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ABSTRACT

After a generalintroductionof characteristicsof possiblecritical reactorsystems(CRS)and
acceleratordriven systems(ADS) it is proposedonly to comparesimilar systems,basedon
thesamedesignprinciples.For fastneutronspectrumdesignsof CRSandADS, comparisons
concerningappliedcalculationalprocedures,flux andpower distributions,power level control,
burnupbehaviour, incinerationpotential,aspectsof dynamicsandaccidentanalysisandpossi-
ble futureR&D-work arediscussed.AlthoughADS mayhave importantadvantages,especially
relatedto safetyaspects,it is not yet clearthatduringaccidentswith heatdecayremoval fail-
ures,fuel melting und fuel slumpingwith the potentialof recriticality configurationsmay be
avoided. If suchrecriticality cannotbe excluded,reconsiderationof thermalADS may be a
suitablesolution.

1 Intr oduction.

In a critical reactorsystem(CRS) a neutronchainreactionis keptalive dueto thebalance
of neutronproductionsandneutronlosses.Dueto thefactthata smallfractionof theproduced
neutronsis notemittedaspromptneutronsimmediatelyafterthefissioneventsbut appearsafter
characteristicdelaytimesdueto thedecayof associatedprecursors,critical systemsmaybecon-
trolled fairly easily, e.g. for theadjustmentof therequiredpower level. Many differentdesigns
for CRShavebeenproposedandrealizedwith verydifferentcharacteristics.Examplesof actual
designsfor power reactorsare: light waterreactorswith boiling or pressurizedcoolant(BWR,
PWR),heavy watermoderatedreactors(CANDU), gas-cooledreactors(AGR, HTGR), liquid
metalcooledfastreactors(mainly sodiumcooled).Molten saltreactorshave beeninvestigated
sincetheearlyfifties.

Acceleratordriven subcriticalreactorsystems(ADS) also have alreadybeenproposedin
the fifties. A revival of theseideaswasinitiatedby considerationsat LANL by Bowmanand
coworkers for the incinerationof longlived wastesfrom nuclearapplicationsandby the pro-
posalsof Rubbiaandcoworkersfor a so-calledenergy amplifierandfor plantsdedicatedto the
incinerationof nuclearwastese.g. arisingfrom conventionalLWRs. Further, in a numberof
countrieslike USA, Japan,France,Spain,Italy andothers,dedicatedprojectsarein progress
for the realizationof suchsystems.TheseADS conceptsalsoshow differentdesignfeatures,
varying from moltensalt to conventionallumpedfuel systems.The power level in anADS is
proportionalto theappliedacceleratorcurrentsanddependsstronglyon thelevel of subcritical-
ity andon thepositionof theexternalsources.

In thepresentpaperacomparisonof importantcharacteristicsof CRSandADS will begiven
for comparabledesignsof thereactorcomponentsof thesystems.
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2 Main propertiesof possibledesignsof CRSand ADS.

The characteristicsof CRSarewell known andareanalyzedin many publications.In ref-
erence[1] an overview for modernreactorsmaybe found. Reference[2] givesmoredetailed
informationfor fast reactors. Concerningmoltensalt systems,an interestingreview may be
found in reference[3]. A comprehensive overview of ADS activities is collectedin the IAEA
statusreport[4].

