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e tn clarfuelfrom commercialpowe ractr ho g o th rdis rpo teSp n u e r e os tru h u tewol e rcessedath

l e lt hefuelassembl s inniticCOGEM A pantinLa Hague. Aftrshearinganddissouionof t ie r

tehulls andendpieces arese tt ionfacilyt e u hacid,h n oCOGEM A‘s new compact it ord cete 

ou e n lg epo u h e rcessingpl sose ttfinalv lmeof wast. Tech oo icalwast rd cedinterpo antis al n o 

tis facilyh it. 

Thecompactdwast eizdbyt at ne eis charactr e womeasurementst io s: 

- a gamma sp cto tyst io ,e rmer at n

iv e to at n- anact eandpassiven urnmeasurementst io . 

Themainpurposeof te at n od tr te u eh semeasurementst io s is t eeminea setof guaranedn clar 

tr h irassociatduncet t s:paramees andte e rainie

t ltn- Toaluranium andpuo ium masses 

- Alh iv y(Pu,Cm,oalp a act it tt ) 
137 90 90 241

- Bea act itt iv y( Cs, Sr- Y, Pu) 

- Thermalpower. 

This paperwilldescribetet at n eail th womeasurementst io s ind t . Iwillfocus morespecifically 

h irmostin o at efeatrs:onte n v iv ue

t io h e to at ndesign(249 co nes andt u e to- Opimizat nof ten urncellst io u tr wo high-flx n urn 

e eatr omeasuresimut e u ypo eay dn urn io sg n r os) t lan o sl rmptandd l e e to s from fissionreact n

g n r e h e to e eatre eatdbyten urng n r o; 
9 

- Useof a new highflxn urng n r o / c);u e to e eatr(2 x10 nse

v lp g rh e to rme t- De eo mentof an aloitm combining n urn and gamma measue ns as wellas 

l io aws basedona simpifiede ouioncode(CESAR);correat nl l v lt

ne l to tepo io rainie- Useof a M o t-Caromeh dforh rpagat nof uncet t s. 

eist h se measurementst io s,as wellas rsut of tstThe performance charactr ics of te at n e ls e s 

performedpriorotecommissioningof tenew compact nfacily willal rse tdt h h io it, sobepe ne . 



1. BACKGROUND 

it s in La Hague, France reprocess irradiatd fuel assembl s fromCOGEM A‘s facilie e ie

approximatl u e os aru d tewol. Aftrshearing and dissolt hey100 n clarreactr o n h rd e uion of te 

fuelassembie h lls andendpieces arecompactdina COGEM A‘s new compact itl s, u e ionfacily 

which willbecommissioned during teyear2001. Thecompactd wast io eh e eis condit n d in 

st d d e e drums, known as CSD-C co t es, for permanent disposalan ar-d sign wast nain r . 

lg eist h eeminedtru he tn hRadioo icalcharactr ics of teCSD-Cs ared tr ho g xe siveassessmentwit

t o -d stu iv at n e rmer hfivegermaniumwon n e rct emeasurementst io s : a gamma sp cto tyunitwit

ee os iv e to at h 249 n urndiode d tctr and an act e and passive n urn measurementst ion wit e to

u tr wonew-g n r ionn urng n r os.co nes andt e eat e to e eatr

2. COMPACTING PROCESS DESCRIPTION 

e lt n h l tAftr shearing and dissouio ,te fuelassemby hulls and end pieces fallino drums 

ey1 m indiamee ukspecific d n yofmeasuringapproximatl trand1.5 m high. Themeanb l e sit

h rctr e in te drums is about0.8 k /. ru h ho g hte stu ualwast h gl The drums are bo g ttru h te 

ingfacilye tanceandcheckedbygamma sp cto tyandbyactcompact it nr e rmer iveandpassive 

n urnmeasurementid nicalotatp r r teexitof t it. Thehulls ande to e t t h efomedath heACC facily

end pieces arete t d ino a meeing se ar o hatfills 80 lmealco t es.h n empie t tr p atrunitt t nain r

e ring tewast e o rss andtecompactdco t es,calledAftrdy ,h eis compactdina 2500tnpe h e nain r

disks,areinsetdinost d d e nain r o hwed ere t an ar-d signCSD-C co t es whichareclsedwit l-seald 

l s. The CSD-Cs may al nain disks of tch oo icalwast h ablid so co t e n lg e tatare notsuit e for 

surfacestr e lg eist heCSD-Cs arecheckedatt itoag . Radioo icalcharactr ics of t hefacilyexitby 

e rmer iv e to e t o tatgamma sp cto ty and by act e and passive n urn measurementid nicalt h

performedath nr h it.tee tanceof teACC facily

3. MEASUREMENT OBJECTIVES 

3. INCOMING MEASUREMENT STATION1 

This measurementst ionlcatdath ingfacilye tanceis usedt:at o e tecompact it nr o

- determinethefissilemass inthedrums andcompareitwitha thresholdtoensurethatall

areas remainsubcriticaluptotheintermediatestoragearea atthefacilityexit; 

- ensure similardetermination of characteristics foralltypes of drums produced in the 

reprocessingfacilities ; 

- determine the structuralwaste residue unit(URSD) inventory foreach COGEM A La 

Haguecustomer. 

