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Precise and accurate analysis of plutonium is necessary for material control and safeguards
in nuclear facilities. In this study, controlled-potential coulometry, which yields absolute
results and high precision, was applied to the determination of plutonium for achieving the
highest level of accuracy. The measurement cell and electrodes of our coulometry system were
optimized following IS0O12183:2005, and the calibration of the coulometer was performed
using NIST (National Institute of Standards and Technology, U.S.) certified equipments.

The influences of fluoride which was used to dissolve a Pu metal and of nitrite which arise
from the decomposition of nitrate were eliminated by adding sulfuric acid and amidosulfuric
acid to the sample. Also, hydrogen peroxide was added to the sample to reduce Pu(VI) to
Pu(v).

A plutonium sample prepared from a Pu metal (NBL CRM126) was measured according to
the procedure optimized in this study. As a result, the measured value agreed well with the
certified value. The relative standard deviation was 0.05 % (n=17).

For spike preparation of isotope dilution mass spectrometry (IDMS), a plutonium solution
was prepared from MOX powder stored in Japan Atomic Energy Agency. The plutonium
content in the prepared solution was characterized by coulometry. As a result, the plutonium
concentration of 15.5995 mgPu/g was obtained. The uncertainty was calculated following the
ISO/BIPM Guide to the Expression of Uncertainties in Measurements. The expanded
uncertainty was =0.0036 mgPu/g with confidence interval of 95%. The results obtained by
coulometry were also in good agreement with those obtained by IDMS. Thus the proposed
coulometry method was successfully applied for the determination of plutonium at the

highest level of precision and accuracy.
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b mBEAIENE S /e Z Evn, Z7—ua X b U —3KE, JEE, MI kwaWF*?A®%
R HTIE & LTS R SN TE 7237, 7L b =7 AOSHICIE, EEAEMRIC %R
ZRES D ENMBH 7 —r A R — #;<%m%m,ﬁ%ﬁ%%ﬁ@ﬁ@ﬁm %I, w&ﬂﬂh
WEEN BEMBHI 7 —a A MY =2 L5 7V =7 NREORIEICET 2 IERFE 23 D %zm‘:o
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No, ZOkw, R LTV N=0 AERIE, EEYE & U CEEE N O FHEEO & TE
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FNCHET D X 5 72— IR EEIC X DENER S 1210, kE=a—T T XY 4 v 7 [H
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KOOSR TREDENMNICBIT D7V =T AOEMELEZHEHL, MEBRELEBMETHRT D2
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3. EB
3.1 HEK
AR CHEA L 2REHE A2 DL T IORT,
(1) Hfik

ADVANTEC Bk ik T8 8 S iz b 0 %2 MILLIPORE % Milli-Q ik fl 5 4E &
TR L CREA LT,
(2) 0.9 mol/L filsfik
FIEAL 2 RS EE 134 mL & #l/K T 2000 mL IZER L TR L 72,
(3) 3 mol/L fifyfiz
FEAL 2 RS EE 112 mL Z ik © 500 mL IZER L TR L7,
(4) 8 mol/L #¥fiz
HIEAL 2 RAYER 299 mL % #li7Zk T 500 mL 12 @R L TR L=,
(5) 3 mol/L fiifig
FYEAISE AR RS 34 mL ik C 100 mL (ZER L TR L 7=,
6 FK
FARIE, M LFRAEEE 4 mL, FOCHMEBERLERS 16 mL, MK 4 mL ZEE6 L CHE L7,
(1) 7 v - fHRRIR AV
B LR 7 o bk FElE & iSlR & A L C 0.1 mol/L 7 v -8 mol/L ez il L 7=,
(8) 20%/RHEA U 7 LKERHE
FOEASERI R U w7 L 20 g Z#fi7K 100 mL ICEE L TR L 72,
9) EER{bAKSEIK
B R LR AR (L K 27K (30~35.5 % )& A L7,
(10) 1.5 mol/L AV 7 7 X VKIS IR
B LA L7 7 I U 7.281 g 24K T 50 mL IZER L TR L7,
(11) BREEHERSHR
B S A b 22 R - e o3 A R HE A2 ( 1000 ppm ) %3 AR L Cfi f L 7=,

3.2 NV h=vrRIEREH5.0192 mg/g)

7V k=7 AREREHIIE, FREETE TV b= U ASREEYE Ch 5 NBL CRM126 % H4
SV RHITC 20 %EREE T U U AKEEIRICIR L, EinEE(4.5 V)AFIIN L CEMET S 2 & T
fbRlEEREL, I -ob, EEAE L, 0%, =Mf~7 7 A2 T NBL CRM126
7 - THERIR G VI CINEN, W LT, WRIRTE, AR Z WZESTATE CIRME L 720, X A7
FTAaZHANT 3 mol/LiHECERL, WKOEREZWE Lz, AREFHRIZBWTET KD
R 6.1 TS R I PR EAE OV M E 21T > 72,
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(1) 7—m A U —HELERE
7 —n A N —JEEEOMMX % Fig. 1 (R d, AZEIL, HERL-ERTHERINDE
Mg, 7 —nm A —%—, FUZNR A= —, FHIHH PC CHERK S 42 FHRE > DAL S
NTWD, EREMICITEEMm( ME:99.99 %, MM, & 3:156 mm, EA20 mm), ZRE
fR1Z 1% Fisher Scientific #fafn 7 v A VEM, *HRIZIEA4SEM( E£:0.5-3.0 mm ), HIE &
JAZIEH T ABBIEE VAR Lz, Fig2 lZR T L9127 —a A —% —(X SRS [T Tkt -H
ESNTZART UV FA AL Yy NEVa—)b, A VT T L —F—FVa—)b, F— A= 3 F

