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EVALUATIONOF n + 239Pu NUCLEAR DATA FOR

REVISION 2 OF ENDF/B-V

by

E. D. Arthur, P. G. Young, D. G. Madland,and R. E. MacFarlane

ABSTRACT

A major revision of the ENDF/B-V evaluation of
neutron-inducednuclear data for 239Pu has been completed.
The most important changes to the evaluation include
incorporation of a comprehensivenew theoreticalanalysis
based on recent experimentaldata to replace part of the
total cross-section file and all of the elastic and
inelastic cross sections and secondary distributions
between -10 keV and 20 MeV; reevaluationof the prompt and
total average neutron multiplicities from fission for
incident energies between 0.4 and 11.5 MeV to correct
discrepanciesof almost 3%with new experimentaldata; and
the replacement of all secondaryneutron energy spectra
from fissionwith improved shapes based on approximations
to a new theoretical method. The evaluationhas been
tested byca.lculating various experimental results for
five fast critical assemblies. Becausemajor data types
were either not thoroughlyamlyzed or were simply carried
over from ENDF/B-V, this evaluation is regarded as an
interim replacementuntil a more careful study can be done
for ENDF/B-VI. The results of the new evaluationare
being distributed as Revision 2 of ENDF/B-V by the
National Nuclear Data Center at Brookhaven National
Laboratory. A second version of the evaluation that
includes a more complete description of the
incident-energy-dependentfissionneutron spectra has also
been provided to the ENDF/A library at Brookhaven.



1. INTRODUCTION

The ENDF/B-Vevaluationfor n + 239Pu was performedby Kujawski, Stewart,

and ~Bauve,l$2 with major elements being providedby a task force of the

tioss Section EvaluationWorking Group. Due to the general unavailabilityof

experimentaldata and limitationsin theoreticaltechniquesat that time, a

major revision of the inelasticscatteringfiles was not attempted. Since the

issuanceof ENDF/B-V, however, the inelastic data files have come into

question, with the expectationbeing that at least some of the discrepancies

between calculatedand measured integral results3were being caused (or, at

least, worsened) by the inelasticevaluation. Additionally,subsequentto the

finalizingof ENDF/B-V,results from one of the main ~p(En) experiments used

for the evaluationwere significantlyrevised above an incidentneutron energy

of 1 MeV04 Fin~ly, a new method for calculatingenergy sPectra of ‘eutrons

from fission5has become available that allows a more accurate representation

239PU at secondaryof fission neutrons,yielding significant changes for

neutron energies above - 8 MeV.

A new evaluation of n + 239PU interactionsthat addressesthe above

problemshas been preparedand distributed as Revision 2 of ENDF/B-V. A

number of significantmodificationswere made to the original Version V data

file. A comprehensivenew theoreticalanalysis that utilizesseveral recent

measurements was incorporated to describe the total,elastic, and inelastic

scatteringprocesses for incident neutron energies between - IOkeV and

20 MeV. Extensive changes in the evaluated data files were required to

reflect the new calculations,which differ significantly from ENDF/B-V. In

addition, preliminary analyses were employed to correct the prompt and total

neutron multiplicitiesfrom fission (Vp and ~t) between 0.4 and 11.5MeV (to

conform with improvedmeasurementresults) and to improve the energy spectra

of neutrons from fission at all energies (to reflect modem theoretical

calculations). Because the latter analysesare preliminaryand whole sections

of Version V were adoptedwithout revision,the present evaluation is regarded

as interim until more thoroughanalyses are completed for Version VI. The

theoreticaland experimentalbases for the revisionsalong with details of the

changes to the ENDF/B-V data files are described in this report.

2



Section 11 summarizesthe theoreticalanalysis used to upgrade the total,

elastic,and inelastic data and provides detailed comparisons with the

previous evaluationand with experimentaldata. The changes to VP and ~t are

described in Sect. III, which also includes comprehensive comparisons ~th

experimental results. Section IV deals with the changes in representationof

fissionneutron spectraas a functionof incidentenergy, using ENDF/B-Vas a

basis for comparison. Section V discussesthe impact of these changes on

integral calculations in reactor spectra and includes comparisons of

calculated and experimental results for five critical assemblies. Finally,

conclusionsand recommendationsfor future work on the ENDF/B evaluation for

239PU are given in Sect. VI.

11. TOTAL, ELASTIC, AND INELASTICNEUTRON DATA

A. TheoreticalAnalysis

The basic theoreticalcomponents of the calculationsare discussed in a

paper by Arthur6 at an inelasticscatteringspecialistsmeeting in Paris, and

their application to 239PU is described in a second paper presentedat the

~twerp Conference.7Additionalbackgroundmaterial is available in several

Los Alamos progress reports (Ref. 8, p. 15; Ref. 9, p. 28; Ref. 10, p. 18; and

Ref. 11, p. 15).

