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ENDF-6 Formats Manual

Version of Oct. 1991

This document contains the current version of

"ENDF-102 - Data Formats and Procedures for the Evaluated Nuclear
Data File. ENDF-6" by P=F, Rose and C L . Dunford of the US National
Nuclear Data Center, Brookhaven National Laboratory, Upton, NY,
USA-11973.

It includes

- the Informal Report BNL-NCS-44945 of July 1990,
- updated by Rev. 10/91 of the same report.

The revised pages can be recognized by the date given at the bottom of the
page. A few front pages (pages NDS 1 - NDS S) have been added by the
IAEA Nuclear Data Section.

Comments for improving this Manual should be addressed to

H.D. Lemmel
IAEA Nuclear Data Section
P.O. Box 100
A-1400 Vienna, Austria,

who will contact the authors.

To facilitate the international use of the ENDF format for various national and
regional evaluated nuclear data libraries, the NLIB identifier has been
introduced (see page 1.2) to identify the data library. The presently
recognized NLIB numbers are given on the following page. For introducing
additional NLIB numbers, contact the IAEA Nuclear Data Section.
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This list will be updated as EXFOR Dictionary nr. 43.
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Reference Guidelines for
ENDF formatted data files

When quoting ENDF fonnatted data in a publication this should be done in the
following way:

- Quoting a single evaluation ("MAT"):

"A.B. Author et al.: Evaluated neutron reaction data file for
U-235, data library ENDF/B-VI MAT 1234 MOD 2 dated Jan.
1992. - Description of evaluation: A.B. Author et al., report
ABC-123 (1992). - See also P.F. Rose, ENDF/B-VI Summary
Documentation, report BNL-NCS-17541 (ENDF-201),
Oct. 1991."

- Quoting an entire data library:

"NEA Data Bank, Evaluated Data Library JEF-2 in the version
distributed (date). - Documentation of the library in NEA
report JEF-234 (1992)."

or:

"N.P. Kocherov et ai., The International Reactor Dosimetry File
IRDF-90, data library by the IAEA Nuclear Data Section (distr.
1991), documented in report IAEA-NDS-141 Rev.O (Aug. 1990)."

Please note that an evaluated data set is uniquely identified by:

- library name
- version of the library
- MAT number
- modification (MOD number) if the evaluation has been revised
- date of evaluation; or date of revision; or date of the release of the

library.

In addition to identifying the data set, the authors of the evaluation (and/or the
editor of the library) should be quoted. Also the bibliographic reference
should be given in which the evaluation (and/or the data library) is
documented.

Note: The correct spelling is

- ENDF-6 for the format which is described in the present Manual;
- ENDF/B-VI for the US data library which is in ENDF-6 format.
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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, or any of their employees, nor any of their
contractors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any legal
liability orresponsibilityfortheaccuracy.completeness.orusefulnessof 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,orservice by trade name, trademark, manufacturer, or otherwise, does not
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0.0

0. ENDF-6 PREFACE

These revisions to Data Formats and Procedures for the ENDF Neutron Cross Section

Library, ENDF-102, pertain to the latest version of ENDF formats, ENDF-6. The sixth

version of the ENDFyB library, ENDF/B-VI, has been issued using ENDF-6 formats. The

descriptions of the formats have been brought up to date and important procedural matters

have been explained. Users of this manual who note, deficiencies or have suggestions are

encouraged to contact the National Nuclear Data Center at Brookhaven National Laboratory,

Upton, New York 11973.



0.1

0.1. Introduction to the ENDF-6 Format

This rewrite of "Data Formats and Procedures for the Evaluated Nuclear Data File,

ENDF" pertains to the latest version of the ENDF format, ENDF-6. Earlier versions of the

format provided representations for neutron cross sections and distributions, photon

production from neutron reactions, a limited amount of charged-particle production from

neutron reactions, photo-atomic interaction data, thermal neutron scattering data, and

radionuclide production and decay data (including fission products). This version allows

higher incident energies, adds more complete descriptions of the distributions of emitted

particles, and provides for incident charged particles and photo-nuclear data by partitioning

the ENDF library into sublibraries. Decay data, fission product yield data, thermal

scattering data, and photo-atomic data have also been formally placed in sublibraries. In

addition, this rewrite represents an extensive update to the Version V manual.* Users who

note errors or déficiences are encouraged to contact the National Nuclear Data Center,

Brookhaven National Laboratory, Upton, New York, 11973, USA.

0.2. Philosophy of the ENDF System

The ENDF system** was developed for the storage and retrieval of evaluated nuclear

data to be used for applications of nuclear technology. This purpose controls many features

of the system including th? choice of materials to be included, the data used, the formats

used, and the testing required before a library is released. An important consequence of

this purpose is that each evaluation must be complete for its intended application. If

required data are not available for particular reactions, the evaluator should supply them by

using systematics or nuclear models.

*R. Kinsey, cd-, "BNDF-102, Dam Formats :iml Procedures for the Evaiuaied .sinclcar Daw OiIe.
ENDF/B-V," Brookhaven National Laboratory report BNL-NCS-50496 (ENDF-102) 1979 (Revised
by B. Magumo. November 1983).
**The ENDF formais and libraries are coordinated by the National Nuclear Data Center (NNDC)
and decided by the Cross Section Evaluation Working Group (CSEWG), a cooperative effort of na-
tional laboratories, industry, and universities of the U.S., and AECL/Chalk River, Canada.
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The ENDF system is logically divided into formats and procedures. Formats describe

how the data are arranged in the libraries and give the formulas needed to reconstruct

physical quantities such as cross sections and angular distributions from the parameters in

the library. The format described in this report is referred to as "ENDF-6 format."

Procedures are the more restrictive rules which specify what data types must be included,

which format can be used in particular circumstances, and so on. Procedures are generally

imposed by a particular organization, and the library sanctioned by the Cross Section

Evaluation Working Group (CSEWG) would be referred to as "ENDF/B-VI." Other

organizations may use somewhat different procedures, if necessary, but they face the risk

that their libraries will not work with processing codes sanctioned by CSEWG.

0.2.1. Evaluated Data

The process of analyzing experimentally measured cross-section data, combining them

with the predictions of nuclear model calculations, and attempting to extract the true value

of a cross section is referred to as "evaluation." Parameterization and reduction of the data

to tabular form produces an "evaluated data set." If the written description of the

preparation of a unique data set from the data sources is available, the data set is referred

to as a "documented evaluation."

0.2.2. À and B Libraries

Two different evaluated data libraries are maintained at the National Nuclear Data

Center (NNDC). The ENDF/A library contains either complete or partial data sets (partial

in the sense that the data set may be, for example, an evaluation of the fission cross section

for 235U in the energy range from 100 keV to 15 MeV only). This library may also contain

several different evaluations of the cross sections for a particular nuclide.

The ENDF/B library, on the other hand, contains only die one recommended evalua-

tion for each material, and each material is as complete as possible. Completeness depends

on the intended application. For example, when a user is interested in performing a reactor
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physics calculation or in doing a shielding analysis, he needs evaluated data for all

neutron-induced reactions, covering the full range of incident neutron energies, for each

material in the system that he is analyzing. Also, the user expects that the file will contain

information such as the angular and energy distributions for secondary neutrons. For

another calculation, the user may only need a minor isotope for determining activation; he

then would be satisfied by an evaluation which only contains reaction cross sections.

Information can be added to the ENDF/A library at any time, and the requirements for

testing and documentation are loose. However, ENDF/B data sets are revised or replaced

only after extensive review and testing. This allows them to be used as standard reference

data during the lifetime of the particular ENDF/B version.

The format for ENDF/A and ENDF/B are basically the same; the procedures for

ENDF/B are more restrictive. In some cases, non-stands 1 formats have been relegated to

ENDF/A, and such files may have to be processed with specially modified codes.

0.2.3. Choices of Data

The data sets contained on the ENDF/B library are those chosen by CSEWG from

evaluations submitted for review. The choice is made on the basis of requirements for

applications, conformance of the evaluation to the fcrraats and procedures, and perfor-

mance in testing. The data set that represents a particular material may change when (1)

new significant experimental results become available, (2) integral tests show that the data

give erroneous results, or (3) user's requirements indicate a need for more accurate data

and/or better representations of the data for a particular material. New or revised data sets

are only included in new releases of the ENDF/B library.

0.2.4. Experimental Data Libraries

NNDC maintains a library for experimentally measured neutron cross section data,

known as CSISRS.
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The CSISRS library is quite flexible, with many types of data stored. Bibliographic

information (a succinct abstract to a reference) is stored with many details about each

experiment (standard, «normalizations, corrections, etc ).

At the beginning of the evaluation process the evaluator generally requests the

available experimental cross sections that are stored in the CSISRS data library for a

particular material. The retrieved information may be in the following forms:

(a) Listings of all or selected data sets.

(b) Magnetic tapes containing the requested data.

(c) Graphical displays containing selected data.

The experimental cross section data are supplemented by other nuclear data, such as spins,

energies, and parities of excited states. The experimental data are then analyzed, and often

the results are combined with predictions from model calculations to obtain recommended

cross sections. The recommmended cross sections are then encoded in the ENDF formats

for subsequent incorporation into either the ENDF/A or the ENDF/B library.

A number of systems have been developed1" for automating much of the time-consum-

ing parts of the evaluation process. These systems, by permitting man/computer interaction

through computer graphics, shorten the time required for the evaluation process. Since the

evaluator can make more detailed analyses of the cross sections, the quality of the

evaluation process should be improved.

0.2.5. Processing Codes

Once the evaluated data sets have been prepared in ENDF format, they can be

converted to forms appropriate for testing and actual applications using processing codes.

Therefore a series of processing codes have been written which generate group averaged

cross sections for use in neutronics calculations from the ENDF library. These codes

" C i . Dunford a al., "SCORE II, An Interactive Neutron Evaluation System," USAEC Report
AI-AEC-12757 (ENBF-126), March 1, 1969JÎ.R. Kinsev. C. Rindfleish. D. Garber, "TIGER," The
Interactive Graphics Evaluation Routine, NNDC, 1973.
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include such functions as resonance reconstruction, Doppler broadening, multigroup aver-

aging, and/or rearrangement into specified interface formats.

The basic data formats for the ENDF library have been developed in such a manner

that few constraints are placed on using the data as input to the codes that generate any of

the secondary libraries.

0.2.6. Testing

All ENDF/B evaluations go through at least some testing before being released as a

part of a library. Phase 1 testing uses a set of utility codes maintained by NNDC and visual

inspection by a reviewer to assure that the evaluation conforms to the current formats and

procedures, takes advantage of the best recent data, and chooses format options suited to

the physics being represented. Phase 2 uses calculations of data testing "benchmarks,"

when available, to evaluate the usefulness of the evaluation for actual applications. This

checking and testing process is a critically important part of the ENDF system.

0.2.7. Documentation

The system is documented by a set of ENDF reports published by the National

Nuclear Data Center at the Brookhaven National Laboratory. The format documentation is

listed below. In addition, the current status of the formats, procedures, evaluation process,

and testing program is contained in the Summary of the Meetings of the Cross Section

Evaluation Working Group.

BNL 8381, ENDF - Evaluated Nuclear Data File Description and Specifications,

January 1965, H.C. Honeck.

BNL 50066, ENDF 102, ENDF/B - Specifications for an Evaluated Nuclear Data File

for Reactor Applications, May 1966, H.C. Honeck. Revised July 1967 by S. Pearlstein.

BNL 50274, ENDF 102, Vol. I - Data Formats and Procedures for the ENDF Neutron

Cross Section Library, October 1970, M.K. Drake, Editor.
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LA 4549, ENDF 102, Vol. II - ENDF Formats and Procedures for Photon Production

and Interaction Data, October 1970, DJ. Dudziak.

BNL-NCS-50496 (ENDF 102), ENDF102 Data Formats and Procedures for the

Evaluated Nuclear Data File, ENDF, October 1975, Revised by D. Garber, C. Dunford, and

S. Pearlstein.

ORNL/TM-5938, ENDF-249, The Data Covariance Files for ENDF/B-V, July 1977, F.

Perey.

BNL-NCS-50496 (ENDF 102), Second Edition, ENDF-102 Data Formats and Proce-

dures for the Evaluated Nuclear Data File, ENDF/B-V, October 1979, Edited by R. Kinsey.

Revised by B.A. Magurno, November 1983.

BNL-NCS-28949 (Supplement ENDF 102), Second Edition, Supplement to the

ENDF/B-V Formats and Procedures Manual for Using ENDF/B-IV Data, November 1980,

S. Pearlstein.

0.3. General Description of the ENDF System

The ENDF libraries are a collection of documented data evaluations stored in a

defined computer-readable format that can be used as the main input to nuclear data

processing programs. For this reason, the ENDF format has been constructed with the

processing codes in mind, and reading the following descriptions requires some familiarity

with the FORTRAN programming largage. The primary format uses card images (that is,

80 character records coded in EBCDIC, ASCII, etc.) because magnetic tapes containing

card-image data generally can be exchanged between different computer systems. This is

called character mode in the rest of this document. A simple binary mode is also described.

Various "blocked" or "paged" binary formats for ENDF also exist, but they are considered

to be installation dependent for the purposes of this format. Parameters are written in the

form ofFORTRAN variables (that is, integers start with the letters I, J, K, L, M, or N, and

parameters starting with other letters represent real numbers). A complete list of all the

parameters defined for the ENDF-VI format will be found in Appendix A (Glossary).

0.20
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0.3.1. Library Organization

Each ENDF evaluation is identified by a set of key parameters organized into a

hierarchy.

library an assigned name for a collection of evaluations. The two libraries cur-

rently assigned are ENDF/A and ENDF/B. The symbol for this parame-

ter is NLIB (see Section 1.1).

version a Roman numeral which identifies one of the periodic updates to a li-

brary in ENDF format; for example, ENDF/B-VI. A change of version

usually implies a change in format, standards, and procedures; the pa-

rameter NVER (together with NLIB) is designed to tell what standards

and procedures were used for the evaluation.

format The format used is specified by NFOR. This parameter is designed to

tell processing codes how to read the subsequent data records.

revision Because of the long cycle time between versions, it is sometimes neces-

sary to prepare revised or modified evaluations (mods). When a set of

such revisions is released, it is conventional to append a "revision"

number to the library/version name; for example, ENDF/B-V.2. There is

no parameter for the revision number in the format.

sub- AU the evaluations for a particular incident particle are grouped together

library into a sublibrary. Decay data for radioactive nuclides and fission product

yields also form sublibraries. Projectiles are identified by their charge

and mass numbers (Z1A) with their atomic weights in neutron units. In-

cident photons for photo-atomic and photo-nuclear reactions are allowed

(Z and A equal zero), and special provision is made for thermal neutron

scattering data. Sublibraries are identified by the parameter NSUB (see

Section 1.1).
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material is the target in a reaction sublibrary, or the radioactive (parent) nuclide

in a decay sublibrary. Materials are identified by charge and mass num-

bers (Z1A), atomic weight in neutron units, and excited or isomeric

state. Natural element evaluations are allowed (A=0.0). Provision is also

made for mixtures, compounds, alloys, and molecules. Each material is

assigned a unique identification number (1-9999) with the symbol MAT.

Starting with ENDF/B-V1, MAT numbers have no correlation to version

or evaluator but are associated with a particular material.

mod Each material has a material modification number (NMOD) that indi-

cates whether it has been changed since the original release of the cur-

rent library. Beginning with ENDF/B-VI, this number is used to indicate

totally new evaluations for a material in addition to small changes to a

material.

file A material (MAT) is divided into "files," each file containing the data

for a certain class of information; for example, File 3 contains reaction

cross sections, File 4 contains angular distributions, File 33 contains

cross-section covariances, and so on (see Table 0.1). Files are labeled

with the symbol MF, which runs from 1 to 99. A more detailed discus-

sion of files will be found in Section 0.4

section A file (MF) is divided into "sections." Each section describes a particu-

lar reaction or a particular type of auxiliary data. As described in more

detail in Section 0.5 and Appendix B, each reaction is identified by as-

signing a value between 1 and 999 to the symbol MT. Each section

also has a "mod" number.
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0.3.2. MAT and MOD

A material is defined as either an isotope or a collection of isotopes. It may be a single

nuclide, a natural element containing several isotopes, or a mixture of several elements

(compound, alloy, molecule, etc.). A single isotope can be in an excited or isomeric state.

Each material in an ENDF library is assigned a unique identification number. These

numbers are designated by the symbol MAT, and they range from 1 to 9999. Different

libraries may use different strategies for assigning MAT numbers; the scheme used for

ENDF/B-VI is described below.

The assignment of MAT numbers for ENDF/B-VI is made on a systematic basis

assuming uniqueness of the four digit MAT number for a material. A material will have the

same MAT number in each sublibrary (decay data, incident neutrons, incident charged

particles or incident photons).

One hundred MAT numbers (ZZOl-ZZ99) have been allocated to each element Z,

through Z = 98. Natural elements have MAT numbers ZZOO. The MAT numbers for

isotopes of an element are assigned on the basis of increasing mass in steps of three,

allowing for the ground state and two metastable states. This procedure leads to difficulty

for the nuclides of xenon, cesium, osmium, platinum, etc. where more than 100 MAT

numbers could be needed to include all isotopes. In the ENDF/B files, which are

application oriented, the evaluations of neutron excess nuclides are more important, since

this category of nuclide is required for decay heat applications. Therefore the lightest

stable isotope is assigned the MAT number ZZ25 so that the formulation can easily

accommodate all the neutron excess nuclides.

For the special cases of elements from einsteinium to lawrencium (Z > 99) MAT

numbers 99XX are assigned. By allotting 20, 25, 20,15, and 12 locations for elements 99 to

103 respectively, one covers the known nuclides with allowance for expansion.

For mixtures, compounds, alloys, and molecules special MAT numbers between 0001

and 0099 are assigned on a special basis (see Appendix C),
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All revisions or even total re-evaluations are indicated using the material "mod"

numbers. When ENDF/B-VI is initially released, the modification flag (or "mod" number)

for each material (MAT) and section (MT) will be set to zero for materials carried over

from previous versions or to one for new evaluations done for ENDF/B-VI. Each time a

change is made to a material, the modification flag for the material will be incremented.

The modification flag for each section changed in the revised evaluation will be set equal

to the new material modification number. If a complete re-evaluation is performed, the

modification flag for every section will be changed to equal the new material "mod"

number.

As an example, consider the following sequence of events. Evaluator X evaluates a set

of data for U and assigns the material number 278 to this set. Within his installation, the

data set is always referred to as material 278. After checking and testing, the evaluator

feels that the data set is satisfactory and transmits it to the NNDC. The Center adds the

data set to its files and assigns it a MAT number of 9228 subject to CSEWG's approval of

the evaluation. This evaluation has "mod" flags equal to 1 for the material and all sections.

The Center then announces that the material is available. User Y requests MAT 9228 from

the Center's files. Upon receipt of the data, he adds it to his ENDF library as material 9228

and refers to it >n later processing programs by this number. Should the evaluation of

material 9228 subsequently be revised and released with CSEWG's approval the material

will have a MOD flag of 2. This material would have MOD flags of 2 on each revised

section, but the unchanged sections will have unchanged MOD flags.

A machine-readable concordance between the MAT numbers and the corresponding

charge, mass number, excited state, and revision status of the materials is available from

NNDC.

0.4. Contents of an ENDF Evaluation

As described above, the target and projectile for a reaction evaluation or the radioac-

tive nuclide for a decay evaluation are determined by sublibrary (NSUB) and material
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(MAT). The type of data represented by a section and the products being defined are

indicated by MF and MT. The files (MF) allowed for ENDF-6 are summarized in Table 0.1,

and their use in the different sublibraries is discussed below.

0.4.1. Incident-Neutron Data

The procedures for describing neutron-induced reactions for ENDF/B-VI have been

kept similar to the procedures used for previous versions so that current evaluations can be

carried over and in order to protect existing processing capabilities. The new features have

most of their impact at high energies (above 5-10 MeV) or low atomic weight (2H, 9Be).

The new features include improved energy-angle distributions, improved nuclear heating

and damage capabilities, and improved charged-particle spectral data, and use of R-matrix

or R-function resonance parameterization.

Table 0.1

Definitions of File Types (MF)

MF Description

1 General information

2 Resonance parameter data

3 Reaction cross sections

4 Angular distributions for emitted particles

5 Energy distributions for emitted particles

6 Energy-angle distributions for emitted particles

7 Thermal neutron scattering law data

8 Radioactivity and fission-product yield data

9 Multiplicities for radioactive nuclide production

10 Cross sections for radioactive nuclide production

12 Multiplicities for photon production

13 Cross sections for photon production



MF

14

15

23

27

30

31

32

33

34

35

39

40
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Table 0.1

Definitions of File Types (MF)

Description

Angular distributions for photon production

Energy distributions for photon production

Photo-atomic interaction cross sections

Atomic form factors or scattering functions for photo-atomic

interactions

Data covariances obtained from parameter covariances and sen-

sitivities

Data covariances for nubar

Data covariances for resonance parameters

Data covariances for reaction cross sections

Data covariances for angular distributions

Data covariances for energy distributions

Data covariances for radionuclide production yields

Data covariances for radionuclide production cross sections

The following MF numbers have been retired:

16, 17, 18, 19, 20, 21, 22, 24, 25, 26.

Each evaluation starts with a section of descriptive comments (MF=I, MT=451). For

fissionable isotopes, sections of File 1 with MT=452, 455, 456, and 458 can be given to

describe the number of neutrons produced per fission and the energy release from fission.

A File 2 is always given (MT=ISl). For some materials, it may contain only the

effective scattering radius, and for other materials, it may contain complete sets of resolved

and/or unresolved resonance parameters.

0.26
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A File 3 is always given. The required energy range is from the threshold or 105 eV to

20 MeV, but higher energies are allowed. There is a section for each important reaction or

sum of reactions. The MT numbers for these sections are chosen based on the emitted

particles as described below under "Reaction Nomenclature." For resonance materials in

the resolved resonance energy range, the cross sections for the elastic, fission, and capture

reactions are normally the sums of the values given in File 3 and the resonance contribu-

tions computed from the parameters given in File 2. An exception to this rule is allowed

for certain derived evaluations (see LRP=2 in Section 1.1). In the unresolved resonance

range, the self-shielded cross sections will either be sums of File 2 and File 3 contributions

as above or File 3 values multiplied by a self-shielding factor computed from File 2. (See

Sections 2.3.1 and 2.4.21.)

Distributions for emitted neutrons and other particles or nuclei are given using File 4,

Files 4 and 5, or File 6. As described in more detail below, File 4 is used for simple

two-body reactions (elastic, discrete inelastic). Files 4 and 5 are used for simple continuum

reactions which are nearly isotropic, have minimal pre-equilibrium component, and emit

only one important particle. File 6 is used for more complex reactions which require

energy-angle correlation, that are important for heating or damage, or which have several

important products which must be tallied.

If any of the reaction products are radioactive, they should be described further in File

8. This file indicates how the production cross section is to be determined (from File 3, 6,

9, or 10) and gives minimal information on the further decay of the product. Additional

decay information can be retrieved from the decay data sublibrary when required.

Note that yields of particles and residual nuclei are sometimes implicit; for example,

the neutron yield for A(n,2n) is two and the yield of A-I is one. If File 6 is used, all yields

are explicit. This is convenient for computing gas production and transmutation cross

sections. Explicit yields for radioactive products may be given in File 9, or production
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cross sections can be given in File 10. In ihe latter case, it is possible to determine the yield

by dividing by the corresponding cross section from File 3. File 9 is used in preference to

File 10 when strong resonances are present (e.g., radiative capture).

For compatibility with earlier versions, photon production and photon distributions

can be described using File 12 (photon production yields), File 13 (photon production cross

sections), File 14 (photon angular distributions), and File 15 (photon energy distributions).

Note that File 12 is preferred over File 13 when strong resonances are present (capture,

fission). Whenever possible, photons should be given with the individual reaction that

produced them using File 12. When this cannot be done, summation MT numbers can be

used in Files 12 or 13 as described in Section 0.5.9.

When File 6 is used to represent neutron and charged-particle distributions for a

reaction, it should also be used for the corresponding photon distribution. This makes an

accurate energy-balance check possible for the reaction. When emitted photons cannot be

assigned to a particular reaction, they can be represented using summation' MT numbers as

described in Section 0.5.9.

Finally, covariance data are given in Files 30-40. Procedures for these files are given

in Sections 30-40.

0.4.2. Thermal Neutron Scattering

Thermal neutron scattering data are kept in a separate sublibrary because the targets

are influenced by their binding to surrounding atoms and their thermal motion; therefore,

the physics represented* requires different formats than other neutron data. The data

extend to a few eV for several molecules, liquids, solids, and gases. As usual, each

evaluation starts with descriptive comments in MF=I, MT=451. Cross sections for elastic

coherent scattering, if important, are derived from Bragg edges and structure factors given

*J.U. Koppcl and D.H. Houston, "Reference Manual for ENDF Thermal Neutron Scattering Data,"
General Atomic report GA-8774 (ENDF-269) (Revised and reissued by NNDC, July 1978).
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in MF=7, MT=2. Alternatively, cross sections for incoherent elastic scattering are derived

from the bound cross section and Debye-Waller integral given in MF=7, MT=2. Finally,

scattering law data for inelastic incoherent scattering are given in MF=7, MT=4 using the

S(a,p) formalism and the short-collision-time approximation.

0.4.3. Fission Product Yield Data

Data for the production of fission products are given in different sublibraries accord-

ing to the mechanism inducing fission. Currently, sublibraries are defined for neutron-in-

duced fission product yields and for yields from spontaneous fission. The format also

allows for future photon- and charged-particle-induced fission. Each MAT starts with a file

of descriptive data (MF=I, MT=451) as usual. The only other file is MF=8 containing two

sections: MT=454 for independent yields and MT=459 for cumulative yields. As described

in Section 8.2, the format for these two sections is identical. Covariance data for File 8 are

self contained.

