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ABSTRACT

This progress report describes the activities
of the Los Alamos Applied Nuclear Science Group for
October 1, 1983, through May 31, 1984. The topical
content is summarizedin the Contents.

I. THEORY AND EVALUATIONOF NUCLEAR CROSS SECTIONS

A. Spectra for the t-6Li Reaction (G. Hale)

New measurements 6of neutron spectra from the Li(t,n)2u reactionhave re-

cently become available at Los Alamos. Experimental data for the reaction,

which could be important in the blanket of a fusion reactor,have been widely

discrepant.

A preliminary comparison of our three-bodyresonancemodel predictionfor

the spectrawith the uncorrecteddata at E = 1.75 MeV, shown in Fig. 1, is en-
t

couraging. The calculation is taken essentiallyfrom parameters that describe

the proton spectra from the 3
He-6Li reaction reasonablywell at energiesbelow

2 MeV; it includes contributionsfrom the ground state and first, third, and

fourth excited states of 8Be, as well as from the ground-stateresonancein ‘He.

These contributionsare evident in Fig. 1 as well-definedpeaks in the spectrum

at E - 17.3, 14.5, 0.93, and 0.55 MeV, as well as a broad shoulder at En - 3
n

MeV. The energy shift between the calculation

energy peaks probably is due to

system degraded the triton energy

the fact that

from 1.750 to

and the data for the two lowest

energy loss in the target-foil

1.638 MeV. Differencesbetween

1



calculated and measured peak widths, especially for the ground-statepeak at

17.3 MeV, are due to experimentalresolutioneffects,which are not includedin

the calculations. Particularlyencouragingis the agreement in scale between

the calculations and absolute measurements, indicating that charge-symmetric
3

consistencywith the He-6Li data obtains.

We expect to see improved agreement as the calculationsand measurements

are refined to correspondmore closely (e.g.,removing resolutioneffectsj de-

tector cutoff distortion, ❑ultiple scattering and contaminant corrections,

etc.). Especially at higher energies, these corrections to the data are ex-

pected to be linked strongly to the calculatedpredictions,which in turn will

be improvedby comparisonswith these measurementsand others done at Bruy&res-

le-Ch&telin France.
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6
Absolute laboratoryneutron spectra for the Li(t,n)20’reaction at 0°

for Et = 1.75 MeV. The solid curve is a three-bodyresonance-modelcalculation
1

and the data are measurementsof Lisowski et al.
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B. Cross Sectionsand MaxwellianReactionRates for PolarizedFusion [G. Hale,

G. Doolen (X-5),P. W. Keaton (P-DO)]

The work reportedlast quarter on polarized~+~ reactionshas been written
2up and circulatedas a Los Alamos report. l:nthe ❑eantime, a microscopiccal-

3culation of the d+d reactions that takes into account d-wave contributionsto

the bound trinucleon clusters in the final state confirms our result that the
5
S2 d-d partial wave is important in the low-energy region, with the result

that the ~+d+ reactions are not strongly suppressed when the deuterons are

polarized spin-parallel.

Continuing interest in this area has prompted us to write a two-partpa-
4

per, to be submitted to PhysicalReview, dealing with the formalism for cal-

culating cross sections

and giving our numerical

and reaction rates for polarized-particleinteractions

results for ~+~ and ~+~.

c. 28Si Level Density Calculations[B. Strohmaier (T-2 Collaborator,on

Leave from Institut fiirRadiumforschungund Kernphysik,U. of Vienna)]

Spectral distributioncalculationsof the level density for 28
Si are being

performed based on the strength-functionmethod. Paralleling this work are

continuingstudies on the method itself. Both these efforts are part of a col-

laboration among Ohio University,Lawrence Livermore National Laboratory, and

the Universityof Vienna.

D. Calculationof Neutron and Gamma-RayEmission Spectra Producedby +27A1

Reactions [E. D. Arthur)

Preliminary calculationsof neutron and gamma-rayspectra induced by pro-

ton reactionson aluminum have been made to provide data required for shielding

design for a proposed proton linear accelerator. The nuclear models used in

Ehis study were the preequilibrium and Hauser-Feshbachmodels as embodied in

the GNASH program.5 This nuclear model code has been used in the past to

successfullyinvestigatehigher energy (E S 50 MeV) neutron and proton interac-

tions with nuclei in the structuralmaterials region.6

Because this study was of an exploratorynature, we did not attempt to op-

timize input parameters but instead relied upon global sets, especially for

optical parameters. In particular, for neutrons we chose the Wilmore-Hodgson

parameter set7 after confirmation of its suitability through comparison to

n+27Al total cross-sectiondata between 0.5 and 60 MeV. Agreement with the

3



data on the level of 5-10% occurred. Comparisonswere also made to measured

nonelastic data for incident energies between 10 and 60 MeV. Again, there was

generally good agreement although there was some tendency to overpredictsuch

data for incidentneutron energiesbelow severalMeV. For protons we found the

Becchetti-Greenlees8parameter set reproducednonelasticdata recentlymeasured

by McGill et al.9 Finally, for alpha particleswe used the parametersof Ref.

10.

Gamma-ray production measurements
11

for p+27Al reactions for the energy

range of interest here (10-50 MeV) were published during the 1960’s. For neu-

tron-inducedreactions,similar gamma-rayproductiondata are valuable in deter-

mining how well an overall description of the reaction process the nuclear

❑odel provides. Thus, for this case we sought to provide as detailed a descrip-

tion as possible of the major reaction paths to insure that major production

and deexcitation processes were included. Unfortunately, for higher energy

p+27Al reactions (E 50 MeV), the number of reaction channels and the fact
P

that charged-particlereaction paths contribute significantlyadd to the com-

plexity of the calculations. For the present calculations,this meant inclu-

sion of more than 35 reactionpaths.

From examinationof 17.5 MeV
27
Al(p,p’) data,

12
we found direct-reaction

contributionsto inelasticscatteringwere also important. In order to include

such direct effects in the GNASH calculations,we employed the distortedwave

Born approximation(DWBA). These results were normalized to the data of Ref.

12 and were includedfor the first six excited states of 27A1.

A comparisonof the calculatedgamma-rayproductionspectrawith the meas-

urements of Ref. 11 appears in Fig. 2 for a proton energy of 16 MeV. Unfor-

tunately, this comparisonsuffers because of the poor quality of the data that

is due to use of thick targets and poor resolutiondetectors. There is, how-

ever, qualitativeagreement between the calculationand the experimentaldata.

A similar comparison for a proton energy of 50 MeV is shown in Fig. 3. Again,

qualitative agreement occurs. Finally, Fig. 4 illustrates neutron emission

spectra calculatedat incident proton energies of 16, 33, and 50 MeV. In this

case, no data exist for comparison.

In spite of the preliminary nature of these calculationsand the absence

of reasonablequality experimentaldata, these results should be useful in the

shieldingdesign for proton linear accelerators.

4
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Fig. 2. 27The calculatedgamma-ray productionspectrum for ].6MeVp+ Al inter-
actions is comparedwith the data of Ref. 11.
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Fig. 3. The calculated gamma-ray production spectrum for Ep = 50 MeV p+27AI
interactionsis comparedwith the data of Ref. 11.
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E. Calculationof
235

U(n,f) Cross SectionsUsing Fission ProbabilityData

(E. D. Arthur)

On page 19 of Ref. 13, I have describedthe developmentof theoreticalap-

proaches that would allow one to better use fission probability data, Pf, to

predict or to aid in calculationsof (n,f) cross sections. Such an approach

takes into account explicit differencesoccurring in spin distributionspopu-

lated in neutron-inducedreactions and those occurringin direct-reactiondata

that are generallyused to determine fissionprobabilities. The model provides

a consistentanalysis of both data types rather than the use of the following

simple relationshipbetween a and P
nf f

Onf(En) ~Pf(En+Bn)CJCN(En) . (1)

Instead, the model analysis allows one to determinea fissionprobability

that dependsexplicitlvupon compoundnucleus spin and parity, which can then be

related back to measured fissionprobabilitydata, Pf(E).

Pf(E) =2 P (EJTI)a (EJll)
J-If

(2)

6



Here a(EJTl)representsthe compound-nucleusspin distributionthat for direct

reactions can be determined from distorted wave Born approximation calcula-

tions.

To further investigatethese techniques,fissionprobabilitydata from the
234

U(t,pf)236U reaction14were fit, as

parametersfor the 236U compound system

fission calculations. To do this the

were used to determine spin and parity

shown in Fig. 5. The resultingfission
235U

should be directly applicableto n+

parameters determined from such a fit

dependentpartial fissionwidths, which

should have effects resultingfrom the initial spin populationdistributionre-

moved. This information was then combined with compound-nucleusformation
235

cross sections determined from n+ U coupled-charnelcalculationsto predict

values for 235U{n,f).

6.0 8

U236%CITAT1::ENERG:5(MeV)

Fig. 5. Fit to the 234U(t,pf)236UPf data of Ref. 14.



Figure 6 compares the

cross sectionsappearingin

resent ENDF/B-V while the

analysis of the 234u(t,pf)

results of this technique to evaluated 235U(n,f)

the currentENDF/B-V library. The data points rep-
235curve is the “predicted” U(n,f) based on the

Pf data described above. The agreement is within

7% or less, which is approximatelythe accuracy of the Pf data. The dashed

curve shows the predicted (njf) cross section obtained by simply multiplying

the Pf data of Fig. 5 by a compound-nucleusformationcross section. In spite

of the fact that the compound-nucleusformation cross sections used were de-

termined from realistic coupled-channelcalculations,the spin population ef-

fects discussed lead to significantdisagreementswith both ENDF/B-V235U(n,f)

data as well as the more realistic calculations shown by the solid curve.

‘.
‘\ .

‘\ \ . .
..\\ \

‘. \ .-,
I
,

\ c1 ;

w?’
10-’ I’d’

NEUTRONENERGY(MeV)

Fig. 6. Predicted 235U(n,f) cross sections based on the Pf data of Ref. 14.
The solia curve shows results obtainedwhen such data are analyzed in the man-
ner described in the text, i.e., spin population distributionsare explictly
accounted for. The dashed curve shows the resultswhen such Pf data are simply
multipliedby a compound-nucleusformationcross section. The data points rep-
resent evaluateddata appearing in ENDF/B-V.
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F. Calculationof (n,n’)ExcitationFunctions for Higher-LyingLevels in238U

(E. D. Arthur)

In 1981 and 1982 I reported calculations15,16 of cross sections for neu-

tron inelastic scattering to higher-lyinglevels (vibrationalband members) in
238U

. These calculationsconcentratedprimarily on compoundnucleus contribu-

tions that were determinedusing the COMNUC
17

Hauser-Feshbachstatisticalmodel

code. Fission competition was accounted for via a realistic fission model

based on a coupled oscillatorbarrier representation. Even though these calcu-

lations addressedprimarily compound-nucleuscontributionsto inelasticscatter-

ing, some attentionwas paid to the amount of direct-reactioncontributionsone

could expect for scatteringfrom states lying above the ground-staterotational

band. In Ref. 16 such direct-reactioncontributionsfor scatteringfrom the 3-

0.73 MeV octupole state in
238

U were determinedfrom distortedwave Born approxi-

mation (DWBA) calculations. These results were then normalizedthrough use of

B(E.t)values determined from charged-particlereactions via the expression

9“3)213;.B(EA) = (&ZeR A (3)

Through use of a B(E3) value
18

for this state equal to 0.5e2b3, the calculated

direct reaction contributionto inelastic scatteringwas on the order of 5-10

mb over the neutron energy range from 2-4 MeV. This result was in apparent

disagreement with direct-reactioncontributionsdeduced from
238

U(n,n’y) de-

terminationsof inelasticscattering
19 20

as well as other theoreticalanalyses.

Recently, pertinent experimental data
21

have become available from the

Universityof Lowell that are based on direct measurementsof inelasticneutron
238U

scattering from . These measurements

MeV and,allow one to reach some conclusions

tions to scattering from states occurring

With the advent of these data, I have

extend to incident energies of 2.2

concerningdirect-reactioncontribu-

in higher-lyingvibrationalbands.

extended the investigationof such

direct-reactioncomponents in
238

U to states extending up to excitation ener-

gies of 1.169 MeV. Of the 20 states that are members of higher lying vibra-

tional bands, seven have B(E~) values that have been determined from Coulomb

scattering results. Furthermore, the strengths of the 1- 0.68 MeV and the 5-

0.827 MeV states of the octupolevibrationalband can be determinedfrom (p,p’)



and (d,d’) scatteringdata22’23) by comparisonswith known cross sections for

excitation of ground-state band members. Table I summarizes B(EQ) data18

238U ~evel~availablefor higher-lying .

TABLE I

MEASURED VALUES FOR 238U STATES LYING ABOVE THE G.S. ROTATIONALBAND

Ex (MeV)

0.68

0.73

0.87

0.927

0.931

o.~66

0.9663

0.993

0.9975

0.9983

1.0373

1.055

1.o6

1

1-

3-

5-

0+

1-

7-

2+

0+

3-

2+

2+

4+

2+

8 states with no B(E9) data

1.169

To compute direct-reaction

using the spherical iteration
..

3-

components, DWBA

B(E2)

see text

0.5

see text

0.017

0.22

0.002

0.063

0.13

0.25

calculationswere performed

of the Madland-Young actinide optical model

potential for neutronsz~ along with a complex form factor. The resultingDWBA

cross sections were normalized using values calculated from Eq. (3) that were

based on the B(E9) data presented in Table I. The direct reaction cross sec-

tions for the 0.68 and 0.83 MeV states were normalized as described above.

Finally, these direct reaction componentswere combinedincoherentlywith com-

pound-nucleusresultspreviouslycalculatedin 1981.

Figure 7 compares the calculated results for the excitation function for

scattering from the 3- 0.73 MeV level to the

curve represents the sum of compoundnucleus

21
recent data of Shao. The solid

(CN) and direct interactions(DI)

10



while the dashed curve representsonly the DI contributionscomputed as des-

cribed above. Also shown on the figure are data from (n,n’y)measurementsof

Olsen.
19

At energies above 2 MeV these data are in substantialdisagreement

with the directly measured (n,n’) data of Shao and with the present calcula-

tions.

m
0

5’

(n
u)
0
8.

0

--

a
ao

N&autronEnergy(&V)
90

Fig. 7. The present calculations (solid curve) for excitationof the 3- 0.73
MeV state in 238u are comparedwith new measurementsof Shao.21 Shown by tri-
angles are cross sections deduced from the (n,n’y) values of Olsen.ig The
dashed curve represents the DI contribution calculated as described in the
text.

Figure 8 compares this same calculationto a similar one by Chan et al.20

that employed combined statisticaland coupled-channelmodels. In particular,

their coupled-channelcalculations included explicit coupling between ground-

state band members (generally0+
+

and 2 states) and states lying in higher vi-

brational bands. In these calculations the relative band coupling strengths

were treated as an adjustableparameter. They used as a guide in determination
238of such strengths inelastic results deduced from the U(n,n’y) measurements

of Ref. 23. This approach led to too large a direct-reactioncontribution,as

illustratedby the dotted curve. Such large DI componentsappear to be incon-
21sistent with the new data of Shao and with DI contributionsthat are deter-

mined from charged-particledata as described here. This problem occurs for
238

several other such levels that are membersof U vibrational bands,
11



. ,
IN .,.

I

‘m
NfutronEnergy(&V)

Fig. 8. The present calculations for (n,n’) scattering from the 0.73 MeV
state (solid curve) are compared with similar resultsby ~han et al.20 (dashed
curve). The dotted curve represents the amount of direct-reactioncontribu-
tions calculatedin Ref. 6.

Unfortunately,the new measurementsof Shao
21

do not extend to as high an

energy as one would like to reach definite conclusionsconcerning the role of

direct-interactionsin the excitationfunctionsof other levels. For this, one

would prefer to have such data extendingto incidentneutron energies of 3 MeV

or higher. These measurementsdo allow, however, statementsto be made concern-

ing the shape and magnitude of the excitationfunctionof several other levels.

Figure 9 shows such an example for scatteringfrom the 4+ 1.055 MeV and 2+ 1.06

MeV states. The directly❑easured (n,n’)data of Shao are shown by the squares

while cross sections deduced from the (n,n’y)measurementsof Olsen are repre-

sented by the triangles. The solid curve illustratesthe present calculations

and is composed of the sum of compound-nucleusand direct-interactioncontri-

butions for the 1.06 MeV 2+ state along with compound-nucleuscontributionsfor

the 1.055 MeV 4+ and 1.059 MeV 3+ states. The theoreticalcalculationsand the

data of Shao are in reasonable agreement while the (n,n’y)-basedresults of

Olsen disagree, indicating possible problems in the treatment of gamma-ray

branching processes. Again, for the calculated curve, the DI component is on

the order of 10 mb or less for incident energies below 2.5 MeV. The cross

section at these energies is thus still dominatedby compound-nucleuscontribu-

tions, a result that disagreeswith conclusionsone might reach from considera-

tion of (n,n’y)data only.

12



w
N~~tronEnergy(~eV)

So

Fig. 9. * Calculations*of the excitation function for scattering from the 4+
1.055, 3’ 1.059, and 2’ 1.o6 MeV states in Z3SU are comparedwith Shao’s data
(Squares). These calculations include both DI and CN contributions for the
2 1.06 MeV state whereas for the others only CN contributionswere assumed.
The trianglesare based on the (n,n’y)data of Olsen.

G. Calculationand Evaluationof n +
237

Np Cross Sections (E. D. Arthur, D.