v noy h p a and b t iv y of tewastTheURSD in e tr,which depends on tealh ea act it h epackage, 

enabe anceddistib t nof CSD-Cs for eunof wast oeachcustmerco nr.ls a bal r uio rtr et o u ty
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1 

3. OUTGOING CSD-C MEASUREMENT STATION 

at o e tecompact it o:This measurementst ionlcatdath ingfacilyexitis usedt

- determinethefissilemass intheCSD-Cs andcompareitwitha thresholdtoensurethat 

subcriticalconditions aremaintainedinthedownstream facilityintermediatestoragearea ; 

- characterizethefinishedproductCSD-Cs bydeterminingensuredvariables (activityand 

mass withassociatedthresholdforeachvariable) andcomplementaryvariables expressing 

thespecifications forthewasterepositorycontractor(ANDRA inFrance) ; 

- determine the URSD rate,which enables a balanced distribution of CSD-Cs foreach 

COGEM A La Haguecustomer. 

4. MEASUREMENT STATIONS DESCRIPTION 

4. INCOMING MEASUREMENT STATION 

Figure1 shows teg n r ay u o heincomingmeasurementst ionh e eall o t f t at
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4. 11. GammaSpectrometry 

Gamma sp cto ty is carried out in five stp h te drum in rt ion for eache rmer e s wit h oat

rme t A fixed collimatrand an au il b ecollimatrpaced in frontof temeasue n. o x iary mo il o l h

ee o pabedoser etatimit imeintesignalacquisit n ld tctrensureanacce t l at h l s deadt h ionchan e. 

Gamma sp cto ty is performed wit anare rmer h an EGP 500-13-TR hyper-pure, semi-pl

ee o ue y e of semi-plgermanium d tctr manufactrd by EURISYS M ESURES. This tp anar 
2 

ee o,which is 500 mm and 13 mm tick,featrs rl iv l o ivit o highd tctr h ue eat ey lw sensit y t
60

energygamma rays (e.g., Coat1173 and13, heCompo lw332 keV) andreduces t tnfrontato
137

n r e es,tee o h ee io imit oe egylv l h rbylweringted tct nl s forlwerenergypeaks suchas for Cs 
134

(662 keV) and Cs (796-802 keV). 



Figure2 shows d t s of tegamma sp cto tyst ionl o teail h e rmer at ay u. 
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4. 21. NeutronMeasurement 

e to u eThen urnmeasurementcellincld s: 

- two GENIE 36 neutron generators developed by SODERN forthe ACC compacting 

facilityproject. Theinnovativefeatures of thesegenerators aredetailedin6.1 ; 

- three blocks of 83 one-meter-long, 1 inch, 4 bar 
3
He counters (type 150NH100 

manufacturedbyEURISYS M ESURES) coveringthreesides of thecell. 

The cell has a measurement efficiency of around 8%. The drums rt e during teoat h

rme t eail h ay u o hmeasue ns. Figure3 d t s tel o t f tecell. 

Neutrongenerators 

Figure3



2 4. CSD-C OUTGOING MEASUREMENT STATION 

h e eall o t f temeasurementst io .Figure4 shows teg n r ay u o h at n
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4. 12. GammaSpectrometry 

The gamma sp cto ty st ion featrs te same design as te incoming measuremente rmer at ue h h

at heCSD-C flws t e , ee osst iondescribedin4.1.1. However,becauseof t o obehandld fived tctr

have been inst o p r r rme t in a sin l p r io .alled t efom allCSD-C measue ns ge o eat n A 2-min. 

peiminary measurementd tr h oald r ion of te drum measurementand terl eemines te tt uat h h

ee io imit forte specified peaks. Toalmeasurementt o 45d tct n l s h t ime ranges from 15 t

uemin ts. 

4. 22. NeutronMeasurement 

e to at h rme t ionas test ionatt itThen urnmeasurementst ionuses tesameinstu nat h at hefacily 

nr h trtan te incoming co t es,tee tance. Since te CSD-Cs have a smallerdiamee h h nain r h

d tct nbo alledclse tg te, ee ionefficiencyee io lcks havebeeninst o ro eh rwhichprovides a celld tct

of 15%. 

Figures 5 and6 show tev ricalandh r o t h at nh et oiz nalviews of temeasurementst io . 
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Thecello trl es poe h e to io e to sue ay r rtctten urnmeasurementsect nfrom gamma rays andn urn

usidetemeasurementcell. A l e n eeatte u e hegammaemittedbyCSD-Cs o t h ay rof co crt n ats t

rays,a p lehye el e o h e to s anda b r e oy rpye el eoy t ln ay rslws downten urn oatdp lpo ln ay rabsorbs 

h o e to s. Themeasurementcellis tee r iv oo t ionteslweddownn urn h rfoeinsensit et usideradiat

e teb r e oy rpye el e.aftrh oatdp lpo ln ay r



n rl es p r r h n io s. Theladshiedingwas dimensio e oThecellin e ay r efom tefollowingfu ct n e l n dt
3

t h at h e to ee os b lw 2 rad/ el emainaintegamma doser eatte Hen urnd tctr eo h. Thegraphit ay r 

slws down te n urn lctd because ithas a lwercapue capacity tano h e to s and was see e o tr h

oy t ln . h p h r e to s havebeen slwed down,aftrgoing tru h ap lehye e Oncetee itemaln urn o e ho g

h ay r of cadmium,te ne h oy t ln ee io lcks. Then te n urntin l e h y e tr te p lehye e d tct n bo h e to

po u h iord ces tefollowingreact n: 

