




"t.he interlab e rror-) , e.. is the reproducibility of the 'V-th measurement
. 1J'V. .

I

5) ~I~ 1--l)0 : l'eplace line 8 from battom by :

2 2 2o + 0 Inm) '. [;;RSD]
c l' analys~s

s ::: (var x )1/2/ x
x a a.

+ o2/n ) +
l' volume/mass

:::

l'eplace equation (5-19) by

1/2
0M ::: (val' M) / Ma a

Ilv-th measur-emerrt (s cen ) of the j-th run of the i-th ;Laboratory. a , a s
1

1) J1...::'gc ~)--2L: r cp.Lace equat i on (2-3) by

Li s t of Errata in t.he Prcscnt Edition of' EUR h:57Ge ;KFK 1100

Ileentration (density) of the i-th sample, ~\91 + a i ,p~d the eipectationll

4) P8.fL 7-130 : r'ep.Lace line 11 from bottom by :

3) pace 7-130 : l'eplace line 13 from bottom by

6) par,e. 7-13s : replace line 9 from top by :

-"-.-.~-_._._---------_._--~--------

'~density) are significantly differ'ent, i. e. whether there is;' a 11

7) F.a~ 7-_1)2 : replacb e~uation (11,3) by

b.
J

+ e.
JV

(II,3)

8) nace 7-133 replace ~n the second c~uation fröm bottotl

(v - y )2 by the eorreet term: (y _ y )2
• KV K KV K·

replace in the first line of section 11.4

b .. by the correct symbol: a.
I. 1J 1

replace in equation (11,22):

s by the correct symbol: s.
1

replace 1n equation (11,23):

Y.. by thc correct symbo L: y ..
J..Jv . 1JV

, 2
an eCl\iatiön (II,21l ) thc f'act.or.; l/n lras to be multi..;.

plied '\oiith the total following expr-ess i on .

'" 2 rvar jJ :: l/H (.,t.
1=1

• n 2)
• • .. • .. .. •• • • • .. .. .. ... J.~ er

e
(II,2h)

in equat.Lon (IX ,27) (i. e. first cquatrion ) the factor

1/(rsn)2'htlS to

2var a = l/{rsn) (

be lnultiplied vit.h t he total expression:
):'

>: •••••••••.••• +rsn
i"'l





EUR 4576e I<FK 1100

ASSOCIATION
EUROPEAN ATOMIC ENERGY COMMUNITY - EURATOM

GESELLSCHAFT FÜR KERNFORSCHUNG KARLSRUHE

JOINT INTEGRAL SAFEGUARDS EXPERIMENT
(JEX 70)

AT THE EUROCHEMIC REPROCESSING PLANT,
MOL, BELGIUM

January 1970 - July 1971

Edited by

R. KRAEMER and W. BEYRICH

Projekt Spaltstoffflußkontrolle

Pllblished by

the Commission of the European Communities
General Directorate for Dissemination of Knowledge

Centre for Information and Documentation (CID)
Luxembourg



ABSTRACT

The report presents in detail the methods used and the results obtained in an integral
safeguards experiment carried out in the EUROCHEMIC reprocessing plant as a joint
undertaking in the framework of the association for safeguards: CEN, EURATOM, GfK,
and with collaboration ofother organisations (ACDA, AECB, IAEA, USAEC). The objectives
of this safeguards exercise cover mainly problems associated with accountability of nuc1ear
material in a reprocessing plant such as: identification techniques on spent fuel elements in the
fuel storage pond with help of a special television camera device and of equipment for meas
uring divers gamma activity ratios of suitable fission products, verification of operators
input data by means of isotope correlation techniques and extended interlaboratory tests
on present analytical methods for U and Pu concentrations and determinations of isotopic
compositions in realistic feed, product and waste flows. Special objective of this joint experi
rnent was an experimental demonstration of a new physical inventory technique which
correlates isotopic compositions of subsequent input and product batches. Detailed theoretical
investigations using digital simulation models on U and Pu flow through the EUROCHEMIC
plant were carried out in order to obtain quantitative statements on limiting conditions and
accuracy of this new inventory technique,

The different subjects of this report are devided in 8 selfconsistant chapters containing
individually summaries and conc1usions.
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1. INTRODUCTION

During the yea:r 1969 an increasing intereston integral experiments could

beobserve.d among the international scientific community engagedon safe

guards activiti~s in the peaceful sector of nuclearenergy•.Theresults of

a number of integral experiments became available L-1-1 - 1-4_7 and the

importance of such experiments was weIl recognized. The necessity of inte

gral experiments was a.lso emphasized in a number of IAEApanel meetings

L-1":'5, 1-6_/during this period.

At approximately thesame time a number of safeguards r.elevant methods which

were been worked uponin differ~ntcountries, requiredfurthel" experimental

verification. On the whole, it appeared to be opportune and .fruitful to C/3.rry

out an integral experiment in /3. reprocessingplant .with inte~ational partici

pation during the year 1970 0

The possibility of the execution of such an experiment was discussed at a

meeting of the Steering Committee of the Association on Safeguards +) (at

that time consisting cf EURATOM and GfK) on 6.11.1969. It was established

that the EUROCFF.~IC reprocessing plant at Hol , Belgitlm, would be weIl suited

foran integral experiment pro'Vid.ed some äppropriately sizedca.mpaigns were

scheduled for reprocessing during1970.

Further investigations on thispoint and preliminary.. inquiries amongst the

probable participants indicatedthat both the time scheduke at the EUROCHEMIC

plantand the respons~forparticipationwouldbe favourable •. A meeting of

theprobableparticipants (see preface) was according1y held at I>:.arlsruhe

ontl1e 14th, 15tlJ..~d 16th January 197Q to diseuss thetime sche.duleofthe

EUROCHEMIC pla.nt, the availableexperience for the executien cf .an int~gral

experiment on a.n int.ernational level, thearea and extentof cooperation I3.Xld

coordinationamongsttheparticipants andthe choice of possible objectives

for.a.nintegralexperiment•

+)The Association, at presentconsisting of thepartnersEURATOM-CEN-CNEN
GfK-RCN,·. coprdinates the •R+D-activities of the.· partners inthe fieldof
s afeguards •
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It is to be noted that "integral experiment" means a safeguards exereise

in an existing nuelear faeility for a produetion eampaignover a signifi

eant period of time. The prineipal objeetives for an integral experiment

areto elose thematerialbalaneefor these aetual eampaigns, toevaluate

the·measurementerrors.the operating lo'Sses, totestdifferent measurement

instruments end other metnodsandteehniques andto evaluate safeguards

efforts •
.,.

In retr<>speet, the eonelusionsdrawn at. theabove mentioned meeting andth_e

preliminary objeetives established, throw some interesting light on the

different sUbjeets finally taken over in the present report. The preliminary

obj eetives ehosen>were: a) Physieal InventoryDetermination (PID), b ) Appli

cability of Minol" IsotopeCorrelation Teehriiques (MIST),and c:) Interlaboratorium

!eSiCS for relevant anal-ytiea.l measurement methods. The onlysuitable

operationcampaign at the EUROCHEMIC plant which was scheduled tobereprocessed

in 1970 consisted of about 1O~ 12 tons of natural uranium C.ÄNDU .+\ype fuel

elements with a fairly long eooling time. The fuel elements had different

burn-ups"

a) Identifieation of fuel elements

For the application of the PID method, different eoncentrations of a particular

isotope in two consecutive batches are required {1-7__7. On the basis of the

shipper's data it was concluded that sueh a difference in coneentration might

be expected in different fuel elements becauseof theirdifferentburn-ups.

However ,they had to be arranged ina particular sequenceto maximisethe

isot6pe coneentration difference between thetwobatehes (step signal). For

that pU1'POsethe fuel elements had to be identified.Besidesa photographie

method 6:tel1eckingthe serialriillnbers Ö!~ the fuel elements,a y=spect-remetrie

IIlethod (suggested bytheIAEA)was alsoconsideredas8.11 alternative, as it

was feared· that theidentifieation numbez-s might havebeen corroded away be

eauseof thelongcoolingtime.Inthecöurse of the experiment it was found

that the y-speetrometric metl10d would produce ale.rgevOlumeofadditional: in

formation whien eould be of interest from the safeguards point of view.. Although

later·on,no identifieation of CANDU type fuelwas neeessary l:>ecause of a

changed operation sehedule (seebelow), y-spectrometrie measurements were made

+)Different reaetor types, explained in ehapter 2.



on YAK +) and BR-2 type fuels to gather and test this information. The

results of the analysis of this information are discussed in chapter 3.

Same comments have also been made on the identification of the YAK +) tuel.

elements by photographie method.

b) Simulation

Another sUbject which turned out to be of importance because 01' the initial

objectives set. was the simulation of process 1'low. During the planning stage

of the experiment it was not possible to envisage whether PID could be made

successfully. It was there1'ore. proposed to simulate the process flows rele

vant to the integral experiment and investigate the in1'luence of various

process parameters on this method.The results ot this simulation were to

be maie available to the planning committee before the commencement 01' the

integral experiment so that the PID could be dropped from the objectives in

case it could not be applied. However, because of the changed operation schedule

and on the basis of' the preliminar.r results or the simulation it was found that

the PID could be expected to be can'ied out wi.th reasonable accuracy. Theref'ore,

this was retained as one 01' the main objectives of the integral experiment.

The simulation was however, found to be a powerf'ul tool in analysing a wide

spectrum of influences relevant to the PID method and theref'ore j was elabore:ted

during the course cf the experiment. A detailed description of the sUbject and

an analysis of the results of simulation are to be found in chapter 4.

c ) Physical In,;enten Dete_~nation (PID)

PID based on the use of an isotopic atep function L-'-7_1 was expected to

be the most i,mportant objective of the integral experiment. As mentioned

earlier only one campaign (i.e.with CANDU fuel) was foreseen f()r tlli.s e:x.

periment during theplanning stage. A change in the operation sched~ cf the

EUROCH»fIC plan", however. required successive reprocessing of tuels tromfour

different reactors namely CABDU +) • YAK +). CDN +). TRIHO +). Although this

changed the original plamdng of the eJepeJ'i.m.~l1t•. i:~pl:'Qvicled _auniquepossi..

bility tor the application ot PID (without any intermediate nshout) a number

of times during the e~riment.as each of these tuel types had different

+)Different Nactor types. explained in chapter 2.
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concentratiDn of isotopes. A short descnption of the method and a detailed

analysis of the results, which indicate the successful application or this

method in a reprocessing plant under a variety of operating conditions, are

presented in chapter 5.

d) Minor Isotope Correlation Technigues (MIST)

This technique is gaining rapidly in importance as a safeguards tool. It

was recognized that the present integral experiment would provide realistic

conditionsto test and establish correlations between different isotopes in

fuels coming fram different types of reactors. As shown in chapter 6, fairly

simple .linear relations could be shown to erist between the depletion of

uranium and the build-up er plutonium for the CANDU type fuel. Similar rela

tions which were known to exist for similar type of reactors were corroborated

broadly for the rest of the reactor types also.

e) Inter-laboratorium Test

Ini1:iially -proposed to be carried out as an intel"laberateJ"ium test for-measu.re

ment of isotopic ratios only, the test was extended later to the methods for

ur~~ium end plutonium concentrations by chemical and X-ray fluorescence methods

as well as by isotopic dilution methods. An analysis of efforts indicated later,

that the largest part of analytical and manpower efforts spent in the framework

of the integral experiment was required for this test. Detailed descriptions of

this test and an elaborate analysis and comparison of the results from this

test are to be found in chapter 7 of this report.

Allthe input data required for the planning, execution, and evaluation of the

integral experiment are~ol1.ected andpresented in chapter 2 of'hhis repor't ..

It is to be noted from the foregone description that the conditions and the

expected operation data changed in course of the planning phase of the experi

ment.. Asaresulttheobjectivesofthe.eXperimentchangedalso.Inviewof

the subjectmatter discussed in this report the objectives of the present

integral experiment may be redefined as follows:
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1. Identification of irradiatedfUel elements.

2. Simulation of fissi~e material flow to ascertain the influence of rele

vant process parameters on the physical inVentory determination using

an isotopic step function.

3. Experimental demonstration of the physical inventory determination

using an isotopic step function.

4. Application er isotopic correlation techniques to the different fuels

processed during the integral experiment.

5. Interlaboratorium comparison of measurement methods tor the cOncentra

tion and isotopic ra.t<ios of uranhUll and plutonium.

'Fhe execution of the dif':ferent phases of the present integral experiment

extended over the period January-June 1970. Fig. 1-1 gives an idea on the

timespent by the different participants at the EUROCHEMIC plant in connec

tion with this exoeriment.

It sh6lÜd be noted here that the present integral eXperiment has beenreported

to in the literature quite orten as the Mol III experiment (since it was the

third integral experiment at EUROCHEMIC, Mol) 01' the JEX-70 exp~riment (Joint

integral experiment, 1970). Both these 'terms are equiv81ent.

Th~ present integral e~iment has proved to be a dyne.mi.c and achallenging

venture. It required skillful and bold actions at almost every phase of the

experiment from &11 the participants. It is to be expected that this experi=

mentwill be counted to those eventsvhich may contribute to the s)lccessful

application of internationalsafeguards.
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Abstract

This chapter headed "Layout and Data Acquisition of JEX-70" is '00 be undel"""

stood 80S a collection of all information and data relevant for the follow

ing chapters.

The first part covers a general description of EUROCHEMIC plant layout follow

ed by details about the defined material balance area system and relevant

nuclear material :flows inclusive 'their accountancy system as used for the

establishment of a nuclear material balance both of Plutonium a.nd Uranium.

The second and main part summarizes the data acquisiti.on on

i) shipper and receiver data of spent fuel fröm four different reactors

to be processed during JEX-70 and

ii) actual campaign data on input, product and waste flows which were

partly sUbject cf independent verification procedures.
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2.1 Plant -X,.,otlt and nelicription of the Process

The EUBOCHEMIC .it. i ••ituated on the terntory of' the communities Qf

Dessel and Mol in the Dorthern part of Belgi:um.about 50 km east of' Antwerp.

Tbe reprocessing plant (see Fig. 2.1-1 }HWhich is located in tl1e

ltactive" section of the Bite comprises among others the Main Proces8

Building (1). the Fuel Reception &Dd Storage Building (2). the Analytical

Laboratol')" (3). two Product Storage "8ui.ldings (680 and 6b) and five structures

for wute treatment and storage (5.22.21.8.23).

The aequence of operations for J.ow Inriched Uranium (LEU) process is as

tollows (see Fig. 2.1-2»for the U-cycleschematic f~oysheet and Fig. 2.1-3

for the Pu-cycle schematic floysheet)2).

Irradiated tuel elements which have been stored in the water-tilled ponds

of the Reception:,and Storage Building &re. after an eventual mec:hanical treat

ment i loaded into a heavily shielded charging machine ahd transterred to 80

platfcrm·on top cf the dissolvercella.

Tbe. cladding dissolution takes place in tank. 221 ,for tuel vith enrichments up

to 1.6 %only ud in tank 226 tor tuel with enrichments up to 5 %. After the

decladding cf the tuel ia complete the dissolver (unit 221) is cooled ud the

decladding solution is transterred to vessel 221-5 by ateam jet. Here the solu

tion :LS sampled. and tinally trusterred to the clarif'ication unit (223). Tbe

dissolver is then rinsed with water.

After the decladding operation is completed. the tuel dissolution ·takes place

inthe dissolver (226-1/2) using fresh or recoverecl nitfic acid. After the

dissolution :LS completed the dissolver is cooled and the unadjusted active fuel

(J\FU) :LS transterred toinput ac eountabi lity tanks 221-4 aad 221~'•. The die-,

solur ia rin:ed vith nitric acid and vater vh:Loh ia addedto the AFU~ After

.sampling and volume determination the AFU is sent to unit 223· (tanks 223-6a/6b)

Here. the active teed is adj;uted to the conect concentratioll in acid and

uranium andthereafter the solution is siphoned to tank 231-1. the f'eed tank

to the extraction unit.The in~o~uble residues obtained "uring theradjustment

operation are resuspended in vater via sample\ tank 223-13. tanks 223-4 ud

223-5 to the Medium Lovel Wute (MLW) Storage.
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In the tirst extraction cycle and concentration unit (unit 2j1), urania and

plutonia an tirst separatedtromthe bulk ot the tission products b)" means

ot solvent extraction. using &8 the solvent a 30% solution ot TBP (tribut)"l

phosphate) in a kerosene tyPe diluent. Agross tission product decontamination

tactor (DF) ot about 2 tI 104 is obtained. while the U and Pu losses are estaat

ed to be 0.3 %and 0.1 %respectively.

AB the contamination ot the U leaving the tirst c)"cle is too high to meet the

specitication tor the end product. a second c)"cle is necessary tor turther

decontamination. A gross tission product DF ot at least 50 is expected in the

second extraction c)"cle and concentration unit (unH 232).

Tbe concentrated urania solution obtained &8 an output from the second c)"cle

is tinally puritied b)" being passed through a column packed with silica-gel.

Tbis column absorbs tission products. particularly Zr/Nb. and retains insoluble

matter. The puritied stream coming f'rom the top et the columns is collected

in vessels 241-4& or b. As the uranium solutions of enrichment between 1.6 and

5 %have to be controlled by concentration 01' mass. the final urania concen

tration is checked in 241-4&/b prior to transfer to the product blend tank 241=6

in building 6a and to the pl'Oduct storage tanks (unit 242).

After the solution in each tank has been mixed (recirculation b)" centritUgal

pump). accountabilit)" control is 40ne b)" sampling and level measurement.

The uranium solutions are then pumped into the transport containers (unit 243)

tor shipment.

The plutonium solution leaving- the extraction colwm gees to product receiver

tank 231-58. Final puritication is obtained with a battery ot mixer settlers

(unit 237). Tbe evaporator 236-2a/b concentrates the plutoniUIIl cQJDi.i').g tm. the

extraction unit. the concentrate being placed in tank 2436-1. A 4r.Y c)"cle is

then perf'ormed in unit 238 which )"ields. artel' calcination. a tinal product

under the :torm ot Pu oxide powder.
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2.2 Definition of ~he Material BalanceAreas (MBA) and of Controlled

Fissionable Material Flows

In accordance vith the objectives defined in chapter 1 and vith plant

layout section 2.1 the MBA-system shovn in Fig. 2.2-1 for uranium flov and

in Fig. 2.2-2 for Pu-flov respectively vas defin~d at the beginning of the

experiment. One of the main objectives of tijis joint exercise vhich influenced

to a high extent the choice of the MBA vas the experimental demonstration of

the physical inventory determination by use of isotope analysis. This method

requires a MBA vhich covers only the process part because one wants to follow

certain isotopic signals of the main material flow through the process and

to avoidthe time delay and the great homogenisation which is associated with

material management in storage facilities.

The application of isotope correlation technique (MIST) required an additional

MBA only covering the dissolver(MBA 12 in Fig. 2.2-1 and 2.2-2). With help of

this MBA one is able to ac count the qu~~tities cf nuclear material in the dis

solved tuel elements and to correlate them with the initial figures as mentioned

inthe fabrication plant.

The different nuclear material flows ceossdng the boundaries of the MBA-system

such as feed, product, waste and recycled ma.terial are specified in Table 2.2-1

and correspond vith operators' codes as indicated in Fig. 2.2-1 and 2.2-2.

Table 2.2-1 shovs also the independent verification procedures on~erators'

accountability data received from the accountability section cf EUROCHEMIC.

With respect to transfer measurements JEX-70 observers were to establish a

synchron volume-time plot of eaeh interesting flow indieated in Table 2.2-1

(column 4) as transfer recording. This proeedure is of great help for safe

guards in reprocessing plants for the ealeUlation of a running book inventory

arid the plot replaces completely special observer log-books beeause all interest

ing indications and remarks ean be elearly entered in this diagram.

Independent analysis of U and Pu and their isotopes was covered either by

compositesampJ:et4!fclmique Öl' by siiiglebatc:hanalysis in ease the system

response to an isotope step input signal was interesting with respect to the

inventory experiment. These sampIes were partly subjeet of the interlaboratory

test (chapter 7).
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The definition of MBA 21 involved the accountability of an additional U-input

stream (BXR) in the order of 5-10 %of AFU. which is required in the separa-

tion unit as reducing agent , This flow was partly recycle,d from an other MBA

and partly internally recycled wi thin MBA 21. Thus in the latter case no

material transfer had to be accounted whereas the external recycle must be

accounted. This external recycle represents in fact an additional input stream

which is mixed with the main stream. Thus the product signal becomes a mixture of

two dispersed input signals. As shown in chapter 4 these two input signals have

to be corrected to one input signal otherwise the evaluation of the U-inven-

tory by means of isotope analysis is not possible.

~'le Pu-producf signal was followed in the 2BP-flow which passes the last

accountability station before conversion into Pu-oxide. This MBA-system in

volved the accountability of the recycled mother liquor (3AW) from thePu

precipitation unit. The analysis of the 3 AW-flow was covered by composite

sample analyses. The analysis of 2 BP-flow compared with the PFP (Pu-oxide

in containers) had the advantage that there was a considerable reduction of

samples to be analysed for its isotopic camposition.

On the other hand PFP data were completely made available from the operator,

thus a very useful comparison of the two Pu-product flows could be established.

When using PFP-dats for the inventory experiment both MBA 21 and 22 had

to be considered wheress the use of 2 BP dsta reduces the balance ares to

MBA 21. Both alternatives are shown in Fig. 2.2-2.



Table 2.2-1: ~uclear Mate;-ial Flows relevant for JEX-70

Operator's
code Definition Accountability Tank

no.
Independent verification procedures
on operator's ac~ountability data

I I - I I I

AFU

RAR

UD

JD

BXR
3 UP

2BP

PFP

3 AW

HAW

SRW

RIN

LLW

2

A1ctive feled unadjusted

R~covered acid recycle

Ubdissolvl!d discards

J~cket (dt!canning) dissolution

Uranium (IV) 'recycle

U!ranium producf (3rd cycle)

P'Il batte~r product

Pu final product

Recycled nlother liquor from
precipitat;ion

High activ~ waste

Solvent recovery waste

Rinse solutions

Low level was·ce

3

221-4/6

221-7

~~26-2/221-5

l)uilding 10

~~41-4a/b

~~436-1

product cans (Pc)

238-5

~~51-1 alb/co

234-22b/239-5

252-11/241-5

CEN

4

Trans fer. ~ recording. preparation
and ana:lysis of diverses composite
samples (U and Pu totals and their
isotopes
Transfer·recording

Transfer recording

Transfer recording. analysis of
single .batch samples (U-total and
isotopes)

Transfer recording. analysis of single
batch samples (Pu-total and isotopes)

Transfer recording

Preparation and analysis of 2 composite
samples (Pu total and isotopes)
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2.3 Aeeountability of Nuelear Material

The quantity of nuelear material in one aeeountability bateh is deter.mined

by measuring two eomponents:

i) Mass or temperature eorreeted volume of transferred solution and

ii) Representative eoneentration of heavy nuelei (e.g. U, Pu and their

isotopes) as mass fraetion or per liter solution. In the latter ease

one has to pay attention that i) and ii) eorrespond in their referenee

temperature.

In the following a short deseription is given about the transfer measurement

system, sampling technique, and analytieal equipment installed at EUROCHEMIC

(see also rer, 1-2.1-1_7).

2. 3. 1 Transfer Measurements

A detailed deseription of the transfer measurement system and its calibration

procedures in case of input aeeountability tanks installed at EUROCHEMIC is

given in /-2.3-1 7. The same principle is applied there at all important- -
aeeountability tanks for waste. Final produet batehesare normally weighed on

a brutto=tara difference basis.

The quarrt i ty of solution in a tank is determined on the 'basis or a purely

geometrieal relationship, volume as a funetion of height. The "heightlt of

the filled part of' thetank, Le. the liquid level, is measured by means' ef'

a ealibrated system of dip-tubes installed in the tank. A stream of air with

constant flowrate is pushed through these tubes and the pressure Rieeded to

keep this flow (the hydrostatie pressure at the reference level in the tank)

is measuned, At the aame time, the d~nsity of the liquid is determined :rrom
the hydrostatie pressure differential on a ealibrated height differenee.

Fig. 2.3-1 1) shows the eharacteristies of two input tanks (221-4 and 221-6).

The level and density measurement instrumentation eonsists ofadip=tube

for determination of pressure differenees. The referenee point for pressure

measurement is just on top of the tank in order to minimize the influenee of

the air flow-rate on the pressure measurement. The instrumentation of the

tanks is shown in Fig. 2.3-2 1)

1) - -Taken from referenee 1 2.3-1_/
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Level and density pressure differences are measured by U-tube manometers,

2 metres long, filled with TEE = tetrabromoethane (speeifie gravity approx. 2.95)

and water. respeetively and/or by transmitted eleetrieal signals on recorders

at the paneL,

Regarding the more aceurate U-tube manometer readings density of the tank

solution is determined by equn. (2-1)

(2-1) P =p • h ;hm D

where Pm is the temperature eorreeted density of the manometer liquid (H20),
hD the manometer reading, and h the eonstant differenee in height cf the two

density diptubes.

The liquid level is obtained by equn. (2~2)

(2-2) h = h 1 p /p
m

where Pm is the temperature corrected density of the manometer liquid (TBE), P

from equn , (2-1) end h1 the level manometer reading.

Correlation between volume and level is given by the tank ealibration eurves

whieh represent a least square fit to the different ealibration points.

Following :formulas have been used as a consequence of the geometrical shape

of the tank:

(2-3)

(2-4)

where h 1 and h2 limit the parabolic and linear range respeetively.

The quality of the calibration (e.g. number of ealibration runs, instrumentation

used ete.) is aeeording to the aecuraey required. Input aeeoun*ability tanks for

example have highest speeifieations onthe ealibration. In this ease equn. (2-3)

and .(2-4) are replaced by ealibration tables as given in ,["2.3- 1_7 whieh fit more

closely to the different ealibration points.

The information eoneerning a transfer from one tank to another are reported

on a nuelear Material Transfer Report (NMrR). A NMTR is identified by a reference

number and refers to a RSTA (see below); i t indieates the bateh identifieation

number , between whieh tanks the transfer takes plaee and in whieh tank the

measurements are made.
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The density, the level and the temperature are measured before and after

transfer; the readings made on each branch of the manometer are indicated,

as weIl as the value of an eventual correction when the two branches of the

manometer are not at the same temperature. These data allow the evaluation of

the transferred mass or volume of solution (see specimen NMTR).

Attention has to be paid on the mode of transfer whether it is interesting

to account the receiving or the leaving batch in a special accountability

tank. The first mode is important for input accountability in order to keep the

identity of nuclear material in dissolved fuel elements as required for the

establishment of shipper receiver differences and isotope correlation technique

(chapter 6). The leaving batch ac countability is more simple because no atten

tion has to be paid on different heel concentrations.

The information about sampling and analysis is reported on a "Report of Sampl.e

Transfer and Analysis" (RSTA) identified by a reference number and with re

ference to the corresponding NMTR number.

In case analyses for accountability purposes are req~sted U- and/or Pu concen

trations and if requested weight percents of corresponding isotopes are entered

in this form. The same form is also used for info:mnation required for process

control and specification analyses of fission product concentrations.
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Sampling Technigues (see also chapter 7; fig. 7.2-1. and ~2.1-1~J)

~he main sampling system isessentia11y an "air-lift" system.

The liquid to be sample~ is J,if'ted from a tank by a vacuum up a lifting

pipe into which the air of the air-lift is introduced. The air circulates

the liquid when the vacuum has created sufficient submergence. The air

liquid mixture is lifted up the pipe. passes through the sampling bottle

and arrives at the drain line of a separator pot. The liquid returns to

the vessel by gravity and the air passes to the vacuum system.

The samples are taken in 13 special shielded cella (blisters) each containing

8 sampling points. The samples are contained in small sealed glass bottles

which are placed in plastic containers. A pneumatic dispatch system transports

samples of radioactive material trom the blistere to a distribution box in the

Analytical Laboratory and from there either to the aliquot boxes in the box

chain for high activity samples. 01' to the laboratory for low activity samples.

A system 18 provided to inform 1fhe receiving station in the Analytical Labora

tory that a sample has been dispatched from the plant. The arrival of each s

is also indicated. Thus it i8 possible to discover at once if a cartridge is

stuck in the line.

Direct sampling is also applied to solutions of low activity in the LLW

(Low Level Waste) intermediate storage:

An evacuated sampie bottle is connected to a long needle, dipping directly into

a sampling pot containing the solution to be sampled. The liquid is thus sucked

into the bottle. The sampling pot is filled by pumping liquor from the tank to

be sampled. Other sampling systems, for occasional sampling, exist too; the

samples obtained are transported to the Analytical Laboratory in shielded

containers.

AnalyticalLaböratory

The Analytical Laboratory contains equipment for receiving samples and

ing them to shielded boxes , ce-boxes and fume cupboards for analytical determi

nations.
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In the high activity laboratories there is a ehain o~ 13 shielded air tight

boxes and o~ 10 unshielded boxes. Soltutions are pipetted and analytical

. determinations are carried out in these boxes. Various analytieal teehn~ques

are used. such as potentiometrie titration. spectrophotometry. weighing.

dilution and extraetion. The shielded ehain o~ boxes is used ~or analysing

sampIes containing y-emitters in quantities requiring shielding.

Preparation ~or eounting is done in two ~UIle cupboards in each high activity

laboratory•

In the a-laboratory. located in the low activity area. a-aetive sampIes are

analysed. Among others. the anllysis o~ the ~inal uranium and plutonium

product streams is earried out here. Tbe laboratory has seven eonventional

glove boxes. two benehes andone tUlle eupboflrd. One glove box is used tor

sample storage.

Tbe low activity laboratory is used tor radiochemieal analyses and preparative

work involving small quantities o~ radioaetive material. It is equipped with

twelve benches , two recept.ion boxes and six rume cupboards ; I~ required, up

to~our conventional glove boxes can be installed.

The thermal em;ssion mass spectrometer. loacted in the inactive area. is an

important instrument in the spectro-analysis laboratory. as i t is used to

measure the isotopic composition o~ uranium and plutonium samples ~rom the

input and output tanks ot the plant. Concentrations mayaIso be determined

aceurately using isotope dilution mass spectrometry.

An emission spectrograph with auxiliary equipment is used to determine the

traees o~ impurities in the uranium and plutonium final products.

SampIe preparation tor the instruments is done in the a-laboratory or in the
,

target preparation laboratory. which has a beneh and two ~ume cupboards • The

f'ume cupboards are used tor solidif'ying small amounts of plutonium and uranium

solutions ontoo the filaments of' the ion souree bead tor mass speetrometry. for

evaporating solutions in the porous cup electrodes tor emission speetrography

and tor other target preparation work.
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2.3.4 Error 'Analysis on 'Nuclear Material Flow Measurements

A maj or effort from the view point of safegua.rds has to' be paid on the

error analysis associated with nuclea):. material flow mea.surements. These

efforts result in a statement on any significance of MUF L-2.3-2_/.

Supporting data on estimated relative standard deviations (RSD) associated
.~ t , _ . • •• '

w1th transfer measurements and analys1s are comp11ed an table 2.3-1. These

data result from operatorts quality control and are supplemented by inter

labtest results (chapter 7). Subdivision in calibration (& ) and randomc
error (ÖR) respectively is due to their different treatment with respect to

theaccumulated RSD cf the total flow which follows equn , (2-3) provided each

batch shows equal volume and concentration. For reasons of simplicity this can

be roughly assumed.

(2-3) Ö = (ö
2 +flow c

Ö
2

~)+

n volume/mass

Ö
2

(-ö? + ..!'-)
c n·m .analys1s

where c and r denote calibration and measurement respectively,

n = number of batches and m =number of' analyses pez ba.tch.

The variance of MUF results in accounting the absolute v~riances of flows

and physical inventories.

The statistical technique used for the evaluation of any significance of MUF

is described in detail in L-2.3-2_7 and in chapter 5.6.



Table 2 ~ 3"'1 :,- Estimated Relative Standard Devia.tions Associated with Transfer Measurement
end Analysis

I\)

I
I\)
W

--
MEASUREMENT PU-ANALYSIS U-ANALYSIS

) 6%! s % Methiod 2)" ö % ö % Method 2) Ö % sR %c I R c R c

0.1 0.25 IDA 3) 0.3 0.7 IDA 3) 0.1 0.5
0.15 0.25 IDA 0.3 0.7 " 0.5
1 2 e--count.• 5. 5. colorimetry 0.5 0.5

IDA (0.3) (0.7)
1 2 ex-court. 5 20 colorimetry 10 10
5 5 " 20 /

-
10 10 ex-count. 5-10 20 colorimetry 10 10

- - Neut:ron-count. '10 20 - -
1 2 ex"count. 5 5 - -
5 5 ex-count. 5 10 - -

e 0.05 0.1 potenHometry 0.1 (}'O1 - -
0.2 0.5 - - gravimetry 0.2 0.1

e 0.02 0.05 .. gravimetry 0.2 0.1

5 5 ex-count. 5 10 colorimetry 10 10
.

e 0.2 0.05 - - gravimetry 0.5 0.5

-

balanc

DT/UM
DT/R

DT/R

TRANSF1!;R

DT/R

ba.Lane

241-4a/b DT/UM

SAFRAP balanc

2439.1

238.,.6

"Pu-cont.

3 UP

UFP

UIV_

Recycl.

Sol.W.

Stream Tank Inlstr.
-

AFU 221-4 DT/UM
221-6 "

RAR 221"7 DT/UM

JD 221-5 DT/UM
226"'2 DT/R

PI

2 BP

3 AW

PFP

Liqu.W.
I _.

1)DT =: Dip-tube-systE!m
UM =: U-tube-manometer for level and density
R =: Recorder for level and density

2)
Operator's/system

3) . 01 0 An 1 0IDA = Isotope D1 ut10n a YS1S
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2..4' Overall Nuclear Ma.terial Balance of JEt-70

2.4.1 Shipper-Receiver Difference

The reprocessing program provided by EUROCHEMIC covered spent fuel elements

from 4 different reactors to be processed in close sequence without any inter

mediate flushout. The isotopic changes between consecutive reactor batches

were to be used for th,e inventory experiment. There were additional 11.8 kg

Pu from a former campaign to be processed after the normal run which were al

ready present in the ·rework unit as starting inventory. This material could be

regarded as a fifth reactor batch eontaining only Pu.

Table 2.4.1 summarizes the main eharacteristics of the spent fuel as reported

from the different fuel element shippers. More detailed data can be e'xtracted

from chapter 2.5.1. Table 2.4~1 includes also integrated shipper-receiver

differences.

A eomparison of the predicted and measured values of the U and Pu amounts

indicates that for all the cases with U there is a close agreement between

these two values. For Pu such elose agreement can be observed only in the

ease of the CANDU type fuel. For the TRINO reactor this agreement is less

which may be partly caused by the, ve1:'.{ sma.ll nnmber of'f'uel elements (4) ava.il

able for the establishment of a'~hipper-receiverdifference. For both the test

reactors VAK and CdN the difference between the predicted and measured values

is the highest. This may be due to fluctuating mode of operation of these

reactors compared to the relative stable modes of operation of power reactors.

It should be ment:i,.oned in this connection that no detailed analysis of this

particular problem was made in the framework Cf this experiment.

2.4.2 Nuclear Ma~erial Balance Report

The balance period lasted from January 11. 1970 (begintling physical inventory)

up to July 1. 1970 (ending physical inventory). This period is shown in

Fig. 2.4-1 as cumulative Pu-flow plot which represents the relationof cumulat

ing Pu quanti ties at the input and product accountability sta-tions vs time.

The difference o'f both curves is roughly equal to the running book inventory

of MBA 21 and 22 as only the total waste is considered in this figure. The



numbers associated with the input curve repr~sent the dissolution batch

identif'ications. Due to technical dif'f'iculties the time sequ~nces between

two consecutive input or product batches are considerably variable ..

The Material Balance Report of' the Joint Experiment is presented in Table

2.4-2: The Uranium data were taken in MM 21 and the ~lutonium data in both

MBA 21 and MBA 22. Information on the values presented in this table are

given in paragraph 2.5.

It is to be mentioned here that MBA 21 def'ined f'or the Uranium balance does

not correspond with operator's MBA f'eZ" accountability purposes which covers

additionally the U final product storage. But 1'or reasons pointed out in 2.2

ope11!8tor's U f'inal product accountability could not be used in the context

of' the new inventory technique which was to be demonstrated during JEX-TO.

The relative great (negative!) HUF f'0Z" Uranium ~bserved in MBA 21 may have

its origin by a undetected bias in the U product acceuntability tank (241-4a!b)

whieh was used in JEX-TO.



Table 2.4-1: JEX-70 Spent f'1jlel data and- säipper-receiver dif'terence

',11.'-- •

Fuel CANDU1) vM!) TRnm3) CDN4) starting TotalInventory

-
No.of' f'uel elements 719 38 4 1507 - -
Burnup l-MWd/kLI 4-8 13··22 8-14 ",10 - -
Initial enrichment L-W~c._/

,
4.-°4.50.71 2~~13-2.60 2.72-3.9 - -

9504 11961 1214 ~,4
,

kg U calculated - -
kg U measured 9416 11928 1179 873 873 14083

AU/U measured L-%J + 0.93 -I- 1.71 + 3.0 + 1.02 - -
k.g Du calculated 30.35 11.37 7.11 1.37 - -
kg Pu measured 29.91 9.95 6.70 1.22 12.62 60.40

APu/Pu measured.c%_7 + 1.49 + 14.30 + 6.18 + 12.2 - -
. _.

1)DQuglas Point Nuclear POlre:tStation. 'Canada (D20-Moderator)
2)versuChsanlage Kahl/Main ,• Germa:ny (LWR)

3)TRIBO. Vercellese Nucle&l~ PQwer Plant. Italy (LW)

4)EL3-Reactor. France

. f\)..'

j .

•• • ••
-, ,:y

"':""..",:,.



Table 2.4-2: Material bal'ance report ot JEX-70 feIlt" MBA 21 and MBA 22

-
Balance period: UMNIUM (kg) Reterence PLUTOIUUM (g) Reterence
Januar,y 11 - J\1ly 1st,

mean + SD chapter mean + SD chapter

MBA 21 2.2 21+22 2.2
- -

Physical inventory on Janu.ary 11 873 :±~ 4:3 2.5.2 12619 .:t 130 2.5.2

Corrected input - CANDU 9427 2.5.3 29940 " 2.5.3

- VAK 1928 (
~. 27 2.5.3 9949

~ 174
2.5.3

- TRINO 1179 2.5.3 6698 2.5.3

- EL-3 687 -' 2.5.3 , 1219 " 2.5.3

- Othera 33 + 2 .. -
Make up 672 + 6 -2.5.4 .-

!notal Input 14799 + 51 60425 .:t 217

Output 14753 .:t 54 2.5.5 55001 + 63 2.5.6

Wastes - Lil:tuid 180 ... 18 2.5.9 1500 + 200 2.5.9

- Solid - 450 + 22 2~5.7

Physical:tnventory on June 28/ 105 ... 5 2.5.2 3225 + 41 2.5.2-JuJ,y 1st

-
Total O:UtP11t 15038 .!. 57 - 60176 .±. 215 -
Material Unaccounted l~or (MUF) - 239 ... 77 - ... 249 .±. 305 -
MUF/Total Input D%7 - 1.6 - ... 0.41 -

I\)

•
I\)
~.



70
i.

I\)

I

I\)
Q:l

PFP at.
outlet calcinator

CON ]i:" .. ....-'MUF
TRINO ~ 200 waste + ending inventory

100

marchf.tbr~ary~.' ~~~:]

20

30

50

10

40

~ 60

1970

~.

Fig.2J'-1 Cumulative PU'" flow ... plots of JEX·-70
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'!'his paragraph summarizes all relevant data which were used f'or the nuclear

material balancereport (2.4). In addition a description 01' the dissolved

tuel elements and their ihipper's:.figures oncaleulated nuelear quantities is

given.

2.5.1 Shipper's Bata on Irradiated FuelsElements~ Description 01' the

Fuel Elements

Fuel elements from the CANDU reactor. the VAK reactor, the TRINO reactor

and theEL3 reaetor were process,ed,inJEX-70. These elements were

shipped to the reprocessing plant toge'her vith shipper data providing informa

tion on the 'b~~kg1"()Ut1Q; and history 01' each tuel element. The shipper data wen
in turn used to determine hoy the fuel elements' should be distributed to homo·

genize the dissolution batches,;with respect to the inventory experiment.

2.5.1.1 CANDU reactor (NPD)

A description cf the CANDU reactor m&y' be found in ref. /-2.5-1_7., Tbe tuel

rQdS arefilledj withpellets (one end dished for differential thermal expansion)

contained in ~ircal9y-2 tUbe 0.6 in (1.52 eil) 04. Tbe length cf a finished

rod is 19.5 in (49.5 ea); Tbe fuel consi~r~s 01' natural uranila in form 01' sin

tered U02; clad with 0.015 in (0.38 mm) Zircaloy·2. Subassemblies are made of

7 ud 19 rods forming a 3.225 in (8.17 ea) ode end 19.5 in (45 ea) long bundle.

The shipper' s data provide the f'ollowing information

a) Reterence number 01' the bundle.

b) Type of elements: this number refers to a code which specifies the
tueJ. design. Types 1, 5 end 6 are 19 elements design; type 7 and 8
are 7 elements design.

e) Total weight in grams 01' the uranium contained in the ouncUe. Tbe
values vary from 13215 to 13674 tor type 1; trom 13195 to 13631 'lor
type 2; trom 12155 to 12915 tor type 6; trom 13395 to 13635 tor type 7
and troll 13635 to 15954 :.for type 8.

d) Calculated weight of uranium 235 (from 88 gm to i 00 gm).

e) Weight of the bundle (about 16 to 17 kg).

f) lnadiation time in NWD/TU .(megavatt d~s per ton of initial uranium):
trom 2700 to 8000. the average value beine; about 6000.
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s) Removal date trom the reactor (trom 1964 to 1969h
h) Estimated weight of Pu, Pu-239, Pu-240, Pu-241, and PU-242 in the

bundle (in grams): the weight of Pu varies trom 20 to 55 with an
average of about 40.

i) Irradiation time at full power days: from 262 to 1617 with two
exceptions a 53, the average being about 700.

j) Cooling time in days; the exact cooling time can be obtained
as the difference between the date of removal from the reactor and
the date of reprocessing in the plant (trom February to April 1970).

k) Average power in kw of the bundle: from 25 to 200with the two
exceptions mentioned above at 630 and 760; the average being about 90.

1) ~cay factor corres~onding to the c~gling time: trom ?8 to 5.6 • 1.0-
4

-4
W1th the two except10ns at 6.75 • 10; the average be1ng about 1.8. 10 •

m) Decay heat in watts: trom 5 to 45 with an average of about 20.

Fuel element bundles were shipped for reprocessing in baskets, each basket

containing about 60 bundles. Table 2.5~1-1 gives a SUJl11ll&1'Y of some of the

shipper data for all thebaske~s together with some values calculated from

these dacta. The first shipment was made of baskets 1,2,3,6,7 and 8 and the

second shipment of baskets 1,2,3,4,5 and 6e The number cf bundles in eaeh

basket, the total amount of Pu (in grams), the %weight of PU-239, Pu-240,

Pu-241 arid Pu-242, the average irraditation time in MWD/TU and the total

amount of uranium (in kgs) bef'ore irradiation: These data have been used

to compute the total amount of m-anium tue in kgs) left in the bundle after

irradiation, the %weight of U-235 left in the bundle after irradiation and

the %amount of U-235 left in the bundle after irradiation with respect to the

amount of U-236. In addition there are given the average Pu Iu ratio and
avez-age exposure ,

As indicated in chapter 3 the identification of' most of the CANDU f'uel element

did not prove to be feasible. Out of' the 9 batches made ",ith the elements com....

plete identification was obtained :ror batches 1 ~ 2, 3~=--\ all the f'uel elements
'} _ J

except 9 were identified \for the fourth batch and no identification was

possible for the last five batches.

2.5.1.2 VAX reactor

A description of the German VAl{ reactor JIl8.Y be found in ref. '-2.5- 1_1.
The fuel elements are made of pellets, 1.27 cm od; 1.59 cm long; 48 pellets

form asegment. and two segJnents form a rod; the rod diameter is 1.45cm.

The tuel consits of 2.4 to 2.6 %enriched uranium in form of sintered U02,
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c.Lad with 0.85 DUn Zirealoy-2. Subassemblles are made of 6x6 fue~ rods eon

tained in a square ehanne.l.,

The shipper's data provide the following information:

a) Referenee number of the fue~ e~ement. Three types of tue~ e~ements were
used: the 23 elements of type A had an enriehment of2.33 %; the 8 element,s
of type B had an enriehment of 2.60 %; one element of type N had an enrich
ment of 2.48 %.

b ) Vanous informationli&S: manufacturer of the fuel (IGEOSA for types A and B;
NUKEM for type N); drawingused for the fabrieation; chemieal form of the
fuel (U02); physical form of the fuel (sintered);t>ther material present
in the fuel (none); eventual presenee of other fuel elements in the reae
tor before loading (ncne ) and eventual damage shown by the fuel when dis
eharged (ncne},

e ) Weight in kgs of the uranium eontained in a fuel element: 63,2837 'lor
type A; 63.2204 for type B; 63.498 for type N.

) Weight of uranium-235 in kgs: 1.4746 for tyPe A; 1.6466 for type B;
1.572 for tyPe N.

e) Irradiation time in MWD/TU:; the values appeal' in Table 2. 5~1-2.

t) Rem",val date 1"1'011I. the reactor: 12/12./67 for elements B-4 and B-25;
19/10/69 for elements A-14/15!21!22/30/33/34/36/4o/41/47 and B-30;
and 10/9/68 tor &11 the others.

s) Number of daY's when a ruel element was in the reaetor (of' the order
of 2700) together with the number of days wbere the reactor,had no
power (of the order of 1700 ). The dif1'erenee of these two values
gives the irratiation time in days for eaeh tuel element: 820 for
elements B-4 and B-25; 1040for elements A-22/33/36/41/41; 1084 tor
el-.ents A-14/15/21130/34/40 and B-30; 330 1'01' elements N-20; 1025 for
element B-9/21/24/40/43 and 1011 for all the others.

h ) Maximum specifie power of the fuel element when diseharged{ 11 watt.s/g U);

i) Estimated weight of Pu. Pu-239. Pu-240 and Pu-241 in grams
(see Table 5.1.1-2).

j) Weight cf uranium left in a tuel element of the diseharge.U:f
{see Tabl:e 2.5.1~2).

k) Weight of' uranium-235 lef't in a hel after discharge Uf-235
(see Table 2.5.1-2).

1) Weight of U-236 (see Table 2.5~1-2).

For reason cf' spaee no more than about 12 to 14 elements eould be introdueed

at the same time in the dissolver r even after a meehanieal treatment

in whieh the top and bottom part of' the unf'ueled part was removed.



Pirst bateh:

I
2 - 32 '

It had been foreseen to make a batch consisting of the 11 elements

A-12/16/18/19/21/22/35/38/41/43/5~~~ two batches made with the other

elements. these last two batches beingmixed. after dissolution. The expected

U;and Pu concentration (in %) would then have been:

U-235/U == 1.07; u-236/u • 0.23

Pu-239/Pu == 66.75; pu-240/pu • 18.30; Pu-241/Pu • 12.70.

2nd and 3rd bateh: U-235/U == 1.08; u-236/u == 0.25

Pu-239/Pu == 65.36; Pu-240./Pu • 18.25; PU-241/pu == 13.56.

Unfortunately technical difticulties caused time delays dur'ing the dissolut"ions!

of the reactor batches which made the blending operation of' the last two batehe

impossible.

The second batch consisted of the 8 elementsA-5/15/17/30/31/36/4i/55.

the expected values of the concentration for this batch being (in %):

Second bateh: U-235/U == 1.03; U-236/u. 0.23

Pu-239/Pu. 66.08; Pu-240/pu == 18.43; Pu-241!Pu == 13.17.

The third batch consisted of the last 13 elements. with the tOllawing expected

values :

Third bateh: U-235/U == 1.10; U-236/u. 0.26

PU-239/Pu. 64.98; Pu-240/Pu. 18.16; Pu-241/Pu. 13.81.

2.5.1.3 TRINO reactor

A description of the ItalianReactor ENRICO FERMI (SeJ1ai) reactor may be found.

in L-2.5-'2.t/. The tuel elements are made with U02 pellets placed inqlindricaJ

rods which form either square or crucifo~t1ubassemblies. In the square sub

assemblies the pellets diameter is 0.890 :em.the rod length 274.37 cm (overall'

end the enrichment is 2.73 %in the inner 'region. 3.12 %in the intermediate

region and 3.90 %in the outer region; in thecrucirorm subassemblies the pelll

diameter is 0.935 cm. the rod length 295.2 cm (overall) and the enrichment is

~.73 %. The clad<U,ng is type 304 stainless steel and is 0.0384 cm thick,in the'

pquare subassemblies end 0.0732 cm thick in the cruciform sUbassemblies. The

square subassemblies (19.99 x 19.99 each end 320.88 cm long overall) are made
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with 209 rods; the erueiform subassemblies (spare 37.191 and 32.443·~em,

295 em long overall) are made with 28 rods.

;

The shipper's data provide the follonng information

a) Referenee number of the fuel elements; the four elements whieh were
trea'ted were elements 509-017; 509-032; 509-049, and 509-104.
(The data given in the following will eorrespond to these elements,
in that order.)

b ) Loeation in the reaetor.

c) Loading date in the reactor: 1/10/64 for all the elements.

d) Removal date from the reaetor: 28/4/67 for all the elements.

e) Weight of uranium at loading (in kg ): 313.734; 313.559; 314.951 and
314.27Q.

t) Weight" of U-235 <in g): 85.30; 85.26; 98.58 and 122.47.

g) Irradiation time in MWD/TU: 12945; 12465; 13980 and 8969.

h ) Weight of uranium lef't after discharge (ur, in kgj :307.648; 307.664;
308.337 and 310.058.

i) Weight of ü-235 left after diseharge (Uf-235. in g):4925; 5017; 5921
and 9365.

j) Estimated weight of Pu-239(in,g): 1421.76; 1431.13; 1509.42; 1127.87
pu~24o(ing) : 312.96; 305.07; ...... L 8". 148.32,:)'<+•. r,
Pu-241(in g) : 175.72; 167.90; 182.76; 88.82

pu-242(in g): 9.61; 8.61; 24.38; 2.06

Pu (in g) : 1920.05; 1912.71; 2031.43; 1367.07

Püfi.ssil~
1597,,48; 1599.0~; 1692.18; 1216~69(in g) :

k) Estimated weight of Np (in g) : 3.27; 3.09; 3.69 and 1.86.

The four Trino tuel elements were dissolved in two batches: The first baten

was made of the elements 509-032 and 509"'049 and the seeond of elements

509-017 end 509-104, the expeeted values of the eoneentration being (in %):

First bateh:

Seeond ba1;;eh:

U-235/U • 1.78
Pu-239/Pu =74.59; Pu-240/pu • 15.73; Pu-241/Pu F 8.89

U-235/U • 2.31

Pu-239/Pu • 77.56; Pu-240/pu • 14.03; Pu-241/Pu • 8.05
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2;5.1.4 EL-3 reactor

A description of the French EL-3 reactor may be found in /-2.5-3_/.

The fuel elements are made of pellets (5 or 8.9 mm in diameter; 12 or 8.9 mm

long) contained in fuel pins (internal diameter 5 or 8.9 mm. thickness 1.2 mm.

length 289.7 or 312.5 or 327.5 mm); the canning material is aluminium; a fuel

element is made of 8 pins surrounding an axial tube. The f'uel consists of

uranium (natural. 1.5 %. 4 %and 4.5 %enriched) in form of' U02•

The shipment contained 1507 spent fuel elements with a calculated amount of

heavy nuclei of 694 kg U and 1. 368 kg Pu. ~s there was no idendif'ication of

the single fuel elements possible only integral data are given here.



Table2.5. 1-1 : CANADIAN FUEL SUMMARY SIlEET

2lf2p u- -

!1WDLT Tot Uo Tot~f' W~~h=~ ::::%:5]
AVE_ _ __KQij KGM 235U 236U

lf958 775.69 769.79 0.3225 O.~ 0596

.%30 794.09 787.18 0.2889 0.0646

5757 801.65 794.44 0.2830 0.0656

5892 792.20 784.99 0.2766 0.0666

5580 795.25 785.44 0.2940 0.0643

6316 789.67 782.01 0.2578 0.0694

5887 805.08 797.75 0.2769 0.0665 i

5943 810.61 803.15 0.2743 0.0669
I'\)

I

6162 808.57 800.89 0.2646 0.0684 w
VI

6229 812.5:2 804.72 0.2616 0.0688

6515 801.58 793.56 0.2492 0.0769

~''73 ~08.17 800.49 0.2641 0.0685

9595.1 9504.4 ki10grams

0.689

0.915

1.00

1.02

0.94

1.10

0.97

1.07

1.06

1.15

1.18
1.10 __.

3.47

4.00

4.15

4.19

4.02

4.39

4017

4.34

4.:36

4.49

4.60

4.iJ:

2190.574'.43 21.42

2434.4 71.63 23.45

2492.1 70.9023~95

2499.6 70.6124.+8

2424.1 71.55 23.49

2601.5 99'.53 24.Q7

25.18,,7 70'.85 24.01

2571. 9 70,.04 24,,55

262'3.5 69.8424.73

2633.9 '69.28 25.08

26!J6.3 68.58 25.63

2625~1 69.61 24.87 ...;..

30351.6 grams

Shipment N.o' nr

No. BSK Bdls.

1 1 59

1 2 ,60

1 3 60

1 6 '60

1 7 60

1 8 ,60

2 4 60

2 .5 60

2 1 60

2 6 60

2 2 60

2 '3 >,60

>: 719

Pu, Average G1Tonne "" 3193 end of life

Average :MWI>/Tonne "" 5916 based on TI, .. . . .. 0

... 6003 based on B
f
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Table 2~5.1-2: Calcula'ted quan'ti'ties of heavy iso'topes in spen't VAK fuel
elements

Element Exposure Tot Pu Pu-239 Pu-240 Pu-241 Tot Ur Uf-235 U("236
Bo. MWd/MTU (g) (g) (g) (g) (kg) (g) (g)

1 2 3 4 5 6 7 8 9

A-5 15 844 357 235 66 47 61.847 639 143
A-12 15 108 348 232 64 44 61.923 666 139
A-14 18 280 380 a41 71 56 61.748 555 155'
A-15 18 031 377 240 71 55 61.756 563 154
A-16 15 096 347 232 63 44 61.925 667 139

A-17 15 909 357 235 66 47 61.842 636 144
A-18 15 835 357 235 66 47 61.849 6:39 143
A-19 15 668 353 234 65 46 6~.866 645 142
A-21 18 259 380 241 71 56 61..149 556 155
A-~ 13 835 330 227 60 38 62.044, 715 132

A-30 18 216 380 241 71 56 61.750 557 154
A-31 15 992 351 235 66 41 61.833 633 144
A-33 13 400 325 225 58 37 62.069 125 129
A-34 18 652 383 241 12 58 61.132 544 156

I A-35 15 072 947 232 63 44 61.928 668 139

A-36 13 215 322 224 51 36 62.089 139 127 I

A-38 14 192 336 229 61 40 62.011 101 134
A-40 17 802 375 240 10 54 61.764 570 153
A-41 13 928 333 228 60 39 62,.036 711 132
A-43 15 154 348 232 64 44 61.918 664 139

A··47 13 965 333 228 60 39 62.034 710 132
A-54 15 123 347 232 63 44 61.921, 666 139
A-55 15 735 354 234 65 46 61.859 643 143
B-4 15 853 353 239 63 4~ 61.790 787 153
:8-9 18 150 319 246 69 53 61.612 701 167

B;"21 18 538 383 247 .,,.. ce 61.58~ 686 170IV ,,1,,1

B-24 21 832 414 253 77 67 61.336 578 186
B-25 15 903 353 239 63 44 61.786 785 154
B-3O 18 686 383 247 70 55 61.570 680 171
:a;;..40 18 433 390 . 246 70 ~4 61.588 69Q 1~9

B-43 21 847 412 252 77 66 61.333 577 186
N-20 9 450 256 19.4 39 18 62.584 989 103

11449 1536 ·2091 1520 1978.680 21285 4726
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2.5.2 Physical Inventorybefore and after 6ampaign

2.5.2.1 Physical inventory before campaign

The beginning physical inventory was determined at January 11, 1970 and

relevant data can be extracted from table 2.5.2-1.

As the layout of JEX-70 covered only MBA 21 and MBA 22 no attention has

been paid on other MBA's.

There are a ,couple of units which cannot be inventorized adequately because

of the lackof measurement and sampling equipment. In this case the operator

was estimating the hold-up. Fortunately the main part of physicalinventory

both for U and Pu could be collected in adequate accountability tanks.

There were~ 16 units and 10 units to be inventorized with respect to U inventory

and Pu inventory respectively.

2.5.2.2 Physical inventory after campaign

The endingphysical inventory was taken at July 1st, 1970 for U end June 26,

1970 for Pu. The relevant data are compiled in table 2.5.2-2. The ending Pu

inventory of MBA. 22 iricludes~ two final product batches pe 163 and pe 164 as

indicated in table 2.5.6-1 which contain 1899 g Pu. The ending U inventory

was mainly collected in the dissolver tank (226-2).
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Ttb1e 2.5.2-1: Physical Inventory a) before and

b) after the campaign

MBA 21 22

Date kg U g Pu g Pu

a) Januar,yt 11 872,.8 12061. '558.

b) June 29, and 104.7 1163. 2061 ~

July 1
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2.5.3 Corrected Input Data

2.5.3.1 Operator's data

As pointed out in 2.2 and 2.3.1 operator's NBA system keeps identity of

ot nuclear material in spent tuel elements torming one dissolution batch

tor reasons of establishment of adequate shipper-receiver difterences and

the application ot the isotope correiation technique. "Corrected Input Data"

.representing the actual dissolved nuclear material in each dissolution batch

are accounted tor by using MBA 12 (see li'ig. 2.2-1/2) according to equation

(2-4)0

(2-4) Total = JD-RAR+AFU (00) + AFU( 10) + UD .Lkg u, Pl'l_1

- JD corresponds to the inputjacket dissolution; the isotopic composition

ot Uranium and Plutonium in JD was considered to be the same as in the

corresponding AFU.

- RAR corresponds to the recovered. acid recycle; the amount ~ of heavy

isotopes in recycled acid was directly determined.

- AFU(OO)and AFU(10) correspond to the active feed unadjusted; the input

tuel solution is accounted in two parallel input tanks: the transfer

trom tank 226-2 to tank 221-4. tor batches 100, 200 .~ •• is indicated by

the symbol (00); the transfer trom tank 226-2 to tank 221-6. tor batches

.110, 220. • •• , is -indieated by the symbol (10).

AFU(OO)-batch normally contains the main part of tuel-solution trom

dissolver 226-2 whereas AFU(10) con"tains the supplement and flissolver

rinse solutions.

- UD corresponds to the und:1sso1veddiscards.

Tables 2.5.3-1 to 2.5.3-4 show the actual data of the campaign; denoted

LEU-1-70 (CANDU tuel), .LEU-2-70 (VAK tuel) end LEU-3-70 (TRI:N()a,nd EL-3 ru.el)
-J . . ..... -

for the 9 CANDU batches (table 2.5.3-1), th' V VAK batches (table 2.5.3-2),

the 2 TRINO batches (table 2.5.3-3) end the 5 EL-3 batches (table 2.5.3-4).



2 ... 40

~rator' s input accountability data aresl10wn 1'01" each bateh in table 2.5.3-1;

the values indicated under the mention "Totaltt are caJ.c:ulated according to

fomula: (2-4). Tbe values indicatedunder tha mention "shipper's" are the

Uranium preirradiation dataas calculated from the shipper' s data; asindi

cated in paragraph 2.5.1.1 some 01' these values are only estimations due to

tF1e lack 01' identif'ication 01' tlie fuel elements. Tbe values JRC (jacket re

cycle concent~te) correspond to the total &mount 01' solid particles whieh

not dissolved during the 'jacket dissoluti~ns. These solids were eollected and

dissolved in a special dissolution.

"Shipper's Initial" and "Shipper's Final" in table 2.5.3-2·~represent shipper's

pre and post irradiation data; those datado notappear 1'01" the fourth batch

representing undissolved fuel tram first three batches.

"Shipper's Initial" and "Shipper's Final" date. in table 2.5.3-3 are slightly

different from the values given in paragraph 2.5.1.3. this is due to the fact

that. 80me rods were taken out -or the fuel elements for reasons 01' small sample

analysis.

Since the complete tuel elements were dissolved during a single,peration,

there are BO data for JD and RAR f'or the EL-3 batches in table 2.5.3-4.

Considerable'ef'forts were spent on verif'i.cationot operator's input accounta

bility by independent analyses using eamposite sample technique. Composite

sampletechniquewas· als<). applied at a preceding integral sateguards exercise

at EUROCHEMIC L- .2.5';'4_1 on original samples ot active teed. As the eftorts

tor transportation and handling 01' undiluted active sample solutions were ex

perienced to be unreasonable high a dilution with nitric acid 01' 1:250 by

volume on all samples was carried out :by the operator before composing wich

has the advantage that the stability 01' samples is guaranteed during storage

time•

.Ten composite s&1llPlesooltdll.uted active. teeei s()lutiol1l!1 W'e~4! ~()11lp()sed b,y

and MJ.. Kammel"ichs2) using a Methrom-Mikro-Dosimat (type E 412-1-G-P) in com

bination with an autome.tic control~it: Metrhom-Dosifix (type E-442). Equip

ment and proc~dures are described in detail in ~f. L- 2.~~:). / •

nBAM =Bunt1esanstalt:für Materialforschung, Berlin

2)European Transuranium Institute, EURATOM, Karlsrhhe
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Eaeh eomposite sample was elosely homogenized before distributing required

sample material to single laboratories with request for analysis of U and

Pu eoneentrations using isotope dilution teehnique. Eaeh laboratory was to

spike the reeeived samples independentlyo

Table 2.5.3-5 summarizes all relevant data inelusive referenee eoneentrations

ealeulated on the basis of operator's single bateh analysis whereas table

2.5.3-6 and 2.5.3-7 show single realisations of verifieation analyses on U

and Pu from different laboratories relative to their eorresponding referenee

values defined intable 2.5.3-5.

Signifieant deviations indieate those realisations whieh exeeed roughly

a + 2 %limit. Realisations on composite sample C and D are eompiled in

table 2.5.3-6 gnd 2.5.3-7 for reasons of eompleteness. As indicated in

table 2.5.3-5 the primarily used plastie bottles did not hit speeifieations

on required tightness. Composite sampIes indieated as E-I represent dried

samples aeeording to a new technique developed in the European Transuranium

Institute, EURATOM t Karlsruhe. whieh is deseribed in detail in ehapter 8.

The reported realisations of eomposite samples have a signifieant trend to

overestimate U and Pueoneentrations eompared with the eorresponding single

bateh analysese This was also experienced in a previous experiment on eomposite

samples L-·2.5-4 _7. The reasons thereof are not elearly identified.

Possible error eomponents are the following:

i) Composite errors

ii) Sample preparation. spiking and dilution

iii) Aging effeets due to autoradiolysis.

evaporation. pOlymerisation and plating out;

i) .and ii) shoul.d be of' random nature in this eonsideration whereas aging

effeets may have eaused this trend though eonsiderable efforts were spent

for stabilizing sample solutions immediately after sampling (see ehapter 7.5).



1J?ablire..-~~~:, Operator~B':In:put Accoun,tability Dataof CANDU-hel (LEU-1-70) LG~",~~a"!1nuclei7

ro
I

~

............,

" '"!Ident. t1 (tot)' 0234 'U2;i5 U 236 U 238 Pu (tot) Pu238 Pu 239 Pu 240 Pu 241 Pu 242. Remarks- z

1#:1)100 1277 0.1 t..5 0.9 1272.5 2.7 0.0 2.0 0.6. 0.1 0.0

!RAR 100 - 2958 - 0.2 - 2:5.9 - 1.4 -2930.5 - 9.1 0.0 - 7.2 -1.3 - 0.5 - 0.1.
IAFU 100 671357 33~5 182!6.1 1490.1 669007.3 2224.9 3.1 1596.0 518.8 83.2 23.8,

iAli'U 110 406101 20.3 1100.5 2e8.3 404691.9 1324.2 1,.9 949.8 308.8 49.5 14.2
,

'.

iTotal 1075777 2) 53~7 2904.2 2' 777.9 1072041.2 3542.1 5.0 . 2540.6 826~9 132.3 37.9
pbipper's 1090600 77~;4. .. 3542.9 2471.1 877.8 1'5.4 ~8.5
: ,':!-•.

.....
~JI>. 200 1309 0.1 4.0 0.9 1304.0 2.5 . 0.6 1.8 0.6 0.1 0.0

RJ~ 200 -'19540 - 1.2 -·'-f1.4 - 9.2 - 19358.~ - 59.9 ..;. 0.2 -,47.1 - 8.8 - 3.3 - 0.5
" 35:.2 20:34.1' 485.1 701334.4 2299.8 3.2 1645.7 535.6 90.2 25. tAJ~U 200 ,-1()389Q_~ (

.Alru 210 384947 19:.2 11:24.5 281.0 383522.3 1251.7 1.8 900.0 292.9 49.3 13.7
, ,-

Tlt!)tal 1070606 53.3 2991.8 758.4 1066802.5 3500.1 4.8 2500.4 820~3 136.3 38.3

s:~ipper' s' 1088100 2) 7736.
2)

3513.9 - 2447.9 872.1 155.2 38.7

JD300 552 , 0.0 1.1~ 0.4 550.2 1.4 0.0, 1.0 013 0.1 0.0 no RARI
AFU 300 676146 33.8 1717.3, 493.6 673903 J3 2302.4 3.2 1624.6 554.4 93.0 27.2

,

AlP 310 353959 17.7 894.1 369.0 352778.2 1206.7 1.7 851.4 290.6 48.8 14.2
- , -
TMal 1030657 51.5 2612.8 763.0 1021229.1 3510.5 4.9 2477.0 845.3 141.9 41.4

Sh}pper's 1052200 ~) 7481. 2) 3542 .. 1 - 2428.6 908.5 162.8 42.1
- -
J'Di'4oo 731 0.0 2j,5 0.4 728.1 1.5 0.0 1.2 0.3 0.0 0.0

,

IlAR 400 - 215 - 0.4 -38~7 - 4.1 - 231.8 - 17.1 - 0.1 - 13.5 - 2.5 - 0.9 - 0.1
,l

~~ 400 647743 32.4 2'196.1 395.1 645119.4 1807.1 2.0 1373.3 368.3 51.0 12.5
AFtJ 410 391822 19.9 1356.7 234.7 396210.7 1097.1 1.2 833.8 223.6 30.9 7.6
- - -
~~otal 1046021 51.9 3~)16.;6 626.1 1041826.4. aaaa.6il ' 3, 1 t 219~.8 589.7 81.0,_ 20.0

ißhipper's 10563QO
2)

71"10. 2).. L. '~••"'. 2914.2 '. - ...... 1 2196.7 641.4 107.9l 22.~" ,
a .~.. • ..:.&i I

.. ___ CI"C=_·
--- .. _---- ....-- ...



!able2.i.31-1: Operator's Input AeC:OWltability Date. of CANDU-Fuel (LEU-1-70) [GMS heavy nuclel7

l'\)

I

~
lAJ

Ident. U tot. U.234 tJ 235 U 236 U 238 Pu tot Pu 238 Pu 239 PU 240 Pu 241 Pü242

~rD '00 899 0.0 2.8 0.6 895.6 2.9 0.0 2.2 0.6 0.1 0.0
!lAR 500 - '~075 - 1.9 - 235.9 - 47.. 8 - 61789.1~ - 35.2 - 0.1 - 26.4 - 6.6 - 1.7 - 0.4
AFU 500 695261 34.8 2:148,.3 451 ..9 692626.0 1989.4 2.4 1477.3 I 430.3 62.7 16.7
MU 510 424215 11.0 1302.3 271.5 422624.2 1220.4 1.5 906.2 . 264.0 38.4 10.3
- -
Total 1058300 2) 49.9 3217.5 676.2 1054356.4 3177.5 3.8 2359.3 688.3 99.5 26.6
Shipper's 1102600 7839 2) 3294.0 - 2377.7 758.1 129.7 28.6

JD 600 1314 0.1 3.7 1.0 1309.2 6.2 0.0 4.4 1.5 0.2 0.1
RAR 600 - 9329 - ',0.5 - 281.0 - 6.1 - 9294.4 - 23.3 - 0.1 - 16.6 - 5.2 - 1.1 - 0.3
AFU 600 599991 30.0 1685.6 468.0 59t807.4 1960.9 2.5 1404.5 459.6 72.9 21.4
AFU 610 433474 ~11. 7 11'87.6 320.8 431943.9 1430.0 1.9 1024.1 335.2 53.2 15.6

-
Tlotal 1025450 51.3 2848 .. 9 783.7 1021766.1 33·(3.8 4.3 2416.4 791.1 125.2 36.8
Shipper's 1) 1039100a) 71~86 2) 3374.0 -, -
JD 700 382 0.0 1.0 0.3 380.7 1.2 0.0 0.9 0.3 0.0 0.0
RAR 700 - 4854 - 0.2 - 14.5 - 3.2 - 4836.1 -' 41.3 - 0.1 - 30..3 - 8.8 - 1.7 - 0.4
Alm .700 611220 24.4 1656.3 458.4 609080.9 2060.5 2.1 1467.9 488.5 78.5 22.9
Alm 710 391786 15.7 1061.7 286.0 390422~6 133ß6.5 1.7 937.9 312.1 50.2 14.6
-
Tc)tal 998534 39.9 2'ir04.5 741.5 995048.f 3336.9 4.3 2376.4 792.1 127.0 37.1
Shipper' s 1) 10634002) 7661 2) 3537.
- .- -
J) 800 1465 0.1 4.0 1. 1 1459.8. 2.8 0.0 2.0 0.7 0.1 0.0

!RAR 800 - 183l - 0.1 •. 5.,5 - 1.2 - 1824.2 - 44.5 - 0.1 -'31.8 - 10.0 - 2.1 - 0.5

',AJ1"U 800 635868 31.8 11748.6 464.2 633623.4 2051.6 2.7 1471~4 480.7 75.3 21.5

!Ali"U 810 360759 18.0 977,.6 252.5 359510~9 1167.3 1.5 837.2 273.5 42.8 12.3
-

-tal 996261 49e 8' 2:724.7 716.6 992769.9 3177.2 4.1 2278.8 744.9 116. 1 33.3
1) 1013200 2) 7'300 2) 3270..iipper's

-
.,



:trable2.:).3~1: Operator's Input Acc~ountability Data of CABDU-Fuel (EEU-1-70)LGMS heavy'nucleV"
,(.

clent. U tot. u ~34 U 235 U 236 U 238 Pu tot. Pu238 Pu 239 Pu 240 Pu 241 Pu 242

900 1252 0.1 3.8 0.8 1247.3 2.7 0.0 2.0 0.6 0.1 0.0

900 - 2596 - 0.1 .• 11.2 - 1.3 - 2583.4 .. 4Q_-3 -0. t - 29.7 .. 8.6 .. 1.5 - 0.4

900 700443 '35.0 :~11~ 462.3 697830.3 2159~6 2.6 1577.6 484.4 73.6 21.4

910 414636 ~0.7 1268.9 261.2 413085.2 1275.0 1e5 931.4 286.0 43.5 12.6
-

otal 1113735 '55.7 :3376.9
2)

723.0 1109579.4 3397.0 4.0 2481.3 762.4 115.7 33.6
/. 1) 2)h1pper's \ 1089700 '784 t , 3303

--'--.'."- ..._._'

Re tot. 752 .. 2~. 1 .. 749.9 2.4 - 1.7 0.7 - .-.,
,

DTAL 9416093 457.0 2690Q.0 6566.4 9382169.6 29906.7 38.3 21626.7 6S61.7 1075.0 305.0
hipper's 19595100 2) 2)

30351.6 21396.9 7359.6 1284.4- 68608.0 .. ' - - 310.7

-

T,

S

TI

S

J

I

J

RAR

All

AFU

1) Estimateddata,--p.ecause fuel elements could not be identified.
r l )

t:. Preirradia~ion qata.
"

f\)

I

.r::

.r::-



IDENT.
,~=~~"=~~~,~~,"~I~=~"'C~~=''''~

UTOT U234 I U235 tf36 tf38 PuTOT pu238 pu239 pu240 pu241 pu242
---- ! I 1- I I - I I I I I I

0.1
1.4

50.. 5 ro

I

" .r:.-
0.6 \J1

-2.1
67.0
35.7
0.1

101.3

0.8
-0.1
12.5
0.2

1"3:4-
225.2

0.5
5.1

1'77.1

342.3

373.0
1.9

-7.5
226.6
120.7

0.6

486.0 -

4.8 1.4
-3.3 -0.8

170.4 48.5
-0.4 -0.1

650.0
3.6

-0.4
54.3
0.8

58.3

806.9

229.2 I 60.0

0.6 0.2
-5.0 -1.3

233.6 61.1

1502.0

700.0

522.0
5.5

-45.6
645.7
343.2

1.8

13.7
-18.9
484.3
-2.6

1.4
14.4

652.2

1.2
-22.2
686.5

492.3

2075.0

251.3

853.0
10.1
-1.6

151.8
2.2

162.5

2265.3

1~08.4

7476.0

2648:6

2554.0
-
32.2

-61.0
1393.0

-8.5

4.3
41.4

3050.0
31.9

-5.2
479.1

6.2
512.7

6583.7

2014.0

1872.0
15.4

-147.2
1810.3
964.2

5.9

5.6
-94.2

2102.6

fIi.o

31.4

18-:4

0.0
0.4

0.2
-0.3
20.6
10.2

0.4
-0.1
13.3
-0.0

0.1
-0.2
18.5

0.2
-0.0

3.7
0.1
4.0

67.8

6.3
62.7

4075.0

3826.0

59.5
-84.1

2109.5
-11.6

2fIi2.3

2280.8

4706.0
"46:6
-7.3

701.4
10.1

72Sh8
9248.9

8.4
-129.9
3102.3

11369.0

n.v I 2837.~
-.---r- 23.

-202.7
2770.2
1475.4

8.5

2.2 I 1219.4
26.3 11077.1

2.6
-5.2

1411.4

1408.8

1002.1 421210.6
- 424473.0

1141.0 4887bn n

.2 1862~~-
-21.3 -29831.9

1300.1 495438.5
696.1 264250.7

1.7 721.5
1281 •5 732441 .2

- 784613.8
774598~

5622.0
-3239.2

14:2295.2
856·r......::..-:::::-:::1:::j.ß35.

1902171.0
- 1258981.2

! 4108.0 1193~)571.0 .L ! I I I I

46.4
-19.0

4238.1
-2.6

12.6
'fl4.3

12.2
'-29.3

6,541.5

b524.4
16220.6
7298.0

43]'9:~8

11727.0
5120.0

12.5
-"94.0

5187.2
2766.1

7.7
7886.5
20198.2
8638.0

'62.0
-37.2
1,69.3
~
~~j

20404.0
48215.8
21056.0

0.1
1.3

51.5

0.1
-0.4
74.3
74.0

0.2
-1.8
60.2
32.1
0.1

90.8

0.7
-0.4
17.3
Jh!

I 11:7

234.0

1653.0
I 1- I

10.6
-3.4

273.2
-0.5

1235
11219

4550 0.5
-5427 -0.3

415214 42.9
-760 -0.0

1152
-8489

619028

61'1691
696121
681175

426661
506270
495010

1887
-29949
501986
267745
_ 731
742400
804812
1§2,g2Q

5698
-3984

144220
868

146802

1927554
2007203
1961435

ao '100
Mn 100
4Ftl 100
1l0'l;:ALT00

INITIAL
S,Hl:PPER' S:FINAL

JJD 200
$R 200
,AFtJI 200
R:AE: 210

,

ub 100
200

AfU 210
TpTAL 200

!

S~IPPER'S:IlrTIAL
--i- FINAL

JD 300
I

RAR 300
Afu 300
Atu 310
un 300
TOT:AL 300

,

S~IPPER'SoINITIAL
Jb 400 °FINAL

Rlffi 400
~ 400
UD 400
T~TAL400

T0TAL
SRIPPER'SoINITIAL

°FINAL



Table 2 •.5.3-3: O:rjerator' s Input Accountability Data ofTRINO Euel

(LEU-3-70)

I "

UTOT IU234 if35 u236 u238 Pu
TOT pu23~ pu239 Pu

240 pu241 ' '242
I IDEBT. PuI

1--r- -
JD 100 1814 0.3 32.6 I ,4~, 1776.6 19.6 0.1 14.8 3.1 1.4 ' 0.2
~R 100 "'8431 ' -0.9 "'78.8 -15.)" ..8336.0 -15.5 -0.1 -10.9 ..3.4 -0.9 -0.2
AFUl00 3'38147 I 47.3 6073.1 835.2 331191.4 2094.1 9.2 1580.0 329.6 150.4 24.9
AFu 110 237270 I

1~211.5 595.5 ~232429.8 1460.8 6.4 1102.2 229.9 104.9 17.4
I

' 33.2
-j - I

TpTAL 100 568800 79.9 1~238.4 1419.9 557061.8 3559 ..0 15.6 2686.1 559.2 255.8 42.3
SkIPPER'S:INITIAL 6'11869 - 11882.0 - 593981.0 - - - - - -
iFI~AL 599699 - 10638.0 - - 3838.4 - 2861.8 603.4 340.6 31.9
I '"

- - ,.

