it

i

e, P ~ron 8
=i bl -5
 Shbiesqint Lok r 1AM ISB I g & a
1 2ok o RO 1A RR T A v il
prace - %1 ZPw ay T w05

Al ol b ST A
L .J..lﬂal’.ﬁ&.!‘ 3

- A
o ST Ao

alﬁ...n.u

T3

¢ BF b rios = cifyestiideds e 3 -y
..:. T ﬁ g 5 [

mﬁ I x St -
aE
Lie

e )
.T‘T woh
5

TR P eI L Ot g

H iy
4 va e drrede X
Tr " i RN 4 S’,.‘“.""an'..v- > n .-.N. .
LRy O I .Y N Fy . g 18 . 4 J
G kSN - SRR R S 4ok ok v Jne H ' A g
B $-3-4 J S¥ 3 =
SRS N DD L4 g &
I Asiars {iqun e biadics 2 b o whds ) hJ
B 441157 4
. @88l ate Te Ayl f b 08204 ey WY SME SSRGS KON WPIWE. TR A R T B A s o Sy ﬁn.. I i ]
3 0o e ded - BB i 200 2kl 4 Sl b8 =gttt o —— 2 iz &0l
L SELAOC T ERAE R it K] &t e 323 R L N TN n PREE T
N . (R S F AL . RREEa ]
b - . 8 iyl m.w
1.00535%
PRSI 1

Lo ™ B
o e e D i g
SRV PR

' .

o v
TS TRt o it nRAR ) et T e d el e e ",
. A Wiy s
" mu.-n.lo 2 u.. b a ......F. A Yy &.ﬂ A i abap s s S G
= e n e OeaR L yrn g = '
TR I W SO R ¥ 2o pep Er s R ; U e
D it T T X N MR : 1 e, i ¢

B = I O
TRURLIULAS 8 Thn BI04 2 B st BN 3 ek AR 1
. < B .

amny
Pn o,

i

H
i

- a pel
v
. [
() . )
O >’
L3
q O .
[ ] ! ; :
2 N o - .
¢ L] o et -

B ]t T R el A T b < § &y o
- A PR Ty
r ¥

v - "

[

Sy vhvh

Pvi .o, ;
e e ey R Bb e i # e ek

S XL
-

B

2y

3 A2 %

i oima s b




An Affirmative Action/Equal Opportunity Employer

The four most recent reports in this series, unclassified, are LA-9468-PR, LA-9647-
PR, LA-9841-PR, and LA-10069-PR.

This work was performed under the auspices of the US Department of Energy’s
Division of Reactor Research and Technology, Office of Basic Energy Sciences and
Office of Fusion Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.




LA-10288-PR
Progress Report

uc-34C
Issued: January 1985

Applied Nuclear Science
Research and Development
=] Semiannual Progress Report

October 1, 1983—May 31, 1984

Compiled by
E. D. Arthur
A. D. Mutschlecner

|

1

|

|

I

W

I

I

il

LOS ALAMOS NATIL LAB. LIBS.
3 9338 00318 8827

I

o ——pp—
< u R
(T I !
o
.
|
}

g

L@S An am@ Los Alamos National Laboratory
Los Alamos,New Mexico 87545


ABOUT THIS REPORT
This official electronic version was created by scanning 
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



CONTENTS

ABS T RACT . . it iiit ittt iiiieetasseasesoneesasosasactosnnsssasasssansnnnssa 1
I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS......0cetitiririnnnnnnnas 1
A. Spectra for the t-8Li Reaction......u.uiierrieiriieneeenneennannnanns 1
B. Cross Sections and Maxwellian Reaction Rates for Polarized Fusion....3
C. 283i Level Density CalculationS....ueeeeueeeeeeneneennenenennnneannns 3
D. Calculation of Neutron and Gamma-Ray Emission Spectra Produced
DY P+ 27A1 ReaCLIOMS. cuv et reerennneeonnneeeenneeeenuoaesonnanannns 3
E. Calculation of 235U(n,f) Cross Sections Using Fission Probability
T o PP 6
F. Calculation of (n,n') Excitation Functions for Higher-Lying Levels
T | 9
G. Calculation and Evaluation of n + 237Np Cross Sections.............. 13
H. Calculation of Gamma-Ray Emission from 14-MeV Neutron Interactions
With BN e e e e e 19
I. Conversion of the GNASH Code to the CRAY Computer.............ccoe.. 19
J. VNeutron-Induced Cross Sections for 127Au Between 0.005 and 20 MeV...20
K. Search for a Suitable Isomer for the GRASER Program................. 26
L. Calculation of Average Pairing GapsS.........ccuiueuiuiuineennreransnan 26
M. Medium Energy Proton-Nucleus Scattering Calculations................ 27
N. Medium Energy Scattering Codes........uiiiiuiiiiiiiriiniinnncacnnns 32
0. Verification of the Los Alamos Theory of the Prompt Fission Neutron
5 0= ol oo 111 33
P. Coupled Energy-Angle Distributions of Recoiling Nuclei.............. 36
II. NUCLEAR CROSS-SECTION PROCESSING AND TESTING.........cciiiieivinnnnnennnn 38
A, TRANSX-CTR. ittt ittt it ettt ittt ttenetssnssosessssesessoasannnas 38
B. The COVFILS-2 Library of Neutron Cross Sections and Covariances for
Sensitivity and Uncertainty Analysis.......c.ciiiieiiiriinnrnnannnns 38
C. Data Testing of ENDF/B-V Revision 2.........iuuiruiiniiiiiiiiinnnnan 42
D. ENDF/B-VI Format Proposals..........ieiiiiiiiiiinnnensrennonnsaanans 46
E. ENDF Thermal Photon Production..........ciiiiiinennrnnnnnnnnnannnnns 46
F. Kinematic Kerma Factors.......cciiiiiiiiiiiiniiiiiiiieiiiesennnsnnnns 50
ITII. NEUTRON ACTIVATION, FISSION PRODUCTS, AND ACTINIDES..................... 53
A. ENDF/B-V Fission-Product and Actinide Data Summary Document......... 53
B. Nuclides Having ENDF/B-V Questionable Data or Errors................ 53
C. (0,2n) Cross SECLIOMS . i iuttveneuntetaaeotseessassssoseaasaanoasssas 56
D. Delayed Neutron Pn Values........oiiiiiriiiiiineninsoenesnnssnneonans 61
E. Status of Fission-Product and Actinide Data for ENDF/B-VI........... 61
F. SOURCES Calculation of TMI-2 Spontaneous-Fission and (a,n) Neutron
1S To BT o o =1 61
G. Gamma Fraction of Total Decay Power of Discharged BWR Fuel.......... 63
H. PWR Fission-Product Inventory Calculations for the ANS Special
Committee on Fission-Product Source Terms.......voceeeeeeeeaaeaseenns 64
IV. CORE NEUTRONICS CODE DEVELOPMENT AND APPLICATION............civiveeennnn 65
REFERENCE S . « i it tttieeereeeeeneancnaaeeonsaeenaoeaeeaaonessesaesasesasossasans 70

iv




APPLIED NUCLEAR SCIENCE RESEARCH AND DEVELOPMENT
SEMIANNUAL PROGRESS REPORT

October 1, 1983 - May 31, 1984

Compiled by

E. D. Arthur and A. D. Mutschlecner

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 summarized in the Contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

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

New measurements1 of neutron spectra from the 6Li(t,n)2a reaction have 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-body resonance model prediction for
the spectra with the uncorrected data at Et = 1.75 MeV, shown in Fig. 1, is en-
couraging. The calculation is taken essentially from parameters that describe
the proton spectra from the 3He-6Li reaction reasonably well at energies below
2 MeV; it includes contributions from the ground state and first, third, and
fourth excited states of 8Be, as well as from the ground-state resonance in 5He.
These contributions are evident in Fig. 1 as well-defined peaks in the spectrum
at Erl ~ 17.3, 14.5, 0.93, and 0.55 MeV, as well as a broad shoulder at En ~ 3
MeV. The energy shift between the calculation and the data for the two lowest
energy peaks probably is due to the fact that energy loss in the target-foil
system degraded the triton energy from 1.750 to 1.638 MeV. Differences between




calculated and measured peak widths, especially for the ground-state peak at
17.3 MeV, are due to experimental resolution effects, which are not included in
the calculations. Particularly encouraging is the agreement in scale between
the calculations and absolute measurements, indicating that charge-symmetric
consistency with the 3He-6Li data obtains.

We expect to see improved agreement as the calculations and measurements
are refined to correspond more closely (e.g., removing resolution effects, de-
tector cutoff distortion, multiple scattering and contaminant corrections,
etc.). Especially at higher energies, these corrections to the data are ex-
pected to be linked strongly to the calculated predictions, which in turn will

be improved by comparisons with these measurements and others done at Bruyeres-

le-Chatel in France.
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Fig. 1. Absolute laboratory neutron spectra for the 6Li(t,n)2a reaction at 0°

for Et = 1.75 MeV. The solid curve is a three-body resonance-model calculation
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B. Cross Sections and Maxwellian Reaction Rates for Polarized Fusion [G. Hale,
G. Doolen (X-5), P. W. Keaton (P-D0)]

> >
The work reported last quarter on polarized d+d reactions has been written

up and circulated as a Los Alamos report.2 In the meantime, a microscopic cal-
culation of the d+d reactions3 that takes into account d-wave contributions to
the bound trinucleon clusters in the final state confirms our result that the
582 d-d partial wave is important in the low-energy region, with the result
> >

that the d+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-part pa-

per,4 to be submitted to Physical Review, dealing with the formalism for cal-

culating cross sections and reaction rates for polarized-particle interactions

> > > >
and giving our numerical results for d+t and d+d.

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

Leave from Institut fir Radiumforschung und Kernphysik, U. of Vienna)]

Spectral distribution calculations of the level density for 285i are being
performed based on the strength-function method. Paralleling this work are
continuing studies on the method itself. Both these efforts are part of a col-
laboration among Ohio University, Lawrence Livermore National Laboratory, and
the University of Vienna.

D. Calculation of Neutron and Gamma-Ray Emission Spectra Produced by p +27A1

Reactions (E. D. Arthur)

Preliminary calculations of neutron and gamma-ray spectra induced by pro-
ton reactions on aluminum have been made to provide data required for shielding
design for a proposed proton linear accelerator. The nuclear models used in
this study were the preequilibrium and Hauser-Feshbach models as embodied in
the GNASH program.5 This nuclear model code has been used in the past to
successfully investigate higher energy (E £ 50 MeV) neutron and proton interac-
tions with nuclei in the structural materials region.6

Because this study was of an exploratory nature, 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-section data between 0.5 and 60 MeV. Agreement with the




data on the level of 5-10% occurred. Comparisons were 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 overpredict such
data for incident neutron energies below several MeV. For protons we found the
Becchetti-Greenlees8 parameter set reproduced nonelastic data recently measured
by McGill et al.9 Finally, for alpha particles we used the parameters of Ref.
10.

Gamma-ray production measurements11 for p+27A1 reactions for the energy
range of interest here (10-50 MeV) were published during the 1960's. For neu-
tron-induced reactions, similar gamma-ray production data are valuable in deter-
mining how well an overall description of the reaction process the nuclear
model 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+27A1 reactions (Ep 50 MeV), the number of reaction channels and the fact
that charged-particle reaction paths contribute significantly add to the com-
plexity of the calculations. For the present calculations, this meant inclu-
sion of more tham 35 reaction paths.

From examination of 17.5 MeV 27Al(p,p') data,12 we found direct-reaction
contributions to inelastic scattering were also important. In order to include
such direct effects in the GNASH calculations, we employed the distorted wave
Born approximation (DWBA). These results were normalized to the data of Ref.
12 and were included for the first six excited states of 27Al.

A comparison of the calculated gamma~ray production spectra with the meas-
urements of Ref. 11 appears in Fig. 2 for a proton energy of 16 MeV. Unfor-
tunately, this comparison suffers because of the poor quality of the data that
is due to use of thick targets and poor resolution detectors. There is, how-
ever, qualitative agreement between the calculation and the experimental data.
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 calculated at incident proton energies of 16, 33, and 50 MeV. 1In this
case, no data exist for comparison.

In spite of the preliminary nature of these calculations and the absence
of reasonable quality experimental data, these results should be useful in the

shielding design for proton linear accelerators.
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E. Calculation of 235U(n,f) Cross Sections Using Fission Probability Data
(E. D. Arthur)

On page 19 of Ref. 13, I have described the development of theoretical ap-
proaches that would allow one to better use fission probability data, Pf, to
predict or to aid in calculations of (n,f) cross sections. Such an approach
takes into account explicit differences occurring in spin distributions popu-
lated in neutron-induced reactions and those occurring in direct-~reaction data
that are generally used to determine fission probabilities. The model provides

a consistent analysis of both data types rather than the use of the following

simple relationship between onf and Pf

c,nf(En) ~ Pf(En+Bn)cCN(En) . (1)

Instead, the model analysis allows one to determine a fission probability
that depends explicitlv upon compound nucleus spin and parity, which can then be

related back to measured fission probability data, Pf(E).

Pf(E) =2 Pf(EJ'IT) a (EJ) (2)
JN




Here o(EJT) represents the compound-nucleus spin distribution that for direct
reactions can be determined from distorted wave Born approximation calcula-
tions.

To further investigate these techniques, fission probability data from the
234U(t,pf)236U reaction14 were fit, as shown in Fig. 5. The resulting fission
parameters for the 236U compound system should be directly applicable to n+235U
fission calculations. To do this the parameters determined from such a fit
were used to determine spin and parity dependent partial fission widths, which
should have effects resulting from the initial spin population distribution re-
moved. This information was then combined with compound-nucleus formation

cross sections determined from n+235U coupled-channel calculations to predict

values for 235U(n,f).
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Fig. 5. Fit to the 234U(t,pf)236U Pf data of Ref. 1l4.




Figure 6 compares the results of this technique to evaluated 235U(n,f)
cross sections appearing in the current ENDF/B-V library. The data points rep-
resent ENDF/B-V while the curve is the "predicted" 235U(n,f) based on the

234

analysis of the U(t,pf) Pf data described above. The agreement is within

7% or less, which is approximately the accuracy of the Pf data. The dashed
curve shows the predicted (n,f) cross section obtained by simply multiplying
the Pf data of Fig. 5 by a compound-nucleus formation cross section. In spite
of the fact that the compound-nucleus formation cross sections used were de-
termined from realistic coupled-channel calculations, the spin population ef-
fects discussed lead to significant disagreements with both ENDF/B-V 235U(n,f)

data as well as the more realistic calculations shown by the solid curve.
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Fig. 6. Predicted 235U(n,f) cross sections based on the P_ data of Ref. 14.

The solia curve shows results obtained when such data are analyzed in the man-
ner described in the text, i.e., spin population distributions are explictly
accounted for. The dashed curve shows the results when such P_ data are simply
multiplied by a compound-nucleus formation cross section. The data points rep-
present evaluated data appearing in ENDF/B-V.




F. Calculation of (n,n') Excitation Functions for Higher-Lying Levels in238U

(E. D. Arthur)
In 1981 and 1982 I reported calculations

15,16 of cross sections for neu-

tron inelastic scattering to higher-lying levels (vibrational band members) in

238U. These calculations concentrated primarily on compound nucleus contribu-

tions that were determined using the COMNUC17 Hauser-Feshbach statistical model
code. Fission competition was accounted for via a realistic fission model
based on a coupled oscillator barrier representation. Even though these calcu-
lations addressed primarily compound-nucleus contributions to inelastic scatter-
ing, some attention was paid to the amount of direct-reaction contributions one
could expect for scattering from states lying above the ground-state rotational
band. In Ref. 16 such direct-reaction contributions for scattering from the 3"
0.73 MeV octupole state in 238U were determined from distorted wave Born approxi-

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

B(E2) values determined from charged-particle reactions via the expression

B(EL) = (Crzer®aY/3)2

2
Z By - (3)

Through use of a B(E3) value18 for this state equal to 0.5e2b3, the calculated
direct reaction contribution to inelastic scattering was on the order of 5-10
mb over the neutron energy range from 2-4 MeV. This result was in apparent
disagreement with direct-reaction contributions deduced from 238U(n,n'y) de-
terminations of inelastic scattering19 as well as other theoretical analyses.
Recently, pertinent experimental data21 have become available from the
University of Lowell that are based on direct measurements of inelastic neutron

scattering from 238U.

