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APPLIED NUCLEAR DATA RESEARCH AND DEVELOPMENT
QUARTERLY PROGRESS REPORT
April 1 - June 30, 1978

Compiled by

C. I. Baxman and P. G. Young

ABSTRACT

This progress report describes the activities of the
Los Alamos Nuclear Data Group for the period April 1 through
June 30, 1978. The topical content is summarized in the
contents.

I. THEORY AND EVALUATION OF NUCLEAR CROSS SECTIONS

A. R-Matrix Analysis of the Four-Nucleon System (G. M. Hale and D. C. Dodder)

The four-nucleon system is of interest for applied reasons because it con-

tains neutron-source and therumnuclear reactions, but it is also of considerable

intrinsic scientific interest, particularly as a testing ground for presumed

charge-independence properties of nuclear forces. Our comprehensive R-matrix

analysis of this system provides an excellent macroscopic model for these charge-

independence properties, while accounting for a large body of experimental

measurements for the four-nucleon reactions. The isospin-1 parameters are first

determined from analyzing p + 3He scattering data, then incorporated essentially

fixed in a larger analysis of data from the six independent reactions possible

among p + t, n + 3He, and d + D (i.e., the 4He system). “

One aspect,of this approach is illustrated in Fig. 1 by the analyzing-
3

power differences for p + He and p + T scattering at proton energies near 5 MeV.

The differences between measurements of the p and 3He analyzing powers for p + He
3

scattering (left of figure) determines the parameters of the singlet-triplet

spin transitions in the T = 1 (isospin-1) levels. The dominant such transition

at these energies occurs for Jp = l-. Because the singlet Jp = 1- state is ex-

cluded in T = O levels due to symmetrization considerations, the 1- singlet-

1
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triplet transitions in 4He are completely determined by the T = 1 parameters,

which are fixed in our model by analyzing p + 3He data. The resulting differ-
ences predicted for the p and T analyzing powers for p -1-T elastic scattering are

seen

cant

2

in the right side of the figure to agree well with the measurements.

The major progress of this analysis in the past quarter has been a signifi-

improvement in the fit to data for the d + D reactions at deuteron energies
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Fig, 2.
Differential cross section and analyzing power T20 = $ Azz

for the reaction D(d,p)T at Ed = 4 MeV (left), Differential

cross section and analyzing power A~z for the reaction

D(d,n)3He at Ed = 4 MeV,

up to 5 MeV. Some of these data are shown in Fig. 2 for the D(d,p) and D(d,nj

reactions. The fits illustrate a point that has been characteristic of the charge-

independent analysis from the beginning: the calculation does not reproduce meas-

ured differences in the cross sections for the two branches of the D + d reac-

kions nearly as well as it does for the analyzing powers.

— —
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B, EDA Code Development lK, W~tte (C-3), D, C. Dodder, and G. M. Hale]

The EDA program and its auxiliary codes have now been converted for use on

LTSS (time-sharing)system using the FTN compiler. The programs have been de-

bugged and checked for a wide range of operating circumstances. Because of the

large number of options and features of EDA, it is not possible to test it under

all possible configurations. However, it is now reliable under almost all pos-

sfble arrangements. The program under the batch configuration of LTSS is now

running about 10% slower than under the CROS system.

The conversion to LTSS-FTN has meant three important improvements. First,

the code is now available as an interactive tool, including graphics display.

While it is much slower under the conditions usually present in this mode, it is

now suitable for short calculations. Second, the change to a dynamic storage

allocation incorporated at the same time as the conversion has allowed problems of

larger size in certain respects to be run. And third, it should be possible in

the future to make a portable version of the program, suitable for use at other

installations where the FTN compiler is available. This was not previously feas-

ible because the structure of its code, particularly its storage arrangements,

were very closely matched both to the CROS operating system and to the exact

hardware configuration at LASL.

c. R-Matrix Analysis of T-N Scattering (D. C. Dodder)

An R-matrix analysis of the ‘m-nucleonprocesses up to 300 MeV pion energy

has been enlarged to include the n-(p,y)n,
o
T (n,y)n, and T (p,~ )p channels.

The last channel is to represent the large absorption in the T = 1/2, J = 1/2

state. The use of a definite mass for the 0- is an approximation suggested by

the observed experimental width of the CJ-particle. The gamma-ray data require

El, Ml, and E2 multiples in both T = 1/2 and T = 3/2 states. The Ml multiples

occur in both J = 1/2 and J = 3/2 states. The multipole strengths are entirely

determined by the data; there are no theoretical inputs. The R-matrix approach

makes this feasible despite the limited amount of photoproduction and gamma-

emission data for this system.

The analysis is essentially completed and now allows reliable predictions of

m-nucleon scattering cross sections over the 0-300 MeV range, which, for the most

part, are more accurate than the individual

shifts are in reasonable agreement with the

shifts.

4

experimental results. The phase

most reliable single energy phase

.

.



D. Calculation of the
39
K(n,2n)

38
K Cross Section from Threshold to 100 MeV (E.

D. Arthur)

‘1’he39 38K(n,2n) K cross section is used in pion radiotherapy to determine

the neutron dose arising from negative pion absorption. Because no experimental

data exist for this reaction above 23 MeV, we were asked by the biomedical

group at LAMPF to calculate this cross section up to neutron energies of 100 MeV.

For the calculations, the statistical model code GNASH1 was used, which included
2

new preequilibrium routines based on recent exciton model efforts of Kalbach.

The (n,2n) cross section”represents only a few per cent of the

cross section; therefore, competition by proton, deuteron, and

included for each compound neucleus in the decay chain. Since

emission dominates, care was taken in the choice of the global
3

sets used. Also, in the case of neutrons, slight adjustments

total reaction

alpha emission was

charged-particle

optical parameter

were made to

better reproduce the low-energy resonance data. The calculated results are

compared to representative experimental data in Fig. 3.

0 10 20 30 40 50 60 70

NeutronEnergy(MeV)

39
Fig. 3.

Calculation of the K(n,2n) cross section
to 100 MeV made using GNASH is shown.

0“0001 ! I I I I i ! i I

80 9k
1

100

from threshold



E. Calculation of Proton Production From n +
88,89X ~eaction~

. D. Arthur)

As part of a comprehensive effort to calculate neutron-induced reactions
86-92Y and 89-90

on Zr from 0.001-20 MeV, we have investigated neutron and

proton optical-model parameters needed to calculate proton production induced

by neutrons on
88Y and 89Y

. Recently, experimental data4 pertaining to these

reactions have become available through charged-particle simulation experiments
90,91 89,90Y

employing the Zr(t,a) reactions. These reactions produce excited

systems, and the subsequent measurements of the proton decay can be used to de-

termine the relative proton production cross section for n +
88,89Y reactions.

