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ABSTRACT

The neutroniccalculationsfor the backendof the nuclearfuel cycle at the Forschungs-
zentrumKarlsruhe(FZK) cover 3 main areas. The transuraniabuildup in the widely used
PressurizedWaterReactors(PWR) is investigatedfor scenarioswith andwithout spentfuel
reprocessing.Theinvestigationsarebasedon calculationaltoolsoriginally developedfor the
designof tight lattice light water reactors.Thesemethodsarequalifiedfor fast,epithermal
and thermalreactorsystems. For the consumptionof multi-recycled plutonium in PWRs,
the useof enricheduraniumis proposed.The investigationsof the incinerationpotentialof
transuraniaandfissionproductisotopeswith fastreactorandaccelerator-drivensystemsare
morefuturisticcomparedto theinvestigationsfor thePWR.Thefastreactorinvestigationsare
theredirectionof traditionalFZK activitiesin thisarea.Thework now concentratesonnuclear
wastetransmutationwith specialdesignfastspectrumreactorcoresandisembeddedwithin the
frameworkof theEuropeanCAPRAproject.Theinvestigationsfor accelerator-drivensystems
(ADS) startedsomeyearsagowith the implementationandthe qualificationof the required
calculationaltools. Thework is partially supportedby the IABAT programof theEuropean
Community. First resultsfor theincinerationof plutoniumwith ADS arepresented.

1. Introduction

Oneof themostchallengingproblemsat theendof thiscentury, from thetechnical,
ecologicalandpolitical point of view, is the backendof the nuclearfuel cycle. Besides
the existing considerableamountsof transuraniaandfissionproductsfrom military and
commercialapplicationsof nuclearfission,nuclearpowerplantsall overtheworld arepro-
ducingnuclearwaste,containinglargeamountsof potentialnew nuclearfuel. In Germany
theAtomic Act prescribedfor a long periodof time therecycling of spentreactorfuel for
theusefor furtherenergy production.However, a recentamendmentnow alsoallows the
directdisposalof spentfuel.

An importantobjective of the R&D programat the ForschungszentrumKarlsruhe
(FZK) consistsin maintainingandpreservingexistingcapabilitiesto judgethepotentialof
thevariousalternativeoptionsfor thebackendof thenuclearfuel cycle. Thepresentcontri-
butionis restrictedto recentdevelopmentsin theneutronphysicsarea.Theseinvestigations
focusonaqualifiedassessmentof thecapabilitiesof anumberof differentconceptsfor the
incinerationof transuraniaandfissionproductisotopesin comparisonto directdisposalof
spentfuel.

1



Thefollowing topicswill bediscussed:� Transuraniabuildup in modernpressurizedwaterreactors(PWR), includingplutonium
multi-recycling.� Plutoniumincinerationin fastreactors.� Developmentsandapplicationof methodsfor theinvestigationof acceleratordrivensys-
tems(ADS).

Therecentinvestigationsfor actualreactorsconcentrateonthereductionof buildup
of transuraniain PWRs, beingcurrentlythemostutilizednuclearreactortype.Theseinves-
tigationsarea continuationof theactivities for tight latticelight waterreactors,aimingto
preserve uraniumfuel resourcesby enhancedplutoniumgeneration.Theappliedmethods
arequalifiedfor fast,epithermalandthermalreactorsystems.In thepresentinvestigations
it is shown, that the useof enricheduraniumin the MOX fuel during plutoniummulti-
recycling in PWRs,may leadto a nearlyconstantplutoniuminventoryafter about60 to
100years.Theamountof plutoniumat thattime is abouthalf thequantityof plutoniumto
beproducedwithout fuel reprocessing.

Thefast reactor investigationsarebasedonthecomprehensiveactivitiesin thearea
of fastbreederreactorsat theForschungszentrumKarlsruhe.Within theEuropeanCAPRA
programtheaimisnow to incinerateplutoniumin futurereactorswith hardneutronspectra.
As anextremecase,theuseof uranium-freefuel is considered.

For the accelerator driven systems (ADS) calculationalprocedureshave been
madeavailableandvalidated,especiallyby benchmarkparticipation. The applicationof
alternative methodsfor transportcalculationshasbeenstudiedin somedetail. Recently
first resultsfor plutoniumincinerationhavebeenobtained.

