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b Z 2 (UF,) DIRBEIZ/2 D, ZDORTZ AT T ATHRIMEN () 56°C) 722K 5
[ZHARNCT D2 ENTE, 3D BEHEIC L DB E N ATREE 725, 3 O B KD IEHE
%, N7 AT T (UF) 1, MK FRIZED (UOLF,) E720 ST, TUE=T KED
FOGIZED(NHY,U,0; £72%, D, KFIBICIZEY ZE kY7 (UO,) B RIZT D,
ZOMKRIFTBEZED LIV TRUy MRICS I, B E ICFREII TR FF A OBREE
EiRERD,

PERD /=T A I NVHTETIE, VTR DORINLIRE DO A ZRIELTEY, H1k
DT RIRUT AREMEY T EiRMEY 7 b Wolo PV ST R TR
DIVTWDY T DIRMEEDENE X BT HZENFIRE Th o7, — . RS HTE
ZRWHZEIZED, EIRDISIZRICRIRT T THY IV ARA T — S —F D
T TR D BALE T2 T T DB DI T AN S IN T T T D
XATHZENFEEIC Db DEHIFFSNA, Fiz, BIEV 7L TH, EDERED
TR THOITNDT T 2O Z X AT HZ LN REIZR Db D LRSI,

S RIOFER ML, FhL T ORFEZBBLFHTEL CThdE, RARVT (T7vFERL)
XU T ARA T — =X RINT T (T FEDHY) Bk 7 (TvFR7RL)
BLORMEY 7 (7yHRH0) XU T RERRE, Hby 70 (T7yFERL) BLOYRE
7N TyRRU)IFRFIF COMERRI#ZOBEHIER T 260 EBZ 2615, L)L,
SEIOFIETE, VAL FEFBEREETITDNSRW D | EOEREO T
BTHbON DT NETEHETLILIREETH 7o, 5% LM AR EE
ZEDINERIATIEORFIZLY | LOFEMZRRE T THEEBN O NB LT ~DHTEN AT EE
(272D S ND,

2.4. k&

PLED I, RIRFTIX, 8 & ORLF O ZIRE 715 RKSTE 714, R 5T,
TRV T BLORNAR L 3T 21T 0 — DO ITiEZ L, ThEThoy Ty
R F- DR EZADDNTT HZENTEIZ, 7035, S EIDFERNOITRLT-DFAR D Z 7>
OIRF IHEENZHEE TDZLIIWEE ThH o722y Nl (Rrl27 v ) AT LRI L
ST EDOEDHIETED | KA ORIERDOHEED ATRE TH LI LD RSN, R
TARICBIL T, SHICEL DR F 3T 52 LICkV T =2 2E 5L T R+
FEBOHEENZDIRDDH M BB B/LN b D EHFFEND,



3. ST FiEE I EABR O B SR A

3.1. »v753#r (CLEAR)
3.1.1. FEfEFRIREEDITHY T 2 ISR DT LR E

IAEA RIEFHEREREI T OB Y 9] CEAL 14 4F) ) Bff > TETZ R R Ay
RE &5 (IDMS) D *°U 2A 7SR SR IR R IZ > TV
W7ol ZEZTHRUIANA VIR TR LT, 4 £ TO IAEA RIERE TOYZ
VEEMEOHIAZEIL 1%RETHD, T T, LI A A 7R E W TE Y
WO T BB LT RPN UN TS REL—ST XA ELT, FICH
FELTC AR INZ D FEEZTE R T DT RD720  FHA A% W= Z U [FRIAL
RATR AT DOEEREIT T,

O FWEIFE

#9U 1, NUCEF IZTHREEEHL CODEIRN O LU TERT 528U, 20
B0 AL VERIRIE NUCEF [ CBEICAA VA L5 U oL 0T BEDE
EEHEIMTOILTND, BEAEE 5 BT U A 7 IRIRE R G ESE T2, 4aM
R CENLIEL TT 7ar R MUCE L, IHANSAZRIREFI IR BE(22 ng/g) DEATE
% (2%F4% 100 mL) (ZFREILT-,

Q) ARAVIER DR E TT 15

F FHUSHRLL /=23 ZERIK I ICP-MS I & DI EN 2 D R B AL T
WVRWZ EERERR LT, U A XA Z¥RIRZ IDMS 129 & (0.1 mL) ZHD ., 2%FHER (2 A7
ML TICP-MS TAAVHREZRIEL,

WAL AR VN EMEIC T T B ERBECTEO0EREL, EEEHY
T CWBERIRT TR DOIEREYRIE 0.4 mL (Fa U7 8 4.5 ng) [IC A/ A JIEK
0.1 mL Z¥RANL72 IDMS 8UBHE A/ SA ZER IR I L CAREE, [HASA 7R IRIZ L
TESRABHERIL, IDMS (ZE-T *U BEERLT, *"U BERRY T ORI
Dz ANTRY T BICHE LT,

@ JAIERE R

F-3. LITHHUTTHILL 72 U ASAVERIR DAL L BEE TR T, A/SATEEIRDD
XV 7 RARD ARSIV, 7V =0 KR E ORI OIR NI HS o
77

-3. 1IZHTHARA T ANA T CENENERLTELZIRINLIZT T 8D HD
FEXHRZE (%) TRUTZ, FTANAV DE EfERITEEEHREEIVE T 0.33%5
DOEREIZL T 15 pg) ThHo7e0s, ANHEN S (95%1F 18 X ) O i N CH &2 H iR
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EL—Li-, ZOfRNL, SRIHEM LA AV ERESFEEIADNLDT T
EBOIICHWAZEICL, BARA 7O EEBRKBIIEEEHBEIVLEHT
0.87%m D (EEEIZL T 40 pg) THHZM, SR B+ BT 7 BRI
TECWAZENER CTET, ZOTNANATTTUREIZLTH 0.1 ng/g) 1%, BF
ICEVEBRLEEEORMBRELREIUKLbOLEE 2 DN, HYICEEE LT
AU, B EIOA AT 10 FLL EIZFES TR FIRE T, IEREZR AT SR HZLGE
BT,

3.1.2. AW GBER 1T .02 T v a=r 7 R R

ST GHIICBN T T T N N=0 D BT DA R B IR b
IRVEZETHY ., W BERTICAA L R T L E TR - i 570, [avTa=r7 )
EMEIENDYERIERE AT, BARHNIIAA AT T DB E O RS IR L HE A % |
g AR A B A CRIEIG IS, ZOMIRUAEFEICE ST, A4 U ZHWEBHEL T T LN
BEICRE L QWIS E DY 7 R0 B LR BEWIRS I T T LR ENNIIRD,
UIU i E DT R AT T BERSINZATZDITERED IR T EITOMELRH D, L
DAL ZONEREIZH DR H N7 B I REN, 22T, Z0ary s (va=y
TVEE DL EHEEERE T 5720, UT R E RO T AT T NN E
SN RIRBIC 72 D7 W R BE I R AL TE A E R ER LT,

O HBxHIE

AT AT T DT AR X 2HHYEH LTz, — HF OME S ETOFIE T T a=
YT EITOD, b — H OMME IR L LT FINETIT o7z, FB-3. 2158 FIEZ R T,
FIZBWT, 1T — B OIEEEERL, TONELFIEZTE L, (T2 FIEE
LLFIZR,

13514 LRE G O IR L BEE 4 3EIB2[ENIHG T,

2. —[BEOWEITHWDEEOES 2/3 [ZJHEH T,

3. B DB ~EBR T DRENTTEL T W RE OB B 5,
T VBREEDOFE CTOWEIT, BHEICREL QDAY T EREIRES 5720 DFIE
THDHD, IBVIBE DEENOK~DRE AR CHLRIBEODEDELNOEHFF TS
DTEME LT, 2 BVDFIETA T 43a=r T ULTIZ 752280 & 0.1 ng DALY
WIRETRL COT DA Ry B R AT o712 (K-3.28 %), 7V h=0 Ly BERRE
IZESTHRAT BT DT 0w RT7Z 0 72HERT D720, 7V =0 A0 IATH
ot EELTCERE: 2HEEBRTEIRIZTRERL | [CP-MS > CTAA LV IREN DL
EILFEDOFEEL, IDMS IZEWT T D7 a2 75 7 8&E2RIEL,

10



© HIERER

BoNle7 e RT 70 0w R-3. 3T, AT A a= U THEEE DRI T HT
ECEETREA2H ., 1 HOEZERRA Y 2.1 FRfd, O~ 33 KFIZE ST 52
EMHRT, T DT e AT S I HONWTCR, A FCOTFIETIEEXLT-54 . *PU
&5 0.200.06 pg THo7-DIZXL T, Bl LL75E TIiL 0.72+£0.44 pg &, 7’1
YAT T D30.5 pgBWEL RS TZ, BH OB TIE, AVA TR DORALL T Vb=
U LD BEERE NG ENDHTD . DIHEERE DT av AT T 1% 10~20 pg TH
Do ZOREBRCITNEZEICLD T BB RT T 00T BRI T HI LN TE
723, FOEIMEIIE ST OT T B AT T 7126 L TRELE RITSI2UVIEE NE)
STy BT AT RGO WTNIY T B3, LT me XTI &)
BT A H T, 2T, AT 4 a=r S OPIEITIE T ARICEEFEL TV
LA L S TEEHTR 0D MFEDPEI LT D2 o T — 1728 DR
FRENOIE M U ROV B R O D &EDEZ 528 THipg ERE Tldbd
HINELI DL DB bnD, fEETREAGEIRILL Thy I 07 vtR7 I 7 &lTE
LIEEDBIRNZ L MEERRIRH NEBB CELFRNBRENIEND, %I
ZOREBR TIT S T EIIE CAF L RN T LD T 4a=r T EIT0 fEEDRh R
bR BZEiCLT,

3.2. 775341 (NUCEF)
3.2.1. *PPutEE 43T O R E A EDO R

R EEREFRE DI B W TT V= AO RN Z B ST 52 81
HETHD, “Pu/Pu HiTbELD *PPu/*Pu X, D7V =7 LR FIF kD>
EERREHET D ETIEFITHE D TH D, “PulIfFTEEN NS, SHITHHTHERIE
R DIRA T D RIEEPU OFENRENTD | [CP-MS ZEE e E I E & 5T
EITE A TEP, affAT AN —IC IV Th L5, 163, ®Pu KBS T2 E
T AREDEDOHIL, BB - BRTA R B 1 OFRIR ORI 2%% VT a fRART B
OAN)—ZATW BERT V=D LY — I DRSO G0 FEEL L TE (LA
TS AT =V TIEERES) B EO Ry M VBB OB AT 2 L= H
FVE AT R CTEz, LU DRI SRS AT A 7 5B O (KSR DY m £o
TRY, ZLOHBEER T NVI=U LEITBIRE TH D=0, HEROH| WL T
Py OFFERENFIEE THDIZH b LT REEL TLEI RIREMEN AL TX T2, &
DI, HHT2 T *Pu DIEE 3T 2 FEhE T R E B B R T L7,

FT a FRARTIE AN —IZIORIE FTREL 725 *Pu DR E %, LRI EE/CHITE
G (a BHERD N7 7T RBIENGET *Pu OB TEREFEEE 4 X107 cps
(X-3.3%08) . o B HIROFEZNE 20%, HIEFFR 604.8 ksec, HIE ML 2508
FIE 20%) BEHLTZ, ZORESE, REEEHTZVD *Pu ORUEEEL Tidl mBg
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THY, BEELTK 0.001 pg THoTz,

T Nh= AT FEELUTRFIFN T *PU, 25U AR E L C M 78 SO A0 K
LCAERKRT D, 200, Ak T2 “Pu EiMho 7 V=0 LG EMHBEERED
D, FIT, ®pu BEHE T, ARENZ VY PPu BT *Pu ([ZHEARL,
[CP-MS IZL DMK NVE B DITNBEEZELILD *Pu/*PPu b K N P Pu B4 1S
IZHAWALZEE LT, BT 0.001 pg @ PPu DMEIET HIED 2°Pu/*Pu Fr J Y
“pu B RBIRIEFIF THLEEKER 7F (BWR) EMNEAER 47 (PWR)
[ZOWTRBERH E = —F (ORIGEN-2) 2 bHEH L, ZOBFREZ KA L LT (K-3.4),
ZORIZHBWT, BWREPWR TIZIZIZRICHRR CH D, ZOMIVARIOEE D5
AVTIEEEHF O **Pu &3 0.001 pglh E&7eh | HIEFRETHHZ 5T, LLEICE
57-X-3.4% FV\5 7 A FT I R L LT,

O W EEDOH MERERRBREL T G AV =27 IZBWTHEER T LR
=T ADE— I NS 7 3. 3BICEH LTV R ae r QCRUEH~REREY
(B A LT, EORER . ICP-MS I[ZXVEIE FIREZR **Pu/*PPu bb L TV Pu &L
72072 ENo. 30115-01 % (’No. 30115—02{Z 2\ Tt a #RAT AR
—|ZED PPu BB IEIZBW T ®Pu OB —Z 3 SN o7z, — 75 I E A RE
75 2Py /*¥Pu b K O Py B R L2 #ENo. 30115-03 K% (’No. 30115-04i2>
T 2Pu O EZSHZEMNTE, 25Pu/*Pu tLITHIFEEBLS—&L-, Z0R
BRIZED, Pu OREESHTICE T 2RI I L2 Y THAHZEN R TE, 5RO
R EEREREHOE A C& 2 RELEET,