Previous calculations made using Perey proton parameters produce results for

n+89 Y, which are factors of 2-3 above the data for neutrons between 10 and 15

MeV. For the present calculation, we have used as a starting point a new de-

termination of the low-energy proton optical parameters in this mass region per-

formed by Johnson’ using sub-Coulomb barrier (p,n) reaction data. We have re-
89

analyzed his Y(p,n) data8 making some adjustments to the proton parameters and

using a more realistic potential to describe the outgoing neutron channel. Pro-

ton production calculations made with these adjusted parameters for n +
88,89Y

are compared with the charged-particle simulation results in Figs. 4 and 5. The

general features and magnitude of the experimental data are reproduced by the

calculations.

o

6
1 I I I I I

0.0 2.0 4.0 6.0 8;0 10.0 12.0 liO li.O 18.0 2[

Neu~ron Energy (kVI

Fig. 4.

.0

.

.

Comparison of calculated and experimental proton production cross
section resulting from charged particle simulation of n + 88Y.
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is compared to charged particle simulation results.

Fe Evaluation of the Tungsten T.sotopes [C. Philis (Bruy&es-le-Ch~tel)
and E. D. Arthur]

As part of a cooperative effort between Los Alamos Scientific Laboratory,

Argonne National Laboratory, and Bruy&es-le-Ch~tel, we have begun a reevaluation

of neutron cross sections and gamma-ray production data for neutrons between

%3 and 20 MeV. As a first step, we have begun an extensive effort to determine

sets of sphertcal optical model parameters for neutrons in the range from 0.2 to

20 MeV suitable for use in statistical model calculations. Since the tungsten

isotopes are deformed, direct effects are important, and these must be accounted

for in the derivation of neutron optical parameters. Our approach has been

the following. Coupled-channel calculations with the JUPITOR code using the

Delaroche10 optical parameters for tungsten were made to determine the total

dtrect inelastic cross section from 0.2 to 20 MeV. This direct inelastic cross

section was then subtracted from the experimental total cross section, and the

results were used in the determination of spherical optical parameter sets.

By doing this, it was hoped that direct effects not accounted for in the spheri-

cal optical model could be separated, and the resulting data could be described

using realistic spherical parameters. In addition, other data such as the shape

7



elastic cross section, s- and p-wave strengths, and the potential scattering

radius were used in the optical parameter determinations.

The above procedure results in preliminary optical sets that fit the avail-

able total and elastic cross sections over the energy range 0.2-20 MeV.. These

parameters, when used in Hauser-Feshbach calculations, produce compound inelas-
>

tic cross sections which, after being added to calculated direct contributions,
11give good fits to inelastic level excitation data for 182,184,186W .

. Prelimi-

nary GNASH (n,2n) cross-section calculations from threshold to 15 MeV also agree
12well with the data of Frehaut for these nuclei.

G. n + 233U Evaluation (L. Stewart, D. G. Madland, and P. G. Young)

The preliminary ENDF/B-V evaluation that we provided to the National Nuclear

Data Center at Brookhaven National Laboratory used the Version IV evaluation of

the unresolved energy region, which included several discrepancies. During this

quarter we have reevaluated the data in the keV range, and matching unresolved

resonance parameters were obtained by F. Mann of Hanford Engineering Development

Laboratory. The tasks remaining are to merge the new data into the preliminary

file and to derive an energy-dependent fission spectrum representation up to an

incident-neutron energy of 20 MeV.

H. n + 242Pu Evaluation (D. G. Madland and P. G. Young)

A new evaluation of n +
242

Pu cross sections has been completed for the

neutron energy range 10 keV to 20 MeV. The evaluation is available on the

photostore file FS=LASL407 (MAT 107, 0AC=T02PGY) and has been processed for

use in TD Division.

The only
242

Pu reactions for which experimental data exist above 10 keV

are fission and radiative capture, and the capture data only extend to 100 keV.

It was therefore necessary to rely heavily upon nuclear model calculations for

the present evaluation. In particular, model calculations were used to derive

and/or evaluate elastic; inelastic; (n,2n); (n,3n); (n,Y); and first> second,

and third chance fission cross-section components, as well as the elastic and
●

inelastic angular distributions. The model calculations were performed using

LASL versions of the Hauser-Feshbach statistical reaction code COMNUC13 (3/29/78 .

version) and the direct reaction coupled-channel code JUKARL.
14

All calculations

utilized the LASL preliminary global actinide optical potential.
15

Pertinent de-

tails of evaluated and calculated quantities are summarized below.

8



1.
242

Pu(n,f) Reaction. The evaluated fission cross section is based upon
16

averages of the measurements by Auchampaugh below 100 keV and upon the data of

Behrens et al.
17

from 100 keV to 20 MeV. The ENDF/B-V evaluation of
235

U fis-

sion18
242PU

was used to convert the Behrens’ ratio measurements to absolute

cross sections. In Figs. 6 and 7, the evaluated results are compared to the ex-
16,17,19-22

perimental data. The (n,f), (n,nf), and (n,2nf) cross sections were
17

calculated subject to the constraint that their sum equals the measured total

fission cross section. Discrete fission channels (up to 12 each for first, sec-

ond, and third chance fission) and deformed level continuum fission channels were

employed. The calculated and measured total fission cross sections agreed to

within ~ 5%.

n

-.

#Yi?

+

>; x xx xx
@x x x ‘- x -xt- X x RUCHFrMPFrUGtio 1971

m xxxx x + BERGEN. 1970
x

: XxXx%x e BEHRENS. 1976

x o BUTLER, 1960
r? xx xx

A FOMUSHKIN, 196S

x
1

104 e Y 4 S6 7 6 9 10-’ t? 9 4 5

NCUTRON ENERGY, MEV

Fig. 6.

Experimental and evaluated
242 -

Pu(n,f) cross sections between 10 and
500 keV. The solid curve is the present evaluation (LASL-78).
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PU-Z42 FISSION CROSS SECTION b-f t

+ BERGEN. 1970
x aucwinmum. 1971
● BEtiRENSo 1976
Q BUTLER. 1960
● fOIWSliKIN. 1969
x auctifltlPFluoll. 1971
* FOIIUSHKIN. 1967

Experimental and
0.1 and 20MeV.

NEUTRON ENERGY, MEV

Fig. 7,
242

evaluated Pu(n,f) cross sections between
The solid curve is the LASL-78 evaluation,

The evaluated

tures approximated

fission spectrum

by23

T = 0.50 + 0.43 F

is represented by a Maxwellian using tempera-

● (1)

With this representation, the average energy of fission neutrons induced by l-MeV

incident

The

8 and 9.

The most

neutrons is 2.031 MeV.

different evaluations of the fission cross sections are compared in Figs.

The LASL-78, HEDL-78,
24

and ENDL-7625 evaluations are quite similar.
26

significant difference occurs for the ENDF/B-IV evaluation, which is

.

.

substantially higher than the other data sets below 200 keV and between 2 and 8

MeV.

10
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242Pu(n,f) cross sections from 0,1 to 20 M&,

b

2. Average Number of Neutrons Emitted Per Fission (~). There were no
242

Pu experimental data available for the determination of ~p, the average number

of prompt neutrons emitted per fission. To determine ~ , the substantial exper-
P

imental data available for the case of neutrons incident on
240

Pu were analyzed,
242

and the resulting data were corrected to Pu by adjusting for the systematic

variation of U with mass number.
P

A comparison of the different evaluations of Vp(En) is given in Fig. 10.

