
暋暋ArticleID:1007-4627(2009)04-0360-07
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ZHENGNa1,CHENZhong灢jing1,SUNJi灢ning1,LIUTing灢jin2,

CHENJin灢xiang1,FANTie灢shuan1,#

(1StateKeyLaboratoryofNuclearPhysicsandNuclearTechnologyand

SchoolofPhysics,PekingUniversity,Beijing100871,China;

2ChinaNuclearDataCenter,Beijing102413,China)

Abstract:Forreliableandconsistentnuclearcalculation,thecumulativeyieldsforshort灢livedfis灢
sionproductsareevaluatedbasedontheavailableexperimentaldatafor238Ufissioninducedbyfis灢
sionspectrumneutronsand~14MeVneutrons.ThedataareprocessedusingcodesAVERAGE
forweighedaverageandZOOTforsimultaneousevaluation.Theevaluateddataarecomparedwith
thoseinthemajorinternationalnucleardatalibraries,includingENDF/B灢VII,JEF灢2.2,JENDL灢
3.2andCENDL灢2.ThepresentevaluationwillbeusedtoimproveandupdatetheCENDL灢2li灢
brary.
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1暋Introduction
Forreliableandconsistentnuclearcalculations

intheadvancednuclearreactorsandothernuclear
engineeringdesigns,itisdesirabletohaveanaccu灢
ratesetofnucleardata.Thecumulativefission
yielddataofshortlifeproductsfrom238U(n,f)are
ofspecialimportanceinsomecases,suchasdecay
heatestimationinthenuclearindustry,burn灢up
creditstudyetc.[1],butthosedatahavebeenpaid
lessattentioneitheronmeasurementsoronevalua灢
tion,especiallyintheChinaEvaluation Nuclear
Data Library(CENDL)the cumulativefission
yieldsofshortlifeproductshavenotbeenupdated
since1990s.Recently,themeasurentprecisionof

thefissionyieldsareimprovedgreatly[2—5],sothat
itisnecessarytore灢evaluateandimprovethefis灢
sionyieldsforsomeimportantactinidenucleilike
235U,238Uand239Pu[6].

In this paper,the codes AVERAGE and
ZOOTareusedtoevaluatethecumulativeyields
forsomeshort灢livedfissionproductsfromthe238U
fissioninducedbythefissionspectrum neutrons
and~14 MeVneutrons.Theevaluationmethods
arepresentedin Sec.2.Thefollowing section
showstherecommendedcumulativefissionyields
of44products,including72Ga,76As,83Se,84Br,
87,88Kr,88Rb,89Rb,91,92,93Sr,93,94,95Y,97Zr,
101Mo, 104Tc, 106Ru, 112,115Ag, 117Cd, 116mIn,
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127mSn,129,130,131Sb,131,133Tf,132-135I,136,138,139Cs,
141Ba,140,142,143La,144Ce,142,146Pr,151Nd,156,158Eu
andthecomparisonswiththoseinotherevaluated
libraries[7],suchasENDF/B灢VII[5],JEF灢2.2[8],

JENDL灢3.2[9]andCENDL灢2[7].Conclusionsofthe
presentworkaresummarizedinSec.4.

2暋EvaluationMethods

2.1暋Experimentaldatacollectionandselection

Theexperimentaldatausedforthisevaluation
areretrivedfromtheIAEAnucleardataservices,

thenewversionoftheexperimentalnucleardata灢
baseEXFOR[10]andtheneutronreactionbibliogra灢
phyCINDA[11].Theexperimentaldataareevalua灢
tedbythefission yield dataevaluationsystem
FYDES[12].Theexperimentaldataareobtainedby
differentmethods,includingradiochemicalmeth灢
ods,classical mass spectrometry,direct 毭灢ray
spectroscopy,andmeasurementsofunstoppedfis灢
sion fragments,and are classified as absolute
yields,relativeyieldsandR灢values.TheEXFOR
bibliographicinformationsectionandpaperscon灢
cernedarestudiedcarefullyandanalyzedinthis
work.Theoriginalyielddataaredecidedtobe
takenorabandonedaccordingto boththecon灢
cernedmeasurementmethodsandthedatadevia灢
tionwithothermeasurementresults.Eachexperi灢
mental method has its own advantages and
faults[13],whichhavebeentakenintoaccountfor
theevaluationofdata.