G. Madland, and P. G. Young)

Knowledge of the production of
236

Pu is important in the fabricationof

fuel for fast reactors because of the hard (2.6 MeV) gamma rays emitted by its

daughter product, 208T1. The principal process for
236

Pu production is via
237

Np(n,2n)236Np(~-)236Pu for which data are sparse and the existing ENDF/B

evaluation may be discrepantby almost a factor of two. A method that could
237

aid in the solution of such problems is calculationof the Np(n,2n) cross

section using the GNASH preequilibrium-statisticalmodel code5 (see p. 15 of

Ref. 24) in a manner similar to our calculationsfor 239Pu(n,2n). The GNASH

code employs : realisticfission descriptionso that the major competitionfrom

(n,xf) reactionscan be modeled correctly. Also the code allows one to produce

reasonable calculations of isomer ratios to enable meaningful comparisonsto

available data to be made.

13



To prepare for such an effort we have made preliminary calculationsof
*+237

Np reactions with particular emphasis on inelastic scattering. We have

included the results of the calculationsin a revisionto the currentENDF/B-V
237

Np evaluation that covers the incidentenergy range up to 5 MeV. Addition-

ally we have taken this opportunityto incorporateimprovementsto other data,

particularly those for (n,y), (n,f), ~p, and prompt fission neutron spectra.

As described on page 50 of Ref. 24, we initially used the Madland-Young
22

optical model parameters in coupled-charnelcalculationsto generatedirect-

reaction components for the 7/2+ and 9/2+ first- and second-excitedstates.

These coupled channel calculationswere also used to produce neutron transmis-

sion coefficients for Hauser-Feshbachstatistical model calculationsof com-

pound elastic and inelasticscatteringreactions.

Such calculationswere made with the COMNUC17 code and, while they were

generallysatisfactory,we found we did not reproducemeasured 237Np(n,y) cross

sectionsat energiesbelow 0.1 MeV as well as we would like. Additionally,the

s-wave strength f~ction values calculatedusing these parameterslay about 30y0

higher than the experimentaldata of Mewissen et al.25

In an attempt to eliminate these low energy difficulties,we also made

calculationsusing optical model parametersbased on analysesmade at Bruyeres-

le-Chate126but with the ~2 and ~4 deformationparametersoriginallyspecified

by Madland in Ref. 22. These appear in Tables II and III along with calculated

resonanceparameterdata (S., S1, R’). The calculateds-wave strength function

value SO lies close to the experimentalvalue of 0.994 t 0.12.25 Furthermore,

as illustrated

agreementwith

by the solid curve in Fig. 10, these parametersproduce better
the 237 27Np(n,y) data of Weston et al.

NEUTRON OPTICAL PARAMETERS

v = 46.2 - 0.3E

w
SD

= 3.6 + 0.4E

‘so =6.2

132 = 0.214

TABLE II

FOR237 Np COUPLED-CHANNEL Calculations

I
r a

1.26 0.63 I
~

1.24 0.52

1.12 0.47

j34= 0.074

a Well depths in MeV; geometricalparametersin Fermis.

14



TABLE

CALCULATED237Np

Theory

s. (X104) 1.04

S1 (X104) 2.02

R’ (fro) 9.03

111:

RESONANCEDATA

Exp. (Ref.25)

0.994 t 0.012

1.82 t 0.2

9.54 * 0.5

‘~I .
1 1 [ 1 I 1 r r 1 [

10+ ‘
I

10-1 -Tr—~
NEUTRONENERGY(MeV)

Fig. 10. Comparison of (n,y) calculationswith the data
The solid curve employed Bruyeres-le-Chatelbased optical

of Weston et al.27
parameters for neu-

tron transmission coefficients while the dashed curve was calculated using
Madland-Youngopticalmodel results.

Although
237

Np is a threshold fissioner,the (n,f) cross section presents

a sizable competitionto inelasticscatteringfor neutron energies above sever-

al hundred kilovolts. To describe the fission process, we used the coupled

oscillator representationin COMNUC along with a fairly rapid damping term.

Thus the representationat higher incidentenergies quickly approachedthat of

two uncoupled oscillators. The fission transition state spectrum was assumed

to be identical at each barrier and was constructedby taking
238

culated) energy levels in Np and compressing their spacing

known (or cal-

by a factor of

15



two. The resulting barrier parameters appear in Table IV and are compared

there to values deduced from other analyses.28,29 Also given are factors that

were used to multiply the phenomenologicallevel density computed for
238

Np in

its ground state deformation. These factors take into account enhancementsin

the fission transition-statedensity occurring at a barrier that results from

increasedasymmetryconditions. These factors agree qualitativelywith enhance-
28ments deduced by Bak et al. in that their level density determinedfor bar-

rier A was substantiallygreater than that for the ground state deformation.

Likewise, their state density for the outer barrier B was also greater than for

the ground state deformationbut less than for barrier A.

TABLE IV

BARRIER PARAMETERS FOR

This Work

EA (MeV) 5.87

hwA (MeV) 0.31

EB (MeV) 5.4

fiulB 0.36

DENSITY ENHANCEMENTS

Barrier A 4.0

Barrier B 2.0

THE 238Np COMPOUNDNUCLEUS

Ref. 28 Ref. 29

5.94 6.19

0.52 0.65

5.8 5.99

0.4 0.45

Figure 11 comparesthe excitationfunctionscalculatedfor scatteringfrom

the first excited state to results occurring in the current ENDF/B evaluation

(dashed curve) and to results from a recent French evaluationby Derrien et

al.30 (data points). Both our present calculationsand those of Derrien are

in reasonable agreement but differ significantly from the ENDF values. The

ENDF data obviouslysuffer from an unphysicalshape as well as apparent neglect

of direct-reactioncontributions.

In spite of our concerns about optical model parameters,the results cal-

culated for the total inelastic cross section using the Madland-Young or

Bruyeres-le-Ch$tel optical parameters do not differ appreciably from each

other. As Fig. 12 shows, they generally agree to within 10% except at ener-

gies below 300 keV. Here the effects we discussed earlier that are related

to calculated s-wave strength function differences cause a larger deviation.

Also shown on the figure by the data points are total inelasticcross sections

16



obtained in

nitude with

the recentDerrien evaluation. We observe some differencesin mag-

these results.

Fig. 11. Comparisonof our cal-
culated excitationfunction
(solidcurve) for scattering g

from the first excited state in ~g
237NP with ENDF/B-V results m
(dashedcurve). The data points ~
representresults from a recent 0
evaluationby Derrien et al.30 ~
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Fig. 12. Comparisonof the total
inelasticscatteringcross sec-
tion calculatedusing optical
parametersof Table II (solid
curve) with that resultingfrom
use of the Madland-Youngoptical
parameters. Both these calcu-
lated results agree well with
each other except at lower ener-
gies (see text for discussion).
Both disagree somewhatwith to-
tal inelasticvalues appearing
in the Derrien evaluation (data
points).

These calculated results have been incorporatedinto a temporaryrevision
237of the current Np ENDF/B evaluation. We have also improved other evaluated

data particularly those for ~ fission neutron spectra, (n,y), and (n,f). For
P’
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; and fission neutron spectra, we implementedthe Madland-Nixresults from p.

4; of Ref. 31. We updated (n,y) cross sectionsto agree with our calculations
27as well as the data of Weston. For the (n,f) cross section we adopted the

evaluation of Derrien for neutron energies below 0.9 MeV. This resultedin a

loweringof the fission cross section in this energy range by 5-25% over values

occurring in the ENDF/B-V file. For the (njf) cross section between En = 0.9

and 5 MeV we retained the currentENDF/B values because they agree closelywith

237Np 235U fission ratios recently measured by Meadows.32 Figure 13 shows the

comparisonbetween these data and ratiosbased on the Derrien evaluation(dash-

ed curve) as well as results from ENDF/B (solid curve) that we incorporated.

The next step in this effort is extension of the calculationsto higher

energies with particular emphasis on description of competing (n,nf) and

(n,2nf) reaction channels. This will requiredeterminationof fissionbarrier

parameters for the 237
Np and 236

Np compound systems, which we plan to do

through a consistentanalysisof fissionprobabilitydata.

0.0 !5.0
fEUTR& ENES”&(M~”$

Fig. 13. A comparison of evaluated data for 237NP 235u fission ratios with the
measurements of Meadows.32 The dashed curve is the ratio resulting from the
Derrien evaluation while the solid curve represents ENDF/B-V values that have
been retained in our ‘37Np revision.
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H. Calculationof Gamma-RayEmission from 14-MeVNeutron Interactionswith
14
N (P. G. Young)

In an earlier analysis, total and elastic neutron cross-sectionmeasure-

ments on 14N for neutron energiesbetween 0.1 and 16 MeV were fit with a spheri-

cal optical model (Arthur and Young, Pg. 6 of Ref. 24). The resultingparam-

eters were used to calculate all significantneutron reactions with 15
N over

the energy range 5.4-20 MeV, including gamma-ray emission spectra (Young and

Arthur, Pg. 9 of Ref. 24). In order to further test those parametersfor ap-

plicabilitywith both 14N and 15
N, we have calculatedgamma-rayemission spec-

tra for 14-MeV neutrons on 14
N and compared the resultswith experimentaldata

from the Oak Ridge Electron Linear Accelerator (ORELA).33

The Hauser-Feshbachstatistical theory calculationswere performed with

the GNAS# nuclear model code. Transmissioncoefficientsfor protons and al-

phas were calculatedusing the optical model parameters of Perey34 and Lessor

and Schenter.35 As was the case with neutrons, these are the same parameters
15

used in the earlier N calculations. Similarly, the level density formula-
tions 36,37

discrete levels,
38,39

9 and gamma-ray strength functions from the
15
N analysis

24
are also employedhere.

The major processes resulting in production of gamma rays from 14-MeV
14neutrons incident on N are the (n,n’y), {n,ay), (n,py), (n,npy),and (n,2ny)

reactions. The calculated gamma-ray spectrum is compared to the measurement
33of Dickens et al. in Fig. 14. The agreement with experiment appears quite

reasonable,especially consideringthat no data of this type were involved in

determining any of the model parameters. These results and those of the
24

earlier comparisons indicate that the models used here can be employedwith
14N and 15N

some confidencein calculationsof neutron reactionson .

I. Conversionof the GNASH Code to the CRAY Computer [K. Witte (C-3)andP. G.

Young]

The standardLos Alamos version of the GNASH code,
5 operationalon the CDC-

7600 computers has been converted to the CRAY. A series of test calculations

for n+1g7Au and n+23gPu reactions were run to ensure that identical results

were obtained from both the 7600 and CRAY versions. The CRAY version will be

expanded to permit calculationof much larger problems than are possible with

the 7600 version.
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Fig. 14. Comparison of the calculatedgamma-ray emission spectrum for 14-MeV
14

neutrons on N with the experimentaldata of Dickens et al.33

J. Neutron-InducedCross Sections for 197Au Between 0.005 and 20 MeV (P. G.

Young and E. D. Arthur)

The analysis of n+
197

Au reactions described in our previous progress re-
31port (Young and Arthur, Pg. 12), has been completed over the neutron energy

range 0.005-20 MeV. A covarianceanalysis that merges the coupled-charnelop-

tical model calculationswith experimental data was performed for the 197Au

total cross section, and comparisons of the calculationswith the extensive
40

gamma-ray emission spectrum measurements of Morgan and Newman were carried

out.

The covarianceanalysis of the total cross section utilized the GLUCS code
41system developed by Hetrick and Fu, which employs Bayes’ theorem for simul-

taneous evaluation of reaction cross sections. Covariancedata were estimated

for all the
197

Au total cross-sectionmeasurementsin the literaturethat at

least contain standard deviations for the experimentalcross sections.42 In

most cases generic assumptionswere required to obtain the desired correlation
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43,44 and
matrices for the experiments. For the two most recent measurements

45
one extensive older measurement, however, adequate informationwas available

to reliably determine the correlations. In the case of the Larson et al.
44

data, a correlationmatrix was provided directlyby the authors.

The deformed optical ❑odel calculations31 of the total cross sectionwere

used as the “prior” or starting point for the analysis. An overall error of

tlO% was arbitrarilyassumed for the total cross section,with systematicerror

such that a long range correlation of 25% was maintained, with higher cor-

relations occurring for nearby energies. Because the errors on the most ac-

curate measurements (for example, Refs. 43-45) are much smaller than *1O%, the

main effect of the prior set is to preserve the general shape of the optical

model calculations in energy regions where the measurements are less dense.

The smoothed results of this analysis (solidcurve) are compared in Figs.

15-18 with the experimentaldata base and with the ENDF/B-V evaluation (dashed

curve). The overall error on the resulting evaluated total cross section is

generally less than +1% except for the lowest energies where the error in-

creases to *7%.

The unadjusted optical model calculation (dashed curve) is compared with

the results of the analysis and with ENDF/B-V (dotted curve) in Fig. 18. The

plus symbols are the direct results from the GLUCS analysis and, with the

associated covariances, represent (on a 49-point grid) a composite of the

experimentaldata base and the prior optical model calculations. Over most of

the energy range, the adjustment of the prior cross sectionwas less than *5%.

(The solid curve-isa smoothed representationof the GLUCS results.)

The calculationsof the 1g7Au(n,y)and
197

Au(n,n’y) reactionswere carried

out using slightly different values for the El gamma-ray strength function to

obtain optimum agreement with experiment. The difference in the two strength

functions is small, however, and the same general shape is ❑aintained. The

(n,y) calculations are described in some detail in our previous progress re-

port.n

Comparisonsof the present calculationswith the gamma-rayemission spec-

trum measurements of Morgan and Newman
41

are shown at two incident neutron

energies in Figs. 19 and 20. Reasonable agreement with the measurementswas

also obtained at other energies used in the experiment.

The results of the present analysiswere merged with the ENDF/B-V evalua-

tion~ at lower energies to produce an evaluateddata set covering the incident
-5

neutron energy range from 10 eV to 20 MeV. The present results are included
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in the evaluation down to an energy of 5 keV for all major reactions except

capture, for which the ENDF/B-V evaluation is used up to 1 MeV because of its

status as a standard. The new analysiswill be availablefor the next issue of

the ENDF/B data files.
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Fig. 15. Measured and evaluated neutron total cross section for 197
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0.005 to 1.0 MeV. The solid curve is the present evaluation and the dashed
curve is ENDF/B-V.
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Fig. 16. Measured and evaluated and evaluated neutron total cross section for
197AU from 0.5 to 10.0 MeV. The solid curve is the present evaluationand the
dashed curve is ENDF/B-V.

23



o

PETERSON,1960
COON,1952
CONNER,1958
NERESON,1954
BRATENAHL,1958
FOSTER.1971
LARSON,1980$

0* I I I I 1 I I
I

I I

io.o 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
NEUTRON ENERGY (MEV)

Fig. 18. Comparisonof the ~n+lgTAu total cross section

calculatedwith a deformed z
optical potential (dashed o

Hb

curve),ENDF/B-V (dotted
*.-I
Ecurve), and the evaluatedre- m

Suits. The direct results of ~
the GLUCS analysis are given o
by the plus symbols,and the ~
solid curve is a smoothed
version of these results.

Fig. 17. Measured and
Evaluated neutron total
cross section for 197AU

from 0.5 to 10.0 MeV.
The solid curve is
present evaluation
the dashed curve
ENDF/B-V.

o

N + AU–197 TOTAL CROSS SECTION

, ,.. ,, II , I I 1 , 1,,, i , , , 8 , ,,, , I t 1 t , ,,, I

the
and
is

24



Fig. 19, Measured and cal-
culated gamma-rayemission
spectra from bombardmentof
197AU with neutrons in the

energy range of 6-7 MeV.

Fig. 20.Measured and calculated
gamma-rayemission spectra from
bombardmentof 197Auwith neutrons
in the energy range 14-17 MeV.
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)
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K. Search for a Suitable Isomer for the GRASER Program (D. G. Madland)

Fairly simple considerationsof nuclear level densities,residualneutron-

proton forces and coupling in odd-odd nuclei, and shell-modelpredictions of

the occurrence of isomerism have led to the followingfirst guess (TableV) as

to where to concentrateefforts on the search for a suitable nucleus for the

gamma-ray laser.

1.

2.

3.

TABLE V

PLACES TO LOOK FOR GRASER CANDIDATES- FIRST GUESS

Rare Earth Nuclei 150 SAS 190

a. odd Z-odd N nuclei

b. odd A nuclei

Actinide and TransactinideNuclei A > 220

a. odd Z-odd N nuclei

b. o<d A nuclei

Nuclei with 39 S Z S 49, 57 S N S 65

a. odd Z-odd N nuclei

b. odd A nuclei

L. Calculationof Average Pairing Gaps [D. G. Madland and J. R. Nix (T-9)]

We have begun a study of average pairing energies for neutrons,An, pro-

tons, A , and nucleons, A, to obtain their dependencieson mass number A and

asymmet~yparameter (N-Z)/A.

A Fortran code PAIR has been written to calculate A A and A using
n’ p’

second-, third-, or fourth-orderdifference equations. The pairing energies

are calculatedusing either experimentalor calculatedmasses. Our equations

include a term 6 that accounts for the observationthat the separationbetween

the odd and odd-A mass surfaces is slightly smaller than the correspondingse-

paration between the even and odd-A mass surfaces. Magic number crossingsin

both neutron number and proton number can either be deleted or included in the

calculations. Also, a linear least-squaresadjustment option can be used to

test various model parameterizationsof the pairing energies.

