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A new improved covariarce analysisof neutron-indeedfissionreactionson?3® Puhasbeenconduded for neutron
incidentenepies between0.1 and 20 MeV. Plutonium-239is a very importantisotopein the US nuclearspentfuel
stockpile,whereit is consiceredas a wasteand eventudly a proliferation problem. Recentlyavailable experimental
datasets both absoluteandin ratio to the standard®®U, have beenincludedin this new study A Bayesiarinference
approachhasbeenusedto infer crosssectionsand associatedincertaintiesand correlations. The evaluatederrors
aresignificantly reducedcomparedo the previous ENDF evaluation. The importanceof the choiceof the?*5U (n,f)
standards revealedthrougha comparisorwith the mostrecentJapameseevaluation. Finally, we introducenew ideas
andtechniqueshatwill be usedin our forthcomingcrosssectionsevaluationsfor other actinidesof importancefor

ADS.
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I. Introduction

Recentprogessin particle accelertor techndogy have
opered new exciting windowns on basicresearchas well as
civil applicatiors in nuclearscienceand techndogy. New
proposalsfor acceleratedriven systemgADS) desigrs have
emeped, bringing thehope for asaferandcleanemuclearen-
ergy.) While the Earthfacesan extremedange becase of
industrializel humanactiities andof a fastgrowing manknd
population,theenepgy extractedfrom theatomicnudeusmay
very well play a key role in the forthcaning worldwide en-
ergy policies. Indeed,theseADS offer the opportunity to fi-
nally getrid of thehighly impopular prodem of radiotoxc nu-
clearwastes Accuratepredctions of the overall behaiour of
theseADS aredepadentuponcrosssectiondatalibrariesfor
neutra and protan inducedreactionsup to several hurdreds
of MeV of incident enegy beam Suchdatalibraries arebe-
ing developed(seefor instanceRef.?)) usingtheordical mocel
calculatiors (HausetFeshlachstatisticaltheory+ preeailib-
rium anddirect processes)pr/andexpeimental dataevalua-
tions. This secondoption is to be prefared whentheoetical
modads fail to repioduceavailabledataat leastwith the same
accuray asobtairedexpeaimentally Neutroninducel fission
reactionis a typical exampe: greatdifficulties are encoun-
teredin thetheoeticalmodeling of thefissionbarriers which
determire the nuclearfissionrates.

1. Dataevaluation and Bayesian inference scheme

Dataevaluationaimsatfindingthebestestimateof aphysi-
cal quartity or to establistwhich theorydescribes particular
pheromena better through a statisticalanalysisof a setof
expearimentaldata. Finding its rootsin condtional probabili-
ties theow, the Bayesianinferenceschemé allows usto in-
creaseour knowvledgeby incorporatingnew evidenceto some
prior information. In mathenaticaltermindogy, the Bayes’
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theoremsimply states

P(D|H,C)P(H|C) W
P(D[C)

whichrepresentsur beliefin a given hypothesisH, afterac-
quiring new knowledgeD, uncer somecircumstasesC. The
left-handterm P(#|D, C) is called the posterior, and rep-
resentsour new belief in the hypothesisH after gainirg the
nev knowledgeD. Theterm P(#|C) is the prior probail-
ity of H givenC alone. Finally, theterm P(D|#, C) is the
likelihood fundion which givesthe probability of observim
D if the hypothesisH andthe circumstance wereactually
true. Thedenaoninator P(D|C) is independem of { andcan
be regarded as a normalizing constah Applying this theo-
rem iteratively eachtime we gainaccesgso new information
simulateghelearningprocessona givensubject.

As alread statedneutra-inducedfissioncrosssectionon
heary nuclei are quite challengimg to estimatetheoretically
andoneis forcedto rely mainly on expeiimentaldata,where
available,for their accurateestimatesAs always,experimen-
tal dataare affectedby uncertaities, traditiorally classified
assystemati@ndstatistical. Combiring our knowledgefrom
variows expaimentalsetupsallows usto significantlyreduce
theseuncetainties. A generalizedeast-squareftting pro-
cedure,using a Bayesianappoach,asthe one descrited by
Kawanoetal.,” canbeusedto deternine thefuncion param-
etersusedo fit thedata,iteratively. A covaiancematrixhelps
keepingtrackof theinter andintra-carelatiorsin thevariows
experimentaldatasets.

Such a schemehas beenimplemetted in the numerical
codeGLUCS, “a Generalizedeast-squas proglam for up-
datingcross-sectiomvaluaticnswith correlatedlatasets”,de-
velopal by HetrickandFu.® We usedthe GLUCScodkin the
presentvork.

P(H|D,C) =

1. New Pu-239 (n,f) evaluation

We have starteda seriesof dataevaluationsfor isotopesof
importarcein ADS. As a first step,we have chosento study
the neutra-inducedfissionreactionon 23°Pu, becausef the



importanceof this nuclidein the US nuclearspentfuel stock-
pile.