Jb 200
,

482 j.l 11.1 1•1 469.1 4.8 3.8 0.7
;

0.3000 0.0
W: 200. -1304 .2 -13.4 -2.3 -.1288.1 -8.1 ..-000 ..-6.0 -1.6 I -0.4 -0.1

i "

301724 ! 42.2 6956.4 684.9 a9404e.5 15~9.6 5.6 1220.1 218.0 92.0 13.9.A1U' 200
~' 210 309056 ! 43.3 '7128.7 692.3 301191.7 '592.5 5.7 1253.8 224.1 94.6 14.3
~

i 85.4
-

T,OTAL 200 , 609958 14082.8 1376~0 594413.8 3138.8 11.3 2471.7 441.2 186.5 28.1
! • INI~IAL 92.4~8t; - 29659.0 - 604'322.0 - - - - - -
S~IPPERS:FIBAL, 614729 ' - 14200.0 - - 327q;tiO - 2538.8 459.8 263.1 11.6

•-
i

-
1

~O'J)'AL 1118758 165.3 24321.2 2795.9 "51475.6 6697.8 26.9 5157.8 1000.4 442.3 70.4
I

INITIAL 1236850 38541.0
I

1198309.0... - - - - - - -
~HlPPE:a'S:FIlfAL !' "

,
1214428 I, - 24838.01 - - 7112.4 ... 5400.-6 1063.2 60"3.71 43.5

--- I i-

I\)

I

.f:'"
0\



Table '2~5.3""_: Operator's Illlput_(':(l1mtability Data ofEL-3 Fuel
; ,

(LEU~3-10)

~

IDD'l'. UTOT TI;~4 U235 TI36 u238 PuTCIl 238 PU239 Pu240
Pu.

241 Pu242Pu

100 118886 35.'ä 5318.2 500.9 112971.1 315.2 0.2 214.0 36.1 •• 3 0.6
200 131316 21 .o 3859.1 381.0 121114.3 238.4 0.2 203.4 30.1 3.6 0.5
300 198472 ss.r .5868.8 559.1 192001.8 358.0 0.2 310.2 42.3 4.8 0.5
400 161981 28.6 5253.1 428.4 162216.9 288.8 0.2 252.2 32.6 3.4 0.4
500 10110 1.9 316.j' 30.2 10361.2 18.8 0.0 16.3 2.2 0.3 0.0

!

AL 687431 123.0 29676.5 1900.2 664131.3 1219.2 0..8 1056.1 143.9 16.4 2.0

,

PPERts
,

IITIAL 705694 31611.0 I

rw, 693802 21208.0 1368.0

TOT.

A;;

J

J!

AFU

AFU

AFU

....-0-'
"

~I

,-,

-4-,



Table 2.5.3-5: StqVey on C:omposite Samples of Active Feed in JEX-'rO

I Composite Somp1e I
- - I

A B C 1> E E - 1 F I G H

- -
1 2 3 4 ,- 6 7 8 9 10:>

.. -,
Fuel CANDU CANDU VAl{ TRING> TRINO + CDN

AFU-Batch 700-910 100-610 100-400 100-210 100-210+100-500

Total mass of 8'01.

(tons) 17.138 37.147 13.023 8.284 22.815

Pipetter capacity
(ml) 4 4 4 4 2

106 Aliquot fac~or 4.7 3.1 1.3496 1.471 2.2 0.7

Volume dilution
factor 248.2 - .....
Ref.sol.Density1)

1. 42~18(g/ml) 1.3992 1.3806 1.3233 1.3138
• • 2)Ref •D1l. Dennty • ...(g/ml) 1.1'7415 -,

Ref. U-conc.
1)

(mg U/g dill 0.8Si70 0.8199 0.7134 0.6498 0.3702

Ref.Pu-conc.
1)

(lJg Pu/g dil.) 2. 8~~8 2.600 3.720 3.601 1.540

I\),
.J;::
co



Table 2.5.3=.2.: Sux-vey on C:omppsite Sampll/!s er Aetive l';eed in JEX-'rO(continuation)

Ref.•Pu/U
1) I 3.188 I 3.171 I, 5.214 I 5.542 I 4.160

(0/00)

Refereriee 2341) 0.0047 0.005 0.0~2 0.014 0.016

U~lfotope 2.35 0.283 0.291 1.Q41' 2.054 2.405

abundanees 236 0.070 0.070 0.242 0.237 0.251

as (w/%) 238 99.643 99.635 91.705 97.696 97.328

Ref.PU-2381) 0.121 0.131 0.660 0.400 0.348

isotope 239 72.010 12.495 66.432 17.027 78.534

abund, 240 23.182 22.173 22.765 14.939 14.446

(w/%) 241 3.628 3.594 7.933 6.586 5.764

242 1.047 1.006 2.214 1.050 0.911

Remarks: Samples sto:red in
glass vials and used
for interlabtest •
A-aliquo'ts taken
'fX'om the SW\tle dilu
tion as used for
,single baten ana
lysis of thE!Ope
rator. B-aliquots
taken frlom dilution
of indeplE!ndant ref'.
samples.

Samples prinulrily
stored in plastie
bott1es lihieh
showedwall di1'u
sion 10sses and
were thererore
rejeeted for the
interlab'test.

C and D sampIes
correspond to A
and B samples res
peetively.

~ an« E-I sampIes taken i
tram thesame dilut.:Lon .
'Out independantly eom
posed.

I E and F' samples eorres
I pond to A and B sampies

respeetively.
Only glass 'bottles used.

E-r-samples were dried
in Al. -eapsules.

Correspond to
A-samples.

Only glass
bottles used.

Correspondto
A-samples.

Great dif'ferenees
in coneentrations
er single batches
(Factor 200).
Only g1ass bottles
used,

I\)

I

~
\0

I 1 _ E __ ~., I

~ ~Based on single baten anl!ilys;is. or' the operator '
3 )Determined at EUROCHEMIC anaLlytical laboratory

Not measured, Ref'.density was eliltimated as the mean of other composite samples due to the
greatsolution factor.



Table 2.5.3-6: U-concentrai.tions by Isotope Dilution Analysis normalized to
Operatoir' sSingle Batch Analysis = 100 % (Reference Value in Table 2.5.3-5)

Numbers in brackets represent realisations rejected by the corresponding laboratory •

.
CompoSitQ A B C D E E - I F G H

sample -
LaboratoryI 99.2 103.0 101.4 102.9 - - - - -

103.3 100.8 103.2 (99.2)

Laboratory Ir 98.7 98.9 - - - - - 99.4 104.4

!
98.4 98.3 -

Laboratory III 101. 1 101.3 - - (102.6) 102.0 102.7 103.4 105.7

100.4 101.2 (102.7) 101.7 103.0 104.0 106.9
103.3 101.6 102.2 102.2

103.2 101.5 101.9 102.5

102.3
, 103.0

103.1

Laboratory IV 1)
- -

100.8 - 104.1 102.4 - - - - -
101.4 104.0 102.2

101. 1 104.4 102.2

101.8 104.5 102.4
-

Laboratory V I, 101.8 - - . - - - - - -- -
Mean I 101. 1 100.6 103.6 102.4 101.6 102.3 102.6 102.3 105.7
RSD % I

1.6 2.4I, 1.7 1• 1 0.3 0.1 0.5 0.3 1.2
-

1) Using X-ray fluorescencE~ specbroacopy

I\)

VIo



Table 2.5.3-7: Pu-concentrations by Isotope Dilution Analysis normalized to OperatorOs Single Batch
Analysis = 100 % (Reference ValUEt in Table 2.5.3-5)
Numbers Ln prackets represent realis,ations rejected by the corresponding laboratory.

-
Composite

A B C D E E - I F G H
sample - -

Laboratory I 99.7 97.6 99.6 98.5 - - - - -
(82.0) 93.0 98.5 (88.1)

Laboratory II 100.8 101. 1 - - - - - 101.9 100.3

102.1 100.1

Laboratory !II ·(99.6) 101.9 - - (105.6) 103.6 104.5 105.0 105.4

(99.8) 102.2 (104.2 ) 102.0 104.8 106.0 106.0

103.1 101.9 100.3 103.5

103.6 102.6 99.9

103.3

105.8

Laboratory .V 102.5 - - - - - - - --- -
Mean 102.0 99.3 99.1 - 102.3 102.5 103.7 104.3 103.9
RSD % 1.4 3.5 0.8 - 0.5 2.2 1.2 2.0 3.0

,
! - -

ro
I

VI....
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2.5.4 Recycled Uranium (BXR)

The partition column (231-4) was fed by a reducing agent in form of U(IV)

solution from make up (tank 262-26) as pointed out inchapter 2.2 and Fig.

2.1-3. These batches were transfertedfrom another building in plastic bott

les and filled in tank 242-4 and 242-3. The single increments are compiled in

table 2.5 e 4-1.. This material does not represent the total amount of re-

cycled BXR but only the external recycle which has to be accounted fore A

considerable part of BXR was internally recycled within MBA 21 thus no material

accountancy was required. The special problems associated with this recycle

in the context of inventory experiment are described in chapter 5.3.2.

Table 2. 5. 4- 1: U(IV) Uranium used for make-up

I I I ORIGIN.T~1{ r U QUANTITY I U:-235No. DATE (kg) (W/o)

1 2 3 4 5

SATR 1041 12/2/70 242-4 49.3 0.701
11 1nn'7 17/2/70 242-4 61.6 tI IV:? I I I I
11 1098 18/2/70 242-4 54.5
11 1102 24/2/70 242-4 63.0

" 1105 4/3/70 242-4 49.3

" 1107 9/3170 242-4 64.1
tI 1108 11/3/70 242-4 54.2

" 1109 11/3/70 242-4 17.5 Is

11 1110 13/3170 242-3 25.2 0.31
11 1111 18/3/70 242-3 7'1.8 "I I IIf .. 11 ~ ')(\1';)/..,(\ ~h.?~~ 90.6 "11 I.J c.V/JI I'" --,-- ..."

RSTA 1115 26/3170 Bldg. 6B } 102.0 1.47
" 1118 8/4170

" 1508 28/5170 " 11.3 0.31

" 1512 12/6/70 tI 11.2 tI

11 1514 12/6/70 " 11.2 ii

TOTAL 742.8

U removed to building 6B -70.3

Total Uranium fed into MBA 21 672.5
i



2 - 53

2. 5•5 Ura.nium .Product !rom 3rd Cycle (3UP)

The Uranium product, flow at the output of MBA 21 was ,meas-ured in relatively

small product receiver tanks (241-4a/b) with a normal hold up of 1100 1 and

450 kg U respectively. 3 UP is sampled by the operator for specification

analysis andthere is no request for an accurate accountability analysis as the

operator performs this analysis at Uranium Final Product (UFP). The layout of

'the U inventory experiment however required to follow the U isotopic system

response in 3 UP in order to avoid the great homogenisation in the following

final ~roduct storage tanks. The 3 UP batches represent the increments there

of. To realize adequate accountability of this 3 UP batches duplicate samples

from each batich were requested to be analysed for total Uranium concentration

and isotopic abundances in the laboratories of the Joint Reserach Center

EURATOM, lspra. All te;gether 167 Uranium determinations and 70 density deter

minations have been carried out there.

An error analysis of the U-concentration determinations resulted in a value

of the precision per single analysis which includes also possible sampling

errors because the results of the duplicate samples have been combined for

the evaluation of their variance. However sampling errors in this flow were

experienced to be not significant (see chapter 7. 1). Relevant data of this

analysis are compiled in table 2.5.5-2.



Table 2.5.'5-1: Uraniumproduct t~om 3rd extZ'8.ctiCln cycle (3UP) accountabilHytanlt 241-4a./4b

( -,
2)1 ) U-i.!.otopic comp.!Reac- Batch Iden- NMTR, RSTA Da.te/hoU1:"of Weightof Sample 1) L w/oJ 111

tor tification No. No. transfer end tX'&D.sfer1'1lä !S....!!.
.-_.---

kg U Ekg U ~density
ßc.lution '" g sol 234 2351 236l 238 soo L-g/w._7 I', ~

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 - - - - 19.2/ - - - 4) 338.4 338.4 - 0.910 - - 5)
2 - - - - 19.2/ - - - 4) 310.3 648.7 - 0.910 .. - 5)
3 NPD 3 UP-l0Q 5611 39961 1.3/16.30 1689 1.5'71 254.45 429.8 1078.5 - - - -
4 NPD 3 UP-200 5614 40087 3.3/10.45 1610 1'05095 273.35 440.1 1518.6 - - - -
5 3 UP-300 561«) 40095 4.3/20.30 1719 - 1.5'97 273.62 470.4 1988.9 - - - -,

6 3 up-40o 5620 ' 40106 6.3/13.40 162; 1.5698 271.35 440.9 24G.99 - - - -
7 3 UP-500 ?624 4002'6 8.3/0.25 1746 1.5776 275.45 480.9 2910.8 - - - -

3 UP-7o(3)
1

8 5707 40654 16.3/10.00' 1453 1.5825 277.79 403.6 3314.4 - - - -
9 3 UP-8OQ 5708 40773 17.3/4.40 1647 1.6067 283.05 466.2 3780.6 - - - -
1C 3'UP-900 5850 40856 18.3/14.15 1653 1.5953 281 e ,52 465.4 4246.0 - - - -

,

ro

VI
./:"'

l)measured inCCR-Ispra.,

2)duplicate samples

3)
bateh NPD-3UP 600 was 3Nlcycled within MBA 21

4)EUROCHEMICProcess SD~sis
5)from b~ginning physical inventory



~

Weight of I ~ample 1) 2) 1) U-i!.otopiccomp.l )Reac- BatchiIden- Nl~TR RSTA Date/hoUl' of III

tor tification ~o. No. transfer end transferr~4density ~ L w/o_1 ~.

sol.!!t1o!! g sol kg U I;kg U m
1 k / 1-g/rnl~7

, 234 235 I 236 I 238 ~*L,
I

!
I

1
I

2 :3 4 5 6 7 8 9 10 11 12 13 14 15

1 NPD 3UP-l000 51355 40866 20.3/5.10 1649 1.5883 275.22 453.8 4699.8 0.005 0.334 0.059 99.602

2 3UP-ll00 5857 41055 21.3/14.15 1714 1.5755 276.83 414.5 5114.3 0.005 0.344 0.059 99.592
I

3 3UP-1:200 51359 41064 22.3/17.15 1640 1.5999 281.22 461.2 5635.5 0.005 0.313 0.061 99.621
I

4 3UP-1300 51362 41226 ?4.3/ 19.00 1713. ~ .5716 274.28 469.8 6105.3 0.006 0.297 0.068 99.629
I

5 3UP-l~00 51366 41239 26.3/8.45 1103 1.5958 277.58 472.7 6578.0 0.005 0.273 0.066 99.656

6 3UP-1500 5H68 41252 27.3/10.00 1704 1.6076 283.44 483.0 7061.0 0.005 0.279 0.064 99.652

7 3UP-lo00 5a71 41255 28.3/17.15 1696 1.6199 285.04 483.4 7544.5 0.006 0.310 0.066 99.618

8 3UP-l100 5(l06 41264 31.3/2.30 1686 1.5548 269.69 454.7 1999.1 0.006 0.295 0.061 99.632 ro
I

9 3UP-leOO 5a09 41279 31.3/21.45 1r(09 1.6151 284.80 486.1 8485.9 0.005 0.289 0.066 99.64c I \J1

8915.3
\J1

10 •
,3UP-1900 5a78 41296 4.4./4.00 1706 1.6215 286.87 489.4 0.005 0.291 0.066 99.63t ' I

-

Table 2.5.5-1: Uranium, product f~J!1 3rd extraction cycle (3UF) accountabili~y tank 241-4a/4b (dontinued)



Ta'ble 2.5,.5-1: Ur&l:lium product from 3rd ext:l"acti~on cycle (3UP) accountability 'tlUlk 241-4a/4b (continued)

0\

W1eight of I
-

Reac- Bateh Iden- NMTlR RSTA Date/hour ef Sample 1) , 2)1) U-isotopic comp.l)

tifieation !S.Jl r-«: UI
rtor No. No. transfe:l" end transferre density kg U tkg U isOlution g sol

LkH..-7 Te! ml_1 234 235 236 238 d!

1 2 ~ 4 5 6 7 8 9 10 11 12 13 14 \115
- I

i 1 - --
1 NPD 3UP-2000 5881 41548 6.4/9.00 1674 1.6086 283.78

4)
475.0 9450.3 0.005 0.284 0.065 99. 646 1

~
:

2 3UP-21Oö 5886 41903 8.4/18.10 1750 1.5949 281.5 492.6 9942.9 - - - -
3 3ljp-22QO 5889 41909 9.4/22.15 1900 -1.4746 240.47 456.9 10399.8 0.005 0.293 0.067 99.635
4 VAK 3UP.. l0Q 5898 In~1.6 15.4/17.20 1706 1.5311 260.06 443.7 10843.5 0.011 0.883 0.172 98.934

5 3UP-20Q 5615 43130 16.4/9.30 '1729 1.5969 280.15 484.4 11327.9 0.011 0.997 0.200 98.792!

6 3UP-300 5684 43031 21.4/19.20 1693 1.6004 280.17 474.3 118Q2.2 0.011 0.966 0.185 98•838
1

3UP-40Q 5692 43220 26.4/22050 1.5768 414.8 0.984
I

1 1520 272.90 12217.0 0.011 0,,222 98.783
8 3UP-500 5696 43408 28.4/12.45 1694 1.5247 256.47 434.5 12651.5 0.013 0.996 0.217 98.77~

9 F 3UP-600 5697 43417 28.4/20.15 617 1.2656 154.43 95.3 12146.8 0.012 0.993 0.213 98.782
lC TRINO 3UP-l0Q 5601 43691, 1.5/14.30 1167 1.2128 159.99 186~7 12933.5 0.012 1.582 0.225 98.181

\



Table 2.5.5-1: Uranium product from 3rd extraction cycle (3UP) llLccountabi1ity tank' 241-4a/4b (continued)

Reac-I Batch Iden-I NM'l?R
tor tification

RSTA
No.

Date/h~~ ot' IW;!i-ghtl~.f 1
transfer end t]~ans:teX'Te4

sc>lutionrk 7_ lL

SllI.mple 1)
density

tv-:
2) 1}

!.&..!!.
g sol kg U tkg U

U-isotopic comp.1)- - \L w/o_1 '

234 1235 I 236 238

m
tL

, ~

J!
I I I: I I -- I I I I I 1-= i - F= +- I

1 TRINO 3UP-200

2 3UP-300

3 3UP-40Q
4 3UP-500

5 3UP-600

6 3UP-100
7 CDN 3UP-100

8 j 3UP-200
9 3UP-300
10 3UP-400

111 3UP-500

5603

5601

5609
5612

5731

5733
562:1

563:2

5643
5648

5728

43615

43807

43756
43877

44719

44723
44013

43397
44628

44701

44707

2.5/6.10

3.5/5.15

4.5/4.40
6.5/6.30

22.5/2.30

22.5/17.00

10.5/14.45

13.5/11.30

17.5/18.30

19.5/3.00

19.5/5.30

1414

1552
1410

1366
1222

715
1509

963

1357
540
401

1.2523

1.2454
1.2443
1.2901

1.2011

1.1311
1.3142

1.3302

1.3016
1.2188

1.1332

149.34
144.52

144.56

165.51
125.76

83.79
167.91

170.11

163.85
127.81

79.54

211.2

224.3
203.8
226.2

153.7

59.9
253.4

163.9
222.3
69.0

31.9

13144.6 :0.013 1.649

13368.9 0.014 1.848
13572.8 0.015 2.049

13798.9 0.017 2.195
13952.6 0.016 2.227

14012.5 0.016 2.255

14265.9 0.018 2.752

14429.8 0.019 2.862

14652.1 0.019 2.860
14721.2 0.019 ~.843

14753.10.019 2.844

0.2~2 98.116

0.227 91.910
0.224 97.712

0.223 97.565

0.224 97.533
0.224 97.564 I\)

0.259 96.971 I
\J1

0.262 96.851 ~

0.263 96.858
0.263 96.875

0.263 96.874



2 - 58

TaDle 2.5.5-2: Survey on U-determinations of 3UP samples
performed by the laboratory of the .Joint Research Center
EURATOM. Ispra

Fuel CANDU VAK TRINO CDN

No. of batches 21 6 7 5

No. of samples
per batch 2 2 2 2

No.of analyses
per sample 2-3 3 3 2

Mean concentration

L-mg u/~7 275.5 250.7 139.1 141.9

Precision

L-% RSD_7 0.20 0.19 0.32 0.34
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2.5.6 Pu-Final Product (PFP)

Contrary to Uranium f'inal product PFP was used to f'ollow the isotopic

system response of' MBA 21 and 22 because there is no preceding large

product sampling tank installed at EUROCHEMIC which causes intolerable

homogenisation. The Pu-containers (PC) which were directly f'illed f'rom

a continuous operating calcinator represent ideal batch sizea f'or the use

of' the new inventory technique as described in chapter 5. Relevant batch

data are compiled in table 2.5.6-1.

Date and time when each Pu container wasf'illedand replaced by an empty

one at the outlet ealcinator, which was considered to be the boundary of' the

MBA 22, are given in column (1) to (3). The values given in column (4) corres

pond to the weight of' the Pu02 ina Pu-container bef'ore any sampling; the Pu

weight percent, the weight of' Pu end the cum'll1ative weight of' Pu ar.e shown

in colwms (5) to (7); the Pu-isotope-weight-f'raction and the Pu-isotope weight

appear in columns (8) to (11). The f'irst product batich , PC 118, was apparently'

material f'ram a former campaign because its isotope vector does not f'it at all

with the CANDU plutonium isotope vector.



~able 2.5.6-1: Pu-Final-Product (PFP) Batches Inclusive Sample Material

Pu%] gPu I1:. g Pu risotOpe_igh't~fraotiOl! EO Pu-isotopes [10
_. -

pe Date Hour 'g Pu02 I 242238 I 239 I 240 I 241 I 242 238 I 239 I 240 I 241
=-

118 11.3 06e 001932 .. 65 86.. 47 1671.16 1671.16 0.. 427 69.32 22.57 6.05 1.63 7.14 1158.45 377.18 101.11 27.24
143 12.3 15.30 1601 .. 03 87.. 16 1395.46 3066.. 62 0.135 72.13 23.. 02 3~69 1.02 1.88 1006.. 54 321.23 51.49 14.23
121 13.3 06.00,1346.96 86.43 1164.. 18 4230.80 0.144 72.35 22.87 3~63 1.01 1'.68 842.28 266.25 42.26 11.76
122 18.3 15.00 2213.52 86,,88 1923.11 6153.90 0.137 121:68 22.56 3.63 0.995 2.. 63 1397.71 433.85 69.. 80 19.13
124 21.3 02.00 1870.. 68 86.81 1623.94 7777.84 0.134 72.92 22.. 41 3.57 0.967 2.18 1184.18 363.92 57.97 15.70
123 23.3 12).00 ,1849.98 86.60 1602,,08 9379.92 0.138 73.10 22.22 3.59 0.953 2.21 1171.12 355.98 57.51 15.27
126 24.3 12.50 19H)<j,24 874i09 1663.63 11043.55 0.129 73.03 22.33 3.55 0.962 2.15 1214.95 371.49 59 .. 06 16.00
125 28.3 10.00 '1827.71 87.11 1592.12 t~35.67 0,.118 72.92 22 .. 45 3.. 55 0.967 1.. 88 1160 .. 97 357.43 56.52 15.40
131 29.3 21.00 ,1705 .. 60 87.13 1486 .. 09 14121.76 O~ 128 72.55 22.73 3.59 1.01 1.90 1078 .. 16 337.78 53.35 15.01
132 30.3 21.00 ,1911.34 87.27 1668.03 15789.79 0.. 130 72.66 22,,68 3.55 0..990 2.17 1211.99 378.3]- 59.21 16.51
134 2.4 02.00 2072.66 87.32 1809.85 17599.63 0,,134 72.53 22.75 3.59 0.996 2.43 1312.68 411.74 64.97 18.03
135 4.4 22.. 45 1843.33 87.49 1612.73 19212.36 0"130 72.48 22.80 3.59 0.999 2.10 1168.91 367.70 57.90 16.11
136 5.4 16.30 1767.13 87.72 1550.1320762.49 0.. 126 72.12 23.03 3.67 1.05 1.95 1117.95 356.99 56 .. 89 16.28
127 6.. 4 10.45 118.3.32 87.60 1562.19 22324.68 0.. 129 72.41 22.81 3.55 1.. 04 2.. 02 1132.12 356.34 55 .. 46 16.25
128 10.4 19.45 1814.75 87.43 1586 ..64 23911.31 0.. 1:24 72.57 ~?T7 3... 54' 0.996 1.97 1151.42 361.28 56 .. 17 15.80

L --



24~_1 241 J 242.L::8 I 239 1240 I 241 I 242

22.67 3.48 0.987 1.91 1126.77 351.22 53.91 15.29
22.13 3.50 0.989 1.14 649.92 203.31 31.31 8.85
22.54 5.26 1.420 5..88 1200.51 384.15 89.65 24.20

22.54 6.07 1.640 6.22 998.13 324.55 87.40 23.61
22.76 6.94 2.01 7.13 894.69 300.56 91.65 26.54
23.05 7.35 2.20 9.64 1038.21 358.35 114.27 34.20
23.08 7.62 2.31 10.25 1097.03 381.43 125.93 38.18

I\)

23.06 7.65 2.31 11.91 1128.13 392.50 130.21 39.32 I

17.14 6.56 1.34 8.. 10 1283.33 295.29 113.02
0\

23.09 ...
16.42 6.24 1.20 6.. 82 1229.65 266.65 101.33 19.49
16.98 6.65 1.29 5.. 96 946.68 2:15.45 84.. 38 16.37
16.38 6.47 1.23 5.79 1041.02 225.85 89.21 16.96
15.63 5.94 1.08 7.06 1393.35 282.94 107.53 19.55
15.16 5.50 0.908 4.52 1070.24 207.72 75.35 12.44

..__.~~.~.- " -- i I'-I

pe .Date HoU!" g P~02 Pu % g Pu I:.g Pu Pu-is,otope-we.

2iq 2391

129 11.4 17.30 1771.. 69 87.15 1549.26 25460.57 0.123 72.73
130 16.4 00.00 1034.43 86.47 89~.•47 26355.04 0.121' 72..66
133 18.4 03.00 1968.93 86.56 1704.31 28059.35 O. 34~; 10.44
138 26.4 06.00 1664.22 86.52 1439.88 29499.23 0.4:~~ 69.32
139 26.4 22.00 1508.88 87.52 1320.57 308~9.80 0.54 67.75
140 27.4 18.15 177?91 87.,69 1554.66 32374.47 0.62 66.78

\

141 28.4 11.00 1884.23 87.,71 1652 ..66 34027.12 0.62 66.38
142 30.4 12.00 1944.77 87•. 55 1702.65 35729.77 0.70 66.28
145 11.5 12.30 1954.86 88.. 13 1722 ..82 37452.59 0.47 74. 49

146 12.5 10.00 1848.96 87..83 1623.94 39076.53 0.. 42 75.72
147 13.5 04.30 1444.16 87.. 86 1268.84 40345.37 0.41 74.. 61
148 14.5 05.00 1567.57 87.. 96 1378.83 41724.21 0.42 75.50
149 16.5 06.00 2058.27 87..95 1810.25 43534.45 0.39 76.97
155 7.6 03.00 1566.45 87.. 47 1370.. 17 44904.63 0.33 78.11

- ----

btble 2.. 5.6-1 (eontinued),....
I
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'u-isotope-Veight rraction L-ll Pu-isotopes L-&-I
~381 239 I 240 I 241 I 242 238 I 239 I 240 I 241 I 242

.30 78.60 14.82 5.40 0.886 4.44 1164.23 219.52 19.99 13.12
,,32 78.54 14.86 5.39 0.885 4.43 1081;;53 205.16 14.63 12.25
.21 11.14 16.81 4.89 0.889 4.23 1210.31 263.16 16.13 13.95
.31 78.62 14.18 5.39 0.891 4.6% 1113.28 220.51 80.44 13.30
.32 18.55 14.86 5.41 0.867 3.49 856.48 162.03 58.99 9.45
.33 18.59 14.18 5.41 0.885 3.11 884.55 166.35 60.89 9.96
.29 18.89 15.04 4.93 0.859 2.61 126.88 138.58 45.42 1.91
.30 18..62 15.35 4.84 0.884 3.09 811.02 158.35 49.93 9.12
.29 18.59 15.42 4.83 0.815 1.63 442.16 86.15 21.11 4.92
.33 15.31 18.11 5.37 0.886 4.41 1006.30 241.99 71.75 11)~k', '

o
o
o
o
o
o
o
o
o

o I
-

~u:%J g Pu [ g Pu 8pe Date Hour g Pu°2

156 1.6. 21.00 ,1693.01

151 8.6. 11.00 1582.85
150, 8.6. 19.00 '1181.90
158.10.6. 15.30 1104.95
159 13.6. 01.00 1241.56
160 14.6. 01.00 1290.00
162,21.6. 03.00 1059.18
161 :23.6. 09.00 1188.04

16329.6 641.31
164 29.6 1) 1613.58

i.

l)InC1Ud'd in final physical inventory
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Pu-Battery Product ( 2BP)

Pu battery product (2 BP) which hits specifications on impurities is collect

ed in a product receiver (2436-1) in batches of 40-100 1 for-accountability

measurements before being transferred into MBA 22 for precipitation and cal

cination. These batches are listed in table 2.5.7-1 showing all relevlnt batch

data and isotopic determinations which were used for inventory determinations

in MBA 21 (chapter 5). Batches which were out of specifications need reextrac

tion for additional purification. They were entirelyrecycled via 2436-1 to

buffer tanks preceding the mixer-settlers. On the other hand the ope~ator was

using a technique to feed additionally the mixer settIers with recycled product

because the head end could not provide every time enough feed for steady state

running mixer settIers.

As pointed out in table 2~2-l 2 BP-flow was sUbject of independant verification

procedures such as:

i) Transfer recording in order to estimate the amount of recycled Pu

as supporting data for simulation models.

ii) Sampling and analysis of Pu total concentration and isotopic

determinations on relevant batch data.

In total 34 sampIes (in general 2 per batch) excIuding those to be used for

labtest (chapter 7) were taken and stabilized for transport anästorage by dilu

tion (appr. 1: 1 by weight) with 10M HN0
3•

As indicated in table 2.5.7-1tsamples which were taken immediately before

transport have not been diluted.

All sampIes were analysed in GfK (IRCh) for Pu-total concentration using

following methods

a) X-ray fluorescence spectrometry

b) Coulometry

c) Oxidimetry (Ago)

As there was the chance to evaluate analyses on diluted as weIl as original

sampIes it was of interest to investigate whether the sampling error of the

diluted sampIes is significantlY different from that of original ones. The

RSD of sampling error calculated by use of analysis of variances (chapter 7,

appendix II) are compiled in Table 2.5.7-2 •.
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In case of X-ray fluorescence spectrometry and coulometry the sampling

errors of the diluted sampIes were found to be greater than of the origi

nal ones whereas the opposite trend was observed for the measurements per

formed by oxidimetry. Therefore no clear conclusion can be drawn from this

special error analysis. However the order of magnitude of the evaluated

sampling error is about half of the corresponding value evaluated in chap

ter 7.2 1). The latter value is based on only one batch whereas the corres

ponding sampling errorscompiled in Table 2.5.7-2 represent the average of

8 batches.

1)Please note thatthe sampling error defined in this paragraph
includes both components 'sampling' and 'sampIe' error as
defined in chapter 7.2.



Batch NMTR RSTA ' Date/ho'ur Transfer- Solution ?!iS Pu1). g Pu Eg Pu Pu-isotopic comp. w/o Remarksident. of tranisf'er- vol. density g sol.
end 1-1_7 kg/l 238 239 240 241 242

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
-

2BP-300 5493 39275 8.3./21,. 43.3 1.1394 44.506 2195.'7 2195.7 0.136 71.982 23.103 3.742 1.031 3)
2BP-400 5501 36522 '11.3./12,. 46.9 1.1415 4<>.800 2115~6 4311.3 0.132 12.501 22.141 3.629 0.991 3)
2BP-900 5531 '39504 i11.3. /11.. 80.1 1.14J5 38.509 3539.5 1910.8 0.129 13.038 23.315 3.510 0.948 3)
2BP-l100 5536 39569 f '•

3. /6• 10.4 1.1394 213.456 2282.6 1()193.4 0.125 73.233 22.263 3.458 0.921 3)
2BP-1200 5716 39611 23.3. /24., 42.4 1.1635 5~~.02 ) 2204,,8 12398.2 - - - - - 2)

•2BP-1300 5190 39658 21.3./12., 58.5 1.1654 4'1.304 :2l:U5.9 15214.1 0.126 12.491 22.181 3.599 1.003 3)
r\) .

2BP-14oo 5195 39151 28.3./14., 44.1 1."55 39.388 1964.0 17118.1 0.124 12.372 22.835 3.648 1.021 3) I

2BP-1500 5758 39683 :30.3./14., 39.5 1.1114 48.932 19453.8 0.126 12.523 22.743 3.597 1.011 3) 0\2215.1 \J1

2BP-1600 5902 39196 5.4./4. 140.6 1.1555 26.694 4336.8 23790.,6 0.121 12.485 22.881 3.509 0.999 3)
2BP-1100 5920 40418 9.4. /24• 82.0 1.1555 36.512 3465.2 '~7255.:8 0.121 12.411 22.920 3.493 0.989 3)-+sam:ole Cf)

15.4./17.
4)-+8ample (2)

2BP-1800 5443 40491 61.0 1.1555 )~().815 2881.1 (30136.9 0.319 69.969 22.522 5.596 1.532 3)
2BP-1900 5450 40515 16.4./16. 41.2 1.1754 J~2.371 2350.1 3248'.,6 0.491 68.699 22.488 6.519 1.191 3)
2BP-2000 5415 41652 22.4./24. 74.2 1.1214 31.762 2657.0 35144.,6 0.653 66.681 22.981 1.472 2.201 3)
2BP-2100 5490 41111 27. 4./11. 81.1 1.1515 31'.490 3186.0 138930.:6 0.101 66.146 23.146 1.661 2.340 4)
2BP-3100 5117 42444 10.5./12. 104.1 1.1595 J~4.868 ,415.7 :44346.,3 0.460 75.0g8 16.617 6.575 1.250 4)



Table: 2.5.7 -1 (ccmtin\l4lld)

I\)

I

0'.
0'.

-,
1 2 3 4 , 6 7 8 9 10 11 12 13 14 15

, ---
2BP-3200 5793 42)493 13.5./19. 106.5 1.1234 25.305 S02.7.5 47313.9 0.372 77.863 15.167 5.622 0.976 4)
2BP-3900 5868 44308 6.6.17• 59.0 1.1555 43,.338 2954.5 5()328.4 0.329 78.473 14.892 5.429 0.877 4)
2BP-4000 5875 44330 7.6./8. 64.3 1.1475 46.462 3428.2 '3l56.6 0.328 78.468 14.936 5.380 0.888 4)

!

78.4542BP-4100 5886 44373 9.6./16. 87.5 1.139~ 37 ..291 3118.4 '1'415.0 0.329 14.931 5.405 0.881 4)
2BP-4400 6038 44520 aO.6./7. 38.9 1.1954 27 .. 724 1289.2 58764.2 0.296 78.884 15.295 4.676 0.849 4)
2BP-46QO 6048 .. 22.6./12. 57.9 - 12 .. ( 2)

129.6 59493.8 - - - - - 2)

2BP-4600 6050 45276 22.6./20. 24.3 1.0115 1.652 40.6 5'534,,:4 0.298 78.636 15.443 4.757 0.866 4)
2BP-4700 6056 .• ~3.6./ 320.1 .. 01.71 2 ) 227.3 "761.7 - .. - - - 2)

2BP-4800 6057 - 420.9 - CI ..2692) 113.2 59814.9 - .. - - - 2)

2BP-4900 6059 - 336.7 - o..o3f) 12.5 59881.4 - - - - .. 2)

2BP-5000 6061 .. 336.7 .. CI.05S2) 19.5 59906.9 - - .. - - 2)

2BP-5100 6072 - 24.6./ 690.4 - : 0.0032}, 2.1 59909.0 ., - .. .. - - 2)
.-".. " ...... !!@'I'n

Me_ value or GfK-anaJ..tses b;y AGo, couioietry and x-kar ßl,ectroscoP1

2)Process analfses or EUitocuhuc L-8 PU/l_7. No isotope uWllve.nt &.l'ailable.
Bo dupJ,.icate sample taken tor 1~"uet"c.ile.

3lD\lplicate • .-ples taken tor tbe e_reise were diluted appro~te~ 1: 1 b;y veiaht vith 10 MHB03

4) Duplicate sampllts torthe exerc1sewere not cU.luted



Table 2.5.7-2: Survey onPu-determinations of 2BP··samples performed by
the Institut für Radiochemie, GfK

-
Method X-ray fluorescence Coulometry Oxidimetry (AgO)

spectrometry ,

1)
diluted originELl diluted original diluted originalSamples,

No. of duplicate ana~'ses 9 13 9 13 16 13

No. of batche$ with
duplicate samples 8 5 8 5 8 5

Precision L-% RSD_I 0.56 0.38 0.20 0.16 0.34 0.14

2) - - 0.25 0.34 0.19 0.14 0.19Sampling error L %RSD~I not
significant

1) '. .
Range of dilVted samples: 13-24 mg Pulg
" 91 original" : 25-46 mg Pu/g

2)Includes dilution error for corresponding samples

ro
I

0'\
....:j
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2.5.8 Recycled Plutonium (3AW)

The mother liquor (3AW) from the precipitation unit recycled into MBA 21 is

measured in a relatively small accountability tank (238-5) wi th an average

batch size of 60-70 1 corresponding to about 10 - 15 g Pu. A total number

of 142 batches had to be accounted. Table 2.5.8-1 summarizes only integrated

lamounts relevant for book inventory determinations at the two step times and

the total amount up to ending physical inventory.

Table 2.5.8-1: 1ntegrated Pu-quantities in 3 AW-flow recycled into MBA 21
at different step times

Step Time g Pu

CANDU/VAK April 4th, 12.00 837.

VAK/TR1NO April 24th, 14.00 952.

Total up to June 29th 1834.

As indicated in table 2.2-1 3 AW flow wassubject of independent verification

analysis by means of composite sa~ple technique. Relevant data on this test

are compiled in table 2.5.8-2. This test was performed in order to prove the

potential of the composite sample technique with respect to waste analysis

where verification procedures can be decreased considerably due to the high

number of waste batches. In addition, great differences in Pu concentrations

of single batches were exp~cted (factor 70) so that 'more sensitive results

of the composite sampIe analysis compared with the calculated concentration

usdng operator' s single batch analysis could be waited fore

Composing of all together:J03 single samples were performed by ])r. Thiele 1)

using the same device as described in 2.5.3.2.

Two independant laboratories were analysing composite samples K and L using

isotope dilution technique arid the resUIts are cottJ.piled intable 2.5.8-2 rel:a

tive to calculated eoncentrations using operator' s single batch analysis

(a-counting). Remarkable agreement at s ample K was achieved by Lab, 12) which

1)BAN = Bundesanstalt für Materialforschung, Berlin

2)The laboratories are coded according to agreement of involved analysts.



2-~

hit exactly the theoretical value whereas verification of composite

sampIe L was poor. Possible reasons may be eithe~a bias of operator'g

single batch analysis or a composing error as both verification'analyses

indicate the same tendency and correspond within 3 %.thus no considerable

bias occured at the independent analysis. The isotopic determinations of

both laboratories agree within tolerable limits.
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Table 2.5.8-2: Survey on 3 AW-composite samples :no. K and L

Composite Sample
4)

L

i) No. of samples composed

ii) Total volume 9-f ~orrespond

ing batches L 1_/

iii) Aliquotation factor 1)

iv) Calculated Pu-concentration
according to single batch
an/3,1ysisof the operator
(~-countin.&)

L mg Pu/l_/

v) Measure~ ref.density (Lab.II)
L kg/l_1

vi) Verification analysis. 2)
relativeto iv) from Lab. I

vii) Verification analysis 2). . \ -relat1ve to :LV I :f'ram Lab. II

32

2056.3

2.7 x 10-5

181. 1

1.0618

100.0!.0.62 %

71

130.0

1'·0684

92.6 !. 0.31 %

1)ft- • •• 1 1 f:ucf1ned as rat10: p1petted sample vo ume vs standard vo ume 0
corresponding bateh. .

(pipetter capacity: 2ml and 4ml)

2)using isotope dilution analysis.

3)using batches transferred into MBA 21 from March 12 up to April 4
exclusive NMTR'5135. 5535. 5534.

viii) Pu isotopes /-W/o 7 Lab. I:
(238/239/2407241/242 )

Lab.II:

0.125/72.71/22.62 0.335/73.60/19.45/
3.56/0.99 5.37/1.25

0.127/72.50/22.69, 0.364/73.42/19.53/
3.61/1.02 5.41/1.28

4)Using batches transferred into MBA 21 from April 4 up to NMTR 6058.
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2.5.9 Liquid and Solid Waste

Table 2.5.9-1 summarizes relevant data on waste accountability as reported

by the operator. No verification ef'forts were spent on these data due to the

small amounts of' heavy material in a relative great number of' batches and

due to dif'ficulties in handling and transportation of high active sampIe materi

al. Inf'ormation on used codes in column 1 is alreaw given in table 2.2-1.

Subdivision indicated as Aand B refers to waste flows leaving process A and

B which oorrespond' to MBA 21 and MBA 22 respectively. RIN means Rinse-solu

tionse

Quantitative Pu determinations in solid waste drums were carried out on the basis

of' measurinß the complex 0.38 ltfeV...Gamma eniission f']."Onl Pu-239 with help of a

two channel analyser using a NaI(Te)-detector.

Main interf'erence of' this method was experienced to be the attenuation of

the emitted radiation by drum contents and the contribution to the selected

energy range by long lived fission products and U-237 which is in equilibrium

conditions by (J decay of Pu-241. The instrument settings and calibration pro

cedures used allowed appropriate corrections. Estimated accuracy on the given

results is 1:. 30 %RSD", per drum.



Table 2.5.9-1: Survey C>D Measured Losses (liquid and solid waste)

-
Waste Total Nc). of Total volume Average Concentration Total heavy material
flow bat.chea transferred transferred into MBA 50

-3- /-g U/l 7 L-mgPu/l_/ /".kg U 7 F,g Pu 7L m_/ - - :/c 1) a/b/; 1) -

1 2 3 4 5 6/7 8/9/10
-

JW 21~ 62.9 0.72 4.8 13/45. 48/250/304

HAW 14~~ 314.0 0.29 2.65 1/91. 130/175/831

A SRW 16'1 148.1 0.15 0.63 12/22. 12/14/93

B SRW 28~~ 64.9 0.07 2.9 1/4 67/93/187

A RIN 11~ - 0.83 6.7 13/16. 6/14/93

B RIN I) 0.4 0.09 8.5 -/- 4/4/4,-

LLW corrt , Jrlow 3054. -3 3.x10-3 1/1.6 3/3/55.1xlO

.. -
Solid ,Waste 88 dzums - - - -/- 166/252/447

---------
Total 7/3 - - - 41/180 436/805/1964

1)Referring to periods :t'rom January 11 to: a ) April 12 , b ) April 25, e ) July .1st
with respecttobook ;inventory determination at different step times.

I\)

I

"F3
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SUMMARY

Part I of the report dealswith the material identifieation

of irradiated fuel assemblies by making gamma speetrometry

m:eaFillrements. Using a very simple meehanieal deviee for fuel

seanning and Ge(Li) speetrometer, gamma measurements of two

BR-2 fuel elements and 25 VAK fuel assemblies were earried out

at the pond ofEuroehemie Reproeessing Plant, Mol, Belgium.

Several fission produets' aetivities and their ratios were

used as burn-up and eooling time monitors, two of them were

used for estimation o~ plutonium/uranium fission ratio.

Results showed that gamma measurements eould be developed

in ~ praetieal and satisfaetory technique for safeguards

authorities verifieation on operators statements about burn-up,

eooling time and Pu/U fission ratio.

Part 11 of the report deals with the use of television

oameras to identify the cede number cf the irradiated fuel

assembly under water. The method has proved to be satisfaetory

in this particular case.
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PART I

GAMMA IDENTIFICATION OF TEE IRRADIATED FUEL

3.1 Intreduction

It is desirable to have possibilities of identirying the fuel elements

as weIl as knowing the burn-up for each of these fuel elements independently

fer an easy application of the PID technique. Normally the application of

this method is possible with the hell' of data supplied by the shipper of

the fuel elements. However, occasionally because of operating conditions

in~ependent identification and determination of burn-ups might be necessary.

As mentioned in the introduction to this report the application of the PID

technique was supposed to be carried out with the CANDU type of fuel only.

Since it was feared that the numbers of these elements could not beidenti

fiE!<l a<lE!ql.la.tely the possibility of identification of these fuel elements by

using y-spectrometry was considered. Since the operation schedule was changed

and a sequence of four fuel element types was processed during the integral

experiment t the application of the PID technique became possible in a highly

satisfactory manner without having to identify the CANDU fuel elements or

to estimate their burn-ups. It should also be noted in this connection that

an averaging effect could be obtained in the case of the CANDU fuel because

of the very large number of fuel elements to be processed. In spite of this

fact two different.identirication methods were investigated in the course of

this integral experiment namely one based on a television method and the second

based on y-spectroscopy method. The fuel elements chosen for this investiga

tion were those from the VAK type reactors. In part one of this report the

method of the application of y-spectrometry has been described and the results

have been discussed. Part two deals with the description of the television

cameras used to identif'j the VAK fuel elements.

There are several reperted possibilities for non-destructive measuraments cf

irradiated fuel:

a) Gamma spectrometry measurements of the radioactive fission products.L-1-!

b) Burn-up determination by 145 KeV gamma ray absorption.

c ) Burn-up determiantion through measurement of the 2.55 MeV

gamma ray of 140 La using D (y,n)1' reaction as threshold

detector of the gamma rays.

a) Active neturon interrogation measurement of irradiated fuel.
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In any consideration of potential non-destructive techniques

which might be applied to the assay of irradiated fuel, the

measurement of the concentration of fission product nuclei by

means of tecbniques of gamma speotrometry represents a promising

approach for IAEA safeguards.

This report seeks to answer the following questions:

1. Is it possible, using non-destructive gamma spectrometry

measurements of the irradiated fuel assemblies to verify the

operators' statements which include the type of fuel (pre

irradiation enrichment), histöry of its irradiation and operational

history of the reactor during the period when the ~~~sured fu~l

was in the core of the reactor.

2. Are these measurements of value for safeguards regarding

reprooessing plant input?

3. What are the practical possibilities of carrying out suoh

measurements from the IAEA safeguards point of view?

In order to avoid a risk of misunderstanding it i8 necessarJ

to explain the term 'identification' of irradiated fuel assembly. L5_7
Gamma identifioation of irradiated fuel is a gamma spectrometry

measurement of the fuel whioh enables one (an inspeotor) to

identify the kind of measured fuel and to verify operators'

etate.ents about the irradiation history of the fuel.

Such measurements follow the modern trends in safeguards

because they allow verifioation of a large part of the whole fuel

cycle starting with the tuel fabrioation plant through the rea6tor

and finishing with the input of the reprooessing plant. The

majority of countries do not have and are not likely to have fuel

fabrioation and fuel reprooe~sing plants. Thus, with suoh measure

ments it will be possible to monitor the total nuolear aotivities

of these countries.
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Gamma spectrometry measurements of fuel elements to obtain

fission-products concentrations as indicators cf fuel' burn-up

wete among the firs~ attempts at non-destructive fuel assay.

Several methods and techniques for such measurements have been

suggested and developed [1J, [6J, frJ, [s} ~J, -[1oJ, ~lJ, .

[12J, [13J. But published resul ts from practical applications

are limi t ed , [lOJ, ~4J, ~5J, [i~.

There are also several reviews of this problem which.compare

and evaluatestudies of non-cde s t r-uct I ve burrs-up assay l}7J, ~SJ,

[19J, ~oJ, @lJ, @?J. A very interestirg study of different

semiconductor spectrometers i8 made in ~.~.
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The measurements were earried out in the pond of the Eurochemie

reproeessing plant at Mol. The neeessary instruments, a Ge(Li)

deteetor, a pre-amplifier, a high voltage source, an amplifier, a

multiehannel analyzer and a printing deviee were taken to the site

from CEN, Belgium.

A simplified sketch of the equipment set-up is shown in Fig. 3 - 1.

A elosed tube, siz meters in length, inner diameter 5 cm was used as

an air channel in the water. It was suspended on cords with lead

weights at the lower end, 15 cm from the pond wall. The immersion

angle was 450
• There was a collimator-filter only at the upper

end of the tube in front cf the Oe(ti) deteetor. The eollimator

diameter was 20 cm. Two filters, one 20 mm thiek brass and one

5 mm thichlead, were used to reduce the intensities of low energy

gamma rays. Nevertheless, gamma intensity of 0.42 years cooled

fuel assemblies was higher than optimum for such measurement. The

measured fuel assembly was suspended on the crane hook. No deviee

for radial fixation of the measured fuel assembly was used,

~he aetive volume of the Ge(Li) deteetor was approximately 4 ce.

The resolving power of the whole system, deteetor, pre-amplifier,

amplifier, analyzer was about 7 KeV for 662 KeV peak, so it was not

possible to resolve the 757 KeV gamma ray peak of Zr-95 and the 77c
KeV gamma ray peak of Nb-95. The deteetor effieieney was a little

small for gamma rays with energy higher than 1 MeV. The open eleetrodes

of the deteetor, whieh was loeated near the pond, eaused some ineon

venienee beeause of the inerease after 24 hours in eleetrieal

conduetivity between the electrodes due to moisture piekup. Resolving

power of the deteetor was maintained by peri6dieally drying end

cleaning the electrodes.

For the experiment a 4000 multiehannel analyzer "Interteehnique"

was used.. However, use of 1000 ehannels is adequate for similar

measurements. The ability of the analyzer to integrate the number of

counts under any peak faoilitated the data prooessing later and was a

useful fea.ture.
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The on-site preparation and set-up of equipment, calibration

of the instruments and preliminary measurements required about

one day.

Routine measurements were carried out by one technician

from CE! and one meohanic-operator from the Eurochemie plant (in

one shift). The time necessary for one routine measurement, i.e.

one point on a single fuel assembly, was twenty minutes - ten

minutes measurement and ten minutes for printing of the data and

crane ohanging of the tuel assembly. Con~rol measurements whioh

were made for higher accuracy ranged trom 30 to 300 minutes.
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3. DATA PROCESSING

The two speetra, taken from the BR-2 fuel elements, are

shovm in Fig.3-2. On the speetrum from the fuel element 3-184

(eooling time 5.44 years) one ean see only two peaks of Cs-134,

605 and 796 KeV and the only peak of Cs-137, 662 KeV. On the

speetrum from the fuel/element M-519 (eooling time 3.184 years)

the peak of Pr-144, 696 KeV and peak of Rh-l06, 622 KeV also ean

be meaaur-ed,

The speetrum fram the,VAK fuel assembly A-35 (eooling time

L 58 yea.r-s) is shown in Fig. 3 - 3.

It is obvious from this speetrum that one ean measure the

intensity of many gamma peaks. The energy af most of these

peaks are given in Table }-,- L

The energy calibration of the instruments was made using

Co-60 and Ba-133 standard sourees, using the method of least

squares.

The energies of fuel element gamma peaks measured through

this ealibration and tfieir energies from literature a~e given in

Table 3 1.

Table 3 1. Comparison of Seanning vs Energy from Literature Data

-- .---'"--__ --t-- --'

-134b=::~144lpr-144 I
95~9 1365.2 1489.5 2185.6

95.8 1365•. 2 1489.72186.2

----t----I------ _.__.

..

~--A Rh-l06 Cs-134 Rh-l06 Cs-137 Pr-144 Zr-9~I Nb-9~ts
~ (KeV).l!i

511.9 604.6 622.0 661. 6 696.3 724j2['765~8121(Lit)
"1-
I

E (KeV) 511.8 604.4 621.8 661. 7 696.4 724.1 765.9 7(Meas. )

It is olear from the table that the determination of the

gamma energies is reasonably aeeurate.
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Repeated measurement of the background showed it to be

negligible. Only two peaks of Co.:..60 appeared after a long

measurement of the background. Shielding of the detectorwas

not necessary.

Originally in planning the experiment, the intent was to

measure only the ratios of two gamma peaks: 605 KeV peak of the

Cs-134 and 662 KeV of the CS-137. However, in order to obtain

as much information as possible about all fuel assemblies and

different approaches to gamma measurements, the whole spectra

from 500 to 2500 KeV were taken.

The most important cf the aclcli ticmal rn~asurable g13.mrna pe13.ks

are:

1. Two peaks of the Cs~134 with energy 796 KeV and 802 KeV which

are measured tagether. These peaks are better isolated fram other

peaks and can be measured with higher accuracy than 605 KeV peak.

2. Several gamma peaks of the Rh-l06 (512 KeV, 622 KeV, 873 KeV,

1128 KeV) and one weIl isolated peak of the Eu-154 (1274 KeV)

which are mainly the results cf Pu-239 fission.

3. Two gamma peaks 724 KeV of the Zr-95 and 766KeV of the Nb-95

which show the cooling time of the fuel.

4. Three gamma peaks of Pr-144 with energy of 696.3 KeV, 1489 KeV

and 2186 KeV. These peaks can be used fordetermination of fuel

burn-up and cooling time. The measurements showed that thäs8_gamaa

peakscan be used successfully for some burn-up determination for a

eooling period from three months to more than two years. The 2186KeV

peak is also very important dua to its-high eneJ:"g,f a.nd the high

penetrability of its gamma rays. Moreover, this peak is weIl

separated from other peaks and can be easily measured with high

accuracy even with scintillation detectors and single channel

analyzers. Because these instruments are easily portable, this

is very important for safeguards purposes.
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The areas of different full-energy peaks in the spectrum

are related to the amount of eorresponding gamma radioaetive

fission products in the measured fuel assembly. The Compton

scattering mainly and some,other effects ereate rather high

continuum over which the full energy peaks appear. It is very

difficult to take into account all these effects, particularly

for the complex spectrum of irradiated fuel. Usually the full

energy peak is determined as a difference between the count under

the peak and the estimated backgrou~d. In order to receive high

statistical precision relatively long time measurements are

required. For such cases however, when only relative measurements

of one or two groups of ~el elements withsimilar conditions

of irradiation and cooli.ng tillle a.::t"e J:'~ql.li.l:'ed. it is PQSfJ1ble,t_o use

another approach. This consists of taking thetotal amount of the

counts between the boundaries of the full-energy peak as related

to theamount of corresponding fission product. This approa.ch was

uaed for relative measurement of burn~up because of the ahort eounting

times. Results show that it is a better approach. For axial

distribution of the burn-up~ however, the fUll-energy peaks as such

were used as representatives of fission product activities.
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3.4. ME.ASUREMENTS OFAXIAL DISTRlllBUTIONS OF BURN-UP

The relative axial distributions of the burn-up along the

BR~2 !ael elements and VAK fuel assemblies were firstmeasured

because:

a) They provide the basic qualitative checkof .the capapility

of t.he method and measurements as roughlythe axial distribution

of integrated flux and burn-up was known in '3.dvance.

b) These measurements are necessary for the determination of

the integrated burn-up of the fuel assembly.

,[!he axial distributions of the burn....up along one ,mt.-2 f'ue I

e.Lemenf M-519 and three VAK fuelal:lßembliefiJ A-35, .t.(2at1.~nd .A.-4:L

withdifferent de,a:rees of burn-up were measured.'m1egamma

spectra were taken at nine points of thefuel element or fuel

assemblies - at 0/8, 1/8,2/8, 3/8, 4/8, 5/8, 6/8, 7/8 and 8/8
parts of the active 1engt~ of the fuel.

The following burn-upmonitors were used forthese measure

ments:

a) The intensity of Cs-137 gamma peaks with energy 662 KeV.

b) The intensities of Pr-144 gamma peaks with energies 696,

1489 and 2JL86 KeV.

c) The ratio between intensities of Cs-134 gamma peaks 605,

796 and 1365 KeV and Cs-137 gamma peak 662 KeV.

Aq-qantitdivevalue of' the quality of measurements was made

by using the variation coefficient of the ratios between intensities

of different peaks from the same isotopes along the fuel elements

and the fuel assemblies. In particular, the three peaks of Cs-134

and the three peaks of Pr-144 were used. The values of these ratios

should be constant because the two peaks being compared are from

one isotope ~ndgamma ray absorptionmust pe the same al.ong the

f'ueL el emerrt ,
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The data from BR-2 fue1 el emerrt, M-5l9 are shown in F:ig.3 r: 4. .

The variation coefficients of the intensity ratios of Cs~134 two

peaks - 796 to 605 KeV and intensity ratios of Pr-144 peaks -

6~~L KeV and Cs-137 peaks - 662 KeV were found to be 4.5% and 3.7%.
These two results demonstrate that the precision of these measure

ments is reasonable. The 3.7%'coefficient show$ also that there..
is no diffusion of Cs to the ends of the fuel element. The relative

values of Cs-134 activities pronounced through the relative values

of two peaks as weIl as the relativ~ values of Cs-137 and Pr-144

activities for the same points are in agreement.

Thedata from VAK fuel aaaemb'Ly A-35 are'shown in Fig/3 - 5.

-Additional peakS and aötivity rati6s were used für measurements

of this fuel assembly as compared to the previous measurement.

In Table NO~~2the variation coefficients for corresponding

intensity ratios are given. VBI is' for variation coefficients
• 9

when all measured points a.re taken into account; VC2 - when the

Emd points are excluded and VC3 is for variation coefficients

when all measured points are taken into account and corresponding

activity values arefo2'"ntilt :full-ene!f\gy peaks. A.g:ft was

expected, the variation coeffieientsfor the last case are higher.

Table No: 3-2. Axial J)ist~ibtttions of' 4ctivity Batios .Along Fuel Assembly
A':'35 (VAK)

l2.§..
605

1365
605

1365
796

2186
696

2186
1489

TV'·C 1 3~3%

vc 2 0.8%

VC 3 7.9%

3.8%

15.4% 10%

6.7% 9.4%

1.9% 2.0%

.&-- ~ --ll--.."._-.."._-I--------.-----l------I'-------I
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The comparison between the VCl and VC2 in Table No: Y - 2.

shows that variation coefficients increase by a factor of

2 :;h.o 3 whenend points are included. This means that without

a special device for fixation of the fuel assembly the measurements

at the ends are not satisfactory. But they do not, however,

strongly influence the integral value of burn-up for the whole

fuel assembly.

It can be deen from Fig~3~5that the intensities of gamma

peaks at th$ midpoint of the fuel assemblies are significantly

Lowez-, This is because VAK f'ueI assemblies compr-i s e two separate

fuel sections and there is a distance of approximately 4 cm

between the two sepa.rated fuel sections where fissionable material

is not present.

Attention should be paid to the fact that when the ratio of

activities of Cs-134 to Cs-137 are used as a burn-up monitor they

give the correct burn-up values despite the lack of fuel in the

centre. This shows thatgeometrical factors of measurement are

not so important f'o r- the activi ty ra:ti9 monitors and that the

ratio of activities does not depend strongly on the quantity of

the fissionable material at the measured point.

The relative values of the three measured activities as weIl

as the relative values of two measured activity ratios are in

agreement for different points. For the end points the differences

are greater.

It must be pointed out also that variation coefficient is

greater for intensity ratios in cases where the difference in

energy of the related peaks is higher. The most probable reason

for this is connected again with the geometrical instability of

~hese measurements, due to the lack of any fixing device. As

the effective absorption eoefficient for gamma rays decreases
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constantly with increasing of their energy, it strongly affects

the ratios when the difference between the energies of the two

related gamma peaks is higher.

The axial distribution measurements of activities and

activity ratios of Cs-134 to Cs-13? can be summarized as follows:

1. The axial distributions of activities and activity ratios

as burn-up monitors follow qualitatively the distribution of the

integrated neutron flux at different points of the r-eac tor ecor-e ,

2. The axial distribution of Cs-l34 activitiesdeBlCeaaes s;!;r:%eply to

the ends of the fuel assemblies which reflect the fact that

Cs-l34 accumulation is nearly proportionalto the second d(3gree

of integrated neutron flux.

3. The precision of the measurements themselves, even in ihis

preliminary case, is reasonable as can be seen from variation

coefficients.
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t

3.5 RELATIVE l3URN-UP MEtSUREMENTS. OF VA!{ PUEL ASSEMBLIES

Sinee only two days were available for measurement of the

25 VA!{ fuel assemblies, measurement of 21 of the assemblies was

limited to one specifie loeation of these assemblies. (The

remaining four assemblies were extensively measured ~o obtain the

mkximum amount of data.) Additionally, in thosecases where burn-up

measurements are being made on identieal type fuel assemblies, a

single plaee measurement i~ sufficient for relative burn-up

determinations•. This conelusion was one of:theaims of the experiment.

In these cases, however, it is important to seleet the optimal

plaoe along the tuel assembly for preoise measurements.

The gamma spectrosoopic data from fuel assemblies were

divided in two graups aeeording to their oooling times; data of

fiel assembl1es with a eooling time of 0.42 years, whose activity

was essentially higher, and data from fuel assemblies with a

oooling time of 1.58 years. The signiticantly higher aotivit1es

of the shortly cooled assemblies made it difficult to make a

mistake in assigning theindiv1dual' tuel assemblies to the1r

prop.sr groups.

Table No:333summarizes the data for tuel assemblies having

a cooling time of 1.58 years. The column code for this table

1s a.s folIows:

Column No: 1 is for the identification codes cf measured

fuel assemblies.

No: 2 g1ves the ea.leulated burn-up in Dd/ton.

N~~~ los: 3 to 11 give activity ratios fOT the peaks names.

Nos: 12 ~o 14 give the relative values of corresponning

activities in percentages for the measured fuel assembly to the

same activities of the fuel assembly A-31 •

.A-31 was ohosen as a relative sta.nda.rd "beOause it had the

highest ealculated burn-up in this group.

Nos: 15 ind 16 give therelative values of activity

ratios R1 and R2 in percentages for measured fuel assembly to

the corresponding activity ratios for the fuel assembly A-31.



Ta.ble No: 3- 3 Data from VAl( Ftlel Assembl~es wi th1.58' yearill cooling time

? :3 4 5 :6 1 8 9 10 11 12 13 14 15 16 11

Code
A

21816 A14E~ A2186 A1365 ~
An 65 ~66 A605 h96 A60 i) A711)) A66t i ) Rl (i ) R2(i ) B (1)

B c
A696 A696 A1489 A605 A605 A796 . A662 .RrA662 R2-A662 A60 ii) A1911 A66J31) R101 )R201) 'iWT). c

N-20 -9450 0.106 0.170 0.626 0.0732 0.81Q 0.0885 0.375 0.190 0~654 99 102 105 95> 98 59
---------:--'---------~------------------------------- - - - - - - - - - - - - - -A-38 14192 0.0790 0.136 0.581 0.0612 0.835 0.0733 0.361 0.811 0.617 81 90 90 91 101 89

A-35 15012 0.Ot)43 0.144 0.581 0.0121 0.853 0.0845 0.417 0.820 0.698 42 44 43 98 104 94

A-35 15012 0.0844 0.1-44 0.586 0.0717 0.857 0.0837 0.400 0.808 0.693 42 45 42 91 103 94 w

A-16 15072 0.0889 - - 0.0145 0.859 0.0868 0.434 0.831 00119 40 42 39 100 101 94 I

A-12 15108 0.0691 O. 124 . o.558 0.0584 0.196 0.0133 0.369 0..838 0.661 18 18 18 100 100 94 ~

A-54 15123 0.Ö116 0.124 0.516 0.0566 0.858 0.0659 0.328 0.820 0.104 94 100 95 98 105 95

A-43 15154 0.0691 0.124 0.562 0.0584 0.803 0.0128 00352 0.800 0.. 636 16 76 18 96 95 95

A-19 15668 0.0158 0.134 0.564 0.0632 0.852 0.0142 00368 0.795 0.611 63 61 66 95 101 98

A-55 15735 0.0112 0.133 0.537 0.0619 0.864 0.0116 0.358 0.803 0.694 70 15 72 96 104 98

A-18 15835 0.0199 0.443 0.559 0.0118 0.853 0.0912 0.519 0.986 0.841 24 25 20 118 126 9<1

A-5 15884 0.0155 - - 0.0675 0.818 0,,0825 0.419 0~858 0.102 44 45 43 103 105 99

A-17 15909 0.0613 0.119 0.56 0.0557 0.801 0.. 0695 0.362 0.849 0.680 95 95 93 102 102 100
/

100 100A-.31 15992 0.0610 0.121 0.555 0.0547 0.803 0.0682 0.340 0.834 0.670 100 100 100 100
.-.--

i ..............O.0757 0.131 0.566 0.0641 0.835 0.0767 00316
~ ••••••••••••• O.OO68 0.009 0.014 0.0074 0.025 O.. Oon 0.0337
.!.
x.•······~.·· •.9·4 % 6.9% 2.5 % 11.6 % 3.0 % 10 % 8.5 %
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No: 17 gives the ratios.of calculat~d burn-up of measured

fuel assemblies to the calculated burn-up of A-3l fuel assembly

in percentages.

Tt is essential to cons~der the fol10wing in connection with

th-i~ table:

a) The fuel assembly N-20 was partly decladded so .the conditions

for its measurement were different and itis difficult to compare
'0

N-20 measurements with other fuel assembly measurements.

b) A-35 fuel assembly was measured twice, the first time 50

minutes and the second time, after several other measurements, )00

minutes. The comparison of these two measurements showed that the

precision and reproducibility of the measurements was quite

satisfactory.

c) ~ In addition to the previous quantitative ~alues of activity

ratio fram the same isotopes for the quality of measurements a new

one was used: Column No: 9 - the activity ratios of Nb-95 (766 KeV)

to C8-137 (662 KeV) actiiTities. Tt ispossible to use this activity

ratio as quality monitor byassuming that all fuel assemblies have the same

cooling time and nearly. the same history of' irradiation. The last

months of irradiation,of course, are more important.

The last three lines of the table give:

1. the average value o~ corresponding ratios.

2. the absolute values of standard deviations.

3. the variation coefficients of the corresponding ratios.

Tt can be seen from the vable tha~ again the.sta~dard deviati6ns and

the variation coefficients are greater for tne intensity.ratios when

t11e difference in~1t.rgy oI' related peaks iE' higher.

The reaSOll shou.ldbethe~13a.me .... tlie a:bsellce ofa d.eviee to fix

t11e radial movement of the assembly under measurement.
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There 1s an agreement between two Cs-134 measurements, -as

weIl as between Cs-134 and Cs-137 measurements. There 1s also

an agreement between two measurements of Pr-144 using 1489 and

2186 KeV peaks, bat there i8 no agreement between Cs-137 and

Pr-144. This can be expla1ned by the higher penetrability of

the Pr-gamma rays and the geometry of measurements. The relative

values of' two ratios are in sufficient agreement but the ra.'Hos

796/662 are usually several percent higher. Probably, the reason

is the lower than average value of this ratio for A-31 fuel

assembly, which gives higher relative values for other fuel

assembly ratios.

There is a considerable difference between the data from

A-18 and the data from other fuel assemblies. although the calculated

burn-up is nearly the same. It must be noted also that A-18

activity ratios for Zr, Nb, Pr and cs-134 peaks to the 662 KeV

peaks of Cs-137 are more than three sigma higher than the average

for all tuel assemblies. This anomaly may be due tö a shorter

cooling time of this :tuel assembl§, or relatively more intensive

i~radiation during the final period of irradiation.

Ta.ble No: 3 = 4 summarizes the data for fuel assemblies having

a cooling time of 0.42 years. The data are listed again according

to increasing oalculated barn-up.

There is close agreement between Zr-95 and Nb-95 activities,

as weIl as be~ween-Cs-137 and Pr-144 activities, the last being

higher again because of the higher penetrability of these gamma rays.

There is also an agreement between ~he relative values of the

activity ratios burn-up monitor and the r'elative~values of calculat~d

burn-up. The oalculated correlation factor for l~near dependance- <,
between relative values of calculated burn-up and relative values

of activity ratios Cs-134 rtoCs-137 is 0.993 which confirms tJJ.i.s

agreement. The agreement between relative values of calculated

burn-up and relative values of all the activities i.s not satisfactory,

as can be seen from the table. Probably, the most essential reason

for this is the unsuitable place of measurement along the fuel

assemblies. This assumption is strongly confirmed by the fact

that the relative values of all the activities are in satisfactory

~agreement between themselves.
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The ~uel assembly A-41 was lIleasured twice. The first time

~easurement was made using a 5 mm thick'Pb-filter and the second

time without this filter. fhis gives the possibil±ty to caleulate

4;he attenuation Q,t·different energy gammaravRi n the filter. .

material. The caleula1ied data are shown in Table No: 3-5.

'ab~e Bo: 3-5. The Energy Dependance of the Counting Rates Ratio

Without and With Absorber

.~

E(ICeV) 605 662 724 766 796 1365 1489 2186

ICatt 2.14 2.08 1.99 1.'(1) 1.76 1.55 1.50 1.41

As exPected in this energy range, the attenuation eoefficient

Kat t constantly decreases when gamma energy inereases.



Table No: 3-4 Data from VAK Fuel Assemblies with 0.42 years cooling time

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

A2186 A13c2 A196 A1365 A124 ~1.2§. A2186 .A605 i~96 A~,'-'i) A724~i) ~6f) A218ti) R2(i) Be(i)
(;Code B A1489 A605 A605 A196

A662 A662 A66; R1 A662 R2 ,A662A66J34) A124 34) A16 34) A218J34) R204J Bc04J

TZr ~JNb ~r

A""36 13215 0~432 0.0489 0.426 0.115 0.916 2.530 0.0237 1.285 0.'48 32 36 38 42 87 71 w

'A-33 13400 0·431 0.0431 0.388 0.111 0.881 2.357 0.0195 1.271 01493 64 70 70 70 18 72

'A-22 13835 0.448 0.0458 0.414 0.111 0.883 2.434 0.0215 1.283 0·531 51 63 65 69 85 74
I\J
I-'

A-41 13928 0·442 0.0537 0.443 0.121 0.893 2.315 0.0250 1.238 00548 27 30 30 38 87 75

A-47 13965 0.435 -, 0.401 - 0.889 2.330 0.0219 1.261 0.506 56 63 61 69 81 75

A-40 17802 0.422 0.0458 0.465 0.098 0.810 2.120 0.0189 1.300 0.604 57 58 56 60 96 95

A-15 18031 0.432 0.0444 0.441 0.101 0.833 ~~.316 0.0192 1.314 00580 56 58 61 60 92 97

A-30 18216 0.416 0.0459 0.475 0.097 0.804 2.076 0.0181 1.294 0615 80 71 68 72 98 98

A-21 ' 18259 0.419 0.0458 0.459 0.100 0.830 2.1 94 0.0182 1.310 0.601 73 76 75 15 96 98

A-14 18280 0.415 0.0452 0.460 0.098 0.828 2.128 0.0180 1.285 00591 78 83 79 80 94 98

A-34 18652 0.412 0.0448 0.585 0.092 0.800 2.144 0.01]8 1.293 0.628 100 100 100 100 100 100

i ..... ~ .........O.428 0.0463 0.442 0.104 0.852 2.268 0,,0202
~ ••••••••••••••• O.O11 0.0028 0.030 0.0095 0.039 0.138 0.0024
,Jf.
1 ••••••••.•••••• 2.6 % 6.1 % 6.7 % 8.7 % 4.6 % 6.1 % 11. 8 %



.k'6 COOLING TIME MEASUREMENTS

The measured VAK fuel assemblies had two 'different eooling

times: 0.42 years and 1.58 years. Two BR-2 fuel elements (90%

enriehment) having mueh longer eooling times, respeetively 3.18

years and 5.44 years were also measured. Thms, two different

~types of fuel elements (VAl{ assemblies, 2.6% enriehment and

highly enriched BR-2 fuel elements) having four different eooling

times and a spread in the-()degreesof burn-up: 23% and 25% for

BR-2 fuel elements and 10,000 to 19,QOO MWd/ton (1 - 2% of all

atoms) forVAK fuel assemblies were measur-ed,

It was easy to distinguish the eooling times ofthe fuel

elements quali tativel;1 arid quarititätively beea.use:

a) !heir r~~ioae~ivities depend strongly On the eooling time

and even the ratemeter of the multiehannel analJ:zer was a reason

ably good monitor of the eooling time.

b) !he general eharaeter of the spectrum is also a good

qualitative eooling time monitor. Experienee in gamma speetrometrie

measurements of irradiat.ed fuel enables one to determine roughly

the eooling time of measured fuel from the general character cf

the speetrum.

c ) SiiitalZlle- quantitative monitors of eooling time, however, are

the aeti~ity ratios.of the folloWing isotopes:

i)La-140 (T1.-40.27 hours) to Cs-137 for very short eooling
2

time, days and weeks;

ii) N~95 arid Zr-95 to Cs-137 for normal eooling times, months;

iii) Pr-144 to Cs-137 for long eooling time, many months and

even years.

All these ratios depend also on some other faetors but'by

using sevefal of these ratios a reliable and aeeurate cooling

monitor ean be aehieved.

A more independant monitor cf eooling time inay be obtained

by using acti'\rity ratios of genetieally related isotopes. These

ratios give definite information if 1t i6 knowri that they were
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in saturation immediately before the shut~down of the reactor~

Forpractical application themost suitable such ratios are:'

1. For short cooling times the activity ratios of La-140 to

Ba-140. The 537 KeV gamma rays of Ba-140 should be used for

measurement of Ba activities. There are several suitable gamma

peaks (487 KeV, 816 KeV, 925 KeV, 1597 KeV, 2522 KeV) of La-140

gamma rays which can be used for d.B.rtermining its activity. The

cooling time dependance of La-140 to Ba-140 activity ratio is

shown in Fig. 3.- 6.

2. The acti~ity ratio of Nb-95 to Zr-95. The use of this

ratio was first proposea. in [24]. This ratio is very suitable

because it covers practical range of cooling times. HoweiTer, it

is not easy to resolve the 577 KeV Zr-95 gamma peak anu 766 KeV

Nb-95 gamma peak. In such cases it is recommended that theratio

of these two intensities together to the intensity of 724 KeV

gamma rays of Zr-95 be used.

The dependence of the last ratio from the cooling time is

shown in Fig.3~1. On both Figs. 6 and 7 the full lines are for

the ratios after. shutdown from constant power (equilibrium) and

netten lines for the rS'ltios after snutdown f'rom power burst.

These ratios canbe used as weIl:

13.) To determine if the reactor was shut down from constant powe:r

or not in ease the cooling time of the fuel is known; and

b) Tc;) state de:finitely thatthe cooling time is longer than the

periodfor which the ratios reach eonstant value in time, .if it

is soforthe measured ease.

The data from reported measurements are given in Table 3 - 6

As ean be seen from the table, all ratios steeply increasewhen

the eooling time deereases. The ratio of 757 and 766 KeV gamma

intensi"G·1"s,"'o~"1~4t.t·ga.lnma iit.itsi ty inthe ease of 1. 58 years

i~5.99 instead of the
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ealeulated 6.10 and in the ease of 0.42 years 5.97 instead of

5.75. This is quite reasonable for such measurements.

Table No: 3 - 6. Cooling TimesEstimation

i'.~

Activity
ratios 724 757 ~]_~6 696 757 + 766 605 796

Cooling 662 662 662 724 662 662
times ,

!

5.44 0.005 0.045 0.032

3.18 0.028 0.090 0.068

1.58 0.033 5.99
I '

0.024 0.14 0.4210.65
0.42 1.40 8.34 0.097 5.97 0.55 0.84,

Another illustration of the eooling time estimations is

given in Table 3-7.It is divided into two parts.

The top half of the table shows the eorrelation between

the different aetivity ratios which indieate the variations of

the fuel element eooling time in the 1.58 year range.

The lower half shows the same for fuel elements in the

0.42 year range.