For the comparisonof CRSandADS the mostinterestingtopicsaresafetyandreliability.
Economicaspectsmay be of interesttoo, but they will not be discussedhere. Although all
nuclearreactorsmayclaim to besafe,not all reactorconceptshave thesamesafetycharacter-
istics. Themostimportantsafetyrelatedissueis thepossibilityof supercriticalconfigurations
of thereactorsystemwith thepotentialof energeticreactivity accidentsleadingto coredestruc-
tion andradioactivity releases.Theprobabilityof building critical massesduringcoredamaging
accidentsalsois animportantquestionin this context. Thermalreactorswith low enrichedfuel
arefavourable,comparedto fastreactorswith higherenrichments.Anotherimportantproperty
of a reactorsystemis its dynamicbehaviour afterdisturbancesin thenominalconditions.Im-
portantparametersfor the dynamicreactorbehaviour arereactivity coefficientsfor deviations
from the nominalstatelike coolantdensityreactivity coefficient, fuel temperaturecoefficient
etc. andneutronlifetime anddelayedneutronfractionin thesystem.Thermalsystemsusually
have positive coolant density reactivity coefficients, whereasfastsystemshave a tendency to
havenegativeones.A negativecoolantdensityreactivity coefficientmeansthatadecreaseof the
coolantdensityleadsto a positive reactivity effect. Positive reactivity effectsleadto increased
power density, increasedcoolanttemperatureanddecreasedcoolantdensitywith positive reac-
tivity feedback.In suchsystemsothermechanisms,like fuel temperaturecoefficients,arere-
quiredto avoid thereactivity increase.Positive coolantdensityreactivity coefficientsarehighly
desirablein CRS.In ADS thelevel of subcriticalitymayavoid problemswith negative coolant
densityreactivities. The main componentsof the fuel temperature reactivity coefficientare
thetemperaturedependentreactionratesin theresonanceregionof theheavy isotopes(Doppler
effect). The main contributor to the negative Dopplereffect is usuallythe capturein U238 or
Th232. Otherisotopeswith significantcontributionsmaybeabsorberfuel andstructuralmate-
rials. The compensatingeffectsof fissionandcapturecontributionsof fissile isotopesusually
leadto small net results.The meanneutron lifetime decreaseswith spectrumhardeningand
mayvary from 2 � 5 10

� 5 secondsin PWRto 4 � 5 10
� 7 secondsin FBR[1]. Largermeanneutron

lifetimesarefavourablefor thereactordynamicsbehaviour. Thedelayed neutron fraction in
reactorcoresdependson thecompositionof the fuel isotopes.In mostcases,delayedneutron
fractionsfrom fastfissions(e.g. in Th232 andU238) areconsiderablylarger comparedto the
effectsfor thermalfissions.Also a tendency to smallervaluesfor inceasingchargenumbersof
theheavy isotopesmaybeobserved[5]. Themeanfractionof thedelayedneutronsis associated
with thevalueof 1 dollarof reactivity for dynamicsbehaviour.

The reliability of a reactorsystemis closely connectedto the complexity of the techni-
cal realizationandto theavailableexperiencewith sucha system.Watercooledreactorshave
provenreliability, despitethehigh pressures,especiallyin PWRs.Heavy metalcooledreactors
alsohave demonstratedproventechnology, but with lesspracticalexperience.Moltensalttech-
nology, asa potentialcandidatefor ADS, hasbeeninvestigatedextensively in thepast,but no
realizedprojectsexist atpresent.For ADS thecouplingof a reliablepowerful acceleratorwith a
suitablesubcriticalreactorsystemis a new featurefor which until now no practicalexperience
exists. Recentobservationswith runningacceleratorsindicateproblemswith disruptionsof the
protonbeamswith possibleconsequencesfor theresidencetime of someessentialcomponents
of thesubcriticalcore[6].
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Becausethe designsof bothCRSandADS may vary significantly, a comparisonof such
systemsonly seemsmeaningful for comparableproposals,basedon the samedesignprin-
ciples. Thepresentdiscussionsandproposalsfor futureADS conceptsconcentrateon systems
with fastneutrons.Suchsystemshave favourablefission-to capture-rateratiosfor mostheavy
isotopes,being an advantagewith respectto actinideproductionand actinidetransmutation.
In the following sectionsa comparisonof importantcharacteristicsof CRSandADS with fast
neutronsin a reactorcorewith lumpedfuel (fuel-bundles)will bediscussed.

