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Abstract: The characteristics of enriched uranium materials are very important for
nuclear fuel cycle and nuclear forensic analysis. Among all those fingerprints, the urani-
um isotope ratios and the uranium age are considered to be of major parameters for trac-

ing the sources and process conditions. To the best of our knowledge, there are only a
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few relevant articles focusing on the analysis of ** U isotope abundance. In most of the
published literatures subjected to uranium age dating, either ** Th-***U chronometer or
21 Pa-** U chronometer was employed to determine the age of enriched uranium materials
with the isotope dilution mass spectrometry and anion exchange separation procedure,
where the most time-consuming step was the sample preparation. Hence, this project
aimed to develop a fast and flexible method for the determination of the uranium isotope
ratios, **Th/?'U and *'Pa/** U atom ratios of the enriched uranium samples by the
combination of multiple collector inductively coupled plasma mass spectrometry (MC-
ICP-MS) and triple quadrupole inductively coupled plasma mass spectrometry ( ICP-
QQQ-MS). The results showed that the limits of detection (LODs) of **U by Neptune
XT MC-ICP-MS and Agilent 8800 ICP-QQQ-MS were 3 X 10 ° and 6 X 10 ', respec-
tively, and the relative standard deviations (RSDs) of **U/*" U isotope ratios at the
level of 1077 by MC-ICP-MS and ICP-QQQ-MS were 1.0% (2¢) and 4.8% (2s),
respectively. The standard sample bracketing (SSB) method of ICP-QQQ-MS based on
the calibration of GBW04240 reference material was established to correct the mass
fractionation of *** Th/*'U and *'Pa/* U atom ratios simultaneously. The ages of the
uranium materials were diagnosed by the two parent-daughter relations of ' U-*** Th and
25 J-*"Pa, indicating that the LODs of age dating were 0.2 a and 0.5 a, respectively.
Meanwhile, the isotope ratios of #*'U/* U, **U/** U and ®*U/** U were determined by
MC-ICP-MS. The fingerprints showed that the last purification time of the enriched
uranium samples were around 2009 and the samples had been irradiated by the nuclear
reactor. Overall, this method can reveal precise and accurate genetic signatures within
one week, providing rapid technical supports for nuclear forensics, certification of
nuclear reference materials and nuclear safeguards.

Key words: enriched uranium materials; uranium isotope ratios; uranium age; >*° Th/*'U
atom ratios; “'Pa/** U atom ratios
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GBW04238(*'U/*U=7.18 X 107° £ 1.5 X
1074, U/%U=2.540 4 X 10" £3.8X 10+,
BU/%U=6.63 X 10° £2.0X10"*) . GBW04240
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1.3.1 MCICP-MS 4/ 445521 008 W;
AR 1,02 L/min; B HIAJREH 15. 5 L/ min;
FES AU H 0,998 L/min; X fh 7 B 0.910
mm.Y A E 1. 960 mm.Z &/ B 0. 816 mm;
UHE HL [ (Decelerator) 8 343.9 V; BH % i &
(Suppressor)9 964. 2 V; LI T HZAVE MR R FE iz
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Fig. 1 Typical signal lines of ** U,
25U and ***U obtained for *** U-TEST
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&® 1 MC-ICP-MS Il 223 U-TEST /23 U/? U
Table 1 Measured values of 2**U/**U in *** U-TEST by MC-ICP-MS

W8 YKL #IUIR 102 B3 U/ U 23 UK 103 By =2 U/=8 U
No. Measured ?**U/?* U when ?** U is about 10? Measured ?**U/?*U when ?**U is about 10°
1 5.339 X107 5.269X1077
2 5.412X10°7 5.261 X107
3 5.344 X107 5.273 X107
4 5.386 X107 5.280X10°7
5 5.381 X107 5.256 X107
6 5.327X10°7 5.290 X107
FEE (n=6) 5.365X10 7 5.271X10°7
A 3.0X10°° 1L1x10°°
e 2.4X 1078 2.3X10°°
sk 2.5X1078 2.6X 1079
Py S 1.6% 0. 49%
&R 2 Heii#EX ICP-QQQ-MS iy ThH/Th,UH/U F1*¥ U{s S & /I &
Table 2 Effect of He gas flow rate on ThH/Th, UH/U and ***U signal intensities
piise ThH 45 & H#E % UH 454 % .
Flow rate/(mL/min) ThH/Th ratio UH/U ratio
0 1.91X10°6 1.48X10°6 3.91X108
0.5 1.34X10°6 1.23X10°°¢ 3.24 X108
0.7 1.05X10 6 1.03 X106 3.41X108
1.0 1. 08 X106 9.31Xx10°7 2.07 X108
1.3 9.41X10°7 8. 00X 1077 1. 73X 108
1.6 9.84X10°7 8.27X10°7 1.13X 108
1.9 9.09X10 7 8.86X10 7 7.43X107