2. Investigations for Pressurized Water Reactors.

Theuseof
�
UPu � O2 mixoxide(MOX) fuel in PWRsis proventechnologyin sev-

eralcountries,e.g. FranceandGermany. Up to about30%of thefuel assemblies(FA) in
existing PWRcoresarereplacedby MOX insteadof UOX assemblies.A mainobjective
duringthisreplacementis to maintainthesafetycharacteristicsof thePWRs,especiallythe
coolantdensityreactivity coefficient (CDRC)andthefuel Dopplercoefficient (DC). From
earlierstudies,e.g. in reference1, it is well-known that high plutoniumfractionsin the
MOX fuel of PWRsmayleadto problemswith theCDRC.Dueto theneutroncapturesin
fissile isotopesthefractionof non-fissileisotopesin theplutoniumincreasesif its irradia-
tion time is increased,e.g.by enlargementof theburnupor by multi-recycling of thespent
fuel. As a consequence,the plutoniumfissile (andalso the total) fraction of MOX fuel
with depletedor naturaluraniummustbeincreasedconsiderablyduringplutoniummulti-
recycling andonemusttakecareconcerningtheCDRC.In arecentstudy2, 3 thebuildupof
transuraniain PWRshasbeeninvestigatedin somedetail,bothfor directdisposalof spent
fuel from UOX coresandfor plutoniummulti-recycling. In thepresentpapersomeresults
for thetransuraniabuildupin UOX coresandin poolsof PWRswith amixing of UOX and
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MOX coreswill bepresented.All calculationsarebasedon a reactorlattice from bench-
markinvestigationson plutoniummulti-recycling, which wereperformedin collaboration
of ForschungszentrumKarlsruhe(FZK) andElectricit́edeFrance(EDF) 4, 5.

2.1. Transurania buildup in UOX fuel. In table 1 a summaryis given of the
transuraniabuildupin modernPWRswith UOX fuel in dependenceof theU235enrichment
for dischargeburnupsof 33and50gigawattdaysprotonneheavy metal(GWD/THM). The
weightsarenormalizedto 1 tonneinitial heavy metal (TIHM). The burnupcalculations
areperformedon the basisof the realisticpower rating of 164 W/cm, correspondingto� 35 W/g. Onetonneof spentfuel from modernPWRscontainsalsoabout10..13kg of
transuraniaisotopes,mainly plutonium. ThesePWRshave a loadingof about80 tonnes
of heavy metalfuel pergigawattelectric(GWe), leadingto about800..1000kg transurania
per GWe per reactorcorelife or to amountsof around200 kg dischargedplutoniumper
GWe.aenergy production.

Table2 shows the influenceof dischargeburnupandU235 enrichmenton theplu-
toniumcomposition.Thefissilefractiondecreasessignificantlyif thedischargeburnupis
increasedfrom 33to 50GWD/THM. HigherU235enrichmentcauseslessin situplutonium
burningandleadsto higherfissilefractionsof theplutonium.

2.2. Plutonium multi-recycling in PWRs. Theuseof fuel assemblieswith MOX
fuel is proventechnologyin PWRs,e.g.in Franceandin Germany. Until now mainlygood
quality plutonium with high fissile fractionshasbeenutilized for discharge burnupsof� 35 GWD/THM. Thepotentialof plutoniummulti-recycling in PWRshasbeenanalyzed
in somedetail in a commonbenchmarkinvestigationof FZK andEDF 4, 5. Theseinves-
tigationswerebasedon simplified lattice calculations.The main resultwas,that after a
smallnumberof recyclingsthefissilefractionof theplutoniumbecomessounfavourable,
that the fissile enrichmentof the plutoniumhasto exceed6..7%if about50 GWD/THM
discharge burnupshouldbe reachedwith naturalor depleteduraniumin the MOX. With
suchplutoniumfractionsin the MOX fuel it cannotbeguaranteed,that theCDRCkeeps
satisfactory. Startingfrom thisexperience,in reference2 wholecorecalculationsfor pools
of PWRswith full UOX andfull MOX coreshavebeenperformed.In figure1 thepriciple
of this reactorscenariois shown. To avoid problemswith theCDRC,thefissilefractionof
the plutoniumwasrestrictedto � 6%. In orderto get enoughexcessreactivity at reactor
startupto obtainthe requireddischargeburnups,U235 enricheduraniumis usedif neces-
sary. In table3 importantresultsaresummarizedfor the nearequilibriumsituation. For
dischargeburnupsof 33, 40 and50 GWD/THM the normalizedplutoniumproductionin
UOX coresandthenet plutoniumincinerationin the MOX coresaregiven. The ratio of
theseplutoniummassesis nearlyindependentof thedischargeburnup:� 0.6. This means,
that theplutoniuminventoryis nearlyconstantin a pool of PWRswith a ratio of 3 MOX
to 5 UOX cores. In table3 we alsomay observe, that the requiredU235 enrichmentin-
creasesrapidly with the increaseof the dischargeburnupif the fissileplutoniumfraction
of theMOX fuel is restrictedto 6%. In figure2 thenormalizedbuildupof plutoniumfor a
periodof about100yearsis shown. Thecalculationsarebasedonex-coretimesof 7 years
(cooling+ reprocessing)and3 yearsfabricationtime. For eachdischargeburnupasuitable
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numberof reactorburnupcyclesduring these10 yearsex-coretime is applied. We may
observe thatafter80 to 100yearstheplutoniuminventoryis nearlyconstantat a level of
abouthalf thevalueof thecasewithoutplutoniummulti-recycling.