The theoretical analysis involved application of two main reaction

models: a coupled-channel optical model to describe direct-reaction

contributions to inelastic scattering from collective states, and

Hauser-Feshbachstatisticaltheory to calculate compound-nucleuscontributions

to the reactions. The neutron transmission coefficients required for the

Hauser-Feshbach calculationswere obtained from the coupled-channelanalysis,

thereby ensuring consistencybetween the compound-nucleusand direct-reaction

parts of the calculations. At incident energies above - 10 MeV,

preequilibrium theory was employed to correct the statistical theory

calculationsfor nonequilibriumeffects.

3



The ECIS12 computer code was used for the coupled-channeldeformed

optical model calculations. The first six states of the 239Pu ground state

rotationalband (1/2+,3/2+, ..., 11/2+)were coupled in the calculation. The

optical potentialwas representedin a standard manner,13 and the coupling

form factors needed in the expansion of the optical parameterswere assumed

complex. We used neutron optical parametersbased on the Bruy~res-le-ChStel

analysis,14 which relied mainly on fits to actinide total, elastic, and

inelasticcross sectionsas well as s- and p-wave strength functions. Slight

modifications were made to the optical parametersto produce better agreement

~th the 239PU total cross-section measurements of Poenitz et al.,15

particularly around 1 MeV. The resultingoptical

appear in Table I.

TABLE I

OPTICAL MODEL AND DEFORMATIONPARAMETERSUSED

r

v = 46.2 - 0.3E 1.26

‘SD = 3.6 +0.4E 1.24

‘so = 6.2 1.12

$2 = 0.21 (34= 0.065

and deformationparameters

IN THE Calculations

a

0.615

0.50

0.47

a~e well depths and energiesare in MeV; geometricalparametersare ‘n ‘m=

The reaction theory code COMNUC16 was used for the Hauser-Feshbach

statistical theory calculations below 5 MeV, and the GNASH17 code, which

includespreequili.briumcorrections,was employed at higher energies. Both

codes utilized the phenomenological level density model of Gilbert and

~meron18 ale% with the parametersof Wok.lg A maximum amount of discrete

level informationwas included for each nucleus appearing in the calculation.

Such data were used to adjust the constant temperature level density

parameters so as to reproduce the cumulative number of levels at low

excitationenergies while joining smoothlyto the Fermi-gas form at higher

energies. Gamma-ray transmission coefficients were calculated using a

4
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Brink-Axelexpression20S21that utilized two Lorenztian forms to representthe

split giant dipole resonance. The gamma-ray transmissioncoefficientswere

normalized to reproduce ~exured 2X~y>/<D> data22 available for s-wave

resonancesnear the neutron binding energy.

Calculated elastic and inelastic scatteringangular distributionsfor

0.7-MeV incident neutronsare shown in Fig. 1 with the experimental data of

Haouat et a1014 for the ground state band members of 239PU. At this energy

ccmpound contributionscan be

compound-nucleus calculations

agreement with experiment is

underpredictsthe cross section

significant, so that both the direct and

are tested by this comparison. Overall,the

good, although the calculation somewhat

for the 7/2+ state.

Figure 2 presents a comparison of the calcdated results with a

scatteringmeasurementby Smith and Guenther23 for 2.5-MeV incident neutrons.

This measurementincludeselastic as well as inelasticneutrons from states in

239PU up to an excitationenergy of Ex =0.2MeV. Smith and Guenther also

used their results, together with total and fission cross-sectiondata, to

infer total Inelasticscatteringcross sections for levels above a given

excitation-energy threshold. A comparisonof our calculated inelasticcross

sections (solid curve) with their inferred results is given in Fig. 3, with

the excitation-energy threshold for the results ranging from Ex = 0.08 to

0.3 MeV. lhis comparisonprovides indirect evidence of the validity of our

assumption that inelastic scattering to states above the ground state

rotationalband is dominatedby compound-nucleuseffects, at least below 4

MeV. The dashed curve in Fig. 3 representsthe ENDF/B-V evaluation,which

lies substantiallyabove both the experimentaldata and our calculations at

higher energies.

Although we relied upon experimentaldata for the total fission cross

section in the evaluation, the ability to calculate the fission channel

reliably (better than f57g) provides an important constraint on the

Hauser-Feshbach calculation of other channels. For our calculation we

introduced a double-hmped fission model into the COMNUC and GNASH codes,

using two uncoupled oscillators for the barrier representation with

penetrabilitiesfor each calculated from a Hill-Wheeler24expression.

5
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20 40 60 80 100 120 140 160 180

8 (deg)

Fig. 1. Calculated angular distributions compared with recent

rneasurernents14of elastic and inelasticscatteringon 239Pu at a

neutron energy of 0.7 MeV.

