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ESARDA

ESARDA is an association of Europsan organizations 1ormed to advance and

harmanize research and development for safeguards. 1t atso provides a forum for

the exchange of information and ideas between nuclear facllity oparators and

safeguarding authorties.

Its partners as of 15t Juna 1982 were:

- The Eurcpsan Atomic Energy Community

- The Kernforschungszentrum Karlsruhe (KIK) - Fed. Rep. of Germany

- The Centre d'Etude de I'Energie Nucléaire - Studiecentrum voor Kernenergie
{CENISCK) - Belglum

- The Camitate Narlonals per iz Ricerea e per fo Sviluppo el Erergia Nucleare &
detle Energie Allernative {EMEA) - Haly

= The Stichting Energie Onderzosk Centrum Nederland (ECN) - Netherlands

- The Linited Kingdom Atomic Energy Autharity {UKAEA) - Greal Britain

- The Energistyralsen - Denmark

- The Commissariat & I'Energie Atomigue (CEA) - France

Working Group on Isotopic Correlations and Reprocessing input Analysis

Ong of the themes of collaboration among ESARDA parlners has leng been the
“igolopic correlations™ and the “reprocessing plant input analysis™. A working
group was therefore set up, with a view to prometing and coordinating research
work, exchanging informatlon and providing reciprocal asslstance in these fields.
The warking group is composed of representatives of the various member-
orgarizations of E3ARDA and some nuclear industries of 1he reievant countries. |n
1977 the ESARDA Steering Commilise declded 1o accent observers 1o Ihe working
- group frotn the LAEA (Vienna} and BNWL (Richland, U.S.A),
& number of activilies has been carried out by the group, Including theoretical
analysis of relations between Izotope abundances in irradiated fusls, generation
and collection of exparimental Isotopic data, statistical correlation of these data
and, most importantty, exercises of application of ICT and other evaluation
techhigues to the data collected at the reprocessing input. This report contains the
results of the |ast exetcize, ICE,
The group has recenlly boen renamed "'Waorking Group for Reprocessing Input
Verification''.
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Abstract

The ESARTA working group apr  Iactopls
Carrelation Techniques, ICT and Reproceseing
Input Analysls performed an Isctape Carrelaticn
Experiment, ICE with the aim to check rthe
feaaibiliey of the new technigue. Ten input
batches of the reprocessing of the KW fuel at
the WAF plant were analy=ed by 4 labaratories.
A1l information %o compare ICT with the gravi-
metric and wolumetric metheds was availablae,
i?T combined with simplified reactor physics
galculation was included.

The main objectives of the gtaristical
data evaluation were detecticon of outliers, the
gsrimation of random errorz and of systematic
errcrs of the measurements performed by the 4
labocratories. Different metheds for outlier
detertion, analysis of variances, Grubbs' ana-
lysis fer the constant-hkiaz model and Jaech's
non=canstant-bias podel wers applied. Some of
the results of the statistical analysis may
seem Iinconsistent which is due ta the following

Ieagons. For the statistical evaluations isc-
tope abundance data {weight percent} as well as
nuclear congentration data f(atems/initial metal
atomz) were subjectad to different outlier cri-
teria cefore being ueed far further statistical
evaluaticng., Womne of the four data evaluation
groupz performed a compleks statisrical data
analysis which would render possible a compari-
son of the different methods applied since no
commonly agreed atatistical evaluation proce-
durs existed.

The results prove that ICT iz as accurate
as cohventlonal technigues which hava ta rely
o eostly mass spectrometric isctope dilution
analysis. The potential of cutlier detectiocn by
ICT on the basis of the resultzs from a single
laboratory is as gord as outlier detection by
cestly interlaboratory comparison.

Tha applicatien of fiszssicn product ar
Ci—244 correlations would be more timely than
remeasaurements at safequards laboratories.



1. Intreduction

The ESARDA working group on Isotopic
Carrelarioan Technigues and Reprecescsing Ioput
Analysis decided at its meeting, on Septemher
ist, 15977 at Karlsruhe to perform an I[sctope
Correlation Experiment - ICE.

This repost sumrarizes the experimental
activities, the subsegquent ewvaluations and
conclugiong in order to optimize a follow-up
experiment.

1.1 Scope of the experiment

In the past +the Isctope Correlatich
Technigque had been developed to a stake where
itz feasibility could ke onlvy proved by &
figld test. The ains of such an undertaking
ware defined as:

- the determination of the accuracy
af ICT (and other related tech-
nigues] under nommal cperating
conditions of the reprocessing
plant and rouvtine safeguards
inspection.

- the evaluation of the additiona?
effort for zafeguards inspection
and analyels.

- the proving of ita benefits for
safequards and other fuel marage-
ment Durposes.

- the identification of additicnal
information reguired in aoplving
this technigue.

- the checking of the applicability
of proposed ICT procedures (a.q.
databankal .

The present safequards practice, which
includes the possibility of  analysing the
reproceszing input solution by threoe lbdepean-
dent. laboraterles {plant oserator, JAEA safe=
guards analytical laboratory, EURATOM-Europeab
Commission safeguerds  analytical laboratorye}
opens the possikbility for statisticel ewvalu-
ativns. Therefore, the +technigee 2f inter-—
laboratory comparisch hecame & mors important
fart of the experiment tharn had beer antigi-
pated at the beginning. This led to a consider-
able change of the original secope of the
experiment. Agreeing oo adeguate statiswicel
method=s and senting up appropriate techrigues
took most of the time reguired foar ovaeluating
the ¢xperiment &and are responsible for the
delay in the £inal weport,

1.2 Participants of TCE

The participants in the Iggptope Correla-
ticn Experiment helonged to the ESARDA working
group of Isctope Corpelatison and Repracessing
input Atalysis [(table 1.1). The tack performed
by each participant are 1listed and can he
grouped into:

- descripticn of fuel history
[fabricaticn and irradiation)
by ¥KWU ard KwWO,

- Teprace’sing input data
{fuel identification, dissclver
violume, deneity, dilution, and
campling] by WAk, 1akn, and
EURATOM-inspection,

- analysis of reprocessing input
samples by IRCH-KfK (referee
lahoratory), WAK, IAER-SAT,
EURATOM-ECSEM (TUI],

- evaluaticon by BNWL, Hanferd,
CEA, Cadarache, CEN, Mol,
BCH, Petten, 1ABA, Vienna,
JRZ, Farlsruhe, KfE, Farlsruhe.

BNWL, Hanford : C.L. Timmerman
CEL, Cadarache - J, Boughard
CEN, Mol : P. Bemelmans, F.Fransset
CHNEN, EBEurex—Faluggia : 5. Illardi, F. Pozzi
CWE, Karlsruhe : R. Berg

Hannowvar : k. Wah

ZCH, Eetten r W.L. Zijp
EURATOM, DCS Luxemburg: H.J. Arens

JRZ Ispra = £, Foggi

JREL Karlsruhe: ¥Yoch, C. Rijkebeoer
IAEA, Picen

=

5. Deran, 5. Sanatani,
P. Siwy

¥fK, Karlsruhe : E. Mainka, %. Zchoaf

¥Wo, Obrigheim : D Soituer

KWL, Briangern G. Schlosser

UKAEA, Harwel l AL
J

H G. Wain
BNFZL - J.C

Dalton

Tanle 1.1: Participants of Isotope Correlatian
Experiment



2, Exparimental

The experiment was ececoductsd ander che
normal working conditlons of the reprocessing
plant WAX at Karlseuhe subjected to routine
gafequards procedures. The samples comprised
ten consecutlve dissalution batches each making
np exactly one half of the fnzl =ssembly. The
fiel waz chosen randomly because the aszemblics
preselected griginally for the ICE could not be
dissolved in sequence due ko thelr position in
the atorage pool. For an input analysis the
present safeguards procedure  involwas the
camprling ©f Ehe accountability tank and the
subzgegquent dilution ©of the sample at  the
reprocessing plant. Aligquots of this dilution
were analysed by Ehe plant ang the two zafe-
quards laboratories. Analyses routinely made
include the coocentration of urasium isctopes
{masses 235, 236, 23E) and plutonium {masses
238 - 242). In addition, fission products (X¥e,
¥r longlived y-emitters), transplutonides (am,
cm) and the burn-up by Nd=14E were determined
at the Eurepaan Institute for Transuranium Ele=
ments, Volumes, densities and dfilution factors
nf the samples were obaerved at the placnt.
There wore no measurements of head-end Iosees
{shearing, residues on hulls and on filtersh.
The uranium welght of the fuel assembly at the
vime of fabrication was =upplied by EWI/FWO
together with its irradiation histary {table
2.1).

2,1 Fuel history

Thae fuel ferived from the Eernkraftwerk
Obrigheim, WO, and consisted of enviched V0,
zlad in circaloy 4. Information - az required
for CQRIGEN rcalculations - cobeerningy U-2335
initial enrichment, burn-up achieved, mmber of
irradiaticin cycles, power factors, etc. are
summarized [(tables 2.1 and 2.2).

IKBADIATION| TOMWER PRER [0 e/ pR RSIEMBIY HE)
TIME ()] LLF] 168 1Te 171 17z 178
L | Lno 184 17.1 z3.b J1.4 kT
i a
3.8 iH rd: P Y 18.1 23,8 1.8 17.5
2 1
33,5 Leo FL Y 14.0 19.68 il.a 27.5
1.5 4
131.5 [1r1] 2.4 13,0 5.8 il.= Z7.3
.8 1]
6.3 100 18,4 180 ZL.§ J1.m@ 21.5
2N ]
124.9 100 .7 L Y LYY | 8.3 -
5.7 ]
B4l 100 7.7 q0.4 .4 24,13 3.1
L5 a
i 1e0 3.7 18,4 &4  28.3 3.1
h] a
L1 wo k37,7 4.4 3.4 233 3.1
13.& BT.0f 3.8 1.4 3k.4 2.5 331
1849 a
46T 1an FlL.a 312.1 i1+ .1 .l

Tahle Z.1l: Irradiation histery of KWO fuel
aszerklies

2.2 Head-end process at WAK during TCE and
sampling procedure.

For a dissclution & fuel assembly was
transferred into the machanical treatment cell,
where it was dismantled and 9¢ of the 182 fuel
pins helonging to a geometrical half of the
fual were taken out. The pins were chopped
directly into the dissolves wvesszel., The diz-—
solution took place cver a perlod of 5 to &
hours. Recycled acids containing only traces of
N and Pu were utilized. After disscluticn the
solution was transferred intoc an intermediate
wvesael {g. fig, 2.1} and a second disscloetiopn
took place over approximately 3 to 4 hours. The
solution again was transferred to the inker-
mediate vessel, The content of the intermediate
wvegsel was then passed through & filter intao
the lnput accountability tank. The dJdissalver
was ringed twise and the rinse solution trans-—
ferred wia the Iintermediate wessel into the
input acecuntability tank. Now the hmlls sere
remowed from the dissalver wvessel., Muclear
material remaining on the hull was estimated on
previous disscelution to be 0.1 %, The trans-
ferrad soluticn in the accountability tank was
mixed by air sgparging. During this step the
input acccuntabhility tank was sampled (3. helow),
After sampiing the wolume and dJensity were
meagured.

Recpclmatid

Fecorered Aoid
Offgrs

Chugper

¥ | Fulter Ferl Tank
1
L. E‘c ] |
D L
, ;
! .

H Intar madind e %z nk

. Inguk afe. fana
I
Hissolver

Figure =2.1: Tank scheme at head-end process
1 Fecycled acid is the purified nitric acid
contalning enly traces of Fu and ©.
Recovered acid originates from the concan-
rration of process streams containing re-
coverable amounts of Pu and U, It is used
to adjust the acidity of the feed stream.
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Figure 2,2: Transfier of solutions
The sequence of operation ie gummarized 7. The dissclver is ringed twice. The ringse

tfig. 2.2):

1.

A fuel asgambly is transferred intoc the
meéchanical treatment cell.

The FMD fuel assembly is di=zmantled and 90
of the 180 fuel pins are taken for tha
diesolver charge.

The 30 fuel pins are chopped directly into
the disselver,

Digsolution takes place ocwer a time pericd
of 5 to & hours. Reoycled acid, containing
traces of U and Pu iz utilized for digso-
lution.

Disaolver salution fs transferred into an
intermediate veseel, and the 2nd dissolution
takas place gver 3 to 4 hours.This solution
is again transferrsd into the intermediate
veesel (fig. 2.1).

The cobtent of the intermediate vessel is
transferred via a filter into the imput
azcountability tank.

golutlons are transferrad wia the inter—
mediate veszel into the input accountaki-
lity tank,

€. The hulls are remowved from the dissolwver.

9. The solution in the input acoountability
tank is mixed by air-sparging.

10. Samplipg of the input accountability wvessel
takes place during air-sparging.

11, volume measurement is performed after
sampling,

12. After zampling and volume meazurement the

input solutian is adjusted with recyoled
acid.

fampling was performed after steops 1 ta 9

have been completed.

The sampling device comnsisted mainly cof a

vacuumm aggisted airlift. The sample soluotion was
cirgulated through the sample bottle which was

held sn a neesdle Bleck.

All steps involved in

sampling were deone avtomatically.



The sampling procedure provided for takiag
of 10 samples:
15t sample was taken after 15 min flushing
of the sample solution clreuit, this sample
was disposed off.

- all following samples were taken after 5
min Elushing.
a1 37d gth e taken for homoganeity
test by density measurements. The solution
wag considered to be homogenecus, when the
density measurements 4id net Jiffer by more
than 0.0008 g/ml. If mot, sanpling was
recommenced,

?th sample was taken for input analysis by
iggtope diluticn mass-spectrometry [IDMS)Y .

From the ?th sample bottle two welght
aligquote {A,B} are diluted with 1.5M HMNC The
dilution factor is ca. 1:200, Samples for ax-—
ternal analysis (IRCII, TUI, IAER] wWere taken
from dilution A. The operator carried out
measurements on both dilutions (A+E] .

2.3 Analytical Procedures

2.3.1 Buratom Safeguardz Laboratory, Europ==an
Institute for Transuraniuwm Elements,
Karlaruhe ([(TUI)

MAEE SFECTROMETEY
Equi nt

A fully autcmatic mass spectrometer (CHS)
with a high vacoum lock controlled by a Varian
€201 1 computer iz in use for Toutine measure—
ments. The computer controls all mass spectro—
meter operatlions without human aidtl .

Freparations of Filaments

Fre=heated Re filaments are weldaed anto
throw—away beads. The tweo-filament method is
uzad.

Heat ing

In the heating programme a preheazting step
i5 built in fer both filaments to achieve a de-
gagging of the ignisation filament and a pene-
tration of the sample into the sample filament.
The heating Speed is controlled by the wacumam
prezsure of the tetal ienisation current. The
lonizaticn filament iz heated up to a prefixed
ion current for the Re isotopes 1BY of about
1073 A,

TConcentration

The samples were rconditiored to  the
followling approximate concentrations:

U 102 ngfpl, Pu 10 ngfel.

An amount of 2 pl far 1 oand 10 pl for Fu
was pilated on the sample £ilament.

Scanning

The scanning of the lsotopes was done by a
peak=junping syscem from the lowest up to the
highest isotope. The number of scans was 3 X 10
LeAans. Between the 31 runs the machine was
reforussed.

The =zequence of the peak-Jumpitg was a + b
..... a + k.

Detection

The detecticn system i= normally either a
Paradsy cage or & multiplier aystem. In this
particular case the multiplier system was used.

Computing

The results of Ehe automatlc mass-speotro-
metelr wWere shown on a recorder and simaltan=
eously printed on a teletype, The atom raties
with their cerresponding standard Jdeviations
were fod into the main computer atd corrected
for mass discrimination, contaminaticn by na-
turally ecccuring elements (in the caze of Hd)
et

CHEMICAL COMDITIOHING

Sample digpensing and spiking

an amcunt of =sample containing about 2 ug
Pu was weighed intc a test-tube. Correspoading
amounts of [=232 and Fu=242 =pikes were added
by weight, the acidity adjusted until 8M in
HNL‘JEI and vigorous mixing careied out.

Eedox Procedure

About SO0 ut of a ZM NH20H2C1 soclution
were added and the mixture mixed vigorously
until a reaction accured. The soluticn was
heated for an hour at BO°C and then evaporated
ta dryhess overnight. The residuse was taken up
in 500 pl EM HHO,.

Separation Procedure

The solutlch was put oo an aniocn exchange
colums, 9.6 g Dowex 1xB, 200 - 400 megh. The
column wag waghed with 8M HHO ard the Pu elu=-
ted with 0.35M HNU,. The elnate was evaporated



2.3,2 IARA Safaguards Analvtical Iaboratory

to dryness and taken up in 100 pl 1M HHO .
About 5 pl of this were evaporated on a VIA {521}
Flanchet for o counting., The concentration of

Fu was then estimated from thess ocounts, The procedure ocublined in filgure 2.3 is

kased on the wvse of dried mixed U=-233/pu-242

A sultakla guantity of the rest of the spikee and a chemical treatment recormended by

golution was used far the wmass spestrometry. Log Alamos .
The complets procedure was carried out at the

samz CLima on an unapiked soluticon. The following is a surmmarized description

=f the analvtical procedure used in SAL,

LIFHA SEPECTRIMETRY
Sgope of application

An automatic sample changer connected to a

methane flow and a semiconductor counter were Taptopic and isotopic dilution analysis
used for the o-spectrometric analyses. The tokal of diluted solutions of spent fuel containing
@ counts were measured for each sample wsing the 2 - 20 pg/wl of plutonium, 0.5 to ? mg/ml of
gas [low ccunter and the a spectrum was deter- uraniusm, and up ta 10 moifmt of figsien pro-

mined using the semiconductor detector combined ducts.
with a 400 channel analyser.

Data from thegse measurements ware trans—
mitted to a POP-11 computer and the redused
results then transferred to an IEM 370 computer
for subsaqguent evaluatinnf :'.
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Pigure 2.3: Echeme for the sampling and analysis of epent fuel
golution fellowing the "Dry Spike Technigua"



Equipment
5 ml penicillino wials (Pyxex).

5 ml penicitlin wials containing certified

amounts of dried miwed U-233/Pu-242 spikes.

For the ICE experiment the spikes used <on-
tained gbout 9 pg of Pu-342 and 0.8 mg of T-233
in nitrate form.

ruming enclozure (figure 2.4).

Inn exchange disposable chromatographic columns
Kocotes.

Frocedure

Add abrut 1 mwl of diluted eolution of spent
fuzl toc a tared penigillin wial contalning a
certified spike, stopper the wial immediately.
Measure the gross welght of the wial and cal-

csulate the net weight of the sample to the
nearest 0.1 mg.

2dd 1 ml of a mixture of &M HNC3, X ECLG4,
f_01M HE,

an? fume at 130°C aover-
[figure 2.4%.

Ewaparate o 0,1 mk
cight in the cnclasure

Raedissrive in 12M HCL.

Adscrh U and Pu on anion exchange resin Bia
Rad 1x?, 200-400 Mesh (¢ 6 mm ¥ H 3C mm), and
wash free from am and mest fission products with
2 ml IZE HCL.

Elute Py with B ml IZE HCl - ':I.lﬂ H7T.

Elute U with B ml 0.1M 2uCE.

Evaporate the eollected 0 and Pu fractions tao
dryness and fume twide with 1 m]l of EM HNO..

Redissolve in 1M Huﬂa to obtain solukions con-
taining 50 pgfml of U or Pu.

Measure the lzakopic comFusiticn an the 2-stags
CRNTL mass spﬁctrnmeter{4

Figure 2.4:

Erclosure for the fuming and drying of spent
Tuels samplas

¥



Loading 50 ng U or Pu
gingle filament ascurce
filament temperature 1750 °C for U

1560 "C for Bu
igotopic abundance sensitivity 2 ppm
calibration with respect to WBS.500
precision of isctape ratic Bessurements

233 235 242 v = 0.5%
238" 238 230

0 vo= 0.2%
239

241 v o= 1%
239

234 236 238 v = 2%

238" 238 233

#.3.3 Referee Lakoratory, Institut fiir Radio-
chemie, KfE [IRCHY

Frocedure: Isotepic Dilution Technique

To the weighed aliguotes of the diluted sample
and of the spike solution 0.5 ml HNG [8M) is
added. The mixture iz evaporated nearly to dry-
ness. Addition of 0.5 ml HHO; (BM} and the eva-
poration step iE repeated (2x}. Thie SVIRIra—
tiocn step iz dene to disscclate polymeric spa-
cies of Pu.

Take up with 0.5 ml HHO3 [4M] 0.1 ml Pe(EI}SO,-
golutlon. Mix well and heat to v 70°C for 5 minm.

add 50 pl of HAND, (2.5M] to oxidize Pu to
Puf{IV} state and evaporate the mixture teo near
dryness to reduce volume.

Digzolve with HNO, to make soluticn 8M,

Tranefer to anion exchangye column for sepa—
ration of 0 and Pu.

Carefully wash the wall of the column with
500 pl HN{}3 {8M);, to ensure that all of the
pample ls absorbed onh the colummn.

Tomplete the elation of uhabscrbed fission
products with 5 ml HiWG,  (BHM) .

Elute the main ] contant with 3 ml HNG; {BM}
with 500 u! portions., Evaporate thess 3 ml
nearly to drynesz for mass Spectrometry ana—
lysig,

Wash the column with 50 ml HNO, (8M).

Elute Pu with 3G ml [ 5M3 HNDy: evaporate near-
1¥ to dryness for Pu-mass—analysis.

2.4 Reported data

The following comprises the results from
the fabrication of the fuel assemblies and
thoge cbtained frem the analyses of the dis-
golver solution sample.

The weight of each quarter of & fuel
element has been calculated to check 1its sym-
metry (table 2.2), Thizs was done in order to
sed whether the halving of the element im one
of the two possible ways would produce signi-
ficant differences in the input batches, It
turned oot that the weilght of each guarter of
the fugl element was only different by (1.4 %
and could net explain the differences in the
ameunt of fuel observed in the input analyses.
The specifications for the Fu/, stoichiome-
trie was 2.00 + ©,01 &%,

The WAK operator data are summarized in
table 2.4. The corresponding imput  hatch
numbears with their exposure as calculated by
the shipper, wolwne, density and diletion of
diggelver solution are indicated. FPlease note
that the soncentration of uranium and plutenium
&8 glven by WAK refer to the uwndiluted disacl-
ver salution,

The analwvsee data of the referee labora-
tory (IBCE] are given in table 2.5. For part of
the input batches the analyses are incomplete
due to 8 lack of sufficient materiazl.

The analyees of the IAEA-ingpection have
been collected in table 2.6,

The rezults of the Europesn Instituts for
Traneuranium Elements are given in table 2.7.
The errors reparted refer to duplicate meacure-
ments. Activity ratics of selected fis- sion
preducts are given in table 2.8.