Below 6 MeV, the LASL-78, ENDL-76, and ENDF/B-IV evaluations are in good agree-

ment, whereas the HEDL-78 values, which are based upon a phenomenological
27model given in the Manero and Konshin review article, are 3-4% higher than

the other data.

11
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Fig. 10,

neutron energies between O and 20 MeV.
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3.
242 242

Pu(n,Y) Reaction. The Pu radiative capture cross section was

calculated using the COMNUC model code and a gamma-ray strength function adjusted
28

to agree with the measurements of Hockenbury. For energies above 4 MeV, the

capture cross section was calculated using a preequilibrium cascade process with

gamma-ray emission probabilities calculated at each stage.

The evaluated cross section is compared to the Hockenbury data and to other

evaluations in Fig. 11. Large differences exist, particularly above 3 MeV. A

~ 1 mb near 14 MeV, is supported by recent
238

value of 0 , U measurements at the
n,

Los Alamos Scientific Laboratory.
29

- I I [
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Fig. 11.

Evaluated
242

Pu(n,y) cross section from 10 keV to 20 MeV.
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4.
242

Pu(n,n’) Reaction. Hauser-Feshbach calculations were carried out

for the discrete compound inelastic scattering for 19 levels up to an excitation

energy of 1.152 MeV. Above this excitation, continuum compound inelastic scat-

tering was calculated using a deformed nucleus level density. Direct coupled-

channel inelastic scattering was calculated for the first five members of the

ground state rotational band assuming an axially symmetric rotor model. Quadru-

ple and hexadecapole deformations were taken from Ref. 30.

Figure 12 compares the total inelastic cross section from the various eval-

uations. Numerous differences exist among the data sets; one of the more signif-

icant is the fact that the maximum in the ENDL-76 cross section is broader and

occurs some 1-3 MeV lower in energy than for the other data sets. The average

emitted neutron energy from inelastic scattering is given in Fig. 13 for each of

the evaluations. The ENDL-76 (n,n’) spectrum is significantly softer below 1 MeV

than the other evaluations, and large differences exist among all the evaluations

above 1 MeV.

o .

.
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.

0 .
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Fig. 12.

Evaluated 242
Pu inelastic cross sections from threshold to 20 MeV.
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5.
242

Pu Elastic Cross Section. The elastic cross section was determined

by subtracting the sum of the evaluated nonelastic cross sections from the eval-

uated total cross section. The evaluated elastic cross sections from 10 keV to

20 MeV are compared in Fig. 14. The present (LASL-78) evaluation differs from

the calculation by at most ~ 100 mb. The LASL-78 elastic and inelastic angular

distributions include both compound and direct contributions.

6.
242

Pu(n,2n) and
242PU n Sn ~eaction~o

9 Hauser-Feshbach calculations

of the (n,2n) and (n,3n) reactions were carried out with discrete (10 levels) and

continuum (deformed level density) contributions included in each case. The cal-

culations are compared to other evaluations in Figs. 15 and 16.
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7.
242

Pu Total Cross Section. The 242Pu total cross section was obtained

in an ad hoc fashion. The deformation effects (inelastic scattering in the

coupled-channels formalism) were combined with the total cross section calculated
15

with the preliminary LASL (spherical) global actinide potential in the follow-

ing manner. Calculations with this potential for actinides (uranium isotopes)

of measured total cross sections showed that the differences between calculation

and experiment were approximately equal to the calculated total direct inelastic

scattering using the coupled-channels method without modification of the absorp-

tive potential. Since no inelastic scattering data exist by which the change in

the absorptive potential could be determined, the total direct inelastic scatter-

ing was simply added to the calculated (spherical) total cross section to obtain

the final total cross section. [The LASL preliminary (spherical) global optical
15

potential for the actinides is presently being used as the starting parameter

set to obtain a global (deformed) potential in coupled-channel calculations that

include inelastic scattering data.]
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Evaluated
242

Pu total cross section from 10 keV to 20 MeV.

The total cross sections from 10 keV to 20 MeV for

pared in Fig. 17. The peak in the ENDL-76 total near 1

in the (n,nf) cross section shown in Fig. 12,

four evaluations are com-

MsV results from the peak

I. Addition of the Fission Channel to the GNASH Code (E. D. Arthurj

As part of a program to upgrade the preequilibriuwstatistical model code

GNASH1 we have incorporated a fission channel so that multistep particle emis-

sion cross sections and spectra can be calculated for nuclei in which fission

occurs. The fission barrier is represented by a harmonic oscillator hetght EB

and curvature liu. The fission transmission coefficients are then given in the

Hill-Wheeler
31

formulation as

1 .
‘F(E) - 1+ exp [21T(E-EB)/liU]

For

eluded.

each fissioning system, up to 50 discrete fission channels can be in-

These can be supplied by the user or, as a default, the levels of the

.

,

.

.
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compound

discrete

ture and

supplied

system compressed by a given input factor can be used. Above the last

fission channel, a continuum level density based on constant tempera-

Fermi-gas forms is used. Barrier heights and curvatures are generally

as input, although the option exists for default values based on syste-

matic to be used.

Comparisons have been made between GNASH and the statistical code COMNUC

with identical parameter sets for n +
242

Pu, and good agreement was obtained for

the (njf) cross section. We are presently using GNASH to calculate (n,xn) reac-

tions on
235U and 238

U, to provide spectral efficiency correction data for recent

measurements of Lynn Veeser of LASL Group P-3, and to compare with other available

(n,xn) data. Usi~g neutron transmission coefficients based on a recent actinide
32

optical-model parameter set of Madland, the fission-barrier parameters of Back

et al.,33
34 235U

and the preequilibrium model of Kalbach, we have calculated the

and 238U fission cross section from 4 to 21 MeV. The calculated curve is compared

in Fig. 18 to recent measurements of the
235

U and 238U fission cross sections by

Leugers et al.35 in the energy range from 1 to 20 MeV.

, 1 , , I , , I , I 1 1 r 1 1 I # i I ‘ t
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Fig, 18:
The GNASH calculated fission cross sections are compared with the
experimental data of Leugers for 235u and 238U0
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J. Gas Production and Activation Cross Sections (L. Stewart and E. D. Arthur)

Many of the cross sections required for ENDF/B-V have not been measured,

and a few are virtually impossible to determine experimentally. For example,

hydrogen and helium production cross sections for structural materials such as

stainless steel have not been measured above a few MeV except at 14 MeV.

A paper36 discussing the problems associated with providing gas production

and activation data for ENDF/B was presented at the June San Diego American Nu-
,

clear Society Meeting. Examples of calculations of hydrogen and helium produc-

tion cross sections with the GNASH nuclear model code were presented.