=—/1, Ortec # 974 Quad Counter/Timer, Ortec ! 4001A BIN &EJE ) L&KL STV

B 1, FUHINVERINL N A—H—(Z1F, Hewlett-Packard % 34970A %M L7=, #HlEH PC
\Z1% Dell # LATITUDE D830 = L, 7'nr 2 J AlX HTBasic # W\ TEkR SN2 D%
R U7z, SHEHP2EE O fi #1213 Matsusada # RK-80 DC Power Supply Z#fi/H L7z, 72,
777 BROREOREIZE DT, WP OEFREZRET 5720, flErvcT v
VA A% 2.5 Limin T L, 1HERLIEE CRUBHAK 2 HtH: L7203 b JE 2 50 L 7=,

(2) 3BT
W A7 SV ORENZIE, A A SRS A BLE IR 3 O E R V-570 241 L7z, WX
AT MV, ?EZE%B. 400-900 nm, A Y v Mg 5.0 nm, EAEEE 100 nm/min OFLERS
PETHIE LTz,

(3) ICP 4 bt &
BB OB E ORIE 121X, Seiko Instruments % ICP F& 64 Yook & SPS7700 Z i L
7z, ICP FEHAHTICI T 2 8RDMIE L, HIEH R 238.204 nm, RF 7 1.2 kW, HDE&E S
15 mm, 7/ 3 AE 0.45 MPa, %+ U 7 H A& 0.3 Limin, 77 A~ 4 A{i& 16 L/min
DB TIT 2 72,
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4. HIEEBEORBEL-KRIE

4.1 BIEENL-BEORERE

AR CHEHA L7 —a 2 MY —oREREEIE, 2000 412 SRS & 0 I [FINFFE C B F AL iE
RODPANZEAS N DO TH Y, Tz o 1S012183:200510ZHEHLT 5 L 9 12, HIEE
w%ﬁ7x®kﬂw¢% A A A M AT LT, SRR L2 E ' L K OVEM O 5 % Fig.

W, WEEAMCIE, T7AMELIRY Fee L e v nd 55, KRBT, 5.1
HIZRT L 21Z, REIOMBVLER AT oo W T AMEe VEERH Lz, £/, 7—m A M —IC
X7V =0 AORETIE, FABBICEERE 21T Eé*ﬁﬂi<%w%hé G E A
GEMTIE, &EHBERWETNASERE VRS LY BEABRICL 2EERNEI L, &
WHIEREENMEFOND Z EBHESNTND 9, S5, HE&EMmEEHT ﬁ&bf@%#éﬁ
&, BREHORMY & HRET LT, HANSN—F—52 L A MBVLE NS L 720, T a—
TRy 7 ZANTORVFVBREE 725, Z0n, KRBRTIE, BIEHE, Zo—7R Ry 7 X
NTORYFENEZE L, EHERICITZEEBEER Lz, 2k, BMEmEEST -0
BRIT TV b =0 APECHE AT AN FAKIZR L, 8 mol/L iR CHyE L CbmA L, M
%X EM % 8 mol/L fEfEHIZIR L CRAF LT, SMEM, xIEMIZIZfy o A LEm, He
BAA TN EIVER Lz, fafih o A VEm, ASEmY, K% 2.6 mm/EONAS 23— 5T
A(RTHA X001l pum BLF NS L72H T ARTF o —TNICEHE L, #3U8& S E AL L 7
WE9IZTHZ T, BMETharyZIx—ya w2k Liz,

42 ¥EBORIE

AR TR L2 7 — 1 A — 2 — [ ZKEE AR EE T FE0T( National Institute of Standard
and Technologyi NIST )3 B IE L7z ST HEALIZ b L—H 7 L 72 il gs 2 WD CTRRIE L7z, Z OFf
HIF%#121%, Automatic Systems Laboratory A% #E4LHT Model RR100, Agilent $ 3458A 7 v
H VRV b A—%—, Agilent #l 53131A = N—H L H T F—EMA L, KEROEET
T2 AR CHIE LTz,

7~H%~&—ﬁ,@M%i@%ﬁ%@ﬁ?VVﬁ15yF&%V?ﬁv—5~T%&§ﬂT
W5, BALART v a 24y RNERC ﬁ%ﬁwk ELFIZ i éhkﬁﬁﬁ#wogm@“
nNTHY, EMEANTRAELZERHERI DOFEERPLA IR L, HPTls CoEERFE
THRER RIS T 5, AT T V%?*‘%i, WHNELE STz 2 DOEE - J8 HE A
#£1# ( Volt Frequency Converter: VFC ) & /KB IRAR TR SN D, RT3 a A% v FHNORE
RSB 2EER T2 TP T2 T 7 77 —OBEBXIRICHE U T-WE &R HIE S
Nd, 0D —mrA—2—OKRIEL LT, ETHRT VoA RZ Y MNOIEERBLOMEL
BELOVFC IZHT 5B AR B ERORIEZ T 572, Filk OBIEHRB T 2 H O CRE
21.1 CTIEMERFLOMGUE, VFC OEE - BB A EE A JIE U2 R, o BRETEIx
49.9453 Q, FEM - JEEEZEHE ST 10000.02945 count Hz V11 Th -7z,

