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ETHLN, JRFHFPMEIEFR THYHBE O BiZD Lo TR, ZIRAA I E &Sy
BT (SIMS) IZFBW T, IR SR - B BEHY 7 v =7 (APM) ZHv, 772
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WA DT DALEZ R T 7 EE2RFILIZ, SIMS-APM OfAGhbE Ty I
B 2L, B FHMEE F Ty k2RO, TIMS 74F7 A b RIZEWz,
IO —HEDOEMENMTZ DT EEMERL., £/2 APMIIZEY K ED72IBMG D HIE TED
7o ERMED 7 R OBINBRIE D FTRE THHZEN -T2,

R DOYEIR I HT Bl o i LR BRIC BV Cld, BT ~ 4y ek E
To B —OEWE &AWL 25 DR B HriEZ BT L T D, YR (b
T U,00) ZRNELTZE A, T~ 3 HPE R DL — — DT Lo Tk -
WRETHIENyrolz, TV o EEICL —F — U — 2 D2 B
10, PIE R OFEMRREZAT o T R, S LU RS G2 VT En
BipB0T7 R DL FIEE U0 & UO, THHEH|R|TET-, A0l B~/ A—h
NREDRESEFFOH—T T R DAL IR EDHI BN AT RE Ch DT L& FEEL
77

BT IS O AR E Tl B E LR L< G LRlBEHE T 5L, &t
X BR3sR X | BUEHAE OB R NE L CLEI BN H -7, 22T, BRI
FREH-2 X MREREE TP DI HEME LT, BET2 X BRELZ FiF5e, #E T
RITTRUTUOBRHNEL FR5720, KAF T I ORtsEOE b as
FHEEL T BERAEMIEL-, A0l EEEOREHERBEREONEIZ, BE X
BREE D HEVE (L RE A E AL . 2R Ch AT LR ERH LT,

KEEDT- DBREE YL T L DSHIZHONTIE SRR, 324 T 5HG N7,
IINTIEAT 72> T,



2. IAEA OFRIZ IS PRIERTEBREL /0T

2.1. &k A

IAEA LD RN HEDE | TAEA OARFEIZ LD IRFEHT B BR BL Bt D 0 247 -
TWD, IR DHDHGEIL, HOLUDREID 1D F B LR, BRI D045 (O8
N5 MT GERBUR AT AT R ERAT AT Ry NEVEREL | N —T 2V T
(SIMS £, FT-TIMS {£) EDRI) | oAt OB SENARL, A7) —=7 (U aellE) A
RENRELN TS, ZNOFERED LT, ZREITEHRD b T ANDNEINEDTE
L IAEA [ZIBEIL TWD, ST ASUVRTRED S G 1E, B B %% IC[E B 22 & Wi (DHL)
WZEDFERR L&A CLEAR T2 ANLTUWND, 7235, LI 8 OERR A F I AL T
T EE LU TR - BB 2 8O TR X BB T EAT A7 | e OV Ry b v
AL OBEEITIE, EMOZEFITIVEESL, NUCEF TRIF AN TV, BT
AN, ID F 5 B OfER%  IAEA [T AN BBAELT,

2.2. BT I HESL DA I E

CLEAR T3 ARUZi BT, 3D ID TR DB, BN S 2 — A A—H
TIBRRE L NI 7 TR (BG) THhAHZEEMERT D, AV —=2 T F— A, &
NHORBORE - EEOFEEEZELY, ID JLICTF —XE G35, ZO%OIELTE
8%, K-2. 1123, vy #RRIEDBRIZIL, K-2. 203 N4z H 75, soR 040
JETIX, ST GBI DI EILER/ N —T 4 7V TR T 29 E D 5y
HafET D, T, BWEEEL CRBh—iEH70 1 B & OEHZ W T
X, & R TSR D7) — L L— NTHHT L, 1 Bq 2B 2 723 BHZ W T,
NUCEF TH#r 9 %728 D31 T %2179, 728, Ay MVl oW\ TiIA7 ) —=
T DLENIRNZD | RBIE OIRAET NUCEF ~EML . BETER OO 2 5 &1T
Do

2.3. ST E R

IAEA O BRI LD SV 7 3 Bk Bhid, DHL (2R DMIZEA— /LB E LTkl
MAREZR BB AR &L L B8 ORFRGRITAN TS EE E L TIRA - BBl o
TR XN MLER Ry LB 12 TABA 12X THBISNTEY ., ZofE I
IAEA IO HTHK AN T8 B D, JAEA TIXZOMFEEE DL 7Nk I T& D &
NTTEREEFEL 11X CLEAR TARSPALER - [RINLAR LE R E ATV, TRy MV aEk 1
NUCEF THLZALEE AT > 7% [RALIREEIE IS U720 7 R B I AT IR L7214 |
CLEAR I AL THMZEIT-o T WD, AfMELEEEIZELLE
[CP-MS(ELEMENT)Z FHWCRICHIE SRR Tt L Cns, TEREESEH S IRy ML
AREHBIZEA L AT A TFEICTHY, SR EOE W T2, L, REHIFEL T
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BT INEREE R Tldgk+ ng BETHHIDIZK L TIAy bV ikl Tld mg &&
10° 5 LA BB BHE N HLHZ L0, A oC R E | BBUEPTZE K 3 DR D
WRARKEWVD T, ZNENDOREHISZIDO LWL EE W T T e b=
U LDGyEEELT o CND, 2SIV HTRRENDZ T AUINS BT 71k, il £ T
#X-2.31277%, £72. CLEAR & NUCEF ZH L TITo CWO AL 1L D
Mz -2.4LX-2.51Z7- 7, PR 274 EIZHE Lo S 7 A slB B0 3 30308}
(CLEAR: 938K+ 770 7 AT A7 45808k, NUCEF : i ERD A7 1 280k + 7507
ATA T 55} Tl

2.4. N—=T 47 VA HTEA (SIMS %)

IN—=T 4 IV HTEE LTI, SIMS HEB IOV FT-TIMS 1E0385, IAEA 2253 T K
FESIND /=T 4 7V BHTIZRB N T, EBL0 G ETHIT T 20MI AT IKRIED B¢
IAEA (28> THRES LD, SIMS VED AT FIEZM-2.61T R LTz, £, IAEA 72Dk
Bl T o 71% . BB O I BEZ TR DT DA — = T EE1TH, D%,
HHOEE FICh 2RI, R EE X T Co T BOHEEETTY, 22
T, +RRUTVERSALAITIE, B BME T Ty Tk AR L, l 2 ORI
FHEHTARRFZREE E~BETD, bL, &S X ot Ty A s
N oG AR, EFHBME COR FRBEBLOBED TREEHL, £D%,
SIMS ZEEZ FHWT 2 DU T KA DRINAREZRIE L, 7 —Z T, S EER
D% IAEA (TR R A HRE T Do VR 2T IR LT S —T 4 7V o3 HradBh i &,
200k CTH T,

2.5. =T 4 7 )VAS M (FT-TIMS %)

FT-TIMS £ Tlix, AVATHEHHICE ENDE % DT R I2DW T, ikl
12 TIMS #EEZ AW TRIMARZRIE 5, £ZICELETITIE, K-2.7125R7 789
(BB D S REZ I D T2 DA ) — = ZRIE ki D7 42— E~DEL
WU HECEEOAERL, ISR COHRMEFRGT, 7o iar by @85 747 A |
~ORLF B ERE OFTLER TN DD, [FINARLLHER L, 7 — F T, s EE
D IABA 1Tk RA G5, AEIL, AP TP RBEZLEET 58,
W2 TR FE IR 1 D FEN ORI AME IR L T FT-TIMS 24T HalkEko
ST ANBLOGHTIEFEM L 20T,



3. PRIEFFEERET /AT BT OMERF  17) IS0 B 70 s~ 5 i 55

DHERFE BE

3.1. mEERE AT ZERR (CLEAR) O#ERFE B

i BEBR B AT A SRR (CLEAR) 1, B2 JFUEHE L BB e ONEL -7 oD B
(ZEE T DIEAC I SRR B FR Bt % . FCSe 1 [RIE e 38 S5 (2 L D e o o o o
DB BT HIEIC I S SHE RN o & A fi sk Th D, 15 K OFTNBLE
R DR e D SRR B A i ex S O 2 LR R DR A28 B i
P S T BRI RSP B R L R R F o ) IS & O g B A
1ToTe, 2T T o 7o, B O ED . FSH RIS e 3R OTE B
HEICEDOIZH EMRAETREIT AL oT,

3.2. m BRI ZE (CLEAR) O AL B

BB T ZEA(CLEAR) D7) — 2 7b— AT 1SO HIE 14644-1 |CHEHLL 7=
HET->TEY, TOBEEIT A )7 (BFA0H) | B U7 (&) kO C =)
7 GARHRE SE) 725720 A VT OIFHELIL 1SO 77 A5(77A 100) #A¥ . B =)7
IX1SO 7726 (774 1,000) 14, C =UT (X ISO 7T A T(/7410,000) 1524 T %,

CLEAR D FEZAfERF 9072018, NEEEEELFIE 280, B FMHICEOE
VLT OREBIEEOBEEE T, 7V —2 b — A TOEEE ZIESE UK Z X > T
Do

- AR P

« JU—1 b — A NRREGEE
« V=07 —FEROEEE
© DR A E

© U= KRR PREE
- IEICB T D EHE

CLEAR (21X, BTOESEE Y E 2BV TWD, TORE X, 1FEEICE
FLFIEZNET ST LI LTIV DIEH E LR o288 G E BRI LB
TSV R ESC H o S a7 T b, CLEAR TIZLL FAEMA SMIEE L TED.,
VAR FHHEIIZSE L TUD,

- JY)—r T — R (1[=]/4)
- FFU K& (118]/24)
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o J)—r T —RR IR REMERR (1[=]/4F)
c V=T =R TN H—=)—7 (1[=]/4F)
- FFU 74L& —Y—2 (11al/24F)
- BV R R AR (1[=1/4F)

fiE H FERiL TOD 70— b — LD H EERIE OfE R &K -3. 1R, A =T D
TEFRE L, BHE BRI+ 0E< IS E X BRI TS, RIERIZ, B =70
BEHESRIFCThoTe, UL EOZEIY | @mERE SISO 7Y — b — LD
FEE LB IR CNDBZEN DD, 7V —2 7 —R XU TFOIEEHENIE THLIE
BB B 37 MBI OTE I EIL 1SO 7T A 4(77A 10) Y4 &4 & LT
WD, FRPERGRIE (LRI BT DR ERL 3 OB O UL T- ke HE R B Bh % D
BV FE (R RE PR VX RTAR BE & L U CR & e kT 7e< . BAF7eRIEZHERFL T 5,

fiAKE AN Baa ) —2 b— ANORD LTI — I EEL, 2212k
B9 2R F-2FHEEL T ICP-MS THOMHTLC. ZhaTIT 7707 LTCWD, U7 D
TUT T IUMENE, IV = AR W T T R T T 7 L L TR
B Tho7,

AR 2 TR FE LT FE N U7 i i B 7 BRI BB 9 D F AR 3,112, £/ CLEARDIE
FIEERZATO T DI FhE LT &~ D% O SR IE¥EA £ 3.2 7, Zhvb
DEBRE RIS TR TH-T,

3.3. REREE OMERFE B

(1) BERRIS@E OMERE B

IMTEEE U CHRIGGE BRE & 7 I A BT EE | EANE T BME. o
FRASZ M RIESLTE | &5 R 'év BRHELEE TR MRAEREE SO0 X
FROHTIEE | W —IRAA B HTEEE EF7 e—7 X f~Aoa7 3744
—, wTFaL sy —RIEKEE %ﬁ VBT IEE RS NRE SN TRY, HiThRe
AEFSHTIZRI AL TWD, BUNIHERFE BLA{TOZ 81080 FrlOMEREZMERF LT,
7k, EERE BB OV T, B GICEVFEZITIC S EDN H TEZ 20
RHTEEEAT ST,

(2) AEEME MBI T H

EAREAIMEIT, =T ANV EIRDO—>Th 5 SIMS (£ L ik
IZBWTEHERDIEE ThHD, Ll BEFENEA TEBYEEDO MRS TICK
N CETO BFEEZITo7o, £7 . ZNETHEHL TEEBEOLERE N —
ANTHEAARERE LT, ZO%, — P AFLO FNAIZHEVVE AR ED FHEE
T MIAEB LR E LT, 2B T, BT 12H 15 HIZZU— 2 b — AT A
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%, AT ATV, R 2841 A 25 B ICHEfT - PR EZEA 52 T L=,

-3.21%, YiZEE DI — 2 b — AN SO AFFOER T Th D, i ARFIZ T3

BB L TOBIEZVDOMER R REZITV, HEENODREN I — 2 L — LD
TEG IR RSN~V ThHZ Ll LT, [X-3. 31T B 1k D Y 3%k
BEONBEEZR LT, 728, HEICAH RO H HKTE “4*%%E£ﬁf:/7°iﬁ&
FEOEEEERL T/ — L —MIMNIRE LS TRV, RIS, YekdkiE s A
WCRF I HER TR RSN T AT AT RE R DU T R 2R E LT, K-3.41307
/ﬁ%@ WE T, K-3.51IHETBTHY, R—T 47NV TG/ b E

1 um BREDORFIZONT, W RIFRE AL T2 TETND,

T K E BT RIS E ENDILHE DR 1B D REVIIE R A 5< 72

5%1%&%751;(%@ ATA T BT E ENDTT U E DEILHE LB TR T A
T5ETHEHTHS, K-3.61L, V7K 7D X ATV THD, V7RI T
% 3.18 keV 5L 3.34 keV OB —Z HBHHBRICBIHISILTRY, IEFREFEIETE
HZEMHERINT, 7B, RO — 7L BIESN TWADIEND, ZORL XY T
AL CHDHZEN DD, IRFBITHAWTZIRBHOBEHENLDEETHD, £,
M-3. 7R U S S E I A T B D~ A/ a~ = ol —Z |20 | BT B ol
LI2IOAE 2 DU Z R A% 7T o7 HEES LRI O 2 & L AR I REZ 2 <AT 2
HZLrERR LT,

PLED LT, SIMS JERCME I baBR A i 7~ 57D I BRI LD 2 B Ak AT
T /2L CWDZEN RSN | DATRBI O T ANE R 622U,

12



4. W E OVERI AT Bl DBR %

4.1. [FLDIZ

PR E BRI AT I 53 —=F 4 2V AT Tk, AVA T B OfiEl 2
EWE & BB FORNAREZRETAHZEICE0 FoRBIR Y 7Y ST
HCTORTINEBONE ORI THIL TS, LinL, FIE T, IABA 5D /%
—T A IV D HTHRFAD I, BB LA 2« OWE & AR OFIR
BIRBIORMM TE ST LN ST DL EEND LR TE TS, 2T,
IABA BZNSHDGHTERD - JHEEIOMRFEO_ETEECTHHEOFRMAEFF-> T
HZERBERLTWD, - T, Fx bIIRBIEC A M) e i 7e L O oMz
BRI HMENRDHD, ARG TIE, ATA T REFIZE TN E & B R - 1Zx L
T, TORIRRLE END MM Z A LN T B IEZBIRE T 5, YR 254EE 21T T
BT SERL26AE T T V= MR- O MR ST A A B L TE TR, b
DI RAESFEZT, KT, vT70 TN h=0 NRERL - (MOX K1) x5 ELT
PEIRHT AR OB R 2 B2 o7z,

4.2, RERJ7E

FEOFNRZLLTICRT, £ ATRRKRFRALE Loz A=adr 7T he
IRETAIRZR FL, BRI, 20k, AL\ X —ZHANTZOREHRIZA
TA T BB ORI -2 EUL LT, 530S % 150 C T AL, RERR Sy ZFREL
Teo OB B BMEBEICAN, KIFEFBREBE T8I0 T - T b=
ULRERLFZRR L B AI X BROHTIZED ., T2 - T h=0 MR R AFr
LTz, FEELTZD T2« NV h=0 MEARLFIZXHL T, ZIRE BB I O E 1
Ba G LTz, Fio, B BB RO =L — W X #kk 4R (EDX) 2 H
WCIERGHTEITO, R TR IOV TOFEREIRS L=, £2, TNEThOT
FORL - H TOPAVIRREEFTARD DK ITLHRD X i~y 7B OBGEIT-7,
UL LD T AT ST % . ZIRAA L E 858 (SIMS) 1280, il 2 DR+ D v 7 7
VA= ARINAR IS W 24T 572,

4.3. fHRMOEL

F9 T FNED Z Y AR FET D701, YRR A W TR L= T2
WA= MEARL T DT a7 -T2, W=7 N, NBL CRM U010 T
0. U0 [RNCRERIE 0.01014 THD, Fio, W=7 V=0 LEAESUBHE, NBS
SRM 947 THY . *Pu/**Pu [RINAKLLIZ 0.2408 THD, ZNHDOEHERELE U/Pu Lt
MZIETL 18, 10, 5, 1 1272 IHITIRA L TER LIZRL -2 AT vz, X-4.1
~-4. 412 DFEREZ R U, PIELTET N TORLFIZOWTEESE, U7 BRI
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N=T ARSI, U7 BT V=0 AOIRB B LM DIREETHDHZLIVR
ENdz, o EERREY IR A L TR F21ER LTZ720, TR~ 7 Ofk
ETIXRLFHOUT7 BIORT NVA=0 AT 120 LTEY ., /REREITALI
2ot Flo T EFIT. 7R Vb= MR E D E I A G T ER Ay O
MELSBIEINDEWVIFHEE R L TWVDED, ZHORE R CIRIRITR 2RIz >
THEN R THY, LR~y T ORERERERICRERE L AL T, [F
PEAREERNERE BTl T _TORL A 12DV T 2 U/*U B8 L OV Pu/*Pu [RINTA L E
HITHEAEREI O S B E B — B LI R NSO, ABEICEY IEMEZ R RN R 7
HrdAIRE CoHDHZEN RSV, £o, ENE ki1 (U/Pu bk 18, 10, 5, 1) D X ##
INTICEDIEHRHTHE R TIX, U/Pu JR -8RI ESEEL T 23, 10, 4, 1 Th
ST, ROH CHELNDEITERME THHIZHEIHL LT U/Pu DKW FIEO R
WL IR &L RMELN TS, — 5, U/Pu OEWEEHIBIL T, X
RO HT G R C3HIRRE VML /2o Te, ZNEND LR DR (%) 1%, T Vb=
LADOE =22k 7 0 DY — I DERVEMEL THAEL TNDR, 7V =0 LD
fFAEEIE DMRWEE YT D8 —7 DERV O BN REIIRVMIELE N0 ->T T
HEE 2 HND, ZOMER AT A7 5121%, ARV 3L —S58HR o X B
i g (EDX) J0 =X — 3 RED m W R B O X #ift s (WDX) 2 H
WTCZDOE—I DBV ERRET D HIENEN THHEE X HID,