II. NUCLEAR CROSS-SECTION PROCESSING.

A. Integral Testing of Methods and Data (R. B. Kidman)

The 50-group library LIB-IV,
37 38

generated with the MINX processing code

using ENDF/B-IV39 data, has been extensively tested on all 17 of the Cross Sec-

tion Evaluation Working Group fast reactor benchmarks.
40

Results from this test-

ing have been compiled in a LASL report.41 Every experimental measurement is

compared to 1-D and 2-D diffusion theory and S P
16 1/2

transport theory results.

Several comparisons with other laboratories are also presented. In general, the

results do not show any outstanding improvements or discrepancies over previous

calculations. The main benefits of the study are the introduction of the pack-

aged bench mark concept, which provides a convenient tool for rather complete

testing of data and methods, and the establishment of a reference set of calcu-

lations that can be used to assess MINX and measure future data and code

improvements.

B. Phase 11 Testing of Preliminary ENDF/B-V Data (R. B. Kidman)

Phase II testing of preliminary ENDF/B-V data consists of having

laboratories process the data into multigroup cross sections and then

several

to test

the processed data in the calculation of several assigned benchmark problems.

LASL has just recently received the preliminary ENDF/B-V data tapes. We

have decided to process the data with the new code NJOY. Also, in order to make .

the processed cross sections applicable to fast and thermal reactors, fusion,

weapons, and shield calculations, new 185-group neutron and 48-group photon .

structures and a new weighting function were programmed into NJOY. This proces-

sing is currently under way with high priority. It will require setting up,

debugging, and “pushing” through the computer approximately 100 runs.
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When Phase 11 testing of ENDF/B-IV was carried out, LASL provided 50-group

cross sections to several laboratories. We intend to collapse the 180-group

data to 50-groups to minimize-any changes required to repeat the bench mark

calculations.

co Power Reactor Cross-Section Processing Methods (R. E. MacFarlane)

The new generation of thermal reactor codes sponsored by the Electic Power

Reseach Institute (EPRI-CELL, EPRI-CPM) use the same background cross-section

approach to self-shielding as is used in fast-reactor codes. A detailed investi-

gation of the effects of the approximations used in this method on thermal reac-

tor problems is npw under way with the goal of improving both the libraries and

the analysis codes. Some early results were reported in a paper
42

entitled

“Data Processing for Power Reactor Fuel Cycle Codes,” presented at a symposium on

Nuclear Data for Thermal Reactors held at Brookhaven National Laboratory. Some

effects of non-1/E flux, intermediate resonance parameters, elastic scattering

self-shielding, transport correction, and heterogeneity were discussed.

D. The MATXS/TRANSX Cross-Section System (R. E. MacFarlane, R. J. Barrett, and
R. B. Kidman)

The MATXS cross-section interface file is under development as a comprehen-

sive file for use in the CCCC system. Recently, capabilities to store and re-

trieve thermal cross sections and self-shielding information have been added to

the format, to the MATSXR formatting module of NJOY, and to the TRANSX retrieval

code.

Thermal data are stored in a special “data type” that allows for free-gas

and bound-scatterer incoherent and coherent group-to-group matrices of arbitrary

Legendre order. For each nuclide, several different binding states can be in-

cluded in the same library. This would allow, for example, the construction of

cross sections for both water and polyethylene without having to duplicate the

high-energy cross sections of hydrogen, whtch are not altered by the binding.

In practice, the TRANSX user specifies the number of thermal groups desired

(e.g., 40) and the names of the thermal coherent and incoherent scattering reac-
1

tions desired (e.g., “H20”). The code then replaces the static H elastic scat-

tering group-to-group cross sections for the lowest 40 groups with the cross

sections for lH in H20

requires setting “NUP”

up and down scattering

and adjusts the total cross section accordingly. This

greater than zero; TRANSX will consistently truncate both

if necessary in forming the transport tables.
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The traditional method of representing resonance self-shielding effects has

been to use “f-factors,” defined as the ratio of the cross section for one par-

ticular temperature T and background cross section 0
.0

to a reference case (often

T=Oanda .mo ). MATXS departs from this tradition by storing AU = C(T,CO) -

a(ref). This representation requires less storage in the retrieval code since

only the accumulating cross section and AU are in memory at once, whereas the

traditional method requires the accumulating cross section, the f-factor, and

the reference cross section. The Aa method allows TRANSX to shield each element

of the scattering matrix without excessive use of memory. Provisions are in-

cluded to shield the heat production cross section and the photon production

matrix. .

TRANSX allows for group and nuclide dependent 00 values for each mixture.

The values can be determined by iterating the total cross section of a mixture

to convergence (the 0o-iteration), by using a simple buckling, or by specifying

a single escape cross section.

Once T and 00 have been determined for each nuclide, the code interpolates

using multipoint Lagrangian interpolation with special branches for very large

and very small ~. values. This approach requires only one material to be in

memory at any time and is therefore well suited to reading through a material-

order file like MATXS. These new schemes have been investigated with the use of

an auxiliary plotting program that has graphically caught several errors. The

latest iteration is still under investigation.

To make use of the new thermal and shielding capabilities, the TRANSX user

must supply some additional information. An example for a simple three-region

pin cell follows.

YRANSX
MATXS TO TRAN$PORT 3Q,QAISS

OPTIONS
..W.O.9

IPRINT 0
IOUT 0
1PR08 0
ISET t
:FOQU 1
ITIME 1
IFPART B
lTRC 0
ICOLL =1
IFLLJX e

PARAMETERS
,W.,w-e.mq
NGN z
NGG 0

(8/lxL’oNG/snoRT)
(k311/s/3/u=~ONEILASL/TD/FIDO/ANISN)
[Otl=DII?ECT/AOJOINT)
(1/?/3zNN/GG/COUPl.ED)
C1/2=MAT~ISE/G20UPdISE)
(1/~=sTEAOY-STATE/2QOM2T)
(fl/tSNO/yEs)
(0/1/2/3/u=NO TQANspoRT COaR/CONS,~/DIAG/B_HWS/INFLOUl
(=1/0/NFINE=LIR FLux/NO COLLAPSE/QEAD FLUX)
(0~1/2xN0 FLUX cALCULATIfJN/Ba/Bl)

t4EUTRON GROUPS
GAMMA GRouPS

.

?.

.

.
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NL TABLEs
NTABL d! POSITIONS IN TABLE
NUP UP SCATTER GRoups
NMIX : MIXE$ OR t447kR1ALs
NMIXS 5 MIXTURE SPECIFICATIONS
NED AA EXTRA EDIT POSITIOVS
NCDS 3 EDIT SPECIFICATIONS

MIX NAHES HETEROCENIETY
,W-wava.v 99.99w.-089--

(1) 1 FUEL l,0173E+0Ei 0,
2 w;5 1! 0, 0,
3 0 2), 0,

NIX SPEcS DENSITY TEMP (K) SIGZERO REG THERMAL
W*9?OW9V8 99----- 9.9-9-.. we-.,-m w-w ..m.w-,

(2) 1 Llz35 6,253E;a/1 3,000E+Fj? 0, i aa FREE

U23B 4,721E-02 3,809E+a~ 0, 40 FREE

; ALz1 6,025E.k3i? 3,E’H0E+a2 l*kli30E+10 ; 48 FREE

(?)3 Ml 6,676Eo02 3000L3E+a2 l,nO@Et!n 3 40 H20
3 016 3,336E=B2 3,~@~L40~ loOi)@E+lB J 40 FREE

.