Standardparameterizationshave already been tested and some new approaches

are currentlyunder study.
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M. Medium EnergY Proton-NucleusScatteringCalculations(D. G. Madland)

Preliminarycalculationshave been performed for the scatteringof ❑edium-

energy protons by a wide range of nuclei. Using available phenomenological
8,47

proton-nucleus optical model potentials, the total, reaction, elastic,

differentialelastic, and Rutherford cross sectionswere calculatedas well as

the polarizationand the scatteringS matrix. The calculationswere performed

for proton energies E in the range 10 S E S 200 MeV and target mass numbers
P

in the range 27 5 A 5P238. The code SNOOPY-VIIIwas used to perform these pre-

liminary calculations.*

We illustrate some of our results in Figs. 21-27. Figures 21 and 22 show

the dependence of the elastic scattering angular distribution on the proton

bombardingenergy for a light (27A1)and a heavy (238U) target nucleus, respec-

tively. Doubling the proton energy three times clearly demonstrates,for both

cases, the increasing extent to which the elastic scattering is forward di-

rected. Shown for comparison are the corresponding 14-MeV neutron elastic

angular distributions calculatedusing the neutron optical-modelpotential of

Ref. 8. Figures 23 and 24 show the dependenceof the elastic scatteringangu-

lar distribution on the target mass for a low (25-MeV) and a high (200-MeV)

proton bombarding energy, respectively. Approximate doubling of the target

mass three times shows, as expected,that the elastic scatteringis larger for

larger targets, but that for fixed energy, the shapes of the angular distribu-

tions are very crudely (to within two orders of magnitude) the same. A more

detailed examination of these shapes is seen in Figs. 25 and 26, which are

identical to Figs. 23 and 24 except for normalizationto the Rutherford scat-

tering cross section. Figure 25 shows that the elastic scattering can be

approximatedby the Rutherford cross section to within an accuracy of about t

one order of magnitude, for E = 25 MeV, while Fig. 26 shows that the Ruther-
P

ford approximationcannot be used to anywhere near this accuracy for E = 200
P

MeV.

We conclude from Figs. 21-26 that accuracy requirementson elastic proton

scattering

here, will

calculated

energy for

angular distributionof, say 509~,for the energy range illustrated

require a separate calculationfor each case. Figure 27 shows the

total reaction cross section as a function of proton bombarding

the same four target nuclei. At low energies, the reaction cross

*This code was provided by P. Schwandt, IndianaUniversity,Bloomington,Ind.,

April 1984.
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Fig. 23. Calculated differentialcross sections for the elastic scatteringof
25-MeV protons by 27Al, 56Fe, 120Sn, and 23SU.
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sections are decreasingwith decreasing energy because of the Coulombbarrier,

whereas at higher energies they are roughly constant with energy and scale
2/3approximatelyat A as expected. Note that the calculated reaction cross

sections agree reasonably well with the experimentalvalues (not shown here)

and that the optical-modelpotentials of Refs. 47 and 8 are determinedpri-

marily from elastic scatteringangular distributionand polarizationmeasure-

ments, which they, of course, optimallyreproduce.

Alternatives to the phenomenological relativistic Schr6dinger equation

approach are currentlyunder study for purposes of greaterpredictivepower and

higher accuracy, especially for the reaction cross section and the S matrix.
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Fig. 27. Calculated total reaction cross sections for the scattering of pro-
tons by 27Al, 56Fe, 120sn and 238u as functions of the proton bombardingY
energy.



N. Medium Energy ScatteringCodes (D. G. Madland)

Three nuclear reaction scattering codes48-50 have been made operational

for medium energy calculations. These are:

1. SNOOPY-VIIIfor the nuclear optical-potentialanalysisof the elastic

scattering of projectiles of spin O, 1/2, and 1 by nuclei with spin O.

Relativistickinematicsand/or a relativisticform of the Schr6dingerwave

equation are options. The optical potential may be generated phenomeno-

logically or microscopicallyin (1) the impulse approximationor (2) the

relativisticDirac-Hartreemodel. The total, reaction,elastic,and dif-

ferentialelastic cross sectionsare calculatedtogetherwith the polariza-

tion and the scatteringS matrix. The code is describedin detail in Ref.

48.

2.

tic

by

ECIS-78 for the coupled-channeloptical-modelanalysis of the elas-

and direct inelastic scatteringof projectiles of spin O, 1/2, and 1

vibrational and deformed nuclei with arbitrary spin. Relativistic

kinematics are now a working option. The total, reaction, elastic, dif-

ferential elastic, direct inelastic, and differential direct inelastic

cross sections are calculated together with the polarization,inelastic

asymmetry, and scatteringS matrix. This code is described in detail in

Ref. 49.

3. RELOM for the nuclear optical-potentialanalysis of the elastic scat-

tering of projectiles of spin O or 1/2 by nuclei with spin O, at relativ-
50istic and non-relativisticenergies. The optical potentialmay be gen-

erated phenomenologicallyor read-in externally. The reaction and dif-

ferential elastic cross sections are calculated as are the polarization

and scatteringS matrix. Several potential options exist.

Each of these codes possesses search options on experimentaldata for de-

termininga best-fit phenomenologicaloptical-modelpotential.
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o. Verificationof the Los Alamos Theory of the Prompt Fission Neutron

Spectrum (D. G. Madland and R. J. LaBauve)

In our previous papers on this subject,51-53 we have demonstratedthe va-

lidity of the Los Alamos (Madland-Nix)fission spectrumtheory54 by comparisons

of integral and microscopicmeasurementswith calculationfor the thermal-neu-

tron-induced fission of 235U and
239

Pu and for the spontaneous fission of
252

Cf. Our results51$52for the 235U thermal fission spectrum remain unchanged

as of this date. These showed that, on the basis of experimentalevidence then

available, the agreement between experiment and theory was especially good in

the case of the Los Alamos exact54 energy-dependentcross-sectioncalculation.

We know of no new experimentsto affect this agreement.
52Similarly,our results for the 239Pu thermal fission spectrum remain un-

changed. Very good agreement with experiment was obtained for both the Los

Alamos exact and approximate54 calculationsby adjustingthe nuclear level-den-

sity parameter to optimally reproduce the Grundl integral experiment55while

maintaining good agreement with the microscopic measurements of Abramson and

Lavelaine.56 Again, we know of no new experiments to affect this agreement.

However, the Cross Section EvaluationWorking Group (CSEWG), while choosingthe

Madland-Nix approximate formalism for the 239
Pu ENDF/B-V: Revision 2 evalua-

tion,57 has required58 that the average energy <E> of the thermal spectrum be

identical to that of the original ENDF/B-Vevaluation. This decisionproduces

a significant departure from the Grundl experiment, namely, the average C/E

(calculation/experiment) value is now 1.048, with an extremum of 1.176,whereas

the values inferred from Table I of Ref. 52 are, respectively,1.003 and 1.014.

Two new 252Cf spontaneous fission experiments have been performed since
53our previous work on this nucleus, namely, the microscopicmeasurementof the

252
Cf(sf) spectrum by Poenitz and Tamura* (Ref. 59) and the integralmeasure-

60ments of 12 reactions by Kobayashi et al. Least-squaresadjustments of the

Los Alamos exact spectrum and a Maxwellian spectrum fit to the Poenitz and

Tamura experimentare described in Ref. 61. The final values of the two param-

eters of adjustmentare, respectively,a = (A/9.15) MeV
-1

for the nuclear level

density and TM = 1.429 MeV for the Maxwelliantemperature. The X~in value for

the best-fit Los Alamos exact spectrum is a factor - 2.2 better than that of

the best-fit Maxwellian spectrum. In fact, the ratios of the Los Alamos exact

*The experimental spectrum was provided by W. P. Poenitz, Argonne National
LaboratoryWest, Idaho Falls, Idaho, in April 1983.
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spectrum and the experimental spectrum to the Maxwellian spectrum, shown in

Fig. 28, clearly indicate that the Los Alamos spectrum is in uniformlybetter

agreement with the experiment.

1.5-

Lo-

t

, r

=cf(sf)

T

ees potential
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Id Id

Laboratory Neutron Energy E (MeV)

Fig. 28. Ratio of the best-fit Los Alamos exact-dependentcross-section
spectr~, calculated using the Becchetti-Greenleespoten~ia18 and the experi-
mental spectrum of Poenitz and Tamura59 t. the best-fit Maxwellian spectrum.

Using these two spectra, we have calculated 10 of the 12 integral cross
60

sections measured by Kobayashi et al. for which ENDF/B-V microscopic cross

sections exist, togetherwith the normalizing
27
Al(n,a) integral cross section.

Our calculatedresults are compared to the experimentin Cols. 4 and 7 of Table

VI. We include in Table VI the same integral cross sections calculatedusing

three spectra that we have previouslystudied.
53

These are the Los Alamos ex-

act spectrum (Col. 5) and Maxwellian spectrum (Col. 8) obtained by performing

least-squaresanalyses of the Boldeman et al. microscopicmeasurement*(Ref. 62),

*The experimentalspectrum was provided by J. W. Boldeman, Australian Atomic
Energy Commission,Lucas Heights, N.S.W., Australia,in May 1983.
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and the piecewise continuousNBS spectrumobtainedby fitting the integralMeas-

urements of Grundl and Eisenhauer63 (Col. 6). Inspectionof the table (two-

sigma uncertaintiesand average C/E values) shows that

a. the two Los Alamos exact spectra agree best with the experiment,

b. the two Maxwellian spectra agree worst with the experiment, and

c. the NBS spectrum is intermediate.

We therefore conclude on the basis of the evidence summarizedhere that

the Los Alamos (Madland-Nix)exact energy-dependentcross-sectioncalculation

is the preferredprompt fissionneutron spectrum representation.

TABLE VI

CALCULATEDINTEGRALCROSS SECTIONSFOR SEVERAL REPRESENTATIONS
OF THE 252Cf SPONTANEOUSFISSION NEUTRON SPECTRUMa

Reaction

241ig(n,p)
27Al(n,p)
27Al(n,a)
32S(n,p)

51V(n,p)
54Fe(n,p)
56Fe(n,p)
58Nl(n,p)
59Co(n,a)

115In(n,n’)
197Au(n,2n)

Effective Measured
Threshold value

(liev) (Per Cent Error)

6.08

3.35

6.25

2.01

3.98

1.89

5.20

1.39

5.68

0.76

8.31

1.9400(4.6)

.3.8900(3.7)

1.0060(2.2)

72.5000(4.1)

0.7130(8.3)

87.6000(5.0)

1.4400(4.9)

118.0000(3.4)

0.2180(6.4)

201.0000(4.0)

5.2700(4.4)

Average C/E

Spectrum <E>

Los Alamos
Poenitz Exp.
Calc. (C/E)

2.0633(1.06)

5.1372(1.05)

1.0060(1.00)

74.1156(1.02)

0.5376(0.75)b

91.3475(1.04)

1.3675(0.95)

117.9435(1.00)

0.2068(0.95)

192.3775(0.96)

5.1429(0.98)

0.98

2.134

Loa Alamos NBS
Boldeman Exp. Grumfl Exp.
Calc. (C/E) Calc. (C/E]

2.0526(1.06) 2.0495(1.06)

4.9380(1.01) .4.K795(I.00)

1.0060(1.00) 1.0060(1.00)

69.5397(0.96) 67.8264(0.94)

0.5221(0.73)b 0.5181(0.73)b

85.8621(0.98) 83.8696(0.96)

1.3476(0.94) 1.3442(0.93)

110.7150(0.94) lo8.1203(o.92)b

0.2060(0.94) 0.2060(0.94)

177.3204(0.88) b 172.7176(0. 86)b

5.3021(1.01) 5.3639(1.02)

0.95 0.94

2.168 2.120

tlaxwellian
Poenitz Exp.
Calc. (C/E)

2.0247(1.04)

4.5272(o.93)b

1.0060(1.00)

61.197B(0.84)b

o.f+907(o.69)b

75.7705(0.86)b

1.3018(0.90)

97.5994{0.83)b

0.2043(0.94)

153.9558(0.77)b

5.7414(1.09)b

0.90

2.144

Haxwellian
Boldeman Exp.
Calc. (C/E)

2.0264(1.04)

4.5574(0.93)

1.0060(1.00)

61.8790(0.85)b

0.4930(0.69)b

76.5887(0.87)b

1.3049(0.91)

91i.6783(0.84)b

0.2045(0.94)

156.2215(0.78)b

5.7136(1.08)

0.90

2.136

a Normalized to the 27Al(n,a) measured value and expressed in millibars.
b
Calculationoutside two-sigmameasurementuncertainty.
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P. Coupled Energy-AngleDistributionsof RecoilingNuclei (D. G. Foster, Jr.

and R. E. MacFarlane

We have almost completed developmentof a code system for calculatingthe

coupled energy spectra and angular distributionsof the various residualnuclei

produced by bombardingnuclei with neutrons having energiesup to about 40 MeV.

Such information is needed, for example, to calculate the neutron-induced

first-surfacespallation and interior damage to the walls of proposed fusion

reactors.

The calculationsbegin with the GNAS# code and are followed by two new

codes, RECOIL and MAKE6. In recentyears, we have routinelystored the output

from GNASH calculationsin standardizedfiles. RECOIL reads these files,which

are very detailed,and uses the particle-emissiondata to identifythe residual

nucleus createdby each multistep decay of the initial compoundnucleus. Using

the angular-distributionsystematic dictated by an input parameter (the op-

tions are isotropic or some version of the Kalbach-Mann formalism),64 RECOIL

averages over all possible sequences of directions in space to determine the

angular distributionof each final residual nucleus as a function of the cor-

respondingrecoil energy. These distributions, which retain the axial symmetry

dictated by the direction of the original incoming neutron, are expressed as

energy-dependentLegendre expansions in the center-of-masssystem of the ori-

ginal compoundnucleus.

The angular-distributioncalculation for one-step reactions is straight-

forward, and is performed separatelyby RECOIL. The code for multistep reac-

tions is fully recursive and can accommodateup to six reaction steps. One of

these steps can be photon emission, if it is followed by emission of another

type of particle. If the GNASH data call for another photon, it is sent di-

rectly to the ground state. We were surprised to discover empirically that

major energy imbalance can occur if such intermediate-photonemission is not

included. We have also learned empirically that ❑ost of the recoil angular

distributions are almost isotropic. In those that are markedly anisotropic,

the normalized Legendre moments for 2 = 1 and 2 = 2 are frequentlyof the same

order of magnitude. We have not yet encountereda need for 2 > 2.

The principal output from RECOIL is a file of ENDF/B fragments,which are

labelled to go into FILES 3, 6, 12, or 15. These fragments are the input to
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MAKE6,which sorts through them repeatedlyto construct the four ENDF/B files

in the appropriate sequences of primary and secondary energies. MAKE6 takes

full advantage of the new FILE 6 formats that permit all products of a reac-

tion, whether particle or recoil, to be included in a single section under a

single group of formats. For particles, only the spectrum and preequilibrium

fraction are given, since the angular distributionswill use the Kalbach-Mann

formalism.The recoil angular distributionsare automaticallysuppressedunless

either the !2= 1 or the 1 = 2 Legendre coefficientexceeds a fixed threshold

(typically 0.1) for at least one secondary energy in the

mary energy.

The extensive multistep averaging in RECOIL makes it

sive to use. ConsequentlyRECOIL includesprovisionsfor

record for that pri-

comparativelyexpen-

adjustingthe number

of angle bins (bothpolar and equatorial)that are used for averagingeach step

in a multistep reaction. Coarser meshes degrade the quality of both the recoil

spectrum and its correspondingangular distribution. Since most of the effect

of recoils occurs in the first few emissions, it is also possible to decrease

the computer time with minimal loss of accuracy by restricting the angular

averaging to the first few steps. Accordingly, RECOIL accepts as an input

option the maximum number of steps to be included.

We have applied RECOIL and MAKE6 to the GNASH data calculated66 for the

ENDF/B version 4 evaluation for 56Fe
$ for incident-neutronenergies between

5.25 and 36 MeV. An unrestrictedcalculationat 14 MeV using a 12 x 12 aver-

aging ❑esh at every step required 18 minutes of CDC-7600 computer time. A

similar calculationusing a 5 x 5 mesh at 24 MeV required 80 minutes, which was

reduced to 31 minutes by restricting the angular averaging to one-step and

two-step reactions. Under the latter restriction,a calculation for an inci-

dent energy of 36 MeV on a 2 x z averaging mesh required 216 minutes. We

conclude that it is impracticalto use RECOIL on a 7600 computerabove 40 MeV.
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II. NUCLEAR CROSS-SECTIONPROCESSINGAND TESTING

A. TRANSX-CTR(R. E. MacFarlane)

A version of the TRANSX code especiallyadapted to fusion systems analysis

has been released through the Radiation ShieldingInformationCenter (RSIC)at

the Oak Ridge National Laboratory. A report is now available (Ref.66).

TRANSX-CTR reads multigroup data in MATXS format and prepares it for use

in a variety of transport codes. Options include neutron, photon, or coupled

sets; direct or adjoint tables; collapse;micro or macro cross sections;self-

shielding; mix and energy-dependentfission spectra; and flexible response

edits. The last capability is important for fusion work, and it allows easy

access to heating, damage, and gas productionresponsefunctions.

Cross section libraries available for TRANSX-CTR include a compact 30-

neutron by 12-photongroup library for general use, an 80 x 24 library for fast

breeder reactor (FBR) and fusion blanket work, a 69-group thermal libraryuse-

ful for pressuriz@ water reactor (PWR) calculations,and a 187 x 24 shield-

ing library. Versions of both codes and data are available on the Magnetic

Fusion Energy (MFE) computingnetwork.

B. The COVFILS-2Library of Neutron Cross Sections and Covariancesfor Sensi-

tivity and UncertaintyAnalysis (D. W. Muir)

As a contributionto the US/Japan cooperativeprogram in fusion neutron-

ics, we have prepared a library of multigroupneutron cross sections,scatter-

ing matrices, and covariances (uncertaintiesand their correlations), This

74-group library, called COVFILS-2, is being used at Los Alamos and at the

University of California at Los Angeles in the sensitivity and uncertainty

analysis of the Li20 integralexperimentrecentlyp~rformed at the Fast Neutron

Source (FNS) in Japan. Another intendeduse of this library is in the estima-

tion of the uncertainty in key performanceparameters (such as breeding ratio)

of conceptual fusion reactors. The 14 materials included in the first version
6 7Li

of COVFILS-2 are H, Li, , Be, C, N, O, Na, Al, Si, Cr, Fe, Ni, and Pb.

