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o] &3ttt B AFu o] AE317) (detection limit)s H&3ke 2Ad0A “Ppu 9 “pu 242 0.10 fg ml" (0.24
#Bq ml), 0.12 fg ml" (0,97 #Bq ml") o]gdom, *pu 7|50 & F 200 cps AL W]l Lo oA 1%
oJate] *pu/FPu B Pan] ASAAS YehfYtt B a7 e 5280 2 thoksl wE o] e 2

of Agtomn A% sshert

Z40] : Py PPy SolpiH|, CIEHSI|SEZEHERIR0IEZH2 M|, Mass bias correction, HZE

LAE

ZZEFPWS 27te] ddy FFo| osle] P
2 UEEE g1l AT s, Uy F4
2} %3] mE Am, Npo| 7Aoo A=, *py,
238Pu7 ngPu, 240Pu7 241Pu, 242Pu, 2p = 1pejxo] 29
Arz 28t 1 FAE “pu (half-life: 24,110 y)
o} *pu (half-life: 6,564 y)o] F8 ¥4l zoz A=
CH1. 1944\d FHzo] v]= TS A0 R Pud T4
A} o=, Zro] QluE e Ao g <lste]
ol EAEH At 53] 7] AAFLS Ad o
718l o]FoiH o, 1 Ax} HAEE Pu UIE
i AEA95%)7 tFd U=, dAF F2del A
ste] A di7] JApell FAHEEHN Gzl FE= A%
o} dFEH To= FASACH2L oA o] BE 54
< HH, Yok B daFo] o] FojHE Hukto
F2 BEF e Aoz duA o, R At
7F Be AMAGoM = sl S| AEH S v B
AEzFe HesAw, didddE Ppu 2 pu
(7#%u) ZAZke] 80w o)Fe] B Foll EAlskE A
o2 4] o3l 2 Qo= Pue 9AE #H o]
U A A 29 T ATt EF 6 9] FHo=

A A2} 1 9 4o}, sayim@Kkins. re kr
oA T o 34

wrZ7bssich Pu $992 3 YPu/ P Pu B D HE
pue] 7|¢lel| wet 247] thE 54& Holal glers =
AR Al tigk pu MOERE Asrh gHE e
#Opu/Ppu F9YanE O 7)9S FHskEd W f
&3t As52A FE&F F QUvH4l A
Hpu/pu B9 Yl e] UE S ¢Sk ATE ©
A Bt Tl o

Pue thEZR] Auly] dueFo g A AR
Ho}p GuRgEAHE o] &3 FFol T YukAoeln, 1
7o) Aneol FHE et =LA #EA 7] (Inductively
Coupled Plasma Mass Spectrometer, ICP-MS)2] &8 o]
Hof| ojn] W2 AmEC| Gy FEAIHS o835t 4
2=t debgaE A AR vgow AHE
£odste] PPy Ml EE BA £ olde 4
o] ol E38taL, AR H vlawste] B} @
ANEFTH 2 AlSARte] a7, HAAESTFEEE
7b wig- Erhe o] Qlvh. BES Fig, 1914 B+ vk}
2ol, ®pu (5.244 MeV)9} *Pu (5,255 MeV) 25 )<=
gk dafo|R] JHofa] dupd-g WEIIEEH] 7|E0
2850l & YAAEZNEHE o|&% WHoR:E
Ppugt “pug Re AT £ vk dA7E sl
ole} HhH AHFEAA|AHL Pu 94 A72te] HHS
Z4ske del2A] Ppugt *puel £l 20| 7Fsste]
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of Vs mpalsfEAP Tzl AgEA 7 (High
Resolution  Inductively  Coupled  Plasma  Mass
Spectrometer,  HR-ICP-MS)2} Hol sl 7]

(Thermal Tonization Mass Spectrometer, TIMS)o]t},
TIMS= HR-ICP-MS9} PRRPZIA|Z 59| danE AlS53t
=l oM A= =& AyE Akel=dl wl$- f-8st
U, vk MERA) BRE ARE $ASE 9 2
To| FE7]&e] a7dr) o]e} ¥bA, HRIICP-MS& %)
WOz Bed gt Feltgo s F (Hole] A
Ak Psstel B% AwEoR ALEEL Yo,
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Fig. 1. Spectrum of Pu isotopes measured using alpha-spectrometer.

