same as
that of sample solutions. As the result, the RSF value of Pu/U was
determined to be 1.055 & 0.004 (July 8, 2014) and 1.054 4 0.002
(July 9, 2014). These values are much lower than those in SIMS mea-
surement (2.25-2.49) [8].

The analysis of 228Pu/?34U, 229Pu/?*>U and 24°Pu/?*6U ratios was
performed for individual eight plutonium particles with diameters
ranging from 1.2 to 4.5 pm. As an example, a secondary electron image
of the plutonium particle with a diameter of 1.5 um is shown in Fig. 1.
Table 3 shows the count rates of 234U and 2>®Pu and determined ages
measured for individual plutonium particles. Here, the ages (t) were
calculated using the following equation:

t 1 In [(]_% ()\U234_}‘Pu238>:| 2)

}\Pu238 _)\U234 )\Pu238

Table 2

Process blank values on m/z 234, 235, 236, 238, 239 and 240 in ICP-MS (n = 4).
m/z Counts s~ !
234 13 + 0.2°
235 28.8 + 0.9
236 0.2 + 0.2
238 3798 + 123
239 0.4 + 0.1
240 0.4 + 0.2

@ The error represents one standard deviation.
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Fig. 1. A secondary electron image of a plutonium particle.

where Appsg and Aypss are the decay constants of 23%Pu and 234U
isotopes, and R is the 2*8Pu/234U ratio. As the result, only one particle
gives an accurate age (5.97 y) and the ages for two particles are negative
values (noted as “Not determined” in Table 3). These are due to the
high process blank value on m/z 238. The ages determined based on
the 23°Pu/?*>U ratios are consistent with the reference age for four parti-
cles as shown in Table 4. However, one particle gives a negative age
(noted as “Not determined” in Table 4), which is due to the high process
blank value on m/z 235. Therefore, the use of these ratios (2®Pu/?>*U and
239pyy/235U) is not suitable for plutonium age determination in this
method because of the contamination of natural uranium during the
process of sample preparation. Chen et al. also mentioned that the
238py /234y and 23°Pu/?*°U ratio determination with ICP-MS was not
adopted due to the potential contamination of natural uranium [3].
Table 5 shows the count rates of 2>°U and 2“°Pu and determined ages
measured for individual plutonium particles. The determined ages are
from 4.16 to 5.99 y and the expanded uncertainties (k = 2) are within
2.76. The ages are in good agreement with the reference age within
the expanded uncertainties. The low process blank values on m/z 236
and 240 less than 0.4 counts s~ ! allowed determining 2*°Pu/2*°U ratios
accurately for all particles. Based on 30 criterion, the detection limit is
calculated to be 0.14 fg for 22U by considering the sensitivity of
13.1 counts s~ ! ppq~". This corresponds to 0.22 pg of ?*°Pu in the
plutonium sample with an age of 5.98 y. The relative expanded
uncertainties (k = 1) in this work (4.3-26.0%) are worse than those
obtained for individual plutonium particles with other techniques
using chemical separation [6,7]. Shinonaga et al. determined the ages
with the relative expanded uncertainties within 8.6% for individual

Table 3
Count rates of 2*U and 2*®Pu isotopes in individual plutonium particles and determined
ages.

Table 4
Count rates of 22U and ?*°Pu isotopes in individual plutonium particles and determined
ages.