2.2暋Experimentaldatacorrection

Thestandard,gammaintensityandfission
crosssectionusedinthisevaluationarepresented
asfollows.
2.2.1暋Standards

Theoriginaldatafromrelativemeasurements
arecorrectedbyusingmodernreferencevalues[2].
Itissimplethat

Y=Y0
1
N暺

N

i=1

Ysi

Ys0i
,N=1,2,3,... (1)

whereY0istheoriginalexperimentfissionyield,Y
istheyieldtobeevaluated(thesamedefinitionin
thefollowing),Ysisthenewstandard,Ys0isthe
standardoriginallyused,andNisthenumberof
thestandardsusedinexperimentalmeasurement.

Generallyspeaking,thereisonlyonemonitor
nuclideusedinexperiment,forexample,D.C.
Harrisetal.used 140Baintheirexperiment[14],

whileinsomecasesseveralnuclideareusedasmo灢
nitors,forexample 88Kr,88Rb,138Xeand 138Cs
wereemployedinN.E.Ballou暞sexperiment[15].
2.2.2暋Gammaintensity

Ifthegammaintensityusedisgivenbytheex灢
perimentalistsfortheyieldsobtainedfromradio灢
chemicalmethodor毭灢rayspectroscopy,thefission
yieldsarecorrectedbyrecentstandards[3,4]which
isrecommendbyIAEAnucleardataservices.The
evaluatedyieldisgivenby

Y=Y0
1
M暺

M

i=1

I0i

Ii
,M=1,2,3,... (2)

whereIisthenewgammaintensity,I0istheorig灢
inallyusedoneandMisthenumberofthegamma
linesusedinexperimentalmeasurement.

Formostfissionproducts,one毭灢rayisdetec灢
tedtodeterminethecumulativeyield,whilefor
someproducts,severalgammaraysareemployed.
Forexample,intheexperiment[16]ofS.Nagy,one
毭灢raywasemployedtomeasuretheyieldsof87Kr,
88Krand92Sr,whilethreerayswithdifferentener灢
gieswereemployedtomeasuretheyieldsof91Sr,

andsixrayswereemployedinthecaseof135I.
2.2.3暋Crosssection

In somefission yield measurements,cross
sectionsareemployedtobemonitor,forexample
thecrosssectionof65Cu(n,2n)wasusedinGe灢
vaert暞sexperiment[17].Thus,theoriginalyields
Y0arecorrectedbyusingtheformula

Y=Y0
氁0

氁
, (3)

where氁isthenewevaluatedfissioncrosssection
and氁0istheoriginallyusedone.Thenewvaluesof
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fission cross section aretaken from ENDF/B灢
VII[5].
2.2.4暋Cumulateyieldandchainyield

Forsomefissionproducts,suchas83Se,141Ba
and151Nd,therearenotenoughexperimentaldata
ofcumulativeyieldYCUM.Therelevantchainyields
YCHN canbeusedtothepresentevaluationafter
correctedbythefactor毩,whichisdefinedtode灢
scribethedifferencebetweenYCUMandYCHN.

毩=YCUM

YCHN
暳100% . (4)

Thefactor毩iscalculated withYCUM andYCHN

servedbyJAERI灢M[18].

2.3暋Errorprocessing

TheerrorsgivenintheEXFORlibraryare
differentand complicated,butthe totalerror
shouldbekeptatsamelevelforthesamemethod.
Generally,thereareerrorregionsfordifferent
methods,detectorsandperiods.Theerrorsarelis灢
tedinTable1[2].