0.4.4. Radioactive Decay Data

Evaluations of decay data for radioactive nuclides are grouped together into a

sublibrary. Each MAT contains two, three, or four files. First comes MF=I, MT=451

containing descriptive comments on the evaluation (see Section 1.1). For materials under-

going spontaneous fission, additional sections giving total, delayed, and prompt fission

neutron yields will be present (MT=452, 455, and 456). In addition, the spectra of the

delayed and prompt neutrons are given using MT=455 and MT=456 in File 5. The File 5

formats are the same as for induced fission (see Section 5), and the distributions are

assumed to be isotropic in the laboratory system. Next comes MF=8, MT=457 containing

half lives, decay modes, decay energies, and radiation spectra (see Section 8.3). Finally,

MF=35 may be present to supply covariance data for the spectra in File 5. Covariance data

for File 8 are self contained. This sublibrary contains decay data for all radioactive

products (e.g., fission products and activation products). Fission product yields and

activation cross sections will be found elsewhere.
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0.4.5. Photo-Nuclear and Charged-Particle Sublibraries

Evaluations for incident charged particles and photo-nuclear reactions are grouped

together into sublibraries by projectile. As usual, each evaluation starts with descriptive

comments in File 1. For particle-induced fission or photo-fission, File 1 can also contain

sections giving the total, delayed, and prompt number of neutrons per fission, and the

energy released in fission (MT=452, 4SS, 4S6, and 458 respectively). Resonance parameter

data (File 2) may be emitted entirely (see LRP=-1 in Section 1.1).

Cross sections are given in File 3. The MT numbers used are based upon the particles

emitted in the reaction as described in Section O.S. Explicit yields for all products

(including photons) must be given in FOe 6. In addition, MT=SOO should be included to

represent the charged-particle stopping power in eVxbams. If any of the products de-

scribed by a section of File 6 are radioactive, they should be described further in a

corresponding section of File 8. This section will give half life, minimum information

about the decay chain, and decay energies for the radioactive product. Further details, if

required, can be found in the decay data sublibrary.

Angular distributions or correlated energy-angle distributions can be given for all

particles, recoil nuclei, and photons in File 6. It is also possible to give only the average

particle energy for less important reactions, or even to mark the distribution "unknown."

(See 6.2.1.)

Finally, Files 30 to 40 might be used to describe the covariances for charged-particle

and photo-nuclear reactions.

0.4.6. Photo-Atomic Interaction Data

Incident photon reactions with the atomic electrons* are kept in a separate sublibrary.

These data are associated with elements rather than isotopes. Each MAT starts with

descriptive comments in MF=I, MT=451 as usual. There are two files: MF=23 for photon

•Djv. Cullen, et aL, "Tables and Graphs of Photon-Interaction Cross Sections from 10 eV to 100 GeV.
Derived from the LLNL Evaluated Photon Data Library (EPDL)". UCRL-504OO Vol. 6 Rev. (October
1989).
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interaction cross sections (1 keV to 100 MeV) and MF=27 for atomic form factors. The

reactions included are

MT Reaction

501 total cross section

502 coherent scattering

504 incoherent scattering

515 pair production, electron field

516 pair production (redundant, sum of 515 and 517)

517 pair production, nuclear field

522 photoelectric absorption

Note the the MT number for photoelectric absorption has been changed for ENDF-6.

0.4.7. Files 4, 5, and 6

Several different options are available in the ENDF-6 fonnat to describe the distribu-

tion in energy and angle of reaction products. In most cases, the double differential cross

section of the emitted particle in barns/(eV-sr) is represented by

= O(E) y(E) f(n3,E') / 2ic , (Cl)

where \i is the cosine of the emission angle, E is the energy of the incident particle, E' is

the energy of the emitted particle, c(E) is the reaction cross section, y(E) is the yield or

multiplicity of the emitted particle, and f(n,E,E') is the normalized distribution function in

(eV-unit cosine)."1

For simple two-body reactions, the energy of the emitted particle can be determined

from kinematics (see Appendix E); therefore,

f(H,E£') = f(n£) 5(E1 - S3) , (0.2)

where E3 is defined by Eq. (E.5) in the Appendix. The distribution function f(|i.,E) can be

given as a section of File 4 with no corresponding section in File 5, or as a section of File 6
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with no corresponding sections in Files 4 or 5. For simple continuum reactions, the full

distribution is sometimes given as a product of an angular distribution and an energy

distribution:

^1E1E1) = f(n,E) g(E,E") - (0.3)

The angular function is given in File 4, and g(E,E') is given in File 5. This simple

continuum format does not allow adequate description of energy-angle correlations, and it

can only describe one emitted particle. Emitted photons can be described by this scheme

also, but the files used are 14 and 15.

For the more complex reactions, the full distribution function is given in File 6. This

file allows for all reaction products to be described, and it allows for energy-angle

correlation of the emitted particles.

0.5. Reaction Nomenclature - MT

The following paragraphs explain how to choose MT numbers for particle-induced and

photo-nuclear reactions for ENDF-6. A complete list of the definitions of the MT numbers

will be found in Appendix B.

0.5.1. Elastic Scattering

Elastic scattering is a two-body reaction that obeys the kinematic equations given in

Appendix E. The sections are labelled by MT=2 (except for photo-atomic data). For

incident neutrons, the elastic scattering cross section is determined from File 3 together

with resonance contributions, if any, from File 2. The angular distribution of scattered

neutrons is given in File 4.

For incident charged particles, the Coulomb scattering makes it impossible to define

an integrated cross section, and MF=3, MT=2 contains either a dummy value of 1.0 or a

"nuclear plus interference" cross section defined by a particular cutoff angle. The rest of

the differential cross section for the scattered particle is computed from parameters given

in MF=6, MT=2 (see Section 6.2.6).
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O.S.2. Simple Single Particle Reactions

Many reactions have only a single particle and a residual nucleus (and possibly

photons) in the final state. These reactions are associated with well-defined discrete states

or a continuum of levels in the residual nucleus, or they may proceed through a set of

broad levels that may be treated as a continuum. The MT numbers to be used are

Discrete Continuum Discrete + Emitted Particle
Continuum

50-90

600-648

650-698

700-748

750-798

800-848

91

649

699

749

799

849

4

103

104

105

106

107

n

P

d

t

3He

a

By definition, the emitted particle is the lighter of the two particles in the final state.

If the reaction is associated with a discrete state in the residual nucleus, use the first

column of numbers. In a typical range, MT=50 leaves the residual nucleus in the ground

state, MT=51 leaves it in the first excited state, MT=52 in the second, and so on. The

elastic reaction uses MT=2 as described above; therefore, do not use MT=50 for incident

neutrons, do not use MT=600 for incident protons, and so on. For incident neutrons, the

discrete reactions are assumed to obey two-body kinematics (see Appendix E), and the

angular distribution for the particle is given in File 4 or File 6 (except for MT=2). If

possible, the emitted photons associated with discrete levels should be represented in full

detail using the corresponding MT numbers in File 6 or File 12. For incident charged

particles, the emitted particle must be described in File 6. A two-body law can be used for

narrow levels, but broader levels can also be represented using energy-angle correlation.

Photons associated with the particle should be given in the same section (MT) of File 6

when possible.
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If the reaction is associated with a range of levels in the residual nucleus (i.e.,

continuum), use the second column of MT numbers. For incident neutrons, Files 4 and 5

are allowed for compatibility with previous versions, but it may be necessary to use File 6

to obtain the desired accuracy. When Files 4 and 5 are used, photons should be given in

File 12 using the same MT number if possible. For more complicated neutron reactions or

incident charged particles, File 6 must be used for the particle and the photons.

The "sum" MT numbers are used in File 3 for the sum of all the other reactions in that

row, but they are not allowed for describing particle distributions in Files 4, 5, or 6. As an

example, a neutron evaluation might contain sections with MF/MT=3/4, 3/51, 3/91, 4/51,

and 6/91. A deuteron evaluation might contain sections with 3/103, 3/600, and 6/600 (the

two sections in File 3 would be identical). For a neutron evaluation with no 600-series

distributions or partial reactions given, MT=l03-107 can appear by themselves; they are

simply components of the absorption cross section.

In some cases, it is difficult to assign all the photons associated with a particular

particle to the reactions used to describe the panicle. In such cases, these photons can be

described using the "sum" MT numbers in File 12 or 13 (for neutrons) or in File 6 (for

other projectiles).

Some examples of simple single-particle reactions follow.

Reaction

9Be(CCn0)
12C

Fe(n,nc)Fe

2H(d,p0)3He

MT

50

91

600

650

651

For the purposes of this manual, reactions are written as if all prompt photons have been

emitted; that is, the photons do not appear explicitly in the reaction nomenclature.

Therefore, no "*" is given on Li in the last example above.
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0.5.3. Simple Multi-Particle Reactions

If a reaction has only two to four particles, a residual nucleus, and photons in the final

state, and if the residual nucleus does not break up, it will be called a "simple multi-parti-

cle reaction." The MT numbers which can be used are

MT

16

17

22

23

24

25

28

29

30

32

33

34

35

36

37

41

42

108

109

111

Emitted Particles

2n

3n

not

n3a

2na

3na

np

n2a

2n2a

nd

nt

n3He

nd2a

nt2a

4n

2np

3np

2a

3a

2p
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MT Emitted Particles

112 pa

113 t2a

114 d2a

115 pd

116 pt

For naming purposes, particles are always arranged in ZA order; thus, (n.n'p) and (n,pn)

are summed together under MT=28. In addition, there must always be a residual particle.

By definition, it is the particle or nucleus in the final state with the largest ZA. This means

that the reaction d+t->n+a must be classified as the reaction H(d,n0)Tie (MT=50) rather

than the reaction 3H(d,na) (MT=22). The cross sections for these reactions will be found in

File 3 as usual.

This list is not exhaustive, and new MT numbers can be added if necessary. However,

some reactions are more naturally defined as "breakup" or "complex" reactions (see

below).

For compatibility with previous versions, Files 4 and 5 are allowed in the inci-

dent-neutron sublibrary. In this case, the particle described in Files 4 and 5 is the first one

given under "Emitted Particles" above. At high neutron energies, File 6 is preferred

because it is possible to describe energy-angle correlations resulting from pre-equilibrium

effects and to give distributions for more than one kind of particle. Using File 6 also makes

it possible to give an energy distribution for the recoil nucleus. This distribution is needed

in calculating nuclear heating and radiation damage. If Files 4/5 are used, photons should

be given in File 12 or 13 using the same MT number when possible. Similarly if File 6 is

used to describe the outgoing particle, the photons should also be given in File 6 under the

same MT number, or under MT=3 if necessary. However, it often will be necessary to use

die nonelastic MT=3 as described below.
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For charged-particle sublibraries, File 6 must be used for these reactions. Photons

should be given in File 6 using the reaction MT number when possible. If the photons

cannot be assigned to a particular reaction, the nonelastic MT=3 can be used as described

below.

0.5.4. Breakup Reactions

A number of important reactions can be described as proceeding in two steps: first

one or several particles are emitted as in the simple reactions described above, then the

remaining nuclear system either breaks up or emits another particle. In the nomenclature of

ENDF-6, these are both called "breakup reactions." For ENDF/B-V, these reactions were

represented using special MT numbers or "LR flags." For ENDF/B-VI, the preferred

representation uses File 3 and File 6. The same MT numbers are used as for the simple

reactions described above. The cross section goes in File 3 as usual, but a special LR flag

is used to indicate that this is a breakup reaction (see below). The yield and angular

distribution or energy-angle distribution for each particle emitted before breakup is put into

File 6. In addition, yields and distributions for all the breakup products are allowed in File

6. For photo-nuclear and charged-particle sublibraries, the photons are also given in File 6;

but for neutron sublibraries, the photons may be given in Files 6 or 12-15. This approach

provides a complete accounting of particle and recoil spectra for transport, heating, and

damage calculations. It also provides a complete accounting of products for gas production

and activation calculations. Finally, it does all of this without requiring a large list of new

MT numbers.

Some examples of breakup reactions are
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Reaction

3H(t,n0)
5He(na)

6Li(d,n3)
7Be(3Hea)

7Li(n,nc)
7Li(ta)

7Li(t,2n)8Be(2a)

7Li(p,d,)6Li(da)

9Be(a,n3)12C(3a)

I6O(n,nJ16O(a) I2C

MT

50

53

91

16

651

53

56

By convention, the particles are arranged in ZA order in each set of parentheses. This leads

to ambiguity in the choice of the intennediate state. For example.

12C(n,a)9Be(n2a) ,

or

7Li(t,2n)8Be(2a)

7Li(Mi)9Be(n2a)

7Li(t,a)6He(2na)

7Li(t,na)5He(na) .

The evaluator must either choose one channel, partition the reaction between several

channels, or use the "complex reaction" notation (see below). Care must be taken to avoid

double counting.

In some cases, a particular intermediate state can break up by more than one path; for

example,

a section is divided into records. Every record on a tape contains three identification
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6Li(Ci1P4)
7Li(Ia) Ex = 7.47 MeV ,

6Li(Cl1P4)
7Li(Ii6Li) .

If two channels are both given under the same MT number, File 6 is used to list the emitted

particles and to give their fractional yields. The notation to be used for this type of reaction

is

6LKdJ)4)
7Li(X) .

Note that the Q value calculated for the entire reaction is not well defined. Another option

is to split the reaction up and use two consecutive MT numbers as follows:

6LKd1P4)
7Li(Ia) Ex = 7.4700 MeV, MT=604 ,

6LKd1P5)
7LKn6Li) Ex = 7.4701 MeV, MT=605 .

The same proton distribution would be given for MT=604 and 60S. The mass-difference Q

value is well defined for both reactions, but the level index no longer corresponds to real

levels.

The choice between the "simple multi-particle" and "breakup" representations should

be based on the physics of the process. As an example, an emission spectrum may show

several peaks superimposed on a smooth background. If the peaks can be identified with

known levels in one or more intermediate systems, they can be extracted and represented

by breakup MT numbers. The remaining smooth background can often be represented as a

simple multiparticle reaction.

0.5.5. LR Flags

As described above, the MT number for a simple reaction indicates which particles are

emitted. However, complex breakup reactions emit additional particles. The identity of

these additional particles can be determined from LR or File 6.

0.39

ft "7 1 Tunoc n(



0.26

LR Meaning

0 Simple reaction. Identity of product is implicit in MT.

1 Complex or breakup reaction. The identity of all products is

given explicitly in File 6.

22 a emitted (plus residual, if any)

23 3a emitted (plus residual, if any)

24 na emitted (plus residual, if any)

25 2na emitted (plus residual, if any)

28 p emitted (plus residual, if any)

29 2a emitted (plus residual, if any)

30 n2a emitted (plus residual, if any)

32 d emitted (plus residual, if any)

33 t emitted (plus residual, if any)

34 3He emitted (plus residual, if any)

35 d2a emitted (plus residual, if any)

36 t2a emitted (plus residual, if any)

39 internal conversion

40 electron-positron pair formation

The values LR=22-36 are provided for compatibility with ENDF/B-V. Some examples of

their use follow.

0.40
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Reaction
6Li(Ii1Ii1 )

6Li(da)

7Li(n,nc)
7Li(tcx)

I0B(n,n12)'°B(d2a)

12C(n,n2)12C(3a)

16O(n,n,)16O(eV)16

MT

51

91

62

52

51

LR

32

33

35

23

40

O

l6O(n,n6)16O(a)12C 56 22

Note that the identity of the residual must be deduced from MT and LR. Only the first

particle is described in File 4 and/or File 5; the only information available for the breakup

products is the net energy that can be deduced from kinematics.

The use of LR=I and File 6 is preferred for new evaluations because explicit yields

and distributions can be given for all reaction products.

0.5.6. Complex Reactions

At high energies, there are typically many reaction channels open, and it is difficult to

decompose the cross section into simple reactions. In such cases, the evaluation should use

MT=5. This complex reaction identifier is defined as the sum of all reactions not given

explicitly elsewhere in this evaluation. As an example, an evaluation might use only MT=2

and 5. Sections of File 6 with MT=5 and the correct energy-dependent yields would then

represent the entire nonelastic neutron spectrum, the entire proton spectrum, and so on. A

slightly more refined evaluation might use MT=2, 5, 51-66, and 600-609. In this case,

MT=5 would represent all the continuum neutron and proton emission. The discrete levels

would be given separately to represent the detailed angular distribution and two-body

kinematics correctly. The notation used for complex reactions is, for example,

6Li(d,X) .

0.41
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0.5.7 Radiative Capture

The radiative capture reaction is identified by MT= 102. For neutron sublibraries, the

only product is usually photons, and they are represented in Files 6 or 12-15. Note that File

6 or 12 must be used for materials with strong resonances. For charged-particle libraries,

simple radiative capture reactions must be represented using File 3 and File 6. In addition,

radiative capture followed by breakup is common for light targets; an example is

d+t->gamma+n+oc, which is written as a breakup reaction 3H(d,7)5He(na) for the purposes

of this format. This reaction is represented using MT= 102 with the special breakup flag set

in File 3. The gamma, neutron, and alpha distributions are all given in File 6.

0.5.8. Fission

The nomenclature used for fission is identical to that used in previous versions of the

ENDF format.

MT Meaning Description

18 fission total

19 f first chance fission

20 nf second chance fission

21 2nf third chance fission

38 3nf fourth chance fission

4S2 vT total neutrons per fission

455 vd delayed neutrons per fission

456 V prompt neutrons per fission

458 components of energy release in fission

Cross sections (File 3) can be given using either MT=18 or the combination of MT=I 9, 20,

21, and 38. In the latter case, MT=18 is also given to contain the sum of the partial

reactions.
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0.5.9. Nonelastic Reaction for Photon Production

Whenever possible, the same MT number should be used to describe both the emitted

particle and the photons. However, this is usually only possible for discrete photons from

low-lying levels, radiative capture, or for photons generated from nuclear models. Any

photons that cannot be assigned to a particular level or particle distribution can be given in

a section with the nonelastic summation reaction MT=3 in File 6, 12 or 13 (for neutrons) or

in File 6 (for other projectiles). As described in Section 0.5.2, MT=4, 103, 104, 105, 106,

and 107 can also be used as summation reactions for photon production in Files 12 and 13.

0.5.10. Special Production Cross Sections

A special set of production cross sections is provided, mostly for use in derived

libraries.

MT Meaning

201 neutron production

202 photon production

203 proton production

204 deuteron production

205 triton production

206 3He production

207 a production

Each one is defined as the sum of the cross section times the particle yield over all

reactions (except elastic scattering) with that particle in the final state. The yields counted

must include implicit yields from reaction names, LR flags, or residual nuclei in addition to

explicit yields from File 6. As an example, for an evaluation containing the reactions

(n,a) MT=107 ,

(n,n'3a) MT=91, LR=23 ,

1.1
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the helium production cross section would be calculated using

MT207 = MT107 + 3*MT91 .

The cross section in File 3 is barns per particle (or photon). A corresponding distribution

can be given using Files 4 and 5, or the distribution can be given using File 6 with a

particle yield of 1.0.

These MT numbers will ordinarily be used in File 3 of special gas production libraries.

0.5.11. Auxiliary MT Numbers

Several MT numbers are used to represent auxiliary quantities instead of cross

sections. The values 151, 451, 452, 454, 455, 456, 457, 458, and 459 have already been

mentioned. The following additional values are defined

MT Meaning

251 pL, the average cosine of the angle for elastic scattering (labora-

tory system). Derived Files only.

252 £, the average logarithmic energy decrement for elastic scatter-

ing. Derived files only.

253 y, the average of the square of the logarithmic energy decre-

ment, divided by 2 * £. Derived files only.

301-450 energy release rate parameters (eV-bams) for the reaction ob-

tained by subtracting 300 from this MT; e.g., 301 is total ker-

ma, 407 is kerma for (n,a), etc. Derived files only.

851-870 special series used only in covariance files (MF=31-40) to give

covariances for groups of reactions considered together (lumped

partials). See Section 30.

The continuous-slowing-down parameters (MT=251-253) and the heat production cross

sections (MT=301-450) are usually used in derived libraries only. A complete list of

reaction MT numbers and auxiliary MT numbers is given in Appendix B.
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0.5.12. Sum Rules for ENDF

A number of ENDF reactions types can be calculated from other reactions. The rules

for these summation reactions follow.

MT

1

4

18

103

104

105

106

107

Meaning: components

total cross sections (incident neutrons only): 2, 4, 5, 16, 17,

18, 22-37, 41-42, 102, 103-116.

total of neutron level cross sections: 50-91

total fission: 19-21, 38.

total of proton level cross sections: 600-649

total of deuteron level cross sections: 650-699

total of triton level cross sections: 700-749

total of 3He level cross sections: 750-799

total of alpha level cross sections: 800-849

The nonelastic cross section (MT=3) is only used in connection with photon production. It

contains the following MT numbers: 4, 5, 16-18, 22-37, 41-42, 102-116.

0.6. Representation of Data

0.6.1. Definitions and Conventions

The data given in all sections always use the same set of units. These are summarized

below.

Units

electron volts (eV)

dimensionless cosines of the angle

barns

Kelvin

in units of the neutron mass

probability per unit cosine

Parameters

energies

angles

cross sections

temperatures

mass

angular distributions
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Parameters

energy distributions

energy-angle distributions

half life

0.32

Units

probability per electron volt

probability per unit cosine per electron volt

seconds

The first record of every section contains a ZA number that identifies the specific

material. ZA variants are also employed to identify projectiles and reaction products. In

most cases, ZA is constructed by

ZA = 1000.0 * Z + A ,

where Z is the atomic number and A is the mass number for the material. If the material is

an element containing two or more naturally occurring isotopes in significant concentra-

tions, A is taken to be 0.0. For mixtures, compounds, alloys, or molecules, special ZA

numbers between 1 and 99 can be defined (see Appendix C).

A material, incident particle (projectile), or reaction product is also characterized by a

quantity that is proportional to its mass relative to that of the neutron. Typically these

quantities are denoted as AWR, AWP or AWI for a material, projectile, or product,

respectively. For example, the symbol AWR is defined as the ratio of the mass of the

material to that of the neutron (the mass of the neutron is taken to be 1.008665 AMU in the
12C system). Another way to say this is that "all masses are expressed in neutron units."

For materials which are mixtures of isotopes, the abundance weighted average mass is

used.

0.6.1.0. Atomic Masses Versus Nuclear Masses

Mass quantities for materials (AWR for all Z) and "heavy" reaction products (AWP for

Z > 2) should be expressed in atomic units, i.e., the mass of the electrons should be

included. Mass quantities for incident particles (AWT) and "light" reaction products (AWP

for Z < 2) should be expressed in nuclear mass units. For neutrons, this ratio is 1.00000.

10-01-91

1.4



0.33

For charged particles likely to appear in ENDF/B-VI, values in the following table should

be used.

Projectile

proton

deuteron

triton

3He

4He

m/mn

0.99862

1.99626

2.98960

2.98903

3.96713

0.6.2. Interpolation Laws

Many types of ENDF data are given as a table of values on a defined grid with an

interpolation law to define the values between the grid points. Simple one-dimensional

"graph paper" interpolation schemes, a special Gamow interpolation law for charged-parti-

cle cross sections, simple Cartesian interpolation for two-dimensional functions, and two

non-Cartesian schemes for two-dimensional distributions are allowed.

Consider how a simple function y(x), which might be a cross section, G(E), is

represented. y(x) is represented by a series of tabulated values, pairs of x and y(x), plus a

method for interpolating between input values. The pairs are ordered by increasing values

of x. There will be NP values of the pair, x and y(x), given. The complete region over

which x is defined is broken into NR interpolation ranges. An interpolation range is

defined as a range of the independent variable x in which a specified interpolation scheme

can be used; i.e., the same scheme gives interpolated values of y(x) for any value of x

within this range. To illustrate this, see Fig. 0.1 and the definitions below:

X(n) is the nth value of x,

Y(n) is the n value of y,

NP is the number of pairs (X and Y) given,

INT(m) is the interpolation scheme identification number used in the ml range, and

NBT(m) is the value of N separating the mth and the (m+l)Ih interpolation ranges.

10-01-91
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The allowed interpolation schemes are

INT=I y is constant in x (constant, histogram)

INT=2 y is linear in x (linear-linear)

INT=3 y is linear in ln(x) (linear-log)

INT=4 ln(y) is linear in x (log-linear)

INT=5 ln(y) is linear in ln(x) (log-log)

Interpolation code, INT= 1 (constant), implies that the function is constant and equal to the

value given at the lower limit of the interval.

Note that where a function is discontinuous (for example, when resonance parameters

are used to specify the cross section in one range), the value of X is repeated and a pair

(X,Y) is given for each of the two values at the discontinuity (see Fig. 0.1).

A special one-dimensional interpolation law, INT=6, is defined for charged-particle

cross sections. It is based on the limiting forms of the Coulomb penetrabilities for

exothermic reactions at low energies and for endothermic reactions near the threshold. The

expected energy dependence is

A r R i
(0.4)

where T=O for exothermic reactions (Q>0) and T is the kinematic threshold for endother-

mic reactions (Q<0). Note that this formula gives a concave upward energy dependence

near E=T that is quite different from the behavior of the neutron cross sections. This

formula can be converted into a two-point interpolation scheme using

B =

and

(0.5)

(0.6)

10-01-91
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where E1, a, and E,, 0 , are two consecutive points in the cross-section tabulation. This

interpolation method should only be used for E close to T. At higher energies, non-expo-

nential behavior will normally begin to appear, and linear-linear interpolation is more

suitable.

Next consider an energy distribution represented as a two-dimensional function of E

and E', f(E,E'). Using a simple Cartesian interpolation, the function is represented by a

series of tabulated functions f(El(E'). The simple "graph paper" rules are used for

interpolating for f(E') at each E1. An additional interpolation table is given for interpolation

between these values to get the result at E.

Distributions usually show ridges that cut diagonally across the lines of E and E'. An

interpolation scheme is required that merges smoothly between adjacent distributions

without generating the spurious bumps often seen when interpolation along the Cartesian

axes E and E' is used.

The First non-Cartesian scheme allowed is the method of corresponding points. Given

distributions for two adjacent incident energies, f(Ej,E'ik) and f(E-,E'jk), the interpolation

takes place along the line joining the kth points in the two functions. When the E' grids are

different and the grid points are well chosen, this interpolation scheme is analogous to

following the contours on a map. Of course, if the E' grids are the same for Ej and Ej, this

method is exactly equivalent to Cartesian interpolation. The method of corresponding

points is selected by using INT=I 1-15, where the transformed values follow the interpola-

tion laws INT= 1-5 respectively.