Like the earlier COVFILS 30-group library (Ref. 66), COVFILS-2 was pro-

duced using modules of the NJOY nuclear data processing system (Refs. 67 and

68). COVFILS-2is largelybased on data evaluationsfrom the ENDF/B-V library,

although some minor corrections and improvements are incorporated. In cases

where the covariance evaluation is missing (as in the case of Be) or judged to
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be inadequate,private Los Alamos evaluations (such as Ref. 69) are employed.

The COVFILS-2 74-group structure,Table VII, was chosen for compatibilitywith

the extensive, general-purposeMATXS8 187-group library, also produced with

NJOY. COVFILS-2 contains full (P. - P3) transfer matrices for all neutron

scatteringreactionsfor which covarianceevaluationsare available. This is a

useful feature, because some basic data evaluationsprovide the uncertaintyin

special sums of cross sections,called “lumped”partial cross sections. Impor-

tant examples can be found in the most recent ENDF/B evaluations for 7Li

(MAT1397)and natural iron (M.AT1326).Cross sectionsand transfermatrices for

these special “lumped” partials may not be easily available from other data

libraries. All data in COVFILS-2 are written in the highly compressedBOXER

format,70 which typically achieves data compression factors of 10 or more,

relative to the previous COVFILS format. Even with this compressionCOVFILS-2

is large, containingover 40 000 BCD card images.

TABLEVII

ENERGYBOUNDARIES
GROUP LOWER

NO. ENERGY
..- -- ----- -

1 1.OCK)OE-05
2 7.6022E-04
3 1.2395E-02
4 4.2755E-02
5 8. 1968E-OZ
6 1.5230E-01
7 4. 1399E-01
8 8.7642E-01
9 1. 1254E+OCJ

10 1.8554E+O0
11 3.9279E+O0
12 5.0435E+O0
13 e.3153E+oo
14 1.7603E+OI
15 3.7267E+01
16 ?.8893E+01
17 1 .0130E+02
18 1.6702E+02
19 3.5358E+02
20 7.4E!52E+02
21 1 .5846E+03
22 3.3546E+03
23 7. 1017E+03
24 9. 1 188E+02
25 1.5034E+04
26 2.4788E+04
27 2.6058E+04
28 2.8088E+04
29 3. 1828E+04
30 4.0868E+04
31 5.2475E+04
32 6.7379E+04
33 8.6517E+04
34 1. 1 109E+o5
35 i.4264E+05
36 1.8316E+05
37 2.3518E+05

AND GROUP-INTEGRATEDWEIGHT FUNCTION
GROUP GROUP LOWER
FLuX NO ENERGY
----- ----- ----.-

6.3540E+03 38 3.0197E+05
1. 1870E+06 39 3.8774E+05
5.5633E+06 40 4.3937E+05
4.0997E+06 41 4.9787E+05
1.8615E+C36
1. 1480E+06
8.6592E+05
2.8838E+05
5.7659E+05
8.6549E+05
2.8877E+05
5.7808E+05
8.6718E+05
i?.6648E+05
8.6609E*05
2.8864E+05
5.7727E+05
E.6556E+05
8.6537E+05
8.6617E+05
8.668AE+05
f3.6679E+05
2.887EE+05
5.7730E+05
5.7704E+05
5.7637E+04
8.6554E+04
1.4426E+05
2.8866E+05
2.8883E+05
2.8899E+05
2.890iE+05
2.8888E+05
2.8870E+05
2.8863E+05
2.8982E+05
2.9254E+05

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

::
67
68
69
70

::
73
74

5:6416E+05
6.3928E+05
7.2440E+05
9.2085E+05
1 .0540E+06
1. 1943E+06
1.3534E+06
1.7377E+06
1 .9691E+06
2.2313E+06
2.5284E+06
2.8650E+06
3.2465E+06
3.6788E+06
4. 1686E+06
4.72~7E+06
5.3526E+06
6.0653E+06
6.8729E+06
7.7880E+06
8.8250E+06
1.0000E+07
1. 1000E+07
1.2000E+07
1.3000E+07
1 .3500E+07
1 .3750E+07
1.3940E-*07
1.4200E+07
1.4420E-07
1.4640ET07
1.5000E707
1.6000E-07

GROUP
FLUX
--- --

3.2657E+05
1 .9125E+05
2. 1268E+05
2.3232E+05
2.4872E+05
2.6625E+05
2.8502E+05
5.9106E+05
2.95.71E+05
2.961OE+O5
5.4009E+05
2.3460E+05
2. 1369E+05
1.8707E+05
1.5676E+05
1.2948E+05
1 .0509E+05
8.2106E+O4
6. 1472E+04
4.5989E+04
3.4425E+04
2.5494E+04
1 .8676E+04
1.3525E+04
9.6781E+03
6.7773E+03
7.3272E+03
9.8326E+03
9.6750E+03
1.0203E+04
1 .4358E+04
2.8447E+04
1.4356E+04
4.9247E+03
3.0677E+03
2.6164E+03
3.7170E+03

-1.7000E+07
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Both to save space and to facilitatethe applicationof these data to un-

certainty analyses, “redundant” reactions are omitted from COVFILS-2. Re-

dundant reactions are reactions such as the total cross section (MT=l), the

total nonelastic (MT=3), and (in some cases) the total inelastic (MT=4),which

are merely sums of other reactions already present in the covariancelibrary.

In modern covarianceevaltiations,the well-known total cross section, for ex-

ample, nearly always is used as a constraint in the evaluationof the covari-

ances of the componentpartial reactions. When this is done, there is no dif-

ference between the covariances

implied covariancesin the sums

redundant reactions is that, in

of-errorsformula,

AR= z gg Cov(oi,aj)
i,j i j

specified for MT=l in the evaluation and the

of the partials. An advantage of eliminating

expressionssuch as the familiar propagation-

one can let the index i range over all energy groups and over all reactions

present in the library for the material of interest. This clearly simplifies

the retrievaland summationalgorithms.

A suite of subroutines called COVARD2 has been added to the SENSIT and

SENSIT-2D sensitivityand uncertainty analysis codes71,72 to retrieve data in

BOXER format directly from the COVFILS-2library. Upon initialization,COVARD2

makes a pass through the entire COVFILS-2library,preparing tables of summary

informationand writing the scatteringdata to a separatebinary disk file for

later access by the sensitivity subroutines. On later calls, the covariance

matrix for a requested reaction pair, as well as the associatedcross-section

and standard-deviationvectors, is read from the library and reconstructedin

full matrix form (includingzeroes) and stored in fast memory.

A special index at the beginning of COVFILS2 is read on each call to

COVARD2, but an actual search and retrieval operation is conducted ~ for

reaction pairs that are indicated in the index to have non-zero covariancesin

the library. This is an importanttime-savingfeature,because there are pre-

sently 201 different nuclear reactions in the library. In principle, there

could exist over 20 000 distinct covariancematrices giving correlationsamong

these 201 reactions. In fact, however, covariances are given for only 748

reaction pairs, and time is spent reading through the main body of the library
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only for these “active” pairs. For the ❑aterials selected for this first ver-

sion of the library, the ENDF/B evaluators have supplied no cross-material

covariances,such as the covariancesof IH elastic scatteringwith
27
Al(n,a).

However, the structureof the libraryand the coding in COVAR.D2are designed to

allow the easy addition of such data in the future. A stand-aloneversion of

COVARD2 is availablefrom the Los Alamos Applied Nuclear Science Group.

The treatmentof inelasticscatteringcovariancesvaries considerablyfrom

one evaluation to another, and thus there is variation from one material to

another in COVFILS-2. This variation is detailed in Table VIII, which also

lists the MAT and ENDF/B-V, Rev. 2, tape numbers of the evaluations employed.

For
1 6
H, there is no inelastic scattering. For Li, the covariance evaluation

does not assign uncertainties to these reactions. For most other materials,

little or no detailed uncertainty information is provided by the evaluators for

individualdiscrete levels,but uncertaintiesare given for the total inelastic

cross section MT=4. For Cr, uncertaintiesare given for every discrete level

(all 40 of them) plus continuum inelastic scattering. At 14 MeV, continuum

inelastic is

that the cost

formation is,

only MT=4 is

74% of the total inelastic for this material so it was decided

of processingand storing all of the low-lyingdiscrete-levelin-

at least for fusion applications,probably not justified. Hence,

included. A very similar situation exists for both Ni and Na.

For Fe, both a fine-detail and a coarse treatment are provided. In MAT=

1326, the full details of 28 inelastic reactions (26 discrete levels, one lump

of 14 levels, and continuum inelastic scattering) are provided. On the other

hand, in MAT=1300 (which is, in all other respects, the same as MAT=1326),only

MT=4 is given. For Fe, then, one can tes~ whether or no~ the detailed treat-

❑ent is necessary in a given application. similarlY, fox Be (Ref. 70) in the

energy range up to 17 MeV, P. G. Young provides uncertainties in 27 “pseudo-

levels,” which describe both the cross sections and energy-dependent secondary

energy spectra for the (n,2n) reaction. Unlike the other evaluations discussed

above, here correlations are provided for every possible pair of levels.

Because of the importance of this nuclide for certain fusion systems, in MAT=

2104 this information is preserved in full detail. Again, as a tool for test-

ing the importance of such fine detail, we provide in MAT=2101, 2102, and 2103

alternative data sets that result from grouping these 27 reactions (MT=51-77)

into 1, 3, and 9 “lumps,H respectively. As shown in Table VIII, special MT

numbers in the 600-series are used to identify these special groupings.
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Nuclide

IH
6
Li

7Li

‘Be

nat
c

14N%

160

23Na

27A1

‘atSi

‘atCr

‘a%

‘a%i

‘atPb

TABLEVIII

CONTENTSOF COVFILS-2

ENDF/B-V,Rev. 2 Number of
or Los Alamos (*) Inelastica
MAT/TAPENumber llLm ~?l

1301/511

1303/511

1397/561 7

2101 (*) I (MT=4)

2102 (*) 3 (MT=61O-612)

2103 (*) 9 (MT=601-609)

2104 (*) 27 (all)

1306/556 15 (all)

1275/505 1

1276/551 1

1311/556 1

1313/506 1

1314/556 1

1324/557 1

1300 (*)/557 1

1326/557 28 (all)

1328/554 1

1382/558 1

‘For ‘Be all of the lumps are actuallyparts of the (n,2n) reaction.

c. Data Testing of ENDF/B-V Revision 2 [R. E. MacFarlane,D. W. Muir, G. E.

Hansen (Q-2)]

One important feature of the new revision of Version V of the Evaluated

Nuclear Data Files (ENDF) is the evaluationfor
239

Pu contributedby Group T-2.

Preliminary testing of this evaluation has been reported elsewhere.73 These

tests used the small Los Alamos critical assemblies as described in the ENDF
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BenchmarkSpecifications.74 However, the experimentalresults for these assem-

blies have been revised recently by the Los Alamos Advanced Nuclear Technolo-

gies Group (Q-2),taking into account a new National Bureau of Standardsnormal-

ization of the fission deposits in the detectors used. In addition, some of

the experimental numbers have been further refined by careful double-ratio

work. Recently, E. Arthur has performednew statistical-modelcalculationsof
237inelasticscatteringin Np using the same advancedmethods used in the 239PU

evaluation.73 The availability of new experimental numbers for the critical
237assemblies and new Np cross sections has led us to repeat and refine our

previous data testing results.75 Calculational details of the new central-

worth calculations are discussed in Ref. 76. Our data-testing results (C/E

ratios) are summarizedin Table IX. Some of the new (preliminary)experimental

values are given in Tables X and XI.

TABLE IX

LOS ALAMOS DATA TESTING RESULTS: 1981-1984

Assembly
Parameter

JEZEBEL

k
eff

f28/f25

f37ff25

f491f25

w28/235

w37/w25

w49/w25

FLATTOP-PU

k
eff

f281f/25

f37/f25

w28/w25

w37/w25

w49/w25

EhDF/B-V
1981
CIE

1.0068

0.917

0.989

0.972

0.924

1.073

0.995

1.0093

0.941

1.014

1.538

1.027

1.028

(C/ERATIOS ONLY)

ENDF/B-V Revision 2
Recalc. 83-84 1983-84

New E New 239Pu

1.0068

0.919

0.966

0.963

0.932

1.074

0.994

1.0108

0.937

0.989

1.014

1.010

).005

1984
New 237Np

0.9982

0.960

0.979 .973

0.966

1.083

1.100 1.070

0.984

1.0050

0.973

0.998 0.990

1.159

1.031 0.999

1.001

f/f = fission ratio
w~w = worth ratio
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TABLEIX (Cont.)

Assembly
Parameter

GODIVA

keff

f28/f25

f37/f25

f49/f25

w28/w25

wIi9/w25

FLATTOP-25

keff
f28/f25

f37/f25

f49/f25

w28/w25

w37/w25

w49/w2!i

JEZEBEL-PU

‘eff

f28/f25

f37/f25

THOR

keff
f28/f25

f37/f25

ZPR-6/7

k
●ff
f251f49

f28/f49

c28/f49

ENKIF/B-V
1981
C/E

0.9989

1.037

1.o64

0.994

1.024

1.020

1.0067

1.038

1.087

1.001

1.013

1.142

1.023

ENDF/B-V Revision2
Recalc.83-84 1983-84 1984

NewE New23gPu New 237NP

0.9990

1.037

1.044

0.985

1.024

1.019

1.0067

1.033

1.054

0.990

1.059

1.139

1.020

“0.9980 0.9980

0.923 0.918

1.017 0.998

1.0266 1.0228

0.918 0.895

0.962 0.923

0.9956

1.018

1.010

1.078

1.035

0.985

1.011

1.044

0.990

1.078

1.015

0.9917

0.953

1.009

1.0070

0.942

0.948

0.9958

1.018

1.020

1.077

44



TABLE X

PRELIMINARYMODIFICATIONSOF EXPERIMENTAL
RATIOS FOR LOS ALAMOS CRITICALS

Assembly f28/f25 f/37/f25

JEZEBEL 0.2133 fO.0023 0.9835 f 0.014

GODIVA 0.1643 t 0.0018 CJ.8516t 0.012

JEZEBEL-23 0.2131 t 0.0026 0.9970 t 0.015

BIG TEN 0.03739 t 0.00034 0.3223 f 0.0039

JEZEBEL-PU 0.2071 t 0.0021 0.9365 t 0.013

FIATTOP-25 0.1492 f 0.0016 0.7804 f 0.010

FLATTOP-PU 0.1799 * 0.0020 0.8561 t 0.012

FLATTOP-23 0.1916 t 0.0021 0.9103 t 0.013

THOR 0.1962 t 0.0022 0.9419 t 0.010

1FISSION

f49/f25

1.4609I 0.013

1.4152f 0.014

1.1936f 0.0084

1.3847* 0.012

1.429 t 0.021

f/f = fission worth

TABLE X1

EXPERIMENTAL WORTH RATIOS

Assembly w28/w25 w/37/w25

JEZEBEL 0.1390 f 2.0% 1.030 f 6.0%

GODIVA 0.1606 f 2.2%

FLATTOP-25 0.1238 2 4.1% 0.856 t 0.7%

FLATTOP-PU 0.0940 t 3.8% 0.944 ? 1.1%

w/w = worth ratio

Note that the results for the plutonium assemblies

w49/w25

1.996 t 1.4%

1.914 t 1.4%

1.900 t 0.7%

1.934 t 1.1%

(JEZEBEL,FLATTOP-PU,

JEZEBEL-PU,THOR) are rather consistent,all suggestingthat the 235
U fast fus-

sion cross section is slightly (- 3%) too large. The results for the 235u_

fueled assemblies (GODIVA, FLATTOP-25) are also consistent with each other;

they seem to suggest that the calculatedneutron spectrum is somewhat too hard.

Thus, the highest priority for future work seems to be a modern re-evaluation
of 235U. AS discussed in Ref. 76, the low-energy (0.1-0.5MeV) 238U cross sec-

tions also deserve further scrutiny.
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D. ENDF/B-VIFormat Proposals [R. E. MacFarlaneand L. Stewart (X-Consultant)

The EvaluatedNuclear Data Files (ENDF/B)have proven very successful,and

their format is being adopted throughout the world for the exchange of evalu-

ated data. However, these formats have always found it possible to grow to

meet new requirements. We have been engaged in an attempt to extend the cur-

rent formats to allow for coupled energy-angle distributions and incident

charged particles. In collaborationwith C. Dunford at the National Nuclear

Data Center (NNDC) at Brookhaven National Laboratory, we have completed a
77massive rewrite of the format manual, which accomplishesthese two goals and

makes numerous other improvements.

These changes were coordinated with the international community at an

“IAEA SpecialistsMeeting on Format for the Exchange of

held in Viema on 2-4 April 1984. Preliminaryapproval

EvaluationWorking Group (CSEWG)was receivedat the May

The proposals are now receiving final corrections

tributed to the CSEWG community in preparation for the

E. ENDF Thermal Photon Production (R. E. MacFarlane)

As discussed in the previous progress report,
31

Neutron Nuclear Data,”

from the Cross Section

meeting.

and will soon be dis-

ENDF/B-VI evaluations.

several isotopes and

elements from the current revision of ENDF/B-V show significantenergy-balance

errors for thermal neutrons. Except for Cl and K, the photon production for

these materials is represented by a yield in MF=12, MT=102 and a normalized

photon spectrum in MF=15, MT=102. The energy balance is checked by computing

the average energy for the spectrum,❑ultiplyingby the yield, and comparing

the result to the Q value given in MF=3, MT=102. Photon productionfor Cl and

K is represented by giving energy-dependentyields for a number of discrete

photons. Energy balance is checkedby adding the products of yield times photon

energy, and comparing the results with Q. Table XII gives the observed errors

greater than 1% in descendingorder.