3 Comparisonof similar CRSand ADS.

The proposalof Rubbiaandcoworkers for a conceptualdesignof a fastneutronoperated
high power energy amplifier [7] leadto a numberof relatedstudies.In reference[7] the sub-
critical reactorcoreis placedin a hugelead-filledvesselwith naturalconvection for the heat
removal. Thecoreconsistsof hexagonalfuel assembliesof fuel rodswith two differentlattices
in innerandouterzones.The1 GeV12.5mA protoncurrentcomesfrom a dedicatedcyclotron
acceleratorandhits a spallationtargetnearthecenterof this core. In 1996theIAEA starteda
benchmarkinvestigationfor studyingthelong time behaviour of anADS with Th

�
U233 fuel as

specifiedin theRubbia-proposalandwith a somewhatsimplifiedgeometrymodel[8]. At FZK
own investigationsfor anADS similar to theRubbia-proposal,arein progress,both for anen-
ergy amplifier(EA) andfor Puandminor actinide(MA) incineration.First analyseswith tools
availableat FZK showedpossibleproblemsfor thetechnicalrealizationof this concept.Some
of theseproblemsarestronglyrelatedto theheatproductionandremoval in thecore.Theinves-
tigationsfor theFZK-proposalwill form thebasisfor thefollowing comparisons.Alternatively
to the leadcoolantin ADS andCRS,sodiumcoolantalsowill beconsidered.Mainly neutron
physicsaspectswill bediscussed.

3.1 Appliedcalculationalprocedures.

For a specificreactorsystemtheappliedproceduresfor neutroniccalculationsof CRSand
ADS aresimilar. Most codesfor thesolutionof theneutrontransportequationsfor CRSallow
thetreatmentof externalneutronsources.In thosecasesit is convenientto applyanadditional
codefor thedeterminationof theneutronsource,producedby aprotonbeamhitting aspallation
target.At present,mostof thecalculationalproceduresfor ADS investigationsapplybelow � 20
MeV codeswhich arealsoin usefor CRScalculations.ThesecodesmaybeMonteCarlotype
likeMCNPor deterministiclikeSn transportordiffusionsolutions.Thedevelopmentof aunified
MCNP-basedMonteCarlocodefor ADS investigations,includingdepletion,is in progress[9].

UsuallytheneutronicADScalculationsatFZK areperformedwithin thecodesystemKAPROS
in combinationwith standardstand-alonecodeslikeMCNPandDANTSYS.KAPROShasbeen
developedfor thecalculationof fastreactorsystemsandhasbeensupplementedwith modules
for thecalculationof thermalandepithermalreactors.ThesubsystemKARBUShasbeenqual-
ified for advanceddepletioncalculationsfor thermal,epithermalandfastreactorsystems,see
alsoreference[10]. Most of theappliedmultigrouplibrarieshave anupperenergy boundaryof
10MeV. Thedevelopmentof anew library with 75energy groupsup to 50MeV is presentlyin
progress.For thespallationcalculationsthe LAHET codesystemLCS andthe Jülich-version
of HETChave beenused.In reference[11] moreinformationis givenaboutthesecalculational
procedures.
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3.2 Flux andpowerdistributions.

A practicalnuclearreactorcoredesignneedsa power densitydistribution with acceptable
peakingfactors.Thepowershapein anuclearcoreis determinedby thespace-dependentfission
rates:neutronflux timesfissioncrosssection.Whereastheradialandaxial flux shapesin ther-
malCRSarequiteflat, thegradientatthecoreboundaryin fastCRSis steeper. In orderto obtain
a flatterradialpower shape,in fastCRSusuallytwo or threeradialfissileenrichmentlevelsare
applied.In ADS thepower shapeseemsto bemuchmoreproblematical.Alreadyin reference
[7] it waspointedout, that in a subcriticaldevice far enoughfrom criticality (Kef f � 0.95)the
neutronflux distribution hasanexponentialslopetowardsa neutronsourcein thecenter, com-
paredto acosine-or Bessel-functionshapetowardsthecenterof acylindical critical reactor. The
consequencesof this phenomenacouldbeobservedin theresultsof theIAEA ADS benchmark
mentionedbefore[8]. In figure1 theradialpower distributionsin 3 ADS with differentinitial
valuesfor subcriticalityareshown with thecorrespondingradialformfactorsfrad, varyingfrom
2.5to 3.8. Suchformfactorsarenot acceptablein practice.At FZK a numberof measureshave
beeninvestigatedin orderto improve theseformfactors[11]. Both multiple enrichmentzones
andmultiple neutronsourcesin the fastsubcriticalcoreallow designswith acceptablepower
distributionsat systemstartup. As an examplein figure 2 the midplanepower distribution in
an ADS with uniform fuel latticeandthreedistributedneutronsourcesis shown. The overall
formfactorfor thissystemis closeto ftot � 2 � 0 andis acceptablefor a realisticreactordesign.