3.3. U Rabe U R BRIRDQCHE T

P25 EIIIAEADLORIER B O 5T & £l 5L bz, TV RrE VR
BRI AR DQCREI O M2 EfE L 7=, ZORBRIL, Ko NI — 28T (NWAL) 235547
L7 IAEA {RIEH#ERERB OB EEOEHSCEEICHOWTRE WM 528
FEBEL, BECFEMAREEABEA O R —3 B2 % NWAL 23 ERS 3T 3 25088
ThD, TR 24 FEFEIZIABA 74— RECITh - R B E R R R O/ L7 4y
HrZB T 2HMEE IR W TEIEZEEL TEED LI NWAL OIEE) H#oO—ER
ThdH, KEZFRLXF—4E (DOE) 2 F D NWAL, B—L > RY T E L HFZEHT
(LLNL) &4 — 2V P ESEHFZERT (ORNL) 2N IAEA SO EFHEEZ T TU T 07 Lk
=0 LD B FENAR L D BEE DR MEM B 4 AT A7 I TE L CERE ST 3B 1R AL
L7z, ZORBR~DE[E D NWAL OB NNIEE THHA, 4 13 CLEAR & NUCEF
DOWSEEE T/ SV HTaATo>TNDO T, MR @ISz, IAEA 22Dk fFE
NIZBRERENLT 70 7 AV A 7 1308 GREVE 5 1) AT A 7330k GRUEFE B2~4)
ThoTe, IAEA [THESN T O ITERE MR L7 12 . B E B2 HlE 22
NWAL (2845 L 7=, CLEAR 725 UNINUCEFRIZIS 1T 5 04 il & BAFHE D > 5H O F8 56
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#ZLLUTH-3.51R LT, BIFHEIL LLNL 2NAFR LI EEYE OFRINE B L ONFNL
B THD, MF ORRZERIT T EEFHEDO IS (95%EEIXH) 2B EL T
W5, Fo, MIFHENE RSN TR E B IZOWTUINALARELE, 7T
Y DIFHTITEBNTIE, BEI2I2E N TOIE #U/*50 (1 X 107%) 2 IEMEIZ /8T
HIENWTEIRIoT2, U, 7SIV I BN TS E 4 O ICP-MS O HR S
(0.6 X 10°~1.2X 10 ZIEW2D TH D, ZD7 2D U FB5TREENF5<,
AR E R IEREICHHIE CE o T2 ENRREE 2 615, o, 7/VR=T AIZD
WTH BN EDY 0.01 pg AT OREZARISKTL Tk ICP-MS R R R Z FEl 57
B REHFICEE T DR R 228N TE otz EOREHIB W LY T
v EERE BIFHED DR HEDS (95%E FHIX ) 88 2 724G 137 B EEI—
LT, £/, CLEAR & NUCEF O s RIZ DN TH A DS OFiH N TR
—H LTV, 2 TOSHTREIOH|EZ CLEAR N O & 55 fEEE ICP-MS T{T->TW\W5%
DT, IHTREEE IR L0 EE L THOMERRITIKE T 208, DT EO EfRSS 7 R
BAT T EITACFESBEO R CIEETITIEA T OME S EME D ERE
BRI - FIEICEE L THRIET 5, S RIOERNOE iR ED 5 IS B O IHTHE
ZETA T HZEDHER TET, SHTEDIFFENOREIMTLEIMOD NWAL 23
REZTonsF, Fox OFERIFESLRLOTHY, IAEA DOOMIER72a A NI, ¥
T BDFEEL PU /P HICEIL TSN E ) S T,

TNR=D LR EIZOWNTLE OREBB HIFECIK—HT2DITH LT VIV &
[ZOWTIE, RENSOEFNHREIITHIFELVH K, CLEAR TiX 3% 2R,
NUCEF Tid %L | 18/ M2 RAEG AHEMNBEI N, 2O R R/ &
LCTRRO2OLHEEL ., HE - RFTEEELT,

HRD: ATA TS DR H U 7-BRIC— 80NN ICEFEL CLEST2,

R Q) : A7 REZEHMICE > THERAL QWD BT RKIFEOEEREM
DIRENEFRET D728 L TASAIIER D U R E DNVEH - Frdk ST
WHIRE (LT, BHRELRL T D) EEBEORE (LT, ERELER
9%) ORINARZENEL TLESTZ,

3.3.1. REHMENITFERGFT DU 7 &0 iR
AT AT FHENR A TSR, RAUATREIDN ORI D NE LTI T2 Vb=
T LNFRDRIREE DN D, ZDEGH-INE DLHWZ/2 A0 ERIE LT,

O© BIEHE

CLEAR ST FICEM SN TEX 4D DATATREZFNE NN AS TN ZED
WRON, ATA T HEHIE BRI QO —FWNAEIDO4RIZ 2 mL O 8M fEERZ AL TR
NZEVEE LT, SEIVEELT-RE —DICELd %, BF O IAEA (KEESHTTEELF
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BRIZ U AL 7SR RINUT, BB SRR E CRRAF A B & 0 R LUT- 1% | IRy
(Z2%FEER D ICP-MS SHTIATRICIRELL 72, WAICIZT T EBAITICE L E L
RIETIEE DBEDYFETLHE DR CQNRNEE X 770 DS HEIATO R 572,
FIL (R LA IRE R (IDMS) |2 ko TER LT “5U RL3BH ORI A4 I
Lo TR AR O S HHER TRy T T LT,

@ #EE

2T A F BB A S TWZIRRNITTRIEL TV T B2 F-3.41057 T, FROD
BIX7T 0 vRT T 7% LSIWIETHD, FHAL Wy T BT B O T &
7 0.04%~0.25%E FR i & T ->7-, CLEAR THMT LT L BB O 755E ($13%) 21
BT 2IHFEE=L WHIZIZT T DFERFEL TN ED AL~ T,

3.3.2. UTUMERERIR D TE ZEIHTICLDANSA VIR E DR SRR
O© BIEFE

—E BT R EBEA DO RIRT T UVRHRIZ *PU AL VR E WINL TICP-MS
BIEREZFREL, IDMS EICIVTY TV BEEESITLI, BONT-EEMEERARY
TR Dy B DFEEZ L LT=, CLEAR & NUCEF TIZ#72% U 23, 7Rk
ZRWTWEDT, TNEN TRERETTo72, CLEAR TOHIE HIEB L OO TR 5
DFEMNCHOWTIES. 11 EEBROIL,

NUCEF CiEEZBEE CEFL 5 JAERI-U4 L EUERTR (RIRUKR) 27
FEE— M2 0.1 ml(7 7 8EL T 10.36 ng) ZHEL , TOHIEE — D24 EIOQCH
BEOATIZAE L7 U IR MG RN AR A S 27981k % 0.1 ml (U &L T 2.28 ng) ZIRAIL
T IDMS #EHEERIL 72, 2 ICP-MS IZXDIEL . JAERI-U4 O E BT 21T-
77

@ AR

CLEAR Tld, IBANA VR Z AWT o LTIy 70 & EEIE, 7 B 7 AR B
BIOTZ &KL T 0.8T%E D Tho 7223, B —&KL7z,

NUCEF T, JAERI-U4 O UEEMEIT 10.25+0.03ng(2 0 ) THY, Az
JAERI-U4 ®OUE (10.36 ng) £HE_T LIKED THH720, R BEL &KL, 202
£, CLEAR, NUCEF EH1Z QC 3B 3 T2 L 72> U iRME RN A/ A 7 %
TROSERE LEHRE OB ITHEIT NI ER RS,

3.3.3. UL EICHOWVWTOMRFHE R
3.3.1%  3.3.2E0REELEH D . CLEAR, NUCEF EH127 5 D E &1 %
ZHBR DIV SHERNE EORRVIZ R ONDR0oT-, AT Rae R RSl
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72 NWAL DZ<ARERICHIRMELBIEOERERL TOBZ LN, SH RO
AFIEIATENDFR B HEbOLE BN,

3.4, =TV (SIMSTE)

TRAZ GBS (SIMS) BN ST 4 2V SHTEIL, T ar b Ty —
FHEEBEE &0 (FT-TIMS) {E&2 b2, RIBEHERESITICRB W TE B & E|
EHS TS, FT-TIMS {EIXFEFICEBE R FIETHHN, RFIFEICE 1R
BB BB O BTLEE DMEHE /R 2 L0 E ECICEERI 230 )0 D7 E O RE
WD, LML, BiEMEY 7 B2 R IR L DT T 52N TE D720, tREE
HE XD CTEERFIETHD, —H. SIMS EIF K COHRMF R 2 V8
EL7ZRN2 | FLRFR CORTLER I LONRIE DS AT RE THY | < OB T2 4
IZBWTEETHD, L, BiRMEY 7R ORI 2R B L OV B TE e
WEVHER RS ST,

AREFE T, ZOREERER T DI2DIIT N T 7 Ty BB TR DR %
SIMS AT EM I E DD TTIEIZ DWW TR R RS L ONERY A 730k 2 VTG
AT o2 TIVT 7T 7ETIL B E O END T VT 78N T T AT 7 il
D EETREMR H AR A TZTRN R . TV IRIR P Coy T T AZ 280,
HFFEEE CHE TEHINNTT D, ZOMIFOBIERICLY  BEWE % & b DAL
EERFEL, ZORIZENMBLE ST Z1TO, 22T, 7 VT 78Iy 7080%, FELT
BT H D 20 U OFEEIIEFT D700, TV T 7 v 7D 1238 5
ZEIZEY, BIRMEY T AL A ISR A - AT T D ENFREIC e D L T RS
Do

FPHEDIC, U T RN AREYEYE & TR, BB &7 L 7 7 b o8k
DOBAREFR T, VI R RIEEY)E Tho NBL CRM U500 (50%EAEY 72 ) |
U350 (35%iiEY 72) 35 LT U050 (5%iifEY 7o) 123 ENDHER 1pm, 3pm, Spm D
K5 EF TGS B T v /0~ =E 2l — %% F\ T 5mmx5mm DREXZD
Va R BIC#i 7=, 0%, vUaviR bl ranx iy D ran A AR A VERE
ML, BAREEBEISE LI LIV T NV LRICULT., 22T B TR FEHE DT AL
LAHIZBACIASD T2, ZOT 4N 2ET VT 7 Ty 7 HER (CR-39, C,H,;0,, ¥=F L
VTN )L B R TUNN = REAN IZEESE, 7, 14, 21,28 AR BEL-, £
D%, TNT 7 Ty 7 tas DA% KB LT N LER P IR LSy F o7
WERZHEL T~y ZOALF oy F o TR 7T VT 7 N o 7 fe H 282 BRI EE CHIESL .
TNENDRLF DRIARET VT 78Ty 78 OBRZR 7, M-3.6121%, #Hi#h iz
TR, T VT NI ol Ty LT DA TR LT, WP ok
BREE H UL BIL CEARBICT V7 7 b7y 7 B DN A BTz, 22T, 7V 77k
T8I, Bim b, TRoTkobinsg,
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@ 3 M(Us) _

14
234 =Z._.q:.(Z.107%) - . 23411y, x .
n(ocl 2T, U) 53 ( 10 ) d(U;0y) M(U505) AU - X - T

2

ZZTuon(aT, 2m, 2340) (X UKV AELET AT 7 hTv 8k @ 13RI FE (um),
d XV TACEMOBEE M ITEEE., A(B) 132U OFEEIE. X 1T 20U okt
HEHEBa/g). T IXBRFERFH TH D,

oL, EBEIZIE, 77730 BESN T T V77 vy 7 L TREIS VWG
BbdD, K-3.6DFEFRNOIOMMRELROTEZA, 21.1E6.5%THHI LN D
ot

WAZT VT 7 5T T LDBENOE % DU T KL ORISR ST ICESHET
DFNEZDOWT, U7 RNARIE W) E CTdhH NBL CRM USS0 (85%iEAEY 7 ) 3kt
ZHAWTHREZIT T, £T . ZOR T2 B L7 OV LAEIERL, TVT7 7Ty 7k H
28 (CR-3) IZHEESHCHHM, BELZ, TD%, TNV T7 7 Iy ItgsD 2z K
(b T R MR TPIZR L Tb Sy F o J A A T, (b F oy T AR LT
TNTrhTv It gRERL TR ST VAR O ERE DY, ENENDOT VT 7
N RS L2 Z AR R B LT, D%, L — =XV~ DR +2 5T
KREZIZT OV LEGIED | TR IRFRHEA Blov= 2l —%% VT,
INHDT v NIy raaxy s raa it ARG IRET T L CREHS LICEE
U7z 7V IE, SIMS IZE D RINLAR ELRIE OBRIZIT BV BRMLE NS 5720 | K
BT 7 X~ RAGALER (300W, 30 7)) Z L7z, X-3. 71207 Kt DT VT 7Ty
JDOEBEDOHERLUE, B-3.8121%, K-3.7OT7 V77 To 7\ n Lk &8 T
T AV LDOENLZ BNV B AT T AR R FE B S EICEE LI BREDOBEEL RUIC, [X-3.