.
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that excite 239PU states having energies~ 200 keV are compared

with the data of Smith and Guenther23 for 2.5-MeV incident

neutrons.
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In the case of first-chancefission, the spectrumof transitionstates

occurringat each barrier was constructed from bandhead information25 for the

240Pu compound system. At higher excitations, we assumed a continuumof

transition states calculated with the Gilbert-Cameron level density

expressions and parametersapplicable for the ground

We applied enhancementsdirectly to these densitiesto

from symmetry present at each barrier. In

state deformationcase.

account for deviations

addition to applying

width-fluctuationcorrectionsthroughoutthe first-chancefission region, we

also includedcorrectionsfor Class II fluctuationsbased on the picket-fence
26 These correctionsareapproximationof Lynn et al. important primarily at

low incident energies.

At higher incident neutron energies,multichance fission contributions

[(n,nf), (n,2nf), etc.] introduce complications into Hauser-Feshbach

calculations of the total fission cross section. Numerous fission parameters

are required for the various compound nuclei involved,and shape uncertainties

can be introduced into the total calculated fission cross sections due to

unknowns associatedwith the energy behavior of the various components.

Because higher energy Hauser-Feshbach calculations are time consuming and

costly to perform,reliable fission parameteradjustmentscan be difficult to

achieve, especially in the cases where insufficientinformationis available

for parameterconstraint.

To minimize these problems,we used,
27 of direct-reactionfissionmeasurements

neutron-inducedfission cross sections of

as independent sources of data,

probabilities(Pf) and new data28 on

238PU. These data sources allowed

us to introduceadditionalconstraintson barrier parameterdeterminationfor

the 23gl?u

fission.

our final

case of

occurring

and 238Pu ccmpoundnuclei associatedwith second- and third-chance

In analyzing these data, we employed the same fission models used in

calculationsof

the Pf data, we

between direct-

the total n + 239Pu fissioncross sections. In the

accounted explicitlyfor spin populationdifferences

and neutron-inducedreactions.

An example of our fits to these data types appears in Fig. 4, where our

calculated 238Pu(n,f) cross section is compared with the recent data of

Budtz-J~rgensenet al.28 In this case we did not attempt to optimize the fit

I
9



1 1 1 I I I I 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.S 5.0

NEUTRON ENERGY (MeV)

238pu(n,f) crossFig. 4. Calculated sections used to obtain

initial values for the 239PU barrier parametersappearing in Table

11 are comparedwith the data of Budtz-JArgensenet al.28
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to the data below 0.1 MeV because our applicationof the barrier parametersto

the 239Pu(n,n’f)reaction is not particularlysensitive to this behavior. The

barrier parameters deduced from the data fit the onset of the 239Pu(n,n’f)

cross section reasonablywell (see below), but they disagree substantially

with parameters required to fit Pf data determined from 238Pu(d,pf)

measurements. We suspect this disagreementstems from problems in deuteron

breakup corrections applied in the analysis of this reaction. More reliable

Pf data exist for the 238pu c~pound nucleus, as obtained through the

237Np(3He,df)reaCtiOn.*Figure 5 shows our fit to these data after explicitly

accounting for the spin populationproduced in the (3He,df)direct reaction.

The result of these analyses was a reliable set of starting barrier

239PU c~culations.parametersfor use in our n + Small adjustmentswere made
239pu(n,xnf)data. ‘ein the parametersto optimize agreement with measured

final parameters are summarized in Table II, which also includesthe level

density enhancementsthat were used. Note that the theoretical enhancements

associated with these barrier shapes are d%for tiheinner barrier and 2 for

the outer one, where a is the level density spin cutoff parameter. Figure 6

compares our calculated total 239Pu(n,xnf)cross section (solid curve) with
.29 between - 1 and 16 MeV=the data measured by Karl The dashed and dotted

curves illustratethe higher energy behavior that we calculate for the (n,n’f)

and (n,2nf)contributionsto the total fission cross section.

B. EvaluationRestilts

A nUmber of modificationswere incorporatedinto the ENDF/B-V data file

on the basis of the calculationsdescribed in the previous section.

1. The total cross section (MF=3; MT=l) was significantlymodified in

the range

* H. C. Britt, Los

September 1982.

En = 0.025- 1.5 MeV.

Alamos National Laboratory,provided this information in
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Fig. 5. Comparisonof our fits with fission probabilitiesmeasured

237Np(3He,d)238pu(f) reaction.in the In these fits, which were

used to determine the 23~u barrier parameters of Table IIY

explicit account was taken of the compound-nucleusspin populations

produced in this direct reaction.
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2. The inelastic scattering cross sectionsand angular distributions

(MF=3,4;MT=51-68)were completelyreplaced from thresholdto 20 MeV.