These measurements extend to incident energies of 2.2
MeV and allow one to reach some conclusions concerning direct-reaction contribu-
tions to scattering from states occurring in higher-lying vibrational bands.
With the advent of these data, I have extended the investigation of such
direct~reaction components in 238U 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 17 0.68 MeV and the 5

0.827 MeV states of the octupole vibrational band can be determined from (p,p')

o



and (d,d') scattering data22’23) by comparisons with known cross sections for

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

available for higher-lying 238U levels.

TABLE I
MEASURED B(EZ) VALUES FOR 238U STATES LYING ABOVE THE G.S. ROTATIONAL BAND

E, (feV) J" B(EZ)
0.68 1 see text
0.73 3" 0.5
0.87 5 see text
0.927 0" —
0.931 1 —
0.966 7 —
0.9663 2" 0.017
0.993 o’ —
0.9975 3" 0.22
0.9983 2" 0.002
1.0373 2" 0.063
1.055 & —
1.06 2" 0.13

} 8 states with no B(EL) data

1.169 3 0.25

To compute direct-reaction components, DWBA calculations were performed
using the spherical iteration of the Madland-Young actinide optical model
potential for neutrons22 along with a complex form factor. The resulting DWBA
cross sections were normalized using values calculated from Eq. (3) that were
based on the B(EfZ) 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 components were combined incoherently with com-
pound-nucleus results previously calculated in 1981.

Figure 7 compares the calculated results for the excitation function for
scattering from the 37 0.73 MeV level to the recent data of Shao.21 The solid

curve represents the sum of compound nucleus (CN) and direct interactions (DI)

10




while the dashed curve represents only the DI contributions computed as des-
cribed above. Also shown on the figure are data from (n,n'y) measurements of
Olsen.19 At energies above 2 MeV these data are in substantial disagreement

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

tions.

0.4
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Fig. 7. The present calculations (solid curve) for excitation of the 3~ 0.73
MeV state in 238U are compared with new measurements of Shao.2! Shown by tri-
angles are cross sections deduced from the (n,n'y) values of Olsen.® The
dashed curve represents the DI contribution calculated as described in the
text.

Figure 8 compares this same calculation to a similar one by Chan et al.zo

that employed combined statistical and coupled-channel models. In particular,
their coupled-channel calculations included explicit coupling between ground-
state band members (generally O+ and 2+ states) and states lying in higher vi-
brational bands. In these calculations the relative band coupling strengths
were treated as an adjustable parameter. They used as a guide in determination

of such strengths inelastic results deduced from the 238

U(n,n'y) measurements
of Ref. 23. This approach led to too large a direct-reaction contribution, as
illustrated by the dotted curve. Such large DI components appear to be incon-
sistent with the new data of Shao21 and with DI contributions that are deter-

mined from charged-particle data as described here. This problem occurs for

several other such levels that are members of 238U vibrational bands.
11
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Fig. 8. The present calculations for (n,n') scattering from the 0.73 MeV
state (solid curve) are compared with similar results by Chan et al.2%9 (dashed
curve). The dotted curve represents the amount of direct-reaction contribu-
tions calculated in Ref. 6.

Unfortunately, the new measurements of Shao21 do not extend to as high an
energy as one would like to reach definite conclusions concerning the role of
direct-interactions in the excitation functions of other levels. For this, one
would prefer to have such data extending to incident neutron energies of 3 MeV
or higher. These measurements do allow, however, statements to be made concern-
ing the shape and magnitude of the excitation function of several other levels.
Figure 9 shows such an example for scattering from the 4+ 1.055 MeV and 2" 1.06
MeV states. The directly measured (n,n') data of Shao are shown by the squares
while cross sections deduced from the (n,n'y) measurements of Olsen are repre-
sented by the triangles. The solid curve illustrates the present calculations
and is composed of the sum of compound-nucleus and direct-interaction contri-
butions for the 1.06 MeV 2+ state along with compound-nucleus contributions for
the 1.055 MeV 4+ and 1.059 MeV 3+ states. The theoretical calculations and the
data of Shao are in reasonable agreement while the (n,n'y)-based results 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 dominated by compound-nucleus contribu-
tions, a result that disagrees with conclusions one might reach from considera-
tion of (n,n'y) data only.

12
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Fig. 9. Calculations of the excitation function for scattering from the 4+
1.055, 3 1.059, and 2 1.06 MeV states in 238U are compared with Shao's data
(iquares). These calculations include both DI and CN contributions for the
2 1.06 MeV state whereas for the others only CN contributions were assumed.
The triangles are based on the (n,n'y) data of Olsen.

G. Calculation and Evaluation of n + 237Np Cross Sections (E. D. Arthur, D.
G. Madland, and P. G. Young)

Knowledge of the production of 236Pu is important in the fabrication of

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

daughter product, 208Tl. The principal process for 236Pu production is via
237Np(n,2n)236Np(B-)236Pu for which data are sparse and the existing ENDF/B
evaluation may be discrepant by almost a factor of two. A method that could

aid in the solution of such problems is calculation of the 237

Np(n,2n) cross
section using the GNASH preequilibrium-statistical model code5 (see p. 15 of
239Pu(n,?_n). The GNASH

code employs 7 realistic fission description so that the major competition from

Ref. 24) in a manner similar to our calculations for

(n,xf) reactions can be modeled correctly. Also the code allows one to produce
reasonable calculations of isomer ratios to enable meaningful comparisons to

available data to be made.

13




To prepare for such an effort we have made preliminary calculations of
n+237Np reactions with particular emphasis on inelastic scattering. We have
included the results of the calculations in a revision to the current ENDF/B-V
237Np evaluation that covers the incident energy range up to 5 MeV. Addition-
ally we have taken this opportunity to incorporate improvements to other data,
particularly those for (n,y), (n,f), Gp, and prompt fission neutron spectra.

As described on page 50 of Ref. 24, we initially used the Madland-Young
optical model parameter322 in coupled-channel calculations to generate direct-
reaction components for the 7/2+ and 9/2+ first- and second-excited states,
These coupled channel calculations were also used to produce neutron transmis-
sion coefficients for Hauser-Feshbach statistical model calculations of com-
pound elastic and inelastic scattering reactions.

Such calculations were made with the COMNUC17 code and, while they were
generally satisfactory, we found we did not reproduce measured 237Np(n,y) Cross
sections at energies below 0.1 MeV as well as we would like. Additionally, the
s-wave strength fynction values calculated using these parameters lay about 30%
higher than the experimental data of Mewissen et 31.25

In an attempt to eliminate these low energy difficulties, we also made
calculations using optical model parameters based on analyses made at Bruyeres-
le-Chatel26 but with the Bz and 54 deformation parameters originally specified
by Madland in Ref. 22. These appear in Tables II and III along with calculated

resonance parameter data (So, S., R'). The calculated s-wave strength function

1’
value S0 lies close to the experimental value of 0.994 * 0.12.25 Furthermore,
as illustrated by the solid curve in Fig. 10, these parameters produce better

agreement with the 237Np(n,y) data of Weston et al.27

TABLE II
NEUTRON OPTICAL PARAMETERS FOR 237Np COUPLED-CHANNEL CAI.CULATIONSa
r a
\'% = 46.2 - 0.3E 1.26 0.63
wSD = 3.6 + 0.4E 1.24 0.52
VSO = 6.2 1.12 0.47
Bz = 0.214 34 = 0.074

2 well depths in MeV; geometrical parameters in Fermis.
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TABLE III

CALCULATED 237Np RESONANCE DATA

Theory Exp. (Ref. 25)
S0 (X104) 1.04 0.994 * 0.012
S1 (XlOa) 2.02 1.82 £ 0.2
R' (fm) 9.03 9.54 * 0.5
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Fig. 10. Comparison of (mn,y) calculations with the data of Weston et al.27
The solid curve employed Bruyeres-le-Chatel based optical parameters for neu-

tron transmission coefficients while the dashed curve was calculated using
Madland-Young optical model results.

Although 237Np is a threshold fissioner, the (n,f) cross section presents
a sizable competition to inelastic scattering for neutron energies above sever-
al hundred kilovolts. To describe the fission process, we used the coupled
oscillator representation in COMNUC along with a fairly rapid damping term.
Thus the representation at higher incident energies quickly approached that of
two uncoupled oscillators. The fission transition state spectrum was assumed

to be identical at each barrier and was constructed by taking known (or cal-
. 238 \ . ,
culated) energy levels in 3 Np and compressing their spacing by a factor of
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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 phenomenological level density computed for 238Np in
its ground state deformation. These factors take into account enhancements in
the fission transition-state density occurring at a barrier that results from
increased asymmetry conditions. These factors agree qualitatively with enhance-
ments deduced by Bak et al.28 in that their level density determined for bar-
rier A was substantially greater than that for the ground state deformation.
Likewise, their state density for the outer barrier B was also greater than for

the ground state deformation but less than for barrier A.

TABLE IV
BARRIER PARAMETERS FOR THE 2SONp COMPOUND NUCLEUS
This Work Ref. 28 Ref. 29
E, (MeV) 5.87 5.94 6.19
b, (MeV) 0.31 0.52 0.65
E, (MeV) 5.4 5.8 5.99
o, 0.36 0.4 0.45
DENSITY ENHANCEMENTS
Barrier A 4.0
Barrier B 2.0

Figure 11 compares the excitation functions calculated for scattering from
the first excited state to results occurring in the current ENDF/B evaluation
(dashed curve) and to results from a recent French evaluation by Derrien et
a1.30 (data points). Both our present calculations and those of Derrien are
in reasonable agreement but differ significantly from the ENDF values. The
ENDF data obviously suffer from an unphysical shape as well as apparent neglect
of direct-reaction contributions.

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-Chatel 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 inelastic cross sections
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obtained in the recent Derrien evaluation.

nitude with these results.

Fig. 11. Comparison of our cal-
culated excitation function
(solid curve) for scattering
from the first excited state in
237Np with ENDF/B-V results
(dashed curve). The data points
represent results from a recent
evaluation by Derrien et al.3©
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Fig. 12. Comparison of the total
inelastic scattering cross sec-
tion calculated using optical
parameters of Table II (solid
curve) with that resulting from
use of the Madland-Young optical
parameters. Both these calcu-
lated results agree well with
each other except at lower ener-
gies (see text for discussion).
Both disagree somewhat with to-
tal inelastic values appearing
in the Derrien evaluation (data
points).

These calculated results have been incorporated into a temporary revision

of the current 237

Np ENDF¥/B evaluation.

We have also improved other evaluated

data particularly those for Gp’ fission neutron spectra, (n,Yy), and (n,f). For
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Bp and fission neutron spectra, we implemented the Madland-Nix results from p.
42 of Ref. 31. We updated (n,Yy) cross sections to agree with our calculations
as well as the data of Weston.27 For the (n,f) cross section we adopted the
evaluation of Derrien for neutron energies below 0.9 MeV. This resulted in a
lowering of the fission cross section in this energy range by 5-25% over values
occurring in the ENDF/B-V file. For the (n,f) cross section between En = 0.9
and 5 MeV we retained the current ENDF/B values because they agree closely with
237Np 235U fission ratios recently measured by Meadows.32 Figure 13 shows the
comparison between these data and ratios based 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 calculations to higher
energies with particular emphasis on description of competing (n,nf) and
(n,2nf) reaction channels. This will require determination of fission barrier
parameters for the 237Np and 236Np compound systems, which we plan to do

through a consistent analysis of fission probability data.

\ ]

3

00 10 2.0 3.0 40 50
NEUTRON ENERGY (MeV)

Fig. 13. A comparison of evaluated data for 237Np 235y 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 237Np revision.
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H. Calculation of Gamma-Ray Emission from 14-MeV Neutron Interactions with
14N (P. G. Young)

In an earlier analysis, total and elastic neutron cross-section measure-
ments on 14N for neutron energies between 0.1 and 16 MeV were fit with a spheri-
cal optical model (Arthur and Young, Pg. 6 of Ref. 24). The resulting param-
eters were used to calculate all significant neutron reactions with 15N over
the energy range 5.4-20 MeV, including gamma-ray emission spectra (Young and
Arthur, Pg. 9 of Ref. 24). 1In order to further test those parameters for ap-
plicability with both 14N and 15N, we have calculated gamma-ray emission spec-
tra for 14-MeV neutrons on 14N and compared the results with experimental data
from the Oak Ridge Electron Linear Accelerator (ORELA).33

The Hauser-Feshbach statistical theory calculations were performed with
the GNASH5 nuclear model code. Transmission coefficients for protons and al-
phas were calculated using the optical model parameters of Perey34 and Lessor
and Schenter.35 As was the case with neutrons, these are the same parameters
used in the earlier 15N calculations. Similarly, the level density formula-

tions, 36237 38,39

discrete levels, and gamma-ray strength functions from the
5N ana1y51324 are also employed here.

The major processes resulting in production of gamma rays from 14-MeV
neutrons incident on 14N are the (n,n'y), (n,0y), (n,py), (n,npy), and (m,2ny)
reactions. The calculated gamma-ray spectrum is compared to the measurement
of Dickens et 31.33 in Fig. 14. The agreement with experiment appears quite
reasonable, especially considering that no data of this type were involved in
determining any of the model parameters. These results and those of the
earlier comparisons24 indicate that the models used here can be employed with

. . . . 14 15
some confidence in calculations of neutron reactions on N and N.

I. Conversion of the GNASH Code to the CRAY Computer [K. Witte (C-3)and P. G.

Young]
The standard Los Alamos version of the GNASH code,5 operational on the CDC-

7600 computers has been converted to the CRAY. A series of test calculations
for n+197Au and n+239Pu 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 calculation of much larger problems than are possible with

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

neutrons on 14N with the experimental data of Dickens et al.33

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

Young and E. D. Arthur)

The analysis of n+197Au reactions described in our previous progress re-

port (Young and Arthur, Pg. 12),31 has been completed over the neutron energy
range 0.005-20 MeV. A covariance analysis that merges the coupled-channel op-
tical model calculations with experimental data was performed for the 197Au
total cross section, and comparisons of the calculations with the extensive
gamma-ray emission spectrum measurements of Morgan and Newman40 were carried
out.

The covariance analysis of the total cross section utilized the GLUCS code
system developed by Hetrick and Fu,41 which employs Bayes' theorem for simul-
taneous evaluation of reaction cross sections. Covariance data were estimated

for all the 197Au total cross-section measurements in the literature that at

. A . , 42
least contain standard deviations for the experimental cross sections. In

most cases generic assumptions were required to obtain the desired correlation
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43,44

matrices for the experiments. For the two most recent measurements and

one extensive older measurement,45 however, adequate information was available
to reliably determine the correlations. In the case of the Larson et al.44
data, a correlation matrix was provided directly by the authors.

The deformed optical model calculations31 of the total cross section were
used as the '"prior" or starting point for the analysis. An overall error of
*+10% was arbitrarily assumed for the total cross section, with systematic error
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 *10%, 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 (solid curve) are compared in Figs.
15-18 with the experimental data 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
experimental data base and the prior optical model calculations. Over most of
the energy range, the adjustment of the prior cross section was less than *5%.
(The solid curve .is a smoothed representation of the GLUCS results.)

197Au(n,y) and 197Au(n,n'y) reactions were carried

The calculations of the
out using slightly different values for the E1 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 maintained. The
(n,y) calculations are described in some detail in our previous progress re-
port.31

Comparisons of the present calculations with the gamma-ray emission spec-
trum measurements of Morgan and Newman41 are shown at two incident neutron
energies in Figs. 19 and 20. Reasonable agreement with the measurements was
also obtained at other energies used in the experiment.