Particle no. Counts s~ ! Determined age (y)
235U 239Pu

1 37.2 + 3.0° 65004 + 717° 457 + 2.74°

2 346 £ 13 21130 + 254 10.14 4+ 3.76

3 67.4 + 3.9 243117 £ 1743 533 + 0.89

4 326 £12 24031 £ 192 3.66 + 3.16

5 343 £ 23 113667 + 1067 127 + 1.22

6 271 +£ 1.2 19027 4+ 207 Not determined

7 631+ 15 218979 + 1582 5.00 + 0.38

8 55.1 &+ 2.1 145323 + 1336 5.70 + 0.92

Reference age 5.98

2 The error represents one standard deviation.
b The error represents the expanded uncertainty (k = 2).

plutonium particles with an age of 35.9 y [6]. In a previous paper [7],
we analyzed individual plutonium particles with a younger age (3.9 y)
and determined the ages with the relative expanded uncertainties
within 12.3%. In these works, 24?Am/?4'Pu ratios were measured after
chemical separation to calculate plutonium ages. In the present study,
we analyzed 24°Pu/?5U ratios for age determination, since the use of
241 Am /241 Py ratios was impossible due to the isobaric interferences
between 2*!Am and ?*'Pu in ICP-MS measurement without prior
chemical separation. The longer half-life of 24°Pu than 2*!Pu leads to
the production of smaller amount of 23U than ?#'Am. This is a reason
that the uncertainties are worse than those in the previous studies.
However, the technique in the present study is simple, rapid and
suitable for routine analysis of a number of particles because no
chemical separation is necessary.

4. Conclusions

In the present study, a simple technique by ICP-MS without prior
chemical separation was developed for the age determination of indi-
vidual plutonium particles. The use of 2*8Pu/?#U and 2>°Pu/?*U ratios
was not suitable for age determination because of the contamination
of natural uranium during the process of sample preparation. In con-
trast, the ages calculated from the 2*°Pu/?3°U ratios corresponded to
the reference age (5.98 y) within the expanded uncertainty (k = 2).
However, the uncertainties were worse than those in other studies
which determined ages from 24'Am/?4'Pu ratios after chemical separa-
tion. This means that the developed technique is effective to analyze a
number of particles with moderate uncertainties. This advantage is
useful for the measurement of samples with a mixture of plutonium
particles having different ages, which is especially important in a field
of nuclear safeguards.

Table 5
Count rates of 225U and 21°Pu isotopes in individual plutonium particles and determined
ages.

Particle no. Counts s ! Determined age (y) Particle no. Counts s~ ! Determined age (y)
234y 238py 236y 240py,

1 9.7 £+ 0.6° 3820 + 36° 836 + 3.78" 1 9.7 £ 0.7° 15593 + 164° 551 + 0.83°
2 32+04 4176 4 40 045 + 0.17 2 25+ 07 5084 + 66 4.16 £ 2.16
3 318 £ 1.6 4297 + 31 5.97 + 0.96 3 369 + 3.1 58461 + 445 5.66 + 0.88
4 39+ 03 3995 + 45 1.62 + 0.53 4 3.6 + 05 5773 £ 32 534 + 1.56
5 163 £ 1.6 2250 + 29 Not determined 5 171 £ 1.7 27331 £ 296 5.59 + 1.04
6 32+03 3454 + 74 Not determined 6 32+08 4579 + 28 5.99 + 2.76
7 296 + 1.0 4572 4+ 27 430 + 0.41 7 296 + 14 52668 + 374 5.01 + 043
8 18.7 £ 0.7 4436 4 33 3.24 £ 0.50 8 21.7 £ 2.7 34946 + 359 5.54 + 1.19
Reference age 5.98 Reference age 5.98

2 The error represents one standard deviation.
b The error represents the expanded uncertainties (k = 2).
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2 The error represents one standard deviation.
" The error represents the expanded uncertainty (k = 2).



72
Acknowledgments

This work was performed under the auspices of the Nuclear Reg-
ulation Authority, Japan. The authors wish to thank Mr. T. Onodera
for sample preparation, Mr. Y. Takahashi for ICP-MS measurement,
Mr. N. Kohno and Mr. T. Watanabe for particle production.

References

[1] K. Mayer, M. Wallenius, Z. Varga, Nuclear forensic science: correlating measurable
material parameters to the history of nuclear material, Chem. Rev. 113 (2013)
884-900.