3. Investigations for Fast Reactors.

Fastreactorshave thewell-known advantagesof

� low valuesof α � σc
σ f

for mostof theheavy isotopesleadingto highvaluesof η � νσ f
σa

anda resultinghigh neutronexcesswhich, in formertimes,wasusedto breedfresh
fissilematerialand� low meancrosssectionvaluesfor mostof thefissionproductssothatevenfor fairly
highburnupstheneutronbalanceis nottoomuchdeterioratedby neutronabsorptions
in thesefissionproducts.

On theotherhand,fastreactorssuffer from thedisadvantagesof

� generallyrathersmallaveragecrosssectionsrequiringhigh concentrationsof fissile
materialanda ratherhighneutronflux intensityand� their fairly large fractionof high energy neutrons(E � 0.1MeV) which areinducing
pronouncedradiationdamagein structuralmaterials.

Thesepecularitiesof fastreactorswith “hard” neutronspectraareresponsiblefor thelimi-
tationof theresidencetime of fuel assemblieswhich canwithstanddamageratesof about
100-200displacementsper atom(DPAs). The correspondingneutronfluencesof several
1023n � cm2 areusuallynot sufficient for burningalmostcompletelythe initial fissilecon-
tentof the fuel. Furthermore,dueto theconversionof fertile to fissilematerial,theburnt
fuel still containsa large fraction of fissile (and fertile) isotopesso that reprocessingis
practicallymandatoryfor fuel irradiatedin fastreactors.

The incinerationcapabilitiesof fastreactorswith conventionaloxide (MOX) fuel
is essentiallylimited by thesolubility of theMOX fuel which becomesmuchworsewhen
thePu-contentis increasedaboveabout45%(asis well known, thereexistsa ratherstrong
correlationbetweenthefissileenrichmentandthemaximumincinerationratewhichcanbe
achieved). Acceptingtheabove enrichmentconstraint,an incinerationrateof roughly70
kg(Pu)/TWh(e)� 600kg(Pu)/GWa(e)wasobtainedfor a CAPRA-typereactorwith MOX
fuel. Of coursesucha burnerreactorhasno longerany fertile blanketsaspreviously en-
counteredin fastbreederreactordesigns.Moreover, so-calleddiluentswereloadedin the
coreto increasetheneutronleakagesothatalargefastreactorwith apowerof 1500MW(e)
could be loadedwith fuel having a significantly larger Pu-contentthan earlier breeder-
relateddesignssuchasSUPERPHENIXor EFR.In additionto burningplutonium,special
investigationsweredevotedto the transmutationof minor actinides(MAs). Theaddition
of MAs (especiallyof Np237) causesa moderatereductionof theburnupreactivity swing
but causesa pronouncedreductionof theDopplereffect dueto the largeabsorptioncross
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sectionsof theseMAs in thatpartof theresonanceregion whichmainly contributesto the
Dopplereffect. This drawbackof MA additioncanbemitigatedor compensatedin such
a way that the ratio of coolantvoid effect to Dopplereffect is similar to that of a burner
reactorwithout MA additionby replacingdiluent or inert materialin diluent subassem-
blies(S/As)or in so-called“empty” pinsof fuel S/Asby asuitablemoderatormateriallike
BeO or B11