For comparisoh purpoges the results of the
different laboratories were transformed in the
following way: The Pu=-241 concentration wasg
corracted for decay teo the date of reactor shut
down [half live 14.6v). ARlso for the results of
the Transuraniom Institute, the Pu-330 has been
carrected for build-gp by Cm-242 decay. The
same wa: done for the reported fission product
data. In-pile decay eocrrections, however, have
been not applied.

For comparison and handling, the analy-
tical data of the 4 laboratories have been
transformed 4intp the neotation uwsed at  the
Buropean Ingtitute for Traasuranium EBlements
i.e. atoms per initial metal atom=, IMA{SJ;
tleaned from outliers by use of Grunbe' cri-
terion at @ = 0.0] (see chapters 3.1 and 4.7}
and averaged {(table 2.9}. This table shows for



each input batch the burn-up, Ft (total

figeion/IMAY and tha Cm-244 content as chtained

by the Edropean Institute for Transuranium

1, Fuel assembly numbec:
. I-23% enrichmenkt [w/ob:

. Tatal urapiumozhde {g):

= e T

. Uranlomoxide I quaxtar

. Pranilumowida II gquartar

Uraniuwmoxide III guarker

= TN

. Urantumoxide IV guarker

of
ot
ot

af

fusl elemant:
fuml =lement:
fuml elements

fuel &lemenk:

Elemean

[3-13]

168

111 196,58 111
1

T7T FE2.00 7T T4l.5!
1

77 ELI.OL T
r

TT A03.58 i TRE.O:
1

77 817.91 T 145,51

Tahle 2.2: Fabricator data [(FWU] of fresh fuel as=e

1, Fuel assembly number:

2. Iapuk batch number:

LEE

a6-87

Tabla 2.3: Corresponding numbers of asgemblies and

I
.10 H 3.10
1

to.

and ar

a4z .31

744,51

mblies

17 B
!
1

q4=-95

hatches

The
averaged data

varlaticn

coefficients

e given in table 2,10.

3

311

T

-1
i

17

-a
-1

171
.11

595.0

B73 .0
1
a64.721
1
0.5
1

BD?.5E

1

ilo

T
7

7

172

1
L
-1 L
1
643.31
1

E79_51
1

176

.10

!
L
14
1

311 THS.51

77 Red,

1
E
!

EEl.Di 77 972,51
3 r

&1%.0!
1
1

T00.49

172

42+33

1
1

77 %10,

74 L4

17¢

q0=-391

5t
1
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ware calculated by use of eq.
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3, Data evaluation

The follewing chapter will be divided into
three parts. The first one deals with a short
description of the purely statistical methods
used for data evaluation.
rizes briefly tws rather physically oriented
tachniques of data treatment, headed by the
title "lsotope correlation technlgue™. (A more
extensive description of 3ll ths methode may be
found in appendices &, B, and C.} Fimally, the
rhird part ie devoted to scme examples of the
resutlts cbtained by the applicaticn of the
methods described in the previcus sections.

Section 3,2 summa-

3.1 Statietical methods

The main objectives of the atatistigal

data evaluation are:

1} Detaction bupt not interpretation cf sua=-
picious data, called outliers for simpli-
fication,

2} E=stimation of random error variances (or
imprecisionsg) and of systemstic errors
{biases} of the measurements perxformed by
different laboratories opn the sama sample

material.
The statistical methods Jdealt with are
thoze of

1) outlier detection using the criteria of
Pixon and Grubbg [chapter *.1.1),

21  the analysils of varianees (AHOVA)

{chapters 2.1.2 arnd A.1},

3]} Grubbs' analysis for the constant-bias
model including the method of paired
comparispns (chapters 2.1.3 and A.2},

4) Jaech's nen-constant-bizs model (chapters
3,1.4 ard 2.3}, and

8] the isotope gorrelaticn technigque embraging
thesratical ecalculations {chapter 3.2.1 and
appendix ) and regregeion analymie
(chapters 3.2.2 and A.4).

3.1.1 Detestion of sutliers

Varioune criteria for detecting outliers
had been uged dAuring the couree of data evalu—
ation of ICE, the mest utilised keing those of
Dixonil} and of Grubbsi2}. An
approech for detecting ocutliers waing Student's

t—distributicn is given in appendix B.

interesting

HWith the Dixon test the value ®. af
orderad data xy < xy f... X 4 % Xn iz tested
for being an cutliexr by caloulating the ratio of
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the rasges fxn - xn_k]ftxn - xi} and comparing
theze ratios with critical walues of a given
significance level o and the appropriate
aample size. One disadvantage of the method may
e that it dees not spacify crror values rela-
tive to all data Hye eaeXy but refersz only to
some Values Hee ¥pp v where i and k are
gelected in  advange. choses

Frequently, one

i=k=1.

For the Grubbs criterian +the ratios
fxg = x¥/a, i=1 or n  are tested againgt digtri-
buticn valuee for a given sample size or degrea
of freedom and a sSpecified level of signifi-
cance, where = signifies the predicted aor the
mean valus of the Xy The ezstimate cof the
etandard deviation {s) of the populatiocn of data
x5 ig obtained from all data including eventual
outliers. The distributicn darived Ly Grubhs
takes into account the possible falsififcation of
2 . The Grubbs criterion ¢an alse deal with two
ontliers simultanecusly.

Except for wery chvious putliers each of
the selected different actlying
measurements (sec 3.3.1). Therefore, it was frle
nacessAry to agree on one critericn which was
used in the £inal evalvation of the sxperiment:
that of Gruhhs[zl for ane and for twe simol-
tanecus outliers at the 1%
wae choser (see chapter 43.

criteria

cignificance level

Igatene correlationa were used +o identify
ipndividual measurements ag well as
unusual batches., It was propozed that Grubhbs!
criterion should be applied in a similar way on
an ad hoe basis,
to the sguare root of the regidual mear sguare
of the eastimated regressicn line ¥ = bo + hl X,
Since in this case an cutlier may be due tao
either wvariable ¥ or ¥ or koth, different
isotaope correlations ineluding elither X oar ¥
are needad for proper identification.

outlying

relating the maximmm residual

3.1,2 Analygisg of variances

The two-way analvsis of wariances [AHOWVA)
far the fixed effects model with one meagurement
per batch amd per lakoratory (unreplicated
analyses) and witheat had heen
proposed for the date evaluation of ICE-1,
although the mixed model! seems to be more
appropriate. (The mixed model the in-
flusnece of one facter (laboratory) was the fixed
effect, the influence o©of +he other factor
{hatches) being random,] The model used here cak
e decscribsd as

interaction

meanE



¥iqy = M + by o+ a; * €55 [3-1]
i = 1, 44a, m denoting batches
i = 1, .... n danoting laboratories
{or measurement methods)
Yig = value of sample or batch 1 as
meazured by laboratory Jj
p = overall mean
ks by = “true" value of batch i
aj = bias of laboratory 3
gij = random error assaciated with ?ij

The analysis of variarces then consists of
splitting the wariances of tha ¥igr i=l,...n,

+=1,...m dinto the variances
1) due tao lakoratory influence,
2] dus ta patch variation, and
2] due to the random errcr of measure-

ments.

Estimates of the main quantities of model
(3-1), i.e. of a,, by, €2 and b {the latter
being of no Ainterseet for the experimert) were
derived by the methed of least sgquares (sSee

appetdix A).

The fellowing ccooditicns were assumed for
the derivation:

1} L a, =4, i,e, the mean kias
j=1 3 equals zera {3-2}
n

2} I by =0, {3-3}
1=1

3] €4 are independent and noymally

distributed wikh zZero means and
agual varlances uﬁ, il.e.
N[G,dﬁ)é si baing the egtimate
af G

A interesting appreach which permits the
estimation 4f the wvarianceg of measurement
errcrs {sé_} for sach laboratory ssparately
instead of Jthe pooled estimate {SEJ . may be
found in appendix B,
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Bavaral hypothezes should he tested:

l. Hypothegis Has all a. =0

]

i.e. no significant lahoratory blase:
exist. If the F-test shows that significant
biases exist than cne can lhveztigate bias
contrasta with Studant's t—tast for means
(zes eg. (R=28}7.

2. Ewpothesis Hy,:

Il 13

2
b? = o,

u
—
-t
=

1]
]
[n}
H
=]

tr
1]

2
n=1 i=1
which means that differenses in batch walue
are statistically insignificant, The hypo=
thesis iz etested with the F=test gtatistics.
If, for a certain isotepse concentration or
isotcpe ratio hypothesis Hy has to be
accapted then it is useless to use these
guantities for any isotopa corvelatlon.

J.1.3 Grubbs' constant-hias model

Grubbs' constant=bias (CB} model (304 may
be applied when the piliasz betweer measured and
Erue values of a batch is independent of the
barch maghitude. It may be written az followsa:

ylj = =x; t aj + El] [3—-4}
I = 1,....n denoting batches
i = 1l,...,,m denoting laborateries

¥i- value of batch i1 az measured by

laborataory 3

X, = "true" walue of batech i
a; = bias of labaratery 3
25 = randcm errar asagciated with ¥iq

The CE model corresponds to the analysis

of variances approach {gection 3.1.2) if one
takes
®poHp+Fhy - F {3=3]
1 18
where 3 = = E a. s
=1 4
which according to eguation {3-2) eqguals zerc

in tha ANOVE appreach but not necessarily so
for Grubbs' OB model., For the CB model the
following agsumptions are made:

are independent and normally
distributed wikh zero means
i.a.

1} the Eij
and wariances 02

2.
Ni0,0] 3, ]
-



2y the X and & ara independent
=f each other.

Under theses conditions estimates of biases
{a.). batsh or process variances {53] y and
and random errar variances (si_] . and the wari-
ances of those estimates are J calculated,

Details are given in appendix .

When applying Grubkbs' B model it haopens

rather often that negative wariances Esi_] are

caleglated. Thie may be due to violation ? sither

of assumpticn {1}, i.e. independency af the
random errors e, or of acsumpticn (21, f.e.
the random errors depend on batch magnitude xj.
In hoth cases the CB model in not suitable and
the nen—eonstant=blas medel {see Section 3.1.4)
should be tried.

Ancther reason for finding negative ssti-
mates of variances 53. may he that large
discrepancies betwsen J the g2, 5= 1,....m

exist. When treating the data “3 of at least
m= 4 laberatories it was recommended that
Crubbs' analysis shouid be repested edcluding
in turn one of the laboraktocriss, thus getting
wp to m + 1 estimates of wvariances. The
analysis yielding negative variances shonld ke
omitted. Varlance estimates  with  smallest
variation {i,e. highest precision} should then
be chosen. Howsver, it should be noted that in-
creasing the sumber of lahoyatories lacreases
the precision of the estimated variances under
certain conditions which for m = 4 reads

2 .l
534 © drgy [3-a]
wharea si = min [Eél, siz. sisl

an example is given in appendix B.

When salving the CB meodel by matrix cal-
culus negative variances {sg_ ] may be avoi-
ded by placing the additional J constraints

52 *» 0 J=l,...,m

which may he done by use of Harwell Subroutine
MAZCE, 8D,

The estimation of biasesr a,, J=ly...,m
i# posgible only if constraints are made on the
paremeters, This means that there is no way to
estimate the absclute or trwe bias. In the
ANOVA approach the constralpt was made that the
average bias obtained by summeticn cver biases
of all laboretories eguals Zero, (see eq.
(5=21%.

For the Grubbs method one often selects
the biss of ocne lekcratory te be =gual to zero
and caleilatres the other biases relative to
this laboratory.

Bz with the analysis of wvwariances several
hypatheses may be tested with Grubbs' analyels:

i. Hypothesis Ho: Ay Ay

i.e. there is no significant bias
betwesn laboratory J 2 and laboratory
k , tested with Student's t-test for
means of Aifferences. This results in
a stronger test than when testing
biages with the ABROVA approach.

2. Hypothoses about the randeom error

variances tsill

whish can be tisted with Jaech's
Lambdatest (787

hypothesis H_: all sﬁj are equal,
hypothesis HJ: all but one 52.

are agual. ]

If hypothesis H, <or Hj iz ftrue,
egqual variances may be pooled and
compared with the wariance &
ocbktalned by ANOVA.

However, Jasch states: "... the test
could be used with reasonable assu-
rance of its validity for sample

gizes of 15 and greater. ... Far
sample sizes smaller than 10, the test
should be applied with discretion.”'®

<

%.1.4 Hon—constant-bias model

The mathematical model for the situation
when hiazez ameng laboratocries are noft constant
but  depend linearily on katch magnitude has
heen develcped by Jaecht'B' for m > 2 labo-
Tatoriee.

The non=coostant-hias [HCB) model is
weitken as
¥i3 = €4 %3 +ay + 254 {3=-7)
where the parameters =are defined as 1o the
Grubhs CR model, i.e.

1 = 1,.../m denoting batches
i = 1l;ce..m dencting laboratoriss
Y54 < value of batch 1 az measured by

lab. j



"trua"™ walue of batch 1

. =
ei; = random error agspgciated with the
meagsured value ¥y
ceaq - parameters describinq the bias of
lab. j in the following wWay:
ay = 0 &rd c- =1 ne bias of lak. 3]
.a.:I F 0 and ey =1 cocostant bias
25 # 1 hias depends linearily cn batch

magnl tude =

the HNCB model corregponds to & gpecial case of
the two-way analysis of wvariances with inter-
actian.

A8 with the Grubks OB model abeolute biases
cannot be estimated =ince congtrainta on a.
have to be made. Jaech{T] uzes the si%e

and oo
conditions

a = G and g, = 1 {3-8]
i.a, he arbitrarily fixes the hias of the

measurement of laboratory k  egqual to zZero, to
which the biases of the other laboratcries are
than ralated.

Eatimates of blasss {a., cj}, of indi-
widual random error varianges fsz_] ;, of
bateh values txi} and af the 1 wariance
{or presision)l of fthose parameters can be
derived. For further details see appendix &.

Procedures for testing the hypotheses

1. that all random erxor variances {53_3
Are equal, and ]

7. that there exist kiases Ej # 1 are

given in ref. (7).

goth hypotheses are tested by Chi-sguare tests

but will net be

because these testz were not waed in the data

evaluation of ICE-1.

gqummarized in appendix A

Similarily to the Grubbs CR model one may
ohtain up to m + 1 estimates for each si b
by excluding either none or in turn coe cf
the labsretories from the analysais. The eatimate
with tha smallest variance {var(s; 1} could
then be chosen provided all variamces] of the
Zame analvsis ars greater than zerc. However,
it should he noted that the tests described in
referance (7} refer only to parameter wvalues
caming from the same c¢ombination of labora-—

tories.
As stated in appendix B, the use of the

nat—conEtant-bias model instead of the Grubhsg
constant-bias model)l and a transformation of
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data strongly reduces the bpumber of negative
estimates ©f rasdem error wvariances. Thas, the
NCE model snould firet be applied in order te
check for significant biases 25 #1 .

3.2 Igotope correlation techrique

The main aima aof the isctope correlation

technigque (ICT)] are

1) consistency check within a group of
measured data (Masa=spectrametric
data and mass—spectrometric laotope-
diluticn datal,

2] congsistency check with “historical®
data of irradiated nuclear Fucl, and

3] the evaluation of the mass balances
cf Pu oand 1.

ICT is bazed on the fact that among certain
izsotope abundances ar cuclide contents, lsatope
abundance ratias, Fu/U ratia or burn=up of apent
fuel, relaticnships exiat whigh can be deacribed
by a polynemial funection

[1=3]

whare X and ¥ stand for guantities such as
muclide  content, igotope  abundance andfor
izsotope sbondance ratics, The simplest case
wiuld be that of a linear relaticoship between
¥ which corresponds to k= % in

equation (3-9), i.e.

X and

+ b, = K

1 {3=10]

T = bc
In gome casez: more complicated relationships
might be treated by egquatien  ([(3-100 after
appropriate data transformation, or by ex=-
parential functicns.

Far ICE~1l, tweo different approaaches have
bean weed for detemmining the correlations.

3.2.1 Theoretical calcalaticns

With this method[g}r
detall in appendix <, concentratioens of muclides
[of uwraniumm, of plutonium,
well as of Nd-ld8} were calculated =25 functions
af burn-up starting with resctor data such as
type of reactor and fuel, fuel compositian and
enrichment and taking into account the reactor
power histary.

dagoribed in more

and of cesium, a=s

the rariaz of
Pu/ll soncentrations were ecalonlated from mea-
sured lsotope abundance yatiag., AN intercept
bo = ¢ was assumed ir all cazes, The regression
coefficiants hl of these ralationships were

Based an these functions,



expregsed as 3rd order polynocmials

Cu+ Gy FE + Tyt re? # 0y P}, Pt being
burp-op and whers the coefficients ) depend
on initial enrichment. Since by depands on
burn-up, the cverall relation is not linear
anymora but corresponds to & 3rd order poly-
nomial (eg., (3-9)).

Theee calculaticns have been limited to &
small mmber of correlations kmewn Lo be the
less sensitive to the approximaticts of the
coefficient caloulations.

Finally the input masses of uranium and
plutonium were caloulated by the gravimetric
method (gee chapter 4]. It has been shown that
this technigue gives results as nrecise as
analytical measuremants.

3.2.2 pegreseion analysis

Regression analysis is5 the well known
statistical method developed for flrting
meastred walues (g, ¥4 which exhibit

random errors, ta a specified function, i.e. to
eguation (3-9) or (3-10). The parameters of
thege Functions and their variances are de-
terminsd by the least method which
consists of minimizing the sum of sguares [ES]

gquarss

of weighted residuals {res;] about the re-
graession line:
n z
g8 = I w; * res; {3-1F)
i=1 -
where
res; = difference between meagured point
i%yr ¥yl and its walue caleulated
accarding teo the assumed function,
Wy = staristical weight of the measured
point, [for nmon—weighted measures
monts, Wy o® 1.
n = number of points {x.. ¥
Frr a linear Tegressicn function the

correlation coefficient (RY, confidence regions
of the cstimated regression line, and pre-
diction intervals for a future observation may
be egtimated irn addition to parameters of the
regression functiob.

Procedures exist for testing the signi-
ficanse of the correlation coefficient, i.e. of
R#0 ,of the slops by ¥ 0 , of the rest
variance, and of the goodness af £it of the
meagured walues o the estimated straight line
whern inpdividual errors of sach meagured point
are available.
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Whep either wvariabla ¥ or ¥ is free af
erroy these evaluations can be feund ity Ye-
levant statistical textbooks.

When one has to deal with errors in both
directicnz several approaches exist for the
definiticn snd the determinarion of the minimam
gum of squares {=g. {(3-117} and for the estime-
ticn of all posaible parameters of the Tegres—
zion function. Details and references can ke
found in appendix A.

rable 3.1 liets the wariables of & number
of linear functions used in data evaluation of
ICE-1 most of +hem having been recommended by
Napier and Timmermanil ! Por an illustration
the numerical data of some of the correilatlons
ars preaented in table 3.11.

rakle 3,1: Warisbles of linear Functions used
in data evalpation of ICE-1

1. PufU ratio correlatians

Fuf1 wersUE Ft

il " Un23IE |wWiald

Bl " D-0=335 [(w/o)

i " Fu-240 Iwfo)

[2ETaL - Fu-241 f(w/ol

Fusul " Tu-242 (w/ol

P " 1100 = Pu-23% lwiot)

B - [Pu-242-Fu-233} 7 (Pu-2400?
Fu/l " Ca=134/13"

. Puro up coyrelations

b-0-235% rorsus FL
=236 " FE
Pu-23% THR -

Pu-J14C ITHA - ¥t
Pu-241 ImA = Ft
Fu-242 IH& - It

Ty 242 Pu-140 - Ft
Fu/slU = rt
O-f=3 36 = (0-235°-1-23%)/0-235°

1. Iastoce apundance functiorns

=235 rECsus -z36

0-235 . ¢Pu-22a1°

U-235 - Pi-240/ Pu-230

Pu-238 - Tuy-241 ¢ Pu—240

Ty=240 - Fu-239- (100 - Fu-234)
Pu-240 " {Pu-239 +Pu-2400°
Pu-241 " Pu-235

Fuw24] " Pum342/2u- 241

Pu-242 " Tu-z4%/Fu-240
Pu-230-Pr-F40 - =235 Bu-idl

Tu—240+Fu=241 " -3 35 -ru-242
(F-230]%. (100 - Pu-2%%

[—z351°

- 11060 - Du=idg)



Table 3.1 continued

concentrations and differank laakops Tation

4. Correlations herween ooclide

11-233 rargus Tu=242/240 or O-U0-233
L-235 s Pu-243,/249 or O-U=1335
=238 " Fu—-z42,/240 ar D=2-135
Pu-239 " Pu~242/240 oY D-U-235
- 24l - Pu—242,240 or D-U=3235
Fu-241 s Pu-z43/240 or TD-l-235
Pu=241 " Fu-242/240 e bL-D-235%

3.3 Results of the statistical ewvaluation

The results presented in this section will
hawve an illustratiwe nature to show how the
df fferent statistical wethods have been used, it
is not intended to present a complete statlsti-
gal analysis of the data. The reason for Ehis 1=
that each of the participating data evaluwation
groups used different data sats but no group
perfarmed a complete statistical analyszis which
would render possible a compariscan of  the
statistical methods degcribed in section 3.1.
The differant data sets stem from the use of
isotope abundance data [w/e) and of nuclide
consentration data {atoms/IMA)} . Both data sets
wers subjected to Pu~241 decay corrections uzing
different values of 1ts Talf-iive and analysed
for nutliers applying different outlier cri-
teria.

1.3.1 Detection of outliers

Sureening for outliers has been parfcrmed
far both isctope abundance and nuclide concen-
tration data. The results are compiled in tables
4.2 and 2.3. It may be worthwhile to point out
that the differsnt Fu-241 decay corrections
mentioned ahove de not influence the owtecme of
the putlier apalysis as long as all data of the
game data set had been corrected the fame way.