It is elear from both halves of the table that there is

a strong eorrelation between Nb-95 and Zr-95 ratios and

satisfaetory eorrelation Qetween them and Pr-144 ratios. The

eooling time faetor, however, is not dominant in the ease of

Os-134 (R2) ratios and the eooling time eorrelation with the

other three ratios is not evident.
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Tab1e No; 3 - 7. Correllations Eetween. Differenteopling Time Monitors

- I

f@%
1-54 1-31 1-43 1-55 Ä-38 Ä-17 1-19 1-12 A-351 A-3511 1-5 1-16 1-18@'.

- -"

, 1
766 .

'.P" .... 0.33 0.34 0.35 0.36 0.36 0.36 0.37 0.37 0.40 0.42 0.42 0.43 0.52Nb 1662
-

~J~ ~
0.~5 0.26 ·0.32'i~ .. 1662

0.20 o.zi 0.21 0.22 0.215 0.. 22 0.22 0.22 0.25 0.25

'Pr" 1219.3 I

0.017 0.017 0.018 0.018 0.020 0.. 018 0.02. 0.019 0.024 0.025 0.023 0.028 0.030.1662 ,
. ,.•

R2
.. A796 '.

0.70 0.6i7 0.64 0.69 0.. 68 0.68 0.68 0.67 0.70 0.69 0.70 0.721 0.84A622
J \

1-30 A-40 Ä-14 A-34 1-21 1-15 A-41 1-47 A-33 A-22 1-36

'-zr"" Ä724 0.80 0.81 0.83 0.80 0.83 0.83 0.89 0.89 0.88 0.88 0.92A662 .
ATNb .. .::zR! 2.08 2.12 2,.13 2.14 2.19 2.31 2.32 2.33 2.36 2.43 2.531662

Ä
'Pr'" 2193 0.018 0.019 OOOIDS~, 0.0181J ) 0.018 0.019 0.025 0.022 0.020 0.022 0.024A662

R2 .. Ä
796 0.62 0.60 0.59 0.63 0.60 0.58 0.55 0.51 0.49 0.53 0.551662

,
I

VJ

I

I\)
V1
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3.7. ES~TION·OF Pu/u FFSSION RATIO

Ce;.;.Pr':::i44 to Ru":"Rl17 108 ' acti';i ty ratios were used f'or

estimation of the ra:tio of tot.al Pu to total U fissions [24].

This ratio is a sensitive measure because ofthe big difference

in Ru fission yields from Pu and U fission and it does not vary
~

strongly in time because of the elose deeay times of Ru and Ce.

The obtained values ~or measured fuel after the intr07

duction of the deeaytime eorreetions was 11.6 for BR-2 fuel ann

3.6 for VAK fuel. The small 3.6 ratio for the VAK fuel indicates

that significant Pu production andburn-up has taken plaee during

irradiation in the reaetor.

Another very useful si~nature cf PufU ratio may be the

aetivity ratio of Eu-154 to Cs-137. The decay time of Eu-154
4'

is very long (16 years). The energies and intensities of some

of its gamma rays are also very suitable for non-destructive

measurements (966 KeV, 1004 KeV and 1274 KeV).

However, this point has still not been sufficiently

investiga;ged.
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Conclusions

1. A seanning deviee is neeessar,y for a better aceuraey

of measurement. Sueh a. deviee was later usedin the eooling

pond of the BR-2 reactor for the measurement of its fuel

elements. It is shown in F1g.J - 8.

2. For many eontrol safeguard purposes single-place

meaaurement along the fuel assemblies 1s enough. The eho1ee

of theproper measurement plaee in such eases 1s 1mportant.

3. ~e act1vity rat108 are more re11able and aceurate

burn-up and eooling time monitors. !he variation coeffieients

of some of the used rat10s in the l3ll-2 ~:;p~rilll~nt on one

typioal f'u,el element were:

:~Oi",= 0.441' .c79'.!802 = 0.481' ~757 +~765 = 0.06%
~662' A662 A724
but for,66?J{'eV'<a.cti.1ij;i11~n17itwas·0.63%.

4. The most suitable burn-up monitor for relative

measurements with s01nt111at101l deteotors 1s 144pr-1286 KeV
r _,

aotivi t1'o L16J

5. Tbe aoouracy of meaeurement, even in this preliminary

oase, was reasonallie. .Itd,ep,n(1s upon the precision of the

scanning d~ioe and ~Ae~e&eurementtime. Using a sem1oondu.~or

gamma sP.otJ'o.~~.:r;-.qjll u~""'6.at •. resolution and a sui table

sO&nJ1j.ag ~!~S~!F\~!,'&~~&~~ot.e&surement ofA;about 1~2%
OOulf1.b."0ldt~Yte(:i;;%i~~J~roon~der~~ the ratio 7517~4 766
t11. ditt.ren~. ·::red.,Jm,Q. oalculated (knowing the

": .: ... " - .:",:'

coolinj'ti..:'~J.}_b.O...1oulated ratio' was

O.7~'t~~t~'~"t;rpioal BiJJ§~.jl'.1-'Jlien1;.
~,'<.~---- .

!his means that such me8inreJll8nts can be used for an

identi1'ioation 01' the :f'uel li~t.{b1 1 - 2?' aoouraoy.

6. The quantity or information whioh oan be obta1ned 1'rom

the gamma measurement depends on the oooling time at the

mOment of measurement. TAe shorter oooling t1me permits more



3 - 28

infor=ation to be extracted. Up to cooling times of 2 - 3
years, however, there is no difficulty in the determination

of the irradiation history and isotope contents of interest

fram a safeguards point of view.

7. . The most promising way to achieve the highest possible

precision and accuracy is to use a semiconductor spectrometer

with compton suppression and computer processing of the data.

Ysing gamma spectrometry with suppressed compton continuum

and digital computers only, it is possible to determine the

relative and absolute values of different fission product

aetivities, the effective attenuation of gamma rays in the

fuel 'materiai and the radioaetive isotope contents with an

aecuraey of 1 - 2%. FUrther improvements can be made by

introducing an effective gamma detection coefficient a.s a

correetion factor.

It is really important for gamma identifieation of thE

irradiated tuel to use not only ae~ivities of one or two

isotopes hut the total gamma speetrum - practically trom O~3

to j.O MeV and to use the correlation between different

aetivities and ratios for the introduetion of correetion in

independant interpretations and assumptions [24].

In conelusion, we ean answer the questions put at the

beginningof this report:

1. Gamma speetrometric measurements area reli~ble and

praetieal method for irradiated fuel identifieation.

2.. These measurements even now are of value for safeguards

regarding reproeessing plant input but this aspeet needs

further development and, maybe, calibration of gammameasure

ments against results from destructive analysis~

3. IAEA. safeguards can earry out such measuretnents wi th

instruments on site or with portable instruments which are

now under development.
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3.10 INTIODUCTION

In connection with the operation of the BR2 reactor, non

destructive tests have been deve10ped for examining highly

radioa~tive materials, {"J such as irradiated fue1 elemen~s.

A number of problems arise in common to all these tests: h

high dose rate, remo~e control and operation under water.

The industria1 television camera is a wide1y used tool 1n

this field and, because the BR2 reactor and EUROCHEMIC are

lQcated near to oneano.ther, J.t was deeidedto make use of the

BR2 equipment to read the identification numbers of the VAK

fue1 elements in the storage pool of EUROCHEMIC.
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3.11 ' DESCRIP'l'IOlf OF 'l'D EQl.1IPJIER'l'

'l'he equ1pment basical17 comprisest

a) A waterproof case enclosing the television camera and

f~cusingcontrol. In order to minimize radiation damages,

the contents of the case are restricted to those comp.nents

which are essential at that level, name17:

a vidicon tube, 1" in diameter,

teflection ~oils,

a ~bm1niature-tube preamp11~ier.

Character1stics of the oase:

outer diameter :

length

weight :

76mm'
500 mm,

5 kg

b) An opt1ca1 head fitting the case and equipped with variable

focal length (zoom). The latte~ yields magnification ratios

fram I to 6 on 20 em or 36 cm sereens with definitionS of

t$ 4 mm ana. 0.1 mm,respectively.

c) A 48 - conductor connection cable, 25 m long, with double

neoprene mantle, flaxen bearing mantle and ir').ri.lJ!l~'i"PVC man'tle.

d) A central control unit,

8) Two light projectore (.~O Wiodine bulbe) enclosed in water

proof casings. The resolving power of the equipment 1s

111ustrated in figura 3 - 9, the figures have respectiv.l1_-

a height cf 0.4 em and 0.7 sm and are viewed at a distanoe

of 2 m.
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3.12 EXPERIMENTAL CONDITIONS

The fuel rods were viewed at a depth of roughly 5 m under

the water surface and from a dist~ce of 2 m. The figures, which

had a height of 1.5 cm, were all read without difficulty, after

proper positioning of the projectors. 28 VAK elements were

identified in this way, and were subsequently investigated by

gamma spectrometry.
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3.13 CONCLUSION

The method has p~oved satisfactory in this particular

ease, as a means of identification of fuel rods. It can be

introduced with little inconvenience into a sequence or

manipluations, e.g. while the rods are being picked out of

the pool to be fed into the dissolver. Coupled with the

method described in the first part of this paper, it provides

a good tool for the verification of the fuel rod identification.

Nevertheless, the problem of the design and implementation

of tamper resistant safing systems is a very important one, b

because these safing systems are both effective and relatively

inexpensive (261[27].
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Fig. 3 - 9

RESOLVING POWER QF TIm USED 'IV CAMERA.
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Abstra.ct

The present chapter is composed of two largely independent contributions

named parts A and B.

Part A includes paragraphs 4.1 - 4.7 and annexes 4.1 and 4.I1

Part B jncludes paragraphs 4.8 and following.

Part Adeals mainly with supporting studies for the inventory experiment.

The most important results concern ~tatements on the conditions required for

a fruitful application of the self-tracering method for the determination of

physical inventory in the processarea of a reprocessing plant. This new tech

nique correlates the isotopic compositions of subsequent input and product bat

ches in a suitable way. Particular aspects related to the presentexperiment

and remarks of general validity are given.

Part B mainly trea,.s the aspect of the model identification and a special

effort is paid in order to reproduce numerically the real reprocessing

campaign. The set up ot such type ot identified model is hoped to be a

useful taol for a direct quantitative safeguard utilization.

Some overlap is present in the two parts, because the same technique, numeri:

cal simulation, is used in the research. However,the two contributions clear

ly differ from the point of view of the content.

Due to the different ph~losophies followed, it appears to be more useful

to leave them clearly separated, instead of" attempting an integration.
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Part A. Cri'tical Analysis of the Self Tracering Technique
forPhysicallnventott Determination

Sununary

During the execution of the integral MolIII experiment different simulation

models of the reprocessing process have been established.

In the present chapter some results of this simulation work are given. In

the first stage of the simulation work in the framework of the joint experi

ment it seemed most important to have models which could describe the main

features of the actual process and to check the mathematical formulae des

cribing the mixing of different kinds of material during the passage through

the plant. This problem could be solved rather soon by two different models. The

Mol I1 campaign was simulated for the Pu and U part and the results looked

consistent in a comparison with the real results of the experiment. Also for

the Mol III experiment the models could be identified.

After that i t has been tried tO give some help for an optimal running of the

reprocessing campaign. In the end the most important objective of the suudies

wasto test the applicability of the independent method of process inventory

dete~nationwhich profits ofthe evaluation of the deformation of an isotopic

step signal. Under certain limiting conditions which are indicated inthe

following the methodseems to be very useful.

In course ef the werk two models - tor the U- and Pu-cycles cf theplant 

have been developed. Monte-Carlo-procedures have been used to generate

several series of campaigns for statistical studies •

It is one of the great advantages of simulation models that one can da

parameter studies by running large numbers of campaigns with special, well

known conditions. In the course of these parameter studies the follawing

main topicswere investigated:

a) 'he response function of a "normal operating" system.

b ) 1I1e influence of the superbatch sizes on the results of the methodt

c) 'tihe significance of the order of the single batches inside the super

batchesl

d) the correlations between input characteristics(as step size and batch-to

batch variation) and the precision of the process inventory determination.

From the results belonging to (b), (c) and (d) conclusions on favorable

conditions for inventory experiments can be drawn.
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4. 1 Introduction

4. 1• 1 General Remarks

One 0'1' the objectives 0'1' tbe Mol III experi.ent has been the dete1'D1ination of'

the physical inventory 0'1' Pu and U in the process area during the running 0'1'

the plant. The method chosen for this determination is the self-tracering

method which is based on the different isotopic composition of the fuels to be

processed. Such different isotopic composition depends essentially on few

parameters as: the original isotopic composition 0'1' the fresh fuel elements.

the type 0'1' the reactor in which they have been used and their burn-up.

The ·outlines. 0'1' the method and its mathematicalfo1'D1ulation may be found in

ref. Lq-1/; some critical studies on it have been reported by the authors in

ref. /4-2/.

At the beginning 0'1' the experiment the usimulation groupll,was entrusted

with the taskto support the planning of the experiment iteelf forthe physical

inventory (PI) determinationby formulating recommendations to the operator 0'1'

the plant in order to minimizethe deformation of' the isotopic step during its

passage through the plant.

During the development 0'1' the work however it became clear that the mathleml!Ltjlcs~Ji

tools constructed for the original purpose may be profitaplp utilized for a

important job. The self-tracering technique for the PI detemnation is quite

clear in its theoretical formulation, but the !imitations for its application

to real cases were not sufficiently known. Some help for the dete1'D1ination 0'1'

such constraints comes from the results0'1' practical experiments t- but. in the

following i twill be shown that the simulation is the tool which can give more

rapid, general and cheap answers if it is suitably applied.

4. 1.2 The Use of Simulation

With the experience acquired with the developJllent 0'1' the present study it

is possibl.e, aposteriori. to indicate the correctproced'itre which should

be followed for a profitable use 0'1' the simulation techniques.

By doing so one can sa.y for which ums the simUlation technique can be

applied and ,,-.t results can be got by it and for which questions smulated

results are a better answer than the results of real campaigns and why.
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The first step in working on simulation should be to state as clearly as

possible the problem or Pl'oblems which are to be solved.

~e secondstep is the set-up of a model of the considered physical system.

The model must be r

a) on the one hand capable to describe the main phenomena of areal

experiment, whichare interesting with respect to the stated problem,

and to give clear results.

b ) and on the other hand i t must be only detailed enough so far that

important features s rela.ted to the considered problem (e.g. PI de

termination) are not neglected.

So, in theapPJ.ication oftlle t~chniqu~ 8.l1d.i.n tlle model st\ldies one has

to make a suit!1ble compromise between the i tems stated in a ) and s).

The third step is the "identification" of the model with the real system. This

"iQ.entification", which means the definition' of the model parameters so that

model and actual system have the same response function, sometimes may be not

completely satisfactory. The researeher must realize what are the possibili

ties and the limitations of' the JIlOdel in order to estimate correetly the re

sult of the whole proceditre.

The last step is the utilization of the constructed tool (the model) to give

the answers to the problem questions.

For the reasons of clearness the sUbject will be ordered according to the

steps defined above.

4.2 The Problems

The. ques~iQnswhichvait for an answer from simulation have been indicated

in the introduction (to the present chapter) and will be ~riefly resumed here:

1. Stlldy of the .deformation of an isotopeconcentration step function

during the passage through aplant working in steady state conditions.

2. Study of the constraints l:for the applica1:;~on of the self-t!racering

technique for tlie determination of the physical ~nventory. These
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constraints can be e.g. the total quantity of fissi.le material processed

in one campaign. the composition of material in "superbatehes" with re

gard to isotopic coneentrations. the bateh-to-batch variations of isoto

pie coneentration inside one superbateh.

3. The estimation of the precision for the ealcula-t::ed inventory which may

be obtained as ~etion of the previously mentioned parameters~

~.3 TheModels

Figure 4.1 gives the sehematic flowsheet of the EUROCHEMIC plant for U and

Pu recovery. It corresporids to fig.2~1-2 and 2 .. 1-30fchap'ter 2.. For 'the

construction of the model the different types of elements which compose the

plant have been individuated. The approrlmate behaviour of the fissile ma

terial may be easily described by simple mathematical relationships (equations)

tor most of the plantunits. The result 01" the first examination er.,the f'low~

sheet led to the eonelusion that only few types of equations are neeessary for

this purpose. Fig. 4.2 gives the types of units together with the analytical

relationships. The deseription becomes quite complicated wohen pll1sed co~umns

or mixer-settler batteries are considered /-4-3_/. The models used for the

simulation of the whole plant have neglected the mixing mechanisms which take

place in these continuously operating units. This simplification appears justi

fied. at least in a first approximation. because themean .hold-up and the re

sidence time of the fissile material in these units are small compared vith

those of the adjacent units.

However. the implications of this simplification are described moreprecisely

in annex I: the possible mixing Jnechanisms in the mixer-settler batteries

have been investigated. by a suitable simulation model implemented on an analog

computer.

The different units taken into account for com~osing the EUROCHEMIC plant may

be grouped in 4 ,classes. according to their input - outputcharacteristics

(C = contdnueus , B = bateh. i = input. 0 = ou~put):

B. - B
1 0

B. - C
1 0

C. - C
1 0

c. - B
1 0
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Two types of models, named "space" and "time" model respectively, have been

constructed for the plant simulation. They are described in some detail in

14-2 / . The "space" model maltes use of the transfer function of each single

unit to construct aseries of output data as function of the series of in

put data for the considered unit. For input and output these series are order

ed historically.

The inter-connection df the subsequent units results in the final response

of the model to a given input function.

The "time" model uses a time discretization technique, by which the continuous

ly operating units may be assindlated to the batchwise operating ones. At

ever,y time iteration interval the characteristic status of each unit is des

cribed as function of the historical series of the input data.

All the results given in this report, except those on the deformation of the

step signal illustrated in fig. 4.6~ and 4.7, have been obtained by this "time"

model.

4.4 Identification of the Models

Theproper. use of a simulation would require the idenüification of the model

with the real system. Strictly speaking identification means that the model

parameters have been adjusted im such a way that "both model and real system

have the same response fUnction. In the case of a reprocessing plant (at

least at present time) such identification is impossible because the normal

operation procedures do not allow the definition of a response function: too

large are the possibilities of choice left to the pperator. At most, a sort

of identification can be obtained "a posteriori", when all the operator deci

sions are known. This kind of comparis0n is important because it allows to

say that the model is able to produce realistic results, that is aseries of

outputs, related to prescribed inputs, which could be the actual output data

of a real plant. From this point of view it is clear that the identification

may be considered as reached when the model can produce realistic results.

4.4.1 pu-Purification-Cycle"

Figc 4.3 illustrates the result of an "a posteriori" identification concerning

the model of the Pu-purification cycle of the EUROCHEMIC plant. The careful

study of this figure may be illuminating for the performances of a mathematical

model in this ver,y special context. The comparison of the "input" andthe
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"real output tI curves seems to indicate that:

1. up to a mass of 26.3 kg the Pu units have been mixed y:ery strongly

inside the plant, because the concentration of the tracer isotope

in the output looks nearly constant compared to the oscillating

Lnpub ,

however:

2. in the output the concentration step arier 26.3 kg is very sharp

which is an indication of low mixing, and this step arrives too

early with respect to the input (some material seems to be kept

back inside the process line),

3. the s'fia.PE: of the output curve äfter 35.7 kg mayoe explained bythe

fact that a lot of internal recycling took place around the second

extraction cycle. Such recyclings, not foreseen by the normal opera

tion conditions. proved necessary for operation reasons. (The re

tained material mentioned under 2 0 may have been added inthis period. )

The "simulated output" i8 obta.ined by the modelwhich is made to run a.ccord-

- ing_j;Q_lInQ:rJIl!!l__~Qpdi~j.Q~~~ 'll1>~Q _~2·_1·JtK.__!!i_~~4di!~~~LEl!l_El"l:;"l:;~J>t _1;~_i~~:l..!1?-~_

the abnormal recyclings in the model has been made, but the information avail

able about them was not very precise. It should be noted that the t1s i mulat ed

output" may be more easily explained than the "real" one , In fact:

1. in the zone up to 26.3 kg the output shows some reasonable oscillations

in agreement with those of the input,

2. the following zone (up to 35.7 kg) is in a very good agreement with the

input because the input step 1S deformed in asymmetrie way "'"-- between

26 and 34 kg - without the incomprehensible unmixing which appears in

the "real output",

3. an analysis of the real and simulated output curves in comparison witt

the input signal for the last zone (after 35.7 kg Pu) allows .only the

explanation of the difference between the actual and simulated output

in the region of 25-35 kg and 35-50 kg of Pu by so~e unforeseen recycling.
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According to these conditions a "transfer" function in the sense of

an unique q.efinition of the parameters which gov.arn the model utili~a

tion could not be found. However s it appears that the available model

can describe sufficiently well all possible outputs and may be used for

the solution of the stated problems.

4.4.2 U-Purification Cycle

Tbe same comparisons described in the previous section have been carried out

also for the U-purification cycle andthe ~lated curves are reported in

fig. 4.4a s b and c. In the first one the "input" and "real output" tracer

concentrations are compared, Tbe mass scale has been adjusted in such a way

to take into account s togetber with the main inputs also the contribution of

the U
IV

auxiliary input. The agreement seems to be sufficiently good, apart

frQDl' ~lJ.e f~ct tlJ.~t tlJ.e tr~cer concentr~tion of the secondsuperb~tclJ. i8 lower
at the output and consequently the amount of material of the second superbatch

appears to be enlarged due to a mixing with the adjacent batches. It seems that

this effect does not come out to the same extent for the simulated output

(fige 4e4b) where the secend superbatch has nearly the aame size as in the

input and the tracer concentration is only slightly decreased. For the f6110w

ing batphes real and simulated output have almost the same shape (see fig. 4c).

4 4 . # UIV t•• 3 Correct1.0ns ..or .. 8 rem

A further proof for the assumption that the mathematical model used for the

simulation is correct has been obtained aposteriori in connection with the

estimation of the physical inventory of U. In chapter 5 of this report the

corrections are indicated which must be made on the input data in order to take

. t . ·1· uIV . t th MBA Id d1n o account the aUX1 1ary 1nput 0 e conS1 ere •

Another way to determine the inventory, when an auxiliary input is present,

may beto correct the output data so that they can be put in direct connection

with the main input as it Ls (see fig. 4.5). Tbe corrections which must be

performed on the output may be obtained by the simulation:

The contribution of the auxiliary input to each output batch is calculated\

and subtracted from the actual output data.

This type of correction has been applied and the results have been compared

with those obtained by correcting the input values. The values for the
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physical invenotry came out as 1625 end 1620 kg respectively. This indicates

that both correction procedures are equivalent.

This very -good agreement is a further indication tbkt the used model can re

produce actual results so that it may b~ considered as Uidentified".

4.5 Results for the Mol IrI CaJ1lpaign

4.5.1 Deformation 01' the Step Signal

The first problem, wh:l.ch waited for a solution by simulation. was the defini

tion 01' optimal conditions in the EUROCHEMIC plant conduct. These conditions

should allow the best utilization 01' the self-tracering technique for PI de

termination on the processing campaign under examination (LEU - 70/1). In

other words: an attempt has been made in order to reach experimental results

which could be suitably used in the theoretical formula:

H = 1:M.
• 1.
J.

Ci-C2
C1-C2

which determines the p~sical inven~ory H on the basis of the measured masses

M. and tracer concentrations C. 01' the i output batches and 01' the tracer con-
1. J.

centrations , C1 end C2 01' the input superbatches /4-1_1.

In order to give an impression 01' the deformation 01' a step signal during i ts

passage through the plant, at the BatteIle Institute the< form 01' the signal

after its passage through some important units has been plotted. In fig. 4.6

one sees the calculated Pu-242 concentration signal which hasbeen got at

three different points 01' the process line for the input 01' the Mol IrI expe

riment. The numbers 01' the units are those given in f'ig. 4.1. Fig._ 4.7 gives

the same result ior the U-235 signa.l a.t 4 points. see that the sh"'-"1?

input step is spread over about 1500 kg (the calculations were made with a

constant flow rate 01'15 kg u/s),

It is clear from a simple analysis 01' the method which can be found in

that one 01' the optimal conditions in questionmust be the minimum mixing

01' the materials which belong to different superbatches and the minimization

of every necessary recycle.

A more general support to this argument is given by the results 01' the para

metrical studies illustrated in paragraph 4.6.1 below.
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The theory treats the tracer concentrations Cl and C2 as constants -for

every batch of a superbatch. In practice this strict condition is not

fulfilled. so. in order to approach with physical measures to these theo-

reticalconditions the maximum mixing of the fissile material inside a

single superbatch is recommended for the head-end of the plant up to the

continuously operating units. The mixing of material of two superbatches

inside these units cannot be avoided at the step passage - only an anti

economical and equilibrium disturbing washout could avoid it.

4.5.2 Recommendations to the Operator

As mentioned beCore it was the result of the first simulation studies that

ror impronng the accuracy of the PI determination by the tracer ~ethod the

t'9J.J.()W'il1.gc l:'f!C()JI1ID'-'lld.S:t :i.()l1l! l!h.Ql1.19.1>e keptinmind by theoperator.

a) The single batches inside the superbatches. which are supposed to give the

step function. should<Qi.t:f'.rin their isotopic composition as little as

possible. specially for the isotopes whicb are used for the calculation

cf the inventory.

b) The step in the concentration of the tracer between the two superbatches

should be kept as clear aa possible. that means that i t should be tried

to have low mixing for the two kinds of material during the_ passage

through the plant.

For res,ching item (a) two possibilities were discussed with the operators

of EUROCHEMIC.

1. It should be tried to mix the dissolution batches of one superbatch

in the input accountability tanks (IAT. 221-4 and -6. see fig. 4.1).

For doing that i t could beusefUJ,. to make the heels in the IAT biaer

than 2 1 (normal valuei).

2. It should be -tried to shift the input point of the MBA from the IAT

to the intermediate storage tanks (223-6A and -6B. see fig. 4.1) or

feed -tanks (231-1. 231-11) of the columns. In this case also the

mixing inside these tanks eould be used to minimizethe batch-to-batch

variations. (In this connection the question ir it is necessary to

take additional samples must be solved.)
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For reaching item (b) the following possibilities were discussed:

1. It could be advantageous to decrease ,the heels in certain

tanks at the passage of the step.

It seemed promising to malte the feed tanks 231;"1. 233-71 end 232-41

(see fig. 4.1)operate on minimum level at the steppassage.

2. It should be tried to what extent restrictions on the Pu recy:cling

are necessar,y and possible.

3. It should be decided if the evaporators 231-7 and 232-4 can be emptied

at the step passage.

In a first discussion i t came out that no homogezdsation 'W'()u.l,d be possible

within 223-6A and 223-6B because these tanks serVeas teen adJustmentunits

end the sol;utionmust not beailutedby additional steamjet transfers. Tbe

only possibility for homogenisation would be in 231;"1 by increasing the ,heel

volume (this homogenisation efleet should be calculatea; tor 223-6A ana 6B

process analysis data are available).

After some turther discussions with the operators it was-possible tomix the

last two CINDU-batches 800 and 900 inside the teedtank 231-1.

FeZ' the VAK-tuel it was agreed tomix the last two batches instead ,af the

first two ones.

It came out that a lot of reqcling was necessary for the Pu P4rt in order to

keep the mixer-settler batteries in steady state condi'liions (f9rt~orary

lack of' f'eed trom the first puritication cycle) and to recpv~~the Pu seraps

coming f'rom calcination.

Therecycles of' U were made in connection with uI V auxiliary input. Tbey:

are described both in this chapter and in chapter 5 (see liaragr~ph5~3.2

4.6 Resul1:S eoncernin$, theMethod of Physidü Inventory -Determination

4.6. 1 Response Functionof'" a. .uNormaJ,' Qperatin$" System

For both the Pu and the Ucycles some investigations on the influence cf

operating conditions on the response f'unction of' thesystem have been made.

This is a kind of' preliminarystuQy which allovs a bettel', illterPretation

of the results obtained in the f'oUowing.The "response t'unction" of' the plant

describes. the distribution of' the 1I1&terial of' a single input batch in the

output ones 0 It is obtained by: the simulation model in a campaign in which
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only one of 'tohe series' of-the input batches is tracered.

For the Pu a seri•• ot 6 different campai8l1s has been studied. Tbe charac

teristic parUleten chosen for tbese campai8l1S are repOrted in table '4~1.

The parameters talten. i l1to account were:

a) the heels in the input accountability tanks 221-4 and 221-6

(H· 200 1. L= 2 1)

b) the minng strate~ in the head-end tanks of the plant. (NQ means

that the input batches).tave DO't been mixed vith the adjacent one8;

Lll means that each input batch haB been mixed rith the preceeding

and the follonng ODeS; R has the same meaning as LR for. all batches

e:xept thetraced one which has been mixed with the following batches

oniT)

c) thepercentage of the continuous recycling from 2436-1 100 236-4b.

Fig. 4.8 gives as an example the comparison of the "response function" for

the aasest &Dd 2 ottable 4... ra Theobservation of these shapes of "res...·

pollse f'lmctions" and of these related to other trials suggest the following

conclusions:

- Tbe use er the minng strategy' at the head-end ofthe plant leads to

a much higher spread of the response.

- With the R-typeof mixing (cases 5+6) the spread of the response is

a little bit smaller than with the LR-type (case 3+4).

- Tbe influence cf a continuous recycling of 5 %seems 100 be negligible

for the investigated cases (3 and 4, or 5 and 6). Howe~r' ~ i 10 could be

hidd.en for these cases by the influence of the other parameters and

could be significant for L heels and NO Mixing.

Similar studies have been made for the U and the results of two campaigns

"h d "th t UI V 1· ". 4/>. 4 Sb Tb . "nt an W1 ou-rec;yc 1ng are g1ven 1n .l.1g.. • e effect er the mnng

strategy and the different heels in the head-end of the plant is of course

the same as for Pu campaigns.

For a traced input batch of 1000 kg of U, the response function results spread

out over 3200 kg (2000 kg ~ 98.8 %) and 5200 kg (3200 kg ~ 98.0 %) respectively'

without and with 10% UI V recycling.
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4.6.2 Reg,uirementson'the 8uPerbatch 8izes

AB already pointed out in ref. 14-27. one of -the constraint8 which ~imit the

use of the single tracer method l4-1/ for the P. I. detezmination i8 the

availabili1iY of sufficient quantities of material ofdifferen1i isotopic com

positions to construct the two input sUl"erbatches. The.procedure ued for

the estimation of the quantities is fully descnbed in Lr;~27. Tbe present

report merely gives the results of this type of anal.1'sis '101' the two puri

fication lines of the EUROCHEMIC plant, accordingto the "lw enriched urani".r

(LEU) flowsheet.

They are resumed in t.ables 4-2. 4-3. 4-4, Table4';'4, _which re:f'ers to an

U-purification line without any u
I V recycling, has been inserted· in spite of

the fact that such conditions are not fulfilled in the EUROCBEMIC plant, be

cause the Pu reduction can be also performed by other means which clo not im.p3j

any use of U or Pu. 1t is interesting to see that, for this case, a recovery

of more than 99 %of the inventory can be reached with superbatches 1 and 2

___ of 4000 and 800 kg respectively. compared 100 a recovery of only 95% in the------------rv----------- - -- -- -- ~- -- -- - -- -- -- --- -- ------------- ----
case with U recycling. Ir one w&nta to have 99 %recovery also for this

strategy one needs 6000 and 3200 kg of material for the two superba1iches.

4.6.3 Influences of the Batch Order inside the SHPerba'tches

Normally the concentrations C1 and C2 are obtained as me&r1 values tor

a senes of batches inside one superbatch. As al.rea(]y pointedollt in ref. $ ....27:
the orderof the single batches inside these superbatches. which give the eea

centrations step, has an influence on the result which is obtained in determin

ing the process inventory by .the tracer methode To indicate this some special

.cases with very simple orderi~ of batches have been stud1ed. The studies were

made for the Pu-cycle.

Fig. 4.9 gives the input step and the corresponding output tor same cases.

For all cases the concentrations C1 and C2 were 0.1 and 0.2 respectively.

theyhave been obtained by ca.lculating the mean value of the relative eoacen

trations of the tracer in 5 batches. Themaximum concentration difference in

side one superbatch is about 10 %of the step size. Fol' all cases the plant

inventoJ'Y I at·the step input is 16.02 kg ofPu. In the tigure the ditterence
r

between the calculated inventory 11 end Ir is givenwith thepropez' sign. In

the first case (ideal case: no variation inside the superbatches) the differen

ce mq be attributed to rounding errors in the calculations. it is 0.08 %of
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the real inventory.

The following groupof four cases shows the influence of amonotone varia

tion of the tracer concentration inside one of the two superbatches only.

The order insi_de the second superbatch seems to be more important than that /

inside the first one. The difference H-I becomes negative when the concen-
r

trations in the second superbatch decrease and it is positi~ewith an increase.

The .opposite is true for the variation inside the first superbatch.

The last group shows the influence of combined variation in both superbatches.

The biggest difference H-I is found for the cases 6 and 9 where the concen-r
tration has different slopes in the two superbatches.• The res'ults obtained in

the cases 6-9 agreewith those obtained in the simpler cases 2-5. It should

be noticed that the calculated value of H is clearly influenced by the concen

tration sequence in the input. Forthe last case the same batches as in the

cases 6-9 have been used, but in contrast to the previous cases the ind:l.vidual

batiches have been arranged in such a way that the straight lines drawn accord

ing to linear regression ~hrough theconcentration values of the individual

batches or one superbatch remain horizontal. It is to be noted that the result
'~

of H-! 11 =0.3 %for this case is the lowest of &11 results for the casesr r
investigated. Therefore it appears that such an arrangement Ls an optimum.

This seeme to be plausible as any trend has been eliminated in this case.

In the case of a "going down" step the sign of the variation is reversed (see

also the observation following the results of the error analysis in paragraph

5.4. 1 ) t but the recommendations about the batch ordering remain the same.

4.6.4 Correlations between Input Characteristics and the Precision
ofthePhysical InventottDetermination

The most important pteliminary study that must be performed in actual cases

before the ut:Llizatio.n of the method of tracer for the PI determination is

that which gives the estimate of the precision of the measurement as function

of the nuclear material available. In other words. once stated that a suffi

cient quantity of material 1s available to construct two superbatches (see

4.6.2) the knowledge of the probable variationof the tracer concentrations

in single batches of each superbatch and or the mean step si ze indicate limits

which one has to expect for the preeision of the determination.
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A first approach to the solution of this problem can be found in L-4-1_1

where an analytical formula is pzoposed, In the present study the problem has

been solved by Monte Carlo technique, which allows also to take into account

the correlations among the different variables of the formula giving the PI.

The results have been obtained using a model which for one special set of

parameters refers to the actual Pu - and U-lines of EUROCHEMIC, but in general.

may reproduce a whole series of different reprocessing strategies.

Table 4-5 givesa summary of the investigated strategies. For. every type of

strategy the standard error of the difference between measured (n) and book

inventory (A) relative to the mean book inventory, Le. (Jn_J.!A,is given as

function of r, the ratio between the batch-te-batch variation of the tracer

concentrations inside one superbatch and thestep size +). As a quantif'iable

measure of this variation the standard deviation of the distribution has been

chosen, Th.e relationship (Jn-AI A= f(r) has been obtained by an interpolation

amongsome points. Every point is, in turn, the result of a statistical analy

sis of 50 (forU) er 100 (ror Pu) campaigns. For each of -these campaigns the

tracer concentrations of each input batch have been randomly chosen from two

normal distributions (one for each superbatch) of prescribed mean value and

standard deviation (see Appendix II) ~ The difference between the mean values

is the step size. The standard deviation is a measure of thebatch-to-batch

variation; this means that we assumed the possible concentration of the tracer

for a batch inside one superbatch as normally distributed. In the actual

lations both standard deviations have been assumed equal.

Fig. 4.10a and b give a summary of this parametrical study. The full lines

which appear in the figures are not the best fit through the calculated points

but represent the graphical interpretation 0'1 the relationship indicated here.

A general cOficlu~ioü may be dral.-n both f'rom Pu and U results: within the con-

sidered interval of r(0.02 : 0.4) relations of the following type hold:

(Jn-A
Ln = a • ln r + ln const.

A

and since a is =1
(JH-A

_--...- = r • conse ,
A

+ )This definition for r differs slightly trom that given in ehapter 5.
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Moreover ,'the value of this constant comes out to be independent of the

strategies summarized in table 4-5, except for the cases in which the

feed of each superbatch is mixed up in the head-end of the plant.

Notethat in these studies no restrietions on the material available for

the construction of the superbatches have been made. As an additional re

sult of the simulationone finds out that the more precise. results for the

mixing cases (curves 2 and 8) require a larger amount (-10%) of material.

4.7 Conclusive'lkMde

In connection with the Mol III experiment the simulation technique has been

mainly used to test the applicabilit!of the tracer method forpllysical in

ventory determination. The step.l~ which is taken for the evaluation of

thephysical inventory is the inherent isotopic composition of the heavy

material itself and no artificial tracer is required. This method of isotopic

analysis for the PI calculation ean pe successfully applied in normal practice
/

only when seme conditionsare fulfflled.

~he mQst important cOüditioüs cancern

a) the total quantity cf fissile material inside the superbatches which

define 'the step - for the Mol reprocessing plant a recovery of more than

99 %can be reached wHh superbatcnes of 19.8 and 8.5 kg Pu before and

after the step signal. Por U the corresponding numbers are 4000 and

800 kg for campaigns vithout recycling, with recycles one nee.ds 6000

and 3200 kg for the two superbatches,

b) the isotopic c.haracteristics of the .processed material - see below, and

c) the possibility of ordering the single input batches, inside a super

batch in a suitable way - i t came out that the best results for the

inventory determination can be found if the batches are ordered ih such

a way that the straight lines drawn through the single concent~ation

values according to linear regression remain horizontal.

When these conditions are fulfilled the hold~up of the plant can be calculated

with aprecision of a few percent.
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The results of the method may depend on the way in wq.ich the plant is

operated. In the simulated experiments described above the assumption

of a regular operation procedure was made. It follows that. with the

restrictions mentioned at the beginning of this chapter. the method can

give reliable results if the operator follows the ~scription of a regu

lar running of the plant~

In order to get an estimate of the precision of measurement as function of

the nuclear material available. for the U- and Pu-case several series of

campaigns were run~ In these cases it was taken for granted that enough

material was available.

For every type of' the different strategies of the plant under study the rela

tive standard error 0H-A1 Aof the difference between measured and book inven

tory was given as a tunction of r. the ratio between the batch-to-batch varia

tion of the tracer concentrations ins;de the superbatches and the step size.

As a general conclusion we found that for both the Pu- and U-cases a refa

tion of' the following type holds:

= r • const ,

The values of this constant come out to be independent of the different inve

stigated strategies except for the cases in which the feed of each super

batch is mixed up in the head-end of the plant.
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PART B. Simulation Studies of CampaigJls at the
Eurochemie Fuel Reprocessing Plant

4.8 Introduction

Earlier work at the Nuclear Fuel Services plant at West Valley, New York

had established the feasibility of simulating the operation of a fuel re

processing plant with a mathematical model. Although the NFS flow sheet

for the plutonium cycle was relatively simple and straightforward, with

only a modest number of compartments. the results of the FT-62 field test

were not conclusive since it was not possible to control operations in the

desired fashion. A subsequent similar experiment was proposed at the Euro

chemie fuel reporcessing plant at Mol, Belgium where the possibility ex

isted of specifying plant operations approximating those desired for the

experiment.

The objectives of this investigation of simulation were to examine differ

ent simulation models in order to evaluate their limitations, and to deter

mine the influenceof process parameters on the models. Comparison of

predicted results with the actual data, quite important in validating models,

was one of the main tasks.

Principal responsibility for the simulation studies res ted with the Institut

für Angewandte Reaktorphysik (!AR) which was charged with the overall man

agement of the JEX-70 experiment. Battelle-Columbus, in its capacity of

subcontractor to the Uni ted States Arms Control and Disarmament Agency,

participated in the simulation studies in a supporting role.

During the planning phase of the experiment, simplified models of the Euro\

chemie plutonium and uranium cycles were. constructed and programmed for the

Battelle-Columbus CDC-6400 digital computer. These models were based on the

provisional flow sheet and upon the process data supplied by the Eurochemic

staff for vessel sizes, routine heels, normal mode of operation, ect •• The·

.uranium cycle model was not further investigated during JEX-70j attention

was concentrated on the plutonium model (PUEURO).

The supplementary Batfelle-Columbus' efforts were addressed primarily to

the experimental aspects of the Mol 111 campaign and towards the practical

problem of determining what operating constraints are necessary for an in-
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contains some Dlutonium. However, since this acid is analvzed, amounts are

known and input totals are corre~ted appropriately. Based on postcampaign

information obtained at Eurochemic, the total plutonium so recycled was

only 730 g for the whole campaign, an insignificant part (1.2%) of the

total plutonium product.

Plutonium lost to the mother liquor from the continuous precipitator is also

routinely returned to the process, bu~ evidently in a fairly random fashion.

Data have been recently obtained from Eurochemic on the quantities of plu

tonium so recycled but no data are available on the isotopic composition of

this material oron the details of its recycle. so that no way exists to

make this correction. Total amount recycled was about 1835 g, or approx

imately 3 % of total product. Compared to other uncertainties in the

campaign, this too is regarded as relatively insignificant.

In addition to these twominor plutonium recycles, however, there was a

third very major one, whose existence and magnitude was not known until

after the conclusion-of the experiment. This is the recycle of entire

batches of product from the specification analysis tank (2416-1) back to

buffer tank 236-la or to the feed adjustment tank 236~4b preceding the

mixer-settlers. There are two possible causes for this recycle. 0ccasion

ally, ~ product batch will be out of specifications on impurities and

will need re-extraction for additional purification. More generallv,

however, this recycling is a technique to place the mixer-settlers on total

reflux while more fresh feed is being processed. (The capacity of this sec

cion of the plant is greater than that of the head-end so that it tends to

run out of feed).

Since information on this recycle from 2416-1, the magnitude of which was

so great as to approacn the total product quantity, was unavailable until

after the simulation work was completed, it has not been taken into account

in the simulations. Also, to do so would have necessitated a major revision

in the Battelle-Columbus Eurochemic simulation model which, in its present

form, is unable to handle such a recycle satisfactorily. Fortunately, the

evidence suggests that this recycling of the product from 2416=1 was on a

total reflux basis, so that the original processing order of the batches

was generally reasonablv weIl maintained. Where there are significant diver

gences between model and experiment, as described in the following sections,

it appears that they result primarily from this recycling of product.
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4.10 Simulation of Mol 111 Campaign

The Mol ur campaign (plutonium cycle) was simulated using the PUEURO model.

Plant operating data and analyses were drawn primarily from the various

JEX reports. Plutonium input and output data from Eurochemic are shown in

Tables 4-8 and 4-9. The data for CANDU, VAK, TRINO, and CdN were obtained

from interim experimental reports and from R. Kraemer '-4-5_7. The quantity

and analysis of the plutonium in inventory was obtained from E. Drosselmeyer

'~4-6-T. Although this plutonium presumably entered the process at the mixer

settiers, for the sake of simplicity it was assumed to consist of 4 batches

entering at the int€rmediate feed t~ks. Recovery of total plutonium based

on the masses given, was calculated to be 95.5 %. Recoveries of the individ

ual isotopes are shown in Table 4-8. As usual, the greate~t divergence is

shown by plutonium-238, the smallest constituent; the other isotopes were

in fair agreement.

Aliquot sampies of the input batches were also analyzed at Oak Ridge National

Laboratory by mass spectrometry. Plutonium-238 is analyzed for by a-spectro

metry because of possible uranium-238contamination. Since 'it was not possible

to do this on these sampies, no plutonium-238 values were given in the ORNL

analyses. In order to place the ORNL analyses on a comparable basis with the

Eurochemic analyses, the Eurochemic values for plutonium-238 were assumed,

and the other isotopie eoneentrations appropriately adjusted. The adjusted

ORNL analyses, including the Eurochemic plutonium-238 values, are shown in

Table 4-8. The two sets of analyses were in fairly,good general agreement,

and comparable simulation results were obtained with either' set.

Attempts to define the mixing strategies used during the campaign from the

JEX reports were not too successful. These strategies seemed to vary, and

it was not always possible for the operator to execute the planned strategies

due to operational difficulties in the plant. Also, as simulation results

were compared to actual results it became apparent that more internal mixing

was occurring than was provided by the assumed simulation parameters. In

the absence of the actual operational data, it was decided to arbitrarily

select a mixing strategy which would provide the observed mixing. Some of

the mixing may have resulted from the mixer~settlers, where m1x1ng was ignored

in the present simplified model, and some may have resulted from assuming

too-small heels in process vessels. Actually, for the present simplified

model, it does not' matter particularly where the mixing occurs, as long as
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it is accounted lore

A number of simulations of the Mol 111 campaign were performed with varying

parameters, pri~rily the size of the heels in the intermediate feed tanks·

223-6a/b (R2). The plans for JEX-70 were to achieve maximum mixing for a

given reactor fuel in order to approach a uniform "superbatch" as nearly as

poss~~le. AIso,as noted earlier, comparison of predicted and actual result~

indiea~ed that substantial mixing was occurririg beyond the iritermediate feed

tanks. Thus, not surprisingly, best agreement with actual output analyses

was obtained wben large R2 beels were assumed.

Results of a typical simulation with Eurochemic input analyses are shown

in Table 4-10 and 4-11 (Similar results, differing only in degree, were

obtained wbenthe ORNL input analyses were used). Predicted vs actual output

concentrations are shown graphically for plutonium-241 in Figure 4.12. Over

the fi-rs t 25,()O()g of product it is obvious from the uniförmiey öf the

experimental plutonium-241 concentrations that there was considerably more

mixing than was assumed for the simulation. Nevertheless, up to approximately

36,000 g, the simulation agrees reasonably weIl with the eyperimental results.

WhUe part of the subsequent divergences might be eyplained by analytical

discrepancies, a more likely explanation isthe exeessive recycling of plu

tonium nearly 20,000 g, whichbeganat about this point and continued over

aperiod of about 10 days before product was again collected.

Other conclusions are suggested by the data. The high (6.05 %) plutonium-241

content of the first output bateh is similar to that of the last material

proeessed during the preceding Mol 11 campaign on TRINO fuel (see Table

4-20) and suggests that residual Mol II produet was displaced from the plu

tonium dryer and calciner upon commencement of the new campaign •

. The slight lag in arrival öf the first step function suggest that the

holdup in the system is greater than that assumed, by an amount in the

1-2 kg range. Presence of a couple heels of 500 g or so above those assumed

for the model would eliminate much of this apparent lag and also would pro

vide the greaterthan predicted mixingwhich was observed.

Plutonium product is first collected in Tank 2416-1, designated the spe

cification analysis tank, where it is eheeked for purity specifications,

sud either returned for recycle or sent ahead to the preeipitator and calciner

as final product. DuringJEX-70 aeceptable pr~duet batches ffom 2416-1

(designated as 2 BP product) were also analyzed for isotopic composition.



Masses and isotopic analyses'of 2 BP product batches are shown in Tab1e

4-12, which also shows the approximate quantities of plutonium'returned

as recyc1e; the extent of recycling is apparent. A comparison of simu1ated

and experimental resu1tsfor 2 BP product is shown in Table 4-14'. Input

basis differs from that in Tab1e 4-10 in that ORNL isotopic analyses were

used, and 1arger hee1s were assumed in Tanks 223-6a/6b and 231-8. The resu1ts

for p1utonium-241 are plotted in Figure 4.13. It is apparent that the agree

ment between model and plant is better at the 2 BP stage. For examp1e, the

6 % plutonium-241 found in the first Pu02 product is absent, additional

evidence for the supposition that this was residua,l material in the drver

and calciner.

4.11 Evaluation ofthe Physica1Inventory

In chapter 5 the inprocess physical inventory ät the moment VAK feed was
introduced into the system was ca1culated using the actual input and output

data. The output batches were considered in three categories:

(a) Clean CANDU material

(b) 2-component mixture of CANDU snd VAK material, and

(c) 3-component mixture of CANDtJ, VAK, and TRINO material.

Several assumptions were necessary in order to make the calculations. Change

from clean CANDU product to CANDU + VAK material was fairly evident from the

sharp jump in plutonium-241 content from the CANDU composition plateau,

beginning with batch 133. Change from a 2-camponent to a 3-component mixture

was less certain but cou1d be defined as reasonably including product batches

145-148 or 145-149. Unfortunate1y, due to the lack of weIL-mixed superbatches

of each type of feed, the calculated average p1utonium~oncentrationsneces

sari1y used for the calculations were not truly representative of the varia

tions in the individual feed batches. Thus, the input concentrati~~s~~~~~

constantly changing over each input batch. The precision of the method of

determinants suffers when feed concentrations are nonuniform. In addition,

the method is based on the premise that the mixture being solved is comprised

of the specified constituents, and on!y these. 'Whenthere is a high percentage

of recycling, as in the Mol 111 campai~n, additional components can be

introduced into the mixture, leading to calculation errors, unless their

identity is known.

For purposes of comparison with the actual results a simulation was per-
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formed, in which these parameters were idealized. Theoretical "superbatches"

of the average composition of the CANDU, VAK, and TRINO feeds were con

structed; for better uniformity, the CANDU was assumed to be divided into

two slightly different types. Except for this averaging, all other para

meters were maintained the same as before, as shown in Table 4-15. Results

of this simulation are shown in Table 4-16. Change from clean CANDU-A to a

mixture of A and B in the product was evident, beginning with batch 8. Product

batches of A + B were readily solved as 2-com~onent mixtures, with the results

shown in Table 4-17. CANDU-B fuel, first evident in batch 8, reached a maximum

in batch 16, at which time CANDU-A fue! was essentially exhausted. VAK fuel

made its first appearance in batch 16. The percentage of CANDU fuel (A+B)

in the output decreased steadily from batch 16 onward; by batch 23 it had

decreased to 3.0 %. Plutonium-241 reached its maximum concentration (7.800%)

in batch 23; decrease to 7.684 % in batch 24 signalied the advent of a new

feed component (TRINÖ) in the mixture. Subsequent batches were 3-component

mixtures. Calculations of CANDU fractions were possible in only the next

two output batches, by which time the percentage had decreased to 1.4 %

(rv23 g Pu).

The steady and consistent decrease in the fractions of CANDU fuel present

in the output batches after the introduction of VAK fuel into the process

is evident in the plot in Figure 4-14. The comparable fractions calculated

(in chapter 5) for the actual Mol data are also plotted. The agreement seems

quite good; supporting evidence that the model represents what is actually

occurring in the plant.

It is quite apparent from calculations based on the actual Mol 111 data

that by the 23rd batch (142) the percentage of CANDU material in a product

batch has decreased to about 6.6 %, and can be expected to continue to

decrease similarly, as additional different feed materials enter the plant.

Therefore, if the batches are maintaining their normal processing order, an

upper limit of 6~6% may be set fcr CANDU material .insubsequent output

batches. Thus, it is surprising that the solution reported in chapter 5 for

the 3-component mixtures in batches 145-148 (149) indicated that the amount

of CANDU material present was as great as 1141 g. This is a much greater

percentage of these product batches than that expected with the exponential

decrease predicted by the model in the absence of recycling. One possibility

is that a significant quantity of CANDU material was delayed and was returned

to the process during this time span. However, the available operating records

do not indicate conclusively whether this occured or not.
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In-process inventory at the moment of introduction of VAK fuel, calculated

for the simulated superbatch run, was as foliows:

Batches 12-15

Batches 16-23

Batches 24-25

Clean CANDU material

CANDU-VAK mixture

CANDU-VAK-TRINO mixture

Total

gm Pu

6,300

5,342

54

11,696

Interestingly, the 11,642 g total for clean CANDU and the CANDU-VAK mixture

is in good agreement with the 12,599 g total calculated for these same two

portions of the actual Mol 111 campaign.

4.12 Mol 11 Campaign

An examination of the earlier controlled experiment at the Eurochemic plant

(Mol 11) furnishes additional information on the requirements and capabilitip-~

of a simulation model. Less information was available on the conduct of the

Mol 11 experiment, but the following summarizes the data on which the simula

tion was based. These data were obtained principally from /-4-7-7 and from

E. Drosselmeyer {-4-6_7, with additional background information from {-4-8_7.

Considering only the plutonium, differences in the isotopic composition of

the input batches of fuel were not great. The fuel appeared to consist of

two fairly similar types, which differed principallY in Pu-240 content;

differences in the other isotopes were insufficient for a useable step

function. Presumably, there was also recycle of dissolution acid containing

uranium and plutonium during Mol 11 although there are no data on this.

Since no data were available on vessel heels, mixing stratgies, etc., for

purposes of the simulation the same basic assumptions used in the Mol 111

simulation were employed. It was known that approximately 11.8 kg of off-

specification plutonium nitrate solution the con-

clusion of the Mol 11 campaign, although it was not known duringwhich period

of the campaign this material was accumu1ated.

Plutonium input data are tabulated in Tab1e 4-18 which also shows computer

program parameters. Ca1cu1ated plutonium concentrations in output batches

are presented in Tab1e 4- 19; actua1 assays are shown in Tab'le 4-20.

Isotopic analyses of input batches were performed at Eurochemic; output

analyses were performed at GfK, except that the cQmposition reported for
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the 11.8 kg residual inventory (batch 116) was obtained from Eurochemic.

There appeared to be a slight bias between the two laboratories, so that

agreement of input and output masses for the individual isotopes showed more

variation than would have been expected had all analyses been performed at

onelaboratory.

Calculated and actual plutonium concentrations are compared in Figure 4.15a.

The general shapes of the two plots are comparable, except for a lateral

displacement, which is discussed in the following paragraph. The consistent

minor differences in magnitude between predicted and actual values of the

plutonium-240 concentration are believed to be due primarily to the analyt

ical differences mentioned above.

However, the major lateral displacement of the two plots is of particular

significance. It is illustrative, in a qualitative fashion, of one applica

don of simulation models tosafeguards. 'l'he abrupt change in plutonium--240

concentration should not have occurred when it did if the input oatches had

been processed according to the reported schedule. If the model is truly

representative of the plant response, then one could conclude that there

was possibly a substantial diversion of plutonium from the product stream,

on the order cf 10 kg, commencing after output batch 87, or that there had

been some deviation from the anncunced input sequence. A more quantitative

statement than this is unwarranted at this timet in view of the oversimpli

fication of the simulation modeland the lack of more detailed information

on the actual plant operations. Conceivably, at a later stage of development,

a more positive statement could be made by a safeguards inspector viewing

these data. As an example of what may have occurred, the effect on isotopic

composition of the output of assuming that the 5tn and 6th input batches

were delayed, and then released at the end of the campaign was simulated~

with the results shown in Figure 4.15 b.

4.13 Other Simulation Model!

Another mathematical model for fuel reprocessing plants which is currently

under development is a "mass-flowll model. This model will not only provide

plutonium concentrations, as in the present models, but will also compute

the relative fractions of the input batches present in each output batch.

Such a model will be useful for in"'cproceSs inventory studt'es., and may offer

a means of getting around some of the problems associated with the calcula-
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tion of in-process inventory by schemes based on the method of determinant~.

Such a model could be applied as an indirect method of surveillance, much

as the present concentration model can, but would fumish additional corrob

orative information. With the present model agreement of predicted and

actual plutonium isotopic concentrations is evidence that plant operations

are as stated, so that the material in each input batch is accounted fore

Th~ mass-flow model will go one step further and detail how each input batch

is distributed in the product, corroborating the agreement of predicted and

actual concentrations.

The model is being developed to fit the NFS plant, it being a simpler case

than thE1 Eurochemic plant in terms of number of compartments and alternative

pathways. Once the model is debugged and operable, it should not be difficult

to adapt it to the Eurochemie plant.

4.14 Discussion

The Eurochemic plant is a small multi-purpose 'fuel reprocessing .plant

possessing many of the characteristics ofa large pilot plant. Nominal

capacity for low-enrichment fuels is 130 T/yr, only about 70 tons were

processed in the first three years of operation. The processing section is

very flexible, and has numerous buffer and in-process storage tanks, many

more than are to be found in larger reprocessing plants. ·These conditions

are not ideal for the validation of simulation models. Also disadvantageous

for modeling can be the recycle of plutonium in the recovered nitric and

in the mother liquor from the continuous plutonium precipitator.

Additionally, with the rather complex process flow sheet, the plant operator

has many operating strategies available to him, and in any given campaign

is likely to be forced to adopt one or more variations of these by pro

cessing exigencies. Thus, the Mol plant is a difficult plant to model.

Since the Battelle-Columbus efforts were restriced whol1y to considera-

tion of the plutonium fuel cycle, the conclusions drawn apply necessarily

to plutonium, they may or may not be applicable to the uranium side of the

plant. The conclusions are also based only on the data and process informa

tion Which was available in the U.S. Most of this was derived from the

various interim reports.

Qualitatively, comparisons of predicted results with actual results indicate

that the model is approximately representative of the plant. It does not

seem feasible, at least on the basis of the data used in these studies, to
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attempt to draw too many quantitative conclusions. More detailed da ta on

such matters as important heels, mixing of input batches, the reprocessing

of the initial plutonium inventory and actual reprocessing strategies woul4

have been beneficial. Nevertheless, in spite of the lack of some information

and with the numerous arbitrary selections of model parameters which were

necessary, the general agreement between model and plant confirms the basic

validity of the model. By using a combination of actual operating data and

plutonium concentratior~ predicted by the model for mathematically averaged

"superbatches" , determination of in-process inventory was alsosimulated, with

interesting results.

A~ number of limitations associated with mathematical modeling of fuel repro

cessing plants in general, and with the Eurochemic plant in particular, were

identified during the simulation studies. One of the most fundamental is

that developing (and especially testing) of a simulation model requires full,

complete, and accurate data. While a considerable body of information was

available for the Mol 111 campaign, there were some deficiencies, so that

a rigorous comparison of predicted and actual results was not possible.

High on the list of accurate data needs are the isotopic plutonium analyses.

In addition, differences in isotopic composition between fuels are generally

not great, Which accentuates the need for accurate analyses. Whil~ the re

sults of input and output analyses from a given laboratory will normally oe

internally consistent, the problem of bias between laboratories may weIl be

a problem. This .can pose problems in research investigations, and even worse

ones for safeguards surveillance.

The relative sizes of input batches, output batches, and plant can impose

limitations on in-process inventory determination. Rather large superbatches,

possibly larger than the average reactor batch processed at Mol, are needed

to insure that a step function clears the plant. If this does not happen,

passage of subsequent input batches so increases the number of constituents

in an output batch that they cannot be satisfactorily resolved.

Refinement of a model, or more strictly speaking, validation of the fact

that changes made in a model are really refinements, ultimately requires

feedback from the real plant being modeled; and the better the data fed

back, the better can be the comparison. Since it was fairly obvious that

th JEX-70 data were not sufficiently detailed to evaluate the effects of

other than the major variables, no attempts were made to incorporate minor
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variables, such as mixing in extraction columns and mixer-settlers, into

the Mol 111 model.

4.15 Conclusions and Recommendations

(1) While qualitative agreement of the mathematical model with the actual

results of the JEX-70 experiment verifies the feasibility and identity of

the model, quantitative conclusions relative to the closeness of fit appear

unwarranted. The deviations from steady-state conditions and the numerous

unrecorded variatio~s from planned operating strategies preclude quantitative

identification of the model with the plant.

(2) A more flexible model than the PUEURO 'model is desirable for greater

compatibility with fuel reprocessing plant strategies; such a model should

be time-independent, so that recycle streams can be incorporated into it.

(3) Construction of a more powerful mathematical model which can calculate

not only concentrations in a vessel, hut also the batch fractions present

will be very useful in further inventory determination studies and its

development should be pursued.

(4) Accurate isotopic analyses arecritical to both simulationstudies and

to in-process inventory determinations by isotopic-tracer techniques and

efforts to generally improve levels of accuracy should be continued.

(5) Additional plant experiments should be conducted, preferably in high

throughput fuel reprocessing plants; in any such experiments provision of

acceptable "superbatch" sizesand adequate step-function sizes should be

stressed. Such a test, if successful, may show that a reasonably precise

in-process inventory can be calculated with relatively simple mathematical

techniques.
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'fable 4-1: Review on t he parameter for studies <im the "r-e sponse function for Pu.

No. Computer Hee Ls Mixing Recycling Kg.of total Pu output to recover x% of
Ref. H L No. LR R .5' 5% the traced input batch.

1 130/2 + + ... 8.5 (91%) 11.3 (98.4%) 17.0 (100%)
2 130/1 + + ... 19.8 (93%Y 25.5 (97.6%) >29. (100%)
3 129/1 + + ... 19· 7 (92,4%) 28.2 ~98.4%) ~30. (100%)
4 128/1 + + + 19 . 1 (90 .7%) 30.1 (99.3%) >3j. (100%)
5 129/2 + + + 16.9 (92.7%) 22.6 (97.6%) >25. (100%)
6 128/2 + + + 15·3 (90.7%) 23.7 (98.3%) /26. (100%)

.j::",
w
.j::'"



Table 4-2:

4 - 35

Minimum size of the two superbatches

No. of output Percentage of superbatch size (kg of Pu)
batches con- the inventory 1. 2.
sidered. measured.

4 70.6 11.32 0
5 86.9 14.15 2.83
6 96.9 16.98 5.66
7 99.44 19.82 8.50
8 99.90 22.65 11.34
9 99.98 25.47 14.15

10 100. 28.30 16.98



Table 0 '4"'3: Minimum size of the two superbatches for U

(with UIV recycling).

No. of output
batches considered.

%of the inventory
measured.

Superbatch size
1

t-kg;;.7
2

8
9

10
11

12
13
14
15
16
17
18
19

From the calculated numbers
1000 kg were subtracted because
the TAT does not belong
to the MBA.

80.6
92.2
95.3
96.5
97.4
98.1
98.7
99·11
99.41
99·70
99.85

100.

3200
3600
4000
4400
4800
5200
5600
6000
6400
6800
7200
7600

o
400
800

1600
2.QOC>

2400
2800
3200
3600
4000
4400
4800

.::
I

LAo



Table-4-4: Minimum size of the two superbatches
For U in case of no recyclings.

----------,----
No. of output

batches considered

~ of the inventory

measured

Superbatch size

1.

t-kg_7
2.



Table 4-5: Diffe~rent s tr-at.egfes for par-ameuer-sa tudfe s-,

Beels
!AT

Mixing Re-cyclingea No. of campaigns

1 Pu-l L NO 0 2300
2 Pu-2 L YES 0 400

3 Pu-3 H NO 0 400

4 'U 4-5-6 L NO 0 150

5 U 1-2-3 L NO 10 150 .j::'"'

•6 U 7-8-9 L NO 16 150 w
co

7 U 10-11-12 H NO 10 150
8 U 13-14 ... 15 L YES 10 150

1: :: 3850----



Table 4-6 :\PLutONIL'MOI'ERArrNG PARAlIETERI:

,9 cA i' j' 'jt, ,6; 1). C.. tf f! Jf'-._~~_.._~ fW.!\lIri:

nowsheet
~

• Vessel.
~ DC5eription

Modeof 1'10',
In lli!! ~~

:Colle.
sLl

1'1."",
&L.!ll:

Volume Soln. I 1
lli'1:i Normal Min

Pu,gms
Normal Range Min,

..Iilll ~ Hecl Rcm3rks

W
\0

~

Pu should be <:0.05 g/l

No partieulsr funetion

Equiv. to a bateh of - 2800 ~ whtch
will evidently pass through Pu
eyele as a bateh

Transfer made when heel down to 20 1

400.gU/1 - 1 ton bateh (3 kg Pult)
221·4 reeeives most of bateh
221-6 reeeives exeess
Used alternately?

237-1 overflows to 237-2

~fcmporary c at ch tank for 2416-1

o
o
o

-0
-0

20

~500 0 3000 0
2400 ,'2 {2400 - 0

<1600 <2 600-0
1000 30 3000 25-50
3000 ',0 {3000 25- 50
3500 20 3000 50

375 37S 100 100
165 165 50 50m -165--50-"50--~

25 25 20 20
90 .. - 200 200
10 ..:1 {400 "40 - 0
60 <1 1400 <40 - 0
70 <1 r<J ?1l0C) <40 _. 0

-- 7rr-" -<.1 -;;; lf\1)C)<·4a- -- 0-
70 ·<;1 - 2800 -:.40 - 0

~40 <l {120Cl <40 - 0
40 2 L600 100 40
40 40 150 150 150
40 40 200 200 200

'---:<:40 ~l-<SOO -':40- ;;:;:0-
5 .- f 200 - 0 - 0

70 <1 \..2800 "'40 '·0
<150 .<1 2800 ~ 40 - 0

80 <'1 2800 <40 - 0
90 <,1 2800 <40 - 0

- ,,,- -".1 -' 2800 .-- -60-- ""20'-
4 4 200 100 100

10 10 200 100 100
500 200 200

2000 1500

_.... .-..10,.

7
(3000
(2000
4000
4000
4000

375
165

.65-
'Z5

120
110
\80
90

"80
100

50
50
40
40

',-sn-
5

100
25Ö'
250
250

226-1/2 Dissolver Bateh Bacch JU1.fLn.. I-loS
Cl j221-4 AeeoUlltDbilitJI tank Bateh Bateh "1..11.11..rLi 1-1.5

,221-6 Acccun t ab Ll Lt y Tank Bateh Bateh ""LfU1S1.r l-1.S
C [223-6a Ln t e rmed . Feed Tank Bateh Ba tch ..fU1JUl.. i-i .s

2 ~223-6b Lnt e rmed, Feed Tal!k Bateh Bateh JlJ'"U1JL 1.1. S
C3 231-1 Co1umn Feed T'ink Bateh Cont. ...r--..r--r-- 1-1.5 50-80
C4 231-2 Extraetion Col. Cont. Conti - 0.5-1 50-80
C5 231-3 Sc rub Col. Conti Conti • • 0.5-1 50-80

""C6 - - L31~4·-· "1'äifftronlfoC- - -Cöiit.--cont.- -. -. -f:F - ")0:-80·
C7 231-5 Strip Col. Conti Cont. 4w 2-3 50-80
C8 231-58 ProduetReeei"er Cont. Conti • 2-) SO-80
C' i23~'-2e EvaporDtor} Con t , Bateh . 40 50-80

9 ~236-lb Evap , Reboilelr Cont. Bateh ~~ 40 50-130
C10 236~4a Buff~r Tank Bateh llateh..Jl..JLJl..n.. 40
Cl~ ---:136:'1a- Bü'fter'Tank -, ~'Biteh Bateh --J1..fU1..f"L - 40- ....__.
C12 236-4b Feed Ad ju s t Tiank Bareh Bateh~ 40
Cl) '237-1 Bu f f e r Tank Bateh' Bateh..IlJ1..f1..l'" 40
C14 \,237-2 Extraction Fced Tank Bateh Conti~ 40 200
CIS 237-3 ~lixer-Settler Conti Conti 20 200
C ,_ 23F4 ..l!..ixet:.:,Settler . Con,h _CLorlh __ 12_ .' 2,~.~

16 "237-9 I1\lffcr. T;mk Cout , I1at"h~ 12 200
C [23r,-2a/b r.voporator Conti Bateh} . 40!OO

17 ,2416-1 Specifie.Anal.Tank Cont. Ba t ch~ .40 290
CIJ3 2436-1 Pr oduc t Receiver Bat ch Bateh..J"Lf1..I1..J" 40
C19 23S-1 BufEe r Tank Bateh Bacch -vL..rU1..r 40
C20 238-2 Feed Adjus c I.anie Bateh Bateh ""U"1...rl.J1. . 30 . 120

"""C2f -- 23FT- "Pj>tö\,;'Fceu T"i~k _... ilatch Conti~ ... '-30 .....-- 120
C" Conti Ppeo r , Conti Conti •• 120
C23 Ppt , Settier Cont. Cont.' •• 120
C24 Dry"r - Calein,er Conti cone, __ 120
C25 Produet Can Conti Baten '1--'""~

~I.L. CollectilDo Tank Conti Bateh~ .<:0.3 '.-
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fable.4":7: STATEMENTS DESCRIBINGPLUTONIUM OPERATION SIMPLIFIED
PLUTONIUM CYCLE - EUROCHEMIC PIANT

n
kiB =k; CIB

dC22 ... k 22k - k ; C . == ._.._,=-- (C
21

- C
22)22 - '22 dt R

22

k
Z4

= k; C
24

dC
24=--dt·

dC
I S

k
l S

k l S = k; Cl 5 =d"t = R
I S

(C 14 - CIS)

n . dCl 6 k l 6
k 16 = k; C16= d'"t + R

l 6
(CIS - C16)

kT

Nomenclature.

MI = mass of plutonium input
C. = weight fraction of plutonium isotope x in total plutonium in stream at point i
RJ. =mass of residual plutonium in vessel
ki

=0 total plutonium mass flow rate, mass/u.nit time
T = filling time
n = ba tch number



Table 4-8: ~LUTONIUM 1NP~, DATA-·MOt 111, CAMPAIGN

Batch Pu I: Pu Eurochemie Ana lyses' ORNL Ana lyses

No. Date Mas;s, g Mass, g -238 -239 -240 -241' -242 _238(a) -239 -240 .241 -242

~

1 2-10 3543 3,543 0.14 71.72 23.32 3.74 1.07 0.14 71.792 23.389 3.637 1.042
2 2-13 3500 7,043 0.14 71.55 23.29 3.92 1.09 0.14 71,627 23.372 3,804 1.055
3 2-15 3510 10,553 0.74 70.55 24.08 4.04 1.18 0.74 70,191 24.060 3.864 1.133
4 3-03 2889 13,442 0.77 76.00 20.38 2.82 0.694 0.77 75.517 20,275 3.736, 0.679
5 3-06 3177 16,617 0.12 74.27 21.63 3.15 0.840 0.12 74,312 21.690 3.066 0~810

6 3-10 3373 19,992 0.13 71.63 23.44 3.72 1.09 0.13 71.677 23.487 '3.610 1.082
7 3-20 3337 23,329 0.13 71.24 23.71 3.81 1.11 0.],3 71.466 23.628 3.694 1.080
8 3-23 3177 26,506 0.13 71.71 23.43 3.67 1.05 0.13 71.722 23.513 3.583 1.050
9 3·26 3~~97 29,903 0.12 73.05 22.43 3.41 0.989 0.12 73.555 22.202 3.214 0.899

~

10 3-31 2981 32,884 0.577 67.78 22.13 7.53 1.97 0.577 67.778 22.186 7.475 1.982
11 4-06 2942 35,026 0.629 66.03 22.96 8.08 2.30 0.629 66.528 22.926 7.719 2.196 +=-
12 4-12 4(167 39,093 0.742 .65.35 23.31 8.18 2.42 0.742 64.507 23.687 8.356 2.705
13(b) 4-16 i'41 39,834 0.528 68.31 21.64 7.74 1.78 I

+=-.....

!ß.!.@.

14 4-24 3559 43,393 0.44 75.46 15.74 7.18 1.29 0.44 76.040 15.065 6.809 1.106
15 4;'26 31139 46,532 0.36 78.73 It~.07 5.94 0.90 0.36 79.080 13.973 5.724 0.853

Q5lli.

16 4-30 3Jl5 46,847 0.070 86.22 11.46 1.37 1.76 0.070 86.995 11.446 '1.318 0.171
17 5-01 238 47,085 0.081 85.33 12.81 1.52 2.10 0.081 85.587 12.655 1.466 0',,205

18 5-03 358 47,443 0.085 86.63 11.82 1.33 1.48 0.085 86.546 11.888 1~325 0.155
19 5-04 2S:9 47,732 0.069 87.32 11.23 1.19 1.31 0.069 87.471 11.194 1.140' 0.126
20(c) 5-06 ],9 47,751 0.069 87.31 '11.23 1.19 1.31 0.069 87.669 10.976 1.148 0.137

1nventory(b)

21 2950 50,701 0.30 78.65 14.64 5.55 0.86
22 2950 53,651 0.30 78.65 14.64 5;?5 0.86
23 2950 56,601 0.30 78.65 14.64 5.55 0.86
24 2950 59,551 0.30 78.65 14.64 5.55 0.86

Pu recovery fract1o>u 0.955 0.797 0.955 0.957 0.947 0.958 0.799 0.955 0.958 0.966 0.969
(a) Plutonium-238 ana1yses were not made by ORNL; Eurochemie valhes
(b) Notana1yzed ~yORNL

(c) No analyse~ avaliabie for batch 20. taken as same as batch 19.
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Tablf!' 4.9;PLUTONIUM·OUTPUT DATA FOR MOL III

Plutönium cohcentration:~ p'ercent

6~oa

6"08
6-10.
6"1.3
6-14
6-21
6-23

4-0~
4"04
4"05
4"'0(:>
4-10
4-11
4 .... 16
4-18
4"Zo
4.. 26
~·_2i

4-Z'"
"'-30
5-11
5-12
5..13
5-14
5..1b
6-Ö7
6-Q7

OAlE'

3-U
3-12
3-13
3-1':l
3"21
3-23
3-210
3-28
3-29
3-30

1.(qp
1.010
1.0 !P

00.9'*.5
OO.9~7
00.9!:!]
00.962
00.9e>;7

I.Öl0
00.99.0

00.1'1115
OO.8d·9
00.1'191
00 ..1'107
OG.8dS
00.RS9
00.ßlJ4
00.8/$
OO.lltH.

00.9;,1&
00.9'19

1.0S:0
1.040

DO.996
DO.9"l7
00.9~9

1.4~O

1.MO
.~.. ~ ~g Jg~,.,;".-r.~,,;,,~

2.:\10
2.310
1.3.0.
1.21>0
1.2'10
1.230
1.0110

00.9:18
QQ..8l:lb

~hl

6.050
3.690
3.630
3.6.30
3.S7Q
3.590.
3.550
3.550
3.5n
3,550

22.750
22.Il·QO
23.030
22.810
22.770
22.610
22.7:)0
22.540
22.5,+,0
22. 760i
2), ö'5lJ
2).08'0
23.060
11"140
16.420
16.980
16.38n
15.630
15.160
Ihazp

240

22.51(1
230020
l2.~70

22.560
22.4111
22.220
22.3'30
22;.41)0
22.130
22.iS6q

14.Sf>O
16.131~
14.181)
14.860
1"..780
15.040
15.350
15.4lo
18.l1o

lJ9

69.3?0
12.130
72.35.0
72.Eoeu
12.920
13.100
73.03U
72.920
12.550
72.""'0

78.540
77.140
78."20
7S.550
78~'5qO

18.8QO

78.620
78.590
75.310

72.;30
72.490
12. V'O
72.470
72. ';70
72.730
72.660
10.440
lS9.3~0

61.7'iO
Ä.6.7ßI>
66.1110
"6.?IJO
74.490
75.720
74.~10

75.500
76.970
18.tlO
18·flOP

011.421
.00.135
011.144
11(1.131
00.134
00.1]9
OO~129
00.118
00.126
ca·po

00.320
00.270
on.310
00.320
01l.. 330
00 ..290
OO.jOO
00.290
00.330

00.1)4
OO·l30
00.12{J
00.129
0,,.1?4
on.\23
011.11'7
nO.345
09.432
0'0.540
00 ....26
00.1120
00.7no
00.470
00..420
'00.470
oo.4?/)
OO~390
(l'1l.331)
OP'300

1671.
30';7.
4zn.
6154.
i7.7ih
93FlO.

Il044.
12636.
141~l.

lS7 QO.

11600.
19213.
Z07A3.
22325.
23911.
254M.
2630;5.
260';9.
294Cl9.
3082/).
3231lio
34 0 , 1' ..
35n/).
374'53.
3~.o.~,1'f
403'45,~

4ln4.
435:14.
449.1\4.
~~3!l5,

41710"
49339.
508?~.
51922.
53.09.
539"9.
550(11.
555A3.
56899.

1671.
1396.
1164.
1Q23.

1624.
160a.
1664.
1S'!l.
1486.
166A.
1810.
1613.
1 'iSO·.
1562.
15.86.
1549.

B9').
1704.
144n.
1321.
lSS4.
1"51.
1703.
1723.
1624.
1268.
137~~
J lllo.
1370.
1481,
138$.
1569.
1.9~.,

11)90.
112'5.
92 1.

1"32.
562.

1336.