7 —n A —X—OBEBRKIER, EBfELOND0ICHBREREERS( 100 Q) &R L,
SEE ORI X OVIER T 500 F/[EIT 10 MI%EMT 2 2 & TEBREEG OREERE KD D,
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ZTCHIE S A IEESE, KOF oY s NI D BEBRES~OEBRES CTH Y, B, H
ﬂiE%EFEﬁ, WESNT VEC OB vy Mt X@WOEERRH D 19, F£iz, ZOREOHGFRE CalFX
G)THEEND =W, KVAT AT, WMESHEE CL Com et 52 LT, RO
BT DHZENTED, 0B, HEIKEREERIUZOWTHE AT AR X v NN OFEHERST
& RRIZAEAT T 217V, HREUE & LT 100.0154 Q& 157,

c=lele s
Qc
C C U N D EREAS~DOERBES(uClecount )
e KREDEOBRET 2EK(A)

t; - JERFHE(sec )
Qc : VFC ®# 7 > s #4( count )

Co=—t %0
L

R''S

Ch I TVNEDLBEBRE~OHEGHEHRTEE(puClcount )
Ly BEKRERRANOEERI(Q)
R : VFC OEJE - JE A2 # £ 4 ( count Hz V1)

ZOHBRIEAEERIIC L > THIE SN D CIE, BERESITOEEZECELSEIHO K
U7 MZE-T, DI ZbEZELHZ L6 HDM, A7 —m A M) —JHEEEOHRESMIC
BT, C O 10 [EIEOHHEHER AL 0.0001 % TH Y, 1S012183:2005 THEK SN D FEE
0.002 %% 432 LT 5,
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5. BIEFRMGDEHEL

5.1 7vg, HHBORE

ARBRCHEH L7V b= AJEREICIE, 70 b =7 A&RIE%EYE NBL CRM126 @
IR ICEE L7 vV BEEEN TV D, £, WMEIZERORE L & HIC0fE L CHmEE
WRET DI, TV =0 AREREICITHEMBR LV ESEN TS D, 2D 7 vk L #Hil
BIXEXCFNIEETH D720, 7—a XA N =X 7V =0 AORETIIHEFEL 25 19,
ZZTARBRTIE, RBRICEEND 7 vk, HERORELHERT 5720, Mkl LA LT
7 I VB E OB ORTLEL 21T > T2,

7 o BROEL, v b= AHIEREHT 3 mol/L it % 1 mL AL T 200 CLL EDOEE T
Wile AEALELG 25 2 & T, PEBR L7210, BREBALEE O 7L k=7 AJIERE Z Fig. 4 1277, 6
FRALERtE DFEHT, BB 7B THY, MBIV b= tlroTWB, FiE7 LV =7 A%
HEHNZLERMEEMTHY, TV h=U LEBOREICHANTH L, £z, 7V F=0U LITHkE
HCRLE T 5 &, HEBICERATE L DA NS DN 1D, HET IV N =0 AX, B ITHERIC AR
SNDHD, I K DA O REZ/ NS THIENTE D,

AL, FER ORI & & LB i L CRAET D, 2070, MERITHIE BN L
b D&M L, 3EHZ 1.5 mol/L AV 7 7 X U4 /b Bl 2 CHllE 1 CH8 A3 2 gk 2 HNO2
+ NH2SOsH — H2SO4+ N2 + HoO OGS TRRET S Z &2 L7z 19, Table 1 (2 _EikOmilE, A
VT 7 I URRICE BRI SEHE L7256 L L2 > 255607 v k= ARIEREL O 54T
FEREZRT, Wi, ANT 7 VRIS K DRTLEL Z 206 L7 o 72354, ol & OZ#EITH 0.5%
f%ot#,m@ﬁ%%%btﬁu,%mLk@%ib##ﬂ%%f@@E%ﬁ*ﬁ%%tto

DOFERMN O L AL T 7 I VBRI X 2 ETLEE A 1S012183:2005 ([ZFLd STV 58,
ﬁ%&ﬁ%f%é L EMERTE 219,

5.2 B@ER{LAKFEAKIZE S Pu(VDDET

T =0 AREREIEZRIER AT O TV R =T AED 10~15 mgPu 725 L9 LD
5, 3mol/L g% 1 mL ¥ L T 200 CLLEDIREE CMEGLE L7, D%, ALT 7 I U
ZM %72 0.9 mol/L fi§ft 18 mL THEIZ ML, 7—u XA N —TERE L], 7V =0 AR
DIIHTHREF(n=3 NEFR M & 49 0.20% LN OHiPH TRV —H %7~ L7223, Table 2 12773 X 912,
Pu(IID~o & T EIEK 2000~4000 7, Pu(IID A5 Pu(IV)~D (L #1E#) 650~1400 # T
- 72,18012183:2005 Tix, 7/L =T LD 7 —n A b U —(ZBIT S8 k- 3T & LT 500
~T700 MREEPN/RINTEY 19, A CHIN S ezl 2oL, EMmEEAF L Th D
ZH b5, 18012183:2005 [ZFRHE X LTV D EEL - 3 cHEHE & ik L TRV 2 L7,
Fio, B &IRTREM A T 2 &, BOCR O G BB L 0 bR <, BRI b
KO 5 512 2B bbb otz 7V =T AOWUEIZBWT, ERHFHNEWES, ReFo
7 b= AR PulIDICERICETET, 7V =0 AEMBRORTNEZ OND, ARBRICE
757 k=0 AOEMEIX, Table 2 127 F X 912 99.5~99.7 % ThH v, AHFLBHEL T
LEME9II %I HLIEVMETART Y FHR&EN-729),
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Cohen 5%, Pu(VDH & Pu(lID~OiE LG O#HE X, PullD = Pu(lV) + e OEEALIE LG
EHRTENWZ LZRELTND 9, /2, 7—u A N —ICXAHBERF OV =0 A
ETHE, BEHIC PuVDMEEL TV DA, 70 h=0 AR5EAeIIC PulID~NE LI 2
ELHE SR TWDS D, ARBRCHER L7V b=7 AHEREHT, 7V =7 A& BIEREYE
NBL CRM126 OAEFRIZHK 10 H 2 5 L, Af## 3 mol/L fSFETAIR € 6 » ARE L 71k % i
Lic, 207, O TV =0 AR MEEEER D CRE S, Pu(VDRER L, Bk, #io
K, 7V b =0 LOEMRICEEELZGZ DL EEZX LD,

