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AUGMENTATION OF NNDF!B FISSION IWODUCT GAMMA-RAY
SPECTRA BY CALCULATED SPECTRA

by

J. KatakuraandT. R. England

ABSTRACT

Gamma-rayspectraldatoof the ENDF/B-Vfissionproductdecaydata
Iilehavebeenaugmentedby u!cl]latcxlspwtra. The calculationswerepcr-
fom]edwith a modelusingbetastrengthfu..ctionsad cascadegamma-ray
transitions. The calculatedspectrawereappliedto individualfissionprocl-
uct nuclides. Comparisons with several hundred measured aggregate
gamma.spectraafterfissionwereperformedto confhm the applicabiliojof
the calculatetlspectra. The augmentationwas extendedto a preliminary
ENDF/B-VXfdc (AppendixA), and to beta spectra (Appendix B). Ap-
pendix C provi~iesinformationon the total decay energies for individud
productsandsomecomparisonsof measuredandaggregatevaluesbasedon
thepreliminaryENDF/B-VIfdes.

I. INTRODUCIION
Aqgregak gamma-rayspectrumof fissionproducts(FP) after fissionof a fissionablenu-

clide is a summationof the spectraof mdividwdFP nuclides. In orderto understandthe behavior

of the aggregategamma-rayspectra, it is necessaryto Amw the spectrumof each individualFP

nuclide. However,therearemanyshort-livedIT nuclidcswhosespectradatahavenot been mei~-

sured at all or that have ~~ti onlypmtiallydone. M“./eitpply suchspectrato the calculationof the

aggregateones,we willobtainan underestimationoi the .sptxtralvalues.

This situationhas beenrecognizedin the work on decayheat after fission] that uses aver-

agedecayenergyvalues, Tnc gamma-raycomponentof the decayheatcalculatedby usingthe av-
erageenergyvaluesderivedfrommeasured~*tra datausuallyunderestimatesthe measureddecay

heat values. To reduce the underestimation,theoreticallycalculatedaverageenergy values are
adoptedfor nuelideswith no measuredspectradata and those consideredto have partiallymea-

suredones. The calculatedenergyvidueshave reproducedthe measureddecayheat valueswell;2
however,the evaluationworkhas focussedattentionprimarilyon the averageenergyvalues.

Recentlyan attemptto adqx the theoreticalcalculationto gamma-rayspectra& FP nuclides
was tried.s In this attemptthe calculationswereperionnedfor 32 “typical”FP nuclidescharacter-
ized by mass (lightandheavy),even-oddnessof protonsandneutronsandfour Q~values(4, 7,9,

and 11MeV). The “typical”spectrawereappliedto nuclideswithpartiallymeasuredspectradata,

as well as thosewith none,for calculatingthe aggregategamma-raySpe(:tra.The resultantspectra
showedfairlygoodagreementwiththe measuredones.s



Thetwduatcdnu.!eardata file(ENDF/B-V)hasnot omtainedsuchtheoreticalspectradata;
these are part;.cularlyapplicableto the prediction of the a[;grcgatcgwnrna-rl~ytipectraat short
cooling times after fissionq because of the absence of memured spectra data of short-lived

nucli~im We tlied 10 iipply the calculatedspectrato augmenlthe ENDF/B-Vline spectraldata. It
~J,Wfelt that the set of”spectracalculatedfor individualnulcidrswouldprovidebetterapplicability
Ottie spc;ra [0theaggregatespec~rncal~latiortthanWOUIII the “ty~Ical” ones. Weprtpard the

{vkulatedspectraof the individualnuchdes,t,aki]]gintoaccountthe characterof eachnuclide,e.g.,
mass,Q~values,etc.

The EIVDF/b-Vfde containsthe FP data for 877totalnuclides. Of these,750nuclidesare
unstableand decay to anotherI ;Iide. All of the Imclideshave averagedecay energyvaluesfor

decayheat applicationhut oldy248nuclideshavegarnma-r:iyspectraldata. It is understood,how-

ever, that someo(”themmay suikr from a problemof missinggammacays. Therefore,we C~CU-
lated the spectraof all ~- dec;~yingnuclidesin the ENDF/B-Vfde. (Electroncapturingand/or~+

decayingnuclidesare cmsidered unimportantfor the calculationof the aggregatespectradue to

their low fissionyields.) The calculatedspectraamountedto 633;they wereused to augmentthe
lir,e spectra contained in the ENDF/B-Vfile. In the augmentation,the average decay energy

values, which give a good prediction of the decay heat, were taken into account so that the

augmentedspectrareproducethe averagewhcmthe spectmmintegrationisperformed.

Calculations of the aggregate spectra using the augmented data were completed and
compared with the data measured at the Oak Ridge National Laboratory,sthe University of

Tokyo,band LosAlamosNationalLabormory7to confirmtheirapplicabilhy.

In Sec. II the calculationofQhegamma-rayspectra is presented;SectionIII discussesthe
augmentationby the calculatedspectra, and Sec. W describesthe calculationof the aggregate

spectraafterfission. The comparisonsbetweenmeasuredaggregategammaspectraandthe calcu-

latedonesaredescribedin Sec.V, followedby a summaryof the entireprojectin Sec.VI.