NZIE, T TR IRILZ ORBIOETFBMETERELZORITO X ATV ERL

7o 728 XA UL, ERRINEEE 20 ka 200 # DI E e i CHUS L7,
ZNBORLTAZDUWTEDRNLAR LA TR 572012 SIMS E5 VT 7[R IR
HIEZIT T, HIESRMAIL, *D"(/(ZL‘/DDJ_EEF 15 kV, ZIRAFVINEBEIE 5 kV.
—RAF B 15 nA ThD, HIE DR REONTZD T RN IRL A K-3.101T7R
L7z ZORERND AE LW T O FHAZER B O RFEE L B<—E U7k 3
DEDIV, ARG RINBIZED, KRR T > FINAR R E N CE DT LD RS LT,

WIZ, ZOBARLI-FIBICLY, EBROSTEIEDOAT AT EL O 5t il 7=, K-
3.111CiE, RUATRE T OTT R F- DT VT 7Ty s LR T DE TS B X
WX ATV DB ZRm Tz, ZOINZL CREELT= T AL F- 12D T SIMS 128
DRINCAR L2 BB LTS B2 X -3.12, K-3.13 B LU -3.141R LT, 72, K
IZIXBZZBOTOIZT VT 7 Ny 7iEEZ FWIRWERD SIMS IEDOFERb o TRL
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7oo TP RELADRE R TIX, 3D SIMS ¥ETix *°U/APU [FINLIRERIE 0.0074~
0.038 DRI THoT=, —F7. TIVI7bT 72 AW FIETIE, 2°U/4U BN
0.0072~0.25 DT o7z, 1~ T, T T 7T rZ2 W08, K0EW 2°U/2U
FINLA LT 207 R 5 T CEHI LD RENT, [AIREIZ, BEIBORE R TI,
BEFRD SIMS HETIL #°U/PU RINLAERERIE 0.0061~0.017 Tho7=, —F . 7/ 77h
T 7% W FE T, 2PU/20 RIALREEIX0.0072~0.25 THY, L@ 2 u/**U
RN EH T 7R 2 T CEDLZEDRS T, 2, REICORE R TIL,
HERD SIMS 1T #5U/4"U RINAE LI 0.0078~0.07 THo7=, — . T T7hT
7% W= IE T, 2°U/25U [BIALAR X 0.0086~0.17 THY, ZOHEB IV E
BU/U RINLIR 2B 20 Z b T CE T,

PLEDIONZ, SIMS EORTLERERECTT V7 7 o 7R WD EZED, &k
a7 % LRI TELIEDURS NI, ZHu, B fihE oo nn5ndH
IR IRV R AT 5 L CIREE L IEFICEERETChIEE 2 LND,

3.5. /=T N GIHT AN (FT-TIMSIE)

553,42 TIL, SIMS IEOHILEBPETT A7 7 kT 7% AV IOV TR
BEATol, ZOT AT 7RI 2iER, OB RSHTELDMA S DEL A HETHS,
AREFTHEL FT-TIVS (28 C7 4y ar by 7 OibOIcT V7 785y 7% VT
UT kLT AL TIMS (ZXY RIGAR L AE 35 HIEICHOWTERAT AT 3Rk A
AW THREZITo 72,

(-3.15121%, BHSIT=T VT 7 bF 0 ) DBETR Uz, ZOXINCT VT 7 v
EICIB SN IZT TR F DO8FEHI W T, TIMS Z AW - Ef AR kI L0 [F
NARSI T EAT T2, VTR T2 EE LI R7 47 A M TIMS IZE AL, A4
(LEDEZEE| X AT T OBICLL F ORI L0 RE O R AR LA RIE L, $
T, ¥Re DIE BIRELBIEL RN BAA AT 4T A MO BEEE B A4 RE
TREN OFHEEEAT I, Re DIFHHELL T 100 mV LD IINTAA AT 4T A B
BIAEEEI L=, WIC I EEBIRRLIZObLIC, BEAEESN - R — g
L7 45 A NDEFER 100 mA/min OEST LT, 7 XA, &RAEORE
FHREAE =7y ETIZIVIRRIR S S AR — s T T A MO
fEEAY 5,000 mA [ZEET HETITolz, & RNLEOFESREEIL, *°U B8L0VU 1200
TIX 2.097 e, AT —[FNAED 20U KON ZPU oW TIED 4.194 F2 LT~
B RNAREE DBV T T — X% 57 ay 7iE T+ 528128057 (67 ay ik
IZOW TR 20 E RS REESROIL) , TIMS HEE D~ A/ AT A IEFR K
1%, [FNLAEEYEY)'E NBL CRM U350 (35% MY 7 ) Z [RARDOBET o521
FJOEUG LTz, U7 @ R FRE O RN Tt R 2 X -3.161T7 3, ThF1X
U B E L RIVERK CTHY | No. 8 D 1R FIZ 2V TTHKI 4%DIKIEMEHLAR ThoT,
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RIRRRRD 7 D& TRNLAR L OE I TEREHRIZ B W TR W— B2 R L, o EE &
BEMETEDIZENTE, ok, TV 77 oy 72 AV SIMS 1 CR—OREHE
LTRSS ClE, RBHMAROU T L BEESNTELT, 777 T 7% A
72 TIMS 34T CHIBHEEE D@\ 7 R 2 R IRAIC AT CEDTENRI NI,

72X, TINT Ty 2IEIL, T4y ar NIy ZEO IR CO FE T R A
VBEEETEETHLD, 5% REHEHE OO OFNRFELRVIHEEZZ B
Do

LRI EATT=T VT 7Ty 7L SIMS BL N TIMS OB EEE D T,
BUR D/ S—T 4 7V HHEO RS E TRICEED T, thd NWAL TEANED HIL
TWHEEESERE ZIRAA A E &I EEE (LG-SIMS) 1, R ERYITE T RE
ZAELTEY, HIRTOR AL, HIE S (10 ~ A 7uAi— LI GFRE) (8 ov T
KT DREETHHEICENLE—FEICHIEL CLEN, BONDENE O FEEE e
STLEIEVIRTEDHHIBNTH D, KL 77T 7 —SIMS IE, LG-SIMS {2k~
T INRL T AR FBE N B L OB HE Y 7 UM HBE 1135 D50 DD | il x DRI T2
Ty UTCRIE 5720 Bk 742 — &I E T AUV, FT-TIMS £, &
(RN LG-SIMS IZIEHUT BRE A B L CWLAMN, R IFE T+ B NMLETH
0. ZTDH%DORELOFBEDBEEFH->T TIMS HIEEITHOMLERHHT-60 ., FEF I
RE 230022 LV RIRED B D, K/ —T 4 7V HTE DA R -3.51CFED T, £
7o BECRL T ORIEL 5, S El, TV 7 78T 7% SIMS R0 TIMS EfEAEHhH
HZEZXY, R F COFRMETRH LIS, BT 7 RAE M ESE52 L
NTCET=, ZORESNE, LG-SIMS IZICE T 25D ThD, Lol Ik Fn e
SR W ICER RSN QD SR OFBRBEEL UL, T 77T 71z
DMV IR 1R HBE S DBGERRL T B 7 7 P L O AE TR E k757
HrORIBED B2 ENE 2 Hid, ZHUZED, LG-SIMS IZVEEd58E & EbND
AIREME D DD DY, TR DIBHES AT ICHE 2303572 8 OREITFR S D,

3.6. BEMIATIZIESL ORI E

PSIVG GIHT R =T IV T, BB O BN - RTALERIE D RILH D0, Hefk
BIITEESITICE - T BB O RNARERZ R EL TD, ZO72D , T4
DI E LD TR Z A TIARIIS E D000 TRNLEILRD, ZORE LR L
E'ETDHIET, Fl /I TN —T 4 7V T OFE T IEZ G528
IRIREET 2D, PRI BEBRBEAEI O T CIIF E TR O ERIC, 96 X ARAIETE
AL R AREEELFERAL WA,

TERTDILFR S AHIE R E IR DT RO, RRVTL DHEATAT |
WCERALTEEBIARIELZSE . V70 O T IRIEIX, 49 20 ng THhD, ZHETIZ
100 ng DRIRTZL Nl T EINTZATATEEL EIC 100 pg FTOERN BRSNS

18



BIZHOWTHIEL, 77 ORIEEICG 2D BIZ OV ML TEX 72, LL7ed3n,
24 FEFELIME, SR DI EITTHE A 100 mg A& T KBS IR ORI 2 T T,
ZDi=¥, 25 FEFEIX, 100 mg FREDOSRMBE LTZREHI W CHRIEL | HIERF O
EELFM LTz, U7, R EOBERNEHELW-D | IS La Y X fR
DT =TGR F F L72(U: 13.6 keV, Pb: 10.6 keV),

BIEFELEL T, #% 100 mg L7222 ORI 72 S L B KIESIRIZ  IREZ A X T iH
Fesn KISRZIREG L, AVAY BT T R L cb 02 L,

OB W HERE R A XK-3.1 7R T, §iE TR THDHEED 100 mg 17
TET 556 CThoTh, SRICBEL TULEmWVEBMEN GO, LALRA G, S H
TIREIL, FEFITEL<RY 1 mg THHIENG I -T-, Zhd, RIRUT DB A
25 Bq I[ZFHYT%, ZOZEND, SRETIEFITHE TR THLGE . 7 —r—
LOFFLIALAREED B ZTHDH 1 Bq # K& EEIDZVT % BRI mREMENRS
HZEWI D oTo, a P —_AA—=ZOR H T RR(300 s#IE)D, £0.1 Bq THHD T,
S, a = _AA=ZDRAIERER MG OE, BB LOUT OF ELGFT5
ZEilile,

3.7. FEREI DT

PR R OVNTAEA $REEEISNGEHE AT L | PRIRD B2 2308 AT I B35 R
R L, ZOBRIEEHE T 22 8ICED, SITEOE 0D B E L 21T E LR
BRAAT o7z, MBRNAEICOWTEB 1END3.6 BAZRINIZV, 725, i85 4/
DIHAEHEEFR-3.61TR7,

(1) EWNFEEHT
EPRNEREHZIOW T, 2SI BHET2ATA T 28 —F 4 VST HET2AT A
DM EATWVHRE LT,

(2) TAEA #RHLESFEN T
IAEA OIS ILZEANAFE O S HTIZ OV TIE, VI GHTiET22 AT A4 X
—F 4 VAIHTIE (SIMS 1) T29RT A OS5 21TV LT,

3.8. RIEHE R RE I R DA

YRk 25 A 11 H 5 H~8 BICEEER T-/1# (IAEA) DA CRMES 2 RIE
HBEDTDD/X—=T 4 7 VT T 28 S A NWTHEL | 2 S—T 1 7 VAT it
[ZDOWTDJRF F1 B OWFZE B R R L OB DWW TR 358 EbIc, 142
FEOEARIER LR LBIEEOERICEH 5L, REEITIEL IAEA Ok
U — 75T (NWAL) LU TRRE SIVIRIEHF B R EA B O 21T > TWD 70
(B, K, 25, & (L, (EVU) , Z) OBFFERTONREE . NWAL ITFRESNATZH D
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Bz =i Cn5 2 HE (5, ) OFFEFTORETE KO IAEA BAfRE LY 52
AISHE LT,

PR—=T I N HHEE, R IR BV CREVICIV TR 7B LR (RD
ATHED IZHONWT, ZOHIZE ENAHE % ORLFH OZEWE DRINAR A RIEL |
X 2RI DR B ETEEN A RN T HIRIEHE G Wi FIETHD, BIE, ZIRAA
VEESHT (SIMS) IE R Y7 g ar b Ty y — RiEEREE &8 (FT-TIMS) E0 —
O FETHI T OITODD, lHF EHZIENF R KR R R3HVFE R
RHFETHD, Fo, RE T, FELTHE SO EH THHAINL TW D EE &7 fF
RED SIMS #E& (LG-SIMS) 23, IAEA, &, M1 (EU) . ZOSHATIEASHAHWG
TS, JRT & ClE, ZIVE T SIMS IEB LN FT-TIMS B IZ DWW CREX S L
Tt EML TETEY, N\WAL OF T EEWREEIZR-L WD, 5 H%HI0
B CEE AR R EIE B2 QK202 LG-SIMS #EE OB AL REFIZAILT
VSILERHDEDEEZ ZBIND, SEIOERE TOEREROABTIILLTOEY TH
R

O NWAL Oo7# V7 ¢—=arba—/(QC) : IAEA OF —HfETHYSE LY, &
NWAL OELZHEHB I QC 3B TG R O i 3 KOV AT ICE L7 R D
WCOHRED DTz, BEREIOPERERIZOVTIL, & NWAL EHIZIERFIZRL
— LR BELNTNDEDT —H0RENT, 72720, FT-TIMS JEIZLA55HT
DOEEBIOERSNIVENTEY, SIMS ELRISEEREORKELZHL TWALOOD
U OREIZHDW I EBOR B HHEDZETH-T-, QC FHEHZIBAL TiE, K%K
77 (NU) &gty 7 (HEU) OB EE O RS 1110 xf 1 OFELO 5347 &
IREDVNRE S, R I ORE B CIE, HEU K2 H TE QW RNZEivREn
77. ZAuZ., > NWAL 728 Automated Particle Measurement (APM)EREIXZILS SIMS
HoBEBBIEY 7N =7 % AW TELORLFZ 5T L TWDOIIRT L, JR T T &
TIEFETONL COD7O B ERLF I AR ESNDZENMRERER LS TND,
SIMTICEE T AREICEAL T, BRI EGE SV CETERY, IAEA LLThHimEL
TWAEDZETH-T-,