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

tion4 at lower energies to produce an evaluated data set covering the incident

neutron energy range from 10-5 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 analysis will be available for the next issue of
the ENDF/B data files.
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Fig. 15. Measured and evaluated neutron total cross section for 197Au from

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. 19. Measured and cal-

culated gamma-ray emission

spectra from bombardment of
197Au with neutrons in the

energy range of 6-7 MeV.
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K. Search for a Suitable Isomer for the GRASER Program (D. G. Madland)

Fairly simple considerations of nuclear level densities, residual neutron-
proton forces and coupling in odd-odd nuclei, and shell-model predictions of
the occurrence of isomerism have led to the following first guess (Table V) as
to where to concentrate efforts on the search for a suitable nucleus for the

gamma-ray laser.

TABLE V

PLACES TO LOOK FOR GRASER CANDIDATES - FIRST GUESS

1. Rare Earth Nuclei 150 £ A £ 190
a. odd Z-odd N nuclei
b. odd A nuclei

2. Actinide and Transactinide Nuclei A > 220
a. odd Z~odd N nuclei
b. odg A nuclei

3. Nuclei with 39 £ Z 5 49, 57 £ N S 65
a. odd Z-odd N nuclei
b. odd A nuclei

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

We have begun a study of average pairing energies for neutrons, Ah’ pro-
tons, AP’ and nucleons, A, to obtain their dependencies on mass number A and
asymmetry parameter (N-Z)/A.

A Fortran code PAIR has been written to calculate An’ A , and A using
second-, third-, or fourth-order difference equations. The pairing energies
are calculated using either experimental or calculated masses. Our equations
include a term 6 that accounts for the observation that the separation between
the odd and odd-A mass surfaces is slightly smaller than the corresponding se-
paration between the even and odd-A mass surfaces. Magic number crossings in
both neutron number and proton number can either be deleted or included in the
calculations. Also, a linear least-squares adjustment option can be used to
test various model parameterizations of the pairing energies.

Standard parameterizations have already been tested and some new approaches

are currently under study.
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M. Medium Energy Proton-Nucleus Scattering Calculations (D. G. Madland)

Preliminary calculations have been performed for the scattering of medium-
energy protons by a wide range of nuclei. Using available phenomenological
proton-nucleus optical model potentials,8’47 the total, reaction, elastic,
differential elastic, and Rutherford cross sections were calculated as well as
the polarization and the scattering S matrix. The calculations were performed
for proton energies Ep in the range 10 £ Ep £ 200 MeV and target mass numbers
in the range 27 £ A £ 238. The code SNOOPY-VIII was 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

bombarding energy for a light (27A1) and a heavy (238

U) 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 calculated using the neutron optical-model potential of
Ref. 8. Figures 23 and 24 show the dependence of the elastic scattering angu-
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 scattering is 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 normalization to the Rutherford scat-
tering cross section. Figure 25 shows that the elastic scattering can be
approximated by the Rutherford cross section to within an accuracy of about *
one order of magnitude, for Ep = 25 MeV, while Fig. 26 shows that the Ruther-
ford approximation cannot be used to anywhere near this accuracy for Ep = 200
MeV.

We conclude from Figs. 21-26 that accuracy requirements on elastic proton
scattering angular distribution of, say 50%, for the energy range illustrated
here, will require a separate calculation for each case. Figure 27 shows the
calculated total reaction cross section as a function of proton bombarding

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

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

April 1984.
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Calculated differential cross sections for the elastic scattering of
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Fig. 22. 1Identical to Fig. 21 except that the target nucleus is 238y,
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sections are decreasing with decreasing energy because of the Coulomb barrier,
whereas at higher energies they are roughly constant with energy and scale
approximately at Az/3 as expected. Note that the calculated reaction cross
sections agree reasonably well with the experimental values (not shown here)
and that the optical-model potentials of Refs. 47 and 8 are determined pri-
marily from elastic scattering angular distribution and polarization measure-
ments, which they, of course, optimally reproduce.

Alternatives to the phenomenological relativistic Schrodinger equation

approach are currently under study for purposes of greater predictive power 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, S5Fe, 203n, and 238U as functions of the proton bombarding
energy.
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N.

Medium Energy Scattering Codes (D. G. Madland)

8-50

Three nuclear reaction scattering codes4 have been made operational

for medium energy calculations. These are:

32

1. SNOOPY-VIII for the nuclear optical-potential analysis of the elastic
scattering of projectiles of spin 0, 1/2, and 1 by nuclei with spin 0.
Relativistic kinematics and/or a relativistic form of the Schrddinger wave
equation are options. The optical potential may be generated phenomeno-
logically or microscopically in (1) the impulse approximation or (2) the
relativistic Dirac-Hartree model. The total, reaction, elastic, and dif-
ferential elastic cross sections are calculated together with the polariza-

tion and the scattering S matrix. The code is described in detail in Ref.
48.

2. ECIS-78 for the coupled-channel optical-model analysis of the elas=-
tic and direct inelastic scattering of projectiles of spin 0, 1/2, and 1
by 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 scattering S matrix. This code is described in detail in

Ref. 49.

3. RELOM for the nuclear optical-potential analysis of the elastic scat-
tering of projectiles of spin 0 or 1/2 by nuclei with spin 0, at relativ-
istic and non-relativistic energies.so The optical potential may be gen-
erated phenomenologically or read-in externally. The reaction and dif-
ferential elastic cross sections are calculated as are the polarization

and scattering S matrix. Several potential options exist.

Each of these codes possesses search options on experimental data for de-

termining a best-fit phenomenological optical-model potential.




0. Verification of 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 demonstrated the va-

lidity of the Los Alamos (Madland-Nix) fission spectrum theory54 by comparisons

of integral and microscopic measurements with calculation for the thermal-neu-

235U and 239Pu. and for the spontaneous fission of

for the 235U thermal fission spectrum remain unchanged

tron-induced fission of
252Cf. Our resultSSI’52
as of this date. These showed that, on the basis of experimental evidence then
available, the agreement between experimeni and theory was especially good in
the case of the Los Alamos exact54 energy-dependent cross-section calculation.
We know of no new experiments to affect this agreement.

Similarly, our results52 for the 239Pu thermal fission spectrum remain un-
changed. Very good agreement with experiment was obtained for both the Los
Alamos exact and approximate54 calculations by adjusting the nuclear level-den-
sity parameter to optimally reproduce the Grundl integral experiment55 while
maintaining good agreement with the microscopic measurements of Abramson and
Lavelaine.5 Again, we know of no new experiments to affect this agreement.
However, the Cross Section Evaluation Working Group (CSEWG), while choosing the
Madland-Nix approximate formalism for the 239Pu 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-V evaluation. This decision produces
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 2520f spontaneous fission experiments have been performed since
our previous work53 on this nucleus, namely, the microscopic measurement of the
252Cf(sf) spectrum by Poenitz and Tamura* (Ref. 59) and the integral measure-
ments of 12 reactions by Kobayashi et al.60 Least-squares adjustments of the
Los Alamos exact spectrum and a Maxwellian spectrum fit to the Poenitz and
Tamura experiment are described in Ref. 61. The final values of the two param-
eters of adjustment are, respectively, a = (A/9.15) MeV-1 for the nuclear level
density and TM = 1.429 MeV for the Maxwellian temperature. The Xiin 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
Laboratory West, 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 uniformly better

agreement with the experiment.
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Fig. 28. Ratio of the best-fit Los Alamos exact-dependent cross-section
spectrum, calculated using the Becchetti-Greenlees potential® and the experi-
mental spectrum of Poenitz and Tamura®® to the best-fit Maxwellian spectrum.

Using these two spectra, we have calculated 10 of the 12 integral cross
sections measured by Kobayashi et al.60 for which ENDF/B-V microscopic cross
sections exist, together with the normalizing 27Al(n,d) integral cross section.
Our calculated results are compared to the experiment in Cols. 4 and 7 of Table
VI. We include in Table VI the same integral cross sections calculated using
three spectra that we have previously studied.53 These are the Los Alamos ex-
act spectrum (Col. 5) and Maxwellian spectrum (Col. 8) obtained by performing

least-squares analyses of the Boldeman et al. microscopic measurement* (Ref. 62),

*The experimental spectrum was provided by J. V. Boldeman, Australian Atomic
Energy Commission, Lucas Heights, N.S.W., Australia, in May 1983.
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and the piecewise continuous NBS spectrum obtained by fitting the integral meas-

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

sigma uncertainties and 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 summarized here that

the Los Alamos (Madland-Nix) exact energy-dependent cross-section calculation

is the preferred prompt fission neutron spectrum representation.

TABLE VI

CALCULATED INTEGRAL CROSS SECTIONS FOR SEVERAL REPRESENEATIONS
OF THE 252Cf SPONTANEOUS FISSION NEUTRON SPECTRUM

Effective Measured Los Alamos Los Alamos NBS Maxwellian Maxwellian
Threshold Value Poenitz Exp. Boldeman Exp. Grundl Exp. Poenitz Exp. Boldeman Exp.
Reaction (MeV) (Per Cent Error) Calc. (C/E) Calc. (C/E) Calc. (C/E) Calc. (C/E) Calc. (C/E)
2y (n,p) 6.08 1.9400(4.6) 2.0633(1.06) 2.0526(1.06)  2.0495(1.06) 2.0247(1.04) 2.0264(1.04)
2751 (n,p) 3.35 4.8900(3.7) 5.1372(1.05) 4.9380(1.01)  4.8795(1.00) 4.5272(0.93)®  4.5574(0.93)
27Al(n,a) 6.25 1.0060(2.2) 1.0060(1.00) 1.0060(1.00) 1.0060(1.00) 1.0060(1.00) 1.0060(1.00)
32S(n,p) 2.01 72.5000(4.1) 74.1156(1.02) 69.5397(0.96) 67.8264(0.94) 61.1978(0.86)b 61.8790(0.85)b
51y(a,p) 3.98 0.7130(8.3) 0.5376(0.75)®  ©0.5221(0.73)® 0.5181(0.73)®  0.4907(0.69)P 0.4930(0.69) °
5I‘Fe(n,p) 1.89 87.6000(5.0) 91.3475(1.04) 85.8621(0.98) 83.8696(0.96) 75.7705(0.86)b 76.5887(0.87)b
56Fe(n,p) 5.20 1.6400(4.9) 1.3675(0.95) 1.3476(0.94) 1.3442(0.93) 1.3018(0.90) 1.3049(0.91)
58Ni(n,p) 1.39 118.0000(3.4) 117.9435(1.00) 110.7150(0.94) 108.l203(0.92)b 97.5994(0.83)b 98.6783(0.86)b
59Co(n,a) 5.68 0.2180(6.4) 0.2068(0.95) 0.2060(0.94) 0.2060(0.94) 0.2063(0.94) 0.2045(0.94)
Wintn,n')  0.76 201.0000(4.0) 192.3775(0.96)  177.3204(0.88) P 172.7176(0.86)® 153.9558(0.77)®  156.2215(0.78)°
Yputn,2n) 8.3 5.2700(4.4) 5.1429(0.98)  5.3021(1.01)  5.3639(1.02)  5.7414(1.09)°  5.7136(1.08)
Average C/E 0.98 0.95 0.94 0.90 0.90
Spectrum <E> 2.134 2.168 2.120 2.144 2.136

Normalized to the 27Al(n,a) measured value and expressed in millibarms.

Calculation outside two-sigma measurement uncertainty.
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P. Coupled Energy-Angle Distributions of Recoiling Nuclei (D. G. Foster, Jr.
and R. E. MacFarlane

We have almost completed development of a code system for calculating the
coupled energy spectra and angular distributions of the various residual nuclei
produced by bombarding nuclei with neutrons having energies up to about 40 MeV.
Such information is needed, for example, to calculate the neutron-induced
first-surface spallation and interior damage to the walls of proposed fusion
reactors.

The calculations begin with the GNASH5 code and are followed by two new
codes, RECOIL and MAKE6. In recent years, we have routinely stored the output
from GNASH calculations in standardized files. RECOIL reads these files, which
are very detailed, and uses the particle-emission data to identify the residual
nucleus created by each multistep decay of the initial compound nucleus. Using
the angular-distribution systematics 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 distribution of each final residual nucleus as a function of the cor-
responding recoil energy. These distributions, which retain the axial symmetry
dictated by the direction of the original incoming neutron, are expressed as
energy-dependent Legendre expansions in the center-of-mass system of the ori-
ginal compound nucleus.

The angular-distribution calculation for one-step reactions is straight-
forward, and is performed separately by RECOIL. The code for multistep reac-
tions is fully recursive and can accommodate up 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-photon emission is not
included. We have also learned empirically that most of the recoil angular
distributions are almost isotropic. In those that are markedly anisotropic,
the normalized Legendre moments for £ = 1 and £ = 2 are frequently of the same
order of magnitude. We have not yet encountered a need for £ > 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 repeatedly to comstruct 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 distributions will use the Kalbach-Mann
formalism. The recoil angular distributions are automatically suppressed unless
either the £ = 1 or the £ = 2 Legendre coefficient exceeds a fixed threshold
(typically 0.1) for at least ome secondary energy in the record for that pri-
mary energy.

The extensive multistep averaging in RECOIL makes it comparatively expen-
sive to use. Consequently RECOIL includes provisions for adjusting the number
of angle bins (both polar and equatorial) that are used for averaging each step
in 2 multistep reaction. Coarser meshes degrade the quality of both the recoil
spectrum and its corresponding angular 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-neutron energies between
5.25 and 36 MeV. An unrestricted calculation at 14 MeV using a 12 x 12 aver-
aging mesh at every step required 18 minutes of CDC-7600 computer time. A
similar calculation using 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 2 averaging mesh required 216 minutes. We

conclude that it is impractical to use RECOIL on a 7600 computer above 40 MeV.
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II. NUCLEAR CROSS-SECTION PROCESSING AND TESTING

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

A version of the TRANSX code especially adapted to fusion systems analysis
has been released through the Radiation Shielding Information Center (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, photomn, or coupled
sets; direct or adjoint tables; collapse; micro or macro cross sections; self-
shielding; mix and energy-dependent fission spectra; and flexible response
edits. The last capability is important for fusion work, and it allows easy
access to heating, damage, and gas production response functions.

Cross section libraries available for TRANSX-CTR include a compact 30-
neutron by 12-photon group library for general use, an 80 x 24 library for fast
breeder reactor (FBR) and fusion blanket work, a 69-group thermal library use-
ful for pressurized 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) computing network.

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

tivity and Uncertainty Analysis (D. W. Muir)

As a contribution to the US/Japan cooperative program in fusion neutron-
ics, we have prepared a library of multigroup neutron cross sections, scatter-
ing matrices, and covariances (uncertainties and 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 Li, O integral experiment recently performed at the Fast Neutron

Source (FNS) in J;;an. Another intended use of this library is in the estima-
tion of the uncertainty in key performance parameters (such as breeding ratio)
of conceptual fusion reactors. The 14 materials included in the first version
of COVFILS-2 are H, 6Li, 7Li, 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-2 is largely based on data evaluations from 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 compatibility with
the extensive, general-purpose MATXS8 187-group library, also produced with
NJOY. COVFILS-2 contains full (P0 - P3) transfer matrices for all neutron
scattering reactions for which covariance evaluations are available. This is a
useful feature, because some basic data evaluations provide the uncertainty in
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 (MAT1326). Cross sections and transfer matrices for
these special "lumped" partials may not be easily available from other data
libraries. All data in COVFILS-2 are written in the highly compressed BOXER
format,70 which typically achieves data compression factors of 10 or more,
relative to the previous COVFILS format. Even with this compression COVFILS-2

is large, containing over 40 000 BCD card images.