EDIT NAMES
9*m-*-mv-w

CHI

: F238
3 F235
4 C236

EOIT SPECIFIC~710NS
WUa----.woa.-.w-.99
2 NFTO1 l,a@OE+aB u231J

3 NFTOT l,L3B9E@fin UZ35

a NG i,000E+Dk3 U232J

COLLAPSE SPECIFICATIONS
..wqa-=.w.---.w . ..-”...

45 24

FILE ID MATXS T2LASL NJOY VERs 1

THERMAL TEST
●

●

●

CDMPUTEO SIGMA ZERO ?ALOES BY FINE GQOUP
-*--*-=----- . . . . . . . . . . . . ..--=.m-m.-- -v--
GROUP 1 UI?35 ~ J238
.“-99 89-...9-. . ..9.---=

2,13E+03 2.16E+M1
; 2,21E+93 .s,i7E+@l

POSITION
g9*0w.*.

1 CHI
2 F238
S F235
4 C231)
5 AOS
6 NuSIGF
7 TOTAL
8
Q INGRP

to

.
:.

GROUp 1
● *-..9”-.
l,a?aE+no
U,317E.n3
5,669E.M~
3,33ZE.g2
~,975E-o12
2,577E-mz
5,Z09E.nl
V.363E.~0
AJ,609E=@l
o,

GROUP z
.9.8 . . . . .

0,
0,
l,8A3E-01
7,170E.az
7,228E.31
u,u99E.al
l,15uE+0a
J.
u,3B7E.Or

2,536EoI?u



Line (1) indicates that mix 1 is to have an escape cross section correspond-

ing to a mean chord of 4.915 mm. The other two regions are infinite and homo-

geneous. Line (2) specifies that in mix 1,
235

U is to have a given density and

temperature, that 00 is to be calculated, that mix 1 is in region 1, and that 40

groups of free thermal scattering are to be used. In mix 2 and mix 3, U. = ~ is

adequate. Note on line (3) that the thermal scattering appropriate to water is

used for the hydrogen in the moderator region. The results are collapsed to two
235U fis

groups (0.625-eV break), and special activity edit cross sections for
238

sion and capture and U capture are provided for calculating the standard spec-
28 28

tral indices p , 825, and 6 . The resulting cross sections for the three mixes

are directly avai~able for use in a standard transport code.

E. Thermal Reactor Cross Sections (R. E. MacFarlane and R. M. Boicourt)

A library of multigroup cross sections for thermal reactor applications has

been prepared from ENDF/B-IV evaluated nuclear data using the NJOY processing

system. The library uses the 69-group structure of EPRI-CPM,
43

which has 27 fast

groups (above 4.0 eV) and 43 thermal groups. The nuclides included are listed

in Table I. Note that temperature and background-dependent self-shielding fac-

tors are included for the heavy isotopes. Most nuclides include complete sets of

cross sections and P3 group-to-group matrices versus temperature (usually 300 to

2100 K), although only transmutation cross sections are given for the indicated

isotopes. All nuclides have had prompt heat production cross sections (KERMA

factors) and free gas thermal scattering matrices constructed for them. In addi-

tion, bound thermal scattering matrices are included for lH in water,
1
H in Dolv-

2 9ethylene, H in heavy water, Be in beryllium metal, and
12
C in graphite. Coher-

ent scattering is given for beryllium metal and graphite. Although this library

was originally produced to be converted into a job library for the CPM code (a

reactor cell code using the collision probability method), it can also be used

in standard diffusion and transport codes after appropriate reformatting.

111. FISSION PRODUCTS AND ACTINIDES: YIELDS, YIELD THEORY, DECAY DATA, DEPLETION,
AND BUILD-UP

A. Fission-Yield Theory [R. Pepping (University of Wisconsin), C. W. Maynard
University of Wisconsin), D. G. Madland, T. R. England. and P. G. Youngl

Fission-product yields have been computed,based on the assumption of oblate

fragments at the scission point. This is done by constraining either the center-

.

.

.

●

to-center or end-to-end separation. Such a constraint is consistent with the
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TABLE I

ISOTOPES IN THERMAL POWER REACTOR CROSS-SECTION LIBRARY

Nuclide Nuclide (with
(complete) (transmutationonly)

H-1
H-2
He-4
B-10
C-12

N-14
0-16
Na-23
Mg -
Al-27
Si

K
Ca
Cr
Mn-55
Fe
Ni

Ru-103
Ru-105
Rh-103
Rh-105
A$3--1O9

1-135
Xe-131
Xe-133
Xe-135
CS-133
CS-134

Pr-143
Nd-143
Nd-145
Nd-147
Pm-147
Pm-148

Nuclide (with
resonance only)

Th-232
Pa-233
u-233
u-234
U=235

U-236
U-238
NPF237
Pu-238
Pu-239
Pu-240

Pu-241
Pu-241
Pu-242
Am-241
Am-243
Cm-244

Zircalloy-2 Pm-148m
Mo Pm.149

Pm.151
Sm-149
Sm-150

Sm-151
Sm-152
Sm-153
Sm-154
Sm-155

44
nmdel proposed by Jensen and Dossing. The general features of the yield do not

differ greatly from those previously reported.
45

In some cases the space of al-

lowed shapes appears to be too restricted, the minimum potential energy occurring

tor shapes of maximum allowed oblateness.

A persistent feature of the yields computed,assuming both oblate and prolate

configurations,is an enhancement of the yield of fragments with odd Z. Recent
46,47

measurements show an enhancement of about 25% of fragments with even Z.

There are two possible sources of this effect: the level density and the ener-

getic. The level density, with the parameters reported previously,
48

shows an
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odd-Z enhancement, while the energetic (G-function) favor even-Z. The effect of

energetic is then not sufficiently strong to overcome the level-density effect.

As an independent check, level densities have been computed with a code devel-
49

oped by Moretto for a few test cases, confirming the odd-particle number en-

hancement. A reevaluation of the shell and pairing terms is under way.

B. ENDF/B-V YIELDS [T. R. England, J. Liaw (University of Oklahoma), W. B,
Wilson, D. G. Madland, and N. L. Whittemorel

Subject to data testing results, Version VE yields will be supplied to re-

place those values currently being used in ENDF/B-V. The target date for com-

pletion of this effort is August 15, 1978.

The new yiel~s correct several known, but minor, errors in Version VD, and

include more delayed neutron branching fractions (92 vs. 57) and measured data.