3. The continuum inelasticcross section and secondary neutron energy

spectra (MF=3,5; MT=91) were significantly revised to match the

calculations.

4. The elastic cross section and angular distributions (MF=3,4; MT=2)

were completely replaced from the inelastic threshold

(En = 7.8932 keV) to 20MeV. (The actual elastic cross sections in

the file were determinedby subtractingthe nonelasticcross section

from the total, but these values were constrained by the analysis

described above to closely approximatethe theoreticalresults.)

TABLE II

FISSION PARAMETERSFOR n + 239Pu Calculations

Barrier Height

(Mev)
hkl

(MeV)

Density

Enhancement

240PU A 5.8

B 5.45

239PU A 5.7

B 5.05

238PU A 6.1

B 5.55

0.8

0.6

0.60

0.50

0.9

0.85

16

2

2.5

2.5

5

2

nuclei populated in the

fission

aThe isotopes appearing in the table are compound

multichance fissionofn+ 239Pu. The inner and outer

labeled A and B, respectively. The density enhancementsshown

by U1/4 (where U is excitationenergy, U > 1) to obtain overall

enhancements.
.

barriers are

are multiplied

level density

14



The newly evaluated total cross section below 2MeV, which results

directly from the analysis described in the previoussection, is compared in

Fig. 7 with the ENDF/B-V evaluation (dashed curve) and with experimental

results. The lower energy cutoff of the curve (25 keV) is the upper boundary

of the unresolved resonanceregion in ENDF/B-V,which we did not modify. The

older data of Schwartzet al.30 and Smith et al.31 were available for Version

v, but the more recent measurements of poenitz et al.15 were not. As

mentioned above, the Poenitz data were considered in our

calculations. As is evident in Fig. 7, significantmodifications

the total cross-sectionevaluationbetween 25 and 500 keV, with

large as 7% being required.

theoretical

were made in

changes as

The evaluated total cross section above 2 MeV is compared in Fig. 8with

the Poenitz et al. and Schwartz et al. measurements. Although some

improvement in the total cross section is clearly possible, the ENDF/B-V

evaluationwas left unchanged in this energy range. There is, for example,

nonphysicalstructurepresent in the evaluated curve at some energies.

The elastic cross section that results from our analysis is compared with

ENDF/B-V (dashed curve) in Fig. 9 for incident energies in the range 0.025 to

20 MeV. The irregularities present In the revised evaluationare caused by

structure in Version V nonelasticreactions [mairily(n,y) and (n,f) reactions]

that were not included in our modifications. Significantdifferencesbetween

ENDF/B-V and the revisionoccur at some energies,reaching-11% near 1.6 MeV.

The evaluated inelasticexcitationcross sections for the lowest 9 levels

in 239PU are compared with ENDF/B-v in Figs. 10-12. These comparisons

illustratethe large differencesthat exist between the present (n,n’) results

and Version V, with discrepanciesof factors greater than 2 being common. In

the cases of the lowest 5 levels, the differences largely reflect the fact

that direct reactionswere included in our calculationsbut not in ENDF/B-v.

For some of the levels, it also appears that shapes characteristic of lower

spin states were assumed for the Version V results.

. .
15
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The overall effect on the total inelasticcross section of our revisions

is shown by the comparisonwith ENDF/B-V in Fig. 13. Again, large differences

from Version V (up to a factor of -2) are apparent, particularly over the

energy range 0.01 to 1.0 MeV and above 7 MeV. The higher energy discrepancy,

which iS shown

is caused to

preequilibrium

more clearly by the linear graph in the upper part of Fig. 13,

a large extent by the inclusion of direct reactionand

effects in the new calculations.

III. PR@lPT FISSION NEUTRON

The ENDF/B-V evaluation

MULTIPLICITY

of the prompt neutron multiplicityfrom fission,

~D(En), in the MeV range was influencedstronglyby the experimentalresults
.

of Frehaut et al.32,33 These data resulted from a measurement reported

earlier34 that was revised to correct for suspectedbackgroundsthought to be

higher than originallyreported. In the years that followed publication of

the “corrected”data, however, the backgroundproblem was studied further and

the measurementsrepeated. The result is that the higher background was not

confirmed, and final data from the experiments, including the new

measurements,have been issued by Frehaut et al.,4 showing significant

disagreement(- fI-3%) with ENDF/B-v in the MeV region.

In addition to the Frehaut results, a second Up(En) measurementof high

+005%) was completedbYaccuracy (- _ Gwin et al.35 after the issuance of

Version V. This new measurement,which covers the incidentneutron energy

range from below thermal to 10 MeV, is in substantialagreementwith Frehaut’s

results above 1 MeV and with ENDF/B-V at lower energies (aside from the

thermal region).

