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Abstract. For neutronphysicsinvestigationsof thetransmutationof nuclearwasteby acceler-
ator driven systems,a linkageof the intermediateenergy Monte Carlo transportcodeHETC, the
deterministictransportprogramTWODANT, andtheKarlsruheburnupsystemKARBUS hasbeen
developed.TheprogramchainHETC-TWODANT hasbeenvalidatedagainstHETC-MCNPfor an
iron assemblyandfor a subcriticalcorewith Th232 � U233 fuel. Satisfactoryagreementis found
for onegroupcrosssections,total neutronflux densitiesandneutronflux densityspectra.As a first
application,HETC-TWODANT-KARBUShasbeenappliedto investigatethecapabilitiesof pluto-
nium incinerationin a sodiumcooledacceleratordrivensubcriticalcorewith T h232 � Pu - fuel and
3000MWof thermalpower.

INTRODUCTION
The neutronphysicsinvestigationsof AcceleratorDriven Systems(ADS) have been

startedat ForschungszentrumKarlsruhe(FZK) in autumn1991. This work is part of a more
generalactivity thatstudiesthecapabilitiesof transmutationof nuclearwasteandtransuranics,
especiallythecapabilitiesof theincinerationof Puin PressurizedWaterReactors(PWR),Fast
BreederReactors(FBR),andin AcceleratorDrivenSystems[1].
The first stepfor establishinga programsystemfor the neutronphysicscalculationswasthe
implementationof themodulesHETC andMORSEof theHERMESsystem[2], developedat
ForschungszentrumJülich. TheprogramsequenceHETC-MCNP-KORIGEN(PROSDOR)[3]
hasbeendevelopedat FZK. With HETC-MORSEandHETC-MCNP-KORIGEN we partici-
patedin an internationalBenchmarkon the calculationof thick leadandtungstentargets[4].
ThesystemPROSDORhasalsobeenappliedfor thecalculationof transmutationof actinides
andfissionproducts[3].
Recentlya linkagebetweenHETC, the deterministictransportprogramTWODANT [5] and
the KarlsruheburnupsystemKARBUS [6] hasbeenestablishedasan alternative that needs
lesscomputertime andthereforeis a goodtool for routineandsurvey calculations.HETC-
MCNP will be usedfor control calculationsin specialcases. HETC-TWODANT hasbeen
testedin comparisonwith HETC-MCNPfor an iron assemblyandfor a subcriticalcorewith
Th232 � U233 fuel. As a first application,HETC-TWODANT-KARBUS [6] hasbeenusedto



investigatethe capabilitiesfor Pu incinerationin an acceleratordriven subcriticalcore with
Th-Pusolid fuel andNa-coolant.

THE LINKAGE HETC-TWODANT AND VALIDATION FOR AN IRON ASSEMBLY
Theneutronsourcegeneratedby HETC is fed into TWODANT asa full space-energy

distribution,wherethekinetic energy is specifiedby theenergy groupstructureandthespatial
distribution is specifiedby volumeelementsthataredefinedby thefine meshintervalsof the
TWODANT input. The anisotropy is taken into accountapproximately;control calculations
with MCNPwith isotropicandwith anisotropicneutronsourceshowedthatin ourapplications,
the influenceof the anisotropy of the sourcewassmall. In order to separatein a first study
theinfluenceof differentcodesfrom theinfluenceof differentnucleardatawe startedwith an
iron assemblythatwashit by aprotonpencilbeamof 800MeV. Nucleardatafor iron basedon
EFF-1[7] areavailableaslibrary for MCNPandasgroupconstantsfor usein TWODANT. The
relative deviationsbetweencalculationswith HETC-TWODANT andHETC-MCNPfor one
groupcrosssectionsarelessthan20%exceptfor thresholdreactions,for the(n,2n)crosssection
therelative deviation is about70 %. For theneutronflux density

�
Φ � therelative deviation is

about20%. Moreover, by useof differentcrosssectionsetsit wasshown that thedeviations,
causedby theapplicationof differentcodesarecomparableto thedifferencesthatarecaused
by theuseof differentnucleardata.