TABLE VII

ENERGY BOUNDARIES AND GROUP-INTEGRATED WEIGHT FUNCTION FOR COVFILS-2

GROUP LOWER GROUP GROUPR LOWER GROUP
NO. ENERGY FLUX NO ENERGY FLUX
t  1.0000€E-05 6.3540E+03 38 3.0197E+05 3.2657E+05
2 7.6022E-04 1.1870E+06 39 3.8774E+05 1.9125E+05
3 1.2395E-02 5.5633E+06 40 4.3937E+05 2. 1268E+0S
4 4.2755E-02 4.0997E+06 41 4.9787E+05 2.3232E+05
5 8.1968E-02 1.8615E+06 ) 42 5_.6416E+05 2.4B72E+05
6 1.5230E-01 1.1480£+06 43 6.3928E+05 2.6625E+05
7 4.1399E-01 8.6592E+05 44 7.2440E+05 2.8502E+05
8 B8.7642E-01 2.8838E+05 45 8.2085E+05 5.8106E+0S
9 1.1254E+00 5.7658E+05 46 1.0540E+06 2.9571E+05
10 1.8554E+00 8.6549E+05 47 1.1943E+06 2.9610E+0S
11 3.8279E+00 2.8877E+05 48 1.3534E+06 5.4009E+05
12 5.0435E+00 5.7808E+05 49 1.7377E+06 2.3460E+05
13 8.3153E+00 8.6718E+QS 50 1.9691E+06 2.1369E+05S
14 1.7603E+01 8.6648E+05 51 2.2313E+06 1.8707E+05
15 3.7267E+01 8.6609E+05 52 2.5284E+06 1.5676E+05
16 7.8893E+01 2.8864E+05 53 2.B650E+06 1.2948E+05
17 1.0130E+02 §5.7727E+Q5 54 3.246BE+06 1.05%08E+05
18 1.6702E+02 £.6556E+05% 55 3.6788E+06 8.2106E+04
19 3.5358E+02 B8.6537E+05 56 4.1686E+06 6.1472E+04
20 7.4852E+02 8.6617E+05 57 4.7237E+06 4.5989E+04
21 1.5846E+03 8.6684E+0% 58 5.3526E+06 3.4425E+04
22 3.3546E+03 £.6679E+05 59 6.0653E+06 2.5494E+04
23 7.1017E+03 2.887€£E+05 60 6.8729E+06 1.B67BE+04
24 9.118BE+02 5.7730E+05 61 7.788B0E+06 1.3525E+04
25 1.5034E+04 5.7704E+0S 62 B8.B250E+06 9.6781E+03
26 2.4788E+04 5.7637E+04 63 1.0000E+07 6.7773E+03
27 2.6058BE+04 B8.6554E+04 64 1.1000E+07 7.3272E+03
28 2.8088E+04 1.4426E+05 65 1.2000E+07 9.8326E+03
29 3.1828E+04 2.8866E+05 66 1.3000E+07 9.6750E+03
30 4.0868E+04 2.B883E+05 67 1.3500E+07 1.0203E+04
31 5.2475E+04 2.8899E+05 68 1.3750E+07 1.4358E+04
32 6.7379E+04 2.8S01E+05 69 1.3840E~+07 2.8447E+04
33 8.6517E+04 2.8888E+05 70 1.4200E+~07 1.4358E+04
34 1.1109E+05 2.8870E+05 71 1.4420E+07 4.9247E+03
35 1.4264E+05%5 2.8863E+05 72 1.4640E~+07 3.0677E+03
36 1.8316E+05 2.8982E+05 73 1.5000E~07 2.6164E+03
37 2.3518E+05 2.9254E+05 - 74 1.6000E~07 3.74170E+03
-1.7000E+07

39



Both to save space and to facilitate the application of 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=1), 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 covariance library.
In modern covariance evaltations, the well-known total cross section, for ex-
ample, nearly always is used as a constraint in the evaluation of the covari-
ances of the component partial reactions. When this is done, there is no dif~-
ference between the covariances specified for MT=1 in the evaluation and the
implied covariances in the sums of the partials. An advantage of eliminating
redundant reactions is that, in expressions such as the familiar propagation-

of-errors formula,

_ _ B8R @R
AR = X 557 90,
1 J

cov(Gi,Oj) ,
1,]

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 retrieval and summation algorithms.

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

SENSIT-2D sensitivity and uncertainty analysis codesn’72

to retrieve data in
BOXER format directly from the COVFILS-2 library. Upon initialization, COVARD2
makes a pass through the entire COVFILS-2 library, preparing tables of summary
information and writing the scattering data to a separate binary disk file for
later access by the sensitivity subroutines. On later calls, the covariance
matrix for a requested reaction pair, as well as the associated cross-section
and standard-deviation vectors, is read from the library and reconstructed in
full matrix form (including zeroes) 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 only for
reaction pairs that are indicated in the index to have non-zero covariances in
the library. This is an important time-saving feature, because there are pre-
sently 201 different nuclear reactions in the library. In primciple, there
could exist over 20 000 distinct covariance matrices giving correlations among
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 materials selected for this first ver-
sion of the library, the ENDF/B evaluators have supplied no cross-material
covariances, such as the covariances of 1}1 elastic scattering with 27Al(n,cl).
However, the structure of the library and the coding in COVARD2 are designed to
allow the easy addition of such data in the future. A stand-alone version of
COVARD2 is available from the Los Alamos Applied Nuclear Science Group.

The treatment of inelastic scattering covariances varies considerably from
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 lH, there is no inelastic scattering. For 6Li, 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
individual discrete levels, but uncertainties are given for the total inelastic
cross section MT=4. For Cr, uncertainties are given for every discrete level
(all 40 of them) plus continuum inelastic scattering. At 14 MeV, continuum
inelastic is 74% of the total inelastic for this material so it was decided
that the cost of processing and storing all of the low-lying discrete-level in-
formation is, at least for fusion applications, probably not justified. Hence,
only MT=4 is 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 test whether or not the detailed treat-
ment is necessary in a given application. Similarly, for 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 1levels.
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," respectively. As shown in Table VIII, special MT

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

CONTENTS OF COVFILS-2

ENDF/B-V, Rev. 2 Number of
or Los Alamos (%) Inelastic
Nuclide MAT/TAPE Number "Lumps"
y 1301/511 —
6rs 1303/511 —_
L4 1397/561 7
9Be 2101 (*) 1 (MT=4)
2102 (%) 3 (MT=610-612)
2103 (%) 9 (MT=601-609)
2104 (%) 27 (all)
nat 1306/556 15 (all)
Loy 1275/505 1
164 1276/551 1
23Na 1311/556 1
2701 1313/506 1
natg; 1314/556 1
nate, 1324/557 1
natpa 1300 (*)/557 1
1326/557 28 (all)
naty; 1328/554 1
natpy 1382/558 1

%For gBe all of the lumps are actually parts of the (m,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 evaluation for 239

Pu contributed by 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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Benchmark Specifications.74 However, the experimental results 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 Standards normal-
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 performed new statistical-model calculations of
inelastic scattering in 237Np using the same advanced methods used in the 239Pu
evaluation.73 The availability of new experimental numbers for the critical
assemblies and new 237Np 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 summarized in 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
(C/E RATIOS ONLY)

ENDF/B-V ENDF/B-V Revision 2

Assembly 1981 Recalc. 83-84 1983-84 1984
Parameter C/E New E New 23%py New 237Np
JEZEBEL

Kets 1.0068 1.0068 0.9982

£28/£25 0.917 0.919 0.960

£37/£25 0.989 0.966 0.979 .973
£49/£25 0.972 0.963 0.966

w28/235 0.924 0.932 1.083

w37/w25 1.073 1.074 1.100 1.070
w49 /w25 0.995 0.994 0.984

FLATTOP-PU

keff 1.0093 1.0108 1.0050

£28/£/25 0.941 0.937 0.973

£37/£25 1.014 0.989 0.998 0.990
w28/w25 1.538 1.014 1.159

w37/w25 1.027 1.010 1.031 0.999
w49 /w25 1.028 1.005 1.001

f/f
w/w

fission ratio
worth ratio
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TABLE IX (Cont.)

ENDF/B-V ENDF/B-V Revision 2
Assembly 1981 Recalc. 1983-84 1984
Parameter C/E New E New 23%py New 237Np
GODIVA
kers 0.9989 0.9990
£28/£25 1.037 1.037
£37/£25 1.064 1.044 1.035
£49/£25 0.994 0.985 0.985
w28/w25 1.024 1.024
wh9 /w25 1.020 1.019 1.011
FLATTOP-25
keff 1.0067 1.0067
£28/£25 1.038 1.033
£37/£25 1.087 1.054 1.044
£49/£25 1.001 0.990 0.990
w28/w25 1.013 1.059
w37/w25 1.142 1.139 1.078
wh9 /w25 1.023 1.020 1.015
JEZEBEL-PU
kegs "0.9980 0.9980 0.9917
£28/£25 0.923 0.918 0.953
£37/£25 1.017 0.998 1.009
THOR
keff 1.0266 1.0228 1.0070
£28/£25 0.918 0.895 0.942
£37/£25 0.962 0.923 0.948
ZPR-6/7
keff 0.9956 0.9958
£25/£49 1.018 1.018
£28/£49 1.010 1.020
c28/£49 1.078 1.077




TABLE X

PRELIMINARY MODIFICATIONS OF EXPERIMENTAL FISSION
RATIOS FOR LOS ALAMOS CRITICALS

Assembly £28/£25 £/37/£25 £49/£25
JEZEBEL 0.2133 £+ 0.0023 0.9835 % 0.014 1.4609 + 0.013
GODIVA 0.1643 £ 0.0018 0.8516 * 0.012 1.4152 £ 0.014
JEZEBEL-23 0.2131 * 0.0026 0.9970 * 0.015

BIG TEN 0.03739 £ 0.00034 0.3223 £ 0.0039 1.1936 * 0.0084
JEZEBEL-PU 0.2071 £ 0.0021 0.9365 + 0.013

FLATTOP-25 0.1492 + 0.0016 06.7804 % 0.010 1.3847 * 0.012
FLATTOP-PU 0.1799 £ 0.0020 0.8561 * 0.012

FLATTOP-23 0.1916 * 0.0021 0.9103 £+ 0.013

THOR 0.1962 % 0.0022 0.9419 % 0.010 1.429 + 0.021

f/f = fission worth

TABLE X1
EXPERIMENTAL WORTH RATIOS

Assembly w28/w25 w/37/w25 wh9 /w25

JEZEBEL 0.1390 £ 2.0% 1.030 * 6.0% 1.996 * 1.4%
GODIVA 0.1606 + 2.2% 1.914 * 1.49
FLATTOP-25 0.1238 + 4.1% 0.856 * 0.7% 1.900 * 0.7%
FLATTOP-PU 0.0940 + 3.8Y% 0.944 * 1.1% 1.934 £ 1.1%

w/w = worth ratio

Note that the results for the plutonium assemblies (JEZEBEL, FLATTOP-PU,

JEZEBEL-PU, THOR) are rather consistent, all suggesting that the 235U 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 calculated neutron 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 (0.1-0.5 MeV) 238U cross sec-

tions also deserve further scrutiny.
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D. ENDF/B-VI Format Proposals [R. E. MacFarlane and L. Stewart (X-Consultant)
The Evaluated Nuclear 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. 1In collaboration with C. Dunford at the National Nuclear
Data Center (NNDC) at Brookhaven National Laboratory, we have completed a
massive rewrite of the format manual,77 which accomplishes these two goals and
makes numerous other improvements.

These changes were coordinated with the international community at an
"IAEA Specialists Meeting on Format for the Exchange of Neutron Nuclear Data,"
held in Vienna on 2-4 April 1984. Preliminary approval from the Cross Section
Evaluation Working Group (CSEWG) was received at the May meeting.

The proposals are now receiving final corrections and will soon be dis-

tributed to the CSEWG community in preparation for the ENDF/B-VI evaluations.

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

As discussed in the previous progress report,31 several isotopes and
elements from the current revision of ENDF/B-V show significant emergy-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, multiplying by the yield, and comparing
the result to the Q value given in MF=3, MT=102. Photon production for Cl and
K is represented by giving energy-dependent yields for a number of discrete
photons. Energy balance is checked by adding the products of yield times photon
energy, and comparing the results with Q. Table XII gives the observed errors
greater than 1% in descending order.

We have examined the sources of these errors. In several cases the prob-
lems arise from errors in transcribing the data from the tabulations in Ref. 78
(hereafter referred to as Orphan et al.). Other differences are more funda-

mental and would require some evaluation to correct.
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TABLE XII

THERMAL PHOTON PRODUCTION ERRORS FOR ENDF/B-V.2

Material % Error Material % Error
Mn55 53.7 Co59 8.0
1 -21.7 Tal81 3.6
W -21.1 Ga -3.3
Mo 20.9 Nb93 1.4
K -17.7 Cu -1.3
Bi209 -10.5

Mn55 As shown in Figure 29, the spectrum is similar to Orphan et al.,
but shifted. This is clearly a mistake. In addition, the yield
in MF=12, MT=102 is too large by about 50%. These problems can
be easily repaired.
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Fig. 29. Comparison of ENDF/B-V capture photon production for ®5Mn with data of
Orphan et al.?8 showing apparent displacement.
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Cl and K These evaluations were originally made before Orphan et al. ap-

EH

Bi209

Co59

Tal81

Nb93

peared. Some of the gamma rays look reasonable, but many are
simply missing. These missing lines seem to explain the ~ 20%
of the binding energy not accounted for in the evaluations.

These materials will have to be re-evaluated.

The yield and spectrum were correctly derived from the isotopic
evaluations, but the Q-value in MF=3, MT=102 was entered incor-

rectly. It should be changed to 5.8456 MeV.

The yield and spectrum are from Orphan et al. To get proper
agreement, the Q-value must be changed to 8.752 MeV.

Spectrum is from Orphan et al., but the yield given is for the
unnormalized spectrum. It should be multiplied by 1.117 for
consistency with File 15. However, Orphan et al. only observed
72.6% of the binding energy, and a simple normalization may not

be entirely appropriate. Re-evaluation may be necessary.

Spectrum is from Orphan et al., but the yield must be changed
from 2.6416 to Orphan's value of 2.45 (better yet, use 2.4462).

In the evaluation, an attempt was made to add internal-conver-
sion effects to Orphan's spectrum. The apparent error may rep-
resent the energy of the electrons. This is not a simple “cler-

ical" problem.

Spectrum and yield are from Orphan et al. Either change the Q-
value to Orphan's 6.970 MeV, or readjust the yields to corres-

pond to a better Q, if another value can be justified.

The spectrum was derived from Orphan et al. by linearization and
renormalization, as shown in Fig. 30. This resulted in a slight
shift in the average energy, and the yield should be readjusted
to match (2.85 changes to 2.8104).




Cu The spectrum and Q-value agree with Orphan et al. The yield
should be changed from 1.957 to 1.980.

Most of these materials have other energy-balance errors at higher ener-
gies. However, making these simple changes reduces the number of materials

with important thermal discrepancies to three (or four): Cl, K, and Tal81 (and
possibly Bi209).
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Fig. 30. Comparison of ENDF/B-V Capture Photon Production for 93Nb with data
of Orphan et al.?8
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F. Kinematic Kerma Factors (R. E. MacFarlane)

The HEATR module of NJOY computes heat production by energy-balance (usu-
ally); that is, it assumes that the energy available for charged-particle emis-
sion and nuclear recoil can be obtained from the available energy (E + Q) minus
the energy carried away by neutrons (En) and the energy carried away by pho-
tons (Ey)' If there are errors in either En or Ey’ the local heating will be
incorrect. In a large enough system, this heating error will be exactly com-
pensated for by photon energy deposition, and the correct result for total heat-
ing will be obtained.