Of the older measurements,only one experiment(Savin et

the now-withdrawnFrench results32and Version V in the 2-10

al.36) supports

MeV region. The

37 ~ther et al.,measurementsof Hopkins and Diven, 38 and Cond~ et al.39 are

all consistentwith the new results of Frehautand Gwin et al. Therefore,as

an interim correctionbefore a more thoroughvariance-covariance analysis is

made for Version VI of ENDF/B, we revised the Version VUP evaluationby

constructingsimple linear line segments that pass through the Frehaut and

Gwin et al. data, joining Version V at 0.4 and 11.5 MeV, with a break in

22
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The solid curVe iS the present revision,and the dashed curve is

ENDF/B-v.

23



slope at 3.6 MeV.

revised using the

The revised

The total neutron multiplicity(Vt) was also appropriately

ENDF/B-Vevaluationof delayed neutron multiplicities.

Vp(En) evaluation (solid curve) is compared in Fig. 14 with

ENDF/B-V (dashed curve) and with the experimentaldata of Frehaut et al.4 and

win et al.35 betwe~ ().1and 10 MeV.* ‘1’bodifferent flight paths (20 and 85

m) were used in the Gwin measurements,and these are depicted by different

symbols in Fig. 14. Figure 15 compares the evaluationsover the same energy

range with the older experimentaldata of Hopkins and Diven,37 Mather et

al.,38 Conde’ et al.,39 and Savin et a1e36 ~ noted earlier, the SaVin

measurementis the only one that now supports Version V.

For completeness,the ENDF/B-V evaluation of ~p(En)~ which was left

unchanged below 0.4 MeV, is compared in Fig. 16 with the lower energy portion

of the Gwin measurements. Similarly,the Version V evaluation at energies

above our revision (11.5 MeV) is compared in Fig. 17 with higher energy TP

data. Especiallyin the case of the lower energy cmparison, some revision of

the evaluation appears to be warrantedby the Gwin measurements. We have

deferred such a revision,however, until a more careful study of data in the

thermal region can be made, hopefully coupled througha variance-covariance

analysis with other reactionsand nuclei.

Iv. NEUTRON ENERGY SPECTRAFROM FISSION

In 1982,an improved theoreticaltreatmentfor calculatingneutron energy
5 me two features ofspectra from fission was publishedby Madland and Nix.

the new method that are most significantfor applieddata usage are that it

permits use of physics informationother than direct measurementsin inferring

fissionneutron spectra,and it results in a more solidly grounded theoretical

spectrum that differs from both the usual MaXwellianor Watt shapes used in

data evaluations,particularlyfor secondary energies higher than - 8 MeV.

*
All Vp measurements relativeto 252Cf were renormalizedin our analysis using

the value Vp(252Cf) = 3.758 i 0.004 from Stehn et al.40
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This latter feature is obviouslyimportant for any applications sensitive to

the high-energytail of the fission spectrum.

The Madland-Nix formulation is based upon standardnuclear-evaporation

theoryand accounts for the physical effects of the motion of the fission

fragments, the distribution of fragment excitationenergy, and the energy

dependence of the inverse process to neutron emission, namely,

compound-nucleus formation. In general, the compound-nucleusformationcross

section is a functionof energy and is usually best determined from an optical

model. Although the Madland-Nix theory reproducesexperimentaldata best

using an energy-dependentinverse cross section, good results can also be

obtained with

made in the

cross-section

spectrum to be

formulationin

a constant inverse cross section if a suitableadjustmentis

level density parameter. Because the constant inverse

assumption permits an accurate,closed-formexpressionfor the

written, formats have been devised to directly accommodatethis

the ENDF/B system,41 which we utilize in our analysis.

The basic equationsfor calculatingthe spectrum f(E+E’) of neutrons of

energy E’ due to first-chancefission inducedby incident neutrons of energy E

are as follows:

f(E+E’) ‘;[g(E’,E~) + g(E’,E~)] , (1)

where

dE’,Ef) =“ 1 [U~/2El(U2) 3/2E1(ul) +Y(;,U2)
1/2

- U1 - Y(+,U1)I ● (2)
3(EfTm)

In Eq. (2), the values of UI and U2 are given by

U1 = (i~’ - fif)2/Tm ,

‘2 =
(Ji?’+ fif)2/Tm ;

(3)

(4)
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El(x) is the exponentialintegral

(5)

and y(a,x) is the incompletegamma function

Y(a,x) = fx~a-le-u du . (6)
o

The three basic input parametersrequired to calculate the first-chance

fission spectrum are E!, E:, and Tm in Eqs. 1-4. The quantitiesE} and E: are

the average kinetic energies per nucleon of the average light and heavy

fission fragments,respectively,and Tm is the maximum temperatureof the

fission-fragmentresidualnuclear-temperaturedistribution.