[2] M. Wallenius, K. Mayer, Age determination of plutonium material in nuclear
forensics by thermal ionisation mass spectrometry, Fresenius J. Anal. Chem. 366
(2000) 234-238.

[3] Y. Chen, Z. Chang, Y. Zhao, J. Zhang, J. Li, F. Shu, Studies on the age determination of
trace plutonium, J. Radioanal. Nucl. Chem. 281 (2009) 675-678.

[4] D.L. Donohue, Strengthening IAEA safeguards through environmental sampling and
analysis, ]. Alloys Compd. 11 (1998) 271-273.

[10]

[11]

99

F. Esaka et al. / Microchemical Journal 118 (2015) 69-72

[5] D.L. Donohue, Strengthened nuclear safeguards, Anal. Chem. 74 (2002)
28A-35A.

T. Shinonaga, D.L. Donohue, A. Ciurapinski, D. Klose, Age determination of single
plutonium particles after chemical separation, Spectrochim. Acta B 64 (2009)
95-98.

Y. Miyamoto, F. Esaka, D. Suzuki, M. Magara, Precise age determination of a
single plutonium particle using inductively coupled plasma mass spectrometer,
Radiochim. Acta 111 (2013) 745-748.

M. Wallenius, G. Tamborini, L. Koch, The age of plutonium particles, Radiochim. Acta
89 (2001) 55-58.

C.G.Lee, D. Suzuki, F. Esaka, M. Magara, T. Kimura, Combined application of alpha-track
and fission-track techniques for detection of plutonium particles in environmental
samples prior to isotopic measurement using thermo-ionization mass spectrometry,
Talanta 85 (2011) 644-649.

D. Suzuki, Y.S. Kokubu, C.G. Lee, F. Esaka, M. Magara, T. Kimura, Isotope ratio analysis
of individual plutonium and uranium-plutonium mixed oxide particles by thermal
ionization mass spectrometry with a continuous heating method, Chem. Lett. 41
(2012) 90-91.

F. Esaka, K.T. Esaka, C.G. Lee, M. Magara, S. Sakurai, S. Usuda, K. Watanabe, Particle
isolation for analysis of uranium minor isotopes in individual particles by secondary
ion mass spectrometry, Talanta 71 (2007) 1011-1015.

6

17

8

[9



Applied Radiation and Isotopes

Applied Radiation and Isotopes 96 (2015) 52-56

Contents lists available at ScienceDirect

% ppplied Radiation and
Isotopes

Applied Radiation and Isotopes

journal homepage: www.elsevier.com/locate/apradiso _—

Direct isotope ratio analysis of individual uranium-plutonium mixed
particles with various U/Pu ratios by thermal ionization mass

spectrometry

=
@ CrossMark

Daisuke Suzuki *, Fumitaka Esaka, Yutaka Miyamoto, Masaaki Magara

Research Group for Analytical Chemistry, Nuclear Science and Engineering Center, Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki 319-1195,

Japan

HIGHLIGHTS

e U-Pu mixed particles with U/Pu ratios of 1, 5, 10, 18 and 70 were produced.
e U and Pu isotope ratios were determined by TIMS for particles without prior chemical separation.
o Accurate values were obtained for all isotope ratios, except the 233Pu/?3°Pu ratio.
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Uranium and plutonium isotope ratios in individual uranium-plutonium (U-Pu) mixed particles with
various U/Pu atomic ratios were analyzed without prior chemical separation by thermal ionization mass
spectrometry (TIMS). Prior to measurement, micron-sized particles with U/Pu ratios of 1, 5, 10, 18, and 70
were produced from uranium and plutonium certified reference materials. In the TIMS analysis, the
peaks of americium, plutonium, and uranium ion signals were successfully separated by continuously
increasing the evaporation filament current. Consequently, the uranium and plutonium isotope ratios,
except the 238Pu/2*°Pu ratio, were successfully determined for the particles at all U/Pu ratios. This in-
dicates that TIMS direct analysis allows for the measurement of individual U-Pu mixed particles without
prior chemical separation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