WA, SR D CERBRENIZAVA TR OT T« T b= MREARL 114
KL CIRBRD T A B 270570, EOREREK-4.5~K-4.11ITRLTZ, TNE
ORI D X BT ORERINOIL, T2 TNV R=T DUSMI T NI L w7 3T
L TAR=D L R TR DV A SRR E ORI LR NG FITNDIEN
Dole, TNBIERITREBREFIZZIHET HLETHY, U7 - T IVE=U LR
AR DAEBRFRIZIBN T, ZULDORE I ET 2R N BIAEN 2 %2R
LTV, I IV BEORNT VA= A0 X #i8 GrE~ve ) OfERTClL. 75
YBILOT NV I=T LD X BEE DR D RFTHNL TiX e 2B ELILTE
D, TR HIZIZT T LTIV R=T DS —RRITAFIEL TWAZEN DD, &5
(2, BB OR R TH T TR+ TR -2 RICh > THEN —HTH
0. RIEREITRLNRN ST, T72bb | K- OARBEREIZB W T T 7 Vb=
U ANIBEICE IR A ST 2 EER L TS, ORI 112D T SIMS 1IZXD A
AR HER EZAT S 724G 5, 2°U/*U [RIALIR LR 0.0034~0.0098 OHIFHTHY, %1k
NOIRBHEO Y7 THHZEN RSN, — 7, *Pu/*Pu FINLIRELIT 0.2835~
0.7693 OFIFHTHY, ZORERIL, ZNHORL -2 EHA DR P CHEHASI TS
DT N h=0 2%E A TWDILEERLTND, LA EDIHNC, ARECiE, i 4 o
B D ZIREB, KIHE & A 5HT, SE~ v 7 BIOFEN RSB
ZITO—HOSHTEEBRE L, TNENDOTT TN h=0 MEA KL OMEIREZ RS
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IZTDHIENTET, 7B, “IRE T BROBIERIZIVELNRL T OIRIZEEIL T
X, A ERNE L6 R DI ARIC K > TR 72 0 B TEDIZE OBl /E VT RS
IR oTe, Flo, R IR IZHOWTHRL -2 3 TEDIZE OBfE/EVIT RS
VRN T=,

4.4. &0
PR 255 FEIN DA FE DTz TR KL OVRIR ST Bl OBR FE A 3 270 -
7o ZHUSED —H DS HTIEERITEL . v T CERR255EE) | 7V h=0 A (ER 264

FE) . 7T V= MRARL T CERR2 TAEEE) OPER A B SN T 52L& A HEL
LT 2N=T 7V TIEZAVETCRMAR DO B 3MEHE L THRDOILTE IS A
EOBAFEIZED ., 1 DOWERL A DIRNAR SN ZIREFB . KA E .
A ICFR | TCR AR E DEE A IRIFRBFLZEN A REL 2o T, 5% RHER
FINEB ORI EBR CTEX DL D EE 2 BND, BlZIE, U7 R DARHE
MICSE T TIE, WL ODDRL DWW T T v RDIFEDN RSV, 7vF#RIE UF, &
AL 7 ARMERFRICB W TEET 50 R THY | ENET TR LS OFEN
/Tﬂ BEIND, ZIUZRN AR DOTERENZ DIV EDOREE DT T i 32 Ol
R TITOINTWDNEREZ LD DL ENFRETH D, 72k, KFAFZBL ThiFDIE
KD IZINBIX, R TR EN A HEE CEDID R 7o kG RGO o7, Ll
ABEBICEL ORI TE DL TT —2aERE L, T — 4 X—AMbT DT R/
IEEIOHEEIZ DR DI A 72 Gonss 0 L BIRFED,
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5. it FEEIGA AR OB A

5.1. U753 (CLEAR)
5.1.1. $%a2L &G TR UEHI IR CEDAA L A Bt E DR

IAEA DN 2K HS VA AT A 73BN, MR & O E L EHITREDER
BEWENTE L QD ENE % 5D, TORRITHEMRITRE RS TBRBELR LI
FOREL 72D, FEME AT TAE &SR ICP-MS) 132 50K [FIRE 70 4T A3 FEE
D—DNZFETONDED, AP LR OE BN H LR L ERLRWGE THHIER
WRICERE CIHAFT5E, BT EORINAR LN IEMERMEND T TLEIZEND
NFETORIER NGS5 > CD, ZDT=8 CLEAR TIXAUA 7kl 2224y B
T HRNCE I XM T THRAE Y O T FEAE AT L TD, #623100 pg BL EE Fh
TWDLEAITIE, 8M MR TABER & LT 2 A 4 L S BEE CHE D 7007 L b=
U ENS T DB BREL TOD, ZOHIETIRAIT, 80 IEF IS <E ENH0E
THo THREY 77 Vb= ADIEME R FNAR 2 S L CT& T2, ZDHIEIC
B DT, k2 PR ET D720 IR /2 ABER O EFiPHOM e 3~5 BT A
BB D IRBER B TEE LW EBROBRED R AN D, TRHER M
BIODIRNE ZEDOERDT V=0 DI BESENIIRAFEL T fg~pg BT V=D LD
EEZR RN LRI E A1 5535, WICIEBER BN 0E | gREEBIZT T DN
MHL TR EY 7 IEDREAR TP 52812705, 2T 8M iR L 0d 4y Bl 6E
WS BER AT LT, ZAVE TOERE RN OIEA A4 LT L TERDOFRES
U7 DI, ZEIREEE L HEEE DS B THDHIEN o T=D T, ZOR
e a SRR EDTD DIRBEREL ., U707 Vb= ABERM D BLBRESNDIR
PR DM A A7 FERIZE > TR T,

O AL B L O A
[FURH]
SPEX # ICP-MS R IEWIR (8% 5 1057055 : 45 50 ng)
BBU AL I ERI(120 pg #U), *Pu A A 7 ERIE(13 pg **Pu)
BT NENT 7 e — I — [ ANRFTLE L 7o% . 30%HE /R 2 mL (2
e ABy A ND)
(E NS VNN
= Z bRk CAO8P, CI-HZ, Kift 75-150 um
BT AX 4 mm ¢ X7 ecm (BT L5 0.84 ml)
[ #rdkiE]
P—FT7 4y p—H TEIVRA ICP-MS ELEMENT2 (**U,  *?Pu ll7E )
Agilent Technologies # PUE AR ICP-MS Agilent7500a (Fe 8 7E H)
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@ Sy JE I 1E

EHARZ T 30%ERE CaL T4 a= P L TR W AT U T ME LT
%, IBIT 30%BERE 2 mL 2L CU Ty TN LB L OERE I T TR A ST,
WIZ 4.6M FHER KT U CHEBRIE E 228 2 T-IR IR 3 mL 2L QAR AE Y — b —I2 8k
Wiz, ZNE 2%EERTATRIZTIIL T ICP-MS TIAHSRAE LT~ kD=L
HHR [CP-MS T, U7 &7 V=0 MO HEFRIL ZHIARA ICP-MS THIEL, A
AU BRI O FERER RIS 7302 BN 100%E LT, 40 Bl
ke D ICP-MS 15 53R EE D LB R ER (R HER) 23R b 7=,

#-5.1&X-5. 1IZHEE LR OIR G UBER 2 > THoBEL 28k, v I B XU
WA= AOE R EBRYARE A R T, HIEL72E OFLRIZB W THENT 2 EIR L,
UTATEHETIEEAE RENWAE LT, 7V =0 MIEERIR DN 5 <72 D12D
NTIEHT2EIE N80, HERRIEE 8. 1M TIRFEA L EEWE LT, IEEE 3mL %
T DI B B BRI FERS IR EE S @ <72 D2 DNV TR o Tz, DR
b 4.6M iElE —8. 1M HERRDIR AN ERA PR ET D2DITHRB IR THHZE
NGy Tz, D ALK O IR S IR BER 2 B 5 sl B T O kbR B WA Z LT
FERBRFIBRERICB O TR ED T TR0 V= AE R T 52 L2 R E B <
ETELLOEMFEIND,

5.1.2. ICP-MS \ZL D IEMEZR AN AR LI E D780 DAL F1 5

WEAEJE | BT L 725 R A & 7T A~ B By AT 44 8 (P%#h 40 : ELEMENT2)
(LT TRRE AR e D TERES I B0 5 IR 1415 4 (SEM)MR HH B O BB I T %
B & R SRR RS S W TR 21T o7, TLUCRED E OIS S L)
ARG B7200 , R ABE A OB 30T L TS IR & & el LT,

5 i P RO AN SRR ] DBV % 1 5 I R L 0l D7 L SRR S T 208, B
Al > THERE DSOS R B 572D E IR Z NS DOBOE 2 i 4
HLENRDD, BB EEIIRHBRHCASN LA TV 2B R T~ AT 20108
Fg 2kV ReEOREETHD, BTl /2 B IR DU Lo TR 2 1245 H)
THOT, Wz IR D RAFAIIIR-DTZ 60 N30 E R 2] E 2SR T
RRE LT UE RS0, R LT, BSR4 DA L ThDE L LT
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Identifying Uranium Particles Using Fission Tracks and
Microsampling Individual Particles for Analysis Using Thermal

lonization Mass Spectrometry
Fumitaka Esaka,* Daisuke Suzuki, and Masaaki Magara

Research Group for Analytical Chemistry, Japan Atomic Energy Agency, 2-4 Shirakata-Shirane, Tokai, Naka, Ibaraki 319-1195, Japan

ABSTRACT: The analysis of isotope ratios in individual particles
found in the environment is important to clarify the origins of the
particles. In particular, the analysis of uranium particles in
environmental samples from nuclear facilities is useful for detecting
undeclared nuclear activities related to the production of nuclear
weapons. Thermal ionization mass spectrometry (TIMS) combined
with a fission track technique is an efficient method for determining
the isotope ratios of individual uranium particles, but has a drawback
called “particle-mixing”. When some uranium particles are measured
as a single particle and an average isotope ratio for the particles is
obtained, it is called “particle mixing”. This may lead to erroneous
conclusions in terms of the particle sources that are identified. In the
present study, microsampling using a scanning electron microscope

Fimnbon b Wi 19 [ i

inuriore =elid armsyw

was added to the fission track-TIMS procedure. The analysis of a mixture of SRM 950a and CRM U100 reference materials
containing uranium particles indicated that particle mixing was almost completely avoided using the proposed technique. The
performance of the proposed method was sufficient for obtaining reliable data for the sources of individual particles to be

identified reliably.

Uranium has three naturally occurring isotopes: ***U, U
and **®U. The abundances of isotopes vary in particles
associated with activities related to the production of nuclear
power and nuclear weapons. **U is also produced during
neutron irradiation and reprocessing. Therefore, the analysis of
uranium isotope ratios is of great interest in various fields such
as environmental sciences, nuclear safeguards, and nuclear
forensics, because the results of such analyses can allow the
sources of materials containing uranium to be identified.'
For nuclear safeguards, uranium isotope ratios in dust
samples are measured to detect undeclared nuclear activities
related to the production of nuclear weapons.”® Dust samples
collected at nuclear facilities by International Atomic Energy
Agency (IAEA) inspectors typically contain large numbers of
environmental particles that contain no uranium and small
numbers of uranium particles originating from nuclear
activities. Two approaches to analyze uranium isotope ratios
in dust samples for nuclear safeguards are used: bulk and
particle analyses.® In bulk analysis, the entire sample is
dissolved and the isotope ratios are measured by mass
spectrometry. Thermal ionization mass spectrometry (TIMS)
is traditionally used for this, but TIMS has started to be
replaced by inductively coupled plasma-mass spectrometry
(ICP-MS) in recent years.® In particle analysis, uranium isotope
ratios in individual particles with diameters ranging from the
submicrometer to 10 ym are measured using secondary ion
mass spectrometry (SIMS) or TIMS. Particle analysis gives
detailed information on the origins of the particles analyzed,

-4 ACS Publications  © 2015 American Chemical Society

because the uranium isotope ratios in each particle can be
determined.”"® Each uranium particle has to be distinguished
from the large number of environmental particles that are
uranium free before precise isotope ratio measurements are
performed. Hedberg et al. developed a screening method for
identifying uranium particles using scanning ion images of
uranium obtained using SIMS with a focused primary ion beam
with a large raster size (e.g, SO0 um).'1? After screening, the
uranium isotope ratios in individual particles are measured
precisely using a focused primary ion beam with a smaller raster
size (e.g,, 10 ym). When TIMS analysis is used, a fission track
technique is used to identify uranium particles.”*™'¢ In the
fission track technique, a polycarbonate film containing
particles is attached to a nuclear track detector and irradiated
with thermal neutrons in a nuclear reactor. This results in
fission tracks in the detector when the film contains uranium
particles. The location of each uranium particle can be
identified by observing the fission tracks with an optical
microscope. A portion of the film (e.g., an area of S0 X 50 ym)
containing a uranium particle is cut out and placed on a metal
filament for subsequent isotope ratio analysis using TIMS.

A major problem that occurs using both particle analysis
techniques is called “particle mixing”. Particle mixing is when
some uranium particles are measured as a single particle. If the
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Figure 1. (a—g) Sample preparation procedures used in conventional methods and (a—f and h—k) the proposed method before TIMS
measurements were made. (a) Particles on a cloth were removed and collected on a poly carbonate (PC) membrane filter. (b) A PC film containing
the particles was made. (c) The film was stacked on a nuclear track detector and (d) irradiated with thermal neutrons. (e) The detector was
chemically etched; then, fission tracks were observed using an optical microscope. (f) Each portion of the film that contained a uranium particle was
cut out using a laser beam. (g) In the conventional procedure, each portion of the film was transferred onto an evaporation filament under an optical
microscope for subsequent TIMS analysis. (h) In the proposed procedure, each portion of the film was transferred onto a glassy-carbon planchet
under an optical microscope, then (i) the film portions were decomposed by ashing them with plasma. (j) The uranium particles were identified
using scanning electron microscopy (SEM), then (k) each uranium particle on the planchet was transferred onto an evaporation filament using a

micromanipulator attached to the SEM instrument.

particles have different uranium isotope ratios, the result
obtained is an average value, and this may lead to erroneous
conclusions being drawn in terms of the particle sources that
are identified. When the fission track technique is used, the
smallest possible portion of film should be cut out to overcome
this problem. However, it is technically difficult to transfer
portions of film smaller than 50 X 50 ym onto a filament under
an optical microscope. When SIMS analysis is used, a focused
ion beam may be used to help avoid the problem from
occurring. However, particle mixing still occurs in SIMS
analysis, even under optimized analytical conditions.'* This is
due to the presence of some uranium particles in a particular
area smaller than the raster size of a focused ion beam.

In the present study, a microsampling process to select a
single uranium particles in scanning electron microscopy
(SEM) was added to the fission track-TIMS procedure to
overcome the problem of particle mixing. The SEM instrument
had a spatial resolution sufficient to allow the presence of some
particles in a particular area of a sample to be confirmed. A
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microsampling device attached to the SEM instrument was able
to be used to transfer a single particle with a submicrometer
diameter. The analytical performance of the proposed method
was verified by analyzing uranium particles in certified reference
materials.

B EXPERIMENTAL PROCEDURE

Samples. Uranium particles in certified reference materials
(CRM U050 and CRM U100, from New Brunswick Laboratory
(NBL), USA) and a standard reference material (SRM 950a,
National Institute of Standards and Technology (NIST), USA)
were used. The uranium abundances in the SRM 950a
reference material were not certified, but a 23¥U/?°U isotope
ratio of 137.847 and a ***U/**U isotope ratio of 5.353 X 10~
have been reported."”'® A sample containing particles of the
CRM UO0S0 reference material was prepared on a 10 X 10 cm
piece of high-purity cotton cloth (TX304, from ITW Texwipe
Co. Ltd., USA). This high-purity cotton cloth was the same that
used to sample dusts in routine IAEA inspections. A sample

DOI: 10.1021/acs.analchem.5b00236
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containing particles of the SRM 950a and CRM U100 reference
materials was prepared using another cloth. ANBL CRM U350
reference material was used to determine the mass fractionation
factors that applied in the TIMS measurements.

Sample Preparation. A conventional sample preparation
procedure is illustrated in Figure la—g, and the proposed
sample preparation procedure is illustrated in Figure la—f and
1h—k. Particles attached to the cloth being analyzed were
removed and collected on a polycarbonate (PC) membrane
filter, which had a diameter of 25 mm and pore size of 0.2 ym
(Toyo Roshi Kaisha Ltd., Japan), using a diaphragm pump
(PG-1S; Yamato Scientific Co. Ltd., Japan) connected to the
filter with plastic tubes. The PC filter was dissolved in 1,2-
dichloroethane and dichloromethane, and then a PC film
containing the particles was prepared from the suspension. The
film was placed on a nuclear track detector (Macrofol; Good-
fellow Cambridge Ltd., UK) that was 20 ym thick, and the film
was then irradiated with thermal neutrons in a nuclear reactor
with a neutron fluence of 8.0 X 10" cm™ at the Japan Research
Reactor 3 at the Japan Atomic Energy Agency (JAEA). The
detector was chemically etched with 6 M NaOH at 55 °C for
20 min; then, fission tracks were observed using an optical
microscope (VHX-200; Keyence Co. Ltd., Japan) to allow the
location of each of the uranium particles to be identified. Each
portion of the film with an approximate size of S0 X 50 ym that
contained a uranium particle was cut out using a Leica AS LMD
laser microdissection system (Leica Microsystems Ltd.,
Germany). In the conventional procedure for preparing the
sample for the subsequent TIMS analysis, each portion of film
was transferred onto an evaporation filament using an optical
microscope. In the proposed procedure, each portion of the
film was transferred onto a glassy-carbon planchet that is 25
mm in diameter and 3 mm thick (Hitachi Chemical Co. Ltd.,
Japan) using an optical microscope. The film portions were
decomposed by ashing them using a plasma at a power of 300
W and an oxygen flow rate of 100 mL min~" for 20 min. The
uranium particles were identified using a SEM instrument (JSM
6700F; JEOL Co. Ltd,, Japan), then each uranium particle on
the planchet was transferred onto an evaporation filament using
a micromanipulator attached to the SEM instrument. The
probe tip for the micromanipulator was fabricated from a glass
rod with an outer diameter of 1 mm (G-1000; Narishige Co.
Ltd., Japan) using a micropipette puller (PC-10; Narishige Co.
Ltd,, Japan)." The tip was coated with gold using a coater (SC
701AT; Sanyu Electron Co. Ltd., Japan).