B AFoAE= MCICP-MSE muliple ion counter
MIC)E AH8-3Fe] Pu s YA HAE= s 2t &

A S FHAsletdth I pu B LAY 248 9
sle] ol ARREHAE HRICP-MSE T AEA|~

<

o] Agglon, o) & el A% 24 thy
F5o] wAHoR Bgsle] A PPoRA
R AE A% ARE s F919am) Bae) g

2, ofN 1%

b o

A7 Qe ol

upebs B Aol = MCICP-MSE
9] dE FAZo] 7153k 4709 multiple ion counter® 2
bu BAULE B BY 202 A=ssglon,
2 A3 g P BRI JUES A4S 5 Ak
o] BERA BAo) Aastmay

ol-g-ske] =m|=F

2.1 Instrumentation and reagents
2 7o) ALgH Al AT AR ede] 3
A (( CLASS 10,00000014 &9 ¢ HsH=711r

Az gl =nl 2R A 7] (Multicollector inductively
coupled plasma mass spectrometer: MC-ICP-MS,

NEPTUNE, ThermoFinnigan Ltd,, Germany)2A] &4Z
2kznl  o]23} X Electric Sector Analyzer (ESA),
Magnetic Sector Analyzer (MSA)S} Th7EA|2H 02
TaE AvkEg. 2). HYeHERAEHoRE 97fe
faraday detector (Faraday), 57§2] multiple ion counter
MIC) 3 HEAIEH T #AF secondary
electron multiplier (SEM)S E3}sle] & 15719 HE7|
2 FA8E3eH, Pu T YA Ao HAH FE= bl
g3ttt A]§E membrane desolvator/} #A2HE &8
|3} 2] (ARIDUS-TI, Cetac, USA)E E3Fe] FU= ATt
Aol ARgE Ait QAR BT FREEA|(F) A
Axkd die=AlF Ao, F9YA 3] (Isotope
Dilution)oi= NIST2] ***Pu (SRM 4334H, USA)E 3]213}
o] ARE3SFRIAL, mass bias correctiono= Eckert &
ZieglerAbol| A Az *pus} Hpy B3 mFE AL A}
S3H9lch. FEIRAELANE o) AFSE A of
Elbol= A Sl Heyo] uhy EE TEVA-
Spec™ (Eichrom Technologies Inc,, USA)o|t}, H3&
o W gelel sl uATel 182 w ol
Mill-Q ol @E AFESAe T, S5 el AS
o FHteE BE B AN AN o] FolRt},

Table 1. Potential Sources and **Pu/*Pu Isotope Ratio Reported in the Literature,

Areas of sources Sources #0py*9py Atom ratios

Northern Global fallout Fallout of atmospheric weapon testing 0.176™M1

Nagasaki (Nishiyama) Atomic bomb 0.036"4
Nuclear weapon tests

Marshall Islands P ) 0.062~0.306™
(tropospheric fallout from atmospheric tests)
Bravo test

Bikini Island ) ) 0.299~0302"
(tropospheric fallout from atmospheric tests)

Sellafield Wiaste from Pu re-processing activities 0.184™"3

Chernobyl Nuclear accident 0.5631

[T Number of reference cited.
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Fig. 2. Components of the MC-ICP-MS, NEPTUNE,

Table 2, Operating Conditions Used on MC-ICP-MS, NEPTUNE,

Forward power 1200 W
Reflected power <2W
Solution uptake rate 80 21 min™
Argon flow rates
Cool gas 15.0 I min™*
Auxiliary gas 0.80 I min™
Nebulizer gas 0.82 I min*
Sample Introduction system (ARIDUS-11)
Sweep gas 4.75 1 min™
N; gas 0.005 | min™
Spray chamber Temp. (C) 110
Desolvator Temp. (C) 160

2.2 Sensitivity and background levels

MC-ICP-MS Al&Z27e U B89 50 pg ml'E 5
st F9 Faraday o] 85ke] m/z 23804 # =3}
Jth(Table 2). **Udl| W8t sensitivity:= 0.56 ~ 0.60 V
ng' ml o], m/z 239 ~ 242 WlelN ] WaEle e
nj 9 ko =20 ] 200 HNO:S F¢38t9S 2%, A
Al Pu FLAE m/z FHolA Hh 30 cps (counts per
second) oJste] MIehe =S BT ¥ wAPHe 7
%317 (detection limit)= BFEFA| & A& AT} o] 3SDE o]
g3t 2p&atglom, 1 Ax Ppust “pu 2k} 0.10 fg
ml” (0.24 #Bq ml™"), 0.12 fg ml" (0,97 #Bq ml") 24|
A A5tE Ao} v)wste] o9 33 =0 2 e
SkeHol.