The constants E! and E! are assumed independentof incidentneutron

energy and can be determined from measurements of the total average

fission-fragment kinetic energy42~43 together with a knowledge of the

fission-fragmentmass distribution.42,43 For the present evaluation, the

values E~ = 1.0360MeV and E! = 0.52857 MeV were used, as determined in App.

C’ofltef. 5.

The Tm parameter iS a functionof incidentneutron energy and depends on

several fission-related quantities, on parametersof the compound fissioning

nucleus, and on an effectivelevel density parameter~aeff. The scope of the

present work did not permit thoroughreevaluationof all fission spectrum

measurementsIn termsof the Madland-Nixtheory. Therefore, as an interim

procedure,the parameteraeff was simply adjusted so that the fission spectrum
.

calculated for thermal incidentneutrons resulted in the same average neutron

energy as does ENDF/B-V. This value of aeff was then used in the Madland-Nix

theory to calculate Tm(En) up to the threshold for second-chance fission,

defined to be 5.68 MeVin the evaluation. The Tm(En) at incidentenergies

> 14 MeVwere determinedby requiring the same average first-chance fission
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neutron energy as is given by the ENDF/B-V evaluation. Between 5.68 and 14

MeV, the Tm points were joined by a linear line segment.

The fissionneutron spectrum that results from thermal incident neutrons

is compared in Fig. 18 with the ENDF/B-V evaluation. The solid curve is the

ratio of the the present Madland-Nix spectrum to the Watt spectrum from

Version V. Alttmugh both spectra result in the same average neutron energy

(<E:> = 2.1120 MeV), there is a marked differencein the two above a secondary

neutron energy of 8 MeV. At lower energies the ratio oscillatessomewhat but

never differs from unity by more than tl.8%.

The extensionof the theory to include second-, third-, and fourth-chance

fission requires a knowledgeof the cross section for each of the multichance

fission processesas well as the ~p(En) appropriatefor the various compound

nuclei involved. The required equationsare given in detail by Madland41 and

are not repeated here. For our calculations we adopted the multichance

fission cross sections from ENDF/B-V and assumed that the neutron

multiplicitiesare given by the approximationin Madland’s Eq. (25), namely,

V2(En-2(32-B2)= vl(En) - 1 ,

V3(En-202-B2-2G3-B3)= V1(En) - 2 ,

v4(En-2~2-B2-2@3-B3-2G4-B4)= vl(En) - 3 ,

togetherwith the assumptionthat vl(En) = ~p(En). The quantities Vi(E) are

the average neutron multiplicities for each successive compound nucleus

occurring in multichance fission,the Oi are neutron evaporation temperatures,

and the ‘i are neutron binding energies,as described in Ref. 41. Although

the use of this approximationis not recommendedin Ref. 41, it is appropriate

here because of the large uncertaintiesin the ENDF/B-Vmultichance fission

cross sections that we are using.

The temperaturesTm(En) for second-, third-, and fourth-chance fission

were obtained from the first-chance fission values through the simple

approximation
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T$2)(En) = Tm(En-B2) ,

T$3)(En) = Tm(En-B2-B3) ,

T(4)(En) = Tm(En-B2-B3-B4)“
m

That is, we assume the same Tm(En) curve for all the PU isotopes,apart from a

simple adjustment for the differentexcitationenergies involved.

The average fission neutron energy that results from this treatmentis

plotted as a functionof incident neutron energy (solid curve) in Fig. 19.

Also shown are the ENDF/B-V values that result

reaction type MT=18; dashed curve) and from the

third-, and fourth-chancefission (MT=19,20,21,38;

from total fission (ENDF/B

sum of first-, second-,

dotted curve). The dashed

and dotted curves should in principlebe the same, but an approximateform was

used in ENDF/B-V to simplify the MT=18 representation. In the present

evaluation,the total fission spectrum is consistent with the sum of the

parts. The structure appearing in Fig. 19 corresponds to the onset of

second-, third-, and fourth-chance fission and is determined by the

fission-spectrumparameterswe have assumed as well as the relativemagnitudes

of the multichance fissioncross sections taken from ENDF/B-V.

Although a new ENDF/B-Vformat was devised (Law LF=12 in ENDF/B file

MF=5) for directly inputting the Madland-Nixspectrum,41 the Cross Section

EvaluationWorking Group only approved its use in official ENDF/B versions

subsequent to Revision 2 of ENDF/B-V. Therefore, it was necessary to

representthe new evaluationby a pointwise tabulation(LF=l in MF=5) in the

official ENDF/B-V, Revision 2 file. To accomplish this, an initial,

unofficialdata file was first constructed that makes use of LF=12 and

includes a

fourth-chance

spectra for

total fission

detailed description of the first-, second-, third-, and

fission componentsas well as total fission. Tabulated fission

the official Revision 2 evaluationwere then computed from the

data in the unofficial version and appropriately formatted.