In addition,we haveaugmenteda preliminary(September1989)ENDF/B-Vlfde, as sum-
marized in AppendixA. Finally, the beta spectrumalso has been augmentedin ENDF/B-V,as

seen in Appendix B, and the preliminaryENDF/B-VIare aiso augmentedin the same way as
discussed there. Appendix C provides some comparisonsof aggregatecalculations and other

informationon thepreliminaryENDF/B-VJfile.

This effortwas initiatedin orderto provideessentiallycompletefissionproductspectla for

ENDF/B-Vand-VI. The fileswilldelineatecasesin whichtheoreticaldataarepartiallyorcmirely

in use.



11, CAKULATIONOFGAMMA-RAYsPWi’RA
We usedthe GrossTheorygof beta decayand a cascadegammatransitionmodelsfor the

spectxumcalculation.The GrossTheorywasemployedto calculatethe initiallevelpopulationof a

daughternucleusfed by beta decay. In general,the calculationof the beta strengthfunctionof a

nuclideneeds a detailedknowledgeof nuclearstructure. Nuclearstructweinformation,however,
has not been satisfactory for predicting the strength function of all nuclides because nuclear

propertiesare oftenexperimentallyincomplete.The GrossTheory,on the otherhand,dealswith

ceriain average properties of betdkiecay and does not require the detailed knowledge of an
individualnuclearstate. Abriefsummmyof the theory(basedon papersby Takahashi,Yamada,

and Kondohg)follows.
In the GrossTheory,the summationoverfinalnuclearstatesappearingin betadecayequa-

tions is replacedby an integration,and nuclearmatrixelementsspecifyingthe transitionsare ex-

pressed by some simple fictional forms whose parametersare evaluatedby sum xulesand the
avmtge propertiesof beta decay. For example,the totaldecayconstantof the Fermitransitionis

expressedas follows:

(1)

wherethe symbolf’1standsfor type of lwtadecaysuch as Fermiand Gamow-Teller,f is the inte-
gratedl;ermifunction,andgtl is the couplingconstant. In this expnxsion,the summationoverthe

finalnuclewstatesi~replacedby the integrationwithrespectto the levelenergyEg. The lM~Eg)12

is a strengthfunctionanti is the t~verageof squaredmatrixelementsml-ltipliedby the final level

density. The modelof thcGrossTheoryexpressesthefunctionas

(2)
C,,;in

whereE is a singlenucleonenergyof the decayingnucleonin a daughternucleus,~ is a nu:nber

density of nl,cleons,and W(E8,C)is a weight functionthat reflectsthe degreeof vacancyof the

finalstates. The fimctjonD~~Eg,E)is a singlenucleoncontributionto lM@g)12in tie absenc~of

the Pauliprinciple.
The properties of D~Eg,&)were studied by sum rules and trial forms were ex~ined.

Basedon the cxamination,giimodifiedLorentzianshapeis usedon ourcalculation.
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For the allowedtransitions,Fermi and Gamow-Tellertransitionsare consideredand the

strengthfunctionof totalbetadecaysummedoverthem,

(3)

Once the strengthfunction,S~E), is determined,the level populationdensity by beta feeding,

b(E), is givenby

b(E) = Sp(E) ●f (2, Qp -~) ●Tln . (4)

wheref is the FermifunctionandTIP is a half-lifeof betadecay.

Ailerdeterminingthe levelpopulationdensity,gammatransitionsare treatedas successive
de-excitationfromhigherlevelsandthe levelpopulationdensityis changedto be a summationof

thatbybetafeedingandby thegammade-excitation.

%nax
P(E)

J
= b(E)+ P(E’) G(E’- E) p (E’)dE’ (5)

E

whereG(E’-E)is a probabilityof gammaemissionand p(E’) is the leveldensityof the daughter

nucleus.

Tne intensityof the gammarays,then,becomes

%mlX %x

I(I$J = ~ dE’ ~ dE”
o E’

6(E” -E’ - 1$) P(E”) G(E” - E’)p(E’) . (6)

o

TheprobahilityG(E)dependsuponthe typeof thegammatransition,suchas E1,M1, E2,etc. In

ourcalculations,we takethe assumedEl transitions. In this case,G(E)is expressedas

G(E) = E3c SY(E) , (7)

where Sy(E) is the gamma-raystrength fiinction. We used the strength functionproposed by

Brink9andbyAxel10andthe leveldensitybasedon GilbertandCameron.11

In the frame of the Gross Theory, a parameterQoo(introducedto take into account the

effect of the selectionrules appliedto decays to low-lyingstates)plays an importantrole in the
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calculationof averagedecay energyValues.lz-ls In the calculationof the gamma-rayspectrum
based on the present model, however, the introduction of a non-zero value to the parameter

produces a discontinuity in the energy of the Q~ parameter (see Figs, 1-4). To avoid this

discontinuity,we haveuseda valueof zerofor the calculationof the spectra.
Usingthe aboveprocedure,the gammaspectrawerecalculatedfo~all ~~-decayingnuclides

in the ENDF/B-Vfde, The calculatedspectra have an energy bin structureof 10keV, and the

energyspectrawerenormalizedto 1.0 (theENDF/B-Vspectrais truncatedfor somenuclidesand

maynot integrateto 1.O)O
Examplesof the calculatedspectraareshownin Figs,5-8for nuclideswithhighQ~values,

i}?hew fiWes the “~ical” spectra(usedin Ref. 3) are alsoshown. As seen in thesefigures,the