4 C (boroncarbidewith a practicallyvanishingcontentof B10). This enablesa
fastreactorto incinerateat leastits self-generatedMAs with a non-negligible capacityto
acceptan additionalamountof MAs e.g. originating from LWRs. Having in mind the
complicationsandeconomicaspectsof fabricatingandhandlingpinsandS/Asloadedwith
pelletscontainingsignificantamountsof americiumit seemedappropriateto concentrate
suchhighly radioactiveMAs in specialS/As,placedin reflectorpositionsof thecore.Ob-
viously this leadsto only a smalldegradationof coreperformanceparameters(e.g. safety
relatedreactivity coefficients)by theadditionof MAs (in thereflector)andanoperational
behaviour of theMA-loadedreflectorS/Aswhich is similar to thatof conventionalradial
breedersS/As.

As aparticulardesignof anextraordinaryburnerreactoraso-calledU-freecorewas
studied.In orderto complywith solubility requirements,nitride fuel waschosenandthe
necessaryDopplerfeedbackwasdeliveredby usingafairly “dirty” Puisotopiccomposition
with high fractionsof the even isotopesPu240 andPu242. This versionof a burnercould
beconsideredasadequateto dealwith multi-recycledLWR-Puand,therefore,possiblyas
representative for the later or last phaseof nuclearenergy production. It would allow to
comecloseto thetheoreticallimit of about
120kg(Pu)/TWh(e)� 1000kg(Pu)/GWa(e).

4. Investigations for Accelator-Driven Systems.

ADS investigationsstartedat FZK about5 yearsagowith the installationof parts
of the HERMES6 codeversionof KFA Jülich. ThemoduleHETC for the calculationof
intermediateenergy processesandthe Monte Carlo moduleMORSEfor transportcalcu-
lationsbelow 20 MeV areoperationalboth on IBM-mainframecomputerandon UNIX-
workstations.Moreover interfaceswereestablishedbetweenHETC,theMonteCarlopro-
gramMCNP8 andthediscreteordinatestransportcodeTWODANT7. For burnupinvesti-
gationstheprogramPROSDOR9 wasdeveloped.It consistsof asemi-automaticsequence
of the codesHETC, MCNP-3A and the depletioncodeKORIGEN10. KORIGEN was
developedat FZK from the original ORIGEN codefrom Oak-Ridge.Somespecialpro-
visionsfor thePROSDORapplicationweremade.Recentlyfor theburnupcalculationsa
sequenceof HETC,MCNP/TWODANT andtheburnupcodeKARBUS1 hasbeenestab-
lished. KARBUS wasdevelopedat FZK for moregeneralfissionreactorburnupcalcula-
tions. Its depletionpartis alsobasedonORIGENformalisms.Mucheffort hasbeenspent
for bestestimatedeterminationof one-groupcrosssections.

4.1. Validation work. Thefirst activity afterinstallationof partof theHERMES
packagewasto gain experiencewith the applicationof the code. This could be realized
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by a successfulparticipationto the NEA/NSCinternationalcodecomparisonbenchmark
for intermediateenergy nucleardatafor thick targets11. GenerallytheFZK resultsagree
satisfactorily with theothersolutions.Furtherextensive comparisonswereperformedbe-
tweenthe MonteCarlocodeMCNP andthediscreteordinatescodeTWODANT 12 with
the objective to replacethe time-consumingburnupsequencePROSDOR/KORIGEN by
the fastersequenceHETC/TWODANT/KARBUS. Thesecomparisonsarebasedon non-
multiplicativetargetsandslightly subcriticalsystemswith thoriumfuel. As anexample,in
table4 one-groupdatafor U233 from MCNP andTWODANT calculationsfor a Th-U233

ADS arecompared.With exceptionof the thresholdcrosssections(n,2n) and inelastic
scattering,the differencesbetweenthe calculationalmethodsaresmall. Thesethreshold
processesmustbeanalyzedcarefullybecauseof their sensitivity to spectralchangesin the
resultsof thecalculations.Especiallythe(n,2n)crosssectionsmayinfluencesignificantly
thebuildupof actinideisotopes,resultingfrom suchprocesses.