The setof expelimental datawe usedherediffers in sev-
eral respectdrom the oneusedin the last ENDF/B-VI eval-
uation. First, not all datasetsusedpreviously wereincluded.
Indesd, somerelatively olde expeimentsexhibits large un-
certaintiesn the obsened crosssections.Suchdataarecer
tainly worth consideriig carefdly whenthe whole datasetis
scarce;however, in the presentsituation,the relatively large
amount of dataallows usto safelyneglecttheleastpreciseex-
perimeits. On the otherhand,severalnew expeiimentshave
beenincludedin our new study Thesedatacomefrom either
recentexperimentsperfamedlaterthan199Q dateof the pre-
vious GLUCS analysisor datawhich werenot presehin the
EXFOR databas® by the time thelast ENDF evaluationwas
perfamed;this especiallyconcensdatafrom Russia.

Our new 23?Pu (n,f) crosssectionevaludion is plottedin
Fig. 1 for incidert neuron enegiesbetweerD.1and20 MeV,
alongwith the current ENDF/B-VI evaluatio. At first sight,
two basicconclwsionscanbeinferredfrom this figure: (1) be-
low 14 MeV, thetwo evaluatiors arein very closeagreemet)
(2) large discrepanies(upto ~ 4%) appearabove thisenepy.
Suchlarge differencesvill beexplainedbelow asarevisionof
thestandard33U (n,f) above 14 MeV.
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Fig. 1 New 2*°Pu(n,f) evaluationfor incidentneutronsenegiesbe-
tween0.1 and 20 MeV. This new evaluationis comparedo
the currentENDFB-VI evaluation.

Figure 2 depictsthe standardleviations resultingfrom the
current evaluationascompaedto the previousone. A signif-
icantredudion in theevaluatel uncetaintiesis noted

Theevaluation of the crosssectiongatio 23°Pu(n,f) / 235U
(n,f)is plottedin Fig. 3, alongwith thetwo mostrecentexper
imentaldatasetsfrom P. Staplesetal.” andO. Shchebalkov et
al® Thesetwo recentexpeiments fairly consistentvith one
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Fig. 2 Standarddeviationsassociateavith the presentandtheprevi-
ousevaluatiors plottedin Fig. 1.

anotherhelpedreducesignificantlythefinal evaluaed uncer
taintiesontheplutorium crosssectionsin thesecalculations,
we have usedthe ENDF/B-VI evaluation for thestandard®>U
(n,f) standarccrosssection,revisedabore 14 MeV, basedon
P. Lisowski data?)

2%y (n,f) 72U (n,f)

Cross section (b)

1.2 Evaluation 1 *

f P.Staples datd 1998 9 ‘

1.1 @ Q:Sheherbokoy-data

0.80.91 2 3 4 5 6 7 8910 20
Neutron energy (MeV)

Fig. 3 Evaluationof the ratio crosssection**°Pu (n,f) / 233U (n,f),
alongwith the two mostrecentexperimerial datasetsfrom
P. Staplesetal.” andO. Shcherbakv etal®

Finally, it is very instructive to compae our new Pueval-



uation with the one recenly obtainedby Kawano et al.?)

Figure 4 compaesthe presentthe previous ENDF andthe

JENDL-33 evaluations. Significant discre@nciesare ob-

senedin places,in particula in the 1-2 MeV enepy region.

In orderto investigatetheinfluerce of the standad 225U (n,f)

crosssectionon our result,we choseto transfam our ratio

evaluaion by usingthe JENDL-3.2standad for neution in-

cident enegies betweenl and 5 MeV. The resulting 23?Pu
(n,f) crosssectionis depcted by triangle symbds in Fig. 4.

As onecanseeeasily a large fraction of the differencebe-

tweenthe JENDL and ENDF 239Pu (n,f) evaluatians simply
comesfrom differercesin the 223U (nf) standad crosssec-
tion. Becauseof the impartanceof this crosssectionin both

evaluaion libraries, resolvirg suchlargediscre@nciesappear
to beof high priority for future evaluatians*.
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Fig. 4 Comparisonof several existing evaluatiors of 2*°Pu (n,f)
crosssection.

IV. Modern data evaluation techniques

As artificial intelligencé® and quarium information the-
ory!V) aregairing increaedimportarce in modernsciencea
well sounad logical theory of the natual learningprocess
becones of wide andfundamentalinterest. Among the few
theoriescompding, the Bayesianappioachtendsto getmore
andmoreenthsiastscertainlybecausef its roatsin thewell
establishegbrobailities theoryandof its “natural” (human?)
interpretation. Accordng to us, the contioversy, and some-
times polenic, which typically focuseson the “subjectvity”
of this appioachdoesnotseemto be of ary constrainin prac-
tical andwell-posedproblems.

*It shouldbe noted that, despitethesesignificant discrepances, no integral
experimentpermits sofar to unambguouslychoosebetwesnthe two eval-
uations.

Comingbackto the prodemraisedabove, i.e.,thediscrep-
anciesobseved betweerthe JENDL andENDF/B 235U (n,f)
evaluatiors, it is not very difficult to prove that they origi-
natefrom various inconsistentatasets,with oneevaluaion
heavily focusing on oneof them,while the otherfocuseson
its incorsistentcownterpart. Inconsistentdatasetsarise be-
causeof unrecgnisedor ill-correctedexperimentaluncertan-
ties. While it is hardto evenimagire gettingrid of incorsis-
tent data,somemoden mathematicatools could be usedto
helpensurehatour physicalintuition is indee right.