We have examined the sources of these errors. In several cases the prob-

lems arise from errors in transcribingthe data from the tabulationsin Ref. 78

(hereafter referred to as Orphan et al.). Other differencesare more funda-

mental and would require some evaluationto correct.
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T XII

THERMALPHOTONPRODUCTIONERRORSFOR ENDF/B-V.2

Material Material%Error – % Error

Mn55 53.7 C059 8.0
cl -21.7 Ta181 3.6
w -21.1 Ga -3.3
Mo 20.9 Nb93 1.4
K -17.7 (h -1.3
Bi209 -10.5

As shownin Figure29, the spectrumis similarto Orphanet al.,

but shifted. This is clearlya mistake. In addition,the yield

in MF=12,MT=102is too largeby about50%. Theseproblemscan

be easilyrepaired.

— ENDF
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: :--
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Energy(eV) *R$

Fig. 29. Comparisonof ENDF/B-Vcapturephotonproductionfor 55Mnwith dataof
Orphanet al.78 showing apparent displacement.
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Cl and K These evaluationswere originallymade beforeOrphanet al. ap-

W—

Mo—

Bi209

C059

Ta181

Ga—

Nb93

peared. Some of the gamma rays look reasonable,but many are

simplymissing. Thesemissinglinesseem to explainthe - 20%

of the binding energy not accountedfor in the evaluations.

Thesematerialswill haveto be re-evaluated.

The yield and spectrumwere correctlyderivedfromthe isotopic

evaluations,but the Q-valuein MF=3,MT=102was enteredincor-

rectly. It shouldbe changedto 5.8456MeV.

The yield and spectrumare from Orphan et al. To get proper

agreement,the Q-valuemustbe changedto 8.752MeV.

Spectrumis from Orphanet al., but the yield given is for the

unnormalizedspectrum. It should be multipliedby 1.117 for

consistencywith File 15. However,Orphanet al. onlyobserved

72.6% of the bindingenergy,and a simplenormalizationmay not

be entirelyappropriate.Re-evaluationmay be necessary.

Spectrumis from Orphan et al., but the yieldmust be changed

from 2.6416to Orphan’svalue of 2.45 (betteryet,use 2.4462).

In the evaluation,an attemptwas made to add internal-conver-

sion effectsto Orphan’sspectrum. The apparenterror❑ay rep-

resentthe energyof the electrons.This is not a simple“cler-

ical”problem.

Spectrumand yield are from Orphanet al. Eitherchangethe Q-

value to Orphan’s6.970MeV, or readjustthe yieldsto corres-

pond to a better~, if anothervaluecanbe justified.

The spectrumwas derivedfromOrphanet al. by linearizationand

renormalization,as shownin Fig. 30. This resultedin a slight

shift in the averageenergy,and the yieldshouldbe readjusted

to match (2.85changesto 2.,8104).
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Cu The spectrumand Q-valueagree with Orphan et al. The yield—
shouldbe changedfrom 1.957to 1.980.

Most of thesematerialshave other energy-balanceerrorsat higherener-

gies. However,making these simple changesreducesthe number of materials

with importantthermaldiscrepanciesto three(orfour):Cl, K, and Ta181 (and

possiblyBi209).

— ENDF
>==;- ORPHAN
, ,, ,, ,, I, +, ,, ,, ,, ,, :
, ,, ,, ,, ,, f# ,

,,,,t ,,,, ,, #o ,, $? ,, ,, ,
, ,,. ,
, ,

,..,--, -,
t i 1 1 ~~0.0 Lo 2.0 3.0 4.0 5.0 &o 7.0

Energy(eV) “Id

Fig. 30. Comparisonof IH?DF/B-VCapturePhotonProductionfor 93Nbwith data
of Orphanet al.78
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F. KinematicKermaFactors(R.E. MacFarlane)

The HEATRmoduleof NJOY computesheatproductionby energy-balance(usu-

ally);thatis, it assumesthatthe energyavailablefor charged-particleemiss-

ion and nuclearrecoilcanbe obtainedfromthe availableenergy(E + Q) minus

the energy carriedaway by neutrons(En)and the energycarriedaway by pho-

tons (iy). If thereare errorsin eitherin or ~ the localheatingwillbe
Y’

incorrect. In a largeenoughsystem,this heatingerrorwill be exactlycom-

pensatedforby photonenergydeposition,and the correctresultfor totalheat-

ingwillbe obtained.

However,in very smallsystemswheremost of the photonsescape,the local

heatingcan havevery largeerrorsresultingfroma lackof energyconservation
79in the nucleardata evaluation. Accuratevaluesfor this localheatingcan

be computedfor some reactionsby kinematics(radiativecapture,elasticand

inelasticneutronscattering).Reactionsthat emitchargedparticlesaremore

difficultbecausethe ENDF/Bfilesdo not containthe requiredparticlespectra

or angulardistributions.Nevertheless,it is possibleto establishan upper

limit for the

photons.

The HEATR

in thisway to

“kinematickerma”factorby assumingthatsuchreactionsemitno

modulehas beenmodifiedto add kinematickermafactorscomputed

theNJOY calculationalpath. Thismeansthattheyare available

for eithermultigroupor Monte Carloprocessing. Some examplesare shownin

Figs.31 and 32.

Figure31 showsan examplein whichtoo muchphotonenergyis includedbe-

tween 100 keV and 1 MeV. This drivesthe energy-balancekermastronglynega-

tive. The kinematickermais positivein thisrange. However,it is too large

because the momentumof the photon field is too large. Above 16 MeV, the

energy-balanceresultis too large.

The upper part of Fig. 32 showsvery largeerrorsfor the importantma-

terialchromium,but the lowerhalfof the figureshowsthatironis muchbet-

ter.

The ultimatesolutionto errorssuch as these is to re-evaluatethe ma-

terialwith closerattentionto energybalance(nuclearmodelcodeshelp to ac-

complishthis). A short-rangesolutionfor the user

ancevaluesfor largesystemsand kinematicvaluesfor

is to selectenergy-bal-

smallones.
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Fig. 32 (a and b). Comparisonof energy-balanceand kinematickermafactorsfor
the two importantstructuralmaterialschromium(top)and iron (bottom).Note
that the kinematicvalue for iron is an overestimate,as expected,becauseof
photonemissionfromcharged-particleemittingreactions.
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III.NEUTRONACTIVATION,FISSIONPRODUCTS,AND ACTINIDES

A. ENDF/B-VFission-Productand ActinideData SummaryDocument[T.R. England,

W. B. Wilson,R. E. Schenter(HEDL),and F. M. Mam (HEDL)]

A summarydocumentof the fission-productand actinidedata containedin

ENDF/B-Vdata fileswas completed.80 All fissionproducts(877)and actinides

(60)in Rev. “O” were included. Appendicescontainadditionalaugmentationof

these data along with a presentationof probabledata changes,errora,and

existingrevisionsto date. These resultlargelyfrom our experiencewith

ENDF/B-V data testingand comparisonswith other internationalevaluations.

The main text identifiesdata that are commentedupon in the Appendices,but

otherwiseit consistsof Rev. “O” data. (In the case of groupcrosssections

processedfrom Rev. “O,” error correctionsare discussedin the main text.)

Mass chainyields,decayparameters(half-lives,branching, beta, gamma,and

alpha energies),processedone-groupcross sectionsfor fast reactorspectra,

four-groupcrosssectionsfor thermalreactors,and the resonanceintegralsand

2200m/s crosssectionsare included,as well as otherinformationpertinentto

the ENDF/B-Vfiles. The extensivedecay spectra,chargedistributionof mass

chainyields,and energy-dependentcrosssectionsare not included;suchinclu-

sionwouldrequireover4000pages. Rather,the documentwas preparedto serve

as a relativelyconcisesourcefor the most frequentlyrequesteddataand as a

convenientreferencefor the fission-productand actinidedata containedin

ENDF/B-V. Chainschematicsare included. The additionalaugmentationof these

data, relegatedto the appendices,shouldadd to the utilityof this document

as a generalreference.

B. NuclidesHavingENDF/B-VQuestionableData or Errors [T.R. Englandz

W. B. Wilson,R. E. Schenter(HEDL),and F. M. Mann (HEDL)]

All of theENDF/Bfission-productand actinidedatahavebeen incorporated

inLo summationcodes,includingdecay spectra,and aggregatecomparisonswere

made with availablemeasurements.Additionalcomparisonsof many individual

crosssectionand decayparameterswithmeasurementsand otherevaluationshave

been made, and variousconsistencychecks(e.g.,the comparisonsbetweenaver-

age energiesand valuesderivedfrom spectra)have been made. Basedon these

comparisonsand tests,we itemizehere thosenuclidesand theirparametersthat

shouldbe reviewedfor the next versionof ENDF/Bor beforeusingthe current

Version-Vdata.
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TableXIII providesa list of nuclideshavingquestionableENDF/B-VRev.

“O” dataor dataerrors.

The so-called“PandemoniumNuclides”are listed in Table XIV; average

beta- and gamma-energiesfromENDF/B-IV,-V, and the Japanesevaluesare also

included.This listconsistsof thosenuclides

NationalEngineeringLaboratory.

TABLEXIII

identifiedby C. W. Reich,Idaho

LISTINGOF NUCLIDESHAVINGENDF/B-VQUESTIONABLEDATAOR ERRORSa

No. NuclideMAT

6 31-Ga-72m9035
22 34-Se-74 9089
22 34-Se-74 9089
99 33-As-83 9080
10733-As-84 9081
11338-.Sr-84 9179
11734-Se-85 9104
12238-Sr-85 9180
22144-Ru-96 9325
23144-Ru-97 9326
24144-Ru-98 93&7
27846-Pd-1029379
30645-Rh-105 9355
318 48-Cd-106 9440
380 45-Rh-112 9367
384 50-Sn-112 9513
375 48-Cd-lllm 9446
407 50-Sn-114 9516
452 49-In-l18n 9486
463 50-Sn-l19m 9523
463 50-Sn-l19m 9523
473 52-Te-120 9576
485 52-Te-121m 9578
505 52-Te-123 9580
528 54-Xe-125 9631
529 54-Xe-125m 9632
607 53-1 -133 9614
667 53-1 -140 9624
708 60-Nd-144 9765
709 62-Sm-144 9803
718 62-Sm-145 9804

741 60-Nd-148
737 56-Ba-148
825 62-Sm-158
&54 66-DY-162
876 68-Er-167
901 93-NP-237
912 95-AM-241
919 95-Am-243
921 94-Pu-244
928 96-CID-248
936 98-Cf-253

9769
9701
9817
9866
9876
1337
1361
1363
8444
8648
8853

-------------------- Comment . . . . . . . . . . . . . . . . . . . .

Q-value error. (Q=O.05?leV shouldbe 0.12MeV)
CrosssectioninterpolationerrorINT=2shouldbe INT=5
Negativeelasticscatterincrosssection

8Halflifetobe reviewed( .5sshouldbe ●pprox.13.45s)
Halflifeerror(0.3sshouldbe 5.3s)
Crosssectioninterpolation●rrorINT=2shouldbe INT=5
Q value●rror.(Q=14.OMeVshouldbe 6.1HeV)
Halflifeerror(0.56+6sshouldbe 0.56+7s)
Crosssectioninterpolation ●rror XNT=2 should be 1NT=5
Review betaenergy--somerefs.do notuse0.0
CrosssectioninterpolationerrorINT=2shouldbe INT=5
Crosssectioninterpolationerror INT=2 should be INT=5
Error in cap. cross sec. at E=O.5eV(change360.to 3600.)
CrosssectioninterpolationerrorINT=2shouldbe INT=5
Halflifeerror(1.5sshouldbe 4.6s)1.5s
Crosssectioninterpolation●rror1NT=2shouldbe 1NT=5
Q valueerror(Q=O.05HeVshouldbe 0.396MeV)
Crosssectioninterpolation●rrorINT=2shouldbe INT=5
Spectraenergiesneed to be reviewed
Spectra energies need to be reviewed
Q values need to be reviewed--some refs differ.
Cross section interpolation ●rror INT=2 should be INT=5
Review beta ●nergy --some refs differ from0.0
Negativeelasticscatteringcrosssection
Reviewbetaenergy--somerefsdifferfrom 0.0
Review betaenergy--somerefsdifferfrom0.0
Betadecaybranchingneedstobe reviewed
ReviewQ value--somerefsdiffer
Negativeelasticscatteringcrosssection
Crosssectioninterpolation●rrorINT=2shouldbe INT=5
Q valueandave.●nergiesinerror(Qvalue=6.15MeV
shouldbe 0.615MeV)
Negativeelasticscatteringcrosssection
Halflifeneeds review (3.325s is 0.55s in tab of isotopes)
Halflife needs revieu (2640s recently reportedas 330s)
Negative elastic scattering cross section
Negative elastic scattering cross section
Thermal cross sections updated on second release, 6/83
Fastcapturecrosssection needs review
Fast capture cross section updated on second release, 6/83
X-rayenergy andotherspectralerrors,corr.on second rel. 6/83
X-ray ●nergy and other spectral ●rrors, corr. on second rel. 6/83
X-ray energy and other spectral errors,corr.on secondrel.6/83
—

aThe x-ray energy and spectral errors do not affect the average energies in
ENDF/B-V. Spontaneousficsionenergyis not includedin the averagealpha
energy,as is requiredby the ENDF/B-Vformatsmanual. See alsoTablesXIV
and XV. TableXV listsnuclideshavingspectrathatdo not reproduceone or
more averageenergiesas listedin the spectralfiles.
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NUCLIDESTO BE
ENERGY

TABLEXIV

EXAMINEDFOR PANDEMONIUMEFFECTAND
COMPARISONWITH.JNDCFILESa

Nuclide PIATHalflife(s)
33-As 80 9076 1.650+01
33-As 82 9078 2.100+01
33-As 82m 9079 1.300+01
35-Br 87 9125 5.570+01
35-Br 88 9126 1.600+01
36-Kr 91 9152 8.570+00
36-Kr 92 9153 1.840+00
37-Rb 92 9169 4.530+00
36-Kr 93 9154 1.289+00
37-Rb 93 9170 5.860+00
39-Y 96 9213 6.000+00
39-Y 96m 9214 1.000+01
38-Sr 97 9194 4.000-01
39-Y 97 9215 3.700+00
39-Y 97m 9216 1.110+00
38-Sr 98 9195 6.500-01
39-Y 98 9217 2.000+00
39-Y 98m 9218 6.500-01
41-Nb 98 9258 2.860+00
39-Y 99 9219 1.400+00
40-Zr 99 9238 2.100+00
41-NblOl 9264 7.000+00
43-Tc102 9307 5.280+00
43-Tc102m 9308 2.610+02
43-Tc104 9310 1.092+03
44-Ru107 9336 2.520+02
45-Rh108 9360 1.680+01
45-Rh108m 9361 3.540+02
45-Rhl10 9364 2.850+01
45-RhllOm 9365 3.000+00
49-In120 9489 3.080+00
49-ln120m 9490 4.440+01
49-In121 9491 3.000+01
49-In121m 9492 2.256+02
51-Sb134 9569 1.070+01
51-Sb134m 9570 8.500-01
54-)ie139 9652 4.040+01
54-Xe140 9653 1.360+01
55-CS140 9673 6.370+01
54-Xe141 9654 1.720+00
55-CS141 9674 2.490+01
57-La142 9710 5.550+03
55-cs144 9677 1.001+00
57-La144 9712 4.030+01
59-Pr148 9751 1.380+02
59-Pr149 9752 1.500+02
61-Pm152 9789 2.460+02
61-Pm152m 9790 4.500+02
61-Pm154 9793 1.080+02
61-Pm154m 9794 1.680+02

:Oilg)

7:200
7.200
6.840
8.600
6.120
5.970
7.770
7.510
7.360
6.500
7.000
7.400
6.670
7.337
5.810
7.300
7.300
4.585
6.390
4,445
4.570
4.500
5.000
5.400
3.150
4.500
4.500
5.400
5.400
5.400
5.300
3.380
3.100
8.490
8.400
5.020
4.060
6.050
6.000
4.980
4.517
8.100
5.300
4.800
3.000
3.470
3.470
4.000
4.000

ENDF

i.819
2.136
3.067
2.578
2.403
3.459
2.758
2.027
2.408
0.000
2.350
2.162
0.000
1.690
2.845
0.000
1.865
2.092
1.621
1.901
1.509
0.720
1.193
1.236
1.828
0.80L
1.346
2.481
i.039
2.47?
1.020
1.091
3.952
:.;;:

0:88;
1.931
1.571
1.377
0.947
2.350
1.511
2.044
1.158
1.439
0.900
0.760
1.034

‘/B-IV
Gamma
0.607
0.288
2.995
1.726
1,881
0.724
0.752
0.261
2.040

ENDI
Beta
2.455
3.155
1.808
2.496
2.540
1.941
2.368
3,481
2.336

“/B-V
Gamma
0.610
0.400
3.100
1.554
3.000
1.733
0.752
0.261
2.240

1,415
1.461
0.000
1.838
0.935
0.000
1.496
1.943
0.000
0.140
1.647
0.794
0.330
0.464
2.547
1.448
0.251
0.709
2.440
2.268
0.056
3.060
0.176
1.012
1.082
0.000
2.094
;.;;;

.
2.131
2.270
1.825
2.400
3.041
1.937
0.300
0.251
0.288
1.287
1.885
1.522

2.605 1.320
3.147 G.003
1.107 4.031
2.620 1.490
2.154 1.800
2.423 1.821
2.527 0.176
1.806 3.151
2.983 0.814
1.959 0.080
2.606 0.611
1.487 0.823
1.848 0.317
1.700 0.469
0.940 2.377
1.582 1.940
1.250 0.180
i.8oo
0.780
1.182
2.367
2.258
0.935
0.971
1.483
2.800
3.780
1.702
1.181
1.649
2.345
1.912
0.896
3.i80
1.461
1.648 1.221
1.158 0.126
1.310 0.288
1.134 1.290
0.915 1.856
0.912 1.940

0.347
2.500
2.480
0.056
0.331
2.972
0.976
0.120
2.036
0.000
0.760
1.210
2.300
0.776
0.800
2.750
0.951
1.824

JAPAN
Beta Gamma
2.478 0.259
1.990 2.954
1.954 2.763
1.813 2.410
2.454 3.210
2.055 1.617
2.262 1.078
2.856 1.566
2.727
2.147
3.024
1.124
2.603
2.472
2.683
2.139
3.216
2.989
1.965
2.375
1.463
1.686
1.952
0.855
1.244
1.212
1.813
0.789
2.202
2.237
2.228
0.953
0.985
1.503
2.781
2.284
1.002
1.204
1.429
2.048
1.276
0.915
2.649
1.338
1.653 1.165
1.137 0.180
1.385 0.115
0.864 1.466
0.839 1.852
0.928 1.700

2.791
1.489
2.135
2.523
2.193
2.091

2.757
2.675
0.000
4.031
1.501
1.231
1.472
1.051
2.041
2.596
0.080
1.147
0.823
0.720
0.579
2.430
2.678
0.241
0.338
2.272
0.486
0.777
0.331
2.976
0.926
0.053
2.256
3.272
2.239
1.149

aThesenuclideshave complexspectrain ENDl?/B-V(andfor somein ENDF/B-IV)
and thereforemay have incorrectaverageenergies. The nuclideswere identi-
fiedby C. W. Reich,IdahoNationalEngineeringLaboratory,IdahoFalls,
Idaho in February1984.