3.3 Powerlevel control.

The power level control in CRSandADS mayapplydifferentprinciples. In bothsystems
the power is determinedby theabsolutelevel of the neutronfluxes. The solutionof thebasic
neutrontransportcalculationsfor a CRS doesnot provide a valuefor theabsolutelevel of the
fluxes. The principlesof critical reactorcontrol, basedon delayedneutronfractions,neutron
lifetimes andreactivity feedbackmechanisms,allow the choiceof any arbitraryabsoluteflux
level within the technicalconstraintsof the reactordesign.Power level changesin a CRSare
initiatedby small reactivity disturbations,e.g. by control rod movementsor by feedbackfrom
changesof thermodynamicpropertiesof thereactorsystem.

Application of the samecalculationaltools for an ADS introducesan external sourcein
the neutrontransportcalculation,resultingin absolutefluxes for the ADS case. The power
productionin thesystemis determinedby thelevel of subcriticality(internalsource)andby the
strengthandthepositionof theexternalneutronsource(s).Thismeans,thatpower level control
in an ADS may be realizedby changesof the externalsourcestrengthor of the subcriticality
level. Most of the proposalsfor ADS conceptsdo not provide active control devices for the
subcriticalcoresandassumeprotonsourceswith aratherwiderangeof operationfor theproton
currentsin orderto extracttherequiredamountof power from thecore.Suchconceptsonly can
beacceptedif it canbeexcludedthatanupperlevel of thesubcriticalitycannever beexceeded,
e.g. by reactivity gaindueto transmutationprocessesor decayor dueto changesin thereactor
configuration.

3.4 Burnupbehaviour.

The main processesduring fuel burnuparesimilar in CRSandADS: changingof the iso-
topic compositionof the fuel and buildup of fission products. Additionally in an ADS also
spallationproductsmayplay a role, especiallyin systemswith small subcriticalityvaluesand
correspondinghighprotoncurrents.Generallyfastneutronspectrumsystemshave smallerbur-
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nupreactivity effectscomparedto thermalneutronspectrumsystems.Themainreasonsarethe
lower effective crosssectionsof the fissionproductsandusuallythe betterconversionof fer-
tile to fissilematerialin theharderneutronspectrum.TheIAEA ADS benchmarkin reference
[8] wasorganizedto investigatetheburnupbehaviour of anADS with Th

�
U233 fuel, seealso

section3. Severalinstitutionsparticipatedto thisbenchmarkusingpartlydifferentcalculational
procedures(codesanddata). The FZK resultsof figure 3 werewithin the spreadof the other
contributions. The two curves for initial Kef f =0.96wereobtainedwith differentgeometrical
modelsfor theburnupzones:7 zonesasspecifiedin thebenchmarkgeometrycomparedto 22
zoneswith a finer subdivision in the fuel zones.All curvesshow a strongreactivity decrease
duringthefirst � 100full powerdays.Thisbehaviour is typicalfor thoriumfuel: neutroncapture
in Th232 leadsto theabsorberisotopePa233 beingtheprecursorwith half-life � 28 daysof the
fissileisotopeU233. After reachingnearlyanequilibriumconcentrationof Pa233 (dependenton
thepower ratingof thefuel), thebuildup of U233 mayleadto anincreaseof thereactivity. This
reactivity increaseis reducedby theabsorptionsin thefissionproducts.Oneof themainobjec-
tivesof thedesignof Rubbiaet.al.wasto obtainaflat curve for Kef f asa functionof burnup.In
thiswayonly moderatechangesin theprotoncurrentarerequiredto maintainaconstantsystem
power, withoutaneedfor othercontrolmechanisms.