3 1
He+ n=> H + p+ Q whereQ = 765keV 

rtnis d tctd lcto ic circuitwit l ionThepoo ee e . Anee rn hcurrentampifiers anda veryfastacquisit

card d v lp d by EURISYS M ESURES enabe t xrmely rapidle eo e l o counte te y each signal 

comingfrom onen urn eailof tesignalinepeat nis giveninparagraph5.2.2.2.e to . Thed t h trrt io

5. GENERAL MEASUREMENT INTERPRETATION METHODOLOGY 

5. GAMMA MEASUREMENT INTERPRETATION1 

1. GammaMeasurement Intep e o v l5. 1 r rtatinLe es 

e rmer trrt io s of t t rferredtGamma sp cto tyinepeat nconsist wopars,e oas Level1 andLevel2. 

trrt io u e h n io s:Level1 inepeat nincld s tefollowingfu ct n

1. peiminary measurementt st etett imerq ird trl o e imat h oalmeasurementt e u e o achievea 

specifiedst istat icalaccuracy; 

2. signalacquisit nandd tr io e rm ;io eeminat nof anenergysp ctu

xr io h e aras (effect esig al hespecifiedgamma may;3. e tact nof ten t e iv n ) of t

4. d tr io h at icalaccuracyforeachgamma may.eeminat nof tefinalst ist

cuat n e u e h n io s are performed on a dedicatd signalThe cal l io s rq ird for te above fu ct n e

acquisit nPC. As a rsutforeachgamma may teLevel1 inepeatio e l, ,h trrt ionproduces a signal 

inco ns persecondandanuncet t x rssedas a p r nag . Thesedat h ninputu t rainye pe ece t e a arete

t ue tatp r r h trrt io .oa comp trh efoms teLevel2 inepeat n

TheLevel2 inepeat u etrrt ionincld s: 

1. e alat h ea act it h r l n cl e h eatduncet t s ;v u ingteb t iv yof temeasuaberadio u id s andterl e rainie

2. e alat h it ug ingst io ,teaverageburn-up and co l imeof tev u ing,attefacilyo to at n h oing t h

e h e eirradiatdfuelfrom whichtecompactdhulls andendpieces originat. 

p r io s aredescribedinten x t io s.Theseo eat n h e twosub-sect n



1. Ev la o c vtis5. 2 au tinofa tiie

For each of te five sp cto ty areas,te act ith e rmer h iv y of each specified gamma may is 

eeminedwit h q at n:d tr htefollowinge u io

S (E)i
A (X) = i α (E).TF(E).I(E)i i 

wh r h oat n o td:eetefollowingn t io s aread pe

- Ai is teact it n clh iv yof radio u ideX inarea i (i ( [1 ; 5]) ; 

h n r h n cl- Eis tee egyof teradio u ideX gamma may; 

- Si(E) is ten t e hepeakenergyE inco ns/ eeminedbyLe e-1h e ara of t u t s,inarea i,d tr v l

e rm processing;gamma sp ctu

- αi(E) is ted tctrinr rpe ningter ioofh ee o tinsic efficiencyinarea i atenergyE,e rse t h at

h oo s d tctdintett rt h n r htenumberof ph tn ee e h oalabsopionpeakattee egyE andte 

numberof p oo s arrivingathed tctrathis energy;h tn t ee o t

h r n ion of area i,al he geomer- TFi(E) is te tansfer fu ct so called t tic efficiency, 

rpe nin h oo s E arrivingatt ee o eat otee rse t gtenumberof energyph tn hed tctrrl ivet h

numberof p oo s emittedintewast t n rh tn h epackageathis e egy; 

- I(E) is t tn yof e egyl his energyheine sit n r ineE (numberof gamma rays emittedatt

ho g n cltru hdecayof a radio u ideX). 

t iv yof a drum attefacilye tanceora CSD-C att it eeminedToalact it h it nr hefacilyexitis d tr

by: 
5 

A X ) = ƒA (X)( i 
i =1 

eat rainy(IR(X)) foract eeminedas follows :The95% rl iveuncet t ivityA(X) is d tr

5 

(IR X ) = 2. ƒIR (X)i 
i =1 

whereIRi(X) is teuncet th rainyforAi(X) : 

IR X IR S E IR E IR TF E IR I Ei i i i( ) [ ( )] [ ( )] [ ( )] [ ( )]= + + +2 2 2 2α 

u s areterl iveuncet t s foreachvariablTheIR vale h eat rainie eSi(E),αi(E),TFi(E),andI(E). 