The second non-Cartesian interpolation scheme allowed is unit-base interpolation. The

spectra at E; and Ei+j are transformed onto a unit energy scale by dividing each secondary

energy by the respective maximum energy. The interpolation is then performed as in the

Cartesian method, and the resulting intermediate spectrum is expanded using the maximum

energy obtained by interpolating between the end points of the original spectra. The
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Figure 0.1

Interpolation of a Tabulated One-dimension Function

Illustrated for the Case NP=IO, NR=3

NBT(3) = I

X(I) X(2) X(3)
X (4)

X (6)
X (5)

X(7) X(8) X(9) X( IO)

unit-base option is selected by using INT=21-25, where the transformed values follow the

interpolation laws INT= 1-5 respectively.

0.7. General Description of Data Formats

An ENDF tape is built up from a small number of basic structures called "records,"

such as TPID, TEND, CONT, TABl, and so on. These "records" normally consist of one or

more card images (80 character FORTRAN records). It is also possible to use binary mode,

where each of the basic structures is implemented as FORTRAN logical record. The

advantage of using these basic ENDF "records" is that a small library of utility subroutines

can be used to read and write the records in a uniform way.
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0.7.1. Structure of an ENDF Data Tape

The structure of an ENDF data tape is illustrated schematically in Fig. 0.2. The tape

contains a single record at the beginning that identifies the tape. The major subdivision

between these records is by material. The data for a material is divided into/i7es, and each

file (MF number) contains the data for a certain class of information. A file is subdivided

into sections, each one containing data for a particular reaction type (MT number). Finally,

Figure 0.2

Structure of an ENDF data tape

Tape
Material

MAT
File
MF

Section
MT

10-01-91



0.38

a section is divided into records. Every record on a tape contains three identification

numbers: MAT, MF, and MT. These numbers are always in increasing numerical order, and

the hierarchy is MAT, MF, MT. The end of a section, file, or material is signaled by special

records called SEND, FEND, and MEND, respectively.

0.7.2. Format Nomenclature

An attempt has been made to use an internally consistent notation based on the

following rules.

a) Symbols starting with the letter I, J, K, L, M, or N are integers. All other symbols

refer to floating-point (real numbers).

b) The letter I or a symbol starting with I refers to an interpolation code (see Section

0.6.2).

c) Letters J, K, L, M, or N when used alone are indices.

d) A symbol starting with M is a control number. Examples are MAT, MF, MT.

e) A symbol starting with L is a test number.

f) A symbol starting with N is a count of items.

All numbers are given in fields of 11 columns. In character mode, floating-point

numbers should be entered in one of the following forms:

±1.234567±n

±1.23456±nn ,

depending on the size of the exponent. Both of these forms can be read by the "El 1.0"

format specification of FORTRAN. However, a special subroutine available to the NNDC

must be used to output numbers in the above format. If evaluations are produced using

numbers written by "IPEl 1.5" (that is, ±1.2345E±nn), the numbers will be standardized

into 6 or 7 digit form, but the real precision will remain at the 5 digit level.

10-01-91
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0.7.3. Types of Records

All records on an ENDF tape are one of five possible types, denoted by TEXT, CONT,

LIST, TABl, and TAB2. The CONT record has six special cases called DIR, HEAD,

SEND, FEND, MEND, and TEND. The TEXT record has the special case TPID. Every

record (in fact, every card image) contains the basic control numbers MAT, MF, and MT.

Card images also contain a sequence number. The definitions of the other fields in each

record will depend on its usage as described below.

0.7.4. TEXT Records

This record is used either as the first entry on an ENDF tape (TPID), or to give the

comments in File 1. It is indicated by the following shorthand notation:

[MAT, MF, MT/ HL] TEXT ,

where HL is 66 characters of text information, or alternatively, 17 "words" in a Hollerith

array. The TEXT record can be read with the following FORTRAN statements:

READ(LIB)MAT,MF,MT,HL

or

READ(LIB)MAT,MF,MT,(HL(N),N= 1,17) ,

and

READ(LIB, 10)HL,MAT,MF,MT,NS

10 FORMAT(A66,I4,I2,I3,I5)

or

READ(Lffi,10)(HL(I),I=l,17),MAT,MF,MT,NS

10 FORMAT(16A4,A2,I4,I2,I3,I5).

where NS is the sequence number. For a normal TEXT record, MF = 1 and MT = 451. For

a TPID record, MAT contains the tape number NTAPE, and MF and MT are both zero.

0.7.5. CONT Records

The smallest possible record is a control (CONT) record. For convenience, a CONT

record is denoted by
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[MAT, MF, MT/C1, C2, Ll, L2, Nl, N2] CONT ,

which stands for

RE AD(LIB)MAT,MF,MT,C 1 ,C2,L 1 ,L2,N 1 ,N2

or

READ(LIB, 10)C 1 ,C2,L 1 ,L2.N 1 ,N2,M AT,MF,MT,NS

10 FORMAT(2E11.0,4111,14,12,13,15).

The actual parameters stored in the six fields Cl, C2, Ll, L2, Nl, and N2 will depend on

the application for the CONT record.

The HEAD record is the first in a section and has the same form as CONT, except that

the Cl and C2 fields always contain ZA and AWR respectively.

The SEND, FEND, MEND, and TEND records use only the three control integers,

which signal the end of a section, file, material, or tape, respectively. In binary mode, the

six standard fields are all zero. In character mode, the six are all zero as follows:

[MAT, MF, O/ 0.0, 0.0, 0, 0, 0, 0] SEND

[MAT, 0, 0/ 0.0, 0.0, 0, 0, 0, 0] FEND

[0, 0, 0/ 0.0, 0.0, 0, 0, 0, 0] MEND

[-1, 0, 0/ 0.0, 0.0, 0, 0, 0, 0] TEND.

The DIR cards are described in more detail in Section 1.1.1. The only difference

between a DIR card and a standard CONT card is that the first two fields are blank in

character mode.

0.7.6. LIST Records

This type of record is used to list a series of numbers B,, B2, B3, etc. The values are

given in an array B(n), and there are NPL of them. The shorthand notation for the LIST

record is

[MAT, MF, MT/ Cl, C2, Ll, L2, NPL, N2/ B J LIST ,

which corresponds to

10-01-91
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READ(LIB)MAT,MF,MT,C1,C2,L1,L2,NPL,N2,(B(N),N=1,NPL) ,

or

READ(LIB, 1O)C1,C2,L1,L2,NPL,N2,MAT,MF,MT,NS

10 FORMAT(2E11.0,4111,14,12,13,15)

READ(LIB,20)(B(N),N=l,NPL)

20 FORMAT(6E11.0)

The maximum for NPL varies with use (see Appendix G), and current limits allow LIST

records as long as 10,009 words. For this reason, some computer codes might choose to

read B(N) in blocks or pages.

0.7.7. TABl Records

These records are used for one-dimensional tabulated functions such as y(x). The data

needed to specify a one-dimensional tabulated function are the interpolation tables NBT(N)

and INT(N) for each of the NR ranges, and the NP tabulated pairs of X(N) and Y(N). The

shorthand representation is

[MAT, MF, MT/ Cl, C2, Ll, L2, NR, NP/ xim/ y(x)] TABl ,

and the corresponding FORTRAN is

READ(LIB)MAT,MF,MT,C1,C2,L1,L2,NR,NP,

(NBT(N),INT(N),N= 1 ,NR)7(X(N), Y(N)1N= 1 ,NP'.

or

READ(LIB, 10)C 1 ,C2,L1 ,L2,NR,NP,M AT,MF,MT,NS

10 FORMAT(2E11.0,4111,14,12,13,15)

READ(LIB,20)(NBT(N),INT(N),N= 1 ,NR)

20 FORMAT(6I11)

READ(LIB,30)(X(N),Y(N),N=l,NP)

30 FORMAT(6E11.0) .

10-01-91
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The limits on NR and NP vary with use (see Appendix G). With current values, the

longest possible TABl record would contain 20,049 words. Some codes may choose to

read such large tabulation by blocks or pages. The limits must be strictly observed in

primary evaluations in order to protect processing codes which use the simple binary

format. However, these limits can be relaxed in derived libraries in which resonance

parameters have been converted into detailed tabulations of cross section versus energy.

Such derived libraries can be written in character mode (card images) or a non-standard

blocked-binary mode.

0.7.8. TAB2 Records

The last record type is the TAB2 record, which is used to control the tabulation of a

two-dimensional function y(x,z). It specifies how many values of z are to be given and how

to interpolate between the successive values of z. Tabulated values of yt(x) at each value of

Z1 are given in TABl or LIST records following the TAB2 record, with the appropriate

value of z in the field designated as C2. The shorthand notation for TAB 2 is

[MAT, MF, MT/ Cl, C2, L l , L2, NR, NZ/ Z^1] TAB2,

and the corresponding FORTRAN is

READ(LIB)MAT,MF,MT,C 1 ,C2,L1 ,L2,NR,NZ,(NBT(N),INT(N),N= Ï ,NR)

or

READ(LIB,1O)C1,C2,L1,L2,NR,NZ,MAT,MF,MT,NS

10 FORMAT(2E11.0,4111,14,12,13,15)

READ(LIB,20)(NBT(N),INT(N),N= 1 ,NR)

20 FORMAT(6I11) .

For example, a TAB2 record is used in specifying angular distribution data in File 4. In this

case, NZ in the 1AB2 record specifies the number of incident energies at which angular

distributions are given. Each distribution is given in a LIST or TABl record.

10-01-91
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1. FILE 1, GENERAL INFORMATION

File 1 is the first part of any set of evaluated cross-section data for a material. Each

material must have a File 1 that contains at least one section. This required section

provides a brief documentation of how the data were evaluated and a directory that

summarizes the files and sections contained in the material. In the case of fissionable

materials, File 1 may contain up to four additional sections giving fission neutron yields

and energy release information. Each section has been assigned an MT number (see

below), and the sections are arranged in order of increasing MT number. A section always

starts with a HEAD record and ends with a SEND record. The end of File 1 (and all other

files) is indicated by a FEND record. These record types are defined in detail in Section

0.7.

1.1. Descriptive Data and Directory (MT=451)

This section is always the first section of any material and has two parts: (1) a brief

documentation of the cross-section data, and (2) a directory of the files and sections used

for this material.

In the first part, a brief description of the evaluated data set is given. This information

should include the significant experimental results used to obtain the evaluated data,

descriptions of any nuclear models used, a clear specification of all the MT numbers

defined to identify reactions, the history of the evaluation, and references. The descriptive

information is given as a series of card images, each card containing up to 66 Hollerith

characters.

The first three cards of the Hollerith information should contain a standardized

presentation of information on the material, projectile, evaluators, and modification status.

The following quantities are defined for MF=I, MT=451:

ZA,AWR are the standard material charge and mass parameters.

1.15
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LRP is a flag that indicates whether resolved and/or unresolved resonance

parameters are given in File 2: LRP=-1, no File 2 is given (not allowed for

incident neutrons); LRP=O, no resonance parameter data are given, but a

File 2 is present containing the effective scattering radius; LRP=I, resolved

and/or unresolved parameter data are given in File 2 and cross sections

computed from them must be added1" to background cross sections given in

File 3; LRP=2, parameters are given in File 2, but cross sections derived

from them are not to be added to the cross sections in File 3. The option

LRP=2 is to be used for derived files only.

LFI is a flag that indicates whether this material fissions LFI=O, this material

does not fission; LFI=I, this material fissions.

NLIB is the library identifier: NLIB=O, ENDF/B; NLIB=I, ENDF/A. Additional

values have been assigned to identify unofficial libraries using ENDF

format.

NVER is the library version number; for example, NVER=6 for version VI.

NFOR is the library format (NFOR=6 for all libraries prepared according to the

specifications given in this manual).

ELIS is the excitation energy of the target nucleus relative to 0.0 for the ground

state.

STA is the target stability flag (STA=O for stable nuclei and STA=I for unstable

nuclei). If the target is unstable, radioactive decay data should be given in

the decay data sublibrary (NSUB=4).

LIS is the state number of the target nucleus. The ground state is indicated by

LIS=O.

•In the unresolved region, it is also possible to compute a self-shielding factor from File 2 and
multiply it by a complete unshielded cross section in File 3.

1.16
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LISO is the isomeric state number. The ground state is indicated by LISO=O. LIS

is greater than or equal to LISO.

NMOD is the modification number for this material: NMOD=O, evaluation con-

verted from a previous version; NMOD=I, new or revised evaluation for

the current library version; NMOD=2 etc., successive modifications.

AWI is the mass of the projectile in neutron units. For incident photons or decay

data sublibraries, use AWI=0.0.

NSUB is die sublibrary number. It distinguishes between particle-induced data,

decay data, thermal data, and fission product yield data using

NSUB=10*IPART+rrYPE. In this formula, IPART=1000*Z+A defines the

incident particle; use IPART=O for incident photons or no incident particle

(decay data). The flag ITYPE is zero for normal reaction data, it is equal to

one for fission product yield data, two for thermal scattering data, three for

photo-atomic data, four for decay data, and five for spontaneous fission

product yields. The last three values are used with IPART=O only. The

resulting values of NSUB and the corresponding sublibrary names are

given in Table 1.1.

TEMP is the target temperature. (Kelvin) for data that have been generated by

Doppler broadening. For derived data only; use TEMP=0.0 for all primary

evaluations.

LDRV is a special derived material flag that distinguishes between different

evaluations with the same material keys (i.e., MAT, NMOD,

NSUB): LDRV=O, primary evaluation; LDRVSl, special derived evalua-

tion (for example, a dosimetry evaluation using sections (MT) extracted

from the primary evaluation).



NSUB

O

1

3

4

5

10

11

12

10010

10011

10020

IPART

0

0

0

0

0

1

1

1

1001

1001

1002

ITYPE

0

1

3

4

5

0

1

2

0

1

0

1.4

Table 1.1

Sublibrary Numbers and Names

Sublibrary Names

Photo-Nuclear Data

Photo-Induced Fission Product Yields

Photo-Atomic Interaction Data

Radioactive Decay Data

Spontaneous Fission Product Yields

Incident-Neutron Data

Neutron-Induced Fission Product Yields

Thermal Neutron Scattering Data

Incident-Proton Data

Proton-Induced Fission Product Yields

Incident-Deuteron Data

20040 2004 Incident-Alpha Data

2.1
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NWD is the number of card images used to describe the data set for this

material. Each card can contain up to 66 Hollerith characters.

NXC is the number of card images in the directory for this material. Each

section (MT) in the material has a corresponding line in the directory that

contains MF, MT, NC, and MOD. NC is a count of the number of cards

in the section (not including SEND), and MOD is the modification flag

(see below).

ZSYMAM is a Hollerith representation of the material charge, chemical symbol,

atomic mass number, and metastable state in the form Z-cc-AM with

Z right justified in col. 1 to 3

- hyphen in col. 4

two-character chemical name left justified in col. 5 and 6

- hypen in col. 7

A right justified in col. 8 to 10 or blank

M for the indication of a metastable state in col. 11

for example, 94-PU-239, 1-H - 2, etc.

ALAB is - mnemonic for the originating laboratory(s) left adjusted in col.

12-22.

EDATE is the date of evaluation given in the form "EVAL-DEC74" in col. 23-32.

AUTH is a field containing the author(s) name(s) left adjusted in col. 34-66.

REF is a primary reference for the evaluation left adjusted in col. 2-22.

DDATE is the original distribution date given in the form "DIST-DEC74" in col.

23-32.

RDATE is an eye-readable date and number of the last revision to this evaluation

in the form "REV2-DEC74" in col. 34-43. Here "2" is the revision

number IREV. IREV is computer retrievable.
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ENDATE is the Master File entry date in the form yymmdd right adjusted in col.

56-61. The Master File entry date will be assigned by NNDC for

ENDF/B-VI.

HSUB is an eye-readable identifier for the library contained on three successive

cards. The first card contains four dashes starting in col. 1, directly

followed by the library type (NLIB) and version (NVER); for example

••— ENDF/B-VI" or "— ENDF/A-VI" followed by MATERIAL XXXX

starting in col. 23 where XXXX is the MAT number, and REVISION 2

(starting in col. 45 only if required) where "2" is the revision number

IREV.

The second card contains five dashes starting in col. 1, and followed by

the sublibrary identifier (NSUB), for example " DECAY DATA,"

" PHOTO-ATOMIC INTERACTION DATA," or " INCIDENT

NEUTRON DATA." See Table 1.1.

The third card contains six dashes starting in col. 1 and followed by

ENDF-6 where "6" is the library format type (NFOR).

Note: the three HSUB cards can be generated by a utility program.

MFn is the MF of the n"> section.

MTn is the MT of the n* section.

NCn is the number of BCD card images in the n* section. This count does not

include the SEND card.

MODn is the modification indicator for the n"1 section. The value of MODn is

equal to NMOD if the corresponding section was changed in this

revision. MODn must always be less than or equal to NMOD.

2.3
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1.1.1. Formats

The structure of this section is

[MAT, 1, 451/ ZA, AWR,

[MAT, 1, 451/ ELIS, STA,

[MAT, 1, 451/ AWI, 0.0,

[MAT, 1, 451/ TEMP, 0.0,

[MAT, 1, 451/ ZSYMAM, ALAB

[MAT, 1, 451/ REF, DDAT

[MAT, 1, 451/ HSUB

LRP,

LIS,

O,

LDRV,

EDATE,

RDATE,

continue

LFI,

LISO,

O,

O,

AUTH

ENDATE

for the rest

the NWD descriptive

NLIB,

O,

NSUB,

NWD,

of

cards

NMOD]

NFOR]

NVER]

NXC]

]

]

]

HEAD

CONT

CONT

CONT

TEXT

TEXT

TEXT

[MAT, 1, 451/ b, b, MF1, MT1, NC1, MOD1] CONT

[MAT, 1, 451/ b, b, MF2, MT2, NC2, MOD2] CONT

[MAT, 1, 451/ b, b, MF N XC, M T N ^ , N C ^ , M O D ^ J CONT

[MAT, 1, 0 /0.0, 0.0, 0, 0, 0, 0] SEND .

Procedures

Note that the parameters NOB, NVER, NSUB, MAT, NMOD, LDRV, and sometimes

TEMP define a unique set of "keys" that identifies a particular evaluation or "material" in

the ENDF system. These keys can be used to access materials in a formal data base

management system if desired.

The flag LRP indicates whether resolved and/or unresolved resonance parameter data

are to be found in File 2 (Resonance Parameters) and how these data are to be used with File
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3 to compute the net cross section. For incident neutrons, every material will have a File 2.

If LRP=O, the file contains only the effective scattering radius; the potential cross section

corresponding to this scattering radius has already been included in the File 3 cross sections.

If LRP=I, File 2 contains resolved and/or unresolved resonance parameters. Cross sections

or self-shielding factors computed from these parameters are to be combined with any cross

sections found in File 3 to obtain the correct net cross section. For other sublibraries (decay

data, incident photons, incident charged particles, fission product yields), File 2 can be

omitted (use LRP=-1). A number of processing codes exist which reconstruct resonance-re-

gion cross sections from the parameters in File 2 and output the results.in ENDF format.

Such a code can set LRP=2 and copy the original File 2 to its output ENDF tape. Other

processing codes using such a tape will know that resonance reconstruction has already been

performed, but the codes will still have easy access to the resonance parameters if needed.

The LRP=2 option is not allowed in primary evaluations.

The flag LFI indicates that this material fissions in the context of the present sublibrary.

In this case, a section specifying the total number of neutrons emitted per fission, v(E), must

be given as MF=I, MT=452. Sections may also be given that specify the number of delayed

heutrons per fission (MT=455) and the number of prompt neutrons per fission (MT=456),

and that specify the components of energy release in fission (MT=458).

The flag LDRV indicates that this material was derived in some way from another

evaluation; for example, it could represent an activation reaction extracted from a more

complete evaluation, it could be part of a gas production library containing production cross

sections computed from more fundamental reactions, it could represent a reconstructed

library with resonance parameters expanded into detailed pointwise cross sections, and so

on.

The descriptive data in the Hollerith section must be given for every material. The first

three cards are used to construct titles for listings, plots, etc., and the format should be
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followed closely. The remaining card images give a verbal description of the evaluated data

set for the material. The description should mention the important experimental results upon

which the recommended cross sections are based, the evaluation procedures and nuclear

models used, a brief history and origin of the evaluation, important limitations of the data

set, estimated uncertainties and covariances, references, and any other remarks that will

assist the user in understanding the data. For incident neutron evaluations, the 2200 m/s

cross sections contained in the data should be tabulated, along with the infinite dilution

resonance integrals for capture and fission (if applicable). For charged-particle and high-en-

ergy reactions, the meaning of each MT should be carefully explained using the notation of

Section 0.5.

12. Number of Neutrons per Fission, v, (MT=452)

If the material fissions (LPI=I), then a section specifying the average total number of

neutrons per fission, V (MT=452) must be given. This format applies to both particle induced

and spontaneous fission, each in its designated sublibrary. Values of V may be tabulated as a

function of energy or coefficients provided for the following polynomial expansion of V(E),
NC

V(E) = X C n E ^
n=i

where v(E) is the average total (prompt plus delayed) number of neutrons per fission

produced by neutrons of incident energy E(eV), Cn is the n* coefficient, and NC is the

number of terms in the polynomial. MT=452 for an energy-dependent neutron multiplicity

cannot be represented by a polynominal expansion when MT=4S5 and MT=456 are utilized

in the file.

IJtJ. Formats

The structure of this section depends on whether values of V(E) are tabulated as a

function of energy or whether v is represented by a polynomial. The following quantities are

defined:

2.6
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LNU is a test that indicates what representation of v(E) has been used:

LNU=I, polynomial representation has been used;

LNU=2, tabulated representation.

NC is a count of the number of terms used in the polynomial expansion. (NC<4).'

C n are the coefficients of the polynomial. There are NC coefficients given.

NR is the number of interpolation ranges used to tabulate values of v(E). (See

0.6.2.)

NP is the total number of energy points used to tabulate v(E).

E i n t is the interpolation scheme (see 0.6.2 for details).

v(E) is the average number of neutrons per fission.

If LNU=I, the structure of the section is

[MAT, 1. 452/ ZA, AWR, 0, LNU, 0, O]HEAD LNTJ=I

[MAT, 1, 452/ 0.0, 0.0, 0, 0, NC, 0/C1, C2, ... CNC]LIST

[MAT, 1, 0 / 0.0, 0.0, 0, 0, 0, O]SEND

If LNU=2, the structure of the section is

[MAT, 1, 452/ ZA, AWR, 0, LNU, 0, O]HEAD LNU=2

[MAT, I, 452/ 0.0, 0.0, 0, 0, NR, NP/Eim/v(E)]TAB 1

[MAT, 1, 0 / 0.0, 0.0, 0, 0, 0, O]SEND

1.2.2. Procedures

If a polynomial representation (LNU=I) has been used to specify v(E), this representa-

tion is valid over any range in which the fission cross section is specified (as given in Files 2

and 3). When using a polynomial to fit v(E), the fit shall be limited to a third-degree

polynomial (NC<4). If such a fit does not reproduce the recommended values of V(E), a

tabulated form (LNU=2) should be used.

If tabulated values of v(E) are specified (LNU=2), then pairs of energy-v values are

given. Values of v(E) should be given that cover any energy range in which the fission cross

section is given in File 2 and/or File 3.

2.7

NAPS-O Calculate a from the above equation and use it in the

penetrabilities and shift factors. Read AP(E) as a TABl quantity in
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The values of V(E) given in this section are for the average total number of neutrons

produced per fission event. When another section (MT=455) that specifies the delayed

neutrons from fission is given, the average number of delayed neutrons per fission (vd) must

be added to v given in section MT=456 and included in the value of V(E) given in this

section (MT=452). In this case, only LNU=2 is allowed for MT=452.

For spontaneous fission the polynominal representation (LNU=I) is used with NC=I

and C, = vt. There is no energy dependence.

13. Delayed Neutron Data, vd, (MT=455)

This section describes the delayed neutrons resulting from either particle induced or

spontaneous fission. The average total number of delayed neutron precursors emitted per

fission, vd is given, along with the decay constants, X1, for each precursor family. The

fraction of vd generated for each family is given in File 5 (section 5 of this report). The

energy distributions of the neutrons associated with each precursor family are also given in

File 5.

For particle induced fission, the total number of delayed neutrons is given as a function

of energy in tabulated form (LNU=2). The energy dependence is specified by tabulat-

ing vd(E) at a series of neutron energies using the same format as for MT=452. For

spontaneous fission LNU=I is used with NC=I and C1 = 7d as for MT=452.

The total number of delayed neutron precursors emitted per fission event, at incident

energy E, is given in this file and is defined as the sum of the number of neutrons emitted for

each of the precursor families,

NNF

vd(E) = X Vj(E) ,
i=l

where NNF is the number of precursor families. The fraction of the total, Pj(E), emitted for

each family is given in File 5 (see section 5) and is defined as

2.8

[MAT,2,151/ EL, EH, LRU, LRF, NRO, NAPS]CONT (range)

<Subsection for the second energy range for the first isotope;
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U , l . Formats

The following quantities are defined.

LNU is a test that indicates which representation is used:

LNU=I means that polynomial expansion is used;

LNU=2 means that a tabulated representation is used.

NC is the number of terms in the polynomial expansion. (NC<4)

NR is the number of interpolation ranges used. (NR£20)

NP is the total number of energy points used in the tabulation of vd(E).

Ej n t is the interpolation scheme (see section 0.6.2)

vd(E) is the total average number of delayed neutrons formed per fission event.

NNF is the number of precursor families considered.

X| is the decay constant (sec"1) for the i* precursor.

The structure when values of v d are tabulated (LNU=2) is

[MAT, 1, 455/ ZA, AWR, 0, LNU, 0, O]HEAD LNU=2

[MAT, 1, 455/ 0.0, 0.0, 0, 0, NNF, OA1,

[MAT, 1, 455/ 0.0, 0.0, 0, 0, NR,

[MAT, 1, 0 / 0.0, 0.0, 0, 0, 0, O]SEND

If LNU=I (spontaneous fission) the structure of the section is

[MAT, 1, 455/ ZA, AWR, 0, LNU, 0, O]HEAD LNU=I

[MAT, 1, 455/ 0.0, 0.0, 0, 0, NNF, OA1, X2, — X N ^ ] LIST

[MAT, 1, 455/ 0.0, 0.0, 0, 0, 1, 0/ vd] UST

[MAT, 1, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND.

132. Procedures

When tabulated values of vd(E) are specified, as is required for particle-induced fission

by Section 1.2., they should be given for the same energy range as that used to specify the

fission cross section.

2.9
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The probability of producing the precursors for each family and the energy distributions

of neutrons produced by each precursor funily are given in File 5 (section 5 of this report).