TableXV listsnuclidesthatshowa significantinconsistencybetween

averagedecay energiestabulatedin the decay fileswith the valuescomputed

from the spectra. In some casesthe inconsistencyis betweenthe totalenergy

calculatedfromthe spectraand the totalQ value.

TABLE XV

NUCLIDESIN ENDF/B-VREV “O”HAVINGSOMESPECTRAERRORSa

Nuclide
35-Br- 82m
40-Zr- 93
44-Ru-106
46-Pal- 107
47-Ajg-111
48-Cd-1 09
49-In-l16m
49-In-l18n
50-Sn-l19m
51-Sb-126n
52-Te-133m
53- I-134m
59-Pr-149
61-Pm-149
61-Pm-152m

Nuclide
62- Sin-151
90- Th-232
90-Th-~33
91 -Pa-233
92- U-237
94- Pu-237
94- Pu-241
96-Cm-241
95-Am-242m
96-Cm-243
94- Pu- 244
96-Cm- 248
97- Bk-249
98-Cf -253

aThislistingof nuclidesis basedon a comparisonof averageenergiesderived
fromindividualspectrawith eitherthe totalQ valueor averageenergiesfor
individualspectraas tabulatedin the files. Nuclidesshowingdifferences
greaterthan 15% in any componentare tabulated.

c. (n,2n)CrossSections[R.E. Schenter(HEDL),T. R. England,W. B. Wilson,

and R. J. LaBauve]

Most of the fissionproductsand a few of the actinides

have (n,2n)cross sections. TableXVI providesa complete

sectionsin the multigroupstructuredefinedfollowingthe

constructedfor futureuse in the DANDECodeSystem.

in ENDF/B-Vdo not

set of thesecross

table. Thesewere
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TABLE XVI

N,2N CROSS SECTIONSa

Nuclide Thres . Group Group Group Group Group Group Group Group Group Meth.b
1 2 3 4 5 6 7 $! Q

*** F1~~ion products***
32 Ge 72010.801.18801.18801.18800.99820.08590. 0.
32Ge 730 6.791.32701.74941.74941.74941.74941.4665g10803~1 o.
32Ge 74010,201.27201.27201.27201.26540.34120. 0. 0. 0.
32 Ge 760 9.450.71401.00791.35781.12200.76450.32030. 0. 0.
33 AS 75010.201.15621.18321.15251.02680.6546:.1447O.
34 Se 74012.101.00601.00600.93710.16930.

0. 0.

34 se 760 11.20 0.S9fJ7 0.7295 0.8895 0.8674 0.4236 O:
o. 0. 0.

34 Se 770 7.42 1.5825 1.6612 1.6612 1.6612 1.6612 1.0047 ~:0020 ~:
CJ.

34 Se 7~o 1o.50 1.0977 1.1166 1.0808 0.9748 0.6667 0.0842 0.
0.

0. 0.
34 Se 800 9.90 1.0408 1.2474 1.2420 1.1879 0.9891 0.3239 0. 0.
34 Se 820 9.26 0.8304 1.2472 1.3545 1.3274 1.2129 0.6333 0.0062 ~; o.
35 Br 790 10.70 0.7749 0.8832 0.9591 0.8929 0.4293 0.0104 0. 0. 0.
35 Br 810 10.20 0.5706 0.6676 0.7837 0.7089 0.4354 0.1019 0. 0. 0.
36 Kr 780 11.90 0.3690 0.3568 0.3110 0.2030 0.0401 0. 0. 0.
36 Kr 800 11.50 1.1665 1.1415 1.0417 0.7865 0.2830 0.0025 :: o. 0.
36 Kr 820 11.00 1.3477 1.3366 1.2817 1.1139 0.6214 0.0385 0, 0.
36 Kr 830 7.47 1.4131 1.4200 1.4200 1.4136 1.3972 1.2858 0.5860 ~: o.
36 Kr 840 10.50 1.4326 1.4625 1.4252 1.3049 0.9120 0.1144 0.
36 Kr 850 7.01 1.2704 1.3119 1.3091 1.3018 1.2771 1.1655 0.6129 ~:0206 ~:
36 Kr 860 9.85 1.3809 1.5427 1.5083 1.4094 1.1187 0.2482 0. 0. 0.
37 Rb 850 10.50 1.2125 1.2770 1.3225 1.1849 0.7209 0.1038 0. 0. 0.
37 Rb 860 8.19 1.5534 1.5534 1.5534 1.5534 1.5534 0.4435 0. 0. 0.
37 Rb 870 9.94 1.211O 1.2901 1.3088 1.2059 0.9938 0.5874 0. 0. 0.
38 Sr 840 11.80 1.6251 1.6624 1.4747 0.8357 0.2605 0. 0. 0.
36 Sr 860 11.50 1.0900 1.0900 1.0900 0.5228 0.0036 0. 0. &
36 Sr 870 8.44 1.5184 1.5184 1.5184 1.5184 1.5043 0.2844 ;: o. 0.
38 Sr 880 11.10 0.2497 0.2759 0.2508 0.2176 0.1119 0.
38 Sr 890 6.57 1.2573 1.3068 1.3067 1.3049 1.2976 1.2587 ;:9740 8:1368 ;:
36 Sr 900 7.57 0.4730 0.8285 1.2484 1.3413 1.2970 1.0959 0.2757 0. 0.
39 Y 890 11.50 1.2000 1.1633 1.0051 0.8550 0.2021 0. 0.
35 Y 900 6.63 1.1947 1.7703 1.7718 1.7718 1.7718 1.5675 t:1327 i: o.
39 Y 910 8.22 0.6351 0.9992 1.2659 1.2786 1.2249 1.0001 0.2532 0. 0.
40 Zr 900 12.00 1.1526 1.1318 0.9908 0.6303 0.1433 0.
LO Zr 910 7.19 1.1640 1.1640 1.1631 1.1593 1.1450 1.0646 !:5223 g:O072 ~:
40 Zr 920 8.64 0.8239 1.1402 1.2240 1.2034 1.1206 0.7804 0.0555 0.
40 Zr 930 6.50 0.7901 1.1359 1.2919 1.2957 1.2838 1.2228 0.8173 0.0477 ~:
40 Zr 940 8.23 0.6566 1.0495 1.3246 1.3333 1.2749 1.0076 0.1506 0.
40 Zr 950 6.32 0.6320 1.0325 1.3657 1.4062 1.3984 1.3542 1.0248 0.1501 !):
40 Zr 960 7.84 0.4836 0.8807 1.3468 1.4409 1.4034 1.214h 0.3025 0. 0.
41 Nb 93o 8.82 1.0456 1.1466 1.2)83 1.2167 1.1006 0.5853 0.0359 0. 0.
41 Nb 940 7.37 1.5748 1.6682 1.6682 1.6682 1.6682 1.0453 0.0033 0. 0.
41 Nb 950 6.61 0.7521 1.1459 1.2878 1.2780 1.2251 0.9426 0.1174 0. 0.
42 MO 920 12.60 0,6111 0.4189 0.2625 0.1286 0.0078 0. 0.
42 HO 940 9.69 1.3434 1.3434 1.3434 1.3434 0.7289 0.0036 :: ::
42 MO 950 7.37 1.0195 1.1464 1.1494 1.1463 1.1333 1.0532 0.4602 0.0013 8:
42 MO 960 9.16 0.9351 1.1942 1.2153 1.1897 1.0918 0.6118 0.0124 0.
42 MO 970 6.82 0.8521 1.2015 1.2900 1.2896 1.2835 1.2410 0.8574 0.0375 i:
42 HO 980 8.640.65941.10551.33651.33251.27410.95000.10420.
42 MO 990 5.74 0.4649 0.8813 1.3299 1.4050 1.4035 1.3914 1.2531 0.3976 !:
42 Mo1000 8.30 0.3247 0.6999 1.2794 1.4405 1.4002 1.1528 0.1654 0. 0.
43 Tc 990 8.581.69761.61511.51581.42551.25830.7641&0616 O. 0.
44 Ru 96010.101.28601.28601.28601.28600.40960. . 0. 0.
44 Ru 980 10.30 1.2580 1.2580 1.2580 1.2352 0.2812 0. 0.
44 Ru 990 7.47 1.5885 1.6542 1.6542 1.6542 1.6542 0.9661 ~:0010 i: 00
44 Ru1OOO 9.67 1.0527 1.2048 1.1986 1.1603 1.0122 0.3640 0.
44 Ru101O 6.81 0.9693 1.2480 1.2810 1.2801 1.2752 1.2395 0.8802 ~:0440 8:
44 Ru102O 9.22 0.8105 1.2268 1.3341 1.3101 1.2065 0.6641 0.0104 0.
44 Ru103O 6.40 0.7154 1.1648 1.3906 1.3998 1.3977 1.3800 1.1819 0.2587 8:
44 Ru104O 8.89 0.5403 1.0294 1.4149 1.4294 1.3554 0.9336 0.0325 0. 0.
44 Ru105O 5.94 0.4676 1.7878 1.8684 1.8684 1.8684 1.8684 0.6255 0.0003 0.
44 RU106O 8.43 0.3658 0.7835 1.3864 1.5235 1.4698 1.1581 0.1513 0. 0.
45 Rh1030 9.31 0.7149 0.7347 0.7587 0.7854 0.6931 0.2941 0. 0.
45 Rh1050 9.02 0.8100 1.2599 1.3902 1.3744 1.2985 0.8704 0.0438 & o.
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TABLE XVI (Cont. )a

Nuclide Thres. Group GrouD GrouD GrouP Group GrouD GrouD Group GrouD Meth.b
6- 7. 8. 9.

46 Pd1020 10.60 1.2;60 1.2;60 1.2?60 1.1$90 0.1;55 O. 0. 0.
46 Pd1040 10.00 1.1339 1,1912 1.1699 1.1017 0.883O 0.2651 g: o. 0.
46 Pd1050 7.09 1.1415 1.2667 1.2694 1 2669 1.2556 1.1885 0.7040 0.0264 0.
46 Pd1060 9.55 1.0561 1.3093 1.3177 1 2726 1.1109 0.5013 0.
46 Pd1070 6.55 0,9735 1.3196 1.3927 1.3924 1.3876 1.3544 1.0494 8:1543 g:
46 Pd1080 9.23 0.8512 1.2816 1.4264 1.3888 1.2473 0.6485 0.0095 0. 0.
46 Pd1100 8.81 0.6536 1.1219 1.4894 1.4958 l,388o 0.9251 0.0456 0. 0.
47 Ag1070 9.53 1.4459 1.4736 1.5069 1.4906 1.3428 0.6557 0. 0.
47 Ag1090 9.18 1.3373 1.3607 1,3889 1.3795 1.2747 0.721O 0.0140 ~: o.
47 Aglllo 8.71 0.7625 1.2607 1.4809 1.4679 1.3867 0.9614 0.0439 0, 0.
48 Cd1060 10,90 1,4719 1.5295 1.5908 1.3103 0.6755 0. 0. 0. 0.
48 Cd1080 10.30 1.2580 1.2580 1.2580 1.2352 0.2812 0. 0. 0.
48 Cd1100 9.86 1.120& 1.3183 1.3144 1.2768 1.1107 0.3215 g:
48 Cdll10 6.98 1.0962 1,3693 1.3860 1.3858 1,3818 1.3500 0.9489 8:0427 ;:
4& Cdl120 9.40 0.9156 1.3612 1.4346 1.4103 1.2994 0.6550 0.0011 0, 0.
48 Cdl130 6.54 1.7320 1.7320 1.7320 1.7344 1.6489 1.2379 0.3407 0. 0.
46 Cdl140 9.05 0.6314 1.2007 1.5222 1.5184 1.4403 0.9623 0.0471 0. 0.
46 Cdl151 6.16 0.6844 1.8016 1.8376 1.8376 1.8376 1.8063 0.4119 0. 00
L& Cdl169 8.69 0.9737 1.2846 1.5347 1.6470 1.5285 0.9043 0. 0. 0.
49 1nl130 9.43 1.4400 1.4584 1.4849 1.4466 1.1963 0.5119 0. 0. 0.
49 1nl150 9.03 1.9658 1.8888 1.7230 1.7584 1.2562 0,6081 0. 0. 0.
50 Snl120 11.10 1.2125 1.2658 1.2882 1.1726 0,7195 0. 0. 0. 0.
50 Snl140 10.30 1.2580 1.2580 1.2580 1.2352 0.2812 0. 0.
50 Snl150 7.54 1.5945 1.6444 1.6444 1.6444 1.6444 0,9152 1:0002 g: o.
50 Snl160 9.56 1.3616 1.3616 1,3616 1.3616 0.8342 0.0085 0.
50 Snl170 6;94 1.0556 1.4392 1.4880 1.4878 1.4845 1.4543 1.0480 ’;:0485 8:
50 Snl180 9.33 0.9387 1.4301 1.5278 1.5019 1.3853 0.7303 0.0057 0,
50 Snl190 6.48 0.8340 1.3743 1.5767 1.5810 1.5797 1.5643 1.3242 0.2247 g:
50 Sn1200 9.11 0.6909 1.2809 1.6037 1.5953 1.5000 0.9581 0.0435 0. 0.
50 Sn1220 8.80 0.4662 1.0294 1.6250 1.6847 1.6314 1,2361 0.0690 0.
50 Sn1230 5.90 0.4975 1.0374 1.6401 1.7290 1.7280 1.7179 1.5728 0.5098 ~:
50 Sn1240 6.51 0.3164 0,7812 1.5570 1,7521 1.7176 1.4339 0.2020 0.
50 Sn1250 5.75 0.3006 1.7540 1.8950 1.8950 1.8950 1.8950 0.8562 0.0061 ~:
50 Sn1260 8.19 0.2016 0.5523 1.3834 1.8001 1.7893 1.5920 0.4178 0. 0.
51 Sb1210 9.25 1.5344 1.7037 1.7480 1.5208 1.1253 0.5091 0. 0. 0.
51 Sb1230 8.98 1.1685 1.2826 1.3405 1.2521 1.1244 0.6345 0. 00
51 Sb1240 6.45 1.0088 1.7893 1.7970 1.7970 1.7970 1.6706 0.2150 8: o.
51 Sb1250 8.71 0.5500 1.1554 1.6848 1.7212 1.6742 1.3143 0.0994 0. 0.
51 Sb1260 6.31 0.8510 1.7987 1.8166 1.8166 1.8166 1.7412 0.2991 0. 0.
52 Te1200 10.30 1.2580 1.2580 1.2580 1.2352 0.2812 0. 0. 0. 00
52 Te1220 10.10 1.2860 1.2860 1.2860 1.2860 0.4096 0. 0. 0. 0.
52 Te1230 6.94 1.4238 1.7284 1.7284 1.7284 1.7284 1.3635 0.0459 0. 0.
52 Te1240 9.41 1.3826 1.3826 1.3626 1.3826 0.9465 0.0183 0. 0.
52 Te1250 6.60 0.9657 1.5021 1.6600 1.6614 1.6581 1.6304 1.3031 0.1961.~:
52 Te1260 9.09 1.4274 1.4274 1.4274 1.4274 1.1755 0.0598 0.
52 Te1271 6.35 0.7371 1.3426 1.7146 1.7331 1.7311 1.7143 1.4825 ;:’3022 ~:
52 Te1280 8.75 0.5062 1.1065 1.7024 1.7545 1.7033 1.3131 0.0834 0. 0.
52 Te1291 6.08 0.5291 1.1064 1.7164 1.7960 1.7948 1.7827 1.6(!85 0.6255 0.
52 Te1300 8.39 0.3565 0.8544 1.6360 1.8154 1.779P 1.4970 0.1908 0. 0.
52 Te1320 8.05 0.2894 0.7330 1.5215 1.8613 1.8383 1,6203 0,4442 0, 0.
53 1 1270 9.15 0.9901 1.4969 1.7154 1.6332 1.3796 0.6892 0.0228 0. 0.
53 1 1290 8.77 0.7559 1.3977 1.7222 1.7226 1.6661 1.2511 0.0645 0. 0.
53 1 1300 6.58 1.1471 1.7762 1.7788 1.7788 1.7788 1.5999 0.1528 0. 0.
53 I 1310 8.34 0.5546 1.1660 1.7402 1.7871 1.7376 1.3801 0.1691 0. 0.
53 1 1350 7.78 1.5955 1.6108 1.6108 1.6108 1.6108 0.7357 0. 0. 0.
54 Xe1240 10.50 0.9901 1.0039 0.9887 0.9337 0.7405 0.1160 0. 0. 0.
54 xe1260 10.20 1.4241 1.5144 1.5073 1.4598 1.2365 0.3491 0. 0. 00
54 Xei280 9.48 1.3679 1.7962 1.8333 1.7966 1.6401 0.8238 0.
54 Xe1290 6.91 1.3337 1.8223 1.9000 1.9000 1.8951 1.8462 1.3032 ~:0388 ;:
54 )ie1300 9.26 1.0740 1.7296 1.9210 1.9060 1.7984 0,9851 0.0165 0.
54 Xe1310 6.60 1.0198 1.6829 1.9451 1.9500 1.9500 1.9225 1.5508 0.2311 ~:
54 Xe1320 8.93 0.7959 1.5092 1.9439 1.9585 1.8822 1.3262 0.0740 0.
54 Xe1330 6.58 0.7627 1.3873 1.7797 1.8008 1.7980 1.7739 1.4733 0.1969 ;:
54 Xe1340 8.46 0.6328 1.2912 1.9311 2.0085 1.9470 1.5439 0.2048 0. 0.
54 Xe1350 6.48 1.0426 1.7866 1.7928 1.7928 1.7928 1.6545 0.1993 0. 0.
54 Xe1360 7.88 0.4218 0.8928 1.5352 1.6975 1.6661 1.4564 0.4071 0. 0.
55 CS1330 9.04 1.5941 1.6027 1.6129 1.6023 1.5302 1.0537 0.0532 0.
55 CS1340 6.82 0.9550 1.5542 1.7676 1.7708 1.7653 1.7209 1.2148 0.0409 ;:
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TABLE XVI (Cent , )a