Using Pu insteadof U233 asfissile materialin an ADS, e.g. asa burnerof multirecycled
Puwith high contentsof Pu240 andPu242, resultsin a morecomplicatedburnupbehaviour. In
figure4 theresultsof KARBUScell burnupcalculationsarecomparedfor theTh

�
U233 fuel of

the IAEA ADS benchmarkwith 10%U233 contentandfor a Th/Pufuel with 10%Puf is anda
Pucompositionof 5% Pu238, 40%Pu239, 32%Pu240, 6%Pu241, 15.5%Pu242 and1.5%Am241.
Wemayobserveagoodagreementbetweentheshapesof theTh

�
U233 curveof figure4 andthe

IAEA ADS benchmarkresultsof figure3. However, theTh/Pufuel in figure4 shows astrongly
deviating burnupbehaviour with a strongincreaseof reactivity with burnup.Thesepreliminary
resultsindicateproblemswith subcriticalityduringburnupin suchaTh/Pusystemandthismay
leadto aneedfor active controldevicesin thisADS, e.g.controlrodsystems.

3.5 Incinerationpotential.

Oneof themain objectivesin theareaof partitioningandtransmutation(P&T) researchis
theincinerationof PuandMA. In theinternationalCAPRA projecttheseissuesarestudiedfor
Superphenix(SPX) type fastreactordesigns.In orderto achieve acceptableincinerationrates
of Pu,ashighaspossiblePu-fractionsin theMOX fuel shouldbechosen.At presenttheupper
limit for the Pu-fractionseemsto be determinedby the MOX-solubility during reprocessing
at a level of about45%. Thesehigh Pu-fractionsleadto a SPX corewith highly diluted fuel
and large burnup reactivity losseswith complicationsfor the reactivity control of this CRS.
First exploratoryinvestigationsfor theincinerationof LWR-Puin anADS with Th/Pufuel and
sodiumcoolantshow comparablePu-incinerationratesin this not optimizedADS andin the
CAPRA reactor;about70 kg(Pu)/TWe.h� 600kg(Pu)/Gwe.a,seereference[12]. Therequired
protoncurrentsin theADS vary between18 and40 mA at 1 GeV. Theseresultsindicate,that
comparableCRSandADS designstendto comparablePu-incinerationpotentials.Bothsystems
will have specificadvantagesanddrawbacks.Problemswith safetyissuesin theCRSmaybe
solved for anADS, but probablyat theexpenseof complex technicalADS designs,especially
for theacceleratorif highprotoncurrentsarerequired.

Oneobviousadvantageof ADS is theneutronsurplusprovidedby thespallationprocesses.
These(expensive) extraneutronsenabletheincinerationof materialslikefissionproductsor the
useof isotopicmixtureswith K∞ valuesnotsufficiently exceedingunity for realisticconventional
CRS.
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3.6 Someaspectsof dynamicsandaccidentanalysis.

Sodiumversusleadcoolantin fastreactorsystems.

As explainedin section2, thedynamicsbehaviour of a reactorsystemstronglydependson
its design,e.g. the choiceof coolantand fuel. If we comparea CRSandan ADS with the
samecoolantand the sametype of fuel, the most importantdifferenceis the requiredfissile
fractionin thefuel. Dependingon thelevel of subcriticalityin theADS, theenrichmentof the
ADS may be substantiallysmallercomparedto the CRS.Lower enrichedfuel tendsto more
favourablecoolantdensityandfuel temperaturereactivity coefficientsandimproveddynamics
behaviour. Moreover, thenumberof possiblecritical massesin thereactorsystemduringacore
damagingaccidentwill besmaller, if existent. Thechoicebetweensodiumandleadfor a fast
reactorsystemalsomayinfluencetherequiredfissilefuel fractionconsiderably. As anexample,
in table1 preliminaryresultsareshown from an investigationfor thepotentialuseof SNR300
fuel assemblies(FA) in a subcriticalsystem.TheK∞ andKef f valueshave beenobtainedfrom
eigenvaluecalculationsusingtheKAPROSmodulesDIFF0UandD3E.