It is extremely important that the same precursor families be given in File 5 as are given in

File 1 (MT=455), and the ordering of the families should be the same in both files. It is

recommended that the families be ordered by decreasing half-lives (X1 < X2 < X ... < X^p).

For spontaneous fission, the polynominal form (LNU=I) is used with only one term

(NC=I, C1 = vd).

If MT=455 is used, then MT=456 must also be used as well as MT=452.

1.4. Number of Prompt Neutrons per Fission, Vp, (MT=456)

If the material fissions (LFI=I), a section specifying the average number of prompt

neutrons per fission, v_, (MT=456) can be given using formats identical to MT=452. For

particle induced fission, vp is given as a function of energy. The prompt v for spontaneous

fission can also be given using MT=456, but there is no energy dependence.

1.4.1. Formats

The following quantities are defined:

LNU is a test that indicates what representation of v_(E) has been used;

LNU=I, polynomial representation has been used;

LNU=2, tabulated representation.

NC is a count of the number of terms used in the polynomial expansion. (NC<4)

NR is the number of interpolation ranges used to tabulate values of VJM)- (See

0.7.7.)

NP is the total number of energy points used to tabulate v_(E).

E{nt is the interpolation scheme (see section 0.6.2.)

is the average number of prompt neutrons per fission.

2.10
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If LNU=2, (tabulated values of v), the structure of the section is

[MAT, 1, 456/ ZA, AWR, 0, LNU, 0, O]HEAD LNU=2

[MAT, 1, 456/ 0.0, 0.0, 0, 0, NR, NP/Eint/vp(E)]TAB l

[MAT, 1, 0 / 0.0, 0.0, 0, 0, 0, O]SEND

If LNU=I (spontaneous fission) the structure of the section is

[MAT, 1, 456/ ZA, AWR, 0, LNU, 0, O]HEAD LNU=I

[MAT, 1, 456/ 0.0, 0.0, 0, 0, 1, 0/vp] LIST

[MAT, 1, "0/0.0, 0.0, 0, 0, 0, 0] SEND.

1.4.2. Procedures

If tabulated values of v (E) are specified (LNU=2), then pairs of energy-v values are

given. Values of v (E) should be given that cover any energy range in which the fission

cross section is given in File 2 and/or File 3. The values of v (E) given in this section are for

the average number of prompt neutrons produced per fission event. The energy indpendent v

for spontaneous fission is given using LNU=I with NC=I and C1 = v as described for

MT = 452.

If MT=456 is specified, then MT=455 must also be specified as well as MT-452.

1.5. Components of Energy Release Due to Fission (MT=458)

The energy released in fission is carried by fission fragments, neutrons, gammas, betas

(+ and -), and (anti-) neutrinos. The term fragments includes all charged particles that are

emitted promptly, since for energy-deposition calculations, all such particles have short

ranges and are usually considered to lose their energy locally. Neutrons and gammas

transport their energy elsewhere and need to be considered separately. In addition, some

gammas and neutrons are delayed, and in a shut-dovm assembly one needs to know the

amount of energy tied up in these particles and the rate at which it is released from the

metastable nuclides or precursors. The neutrino energy is lost completely in most applica-

tions, but is part of the Q-value. As far as the betas are concerned, prompt betas, being

2.11
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charged, deposit their energy locally with the fragments, and their prompt energies are

correctly included with the fragment energies.

ET is the sum of all the partial energies which follow. This sum is the total

energy release per fission and equals the Q value.

EFR is the kinetic energy of the fragments.

ENP is the kinetic energy of the "prompt" fission neutrons.

END is the kinetic energy of the delayed fission neutrons.

EGP is the total energy released by the emission of "prompt" Y rays.

EGD is the total energy released by the emission of delayed y rays.

EB is the total energy released by delayed p"s.

ENU is the energy carried away by the neutrinos.

ER is ET - ENU (the total energy less the energy of the neutrinos).

This ER is equal to the pseudo-Q in File 3 for MT=I 8.

All of these energies are given for an incident energy of zero.

E1(O) = EJ(EINC) + 5E1

where Ej is any of the energy release components.

E1(O) is the value at EINC = 0

E1(EINC) is the value at incident energy EINC

EINC = 0 is ficticious and represents an artifice by which it is possible to recover the values

at any EINC.

The 5Ej's are given by the following:

5ET = - (1.057EINC - 8.07(v(EINC) - v(0)))

SEB = 0.07ÎEINC.

5EGD = 0.075EINC.

5ENU = 0.100EINC.

5EFR = 0.

2.12
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5ENP = - (1.307EINC - 8.07(v(EINC) - V(O)).

ÔEGP = 0.

1.5.1. Formats

The structure of this section always starts with a HEAD record and end with a SEND

record. The section contains no subsections and only one LIST record.

The structure of a section is:

[MAT, 1, 458/ ZA, AWR, 0, 0, 0, O]HEAD

[MAT, 1, 458/ 0.0, 0.0, 0, 0, 18, 9/

EFR, AEFR, ENP, AENP, END, AEND

EGP, AEGP, EGD, AEGD, EB, AEB

ENU, AENU, ER, AER, ET, AET]LIST

[MAT, 1, 0 / 0.0, 0.0, 0, 0, 0, O]SEND,

where the A's allow the error estimates on the quantities listed above.

1.5.2. Procedures

This section should be used for fertile and fissile isotopes only.

Consistency should be maintained between the Q values in File 3, the energies

calculated from File 5 and 15 and the energies listed in File 1. Note that ER = the pseudo-Q

for fission (MT=18) in FQe 3.

Other components are not so readily determined or checked. The procedure should be

that File S and File 15 data take precedent, whenever available. That is, the "prompt" fission

neutron energy calculated from File 5 spectra from MT= 18 should be used in File 1; the

same holds true for the delayed neutron spectra given in File 5, MT=455. The "prompt"

gamma energy calculated from File 15 (MT= 18 for fission) should be input into File 1, that

is the prompt gammas due to the fission process.

These quantities should be calculated at the lowest energy given in the Files for MT= 18

except for fissile isotopes for which the thermal spectra should be used. For fertile materials,

2.13
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the spectrum given at threshold would be appropriate. Note that the File 5 spectra for

MT= 18 should be used with v prompt (not v total) for the fission neutrons. MT=455 in File

5 contains the delayed fission neutron spectra.

In many reactor applications, time dependent energy deposition rates are required rather

than the components of the total energy per fission which are the values given in this MT.

Time-dependent energy deposition parameters can be obtained from the six-group spectra in

File 5 (MT=455) for delayed neutrons. Codes such as CINDER, RIBD, and ORIGEN must

be used, however, to obtain more detailed information on the delayed neutrons and all

time-dependent parameters for the betas and the gammas due to the Fission process.

The time-integrated energies for delayed neutrons, delayed gammas, and delayed betas

as calculated from the codes listed above may not always agree with the energy components

given in File 1. The File 1 components must sum to ET (the total energy released per

fission).

In heating calculations, the energy released in all nuclear reactions besides fission,

principally the gamma-energy released in neutron radiative capture, enters analogously to the

various fission energy components. Thus the (n,y) energy-release would be equal to the

Q-value in File 3, MT=102, of the capturing nuclide. The capture gammas can be prompt or

delayed, if branching to isomeric states is involved, and this is relevant to various fission-

and bumup-product calculations. The "sensible energy" in a heating calculation is the sum of

ER, defined previously, and the energy released in all other reactions.
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2. FILE 2, RESONANCE PARAMETERS

2.1. General Description

The primary function of File 2 is to contain data for both resolved and unresolved

resonance parameters. It has only one section, with the reaction type number MT=ISl. A

File 2 is required for incident-neutron evaluations, but it may be omitted in other cases. The

use of File 2 is controlled by the parameter LRP (see section I.I):

LRP=-1 no File 2 is given. Not allowed for incident neutrons.

LRP=O no resonance parameters are given except the scattering radius AP. AP is included

for the convenience of users who need an estimate of the potential scattering cross

section. It is not used to calculate a contribution to the scattering cross section,

which in this case is represented entirely in File 3.

LRP=I resonance contributions for the total, elastic, fission, and radiative capture cross

sections are to be computed from the resonance parameters and added to the

corresponding cross sections in File 3.* The File 2 resonance contributions should

also be added to any lumped reactions included in File 3. For SLBW and MLBW,

any other competing reactions in the resonance range must be given in their

entirety in File 3 and included in the background for the total cross section. The

effects of the competing reactions on the resonance reactions are included using a

single competitive width, Fx. This width is given explicitly in the unresolved

resonance region, and implicitly in the resolved region. In the latter region, it is

permissible for ths total width to exceed the sum of the neutron, radiative capture,

and fission widths. The difference is interpreted as the competitive width:

•In the unresolved resonance region, the evaluator may optionally specify a different procedure, which
oses .the unresolved resonance parameters in File 2 solely for the purpose of computing an energy-de-
pendent self-shielding factor. This option is governed by a flag, LSSF, defined in Section 2.3.1, and dis-
cussed in Section 2.4.21. When this option is specified, File 3 is used to specify the entire infinitely-di-
lute cross section, and the function of File 2 is to specify the calculation of self-shielding factors for
shielded pointwise or multigroup values.

2.15
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For the Reich-Moore or Adler-Adler formalisms competitive reactions are not

used. For the new General R-matrix and Hybrid R-function formats, the competi-

tive cross section is calculated from the resonance parameters, like the other cross

sections. In this case the resonance contribution is added to the background in File

3, for each competitive reaction just as for the other resonance reactions.

LRP=2 resonance parameters are given in File 2 but are not to be used in calculating cross

sections, which are assumed to be represented completely in File 3. Used for

certain derived libraries only.

The resonance parameters for a material are obtained by specifying the parameters for

each isotope in the material. The data for the various isotopes are ordered by increasing ZAI

values (charge-isotopic mass number). The resonance data for each isotope may be divided

into several incident neutron energy ranges, given in order of increasing energy. The energy

ranges for an isotope should not overlap; each may contain a different representation of the

cross sections.

In addition to these paramaterized resonance ranges, the full energy range may contain

two additional non-resonance ranges, also non-overlapping. Comments on these ranges

follow:

1. The low energy region (LER) is one in which the cross sections are tabulated as

smooth functions of energy. Doppler effects must be small enough so that the values are

essentially zero degrees Kelvin. For light elements, i.e., those whose natural widths far

exceed their Doppler widths and hence undergo negligible broadening, the entire energy

range can often be represented in this way. For heavier materials, this region can sometimes

be used below the lowest resolved resonances. With a good multilevel resonance fit, the LER

can often be omitted entirely, and this is preferred. An important procedure for the LER is

described in Section 2.4.6.4.

2. The resolved resonance region (RRR) is one in which resonance parameters for

individual resonances are given. Usually this implies that experimental resolution is good

2.16

±SPD The spin and parity of the daughter nucleus for a PMT. A signed quantity.



2.3

enough to "see" the resonances, and to determine their parameters by area or shape analysis,

but an evaluator may choose to supply fictitious resolved parameters if he so desires. If he

does this, the resonances must have physically-allowed quantum numbers, and be in accord

with the statistics of level densities (Appendix D, Section D.2.2). A File 3 background may

be given. The essential point is that resonance self-shielding can be accounted for by the

user for each resonance individually.

3. The unresolved resonance region (URR) is that region in which the resonances still

do not actually overlap, so that self-shielding is still important, but experimental resolution

is inadequate to determine the parameters of individual resonances. In this situation,

self-shielding must be handled on a statistical basis. A File 3 may be given. The interpreta-

tion of this cross section depends on the flag LSSF (see Sections 2.3.1 and 2.4.21). It may be

interpreted either as a partial background cross section, to be added to the File 2 contribu-

tion, as in the resolved resonance region or it may be interpreted as the entire dilute cross

section, in which case File 2 is to be used solely to specify the self-shielding appropriate to

this energy region. It is important to choose the boundary between the RRR and the URR so

that the statistical assumptions underlying the unresolved resonance treatments are valid.

This problem is discussed further in Section 2.4.

4. The high energy region (HER) starts at still higher energies where the resonances

overlap and the cross sections smooth out, subject only to Ericson fluctuations. The

boundary between the URR and HER should be chosen so that self-shielding effects are

small in the HER.

File 3 may contain "background cross sections" in the resonance ranges resulting from

inadequacies in the resonance representation (e.g., SLBW), the effects of resonances outside

the energy range, the average effects of missed resonances, or competing cross sections. If

these background cross sections are nonzero, there must be double energy points in File 3

corresponding to each resonance range boundary (except 10"5 eV). See Section 2.4 for a

more complete discussion of backgrounds.

2.17
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Several representations are allowed for specifying resolved resonance parameters. The

representation used for a particular energy range is indicated by a flag, LRF:

LRF=I, single-level Breit-Wigner, (no resonance-resonance interference. One sin-

gle-channel inelastic competitive reaction is allowed.)

LRF=2, multilevel Breit-Wigner (resonance-resonance interference effects are in-

cluded in the elastic scattering and total cross sections. One single-channel

inelastic competitive reaction is allowed.)

LRF=3, Reich-Moore (multilevel multichannel R-matrix. No competitive reactions

allowed).

LRF=4, Adler-Adler (level-level and channel-channel interference effects are included

in all cross sections via "effective" resonance parameters. Usually applied to

low-energy fissionable materials. No competitive reactions).

LRF=S, General R-matrix (multilevel multichannel R-matrix with competitive reac-

tions. Not for the faint of heart, but will handle anything).

LRF=6, Hybrid R-function (includes level-level interference, but not channel-channel.

Allows competitive reactions).

Preferred formalisms for evaluation are discussed in Section 2.4.17. Further discussion of

the above formalisms is contained in the Procedures Section 2.4.

Each resonance energy range contains a flag, LRU, that indicates whether it contains

resolved or unresolved resonance parameters. LRU=I means resolved, LRU=2 means

unresolved.

Only one representation is allowed for the unresolved resonance parameters, namely

average single-level Breit-Wigner. However, several options are pennitted, designated by the

flag LRF. With the first option, LRF=I, only the average fission width is allowed to vary as

a function of incident neutron energy. The second option, LRF=2, allows the following

average parameters to vary: level spacing, fission width, reduced neutron width, radiation

width, and a width for the sum of all competitive reactions.

2.18
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The data formats for the various resonance parameter representations are given in

Sections 2.2.1 (resolved) and 2.3.1 (unresolved). Formulae for calculating cross sections

from the various formalisms are given in Appendix D. The following quantities have

definitions that are the same for all resonance parameter representations:

NIS is the number of isotopes in the material (NIS<10).

ZAI is the (Z,A) designation for an isotope.

ABN is the abundance of an isotope in the material. This is a number fraction, not a

weight fraction, nor a percent.

LFW is a flag indicating whether average fission widths are given in the unresolved

resonance region for this isotope:

LFW=O, average fission widths are not given;

LFW=I, average fission widths are given.

NER is the number of resonance energy ranges for this isotope.

EL is the lower limit for an energy range.*

EH is the upper limit for an energy range.*

LRU is a flag indicating whether this energy range contains data for resolved or

unresolved resonance parameters:

LRU=O, only the scattering radius is given (LRF=O, NLS=O, LFW=O is

required with this option);

LRU=I, resolved resonance parameters are given;

LRU=2, unresolved resonance parameters are given.

LRF is a flag indicating which representation has been used for the energy range.

The definition of LRF depends on the value of LRU:

If LRU=I (resolved parameters), then

•These energies are the limits to be used in calculating cross sections from the parameters. Some re-
solved resonance levels, e.g., bound levels, will have resonance energies outside the limits.
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LRF=I, single-level Breit-Wigner (SLBW);

LRF=2, multilevel Breit-Wigner (MLBW);

LRF=3, Reich-Moore (RM);

LRF=4, Adler-Adler (AA);

LRF=5, General R-matrix (GRM);

LRF=6, Hybrid R-function (HRF).

If LRU=2 (unresolved parameters), then

LRF=I, only average fission widths are energy-dependent;

LRF=2, average level spacing, competitive reaction widths, reduced neutron

widths, radiation widths, and fission widths are energy-dependent.

NRO is a flag designating possible energy dependence of the scattering radius:

NRO=O, radius is energy independent;

NRO=I, radius is expressed as a table of energy, radius pairs (not allowed in

ENDF/B-VI).

NAPS is a flag controlling the use of the two radii, the channel radius a and the

scattering radius AP.

If NRO=O (AP energy-independent)

NAPS=O Calculate a from the equation

a = 0.123 AWRI1/3 + 0.08,

and read AP as a single energy-independent constant on

the subsection CONT (range) card. Use a in the

penetrabilities and shift factors, and AP in the

hard-sphere phase shifts.

NAPS=I Do not use the above equation. Use AP in the

penetrabilities and shift factors, as well as in the phase shifts.

If NRO=I (AP energy-dependent)
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NAPS=O Calculate a from the above equation and use it in the

penetrabilities and shift factors. Read AP(E) as a TABl quantity in

each subsection and use it in the phase shifts.

NAPS=I Read AP(E) and use it in all three places, P/( S^ O1

NAPS=2 Read AP(E) and use it in the phase shifts. In addition,

read the single, energy-independent quantity "AP" on the subsection

CONT (range) card and use it in P, and S,, overriding the above

equation for a.

File 2 contains a single section (MT=151) containing subsections for each energy range

of each isotope in the material.

The structure of File 2 for the special case, in which just a scattering radius is specified

(no resolved or unresolved parameters are given) is as follows: (such a material is not

permitted to have multiple isotopes or an energy-dependent scattering radius)

[MAT,2,151/ ZA, AWR, 0,0, NIS, O]HEAD (NIS = 1)

[MAT,2,151/ ZAI, ABN, 0,LFW, NER, O]CONT (ZAI = ZA, ABN = 1.0,

LFW = 0, NER = 1)

[MAT,2,151/ EL, EH, LRU, LRF, NRO, NAPS]CONT (LRU = 0, LRF = 0,

NRO = 0, NAPS = 0)

[MAT,2,151/ SPI, AP, 0, 0, NLS, O]CONT (NLS = 0)

[MAT,2,0 / 0.0, 0.0, 0, 0, 0, O]SEND

[MAT,0,0 / 0.0, 0.0, 0, 0, 0, O]FEND

If resonance parameters are given, the structure of File 2 is as follows:

[MAT,2,151/ ZA, AWR, 0, 0, NIS, O]HEAD

[MAT,2,151/ ZAI, ABN, 0, LFW, NER, O]CONT (isotope)

[MAT,2,151/ EL, EH, LRU, LRF, NRO NAPS]CONT (range)

<Subsection for the first energy range for the first isotope>

(depends on LRU and LRF)

10-01-91
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[MAT,2,151/ EL, EH, LRU, LRF, NRO, NAPS]CONT (range)

<Subsection for the second energy range for the first i so topo

[MAT,2,151/ EL, EH, LRU, LRF, NRO, NAPS]CONT (range)

<Subsection for the last energy range for the last isotope for this material>

[MAT,2,0 / 0.0, 0.0, 0, 0, 0, O]SEND

The data are given for all ranges for a given isotope, and then for all isotopes. The data for

each range start with a CONT (range) record; those for each isotope, with a CONT

(isotope) record. Th<; specifications for the subsections which include resonance parame-

ters are given in Sections 2.2.1 and 2.3.1, below. A multi-isotope material is permitted to

have some, but not all, isotopes specified by a scattering radius only. The structure of a

subsection for such an isotope is:

[MAT,2,151/ SPI, AP, 0, 0, NLS, O]CONT (NLS = 0)

and as above LFW = 0, NER = 1, LRU = 0, LRF = 0, NRO = 0, and NAPS = 0 for this

isotope.

In the case that NRO ?t 0, the "range" card preceding each subsection is immediately

followed by a record giving the energy dependence of the scattering radius, AP.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NPZE1111ZAP(E)]TABI

If NAPS is 0 or 1 the value of AP on the next card of the subsection should be set to 0.0. If

NAPS is 2, it should be set equal to the desired value of the channel radius.

2.2. Resolved Resonance Parameters (LRU=I)

2.2.1. Formats

Six different resonance formalisms are allowed to represent the resolved resonance

parameters. Formulae for the various quantities, and further comments on usage, are given

in Appendix D. The flag LRU=I, given in the C0NT (range) record, indicates that resolved

10-01-91
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resonance parameters are given for a particular energy range. Another flag, LRF, in the same

record specifies which resonance formalism has been used.

The following quantities are defined for use with all formalisms:

SPI is the spin, I, of the target nucleus.

AP is the scattering radius in units of 10"12 cm. For LRF=l-4, it is assumed to be

independent of the channel quantum numbers.

NLS is the number of /-values (neutron orbital angular momentum) in this energy

region. For LRF=I-4, a set of resonance parameters is given for each /-value.

For LRF=5 and 6, NLS is the number of /-values required to converge the

calculation of the scattering cross section (see Sections 2.4.23 and 2.4.24).

Another cutoff, NLSC, is provided for converging the angular distributions.

Currently, NLSS4.

AWRI is the ratio of the mass of a particular isotope to that of a neutron.

QX is a Q-value to be added to the incident particle's center-of-mass energy to

determine the channel energy for use in the penetrability factor. The conver-

sion to a laboratory system energy depends on the reduced mass in the exit

channel. For inelastic scattering to a discrete level, the Q-value is minus the

level excitation energy. QX=O-O if LRX=O.

L is the value of /.

LRX is a flag indicating whether this energy range contains a competitive width:

LRX=O, no competitive widith is given, and T = Tn + T 0 + TF in the resolved

resonance region, while <TX> = 0 in the unresolved resonance region;

LRX=I, a competitive width is given, and is an inelastic process to the first

excited state. In the resolved region, it is determined by subtraction, Fx = F -

LRX must be 0 for LRF=3 or 4.
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NRS is the number of resolved resonances for a given /-value. (NRS<600.)

ER is the resonance energy (in the laboratory system).

AJ is the floating point value of J (the spin, or total angular momentum of the

resonance).

GT is the resonance total width T evaluated at the resonance energy ER.

GN is the neutron width Tn evaluated at the resonance energy ER.

GG is the radiation width TG, a constant.

GF is the fission width T p a constant.

GX is the competitive width Fx evaluated at the resonance energy ER. It is not

given explicitly for LRF=I or 2 but is to be obtained by subtraction, GX =

GT - (GN + GG + GF), if LRX*0.

a is the channel radius, in 10"12 cm. An uppercase symbol is not defined

because it is not an independent library quantity. Depending on the value of

NAPS, it is either calculated from the equation given earlier (and in Appen-

dix D), or read from the position usually assigned to the scattering radius AP.

2.2.1.1. SLBW and MLBW (LRU=I, LRF=I or 2)

The structure of a subsection is:

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/Etot/AP(E)] TABl if NRO * 0

FMAT,2,151/ SPI, AP, 0, 0, NLS, O]C0NT

Use AP=0.0 if AP(E) is supplied and NAPS=O or 1.

[MAT,2,151/ AWRI, QX, L, LRX, 6*NRS, NRS/

ER1, AJ1, GT1, GN1, GG1, GF1,

ER2, AJ2, GT2, GN2, GG2, GF2,

, G T N R S , G NN R S , G N N R S ,
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The LIST record is repeated until each of the NLS /-values has been specified in order

of increasing /. The values of ER for each /-value are given in increasing order.

2.2.1.2 Reich-Moore (LRU=I, LRF=3)

Four additional quantities are defined:

LAD a flag indicating whether these parameters can be used to compute angular

distributions.

=0 do not use

=1 can be used if desired. Do not add to file 4.

NLSC The number of /-values which must be used to converge the calculation with

respect to the incident /-value in order to obtain accurate elastic angular

distributions. See Sections D.l.5.9 and D.l.6.5 (NLSC > NLS).

APL / dependent scattering radius. If zero use APL=AP.

GFA is the first partial fission width, a constant.

GFB is the second partial fission width, a constant.

GFA and GFB are signed quantities, their signs being determined by the relative phase

of the width amplitudes in the two fission channels. In this case, the structure of a subsection

is similar to LRF=I and 2, but the total width is eliminated in favor of an additional partial

fission width. GFA and GFB can both be zero, in which case, Reich-Moore reduces to an

R-function.

The structure for a subsection is:

[MAT, 2,151/0.0, 0.0, 0, 0, NR, NP/E^ /AP(E)] TABl if NRO * 0

[MAT, 2, 151/ SPI, AP, LAD, 0, NLS, NLSC]C0NT

[MAT, 2, 151/ AWRI, APL, L, 0, 6 *NRS, NRS/

ER1, AJ1, GN1, GG1, GFA1, GFB1,

ER2, AJ2, GN2, GG2, GFA2, GFB2,

E R N R S . A JNRS NRS' , G G N R S , GFAN R S , G F B N R S ] LIST
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The LIST record is repeated until each of the NLS /-values has been specified in order

of increasing /. The values of ER for each /-value are given in increasing order.

2.2.1.3. Adler-Adler (LRU=I, LRF=4)

For the case of (LRU=I1 LRF=4) additional quantities are defined:

LI is a flag to indicate the kind of parameters given:

If LI=I, total widths only

=2, fission widths only

=3, total and fission widths

=4, radiative capture widths only

=5. total and capture widths

=6, fission and capture widths

=7, total, fission, and capture widths,

NX is the number of sets of background constants given. There are six constants

per set. Each set refers to a particular cross section type. The background

correction for the total cross section is calculated by using the six constants

in the following manner:

<7T (background) = Q ^ E (AT, + AT 2 /E + AT 3 /E 2 + AT 4 /E 3 + B T 1 E + B l 2 E 2 )

where C = 7t&2 = ît/k2 and k is def ined in Appendix D .

T h e background te rms for the fission and radiative capture c ros s sections are

calculated in a similar manner.

If N X = 2 , background constants a re g iven for the total and capture cross

sect ions.

=3, background constants are given for the total, capture, and fission

cross sections.

NJS is the number of sets of resolved resonance parameters (each set having its

own J-value) for a specified /.
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NLJ is the number of resonances for which parameters are given, for a specified

AJ and L.

AT1, AT2, AT3, AT4, BT1, BT2 are the background constants for the total cross

section.

AF1, AF2, AF3, AF4, BF1, BF2 are the background constants for the fission cross

section.

AC1, AC2, AC3, AC4, BC1, BC2 are the background constants for the radiative

capture cross section.

D£Tr is the resonance energy, (|i), for the total cross section. Here and below, the

subscript r denotes the r resonance.