Isotope Ratio Analysis. A TIMS instrument (TRITON;
Thermo Fisher Scientificc USA) and zone-refined rhenium
filaments were used for isotope ratio measurements. The
evaporation filament current was continuously increased during
each measurement. The measurement procedure has been
described in detail previously.”® The current was increased to
5000 mA at a rate of 100 mA min~". The acquisition times for
B4y, 25U, 20U and *¥U were 4, 4, 4 and 2 s, respectively. Mass
fractionation factors were determined for each isotope ratio by
performing measurements on a sample of the CRM U350
reference material. The uncertainties in the results were
estimated considering measurement variability, the certified
values for the reference material, and mass fractionation
corrections, following the principles described in the Guide
to the Expression of Uncertainty in Measurements (Gum).*!

3109

108

B RESULTS AND DISCUSSION

Analysis of Uranium Particles in the CRM U050
Reference Material. A sample containing uranium particles
from the CRM UO0S0 reference material was measured to
confirm that the proposed procedure gave the correct isotope
ratios without contamination with uranium from other sources.
An optical microscopic image of the fission tracks and a
scanning electron image of the uranium particles located in an
approximately 50 X 50 um portion of film are shown in Figure
2. Two uranium particles were found in the SEM image, but it

gl
B min

Figure 2. (a) An optical microscopic image of fission tracks in a
portion of film containing CRM U050 particles and (b) a scanning
electron image of the uranium particles in a portion of film containing
CRM U050 particles.

was impossible to predict the presence of two uranium particles
from the fission track image shown in Figure 2a. One of the
uranium particles identified in Figure 2b was transferred onto a
filament using the micromanipulator for subsequent TIMS
measurements. The 2*U/2®U, 23U/?¥U and 2°U/?¥U
isotope ratios for six individual uranium particles, measured
using the proposed method, are shown in Figure 3. All of the
isotope ratios were consistent with the certified values within
the expected range of uncertainty. This implies that no
contamination with uranium from other sources occurred
during the sample preparation process. Note that no
contamination with uranium occurred during the processes
involved in the conventional fission track-TIMS method. In
fact, the uranium isotope ratios in the CRM U100 particles
were also measured and were consistent with the values found
in a previous study.*>

Analysis of Uranium Particles in a Mixture of the SRM
950a and CRM U100 Reference Materials. A mixed sample
containing uranium particles from the SRM 950a and CRM
U100 reference materials was measured using the conventional
and proposed fission track-TIMS methods. The analytical
results for 20 individual uranium particles measured using the
conventional method are shown in Figure 4. The »**U/**U and
B6U/28U isotope ratios are plotted against the *U/?*U
isotope ratio in Figure 4. The isotope ratios for only four
particles were consistent with the certified values within the
expected range of uncertainty. For example, a particle with a
#5U/%8U ratio of 0.0254 was detected, and this appeared to be
attributed to the particle mixing of particles from the SRM 950a
and CRM U100 reference materials. Assuming that a particle
with a diameter of 1 ym from the SRM 950a reference material
was present, the presence of a particle with a diameter of 0.6
pum from the CRM U100 reference material would give the
isotope ratio that was found. As another example, a *>U/**U
isotope ratio of 0.1051 would correspond with a mixture of a
CRM U100 particle with a diameter of 1 ym and an SRM 950a
particle with a diameter of 0.4 ym. The presence of such small
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Figure 3. (a) 2*U/®*U, (b) ®U/**U and (c) *°U/**U isotope
ratios of individual particles in a sample containing CRM U050
particles, which was determined using the proposed method. The
dotted lines represent reference values for the CRM UOS0 reference
material. The error bars represent the expanded uncertainties with a
coverage factor of k = 2.

particles (i.e., with submicrometer diameters) is difficult to
confirm using an optical microscope, and this leads to particle
mixing problem. It may be possible to avoid this problem by
cutting the film into pieces as small as possible. The laser
microdissection system can be used to cut smaller portions of
film, but it is technically difficult to transfer pieces of film less

than 50 X 50 ym onto a filament under an optical microscope.
The pieces of film used in this study were rather small
compared with those prepared and used in other fission track-
TIMS studies (e.g, 1 X 1 mm).' The particle mixing problem
was also found in SIMS analysis performed by Peres et al., who
measured a mixture of uranium particles in the CRM U005a
and U010 reference materials using a primary ion beam with a
beam size of a few micrometers or less.'> Nevertheless, even
after using such a focused ion beam, some data evidently
showed that particle mixing had occurred in that study.

The proposed method was used to analyze the mixed
samples, and the isotope ratios of individual uranium particles
were measured. Pictures of the microsampling of a single
uranium particle are shown in Figure 5. The location of each
uranium particle was identified by observing the fission tracks.
The film was then ashed, and the presence of two uranium
particles was confirmed using SEM. Only one uranium particle
was then transferred onto a filament for subsequent TIMS
measurements in order to avoid particle mixing problem
occurring. In this case, it was impossible to predict the presence
of two particles in the selected area by observing the fission
tracks. The isotope ratio results for 20 individual uranium
particles obtained using the proposed method are shown in
Figure 6. The isotope ratios of 17 particles were consistent with
the certified values within the expected range of uncertainty.
This means that the analytical performance of the fission track-
TIMS method was significantly improved by adding the
microsampling process. However, three particles gave slightly
higher *U/**U isotope ratios (0.007 34 + 0.000 08, 0.007 33
+ 0.000 07 and 0.007 34 + 0.000 08) than the reference isotope
ratio for the SRM 950a reference material (0.007 25). These
ratios may have been slightly higher than the reference value
because of the adsorption of a tiny uranium particle onto the
surface of a larger uranium particle in each case. The SEM
images of these particles are shown in Figure 7. One of the
particles shown in Figure 7a had a diameter of 2.6 ym and a
#5U/*8U isotope ratio of 0.007 34, implying that a CRM U100
particle with a diameter of 0.2 ym was adsorbed onto the
surface of a larger SRM 950a particle. However, it was difficult
to confirm the adsorption of such a tiny particle from the SEM
image and avoid the particle mixing problem. This is a
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Figure 4. (a) 2*U/?*U and (b) *U/**U isotope ratios plotted against the *U/**U isotope ratios. The ratios were measured for particles in a
mixed sample containing particles from the SRM 950a and CRM U100 reference materials using the conventional method. The intersections of the
crossed lines represent the reference values for each material. The error bars represent the expanded uncertainties with a coverage factor of k = 2.
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Figure S. (a) Fission track image for a mixed sample containing particles from the SRM 950a and CRM U100 reference materials and (b—f)

scanning electron images of the microsampling process.
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Figure 7. Scanning electron images of individual uranium particles in a mixed sample containing particles from SRM 950a and CRM U100 reference
materials. The measured **U/**U isotope ratios for these particles were slightly higher than the reference value for the SRM 950a reference

material.
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limitation of the proposed method. It is also impossible to
overcome this type of problem using the conventional fission
track-TIMS and SIMS techniques.

We have already used the microsampling technique in
sample preparation procedures for analyses using SIMS”** and
ICP-MS.** There is a drawback to performing SIMS analysis in
that uranium hydride ions are formed during the analysis. This
means that it is necessary to correct interference from »SUH on
the determination of **U to allow the **U/?**U isotope ratio
to be determined, and this increases the uncertainties in the
measurements. Less interference from hydride ions occurs
using ICP-MS rather than SIMS, but it is necessary to dissolve
individual particles to allow performing ICP-MS measurements.
In contrast, negligible amounts of hydride ions are formed, and
it is not necessary to dissolve individual particles when TIMS
measurements are made. Kraiem et al. used a microsampling
technique when determining the isotope ratios of individual
uranium particles using TIMS.>® The particles were recovered
onto a graphite planchet and each uranium particle was
identified using SEM in that study. Park et al. used a similar
method to analyze individual uranium particles.® In the work
presented here, a fission track technique rather than SEM (used
in the two studies just mentioned) was used to identify each
uranium particle. As has been described in a previous paper, the
number of fission tracks is related to the amount of ***U in a
particle.”* Therefore, the fission track technique is an effective
way of identifying relatively enriched uranium particles (i.e.,
with relatively high ***U abundances), which would be
important in nuclear safeguards aimed at detecting undeclared
nuclear activities such as the production of nuclear weapons.
The method proposed here could help obtain more reliable
data when individual particles are analyzed, especially in nuclear
safeguards.

B CONCLUSIONS

A conventional fission track-TIMS technique was improved by
adding a process in which each uranium particle was
microsampled while the sample was being observed using
SEM in order to avoid the so-called “particle mixing” problem
from occurring. A mixed sample containing uranium particles
from the SRM 950a and CRM U100 reference materials was
analyzed, and it was found that the particle mixing was almost
completely avoided using the proposed technique. The
performance of the proposed method was sufficient for reliable
data to be obtained so that the sources of individual particles
could be identified reliably. However, some of the particles had
slightly higher *°U/*®U isotope ratios than the reference
isotope ratio for the SRM 950a reference material, implying
that it was possible that a tiny uranium particle from another
source was adsorbed onto the surface of a larger uranium
particle from the SRM 950a reference material. Further studies
will be necessary to develop a method in which this type of
particle mixing can be avoided completely, although this will be
rather difficult to achieve. The proposed method requires
additional work and time compared to conventional fission
track-TIMS techniques. Because particle mixing is a severe
problem for samples containing a large number of uranium
particles, this technique is expected to be used for analyzing
such samples.
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ABSTRACT

Thermal ionization mass spectrometry (TIMS) with a continuous heating technique is known as an effective
method for measuring the isotope ratio in trace amounts of uranium. In this study, the analytical perfor-
mance of thermal ionization mass spectrometry with a continuous heating technique was investigated using
a standard plutonium solution (SRM 947). The influence of the heating rate of the evaporation filament on
the precision and accuracy of the isotope ratios was examined using a plutonium solution sample at the fg
level. Changing the heating rate of the evaporation filament on samples ranging from 0.1 fg to 1000 fg
revealed that the influence of the heating rate on the precision and accuracy of the isotope ratios was slight
around the heating rate range of 100-250 mA/min. All of the isotope ratios of plutonium (SRM 947),
238py239py, 240py/239py, 241 Pu/?*Pu and 242Pu/?*°Pu, were measured down to sample amounts of 70 fg. The
ratio of 24°Pu/?**Pu was measured down to a sample amount of 0.1 fg, which corresponds to a PuO, particle
with a diameter of 0.2 jim. Moreover, the signals of 2*°Pu could be detected with a sample amount of 0.03 fg,
which corresponds to the detection limit of 2*°Pu of 0.006 fg as estimated by the 3-sigma criterion. 2*®Pu and
238 were clearly distinguished owing to the difference in the evaporation temperature between 2*Pu and
238(J, In addition, *'Pu and ?*'Am formed by the decay of *'Pu can be discriminated owing to the difference
in the evaporation temperature. As a result, the ratios of 2*®Pu/?**Pu and 2#'Pu/?*°Pu as well as 24°Pu/?**Pu
and ?#?Pu/?**Pu in plutonium samples could be measured by TIMS with a continuous heating technique and

without any chemical separation processes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The accurate determination of plutonium isotopes plays an
important role in various fields, such as nuclear safeguards, nuclear
forensics, and environmental science. Plutonium isotopes, 23%Pu,
239py, 240py, 241py and ?*?Pu with half-lives of 87.7 yr, 24,110 yr,
6561 yr, 14.35yr and 373,000 yr, respectively, are the most fre-
quently studied. After the Fukushima Daiichi nuclear power plant
(DNPP) accident, the atmospheric release of plutonium isotopes into
the environment as a result of this accident emerged [1,2]. The
amounts, isotopic ratios, and distribution of the released plutonium
on the ground have been studied using alpha-spectrometry (AS),
inductively coupled plasma-sector field mass spectrometry (SF-ICP-
MS) with a high efficiency sample introduction system (APEX) and
accelerator mass spectrometry (AMS) to provide a scientific basis
with which to estimate the radiation doses and predicts the behavior

* Corresponding author. Tel.: +82 42 868 8333; fax: +82 42 868 8148.
E-mail address: cglee@kaeri.re.kr (C.-G. Lee).

http://dx.doi.org/10.1016/j.talanta.2015.03.060
0039-9140/© 2015 Elsevier B.V. All rights reserved.

of these isotopes. The 2*°Pu/?*°Pu and 24'Pu/?*°Pu atom ratios found
in litter samples ranged from 0.303 to 0.330 and 0.103 to 0.135 [1],
respectively, which were significantly higher than those of a global
fallout, at 0.180 & 0.007 for 2*°Pu/?*°Pu and 0.00194 + 0.00014 for
241py/23%py [3], indicating a new Pu inflow from the Fukushima
DNPP accident. Because fine particles, including small amounts of
plutonium, can be easily inhaled into the human body, there is a risk
of radiation exposure. Therefore, accurate determinations of the
plutonium isotopic composition provide important information
when attempting to estimate rates of internal radiation exposure.
In addition, the isotope ratios of plutonium are used as a fin-
gerprint to identify the source, such as nuclear fuel reprocessing,
nuclear weapon tests, and reactor accidents, as the isotopic com-
position of plutonium varies depending on the type of nuclear
reactor, the nuclear fuel burn-up characteristics and the type of
nuclear weapon. The 24°Pu/?3°Pu ratio is a good indicator for dis-
tinguishing different types of sources. The ratios of 24'Pu/?*°Pu and
242py239py can also provide information on the production pro-
cesses of a nuclear material [4]. The determination of 2®Pu is one
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of the most important factors for deducing the reactor type from
an analysis of the isotope ratios in plutonium recovered from spent
fuels. In order to determine the origin of plutonium in nuclear
forensics, plutonium isotope ratios have been measured using
thermal ionization mass spectrometry [5-7]. In particular, an
accurate 24'Pu/?*°Pu ratio is important for determining the age of
plutonium. Accurate determinations of plutonium isotopes are of
interest for nuclear safeguards [8]. In analyses of environmental
samples for nuclear safeguards, isotope ratio measurements of
both the uranium and plutonium contained in the particles from
MOX fuels need to be performed [9,10].

Highly sensitive analytical techniques are needed to measure the
isotope ratios accurately due to the low amounts of plutonium and
uranium in environmental samples and sub-micrometer plutonium-
containing particles. Isotopes in plutonium have routinely been

Table 1
Integrated and idle times of TIMS for measurement of plutonium.

Step Mass (m/z) Integrated time (s) Idle time (s)
1 238 4 0.5
2 239 2 0.5
3 240 2 0.5
4 241 4 0.5
5 242 4 0.5
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Fig. 1. Signal profiles of m/z 238, 239, 240, 241 and 242 in 70 fg of Pu (SRM 947) as
measured by TIMS with a heating rate of 100 mA/min.

Table 2

measured by mass spectrometric methods such as ICP-MS, TIMS,
AMS, and radiometric methods such as alpha spectrometry. Alpha
spectrometry is commonly used for determining actinides in envir-
onmental samples owing to the simplicity of these methods and to
their low cost and compatibility with radio-tracers. However, alpha
spectrometry cannot distinguish between 22°Pu and 2%°Pu owing to
their very similar alpha energies (5.16 MeV and 5.17 MeV for 2>°Pu
and 2°Pu, respectively); thus, the sum of 2*°Pu and 2*°Pu was
obtained in that the ratio of 2*°Pu/?**Pu cannot be measured directly
by alpha spectrometry. In contrast, mass spectrometric methods
enable a highly precise and accurate analysis. AMS has very short
analysis times, high sensitivity, and enables measurements of 24!Pu.
It also offers the ability to discriminate 2*°Pu from 2%°Pu [11,12].
However, it is not yet possible to determine 2>Pu due to the inter-
ference of 2*8U. Thus far, AMS combined with an alpha-spectrometry
system has been required to measure the ratio of **Pu/?*°Pu. On the
other hand, ICP-MS is fast, highly sensitive, and capable of providing
individual concentrations of 2>°Pu and 2%°Pu; however, the deter-
mination of 23Pu is hindered by the presence of even minute
amounts of 228U, Therefore, the chemical separation of solution
samples is conducted to provide accurate isotope ratios. However,
for particulate samples, dissolution, purification, and chemical
separation are difficult, and all increase the background.

The continuous heating technique was developed to determine
the isotope ratios in ultra-trace amounts of uranium and plutonium
samples as a new method of thermal ionization mass spectrometry
[13]. In particular, the ratios of 2>®Pu/?>°Pu and **'Pu/?*°Pu in the
mixed sample of uranium and plutonium can be measured accu-
rately even isobaric interference such as 2*3U and 2#'Am, based on
different evaporation behavior of each isotope in this method [10,14].
In this study, an analytical performance of the thermal ionization
mass spectrometry with a continuous heating technique was
examined as a means of measuring the isotope ratios using a plu-
tonium solution sample at the fg level.

2. Experimental
2.1. Materials
The isotope standard reference material SRM 947 (plutonium

sulfate tetrahydrate, National Bureau Standards, USA) was used in
this study. Plutonium in the SRM 947 was purified from the decay

Ratios of 238pu/?3°Puy, 24°Pu/?*°Puy, 24'Pu/?*°Pu and 2*?Pu/?*°Pu measured by TIMS with a heating rate of 100 mA/min. The average intensities of 2>°Pu are also given in this

table. Isotope ratios and average intensities are the mean value of three measurements.