coolant K∞ DIFF0U Kef f D3E

sodium 1.6048 0.9659
lead 1.6192 1.1416

Table1: Comparisonof reactivities with sodiumandleadcoolantfor SNR300typefuel.

The appliedreactormodelconsistsof 169 FA-positions(centralpositionsurroundedby 7
ringsof FA) with thefollowing loading:in thecentral7 positionscoolantwith theprotonsource,
thepositions8 to 91 (ring 2 to 5) SNR300-core1FA andthepositions92 to 169(ring 6 and7)
coolant. The criticality of this modelhasbeeninvestigatedboth for sodiumandleadcoolant.
TheK∞ valuesshow only smalldifferencesfor thetwo coolants.However, in thecaseof sodium
cooling we have an acceptableKef f for the subcriticalcore,whereasthe leadcooling caseis
far supercritical.This means,that for this SNR300fuel in this specificdesignfor a relatively
smallcorewith acoolantbuffer zoneat theouterboundarytheenrichmentmaybesubstantially
smallerwith leadcooling, comparedto sodiumcooling andthat leadcooling will have better
safetycharacteristics.

Emergencyshutdownin CRSandADS.

Although the energy and heatproductionin an ADS can be stoppedrathereasily by in-
terruptingthe protonbeam,this might not be a decisive advantagecomparedto CRS.First of
all, shutdown andcontrolmechanismsin CRShavedemonstratedtheirextraordinaryreliability,
basedondiversityandredundancy in designandactivation.Further, thedecayheatremoval after
shutdown posesanequallysevereproblemfor bothCRSandADS. It hasstill to beproventhat
in comparabledesignsfor CRSandADS, in caseof systemfailuresleadingto problemswith
decayheatremoval with probablyfuel melting andslumping,the consequencesfor an ADS
wouldbelessharmfulthanfor anCRS.

Complicationswith neutron dynamicscalculationsof ADS.

The neutrondynamicanalysisof near to critical systemswith point or spacedependent
kinetecs,includingperturbationtheory, is well understoodandmany qualifiedcodesareavail-
able for different reactortypes. TheseCRS codesare not always applicableto ADS. Some
possiblecomplicationsare:� For thecalculationof feedbackreactivities reliablepower distributionsarerequired.This
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meansfor anADS thatexternalneutronsourcesmustbetakeninto accountfor thedetermination
of theneutronflux distributions.Not all codeshave thisoption.� For nearto critical systems,eigenvaluecalculationsareconvenientandreactivity coeffi-
cientsarewell definedby differencesbetweentheeigenvalues.Perturbationtheoryenablesthe
fastcalculationof reactivity coefficients for disturbancesfrom the nominalreactorconfigura-
tion. In anADS themultiplicity of thesystemmaybecalculatedfrom neutronproductionsand
neutronlossesin thesystem.A straightforwardapplicationof perturbationcodesis notpossible,
becausethesecodesarebasedon real andadjoint fluxesfrom eigenvaluecalculations.So the
determinationof reactivity coefficientsin anADS maybemorecomplicatedcomparedto CRS.� For neutrondynamiccalculationsin nearto critical systemsusually the following flux
synthesisis applied:

Φ ���x � t 	�
 Ψ ���x � t 	
� P � t 	
with

�x variablesfor space,energy, direction
t time

A commonassumptionis that the shapefunction Ψ ���x � t 	 varies only slowly with time,
whereastheamplitudefunctionP � t 	 mayvarymuchmorerapidlywith time. Thepowerdensity
curvesof figure 1 in section3.2 indicate,that the power shapein an ADS is quite sensitive
to the subcriticality level. The applicationof the flux synthesisformulationsandsimplified
treatmentssuchasthequasi-staticapproacheshave still to bequalifiedfor ADS investigations.