@ SIMS JEICED53HT: TAEA, &, 1 (EU) . ZEOMFFEE NG, EE B ERRED
LG-SIMS % =35 A IR E R O O A A AN LD E NI EIEHERRS AL, LY IERE
RO TELZENRES N, SHIZ, M (EU) DMFFEE D H1E. LG-SIMS H D
APM V7 7 =7 DBAFE R DOV T OIE DSz, 1T I Tl R fiFae
D SIMS ZHWTWAHLDO D, B BAMEEEIEE T CU TR DA 2B IR THY H
THATABAFEL . DA A NI ELHEFRL TLG-SIMS IZPEHiT 2 EfMES TOH
EIZRPIL D, — 7, Eakd HEU KL+ O FENCBIL €, HIEE OIL, 7V 7787
v 71EE SIMS M AG YT 7 EZRFEL | $hERAIZ HEU K2/ %0 - /i TF
HZEEMELT, ZHUZ DWW IABA S B OB ZEHAEI~O@EHZF 55, =
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AN T T, Ak IE, APM Y7 =7 2RI L2 o HHiEIC DWW S =B R %
THOTETHD, ZHUTEEL T, M (EU) ORFZEE LRFFEH IICOWTEEL AW, #
ok A AN SR Aoy

@ FT-TIMSIEICL DM FT-TIMS{EILSIMS AL VS E B LUK E L L EN
TWDD, FETBRE OO T IFE BT 5 S B ENBEMECTHDT=D, B,
K, T ALTORFESIN TS, HIEELIX, B IZBAZL7- FT-TIMS J£IZBIL T
A UTZ, LU, BEIRREFFEAMEIEL TWDT20 | J S HHRE T TAEA 7B 0H)
EMRIEZZITHZENTER, IAEA 613, RO HEZZea A M D
nic,

@ FHITE: ZNETR—=T A7V GH TR, EELTU TR O T T
DOILTEZ, %%, Pu MOX KL F-O G HTb BE THDH LTSI TWDHEOD
TEDHREESNOERFEITHEA TRV, HIRE DX, SIMS 1285 Pu 2 MOX K043
MricB i DR A EfEHLZ BT, RIS CRE L-FERE 7 IXAVEE
ST (ICP-MS) {EICE DB — Pu K1 D[RR b 36 L ORE AR EEIZ DUV TR
Irlie, KEOHEENFICHT (NRLDOBFFEE D HIE, SIMS ENEERE B0 5t 2 fH A
BRI EB OBRBIZOWTHEIBHY , Pu K7D OFRTREMHEIZ DU
TEmRSNT,

U EDIoiEme SEx, 19 HELAS % 2 FHOELAFABEB T o85EL
TERR U7, BEELE, SIMS JIE T TR AR En L, 2 OfE 2 OB % Bh H LTl
DI CREF- MR AT 72 ) (2T D T IED BRI O LB BN S 7=, £, BilE]
MOEDOREFEREE LT B F MRS ATIZE TR B UETHD, VT AL F DFER
BRI T 2280, BIROEH IT/2W0 A, IRIREL TR BV ETHL LB S SN
TW5, (IAEA. “IAEA Department of Safeguards Long—Term R&D Plan, 2012-2023”,
STR-375, Jan. 2013. M)
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4. J)—1 ) — AOHE S

B BRI (CLEAR) D 7Y — 2 L — ADTEEEE L. A7 ({L5 ) |
B U7 (Ham s ir) KON C U7 GREMRE ) 672, A =T OIFEEEITISO 77
A5, B U7 1L ISO 726, C =UTILISO V7T AT CThHod,

CLEAR OB EZHERF T 572010, NEREEHEFIE I ZED, Y FIEICHESX
LU FOEREEDEEELED ., 7V — 1 b — LN COEEZ BT - FBUEE K> TV
Do

- HEEEHEEE

- JU— b — A AR EEE
- JU—2 T —REHRWEEE
- W ANETEHE

- YU RIREE HEEE
- BRI EEE

CLEAR 2%, BEDEFREEHEB L E LBV TS, TORE L, 1E¥EEIC B
FEFIEANEFSEDZ LTI DB EL R T 2288 B EEBRICKNER
&5 B RIESS B H SR8 Thb, CLEAR TIXUL T2 EHRmBIEE L TED,
ZNEFHERIIZSEEL TD,

- TR R_RUFRITE (1[El/4)
- FFU R &E (1[]/24F)
o TR R_RUFR TR (1[E1/4)
- T—R-X_XUFTgNE—)—r  (1[E]/HF)
- FFU 74 2—)—/ (1[81/24)
- THEEREIERER (1[=1/4F)

B HERL CNAZ)— b —bDOTEEERIEDORE RA2X-4. 11577, A )70
BEEIL, BRI+ 2MEL B E X R AR TS, RIS, B =70
BEELREF CThHoIz, U EDZELY | MERESIFEROI)— 2 —LDiE
FEIT B ICRIZNCODIENDMND, Z7U—2 T —R R F OIF S EIE CHIF
VP \CBEE e I3 MEERE OTEEHEIL SO V7R 4 2R L TW5, MPERR
2 1L 2B DRI T- ZL DO HEIN D L) T=oha HE R R B B4 O 12 [B118 451
IXBTEEFE L HLBE L CRERZEAITARL, BAFRIREAHERF L TUV5,

MiAKE AN REma /) — N —LNOEOH LRI BB EL ., 22k
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B9 DRI T ZHHEL T ICP-MS THOML T, Zha=UT7 77 7L L TCnb, U7 D
TUT T IUEIL, 7= N — A BRI BN C T AT T 7 LR L TR
B2 ChoT,

R 25 I LT iE i E A BB E 9 A E¥E AR -4.112, FIZCLEARDIE
W IEERZATO IO E R LT B &« O O SREBHIEELR-4.21007 7, Znb
DERBFERIIE TR THoT,
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'

5. #&HVIC

5.1. FRL254E DTS

ST, BRI ORI IR OBRE L T, A ORLT 0O ZIRETE.
BTG R AT, TR~ T BIOENARE S 21T — B O 43 Hrik
ZEFL, AVAT B OYZ kLT 30 R I OWTRIEEITo70, ZOIE#E
A UMBAITUICRE S, IR LR OV ORI O 7 e E AW E T HIEN
TEIC, PERD/S—=T 4 NV HE TR, VTR F DRINAR LD A2 RIEL TEY,
BT RRUZ o ARBMED 7 BB 7 o loh o P TSI iR
TWOILTNDY T OIRMEEDBENE X BT HZEDHINARE ThH -T2, — . B
FUTMIR O ATEE VWD EZID, FRILRRY T THY T aseAf —a—/7r—%
HOTZ 72D BALEINT- 0T 72 OB DHNNET AU TEB SN T=T T 7D
DERXBITHIENTEDLINN/DEEZLND, -, BV 7L TH, EDBk
BED TR THRDOILTNDY T LD E KB T HZENAIREIC /Db DEE 2 Hivs,
St BB LRI BB IUEF R EREE DT T 5720 OFIELZBRY AL
LIZED, ORI F IEEB OHEE DS AT BEIC 72 Db D EHFFE D,

AT TR EBRER Tl S Z TR 24508, /X —T 4 7L 3 HTiE(SIMS 1£)3
1B O EAToT, T2, 77 Fae VR ERIRHQCHE ST LT, v 55
HrEC8REL D M &1T o7, 7V I HTEICB WL, ST HANSA 7 OFHEL, A
AR BER T LD T v a= TR ER (LLE CLEAR THE) <0,
S8py KE B AT O FHEh W EEEO FET (NUCEF CEiti) 21T -7, A4 24y B
HTLDALT (a= 7L B O3> TN SV I 522 B B T& iz, /3
VAT TIE, “Pu ORIEIIER THLHN, Fox 13HEFRER G A RIEL TV,
L ETIE PPu OREZEITOINEIDOHBTEEAELL T, *Pu BEOAEZFRIELL TV
23, Pu/*Pu B a A G IO PPu KSR AT O E S W B ER LT, Z D YE
EHAWHZEIZED, K0BRER oT FRE LT o T, /=T 7V HTE T, @i
HET T R A2 IR AR EN - T D720 . TV T 7 h I o 7iEIC L DU TR F Ok
T% SIMS 23 M7 EFL A G D I 1E R N TIMS CHIE $ 2 5BV TRFTE{T- 72,
REROFE R, BT 72 0BT T CEXAIENRENTZ, TV T 7R TV D
Z TR AT TR E O/ WD 7 R 2RI T TELZ e RSN,

TNT 7 Ty 7 IETEIRMEY 7 BT 2 AT 25 1EIZ DOV TE, JAEA BX UM
D NWAL 2 HELA R TERY, Fz, RIHHAR A HTICBIL T, BLRTEY IAEA 23 BB
R T, £ L= BRI F OETE I IABA 2SBLEZ TN,

B E BRI AT AR ) — b — WL, BEER T = 7 Cld 1SO:Class 6, {LEEAL
U7 Tl 1SO:Class 5 KONV —2 7 —RTliX [SO:Class 4 D3HERF LT,
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5.2. HARIZLADIAEALRFEFEE B 3288 (JASPAS)

PRI BB SR AT BRI ©, TFRE D JASPAS XAV NEREH Th o,
— B 23, PublF R R ETEICEEL T, [RASEFERM OO D, 77
K OT V=0 LRIAOFE R B O TR E AT OMESL) (JC-21, A1679) T, IAEA Ef#
DR FFFEERERB O 7 5T I BT 28 S 6 ) AL TR ER ER R O
PR—=T VR T DEIN S A | (8.8FSHR) IZB W T, i FIEDOE HR AL
L%, £72, IAEA BT Ak Pu KL FZ2521T AL, ok DB TED /T p—~ A
ZRUTz, BITE, IAEA OFHIEFEL ThY, REE LI MiE RO#ERE THTET
Ho, TR TBEY LTS DrS—T 4 7 VS D BT LR TR R D7 D
) (JC-24, A1845) T, /=T 47V 43 H7 (SIMS 1) ORLF[EIERRFEIZEI T 54
AU ThD, — B EFER, IAEA FROFEMEEITHN T, AL EIEDIF AR
ZL TV,

5.3. IAEA~DH AT & ik

A FE TR LB IAEA @ NWAL Thfl &L, ZOREN A EICEBEL T
W5, ZDFZ T RRICEE T,

IX—=T A7)V (SIMS) 34T DT DFEIRTALERVEE L TA L 72— 1L R LT,
ALY BTALFRRE R 2 BRI AEHE L . SIMS A HT B (C R E L7 HIE HOk F DR 4E
IR EDRIEZ R LT, BE, S—T 471 (SIMS) B Z4T > CHOBHT R TOTRT
RS, Xy NI =I5 M OIRER) FiE LR > T D,

BB 77y 7 EEZBRRE L, EFBEME T COR—EWER ORI 7%
AIRBE LT, ZOEAIL IAEA ZIIUHETHEBOTRITE AZ L, SIMS 0
—RLF- DT =0 MBI E OB R 2 EITHO DL TS,

5.4. 5% OHE

W EE OTRSCE END M % T T HZ8I12XD Yo7V TS
ECOFRF INEE ORI E DHEE TELZENALMN 2> TETEY, IAEA T,
DI EE T IEEBEERE T OUT A L THWDZEERFTTL TS, -
T, 5% BB OTARE END MM O 53 s o BTR -+ JIE BN L TR
WENTONDRIREME DD D, 4 FELD | BME O IRE ENL MBI 5
BIEEOBRBEEBIELI-N, SHERICHONTE LR TREDSITEZL, S5
IZEL DRLFZ LT — 2% ERET 52T BWME DEF RS OHEE IS DM
HERMAEZERBTOMNENRDD, £-, IR, Rk, RALEERRE D5y
W DI BT | 770 DILFREEIRED 5 HT (UO,, U,04, UO,F,, UF,72&) bt
BN ETHDHEE X DID, ZHUIFBEML — =T~ e orit a2 Ao 7o fst
MBI THD, Flz. V7 RFOFNRBPIEIZEAL T, DRy NI — 27537 B CBES
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DHEF T2V ARIREL TRENLE THL LB SN TS,

WA, SIMS HEIZE D/ N—T 4 7V 24T > T D847 BT D NWAL DHH D44
(EU, #&. %, IAEA) TEE &5 e ZIRA AV EE 0T EE (LG-SIMS) 288 A X
. EONWAL THEAZFTEL TS, 2, /E3ED SIMS KDt LG-SIMS D573,
BEBIOVE ESMFIENK 10 EE W=Dl A3 (UF DS DTTED AT )
IZEAE = TR HER T& | IERERMENEONLTD ThD, o, FEEE TOHHT
NAREZRZ L0, AT B O B BRI EY 7 b =7 & WA Z LI KR & g
TR ERE Y T R A R IR AR - [ E CTEDL LV AL TnD, Fox b, 1
KD SIMS ZRHWT, KLY 77 v 7 EOfAE ORI LD G F A4 DY —7F ik
DHEBRRLT IV T 7Ty 71k E DB E DRI LD BB 7 ki ORIR A7k %0 -
BB E OFEAMTZBAFEL . LG-SIMS IZEDHIE HAMIKHLL TETWD, LnLARAn,
BUR Tl TREDVEME THO R T 520 T ICREE 230202572 & ORIE
BN D, ZDT= A IAEA 0fthd NWAL E[RIZE DL EOSHTRE 112 #ERF L T
TeDIZiE, LG-SIMS DEALEBE T HLENRHLLDEE X LD,
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o
o3
=
il
il