Currently,the isobaric chains are being extended to include all nuclides in

the decay data files, and the yields and their uncertainties put into the new

ENDF/B-V format structure. Data testing will begin about August 1, and the re-

sults will determine whether or not the new values will be used.

c. Decay Heat Standard [T. R. England, R. E. Schenter (Hanford Engineering
Development Lab), and F. Schmittroth (Hanford Engineering Development Lab)

An extensive report
50

on integral decay-heat comparisons with ENDF/B and

generation of the nominal values for use in the ANS 5 Decay-Heat Standard has

been prepared. The results were presented in an invited talk at the seminar on

Nuclear Data Problems for Thermal Reactor Applications held at Brookhaven Nation-

al Laboratory on May 22-24, 1978.

In this report, results from recent integral decay-power experiments are

presented and compared with summation calculations. The experiments include

the decay power following thermal fission of
233U 235U and 239PU

9 1 . The sum-

mation calculations use ENDF/B-IV decay data and yields from Versions IV and V.

Limited comparisons of experimental beta and gamma spectra with summation cal-

culations using ENDF/B-IV are included. Generalized least-squares methods are
235 239

applied to the recent U and Pu decay-power experiments and summation
235U

calculations to arrive at evaluated values and uncertainties. Results for

imply uncertainties less than 2% (1 0) for the “infinite” exposure case for all
239

cooling times greater than 10 s. The uncertainties for Pu are larger. Ac-
235U 238U

curate analytical representations of the decay power are presented for s s

.

●

✎

and 23’Pu for use in light-water reactors and as the nominal values in the new
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ANS 5.1 Standard, accepted by the

inal values with ENDF/B-IV and the

eluded. Gas content, important to

on decay power are reviewed.

The importance of this report

ANS on June 21, 1978. Comparisons of the nom-

1973 ANS Draft Standard in current use are in-

decay-heat experiments, and absorption effects

is that it documents all comparisons and con-

tains a detailed summary of the nominal values and uncertainties used in the

Most of the effort toward understanding the
239

standard. Pu decay-heat discrep-

ancy between IASL and ORNL and calculations made during this quarter are dis-

cussed in the report.

D Spectral Comparisons (T. R. England, R. J. LaBauve, and N. L. Whittemore)
,

During this quarter, we have compared
239

Pu and
233

U gamma spectra recently

measured at LASL by E. Jumey and P. Bendt with calculations using ENDF/B-IV

data. The results are generally as good as the earlier
235

U comparisons.
51

E. Status of Fission-Product Data for Absorption Calculations (W. B. Wilson
and T. R. England)

The status of fission-product data for absorption calculations was described

in a paper presented at the seminar on Nuclear Data Problems in Thermal Reactor

Applications held at the Brookhaven National Laboratory on May 22-24, 1978. In

addition to the summary of the development of methods and data, a study of the

fission-product nuclides and parameters most significant to parasitic absorption
52

calculations was described. The sensitivity of the fission-product absorption

rate to each of the nearly 300 nuclide parameters was examined at a number of

irradiation periods of 33 GW days/MT light-water reactor fuel.

F. Library for Processed ENDF/B Aggregate Fission-Product Spectra (R. J.
LaBauve, T. R. England, and D. C. George)

The library of processed ENDF/B aggregate fission product multigroup pulse

spectra (PEFPYD), the code for collapsing to a broad-energy group structure and

fitting the resulting broad-group pulse spectra with analytic functions (the

code FITPULS), and the application of these fitted functions in the calculation

of decay-energy spectra for finite irradiation times were described at the June

American Nuclear Society Meeting.
53

To date, we have obtained parameters for

pulse fits in 11 broad-energy groups for 5 ENDF/B-IV fission-yield sets.
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The parameters for the fits, shown in Table II, are in an ENDF-like format
233 235U ~herml 238U fast 239PU themal and 232~ fast

and are for U thermal, 9 s s

neutron incident energy for both beta- and gamma-decay energy spectra.

In the ENDF-like format, columns 66-70 contain the “MAT-No.” that is used

to identify the target nucleus. The MAT-Nos. used in the listing are the same

as those used in ENDF/B-IV and are as follows.

MAT No. Target Nucleus

1260
233U

1261
235U

1262
238U.

1264
239PU

1296
232m

A zero in column 70 signifies the end of the data for that MAT. The next two

columns, 71 and 72, are used for the MF-No., which identifies the energy of the

incident neutron. Here only two numbers are used; MF=80 denotes “thermal”

neutrons, and MF=81 denotes “fast” neutrons. A zero in column 72 signifies the

end of the data for that MF.

. Columns 73-75 contain the MT-No. that is used here to identify whether the

parameters are for a fit for the beta decay energy spectrum (MT=802) or a fit

for the~amma decay energy spectrum (MT=803). A zero in column 75 signifies

the end of the data for that MT.

The data for a particular MAT, MF, MT combination are given in field widths

of 11 and are organized as follows.

1. The sixth field on the first data card (number 11 in this case) gives the
number of broad-energy groups for which the pulse fits are given.

2. On the next card, the first two fields give the energy bounds for the
group in MeV; 0.1 to 0.9 MeV for group 1, for example. The sixth field
gives the group number; 1, 2, 3, 4, etc.

3. The first two fields on the third data card give the cooling-time range

in s over which the fit was made; 0.1 to 1 x 109 s for group 1, for ex-
ample. The sixth field gives the number of pairs of parameters used in
the fit; 16 for group 1, for example.

4. Next follows a number of cards containing the ai and Ai used for the pulse
fit.
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For example, for group 1, six cards are needed to contain the sixteen
16

parameters needed for the pulse fit fc(t) =
z

aie-Ait .

. i=l

TABLE 11
. .

USEFUL FITS IN 11 GROUPS

11 GROU? FITS FROM EpT/TIHE DECADE PEFPYD D474tJUN78tRJL/DCGoLASL -0-0 ●0
0, 0 0 u ll126u8@8ez
I,naaot?- 1 hnwul- 1 B e B l12bBB08@i?
1,921?(3R- 1 l.dndk!u+ 9 0 161?bti8~80Z
I,17887w 3 1.31789*0 7,3@fJZ3W; 1,23996-1 3,3S156=i l,b?269= Z12b~8~802
4,191!917- 5 3oi(154@- 3 ~,9s31?8* 5 1,fj9729- 3 8,50174- b 4, 1fG?89-, U12b~8@602
3,93218- b 1.U3197- Q“Y.872U~- 7 4.15921- 5 4,88582- 7 1,537949 5126B8080~
6,2S912- 8 qo5z95H- 6 3c25ai6- o 1,~7531- 6 7,57565- 9 U,985913- 7126080802
U,ZZ?OID 9 ~m2flu67- 7 6,7995U-10 7m57b4cjw 8 3,61435-11 l,b148ti- 81~6i~8@8@2
1,8i2686011 8.87199-!0 0oO’dk3@0+ i! 0.’d’?iUa0+ O 0p00aL4@+ a @otii$U@d+ U1260808a2
am~aeaa- 1 9.afiaf10- i a c1 a Z12b08ti8f12
lo~dd?n- 1 loil@dUti* 9 c1 u 171?6U8t?8tiZ
7,89~lb- S lmU8bf45+ 8 1,695599 z 2,99261- 1 ~,95b7Z- 3 l,i?286b- ll~ba838k12
1,79883- 3 1,85960- I? ZmIJZ225W u 3,97993- 3 1,03123= 4 l,3t3779w 3i2bldB0802
3,45265- 5 4.54434- 0 1.23831- 5 l,b741S- U i?,la957= 6 4,42Zli3- 5126ti8@6@2
l,U7@U5- b 1.7flu84- 5 2.f1228b- ~ 5,76BU3W 6 s,8594d- 8 l,Q41?b- b12bfi6ti8~2
9,13u35R- 9 IJ.62132- 7 6,85P99w 9 2.031U7- 7 1,23372- 9 8,a9713= 81~b~8~802
l,0@fl~3wli3 2.11370- 6 l,5z75u*ll 8,b2735-lfl O,@fdOWO+ : ti#OaWM+ ai26aS@Bu2
9,fld3iJ!?- 1 1,35ABO+ 0 a n
l,aa3uL3- 1 j.00auO+ 9