3.7 Commentsaddressingfieldsfor furtherR&D-work for ADS.

The needsfor R&D-work for ADS arerelatedto several differentareas.Someimportant
topicsare:� Acceleratordesignfor high reliablesteadystateprotoncurrents.� Spallationtargetdesign,includingthewindow.� Leadcoolanttechnology.� Thoriumfuel cycle technology.� In thecaseof MA transmuters,remotehandlingtechniquesfor fabricationand

reprocessingof fuel containinghighMA concentrations.� Calculationaltools,e.g.for theimprovementof
- thespallationphysics,
- thecouplingof spallationandneutrontransportprocessesincludingburnup,
- theneutronphysicsandthermohydraulicdesignand
- thedynamicsandsafetyanalysis.

Concerningneutronicsthefollowing itemsmaybeidentified:� Developmentof aunifiedMonteCarlocode,includingimprovedspallationphysicscoupled
with neutrontransportandburnup. This activity hasbeenstarted[9]. Sucha codeis required
for detaileddesignstudiesandmaybeappliedfor thedeterminationof referencesolutionsfor
thequalificationof codeswith simplerapproximationsto beusedin exploratoryinvestigations.� Implementationof multi-grouplibrarieswith energiesabove20MeV (upto 50..300MeV),
mainly for the deterministicsolutionsof the neutrontransportequations. The upperenergy
boundarymaybedeterminedby sensitivity studies.� Developmentof fastnodalneutrontransportcodeswith anadequateexternalsourceoption,
e.g.modificationof theHEXNOD code.
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� Integrationof thespallationproductandthefissionproducttreatment.This issuebecomes
of growing interestandsignificancewith decreasingcoresubcriticalityandrelatedhigherproton
currents.� Formulationof a modifiedperturbationtheoryfor thecalculationof reactivity coefficients
for sourcedrivensubcriticalsystems.� Analysisof thevalidity of quasi-staticapproachesfor dynamicsinvestigationsandpossi-
bly developmentof moreadvancedmethodsin casethis approximationis not justifiedandits
applicationis notadequate.

4 Concluding remarks for futur e investigationsfor ADS.

In the pastyearsa numberof proposalsfor ADS applicationshave beenpresented,vary-
ing from an energy amplifier with lumpedTh

�
U233 fuel andfastspectrumwith leadcoolant

to fissionproductandactinidetransmuterswith fastandthermalspectra.The main argument
for theseADS conceptsis usually improved safety, comparedto CRS.SomeADS objectives
hardlymayberealizedwith CRS,e.g. incinerationof largeramountsof fissionproductsor of
heavy fuel isotopeswith unfavourablepropertiesfor thedynamicsbehaviour (delayedneutron
fractions,coolantdensityandfuel temperaturereactivity coefficients,etc.). A comparisonof
similar CRSandADS designsshows an improvementof thesafetycharacteristicsof anADS,
causedby the lower requiredfissileenrichments.However, it is not clearthat in fastspectrum
ADS recriticality duringcoredamagingaccidentscanbe avoidedin all circumstances.In the
casecoredamagingaccidentswith recriticalitycannotbeexcluded,reconsideringthermalADS
maybeamoresuitablesolution.Finally onehasto keepin mind thatbothcritical and subcrit-
ical burner reactorsonly mayberun if reprocessingplantswith adequatecapacityfor thefuel
cyclesof interestarerealized.
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Figure1: Radialpower densityprofilesin anADS with differentcriticality

Figure2: Midplanepower densitydistribution in anADS with threeneutronsources
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Figure3: Kef f asa functionof burnupfor theIAEA ADS benchmarkcases

Figure4: K∞ asa functionof burnupfor Th/U233 andTh/Pufuel
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