2.3 Interferences

Pu 9|4 Aol Wl 7Fsdk 7 1Mol ES
Table 39 YeRSItE 2 Solld = pu 244 glo] 713
2 RS AU olee, Tust Ppbel ofste]
AR EE BAloleolgt & 4 qlthel, *Pue uH B

32got 9f 391t FrediEetzrtdEF A 7S o839 Pu E9l U] A

Multicollector
(SEM, Faraday, MIC)

[Source : The Hardware Manual of NEPTUNE]

Table 3, Possible Polyatomic lon Interferences for Pu Isotopes on

ICP-MS.
Pu isotopes Polyatomic ion interferences
281yt W4p 35yt
ij)P 2(77Pbl(woz+ 2(77Pbl(wol—’kNlH2+

u 6 14 N 0. . 40, +
ZOSPbl(OHNlH l))HgioAr
ZOZHg57C1+ 205'1'156Ar+
258[J1H2+ 204Pb3(7Ar+

240}) ZDHPbl (\OZ+ ZOSPbl()OHNlH2+

u 0. 4 N
ZOOHg—kOAr ZOZHg38Ar
1‘)4Pt14N1(wOZ+

2 WoprPer 7ph0,'H,

u 04 12,35, 1+ 209, .
l)i])tllcj‘;cl ZO)BII()OZ
204Pb57cl+ ZOGPb36Ar+

Z’IZPu Z{)Hpbl(\OZIHZ-* ZOZHg4OAr+
IOSPtIZCS%CF

Aoleo g AR, “phe MPbr0, EAloleoR
AgElo] 2b2E Fpust “pug) FEoleo =M FHi aw
& YepiA ot £ dFedrE T bl o%
TR S0l f5te] FEAREIYYE o83
spehie] e S8l e 4o F 3le daE Al
7stien, dEEetzntze] ARFUA SEsgA]
(ARIDUS-II, Cetac., USA)E AHRESIEEHA Faef 44
of 711%k EAtol o] BAdE Haslehdlt, dA E5E
o] 240l glojx= tiFe] ust ph7t shekie] 2
A AAEP e U phel I3 M EIH= FA) U
EfbA] §38kTE MC-ICP-MS Wjol| 4 o] #afol e AHES
g2ls}7] glste] pb BEE 20 ng ml' & FU3HH Pu
DA A W (m/z 239 ~ 242)94 A1 HEE
AZs) 2 Ax}, *pb0, ol 71918 1+ Alde] S7)
© YUERA @3tk = U ZFE8de FYsiH
PUH Ao wEle AZe 2 A% U 89 1 ng ml’
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A AZA PU FEE 1 pg ml OI 3] FEoRA]
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2.4 Measurement systematics and mass bias

correction
£ ATolA Pu T UAE 4719 MIC£ o]g3te] B
T Al ASsEthFig. 3a). thEAE7E FAO AL

23 Aol HE7|vtt yield x}Olﬂ TAE 5 Qle
n2 Bkl A&7 yieldg BAstoof gt} wEhbA
H AF A= 4702] MIC 3t yield 2FolE EASH| 98}
o] 3709 NBAE F7F AL MIC #2, MIC #3 2
MIC #40l|lA] *Ppus Wk A Z35}0ckFig, 3b). 239Pu°ﬂ
ek PU'H e &2 Hrkely] Yske] MIC #2014 U
S A ASSIEE dAstlen, 7 Aldae 9F 4.9
B2 O

& e AW 1CP-Ms FH e AR ol st
UAgel Bekzzrke] EEYolt ol ¥ drifte] o3t A

ad *1]7] W3l dFer 9 HerlE 01%‘0‘}&1 Qkdey

£ T3 EAH0w oy 45e A He 4%, F
Aazvle] FUws BAS| ol ek, ols} wbel,

FRE7NE o183k o AFg AR} glo] T &
a7 HW A2dA7] WE 9gske] RE AZ7|o|

Sl A7) HB2 BANLNE BHsH o]

[ AL

(b)