“typical” energy spectra are softer than those currently calculated. It is expected that the

enhancementat about2 MeV(again,in Ref.3) shouldbe depressed.
The calculationsof the aggregatespectrausingthe presentcalculatedspectrafor all ~- de-

cayingnuclidesare shownin Figs.9-12,togetherwiththe calculationsfor the ENDF/B-Vspectra

data and the measumdaggregatespectraof235Uand2%1 thermalneutronfiision.s ‘l’hecalcula-
tionalmethodof the aggregatespectrawillbe describedin Sec.IV. The measureddataweretaken

from Dickenset al.s Figures9 and 10illustrate23SUfissionand Figs. 11and 12,the Z%u fis-
sion. Figures9 and 11coverthe fullenergyrangeof the measuredspectra,whileFigs. 10and 12
showthe low-energypartup to 2 MeV. It can be seenfromthesefiguresthat the calculationswith

only the ENDF/B-V spectra underestimate the measured values for the full energy range.

Alternatively,the calculationsusingonlythepresentcalculatedspectra[GT(GTOSS‘I%eory)spectra

only]showoverallagreementwith the measurementsexceptfor the detailedfmestructureandthe
overestimationseena!energiesbetween2 and3 MeV,

III. AUGMEN’IZDSPECTIUiWITHTHECALCULATEDONES
It is importantto decideif the spectrumshouldbe augmentedor not in the casesin whicha

nuclide has a measuredspectrum. A deftitive means for making this decision does not exist.

However,the aseragedecayenergyset,whichgivesa goodpredictionfor the manytemporalval-

ues of decayheat afterfission,can be used as an accuratemeasurementof the defectivespectrti~::.

It is knownfromdecayheat studiesthat someof the a~erageenergyvaluesderivedfromthe mea-

suredspectradata showan underestimationof gamma-energyvaluesdue to missinggammarays.1

This meansthat the gamma-energyvaluebasedon the measuredspectraldata is smallerthan that
whichis used for the decayheatprediction. In thiscase,the calculatedspectrashouldbe addedto

the measuredones in orderto compensatefor the differencebetweenthem. That is, ifEa is the av-
erageenergyvaluefor the decayheatcalculationand ~ is frommeasuredspectraldata,AE= ~ -

~ is proportional to the defect of the spectrum. The normalized c.tergy spectrum calculated in

5



Sec.II is multipliedby the AEvaluefor the augmentation.Thus, the augmentedenergyspectrum
A(q) is expressedby a summationof the experimentone,E{E#andthe calculatedone,C(%), as

follows:

A(q) . E(I$)+AE ●C(EJ . (0

By this expression,the energyvalueaveragedwith the abovespectrumbecomesequal to that for

thedecayheatcalculation,
1? = ~ A~)dE

= &+AE

= &+(E, -Es)

‘k

In the present calculation,we used the JNDC V2 libraryls as an average energy set to

partiallyassistus in thedeterminationof whenan augmentedspectraappearedto be needed.

Examplesof the augmentedspectraare seen in Figs. 13 and 14,as well as the measured

w. h thesefiguresthe lowerpan indicatesthe measumdline~ andthe upperpm, the
augmentedone. Figure 13 shows the %r decay, the Qp value of which is 5.8 MeV. In the

ENDF/B-Vfde, thereare 11gammaraysemittedthrough$%rdccay, andthe highestenergyof the

gammaray is 600keV. Theaverageenergyfromthe spectraldata is 0.176MeV; that in theJNDC
V2 library,on the otherhand,is 1.051MeV. The differencebetweenthe two is augmentedby the

calculatedspectra. The calculatedspectrumused for the augmentationis a continuousone and
smoothlyextendsto the Q~valuelimit. Anotherexample,shownin Fig. 14, is the case of 97mY

decay. The highestenergyof the gammaray in thiscaseis muchlowerthanthe Q~value. ‘Iheav-

erage energy from the spectraldata is 1.82MeV and that in the JNDC V2 library is 3.34 MeV.

The calculatedspectraof thenuclideis usedto augmentthedifferencebetweenthem.

‘IMsconcludesthe briefdiscussionregardingthe methodof GrossTheorycalculationsand

the augmentationof selectedmeasuredspectra. The reasonfor the augmentationof each spectra

was consideredin more detail than we have presented. Manynuclidesare knownto have an in-
completespectra,and there are other parameters,such as Q~ which indicate inadequatespectra

whencomparedwithaverageenergiesderivedfkomspectra. We acknowledgethatour reasonsfor

a few of the augmentationscouldbe in error. The new fileswill containsufficientinformationfor
usersto examinethe augmentations,andno evaluatedmeasuremermwill~ missingfromthe files.

6



Iv, CALCULATIONOFAGGREGATESPECTRUM

Aggregatespectrumis a summationof the spectraof FPnuclidesproducedafternuclear

fission.

A(E-,,t)= ~ LjoNj (t)oaj (1$) , (9)

where aj(~) is the ~ctra ~f the j-th FP nuciide,kj is the decayco~tant, and Nj(t) k the nuclide

concentrationat timet. Thenuclideconcentrations@FPnuclidesat timet werecalculatedwiththe

CINDER-10code,14whichhas beendevelopedat LosAlamosNationalLaborato~. Ihe library
for CKNDER-10calculationscontainsall nucleardata needed for the calculationof the nuclide

concentration.However,we usedpreliminaryf~sion yielddataevaluatedby Englandet al.ls for

the ENDF/B-VIfile. After obtainingthe nuclide concentrationsat various cooling times, the

aggregatespectrawere calculatedby summingup the spectrumof each nuclideat thesecooling

times.