Z 2T, REREIH O TV =0 LADOJETAM A MR T D72 OB A~ ML ERIE LT, Fig.
5 IR TIRIN ALY R s BARRIEREFIZIE 477 nm (& PuUVIRET 2RI E —27 B L O
833 nm |2 Pu(VDIZIRET 2N E — 7 RENZ BRI S, 70 =0 A0 26%5 Pu(VI)
ThHhHZENbNroTz, ZOk), 7—ua XA M) —ZX5 7V b=y L2OREIZENTIE, HE
AN Pu(VDEH 50 L) PUUVICEILSHHILERH H, KRBT, Eoi3EE2Rn+52
& T Pu(VD% Pu(IV)~iEsc L7z, Pu(VDOELRAIE L LTI, Fe(D), mMifgme, i@me{bkFEAKA
E<HWSLN D, FeD, HFHREMITWVTNHRIEICS T E 2D 2020, Zo7®H, PulVD
DOIRTLAILE U CRER LK FEAKE F W TRl 21T > 72,

JRFAGFREEIE, EREAKFEK 100 pL Z3UEHARKICIN R, ) 1 Ref#E S 7206, K90 C
T2 30 REENBVEIE L TV b= A% PuOVICHHEE L7-, Z ORRIC L Cigss L-alkt
DOWIANRT K )V Fig. 6 12733, WILARZ bk PuVITIRET 2 B — 27 OB S,
Pu(VDOWRIN B — 7 (R S e b o T, ZOREED D, Pu(VDOIRTITRERLAKFZKBGET
bDHZ NI oT, WMEELAKFEK TR, WE L7230 PulID ~0E ke, PulV)~0
FR{LRE[E % Table 3 (Z/~9, BRfk, BILERFHEIZZNZIUR 500 DEEECTH Y, TV k=0 AR
DHWE S FRME & BIFIC—F LTz, £, 7V =D AOEMRITAET 99.9%LL ETH - 7=,
Y EO#ERNS, 7 —a A b —ORERTLE & U CRUEHOBEL K FE K ZTINT 5 Z LI Lz,
Fig. 712 5.1 THE L OARHEIZ Tl b L 72 JIERTLELA ¥ — A& 7R,

5.3 BRLENL, BRLENMORE

Fig. 7 2R HIERTLELR 2 — 2\ 2HE - TRBL L7270 b =0 ZHIEREHZ HVWT 0.9 mol/L
FEERT IR o 0O Pu(lID/Pu(IV) O FL 7 F OFEHERR LR STTEAL BEo 2K, 7V h=v AIEICEIT 5
FRfb BN, OB A RRE Lz, HIEX 1IS012183:2005 (ZHEVy, HHUH TV b= L8N
BEE OB 2 HWC, EREAE L, £0%, [FUsEZ MW T 0.91V vs. SCE DL T,
REFFOT IV b= MO S YL ZATEMEIEILL, ZOREOREHAR DO BN % K
», Nernst b Eo Z:RH72 139, HIEDHERE ST EolX 0.69Vvs. SCE Tho7, Z Db
BB ARBR T, 7V b=v AJEICB TS PulV)~DOER{LENM & LT 0.93Vvs. SCE (Eo +
0.24 Vvs. SCE), Pu(ID~®i&EtENM & LT 0.43V vs. SCE (Eo-0.26 Vvs. SCE) &% L 7=,
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6. 7 F=vLAIEREDOSHT

6.1 BB DR IFHIE

T b= AHERELOWEELA~OLEUX, B RFEEEH LZEREICLVTo7, 20
L&, ABOBEILEF RO IEIZHWIARE SR OBEE & Bip D72, 22 TOR) N E
2%, ZHUE, BEEODOTNREEERICSRND Z L, KEORIEMIL, HHEMET
LHVEND D, A6), (MTFIMHEORE T, 72, RFEOKIEMIHEN S HEESHIT,
8.0 glem3 DEHE & Fih, EREEIL, K@NDHKRDDLZ LN TE D 22,

me =W x f i(6)

1—
f o Pal Pc A7)
1-pa/Ps
me  : MIEL7-FEERE(g)
W : B RKREETME(g)

f AREVAL iMEES
Pa P BEBROEE(g/ems)

Pc : JEHES 8 (8.0 glem3)
Ps  FEEWEE(glem? )

_ 034844 px (0.00252x 1 —0.020582) xh _

107°  R(8)
Pa 273.15+1 g
o . K&GJE(hPa)
t REECC)
h CTRE(% )

7V b =0 ARIEREHY B IZ 350 T, KRUETE 1012.8 hPa, IR 19.0 °C, L1 66.0 %,
TV k=0 AREREIOEEIL 1.1 glem3 TH Y, FHMIERIEIL 1.00094 Tho7o, T720D,
B RKEME IS HE D ¥ 00E, FEEMEXT L TR 0.1 %Dii 2% 5 2 5, ZORERN L, KBTI,
BT R 21 B3R 0 2(6) ~(8) & FI VT RARE /R E O T 14/ 1E % F2h L 7=,