A& 55 B

Am T AT

BWR KA IR

CLEAR = IR L MR ST AR

CRM FREAEEYE

EDX TRV — A EA X R AR

EU KRN B &

DOE KET X —E

FFU T AN ==k

FT-TIMS Ty ar Ny RiEEBERE &R
IAEA SRR 1 B

[CP-MS FEGEE T IAVEEOWER

IDMS FAAR AR E & T

ISO SRR AL RS

LG-SIMS mEBDHE IRV ERESITIRE
LLNL n—L AU ST T [E ST
MC-ICP-MS =/ FalL sy —iFEfEs 77X~ &0k
MOX T T IVE=T MR ETRIEY)

NBL KEOEWEIZRE T HEEMEMNERT, =2 — 7 7 AU 1 ZHF 58T
NRL KE OV EMF ST

NUCEF KRB A 7 V2 2 T e h ek
NWAL K NI — 7 55 HTERr

ORNL =27V E LA ZERT

Pu T =T A

PWR INE AR R 47

QC Y=gl

SIMS TIRAT B BT E

TIMS KB E BT EE

U 7y

UF, AVAZ Ayl

27



7. HFELE

TINT 7 T9 71k

TINT 7 Ty 7B, VTR IWVN= AR OBKTENT VT 7 RRET 5281280
B HER PRI AR L . T ORI BE T HZLIZIVR T AR ET D HIETH L,
D% FELIALFEZEE&IITEHTEAL, FNLRE T E21T, 74y ar by
JELFRRICREE O®mWT T OB HIZE R THLD, 7V T 7 b Ty 7IEDGE IS
(FRFAF 2O F T IRZ LT L7R0,

AL Ry E—k

AUATHEF ORL T2 /NI DR 7 THEIL, Z O EE I ED AU HIE AR
Bt e RITRLF 2R T 5 71E T D, BT I RIS, BLTE, SIMS EIZD
IN—=T U I IVGIHTELTH TS T _TOD NWAL T, BILERIZAVGIL TV,

TIT T T

IV =2 — LDOIEEEREEDO— DT, BENOLEDIHRITRERE DBy
P BHTIR AT 20 2 BRI EL B ELA L HETHD, EEREFSIZIT
IRV DR BT =T SHTETCIT o CWBETL B s R0 WSO —BE
LT{T> T4, JAEA TiL, 100 ml OF 7o REIEBHKE AL, FTEDRIEN
B —BBKEL., T O%IMERZ INZ ICP-MS THRIEZIT->TWD, BIE BT, &
F NI =TT TR > TEY, M—3INT=HIEF R,

7V — ) — ND G E
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FT-TIMS £
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(Thermal ionization mass spectrometry) O, FT 1X, w7728 %G T okl 7% M+
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Abstract

Isotopic and quantitative analyses of U and Pu in environmental swipe samples
collected during routine International Atomic Energy Agency (IAEA) safeguard
inspections are important for detecting undeclared nuclear activities. JAEA has been
developing analytical techniques for ultra-trace amounts of nuclear materials (uranium
and plutonium) in the environmental samples in order to contribute to the strengthened
safeguards system and improve the analytical ability for the safeguards environmental
samples. The ultra-trace amounts of uranium and plutonium of environmental samples
are analyzed in a clean-room facility, CLEAR, in order to avoid cross-contamination
from analytical surroundings. The cleanliness of CLEAR is ISO Class 5 — 7 in every
clean-room and Class 4 in every hood and bench. Overview of CLEAR and the
analytical techniques combined with radiochemical separations will be introduced in
this presentation. The samples for the bulk analysis were ashed and digested with
several acids, then ng (10'9 g) of U and sub pg (10'12 g) of Pu were chemically separated
by ion-chromatography. A high resolution ICP-MS was used for measuring the isotope
ratios and quantities of U and Pu. The detection limit of Pu was 2 — 3 fg (10™"° g) in a
measurement solution. Age determination of nuclear materials collected as the
environmental samples from nuclear facilities is also useful for detecting undeclared
activities, as the age provides information regarding the origins and history of the
nuclear material. A single Pu oxide and a Pu/U mixed oxide (MOX) particle were
prepared from a reference solution which 4 years passed since the last Pu purification.
We precisely and accurately determined the purification age of a single particle.

This work has been supported by the Nuclear Regulation Authority, Japan.
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Abstract — Age-dating of a single Pu oxide particle and a Pu/U
mixed oxide (MOX) particle ~1 um in diameter was demonstrated.
For this demonstration, the particles were prepared from a U and
Pu standard reference material. The particles were separately
dissolved, and then Am, U, and Pu were chemically separated from
the solution via anion-exchange chromatography. The atomic ratios
of Am and Pu in the eluted fractions were measured using a
high-resolution inductively coupled plasma mass spectrometer
(HR-ICP-MS). The precision and accuracy of the Pu age were
improved through the addition of **Am and **Pu spikes to the
sample solutions and by the trace chemical separation of Pu and Am.
The determined age in this work was in good agreement with the
expected age with high accuracy and precision. These results
indicate that a combination of measurement using an ICP-MS and
chemical separation of the spiked samples provides an effective tool
for the analysis of environmental samples collected during nuclear
safeguard inspections.

Keywords — Age dating, MOX, Plutonium, Trace analysis,
Ion-exchange separation, Safeguards

I. INTRODUCTION

Isotopic and quantitative analyses of U and Pu in
environmental swipe samples collected during routine
International Atomic Energy Agency (IAEA) safeguard
inspections are important for detecting undeclared nuclear
activities. Age determination of nuclear materials collected as
environmental samples from nuclear facilities is also useful
for detecting undeclared activities, because the age gives
information on the history of the nuclear material. Plutonium
of less than nanograms (ng) purified within a few years may
be contained in the environmental samples collected during
IAEA safeguard inspections. We present a method for
determining the purification age in a single Pu particle.
Accuracy and precision of the analytical results was
evaluated. Some Pu oxide and MOX particles ~1 pum in
diameter were prepared from U and Pu standard reference
materials for this work.

II. EXPERIMENTAL

Some Pu oxide particles and five type of MOX particles
having different Pu/U ratio were prepared from the standard
reference materials, NBL-SRM 947 purified 3.9 years ago
and IRMM-148. Each small portion of these solutions was
calcined, and the obtained oxides were ground[1]. The
particles 0.5-2 pum in diameter were selected under SEM
observation. Each particle was dissolved in a mixture of HF
and HNO;. Finally, an 8 M HNOj; solution was prepared. The

sample solution was spiked with **Am and ***Pu solutions
purified by anion-exchange chromatography. One-third of the
sample solution was used for measurement of the Am/Pu
atomic ratio via ICP-MS. The remaining portion was passed
through a single anion-exchange column to chemically
separate Pu, U, and Am. The collected each fraction was
measured. The atomic ratios were measured with an
Element-1 HR-ICP-MS equipped with an Apex-Q
desolvating inlet system. All treatments, except for the
preparation of the Pu particles from the standard solution,
were carried out in clean rooms (ISO Class 5 and 6) at the
“CLEAR?” clean laboratory at JAEA.

III. RESULT AND DISCUSSIONS

The Pu purification age was determined using the
! Am/*'Pu ratio and the general age-dating equation. The
addition of an Am and/or Pu spike to the samples gave a
precise and accurate Pu age. The determined age for the Pu
particles is in good agreement with the expected age (3.9
years) with accuracy of 7.1-105 days and uncertainty of
0.16-0.5 years. The purified spikes to the sample lead to
more precise and accurate age determination, even for a
young Pu particle purified only a few years ago[2].

ACKNOWLEGEMENT

The authors would like to acknowledge Mr. N. Kohno for
the particle production. The authors are also thankful to Mr.
H. Fukuyama, Mr. T. Onodera, and Ms. R. Usui for the
sample preparation and Mr. Y. Takahashi for the ICP-MS
measurements. This work was supported by the Ministry of
Education, Culture, Sports, Science and Technology of Japan.

REFERENCES

(1]
(2]

F. Esaka et al., Talanta, 83, 569 (2010).
Y. Miyamoto et al., Radiochim. Acta, accepted (2013).

84



fHE-4 : 5510 R R
HORL T P B O FAL R B AT IC & 5 IR - RIE OHEE

MSATEAEN AAJRA IR FERa st
JEFHEBET TR (O S

[ixt®iz]

BRI ORI T DO oI, BRESCMNME~DHE e EAFRH ETEETHY | X fFoth/e LI2ky
ZDFEFHRCIEENHIE STV D, —F, MRF-ORIRZHEE T 57-0I121d, JTTHRMRO A7 57T
PR S EBERIREDO—D2 & 70D, FNLIRHNT Tk, BB L ORI L, BEfkEe 77 A~E
BT (ICP-MS) {72 ECHIET 2 HIER—RIINZHN G TS, L, ZIHOSNETIE, R
(RO E72 DRIHR—BEPICRIET 556, BOILARNIEITZOHE L 72> TLEV, BBED
TRVER L 72 5720 Tra & T fEia e B Bnid 5, ARFFE T, ki -—E—@Eiz>vC, 20
ENLIR DB ZAIE T D BT 2 HEDBRE 1T > T D, ZOBERIOTOIZ, Box iTfEx OfEE &
ITEZE I, DFA FRORERA A AT LD AT MVTFW7 8 OREER iR~ < SHTEOR% %
1ToTee ITRZIE, RS EOFE T Ik TR S NIEEREI IZE TN 7 7 070 h=T A7
EOWEIZER Le, ZHOREHE, BRESMNME~OREO L2 5T, NERFRTINES (BWED
[EIN ARz g G 72 &) OO S THZOSHIEZE TH D,

[Z%kA A EESHT)

ARETCIE BT NEEAORELL LTHWOLRTWA Y T Z2%t5 s L, ZIRA 4 B BT (SIMS)
EERAWT, v~/ 7 b =AMV U7 8k (B0 1 um) —E—BORMAELZ 5892 HiEOR
FEAT T2, SIMSTEIZ L DM Cld, —BANCHAFT DR FHOERRBR EOSFA AL DAY |k
NFHEOBENEL | £, EOMRREEIC LD — 27 HBEE WS & REMME T T 570, Bk
T ORH~OERIXZNETHRETCH 70, ZOREEZFRRT D720, Fx TR ORI D F7)>
b5UT L RIFDREE Y 7T v L THT D FEICOWTRE LZ, 22T BEFIEKE (SEM) NT
DEENFRE/ s~ A 7 o~ =B 2 L—Z B, X SO L VEE LY 7 L hiF A2 ESRINC LY
Yy 77 7T HEINERRE LT, ZHUZL Y SIMSIEIZBWTONTRE AR T S85 2 L7 < ok
FNOIHHENDHFA A ALK DAY MAVTHORELERE L., 7T VRN R ZRIET S Z S ITR
HL7- [1,2]

(74 vvar oy s —KREEBRERDHT]

85



SIMS {EDORIEROONE DIE, HHTREE ORIREIC

ORI 1 um LT ORF-ORH A REECHD & \
IR CTHD, ZD7h, KONk &5 5

FOOHEELT, 74vvaryhTy s (FT) & :;k

(/-

»!/

L REEBEEEHHT (TIMS) {EA GO HE
DEIR AT 1=, FTIETIL, REMh k47 41 i o g
S IR L. 7 4 b5 — e AT = CYSRES. 'ﬂ ‘ ”
HEILL T AV AEERT D, 207 AV AZFT il . / MQ:
RS EE S5, DI ETARE Rl %%’%7‘ _ /
LIZB4 . KIFTIs 7 OGN EE b |
NBBAICIE, BAENC X BT (FT) 75%@& o
K%, mmﬂ—am/aﬁ/y%_af;tﬁw X1 OZARLF DT A b Ty
BEC XD FT OBENTREL 220, U T A2 5
ETHZENTED, ZOFTIETHRASH A F—l—EE2~=t' 2 L—% CTIMS BIEERHD 7 + 7 A
R~ BICB%E U CRIRREAT 24T 5 HEZ B LTz, ZAUCLY | R 1 um BUTO X 0 #u Nk - 2
L CRMRLE 2155 Z LI LT 3], & HI2, FT OEOMESEMEE Th 5 U ORIIKET S 2 &
%ﬂﬁLfmU@ﬁT@A@%wﬁﬁyﬁ%%%ﬁm:@ﬂbﬂﬁ%&“ﬁ%ﬁiﬁ%&%%btHk:
AU, BEERBRRI S O N DA ORMEN T D IEFICEELRFITTH 5,

T
20 un

(LS XA~ EEHT]