The Tixon r.-riter.i.::m”']I was applied to the
orlginal data ¥ii» 4=1,..m of bateh 1 (for
definitions see chapter A.1) and to sStand-

ardized data yi , i=l,,..n of lzb j . the
gtandardizaticon being
1 - -
'!F_.Lj i}"ij yi_J.f'sYi [3=121
2 1 T z
wher 5 = = L - v 3-13
BTt P LB L S
ig the variapce of batch 1 values when

measurad by m laboratories,

The Grubhs -:ri1.:arj.-::u-1'{2\J was uszed far the
original data Yij’ $=1,...m and for mltiple

paired comparischs, i.e. it was applied o

ar
or
ar
ar
arc
ar

oar
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Cm-244 IMA or Ke-132/131 or CE-1314/137
ro=p44 TMR or Xe=133/131 or C=-134/137
Cw244 THME or Ke-132/131 or Cael34/1l37
Cm-244 IMA e Xe-132/131 or CE-L34/137
Cm=244 INA or Xe-132/131 or Cs-1347]127
m-244 IMA oT MH=-1327i3L ar Ca-13/137
Ch-744 TMA or Re-13127131 or Os-134137
_iL[hrrelntiuﬂS berpweegn isoropes eakblog
f-235/U-238 vergus L-236/U-23&
Pu=241/Po-21% - Fu=240/Fu-239
Pu-J40, Pu-2349 " L-235/U-238
Pu=241Ty-140 " Pu-24C/ bu-239
Pu-342/Pu-241 " Pu-240/Tu=339
Pu=342/ - 240 " Prae240/Pu—239
Tu-242/Pu~24N " Pu-Z4E/Tu-241
et
i=1,..n dtfferences of measurements tvi-kﬂ -+
lab j and lab k [(see eq. {A=22}]. In the
latter case an cutller was attriboted to lak
when it was found in all possikle palreed
comparisons  invelving  lab j To  detect

gokliers using multiple paired comparisons the
2_g-limits of the normal distribation had alse
been uged,

With isctope correlations, datapoints were
labeled outliers when they either lay octside
the =+ Z*s5 _x—band (eg. (A-511} of the regres-
sisn-line or outside the 95% copfidence limita
of the regreseion for a &lpngle observation
using the Student-t distribution. AR outlier
found with an i=otope regression ¥ =k, +B) - X
was attributed to the wvarlable Y when 1t was
alac detected with isotope correlations invel-
wving ¥ but other variables X

Tahles 3.2 and 3.3 reveal that esach of the
statistical metheds and putlier ceiteria
celtects different dJdata outliers.  Hever-
thelesg, two main results can be stated. First,
strong outliers such as BAL 93 of Pu—24%, SAT
01 apd WAK 90 of Pu—242/240 and pPg-2427241, or
WAK 9d and WAK 95 of U=234 are found by mast of
tha criteria and methods. Sacondly, the results
aof the sutlier detactlon by the isotope ooYre—
latipn  techhlgue, i.e. linea¥ regressian,
compare well with those of the octher metheods.

as

However, it should be kept 1in mind that 1in
additicn to detecticn af outliers duwe  to
meazurement errors, outlying batches due to

physical reasona are identified with IoT but



Takle 3.2: Outliers detected by different statietical evaluaticn methpods and ocutlier celteris.
tuclides refer to isotope abundance (wW/o). Diffarent z values criginate fecem different
astatistical evaluations.

Tixom criterion , paired compariscn?l linaar regreeaizn)
quantity an standagdized data-]
w o= ] moarmeal distrpibution o« = 0,045 (= 20

D234 WAF. 34+495
U-215 RCH B, TC %4 U 44, Whk 93
=234 KWAE %3 WRE 935
u-z348 RCH BE7+%4, ShRL 04, T B34 TU %4
Pu=238 HAF 92
Bu-235% WAK EE RCH A7 RCH EY, SAL %3, waAN O7+02
Fa=240 WAE EI+32
Pu-241 RoH §74+0d4 . TD JE:

RCH 98, SRL HE, TL BE,

WAE BE BCH 87495, WAK BT+21+495 RCA R, T 44, wWaAK 37
Pu—242 SAL %3 SAT 93, WAK 94 5AT 93, HA¥ BE+ET+I0
V=235 /D238 - -
Pu—-241/Pu-210 wak B7: ®mCH BB, SAL 44,

I0 Bd, WAE B4

Pu-242/Pu-339 WhE 93 - -
U total RCH EE
BPu total - " RCH %5
Pud I = RCH 35, TU A6, WAR 92+53+34+5%5
Ty
= dy.,.-y. If= izme =g. {3-12])
¥iq ¥iqmry M, T

z z
F:!'1.111:.:'Lplr|a- application ko ditferances of messurements as defined in eg. (A—22]
1
Il:i.neu.r rggressiar bea=zed on deta of SAL
L

) no evaluaticn periora=4

Tahle 3.3: Outllers detected by difforent statistical evaluation metheds and
cutlier criteria. Muclides refer to nuelide concentration {(atoms/IMAY.

Dixon criterion orbginel 2ata peired comparieon®] lihesr regraasion®)
gquantity pn ariginal data
Etud=nt — £t « = €,05
o = 0. 43 Grubbe critesion = 0,05

T=134 WALE By+D4=+35 WAK 44 TO %3, WAK 94+55 EAL 92, TU %5, WAE 44+9%
1-235 FCH 20 RCH B D %4
U=235 WAR 93 WAK 93
n-238 SAL BV, WAK 45+93 SAL 47, HhEK 92+93 WAE hi6
Fu-234 BAL 3% ERL i, WhE B2 wWAE 42
Pu-231 Wak BET+ED+92+97 WA BT+89+092
Fu-Hd0o WLF ET WAE B
Po—-241 Wak G2 WAR B3
Pu-242 ACH 35, WAE D02 RCH 95 SAL 93 Sh, 9%, WAR %10
U-235/0-206 RCH 90 ' BCH 90 TV 84 T 94
Pu=240/Pu-239 HAK d7050+53d WAK B7+D0+94 WwaK HE
Pu-241fFyu=-22% WhE S4
Pu=242,/Pu-240 SAL B3, Wak BE+D910 EAL %3, WAF 90<05 5AL 91, WAK 40 SAL 93, WAK B&+5D
Pu-242/Py-241 8L 93, WA EG+20 Zh;, %3, WAR J6+50 SAL ¥1, WAEK 40 SAT, 93, WAK RE+4%d
U total FhE Bd+45 - 5 - -
Fu total - - -
Pusa TU EE, WaK 924+%3 - - -

"I multzple spolication to differences of measusaments as defined 1n eq. (A-272]
?] linear regresgion based on date af BCH + AL + TU + WAE
} =po evaloation percformad
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not with the gther statistical methods, oxcept
for the Dixon criterion applied ta standardized
data.

The latter method may select a complete
batch as an cutlisr instead of a single measure-
ment as can be seen jin table 3.2, column 1,
where batch 88 of Pu-2141 and of Pu-241/Pu-239
are labeled as cutliers. Furthermore, taple 2.3
3howz that the Dixon criterion at the signifi-
cance level a = 0.0G5 sgeems to point omt too
many data as cutlierps.

Finally, it should = noted that the
initial search for outliers of Pu-isatopes
should ke done on isotope abundance data and
only subseguently oo nuoclide concentraticn
data, The influence of data transformation frem
isotope abundance to nuclide concentratlien is
showty, fer U-235 and Pu—-239 in figures 3.1 and
3.2. The graphz show clearly that in coutrast
to the =233 data the gpread of the Pu-23% data
a3 indicated by the standard deviations of the
batches is much larger for nueclide congentra=
ticn data than for those of isptope abundances.
Thiz is due tp the imprecisions of tha plo-
tanium  content measurements. Thus, the in=
creased standard deviation reduces the seleg=
tivity of the outlier detection. AS an =xampls

take batch 9% of the Pu~239 isotope abundance
measurement. The Grubbs <riterion applied co
the ariginal data af 4 lahorataries labels WaK
F  as an ocutlier with significancs  layel
a = .0l whereas in the P31-239 nucllide con-
centration determination oo gutlier car be
detected any more becanse the wvariation co=
efficient of batch 95 is raised from 0,29 % for
tha Pu=239 jizotops abundance to 4,94 % far the
Pu=23% nuclide cotcentraticn,

A5 a summary of this chapter the following <an
be srated:

l. Screening for outliers in Pu-isotope deter-
minationg should be done on isotope abundance
data and enly subsequently on naglids con—
centration data.

2. Strong outliers are found with all cutlier
criteria and statlstical methods applied.

Axl regults presented in chapters 1,3.2
and 3.3.] are bagad on data from which ocutliers
had besn removed exept for a few staristical
analysws which had been performed on the total
data.
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3.3.2 Egtimation of random errors

1. Grukbs' constant-biaz model (CBM} and ICT

The randshm error variaznces tsg 1 and
the inherent variances fvar{sé_}} 1 vere
calrulated according to equationg J (B=258] and
(L~2€) reepectively, The variation coefficients
{Vj} are glven in takle 3.4 for the izotope
abundance data and in table 3.5 for the nuclide
concentration data.

Thoge varfation soefficlents

V. = g

5 e 3=1,...4

7 ¥,q D0 (%),
[3-14)

are chosen which have the smallest variance
varfsEI], i.e. highest precigion out of those
values! estimated by applying Grubbs' analysis
to all of the four data sets and then ta all
combinations of three data sete excluding in
turn one data gset from the analysiz as de-
geribed in secticn 3.1.3. Dashes indigate that
there are ho estimates available from calecu-
lations which vield pogitive wariances far each

aof the laborateriez, In addition, +able 3.5
contains variation coefficients (VIIC)) ob-
tained by use of eq. (A=52] for different
igotope regressions ¥ e hD + hl * X, whera

24

the independent wvarfahle X
free of erricr.

was presumed to he

The incressed measurement imprecigion of
nuclide concentrations in tomparigon to isotope
abundances as shown in tables 3.4 and 3.5 wag
alraady stated in section 3.3.1.

The results obtailbed for variation coeffi-
ciemts {¥] by the Grubbs constent~hiaz model
and by +ha isctope correlation technigue ag
shown in table 3.5 for nuclide concentration:
data show aceceptahle agreemant for Fu-isctopes
and for 0-238, thus showing  that I0T  may
replace additional meagurements needed far the
evaluation of wmeasurement imprecizion. In most
cases V(IC}, caleculated by ICT, exceeds VISR,
calenlated by Grubhs' method, sinee minor
syetematic errsrs which increass the eatimated
value of V{IC) cannoct be excluded {for details
se2 sgectiom A.4.3). It should alse be noted
that becauge of the =mall sampla numher in =7
the imprecisions [varfe; )} of the estimated
variances {52.} are of J the same order as
the varianees ' themselves. an attempt to reduce
those imprecigions may be foupd in appendix B;
the resulte of an application to izctope ahup-
dance data are presanted in table H.2. Largs
scattar between V(GR} and V(IC} is found for
U-235 measursment:s of all laboratories. This is



1
Variaticn coefficient !

Table 3.4: (¥} a5 sstimated according
to Grubba' constant-bias model (CBM) {eg. [A-25)) and to the
noen—constant-hias model (NCEM] (eg. (A—40)), futllera excluded
using the Dixon :ritericn[l} ol stAandardirzed data atag = &,01,
Nuclides refer to isobope abundance (w/a).
BCH EAL T WX
guankity  Model 2
1] r n v n v n w
u-234 CEM 3 Z.80 % 4.10 9 4.09 _l
NCEM % 3.01 5 1,189 5 d.01 -
0-235 CBM 3 0.79 9 0.58 ] - 9 Q.79
HNCEM B 0. T2 9 A58 k3 1.25 ¥ 0,78
L-236 CBM 3 0,22 9 D.gT & .88 9 1.24
HCEM q 1,81 3 O_GE ] 3.87 | 1.23
u-211 CBM 7 0.0OF 7T D.ogd 7 0,pok -
RCAWM 7 puDat 7 Loood 7 0L00E -
Pu-238 CBM % ALz L - 4 1,95 ip 5.6
% BM = 4.Bz o 1.34 9 1. OB 1o 18,7
Bu—-239 CEM B ©.14 4 o0.29 B D.hd [ B |
NZEM B o014 |- I T B 0,12 E .38
240 cpM 94 2,22 1o 0,51 I Y % a.77?
HCBM 4 0.24 10 0.%6 ] o, 1 & a.37
Pu-241 CBX - - -
HNCEM - - -
Pu-247 CEM B 0.4l E .48 4 0,83 -
MCEM 3 D.47 E o.24 4 0.d8 B 3,79
U total CHM - - - -
: L] - - - -
Pu total CEM Y 0,29 7T 01l.3% LS So.ER 1A .15
Nl - T 13T I .04 -
1y varlatiaon ceefficiants 1Vj -3, Fy .-1p00%)])  wikh umallese
N =T
variance [Uﬂrtsé_ll are ¢hosen *  ae deaccibad in ascklon
i
3.1.3

2] r = number of samplas

3]

~ b eatzmate available Erom caleulation yielding positive

wariancee Ecy sach of the laboratories.

probably due to crosscontaminatien which in-
cregses the scatter of the data poinks around
the regression line,

Furthermore, WV{IC] waluee for an isctape
¥ Bbased on the measurement of one lahoratory
estimated by dJdifferent discotope correlations
show  only slight sgatter. Ootlying  wvalues
suggest that the assumptions made, i.e. X
free of error and linear model, are not ful-
filled.

Tha statistical significance af the Jif-
ferances among the imprecisions [Ei_i af the
nuelide concentration data wag 3 evaluated
by use of Jaech's l-testKE'EJ, the results of
which are presented in table 31.6. It ghould ke
remarked, that the data sets of tables 3.5 and
3.6, although beth apply to nuclide concen-
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trations, differ glightly because of the diffe—
rent outlier criterf{s used. Tahle 3.6 shows
that the meastrement performances of the labo-
ratories involwed in this experiment were in
many oased statistically not different, signi-
fisant differences were found for U-234, O0-235,
Pu-238, Pu-241 as well as for Pu-241/ Du-23%
determinaticng. Mo such tests were performed an
igsotope abundance data. '

2. MNom~constant-hiaz model
The =zesults of the statistical analysis
using the non-conetant-hias model  (HCBH)

applied to isgtope abundances may be found in
table 3.4 within the lines labeled MNCBM, vari-
ation coafficients {vj? enterad in the table



Table 3.5:; Comparison of varjatlon coefficients (V%)) obtained by Grubbs' constant-bias
model [eq. [R-25)), and by lsotope czrrelati.nns [aeg, (A=527). Isotope correlations

Y = b-::- + bl . Ko wher&uf Iis prazsumed to be free of error, Outliers ewcluded according
to the Grubbs critericn =" ata = 0.0%5, samples 98 end 90 to 95 for nueclide coticantration

data [atocma/TMa}.

Mekhod BCH AL T WAk
quantiey
SRwGrubbs analyels
IC«Faotop+ forrelatian
D-215 ¥ [ER} .16 .45 L 3 1.4
v OIIg) feor
¥ = UU-235 K = Pu-240/2349 1,41 2,17 1.63 I, Be
Fa-242/z490 O.94 1,51 1.25 1.57
Pu-242724} 1.8 i.17 l.52 1,57
Ha=-146/145 1.44
U=238 v ICR] G.02 0.2 o0l 0.0
¥V IIC) fax
¥ w 238 X = Pu-2407139 0,05 o.03 0,04 .05
Pu=21427240 =1} ool =Fel [+ M=k
Byuy-242r241 0.0 a.03 o.od a.o4
Ma-146/7145 0ot -
Pu-2331} v [gm) 1.15 T 1.50
¥V [IC) for
T = Pu—z38 X = D-235/723d 1.69 o.43 2.11
Py—~240/239 L.Té 0,82 2.51
Pu—202/340 1.80 o84 2.20
Fa=-i42/241 1.94% L.ER 2.15
Pu=240 ¥ [ER] 2. B0 .71 O.50 1.78
¥ {ICh for
Y = Pu=340 X = p=235/238 L.049 1. E2 0. HE .43
Po-340/239 2.i1 O_BE = Z2.69
Pu-Z2427240 2_35 1.59 C.54 i.13
Pu-2q2/ 211 .65 1.4E p.to 2 B
Hd-146/145 O, B6
Fu—241 ¥ (GR] .2 0.498 1,01 o0.69
v (I¢] For
¥ a2 Pu=241 X = T-2357%38 Z.2q 1.29 z.23 2.05
Fu=240/239 2.73 1.2 1.34 3.19
Pu-2425040 .14 1.41 0.383 2.7
Pu=2d2/24} .04 1.40 1.18 116
Wd-1447/145 1,27
Pu=242 ¥ {GR} 2,77 .73 1. 87 5.40
¥ IC| for
Y = ru=242 X = 0p-Z3iss2i8 2,23 2.9E 2,09 1.7
Fu=240/1314% 2.48 1.22 1.95 4.75
Bu—-242/340 2,82 1.64 I.48 .19
Pu-2142/724] 3.2I 1.48 1.83 2,82
HA-146/145 1.00
11

Caleulations based en 10 samplas (86 to $5) available only for EAL, T, and for WAE
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rorrespond to random erro¥ variances ':SE_» 1

which hawve the minimum varisé_} values

from the CB mxdel since the ] parametey

vartsg_} was not estimated in the NCE medel.
]

For Pu-241 and OU=-total oo data set com—
bination resulted in positive wvaluas far the
random eITor variances for either of the laho-
ratories. The total number of calculated ne-—
gqative wvariances iz almost egual for both the
T8 and the NCE model. Por the NCE model this
number car be reduoced considerably after an
appropriate data transformation as described
in appendix B. The results of the HCE model
applised to standardirzed data may be found in
table B,2,

Table 3.6¢ Laboratory random error variances
isE_j tested for significant differcences with

the ! A-taest proposed by Jaechlsl. Variances

e3timatad by Srubbs' constant-bias model

(eg. [A=25])). Huclide cohcentration data are in

unitz «f atoms/IMA. Outlisrs were excluded ac-

cording toe the Dixan criteriontl} at a4 = D.0%
Samples BE and 90 to 85,
gnantity slgnificant
differance

U=234 ves
U=235 yED
b-2356 no
y-236 -1
Fu-23E yes
Pu=-239 -

= 2d0 nc
Py—-241 YRS
Pu=242 -
(-23550-238 na
Pu-240/Pu=2319 na
Pu=Z41/Pu=-239 yes
Pu-241/u-240 no
Pu-243/Pu-240 -
Pu—242/Pu—-241 -

U total nc

Pu total fits
Puf no

1)
= no tast performed gince the Crubbs ana-
lygis yielded in thizs case a negative
gstimate of varlances

27

3. Analyais of variances {ANOVA)

The work done within the frame of ANOVA

conglsts mainly of +wo tests based oo the

F-distribution.

al The mean of the randam erxor variznessg

{Eg.} s 1.oo.
J
m
Lt &2, {3-15

=1 =3

astimated by the Grubbs CB modsl was compared
ta the random error variance fsg} estimated

by AHMOVWA via eg. (A=7) for lsotope abundance
data, i.e. the term
m
EFRER = L T 52 ¢ g2 {3-163
m - e =
J=1 ]
was teated versus P{G:UCEH'“hNDVA} with

= 0.05, although it was nobt previcusly tested
if peoling of the sz was possible. The degres

of freadom ]
pu
(L si 1%
atl .
vopy " fm-1) A= d {3-17)
R s:
=1 =3
wag derived from Satterthwaite's foromula,
whareas VaRowR, = Wy acenrding  to table
A.l. In mo ¢ase was the ERROR-term significant,

which means the pooled estimate sbtained by the
CB model and 52 obtained by AMOVA should both
be valid estimates of the precision.

b} MWuclide concentration data were tested for
their applicability to isotope correlations by
testing the hypothesig Hb of the analysis of
variances, i.e. by checking the test parameter

¢ b w2

min=-1 N IE _

Fp, — 2 [3-14]
IL

against the walue Flarn-1,(m=11-{n=I11) of the
F-distribution at significance lewels o = ©.01
and 9.05, For further details aee section A.1,

eq, [A-17].

In tahle 3.7 the interlaboratory ceeffi-
clents of wvariation IWIL] » the interhatch
coefficlents of warlaticn Vgl and the
correspondent  Fp-values aAre given. Those of

1=-234, Pu=23E and Pu=-23% marked with an astarick

gre smaller than F{0.05; &, 18) = 2.68 Thig
means that the katch wariation is net sig-
nificantly dJdifferent from the randem errocr
varianee, thus labeling these isotopes  as

lnadequate For isctope correlations,



Table 3,7;

and ipterbateh coefficient of variation (¥

Interlaboratory coefficient of variation (v

rr, (¥

[8}] as calculated

1B

by the analysis of varfances (eg. (A=12] and (h=133). Outijers

were gxciuded according to the Dixon v::-.r::I.*i:nerj.«t:mM}I ata = O,05,

Single nuclides refer o nuclide concentration {atoms/TMA) .

Samplez Z8 and 90 to 95,

_ 1 YA minea
quantity L L. B, - =
1L o

b-234 503 31.52 1.E%
=235 . %5 6 09 147 .4
=236 3,496 2.03 16.1
U-z34 #+.036 R.114 A%.13
Fu~138 16,3 12.8 2,15
Pu-239 2.34 1.84 2.23n
Fu=240 2.52 «4.490 136
Pu-2#l 2.681 4.93 12.8%
BPu-24% 2. Ta 11.3 39.1
L=Z235,/0-238 o, %7 5.97 136.4
Fu-240/f0u=-239 4,30 .44 473 .4
PuU-241/Pu-239 4,75 .80 Q6.3
Pu~24]1/Pu-24D 0,48 +.549 5.5
Bu—242 fPu—240 2.9E .50 17,4
Pu—242 Pu=241 1.58 6.01 1.4

U total 1.5 & EQ 1456,]
Pu total 1.89 S5.Ek 31L.46
P .47 3.10 5.7

F - statistic F [D.01; &, ]B)] = 2,41
F Ab.0B: 6, IE) = X 68
* Fh « F (@.D05y B, 1E]
h Fp ¢ Eeat paramotar as defined in =q. (3-1E&, (a=17)

and dR=24)

The underlying assumption of no signifi-
cant laboratory biases was net fglfilled for
zome i{tems of table 3.7 as follows partiy from
table 3,10 of section 3.3,3, In such a case

V?L underestimatea the randem error wariance
{sgl (see ag. [A-15V} and thersfore, according
o ed. (2=]18), some items of tabhle *.7 should
alsc have been marked with an asterisk.

3.3.3 Estimation of biasss

The estimation of biases, i.e. of syste-
matic errore by e of ICT is possible only if
reliable "histerical data of the same resstor
tYpe, the same fuel t¥pe and compesition and of
the same burn-up renge exist as ism the case For
the Obrigheim reastor. Only one igotope corra-
lation' (Pu-239/Pu-241 versus Pyu-240/Tu-242)
includiny present and historical data haz been
examined and thiz showed a discrepancy in decay
time¢ corrections,

28

1, Won=constant-bias model

The paraneters = expregsing the depap-
dency of biasés on batch magnitude as described
by the HCE model {eg, (3~7}), wers determined
for isotope abundances. The -|::j . were calculated
relative ta WAE meagurements, Sunk ™ 1.0
wag presumed. The results may be found in table

i.e.