6.2 )=y LRIEREOSHT

I1S012183:2005 Tid, 7 —v A MU —IZBWTHEHHF DTV b =7 L8 4~15 mgPu O#ipH T
EORBELCHETEL LN RENTNS, 7V =7 A8 4megPu LLFTIE, HIETHEON
DEWICKIT DNy 7 7T 2 REROFENREL 20, WEBEIME T2, 77 7 E2@E
A 10 ugPu 2T 2L BETDHE, 1% TORBELHEL -1, RO v b=

-10-
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ABIF10mgPull ETHLHZ EREE LV, —F, 7V b= AED 15 mgPu ML LTI, HIE
FREIXIZEAEEDL RN ERREESNTND ¥, 22T, KRABRTIE, WEREH Ok
= LEMN10~15mgPu £ 25 LI LZDE, Fig. TISRTAF—ATUHL T/ —n
A MY —THIE L7, k%% Table 4 12”7, 703, £H D No.1, No.2, No.3 DHllEE /L
FIZEBINTWAH 7V b= AElE, 21 10, 12.5, 15 mgPu TH b, 7V h=7U A
BEOSHMEIEL, No.l, No.2, No.3 &t #/RvfE 5.0192 mgPu/g & ZN L4 0.1 %LIN TR 72
—H %z "L, 72, No.l, No.2, No.3 DFMHEHEREIZZNLLN 0.07 %, 0.05%, 0.02%T
bole, ZORRNDL, TV =T LAEFEN 10~15 mg OHIFAIZIVT 0.1%LL T OmE WK
THMMBTEDLZENbhoT,

6.3 HEZEBOFAM

ARLGEIZ LD 2008/11/19~2009/1/23 (2B 570 k=7 AJIERAE O S EO A RZS) &
Fig. 8 |Z/RT, 7V b= NAIEREL O HHEIL, 2008/11/19~2009/1/23 D 2 » ARIZE W T,
FEICH L £0.15 WUNOEETHIET 2 Z LN TE 7, £/, 2O 20O
AT HEMR 221X 0.05 % (n=17 ) Th o7, FWE RO HWIZIB T 2 50O FHRHEER 1% 0.01
~0.08%TH Y, 2 7 HREIZEIT Do TEOMHAMEER A S L Th, TDEITIE LA LR,
SONTED BRI L2232V EFHETE 5, Tandon HlX, 7—nv A MU —Z LB EMNLRT
N h= T AOGHTIZENT, 0.1 %YL FORBECTHEN AR THL Z EaMEL TS 29, KRk
BRCEon 2 » AMORERBEIL, 0.1 %A T THY, ARBRICHW-ZZ —1 2 b —lEE
TEMBICBWTEE LTV F =7 AORIENRTTRETH D = L NbroTz,

-11-
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7. MOX¥ERNOHB L 7= 7V F =7 AR DSHT

71 b= LEIRF OO

BACBIH 7 —a A NY =2k 0 TV b= K EGHTT 256, $0nIET 5 L Fe(D/Fe(lD,
PMHWRMW@ﬁ%%uﬂ%M%MO&BVWSCE&O%3VWSCET§ LTSz 19,
BB FIFCHIE SN TLEY, O RICIEOREE 5.2 5N & 722 2020, MOX B3R H 5
U727V b= AEIRICIIS DS T = ihfnétw,ﬁﬁﬁ@ﬁ,7~mxku~@m*
AT ICP-AES TV h =7 AR OERIEE OWIE %17 - 72, ICP-AES (2 X 2HEIX, ik~
U7 FINAFNT E=D N EBUKMEBIG ISR L7z BT AT dH 2 TEVA #E( Eichrom
B )EZHNT MOX IR OT NV h= L% 0REL, MERIEICLY, BRREL RO, BED
FEE, RUBHRIZIEER2Y 0.0028 mgFe/g THEELTWD Z L3 boro 72, 1S012183:2005 T,
AUBFRIZE52Y 1000 ppm BL R THIFEL TV A AT, KOQOZHWLZET, 7—a A MU —%y
FHEZIECEX 52 ENRENTWVS B, 2T, KRBT, MOX BMENPLHME LT B
=0 LERICHOWT, ROEAWCTEORSSEMIET D Z Ll Lz,

Mg X fee xMp,

Mepyc, = Mp, — M #(9)
Mey c, : fHIE L72 Pu & ( mg )
Mg, : Pu ll7EME( mg )
Me, : Fe WEfE( mg)
M., : Pud 77 A E(g/mol)
M. : Fe ® 77 14 8(55.847 g/mol )
fre : Fe D&M=

(3D EolZ Fe DIEHERR{LE TTHEN(0.493V) 2 AN L TR

7.2 7N b= LR

[E) (L (A A BV B AT 1 tézA47ﬁiﬁﬁﬁ% 2, MOX MiRNOFHBT LTV h=
AR EERT 5720, EAHEH 7 —ae A N —I2X 0 7V b =7 ARE O T D72 D434
Z 3 L7z, MOX ByRHs 5 ﬁ%btf”ﬁiibﬁﬁi,7WF:?AEﬂﬁH5mﬁm&&6

WCHEEAL~GILTZOE, Fig. TIORTAF—ATHRUE LT —a X N —{EEIT- T2,
78, EEEORSENT 1015.3 hPa, iR 25.4 C, WX 53.0 %, 7L k=0 AEIROBEE
1% 1.244 g/em3 TH Y, KO ~@IEWFRERBEOF N ELIT 72, £, 7—v XA M) —TH