Sample amount (fg) 238pu/?3%pu 240py 239py

241 pu/ZSSPu

242py[239py Average intensity of 2>*°Pu (cps)

Ratio + 1SD Ratio + 1SD

Ratio + 1SD

Ratio + 1SD

1000 (2.89 +0.02) x 10~ (241 +0.01)x 107"
500 (2.81+0.03)x 1073 (239+0.01)x 107!
100 (291 +0.10)x 1073 (242 £0.01)x 107!
70 (2.57 +0.68) x 103 (2.40 +0.06) x 10!
10 (231+011)x 107!
5 (245 +0.05) x 107!
1 (2.384+0.27)x 10"
0.5 (259 +0.30)x 107!
0.3 (245 +0.40) x 107!
0.1 (260 +£0.15)x 107!
0.03

Certified value®

2.87 x 1073

241x10"

(9.05 + 0.42) x 103 (1.55+0.01) x 102 74,048
(842+031)x 1073 (158 +0.01) x 102 9952
(8.46 + 0.23) x 103 (152 + 0.06) x 102 2104
(8.59+1.27)x 103 (157 +0.13) x 102 1448
(911 +2.88) x 103 (177 +0.15) x 10~2 151
(8.05 +3.95) x 103 (145 +0.30) x 10~2 71
17
8.4
8.0
31
0.7

899 x 103

1.56 x 102

The blank spaces show that the isotope ratios were not able to be measured.

@ Corrected value considering decay of each isotope on measurement date (November 17, 2011).
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products such as americium and uranium using an anion exchange
separation procedure. The purified SRM 947 solution was diluted
with a 1M HNOs solution to the specified concentrations for
determining the isotope ratios. Chemical purification of the plu-
tonium solution was performed on April 12, 2007; thus, 2*'Pu and
241Am formed through the decay of 24'Pu may coexist in the
sample used in this study.

2.2. Instrumentation and isotope ratio measurements

Thermal ionization mass spectrometry (Triton, Thermo Fisher
Scientific) was used to measure the isotope ratios. The instrument
is equipped with a secondary electron multiplier (SEM) and eight
Faraday detectors. The SEM in ion counting mode was used
because the sample had a trace amount of plutonium. A double
filament assembly made of zone-refined rhenium was used. Before
its use, the filaments were degassed twice to reduce the back-
ground from the filament. The filaments were subjected to a
heating routine for 20 min with a current of 4500 mA (approxi-
mately 1800 °C) under a vacuum lower than 5 x 10~ mbar in a
filament bake-out device (Thermo Finnigan). The degassed fila-
ments were then mounted in a sample magazine and the filament
currents were increased to 5000 mA. The background of m/z 238
could be decreased from 10 to 2 cps or less by degassing twice.
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Fig. 2. Heating rate of the evaporation filament dependence of the 2*°Pu intensity

and the number of measurement data used for the estimation of the isotope ratio
with sample amounts of 5, 10 and 100 fg.

Isotope ratios in the plutonium sample were measured with a
continuous heating method using thermal ionization mass spectro-
metry [13]. The ionization filament was heated until the 187Re
intensity reached 100 mV on the Faraday detector. The ion lens system
was then optimized to obtain the maximum intensity. After the 187Re
was readjusted to 100 mA on the Faraday detector, the measurement
process commenced using the SEM detector. The evaporation filament
(EF) was gradually increased to 5000 mA (approximately 1900 °C) in
order to evaporate the sample completely. The intensities of each
isotope were measured with a peak-jumping sequence. The optimized
integrated and idle times are shown in Table 1. In a continuous
heating method, the temperature of the evaporation filament was
increased linearly, and the data in the temperature region with
highest intensities during the measurement process were used to
calculate the isotope ratios. The measurement of isotope ratios was
performed on November 17", 2011-April 19, 2012.
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Fig. 3. Ratios of 24°Pu/?*°Pu with the heating rate of the evaporation filament as a
function of the sample amount. The ratios are the mean value of three
measurements.
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3. Results and discussion

Fig. 1 shows the signal profiles of m/z 238, 239, 240, 241, and
242 in a plutonium solution (SRM 947) of 70 fg as measured by
TIMS with a continuous heating method. The peaks for the plu-
tonium sample clearly appeared at an evaporation filament cur-
rent of approximately 2200 mA despite the use of ultra-trace
amounts of the samples. The peak at around 1500 mA in the signal
profile of m/z 241 is attributed to 2*'Am, which was formed by the
decay of >*'Pu. As shown in this figure, 24'Pu and ?*!Am could be
discriminated owing to the difference in the evaporation tem-
perature, indicating that the ratio of 24'Pu/?*°Pu can be correctly
estimated. This result can be applied for the age determination of a
single plutonium particle without a chemical separation, in con-
trast to the chemical separation step necessary for separating 24'Pu

and >'Am in a conventional method [4]. Moreover, the currents
of the evaporation filament to which 2*8Pu and 238U appear are
different in TIMS with a continuous heating method. The peak at
around 3500 mA in the signal profile of m/z 238 in Fig. 1 is the
peak due to 238U. Thus, the ratio of 238Pu/?*°Pu is accurately
measured without a chemical separation in this study. This has not
been measured by a conventional method thus far. One report was
on an accurate ratio of 238Pu/?*°Pu in a mixed particle containing
plutonium (SRM 947) and uranium (U500) using TIMS with a
continuous heating method [10].

The amounts of Pu ranging from the fg to sub-fg levels were
prepared to evaluate the analytical performance of TIMS with a
continuous heating method. The ratios of 238Pu/?*Pu, 24°Pu/?*°Pu,
241py23%py, 242pu/?*°Pu and the average intensities of 2>°Pu are

a
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listed in Table 2. The results in Table 2 are the mean values of 3-4
measurements. All plutonium isotopes included in SRM 947 can be
measured down to 70 fg, corresponding to a PuO, particle with a
diameter of 0.24 um. All isotope ratios other than 2**Pu/?**Pu could
be measured down to 5 fg. In addition, the ratio of 2*°Pu/?**Pu could
only be measured down to 0.1 fg and the signal of 2*°Pu could be
detected down to a sample amount of 0.03 fg. The detection limit of
239py is 0.006 fg as estimated by the 3-sigma criterion.

The heating rate of the evaporation filament is one of the most
important factors influencing the analytical performance of TIMS
with a continuous heating method. Fig. 2 shows the heating rate
dependency of the average intensity of 2>°Pu and the number of
measurement data used for estimating the isotope ratios with
sample amounts of 5, 10 and 100 fg. The average intensity of 2>°Pu
was increased, but the number of measurement data was decreased
with an increase in the heating rate of the evaporation filament. In
particular, the intensity of 2>Pu was increased by about 2.5 times at
250 mA/min but the number of measurement data was decreased
by half compared to that at a heating rate of 100 mA/min. A
decrease in the number of measurement data leads to an increase in
the degree of measurement error. The isotope ratios obtained at a
heating rate of 250 mA/min may not be usable owing to the large
measurement error in these values. Thus, it appears that a heating
rate of the evaporation filament of 150-200 mA/min is appropriate
for a reliable analytical performance in TIMS with a continuous
heating method.

Fig. 3 shows the ratios of 24°Pu/?39Pu with the heating rate of
the evaporation filament with sample amounts of 0.1-1000 fg. As
shown in this figure, there is no influence of the heating rate of the
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Fig. 4. Variations of the relative standard deviation (1 sigma) of 238Pu/?*°Pu, 24°Pu/?*°Pu, 2*'Pu/?**Pu and 2*?Pu/?*°Pu as measured at heating rates of 100, 150, 200,

and 250 mA/min as a function of the sample amount.

116



96 C.-G. Lee et al. / Talanta 141 (2015) 92-96

evaporation filament on the precision and accuracy of the isotope
ratios with heating rates ranging from 100 to 250 mA/min. How-
ever, the ratio on the sample amount of 0.1 fg as measured at a
heating rate of 250 mA/min could not be used due to the sig-
nificant measurement error in the isotope ratio. The ratios of
238py/239py, 241Pu/?3°Pu and 24?Pu/?>°Pu also scarcely showed any
dependency on the heating rate of the evaporation filament (data
not shown here).

Fig. 4 shows the change in the relevant standard deviation
(1RSD) of the ratios of 238Pu/?3°Pu, 24°Pu/?3°Pu, 24'Pu/>*°Pu and
242py/239py with the heating rate of the evaporation filament for
sample amounts of 0.1-1000 fg. The RSDs of the isotope ratios
scarcely depend on the heating rate of the evaporation filament,
although the RSDs increase as the sample amounts decrease. This
is one of the most important advantages of TIMS with a con-
tinuous heating technique; higher intensities including the peak
center are only used for the calculation of the isotope ratios. Fig. 4
provides a guide of the magnitudes of the measurement errors of
the sample amounts in the isotope ratio measurements of ultra-
trace amounts of the sample. The RSDs of the isotope ratios esti-
mated in this study may decrease with the use of TIMS with
multiple-ion counting (MIC), which enables the simultaneous
measurement of all isotopes of interest.

4. Conclusions

Taking advantage of thermal ionization mass spectrometry with
a continuous heating technique, we have examined the analytical
performance levels of ultra-trace amounts of plutonium. In this
method, 2*'Pu and ?*'Am formed by the decay of 2*'Pu could be
discriminated owing to differences in the evaporation temperature,
enabling the accurate and precise determination of the ratios of
240py239py, 241py/?°py and 242Pu/?*°Pu in the plutonium sample

without any chemical separation. It was also shown that TIMS with a
continuous heating method allows a detection limit of 2>°Pu down
to 0.006 fg. The analytical performance shown in this study can be
improved further using TIMS with multiple-ion counting. It is
expected that TIMS with a continuous heating technique will be a
promising method for measuring the isotope ratios in various fields,
such as the nuclear forensics and safeguards fields.

References

[1] J. Zheng, K. Tagami, Y. Watanabe, S. Uchida, T. Aono, N. Ishii, S. Yoshida,
Y. Kubota, S. Fuma, S. Ihara, Sci. Rep. 2 (2012) 304.
[2] S. Schneider, C. Walther, S. Bister, V. Schauer, M. Christl, H.-A. Synal,
K. Shozugawa, G. Steinhauser, Sci. Rep. 3 (2013) 2988.
[3] J.M. Kelly, L.A. Bond, T.M. Beasley, Sci. Total Environ. 237-238 (1999) 483-500.
[4] R. Jakopic, S. Richter, H. Kuhn, Y. Aregbe, J. Anal. At. Spectrom. 25 (2010)
815-821.
[5] M. Wallenius, K. Lutzenkirchen, K. Mayer, I. Ray, L. Aldave de las Heras,
M. Betti, O. Cromboom, M. Hild, B. Lynch, A. Nicholl, H. Ottomar, G. Rasmussen,
A. Schubert, G. Tomorini, H. Thiele, W. Wagner, C. Walker, E. Zuleger, ]J. Alloy.
Compd. 444-445 (2007) 57-62.
[6] K. Mayer, M. Wallenius, I. Ray, Analyst 130 (2005) 433-441.
[7] M. Wallenius, K. Mayer, Fresenius J. Anal. Chem. 366 (2000) 234-238.
[8] D. Donohue, ]J. Alloy. Compd. 271-273 (1998) 11-18.
[9] T. Shinonaga, H. Aigner, D. Klose, P. Spindler, H. Froschl, D. Donohue, Geostand.
Geoanal. Res. 32 (2008) 93-101.
[10] C.G. Lee, D. Suzuki, Y. Saito-Kokubu, F. Esaka, M. Masaaki, T. Kimura, Int. ]. Mass
Spectrom. 314 (2012) 57-62.
[11] L. Wacker, E. Chamizo, L.K. Fifield, M. Stocker, M. Suter, H.A. Synal, Nucl.
Instrum. Methods B 240 (2005) 452-457.
[12] T. Bisinger, S. Hippler, R. Michel, L. Wacker, H.A. Synal, Nucl. Instrum. Methods
B 268 (2010) 1269-1272.
[13] D. Suzuki, Y. Saito-Kokubu, S. Sakurai, C.G. Lee, M. Magara, K. Iguchi, T. Kimura,
Int. J. Mass Spectrom. 294 (2010) 23-27.
[14] Y. Saito-Kokubu, D. Suzuki, C.G. Lee, ]. Inagawa, M. Magara, T. Kimura, Int.
J. Mass Spectrom. 310 (2012) 52-56.

117



- Analytical and Bioanalytical Chemistry

Anal Bioanal Chem (2015) 407:7165-7173
DOI 10.1007/500216-015-8880-2

@ CrossMark

RESEARCH PAPER

Accurate purification age determination of individual
uranium—plutonium mixed particles

Yutaka Miyamoto' - Daisuke Suzuki' - Fumitaka Esaka' - Masaaki Magara'

Received: 14 April 2015 /Revised: 23 June 2015 / Accepted: 24 June 2015 /Published online: 25 July 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Age of individual uranium—plutonium (U/Pu)
mixed particles with various U/Pu atomic ratios (1-70) were
determined by inductively coupled plasma mass spectrometry.
Micron-sized particles were prepared from U and Pu certified
reference materials. The Pu reference was stored for 46 years
since the last purification (July 14, 2008). The Pu purification
age was obtained from the **' Am/**' Pu ratio which was cal-
culated from the product of three measured ratios of Pu and
Am isotopes in the eluted fractions. These ratios were mea-
sured by a high-resolution inductively coupled plasma mass
spectrometer equipped with a desolvation system. Femto-
gram to pico-gram quantities of Am, U, and Pu in a sample
solution were sequentially separated on a small anion-
exchange column. The **' Am/**'Pu ratio was accurately de-
termined by spiking pure ***Am into the sample solution. The
average determined age for the particles for the five indepen-
dent U/Pu ratios was in good agreement with the expected age
with high accuracy (difference age 0.27 years) and high pre-
cision (standard deviation 0.44 years). The described analyti-
cal technique can serve as an effective tool for nuclear safe-
guards and environmental radiochemistry.

Keywords Age determination - Isotope ratio -
Ion-chromatography - Safeguards - ICP-MS - Uranium and
plutonium mixed oxide (MOX)
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Introduction

The terms age determination, age dating, and chronometry
are commonly used in geology, cosmochemistry, and archeol-
ogy to refer to the period of mineral formation and material
productions. The age determination technique is based on the
continuous increase of progeny nuclides after the last chemi-
cal separation of parent nuclide. The time (age) can be calcu-
lated from the measured atomic ratio between the parent nu-
clide and its derived progeny using the radioactive decay
equation. Neutron capture reaction of uranium (U) produces
the anthropogenic actinide plutonium (Pu), whose progeny
nuclide **'Am grows from its parent **'Pu. Therefore, the
Pu age, defined as the time elapsed since the last chemical
separation (purification), can be obtained by measuring the
24 Am/**'Pu ratio. Various analytical techniques have been
employed for the age determination of Pu samples [1-11].
Isotopic ratio analysis and mass determination of nuclear ma-
terial in environmental samples collected by the International
Atomic Energy Agency (IAEA) safeguard inspectors at nucle-
ar facilities and provide important insights on the activities
[12, 13]. In particular, the Pu age can reveal undeclared activ-
ities. Recently, we reported the determination of the purifica-
tion age of young (3.9 years) individual micron-sized Pu par-
ticles based on the analysis of the **' Am/**'Pu ratio using
inductively coupled plasma mass spectrometry (ICP-MS)
combined with anion-exchange chromatography [1]. The ac-
curacy and precision of the Pu age were then improved by
addition of an ***Am spike to the sample solutions (7.1—
105 days and 0.16-0.5 years, respectively). U-and-Pu mixed
oxide (MOX) fuel is used in light water reactors for reducing
fuel cycle costs. MOX particles can be found in plutonium fuel-
fabrication facilities. Determination of the purification age and
characterization of U/Pu mixed particles are of utmost impor-
tance for nuclear safeguards and forensics. However, a Pu-age
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determination technique for MOX particles has yet to be devel-
oped. MOX particles with U/Pu ratios in the range 1-70 were
prepared [14], and feasibility of the isotope ratio measurements
of U and Pu in individual particle by ICP-MS and secondary
ion mass spectrometry (SIMS) were examined [15, 16]. In or-
der to determine the Pu age of MOX particle accurately and
precisely, femto-gram quantities of Pu and Am have to be sep-
arated from pico-gram quantities of U. In the study presented
herein, Am, U, and Pu were chemically separated by a single
anion-exchange column and using pure high-grade inorganic
acids as eluents. The age was determined using the ***Am-
spiking technique [1]. The performance of this method for
age determination of individual U/Pu mixed particles was eval-
uated by comparison with reference particles.

Materials and methods
Sample preparation

U/Pu mixed particles were prepared from the certified
reference materials CRM U-010 (New Brunswick Labo-
ratory (NBL), USA) and SRM 947 (National Bureau of
Standards (NBS), USA), respectively. The certified Pu
material was purified by anion-exchange chromatography
on July 14, 2008 to remove Am. **' Am was not detected
in the purified solution by alpha spectrometry. Solutions
with U/Pu atom ratios of 1, 4.6, 9.5, 18, and 70 were
prepared by mixing U and Pu solutions. U/Pu mixed par-
ticles (particle size=2—5 um) were then produced. Scan-
ning electron microscope (SEM) image of a representative
U/Pu mixed particle, particle production, and measured U/
Pu isotope ratios were previously described [14]. A sili-
con disk (25 mm diameter) containing U/Pu particles was
introduced in a SEM instrument, and the individual parti-
cles were transferred onto a separate Si chip with a di-
mension of 5 mmx5 mm (Semitec Co. Ltd., Japan) using
a glass needle attached to a manipulator. A new batch of
U/Pu mixed particles was transferred from the same stock
as those measured in the previous works [14-16], and the
isotope ratios of this new batch were measured indepen-
dently of the previous works in order to determine the Pu
purification age in this work.