3.8 for the analysis of 4 laborateries (WAK;
RCH, BAL, TU} apd of 3 laboratories (WAK; SAL,
TU}. Mo tests concerning the statistical

significance of the . deviatfng frem 1.0 have
heen undertaken. Hevertheless, some features can
Ee pointed out,

The comparison of the results of the 4-lgk
analysis with the 3-lab analysis shows that for
the firgt one the deviations of the o, from
1.0 are in most cages much smaller indicating!
a precision increase although the number of!
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1, Won=constant-bias model

The paraneters = expregsing the depap-
dency of biasés on batch magnitude as described
by the HCE model {eg, (3~7}), wers determined
for isotope abundances. The -|::j . were calculated
relative ta WAE meagurements, Sunk ™ 1.0
wag presumed. The results may be found in table
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the firgt one the deviations of the o, from
1.0 are in most cages much smaller indicating!
a precision increase although the number of!



gamples wged in the analysis was usually higher
in the 3-lak vase,

For the 4-laboratory analysis deviations

of the ¢. from 1.0 of about -4% and more for
all laboratoriea are found for 1-234 and
Fu-242, suggesting that the assumption of

Tupay = 1.0 for WAK could be wrong,

Furthermore, Snrm af Fy-238 and of
U=total ag well ae cpy  ©f Fu-241 show larger
deviarions from 1.0 than the o. of the cther
twoe remaining laboratories, indicating a
non=congtant bhias of the BCH and TU maasure-
ments, In all other cases tho
medel seems to be acceptable, since the cy da
not differ too much from 1.0,

constant—bias

Mo attempt has besn made to determine the
conatant portion {(a.) of the bias defined hy
the non=constant=biazs model.

Table 3.8: Estimation of biases =

feq. {R=37)) of the non-constant-biasz model
baged oo TRk = 1.000 , outliers excluded
acgording to the Dixon criteriontl! on stan-

dardized data at e« = 0,01 ., Wurclides refar to

isotope abundance (W o).
number 2
quatitity of 1} © RCH SAL T
Lakz
U-234 4 o 0.9233 O.%h2 0.87F
U-235 4 9 0.9949 0.9595 1.C0%5
3 10 - 0.960 1,133
I=236 4 = 1.014 1.004 1.ao07
3 10 - 1.2549 .86
0-238 4 7 1000 1,000 1.000
3 9 - 1.000 1,000
Pu—-23E 4 9 o, 356 l.0%z2 1.002
3 10 - 4.813 1.023
Fu-239 4 2] 1.004 L.Dg2 1.0320
3 E - 1.003 1.020
Bu=241) 4 g 1.00% 1,000 1.015
3 1o - 1.1%2 1.348
Pu-241 4 & 0.9965 . 994 0.B834
3 L] - 0,938 0.8583
Pu=242 4 ] 0.9681 0.955 0.340
3 ] - 0.540 0,964
0 tokal 4 =] 1.083 0.983 3.9e0
3 10 - 0,30 (.96a5%
Pu total 4 7 1.033 1.022 1.007
K] 10 - G.791 0.904
1]

4 laborateries -
3} labaratories :

WhE; RCH, SAL, TU
WAEr SAL, TO

2 n = numker of samples
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4. Constant-biaz medel

The systematic errors or biases {v_jk}
ketween  laboratory 3j and  laboratory k
according te the ©BF meodel were determined using
Beq. {A-24) from which relative percent biases
(@) were derived aceording to eq. {3=-19):

oL
~—————Ll£——— * 100 )
0,50y s+y )

da = f3-191

The results for isgtope abupdance data with
outliers included and for nuclide concentration
data without outliers are given in tables 3.9
and 3.10 for those guantities {nuclides, U- and
Pu-tctal) for which the relative bias is ahout
1 % or higher and the appropriate confidence
level P is equal or higher than 95 %. In some
cates walves of 4 <1 % P < 3% % are
giver for compariscn of results.

and

Table 3.2 ghowsz that the U=-236 measuremsnts
of RCH are about 1 % higher than those of the
other laborateries. The Pu-238 determinations of
T daviate by 20 % to 36 % from thaose of the
other 3 laboratories. This is dus to the Pu-23B
bBullt-up by Cm-242 decay which depends on the
date of analysis. The ©Cm-242 ccotent had been
determined by T only and the T data were
subsequently corrected az of the date of fuel
discharge. Apart from thisg it should bhe remem-
bered that for the Pu-238 measurement of FCH a
non-constant hias with Tpey = 0-956  had been
fourd, which nevertheless should cause only a
minor diffarence.

The O=total determinations of WAEK are about
2 % higher than those of the other laboratories.
this result should he considered with
was estimated with

Hewewvear ,
caution since Cory ® 1.08
the non—constant=hiaz model.

Cn the other hand the Pu=total was measured
by WAE about 2.2 % too low, This result is anly
elightly influenced by the Fact that Cpey
Toar and Sy Are about r % lower than Crny of
the WCH model {see= table 3.B}., Considering the
mean and the rangse of the Pu-total wvalues as
measured by WAK (1.125+107%g and 0.054.10%g
respoctively), the blas dus to CWnE # 1.0 can
e estimated to be legz than 0.1 % for this
ranga of measured values.

For nuaclide goncentration data ho compa=-
rative results of the pon-constant-bias analysis
exiat, therefors the applicability of the
constant-bias model cannot be checkad and the
raegyults of it stand as such.

Table 32.10 showz that a strong hias of
about 20 % exists for Pu=239 betwaen TU and WAE
on one 5ide and BCH and SAL measuroments oo the
other, which again is caused by Pu-238 built=up
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Table 3.10:

from Cm-242 decay taken inte account andy for
Tl measuremants. Howewver, o explanation feor
the lack of biaz betwaen TU and WAX data can hbe
given, which amounted to - 18 % for the izotope
abundance data. Moregwer, the WAK measurements
of Fu-213%, Pu~-240 and Pu=-241 ars about 4 %, 5 &
and 3.5 % lower than thogse of TU, ECH and SAL,
respactively, with relavant sonfidence leyvels
greater than 99 %, Since these biases are oot
enceuntered with the isctope abundance data a
systematic error must have been introduced by
the data transformation from isctope abundance
to miclide concentration, i.e. by the bias of
O=-total and/or Pu=total. The bias cannot be
causad by a biased burn-up determination, since
the burm-up determined hy TU had been gged for
data transformations of all four laboratories.

Minor biazes at lower confidence levels
are found for U=-2324, -238F and Pu-242 im the
measurenents of SAL, RCH and SAL tespectively.
3. Analysis &f variances

The significeance of systemaric arvors of
igotope abundance data was evaluated by testing
hypothesis Ha [see 3.1.2 and eg. (A=31G)3.
Differences 1o the lakoratery biases at
significance level a = 0,08 were found for
U=236, Pu=-23%, Pu-240, Pu-241, Pu-242 and for
Fu-total. These findings agree only partly with
the results of the CB model, where in additicn

a

Percentage ratio {dﬁly

biages werse detected for Pu=230 and YU=tatal,
Byt pene in the measurements of Pu-229, Ppu=3240,
fu=-2i4). The diserepancy is prapably due to the
use of different Jdecay corrections and outlier
criteria.

3.2.4 Some examples of the applicaticn of ICT ta
ICE data

Az mentioned in chapter 3.2,2
explicitly demonstrated in chapter 2.4 there
exist different approackes to  determine the
parameters cof a linear regression Y=b_ + by + X
in case the measurements of both variahles X
and ¥ bear randem errors. In the Isotope Corre=
lation Experiment the mathod of minimum distan-
tes {eg. (A-46)) and Deming's method {aq, (A—46))
wag used.

and more

For both methods the coocrdinates of a point
f?i, ¥;} were determined as the means of the
values of batch i  as measured by the
laboratories f{or theee 1in case of miaging
meagyreentsy ., The wvarianses sz{xil and
sz{yi} of the x;, and ¥; ¥alues, respective-
ly are used for the determination of the weights
of point e ¥:) according to equations (A-48)
and {(n-50],

four

Results of some linear isotope regressions
Y = bc + bl * X based on the method of minimum
distance involviag nuclide concentrations andfor

of mean difference to méan concentration and lavel of con-

fidence (P) for paired comparison {ses CRUBES [8M, hypothesis Ho, secticn 3.1.3 and eq. {3-1%)7,

outliers excluded acoording to the criterian of CRUEBS ar

t = 0,05 . Nuclide concentration data

in vnits of {atoms/IMR). Only those values are given for which P > 55 % and 2 L

izatopa T - WAX T - BTH T =~ SaL WAK = RACH WAX — SAL BCH - GSAL algn.dif¥#,
in lLah.

E | P n2:| d F n i P " | ¥ b ] d B n d F i
=234 - 9.3 245, g 4.9 %95, 5 .57 &5, T (gaL]
u-213e - 0.8 =40, 7 - 1.5 =35, 7 L.3 93,39 7 [BCH)
PL-23H -32.B B%.% 7 343 999 9 357 34,49 & - 4.6 am, 5
Bu-238 4.4 98,9 10 -89 9%, 7 =37 9.8 10 WAK
Pu-240 4.0 93.% 10 -5.2 9%, 7 - 1% 3.8 1o WRE
Pu=241 1.9 93,3 10 - 4.7 9B, F* - 3.1 mu.48 10 WAk
Pu—242 2.0 sE. g 2.1 b5, 9 7.4 w80, fEag}

n
13 - o 1y T Y
4 - -~ 106 (8]

o, 5=
3 w_]- ¥l

2]

L = number oF sapples
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Table 3.11:

Calculated correlations for isotopic relations

based on resulta from 4 laboratories, Wuclides refer to

nuclide concentration data, outliers ineluded. Estimated

regreagion equaticon ¥ = hc + h1 - X by

wethod of minimun distance, n = number of points,

R = correlation coeffircient.

|Iror
¥ X n bo I:~:l ] xi 2ireo-
Eidn
1225 vs . Ft 16 e_1apt! 0.163 4,965 - x,y!
U-238 ve D235 10 -0.s5B2 134, 0.975  9.44 ¥
Puil v5.D235 M 4.8kt pLplzg 0.548  1.76
Pusy Vs _ Pt 14 4,00297 a.00191 {.053 1_60 W
Fu/0 vE,Cx-134/137 g 1.00789 s.6Ex107% 0,385 4.4
Pu-23% vx_ Pt 1n 0.04397 J.E&KID_4 0,605 2.8 v
Pu-z40 va.Fr lv 7.6aw10™% s zayip? pLesa 3.4 ¥
Pu-347 . ws . Ft 1 -5k 3.trele™d gleEs 1.7E y
Bu-242 ve. Pt 1 -saiaee™ sodxinTt guam s g
Fu-241/239  ws,Pu-240/33% z0 -0,008% D.618 0.5%1 2.96 .,y
Pu-ZA0/230 v U=235/238 14 g.61% -21.4 8,937 z3.1me g,y
Pu—242/140 wg.Pu-240/230 1a ﬂ-4£2 D.1i§ .75z 24,18+ x. .7
Pu-24Frig] v, Pu=24023% Ip -U.3ﬂ2 1.65% 0,544 1.28 ey
Pu-282/240 g, Fu-240 I L F 245, 0,452 1.82 x,p
Fu-742/240 ws.PL 10 -g.q124 0.6%69 U.9BE .72y
z 2 .05, B = 15.51

L >
kc_ L

1}

underlined digits: diecrepancy betwoen method oF mipimure

distance and Demihg's merhod.

2]
Individual errors onknowo.

The xz—ualues are calculated

using an adjusted weight value forc atl points, These walpey
carn therefors not be applied kg ihterprat bhe goodbiess—afe

tit.

igotore ratios are given in table 3.11 whera the
variables ¥ . X , the ommker of samples fnl,
the regression parameters bﬂ and bl . the
votrelation coefficient (R), the goodness of fir
parameter {xi], and the variakle with whicgh the

error 1s asscciated are listed.

The regression parameters {bﬂ . hl} cal-
celated by use of Deming’e method differ anly
slightly from those pf takle 3.11, To 1iltu-
strate, the digits which dAiffer are underlined
in the table.

Corrglatioch coefficiant

-The cgorrelation epefficient (R) is sta—
tistically eignificant frem zers at a signi-
ficance level o = 0.05{0.001] when it exceedy
the wvalue of {.E66(D.898) foar n = 9 samples
and of 0.63Z(0.872) for 10 Thua, the
varliables X and ¥ of all correlations are
correlated at a high significance level except
for those of PufY versus C=-13%4/08-137 (R =
0.328), Pu=-23% warsug Fy {R = G.6059) and of
Pu-241/Pu~240 versus pu-240/Du-23% (R = 0,752),

n =

32

This is probably due to the high interlahoratary
coefficiant of wariation of Fu/D, 2p-33% and
Pu=241 /240,

Gorodnege of fit

The goodness of £it of the peints . ¥l
to the estimated regression line had been tested
by comparing the values of xg of  table 3,11
with the appropriate xz distribution value (see

chapter h.4.2} which amounte to xzfu;u} = 15.K1
at the gignificance level o = .05 and v =
n=2 = B degreez of froedom, xg * 15.51 i=

entountered for the regreasions of Pu=240,/Pu-230
an W=23BSU-338 and Pu-241/Pu-240 on fu-2d40/235.
The correletion coefficient of the first regres=
sign, R = 0,837, i=s signifigantly different to
sero at o < 0.001 indicating that the assump-
tion of the linear model might not be correct.
In contrast, R = 0.752 of the zecond regression
points to & rather weak correlation suggesting a
Strong scatter of the data points avound the
Eegressgion line.



d.3.5 Summary of the results obtained with ICT

1.

An lntarnal consistency check revealing
meagurement erroers and outlying hatches can
ke performed with succesa,

Random errors estimated by use of appro-
priate correlations assuming the errar is
in the Y wvariable only compare with those
caleulated by the Grubbs constant-bias
method. In  case individual measurement
arrars will be known 4n ilmprovement of the
random error eatimation by ICT is to be
expected einge then it iz possible to split
off the random errors in both X ang ¥
variahle partions.

a3

Both Deming's methed and the method of mi-
nimum distances give nearly identical re-
sults for the parameters of a teqreasion
line.

Isctope correlations based an thearetical
caloulations give results as precize  as
aralytical measurements {aee appendix ).



4. Material balance of uranium and plutonium
isctopes

The aim of the reprocessing input analyaes
is to establish a material kalance. TUsually
thie material balance is made for a reproces-
ging campaign comprised of many fuel assembhlies
of 8 reactor relcad.

4.1 Methodz of material balabce

Several methods have been dessribed tl],
(2} ghich will be compared by using the results
of this experiment. ks emphasis is given to the
methodoloegical aspect rather than to the per-
formanse of the individual laboratories the
avarages
lahoratories are used {table 2.9, In the Aonex
(C and D) evalunations are described Following
the method developed by, the CER, Cadarache and
ueing the transpartable data bank of CEN, Mel.
In both cases dlfferent levels of the guality
of an analirtical laboratory are coneidered,

The applied wmethod of measuring the
reprocessing  input at the WAXK plant is the
volumetric method. From the coneentration aof
gach element, the wvolume apd density cof the
soletion of the accsuntability tank and the
diluticn factor of the samples the masz of each
rmiclide is calculated.

1f ICT is used to measure the mass of the
Pu and ! isotopes, the initial fuel weight has
te bhe used. Correlations determining the PufO
ratie (as eoriginally propossd by BNWL] or the
concentration of an individual nuclide as re-
lated to the indtial metal atome, IMA (85 used
in reactor Fhysics elaborated by the
Evrcpean Institute for YTransuranium Elements]
eliminate the concentration determingtion of
miclides in the solution by determinlng the

and

ratic of each nueclide £o the most abundant
maclide i.e. 1-238.
Thig principle follows from the gravi-

metric method {acmetimes referred to as the
Py ratio method}. Computer codes, such as the
witen-uged ORIGEM and the appreach taken by the
CER described in this report, use the initiazl
fuel weight, Do az well.

There is an important difference, A [s.
eg. 4-1] bhetween the f£irst method and the
cthers, The volumetric method measures ocoly the
material diasglved ready to enter the IEprOCes—
sinq procegsa, whareas the cther methods deter
hine the ifnput of the spent fuel to the IERTIO-
cegsing plant, The difference, & congists of
prssible head-and losses and measurement errorsg
in the initial fuel weight, Uz and in the
gosountability tank content. In arder to

of the resultz as obtained ky the -

34

balanes the weight of the spemt fuel with Ta,
the burn-up, Ft has to be known.
f4-1}

U_ = [‘HTu+PPu+d},/ {1=-Pt/100}

[m}

In this eguation the sum of the masses of
U, Po and +franspluteonides TPu of the spent
fuel, oorrected for the burn-up, as cbtained by
¥d-148 analyges, has to balance the initial fuel
amount U when the above described difference A
i3 oonsidered.

The available data iz used to compare the
different ioput @oalysls methods accocrding to
thely accuracy, effort, information reguired,
tamper registance and timeliness.

For the comparison obly the mast "popular™
correlationy were selected, (In table 4.1 each
Vvarigble ¥ is correlated with each wvarighle Y).
The variable ¥ comprises lsotopic concentraticns
{atomeIMA} or the ratic Duft7. The wvariahle ¥
uses informatien chtained by less costly mea-
surements than the information of the variakble

¥, l.e. isgtopic ratiocs aor the Co-244 cancen-
trations,
X Versus ¥
L-TT-235 T -235  IMA
Fu=2427240 Pp-2349 IMA
100 — Pu=239%* Fu-240 IMa
Pu—{24%-239) /(240 240) *= Fu=241 IMA
Cm=-244 Fu/h
Ca=134/137
He-132/1%1
100 - 100 Pu-239 {ajoy "% Pu-242 | Pue-233
u Py-2410 Pu—-240
Table 4.1: Correlations used for the comparison,
(211 are linear except Cm=-244 IMA, which is
quadratic.)



Methed =235 Fu-239 Pu=-240 Fu=-341 Fu/1T
Isstope correlations:

¥=D-11-235 0.4 1.1{L) 1.041) 1.3 1.0l
Pu=242/240 1.2 1.2(21 1.5 1.3 l.6
Cm=244 IMA 0.9 1.24{1} 1.1(1y 1.& 1.1
Xe-132/131 3.1023 1.1(3} 2,712 2.3(2) 2.0{21
Ts-134,/137 3.7 1.2 2.4 2.8 1.7
00 - Pu=239 [ala} 1.z 1.01(2) 0.,9(2) 1.B .Y
Pu— {242 -238] / (240 - 240} .3 1.6 i.8 2.2 1.6

Theor.cale. IC, CEA 0.7v&

ANDVA a,4(1} 1.4 1.1 1.3 1.1

Grubbs analygis: RCH 0.4 * 2.8 z.0 2.8

SAL a.5 1.2 n.7 1.0 o7
™ .3 0.5 0.6 1.9 1.5
WAE. 1.0 1.5 1.8 .7 5.4

" hegative varfance

Tabkle 4.2: Mean variation ccefficiants, ¥(%), of nuclide concentrations as evalu-
ated by isotope correlations, by analvsis of variances (ANOVA] , by Grubhs' analysis
and by theoretical ealculations. The First method is based on an intarbatch compari-
son, whereas ANCWA and Stubhs' analysis are on an interlaboratory comparizen. For
detailed ewplanation see the paragraph headed 'variation ecosfficiants’. The number
of excluded cutliers is in brackets.

Method =235 Fu—-25%9 Eu—-240 My-241 Pu/T

Isctope correlaticnms:

X=D=0-235 + 0.3 + 1.3 + 0.7 - 0.5 + 1.0
Pu-242/240 - 0.2 + 0.3 + 0,02 - 0,08 4+ 0.3
Cu=244 IMp - 0.5 + 1.0 + 0.9 + 0.7 + 0.8
¥e-132/131 -1.8 + 0.3 + .3 + 0.9 + 0.4
Cs-134/137 - 3.4 + 1.3 + 2.3 + 2.8 + 1.6
160 = Pu=-2319 [afu) - 0.4 + 0.8 + 0.7 + 0.1 + 0.7
Pu=(242-239) /240-340) - 0.7 - n.2 - 0.6 - 0.4 - .3

Theor.calc. IC, CEA + 5.0 + .4 - 1.4 - &.6 + 0.7

Yolume,/eoncentration - 0.7 - 0.8 = 1.8 - 0.8 - 0.4

Table 4.3: Biag (%} of the wethods based on the Pu/U ratio method for 10 input
hatches. (Difference observed fur the volume/concentratien methad is cansed by
untteaspred head-end losses etc. )
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4,2 Comparison of different methods

ACCUTYAC

The wartation coefficients and the hiases
pbtained for the total campaiogn are detormibed
for the isotope correlation technigue and the
ather methodsz.

The data af the tables 4.2 and 4.3 are
calcrzlated after application of Grubbhe' ocutlier
criterion at 1% level of significance. The
exoluded values are:

sample %G (RCH] of U-235 and U=235/235
sample 33 (SAL) of Pu-243/241,

The historical data =oc far ecllected in
various data banks 40 not mateh well with those

aof the experiment.. Therefare, 1in arder +to
estimate the ameunt of the nuelidee, N, by
isgtope correlations, the data have been

arbitrarily split into two grouwps of 5 batches
cach, using ane group for the determination of
the regreseion line ¥ = bﬂ + bl - X Trom
which the walues Ny =w; of the other 5 hatches
gre rcalruiated u=zing the analwytical data of the
X wariakle averaged aver the four laberatocriecs
[table 2.9). Then groups 1 and 2 are exchanged
and the procedure is repeated.

Varlaticn coefficient

Mean wvariation coseffigjents are estimated

by  i=atope  correlations, the analysiz of
warianeces [(ANOVA), Grubbs" analyeis and by
theoretical calculaticns {table 4.2}, It should

be noted that for isotope correlations these
values are based on an interbatch comparison
whereas for ANOVA and Grubbs' analysis they are
bated oo an interlaboratory comparisoi.

For isctope correlaticons which azre based
o the averaged values of table 2.9 thes vari=-
ation coefficients are rcalculated ascerding to
aequaticn [4-2}, which 15 an ad hoc defipiticn:

2 1
{1+
EY-"},f“ s 100 (%)

VIIETY = td-21

is determined by uze of equaticn
ig the mean of the ten ¥ batch

where sz_x
[B-51) and v.
values.

The wvariaticn coefficients labeled "ANOVA®
are derived the following wav. For ezach bateh
mean averaged over the four laboratories a
a varigticn coefficient Vy/vI is calculated. A
mean variation cocefficient, ¥ {ANOVA] ie then
determined from the ten batch mean wariatioo
coofficients agoording 4o eg. {4-3):

kL]

VOfANDVREY = (4-3)

where the ¥y stem from takle (2.10). Bartlett's
test revealed that eXcept for U=235 the wvari-

ances corregponding to the vi are homagenesous

and therefore a mean value, V may be caloulated,

although minor systematic errors, biasee

amendg laboratories exist which may result in

slightly oversstimated variation coefficients hy

thiz methaod.

i.e.