5. 3 oigTi au tin1. Burn-upandCo ln meEv la o

oing t wo key variabls t eiz hBurn-up (BU) and co l ime (CT) are t e hatcharactr e te residual 

e hehulls and end pieces. Theyarenotknown individuallyforeach wastirradiatd fuelin t e 

ein t r e ion is,howe e,vitpackage,sincewast heprocess is nottaceabl. This informat v r alfor 

eeminingteco t ts isoo iont emoreeffect trrt ionofd tr h naminan‘ tpic composit oenabl iveinepeat

h e to rme t trrt ionmeasue ns).ten urnmeasue ns (see5.3 oncombinedinepeat rme t



ionl taua5.1.3.1 Co gTimeEv

heCESAR code[1],foralll h e e o heLa HaguesitUsing t ig twatrractrfuelcovered by t e 

icenses,a correat abl eweenteco l imeandter ioofreprocessingl l ionwas est ishedb t h oingt h at
154 134

te Eu and Cs act ie l ion is especially advanag o s because teh ivit s. This correat t e u h
154 134 134 154

at h r io , Cs and EuareEu/ Cs r iois independentof burn-up. Becauseof teeformat n

woradio u id s whicharepo ot n ot heb r-up. Theirr iois tee rt n cl e rp rio alt hesquareof t un at h rfoe 

viru io ,becausetet n cl etally independentof burn-up. In addit n h wo radio u id s havedifferent 
154 134

hal iv s (T1/2 = 8.6 years for Eu and T1/ = 2.1 years for Cs),te atf-l e 2 h irr io is especially 

ivet oingtsensit oco l ime. 

l ion and a maximum CT correat eemined fortee teA minimum CT correat l ion wered tr h nir

rangeof fuelcovered,as follows: 

inlo

≈
CT = c .ln min 1 min Δ

«

A(154Eu)’
÷
◊

+ c134 2minA( Cs) 

≈A(154Eu)’
Δ
«

CT = c .ln1 max ÷
◊

+ c134 2maxmax A( Cs) 

ionl taua5.1.3.2Bu -upEv

art h to oingt , un l e h nirIna mannersimil otemeh dusedforco l ime b r-upwas correatdfortee te 
154 137 137

l h e e o n ion of te Eu and Cs act ie atig twatrractrfuelas a fu ct h ivit s r io. Since Cs is a 
154

directfissionpo u , s format rp rio alt un p ete Euformatrd ctit ionis po ot n ob ru ,whil h ionfrom 
152 153 2 

rp rio alt hefollowingcorreatSm and Sm is morepo ot n o(BU) . Hence,t l ionis usedfor 

CT= 0: 

rn

c4

≈
ΔΔ. 

’A(154Eu) 
withc4 � 1÷÷c=BU 3 

A(137Cs)« ◊
154 137

Since Eu has a sh re f-l h f-l heaboveotrhal ifetan Cs,which has a hal ifeof 30 years,t

l io nyval oingt iond tr h q atcorreat nis o l idforCT = 0. A co l imecorrect eeminedfrom tee u ion 

h rfoenecessary. This correct e ot q atin5.1.3.1 is tee r ionlads t hefollowinge u ion: 
c4

≈
Δ
Δ
Δ
. 

CT 

154Eu 2). 
TEu154A( 

’
÷
÷
÷

c=BU 3 CT 

137Cs 2). 
TCs137A(« ◊

137 154
h f-l hehal ifeof Eu.whereTCs137 is tehal ifeof Cs andTEu154 is t f-l

h l io ,t l ion was est ished forteco eeAs forteCT correat n heabovecorreat abl h v rd fuelrange, 

whichenabe h u s.lddefininga minimum anda maximum foreachof tec3 andc4 vale



5. NEUTRON MEASUREMENT INTERPRETATION2 

5. 1 r rtatinLe es2. Intep e o v l

As fortegamma measue ns,ten urn measue ns inepeat s of th rme t h e to rme t trrt ion consist wo 

pars,referred t trrt ion incld s tt o as Level1 and Level2. Level1 inepeat u e he following 

fu ct nn io s:

io tepassiveandact e to rme t1. signalacquisit nforh iven urnmeasue ns ; 

xr io n s e rl rme t and est e of rq ird tt2. e tact n of sig al aftr peiminary measue ns imat e u e oal 

measue n trme times ; 

3. e tact nof effect esig al e eemeasue ns ;xr io iv n s aftrcomplt rme t

4. d tr io at icalaccuracywit h ivesig aleeminat nof st ist hteeffect n s ; 

5. d tr io h emass ensuredforcricalysafety.eeminat nof tefissil it it

trrt io u e hefollowingfu ct nLevel2 inepeat nincld s t n io s : 

trrt io e to rme t t eemine drum orCSD-C n urn1. inepeat n of passive n urn measue ns o d tr e to

emission; 

235 238 239 241
trrt io iv e to rme t o d tr h2. inepeat n of act en urn measue ns t eemine te U, U, Pu, Pu 

masses. 

e twosub-sect n eaileachof te trrt ionlv lThen x t io s d t h seinepeat e es. 