[sotopic compositions and elemental abundances of nuclear
materials are employed as characteristic fingerprints to identify
nuclear activities for nuclear safeguards and forensics (Donohue,
1998; Mayer et al., 2005; Wallenius et al., 2007). In particular, the
characterization of individual micron-sized particles in environ-
mental samples taken at nuclear facilities is useful for revealing
undeclared nuclear activities. For example, analytical methods to
determine plutonium isotope ratios in individual particles have
been developed with thermal ionization mass spectrometry
(TIMS) and inductively coupled plasma mass spectrometry (ICP-
MS) (Esaka et al., 2010; Lee et al, 2012; Miyamoto et al., 2013;
Shinonaga et al., 2009; Suzuki et al., 2012).

Continued use of uranium-plutonium (U-Pu) mixed oxides as
fuels for commercial nuclear power plants is expected. Therefore,
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several analytical techniques have been developed to characterize
U-Pu mixed samples (Esaka et al., 2011; Lee et al., 2012; Ranebo
et al., 2010; Suzuki et al., 2012), which are also important for nu-
clear safeguards and forensics. In several cases, complex chemical
separation processes must be conducted prior to analysis of the
uranium and plutonium isotope ratios in U-Pu mixed samples
with TIMS and ICP-MS. In previous works (Lee et al., 2012; Suzuki
etal, 2012), we developed a technique using TIMS for isotope ratio
measurements without prior chemical separation, and we applied
it to the analysis of individual U-Pu mixed particles with a U/Pu
ratio of 1. In this technique, the peaks of americium, plutonium,
and uranium ion signals were successfully separated by con-
tinuously increasing the evaporation filament current during
analysis. However, no measurements of U-Pu mixed particles over
a wide range of U/Pu ratios were performed. Raptis et al. (2013)
measured U-Pu mixed solutions with U/Pu ratios ranging from
0.1 to 100 by TIMS without prior chemical separation and accu-
rately determined the 24°Pu/?*°Pu and 24?Pu/?*°Pu isotope ratios.
However, the isobaric interferences of 24'Am to ?*'Pu peaks made
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Table 1
U/Pu ratios of mixed solutions and produced particles.

Mixed solutions Produced particles

Ratio® Uncertainty”
97 70 + 24
19 18 + 4
8.8 9.5 + 0.4
3.9 4.6 + 0.7
1.0 1.0 + 0.2

2 Values show the average of three individual particles.
P Uncertainty, which corresponds to one standard deviation of three ratios
obtained for three individual particles.

Intensity (counts) T
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Fig. 1. (a) SEM image and (b) EDX spectrum of a U-Pu mixed particle produced
with a U/Pu ratio of 1.

it impossible to accurately determine the 24'Pu/?*°Pu isotope ra-
tios. Furthermore, the determined 23°U/?38U isotope ratios were
lower than the certified values because of the isobaric inter-
ferences of the 238Pu to 238U peaks.

In the present work, we evaluated whether our analytical
technique could be applied to samples with various U/Pu ratios.
For this evaluation, we produced micron-sized U-Pu mixed par-
ticles with U/Pu atomic ratios of 1, 5, 10, 18, and 70 from uranium
and plutonium certified reference materials. For these particles,
the isotope ratios of uranium and plutonium were determined by
TIMS without prior chemical separation.