Chemical separation

Each Si chip containing a single U/Pu particle was placed
into an 8-mL Teflon centrifuge tube, and 2 mL of deion-
ized Milli-Q water was added. After ultrasonication for
5 min, the Si chip was removed, the suspension was dried
and the particles were dissolved in a mixture of HF
(1 mL, 21 M) and HNO5 (1 mL, 15 M). This dissolution
process was repeated twice and the solvent was fully
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Sample solution
(15 M HNO, 3mL)

I<— 243Am (0.5 pg)
dried

|4—8M HNO, (3 mL)
|

(2 mL)
|
dried

Ic—9.5M HCI (3 mL)

dried

(1 mL)

’ fraction N (2*3Am/23°Pu),

1M HCI (3 mL)
3M NH,OH-HCI (30pL)
9M HCI-0.2M HNO, (1.6 mL)

l»’ fraction A (>*'Am/23Am), ‘

—>discard (fraction U)

9M HCI-0.1M HNOj (3.2 mL)

8M HNO;-0.01M HF (20 mL)

0.5M HCI-0.01M HF (6 mL) —— | fraction P ('Pu/sPu), |

* anion exchange column
MCI GEL CAO08P (size: 75-150 um)
3.9 mm diameter, 40 mm length (0.48 mL volume)

Fig. 1 Diagram of sample preparation and sequential chemical
separation of Am, U, and Pu

evaporated. The evaporation residue was dissolved in
3 mL of a 15 M HNO3; solution. Figure 1 shows the
anion-exchange separation procedure. Each sample solu-
tion was spiked with 0.1 mL of ***Am solution of
5.3 pg g ' (Oak Ridge National Laboratory (ORNL),
USA). The ***Am spike solution was first purified using
anion-exchange columns to remove impurities (U, Pu, and
24Cm). As of January 22, 2010, **'Am/***Am atomic
ratios of **'Am impurity (A**'Am) were (1.85+0.03 (k=
1))x10~* which was measured by alpha spectrometry. The
243 Am-spiked samples were fully evaporated and were
then dissolved in 3 mL of an 8 M HNO; solution. One
milliliter of this solution, called Fraction N, was used for
the ICP-MS measurement of **Am/**’Pu ratios. The re-
maining portion of each sample was fully evaporated and
dissolved in 1 M HCI solution. A NH,OH-HCI solution
(30 pL, 3 M, guaranteed reagent (GR) grade; 99.0 % pu-
rity, Merck Co., Germany) was then added to reduce Pu to
Pu’". Finally, the evaporated residue was dissolved in
1.6 mL of a 9 M HCI-0.2 M HNOs; solution. This feed
solution was served to separate Am, U, and Pu by anion-
exchange chromatography. The anion-exchange resin
(MCI GEL CAO08P (particle size=75-150 pum, strongly
basic anion-exchange resins, 8 % cross linkage, CI” form,
base material of styrene—divinyl benzene (DVB) copoly-
mer), Mitsubishi Chemical Corporation, Japan) was
packed into a polyethylene column (3.9 mm inner diame-
ter, 40 mm length, 0.48 mL volume). After loading the
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Table 1  Operating conditions for the 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 0.72-1.10 L min "'
Solution uptake rate 0.18 L min "’
Sampling time per isotope 50 ms
Scan per replicate 400, 500*
Number of replicates 5
Resolution (AM/M) 300

Apex-Q desolvation system
Spay chamber temperature 100 °C
Condenser temperature 2°C
Nitrogen flow rate 1.5 L min™’

Additional gas (Ar) flow rate 0.10-0.15 L min "

#Setting for the measurement of particles with U/Pu of 70

feed solution, the elements were separated using the fol-
lowing eluents: 3.2 mL of 9 M HCI-0.1 M HNO; solu-
tion, 20 mL of 8 M HNO3—0.01 M HF solution, and 6 mL
of 0.5 M HCI-0.01 M HF solution, for the elution of Am,
U, and Pu, respectively. The elution fractions of Am and
Pu, called fraction A, and fraction P, respectively, were
fully evaporated, and 3 mL of 0.81 M HNOj; solutions
were prepared for ICP-MS analysis. All treatments were
carried out in clean rooms (ISO class 5 and 6) at the Clean
Laboratory for Environmental Analysis and Research
(CLEAR) of Japan Atomic Energy Agency (JAEA) [17,
18], except for the preparation of U/Pu mixed particles
from the standard solutions. Water was deionized and pu-
rified (resistivity=18.2 M{2 cm) with the Milli-Q system
(Millipore Corp., USA). Highly pure grades of HCI,
HNOj, and HF (TAMA-Pure AA-10 or AA-100 grade,
TAMA Chemicals Co. Ltd., Japan) were used without
purification for all chemical treatments. All labware, in-
cluding beakers and bottles, was made of Teflon (PTFE

Table2 Performance of the sequential anion-exchange separation with
a single column

Fraction Element of Recovery yield Decontamination
interest (%) factor

A Am 97+5 U: >3.6:10° Pu: 3,900

U U 104+5 Am: 8,800 Pu: 7,900

P Pu 105+6 Am: 1.910* U: 42:10*

and PFA) and was immersed in and rinsed with highly
pure acids before use.

Instrumentation

Isotope ratios were measured by a high-resolution induc-
tively coupled plasma mass spectrometry (HR-ICP-MS),
(ELEMENT-1, Thermo Fischer Scientific Inc., Germany)
in electric scanning (E-scan) mode. A PFA MicroFlow
nebulizer (ES-2002, self-aspiration rate=100 pL min ',
Elemental Scientific Inc. (ESI), USA) was used. In order
to measure precise isotope ratios, a desolvating inlet sys-
tem (APEX-Q, ESI, USA) was used for sample introduc-
tion to the ICP-MS. This system consists of a heated cy-
clonic spray chamber and a Peltier cooled condenser,
allowing highly efficient sample introduction. Using this
desolvation system, the sensitivity was improved by a
factor 6. From the results of evaluation tests using a Pu
isotope standard solution (SRM-947) of 5.14 pg g ', 10,
600 and 1700 cps ppt ' were measured with and without
desolvation, respectively. In addition, the sensitivity was
found to vary between the elements of interest. Measure-
ments obtained with the APEX-Q system had higher sen-
sitivity towards Am than towards Pu. An ***Am/**°Pu
mixed reference solution (***Am/**°Pu atomic ratio=
1.268) was prepared from the ***Am and Pu (SRM-947)
standard solutions, and the difference was corrected by
measuring the 2**Am/**°Pu ratio of this reference solution
before commencing the sample measurements. In the
study present herein, the relative sensitivity factor of
Am/Pu was calculated to be 1.01-1.02. Mass bias was
corrected by measuring a certified U isotopic standard
solution (NBL, CRM U015; 51.83 pg mL™"' U) both be-
fore and after each batch of measurements. The mass bias
factor, C was calculated using the following power func-
tion presented as Eq. (1):

Ry =R, (1+C)*" (1)

where R, is the certified *>°U/***U ratio (0.015565) of the U
standard solution, R, is the average measured B5uAsu
ratio, Am is the mass difference, and C is the mass dis-
crimination factor. The counting statistics of the measured
U isotope ratio was 0.2—0.5 %, and the standard deviation
of the average U isotope ratio (R,,) was approximately
0.5 %. For measurement of the **°Pu isotope ratios, in-
cluding **'Pu/**’Pu, ***Am/**°Pu, and **' Am/**°Pu, the
interference of ***UH on **°Pu was corrected using the
238UH/**®U ratio (2x107°). The correction value was
measured using a U isotopic standard CRM U0002
(NBL, USA) solution (**°U/?*8U=1.755x10"*%,
100 pg mL ™" U). The precision and accuracy of measured
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Table 3  Measured isotope ratios in the chemically separated fractions

No.

Ratio+RSD (k=1)

241PuPulpx 1073

[243Am/239Pu]N

241 Pu/243 Am®

2 AmP* Pu corr. [PY'AmA*?Am], %1073
U/Pu ratio®: 70+24 (Pu atom%": 1.4 %)
1 0.346+19 % 5.34+8.0 %
2 0.344+25 % 1.40+9.5 %
3 037722 % 2.42+8.4 %
4 0.358+7.4 % 14.4+3.1 %
5 0.339+29 % 1.77£9.7 %
Median +22 % +8.4 %
U/Pu ratio: 18+4 (Pu atom%: 5.3 %)
6 0.326+23 % 5.04+20 %
7 0.259+21 % 1.74£16 %
Median 122 % +18 %
U/Pu ratio: 9.5+0.4 (Pu atom%: 9.5 %)
8 0.307+36 % 1.36+30 %
9 0.269+4.1 % 21.1+£2.7 %
10 0.239+7.9 % 25.6+7.6 %
11 0.258+4.3 % 30.5+4.0 %
12 0.316+25 % 5.72+11 %
13 0.324+14 % 13.1£5.0 %
Median +11 % +6.3 %
U/Pu ratio: 4.6+0.7 (Pu atom%: 18 %)
14 0.228+21 % 28118 %
15 0.278+6.8 % 17.3£5.1 %
16 0.248+52 % 29.2+4.4 %
17 0232439 % 44.6+2.7 %
18 0.301+£7.5 % 16.6£6.5 %
19 0.340+17 % 152+17 %
20 0.300+6.9 % 13.8+4.0 %
21 0.350+16 % 14.1+7.3 %
Median +7.2 % +5.8 %
U/Pu ratio: 1.0£0.2 (Pu atom%: 50 %)
22 0.304+3.5 % 43.7£1.7 %
23 0.248+2.2 % 252+1.8 %
24 0.265+£6.3 % 17.6+£6.0 %
25 030112 % 15.5£10 %
26 0.350+6.7 % 44.6+4.3 %
Median +6.3 % +4.3 %

8.20+17 % 0.542+0.39 % n.d.®

6.72+21 % 227412 % nd.

7.04+20 % 1.29+0.97 % nd.

7.62+6.5 % 0.19+1.5 % 1.3 107°+56 %

6.51+26 % 1.59+2.2 % 1.9 10°+54 %
+20 % +1.2 %

7.80+9.7 % 0.52+1.4 % n.d.

8.14+9.8 % 1.36+13 % n.d.
9.7 % +1.4 %

8.63+20 % 1.8743.1 % n.d.

8.15+2.7 % 0.105+1.4 % 7.0104+3.7 %

8.13+1.6 % 0.0757+0.54 % n.d.

8.17+1.0 % 0.0702+0.72 % 1.11073+23 %

7.86+22 % 0.450+2.1 % nd.

7.81+13 % 0.194+0.47 % 24107413 %
+7.9 % +1.0 %

833+11 % 0.652+1.4 % 23107454 %

7.95+42 % 0.127+1.4 % nd.

821+2.6 % 0.0690+0.78 % 2.310°£38 %

8.09+2.3 % 0.0479+0.57 % 631073+£23 %

8.07+3.6 % 0.144+1.1 % 2.1107°+£19 %

8.32+5.0 % 0.188+0.71 % n.d.

7.86+53 % 0.174+1.5 % 1.4 10°°+69 %

7.69+14 % 0.190+0.39 % 1.6 10 4£14 %
+4.6 % +0.95 %

8.04+2.4 % 0.0545+1.8 % 6.9 10°+£34 %

8.15+0.94 % 0.0779+0.71 % nd.

8.36+1.4 % 0.125+0.80 % n.d.

8.06+6.4 % 0.159+0.65 % nd.

7.54+5.1 % 0.0590+1.1 % 4410£6.0 %
2.4 % +0.80 %

% Calculated value from [**! Pu/*° Pulp/[*** Am/** Pul,

® Cited data from ref. [14]
°The **! Pu signal was not detected

Pu isotope ratios were evaluated in a previous study [19].
In addition, the relative standard deviations of Pu isotope
ratios were calculated to be 1.6, 5.2, and 3.9 % for
240py/239py, 241Py/?*?Pu, and ***Pu/*°Pu, respectively.
Furthermore, the difference in measured isotope ratios
from the certified values was within these standard

@ Springer

deviations. The operating conditions for the ICP-MS are
listed in Table 1. The overall uncertainties were estimated
using the uncertainty contributions arising from the mea-
surement variability, mass bias correction, and the certi-
fied value of the reference material, according to the prin-
ciples described in the Guide to the Expansion of
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Fig. 2 Pu age of individual U/Pu July14 - — -
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Uncertainty in Measurements (GUM) [18]. The variability
of isotope ratios contributed to >99 % of the overall
uncertainty.

Results and discussion
Separation performance

Prior to age determination, the performance of the sequential
anion-exchange separation technique was evaluated using a
mixed spike solution ***Am 9.4 pg, ***Pu 11 pg, and U
200 pg). Recovery yields and decontamination factors are
listed in Table 2. The elements of interest were clearly sepa-
rated, with a decontamination factor greater than 3900, and a
final recovery of >97 % yield. It was confirmed that due to its
excellent separation performance, this simple separation tech-
nique could be applied to prepare analytical samples for iso-
tope ratio measurements of femto-gram quantities of Am and
Pu.

Age determination

The Pu purification age was determined according to Eq. (2):

1 241 Am AAm
t=——1In|l — | 1=
Apu~AAm n[ " (2411)11) < Apu >]
where Ap, and A, are the decay constants for 241py and
241 Am, respectively, and 7 is the Pu age. The half-lives of
241py (14.325+0.024 (k=2) y [20]) and **'Am (432.6+0.6
(k=1) y [21]) were used for this calculation. As shown in

Eq. (3), calculation of the **' Am/**'Pu atomic ratio is based
on the value of three atomic ratios:

(2)

241AII1 ) 243Am COIT.241A1’1’1 241Pu
(241pu) = /s'<239pu>N'< 23 Am )A/(BgPu)P (3)
where the subscript letters, N, A, and P indicate the frac-
tions described previously in the Materials and Methods sec-

tion, and Sis the relative sensitivity for the atomic ratio of Am/
Pu (1.01-1.02).

Correction of impurity and contamination

The measured **' Am/***Am ratio in an Am fraction was
corrected for the **' Am impurity (A**' Am) in the *** Am spike
and the contamination of Pu (**'Pu) in the Am fraction, as
shown in Eq. (4):

(corr.z‘”Am) B (241Am)
WAm ), WAm) ,

241 Pu 243Am A241Am
- (239Pu>P/< 239Pu )A - ( 243Am )spikc
(4)

The A**'Am/***Am ratio of the ***Am spike,
(A241Am/243Am)spike was found to be 1.85x10 % in a pre-
vious measurement. In a number of samples, *'Pu con-
tamination in Am fractions was detected. The **'Pu/***Am
ratio in the Am fractions was calculated from the quotient
of C*'"Pu/”°Pu)p and (**Am/**°Pu), in order to evaluate
the Pu contamination level, and the ratios are listed in Ta-
ble 3. Generally, the detected values were in the range of
107°-107%, except in the case of largely contaminated sam-
ples (sample nos. 11 and 17). These levels of contamina-
tion led to a 0.01-1 % systematic error in the
(**"Am/**Am), values, and a 0.06-0.1 years systematic
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Table 4 Accuracy and precision

of the determined date for No. Determined date+1 s Difference” Determined
particles with various U/Pu ratios (month.day.year) 0=ls period” (1)

U/Pu ratio®: 70+24 (Pu atom%°: 1.4 %)
1 7.12.2008 [7.20.2007-7.22.2009] 0.0039 -1.03, +0.98 6.16
2 8.21.2008 [5.3.2007-1.10.2010] —0.11 -14,+13 6.13
3 2.16.2008 [11.22.2006-6.8.2009] 0.41 -1.3,+1.2 6.64
4 5.31.2008 [1.4.2008-10.28.2008] 0.12 —0.41, +0.40 6.36
5 9.17.2008 [3.23.2007-4.25.2010] —0.18 -1.6,+1.5 6.06
average 6.25.2008 [4.3.2008-9.17.2008] 0.05 +0.23

U/Pu ratio: 1844 (Pu atom%: 5.3 %)
6 12.24.2007 [10.29.2006-3.13.2009] 0.55 -12,+1.2 5.85
7 4.8.2009 [5.23.2008-3.9.2010] —0.74 —0.92, +0.88 477
average 8.16.2008 [9.18.2007-7.15.2009] (-0.09 +0.91)

U/Pu ratio: 9.5+0.4 (Pu atom%: 9.5 %)
8 2.28.2007 [6.18.2005-1.2.2009] 1.4 -1.8,+1.7 5.56
9 2.1.2008 [11.27.2007-4.8.2008] 0.45 —0.18, +0.18 4.94
10 8.2.2008 [4.10.2008-11.27.2008] —0.054 —-0.32, +0.31 4.44
11 4.6.2008 [1.31.2008-6.12.2008] 0.27 —0.18, +0.18 4.76
12 5.4.2008 [2.18.2007-8.14.2009] 0.19 -1.3,+1.2 5.70
13 8.8.2008 [11.25.2007-4.30.2009] —0.069 -0.73, +0.70 5.82
average 3.4.2008 [8.22.2007-9.15.2008] 0.36 +0.53

U/Pu ratio: 4.6+0.7 (Pu atom%: 18 %)
14 6.16.2008 [8.30.2007—4.13.2009] 0.076 —0.83, +0.79 426
15 12.9.2007 [8.20.2007-3.31.2008] 0.60 -0.31, +0.30 5.09
16 6.9.2008 [3.24.2008-8.26.2008] 0.094 —0.21, +0.21 4.59
17 9.12.2008 [7.19.2008-11.8.2008] —0.17 —0.15, +0.15 433
18 7.25.2007 [3.17.2007-12.5.2007] 0.97 —-0.36, +0.36 5.46
19 10.06.2007 [11.10.2006-9.14.2008] 0.77 —0.94, +0.90 6.07
20 8.6.2008 [4.9.2008-12.6.2008] —0.066 —-0.33, +0.33 5.44
21 3.14.2008 [5.17.2007-1.21.2009] 0.39 —0.86, +0.83 6.23
average 3.14.2008 [10.14.2007-8.12.2008] 0.33 +0.41

U/Pu ratio: 1.0£0.2 (Pu atom%: 50 %)
22 7.11.2007 [5.11.2007-9.10.2007] 1.0 —-0.17, +0.17 5.50
23 6.8.2008 [5.7.2008-7.12.2008] 0.096 —0.091, +0.090 4.59
24 2.22.2008 [11.15.2007-6.2.2008] 0.39 —-0.28, +0.27 4.88
25 5.13.2008 [10.12.2007-12.19.2008] 0.17 -0.60, +0.59 5.46
26 3.14.2008 [11.4.2007-7.25.2008] 0.39 —-0.37, +0.36 6.22
average 2.15.2008 [10.6.2007—6.25.2008] 0.41 +0.36
overall ave. 4.7.2008 [10.29.2007-9.15.2008] 0.27 +0.44

“ Difference from the reference date (July 14, 2008)
® purification period at the end of chemical separation

¢ Cited data from ref. [14]

error for the purification period. In the exceptional case of
sample no. 17, a high **'Pu/***Am ratio (0.0063) was de-
tected because of unexpectedly high Pu contamination in
the Am fraction. This high ratio contributed to 14 % of the
24 Am/**3 Am ratio (0.0446) in the Am fraction. This con-
tamination may therefore result in a systematic error of
0.63 years in the purification period. By subtracting this
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24Py contamination in the Am fraction from the
241 Am/*** Am ratio using the correction equation, Eq. (4),
the accurate age (difference from the reference age=
—0.17 years) was successfully obtained. For the **'Am
impurity in the ***Am spike, the large systematic error of
0.5-0.9 years for the purification period in all samples was
subtracted using the correction equation. Thus, the *'Am
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impurity in an ***Am spike will result in more serious
systematic errors in the purification period than **'Pu con-
tamination. For accurate determination of the purification
period, it is therefore important to measure the ratio of the
> Am impurity to ***Am in a spike (A**' Am/*** Am) and/
or use an elementally and isotopically pure ***Am spike. In
this correction process, the counting statistics of the mea-
sured (**'Am/***Am), ratio was found to be the main
component of the overall uncertainty. The uncertainty of
this measured Am isotope ratio thus contributed to >98 %
of the overall uncertainty of corrected **' Am/*** Am ratio.
In the case of high Pu contamination in an Am fraction,
such as sample no. 17, the counting statistics of
(**'Pu/**°Pu)p contributed to 1.7 % uncertainty of the
corrected **' Am/***Am ratio. The uncertainty of the
>*! Am impurity ratio (standard deviation=1.6 %) also con-
tributed to that of the corrected Am isotope ratio, but the
proportion was negligibly small (<6 ppm).