In the comparisonwithmeasurement,howe~”er,the measureddata are broadenedbecause

of the ftite energyresolutionof the detector. In orderto take in!oaccountthe effectof broadened

spectra in the comparison we used the detector resolutionreportedwith the measureddata to

broadeneachfission-productspectrausedin calculations.
Figures 15-18showthe compariscmsof the calclllatedaggregatespectraafter the fission

event with the same measureddata in Figs. 9-12. Three kinds of calculationsare illustratedin

thesefigures:the ENDF/B-Vlinespectraaugmentedby thepresentcalculatedones(ENDF/’B-V+
GT spectra);the JNDCline spectraaugmeiltedby the presentcalculatedones [JNDCV2(line)+

GT spectra];andthe JNDCline spectraaugmentedby the “typkml”onesused in Ref.3 (JNDCW

only). The fmt and second ones show nearly the same behavior.the differencebetweenthem

beingdue to the line spectracontainedin each fiie. Their agreementwithmeasureddata is better
thanthat of the third,whichshowsthe digressionat higherenergies,especiallyabove6 MeV,and

the overestimationat low energies. This behaviorreflectsthe “softness”of the “typical”spectra

used in the calculation. As is evidentin thesefigures,the presentspectraseemto be applicableto

the calculationof the aggregatespectra after fissionof a fissionablenuclide. (Only the spectra

changein these comparisons,not, e.g.,densities.)

v. COMPARISONWITHMEASUREDAGGREGATESPECIlU4
In confirmingthe applicabilityof thecalculatedspectraof individualFPnuclidesto thecal-

culationof the aggregategamma-rayspectraaftera f~sion event,wc performedcomparisonswith

aggregatespectrameasuredat OakRidge NationalLaborato~, the Univemityof Tokyo,and LOS
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AlamosNationalLaboratory.In the comparisons,the !inespectraof gammarayswerebroadentxi

accordingto the detectorresolutionrepotied. The calculatedGT spectra,due to their smoothness
andcontinuousnature,werenot cmsidered in needof broadening.The energygroupstructureof
the calculatedaggregatespectrawas alsomatchedto that of each measurement.Additionally,the
measurementsare madeover a countingperiod,but the calculationsare carriedout for a specific

timetbatcomespomkto the averagetimeduringthecountingperiod.

Allof the measuredaggregategammaspectraarecomparedwiththe calculationsusingthe
ENDF,~-V spectra data (i.e., cal@lationsusing the ENDF/B-Vonly) and the augmentedone

(usingENDF/B-V+ GT spectra).

In the foliowingcomparkons,the unitof the spectrumis expressedas MeV/sec/fission/bin;

i.e.,theenergyreleaserateper f~sion dividedby the binwidthin energyunits.

L co-~nwitho*~@N~on~ b~@ov Mew~ ments.

The aggregategamma-rayspectra from 235U,23%, and ~lPu thermalneutron f~sion
weremeasuredby Dickensct al. at OakRidge.5 The spectradata are reportedup to 8 MeV. The

avcmgecoolingtimesafterfusion coverfrom2,7s to 12000s.

The comparedresults are shown in Figs. 19-61 for 23%J,Figs. 62-104 for 23%, and
Figs. 105-148for ~’$lPu.As is evidentin these figun:s,the augmentationby the GT spectra im-

provesthecalculationof the aggregatespecmiat coolingtimesshorterthana fewhundredseconds.

In this cooling-timeregion, the augmentedspectra reproducethe measuredones rather well for

thesef~sionablenuclides,irrespectiveof theirdiffe~nt fissionyields. In particularthe reproduc-

tion is good at energyregionslower than 3 MeV. Above3 MeV, the calculatedspectracannot

makesomepeaks,buttheyseemto showtheoverallagreement.

After a few hundredseconds,the differencebetweenthe calculationwith the ENDF/B-V

spectraldata andthe augmentedones is not seen. l%.%indicatesthat the nuclideswith measured,
augmentedspectradatahardlycontributeto the aggregatespectraat longcoolingtimes. However,

thediscrepanciesbetweenthe calculationandmeasurementseenat longcoolingtimeregionsseem
to showthateventhe nuclideswithlong half-livesmayhave insuftlcientspectraldata for applica-

tionto thecalculationof the aggregatespectrum. Furtherexaminationofmeasumdspectradata for

thesenuclidesmaywellbe needed.

The aggregategamma-rayspectra from 23%J,235U,2~%J,~s%, and 2S%%fast neutron
fusion weremeaauredbyAkyamaetu/. at the Universityof Tokyo.6 Measurementsup to 5 MeV

weretaken,withaveragecoolingtimesafterfissioncoveringborn 19s to 24 000s.

8



The comparedresults are seen in Figs. 149-188for 233U,in Figs. 189-238for 235U,in

Figs. 239-286for ~%J, in Figs. 287-327for ~%, and in Figs.328-375for 232Th.In the cases
of 238uand232~, ~ ~~ data havethe contributionsfromthe productsby neutroncapture

reactions.The chainsof theproductsareas follows:

238u+239u+23~p+23~

232~+233’’fl#33pa+233u .