31260B@8fif2
17126flfJB13Bz

1,571B6w 2 l,606ab+ a 4,61113= ! 3,54381= ; 7,bla68* f l~27003=ll~b~0~S~2
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..—
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66
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76
77
78
79
80
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82
83
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86
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88
89
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91
92
93
9U
95
96
97
98

1::
101
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1L43
ltia
105
1!46
107
108
1 f19
110
111
112
113
114
115
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117
118
119
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121
122
123
12a
11?5

12h
127
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129
13U
!31
132
1s3
154
135
136
137
138
139
llJ’J
141
142
1U3
144
j 45
1(J6
147
148
149
15P
151
152
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15U
155
156
157
158
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lbFI
161
162
163
16/4

i65
106
lb7
168
!6?

172
173

1

41



REFERENCES

1.

2.

3.

40

5.

6.

7.

8.

9.

10.

11.

12 ●

13,

14.

42

P. G. Young and E. D. Arthur, “GNASH, A Preequilibrium, Statistical Nuclear-
Model Code for Calculation of Cross Sections and Emission Spectra,” Los
Alamos Scientific Laboratory report LA-6947 (1977).

C. Kalbach “The Griffin Model, Complex Particles, and Direct Nuclear Reac-
tions, “Z.’Phys. A283, 401 (1977).

C. M. Perey and F. G. Perey, “Compilation of Phenomenological Optical Model
Parameters 1954-1975,” Atomic Data and Nucl. Data Tables 17, ~ (1976).
[Neutrons: Wilmore-Hodgson (14-40 MeV); Bechetti-Greenlees (40-100 MeV).
Protons: Bechetti-Greenlees. Deuterons: Perey. Alphas: results

from a +3’ K as listed in the compilation.]

J. Wilhelmy, Los AlarnosScientific Laboratory, personal communication.

E. D. Arthur and P. G. Young, “Neutron Cross Sections for Yttrium and Titan-
ium Isotopes,” in “’’AppliedNuclear Data Research and Development April 1-
June 30, 1977,” compiled by C. I. Baxman and P. G. Young, Los Alamos Scien-
tific Laboratory report LA-6971-PR, p. 6 (1977).

C. M. Perey and F. G. Perey, “Compilation of Phenomenological Optical Model
Parameters 1954-1975,” Atomic Data and Nucl. Data Tables 17, ~ (1976).

C. H. Johnson, A. Galonsky, and R. L. Kernell, “Anomalous Optical Model
Potential for Sub-Coulomb Protons for 89 < A < 130,” Phys. Rev. Lett. 39
1604 (1977).

—

89 89
C. H. Johnson, R. L. Kernell, and S. Ramavataram, “The Y(p,n) ZR Cross
Section Near the First Two Analogue Resonances,” Nucl. Phys. A107, 21 (1968).

Ch. Lagrange, “Optical Model Parameterization between 10 keV and 20 MeV--

Application to the
89Y and 93

Nb Spherical Nuclei,” Presented at the National
Soviet Conference on Neutron Physics (1975).

J. Delaroche, G. Haouat, R. Shamu, J. Lachkar, M. Patin, J. Sigaud, and J.
Chardine, “Study of Even-Even Tungsten Isotopes by Neutron Scattering,”
Proc. of the National Conf. on Neutron Physics, Kiev (1977).

P. T. Guenther, “The Elastic and Inelastic Scattering of Fast Neutrons from
the Even Isotopes of Tungsten,” Ph.D. thesis (1977).

J. Frehaut, Bruy&res-le-Ch~tel, private communication (1978).

C. L. Dunford, “A Unified Model for Analysis of Compound Nucleus Reactions,” “
Atomics International report AI-AEC-12931 (July 15, 1970).

H. Rebel and G. W. Schweimer, “Improved Version of Tamura’s Code for Coupled-
.

Channel Calculations: JUPITOR Karlsruhe Version,” Gesellschatt fur Kernfor-
schung M.B.H. report K.F.K. 133 (Feb. 1971).



15. D. Madland, “Neutron Optical Potential for Uranium Isotopes,” in “Applied
Nuclear Data Research and Development July 1 - September 30, 1977,’’compiled
by C. I. Baxman and P. G. Young, Los Alamos Scientific Laboratory report
LA-7066-PR, p. 12 (Dec. 1977).

16. G. F. Auchampaugh, J. M. Farrell, and D. W. Bergen, “Neutron-Induced Fission

Cross Sections of
242

Pu and
244PU

s“ Nuc1. Phys. A171, 31 (1971).

17. J. W. Behrens, R. S. Newbury, and J. W. Magana, “Measurements of the Neutron-

Induced Fission Cross Sections for
240PU 242PU and 244PU Relative to 235

u
from 0.1 to 30 MeV,” Nucl. Sci. Eng. 6&,’433 (1678).

18. M. Bhat, Brookhaven National Laboratory, personal communication (1977).

19. D. W. Bergen and R. R. Fullwood, “Neutron Induced Fission Cross Section of
242PU

s“ Nuc1. Phys. A163, 577 (1971).

20. D. K. Butler, “Neutron Induced Fission Cross Sections of Pu
242

from 0.1 to
1.5 MeV,” Bull. Am. Phys. Sot. ~, 234 (1959).

21. E. F. Formushkin, E. K. Gutnikova, Yu. S. Zamustrin, B. K. Moslennikov, V.
N. Belov, V. M. Surin, F. Nasyrov, and N. F. Paskin, “Cross Sections and
Fragment Angular Anisotropy in Fast-Neutron Fission of Some Isotopes of
Plutonium, Americium, and Currium,” Yad. Fiz. [Sov. J. Nucl. Phys.] ~, 689
(1967).

22. E. F. Formushkin and E. F. Gutnikova, “Cross-Sections and Angular Distribu-

tions of Fragments in the fission of 238PU 242PU and 241 -
Am by Neutrons of

Energy of 0.45-3.6 MeV,” International Nuc~ear Data Committee report INDC
(CCP)-7/u, p. 28 (1970).