EFHREEICBO UL, FERIC L b= AOEEORNMMNRATN A=, T k= 7Aﬂ%@“
M L DEEES OB L BELE CH 5, BETOT L =7 LMRFORNRLEZBIE T 2354, 7
mkW@négiﬁ@ﬁD&@(WMnkMTu@E)ﬁﬁ—ﬁ%¢hiﬁ#é:kﬁﬁﬁéhé(mmn
I *'Pu CIEEH 144 ) OEEZIC X W EHRICAER) ., ZNDHORERIEERSIEFITIVZD, b
ﬁ@&Ms%%Tm$%f1*E%%ﬁW%T%D ZAVE Tl 2 ORIk ARIERID 25T, 2
DORREE R D701, ll2 ORI 121588 L, FEROFE b8 LI RICEESIHEC LV FE
NARL A BIEST D=7 B BER Lz, £9. VI RITAERRE LT, v(/a~v=tal—¥%H
WCETIEREEBIET CEx ORI 2y 77 v 7 Uizt ZNEHRNRRIRIE CIRfiR U=, Z D%, ICP-MS
ECE VU T CORBHRE T 21T o 72, ZOfER. RO SIMS £ & RIEL EOFEREZ1§5 Z LR TX,
kI8 A VA L CORNRHAIENFIRE TH D Z EAVRENTZ [5,6], KIZ, 7V =7 DRiFE %5
T EAT -T2, ZOHEE, Ev o T v 7 Lichita, TNEN7 vBE—THBRIEATAR CIRfRL, &5
2, A AU AZHANBEZ KD Pu & Am 2 LE0BET 5 2 LI2 KD Am ZBRE L CTICP-MS{EIZ LD 7L b
=7 LORNARH AT AT T2, ZOFER, *PuPPu BRIV T S 2 Am 2 X 2 F 28R L O
e/MEE155 Z LN TE T 7],

F7o, PPu O BEAZ XV ART D M Am OTFELEZFIA LT, 7V b= AORERERZRNE L
L9 LR ABITHTCND, HRFEROEREND TV b= AEED H U CH-2RERo g & L
THIAT2EAIIE,. TV b= AT 2 0ENH D, ZOENE, Y Am'Pu leE W CRNS
EMNTED, Foxld, FRREFRROFIEIZL Y ki 7D Pu & Am %2538 L CICP-MS IZ X VW HIEL,
FERULK 4 =D TV b = MU CRRZEOHEFIN T ORBRER A IET 5 2 S ITREh LTZ[8],

REFIL, FFHREETNOEFE2Z CFEM LT REEERE O] OREO—HIE £
%,

BER
86



[1] F.Esaka et al., Talanta 71, 1011 (2007). [2] F.Esaka et al., Appl. Surf. Sci. 255, 1512 (2008).

[3]C.G. Lee et al., J. Radioanal. Nucl. Chem. 272, 299 (2007). [4] C.G. Lee et al., J. Nucl. Sci. Technol. 46, 809 (2009).
[5] F.Esaka et al, Talanta 78, 290 (2009). [6] F.Esaka ef al., J. Anal. At Spectrom. 28, 682 (2013). [7] F.Esaka et al.,
Talanta 83, 569 (2010). [8] Y. Miyamoto et al., Radiochim. Acta, in press.

87



f8%-5

Radiochim. Acta 101, 745-748 (2013) / DOI 10.1524/ract.2013.2079
© by Oldenbourg Wissenschaftsverlag, Miinchen

Radiochimica Acta

Precise age determination of a single plutonium particle using
inductively coupled plasma mass spectrometer

By Y. Miyamoto*, F. Esaka, D. Suzuki and M. Magara

Research Group for Analytical Chemistry, Nuclear Science and Engineering Directorate, Japan Atomic Energy Agency (JAEA), Tokai-mura,

Naka-gun, Ibaraki 319-1195, Japan

(Received December 20, 2012; accepted in revised form April 5, 2013)
(Published online October 28, 2013)

Age-dating / Anion-exchange / Trace analysis /
Isotopic analysis / Plutonium / Chemical separation

Summary. Age-dating of single plutonium oxide particles
~ 1 pum in diameter was demonstrated using eight particles.
For this demonstration, the particles were prepared from
a standard reference material SRM-947 that had been stored
for 3.9 years since the last Pu purification. The Pu particles
were separately dissolved, and Am and Pu were chemically
separated from the solution via anion-exchange chromatogra-
phy. The isotope ratios of Am and Pu in the eluted fractions
were measured using a high-resolution inductively coupled
plasma mass spectrometer (HR-ICP-MS). The precision and
accuracy of the Pu age were improved through the addition
of an **Am spike to the sample solutions and by the trace
chemical separation of Pu and Am. The determined age in
this work was in good agreement with the expected age
with high accuracy (deviation: 7.1-105 days) and precision
(uncertainty: 0.16—0.5 years (k= 1)). These results indicate
that a combination of ICP-MS and chemical separation after
spiking with ** Am provides an effective tool for the analysis
of environmental samples collected during nuclear safeguard
inspections.

1. Introduction

Isotopic and quantitative analyses of U and Pu in envi-
ronmental swipe samples collected during routine Interna-
tional Atomic Energy Agency (IAEA) safeguard inspections
are important for detecting undeclared nuclear activities.
Highly sensitive analytical techniques for determining U and
Pu content and isotopic composition in the samples have
been developed by members of the IAEA safeguard net-
work of analytical laboratories (IAEA-NWAL) [1-5]. Age
determination of nuclear materials collected as environmen-
tal samples from nuclear facilities is also useful for de-
tecting undeclared activities [6,7], as the age provides in-
formation regarding the origins and history of the nuclear
material. Plutonium is an anthropogenic actinide produced
by neutron capture reactions of >*U and its subsequent 8-
decays, and **'Am is the B-decay product of **'Pu. The

* Author for correspondence
(E-mail: miyamoto.yutaka@jaea.go.jp).

88

time elapsed since the last purification of Pu is commonly
determined using the ! Am/?*'Pu ratio and the general age-
dating equation. Many papers have been published regarding
the age-dating of Pu [7—14], but in most of these studies
large amounts of aged Pu have generally been present and
have been evaluated using radioactivity measurements, ther-
mal ionization mass spectrometry (TIMS), and inductively
coupled plasma mass spectrometry (ICP-MS). The Pu age
in such samples is easy to determine both accurately and
precisely because the quantity of Pu and Am contained in
the samples is large enough to obtain high count-rate sig-
nals. However, samples of less than a nanogram (ng) and
recently purified Pu may be contained in the environmental
samples collected during IAEA safeguard inspections, and
there have been no reports of the age-dating of young Pu par-
ticles. We have reported a new method for the isotope ratio
analysis of a single Pu particle [15] that makes it possible
to achieve age-dating for a single Pu particle with the aid of
chemical separation and ICP-MS equipped with a desolva-
tion system. We present herein a method for determining the
purification age of a single Pu particle. For this study, par-
ticles containing picograms (pg) of Pu were prepared from
a standard reference material containing Pu that was purified
3.9 years ago. The purification age of a single Pu particle
was determined in order to evaluate the accuracy and preci-
sion of the analytical results. The addition of an ** Am spike
solution and chemical separation of Pu and Am was adopted
to obtain precise and accurate data.

2. Experimental
2.1 Sample preparation

Pu particles were prepared from a standard reference ma-
terial (SRM 947, plutonium sulfate tetra hydrate, National
Bureau of Standards (NBS), USA). The Pu standard so-
lution was purified using anion-exchange chromatography
with HCI and HNO; media on July 14, 2008. No Am was de-
tected in the purified solution based on alpha spectrometry.
A small portion of this solution was calcined, and the ob-
tained oxides were ground. Pu particles 0.5-2 um in diam-
eter were selected under SEM observation and transferred
onto a separate small Si chip using a glass needle attached to
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amanipulator. A detailed procedure for preparation of the Pu
oxide particles has been previously described [15].

2.2 Chemical separation

Each Pu particle on the small Si chip was placed into
a separate 8-mL Teflon centrifuge tube and then removed
from the surface of the chip using deionized water (2 mL)
and ultrasonication for 5 min. After the Si chip was re-
moved, the suspension was dried and the Pu particles were
dissolved in a mixture of 21.4M HF (1mL) and 15M
HNO; (1 mL) followed by evaporation to dryness. This
dissolution process was repeated twice, and the evapora-
tion residue was then dissolved in 1 M HCI (3 mL). A3 M
NH,OH-HCI solution (30 nL) was then added to reduce
the Pu to Pu**. Finally, an 8 M HNO; solution (3 mL) was
prepared and the oxidation state of the Pu was adjusted to
Pu**. Each Pu sample solution was spiked with an *** Am
solution (5.3 pg/g, 0.1 mL, Oak Ridge National Laboratory
(ORNL)). The ** Am spike solution was first purified several
times using anion-exchange columns to remove any impu-
rities (U, Pu, and >*Cm). The radioactivity of the purified
23 Am solution and the ' Am/** Am ratio were determined
via alpha spectrometry. The *' Am /*** Am isotope ratio was
(1.85+£0.03) x 10~* (k= 1) as of 22 January 2010. The
23 Am spiked sample solutions were evaporated to dryness
and then dissolved in 8 M HNO; (3 mL). One-third of each
solution, termed “Fraction N”, was used for measurement
of the 2 Am/*’Pu atom ratio via ICP-MS. The remain-
ing portion of each sample was passed through a single
anion-exchange column (MCI GEL, CAO8P (strong base),
Mitsubishi Chemical Corp., Japan, grain size: 75—150 pm,
column size: 3.9 mm@ x 25 mm, column volume: 0.30 mL)
to chemically separate Pu and Am. The feed solution was
loaded onto the column, which was conditioned with HCI
and HNO;. An 8 M HNO; solution (3 mL) was pipetted into
the column to completely remove Am. This effluent was col-
lected as “Fraction A”. Next, a 3-mL solution of 0.5 M HCI
and 0.01 M HF was pipetted into the column to elute Pu.
This effluent was collected as “Fraction P”. The collected
fractions were evaporated to dryness and 0.81 M (5 wt. %,
3 mL) HNO; solutions were then prepared for ICP-MS an-
alysis.

All treatments, except for preparation of the Pu particles
from the standard solution, were carried out in clean rooms
(ISO Class 5 and 6) at the “CLEAR” clean laboratory at
JAEA [16].

Water was deionized and purified (resistivity:
18.2MQ cm) with the Milli-Q system (Merck Millipore,
Germany). Highly pure grades of HCI, HNO;, and HF
(TAMA-Pure AA-10 or 100, TAMA Chemicals, Japan) were
used for all the chemical treatments without purification. All
labware, including the beakers and bottles used in this work,
were made of Teflon (PTFE and PFA) and were immersed
and rinsed with highly pure acids before use.

2.3 Instrumentation

Isotope ratios were measured with an Element-1 HR-ICP-
MS (Thermo Fisher Scientific Inc., USA) equipped with
an Apex-Q desolvating inlet system (Elemental Scientific
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Inc., USA). This inlet system enhanced the sensitivity by
a factor of about 6. The exact enhancement factors were
different for the different elements. The difference be-
tween the Pu and Am sensitivities was determined using
a mixed-calibration solution of *°Pu and **Am spikes.
The **Am/*°Pu atom ratio (1.268) in the solution was
determined via a-spectrometry. The ratio of the **’Pu en-
hancement factor to the ** Am factor was 1.01 meaning that
the sensitivity for Pu was approximately 1% higher than
that for Am when the inlet system was installed. Both the
mass bias and sensitivity were corrected at the beginning of
a batch of measurements by measuring the calibration solu-
tions made from the certified reference materials. The details
of the operating conditions used for the ICP-MS analysis
have been previously described [15].

3. Results and discussion

The Pu purification age was determined using Eq. (1):

l )‘Am
t= In|1 —1
}\Pu - }\Am f |: + ( )"Pu )]

where Ap, and A, are the decay constants for **'Pu and
2! Am, respectively, and 7 is the Pu age.

In this study, the **! Am /**'Pu atom ratio was determined
using the products of the three ratios shown in Eq. (2):

*Am corr. *'Am *1Pu
R ( 239py )N' ( 23 Am )A/<239Pu>P

2
Hereafter, this method is referred to as the “Am spike
method”. Corrections for the **' Am impurity in the *** Am
spike and the contamination of **'Pu in the Am fraction
(“Fraction A”) were made to obtain an accurate >*' Am /> Pu
ratio, as shown in Eq. (3):

241 Am
243Am )A: (243Am>A
241 Am 243 Am

EIMEIRE )
where the subscripts indicate the fractions as identified in
Section 2.2 on chemical separation, R is the correction fac-
tor for the sensitivity difference between Pu and Am, and the
variable A**' Am represents the *' Am impurity in the *** Am
spike. The A* Am/>**Am ratio was 0.000185. The half-
lives of *'Pu and **! Am used in this work were 14.325 years
(uncertainty: 0.024 years (k = 2)) [17] and 432.2 years (un-

certainty: 0.5 years (k = 1)) [18], respectively.

The *'Am/**'Pu ratio could also be obtained from
Egs. (4) and (5):

corr. ' Am +**'Pu 2#py
R 239py . / 9Py ), -1
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Table 1. Purification age and "' Am /' Pu ratio of Pu oxide particles determined using the “Am spike method™.

