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Abstract. For neutronphysicsinvestigationf the transmutatiorof nuclearwasteby acceler
ator driven systemsa linkage of the intermediateenegy Monte Carlo transportcodeHETC, the
deterministidransporiprogramTWODANT, andthe KarlsruheburnupsystemKARBUS hasbeen
developed.The programchainHETC-TWODANT hasbeenvalidatedagainsHETC-MCNPfor an
iron assemblyandfor a subcriticalcorewith Th?32— U233 fuel. Satishctoryagreements found
for onegroupcrosssectionstotal neutronflux densitiesandneutronflux densityspectraAs afirst
application HETC-TWODANT-KARBUS hasbeenappliedto investigatehe capabilitiesof pluto-
niumincinerationin a sodiumcooledacceleratodrivensubcriticalcorewith Th?3?— Pu - fuel and
3000MW of thermalpower.

INTRODUCTION

The neutronphysicsinvestigationsof AcceleratorDriven SystemgADS) have been
startedat Forschungszentrurdarlsruhe(FZK) in autumn1991. This work is partof a more
generahctuity thatstudiesthe capabilitiesof transmutatiorof nuclearwasteandtransuranics,
especiallythe capabilitiesof theincinerationof Puin PressurizedVaterReactor{PWR), Fast
BreedemReactorgFBR),andin AcceleratoDrivenSystemd1].
The first stepfor establishinga programsystemfor the neutronphysicscalculationsvasthe
implementatiorof the modulesHETC andMORSE of the HERMESsystem[2], developedat
Forschungszentrudiilich. The programsequenc&ETC-MCNP-KORIGEN (PROSDOR)[3]
hasbeendevelopedat FZK. With HETC-MORSEandHETC-MCNP-KORIGEN we patrtici-
patedin aninternationalBenchmarkon the calculationof thick leadandtungstentargets[4].
The systemPROSDORhasalsobeenappliedfor the calculationof transmutatiorof actinides
andfissionproductq3].
Recentlya linkage betweenHETC, the deterministictransportprogramTWODANT [5] and
the Karlsruheburnup systemKARBUS [6] hasbeenestablishedis an alternatve that needs
lesscomputertime andthereforeis a goodtool for routine and surwy calculations. HETC-
MCNP will be usedfor control calculationsin specialcases. HETC-TWODANT hasbeen
testedin comparisorwith HETC-MCNPfor aniron assemblyandfor a subcriticalcorewith
Th232_ U233 fuel. As a first application,HETC-TWODANT-KARBUS [6] hasbeenusedto



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

THE LINKAGE HETC-TWODANT AND VALIDATION FOR AN IRON ASSEMBLY

Theneutronsourcegeneratedy HETC is fed into TWODANT asa full space-engy
distribution, wherethekinetic enegy is specifiedby the enegy groupstructureandthe spatial
distribution is specifiedby volume elementghat are definedby the fine meshintervals of the
TWODANT input. The anisotropy is taken into accountapproximately;control calculations
with MCNP with isotropicandwith anisotropicneutronsourceshovedthatin ourapplications,
the influenceof the anisotroy of the sourcewassmall. In orderto separaten a first study
theinfluenceof differentcodesfrom theinfluenceof differentnucleardatawe startedwith an
iron assemblythatwashit by a protonpencilbeamof 800 MeV. Nucleardatafor iron basecbn
EFF-1[7] areavailableaslibrary for MCNP andasgroupconstant$or usein TWODANT. The
relative deviations betweencalculationswith HETC-TWODANT and HETC-MCNP for one
groupcrosssectionsarelessthan20%exceptfor thresholdeactionsfor the(n,2n)crosssection
the relative deviation is about70 %. For the neutronflux density(®) therelative deviation is
about20%. Moreover, by useof differentcrosssectionsetsit wasshown thatthe deviations,
causedoy the applicationof differentcodesare comparabldo the differenceghatare caused
by theuseof differentnucleardata.