Because of the length of the tabulations,however, only total fission (MT=18)

is included in the official file. The unofficial file that employs LF=12 is
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Fig. 19. Evaluated average secondaryneutron energies from fission

for incident neutron energiesbetween O and 20 MeV. The solid

curve is the present revision;the dashed curve is from MT=18 in

ENDF/B-V; and the dotted curve is the sum of MT=19,20,21,38 in

ENDF/B-V. See text for an explanationof the structure.
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identical in every other respect to the official one and, in addition to

preservinga more detailed fission descriptionthan the Revision 2 file, it is

almost 1300 records shorter. The unofficialevaluationhas been provided to

the ENDF/A data library at the National Nuclear Data Center, Brookhaven

National Laboratory.

Tabulated total fission neutron spectra are included at 19 incident

energies in the Revision 2 evaluation. The qualitative effect of

incident-energyinterpolationis shown in Fig. 20, where the average secondary

neutron energies from the tabulations(squares) are compared with a curve

calculated on a fine grid from the unofficialevaluation that uses LF=12 in

MF=5. The density of the tabulationsis such that interpolationerrors should

be quite small in the first-chancefission region.

v. INTEGRALTESTING WITH FAST CRITICAL MEASUREMENTS

After completionof the above revisions, calculationswere made for five

fast critical assemblies:44the bare plutoniumsphere JEZEBEL (95% 239Pu), the

“dirty” plutonium sphere JEZEBEL-pU (20% 240PU), the uranium-reflected

plutonium sphere FLATTOP-PU,the thorium-reflectedplutonium sphere THOR, and

the liquid-metal fast breeder reactor benchmark ZPR-6/7 (13% 239PU).

Homogeneous,one-dimensional, spherical calculationswere made using transport

theory for the small assemblies and diffusion theory for ZPR-6/7.

Eighty-groupcross-sectionlibrariesbased on the ENDF/B-V evaluationand both

the “official” and “unofficial” versions of the present revision (see

Sect. IV) were generated for each assembly using the TRANSX code45 with MATxS

libraries producedby the NJOY nuclear data processingsystem.46 The official

and unofficial representationsof the Version V revision were found to give

virtually identical results in the integralcalculations.

The impact of the revisions to the ENDF/B-V evaluation is shown in Table

111. The changes in the eigenvalue (keff) and the 238U to 235U fission ratio

(f28/f25) are q~te dramatic for the four small assemblies. The 238U fission

ratios show a definite and consistent improvement, and the spread in the

eigenvalues is reduced significantly. Only for the JEZEBEL-PUassembly was

the eigenvaluecalculationworsened, which might indicate problems With the
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Fig. 20. Comparison of the average fissionneutron energies from

the tabulationsin Revision 2 of ENDF/B-V (squares) with values

computed from the unofficial version of the revision using the

direct LF=12 representation41 of the ~dland-Nix formulation(solid

curve). See text for an explanationof the structure.
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TABLE III

CRITICAL ASSEMBLY PERFORMANCEPARAMETERSFOR 239pu

Parameter

keff
f28/f25 (C/E)a

f23/f25 (C/E)

f37/f25 (c/E)

f49/f25 (C/E)

f25/f49 (C/E)b

f28/f49 (C/E)b

keff
f28/f25

f37/f25

keff
f28/f25

f37/f25

keff
f28/f25

f37/f25

‘eff
f25/f49 (C/E)

f28/f49 (C/E)

c28/f49 (C/E)

Average keff

Spread in keff

a~lculated result

ENDF/B-V

1.0068

0.917

0.987

0.951

0.972

1.028

0.943

0.9980

0.923

1.016

1.0179

0.920

0.992

1.0228

0.901

0.944

0.9956

1.018

1.010

1.078

1.008

0.025

divided by the

Revision 2 Assembly

0.9982 JEZEBELC

0.959

0.985

1.001

0.975

1.026

0.984

0.9917 JEZEBEL-P~

0.958

1.027

1.0054 FLATTOP-P@

0.965

1.017

1.0070 THORC

0.948

0.970

0.9958 ZPR-6/7d

1.018

1.020

1.077

1.000

0.015

experimentalresult.

bDerived from benchmark’sC/E values.