Nuclide Thres. GYOUD GrouD GrouD GrouD GrouD GrouD GrouD GrouD GrouD Meth.b

55 CS1350
55 CS1360
55 CS1370
56 Ba1340
56 Ba1350
56 Ba1360
56 Ba137G
56 Ba1380
56 Ba1400
57 La1390
57 La1400
58 cel~oo
58 Ce1410
58 Ce1420
58 ce1430
58 Ce1440
59 Pr1410
59 Pr1420
59 Pr1430
60 Nd1420
60 Nd1430
60 Iid1440
60 Nd1450
60 Nd1460
60 Nd1470
60 Nd1480
60 Nd1500
61 Pm1470
61 Pm1480
61 Pm1461
61 Pm1490
61 Pm1510
62 Sm1440
62 Sm1470
62 Sm1480
62 sm1490
62 Sm1500
62 Sm1510

.
8- 5’

8.860,8i541.4t821.7j133.7;531.7?431.2!850.0:67O.
6.640.90281.52251.82321.83281.82731.78531.31670.0845::
8.380.65431.26601.80511.84911.80341.51230.24350. 0.
9.251.18081.64881.69451.67011.54760.84200.
7.201.19421.66751.73781,73711.73131.68281,15868.0514g:
9.231.00151.60001.76591.74721.65171.07400.04980.
6.951.07401.64081.80371.80411.79821.74861.21770.0388g:
8.540.47680.55731.32061.49961.50001.46230.36820.
6.220.01400.04790.22030.69821,53491.87171.61860.2397::
8.791.17611.697S1.80101.78241.70011.23280.07360.
5.050.38240.82051.55061.83291.83871.83531.78331.3321::2387
9.OL0.64260.83901.09231.29781.09020.53040.
5.490.59251.13081.71171,80891.80831.80261.7221!:0410::0122
7.211.00251.30681.60831.75211.73851.20600.48360,
5.220.05420.16910.62101.40551.84891.86951.63891.45858:2819
6.920.02650.09260.41501.15811.82821.86711.39320.05100.
9.361.73431.80881.85461.70091.15010.-46470.
5.900.82511.39251.75231.77581.77401.76191.6133::6053~:0013
7.230.13340.36811.05231.71031.60151.73390.88050.00610.
9.811.62921.69311.67411.60721.36490.41680.
6.101.11001.59771.73691.73811.73581.71631.5002g:53598:
7.830.25520.63311.41161.76411.75781.62780.50470.
5.740.18510.49271.26001.77701.81101.80581.71410.78308:0041
7.560.10940.33061.04781.75231.83411.74990.88530.
5.310.08380.25660.86481.65751.87401.87411.83701.3122~:0885
7.330.04010.14290.61831.49461.89091.85101.00130.00870.
7.330.02720.10300.49761.37021.92841.90330.99340.00500.
7.570.18900.52811.35901.79701.80041.70530.79880.
5.860.15460.4~201.23131.80551.84571.84041.73720.6546~:0006
5.860.15460.44201.23131.80551.84571.84041,73720.65460.0006
7.290.07430.24870.91531.72771.87331.83051.05590.01590.
7.660.08670.29641.07441.85141.92451.81250.52590. 0.
10.501.68071.74321.66001.43290.71430.08640.
6.330.42130.95671.62801.73701,73601.72401.5156g:2826~:
8.140.28520.74771.56361.77211.75451.58510.44660.
5.850.59961.20331.63801.78271.71861.55401.10810.1962~:0008
7.980.13240.42141.27991.82371.83481.71370.56580.
5.680.12550.39021.19981.83281.87901,87731.82571.1968g:O172

62 Sm1520 8.22 0.1186 0.3964 1.2855 1.8823 1.8913 1.7145 0,3312 0.
62 Sm1530 5.93 0.2033 0,5987 1.5322 1.9326 1,9383 1.9353 1.8534 0.7662 ~:0015
62 Sm3540 7090 0.1196 004015 103121 1.9368 1.9541 1.8361 0.6202 oO 0.
63 EU151O
63 EU1520
63 Eu1530
63 Eu154C
63 Eu1550
63 EU1560
63 Eu1570
64 Gd1520
64 Gd1540
64 Gd1550
64 Gd1560
64 Gd1570
64 Gd1580
64 Gd1600
65 Tb1590
65 Tb1600
66 Dy1600
66 Dy1610
66 Dy1620
66 Dy1630
66 Dy1640
67 HO1650
68 Er1660
68 Er1670

7.931.34961.94572.15672.17002.C6501.47920.13450.
6.290.72561.42822.09342.21182.20822.02351.10420.1056;:
8.540.85611.46411.96662.02411.96871.60920.30570.
6.471.28681.89782.17442.21132.19561.93050,76210,0182;:
7.960.25610.75291.70561.93861.92551.76950.51300.
6.280.31520.83181.73681.96831.96781.95681.74520.3548i:
7.660.15990.48031.38301.96701.98761.91971.06610. 0.
8.510.40781.03761.78331.86441.83721.55700.21500. 0.
8.610.40701.05951.82221.89931.87101.57130.20700. 0.
6.460.44371.08911.80471.88191.88131.87251.66730.25860.
8.530.34470.94621.79251.90981.88661.63180.23980.
6.350.43031.04841.83071.94321.94221.93081.71330.3154;:
7.930.24560.69051.63681.96651.95601.82140.49480. 0.
7.380.11620.36051.16661.93492.01521.94091.06390. 0.
8.180.37050.97571.81801.94291.92861.77070.52330.
6.460.30760.82461.73981.97341.97331.96301.75220.3215::
8.590.54811.27021.87611.91121.88201.59510.22290.
6.450.47961.13291.86201.94701.94601.93401.69460.2465~:
8.200.31820.85881.77431.97291.95421.76610.48420.
6.250.31270.83191.75742.00322.00331.99511.81610.4378~:
7.660.27150.58791.39302.13812.12611.81560.61050.00010.
8.040.32910.88351.80682.00381.98961.84050.58180. 0.
8.550.48061.15911.90101.97491.94631.67340.25000.
6.440.49021.13751.90382.00902.00751.99271.73190.2608~:
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TABLE XVI (Cont. )a

Nuclide Thres. Group Group Group Group Group Group Group Group Group Fleth.b
1 2“ 3“ 4“ 5“ 6- 7- 8- 9-

Th2300 6.79
6.34
6.81
6.66
7.26
5.74
6.77
5.31
6.91
5.12
6.14
6.76

1.3284
0.3476
0.8712
0.3961
1.4856
0.0778
0.2020
0.0141
0.2500
0.2500
0.1461
0.0080
0.0100
0.1000
0.0500
0.1786
0.0089
0.0089
0.0310
0.0084
0.2000
0.1000
0.0500
0.0100
0.0100
0.0400
0.0050
0.0050
0.0300
0.0500
0.2128
0.
0.1000
0.1000
0.2000
0.1036
0.1000
0.1000
0.1500
0.1000
0.2000

***Ac
1.4902 1
0.4129 0
1.0845 1
0.~237 O
1.5886 1
0.1758 0
0.2020 0
0.0614 0
0.2500 0
0.2500 0
0.1931 0
0.0339 0
0.0100 0
0.1000 0
0.0500 0
0.1492 0
0.03s0 o
0.0380 0
0.0310 0
0.0296 0
0.2000 0
0.1000 0
0.0501 0
0.0100 0
0.0100 0
0.0400 0
0.0050 0
0.0050 0
0.0300 0
0.0500 0
0.2319 0
0.
0.1000 :
0.1000 0
0.2138 0
0.1506 0
0.1036 0
0.1025 0
0.1500 0
0.1000 0
0.2138 0

tinid<
.5725
.7123

XJ ***

1.6687
1.3782
1.3159
0.5148
1.7010
0.5012
0.3619
0.2887
0.5212
0.3127
0.8530
0.1867
0.1786
0.5954
0.2649
0.5673
0.1990
0.1882
0.1059
0.4012
0.2226

1.
1,

7767
6444
:/;

7793
4726
4560
4273
8819
6312
2997
2414
5254
7977
3651
0589
2356
2321
4211

8000
9548
2905
5655
5905
3761
3157

4715
5153
9810
4944
8&30
2707
1596

1226
2349
0817
0490
0365
1810
0105

0.

::
o.

3
3
3
3
3
3
3
3
3

:
3
5
3
3
3

:
3
3
3
3
3
5
3
3
3
3
3
3

$
3
3
3
3
3
3
3
5
5

1.

t
o.
1.
0.
0.

1.

::

o.
0.Th2320

Pa2310
Pa2330

.1726

.4572

.6003

.3714

.2025

1.
0.

::
o.

::
o.
0.
0.
0.

0.
0.
0.
0.

::

U 2320
U 2330
U 2340
U 2350
U 2360
U 2370
U 2380
ND2370

00
0.0027
0.

.1617

.2509

.2500

.4176

.0997

.0105

.1016

.0508

.1154

.1142

.1142

.0311

0.
0.
y

o:
o.
0.
0.
1.
0.

0.4521
9395
3385
4348
2309
7128
7217
3139
0408
2288
2280
5734

4oil
8034
3276
2478
1539
6688
3452
1921

23030.0178
0.
10
1.

0.
0.
12690.
70750.0349
35320.
01390.
35240.0035
00530.

o.
0.

t
o.
0.
0.

k
o.

o.
0.
0.
0.

::
o.
0.
0.
0.
0.
0.

~p~380
Pu2360
Pu2370
Pu2380
Pu2390
Pu2400
Pu241O
Pu2420
Pu2430
Pu2440
Am2410
Am2420
Am2421
Am2430
Cm2410
Cm2420
Cm2430
Cm2440
Cm245@
cm24Lo
Cm2470
Cm2480
Bk2490
cf2490
cf2500
cf2510
cf2520
cf2530
Es2530

5.35
7.33
5.83
6.97
5.66
6.53
5.25

0380
0092
0991
0143
6520
1038
3626
6212
0117

0.0001
1,
0.

5028
1920
1519

0.
0.0016
0.0.

0.
0.
0. 6833

6110
2859
4579
1254
6688
6688
0664
0209
0224
4792
f++;;

;;:;

6213
4613
9860
8802

0.1029
6.30
5.04
5.99
6.63
5.55
5.46
6.35
6.04
6.94
5.68

.1372

.2001
0.
0.

7399
3653

0.7974 0.
1.2192 1.
1.1128 1.

2021
7128
7128
1400

0.
0.4654
0.

3524 )0035
3524 0.0035
0115 0.
0167

1.
0..1005

.0680

.0105

.0105

.0400

.0050

.0050

.0301

.0500

.2496

.0075

.1000

.1004

.2577

.1681

.1363

.1348

.1500

.1000

.2577

0.2618
0.1300
0.1786
0.1786

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

::

6142
2100
5254
5254
1101
0103
0151
1965
4578
5685
5881
2460
5378
9937
3928
5320
3626
1666
2460
9937

0.
0.
0.
0.
0.

0.
00
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
1.
0.

0.
0.

L
0.
0.

::
o.
00
0.

;:
o.
0.
1.
0.
0.
0.

0.0400
0.0079
0.0094
0.0736
0.0901
0.2500
0.0393
0.1000
0.2175
0.3069
0.1840
0.19A6
0.1674
0.1500
0.1000
0.3069

0135 0.
0.
0.0038

0.0220
0.3152
0.5849

8465

0015
4259
0329
6573
0323
8520
1002
5815
7146

6.77
5.52
6.34

;:0628
o.
0.2569

0.
1.
0.
0.
1.
1.
1.

m;

9029
6618
1617

5.15
6.18
6.20
5.59
6.61
5.10
6.17

0.
0.
0.0443
0.
0.2745

98
98

;:
99

.—

0333
1586
5906
8632
6618

0. 2588
0325
2661
8520
5815

1.
0.
0.
10

1.

i’:
1.

0125
;;0;

4613

0.
0.2569
0.

5.15
6.45

aListedvaluesapplyfor the higheatenergygroupsin the PRS groupstructure:

!%!?!?2 EnergyRange (FleV)

1 20.000 18.221
2 18.221 16.905
3 16.905 14.918
4 14.918 13.499
5 13.499 11.912
6 11.912 10.000
7 10.000 7.788
8 7.788 6.065
9 6.065 4.724

Thresholdvaluesare listedin MeV.
bMeth. refers to the origin of these cross sections:

1 refers to unpublished model based on Q-values (R. E. Schenter, Hanford
Engineering DevelopmentLaboratory, RiChland, Washington).

2 refers to values produced by the THRESHcode.
3 refers to EIiDF/B-Vevaluations.
4 refers to values based on BML-325plots.
5 refers to valuesbased on Q values similar to one of the above.
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D DelayedNeutronPn Values[T.R. England,W. B. Wilson,F. M. Mam (HEDL),
and R. E. Schenter(HEDL)]

Part of the continuingeffortdescribedin Ref. 81 to improvethe ENDF/B

delayedneutronspectrarequiresa new evaluationof the Pn emissionprobabili-

ties. Reference82 containsan evaluationof experimentalvaluesfor 77 pre-

cursors. Thesehave subsequentlybeen augmentedwith calculatedvaluesbased

on systematic for an additional23 precursors. The equationsused for the

systematic are given in Ref. 82. We have also examinedall 877 fissionpro-

ductsin ENDF/B-Vfor additionalprecursorsbasedon Q-valuesand neutronbind-

ing energies.We founda totalof 262 precursorsbut mostwere not significant

becauseof eithera smallfissionyield,Pn valueor both.

E. Statusof Fission-Productand ActinideData forENDF/B-VI[T.R. England,
P. G. young,R. E. Schenter(HEDL),F. Mann (HEI)L),and C. W. Reich (INEL)

The problemsfoundwith ENDF/B-Vdata,and anticipatedextensionsand im-

provementsforENDF/B-VIare summarizedin Ref. 83. Thiswas presentedby P. G.

Young at the March 12-16NuclearEnergyAgency Nuclear Data Committee (NEANDC)

Meeting in Tokai, Japan.

F SOURCESCalculationof TMI-2Spontaneous-Fissionand (a,n)NeutronSources
[W.B. Wilson,T. R. England,W. C. Hopkins(BechtelPowerCorp.),and
R. T. Perry (TexasA & M)]

The fuel of TMI-2 is now floodedwith water containing5000ppm boronto

increaseits shutdownmargin;however,the signalfrom the source-rangedetec-

tor (SRD)of TMI-2 from its low exposurecore (- 3.2 GWd/tU)is currently3-4

times that of the SRD signalof TMI-1 from an end-of-equilibriumcycle core.

The higher curie inventoriesof spontaneously-fissioningand alpha-emitting

actinidenuclidesassociatedwith higherexposureresultin spontaneous-fission

(SF) and 17’180(a,n)neutron sources that increasewith exposureof oxide

fuel.84 Much of the TMI-2 fuelis no longerclad, and someof it has beenme-

chanicallyreducedto fineparticlesby the bladesof coolantpumps.