4.2. Applications. First resultshavebeenpublishedby Segev et. al. 13 for differ-
entapplications,mainly transmutationof long-livedminor actinidesandfissionproducts.
Recentlyinvestigationson incinerationof LWR-plutoniumhave beenstarted. Figure 3
shows preliminaryresultsfor the time dependenceof the isotopicconcentrationsin a Th-
PuADS with 3000MWth. TheagreementbetweentheMCNP andTWODANT resultsis
verysatisfactory. Wemayobservethattheincinerationof theplutoniumis counterbalanced
by thebuildup of U233. To judgesucha systemit will benecessaryto handlethisU233 in
a properway. The Ke f f of this systemvariesfrom � 0.98 to � 0.96. The corresponding
protoncurrentsfor achieving 3000MWth arein therangeof 18to 40mA. Totalvoidingof
theADS leadsto smallnegative ∆Ke f f changes.Thehot to cold reactivity changeis less
than+1%in Ke f f , sotheADS remainssafelysubcriticalduringshutdown.
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Figure1: Scenariofor plutoniummulti-recycling in apoolof PWRs.
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Burnup
Material 33GWD/THM 50GWD/THM
(kg/TIHM) U235 Enrichment U235 Enrichment

3.2% 3.5% 4.0% 4.5% 3.2% 3.5% 4.0% 4.5%
Pu 9.680 9.666 9.640 9.612 11.833 11.874 11.946 12.017
Np237 0.4254 0.4306 0.4368 0.4408 0.6453 0.6650 0.6916 0.7119
Am241 0.0370 0.0373 0.0374 0.0371 0.0540 0.0565 0.0604 0.0638
Am243 0.1002 0.0869 0.0694 0.0561 0.3220 0.2914 0.2467 0.2095

Transurania 10.243 10.220 10.184 10.146 12.855 12.886 12.944 13.003

Table1: Transuraniabuildup,power rating164W/cm

Burnup
U235 33GWD/THM 50GWD/THM
(%) Puisotope(%) Fiss. Puisotope(%) Fiss.

238 239 240 241 242 (%) 238 239 240 241 242 (%)
3.2 1.5 56.8 22.1 14.0 5.6 70.8 2.9 47.6 24.5 14.8 10.2 62.4
3.5 1.5 58.3 21.3 13.9 5.0 72.2 2.9 48.8 24.0 14.9 9.4 63.7
4.0 1.4 60.6 20.3 13.5 4.2 74.1 2.8 50.8 23.2 15.0 8.2 65.8
4.5 1.3 62.8 19.1 13.1 3.7 75.9 2.7 52.8 22.3 15.0 7.2 67.8

Table2: Plutoniumcompositions,power rating164W/cm

Target- Pu-balance Ratio U235

burnup (kg/TIHM) UOX / enr.
(GWD/THM) UOX MOX MOX (%)

33 +9.6 -16.2 0.6 0.7..1.0
40 +10.6 -18.5 0.6 2.0..2.5
50 +11.9 -21.0 0.6 3.5..4.0

Table3: Nearequilibriumcyclesin poolsof PWRswith UOX andMOX fuel.
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TWODANT 69 groups MCNP-4A MCNP-3A TW � MC
MC %1�

ke f f inhomogen.
source

ke f f inhomogen.
source

inhomogen.
source

σtot � 1
cm � 9.5640 9.5738 10.0466

(.0016)
10.0793
(.0019)

-5.0

σel 6.5330 6.5403 7.0542
(.0017)

7.0528
(.0019)

-7.3

σ � n � 2n � 1.5172E-3 2.1227E-3 7.9018E-4
(.0297)

1.6015E-3
(.0421)

32.5

σ f iss 2.2597 2.2622 2.4602
(.0017)

2.4631
(.0208)

-8.2

σinel 0.58522� 0.58412� 0.3176
(.0017)3� 0.3143

(.0461)3� 85.9

σ � n � γ � 0.1847 0.1850 0.2137
(.0021)

0.2141
(.0208)

-13.6

ν�
neutrons
f ission �

2.5393 2.5406 2.5240
(.0014)

2.5266
(.0208)

-0.56

ke f f 0.9035 0.91424� 0.9183
(.0016)

0.9510 4�
(.0204)

1� TW=TWODANT MC=MCNP
2� inelasticfrom discretelevelsandfrom energy continuum
3� only continuuminelastic
4� determinationof ke f f - valuesfor calculationswith externalneutronsourcewith formulafrom reference8:

ke f f � M � R � 0� � σn � xn ��� 1
M � 1

ν
with M � R

�
νσ f iss ��� R

�
σ f iss ��� R

�
σn � xn ��� 1

whereR is thecorrespondingreactionrate.

R � 0� meansreactionratefrom criticality calculation

Table4: U-Th ADS, comparisonof one-groupdataof U233
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