DEFr is the resonance energy, (n), for the fission cross section.

DECr is the resonance energy, (p.), for the radiative capture cross section.

DWTr is the value of 172, (v), for the total cross section.

DWFr is the value of TH, (v), for the fission cross section.

DWCr is the value of 172, (v), for the radiative capture cross section.

Note: DET1. = DEFr = DEC, and DWTr = DWFr = DWCr The redundancy is an historical

carryover.

GRT1. is the symmetrical total cross section parameter, G^.

GITr is the asymmetrical total cross section parameter, H1F.

GRF1. is the symmetrical fission parameter, G^

GIF r is the asymmetrical fission parameter, Hj.

GRCr is the symmetrical capture parameter, Gj.

GICr is the asymmetrical capture parameter, Hj.

The structure of a subsection for LRU=I and LRF=4 depends on the value of NX (the

number of sets of background constants). For the most general case (NX=3) the structure is

[MAT.2,151/0.0, 0.0, 0, 0, NR, NP/Eint /AP(E)] TABl

optional record for energy-dependent scattering radius.
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[MAT,2,151/SPI, AP, O, 0, NLS, O]C0NT

[MAT,2,151/AWRI, 0.0, LI, 0, 6*NX, NX/

AT1, AT2, AT3, AT4, BT1, BT2

AC1 —

BF2

BC2]LIST

[MAT,2f151/0.0, 0.0, L, 0, NJS, O]C0NT(/)

[MAT,2,151/AJ, 0.0, 0, 0, 12*NLJ, NU/

DET1, DWT1 GRT1 GIT1 DEF1 DWF1,

GRF1, GIF1, DEC1, DWC1, GRC1, GIC1,

DET2, DWT2,

, GIC2

DET,,

, G I C N J L I S T

The last LIST record is repeated for each J-value (there will be NJS such LIST records). A

new C0NT (J) record will be given which will be followed by NJS LIST records. Note that

if NX=2 then the quantities A F 1 — , BF2 will not be given in the first LIST record. Also, if

Lfe7 then certain of the parameters for each level may be set to zero, i.e., the fields for

parameters not given (depending on LI) will be set to zero.

The format has no provision for giving the Adler-Adler parameters for the scattering

cross-section. The latter is obtained by subtracting the capture and fission cross sections

from the total.

Although the format allows separation of the resonance parameters into J-subsets, no

use is made of J in the A-A formalism. There is no analog to the resonance-resonance

interference term of the MLBW fonnalism. Such interference is represented implicitly by the

asymmetric terms in the fission and capture cross sections.
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2.2.1.4. General R-Matrix, GRM* (LRU=I, LRF=5)

For the case of (LRU=I, LRF=5) some additional quantities are defined. In the

following, they are subdivided according to the part of the format to which they refer.

These definitions should be read in conjunction with the procedures section, 2.2.1.5, and

the equations, D. 1.5.

2.2.1.4.1. MT-List

This is the first entry in the GRM format.

ISH À flag to specify whether the shift function will be calculated from the usual

formulas (ISH=I) or set equal to zero (ISH=O). The latter choice is recom-

mended.

NML The total number of entries in the MT-list.

RNSM The number of summed-MT (SMT) values specified in the evaluation. A

floating-point number.

SMT The floating point value of SMT for a reaction.

AWT The nuclear mass (not a ratio) of the outgoing particle for an SMT.

AZP The atomic number (charge) of the outgoing particle for an SMT.

±SPP The spin and parity of the outgoing particle for an SMT. A signed quantity.

All allowable particles have positive parity, and all have spin 1/2 except the

deuteron (spin 1), and the alpha-particle (spin 0).

AWD The atomic mass (not a ratio) of the daughter nucleus for an SMT. The

influence of the PMT-dependent Q-value on the mass is ignored.

AZD The atomic number (charge) of the daughter nucleus for an SMT.

RNPM The floating-point value of the number of particular-MT (PMT) values for

an SMT.

PMT The floating-point value of PMT for an SMT.

•This formalism is more accurately described as "expanded Reich-Moore".

10-01-91
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±SPD The spin and parity of the daughter nucleus for a PMT. A signed quantity.

±Q The Q-value for a PMT. A signed quantity.

LAD A flag indicating whether these parameters can be used to compute angular

, distributions

= 0 do not use,

= 1 can be used, if desired.

NCP The number of channels for a PMT. A floating-point number.

CI A channel index. The floating-point value of a unique integer assigned to a

channel. This integer is equivalent to the full set PMT, J, ft, /, and s, the

correspondence being made in the spin-group list.

The MT-list has the structure of a three-fold nested loop, on SMT, PMT, and CI.

[MAT,2,151/0.0, 0.0, ISH, LAD, NML, 0/

RNSM, SMT(I), AWT, AZP, ±SPP, AWD,

AZD, RNPM, PMT(I), ±SPD, ±Q, NCP,

CI(I), CI(2) CI(NCP),

PMT(2), ±SPD, ±Q, NCP, CI(I), CI(2),

CI(3), CI(NCP),

repeat PMT's for SMT(I)

PMT(NPM), ±SPD, ±Q, NCP, CI(I), CI(2),

CI(3), CI(NCP),

SMT(2), AWT, AZP, ±SPP, AWD, AZD,

RNPM, PMT(I), +SPD, ±Q, NCP1 CI(I),

CI(2) CI(NCP),

PMT(2), ±SPD, ±Q, NCP, CI(I), CI(2),

CI(3), CI(NCP),

repeat PMT's for SMT(2)

PMT(NPM)
10-01-91
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repeat SMT entries until all NSM values

have been specified

CI(NCP)] LIST

to specify the SMT-PMT-channel structure of the overall calculation.

2.2.1.4.2. The Spin-Group List

The spin-group list, which follows the MT-list:

NLS A cutoff value for summations on the orbital angular momentum, /. The

evaluator may specify any value required to converge the calculation of the

scattering cross section at the highest energy covered. If the current limitation

to /=3 (NLS <4) is too restrictive, a File 3 background will be required.

NSG The number of spin-groups in the evaluation.

±AJ The spin and parity of a spin-group. A signed quantity, the sign specifying

the parity.

ISG The spin-group index. An integer assigned to a spin-group for the purpose of

identification. The spin-groups are sequenced by order of ascending J-values,

negative parity first, then positive, e.g., -0.5, +0.5, -1.5, +1.5 These

would carry indices 1, 2, 3, 4, ...

NCS The number of channels in a particular spin-group. Within a spin-group, a

channel is identified by its PMT-value, its orbital angular momentum /, and

its channel-spin s. NCS varies from group to group.

NCT The total number of channels in the evaluation. A floating-point number.

AL The floating point value of the orbital angular momentum /. Enter zero for

capture and fission channels.

AS The floating point value of the channel-spin s. Enter zero for capture and

Fission channels.

NRS The number of resonances in a spin-group. NRS varies from group to group.
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RI A resonance index. The floating-point value of a unique integer assigned to

a resonance.

NRT The total number of resonances in the evaluation.

±ER A resonance energy. A signed quantity.

GG A capture width. This value is used as the eliminated width.

±AG A reduced-width amplitude, in the laboratory system. A signed quantity

which will be a factor of -\|(Â+T)7Â~ larger than the conventional cen-

ter-of-mass amplitude, y.

The spin-group list has the following structure:

[MAT,2,151/0.0, 0.0, 0, 0, NSG, O]CONT

card to specify the number of spin-groups.

[MAT,2,151/±AJ, 0.0, ISG=I, 0, 4*NCS(1), NCS(I) /

CI=I, PMT(I), AL(I), AS(I), CI=2, PMT(2),

AL(2), AS(2), CI=3 CI=NCS(I),

PMT(NCS(I)), AL(NCS(I)), AS(NCS(I))]LIST

to specify the spin and parity, spin-group index, number of channels, channel indices,

and channel quantum numbers for the first spin-group (ISG=I)

{MAT.2,151/0.0, 0.0, 0, 0, NRS(I)*(NCS+3), NRS(I) /

RI=I, ER(I), GG(I), ±AG(1,1), ±AG(1,2), ±AG(1,3),

±AG(1,NCS)

RI=2, ER(2), GG(2), ±AG(2,1), ±AG(2,2), ±AG(2,3),

±AG(2,NCS)

repeat resonance parameters

RI=NRS(I), ER(NRS(I)), GG(NRS(I)), ±AG(NRS(1),1)

±AG(NRS(1),3) ±AG(NRS(1),NCS)]LIST

to specify the indices, energies, capture widths, and reduced-width amplitudes for the

resonances in the first spin-group.
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[MAT,2,151/ ±AJ, 0.0, ISG=2, 0, 4*NCS(2), NCS(2) /

CI=NCS(I )+l, PMT(CI), AL(CI), AS(CI), CI=NCS(I )+2, PMT(CI),

AL(CI), AS(CI), CI=NCS(l)+3,

CI=NCS(1)+NCS(2),

PMT(CI), AL(CI), AS(CI)]LIST

to specify the spin and parity, spin-group index, number of channels, channel indices,

and channel quantum numbers for the second spin-group (ISG=2)

[MAT.2,151/ 0.0, 0.0, 0, 0, NRS(2)*(NCS+3), NRS(2) /

RI=NRS(1)+1, ER(RI), GG(RI), ±AG(RI,1), ±AG(RI,2)

±AG(RI,NCS),

RI=NRS(l)+2, ER(RI), GG(RI), ±AG(RI,1), ±AG(RI,2)

±AG(RI,NCS),

repeat resonance parameters

RI=NRS(1)+NRS(2), ER(RI), GG(RI), ±AG(RI,1), ±AG(RI,2)

±AG(RI,NCS)]LIST

to specify the indices, energies, capture widths, and reduced-width amplitudes for the

resonances in the second spin-group.

Repeat the above LJSTs until all NSG spin-groups have been specified.

Note that the channel and resonance indices are unique and do not start over from one within

a spin-group. The last entry in the spin-group list will be ±AG(NRT,NCS). The last channel

index specified will be CI=NCT.

2.2.1.4.3. The Background R-Matrix List

The following quantities are defined for the background-R-matrix list, which, if

present, follows the spin-group list:

NTP A flag to identify a CONTROL card for the background-R-matrix list, NTP=I.

LBK A flag to identify the type of background-R-matrix parameterization. LBK=I

denotes a tabulated function, LBK=2 is logarithmic, and LBK=3 is statistical.
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NBK The number of tabulated background R-matrix elements supplied.

NCH The number of channels to which a particular background R-matrix element

applies.

CI A channel index.

RPB The real part of a tabulated background R-matrix element.

IRB The imaginary part of a tabulated background R-matrix element.

NLG The number of logarithmically-parameterized background R-matrix elements

supplied.

RO, R l , R2, SO, Sl , EU, and ED The logarithmic parameters for an R-matrix element.

NST The number of statistically-parameterized background R-matrix elements

supplied.

RIN, SF, INT, EBAR, and AVGG The statistical parameters for an R-matrix element.

The background R-matrix list has the following structure:

[MAT,2,151/0.0, 0.0, NTP, LBK, NBK, O]CONT

card to specify the number of tabulated background R-matrix elements, RBK(n),

supplied. NTP=I, LBK=I.

[MAT.2,151/0.0, 0.0, 0, 0, NCH, 0/

CI(I), CI(2) CI(NCH)]LIST

to specify which channels use the following tabulated background R-matrix element.

IMAT,2,151/0.0, 0.0, 0, 0, NR, NPZEjnZRRB(E)]TABl

card to specify the real part of a tabulated background R-matrix element.

[MAX2.151/0.0, 0.0, 0, 0, NR,

to specify the imaginary part.

Repeat the channel-index LIST and the two TABl cards until all NBK functions have

been specified.



2.21

[MAT.2,151/0.0, 0.0, NTP, LBK, NLG, O]CONT

card to specify the number of logarithmically-parameterized background R-matrix

elements supplied. NTP=I, LBK=2.

[MAT,2,151/0.0, 0.0, 0, 0, NCH, 0/

CI(I), CI(Z) CI(NCH)]LIST

to specify which channels use the following logarithmically-parameterized background

R-matrix element. NCH>i.

[MAT,2,151/0.0, 0.0, 0, 0, 7, 0/

RO, Rl, R2, SO, Sl, EU, ED]LIST

to speciify the logarithmic parameters.

Repeat the channel-index LIST and the parameter LIST until all NLG sets of parameters

have been specified.

[MAT.2,151/0.0, 0.0, NTP, LBK, NSTAT, O]CONT

card to specify the number of statistically-parameterized background R-matrix elements

supplied. NTP=I, LBK=3.

[MAT.2,151/0.0, 0.0, 0, 0, NCH, 0/

Q(I) , CI(2) CI(NCH)]LIST

to specify which channels use the following statistically-parameterized background

R-matrix element. NCHSl.

[MAT,2,151/0.0, 0.0, 0, 0, 5, 0/

RIN, SF, INT, EBAR, AVGG]LIST

to specify the statistical parameters.
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Repeat the channel-index LIST and the parameter LIST until all NST sets of parameters have

been specified.

The evaluator is not restricted to one type of background representation. If the need arises,

different representations can be used in different channels.

2.2.1.4.4. The Phase-Shift List

The following quantities are defined for the phase-shift list:

NTP À flag to identify a CONTROL card for the phase-shift list, NTP=2.

The number of non-hard-sphere phase shifts specified.

The number of channels which require hard-sphere phase shifts.

The number of channels not requiring a phase shift. (Fission, since capture is

calculated by subtraction.)

The number of channels to which a particular phase shift applies.

A channel index.

The real part of a tabulated non-hard-sphere phase shift.

The imaginary part of a tabulated non-hard-sphere phase shift.

The phase-shift list has the following structure:

[MAT,2,151/0.0, 0.0, NTP, NPS, NHS, NF]CONT

to specify the number of tabulated non-hard-sphere phase shifts supplied, the number of

channels requiring hard-sphere phase shifts, and the number of fission channels

requiring no phase shifts. NTP=2.

[MAT.2,151/0.0, 0.0, 0, 0, NCH, 0/

Cl(I), CI(2) CI(NCH)]LIST

to specify which channels use the following tabulated phase shift. NCH>1.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/ Ejn, / RPS(E)]TABl

to specify the real part of the phase shift.

NPS

NHS

NF

NCH

CI

RPS

IPS
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[MAT.2,151/0.0, 0.0, 0, 0, NR, NP/ Eint / IPS(E)]TABl

to specify the imaginary part.

Repeat the channel-index LIST and two TABl cards until all NPS phase shifts have been

specified. Omit these lists if NPS=O.

[MAT.2,151/0.0, 0.0, 0, 0, NCH, 0/

CI(I), CI(2) CI(NHS)]LIST

to specify which channels use hard-sphere phase shifts. Omit this list if NHS=O.

{MAT,2,151/0.0, 0.0, 0, 0, NF, 0/

CI(I), CI(2) CI(NF)]LIST

to specify which channels do not use phase shifts, Q=I. Omit this list if NF=O.

The phase shifts are to be tabulated as functions of the incident neutron's laboratory energy.

The conversion from an exit channel energy is described in Section D.3.1., paragraph C;

which follows the phase-shift lift.

2.2.1.4.5. The Penetrability List

The following quantities are defined for the penetrability list:

NTP A flag to identify a CONT card for the penetrability list, NTP=3.

NPE The number of charged-particle penetrabilities specified.

NHS The number of channels which require hard-sphere penetrabilities.

NF The number of (fission) channels not requiring penetrabilities, or more

precisely, that have P=I.

NCH The number of channels to which a particular penetrability applies.

CI A channel index.

P A tabulated charged-particle penetrability.

The penetrability list has the following structure:

[MAT,2,151/0.0, 0.0, NTP, NPE, NHS, NF]CONT
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to specify the number of charged-particle penetrabilities supplied, the number of

channels requiring hard-sphere penetrabilities, and the number of (fission) channels

requiring no penetrabilities.

[MAT,2,151/0.0, 0.0, 0, 0, NCH, 0/

CI(I), CI(2) CI(NCH)]LIST

to specify which channels use the following tabulated penetrability.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/Eim/P(E)]TABl

to specify the first tabulated penetrability.

Repeat the channel-index LIST and the TAB 1 card until all NPE penetrabilities have been

specified. Omit these lists if NPE=O.

{MAT,2,151/0.0, 0.0, 0, 0, NHS, 0/

CI(I), CI(2) CI(NHS)]LIST

to specify which channels use hard-sphere penetrabilities. Omit this list is NHS=O.

[MAT,2,151/0.0, 0.0, 0, 0, NF, 0/

CI(I), CI(2) CI(NF)]LIST

to specify which channels do not use penetrabilities, P=I. Omit this list if NF=O.

The penetrabilities are to be tabulated as functions of the incident neutron's laboratory

energy. The conversion from an exit channel energy is described in Section D.3.1.C

2.2.1.4.6. The Channel-Radius List

The following quantities are defined for the channel-radius list, which follows the

penetrability list:

AC A channel radius.

NTP A flag to identify a CONT card for the channel radius list, NTP=4.

NAC The number of different channel radii supplied.

NCH The number of channels using a specific channel radius.

The channel-radius list has the following structure:

[MAT,2.151/AC, 0.0, NTP, 0, NAC, O]CONT
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to specify an optional channel radius, and the number of radii supplied. If NAC=I, omit

the following LIST and use the value in position 1 for all channels. If NAC>1,

[MAT, 2, 151/AC(I), 0.0, 0, 0, NCH(I), 0/

CI(I), CI(2) CI(NCH(I))JLIST

to specify the channels using the value AC(I).

[MAT,2,151/AC(2), 0.0, 0, 0, NCH(2), 0/

CI(I), CI(2) CI(NCH(2))]LIST

to specify the channels using the value AC(2).

Repeat LIST'S until all NAC values have been specified.

2.2.1.4.7. The Boundary - Condition List

The following quantities are defined for the boundary-condition list, which follows the

radius list:

BC A boundary-condition parameter.

NTP A flag to identify a CONT card for the boundary-condition list, NTP=S.

NBC The number of different boundary-condition parameters supplied.

NCH The number of channels using a specific boundary-condition parameter.

The boundary-condition list has the following structure:

{MAT,2,151/BC, 0.0, NTP, 0, NBC, O]CONT

to specify an optional boundary-condition parameter, and the number of boundary-con-

dition parameters supplied. If NBC=I, omit the following LIST and use the value in

position 1 of the preceding card for all channels. If N B O l , then

[MAT,2,151/BC(1), 0.0, 0, 0, NCH(I), 0/

Cl(I), CI(2), CI(NCH(D)]UST

to specify the channels using the value BC(I).

[MAT,2,151/BC(2), 0.0, 0, 0, NCH(2), 0/

CI(I), CI(2) CI(NCH(2))]LIST

to specify the channels using the value BC(2).
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Repeat LIST'S until all NBC values have been specified.

2.2.1.5. Procedures for the General R-matrix (GRM) format

2.2.1.5.1. Enumeration of channels in the MT-list

A channel is described by four quantities, a, /, s, and J.* Alpha is a composite quantity,

specifying both the identity of the pair of particles in the channel and their state of

excitation. The identity includes each one's mass, charge, spin, and parity. The intrinsic

parities included in a, together with the /-value, determine the channel parity, so it is

common to suppress explicit reference to Tt. As a label, J usually means Jn, since both

quantities are conserved.

In ENDF, certain MT-values play the same role as a. The following table lists them as

"PMT's" or particular MT-values, meaning that they refer to a particular state of excitation

of the channel pair:

PMT-values Reaction type

2 elastic scattering

102 radiative capture

18 fission

51-90 inelastic levels

600-649 n,p levels

650-699 n,d levels

700-749 n,t levels

750-799 n,He3 levels

800-849 n,He4 levels

Thus the PMT-value 602 identifies the second excited state in an exit n,p reaction. This

implicitly identifies all the quantities needed to specify a. The above table also lists the

MT-value for the complete reaction, obtained by summing the PMT-reactions in each

Number of PMT's
available

1

1

1

40

50

50

50

50

50

Summed-MT-values,
SMT

2

102

18

4

103

104

105

106

107

•This notation follows Lane and Thomas, Reference 9.
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category. These are referred to as SMT's, for "summed MT-value." In the GRM format, there

is an MT-Iist which enumerates all the SMT's and PMT's specified in the evaluation, and for

each one gives the mass, charge, spin, and parity of each channel particle, and the Q-value.

In addition, each PMT entry in this section carries a list of the channels which belong to it,

thus specifying the heirarchical order of the calculation. The MT's should be given in the

order they appear in the above table, and the channel indices should be given in ascending

order within each PMT set.

In principle, both channel particles could be excited, requiring the specification of two

energies, but in ENDF only the daughter nucleus can be excited.

Radiative capture, MT= 102, is treated as an eliminated channel in R-matrix theory.

Accordingly, it is filled out with zeroes if it is specified as a part of the evaluation. Since

there is only one such PMT, its SMT is the same, (102.), and the number of channels is zero.

Elastic scattering also has the same SMT as PMT, but there can be many channels for that

single PMT.

Fission channels are also treated differently from real channels, in that they are not

assigned an orbital angular momentum, channel spin, penetrabilities, etc. If specified in the

MT-list, they are entered with zeroes in the mass, charge, spin, and parity slots. Like capture

and scattering, there is only one PMT, which has the same value as its SMT, 18. There is no

need to specify fission to distinct daughter states, nor is there a need in this application for

first-chance, second-chance, etc.

(Note: The number of reactions which can be specified according to the above table is

based on the reaction numbers (MT's) defined in ENDF/B, and not on any expectation that

this large number of possibilities will ever be used.)

2.2.1.5.2. Examples of the MT-list

Since SMT= 102 is entered in the list only to flag the occurrence of a capture reaction,

it is entered with no channels, and has the following form:
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... SMT=102. O. 0. 0. 0. 0. 1. PMT=102. 0. 0. NCP=O. (NEXT SMT) ..

The capture width introduces an imaginary component into the otherwise real R-ma-

trix, so that the U-matrix becomes non-unitary and the total cross section, computed from

the real parts of the scattering amplitudes, exceeds the sum of the reaction cross sections.

The difference is interpreted as the capture cross section, and has essentially a single-level

Breit-Wigner shape. This convenient aspect of the theory is exploited more fully in the

hybrid R-function formalism, LRU=I, LRF=6.

The minimum possible MT-list consists of scattering only, and might have the

following appearance:

[MAT,2,151/0.0, 0.0, 0, 0, 18, 0/

1.0, 2.0, 1.00866, 0.0, 0.5, 59.930789,

28.0, 1.0, 2.0, 0.0, 0.0, 6.0,

1.0, 2.0, 3.0, 4.0, 5.0, 6.O]LIST

This LIST consists of 18 items: one summed-MT, SMT=2.0 for elastic scattering, the

neutron mass, charge, and spin/parity, the target mass and charge, one particular MT,

PMT=2.0 for elastic scattering, the target spin/parity, Q=0.0, the number of channels (6.0)

and six channel indices (1.0-6.0). Assignment of the channel quantum numbers is done in

the spin-group LIST.

An MT-list for six scattering channels, capture, and two fission channels might look like:

{MAT.2,151/0.0, 0.0, 0, 0, 45, 0 /

3.0,

92.0,

1.0,

102.0,

1.0,

0.0,

18.0,

2.0, 1.00866,

1.0,

2.0,

0.0,

102.0,

0.0,

0.0,

2.0,

3.0,

0.0,

0.0,

0.0,

0.0,

0.0,

-3.5,

4.0,

0.0,

0.0,

0.0,

2.0,

0.5, 235.043928,

0.0,

5.0,

0.0,

0.0,

0.0,

7.0,

6.0,

6.0,

0.0,

18.0,

1.0,

8.O]LIST
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to specify six scattering channels, labelled 16, radiative capture (no channels), and

two fission channels labelled 7 and 8. The sizes of the JJt sub-matrices which need to

be inverted are specified in the spin-group list. The MT-list only specifies the

heirarchical structure of the calculation.

2.2.1.5.3. Channels in the spin-group list

In addition to a, each channel is specified by /, s, and J. Following the usage in the

computer codes MULTI (Reference 10) and SAMMY (Reference 11), the channels are

grouped by J and n into spin-groups and the quantum numbers are specified in the

spin-group list. Each spin-group is assigned an integer index to facilitate reference to it.

The spin-group list specifies the spin and parity of the group, the number of channels in the

group, the channel indices, the channel /- and s-values, and the resonance parameters

belonging to the group — energies, capture widths, and reduced-width amplitudes for the

non-capture channels. The latter are given in 1:1 correspondence with the list of channel

indices. Each resonance is assigned a unique integer index. The spin-group, channel, and

resonance indices help to reduce the size of the file, since correlations can be made without

repeating the channel quantum numbers or the resonance parameters.

Spin-groups are not required to contain resonances. It is usually necessary to include

non-resonant channels to define phase shifts for the purpose of converging the elastic-scat-

tering cross section, and even more "empty" channels will be required if angular distribu-

tions are to be calculated. (A common coding error is to sum only over channels which

contain resonances, leading to incorrect results.)

The reduced-width amplitudes, y, are signed real quantities. They are related to the

ordinary widths by the relation r=2Py2. Neutron elastic penetrabilities are calculated from

the usual formulas. The same formulas, shifted by the Q-value, are used for neutron

inelastic scattering, as specified in Section D.3.1 and elsewhere in Appendix D.

Charged-particle penetrabilities, if required, are supplied by the evaluator as part of the
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format. For fission channels, P=I and /=s=0. The capture width is used as an eliminated

width for each resonance. Y=0.0 for closed channels.

2.2.1.6. Hybrid R-Function (LRU=I, LRF=(J)

The following quantities are defined.

LAD A flag indicating whether these parameters can be used to compute angular

distributions.

=0 do not use

=1 can be used, if desired. Do not add to file 4.

NGRE The number of radiative capture reactions, 0 < NGRE < 1.

NFRE The number of fission reactions, 0 < NFRE < 1.

NIRE The number of inelastic scattering reactions, 0 < NIRE < 4.

NCRE The number of charged-particle reactions, 0 < NCRE < 4. The above four

quantities are defined for each energy range of each isotope. A maximum of

four partial reactions is allowed.

0 < NIRE+NCRE <> 4.