2. Experimental
2.1. Sample preparation

Uranium and plutonium certified reference materials (CRM
U-010, New Brunswick Laboratory, USA and SRM 947, New Bureau
of Standards, USA, respectively) were dissolved and used to pro-
duce U-Pu mixed particles (SRM 947 is currently supplied as CRM
137 from New Brunswick Laboratory, USA.). The plutonium solu-
tion was purified using an anion exchange on July 14, 2008, to
remove uranium and americium by the following procedure. After
adjusting the oxidation state to Pu**, solution was conditioned
with a mixture of 10 M HCl and 0.1 M HNOs as a feed solution. The
solution was loaded onto an anion-exchange column (MCI GEL,
CAO08Y, Mitsubishi Chemical Corp., Japan). A mixed 10 M HCl and
0.1 M HNOs solution was pipetted into the column to remove
americium, and then uranium was removed with an 8 M HNOs
solution. Plutonium was then eluted with a 1 M HCI solution. The
uranium solution was also purified to remove thorium, which is an
alpha-decay product of uranium, by the following procedure. The
feed solution, which was conditioned with a mixed 10 M HCl and
0.1 M HNOs solution, was loaded onto an anion-exchange column
(DIAION, SA#100, Mitsubishi Chemical Corp., Japan), and a 10 M
HCl solution was pipetted into the column to remove thorium, and
then uranium was eluted with a 0.3 M HCI solution. The purified
uranium and plutonium solutions were diluted to concentrations
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Fig. 2. Plutonium isotope ratios measured for individual U-Pu mixed particles
produced with U/Pu ratios of 1, 5, 10, 18, and 70. Dotted lines represent the ex-
pected values. These values were corrected for radioactive decay as of the mea-
surement date. Error bars represent the expanded uncertainties (k=2). Particle
sizes with length and width (pm) are indicated in the figure.

of 93.2 pug/g and 2.94 pg/g, respectively. The concentrations of
uranium and plutonium were determined by means of isotope
dilution mass spectrometry using ICP-MS. Relative expanded un-
certainties (k=2) of the uranium and plutonium concentrations
were 0.54% and 0.55%, respectively. The diluted solutions were
pipetted into five quartz glass beakers to form solutions with U/Pu
ratios of 1, 4, 9, 19, and 97. The total amount of uranium and
plutonium in each beaker was adjusted to approximately 50 pg. To
ensure that the uranium and plutonium solutions were mixed
homogeneously, the solution in each beaker was evaporated to
dryness, and the dried residue was dissolved in 4 mL of 8 M HNOs.
After evaporating this solution, the dried residue was dissolved in
0.2 mL of 8 M HNOs. The solution was transferred to a Teflon
vessel and then evaporated to dryness, leaving a concentrated
residue in a small spot; this dried residue was dissolved in 2.5 pL
of 8 M HNOs. The solution was pipetted into a small quartz test
tube and then evaporated to dryness. The test tube containing the
dried residue was heated at 700 °C for 20 s to calcine the residue
for conversion into its oxide form. After cooling, 10 pL of n-dode-
cane was added to the test tube, and the calcined residue was
pulverized with a quartz glass rod to produce particles. After the
addition of 90 pL of n-dodecane, the test tube was placed in an
ultrasonic bath for 5min to disperse the particles in the
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Fig. 3. TIMS signal profiles of m/z 239 (upper) and m/z 241(lower) in a U-Pu mixed particle with a U/Pu ratio of 1. The peaks of the americium and plutonium ion signals
appear at currents of approximately 1000 mA and 2000 mA, respectively. Accurate 4'Pu/?*°Pu ratios were determined by calculating the isotope ratios using signals above

1400 mA.

n-dodecane solution. The suspension (2.5 pL) was pipetted onto a
Si planchet with a diameter of 25 mm (Nihon Exceed Co. Ltd., Ja-
pan). The n-dodecane solution on the Si planchet was evaporated
to dryness, and the U-Pu mixed particles were then obtained on
the planchet.

2.2. Measurement

The Si planchet containing U-Pu mixed particles and eva-
poration filaments for TIMS were introduced into the chamber of a
scanning electron microscope (SEM; JSM-6700F, Jeol Co. Ltd., Ja-
pan). Individual particles were then picked up and transferred
onto the center of each filament using a micro-manipulator at-
tached to the SEM (Esaka et al., 2007).