VALIDATION OF HETC-TWODANT FOR AN ACCELERATOR DRIVEN SUBCRITI-
CAL CORE

Thesecomparisonsare basedon a water moderatedcylindrical core (radius=64cm,
height=132cm)with T h232 � U233-fuel. Theenergy of theprotonbeamwas1.5GeV. Thecal-
culationshave beencarriedout for the voidedstatein orderto minimize in the comparisons
possibledifficulties in MCNP-3A in thestatisticalresonanceregion. Thenucleardatafor the
MonteCarlocalculationsweretakenfrom existing MCNP-3A libraries,basedon ENDF/B-IV
andENDL. For the calculationswith TWODANT, datafrom a 69 energy groupconstantset,
mainlybasedontheKarlsruhenucleardatalibrary KEDAK-IV havebeenused.Thegroupcon-
stantsfor U233havebeennewly calculatedfrom ENDF/B-VI andthosefor Th232 from JEF-2.2.
Thecomparisonshavebeencarriedout for calculationswith anexternalneutronsourceandfor
criticality calculations.Theresultsfor ke f f , for thecoreaveragedneutronflux densityandfor
themicroscopiconegroupcrosssectionsof T h232 areshown in TableI. Therelativedeviations
of theonegroupcrosssectionsfor Th232 arelessthan17%, exceptfor inelasticscatteringand
for the(n, 2n) -reaction.Thedifferencein the inelasticscatteringgroupcrosssectionmaybe
partly causedby thedifferencein nucleardata(only continuuminelasticscatteringis givenfor
Th232 on theMCNP library used,excitationof discretelevelsandcontinuuminelasticscatter-
ing on the groupconstantslibrary). The relative deviationsfor the (n,2n) reactionarelarger.
Thresholdreactionsareverysensitiveon theweightingspectrausedin thegroupconstantgen-
erationandalsostronglyinfluencedby the upperenergy boundaryof the groupconstantset.
This hasto bekept in mind if theproductionof isotopesvia (n,2n)reactionsis discussede.g.
the generationof U232 via the Th232 � n � 2n � andPa231� n � γ � reactions.TableI alsoshows that



onegroupcrosssectionsobtainedfromcalculationswith externalneutronsourceandthosefrom
criticality calculationsdiffer by 4% or lessexceptfor the(n,2n)-reaction.Theconclusionsare
similar for theotherisotopesof thecore( U233, Zrnat , O16 andH1 ). Thedifferencesin Φ are
about40%correspondingto thedifferencesin 1

1 � ke f f
. (Thevaluesfor Φ shown in thetableare

theneutronflux densitiespersourceneutronresultingfrom theMCNPor TWODANT calcula-
tion without furthernormalization).Theprotoncurrentnecessaryto generate300MWth is 8.84
mA asresultof TWODANT and4.89mA asresultof MCNP, wherethe total fissionrateper
sourceneutronobtainedfrom TWODANT is 4.198andtheoneresultingfrom MCNPis 7.589
andtheaveragenumberof neutronsproducedperprotonis 40.4asaresultof theHETC-stepin
bothcalculationpaths.For thetotalneutronflux densityin the300MWth core1 � 76 � 1015 n

cm2sec
arederived from calculationswith TWODANT and1 � 60 � 1015 n

cm2sec
, from calculationswith

MCNP.

FIRST APPLICATION OF THE PROGRAM CHAIN HETC-TWODANT-KARBUS FOR
THE INVESTIGATION OF PU-INCINERATION IN AN ACCELERATOR DRIVEN SUB-
CRITICAL CORE WITH TH-PU-FUEL

As a first applicationthe programsequenceHETC-TWODANT-KARBUS hasbeen
usedto investigatethecapabilitiesof Pu- incinerationin anacceleratordrivensubcriticalcore
of 3000MW thermalpower with Th232 � Pu - fuel and sodiumcoolant. The radiusof the
corewas110cm, its height220cm, theprimaryenergy of the protonswas1.6 GeV. Burnup
calculationshave beencarriedout for 3 � 365days.Within eachperiodof 365daysfull power
operationhasbeenassumedfor 3 � 110 daysandzeropower for 35 days. The depletionand
buildup of isotopesduring 3 � 365 daysis shown in Figure1 for U233, Pu239 andPa233. The
dottedand dot-dashedlines show the results,when spectraof MCNP calculationsare used
insteadof TWODANT spectra.Thetotalamountof Puincineratedwithin 3 � 365daysis found
to be1940kg correspondingto 600kg/GW(e)a(efficiency assumed:40%). During thesame
time 1470kg of U233 areproducedcorrespondingto 450kg/GW(e)a.Th232 is reducedfrom
19100kg in the freshcoreto 16200kg at the endof the burnuptime discussed.The proton
currentnecessaryto obtain3000MWth power is 21.5 mA, 18.9 mA, 25.4 mA and40.8 mA
for the freshcore,after 365 days,730 daysand1065daysof burnup; the total neutronflux
densityis between5 � 97 1015 and 5 � 46 1015 n

cm2sec
, theresultsfor ke f f for thedifferentburnup

statesare:.9785,.9804,.9737and.9585.Thecorestayssubcritical,whenit is voidedandalso
whenthe temperatureis decreasedto 300K.

� ∆k
k � void is between� 1 � 2 10� 2 and � 1 � 7 10� 2

and
� ∆k

k � 933� 300K is between8 � 3 10� 3 and6 � 1 10� 3.
Figure2 shows the volumeaveragedneutronflux densityspectrafor the freshcoreandafter
1095daysof burnup.ThePu239 resonanceat about0.3eV, thePu240 resonanceat about1 eV
andthe3 keV sodiumresonanceareclearlyrecognized.