The nuclidesin the chainsof ~% and 233Uhavea sufficientlylong half-life(> Id y) suchthat
their contributions to the measured spectra are negligible for the cooling time region of the

measurements. In our comparisons,the contributionsfrom23%Jand 2%@ for 238Ufusion and
thosefrom‘30f’hand~sPa for fissionare takenintoconsideration.

In the case of 238Uneutro~ capture, the nuclide concentration..of 23%J(Nu(t)) and
239N~t)) areexpressedas fOllOws:

N“(t)= Ree-~*,

whereR is the reactionrateratioof neutroncaptureto fission,~ and~ are&cay constantsof

239uand239Np,respectively. The spectrafromthe %1 and~~p decayareaddedto *OWof

fusion productsin the figures. The reactionrate ratioR is 5.38for238Uand 23.0for2%h, re-

spectively.6The SpectrSldataof thesenudkks weretakenfromthe ENDF/B-Vfile.
The calculatedaggregatespectrausingthe augmentednuclidesimprovethe agreementwith

measureddata at coolingtimes shorterthan a few hundredseconds. Even in tke f~ion of ‘8U

and 232Th,the agreementwas achievedby adding conrnbutions from the productsby neutron

ca#ure.

c. Cn_n with LosAlamosNatiorudLaborat~e~

The aggregatespectrafrom~sU, 2%J, and2%% thermalneutronf~sion weremeasured

by Jurney et al. at Los AlamosNationalLaboratory,7w~Lh:heenergy of rangeof measurements

extendingto 7.5 MeV. The comparedresultsare shownk ~“igs376-387for 233U,in Figs.388-

399 for 2s%l, and in Figs. 400-411 for 23%. These comparisonsdemonstrate no difference

betweenthe calculationsusingthe ENDF/B-Vspectradatavsthe (augmentedones. The irradiation

time of the measurementsis 20 000s, anti this is sufficientlylong to prohibit the short-livednu-

clides,havingaugmentedspxx.r%fromcontributingappreciablyin suchcases. However,the cal-

culatedresultsdo showthe underestimationat shortcoolingtimesfor the energyregionsabove2

9



MeV (see Figs, 376,388, and 400). With the exceptionof the short coolingtimes, the compar-

isonsshowa good agreement.

VI. suMMARY

The theoreticallycalculatedgammaspectraof FP nuclideshave been used to augmentthe

line spectra in the ENDF/B-Vfde based on measurements. The augmentedspectrahave been
appliedto the calculationof the aggregategammaspectratier fission. Calculatedresultsshowa

good agreementwith the measured spectra for various f~sionable nuclides. The effect of the

augmentationis prominentat short cooling times after f~sion when the nuclides with partially

measuredor no measuredspectradatacontributeto the aggregatespectra. At longercoolingtimes,
the augmentationis not eftectivebecauseit is consideredthat almostall nuclidesconrnbutingat

thosecoolingtimeshavea well-measuredspectra.

Fromour comparisons,it is concludedthat the augmentedspectraare applicableto the cal-

culationof aggregateones at shortercoolingtimeswhenthe nuclidesw-ithincompleteor no mea-

suredspectradataconm%ute.If we use the augmentedspectra,we can obtaina spectraconsistent

withthe decayheatcalculatedby the averaaedecayenergy.
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APPENDIXA

COMPARISONSUSINGENDF/B-VIPRELIMINARYDATA

The calculationsusing the ENDF/B-VIpreliminarydata (as of October 1989)were per-

formeddueto thefactthat thedatabecameavailablefor testingduringthe timeframeof this work

effort. The resultsare shownin Figs.A-1 throughA-6 for 235U,2%%, and ~41Pufission. Four
kinds of calculationsare demonstratedin each fi~~,;j.~,~-qqa~ ~~~~n~lhg.~.m~~-v. .“ “ . .“”..W-”“. .S,wsebbKuaba. &n&c UI cllllllllal

line ~ctral data,the augmentedENDF/B-Vdata, the preliminaryENDF/B-VIline spectraldata,
andthe augmentedprelirninaxyENDF/B-VIdata

As evidenced in these figures, the preliminary ENDF/B-VI spectral data are greatly

improved over the ENDF/B-V ones. However, the calculations using only the preliminary

ENDF/B-VIspectraldataseemto have a problemof missinggammarays and theyunderestimate

the measuredaggregatespectraldata. The augmentedpreiiminaxyENDF/B-VIdata seemto give

betteragreementamongthem. Thesecomparisonsweredone usingthe preliminaryENDF/B-Vi

fde; somedata in the fde couldbe changedwhenthe fde is completed,but most of the improve-

mentis qected by usingthecalculatedspectrafor the augmentationof the linespectraldata.
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AP14ENDIXB