Purification age

The determined Pu age is depicted in Fig. 2 as the difference
from the reference date. In addition, Table 4 shows the deter-
mined dates for the U/Pu mixed particles with various U/Pu
ratios, along with the difference between the determined date
and the reference date (July 14, 2008), and the determined
period at the end of chemical separation. It should be noted
that the average determined age for the particles for the five
independent U/Pu ratios agreed within the difference of
+0.4 years and the standard variation (k=1) of 0.5 years. For
all particles, the average and standard deviation (k=1) of the
differences from the reference date were found to be 0.27 and
0.44 years, respectively. This high accuracy and precision of
the measured Pu purification ages demonstrates that the puri-
fication date of mixed (U/Pu) nuclear fuels purified within

Abundance of Pu in the U-Pu mixed particle

several years can be determined independently of the U/Pu
ratio by analysis of a single micron-sized particle in an inspec-
tion sample.

Uncertainty budget

The determined isotope ratios of each fraction and the
24 Am/**'Pu ratios calculated using Eq. (3) are listed in
Table 3 along with the relative standard deviations. The
uncertainty of the **'Am/**'Pu ratio was estimated by
combining the standard deviations of all isotope ratios,
including the **'Am impurity in the ***Am spike, and
the **'Pu contamination. The main part of the
2 Am/**'Pu uncertainty stems from uncertainties in the
2 Am/”PAm and 2*'Pu/**’Pu ratios. The uncertainty of
2B Am/*°Pu in the non-separated fraction (N fraction)
was found to be 0.39-3.1 %, and this component contrib-
uted to 0.3—5 % of the overall uncertainty. The uncertain-
ty budget of the **' Am/**'Pu ratio was calculated from
the median uncertainties of the three isotope ratios. In the
particle with a U/Pu ratio of 70, the overall uncertainty
was composed of 84 % **'Pu/**’Pu uncertainty, 15 %
> Am/** Am uncertainty, and 0.3 % ***Am/**’Pu uncer-
tainty. In the case of the particle with a U/Pu ratio of 18
and 1.0, the contribution of the **' Am/*** Am uncertainty
increased to 78 % and 74 %, respectively. In addition,
contribution of the *'Pu/**°Pu uncertainty to the overall
uncertainty decreased to 22 % and 23 %, respectively. In
the case of the particles with a U/Pu ratio of 9.5 and 4.6,
the contribution of **' Am/*** Am uncertainty was 38 and
60 %, respectively. Figure 3 shows the variations in the
median relative uncertainties of 2*'Am/?*!'Pu,
CYAMA P Am) s, C'Pu/APu)p, and (PP Am/FPu)y with
respect to the percentage abundance of Pu. The uncer-
tainties of the (**'Am/***Am), and (**'Pu/**’Pu)p ratios
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were found to sharply increase with decreasing percentage
abundance of Pu. The (**' Am/***Am), ratio of a particle
with U/Pu=70 (1.4 % of Pu) could not be determined
using the 400-scans-per-replicate set for the ICP-MS mea-
surement, because of the low counting statistics of the
24 Am signal. When the number of scans was increased
to 500 to emphasize the **' Am signal, the uncertainty of
the Am isotope ratio was found to be 3—10 %. However,
this alternation in the settings was not effective in reduc-
ing the uncertainty for the (**'Pu/**°Pu)p ratio. The rela-
tive uncertainty of the Pu isotope ratio decreased inverse-
ly to the square root of *’Pu intensity for all samples.
This correlation is in line with the relationship between
the number of events and the standard deviation in a nor-
mal distribution, taking into account the pulse-counting
statistics of the ICP-MS measurement system. Thus, it is
clear that the main contributor to the overall uncertainties
for the Pu isotope ratio is the counting statistics of the Pu
fraction measurement. For more precise age determination
of particles with low Pu abundance, the uncertainties in
Pu ratio sensitivity must be reduced by enhancing the Pu
counting sensitivity using ICP-MS auxiliary components,
such as high transmission skimmer cone and sensitive
detectors. The study presented herein is based on the as-
sumption that following Pu purification, no **' Am isotope
is present in the particle. However, it is possible that a
practical particle contains **' Am isotopes as purification
impurities or nuclear fuel additives [22], thus producing a
systematic error in the Pu age analysis. The development
of novel techniques to correct this error will be reported
elsewhere in due course.

Conclusions

We herein report an analytical technique for the accurate and
precise Pu age determination for individual U/Pu mixed
micron-sized particles with various U/Pu ratios (1-70). The
purification date determined for an individual particle, which
is prepared from U and Pu reference materials and is purified
on July 14, 2008, was in good agreement with the reference
value (uncertainty of 0.44 years, accuracy of 0.27 years). The
combination of ***Am spike addition and sequential anion-
exchange separation of Am, U, and Pu by a single column
ensures exact measurements. For measurement of accurate
purification period, it is essential to correct the systematic
errors arising from **' Am impurity in the ***Am spike and
241py contamination in the Am fraction. This high perfor-
mance analytical technique can provide precise information
on the history of nuclear fuel, and it can therefore serve as
important tool for fingerprinting of environmental samples in
nuclear safeguards and forensics. Increased precision and ac-
curacy of age measurement for particles with low Pu content

@ Springer

are possible using additional instrumental components that
enhance sensitivity.

Acknowledgments This work was financially supported by the Nucle-
ar Regulation Authority, Japan. The authors would like to thank Mr. N.
Kohno for the particle production, Mr. T. Onodera and Ms. R. Usui for the
chemical treatments, and Mr. Y. Takahashi for the ICP-MS
measurements.

References

1. Miyamoto Y, Esaka F, Suzuki D, Magara M (2013) Precise age
determination of a single plutonium particle using inductively
coupled plasma mass spectrometer. Radiochim Acta 101:745-748

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

3. Nygren U, Ramebdck H, Nilsson C (2007) Age determination of
plutonium using inductively coupled plasma mass spectrometry. J
Radioanal Nucl Chem 272:45-51

4.  Alvarado JAC, Chawla F, Froidevaux P (2011) Determining **'Pu
in environmental samples: case studies in alpine soils. Radiochim
Acta 99:121-129

5. Wallenius M, Mayer K (2000) Age determination of plutonium
material in nuclear forensics by thermal ionisation mass spectrom-
etry. Fresenius J Anal Chem 266:234-238

6. Wallenius M, Peerani P, Koch L (2011) Origin determination of
plutonium material in nuclear forensics. J Radioanal Nucl Chem
99:121-129

7. Chen Y, Chang ZY, Zhao YG, Zhang JL, Li JH, Shu FJ (2009)
Studies on the age determination of trace plutonium. J Radioanal
Nucl Chem 281:675-678

8. Zhang HT, Zhu FR, Xu J, Dai YH, Li DM, Yi XW, Zhang LX,
Zhao YG (2008) Age determination of plutonium material by alpha
spectrometry and thermal ionization mass spectrometry. Radiochim
Acta 96:327-331

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

10.  Spencer KJ, Tandon L, Gallimore D, Xu N, Kuhn K, Walker L,
Townsend L (2009) Refinement of Pu parent-daughter isotopic and
concentration analysis for forensic (dating) purposes. J Radioanal
Nucl Chem 282:549-554

11.  Sturn M, Richter S, Aregbe Y, Willum R, Mialle S, Mayer K,
Prdraska T (2014) Evaluation of chronometers in plutonium age
determination for nuclear forensics: what if the ‘Pu/U clocks’” do
not much? J Radioanal Nucl Chem 302:399-411

12. Donohue DL (1998) Strengthening IAEA safeguards through envi-
ronmental sampling and analysis. J Alloys Compd 11:271-273

13.  Mayer K, Wallenius M, Varga Z (2013) Nuclear forensic science:
correlating measureable material parameters to the history of nucle-
ar material. Chem Rev 113:884-900

14.  Suzuki D, Esaka F, Miyamoto Y, Magara M (2015) Direct isotope
ratio analysis of individual uranium-plutonium mixed particles with
various U/Pu ratios by thermal ionization mass spectrometry. Appl
Radiat Isot 96:52-56

15. Esaka F, Magara M, Suzuki D, Miyamoto Y, Lee CG, Kimura T
(2011) Feasibility study of isotope ratio analysis of individual
uranium-plutonium mixed oxide particles with SIMS and ICP-
MS. Mass Spectrom Lett 2:80-83

16. Esaka F, Suzuki D, Miyamoto Y, Magara M (2015) Determination
of plutonium isotope ratios in individual uranium-plutonium mixed
particles with inductively coupled plasma mass spectrometry. J
Radioanal Nucl Chem. doi:10.1007/s10967-015-4113-6

125



Age determination of individual uranium—plutonium mixed particles

7173

17.

18.

Usuda S, Yasuda K, Kokubu YS, Esaka F, Lee CG, Magara M,
Sakurai S, Watanabe K, Hirayama F, Fukuyama H, Esaka KT,
Iguchi K, Miyamoto Y, Chai JY (2006) Challenge to ultra-trace
analytical techniques of nuclear materials in environmental samples
for safeguards at JAERI: methodologies for physical and chemical
form estimation. Int J Environ Anal Chem 86:663—675

Usuda S, Magara M, Esaka F, Yasuda K, Kokubu YS, Lee CG,
Miyamoto Y, Suzuki D, Inagawa J, Sakurai S, Murata F (2010)
QA/QC activities and estimation of uncertainty for ultra-trace anal-
ysis of uranium and plutonium in safeguards environmental sam-
ples. J Nucl Radiochem Sci 11:A5-A9, http://www.radiochem.org/
j-online.html

126

19.

20.

21.

22.

Esaka F, Magara M, Suzuki D, Miyamoto Y, Lee CG, Kimura T
(2010) Isotope ratio analysis of individual sub-micrometer plutoni-
um particles with inductively coupled plasma mass spectrometry.
Talanta 83:569-573

Wellum R, Verbruggen A, Kessel R (2009) A new evaluation of the
half-life of >*'Pu. J Anal At Spectrom 24:801-807

Martin MJ (2005) Nuclear data sheets for A=241. Nucl Data Sheets
106:89-158

Yoshimochi H, Nemoto M, Mondo K, Koyama S,
Namekawa T (2004) Fabrication technology for MOX fuel
containing AmO, by an in-cell remote process. J Nucl Sci
Technol 41:850-856

@ Springer



BT~ ik E v~ 7 a2 — Mt —2—0
U T UL D ALTFIR BB T R IE OB %
J - A
O%MH [F - T CF - [ EW

1. (L ®HIZ

JE - I fiak CERI S AL D BREEREI I E £ D 7 T VBT DAL FRREIX, £ DRk TOT SIIEE)
DWNE CEBR, &, B2 E) Lk TRAED ZEATREND, LER->T, BEREFoy T v
RO FIREZ D Z LIC LV . ZONus COJRTFINEBNSOHEE N AIBEIC 72 D I S b,
AR TIE, BEEN~A T 0 A— b FA =X —D0 T AR 255 & LT, EARE M (SEM)
ICE DRI ORI, v~ 7 a~v=ta L —XICX5BEE XOBEK T v o EIC L DL RRES T
EHBA DY TIECOWTHRA T 72,

2. FEE

AL LT, WY T ki - (NBL CRM U950a) % iz, 3. Ktz 7 2RmFBREHE B
IZ#, SEM-EDX (JEOL, JSM6700F) |2 XV PHEBIE S KO ESiT&21To72, D%, fxDv
T UMb f A~ A 7 nv =2 L—ZIZK D BIOREHS BICBE L, BT ~ o EHE H o A 1F
L=, T~ REE, ERE LT 532 nm O AL —F—2F T DM T ~ > o et ER
(Lambda Vision, MicroRAM-300/532A) % FH\W\C{T-> 7=,

3. MRPBLUOEELE

M 1127 T RO _RETBBLIOT~ o A7 MLV aER L, L—W—H ke Eof@Ebic &
» UsOstEiE 213k d 5 248, 422, 501, 810 cm D T~ > B — 7 ZABRICEBIIT 5 Z E N TE [ HA 2 um
FEIE DRI T HALIREDHT N ATRETH D Z L AR S NTz, AEE, BREFICHET LV 7 U4 O
TR E GUMRL T OSITIC AT TH L EBE2BND, BRTIE, TOMDIFERDO Y 7 ki1
DBEEFRERIZONT b HRET 5,

AFEFNNL, R TRBT 0D EFCE2 321 CTHEM Lz [REHERESIHE) OBEO—HNEEh
D

(776/800 )

M
(=]
(=]
Q

Intansity /| Counts
o
o
(]

1000

200 400 600 800 1000

-1
Raman shift / cm

Fig1 D2 M+ O ZREFREIVITLAANTML

127



64

“IRAF VB ESITIZED BERL R HE AW B — T T Uk D RN e 5T
(7 FIHEHE) ol DT, SR K, M I, M IERA

[BER9] MRS EOF A iR O T RS- BRI E TNA M 2 DT T ki 10
RN Z TR D ET, BhEaX 2B AR - INEEONEF B L OB EHEE T 52 TXS,
FRIZ . IEHEEE U [RINARTEAEEIE) DB\ TR - ORI L, I ToO a2 5
I BEDOYE# AL IE T A8 S b EETHD, Frex i, 71y a by 7RI 7 3k 1
ZAREL, 2R B &0 T (TIMS) I LY FEINARKE RS A AT 32 T 1B DWW TR 21T TE T2
M LasL, ZoHETIE, B R TO P T RIN AL ER O REDEMETH L2 ORIER D
Do RAFIETIL, JLA-JF CTO P ARSI AL O i3\ 7 AR % SR SRR 0 - AT 3
HZEARHMEL, ITHFEBFE ST IRAA V- B 0T (SIMS) 1245 | Bk 1-5HZ VW o 7>
ORI -2 R oL, E DR ARKLELZ SIMS B2 TIMS THIE T2 7 EORF 21T 277,

[EBHE] BBl Cid, KR IRIRME B XS RME O 3 FFED RN LA A 3 DIt 7
R DIRE TR CRE 78 %% bt 170:18:1) BB L OVR 1 fiti g% CEREUL 7= ERER D BR B3R 2 V2,
F. B oMk 723 EHE FICEIL ., SIMS (Ametek, IMS-6F) 0 F 8k 7-2HH1 7 k=7
(APM) Z T, 10 mm WU o#iPFHD 2°U BL O PU /4452 AL, B o i 2 owrF
ki1 DIEFE R L OB B L Z D U [FINAR L DTG R E 1S T2, T D%, k2 A4 E - B
#i (JEOL, JSM6700F) I AL, fll # DU T KL 52~ A7~ = 2L —XIZLV R OREH-
(SIMS HIE ) 72137 47 A b _E(TIMS JIE ) (2L, RN AT 21T 572,

[ERBIOBLE] EHET TR BN DWW TR To 72k . 162k SIMS HIE TliE., 1%
TEAEEL D D72 N ERAE Y 7 L 2 N CE T, 0 A4 OBV S HYE LS &V VEE
R T —2BBIEI T, — T, APM Z W2 07T, SIMS BEUNTIMS EbIZERHEY 72
K2R - ETHZENTE, RIEOF AR T HZENTET, ERkEbE W28 Tl
B DT Z PRI DIRFEEE 3 AT ZAUZE RO D203 T2 28D | IRHEEE D@ T 7 R %
FRINTEDLEVIRIEOH T ENLENLRWER ThHoTen, v =2l —ailddn 14
Y ORBOYERIZE ST, ~AF—FNLIK (U, 2U) OF =X DB %[ ST HIENTE,
ARFERNZNT F DB TS 2525 T TR L7z TR PR E BB AT i A DR D —E 3
EGEND,

[1] F. Esaka, D. Suzuki, and M. Magara, Anal. Chem., 2015, 87, 3107.

1189 ¥ / 1200 “F Max

128



P08 TILEZOLAFERRE LI aBRAEICKDHFRT AU S
0 LDEEEXRE
(U B8 O M —RR, iR KE, @i, BA= 20, LK
AL AT A

[IZU®IZ] R Tix, B O EICB T 5 RESEEE 2RI 2 FED—
DL LT, REHERERE O FEORBELZERL TS, OB L LT, Mk
NS OREIRY BB ( AT A PN ELT-EWE %2 & ki % SEM-EDX (2L Y
H L, TIMS (2 XY RN AR Z 0092 FiEzisr Lz Y, [ Lk o 7L b
SULAOFMEEFRNICHRT S0, o MUEOBEAMEEZRFT L TWD, T ETIT,
TIMS 7 4 A M EIZE Yy 7T v 7 L7V b= i+ 2 ML, o BRHIEIC X -
T(*Pu+ Am)/ B9 0py R RE A 1372 5 2 T, ki< TIMS JlEIC kY, v b=
LARINARIGINE 23k A Tm, 7 4 7 A v b LT LK1 % TIMS/ 5 H- 15 1 THE
L7z, 747 A PMBAEREFMHALEZET AV YT A 7V =0 5Oy
BERNEECTH -T2, AKX T, MAMDEREZHME LT, 70 F=7 LEAEREH
kORI o BIE L, 7~ =0 ARGARHLEL O FRFEE & (PPBPu+2*tAm)/#9r20py i
Stz L EBEERF L0 THET S, 0 - - - =

[3ZBR] v h=0 2k 11, BRIFHO RS :

A7 14 1 Y W) T (SRM9AT) IR iR %2 7R FS wa [E 1% . 11 0 o . s .

B TER Lz, SEMICL W RZEAZHEE L7 LT,
K2y 277 L. TIMSHRe 7 4 5 A |
FlIZEET, ZOT7 4T A e o BUEEE .