B EHP UfE S EE 2y 4 X 10° fy CRM124-4
KIRFREFRAE, Z2 0O S I i 25 R W], m/ =
233.0.237. 0 Ab ({5 S8 BE B /N T 0. 7, WY
B FEERBE XD 10 "HY, SRR
B QR & T AR 3 f5 015 5 50 A 2L
{55, W ICP-QQQ-MS X U B 1) A7 5 14
FRATIE 6 X107,

ICP-QQQ-MS {1 Ji 5 73 1 2% 0 A% 1E J7 125
5 MC-ICP-MS ] & J7 ¥ A7 [\, ¥ 2Rk H A% A
it 38 SCE A (D S FERE S I & /5 A UL 5
SREEZ) R 10" i) IRMMI99, AN IE22 U /2 U,
S VEAl v B 9 B[R] B R ARG 0 S R E AL 8K
o XU BE i 2 Uy oy 70 192 U-TEST B FE
s SR 5 KL A5 A F AR 3. ICP-QQQ-

MS X 107 & 2% 2 J2 9 70 U & 85 % 2/ T
4.8%(20)

W3t 28, Neptune XT % MC-ICP-MS Fi1
Agilent 8800 # ICP-QQQ-MS X} ** U F & 1y
A SR BR 53 53] R 3> 1077 %ﬂ 6101, X [A)
SEVR BE B S b R 10T U i A A

BERE AR 1. o/(zaﬁﬂ 4.8% (20) .2 FhJ5 1k
4 T S 45 R A AN 0 R VN — B, BRI
an P U-TEST a] A Sy 52 %5 =8 1 45 bn A% 18 4
HU/USFHEIS. 271 X107, B SEbrke
ma B, A A3 AR SR 2T ICP-QQQ-MS 1 ZhFr
HEM 2L 2 i e AR S Th U R UE
JEE O SR HE AR SR R [T SRS R o A
PRI Z L B B a5 A 0 B (RS TN 40 BT 7 v



802

=)

L I

a4t

%& 3 ICP'QQQ'MS il)-l‘lj %233 U_TEST FF 233 U*u 233 U/238 U
Table 3 Measured values of ** U and

U/ U in * U-TEST by ICP-QQQ-MS

W 8 UKL sy sy Y
No.
1 7.03X 10! 5.28X10°7
2 6. 86X 10! 5.49X10°7
3 6. 27X 10! 5.11X10°7
4 6. 52X 10! 5.37X10°7
5 6. 29X 10! 5.31X10°7
T E 6. 59X 10! 5.31X10°7
RSD/ % 4.6 2.4

2.3 REMMBNMBALRILEINER
SRR 45 s FR AE GBWO04234 ,GBW04238,
GBW04240 FIkE 5 NINT-12 ~NINT-3 £, 5
F Neptune XT %I MC-ICP-MS, % FEC & 10" Q
BEL{EL AT 5 5 R 2% 19 35 S 58 8 4 il 42 0l U
ULV UMP UR B, R 2 U™ U
555 B IR 5 40 V., DL FEAIR 3 F2 A i A 5 5
JEE 26 M ) 1 Y B s e, DL IRMIMIL99 i 1y
FU/STURME U/ U R SR » Hi 48 8O B 1 IE
Bt Ay AN IRMMIST Oy i F bk, UH
BB MR LN 5.7 X100, S T AR AR A AN
BESL NINT-1 # ~ NINT-3 # 1 i 2 U/* U,
UASURM S U/ U, W4 IRMM199
HEU /U R U/ U I (R A AR X AR 1k A
F 0. 001 % ~0. 012 % Z 1], & B8 i B e M
B, R A Agilent 8800 % ICP-QQQ-MS il
T E AR AREEFURE S R AU/ U, E— 2R
Neptune XT %I MC-ICP-MS & ¥ GBW04234 .
GBW04238 1 GBW04240 i[> U/* U, 4
Ff E LAE U020/ 0 2 U/ U
EIU/ACUR I A 25 R S IS B € BE 43 0 5 T
FA~T, WEULMET D A FEhR R
TE P Cun) B4 4~ 6 YR 37 00 o 245 5 1) 52 56 A
W2 e 2) Bz BHA 10 °~10 " H %
U/ URARER) B S 22 {1 £ % IRMM184
rPAHE R PP U/ U (1,244 6 X 10° +1.7 X
1071, U/* U B ZEBREANE HE () A XS
P IRAHEE R 0. 14 XA T9FE 33) NINT-14 ~
NINT-3 £ i U/* UM B b5 A & B S