MTREl, MTRE2, MTRE3, MTRE4 The MT-value for each of the four inelastic or

charged particle reactions. Nine values are allowed for these quantities and

if present, they must be given in the following order:

51-54 inelastic scattering to the first four excited states

103 n,p

104 n,d

105 n,t

106 n,3He

107 n,a

Since the input format is set up for four reactions, use zeros for the

unspecified reaction MTRE values, if fewer than four are specified.
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GG The energy-independent partial width for capture, F 0 . This value should be

zero if NGRE = 0.

GF The energy-independent partial width for fission F F This value should be

zero if NFRE = 0.

GREl, GRE2, GRE3, GRE4. The partial widths FrE(IErl) for each of the four

specified reactions, evaluated at the resonance energy ER. As usual in this

manual, F rE without parentheses denotes an energy-dependent quantity.

GE The eliminated width, GE=GG+GF+GRE1+GRE2+GRE3+GRE4, evaluated

at ER.

QREl, QRE2, QRE3, QRE4. The Q-value for each of the four possible reactions,

positive for an exothermic reaction. Use the negative of the level excitation

energy for an inelastic reaction. Use zero for an unused channel. The user

does not require this quantity for a charged-particle channel, but it may be

given for reference.

ALREl, ALRE2, ALRE3, ALRE4. The exit-/-value for each of the four possible

reactions. Use zero for an unused channel. These quantities are needed for

the penetrability factors of the exit reaction widths and are floating-point

numbers with integer values. The format requires the specification of an

exit-/-value for each resonance for each specified reaction.

AS is the floating point value of s (the channel spin).

AC is the channel radius (depends on JIs, etc) in 10'12 cm. Note that AP and

NAPS are not used for the HRF format, as the channel radius and the

scattering radius are equal (AP=AC).

AWRIC A mass-ratio for a charged-particle exit channel. One such value may be

supplied for each of the NCPE charged-particle reactions. The user does not

require this quantity, but it should be given for reference (see page D.40).
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PCP(E) A charged-particle penetrability. Four such functions will be supplied for

each of the NCPE charged-particle reactions, one for each of the four

possible /-values, 0, 1,2, or 3. If the penetrability for a particular /-value is

not actually required, zeroes should be supplied. They must be given as

functions of the incident neutron's laboratory energy, to facilitate interpola-

tion. The transformation from the exit channel energy to the incident channel

is described in Section D.3.1, paragraph C, of Appendix D.

NLS number of /-values for which resonance parameters are given as, required to

converge the calculation of the scattering scross section at the highest energy

covered. If the current limitation to /=3 (NLS<4) is too restrictive, a File 3

background will be required.

NLSC The number of /-values which must be used to converge the calculation of the

scattering angular distribution at the highest energy covered. If the LAD flag

has been set to zero, this entry will be ignored. See Section D. 1.5.6.2.

(NLS>NLSC<20).

NSS The number of different s-values (channel-spin) for a given /-value.

NJS The number of different J-values for a given pair of /- and s-values.

NLSJ The number of resonances in the channel specified by /, s, and J. This may be

zero, signifying a non-resonant "phase-shift-only" channel. Such channels

should still be included in the calculation, as they contribute to the potential

scattering and the angular distribution. However, they may be omitted if the

potential scattering is adjusted in file 3, and if the angular distributions are

specified in a way other than by calculation from the R-matrix formulas, e.g.

in file 4.

LBK A flag to signal the presence of a background R-function in a particular

channel, ZsJ. If LBK=O, no background R-function will be given. If LBK=I,

the real and imaginary parts of the background R-function will be given as

tabulated functions.
10-01-91
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RO(E) A complex background R-function. Defined for a particular channel of a

given isotope and energy range. Its real and imaginary parts are RRO(E) and

IRO(E). The General R-matrix formalism allows two analytic representations

of the background R-matrix, Section 2.2.1.4.3. These are applicable also to

the Hybrid R-function, but must be converted to a tabulated function.

RRO(E) The real part of RO(E).

IRO(E) The imaginary part of RO(E).

LPS A flag to signal the presence of optical-model phase shifts to be used instead

of the hard-sphere values. If LPS=O, no optical-model phase shifts will be

given, and the hard-sphere values will be used. If LPS=I, the real and

imaginary parts of the optical-model phase shifts will be given as tabulated

functions, and these will be used in place of the hard-sphere values.

PS(E) A complex phase shift to be used if LPS=I. Defined for a particular channel

of a given isotope and energy range. Its real and imaginary parts are RPS(E)

and IPS(E).

RPS(E) The real part of PS(E).

IPS(E) The imaginary part of PS(E).

The structure of a sub-section for HRF (Hybrid R-function) is the following:

[MATA151/SPI, 0.0, LAD, 0, NLS, NLSC]CONT

to specify the number of incident /-values.

[MAT.2,151/0.0, 0.0, NGRE, NFRE, NIRE, NCRE]CONT

to specify the number of each kind of reaction.

[MAT,2,151/0.0, 0.0, MTREl, MTRE2, MTRE3, MTRE4]CONT

to specify the kind of reaction.

[MAT,2,151/0.0, 0.0, 0, 0, 4, 0/0.0, 0.0, QREl, QRE2, QRE3, QRE4,]LIST

to specify the Q-value for each reaction.

[MAT,2,151/AWRIC, 0.0, 0, 0, NR,
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to specify a mass ratio and a charged-particle penetrability for the first charged-particle

reaction, for /=0. Omit if NCRE=O.

[MAT,2,151/AWRIC, 0.0, 0, 0, NR, NPZEJ111ZPCP(E)]TABI

to specify a mass ratio and a charged-particle penetrability for the first charged-particle

reaction, for /=1.

[MAT,2,151/AWRIC, 0.0, 0, 0, NR, NP/Eint/PCP(E)]TABl

to specify a mass ratio and a charged-particle penetrability for the first charged-particle

reaction, for 1=2.

[MAT,2,151/AWRIC, 0.0, 0, 0, NR, NPZEJ111ZPCP(E)]TABI

to specify a mass ratio and a charged-particle penetrability for the first charged-particle

reaction, for 1=3.

[MAT,2,151ZAWRIC, 0.0, 0, 0, NR, NPZEJ111ZPCP(E)]TABI

to specify a mass ratio and a charged-particle penetrability for the second charged-parti-

cle reaction, for /=0.

[MAT,2,151ZAWRIC, 0.0, 0, 0, NR, NPZEj1nZPCP(E)]TABl

to specify a mass ratio and a charged-particle penetrability for the last charged-particle

reaction, for 1=3. A total of 4'"NCRE penetrabilities will be supplied.

[MAT.2.151ZAWRI, 0.0, L1, 0, NSS, O]CONT

to specify the first /-value and the number of its associated s-values.

[MAT.2.151ZAS,, 0.0, 0, 0, NJS, O]CONT

to specify the first s-value for this /-value, and the number of J-values associated with

this /s pair.

Follow with a LIST to specify the first J-value for this /,s-pair, and the number of

resonances in the channel /,s,J, and parameters for all the resonances in this channel.

LBK and LPS are flags for the background R-function and optical-model phase shifts.



2.35

[MAT,2,151/AJ,, AC1, LBK, LPS, 12*NLSJ, NLSJ/

ER1 ON1, GG1, GF1, GREl1, GRE2,,

GRE3,, GRE4,, ALREl,, ALRE2,, ALRE3,, ALRE4,,

parameters for the first resonance in this channel

ER2, GN2, GG2, GF2, GREl2, GRE22,

GRE32, GRE42, ALREl2, ALRE22, ALRE32, ALRE42,

parameters for the second resonance in this channel.

' G NNLSJ' 00NLSJ' OFNLSJ' GRE1NLSJ' ° R E 2NLSJ' 00NLSJ' OFNLSJ' GRE1NLSJ' ° R E 2 N L S J ,

GRE3NLSJ, GRE4NLSJ, ALRE1NLSJ, ALRE2NLSJ, ALRE3NLSJ, ALRE4NLSJ]LIST

parameters for the last resonance in this channel.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NPZEi1nZRRO(E)]TAB 1

to specify the real part of the background R-function in this channel. Omit if LBK=O.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/E /̂HMKEMTABl

to specify the imaginary part of the background R-function in this channel. Omit if

LBK=O.

[MAT.2,151/0.0, 0.0, 0, 0, NR, NPZEinZRPS(E)]TABl

to specify the raal part of the optical-model phase shift in this channel. Omit if LPS=O.

[MAT,2,151Z0.0, 0.0, 0, 0, NR, NPZEJ111ZIPS(E)]TABI

to specify the imaginary part of the optical-model phase shift in this channel. Omit if

LPS=O.

(MAT,2,151/AJ2, AC2, LBK, LPS, 12*NLSJ NLSJ/

second J-value for this /,s-pair, and resonance parameters for this channel.

ER,, GN1, GG1, GF1, GREl1, GRE2,,

GRE3,, GRE4,, ALREl1, ALRE2,, ALRE3,, ALRE4,,

parameters for the first resonance in this channel
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ER2, GN2, GG2, GF2, GREl2, GRE22,

GRE32 GRE42, ALREl2, ALRE22, ALRE32, ALRE42,

parameters for the second resonance in this channel

ERNLSJ, GNNLSJ, GGNLSJ, GFNLSJ, GRE1NLSJ, GRE2NLSJ,

GRE3NLSJ, G R E ^ , ALRE1NLSJ, ALKEl^j, ALRE3NLSJ,

parameters for the last resonance in this channel.

[MAT.2,151/0.0, 0.0, 0, 0, NR, NPZEJ111ZRRO(E)]TABI

to specify the real part of the background R-function in this channel. Omit if LBK=O.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/Eint/IR0(E)]TABl

to specify the imaginary part of the background R-function in this channel. Omit if

LBK=O.

IMAT.2,151/0.0, 0.0, 0, 0, NR, NPZEJ111ZRPS(E)]TAB 1

to specify the real part of the optical-model phase shift in this channel. Omit if LPS=O.

[MAX2.151Z0.0, 0.0, 0, 0, NR, NPZEjnJZIPS(E)]TABl

to specify the imaginary part of the optical-model phase shift in this channel. Omit if

LPS=O.

[MAT,2,151/AS2, 0.0, 0, 0, NJS, 0]CONT(s)

second s-value.

[MAT,2,151/AJr AC1, LBK, LPS, 12*NLSJ, NLSJZ

first J-value for AS2

ER1, GN1, GG1, GF1, GREl1, GRE2,,

GRE3,, GRE4,, ALREl1, ALRE2,, ALRE3,, ALRE4,,

parameters for the first resonance in this channel

BfI2, GN2, GG2, GF2, GREl2, GRE22,

GRE32, GRE42, ALREl2, ALRE22, ALRE32, ALRE42,
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parameters for the second resonance in this channel

J, GG N L S J , GF N L S J , GRE1 N L S J , GRE2 N L S J ,

GRE3NLSJ, GRE4NLSJ, ALRE1NLSJ, ALRE2NLSJ, ALRE3NLSJ, ALRE4NLSJ]LIST

parameters for the last resonance in this channel.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NPZEjnZRRO(E)]TABl

to specify the real part of the background R-function in this channel. Omit if LBK=O.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/Etat/IR0(E)]TABl

to specify the imaginary part of the background R-function in this channel. Omit if

LBK=O.

[MAT.2,151/0.0, 0.0, 0, 0, NR, NPZEjnZRPS(E)]TABl

to specify the real part of the optical-model phase shift in this channel. Omit if LPS=O.

[MAT.151/0.0, 0.0, 0, 0, NR, NP/E-j/PSCEflTABl

to specify the imaginary part of the optical-model phase shift in this channel. Omit if

LPS=O.

When the last J-value is complete, start a new /-value:

[MAT,2,151/AWRI, 0.0, L2, 0, NSS, O]CONT(Z)

[MAT.2.151/AS,, 0.0, 0, 0, NJS, 0]CONT(s)

[MAT.2.151/AJ,, AC1, LBK, LPS, 12*NLSJ, NLSJ/

ER1, GN1, GG1, GF1, GREl1, GRE2P

GRE3,, GRE4,, ALREl1, ALRE2,, ALRE3,, ALRE4,,

parameters for the first resonance in this channel for the new / value.

ER2, GN2, GG2, GF2, GREl2, GRE22,

GRE32, GRE42, ALREl2, ALRE22, ALRE32, ALRE42,

parameters for the second resonance in this channel
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ERNLSJ« G N N L S J ' G G N L S J ' GFNLSJT« G R E 1 N L S J ' G R E 2 N L S J >

GRE3NLSJ, GRE4NLSJ, ALRElNLSJf ALRE2NLSJ, ALRE3NLSJ, ALRE4NLSJ]LIST

[MAT,2,151/0.0, 0.0, 0, 0, NR, NPZEi111ZRRO(E)]TABl

to specify the real part of the background R-function in this channel. Omit if LBK=O.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NPZEinJZIRO(E)]TABl

to specify the imaginary part of the background R-function in this channel. Omit if

LBK=O.

IMAT.2.151Z0.0, 0.0, 0, 0, NR, NPZEi1nZRPS(E)]TABl

to specify the real part of the optical-model phase shift in this channel. Omit if LPS=O.

[MAT,2,151/0.0, 0.0, 0, 0, NR, NP/E^/ IPS^TABl

to specify the imaginary part of the optical-model phase shift in this channel. Omit if

LPS=O.
Continue until all the /-values are exhausted.

2 3 . Unresolved Resonance Parameters (LRU=2)

23 .1 . Formats

Only the SLBW formalism for unresolved resonance parameters is allowed (see

Appendix D for pertinent formulae). However, several options are available for specifying

the energy-dependence of the parameters, designated by the flag LRR Since unresolved

resonance parameters are averages of resolved resonance parameters over energy, they are

constant with respect to energy throughout the energy-averaging interval. However, they are

allowed to vary from interval to interval, and it is this energy-dependence which is referred

to above and in the following paragraphs.

The parameters depend on both / (neutron orbital angular momentum) and J (total

angular momentum). Each width is distributed according to a chi-squared distribution with a
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certain number of degrees of freedom. This number may be different for neutron and fission

widths and for different (/,J) channels.

The following quantities are defined for use in specifying unresolved resonance

parameters (LRU=2):

SPI is the spin of the target nucleus, I.

AP is the scattering radius in units of 10"IZ cm. No channel quantum number

dependence is permitted by the format.

LSSF is a flag governing the interpretation of the File 3 cross sections.

LSSF = 0, File 3 contains partial "background" cross sections, to be added to the

average unresolved cross sections calculated from the parameters in File 2.

LSSF = 1, File 3 contains the entire dilute cross section for the unresolved

resonance region. File 2 is to be used solely for the calculation of self-shield-

ing factors, as discussed in Section 2.4.21.

NE is the number of energy points at which energy-dependent widths are tabulat-

ed. (NES250)

NLS is the number of /-values (NLS£3).

ESj is the energy of the i point used to tabulate energy-dependent widths.

L is the value of /.

AWRI is the ratio of the mass of a particular isotope to that of the neutron.

NJS is the number of J-states for a particular /-state. (NJS£6)

AJ is the floating-point value of J (the soin, or total angular momentum of the set

of parameters).

D is the average level spacing for resonances with spin J. (D may be energy

dependent if LRF=2.)
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AMUX is the number of degrees of freedom used in the competitive width distribu-

tion. (Assuming it is inelastic, 1.0 < AMUX < 2.0, determined by whether the

spin of the first excited state is zero or not.)*

AMUN is the number of degrees of freedom in the neutron width distribution. (1.0 <

AMUN < 2.0.)

AMUG is the number of degrees of freedom in the radiation width distribution. (At

present AMUG = 0.0. This implies a constant value of FG.)

AMUF is the number of degrees of freedom in the fission width distribution. (1.0 £

AMUF < 4.0.)

MUF is the integer value of the number of degrees of freedom for fission widths.

(1 <, MUF £ 4)

INT defines the interpolation scheme to be used for interpolating between the

cross-sections obtained from average resonance parameters. Parameter inter-

polation is discussed in the Procedures Sections 2.3.2 and 2.4.

GNO is the average reduced neutron width. It may be energy-dependent if LRF=2.

GG is the average radiation width. It may be energy-dependent if LRF=2.

GF is the average fission width. It may be energy-dependent if LRF=I or 2.

GX is the average competitive reaction width, given only when LRF=2, in which

case it may be energy-dependent.

The structure of a subsection depends on whether LRF=I or LRF=2. If LRF=I, only

the fission width is given as a function of energy. If LRF=I and the fission width is not

given (indicated by LFW=O), then the simplest form of a subsection results. If LRF=2,

energy-dependent values may be given for UK level density, competitive width, reduced

neutron width, radiation width, and fission width. Three sample formats are shown below

(all LRU=2).

•See Appendix D. Section D.2.2.6.
*The structure of a section was defined previously, and covers both resolved resonance and unresolved
resonance subsections.
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A. LFW=O (fission widths not given),

LRF=I (all parameters are energy-independent).

The structure of a subsection is:

[MAT,2,151/SPI, AP, LSSF, 0, NLS, O]C0NT

[MAT.2.151/AWRI, 0.0, L, 0, 6*NJS, NJS/

D1, AJ1, AMUN1, GNO1, GG1 0.0

D2, AJ2, AMUN2, GNO2, GG2 0.0

W AMUNNJS, GN0NJS, GGNJS, 0.O]LIST

The LIST record is repeated until data for all /-values have been specified. In this example,

AMUG is assumed to be zero, and there is no competitive width.

B. LFW=I (fission widths given),

LRF=I (only fission widths are energy-dependent; the rest are energy-independent).

The structure of a subsection is:

[MAT, 2, 151/SPI, AP, LSSF, 0, NE, NLS/

ES1, ES2, ES3, ., ., .,

ES N E !LIST

[MAT, 2, 151/AWRI, 0.0, L, 0, NJS, O]C0NT

[MAT, 2, 151/0.0, 0.0, L, MUF, NE+6, 0/

D, AJ, AMUN, GNO, GG, 0.0,

GF1, GF2, GF3

GFNE ]LIST

The last LIST record is repeated for each J-value (there will be NJS such LIST

records). A new C0NT(Q record will then be given which will be followed by its NJS LIST

records until data for all /-values have been specified (there will be NLS sets of data).

In ths above section, no provision was made for INT, and interpolation is assumed to

be lin-lin. AMUG is assumed to be zero, AMUF equals MUF, and there is no competitive

width.
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C. LFW=O or 1 (does not depend on LFW).

LRF=2 (all energy-dependent parameters).

The structure of a subsection is:

[MAT, 2, 151/SPIV AP, LSSF, 0, NLS, O]C0NT

[MAT, 2, 151/AWRI, 0.0, L, 0, NJS, 0 ]C0NT

[MAT, 2, 151/AJ, 0.0, INT 0, (6*NE)+6, NE /

0.0, 0.0, AMUX, AMUN, AMUG, AMUF,

ES1, D1, GX1, GNO1, GG1, GF1

ES2, D2, GX2, GNO2, GG2, GF2

ESNE, D ^ , GXNE GN0NE, GGNE, GF^JLIST

The LIST record is repeated until all the NJS J-values have been specified for a given

/-value. A new CONT (/) record is then given, and all data for each J-value for that /-value

are given. The structure is repeated until all /-values have been specified. This example

permits the specification of all four degrees of freedom.

2.4 Procedures for the Resolved and Unresolved Resonance Regions

CONTENTS OF THIS SECTION

2.4.1 Abbreviations

2.4.2 Interpolation in the Unresolved Resonance Region

2.4.3 Unresolved Resonances in the Resolved Resonance Range

2.4.4 Energy Range Boundary Problems

2.4.5 Numerical Integration Procedures in the Unresolved Resonance Region

2.4.6 Doppler-Broadening of File 3 Background Cross Sections

2.4.7 Assignment of Unknown J-Values

2.4.8 Equivalent Single-Level Representations

2.4.9 Use of the Reich-Moore Formalism

2.4.10 Competitive Width in the Resonance Region



2.43

2.4.11 Negative Cross Sections in the Resolved Resonance Region

2.4.12 Negative Cross Sections in the Unresolved Resonance Region

2.4.13 Use of Two Nuclear Radii

2.4.14 The Multilevel Adler-Gauss Formula for MLBW

2.4.15 Notes on the Adler Formalism

2.4.16 Multilevel Versus Single-level Formalisms in the Resolved and Unresolved

Resonance Regions

2AM Preferred Formalisms for Evaluating Data

2.4.18 Computer Time for Generating MLBW Cross Sections

2.4.19 Amplitude-Squared Form of the MLBW Formulas

2.4.20 Degrees of Freedom for Unresolved Resonance Parameters

2.4.21 Procedures for the Unresolved Resonance Region

2.4.22 Procedures for Computing Angular Distributions in the Resolved Resonance

Range

2.4.23 Convergence of Channel Sums With Respect to /

2.4.24 Channel Spin and Other Considerations

2.4.1 Abbreviations

UR(K) - unresolved resonance (region)

RR(R) - resolved resonance (region)

RRP - resolved resonance parameters)

URP - unresolved resonance parameters )

SLBW - single-level Breit-Wigner

MLBW - multi-levsi Breit-Wigner

MLAG - multi-level Adler-Gauss

UCS - unresolved cross section(s)
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2.4.2 Interpolation in the Unresolved Resonance Region (URR)

For energy-dependent formats (LRF=2, or LRF=I with LFW=I), the recommended

procedure is to interpolate on the cross sections derived from the unresolved resonance

parameters (URP). This is a change from the ENDF/B-III and IV procedure which was to

interpolate on the parameters. The energy grid should be fine enough so that the cross

sections at intermediate energy values can be computed with sufficient accuracy using this

procedure. Normally, three to ten points per decade will be required to obtain reasonable

accuracy. Some evaluations prepared for earlier versions of ENDF/B do not meet these

standards. In such cases, if two adjacent grid points differ by more than a factor of three, the

processing code should add additional intermediate energy points at a spacing of approxi-

mately ten-per-decade and compute the cross sections at the intermediate points using

parameter interpolation. Additional cross sections can then be obtained by cross section

interpolation in the normal way.

For many isotopes, there is not sufficient information for a full energy-dependent

evaluation. In these cases, the evaluator may provide a single set of unresolved resonance

parameters based on systematics or extrapolation from the resolved range (see LRF=I,

LFW=O). Such a set implies a definite energy-dependence of the unresolved cross sections

due to the slowly-varying wave number, penetrability, and phase shift factors in the SLBW

formulas. It is not correct to calculate cross sections at the ends of the URR, and then to

compute intermediate cross sections by cross section interpolation. Instead, the processing

code should generate a set of intermediate energies using a spacing of approximately

ten-per-decade and then compute the cross sections on this grid using the single set of

parameters given in the file. Additional intermediate values are then obtained by linear cross

section interpolation as in the energy-dependent case.

It is recommended that evaluators provide the URP's on a mesh dense enough that the

difference in results of interpolating on either the parameters or the cross sections be small.

A 1% maximum difference would be ideal, but 5% is probably quite acceptable.
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Finally, even if a dense mesh is provided by the evaluator, the user may end up with

different numbers than the evaluator "intended." This is particularly true when genuine

structure exists in the cross section and the user chooses different inultigroup breakpoints

than those in the evaluation. There is no solution to this problem, but the dense mesh

procedure minimizes the importance of the discrepancy.

In order to permit the user to determine what "error" he is incurring, it is recommended

that evaluators state in the documentation *vhat dilute, unbroadened average cross sections

they intended to represent by the parameters in File 2. Note that the self-shielding factor

option specified by the flag LSSF (Sections 2.3.1 and 2.4.21) greatly reduces the impact of

this interpolation ambiguity.

2.4.3. Unresolved Resonances in the Resolved Resonance Range

As discussed in section 2.4.4, the boundary between the resolved and unresolved

resonance regions should be chosen to make the statistical assumptions used in the URR

valid. This creates problems in evaluating the resonance parameters for the RRR.

Problem I: At the upper end of the resolved range, the smaller resonances will begin to

be missed. An equivalent contribution could be added to the background in File 3. This

contribution will not be self-shielded by the processing codes, so it cannot be allowed to

become "significant". A better procedure is to supply fictitious resolved parameters, based

on the statistics of the measured ones, checking that the average cross section agrees with

whatever poor-resolution data are available. If both procedures are employed, care should be

taken not to distort the statistics of the underlying parameter distributions.

Problem 2: Because d-wave resonances are narrower than p-waves, which are narrower

than s-waves, everything else being equal, the point at which p-waves will be instrumentally

unresolved can be expected to be lower in energy than for s-waves, and lower still for

d-waves. Thus the unresolved region for p-waves will usually overlap the resolved region

for s-waves, and similarly for d-waves. Current procedure does not permit representing this

effect explicitly - one cutpoint must serve for all /-values.

10-01-91
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The remedies are the same as above, either putting known or estimated resonances

into the background in the URR, or putting fictitious estimated resonances into the RRR.

The latter is preferred because narrow resonances tend to self-shield more than broad ones,

hence the error incurred by treating them as unshielded File 3 background contributions is

potentially significant.

2.4.4. Energy Range Boundary Problems

There may be as many as three boundaries under current procedures:

1 - between a low-energy File 3 representation (range 1) and EL for the RRR (range 2),

2 - between the RRR (range 2) and the URR (range 3),

3 - between EH for the URR (range 3) and the high-energy File 3 representation

(range 4).

Discontinuities can be expected at each boundary. At 1, a discontinuity will occur if range

1 and range 2 are not consistently Doppler-broadened. In general, only an identical

kemel-broadening treatment will produce continuity, i.e., only if the range-1 cross sections

are broadened from the temperature at which they were measured, and range-2 is broad-

ened from absolute zero. A kernel treatment of range 1, or no broadening at all, will be

discontinuous with a \\r~x treatment of range 2. This effect is not expected to be serious at

normal reactor temperatures and presumably, the CTR and weapons communities are

cognizant of the Doppler problem. In view of these problems, a double energy point will

not usually produce exact continuity in the complete cross section, (file 2 + file 3), unless

evaluator and user employ identical methods throughout.

A discontinuity at #2 is unavoidable, because the basic representation has changed.

However if the RRR cross sections are group-averaged or otherwise smoothed, the

discontinuity* should be reasonably small. A discontinuity greater than 10- or 15-percent

•This refers to the discontinuity between the average cross section in the RRR, and the dilute (un-
shielded) pointwise cross section in the URR, which has been generated from the URR parameters.
If the self-shielding factor option has been chosen (LSSF=I, Section 2.3.1), File 3 will contain the
entire dilute cross section and no File 2 unresolved region calculation will be needed to ascertain
the discontinuity.