Line MIC #2 MIC #3 MIC #4 MIC #5
1 U Ppy Hpy #2py
2 *2py
3 242Pu
4 *py

Fig. 3. A multicollector system for NEPTUNE (a) Schematics of multicollector system including faraday cups, SEM and MICs (b) A four-line

multi-dynamic measurement sequence for Pu isotopes; Line 1 is for ion counting of isotopes and Line 2 to Line 4 are for MICs'

yield correction,

X odFo]  AMRSF MC-ICP-MSe] mass biase
240Pu/‘%gPu 2ol anE g3 Y= Fpust #0py Z3}
F8&M(Eckert & Ziegler)S AA| ASARY &
B]é—s]- FFog ‘J}\q 3[5_ z;go]_o:] 220 %—6‘]-0:] E.;G“B‘]-

T=
Stt. Mass bias 2SS 213 EF89L2 1719 A& A

o] &= wuth wkE ASstgon, (2 9& o183}
o] BAgstalrt.
239 239 Line1(#3)
(W)Yield Cal. = V242 s A 1)
240 240 Line1 ()
(W)Yield Cal. = (m) x YF2 A1 2)
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239 /Yield Cal. = 23910/ X Y2 (4 3)
242 ;. 242 ;.
YF1 = ( Line3(#3) YF9 = Line4 (#4)
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( 240 ) 240
239 ’Mass bias correc. (X)Yield Cal.
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939 /Certified SS
X
L. 240
)
( 239 )Measured SS (=4 4)

Certified SS :
Measured SS :

Certified isotope ratio of standard solution
Measured isotope ratio of sample solution



2,5 Analytical method for the reference materials

£ g olde B Ads AHFs] St vk
gk o] BEEds AAste] A8t ATl
AHEE BFEES FS(IAEA-381), EYIAEA-375 2
Soil-6) % A5 2B (IAEA-384 & NIST-4357) 24 7}
220 st ZS%HOPU HIA S o} z/iopu /239Pu RSN
H] #4E& FYsltt,

dre 50 mg AlRE HE §, B3AE 35et
5 N HNO;s &4 ol BsA1Z] 5, 0.45
AZIEEE ol-&ate] ofFfsiltt. ofefell E3He FHA o]

o2 AANGY. BT AAHARE 05 ~ 1.0 g
e Psta, 2712 500 T 12417 Slakshe] &
NBe 98] AAR T 7.8 N HNOsS o] 3he] 243
PN
LN

23 T sl Sk RE AR UE 358 1A
& galal 22 2 Qe A WAl *Ppug FAA2A

Aol A7FSIom, AE Puel Bl AEAER Y
g olgatel olfolzlth 7t Amd AAY APe
Fig. 4ol 7keFs] Lhehlgict,

Seawater || Soil and Sediment ‘

‘ Fe(OH), co-precipitation H Ashing at 450 C ‘
¥ v

‘ Acid leaching (7.8N HNO,) ‘

‘ Filtration (GF/C)
¥

‘ Dissolution in 7.8N HNO, ‘

Drvness

‘ Dissolution in 5N HNO, ‘
¥
‘ Filtration (0.45 um) ‘
+
‘ Resin separation (TEVA Spec™ ) ‘
¥

‘ Measurement (MC-ICP-MS ) ‘

Fig. 4. The schematic analytical procedure for Pu isotopes in various

matrix samples,

239+240. 240. 239.

Table 5. Analytical Results of Pu Activity and

32got 9f 391t FedEetzrbdF R4 7S o83 Pu 9l da] AU

i

-

3. 29 4 13

B AFx] Ppuo] F 7ol ow Z8d 5 Qe
#ue TEVASpec™ FA2 olgat wie] FA A
t A7 AZA] U] e ks Ao #A
& solsirh.

240. 239.

Table 4. Analytical Results of ~"Pu/~"Pu Isotope Ratio in Certified

Standard Solution using MC-ICP-MS,

Sample #Opy/*py Isotope ratio
Mir/Cir
ID Measured Certified
1 0.02100+0.00020" 0.02097 1.0014
2 0.02094+0.00039 0.02097 0.9985
3 0.02100+0.00078 0.02097 1.0014