Run No. Age Uncertainty 2 Am /> Pu Deviation from
(year) k=1) the expected age
(Ratio) (%RSD) (%) (day)
1 1 4.13 +0.26 0.220 (7.1%) +7.0% 99
—0.27
2 3.90 +0.22 0.207 (6.3%) +1.2% 16
—0.23
3 3.88 +0.16 0.206 (4.5%) +0.5% 7.1
—0.16
4 3.94 +0.16 0.210 (4.4%) +2.2% 31
—0.16
expected 3.8576 0.2046
2 5 4.20 +0.43 0.225 (11.3%) +7.3% 105
—0.44
6 4.06 +0.49 0.216 (13.3%) +3.6% 52
—0.50
7 3.87 +0.21 0.206 (6.0%) —1.0% —15
—0.21
8 4.00 +0.17 0.213 (4.8%) +2.2% 31
—0.18
expected 3.9151 0.2079
average +2.9% 41

and when the > Am spike was added,

239Pu
241Am +241Pu 243Am A241Am
( 239py )N - ( 239py )N ' ( W Am ) ®)
Hereafter, this approach is referred to as the “differential
method”.

The measured ages of 8 particles in 2 runs are tabulated in
Table 1 along with the expected age. The age range was cal-
culated on the basis of the combined uncertainty (k = 1) of
the *! Am /?*'Pu ratio. The relative uncertainties in the ratio
were within 4—7% (except for samples 5 and 6) and the ana-
lytical results were in good agreement with the expected Pu
age (3.9y) within 0.5-7.3% (equivalent to 7.1-105 days),
giving an average deviation from the expected age of 2.9%
(equivalent to 41 days). The uncertainty in the determined
Pu age in each sample was 0.16—0.27 years (except for sam-
ples 5 and 6). For the two exceptional samples (Nos. 5
and 6), only 60% of the total amount of Am was recov-
ered. The exceptionally high uncertainty in the Pu age for
these two samples was due to the low counting statistics for
3 Am. The age has been previously reported [8,9, 11, 12]
with a 1-2% relative uncertainty and 0.1-0.3 years of accu-
racy; however, several ng of Pu were used for these previ-
ous determinations, which is approximately 1000 times the
quantity used in the present study. Shinonaga [9] also deter-
mined the age of a single Pu particle a few pum in size using
a combination of wavelength dispersive X-ray spectrometry
(WDX) and mass spectrometry, and the results were in good
agreement with the expected age of 35.9 years with a rela-
tive standard deviation of 1.6—8.6%. It should be noted that

these authors [8,9, 11, 12] investigated aged (20—60 years)
Pu samples with high "' Am /' Pu atom ratios (1.6-16) that

( corr. ' Am + **'Pu )
N
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could be readily measured as compared with the samples in
the current study, which had a low >*! Am /**'Pu ratio of 0.2.
Therefore, results that were more precise and more accurate
than those reported previously were obtained with this new
technique. Specifically, precise and accurate age determin-
ation of a single Pu particle (pg level of Pu) was achieved
with the new method. The removal of the **' Am impurities
in the ** Am spike and **'Pu in the Am fraction is essen-
tial for obtaining accurate age results. In particular, these
corrections may be more essential when younger and/or
smaller Pu samples are analyzed. In the present study, the
2 Am impurity generated a positive bias of 2—3% (equiva-
lent to 30 days) for the **' Am/**'Pu ratio, and the **'Pu
contamination in the Am fraction generated a positive bias
of approximately 0.2% (equivalent to 0.1 days) for the ratio.
Correcting for the *°Pu decay product in the ** Am spike
had a negligible effect on the determined Pu age as the
9Py /> Am ratio in the spiked solution was 3 x 107, and
this decay product changed the **' Am/*!'Pu ratio by less
than 0.01% (equivalent to 3 h).

Fig. 1 shows the Pu ages determined using the “Am spike
method” and the “differential method.” The ages determined
using these two methods were in agreement with the ex-
pected age within the uncertainty. While the uncertainty in
the age of the young samples determined by the “differen-
tial method” was large (16—58%, equivalent to 1—1.7 years),
the “Am spike method” gave good uncertainty and accuracy,
regardless of the age. Therefore, the “differential method”
might be a helpful and convenient method for determining
the age of old Pu samples.

4. Conclusion

A procedure for age determination of a single Pu particle
(~ 1 pum in diameter) was demonstrated for particles pre-
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® : Am spike method
O : differential method
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Fig.1. Comparison of the accuracy and uncertainty using the “Am
spike method” (@) and the “differential method.” (O). The error bars
indicate the combined uncertainty (k= 1). The expected ages are
3.8576 years for samples 1-4 and 3.9151 years for samples 5-8, re-
spectively.

pared from a standard reference material (SRM 947) using
SEM, chemical separation, and HR-ICP-MS techniques.
The addition of an **Am spike to the samples gave a pre-
cise and accurate Pu age. The determined age for eight
particles is in good agreement with the expected age (3.9
years) with an accuracy of 0.5-7.3% (7.1-105 days) and
an uncertainty of 0.16—0.5 years. The addition of a puri-
fied > Am spike to the samples led to more precise and
accurate age determination, even for a young Pu particles
purified only a few years ago. The use of a highly pure
23 Am spike and the subtraction of **' Am impurities from
the *** Am spike is essential for obtaining an accurate result
for age.

This technique may be applied to the analysis of bulk
amounts of aged nuclear materials, including illicit ma-
terials. In many environmental samples collected during
IAEA safeguard inspections, the Pu is present in less than
picogram quantities in nanograms of dust particles. For the
age determination of trace Pu in these samples, enhancement
of the sensitivity of analytical equipment and elimination of
other elements must be considered. Our new technique ad-
dresses these issues. As a step toward solving these issues,
a version of the new chemical separation procedure will be
used for the precise Pu age determination of a mixed U and
Pu oxide (MOX) particle. MOX fuel is used in some nuclear
power plants. This technique will be described in the near
future.
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Secondary ion mass spectrometry (SIMS) was used in combination with alpha track detection for the
efficient analysis of uranium-bearing particles with higher 2>°U abundances in environmental samples.
A polycarbonate film containing particles was prepared and placed in contact with a CR-39 plastic
detector. After exposure for 28 days, the detector was etched in a NaOH solution and each uranium-
bearing particle was identified through observation of the alpha tracks recorded in the detector.
A portion of the film containing each uranium-bearing particle was cut out and put onto a glassy
carbon planchet. The films on the planchet were decomposed through plasma ashing for subsequent
uranium abundance ratio analysis with SIMS. The alpha track-SIMS analysis of 10 uranium-bearing
particles in a sample taken from a nuclear facility enabled n(>*°U)/n(?*3U) abundance ratios in the range
0.0072-0.25 to be detected, which were significantly higher than those obtained by SIMS without alpha
track detection. The duration of the whole analytical process for analysis of 10 particles was about
32 days. The detection efficiency was calculated to be 27.1 + 6.5%, based on the analysis of the particles in
uranium reference materials. The detection limits, defined as the diameter of the particle which produces
alpha tracks more than one for a 28-days exposure, were estimated to be 0.8, 0.9, 1.1, 2.1 and 3.0 pm for
the particles having the same uranium abundance ratios with NBL CRM U850, U500, U350, U050 and
U010 reference materials, respectively. The use of alpha track detection for subsequent SIMS analysis is
an inexpensive and an efficient way to measure uranium-bearing particles with higher 22°U abundances.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery by Young [1] and Silk et al. [2] in the late
1950s of nuclear tracks recorded in solids, solid-state nuclear track
detectors (SSNTDs) have been studied and used in various research
fields. In the environmental sciences, for instance, SSNTDs have
been used to detect radionuclides in contaminated soil and aerosol
samples [3,4], and to determine concentration levels of radon in
the environment [5]. Recently, this technique has been applied
successfully to the analysis of individual uranium-bearing particles
in environmental samples for nuclear safeguards [6-10]. Here,
environmental samples are taken from nuclear facilities by inspec-
tors of the International Atomic Energy Agency, and the isotope
abundance ratios of individual uranium-bearing particles are
measured to detect undeclared nuclear materials and activities.
For the identification of uranium-bearing particles, the samples
placed in contact with fission track detectors such as Lexan and
Makrofol are irradiated with thermal neutrons in a nuclear reactor.
Uranium-bearing particles are then identified by observing

* Corresponding author. Tel.: +81 29 282 6165; fax: +81 29 282 6950.
E-mail address: esaka.fumitaka@jaea.go.jp (F. Esaka).

0039-9140/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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the fission tracks recorded in the detectors, and are measured by
using thermal ionization mass spectrometry (TIMS) to reveal the
uranium isotope abundance ratios. The number of fission tracks
depends on the amount of 23U atoms in the particle. Therefore,
uranium-bearing particles with high 23°U abundances can be
selectively identified, prior to the isotope abundance ratio analysis.
This fact is significantly important for nuclear safeguards. Since
fission tracks are induced by the irradiation of uranium with
thermal neutrons, a neutron source such as a nuclear reactor is
necessary, which limits the availability of this technique.

Secondary ion mass spectrometry (SIMS) is also a powerful tool
to measure isotope abundance ratios of uranium-bearing particles
[11,12]. The recent development of an automated particle mea-
surement (APM) software has allowed us to perform rapid screen-
ing measurement over a sample [13,14]. Here, the exact locations
and rough 22°U/?*8U abundance ratios of individual particles can
be determined by obtaining 23°U* and 2?®U* secondary ion
images. The detection capability of uranium-bearing particles with
high 23°U abundances has been significantly improved, owing to
the development of this software. However, this software can be
used only for CAMECA IMS-series SIMS instruments.

In a previous paper [15], we combined a fission track technique
with SIMS, and demonstrated the effectiveness of this approach
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for nuclear safeguards. The number of fission tracks being propor-
tional to the number of fissionable 2*°U atoms in each particle,
uranium-bearing particles with the highest 2>°U abundances can
be detected selectively through observation of the fission tracks.
This is particularly advantageous in the identification of unde-
clared nuclear materials and activities related to nuclear weapon
programs. As mentioned above, fission tracks are induced by the
irradiation of uranium with thermal neutrons. Therefore, a neu-
tron source such as a nuclear reactor is necessary. In this work, we
performed alpha track detection to identify uranium-bearing
particles for subsequent isotope abundance ratio analysis with
SIMS. Since alpha track detection is based on the decays of
radionuclides through alpha emission, no neutron sources are
necessary. In addition,
the detectors are inexpensive, allowing us to perform the
analysis more easily. Although Vlasova et al. [16] used SIMS for
the analysis of a zircon particle containing natural uranium
after alpha track detection, only 22°U~* and 238U+ secondary ion
signals were detected. We applied this method to the analysis
of certified reference materials and environmental samples taken
from nuclear facilities to confirm its effectiveness for nuclear
safeguards.

2. Experimental procedure
2.1. Samples

Uranium-bearing particles in certified reference materials
(CRM U050, U350 and U500, New Brunswick Laboratory (NBL),
USA) were used for alpha track detection. The certified 23U
abundances of the U050, U350 and U500 materials were 5.010,
35.190 and 49.696%, respectively. In addition, three environmental
samples taken from nuclear facilities by wiping particles with
pieces of high-purity cotton cloth (10 x 10 cm? TX304, ITW
Texwipe Co. Ltd., USA) were used for the identification and
analysis of uranium-bearing particles. The NBL CRM U350 material
was used for mass bias correction in mass spectrometry. For alpha
track detection, CR-39 detectors (Baryotrak-P, Nagase-Landauer
Co. Ltd., Japan) based on polyallyldiglycol carbonate (C;2H;507)
were used.

2.2. Sample preparation

Uranium-bearing particles with diameters of approximately
1, 3 and 5 pm from each standard reference material (U050, U350
or U500) were transferred onto Si wafers (5 x 5 mm?, Semitec. Co.
Ltd., Japan) by using a micro-manipulator under scanning electron
microscope observation. The particles were then covered with a
polycarbonate solution made through the dissolution of polycar-
bonate membrane filters (diameter: 25 mm; pore size: 0.2 pm;
Toyo Roshi Kaisha Ltd., Japan) in a mixture of 1,2-dichloroethane
and dichloromethane. These samples were placed in contact with
CR-39 detectors and exposed for 7, 14, 21 and 28 days. After
exposure the detectors were removed and etched for3hina7 M
NaOH solution at 70 °C. A digital microscope (VHX-200, KEYENCE
Co. Ltd., Japan) and a scanning electron microscope (JSM-7800F,
JEOL Co. Ltd., Japan) were used for observation and counting of the
alpha tracks.

Particles in the environmental samples taken from nuclear
facilities were used for isotope abundance ratio analysis. These
sample were recovered through filtration and collected on poly-
carbonate membrane filters by vacuum pumping [7]. The filter
containing particles was placed in a 1-mL volumetric flask,
and a mixture of 1,2-dichloroethane and dichloromethane was
added. The mixture was then stirred until the filter was dissolved

completely. The polycarbonate solution containing particles was
poured onto a clean silica glass plate and dried to form a thin
polycarbonate film containing particles. The films containing the
particles in environmental samples were placed in contact with
CR-39 detectors and exposed for 28 days. Here, four locations of
the film and the detector were marked with a laser beam. After
exposure the detectors were etched for 3 h in 7 M NaOH solution
at 70 °C. The four marks of the film and the detector were carefully
superimposed and uranium-bearing particles were then identified
through observation of the alpha tracks with the microscope.
A portion of the film containing each uranium-bearing particle
(with dimensions of approximately 150 x 150 pm?) was cut out
with a Leica AS LMD laser-microdissection system (Leica Micro-
systems Ltd., Germany) and transferred onto a glassy carbon
planchet (diameter: 25 mm; Hitachi Chemical Co. Ltd., Japan).
Prior to SIMS analysis, the films on the planchet were ashed at a
power of 300 W for 30 min with a plasma asher (PR-31, Yamato
Scientific Co. Ltd., Japan).