The variation coeffigientz aof Grubbs®
analysis are taken from tahle 3.5.

The variation coefficient ¥V {theor. cale.]
stems from appendix C, tahle $.5:

v {thesr. salec.) = 14-43

where the V. are the variation coefficients of
the five P/l mean from
correlations h o and 6,

values determined

The Grubbs analyeis shows the errors
aggociated with the individwal laboratorics.
From thiz it hecomes evident, that the accuracy
af the ICT compares well with these reasnlts.
Therefore it can be concluded that given the
state of the analytical techtiigue at the tims of
the experiment, ICT is as direct
mEASUrements .

accurate

Comparing the izotope correlatiorns among
themselves one can obgerve that the correlations
datermining the Pu/Ut ratio show no advantage
aver correlaticns determining the concentration
af uranivm and plutoniom nuclides in the fuel.
On the otherhand ocne should note that the
correlationsz determining the isotope concentra-
tipns (IMA] possess the advantage of checking
the Il1sotepic composition of the Fuel. For the
¥Enon correlatlion {Xe-1327131) two
atalyses excluded. The results differ
congsiderably from the correlation predictlons.
This conld have one of two rcaunses:
samples are mot analysed properly or the samples
taken from those input hHatches are not
represehtative of the fuel batch (it should be
born in mind that any portion of the spent fuel
still satisfics the isotope correlation, even if
it 1s not repreeentative of the fuel bateh). The
outliers ohserved for the other correlations
reflact that some of the Fu analvses are doobt-
ful. (Thers exists a hias betwsen the labora-
taries of the TAER and EUEATCM on cne =ide and
the WAK and IECH cn the other side).

ieotope
are

the xenon

two



Bias

The bias (table 4.3} is detexmined as the
relative difference of the total amount &f the
major heavy nuclides, M determined bv the gra-
vimetric method, GR and by the other methods.
For example for ICT tne bias is caloulated by

bias = 100 « [E Ni[GR]-$ Ni¢ICT}]f$ H; (GR] (%)
3 1 L {4-53

When the ten batches are summed up, the
biazes between the methods become apparent. The
compariscn is baged on the Po/U ratic method
according to eguation (4-1}.

The differences abserved for the wolume/-
concentration method 1z the &
of head=end losses and mﬂasufement errora,
Sinee the disotope correlation technlgue is
based on the initial £gel this
systematic error component should not he
gerved. Wevertheless some
larger biases. In agreement with our earlier
obgervation the correlation Fu=-242/240 gives
the haszt yesults.

which cansist

amount, Uc
DOT=

carraelations show

Effort

Comparing the effort the wvolume/concen—
traticn and the Pu/Y ratio methocd of course
require more analykical work than the analvses
of isotope Tatics needed for ICT. Here again
ane «an digtinguish between the isoctope ratie
measurement of uranium and plutoniem isotopes,
which is made by thermal Jonisatich mass-
apectrometry, whereazs the Xe-132/131 zratio is
determined by the simpler gas DASS—SpPeCchtTo-
matry. The measurement of the Cs-134/137 ratic
is aven easier performed by Ge(lLi} y-spectro-
metry. The concepntration of Cm-244 wags measured
by o-gspectrometry. A determination by neutron
interrcgation sgems foasible.
Infarmatiot
Information needed for each nethod is
routinely reported and is awailable to  the
gafequards anthorities. For the volume/ concen=—
eration method the fuel history has not Eo be
known. AIl1 the other methods have to rely on
the fresh fuel weight, Uo. Cm=244 and the
C8-1234/1317 ecorrelations have to ba coarrected
for decay in order to compare data of differsnt
campaigns. Informaticn on  the irradiation
history iz needed (5. table 4.4).

7

Timelineas

The presant safeguards practice foresess a
re-measurement of duplicate samples by the
safequards laboratory. Difficulties in trana-
porting samples have caused long delays in the
analy3es.

Correlations based an Xe=132/i31, <s-134/
137 and Cm=-244 IMA ceuld be applied mora time=
1¥. The measurements are possible to be auto-
mated or performed by the inspectors themselwes
ak the plant.

Tamper resistance

Methods relying on aarlier werified infor=-
mation &are more resistant against tampering
than those where all the measuraments have to
be made at +the time of the lnput determination.
Th this sense the wolume/ocohcentration method
iz less favourable, becauze all its informatlon
relies on new meAsurements. In contrary the
gther wmethods the earlier werifisd fuel
weight and - in case of ICT — verified histo-
The same applies to the reactor
chysics calculations, however, this approach as
well as shortlived radigactive isctopes need
information on the irradiation history. In the
approach by the CEA experimental data are used
together with general design information &and
the irradiaticon history to egtablish isotope
function for the particular reactor.

usa

rical dafa.

The scurces of informatison nreeded o
establish a material balance aceording to each
methed are different. Reactor physics calcula-
tions can be made completely independent from
the analyzis cof the input solution. The other
extreme would ke the vwolumetric method, where
no historical information is needed. All other
methods reguire a mix of informations frcih

different aguroes (table 4.47.



Source of information

Method isotopa syl Pu/ wal. init. reactal LOwer coaling
analysics COnG. ratia dengity waight design hietogram time
volumetric + + + ¥ - - - -
gravimetric + - + - + - - -
ICT U,Pu isgtopes + - - - L - - -
ICT Ee igotopes . + - - - + - - -
ICT Cm—244, Ca=134/137 + - - - * - + "
theor. caloulated IC {CEA) + - - - + + + +

1

|

1

1
+
+
+
+

reactor phyeics caloulations

Table 4.4: Source of information required by eash method

ia



5. Conclusions

It should he - emphasized that the experi-
ment. was conducted under normal plant operating
conditions. This includes the safeguards
spertion and the inpot analvysas as well. No
additional experimental effort was needed at
the plant.

in=

It has to be pointed out, that the experi-
mant was canfined ta only tean batches and that
the burn—up range wae narrow,

In oxder ke evaluate the experiment azccegs
to the fabrication data and to the fuel history
became necessary. Through the cooperation of
the fuel f£abricator and the reactor operator
thig information was easily cbtained.

It was surprising for the group to £ind
that nc astablished procedure existed to com=
pare verificaticon measarement= of three or four
lakxs. The anglytical data were chequed for out-
liers using the Dixon and the Srubbs outlier
criterign and by the isctope correlaticn tech-
nique. ERandom errors systematic errors,
l.e. biases were evaluated by application of
the analysis of wariances, Grubbs'
bias model, JTaech's non-constant-hias moedel,
and by the izotope correlation technigque inclu-
@ing theoretical caleuwlations and regressicn
analysis. Finally the mass balances of uranium
and of plutonium were set up.

and

constant=

The meat important result is that the
accuracy 1ln determining the magses of © and 2u
ahd their isotopic ocowmpasition oy ICT  is
camparable  to the accuracy wof the direct
analyses hased on mass-spectrometric isgtape
ditution. it mist ha noted that the
quality of the analv¥tical werk counid be
provad when oompared with the potential

curacy cof this type of analvsis.

Howewver,
im=
ac-

The application ©of the heavy isotope
cerrelation proceduras  at  repro—
cessing planta iz feagible and doaos not pot
extra burden on plant operaters.
reguired by this technigue is readily avai-
lable, fmtliers can he detected by ICT as well
a3 by okher statistical techniques.

technigque

Information

Fpr thig particular fuel the group did neot
have accoss to historical 2ata af earlier cam=-
paiygns. Therefore the campaign was splitted in-
to two gets, each treated like histarical datas.
In such a sienatisar theoretically calculated
sorrelations cffer an altermative.
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Fer congistefncy checks ICT is superior to
paraliel maasuremants.
data set of a single laboratory is gufficient
compared to the measurements necassaky for the
interlaboratory comparisarn.

For such evaluation the

Erccuraging results have been obtaited on
correlatiens based on the isgtape ratic of
®e—132/131 and Cs=124/137 and of the <m-244
coneentration., Ceonsidering the potential of
measuring these nuclides insitu by the in-
sperctor when compared ta the time consuming
transport of samples to central lahorataries in
order to measure heavy isctope ratios, this new
type of correlation opens up the possihility o
tinmely detecting diversion.

Fu/ll hased correlaticas compared ta the
Fu=-{Ma correlaticn exhibit no advantage oon-
corning accuracy. It shpuld also bhe pointed out

that +the Pu-IMA  correlations are  izotope
zpacific,
Duering the experiment several short-

comings were gbhgerved, which should ke avoided
ir the focllow-up cxporimert:

— An analysia quality—control pregram between
tha plant eperatsr and the safeguards
labmratory is needed, The oguantitative
analyzis of Pu expecially has to bhe improved
compared to the performancse of ICE.

- The head-end icgses (shearing lozses,

analyses of hulls) have +©c be

regidues,
quantified.

- In order to gheck the representativity of
the zample dilutiens of independent samples
have tc be analysed,

= If ne historical data are on hand care
should be taken to select samples covering =
large range of burn=up,

= Following the IS0 recommandations the Dixcn
criterion should be used for outlier detec-
tion.

The follow-up experiment could be enlarged
in prder to gpmpare with ather techoigques undey
development (NDT heuatron intcrrogation, ete.)
ar to test new cancepts (mass balance of Pu on
tha basis of Pon=240 eto.] in a well characte-
rized campaigh.
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During tha avaluaticthh of the ICE gewveral

publications appearsd on this subject. Soms use

a zglightly Jifferent data bhase.,
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Appendix B

Mathematieal description of the statietical methods nsed with the data sveluation of ICE

P. Bemelpans, F. Franssen, 5. Schocf, P, Siwy, W. Ziip

Thig is a more extended description of
the methods menticned in chapter 3. Fer con-
venletce equation rumbers of chapter 3 are alsa
given if available.

A.1 mnalypig of variances

The fized effect model [i,e. model I}
with ohe measurement per batch and per Iabo-—
ratory and without interaction was used:

Yij = U+ hi + aj + Eij (A-1) [3=1]
i = 1,...,n denoting batches
i = 1,....m denoting lakoratories
¥i5 = valuz of gample or batch i as
measured by laboratory 3
K = overall mean
L+ b, = "troe™ value of bateh 1
a; = biag of labaratory j
€54 = randem error assocciasted with ¥4

The following conditions are assumed:

m

1] L a. =10 [A=2) {2-2}
j=1 ]
T

2) I b;=0 (R=-3] (3-3)
i=1

3) Eij are independent and N[G,U&}

Under thase conditicns the following least

SquAYes eztimates are obtafined:

L o= ¥ {n-4)
15 Y. ¥, (A5}
byw ¥y =¥, {n-8}

4z

% E { + }2
e % T T R
sﬁ = 421 d=1 " [B=7)
(M=t} » ¢n-13
where the abowve npotatfions have hesn defined
the usual way:
1 ? % {A=E
Yoo omm gl Y
1 m
.5 ®° jEJ ij (2-9)
L. ¥ 10}
¥.5 T L Yag {A-
and where 5§ is the esatimate of Ué .
Model  [(A-1) assumez that there is no

slgnificant interaction between laboratory and
batch effect, which means the model is additive
with respect to aj ang hi for all 3§ ; l,...,m
and i = ],....n cCr B = 0, where Ton i=
the variance due to interactian, 1F Sgb > (0,
which ¢an be evaluated by a tost praposed by
TukEyfll, then the reeidual mean square {Hsr}
of table A.1 will not lenger be equal ta

sg * E.p- 10 order to evaluate sg and thus
sﬁb replicate analyses are needead. The model
then should Le that of a two-way layout with in-
teraction.

Luring the course of data evaluation the
interlaboratary variance {sgL} , defined as the
mean sum of gquares within groups of the cng-way
analyeis of variance model waz salculated:

I g )2
Haa=ys
2 iml j=t "1 "3 {A-11}

Sx =
L no* {mn-l}

where m, equals 4 or for missing measurements 3,

From squation {A-11} the interlaboratory
coeffistant of wariation :UILJ was caloulated:

(h-12}

b A



Table A.1: Analysis of variances for the two—way lavout with obe shservatian per cell
Source of Sum of Degreez aof Mzan Expected mean
variation aguares freadom EuArEe , Buares
m 55 m
z a 2 n 2
laboratary BE_=n I [y ,-¥ 1 i = ;-1 M5 = — g° + — I al
a 3=1 s B a a vy a m=1 T
n 55 n
. _ 2 _ _ Iy 2 m 2
batches SSb mIE {yi' ¥ 'Jl v, = o 1 HSb == B, + T L hi.
i=1 ) im]
58
i _ I 2 = fm— _ -t 2
residual Ssr =54 ‘Yij ¥y y_j+y_‘r v = fm—1F in-1] HEI Iy g

Similarly the interbatch coefficient of vari-

ation EVIBJ wacs defined as

n 2
1 izltyi_-}f__]
= . = . =13
Vg 7 — oo (%] {a 1
The interlab varilance {s%Lj ig related te the

random arror variance [si]
euation [A=7) in khe fallewing way,
equations (A-3} to [A=-10) intoc account.

defined by
takineg

(n-1} * {n-1) - 52 L: Tiypywy 1ty gy, 0P

[m_lj"nrll'sg = % ? f?ij“Yi.32

- 2EE (y::=¥ -y +¥v Iy .=y 1}
i3 LB . Wt R L o

+ ni (y .=v }2
5 o] -

fm=1)+(n-1) 52 = n(m-1) sl - 2ITiy; 5y, ) ey

+2IF By *a, + nl af
o
3

{A=14})
ij ]

The second term of the right hand side of
eguation (A-14} eguals zero and the third term

vanishes if there i3 po interaction, thus
equation {A=15] results:
2 n 2 n Z
gt = s R | SE— N {A-15}
e L (1) a1y 5 7
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If there are mo significant laberatory biases,

i,e. all a. = 0 or hypothesis Ha i2ee balow)
is aceepted, than 5%1 provides & meAasure of
55 -
=]

The hypotheses ko be teated are:

1. Hypotheszis Hy: all Ay ™ 0, il.e. no zigni-

ficant laboratory biases exist,
The F-test of H, @&t a significance level a
congists of rejecting Hy if

Miy
> F [u:ua,urj [A=18]
r
where ME_ . HSr. Var V. are calculated acmar-

ding to table a.l.

2. Hypothasis Hy: all by =0 or
2 i Tz
0} = a=ta— L BT = ,
b ooy =1 1

l.e. differances in batch means  (p + byt
atatistically ingignificant. Onee agatn, hypo-
thesls Hy is rejectad, if

are

[
(B=17]

Fi, = BN - PR TN
b Hsr Vp Yy

using the P=-statistiecs at a significance level a.
M5 . Msr, Ve V. Are calrulated according to
table A.L.



Only under tha condition that the wari-
atlon in batch means [MSh} exceeds the random
error variance (MS.) by a certain amount is
it worthwhile to use the measurement data of a
rnaclide content or isotops abundatce ratic for
cubsequent isotope correlations, Either raising
the precieien of the measurement or ibcreasing
the batch variation will seclva the praoblem
whare Hh cannct be rejected,

The parametsar M3, depands on the inter=
batch variation coefficlent tTJIB] taking
€7, (A=13) into account:

2
MS, = m y?_ * VI {h=18)
is the overall mean definad in

where ¥ .
=g, [A=B).

fm the other hand, HSI iz ralated to
the interlaboratory varieticn coefficient {vIL}
via eg. (A-13) which can be derived from
equationg (A=F), {(A=-12} and {k=15}) under the
agsumptions that no significant laboratory
hiagses exist and there iz to  interaction
between batch and laboratary effect.

Mg u o s VI, [A=191

Thue, for checking the applicability of nuslide
data to isotope correlaticons the parameter Fb

VE
F, = m{:_-ll* . % (a-203 f3-13)
VIL

has to be tested acpording %o inequality (2-1731.

4.2 Grubbsa' constant=bizs model

The Grithbs CDI‘.I.EtEIItt-biEIE[2'3J [CE] model

assumes independency betweern bias and batch
walue, it may be written as
yij = ¥y o+ a, + 244 (A-21) {3-4)
i = 1,....n dencting batches

j = l,....,m dencting lahoratories

¥;» = walue of batch i as measured
by laboratory 3

x, = "true" walue of bateh 1
d; ™ bhias of laboratory

2., = random error associated with Yij

The following assumpticng are made:
1} 25 are independent and H{ﬂ,uzjl

2] ®; and ey4 are gtatistically
independent, i.e,
B {xi'eij] LIRS

tme of Grubbs' wethode for sclving equa-
tion [a-211 consists  of gcaleulating  tha
om{m=1} /2 columns of Aifferences ketween lab
and lab k where 3,k =1,...,m, but J < k.
Each column contalns b differencee vijk

Vijk T ¥iT¥ik T 3573 * 8i57%ix
i=1,....n (B-22)

the wariance of which ie denoted by ij and
given 1in eguaticn [(R-233,

7 2
v _ i=1 [vijk =V (327}
ik n-1

whare ¥ ik ie the mean bhias hatween lab. j
and lab. " k:

_ 1
Yk T B L Vi (A-24)

Il =17

i

The estimated random error variance or impre-
clsion of the J-th laboratory is. then:

m m=1 m
sg_ w LT Vi - 2Lz I vyl
i m=1 1=1 - m—2 k=1 I=k+1
1#] k. 1#7
J=1l,.,.,m [Z-25)

The sampling variance of the precision estimate
ESEIJ was derived by Grubbs 47 to be as follows:

i
4 i
var(sg_] = 2 52. L {sil z sg
3ol S pyeqmens? 1:1 1
1#3
m=-1 m
PR S sZ v st b (a-28)
mez12 kel l=k+1 ®k %1
K, 1#3

Bt lesast m = 3 labwratories are needed in
order to get astimates (A=26) free of batch
variance £, + Par m =3 var[sg !  dincrea-
gcs with increasing si.{ An 1 interesting
approach far the reduction of dependency
en 8. it proposed in appendix B.

As already stated in chapter 3, section
2.1.3, abzolute klases cennot he astimated.



Haverthaless, 1t 15 possible to 2erive from
equaticn [A=22) the relative biag between lab j
and lab k, which ia given in eguation {(a=27).

T

[aj - el o= ¥ ik [A=27)

Several hyootheses can be  tested whep
applying Grubbs' analysis:
1. Hypathesis H,: aj = a3 .

i.2. there iz no significant bias between lab 3
and lab k. This can be tested with the Stu-

dent-t test, it corresponds to the well known
method of comparigon of paired data which re-
quires *he calculation of the test parameter L
T
£, (n=1,a5=a;) = S L S A-28)
Vik

where V.jk ig toc be calculated by oqguaticon
[a—-24) .

One of three poseible results is to be accepted

at a sigrificance lewvel a:[3
13 a3y N if t, * t1 a4

24 a; = a8y if

5 R T P

and

3] aj oA if

2. Hypetheses about the =

hypothezis Ho’ all 52. are egual
1

2
or hypothesis Hy: all but cne Eej ara egqual

tests

These hypotheses may be tested osin
4,5)

proposed by  Grubhs L} and by Jaech
Yarious examples arte given in those refersnces.

A.3 HMon-constant=bias model

Crubbs' constane-kias model! had been
axtended by JEECh‘E’? o cover data evalua-
ations when relative biases amonhg laboratories
depend  linearily on  batch magnitude. The
mathematical model for the nen-ponstant=kbias
[HCB) model is of the form:

{h=-23}

¥y 0= a. oo tomp ot oes. [3-T7)

j i i i i3

whera

i = 1,....n dencting batches
i = 1,.....m denoting laboratories
¥iy < walue of batch 1 as measured by
Laboratory 3§
%: = "true" but unknown value of batch i
Eii = rapdem error associated with ¥iqe
' assumed to be independent and
N(G,07 }
]
ajrcj = parameters describing the bias of
lab, j in the following wav:
ay = O, ¢, = 1 & no bias of lah i
a, # 0, ¢y = 1 congkant bias
cj #1 : bias depends linearily
ap batch magnitude
Since gahgolute biases cannet be egti-
mated, congtralints on a., Ej hawve to B2 made.

One nf the conditions proposed by Jasch is:

a; =10 and oy w1, [A-30}  {3-8}
i.,e, the measurfement bias af laboratery 1 is
arbitrarily fixed to he zera, against which the
biagez af rhe sther laboratories are related.
Under thilz condition the relative hiases c-fcl
and ay = a; ° cjfcl are calculated which
howewver are independent of which laboratocry was
chogen as reference, whereas the estimatc &y

feq. A—38) doe= depend on the choice of the

reference laboratory,

The statistical evalunation of the para-
meters of the ¥CH model is kased on laboratory

means ¥, 59 i o= l,....m [ee. [A-ID)Y, di*s
variance 5? and the mim=11/2 covariances
Biyp batween all possible laboratory pairs,
WE[E re
n
5§ = I [yij-y jlzfin-lﬂ i=l,....m
=1 {(n-31}
n
St (E trigmy gl v vy g/ tem D)
je k=1,...,m but J#k [Aa=327
These parametersz have the expected values:
E {?_j} = a + 2yt ox, 3 =1,c..,m
fA=313)
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E fs%} = c§ . aﬁ + ug i=1,...,m
1 {a-34)
s
E isjk] = cj e oy
j«k = 1,...,m but j#k {A-3E)
where =x is the mean of the batches X3,
i = 1,..n, considered ta he a randem sample

population with variange Ui.
Taking the logarithin of eguation (A-35)
¥ields equation {B=36]

in E {Eij = In cj.+ In oy ¢+ 1n ai
{A-36)
The least squares estimates nf the para—
meters of the wodel (2-29] are thews derived
from eguations (A-33), {(R-34), and (A-36]:

- m

£, = ¢ T E'kfslkjlf{m-zj

] k#1, ] ] ;

- J=2:0.0m {B-171

2 - ¢ ¥ 2 v sy fo. 3 (m=1] fm-2)

X =7 ,k=3 13 1k %3k T

itk

2 - & 2
5E1 S [A—33)
szj = s§ - ;j + =2 i=2ooo.m (A-40}
a:i = Y-j - E'j r Y‘l j = 2,.-,111 '[Pl.“ll]
X oa ¥ 1 {a-42}

The variance of the imprecision sg

which is given in ref. {8) together with 4 the
variances of the gther PaTameters yoads ax
follows, assuming normality:

4 4

. <]
{n-1} « {m-13 2

var{sg }on
T 1|y

2 2z
{fm~3}*tmb1] Ei ? =
(m=2)¢ g2 171 cf

]
1#3

1

1 m=] m

t— = I I
fm-232 151 k=l+l ci

{R-43)

If cne considerz all &, = 1, thiz eztimate
corvesponds to eguation (A-261 of the CE model.
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Procedures for testing various hypotheses

abont ag_ and c. using Chi-square-tests are
given inl reference {6), They had not been

used with data evaluation of ICE-1,

A.4 Special appects of regressien enalysaig
used with the isctope correlation tech-

higue

As pointed out in chapter 3, sock. 3.2.3
regressicn analysiz ie one tool for solving
relationzhips such azg

k
¥ = I py -xt [A=44) f3-3)
i=g
where X and ¥ stand for quantities such as
isotope abundance or nuclide concentration
endfor  isctope  abundance ratio, PufT  and
hurn=up.
The problem cof solving egoation (A-dd4]
for the regressien Earam=fters hi is done by

minimizing the suwm (58}  of squared and ccca-
sionally weighted reeiduals From which the by
are then derived:

7 2
885 = I w, » rest [A—&5) [3-i1)

i=1 i
where the residual (res.) 1s defined az the
distance between the measured point {xy,55)
and the calculated point {xf’lc,yfalci on the

regression curve is the weight of

point (x;,v,).