134
PS
136
121
128
129
13ti
133
13A
139
1'11
141
14~

145
146
147
148
149
ISS
1St.
151
150
158
159
J6,;
162
1&1
163
164

>118
143
121
1?2n.
123
ll11
125
j~1

PZ

t
~

3
4
5
6
'7
e
9

10

:n
32
33
34
30;
36
37
38
39

11
U
13
14
15
16
17
18
19
20
21
1'
23
24
2'5
26
27
28
2Q
:Ji>

TQTAI. GMS 165.3 2820.7 672.6



INPUT OATA

'.l'able 4-10: PLUTONIUM INPUT DATA tOR MOL III
- SIMULATION - EUROCHEM!l:C ANALYSES

EuROCHI;:MIC PL4NT M!lDEI.,-MOL.-3 CANDU-'IAK"'TRINO-CDN-1N'IENTORy

FLOW RATE_ '~AOOE+Oj GM/DAY

TIME STEP. C'ÖOOE-02 DAV

HAX. TIME- 4'ÖOoE 01 DAV

RECOVERY FACTOR= 0.955

CONCENTRATIONS-PERCENT

8AT~ I-'~SS .t1,ASS SUM .1"\l23B , PU,,9 PU240- PU241 PU242- OATI;:

1 3543.0 3C;43.~ 1.400E-ol 7.172E+Ol 2.332E:+01 • 3.740E+00 1.070E+00 .2-10
2 3500.0 7043.0 1.400E-ol 7.155E+Ol 2.329E+01 3.920E+00 1.090E+OO . 2-13
3 3510.0 H553.Ö 7.400E-ol 7.055t+Ol 2.4ntlE+Ol 4.040E+00 1.180E+00 2-15
4 . 28A9.0 13442.0 7.700E-ol 7.600r+01 2.038E+Ol 2.820E+00 6.940E-Ol 3-03
5 CANDU 3177.0 1661Q.o 1.200E-ol 1.427F+Ol 2.163E+Ol 3.1C;OE+00 8.400E-Ol 3-01\
6' 3313.0 19<i92.0 1.300E-ol 7.163r_Ol 2.344E+Ol 3.720E+00 1.0ll0E+00 3-10
7 3337.0 23329'2 1.300E-OI 70124F:+ol 2.371E+Ol 3.AI0E+00 lol10E+00 3-20
8 3117.0 26~06.0 1.300E-Ol 7.1711"+01 2.343E+Ol 3.670E+00 1.050E+00 3-23
9 33n.0 29Q03.0 1.200E-nl 7.3051".+01 2.243[+01 3,410E.00 9.890E-Ol 3:.'-L,...-

-ro 2Y81.0 3'8134.0 5.97~IE-OI 6.178E+OI 2.21..11':+01 7.530E+00 1.970E+00 3-31
11 2142.C 35026.0 6.290E"01 6.6031'"+01 2.2'16E+Ol B.OBOE+OO 2.300E+00 4-06
12 VAK 4067.0 3<)093.0 7.420E-OI '6.535E+OI 2.331E.OI 8.180E+00 2.420E+00 4-ui
13 741.0 3Q~34.0 5.2801'-01 6.8311':+01' 2.11',41'+01 7.740"+00 107~OE+oo ,,-16

""'f7+ TRINO :!S59.U ~.o 0'11'01:-01 f;"ciili'6F-."ifl -l':·~Pi~.'öT r:1"i!"O'E.OO 1.290<..-00 4-21.
~ 3139,\1 __ '\.~~}2.Q 3'&0.0E:,,01 7'.~_FF:.t.2J. 1.407E+Ol 5.<l40F.:+00 ~.!..o.Q..9.S:.:.!l.L-.!!,::,~!-,6,,"· _

t e 3\5.0 4684/.0 7.0001::=02 lf:62"~·t:.'0r- I.I46e;.01 10370E+00 10760E-Ol 4-30
17 23B.0 47085.0 B.I00E-02 8.533"+01 1.28IE+Ol 1.520E+00 2.100E-Ol 5-01
18 CdN 358.0 47443.0 8.500E-02 8.663E+OI 1.182E+Ol 1.330E+00 1.4AOE-01 5-03
19 28'1.0 47732,n 6.900E-02 8.732"+01 10123E+OI 1o\90E+00 10310E-Ol 5-01,

..42 19.Q 4.ll5.h~ 6.'100E-02 8.73?F.+OI 1.123E+OI 1.1'IOE+1)0 1 •.310E-0\ 5-0&
21 2950.0 50101.0 3:ÖÖOE:öi"---7:t!'i,"5f~ol--r;<+67+'I::.or 5.550E+00 8.600E-Ol
22 2950.0 5365100 3.000E-Ol 7.A6S,,+01 1.464E+OI .5.550E+00 8.600E-Ol
23 INV. 2<;)0,0.0 56601.6 3.000E-ol 7.86SE+oI 1.4&4t+Ol 5.550t+00 8.&00E-Ol
24 2950.0 59551.0 3.000E-OI 7.865t+01 1,464[+01 5.550E+00 8.&00t-01

TOTAl. GMS 207.50 43720~10 1\983.40 2978.90 702.20
-- ~-_._---- 0_--'-__ ._-,-

VI;:SSEL RtoIIN RMAX 'IESSE:L RMIN RMAX

1 0.000 3466.000 14 100.000 2800.000

" .. 2.000 4000.000 15 50.000 150.noo
3 50.000 4000.000 16 50.000 200.000
4 100.000 100.000 11 50.000 2850.000
s 50.000 50.000 18 50.000 2850.000
6 50.000 50.000 19 50.000 2850.000
7 20.000 20.000 20 50.000 2850.000
8 200.000 200.000 21 60.000 60.000
9 50.000 2850.000 22 100.000 100.000

Ir 50.000 2ß50.000 23 100.000 100.000
i.i 5n.000 2800.000 24 100.000 200.000
12 50.000 2AOO.000 25 0.000 2000.000
13 50.000 2800.0'00

11" ANY 01" THE AI10'lE RMIN"S ARt EQUAL TO ("2) fHEN THAT RMIN wII.L
~AVE A OIFFERENT HEEL FOR EACH INPuT BATCH DESCRI~ED 8ELOw

AAre", 1. 2 3 " 5 6 7 8 9 10 11 12 13 14 15 1&
GI~S ",,5~. 22 50. 2250. 2250' 2250. 22 50' 2;>50. 22 50. 270_ 2700. 2700' 2700. 180. 2700. 900' 22 50'

BATe:'" 17 18 19 20 21 22 23 24
GI·15 ;>25;). 2250_ 2250. 900. 2250. 2250. 2250. o.

-l='"

I

-l='"
LA,)



Table 4-11:' CALCULATED MOL111 PLUTONIUM OUTPUT CONCENrRATIONS(a)

OUTPUT BATe~Es ~ e~25

+:'"

I

+:'"
+:'"

TIMEPUZ42PU241PU240

1.409E-Ol ·4.Q?1E-00 7.919E-o, 30.0
1.436E-O' 5.Z14E-OO 8.'661-01 30.9
1.443E-Ol 5.291E+00 8.261~-01 31.7
1.453E-Ol 5.421E+00 8.425[-01 32.3
1,454E+Ol 5.427E'00 B_434E-Ol 33.0
1.459E+01 5.487E+00 8.514E-Ol 33.5
1.460E+01 5.495E-00 80525E-Ol )4.0
1.460E-Ol 5.495E-00... 8.525E-01 34.3
10461EIOl 5.509E-00 8.544E-01 35.1
1.461E-Ol 5.5'4E+OO 80551E-ol 35.7

2.28ZE-Gl 7.443[-00 Z.'Ole-OO 21.6
2.283E+O' 7.621E-00 2.151E-OO 22.5
2.Z84E+Ol 7.855F.-00 2.215E-00 23.4
2.18~E+Ol 7.781E-00 2.019E+oo 24.4
2.109E+Ol 7.673['00 1,965E'00 25.3
1.661E+Ol 6.881[-00 l~j45E-on 26.0
1.637E'01 6.~2SE'00 '1.302['00 26.7
1.5,3[.01 6.339E-00 1.091E.OO 27.1
1.481E-Ol 5.990E-00 1.017E+OO 28.5
1~403E-Ol 4.976['00 7.901E-Ol 29.3

2.331E-Ol 3.80?E-OO 1.077E-OO 4.5
2.334E+Ol 3.e19E-00 1.0R2E IOO 5.3
2.343E-01 3.R61E+00 1.096['00 5.9
2.345[-01 3.610E-00 1.099[+00 7.0
2.34~E-Ol 3.814f'00 1.104E-oo 7.9
2.266~.01 3.5A6F.-00 9.9JJ[~01 8.8
2.2?2E+Ol 3.433E-OO 9.)49[-01 9.7·
2.190E+Ol 3.2QO~-00 8.861E-Ol ,0.6
2.19~E-Ol 3.3'lE-OO 8.9~IE-O, 11.4
2.2~4E-Ol 3.4~IE'00 9.697E-~, 12.4
2.2cJ~~~[ 3.~~2E'00 1.00B~-00 13.4
2.310E+Ol 3.~?1E-00 1.038E-oo 14.3
2.32BE-01 3.~6~E.00 1.a52E+00 15.1
2.329E+01 3.664E+00 1.0;3(-00 16.0
2.3\lE+Ol 3.604E'00 1.031E+OO '6.9
2.303[+01 3.604[-00 1.131E-oo 17.7
2.2~7E+a1 3.~10E-00 1.039E+00 18.2
2.2S3E+al 3.961E-00 1.129E+ao 19.2
2.264E+Ol 5.671E+00 1.561E+oo 20.0
2.261E+Ol ~.0~5E-00 1.690(+00 20.7

PU~'9PU239"lASS SV,","lASS

1531l.0 3?490~(i- 7i;-04'lF.-01 6.703F+Ol
1620.0 34110.Ö 6.280E-o' 6.677E-Ol
1710.0 35~20.b 6.SSlE-ol 6.644F..01
1710.0 37530.0 6.263E-01 _. 6.764E-Ol
1~20.0 3'l150.r 5.999E-1l1 6.S70~-01
12~O.O 404'O.~ 4.570E-ol 7.469F._Ol
1350.0 41760.0 4.469E-01 7.51rE-01
lBOO.O 43fl60.iI 3.946E-·01 7.7071::+01
1350.0 44Ql0.~ 3.68?F.-Ol 7.7a3F.-ol
1440.0 463S0.Ö__~.. 2.88'lE~ 7.996r._Ol

1710.0 1110.0 1.43~E~OI T.166r.-Ol
1440.0 3150'0 1.687E-01 1.161E+Ol
1170.0 4320.0 2.407E-01 7.146~+01

1B90.~ ~?ln.6 3.150E-01 7.143F_Ol
1620.0 7~30.6 4.62~E-Ol 7.139E-Ol
1620.0 9450.0 S.40?F.-Ol 7.263F.-Ol
1620.~ 11070.0 S.753F-ol 7.329F+Ol
16~0.0 1?~90.6 4.077E-Ol 1.36IE·01
1530.0 14~20.n 3.6S0E-Ol 7.368E-al
1710.0 15930.0 2.529[-01 1.291F-0~
1800.(1 17730.(1 2.15'lE-ol 7.247F'-01· .. _u __

16~O.0 19350.0 ..... 1.867E-ol 7.211E-Ol
1530.0 2n~80.6 1.61~E-Ol 7.1alE-01
1530.0 22410.Ö 1.561E-01 ?167r,01
1620.0 24030.0 1.410E-01 1.212r+Ol
1530.0 25~60.0 1.404[-01 7.220E+Ol
900.0 2~460.Ö 1.407E-ol 7.235F.-Ol

1710.0 2BI70·.0 1.BO~E-Ol .. 1.191F.+Ol
1440.0 29610.0 3.767E-01 6.975F.+Ol
1350.0 .._ 30<l60.0 4.290E-01 6.913E-Ol

1350.0 47100.1\ 2.87~E-Ol 7.9R6F-Ol
'530.0 49230.0 2.89~E-01 7.930E_Ol
1530.0 50160.0 2.91~E-01 7.915E+Ol
1080.0 511,140.0 2.9551::-01 .... 7_890e:-Ol
1170.0 S3~10.0 2.951E-01 7.888r-Ol
900.0 53'HO.6 2.978E-~1 .,.. 7.e77E_Ol
990.0 5490006 2.980E-01 70876F-01
540.0 55440.n ... 2.980E-Ol 7.876E+01

1350.0 56790.0 2.98~F.-Ol 1.873F._Ol
_1080.0 57~10.1\ 2.987E-al .7.872E-Ol

31
32
33
34
35
36
37
38
39
40 ..

21
22
23
24
25
26
27
28
29
3D

8ATe,",

1
2
3
4
5
6
1
8
9

10
n

.12
13 .
14
15
16
11
18
19
20

(a)." .Bas ed on Eur'ochemfc ... inpUt ana l.yses;



4 - 45

Table 4-12: PLU'.l'ONluM BATTERY-~ODUCT BATCHES (SPECIFlCATION ANALYSIS TANK 2416-1)

Transfer :from 2416-1
2 BPBatch - to Tank No. Mass Pu Isotopic Composition, wlo

Nuinber Date (Recycle) (Product) . g Eg Product . -238 ~239 ..240 -241 -242 Remarks

- 100 3-5 236-la -1740 (a)
- 200 3-8 236-1a .... 700 (a)
- 300 3-8 238-1 '2196 2,196 0.136 71.982 23.103 3.742 1.037 '
- 400 3-11 238-1 2175 4,371 0.132 72.501 22.747 .3.629 0.991,
- 500 3-12 236-la ....2320 (a)-600 3-13 236-la ....2640 (a)-700 3-14 236-'la ....2640 (0.)
-800 3-15 236,-la ....2180 (a)
- 900 3-17 238-1 3539 7,910 0.129 ,73.038 22.375 3.510 0.948
-1000' 3-18 236-4b ....1120 (a)
-1100 3-21 238-1 2283 10,193 0.125 73.233 22.263 3.458 0.921
-1200: 3-23 238-1 2205 12,398 (b)
~1300 3-27 238-1 2816 15,214 0.126 72.491 22.781 3.599 1.003
-1400 3-28 238-1 1964 17,178 0.124 72.372 22.835 3.648 1.021
-1500 3-3.0 238-1 2276 19,454 ,0.126 72.523 22.743 3.597 1.011
-1600 4-5 238-1 4337 23,791 0.121 72.485 22.887 3.509 0.999
-1700 4-9 238-1 3465 27,256 0.121 .il2.477 22.920 3.493 0.989
-1800 4-15 238-1 2881 30;137 0.379 69.969 22.522 5.596 1.532
-1900 4-16 ' 238-1 ' 2351 35,488 0.497 68.699 22.488 ,6.519 1.797
-2000 4-22 238-1 .2657 35,145 0.653 66.681 22.987 7.472 2.207
-2100 ;';;4-27 238-1 '/3786 38,930 0.701 66.146 23.146 7.667 2.340
-2200 4..29 236-1a ....1440 (a)
...2300 4-3,0 .. t36-4b ....1580 (a)
-2400 5:"1 236-4b ....2320 (a)
..2500 5-2 236-4b ....2580 'Ca)
-2600 5-3 236-4b ....1120 (0.>
-2700 5-4 236-4b ....2640 (a)
-2800 5-5 236-4b ....1880 (a)
-2900 5-7 . 236-4b "'2640 (a)
-300P 5-7 236-4b' "'2040 (a)
-3100 5-10 238-1 5416 44,346 0.460 75.098 16.617 6.575' 1.250
'..3200 5-13 238-1 3028 47,374 0.372 77.863 15.167 5.'622 0.97.6
-3300 5-13 236-4b ~340 (a)
-3400 5-22 236-4a -2040 (a)

, -3500 5-22 236-4b ....2640 (a)
-3600 6-1 236~4b ....2850 (a)
-3700 6-2 236-4a ....3000 (a)
-3800 6-4 236-1a ~640 (a)
-3900 6-6 238-1 2955 50,329 0.329 78.473 14.892 5.429 0.877
-4000 6-7 238-1, 3428 53,757 0.328 78.468 14.936 5.380 0.888
-4100 6-8 238-1 3718 57,475 0.329 78.454 14.931 5.405 0.881

{6-8 236-la (a)} Four recycle
6-12 236-4b (a) 'batches

-4200 6-15 236-la ,.;2920 (a)
-4300 6-18 236-4b _1400 (a)
-4400 6-20 238-1 1289 58,764 0.296 78.884 15.295 4.676 0.849
-4500. 6-22 238-1 730 59,494 -- (b)
-4600 6-22 238·1 41 59,535 0.298 78.636 15.443 4.757 0.866
-4700 6-23 238-1 r227 59,762

.l- (b) 1
-4800 rii 59,875 (b) Dilut'ß
-4900 59,887 (b») f1\1sh-out
-5000 20 59,907 (b) product
-5100 6-24 2 59,909 -'" • (b)

(a) ltecyc1e material., approximate _sses: not ana1yzed.

(b) No 1sotop1c ana1yses avai1able.



'rI~E STEPII t;.OOOF-Ö~ OAy

. '~"4AX .·TtMl':.··l·.öoOr:+Öl' OAy-' .

IlECOVERY FA('TIlP:I 0 ö. 'ISS

INPUT OATA 1-
FLQWRATE.'.AOÖF·Ö3

Table 4..13.: Plu1::oriiuflI Input; Data forMol III
Sfntulati:on" OR~LAnalyses

.... F.llfoc"!~ ...l~ ~LANT Mo.OEt,.~.Mo.t,."'~.CA!'JOIJ-VAK~~Flr~Q.~CI)i'l-INI/~t'4!.()~L.

GM/OAY

tONCEMTRATI0N5-PER CENT.---- .

""BATCI("---" MASS';--' MAC;S S1JW~" PUi13S- "-- I"Ut:l9'---' PU24-o---···..·····_--\ Pl)241 PU242 'OATE

3S4j.'" ~"43.ii";'·-·--1.400E-Ol ------7.179F.Ol ·-----2.339E.ol 3.6~7E'ÖO 1.042E'00 2-10
2 35~O.P 7043.5 1.400E-Öl 7.1~3~'nl 2.337E'013.~n41'00 1.055E'00 2-13
3 3510.'0 InO:;'53.ii 7.400E-ol 7.ÖI9F.-Ol 2.406E'01 . ··3.RME'00 10133E'00 2-15
4 . ?RAtio. 13442.~7.700F.-ill 7.51:,2F •.01 . 2.030E'01. . 2.116E'00 6.790E-Ol 3-03
5 .--.. 3177/.0'" 11\1\17.Ö···..·"C"C·--·--1.200F.-ol---·..· 704311'"+61------..··2.16'1E.Ol--· ... - 3.066E'00 8.100E-Ol 3-06·_···.._~·
6 337~.O 1'1'19;;>.;; 1.301IF-Ö1.. 1'168F+OI. . 2.349E'01 . 3.610E'00 1.082E'00 3-10
7 3337.0 ""3;>9.Ö 1.300l-Ö1 -.-.-.. 7.147F+Ol·---- . 2.363E'01- - . 3.6'l4E'0.0 1.080E'00 3-20
Il 317;1.1) ;>~r;06.Ö. ,1.300F.-'\1 h172F'01.. 2.351E'01 3.'5R3E'00 1.050E'00 3-23

__" __~. ~3~7•.il _~~.9!13 .L~~~:~_X.~oog-~J -.-----. _I~)5~r:i91 -_ 2.220E' 01 :..:~~,..?,l4L!_Q.Q._ ._ ._.J!.,~.'!9J:~01. 3~26
10.. _ .' ?q~l.n 3?~R4.n 5.7701-01 .' .' 6.778"'01 2.219E'01 7.475E'00 1.982E'00 3-31

'''--i1 -.-.----. 21~2.0· ··-31:,026.Ö ..·· ..-·--..·6.290E-öl -------.. 6.60;3".01------· 2.293E.01·· 7.7'l9E.00 2.1116E'00 '4-06'
12 4 r(1\ 7,.() 3q ,)1l3 . Ö 7.420E-ö1 _ 6f'('co;1".01 2.•369E+01 8.31;6E'00 2.705E'00 4-12
,i3141.(, .. 39~34.ii. . 5.2BOE-Ö1-·---- 6.R11F'01 -- 2.164E'01 ···7.740E'00. 1.780E.. 00 .4-\6
14~·-·'-'---3S,,"Q~ ~-~.- 41:fqT;o---'~40(i"E;;ol--- 7oM4f.' 01 1. 506E' 01 6.8 Olll' 00 ·--------T;1obI '-00 .. 4-24

15 ,139.(1 46~n.O . 3.600E-ol 1~9i18F.Ol----· . 1.397E'01·' 5.7~4E'00 8.530E-Ol 4-26
----n; !3T5.n 46·47.~ ---".000E';'02 R.6lj"cjf..ifl"""-----··T~T4SE.Ol 1.31RE'00 1.710E-Ol 4';E-

..--- ·'17--·--23IJ.~ 47nI;S.ö····- ... 8.100E-02-~--' e~~c;9"..01·---·I.Z6'5E.Ol·_·"-~"1.466E.00 --- 2.050E-Ol 5-01'
18 :3c;IJ.O 47443.;; 8.5001'>-02 ..... 8.6551':.. 01 . 1.189E'01. 1.3:,>o;E'00 1.550E-01 5-03
111 :289.0 47732.ii 6.900(-ö2 .. -_.-. 8.747F.Ol-----·---10119E.01 ... ·"1.140E'00 1.260E-Ol 5-04-
20 : 19.0 477'5100 . 6.900F.-02 8~1671':+01 1.098(~_01. . ... 1.14RE.OO 1.370E-Ol .. 5-06
21 -- ?ql:,~.-,j-·-..·"""5f1föT;n---·-"3.IfOO~ifl---~""--1:R-~;;"·.ij-..-~--~ i ... ~;;_t;U!----·..;-----.;;So:;riF..oo---· D < n -----""-•.

22295.0.0 . 51651.ii . 3.00')E-01 T.~65f."Ol 1.464E'01 O:;.5O;OE.'00
23 -"'-' :2950. o' -.. 5MOI.6 --_ _- 3.000l-ör--·-- 7.8651':.01--'---.-. 1.464E.·01- - - 5.550E'00

!29'50~O 511C;SJ.n 3.000E-Ol 'li865t.Ol 1.464e:':0L 5.550('00

l~
"g:,

TOTAL GMS' 201.5(1--- 43120.10---

-,,......-"~_..._~-.....,.- ,--- .~._,......---_....,...;~."._-"...,....--_..-'-,..-..~_.._. .,.....'~~,...,--,.

11983.40 2978.90 702.20

vE:SSEL RMIN RMAX VES~e:L RMIN RMAX

TFANY OF THF. ~ROVF: RMIN-l\AIlE\ EQUALTOC-2ITHENTHAT RMIN WILL
!'AVEA DIFFERENT HEEL FOREACH\INPUT BATCH DESCRTBED BELOW

_.~_ ....,.\'_ ,.._'---"'---_."_.-:. ",'" .. -,-,', ',,-.--.~-_'~'_" , ,.' .. -' __.._._,~".- .. ._ ..

1
2
3

7
a
9

i),OOO-' '1466.01)0
-;>.000 4000.000

300.000 4000.000
100.000 10n.too
5o.oiiO---· se.ööo
50.000 50.060
2n.ooo 20.0ÖO

200.000 200.000
sv.060 ?AC;O.oÖO
5 0.000 28S0.0ÖO
50.000 ~800.ÖOO
50.000 2800.000
5 0 . 0Ö.0 2800.000

14
1S
16
17
18
19
20
21
2?
23
24

. 2~.

100.000- 2800.000
50.000 150.000
50.000 200.000
50.000 . 2850.000
50.000------· 211S0.000
50.000 2650.000
50.000 2850.000
60.000 60.000

100.000 100.000
100.000 100.000
100.00Ö ..·----· 200.000

0.000 2000.000

:!4 RATe", . j
G~S ?to~.

2

27~ii. "?7i)ll.
5 6 7 8 9 10 11 . 12 13 14

2700. 271;Ö. i!7iio~ i!ton. 270Ö. 2700. 2700.~ 2700. 1800. 2700.
15 16

1Boo.· 2700.

;!4 RATe'" 11 ... 1.8 .. ' 1'1.. 20 21 . 22 ?3 24
'GMS"?70ii.nf1ö. 27Iiil.· 180Ö. 2250 z: 22.S(). 22C;0. o.



i!able 4-14: Comparison of Predicted and Experimental
Plutonium Isotopic Concentrations in
2 BP Product

OUTpUT RATr",e:,; • C.17 Calculated Plutonium ConcentratiQns w/o.......- _ ~..... . .. . . ~............ . _ _..... 1 .. .

8ATC~ MASS MII'5S SUM PU23q PU239 PU240 PU241 PU24? TtME:

1.400F.-Ö1 7.172~+(11··~ Z,338E+01 . 3.71l6E+OO 1.047'E+003.0·
2.565E-Öl ... 7.1421'+01 . 2.351,E+Ol.. ..3·.745E+oO 1.065E+00.. .4.2
4.214F.:-~1·--·"·1,152/:'+01'-"-- 2.333E:+or·'" ... -"3'''''~oE+00 1.044E+Otl .. ... ····6.1···'·
5.125E·01 1.277,,"+01 2.241.E+Ol 3.377E+00 9.288E-Ol 7.4
4.3621:·iil 1,3281'"+01 2.212E+Ol 3.264e;+00 8.894E.Ol 8.6
3.125E.iil. 7.314""01 .. 2.233(+01 3.299E+00 9.1S9E.Ol 10.2
2.372E·01·---'· 7.261F.+01 2.275E+Ol 3.416E+00 9.738E-Öl 11.3
1.892E-Öl 7.213",+01 2.312E"01 3.531F.:+OO 1.020E+OO. 12.5
1,54BE-öl .-- 1~21tF+1l1"~""'~ 2.319e:"Or" "'- 3. "i?,3e:.Q.0 -c '1. 021E+ Oß- 14.9 .
2.104E·Ol 7.163":.0) 2.274E+Ol 4.077E+OO. 1.142E+·00 16.9
3.658E-ol 1.0~5F+Ol 2.259E+01 5.4IlOE+OO 1.511e:'Oß 18.S
5.355E·61 . ~;,76SF:'Ol 2.296E+Ol 6.831E+00 2.017E+00.. 19.8
6.02QE-01 . . 6.61\81;'01 2,310E+01 7.368E+00 2.221E.Oß '21.3
5.564E-01 ... 6.'1(>1:IF,:+01 2.042E+01 .7.301E+00 1.867E.00 23.4
3,993E·öl·..-·~··7.667E+0)--····- 1.574E+Ol . _. 5.910E+OO 1.109E'OO·· ~ ... 26.4 -'.
3.043E·iil7.92~g.01. 1.4S1E+01 5.047E+OO 8.376E-01 28.1
2.993E·Ö1·' 7.'8C/7F+Ol ... . 1.456E+Ol 5.30ClE+011 . a.435E·OI29. 7
2.997E-017.a17F;+01.. . 1.46lE+Ol 5.456E.00 8.536E·Ol 31.6
2.999E·Öl . 7.87JE+Ol 1.463E+Ol' 5.507E+008.5'7lE-01· 33.7
2.9..9.~~~.Öl .. _ .. _. 7.a!0r:"+.01__ _... 1.4!'};'!9.L... ..5.Sl1E.OO ...... 8.573E.Ol..._....1 3 • 9.

+:"

I

+:"
-:j

PLA~T,QUTPUf OATA

,-'------._......:_...:.....-~-,.- ..._."

21',0.Ö
43"0.;'
7~31t.O

100110."
l;o'30.~
1O;120.n
171110.0
1<1350.Ö
23(.70.n
2711\0.0
30060.0
324lJl).Ö
35100."
3A$1I~0.;;
41,21\1l.5

47340.~
Sl'31 "oii
53731l./i
5742o.n
57780.Ö

J 21fol~.O

'Z?16i~ •.O
3"-'~'- ... "3510. ~
4 22~n.D

5 . 225ß.O
6 ?71:1(l.o
7 19Aß.1'
A ?2~".n
9'-'~-' 43~11.~

10 3S1n.~

IJ 2Ban. n

12'''34~I.O
13 ?7n~I.'J

h 37801.0
15 541'0.i:
16 3060.0
17 2970.0
1A 342ry.'J
19 .... 3690.0

2'0 •......_ .....• }60!(I...

BATCH PU·GM SUM PU·GM ·n8 t39 240 ·2'41 ·242 DATE

3 0 Ö 219". 2196. 00.136 71.98Z 23.103 3.742 '1.037 3·08
400 217'5,--'-"4371.-"-'" 1)0.132 12.501' ..~. 22.747'-'-.- 3.629 0.991 3·11
C10Ö 3531:1. 7910. (10.129 73.038 22.375 3.510 0.948 3-17

nr,(j 2283. 101C/3. (10.125 73.233 ....... 22.263 3.458 0.921 3·21
t?lJn 22(15. 123'18. -0.000 -0.000 , ·0.000. "0.000 0.000 3-23
1300 ;>ln6. 15214. 00.126 72.491 .......• 22.781 .....- .. 3.599 1.003' 3-27
'l4on 1C164. 1717R. 00.124 72.372 22.835 3.648 1.021 3-28
15()~ .. 227..... - 19454. "---' 00.126 72~S?3--· 22.743··_·--3.597········ 1.011 3-30
1M!) 4~37. 23791. 00.121 7<!.4Fl5 22.887 3.509 0.999 4-05
171)0 346"i. 27256. 00.121 72.477 22.920 ·····_·3.493 0.989 4·09
l~OQ ?1l~1. 301'37. 00.379 /',9.Q69 22.522 5.596 1.532 4-15
tc/Oo 2'351. 324FlFl. 00.491 r-!h699 22.488 ....... 6.519 1.797 4-16
2o~ii ;:0657. 35145. 00.653 66.681 22.987 7.472 2.207 4-ZZ
2.100 . 371\6.""" 38930. 00.701 660146-' 23.146 ----·7.667 2.340 4-27
31(1~ '5416. 44346. 00.46fl '75.098 16.617 6.575 1.250 5·10
!?ol) 3~2q. 47374. (10.372 770863 15.16',

. '.~., ..__._.

5.622 0.9'76 5-13
'39')0 2<155. 'i0329. OU.329 78.473 14.1392 5.492 0.877 6·06
40b ij 34211. 53757, ... Öo.n8 ,78.468"" 14.936

., .... _.-
5.380 0.8138 6-07

4'IIJÖ 3711h 51475. 00.329 78.454 14.931 ...•_-'.._".-,
5.405 ,0.881 6·08

44(11) n~8<1'-'-"-"-" 58764.···' ....... 00.296 78.884 15.295 4.676 0.849 6-20.
45C6 730. 59494. ·0.000 -0.000 ..0.000 .. 0.000 -0.000 6-2Z
4"O~ 41. 59535. 00.298 78.636 15.443 4.757 0.866 (;,-22
4-70Ö; 374. 59909. -0.000 ...0.000 -0.000 -0.000 ';;Ö~ÖOO-'· 6·23



Table 4- 15 : PLUTONIUM INPUT DATA FOR MOL I II SIMULATION WITij SUPERBATCHES

fLOW RATE. 1.800E003 GM/DAV

TIME STEP. 5.000E-02 OAV

MAX. TIME. 4.000E-oi DAV

RECOVERY FACTO~I. 00.955

CONCENTRATIONS.PER CENT

8ATCH M.SS MASS SUN PU2311 I>U239 PU2'i>0 PUZ41 Pu242 DATE

1 3543.Ö 3543.0 3.710E-Ol 1.?50EoOl 2.259[-01 3.160E_00 9.860E-01 2-10
i! ,1500.0 7043.0 3.710E-Ol 7.:>50E-Ol 2.259E_Ol 3.5601::-00 9.860f.-Ol 2-\3
3 CANDU-35\0.0 10553.0 3.710E-Ol 7.750E-0\ 2.2591'001 3.5601'_00 9.86nF.-0\ 2-15
4 A '!AI17.n 13442.0 3.7\0[-01 7.•250E-Ol 2.;>591'001 3.%oE-00 9.6601::-01 3-0)

--S :U7,l.0--.1§611.•o 3.11,O~,OJ 7 •.2~OE.~O,l ?2~9f_Q\ 3.51>0E-00 9.61>0E-0\ 3-06
6 :1373.Ö 19992.0 1.270F.-Ol 7.\9\E-Ol i.3?5f'.o'i 3;'6sir:;(iö 1;'06ör.öO-';;ID""
7 CANDU_:1337.Q 23329.0 1.270E-ol 7.\91E+01 2.325E-01 3.65\E+00 1.0bOE-00 3-20
8 317 1.0 26506.0 1.270E-Ol 7.191(+01 2.325E-01 3.65\[+00 1.060E-00 3-23
Cl B :nQl.!.0-~?,90}.!O H?.7oE~(H 7_~19J~~_01 t!,.}2.~~~J!J 3.~51E~!\O 1.060E-00,__J-26

10 29 Al.0 32664.0 6.5AOE-ol 6.645E~01 2.275E-01 7.930E_00 2.2\'1::-00 3-31
1\ 2\42.0 35026.0 6.580[-01 6.645E-Ol 2.275E+OI 7.930E-00 2.2\\[+00 4-06
12 VAK 4067.0 39093.0 6.5RoE-ol 6.645E-Ol 2.275E+Ol 7.930E-00 2.211E-00 4-\2
\3 .J~J..~~~3'+..~0 (,.!?AoE-:Ol 6.!(,45E~(),L_· ~.•.275E+Ol '!-5930[_,OO 2.2\ iF-0~~,l,6_
14 3559.0 43393.0 4.030E-ol 7.695E-O\ 1.495E+ol 6. 96E-00 1.\06E+00 4-24
15 TRlNO 3D9.~6,!?:}.?0 4._Q.:}Q,~.':01 7.~_9?~~9J 1.~"?2.~1 6!??6E,~o.Jl 1.,!06F.'_Jl,~.':2L
16 3\5.0 46847_0 7.600E-02 R.662E~Q1 1.180F~01 1.345E-00 1.630E-Ol 4-30
17 238.0 47085.0 7.600E-02 8.667E+01 1.180E~01 i.345E-00 1.6301'-01 5·01
)14 CdN 358.Ö 47443.0 7.600E-02 8.662E-Ol 1.180E-Ol1.34Sf.-00 1.630E-ol 5-03
19 2A9.0 47132.0 7.600E-02 8.662E-Ol 1.180E~01 1.345E-00 1.630E-01 ~.04
20 19.6 47751.0 7.600E-02 8.662E-01 1.J60E~01 1.345E-00 1.630E-Ol 5..06
2\ ~950.0 sö't'öi.o 3.-ööoE;';o'l 7';S65E+rii r;46 iiE.61 5;SS'ÖE+00 8.600~---
22 2950.0 53651.0 3.000E-ol 7.865E+Ol 1.464EoOl 5.55(\E+0.O 8.600E-01
23 luv. 2950.9 56601.0 3-090E-01 7.965E+Ol 1.464E+Ol 5.550E+00 9.600E-01
24 2950.0 59551.0 3.000E-Ol 7.065E+01 1.464E+Ol 5.550E+00 8.600E"01

.r=,

.r=
co

TOTAl. GMS

VESSEI. RMIN

207.50

RMAX

43720.10

VESSEl

11983.40

RMIN IlMAX

2978.90 '1'02.20

1 0.0(\0 31066.000 14 100.000 2800.000
2 -?.OOO .-4000.000 15 50.000 150.000
3 50.000 4000.000 16 50.000 200~000
4 100.000 100.000 17 50.000 2850.000
5 50.000 50.000 18 50.000 2850.000
6 50.000 50.000 19 50.000 2850.000
7 20.000 20.ÖOO 20 50.000 2850.000
8 200.000 200.000 21 60.000 60.000
9 50.000 2R50.000 22 100.000 100.000

10 50.000 2850.000 23 100.000 100.000
11 50.000 2800.000 24 100.000 200.000
12 50.000 2800.600 2S 0.000 2000.000
13 50.000 2800.000

IF ANY OF fHE ABOVE RNXN.S ARE EQUAI. 'TO (·21 THEN THAT RMIN WILl.
HAVE A DIFFERENT HEEL FOA E~CH XNPUT AATCH DESCAIBED 8ELOW

BUCH 1 2 3 4 5 6 'I' 8 9 10 11 12 1) 14 15 16
(';'1S 2250. 24!50- 2250. 2250. 180. 2250. 225O. 2250. 270- 27qo. 2700. 2700. 180. 2700.• 900. 2250•

. 8ATeM 17 18". 19 20 21 22 23 24
GHS 2250. 2:250. 2250. 900. 2250. 2250. 2250. o.



T:!i.ble '4-16: CALCULATED.MOL,II1 :J?LU:ro~Itn10UTPUT CONCE~'l'RA'l'IONS. W1.'l'ijSQPERJ3ArQijßS

'~ ~

OUTPUT ßATCHES • C-'5

TiMEPlIZ42PI)Z41PU240PU~39PU?38MASSStJM

17tO.O 3. 7101'.:-01 1 ••~50E+OI 2.2591:+01 3.560F.+OO 9.8611E-(1l
3150.0 3.1101::-01 7.2501::+01 2.259E+ol 3.560E.00 9.860f;;'Ol
4120.0 3.710f:-ol 7.?50E+Ol 2,?59f.+Ol.3.S6'oE+00 9.860E-OI
6210.0 3.71IlE-01 7'250(+·1)1 2.259E+ol' 3.560E.00 9.860E-Ol
7~30.0 3.710E-ol ,7.2501'.:+01 2.259F.+OI 3.560F.+00 9.860E-Ol

'9450.0 3.7101::-01 7.?50F.-Ol 2.259F.'01 3.560E+no 9.860F.-ot
11070.0 3.1l0F.-01 7.250F.+OI 2.2591::+01 3.%OE.00 9.1160E-Ol
12~90.0 3.695E-ol 7'24~E-OI 2.259E+OI ~3.561E.OO 9.~65E~01
14;>70.1) 3.<;9flF.-01 7.247E+OI 2.,262E+Ol 3.564E+00 9.894E-01
Ic;·~30.11 3.HI'W-017.?3IE+OI2.27JF"-OL 3.• !)7ClF,:-.oO 1.00::'F.-oo

BATeM MASS

1 1710.0
2 1440.0
3 1170.0
4 11190.0
5 1620.0
6 1620.0
7 ,1620.0
8 1620.0
9 1~30.n

10 f710.0
11 IH~o.n

12 1620'0
13 1~30.~

I. 1510.0
15 1620.0
16 1?30.0
17 900.0
18 1?10.0
19 1440.0
20 1350.0
21 1530.0
22 16?O.~
23 l~lO.o
24 171~.D

25 1620.0
26 12~0.0

27 1350.0
28 IH~O.~

29 1350.0
~o 1440.~

31 J3S0.0
32 1510.0
33 1510.0
34 10~0_0

35 1170-~
31) qoo.o
37 990_0
38 540.0
39 1350.0
40 10AO.0

J1nnr;o 2.373E-oI 7.?18E-OC-·-..... 2.295E+Ol 1.61nt--.-oö ··1.0271':+00
1935'100 1.695E-oI 7':C0?E-Ol 2.313E.OI 3,635E-OOl.04.7E-00
20'lI3U,0 10 39F.f.-O1 7'194E.Ol 2.32If-ot 3.64(,F..00 10056f-DO
22410.1) 1.344E-ol 7.1 03E-01 2.323F..Ol 3.64AE-00I.OSRE-OO
24030 . 0 t.295E-01 7.192E+Ol 2.324E-oI 3.650E.00 1.059E-00
25'3... 0.0 1.317F.-ol 7.1a9E-OI 2.3?4f-Ol 3.67::lE-OO 1.06<;E+no
26'+60.0 1.374E-oI 7.182E.Ol 2.324'E~01 3.;7?6E-Oo 100anE+oO
26170.0 I.HI9E-Ol 7.136E-Ol 2.319E+Ol 4.0aSE-00 1.177E-oo
7%10.0 1.9fl4E-ol (,.913E'01 2.299F.+ol S.f:l34E+oo 1.647E-OO
~ ..O~ .. A A"'''''''''_A' .. nLI.".A' 2.295F.-Ol f,.214E+OO 1.749E-00
"<;~7U.U ", • .,.nnl;.-U_ .,. rum;..u. 2.281/'".01 7.45('E-00 2.082f.-00
34110.0 6.174E-Ol 6.(,8RE.Ol 2.27~F-Ol 7.604(-00 2.127E-OO
1!:>I:!<!O.0 6.414E-Ol 6.66"E-.Ol 2.2731:+01 ,7.!lOOE-OO 2.172E-on
37530.0 6.167E-01 f,~787E+Ol 2.1lSt'01 7.6A4E_00 2.051E+OO
)9150.0 5.929E~01 6~890E-Ol 2.099E+Ol 7.!)6RE+00 1.94~E-00

41l410.04.<;6?F.-01 7.469(-01 1.665E+Ol 6.863(_00 1.34::'E.00
41760.0 4.4,,6E-ol 7.5n9E-01 1.6J6E+OI 6.BOAE-00 1.300E.OO
435(,0.0 3.9R~E-Ol 7~690F.Ol 1.520F+OI 6.387F._nO 1.II1E-00
44910.0 3.727(-01 7,767E-OI 1.4IHlf+Ol 6.040E+oO 1.03,,1::+00
461~0.0 2.919E-oI 7.9aRf_Ol 1.411E+OI 4.VI~E_oO A.024E-OI
47700.0 2.900E-Ol 7.980F.-Ol 1.415E+Ol 4.9SClf._00 a.01AE-01
49230.0 2.904E-ol 7.92RE+OI 1.439f. oOI 5.22(,F-00 a.201E-01
~tl760.,0 2.9;>3F:.-ol 7.ClI3E-01 1.445F<>01 5.300E-00 A.2ME-ol
.51A40.0 2.95AE-ol 7.,f\fl9E'Ol 1.454E oOI 5.•425E-00 S.437E-OI
53010.0 2.9~oE-OI 7.ARBE'OI 1.455E.Ol 5.431E~00 8.445E-OI
S3910.0 2.Q79F.-ol 7.A77E-OI 1.4S9r::.Ol 5.4R9E_OO 8.52IlE-01
,54~OO.O 2.9112~-ol 7.fl75~-01 1.460E.OI 5 ••V7F..OO 8.~1~E-ol

55440.0 2.9A?E-OI 7.~75F..Ol 1.460f.Ol 5.491f.+00 ~.5JnE-01

~"790.0 2.9MF.:-nl 7.a73E-01 1.461f.01 S.510f.-00 8.54AE-OI
57870.0 2.9ARE-ol 7.A77E.Ol 1.461f.Ol 5.516F+00 R.S55f-Ol

30;0
30.9
31.7
32.3
33.0
33.5
34.0
34.3
35.1
35.7

.f::""

f

.t='
\0



Table 4-17: CALCULATED DISTRIBUTION OF CANDU, VAA, AND TRINO FUEL
IN PLUTONIUM OUTPUT BATCHES WITHSUPERBATCHING

Calc. Corresp. Pu-241, % in Product Batch
Output Actual w/o

X-cn(a)
Candu A Candu 13 Candu, VAA TRINO Pu, gms

Ba.tch Batch (x) Cl C2 total C3 C4 Cl C2 C3 C4 Batch l:.. gm

1 118 3.560 \0.0 100.0 100.0 1710 1710 1710
2 143 3.560 0.0 100.0 100.0 1440 1440 3150
3 121 3.560 0.0 100.0 100.0 1170 1170 4320
4 122 3.560 0.0 100.0 100.0 1890 1890 6210
5 124 3.560 0.0 100.0 100.0 1620 1620 7830
6 123 3.560 0.0 100.0 100.0 1620 1620 94~O

7 126 3.560 0.0 100.0 100.0 1620 1620 11070
8 125 3.561 0.001 98.9 1.1 100.0 1602 18 1620 12690
9 131 3.564 0.003 96.7 3.3 100.0 1480 50 1530 14220

10 132 3.579 0.019 79.1 20.9 100.0 1352 358 1710 15930
11 134 3.610 0.050 45.0 55.0 100.0 810 990 1800 17730
12 135 3.635 0.075 17.6 82.4 100.0 282 1338 1620 19350
13 136 3.646 0.086 5.5 94.5 100.0 84 1446 1530 20880
14 127 3.648 0.088 3.3 96.7 100.0 50 1480 1530 22410
15 128 3.650 0.090 1.1 98.9 100.0 18 1602 1620 24030 ~

I
16 129 3.673 0.022 ---0.0 99.5 99.5 0.5 1520 10 1530 25560
17 130 3.726 0.075 98.2 98.2 1.8 873 17 900 26460 V1

0
18 133 4.085 0.434 79.8 79.8 20.2 1365 345 1710 28170
19 138 5.834 2.183 49.0 49.0 51.0 705 735 1440 29610
20 139 6.214 2.563 40.0 40.0 60.0 540 810 1350 30960
21 140 7.452 3.801 11.0 11.0 89.0 168 1362 1530 37490
22 141 7.604 3.953 7.5 :7.5 92.5 120 1500 16,20 34110
23 142 7.800 4.149 3.0 3.0 97.0 51 1659 1710 35820

24 145 7.684 3 component 1.8 1.8 85.6 12.6 31 1464 215 1710 37530
25 146 7.568 1.# 1.4 {Q.O 22.6 23 1231 366 1620 39150
26 147 6.863 - 21:6. 78.4 269 981 1260 40410

,"J, it " t\ • .< -. .

N6tes:

(a) Cl :- Cz : 0.091 :C2 ... C3 = 4.277



Tab1-. 4- f8: PLUTON"IUM INPUTDATA'FORMOL n SIMlJUT'rON

INPUT OATAFlfRI'lCHE14IC PLAN~ MODEL" wOL U

FLOw RATE- 1.~oO~-Ö3 G"l/DAV

TIHE STEP- -.nnOF-Ö2 DAV

MAX. TtME- 4.S0GE-ÖI OAV

RECn'lERV FA('TI)R- i .017

CONCENTRATtONS-PER CENT

12110 -~--5S/l9.0 6~R"2.0 3.660E;o1 7.55111".01
1310 54A?.0 69~S4.~ 3.970E-01 7.5?3F+Ol
1400 3743.0 731197.0 4.38~E·Ol 7.506F+Ol

100 5637.0 5631.~ 4.6301"-01 7.493r'OI
200 557i!.O 11209.5 4.050~·01 7.51~F.ol
300 55~0.O 1~769.Ö 4.370E-Ol 7.5081".01
500 5675.0 2i!444.n3.920E-Ol 7.0;1\6""01
400 5664.0 lRl08.Ö 4.530E-Ol 7.542",'01

-...60Q 5<100.0 34DO'!.Ö 3.740~,'11 7.5;:>i)F.Ol
700 5400.0 3940lhO 4.350E-ol 7.72"1"'01

. 800 5426.0 44A34.0 3.590E-Ol 7.7l2F.01
900 368A.0 4RS22.0 4.200E-Ol ., .6671"+01

1000 5070.0 51<;92.0 3.600E-Ol 7.7HE.Ol
~UOO 4771.0 SR:!,,3.0 3.7001':-01 7.76RF'01

BATCH MA<;<; HASS SU"l PUZ3S PU;:t19 PU240 PU241 PU242

1.587~'01 7.5~SE'ÖO 1.18SE'00
1.582~-01 7.443E-ÖO 1.175E·00
I.S77E+OI 1.5n8E'Öo 1.201E+O~
1.586c,01 7.4R7E-ÖO 1.191E-OO
1.564E.Ol 7.339F.+ÖO 1.14SE·OO
1.5~9E+Ol 7.3;:t3E'ÖO 1.149E.on

,- ---1~45-3K.-Öl 6.BioE.OÖ '9;SOOE';Ör-
1.463E+Ol 6.9i!4E'OO 9.690E-Ol
1.483E+Ol 7.049F.+ÖO 1.024E.on
1.454E+ol 6.540E'ÖO 9.440E-Ol
1.44AE tol 6.S10E.ÖO 9.610E-Ol
1.570E+Ol 7.290E.00 1.14SE.Ö-0---
1.S81E+Ol 7.406E.Oo 1.162E·on
l.seSE-OI 7.460E+ÖO , 1.162E·00

~

I

\J1....

TOTAL GHS 207.50 4372Ö.l0 1198,3.40 291S.90 702.20

VF.SSEL R~tN RMAX VES')EL RMIN

1 ' 0.000 3466.öno 14 100.000

" -2.000 4000.000 15 50.000
:1 50.000 4000.000 16 50.000
4 100.000 100.060 17 50.000
5 50.000 50.öno 18 50.000
6 50.000 50.ryQO 19 50.000
7 20.000 20.000 20 50.000
l! 200.000 200.000 21 60.000
9 50 •. 000 2R50.nÖo 22 100.000

10 50.000 '2850.000 23 100.000
n 50.000 2800.ÖÖO 24 100.000
Il2 50.000 :?ROO.ÖOO 25 o.oeo
ll3 sn.ooo 2800.ÖO.0

RIoIAX

2800.000
150.000
200.0QO

2850.000
2850.000
2850.000
2850.000

60.000
100.001)
100.0110
200.000

2000.000

IF ANV OF THE ABOVE RMIN-S ARE EQUAL TOC-2) THEN THAT RMIN WILL
~AVE A DIFFERENT HEEL FOR EACH INPUT ßATCH OESCRIBEO,8EL~W

RATCH 1
GM$ 2;5i\.

2 :1 4 5
2256. ~25Ö. 2250. 2250'

678
960. 2250. 225Ö.

9 liIl
225Ö' 2250.

11 12
90Ö' 2250.

13
2250.

14
o.



Table 4-19: CALCQLATED MOL,II ,PLUTONIUM OUTPUT CONCENTRATIONS,

OUTPUT 8ATC~ES - C-25

8ATCIi IoiAC;~ MA~S SV"! PlJ?3A PU?i9 Pl)240 PIIZ41 PU242 Tt"'E

1 1351).0 1350.& 4.621E-Ol 7.494F.01 1.5IHE.O 1 7.553F.·ÖO '1.\A5E-On 4.3
2 1710.0 ~il60·Ö 4.5~?E-Ol 7.4ClSF'-01 1.5116E·01 1.'546F.-öO 1.184E·Oo '5.2
3 \670.0 4;<,AO.O 4.3<)lE-ol ., .a;Ö?'F'-01 1.S~SF.-Ol 1.C;OQE·'OO 101A1E-00 6.\
4 15311.0 t'.710.ii 4.331E-0\ 7.'>05 •• 01 1.5ß4E.0\ 7.4'17F..oo \.lAOE.on 7.0
5 1710.0 7Q20·Ö 4.24 QI:-Ol 7.5Ö8F;·01 1.584E·01 7.4AIF.·OO 10 179('01) 7.9
6 1';10.0 Q4S0.0 4.27?E-Ol 7.<;0f\•• 01 1.5~?E·Ol 7.41\7('00 1.1(\<;E·on 8.9
7 \<;,1).0 10Q1\0.ii 4.7R::>f-Ol 7.<;01'•• 01 1.5AIE'01 7.4I'\ClF:'O(l 1.11\7 ... 00 Cl.6
1\ 1/'.70.0 17~00.(l 4.30 AE-0\ 7.SÖ8f·01 1.57'1E+Ol 7.4Q/'.E+Oo 1.1nE+00 10.5
9 \440.r , 401,O.1l 4.('<)1'.-1)1 7.501\... 01 1.579F..Ol 7.4QI',E-00 1.193f.-Oo 11.3

\0 \ 3<;0.0 ' 1<;1'10.0 4.17<;f.-Ol 7.,>07F'.01 1.5112E.Ol 7.4'14[+00 1.1'13E-on \ Z.l
11 13S0.0 \/'.740.0 4.\621::-61 7.<;Olf-Cl 1.582E-Ol 1.494E+Qo lo1Q3E'OO 12.8
\2 13<;0.0 \A090.0 4.072E-01 7.C;07F-0\ 1.5133E+Ol 7.490E·00 10192E-00 .i 3.6
i3 ''''2n.0 \Q710.& 4.0871O-n\ 7.<;n9F.Ol 1.Sß3E+Ol 7.41\3E·00 1.\90E·on \4.5
14 171 n.o ?\420.ti 4.19RE-0\ 7.51 RF+Ol 1.57RE+Ol 7.44\E·QO 1.177E·00 15.4
J~ \531).0 2;>'150.0 4.261E-ol 7.<;23 F+Ol 1.57SE+01 7.421E+00 1.170E+00 H.3
16 \/'.7n.0 24C;70,~ 4.31,Rf.-Ol 7.579.'0\ 1.S7IE'01 7.3Q2E+00 1.162E-OO 17 .2
;1 "")0.0 2/'100.n 4.?S<;F.-ol 7.<;,or-ol 1.S74E'+01 7.37;<'F.+~0 \ol'iI:lE+OO 18.0
'A lAQO.O (7991).? .4. \A<;E-I)\ 7.53nr+o~ 1.S76E"01 7.3/'.SE-OO 1.1C:;6E·00 19.1
19 19Rn.o 2Q'170.6 3.9RnF.-lll 7.S?RF,01 1.SA2E.Ol 7.:'I4SE+QO 1.1'i2E·00 20.2
20 1530.0 31<;00.1) . 3.9S:lF.-ol 7.<;301;+01 1.SIlIE·Ol 7.337E-00 1.150E-00 21.0
21 1711\.') 3~71(\,1 3.93'iE-01 7.'i12'-01 1.581E-Ol 1.3301::+00 1.148000 22.0
?2 13<;0.0 34'i60.a 4.1\3E-Ol 1.61 8.+01 1.S25E+Ol 7.10C;F.+00 1.0~OE+00 22.7
23 17\n.0 3"'::>70.(1 4.1SI\E-ol 7.643"+01 1.S0IlE·01 7.040E+ÖO 1.0)<;E·00 23.7 ,f:'"
24 17\0.0 37QHo.n 4.13'lF.-01 7."'Rf\.,01 1.479E+Ol /'..937F.+00 9. eCl8E -0 1 24,6
?'5 19f\0.n 3Qq60.~ 4.0\<;E-(\1 7."'Q7F+Ol 1.477E+Ol 6.9?\1ö·00 9.81?E-Ol 25.7 I
26 '530.0 414 90.1 3.R6<;E'-01 7.70">1':'01 1.467E+Ol 6.9\6E·ÖO 9.74ZE-0\ 26.6 kn
27 17\0.0 43;>00·1 3. AM\E -n \ 7.702.'0\ 1.46RE+01 6. Cl 1?F. · qo 9.79\E-Ol 27.5 ,I\)
28 lRöO.O 45noo.Cl 3.89';E-0\ 7.698r.Ol 1.470E'01 6.94'iE·00 9. 841E-0 1 21'1.,5

,

29 1170.0 46170'1 4.0001':-01 7.6f18E'·01 1,474E'01 (...977E+~0 9.9112E-0\ 29.2 '
30 121'>0.0 47431). (\ 3.9AQE-ol 7.6QO'+Ol 1.474E+Ol l'>.Clr"F.·OO 9.9,,7E-0\ 29.9
31 1670.0 49050.<1, 3.fll RE-O\ 7.7;>31;+01 1.4",5F.+01 (,.71,.,F.-00 9. n4F.-Ol 30.8
32 144n.0 5 0490.1 3.7'/4E-01 7.7::>'7F'01 1,464E+01 6.740E+00 9.703E-Ol 31.6
31 13<;1).0 51"40. n, 3.74/,F.-ol 7.7371"'01 1.4;<,lE·Ol 6.6'14E-OO 9.b40E-O\ 32.3
34 1530.0 S3370.a. 3.73QF:_Ol 7.7411"'01 1. 4<;'1E,0\ 6.6/'::>F.+cio 9.b33E-01 33.2
35 1350.0 C;4720.~ 3.71I\E-Ol 7.70;41""01 \.4S3E·01 6.S99F.+00 9.618E-01 33.9
36 \440.0 54\1',0. 3.71.~E-Ol 7.7,,4.',01 1.4'i3E'01 ".c;97E+OO 9.627E-O\ 34.7
37 117'1.0 S'113~'1 3.71\E-Ol 7.7S3E,,01 1.4S3E+01 ·6.S95F.+ÖO 9.6SZE-Ol 35.'"
38 1170.0 51\'500 •• 3.710E-Ol 7.74'ilr-:"01 1.456E-01 t..609E'OO 9.6R8E-0\ 36.0
39 9Cl'1.0 5q490.~ 3.6871"-1)1 7.652r-:"Ol 1.SllE+Ol 6.942E-00 hOSSE-OO 36.6
40 990.0 604A~ 3.6A3E-Ol 7,63";1':.01 1.S2lE+O\ l'>.99f1E·Öo 1.070E.OO 37.1
41 rrrsre h\ Il~o •.• 3.693E-Ol 7.621F.··01 1.529E+Ol 7.047E+QO 1.0Fl2E+00 31.8
42 900.0 62550.0 3.724E-01 7.51\(\1"··01 1.5S2E'01 7.192E'00 1.117E+Oö 39.3
43 11520.0 74070.Q 3.977E-01 7.538F,'.01 1_snE+O!1 7.34SE+öO 1.147E+OO 44.7



Table 4-20: l'LUTONIUM OUTPUT DATAFOR MOLIT

I,'·

-
Plutohium coocent:ratioos, pe);'cent

841e"l PU-GM SUM PU-GM "~39 239 ~40 -241 .~4~ A

i 16 1335. 1335. 06.409 15.865 15.619 6.956 1.092
? 17 H85. 30:'0. 110.435 75.';1l0 15.809 1.039 1.131
3 78 1640;. 46115. on.435 15."iol 15.9~8 1.n92 1.145
4 79 1"i~2. 611l7. 00.439 75.496 15.926 7.089 1.150
5 73 1743. 7930.· 00.4:?1 75.661 15.726 7.068 1.124
6 74 1"i02. 9432. 00.425 75.638 15.764 1.034 1.139
1 75 148". 10918. on.406 15.11~ 15.7l5 1.035 1.132
13 8ö 1"i81. 12499. 00.419 1r;.C;5~ 15.773 1.128 1.128
9 8; 1465. 13964. 00.410 75.761 15.696 6.943 1.190

iö 8il' 1392. 153<;6. 00.412 75.714 15.763 6.995 "1.116
11 83 1313. 166"9. 110.414 75.740 15.645 7.1178 1.123
12 84 1385. 180"i4. 00.42n 75.828 15.690 6.955 1.101
13 85 ]649. 197 n3. 00.420 75.1l25 15.705 6.941'1 1.110
14 8" 1668. 2137]. 00.411 75.758 15.616 7.0SA 1.09 1
115 87 1l54R. 22919. 00.404 7S.9<!4 15.691 6.864 1.091
16 88 1605. 24524. 00.410 76.31l0 15.334 6.841 1.030
i7 89 1543. 260"7. 00.405 76.809 15.023 6.782 00.'l81
18 9Ö ]'l04. 279 71. 00.404 77.022 15.013 6.58] 00.9 80
i9 ~? 2Ö16. 299R7. 00.399 77.101 14.941 6.579 00.974 .I='"

.L?ii 93 1"i51~ 31531l. 01).40J 77.00lt 15.006 6.597 00.990 I
21 94 1721. 332<;9. 00.395 17;0(,5 14.959 6.609 00.9 12
22 95 1362. 34621. 00.401 77.029 14.955 6.642 00.'l61 VI

'0 LA>23 96 1667. 362q8. 00.404 7'7.075 14.959 6.590 00.973
24 97 1665. 379<;3. 00.402 71.213 14.863 6.555 l!0.'l67
25 91\ 1'l91. 39944. 00.396 17.276 14.R,31 6.514 00.Cl83

~'"
99 1"i1l1. 41447. 110'396 1.7.::114 14.8'119 6.504 00.971

~1 ]oö 1703. 431<;0. 011.191 17.3<;2 14.780 6.491 00.986
~R, 101 177<;. 44925. 00.394 77.?A2 14.859 6.'504 00.961
:29 102 1141. 460"6. 011.392 17.1 <;9 14.9,12 6.54!l 00.989
3~ 1113 124<;. 47311. 00.393 _ 17.19~ 14.90fl- 6.5_24 00.985
31 104 ](,57. 1+8968. 00.3R6 77.043 14.897 6.704 00.970
'32 lOS 1421. 503A9. 00.409 76.399 15.J;?9 6.!lOS 1.058
:33 106 1368. 51157. 00.412 76.133 15. 1. 24 6.948 1.083
:34 107 1520'i 53277. 00.421 76.173 15.4;\9 6.905 1.1182
'35 10A 1380. 546'57. 00.419 76.(168 15.491 6.937 1.0tl5
'36 109 1435. 560 92. 00.420 15.9~0 15.521 1.044 1.095
:37 llö 115A. 57250. 00.421 75.878 15.!;83 7.008 1.110
:38 111 1176. 5A426. 00.420 15.925 15.565 6.986 1.104
:~9 112 1Ö14. 59440. 110.426 15.819 15.5!l6 1.055 1.114
~.Ö 113 971. 60411. 00.422 15.M8 15.572 7.009 "--- 1.109
j.l 114 1206. 61617. 00.426 75.976 15.593 7.025 1.104
":? 115 A91l. 62515. 011.420 76.117 15.471 6.909 1.083
4.3 116 11800. 71+315. 00.300 78.650 H.640 5.550 00.86~

; -
TOTAl. GMS 165.3 4]769.11 111+71.0 28"Ö.7 6'1'~.6



241 ~~b

232 -4

possible___________--1

recycle

4 - 54

221- 6

r--,
223- 6b I I stock.:»:.
UIV ------- .
/~~-------------~-I

/ I
/ I

I'J .....,
L_r-.J

I

r..J-,
I I
I I
L r -'

226 -1,2

Fig. 4.1 Block - diagram of the
Eurochemic reprocessing plant ( the
symbols are explained in Fig.2 )

normal recycle
of residuals

2nd purification cycle

237- 3,4

production
can

2436-1

238-2

238-3

237 -1

236-1a

2416 -1---------,
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I______.J

'-----r------' calc inat ion

u-Pu- seperation

223- 6a

221-4

1st "f" ti lPUr! Ica Ion cyc e

Dissolver

r-----
I
I
I
I
I
I

possible
recycle



k T· +R·I 1

sy-mbot---

~}
o

~uation typ.e

M n R n-1
n i -1 ci -1 + ici

c, =---:-:----:::---
I M· l+R.

1- 1

dCi _ k
- - - (ci -l-C j )
dt Rj

f n n-tk c. ldt+R. c-
1- I I

c':'=-----
1

flow characteristic
4 - 55

tank

alimentation tank

buffer tank

discontinuous
evaporator

receiving tank

'-- 1 ci = ci -1 •a columns and
mixer - settlers

I continuous evaporator

Nomenclature for the eguations:

cJ:l
1 = Relative concentration of the tracer isotope in baten n ot the

output of unit i

M· 1 =1-

R· =I

t =

k =

T· =I

a =

Fig. 4.2

Mass of Pu - or U - input into unit

Residual mass in unit

Time

Mean flow rate [mass I unit time)

Fitting time of unit i

Constant concentration ratio

Description of the main units of the Eurochemie
reprocessing plant



-lT

I

VI
0'

INVENTORYz
Cl
CJ

TRINO

begin of
abnormal recycles

VAK

='9
• I ir·..... I .

r--_J ! ,--
r · I l- I

i r-
J

L~JL-~4L~l~
! I L ....J.

r·.J I L'-'~I. I 'L.I II
I L .I-.::.......::;..:::_~==-_-=:::I

... ._'-' f'i U"'.J --. r. . .
r: ";-_..1 . .J L"L...Ji I
I I
I I-t-..J

r·
_.J I
~

CANDU

---- input

_._.- real output

----- simulated
output

,
._..........~.-tr.--.--.--::r-.J-

L ..r-s

2

3

c [Pu 241 ]
°/w

c [Pu total]

81- t-

7

4

5

6

105I ~ I -i ~ is---io 3~ 4~ ~ u~o 5~
--::::>~ kg of PU(tot) out

o1

Fig. 4.3 Cornporisen between Experimental ( Mol m) and Simulation
.. . Results .for .Pu



4 - 57
3.2

c tu 235 J 0lw
c tu total J

2.8

2.4

2;0

1.6

t
input

real output

1.2

a

15

~ t of U(tot)out

10

r'~'--'-'~

5
o'-__-±-_..I-JL-..._.l.-_-I...._--I.__.l...-_..J.-_-l.__L-_..L-_....J..._-..J_

0.8

Q4

2.8 L
c I U235J °lw
c [U totall

2.4 I- t
2.0 f-

1.6 f-

--- input
__ sirnelcted

output

r-;:r
I
I

r'
:

rr,"
I

J
1.2 >-

0.8 co-

0.4 -

r-.....J
1
I
I
I
I

r ~
:

b

1 1 I I
10

I I I I I

15

--:::=- of U(totJ out

[

c [U235l °1:: .t'~l ·
I

2.0

1.6

1.2

0.8

0.4

real output

simulated
output

c

OL-__-!-_...1-_...1-_..l.-_...1-_+-_..l.-_..l.-_...l-._...l-._-b-_...L-

--:=- t

Fig.4.4 Cornparisen between Experimental
(Mol ][) und Simulated Results for U



4 - 58

main input

MBA 21 I

output

Fig. 4.S

1. purification cycte

Main U streams



4 - 59

COIK:entration

1.2

1.0

0.8

0.6

I
0.8

0.6

236-1b

Q8

catciner

0.6

ll·,LLI I I I I I
0 6 12 18 24 30 36 time [days )

Fig. 4.6 Calculated Pu - 242 concentrations at various process
points - simulated Mol]l[ campaign



concentration 4 - 60

41-l.a/4b

232-4

241-2Q/2b

231-7

35 time (0015)2821147

~

~
2

-
I-

l-

r
~

I I I I I

o
Q4

o

0.2

0.4

0.6

0.2

0.2

0.8

0.2

1.2

1.0

Fig. 4.7 Calculated U 235 concentrations at vcrious process
points - simulated Mol m. campaign



Tracer concentration Tracer concentration
1.0

0.8

.l:"'

I

0\
-"

input

with recycle

without recycle

9000 11000

U [kg J

,.-,
t'''i
i ~
i ji ~..
I.
!

·
~
I
I·I
i·I
i

....L-.I-.J
5000

o ...'--
3000

0.2

0.8

0.4

1.0 I

0.6

input

output CD
output@

"

I
I

-, 1'-'I I
I .
L _-I

i
I
1::"_.,·-t--,• .-t.:c---~ ...---- I

20 zs 30 35 40

Pu [kgJ

.. r--

I I
I .

IJ
r--f'
I II .

-=r.l ,

10 15
0' r

5

0.2

0.4

0.6

Fig. 4.Ba Pu response tunetion Fig. 4.8b U response tunet ion



Case Input Output H-I r (g)
4 - 62

-11 -0.08

2 J J - 200 -1.25

3 J J +251 +1.57

--

4 J ~J
..95 +0.60

5~ J -135 -0.84

6 J J -318 -1.98

7 J J -144 -0.90

8 S J +127 +0.79

9 J J +375 +2.35

+42 +0.30

Fig.4.9 Dependence of H -Ir on the variation of the input
concentration and deformation of the step



0.02

0.2 r
Cl' H-A

0.2 ®.
o'H-A

0.1 I- t Ä

~0)' tT
@t!.

(6)0 0 @9

~ @t!. 0.1
(J)o
@x

0.051- ~/ 0.05

0.02

.r> 0.01

~
~

0.011-

I u IPu
0\
co

0.0050.0051- T ,

0.002 0.002

Fig. 4.10 Correlations between input characteristics and the precision of the PI determination
for Pu and U (parameters in tabte 4- 5 )

, . , I I I

0.02 0.05 0.1 0.2 0.5 1

Cl'
__ r = . batch - tc - batch

step

0.001~' I ,

0.01
I I I I..J

0.05 0.1 0.2 0.5 10.02

-....,;z:;,.=- r = Cl' batch -tc - batch
step

0.001' I , , I

0.01



~

D

0\
+::-

231-5
'Strip

231-58
Product

Receiver

~Uranlum to strip

Contlnuous
Settler

@

- - --}.
I
I
I
I

--I

231-3
Scrub

@

Dryer

231-2
Extn.

@

231-1

Column
Feed Ton'..

®223- 6cI

223-6b
Intermediate
Feed Tanks

/- - - - -- .. - - .... ---.. - -," ......"
, @ @ ®\ 11 "'"' I
~-1 ~ ~
J" -r ------.r"""]

236-4b I 236-10 i
Feed AdlJust: Buffer Tank I

I I

: I
i L _ _ .t1, L. _

- ---- _. ->0'

r-~®r-~
238-1 238-2 238- 3

Buffer Tank Feed AdJust Feed Tank

CD

2436-1
Product
Receiver

221-4

221-6
Accountablllty

Tanks

2416-1
Specificatlon

Analysis
Tank

226-1/2
Oissolver

+4 Uranlum

,221-5
IDeclad
~soln.

To waste

F!!i.4.11 S'CHEMA1'lCFLOWSHEET EUROCHEMIC PLANT - Pu Cycle

237-4
@ Mixer- Settlers

1 r-
1 IL._--e::]-_J

237-9 0
Alt. Product
Receiver



8

7

•-~
c 6 ~00-a
~-c.,
y
c

50
u

--...t
N

::J
Q.. 4

"I 3

2

1

4 - 65

Mol ]I[ simulated

Mol]I[ experimental

10
I

20
I

30
I

40 50 60

Fig. 4.12

----::iil>~ Pu output (kg]

Comparison of Predicted and Experimental
Plutonium 241 Concentrations for Mol mCampaign



4 - 66

8
'-,

,...J I

c:o-., 6
'-c:
~
c
o
u 5 I

-,
I
I
I
-.,

I i-l--':--,
;
I
I
L.".

t
4

3

-- Mol m simulated
2

---- Mol • experimental

1

0&.---------""""---""'--------..
Fig. 4 .13Comparison of Predicted and Experimental

Plutonilm 241 Concentration in 28P Product

tor Mol. Campaign



4 - 67

100 )Ir

~", ~• '.- "~

50 \.\,X
'"t)

"oe
u \15 \.0

\-:::J \c.-:::J '\0

.E 20 \
""jj \
:::J \-

::;)
cz
~
u

10-0
c

.2-ues
I--
t

5

x x simulated
superbatch experirnent

calculated from.----. actual Mol data

2

1 I I
25 30

Ag. 4.14 Decrease of CANDU Fraction in Product nfter
Entrance of the VAK Step- Function



16.2 16.2

,J::"'

I

0\
CP

r·r1,
r-J L
I

r"r
I
I
I
I

Moll experimental

Moll simulated

I
I
I
I

I

!
I

l,

l <r I

~~-l IJ
"1. r

i, JL_

15.6

14.8

16.0

15.8

14.6

Mol J>experimental

Mol I simula,ted

I
L..

llr-J -l
"Ll.

"·L..r

15.4,

[ II
)I
I.., ,..

115.2I .
I"',

15.0
I

--1."1.f .r-l r L - -.

l, . .r.J
LI

15.0

14.8

15.2

15.4

15.8

16.0

15.6.

14.6

t

~
~

S
N

e

-
c::
.2e
1:
8
c::
8

6040 SO
Pu output [kg 1

30

-
201014.4 0

Fig.4~15b Comparison of Predicted and Experimental
Plutonium 240 Concentrations for Mol I
Campaign with 5th & 6th Batches Delayed

I I I j14.4 0 30 40 50 60
::. Pu output [ kg 1

FIg.I..15a Comparison of Predicted and Experimental
Plutonium 2~~0 Concentrations for Mol J[

Campaign



4 - 69

Annex 4.1 (by F.de Greef)

SIMULATED MIXER SETTLER RESPONSE

An attempt has been made in order to evaluate the implications 01' the simpli

ffed description 01' the mixer-settler batteries' behaviour with respect to

the selfmixing 01' the fissile material there inside. The information mq be

obtained observing the response 01' the system to a suitable step shaped input

function like e.g. the concentration 1)1' a particular Pu isotope. The behaviour

01' the mixer-settler batteries 01' the second purification cycle for Pu has been

studied making use 01' a simplified mathematical model, suitably implemented on

an analogous computer. The ti.:fferential equations describing the behaviour of'

the fissile material have been derived, in the model, within the following

assumptions:

- The single stage 01' the MXS is considered as a box 01' total volume V

(mixer+settler) and partial volumes 01' aqueous (aq) and organie (org) phases

defined as follows:

V •aq

VF
ag

F

VF
V = org

org F

where F end F indicate the flowrates 01' the ~queous and organie phasesaq org
respectively and F = F + F is the total flow rate.aq org

- The partition coefficient D, defined as the ratio 01' the Pu concentrations

(at equilibrium) in the twophases (D =P /P ) is constant throughoutorg aq
every stalle 01' the system despite of any variation of the NH03 and TBP con-

centrations •

- The flow rates are constent in time.

- The phases are completely unmixible (no TBP in aqueous phase)

Under these assumptions every stage of the MXS is described by an equation

of the following type, i being the index of the stage in question:

d P (i) .!org (Por g - P (i) )dt T (i+P) org

a (Por g - P (i-l) )-- (i)T org
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where:
F

.4 =~ag~~_
P F +D F •

aq org
a =

D F ..
ors •

F + D F
aq org

T = V
F •

The complex of the MXS is then described py a suitable system of differential

equations of the above type, in which the actual structural data as flow rates.

operative volumes and interconnections are taken into account.

From this system the steady state eonditions may be easily derived by setting

all the time derivatives zero.

Unfortunately t the process da.ta. available trom the :flow sheet are not sutfi

cient to derive , in the above mentioned model. an unique set of values for the

partition coefficient relative to each of the four blocks in which the MXS

system may be divided (Fig. A. 1). From the numerical point of view i t is

possibleonly to derive consistent sets of D, if' allee two ofthem are fixed a

priori.

For the calculations D1 and D4 have been choosen as fixed andD2 and D
3

have

been calculated. A set of the va.lues is giyen in table A.I and corresponding

time responses to an input step function are shown in fig. A.2.

On the average the mixing takes place over an intervf:l,l of3-4 hours. This means

that a. quanti ty of 600-800 g is mixed, because the steady state flow rate

for Pu through the system is 200 g/h.

Table A.I

MXS 237-3 MXS 237-4

case D1 D2 D3 D4 case

I 2,6 2.080 0,6185 0.9 1

11 2.8 1,046 0,6060 1.9 2

111 3.0 0.8085 0.5920 2.9 3
IV 3.2 0,6940 0.5780 3.9 4

V 3.4 0,6210 0,5640 4.9 5
VI 3,6 0,5675 0.5505 5.9 6
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Jumex.4.II

DETAILS ABO~ MONTE-CARLO P;ROCEDURES

In order to create "simulated campaigns" two different procedures are used:

a) One simulates .single campaigns for special (artificial) conditions

of the plant and/or a special forJl). of the input signal, e.g. one tries

to simulate the actual Mol III experiment.

b) One simulates aseries ofcampaigns with the aim to study systematically

the influence of varia.tions in certain parameters.

E.g. one could'be interested in the accuracy for the calculated hold-up

of the plant under conditions, which are similar to those of the real

experiments, with respect to the batch-to-batch variation.

In this case i t seemsreasonable to start vith the hypothesis that the

tracer concentrations and volumes of the single batches inside both super

batches have known distributions. In our calculations we have chosen normal

distributions vith prescribed mean values Cl' C2, Vl' V2 and variances
..2 2 2 2 "t bl d'" t " Ib L t0Cl,oC2,oVl and 0V2. By a SU1 a e proce ure 1 1S POSS1 e 0 generate

values for the tracer concentrations randomly. +)

For one campaign, which is of the type described under (a ) above, the input

superbatches are constructed by putting together single batches with different

artif~CallY generated concentratinn values C~ and C~ as weIl as volumes V~
and V~. Using this input the simulation gives both physical and process inven

tory at the time of the introduction of the concentration step.

+)Letp(c') be the 'probability density function of a continUous variable

in the case under study
c~ -

~. {C-ct)2

20 2
ep (c') =

f 2.no

It is possible .0 generate aseries of pseudorandom numbers R in the inter-

val (0,1) by a digital computer. The real numbera C~ implicity defined by the

equation R f p(c' /C,o) de', l"esult to be distributed according to p, as reltiwLre~d,

o



4 - 74

The next operation is to build up aseries of such campaigns. For doing

this the who1e procedure beginning w1th the choice of the input va1ues
...i i i i
\;1' C2, Vl' V2 from the same distributions which have been used for the

first campaign is repeated as many times as required.

After having run all these campaigns, one ends up with distributions for

the physical and book inventory values. By these one gets an answer to the

problem of the interconnection between these values and the batch-to-batch

variation.

The method is the same as the one used for fo11owing error propagation by

Monte-Car10 techniques and the results may be interpreted under this aspect,
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A new physical inventory techmque which correlates isotopic abundances of

subsequent input and product batches could be experimentally demonstrated

both for U and Pu under industrial conditions during a running campaign at

the EUROCHEMIC reprocessing plant.

Theagreemen~ of the evaluated physical inventories with the corresponding

book inventories was in all cases within the calculated 95 %conf'Ldence

interval.

The evaluation and error analysis was performed by means of Monte Carlo

techniques providing distribution functions and confidence intervals.

In particular following accuracies could be achieved

i) physical Pu inventory (~ 12 kg ) less than 5 %RSD

ii) physical U inventory (4ltJ 1800 kg) tI tI 2 % tI

It could be shown that the superbatch size of VAK Plutonium was not big

enough to clean the plant from former material. However, the conditions

of' JEX-70 fuel allowed the evaluation of a 3-component system. Thus the

total inventory Plutonium could be determined. The unmixed inventory material

passing the product catch tanks covered 70 %and 80 %of tee total Pu- and

U-inventory respectively.
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5.1 General

Tbe main safeguards activities result in a stateinent·of the &mount of

materiBi. unaccounted for over a specific period and material balance are••

giving the limits of accuracy of the amoUnts stated.