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

Thesecomparisonsare basedon a water moderatedcylindrical core (radius=64cm,
height=132cmvith Th?32— U233-fuel. The enepy of the protonbeamwas1.5 GeV. Thecal-
culationshave beencarriedout for the voided statein orderto minimize in the comparisons
possibledifficultiesin MCNP-3A in the statisticalresonanceegion. The nucleardatafor the
Monte Carlo calculationsveretakenfrom existing MCNP-3A libraries,basedon ENDF/B-IV
and ENDL. For the calculationswvith TWODANT, datafrom a 69 enegy group constantset,
mainly basedntheKarlsruhenucleardatalibrary KEDAK-IV have beenused.Thegroupcon-
stantsfor U233 have beemewly calculatedrom ENDF/B-VI andthosefor Th232from JEF-2.2.
Thecomparisonsiave beencarriedoutfor calculationsvith anexternalneutronsourceandfor
criticality calculations.Theresultsfor kef ¢, for the coreaveragedheutronflux densityandfor
themicroscopiconegroupcrosssectionsof Th?32 areshovn in Tablel. Therelative deviations
of theonegroupcrosssectiondor Th?3? arelessthan17 %, exceptfor inelasticscatteringand
for the (n, 2n) -reaction. The differencein the inelasticscatteringgroupcrosssectionmay be
partly causedvy thedifferencen nucleardata(only continuuminelasticscatterings givenfor
Th232 onthe MCNP library used excitation of discretelevels andcontinuuminelasticscatter
ing on the group constantdibrary). Therelative deviationsfor the (n,2n) reactionarelarger.
Thresholdreactionsarevery sensitve on theweightingspectrausedin thegroupconstangen-
erationandalsostrongly influencedby the upperenegy boundaryof the group constantset.
This hasto be keptin mind if the productionof isotopesvia (n,2n)reactionds discussect.g.
the generatiorof U232 via the Th?32(n,2n) andPa?3}(n,y) reactions.Table| alsoshaws that



onegroupcrosssection®obtainedrom calculationsvith externalneutronsourceandthosefrom
criticality calculationdiffer by 4% or lessexceptfor the (n,2n)-reaction.The conclusionsare
similar for the otherisotopesof the core( U232 Zrpg, O andH! ). Thedifferencesn @ are
about40% correspondingdo the differencesn 1_—§eff (Thevaluesfor ® shavn in thetableare
theneutronflux densitiegpersourceneutronresultingfrom the MCNP or TWODANT calcula-
tion without furthernormalization).The protoncurrentnecessaryo generat800MW, is 8.84
mA asresultof TWODANT and4.89mA asresultof MCNP, wherethe total fissionrate per
sourceneutronobtainedirom TWODANT is 4.198andthe oneresultingfrom MCNP is 7.589
andtheaveragenumberof neutrongroducederprotonis 40.4asaresultof theHETC-stepn

bothcalculationpaths.For thetotal neutronflux densityin the 300MW, core1.76- 10 Cmgsec

arederived from calculationswith TWODANT and1.60- 10'° Cmng, from calculationswith
MCNP

FIRST APPLICATION OF THE PROGRAM CHAINHETC-TWODANT-KARBUSFOR
THE INVESTIGATION OF PU-INCINERATION IN AN ACCELERATOR DRIVEN SUB-
CRITICAL CORE WITH TH-PU-FUEL

As a first applicationthe programsequencéHETC-TWODANT-KARBUS hasbeen
usedto investigatehe capabilitiesof Pu- incinerationin anacceleratodrivensubcriticalcore
of 3000MW thermalpower with Th?32— Pu - fuel and sodiumcoolant. The radiusof the
corewas110cm, its height220 cm, the primary enegy of the protonswas 1.6 GeV. Burnup
calculationshave beencarriedout for 3- 365 days. Within eachperiodof 365 daysfull power
operationhasbeenassumedor 3-110 daysand zeropower for 35 days. The depletionand
buildup of isotopesduring 3- 365 daysis shavn in Figure1 for U233, Pu23° andPa?33, The
dotted and dot-dashedines shav the results,when spectraof MCNP calculationsare used
insteadof TWODANT spectraThetotalamountof Puincineratedwithin 3-365daysis found
to be 1940kg correspondingo 600 kg/GW(e)a(efficiency assumed40%). During the same
time 1470kg of U233 are producedcorrespondingo 450kg/GW(e)a. Th232 is reducedfrom
19100kg in the freshcoreto 16200kg at the end of the burnuptime discussed.The proton
currentnecessaryo obtain 3000 MWy, poweris 21.5mA, 18.9mA, 25.4mA and40.8 mA
for the fresh core, after 365 days, 730 daysand 1065 daysof burnup; the total neutronflux
densityis betweerb.97 10'°and 5.46 10" 7, theresultsfor ket ¢ for thedifferentournup
statesare:.9785,.9804,.9737and.9585. The corestayssubcritical whenit is voidedandalso
whenthe temperaturas decreasedo 300K. (%‘)Void is between—1.2 102 and—1.7 1072
and(4%)e33300¢ is betweerB.3 10~ and6.1 1073,
Figure 2 shaws the volume averagedneutronflux densityspectrafor the freshcoreandafter
1095daysof burnup. The Pu?3? resonancat about0.3 eV, the Pu?4° resonanceat aboutl eV
andthe 3 keV sodiumresonanceareclearlyrecognized.