The morphology and elemental composition of each particle
were determined using the SEM equipped with an energy dis-
persive X-ray detector (SEM-EDX). A 15-kV electron beam was
used to obtain secondary electron images, and a 20-kV beam was
used to conduct elemental analysis.

[sotope ratios of uranium and plutonium were analyzed with a
TIMS instrument (TRITON, Thermo Fisher Scientific, USA) equip-
ped with a secondary electron multiplier. A double filament as-
sembly with zone-refined rhenium filaments (Thermo Fisher Sci-
entific, USA) was used for measurement. During the isotope ratio
measurement with TIMS, the evaporation filament current was
continuously increased. This method was developed to measure
isotope ratios of samples with trace amounts ranging from sub to
several dozen picograms (Lee et al., 2012; Suzuki et al., 2012). Here
ions emitted from the sample were detected with continuously
increasing evaporation filament current. Then, a portion of the
signals was used to calculate the isotope ratios. In this work, the
current was increased up to 5000 mA with a heating rate of
100 mA min~!. For uranium measurement, signal acquisition
times of 23U, 2°°U, 236U, and 233U were set to 4, 4, 4, and 2 s, re-
spectively. For plutonium measurement, the acquisition times of

238py, 241py, and 2*2Pu were 4 s and those of 2>°Pu and 2*°Pu were
2's. Mass fractionation was corrected by measuring the isotope
ratios in the certified reference material solutions CRM U-350 (35%
235( enriched, NBL, USA) for uranium and SRM 947 (NBS, USA) for
plutonium. Mass fractionation factors for each isotope ratio were
calculated from the measured ratio and the reference data as
shown in the following equation:

mass fractionation factor= R¢y/Ry (1)

where Rcy is the certified (expected) value of isotope ratio, Ry is
the measured isotope ratio value. All isotope ratios data reported
below in this work were propagated uncertainties accompanying
with the mass fractionation factor.

Ratios of U/Pu in the produced particles were analyzed using a
high-resolution ICP-MS (ELEMENT 1, Thermo Fisher Scientific,
USA) equipped with an Apex-Q desolvation system (Elemental
Scientific Inc., USA). Individual particles were picked up and
transferred onto each small piece of Si wafer with dimensions of
5 x 5 mm (Semitec Co. Ltd., Japan) using the SEM. The particles
were dissolved with an 8 M HNOs solution. After dissolution, the
solution was conditioned in a 0.81 M HNOj solution for the ICP-MS
measurement. The U/Pu ratio was obtained from the signal in-
tensity ratios of 23°U and 23°Pu. The difference between U and Pu
sensitivity was determined and corrected using a mixed-calibra-
tion solution of U and Pu. This calibration solution was prepared
from weight-controlled Pu (SRM 947) and natural U solutions. The
238y/239py atomic ratio was 126.5, and the relative sensitivity
factor of Pu/U in this ICP-MS measurement was 1.055. The details
of measurement conditions used for ICP-MS are described in our
previous work (Esaka et al., 2011).

3. Results and discussion

Table 1 lists U/Pu ratios of the produced particles. Three in-
dividual particles for each U/Pu ratio were measured. The U/Pu
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Fig. 4. Uranium isotope ratios measured for individual U-Pu mixed particles pro-
duced with U/Pu ratios of 1, 5, 10, 18, and 70. Dotted lines represent the certified
values issued by the supplier of the certified materials. Solid lines represent the
expected values calculated by considering the certified values and contribution
from the alpha decay of 2*8Pu, 23%Pu, 24°Pu, and 2#*Pu isotopes. Error bars represent
the expanded uncertainties (k=2). Particle sizes with length and width (pm) are
indicated in the figure.

ratio values of the produced particle are averages and standard
deviations of three ratios obtained in the measurements of three
individual particles. The U/Pu ratio for the particles produced with
a U/Pu ratio of 97 was low compared with that of the mixed so-
lution. Other U/Pu ratios for the produced particles were in good
agreement with those of the mixed solutions. Although production
of the particles with a high U/Pu ratio (i.e., ratio of 97) required
further examination, production of the particles with U/Pu ratios
of 1, 5, 10, and 18 was successfully accomplished. The U-Pu mixed
particles with U/Pu ratios of 1, 5, 10, 18, and 70 were used for
isotope ratio analysis in this work.