10-01-S1
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obtained with a suitable averaging interval indicates that the evaluator might want to

reconsider his parameterization of the poor-resolution data. Some materials have large

genuine fluctuations in the URR, and for these the 10-15% figure is not applicable. A

double energy point will normally occur at this boundary, but will not eliminate the

discontinuity.

Discontinuity at #3 should be small, since both the URR and range 4 represent rather

smooth cross sections, and the opportunity for error ought to be small. Anything over 5%

or so should be viewed with suspicion.

The upper (EH) and lower (EL) energy limits of any energy range indicate the energy

range of validity for the given parameters for calculating cross sections. Outside this

energy range the cross sections must be obtained from the parameters given in another

energy range and/or from data in file 3.

The lower energy limit of the URR should be chosen to make the statistical

assumptions used in this range valid. The basic requirement is that there be "many"

resonances in an energy-averaging interval, and that the energy-averaging interval be

narrow with respect to slowly-varying functions of E such as wave number and penetrabili-

ty. As an example, assume that the energy-averaging interval can extend 10% above and

below the energy point, that the average resonance spacing is 1 eV, and that "many" is 100.

Then the lowest reasonable energy for the URR would be given by 0.2*E= 100*1, or about

500 eV. Some implications of this choice for the RRR-URR boundary were discussed in

Section 2.4.3.

It is sometimes necessary to give parameters whose energies lie outside a specified

energy range in order to compute the cross section for neutron energies that are within the

energy range. For example, the inclusion of bound levels may be required to match the

cross sections at low energies, and resonances will often be needed above EH to compen-

sate the opposite, positive, bias at the high energy end.

For materials that contain more than one isotope, it is recommended that the lower

energy limit of the resolved resonance region be the same for all isotopes. If resolved
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and/or unresolved resonance parameters are given for only some of the naturally occurring

isotopes, then AP should be given for the others.

If more than one energy range is used, the ranges must be contiguous and not overlap.

Overlapping of the resolved and unresolved ranges is not allowed for any one isotope,

but it can occur in an evaluation for an element or other mixture of different isotopes. In

fact, it is difficult to avoid since the average resonance spacing varies widely between

even-even and even-odd isotopes. Such evaluations are difficult to correctly self-shield. A

kernel broadening code must first subtract the infinitely-dilute unresolved cross section,

broaden the pointwise remainder, then add back the unresolved component. A multigroup

averaging code that uses pointwise cross sections must first subtract the infinitely-dilute

unresolved cross section to find the pointwise remainder, and then add back a selfshielded

unresolved cross section computed for a background cross section which includes a

contribution from the pointwise remainder.

2.4.5. Numerical Integration Procedures in the URR

The evaluation of effective cross sections in the URR can involve Doppler effects,

flux-depression, and resonance-overlap as well as the statistical distributions of the

underlying resonance parameters for a mixture of materials.

The previous ENDF/B recommendation for doing the complicated multi-dimensional

integrations was the Greebler-Hutchins scheme, Reference 1, basically a trapezoidal

integration. For essentially the same computing effort, a more sophisticated weighted-ordi-

nate method can be used and it has been shown that the scheme in MC2-II, Reference 2,

produces results differing by up to several percent from G-H. The MCZ-II subroutine,* now

available from the NNDC, is the recommended procedure.

The M. Beer, Reference 3, analytical method has also been suggested, and is quite

elegant, but unfortunately will not treat the general heterogeneous case.

•This subroutine was provided by H. Henryson, II (ANL).
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2.4.6. Doppler-Broadening of File 3 Background Cross Sections

1. In principle, the contribution to each cross section from File 3 should be Dopp-

ler-broadened, but in practice, many codes ignore it. It is therefore recommended that the

evaluator keep file 3 contributions in the RRR and URR small enough and/or smooth enough

so that omission of Doppler-broadening does not "significantly" alter combined file 2 plus

file 3 results up to 3000'K. Unfortunately, the diversity of applications of the data in

ENDF/B make the word "significantly" impossible to define.

2. A possible source of structured File 3 data is the representation of multilevel or

MLBW cross sections in the SLBW format, the difference being put into File 3. This

difference is a series of residual interference blips and dips, which may affect the be-

tween-resonance valleys and possibly the transmission in thick regions or absorption rates in

lumped poisons, shields, blankets, etc. Users of the SLBW formalism should consider

estimating these effects for significant regions. A possible remedy is available in the

Multilevel Adler-Gauss form of MLBW. (See Section 2.4.14). If the resonance-resonance

interference term in MLBW is expanded in partial fractions, it becomes a single sum of

symmetric and asymmetric SLBW-type terms. Two coefficients occur which require a single

sum over all resonances for each resonance, but these sums are weakly energy dependent

and lend themselves to approximations that could greatly facilitate the use of y- and

X-functions with MLBW.

3. An "in-principle" correct method for constructing resonance cross sections is:

a) Use a Solbrig* kernel to broaden file 2 to the temperature of file 3, since the

latter may be based on room-temperature or other non-zero degree K data.

b) Add file 2 and file 3.

c) Sollbrig-broaden the result to operating temperature.

*A.W. Solbrig, Am. J. Phys. 24, 257 (1961)
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Using a Gaussian kernel instead of Sollbrig incurs a small error at low energies, unless

it is misused, in which case the error can be large. Using y- and x-functions introduces

further errors. In fact, the Sollbrig kernel already approximates the true motion of the target

molecules by a free-gas law, but anything more accurate is quite difficult to handle.

4. Some heavy element evaluations use a File 3 representation below the resolved

resonance region. Often these cross sections are room-temperature values, so that if they are

later broadened assuming they are zero-degrees I'elvin, they get broadened twice.

A simple way to reduce the impact of this procedure without altering the representation

of the data is the following:

Calculate the cross sections from the resonance parameters, broadened to room

temperature, and carry the calculation down through the low-energy region. Subtract these

broadened values from the file 3 values and leave only the difference in file 3. Then extend

the lower boundary of the resonance region to the bottom of the file. Now the "dou-

ble-broadening" problem affects only the (small) residual file 3 and not the entire cross

section.

Note that subtracting off a zero degree resonance contribution would accomplish

nothing.

2.4.7. Assignment of Unknown J-Values

In all multilevel resonance formalisms except Adler-Adler, the J-value determines

which resonances interfere with each other. Usually, J is known only for a few resonances,

and measurers report 2gFn for the others. If this number is assumed to be Tn one incurs an

error of uncertain magnitude, depending on how different

2J+1
g " 2(21+1)

is from 1/2, how large Fn is relative to the other partial widths, and how important

resonance-resonance interference is.
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It is recommended that evaluators assign J-values to each resonance, in proportion to

the level density factor 2J+1. To reduce the amount of interference, the J-values of strong

neighboring resonances, which would produce the largest interference effects, can be chosen

from different families.

In the past, some evaluations have put J=I, the target nucleus spin, for resonances with

unknown J-values. This corresponds to putting g=l/2, rather than Us true value. Mixing of

the J=I resonances with the physically correct I ± 1/2 families can result in negative

scattering cross sections, or distortions of the potential scattering term, depending on what

formalism is used and how it is evaluated. For this reason, such J=I resonances must not be

used.

In the amplitude-squared form of the MLBW scattering cross section,

°nn = I Sj < + AS0011J
2 •

/sJ 1^

the use of J=I resonances will destroy the equivalence between this form and the "squared"

form of MLBW in Appendix D since the sum on /sJ doss not go over physically-correct

values.

An exception to the prohibition against J=I is the case where no J-values are known,

since if all resonances are assigned J=I, the MLBW scattering cross section will be

non-negative.

2.4.8. Equivalent Single-Level Representations

The single-level Breit-Wigner formalism is incorporated into the basic structure of

many engineering codes used for reactor design. Its use is so widespread, that despite any

shortcomings in the calculational procedures, such codes must be supplied with SLBW

parameters. For ENDF/B evaluations employing other representations, one requires an

"equivalent" set of SLBW parameters. This is not to minimize the importance of using

improved methods, but such improved methods do not eliminate the need for SLBW

parameters in reactor design. For example, the Adler formalism provides a multilevel,
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multichannel fission cross section in pseudo-SLBW format, permitting \|/,x-broadening.

This is very useful, but not to a code that does not recognize asymmetric fission or capture.

The following equivalences are recommended:

1. MLBW. Use the parameters "as is".

2. Reich-Moore. Use the parameters "as is", except that the partial fission widths are

added together to form F F (Alternatively, convert Reich-Moore to Adler-Adler, and use the

equivalence for that formalism).

3. Adler-Adler. Reasonable success ;n converting A-A parameters for Pu241 and

U233 was obtained using a method desc :bed in Reference 4.

4. Hybrid R-function. Use the parameters "as is".

2.4.9. Use of the Reich-Moore Formalism

If the evaluation of fissionable, low energy, s-wave-only, materials is carried out with

a Reich-Moore formalism, then the parameters should be transformed to the Adler-Adler

representation. R-M has some advantages in evaluating data, mainly that it uses resonance

spins, is more closely tied to familiar resonance parameters, and is more "physical", but the

Adler format is more convenient for the user since it permits y- and %-functions for

Doppler broadening.

The computer code POLLA, Reference S, as well as some others, will convert a set of

Reich-Moore multilevel s-wave resonance parameters to Adler format. If the conversion

causes differences between the Adler and R-M cross sections which exceed 0.1%, these

should be put into File 3, since it is not the intent of the procedure to in any way alter the

original cross sections. Such differences can possibly be reduced by feeding the POLLA

output parameters to a least-squares search code based on the Adler formalism, and

"fitting" the original R-M values.

According to the discussion in BNL-50296 (ENDF 148) "ENDF/B Processing Codes

for the Resonance Region," M.R. Bhat, June, 1971, the Reich-Moore code RAMPI,

10-01-91



2.53

incorporated in RESEND, sets the shift factor equal to zero. This is correct for s-waves,

and should pose no problem for p- and d-waves.

2.4.10. Competitive Width in the Resonance Region

2.4.10.1. Resolved Region

Procedures for the Resolved Resonance Region are contained in Section D.3.1 of

Appendix D.

2.4.10.2. Unresolved Region

Procedures for the Unresolved Resonance Region are contained in Section D.3.2 of

Appendix D. Users are directed to the discussion of the total cross section in Appendix D,

Section D.3.3, since, as pointed out by H. Henryson, II, in connection with MC2 proce-

dures, a possibility for erroneous calculations exists.

2.4.11. Negative Cross Sections in the Resolved Resonance Region

2.4.11.1. In the SLBW Formalism

Capture and fission use the positive symmetric Breit-Wigner shape and are never

negative. Scattering involves an asymmetric term which goes negative for E < ER and can

cause negative cross sections. A single resonance, or a series of well-separated resonances,

will usually not produce negative cross sections, but when two or more resonances

"cooperate", their negative tails can combine to produce negative values. In nature, the

negative tails are compensated by either the positive tails of lower-lying resonances or

multilevel interference effects. However, in evaluated data files the resonances are usually

given only down to "E=O", a quite arbitrary point from the standpoint of the compound

nucleus, so that "negative-energy" resonances are needed to compensate the negativity

bias. Although the negative scattering cross sections themselves can usually be classed as

an inconvenience, their effect in distorting the total cross section, which governs neutron

penetration, can be more serious. Perhaps more important is the fact that even when the

cross section remains positive, it is still often too low due to the same effect and this bias

again affects the total cross section and calculated absorption rates. To compensate this
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bias, the evaluator should put in either a series of negative energy resonances with

reasonable size and spacing ("picket fence", or reflect the positive-energy ones around

E=O) or a few large fictitious ones ("barber poles"), or a compensating background in File

3. (e.g., Reference 6).

To compensate interior-region negativity requires a multilevel treatment of which

MLBW is the simplest. Although there is no guarantee that MLBW cross sections will be

more accurate than SLBW, they are guaranteed to be non-negative (but see next section)

and are generally to be preferred over SLBW.

A similar bias occurs at the upper end of the resolved resonance range, where it is

less noticeable because it is a positive bias, and most calculations are not as sensitive to

this region as they are to the low-energy end. The remedy is the same - extra resonances

above the RRR, or compensation in file 3. The latter remedy requires a negative file 3

contribution, which is physically acceptable, but produces undesirable side-effects in some

processing codes, hence the extra-resonance remedy is preferred. It is probably safe to say

that there is rarely a compelling reason to use the SLBW formula for the calculation of

pointwise scattering cross sections. If one is doing a calculation that is sophisticated

enough to warrant the use of pointwise cross sections, then a multilevel formalism is

certainly justifiable. If one is merely deriving multigroup cross sections, then the other

approximations involved justify the use of any reasonable "fix" for the negative scattering,

such as simply setting O5 = 0 when it goes negative. Such a procedure should always be

accompanied by a corresponding increase in the total cross section.

2.4.11.2. In the MLBW Formalism

Capture and fission use the SLBW formulas and are positive. Scattering uses a

formula which can be written as an absolute square and as such is non-negative. The use of

J=I resonances (Section 2.4.7) can destroy the correspondence between the absolute-square

form and the expanded form given in Appendix D and result in negative scattering cross

sections. Despite its non-negativity, MLBW still produces biased cross sections at both
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ends of the RRR unless compensating extra resonances or File 3 contributions are included

above and below. The evaluator should generally correct for this effect.

2.4.11.3. In the R-matrix, Reich-Moore, and R-function Formalisms

These are again based on an absolute square and cannot be negative. However, they

can be biased and extra resonances, background R-values, or FiIs 3 contributions should be

provided. If conversion of Reich-Moore to Adler format produces negative cross sections,

dummy parameters should be provided to eliminate them.

2.4.11.4. In the Adler Formalism

Although the formulae are derived from an absolute square and are in principle

non-negative, in practice the parameters are chosen to fit measured data, so that the

physical and mathematical constraints among the parameters, which prevent negative cross

sections, are lost, and any of the cross sections can be negative. If the Adler formalism is

used for evaluations, negativity should be checked for. The end-effect bias exists in this

formalism also and should be checked for in the scattering and total cross sections by

comparing with experiment.

2.4.12. Negative Cross Sections in the Unresolved Resonance Region

R. Prael, while at ANL, reported a difficulty with SLBW resonance ladders created by

VIM from the unresolved resonance parameters in Mo (MAT NO. 1287), namely that the

negative File 3 capture background sometimes caused negative capture cross sections in

the resonance valleys.

The evaluator intended the background to compensate for an excess of capture in the

average unresolved capture cross section, but did not anticipate the problem which would

arise when the parameters were used in a different context. One remedy is to drop out the

negative File 3 background and adjust <r c> on whatever energy mesh is needed to produce

agreement with the dilute poor-resolution data.

The creation of SLBW ladders from average parameters can be expected to produce

the same kind of end-effect bias and frequent negative scattering cross sections found in
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the resolved resonance region. Again, the scattering cross section per se may not be

important, but the biassed total cross section may adversely affect calculated reaction rates.

2.4.E3. Use of Two Nuclear Radii

TWo different nuclear radii are defined by the current ENDF/B formats:

a) the scattering radius, AP, and

b) the channel radius, a.

The scattering radius is also referred to as "the effective scattering radius" and "the

potential scattering radius". The channel radius is also referred to as "the hard-sphere

radius", or "the nuclear radius". The former is the quantity defined as AP (for a+ or â) in

File 2, which must be given even if no resonance parameters are given, while the latter is

defined by

a = 0.123 AWRI1/3 + 0.08 in units of 10"12 cm.

(Strictly speaking, this formula should use the target mass, A1/3 but AWRI is currently

specified.)

The channel radius is a basic quantity in R-matrix theory, where the internal and

external wave-functions are joined and leads to the appearance of hard-sphere phase shifts

defined in terms of it. The necessity to relax the definition and permit two radii can be

thought of as a "distant-level effect", sometimes not explicit in R-matrix discussions.

The original ENDF/B formats made provision for an AM, or "A-minus", although it

was always required that evaluators put AM=O, to signify that it was equal in value to AP.

In the current formats, AM is eliminated, but one can anticipate that more sophisticated

evaluation techniques may eventually force the reinstatement of not only AM, but a more

general dependence of the scattering radius on the channel quantum numbers, especially as

higher energies become important.

In theory, the scattering radius depends on all the channel quantum numbers, and in

practice it is common to find that different optical model parameters are required for

different /-values (s, p, d,...) and for different j-values (p1/2, p3/2, ,„). This implies that one

would require a different scattering radius for each of these states.
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For the special case of s-waves, only two J-values are possible, namely I ± 1/2,

commonly denoted J+ and JL This is the origin of the terminology a+ and a.

Up through ENDF/B-V, the recommended ENDF/B procedure was to use the above

equation for the channel radius in the penetrabilities P1(Io) and the shift factors St(ka), but

to use the scattering radius to calculate the hard-sphere phase shifts <|>v(ka).

Since the phase-shifts define the potential scattering cross section, the evaluator had

the freedom to fit AP to a measured cross section while still leaving undisturbed those

codes that use the Al/3 formula to calculate the channel radius.

For ENDF/B-VI, new parameters NRO and NAPS are available to give the evaluator

more flexibility for the SLBW, MLBW, and RM formalisms, by allowing the evaluator to

use AP everywhere and to make AP energy-dependent (Section 2.1).

The full flexibility of channel-dependent radii is provided for the HRF and GRM

formalisms.

2.4.14. The Multilevel Adler-Gauss Formula for MLBW

Appendix D gives (implicitly) for the MLBW formalism the equations:

(E) ,

NLS-I

X °n,n,RRI
M)

(E) ,

where RRI labels the resonance-resonance-interference term for a given /-value:

NRj r-l

i=2

JLy g y y
k2 T Sj h hk2 T (D

As most users are aware, this double sum over resonances can eat prodigious amounts

of computer time unless handled very tactfully. Thus, for a 200-resonance material, there
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are -40000 cross terms, of which only 20000 need to be evaluated because the expression

is symmetric in r and s.

It has been noted many times in the past that partial fractions can reduce Equation (1)

to a form with only a single Breit-Wigner denominator. Most recently, deSaussure, Olsen,

and Perez (Reference 6) have written it compactly as

NR1
£ ™J Grrr+2Hr(E-E'r)

k2 j 8 j et (E-E'/+(T/!)2

where

NRj

NRj r r (E' -E' )
. nr nsv r s'

Si

D-O-P give the special case for I=/=0, but it is valid for any set of quantum numbers.

Thus an existing SLBW code can be converted to MLBW by adding GrFr to the symmetric

part of the SLBW formula,

r2
m cos2^ - 2 T j T , - Tn,) S i 1 ^ ,

and 2Hr to the coefficient of (E - Er) j n the asymmetric part,

Since Gr and Hr are weakly energy-dependent, via the penetrabilities and shift

factors, they lend themselves to approximations that can sharply reduce computing time

compared to the form with the "double" Breit-Wigner denominator. In fact, if the reso-

nances are all given s-wave shifts of zero, s-wave penetrabilities of yjË, and the total widths

are taken constant, G1Tk2 and H1Tk2 become independent of the neutron energy and

consume a negligible amount of computing time so that MLBW and SLBW become

equivalent in that respect.

10-01-91



2.59

The amplitude-squared form of MLBW, Section 2.4.19, also reduces computing time.

2.4.15. Notes on the Adler Formalism

The following is a condensation and updating of the Appendix in the June, 1974

Minutes of the Resonance Region Subcommittee:

Questions concerning the ENDF/B treatment of the Adler formalism are enumerated

below, together with recommended procedures for handling them:

1. The resonance energy |i and total half-width v are the same for each reaction for a

given resonance in the Adler formalism, but the formulae of the October 1970 version of

ENDF-102, page D-7, and the format descriptions of pages 7.9 and N-12 permit different

values for the total, fission, and capture cross sections.

This is a misreading of the formalism and the remedy is to constrain the equalities

D E T N = D E F N = D E C N and D W T N = D W F N = DWC N . The formulas for capture and

fission should also have the phases eliminated in Appendix D.

2. The Adler formalism, as applied by the Adlers, breaks the resolved resonance

region up into subregions, and each is analyzed separately. This avoids problems with

contributions from distant resonances, but requires that the polynomial background be

tailored to each subregion. However, the ENDF/B formats allow only one resolved

resonance energy region, so this procedure cannot be used.

If a single set of polynomial background constants is insufficient, additional back-

ground can be put into FILE3, point-by-point.

3. The ENDF/B formats formerly permitted incomplete specification of the cross

sections. The allowed values of LI were S (total and capture widths); 6 (fission and

capture); and 7 (total, fission, and capture). LI=6 leaves the scattering (and total) undefined

and LI=S is deficient for fissile elements. LI=6 is now restricted to ENDF/A, and LI=S

should be used only for non-fissile elements.

4. The nomenclature for the G's and H1S is not entirely consistent among different

authors. The Adlers use for the total cross section the definitions:

10-01-91



2.60

Gt = a cos2ka + (3 sin2ka

H1 = P cos2ka - a sin2ka ;

and then the combination

vGt + (n - E) Ht .

For the reaction cross sections there are no phases, and they write

vGc + (u - E) Hc (capture) ;

vGf + Qi - E) Hf (fission) ;

G and H are properly designated as "symmetrical" and "asymmetrical" parameters. The

ENDF-102 manual changes a to G, and p to Ht, viz:

v [G, cos2ka + Ht sin2ka"j + (J11- cos2ka - G, sin2kal

These G1's and Ht's are no longer symmetrical and asymmetrical, but are referred to that

way. The precedent for this nomenclature is probably Reference 7.

deSaussure and Perez, in their published tables of G and H, incorporate the Adler's

constant c into their definition, but otherwise leave the formalism unchanged.

Users and evaluators should adhere to the ENDF-102 definitions.

5. The flag NX, which tells what reactions have polynomial background coefficients

given, should be tied to LI, so that the widths and backgrounds are given for the same

reactions, i.e., use NX=2 with LI=5 (total and capture), and NX=3 with LI=7 (total,

capture, and fission). Since no NX is defined for LI=6 (fission and capture), one is forced

to use NX=3 with the background total coefficients set equal to zero, but this now occurs

only in ENDF/A, if at all.

2.4.16. Multilevel Versus Single-Level Formalisms in the Resolved and Unresolved

Resonance Regions

2.4.16.1. In the Resolved Resonance Region

The SLBW formalism is adequate for resonance treatments that do not require actual

pointwise scattering cross sections, as, e.g., multigroup slowing-down codes. Because of
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the frequent occurrence of negative scattering cross sections, when two or more reso-

nance-potential interference terms overlap, SLBW should not be used to compute poin-

twise scattering cross sections. Instead, the MLBW formalism should be used, although

MLBW is not a true multilevel formalism, but a limit which is valid if ITD is small.

The Reich-Moore reduced R-matrix formalism is a true multilevel formalism, and is

recommended for low-energy fissionable s-wave evaluations. All of its cross sections are

non-negative, and its only significant drawbacks, apart from the effort required for its

application, are the difficulty of determining a suitable R°° to represent distant-level

effects, and of determining the parameters of negative-energy resonances.

The Adler form of the Kapur-Peierls formalism is also a true multilevel treatment, but

in actual applications the parameters are determined by fitting data and the theoretical

constraints among them are lost, so that any Adler cross section can be negative.

The simplest true multilevel formalism is the reduced R-function, in which all

channels except elastic scattering have been eliminated. It makes a very adequate evalua-

tion tool for non-fissile elements up to the threshold for inelastic scattering, since below

that the eliminated channels are (usually) simply radiative capture. It can be corrected for

distant-level effects by substituting optical-model phase shifts for the hard-sphere ones

which occur in the formalism, and by introducing an appropriate R°°. It can be carried

above the inelastic threshhold by augmenting it with the use of SLBW formulas for the

reactions other than elastic scattering, since such reactions often show negligible multilevel

effects. For structural and coolant materials, either Reich-Moore, R-matrix, or the hybrid

R-function can be used. The latter two provide more detail in describing competitive

reactions, plus angular distributions.

Multi-channel multilevel fitting is also feasible for light elements, and permits the

simultaneous use of non-neutron data leading to the same compound nucleus. Due to the

complexity of such calculations, they are presented in ENDF/B as file 3 pointwise cross

sections, although the new general R-matrix format can handle this case.
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2.4.16.2. In the Unresolved Resonance Region

In principle, if the statistical distributions of the resolved resonance parameters are

known, any formalism can be used to construct fictitious cross sections in the unresolved

region. At the present time, only the SLBW formalism is allowed in ENDF/B, for the

reason that no significant multilevel effect can be demonstrated, when SLBW is properly

handled.

If resolved region statistics are used without adjustment to poor resolution data, then

large multilevel/single-level differences can result, but there is no simple way to determine

which is better. If both are adjusted to yield the same average cross sections, and for

fissiles, the same capture-to-fission ratio, then the remaining differences are within the

statistical and measurement errors inherent in the method. The above comments on

multilevel effects in the unresolved resonance region are based on the work of deSaussure

and Perez, Reference 8.

As noted in Section 2.4.12, the use of SLBW to construct resonance profiles in the

unresolved region will result in the defects associated with this formalism elsewhere, and

is not recommended. This application calls for MLBW or better, and the SLBW scheme

should be used only for constructing average cross sections where the negative scattering

effects will combine with the other approximations and presumably be "normalized out"

somewhere along the line.

2.4.17. Preferred Formalisms for Evaluating Data.

1. Light nuclei: Use multilevel, multichannel R-matrix. Present as pointwise cross

sections in file 3.

2. Materials with negligible or moderate multilevel effects, and no multichannel

interference: Hybrid R-function, Reich-Moore or MLBW. These are equivalent in comput-

ing time and all require kernel broadening, although MLBW lends itself to the y ,

^-approximation discussed in Section 2.4.14. For ENDF/B-VI, the Hybrid R-function is

restricted to the structural materials (see next paragraph). However, it may still be a useful

evaluation tool for other materials, because it treats level-level interference exactly,

whereas MLBW still requires some separation between interfering resonances. In addition,
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HRF and RM provide the angular distribution of elastically-scattered neutrons, which

MLBW does not. It can thus improve the quality of evaluations which are ultimately

presented in ENDF as MLBW-plus-background. Note that the Reich-Moore and Hybrid

R-Function formalisms are essentially equivalent when the fission widths are zero. The

differences are related to the treatment of competitive reactions and channel dependent

radii. Therefore, evaluators can use existing RM codes for calculating HRF parameters.

3. Materials with strong multilevel effects, but no multichannel interference: Hybrid

R-function, or Reich-Moore. The structural materials do not exhibit channel-channel

interference, but have level-level interference which is too strong for an MLBW treatment.