However, in very small systems where most of the photons escape, the local
heating can have very large errors resulting from a lack of energy conservation
in the nuclear data evaluation.79 Accurate values for this local heating can
be computed for some reactions by kinematics (radiative capture, elastic and
inelastic neutron scattering). Reactions that emit charged particles are more
difficult because the ENDF/B files do not contain the required particle spectra
or angular distributions. Nevertheless, it is possible to establish an upper
limit for the "kinematic kerma" factor by assuming that such reactions emit no
photons.

The HEATR module has been modified to add kinematic kerma factors computed
in this way to the NJOY calculational path. This means that they are available
for either multigroup or Monte Carlo processing. Some examples are shown in
Figs. 31 and 32.

Figure 31 shows an example in which too much photon energy is included be-
tween 100 keV and 1 MeV. This drives the energy-balance kerma strongly nega-
tive. The kinematic kerma is positive in this range. However, it is too large
because the momentum of the photon field is too large. Above 16 MeV, the
energy-balance result is too large.

The upper part of Fig. 32 shows very large errors for the important ma-
terial chromium, but the lower half of the figure shows that iron is much bet-
ter.

The ultimate solution to errors such as these is to re-evaluate the ma-
terial with closer attention to energy balance (nuclear model codes help to ac-
complish this). A short-range solution for the user is to select energy-bal-

ance values for large systems and kinematic values for small ones.
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93Nb from ENDF/B-V.
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that the kinematic value for iron is an overestimate, as expected, because of
photon emission from charged-particle emitting reactions.
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IITI. NEUTRON ACTIVATION, FISSION PRODUCTS, AND ACTINIDES

A. ENDF/B-V Fission-Product and Actinide Data Summary Document [T. R. England,
W. B. Wilson, R. E. Schenter (HEDL), and F. M. Mann (HEDL)]
A summary document of the fission-product and actinide data contained in

ENDF/B-V data files was completed.80

All fission products (877) and actinides
(60) in Rev. "O" were included. Appendices contain additional augmentation of
these data along with a presentation of probable data changes, errors, and
existing revisions to date. These result largely from our experience with
ENDF/B-V data testing and comparisons with other international evaluations.
The main text identifies data that are commented upon in the Appendices, but
otherwise it consists of Rev. "0" data. (In the case of group cross sections
processed from Rev. "O," error corrections are discussed in the main text.)
Mass chain yields, decay parameters (half-lives, branchings, beta, gamma, and
alpha energies), processed one-group cross sections for fast reactor spectra,
four-group cross sections for thermal reactors, and the resonance integrals and
2200 m/s cross sections are included, as well as other information pertinent to
the ENDF/B-V files. The extensive decay spectra, charge distribution of mass
chain yields, and energy-dependent cross sections are not included; such inclu-
sion would require over 4000 pages. Rather, the document was prepared to serve
as a relatively concise source for the most frequently requested data and as a
convenient reference for the fission-product and actinide data contained in
ENDF/B-V. Chain schematics are included. The additional augmentation of these
data, relegated to the appendices, should add to the utility of this document

as a general reference.

B. Nuclides Having ENDF/B-V Questionable Data or Errors |[T. R. England,
W. B. Wilson, R. E. Schenter (HEDL), and F. M. Mann (HEDL)]

All of the ENDF/B fission-product and actinide data have been incorporated
into summation codes, including decay spectra, and aggregate comparisons were
made with available measurements. Additional comparisons of many individual
cross section and decay parameters with measurements and other evaluations have
been made, and various consistency checks (e.g., the comparisons between aver-
age energies and values derived from spectra) have been made. Based on these
comparisons and tests, we itemize here those nuclides and their parameters that
should be reviewed for the next version of ENDF/B or before using the current

Version-V data.
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Table XIII provides a list of nuclides having questionable ENDF/B-V Rev.

"0" data or data errors.

The so-called

"Pandemonium Nuclides" are listed in Table XIV;

average

beta- and gamma-energies from ENDF/B-IV, -V, and the Japanese values are also

included. This list consists of those nuclides identified by C. W. Reich, Idaho

National Engineering Laboratory.

No.

22
22

107
113
117
122
221
231
24]
278
306
318
380
384
375
407
452
463
463
473
485
505
528
529
607
667
708
709
718

741
737
825
854
876
901
912
919
921
928
936

TABLE XIII

LISTING OF NUCLIDES HAVING ENDF/B-V QUESTIONABLE DATA OR ERRORS?

Nuclide MAT
31-Ga- 72m 9035
34-Se- 74 9089
34-Se- 74 9089
33-As- 83 9080
33-As- 84 9081
38-sr- 84 9179
34-Se- 85 9104
38-Sr- 85 9180
44-Ru- 96 9325
44-Ru- 97 9326
44-Ru- 98 9327
46-Pd-102 9379
45-Rh-105 9355
48-Cd-106 9440
45-Rh-112 9367
50-Sn-112 9513
48-Cd-111m 9446
50-5n-114 9516
49-1In-118n 9486
50-Sn-119m 9523
50-Sn-119m 9523
52-Te-120 9576
52-Te-121m 9578
52-Te-123 9580
54-Xe-125 9631
54-Xe-125m 9632
53-1 -133 9614
53-1 -140 9624
60-Nd-144 9765
62-Sm-144 9803
62-Sm-145 9804
60-Nd-148 9769
56-Ba-148 9701
62-Sm-158 9817
66-Dy-162 9866
68-Er-167 9876
93-Np-237 1337
95-Am-241 1361
95-Am-243 1363
94-Pu-244 8444
96-Cm-248 8648
98-Cf-253 8853

Comment

Q-value error. (Q=0.05MeV should be 0.12 MeV)
Cross section interpolation error INT=2 should be INT=5
Negative elastic scattering cross section

Half life to be reviewed (g.Ss should be approx. 13.45s)
Half life error (0.3s should be 5.3s)

Cross section interpolation error INT=2 should be INT=5

Q value error. (Q=14.0MeV should be 6.1 MeV)

Half life error (0.56+6s should be 0.56+7s)

Cross section interpolation error INT=2 should be INT=5
Review beta energy--some refs. do not use 0.0

Cross section interpolation error INT=2 should be INT=5
Cross section interpolation error INT=2 should be INT=5
Error in cap. cross sec. at E=0.5eV (change 360. to 3600.)
Cross section interpolation error INT=2 should be INT=5
Half life error (1.5s should be 4.6s5)1.5s

Cross section interpolation error INT=2 should be INT=5

Q value error (Q=0.05 MeV should be 0.396 MeV)

Cross section interpolation error INT=2 should be INT=5
Spectra energies need to be reviewed

Spectra energies need to be reviewed

Q values need to be reviewed--some refs differ.

Cross section interpolation error INT=2 should be INT=5
Review beta energy--some refs differ from 0.0

Negative elastic scattering cross section

Review beta energy--some refs differ from 0.0

Review beta energy--some refs differ from 0.0

Beta decay branching needs to be reviewed

Review Q value--some refs differ

Negative elastic scattering cross section

Cross section interpolation error INT=2 should be INT=5

Q value and ave. energies in error (Q value=6.15 MeV
should be 0.615 MeV)

Negative elastic scattering cross section

Halflife needs review (3.325s is 0.55s in tab of isotopes)
Halflife needs review (2640s recently reported as 330s)
Negative elastic scattering cross section

Negative elastic scattering cross section

Thermal cross sections updated on second release, 6/83
Fast capture cross section needs review

Fast capture cross section updated on second
X-ray energy and other spectral errors, corr.
X-ray energy and other spectral errors, corr.
X-ray energy and other spectral errors, corr.

release, 6/83

a
The x~ray energy and spectral errors do not affect the average energies in

ENDF/B-V.

Spontaneous fission energy is not included in the average alpha
energy, as is required by the ENDF/B-V formats manual.
and XV.

more average energies as listed in the spectral files.
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See also Tables XIV
Table XV lists nuclides having spectra that do not reproduce one or
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TABLE XIV

NUCLIDES TO BE EXAMINED FOR PANDEMONIUM EFFECT AND
ENERGY COMPARISON WITH JNDC FILES®

ENDF/B-1V ENDF/B-V JAPAN
Nuclide MAT Halflife(s) Q(MeV) Beta Gamma Beta Gamma Beta Gamma
33-As 80 9076 1.650+01 6.000 2.523 0.607 2.455 0.610 2.478 0.259
33-As 82 9078 2.100+01 7.200 3.211 0.288 3.155 0.400 1.990 2.954
33-As 82m 9079 1.300+01 7.200 1.819 2.995 1.808 3.100 1.954 2.763
35-Br 87 9125 5.570+01 6.840 2.136 1.726 2.496 1.554 1.813 2.410
35-Br 88 9126 1.600+01 8.600 3.067 1.881 2.540 3.000 2.454 3.210
36-Kr 91 9152 8.570+00 6.120 2.578 0.724 1.941 1.733 2.055 1.617
36-Kr 92 9153 1.840+00 5.970 2.403 0.752 2.368 0.752 2.262 1.078
37-Rb 92 9169 4.530+400 7.770 3.459 0.261 3.481 0.261 2.856 1.566
36-Kr 93 9154 1.289+400 7.510 2.758 2.040 2.336 2.240 2.727 2.757
37-Rb 93 9170 5.860+00 7.360 2.027 1.415 2.605 1.320 2.147 2.675
39-Y 96 9213 6.000+00 6.500 2.408 1.461 3.147 0©.003 3.024 0.000
39-Y 96m 9214 1.000+01 7.000 0.000 0.000 1.107 &4.031 1.124 4.031
38-Sr 97 9194 4.000-01 7.400 2.350 1.838 2.620 1.490 2.603 1.501
39-y 97 9215 3.700+400 6.670 2.162 0.935 2.154 1.800 2.472 1.231
39-Y 97m 9216 1.110+00 7.337 0.000 0.000 2.423 1.821 2.683 1.472
38-Sr 98 9195 6.500-01 5.810 1.690 1.496 2.527 0.176 2.139 1.051
39-Y 98 9217 2.000+400 7.300 2.845 1.943 1.806 3.151 3.216 2.041
39-Y 98m 9218 6.500-01 7.300 0.000 0.000 2.983 0.814 2.983 2.596
41-Nb 98 9258 2.860+00 4.585 1.865 0.140 1.959 (0.080 1.965 0.080
39-Y 99 9219 1.400+400 6.390 2.092 1.647 2.606 (0.611 2.375 1.147
40-Zr 99 9238 2.100+00 4,445 1.621 0.794 1.487 0.823 1.463 0.823
41-Nb101 9264 7.000+00 4,570 1.901 0.330 1.848 0.317 1.686 0.720
43-Tcl102 9307 5.280+00 4.500 1.508 0.464 1.700 0.469 1.952 0.579
43-Tcl02m 9308 2.610+02 5.000 0.720 2.547 0.940 2.377 0.855 2.430
43-Tcl04 9310 1.092+03 5.400 1.193 1.448 1.582 1.940 1.244 2.678
44-Rul07 9336 2.520+02 3.150 1.238 0.251 1.250 0.180 1.212 0.241
45-Rh108 9360 1.680+01 4.500 1.82¢ 0.709 1.800 0.347 1.813 0.338
45-Rh108m 9361 3.540+02 4.500 0.804 2.440 0.780 2.500 0.789 2.272
45-Rh110 9364 2.850+401 5.400 1.346 2.268 1.182 2.480 2.202 0.486
45-Rh110m 9365 3.000+00 5.400 2.481 0.056 2.367 0.056 2.237 0.777
49-1n120 9489 3.080+00 5.400 1.039 3.060 2.258 0.331 2.228 0.331
49-1n120m 9490 4.440+401 5.300 2.472 0.176 0.935 2.972 0.953 2.976
49-1n121 9491 3.000+401 3.380 1.020 1.012 0.971 ©0.976 0.985 0.926
49-Inl121m 9492 2.256+02 3.100 1.091 1.082 1.483 0.120 1.503 0.053
51-Sb134 9569 1.070+01 8.490 3.952 0.000 2.800 2.036 2.781 2.256
51-Sbl34m 9570 8.500-01 8.400 2.954 2.094 3.780 0.000 2.284 3.272
54-Xel39 9652 4.040+01 5.020 1.787 0.928 1.702 ©0.760 1.002 2.235
54-Xel40 9653 1.360+01 4.060 0.88] 1.362 1.181 1.210 1.204 1.149
55-Csl40 9673 6.370+01 6.050 1,931 2.131 1.649 2.300 1.429 2.791
54-Xel4l 9654 1.720+00 6.000 1.57) 2.270 2.345 0.776 2.048 1.489
55-Csl4l 9674 2.490+01 4.980 1.377 1.825 1.912 0.800 1.276 2.135
57-Lal42 9710 5.550+03 4,517 0.947 2.400 0.896 2.750 0.915 2.523
55-Csl44 9677 1.001+00 8.100 2.350 3.041 3.180 0.951 2.649 2.193
57-Lal4sd 9712 4.030+401 5.300 1.511 1.937 1.461 1.824 1.338 2.091
59-Pr148 9751 1.380+02 4.800 2.044 0.300 1.648 1.221 1.653 1.165
59-Prl49 9752 1.500+02 3.000 1.158 0.251 1.158 ©0.126 1.137 0.180
61-Pml152 9789 2.460+02 3.470 1.439 0.288 1.310 0.288 1.385 0.115
61-Pml52m 9790 4.500+02 3.470 0.900 1.287 1.134 1.290 0.864 1.466
61-Pml154 9793 1.080+02 4.000 0.760 1.885 0.915 1.856 0.839 1.852
61-Pml54m 9794 1.680+02 4.000 1.034 1.522 0.912 1.940 0.928 1.700

a .
These nuclides have complex spectra in ENDF/B-V (and for some in ENDF/B-IV)
and therefore may have incorrect average energies. The nuclides were identi-

fied by C. W. Reich, Idaho National Engineering Laboratory, Idaho Falls,
Idaho in February 1984.
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Table XV lists nuclides that show a significant inconsistency between

average decay energies tabulated in the decay files with the values computed

from the spectra.

In some cases the inconsistency is between the total energy

calculated from the spectra and the total Q value.

NUCLIDES IN ENDF/B-V REV "O" HAVING SOME SPECTRA ERRORS?Z

Nuclide
35-Br- 82m
40-Zr- 93
44-Ru-106
46-Pd-107
47-Ag-111
48-Cd-109
49-In-116m
49-In-118n
50-Sn-119m
51-Sb-126n
52-Te-133m
53- 1-134m
59-Pr-149
61-Pm-149
61-Pm-152m

TABLE XV

Nuclide
62-Sm-151
90-Th-232
90-Th-233
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

3This listing of nuclides is based on a comparison of average energies derived
from individual spectra with either the total Q value or average energies for
Nuclides showing differences

greater than 15% in any component are tabulated.

individual spectra as tabulated in the files.

C. (n,2n) Cross Sections [R. E. Schenter (HEDL), T. R. England, W. B. Wilson,

and R. J. LaBauve]

Most of the fission products and a few of the actinides in ENDF/B-V do not

have (n,2n) cross sections.

sections in the multigroup structure defined following the table.

constructed for future use in the DANDE Code System.
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TABLE XVI
N,2N CROSS SECTIONS?