Fig. 1 shows an SEM image and an EDX spectrum of a U-Pu
mixed particle with a U/Pu ratio of 1 on a filament. The EDX
spectrum has the peaks assigned to uranium and plutonium in
addition to those attributed to carbon, oxygen, and rhenium. The
carbon and rhenium peaks are from the surface contaminants and
evaporation filament material, respectively. The EDX spectrum
indicates that the particle contains uranium and plutonium, as
described in Ranebo et al. (2010). Oxygen signals obviously ex-
ceeded background levels, and were detected from the particles,
but the quantitative evaluation of oxygen ratio to metals could not
be carried out.
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Fig. 5. TIMS signal profiles of m/z 238 for U-Pu mixed particles with U/Pu ratios of
1, 10, and 70. The peaks of the uranium ion signals appear at a current of ap-
proximately 3200 mA.

The isotope ratios of 24°Pu/?*°Py, 24'Pu/?*°Pu and 242Pu/?*°Pu
measured with TIMS are shown in Fig. 2. Here three individual
particles were measured at each U/Pu ratio. The expected values as
of the measurement date were calculated from the certified values
of the reference material by considering the radioactive decay of
plutonium isotopes. All isotope ratios correspond to the expected
values. The relative expanded uncertainties (k=2) for the
240py /239py, 241py/239py, and 242Pu/>*°Pu were less than 3.8%, 12.3%,
and 9.1%, respectively. The U-Pu mixed particles contain >4'Am
from the beta decay of 24'Pu because the plutonium solution used
to produce the U-Pu mixed particles was purified about five years
ago. 41Pu/?*°Pu isotope ratios higher than the expected values were
obtained with the direct analysis of U-Pu mixed particles by a
conventional method using secondary ion mass spectrometry in our
previous work; this was because of the isobaric interferences of
29Am to 2Y"Pu peaks (Esaka et al., 2011). In this work, accurate
241py/239py isotope ratios were obtained for all particles. Relative
deviations of the obtained 2#'Pu/?*°Pu ratios from the expected
value were between —4.0% and 8.2%. Fig. 3 shows the typical signal
profiles of m/z 239 and 241 obtained for a U-Pu mixed particle with
a U/Pu ratio of 1. The signal profile of m/z 239 assigned to ?>*°Pu
shows a peak at a current of approximately 2000 mA. There were
two peaks at approximately 1000 mA and 2000 mA in the profile of
m/z 241. The latter peak could be assigned to 24'Pu, because the
peak position matched with that of 22°Pu. The former peak could be
assigned to 24 Am, which originated from the beta decay product of



56 D. Suzuki et al. / Applied Radiation and Isotopes 96 (2015) 52-56

241py, Accurate 24'Pu/?*°Pu ratios were determined by calculating
the isotope ratios using the signals above 1400 mA. A main reason
of the peak split is the difference in the vapor pressure between
americium and plutonium. Since americium has systematically
higher vapor pressure than plutonium (Honig and Kramer, 1969),
the Am peak appeared at a lower temperature, i.e., lower eva-
poration filament current.

Fig. 4 shows the isotope ratio results of 234U/?38U, 235U/?38U,
and 236U/238U measured for three individual particles at each U/Pu
ratio. The expected values in Fig. 4 were calculated by considering
the certified values and amounts of 23*U, 23°U, 23°U, and 238U
isotopes produced by the alpha decay of 28Pu, 23°Pu, 24°Py, and
242py jsotopes, respectively. As shown in Fig. 4, all uranium isotope
ratios are in good agreement with the expected values. The re-
lative expanded uncertainties (k=2) of the ratios were less than
3.5% for 22°U/?38U ratio and those of the other ratios 2*U/?38U and
236y/238y, called as minor isotope ratios, were less than 54% and
40%, respectively.