A nuclear material balance is closed by a physical inventory which normally

takes place after a campaign.

In case of reprocessing plants a final wash-out of the process area has to

precede because there are in most cases a coupleof pzoceas units and pipes

which cannot be inventorized adequately.

Safeguarding these plants there is a vital interest to shorten the periodes

betv.een tv.o physical inventories because accumulating measurement errors on

nuclear material flows are increasing the error limits of MUF thus there is

no clear inspector statement any more possible.

On the other hand short inventor,r periöds decrease the load factor of the plant

which does not hit economic requirements. The new physical inventory technique

described here i8 avoiding the latter disadvantage of conventional inventory

techniques because it can be performed during the running campaign by suit

able correlations between isotopic abundances associated with sUbsequent in

put and product batches. In addition no intimate knowledge uf the units within

the chosen material balance area is required by the safegtiards authority •

On occasion of the first MIST experiment carried out at Nuclear Fuel Services

/-5-1_/ in 1969 the theory of this method was developed /-5-2_' and first

experimental demonstration could be achieved at the second integral safeguards

exercise in EUROCHEMIC /-5-3_/.

This successful experiment which was limited to the Uranium flow encouraged the

members of the EURATOM/GfK Steering Committee to choose again _asa main objec

tive of JEX-70 the experiment~l demonstration of this inventory technique

applied at the Uranium and Plutonium flow.

Tbe preceding chapter was investigating the feasibility and accuracy of this

inventor,v technique for the conditions at the EUROCHEMIC reprocessing plant

and main emphasis was laid on the est~blishment of apriori statements.
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This chapter describes the quantitative inventory determination relevant for

safeguards taking into ac count aposteriori real campaign data which re

present the actual fuel management of the operator.

It is to beemphasized here that the great volume of information on the

different process steps required by simulation studies is not used for

the actual physical inventory determinationby the new technique proposed.

Thesesimulation studies represent an initial investigation phase which must

not be repeated at other reprocessing campaigns suitable for the application

of this new inventory technique.
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5.1.1 Basic Considerations

In order to avoid the readerts pre-in~ormation o~ the re~erences above a

short description o~ the basic considerations is given here similar to that

in re~. L-5-3_h

The new inventory techniquemakes use o~ the ~act. :.that the ~issile material

inventory between input- and product-accountability-tanks, which is pushed out

by incoming new material, can be measured quantitatively in subsequent product

baeches , provided the isotopic composition o~ the inventol"Y di~~ers s~~icient

ly ~rom that o~ the new input material. The problem is to generate a step ~unc

tion inthe isotopic composition o~ the input ~low by loading the dissolver in

such a way that a suf~icient number cf f'uel elements of equal initial enrichment

and irradiation history will be ~ollowed by fuel elements witndi~~erent isotopic

abundances from the ~irst group. It is also possible to use the di.f~erent isoto

pie composition of irradiated ~uel elements ~rom two di~ferent reactor-batches

which are processed in close sequence.

The evaluation cf the physiCal inventory is a simple sum-up of product batches

weighted by a factorwhich indicates the ~raction o~ the inventory material in

each individual product batch according to equation (5-1).

x.-c
21: M. 1..= p1. C -c

• (t·~ ) 1 21. ;'''1

t 1 =
M =

P

6
1

, c
2

=

x. =
3.

time o~ introducing the step input signal

product batch size Lkg u, Pu_I

isotopic composition of the input
~low which ~orms the step signal /-%_/

isotopic composition o~ heavy material _
in product bateh i L %_/

The weight ~actor of subsequent product batches illustrates operators individual

material management during the passage o~ the signal through the plant. Simulation

studies and also experimental results indicate that this :tractor converges to zero

~ollowing a ~unction with a shape siJJU.~ar to an exponential. The dispersion o~

the input step signal can be minimized i~ the operator runs the proeess aecording

to a small number of proeedures mainly by spec1.al operation of the headend

and product eatch tanks but, this only during the residence time of the signal in

the plant.
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Lnput ,

introduced

=starting physieal inventory L kg u. Pu_I

= !nput. produet and waste flow 1--: k\U.Pu _I!nI.ro .Inp w

(s-a)

The eorresponding book inventory whieh is ealeulated py balaneing all

waste and produet streams up to the time (t 1) when the step signal is

follows equation (5-2).

BI{t
1)

where: PI{t )
o

In ease of batehwise operation the integral is replaeed by sums.

The two independent inventory determinations PI{t )' BI{t ) should eorrespond
1 1

inside the error limits ifno uneontrolled transfer has taken plaee or a eertain

amo~~t öf fissile ~aterial has haan withheld- interitionally.

5.2 Generation of an Adequate Input Signal

5.2.1 Criterium

SUbjeet of this seetion is the definition of the optimisation criterium applied at

parameters forming the input signal with the aim to improve the aeeuraey of this

kind of physieal inventory determination.

The input step signal eharaeterized by e1 and e2 (equ. 5-1) i8 associated with

eertain error bars. This ean be demonstrated by the definition of e 1 and e2.whieh
represent the homogenized isotopie abundanees of the superbatehes 1) before (1)

and after (2) the step signal.

EM.e.
e = 11 ~/0

1 LM.
1

EM.c .
:t .1

EM.
J

The summation is to be earried out in aragen:

EM; == EM. % Hold up
1 J

as diseussed more in detail in ehapter 4.6•

.,
I Jt'Superbateh" is defined by a eenain number of eonseeutive input batehes

with small bateh-to-bateh variation of isotopie a.bundanees.
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The distribution of ci and cj around the weighted means c1and c2 respectively

is due to the following tvo reasons:

L) The "true values" of c , and c , respectively vary according to the
J. J

slightly different irratli.ation histories of fuel in sUbsequent

dissolutions er one superbatch.

ii) Errors associated with measurements of total batch quantities of U

and Pu and their isotopes are in superposition with i)

With the help of Gaussian error propagation rule on equ, (5-1) and (5-3) one

finds as shown in Annex (5-IH) that the mün error component can be ezpzesaed

by the ratio:

isotopic batch-to-batch variationr = - isotopic step size

The mathematical term thereof is derived in Annex 5-III;

This ratio (r) has to be minimized either bF- increasing the stepsize and/or by

decreasing the batch=to=batch variation of a certain isotopic abundance selected

for the evaluation of equ. (5-1). In fact one has to start with the optimisation

by careful e1.ection of the fuel elements to be dissolved. By means of burn-up

codes the fuel element shipper gives already calcuiated quantities of isotopes

in each fuel element. This information is used for the distribution of fuel

elements within the different dissolution batches with regard to the optimisation

criteria (r. ).man,

5.2.2 Provided input signal

In case of JEX=70 fuel elements trom four different reactors wereprocessed

in close sequence without any intermediate flushout. It was intenaed to homogenize

each particular reactor batch with respect to isotopic abundances of U and Pu and

to use the isotopic step signal between different reactor batiches , Table 5-1 Shows

the characteristic numbers of these reactor batches.

There is given additionally one type of material indicated as starting inventory.

This material represents Pu being present in the rework unit in form of nitric

solution which was to be processed after the former material in close sequence

thus forming one additonal step signal in the Pu-flow.

The use of fuel element shipper data requires of course the possibility to

identit,y the irradiated fuel elements in the fuel storage pont either by visual
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inspection or by TV-camera devices. With help of Gamma-measurements even the

burn-up situation of each fuel element can be confirmed. With regard to the

CANDU-fuel no special dissolution order could be established because no iden

tification of the 719 partly broken fuel elements was possible (see chapter 3).
The isotopic signal could be expected to be uniform as only burned natural

Uranium was reprocessed and different burnups were randomly averaged.

Concerning YAK fuel elements there was great interest of identification because

considerable differences in initial enrichment and burnups of single fuel elements

had to be cons i dez-ed, With help of the TV-camera device one was able to identify

the fuel element numbers (chapter 3) thus using the shipper data an optimal selec

tion of the 38 fuel elements in 4 groups could be arranged with respect to an

uniform isotopic composition of U and Pu in the 4 YAK-dissolution batches.The

actual dissolver laoding order which was arranged with the operator can be eA~

tracted from chapter 2.5.1.2.

The homogenisation of TRING fuel by a special dissolution order wasonly possible

to some extent due to the smail number (4) of processed fuel elements. Therefore,

the operator was asked to homogenize the active feed in the headend storage tanks

which was unfortunately not possible due to difficulties in the transfer system

and due to time delays of the former dissolutions.

The last reactor batch indicated as CDN fuel contained a relative small amount

of U and Pu in relative great number of fuel elements (table 5-1), thus no

effort was done in identifying fuel elements and in establishing a special

dissolution order because it was assumed that enough homogenisation of this

reactor batch is randomly obtained.

5.2.3 The Actual Input Signal

The realized input signals of U and Pu are represented as isotope abundances vs.

total heavy material plots of U and Pu respectively in Fig. 5-1/2/3. The dashed

lines represent the realisations of mass-spectrometric determinations of each

particular input batch whereas the continuous line gives the weighted average

thereof according to equ, (5-3). The actual numbers are summarized in table

5-2/3/4.
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Fig. 5-1 shows the realized U-signal which was in good agreement with the expect

ed signal as estimated by use of shipper data. Bateh-to-batch variations of the

U-235 abundance compared with the step signal was suff'iciently small between

CANDU and VAK (see table 5-4) whereas the following signals are insuf'ficient

vith regard to homogenity and to the quanti ties of U in these superbatches.

There is a condition which was experienced from the former exercise in EUROCHEMIC

and from simulation work which requires that the quantity of heavy material in

one superbatch should be at least equal to the hold up of the considered MBA. This

condition is not fulfilled for the last two reactor batches. so in fact only one

stepsignal can be evaluated with respect to physical inventory determination of

Uranium.

The realized Pu-signals which are shown in Fig. 5-2 and Fig. 5-3 are due to further

discussions. B.1 nature the bateh-te-bateb variations of Pu isotope abundances are

considerable larger than those of Uranium because they are more sensitive to dif

ferent irradiation histories. This can be extracted quantitively from table 5-5

where for each isotope the interesting ratio r (equ. 5-4) was evaluated in order

to select the most suitable isotope (r 0 ) for the evaluation of the inventorynun ,
equation (5-1). According to these numbers one has to select Pu-241 for the first

step between CANDU and VAK-fuel and Pu-240 for the second and the third step.

Originally i t was Pu-240 waich was focussed to be used as step signal between

CANDU- and VAK-fuel because the calculated quantities of PU-240 by fuel element

shipper did show suitable differences of the Pu-240 isotope abundances from both

reactors.

The realized Pu-240 step signal (Fig. 5-2) between CANDU and VAK fuel however.

was nearly homogeneous thus r increased up to 83 % (table 5-5) which is unsuffi

cient for any inventory calculation. The Pu-240 step after VAK however. was very

smtable because of this homogenity. CANDU and VAK fuel which could be considered

as first superbatch with sufficient large quantity cf' heavy material f'ollowed by

the TRDW. CDN and inventory ?lutoni\1m with relative low PU-240 content and

sufficient homogenity. Inspite of the low Pu-240 abundance of the 1.2 kgs Pu

from CDN-reactor the resulting r was considerable small (4.1 %).

5.3 Measured System Response

In accordance with the comments made above only those isotopes were followed at

the product flow as system response to the input signal which let expect the

most accurate results for the physical inventory both for U and Pu.
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5.3.1 Measured System Response of Pu-flow

The measured system response of Pu-flow for both step signals are plotted

in Fig. 5-4 and 5-5 as isotopie abundanees from the single eonseeutive produet

batehes (2BP and PFP) vs.the total heavy material. In addition the eorresponding

input signals are drawn into the same figure. The. .abseissa was normali zed to zero

at the input step signal. The eorrelation between input- and produet signal is

given by the aetual step time when the first bateh of the seeond superbateh was

transfered from the input aecountability tank (221-4) to the feed adjustment

tank (223-6b). This happened at April 4th, 12.00 (tl for the first and at

April 25th, 14.00 (t2 for the seeond step signal (see Fig.5-10).

The eorresponding isotope abundanees of each consecutive product bateh after

these step times were plotted in Fig. 5-4 and5-5 respeetively. Relevant produet

batches were indicated by operator's batch identitications.

When following the final produet signal (PFP) in Fig. 5-4 one realizes that

after introdueing the step there appear still 6 produet batches with pure CANDU

material in total about 9 kg Pu. The mixing phase started with PC 133 and the

nal climbed up till PC 142 $ but i t did not reach neither the maximum nor the

weighted avezage of the VAK-input signal which indicates that the VAK superbatch

was not large enough to push out all CANDU-material. Therefore, one had to

a three component mixture in the following produet batehes whieh still contained

CANDU-material. This fact inereased the efforts to evaluate the physieal inven

tory because equ. 5-1 is only valid for two eomponent mixtures whereas three

eomponent mixtures must be analysed by use of an additional suitable isoto,e

as described in section 5.4.1.

Simiiar eonelusions can be drawn when following the intermediate product signal

(2BP) in Fig. 5-4. (The numbers can be extraeted from ehapter 2.5. JO). As this

signal represents the product signal of MBA 21 (see chapter 2, Fig. 2.2-2) it

shows a certain shirt to the left eompared with the PFP-signal. The size of this
"shift is an indieator for the hold up in MBA 22 which was present there at the

step time (tl). The overlapping of both produet signals in the "transient phase"

is due to the different batch sizes of PFP and 2BP flow and due to mixing

mechanisms in MBA 22. In the "steady state phase" 1) all eurves should be equa]

which was realized within the error bars of masspec. determinations. One PFP

batch (PC 150) however, exceeded this limits which can physieally not be er

plained without including the possibility of cross contamin~tion either at

sample preparation and analysis or by blending operations in the final product

weighing and sampling unit •

l)Transient and steady state have here to be understood as isotope changes VB.

heavy material arid not vs time.
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Fig. 5-5 shows the product signals in correlation with the second input step

signal between VAKand TR!NO-fuel. As mentioned in 5.2. 3 the most suitable

isotope abundance to be used here is Pu-240. Here 80 step down signal was

realized which has some censequencea as it will be shown in 5.4.1. As no

additional step was introduced with respect to Pu-240 abundance the possibility

er 80 3-component-mixture could be excluded and one mq observe convergence of'

the 3 signals at the isotope level given bythe inventory material (except

PC150 is again significantlY different from the others). The last product bat

ches indicate however 80 certain divergence which might be caused by the beginn

ing rinse operations at the end of the campaign. Comparedwith the product sig

nals of the first step (Fig. 5-4)., the shift ot the 2BP signal vs the PFP-signal

for the second step is considerably larger which indicates 80 larger holdup in

MBA 22.

;.3.2 System response of U-flow

The measured system response of the U-flow to the various input step signals

is plotted in Fig. 5-6 in the same manner as the Pu-signals. The abscissa was

normalized to the step signa.l between CANDU and VAK"":fuel because the following

3 steps were too emaIl with respect to an adequate inventory evaluation (see

5.2.3) •

Concerning the U-product signal one observes the same chracteristic 80S des

cribed already for Pu-product flow. It is remarkable that the mixing phase bet

ween CANDU and VAK-fuel could be reduced to 80 high extent thus the product sig

nal appeared nearly unaltered at the exit of the plant.

This chracteristic was realized due to the operator's efforts in seg~gating the

two types ot: fuels 80S much 80S possible at least in the U-flow in order to safe

blending losses between depleted CANDU-Uranium and slightly enriched VAK-Uranium.

Some comments have to be given here .about the correction applied at the U-input

signal due to additional Uranium introduced into MBA 21 80S reducing agent

(U IV) in the separation unit.

The flowsheet of the operator presc~ibes thefollowing condition:

Uranium(IV) flow (BXR) in mols/hr
Plutonium flow in mols/hr

, 10

In relation to the actual Urapium feed one may define 80 dilution ratio:

• = EBXR/1:AFU
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Fuel ß-condition S-realized

CANDU 3.2 % 6.27 %
others 4.7 % 8.35 %

This material would not interf'ere tm.evaluation of' the physical inventory in

case i t was recycled internally within MBA 21. However a considerable part of

the total U(IV) did not belong to the material of' this campaign or was re

cycled into MBA 21 af'ter passing the product accountability station. In this

Case one has to consider the U(IV) f'low as additional input flow. In fact both

cases happened during JEX-70 and in addition different isotopic vectors were

associated with U(IV)-batches as shown in Fig.5-7.

x
c. =

1.

With help of the realized dilution ratios ß the correlation between main and re

cycled flow can be calculated and is shown at the second scale of Fig. 5-7. The

correction cf the input signal was done by the fo~lowing equation:

ci + ßCr
l+ß(5-5)

where: x
c . = corrected isotope abundance of input batch i

1.

XM. = corrected mass of input batch i
1.

c. =
1.

measured isotope abundance of' input batch i

measured isotope abundance of' recycled Uranium corresponding
to input batch i according to Fig. 5-7.

In case two types of recycled material were corresponding to one certain input

batch one had to calculate the weighted average. The input batches corresponding

to internal recycled Uranium were not corrected. With this procedure one was able

to reduce two dif'ferent input signals to one corrected signal which is suitable

for the evaluation of the inventory equation (5-1).

5.4 Evaluation of thePhysical Inventory and Error Analysis

The input and product signals both for U and Pu as discussed above were used

as input data f'or physical inventory determinations at two different time points

during the running campaign. In principle one has to evaluate the weighted average

concentrations Cl and ~2 according equ. (5-3) and enter them into equ. (5-1).
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Recent studies however L-5-4_7about the theory of' this inventory determination

indieate that the weighted average eoneentrations cl and c2 are not biasless

because it is not only relevant to weigh the deviation of' a partieular input bateh

f'rom the mean of the corresponding superbatch but also its actu&1 position within

that superbatch. Tbis fact is also shown in parameter studies of chapter 4.

However. weighing of the position is only possible if one has well defined steady

state conditions in the process which results in a stable transfer function bet

ween input and produet signal.

This steady state conditions obviously eould not be provided in JEX-70 by the

operator and therefore eff'orts were done to sc.lve this problem with help of a

suitable error analysis by means of' Monte Culo techniques.

By introducing a random number R extraeted from a (0. 1) interval with uniform

distribution as bateh weight faetor a new mean eoncentration in one superbatch

was def'ined f'or the Monte Carlo calculations. analogous to equation (5-3).

c . =
J

EM••R•• c ..
J.J J.JJ.J

I:M•• R••
J.J J.J

J indicates superbatch j

i indicates input bateh i in superbatch j.

When entering equ. (5-7) in equ. (5-1) one was able to evaluate with help of a

computer code (Annex 5-I) a high number (10 3_104) of inventories per step signal.

The program was providing meanvakue , variance t standard deviation and in addition

the f'requeney and distribution functions of the calculated inventory realisa

tions.

The distribution functions were then sUbjeet of a chi-square-test in order to

prove the hypothesis of' a normal distribution. This hypothesis had to be re

jeeted in &11 cases with a high probability ( 99.9 %) because the single distri

bution functions showed considerable asymmetric characteristies.

5.4. 1 Physical !nventory of Plutonium

When discussing in 5.3.1 the system response to the first input step signal of

the Pu-f'low it was mentioned that some product batches indicated not only 2 eom

ponents (CANDU and VAK fuel) but also 3 components (CANDU. VAK and TRINO fuel).

The objective is to find the CANDU component in eaeh particular produet batch

beeause it is the CANDU fuel which represents the inventory material at the first
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step signal.

The problems assoeiated with the evaluation of a 3 eomponent mixture were

already diseussed in L 5-1_1. In prineiple the single components of a multi

eomponent mixture ean be evaluated provided two eonditions are fulfilled:

(i) The numberof eomponents must not exeeed n+1

where n is the number of available isotopes.

(ii) the isotope veetors of the different eomponents must not

be linear dependant whieh means in mathematieal terms that the

eoeff'ieient matrix of the linear equation system must be

suffieiently different from zero.

Following eondition i) one has to seleet two isotopes with respeet to optimize

eondition ii). The eriterium used here is the eoeffieient matrix.

1

D =

where: c . and d , are weighted isotopie abundanees average of superbateh j.
J J

The value of D is proportional to the triangle area in a e-d-plot. D has to

be maximized and the deviation of D eaused by the bateh-to-bateh variation

of the single isotopie abundanees c •.• d•.• of bateh i forming one supereateh
l.J l.J

j should be minimized.

This proeedure was done by plotting a number of isotope pairs in the e-d-plot

and by estimating the minimum relative deviation of D. An analytieal expression

thereof eorresponding to r equ, (5-4) is no more possible beeause e , . and d•.
l.J l.J

Only with help of Monte earlo teehnique one is able to solve this problem

quantitatively. With respeet to this optimisationproeedure the most suitable

isotopes were evaluated to be:

e = Pu-241 w/o
d = Pu-242 W/o.
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The corresponding plot is given in Figure 5-8 which is. described in the

following.

The 3 components are represented as weighted means f'rom the different input

batches (small dark circles) whereas the small SQuares and triangles represent

the different product batches of PFP and 2BP respectively. The product points

are connected by pointers which indicate their time sequence because the indi

cated batch identification numbers are not always straight foreward.

Starting from the CANDU-point both product vectors follow nearly the same linear

characteristic and exceed the maximum possible mixing area( shadowed area) at the

VAK point. This fact can only be explained by blending operations with unknown

material during the process 01' by a bias of maaspec , determinations for VAl\.

input batches which is more probable than errors of product batches because

both product veetors measured in two independant laboratories correspond very

good. The product vector moves then down to the TRINO-point oszillates there

and leaves the mixing triangle hitting finally the PI-point characterized by

the starting inventory Pu.

With help of Fig. 5-8 one may clearly define which product batches show a one

two-and three component mixture. Product batches which hit roughly (with res

pect to the associated error bars) the mixing area1) of one component indicate

that the Pu is not blended with other components. Product batches hitting

roughly a straight line between two components are mixtures of both and those

within the mixing triangle are three component mixtures •

Aecording to this rule the product batches forming the system response to

the first input step signal were devided in three groups:

i) Clean CANDU Pu: PFP-135,-136,-127,-128,-129,-130,

2BP-16oo.-1700

ii) Mixture CANDU
and VAK:

iii) Mixture CANDU,
VAl( and TRINO:

PFP- 133.-138,-139,-140,-141,-142,

2BP-1800,-1900,-2000,-2100,-

l)The mixinl2: area of one comoonent covers all input batches i
belonging to this component.

2)
This bateh may also contain other components (see Fig. 5-8) and has
not been taken into account tor the determination of the physical
inventory.
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Tbe quantiti.s and isotopic abundances associated with the batch identifica

tions;above can be extracted from chapter 2 Table 2.5.6-1 and 2.5.10-1.

Tbe batches in brackets may also contain other components.

Tbe batches of the first group can be sumed with the weight factor: one ,

whereas the batches of the ii) and iii) group have to be weighed according to

their CANDU component using the MOJ:;lte Car~o technique as described above for

wo component systems. Tbe technique was also developed for the 3-component

systems (see Annex 5-1). Tbe results of these calculations are summarized in

Table 5-6.

Tbe confidence interval forthe total inventor;r was calculated by uae of the

convolution integral (5-9) which describes the resulting .probability densit)"

function of the DWa (y) :f'rom tvo random v=riables.
+00

(5-9) f(y). f flet) f 2 (y- t )dt
-00

where f 1 ud f 2 are individual probability density f'unctions of the tvo

random variables.

In the present ease, however, the f 1 and f 2 are delivered by the Honte Carlo

technique (Annex 5-1) as discontinuous histograms. Their convolution must

then be numerically evaluated and this has been obtained by the use of a com

puter code as described in Annd (5-11). Tbe resulting distribution histogr8Jll

is shown~.in Fig. 5-9. The considerable asymetri~ error bars of + 6.2 %and

-7.2 %of the total inventlJ17 represent the maximum possible error range a8SO

ciated with the .hose. confidence level of 95 %because the batch weight fac

tor Ri in equ. (5-7) was assumed to cover the total 0,1 interval. In steady

state operatiDg reprocessiDg plants one may reduce significantly""this range by

introduciDg in equ.. (Ti) an additional batch weight facto!' which cOJ!siden

in average the weight of a single input batch due to its position within the

superbatch L5-4_7.

LookiDg at the three 'types of mixtures in theproduct batches (Table 5-6),

one realizes that the greatest 8JIlount of the physical inventor;r (JIOre than 70%)

is UDmixed material vhich CaD be detemined with high accuracy according to the
involved errors in weighing and analysis.
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Even the two-component mixture could be evaluated within satisfactory

errorbars. It is only the evAluation of the 3-component mixture whieh in

volves the great zange of uneertainty ~ and this was mainly eaused by the great

bateh-to-bateh va.riation or the TRINO fuel which unfortunately eould not be

homogenized in the head-end storage tanks due to teehnieal diffieulties. This

confirms again our previous experience that one should avoid 3-eamponent mix

tures by increasing the superbatch size whieh is able to clean out completely

the inventory material.

The system response to the seeond input step signal (Fig. 5-5) did show this

eharaeteristie without the 3-component mixture but ~he corresponding physical

inventory indieated greater error bars due to the relative bad quality of the

input step signal and the great dispersion of the system response over a range

of' nearly 20 kg Pu.

The direetion of the input step signal~ e.g.tlupstairs" or "downstairs" reflects

to the ealculated error bars for the two-eomponent s7stem in such a way that

the a.synletriccharacteristieehanges .itssign•. This turns out when eomparing

the error bars or the two component systems in Table 5-6 and Table 5-7 res

pectively.

It is remarkable that both inventory determinations indieated about 70 %un

mixed Pu. If one may increase this ratio by avoiding blending operations during

the proeess there is also an improvement of the total accuracy of this inven

tory determination.

5.4.2 Physical Inventor,y of Uranium

The results of the Uranium physieal inventorY determination are summarized

in Table 5-8.

In this ease only J.fBA 21 ;ra.s covered beceuse the U-floY does not pass MBA22.

As already mentioned in 5.3.2 the operator was able tto segregate to a high

extent CANDU f'rom VAK Uranium whiehreJ'leets to the 83 %single eomponent

Uranium inventory.The eorresponding fraetion of the single eomponent Pu

inventory was only 71 %(Table 5-6).
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5.5 Book Inventoty Determination and Eti'or Analysis

The physical inventory determinations carried out so far are only 01' use

for safegurads if the corresponding book inventories at the defined step

times are available. For this purpose one has to balance each transfer (e.g.

input, product and waste) crossing the boundaries 01' the defined MBA accord

ing to eqn. (5-2) inclusive starting inventory up to the step time.

In practice JEX-70 observers established a volume VB time plot 01' each rele

vantaccountability tank and recorded by this procedure for the total time

interval between beginning and ending inventory all relevant transfers. An

interesting section 01' this plot is given in Fig. 5-10. It covers the time

when VAl\. fuel was started to be processed and one may clearly folloW' the passag

01' VAK fuel through the plant at least for U-flow. With he~p 01' this plot one

is able to account all transfers indicated with their batch identification up

to the defined step time.

The time dependent sequence 01' all interesting transfers is compiled in

The resulting book inventories 01' Pu and U are summarized in Table 5-9/10/11.

The standard deviations associated with each flow were calculated according

to equation (5-10):

ö = calibration errorc .

Ör =precision 01' the measurement

n = number 01' batches

m = number 01' analyses per bat.eh

Equation (5-10) is only valid if each batch shows equal volumes and concen

trations which can be roughly assumed. Estimated and experienced RSD associat

ed with different flows and measurements can be extracted from Table 2..3-1

(chapter 2).
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5.6 Investigation on Significance of the Book-Physical-Inventory
Diff'erence

The use of material balance for saf'eguards results in a comparison of' two in

dependent inventory determinations namely

I ) book inventory (BI) indicating the amount of material

which should be inside the chosen MBA and

ii) physical inventory (PI) which indicates the actual inventory

measured by any kind of technique.

The dif'ference of both is def'ined as material unaeeounted f'or

MUF = BI - PI

If' one assumes that the measured BI and PI values are the true values MUF

should be zero in the case no diversion has taken place.

In practice however BI and PI because of' measurement errors are random variab

les wad the actual MUF repres~nts the differenee of realisations of these two

random variables eharacterized by eertain distribution functions.

Therefore the zero-hyphotesis MUF = 0 has to be proved with help of statistical

teehniques.

One possibility of investigating any significanee of MUF is the establishment of

a 95 %confidence interval 1). In ease this interval overlaps the zero-point

one can aceept the zero-hypothesis with a 95 %confidence level.

Another possibility is to evaluate a probability statement as folIows:

p(MUF ~ 0) ~ 5 %

which represents a more strict one site test with regard to the required con

fidence level.

The Monte Carlo technique applied at the physical inventory determination pro

vided already the distribution funetion thereof whereas a normal distribution

1)The conf'idence level can be estimated by game theoretical investigations.
In common safeguards practice the 95 %confidence interval is often used
which covers roughly a ~ 2a-rangein case of normal distributions.
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was assumed ror the book-inventory determinations. Both distribution functions

were accumulated with help of convolution integrals according to Annex 5-11.

The resulting MUF-distribution functions were evaluated with help of both

statistical techniques as described above and all tests did prove the zero

hypothesis on MUF within thechosen confidence level of 95 %as shown in

Table 5-12.

5.7 Conclusions

The satisfactory results of this inventory experiment in spite of many diffi

culties, which were involved either by the fuel charact~ristics or by operation

(a lot of recyclings happened in the Plutonium cycle and homogenisation pro

cedures during head end operations could not be followed) prove the great

potential of this new inventory technique.

In general the new inventory technique is most suitable for reprocessing plants

with high annual throughput and comparatively small hold up because of:

i) avoiding interruptions of normal fuel processing by rinsing operations

which are to precede to an adequate conventional physical inventory

determination. This hits commercial requests because the operator may

process more fuel per year.

ii) meeting safeguards requirements in view of timely detection of diver

sion L-5-5_7 as a greater number of physical inventories per year may

be performed. An example will illuminate this statement. It is expected

that future large scale reprocessing plants on commercial basis will

process up to 5 tons Uranium perday; thus anormal powerreactor batch

containing 20-30 tons of spent fuel will be processed within two weeks

inclusive fuel residence time in the process. As it was experienced from

present day spent fuel characteristics that the differences in isotopic

abundances (major and mnor isotopes) between fuel from different power

reactors are b.i.g enough to generate adequate input step signals t it

may be possible to perform monthly physical inventories.

Concerning the analytical load required for this inventory technique there

is BQ additional request if operator' s analyses and isotopic measurements at

normal input and product sampling tanks can be used provided verification

effqrts are excluded.
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The main problems associated with this new inven~ory technique can be

summarized as follows:

i) Generation of an adequate input signal e.g. the superbatch size er

fairly uniform isotopic composition. A gooddeal of the efforts to

get an adequate superbatch by precampaign homogenisation of the

different fuel elements forming subsequent dissolution batches can

be covered with help of computer codes. It is recommended to start

this selection already before shipment of the fuel elements in order

to avoid time consuming rearrangements in the storage pond of the re

processing plant.

ii) Dispersion of the isotopic step signal d~ing its passage through

the plant. Problems may occur if the hold up er the bigest tank in

line e.g. a product sampling tank exceeds certain limits because it's

integration effect m~ cause intolerable dispersion or homogenisation

of the isotopic signal. These limits are mainly a f'unction of the super

batch size and may be estimated by model simulation studiesascarried

out in chapter 4. From experimental data of JEX-70 one can roughly

estimate that ~he ratio

superbatch size vs hold up of bigest tank in the line ~ 3.

If this condition is not fulfilled one can avoid integration of the

corresponding unit by operating it with lower hold up or by intermediate

sampling between two increments in ease the unit is installed at the

end of the line (product sampling tank) just during the relative short

residenee time of the signal in the plant.

iii) The successful application of this inventory technique claims for ex-

perienced personal following closely input signal and. system response

and being able to interprete them with respect to limiting conditions

of the method. Ranng once all data together required for one inventory

determination one is able to evalu~te with help of already existing

Monte Carlo codes mean value and confidence limits. These codes are

not plant speeif'ie but can be applied in any reprocessing plant wi th

batchwise operation at input. and product accountability stations.
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Table5-1: Shipper data on irradiated f'uel elements processed during JEX-70

Material CANDU VAK TRINO cm .1)
TotalStart1ng

invento1";1

No. of' f'uel eleme~ts 719 38 4 1507 - -
-MWd - 4-8 8-14Exposure L kg _/ 13-22 10 - -

U initial 9595. 2025 1237 706. - -
U f'inal tk I 9504. 2) 1214 694.- g- 1979 - 13391.

Initial U-235 2.33- 2.72- 4.00-
enrichment /-w/o_/ natural 2.60 3.90 4.50 - -
Final U-235
enrichment r-t-: 0.27 1.08 2.05 3.06 ... -
IPu L-k~/ 30.35 11.45 I 7. 11 1.37 11.8 62.08

Pu-239 r--: 70.2 66.16 75.9 - 78.7 -
Pu-240 /-w/o_/ 24.35 18.23 15.0 - 14.6 -
PU-241 L-w/o..-I 4.4 13.. 13 I 8.. 5 - 5.6 -
Pu-242 t-»: 1.05 2.48 0.6 - 0.9 ...

No. of' dissolutions 9 4 2 63) - -

1)present in the rework unit to be processed af'ter the normal run
(measured data)

2)estimated

3)cladding and f'uel were dissolved together



Table 5-2: Input signal tJf superbatch I (CANDU)

Bateh M. Pu--isotopes v/m I M. U-isotopes v/o
Identif'. 1 1

g Pu 238 239 240 241 242 kg U 234 235 23~ 238

1 2 3 4 5 6 1 8 9 10 11 12

.AFU 600 3386.1 0.13 11.63 23.44 3.12 1.09 598.1 0.005 0.281 0.018 99.64

" 610 433.5 0.005 0.214 0.074 99.65

" 700 3381.0 0.13 11.24 23.11 3.81 1..11 612.5 0.004 0.211 0.075 99.65
n. 710 391.8 0.004 0.271 0.073 99.65

L

n 800 3218.4 0.13 71.71 23.43 3.61 1.05 635.9 0.005 10.275 0.073 99.65

" 810 360.7 0.005 0.271 0.073 99.65

I 22.43" 900 3434.4 0.a2 73.05 3.41 0,,985 700.4 0.005 0.302 0.066 99.63
tI I

414.6 0.306 0.,063 99.63910 0.005

L 13420.5 4148,j1

6 0.12'T 71.914 23.247 3.651 1.. 058 0.0047 0.282 0.0719 99.643
4 0.05 2020 616 68 5.9 0.24 0.028610 var e - -

102 e 0.22 45 24.6 8.2 2.4 - 0.49 0.169 -

\J1

I
I\)

\J1



Table 5-~: Input signal Ibf superbatc:h 11 (VAK)

Batc:h M. P1~isotopes wie M. U-isetopes w/o
Identit. ~ 1

gPu 238 239 240 241 242 kg U 234 235 236 238

1 2 3 4 5 6 1 8 9 10 11 12

AFU 100 3103.5 0.597 67.78 22.13 7.53 1.91 619.5 0.012 1.056 0.2,28 98.70

AFU 200 2109.6 0.6:29 66.03 22.96 8.08 2.30 41,.9 0.012 1.019 0.234 98.13.
AFU 210
.. 300 4309.0 0.1J~2 65.35 23.31 8.18 2.42 513.2 0.012 1.033 0.259 98.70
n 310 268.1 0.012 1.032 0.260 98.70 V1

I

AFU 400 702.7 0.5:28 68.31 21.64 7.74 1.78 144.5 0.012 1.088 0.234 98.67 ro
0\

J: 10224.8 1961.2

e 0.6l5 66.432 22.765 7.933 2.214 0.012 1.041 0.242 98.705

4 16.8 3990 915 269 142 0.621 0.48610 var c - -
102 e 4.1 63.2 31.2 16.4 12. - 0.788 0.697 -

. ,



T!lbf~,5..l4; Input signal lot superbatch III (TRINO). IV (cmc) &Dd V (physical invent(17)

r~tCh M. Pu-isotopes w/o M. U-~sotopes w/o super-os 1idelllt, " "', "._~~-_._-~---~-- __~-J

batchg Pu 238 239 240 241 242 kg U 234 I 235 236 238

1 2 3 4 5 6 1 8 9 10 11 12 13

AFU 100 3420.3 0.44 75.46 15.74 7.18 1.19 337.8 0.014 1.196 0.247 97.94

" 110 235 ..1 0.0~4 1.775 0.251 97.96
!II

AFU 200 3149.8 0.36, 78.13 14.07 5.94 0..90 301 ..9 0.0~4 2.305 0.221 91.46
tt 210 310.0 0.014 2.304 0.224 91.46

s: 6570.1 1185.. 5

e 0.4c~ 71.027 14.939 6.586 1.050 0.0'14 2.054 0.237 97.696
4 8.011 13320. 3474. 1690. 420. 168. 0.339 III10 vu e - -

102~c 2.8~. 1'5. 58.9 81.6 20.5 - 12.98 0.58 -
CDH 1222.9 0.OEi5 86.63 11.19 1.35 0.164 688.1 0.0181 3.010 0.276 96.696 IV

P.l. 11800. 0.30 18.65 j 14.64 5.55 0.862 - - - - - V

I

\J1

I
I\)
-:I



Table 5-5: Batch-to-bt;Ltch variation vs stepsize r 1) for the different isotopes of Pu and U

Step Pu-23B Pu-239 Pu-240 Pu-241 Pu-242 U-2-35 U-236
signal

CANDU/VAK 7.70 14.14 82.75 4.29 10.52 1.22 4.22

VAK/TRINO 19.16 12.42 8.52 66.23 20.37 12.82 181.66

CANDU+VAKI
(TRINO+CDN+
INVENTORY) - - 4.69 - - - -

~ - 1/21) varc1+varc2 • 100 1-%_7 (see equ.5-4)r := 2(c 1-c2)

\J1

I
I\)
OJ



Table 5-6: Plutonium ~~sical inventory determination by means of isotope analysis
at April 4th, 12.00 in material balance azea MBA 21+22 and (MBA 21)

Type of Inventory Relative inventory 95 %Confidence No.of Monte earlo
mixture interval trials

c, Pu_I L-%_I Lg PU:-,I

Single components 8755 (7802) 71 (70) + 20 (28) -
2 components :2426 (2850) 20 (26) + 289 (+ 520) ,10 000

- 411 (- 730)

3 components 1141 (432) 9 (4) + 710 (+ 660) 10 000- 809 (- 740)

Total 1) 12352 (11088) 100 + 762 (+ 725) -
i

- 887 (- 825)

-
1)The total inventory is not obtained by adding the means of the 3 contributions but

represents the mean of the distribution function relative to their sum as described
in detail in Annex 5-11.

V1

I
I\)
\0



Table 5-7: Plutonium physical inventory determination by m,eans of is()tope analysis
at April ~~5th. 14.00 in material balance ares. MBA 21+22 and (MBA. 21)

Type of mixture Inventory Relative inv~ntory 95 %Confidence No. of Monte Carlo
interval trials

c, Pu_I L-%_/ L-g Pu_7

Single component 7672 (3786 ) 70 (63) + 20 (~ 38) -
2 components 3423 (2199 ) 30 (37) + 1080 (+ 840) 10 000

- 900 (- 900)

Total 1) 1108 (5979) 100 + 1080 (+ 840)
900 (- 900) --

1)see footnote of table 5-6

\on

~
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Table 5-8: U-Physical inventory determination by means of
isotope analysis at April 4th t 12.00 in MBA 21

Type Inventory Rel. inventory 95% Conf", No.of Monte
level Carlo calcu-

lations
L-kg u_I L-%_I L-kg U_I

Single 1425 83 + 12/-12 -
component

2 components 289 17 + 33/-35 1000

Total: 1714 100 + 38/-40 -

Table 5-9: U-Book-inventory at April 4 t 12.00 in MBA 21

Flow

Plb.

EAFU-RAR+JD(CANDU)

IVRecycled U

RAR 100 (VAK)

1900
E 3 UP + 2 batches (PIb)

100

EHAW

IJWC

EASRW

EBSRW

EARIN

Book-inventory

kg U .:!:. SD

+ 873. .:!:. 43

+ 9427. .:!:. 25

+ 537• .:!:. 5

- 8.

- 8973. + 40-
- 1• I- 1'::1......

'7- 12. + 4-
- 1•

- 9. /

+ 1820• .:!:. 64.



Table 5-10: Pu-Book Inventory Determination at First and Second Step Signal
inMBA 21 + 22

Flow (g Pu) April 4t h• 12.00 April 24t h• 14.00

i)
1}

Beginning physical inventory + 819 + 45 ( 10 ) + 819 + 45 ( 10 )- -
ii) Active feed (AFU) + 30 151 + 115 ( 10) + 40 373 .:t 149 (10)-

iii) Recycled acid (RAR) - 401 + 22 (la) - 722 + 40 ( 10 )- -
iv) Pu-final product (PFP) - 17 600 + 21 (la) - 28 059 + 33 ( 10 )- -
v) High active waste (HAW) - 130 + 19 ( 10 ) - 175 + 32 ( 10 )- -

vi) Solvent recovery waste (SRW) - 64 + 10 (la) - 106 + 16 ( 10)- -
vii) Rinses (AlB RIN) - 10 + 2 ( 10) - 18 + 4 (la)- -

viii) Solid waste drums - 166 + 18 (la) - 252 + 25 (10)- -

ix) Book inventory + 12 599 + 130 ( 10 ) + 11 860 .:t 170 ( 10)-

1)Without 11800 g Pu in the rework unit to be processed after the normal run ,

VI

~



Te.ble 5-11: Pu-Book-dnverrtozy determination at first and second step signal in MBA 21

Flow (g Pu ) April 4th, 12.00 April 24th, 14.00

-1}
L) Beginning inv1entory + 261. ±. 2b(10} + '261" .:!:.26 (10)

ii} Active feed CI\.FU) + 30 151. + 115 " + 40 373 .:!:. 149 "

iii} Recycled Pu (3AW) + 831. ±. 44 " + 952 .:!:. 48 " (

iv) Recovered acid (RAR) 401. ±. 22 " 722 .:!:. 40 "- -
v} Pu-battery pr,oduct (2BP) - 19 454. ± 55 " - 35 145 .:!:. 90 "

vi} High active waste (HAW) .130. + 19 " 175 .:!:. 32 "- -
vii} Solvent recovery waste (SRW) 64 • .:!:. 10 " 106 .:!:. 16 "- -

viii} Rinses {AlB RIN} 10• .:!:. 2 " -' 18 + 4 "-

i} Book inventory +11 190. :I- 1!H " + 5 420 .:!:. 190 "

1}without 11 800 g Pu in the rework unit to be processed after the normal lt"un

VI

w
w



Table 5-12,: Final results ot the inventory experiment
(Error ranges given as 95 %eontidenee intervals)

-
MBA S~eptime ,April 4th ll 12.00 April 25th. 14.00

g Pu kg U g Pu

1 ,2 3 4 5

i) Book-invelltory 11190 .:!:. 282 1820 .:!:. 125 5420.:!:. 380

ii) Physieal ilnven- 11088 + 725 1114 : 38 5979 + 840
21 tory - 825 40 - 900

iii) MUF 108 +~ 794 106 .:!:. 134 - 559'+ 930
- 806 -1110

iv)p (MUF , o 43.,8 % 5.7 % 89.5 %

i) Book-inventory 11748 .:!:. 260 11860 ::!.: 340

21+ ii) Physieal ilnven- 12352 + 762 U-flow does not 11080 + 1080
22 tory .. 887 pass MBA 22 - 900

iii) MUF 275 .:!:. 900 700 + 1100
- 1000

iv) P (MUF , 0) 30 % 5.9 %

VI

I
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Mon:be Carlo Technique Applied at Inventory

Determinations for Two- and Three-Component

Systems (Computer Code)

by

A. Rota



5.I. 1 Two cO!1pOlient system

As pointed out in paragraph 5.4, the use of the weighted average cencen

trations cl and c2 may give not an unbiased estimation of H2, the part of

the PI calcuJ.ated on the basis ot a "two component tt (single tracer) mix

ture. Because until now the theory is not sufficiently developed to indicate

how to calcuJ.ate the values of cl andc
2

for a better estimation of H
2,

the

follo'Wing approach has beenattempted.

Let

be the I!orrect formuJ.a (see (5-1» to be used when the tracer concentrations

ror all the batches of the superbatches 1 and 2 are constant, and respectively

equal to cl and c2 •

Let us assume now that the indepenaent variables Mi',xi,' Cl and c2 are

realizations of random variables everyoDe of which has a known prescribed

pM (proäability density function). FoZ' the values Mi and %i the pdfs have

been assumed to be normal nthmean values equaJ to the measured ones and

standard denations equal to the standard errors of the related meaaurements.

Tbe variables Cl and c2 are given by equation (5~7h in its right-hand term

the numbers R. - as already seen - ere random variables uniformly distributed
1.

in the (0, 1) interval. Consequently, cl and c2 aN also random variables, and

their mean values and standard denations may be calcuJ.ated. Note that

(5~7) assures that c . assumes values inside the interval : minimum (c.),
J 1.

marimum (c.).
1.

If in (5-12) are introduced the mean values of each independent variable, a-v~ue H2 is obtained.

Tbe pdf of H2 is obtained by a Monte Cerlo technique: the evaluation of

(5-12) is performed many times (1000-10000) and every time the independent

variables are ralidomly selected from the above defined distributions. Afre

quency curve for H2 is obtained and i t is interpreted as pdt tor the dependent

random variable Ha.
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As for (a) the function f 2 of (5-12) is not a linear function of all the

independent variables in the relevant range of variation and (b ) the pdf

for c1 and c2 are not necessarily symmetric, the pdf of HA is not expected

to be symmetric. This means ,among other things, that i ts mean value H2-may be different from H2•

Fig. 5.1-1 gives a block diagram of the computer code suitably written to

perform the necessary calculations. Table 5.1-1 and Fig. 5.1-2 gives, as

an example, the print out of the program for the calculations related to the

Iltwo component" mixture {CANDU and VAK materials, when U-235 is used as

tracer isotope.

5.1.2 Three component system

In the case of' a "three component " system, the theoryL5-2_7 provides, for

the calculation of the PI, the following formula.

(i= index of the output batches
resulting from the mixture of 3 super
batches)

where

1

T. = x.
1 1

y.
1

11

D = c1

d1

1

c. and d. (j=1,2,3) are the concentrations of twotracers (e.g. Pu-241 and
J . J

Pu-242) in the j-th input superbatch. x, and y. are the concentrations of
11

the same isotopes in the i-th output batch.

The inadequacy of the theory for real cases derives from the same reasons

pointed out in the case of the "two component" systems. It follows that the

evaluation of the experimental data m~ be obtained following a procedure

similar to the one outlined in the previous paragraph.



5 - 48

In this case, however, it is necessary to pay some attention to the fact

that the selection of random values for the pairs c., d. must respect the
JJ .

physical correlation existing between these parameters. The use of the

following system

(5-14) c. =EM.R.c./EM.R.J 111· 1 1

d. =iM.R.d./EM.R.
J 111 1 1

logically' justified as ecflia.ti6n(5"'7) (th,e subscript indexes have th.esame

meaning) ,indicates that single values of c . and d. are obta.ined as randomly
J J

weighted meana of" the concentrations of' the input batches c , and d.. It
1 1

follows that, in eve"""" re&li :zation of the 'Pair of random variables c , , d .•..., - J' J'
the same contribution of the individual input b-.tches to the means must be

considered. The use of the same weighting factors (M.R.) in both equations
1 1

of system (5=14) assures the respect of the physical correlation existing

between c and d insidE! eachsinglesuper batc:h..

Provided that the conditions for the "three component" mixture are fulfilled

(mainlY D :/:O)it is possible to use (5-12) in orderto obtain the same

information derived inthe "two component" case.

As before, the pdf of H
3

is obtained by a Monte Carlo technique: the left

term of eq. (5-13) is evaluated many times as function of independent variab

les randomly selected trom the mentioned distributions. The analysis of the

resulting sample of H
3

gives as results H
3,

(JH ' frequency and distribution
3curve of H

3•

Fig. 5.1-4 gives a block diagram of the computer code which;performs the

above mentioned calculations. Table 5.1-2, Table 5.1-3 and Fig. 5.1-5

gives, as an example, the results rela.ted to the "three component" sistem for the

the Pu PI; Pu-241 and Pu-242 are the tracers used and CANDU, VAK, TRINO are

the superbatch identi:rications (see pv,agraph 5.4.1).
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Table 5.1-1:Program print for Monte Carlo calculations of U-inventory two
component systems.

Input batches

CANDU

VAK

I • Input dat a

Mi(:kg ttL

1 8
"-"36. ')998'"'
460.100>
65. 1•., 0000
391. 7',98
6 tt2.2000

383.2998
744.3999
.{~40.5999

5

U235 w/o

0 .. 2896
0.3060
0.2990
0.2180
0.2110
0.21:>0
0.2-/10
0.3020
0.3060

1.0601
1.. 0830
1.0?~0
1."0"7;,0
1." 0320
1.0330

/ c, (eqn.54J

0 .. HH53
0.1°:2'1
0.14'70
0.0901
0.1476
0.Oe81
0.1711
0.1013

____ ~ (eqn. 5-3)

0.3225
0.2165
002628
0.1288
0.0694

Product batches

M (kg U)
P

1.2000
1.2000
1.2000
1.2000
1.2000
0.3000

0.0050
0.0050
0.0050
0.0050
0.0050
0.0050

II. Results

II. 1 Median values calculated with weighted means c 1 and c2

H (
~

1 ) 101 ..96:=

H ( ') ) = 39.65~

H( ) - 61.61 kg UH( J~ ) = 4\2. 30
H( 5 ) - 360 13
H ( 0 ) .- 8.30

CANDU-component in single U-product batches

ST!!"lA DESUfiTA DA DAT! t"HSURATI

11.2 MeSll vaJ.ue of Mt>n:te Carlo trials (1000)

Mediaft value

289.9597 kg U

6.2440
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Table 5.I-2 ~rogram Print for Mcnte Carlo Calculations of Pu-Inventory
_____Three-Component Systems.

(Input Data)

INPUT ßATCH OATA
CANDU REACTOR

PU HASS eS) PU-42 CONC.

3434c 3999
3218.3999
3381.0000
3386.1000

3c4100
3.6700
3.8100
3.7200

0.9850
1.0500
1.1100
1.0900

REACTOR BATCHES MEAN VAUJES

i 4
VAKREACTOR

1.9100
2.3000
2.,4200
1.7'800

VAUJES

,. ,<

PU-42 1=0NC.

3103.5000
2109.599'9
4309.0000

702.7000

2 4 7.9318

rar NO REAeTOR

REAcrOR BAlettE::>

PU t-tASS (Gl PU-Ifl CONG.

PU MASS CG)

3420.2'S98
31't9.1998

1.1800
5.9400

1.1900
0.9000

REAC10R BATCHES MEAN VAhUES

3 2 6.5855 1.0510

OUTPUT BAICH DATA

PU-MASS '( Gl
NO. VAlUE ST.DEV.

. PU-tll CONt.
PERCEt'HSr .oe v; PU-42 GONG.

PERCENT ST.DEV.

1 1722.8198
') 1623.9399
'3 1268.:3398
Cl 1378.8298
5 UnO.2500

17.2282
1.6.2394
12.6884
Ij.7883
18.1025

6.5600
ge 24qy
o.65(hJ
6.4100
5 ..9400

0.0624
0.0624
0.0665
0.0641
0.0594

1.3400
1.2000
1*2900
1.2300
1.0800

0.0134
().0120
0.0129
0.0123
0.0108

INIZIAllZZAAIONE GAUSS 357 INIIIAlIZZAZICNE RANDOM 351.0

NU;lBEH OF TRIJ~lS= i coco



PLUTONIUM INVENTORY I) COMPCNENTS MIXTURE) = G 1156.82
TRb'\L PU-41/1 PU-42/1 PU-41/2 PU-42/2 1'U'-41/3 PU+-i+2/3 D(k) H

3(k)

ME:AN S .3.6495 1.0513 '7.9186 2.2060 6. 5751 1.0,(~79

Cf)

j:
UJ
o

I

<
0:::
11.
Cf)

fio
d

~
o...«
0:::
:::>
UJ

2'50
!;i) 0
-ISO

1000
12.50
15~JO
17:;)0
20t)(}
2;!SO
2~jOO

2"130
3000
3250
3500
3750
4000
42':50
4.500
4·150
5000
52.50
5500
5'150
6000
6250
6500
6750
1000
7250
7500
1750
8000
82.50
8S00
a~150
9000
9250
9500
9750

10000

3 ..6801
3.6845
3.6670
3.6868
3. (6)/.
3..6400
3..6059
3'4> 6781
3.6561
3.7091
3.7119
3 ..5581
3.1280
3.5H93
3.14.-62
3.6201
3.6:511'2
3.6895
3.6832
3.6271
3.6905
3.6294
3.14'.3
3.7145
3.6668
3•• 6346
3.6841
3..5570
3.6399
3.5fJ36
3.6262
3.5814
3.6114
3.6342
3.6699
3.7111
3.5321
3.6959
3.5673
3.1426

1.0153
1..0681
1.0635
1.06"18
1.0593
1.0539
1.01+62

1.0656
1.06L3
1.0"115
1.0802
1.0320
1.0872
1.0'%02
1. 0891
1.0505
1.0576
1.071,':t
1.0662
1.0506
1.0704
1.0562
1.0887
1.0819
1.. 0569
1.0529
L.0679
1.0256
1.0.588
1.0350
1.05091
1.036()1
1.0431
1.051'31
1.0644·
1.076SI
1.01901
1.0120
1.0321
1.0851'

7.115 ':3
7 ..9623
1.9273
8.0677
8.0(j67
7.9507
1.9589
8 ..0002
8. (rn9
'7.8/:1·87
7.9315
.7 .. 9636
8.0596
7.7816
1. s-so
a.o3B7
1.9351
8.022[3
7.. 3100
7.9279
7.7938
7.8291
8.0'.0Ij
8.0800
8. {H70
7.7518
8.0691
8.0225
1.9148
7'.8151
7.9366
8.0813
7.9338
7.8260
7.8996
7.9623
7. 948 lt
7.9020
8.0299
1.8321

2.12'15
2.259:3
2.2109
2.3110
2.31t55
2.2332
2.2:509
202917
2.. 3129
2.1305
2.2301
2.23,43
2.3116
2.1315
2,..2209
2. 21t 98
2.20'31
2.2915
2.1522
2.1803
2.1lt·t6

2.1"t82
2.31'tO
2.3023
2.2443
2.0863
2.3143
2.2786
2.2028
2.1263
2.2221
2.3407
2.1914
2.1'.,08
2.2166
2.235/t
2.2180
2.1983
2.2'785
2.1488

6.3966
6.3718
6. f3331
6.7915
6.61~58
6. Id6"7
6.7701
6.60139
6.0736
6.8313
6. 380!~
6.13959
6.5627
6.0160
6. ].tt49
6.378':'1
6.6683
6.65:; 1
6. 6B2.!~
6.8V:iO
'1.07313
6.672(5
1;).2193
6.800/t
6.7eiH

5.9767
1.0840
6.8012
6.6645
6.1401
6.5060
6 •.5239
6.4091
6.9394
6.5745
6.3462
6.5795
6.6668
6.5888
7.0224

1.0068
1.002't
1.1089

1:5~gi
1.0162
1.0941
1.0564
0.9312
1.1084
,1.0030
1.0 1236
1'.0/+56
0:.9318
0.991t7

1.1195
1.0703
1.0672
1 .. 0736
1.104.5
1.1652
1.0714
0.9653
1.1012
1. 0787
0.9086
1.1675
1.1014
1.0694
0.9468
1.0324
1•.0366
1.00'99
1.1337
1.0484
Q.9950
1.0'+96
1.0700
1.0517
l.IS.31

-3.1221
-3.4899
-3 •.4397
-3.1238
-3.8104

I -3.4607
-3.6033
-3 ..6333
-].6009
-3.1534
-3 ..3945
-3.6098
-3.6678
-3.1681
-3.3380
-3 ..6031
-3.4040
-3.6542
-3.2260
-3.3683
-3.2558
-3..2595
-3.5627
- 31.6811
-].5115
-3 ..0145
-3 •• 8008
-3..7264
-3 •• 4141 .
-3.1631
-304545
-3..8289
-3 ..3739
-3.. 2760
-384145
-303926
-3..5189
-3.. 3546
-3 ..67JJ!i
"';3.. 2109

-3.4011

1021.. 5908
850.1619

15!~1.8901
1349.2151
1405.8.512
994.091.3

1335.8127
1118.6252
',.63.3394

1560.9438
896.1802

1580.5120
1109.2256

481.5728
915.4129

V.S6.0286
1277.9197
1373.0630
1281.1736
1509.2212
191-4.4958
1214.5369
667.2920

1597.6587
1333.8894
44'..7131

1648.8291
1355.1489
1217.8215

3,52.6511
1032.4756
1101.4741
1030. S/t23
154't.'.'..87
1109.8'967
1024.3081
1082.03't9
L23't.9937
113.5. ;99.32
1610.5618

IlltO.9501

•
H
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READ inputdata

- M., c. (j = input batch index)
J J

- M., x ,
~ ~

(i =index of the "two
component" output batch )

(standard errors of M.
and x. ) ~

~

t
J

CALCULAT10N of weighted mean values
cl and C2 (see (5-3»

J PR1NT input

1-------"
I

PR1NT H2 and

the contributions

to PI of each

output batch

1---......--_---1

f ~ALCULAT10N of

JH2 = f 2 (Mi, xi

I
I

I
IREAD "N"

CALCULATION"

Repeat the following procedure for

k = 1,2, ••••N :

- Select randomly Mi k, xi k ' c1k,
c2k according prescribed pdf

- Calculate
H2(k) = f 2(Mi k, xi k ' c1k, c2k)

CALCULAT10N of the mean value, the

standard devia.tion. the frequency

and the distribution curve of the
sampIe H2(k), k=1,2, ••••N

I PRINT the

results

Fig. 5.1-1: Block diagram of the computer code for the evaluation of the

"two component" experimental data.
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Fig.5.I-2 Frequency Histogram of U~Inventory Results Calculated by
Means of Monte Carlo Technique (two Component System only)
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READ input data I
- M., c. , d. (j = input batch index)

J J J- - -
(i- M. , x., y. = tlthree component" output

1- 1 1 batch index)

(standard -- °M. ' °x. '
o errors of M.,y. ,

r., y.) 1
J. 1 J.

J. 1

CALCULATION of c1' c2' c3,d1'
- -d2, d

3
according (5-3)

PRINT input data, c1'1 - -
c2' c3' d

l
, d2, d

3
I

READ IIN" I
I

I
CALCULATION

Repeat the following procedure

for k = 1,2, •••N:

- Select randomly Mi k ,xi k' Yik

cj k' dj k

- compute

H3(k) = f 3(Mi k, xi k' Yik' cjk,dji

t

'~ ~....-'--__-1 PRINT the results

CALCULATION of the mean value

(H
3),

standard deviation (oH ),
3

frequency curve and distribution
of the sample H3(k), k=1,2, •••N

Fig. 5.I-4: Block diagram of the computer code for the evaluation of the "three
component" experimental dat.a.,
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Evaluation of Frequency and Distribution

Function of Total Physical Inventory and

Book-Physical-Inventory Difference by Means
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5•II. 1 General

The evaluation csr the JEX-'TO PI data rrom the point of view of the safe

guard involves mainly the comparison between the PI itself and the correspon

dent Book Inventory (BI). In turn PI is obtained as sum of two or three terms.

namely

where H. is the contribution to the PI of the lIj component ll system (see.
J

e.g. Table 5.6h

The most important result for safeguard purposes concerns the value of MUF.

as usual defined by the relationship:

MUF :# BI-PI

As far as all the involved parameters can be interpreted as random realizations

or unknown quantities t it is important to know t for each of them t the pdf.

The pdf of H1 t H2 t H3 t and BI are known: the pdf.s of BI end H1 are asaumed

to be normal; those of H
2

and H
3

are calculated from the expe!imental results

by the procedure C1escribed in Annexe 5. I and are available in form of hysto

grams. (Analytical expressions for H
2

and H
3

are not available.)

5.11.2 Evaluation of convolution integrals

The calculation of the pdf and of the distribution of PI and MUli' i,s obtained

by convolutions of the type here described. Let p and q be independent random

variables and r
1

and f
2

the corresponding pdf.s. The analytical expressions for

-Ehe pdf", s of the random variables

s =p+q

r =p-q

are given t respectively by the following convolution integrals:

g ( s ) =[I'1( t ). I'2 (s-t)dt

h(r) =ff1(r+t } o:f2 ( t ) dt
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As far &5, in the present case the f are, or may be expressed, in form of

hystograms, the above integrals are discretized as follows:

K2

G(S) = I: K(Fl(K). F2(S-K)
Kl

J2
H(R) = I: JF1(R+J).F2(J)

Jl

(The capital letters used for the functionnames and vairables corresponds

to the small letters, which indicate continuous function and variables).

Let N11, N12 (N11<N 12) define the integer interval outside which F1 is
.;A""....t.; .....".r ~..~ and , .... 1\T 'I.T IM "''I.T \ have "'1..e ---e -ea... .:n- .1>__ Fon H'r-O-lll
~\,A.~.U, 4,-*u...4.~ "''lIiiiiAV u. ......-.-" ~~21t,l'22\,l121',i"'22' 11Q,V \111 l:iAm 111 ~l..Llg ~U..t- c ....

these limits it is possible to deduce analogous intervals for the functions

G and H:

As it useless to include in the sums (5-5) those terms that certainly

do not give any contribution, the sum limits result defined as follows:

Kl =Max (N11' S-N22 )

K2 = min (N 12, S-N21)

J1 =Max (N21, N
l1-R)

J2 = min (N22, N12-R)

A computer code that makes use of the above derived relationships has been

set up. Particular care must be paid for a correct definition of the histo

gram intervals and for their homogenization.

The code allowed the calculations of the pdf", sand of the distributions

for both PI and MUF. An example of part of the results obtained is given

in Fig.s 5oII-1 and 5.II-2.
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Fig. 5 ~ II-2: Distribution Function
Book-PhysicaJ. Inventory Difference
in MBA 21 at Step time AprH 25th.
14.00 hours.
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Annex 5.III

Analytical Error Analysis on Inventory Determination

of Two-Component Systems

by

R. Avenhaus and R. Kraemer
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5.111.1 General

SUbject of' this appendix is an analytical derivation to quanti:fy appronmate

ly in advance the variance of the self tracing inventory determination taking

into account

i) variance of weighing and analysis on product batches (var M)

ii) variance of isotopic measurements (var x)

iii) batch-to-batch variance of the tracer isotope in one superbatch

(var c)

5.111.2 Error propagation

In case only 2 component mixtures occur in subsequent product batches the

inventory equation (5-16) i8 valid.

(5-16)
x -c

I = rM a 2
a a c1-c2

Assuming that the

in equ. (5-16) is

pagation formula:

relative standard deviation of each independant parameter

small (e.g. < 10 %) one may apply the Gaussian error pro-

var 1= (aI)2 M+ (a.. I)23M var a 9x var xaa a

with

x -ca 1

aI
aJC

a
;

{
It is assumed that the relative standard deviations

are constant. whereas var cl and var c2 represent the batch-to-batch variance

which is still to be developed.

cSM =
var Ma

M
a

var xa
xa
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When entering (5-18) and (5-19) in (5-17) and dividing by (5-16)2 one gets

(5-20)

(5-20)

EM (x -c1)
( a a )2

• EM (x -c
2

)
a a

With help of Fig. 5.111-1 some äppröxi~ations can be estimated.

---------i-......,.....,.-.,..~,.-~....~+_---

"-.---

M
a

Fig. 5.ITT-1: Step function and system response

Lo~ing at Fig. 5.111-1 one realizes that both shadowed areas are approxi

mately equal which depends of course from theintegration limits. But from

former experience this assumption is justified which brings the factor

of var(c2 ) to one.

A further approximation

c
1+c2

EMaxa'll" 2 E Ma

M - M = const
a

and
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2simplifies in equ~ (5-20) the faetcr cf 0 thus it remains:x

5.111.3 Bateh-tc-bateh variance (var c)

Let the randem variable c be the bateh weighted isotopic mean concentration

in one superbateh. Then an unbiased estimai;.e for the expectation value Ec cf

Cj, is given by

(5-22)
......
Ec =

l:M. c ,
• J. J.

J..

l:M.
J.

where the C obtained in the single input batches (M.) are considered as
J,

realisations of this randem variable c~

The batch~to~batch variance is defined as the variance of c; an unbiased

given bybatch-to-batch variance is
. ..... 2

EM. (c. -Ec)
• J. J..
J.....

var c =

estimate of the

for, as one can show j

In case all M.
J.

= M = const equ. (5=23) becomes
A ,2

ME( -Ec)

(5-24)

which clarifies the meaning of the first factor in
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ABSTRACT

Data from the MOL UI experiment are used to
,demonstrate that the Pu and U isotopic datafrom the
head'end di ssol ver accountabi Ti ty. t(ink can beused
successful ly to verify the Pu content of areactor
loadi~g. It is shown that the data can also be used
to confirm that the material which has beendissolved
originatedin the designated reactor by utilizing the
characteristics of the inherent element and isotopic
constitutent makeup of the dissolved material. In
this sense the results provide a method of character
izing the reactor under consideration further by
improving the reactor parameter esti mates. Si nce the
data from a commercial reactor loading is from one of
a<s.eri·es ,ofrepeatedreactor 10adingstheresUl ts shcu] d
exhibit a statistical regularity and this property can
be used in estimating the present results from histor
ical resul ts and in anticipating and predicting future
repeated reactor loading output resul ts.

The data from the MOL \II I experiment and parti cul ar
ly from the CANDU reactor indicate that average U and Pu
isotopic data from dtssolver batches clearly portray the
uAderlying functional relationships between Pu, U, and
their isotopic compositions. Thus an excellent basisis
provi ded for j udgi ng the cons i s tency of the data.
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Minor Isotopes Safeguards Technigues - Application
of Isotopic Correlations to Spent Fuels of JEX-70 +)

By

D. E. Christensen, R. A. Schneider and K. B. Stewart

6.1. INTRODUCTION

Minor Isotopes Safeguards Techniques, denoted by the acronym MIST,

is a programmatic title used in the United States to.identifya collection

of safeguards techniques which depend on the use of the isotopic composi

tions of the nuclear materials. These techniques utilize all the isotopes

present at normally measurable amounts. A key partof the MIST program is

the safeguards application of isotopic correlations. It ts in that context

of the MIST program that this sectionof the MOL 111 Experiment (JEX-70)

has been designated MIST applications.

The potential safeguards value of isotopic correlations arises from

the inherent relationships between the formation Of Pu and the growth and

depletion of the U and Pu isotopes during the irradiation process. As a

result of the underlying interdependence provided by these relationships,

the isotopic composition data tend to be internally self-consistent and

at the end of irradiation, the isotopic compositions of U and Pu give

testimony to the Pu content and confirm previous safeguards information

about the fue1•

The key point for the application of these principles is at the input

accountability tank at the chemical processing plant. Here, in many current

processes, the unaltered ratios of the important nuclides are present in

the dissolver solution. Current practice for input accountability in

- ) Work Done Under the Sponsorship of the U.S. Arms Control and Disarmament
Agency and the U.S. Atornic Energy Commission.



reprocessing spent power reactor fuel is to measure the total U, total Pu,

and the corresponding U and Pu isotopic compositions for each batch. From

data previously obtained on slightly enriched U fuels, the followina

empirical generalizations were apparent.

A. The integrating effect of dissolving whole rods and bundles

provides an unusually high degree of consistency in the burnup

relatiQnshipswh~myi~wjng data from successive ch~ß1ic(llplant

input batches of the same spent fuel.

B. Spent fuel data from the same reactor, having the same

design and initial enrichment, portray the sets of burnup

relationships which trace smooth curves over a wide range of

exposure. Inaddition,some of the relationships between Pu

contentand the isotopic compositions were linear and have a

consistency equival ent to the measurability of the relationship.

From the evidence, several p6tentially valuable safeguards applications

were recognized by workers in both Europe(l) and the U.S. (2,3) These

applications include verification of the Pu content of spent fuels

and confirmatio~ of previous safeguards information.

6.1.1. Verification of the Pu Content of Spent Fuels

It was recognized that the correlation relationships may be used to

verify the Pu content of sperit fuels in two matn ways. The. first approach,

the historical method, is based simply on accumulating the data (Pu/U

ratios and U and Pu isotopic comoositions on dissolved batches ofspent

fuels) for a particular reactor and fuel design, developing the



correlations and then applying the correlations to future "similar spent

fuels. It was also recognized that both the facility operator and the

safeguards agency could use the historical method as a cross check on

input measurements of successive batches.

A second method of potential application is to use the correlation

relationships as a means of verifying those input batches which are

measured by the plant operator on1y. That is to say the agency establishes

relationships between the variables by using data from"a. few batches measured

by the agency.- The plant operator data on other batches, should, within

the limits of statistical error, then bear the same relationships. In
-,

practice, both methods could be used simuitaneously in that the safeguards

agency could always make some redundant measurements but could vary the

intensity of independent measurement with the nature and extent of the

previous1y established database. Again, it was recognized that the

safeguards agency as well as the facility operator could use the isotopic

correlations developed from chemical plant data to test the consistency of

measurements made on aseries of input batches.

6.l~2. Con~irmation of Previous Safeguards lnformation

The continuous nature of the burnup paths and the feature that they

are characteri st i c of sperrt fue1 from a given reactor can be used to

confirm previous safeguards information. Typical applications would

include confirmation of the initial enrichment, the reactor type, and the

exposure. When extensive historical data are available, the confirmation

may be extended to include reported changes in fuel design and reactor

operating conditions.



Sinee muehofthe previous experimental wark, partieularly thp U.S.

work, waslimi ted as to reaetor <type andfuel design, it was important

that the concepts be tested anddemonstrated on a broader scale. The

MOL III experiment whieh ineludedspent fuePfrqm a CANDU reaetor (natural

U, heavywatermoderated) offered an exeell ent opportuni ty to test and

demonstrate the eoncepts further.

During the planning stage of the MOL 111 experiment, the following

objecti veswere formulated fortheisetepie· eorrelati on part of .... the

experiment:

During the planning stage, itwas well reeognized.that full aehievement

of these objeetives might be lifuited by praetieal eonsiderations. Two

possible obstael es existed. The first limi tation stemmed from the expeeted
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fairly narrow exposure range of the CANDU fuel as well as the fact that

the fuel could not be segregated according to exposure. As a consequence,

there was ~ good possibility that successive dissolution batches might be

too.uniform in exposure. In addition, the nature of Eurochemie head end

process is such that many of the input batches do not contain the

unaltered ratios of the key nuclides as present in the spent fuel. This

occurs because normally, the fuel is declad by chemical attach which

coul d preferentially dissolve a IIr i cher" out er layetöftlie fuel rcds ,

Also, the declad fuel is usually dissolved in recycle acid which often

times contains significant quantities of U and Pu. The "true" ratios

of the nuclide in the spent fuel are then arrived at by making a

correction for the quantities and isotopes added with the recycle acid.

Here .tt .Masexpected that the .effect .wouldbe to increase the variati on

of the input data rather than to prevent the realization of the objectives

ofthe experiment. By contrast, if successive dissolution batches turned

out to be of nearly the same exposure, then the correlation part of the

exper-iment would reduce largely to a measurability test. Fortunately,

a useful exposure range of about 1850 MWD/tonne Udid result for the

dissolution batches of the CANDU fuel.
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6.2. SUMMARY AND CONCLUSIONS

Provisional accountability data reported by Eurochemic on input

batches as well as preirradiation data were used to form isotopic

correlations. These were developed in some depth for CANDU and CdN fuel.

The limited number of input batches for TRINO and VAK fuel precluded

similar consistency checks for those fuels. The data were treated frow

the standpoint of random error, since only plant data were available at

the time ofwriting. It is pl.anned to consider theeffects~ of systemgtic

error (biases) when the data from the other participating measurement

groups are available.

The relationships of safeguards interest were'examined by quantitative

methods of statistical analysis and by graphical means. The between-batch

consistency for dissolut i on batches of the same fuel was also compared to

the apparent measurability of the nuclide ratios deduced from duplicate

ratio measurements made on the same dissolution batch. The results are

illustrated in detail in the subsequent parts of this report.

6.2.1. Vetification of Pu Content

Since the CANDU reactors represent a class of reactors which produce

Pu fram a uniform starting material (natural U), special emphasis was

given to CANDU fuel. Results show that 235Udepletion, 236Ugrowth, and

the 240pu/239pu ratio all provide useful historical cross-checks of the

Pu content. Thus, for the processing of more CANDU fuel which was

irradiated under similar conditions, one would expect to see the values

of the relationships repeated within their limits of uncertainty as

shown below:



6 - 10

Expected Eurochemie Measured Values for
Similar Future CANDU Fuels

Pu/U
2350

7458 + 1.3%

Pu!U
~236U

45581 + 2.4%

Pu/U
240pU/239pU

10043 + 1.4%

wherethe limitsof uncertairrty -are at the 90% confidencelevel.

2350 = wt.% 235uo - wt.% 235Uf• It shoy1d benoted that the values and

corresponding uncertainties shown above are based on the assumption that

the plant measurement system reproduces itse1f. Changes in the measure-

ment method or shifts in measurement biases could result in va1ues of

somewhatdiffere~tmagnitudes and uncertainties. The same rationale applies

to redundant measurements made byother parties usi ng di fferent methods

and mass spectrometers. Values for the relationships useful in verifying

Pu content were also obtained for TRINO, VAK, and CdN fuels. Again,

these "htstor-tca l" bases could be applied to future cores from those reactors

if sufficient supporting data exist .to assure that those factors which

control the conversion ratto are the same. In general, it has been found

that the conversion ratio for identical conditions is fairly constant over

a wide range of exposure. However, parameters, such as the initial enrich-

ment, cladding, fuel design, fuel-to-moderator ratio, that influence the

conversion ratio, also change the re1ationships. Although in many cases

those changes are sma11 and can be predicted by theory with some exactness,

the best use of historical values for the re1ationships is in truly iterative

situations. When the expected changes in the re1ationships between successive
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cores from a given reactor are large, the safest approach appears to be

that of placing more emphasis on increasing the number of independent

safeguards measurements.

An appreciation of the general agreement expected between the measured

values for the isotopic correlations obtained during the MOL 111 experiment

and corresponding historical values can be found in the table on page 9 of

this Summary. The table compares measured values with reactor statements

for CANDU fue ls , It is not, however, a direct comparison, but rather a

comparison with predicted values based on previous experimental data.

Table IV on page 22 in the body of the text also shows same direct compari-

sons with previoüs measürements for TRiNO and VAK fuels for the term
PujU 235. 235235 where D 1S defi ned as the dep1eti on in U.

D

The conslstency found for the isotopic correlations can also be used

to advantage in minimizing the n!Jmber of independent measurements made by

the safeguards agency. For example, dissolution batches of fuel from the

same reactor which differ only in exposure Ce.g. same conversion ratio) form

a homogeneous population in that all have the same correlation relationships

Here random'sampling for verification is possible. This is demonstrated

for CANDU fuel in Table 11 on page 13 where it can be seen that the

independent measurement of any one batch would confirm plant measurements

made on all batches.

6.2.2.Confirmation of Previous Information

The measured isotopic and pu concentration datafor CANDU fuel

clearly confirm previous safeguards information about the fuel. This is

shown below by the very close agreement between observed values and values

stated by the reactor operator on the preprocessing data sheet.



Tabie I

Measured Versus Reactor Stated
Values for CANDU Fuel

Corn~a'fl~on
Untt }

Pu/U
2350

Pu/U
/1236U

Pu/U

Measured
By Chern.Plant

7458

45581

10047

Stated By
Reactor

7320

47860

10300

Average
MWDjtonneU

Wt. %239pu

Wt.% 240pu

Wt. %235U

Wt. % 236U

",5950 "'6000

72.31 72.55

22.94 22.48

0.2857 0.2715

0.0697 0.0673

(1) Weighted Average of all 9 Batches
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In addition to the confirmatory checks shown in the above table, the

initial enrichment (natural U) was confirmed by graphical means. Similar

agreements were found for the other reactors. However, only limited

supporting data were available to insure the validity of these comparisons.