One of the issuesthat an evaluatorhasto dealwith con-
cernsthetreatmenbf outliers,i.e., expetimentalpoints which
stronglydepartfrom the bulk of otherdatapoirts, andwhich
certainlyarisebecase of suchunrecgnisederrorsor uncer
tainties.In the Bayesiarframework, we canreduceheeffects
of suchoutliersby usingalong-ailedfamily of distributions,
which allows for the possibility of extremeobsenations. The
family of ¢-distributions is one exanple of suchlong-+ailed
distributions. It is interestingto notethat the useof variows
distributionsin orderto testthe “robustness’of the Bayesian
posterioris partof whatis calledsensitivity analysis, in statis-
tical jargon® .

In orderto testthe final evaluation onecanalsogo much
beyond theubiguitousy 2 test,whichalsoassumesormaldis-
tributionsimplicitly. In the Bayesianapprach,the posteior
distribution hasobviously a predictive powerthatcanbeused
to predct the outcone of new (or alreadyexisting, but notin-
cludedin the analysis)data. This canbe easilyperfamedby
Monte-Carlosimulations. Confranting the newly geneated
setof datawith existing experimentaldatasetscanbe useful
to detectanonaliesin the evaluation.

In the nearfuture, we planto include all thesemoden sta-
tistical technigqiesinto a computer codeaimedat evaluding
nuclearreactioncrosssectionsfor all the isotope important
for ADS.

V. Conclusion

UsingaBayesiarapprach,we have perfaomedanew eval-
uation of the neuron-inducedfission reactionon 23°Pu, for
incidentneutra enegiesbetweerD.1and20 MeV. Thecross
sectionsobtaired arequite similar to theonesfrom ENDF/B-
VI belon 14 MeV, but then depat significantly from them
above this enegy (up to 4% in places). This discrepany is
dueto the recentrevision of the 233U (n,f) evaluatian, based
on datafrom P. Lisowski etal.?) Thanls to recentdatafrom
Stapleset al.,”) and Shcherlkov et al..®) the final uncertén-
tiesof theevaludion aresignificantlyreducel from the previ-
ousanalysis. Interestindy, the compaison of our work with
therecentevaluaion by Kawanoetal.®) revealsimpaortantdis-
crepantesin the 235U (n,f) evaluationbetweeri and5 MeV.
Since?3®U is consictredasa standad in bothevaluations, re-
solving this discrepacy is of high priority. Finally, we plan
to implemern moden statisticaltechnigesandusethemfor
evaluatingnuclearreactioncrosssectionsof importancefor
ADS.



Acknowledgment

The authas acknavledge stimulatingdiscussionswvith T.
Kawano,A. Carlson,andR.E.MacFRidane. They alsothank
O. Shcherbkov for providing his recert expeiimentalresults.

References

1) “Acceleratortransmutationof waste”, Specialissue of Prog.
Nucl. Enegy, 38, #1-2(2001).

2) M.B. Chadwick, PG. Young, S. Chiba, S.C. Frankle, G.M.
Hale, H.G. Hughes,A.J. Koning, R.C. Little, R.E. MacFar-
lane,R.E. PraelandL.S. Waters,“Cross-sectiorevaluationsto
150 MeV for acceleratodriven systemsand implementations
in MCNPX”, Nucl. . Eng., 131, 293(1999).

3) A. Gelman,J.B.Carlin,H.S. SternandD.B. Rubin, “Bayesian
DataAnalysis”, Texts in StatisticalScience Chapman& Hall,
Ed. (1996).

4) T.Kawano,H. Matsundu, T. Murata,A. Zukeran,Y. Nakajima,
M. Kawai, O. lwamoto,K. Shibata,T. Nakagava, T. Ohsava,
M. BabaandT. Yoshida,“Simultaneousevaluationof fission
crosssectionsof uraniumand plutoniumisotopesfor JENDL-
3.3", J. Nucl. ci. Technal., 37, 327 (2000).

5) D.M. Hetrick and C.Y. Fu, “A generalizedeast-squaregro-
gramfor updatingcrosssectionevaluationswith correlateddata
sets”, Oak Ridge National Laboratory/ TM-7341, ENDF-303
(1980).

6) The EXFORdatabaséexperimenal nucleardata)canbefound
athttp://wwwnndc.bnl.ge/nndc/exfor.

7) P. StaplesandK. Morley, Nucl. ci. Eng., 129, 149(1998).

8) O. Shcherbaév et al., ISTC 609-97 (2001), and private com-
munication.

9) PG.YoungandM.B. Chadwick,1998 (unpublishejl

10) R.S.Suttonand A.G. Barto, “Reinforcememn Learning”, MIT
Presg1998).

11) R.SchackT.A. Brun,andC.M. Caves,“Quantum Bayesrule”,
quant-pti008113(2000.