CONCLUSION

For neutronphysicsstudiesof acceleratodriven transmutationa codechainHETC-
TWODANT-KARBUS hasbeendeveloped.ThelinkageHETC-TWODANT hasbeentestedn
comparisorto HETC-MCNR For aniron assemblythe relative deviationsbetweerresultsof
thetwo codesareabout20%for thetotal neutronflux density andlessthan20%for onegroup



crosssectionsexceptfor thresholdreactions.In a secondcomparisona subcriticalcore with

Th232 - U233 fuel anda hardneutronspectrumhasbeenstudied. The relative deviationsfor
theonegroupcrosssectionf theindividualisotopesverelessthan20% exceptfor threshold
reactions. The largestrelative deviation is found for the inelasticscatteringof U233 (86%).
Thislargedeviationis probablydueto differencesn the nucleardatabasef the crosssection
librariesusedby thetwo codes.For thetotal neutronflux densitypersourceneutronarelatve
deviation of about-40%wasfound,correspondingo a deviation of about-4 % in kes s (relative

to MCNP). As a first applicationof the nev codechain,the incinerationof Puin a Th?3? - Pu
coreof 3000MW, hasbeeninvestigatedIn this coreaboutl.9tonsof Puareincineratedduring
anoperatiortime of 3 years.During this periodabout2.8tonsof U233 areproducedaboutl.5
tonsarecontainedn theirradiatedfuel andaboutl.2 tonsarein-situ fissioned(about0.1 tons
of the U232 aretransmutednto U23%. The Th232is reducedrom about19 tonsin the fresh
coreto aboutl6 tonsafter3 yearswhere0.1tonsof thisreductionresultfrom in-situ fission.
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Figurel: Developmenbf theisotopicconcentrationsf Pu?3®, U233 andPa?33 duringburnup
of asodiumcooledTh?32- Pucoreof 3000MW,
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Figure 2: Neutronflux densityspectrumfor a sodiumcooled Th?32 - Pu core for different
burnupstategnormalizedto Zgzl ®y = 1, Oy = groupflux in enegy groupg)



Tablel : Comparisorof ket ¢, neutronflux densitiesandmicroscopiconegroup
crosssectiongor Th232 from calculationsvith HETC-TWODANT
andHETC-MCNPfor a subcriticalTh232- U233 core

TWODANT 69 groups | MCNP-4a | MCNP-3a | 15"
Si6P2
Kef external Kef £ external external
source source source
keif /M2 | 0.90345 | 0.91422 | 0.91834% 0.95033 -3.8
M=7.4853 M=12.442 | -39.8
T 10.358 11.657 12.246 20.134 421
®[_J_] | 6.7113E-5 7.8754E-4| 6.3555E-5 | 1.2924E-3| -39.1
microscopiconegroupcrosssectiondor Th?3?barn]
Otot 9.2046 9.2115 | 1.0539E+1]| 1.0539E+1| -12.6
Od 7.7339 7.7418 9.2476 9.2178 -16.0
Ofiss | 1.5341E-2| 1.5784E-2| 1.5901E-2 | 1.6442E-2 | -4.0
Ony | 2.4010E-1 2.4043E-1| 2.8799E-1| 2.8867E-1| -16.7
Oind 1.21259 | 1.2097% | 9.8499E-P | 9.7975E-1°) | 235
Onany | 2.7219E-3) 3.8139E-3| 2.5232E-3 | 5.4800E-3| -30.4
v 2.3369 2.3605 2.0669 2.1039 12.2
[neutrons/ fission]

1) T=TWODANT M=MCNP
2) thevaluesof kef s for thecalculationswith externalneutronsourcehave beenobtainedby the

following formula,givenin [8]

M—RO) (G xn)—
Keff = —M(_Z’X")
\Y

R : reactionrate,R(Q: reactionratefrom criticality calculation
3) theestimatedelative errorsin the MCNP calculationsarebetweerD.002and0.03,
which,accordingo [8], meangeliableresults

L whereM = R(VOtiss) — R(Gfiss) + R(Gnxn) + 1

4) excitationof discretestatesof theresidualnucleusandof the continuum

5) continuuminelasticonly