6.2.3. Internal Consistency of the Data - Verification of Analytical Measurements

The i.nternalconsistency of theisetopicandplutonium concentration

data may also be used as a means of checking analytical measurements for

.random errors. A data point is considered for possible remeasurement or

other confirmatory tests on the basis that it is not consistent with the

main body ,,-{: rb t-:>
u. uu. "''''''''. Two complementary methods of consistency testing -

graphical and statistical analyses - are described in themain body of the

text. It should be noted that this phase of the data analysis effort is

a bas i c part of the overa11 safeguardsapp1; cat; on. His lhefi rst step

in Pu verification, rather than aseparate and unrelated effort. Pu

verification subsequently uses the isotopic correlations as a vehicle for

testing whether the reported Pu/U ratio ts biased by comparison to history

or to current independent measurements. The internal consistency test

does not reveal, persistent, proportional biases, rather it serves to

reveal any data point which is not consistent with the majority of the

data points.

6.2.4. Potential for Improving Reactor Predictions

Another potential application illustrated by the experimental data is

the value of providing a data feed-back loop from ·the chemical plant to

reactor for the purpose of improving the quality of reactor calculations.

The relationships themselves are a good example of this. For example, the
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term ~~~U appears to be constant over a wide range of exposure. Thus
D

each batch measurement provides one experimental estimate of this

constant. A compIe.te campaign can provide a number ofreplicates. Similar

theory-experiment check points exist for the Pu concentration and U and Pu

isotopic data. Attention is drawn to this aspect of potential application

only to encourage those engaged in reactor calculations to consider the

"dat"d -f'rem th-i's -stendpetrrt, fhes'ubJect ";,s'-rrot"'dtscussedTurther ·;-n· thi s

report.

6~ 3. NUMERI CAL RES ULTS

6. s.i. Veri fi cat; on of Pu Content

The data consist of measurements made on a total of 20 dissolution

batches which were processed during the MOL III experime9t. The s ix

different initial enrichments of the 20 batches of reactor fuels were as

follows.

Reactor
CANDU
CdN
VAK

TRINO

Batches
9

5

2
1

1
1

1

Initial Enrichment
(235UWeight Percent)

0.7114

4.48

2.33
2.51

*2AO
2.92
3.31

*An average value of the 2.33and 2.51 enriched fue1s
was ass umed.

The initial U data were obtained fram the data sheets as received

except for CANDU fue1 which initially was natural U fue1. In the corre

1ation investigation, no attempt was made to use any data received other



than the numbers 1i sted as total s for each batch whi eh had been corrected

for jacket dissolution and recycle acid.

For safeguards purposes the provisional input accountability data

as received need to be transformed into more apprdpriate variables.

Table 11 gives a display of some of the data in a manner which is useful
235 236· .for further analyses. Here D and 6 U mean, respect1vely, the

d· 1 t' , 235U d th . . 236U' d d t' d' t'ep e 10n m an e mcrease m m uce by reac or trra ta 10n.

Th~ taDle itself indicates some of the general properties that the

data suggest. That is to say each reactorand enrichment has its own

"fingerprint" as regards to the manner in which the measured variables

behave. Even with the sampling variation which is present, the possible

contamination with Pu and isotopic material in the recycle acid, and the

existence of measurement error, the various ratlos for a reactor and



Table II

Relationships Between Pu Content and
U and Pu Isotopic Concentrations

Reactor Batch PujU PujU Pu/U t.236UNo. 235
t.236U 24°Pul39PuD 235

(grrs/tonne) D

CANDU .... 400 .7361 ····46110········· 10282 .. 0;1597-

500 7369 46979 10291 0.1569
900 7472 46995 9927 0.1590
200 7567

I
46172

I
9963 0.1639

600 I 7588 43063 10048 0.1762
800 7282 44353 a7~7 0.1642."..."

700 7585 44980 10026 0.1686
100 7460 45546 10117 0.1645
300 7438 46027 9980 0.1616

CdN 400 1271 8305 13299 0.1530
100 1196 75a6 13374 0.1574
300 1185 7709 13229 0.1536
500 1153 7502 13003 '0.1536
200 1177 7498 12025 ·0.1569

VAK 100 3857 21822 14925 0.1768
200 3858 21877 14364 0.1764
300 3792 21283 15282 0.1781
400 3905 22462 16135 0.1741

TRINO 100 5574 26577 30056 0.2102
200 5163 24909 28829 0.2063
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Table 111 gives a summa~y of these results uslng the following

defi n;ti ons •

y = the average value of the variable for the reaetor

Sy = the observed standard deviation of the individual

bateh results

Sy ~ the observed standard deviation of the average

F =- t O•90(f) .Sy:: the90% cönfi dence limit termin the

sense that 90% eonfidenee limits on the mean are

%F = F(lOO%)/y = the 90% confidenee limit term in relative

percent

%F/2 = the 90% eonfidenee limit term in relative percent for

a predietion interval involving a similarly replieated

set of data.

Suppose that the rnembers of a set of fuel assemblies, Sa: A
"A

2, ••. ,An
eorne from n different reaetor loeations within one loading. The members of

another set of assemblies Sb: B
"B

2, ... ,Bn are irradiated to the same

exposures in the reaetor where the loeation within the reaetor for Ai is

the same as for Bi' If a variable y is exposure-dependent then the

varianee of the variable for asse"blies Ai and Bi' which have been dis-

s01ved as independent batehes, are positively correlated in the eontext

of a population of measurernents over all the fue1 assemblies. The same

sort of reasoning obtains if the fue' assemblies in set Sa have different



Tab1e III

A Summary of Results Involving Pu Content

and U and Pu Isotopic -Concentratjons

Variable

Pu/U Pu/U Pu/U !:J.L;jbU
Reactor Statistic 2350 !:J.236U 240pu1239pu 235D

,

CANDU y 7,458 45,581 10,043 0.1638
- ------

Sy
-- 108 1;274 170 0.0058

Sy 36.1 425 56.5 0.0019

F 67.1 790 105.1 0.0036
%F 0~9% 1. 7% 1.0% ? ?o/

'-.'-/0

%FI2" 1.3% 2.4% 1.4% 3. 1%

CdN y 1,196 },720 12,986 0.1549

Sy 44.6 338 555 0.0021

I I sy 19.9 151 248 0.0009
f 42.5 322 529 0.00198
%F 3.5% 4.2% 4.1% 1.3%
%FI2 4.9% 5.9% 5.7% 1.8%

VAK y 3,853 21,861 15,176 0.1763

S 46.4 482 742 0.00167y
s- 23.2 241 371 0.00083y
F 54.6 567 873 0.00196

%F 1.4% 2.6% 5.8% 1.1%

%FI2 2.0%

~
8.1% 1.5%

l"fi.I'NO y 5,369 25,743 29,443 0.2083
, ') J , ! I
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initial enrichments, one to another, but the assemblies Ai and Bi are

identicallyenriched. Then for a variable y, which is a function of

enrichment ther~ will be a positive correlation between the results

from assemblies Ai and Bi
2

Because of these conditions the variance Sy = s~/n, where Sy is

computed from the y values tor the different batches from a given reactor

loading, will tend to overestimate the true varinnce of the average y

values between identical reactor loadirigs. In this sense thehthe eonfi

dence limits in Table III tend to be conservative for (Pu/U)/240pu/239pu

since the variable: is exposure dependent.

These considerations are not pertinent to the variables (Pu/U}/2350

and (Pu/U}/ß236u and A236U/235u. for the CANOU and CdN reactors since

these väriables are not exposure"dependent and the fuel assemblies

initially contained uniform levels of enr-t chment , For the VAK and TRI NO

reactors, however, the fuel assemblies had different initial enrichments

so that different (Pu/U}/2350 and (Pu/U}/ß236U values are expected for

the different batch results for these variables. Confidence limits in

the case ot the TRINO data are not given because the initial enrichments

for the batches are so different that the confidence limits have little

validity. It is known, for example, that the (Pu/U)/2350 changes about

7-9% per unit change in the percent initial enrichment, so that the

observed variation in the TRINO values are to be expected. Thus,the use

" the observed variation in the case of TRINO would result in unrealistic

confidence limits.
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Let y = Pu/U and x = 235D. If y/x i s constant over batches fo r a

given reactor and initial e~richment (as the data suggest) then y and

x are related by the function y = ßX. Similar considerations hold when

x = ß236U. Graphs of the relationship y = ßX then are very useful for

enhancing the comprehension of how the data act as a whole, pinpointing

anomalous results, characterizing the different reactor and enrichment

situations and judging whether the model y = ßX is an accurate reflection

of theLJnderlyingre.lationship. Figures 1 and 2 indicate therelation

shi psi n Tabl e II by the use of graphs.

The data observed in the MOL 111 experiment indicate that the model

y = a + bx is appropriate when y = Pu/U and x = 240pu/239pu for the

limited range of exposures for a given reactor. The quality of these

relationships is shown for the CANDU and the CdN reactors in Figure 3

in the linear range. The least-squares fits give the following resul ts.

Reactor
CANDU
CdN

Relationship
y = 442 + 8638x
Y = 1256 + 3766x

(s/y) x 100%

0.013
0.014

r
0.98
0.82

The tndf ces which indicate the qualitv of the fit are (s/y) x 100%, the

residual standard deviation on~a relative percent basis, and r, the

correlation coefficient.
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6.1'.,2.Confirmation of Previous Information

Acomplementary part ofthe concept of Pu verification is the

concept of confirming that the spent fuel entering the chemical plant

is, indeed, the stated fuel. Here the isotopic correlations as well as

the datathemselves are used to match the "stated"or historical finger-

print with the observed fingerprint. The detail of the print or the

number of characteristics which can be matched is of course, highly

dependent on theextent of the histori cal information~ In general, the

information to be confirmed for safeguards purposes include the data

features which identify the particular reactor or reactor class, the stated

values for the end-of-life nuclear materials corrtent, and the initial

composition of the fuel. For purposes of illustration, available historica

iJlformatJon ts .G.ompared tomeasured values in Table IV. Here the

endeavoris to demonstrate the pr; nctpl es i nvol ved rather than l!lake an

exhaustive comparison of all available data or all potentially useful

comparisons. Asis evident from the aata in the table, the measured

valuesclearly confirm the previous information about the fuels. The

use of the technique to confirm starting compositions is shown graphically

in Figures 4 and 5. If a relationship y = a + bx exists, where x = 235U

weight percent, the initial enrichment can be estjmated by" setting y = 0

and solving for x. Thebest relationship of this kind occurs when y = Pu/U.

In Figure 4 the initial 235U/238U value for a given reactor can be estimated

graphically by finding theabseissa value on the line which corresponds to

the initial 236UJ238Uordinate value.
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Table IV

Comparison of Preprocessing Information
With Measured Chemical Plant Oata

Reactor Identi fyi ng () Observed Reactor
Fuel Characteristic 1 Va1ue Statement

CANOU Pu/U 7458 73202350

11 Pu/U 45581 47860
:l.\236U

11 Pu/U 10047 10300240pu/239pu

11 1.1+ oL 23511 0.2857 0.2715... ". '" '"
11 Wt. %236U 0.0697 0.0673

11 Wt. %239pu 72.31 72.55

11 Wt. % 240pu 22.94 22.48

11 Average Exposure ",5950 ",6000
(MWO/tonne)

11 Pu/U (gms./tonne) 3-176 3193

TRINO Pu/U 5397 5469 ("'5350)(2)
2350

11 PU/U 29295 29751240pu/239pu,.
11 PU/U (gms./tonne) 5682 5857

11 Wt. %235U 2.063 2.045

11 1.1+ O[ 239 DII 71'.01 75.93n v. «J , ...

(l) Weighted Average of all Input Batches of Each Fuel

(2) Estimated Fro~ Historica1 Measured Va1ues Previously
Reported by Eurochemic (5).
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Table IV

(Continued)

Reactor
Fuel

VAK

11

11

11

11

11

u

fI

CdN

11

11

Identi fying () Observed Reactor
Characteristics 1 Va1ue Statement

Pu/U 3841 4363 (",4140) l2}
235D
PIJIU

21640 24944
.ti

236U

Pu/U 15000 20882240 239
Pu/ Pu

Wt. % 235U 1.048 1.073

Wt. % 236
U 0.2462 - 0.240

Wt. % 239pu 66.18 65.76

Wt. % 240pu 22.77 18.25

Pu/U (gms./fonne) 5161 ,..,nr
O/~O

Pu/U 1205 1386
235D

Wt. % 235
U 3.008 3.057

Pu/tl (gms.ltonne) 1774 1972

(l}WeightedAverageofa11 Input Batches ofEach Fuel.

{2} Es t imated From Hist()rica1~easured Va1ues Previously
Reported~y Euro_.' c (5).
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6.3,.3. Internal Consistency of .the Data

6.3.3.1. General Descr-iption of the Results by the Use of Graphs

The results which have been reviewed previously indicgte that the

Pu content and the U and Pu isotopic concentrations show strong

patterns of consistency. In addition to these results, the following

graphical relationships are relevant and are shown in Figures 4, 5, 6,

and 7.

Figure y - fex) x

4 236U;238U 235U;238U

5 240~ ,239... 235. 1 /238Ut'u/t'ü VI

6 240pu/239pu 236u/238u

7 240pu/239pu 236U/2351J

If the safeguards inspectorate knew the exact conditions of the

load, the reactor and the irradiation he could, theoretically at least,

determine the constituent makeup ofthe irradiated material. Ho.rever-

the inspectorate does not wish to assume the reactor's stated parameter

values without an adequate check. It is known, however, that the

functional relationships exi s t , What 1S not known, a prrorf , ts the

extent to which the functional relationships are retained on a batch

basis When a dissolution batch contains an entire fuel assembly. There

are also effects due to the possible contamination by dissolver acid

and to sampling variation and measurement error. Figures 4, 5, 6, and

7 in addition to Figures 1, 2 and 3 are useful in assessing the extent

to which these functional relationships are retained. The figures are

also useful in depicting and understanding the general form of the
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relationshipsand in earmarking results which appeal" to be anomalous.

The procedure to this point in assessing internal consistency is

as follows.

1. The original plant measurement data araordered according to

decreasing weight percent 235U. This is a simple but effective

procedure for evaluating the data consistency sinceincreas-

ing or decreasing magnitude should be a property which is

invariant for the different measurement variables ..

2. The original data are transformed to variables which are more

meani ngful for el i citing the nature of the underlyi ng batch to

batch relationships for the different reactors where the previous

batch ordering is retained.

3. These d>a"taarethen -displayed "in graphica1 form in order to

obtainan emptr-tcal basts, for determining the general form of

the equations, for comparing reactors and enrichments and for

isolating the values which appeal" to be anomalous.

The maln conclusions to this point which are pertinent to assessing

the datacohsistency.are as follows:

1. The underlying relationshi-ps between the Pu/U and isotopic values

of the batches have a strong enough impri nt to show through

imperfections in the measurements and the head end process.

2. The analyses give very firm evidence that the model y = sx, or

y/x = ß is, within the limitations of measurement and sampling

errors, correct when y = Pu/U and x = 2350 or x = 6
236U.
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3. The measurements whi ch are apparently anomal ous are rather easy

to separate out. A statistical basis for adjudging their

anomalous character also needs to be deve10ped and this 1S

done in the next section.

6.3.3.2. The Use of Regression Procedures to Study Consistency

The graphical methods of Section C.1 are very useful for disp1aying

the data and fur understanding what the data indicate in regardsto

reactor and enrichment differences, batch to batch consistency and the

functional form of the underlying rel at.tonshtps between variables.

In addition, it is also desirable to have nümerical and statistical

methods for assessing the overall consistency exhibited by the data

and for judging whether an individual batch result for a given vari

able 15 reliab1e.

In order to da this, least-squares fits to the data were obtained

within the range of the data based on models of degre~ 0 or l. The

models are justified on empirical groundsin the sense that a) the range

of the average exposures in the batches from a set is small, b) the

least-squares fltS are obviously effective and c) higher degree

models do not improve the quality of the fits.

The correlation coefficients and the relative standard deviations

of the residuals can be used as indices to indicate the overall qua1ity

of the fit. The residuals, the differences between the observed dependent

variable and the predicted dependent variables, can be used to assess the

qua1ity of the observations. In practice it is better to normalize a

particu1ar residual by dividing the r~sidual by its estimated standard

deviation. The residua1s expressed as percerrtaqes of the predicted
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dependent variables are also useful.

The following fits were made for both the CANDU and the CdN data.

Fit

1

3

4

5

6

7

Oependent
Variable

(Pu/U g/tonne)
2350

(PM/U gI.Jpnn~)

11236U inwt%

II236U/2350

(Pu/U g/tonne)

240pu/239pu

24°p-u/239pu

Independent
Variable

240pu/239pu

2350

11236U

23~U/235U

Model

y = c

y=c

y =c

y = a + bx

ü = '" "'" hvJ - U. I U"

y = a + bx

y =a + bx

The least-squares fit for c in the model y =c is c =y

The formulae for tne three residual forms are as follows:

Form
residual

(
norma i ü:ed)

resi dual

(
percent )
residual

Definition
observed y - predicted y

residual
standard deviatiOn)

of the
restdual

resi dua1 x 100%
predi cted y

Fo rmu1a
r. - y - y.

1 - i 1

r i
Sr.

1

r i x 100%

y.
1
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The normalized form of the residual is tne most easily interpreted

in the context of the consistency of the Pu/U ratios and the isotopic

data since r1·/s shoula be less than 2 most of the time. Exactr.
1

critical values for normalized residuals are hard to establish~ however.

[4J Results for CANDU data are presented in Tables V and VI. Results

for CdN are given in Tables VII and VIII.

The conclusions and indications which are shown by the least~squares

analysis are as follows:

1. The high correlation coefficients and the low relative standard

deviations of the residuals from the CANDU data indicate that

the fits are good.

2. There are no extremely bad residuals althaugh same of the

normalized residuals from CANDU suggest that outliers exist

in batch 600~ for fits 2, 3, and 6 since all of thevalues

for these fits haveabsolute magnitudes near 2. The same

type of situation is encountered in batch 400, fit 7, and

batch 800 fits 1 and 4. Since batch 400 has the smallest

exposure this may indicate that the linear model is not

completely adequate over the whole range.

3. The least-squares results from the CdN data, as judged by the

correlation coefficients and the residual relative standard

deviations, are not as good as for CANDU data. This may

delimit the sensitivity required for isolating suspect obser-

vations.

A residual which indicates a defective observation may be caused by

either a bad independent or dependent variable. For this reasan other



Table V

The Resul tsof the Least-Squares Fitof Pu
-and Isotopic DataFrom the CANDU Reactor

Fit

1

2

3

4

5

6

7

Model

Y =Y = 7457.7

Y .=Y = 45;581

Y =Y = 0.1638

y =442.5 + 8637.9x

Y = -0.0712 + 0.910x

y =.0.04565 + 3.88lx

Y =0. 1697 + O.5933x

Correlation

0.98

0.97

0.94

0.97

Relative
Standard" Deviation

0.014

O~028

0.034

0.013

0.017

0.028

0.020

Y = <:

Y = c

Independent
Variable Model

Legend
Dependent

Fit Variable

1 (Pu/U g/tonne)
235D

2 (Pu/U g/tonne)
a236u in wt%

3 A236U/235D

4 (Pu/U g/tonne)

5 240pu/239pu

6 240pu/239pu

7 240pu/239pu

240pU/239pu

235D

a236u

236U/235U

Y =c

Y = a + bx

Y = a + bx

Y =a. + bx

y = a + bx
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Table VI

Various Residual FormsUsed to Check on
the Internal Consistency of CANDU Data

Legend: Dependent

1 (Pu/U)/235D

2 (Pu/U}/ß236U

3 ß236u/235 D

4 Pu/U

5 240p /239p,u u

6 240pu/239pu

7 240pu/239pu

Independent

240pU/239Pu

2350

.236..
A U

The Residuals Normalized

The Number of the Fit
Batch 1 2 3 4 5 6 7

400 - .9 .4 - .7 - . 1 - .5 -1.5 -1.6
500 - .9 1.1 -1.2 1.0 -1.6 - .2 - .5
900 . 1 1.1 - .8 -1. 2 1.3 1.2 1.9
200 1.0 .5 .0 - .2 1.1 .9 .2
600 1.2 -2.0 2.1 .5 .7 -2.0 1.3
800 -1.6 -1.0 . 1 -2.0 - .1 .3 -1.0
700 1.2 - .4 .8 .5 .7 - .1 - .6
100 .0 - .0 .0 1.0 -1.0 - .1 •1
300 - .2 .3 -- .4 .4 -1.0 1.0 - .3

The Residua1s as P·erCents

Jhe Number of the Fit

Batch , ? 3 4 5 6 7I c:

400 -1.3 1.2 -2.6 - . 1 - .6 -3.3 -2.4
500 -1.2 3.0 -4.2 1.3 -2.7 - .6 - .9
900 .2 3.1 -2.9 -1. 5 2.3 3.3 3.5
200 1.5 1.3 .1 - .2 1.8 2.3 .3
600 1.7 -5.5 7.6 .6 1.2 -4.3 2.4
800 -2.3 -2.7 .3 -2.4 - .2 .6 -1. 7
700 1.7 -1.3 2.9 .6 1.0 - .2 -1.0
100 .0 - .1 .1 1.2 -1.6 - .3 .2
300 - .3 1.0 -1.3 .5 -1.3 2.5 - .5
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Table VI
(Continued)

The Residuals in Absolute Amounts

The Number of the Fit
Batch 1 2 3 4 5 6 7

400 -9.760+01 5.581+02 -4.228-03 -1.904+00 -1.723-03 -9.300-03 -6.716-03
500 -9.317+01 1.386+03 -6.946-03 3.771+01 -7.978-03 -1.882-03 -2.727-03
900 1.440+01 1.422+03 -4.779-03 -4.646+01 6.803-03 9.708-03 1.048-02
200 1. 102+02 5.760+02 2.121-04 -7.008+00 5.945-03 7.463-03 1.041-03
600 -1.302+02 -2.522+03 1.248..02 1.958+01 3.m9-03 -1.486-02- 7.835'-'03
800 -1. 750+02 -1.238+03 4.918-04 -7.702+01 -6.060-04 2.053-03 -5.630-03
700 1.270+02 -5.732+02 4.773-03 2.006+01 3.376-03 -5.507-04 -3.274-03
100 3.135+00 -4.432+01 9.555-05 3.926+01 -5.202-03 -9.098-04 8.144-04
300 -1. 915+01 4.352+02 -2.097-03 1.577+01 -4.434-03 8.282-03 -1. 819-03



Table VII

The Resul ts of the least-Squares Fits forPu
and Isotopic Data the CdN Reactor

1 y =y =1195.8

2 . y = y.= 7719,; 9

3 Y =Y =0.1549

Fit

4

5

6

7

Model

y = 1256.0 + 3766.1x

y = 0.02575 + 0.748x

Y = 0.03161 + 0.4571x

y = O~0512 +.0.9207x

Correlation

0.82

0.68

0.72

0.72

Relative
Standard Deviation

0.037
-1

0•.044

0.013

OJ014

0.052

0.049

0.050

Legend
Dependent Independent

Fi t Variable Variable Model

1 (Pu/U g/tonne)
Y. = c235D

2 (Pu/U g/tonne) Y .= c
b236U in wt%

3 b236U/235D Y = c

4 {PujU g/tonne} 240pu/239pu Y = a + bx

5 240pu/239pu 235D y= a + bx

6 240pu/239pu b236U Y = a + bx

7 240pu/239pu 236U/235U y= a + bx
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Tab1e VIII
Various Residual Forms Used to Check on the Interna1

Consistency of CdN Pu and Isotopic Data

Legend: Dependent

1 (Pu/U)/235D

2 (PU/U/1l236U

3 11236U/ 235 D

4 Pu/U 240pu/239pu

5 240pu/239pu 235D

6 240pu/239pu 11236U

7 240 239 236 235Pul Pu U/ U

The Residuals Normal i zed
The Number of the Fit

Batch 1 2 3 4 5 6 7-
400 1.7 1.7 - .9 -1.2 1.1 1.7 1.6
100 - .0 - .4 1.2 .4 - .7 -1.0 - .9
300 - .~ - .0 - .6 1.5 - .5 - .4 - .4
500 -1.0 - .6 - .6 - .4 - .8 - .6 - .7
200 - .4 - .7 1.0 -1.3 1.7 1.7 1.7

The Resiaua1 as Per Cents

The Number of the Fit

Batch 1 2 3 4 5 6 7

400 6.3 7.6 -1.2 -1.4 1.8 2.4 2.4
100 - •1 -1. 7 1.6 .5 -3.1 -4.3 -3.8
300 -1.0 - . 1 - .8 1.9 -2.4 -1.6 -1.9
500 -3.6 -2.8 - .8 - .5 -3.4 -2.6 -2.9
200 -1.6 -2.9 1.3 - .5 7.0 6. 1 6.2

fhe Residuals in Absolute Ämounts
The Number of the Fit

3atch
400
100
300
500
200

1

7.498+01
-1. 337+00
-1.140+01
-4.318+01
-1. 906+01

2

5.846+02
-1.340+02
-1. 132+01
-2.175+02
-2.218+02

3

-1.918-03
2.518-03

-1.293-03
-1.306-03
1.998-03

4
-2.353+01
7.886+00
3.431+01

-8.852+00
-9.814+00

5
2.328-03

'-4.201-03
-3.293-03
-4.683-03
9.849-03

6

3.021-03
-5.912-03
-2.212-03
-3.593-03
8.697-03

7

2.985-03
-5.189-03
-2.634-03
-4.018-03
8.855-03



Table IX

Summary of Results From Regression Analyses for CANDU Data

Legend: H - the possibility that the isotopic measurement is high

L - thepossibility that the isotopic measurement is low

~ - no apparent effect

Batch Fi t Pu/U 235U 236U 240pu 239pu

400 7 L H L H

60u 2 L H

3 I H...

6 H L H

---------------------------------------------------------
1 ~

I
5 ~

7 ~ ~

800 1 L H

4 L H L
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The data from the CdN reactor did not~ in general~ give good regress

ion reiationships. Thus~ the apparent absence of outliers from these

data may not be due to the absence of defective measurements but due.

to the inability to detect them because of the lack of sensitivity of

the fits.

In summary for this section it can be said that added tools are

given~ based o~ statistical methods, for isolating anomalous results

and for characterizing the qualitv of the functional relat;onships

between the constituent elements and their isotopes as reflected on a

batch to batch basis from data obtained by sampling dissolver batches

composed of entire fuei assemblies.

6.3.3.3. Consistency Versus Measurability

A basic experimental problem in evaluating the potential effective-

ness of using isotopic corre lat tons in safeguards app l tcations ts to

determine the consistency of the relationships in the light of their

measurability. The problem is to determine if the variation observed

in the relationships between successive dissolution batches of the same

fuel represent normal measurement error only or are they due to "true

dtfferences" in the relationships, e.g.~ are the eonversion ratios for

two dissolution batches of the same fuel type truly different? An

effort to test this proposition was made with tß.e CANDU fuel by comparing

the between-batch variation to the within-batch measurement variation.

The situation is somewhat complicated by the fact that IItrue ratios ll

are not observed because of the contribution of nuclear materials added

by the recycle acid.



The between dissolution batch variations for the isotopic corre1ations

which are related to the Pu content are shown in Tab1e II The variations

have been indicated by determining the mean and the standard deviation of

themean from the batch values and these results are listed in Table 111

The within-batch variation of the ratios is shown in Tab1e Xwhich treats

the ratios as observed without correction for recycle and additions. The

values of sig~a listeo at the bottom of the table are estimated standard

devi ati ons of tnct vidualratio measurements. The combi ned standard

deviation, 0a+b' ~epresents the fact that on each dissolution batch two

ratio measurements were made. The apparent measurabi1ity of the re1ation

ships versus the observed total variation is shown in Table XI. The

first column, listed as Relative Ratio Measurements, is the observed vari

ation in the re1ationships found bptween dup1icate measurements. The

second co1umn, tit1ed Propagated Error is another estimate of the within

batcllmeasurement var-i at.ton obtained by combining the individual component·

of error. The first two co1umns inc1uded are estimates of the measurement

errorfor the ratios,while the last column reflects the total variation

in the observed relationship due to all effects. These inc1ude errors in

1) the jacket dissolution waste measurements 2) recyc1e acid measurements

3) the ratio measurements, and 4) possib1e differences in the relationship

as a result of irradiation differences. Because of the estimated effects

of recycle aci d additions and the few degrees of freedom, i t i s conc1 uded

thatthe observed total variation is not significant1y different from the

total measurement error associated with the data. Also it shou1d be noted

that actua1 observed total variation is not 1arge and corresponds favorab1y

to resu1ts obtained under more favorable head end process conditions.



Table X---
Relative (1) Measurability of Burnup Re1atiot'lships - CANDU Fuel

Batch Pu Wt. % Wt. % Pu 9/TU Pu g/TU
#1 grams/TU %R(2) 235U %R 236U %R 2350 %R /1236U %R

-#-

1 a. 3314 1.6 0.2720 0.40 0.0730 2.8 7542 1.8 45397 1.2
b. 3261 0.2710 0.0710 7405 45930

2 a. 3267 Same 0.2890 1.1 0.0690 5.6 7734 0.75 47348 5.6
b. 3267 0.2921 0.0730 7792 44753

3 a. 3405 0.4 0.2540 0.5 0.0730 4.3 7444 1.1 46644 3.8
b. 3419 0.2526 0.0762 7452 44869

4 a. 2790 1.1 0.3390 0.6 0.0610 3.3 7492 0.6 45738 2.2
b. 2758 0.3410 0.0590 7446 46746

5 a. 2861 0.6 0.3090 0.6 0.0650 1.5 7110 0.06 44015 2.2
f"

b. 2877 0.3070 0.0640 7114 44953 r

6 a. 3268 0.9 0.2809 2.5 0.0780 5.3 7591 0.6 41897 6.2 ,Jlo
U'1

b. 3299 0.2740 0.0740 7542 44581

7 a. 3371 0.3 0.2710 Same 0.0750 2.7 7654 0.4 44947 2.4
b. 3360 0.2710 0.0730 7620 46027

8 a. 3226 0.3 0.2750 1.5 0.0730 4.2 7392 0.6 44192 4.5
b. 3236 0.2710 0.0700 7347 46229

9 a. 3083 0.3 0.3020 1.3 0.0660 4.7 7530 0.7 46712 4.4
b. 3075 0.3060 0.0630 7585 48810

:11 =0.60% °1 :: 0.94% °1 = 3.4% 01 = 0.65% 01 :: 3.20%

0a+b =0.43% oa+b :: o. 66~; 0a+b =2.40% 0a+b = 0.46% 0a+o =2.3%
i

(1) Relative rattos uncorrected for Recycle Acid and Jacket Dissolution

(2) Relative Percent Range



Table ~I

COmPari son of Mea,surabilitjY of ßurn~

Relationships Versus Observed Values '. CANOU Fuel

Percent Relative Standard Deviation, a

Burnup
Rel ati onship

Relative Ratio Propag,ated Observed Be~ween ( )
Measurements _ Errdrs Qi sso1ver BatchesCRAR + JO) 1

Pu grams/tonne
t.235 0

Pu grams/tonne
t.
236U

Pu grams/tonne
240pu/ 239pu

0.46%

2.3

(3)

0.79

2.52

1.45
(1.22)(2)

2.79

1.69 '
(l.39){2)

CJ'I
~
u~

~
0'\

(I) Observed L: Fferences between disso1uti on batches i rrcl udes Recycl e· Atid (RAR) and Jacket
Dissolution (JD)

(2) Standard deviation without batch #8

(3) Duplicate Pu isotopic data not ava'ilable.



6I4. A FURTHER DESCRIPTION OF THE DATA

The chemical plant measurement data in its original form are shown in

Tables XII and XIII.

The batches listed in Table XII were ordered according to decreasing

235Uweight percent within a given single initial enrichment, Of particu

lar interest are the isotopic values set apart by the dotted lines. These

isotopes, along with 238U, are the isotopes that have been used in the

isotopic correlation analysis. The fact that functional relationships

do exist between U and Pu isotopes is apparent from Table 11 by noting

the general trends of each column of isotopic values. That is, while the
235U • - - . ..welght percent oecreases, ~ne

• 236U values increase,

• 239pu values decrease,

• 240pu values i ncreese ,

• 24l pu values increase and

• 242pu values i ncrease.

The Pu/U ratio also increases as seen from Table XIII where the data of

Table XII have been converted to isotopic ratios and Pu/U ratios. The

data tabulated in ratio form emphasize that functional relationships are

apparent although various data forms are used.
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l1ATCH 234U: ~35U ~360: 2380 TQT~-~3~PO : 2391'0 240PlJ . 2lJIPlJ 2421'0: / IO.TAL
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TABLE XII
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TABLE XII (Cont'd)
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INDIVIDUA~ BATCHES
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.. 200 .0121.:1.0269._ ....2.:3651 : ._.98.723 .• 4.2666 .•65 :3 5 . : .65.742 22.980_,.8.2672.357 .:_.21,:"g.~

: ': c :
o .01BO . :2:.5100 .00900 :97.463 .. . .:. . :

---.-- -- ----- •. * _ •• - -- •• -._- .•• -._---~ .- --- •• _.- - _." ~ - ------_.__ •• _.~-:------- _ .•••" ... -... • -- -_ •• --_. --' -._- _. -. ------. "-_. __ .'--- - ..... - ~ '--,""" -.--- - ---

•• • •
~_Q.O!Q~~~~c!.QQ.23 o26~9Q_~~_~.~7424lL..-dZ16_: 6.4.9962.~.!345 8.40~~~,,~.48&: 40 75._°"., . .•• • •

0 0172.:,.4000 00776: 97.575 _ ~ .. :. _ _ :_ .
•• Cl •. . . . .

__~O.O_.--"-Q.121-JJl.._092_g----A2.~.5~?_:_98.66.,Q_ ....l~6.ßQ .._..•5~..~7__.:_~~...,gls._?1_!6.~ ..,L......1...764.~~U-1P.Q. •..L

~ -1.. . .\-
•• CI •

._.__ .0. __ ._Q193.... H~ !.~20.0. __-'Ol~?O .:. __ .Cl?.O~.6_~ __.----_.-- _.. _..... __ __.=-. .. . .. _---_- .. .. __ .. ..__._L _
•• • ••• • •

,"00 .0140 :ll&ß_OO .24963 _: 97_,9:56 .56880 .4:5ß3 : 75.~.73 15.7~2 7.187 :1.109: 3559.0.. . .•• • •
___ . __0 .0200.--:.3.3100- ....Q1900 : ....96.651...... ". __ : ." ~. __ .. _" ..... _ .. J . __ . _._

•• • •• . • • 0

200 .01q!l.-:.jaa.3.n.88 .22559: 97.452 .6099.6.._....3§'OQ_;__lliJ'_~!l~..O'56.......5.94.~a95: 3138.8
•• • •" '. .* 6 ',", .' • , •x 10 ._.~ .. _-_ • /-•.e .-...... .'~ - ---- --------.-,- --,' -,~ "_ - .. '7"" ••- •.' I .• • • " I.' .. ~ t.' • o' ••• • • •• • • • ;•. , .•. • •. ! .__ - _, ~~

P'
~
~
\0



TAßLE XIII

0\

l
I
U1
o

ISOTOPI<: llATIOS "NO RATIO VALUl!) H1K 1l:.~TlNG INTEKNAL CONS1STENCY ANO
MCAS!'r,FME:',T flC(I),ACY OF P "fm PU CHE:JlC~L PLANT O.\TA

-viNjU
I NO I Vi'iili'f;nlA fClll:.~

ISOTOP!<; RATlOS ME I'vl~~IEU lJ~lNG WT. PERCE:NTS

ßATCH 235U1238U 236U/ZJSV ZJ6U123SU 2110Pll/?3IJPU 2'UPlln3YPU 21+1PU1240rU 242PU1239l'V 242PU/ZIIOP\.J 21+2PU/21+!Pu .PU/U
...0.

!J .71uSlj-OZ

400 .33h~"02 .&0101-U3 .1760!'-"O .2Oß6U-OO .36904-01 .1.3735-00 •9.1 075-t~2 .33897-01 .24&79-00: .27615+011

500 .3C51lj-U2 .&1I12<J-u3 .2101ü-OO .2':11711-00 .421brl-Ol .1"1+51+-UO .11273-01 • 3f\o,~9-t' 1 .26733-00 .30025+01+

901.1 .'i.l4,lj-02 .b!)1"'-1l3 .2t4c~-Ol) .3U725-00 .46',29-01 .1S17b-UO .1354u.-01 .440.;,7-01 .29037-00 .~O501+0.4

~iJO • 2UOII(I-O~ • 11:)t I2- 0.3 .i1!»::)',-UIl .3260b-OO .!>4!,i)<J-Ol .lubI5-üO .1!:J314-01 .4&obO-OI .2809!)-00 • 32693+0'~

·UOLl .~ 7ndO-Ol ./01)95-03 '2750')-0(\ .32739-00 .!>11114-01· .1~i627-00 • 15NJ-Ol .46SZU-Ol .29399-00 : .32901+0'•·.72183_\)3 .41cl700-td. ·80\1 .'=1..46-02 .2630U-OO .32(,68-00 .!>O'l4o-01 .155bS-UO .14&12-01 ~28681-00 : .31&91+04

· ··7/1U '''717~-02 .74~?n-03 : .27/1.'~-OO .33,3J2-00 .~34/1.5-01 .luOJ~-O\l 'l!Jul!J-Ol .466~!>-O~ .29217-0'J : .3J418+0/l

· ·· ·10) .27U91+-02 .725
'32-03

: .267a'r OO .32547-00 .~206fl-01 .15990-UO 0111920-01 .4~8"Z-OI .2665&-00 : .32932+01+·.16786-UO .469&11-01 ·.300 • C!:"4.35-,l~2 .7";::77-(:3 : .29:>03-0[1 .3'4126-00 .~721\!>-u1 .10709-01 .29169-0(l : .34061+04

CdN
0 ..." J34-U 1 .~02!Jh-\;3 : .107l

'l-rl
400 .3lJ71-01 .2bJ9"-o2 .dl ~!'2-01 • 1292t>-00 .13481-01 .101+2\1400 .15600-02 ,12270-01 .11765+00 .17192+04

100 .31,)93-01 .il8':15'J-iJ2 .931J5-01 .13175-00 .1569j-Ol .11'l11+00 .C:I89!i-02 ,16020-01 .13953-00 .17620+04
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Abstract

Within the framework of the safeguards experiment JEX-lO,
an analytical intercomparison program was carried out
with the cooperation of eight international laboratories.
Main objective was the acquisition of basic data on the
errors involved in several analytical techniques applicable
to safeguards measures.

In order to approach practical conditions as far as
possible, the samples were taken from a reprocessing
campaign at the EUROCHEMIC plant and analyzed according
to routine procedures. The results were evaluated by
statistical methods mainly in regard to the calculation
of the estimates of the variances for the different
error components contributing to the total error of the
analytical techniques considered.

In particular, concentration and isotopic analyses of
uranium and plutonium product solutions by wet-chemical
methods and mass spectrometry, respectively, were inves
tigated. Furthermore, a preliminary test on the isotopic
dilution analysis of active feed solutions was performed.

Data on the efforts (manhours) of the analytical proce-
, dures used are compiled.
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The foiiowing laboratories participated on the analytical tests reported

in this Chapter: 1)

BCMN -

Bureau Central de Mesures Nucl~aires, EURATOM, Geel, Belgium

CEN -

Centre d' Etude de l'Energie Nucleaire, Mol-Donc, Belgium

CCR -

Joint Research Center of EURATOM, Chemistry Division, Ispra, Italy

EUROCHEMIC -

European Company for Chemical Processing of Irradiated Fuels,

Analytical Laboratory, Mol, Belgium

GFK -

Gesellschaft für Kernforschung, Institut für Radiochemie,

Karlsruhe, Germany

IAEA -

Internadonsl Atomic Energy Agency Laboratory, Seibersdorf , Austria

ORNL -

Oak Ridge National Laboratory, Oak Ridge, Tennes see , USA

TU-

European Institute of Transuranium Elements,

Germany

Karl-sruhe,

l)The laboratories are given in the alphabetic order of the abbreviations
used in this report.
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Introduc tion

Knowledge about the capabilities of methods applicable to the analysis of

nuclear fuels should be as complete as possible for the establishment of

a most efficient safeguards system. For this reason, an extensive analytical

intercomparison program was carried out within the framework of JEX-70

with the cooperation of many international laboratories. Main objective

was the acqu:i.sIt:i.on of basIc data onthe·errorsinvolved in different

analytical techniques and on the effort required. Furthermore, experience

should be gained on sampling, sample storage and transportation.

The following analytical procedures were the subject of this test

program:

a) Determination of uranium and plutonium concentrations,

respectively, in nitric solutions by wet-chemical methods and

X-ray fluorescence spectrometry.

b) Determination of the isotopic composition of uranium and plutonium

by thermionic mass spectrometry including a-spectrometric measure

ments of the plutonium isotope Pu-238.

c) Determination of uranium and plutonium concentrations by mass

spectrometric isotope dilution analysis.

In order to approach practical conditions as far as possible, the samples

were taken directly from active feed solutions and product material of a

reprocessing campaign at the EUROCHEMIC plant and distributed to the

laboratories without any purification prior to shipment. For the same

reason, the laboratories were asked explicitely to perform the analyses

according to their routine procedures and no common standards or reference

materials were supplied. This should be emphasized, since it should be

taken into account in the judging on the results obtained and because

this way of performance is essentially different from those followed in

other tests carried out in recent years (e.g. the umpire test program

~7.-1-7) using synthetic sample solutions.
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A total of eight analytical laboratories participated in some or all

of the tests performed. In case of the concentration measurements on

nitric product solutions, the results of 75 single determinations were

made available for uranium, 55 for plutonium. Investigations on the

mass spectrometric an~lysis of isotopic compositions could be based on

roughly 1000 single isotopic ratio determinations for uranium and about

1400 for plutonium. In regard to the mass spectrometric isotope dilu

ti~n analysis of active feed samples, 15 independent concentration

determinations each were reported for uranium and plutonium, respect..;.

ively.

After preliminary compilation of the analytical data communicated, anal

ysts of the participating laboratories discussed their experience and

the results during a meeting held at Ispra from October 6 to 8, 1970.

The conclusions and recommendations elaborated in these sessions (Ap

pendix I) were used as the basis of the evaluation and interpretation

presented in this Chapter.

The statistical methods applied are summarized in Appendix 11. The calcu

lations were related mainly to determination of the estimates of the

variances for the different error components contributing to the total

error of the analytical procedures investigated. However, no attempt

was made to calculate "best estimates" for the true values of the quantities

considered (concentrations, isotopic ratios etc.) because of the principal

difficulties in their most appropriate definition and the ~nknown true

compositions of the samples.

In this report, the names of the laboratories were codified differently

for each test. In particular, there is no relation of the code numbers

to the alphabetic order in which the names of the participating labora

tories are given with the headline of each test.
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7.1 Interlaboratory Test .1:

Concentration and Density Determination

of Uranium Product Sampies

Participants:

- CEN:

R. Boden, A. Demildt, F. Lievens and P. De Regge

- CCR:

J. Collin and R. Muntau

- EUROCREMIC:

R. Bokelund and K.R. Renn

- GFK:

A. von Baeckmann, E. Mainka and R. Ruf

- IAEA:

J. Jirota, J. Malinowski and K. Russin

- TU:

L. Angeletti and W. Bartseher
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7.1.1 Planning and Performance of the Experiment

7.1.1.1 Objectives

Aim of this interlaboratory test was mainly to estimate the magnitude

of the different error components involved in the uranium concentration

determination of samples taken from the uranium product solution of a

reprocessing plant. It was assumed ~hat the existing sources of error

could be described by the following three components:

a) The "sampling error" wilich includes inhomogeneity of the solution in

the tank and possible cross contaminations in course of the sampling

procedure.

b) The "interlaboratory deviation" caused by differences in the standards

or reference materials used, errors in standardization and random com

ponents.

c) The "precision" (or reproducibility) by which the statistical error of

the measurement i~eif is understood. This error component may also in

clude contributions by sampie preparation steps performed within the

laboratories after the sample material was subdivided for the single
. . I)repet1t10n measurements.

~cause of the stability of the sample material investigated in this test,

the possibility of changes in sampie composition during s~orage time between

sampling and analysis was not considered in particular.

7.1.1.2 Sampling system

Figure 7.i-l shows the scheme of the sampling system commonly used in re

processing plants.

The samVfes were taken from two relatively small product receiver tanks

(maximumcapacity about 1500 1) installed in parallel and fed continuously

I)Errors introduced by sample preparation steps before subdivision of the
sample material for the single repetition measurements contribute to the
interlaboratory deviation or the sampling error depending on the model
used for the analysis of variances (7.1.4.2).
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Fig.7.1-1 Interlabtest I : Scheme of U -Product
Sampling Tank and Sampling System
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by the silica gel columns with uranium product from the third extraction

cycle (3UP). During sampling and batch measurements the flow isswitched

over to the parallel tank.

In these particular product receiver tanks, homogenization of the solution

is only possible by circulation maintained with a pump as shown in the

scheme.

By means of an air lift and vacuum system the material can be circulated

throughthe sampie vial (Figure 7.1~2) back to the tank. This procedure

is important in order to avoid cross contamination in the sampie line.

After stopping circulation the sampie vial is disconnected from the needle

block, put into a plastic cartridge (Figure 7.1-2) and shot by a pneu

matic post system to the receptionbox in the analytical laboratory.

In order to guarantee safe sampie shipments to the laboratories, the plas

tic cartridges with the sampie bottles were put into specially developed

inserts (Figure 7.1-3) which fitted to BF-3 birdcages. No damages were

reported on sampie bottles päcked in this way.

7.1.1.3 Sampling procedure

The sampling procedure followed in this particular test is shown

schematically in Figure 7.1-4. Three sets of seven sampies each (in the

following indicated as A, Band C-samples) have to be distinguished. The

A-samples were taken without previous homogenization of the tank solution,

the B- and C-samples after circulation of the tank solution for thirty

d ( " 1)"' ~ 1 1)an ~n tota . s~xty m~nutes, respect~ve y.

Before sampling of each set, the sampIe line was flushed by means of the

air lift and vacuum system men~ioned above (7.1.1.2) to avoid cross con-

I)Special attention is drawn to the fact that the A-samples were taken
without preceding homogenization. As this sampling procedure is not
used in normal plant operation, different concentrations of the A-sam
pIes compare~ to the others are of no practical interest and therefore
not considered in the evaluation of this test. However, inhomogeneity
indicated by concentration differences between the B- and C-samples
would be of importance as these sampies were taken according to routine
procedures.
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tamination with residual material. However, the seven bottles belonging to the

same group of sampIes were filled immediately one after the other. Therefore,

within each set, the sampIes can be considered as homogeneous and with agree

ment of the participating laboratories no further homogenization steps were

carried out.

All 21 sampIes for this interlaboratory test were taken on March 19, 1970

from CANDU batch 3UP-1000 and each sampIe bottle contained approximately

3 ml solution with a concentration of nearly 280 mg U/g solution, a den

sity of about 1.6 g/rol and a nitric acidity of less than 0.5 M.

7.1.1.4 Request for analysis

Each of the six laboratories participating in this test received one A-,

one B- and one C-sample with request for the determination of the uranium

concentration using their routine method. As some laboratories used sev

eral analytical techniques, the results of eight independent analytical
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procedures became available. It was asked to perform the analysis on each

sampie at least in triplicate in order to allow the calculation of the

precisions for the different methods applied.

Furthermore, density measurements on the sampies were requested. Originally

this was done only as an additional .check on the representativeness of the

sampies in case extraordinary deviations in the concentration values would

occur. However, because of the general interest in this method for the

detection of sampie inhomogeneity, the results obtained by the laboratories

were included in this report and also evaluated to a certain extent.

7.1 .2-Ana.lytical ?1ethods Applied, by the Laboratories

The analytical methods applied were reported by the participating laborato

ries as follows:

7.1.2. 1 Concentration determinations

Laboratory code I:

Method: After dilution with 3M HN03, the sample is given into conc. phos

phoric acid and reduced with an excess of Fe++. The excess of Fe++

U
3+ . . d i d • h . .••d' hresp. 1S OX1 1se W1t a1r oxygen on n1tr1c aC1 1n t epresence

of a Molybdat-catalysator. After dilution and waiting for 15 minu

tes the sampie is titrated with K
2Cr207,

The endpoint is determined

optically using Ba-Diphenylaminsulfonat as indicator.

Lit.: W. Davies and W. Gray, Talanta l!, 1203 (1964)

Reference material: U
30S

nuclear pure Merck

Remark: From each original sample solution one dilution was made and then

split into 3 single samples. All samples were titrated with the

same cr207~- solution,
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Laboratory code 11:

Method: The dissolved sampie is first converted to the chloride and then

the uranyl chloride is reduced in strong hydrochloric acid solution

by metallic aluminium in the presence of cadmium chloride to tri

valent uranium. Phosphoric acid is added and the U 111 is oxidized

to U IVby hyd~ogen ions. After dilution excess Fe 111 is added and

the resulting solution titrated by adding first a weighed amount

of solid potassium dichromate and then titrating the remainder with

a standard solution of potassium dichromate to a potentiometric end

point using the platinum-calomel electrode pair.

Lit. : L. Pszonicki, Talanta ll, 403 (1966)

Standard: NBS standard dichromate was used as the primary titrant. The

weighed amount was corrected to vacuum. All samples were run with

standards and reagent blanks.

Reference Standard: NBS U308 950a.

NBS U standard recovery was 99.993 % and 99.979 % when run through

the procedure.

Laboratory code 111:

Method: The uranium determination is based on the potentiometric titration

of U (IV) with 0.2 N dichromate. The uranium was previously ~educed

to U (IV) by Ti (111). Each titration was performed on about ]00 mg

uranium.

Laboratory code IV:

Method: About 2,9 g of sampie solution was weighed in a dissolution flask,

30 ml of water, 5 ml 9 MH
2S04,

and 300 mg NaN02 were added and the

solution was heated to boiling for 40 mine After cooling the solu

tion was made up to ]00 ml in a volumetric flask.

An aliquot of 5 ml was taken, 0.1 ml of ] M sulfamic acid solution

was added and a pre-electrolysis was carried out of + 0.1 V vs.sat.

AgCl electrode. Then the main-electrolysis was made at - 0.4 V vS.

sat.AgCl electrode until the current had dropped to a constant

value of 20-30 ~a. The coulombs for the main-electrolysis were

measured and after a correction for reagents blank and residual

current the amount of uranium was calculated.



7 - 21

Laboratory code V:

Method: Gravimetrie determination of U after eonversion to U30S'

Correetions of oxide weight for:

a) Isotopie eomposition of U,

b) Impurities forming non-volatile oxides via emission spectro

graphie impurity determination. In this particular case the

impurities amounted to 39S ppm expressed as oxides.

Standard: NBS, U30S (not always used)

Laboratory code VI:

Method: A weighed aliquot of the sampie is mixed with a defined amount

of thorium nitrate solution. In the solution the ratio of the

intensities of the uranium and the thorium Lal-lines are compared.

Lit.: P.A. Pella et a1., Anal. Chim. Acta ~, 431 (1969)

Reference material: U30S Merck, nuelear pure

Remark: From each original samp1e solution one dilution was made and divided

into three single sampies. To each of these single sampies a diffe-

rent amount of thorium has been given as interna1 standard and one

analysis per single samp1e was performed.

Laboratory code VII:

Not reported as data codified under this number were given for orientation

only and do not form an official part of the interlaboratory test.

Laboratory code VIII:

Method: The uranium has been prepared as a sulphate. The hexa-valent uranium

is redueed in 0.5 M su1phuric acid after a pre-e1ectro1ysis step at

+ 0.1 V vs.sat.Ca10me1-e1ectrode at a mercury pool eathode at

-0.325 V. The coulomb is used as a primary standard.

Remark: U30S (Merck, nuc1ear pure), treated according to the NBS procedure

has been carried through the comp1ete ana1ytica1 process and a

eonstant systematic error of - 0.15 % has been found. Other labora

tories are also observing simi1ar effeets and diseussions were
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leading to the conviction that this error is due to certain charac

teristics of the ORNL coulometer. Therefore, it may be concluded

that coulomb should be substituted by the NBS uranium oxide as a

primary standard.

Laboratory code IX:

Method: Gravimetrie determination of U after conversion to U30S'

Corrections of oxide weight for:

a) Isotopic composition of U,

b) Impurities forming non-volatile oxides. 400 ppm were assumed.

7.1.2.2 Density determinations

Laboratory code I:

A H20~calibrated pipette (2 ml)rwas used~nd a correction for temperature

has been applied.

Laboratory code 11:

U-density: Obtained by weighing a calibrated dry 1 ml glass pipette. The

value was corrected for temperature but not for air buoyancy.

Laboratory code 111:

The measurements were made by picnometersj the room temperature was con

stant within 30 C and humidity about 60 %. However, -density determinations

and picnometer calibration ~ere performed using a water bath of 20.0
o+ 0.2 C.

Laboratory code IV:

No density measurements reported.

Laboratory code V:

Pipetting of 1 ml of solution using siliconized calibrated pipette at

constant temperature, weighing.
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Laboratory code VI:

A 2 ml pipette was used, ca1ibrated with H20 . Corrected for temperature.

Laboratory code VII:

No density measurements reported.

Laboratory code VIII:

The determination of density was made using a t ml-picnometer. The resu1ts

have been corrected for temperature and air buoyancy.

Laboratory code IX:

No density measurements reported.

7.1.3 Reported Ana1ytica1 Resu1ts

In Tab1e 7.1-1, all single concentration determinations and in Tab1e 7.1-2

all single density measurements ~hich were reported are compi1ed in co1umns

5 and 4,respective1y. The concentration values are given in mg U/g solution,

the density va1ues are corrected for 200 C in all cases.

For a first survey, these resu1ts are graphica11y presented in Figures 7.1-5

and 7.1-6. Figure 7.1-5 shows for each individual laboratory the relative

deviation of the mean va1ue per samp1e from the mean of all these means.

The error bars correspond to the relative standard deviation of the mean

va1ue per samp1e, ca1cu1ated from the reported data. For the 1aboratories

V and IX this was not possib1e as on1y one measurement per samp1e was avail

ab1e. Therefor~ the dashed bars shown were based on the communicated 10ng

term experience of these 1aboratories.

Figure 7.1-6 represents the resu1ts of the density determinations in the

same manner.
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7.1.4 Evaluation

7.1.4.1 Review of data

Review of the concentration determinations (Table 7.1-1, columm 5) shows in

case of laboratory VIII, sampie A, a distinct difference between the values

obtained from the repetition measurements 1 to 3 and 4 to 6. The laboratory

reported that malfunction of the electronic equipment was observed during

the first three measurements.

In order to decide whether these values can be rejected from further cal

culations, the mean value of this first group of measurements on sampie A

(1 to 3) was compared with the mean value of the second group of deter

minations (4 to 6) of this same sampie. By a test of significance (Appendix

11,2) it could be shown that there exists a significant difference with a

probability of error of less than 2.5 %. Therefor~on the basis of this

test and the reported experimental difficulties, the first three values

were considered as outliers and excluded from the further calculations.

The value for sampie A given in Figure 7.1-5 was calculated from the re

maining three single determinations.

Furthermore the mean value of the concentration of sampie A determined by

laboratory VI using X-ray fluorescence spectrometry is relatively high

compared to the values obtained on the sampies Band C by the same labo

ratory. As it can be seen from Figure 7.1-5, the relative standard deviations

of these mean values would allow to consider this deviation as strictly

random. It should be noted, however, that the density of this sampie (only

one determination) has also been found very high compared to the values of

the other sampies (Figure 7.1-6). This indicates, that the explanation

of the higher concentration by random errors only is very probably insuffi

cient and that there exists a significant deviation in the composition of

this specific sample because of evaporation or other reasons.

7.1.4.2 Estimation of error components

As already mentioned in 7.1.1.1, sampling errors, interlaboratory devia

tions and the precision of the measurements were considered as the main
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Table 7.1.-1: Interlabtest I: Reported Coneentration Determinations

~abora- Analy- SampIe Repetition Reported single Mean value per
tory tieal deserip- measurement determination sampie + SD
code method tion number Lmg U/g sOl.J Lmg U/g sOl.J,

1 2 3 4 5 6

I A 1 278.39
2 278.77 278.76
3 279.11 + 0~36

Oxyd i- -
B 1 278.30

metry 2 278.92 278.43
3 278.07 + 0.44

_.... _.-

C 1 278.37
2 278.81 278.50
3 278.33 + 0.26-

11 A 1 277 .44

I 2 277 .40 277.18 I3 277 .05 + 0.29
276.83 -4

Oxyd i-
B 1 277 .74

metry
I 2 277 .13 277 .05

3 277 .09 + 0.46
~ -4 276.53

5 276.75

C 1 276.84
2 276.89 276.77
3 276.88 + O. t 6
4 276.74 -
5 276.49

f !II A 1 277!57
2 277 .03 277 .34
3 277 .43 + 0.28

Oxyd i- -
B 1 277 .42

metry 2 277.36 277 .37
3 277.33 + 0.04-

I C 1 277 .21
2 277 .11 277 ~O6

3 276.86 + 0" 18-
IV A 1 277 .8

2 277.7 277,,70
3 277 .6 + 0,,10,

COulo- -
B 1 277 .4

metry 2 277 .0 277 ~J7

3 277 .1 + 0,20-
C 1 277 .2

2 276.8 277 .17
3 277 .5 + 0.35-
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Table 7.1.-1 (continued)

1 2 3 4 5 6

V A 1 276.9 276.9
Gravi-

B 1 276.8 276.8
metry

C 1 276.7 276.7

VI A I 279.54 -

2 276.24 278.72
X-ray 3 280.39 + 2.19-
fluores- B 1 277 • 11
cence 2 276.77 27-7.47

3 278.54 + 0.94
spectro- -

C 1 277 •38
metry

I 2 279.98 277 •32
3 274.62 + 2.68-

VII Values cod i f Led und er this number were given for orientation only

I A I
I)

VIII (279.12) I)
2 (281.02)1)

I 3 (281.22)
4 277 .42 277 ,65
c:: 277.72 + 0.20J

6 277 .82 -
Coulo-

n I 277 .42
~etry 2 277.01

3 277 • 12 277 .30
4 277.72 + 0.26
5 277 •12 -
6 277.42

C I 276.61
2 277 .12
3 277.72 277 ,20
4 277 .32 + 0.38

277 .01 -5
6 277 .42

I IX ~
A I 278.4 278.4

Gravi- I
! B I 277 .6 277 .6I

metry i

I C 1 278.1 278. I

1) Considered as outliers (see 7.1.4.1).
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Table 7.1.-2: Interlabtest I: Repo'rted Density Determinations

Labora- Sampie Repetition Reported single Mean value per
tory deser ip..;. measurement determination sampie !. SD
code don numben

f"g/mlJ ["'g/mlJ

1 2 3 4 5

I A 1 1.59693 1.59693

B 1 I .59394 1.59394

c 1 1.59347 1.59347
~ ~ ~ ~~ .. ~~...~. - . .~

11 A I 1.6045 1.60435
2 1.6042 + 0.00067-

B . i .6032I

I 2 1.603 I
3 i.60i4 I i.60304I
4 1.6032 + 0.00104
5 1.6043 I -

C I 1.6023
2 1.602 I

I I
3 J. 601 8 1.60182
4 1.6010 + 0.00050
5 1.6019 -

!
j

ur A i 1.59732
2 i .59715 1 .59706
3 1.59670 + 0.00032-

B 1 1.59639
2 1.59600 1.59592
3 1.59538 + 0.00051-

C 1 1.59653 I

2 1.59644 I 1.59646
3 1.59642 + 0.00006, -

v

I
A 1 1.5946 1.59495

2 1.5953 + 0.00050

I -
B 1 1.5943 1.59465

I I 2 I .1.5950 + 0.00050-
I c I 1.5940 1.59425

I 2 1.5945 + 0.00035-
VI i I 1 1.6104 1.61040I I2 I 1.5869 1.58690

3 I 1 .59 17 1.59170

. VIII I I 1.59334 1.59334
2 I 1.59577 1.59577
3 I 1.59236 1.59236

Remark: Laboratories IV, VII and IX reported no density measurements.
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sources of error in the concentration and density det~rminations. Tne

structure of the experiment allows the calculation of the estimates of the

variances of these three error components as described in detail in

Appendix 11, 4. According to the statistical model used (Figure 7.AII-l)

errors introduced in course of s~le preparation within the laboratories

(before the material was subdivided for the single repetition measurements)

contribute to the interlaboratory deviation which describes the difference

between the true value of the concentratlon or density of the sample and

the expectation values referring to the repetition measurements performed

by the laboratories (Appendix 11,1).

For these calculations, the concentration as weIl as the density measure

ments on sampie A were excluded in order to avoid any simulation of inhomo

geneity in the tank solution by this sampie which was not taken according

to routine procedures (7.1.1.3)

Furthermore, for the analysis of variance on the concentration determina

tions, themeasurements carried out by X-ray fuorescence spectrometry

(laboratory VI) had to be excluded. This was necessary as from the statis

tical point of view they are not comparable to those obtained by chemical

methods in regard to their precision (7.1.5.3).

The estimates of the variances, standard deviations (SD) and relative

standard deviations (RSD) of the different error components in the concentra

tion determinations, based on the measurements of sampie Band C by the

laboratories I, 11, 111, IV, V, VIII and IX are given in the following

Table 7.1-3.

Table 7.1-3: Interlabtest I: Calculated Variances and RSD of Error
Components for the Concentration Deter
minations

(Only chemical methods, based on Band C
sampies .)

c = 280 mg U
g sol.

Variance

Sampling
error

not significant

Interlab.
deviation

0.309

0.557

0.20

Prec ision

0.092

0.303

0.11



7 - 30

For the corresponding analysis of variances of the error components invol

ved in the density measurements, the values reported by the laboratories

I, 11, 111, V, VI and VIII could be used. 1) The results are summarized in

the following Table 7.1-4.

Table 7.1-4: Interlabt~st I: Calculated Variances and RSD of Error
Components for the Density Determina
tions

(Based on Band C sampies)

d'" 1.6 .~~

106 Variance

10
3 sn

Sampling
error

not significant

Interlab~

deviation

25.082

5.008

0.31

Precision

0.444

0.667

0.04

It shötild be noted that the restilts obtained by analysis of variances

represent estimates (average values of measurement results) which have

error bars themselves.

7.1.5 Discussion of theResults on the Concentration Determinations

7.1.5.1 Sampling error

As mentioned in 7.1.1.1, the sampling error describes inhomogenity of the

tank solution and possible cross contamination during the sampling proce

dure. By analysis of variances based on the measurements of samples Band

C performed by all laboratories using chemical methods, this error com

ponent was found as not significantly different from zero (Table 7.1-3).

For a more detailed investigation analyses of variances were carried out

I)The laboratories IV and IX did not report density measurements.
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in addition separately for the laboratories I, 11, 111, IV and VIII

(Appendix 11,3), again using the data of the Band C-samples. Applying

this statistieal modell) also the errors of sample preparation steps

performed within the individual laboratory (before subdivision of the sample

material for the single repetition measurements) eontribute to the sampling

error eomponent.

Only in ease of the laboratories 11 and 111, small positive varianees for

the sampling error eorresponding to relative standard deviations of 0.04 %

and 0.07 %, re§pectively, were ealeulated. Tests of signifieanee (Appendix

1I, 2) eorifirmedthe exist:enceof a sigtlificarit differericebetween theB

and C sample in ease of laboratory 111 with a probability of error of less

than 5 %. For the results of laboratory 11 however, no significant differ

enee between the Band C sample eould be eonfirmed with a probability of

error below 10 %.

Although there is no final proof it seems that these small positive values

of the sampling error have to be eonsidered more likely as eaused by sample

preparation in the laboratories than as an indication for inhomogeneity of

the tank solution whieh should beeome visible also by the measurements of

the other laboratories.

7.1.5.2 Interlaboratory deviation

Aeeording to the result of the varianee analysis (Table 7.1-3), the inter

laboratory deviation has a relative standard deviation of about 0.20 % and

eontributes the main part to the total varianee of a single measurement in

this experiment. As already mentioned (7.1.1.1), this error eomponent

is eaused by differenees in the standards and referenee materials used, by

errors in the standardization and random eomponents. Signifieant eontribu

tions by sample preparation errors whieh are ineluded in the interlaboratory

deviation ealeulated in this way (7.1.4.2) do not exist as shown by the

investigations diseussed before (7.1.5.1).

1) In this ease the index "j" is attributed to the sample and the index "i",
deseribing the laboratory, is fixed for eaeh test.
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In respect to the recommendations given at the Ispra Meeting (Appendix I),

significance tests as described in Appendix 11,2 were made for further

confirrnation on the existence of these interlaboratory deviations. In order

to get results which are principally independent of concentration differ

ences between the A, Band C-samples, the tests were performed for each

type of sampIe separately. Based on the values obtained by the laboratories

I, II, 111, IV and VIII using chemical methods l
) , these tests confirmed

in each case (A, Band C-samples) the existence of significant differences

between the measurements of the laboratories with a probability of error

of less than I %.

7.1.5.3 Precision

The precisions calculated from the data of this experiment for the indi

vidual laboratories, partially using different analytical methods, are

summarized in the following Table 7.1-5 together with the values reported

by the laboratories for lang term experience.

Table 7.1-5: Interlabtest I: Calculated and Reported Long Term Precision
per Laboratory for Concentration Determina
tions

.-
Method Lab .code Precision calculated Precision reported

from the data of this for long term
experiment experience

(based on A, Band C samples)
RSDL%J RSD L%J

Gravimetrie V *) 0.08
method

IX *) not reported

Oxidimetry I 0.13 O. I to 0.2
and controll- II 0.12 (0.03 for 500 mg sample
ed potential III ''0.07 not reported
coulometry IV 0.08 0.25

VIII 0.1 I 0.15

X-ray fluores-
cence spectro- VI 0.75 1.0
~etry

x)only one determination per sample available.

I)The measurements of the laboratories V and IX could not be included since
only one single determination per sample was available.
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According to the general opinion of the ana1ysts expr~ssed during the

Ispra Meeting (Appendix I), the gravimetric method is the most precise

one if the concentration determinations are performed on pure materials.

For oxidimetry and contro11ed potential cou10metry a mean va1ue of 0.11 %

was ca1cu1ated by analysis of variance (Tab1e 7.1-3). This va1ue seems

to be somewhat better than it cou1d be expec~~d from the data reported on

10ng term experience.

Concerning the higher va1ue obtained by X-ray fluorescence spectrometry, it

has to be tak.en into cQnsiderati9n that this tef.:hIliql.le i.s stiH iIl thC!.
development stage for this type of ana1ysis. 1)

7.1.6 Discussion of the Results on the Density Determinations

In discussing the results on the density determinations it has to be kept

in mind that these measurements were requested only asanadditional check

on the representativeness of samples in case extraordinary deviations in

the concentration values would be observed (7.1.1.4). Therefore, no exact

specifications for the performance of these measurements had been given and

for some of the laboratories the density determinations could not be con

sidered as a weIl established routine procedure. As it can be seen from the

description of the methods reported (7.1.2.2), some laboratories used picno

meters, others pipettes calibrated in different ways and the corrections

applied Were not the same in all cases. Very probab1y these are the reasons

for the relatively high interlaboratory deviation of 0.3% ca1culated by

analysis of variances (Table 7.1-4).

As recommended at the Ispra Meeting (Appendix I), significance tests ware

made (Appendix 11,2) on the interlaboratory deviations separately for the

A, Band C samp1e. They could be based only on the determinations of the

1aboratories 11, 111 and V as only one measurement per sampie was per

formed by the others. The results confirmed in each case the existence of

I)In this connection it should be noted that the suitability of any analyt
ical method for the application in safeguards depends not only on its
precision but also on parameters like the feasibi1ity of automating the
process, tamperproofness, sample throughput per time unit, dependency
on sampie impurity, cost cf equipment etc.
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s~ifit0U1t differences with a probability of error of Leas than 1 %.

As in the case of the conc,entration determinations, the sampling error calculated

byanalysis of variances as described in 7.1.4.2 was found as not signif

icantly different from zero (Table 7.1-4). This means that also the density

measurements gave no indication for iohomogeneity of the tank solution in
L· • 1)t11'lLS ~erLment.

C0acerning the precision for which an average value of 0.04 % was calculated

by analysis of variances (Table 7.1-4), individual data could only be calcu

lated for the laboratories 11, 111 and V. They are compiled in the follow-
. .... ... .. .. 2)
ing Table 7.1-6.

Table 7.1-6: Interlabtest I: Calculated Precision per Laboratory for
Density Determinations

Laboratory
code

11

UI

V

Calculated precision
(hased on A, Band C sampies)

RSD L%J

0.045

0.022

0.028

These values are about one third of the precision obtained in average for

concentration determinations by chemical methods (Table 7.1-3). Even

taking into consideration that relative differences in density are only

about oue third of the corresponding differences in concentration for

sam.plematerial as used in this experiment L7-2J, this shows the

usefulness ofdensity measurements for checking the homogeneity of differ

ent uranium sampies because of their lower effort compared to concentra

tion determinations. However, from the results obtained in this experi

ment, this statement can only be made if the density measurements are per

formed within one individual laboratory and therefore independent of inter

laboratory deviations.

I)It should be noted that this r~sult is based on the investigation of sampies
taken from one sing&e batch only.

2)~0 information on the values for long term experience could be given by
the laboratories.
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7.1.7 Analytical Efforts

In respeet to safeguards applieations, the laboratories were asked to report

the average~value of manhours neeessary for the analysis of one sampIe

(ineluding sampIe preparation, density measurement, calculation ete.) based

on three independent determinations.

In the following Table 7.1-7 the reported values are summarized.

Table 7.2-7: Intgt:labtest I: Analytical Efforts (Manhours) Reported by
Eaeh Lahoratory

Laboratory
eode

VI

V

IX

I

11

III

IV

VIII

Analytieal method

X-ray fluoreseence

Gravimetry

Gravimetry

Oxidimetry

Oxidimetry

Oxidimetry

Coulometry

Coulometry

Manhours per
analysis

3

3.5 *)
not reported

4

4

4

6

6

k) In addition 4 to 6 manhours for emission speetroseopic determination of
impurities forming non-volatile oxides neeessary as eorrection for the
gravimetrie result.
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7.2 Interlaboratory Test 11:

Concentration Determination of

Plutonium Product Sampies

Participants:

- CEN:

R. Boden. A. Demildt and P.De Regge

- EUROCHEMIC:

R. Berg and R. Swennen

- GFK:

A. von Baeckmann and E. Mainka

- IAEA:

J. Jirota, "K. Russin and V. Schuelein

- TU:

L. Angeletti and W. Bartseher
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7.2.1 Planning and Performance of the Experiment

7.2.1.1 Objectives

Aim of this interlaboratory test was to estimate the magnitude of the dif

ferent er~ur components involved in the determination of the plutonium con

centration of samples taken from the plutonium product selution of a
. .' 1)reprocess1ng campa1gn.

In comparison to the corresponding investigations on uranium product samp

les (Interlaboratory Test I), additional sources of error had to be taken

into consideration:

Firstly, the possible instability of the sample material due to polymerisa

tion of the plutonium, plating out or other "aging" effects. In order to

minimize these effects as far as possible, it seemed advisable to dilute

the samples with concentrated nitric acid immediately after they were

taken. This dilution step itself, however, may introduce a second additional

source of error.

For these reasons, somewhat different definitions of the main error compo

nents became necessary compared to those used in the case of Interlabora

tory Test I:

a) "Sampling errors" due to possible inhomogeneity of the solution in the

tank, errors in the dilution step after sampling mentioned above, and

possible cross contamination during the sampling and dilution procedure.

The layout of this experiment principally does not allow to distinguish

between these sources of error.

b) "Sample errors" caused by aging effects of the sample material and

errors which may be introduced by sample preparation steps within

l)Although until now the nitric plutonium solution is converted into plu
tonium oxide in the final stage of the EUROCHEMIC reprocessing plant,
it was decided to take the samples for this experiment from the plutonium
solution flow before the conversion step. This has been done as this
material is more representative as product from reprocessing plants and
as there is also a trend to deliver in future plutonium product as nitric
solution to the fuel element fabrication plants which will convert it to
plutonium oxide by themselves. Therefore, error analysis of the plutonium
concentration determination on nitric solution may become of special'
interest for safeguards purposes in the future.
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titelabot'4toriMtaefore ae'tUU!rial i8 sub4ivided for the single

repetitian measurements.

c) "Iaterlaboratory deviatioas" witichare mainly due to differences

indle standards or refer~nce materials used, errßrs in standardi

zation aud ra..... com~ts.

d) The ~lprecision~f (ur r~ucibi1ity),bywich thestatisticalerror

ofthe measurellBet'lt itself is UIlderstood. 'This error component may

also include coatributions by sampie preparation steps performed after

thesubdivision.9f tl1~sample tnaterial forthe single rep~tition

measurements.

In priacipal, errors caused by aging effects may consist of two different

components: Firstly, a raDdomc~nent varying from the sampie solution

in one individual sample bottle eo the ocaer , secondly, a systematic

component depending only on the time interval between sampling and analysis.

Qnly the raadom c~nent,beingspecific for each individual sampie, con

tributes to ,the satlple erroras defined aeeve (b) , A systematic component

Gepemiing oaly ondtetime cf ..lysis wouldbe s}lecific for the individual

laboratoriesandtherefore contrihate eo the "interlabo.ratory deviation"

(c) •

7.2.1.2 Sampling system

The samples were taken from a preduc c receiver tank which is normally

filled up to150 1 with plutonium product solution from the second extrac

tioncycle (2BP).

The sampling system connected to this vessel is analogous to that described

in Interlaboratory Test I (7.1.1.2, schematically shown in Figure 7.1-1).

However, homo,genization before samplingwasdone by airsparging instead of

pump circulation.

All sample bottles used within the EUROCHEMIC facility and the plastic

cartridges for the pneumatic post system are of the type shown in Figure

7.1-2 (Interlaboratory Test I). In the course of special stabilization and
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homogenization procedures performed at the EUROCHEMIC plant before shipment

to the laboratories (see next paragraph), the sampie solutions were trans

ferred into a second type of sampie bottles (Figure 7.2-1) 1). These glass

vials were closed with a plastic screw cap and tightened with a TEFLON

washer. To avoid getting loose during transportation, the bottle threads

were covered with thin TEFLON-tape which genera ted a close contact between

the glass sampie vial and the plastic screw cap.

For shipment of these sampie bottles, special inserts were constructed

(Figure 7.2-2). After welding with double plastic covers, these inserts

werepacked iuto BF~3 birdcages.

7.2.1.3 Sampling procedure

The sampling procedure followed in this particular test is shown schem

atically in Figure 7.2-3. Three sets of sampies (in the following indicated

as A, Band C-samples) have tobe distinguished. The A-samples were taken

without previous homogenization of the solution in the tank, the B- and

C-samples after air sparging in the vessel for five and thirty minutes,

respectively2). Before sampling of each set the sampie line was flushed

for ten minutes to avoid cross contamination with residual material.

In order to improve the stability of the sampie solutions by reduction of

the plutonium concentration and increase of their acidity, they were

diluted with concentrated nitric acid within 24 hours after sampling. For

this purpose, all sampies belonging to the same set were given together in

a glass beaker and 10 M HN03 was added in a ratio of approximately 1:1 by

I)Two types of sampie bottles were used:
a) KIMAX Culture Tubes, Screw Cap with Teflon Liner 60828 354. Delivered

by Van Waters & Rogers, P.O. Box 3200, Ringon Annex, San Francisco,
cai ., 94119 USA

b) Tubes avis bouches 4 61151. Manufactured by SOVIREL, Paris, France,
delivered by Bender & Hobein GmbH, Kaiserstr. 12, Kar lsruhe , Germany.

2}'Special attention is drawn to the fact that the A-samples were taken
without preceding homogenization. As this sampling procedure is not used
in normal plant operation, different concentrations of the A-samples
compared to the others are of no practical interest and therefore not
considered in the evaluation of this test. However, inhomogeneity indi
cated by concentration differences between the B- and C-samples would be
of importance as these sampies were taken according to routine procedures.
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Fig.7.2- 3 Interlabtest [:
Sampling Procedure and Sample Dilution
Pu - Product Samples

Sa~e

dist'finuted for
iabor«tories

..

SampIes mixed
and diluted
(10-M -HN03 )..

Set of 5 8- sampIes taken :

Set of 6 C- sampIes tnken .

10 min
recycling
via bottle

no mixing in tank before

Set of 5 A- samptes taken : [!] rn rn rn rn

weight1) • After homogenization, the sample material was distributed on the

bottles described before (Figure 7.2-1) for shipment to the laboratories.

In general, each sample bottle contained about 6 mlsolution.

The concentration of the diluted sample material was approximately

19 mg Pu/g solution, the density about 1.22 g/ml and the nitric acidity

about 6.5 M. Related to the plutonium content, the sample solutions con

tained approximately 3.5 % uranium.

All 16 original samples for this interlaboratory test were taken on April 25)

1970 from batch VAK 2BP-400.