2. Level1 Intep e o5. 2 r rtatin 

tnasureturov5.2.2.1 PassieNe nM e me ionI t ttnerprea

e to trrt ion is used t eemine drum orCSD-C Ne toPassiven urn measurementinepeat o d tr urn 

s) wit hefollowinge u ion:Emission(NEinn/ ht q at

PM 
NE = 

α 
eet oat n o td:wh r hefollowingn t io s aread pe

- PM is t e to u t s ;hePassiven urnM easurementinco ns/

h u t n urnemittedbyt- α is temeasurementcellpassiveefficiencyinco ns/e to hedrum. 

eeminedduringmeasurementcellcal r io .Efficiencyis d tr ibat n

tnasureturoitv5.2.2.2Ac eNe nM e me ionI t ttnerprea

Act en urn measurementis performed wit e to uses emitted by a g n r o.iv e to h n urn p l e eatr The 

in o at e tch oo h e to e eatris described in 6.2. The followingn v iv e n lgy used forte n urn g n r o

paragraphs describeteact e to trro at e n u o e .h iven urnine g iontch iq eemply d



3

Then urn g n r o s p le to e eatremit uses of around 200 µs every 10 ms (Figure7). Theemitted 

n urn e efissionreact n hedrum andtersut e toe to s crat io s int h e lingn urnemissions aresensedby 

ee os.Hed tctr

Ne tr

ti

ionc 

ng 

u

coun
Generator 

lpuse 

t 

10ms~

Figure7 

e ten urncountversus t oe e istrona fastco ningForeach10ms cycl,h e to imeis strdina rg e u t

t imeranges from 15 t ue e l, r han100000card. Toalmeasurementt o45 min ts As a rsutmoet ,

measurementcycls areaddedtg te io ,e o eh rforsignalacquisit n as showninFigure8. 
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Eachof t e to y e o d o:hefiven urntp s inFigure8 corresp n s t

urn heg n r o v ro hed tctr h irhighine sit.1. Ne to s from t e eatrwhicho eladt ee os becauseof te tn y

2. Ne to s from t e eatras te o e to s emittedbyfasturn heg n r o h yareslweddownandpromptn urn
238

x o e h e toU fissions. This signalarea cannotbe e plitd because of te n urn background 

h e eatrnoisefrom teg n r o. 

235 239 241
t e to s po u h r3. Promp n urn rd cedby U , Pu,and Putemalfissions. 

235 239 241
4. Deay d n urn h r h rl e e to s from temaland epitemal U , Pu,and Pu fissions,and fast 

238
U fissions. 

5. Passiven urnemissionandacte to ivebackground. 

Sig al xr e hefollowingparagraphs.n s aree tactdas describedint



A specifiedt g tan eof 4 ms t e eeminingtenumberof d l e e to sare r g o10ms enabls d tr h eay dn urn

from tepassiveemissionn urnd tr io , are r gh e to eeminat n as describedin5.2.2.1. A t g tan eof 0.5 

ms t h np r s d tr h e to s.o1.2 ms te emit eeminingtenumberof promptn urn

h e to u t ive t hSince te promptn urn co ning is more sensit o Pu,te measurementcellwas 
238

o t h eay dn urnco ningwo l iv ,as a maximum,tpimizedsoted l e e to u t udbesensit e o U. As a 

rsut h wo measue ns o se ar e t nr uio s. Thise l,te t rme t can be used t p at he U and Pu co tib t n

o t ion enabls prompt and d l e e to u t o se ar e tpimizat e eay d n urn co ning t p at he U and Pu 

nr uio s noto l honemeasurementcellbutal l p r io . Thepatneco tib t n nywit soina singeo eat n e td 

o t io to o e eaildin6.1.pimizat nmeh d[3]emply dis d t e

e to soenabls d tr hefissilThepromptn urnsignalal e eeminingt emass ina drum. A numberof 

safey coefficie t are appl d t his fissil o ensure compl h trsh lst ns ie o t e mass t iance wit he od

h t u n u e at nspecifiedintesafeystdies co d ctdforeachmeasurementst io . 

2. Level2 Intep e o5. 3 r rtatin 

Thepromptandd l e e to rme t ewringa l e e woeay dn urnmeasue ns enabl it in arsystm comprisingt

e u io s witq at n hfourunknowns : 

PNS = CP(U 5). MU 5 + CP( Pu9). MPu9 + CP( Pu1). MPu1 

PDS = CD(U 5). MU 5 + CD(U 8). MU 8 + CD( Pu9). MPu9 + CD( Pu1). MPu1 

eet oat n o td:wh r hefollowingn t io s aread pe

- PNS is tepo e to hed l e e to u t s ;h rmptn urnsignalandPDS is t eay dn urnsignalinco ns/

- TheCPcoefficie t hepromptn urncal r ioncoefficie t u t s/ns aret e to ibat ns inco ns/ gof each 
235 239 241

tpe;U , Puand Puisoo

- TheCD coefficie t hed l e e to ibat ns inco ns/ gof eachns aret eay dn urncal r ioncoefficie t u t s/
235 238 239 241

tpe;U , U , Puand Puisoo

235 238 239
h rsp ct ey o- M U5,M U8,M Pu9 etM Pu1 aretemasses ingrams,e e iv l, f U , U , Pu 

241
and Pu. 

Twoad it n e u io s areusedt let ed io al q at n osov hesystm. 