H vk 45 bR FE IRMMI85 H12 U/* U (8. 949 0 X
1072 1.3 X 10D, Fe AH X 97 J A i 7 FE Ry
0. 015 % #4713 54) NINT-1# ~NINT-3 # th
“U/# UM B bR E 535127 IRMMIS6
IRMM185 I IRMMI183 K+ XF §" i A 1 <
WATIERE 35) NINT-1 £ ~NINT-3 # F1%°U/** U
B B RARMEA & B 2% IRMMI187 By AH X}
PIRAHEREN 0. 030 % HEATIEE 5 6) i/
HORAH ST A B HEAS B 2 B (o s 40 24
950 BAFKE AL T k=2 L5 4
GEREHE D EARbREE GBWO04234 . GBW04238 Fl
GBW04240 (= U/* U2 U/2 U * U/# U 5
2 AR AN 0 P S N — B0 408 I A
NINT-1# ~NINT-3 # 1% U/* U, 2 U/* U
EOU/EUM 45 R T AE 20 = bR AR A R AR A
NINT-1# ~NINT-3 £ 1358 452 U™ U, 2 B
PEELE 28 5 B o HE 4 65 3) NINT-1 # ~ NINT-
3E R U/ UM U/ URAR R IE R Es
FRRER U/ UM U/ UR R R R .

PP UEZR B UM (ny 20 U
FER AU (s y) N B 1 56 BR
)RR K 2 U/ U U/ U, x5
FEfh NINT-1# ~NINT-3 £ i S 25 5L — 2.
GBW04234 ,GBW04238 1l GBW04240 [)**U/* U
MU/ U B HERT A — 20 IR R TE T &R
GURE S 17 U TR AL R T B2 A 38 19 75 8L Al <
ERL BB TR & 350 R BE R R A &5 5
PR IR 2 Py il A Fn e A, 52 A 1 1 £ 2ok AR
FERE TR A o 45 G ™ U A= U & 25
55 TR B A RS B AR R . FE
NINT-1# NINT-2 £ Fl NINT-3 # §12° U [d]
P4y Bk F] 66.2%.65. 4% 1 11. 6%,
#eI NINT-1# A1 NINT-2 2 a 8 Fi T 55 e 4l
BR K HE S S0 HE , NINT-3 2 /] G T 407 etk
FE K S 06 HE
2.4 RS RLR B Th/> UFI> Pa/** U
At i E e HL 1 £ 16912 B

Z:7% R o0 & W B T3 12112 W7 1) GBW04238
Az =R (1997 4F 5 L BT %) 24. 91 &),
GBWO04240 517 Th/* UFI*' Pa/* UKy %8 4y
BIA 7. 045X 107 1 2. 453X 10, F GBW04240
1 R AR 322 X (D) AR A 28 SOHE AL IE
i 4 VR RN« 57 Ak T ICP-QQQ-MSIA] B il
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Table 4 Determined results of 2*U/*°U