CONCLUSION
For neutronphysicsstudiesof accelerator-driven transmutation,a codechainHETC-

TWODANT-KARBUShasbeendeveloped.ThelinkageHETC-TWODANT hasbeentestedin
comparisonto HETC-MCNP. For an iron assembly, the relative deviationsbetweenresultsof
thetwo codesareabout20%for thetotalneutronflux density, andlessthan20%for onegroup



crosssectionsexceptfor thresholdreactions.In a secondcomparison,a subcriticalcorewith
Th232 - U233 - fuel anda hardneutronspectrumhasbeenstudied.Therelative deviationsfor
theonegroupcrosssectionsof theindividual isotopeswerelessthan20%exceptfor threshold
reactions. The largestrelative deviation is found for the inelasticscatteringof U233 (86%).
This largedeviation is probablydueto differencesin thenucleardatabasesof thecrosssection
librariesusedby thetwo codes.For thetotalneutronflux densitypersourceneutron,a relative
deviationof about-40%wasfound,correspondingto adeviationof about-4 % in ke f f (relative
to MCNP).As a first applicationof thenew codechain,the incinerationof Puin a Th232 - Pu
coreof 3000MWth hasbeeninvestigated.In thiscoreabout1.9tonsof Puareincineratedduring
anoperationtimeof 3 years.During thisperiodabout2.8tonsof U233 areproduced:about1.5
tonsarecontainedin theirradiatedfuel andabout1.2 tonsarein-situ fissioned(about0.1 tons
of theU233 aretransmutedinto U234). The Th232 is reducedfrom about19 tonsin the fresh
coreto about16 tonsafter3 years,where0.1tonsof this reductionresultfrom in-situfission.
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[8] JudithF. Briesemeister, Editor: ’MCNP-A generalMonte Carlo Codefor Neutronand PhotonTransport
Version3A’, LA-7396-M, Rev.2 ManualUC-32Issued:September1986

Version4A: LA-12625-MManual,UC 705andUC 700issuedNovember1993



0.0 200.0	 400.0	 600.0	 800.0	 1000.0	 1200.0	
Time[days]


0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

P
ar

tic
le

 N
um

be
r 

D
en

si
tie

s 
[1

0
�

−
24

 c
m

−
3 ]

Isotope Concentrations
Th − Pu − Core�

Pu−239 (TWODANT)
Pu−239 (MCNP)
U−233 (TWODANT)
U−233 (MCNP)
Pa−233 (TWODANT)
Pa−233 (MCNP)

Figure1: Developmentof theisotopicconcentrationsof Pu239, U233, andPa233 duringburnup
of asodiumcooledTh232 - Pucoreof 3000MWth
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Figure 2: Neutronflux densityspectrumfor a sodiumcooledTh232 - Pu core for different
burnupstates(normalizedto ∑G

g � 1Φg � 1, Φg � groupflux in energy groupg)



TableI : Comparisonof ke f f , neutronflux densitiesandmicroscopiconegroup
crosssectionsfor Th232 from calculationswith HETC-TWODANT
andHETC-MCNPfor asubcriticalTh232 - U233 core

TWODANT 69 groups MCNP-4a MCNP-3a T � M
M % 1�

S16P2

ke f f external ke f f external external
source source source

ke f f / M2� 0.90345 0.91422 0.918343� 0.95033 -3.8
M=7.4853 M=12.442 -39.8

1
1 � ke f f

10.358 11.657 12.246 20.134 -42.1

Φ � n
cm2 � sec � 6.7113E-5 7.8754E-4 6.3555E-5 1.2924E-3 -39.1

microscopiconegroupcrosssectionsfor T h232 � barn �
σtot 9.2046 9.2115 1.0539E+1 1.0539E+1 -12.6
σel 7.7339 7.7418 9.2476 9.2178 -16.0

σ f iss 1.5341E-2 1.5784E-2 1.5901E-2 1.6442E-2 -4.0
σ � n � γ � 2.4010E-1 2.4043E-1 2.8799E-1 2.8867E-1 -16.7
σinel 1.21254� 1.20974� 9.8499E-15� 9.7975E-15� 23.5

σ � n � 2n � 2.7219E-3 3.8139E-3 2.5232E-3 5.4800E-3 -30.4

ν 2.3369 2.3605 2.0669 2.1039 12.2�
neutrons � f ission �

1� T=TWODANT M=MCNP
2� thevaluesof ke f f for thecalculationswith externalneutronsourcehavebeenobtainedby the

following formula,givenin [8]

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

ν
, whereM � R

�
νσ f iss � � R

�
σ f iss �#" R

�
σn � xn �#" 1

R : reactionrate,R � 0� : reactionratefrom criticality calculation
3� theestimatedrelativeerrorsin theMCNPcalculationsarebetween0.002and0.03,

which,accordingto [8], meansreliableresults
4� excitationof discretestatesof theresidualnucleusandof thecontinuum
5� continuuminelasticonly