TheM U5/ at eween0.5% and1.5% fort ie e hM U8 r ioranges b t hefuelassembl s rceivedatte 

e io ,heM Pu1/ at in arcorreat hter ioofLa Haguesit. Inaddit n t M Pu9 r ioaffords a l e l ionwit h at
154 137

h iv ie ho g o tterangeof UOX fuelassembl s from l h ete Euand Cs act it s tru h u h ie ig twatr 

os. Liketeoh r t l ionwas d tr heCESAR code.reactr h tes,his correat eeminedusingt



3 5. COMBINED NEUTRON/GAMMA MEASUREMENTS INTERPRETATION 

trrt ion of n urn and gamma measue ns is used t eemineCSD-CCombined inepeat e to rme t o d tr

eist h ingfacilys o to at n rme tcharactr ics attecompact it‘ ug ingmeasurementst io . Themeasue ns 

trrtdintreboareinepee he lcks: 

trrt io rme t1. inepeat nof gamma measue ns ; 

trrt io e to rme t2. inepeat nof n urnmeasue ns ; 

e to /amma measue ns inepeat o d tr ivit s in3. combinedn urng rme t trrt ion t eemineCSD-C act ie

ems of masses anddecayh attr e . 

≈ measurement 

Netcounting 

≈ calibrations 

Delayedcalibrationfactors : 
235U , 238U, 239Pu, 241Pu 

Promptcalibrationfactors : 
235U, 239Pu, 241Pu 

Neutronic calibrations 

154Eu/137Cs 

154Eu/134Cs 

154Eu/137Cs Burn-up 

241Pu/239Pu 

���� activities:60Co, 137Cs. 

Delayed 

Correlations 

Masses: 

235U, 238U, 
239Pu, 241Pu, 

���� activities(Pu, 241Am,Cm,) 

U et Pumasses 

Decayheat 

1 2 

3 

Prompt 

Neutronic measurementsCorrelations 

235U /238U 

Direct ����
activities 

Passive 

counting 

Coolingtime 

Figure9 

Thediagram inFigure9 summar e h he trrt ionphases. Beoizs tetremeasurementinepeat lw is 

eof how act yis d tranexampl ivit eemined. 

Usingt l ionwas est ishedb t hepltn pha act yheCESAR code,a correat abl eween t uo ium al ivit

at l ionis of tr io(A�Pu) andburn-up. This correat heform : 

A �Pu 
= c .exp(c . BU )6M Pu 9 5 

h tes,t l ion was d tr he fuelrange covered,whichAs forallte oh r his correat eemined fort

enabe u .lddefininga minimum andmaximum foreachc4 andc5 vale

239
Burn-up is d tr trrt ion blck 1 (as described in 5.1.3.2.); Pu mass iseemined from inepeat o

eeminedfrom blck2 inepeatd tr o trrt ion(as describedin5.2.3.). 



e e e oa simil eiz ion:Thefollowingvariabls aresubjctdt archaractr at

- Pualpha activity; 

-
241

Pubeta activity; 

- Alpha activityof theemitters witha half-lifeof morethan50years ; 

- Curium alpha activity; 

-
137

Cs beta activity; 

-
90

Sr-
90

Y beta activity; 

- Thermalpower. 

A mean vale and a rl e rainy are d tr e An in o atu eatd uncet t eemined foreach variabl. n v ive 

uncet t rpagat ntch iq ewas d v lp d as d t erainypo io e n u e eo e , eaildin6.3. 

6. MAIN INNOVATIVE FEATURES 

61. OPTIMIZED NEUTRON MEASUREMENT CELL DESCRIPTION 

h t t ary t p at heUAs described in 5.2.2.2,temeasurementcellwas opimized paricul l o se ar et

nr uio s noto l l sointesameo eat nandPuco tib t n nyusinga singemeasurementcellbutal h p r io . 

l n e t n iven urnmeasurementcell,h pimizedcellwas d temal eUnikea co v nio alact e to teo t eh r izd 
238

t ee h nr uiont hed l e n . Accordingly,as showninFigure6,nood tctte U co tib t ot eay dsig al

temal ingmatr acedbehindtet e to e eatr eh r iz eialwas pl h won urng n r os. This celldesignenabls 
235

l in h rp rionint n ,whichh ls t rv hepltneiminat gte U po ot hepromptsig al ep oimpo et uo ium 

eeminetewast ivityal0mass assessmentandd tr h epackage‘s act pha. 

238
v r h h rp rion in t eay d signalsubst tHowe e,tis increase of te U signalpo ot he d l e anially 

h at h y eof g n r o h rfoehadtreducedtefissionr eintecell. A new tp e eatr(GENIE 36) tee r obe 

e eo e h20t h rn urnemissiont rv u e eatrd v lp dwit imes hig e e to hanpe io s g n r os (GENIE 26). 

62. NEW NEUTRON GENERATOR DEVELOPMENT 

e to e eatrt h e u e nsA new n urng n r o,heGENIE 36,has beendesignedbySODERN onterq irme t

his specific appl io . e eo menthas been done aftr teissued by SGN fort icat n The d v lp e h

x eie ceo t ht rv ue p r n bainedbyCOGEM A andSODERN wit hepe io s GENIE 26. 