FE it USSP USBME A RRUERHIEE B RIRMEATEE & Sbn A e FBEU/FPULE R
Sample Average of 23 U/?% U A /B P Reported ?*U/?°U (k=2)
GBW04234 2.179 X107 5.2X107° 1.5X1071° 5.2X10°° 2.18X1077£1.1X10"8
GBW04238 5.125%10 7 7.7%10° 3.6X10 10 7.7X10°° 5.12X10 7 +1.6X10 8
GBW04240 9.830%10°7 9.8X10 6.9 1010 9.9%10° 9.83X 107 742.0X10"*
NINT-1# 2.112X10°8 6.3X101° 1.5x10° 1! 6.3X1010 2.11X107841.3X107°
NINT-2 £ 5.15% 10 2.6X10 10 3.6X10 12 2.6 1010 5.14X10 945, 2X 1010
NINT-3 £ 1. 444X 1077 3.5X107° 1.0X10710 3.5X107° 1. 444X 107747, 0X 107°
£S5 NUSUBHER
Table 5 Determined results of > U/**U
FE BIU/BSUST-BIME ARPRERHE R BRAREARHE R A Sbs A0 E 1 BIU/B UL R
Sample Average of #1U/?°U A 7B P Reported %' U/? U (k=2)
GBW04234 9.7686X1073 2.1Xx10°6 1.6X10"* 1.6X10* 9.77X10 %+3.3X10*
GBW04238 7.16497 X103 9.5Xx10°7 7.4X107° 7.4X107° 7.16X10"°*£1.5X10*
GBWO04240  1.20845X 102 1.3X10°6 8.3%10°7 8.3%10°7 1.208X10 21, 710
NINT-1# 5. 54962 X 103 7.8X10°7 4.2X10°7 8.8X10°7 5. 549610 % +1. 810"
NINT-2 # 6.4247X103 1.1X10°°6 4.8X10°7 1.2X10°6 6.4247X10 3 +2.4X106
NINT-3 2 9.1434X10°? L1X10°6 6.9%10°7 1.3X10°8 9. 143410 % +2. 610
£6 CUSUSFER
Table 6 Determined results of 2*U/**U
FE i BOU/BSUF-BME ARPRMERHEE BRIRERHERE A Bbs R e Y /ER USSR
Sample Average of #5U/?%U HA “e P Reported 2*6U/#°U (k=2)
GBW04234 1.10109X 10?2 5.0X10 6 1.6X10 4 1.6x10 ¢ 1.101X10 24£3.3X10*
GBW04238 6.6048 X103 3.3X10°°6 9.9X10°° 9.9X10°° 6.60X10 3+£2.0X10*
GBW04240 2.8893 X103 1.4X10°6 5.0X10°° 5.0X10° 2.89X10 *£1.0X10*
NINT-1# 3.8359X 103 1.6X10°6 1.1X10°6 2.0X10°¢ 3.8359X 10 %+4.0xX106
NINT-2 # 4.5001 X104 6.8Xx10 7 1.3x10°7 6.9Xx10 7 4.500X10 *+1.4X10 ¢
NINT-3 # 1.80190 X102 3.6X10°6 1.6X10°6 3.9X10°6 1.80190X1072£7.9X 106
F7 PUPUSMER
Table 7 Determined results of **U/** U
FE il U/ USBME A RWRUEARHIEE B RIRMEATEE & bR Ao e U /HULE R
Sample Average of 2> U/?8U HA s P Reported #°U /28U (k=2)
GBW04234 4. 4564 X102 8.5X10°°6 2.8X107° 2.9X107° 4.4564 X107 2£5.9X10°°
GBW04238 2.54188 X101 2.8X107° 1.9Xx10°* 1.9x10°* 2.5419X 10" 1+£3.8X10*
GBW04240 1. 04865X 10" 1.2X103 2.4X10°2 2.4X10°2 1. 0486 X 10" +4.9X 102
NINT-1# 2.00117X10° 2.1X10°* 3.0X10°* 3.7X10°* 2.00117X10°47.4X10"*
NINT-2 # 1. 91657 X 10° 2.9X10* 2.9X10°* 4.1X10¢ 1.91657X10°+8. 2X10*
NINT-3 # 1. 32421 X101 1.5X10°° 2.0X10°° 2.5X10°° 1.3242X10 ' +5.0X10°
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VR 47 FE S R 0 Th/2 U R Pa/* U HAE
M2 45 03 T35 8. T BRI A I R
e =K VE N i R VA YR B AR ERes
GETT 0 AS B 2 BE . 1) M S & FE R, m/ 2
230.0.231. 0 b A G A5 5 S5 e {EL 40 01l 2 3. 3
0.3 M Us Uy EALUE S Al a2
2y 6X10" A X" Th/* U™ Pa/** U 4R 25 5
S22 50 /NTF 0.07 a A1 0. 17 a, RN H T
ARG 3 A5 5 08 B A U5 5 P Th(10) Al
H1Pac0. 9) X I 9 Th/* UM Pa/* Ug 4F
R BR300, 2 a F10. 5 a32) J5 B A A %5
5255 15 5 W0 & A R . LG (E I & Y RSD 4%
2.4%3 5, 2% NINT-2 £ 25 % 11 5515 5