(ORTEC # OCTETE-Plus, BU-024-600-AS, A %) =
i fE: 600 mm?) THIE L7z, 72k, slek-# 28R

’ \
eV

FWHM
L]

FEEE T, 5 mm, JIE R IX, 100 TR ETH D, ‘ \ . ; o
[FEH L&) R &I1%, 0.5~3.8um THol=, Diameter (um)

o BRPE LB @920py v— 7 o N fl g 2 [ 1 1 BB R % @3 40py E— 5 0y i
IZRT, 3um L F THIIE, FEIEIT 170 keV &
THH, BpurAm b — 27 L OEL D IL, 10%

il BEBRE()E. 5 WRE Th T, 21z, | o ; t i
FsmE o 5 A RB O ORI 2 R, M 2, ° ;]
L7 SRMO47 D REHIT% OFRMIFRTIE, 3.9 D & ?

67 ETH DL Linh ., RIEMICES & i
(POPu+PTAM)/C 0Py S AE L 1T, 0.425 2B F oo !

0.490 ~HBT %, KRN lum U LOBE . BhR § .
BEORMBNTRIEME B LTHBY ., KERN : : . :
MAm EETRENCK L, BHTETHS LEX e e e purlesten
% *L % ) 2: (BEPu+HtAm)/ 239+ 240py ik i HE L

129



- Journal of Radioanalytical Nuclear Chemistry

J Radioanal Nucl Chem (2015) 306:393-399
DOI 10.1007/s10967-015-4113-6

1
@ CrossMark

Determination of plutonium isotope ratios in individual uranium-—
plutonium mixed particles with inductively coupled plasma mass

spectrometry

Fumitaka Esaka' - Daisuke Suzuki' - Yutaka Miyamoto' - Masaaki Magara’

Received: 10 December 2014/ Published online: 4 April 2015
© Akadémiai Kiadd, Budapest, Hungary 2015

Abstract An analytical technique was developed by a
combination of single particle dissolution, chemical
separation of uranium, plutonium and americium with ex-
traction chromatography using UTEVA resins and mea-
surement with inductively coupled plasma mass
spectrometry. This method was applied to plutonium iso-
tope ratio analysis of individual U-Pu particles with U/Pu
ratios ranging from 1 to 70. Consequently, ***Pu/**’Pu,
21py/>°Pu and ***Pu/**’Pu isotope ratios were success-
fully determined, while it was impossible to determine
238py/?3°Pu ratios due to the high process blank values on
m/z 238.

Keywords Uranium—plutonium mixed particles - Isotope
ratio - Individual particles - ICP-MS - UTEVA resin

Introduction

Studies on isotope ratios have been widely conducted for
source identification of environmental samples such as
aerosol and soil. In particular, particles containing uranium
and/or plutonium have been intensively analyzed for en-
vironmental samples taken at contaminated areas [1, 2].
The information on isotope ratios in individual particles
containing uranium and/or plutonium is also important in
the field of nuclear safeguards to unveil the traces of un-
declared nuclear activities [3, 4]. Primarily used method for
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Research Group for Analytical Chemistry, Japan Atomic
Energy Agency (JAEA), 2-4 Shirakata-Shirane, Tokai, Naka,
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individual particle analysis is secondary ion mass spec-
trometry (SIMS) [5-9]. Here, individual particles are
bombarded with primary ion beams and emitted secondary
ions are detected to determine isotope ratios. As an alter-
native technique, thermal ionization mass spectrometry
(TIMS) is also used by a combination with a fission track
technique [10-12]. The fission track technique is utilized to
identify uranium particles in samples and isotope ratios are
measured with TIMS. These particle analysis techniques
have been successfully utilized for the analysis of uranium
particles for nuclear safeguards.

Uranium and plutonium mixed oxides have been in-
creasingly used as nuclear fuels for nuclear power gen-
eration. Therefore, plutonium isotope ratio analysis of
individual uranium-plutonium (U-Pu) mixed particles is
also important for nuclear safeguards. Here, information on
uranium isotope ratios is less important, because high en-
riched uranium is not usually used as a source of U-Pu
mixed oxides [13]. There are a few studies on plutonium
isotope ratio analysis of individual U-Pu mixed particles
because of isobaric interferences such as 238U—238Pu,
*'Am—>*'"Pu and **U'H-**Pu, which are difficult to
separate in mass spectrometry [14]. Americium 241, a
decay product of plutonium 241, is usually contained in U—
Pu mixed particles. Raptis et al. measured U-Pu mixed
solutions with U/Pu ratios ranging from 0.1 to 100 by
TIMS and determined plutonium isotope ratios [15]. The
measured 2*'Pu/?*°Pu isotope ratios were, however, higher
than expected values due to the isobaric interferences of
2'Am on **'Pu in the TIMS measurement.

In a previous paper, we developed a technique by a
combination of single particle dissolution, chemical
separation using anion exchange resins and isotope ratio
analysis with inductively coupled plasma mass spec-
trometry (ICP-MS) [16]. This method allowed for
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determination of **'Pu/**°Pu isotope ratios in individual
plutonium particles owing to prior chemical separation of
americium and plutonium. In the present study, we applied
this technique to plutonium isotope ratio analysis of indi-
vidual U-Pu mixed particles with U/Pu ratios of 1, 5, 10,
18 and 70. Here, extraction chromatography using UTEVA
resins was applied for more rapid and easier chemical
separation of plutonium, americium and uranium than the
anion exchange method used in the previous study [16].
Finally, the performance of the method for the measure-
ment of individual U-Pu mixed particles was compared
with that of other particle analysis techniques.

Experimental
Samples

Uranium and plutonium mixed particles were prepared
from reference materials [U-010 (Triuranium octoxide,
New Brunswick Laboratory (NBL), USA) and SRM-947
(plutonium sulfate tetrahydrate, National Bureau of Stan-
dards (NBS), USA)]. Each material was dissolved with
acids and purification of the plutonium was conducted to
remove americium by using an anion exchange method on
July 14, 2008. Solutions with various U/Pu atom ratios
were then prepared and used for the production of U-Pu
mixed particles. Each solution was pipetted into a small
quartz test tube and evaporated to dryness. The dried
residue was heated at 700 °C for 20 s and pulverized with a
quartz glass rod to produce particles after addition of 10 puL
of n-dodecane. The details of the particle production were
described in a previous paper [17].

Sample preparation for ICP-MS

Silicon wafers with a dimension of 5 x 5 mm (Semitec
Co. Ltd., Japan) and a silicon disk with a diameter of
25 mm (Semitec Co. Ltd., Japan) containing U-Pu mixed
particles were introduced into the chamber of a scanning
electron microscope (JSM-6700F, JEOL Co. Ltd., Japan)
simultaneously. Individual U-Pu mixed particles on the
silicon disk were sampled and transferred using a micro-
manipulator [7] on the center of each silicon wafer. Each
silicon wafer containing each U-Pu mixed particle (ap-
proximate diameters 2 pm) 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 evaporated.

Each particle in the PTFE beaker was dissolved with the
addition of 1 mL of 15 M HNO; and 0.1 mL of 38 % HF
(TAMAPURE-AA-10, Tama chemicals Co. Ltd., Japan)
covered with a PTFE watch glass on a hot plate at 190 °C

@ Springer

for 1 h and the solution was evaporated to dryness. 1 mL of
HNO; was added and the solution was evaporated to dry-
ness to remove residual HF thoroughly. The residue was
dissolved by adding 1 mL of 7.5 M HNO; (1 + 1)/0.3 %
H,O, and chemical separation was performed. The
separation scheme used was modification of a single-col-
umn extraction chromatographic method developed by
Morgenstern et al. [18].

The flow chart of chemical separation is shown in
Fig. 1. UTEVA resins (100-150 pm, Eichrom technolo-
gies, Inc.) were packed into a polyethylene column (4 mm
0.d., 40 mm height, column volume: about 0.5 mL). The
column was washed with 8 mL of 0.02 M HNO;. After
conditioning with 2 mL of 7.5 M HNO; and then 3 mL of
7.5 M HNO5/0.3 % H,0,, the sample solution was loaded
onto the column. Americium was removed from the col-
umn with 4 mL of 7.5 M HNO3/0.3 % H,O,. Plutonium
was eluted from the column using 4 mL of 2 M HNO3/
0.02 M ascorbic acid/0.02 M hydroxylamine hydrochlo-
ride and collected into an 8 mL PTFE beaker. After adding
0.1 mL of perchloric acid and covering the beaker with
PTFE watch glass, it was heated on the hot plate at 200 °C
for about 1 h to decompose organic materials. The solution
containing plutonium was evaporated to dryness by re-
moving the watch glass and raising temperature of the hot
plate to 210 °C. The resulting residue was dissolved with

Particle

Particle dissolution
15M HNO, / 38% HF

Sample solution
7.5M HNO; / 0.3% H,0,

UTEVA resins (100-150 pum)

7.5M HNO, / 0.3% H,0, Am

2M HNO4 / 0.02M
ascorbic acid / 0.02M

hydroxylamine Pu
hydrochloride
0.02M HNO, u

Fig. 1 A flow chart of chemical separation using UTEVA resins
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Fig. 2 Plutonium isotope ratios measured for individual U-Pu mixed particles with U/Pu ratios of 1, 5, 10, 18 and 70 without chemical
separation. The error bars represent expanded uncertainties with a coverage factor of k = 2. The dotted lines represent the calculated values

3 mL of 1 M HNOj; and transferred to an 8 mL PFA tube
to measure isotope ratios with ICP-MS. Uranium was
eluted with 4 mL of 0.02 M HNO;, which was collected
into an 8 mL PFA tube. After the addition of 0.29 mL of
15 M HNO;s to the tube, isotope ratios were measured with
ICP-MS.

Instrumentation

An Apex-Q desolvation system (Elemental Scientific Inc.,
USA) was used for sample introduction to ICP-MS. Isotope
ratios were measured with a high resolution ICP-MS in-
strument (ELEMENT 1, Thermo Fisher Scientific, USA).
The mass resolution (M/AM) was set at 300. Isotope ratios
were measured in a peak-jumping mode. The mass bias
factor assuming the following equation was determined
using 5.14 pg mL~' NBS SRM 947 standard solution with
a matrix of 0.81 M HNOx;:

R = Rn(1+C)™ (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
bias factor. The average value of the mass bias factors was
1.34 x 107>, Uncertainties were estimated by considering

measurement variability, mass bias correction, process
blank value subtraction and the certified value of the ref-
erence material.

For comparison, a secondary ion mass spectrometer
(IMS-6F, Cameca, France) was also used for the analysis of
isotope ratios in individual U-Pu mixed particles. The
details of the analytical condition were the same as those
described in a previous paper [19].

Results and discussion

Plutonium isotope ratios in individual U-Pu mixed
particles

Individual U-Pu mixed particles with U/Pu ratios of 1, 5,
10, 18 and 70 were dissolved and plutonium isotope ratios
were measured by ICP-MS without prior chemical
separation. The data are shown in Fig. 2. The dotted lines
indicate the values calculated by considering certified
values and contribution of the decay of each plutonium
isotope. The isotope ratios of 2*°Pu/***Pu and ***Pu/***Pu
are in agreement with the calculated values within the
uncertainties. This implies that the interferences of ***UH
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Table 1 The procedural blank 1

m/z Counts s~
values on m/z = 238, 239, 240,
241 and 242 in ICP-MS 238 2485 + 1594
239 1.0 £ 0.9
240 0.3 +0.2
241 0.1 £ 0.1
242 0.2 +0.2
* Uncertainty, which corre-

sponds to one standard de-

viation (n = 6)

on ***Pu were negligible in these measurements, owing to
the utilization of the desolvation system for sample intro-
duction to ICP-MS. The **'Pu/**°Pu isotope ratios are,
however, higher than the calculated value (0.0079). These
U—Pu mixed particles were produced from solutions con-
taining plutonium purified on July 14, 2008 [17]. The
241py/3°Pu isotope ratio was 0.0102 at that time and de-
creased with time, due to the beta decay of 24Py 1o ' Am.
Therefore, the **'Pu/**°Pu isotope ratios in Fig. 2 were
considered to be affected by isobaric interferences of
21 Am on **'Pu. Although mass resolution (M/AM) more
than 100,000 is necessary to separate >*'Am and **'Pu

peaks, there are no commercially available mass spec-
trometers having such high resolution.

In order to avoid the interferences, particle dissolution
and chemical separation of uranium, plutonium and
americium using UTEVA resins were performed, prior to
the isotope ratio analysis with ICP-MS. Table 1 shows
process blank values on m/z 238, 239, 240, 241 and 242 in
plutonium fractions which are low enough to determine
plutonium isotope ratios, except that on m/z 238: about
2500 counts s~' corresponding to  approximately
0.2 pg mL™" of U (0.6 pg U) calculated from the sensi-
tivity. The plutonium isotope ratios measured for indi-
vidual U-Pu mixed particles with U/Pu ratios of 1, 5, 10,
18 and 70 are shown in Fig. 3. As can be seen, the
240py/23%Py and 2**Pu/**°Pu isotope ratios agree well with
the calculated values within the uncertainties. In addition,
the 2*'Pu/**°Pu isotope ratios also correspond to the cal-
culated value. This result indicates that the isobaric inter-
ferences of **'Am on ?*'Pu was removed almost
completely by the extraction chromatography using
UTEVA resins.

In this study, the determination of ***Pu/**°Pu isotope
ratios was impossible due to the high process blank values
on m/z 238. This is because of the contamination of
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uranium eluted from the UTEVA resins. The amounts of
3Py in the mixed U-Pu particles with a diameter of 2 pm
are estimated to be less than 50 fg. It was difficult to
control the uranium process blank to less than fg level in
this study. Further studies are needed to decrease the ura-
nium process blank low enough to measure ***Pu.

Comparison with other particle analysis techniques

As mentioned in the Introduction, isotope ratio analysis
with SIMS is utilized for the measurement of individual
uranium particles for nuclear safeguards [5-9]. For com-
parison, we performed plutonium isotope ratio analysis of
individual U-Pu mixed particles with SIMS. Figure 4
shows SIMS mass spectra of individual U-Pu mixed par-
ticles with U/Pu ratios of 1, 10 and 70. As can be seen,
there are isobaric interferences such as 23%U-*%Pu,
ZBUH-"*Pu and **'Am-**'Pu. These made difficult to
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Fig. 4 Secondary ion mass spectra of individual U-Pu mixed
particles with U/Puof a 1, b 10 and ¢ 70

determine plutonium isotope ratios in individual U-Pu
mixed particles. As an example, the isotope ratios of
249py/2*Py in individual U-Pu mixed particles measured
with SIMS are shown in Fig. 5. For all particles measured,
the isotope ratios of *°Pu/***Pu are lower than the certified
value. In addition, the deviation of the measured ratio from
the certified value increases with increasing U/Pu ratio due
to the interferences of **UH on **°Pu. In the analysis of
uranium particles with SIMS, the interference of uranium
hydride ions such as **>UH-*°U can be corrected by
measuring **UH/**®U ratio [20]. The presence of the ***Pu
peak, however, prevents the determination of the
Z38UH/*8U ratio in the analysis of U-Pu mixed particles.

Analysis with TIMS is also a promising tool to deter-
mine isotope ratios in individual particles. In a previous
report [17], we applied TIMS to direct analysis of indi-
vidual U-Pu particles with U/Pu ratios ranging from 1 to
70. Here, the currents of evaporation filaments were con-
tinuously increased to separate americium, plutonium and
uranium peaks during TIMS measurement. As a conse-
quence, the 240Pu/239Pu, 241py/23%py and 2**Pu/**°Pu iso-
tope ratios were able to be determined without prior
chemical separation. The determination of ***Pu/**’Pu
isotope ratios was, however, difficult due to the interfer-
ence of the intense *®U peak to the ***Pu peak. For U-Pu
mixed solutions, Aggarwal et al. determined the
238pu/>¥Pu isotope ratios with TIMS by adding highly
enriched **°U spike solutions [21, 22]. Although this ap-
proach using spike solutions cannot be applied to the direct
analysis of individual particles, the combination with the
dissolution of U-Pu mixed particles would be useful for the
determination of **Pu/***Pu isotope ratios.

In the present study, the 240Pu/239Pu, 241py/23%py and
242py/%3°Pu isotope ratios were successfully determined by
ICP-MS with prior chemical separation using UTEVA
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Fig. 5 Isotope ratios of 2*°Pu/**’Pu measured with SIMS for
individual U-Pu mixed particles with U/Pu of 1, 5, 10, 18 and 70.
The error bars represent expanded uncertainties with a coverage
factor of k = 2. The dotted line represents the certified value
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resins. This means that the performance for plutonium
isotope ratio analysis of individual U-Pu mixed particles is
greater than that of SIMS and comparable to that of TIMS.
Regarding the analysis of uranium isotope ratios, in a
previous study, we were able to determine uranium isotope
ratios in individual U-Pu mixed particles with TIMS [17].
In contrast, the high process blank values on m/z 238 made
impossible to determine uranium isotope ratios in the
present study. Since the amounts of **U in the mixed U-—
Pu particles with a diameter of 2 pm are estimated to be
less than 30 pg, further reduction of the blank value on m/z
238 is necessary. The analysis of uranium isotope ratios
with SIMS was difficult because hydride correction using
measured *®UH/®U ratio was impossible due to the
presence of the ***Pu peak. These indicate that the per-
formance of TIMS for uranium isotope ratio analysis of
individual U-Pu mixed particles is better than that of ICP-
MS and SIMS. However, there is a possibility to determine
uranium isotope ratios with ICP-MS by reducing process
blank values on m/z 238, which would also allow for
measurement of >*Pu/**°Pu isotope ratios.