Themaincharactr ics areteist hefollowingones : 

9 
e to up t: 2 x10 ns (14 M eV n urn- averagen urno tu / e to s), 

ife-spanforh u- l tetbe: 1500hours of running, 

- darkemissionb t uses : lss t s,eweenp l e han50n/

e e o eiabilyandnoneedof ruinecondit n- highlv l f rl it o t io ing. 



e to u ehas beendesig e omethechallenge. Itis equippedwitA new n urntb n dt e t ha coaxialion 

eiv r a spread beam of d ueo s o t h are,in od rt e u ssource which d l es e trn no te t g t re o rd ce it

u lcticalinsuat n Itworks underanerosion. Thewalls aremadeof almina fora betteree r l io . 

acceeat ot eiv r e to uses wit uat he100µs range,lr ingv lageof 140kV,d l es n urnp l ha d r ionint

oe hcircuat goilandis co ldwit l in . 

u ewit s ee r tr n e e oteancillar s truThetb hit lcticalandmechanicalinefaces is co n ctdt h ie ho gh 

trcabe h nrlled wit xen ue15-mee ls andpipes,andteequipmentis fullyco to h an e tralcomp tr 

usingtespecific COGEM A poo l nrlunitof t nrloneorh rtco. Theco to heGENIE 36 canco to

t n, h nd l e te e to uses syncho o sl.woequipme twhichte eiv rh irn urnp l rn u y

Thefirste s p r r id e hefoe e eisttst efomedbyCEA haveval atdt rsencharactr ics. 

63. INNOVATIVE UNCERTAINTY PROPAGATION TECHNIQUE SELECTION 

ion5,h nir trrt ionaloitAs describedinsect tee temeasurementinepeat g rhm (Figure9) is based 

e rmer e to trrt io . Thealoitmona combinedgamma sp cto tyandn urnmeasurementinepeat n g rh

uses numerous measue ns andcorreat n rainycal l io s foreachvariabl,rme t l io s. Uncet t cuat n e and 

h io h rainy tru o tt g rh h te st dte propagat n of tis uncet t ho gh u he aloitm wit h an ard variance 

io to ,po e obeoneof t t s of t rjct topropagat nmeh d rv dt hedifficulie hepoe . A novelmeh dwas 

tee r l dt v r h t.h rfoeappie oo ecometis difficuly

63. icpl. 1 Prn i eoftheMethod 

Istadof assigninga meanvaleanda st d e iat oeachvariabl,eachvariabln e u an ardd v iont e eis 

r uion in te mate icalsense of te tr n ion in discrtconsidered as a distib t h h mat h em (a fu ct ee 

lme t tral ha probabilyassociatdwit tralee ns inninev s wit it e heachinev ). 

Accod l,allte measue ns ee ee ns he form of aringy h rme t are expressed in discrt lme t in t

Gaussian fu ct n and tenumberof inev s n was o t g rhn io h tral pimized at21. Thealoitm was 

divided up ino subsystms and a rigorous,systmat ion of teuncet t s wast e e ic propagat h rainie

impe ne e emut icat wovariabls a andlme tdforeachsubsystm. Accordingly,a simpl lipl ionof t e

b e t s lipicat n of t r uion l he aloitm ora ttnail a mut l io wo distib t aws in t g rh oalof n2=441 

p r io s. W hen te subsystm incld s p variabls,te tt p r io s iso eat n h e u e e h oalnumberof o eat n

tee rh rfoenp. 

e ealaloitm was dividedupinosubsystms wit e hanfivevariabls, xTheg n r g rh t e hlss t e e ceptfor 

lck2 showninFigure9. This bo itup,co t e wobo lck,whichcannotbespl nains 11 variabls (t

measue ns,t l io s,andsevencal r ioncoefficie t erme t wocorreat n ibat ns). Sinceitwas notfeasibl

oachieveallpossibecombinat n lck2,processingusingt ne l tot l io s forbo heM o t-Caro meh d 

was impe ne h lck. An e te l he aloitm waslme td for tis bo xrmey fastconvergence of t g rh

b re e lss tan500 0rn t s of tealoitm arepe neo sev daftre h ,0 u s. Deail h g rh rse tdinReference2. An 

l s impe nat v rpo id db lw.exampeof it lme t ionis,howe e, rv e eo

. 2 etan g tinExampl63. Uncr ityPropa a o e 

rainypo iontch iq eemply dis e painedwit h eof pltnTheuncet t rpagat e n u o e x l hteexampl uo ium 

p a act it v u io o ealh iv ye alat nfora blck3 subsystm (Figure9). 



239
W efirstconsid rtersut bainedfrom blck2,whichindicat heg n r ul he h e ls o t o et e ealo tineof te 

Pu mass distib t aw (Figure10). Itsh ud ben td tat his figurewhich wasr uion l o l oe h ,fort

eeminedusingt rl h waret e eo e oo t hd tr hepeiminaryversionof tesoft hatSGN d v lp dt pimizete 

variables,nis greaterthan21. 

Figure10 

e heb r-updistib t aw,whichis obainedfrom blck1 rsutThenweconsid rt un r uionl t o e ls (Figure 

11). 