Table1暋Therelativeerrors(%)ofmeasuredfissionyielddatawithdifferent

methods,detectorsandperiods

Methods
Fissionyields

Before1965 After1965
R灢value

Radiochemical GeLi 7—15 4—8 3—4

NaI 8—16 6—9 3—5

Geiger 15—25 5—6

毭灢spectrometry 6—10 3—6 2—3

Massspectrometry 2—3 1—2 1—2

暋暋Accordingtoerrorpropagation,theerrorsare
simultaneouslyprocessedwiththedatacorrection.
Withthedataprocessingbycorrectingthestand灢
ard,gammaintensityandcrosssection,theerror
musthavebeenprocessedasfollowing.

Forthestandardfissionyieldandfissioncross
sectioncorrection,therelativeerrorofyieldY,

殼Y曚=殼Y/Y,isgivenby

殼Y曚=(Y曚2
0 +殼Y曚2

s +殼Y曚2
s0)1/2 , (5)

殼Y曚=(殼Y曚2
0 +殼氁曚2

s +殼氁曚2
s0)1/2 , (6)

Where殼Y曚
s0and殼氁曚

s0aretheoriginalrelativeerror
ofthestandardandthecrosssection,respectively;

殼Y曚
sand殼氁曚2

s0aretherelativeerrorofthestandard
andthecrosssectionusedinthepresentevalua灢
tion,respectively.

Theerrorpropagationinducedbygammain灢
tensitycorrectionisnotconsideredinthiswork.

TherelativeerrorofyieldY,whichiscalcu灢

latedfromthemeasuredR灢valueRv,isgivenby

殼Y曚=(殼R曚2
0 +殼Y曚2

s )1/2 , (7)

殼R曚0=(殼R曚2
v +殼Y曚2

mxw +殼Y曚2
smxw)1/2 , (8)

where殼Y曚
mxw and殼Y曚

smxw aretherelativeerrorof
thenuclidetobemeasuredandusedasstandardat
thermalenergypoint,respectively.殼R曚

vistherel灢
ativeerroroftheR灢value.

2.4暋Dataprocessing

Thecorrectedfissionyielddataanderrorsare

processedby weightedaverageandsimultaneous
evaluationmethods.
2.4.1暋Dataaverage

Thedata,measuredatsameenergyforanu灢
clide,areaveragedusingthecodeAVERAGE[8].

ThemeanvaluewithweightY
-

anditsexternaler灢

ror氁E arecalculatedandrecommended.Forn
measurementsYi暲氁i,1曑i曑n,themeanvalueis
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givenby

Y
-

=
暺
n

i=1
Yi/氁2

i

暺
n

i=1
1/氁2

i

, (9)

Withexternalerror

氁E =
暺
n

i=1

(Yi-Y
-
)2/氁2

i

(n-1)暺
n

i=1
1/氁2

i

. (10)

2.4.2暋Simultaneousevaluation
Thefissionproductyields,ofwhichthereare

notonlyabsoluteyieldvalues(Yab,i暲eab,i,i=1,

k)butalsotheirratios(Yra,j暲era,j,j=1,m)are
measured,aresimultaneouslyevaluatedbyemplo灢
yingtheZOTT[19]code.Themeasurementvector
Y,themeasurementerrorvectoreandtheassoci灢
atedcovariancematrixD(Y)aredefinedrespec灢
tivelyas

Y=
Yab,i

Yra,

é

ë

ê
ê

ù

û

ú
ú

j

,e=
eab,i

era,

é

ë

ê
ê

ù

û

ú
ú

j

,

and
D(Y)=E(e,e* )暋暋暋暋暋暋暋暋暋暋暋暋

=
D(Yab,i)Cov(Yab,i,Yra,j)

Cov (Yra,j,Yab,i)D(Yra,j

é

ë

ê
ê

ù

û

ú
ú)

(11)

wheree*isthetransposeofmatrixe,thesymbol
E(e,e* )indicatestheexpectationvaluesofasca灢
lar.