ST b =7 DPEEEDSHEIC OV TIE, ROITHE - TEDORIEZIT -7,

St K% Fig. 9127, MOXBRN BB L7277V b =0 AEEOSHHEIL, KRERNT
VxR, NHEIE 15.5995 mgPu/g (n=8 ) Th -7z, Fiz, 7—nr A b U — L[EERIC—RIE
WEREEE L THEI BV T D RINLAR A IRVE S ATIEIC K 0 Bl i & 60 U 7 fE 2R, AR
BESWHEICL D7V b =7 AREOSHHEIL 15.610 mgPu/g TH Y, 77— X F Y =2 X D%
HHiE & 1% 0.06 % CTRAFIC—FK L=,

-12-
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7.8 TN b =0 AEBEO D S T

MOX MKMW OLHB L7V b =T DD 7 —na A Y —O 3 Eliz->0n» T, ISO/BIPM
Guide to the Expression of Uncertainties in Measurement (ISO/BIPM GUM)(Z £S5 X 29, (5§
FEIXTEIDN 95 %2 T Al a Rl k=2 L L TAREN S ZRDT-, RENZSEZ DTN F =7 LV
RO HTHEIE 15.5995+0.0036 mgPu/g TH 0, FHXHEIER#MEN S1X0.023 % Th o712, 53H1Hl
TEC BT % [EEE H 4 ( International Target Value 2000: ITV2000 ) Cix 25, £ZREH AT DL —
FUGHTICEB W THERICER TCELEEEE LT, V=007 —m A Y —HIEDRHED
12 0.15% R EN TN D, ARBRIZENT, MOX MR BB L7V k=0 AR O 50T
EORMHENZX, Tzt TREILZHDOTHY, MOX MANOHAB L7V F =7 AEREZIE
B L L CERBEICONT T2 2 ENTER,

IINTIED RN E OWFRIZOWT, ISO/BIPM GUM (25 < fHEAE T A Table 5 38 L D
AL DIEFRZ Table 6 [Z/8d, ZORER, OHEICEIT 2R, SIE, FHto7 —a A Y —
LDV =T DERE o DFREN RO RE L, ENENARHENP S BED T3 % i HH T,
E72, BRBO TV =0 AEIROWE A ~O IR 5 BEHIE W, HIE & /L0 R
HEE Wrare D& 513 ENZ4 2.4 %, ICP-AES (2 X 28K Fercr D% 513 2.3 % TH Y,
134T 1 %A T o 7,

T, SMMEORHENSITH L TRbREWEGEZ R LI —a X MY —JEICEL D7 b
=T LEE mpo \ZHOWT, ZOFEMARE Lz, ARLEETHE LLERENS, Bt o7 1 b
=7 LE R mea (30 TRD BN D,

(Q5 —0p)xCxM,,

= A(10)
Mp (M) Fx fx1000 }

Og D BRI OFERE A v > B count )

0, D 7T VRO IERE A 7 M4 count )

C Uy M BBEBRES~OEHEL(uC/count )
M,  :PudDr7 7 L%E(g/mol)

F 1 77 77 —E$(96485.34 C/mol )

f : Pu OEM=R

—IZ, WEDEFIET ANy = f(X,,X,,-+,X,) THZHILD L&, IEM y OEARERHE)
Su, ()%, ANEx, ORfE S u(x,) P HLL FOXAD THE IS,

ul ()=l ux)f A

22T, iFRA)TRIBEE f ORMARETH Y, BERKLE LIFER TV D,

c, = g X(12)

ox,

1

-13-
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Thabbe i, ANMESUEMICEZHEBORE SE/RL TS, Holland HiF, Zhz ki

, BEANNBEDORMOREZRD, TV b= AOEERTEICBITDRENEN 7 —a A R —

/Euxﬁf\%uzé%ﬁfi.“z_ou\f%&% LTW5 20, %_T“Zliﬁiﬁ%f‘?biﬁ(lo)@%]\ﬁg \ZOWT, Wik

IR E RS, FANEDEBO AN SICHEZDEBIZONTER L, KQ016ELH

TR R % 2 KA ~A8)ITRT, £7-, K(A3)~18) AT, Fig. 9 itk No.1 7 /v
K= A mpuNoa IZDWTRD T2, H AN ENUEME~G 2 5 RifEH S % Table 7 12R7,

Moy /= +C My, F2£71.10007  5£(13)
Qs

om;
u , =—-C-M
Q'

6mp%c =—(Q,-Qy)-M,,-F* £1.1000" (15

py -F - 710007 (14
am%M = +(Qs ~Q'3)-C-F*- £7.1000" t(16)
Pu

Moy /= ~(Qs ~Q)-C-Mp, -F2- 710007 517

e o =—(Qs—Q's)-C-Mp, -F7-17.10007  5£(18)
Table 7 IZ/RTHERND,  mpuNo1 DRFENSIZBWT, REBIOT 7 v 7 0ESENTQs
KO QpODHFELGFLENEN34%, 51%, 7V b=U LAOEMET OFLHIZ14%THY, Mide