CTransport-correctedp3S16 (with no other corrections).

dDiffu9ion theory with correctionsspecified for the benchmark.
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240Pu data. The changes to ZPR-6/7 are smaller due to its lower 239Pu

concentrationand softer spectrum. In both cases, however, the changes to the

inelasticcross section and fissionneutron emission spectra have hardened the

spectra of emitted neutrons. The calculatedand measured leakage fluxes are

shown explicitlyfor JEZEBEL in Table IV.

To investigate the sensitivity of the integral experiments to our

revision of the fission spectrum, we

calculationsusing the revised evaluation

fission spectrum left unmodified. The

calculatedquantitiesare given in Table V.

reran the JEZEBEL and ZPR-6/7

but with the original ENDF/B-V

percent changes in the various

In most cases, the changes are

quite small. For JEZEBEL, keff becomes slightlyworse when the ENDF/B-V

spectrum is used, whereas the f25/f4g C/E ratio is improved. The f28/f49 C/E

for JEZEBEL is virtuallyunchanged. The changes for ZPR-6/7 are very small,

the largest being a 0.6% change in the C/E for f28/f49 in the direction of

improvementwith the

VI. CONCLUSIONSAND

Version V spectrum.

RECOMMENDATIONS

Significantly improved

was achieved by incorporating

into the 239PU evaluation

leads to increasedconfidence

agreement with recent differentialmeasurements

results from the new reaction theory analysis7

Moreover, the improved physics in the analysis

in (n,n’) excitationcross sections and angular

distributions at all incident energies, especially for high-lying and

continuumlevels where experimentaldata are lacking. The revision to the

~p(En) data, while of an interim nature, does remove the seriousdiscrepancy

with experimentin the 2- to 10-MeV region that is evident for ENDF/B-V. The

impact on the critical assemblycalculationsof the fission-spectrumrevisions

is not as great as the other modifications, but the spectrum change does

embody a more realistic physical description and should improve the

high-energyregion of the fission spectrum. Applications such as deep

penetration shieldingcalculations,dosimetrywith threshold reactions,etc.,

can be sensitive to the high-energy tail of the fission spectrum. The

239PU evaluationsubstantiallydecreasescombinationof all the changes in the

discrepanciesbetween measured and calculated results for hard critical

\
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TABLE IV

CALCULATEDAND MEASURED LEAKAGE FLUX FROM JEZEBEL

,

Group Experimenta ENDF/B-V Revision 2

1 3•1*0.5

2 11.7*O.7

3 17.7fo.7

4 20.OtO.8

5 16.5t0.7

6 13.6f0.7

7 9.7*O.7

2.4 2.4

9.8 10.3

17.6 18.3

20.0 20.0

18.4 17.7

14.3 13.6

9.4 9.0

aLeakage spectrum for one-half lethargy groups below 10 MeV,

arbitrarilynormalized to 20 for Group 4.

TABLE V

SENSITIVITYOF CRITICAL PERFORMANCEPARAMETERSTO FISSION SPECTRUM

Parameter % Differencea Assembly

keff -0.18 JEZEBEL

f25/f49 +0.10

f28/f49 -1.6

‘eff -0.08
f25/f49 +0.01

f28/f49 -0.57

~28/f49 +0.05

ZPR-6/7

aRevision 2 relative to Revision 2 with substitution of the

ENDF/B-V fission spectrum.
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assembliessuch as JEZEBELbut has less effect on softer assemblies such as

ZPR-6/7.

Although significantcorrectionsare included in this interim evaluation,

there are still several areas where improvementsor more thoroughanalyses are

needed for ENDF/B-VI. Some of the improvementsthat should be consideredare

● a thorough,energy-dependentanalysis of data in the thermalregion,

includingdata for other nuclei linked through ratio measurements as

well as energy-dependentcorrelationsin the data;

.a new analysisof the resolved and unresolvedresonanceregions that

extends the resolved resonance region to as high an energy as

feasible, that utilizes a multilevel formulation,and that includes

the most recent experimentalresults;

● a thoroughanalysis of the smooth (n,f) and (n,y) cross sections that

accounts for energy correlationsin the data and that incorporates

ratio data and includesdata for other nuclei linked through ratio

measurements;

● a division of the total (n,f) cross section into multichancefission

componentsbased on a reaction theory analysis such as the one

described here, and incorporationof (n,2n)and (n,3n) cross sections

from such an analysis;

. inclusionof a variance-covarianceanalysis of ~p(En) data that is

properlymeshed with the thermal analysismentioned above; and

.a thorough incident-energy-dependent analysis of modern

fission-spectrummeasurements in terms of the Madland and Nix5

formulation and inclusion of correct Vp weighting in the spectrum

calculationsfor multichance fission. ,
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While it might not be feasibleto implementall the above improvements,

several of the recommended analyses are planned for Version VI of ENDF/B.

Until such time that Version VI is available, however, the present interim

evaluationoffers significantimprovementsover ENDF/B-V.
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