The calculationof gamrna-raj spech.i is discussed in the maht text. The be’ . spectra
c,alculxionalso involvesa problemfor MXnenuclidcsin ‘hatthe me,vmredspectrumenhmlcesthe

high-ener,gypi~rt, becausethe beta transitionsto hi;:herenrrgy Ie\”elsc}!Iaughtcrnucleusmay no!
be obsemedin measurementseven it’the tnmsitions:lreto IWrdlowwl.The calcu,~icmof ~Sgregate
betaspectrumusingsuch spectridd:*+.-Is(}ei:;mnce!,the higl, ene!,mpan “uJ’! dejwe’sesthe iow-
mmm.m,mqwn- -:-. -.:-- :. . . ... :- -1---- —--- --- . -*.. .. . . “, ~-----. -----.——------- ----- ... .... . . .J‘- . ‘ ‘“-’‘“ ..- ug~~-emi.& *-,a.-Spx.U~x%;-41Xn[[1~- -- ‘
calculationsand the measurementsby i.’Ickens. al. }~.fvery .ort cofI~ing times after fissitm,

whenthe nuclideswithno measuredMa L-mtnhu ‘ to the nectra,Lilecalculition fallsbelowthe

measured values. At longer (thol:gh still ;hort) i:odhg times in which the nuclides with

incompletespectraldata arestill important,the calculauonshovtsan underestimationfor the low-
energypart and an overestimationfor the tligh<nergypart. In order to improvethe situiition,we

tried to calculatethe beta spectraof each fission-productnuclideby the Gross Theory,which is

usedto complementthemeasuredgammaspectra.

In the caseof the beta-rayspectra,somedifferenttreatmentsor modificwionsfromthat of

the gamma-rayspectraare needed. The averagebeta energyvaluethiltcal)forceagreementwith

the measureddecayheat value is smallerthan the averageenergyfrom rnetmtreddecay scheme

data. Therefore,it is not suitableto simplyadd some fractio,.of the calculatedspccllumto the
measuredone. Weusedthe followingprocedure.

The calculationof beta rays by the GrossTheory was performedby assumingthat dlere

mayhavebeensomemissingbetatransitionsto higherlevelsthanthe obsewedones. Namely,the
beta spectrumwas calculatedwith the maximumenergyequal to the differencebetweenthe Q~

value and the maximumlevel energy. This calculatedspectrum is normalizedto be 1.0 when

energyintegrationis carriedout overthe fullenergyrange.

Let the averageenergyof the calculatedspectrumbe & and the energyderivedfrom the
mewured decay schemebe ~. The averageenergy that is suitable to calculatethe decay heat
valueis ~; then~ is expressedas follows:

whereasa+~ = 1.0,a-and $values can be calculated

a = (%-&) /(&-Q

~ = (% - ET)/(&n-U .



rl Illurlc-r

As ECc IIr < & for most of the nuclideshaving the problem,,a and ~ valllesbecome

positive. In the cue of & > ~, thecalculatedspectrumis simpl::w-ldet!LOaugmenttie dlffcrcmce
between& andEn];(X= 1,~ = (ET-%)1 ECinth~c~~e.me SIRCtWTIthen.becomes

By this mcthml,,. J beta-rayspectrawerecalculatedfor nuclideswho~r:weragebct;i en-

crgj ~’dl]e has incortsistenc) betwecI~ dtw fmrn thedeciiyschemeand thatusedfordecayheatLJ I

cdations. , m..Pn- AmUnAIIm* Inm fimi tIIfarn A eruv. rnsrn fac-Irnnr9u rnmrrw=rarran=lrlnn=rw-r-IIr CIm

An exampleot’the spectrumis shown in Fig.B-1. This is a case of 97Srdecay. ‘l%caver-

age energyvaluederivedfromthe measureddecayschemeis 2.646and its spectrumis illustrated

by the dotted line. ‘l”hecalculatedspectrum,assumingthat beta transitionsoccur only to higher

levels than obsewedone’, is shownby J dashedline, and its averageenergy is 1.923MeV. The

modifiedor augnicntedspectrumis wellas a solidline. Thismodifiedspectrumgivesthe average

energy of 2282 NltsV,which is nearly equal to the value of the energy used for the decay heat
calculationin theJNDCV2 libriu:i.

The modifiedspectraof each fissionproductnuclidewere used to calculatethe aggregate
l}c~ra.rayspectra after iission. One result is shown in Fig. B-2 togetherwith the measuredspec-

trum, The calculationusing only the ENDF/B-Vspectrad;ttashows an tmderestim:itionfor the
low-energypart. The calculationusingthe rcdified spectm(ENWB-V + GT spectr~in the f@-

ure)showsrathergoodagreementwiththe measurement.
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APPENDIXC

FISSIONPRODUCTS:
PRELIMINARYDECAYENERGIES,HALF-LIVE&ANDBRANCHINGSFORENDF/B-VI

In TableC-1 wehavelistedtotaibeta,gamma,andalphaenergiesfromthe mostrecentdata

file used in this report. Branching by decayare also listed,as are half-lives. All energiesare in

eV, half-livesin seconds,and branching are fractionsper decay. Spectraldata are too extensive
for inclusionin this report. The tableidentifies127productsas stable;theseareneededin calcula-

rlons mvowmg a iYdfWbYi”rIux. I ne~ crow secxions wiii be iouni in ENDFIB-vi riies. Tffd-‘‘C””U’K

me,aningof thecolumnsinTableC-1are:

(J.1.Heading

Symbol

Half-life

E-beta,E-gamma,
E-alpha

RTYP

RFS

Q

Branching

NDK

NSP

MAT

OWtitv

chemicalsymbolprecededby theZ valueandfollowedby the atomicnum-
ber. Nuclidesthat are isomericstates have m, n, ... followingthe atomic
number meaning lst, 2nd, ... isomericstates (the fdes generally include
isomencstatesh~vinghalf-lives= 0.1 s).