" Measured standard deviation
" Measured Isotope ratio/ Certified Isotope ratio

Fpugl *puol EFE BFLANS 7] thE Fwv}

T2 A 7fe] 8M(5.05 fg ml’, 10.1 fg mlI" 2 20.3
fg mI") o2 3143} sensitivity$} stability7} 223t
MC-ICP-MS A& ZAoA 248 A7} “pu/ Pu 9]
Q41 o] 0.02098 £ 0.00004 A AFxH LA
T AWM= ASH & dAFFen, B A
A ] #pugt #pudl] sk mass biass= B 0.04% A%
2 7|3k Bt of A HrtEeE Bles o 5 Slth
(Table 4), T3+ 24 A1ZH *Puo] 2F 200 cps £ 1l
¢ vre L EY o B et wHE A3 Ake] A
FHAZFARSD)7} 1% o]&kel wil$- Adsk s
% 99T}, o)== #7| HR-ICP-MSE o]g3}o] v g
Ahdan] £ Aol vlste] oF 10~20u) o) FF
Aoz YeRITHS).
slet Az F4e T3 mjdE mEEHe] B4
AFE Table 59 YERJQITE B EMHoz FAgh
Wy A leEEE 7 BEEAE

valueE 7|F# o2 vl S W, ZE ARl e

i, oft o B A

ok

Pu/""Pu Isotope Ratio in Reference Materials using ID-MC-ICP-MS,

sample 1D __ Measured Value N __ MV/RV* __
Pu (Ba/kg) Pu/"Pu Pu Pu/~"Pu
IAEA-375 0.3049:0.0254" 0.263+0.005 1.02 -
Soil-6 1.0550.001 0.188:+0.002 1.01 0.991%
NIST-4357 10.69+0.41 0.236+0.006 1.03 -
IAEA-384 101.740.6 0.0500020.00001 0.95 1.02
IAEA-381 0.01367+0.00005 0.229+0.003 1.01 1.03

"The average and standard deviation of three analytical results
*Isotopc ratio
"Measured Value/Reference (certified or recommended) Value

U8 Number of reference cited,

JOURNAL OF RADIATION PROTECTION, VOL.35 NO.3 SEPTEMBER 2010 121



Aol 91 31 HEARTIHEAREhEA AR E 0] 83 Pu S

0.95 ~ 1.03 ¥]&= & Axatdon, *pu/Pu B91¢
ZHle] 7B 7|Fgko] AAIE IAEA-384 ! IAEA-3819]]
5he] 1.02 ~ 1,03 28 AR+ U$353 A4S HY
o} T3k Soil-69] A 7R AAIEA ko, 7
A ATE Sl AAE B Aol & X AS

& AT

»

28

ICP-MSE 0|83 AR e 2] Al Bo
H&-A],__Lr_c/] }\]—x.t:ﬂ- ;g o] 7]._‘5_61- :):Rut

% BAULNS 2AT + ek
E

/yq 1)) 57]. =

L ATl

A wg Sk, 53] & oy
N 7} Eopdo g Agd S gl pu/Pu B
ZH]E Pud] 719E FAE 5 Qlvks ol ts on)
= AREA 28E 5 Sil‘?} SrlE Pu AFs s =
i3 7}?5’*& 2 pu Tl tigh w5

W Ao ﬂoﬂ whE Al Fule] SAL
l pals Ma} A=E 9 el S0l e BAks
FAJel] wf-¢-

“irjg
2L
_lE_t

S &89 5 Y Aol Bt ol
, Pue] 711 off whe *pu/Pu FHYau] 54 o]

mlm A n“ off & & 0 ¢o o Hif i Ao v o oPN b1

o1g3te] puel 7191 Wl 4 Qlrhe Aol vls-
ofn] QA BEE 9 Aolw] s BT Rofol
avbdom 489 5 e Aol

2

52

1. Muramatsu Y, Yoshida S, Tagami K, Uchida S,
Rithm W, ICP-MS analysis of environmental plu-
tonium,  Plutonium in the  environment.
2001:63-77.

2. Hirose K, Aoyama M, Katsuragi Y, Sugimura Y,
Annual deposition of Sr-90, Cs-137 and Pu-239,
240 from the 1961-1980 Nuclear Explosions: A
Simple Model, J. Met. Soc., Japan 1987,
65(2):259-276.

3. Nagaya Y, Nakamure K. 239,240Pu and 137Cs in
the East China and the Yellow Seas. J. Oceanogra
Soc. Japan 1992;48(1):23-35.

4, Talor RN, Warneke T, Milton AM, Croudace IW,
Warwick PE, Nesbitt RW. Plutonium isotope ratio
analysis at femtogram to nanogram levels by mul-

122 JOURNAL OF RADIATION PROTECTION, VOL.35 NO.3 SEPTEMBER 2010

S AEEAY

10,

11.