BU (MW d/tU) 

Figure11 

W e see tatt r uion d v e n io ,whichh he burn-up distib t e iats somewhatfrom a Gaussien fu ct n

e h h to e ic uncet t rpagat r uionlindicats tattemeh dof systmat rainypo ionusingdistib t aws is far 

moer oo s tantevariancepropagat to oteu k o ems,r ig ru h h ionmeh d. Duet h n n wncovariances tr

anuncet t rpagat to r uionl lctdrainypo ionmeh dusingdistib t aws has beensee e . 

t h wo e p n nialcurves desig atd fmin and fmax,t soBeween te t x o e t n e he graph in Figure 11 al
239

h idit h l ion which l he R = (Pu al ivit)/ Pushows te val y range of te correat inks t pha act y (



at u s of R mayrangeb tmass) r ioandburn-up. Thevale eweenRmin = fmin (BUmin) andRmax = 

fmax (BUmax). BUmin is temean burn-up on t tral hh hefirstof n inev s and BUmax is temean 

hel tralburn-upont astof ninev s. 

Therangeof R b t itupinonrg es calledRi.eweenRminandRmaxis spl t e istr

o d oaninev heburn-updistib t aw,tForeachabscissa,whichcorresp n s t tralxi of t r uionl hey 

val it h l ionis discrt e t einev s,eachof whichisid yrangeof tecorreat eizdinonisoprobabl tral

n edesig atdyi. 

h omal e rbabilytatcorresp n s t heinevLetP(xi) beten r izdpo it h o d ot tralxi burn-up. Foreachyi, 

inev temeancorrespondingvaleof R falls wit heRjrg es. Thevale(1/)tralh u hinoneof t e istr u n

h naddedinrg e . This op r ionis performedforallnyi inev s of eachofxP(xi) is te e istrRj eat tral

h tral e n rct he histgam in ordinats as shown inte n xi inev s,which enabls co stu ion of t o r e

Figure11. 

239 239
Thehistgam R = (Pu al ivit)/ Pu mass) is te l e h te Puo r pha act y ( h n cross-correatd wit h

o r od tr hePual ivit r uionlmass histgam t eeminet pha act ydistib t aw. 

7. EXPECTED PERFORMANCES 

71. DETECTION LIMITS 

Dependingontepassiven urnemissiont ee ionl s are:h e to hed tct imit

- 100mgof 
235

U + 
239

Pu+ 
241

Puforthepromptneutrons 

- 100gof 
235

U + 
238

U + 
239

Pu+ 
241

Puforthedelayedneutron(ˆ �1gof 
235

U + 
239

Pu+ 
241

Pu) 

72. UNCERTAINTIES

. 1 air tinfc r72. Measurement andc lb a o a to s 

Thest ist rainie hat icaluncet t s comingfrom temeasurementwillbe:

tepo e to� 5% forh rmptn urnmeasurement

� 10% forhed l e e tot eay dn urnmeasurement 

tecal r ionfactr h rainie eween15% and30%.Forh ibat os teuncet t s willbeb t

. 2 c vtis72. Massesanda tiie

h cuatdint o woof inepeat trConcerningte4 masses cal l e heblckt trrt ion(seefigure9 inchape
238 239 235 241

h rainie5.3.),teuncet t s willbefor U and Pu �50%,and for U and Pu �100% 

h rainie h l ioninblck1.becauseof teuncet t s comingfrom tecorreat o



Dependingonteinit eist hehulls,h te ivit s willbed tr hh ialcaractr ics of t teoh ract ie eeminedwit

h rainietefollowinguncet t s 

Activity Uncertainty 

Alpha Cm �20% 

Beta 
241

Pu �100% 

Alpha Pu �100% 

>50years alpha emitters �100% 

Beta 
137

Cs �30% 

Beta 
90

Sr-
90

Y �50% 

TheCm is dirctyd tctdbyt e to e l h rainywille l ee e hepassiven urnemission. As a rsutteuncet t

beteuncet t hh rainyof temeasurementwhichis about20%. 
241 241

ea act it h rainyof te Pumass e alatTheb t iv yof Puwillhaveteuncet t h v u ion(�100%). 

pha act yof Puandof al ha >50years hal imewillbed trTheal ivit pha emitters wit f t eemined 
239

hanuncet t h rainyof te Pumass e alatwit rainyof �100% whichcomes from teuncet t h v u ion 

h l io .(�50%) andfrom tecorreat n
137

Theb t ivit e l rd teuncet t tea act yof Cs is dirctymeasue ,h rainywillbearound30%. TheBea 
90 90 137

iv yof Sr- Y willbed tr ha correat rainywillbeact it eeminedwit l ionfrom Cs. Theuncet t

around50%. 

8. CONCLUSION 

o e eo me t h e toBasedonjintd v lp ns byCOGEM A andCEA,ten urnandgamma measurement 

lme tdintehulls andendpieces facilyareveryin o atimpe ne h it n v ing. 

n v io s concern:Thein o at n

- te o t ion of te n urn measurement cell t p ath pimizat h e to o se ar e U and Pu signal 

co tib t n;nr uio

9 
- ted v lp e to e eatrwit /h e eo mentof a new n urng n r o hanemissionof 2.10 ns ; 

h e eo ment of a combined gamma sp cto ty and n urn measurement- te d v lp e rmer e to

inepeat n;trrt io

- ted v lp n v iveuncet t rpagat e n u .h e eo mentof anin o at rainypo iontch iq e

x e e efomances,willbeconfirmedbytemeasurementof t hisThee p ctdp r r h hefirstdrum int

it e r h eof tfacilyb foetemiddl heyear2001. 
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