Thepartitionedmatrixisgivenby

C= -Rm,k旤Im,[ ]m , (12)

wherethesubmatrixdimensionsareindicatedby
subscripts,RisthesensitivitymatrixbetweenYab

andYra,andIistheidentity matrix.Thus,the
discrepancyvectorcanbewrittenas

P=Yra-RYab=CY, (13)

andthecovariancematrixisdefinedas

Cov(Y,P)=
Cov(Yab,P)

Cov(Yra,P
é

ë

ê
ê

ù

û

ú
ú) . (14)

Thentheadjustedyieldscanbewrittenas

Y曚=
Y曚ab

Y曚
é

ë

ê
ê

ù

û

ú
ú

ra
=Y-Cov(Y,P)D-1(P)P .(15)

3暋ResultsandRecommendation

Incomparisonofthecumulativefissionyield
inpresentevaluationwiththeexperimentaldata[20]

areshowninFig.1.Theexperimentaldataare
markedbytheirsubentrynumbersintheEXFOR
library.Ingeneral,ifthedataareobtainedbased
onthemeasureddatamorethanthreesets,they
arereliableandrecommended.

Fig.1 Comparisonofcumulativefissionyieldsinpresent

evaluationwithexperimentaldataof238U (n,f)in灢

ducedby(a)fissionspectrumneutronsand (b)the

~14 MeVneutrons,whereZandAarethecharge

numberandthemassnumberofthefissionproduct

nuclides,respectively.Inordertodifferentiatevarie灢

tiesoffissionnuclides,thefigure(1000暳Z+A)is

servedastheabscissa.

Inthepresentevaluation,theerrorsare1%—

6%formostfissionproductyields.Theerrorsof
1%—2%fortheevaluateddatacomefromthefact
thatthedatameasuredbymassspectrometryand
multiplesetsofmeasurementsalsomakeerrorre灢
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duced.Theerrorsof3%—6%resultfromthelat灢
ermeasurementsbyusing毭灢spectrometryandradi灢
ochemistrymethods,andtheerrorsoflargerthan
6% arefromtheearliermeasurements.Inaddi灢
tion,ifthedeviationsamongseveraldatasetsfor
thesamefissionproductarelarge,theerrorswill
belarger.

Thecomparisonsoftheevaluateddata with
ENDF/B灢VII,JEF灢2.2,JENDL灢3.2andCENDL灢
2aregiveninFig.2,wherethedifferencesmean
theratiosofthedivergencesbetweenthepresent
evaluateddataandthelibraryrecommendedones

Fig.2 Comparisonsofpresentevaluationwithotherevalua灢

tedlibrariesof238U (n,f)inducedby(a)thefission

spectrumneutronsand(b)the~14MeVneutrons.

tothepresentevaluateddata.Fromthesefigures
wecanseethatformostcasesthedifferencesof

presentevaluateddatawithothersarenotlarge.In

general,~16% ofthepresentevaluatedfission

productswhichhaveadifferenceatleastof10%in
comparisionwiththoseofotherlibraries.Forfis灢
sionspectrum neutroninducedfission,~10%,

~22%,~11%and~16% ofthepresentevalua灢
tedfissionproductshavethedifferencesofatleast
10%,compared with ENDF/B灢VII,JEF灢2.2,

JENDL灢3.2andCENDL灢2respectively,whilethe

similarcomparisonsforthe14MeVneutronfission
leadtothecorrespondingfiguresof10%,22%,

11%and10%.Itcanbeseenthatthedifferences
ofpresentevaluatedvalueswithENDF/B灢VIIare
smallerthanthosewithJEF灢2.2andCENDL灢2.