12,

13.

14,

. Kim S,

ticollector ICP-MS. J. Anal, At,
16(3):279-284.

Spectrom, 2001;

. Assinder DJ. A review of the occurrence and be-

havior of neptunium in the Irish Sea. ].
Environm, Radioactivity 1999:44(2-3);335-347.
Kim CK, Martin P, Sansone U,
Determination of Pu isotope concentrations and
isotope ratio by inductively coupled plasma mass
spectrometry: a review of analytical methodology.
J. Anal. At. Spectrom. 2007;22(7):827-841.

. Kim CS, Kim CK. Lee JI, Lee KJ. Rapid determi-

nation of Pu isotopes and atom ratios in small
amounts of environmental samples by an on-line
sample pre-treatment system and isotope dilution
high resolution inductively coupled plasma mass
spectrometry. J. Anal, At, Spectrom. 2000:25(3);
247-255.

Chiappini R, Pointurier F, Millies-Lacroix JC,
Lepetit G, Hemet P. 240Pu/239Pu isotopic ratios
and 239+240Pu total measurements in surface and
deep waters around Mururoa and Fangataufa
atolls compared with Rangiroa atoll (French
Polynesia). The Science of the Total Environ,
1999:237-238;269-276.

Becker JS, Soman RS, Sutton KL, Caruso JA,
Dietze HJ. Determination of long-lived radio-
nuclides by inductively coupled plasma quadru-
pole mass spectrometry using different nebulizers.
J. Anal. At. Spectrom. 1999:14(6);933-937.
Taylor RN, Warneke T, Milton JA, Croudace ITW,
Warwick PE, Nesbitt RW, Multiple ion counting
determination of plutonium isotope ratios using
multi-collector ICP-MS. J. Anal. At. Spectrom,
2003:18(5);480-484.

Ikeuchi Y, Amano H, Aoyama M, Berezhnov VI,
Chaykovskaya E. Hirose K. Anthropogenic radio-
nuclides in seawater of the Far Eastern Seas. The
Science of the Total Environ, 1999:237-238;
203-212.

T. Determination of 240Pu/239Pu Ratio in the
Ocean by Using HR-ICP-MS. Anal. Sciences.
2001:17(ICAS2001);i29-i32.

Kershaw PJ, Sampson KE, McCarthy W, Scott RD,
The measurement of the isotopic composition of
plutonium in an Irish Sea sediment by mass
spectrometry, J. Radioanal. Nucl. Chem. 1995:
198(1);113-124,

Muramatsu Y, Rihm W, Yoshida S, Tagami K,
Uchida S, Wirth E, Concentrations of 239Pu and
240Pu and Their Isotopic Ratios Determined by
ICP-MS in Soils Collected from the Chernobyl
30-km Zone, Environ., Sci. Technol, 2000:
34(14);2913-2917.



40} ) 391 ThEAET FEAY TN 2oL A7) S 0] 88 Pu Tl ] DR

The Improved Method for Precise Determination of Pu Isotope Ratio using
MC-ICP-MS

Seong A Yim, Eunmi Han, Jung Seok Chae, and Ju-Young Yun

Korea Institute of Nuclear Safety

Abstract - Plutonium is by far the most important of the transuranic elements which have been released into the environment due to
radio-toxicity and long term radiation effects on humans. And Pu isotope ratio (24°Pu/239Pu) is of great interest because this ratio is used
as a fingerprint for different sources. Mass spectrometry has been used as an useful atom counting technique with several advantages
over decay counting techniques for the determination of Pu isotopes. It enables a determination of Pu isotope ratio in the environmental
samples with a low detection limit and a short determination time. An ICP-MS is the representative mass spectrometry for Pu
determination. In this study, the precision of **>Pu/**Pu isotope ratio was improved by using 4 multiple ion counters of MC-ICP-MS.
The detection limit of *°Pu and *°Pu were 0.10 fg mI™ (0.24 Bq mI™), 0.12 fg mI™ (0.97 #Bq ml™), respectively. The relative standard
deviation of **°Pu/*°Pu isotope ratio was less than 1 % in trace level. The various reference materials (seawater, soil and sediment) were
analyzed to verify this method and their analytical results were in good agreement with the certified (or recommended value) value.
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