2.3. Instruments

A secondary ion mass spectrometer (IMS-6 f, Cameca Co. Ltd.,
France) was used for isotope abundance ratio analysis. The
pressure of the main chamber was less than 9 x 10~8 Pa. Each
particle was irradiated with an O, beam of 15 keV. The current of
the primary ion beam was between 6 and 18 nA. The mass to
charge ratios of 234U, 235U+, 236y, 238U+ and 238U'H* were
counted sequentially in automatic peak jumping mode with
acquisition times of 4, 2, 4, 2 and 4 s, respectively. Secondary ions
were detected using an electron multiplier with a dead time of
30 ns. Other parameters were described in a previous paper [15].

The secondary ion signals vary with time in SIMS measure-
ment. The signal drift was corrected by aligning the time series of
isotopes through a linear interpolation approach [17]. Mass bias
corrections were conducted by measuring isotope abundance ratio
of a certified uranium reference material (NBL CRM U350) and the
mass bias correction factor was calculated by using the true ratio
divided by the measured ratio. The average value was calculated
to be 0.45% per atomic mass unit. The hydride formation of
uranium was determined by measuring the 223UH/?33U ratio for
each particle [18].

Uncertainties were estimated according to the principles described
in the Guide to the Expression of Uncertainty in Measurements
(GUM) [19,20]. Here, the contributions arising from the certified
values of the reference material, the measured isotope ratios after
time correction, and mass bias and hydride corrections were taken
into account.

3. Results and discussion

3.1. Detection of alpha tracks created by particles in certified
reference materials

Fig. 1 displays scanning electron images of NBL CRM U500,
U350 and U050 particles with diameters of approximately 3 pm
and their alpha tracks after exposure for 28 days. By careful
observation of various images taken for these tracks using the
SEM and the optical microscope, the numbers of alpha tracks for
U500, U350 and U050 particles were determined to be 46, 20
and 2, respectively. Fig. 2 shows the numbers of alpha tracks of
particles with diameters of approximately 1, 3, and 5 pm plotted
against exposure time (7, 14, 21 and 28 days), together with their
linear fit lines. Here, no alpha tracks were observed for the U050
particle with a diameter of 0.9 pm, which suggests that such a
small particle with a 23°U abundance of less than 5% is difficult to
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Fig. 2. Changes in the number of alpha tracks with exposure time measured for uranium-bearing particles in NBL CRM: (a) U500, (b) U350 and (c) U050 samples. The sizes

represent diameters of the particles.

detect in a 28-day exposure time. The theoretical number of alpha
tracks created by 2>*U atoms can be calculated by the following
equation.

n(aT, 27,%3U) =

[SSIRCS

12w (L1074 aws00

M(Us)

. A4y .y
M(U508) AU X-T (€))

where n(aT, 2z,%>*U) is the number of alpha tracks created by
234 atoms, ¢ is the particle diameter (pm), d is the density of the
uranium compound, M is the molar mass, A(***U) is the abundance
of 234U atoms, X is the 24U specific radioactivity (Bq/g) and T is the
exposure time.

The theoretical total numbers of alpha tracks created by 234U,
2354, 235U and 238U atoms were calculated and compared with the
fitted data for the U500, U350 and U050 particles with diameters
of approximately 5pm in Fig. 2. Consequently, the detection
efficiency, defined as the ratio of the observed number to the
theoretical number of alpha tracks, was estimated to be 27.1 +
6.5%. Pyo et al. [21] used LR-115 detectors to detect alpha tracks
created by particles with depleted, natural, and low-enriched
uranium, and estimated the detection efficiencies to be between
13 and 6%. These values are lower than the one of the CR-39
detectors in the present study.

94

In order to estimate detection limits in alpha track detection,
the number of alpha tracks was plotted against the particle
diameter. Here, uranium abundance ratios of NBL CRM U850,
U500, U350, U200, U100, U050 and U010 were used for calcula-
tion. The detection limit was defined as the diameter of the
particle which produces alpha tracks more than one for a 28-days
exposure. Here, we assumed that the particles were in the form of
U50g and spherical shape and the detection efficiency was 27.1%.
As shown in Fig. 3, the detection limits were calculated to be
0.8, 0.9, 1.1, 1.4, 1.6, 2.1 and 3.0 pm for U850, U500, U350, U200,
U100, U050 and U010, respectively. This means that it is possible
to detect high enriched uranium particles with the diameter of
approximately 1 pm by alpha track detection.

Regarding the U500 particle with a diameter of 4.7 pm, the
contributions of the alpha decays of 234U, 23°U, 23U and 238U
atoms to the number of alpha tracks were calculated to be 94.9,
4.2, 0.2, and 0.7%, respectively. This means that most of the alpha
tracks are created by the alpha decay of 2>*U atoms. In fission track
detection, the tracks are mainly created by fissionable 2*°U atoms.
The number of fission tracks is therefore strongly correlated to the
235y abundance in the particle. On the other hand, the number of
alpha tracks is not directly correlated to the number of 23°U atoms
in the particle. However, not only 23°U but also 23U is enriched in
the uranium enrichment process. This implies that uranium-
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bearing particles with higher 2>°U abundances can be identified
selectively by using alpha track detection.

3.2. Analysis of particles in environmental samples taken from
nuclear facilities

Alpha track-SIMS was applied to the analysis of three environ-
mental samples (A, B and C) taken from nuclear facilities. Fig. 4
(a) shows an alpha track image of a uranium-bearing particle in
sample A, which produced 25 alpha tracks in the CR-39 detector.
After plasma ashing an SEM image and an X-ray spectrum of the
particle were recorded, as shown in Fig. 4(b) and (c). These
confirmed that the particle had a diameter of 3.3 pm and con-
tained uranium and oxygen. The peak assigned to carbon in the
spectrum is due to the planchet material. In this study, we selected
10 particles having more than two alpha tracks for subsequent
SIMS analysis. The uranium isotope abundance ratios were then
measured for individual particles in sample A, and are shown in
Fig. 5(a). Here, the n(***U)/n(?*8U) and n(?3°U)/n(*38U) abundance
ratios are plotted against the n(**°U)/n(**®U) abundance ratios. The
results obtained through stand-alone SIMS are also shown in Fig. 5(a).
In this case, particles in the sample were recovered onto a planchet by
using a vacuum impactor [22]. Each uranium-bearing particle was
then identified by SEM-EDX, and transferred onto another planchet
with a micro-manipulator for subsequent SIMS analysis. The micro-
manipulation was performed to avoid molecular ion interferences by

2.0 T 77 1 T/ T/
I/JSO(/ utloo U050
U200
U8504J350 /
1.5 U010

1O AAA A

0.5

Calculated number of alpha tracks

1
1
1
1
1
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1
f
3
Particle diameter (um)

Fig. 3. The calculated numbers of alpha tracks plotted against the particle
diameter. These were calculated based on the uranium isotopic compositions of
each certified reference material (NBL CRM U850, U500, U350, U200, U100, U050
or U010).

other elements in other particles and mixing of several uranium-
bearing particles. The detailed procedure was described in a
previous paper [12]. The n(**°U)/n(**¥U) abundance ratios
obtained through SIMS without alpha track detection were
between 0.0061 and 0.017. On the other hand, three particles with
higher n(?*>U)/n(*>*®U) abundance ratios of approximately 0.25
were detected through SIMS with alpha track detection. The n
(?35U)/n(?38U) abundance ratios measured for all particles were
between 0.0072 and 0.25. These results indicate that the use of
alpha track-SIMS is effective for the measurement of uranium-
bearing particles with higher 22°U abundances than the ones
measured with the stand-alone SIMS. The isotope abundances of
the uranium-bearing particle shown in Fig. 4 were determined to
be 0.238% for 224U, 19.9% for **°U, 0.004% for ?*°U, and 79.8% for
238, By taking into account these abundances and the particle
diameter (3.3 pm), the detection efficiency was estimated to be
26.5%. Here, the particle was assumed to be in the form of UsOs.
The efficiency corresponds with that determined using uranium
certified reference materials (27.1 + 6.5%). In the analysis of sample
B with alpha track-SIMS, a particle with a n(*>°U)/n(*38U) abun-
dance ratio of approximately 0.25 was identified, as shown in
Fig. 5(b), while SIMS without alpha track detection afforded
abundance ratios of up to 0.038. Moreover, in the analysis of
sample C (Fig. 5(c)), three uranium-bearing particles with higher n
(?3°U)/n(?38U) abundance ratios than the ones obtained with the
stand-alone SIMS were detected by alpha track-SIMS.

The TIMS analysis also may be used for isotope abundance ratio
measurement after alpha track detection. Here, a portion of the
film containing a uranium-bearing particle is placed directly on a
filament without plasma ashing for subsequent isotope abundance
ratio analysis [6-10]. This procedure is simpler than that of alpha
track-SIMS. However, there is a possibility of measuring several
uranium-bearing particles simultaneously. Fig. 6 shows an exam-
ple of an ashed film containing two uranium-bearing particles. By
observation of the alpha tracks, it was difficult to identify the
presence of two uranium-bearing particles in this film. If the film
which contains these particles were measured with TIMS, average
uranium isotope abundance ratios would be obtained. The pre-
sence of these two particles can be checked by SEM observation
and they can be isolated with a micro-manipulator for subsequent
SIMS analysis if required [12,23].

4. Conclusions

Alpha track detection of uranium-bearing particles was per-
formed prior to isotope abundance ratio analysis with SIMS. The
alpha track detection of uranium-bearing particles in certified
reference materials (NBL CRM U050, U350 and U500) allowed a
detection efficiency of 27.1 + 6.5%. This method was then applied
to the analysis of three environmental samples taken from nuclear

250000 i i i 1

T

200000 B

150000 B

100000 HO B

Intensity (counts)

50000 q

X-ray energy (keV)

Fig. 4. Scanning electron images of (a) alpha tracks and (b) a uranium-bearing particle in sample A and (c) its X-ray spectrum.
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Fig. 5. The n(***U)/n(>38U) or n(**°U)/n(**4U) abundance ratios plotted against the n(>*°U)/n(*>*®U) abundance ratios measured for samples A, B and C by SIMS without and
with alpha track detection. The shaded areas indicate the ranges of uranium abundance ratios obtained by SIMS without alpha track detection. The error bars represent
expanded uncertainties (k=2). (a) Sample A, (b) Sample B and (c) Sample C.
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Fig. 6. Secondary electron images and X-ray spectra of uranium-bearing particles (P-1 and P-2) in an ashed polycarbonate film.
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facilities. As a consequence, alpha track-SIMS enabled the mea-
surement of uranium-bearing particles with higher n(***U)/n
(?38U) abundance ratios than the ones obtained by SIMS without
alpha track detection. This indicates that alpha track-SIMS is an
effective tool for the measurement of uranium-bearing particles
with the highest 2*>U abundances in environmental samples.

As mentioned in the Introduction, the SIMS method using a
newly developed APM software is an excellent technique for
isotope abundance ratio analysis of uranium-bearing particles.
The screening of 22°U/?*8U isotope abundance ratios over a sample
enables us to identify particles with high enriched uranium
efficiently. The combination of fission track with thermal ioniza-
tion mass spectrometry is also a powerful tool for this purpose.
The fission track technique has higher sensitivity for the detection
of uranium-bearing particles, compared to the alpha track techni-
que. The analysis of sub-pum particles with depleted or natural
uranium is possible in both APM-SIMS and FT-TIMS. The present
study indicated that at least 3 pm in diameter is necessary to
analyze such depleted or natural uranium particles in alpha track-
SIMS. Therefore, the analytical performance of these APM-SIMS
and FT-TIMS is superior to that of the proposed alpha track-SIMS
method. However, the fission track method needs a nuclear
reactor as a neutron irradiation source. In addition, there is a
problem regarding mixing of several uranium-bearing particles.
For TIMS analysis, a film containing a uranium-bearing particle is
placed onto a filament. If the film contains several uranium-
bearing particles, the obtained data would be an average value
of these particles. In the case of APM-SIMS, the APM software can
be used only for CAMECA IMS-series SIMS instruments. The
mixing of several uranium-bearing particles is also a problem in
this method.

On the other hand, the alpha track technique needs only
inexpensive alpha track detectors for detection of uranium-
bearing particles and can be combined with various mass spectro-
meters such as SIMS including other manufacturer’s instrument,
TIMS and ICP-MS. The mixing problem can be avoided as men-
tioned in Sections 3.2.

In this work, we used this method for the analysis of uranium-
bearing particles. This method can also be applied to the analysis
of plutonium-bearing particles. Since 2>°Pu has a shorter half-life
than 234U, it is expected that smaller particles can be identified in
alpha track detection. However, the analysis of plutonium-bearing
particles with SIMS is considerably difficult due to a spectral
interference of 2*'Am to 2#'Pu. Here, the *!Am is a decay product
of ?#'Pu. The combination of alpha track detection with other

techniques such as TIMS and ICP-MS would be able to overcome
this problem.
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