Nuclide Thres. Group Group Group Group Group Group Group Group Group Meth.b
2 3 4 5 6 7 & 9

1
*** Fission Products *#*
32 Ge 720 10.80 1.1880 1.18&0 1.1880 0.9982 0.0859 0. 0. 0. 0. 1
32 Ge 730 6.79 1.3270 1.7494 1.7494 1.7494 1.7494 1.4665 0.0803 0. 0. 1
32 Ge 740 10.20 1.2720 1.2720 1.2720 1.2654 0.3412 0. 0. 0. 0. 1
32 Ge 760 9.45 0.7140 1.0079 1.3578 1.1220 0.7645 0.3203 0. 0. 0. 4
33 As 750 10.20 1.1562 1.1832 1.1525 1.0268 0.6546 0.1447 0. 0. 0. 4
34 Se 740 12.10 1.0060 1.0060 0.9371 0.1€93 0. 0. 0. 0. 0. 1
34 Se 760 11.20 0.5967 0.7295 0.8895 0.8674 0.4236 0. 0. 0. 0. 4
34 Se 770 7.42 1.5825 1.6612 1.6612 1.6612 1.6612 1.0047 0.0020 0. 0. 1
34 Se 780 10.50 1.0977 1.1166 1.0808 0.9748 0.6667 0.0842 0. 0. 0. 2
34 Se 800 9.90 1.0408 1.2474 1.2420 1.1879 0.9891 0.3239 0. 0. 0. 2
34 Se 820 9.26 0.8304 1.2472 1.3545 1.3274 1.2129 0.6333 0.0062 0. 0. 2
35 Br 790 10.70 0.7749 0.8832 0.9591 0.8929 0.4293 0.0104 0. 0. 0. 4
35 Br 810 10.20 0.5706 0.6676 0.7837 0.7089 0.4354 0.1019 0. 0. 0. 4
36 Kr 780 11.90 0.3690 0.3568 0.3110 0.2030 0.0401 O. 0. 0. 0. 3
36 Kr 800 11.50 1.1665 1.1415 1.0417 0.7865 0.2830 0.0025 0. 0. 0. 3
36 Kr 820 11.00 1.3477 1.3366 1.2817 1.1139 0.6214 0.0385 0. 0. 0. 3
36 Kr 830 7.47 1.4131 1.4200 1.4200 1.4136 1.3972 1.2858 0.5860 0. 0. 3
36 Kr 840 10.50 1.4326 1.4625 1.4252 1.3049 0.9120 0.1144 O. 0. 0. 3
36 Kr 850 7.01 1.2704 1.3119 1.3091 1.3018 1.2771 1.1655 0.6129 0.0206 0. 2
36 Kr 860 9.85 1.3809 1.5427 1.5083 1.4094 1.1187 0.2482 0. 0. 0. 3
37 Rb 850 10.50 1.2125 1.2770 1.3225 1.1849 0.7209 0.1038 0. 0. 0. 4
37 Rb 60 8.19 1.5534 1.5534 1.5534 1.5534 1.5534 0.4435 0. 0. 0. 1
37 Rb 870 9.94 1.2110 1.2901 1.3088 1.2059 0.9938 0.5874 0. 0. 0. 4
38 Sr 840 11.80 1.6251 1.6624 1.4747 0.8357 0.2605 0. 0. 0. 0. 4
36 Sr 860 11.50 1.0900 1.0900 1.0900 0.5228 0.0036 0. 0. 0. 0. 1
3% Sr 870 8.44 1.5184 1.5184 1.5184 1.5184 1.5043 0.2844 0. 0. 0. 1
38 Sr 880 11.10 0.2497 0.2759 0.2508 0.2176 0.1119 0. 0. 0. 0. 4
38 Sr 890 6.57 1.2573 1.3068 1.3067 1.3049 1.2976 1.2587 0.9740 0.1368 0. 2
35 Sr 900 7.57 0.4730 0.8285 1.2484 1.3413 1.2970 1.0959 0.2757 0. 0. 2
39 Y 890 11.50 1.2000 1.1633 1.0051 0.8550 0.2021 0. 0. 0. 0. 4
36 Y 900 6.63 1.1947 1.7703 1.7718 1.7718 1.7718 1.5675 0.1327 0. 0. 1
39 Y 910 8.22 0.6391 0.9992 1.2659 1.2786 1.2249 1.0001 0.2532 0. 0. 2
40 Zr 900 12.00 1.1526 1.1318 0.9908 0.6303 0.1433 0. 0. 0. 0. 3
40 Zr 910 7.19 1.1640 1.1640 1.1631 1.1593 1.1450 1.0646 0.5223 0.0072 0. 3
40 Zr 920 B8.64 0.8239 1.1402 1.2240 1.2034 1.1206 0.7804 0.0555 0. 0. 3
40 2r 930 6.50 0.7901 1.1359 1.2919 1.2957 1.2838 1.2228 0.8173 0.0477 0. 2
40 Zr 940 8.23 0.6566 1.0495 1.3246 1.3333 1.2749 1.0076 0.1506 0. 0. 3
40 2r 950 6.32 0.6320 1.0325 1.3657 1.4062 1.3984 1.3542 1.0248 0.1501 0. 2
40 Zr 960 7.84 0.4836 0.8807 1.3468 1.4409 1.4034 1.2144 0.3025 0. 0. 3
41 Nb 930 8.82 1.0456 1.1466 1.2183 1.2167 1.1006 0.5853 0.0359 0. 0. 3
41 Nb 940 7.37 1.5748 1.6682 1.6682 1.6682 1.6682 1.0453 0.0033 0. 0. 1
41 Nb 950 &.61 0.7521 1.1459 1.2878 1.2780 1.2251 0.9426 0.1174 0. 0. 2
42 Mo 920 12.60 0.6111 0.4189 0.2625 0.1286 0.0078 0. 0. 0. 0. 4
42 Mo 940 9.69 1.3434 1.3434 1.3434 1.3434 0.7289 0.0036 0. 0. 0. 1
42 Mo 950 7.37 1.0195 1.1464 1.1494 1,1463 1.1333 1.0532 0.4602 0.0013 0. 2
42 Mo 960 9.16 0.9351 1.1942 1.2153 1.1897 1.0918 0.6118 0.0124 0. 0. 2
42 Mo 970 6.82 0.8521 1.2015 1.2900 1.2896 1.2835 1.2410 0.8574 0.0375 0. 2
42 Mo 980 8.64 0.6594 1.1055 1.3365 1.3325 1.2741 0.9500 0.1042 O. 0. 2
42 Mo 990 5.74 0.4649 0.8813 1.3299 1.4050 1.4035 1.3914 1.2531 0.3976 0. 2
42 Mol000 8.30 0.3247 0.6999 1.2794 1.4405 1.4002 1.1528 0.16%94 0. 0. 2
43 Tc 990 8.58 1.6976 1.6151 1.5158 1.4255 1.2583 0.7641 0.0616 0. 0. 3
44 Ru 960 10.10 1.2860 1.2860 1.2860 1.2860 0.4096 0. 0. 0. 0. 1
44 Ru 980 10.30 1.2580 1.2580 1.2580 1.2352 0.2812 0. 0. 0. 0. 1
L4 Ru 990 7.47 1.5885 1.6542 1.6542 1.6542 1.6542 0.9661 0.0010 O. 0. 1
44 Rul000 9.67 1.0527 1.2048 1.1986 1.1603 1.0122 0.3640 0. 0. 0. 2
44 Rul010 6.81 0.9693 1.2480 1.2810 1.2801 1.2752 1.2395 0.8802 0.0440 0. 2
44 Rul020 9.22 0.8105 1.2268 1.3341 1.3101 1.2065 0.6641 0.0104 O. 0. 2
44 Rul030 6.40 0.7154 1.1648 1.3906 1.3998 1.3977 1.3800 1.1819 0.2587 0. 2
44 Rul040 8.89 0.5403 1.0294 1.4149 1.4294 1.3554 0.6336 0.0325 0. 0. 2
44 Rul050 5.94 0.4676 1.7878 1.8684 1.8684 1.8684 1.8684 0.6255 0.0003 0. 1
44 Rul060 8.43 0.3658 0.7835 1.3864 1.5235 1.4698 1.1581 0.1513 0. 0. 2
45 Rh1030 9.31 0.7149 0.7347 0.7587 0.7854 0.6931 0.2941 0. 0. 0. 3
45 Rhi1050 9.02 0.8100 1.2599 1.3902 1.3744 1.2985 0.8704 0.0438 0. 0. 2
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46
46
46
46
46
46
46

Nuclide Thres.

10.
10.
.09
.55
.55
.23
.81
.53
.18
.71
.90
.30
.86
.98
.40
.54
.05
.16
.69
43
.03
.10
.30
.54
.56
:94
.33
.48
.11
.80
.90
.31
.75
.19
.25
.98
.45
.71
.31
.30
.10
.94
.41
.60
.09
.35

.75
.08
.39
.05
.15
.77
.58
.34
.78
.50
.20
.48
.91
.26
.60
.93
.58
46
.48
.88
.04
.82

Pd1020
Pd1040
Pd1050
Pd1060
Pd1070
Pd1080
Pd1100
Agl070
Agl090
Aglllo0
€d1060
Cd10§0
Cdl100
Cd1110
Cdl120
Cd1130
Cdl140
Cdl1s1
Cd1169
Inli30
Inll150
Snll120
Snll40
Snll50
Snllé0
Snll70
Snl180
Sn1l90
$nl200
Snl1220
Snl1230
Snl240
Snl250
Snl260
Sb1210
$b1230
Sbl240
Sb1250
Sbl1260
Tel200
Tel220
Tel230
Tel240
Tel250
Tel260
Tel271

Tel280
Tel291
Tel300
Tel320
11270
1 1290
1 1300
1 1310
1 1350
Xel240
Xel260
Xel2&0
Xel290
xel300
Xel310
Xel320
Xel330
Xel340
Xel350
Xel360
Cs1330

5 Cs1340
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Group

1
.2160
.1339
L1415
.0561
.9735
.8512
.6536
4459
.3373
7625
L4719
.2580
.1208
.0962
.9156
.7320
L6314
L6844
.9737
L4400
.9658
.2125
.2580
.5945
.3616
.0556
L9387
L8340
.6909
L4662
L4975
.3164
.3006
.2016
.5344
.1685
.0088
15500
.8510
.2580
. 2860
.4238
.3826
.9657
4274
L7371

.5062
.5291
.3565
.2894
.9901
.7559
.1471
.5546
.5955
.9901
L4241
.3679
.3337
.0740
.0198
.7959
.7627
.6328
.0426
L4218
.5941
.9550
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Group

2
.2160
.1912
.2667
.3093
.3196
.2816
.1219
4736
.3607
.2607
.5295
.2580
.3183
.3693
.3612
.7320
.2007
.8016
L2846
.4584
.8688
.2658
.2580
L6444
.3616
.4392
.4301
.3743
.2809
.0294
.0374
.7812
.7540
.5523
.7037
.2826
.7893
.1554
.7987
.2580
.2860
L7284
.3826
.5021
4274
.3426

.1065
.1064
.8544
.7230
L4969
.3977
.7762
.1660
.6108
.0039
.5144
.7962
.8223
.7296
.6829
.5092
.3873
L2912
.7866
.8928
.6027
.5542

TABLE XVI (Cont.)?

Group

3
.2160
.1699
.2694
.3177
.3927
L4264
L4894
.5069
.3889
.4809
.5908
.2580
.3144
.3860
L4346
.7320
03222
.8376
.5347
L4849
.7230
.2882
.2580
L6444
.3616
.4880
.5278
.5767
.6037
.6250
.6401
.5570
.8950
.3834
.7480
.3405
.7970
.6848
.8166
.2580
.2860
.7284
.3826
.6600
L4274
L7146

.7024
.7164
.6360
.5215
.7154
L7222
.7788
L7402
.6108
.9887
.5073
.8333
.9000
.9210
.9451
.9439
.7797
.9311
.7928
.5352
.6129
.7676
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1.
1.
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
1
1
1
1
1
1
1
2
1
1
1
1

Group
4
.1090
.1017
2669
2726
.3924
.3888
.4958
.4906
.3795
L4679

Pt bt b (o Bt $d Pk Bd b bt b Bt €D et b b bt i et Pk b b et ek et €D bt €D €Dt et bt b b et et b et f b et I D I O O it st b bt b b it St I O O A I i [ - s O O

Group

5
.1455
.8830
.2556
.1109
.3876
<2473
.3880
.3428
L2747
.3867
.6755
.2812
.1107
.3818
. 2994
.6489
L4403
.8376
.5285
.1963
.2562
.7195
.2812
. 6444
.8342
L4845
.3853
.5797
.5000
.6314
.7280
L7176
.8950
.7893
.1253
L1244
.7970
L6742
.8166
.2812
.4096
.7284
.9465
.6581
.1755
.7311

.7033
.7948
.7790
.33
.3796
.6661
.7788
.7376
.6108
.7405
.2365
.6401
.8951
.7984
.9500
.8822
.7980
L9470
.7928
.6661
.5302
.7653

Group

=t ped b et et D B L O O OO O bt et O b s $d Pt HOHO’-‘OOD—JHHOO'—‘D—')—'HHOHOHOOOOOOOHOHOHOOOOOOOO’-‘OHO.O

.2651
.1885
.5013
.3544
. 6485
.9251
.6557
.7210
.9614

.3215
.3500
.6550
.2379
.9623
.8063
.9043
.5119
.6081

.9152
.0085
L4543
.7303
.5643
.9581
.2361
.7179
.4339
.8950
.5920
.5091
.6345
.6706
.3143
L7412

.3635
.0183
.6304
.0598
L7143

.3131
.7827
L4970
.6203
.6892
.2511
.5999
.3801
.7357
.1160
. 3491
.8238
.8462
.9851
.9225
.3262
.7739
.5439
.6545
L4564
.0537
.7209

Group

.7040

.0494
.0095
.0456

.0140
.0439

. 9489
.0011
.3407
L0471
L4119

.0002

L0480
.0057
.3242
.0435
.0690
.5728
.2020
.8562
L4178

.2150
.0994
.2991

-0459
-3031

4825

.0834
.6085
.1908&
LLL42
.0228
.0645
.1528
.1691

.3032
.0165
.5508
.0740
4733
.2048
.1983
L4071
.0532
L2148

Group

COO0ODOOOO0OOO0OOO0O0O

-0264
~1543

L0427

.0485
.2247

.509§&
.0061

.0388
.2311
-1969

.0409

Group Meth.b
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TABLE XVI (Cent,)?