23. J. Terrell, “Prompt Neutrons from Fission,” Proc. of the IAEA Symposium on
the Physics and Chemistry of Fission, Salzburg (1965).

24. F. Mann and R. E. Schenter, “HEDL Evaluation of Actinide Cross Sections for
ENDF/B-V,” Hanford Engineering Development Laboratory report HEDL-TME-77-54
(1977).

25. R. J. Howerton, D. E. Cullen, R. C. Haight, M. H. MacGregor, S. T. Perkins,
and E. F. Plechaty, “The LLL Evaluated Nuclear Data Library (ENDL) Evaluation
Techniques, Reaction Index and Descriptions of Individual Evaluations,”
Lawrence Livermore Laboratory report UCRL-50400, Vol. 15 (1975).

26. H. Alter and C. Dunford, Brookhaven National Laboratory, personal communica-
tion (1974).

27. F. Manero and V. A. Konshin, “Status of the Energy Dependent ~-Values for
the Heavy Isotopes (Z > 90) from Thermal to 15 MeV and of v-Values for
Spontaneous Fission,” Atomic Energy Reviewg, 637 (1972).

43



28. R. W. Hockenbury, A, J. Sanislo, and N. N, Kauehal, “ke’VCapture Cross Sec-

tion of
242

Pu,” in Nuclear Cross Sections and Technology Volume II, NBS
Special Publication 425, p. 584 (1975).

29. D. Drake, Los Alamos Scientific Laboratory, personal communication (1978).

30. C. E. Bemis, F. K. McGowan, J. L. C. Ford, W. T. Milner, P. H. Stelson, and
R. L. Robinson, “E2 and E4 Transition Moments and Equilibrium Deformation
in the Actinide Nuclei,” Phys. Rev. ~, 1466 (1973).

31. David L. Hill and J. A. Wheeler, “Nuclear Constitution and the Interpreta-
tion of Fission Phenomena,” Phys. Rev. 89, 1102 (1953).

32. D. G. Madland, Los Alamos Scientific Laboratory, personal communication (1978).

33. B. B. Back, H. C. Britt, O. Hansen, B. Leroux, and J. D. Garrett, “Fission
of Odd-A and Doubly Odd Actinide Nuclei Induced by Direct Reactions,” Phys.
Rev. C1O, 1948 (1974).

34. C. Kalbach, “The Griffin Model, Complex Particles and Direct Nuclear Reac-
tions,” Z. Phys. A283, 401 (1977). -

35. B. Leugers, S. Cierjacks, P. Brotz, D. Erbe, D. Groschel,

F. Voss, “The
235

U and
238

U Neutron-Induced Fission Cross
to the H(n,p) Cross Section,” Argonne National Laboratory
p. 246 (1976).

G. Schmalz, and

Section Relative
report ANL-76-90,

36. Leona Stewart, “Hydrogen and Helium Production Cross Sections for ENDF/B-V,”
Trans. Am. Nucl. Sot. ~, 740 (1978).

37. R. B. Kidman and R. E. MacFarlane, “LIB-IV, A Library of Group Constants
for Nuclear Reactor Calculations,” Los Alamos Scientific Laboratory report
1.&6260-MS (1976).

38. C. R. Weisbin, P. D. Soran, R. E. MacFarlane, D. R. Harris, R. J. LaBauve,
J. S. Hendricks, J. E. White, and R. B. Kidman, “MINX, A Multigroup Inter-
pretation of ~uclear ~-Sections from ENDF/B.” Los Alamos ~cientific ~abora-
tory report LA-6486–MS (1976).

39. D. Garber, Ed., “Data Formats and Procedures for the ENDF Neutron Cross Sec-
tion Library,” Brookhaven National Laboratory report BNL-50274 (1976).

40. H. Alter, R. B. Kidman, R. LaBauve, R. Protsik, and B. A. Zolatar, “ENDF-202
Cross Section Evaluation Working Group Benchmark Specifications,” Brookhaven
National Laboratory report BNL-19302 (1974). *

41. R. B. Kidman, “ENDF/B-IV, LIB-IV, and CSEWG Benchmarks,” Los Alamos Scien-
tific Laboratory report LA-7355-MS (July 1978). *

42. R. E. MacFarlane, “Data Processing for Power Reactor Fuel Cycle Codes,”
Proc. of the BNL/EPRI Seminar on Nuclear Data for Thermal Reactor Applica-
tions at Brookhaven National Laboratory (May 1978).

44



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

EPRI-CPM is part of the proprietary Advanced Recycle Methods Program (ARM?)
developed for the Electric Power Research Institute (EPRI) by Nuclear Asso-
ciates International and AB Atomenergie, Studsvik. Additional information
can be obtained from EPRI.

A. S. Jensen and T. J. Dossing, “Statistical Calculation of the Mass Distri-
bution in Fission,” in Proc. of the Third International Atomic Energy Sympo-
sium on the Physics and Chemistry of Fission, Rochester, 1973, Vol. I, p.
409.

R. E. Pepping, D. G. Madland, C. W. Maynard, T. R. England, and P. G. Young,
“Fission Yield Theory,” in “Applied Nuclear Data Research and Development
January l-March 31, 1978,” compiled by C. I. Baxman and P. G. Young, Los
Alamos Scientific Laboratory report LA-7301-PR, p. 12 (June 1978).

H. G. Clerc, “The Influence of Pairing and Nuclear Structure on the Thermal

Neutron Induced Fission of
235U ,,

Institut fur Kernphysik Technische
Hochschule Darmstadt report IKD~ 75/10 (June 1975).

B. L. Wehring, University of Illinois, personal communication.

R. E. Pepping, D. G. Madland, C. W. Maynard, T. R. England, and P. G. Young,
“Fission-Yield Theory,” in “Applied Nuclear Data Research and Development
July l-September 30, 1978,” compiled by C. 1. Baxman and P. G. Young, Los
Alamos Scientific Laboratory report LA-7066-PR, p. 24 (December 1977).

L. G. Moretto, “Statistical Description of Deformation in Excited Nuclei and
Disappearance of Shell Effects with Excitation Energy,” Nucl. Phys. A182,
641 (1972).

T. R. England, R. E. Schenter, and F. Schmittroth, “Integral Decay-Heat
Measurements and Comparisons to ENDF/B-IV and V,” Los Alamos Scientific
Laboratory report LA-7422-MS (NUREG/CR-0305) (1978).

T. R. England and M. G. Stamatelatos, “Comparisons of Calculated and Exper-

imental Delayed Fission-Product Beta and Gamma Spectra from 235U,” Los Alamos
Scientific Laboratory report LA-NUREG-6846-MS (July 1977).

W. B. Wilson and T. R. England, “Status of Fission-Product Data For Absorp-
tion Calculations,” Proc. of the Seminar on Nuclear Data Problems for Thermal
Reactor Problems, Brookhaven National Laboratory (May 1978).

R. J. LaBauve and T. R. England, “Rapid Spectral and Decay-Heat Calculations
Using Processed ENDF/B Fission Product Data,” Trans. Am. Nucl. Sot. 28, 749—
(1978). .

45