[B=447, LTl

G&veral approsches have heen proposed for
the determination of the resliduals and of the
paramsters bo’ bl in cage of a2 linear regqres—
gion function {A-44) which will bg described
briefly.

4.4.1.1 Minioum dfstarce op orthogenal regras-
sipn line

If the regidualg fresil ars presumed to
be perpendlicular to the rggraseion line the sum
of squares (S5) reads as follows:

= 2
EE = _El W, - res} {246}
iw
where
{xl_xgalc}Z i _ygalcjz
resf - 1 21 PRLF! 21 . (B=47)

s =5

w., is the weight of res; and is defined ag



2
W= 5 > (A—48)
87 (x;1] vy
si si
sz[xi],sziyi] are the measarement error
varianges of the measured
values %x; and ¥+ re=
spectively.
si P s? are scaling facterz which
are identical ta the over-
all variance of the x and
Y walusg, respectively.
Equation (A-47] means that the rasiduals
fresi] are calsulated from the residuals in
the ¥ and Y Adirections after transforming
them acearding to  the stale transformation
Eactgrs. These residuals fresiJ Ara  then
weighted with waights w; which depend on the
rande® errcr  varlances of tha Xy and ¥y

values according ta edquation [A-4B),

Tha parameters ho' bl of the regressico
lire are estimated from the micimum som of
Squdres with respect to bc| and hl' i.e. the
derivatives 4 355/4d b_ and d ss/q by are set
equal to zero, from whick +he estimates hD and
hl are then determined as well zco the wvari-
ances and other statistical parameters neoded.
More information can hae found in references (8
and (3},

A.4.1,2 Denmings approach

Demizngs methog!l0) CChEists of weighting
the residuals in tha x and Y directions
individually which resylts in eguaticn {a-d4%}
for the sum of SgUArags

n

_ N _Loalo, 2 cala, 2

§5 = i£1 {w; fay x5 Wiy [yi-¥iT 14l
[Aa~&9)

where the welghts W, and wiy are taken asg

inversely proporticnal ta the MeE&SUTCRENt 2rroy

variange of the measured values ¥; angd ¥y
respectively, i.e,
_ 1
¥ig = 3
5 f'ﬂi}
[A-50]
1
W =
LY 2
Equation {2-49) implies that the angle
between residuals, taken as the distanee bot-
ween megsured point {xi,yi} and its calen-—
lated value {xfalc.yfalc], and  the regres-
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2lon line 1= not fixed as in the case of mini-
tum distarces bk depends on charging weights
Wiy and Wiy Thus, solving eguation [B=43]
for minimem %5 cannot he done by simply equa-—
ting to rzers £ha doerivatives nf S5  with re-
spect to bc aned bl - The method used heprs is
that of the Lagrange Multipliers. The applica=-
tioo to regressien analysis iz well described
in refersnce (1o,

It should ke noted that Deming's approach
ls not restricted to linoar regression fune—
tions.

Gome special! cases of Peming's sum cof
squares (eq. {A~49)] may be distinguished;

1) sztxi} = O and sziyi] Censt.,
for all i,
2 _ > _
or ="{X%;) = const, and s fyid = o

for all i,
this is the glassical approach of unweighted
least sguares where flved Brrore are in gjitYer

¥ or X direction anly,

) szixil = 0 and sztyil £ 0

(] # 0 and s%(y) w v

individually =pacifieq |rrors in either ¥ ar
¥ directiesm.

) 520y / s20y;} = coast. for ali i

@) szfxiJ [and therefare sziyilj aAre oot
cocostank far all i,

Bl £%(x,} (amd therefore 3¢y )] are
canstant for 211 1.

This appreach has alszo Feen used with
the isotepe correlation technique{llj.

A.4.2 Gogdress of fit

The least squares value of &5 SEXVEs as
4 meagsure of the goodness of Fit betwerr the
assumed regreasicn fumctiocn and the data peoints
ginge it is known thar S8;, follows a Chi-
aquare~distribution for w=n - k' degrees of
freedom, where n = number of points te bhe fitted
and k' = pumber of regression parameters to e
estimated {k' = 2 for g straight line).

Valuas of S8p4n larger thar xEIUJ mean
that either the assumed regrezsion medel is not
ARppropriate or the specified measuerement errors
5(%;1, Biy;) are too small.



A.d.x Estimmtion of random error variatces
I+ lkas been shown for the rclassical
approach of econstant errores in the ¥  dirsc-

tion omoly that regression anglysis provides a

biaged estimate of +the random , error vari-
ancal
It si x Oenotea the mean sum of squares

about regreceion, i.e.

o 2

L res]
s2 0= 52 i1 [{A-51)
¥ i~z n -2

and 1f the measurapent exhibits a constant bias
(2] the random error variance {sg_} as defined
by the Grubbs constant-bias model 7 (eg. {A-311)
may be estimated by ICT through eguation (A-52%
whereby neglecting suhécripts i denoring the

laboratory:

2 2 N 1, —w ., _2 -

EE = sy.x (1 + ﬁ} I—l__l g [& 52}
If the meaguremcnt is unbiased {a = O}, the

guantity s? 21+ %J obtained by isotope corre-

laticns ¥ielde an unbiased esstimate of =a
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Appaendix B

Grubbs analysie and paired CoOmparisans

P. Siwy, Division of Safeguards Information Treatment, IAFA, Vienna

The medel assumpticns made by Grubbks in
his first contributiaon ta the problem of esti-
matinon of precision 1 are widely knewn, but
are repeatad here for the purpose of defining
a motation:

Ayg = X o+ €1 [1}

i 1,2,.../n dencting items

1,2;440,0 denoting laboratories
O Mmeasuremernt tech—
nigues

X measured values

X true but unobserved values

) random errors

Efe;.] = (2]
i3 Ej
Efeijeli = ag_ for § =1 and i = k
]
fa1
= Etej] E{elJ otherwiee
E:xeijj = E{X) E{&j} [ad}

A more cocovenisot notation for the same
mode] woeuld he:

Ryq o= oAy f X+ € (5}

aj dencting an additive "biasz"

E{eij} =0 {a)

Ele; o) = .;r;:-j for je«land i =%k (7
= [ otherwiee

E{inj} = 0 {d]

Thisz latter notation will be used in aub—

sequent expressions. Estimates for ui ares
usually obtained by two methods: 1
: gt = -
Methed 1: “aj = var[ij Sovixx,] k1
191
j— 1
whezeby cov fa .3y = 21 f ooV (X, X
L w1y ko1 K7L
k#L (1]

x
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An ggtimatar fer ai [process variance]
i2 thus the mean of the covariances hetwsen all
pairs of laboratories. It is 2a3ily seen that
when m = 2 the method 1 error VAriance =sti-
mator reduces fto

2

a3 -

= var(xg) - oov XK, [11]

A second method was proposad for when
m > 3,

. o2
Methad 2: o

’ = Var{xj}~2 covixjxk}+cnvtxkxlj

k: 1 #£37 k#£1 r12)

Mathod 1 has been shewn to ke SUpericr over
method 2 in terms of efficléncy (sampling wari-
ance of the sgtimators) for m= 3 if

maxfn:_l
ui « 1 1
ainfsy )

3 3

whick in the most reatrictive case means

Gi < m@x[az_} (14

] d

Ar additional inequality should be eon-
fidered: even ignoring available latoratery 3
data, using only lamcratory 1 and laboratory 2
data, method 1 is more efficient if

el <« g2 | {15

Every ecstimate, then, fovolves a decisfon
about method selection and numbers of lakera-
tories used per methed in order to chooes the
wost afficient estimator. A small exampls il-
iustrates thia situation:

Uel = 1
Uiz - 2
523 = 1
Ui = 13



in this rcase the best estimates are
ohtafred by method 1 rather than method 3
because:

max[d:_? Gé
o2 = 3 < 2 3 o B3 18 _ .
x 2 1
min (52 ) o
bl 1
and
7% ‘ig hest estimated
B
1534 cg = wvar(xg] - covixix,)
1
2 2
because O = Ues
2
and
E32
by ugz = vartxz} - cav{xlxz]
hecanze Ui < Ugg
2
but o
®3
2
by EE3 = wvar(u;) -

FoviX Xyl + covix.x i+ cnvfx,le

3
hécause uﬁ x Dgz > d§1 .
if G: = 5 method 2 would have to ke chosen
for all estimates of . bacayze
]
s z 2
Ty = 5 *maxip] } = a7 =4 .
x 3 5 £y
Fimilar jinequalities for m * 1 haye

not yet been developed. But, such inegqualitfes
can be replaced by calculation of the samoling
variance of the estimates ohtained by diffe-
rent methods and different subsets of lsbora-
tories and wsing the decision wule +o choosea
the sstimate with the minimum sampling wari-
anca,

The statistical background for these in-
equalities can be found in X equations (12),
(131, (&), {(28Y and (23).

The application of the abave equations to
our example yields the following resultss:

S0

Varianse of estimates Uﬁ

the combjnation of selected method and labo—
ratories used {n = 10 asgumed)

as a function of

Kethod Laboratories Vartq J var{ﬂ } var[a 3
Uzed
Method 1 1 and 2 1.44 2.11
1 and 3 2,33 .66
2 and 3 - .77 5.44
1,2 and 1 1.77 2,44 E.I1
Method 2 1,2 and 3 1.88 3.14 6.O0

The underlined estimates shew the mindmam
variance estimates. The method and laboratory
optima Are in aocordance with the Inegualitcy
criteria previcusly described. If the basi¢ mo-
del is valid and if the process variance, 02 '
iz small {in the same crder of magnitude az +he
random error variances), the recormended proce-
dure iz then +o examine the variance eof all
poegible estimates and to choase the estimate
with minlmm estimator variance., The estimates
of Uﬁr and Ui have to be substituted in the

) formulae for the varianse of the esti-
tates, If on the other hand ho prior knowledge
ahout the model aptness ie availakle, or if the
Procese variance is large comparad to the ran-
dom error variances, different approaches are
recommetded,

The firat improvement is to allow for &
non—additive hiss, i.e. making mo eomstraint an
it value, The generalization of the previcus
model {3) iz especially recommended fop the
determinatisn of the random error variances af
the glement concentrations where a multiplica-
tive bias due +o sample dilution canoot be
axcluded,

The model sould e formilated then as

(16}

i o= @,

ij = 23 T ByRy o

ij
One has to be aware that the estimates of
ag_ obtained frem the additive bias model could

J be misleading by as mich as the value of
varfhj}. Also resvlts will be misleading If the
bias, a;, ham shifts which are Wnacesunted far
by calculations assuming a constant biag over

all items.

The extension of the model! (1] to model
f1&) should eapecially be chosen if ne strong
protecticnh against the pesaibility of a rela-—
Bive bias, b,, ¢an be formulated. Toc illustrate
the effect of ignoring = relative hLias though
it is present, consider:



o= a + h. ¥, + @

13 i B ij

aj + :.;i + {Eij + Ki{bj - 13} 1M

and dencte {Eij + xi[bj - 11} = Eij

sa that Xy = 24 +Ey o+ Eij [14)
Aszumption (8) E[keij} = 0 i stroagly vio-
lated sinca
' I 2
E{Xeijl = q“{bj - 13 {19

and the estimators (90 or (12} have expected
values

i - 2 2 2
Elag.l = Déj + Gx{bj - 11,

They are thus biamed by
Uifh: - 132,

At example shows the importance of +he
correct model spocification. The random BErar
in the Puo-concentration measurement for the
ICE batches was estimated for the IARA lakbe=-
atory (SAL] with the constant-bias model as
B3 % relative standard deviatian.

The non-constant bias b, was determined
for BAL to ke 1.017 relstive to WakK which was
2g5ined o be the base with bl =1 in the
blas determination., The effect o this appa=-
rently very small (< 2 %} pelative bias pro-
Pagates quilte streangly in the estimate of the
random error of SAL, TIf ane disregards this
hon=canstant blas one would commit a systema—
tic errer in the estimare of about &.5 % pf
the more correst variance eztimate,

The randem arror relative standard devi-
dtion was estimated with the non-eonstant-
bias model to he 0,37 % for SAL with a mean
of 1.5¢ g/kg. The process standard deviation
was westimated to be 5.8 % relative standard
deviation with raughly the same mean of
1.47 gikg.

. z

gg = (La?_x_l-sj “ 3.08 x 10°7
SATL 100

"3 5.8 x 1.47, 2 -1

gy o= (22X 1407 L 5 s 4

H 100

o211 “Boar) 227, 27x10 2 (1-1.017) 222 g1 x 105

~2 2
Dxfl - hSAL] x 100
w2
a
2gar

= 6.5 %

This means that the estimate for U%
will be systematically 6.5 % too large 520 j;
the non-canstant bias compotient is disregarded.,
Comparad te the uncertainty (sampling error)
aggociated with the estlmate, this error is
relatively small, bot this smallness iz dne
anly tc the relatively small process variance,
The data on the whale campaign with a relative
process standard deviaticon of | 21 % compared o
5.8 % for ICE would ¥leld a comparable over-
estimate of GESALQf B & of the correct
estimatn.

Conaidering the effect of neqlecsting pos-
sible multiplicate hias camponents it iz always
aduisabls to use a Bon=constanc-kias moedel as
long as the neon-constant bias can be estimated
with relatively high precision. Thiz is the
case in sitvariong of large ai. The affect of
neglecting this non-censtaot bias is strongest
fn such situations.

Numerous estimation techriques for the re-

lative bimsez can be found i the literatare
a5 35 44
F-L L]

It ia quite abvious that all current tech-
niques vield only the ratice of relative olases
cr the products of velative Biases and true va-
lues in the abseoce of ¢onstraintes on khe troe
values soch ag constraining their variance to g
cartain wvalus,

The estimators proposad by JTaech 2/ are

Eoo= ¢l cov{xkx'lhljfm T 1 (20
4 = for 3 = o
P wgt,j COVIERE

k

and for

‘a3 oo m cuvfxlx.Jcav{xlxk}
meby=ae| I ]

24m = L) (m - 23
1

a1 cnlekxjj
k=3, #1 (21
and for
~a nad 2
= - varij} - hj.x . 122}

These estimators are unfartunately applicakle
anly Eor m » 2,

Far m » 2 an astimataor for by/hy,  was
developed by Wald 5 :

dii] G (21)
X S Ca {2)
b L. Yk

a1



wherahy
(1] a2 Bf2 {2} 2 m
., = Lx.. and & = — [ X,
T .o, i ] 7 1]
? i=2 1=n/2+1
for even n The =« are sorted in sequence

af xi .

For uneven n one cbservation has to be
dAropped. The rationale behind this and similax
estimatonrg is clear if the estimator iz deve-
loped in terms of the right hand =ide of the
model equation (16)

L Tl =01y, T2, =i
;Ei]={ai+bjx +E) ta]+bjx *E
by fay + bkx{1]+ Eﬁl}J - iy + bkxf2}+ Eizl}
(24}
wlE Py -y =1 _ =2}
- byxd) - ¥ty 4 =5 8 L g25)
b x' - %12y 4 gD o Eéz]
If we Can assume
F.‘I!E:E'”:l = EE:%Z}] = et = el = o (26
then
b: b,
Ei 13 = . {273
R -
Rtmmptior (28]  is  orucial. If  the
variance of the true wvalues is congiderahly
larger than the error variances (26} will

naually hold. Otherwlse the Eorting sequence
of the ohzerved valuse will reflect the sor-
ting sequence of the randem errors rather than
the cne af the true values so that

Bty <o« E{'e‘g”:

and (25) will be biaszed.

Random allocation of ckserved wvaluss to
ape of the two groups on the other hand -
which would make assumpticn (281 far more
likely for small process variances - haz the
undegjired effoct that

it _ %f2y _ g EE]
20 that {24} will be an indetarminate form.
Hevertheless, if assumption (26} holds, which
it will if ai ** 0, . then the estimator

{23) is useful and canlreplace sstimator (203

aa

for the +two laboratary situations. The estima-
tor {22) for Ugl and estimater {21) for Di
would be used inlthe same way as for the m » 2

gituation.

The two defined estimatore allow for a
relative blas effect and thus provide an im-
proved estimator for ﬁgl, but: they still suf-
fer frem large sampling T variances. Such large
variances will frequently cause negative and
cperationally useless estimates.

One remedy sgainst these undezirahle large
sampling variances is a transformatien which
effects a reduction in process variance and an
increase in  random error variance of the
tranzformed values,

Consider agaln that the X34 valuas counld
be sorted 1ln ascending sequence of the +rue

valueg ¥; 6o that for any pair in the sortad
SEQUENCE  Xyg, ¥y
ek 18 <x,

far § > 1 (29}

amd Kiy T X5 o7 Xy o o194

for i =1 .,

migsing

In the ideal cazse of egually spaced true
values Hi the variaznes of the first diffe—
rences of the true values would vanish sipee

2
gy = 0 if (303

- X, = panstant (a1

_ a2
= 2a0; . 132)

Ohder these idea) conditions inefuality
{14) would always enggest to use wethod 1
eatimators (3) with m= 2 improved by the
bias remowval obtained by (22}, The reduction
Gﬁ - ”5' is a function af the parameters of
the distribution of X*  and abwicusly of the
type of distribution itself and primarily of
the sample zgize ©n sSinee

! |
| =g = x5 _ !
f

lim a0 (33}
o+ = |
It can, however, be estimated by
a2 - a2, 134)
and ui. can be checked far
oxr <z max (a2 ) = g2, {35)
] ] J



to declde which estimatiaon technique is likaly
to produce the most efficient resylts.

For practicixl purpoges 1t is of uwtmags:
importance to establish fprior to somputing
first difierences) a sorting sequence which is
completely independent of the rawdom ervors,
otherwise avtooorrelaticon terms :nv{eij &ti-JJjJ
Wwill not wanisgh and will kilas the estimates.
It is suaggested that for the calculation of

U the =orting sequence is established b
1 the Eiper k#3 and wvice wetrza, since
E{ej Ek] 0 per assumgtion (7). Henre, any

"bias" in sarting by Ry Will not propagate

i'l'?l EfEij Elr]-..“l}_':l]‘

Fractical eaxperience already shows that
small sample sizes as e.g9. n = 10 for ICZ
suggest the racommended estimation of 02_
with method 1, and a transformation J
{29). An example will illustrate the redurticn
in sampling wariance cbtalned with the esti-
mator pased on x‘ij = X7 ¥y o 133" The
data for this example are” contained in the
takle of regults. The samplling varianee of the
Pu-232 wt.% determination as obtained py
Grubbs’ method 2 with eocnstant blas taking the
results of SAL, WAK and TU sfimaltanecusly inte
ccnf}deration car be computed by formula (14)
af =

m= 2

" 2 4
o= as oo
var{UE]} P Ej
1 2 2 2 2 ] 2
(02 g + o +as gl ]
n-1 f1 %2 =18y Bz =3
Substituting o2  estimated by Grubbs' mathod 2
for aﬁ_: ]
;|
Gé = 0.011
T
-3
a = 0.064
S5aL
-3
o = .031
Ewan
the variance of Gé iz then obraiped by
bl
var{oe ¥ =2 9.011% + 1 (p.011 x o.084
B a9 3
+ 0,011 % 0.031 + 0,064 x 0,031}
var{&E y o= 3,63 x 1079,
TN

The process vwariance sstimate Ui = 1.25,
wher=as the vatiance estimate of the first

differances di.* 0.213 and gince x' has a

53

r
random error of 2U§ (2o that x" =X with
I* var{x') b E
var{x") = _Z=ThE J has a rapdom ereor

of UEIJ; the process variance to be used for

the calculation of var[ai 1 uasing the
T

first difference methcd ias 0,065,

.
Toqgy = VAT Oipyl ~ oV Ry

than has a variance according o Formola [4=3
of if af

var{qz 1 = 2 d‘
e n=-1 S5t
1 2.2 2.z 2 32
[ala + oo + 0 o
n-1 %%y ¥RRax  TTU Swax

Zp.1112 + L 000635 x o.om1
3 9

+ 0.0065 x 0.031 + .031 x D.0I1)

9.5 x 1070

which is only ™ 1/4 of the previous estimare

of 1.63 x 1074,

Tt iz pointed out thax
war iog } = 9.5 x 167" the estimates ué_frqm
Grubbs ' Umethcd 2 wers usad in order te  Jshow
the veduetion in sampling variance sclely gz a
function of the reduction of Ca by using Tom
instegd.

for the estimate

This means that the precision of our esti—
mate obtained by the first difference method
waing only two labaratories is, in terms of its
varlance, 4 times as good a3 the estimate che
tained with the original data using all three
laboratories. This means agaln that the randem
eLror wvariance estimates abtained with  the
first difference methead which we would obtain
if we would repeat the ICE experiment over and
crer again finm a completely contrelled way 5o
that only the random errors vary from repeti-
ticn to repetition) would cluster around the
Lrue value of Gg_. But the resulting varia-
bility of the ? estimates would he anly 1754
af the variance of Ehe estimates of Grubbs'
methad 2 oo the original data. This could
dafinitely be considered anm improvement.

B further prehlem which was not yet con-
sidered 1is the estimation of wvwar d{a). This
estimate is of utmoat importance for practlieal
safequards well as for the labaratories
since either possible diversien or prablems
with the zample treatment are reflected in this
estinate,

acs



L resent contribution 2 SVEN suggecsts ta
base the rejéction or asceptance of lnterlabo-
ratory differences peimarily oo tests aof ch-
served differences against empirically-eotal-
lighed distribution functions of differencea,

An estimate of ai for the sonstant-hias
model iz obtained by

. m
gi =_21 I ®.-% 12.
m = 1 = -

(36

A
(i 5 ey

Thig estimate {s to be underatood as the
variance of a randsm variate, i.e, the bias .
i5 & zample outr aof a population of higses wit
hean U, ond standard deviation o for which
vy iz an estimate, If independent estimstes
for the bias variance for 4 population gt
exist, ugnug. could be tested, thoas estimating
the probability +hat the ourrent sample nf
blases 1s drawn from a defined pepulatian of
hiaees, If thig probability is smaller thap a
get lével of significance ane could conelude
that either the bias Populaticns are different
or that the true walnes gre different. This
conclusicn however cannot be made  without
estimater (36} 8o that the random wvarlance
estimation is indispensable for thig conglu-
sion. Referepem B
errer component in the acceptance test af in-
verlaboratory mean differences. A mean diffo-
rence aof two laboratories with rery high pre-
cision has obviously mors weight in terms of
acoceptance or rejection &s the differenca bat-
ween laboratories with very low Erecision,
which is ot taken into acesunt fn —f. Rather
than testing absolute mean differences testing
=% 3 T ig therefore recommended gince Uﬁ
ie corrected for the Precision component.