Inaddition,thepresentvalues,112Ag(F),
117Cd(H),130Sb(H)and 83Se(F,H),arein
agreementwiththosegivenbyoneortwoofthe
fourlibraries,wherethesymbols(F),(H)and
(F,H)standforthedataatfissionspectrumneu灢
tronand14MeVneutronsaswellasforboth,re灢
spectively,butthedifferenceswithothersarelarge
(20%—60%).Becausethereare morethanone
setofexperimentaldata,thoseevaluateddataare
recommendedasreferences.

Theerrorlevelanalysesaboutthepresent
evaluationandtheotherlibrariesareshownin
Fig.3.ItcanbeseenfromFig.3thattheerrorsof

Fig.3 Theerrorcomparisonsofpresentevaluatedyields

withotherevaluatedlibrariesof238U (n,f)induced

by(a)thefissionspectrumneutronsand(b)the~14

MeVneutrons.Toexpresstheerrorlevel,theerrors

of1%,2%,3%,4%,6%,9%,12%,15%,20%

arechosentobethenodes,andtheordinatemeans

thenumberoftheproductnuclei,whoseerrorvalues

areintheintervalbetweentwonodes.
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presentevaluateddataareatthesamelevelwith
theENDF/B灢VII,butsmallerthanthosegivenin
JEF灢2.2andCENDL灢2.Theerrorvaluesofthe
mostthepresentevaluationareinagreementwith
ENDF/B灢桏 within1%—6% forfissionspectrum
andaround14MeVneutroninducedfission.There
arealsoquitealotofnuclides,forwhichtheerror
islargerthan20%.Thisisbecausethecumulative
yieldsofsomenuclidesaretoosmalltobeaccu灢
ratelymeasured.

4暋Conclusion

Basedonavailableexperimentaldatathefis灢
sionyielddataofsomeshort灢livedproductsare
evaluatedforfissionspectrumneutronand14MeV
neutroninducedfissionof238U.ThecodesAVER灢
AGandZOTTareusedforaveragingwithweight
andforsimultaneousevaluation,respectively.90
cumulativefissionyielddataof45productnuclides
areevaluated,amongwhich58arerecommended,

3arenotrecommended,6arerecommendedonly
asreferenceandneedtobeimproved,and23have
noexperimentaldata.Mostofthepresentrecom灢
mendeddataareinagreementwiththerecommen灢
deddataintheENDF/B灢VII,JEF灢2.2,JENDL灢
3.2andCENDL灢2libraries.Forabout16%ofthe
presentevaluatednuclides,thedifferencesofthe
recommendeddatawiththoseofotherfourlibrar灢
iesarelargerthan10%.Theerrorofthepresent
evaluationisatthesamelevelasENDF/B灢VIIand
effectivelyreduced compared with JEF灢2.2 and
CENDL灢2.Thepresentevaluationisapprovedby
theChinaNuclearDataCenter,andwillbeusedto
updatetheCENDL灢2library.
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238U(n,f)短寿命产物核累积产额的评价*

郑暋娜1,陈忠靖1,孙吉宁1,刘廷进2,陈金象1,樊铁栓1,#

(1北京大学物理学院核物理与核技术国家重点实验室,北京100871;

2中国核数据中心,北京102413)

摘暋要:为满足堆内或核爆中链式反应过程的燃耗值的计算需要,对裂变谱中子和14MeV 中子诱发238U
裂变的短寿命产物核的累积产额进行了评价。评价利用了所有可利用的实验数据,经物理分析后,使用

AVERAGE程序加权平均,用ZOTT程序进行同时评价,给出了所要求能点的唯一最佳推荐数据,并将评

价结果与 ENDF/B灢VII,JEF灢2.2,JENDL灢3.2和 CENDL灢2的推荐数据进行了比较。评价结果将用于

CENDL灢2的更新与升级。
关 键 词:238U(n,f)反应;累积产额;裂变产物的评价
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