I)The exact dilution ratios are summarized in Table 7.2-3 (7.2.3.)
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7.2.1.4 Request for analysis

Each of the five laboratories participating in this test received one A-,

one B- and one C-sample with request for analysis of the plutonium~concentra

tion using their standard methods. As some laboratories used several analy

iical techniques, the ~esults of seven independent analytical procedures
)

became available.

At least three repetition measurements should be carried out on each sample

in order to allow the calculation of precisions for the different

methods applied.

Furthermore, the density of each sample should be determined if possible

as check on the representativeness of the samples in case extraordinary

deviations of the concentration values should occur. Although these measure-

ments were not considered as an official part of this test, the results

communicated were included in this report for information.

7.2.2 Analytical Methods Applied by the Laboratories

The analytical methods applied were reported by the participating labora

tories as follows:

7.2.2.1 Concentration determinations

Laboratory code I:

Method: PlutoniQm oxidised by silverperoxide to Pu (VI) is reduced by

addition of Fe (11) in excess to Pu (IV). The excess Fe (11) is

back-titrated against Ce (IV) potentiornetrically. The Ce (IV) and

Fe (11) are calibrated against each other and the Fe (11) is cali

brated against dichrornate (AERE-4975).

Calibration: K
2CrZ07:

Titrisol 0.1 N

Calibration of Fe (11) with KZCr207:
0.228340 ~ 0.000090 ml CrZ07/ml

Fe (11)
(based on 4 deterrninations)
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Calibration of Ce (IV) with Fe (11):

0.239220 .:. 0.000088 ml Ce (IV)/ml Fe (11)

(based on 3 determinations)

Corrections: No corrections have been applied.

Remark: Some results have been rejected because in certain cases the

titration equipment obviously produced erroneous results.

Laboratory code 11:

Method: Plutonium oxidised by silverperoxide to Pt! (VI) is redt!ced by

addition of Fe (11) in excess to tu (IV). The excess Fe (Ir) is

back-titrated against Ce (IV) potentiometrically. The Ce (IV) and

Fe (11) are calibrated against each other and the Fe (11) is cali

brated against dichromate (AERE-4975).

Corrections: Thevalue of the NBS-Pu standard has been corrected by 0.1 %

for the Pu-241 decay. No correction has been applied for the differ

ence of the isotopic composition of the NBS standard and the sampie

material.

Laboratory code 111:

Method: About 2.~ g of sampie solution Were weighed in a 50 ml volumetric

flask and made up to volume with 1 N HN0
3•

In an aliquot of 10 ml the Pu had been oxidised to the hexavalent

state by AgO. The excess AgO had been destroyed by heating. After

addition of sulphamic acid the Pu (VI) was reduced by .excess iron

(11). The excess iron (11) was titrated cerimetrically with ampero

metric end-point detection.

Lit. : J. Corpel, F. Regnaud: Anal. Chim. Acta 35, 508-513 (1966)

Remark: Control measurements using the NBS standard 949 b showed very good

agreement. Atomic weight for sampie: 239.16.

Laboratory code IV:

Method: In a nitric acid solution after addition of amidosulfonacid on a

platinum net electrode at + 0.4 V versus saturated Calomel elec-



trode Pu (IV) and Pu (VI) is redueed to Pu (111). Subsequently at

+ 0.9 V Pu (111) is oxidised to Pu (IV).

Correetions: A eorreetion of 0.1 % for Pu-241 deeay has been applied to

the value of the NBS-standard. No eorreetion eoneerning the dif

ferent isotopie eomposition of sampie and standard was made.

Laboratory code V:

Method: The method is based on a paper by Corpel and Regnaud. The prineiple

of the method is as foliows: The sample is first eonverted into

sulfate by fuming with H2S04• After dilution to a speeifie volume,

aliquots eontaining 10-20 mg of Pu .are taken for analysis. Pluto

nium is oxidized to hexavalent plutonium by stirring the aliquot

with exeess silver peroxide. The exeess is then destroyed by

heating. After eooling a measured exeess of iron (Ir) is added and

reduees plutonium to the trivalent state. The exeess iron (Ir) is

then titr~ted with potassium diehromate solution potentiometrieally

using a platinum tungsten eleetrode pair.

Manipulation of the sampie: Eaeh of the samples reeeived was weighed 3 times

for speeifie gravity determination. The remaining solution was then

weighed in bulk and added to the flask. The average from these three

weighings was taken for the speeifie gravity after a eorreetion was

made for temperature and pipette ealibration.

After digesting with H2S04
the solution was transferred to a volu

metrie flask and filled to a partial volume. On the day the sample

is to be analysed, the flask is brought to the exaet volume, the

aliquots for analysis are taken and the temperature eorreetion at

this time applied.

The iron (11) solution was standardized against the potassium
<,

dichromate immediately before the titration.

The same Fe+2 and diehromate solution was used throughout the

eomplete series of samples.

Correetions: Correetions applied to eoneentration were as foliows:

Std. recovery of NBS Pu metal 949 C when run through the proeedure
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100.01

99.87

100.49

100.12 % avg. std. recovery using NBS 949 C

Pu metal standard with no isotopic correction and assuming 100 % 239.

We realize this is slightly in error but since this standard is very

new we do not have the necessary information to make the proper iso

topic correction.

The three standards were run on three different days, each with a

sample. The average recovery was used for the correction of each

sample. The sample atomic weight was taken to be 239.44.

Laboratory code 'UT.
Y .L •

Method: Plutonium oxidized by silverperoxide to Pu (VI) is reduced by ad

dition of Fe (11) in excess to Pu (IV). The excess Fe (11) is

back-titrated directly by K2cr207•
Fe (11) is standardized daily

against K
2Cr207,

Pu AS202> Pu (VI) Fe (II) ~ Pu (IV).

Calibration: Primary standard: K
2Cr207. NBS-949 standard is titrated at

intervals for comparison, A secondary Pu-standard is used as a

routine control.

Corrections: The isotopic composition of the samples is considered in the

calculations (atomic weight is calculated for each individual

sample).

Laboratory code VII:

Method: A weighed aliquot of the sample is mixed with a defined amount of

thoriumnitrate solution. In the solution the ratio of the inten

sities of the plutonium and the thorium La 1-lines are compared.

Lit. : Pella e.a. Anal. Chim. Acta 47, 431 (1969)

Corrections: The plutonium content of the NBS-standard was corrected for

Pu-241 decay.
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Laboratory code VIII:

Not reported as these data were given for orientation only and do not form

an official part of the interlaboratory test.

7.2.2.2 Density determ~nationsl)

Laboratory code I:

The measurements were made by picnometers. The room temperature was constant

within 30 C and humidity about 60 %. However, density determinations and
opicnometer calibration were performed using a water bath of 20.0 + 0.2 C.

Laboratory code 11:

A 2 ml pipette calibrated with H20 was used. Temperature correction has

been applied.

Laboratory code V:

The density was obtained by weighing 1 ml pipette on a Mettler semimicro

balance in an open hood. The specific gravity was only corrected by temper

ature and a balance calibration factor total correction was wt./. 99955 =
specific gravity. Due to operating difficulties density for sampie A was

taken from only the first weighing. Sampie Band C were determined from

3 weighings each.

No correction was made for air buoyancy.

l)Since the code numbers were assigned to each independent method of con
centration determination, in some cases several code numbers are related
to the same laboratory. The method of density determination used by those
laboratories was given under one of these code numbers only.

The laboratories 111 and VI reported no density measurements.
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7.2.3 Reported Analytical Results and Corrections Applied

In Table 7.2-1, a11 single c0!Ventration determinations and in Table 7.2-2

a11 single density measurensnts communicated are compiled in columns 5 and

4 respectlvely. In general, the concentrationvalues were reported in

mg Pu/g solution. The results of laboratory VI, given in mg Pu/ml solution

were converted for further evaluation using the mean values of densities

obtained by the other laboratories, as no density measurements were per

formed by laboratory VI itself.

All density values are corrected for 200 C.

In order to obtain comparable data, the reported concentration values had

to be corrected for the dilution of the samples with concentrated nitric

acid (7.2.1.3) and for the ß-decay of the Pu-241 isotope since sample age was

different at the time analysis in the individual laboratories.

The corrected concentration value of a single determination was calculated

according to

c • k x (l~a~t) x ccorr. uncorr •

In this equation, k means the correction factor for the dilution of the

sample, calculated from the data summarized in Table 7.2-3 which were re

ported by the EUROCHEMIC laboratory.

Table 7.2-3: Interlabtest 11: Data on the Dilution of the Sample

Sample Weight of sample Weight of added Calculated correction
description solution 10 M HN0

3 factor

-r-: -i»: k = a+b
a

A 17.21924 18.90285 2.09777

B 18.84407 18.89552 2.00273

C 21.28750 22.44445 2.05435
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Table 7.2-1: Interlabtest 11: Reported Concentration Determinations

Analytica1 ~ Reported Time Single determi- Mean va1uep..

method Ql single interval nation corrected per samp1eI:: 1-1 .I-l
>. 0 I:: determination between for dilution ± SD1-1 o,-l \l-l Ql
0 .I-l 0 m Eng Pu/g sol;] sampling and Pu-241 decay /itg Pu/g solJ.u Ql p..
CIS "'tl GI o,-l 1-11::1-1 and {jD.g Pu/g sol;]1-1 0 .... 1-1 Ql 0::1
0 u p.. U .Cr,-lc/} analysis,.0 13 !I.l S.uClS
CIS \1l Ql ~j~ r-«:H tn"'tl

1 2 3 4 5 6 7 8

I Oxydimetry A 1 19.01 39.918
2

1- 19.01 39~918 39.946
3 19.05 40.002 + 0.049-

B I 20.01 40. I 15
2 19.87 95 39.834 I 40.068
3 20.08 40.255 + 0.214-

C 1 19.40 39.894
2 19.43 39.956 39.942
3 19.44 39.977 + 0.043-

11 Oxydimetrll A 1 18.934 39.735 39.788
2 18.984 39.840 + 0.074-

B I 20.074 41 40.219 40.227
2 20.082 40.235 + 0.011-

C 1 19.318 . 39.702 39.702
2 19.318 39.702 ... 0.000-

111 Oxydimetry A I 18.899 r. 39.674
2 18.921 39.720 39.689
3 18.899 39.674 + 0.027-

B 1 19.698 39.477
2 19.698 66 39.477 39.460
3 19.673 39.427 + 0.029-

C I 19.363 39.806
2 19.337 39.753 39.788
3 19.363 39.806 + 0.031-

IV Cou1ometry - A I 19.016 39.>907
~ 2 19.050 39.979 39.969

3 19.070 40.020 + 0.057-
B I 19.934 39.938

2 19.930 38 39.930 39.953
3 19.960 39.990 + 0.033-

C I 19.252 39.566
2 19.360 39.788 39.728
3 19.380 39.829 + 0.142-
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Table 7.2-1: (continued)

2 3 4 5 6 7 8

B

c

V Oxydimetry A

B

C

r VI Oxydimetry A

I

1
2
3
4

1
2
3

1
2
3
4

1
2

1
2

18.741
18.658
18.780
18.793

19.820
19.824
19.820

19.322
19.207
19.171
19.207

23.08 1)
23.13 1)

24.10 1)
24.09 1)

1)
23.59 1)
23.63

59

84

...

39.338
39.164
39.420
39.447

39.718
39.726
39.718

39.718
39~482

39.408
39.482

39.653 2)
39.739 2)

2)
39.643 2)
39.627

2)
39.827 2)
39.895

39.342
+ 0.128

39.721
+ 0.005

39~523

+ 0.135

39.696
+ 0.061

39.635
+ 0.011

39.681
+.0.048

VII X-ray
fluores
cence
spectro
imetry

A

B

C

1
2

1
2

1
2

18.593
18.932

19.810
19.697

19.256
19.449

31

39.016
39.727

39.686
39.460

39.570
39.967

39.372
+ 0.503

39.573
+ 0.160

39.769
+ 0.281

VI]: Values reported were given for orientation only.

I)AS reported by the laboratory, these values are given in mg Pu/mI solution.

2)Calculation of these values was based on the mean values of densities
obtained by the other Iaboratories for the A, Band C-sampIe,respectiveIy.
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Table 7.2-2: Interlabtest 11: Reported Density Determinations

Laboratory Sample Number of Reported single Mean value
code description repetition determination per sample ~ SD

measurement tv«: Lg/mlJ

1 2 3 4 5

I A 1 1.22565
2 1.22529 1.22545
3 1.22540 + 0.00018-

B 1 1.22220
2

.. ··1.22194 . ·-1.22203-
3 1.22194 + 0.00015-

C 1 1.22411
2 1.22446 I 1.22443
3 1.22471 f 0.00030

11 A 1 1.220 1.220

B 1 1.215 1.215

C 1 1.217 1.217

III No density measurements reported

IV
1)

V A 1 2) 1.2207 2) 1.2207

B 1 1.2184
2 1.2192 1.2188
3 1.2187 + 0.0004-

C 1 1.2131
2 1.2119 1.2124
3 1.2123 + 0.0006-

VI No density measurements reported

VII
1)

VIII
1)

i)Since the code numbers were assigned to each independent method of concentra
tion determination, in some cases several code numbers are related to the
same laboratory. For codification of the density determinations performed by
those laboratories, only une of these numbers was used.Therefore, no specific
data can be assigned to the code numbers IV, VII and VIII.

2)Two further determinations were rejected by the laboratory (7.2.2.2~
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The factor (l+a~t) gives the correction for the ß-decay of the Pu-241 iso

tope. a is defined by

with

a = A
100

ln 2
'?( --

H

A = relative abundance of the Pu-241 isotope (7.8 %)

H = half life period of the Pu-241 isotope (5110 days).

~t ~days-7 is the time interval between sampling and analysis in the labo

ratory,given in column 6 of Table 7.2-1.

The corrected concentration values are compiled in column 7 oi Table 7.2-1.

For a first survey these data are graphically presented in Figure 7.2-4.

For each individual laboratory, the relative deviations of the illean values

per sample from the mean of all these means are shown. The error bars

indicate the relative standard deviationof the mean value per sampie.

Figure 7.2-5 shows the results ofthe density determinations in thesame

manner. For laboratory 11, no error bars could be calculated as only one

determination per sampie was made.

7.2.4 Evaluation

7.2.4.1 Review of data

A review of the data on the concentration as weIl as the density deter

minations gives no indication for outliers.

7.2.4.2 Estimation of error components

The following calculations of the different error components by analysis

of variances were based on all data obtained by chemical methods for the

B- and C-samples.

The measurements on sample A wereexcluded in order to avoid any simulation
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of inhomogeneity of the tank solution by this sampie which was not taken

according to routine procedures (7.2.1.3). The measurements carried out by

X-ray fluorescence spectrometry (laboratory VII) had to be excluded as

from the statistical point of view they are not comparable to those ob

tained by chemical methods in regard to their precision (7.2.5.4).

As mentioned in 7.2.1.1, there are four main error components which have

to be considered in this interlaboratory test: Sampling error, sampie error,

interlaboratory deviation and precision.

By application of the variance analysis as described in Appendix 11.4 and

based on the model I schematically showri in Figure 7.2-6 1
) , it is possible

to calculate the estimate for the variance of the precision, the estimate

for the variance of the sampling error and the sum of the estimates for

the variances of the sampie error and the interlaboratory deviation.

As the result is obtained that there exists no significant sampling error,

in this case the B- and C-samples can be considered as identical and the

variances of the sampie error and the interlaboratory deviation can be cal

culated separately by a second analysis of variance based on model 11 in

Figure 7.2-6 in which the positions of laboratories and samples are inter

changed.

Since by definition the different error components are considered as inde

pendent from each other, the variance of the sum of the sample error and

the interlaboratory deviation calculated according to model I should be

equal to the sum of the variances obtained on the basis of model 11 for the

sample error and the interlaboratory deviation separately. This is weIl

confirmed by the calculated values which are summarized in the following

Table 7.2-4:

l)This model ~s identical with that shown in Figure 7.AlI-l.
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Table 7.2-4: Interlabtest 11: Calculated Variances and RSD of Error
Components for the Concentration Deter
minations.

(Based on B- and C-samples measured by
laboratories I to VI using chemieal
met:hods)

c '"
40 mg Pu Sampling Sampie Interlab. Precisiong sol. error error deviation

-- -- - -- -- -_.. --- ._- -- --- I- _. .-

Model I
102(Fig. 7.2-6) variance not 4.80 0.946

significant

Model II
102 'faken as

(Fig. 7.2-6) variance not 3.64 1.00 0.946
significant

Final 102 variance not
3.72%)I results significant I 1.00 0.946

SD - 0.193 0.100 0.0973

RSD C%J - 0.49 0.25 0.24

:>Mean of the values 3.64 obtained from the varience of sampie error
and 3.80 = 4.80-1.00, obtained from the variances of sampie error and
interlaboratory deviation.

Concerning the density measurements, the number of determinaLions reported

was considered to be too small to allow a meaningful error analysis by

statistical methods.

7.2.4.3 Complementary calculations.

During the Ispra Meeting (Appendix I) itwas recommended to evaluate the

measurements on the A, Band C-samples separately in order to avoid any
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disturbances by possible errors due to the dilution step or sample inhomogeneity

Although no indication was found for significant errors of this kindby the

analyses of variances described before (7.2.4.2), the results of those calculati

are given in the following as complementary information.

The analyses of variances for each type of sample (A, Band C) were carried

out according to Appendix 11,31
) . In this case, the estimate for the vari

ance of the precision is obtained, but for the sample error and the inter

laboratory deviation only the sum of the variances can be calculated.

The results, expressed in relative standard deviations of the error com

ponents are summarized in Ehe followirig Table 7.2~5:

Table 7.2-5 Interiabtest 11: RSD of Error Components for Concentration
Determinations, Calculated per Sampie.
(Based on measurements of laboratories I to
using chemical methods)

UT.....

Sampie Precision Sampie error and interlab. deviation
RSD L%J RSD C%J

A 0.20 0.64 I
I

B 0.25 0.69

C 0.24 0.37

Average
value 0.23 0.57

The calculation of the average values is meaningful, as the number of single

determinations per sample is equal within each individual laboratory with

the only except10n of laboratory V~

However, as the number of measurements per sample is different for the in

dividual laboratories, in the statistical sense the system is not ortho

gonal and therefore, no confidence limits can be calculated for the esti

mates of the variances or relative standard deviations respectively. This

1) In this case the index "j" is attributed to the laboratory and the
index ni" describing the sample is fixed for each analysis of variances.
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difficulty can be overcome to a certain extent by calculation of the stand

ard deviations of the average values given in Table 7.2-5. About

(0.23 ! 0.02) % are obtained for the relative standard deviation of the

precision and (0.57 ! 0.10) % for the relative standard deviation of sampie

error and interlaboratory deviation together. The corresponding values of

0.24 % for the precision and 0.55 % for the sampie error and interlaboratory

deviation together 1) calculated by the variance analyses given in Table 7.2-4

are in good agreement with these results and show the consistency of these

considerations.

7.2.5 Discussion of the Results on the Concentration Determinations

7.2.5.1 Sampling error.

By the result of the variance analysis given in Table 7.2-4, no significant

value for the sampling error was indicated. According to the definition of

this error component (7.1.1.1); this means that from the data obtained in

this experiment there is no evidence for inhomogeneity of the tank solution

or significant errors introduced by the dilution step.2)

7.2.5.2 Sampie error

The sampie error component with a relative standard deviation of about

0.5 % in average (Table 7.2-4) represents the main contribution to the

total error of a single concentration determination.

As described in 7.2.1.1, instability of the sampie material as weIl as

errors introduced in course of sampie preparation within the laboratories

may contribute to this component.

From the structure of the experiment, it is not possible to distinguish

between these two error sources. However, comparison with the results

I)Calculated from the relative standard deviations 0.49 % and 0.25 % for the
sample error and the interlaboratory deviation, respectively (Table 7.2-4).

2)It should be noted that this result is based on two dilutions only per
formed on sampies taken from one single bateh.
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obtained in Interlaboratory Test I (7.1.5.1) for the eoneentration deter

mination of uranium produet sampies gives some indieation. In that ease it

eould be shown that in average no signifieant error eontributions due to

sampie preparation exist. Only for two laboratories small values were found,

being one order of magnitude lower than the value of about 0.5 % ealeulated

in this experiment. Therefore,the assumption seems to be justified that the

high value of the sampie error in ease of the eoneentration determinations

of plutonium is mainly eaused by instability of the sampie material and

not by sampie preparation within the laboratories, even if the impeded

manipulation in glove boxes is taken into eonsideration. 1)

7.2.5.3 Interlaboratory deviation

Aceording to the result of the varianee analyses (Table 7.2-4), this error

component has a relative standard deviation of 0.25 % whieh is very elose

to the corresponding value of 0.20 %ealculated in the ease of uranium eon

centration determinations (Interlaboratory Test I, Table 7.1-3 and 7.1.5.2).

However, whereas in the ease of uranium product analysis this error component

eontributes the main part to the total error of a single measurement, it

amounts in the ease of plutonium produet analysis only to about one half

of the value found for the sampie error component.

As already mentioned (7.2.1.1), the main eontributions to the interlabora

tory deviation are probably differences in the standards and reference

materials used as weIl as ealibration errors. Furthermor~ it was pointed

out that any systematic component of aging effeets depending only on the

storage time of the sampie material would also eontribute to this error

eomponent. However, from the data obtained in this experiment, no indiea

tion could be found for the existence of such an effect.

I)Measures for improving the stability of plutonium sampies were reeom
mended at the Ispra Meeting (Appendix I).



7 - 59

7.2.5.4 Preeision

Nearly all laboratories used oxidimetrie methods with slight modifieations

and different endpoint determinations (7.2.2). Only laboratory IV used

eoulometry and laborabory VII X-ray fluoreseenee speetrometry.

As an average value for all laboratories applying ehemieal methods (labo

ratory I to VI) apreeision for the single determination of 0.24 % was

ealeulated by the varianee analyses (Table 7.2-4). This is about twiee as

mueh as the eorresponding value obtained in the ease of uranium eoneentra

tion determinations (Interlaboratory Test I, Table 7.1-3).

The preeisions obtained by the individual laboratories are summarized

together with the reported values for long term experienee in the following

Table 7.2-6:

Table 7.2-6 Interlabtest 11: Caleulated and Reported Long Term Precision
per Laboratory

Method Labora- Precision calculated Precision reported
tory from the data of this for long term experience
code experiment

RSD L%J RSD L%J

Oxidimetry I 0.32 not reported
and U 0.11 0.3coulometry

UI 0.07 not reported

IV 0.23 0.3

V 0.29 0.2 to 0.3

VI 0.11 0.1

X-ray fluores- VII 0.87cence spectro- 1.0
metry
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There is good agreement between the values for the precisions obtained

in this experiment and those reported on the basis of long term experience.

Concerning the higher values obtained by X-ray fluorescence spectrometry,

reference is made to the remarks given in Interlaboratory Test I (7.1.5.3).

7.2.6 Discussion of the Results on the Density Determinations

It sWoula be emphasized that density measurements were no official

part of this interlaboratory test (7.1.1.4) and the number of determina

tions reported was insufficient for a detailed error analysis.

From the data obtained by the laboratories I and V (Table 7.2-2), aprecision of

0.018 % and 0.043 %, respectively, could be calculated for the single repe

tition measurement. These values are of the same order of magnitude as

thosefound for the density determinations on uraniumproductsamples (In

terlaboratory Test I, Table 7.h"6).

As indicated by the results shown in Figure 7.2-5, also the interlabora

tory deviation seems to be of the same order of magnitude as in the case of

density determinations on uraniumproduct sampies for which a relative

standard deviation of 0.3 % was calculated (Interlaboratory Test I, Table

7.1-4).

7.2.7 Analytical Efforts

In respect to safeguard considerations, the laboratories were asked to re

port the average value of manhours necessary for the analysis of one sample

(including sampie preparation, density measurement, calculation etc.) based

on three independent determinations.

The reported values are summarized in the following Table 7.2-7:



7 - 61

Table 7.2-7: Interlabtest 11: Analytical Efforts (Manhours) Reported
by Each Laboratory

Laboratory Analytical method Manhours
code per analysis

I Oxidimetry 20

U " 2

IU " 6

V " 12

VI " 2

IV Coulometry 2

VII X-ray fluorescence 2
spectrometry

The considerable differences in the reported values are mainly caused by

the fact that some laboratories based their estimation on large series

of routine measurements, other laboratories on the relatively small number

of determinations performed for this test.
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7.3 Interlaboratory Test 111:

Isotopic Analysis of Uranium Produc~

Samples by Mass Spectrometry

Participants:

- ceR:
J. Evans, S. Facchetti, A. Marrel and S. Zierfuss

- EUROCHEMIC:

H. Beke'l.und and J. van Roon

- GFK:

A. von Baeckmann and E. Gantner

- ORNL:

A.E. Cameron, L.T. Corbin, R.E. Eby and C.E. Lamb

- TU:

K. Kammerichs, L. Koch and C. Rijkeboer
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7.3.1 Planning and Performance of the Experiment

7.3.1.1 Objectives

The aim of this interlaboratory test was chiefly to estimate the magnitude

of the different error components involved in the determination of the
.. .. f . educ t 1 b 1)1sotOp1C compos1~10n 0 uran1WD pr uctsamp es y mass spectrometry.

The following error components ..re cunsidared:

2)
a) "Sean errors" , by whieb the preeision (or reproducibility) of

the single isotopic ratios is understood and whieh is obtained

from the repeated scans with the same filament loading (run};

These are the statistical errors caused by tbe overall instability

of the instrumental eonditions.

b) "Run2) errors", introdueed by measurement on different filaments

loaded with the same sampie.

c) "Interlaboratory deviations" whieh may be eaused e.g. by diffe

rences in the standards used, errors in standardization or other

random components.

In respect to the isotopie eorrelation studies ~7~3-T, it was of special

interest to estimate these errors for low abundant isotopes. Therefore,

sampies of depleted uranium were used as speeified in the next paragraph.

7.3.1.2 Sample material

The sample material for this experiment was identieal with that used for

the determination of the uranium eoneentration in Interlaboratory Test I

(7.1.1.3) from CANDU bateh 3UP-IOOO. The eoncentration of this solution

was nearly 280 mg U/g solution, the density about 1.6 glml and the nitrie

I)For other sample material, e.g. aetive feed solutions, additional
sources of error may exist which are not eovered by this experiment.

2)One "scan" is defined as the single measurement of the peaks of all
isotopes considered. One "run" is defined as the total of all repeated
scans performed with the same filament loading.
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acidity below 0.5 M. The approximate isotopic composition was as foliows:

U~234

0.004

U-235

0.35

U-236

0.06

U-238

> 99

In order to enable the detection of possible inhomogeneity of the tank

solution in respect to the isotopic composition, three sets of sampies

(A, Band C) ~ere taken after zero, thirty and sixty minutes circulation

of the tank solutionI) •

7.3.1.3 Request for analysis

Each of the five laboratories participating in this test received one A-,

one B- and one C-sample with request for analysis of the uranium isotopic

composition by mass spectrometry using their standard methods.

At least two runs per sampie should be carried out, each run consisting of

at least six scans. In case of insufficient ion current intensity for

the rare isotopes using routine conditions, attempts should be made for

their determination by increase of the filament current or other means.

The 1aboratories were asked to report all individual isotopic ratios deter

mined as weIl as the isotopic compositions in weight percent including mass

discrimination factors or other corrections app1ied.

7.3.2 Instruments and Measurement Techniques Used by the Laboratories

Four of the five participating laboratories performed the measurements with

commercial single stage mass spectrometers of the type MS5 2), CR43) and

CR53), one laboratory (ORNL)4) with a tandem magnetic instrument of special

I)For the description of tne sampling system and the sampling procedure see
Interlaboratory Test I (7.1.1.2 and 7.1.1.3).

2)Associated Electrical Industries Ltd., Manchester, Great Britain.

3)Varian MAT, Bremen, Germany.

4)The permission for the revelation of the code was kindly given by the
laboratory.
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design which is described in detail in Appendix I!! together vith the

measurement teehnique applied.

All laborat~ries used thermion sources with rhenium filaments but different

filament arrangements.

In all eases, the measurements were made on the U+-ions and instrument

ealibration was performed by all laboratories with NBS uranium standards

(U 005, U 010, U 020 and U 500).

Applying routine measurement proeedure~ ion yields of about 10-12 amps/~g U

were obtained with the eommereial instruments and 0.1 to 2 ~g U were report

ed as usual sampie quantities per filament loading. These eonditions were

satisfaetory for the determination of the U-235/U-238 and U-236/U-238

ratios. For the peak of the rare isotope U-234 however, a signal to noise

ratio of about 10:1 only eould be aehieved. Therefore, additional runs with

higher ion current intensities - obtained by inereased heating of the

sample filament - were earried out by the laboratories 11 and V. From these

speetra, the ratios U-234/U-235 were determined1) •

In evaluating the speetra, the laboratories rejeeted data on the basis of

different statistical and empirical criteria or by visual inspection.

7.3.3 Reported Analytieal Results

In Table 7.3-1, the isotopie ratio determinations are summarized. Beeause of

the high number of seans in total (about 1000), only the mean values per run

are given together with the relative standard deviation for the single sean

and the number of seans used for their ealeulation. As reeommended at the

Ispra Meeting (Appendix I), no attempt was made to apply eommon or further

rejeetion eriteria to the basic data of the individual seans which were

reported by the laboratories.

Aeeording to the information of the laboratories, all data were cor

reeted for mass diserimination.

I)Laboratory V applied this method also to some determinations of the
isotope U-236.



Table 7.3-1: Interlabtest III: Reported Isotopie Ra~io Determinadons and GaleulatedSean Preeision per Run

(All values eorreeted for mass dJseriminadcm)

U-234 U-234 U-235/U-238 U-236 U-236
U-238 or U-235 (x) U-238 or U-235 (§)

>.
~

§ ~ l0 Q)
Mean value RSD of Mean value RSD of Mean value RSD of4J r-l

ftI Q)
~ of isotopic single of isotopie single =' of isotopie single~"t:I s:: I=lll-l S::1l-I

o 0 ftI
~

o CI) o CI) o CI)
,.Cu CI) ratio pe~ sean ~~~ ratio per sean "t:I I=l ratio per sean "t:I I=l
ftI L%J run x 104 [""%J Q)~ft1

run .» 104 L%J Q)~ft1

...:I run x 10 Cl)Q)CJ Cl)Q)CJ Cl)QlCJ
p,.CCI) P"c CI) p,.OCI)

1 2 3 4 5 6 7 8 9 10 11 12

I A 1 0.4661 5.42 11 35.565 1.03 11 6.1059 2.04 11
2 0.3763 17.40 11 35.179 0.88 11 5.9800 2.31 12

B 1 0.4424 6.16 12 35.370 0.92 12 6.0523 3.68 12
2 0.4472 11 .93 12 34.954 0.57 12 6.0444 2.36 12

C 1 0.4294 6.78 11 35.214 1.21 10 6.0655 2.39 11
2 0.4604 13.42 12 35.283 0.70 12 6.1579 1.64 11

II A 1 140.25 x 1.38 7 34.691 0.43 8 5.9826 1.05 6
2 152.78 x 0.99 6 34.768 0.22 6 6.2857 0.87 6
3 138.47 x 4.80 5 34.914 0.42 6 5.7781 4.03 5
4 157.31 * 0.59 5 34.463 0.79 6 6.0492 2.75 6
5 141.89 * 2.28 7 34.475 L02 8 5.9422 2.21 8

B 1 161.45 * 2.99 5 34.944 0.70 5 6.0539 0.66 5
2 142.56 * 0.56 7 34.720 0.70 7 6.0725 1.41 6
3 142.40 x 2.05 6 34.923 0.53 6 5.7594 1.49 6
4 153.67 * 3.04 5 34.533 0.29 7 5.7275 0.47 7
5 149.39 * 2.25 5 34.606 0.63 7 5.9909 1.09 8

C 1 147.07 1\ 1.81 5 34.419 0.79 7 6.0909 2.01 8
2 180.62 * 3.57 5 34.638 1.28 6 5.9576 2.01 6
3 133.01 * 0.99 7 35.131 1.10 9 6.0203 2.07 9
4 138.77 * 3.40 5 34.729 1.67 7 5.8627 1.90 6
5 - - - 34.968 1.04 6 5.8018 1.93 7

......

0
0-



Table 7.3-J (continued)

I

1 2 3 4 5 6 7 8 9 10 11 12
--

III A 1 0.4252 7.31 9 34.444 0.85 9 5 6847 3.39 9
2 0.3835 5.92 9 34.196 0.17 9 5 4650' 0.64 9

B I 0.4057 3.66 9 34.153 I .11 9 5~6191 1.06 9
2 0.3918 6.22 9 34.072 1.29 9 5.6244 0.61 9

C I 0.4548 2.22 9 34.382 0.42 9 5.8783 0.35 9
2 0.4604 1.84 8 34.503 I. 21 8 5.8846 0.85 8

IV A I 0.4595 8.43 10 34.246 1.24 10 5.8320 2.96 10
2 0.4594 7.73 10 34.165 0.76 10 5.7611 1.83 10

B I 0.4595 6.32 10 34.226 1.39 10 5.9130 2..22 10
2 0.4595 6.32 10 34.175 0.95 10 5.8725 1.47 10

C I 0.4595 6.32 10 34.308 1.01 10 5.9030 I. 79 10
2 0.4595 9.14 10 34.247 I .31 10 5.9536 1.34 10

V A I 155.51 * 0.65 9 34.419 1.07 8 1728.7 § 0.21 9
2 154.57 * 1.99 10 35.070 0.46 8 1717.9 § 1.99 10

B 1 0.4858 1.28 10 33.958 0.23 10 5 9946 0.45 10
2 140.76 * 3.04 10 34.342 0.38 10 1 37.3 § 0.84 10

C 1 0.4871 5.37 10 34.283 0.63 10 5 8100 1.37 10
2 0.5856 3.51 10 34.406 0.66 10 6 1026 1. 76 10

......

0'\
......
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Table 7.3-2: Interlabtest 111: Reported Isotopic Composition
Determinations ~wt %-7

Labo- Sample Run Relative isotopic abundance ~wt %-7
ratory
code U-234 U-235 U-236 U-238

1 2 3 4 5 6 7

I A 1 0.0046 0.350 0.060 99.59
2 0.0039 0.346 0.059 99.59

B 1 0.0043 0.348 0.060 99.59
2 i 0.0044 0.344 0.060 99.59

C 1 ! 0.0042 0.346 0.060 99.59
2 I 0.0045 0.347 0.061 99.59

11 A 1 0.0047 0.3411 0.0592 99.595
2 0.005!

t
0.3421 0.0621 99.590

3 0.0048 0.3431 0.0572 99.595
4 0.0048 0.3391 I 0.0601 99.596
5 0.0047 0.3391 I 0.0582 99.598

B 1 0.0055 0.3441 I 0.0601 99.590
2 0.0048 0.3411 0.0601 99.594
3 0.0048 0.3431 I 0.0572 99.595 ,

4 0.0051 0.3401
I

0.0562 99.598

I5 0.0050 0.3401 0.0592 99.596

C 1 0.0049 0.3382
I

0.0601 99.597
2 0.0059 0.3411 0.0592 99.594
3 0.0045 0.3460 0.0592 99.590
4 0.0046 0.3421 0.0582 99.595
5 0.0043 0.3441 0.0572 99.594

III A 1 0.0041 0.337

I
0.0562 99.602

I
2 0.0037 0.336 0.0535 99.607

B 1 0.0039 0.336 ! 0.0555 99.605
2 0.0039 0.336 I 0.0555 99.604

C 1 0.0044 0.338 I 0.0575 99.599I
2 0.0044 0.339 ! 0.0585 99.598

IV A 1 0.0045 0.3368 I 0.0576 99.6011

I 2 0.0045 0.3360 I 0.0569 99.6026

I
B 1 0.0045 0.3366 ! 0.0584 99.6005

2 0.0045 0.3361 I 0.0580 99.6014

I C 1 0.0045 0.3374 0.0583 99.5998

I 2 0.0045 0.3368
I

0.0588 99.5999

V I A 1 0.0052 0.3393 0.0589 99.5966

I 2 0.0053 0.3452 0.0595 99.5900

I B 1 0.0048 0.3344 0.0590 99.6018
2 0.0047 0.3383 0.0590 99.5980

C 1 0.0048 0.3371 0.0574 99.6007.
i 2 0.0057 I 0.3383 0.0603 99.5957
~
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In general, the ratios of the rare isotopes to the isotope U-238 are given.

Only in the case of laboratory 11, the ratio U-234/U-235 and for some

measurements of laboratory V the ratios U-234/U-235 andU-236/U-235 are

reported in the table, as they were the primary data obtained because of

the special method of measurement applied (7.3.2).

The isotopic compositions in weight percent as reported by the laboratories

are compiled in Table 7.3-2.

7.3.4 Evaluation

7.3.4.1 Review of data

For each individual laboratory, the relative deviation of the mean value

per sample from the mean of all these means are shown in the Figures 7.3-1,

7.3-2 and 7.3-3 for the isotopic ratios U-235/U-238, U-236/U-238 and U-234/U-238

respectivelyl). In addition, for each laboratory the mean value calculated

from the means of the three sampies (A, Band C) is given. The indicated

error bars represent the relative standard deviation of the mean values

and contain contributions by the scan errors as weIl as the run errors.

Comparison of the mean values taken over all sample mean values per labora

tory (solid points) gives no indication that the results of any individual

laboratory have to be considered as outliers in total.

As fal' as the mean values per sample are concerned, the values obtained by

laboratory III on sampie C (compared to those of sampIe A and B), represent

the most evident irregularity especially for the isotopic ratios

U-236/U-238 and U-234/U-238. By statistical tests (Appendix 11,2) the

significance of the deviation is confirmed for both isotopic ratios with

I)The isotopic ratios U-234/U-238 and U-236/U-238 which could be calcu
lated from the measurements of the isotopic ratios U-234/U-235,
U__23.6/U-235 and U-235/U-238 performed by the laboratodes II and V were
not included in these figures, as they are not directly comparable.
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ap170bability of error of less than %. Although in principle this

effectmay De cäl1sed by sfnall croas contaminations duting sampling or

sample preparation, memory e f fec t s. in the nass spectroneter or similar

sources of error, it seems more likely that the significance of this devia

tion is only simulated because of the speeific measnrement technique ap-

pI ied by thisIäboratory: The t~v()tepetit.iQl1tneasureD'ents per sarsp l e were

performedby subseqllentMeating oJ.t;wosample filaments introduced into the

i.cn source simultaneQusly. Therefore, tbe two p~.ns on "'flieh the mean values

per sample are based can nOt be cbJ'lsideredas :i.ndependent hom each other

to the same extel1t as if the measurement technique uSed by the other labo

ratories (subsequent introductionof single sampIe filaT0ents into the ion

source) is applied. This rnay result in the suppression oE apart of the

run error component for the repetition measurements per sample, leadinz to

small limits of error for the calel1lated sampIe mean value and simulating

significant differences between the sampIes which, in fact, represent a

part of the run error component.
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Because of the possible isotopic inhomogeneity of the tank solution, tests

on the significance cf the deviations between the A, Band C-samples were

carried out for each individual laboratory separately (Appendix 11,2).

Besides the results obtained by laboratory 111 discussed above, only in

case of the isotopic ratios U-236/U-238 determined by laboratory IV the

existence of significant deviations between the mean values of the A, B

and C samples was confirmed with a probability of error of less than 10 %

by these tests. AldDugh a more detailed investigation of these data ex

cludes to a far extent that this result was obtained "by chance", this

single case can not be considered as an essential indication for the

existence of an isotopic inhomogeneity of the tank solution because of

the many other possible sources of error 1) •

From these considerations it was concluded that there is no justification

for the rejection of any da ta as outliers and that there is no need to

distinguish between the results obtained on the A, Band C-samples per

laboratory since nosignificant isotopic inhomogeneity of the tank solution

is indicated.

7.3.4.2 Estimation of error components

As mentioned in 7.3.1.1., scan errors, run errors and interlaboratory

deviations were considered as main error components of the mass spectro

metric measurements.

For each isotopic ratio of interest, the estimates for the variances of

these error components were calculated by analyses of variances (Appen

dix II,4) based on the model schematically shown in Figure 7 .AII-l.

For the isotopic ratio U-235/U-238, the values of all five laboratories

were available for these calculations (Table 7.3-J). In case of the

I)It should be noted that in this case the A-sample deviates from the
others, whereas the measurements of laboratory 111 show the main devia
tion for the C-sample. This excludes with high probability inhomogeneity
of the tank solution as the common reason in both cases.
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isotopic ratio U-234/U-238 however, the analysis of variances was based

on the data of the laboratories I, 11 and IV only since this isotopic ratio

was not directly measured by the laboratories 11 and V (for apart of the

determinations) because of the special procedure applied (7.3.2). For the

same reason, the measurements of laboratory V were excluded from the

corresponding calculations concerning the isotopic ratio U-236/U-238.

The results of the analyses of variances expressed as the relative standard

deviations of the error components are summarized in the following Table

7.3-3 for the different isotopic ratios considered. 1)

Table 7.3-3: Interlabtest 111: CaIcuIated RSD of Error Components for the
Isotopic Ratio Determinations

Error RSD L%J of error component for isotopic ratio
component U-234/U-238 1) U-236/U-238 2) U-235/U-238 3)

(NO.4xl0-4) -3 -2

I
(tv0.6xl0 ) (vO.35xlO )

Scan 8.53 2.04 0.90

Run 6.68 2.21 0.63

Interlab. (3.39) 2.56 1.20
deviation

rv 8.04 )

I) Based on the data of Iaboratories I, III and IV
2) Il fl lf " iI II I, 11, III and IV
3) " " 11 " !l all 5 laboratories
4) Value calculated from the isotopic abundances of all 5 laboratories

-

The value of 3.39 % calculated for the interlaboratory deviation ~n case

of the isotopic ratio U-234/U-238 has been put in brackets as it is based

on the data of three laboratories only.

I)In order to reduce the rather extensive numerical treatment of the da ta
necessary according to the formulas given in Appendix 11, a somewhat
simplified way of calculation was followed. This may result in deviations
in the second decimal figure for the calculated relative standard devia
tions of the error components which can be considered as negligible.
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However t a more reliable value based on the measurements of all five

laboratories can be obtained from the relative isotopic abundances given

in Table 7.3-]: The relative standard deviation of the mean values per

laboratory from the mean of these means represents in a good approximation

the relative standard qeviation of the interlaboratory component alone, as

the contributions of the scan and run errors are small due to the relatively

high number of repetition measurements performed by each laboratory. In the

following Table 7.3-4, the corresponding data are compiled.

Table T~3~4:· Intet'labtest IrI: Galculated Lab6r8.t6ry Mean Va.lues of the
Isotopic Gomposition ~wt %-T

Labora- Number of Mean value of relative isotopie abundanees ~
tory analyses per laboratory ~wt %-T
code (runs)

U-234 U-235 U-236 U-238

I 6 0.00432 0.3468 0.0600 99.590

II 15 0.00490 0.3416 0.0589 99.594

III 6 0.00407 0.3370 0.0561 99.602

IV 6 0.00450 0.3366 0.0580 99.601

V 6 0.00490 0.3387 0.0590 99.597

Mean of means 0.00454 0.3401 0.0584 99.597

SD 0.00036 0.0042 0.0015 -

RSD L%J 8.02 1.24 2.51 -

Comparison of the values obtained for the relative standard deviations of

the laboratory mean values calculated from the relative isotopic abundances

(last line of Table 7.3-4) with the relative standard deviations calculated

for the interlaboratory deviation on the basis of the isotopic ratios

(Table 7.3-3) shows very good agreement in respect to the isotopes U-235

(1.24 % and 1.20 %, respectively) and U-236 (2.51 % and 2.56 %, respective-
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ly) 1). For the isotope U-234 however, 8.02 % compared to 3.39 % are found;

As this higher value of about 8 % is considered as the more reliable one,

it has been added in Table 7.3-3.

These results are plotted in Figure 7.3-4, showing clearly the dependence

of the different error components on the magnitude of the isotopic ratio.
2
)

l)In this connection it should be noted that for the special isotopic
composition of this sau~le material (depleted uranium) the numerical
values for the relative isotopic abundances of the rare isotopes are
nearly equal to the numerical values of their ratios_to the reference
isotope u-238. As far as the errors of these quantities (relative iso
topic abundance and corresponding ratio to the reference isotope U-238)
are concerned y the same statement can be made.

2)It should be noted that these curves are only valid if the most abun~
dant isotope (U-238) is used as reference and da not apply e.g. for
theU-234/U-235 and U-236/U-235 ratios determined by the laboratories
11 and V (7.3.2).
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Because of its usefu1ness in practice the dashed curve shown in Figure 7.3-4

has been ca1cu1ated from the data obtained for the individual error components

in this experimßnt: It represents the relative standard deviation 0 associated

in average to the resu1t of an isotopic ratio or isotopic abundance determina

tion performed in one 1aboratory On the basis of 2 runs, each one consisting

of 8 scans. The ca1cu1ation was carried out according to the formu1a l)

+ 02
sn Scan

with s = 2 = number of runs,

n = 8 = number of scans per run

and 01 D ,0R and Os being the relative standard deviations for the•• un can
error componertts as given in Table 7.3-3.

7.3.5 Discussion

Within the isotopic ratio range of about 0.005 % to 0.5 % investigated in

this experiment, all three error components considered are of the same order

of magnitude. By extrapolation of the curves shown in Figure 7.3-4, a va1ue

of 0.5 % to % for an isotopic ratio of 10- 2 can be assumed as a good ap

proximation for all error components, which increases rough1y by a factor

of 10 with a decrease of the isotopic ratio by 2 orders of magnitude.

It shou1d be kept in mind however, that the data calcu1ated for the error

components (7.3.4.2) are average va1ues which have error bars themse1ves.

Therefore, to get a more detai1ed picture, the scan and run error components

were also ca1culated for each laboratory separately. The results are

compiled in the fo110wing Table 7.3-5.

I)Please refer in this connection to Appendix 11,5.
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Table 7.3-5: Interlabtest 111: RSD of Scan and Run Errors Calculated
per Laboratory

!

Labo- U-234/U-238 U-235/U-238 U-236/U-238 U-234/U-235 U-236/U-235
rato-

RSD L%J RSD L%J RSD C%J RSD L'7.J RSD [;%Jry
code Scan Run Scan Run Scan Run Scan Run Scan Run

I 11.09 7.31 0.90 0.57 2.50 0.94 - - - -
I! - - 0.87 0.61 1.90 2.53 2.38 8.65 - -

II! 5.03 7.64 0.93 0.49 1.55 2.86 - - - -
IV 7.46 3) 0.05 2.01 1.13n.s·I1.13 - - - -

1

V 4 •541) 12•9 1?0 •61 1.05 1•581) 3.43 1 1.522)n.s~,3~0.312) 0.432)

1) Based on measurements of C-sample only

2) " " " " A-sample only

3) n.s. = "not significant"

As far as the scan error (precision) is concerned, the mean values per la

boratory are different by a factor of about two at maximum. For the same

laboratory, it may even change by a fact r of five between different runs

as it can be seen from the data compiled in Table 7.3-} (columns 5,8 and 11).

In Table 7.3-5, also the relative standard deviations calculated for the

error components in the determination of the isotopic ratios U-234/U-235

and U-236/U-235 by the laboratories 11 and V are given which applied the

special measurement technique described before (7.3.2). From the yalues

2.38 % and 0.87 % obtained by laboratory 11 for the scan error of the iso

topic ratios U-234/U-235 and U-235/U-238, respectively, aprecision of

2.54 % for the isotopic ratio U-234/U-238 can be calculated. This value is

about one half of the best values obtained by the other laboratories which

measured the isotopic ratio U-234/U-238 directly. A corresponding compari

son of the scan errors for the isotopic ratios U-234/U-238 and U-236/U-238

on the basis of the data obtained by laboratory V which used both methods

of measurement leads also to the result that in case of direct determina

tion of the isotopic ratios U-234/U-238 and U-236/U-238 the scan error is
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about twice as much as if the special measurement technique is applied.

However, this advantage of an improved precision for the isotopic ratio

U-234/U-238 (or U-236/U-238) by the determination of the ratios U-234/U-235

(or U-236/U-235) and U-235/U-238 in practically two different runs should

not be overestimated as its effect on the total error of the isotopic

analysis may be compensated by additional terms contributing to the run

error component.

As far as the run error is concerned, comparison of the values shows

clearly the advantageof the tandem IliaSt; specttometer (Apperidix 111) used

by laboratory IV compared to the single stage instruments.

The reasons for the smaller run errors obtained are certainly the much

better abundance sensitivity of the tandem instrument along with generaily

better vacuum conditions. As reported by the laboratory the residual

difficulties are in the positioning of the filament and in the placement

of the sample in the "V" of rhenium.

7.3.6 Analytical Efforts

The laboratories were asked to report the average value of manhours necessary

for the isotopic analysis of one sample in duplicate (2 runs), subdivided

into

a) sample preparation including loading of two filaments,

b) mass spectrometric measurement (from filament introduction until
termination of run, twice) ,

c) evaluation of the mass spectra and calculations.

The reported values are summarized in the following Table 7.3-6:
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Tabte 7.3-6: Interlabtest 111: Analytical Efforts (Manpours) Reported by
Each l.aboratory

(All values basel on oueanalysis in duplicate)

Reported manhours for

Laboratory sampie preparation mass spectrometric evaluation total analysis
code measurement

I 1 1.5 2 4.5

11 1.5 3.5 2 7.0

III 2 3 1.5 6.5

IV

I
2 2 - 4.0

V not reported not reported not reported 4.5

The differences in the reported data are mainly due to the fact that

the laboratoriesdifferently acco4nted tor unavoidable dead time between

analyses, instrument rr~intenance and calibration procedures.
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7.4 Interlaboratory TesJ: IV:

Isotopic Analysis of Plutonium Product Sampies

by Mass Spectrometry and a-Sp~ctrometry

Participants:

- BCMN:

G.H: Debus , Y.• Le Dui gou and K. Lauer

- CCR:

P. Barbero, C. Cerutti, S. Facchetti, F. Mannone,
A. Marel! and A. Peil

- CEN:

R. Boden, A. Demildt and P. De Regge

- EUROCHEMIC:

H. Bokelund and J. van Roon

- GFK:

A. von Baeckmann and E. Gantner

- ORNL:

A.E. Cameron, L.T. Corbin, R.E. Eby and C.E. Lamb

- TU:

K. Kammerichs, L. Koch and C. Rijkeboer
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7.4.1 P1anning and Performance of the Experiment

7.4.1.1 Objeetives

The aim of this inter1aboratory test was main1y to estimate the magnitude

of the different error eomponents involved in the determination of the

isotopie eomposition of plutonium produet samples by mass speetrometry.l)

The fol1owing error eomponents were eonsidered:

a) "Sean2) errors", by whieh the preeision (or reprodueibility) of

the single isotopie ratios is understood and whieh is obtained

from the repeated seans with the same filament loading (run).

These are the statistieal errors eaused by the overall instability

of the instrumental eon~itions.

b) "Run2) errors", introduced by measurement on different filaments

loaded with the same sample.

c) il1nterlaboratory deviation" which may be eaused e s g, by diffe

rences in the standards used, errors in standardization or other

random eomponents.

Furthermore, the eapabilities of mass speetrometry and a-speetrometry for

the determination of the isotope Pu-238 should be eompared. Exaet measure

ment of this isotope is of special interest in the applieation of ealori

metry for safeguards purposes beeause of its high eontribution to the

total amount of heat generated by the deeay of plutonium ~7-4-'.

7.4.1.2 SampIe material

!wo different samples of plutonium produet material were used for this

experiment: One was taken from bateh 2BP-400 of the VAK-eampaign and is

identieal with sample C used in 1nterlaboratory Test 11 (7.2.1.3), the

I)For other sample material, e.g. aetive feed solutions, additional
sources of error may exist whieh are not covered by this experiment.

2)One "scan" is defined as the single measurement of the peaks of all
isotopes eonsidered. One "run" is defined as the total of all repeated
seans with the same filament loading.
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other from CANDU batch 2BP-1600 in the same manner 1). The concentration

of these plutonium solutions as shipped to the laboratories was nearly

20 mg Pu/g solution2), the density roughly 1.2 g/ml and the nitric acidity

about 6.5 M. The approximate isotopic composition was as foliows:

Sampie 2BP-400:

Sampie 2BP-1600:

Pu-238

0.7

0.1

Pu-239

> 66

> 72

Pu-240

23

23

Pu-241

7.7

3.6

Pu-242

2.3

1.0

t» %J
Lwt %J

The samplematerial contained about 3.5 % (2BP-400)and 1~8 % (2BP-1600)

uranium.

7.4.1.3 Request for analysis

Each laboratory participating in this test3) received one sample 2BP-400

and one sampie 2BP-1600 with request for analysis of the plutonium isotopic

composition by mass spectrometry using their standard methods. In addition,

the Pu-238 content should be determined by a-spectrometry if possible.

Chemical separation of the americium content should be carried out within

two weeks before analysis. From each sampie, a minimum of three mass

spectrometer runs (i.e. three different filament loadings) should be made,

each run consisting of at least six scans.

The laboratories were asked to report all individual isotopic ratios deter

mined as weIl as the isotopic compositions in weight percent including mass

discrimination factors or other corrections applied. The a-spectrometric

"resalts were demanded as activity ratios Pu-238/(Pu-239 + Pu-240). In addi

tion, the half life values used for the calculation of the isotopic compo

sitions should be communicated.

I)For the description of the sampling system and the sampling procedure
please refer to ItInterlaboratory Test Hit (7.2.1.2 and 7.2.1.3).

2)On special request, the sampies for laboratory V were diluted to a
concentration of about 0.2 mg PU/8 solution.

3)A total of seven laboratories participated in this experiment. However,
as BCMN and CEN cooperated, they were covered by one common code number.
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7.4.2 Instruments and Measurement Techniques Used bl the Laboratories

With the exception of one laboratory,commercial single stage mass spectro

meters of the type MSS I), CH42) and CHS2) were used. Laboratory V (ORNL)3)

used a tandem magnetic instrument of special design which is described

in detail in Appendix 111 together with the measurement technique applied.

In all cases, the measurements were made on the Pu+-ions and instrument

calibration was performed by all 1aboratories with NBS uranium standards

äSsiliriingthis ptöcedlite gives correctresults forthe plutoniummeasure

ments too. Laboratory IV reported that a NBS Pu-standard was used for

calibration additionally.

All laboratories used rhenium filaments but different filament arrange-

ments. This may be one of the reasons for the wide variations of ion
-15 -12yields reported between 2 x 10 and S x 10 amps.jpg Pu for the main

isotope4) • Using different amounts of sample material, all laboratories

operated their instruments with ion current intensities of 10-13 to
-1210 ampS. on routine conditions.

In evaluating the spectra, the individual laboratories rejected data on

the basis of different statistical and empirical criteria or by visual

inspection.

Concerning the methods used for the separation of americium and o~her

a-emitters as weIL as for the a-determination of Pu-238, no information

was requested in this interlaboratory test. All labotatories reported that

americium separation was made within two weeks before mass spectrometric

and a-spectrometric analyses.

In case of laboratory IV the series of mass spectrometric measurements

following the americium separation were obviously hampered oy lass of

resolution due to mercury vapour at the collector end of the mass spectro-

l)Associated Electrical Industries Ltd., Manchester, Great Britain.

2)Varian MAT, Bremen, Germany.

3)The permission for the revelation of the code was kindly given by the
laboratory.

4)Because of its special features, the tandem mass spectrometer is not
included in this consideration.
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meter. Therefore, this laboratory performed a seeond series of isotopic

ratio determinations six months later but without repeated americium

separation prior to themass speetrometrie analysis. For this reason, the

ratios Pu-241/Pu-239 reported by laboratory IV eould not be ased for the

evaluation of this experiment and were given for information only.

Although the Pu-238 eontent was relatively high at least for sample 2BP-400

(about 0.7 %), all laboratories preferred a-speetrometry for its determina

tion. Mass speetrometrie valueswere reported additiönälly by laborat:ories

IV and VI only.

7.4.3 Reported Analytleal Results and Corrections Applied

The a-aetivity ratios Pu-238/(Pu-239 + Pu-240) as reported by the labora

tories are summarized in Table 7.4-1 for both samples 2BP-400 and

2BP-1600.

The isotopie ratios obtained by mass spectrometry are compiled in the

Tables 7.4-2 and 7.4-3 for the samples 2BP-400 and 2BP-1600, respectively.

In order to obtain eomparable data for the evaluation, the values reported

for the isotopie ratio Pu-241/Pu-239 had to be eorrected for the ß-decay

of the Pu-241 isotope, as sample age was different at the time of analysis

in the individual laboratories. As referenee date, April 1st, 1970 was

chosen and 14 years were used as half life period.

The data are also eorrected for mau diserimination aeeording to the infor

mation of the laboratories.

Beeause of the high number of scans in total (about 1400), only the mean

values per run were given together with the relative standard deviation of

the ratio for the single sean and the number of seans used for the calcu

lation. As reeommended at the Ispra Meeting (Appendix I), no attempt was

made to apply common or further rejeetion eriteria to the basic date of hhe

individual seans whieh were reported by the laboratories.
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Table 7.4-1: Interlabtest IV: Reported a-Activity Ratios
Pu-238!(Pu-239 + Pu-240)

Labora- Repeti- Sampie 2BP-400 SampIe 2BP-1600
tory tion
code measure-

ment Reported single Laboratory Reported single Laboratory
number determination mean value determination mean value

of a-activity + sn of a-activity + sn
:t]ltio - ratio -

- - .. . ..

1 2 3 4 5 6

I ! 1.24 0.234
2 1.27 1.26 0.249 0.2408
3 1.28 +0.02 0.244 +0.0070
4 1.25 - 0.'233 -
5 - 0.244

II 1 1.208 1.2085 0.2187 0.2212
2 1.209 +0.0007 0.2191 +0.0040
3 - 0.2258 --

III 1 1.2999 0.2203
2 1.2987 1.2880 0.2176 0.2201
3 1.2722 +0.0136 0.2229 +0.0022
4 1.2810 - 0.2196 -

IV 1 1.3041 1.3041 0.2225 0.2225

V 1 1.2862 1.2784 0.2180 0.2190
2 1.2706 +0.0110 0.2201 +0.0014- -

VI 1 1.3016 0.2207
2 1.2980 0.2234
3 1.3020 1.3043 0.2196 0.2219
4 1.3160 +0.0062 0.2225 +0.0015
... t ""1.1"'\ - f'\ ,),)'1C:: -
;;;> I • .)V,+V V."JJ

6 1•3042 0.2217



Tab_~.~.L._~::.2: InterlabtestIV: Reported Isotop i c Rat i os of Pu-sampl e 2BP-l.00 and Calcul ated Scan Precision per Run

(All values eorreeted for mass discrimination. Pu-24li/Pu-239 ratio normalised for
Pu-241 deeay to referenee date April I, 1970)

Pu-238/Pu-239 Pu-240/ Pu-239 Pu-241!Pu-239 Pu-242/Pu-239
e-,
I-l I-l I-l I-l I-l
0 Mean value RSD of

~ U)

Mean value RSD of <ll Mean value RSD of Q) Mean value RSD of Q)
.j.J .0 .0 .c
l1l Q) s:: of iso- s i ng l e of iso- single f.l U) of iso- single § ~ of iso- single 13 U)

I-l'tl ::l ::l s:: ::l s:: ::l s::
o 0 ~ topie sean s:: l1l topie sean s:: l1l topie sean s:: l1l topie sean s:: l1l
.c CJ u CJ CJ CJ
l1l ratio per 'tl U) ratio per '"C::l U) ratio per 'tl U) ratio per 'tl U)

H Q) cu Q) Q)

run L%J Cf.l~ run L%J t!.l~ run L%J U)~ run L%J U)~

P 0 ::;J 0 P 0 P 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14

I 1 0.3461 0.34 8 O. lISt. 0.45 7 0.03379 0.56 7
2 0.3479 0.13 7 0.1157 0.26 9 0.03468 0.37 9
3 0.3450 0.18 8 0.1151 0.29 8 0.03411 0.68 10
4 0.3468 0.42 8 0.1161 0.28 8 0.03425 0.35 7

I! 1 0.3482 0.54 I 1 0.1184 0.67 12 0.03630 0.51 I I
2 0.3477 0.37 12 0.1171 0.67 12 0.03587 0.75 I I

II! I 0.3477 0.23 9 O. I 169 0.42 9 0.03481 0.64 9
2 0.3481 0.28 9 0.1172 0.46 9 0.03490 0.45 9
3 0.3467 0.29 9 0.1166 0.21 9 0.03467 0.44 9
4 0.3487 0.30 9 0.1170 0.36 9 0.03492 0.26 9
5 0.3475 0.27 9 0.1167 0.25 9 0.03470 0.24 9
6 0.3462 0.14 9 0.1168 0.15 9 0.03462 0.17 9

IV 1 0.0108 0.93 8 0.3484 0.32 8 0.1172 1) 2.73 8 0.03448 0.32 8
2 0.0108 0.93 8 0.3481 0.34 8 0.1181 1) 1.35 8 0.03427 0.29 8
3 0.0107 0.93 8 0.3478 0.17 8 O. 1192 1) I. 17 8 0.03427 0.32 8
4 0.0107 0.93 8 0.3470 0.29 8 0.1149 1) 0.35 8 0.03435 0.26 8

V I 0.3492 0.17 10 0.1180 0.16 10 0.03476 0.26 10
2 0.3485 0.05 10 0.1173 0.22 10 0.03449 0.31 10

VI 1 0.01072 0.90 10 0.3499 0.17 10 0.1165 0.48 10 0.03488 0.25 10
2 0.01083 1.40 8 0.3486 0.32 8 0.1181 0.48 8 0.03522 0.97 8
3 0.01102 1.36 10 0.3480 0.58 10 O. 1169 0.65 10 0.03515 0.98 10

1) No Am-Pu separation was rnlade. Values given are for information only and were not u~ed for further evaluation.

.....
I

00
Cf'



Table 7.4-3: Interlabtest IV: Reported Isotopic Ratios of Pu-Sample 2BP-1600 and Calculated Scan Precision per Run

(All values corrected for mass discrimination. Pu-241/Pu-239 ratio normalised for
Pu--241 decay to reference data April I, 1970)

Pu-238!Pu-239 Pu':'240!Pu-239 Pu-241!Pu-239 Pu-242!Pu-239
\>-.
).a

Mean value RSD of H Mean value RSD of H Mean value RSD of
).a

Mean value RSD of H
0 Q) Q) Q) Q)
+J

of iso- single 1~ of iso- single ..0 of iso- single ..0 of iso- single ..0CII Q) § §~ §~ §~H"O
topic topic topic topico 0 rx: scan l=:lCII scan l=:lCII SCBm l=:l CII scan l=:lCII

..0 cJ
ratio per 0 ratio per cJ ratio per cJ ratio per cJ

CII "000 "000 "0 i 00 "OfIl
.,.;l L%J Q) {"'%J Q) L%J Q)i L%J Q)

run fIl~ run fIl4-! run fIl4-! run fIl4-!
1::.J 0 ::.Jo ::.Jo ;::JO

1 2 3 4 5 6 7 8 9 '10 n 12 13 14

I 1 0.3140 0.14 ;1'0 0.0492 0.22 8 0.0136 0.58 10
2 0.3139 0.32 9 0.0495 0.99 7 0.0137 1.37 7
3 0.3151 0.50 7 0.0493 0.49 7 0.0139 0.40 7
4 0.3148 0.18 9 0.0488 0.40 8 0.0134 1'.10 8
5 0.3147 0.16 10 0.0493 0.23 6 0.0136 0.59 8

,

II 1 0.3140 0.45 12 0.04907 (2.45) 11 0.01391 0.68 12
2 0.3145 0.18 12 0.04901 0.80 12 0.01372 0.90 12
3 0.3149 0.25 12 0.04929 0.63 12 0.01390 0.60 12

III 1 0.3147 0.37 9 0.04938 0.21 9 0.01369 0.68 9
2 0.3143 0.19 9 0.04937 Cl.15 9 0.01368 0.67 9
3 0.3137 0.17 9 0.04920 0.18 9 0.01370 0.16 9
4 0.3130 0.29 9 0.04924 n.53 9 0.01374 0.25 9
5 0.3136 0.18 9 0.04935 0.24 9 0.01379 0.49 9
6 0.3131 0.10 9 0.04933 0.22 9 0.01372 0.19 9

IV 1 0.00176 1. 14 10 0.3148 0.22 10 0.04925 1) 0.45 10 0.01371 0.80 10
2 0.00174 1.72 11 0.3147 0.41 • 11 0.04850 1) 0.72 11 0.01361 0.73 11
3 0.00186 2.69 8 0.3142 0.35 8 0.04905 1) 0.18 8 0.01366 0.66 8
4 0.00170 1. 18 10 0.3153 0.35 10 0.04797 1) 0.33 10 0.01362 0.59 10

V 1 0.3153 0.13 10 0.04966 0.09 i'lO 0.01362 0.41 10
2 0.3154 0.22 10 0.04974 0.44 110 0.01365 0.79 10

VI 1 0.00176 2.20 11 0.3163 0.36 11 0.0494 0.84 11 0.01374 1.40 11
2 0.00171 1.20 7 0.3142 0.60 7 0.0495 0.48 7 0.01395 1.20 7
3 0.00184 4.60 12 0.3138 0.42 12 0.0494 1.05 12 0.01425 2.20 12

... LLNn_Am...l'UReparat:i()'!l w~s made, Values given are for information only and were not used for further evaluation.

.....
I

00.....
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According to the request for analysis (7 4.1.3) the laboratories reported

also the isotopic compositions of the twö sampies in weight percent. Since

no common reference date in respect to the Pu-241 decay and no common

values for the half life periods of the different isotopes were stated in

the planning of the experiment, these data, as reported by the laboratories,

were not directly comparable. For this reason, the isotopic compositions

were recalculated on the basis of the laboratory mean values of the cor

rected isotopic ratios obtained from the data compiled in Table 7.4-2 and

7.4-3, respectively. In particular, the isotopic ratios R (238/239) were

calculated usingthe laoorafor)'mean va lues of the a-activity rados

a(238/(239 + 240» given in columns 4 and 6 of Table 7.4-1 according to

1 R(240/239)
R(238!239) = H(238) x a(238/(239 + 240» x (H(239) + H(240) )

with the half life values

H(238) = 86.4 years

H(239) = 2.44xI04 years

H(240) = 6.58XI03 years

For conversion of atom percent ~o weight percent the following values

for the nuclidic masses were used ~7-5-':

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

238.0495

239.0522

240.0540

241.0567

242.0587

The results of these calculations, representing the mean values of the

isotopic compositions obtainedper laboratory on a comparable basis, are

summarized in Table 7.4-4 for both samples l).

l)For the reasons given in 7.4.2, the data obtained by laboratory IV were
excluded from these calculations.
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Table 7.4-4; Interlabtest IV: Laboratory Mean Values of the Isotopic
Composition ~wt %-7 Calculated from the
Reported Isotopic Ratio Determinations

(All vaLues corrected for mass discrimination and normalised for Pu-241
decay to reference date April 1, 1970. For half-life periods and nuclidic
masses used see 7.4.3)

Labora- Number Mean value of relative isotopic'abundances per laboratory
tory of ~wt %J
code runs

Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
.... ......

1 2 3 4 5 6 7

Sampie 2BP-400

I 4 0.6714 66.2596 23.0Si7 7.7220 2.2953

II 2 0.6434 66.0311 23.0717 7.8404 2.4134

III 6 0.6861 66.1217 23.0723 7.7923 2.3276

V 2 0.6815 66.0353 23.1332 7.8345 2.3155

VI 3 0.6954 66.0283 23.1292 7.8013 2.3458

0.7162~) 66.2292*) 23.0414::1:) 7.7·189%) 2.2943%)

Sampie 2BP-1600

I 5 0.1330 72.4061 22.8671 3.5937 1.0001

II 3 0.1221 72.4105 22.8661 3.5866 1.0147

III 6 0.1214 72.4460 22.8240 3.6022 1.0064

V 2 0.1210 72.3449 22.9092 3.6257 0.9992

VI 3 0.1225 72.3707 22.8751 3.6073 1.0244

0.1276*) 72.3668*) 22.8741*) 3.6071*) 1.0244*)

*) Based on mass spectrometr1c determinations of the Pu-238 content.
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7.4.4 Evaluation and Discussion of a-Spectrometric Measurements

7.4.4.1 Review of data

In Figure 7.4-1, for each laboratory the relative deviation of the mean value

from the mean of these means are shown for the a-activity ratios Pu-238/

(Pu-239 + Pu-240) determined on the two samples 2BP-400 and 2BP-1600. The

indicated error bars represent the relative standard deviation of the

mean yal\J.~$ perlabQratory_l) • _

BILab. I

sample
2BP -1600

Mean of tab. means ( - O. 22)

l
f t

1 t

'---

l.

m

f

t

I

Scrnple
t-- 2BP -400..... _

-6
Lnh. I

10 I
8

6

4

.....
-e 20.....
c
0

-.:;
0.Q

>
<11

0

-2

-4

(Mean values per laboratory i error bars indicote t 1cf range of these means )

Fig.7. 4-1 Interlabtest m: : ot -Spectrometric Determinations of the
Activity Ratio Pu 238 / ( Pu 239 + Pu240)

I)For laboratory IV, the error bars were calculated on the basis of eight
values obtained from repetition measurements on samples of batch 2BP-400
and 2BP-1600 performed before Am-separation. These data were not included
in Table 7.4-1.
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In ease of sample 2BP-400, the result of laboratory 11 snd in esse of

sampie 2BP-1600, the resu1t of laboratory I is suspect. App1ication of

the Dixon criterium ~7-6-7 allows the rejection of these data with a

probability of error of less than 10 % and less than 1 %,rrespectively.

However, the application of outlier criteria to mean va1ues is problem

atic, since the error bars of these mean values remain disregarded.

Therefore, the deviations between the laboratory mean va1ues were

also checked for their·significance using the statisticai method des

cribed in Appendix 11.2. By those tests, the existence of significant

differences was confirmed for both sampies with a prohability orerror ci!

1ess than 1 %.

Based on these considerations, the measurements of laboratory 11 on sampie

2BP-400 and those of laboratory I on sample 2BP-1600 were rejected as

outliers for the further evaluation in respect to the interlaboratory

deviations. Cross contamination or, in case of the analysis of sample

2BP-1600 by laboratory I,. insufficient separation of americium contributing

to the peak measured for the Pu-238 aetivity are the most probable causes

for these effects.

7.4.4.2 Estimation and discussion of error components

The estimates of the variances for the precision and the interlaboratory

deviation of the a~activity determinations were calculated by analysis

of variances for the two samples separately (Appendix 11,3). For the

reasons discussed before (7.4.4.1), the measurements of 1aboratory 11

on sample 2BP-400 and of 1aboratory I on sampie 2BP-1600 were exclud-

ed from the ca1cu1ation of the interlaboratory deviations, whereas the

calculations of the precision were based on the data of all laboratories.

The ca1cu1ated va1ues for the relative standard deviations of these

error components are given in the following Table 7.4-5.



7 - 92

Table 7.4-5: Interlabtest IV: Caleulated RSD of Error Components for
the a-Speetrometric Determinations of the
Activity Ratio Pu-238/(Pu-239 + Pu-240)

Sample

Approximate relative
Pu-238 abundance L%J:
Approximate
a-activityratio
Pu-238/(Pu-239 + Pu-240):

Precision:
RSD L%J

2BP-400

0.7

1.27

0.91

1.46

2BP-1600

0.1

0.22

1. 78

not signifieant

According to these resulta, DO significant interlaboratory deviation was

found in ease of sample 2BP-1600, whereas a relative standard deviation

of about 1.5 % was ealculated for this error eomponent in ease of sample

2BP-400. This may be an indication for errors introduced with increasing

a-aetivity ratios due to insuffieient resolution.

Concerning the preeision, a somewhat better value seems to be indicated

for sample 2BP-400 than for sample 2BP-1600. In order to decide whethet or

not the difference of these two values is significant, a statistical test

according to Appendix II,2 was performed on the basis of the preeisions

ealeulated for the individual laboratories whieh are summarized in the

following Table 7.4-6. The signifieanee of this effeet eould not be eonfirmed

with a probability of error below 10 %.
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Table 7.4-6: Interlabtest IV: Calculated and Reported Long Term Precision
per Laboratory for a-Spectrometric Determina-
tions of the Aetivity Ratio Pu-238/(Pu-239 + Pu-240)

Lab0 ratory RSD !-%J ,?f calculat~d.precis~oi)for Reported
code approx~mate a-act1v1ty rat10 long term

nI 1.27 .tV 0.22 precision
(2BP-400) (2BP-1600) RSDJ:%J

1 1.45 (4) 2.90 (5) 5.0

11 0.06 (2) 1.80 (3) 3~O

U1 1.06 (4) 0.99 (4) 1.0

IV 0.48 (6) 0.63 (2) not reported

V 0.86 (2) 0.64 (2) not reported

VI 0.47 (6) 0.69 (6) not reportedl

*)In brackets the number of determinations are given on which the
calculations were based.

In Table 1.4-6 also the values reported ror long term experience are given.

Comparison of these figures indicates that the precisions calculated from

the data of this experiment are in general probably somewhat better than it

eould be expeeted from long term experience on routine eonditions.

7.4.5 Evaluation and Discussion of the Isotopic Ratio Determinations

by Mass Spectrometry

1.4.5.1 Review of data

In Figures 7.4-2 and 7.4-3, for each laboratory the relative deviations of the

mean value from the mean of these means are shown for the isotopic ratios

Pu-240/Pu-239, Pu-241/Pu-239 and Pu-242!Pu-239 of the two samples 2BP-400

and 2BP-1600, respectively. The indieated error bars represent the relative

standard deviation of the mean values per laboratory and contain contribu

tions by the sean error as well as the run error.
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The most evident irregularities are observed for the determinations of the

Pu-241!Pu-239 ratio by laboratory I and the Pu-242!Pu-239 ratio by labora

tory 11, in both cases on sampie 2BP-400 (Figure 7.4-2).

Application of the Dixon outlier criterium ["'"7-6-7 allows their rejection

with a probability of error below 10 %. However, as already mentioned before

(7.4.4.1), the rejection of mean values on the basis of outlier criteria

alone is problematic since the error bars of these mean values are not taken

into consideration. Therefore, the existence of significant differences

between the laboratory mean values was proved in addition by application

of the statistical test according to Appendix 11,2. They were confirmed

with a probability of error below 1 % in both cases. Based on these results,

rejection of the isotopic ratio Pu-241!Pu-239, determined by laboratory I,

determined by laboratory I!,was considered as justified

for the further evaluation in respect to the interlaboratory deviations.

As discussed at the Ispra Meeting (Appendix I), there are different possible

reasons for the appearanceof these outliers: Cross contamination, especial

ly in the ease of Pu-242, since this isotope is used in the laboratories

in high coneentration as spike for isotopic dilution analyses. Furthermore,

there is the risk of interference from organic material which would

influence particularly the lowabundant isotopes. In the ease of Pu-241,

errors can be introduced by insufficient americium separation. In this

connection it was suggested to eliminate the interferences from Am-241 by

measuring the oxide ions of plutonium as americium oxide ions do not appear.

Concerning the measurements of sample 2BP-1600 (Figure 7.4-3), a further

irregularity is indicated for the data obtained by laboratory V on the

isotopic ratio Pu-241!Pu-239. However, compared to the cases discussed

before, corresponding tests lead to less distinct results: the probabilities

of errors for the rejection on the basis of the Dixon criterium as well as

for the existence of significant differences are twice as large. For this

reason these measurements were not excluded from the further evaluation.

7.4.5.2 Estimation and discussion of error components

As mentioned in 7.4.1.1, scan errors, run errorsand interlaboratory devia-
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tions were considered as main error components of the mass spectrometric

measurements. The estimates for the variances of these error components were

calculated for all isotopic ratios of both sampies by analyses of variances as

described in Appendix 11.4 and based on the model schematically shown in

Figure 7.AII-I.

For the calculation of the scan and run error components all data reported

were used with the exception of the values obtained by laboratory IV for

the isotopic ratio Pu-241/Pu-239, as there was no americium separation made

within a short time before mass spectrometric measurement (7.4.2).

For the calculation of the interlaboratory deviation, the measurements of

laboratory I on the isotopic ratio Pu-241/Pu-239 and those of laboratory

11 on the isotopic ratio Pu-242/Pu-239 (in both cases sample 2BP-400)

were rejected in respect to the considerations given before (7.4.5.1).

Furthermore, the calculation of the interlaboratory deviation for the

isotopic ratio Pu-238/Pu-239 was not meaningful, as it could only be based

on the data of the two laboratories IV and VI (see Tables 7.4-2 and 7.4-3).