For the case of the non=cohstant—-bias
Mmodel eguation [(16) estimates of o7 cannoi
ba made withopt constraints like fa =0 ar
gimilar scostraints. Only estimates for +he
additive biases plus a pon=constant shift
like, a.g,

est{aj + hjxk]

can be obtained whereas for the constant-hias
hodel estimates like

estfaj + KL

were pesgible. This will he shown later in the
context of the AMOVA approach.

Az an alternative, estimgtes for Ug
could be obtzined if one transforms E

= ij = xijﬂ‘l‘-]. (371

estimates D§E &end then applies estimator [26).

]

Feemz to neglect the random
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The same testing Procedure can then be applied
az for the sonstant-hias madel,

Analvsis of Varianee

The mode! equation (51 which reads

Tig TRy TNt oegy

could alse be written ag

m+n
Fiat DL okt t ey (38}
whershy
Sy =1 if k=3 g k=m+ 1
= ¢ otherwise,
Then e,q.
4 = ER) (35}
and
9+ 1 = ¥ tao;
and
x4 = dj oy, Eij [41)
= Ayt Ey o+ & 4-
The vector of unknown parameters A can

be estimated by laat squares if the matrix of

soefficients € would have rank m + n, Burt
28 1t can be readlly seen €  haz  rank
m+n=1] 30, that ne unigque least SJuAres
golution for 4 exists,

REewriting [reparametrization af} equation
136) as

=1
.o o= £ T t Ei4
salves this difficulty but the rarameters 4
assume a differsnt maning

e.q. dl = a -+ Xn 43}
and dm + 1 = KJ - Kn {443}
but xij = dj Rl SR 254

At E YN - LA 254

= ay + X+ 2] 4

The traditional ANOVA aoproach oonsists in
estimating the mean square {8} of the bisces
a and of ¥ and of the srrar term which is as-
sumed o be hemogenscus sver the laborartnries.



The above defined dummy variakle approach
allews non=orthagonal designs  (wiftn Dissing
values} as well as providing a capability far
obtaining estimates Ear ag_ Tather than anly
ar estimate far a pooled J randem error wvari-
ance.

These gstimates for qi_ were develaped
by K. Stewart and are J well described
in this reference. The basic raticmale behind
them 1s that eash = iz predicted by =x

i3
after estimates for

i3
d  are obtainad.

-

Earh resjidual rij = xij - xij is

preszed as a linear combinatior of all x4

BxX=

i.e, rij = E ? wij xij
= Lfa. + X, .

? § wigfag + X + e (48
and each I rfj can be expressed ag a linear
fumction 1 of a11 az_ '

]
: 2 _ 2
i.a. E rij = § waan, . {47
4
The resultant svstem of equations i1s  then

selved for the unknowns ag therehy cktaining

estimates I -

]

These ostimates ecarn be shown to be the
2aM= a5 the Crubhs estimgtes for the ar-
thogonal case but are obvigusly different in
the non-grthogonal case. Henee, the same samp-
ling variance prehlems exist for the arthoygo-
nal ease. But it is advisable to check for a
non—orthagonal application if the decrease in
sampling varlance of o Cdue to using all in-
formation, rather than 1 dropping a complete
row vector of cbservatiors if only one mlement
iz missing &5 it wonld have to he deoe for
estimator {12}, compersates for neglasting in-
equalities (13) and {15).

Eztimates qg from mode) (42) san be ob-
tained by egquation (368). This equatiarn applies
the standard technigue of equating the expoc-
ted mean squares (EM$) with the computad mean
squares (M5} and solving For the unkhown
waAriance compohents.

Rewrliting (42) feor the non-constant biag
cAte ig possikle if one sets

Ty =1 if k= j
=0 if k # 3
= by if kem+ i

=0 if

5%

E.gq. for an ewxperiment with 3 laborataories and
3 gbservations the design matrix assumes thern
the form

1 o 0 bl 0o
1l a o g b, O
l1 0o 0 G h1
a1 0 b2 o o

c = O 1 0 o b2 a.
o 1 ¢ a o hz
LU S by 0 D
oD c I o b3 a
g d 1 a o bg

and iz of rank mw+ a3 -1 =5, If the last

eolumn wouwld he dropped then

dl would estimate a; + hlEE
d2 would estimate a. + b2Y3
3 wenld estimate
64 wolld egtimate YI

ds would estimate Y2 - Y3

17 = dp * bydg
= @y + by¥, 4+ bo{¥, - ¥yl
=a; ¥ ble.

Equating expectad moan aquares with compu-
ted mean squares yields, in this case, ho egtio
mates for o and ui due o the non=-conztant
coefficlents bj‘

The estimates Eyy = Xi5 - ;i' fan never-
theleass always be obtdined dnd used for purpo—
268 of putlier testing,

The BNOVA approach is hepce only recommen-
ded feor outlier testing but does not add any
new egtimation techniques at all im the crtho—
gonal case. For the non=orthogenal case {(mis-
9ing wvalues] ANOVA might reduce the sampling
variance of the variance womponents estimates
but the statistical apparatus wonld have yat ta
be developed especially for the neo-constant—
biaz medel.

The first recommendation is tg apply the
roh-congtant-bias model For ai O - It s
further recommended to estimate 1 within
this model using the ocriginal data and first
differences in order to determine the estima-
tors with the smallest sampling variance.
Finally, it i3 recommended that autliers he
t2sted by using the residual method and to ex—
clude the cutliers after they have been ox-
Plained by extraneons sourca:s.



utlier detection

Numerous cutlier detection methods are to
ke found in the 1literature. However, each me-
thod determines cutliers as extreme unlikely
samples given that a sertain mode] ig trie. In
“ur cage outliers would then have +o ke ob-
viocusly determined as extrems unlikely samples
given that model (5] or model (16} holds.

Since with eash of the two models predip-
tions of abserved values xij« Are possihle
the residuale Fya = xij - xij are the
obvicus quantities to be Lested.

The varianc§ of r.

it can again be asti-
mated from the ag_, gince each ry: can be

expressed az a 1 linear functien of all
sheerved values, each of which xij has a
wariahce T, =

]

If one wants to perform a simgltanacis
test on all residuzls then B'=1- flag}ls
haz to be computed if o is overall type T
error, i.e. the probability aof detecting one
2r more ouwtliare amobg the o oxm Tases when
ihdeed no true outlier exlstg, Each residual
hae to be tested +theq againzt the 100(1-n's3]
percentile point af the digtribution of rij‘

Wormalization of the residuals

r. -
_ 1
rlij :—l
L1y
rij
allows  testing r'i. againgt Student's ¢
distribution with df = (n - 1ifm = 11 = 1

if the df for Fp, = I - 1}im = 1} = 1 which
ig only the case 31 if Ta, = T = «...0 .
If thiz is not the case then? an m
approximaticon for the Af For tmz]l nm shounld
be wused. The application aof Batterthwaite's
formula ta {471 after solving for the ooeffi-
cignts w and after wusing again Satterth-
walte's formula to determioe the dFf for N
could be recommended, 3

The same method as Just outlined esould be
uzed for the nen—constatt=bias model, Thie

ortlier teet was Propoged in reference -

Swmratry of recommendations

Such a summary contains firgt the recom-
mendation to apply the Ran—songtant-hias model
for Op ¥ 9. Purther, it iz recommended to
estimate J within this model using the oyi-
ginal data and with the fFirst differences in
ordexr to determine the estimatars with the
smallest sampling wvarfance. Finally, is the
Tacommendation to test for outlierg by the re-
sidual method,
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One should be aware that the rejecticn of
cutliers is a protection against a tvpe of di-
vergion strategy, whiech consiste of an imten—
tional inflatien of Erecision by reparting
outlying results, =o that tests on mean Jif-
ferences hetween operatar and inepector hecome
legs sensitive. Therefore, it f{s recommended to
bage precision estimates alwayz on data exclu-
ding outliers and tests on mean differences
between operator ang inepectoar on data fnclu-
ding them.

Rasurits

The attached table of regults iz & con-
densed representatien of the evalunation. The
astimates are obtained after the outliers are
excluded. The outlisrs are tested agalnst the
conatant-biag model and not against the re-
spective model 1in order to have the =zame data
Zet for both models after the exclusion of the
cutliers. The estimates for the constant-hiasg
tode]l are ohtained by the anowa appreach by

soclving (47] far o, thus cbtaining o
]

€%

The estimates for thea rahdom errocr stan-
dard deviatisns for the non—constant=-bias mo—
del are cbtained as follows: For all three
pairs of laboratories [TU-WAK, TII-SAal, SAT -WAK)
estimates by formula [22) obtained. For
each lahoratory are thug ewo estimates for Uﬁ_
available. The mean value of these two egpi- 3
hates per laboratory iz shown for the ML= —
stant=biag model in the table., In formula (22}
var[le waz replaced by wvar(x!1/2 and ui
was eztimated by ccVIXEKE?KE, wheareby xix!
are dansting first Jdifferenees as defined in
[2g).

arg

Process etandard deviations o, and Tt
are computed by (313,
ABterisks in the molumn 'Criterian (35"

denpte the supeTiority of the Ffirgt diffarence
approach by ineguality [325) gnd likawiae
column ‘Criterion (13)'. Hegstive estimates For
Ty can obviously bha applied without diffien]-
tiee in these priteria. They suggest the appli-—
cation of the firgt difference approach .,

for

Eztimatez for T,
the constant-bias model
AMNOVA

are possihle only for
and are computed Ly

It should be noted that the constant~=bias
model using the orfginal data vields 17 % nega—
tive estimates dus to large sampling variances
whereas the first difference method improved hy
the generalizaticn dre ta the inclugion of a
hon-constant bias term yields only 4 & negative
eztimates,



This improvement heocomes sven gtrobger if

one checks the corresponding resules an the

whole campaign due to the Fast thae
amonyg cther thirngs a3 function of

ux.fﬁx is
n [(number cf

batches).
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Outliers as Screered by the Congtant-8ias

Model on the 5 % Level of the twerall Typa I

Error
Element/Izotopas Lahoratory Batch
D=235 T |
L-235/U=-238 T 3
Pu—-233 HAY 7
Fu=-23R Wak 2
Pu=240 WAK, z
Fu-342 SAL a8
Pu-23B/Pu=-239 WAK 7
Fu=238,/Pu-212 WAy 2
Pu-240/Pu=239 WRE z
Fu-242/Pp-239 SAL 2!

a7



Estimates After Dhtiiars Ao Mewosss

Tahlg R, 2 -
Data a5 Aeparted :'n_qur'_I'EE_rﬁ-‘wE_‘!_e_l.'ﬁ‘.'r','_l'l| i Py Tsotijwrs Decay Corrected

Constant Blan Made] T Farcnatant BiEs FeeT
Thing Original Deta Using ‘b D1 fferances _ Crie
Eej*‘”""xj 3,007, Se 100, | {%—; [E:AUF] 5,700/, & 00E =R
T SAL WAK T SAL WAL . L
Pu—Cnng 0.5 f.a1 & 77 1.13 0.8  0.37 f.40 | 1.02 1.01 5.l 2.2 .
Pur ROt g5k imated 0.51 0.8 0.87 | L 1.8 g.5 "
Pu—-228 .81 3,00 4.52 0,96 4,00 X325 5 72 2.93 2.58 . *
Pu-23% 0.18 .43 T o.10 0,237 o.46 0,2 .04 .97 1.9 [FR] "
Pu-240 6.15 0.47 .28 . 3.41 Q44 0,51 | .93 1.06 1.6 o.6
P24l 0.28 1.45 0.41 813 0.5 002 0.9 | D.54 0,52 2.2 . .
Pu—242 . 4.78 0.493 2.59 .51 2.61 4.20 | t.oz 1,40 0.6 o6 »
=240, Pu-139 B Q.46 0. 21 0,497 0.3 045 0,23 . 005 l1.02 3.4 6.3 -
Pu-M4LAPu-230 | g 4L 0.5 1,14 0.t . D84 0,14 | 0.06 0.ao7 4.1 1.4 .
Pu—242 Fu=2 38 . 1.30 4.50 2.79 +.00 411 4.8 [ 1.as 1.3 9.8 -
P38 u-33% | 8.9 4,329 4.01 5,00 5.20 10,74 .54 | 1.00 2,28 5.5 .9 *
e . 1.05 1.13 1.18 ¢.35 1.78 (.7% 1.0% 1.0 6.7 .1 bl
u-234 il.00 21.81 5.2 .12 16.70 4,52 | 2.2 1,2 7.1 . v
=235 .55 0,52 B.76 0. 55 .10 . 1.04 l.oa 0.91 L] 2.7 ‘
1236 1.3 . 1.48 . 1.21  1.35  G.12 G.o7 1.17 1.% 2.6 *
2234 0,02 . Q.03 . 0.1  o.02 D02 1.3% 1.1G n.1 . *
U234/~238  |11.01 .48 5,22 .80 13.62 4.6 | .22 1.53 7.1 . *
U=235,4-2 38 .66 0.53 0.77 0.7 e, 1,01 1.7 0.9l Gub 2.4 b
12 36,/[2 30 L.ag | 1.51 - Loe 117 GEs o.5g 1.19 P 1.7, “

dengtes megative estimatas

g



Appetdls C

Anailysls of partial Obrigheim reprocessing data

A, Giscometti, D. Jezlans

CEhL, Centre d'Etndes Nucléaires de Cadarache,

Introduction

The ICE {Isctopic Correlation Experiment)
Was organized by ESARDA [Enrcpean Safegquards
Research and Development Azsociation).

Samples taken from ten batches nf the
german reprocessing plant WAK (Karlsruhe) were
analysed Ly four Jlaboratoriesg®. These ten

batches correspond to five fuel bundles from
the OBRIGHEIM reactor, each with burti—up zlose
to 30 0G0 Mwd/T.

The aim= of thig experiment were twofold.
it wias meant +to  check the consistency of
anzlytical results and also to demonstrate the
posslbilities of Isotope Correlatien Techitigues
in safequarding the input of reprocessing
plants. For this second purpase several lghora=-
tories received the analytical results and
applied their own procedure of ICT.

Az far as our rele s congerhed, we have,
as usual, performed a complete set of calenla—
tions, compared these results with the meagured
valuas and then sstablished an independent
determination of ehe input balance from the
measured isotopic ratios and caleulated corre-
lationg, A comparisan af the resulting input
mazges with those chtained by the volumetric
methed is alsc presented in this report.

C.1 PErief recall of the fraepch Frocedure for
laotoapic morrelation

hs indirated in previous papers /15 3/
F3F, we have used reacter physice calwulation
to determine correlation  sets among  fipal
fgotopic compositions of gpent fuel and zome
pParameters needed either for the input balange
calculation gr for the check of analytical
r23ults and coherence.

toncerning the input balance determination
we uge the follewing correlation sete:

* - WAE plant laboratory
= KfE reference laboratory [(RCH)
— IRERL zafeguards labaratoary
= TU aurcpean laboratory

a9

France

R) For burn—up caloulation carrelaticns
bazed on isatopic measursments of

uramiam
I=ati,el x &% (235 ganievion
I = p{l,e) x E[UE] {23EU boild-uph

B! Tor Pu/U ratio caleulatien : gne rcarre-
lation from the change in the uranium
igatepic abundance and anather ane from
the pluteniom isctopic abundanes

Pu/C = hil,el x A{0°}
242Pu x 239?1_,5
f240

Pu/U = §(I,8] %

Pu:l2

= & i= the initial fuel enrichment
- I ig tha barp-up.

Another set is used for inkernal copsia-
tency chesk in order to cantrel the axactness
of the initial enrichment of uranium and the
type of buadle concerned.

These caorrelations combime the axparimen—
tal Pu/U ryatic and the isstopic compositione
together with idenrification data given hy the
reactor (enrichment, bundle type,...1.

C.2 Obrigheim caloulation

For neutron salculaticns, the fual assam-
bly wag divided into two regions, the firgt cne
representing fuel pinz and the second one the
wiater holes.

A wery szimple multicell descripticn was
used without taking.inta account gontrol roda
or horen regulation.

&11 calculations were performed for a mean
Asaembly .

In burn-up ealculation we have assumed

that keff = 1 for each successive step,

The pracedure used iz shown in figure 1.
it i5 made wp of the cell code APOLLO 4/ and
the FAFKA system /5/ which ineludes the burn=-up
code EVOSENE.



only tﬁe fellowing data were regquired:

- Type of assembly

= Mumber of fuel pina

— Cladding materials

= Approximate geometrical data
= Enrichment wvaglue

=~ Powar history.

Theee date are normally available ino tha
peklished literature for sagh reactor and most
of it can be wverified by using the checking
carralsticns.

€.3 hnalyeia of the regults

Takle C.1 shows the dlscrepancies between
the analytical results obtaiped by the follo-
wing laboratories: RZH, TU, WAK and IAER.

Far the 23%p depletion iﬁUEJ arly the
analysis performed by T17 on hateh n* o4 stands
cut. This szingularity does act exist fer +he
235U measurement in the same analysis.

We rcan also note the large discrepancy
existing for 4 Po, which iz mainly caused Ly
three analyses, in particular WAK n*&6 and o,
IAER n°%3. We have already chserved simiiar
affects on cther analysis canpaigns.

For the 239P‘L:;"23BU ratics, which are not
used in the correlaticn technlque, there is 5
large discrepancy {2, 7 %] characterized by a
systematic underevaluation b WAK,

Values of the main isotopic ratios wversys
burn—up  were obtained freo the preceding
calculation,

Using the calculated burn—up from EWUT, the
values for each fuel a55ctbly  [two batchesd
ware then compared with the aralysis rasulte.

In table .2 we show the direct comparigan
of the mean values of experimental results with
the calculated wvalues fFop 2ach fuel amgemhly
reprocaesged,

Bawever the caleulated vwalues can anly be
considered for +he assembly ae & whole. Thus
the compariscns must be made b7 combining the
measured results of both batches Correeponding
to the same agsewbly.

The dizcrepanciss are larger +tham in tabla
C.1 because all oF the calculations refer to
the fuel azsembiy burn=yp. In additian each
half azsembly does not have the arxact same
burn-up, because the hurn-up distributiog is
sengitive to the radial arientaticn of the
asgemb Ly,

W2 &l nokte that the assombly reproceszed
in batches 32 and 93 acems to Tepresent an
underestimated prediction of the birn=up,

The mear diserepancies shown in table .3
are gquite gimilar te those sobtained for cther

Teaftors in previous studies.

C.4 Input maes balance determination

After the direct comparison of measureed
restlts and calculated values discuszsed in the
last section, we have chtained the buro~up and
FU/l ratios by using the ecorrelation method,
This allows ue te caloylate the laput masses by
the gravimetric method.

&} Burn—up determinaticn

We nse two correlation functioms to abtaip
the burn-yp:

I, = ail,e} ﬁUE

a &
I B(I,el AD

a{I,e} and k{l,e) are obktained from the
caloulation procedure described aboye,

The burn-up values reached are shown in
table £.3. We emar note that they are quite
different for the twe batches of a given agsem—
Ely. This difference can easlly be attributed
to the fact that the aesembly has been divided
into two parts by separating the fuel pinsz
which have not Been irradiated in the same
conditions due to the flux shaps in the core.

Usizally the Ziscrepaney found between the
burm-up predicted by the reacter cperators and
the burﬂ—uE calzulated from the correlation ==
is about (I - IRJKIR ==3 % * 2% * We obtain
here - 3.4 % + 2.6 % which is in agreement with
the usuwal reswvlts. Furthermors it is paossible
that the aesembly reproceesed in batschez 92 gng
93 has an underestimsted burn-ugp. The hest
estimate would be areund 28 000 MWd/tm.

B} PFufD ratie determinatiom

Twao calcnlated correlations have been ased
to obtain the Fu/l) ratios

Pu/U = hiI,n) AgS

239Pu % 242Pu
[240

Pu/D = &4I,e)
pyp?

¥ : This systematic error may be due to zeveral
teasons locluding the theoretical value of
the encrgy releasad by fiseian.



where I is the mean hura-up cbtained From
the carzelatians Ia and I, indicated above,

Table C.4 shows the Pu/U ratics measured Ey
acn laboratory. We can note that a rarher larae
digcrepancy of about twe per cent cecurs Detween
the different laboratory resulrs.

A8 for the Lurn-op, Pu/U Tatios are Fiven
for each assembly as a whele.

The follawing table C.5 shows the Pu/l
ratiocs whizh were calculated y the gorrelation
mathod and we give the discrepancies among tihe
m2an measured values,

The wvery low, 0.1 % mean discrepancy re—
sults from a compensation of larger deviations.,
It mast be taken ioto censiderxatien +that the
correlation values are always within the limics
of arnalvtical reaul® scattering and seem to be
more acclirate,

C} Determination of the input messes

Firat of all, we must underline the fact
that the input balance determination has anly
been calculated for a part ocf the campaign.
Thersfore, we cantot include rinsing cperaticoe
in this determinaticon.

The relationships giving the input messes
are shown here

£ i 1 -1
My = Mp o x =
1+ Puy
U
ng = LEE} X Hg

- H% is the initial uraniuvm mass for a
wheole assembly

- Mg and ng are the fihal uranfum and
plutenivm maszes.,

The burn-up values (1) come from the mean
of I and I (see table C.3).

The Pu/0 ratice come from the mean of
Moy ang B¥ 3 given by the correlations
u {see table ¢.5}.

as I and ;EFE. both given by the emorre-
lation technifue, ceomcern a  whaole axsamb]y
reprocessed, we thus caleoylate the input masses
for sach whale assembly.

The tranium and plutonium inpot masses are
ehown in tahles C.6 and . 7.

Bl

In the first three columns we Jive tie

laput masses aobtained from e wolumetric
methed baing the analytical results o= each
laboratory,

In the fourth olomn we give the innnt

masges chtained from the gravimetric methed.
This method uyses the calsulated correlations
which ipn turnm use the mean values of measured
ieotopic ratios as indicated in the previous
gection (without cxeluding any of the analy=
tical result=)l. Although some of the analytircal
results may seem doybtful we have dosided,
nevertheless, to include them.