Nuclide Thres. Group Group Grgup Group Grgup Grgup Group Gtgup Group Meth.D
4 7 9

55 Cs1350 8.86 0.8554 1.4982 1.7913 1.78%3 1.7143 1.2585 0.0667 0. 0. 2
55 Cs1360 6.64 0.9028 1.5225 1.8232 1.8328 1.8273 1.7853 1.3167 0.0845 0. 2
55 Cs1370 8.35 0.6543 1.2660 1.8051 1.8491 1.8034 1.5123 0.2435 0. 0. 2
56 Bal340 9.25 1.1808 1.6488 1.6945 1.6701 1.5476 0.8420 0. C 0. 2
56 Bal350 7.20 1.1942 1.6675 1.7378 1.7371 1.7313 1.6828 1.1586 0.0514 O. 2
56 Bal360 9.23 1.0015 1.6000 1.7659 1.7472 1.6517 1.0740 0.0498 0. 0. 2
56 Bal370 6.95 1.0740 1.6408 1.8037 1.8041 1.7982 1.7486 1.2177 0.0388 0. 2
56 Bal380 8.54 0.4768 0.5573 1.3206 1.4996 1.5000 1.4623 0.3682 0. 0. 3
56 Bal400 6.22 0.0140 0.0479 0.2203 0.6982 1.5349 1.8717 1.6186 0.2397 0. 2
57 Lal390 8.79 1.1761 1.6975 1.8010 1.7824 1.7001 1.2328 0.0736 0. 0. 2
57 Lal400 5.05 0.3824 0.8205 1.5506 1.8329 1.8387 1.8353 1.7833 1.3321 0.2387 2
58 Celd00 9.04 0.6426 0.8390 1.0923 1.2978 1.0902 0.5304 0. 0. 0. 4
58 Celsl0 5.49 0.5925 1.1308 1.7117 1.8089 1.8083 1.8026 1.7221 1.0410 0.0122 2
58 Celd20 7.21 1.0025 1.306& 1.6083 1.7521 1.7385 1.2060 0.4836 0. 0. 4
58 Celd30 5.22 0.0542 0.1691 0.6210 1.4055 1.8489 1.8695 1.8389 1.4585 0.2819 2
58 Celdd0 6.92 0.0265 0.0926 0.4150 1.1581 1.8282 1.8671 1.3932 0.0510 0. 2
59 Prj4l0 9.36 1.7343 1.8088 1.8546 1.7009 1.1501 0.4647 0. 0. 0. 4
59 Prl420 5.90 0.8251 1.3925 1.7523 1.7758 1.7740 1.7619 1.6133 0.6053 0.0013 2
59 Prl430 7.23 0.1334 0.3681 1.0523 1.7103 1.6015 1.7339 0.8805 0.0061 0. 2
60 Nd1420 9.8]1 1.6292 1.6931 1.6741 1.6072 1.3649 0.4168 0. 0. 0. 2
60 Nd1430 6.10 1.1100 1.5977 1.7369 1.7381 1.7358 1.7163 1.5002 0.5359 0. 2
60 Nd1440 7.83 0.2552 0.6331 1.4116 1.7641 1.7578 1.6278 0.5047 0. 0. 2
60 Nd1450 5.74 0.1851 0.4927 1.2600 1.7770 1.8110 1.8058 1.7141 0.7830 0.0041 2
60 Nd1460 7.56 0.1094 0.3306 1.0478 1.7523 1.8341 1.7499 0.8853 0. 0. 2
60 Nd1470 5.31 0.0838 0.2566 0.8648 1.6575 1.8740 1.8741 1.8370 1.3122 0.0885 2
60 Nd1480 7.33 0.0401 0.1429 0.6183 1.4946 1.8909 1.8510 1.0013 0.0087 0. 2
60 Nd1500 7.33 0.0272 0.1030 0.4976 1.3702 1.9284 1.9033 0.9934 0.0050 0. 2
61 Pml470 7.57 0.1890 0.5281 1.3590 1.7970 1.8004 1.7053 0.7988 0. 0. 2
61 Pml1480 5.86 0.1546 0.4420 1.2313 1.8055 1.8457 1.B404 1.7372 0.6546 0.0006 2
61 Pml481 5.86 0.1546 0.4420 1.2313 1.8055 1.8457 1.8B404 1.7372 0.6546 0.06006 2
61 Pml490 7.29 0.0743 0.2487 0.9153 1.7277 1.8733 1.8305 1.0559 0.0159 0. 2
61 Pm1510 7.66 0.0867 0.2964 1.0744 1.8514 1.9245 1.8125 0.5259 0. 0. 2
62 Sml1440 10.50 1.6807 1.7432 1.6600 1.4329 0.7143 0.0864 0. 0. 0. 4
62 Sml470 6.33 0.4213 0.9567 1.6280 1.7370 1.7360 1.7240 1.5156 0.2826 0. 2
62 Sml480 8.14 0.2852 0.7477 1.5636 1.7721 1.7545 1.5851 0.4466 0. 0. 2
62 Sml1490 5.85 0.5996 1.2033 1.6380 1.7827 1.7186 1.5540 1.1081 0.1962 0.0008 3
62 Sm1500 7.98 0.1324 0.4214 1.2799 1.8237 1.8348 1.7137 0.5658 0. 0. 2
62 Sm}510 5.68 0.1255 0.3902 1.1998 1.8328 1.8790 1.8773 1.8257 1.1968 0.0172 2
62 Sml1520 8.22 0.1186 0.3964 1.2855 1.8823 1.8913 1.7145 0.3312 0. 0. 2
62 Sml1530 5.93 0.2033 0.5987 1.5322 1.9326 1.9383 1.9353 1.8534 0.7662 0.0015 2
62 sml1540 7.90 0.1196 0.4015 1.3121 1.9368 1.9541 1.8361 0.6202 0. 0. 2
63 Eul510 7.93 1.3496 1.9457 2.1567 2.1700 2.0650 1.4792 0.1345 0. 0. 3
63 Eul520 6.29 0.7256 1.4282 2.0934 2.2118 2.2082 2.0235 1.1042 0.1056 0. 3
63 Eul530 8.54 0.8561 1.4641 1.9666 2.0241 1.9687 1.6092 0.3057 0. 0. 3
63 Eul54C 6.47 1.2868 1.8978 2.1744 2.2113 2.1956 1.9305 0.7621 0.0182 0. 3
63 Eul550 7.96 0.2561 0.7529 1.7056 1.9386 1.9255 1.7695 0.5130 0. 0. 2
63 Eul560 6.28 0.3152 0.8318 1.7368 1.9683 1.9678 1.9568 1.7452 0.3548 0. 2
63 Eul570 7.66 0.1599 0.4803 1.3830 1.9670 1.9876 1.9197 1.0661 0. 0. 2
64 Gd1520 8.51 0.4078 1.0376 1.7833 1.8644 1.8372 1.5570 0.2150 0. 0. 3
64 Gd1540 8.61 0.4070 1.0595 1.8222 1.8993 1.8710 1.5713 0.2070 O. 0. 3
64 Gd1550 6.46 0.4437 1.0891 1.8047 1.8819 1.8813 1.8725 1.6673 0.2586 0. 3
64 Gd1560 8.53 0.3447 0.9462 1.7925 1.9098 1.8866 1.6318 0.2398 0. 0. 3
64 Gd1570 6.35 0.4303 1.0484 1.8307 1.9432 1.9422 1.9308 1.7133 0.3154 0. 3
64 Gd1580 7.93 0.2456 0.6905 1.6368 1.9665 1.9560 1.8214 0.4948 0. 0. 3
64 Gd1600 7.38 0.1162 0.3605 1.1666 1.9349 2.0152 1.9409 1.0639 0. 0. 3
65 Tb1590 8.18 0.3705 0.9757 1.8180 1.9429 1.9286 1.7707 0.5233 0. 0. 2
65 Tb1600 6.46 0.3076 0.8246 1.7398 1.9734 1.9733 1.9630 1.7522 0.3215 0. 2
66 Dyl1600 8.59 0.5481 1.2702 1.8761 1.9112 1.8820 1.5951 0.2229 0. 0. 2
66 Dyl1610 6.45 0.4796 1.1329 1.8620 1.9470 1.9460 1.9340 1.6946 0.2465 0. 2
66 Dy1620 8.20 0.3182 0.8588 1.7743 1.9729 1.9542 1.7661 0.4842 0. 0. 2
66 Dyl1630 6.25 0.3127 0.8319 1.7574 2.0032 2.0033 1.9951 1.8161 0.4378 0. 2
66 Dyl640 7.66 0.2715 0.5879 1.3930 2.1381 2.1261 1.8156 0.6105 0.0001 0. 3
67 Hol650 8.04 0.3291 0.8835 1.8068 2.0038 1.9896 1.8405 0.5818 0. 0. 2
68 Er1660 8.55 0.4806 1.1591 1.9010 1.9749 1.9463 1.6734 0.2500 0. 0. 2
68 Erl670 6.44 0.4902 1.1375 1.9038 2.0090 2.0075 1.9927 1.7319 0.2608 0. 2
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Nuclide Thres.

90 Th2300
90 Th2320
91 Pa2310
81 Pa2330

D
[N ]
coccccca

2320
2330
2340
2350
2360
2370
2380

93 Np2370
93 Np2380
84 Pu2360
94 Pu2370
94 Pu2380
94 Pu2390
94 Pu2400
94 Pu2410
94 Pu2420
94 Pu2430
94 Pu2440
95 Am2410
95 Am2420
95 Am2421
95 Am2430
96 Cm2410
96 Cm2420
96 Cm2430
96 Cm2440
96 Cm2450
96 Cm24¢t0
96 Cm2470
96 Cm2480

Bk2490

98 €£2490
98 C£2500
98 Cf2510
98 C£2520
98 C£2530
99 Es2530

ouvocUrocunooTLoLOCTULOOOULIUICTLIUVICN VNN NN VOV NN UMIN VOO

Group

.3284
L3476
.8712
.3961
4856
.0778
.2020
.0141
.2500
.2500
<1461
.0080
.0100
.1000
.0500
.1786
.0089
.0089
.0310
.0084
.2000
.1000
.0500
.0100
.0100
. 0400
.0050
.0050
.0300
.0500
.2128

.1000
.1000
.2000
.1036
.1000
.1000
.1500
.1000
.2000
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TABLE XVI (Cont.)?

Group Group Group Group Group
2 4 5 6

3

**% Actinides

.4902
L4129
.0845
6237
.5886
.1758
.2020
.0614
.2500
.2500
.1931
.0339
.0100
.1000
.0500
.1492
.03&0
.0380
.0310
.0296
.2000
.1000
.0501
.0100
.0100
.0400
.0050
.0050
.0300
.0500
.2319

.1000
.1000
.2138
.1506
.1036
.1025
.1500
.1000
.2138

.5725
.7123
L1726
L4572
.6003
.3714
.2025
.1617
.2509
.2500
4176
.0997
.0105
.1016
.0508
.1154
L1142
L1142
.0311
.1372
.2001
.1005
.0680
.0105
.0105
.0400
.0050
.0050
.0301
.0500
.2496
.0075
.1000
.1004
.2577
.1681
.1363
.1348
.1500
.1000
.2577

COO0OOOO0OO0O0OODOOOOCOUOCOOOOCODOOOOOOOOOOOO0OOHOHOM
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3Listed values apply for

Group

WO SN WL W N -

Energy Range (MeV)

COO0O0OO0O0OO0OOO0OO0OOO0OOOOOOO0OO0OOODOOOOOOOODOOOOOOH O I

.6687
.3782
.3159
.5148
.7010
.5012
.3619
.2887
.5212
.3127
.8530
.1867
.1786
.5954
. 2649
.5673
.1960
.1882
.1059
4012
.2226
.2618
.1300
.1786
.1786
.0400
.0079
.0094
.0736
.0901
.2500
.0393
.1000
.2175
.3069
.1840
.1946
.1674
.1500
.1000
.3069

kkk

OO0 O0O0OO0OO0OOOO0ODOODOOO0OOOOOOOOOHOOOOHOOOOOH O M

7767
L8444
4619
.5487
.7793
4726
L4560
L4273
.8819
.6312
.2997
L2414
.5254
.7977
.3651
.0589
.2356
.2321
4211
.7399
.3653
.6142
.2100
.5254
.5254
.1101
.0103
.0151
.1665
.4578
.5685
.5881
.2460
.5378
.9937
.3928
.5320
.3626
.1666
L2460
.9937

20.000
18.221
16.905
14.918
13.499
11.912
10.000

7.788

6.065

18.221
16.905
14.918
13.499
11.912
10.000
7.788
6.065
4.724

Threshold values are listed in MeV.

Meth. refers to the origin of these cross sections:

HOOKKMKMEMOOMOOOODOOOOOKHMODOOOHOOOOMROOOOOM M

.8000
.9548
.2905
.5655
.5905
.3761
.3157
4521
.9395
.3385
L4348
.2309
.7128
.7217
.3139
. 0408
.2288
.2280
.5734
.7974
.2192
.1128
.2021
.7128
.7128
.1400
.0135
.0220
.3152
.5849
.8465
.2759
.8632
.9029
.6618
L1617
.0333
.1586
.5906
.8632
.6618

HOOHOOMOOOOOOOOOOOOOHMHOOOOOOODOOHMMOOOOOOON

Group
7

L4715
.5153
.9810
L4944
.8430
L2707
.1596
L4011
.8034
.3276
L2478
.1539
.6688
.3452
.1921
.5028
.1920
.1519
.6833
.6110
.2859
L4579
.1254
.6688
.6688
.0664
.0209
.0224
4792
4260
.8481
.5224
.8167
.6213
L4613
.9860
. 8802
.0125
.5300
.8167
L4613

Group
8

COOHODODOOOOOOOOOO0OODOOHOOODOOOOOOOOOOOOOOOOODO

the highest energy groups in the PRS group structure:

1 refers to unpublished model based on Q-values (R. E. Schenter, Hanford

wnesWwN

Engineering Development Laboratory, Richland, Washington).
refers to values produced by the THRESH code.
refers to ENDF/B-V evaluations.
refers to values based on BNL-325 plots.
refers to values based on Q values similar to one of the above.

.1226
L2349
.0817
.0490
.0365
.1810
.0105
.2303
.1269
.7075
.3532
.0139
L3524
.0053
.0380
.0092
.0991
.0143
.6520
.1038
-3626
.6212
.0117
.3524
.3524
.0115
.0167
.0015
.4259
.0329
.6573
.0323
.8520
.1002
.5815
.7146
.2588
.0325
.2661
.8520
.5815

COO0ODOOO0OOO0OODOODOOOOOOOOOOOOO0OOOOOOOODODODOOOOOO

Group Meth .b
9

.0027
.0178
.0349

.0035
.0001
.0016
.1029
6654

.0035
.0035

.0038
.0628
.2569

L0443
.2745
.2569

UTUTWWWWWWWLWWLWWWWWWWUNMWLWWWLWLWWWWWWULWLWEWWLWWWWWWWWW




D _Delayed Neutron Pn Values [T. R. England, W. B. Wilson, F. M. Mann (HEDL),
and R. E. Schenter (HEDL)]

Part of the continuing effort described in Ref. 81 to improve the ENDF/B

delayed neutron spectra requires a new evaluation of the Pn emission probabili-
ties. Reference 82 contains an evaluation of experimental values for 77 pre-
cursors. These have subsequently been augmented with calculated values based
on systematics for an additional 23 precursors. The equations used for the
systematics are given in Ref. 82. We have also examined all 877 fission pro-
ducts in ENDF/B-V for additional precursors based on Q-values and neutron bind-
ing energies. We found a total of 262 precursors but most were not significant

because of either a small fission yield, Pn value or both.

E. Status of Fission-Product and Actinide Data for ENDF/B-VI [T. R. England,
P. G. Young, R. E. Schenter (HEDL), F. Mann (HEDL), and C. W. Reich (INEL)

The problems found with ENDF/B-V data, and anticipated extensions and im-

provements for ENDF/B-VI are summarized in Ref. 83. This was presented by P. G.
Young at the March 12-16 Nuclear Energy Agency Nuclear Data Committee (NEANDC)

Meeting in Tokai, Japan.

F SOURCES Calculation of TMI-2 Spontaneous-Fission and (a,n) Neutron Sources
[W. B. Wilson, T. R. England, W. C. Hopkins (Bechtel Power Corp.), and
R. T. Perry (Texas A & M)]

The fuel of TMI-2 is now flooded with water containing 5000 ppm boron to
increase its shutdown margin; however, the signal from the source-range detec-
tor (SRD) of TMI-2 from its low exposure core (~ 3.2 GWd/tU) is currently 3-4
times that of the SRD signal of TMI-1 from an end-of-equilibrium cycle core.
The higher curie inventories of spontaneously-fissioning and alpha-emitting
actinide nuclides associated with higher exposure result in spontaneous-fission
(SF) and 17’180(01,11) neutron sources that increase with exposure of oxide
fuel.84 Much of the TMI-2 fuel is no longer clad, and some of it has been me-
chanically reduced to fine particles by the blades of coolant pumps.

The SRD signal of TMI-2, relative to that of TMI-1, is diminished by the
presence of the high boron concentration in the water and the low exposure of
the fuel. Fuel disruption increases the SRD signal by increasing the magnitude
of the (o,n) source and, possibly, by increasing neutron multiplication. The
(a,n) source of the disrupted fuel flooded with boron-rich water is composed of

neutrons from 17,18

10,11

O(a,n) reactions with oxygen in the fuel and water and from

B(o,n) reactions.
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The SF and (a,n) neutron sources of TMI-2 were produced from full-core ac-

tinide inventories calculated with CINDER-2 using a library of ENDF/B-V data85
and following a 22-step histogram power history resolved for earlier TMI-2 fuel
calculations.ss-88 These actinide inventories were used in SOURCES calculations
describing the mneutron production from the SF decay of actinides and (&a,n)

reactions of their decay alphas with 10’nB and 17,18

17,18

0. The (a,n) calculations

used o(a,n) data for
NAT

0 as resolved in Ref. 89 from measured data and for
B as measured by Walker;go polynomial fits to the data of Ziegler91 were
used to describe alpha-particle stopping cross sections of the various elements.