T1%RMCTHoTz, T72bbH, BEXREMEBLIOT IV =0 AOEMRIZERT 5 RHENS &
INEL T BN, WEREDOR EIZEITHD,

-14-
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8. Fi®

BAHHZ —m A MY —IC KD TNV F = AOKEESGHEEZMNL LTz, 7 —r X MY —IEEE
E121%, SRS & OILFEAFZEIZ LY 2000 A1 HE AL sk (O E A S Lo 2k iE & KT, B o
IS012183:2005 ([ZHEHLL , 7' —T R v 7 ANTORY B HBE L THIE /L, Bz SR L,
HIESM 2 it Lz, 77— A—%—OKEE, NIST OREMEREZ AW THRIEZ £ Lz, £
7o, TV b =0 NRUBHRIRFHIZIE AT 5 7 v iR L iEEE ORI K 0 AT D EEER S HIE I 5 2
DB A PERT B2, WA TY vEEEREL, ANT 7 I VEBEREHCRNT 5 Z &
CTHMEEE A R Uiz, S 5I2, b/ FEKREZRNL TREF O Pu(VD%Z PulV)~E7Td % 2
ET, TN AOFRAN AR L, FBMRTLER )5 A ok L7z,

T b= A REEYEYE NBL CRM-126 75 FFH L= 7L b= ABIERE 2 00 L2k
B, OVMEIZFR R E 0.10 %N TR Z2—HE R L, 7V =T AE5H &N 10, 12.5, 15 mg
OB O EAER 1T Z N 2H 0.07, 0.05, 0.02% CThH 7=, £/, 2 » AMICH= 53k
FAME YR 2213 0.05 % TH Y, HEEEB BIZL A LBHEISN T, K7 —o 4 b —HIEEE TR
HZT NV R=T LOPENTEDLZ Enbrol,

MOX MiRMNOFH LTV =0 AR A EEYE & U CHERT 2720, REE MO
DN & FEHE LT, £ ORER, MOX RN LFHB L- 7V~ =7 AEIROSHHEX 15.5995
mgPu/g T&H Y, ISO/BIPM GUM (2D X FHH L 72 IR AHED 21X £0.0036 mgPu/g, FHXHIE
BEARMEDN S 0.023 % THh 72, ZhiE, ITV2000 TRENTWSZ —1r A b —IEICBT 5
RIS 0.15 % &+ FED SO TH Y, FEEME G O T AT I EER S 41 5 A E M
AT T 2 b0 Thotz, £z, 77— A N =X DML, HEOH & L THE
L7z IDMS OfEF L 0.1 %N TEREIFIC—F L, MOX KRN OHME L2 7V b =7 AERIC
DWTCEREENDIEMICERT 5 LN TE T,

-15-
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Fig. 1 Controlled-potential coulometry system for determination of plutonium installed by
SRS.
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Fig. 4 Plutonium sample after sulfuric acid treatment.

Table 1 Comparison of analytical results of plutonium samples with or without sulfuric acid

and amidosulfuric acid treatment.

) Difference from
Concentration o
Sample ID (mePu/e) certified value*®
mgPu
se %)
No.1
) 4.9962 -0.46
(without H2SO4 and NH2SOsH treatment)
No.2
) 5.0149 -0.09
(with H2SO4 and NH2SOsH treatment)

*Certified value: 5.0192 mgPu/g
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Table 2 Oxidation and reduction time and fraction electrolyzed of plutonium samples

obtained by coulometric measurement.

Reduction Time Oxidation Time Plutonium fraction
Sample ID Pu — Pu(ID Pu(Il) — PuV) electrolyzed
(sec) (sec) (%)
No.1 3983 650 99.5
No.2 2536 1392 99.5
No.3 2093 1047 99.7
0.09 Pu(VI)
Pu(IV) \4
0.07 | v
0.05 [
©
S
a
[
= 003 |
o
2
<
0.01 |
-0.01
400 500 600 700 800 900

Wavelength [nm]

Fig. 5 Absorption spectrum of plutonium sample in 0.9 mol/LL HNOs. Pu concentration: 267

mg/L, Measurement range: 400-900 nm, Band width: 5.0 nm, Scanning speed: 100 nm/min.
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Fig. 6 Absorption spectrum of plutonium sample in 0.9 mol/LL HNOs after H202 treatment.

Pu concentration: 267 mg/L, Measurement range: 400-900 nm, Band width: 5.0 nm, Scanning

speed: 100 nm/min.

Table 3 Oxidation and reduction time and fraction electrolyzed of plutonium sample

obtained by coulometric measurement after H202 treatment.

Reduction Time Oxidation Time Plutonium fraction
Sample ID Pu — Pu(ID Pu(Il) — PuV) electrolyzed
(sec) (sec) (%)
No.1 542 484 99.9
No.2 492 429 99.9
No.3 523 464 99.9
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Plutonium Sample

Aliquoting
(Pu : 10~15 mg/cell )

Valence Adjustment
(H202 100 pL)

Add 3 mol/LL H2SO4 1 mL

Dried over 200°C

Dissolution
(0.9 mol/L HNO3 18 mL)

Add NH2SOsH
(1~2 drops)

Coulometric Measurement

Fig. 7 Optimized sample pretreatment scheme for determination of plutonium by

controlled-potential coulometry.
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Table 4 Analytical results of plutonium samples. No.1 sample contains about 10 mg of Pu in
the cell. No.2 contains about 12.5 mg of Pu in the cell. No.3 contains about 15 mg of Pu in the

cell.

No. of runs Concentration
Sample ID RSD (%)
per sample (mgPu/g)
No.1 3 5.0188 0.07
No.2 5 5.0148 0.05
No.3 9 5.0180 0.02

5.06

Certified Value (5.0192 mgPu/g)
5.04 |

o

o

(V¥
T

O
H u
o

%,

[T

Concentration [mgPu/g]
.Cﬂ (@]
o (==}
part o
O

5.00
2008/11/18 2008/12/8 2008/12/28 2009/1/17

Date

Fig. 8 Day to day measurement variability of plutonium samples between 2008/11/18 ~
2009/1/17.
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Fig. 9 Analytical results of plutonium solution prepared from MOX powder.
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Table 5 Uncertainty budget for Pu measurement by coulometry.