BOTh/* UM Pa/* U 4F A 1 2 BE 43 )] 2
0.32 a fl 0. 29 a, 4% A1 0 B 43 1 Z [0] (14 AH ¢
PR 0, W& A Th/* U F1 " Pa/* U % 4F
A 5 BE Ay B & 0. 65 a (26) F 0. 67 a (20).
FEREAS B 5 BE i Bl 9, NINT-2 # fil NINT-3 #
{197 Th-2 U 1 ' Pa-* U f1 2 4F #% 25 J — 0.
NINT-1# " Th-"" UEAE#E ™ Pa™ Uffi 5 .
F 8 NINT-1 £ (9% Th {5 5 38 B fe o, 4E
S E 7N AL Bl i ] A R AR B B s T
B A A RE 2 T AL i DR AT AL 2 b 3 R e
FIAEL. 3 AFE 5L AR K12 7 45 S 19 SF B
119 ., 4f 0 HEWT 5 f5 1 WK 43 85 4 Ak i [a]
2009 4E LA

8 ORMEHRER R T/ UR™ Pa/ ™ UR A F R B AR

Table 8 *°Th/*U, *'Pa/***U and model ages of the enriched uranium materials

tuth 5 tupa A X 22

FE i
" 230Th 231Pg 232Th 230 Th/24U tuTh/a 231 Pa /2% U tup./a Ralative error
Sample
of tuth and typa/ %

NINT-1 # 1. 26 X10° 66. 7 1.22X10° 3.534X10° 12.52 1.092X10"°8 11.09 —11.4
NINT-2 # 1. 08X 10° 60. 1 1. 95X 10° 3.684X10°° 13. 05 1.182X10°¢ 12. 00 —8.0
NINT-3 # 1. 90X 10° 67.0 1. 60 10" 3.219X10 ° 11. 40 1.105X 108 11.21 —1.6

S o ; 1 o

3 #FHig 22 77 g HE i BRCRNAE R A= 7 ) 45 A

ABEFE N MC-ICP-MS #l ICP-QQQ-
MS Bk G ZRAE T ¥R 4 fil 4 R v il [R) 47 22 5 3 Ll
{2 Th/** U™ Pa/*" Ui 1 9 & 19 4 b AE
S A PR AR I A N IR AR B 0020 T SR A% B B
JEorHT. R EW ZHEARERWRT 107 ~
10"t AR AR =5 B2 U i DRk 43 A7 M R, 43
T GBW04234 . GBW04238 fll GBW04240 [
WU/ UE AN TS B . A%y isaife
iR T B v A bR RE PR 20 Thy/ U
“Pa/* UIF 2 Wl 47 0% A R0 S T 15 58 53 Bt
7 TR W P 75 B8 ) o 4 s A B O P R ) 452 1)
R A2 T I AN B 2 B 43035 3 0. 65 a (200 Fil
0.67 a (20) , [ W i T 28 o [6] v 25 6 8 o 3% 7k
(4 58 AR AN R BE (24 0.4 a) . 76 YR 45 Sl b1 )i
% BT 52 56 % R AE 1 A o, 40 SR K B R
1140 TR A7 28 3= B8 4o M7 RGN AT 18892 W T8 1A R
FE AR T 2 AR B 0] 43 51/ F 1 JE A 24 h,
I TV G i TR o 2 B HL T BB RO L OGBS

AR R AE KA i A RIS TR A A T S g
Wi o AR SCHE ST 09 HOAR A o0 o PR L 2
HER R 5 . nT O A% BOIE L A% R B R A
e 4 ) 57 3% b 1 0y A ok s (L A6 4R R
FIEEAR SCHF
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