Ma numeric identfler consistingof the quantityZ x

where S is the isomericstate number (O= ground, 1
etc.).

the total decayhalf-lifein seconds.

.

10000+ A X10+ S,
= 1st isomericstate,

generally are average beta, gamma, and alpha decay energies, but have
more preciw-definitions. ‘llws, E-beta is the total electron-relatedradia-
tion, suchas ~-, ~+,conversionelectron,Auger,etc. E-gammais the aver-
age energyof all “electromagnetic”radiation,such as gammarays,x rays,
and annihilation radiation. E-alpha is the average energy of ~ heavy
chargedparticlesand delayedneutrons. The alphadecay energy includes
the recoilenergy. The sum of the three averageenergiesis the recoverable
energyper decay(neutrinoenergiesareexcluded). All valuesare givenin
units of eV, (Delayedneutronenergy is not tabulatedbut will be included
in the finalENDF/B-VIfdes andsummedintoE-alpha.)

identitiesthe initialor primarydecaymode for the listed line of data (see
below).

identifies the daughter state following the decay (O.= ground, 1. = 1st
isomericstate,etc.),

is the totalQ-valuefor thedecaymode,

is the fractionof decaysfromtypeRTYPto stateRFS.

is the numberof decaymodes,

is the numberof spectraltypesincludedin the ENDF/Bfdes.

is the materialidentificationnumberassignmentin the ENDF/Bfdes.
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Thedecaymodeidentitlcation,RTYP,has the followingdefinitions,

Km DecavMode

10 . Betadecay

2. e.c,, (b+) Electroncaptureand/orpositronemission

3. IT Isomerictransition

a Alphadecay ‘
1

w. a

5. n Neutronemissionbut~ delayedneutron
decay(seebelow)

6. SF Spontaneousfission

7. P Protonemission

10. — Unknown

Multipleparucle emissionis also definedby combiningthe RTYP indicatomas decimal

digits in the sequencein whichparticlesare emitted. Thus, a beta decay followedby a delayed

r}eutronis RTYP = 1.5, and a positron followed by alpha decay is RTYP = 2.4, etc. Such

compoundRTYPvaluesthereforeindicateintermediatestateshavinglifetimesthat aretoo shortfor

explicitinclusionin the fdes. TheQ-valuefor suchcasesis the energydifferencebasedon masses
of the initialandfinalstates,

Spectralfdes containa panicle indicator,STYP,definedsimilarlyto RTYP,but with the

addedvaluesof O.= gammarays,8, = discreteelectrons,and 9,= x rays. In this reportwe do not
includethe averageenergiesfor eachtypeof spectra. As can be seen fromthe NSPcolumn,most
nuclidesdo havespectrain the fdes.

These data are preliminarybecause they have not been officially acceptedby the Cross
Section Evalut,tionWorking Group (CSEWG). We anticipate that the decay energies will be

acceptedas mod O. Figures C-1 through C-3 show a comparisonof aggregatedecay energies
(beta, gamma, and total) with Tokyo measurementsfollowing a 23SUfast fission pulse. The
“Pandemonium”problem is no longer evident. Additional comparisons will be included in
ENDF/B-VIdocumentationfollowinga phase-1reviewof thedecayandyieldfiles.
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TABLEC-1 (Cont.)

891 =

127 =
159 =

9 =

755 =
405 =

400 =

400 =

404 =

379 =

443 =

o =

3=

40 =

Di-lrilQyJflt

totalnuclides

stablenuclides

nuclidesin isomericstates

nuclidesin secondisostates
nuclideshavingspectra

nuclideshavingdiscreteelectronspectra
nuclideshavingconvemionelectronanddiscretespectra

nuclideshavingconversionelectrons

nuclideshavingx-myspectra

nuclideshavingdiscretelxxaspectra

nuclideshavingdiscretegammaspectra

nuclideshavingdiscreteneutronspectra

nuclideshavingalphaspectra

nuclideshavingpositronorelectronspectra

384 = nuclideshavingcontinuousgammaspctra (theoretical)
383 = nuclideshavingcontinuousbetaspectra(theoretical)

272 = nuclideshavingcontinuousneutronspectra(delayedneutron)

736 = nuclideshavinggammaspectra

677 = nuclideshavingbetaspectra
272 = nuclideshavingneutronspectra

.——.————————.. .—--- ——— ———-.-===. .-=.— .--———— -

~NDF/B-VlDecavFile:Summa.wof Modifications.SuurJements.andGeneridSources.

The fission-productdecaydntitwill& combinedwiththe activationandactinidedecayfdes

to producea single deca:yfile of - 970 nuc;ides. Fifty nuclidesare commonin these fdes. The

fissionproductandactinidefilestakeprece.Ienceoverthee,arlierevaluitteditctiwttionfiles. Allfiles

arenow at BrookhavenNationiilLaboratoiv[theactivationandactinidefileshavingbeensentear-

lierby FredMann,HEDL(HanfordEngineeringDevelopmentLaboratory)].