The SRD signalof TMI-2,relativeto that of TMI-1,is diminishedby the

presenceof the high boron concentrationin the water and the low exposureof

the fuel. Fuel disruptionincreasesthe SRD signalby increasingthe magnitude

of the (a,n)sourceand, possibly,by increasingneutronmultiplication.The

(a,n)sourceof the disruptedfuelfloodedwithboron-richwateris composedof
17,18

neutronsfrom O(a,n)reactionswith oxygenin the fueland waterand from
10,11B(a,n)reactions.
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The SF and (a$n)neutronsourcesof TMI-2wereproducedfromfull-coreac-

tinideinventoriescalculatedwith CINDER-2usinga libraryof ENDF/B-Vdata85

and followinga 22-stephistogrampowerhistoryresolvedfor earlierTMI-2fuel
86-88calculations. Theseactinideinventorieswere used in SOURCEScalculations

describingthe neutronproductionfrom the SF decay of actinidesand (c!,n)

1O’llBand 17,180reactionsof theirdecayalphaswith . The (cr,n)calculations
17,18used u(c!,n)data for O as resolvedin Ref. 89 frommeasureddataand for

NAT
B as measuredby Walker;90 91polynomialfits to the data of Ziegler were

used to describealpha-particlestoppingcrosssectionsof the variouselements.

The neutronsourceswere calculatedfor the undisturbed,cladTMI-2oxide

fuel and for the extremelimitingconditionin which each alphaparticleis

emittedintotheboron-richwater. The resultsof thesecalculations,givenin

TableXVII,showthatthe TMI-2neutronsourcefromactinidedecaycouldbe in-

creasedby no more than a factorof - S by completedispersionof actinidesin

the boron-richwater.

Earlier inherentneutron-sourcesurvey calculations(see Ref. 84, pp.

86-87)indicateth>t the neutronsourceof the end-of-equilibirumcycleTMI-1

core shouldbe 300-500times that of the undisturbedlow-exposureTMI-2core.

The highSRD signalof TMI-2is not due to higherSF and (cr,n)sourceratesand

may thereforeindicatea much higherneutronmultiplicationthanthatof TMI-1.

TABLE XVII

COMPARISONOF TMI-2SPONTANEOUS-FISSIONAND(CY,n)NEUTRONSOURCES

Source

17O(a,n)
18O(ci,n)

NAT
B(a,n)

Total(a,n)

S.F.

Total

WITH ALL ALPHA PARTICLES ASSUMEDEMITTED INTO THE OXIDE FUEL AND
WITH ALL ALPHA PARTICLES ASSUMEDEMITTED INTO WATER CONTAINING 5000 ppm BORON

Core Neutron Source (n/s)

Oxide Fuel H20 w/5000 ppm B

6.179 X 105 3.009 x 106

7.379 x 106 3.601 X 107

0. 4.947 x 107

7.997 x 106 8.849 X 107

1.163 X 107 1.163 X 107

1.963 X 107 1.001 x 108
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G. GammaFractionof TotalDecayPowerof I)ischargedBWR Fuel (W.B. Wilson,

T. R. England,and R. J. LaBauve)

Plannedexperimentsof the soliddry storageof spentBWR fuelassemblies

requirethe knowledgeof the gammafraction(GF)of totalassemblydecaypower.

We have calculatedthe GF of total decay power for 4.5% enrichmentfuel at

three void fractionsand threeexposuresin GrandGulf-1and -2, using reso-

nanceself-shieldedcrosssectionsproducedby EPRI-CELLin an earlierstudy.92

Also, we have calculatedthe GF for a QuadCities-12.56%enrichedfuelsample

describedin Ref. 88. All calculationsevaluatedthe GF at coolingtimesfrom

one week to six years. The resultsof the calculationsare given in Table

XVIII.

TABLEXVIII

EXAMINATIONOF TBE DEPENDENCEOF THE BWR GAMMAFRACTIONOF TOTALDECAYPOWER

ON INITIAL235U ENRICHMENT,DISCHARGEEXPOSURE,MODERATORVOID,AND COOLINGTIME

Unit GGl&2 GGi&2 GGl&2
Power Density. W/cc. 299.4 299.4 299.4
Initial 235U E!\rlchment, ‘X 4.5 4.5 4.5
Dfscharge Exposure, GWd/tU 17.9 35.5 53.1
Moderator Void. % o 0 0

GammaFraction of Total Decay Power
@cool ing times--

1 week
! month
2 months
3 months
6 months
i year
1.5 years
2 years
2.5 years
3 years
3.5 years
4 years
4.5 years
5 years
5.5 years
6 years

.5631

.5094

.4650

.4329

.3373

.1919

.1601

.1728

.1968

.223f

.2482

.2701

.2876

.3004

.3090

.3141

.5460

.4820

.4303

.3955

.3135

.2293

.2293

.2536

.28t3

.3067

.3276

.3430

.3530

.3583

.3598

.3585

.5384

.4705

.4167

.3835

.3190

.2730

.2872

.3138

.3388

.3587

.3727

.3809

.3840

.3830

.3791

.3733

GG182 GGl&2 GGl&2
299.4 299.4 299.4

4.5 4.5 4.5
17.9 35.7 53.4

40 40 .40

.56S3

.5104

.4658

.4334

.33F2

. 1963

. i669

. 1807

.2053

.2319

.2570

.27E6

.2957

.30E0

.3t59

.3202

.5460

.4825

.4307

.3961

.3162

.2372

.2397
,2647
.2926
.3i77
.3379
.3525
.3616
.3659
.3663
.3640

.5373

.4693

.4160

.3835

.3214

.2792

.2945

.3208

.3449

.3636

.376i

.3828

.3844

.3821

.3770

.3700

GGl&2 GGi&2 GGl&2
299.4 299.4 299.4

4.5 4.5 4.5
113.O 35.8 53.7

70 70 70

.!5635

.!5115
4666

:4341
.3395
.2015
. i746

1897
:2150
.24!9
.2669
.2882
.3048
.3164
.3235
.3271

.5462

.4833

.4316

.3973

.3198

.2456

.2516

.2775

.3054

.3300

.3493

.3629

.3707

.3737

.3728

.3693

.5367

.4690

.4164

.3846

.3253

.2874

.3038

.3297

.3526

.3697

.3803

.3851

.3849

.3810

.3744

.3661

Qc-1
Varfes

2.56
11.8
0

.5695

.5211

.4771

.4454

.3492

.1956

.1588

.1694

.1923

.2179

.2429

.2652

.2835

.2974

.3071

.3131

Decaypowerdata calculatedwith CINDER-2usingENDF/B-Vdataand temporalself-
shieldedactinidecrosssectionsfromearlierEPRI-CELLcalculationsof Grand
Gulf 1 and 2 [seeLos AlamosreportLA-9563-MS,NUREG/CR-3108(February1983),
pp. 8-10,19-20]and Quad Cities-1[seeElectricPowerResearchInstitutere-
portEPRINP-2855,“Proceedings:ThermalReactorBenchmarkCalculations,Tech-
niques,Resultsand Applications,”(February1983)].
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Withinthe scopeof thislimitedstudy,the followingobservationscanbe

made:

1. The GF of low-exposure(12-18GWd/tU)fuelreachesa minimumat - 1*

year cooling and is continuingto increaseat six years cooling.

2. The GF of typicaldischargeexposure(- 36 GWd/tU)fuel reachesa

minimumat N one year coolingand a maximumat 5-5% years cooling.

3. The GF of high exposure (- 53 GWd/tU)fuel

- one year coolingand a maximumat 4-4+years

4. At coolingtimeslessthan6 months,the GF is

tor void and decreaseswith exposure.

5. At coolingtimesgreaterthan sixmonths,the

eratorvoid and exposure.

reachesa minimumat

cooling.

insensitiveto modera-

GF increaseswithmod-

H. PWR Fission-ProductInventoryCalculationsfor the ANS SpecialCommittee

on Fission-ProductSourceTerms (W.B. Wilson,T. R. England,andR. J.

LaBauve)

An ANS SpecialCommitteeon Fission-ProductSourceTermsis presentlywork-

ing to define the characteristicsof the inventoryand propertiesof fission

productsliberatedin hypotheticalreactoraccidents.On theirbehalf,we have

performedEPRI-CELL/CINDER-2calculationswithENDF/B-Vdata following2.8%en-

riched fuel through equilibriumcyclesat 60% duty factor in North Anna-2.

These cycleseach consistedof six equal 876-h up periods “u” separatedby

508.8-hdownperiods“d,”and followedby a 960~hend-of-cycledownperiod“D.”

The threeequalregionsat mid cyclehavepower

Region1: ududu
Region2: udududududu.llududu
Region3: udududududuDudududududuDududu.

The three-regionand total core atom and

historiesas follows:

gram inventoriesare listedin

TableXIX, alongwith a comparisonof unstableand stablefissionproducts. Al-

thoughall actinideseventuallyexperiencespontaneousfissionor decayto the
stable206-208pband 209Bi, actinidesexistingin the time frameof thisstudy

are unstable.
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TABLEXIX

CHARACTERISTICSOF MID-EQUILIBRIUMCYCIENORTHANNA-2PWR INVENTORY

OIJANT I TY REGION 1 REGION 2 REGION 3 TOTAL CORE

ELAPSEO HOURS IN CORE 3 .645 GOE+03 1.2405GE+CMl 2.11656E+04

ELAPSEO FULL-POWER-HOURS 2.62800E+03 7.88400E+03 l-314~E+04

EURNUP, ATOM% FISSION 4.36154E-01 1.~g4e3E+oQ 2. 14351E+o0

EXPOSURE, MWD/TU 4.2137LIE+03 1.26212E+04 2. 10399E+O4

FISSION-PROOUCT ATOMS 5.6SG38E+2G 1.GE735E+27 2.79200E+27 5.04799E+27

UNSTAELE F-P ATOMS 1.60705E+26 4. I1701E+26 6.44199E+26 j.~2461E+~7

ACTINIOE ATOMS 6.49352E+28 6.43773E+28 6.38263E+28 1.93139E+29

TOTAL ATOMS 6.55038E+28 6.60647E+28 6.66183E+28 1.98187E+29

FISSION-PROOUCT GRAMS 1. I0458E+05 3.28466E+05 5.44420E+05 9.83343E+05

UNSTAPILE F-P GRAMS 3.23460E+04 8.02047E+04 1.26634E+05 2.39185E+05

ACTINIOE GRAMS 2.56441E+07 2.54263E+07 2.52105E+O7 7.62810E+07

TOTAL GRAMS 2.57546E+07 2.57548E+07 2.57549E+07 7.72643E+07

FRACTIONS:
FP ATOMS/(FP+ACT ATOMS) 8.68099E-03 2.55409E-02 4.19105E-O2 2.54709E-02

F-P ATOMS. UNSTAELE 2.96684E-01 2.43992E-01 2.30730E-01 2.42593E-01

F-P GRAMS, UNSTABLE 2.92837E-01 2.44180E-01 2.32604E-01 2.43236E-01

m. CORE NEUTRONICSCODE DEVELOPMENTAND APPLICATION(R.J. LaBauve,T. R.
England,D. C. George,R. E. MacFarlane,and W. B. Wilson)

We have completeda coupledNuclearData— ~ Xeutronlcs/@letionCode system

(DANDE)for neutronicscalculations,and this systemis now being usedby the

Los AlamosNationalLaboratoryreactordesign.groupin theirreactordesigncal-

culations. A generallayoutof the code systemis shown in Fig. 33; our ap-

proachhas been to link existing~ provencodesthroughthe use of a localcon-

troller(CTL)and to transferfilesvia a standardinterfacesystem.
93

In Fig. 33, the three calculationalmodulesare designatedby rectangles

and the interfacefilesby circles. At present,the cross-sectionprocessing
94module consistsof the TRANSX code operatingon a fine-groupcross-section

library(80groups)generatedby the NJOY code
67 fromthe ENDF/B-V95basicdata

file. TRANSX producesneutron,photon, or coupled transport cross-section

tablesin the standard

self-shielding/Doppler

mal upscatter,prompt

ISOTXSformatwith optionsfor adjointtables,mixtures,

corrections,group collapse,cell homogenization,ther-

or steady-statefission,transportcorrections,elastic
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removalcorrections,and flexibleresponsefunctionedits. Weightingfluxes

for group collapsederivedfrom one-,two-,or three-dimensionaldiffusionor

discrete ordinatescore model calculationsdone in the core calculational

modulecan be transferreddirectlyto TRANSXvia the standardRZFLUXfile. In

principle,the CTL controllercould be used to update the microscopiccross

sectionsof the principalnuclidesduringa depletionrun;but, as we havenot

donethisto date,thispath is not indicatedin Fig. 33.

At present,in the core calculationalmodule,we are usingtheDIF3Ddif-

fusioncodeg6(bothfinitedifferencesand nodaloptions)

TWOHEF8 discreteordinatestransportcodes. Our largest

dimensionalHEX-Z,DIF3D 1/3 coremodelof theFTF in 13

can only be run on our largestCray machine(1.8-Mword

97and the TWODANT and

problems(e.g.,three-

planesand 80 groups)

storage). Suchprob-

lems run in about 12 minutes. The runningtimesfor two-dimensionalproblems

using the Sn codesare comparableto thosefor three-dimensionalproblemswith

the diffusioncode.

--------------------------------------------------
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Fig. 33. Codesystemforneutronicscalculations.
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The depletionmoduleis a modifiedversionof the CINDER-2code99 thatwe

are callingCINDER-3. This code does summationcalculationsover the various

fission-productand actinidechainsand providesupdatednucleardensitiesfor

the principalnuclidesand groupsthe remainingactinidesand fission-products

into lumps. In fact,the capabilityalso existsfor updatingall the micro-

scopiccrosssectionsfor the lumpsat eachtimestep,but thusfarwe are only

updatingthe capturecrosssections.

As an exampleof the flexibilityof the CTL controllerin manipulatingand

monitoringthis code system,considertheproblemof controlrod repositioning

to keep a fairly level keff during a depletionrun. The model used in this

example is the core of a carbide version of a modular breeder reactor, currently

being studied at Los Alamos. This model consists of eight rings of hexagonal

assemblies in 11 vertical planes; 8-group cross sections were used in the DIF3D

one-sixth core, HEX-Z calculations. The hypothetical power history chosenfor

the problemwas four periodsof 200 days at full power, the firstthreeof

which were followedby 100 days at shutdown(totaltime of 1100 days) and

depletionwas calculatedfor Driver-1,Driver-2,radial- and axial-blanket

regionsin timestepsof 100 days. The CTL Controllerexaminedkeffaftereach

time step;and,if this fellbelowa certainallowedvalue,it repositionedthe

outer control assemblybank a predeterminedamount. In this manner, keff

stayedbetween1.000and 1.035. A parallelproblemwas run in whichthe con-

trol assemblieswere not repositionedand depletionwas calculatedusing an

averagepower (70%of full). A comparisonof the behaviorof the peak/average

power for the two runs is shownin Fig. 34, illustratingthe necessityof the

more detailed calculation. The GRAY running time for a single time step

averagedabout40 seconds,givinga totalrunningtimeof about7% minutesfor

eachproblem.

The DANDE code was also applied in the calculationof the High Power

Characterizeexperiment(HPC)of the LargeCoreCodeEvaluationWorkingGroup

(LCCEWG)benchmarkproblemNo. 5 in the FFTF reactor.lOOThe corelayoutfor

FFTF/HPCis shownin Fig. 35.

The ISOTXnucleardata file, whichwe havedesignatedas ISOMANA,used in

the benchmarkcalculationswas that suppliedby F. Mann of HanfordEngineering

DevelopmentLaboratory,as specifiedin the benchmarkwrite-up. An additional

nucleardata library,suppliedby HEDL, containedreactioncrosssectionsused

to calculatespecifiedreactionrates. Unfortunately,theHEDL ISOTXSlibrary

did not containdata for thresholdreactionsexplicitly--thesewere lumpedin
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Fig. 35. FFTF/HPCfull core plan at Z = 154.55. Controlassembliesdesignated
by ABS; safetyassembliesby BPC.

68



an “absorption”cross section--whichwere requiredin our depletionmodule

(Fig.33). As a result,we had to run all depletionleadingup to theHPC run

usingour ISOTXSfile (IS012A).

The depletioncalculationconsistedof two 10-dayruns of all fueledas-

sembliesexceptthe characterizesplus a single8-dayrun of all fueledassem-

blies includingthe characterizes. The Ring 3 safetyrodswerebankedin the

withdrawnpositionand the Ring 5 controlrodswerebankedat the half-wayout

position,19.1”withdrawn,for all runs. The nodaloptionof DIF3Dwas usedas

the core calculationalmodule (Fig. 33) with the full-core,hexagonal-z model

of the FFTF/HPCas input. As statedabove,the Los Alamosdata librarywas

used for the depletionruns; begiming-of-cycle(BOC)and end-of-cycle(EOC)

calculationswere repeatedusingthe HEDL ISOTXSfile.

The keffat BOC usingIS012Awas 0.98935;at EOC it was 0.98006,a lossof

about 1% in k. This is to be comparedwith 0.98572and 0.97567,respectively,

for runswith ISOMANA. In the depletioncalculationsusingIS012A,a Ak/k loss

of 0.0679was observedafter the first20-dayrun. Using the HEDL determined

value of ~eff = 0.00318for the FFTF givesa value of 10.69C/dayreactivity

loss. This comparesvery favorablywith the HEDL reportedvalueof 10.75C/day.

Incidentally,using the numberof fissionsfromthe CINDER-3outputand values

of G
d and <t derivedfrom ENDF/B-Vfor the various fissioning nuclides, we

determineda valueof ~ = 0.00349.

Also,as statedin the benchmarkspecifications,the controlassemblybank

was withdrawn2.6 cm duringthe 8-day characterizerun. Our Ak/k calculated

loss for this periodwas 0.0026,indicatinga rod worth of 1 mini-k/cm; this

is thevaluewe calculatefor the controlassemblybank at mid core.
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