As shown in Fig. 4, the uranium isotope ratios were successfully
determined without obvious isobaric interferences from 2*3Pu. The
238py originally contained in the SRM 947 solution (0.29 wt% in
abundance ratio as of Oct. 1971), and included in the particles
measured in this work (>*®Pu/?32U atomic ratios; below 0.0022).
Contribution of this 228Pu to the uranium isotope ratios was less
than approximately 0.2%. This contribution was small enough
comparing to the expanded uncertainties accompanying with the
determined uranium isotope ratios. The influence of 2*®Pu on the
results of uranium isotope ratio measurement was negligible in
this work. In U-Pu mixed oxides as fuels for commercial nuclear
power plants, an assumed maximum ratio of 233Pu/?*3U in the
fuels is estimated to be approximately 0.04 (Aggarwal et al., 2007;
Karande et al., 2010), which is 20 times larger than those of the
samples measured in this work. Typical signal profiles of m/z 238
in the particles with the U/Pu ratios of 1, 10, and 70 are shown in
Fig. 5. The peak for the uranium ion signals appear at a current of
approximately 3200 mA, and uranium isotope ratios are usually
determined using the signals above 2900 mA. As shown in Fig. 3,
the peak position is different from that of the plutonium ion signal,
which appears at approximately 2000 mA and decreased to
background levels at the 2900 mA. Therefore the direct determi-
nation of uranium isotope ratios would be possible without ob-
vious isobaric interferences of 2>3Pu even though the sample has a
238py /238y atomic ratio of 0.04. In previous works, we determined
the isotope ratios of 2>®Pu/?3°Pu for individual U-Pu mixed parti-
cles with a U/Pu ratio of 1 and 23®Pu/?*®U atomic ratio of ap-
proximately 0.004, and the particles were produced from CRM
U-500 (50% 23°U enriched, NBL, USA) and SRM 947 solutions (Lee
et al, 2012; Suzuki et al, 2012). In this work, the **¥Pu/?*Pu
isotope ratios could not be determined because the 238Pu peak was
overlapped by the tail of the 2*3U peak. The particles with high
238py 238y ratio are available for 2*®Pu/?3°Pu ratio measurement
under the condition on the heating rate of 100 mA min~'. It may
be possible to separate the peaks of Pu and U by applying a lower
heating rate. However, it would decrease signal intensities, which
leads to larger measurement uncertainties. For isotopic analysis of
the 238Pu/?°Pu ratio in a particle with a low 23®Pu/?38U ratio,
additional pretreatment, including chemical separation of ur-
anium and plutonium, prior to TIMS analysis is required. The de-
termination of 238Pu/?*°Pu isotope ratios in individual U-Pu mixed
particles by TIMS without prior chemical separation has the po-
tential to be a powerful tool for nuclear safeguards.

4. Conclusions

The isotope ratios of uranium and plutonium in individual
U-Pu mixed particles with various U/Pu ratios were analyzed by

TIMS without prior chemical separation. Consequently, uranium
and plutonium isotope ratios, except the 22®Pu/?3°Pu ratio, were
successfully and accurately determined for all examined particles.
This indicates that this analytical technique can be a powerful tool
for nuclear safeguards and forensics. For the determination of
238py/239puy isotope ratios with low 238pu/?8U ratios, a combina-
tion with pretreatment, including chemical separation of pluto-
nium and uranium, should be recommended to reduce the overlap
of the 2*8Pu peak by the 233U peak tail. For particles with sufficient
high 238Pu/?38U ratios, the 238Pu/?*°Pu isotope ratios in individual
U-Pu mixed particles can be accurately determined without any
pretreatment.
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