Conclusions

In the present work, an analytical technique by a combi-
nation of single particle dissolution, chemical separation by
extraction chromatography using UTEVA resins and
measurement with ICP-MS was developed and applied to
the analysis of plutonium isotope ratios in individual U-Pu
mixed particles. Consequently, the isotope ratios of
24()Pu/239Pu, 241py/23%py and 2**Pu/**°Pu were successfully
determined, while that of 238py/23%Py was impossible to
determine due to the high process blank values on m/z 238.
By comparison with other particle analysis techniques, it is
concluded that the performance for plutonium isotope ratio
analysis of individual U-Pu mixed particles is greater than
that of SIMS and comparable to that of TIMS. By devel-
oping a technique to reduce process blank values on m/z
238, 238py/23°Py and uranium isotope ratios would also be
determined with ICP-MS.
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The isotope ratio analysis of individual uranium particles in environmental samples taken at nuclear facilities
is important to clarify their origins for nuclear safeguards. Secondary ion mass spectrometry (SIMS) is often
used for this purpose. An automated particle measurement (APM) screening software was recently
developed for SIMS instruments, which enables us to obtain scanning ion images of uranium isotopes
over the sample in short duration. The positions and approximate isotope ratios of each uranium particle
can be determined from the images. This makes SIMS more effective because a few uranium particles
with irregular isotopic compositions among thousands of uranium particles with normal isotopic
compositions can be screened prior to precise isotope ratio analysis. However, the formation of
molecular and/or hydride ions often leads to spectral interferences and inaccurate results in SIMS. In the

present study, APM screening was applied to select uranium particles prior to precise isotope ratio
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www.rsc.org/methods obtained by APM-SIMS.

Introduction

The isotope ratio analysis of individual micron-sized particles
has been extensively studied in the field of nuclear safeguards.’
For the implementation of nuclear safeguards, environmental
swipe samples are taken at nuclear facilities by inspectors of the
International Atomic Energy Agency (IAEA) and the isotope ratios
of uranium particles are measured to detect undeclared nuclear
activities and facilities. Approximately 20 individual particles for
one swipe sample are usually measured by mass spectrometry.
Thermal ionization mass spectrometry (TIMS) is often utilized
for this purpose in combination with a particle screening tech-
nique using fission tracks.*® When the sample contains uranium
particles, thermal neutron irradiation results in fission tracks in
a nuclear track detector. The positions of each uranium particle
are identified by observing the fission tracks. Furthermore, highly
*3°U enriched uranium particles can be selectively sampled for
subsequent isotope ratio analysis by TIMS because the number of
fission tracks depends on the number of ***U atoms in each
particle. The detection of highly ***U enriched uranium particles
is critical to detect undeclared nuclear activities for nuclear
safeguards. One drawback in the fission track-TIMS technique is
that it requires a nuclear reactor to perform thermal neutron

Research Group for Safeguards Analytical Chemistry, Japan Atomic Energy Agency
(JAEA), 2-4 Shirakata, Tokai, Naka, Ibaraki 319-1195, Japan. E-mail: esaka.
fumitaka@jaea.go.jp; Tel: +81-29-282-6165

This journal is © The Royal Society of Chemistry 2016

irradiation. The other is “particle mixing”, due to which an
average isotope ratio is obtained when two or more uranium
particles are measured at one measurement. In a previous study,
we overcame this particle mixing problem by adding a micro-
sampling process to the fission track-TIMS procedure.®
Secondary ion mass spectrometry (SIMS) is also used for the
isotope ratio analysis of individual uranium particles.®™ Since
individual uranium particles are randomly analyzed in
a conventional SIMS technique without screening capability, it is
difficult to detect and analyze a few uranium particles with
undeclared isotopic compositions among thousands of uranium
particles with normal isotopic compositions. The automated
particle measurement (APM) screening software developed by
Hedberg and Peres et al'>* significantly improves the SIMS
performance and enables the selective analysis of particles of
interest.'*** In APM screening, scanning ion images of isotopes
such as **U and ***U are measured over the sample using
a rastered primary ion beam (e.g:, 500 pm). As a result, the
positions and approximate isotope ratios of each particle are
identified in short duration. Precise isotope ratio analysis is then
performed for individual particles by SIMS using the instru-
ment's microprobe mode. A drawback in SIMS is that the
formation of molecular and/or hydride ions produces spectral
interferences in the uranium mass region. For example,
207pb*’Al" and *°*Pb*’Al" molecular ions produce peaks at m/z
234 and 235, respectively.'® The separation of >**’Pb*’Al* and ***U*
ion peaks requires a mass resolution (M/AM) of approximately

137 Anal. Methods, 2016, 8, 1543-1548 | 1543
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2800. Although the separation is possible by narrowing the
entrance and exit slits in small geometry SIMS (SG-SIMS)
instruments, the resulting reduction in the signal intensity
makes it impossible to perform precise isotope ratio analysis of
uranium minor isotopes (***U and **°U) in a small particle. When
large geometry SIMS (LG-SIMS) instruments are used, most of the
molecular ion interferences can be eliminated due to the inher-
ently higher transmission of secondary ions and higher mass
resolution. However, the hydride ion interference of ***U'H" on
238U" is still present even if LG-SIMS instruments are used. From
this perspective, TIMS has an advantage because the molecular
and hydride ion interferences are almost negligible.

In the present study, APM screening was combined with
isotope ratio analysis using TIMS and applied to the analysis of
quality control and real inspection samples. The APM screening
was utilized for the selection of uranium particles to be
analyzed. The selected particles were sampled using a scanning
electron microscope (SEM) and measured by TIMS to determine
precise isotope ratios. The analytical performance of the APM-
TIMS was compared with that of the APM-SIMS through the
analysis of real inspection samples.

Experimental
Samples

A quality control sample and multiple real inspection samples
taken at nuclear facilities were used in this study. The quality
control sample contained natural (0.72%), low **°U enriched
(3.8%) and highly ***U enriched (61%) uranium particles with
an approximate number ratio of 170 : 18 : 1. The particles in
these samples were recovered onto glassy carbon planchets with
a diameter of 25 mm (Hitachi Chemical Co. Ltd.) by a vacuum
impactor technique'” for APM-SIMS analysis. And then, parti-
cles were also recovered from the same samples onto other
planchets for APM-TIMS analysis. Here, the surface of each
planchet was coated with 5 pL of a 1 : 1 mixture of eicosane and
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nonadecane in hexane. After the particle recovery, the planchet
was heated at 150 °C for 90 seconds. The NBL CRM U350
reference material was used to determine the mass fraction-
ation factors in the SIMS and TIMS measurements.

Particle screening and sample preparation

To select uranium particles to be analyzed, APM screening was
performed using an SG-SIMS instrument (IMS-6F, CAMECA). A
focused O," primary ion beam with a current of 80 nA was
rastered over an area of 500 x 500 pm?. The **U" and >*3U" ion
images were obtained for 20 x 20 areas (i.e., 10 x 10 mm?). The
measurement times of >**U" and ***U* were each set to 10 s.
Prior to the measurement, each area was pre-sputtered by
a primary ion beam with a current of 500 nA for 3 s. The total
acquisition time for one sample was approximately 240 min.
After the measurement, the center of each of the areas (X, Y) =
(01, 01), (01, 20), (20, 01), and (20, 20) was marked with
a primary ion beam with a current of 80 nA for 5 min. These
marks were used to calculate the XY positions of each area in
SEM instruments (JEOL, JSM-6700F and 7800F).

Fig. 1(a) shows ***U* and ***U" ion images with a raster size
of 500 pm in an analytical area obtained by APM screening for
an inspection sample. The presence of one uranium particle in
the lower left position was indicated in these images. The CCD
image of this area was obtained with a camera attached to the
SIMS instrument as shown in Fig. 1(b). The sample was
removed from the SIMS instrument and introduced into the
SEM instrument. The positions of the analytical areas were
calculated from the positions of the centers of areas (X, Y) = (01,
01), (01, 20), (20, 01) and (20, 20). By this calculation, the
analytical positions were easily identified in SEM observation as
shown in Fig. 1(c). The precision of the particle relocation was
less than 10 pm. Since the images in Fig. 1(a) and (c) are in
mirror symmetry, it is expected that one uranium particle
existed in the lower right position in Fig. 1(c). The backscattered
electron image of the lower right position clearly indicated the

=) ol

Fig.1 (a) The 2*°U* and 2*8U" ion images in an analytical area obtained by APM screening for an inspection sample. (b) A CCD and (c) secondary
electron image of the area. (d) A backscattered electron image of the area noted as a small square in (c), and (e) a secondary electron image of
two uranium particles in the area. (f) Transfer of the large uranium particle in (e) onto a filament for isotope ratio analysis by TIMS.
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presence of the particles containing heavy elements such as
uranium as shown in Fig. 1(d). The secondary electron image
with a high magnification of the particles and X-ray analysis
(data are not shown) showed the presence of two uranium
particles as shown in Fig. 1(e). One particle shown in Fig. 1(e)
was then transferred onto a filament using a micromanipulator,
as shown in Fig. 1(f), to avoid particle mixing. The microma-
nipulator has an ability to transfer particles with a diameter of
around 0.5 pm.

Isotope ratio analysis

The isotope ratio analysis of individual uranium particles was
performed by SIMS and TIMS. In SIMS, each uranium particle
identified by APM screening was measured with a focused 0,"
primary ion beam with a current between 0.5 and 5.0 nA and
a raster size of 30 um. The acquisition times of each cycle for
2yt 25UT, 20U, 2*8U" and **®UH" were 4, 2, 4, 2 and 4 s,
respectively. Here, the contributions of ***U'H" ions to **°U*
ions at m/z 236 were corrected using ***U'H*/***U" intensity
ratios in SIMS, although no hydride corrections were made in
TIMS. Mass fractionation factors were determined for each
isotope ratio by performing measurements on a sample of the
NBL CRM U350 reference material.

A TIMS instrument (TRITON; Thermo Fisher Scientific, USA)
and zone-refined rhenium double filaments were used for
isotope ratio measurements. In the measurement, each
uranium particle identified by APM screening was transferred
onto the filament with a micromanipulator. Here, no treatment
was carried out to fix the particle on the filament. The evapo-
ration filament current was continuously increased during each
measurement. The measurement procedure has been described
in detail previously." The current was increased to 5000 mA at
a rate of 100 mA min~". The acquisition times of each cycle for
234y7, 2357, 23607, and **®U" were 4, 4, 4, and 2 s, respectively.
Mass fractionation factors were determined for each isotope
ratio by performing measurements on a sample of the CRM
U350 reference material. The uncertainties in the results were
estimated considering measurement variability, the certified
values for the reference material, and mass fractionation
corrections, following the principles described in the Guide to
the Expression of Uncertainty in Measurements (GUM)." The
analytical performance of the TIMS measurement for individual
uranium particles was confirmed by using an NBL CRM U050
reference material in a previous study.?

Results and discussion
Analysis of a quality control sample

A quality control sample with a mixture of natural, low >**U
enriched, and highly ***U enriched uranium particles was
measured by SIMS, APM-SIMS and APM-TIMS. A result of APM
screening is shown in Fig. 2. The **®U signal intensities were
plotted against the >**U/>**U isotope ratios. Main populations of
the >*U/**®U isotope ratios at 0.0072 and 0.038 were observed
for 904 uranium particles found. The maximum >*°U/***U

This journal is © The Royal Society of Chemistry 2016
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Fig.2 An APM screening result measured for a quality control sample
with a mixture of natural, low 2*°U enriched, and highly 2*°U enriched
uranium particles. The 2*8U signal intensities of 904 uranium particles
were plotted against the 2*°U/%*8U isotope ratios. The data with 2*°U
signal intensities below 1 count per s were filtered.

isotope ratio was 1.54, which corresponded to approximately
61% **°U enriched uranium.

Fig. 3(a) shows the ***U, ***U and **°U atomic ratios
measured by APM-SIMS for the quality control sample. In the
analysis of 12 individual particles, 7 natural uranium, 2 low >**U
enriched uranium, and 2 highly ***U enriched uranium parti-
cles were found. Furthermore, one particle with a >**U atomic
ratio of 1.1226(44) was observed, which suggested the mixing of
some uranium particles with different atomic ratios. The **°U
atomic ratios for natural uranium were slightly different from
the reference value, probably due to the insufficient sensitivity.
In the measurement by APM-TIMS, 4 natural, 6 low **°U
enriched, and 2 highly ***U enriched uranium particles were
detected as shown in Fig. 3(b). No particle mixing effects were
observed because of the microsampling of individual uranium
particles prior to the isotope ratio analysis by TIMS. No highly
33U enriched uranium particles were detected in SIMS without
APM screening as shown in Fig. 3(c). These results indicated the
excellent performance of APM screening for the detection of
a smaller number of particles of interest.

Analysis of inspection samples

Three inspection samples (A, B, and C) from nuclear facilities
were measured by APM-SIMS and APM-TIMS. The ***U and **°U
atomic ratios were plotted against the ***U atomic ratios in
Fig. 4-6. The average value of the >**U'H"/>**U" intensity ratios
for these samples was 1.6 x 107> in APM-SIMS. The contribu-
tion of >**UH" signals on signals at m/z 236 for each particle was
estimated to be 55% as the average. An apparent correlation
between the ***U and **°U atomic ratios in sample A was
observed for both techniques (Fig. 4). The linear relationship
between ***U and **°U is typical for samples taken at uranium
enrichment facilities. However, one particle had relatively high
2347 (0.1196(16)) and >**U (0.0818(59)) atomic ratios based on
the APM-SIMS results. This was presumably due to the spectral
interferences by molecular ions, which would be produced from
the elements in neighbouring particles. Such unreasonable
ratios were not observed in APM-TIMS, indicating that this

139 Anal. Methods, 2016, 8, 1543-1548 | 1545
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Fig. 4 The uranium atomic ratios of individual particles in the
inspection sample A measured by APM-SIMS and APM-TIMS. The (a)
234 and (b) 2*°U atomic ratios are plotted against the 2>°U atomic
ratios. The error bars represent the expanded uncertainties with
a coverage factor of k = 2.

technique can provide data without molecular ion interfer-
ences. The highest >**U atomic ratio in APM-TIMS was lower
than that in APM-SIMS. This would be due to the sample
preparation, because the particles for APM-SIMS measurement
were first recovered from the sample. The results obtained from
sample B also showed an apparent correlation between the **'U
and **°U abundance ratios for both techniques (Fig. 5). Simi-
larly, some particles produced relatively high and unreasonable
231 and **°U atomic ratios in APM-SIMS. The **°U atomic ratios
obtained for sample C by APM-SIMS (Fig. 6) were relatively
higher than the ratios obtained for sample A by APM-SIMS
(Fig. 4). The SEM-EDX analysis confirmed that most of the
uranium particles in sample C contained uranium, oxygen, and
other impurities such as Na, Mg, Al, Si, S, Cl, Ca, Ti, Fe and Zn,
whereas the uranium particles in samples A mainly comprised
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Fig. 5 The uranium atomic ratios of individual particles in the
inspection sample B measured by APM-SIMS and APM-TIMS. The (a)
234U and (b) 2*°U atomic ratios are plotted against the 2*°U atomic
ratios. The error bars represent the expanded uncertainties with
a coverage factor of k = 2.

only uranium and oxygen. Therefore, the impurities in each
uranium particle were considered to have produced molecular
ions that resulted in higher **°U atomic ratios in APM-SIMS.
Most of the measured particles produced reasonably low **°U
atomic ratios in APM-TIMS, while one particle produced
a higher >*°U abundance ratio (0.0248(29) in Fig. 6(b)). The
reason for the high ***U atomic ratio was unclear. Since the
uranium particle mainly comprised uranium and oxygen
(Fig. 7), the result suggested that the high atomic ratio was due
to molecular ion interferences by organic compounds or
impurity elements in the TIMS filament.

In the present study, an SG-SIMS instrument was used for
the isotope ratio analysis of individual uranium particles.
Ranebo et al. compared the analytical performance between SG-
SIMS and LG-SIMS instruments.'® They reported that the LG-
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Fig. 6 The uranium atomic ratios of individual particles in the
inspection sample C measured by APM-SIMS and APM-TIMS. The (a)
234 and (b) 2*°U atomic ratios are plotted against the 23°U atomic
ratios. The error bars represent the expanded uncertainties with
a coverage factor of k = 2.
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Fig.7 A scanning electron microscopy image and an EDX spectrum of
a uranium particle in the inspection sample C. This particle had a high
238 atomic ratio (0.0248(29)) in APM-TIMS as shown in Fig. 6(b).

SIMS instrument produces excellent quality analytical data due
to the resolution of almost all molecular ion interferences.
Therefore, most of the molecular ion interferences observed in
Fig. 4-6 could potentially be avoided if an LG-SIMS instrument
was applied to the measurements. Ranebo et al. also compared
the performance between LG-SIMS and TIMS instruments and
reported that analyses using the LG-SIMS instrument had
a limitation in the detection limit of >*°U at higher enrichments
due to the necessity for a hydride correction.’ The lack of
a hydride correction requirement in TIMS analysis is a clear
advantage compared to analysis with LG-SIMS instruments.
Particle mixing was observed in the APM-SIMS analysis of the
quality control sample in Fig. 3(a). The process of micro-
sampling each uranium particle under SEM observation (as
shown in Fig. 1(e) and (f)) helped to avoid particle mixing in

This journal is © The Royal Society of Chemistry 2016
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APM-TIMS. The distance between two uranium particles was
only 3 pm in Fig. 1(e). It should be noted that it would be
difficult to avoid particle mixing in this case even if a focused
primary ion beam is used for the analysis using SG-SIMS or LG-
SIMS instruments.

As mentioned above, reliable data from the analysis of
individual uranium particles can be efficiently obtained by
APM-TIMS. However, there was a disadvantage because addi-
tional work was required for the microsampling of individual
particles under SEM observation. Typically, one day is the
adequate time required to analyze the isotope ratios of 20
individual uranium particles by SIMS in the microprobe mode
after APM screening. In APM-TIMS, one or two days are neces-
sary to first identify the positions of each uranium particle and
then to transfer the particles onto each filament after APM
screening. Three additional days are then necessary to perform
the isotope ratio analysis of 20 individual particles by TIMS.
Therefore, the proposed method should be applied only to the
analysis of samples containing a large number of uranium
particles, which may have caused particle mixing. The analysis
by APM-SIMS is effective for the samples containing a smaller
number of uranium particles, which has a lower probability of
particle mixing. The APM screening results can provide infor-
mation on which method would be appropriate for each
sample.

Conclusions

The screening by APM was performed prior to the isotope ratio
analysis of individual uranium particles by TIMS. The results
indicated that a few uranium particles of interest among many
uranium particles were able to be selected prior to the analysis
by TIMS. Furthermore, molecular ion interferences were almost
completely avoided using a TIMS instrument instead of an SG-
SIMS instrument. Therefore, the results showed that APM-TIMS
was effective for the isotope ratio analysis of individual parti-
cles. Since the screening by APM required no thermal neutron
irradiation in a nuclear reactor, particles that contained no
fissile materials can be identified. Therefore, APM-TIMS as well
as APM-SIMS can be applied to the analysis of various elements
in individual particles in the environment, which will open up
new research fields in environmental sciences.
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