Uncertainty

Quantity Value Standérd contribution
uncertainty %)
p 1015.30 hPa 0.05 hPa <1
T 25.4 C 0.1 C <1
h 53.0 % 0.5 % <1
o 8.000 g/cm3 0.015 g/cm3 <1
Psol 1.2442 g/cm3 0.0008 g/cm3 <1
Wsol,No.1 12.1079 g 0.0001 g 2.4
Wrare,No.1 11.1064 g 0.0001 g 2.4
Weol,No.2 11.9162 g 0.0001 g 2.4
Wrrare,No.2 10.9190 g 0.0001 g 2.4
Wiol,No.3 12.0042 g 0.0001 g 2.4
Wrare,No.3 11.0069 g 0.0001 g 2.4
Wsol,No.4 12.0134 g 0.0001 g 2.4
Wrare,No.4 11.0157 g 0.0001 g 2.4
Wosol,No.5 12.0341 ¢g 0.0001 g 2.4
Wrare,No.5 11.0371 g 0.0001 g 2.4
Wesol,No.6 12.0502 g 0.0001 g 2.4
Wrrare,No.6 11.0540 g 0.0001 g 2.4
Wiol,No.7 12.0331 g 0.0001 g 2.4
Wrare,No.7 11.0365 g 0.0001 g 2.4
Wiol,No.8 12.0510 g 0.0001 g 2.4
Wrare,No.8 11.0532 g 0.0001 g 2.4
Fercp 0.0028 mg/g 0.0001 mg/g 2.3
Mpy 239.1397 g/mol 0.0001 g/mol <1
Mre 55.845 g/mol 0.002 g/mol <1
IMPu,No.1 15.64419 mg 0.00393 mg 7.3
IMPy,No.2 15.57490 mg 0.00391 mg 7.3
MPu,No.3 15.57027 mg 0.00391 mg 7.3
I17Pu,No.4 15.58054 mg 0.00391 mg 7.3
IMPu,No.5 15.57061 mg 0.00391 mg 7.3
mMPu,No.6 15.55798 mg 0.00391 mg 7.3
1mMPu,No.7 15.56694 mg 0.00391 mg 7.3
MPuNo.8 15.58071 mg 0.00391 mg 7.3
Cpu,AVE 15.59945 mg/g 0.00181 mg/lg | -
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Table 6. Definition of terms in Table 5.

p The atmospheric pressure during mass measurement
T Temperature during mass measurement
h Humidity during mass measurement
088 The density of the stainless steel reference weight in the analytical balance,
which are adjusted by the manufacturer to 8.0 g/cm3
Psol The density of the plutonium solution
Wsol,No.1 | The mass of the solution aliquot in coulometer cell for sample No.1
WrareNo.1 | The mass of the coulometer cell for sample No.1
WsolNo2 | The mass of the solution aliquot in coulometer cell for sample No.2
WrareNo.2 | The mass of the coulometer cell for sample No.2
WsolNo.3 | The mass of the solution aliquot in coulometer cell for sample No.3
WrareNo.3 | The mass of the coulometer cell for sample No.3
WsolNo.sa | The mass of the solution aliquot in coulometer cell for sample No.4
Wrare,No.4 | The mass of the coulometer cell for sample No.4
Wsol,No5 | The mass of the solution aliquot in coulometer cell for sample No.5
Wrare,No.5 | The mass of the coulometer cell for sample No.5
WsolNo.6 | The mass of the solution aliquot in coulometer cell for sample No.6
WrareNo.6 | The mass of the coulometer cell for sample No.6
WsolNo.7 | The mass of the solution aliquot in coulometer cell for sample No.7
WrareNo.7 | The mass of the coulometer cell for sample No.7
Wso,No.s8 | The mass of the solution aliquot in coulometer cell for sample No.8
Wrare,No.s | The mass of the coulometer cell for sample No.8
Feicp The contents of iron in the plutonium solution
Mpy The relative atomic mass of plutonium
Mre The relative atomic mass of iron
mpuNo.1 | The contents of plutonium in the sample No.1 measured by coulomery
mpruNo2 | The contents of plutonium in the sample No.2 measured by coulomery
ImMPu,No.3 The contents of plutonium in the sample No.3 measured by coulomery
mpuNo4 | The contents of plutonium in the sample No.4 measured by coulomery
mpuNo5 | The contents of plutonium in the sample No.5 measured by coulomery
mpuNos | The contents of plutonium in the sample No.6 measured by coulomery
mpuNo7 | The contents of plutonium in the sample No.7 measured by coulomery
mpuNo.s | The contents of plutonium in the sample No.8 measured by coulomery
Cpu,AVE The average concentration of plutonium in the sample
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Table 7 Propagation of plutonium content measurement uncertainty .
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Variables, X Qs Qs C Mp. F f
Units count count pnC/count g/mol C/mol none
Value 6313581 6500 0.99966 239.1397 96485.34 0.99889
Uncertainty
1400 1700 3.60%x105 0.00002 0.0024 0.00014
lo
8PU/8X 2.48X10%6 -2.48 X106 1.56 X101 6.54 X102 -1.62X 104 -1.56 X101
(8Pu/6X)2 xU? 1.21X10% 1.78 X 105 3.17X 107 1.18X 1012 1.51X 1013 4.81X 10
Variance 34 % 51 % <1% <1% <1% 14 %
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