The results of the analyses of variances expressed as the relative standard

deviations of the error components are summarized in the following Table

7.4-71) •

Table 7.4-7: Interlabtest IV: Calculated RSD of Error Components forthe
Isotopic Ratio Determinations

RSD L%J of error component for isotopic ratio

Error Pu-240/Pu-239 Pu-241/Pu-239 Pu-242!Pu-239 Pu-238/Pu-239
c01l1Ponent "'0.35 'V0.31 "'0.12 NO.049 "'Ü.035 ""0.014 r-o •011 NO .0018

(2BP-400) (2BP-1600) K2BP-400) (2BP-1600) (2BP-400) (2BP-1600) (2BP-400) (2BP-i600)

Scan 0.32 0.31 0.43 0.56 0.57 0.89 1.08 2.38

Run 0.24 0.20 0.42 0.29 0.60 0.92 0.92 3.85

Interlab. 0.21 0.14 0.351) 0.42 1.002) 0.94 - -
deviation

I) Calculated without data of laboratory I (including lab.I: 0.72 %)
2) 11 Il (including lab. Il: 1.92 %)

I)In order to reduce the rather extensive numerical treatment of the data
necessary according to the formulas given in Appendix 11, a somewhat
simplified way of calculation was followed. This may result in deviations
in the second decimal figure for the calculated relative standard devia
tions of the errot components which can be considered as negligible.
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A graphical presentation of these results is given in Figure 7.4-4. Within

the isotopic ratio range covered, all three error components considered are

of the same order of magnitude and show a clear increase with decreasing

isotopic ratio. Their values are about 1 % for an isotopic ratio of 10-2•

This corresponds to the results obtained in Interlaboratory Test 111 for

the mass spectrometric measurements on uranium (7.3.5) and indicates that

the curves found there can be considered approximately as extensions of

those obtained in this test. This would mean that the errors of the isotopic

ratio determinations are very similar for uranium and plutonium in principle

and that the higher degree of uncertainty in the measurements on plutonium

generally observed in practice is probably caused by the specific sources of

error discussed before (7.4.5.1) which easily lead to outliers. Because such

deviations are difficult to detect if the data of one single laboratory only

are available, the error curves presented are a certain idealization from

the practical point of view. This also concerns their application to the mass

Error eomponents:
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speetrometrie determination of the isotopie ratio Pu-238/Pu-239 beeause of

the possible interferenee by the isotope U-238 in the mass speetrum.

Furthermore, sinee the data for the error eomponents given in Table 7.4-7

are estimates whieh have error bars themselves, a more detailed pieture

on the sean and run error eomponents ean be obtained if they are ealeulated

for eaeh laboratory separately. The eorresponding results are summarized in

Table 7.4-8.

As far as the sean error (preeision) is eoneerned, the mean values per

laboratory obtained using eommerlcaiinstruments (laboraEories I, 11, 111.

IV and VI) are different by a faetor of about two at maximum for high

isotopie ratios and inerease up to a faetor of four for the lower ones 1) •

For the same laboratory. it may even change by a faetor of five between

different runs as it ean be seen from the data eompiled in Tables 7.4-2

and 7.4-3. !his was also found in ease of the uranium measurements (Inter

laboratory Test 111, 7.3.5).

For the tandem mass speetrometer (laboratory V) the precision observed is

better than that obtained in average by the eommereial instruments. This

may be due to the different ion deteetion system used (Appendix Tll\

Also the values ealculated for the run error eomponent vary eonsiderably

between the laboratories aswell as for the different isotopie ratios

determined by the same laboratory.

Comparison of the data shows the advantage of the tandem instrument as in

the ease of the uranium measurements (Interlaboratory Test 111, 7.3.5) but

less pronouneed. However, since only two runs per sampie were performed in

this test, the data may not be overestimated.

l)This spread of the laboratory mean values is higher than it was found
in the ease of uranium determinations (Interlaboratory Test 111, 7.3.5).
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l)n.s. = "not significant"

2)These data are given for inforroation only as ne Am-separation was made before maas speetrome.tdc measurement.

Table 7~4-S: Interlabtest IV: RSn of Scanand Run Errors Calculated per. Laboratory

...,
I

\0
\0

1.73 3.94

3.02 3.70

Scan RunScan Run

Pu-23S/Pu-239

"" 0.011 ~ O.OOIS

(2BP-400) (2BP-1600)

RSD ~%J RSD ~%J

1. 77 I 1.23 1.35

1.30'- -

0.71'- -

0.25 - -

0.18 0.93 0.45

n.s.1) - -

0.89

0.74

0.46

0.70

0.63

1.66

Scan Run

11.06

0.82

0.33

0.20

0.54

0.44

Scan Run
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0.12 0.40
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1) 2
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7.4.6 Remarks on the Relative Isotopic Abundances

For some applications in safeguards (e.g. physical inventory, calorimetry)

knowledge of the isotopic ratios is insufficient and the calculation of

the isotopic composition (relative isotopic abundances), usually in weight

percent, becomes necessary.

The errors of the relative isotopic abundances can be calculated by error

propagation from the data on the different error components of the mass

spectrometric isotopic ratio determinations and the a-spectrometric

activity ratio measurements~

In the following, the relative standard deviation of the laboratory mean

values obtained for the relative isotopic abundances are considered1).

The data necessary for this calculation are compiled in Table 7.4-9

together with the results obtained. In general, the laboratory mean values

for therelative isotopic abundances are identical with those already given

in Table 7.4-4. However, in case of sample 2BP-400, analysed by laboratory

I snd II,and sampie 2BP-1600, analysed by laboratory 11, the values con

sidered as outliers (7.4.4.1 and 7.4.5.1) were replaced before calcula

tion of the isotopic compositions by the mean values of the corresponding

data obtained by the other laboratories2) •

A graphical presentatLon of these results is given in Figure 7.4-5. The

solid curve applies to the isotopes determined by mass spectrometry.

Below a relative isotopic abundance of 1 % it is extrapolated in consid

eration of the results obtained in Interlaboratory Test 111 on uranium

(Figure 7.3-4). The dashed Une gives an approximation for the error

in the determination of the Pu-238 content if a-spectrometry is used.

In addition, the relative standard deviations calculated on the basis of

the relative isotopic-abundances obtained without rejection of outliers3)

I)This is approximately the relative standard deviation associated in
average to the result obtained by one laboratory on the basis of about
three runs with more trhan six scans each and three a-activity determinations.

2)The measurements of laboratory IV, performed without americium separ~tion

before analysis, were excluded fram these consiaerations.

3)These are the values as given in Table 7.4-4.
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Table 7.4-9: Interlabtest IV: Laboratory Mean Values of the Isotopic
Composition ~wt %-l after Rejection
of Outliers

I .VJV.VJ

l.abora- Number Mean value of relative isotopic abundances per laboratory
tory of Ev» %J .
code runs

Pu-238 Pu-239 Pu-240 Pu-241 Pu-242

1 2 3 4 5 6 7

Sample 2BP-400

I 4

I
0.6706 66.1809 23.0245 1.8317 2.2923

II 2 0.6865 66.0684 23.0850 7.8446 2.3155
TTT ~ 0.6861 ~~ 1?17 23.0723 7.7923 2.3276L.L .L v "'...,- .. ~. ,

V 2 0.6815 66.0353 23.1332 7.8345 2.3155

VI 3 0.6954 66.0283 23.1292 7.8013 2.3458

Mean of 0.6840 66.0869 23.0888 7.8209 2.3193means
SD '0.0090 0.0642 0.0447 0.0227 0.0195

RSD L%J 1.32 0.10 0.19 0.29 0.84

Samp1e 2BP-J 600

I 5 0.1220 72.4140 22.8699 3.5939 1.0002

II 3 O. 1221 72 .4102 22.8661 3.5869 1.0147

III 6 0.1214 72 •.4460 22.8240 3.6022 1.0064
-

V .2 0.1210 72.3449 22.9092 ~.6257 0.9992

VI 3 O. 1225 72.3707 22.8751 3.6073 1.0244

Mean of 0.1218 72.3977 22.8689 3.6032 1.0090means
sn 0.0006 0.0396 0.0304 0.0148 0.0106

nr<'" rar 1"'\ I.n 1"\ 1"\1: 1"\ , ') A 1.1 , Al:.l l'.;)U L I~J

Remark:

The following measurements were excluded as outliers and substitufed by the
mean values of the other laboratories:

Sample 2BP-400: Lab. I: isotopic ratio Pu-241!Pu-239
Lab.II: isotopic ratio Pu-242!Pu-239 and

a-activity ratio Pu-238!(Pu-239 + Pu-240)

Sample 2BP-1600: Lab. I: a-activity ratio Pu-238/(Pu-239 + Pu-240)



60 80 (JO40206 8 104

7 102

20.6 0.8 10.40.2

-
~

I Fig.14-S Interlabtest nz: : Isotopic Composition [wt.%]
I
I of Pu - Product Sampies :I

5 RSD of Laboratory Mean Va(ueI
I
I
I

I ~
I Baseel on the data ofI I

! I laboratories I.][.1[,:sr.)ZI.
I

I Ir-, Values after rejection of outliersI •
I
I X Values including outliers-i ",s,s

~
I JiC

I
I 'C't/; I I

i ol>](!l I I
I I

IJ

'"K
". __ I -- --- -- ----- I

I I
I ~ :,c I

: (Pu 238)-:: ~~(" 1'-.r-( Pu242) i (Pu 241)

I ~f ..........\.~o~ t\'<o

~~ In" II .,,; ~eC
I ". cJ. ... s
:L"".... ~

","" -i'I---~
(Pu 240) (Pu 239)

'-- 1Wl; Il(~- -.

4

0.5

1.5

-
~ 2
(/)
a::::

c
o
CIJ

E 2.5
.0
.s

L
I

Relative isotopic abundance Lwt. %] ~

are also indicated in Figure 7.4-5. It shows again the unfavorable in

fluence of outlie~s aua the necessity of caution in the estimation of

error limits for isotopic analyses of plutonium.

Concerning the determination of the isotope Pu-238, the shape of the curves

confirms the advantage of a-spectrometry compared to mass spectrometry at

least for a relative abunaance below 0.7 %. But because of the difficulties

in the mass spectrometric determination of Pu-238 due to the superimposed

uranium isotope, a-spectrometry will be preferable even at higher concentra-
ti nnA 1) _ Hnta7~u&)'" t-hD t1nl"o....t!t; nto"t7 i...,.,. l"\rlu,...o,l h'U" n~...·"..l·...· ~~..~ ::\ 1...~n ......-u .....1-.,.~ N'~!~·~n~~'~"-LU-=_...... . .. _."' __ ~ _...__...__.. --".-J. _ ,,'010'-6"'" .... '010 UJ - - - - -- - - -c--
metric results should not be overseen.

l)Only laboratory VI determined the Pu-238 conten~ by mass spectrometry and
a-spectrometry for comparison (see Table 7.4-4). The values obtained by
mass spect:rometry were 3 % (sample 2BP-400) and 4 % (sampIe 2BP-1600) higher.
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7.4.7 Analytical Efforts

The laboratories were asked to report the average value of manhours necessary

for the isotopic analysis of one sample in duplicate (2 runs) subdivided into

a) sample preparation including americium separation and loading of

two fila.tnents,

b) mass spectrometric measurement (from filament introduction until

termination of run, twice)

c) evaluat10n of mass spectra and caicuiation

d) a-spectrometric determination of Pu-238.

The reported values are compiled in the following Table 7.4-10:

Table 7.4-10: Interlabtest IV: Analytical Efforts (Manhours) Reported
by Each Laboratory
(All values based on one analysis in
duplicate.)

Reported manhours for

Labora- Sample pre- Mass spectro- Evaluation a-Spectro- Total
tory paration metric meas- metric analysis
code including urement determina-

Am-separation tion of
Pu-238

I 1.5 3.5 2 1 8

II 2 2 2 0.7 6.7

III 2
l)

2 2 5 2) 11

I IV 0.75
l)

5 2.75 4 2) 12.5.... I"
V 2

,))
2 - q)

not reported 4 (+2)

VI not reported not reported not reported 10 2) 10+

1) Excluding Am-separation
2) Including separation of a-emitters (Am,Np,Cm)
3) 4 manhours if Pu were to be separated uranium free to enable Pu-238

determination by mass spectrometry
4) Computer printout

The differences in the reported data are mainly due to the fact that the
laboratories differently accdunted for unavoidable dead time between
analyses, instrument maintenance and calibration procedures.
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7.5 Interlaboratory Test V:

Determination of Uranium and Plutonium Concentrations

in Active Feed Solutions by Mass Spectrometric Isotope

Dilution Analysis

Participants:

- BCMN:

G.R. Debus

- EUROCHEMIC:

H. Bokelund, K. Koch and J. van Roon

- GFK:

A. von Baeckmann and E. Gantner

- TU:

J. Heitz, K. Kammerichs, L. Koch and C. Rijkeboer
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7.5.1 Planning and Performance cf the Experiment

7.5.1.1 Objectives

By contrast to the other interlaboratory tests performed on relatively

pure product samples of the reprocessing plant, this experiment was re

lated to the ~etermination of plutonium and uranium concentrations of the

greatly contaminated active feed solutions by mass spectrometric isotope

dilution analysis.

The number of error sources involved in this analytical technique is partic

ularly high. Therefore, a detailed and separate investigation of the dif

ferent error components would necessitate a rather extensive layout of

the experiment and, consequently, the performance of very many expensive

and time consuming isotopic dilution analyses.

Because of the many other analytical demands for JEX-70, such considerable

additional requirements would have exceeded the capacities of the partic~

ipating laboratories.

For these reasons, the scope of this interlaboratory test was restricted

to preliminary investigations of the two main error components: The

precision of the single analysis and the interlaboratory deviation.

Based on a very limited number of data, the results of these studies and

their interpretation should not be considered as final statements but as a

first approach useful for the design of further, more elaborated experi-

ments.

7.5.1.2 Sampling procedure and sample material

!wo composite samples (in the following indicated as A- and B-samples)

were used for this interlaboratory test prepared within the framework of

JEX-70 for verification purposes ~7-7-l.

The basic samples for their preparation were taken from two dissolver

tanks installed in parallel at the head end of the EUROCHEMIC plant and

fed by active nitric solutions of dissolved CANDU fuel elements.
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During the whole sampling procedure airsparging was maintained in the tanks

for homogenization. Before taking the samples, the solution was recycled

through the sampie bottle for 10 minute~ in order to avoid crosscontamina

tion with residual material in the sample lines (Interlaboratory Test I,

7.1.1.2 and Figure 7.1-1).

From each of six dissolver batches l), two samples were taken (al'

8 2••••••a
6

and b l, b2 ••••••h
6).

Immediately after sampling, each single

sample was diluted separately with 5 N HN03 in a constant ratio of 1:248.2

by volume to increase their stability. Until preparation of the composite

samples, these diluted sampie solutions were stored in glass vials as

described in Interlaboratory Test 11 (Figure 7.2-1)~

The two composite samples A and B were prepared from the basic samples

8 1' to a6 and b l to b6 , respectively2). After careful homogenization in a

glass flask, the sampie solutions were distributed on several glass vials

of the type mentioned before and packed for shipment to the laboratories

8S described in 1nterlaboratory Test II (7.2.1.3).

According to the procedures followed, concentration differences between the

composite sampies A and B could be caused by inhomogeneity of the solution

in the dissolver tanks, instability of the sampie material during storage

time and failures in course of their preparation.

The approximate data of the sampies were as follows:

Pu-concentration: '" 3 pg/ml

U-concentration: '" I mg/mI

S-activity: '" 180 pCi/ml

y-activity: '" 60 pCt/ml

nitric acidity: '" 5 M

The during the last week of March and the composite

sampies were prepared in the first days of April, 1970.

I)AFU-1OO, 710, 800, 810, 900 and 910 of CANDU campaign.

2)The preparation of these composite samples was performed analogous to
the procedure described in ~7-8~.
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7.5.2 Information on the Analytical Procedures Reported by the

Laboratories

Americium separation was made by all laboratories less than three ~eeks

before analysis.

The isotope Pu-238 was determined in all cases by a-spectrometry with the

exception of laboratory V which used mass spectrometry.

F~rth~r igfor~~ion og the ~na1ytical proce4ures is given in the following

as reported by the laboratories:

Laboratory code I:

Sample preparation:

Uranium: Anion exchange separation (8 M HN03)
Plutonium: Redox cycle: NH20H; NaN02: anion exchange separation

(8 M liN03; 0,5 M HN03)

U-233 spike solution:

Concentration: '" 2 mg/m1

Isotopic ratios: U-235/U-233 = 0.00111

U-238/U-233 = 0.1352

Standard for calibration: NBS chemical standard 950a,

99.94 % pure, nato uranium

Pu-242 spike solution:

Concentration: '" 0.5 mg/ml

Isotopic composition: Pu-238: 0.627 %, Pu-239: 0.20Q %,

Pu-240: 1.421 %, Pu-241: 0.483 %, Pu-242: 97.187 x, Pu-244: 0.082 %

Standard for calibration: NBS 949a

Laboratory code 11:

Sample preparation:

Uranium: Addition of KMn04, TPAN-hexone extraction

Plutonium: Redox cycle: NH20H, HCl; NaN02: TTA-extraction

U-233 spike solution:

Concentration: 480.08 ~g U-233/ml ~ 0.437 (SD of mean)
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Isotopic ratios: U-234/u-233 = 0.0001975

U-235/u-233 = 0.0003961

U-238/u-233 = 0.004989

Standard for calibration: NBS chemical standard 950a,

99.94 % pure, nato uranium

Pu-242 spike solution:

Concentration: 8.565 ~g Pu-242/ml ~ 0.018 (Sn of mean)

Isotopic ratio: Pu-239/Pu-242 = 0.000181

Standard for calibration: NBS metal standard 949; 99.94 % pure

Isotopic composition: Pu-239: 94.39 %, Pu-240: 5.293 %,

Pu-241: 0.300 %, Pu-242: 0.015 %

Laboratory code 111:

Sampie preparation:

a) About 0.25 g of the resin, suspended in 8 M HN03, are trans

ferred to a glass column (~ 5 mm, height 10 cm) containing a

little glass wool at the lower end, and washed with 1 ml of

the acid.

b) The sampie, dissolved in 8 ~ HN03 and containing about

0.1-1 ~g Pu, is brought onto the resin and then washed with

6m18 ~ HN03 according to the uranium content, and elution

carried out using 3 ml 0.35 ~ HN03•

c) The plutonium concentration in the eluant is determined roughly

by a-spectrometry and this solution is evaporated to dryness

in a filtered air stream at 80-1oooC. The residue is dissolved

in I M HN03 to give a plutonium concentration of ca. 10 ng/~l.

d) An amount of solut~on containing 1-5 ng Pu is placed in the

centre of a filament and mass spectra of the uranium and plu

tonium isotopes are recorded.

e) A calibrated mixture of the tracer isotopes U-233 and Pu-242

is added to another sampie of the same weight as that used

in (b) above. The amounts of uranium and plutonium in the

tracer mixture must approximately correspond to those in the

sample.
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f) 0.3 ml 1 ~ NH20H; HCl is added to the mixture of sample and

tracer, which is then heated to 500C and allowed to cool for

5 minutes. 0-1 m1 1 M NaN02 are then added and, after evolu

tion of the nitrous gases, the solution is stirred and warmed

gently.

g) Ihis solution is then treated as in b-d above.

U-233 spike solution:

Concentration: 6.4719 x 1017 atoms/g solution

Atomicratios and standard for calibratioD.'notreporte<l.

Pu-242 spike solution:

Concentration: 52.8698 x 1014 atoms/g solution

Standard for calibration: NBS metal standard 949b, purity

99.99 + 0.08 % Pu-239.

Isotopic ratios: Pu-240/Pu-239:0.01973

Pu~241/Pu~239:0.000332

Pu-242/Pu-239:0.000

Laboratory code IV:

The uranium concentration was determined by X-ray fluorescence spectrometry.

The plutonium concentration of these diluted samples was too low for ana

lysis by this analytical technique.

Method: A weighed aliquot of the sample is mixed with a defined amount

of thorium nitrate solution. In the solution the ratio of the

intensities of the uranium and the thorium Lat-lines are compared.

Lit: P.A. Pella et.al., Anal. Chim. Acta 47, 431 (1969)

Laboratory code V:

Hass spectrometric isotope dilution technique was used. Details on sample

preparation and spike solutions were not reported.
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7.5.3 Reported Analytical Results

In Table 7.5-1, the reported concentration values for uranium and pluto

nium are compiled together with the dates of spiking and mass spectrometric

measurement 1) • All determinations were made using isotopic dilution analysis

with the exception of those for uranium given under laboratory code IV

which were carried out by X-ray fluorescence spectrometry2) •

The values obtained by laboratory 11 were reported in mg/l solution. In

order to make them comparable with the other data, they were converted to

mg/g solution using the densities of 1.1707 g/ml (sampie A) and 1.1706 g/ml

(sampie B) determined by this laboratory on September 8, 1970.

In principle, correction of the plutonium concentration values for the decay

of the isotope Pu-241 would be necessary because of the different dates

of analyses at the individual laboratories. However, being in the order

of 0.1 % only, this correction was not applied in this test.

7.5.4 Evaluation and Discussion

7.5.4.1 Review of data

Comparison of the data obtained on the uranium as weIl as the plutonium con~

centration determinations (Table 7.5-1) shows in general no significant

differences between the A and B sampies. This is confirmed by statistical

tests according to Appendix 11,2 based on the results obtained per labora

tory3). This means that from the data obtained in this experiment, no in-

I)To facilitate further discussions, a running number was assigned to the
analyses in column 3.

2)At the Ispra Meeting (Appendix I), only the results of three laboratories
and the X-ray fluorescence determinations were available since laboratory
V was hindered to perform the analysis before February 1971.

3)Only for the plutonium determinations of laboratory 111 a significant
difference between the mean values of the analyses 3 and 4 on sampie A
and 5 and 6 on sampie B is confirmed with a probability of error below
10 %. However, as discussed later, this difference is very probably
caused by the different dates of spiking and analyses and not specific
for the sampies.
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Table 7.5-1: Interlabtest V: Reported Concentration Determinations

I 1I II I

Il-abora- Sample Analysis Date Uranium Plutonium
tory descrip- identi- of
code tion fication spiking Date of Concentration Date of Concentration

number mass /jg U/g sOl.J mass s. 'Pu/g sol;}
! spectro- spectro-

metric metric
analysis analysis

1 2 3 4 5 6 7 8
-

Al)I 1 20.7. 25.8. 0.880 10.8. 2.82
11)

2 20.7. 25.8. 0;916 10.8.
_ 2)A ..

2
B 3 20.7. 26.8. 0.9136 11 .8. 2.76

B 4 20.7. 26.8. 0.8938 n .8. 2.63

TT A 1 1 ':1 I. 1/. I. n Q.,c;o3) 1 c; J. ? Qc;(3)
.L.L n. • ,J • ..,. • ,..,.. ..,.. V.V/JJ """e..,.e """ eVJ"-'

A 2 13.4. 24.4. 0.87243) 24.4. 2.8863)

B 3 13.4. 15.4. 0.87693) 15.4. 2.8553)

B 4 13.4. 24.4. 0.8721 3) 24.4. 2.8563)

UI A 1 19.5. 13.6. 0.8947 13.6. - 2)

A 2 19.5. 13.6. 0.8903 13.6. - 2)

A 3 28.9. 1• 10. 0.9165 1.10. 2.961

A 4 28.9. L 10. 0.9150 1.10. 2.928

B 5 19.5. 13.6. 0.8981 13.6. 2.881

B 6 19.5. 13.6. 0.8981 13.6. 2.889

IV4) A 1 27.7. 0.8940

A 2 27.7. 0.8992

A 3 27.7. 0.8972

A 4 27.7. 0.9026

V A 1 1. 2. 10.2. 0.898 2.2. 2.899 I... ... "7'

Remark: All dates refer to 1970 if not otherwise stated.

I)The indices 1 and 2 indicate different bottles of the same sampie solution.

2)Analysis rejected by the laboratory.

3)The original values were reported in mg/I solution. They were converted to
mg/g solution using the densities of 1.1707 g/ml (sampie A) and 1.1706 g/ml
(sampie B) determined by the laboratory on September 8, 1970.

4)Analysed by X-ray fluorescence spectrometry.
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homogeneity of the tank solution or failures in the preparation of the

composite sampies were indicated (7.5.1.2) and that no distinction be

tween the A- and B-samples is necessary for the further evaluation.

In Figure 7.5-1, for each laboratory the relative deviation of the mean

value from the mean of these means is shown for the uranium as weIl as

the plutonium concentration determinations. The indicated error bars

correspond to the relative standard deviation of the mean values. In

case of laboratory V, the dashed linM represent the relative standard

deviation estimated by this laboratory as one single analysis only was

performed.

ThePu/U ratios shown in Figure 7.5-} were calculated for each laboratory

fram the means of the uranium and plutonium concentration values.

Concerning the plutonium concentration determinations the value obtained

by laboratory I deviates significantly from the others. The laboratory reports

that the difference of nearly 5 %obtained on the two measurements of sample

B (Table 7.5-1, analyses 3 and 4) isclearly outside the reproducibility

normally obtained. Therefore it is assumed that the material in this sampie

bottle was not homogeneous (solid, undissolved particles) or that there was

at least partially polymerisation of plutonium causing incomplete homo

g.enization with the plutonium of the spike solution and thereby unsatis

factory performance of the separation process on the ion exchange column.

The analytical result obtained on sampie A shows a distinctly higher value

which is given in Figure 7.5-1 in brackets for comparison.

In connection with these indications for instability of the sampie solution

it is of iriterest to consider the measurements performed by laboratory 111

and the comments given by this laboratory. As it can be seen in Table 7.5-1,

the values of analyses 3 and 4 are higher compared to the others for uranium

as weIl as plutoniumI) • Since spiking of the sampies for these analyses (3 and 4)

l)The significance of these differences is confirmed by a statistical test
according to Appendix 11,2 with a probability of error below 1 % and
below 10 % for the uranium and plutonium values, respectively.
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was made more than four months later than for the others, the laboratory

assumes that these differences are caused by evaporation during the storage

time. This is confirmed by the fact, that the Pu/U ratios calculated from

the analyses at the two different dates agree within 0.2 %. On the other

hand, this constancy of the Pu/U ratio indicates that there was no change

in the sample composition during more than four months due to effects

specific for plutonium like polymerisation or plating out.

Unfortunately, the basis of experimental data seems to be too small to draw

any further conclusions from these observations and the effects indicated

by the meastirements 6f laboratory I on the time dependence or on other para

meters which may influence the stability of plutonium samples l
) .

Considering the concentration determinations of uranium (Figure 7.5-1), the

low value obtained by laboratory 11 deviates significantly from the others.

No clear indication for the reason could be found. As mentioned before, the

values for this laboratory were calculated using density measurements performed

about five months after analyses (7.5.3). However, the assumption of an

increase of sampie density caused by evaporation during storage time would

explain this effect only partially as comparison of the Pu/U-ratio (Figure

7.5-1) with those obtained by the laboratories 111 and V shows2) •

7.5.4.2 Estimation of error components

Because of the uncertainties in the causes for the different deviations

observed (7.5.4.1) the choice of data on which error consideration should

be based is not free of a certain arbitrariness. Besides this, the limited

number of data available from this test leads necessarily to considerable

different results of error calculations if any values are excluded. There

fore, as al ready mentioned in 7.5.1.1, the error estimations and considera

tions given in the following should be considered as preliminary information,

but not as final statements on the capabilities of the isotopic dilution

analysis of active feed solutions.

1)1n this connection reference is made to the development of special techniques
for stable sample storage ~7-9-l.

2)The results of laboratory 1 may be excluded from this consideration because
of the reasons discussed before.
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For the uranium as well as the plutonium determinations the estimates of

the varianees for the preeision and the interlaboratory deviation were ealeu

lated (Appendix 11,3)1).

Corresponding to the layout of the experiment, the preeision (or repro-

ducibility) describes the deviations obtained by repeated analyses of the

same sample within one individual laboratory. It ineludes all randomly

distributed errors of ehemieal sampie preparation, spiking proeedures and

mass speetrometrie measurements. To the interlaboratory deviation eontrib

ute e.g. differenees of the sample materialdue to evaporation, wall effeets

and polymerisation (plutonium) in eonneetion with the different dates of

analysis, systematie error eomponents of the ehemieal sample preparation

proeedures and ealibration errors. Aeeording to the opinion of the ana-

lysts expressed at the Ispra Meeting (Appendix I), spike calibration errors

are of minor importanee.

In ease of uranium, the analysis of varianees was based on all results

obtained by isotope dilution teehnique (laboratories I~ II~ 111 and V,

Table 7.5-1).

For ealeulation of the relative standard deviation of the preeision, the

analyses 3 and 4 of laboratory 111 wereeonsidered separately in order to

avoid eontribution of the probable evaporation effeet (7.5.4.1) to this

error eomponent.

Coneerning the plutonium analyses, all measurements reported (Table 7.5-1)

were used for the ealeulation of the interlaboratory deviation. For the

caleulation of the preeision, however, the values obtained by laboratory I

remained disregarded for the reasons diseussed before (7.5.4.1) and the

analyses 3 and 4 of laboratory 111 were treated in the same manner as in

the ease of uranium mentioned above.

In the following Table 7.5-2, the ealeulated relative standard deviations

of error eomponents are summarized. In addition, the total error for one

single analysis ealeulated fromthese data is given (Appendix 11,5).

l)In this ease, the index "j" refers to the laboratory, the index "v" to
the analysis identifieation number.
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Table 7.5.2: Interlabtest V: Calculated RSD of Error Components

Precision Interlaboratory Total error of single
deviation analysis

RSDL%J RSD L%J RSD L%J
Uranium: 1. 1 1.4 1.7

Plutonium: 0.6 2.7 2.7

As already mentioned, there is a considerable uncertainty in these values

due to the small number of data on which they are based. If e.g. the ura

nium measurements of laboratory Ir (Figure 7.5-1) are considered as out

liers and excluded from the calculation, the interlaboratory deviation

becomes insignificant.

At the Ispra Meeting (Appendix I), the analysts expressed the opinion

that the relative standard deviation for the precision of the isotope

dilution analyses is between 0.4 % and 0.7 % for routine measurements.,

being for plutonium probably somewhat higher than for uranium. The aver

age value of 1.1 % obtained by analysis of variances for the precision of

the uranium concentration determinations (Table 7.5-2) is outside of these

limits. However, considering the precisions calculated for the individual

laboratories sepal'atel~bettel' agreement with those estimations is indi

cated. In the following Table 7.5-3, the precisions per laboratory calcu

lated from the data of this test are summarized together with the values

reported on the basis of long term experience.

Table 7.5-3: Interlabtest V: Calculated and Reported Long Term Precision
of the Uranium Concentration Determinations
per Laboratory

Keported iong term
precision

~recision caicuiated
from the data of this

exppr;ment

~umber of
analyses on
whil'h N11cn-

Laboratory
code

I
.. -- --... --- - -- ---
ladons were RSD C%J RS]) L%J
based
U Pu U Pu U Pu

I 4 _1) 1.9 - 1)
0.6 0.8

11 4 4 0.3 0.6 0.5 0.7

ur 4 4 0.4 0.5 0.6 0.6

V 1 1 - - not reported

IV2) 4 0 0.4 - 1.0 1.03)

l)Not calculated, as values are not l'epl'esentative (7.5.4.1).
2)Determination by X-ray fluorescence spectrometry.
3)Based on long term experience with samples of higher Pu-concentrations

than those used in this test.
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7.5.5 Analytical Efforts

The laboratories were asked to report average values in manhours necessary

for the isotopic dilution analysis of uranium and plutonium performed on

one sample in duplicate. It was asked to subdivide the values according to

a) sample preparation

b) mass spectrometric measurement

c) a-spectrometric determination of Pu-238

d) spectra evaluation and calculations.

The reported data are compiled in the following Table 7.5.4:

Table 7.5.4: Interlabtest V: Analytical Efforts (Manhours) Reported by
Each Laboratory.

(Valuesbased on one analysis in duplicate
for determination of U and Pu)

Laboratory Reported manhours for
code sample mass spectro- a-spectro- evaluation total

preparation metric measure- metric analysis
ment measure-

ment

I 4 10 1 4 19

11 6 8 1 10 25

III 2 8 2 5 17

Since these values are related to routine conditions of analysis, efforts

for calibration of spike solutions etc. are not included.
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7.6 Summary

The concentrations of uranium and plutonium in sampies of product solutions

were analysed by different wet-chemical methods and X-ray fluorescence spec

trometry (Interlaboratory Tests land 11). The average values of the rela

tive standard deviations calculated for. the error components of these ana

lyses and the possible sources for these errors are summarized in Table

7.6-1 •

Table 7.6-1: Calculated RSD of Error Components for Concentration Deter
minations of Uranium and Plutonium in Product Sampies.

Error component

Sampling error
---- - -----------

Possible sources
of errors

Inhomogeneity of
tank solution.
dilution step after
sampling (Pu).

RSD of error
component L%J

U Pu

not not
signifi- sig=n=i=f=i~-~~ ~

cant cant

Sampie error

Interlaboratory
deviation

Precision

Sampie prepara
t i.on in labora
tories ,
sampie ins ta
bility (Pu).

Differences in
standards used
and corrections
applied,
random components.

Random compo
nents influen
cing the single
measurement.

not
signifi

cant

0.20

0.49

0.25

0.24*)

:t)Calculation based on wet-chemical methods only.
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According to these results the main error component found in the determina

tion of uranium concentrations is due to deviations between the labora

tories partially using different analytical methods. By contrast, for

plutonium concentration determinations, the instability of the samples 

probably caused by polymerisation and plating out - contributes most sig

nificantly to the total error of a single measurement. This contribution

may include errors due to the impeded manipulations in glove boxes during

sample preparation in the laboratories.

No significant inhomogeneity of the tank solutions was indicated. However,

it should be noted that the sampies for each test were taken from one single

batch only.

The suitability of density determinations for checking the homogeneity

was confirmed for uranium solutions provided the measurements are performed

by the same laboratory.

Using the same product solution sampies as for the concentration deter

minations by wet-chemical methods mentioned above, the errors involved in

the isotopic ratio determinations of uranium and plutonium by thermionic

mass spectrometry were investigated (Interlaboratory Tests 111 and IV).

Three error components were distinguished: the scan error, describing the

precision of the single isotopic ratio of one run, the run error,

introduced by measurement on different filaments loaded with the same

sampie, and the interlaboratory deviation. Their relative standard devia

tions in dependence on the atomic ratio are shown in Figures 7.6-1 and

7.6-2 for the measurements on uranium and plutonium, respectively.

As appears from these figures, all of the three error components under con

sideration are of the same order of magnitude and increase markedly with

decreasing isotopic ratio.

Compared to uranium measurements, a considerable number of outliers was

observed in the isotopic determinations of plutonium leading easily

to erroneous results which are difficult to detect if there are no

comparison values of other laboratories available. In case of the

isotope Pu-241 they are most probably due to the rapid ß-decay,

although the americium formed was separated chemically prior to the meas-
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urements. The outliers found in the determinations of the isotope Pu-242 can

be explained most likely by cross contamination and memory effects ap

pearing in the mass spectrometer since this isotope in its highly enriched

form is used also as a spike in isotope dilution analysis.

For the determination of the Pu-238 content (up to 0.7 % in this experiment),

all laboratories preferred a-spectrometry. In average, aprecision of about

1 % was obtained for the single activity ratio measurement which seems to

be somewha tasse t t er than expected from long term experience.

For the concentration determinations of uranium and plutonium in active

feed solutions bymassspectrometric isotope dilution analysis (Inter

laboratory Test V), the evaluation could be based on a rather limited

number of data only. The test was planned as a preliminary studyon which

further, more elaborated investigations could be based. Therefore, the

results obtained (Table 7.6-2) should be considered as indicative and not

applies particularly to the value calculated for the precision of uranium

determinations which is assumed to be between 0.4 % and 0.7 % according

to general experience.

Table 7.6-2: Calculated RSD of Error Components for Concentration Deter
minations of Uranium and Plutonium in Active Feed Solutions
by Mass Spectrometric Isotope Dilution Analysis.

Uranium

Plutonium

Precisicn

1.1

0.6

Interlabcratory
deviation
RSD C%J

1.4

2.7

In respect to their application for safeguards purposes, information on

the efforts of the different analytical procedures were demanded from

the laboratories. As the laboratories accounted differently for same cal

ibration procedures. dead time between analyses, maintenance of instruments



7 - 122

etc., ~n some cases the reported data deviate considerably from each

other. Therefore, no average values were calculated but the lowest and

highest values reported are given in the following Table 7.6-3.

Jabl~.6-3; Reported Efforts (Manhours) for the Analytical Procedures
Investigated

Type of analyses Hanhours per analysis in duplicate

Uranium Plutonium

Concentration determination of
product sampIes by wet chemical

*) *)methods 3.5 to 6 2 to 20
by X-ray fluorescence

*) *)spec trometry 3 2

Isotopic composition determina-
tion of product sampIes by mass 4 to 7 6 to 12.5
spectrometry

U- and Pu-concentration deter-
mination of active feed solution
by mass spectrometric isotope 17 to 25
dilution technique

*)Data refer to one analysis in triplicate.
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Appendix I

Conclusions and Recommendations of the Analytical Working

Group Meeting at Ispra

(October 6-8, 1970)

1. Session (Chairman: H. Frittum, IAEA)

Interlaboratory Test I: "Concentration and Density Determination of Uranium

Product Samples".

For this particular batch additional circulation seems not to be necessary.

Precision seerns to be dependent upon the method and the type of laboratory.

The gravimetrie method for pure materials seems to g1ve the highest preci

sion followed by oxidimetry and X-ray fluorescence with the lowest preci

sion.

There is a need to discuss the question of effort and tamperproofness of

- -- -- -------samples--;---------------------------------------------------------,

The density can be used as an indicator of homogeneity.For pure products

the differences of duplicate density determinations should not exceed

0.14 % (95 % conf. level).

The interlaboratory variance consisted of the following:

- Different standards used

- Errors in standardization

- Random components

The evaluation group asked for the reporting of rejected values and their

rejection criterias in order to find the outlier criterias. Recommendations

for further interlabtests are welcomed.

For the final evaluaLion the following subjects are recommended:

- Significance test on density measurements for the single laboratory

- Significance test on density measurements between laboratories

Significance test on uranium concentration measurements for the single
laboratory

Significance test on uranium concentration measurements between
laboratories

- Estimation of precision for the single laboratory

- Estimation of the total standard deviation
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Reeommendations

1. Investigate the problem of finding the best mean value, eventually in

form of a weighed mean. The problem of standardization is here of great

importanee.

2. In future interlabtests NBS standard 950a may be used.

3. For eomparison reasons standardization of eleetrieal methods by

ehemieal standards is neeessary.

4. The amount of uranium for interlaboratory test sampies should be not

less than 2.5 g per sampie.

2. Session (Chairman: A. von Baeekmann, GFK)

Interlaboratory Test 11: "Coneentration and Density Determination of

Plutonium Produet Samples".

1. Due to the different dilutions of sampies A, Band C, it is suggested

to evaluate the results separately.

2. Most of Ehe laboratories prefer to llse oxidimetrie methods with slight

modifications and different endpoint determinations.

3. The following is reeommended for further interlaboratory tests:

a) To dis tribute solutions of different eoneentrations

b) To dis tribute standards and request the results obtained from these
standards

e) To request the use of different methods if possible (e.g. mass
speetrometrie isotope dilution, gravimetry, potential eontrolled
eoulometry ete.)

4. Errors and sourees of errors.

~) Instability of the sampies.

It was noted that better sampie vials must be obtained (e.g. sealed

siliea ampoules or dried sampies in aluminium eapsules). The pluto

nium eoneentration in the sampies should not exeeed 10 mg!g solution

andthe acidity should not be lower than 3 M.

b) Standard.

It was noted that the NBS949 standard requires a correetion for the

Pu-241 deeay.
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Beeause of the differenees between the isotopie eomposition of the

standards and the sampies a eorreetion faetor must be applied.

TheJlaboratories are requested to report their eorreetions.

e) Glove box teehniques.

d) Organie and inorganie impurities.

It is suggested that in further interlaboratory tests, impurity

estimates are given by the shipper.

3. Session EChairman: A.E. Cameron, O.R.N.t.)

Interlaboratory Test trI: "Isotopie Analysis of Uranium Produet Sampies

by Mass Speetrometry".

J. We think we must aeeept data as reported by individual laboratories and

not attempt to apply further rejeetion eriteria.

2. Contrary to other experienee, (long time), the preeision found for a

single sean was worse than the preeision found for single runs.

3. Thegroup feIt that the errors given as a funetion of the isotopie

composition in Figure 4.1 1) quite weIl represented long time laboratory

experienee for routine measurements.

4. It is reeommended for further interlaboratory tests to use sampies with

h · h 235 . ld .19 er U eontent wh1eh wou be more representat1ve of s~ent power

reaetorfuels.

5. It was eoneluded that for this test it was better to do the statistieal

evaluation only for atomie ratios. For further interlaboratory tests it

was reeommended that peak heights be reported for individual isotopes

and to base the common evaluation of atomic ratios or weight percentages

on this primary information. There was no opinion expressed about the

rejeetion'of the total sean if one isotope signal was rejeeted.

6. All laboratories measure on the U+ion. No laboratory loads sampies from

higher than J N HN03 beeause of the danger of attaek on the rhenium

filaments. All laboratories reporting use rhenium filament material.

7. All laboratories use N.B.S. urarrlum standards for evaluation of instru

mental errors.

1) Please refer in this eonneetion to Figure 7.3-4.



8. To avoid confusion in further studies, the mass discrimination factor

and its applicatiol't. should be clearly specified.

4. Session (Chait-man:Jl. Bokelund, EUROCHEMIC)

tnterlabora~ory Tes~ IV: IIIsotopic Analysis of Plutonium Product Sampies

by Mass Spectrometry and a-Spectrometry".

1. Atom tatios 241/2:39 should be related t6 a common dat;e ,

2. Süggest:.~g<po~siblili.tyfor small sampies : Eliminate interferences fron

A.1ll..2:41by~asuring oxide ions of plutonium; Am appearsnot to form
..

oxide ions.

3. InSQ11ie casessignificant differences between mean values of labora

t.ories seem to exi.~t. Possible reasons are: 1) Cross contamination

4. In.some.C'ases the interlaboratory standard deviation was greater than

e*p(a~t~clifl:q.1l1 the former experience.

5.1tiä>AssufiU!p:t:hat a.mass spectrometer calibrated with uranium stand

ards will als" give c9rrect results for plutonium.

6. One la:botatöry reported on the possibility of correcting the mass 238

for ura.n1.üm.-g38 by adging U-235 as a reference. Another potential

source cf ura.nium.interfetence is the ion source itself.

• The question was taisedat what Pu-238 abundance mass spectrometry

becomes preferablet.oCt-"spectrometry. No recommendation was made.

8. The only evident reason for precise measurements of Pu-238 is to know

the a-activity for calorimetry. For this purpose a-spectrometry seems

to be favoured because ~f freedom from uranium interference.

9. The use of common half life values is recommended.

The half lives to be used should be furnished by the organizer of

future interlaboratory comparisons.
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5. Session (Chairman: G.H. Debus, BCMN (EURATOM»

Interlaboratory Test V: "Determination of Uranium and Plutonium Concen

trat ions in Active Feed Solutions by Mass Spectro

metric Isotope Diiution Analysis".

1. It was a general opinion of the group that the relative standard devia

tion of concentration determinations of U and Pu are between 0.4 and

0.7 % within the laboratory for routine measurements. It seems that the

erroton Pu is somewhat higher than on U.

2. The fnterlab-variation observed in this limited test was obviously

larger. It was believed that this could be attributed to

i) Evaporation,

i..i) Walleffgc1:s and pQlymgrisation,

iii) Chemical treatment,

iv) Difference in date of analysis.

It isnot believed that the interlaboratoriums differences are due to

spike calibration errors (10 ~ 0.3 %).

3. The group expressed the opiriion that for further experiments the sampIe

distribution could be based on the following procedure:

i) SampIe solution added to the spike in the plant,

ii) Distribution of a spiked standard solution,

iii) The minimum quantity of sampIe material should be 50 ~g

of the heavy element to be analysed.

4. It was noticed that only 3 participants reported their results. To com

plete the information it is recommended:

i) that the other laboratories report the results of isotope
dilution and/or isotopic composition,

ii) that all participating laboratories report their chemical
procedures and send remarks on observed difficulties.
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Appendix 11

Analysis of Varianees

by R. Avenhaus

11.1 The Linear Hypothesis

All tyPes of measurements oeeuring in the interlabtests eonsidered here ean

be written in the following form (see Fig. 7.AII-l)

y.. ... J.1 + a. + b .. + o.! ••
1JV 1 1J 1J\I (11, I)

where

i ... 1 ••••• r; 'V = 1 ••••• n ..
1J

.-In~theease-oL the-coneentratio.n. or.••densit_Y.~det_er.l1lina..tj.().Rs_Y-ij\l_i'§'_~~~13.!1!!: __. _

of the \I-th repeated measurement of the j-th laboratory at the i-th sample.

~ is the true value of the eoneentration (density) in the tank, a. is the in
1

homogeneity of the i-th sample, b .. is the differenee between the true eon-
1J

eentration(density) of the i-th sample, J.1t ... J.1 + a i are the expeetation

values cf hhe measurements of the j-th laboratory at the i-th sampie (i.e.

the interlab error). e .. is the reprodueibility of the u-th measurement of1J\I J .

the j-th laboratory at the i-thsample.

and a.
1

e ..1J\I

and variances of the random variables e .• ,b..1J\I 1J

In the ease of the isotopie ratio determinations y .. is the result of the
- 1JV

\I-th measurement (sean) of the j-th run of the i-th laboratory. J.1 is the

interlab error of the i-th laboratory, b •• i8 the run error of the j-th run
1J

i8 the reproducibility (sean error).of the laboratory and

The expectatim values

are assumed to be

E (e •. )
1J\I

var(e .. ) ... 0
2 ,

1J\I e

.. E (b •• ) ... E (a.) ... 0
1J 1

var(b .• ) ... 0b2, var(a.)
1J 1

2
.. 0

a

(II,2)

Furthermore the random variables e•.• b .• and a. are assumed to be independent.
1J\I 1J 1
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11.2 Significance Test

In th.isvp~Jr~ themethod is described to decide wether or not the mean value

of different groups of measurements are significantly different. In other

words, it is tested whether or not the error component b .. is significantly
1.J

differentfrom .. zero.
~--: '"::.:-(;-:,:;:,-,,.,:.-, .., :',','-. .:'

In ordertpifacilitate the representation, the following special application

is. cpn$id~~e~:ItSb,all be decided whether for a fixed sampie i the mean

valUE!Siobt~ij'7~bYdifferent laboratories j (e.g. on the concentration or

density) j't"e; significantly different f rom zero, Le. whether there is a

~~gni;ic~pt i~t~rlaboratory deviation. 1)

~~tij~üide~i,describing the salllpie in the ease tönsidered here Ls fixed,

theerror c.ömponent a. can be ignored in this connection and the relation
1.

•••. (11,1) is simplified to

= 11 + b. + e.
J J\I (11,3)

(!he index i is omitted now). For the construction of the test the following

two quantities are important:

s 2
= .L: n., (y. -y •• )

j=I J J.

Here,

(II,4)

y.
J.

1 n .
=- L.: y.n , .• JV

J \i= 1

(II,S)

is the average value of all the measurements of the j-th laboratory,

1
y •• = N

s n.
E L.: Yj\l
j=I \1=1

(11,6)

1S the average value of all the measurements of all laboratories,

I)For other applications, the formulas of this test remain unchanged, if the
indices i, j and \I are correspondingly attributed to the quantities which
are considered as fixed (i), whose mean values are to be compard (j) and
which form the elements cf these mean values (\I).
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s
N =1: n .

j=1 J

is the total number of measurements.

(II,7)

It is assumed that y. is normal distributed. Then the test consists in com
J"

paring the expression

N-s= -- xs-1 (II,8)

"with the q~antity C; C is determined by the F-statisticwith (s-l, N-s)

degrees of freedom and depends on the error first kind ~:

F (C) = 1-~s-I,N-s (11,9)

If Vo is greater than C, then b
j

is significantly different from zero for

the sampie considered in particular.

The test can be understood qualitatively in the following way: SQA describes

_______ . .the deviation_of_the_totaL average__v.alue}'l"••__ofall._themeasur.ement8._froDL __ .

the average value per laboratory y. , SQR describes the deviation of the
J.

individual measurements of each laboratory from the average value per

laboratory Yj.' It is clear that the value of Vo must be large if b j
differs significantly from zero. In the case s = 2 and n., = n the condition

J
for the test is given by

1

> C '2
<

n

where

K = 1,2

In the case n = 10 and ~ = 0.05 this becomes

>
~ 0.7
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11.3 Estimation of 0b2 and 0e2, Confidence Limits in the Orthogonal Case

If only two error components are considered, the unbiased estimates of the

variances can be calculated according to the formulas given in the following

fable 7.AII-I.

Table 7.AlI-l: Analysis of Variances in' the Not Orthogonal Case for Two
Types of Errors.

SQ DG MQ E{MQ)

s
)2

SQA 2 2
SQA = 2:n. {y. -y f = s-1 !MQ = fA

c + kObj= 1 J J. • • A A e
. ....

.

SQRs n.
)2

s 2SQ = L: z: {yjv-Yj. f = Ln.-l !MQ ... - (1
R j=1 v-l R j=1 J R f

R
e

- -Heye,·--

y.
J •

s
N = Ln.

j=1 J

s n.
y •• = 1. L ~ 'jv (rr, 10)

N • 1J= v=1

1 1 s 2k ... s'::'1 (N- -2: n.)
N . 1 JJ=

From the last column of Table 7.AlI-l one obtains

2
(1 •
e' (II,I1)

Therefore, the unbiased estimates a; and a~ of 0; and (1~ are given by

...2 MQ(1 =e R (11,12)

where MQA and MQR are functions of experimental data according to Table

7.AlI-l.
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In order to beable to estimate the validity of the approximations, one

wants to have eonfidenee limits for ~, cr~ and 0:. This, however,is only

possible in the orthogonal ease: n .... n.
J

In the following, it is assumed that b.
J

Confideneelimits for ~ in the orthogonal ease

The paranteter IX is estimatecLby y•• , its varianee 1s given by

In consequence , if one replaees 0"; and O"~bY iu u1'lbiased

ing to (11,12), the eonfidenee limits for Ir are gJyell 1:>Y

(y .. -Ci:~A ~... ~.< y.. +c{:~A) (Il,14)

Here, C is determined by the t-statistie with s-I degrees of freedom and

_Cle.PEatl..d~s(m1:J1EaEa.r·~'(tr__fi.]:,J"-tki.1J.d .~.~

Confidenee limits for cr2 in the orthogonal ease
e

The eonfidenee limits for cr2 are given bye

(Il.15)

(Il,16)
SQR· 2 SQR
(- < cr<-)
C2 - e CI

Here. CI and C2 are determined by the x2-statistics with N-s degrees of

freedom:

22·
Confidenee limits for ablae in the orthogonal ease

It is not possible ~o obtain confidence limits for 2
ab alone; the confd.dence
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2 2
limits for ob/oe are given by

(11,17)

(11,18)F ($_} ;N-s) (C:) - I-I; .F(N;..~.,S'--l) (C2) - }- I

TheGeneral Case:E.stimation of11.4

lri the~ase>of tlireeerror c011lP()rie~t~i.e.i~it:~e<,cäsethät b ij isnoteqtiäl

zeroand that the numbers s.andn.• ill(IItl)explicitly depend on i and j,
. .... ... .... ...... 1.. .. 1.J.. '. •.•. .. •....• .. .. ., .: . . ..

it is no~}p~s2ibl~itirconstructc()nfidenc: inter;,yals; one only can give

unbiased·estimatesi()1;'the quantities in ques tioll 0' In order to obtain these

estimates the Io:tJ.owing -Tablei hto be considered:

where CI and C2 aze determined by theF-statiS't1c.swith (s-I,N-s) and

(N-s,s-l) degrees oi freedom:

Table 7.AII-2: Analysis of Variances in the. Not Orthogonal Case for Three
Types of Error.s.

Y. 2 2r
Y •••

SQA -2: 1. ••-- -n. Ni-} 1..

r
SQ =2:

Bi_I

Y~
1. ••

n.
1.

DG

f = r-I
A

r
f -La. - r

B • I 1.1.-

MQ E(MQ)

r
f -N-i:" s.
R • I t.1.=

2o
e

n .•
1.J.

2
Y ••
.2:.J...:..

r s._ '5 . ~1.

'-- L-
i-I j-I_______'---_I~---L.--__I
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Here,

n .. s. s. n ••
Y••

_ J1.J
Y. -1. 2 L::JYijv -L: Y•• - Yijv1.J • --- 1. •• j_1 1.J.val j-I v=1

r s. n ..
Y••• = L L1. 2 J

Yijv
i=1 j-I v=I (11,19)

s. r s.
n. = L1. n .. N = L 2 n .•1.. j=I 1.J i=I j=I 1.J

Note:

Contrary to the expressions (Ir,5) and (1.l, 6), the expressions tIr,I9) are

only sums, not mean values. In order to stress this point, capital letters

are used here.

The doefficients k I I, k I2, k22 occuring in Table 7.AIl-2 are given by

l
r s ,

k22 = r N - L. (L1.
L s.-r i-I j=1
. 1 1.1.=

2

= .i.l f: (i! n i j)
r-I l :-"1 .' In.1.= J= 1.

I r 3. 2J~ L1.- - /_ n
N i=1 j=I ij

2

nii)J
n.1..

(Il,20)

From the last cQlumn of Table7.AII-2 one obtaines for the quantities

a;, a~ and a; the following unbiased estimates 5:, 5~ and ai:

52 = MQ
e R
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11.5 "Best" Estimate of the True Value; Variance of this "BestIl Estimate

It is assumed again that there exist

r s
N -2: L.

i-I j-I
n ..
~J

(11,22)

measurement results. Then the question arises how to form with the help of

these N values a "bes t " estimate for the true, unknown value u , I)

It can be shown that the "bestlt estimate il in the sense of an unbiased

estimate with minium variance is given by the mean of the N measurement

results.

} r s , n ..
ß - - L Ll

~J Y••
N i=I j=1 \1=1 ~Jv

(11,23)

The variance of this mean value is given by

var n
r s. n ..

} ~ ~1 ,,1J
- -2- var '-:- ~ L- (u

-N - _ .~.- --1... 1-.1==L v==-L- -
+ a. + b •• + e .. )

1 1) ~JV

or

var n r s. 2 2 r s. 2 2 2
'2:<L1

n .. ) 0 + L- "L1
ni J· ob + N oe

i-I j_} 1J ai_I j_1
(11,24)

In the orthogonal case, that is in the case

s. - S
1

n ..... n
~J

(11,25)

one obtaines with

r s
N - L Ln = rsn

i-I j=t
(11,26)

for the variance of il
r 2 2 r 222L (sn) • o +:L. sn 'ob + r sn-o

i- I- a ~-I e
I

(rsn) 2var n- --~

or 2

°... a.var lJ - _.- l'
r

2
a. e

l' --rsn

I)As mentioned in the introduction of this Chapter it was not the aim of
these interlaboratory tests to find the best estimates of the true values.
However, if one wants to calculate the variance of the total resulting
error of a set of N measurement results, one first has to give a prescrip
tion how to form a mean valueo



7 - 139

Appendix II!

Description of Mass Spectrometer and Measurement

Technique Applied by ORNL

by A.E.. Cameron

OAK RInGE NATIONALLABORATORY

Novembert97o

-: .:,. .:'_''c::."'-- :-, _-'_~:"', -:-:-:~- .. -:: ""',--

figuration. and the ion optical geomßtry~s.~~~t:t'ical~

a "dry" system, using sputter pumps (\Tai:1on):

Th~ptimping is Vlith

for

ion coun-

intensely

svs rem of hand-

the first

10 ng to 0.01 ng, depending upon

Also, the very clean spectrum at

masses without " t oe corr ec t Lori'",

menU to be made on the minor

the minor isot~pes is

used for the fu~asurements

isotopic composition

multiplier background gradually

radioactivematerials on and

The filament arrangement is a "V" r1J.eniurn filanient

ling several of these at once has been described1 )

Bec.atlse of the difficulty of scanning the fields in perfect syn-

chronism, we adopted the practice of scanning by sweeping the accelerating

voltage. Since we record data in 200 or 400 channels of memory in a multi

channel analyzer, the sweep which we use is that of the horizontal sweep of

the analyzer oscilloscope. This is a stair-step function which is amplified

and applied in series with the regular accelerating voltage, usually 8 kv.

A number of mass units are swept and this is adjustable by means of the

"sweep amplifier". The spectrum is displayed and counts are stored in appro-

1) w.n. Christie and A.E. Cameron, Rev , Sei. Instrum 37_, 336 (1966).
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priate channels of the memory. This "linear sweep" wastes time in sweep~ng

the valleys. Accordingly ,we normally take data in what we call a "sub

group" mod.e , In this arrangementthe individual peaks are swep t onLy over

the flat top.lt is possibleto setthe number of times a peak is swept to

improve statistics.

The analyzermemory is broken intosubgroups of 50 channels, and the peak

tlsually occupies 45-48 ofth~m.The sweeping sequence used in these measure

ments is to sweep 233, 234,.235,236, 2:37, 238 and 239 each once. The 233

position is always monitoredasis the 239. Nass 237 is used for background

correction in most cases.Thissequenceis repeated 200 times with each

channel gated openfor 1.25 mi11.isecond.The stair-step function which is

being amplified is also the,voltage whichgatesthe channels, so that syrr

chronism is ~~intained between channel andaccelerating voltage.

Attheend of 200 sweeps,. the memory channelsaredumped onto a magnetic

tape, and the sweep is begun again. Thedumping takes only two or three

seconds so that data taking is almost continuous. The counting rate on the

major isotope is held at about 2 x 105 sec I to minimize the "count lass"

correction. The overall dead time of the system is measured at about

It is,ofcourse, necessary to c,alibrate the system. Forthis we use the

NBS 500 standard. The ratio of 235/238 in this standard is 0.997 and the

234/235 is 0.01043.The 235/238 observed ratio is used toestablish a

flvolt~ge" cO.'.t"J;ection, since ,the countihg rate on the two peaks is essen

Hall}r identical. The count; Ioss correction for the overall system is estab

lished frotnthe 234/235 ratio. 'l'hecomputer program is fed the estimated

"Eau" (count loss) and the measured counts On the three peaks. By an iter-

ative process the computer arrivesat a voltage correction per mass unit

and the count loss corree t i on , The "tau" is observed to hold very constant,

butthe voltage correction cannot be so weIl established or maintained. A

typical calibration would be a "tau" of 0.085 microseconds, and calculated

voltage correction of .0040/mass.

The usual isotopic composition measurement which we made on uranium and plu

tonium will consist o f ten (10) measurements each of 200 scans. The magne t-:

ic tape on which the dump fromthe analyzer memory is stored is fed to our

IBN 1130 computer, together wi th the vol tage correc tian and the dead time

correction. Since we usually use the "sub-group" mode, the computer seeks
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the center of the flat-top peak, and then establishes how many channels are

to be summed in the peak. Any channels which are bad, e.g., dropped, noise

spikes, etc., are corrected to the average of the channels in the flat top,

usually about 48. The computer prints out the details of channels which were

corrected, identifying the channels and detailing the correction.

The "raw" counts for each isotope for each determination are printed out.

The final sheet, a copy of which for uranium is attached, (Fig. 7.AllI-l)

gives the corrected counts per isotope and the calculated ratios. The

calculation is initially in atom ratio or in atom percent, which is our

usual manner of reporting, and is converted to weight percent for this

particular exercise.

The things which cause the operator to reject data are typically a run which

shows drifting ratios, which has a high background - indicating a dirty

sample - andwh:i.ch is-usua11yIll.dicatedbythe counts observed in the 237

position, or some-times one which shows the presence of 233u when this

should not be present in the sample. This tends to indicate that some

cross-contamination has occurred in sample preparation or mounting. A mar

ked change in the temperature of the filament during the run would mean
-_ __ _ .._._.-

that sufficient sample had not been loaded and there might be the possibil-

ity of uranium from the filament material being observed. We chemically

clean and then bake out a11 the filaments in vacuum for circa 30 minutes at

a temperature of 2200 oe observed on an optical pyrometer. This temperature

and the temperature quoted for sample running are not corrected for emis

sivity.

The temperatures are coded on the printout for start and finish. For example,

7271 under the heading TEMP means a starting temperature of 1720 and an

ending temperature of 1710. For plutonium runs it might typically be 5253,

which is 1520 to start and 1530 to end.

Starred (:) antries in the printout are not used in the calculation of the

average for that isotope. The comput~r program has rejected these as being

outside the preset limits. This will generally have negligible effect upon

the results. It will not affect the other ratios, but may have a slight

effect in that the sum of the isotopes may not be exactly 100 %. The operator

generally makes a final correction to the large isotope to insure exact

addition.
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Note:

Long-term experience on uranium measurements with a two-stage

instrument on the UOIO standard (1% 235) are:

10 = 1% on 234/235

10 = 0.8 % on 236/235

10 = 0.8 % on 235/238

OAK RIDGE NATIONAL LABORATORY

November 1910

- - -- - - --- -- --- ------- -- -- ------------- -------- ----- -- -- ------------------- -- -- ---------------------



SAMPLE NO. NBS 010 SAMPLE NAME DATE 6 ;,11 71 MACH/CART/SEQ 1151 OPERATOR EM TAU=0.099
I

INDEX NO. 1 2 3 4 5 I 6 7 8 9 10
MASSNUM. 238 235 234 236 237 I 0 0 0 0 0
VOLTCOR. 1.0000 0.9820 0.9760 0.9880 1.0000; 0.0000 0.0000 0.0000 0.0000 0.0000
SWEEP FA. 1. 2. 16. 16. 4. ! 1. 10 1. 1. 1.

I
I

COR.CNTS. 11673258. 237106. 10269. 13207. 19.1 O. O. o. o. O.

11= 236-237

12= 234-237

13= 238+235+234+ 11

RATIO 12113 3/13 2/13 4/13 11/13 1/13 2/ 3 1/ 3 2/11 1/11 3/ 2 11/ 2 2/1 0/ 0
EXP. E -5 E -5 .. -2 E -5 E -5 E -1 E 2 E 4 E 2 E 4 E -3 E -3 E -2 E 0

6.9232 1.0172 0.0000
0.1996 0.0067 0.0000

1.0147 0.0000
0.0067 0·0000 "-J

1.006.8 0.0000
0.0065 0.0000 .....

.po
1 •.0,169 0.0000 W
0.0064 0.0000

1.01660.0000
o.b0640.900Q

1.0155 0.0000
0.0026 0.0000

6.8483 1.0151 0.0000
0.1986 0.0066 0.0000

7.0286 1.0140 '0.0000
0.2000 0.0066 0.0000

6.8388
0.2017

6.8859
0.0434

6.9248
0.1993

6.6086
0.1907

7.0414
0.1924

6,1'8486 1.0251 0.0000
.0.1832 0,.0062 0.0000

6.9232 1.0288 0.0000
0.2085 0.0068 0.0000

7d765* 0.,.9992 0.0000
0.206.1 0.0066 0.0000

6.9949
0.(}362

7.0329
0.03'4'8

,100051
O.002!;

5,.4384
0.,0634

5.3989
0.0679

Fig.7.

AVG.
S.D.

RUN 1 5.1725 5.2383 1.0044 6.9348 6.8689 9.8983 1.9174 1.8895 1.4622 1.4410 5.2153
T=6867 0.1718 0.1675 0.0066 0.1940 0.1977 0.0131 0.0625 0.0604 0.0431 0.0414 0.1702

RUN 2 5.0470 5.1101 0.9966 6.9648 6.9017
T"'6867 0.1660 0.1619 0.0064 0.1903 0.1937

RUN 3 5.4804 5.5416 1.0066
T=6867 0.1698 0.1661 0.0064

RUN 4 5.5482 $.5482
T=6867 0.1658 . 0.1658

RUN 5 5.5411
T=6867 0.1607.

RUN 6
T=6867

RUN 7
T=6867

RUN 8
T=6867

RUN 9 5.1334 5.1515
T=6667 0.1679 ')01676

RUNI0 5.5938 5.6153 1.0036 7.0762-
T=6867 0.1734 0.1;720 0.0065 0.1943
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JEX - 70

Chapter 8

Stable SampIes of Dissolver Solutions for Input Analysis

by

R. de Meester, K. Kammerichs, L. Koch

European tnstitute for Transuranium Elements
Karlsruhe, Germany
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Abstract

To avoid the problems introduced by the storage instability of

dissolver solutions, a new sampling technique was used. Known

portions of diluted dissolver solutions were dried in Aluminium

Capsules. For the analysis the capsule together with the evapora

ted sampIe inside was dissolved. Comparisons between preliminary

analysis of the conventional and new technique are given in Tab.1.

List of contents

8.1. Objectives

8.2. SampIe preparation

8.3. Analysis

8.4. Results and discussion

8.5. References
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8.1. Objectives

The storage-stability of sampies from dissolved irradiated

fuels is influenced by radiolysis which may lead in the first

place to a loss of solvent and a change of concentration in

the sampie, in the second place a plating of Plutonium at the

walls of the container may occur because of a depletion of acid.

To avoid these problems we tried in the frame of the Mol-III

experiment to use a new sampie conditioning technique. An aliquot

of the input solutions is weighed in a Al=capsule. The solution

is careftilly dried, precatitien was täRen that ne spättering

during evaporation had occured. Than the Al-capsule is closed.

Later for the analysis the container together with the evapora

ted sampie was dissolved. This brings the advantage that all

material of the sampie was made available for the analysis.

--- ---- ---S-t-orage--6I--flie--~s-ajnp-Ieover-- a--- 1-oIl"gpe-r10a fs·-poss-i-blEi--:

8.2. Sampie preparation

Unfortunately we had to use the diluted solutions of the dissol

ved fuel material because of limitations in transportation.

Aliquots from a diluted composite sampie E-I, which consisted

of material from the VAK-reaktor, were taken. Besides this we

\repared three other sampies from the originaly concentrated

dissolver solution, but due to transportation problems these

sampies ~re still in Mol and will not be considered here. The

technique of sampie preparation is rather simple. In the pre

weighed Al-capsule about one ml of dissolver solution is pipet

ted and the weight exactly determined. This was done for both,

the diluted and the undiluted dissolver solution. The filled

Al-capsules are inserted after weighing into an Al-block heated

up to 80°C. To speed up the evaporation a stream of filtered air

is passed over the surface of the solution, care is taken, that

no material during the evaporation gets lost. About four hours

is needed to dry one sampie. Fig. 8-1 shows schemetically the

evaporation apparatus.
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8.3. Analysis

The capsules are dissolved in a preweighed flask of about 500 ml

with 10 ml HN0
3

(10n). A few drops of Hg (N0
3)2

were added.

This addition has to be done very carefully because the reaction

starts very suddenly. When the reaction leveled off, 50 ml of

nitrit acid was added until the capsule and the sampie were

completely dissolved. This dissolution took about5h. Then the

sampie was diluted with additional 10 ml of water to avoid a

cristallisation of the Aluminiumnitrate during the cooling of

the solution. The selution was weighed and an aliquot was ta

ken for analysis. To this aliquot the corresponding amounts of

U- and Pu-spikesüre added. The analysis follows Olir normal

p~ocedure (1) •. However be_ca\l,.~ .o! tJile bi.g}l. !~1Sc::oas~ t1 of the

Al-nitrate solution we used a batch technique for the extraction

step : the resin was added into the solution. Later the resin

was transfered into a ion exchange-column which was treated ac

cording our usual chemical separation procedure.

8.4. Results and discussion

The results from four capsules are listed in the Table 8-1. The

first column gives tue number of the capsule, the second column

the date of analysis, the following two columns the concentra

tion of Uranium and Plutonium infRgfg dissolver solution and

th~ last column the ufp. ratio. For the first capsule the ana

lysis was incomplete. We got only one result tor Uranium. The

average is given for all values with 1 tfdeviation. We also re

ceived a diluted liquid sampie of this solution like all other

Mol III-samples. üntortunately the analysis was performed rather

late in october '70. Tue results are also given in the table.

The agreement betweenthese results -and those of .the capsules

for the ufpu ratio and tor the Pu-concentration is good but one

has to consider th~ error on the Pu value, of about 2 %. The

agreement tor the Uranium values is within the error limits.

The results are not satisfactory, because the obtained preci

sion for the analysis of the tliree capsules is too low, espe

cialy for Pu, but this may be explained : as mentioned in the

beginning we had to use the diluted solution. Furthermore our
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capsules were thickwalled. This gave a ratio of Al-atoms to

Pu-atoms ofabout 4.107 that means for 4.107 Al-atoms only 1

Pu-atom is present in the solution.

Especially the oxidation and reduction of Pu seems to be incom

plete. This st~is essential ta ensure that the Pu of the sam

pIe and the spike will have the same chemical behavior. For the

Uranium the ratio of Al/U is 2x105 but as one can see from the

results the precision was acceptable. Therefore we expect that

the technique will bring better results far undiluted sampIes.

This will be shown with the analysis of the three remaining

capsules in Mol far which the Al/Pu ratio is 1,6 x 105 and the

Al/U ratio 1,3 x 103 and with the analysis of twenty sampIes

froOJll adissolved BWR fuelencapsuledin a new and lighter Al...can.

8.5. References

(1) L.Koch. Radiochimica Acta 12 160-162 (1969)



-----------,----------------+--------:------------------------
U/Pu ratio

~ ..__2~~~=~~~~~!~~_~~~~_~~!:.2 ~
: Camp. Sample E-I : Date of analysis
• • . Il : .: Pu
:---------------------:---------------------:----------~---------:---~-----------------:---------------------:

Dry c:apsule 1

" 2

" 3

"4

3.11.1971 · 728.0·· · :2.02.1971 · 725.8 · )3.854 188.3
: · ·· ·729.1 · 3.795 · 192.1· ·· · ·2.02.1971 727.0 · 3.730 · 194.9. · · :• · ·729.7 · ]3.717 · 196.3· ·· · 3.844 ·3.12.1970 735.0 • · 191.2· · :· ·735.4 · ]3.935 · 186.9· ·

:---------------------:---~-----~-----------:----------~-- -- -- --- : - --~--~-~~-- ------- -- : -------- ------ - ------ :

mean value 730.0 .:t 0.52% 3.813 Z. 2.16% 191.5
Cf'
0\

:---------------------:---------~-----------:---------- ~--- -~ - - - - : - - - ~------- -- - _.-- - -- : --- --- -------- ----- -- :
13.10.1970analysis of liquid :

sample
724.4 : 3.791 : 191.2
724.9 , : 3.818 : 189.7

:---------------------:---------~-----------·f--------- - ~-~-- --- -- : -- ----- - - ----- ------- : ------------------ --- I
mean value 724.7 :t 0.04% 3.805 Z. 0.36% 190.3

:---.~--------~--------:---------------------:----------·~---------:---t-----------------:------------------- -- :

analysis ofoperator: 714.1 3.72 191.8

..
----,------~-~-----,

Table 1 Comparisons between U- and Pu-concentl'ations of tne dried samples and liquid sampIes



CJ
air pump

Fig 8.1.

glaspipette

p Las t i c cylinder

Al-capsule with
dissolver solution

I I heatingplate

Evaporation apparatus

~
-.l





9 - 1

9. CONCLUSIONS

The JEX-70 experiment provided a wealth of information and results t the

interpretation and use of which will surely extend over some time to come ,

However t conclusionsrelevant to each specific area of activities have

been presented at the end of each chapter dealing with these aetivities.

It appears also worthwhile to draw same conclusions of a general nature

which might be of same use in carrying out experiments of a similar

nature.

The overall success of such an experiment depends to a large extent on the

clarity with which the objectives aredefined and the extent to whieh such

objectives can be realized in anindustrially operating facility. All the

plant·· datä relevant for the planning and executionofthe experiment· should

be available to the group responsible for the execution of such experiments.

It goes without saying that a elose cooperat~on has to exist between the

facili ty management and the operators on the one hand and the organizing

group on the other hand. Since most of the objectives of an integral experi

ment iriv61ve -ehe wholeof thefacility aha. sincethe operatingevents ina

facility relevant to suCh experiments seldorn occur in a predictable manner t

a certain flexibility in the capability of the organizing group is essen

tial to ensure smooth execution of such experiments.

Gamrna-spectrometry measurernents in connection with the identifieation of

irradiated fuelelements have supplied a large volume of additional informa

tion. It appears possible that this information can be utilized for other

safeguards measures also t for exarnple t for validation of the operator's data t

for an independent estimation of the fuel element burnup and for isotope corre

lation techniques. Further eXperimental determinations are however t required

before the actual importance of such applications ean be assessed in a realistic

manner. The measurement operationsand the determination proeedures are fairly

simple so that no elaborate arrangements are required for the planning and

execution of such experiments.

Simulation of process flows has turned out to be an Importarit t661 particu1ar

ly during the planning stage of integral experiments. The method turned out to
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be very useful to estimate the influence of different process parameters

on the physical inventory determination technique with the nelp of iso

topic analyses. For example i t could be shown that the most important

parameter which influences the accuracy of this method was the ratio of

the batch-to-batch variations of the concentrations of the used isot~pe

inside a superbatch co the isotopic step i tself • It could also be shovn

that within the lnvestigated range of concentrations. the accuracy with

which a physical inventory can be determined with the help of this method

is proportional to this ratio. Another important recommendation which can

be made on the basis of' the simulation r.esults is that the individual bat

ches inside a single superbatch should be arranged in such a way that no

trend in the sequence of concentrations of the releva.nt isotope occurs.

'I':h~.a.~tu~ re~ults a.mte:xnerienceobtained from this method .. in thecourse

of the JEX-10 experiment have established the fact. that such a method

would have a great potential as a supplementary safeguards tool for closing

the material balanee more frequently than is envisaged for normal operation.

without in any way hampering the plant operations. The advantage of this

method lies in the possibilityof atimelydetection of fissile material in

case of a diversion. The amount of fissile material which is required in a

superbatch to use this method successfully. should be approximately three

times the amount which can be stored in the largest process tank in the

facility. Clearly. such a method is applicable only in a reprocessing plant.

However, the ease with which such a method can be applieds may be impx:oved

considerably if the arrangements and the sequence of fuel elements required

for generating the isotopic step function can be carried out at the reactor

from which these fuel elements are transported. In that case no additional

effort would be required at thereprocessing plant.

The MIST techniques could be extended successfully to the natural uranium

heavywater type fuel elements on the basis of experimental data obtained

during the JEX-10 experiment. It appears hovevez , very desirable to broaden

the spectrum of data for a successful application of MIST techniques. A collec

tion and extension of data on this technique should therefore be carried out

on a worldwise basis. It is interesting to note at this point that an inter

national group consisting mostly of the participants of thelEX-10 experiment
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has been established particularly for this purpose. Similarly. another

group to obtain data on MUF which is the most important safeguards indi

cator. has also been established. Allthe participants of the JEX-70

experiment are members of' this group.

The interlaboratorium tests on different analytical measurement methods

have also supplieda very large volume of information and amount or data.

They permit anumber of fairly important general conclusions to be drawn.

a) It is desirable to simplif'y the transport regulations for small

sampIes containing active materials. The present regulations are

rather stringent and quite often cause difficulties and delays

particularly when sampLes have to be transported on an international

level.

b) The major part of the error in the case of methods for estimation

of plutonium concentration. appears to be caused by aging of the

sampIes. Further investigations are essential to determine whether

this is the case and on the possibilities of eliminating such errors.

In tbis connection thewhole problem of sampling procedures. sampIe

storage and transport for plutonium sampIes needs to be considered.

Another point of interest in connectionwith plutonium analysis is

that quite often outliers of plutonium arialyses data were obtained

in the case of those laboratories which carry out plutonium analyses

on a routine basis. Such outliers may be caused by cross contaminations.

Hovevez-, such outliers cannot normally be identified by the same labora.

tory unless an interlaboratory test has been carried out.

c) Sufficient amount of data on isotopic dilution methods could not be

obtained during the JEX-70 experiment. It is very desirable that an

analysis of' different components of error be made particularly for this

met.hod since at present. this is the only method used extensively for

the estimation of plutonium concentrations in the dissolver solution.

For this purpose similar interlaboratorium tests need to be conducted.
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a) The results of theerror propagation indicate that the random

component of all the measurement methods investigated may be con

sidered to be quite reasonable and need not be improved further

for safeguards purposes. The major component which contributesto

all the measuring methods appears to be th,e interlaboratory deviations

and has to be considered as a systematic error. It is desirable to

investigate the causes for this typeof error and if possibleteliminate

such causes. For this purpose alsot interlaboratorium testsunder weIl

defined conditions for the respective methods have to be carried out

in the future.

e) A significant improvement in the accuracy of the measurementmethods

investigated can be obtained if uniform standards can be used for

calibration of the methods. Also use of the same values of different

constants as weIl as units will also improve the quality of the

methods. An international body consisting of the interested labora

toriescould investigate this problem.
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