The neutron sources were calculated for the undisturbed, clad TMI-2 oxide
fuel and for the extreme limiting condition in which each alpha particle is
emitted into the boron-rich water. The results of these calculations, given in
Table XVII, show that the TMI-2 neutron source from actinide decay could be in~
creased by no more than a factor of ~ 5 by complete dispersion of actinides in
the boron-rich water.

Earlier inherent neutron-source survey calculations (see Ref. 84, pp.
86-87) indicate that the neutron source of the end~of-equilibirum cycle TMI-1
core should be 300-500 times that of the undisturbed low-exposure TMI-2 core.
The high SRD signal of TMI-2 is not due to higher SF and (0,n) source rates and

may therefore indicate a much higher neutron multiplication than that of TMI-1.

TABLE XVII

COMPARISON OF TMI-2 SPONTANEOUS-FISSION AND (a,n) NEUTRON SOURCES
WITH ALL ALPHA PARTICLES ASSUMED EMITTED INTO THE OXIDE FUEL AND
WITH ALL ALPHA PARTICLES ASSUMED EMITTED INTO WATER CONTAINING 5000 ppm BORON

Core Neutron Source (n/s)

Source Oxide Fuel H20 w/5000 ppm B
17O(G,n) 6.179 x 105 3.009 x 106
185 (e, n) 7.379 x 10° 3.601 x 10/

NATg (4, n) 0. 4.947 x 107
Total(a,n) 7.997 x 106 8.849 x 107
7 7

S.F. 1.163 x 10 1.163 x 10
7 8

Total 1.963 x 10 1.001 x 10
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G. Gamma Fraction of Total Decay Power of Discharged BWR Fuel (W. B. Wilson,
T. R. England, and R. J. LaBauve)

Planned experiments of the solid dry storage of spent BWR fuel assemblies
require the knowledge of the gamma fraction (GF) of total assembly decay power.
We have calculated the GF of total decay power for 4.5% enrichment fuel at
three void fractions and three exposures in Grand Gulf-1 and -2, using reso-
nance self-shielded cross sections produced by EPRI-CELL in an earlier study.92
Also, we have calculated the GF for a Quad Cities-1 2.56% enriched fuel sample
described in Ref. 88. All calculations evaluated the GF at cooling times from

one week to six years. The results of the calculations are given in Table

XVIII.

TABLE XVIII

EXAMINATION OF THE DEPENDENCE OF THE BWR GAMMA FRACTION OF TOTAL DECAY POWER

235
ON INITIAL U ENRICHMENT, DISCHARGE EXPOSURE, MODERATOR VOID, AND COOLING TIME
Unit GG182 GG1&2 GG1&2 GG1&2 GG162 GG1&2 GG1&2 GG18&2 GG1&2 QC-1
Power Density, W/cc. 299.4 299.4 299.4 299.4 299.4 299.4 299.4 299.4 299.4 Varies
Initial 235U Enrtichment, % 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 2.56
Discharge Exposure, GWd/tU 17.9 35.5 53.1 17.9 35.7 ©53.4 18.0 35.8 ©53.7 11.8
Moderator Void, % (o} [¢] [o} 40 40 .40 70 70 70 o}
Gamma Fraction of Tota)l Decay Power
@cooling times--
1 week .5631 .5460 .5384 .5633 .5460 .5373 .5635 .5462 .5367 .5695
1 month .5094 ,4820 .4705 .5104 .4825 .4693 .5115 .4833 .4690 .5211
2 months .4650 .4303 .4167 .4658 .4307 .4160 .4666 .4316 .4164 L4771
3 months .4329 .395%5 .3835 .4334 .3961 .3835 .4341 .3973 .3846 .4454
6 months .3373 .3135 .3190 .3382 .3162 .3214 .3395 .3198 .3253 .3492
i year .1919 .2293 .2730 . 1863 .2372 .2792 .2015 .2466 .2874 . 1956
1.5 years . 1601 .2293 .2872 .1669 .2397 .2945 . 1746 .2516 .3038 . 1588
2 years . 1728 .2536 .3138 . 1807 .2647 .3208 . 1897 .2775 .3297 . 1694
2.5 years .1968 .2813 .3388 .2053 .2926 .3449 .2150 .3054 .3526 . 1923
3 years .2231 .3067 .3587 .2319 .3177 .3636 .2418 .3300 .3G97 .2179
3.5 years .2482 .3276 .3727 .2570 .3379 .376f .2669 .3493 .3803 .2429
4 years .2701 .3430 .3809 .27€6 .3525 .3828 .2882 .3629 .2851 .2652
4.5 years .2876 .3530 .3840 .2957 .3616 .3844 .3048 .3707 .3848 .2835
5 years .3004 .3583 .3830 .3080 .3659 .3821 .3164 .3737 .3810 .2974
5.5 years .3090 .3598 .3791 .3159 .3663 .3770 .323%5 .3728 .3744 .3071
6 years .3141 .358% ,3733 .3202 .3640 .3700 .3271 .3693 .3661 . 3131

Decay power data calculated with CINDER-2 using ENDF/B-V data and temporal self-
shielded actinide cross sections from earlier EPRI-CELL calculations of Grand
Gulf 1 and 2 [see Los Alamos report LA-9563-MS, NUREG/CR-3108 (February 1983),
pp. 8-10, 19-20] and Quad Cities-1 [see Electric Power Research Institute re-
port EPRI NP-2855, "Proceedings: Thermal Reactor Benchmark Calculations, Tech-
niques, Results and Applications," (February 1983)].
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Within the scope of this limited study, the following observations can be

made:

1. The GF of low-exposure (12-18 GWd/tU) fuel reaches a minimum at ~ 1%
year cooling and is continuing to increase at six years cooling.

2. The GF of typical discharge exposure (~ 36 GWd/tU) fuel reaches a
minimum at ~ one year cooling and a maximum at 5-5% years cooling.

3. The GF of high exposure (~ 53 GWd/tU) fuel reaches a minimum at
~ one year cooling and a maximum at 4-4% years cooling.

4. At cooling times less than 6 months, the GF is insensitive to modera-
tor void and decreases with exposure.

5. At cooling times greater than six months, the GF increases with mod-

erator void and exposure.

H. PWR Fission-Product Inventory Calculations for the ANS Special Committee

on Fission-Product Source Terms (W. B. Wilson, T. R. England, and R. J.
LaBauve)

An ANS Special Committee on Fission-Product Source Terms is presently work-

ing to define the characteristics of the inventory and properties of fission
products liberated in hypothetical reactor accidents. On their behalf, we have
performed EPRI-CELL/CINDER-2 calculations with ENDF/B-V data following 2.8% en-
riched fuel through equilibrium cycles at 60% duty factor in North Anna-2.
These cycles each consisted of six equal 876-h up periods "u" separated by
508.8-h down periods "d," and followed by a 960-h end-of-cycle down period "D."
The three equal regions at mid cycle have power histories as follows:

Region 1: ududu
Region 2: udududududulududu
Region 3: udududududuDudududududuBududu.

The three-region and total core atom and gram inventories are listed in
Table XIX, along with a comparison of unstable and stable fission products. Al-
though all actinides eventually experience spontaneous fission or decay to the
stable 206-208Pb and 2ogBi, actinides existing in the time frame of this study

are unstable.
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TABLE XIX
CHARACTERISTICS OF MID-EQUILIBRIUM CYCLE NORTH ANNA-2 PWR INVENTORY

QUANTITY REGION 1 REGION 2 REGION 3 TOTAL CORE

ELAPSED HOURS IN CORE 3.645GOE+03 1.2405GE+04 2. 11656E+04
ELAPSED FULL-POWER-HOURS 2.62800E+03 7.88400E+03 1.21400E+04

[ 8]

EURNUP, ATOM % FISSION 4.36154E-01 1.29483E+00 . 14351E+00

[ 8

EXPOSURE, MWD/TU 4.2137BE+03 1.26212E+04 . 10399E+04

(8]

FISSION-PRODUCT ATOM3 5.68G38E+26 1.G6GE2723BE+27 .79200C+27 5.04799E+27

UNSTABLE F-P ATOMS 1.68705E+426 4.11701E+26 6.44199E+26 1.22461{E+27
ACTINIDE ATOMS 6.49352E+28 G.43773E+28 6.38263E+28 1.93139E+29

TOTAL ATOMS 6.55038E+28 6.60G647E+28 6.6G183E+28 1.98187E+28
FISSION~PRODUCT GRAMS 1.10458E+05 3.28466E+05 5.44420E+05 9.83343E+05
UNSTABLE F-P GRAMS 3.23460E+04 B8.02047E+04 1.26634E+05 2.39185E+05
ACTINIDE GRAMS 2.56441E+07 2.54263E+07 2.52105E+07 7.62810E+07

TOTAL GRAMS 2.5754GE+07 2.57548E+07 2.57549E+07 7.72643E+07

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

F-P ATOMS, UNSTABLE 2.96684E-01 2.43992E-01 2.30730€E-01 2.42593E-01
F-P GRAMS, UNSTABLE 2.92837E-O1 2.44180E-01 2.32604E-01 2.43236E-01

IV. CORE NEUTRONICS CODE DEVELOPMENT AND APPLICATION (R. J. LaBauve, T. R.
England, D. C. George, R. E. MacFarlane, and W. B. Wilson)

We have completed a coupled Nuclear Data, Neutronics/Depletion Code System
(DANDE) for neutronics calculations, and this system is now being used by the
Los Alamos National Laboratory reactor design group in their reactor design cal-
culations. A general layout of the code system is shown in Fig. 33; our ap-
proach has been to link existing, proven codes through the use of a local con-
troller (CTL) and to transfer files via a standard interface system.9

In Fig. 33, the three calculational modules are designated by rectangles
and the interface files by circles. At present, the cross-section processing

module consists of the TRANSX code94 operating on a fine-group cross-section

95

library (80 groups) generated by the NJOY code67 from the ENDF/B-V’~ basic data

file. TRANSX produces neutron, photon, or coupled transport cross-section
tables in the standard ISOTXS format with options for adjoint tables, mixtures,
self-shielding/Doppler corrections, group collapse, cell homogenization, ther-

mal upscatter, prompt or steady-state fission, transport corrections, elastic
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removal corrections, and flexible response function edits. Weighting fluxes
for group collapse derived from one-, two-, or three-dimensional diffusion or
discrete ordinates core model calculations done in the core calculational
module can be transferred directly to TRANSX via the standard RZFLUX file. In
principle, the CTL controller could be used to update the microscopic cross
sections of the principal nuclides during a depletion run; but, as we have not
done this to date, this path is not indicated in Fig. 33.

At present, in the core calculational module, we are using the DIF3D dif-

fusion code96 (both finite differences and nodal options) and the TWODANT97 and

TWOHEX98 discrete ordinates transport codes. Our largest problems (e.g., three-
dimensional HEX-Z, DIF3D 1/3 core model of the FTF in 13 planes and 80 groups)
can only be run on our largest Cray machine (1.8-M word storage). Such prob-
lems run in about 12 minutes. The running times for two-dimensional problems

using the Sn codes are comparable to those for three-dimensional problems with

the diffusion code.

e - —— — — — - . . . v = —— —— — R_$ —— —— —— — e A ——— — —— —— — — —— —— —— e e ——— — ——— —— —— — —

CODES MAN!PULATED/MONITORED BY CTL CONTROLLER
ON CRAY MACHINE

i |
| |
| i
| F.P., Actinide }
l Mode! Dependent szﬁ Lurrdips i
CROSS SECTION Muitigroup Xsec ere

: PROCESS ING ISOTXS DERLETION :
! 1
| |
| |
| {
|
| F.P., Actinide Xsecs only Update |
] chonged ofter each RZFLUX Densities |
i time step |
| |
| |
| ]
| |
| }
|

CORE I
: CAL%\OLDA(R EONAL 1 INATDN |
| |
| l
|
l This fite altered to 1 !
I simulate contro! rod |
| repositioning and New Densities for |
| fuel monagement Next Time Step 1
| l
| |
| |
] |
| |
| |
' :
l -

Fig. 33. Code system for neutronics calculations.
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The depletion module is a modified version of the CINDER-2 code99 that we
are calling CINDER-3. This code does summation calculations over the various
fission-product and actinide chains and provides updated nuclear densities for
the principal nuclides and groups the remaining actinides and fission-products
into lumps. In fact, the capability also exists for updating all the micro-
scopic cross sections for the lumps at each time step, but thus far we are only
updating the capture cross sections.

As an example of the flexibility of the CTL controller in manipulating and
monitoring this code system, consider the problem of control rod repositioning
to keep a fairly level keff during a depletion run. 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 chosen for
the problem was four periods of 200 days at full power, the first three of
which were followed by 100 days at shutdown (total time of 1100 days) and
depletion was calculated for Driver-1, Driver-2, radial- and axial-blanket
regions in time steps of 100 days. The CTL Controller examined keff after each
time step; and, if this fell below a certain allowed value, it repositioned the
outer control assembly bank a predetermined amount. In this manner, keff
stayed between 1.000 and 1.035. A parallel problem was run in which the con-
trol assemblies were not repositioned and depletion was calculated using an
average power (70% of full). A comparison of the behavior of the peak/average
power for the two runs is shown in Fig. 34, illustrating the necessity of the
more detailed calculation. The CRAY running time for a single time step
averaged about 40 seconds, giving a total running time of about 7% minutes for
each problem.

The DANDE code was also applied in the calculation of the High Power
Characterizer experiment (HPC) of the Large Core Code Evaluation Working Group
(LCCEWG) benchmark problem No. 5 in the FFIF reactor.100 The core layout for
FFTF/HPC is shown in Fig. 35.

The ISOTX nuclear data file, which we have designated as ISOMANA, used in
the benchmark calculations was that supplied by F. Mann of Hanford Engineering
Development Laboratory, as specified in the benchmark write-up. An additional
nuclear data library, supplied by HEDL, contained reaction cross sections used
to calculate specified reaction rates. Unfortunately, the HEDL ISOTXS library

did not contain data for threshold reactions explicitly--these were lumped in
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Fig. 35. FFTF/HPC full core plan at Z = 154.55.

by ABS; safety assemblies by BPC.
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an "absorption" cross section--which were required in our depletion module
(Fig. 33). As a result, we had to run all depletion leading up to the HPC run
using our ISOTXS file (ISO12A).

The depletion calculation consisted of two 10-day runs of all fueled as-
semblies except the characterizers plus a single 8-day run of all fueled assem-
blies including the characterizers. The Ring 3 safety rods were banked in the
withdrawn position and the Ring 5 control rods were banked at the half-way out
position, 19.1" withdrawn, for all runs. The nodal option of DIF3D was used as
the core calculational module (Fig. 33) with the full-core, hexagonal-Z model
of the FFTIF/HPC as input. As stated above, the Los Alamos data library was
used for the depletion rums; beginning-of-cycle (BOC) and end-of-cycle (EOC)
calculations were repeated using the HEDL ISOTXS file.

The keff at BOC using ISO12A was 0.98935; at EOC it was 0.98006, a loss of
about 1% in k. This is to be compared with 0.98572 and 0.97567, respectively,
for runs with ISOMANA. In the depletion calculations using ISO12A, a Ak/k loss
of 0.0679 was observed after the first 20-day run. Using the HEDL determined
value of Beff = 0.00318 for the FFTF gives a value of 10.69¢/day reactivity
loss. This compares very favorably with the HEDL reported value of 10.75¢/day.
Incidentally, using the number of fissions from the CINDER-3 output and values
of Gd and ‘_’t derived from ENDF/B-V for the various fissioning nuclides, we
determined a value of B = 0.00349.

Also, as stated in the benchmark specifications, the control assembly bank
was withdrawn 2.6 cm during the 8-day characterizer run. Our Ak/k calculated
loss for this period was 0.0026, indicating a rod worth of 1 milli-k/cm; this

is the value we calculate for the control assembly bank at mid core.
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