Wa have summarized in table C.E the dis-
crepancies between the input macses chtained
with the wvolumetric method and thoge ochtained
with the gravimetric metheod.

A5 can be read in the tables, WaK's re—

sults are off the mean. They oavereztimate
uranivm masses and underestimate Flutonium
tagses.

T, TIABA and correlations results are

rather ¢cosiskent

Mear U masses: 13192568 + 7262 [+ 0.55 % in 1 @)

Mean PU masses: L1487 + €4 (+ D.56 % in 1 ]
It is of interest fo note in the third
column  of table C.E, that the correlation

method gives 2z slight overestimation of aranitm
and plutoniom masses. This may¥ be attribyted «o
the hold-up of the tanks which can chly be
taken iInto account when rinsing the unit ar
which would eventialiy disappear when con-
sidering a larger quantity of reprocessed fucl.

C.5 Coboluaian

We can note with confidence thar the input
gravimetric balance based on the correlation
methed and the classical volumetric balance anged
by the operators at WAE Jive identical results.

It is inceresting to note that the corre-
lation teecnhigue gives results as Freclse as

analytical measurements.

Furthermore this methed is independent cof

the PuW/U ratle measurements and of velume
determinaticons.
Thus +the correlaticn techrigue may  be

looked uwpon as an independent way to check the
input balance in a reprocessing plant, as long
25 it is applied with & correct calculatian
Procedure,
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le contrdle 4 1'entréde des usines deag des caractEristiques des combustiblag
retraltement. irradits dans les réacteurs de puissance.

IRER EM 231 = VIENNE (Detobre 1876)

7
Batch i ar® 20, 238, Uz 230
nusher
BE 0.5 1.1 0.3 .0
a7 a.e 0.8 £.4 1.9
as 0.z 0.4 o, 4 1.4
33 .3 0.5 food q.6
%0 0.1 1.1 oL £,
a1 0,7 0.8 0.3 1.1
5z £.13 1 0.3 1.1
43 0,3 1.% a.3 7.1
ad ALY a.6 n.3 1.4
25 a3 1.4 1,4 .3
Mean 0.4 1.0 t a4 3.2 }
r
r

11} 70 messurement cepms doubtFul, Withoaut it we resck .3 %,

Table £.1: DI&SCREPANSTES EXISTIRG BETWEEW THE ANALYTICAL
RESULTS FOR THE PATHOTFAL ISOTORIC RATIOS NSsED
FOR ISOTOFIC COMRELATIONS

The means cohsider all the analyses done by the
Tour laborsbories. All cesglec ara in per cent.

[] 1 I 1 1
Batzh an” auf pu? uf 1 pu sy ® Py ppa?
36 - BT -E.641.7 -1.6=2.4 -6.,2:2.5 -1 Bs2.7 -4, 1+7 4
EE — A9 —4.2+D. 8 ~3.8:0.8 -1.622,1 —4.720, % -l2.6:2.5
B = BI -2.fitl.B -2,2:2.1 -1,241.7 -2.5+2 9 -7.¢#3 9
32 - 43 +il. 4228 +i.5:2, 9 ~2.7x3,4 +3.042 .8 +H.E=2]17,
94 - g5 -3.1+2_a -2, 222 -l.2+q.1 -1.BxX_ 3 =7.4:4_§
Mean =z.d1].9 =1.7=1.,9 =l d=2.E -l1.612_5 -4,5:8.2
r r r r r

Tahle C.2: OBRIGHE:M - FARTIAL. REPRACESSING CHAMEATGE

Cemparisan of mean Analytical repults and
calewlaced walues,
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1 1 .I T I I
‘I 1 :
I_ = I I, - 1 _ P T - 1
Batch number? 1 3 a Bk 1 m 2 B T ang By
B I b 3 T
R ] R
ar 2.8 H Z.04
ET .02 1.44
Tat i.395 - 4.3 H .33 - 1.5 Z_96E - 3.9
as 2.B6 4.20 H !
Ay 294 2.912 '
Tak 2.0 - 6.2 3.9 - E.1 T aqo0 - 6.1
ki l.o? 3.015
41 2.B5d : 1,484
Tot 2,93 - 4.0 2.9% - £.D 2.5%24 - 4.0
az 2.649 2.1 :
23 d.490 2.81 [
Tat 2.8 + B.0 4 z_11 + 1.3 Z.d0d + L.
kL) 2.63 2,67
55 e | 2.EB
TokE £.72 - 4.k 2,77 - 5.1 2_Td& - 1.8
Mean
Lizcrapancles ! -3.e6:2 60 | -1.08:2.71 ~3.3622,62 }
Takle =_3: ORBRICHETM PARTTAL REFRIMCESSING CAMPATGH
Burn—-nup detecmination
IH i& the borrm-gp given by reactoc, .'Lll burp-up dadueed Eram .!.1.15;
Ty bukn—up daduced Erom a'lL‘-E'.
J 1
Batch H RCH WAF U 1 TIRER Mean walue
namber 1 H + T
44 H L. B%99
as u I i ] 4.014 a_8fd £, 0158
:L:] 1 5 B 0,876,
g : d.4971 1._898g o.AY3 £0.0DEL
1
50 H - 0.EE1}
51 [r.300 0,376 o.g4: - XY s0.p154
g7 . D.B513
8] a.370 0.E331 D.BS1 d.851 0, 0150
54 Po0.38514
as O.By2 ; D, B24 d_849 0_gd42 +0.02BE
i
Tabde *,4: OBRIGHEIM FARTIAL RETRCCESEING CAMPAICK
bsfh rakics measured by assamibly (b,
3 - -
Ligcrepancigs) Discrepancres Disecp=pancies
Batoh numbwer PuilU by h [ X7) Fu/ by § tao Fu/fT mear to .
mean analygia m3an analysis mé4an analysis
as 0,888 -z 0,904 + 0.4 1.4959 T
’
BE o.e15 - r.l f0.475 - 0.2 0.8753 - 4,18
-1
b 0.Ba% sO.2 Y pogey + 0.6 0.8845 + 0.3E
1
g% 4,967 1.8 9,473 + 1.5 (W TEL + 2.18
g; Q844 - 0.8 0,233 - 2.2 NETT - 1.iz2
Mearn E =f.06+1.25 +0.24%1 .65 +0.00+E T4

Table C.57

COHRRIGHEIM PARTIAL REFPROCESSING CAMPRIGH

Pufll patiop determined by carcelations (3).
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T k]
1
Barcis numbor ] 1 WARE 1AE2 Crrrelakions
4
o 255123 264285 ZE1EES 263800
Eg 162124 266523 263415 266500
0 261745 6L T4 753948 264340
92 H
e 254564 271434 FIRERT 263G
ﬂ; 263383 372428 171514 z6adzD
Tolal 131DA43 1340414 1323024 137249%9D |'
' i ] ]
Mean liasgrn * 11 (1 ] 13z294qp
Table C.6: ORRIGHEIN PRRTIARL INPIIT MASS BALANCEE TOF THE
FEPROCESSI G CAMPRTGN
a4 Uranium ryg)
i Barch number T WA IAEA Correlaticns
a8 23731 23116 ¢ p31ELg 2163,
: BE .
A 2322 6 22633 z280 4 2332.0
a: 2311.2 2373.5 2274, 3 19380
[ ] .
a 2251, % 21043 23456 7285, 10
4 2340.2 2197.5 2286.9 214,00
Total 1159% ilz1a F 1141E 11544
1
Mean 11378 + 1.3 % 1t544

Table ¢, 7;

TRE FEEPROCESSING CAMBATGH

OARIGHETM PARTIAL INPUT MASS BALANCES af

b Pluconium  [q)
! Manx IT (1] IARA [Z7) i Maan HAK (3} Mean l
i E1F + 23 r1:|+r2:|+r3:|1
I Uraniom ~ D.92 + 0,47 ~0.4220,70 + 1,32 +0_16=1.12 f
s Plutonium - d,3% - l.o% =3 74+0_54 - Z.84 ~l.44£1.28 1
f Takal - 0.0l *OME T-0.4320.69 L o« 128 l4g.14ef .10 F
. 1
! ' ' |

OISCHEFANCIES BFTWEEN YOLUMETRIC AHD GRAVIMETRIC

HMETHOD POR THE FARTIAL IMFUT MASSES BALANCE I L]

All digorepancies are repurted tn khe gravimatric
ma=xs Traxelip [

T -

G
T

&4



1 1 1 1 |
Baten | U-235 ] By Fu-139 Pu-240 Pu-241 | pu-242
numbgar [
BE
o 263800 2414.5% 2363 1350.0 SE4.6 126.1 122.3
86
o ZE6500 74353 2332 1331.5 557.4 1221 126.9
=18
Y 264350 2463.1 2335 1342.5 556.0 3710 118.4
;i 263890 2785.0 2285 1370.1 525 .6 301.3 93,1
;g 264420 2601.¢ 2216 1307.6 5135 2951 29,8
] Total 1322590 1278 11544 ET01. 9 27171 1585 .6 559 .5

Table .9: OPRIGHRIM PALTTAL REFROCESSING CAMEATGN

Maszes {g) obtained by caleculared correlations,

Fempark added by the editors:

In otder to compare the results obtained by the different aprroaches, the editors have

requested a more detailed presentation of the results which are given ip tahla .9,
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Appendix D

Head-end fissile material balatce af g Ieprocessing campaign:

At on zite evaluation pProcediura,

C.Eeetsl.

1
KEK,

.1l Iotroductics.

Cne of the pirposes of the Isctope Corre-
lation Experiment iz to evaluate the henefits
ta be gained from an application of Isctopic
Correlation Technigues in sateguards activities
8t 8 reprocessing plant. While ather zantrihu-—
tors dizcusa the evaluation of the data calloc-
ted from the four iavalwed laboratories by dif-
ferent statistical tools, this paper gpesifi-
cally considers the safequards exercise frem
the peint of view of the verification team.

In an agtoal safequards sltvaticn, the
verification team would not hawn four different
setg of analytical measurements available, but
world have to satisfy themselves thar the ope-
Tater's measurements are peliable and where
there is doubr, to submit contral samples For
duplicate analysis by the reprocessor ar for
analysis by some referse laborataory and their
choice, until they et @ consistent set. They
would then be in a position to &5tablizh a
semi-independent material balance over  the
Catpaign.

The main tocl that is avallable for chek-
king the reprocessor's dara is the Isotops
Correlation Technique, hased an the relation—
shipa which exlet botwesn uranium devietion,
plutonfiom build wp and their lzotopic compo-
sitichs, and amongst the isoropic weight Frac-
tione themselwves 1), These relaticnships can
be applied in three wayg:

= for internal data cohsiztency vorification
in the campaign under way

- for sunsistency with well establizhed rels-
ticnships derived from the reprocessing of
fual from reactors of the Same or like de-
Bign ("historical data™

- for consistency with theoretical relaticn—
ships =atakliszhed from reactor code campu-
taticns.

* Based on A paper contributed to the 279
Anmial Bymposium on Zafeguards and Nucloar
Material Management , Edinkburgh,
26th/28th March, 1980

F. Bemelmans

v F. Franzsen®, 5.

a7

Schoof®

CEN/SCK, Safegquards Department, Mol-Belgium.
Institue fir Radicchemie, Karlsruhe.

In the present experiment, reaetor tode
Predicticng were not released, and the histori-
cal FWE data (SENA, TRING) availahle in the data
bank of Mcl preved unayitable. The analysig
therefore was restricted to the internal consis-
tency verifivaticon.

Moreover, in arder ta similate the actual
gafequards sitvation, this Consistenoy we-ifi—
wation was deliberstely confined to the reproa-
cessor's data. When riecegsary, the IRCE figures
wore used as confirmation data,

At The end of the evaluatiorn procedurs, the
material balances of uranium (total), uranium-
=235 and plutonium were compared to kthe averages
derived fram the three inZependent laboratories,
TUI, 5AL ard IBCH, these averages being regarded
ag the best availanle irdependert estimates of
the true valuaes,

There are two features in the presen:
experiment which are rather unfavocurahle to g
gound application of the igotope ecorrelation
techniqgue, oamely

- the range of burn ups is not hroad (11 %)
- the investigated campaign bears upon §
assemblies, whereas a full-sige campaign
wonld normally invelwve several scopes
of assembhlies.

This state of affairs tends +o ohacure the
correlations, sometlimes even waking them mot
gsigqnificant and since the method relies an
statigtical decigsivne, well definaed correlations
are essential, Yet the differences betwean the
material balances derived from the corrected wax
data and from the three independent lahoratories
wera Found te be compatible with the precisions
and accuracies of the masg Spectrometric deter-
mihations.

While the average of the thres independent
labtratories represents an analytical effort of
A0 complete anglyses {uranivm, Flutvnivm and
igotopes) the described Prooedure based on the



Igotope Correlation Technigque results in only
four uranium concentratien messurements being
requested from the referee laboratary.

B.2 pPesgeription of the procedure and results

C.2.1 Redustion of the data to tha shut down
date.

The first step in the evaluation af the
data is the correction of the Plutcnium total
and its isotapic compositicn for Pu-241 dacay:
in order ko make the data of different sowrces
comparable, the data were .all correctad to the
shut-down date of B june 75. The decay Aalf-
life of 14.3 years was used for the Pu=-241,
while the decays of all the octher igatopes were
neqlected,

D.2.2 FReduction of the hateh data inte ag-—

sembly data,

&5 a second step, hemauee each asgsembly is
shared out into two hatches, the original batch
data were pooled int@ five superbatches corres—
pending to the original five assemhlies. The
procedure eliminates any aEymmetry introdused
by the halving process and indeed resulted in
improved correlations, especially whers the
vranium total and plutonium total are fnwvalwved,

D.2.3 Final uranium balapce.

The result of the final tranivm balance is
presented in the table D.1 below.

TAALE [.1

U - final [kq)

WAK,
REFEREE
ASEEMBLY CECLARED [IRCH) ICT
163 Zad_ X - 64,1
171 265, 5 - 2E4.T
176 265 .7 - 2647
17z 2.4 254 _E 1h4.3
170 272.4 163,35 264 .8
TOTAL 1340, 3 - 132%.6
BVERAGE
ASSEMBLY ACCEFTELR 3 INGEFENDENT LARS D1 FFERENCF,
155 2643 62,5 +I1.8
171 266, 5 2633 w3 5
175 ZB5 7 264.5 +3.2
172 264, 3 264.5 -0,2
it R4 E 263,11 +1.7
_

TOTAL 1325 .6 1315.4% 3.7
ESTIMATED c +4 +5.3 +1i1
AMALYTTICAL

EFFCRT 4 samplea I samplag

The quantities are expressed in kila-
qrammes of totRl uvranium  anpd insignificant
digits have been dropped, In the wppar half of
the table, the declared amounts of uranium are
compared  to the results of an ARPESKimate
caloulation (2] which relates +he

AN = Gi{c} ~ IT{F}

te the wranium and plutonium igotoplec data and
to the Pu/ll ratic through the Formula =

- 235 _ 235 _ 236
A = 1.05 u, (o - g i

+ U x 2B [1 * 2,73 (pydd0 4 g 241 Pu242}}
U
i

whers

- the sukscript (o) indicates initial values

- the subscript (f} indicates final measured
values,

- the isotopic fracticn= are expressed in
welght fractions (i.e., w/o divided by 100

- and U and Py quantities are in kg und in g,
rezpectively.

When the WAX data are iotrodoced inta this
formila and the resulting AT is subtracted from
the initial wuranium per aseemhly, the figures
listed under the heading ICT are abtained. The
measurad uranium in the last two aezemblies
nre. 172 and 170 are obviously high and the
usual decizion of the werificaticn team would
be to recuest a confirmation measurement gither
by the WAK itself or by the REFERFE laboratacy,
Here, accordingly the Deasuremnsnts of  the
PEFEREE are listed for the two quastiocnahle
cases and confirm the ICT regults,

In the Iower half af the table, under +he
heading "ACTEPTED", the measured data for the
last two assemhliss have beep replased by the
ICT walues. This columng then, reprasents what
the verification team would nermally secept for
toral wranlom inputs,

Oh the other hand, the best estilmate of
the actual inputs would, in principle, he
obtained by sveraging the results of the other
three lahoratories. The comparison of the two
estimates roveals g slight gystematic Jdiffe-
rence (0.75 % of the total input] which however
iz not to be ascribed to the Isotope Corre-
laticn Technique a compariszon of +he four
laboratory means (zee under paragraph p.2.7,
figure 4) gives a strong indication that the
WAK laboratory is biassed high by gomething in
the arder «f 5 kg. FPurther investigation aof
this bilas iz a matter for ar interlaboratory
comparison exercice.



D.2.4 cConsistengy of uranium and plutconium
ifzctapic ahundances.

The evaluation of beth the uranium=-235 and
the plutoriam balances requires a reliable szat
ef igotopic sbundance data for at least the
uranium=-235 ang if Pasaible for ather isotopes
such as uranium-z3i€ and plutcniom-235 and 240G,
The consistensy of the WAK uranium—235 and
plutonium compositicns was verified by corra-
lating D=235 with [-235, with D-239", ang wity
the ratio Pu-240/239%.

0-235

2157

210 ,

205

208 : . : . : .

IBHE-H JS0GE-M &00F - LI0E-M
Pr-2i0
Pu 239

Fiqure 1. Correiation D-715
T wersus Pu-a0/Pyln

I WAK DATA]

The [T-23& correlation, although a well-known
one. proved lnapplicable becayse this minar
izotope was measured with anly two significant
digite. The Beat correlation was qbtaipng with
the izotopic ratio Pu=-240/239 and is iliustra-
ted in the figure 1. Tpon 9udging this dia-
Sramme and the others, it shepld Le observerd
that the origin is not inelyded and that the
scales are very much enlarged,

Cn  the basiz af this correlation, ne
Points were detected as cutlying, and thig was
takah to indicate that bath the uraniwm-23% ang

Plutonium igotopie compositions were asceptahla,

Tt should Le noted howewver that, owing te the
reduged number of points, the correlacicr is
somewhat loosely defined and that under these
circumstances, the detection of an autlying
meAsurement is net as efficient as it gould ke
in a full-zize campaign. Here, the situation
being as tt ig, the =at of wWax daty has ta be
accepted as coengistent, Mo additional analyti-
cal effort weuld ke reqmired.

* The notation D-236 jis uged for 100 - Dy-33g
in analogy to the L-235.

L.2.5 Uranium—33% balance.
The uranium-#15 balance ir 4 im estab-
lished in the tahle m.2.
TABLE [, 2
U235 final |4}
WAE AVERAGE
ACCRPTED 3 THDEFENDENT
AZSEMBLY U (kgd D-235 [wig] 0-735 iq] IAES D IFFEREL
160 643 [ 577 523 + 54
171 266 . C 1.005 278 241 + 3B
176 85,7 0. 950 2611 7501 + 18
172 2641 1.040 2T4E 2775 - 2B
1o 64,3 1. 0B% 873 84z Lo2m
- . -
TUTHL 13508 13178 =130
ESTIMATED © +230 473 +150
ANRLYTICAL
EFFORT None i0 samples
Hare, the accepted gquantities of nEarium

64

total im ke are carried aver fram the sable
L.1, while the =235 Tinal enrichments ip wic
measured by the WAE are accepted as sach. The
uraniom-235 inpge Fer bateh is expressed in

Frammes by
235 235
LTf 10 o Uf 4 er
g} fw/ial {koy)
Again  the average of the cther three

laboratories 1s taken as the point of com-
Parizon and it jis surpriting tc find a Aif-
ference of 1 % again betwaen tha tuwo nalances,

D.2.6 Consistency of peft; rativs with isctopip
fractioms,
el SUTEY

The evaluatiazn of the total plutenium in-
Put from each asgembly is bazed on tha total
uraniom estabiished jip the tahle D.1 apd eo

accepted estimates of the Pu/T ratio.
Early recognized pPu/q irdicatars (37 ip-
clude [-235, B-239 and Pu=-240/233, the fivst

one keing known ta be linear over the whale
Yarge of sxpostres,

The figures 2 and 3 fepragent the correlatiocoas
ef Pu/U with the plutcnium igoteple ratio and
with the p-335 respectively baged on the WAk
data after irtroduction af  the reviged Us
values of the tahle D.1.

the five FPpufa Yatios m@must  be
acceptaible, although the came
Temarks made in the paragraph 0.%.4 ¢an be
repedted here. Mo additicoal analytical effort
wotld be required,

Again,
regqarded gz
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reprocessor. The comsarigon with the average of
the thres ipdependent laboratories reveals a
discrepancy in the order of 260 g (1.E % of the
tetal input). This difference is due o a bias
and cath be corrected for provided either the
magnitude of the bias iz known beforehand oe
it 15 determined by submitting at least +wo
samples by campaign to the referec laboratory.

A comparizon of the four laboratory means
for uranium tetal and pluteniom total which ie
displayed in the fiqure 4, confirms that at
leaet two of the participating laboratories are
affected b aystematic errors in the order of
A0 g or the pilutorirm determination.

TAELE T.3

Fu tatal (gl

AVERAGE
WAY 3 INDEFEMCFNT
ASEENELY ACCERTED LABS DIFFERENCE
1ER 2145 2377 - o4
171 2299 2131 - 4
176 iile 2341 -1
172 2234 2283 - 53
170 2711 2291 - 70
TR 1139z 11505 — 213
ESTIMAT=D ¢ +105 +a0 4120
ARALYTICEL Hone At zamples
EFFORT

Puiy
SOGE-3-
A.80E-3
BEGE-3-
BLOE-3-
a20F-3 ) . ; : : .
T ane 0N 48
U-tot Pu- tof
Liobs 3lLgbs 4 abs
Sassamblies Sossemblies 3nssemblies
| WAK RCH
-+ =
HIIE
= RCH PKg = TUI
21| 'sAL )
B Al 1] WAK WAK

Figure 4. Comparison of laboratory means
for U total and Pu total

10
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i)

ii}

iii}

1w}

v

Conclusicns
it L 23

By 2 simpls application of the Izobope
Correlation Technique, i+ ig possible to
draw up a semi-independent fissile mate-
rlal balarce of the head end of the repro—
cessing plant with a minimam of additignal
analytical affort.

& limited mumber of gitple linear correla-
tions has been used, involving ooly the
WorE Important isotopes 0-235, Pu-239 and
Pu=240,

Because the fabricatars data refer to
agzemblies, it iz recommended to pool the
input batch data - in the Eregent case two
by two - in such a way as to apply the
correlatichs to asserbly data rather than
fracticns of assemblies,

The aeguracy and therefore the reliakility
of the resylts depend on the khowledge aof
the systematic discrepancies betwean the
mE3s spectrometric laboratoriss,

Confirmation of the lsotopic relationships
by reactor code caleulations would still
anhatice the confidence #ne can pot in this
technique.

7
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