Differingfrom previousversionsof ENDF/B,in the preliminaryVersionVI, the fission

productswere formedM a sequenceof libraries,testingeach with an extensiverangeof integral

measurements. Unlike the activationand actinideportionsof the ENDF/B-VIdecay fde, many

fissionproductshaveno spctritl measurementsandsomelackevenhalf-lifemeasurements.Other
productshave inc~mpletemeiwurementsof s~ctra.



Recognizingthat measureddata were extensivebut irmdequinefor calculationsof decay

heatandspectra,it wasdecidedto:
1, Userne,asureddinawheretheyexistedin- 1989;
2, Otherwise,use theory.
?. . Supplementmeasurementsbelievedto be incompletewiththeoreticalvalues.

4. Completea library having spectriithat would closely march the average beta and

gammaenergies.
5, Addin thedelayedneutronspectra,

In the processof supplementationwe did not want to lose any evaluatedmeasurements,

andfor sqxctra,thinis the case. Averageenergiesfor -73 nuclideswereknownto be in errorand

theywerereplacedby theoreticalvalues. Approximately45 otherswerebelievedto be in errorand
werereplacedby theory. Manyothers(- 244)hadno meiwurements,averageenergies,or spectra,

‘andwerenecessarilyreplacedby theory. Nonehaddelayedneutronspectra.
ItJtom, 420 of 764 nuclidesnow have theoreticaldata and/ordelayedneutrondata. We

believethe supplementsare essentiallycorrect;however,the user shouldbe aware that some are

certainlyquestionableandthe needfor somespecificsupplementswerenecessarilysubjective, A

few (- 116)havesincebeenmeasured,but they will have to be used in a subsequent“mod.” The

processof forcingagreementof averageenergiesderivedfromspectrawith fde averagescompli-

catesthe simpleadditionsof newspectralmeasurements,Perhapsmore importantly,this fmt fde
has alreadybeencomparedwith essentiallyall measuredaggregatedecayheat,beta, and gamma

spectra.Aswas the originalmotivationfor the productdata, it is an excellentfile that will seine as
an essentialcompletejlduciuldiitaset. Allbut 9 of 764unstablenucliaesnowhave ii decayspectra

(comparedwith 264 in ENDF/B-V), All theoretici-dvalues are inserted as continuousspectra.
Evaluationsof measureddatahavenot beenchangedexceptin a fewcases wherethe betanormal-

izationwasadjustedby changingFD (thediscretespectrumnormalizationfactorforbetadecayap-

pearingin the File8 representationof decayspectrain ENDF/B-VI),to avoidnegativespectra.

Mostof the evaluatedmeasurementsweresuppliedby CharlesReichof INEL(IdahoNa-
tional EngineeringLab.),with a c!ose adherenceto ENSDF(EvaluatedNuclearStructure Data

File)andconvertedto ENDF/Bformatat HEDLby F. Mann, Al!of the supplementsto thesedata

andthosefor unmeasuredparametersweremadeinLos Alamosby the authors, The additionsex-

pandedthe fde from-60 0000to>300000 lines,or approximately25000000 bytes.
Table C-2providesa list of informationthat maybe of great interestto presentand future

eVdJatOr&This information,~ well ~ more detailedaddition~ materi~, cm now be recovered
fromFile 1. Themeaningof the variousnumbersis givenat the endof the table. The tablerelates

onlyto beta,gamma,anddelayedneutronenergies;thereareotherspectrain the files.

1 ‘If,
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TABLE C-2

FISS1ON-PRODUCTDECAYFILE:SUPPLEMENTS,ADDITIONS,ANDSOURCESa

:;ij r YP . . . (., ,\~ }: (.f,uI,f ,x}:s r
[4 (; x Ii!: I A ,;~u:~ [,}:1, :.1:1.r
:: 1 4 f cm1*UC 4 (,)4 [)● (JL ,j ) (/(1,)* (J4
11 1 4 / 1 H(J ● of 2, ‘) X(JIJ o (!6 2. ; t,42 * O‘,
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fission-productdecayfde beforecombiningall decaydata

“ID”= Z*1OOOO+A*1O+Sis a numericalidentificationforthe nuclide.

“MAT”=.ENDFMATnumber

Under“AV.E,”the B (beta)andG (gamma)numbersmean:

o no changein INELspectroscopicdata(Fall 1989)
1 directmeasurementby G. RudstarnfromINELdata
2 theory,LANL(usingslightlymodifiedGrossTheorycodeof T. Toshida)

sameas ENDF/B-V
-; no averageenergyas in ENDF/B-V
6-7 .IN”JC1989;probablybasedonevaluatedmeasurementforgammaand/orbeta

Note: these two columnsare primarilyused to indicatewith “2”whereGrossTheoryhas
been used as the source of averageenergy. Many such values will probablyagtee with
JENDL20

Under“SPTYP”for B, G, and N, the numbersmean:

-1 no changein spectroscopicspectramade
I correspondingspectraentidy freefromGrossTheory,exceptdelayedneutronsaxe

basedon IANL evaluationof measuredandtheory(referencedin File 1).
2 GrossTheo~ spectrasupplementsspectroscopic

Under“CONT.ECOMPONENT”are the beta,gamma,anddelayedneutronenergiesderivedfrom
the continuousenergyfiles,

Under“NEWFD,”thediscretenormalizationfactorforbeta is listedif it haschangedfromthe
spectroscopicvalue(usual]}”1.Oe-02).
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