4. Materials with observable channel-channel interference: Reich-Moore or General

R-matrix. In the past, only low-energy fissionable materials have shown channel-to-chan-

nel interference, and this is unlikely to change. Reich-Moore evaluations can be converted

to Adler format for presentation in ENDF/B. The reason why Reich-Moore is preferred to

Adler-Adler as the basic evaluation tool is that it has less flexibility and is therefore better

able to distinguish between various grades of experimental data. However, it requires

kernel broadening whereas Adler-Adler uses y and x> making the latter more convenient to

broaden. Unfortunately some of this convenience is lost in practice because there is no

simple equivalence between Adler-Adler and SLBW (see Section 2.4.8).

5. Materials with channel-channel interference and one or more competitive reac-

tions: R-matrix, using the format LRF=S to present the parameters.

2.4.18. Computer Time for Generating MLBW Cross Sections

Previous solutions to the problem of evaluating the double-sum form of the MLBW

resonance-resonance interference term in a reasonable amount of time have been to use the

amplitude-squared form from which it was derived, and kernel-broaden it, or to optimize

the calculation of inner and outer loop quantities.

A third solution is to use the Multilevel Adler-Gauss formulas discussed in Section

2.4.14 and possibly approximate the energy-dependence of the Gr- and Hr-coefficients.
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The amplitude-squared form of MLBW is discussed in Section 2.4.19.

2.4.19. Amplitude-Squared Form of the MLBW Formulas

The form of the MLBW scattering cross section given in Appendix D and in Section

2.4.14, is mathematically identical to the more fundamental "amplitude-squared" form

given in Appendix D, as Equations (5) - (7) of Section D.1.2.

Those equations can be coded in complex Fortran, or broken up into their real and

imaginary parts before coding. The essential point is that they sum the resonances before

squaring. This avoids turning two "linear" sums into one "quadratic" one. If an isotope has

200 resonances, the above formulas have two sums with 200 terms each, whereas the

ENDF-102 form has a sum with 40000 cross terms. A discussion of points to consider in

coding the above equations is given in Sections 2.4.23 and 2.4.24.

The main drawback to the above equations is that they do not admit Doppler-broaden-

ing with \\r- and ^-functions, but require kernel methods instead.

2.4.20. Degrees of Freedom for Unresolved Resonance Parameters

A resonance in the system (neutron plus a target of mass A) corresponds to a

quasi-stationary state in the compound nucleus A + 1. Such a resonance can decay in one

or more ways, each described as a channel. These are labelled by the identity of the emitted

particle (two-body decay), the spins I and i of the residual nucleus and the emitted particle,

and the orbital angular momentum / of the pair. To uniquely specify the channel, two more

quantum numbers are needed, since the magnetic quantum numbers can be eliminated for

unpolarized particles.

It is common to give the channel spin, s, which is the vector sum of I and i, plus J =1*

+ /, since this facilitates the isolation of the /-dependence of all channel quantities. The

important point is that the same set of three ingredient angular momenta, I, i, and /, will

give rise to a number of different channels, according to the rules for coupling angular

momenta. The resonance will decay into each of these channels, with a probability that is

governed by a real number Yajjj/s, the reduced width amplitude, where a gives the identity
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of the emitted particle, the state of excitation of the daughter nucleus, etc. The partial width

for the channel is

r<xBJ/s = 2PoEJ/s ToIiJ/s •

The penetrabilities depend only on /, and are given in Appendix D for uncharged particles.

For charged particles, their Coulomb analogs can be found in texts on the subject, and for

gamma rays one uses Vf rather than y and P.

If the collection of channel quantum numbers (aliJ/s) is denoted by c, then the total

width for the level is T = £ c r c . [Zc means a sum over all channels]. The argument from

statistical compound nucleus theory is that the yc's are random variables, normally

distributed with zero mean and equal variance. The population referred to is the set of yc's

for a given channel and all the levels (or resonances). It follows that the total width is

distributed as a chi-squared distribution with N degrees of freedom, since this is the

statistical consequence of squaring and adding N normal variâtes. For N=I, this is the

Porter-Thomas distribution. In determining the behavior of any quantity that is going to be

averaged over resonances, it is necessary to know the way in which the widths are

distributed, hence the inclusion of these degrees of freedom in ENDF/B.

1. The neutron width is governed by AMUN, which is specified for a particular

/-value. Usually, only the lowest allowed /-value will be significant in any decay, although

the formats would allow giving both s- and d-wave widths for the same resonance. Since

there is only one J-value for a given resonance, and we label the widths by one /-value,

there can be at most two channels for neutrons (i = 1/2), labelled by the channel spin

values s = I ± 1/2. If I = 0, there is only one channel, s = i = 1/2. Hence the restriction, 1.0

< AMUN £ 2.0. AMUN is the quantity Ji,,, discussed in Section D.2.2.2.

Although there is no supporting evidence, it is assumed that the average partial

widths for each channel spin are equal, and that <r n > is the sum of two equal average

partial widths. In Appendix D this factor of two is absorbed into the definition of <rn>,

through the use of a multiplicity which is the number of channel spins, 1 or 2.
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2. The competitive width is currently restricted to inelastic scattering, which has the

same behavior as elastic scattering, measured from a different "zero channel energy," hence

1.0 < AMUX < 2.0

Note that one should not set AMUX = 0 out of ignorance of its true value, as previously

suggested in ENDF 102. This implies a constant from resonance to resonance, since the

chi-squared distribution approaches a delta function as N -» ~. An inelastic reaction can be

expected to proceed through a small number of channels and hence to fluctuate strongly

from level to level.

Specifically, AMUX = M- /j where J is the spin of the resonance, and 7 is the orbital

angular momentum of the inelastically scattered neutron. Since the daughter nucleus may

have a spin Ï different from the target spin I, 7 may be different from / and the number of

channel spin values \Lj. may be different from |i.y,.

3. For the radiative capture process, AMUG should be set equal to zero. Radiative

capture proceeds through many channels and it is not worthwhile deciding if AMUG is 30 or

40. (If some nucleus has selection rules which restrict radiative decay to a few channels,

then a different value of AMUG might be appropriate.)

4. The fission value should be given as 1.0 < AMUF < 4.0 and the value zero would

be incorrect. These small values violate the previous discussion of (Wigner-type) channels

and obey instead statistics governed by fission barrier tunneling (Bohr-channels). The actual

value of AMUF is determined by comparison between calculated and measured cross

sections.

The degrees of freedom are constant throughout the unresolved resonance region.

2.4.21 Procedures for the Unresolved Resonance Region

Up to 250 energy points are permitted for specifying energy-dependent average

parameters. This number is presumed to be sufficient to reproduce the gross structure in the

unresolved cross sections. Within a given isotope the sanu energy grid must be used for all

J- and /-values. The grids may be different for different * >cs. Unresolved resonance
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parameters should be provided for neutron energy regions where temperature-broadening

or self-shielding effects are important. It is recommended that the unresolved resonance

region extend up to at least 20 keV.

If the flag LSSF (Section 2.3.1) is set equal to one, the evaluator can specify the gross

structure in the unresolved range on as fine an energy grid as he desires, subject only to the

overall 10000-point limitation. Under this option, File 3 represents the entire dilute

unresolved cross section, and no File 2 contribution is to be added to it. Instead, File 2 is to

be used to compute a "slowly-varying" self-shielding factor that may be applied to the

"rapidly-varying" File 3 values. The self-shielding factor is defined as the ratio of File 2

average shielded cross section to the average unshielded value computed from the same

parameters. This ratio is to be applied as a multiplicative factor to the values in File 3.

If LSSF is set equal to zero, File 3 will be interpreted in the same way as a

resolved-region File 3, i.e., it will represent a partial background cross section to be added

to the average cross section, dilute or shielded that is computed from File 2.

The self-shielding-factor procedure has certain advantages over the "additive" proce-

dure:

1. The energy-variation of the dilute cross section in the unresolved region can be

more accurately specified, without the 250-point limitation imposed in File 2.

2. The energy grids in File 2 and File 3 are basically uncoupled, so that the File 2

grid can be made coarser and easier to process.

3. In principle, the results can be more accurate, since File 2 can be devoted entirely

to representing changes in the average paramters which are significant for shielding. The

burden of representing fluctuations in the size of the dilute cross section is taken over

entirely by File 3.

4. The same representation can be used by codes requiring probability tables. For this

application, the average parameters in File 2 can be used to generate random ladders of

resonances, and the resulting cross sections can be used to calculate probability tables in
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the usual way. However, instead of using the tables directly, they are normalized by

dividing the various cross section bands by the average cross section in the interval. These

normalized probabilities are then converted back to cross sections by multiplying them into

the File 3 values. The rationale is the same as for the shielding-factors - the dilute cross

section is represented in "poor-resolution" format in File 3, while the real fine-structure is

established by File 2.

The following cautions should be noted by evaluators choosing this option:

1. Because File 3 is energy-varying, it inherently has the possibility to ener-

gy-self-shield itself. If File 2 also shields it, one may actually "double-shield". The

problem will probably be most acute just above the boundary between the resolved and

unresolved regions, since the experimental resolution may still be good enough to see

clumps of only a few resonances.

One might consider "correcting" for this in the choice of File 2 parameters, but this

would be difficult because the degree of shielding is application dependent. A better

procedure would be to ensure that each significant structure in File 3 actually represents a

statistically meaningful number of resonances, say ten or more. If the raw data do not

satisfy this criterion, then additonal smoothing should be applied by the evaluator, to make

it a correct condition on the data. A careful treatment will require the use of statistical level

theory, to determine the true widths and spacings underlying the File 3 structures.

2.4.22 Procedures for Computing Angular Distributions in the Resolved Resonance

Range

2.4.22.1 Background

Quantum mechanical scattering theory, which underlies all of the resonance formal-

isms in this chapter, describes the angular distribution of exit particles as well as the

magnitudes of the various reactions. When the R-matrix formalism is used to parameterize

the collision matrix, as in the Reich-Moore format (Section D. 1.3), the GRM format

(Section D.1.S.2), or the HRF format (Section D. 1.6.1), then the angular distributions
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exhibit a resonant behavior, in the sense that they may change substantially in passing

through a resonance. An explicit tabulation of this detailed resonance behavior will usually

imply a very large data file.

Blatt and Biedenham ("B&B") (Ref. 7) simplified the general expression for the

angular distribution, which is an absolute square of an angle-dependent amplitude, so that

it became a single sum over Legendre polynomials. Their expression, particularized to the

GRM and HRF formats, is given in Sections D. 1.5.9 and D. 1.6.5. If the Reich-Moore

format is used without its fission channels, then it reduces to an R-function and the HRF

angular distribution applies to it as well. In the past, Reich-Moore has been a vehicle for

low-energy fissionable isotope evaluations, usually s-waves only, so that the angular

distribution is isotropic. If it were used for higher energies and higher angular momenta,

then the angular distributions would become anisotropic. Of course, since the formulas

define a center-of-mass distribution, even the isotropic case generally defines an aniso-

tropic laboratory distribution.

In principle, similar angular distribution formulas underlie the SLBW, MLBW, and

Adler-Adler formalisms, but since these are not formulated in terms of collision matrix

elements (U / sJ), the B&B formulas are not immediately applicable to them.

Although the Blatt and Biedenharn formulas have been around for thirty-five years,

and have been much used in the physics literature of scattering theory, they have not been

widely employed in neutron cross section evaluation. ENDF/B files most often contain

either experimental data or calculated data derived from an optical model. Both of these

types represent a "smoothing" or "thinning" of the underlying resonant angular distribu-

tions. In the case of experiment, the smoothing is done by the resolution-broadening of the

measuring apparatus, combined with the necessarily limited number of energies at which

data can be taken. In the optical model case, the smoothing is done in an obscure, highly

implicit manner. It seems quite clear that an explicit energy-average over resonant Blatt

and Biedenham Legendre coeeficients will differ from both of the above representations.
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This raises the question of whether the B&B average will be better or worse than the

others. That question is dealt with in the following paragraphs, which are somewhat

"theoretical", since there is not much hard experience in this area.

2.4.22.2 Further Considerations

Firstly, if in some ideal case, all the resonance spins and parities were precisely

known, then the B&B values would be exact, and clearly superior to any other representa-

tion. The next step down the accuracy ladder would be a case where the major resonances,

or anti-resonances ("windows") were known, but some minor, narrower ones were uncer-

tain. For this case, one might find that errors in the "minor" resonances cancelled each

other, again producing a superior result, or one might find an erroneous cooperation,

resulting in spurious values.

Finally, there are evaluations which use compiled resonance parameters, with many

guessed J and / values, in which case the cancellations and/or cooperations dominate the

angular distributions. In both of the two latter cases, the evaluator either will or will not

have compared with experiment and made a decision on the accuracy of the B&B

representation. The flag LAD allows him to inform the processing code whether or not it is

"safe" to calculate from the B&B formulas. Such a flag is necessary because File 4 is

limited to SOO angular distributions, which is usually not enough to represent a fully-de-

tailed B&B representation. The recommended ENDF/B procedure is for the evaluator to

provide an under- 1200-point representation in File 4, and to signal the user with LAD

whether he can independently generate CT(0) on a finer energy mesh.

For the File 4 representation, the evaluation should smooth the data so as to preseve

significant structure in the first Legendre coefficient, or \i. As always, the word significant

is difficult to define exactly but the File 4 representation should be adequate for most

ordinary reactor engineering applications.

In any case, a user who wishes to examine the implications for his own work of a

finer mesh is free to use the B&B formulas. The flag LAD tells him either that the
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evaluator has ok'd this procedure (LAD=I) or that it is either of unknown quality or known

to be poor (LAD=O). In the case of LAD=O, the evaluator should tell which of these is the

case by putting comments into File 1 and the associated documentation.

2.4.22.3 Summary of Recommendations for Evaluation

1. Supply an under-1200-point representation of the elastic scattering angular distri-

bution in File 4. Preserve significant structure in \i.

2 If the B&B angular distributions were not examined, or if they were examined and

found to be inaccurate, supply LAD=O in File 2. Tell which of these is the case in File 1

and in the associated documentation.

3. If the B&B angular distributions were found, or are believed, to be accurate,

supply LAD=I, and describe the evaluation procedures in the documentation.

2.4.23 Completeness and Convergence of Channel Sums

Two possible errors in the calculation of cross sections from a sum over individual

channels are ( 1 ) omission of channels because they contain no resonances (such "non-reso-

nant" or "phase-shift-only" channels must still be included because they contribute to the

potential scattering cross section), and (2) failure to include enough non-resonant channels

to insure convergence of the potential-scattering cross section with respect to / at high

energy.

Avoiding the first is the responsibility of the processing codes for the SLBW, MLBW,

A-A, and R-M formalisms, since the formats do not allow the evaluator to specify empty

channels explicitly. For the HRF and GRM formalisms, where such specification is

explicit, the responsibility is the evaluator's. Avoiding the second is always the evaluator's

responsibility, since it would be awkward for a processing code to decide whether the

omission was intentional or not.

In the channel spin representation, the incident spin, i, is coupled to the target spin, I,

to form the channel spin, s, which takes on the values

|I-i| < s < I+i .
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The channel spin couples to the orbital angular momentum / to form the total angular

momentum J, with the values

|/-s| < J < /-s .

If I>0 and />0, the same J-value may occur for each of the two channel spins, I±l/2,

and each of these J-values must be separately summed over. A width T13 is a sum of the two

components, r / u + r / 2 j , and in the SLBW, MLBW, A-A, and R-M formalisms only the

sum is used. In the other formalisms the components must be specified separately.

There is rarely enough information on channel-spin widths to guide the evaluator in

apportioning the total width between the two sub-channels, but fortunately, most neutron

reactions are insensitive to the split, so that putting it all in one and none in the other, or

splitting it 50/50 works equally well. Angular distributions are in principle more sensitive,

but it is similarly unusual to find measured data of sufficiently high precision to show

effect.

The channel sums are infinite,

- 1+l2 I»

I I I Xs/J
/=0 I1 Il J=|/—s|

s=|. - |

so the question of convergence arises. The simplest case is where the summand is an

SLBW reaction term, as in Section D. 1.6.2, in which case one sums only over channels in

which there are resonances. There are then no convergence considerations.

If one is summing scattering cross section terms, as in Section D. 1.6.1, there is a

potential-scattering amplitude in every channel, independent of whether there are reso-

nances or not. The /=0, or s-wave amplitudes, are finite at zero energy, but the higher

/-waves only come in at higher energies. The convergence criterion is therefore that the

addition of the next higher /-wave produces a negligible change in the cross section at the

highest energy covered by the resonance region. In a conventional R-matrix treatment, the

non-resonant channels contain hard-sphere phase shifts whose behavior has to be compared

with experiment.
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The Hybrid R-function and General R-matrix formalisms share the current restriction,

NLS<4 (/=0-3), so that if g-waves (/=4) are needed aï high energy, their effect will have to

be simulated in File 3. However, both of these formalisms admit (tabulated) optical model

phase shifts, which provide more flexibility than the hard-sphere ones.

For the two R-formalisms, NLS is defined as that value which converges the cross

section calculation. This is different from the SLBW/MLBW definition, which is the

number of /-channels with resonances. The latter is more liable to cause neglect of higher-/

non-resonant channels. Such neglect would show up as incorrect between-resonance

scattering at high energies, admittedly not the easiest defect to see.

If angular distributions are to be calculated, as in Sections D. 1.5.9 and D.I.6.5,

besides having more complicated sums, the range of /-values is much greater, the

requirement being that the angular distributions coverge at the highest energies. Because

the high /-amplitudes interfere with the low ones, non-negligible cross terms occur which

are absent from the cross section sums. The different convergence criteria, NLS and NLSC,

are compatible because only the B0 moment contributes to the cross sections. All the higher

moments integrate to zero. Computer codes which reconstruct such moments should have

recursive algorithms for /-dependent quantities up to /=20.

2.4.24 Channel Spin and Other Considerations

For the General R-Matrix and Hybrid R-Function formalisms, channel spin is explicit

and the evaluator must in general provide partial widths which depend on s as well as / and

J. In two special cases, I=O and /=0, no information is required beyond the Ta which are

usually provided. If I=O, s is uniquely equal to 1/2 and may simply be dropped from the

formalism. If /=0, s is the same as J and will therefore present no more difficulty for the

evaluator than the usual problem of specifying J for each resonance. In the other cases,

some division of the "total" width between the two s-values will be needed. Occasionally,

experimental guidance will be available, but if not, the division will be rather arbitrary. The

two simplest choices are "all or nothing" and "50/50". The cross section is expected to be
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insensitive to the division, while the angular distributions may show an effect. More

CSEWG experience is needed in this area.

For the Adler-Adler and the (old) Reich-Moore formalisms, the usual area of

application is to low-energy fissile nuclides, with /=0, so that channel spin is not even

mentioned in the formulae of Appendix D, although it is implicit in the channel notation

for Reich-Moore.

MLBW is essentially the same as the Hybrid R-Function, except that the absolute

square has been expanded out and all imaginary quantities eliminated. This has several

consequences.

(1) Channel spin is effectively eliminated, because the partial widths occur in

"summed" form.

r/J = r/s,J + r/s2J

Since only the sum is required, the evaluator is spared the necessity of specifying the

separate s-values. This converts an (s,/,J) fomalism into an (/,J) formalism. The same effect

can be achieved by assuming that I=O, a popular assumption often made independently of

the truth, as in most optical model calculations.

(2) The convergence criterion is more transparent, because the potential-scattering

cross section splits off from the resonance and interference terms, as

^ (2/+1) sin2*, .

Despite the simpler nature of this term than its parent amplitudes, one must still carry

enough terms to make the results physically correct, and if this cannot be done, then File 3

must be invoked to achieve that goal.

(3) The resonance profiles are expressible in terms of symmetric and asymmetric

Breit-Wigner shapes, and thus admit y ,x Doppler broadening. The price one pays for these

three advantages is increased computing time, when the number of resonances is large.

Similar remarks apply to the SLBW formalism, which is MLBW without the

resonance-resonance interference terms. The computing time goes way down, but the
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scattering cross section is very poor. SLBW has useful applications in certain analytical

and semi-analytical procedures, but should never be used for the calculation of explicit

pointwise scattering cross sections.

The omission of an explicit channel-spin quantum number in the SLBW formalism,

while convenient in the resolved resonance region, has occasioned some difficulty in the

unresolved region. Sections D.2.2 through D.2.4 attempt to clarify the situation with

respect to level densities, strength functions, and spin statistics.
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3. FILE 3, REACTION CROSS SECTIONS

3.1. General Description

Reaction cross sections and auxiliary quantities are given in File 3 as functions of

energy E, where E is the incident energy in the laboratory system. They are given as

energy-cross section (or auxiliary quantity) pairs. An interpolation scheme is given that

specifies the energy variation of the data for incident energies between a given energy

point and the next higher point. File 3 is divided into sections, each containing the data for

a particular reaction (MT number); see Section 0.5 and Appendix B. The sections are

ordered by increasing MT number. As usual, each section starts with a HEAD record and

ends with a SEND record. The file ends with a FEND record.

3.2. Formats

The following quantities are defined

ZA,AWR have their usual meanings.

QM

QI

is the mass-difference Q value (eV) defined as the mass of the target

and projectile minus the mass of the residual nucleus in the ground

state and masses of all other reaction products; that is, for

a+A->b+c+...+B, QM=[(ma+mA)-(mb+mc+...+mB)] x (9.315016xl08)

if the masses are in amu. (See paragraph 3.3.2.)

is the reaction Q value for the (lowest energy) state defined by the

given MT value in a simple two-body reaction or a breakup reaction. It

is defined as QM for the ground state of the residual nucleus (or

intermediate system before breakup) minus the energy of the excited

level in this system. Use QI=QM for reactions with no intermediate

states in the residual nucleus and without complex breakup (LR=O).

(See paragraph 3.3.2.)
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LR is the complex or "breakup" reaction flag. It indicates that additional

particles not specified by the MT number will be emitted. See Sections

0.5.5 and 3.4.4.

NR,NP,Eint are the standard TABl parameters.

a(E) is the cross section (barns) for a particular reaction (or the auxiliary

quantity) given as a table of NP energy-cross section pairs.

The structure of a section is

[MAT, 3, MT/ ZA, AWR, 0, 0, 0, O]HEAD

[MAT, 3, MT/ QM, QI, 0, LR, NR, NP /Eim/a(E)]TABl

[MAT, 3, 0 / 0.0, 0.0, 0, 0, 0, O]SEND

3.3. General Procedures

3.3.1. Cross Sections, Energy Ranges, and Thresholds

Cross-section data must cover an energy range up to a common upper limit of at least

20 MeV. For incident neutron data the data must extend to a lower limit of the reaction

threshold or 10"5 eV whichever is higher. For other reactions, the cross section should start

at the reaction threshold energy (with a value of 0.0 barns) and continue up to the upper

limit.

For charged-particle emission, the cross section is usually very small from the

threshold (or lower limit) up to an effective threshold defined by a noticeable cross section

(for example, 10"10 barns). The evaluator should tabulate a cross section of 0.0 in such a

range in order to avoid interpolation problems.

Sometimes ENDF reactions have an apparent upper limit lower than the upper limit

for the material due to changes in representation in different sections. For example, there

might be a change from discrete levels to a continuum rule, or from separate reactions to

MT=5. Such cross sections must be double valued at the highest energy for which the cross



3.3

section is nonzero. The second cross section at the discontinuity must be zero, and it must

be followed by another zero value at the upper limit. This will positively show that the

cross section has been truncated. For such reactions, there will be another reaction with an

artificial threshold at the discontinuity. The cross sections must be chosen in such a way

that their sum is continuous.

The limit on the number of energy points (NP) to be used to represent a particular

cross section is 10,000. The evaluator should not use more points than are necessary to

represent the cross section accurately. When appropriate, resonance parameters can be used

to help reduce the number of points needed. The evaluator should avoid sharp features such

as triangles or steps (except for the required discontinuities at the limits of the resonance

ranges or where reactions change representation), because such features cannot be realisti-

cally Doppler broadened.

3.3.2. Q Values

Accurate Q values should be given for all reactions, if possible. If QI is not well

defined (as for a range of levels in MT=91,649, 699, 749,799, or 849), use the value of QI

which corresponds to the threshold of the reaction. Similarly, if the value of QM is not well

defined (as in elements or for summation reactions like MT=S), use the value of QM which

gives the threshold. If there is no threshold, use the most positive Q value of the

component reactions. Note that these ill-defined values of QM cannot be relied on for

energy-release calculations.

As an example to clarify the use of QM and QI, consider the reaction a+9Be->n+X.

After the neutron has been emitted, the compound system is 12C with QM=5.702 MeV and

energy levels (Ex) at 0.0, 4.439, 7.654, and 9.641 MeV. The ground state is stable against

particle breakup, the first level decays by photon emission, and the higher levels decay

with high probability by breaking up into three alpha particles (7.275 MeV is required).

This pattern can be represented as follows.
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Reaction

9Be(CX1Fi0)
12C

(OCn1)12C

(a,n2)12C(3<x)

(a,n3)12C(3a)

(a.nJ12C(3crt

QM

5.702

5.702

-1.573

-1.573

-1.573

QI

5.702

1.263

-1.952

-3.939

-1.573

EX

0.

4.439

7.654

9.641

MT

50

51

52

53

91

The gamma for the second reaction is not written explicitly in this notation. The last

reaction includes the contributions of all the levels above 9.641 MeV, any missed levels,

and any direct four-body breakup; therefore, the threshold for MT=91 may be lower than

implied by the fourth level of 12C. Note the value used for QI.

3.3.3. Relationship Between File 3 and File 2

If File 2 (Resonance Parameters) contains resolved and/or unresolved resonance

parameters (LRP=I), then the cross sections or self-shielding factors computed from these

parameters in the resonance energy range for elastic scattering (MT=2), fission (MT= 18),

and radiative capture (MT= 102) must be combined with the cross sections given in File 3.

The resonance contributions must also be included in any summation reactions that involve

the three resonance reactions (for example, MT=I, 3, or 5). The resonance energy range is

defined in File 2. Double-valued energy points will normally be given in File 3 at the upper

and lower limits of the unresolved and resolved resonance regions.

Some materials will not have resonance parameters but will have a File 2 (LRP=O)

that contains only the effective scattering radius. This quantity is sometimes used to

calculate the potential scattering cross section in self-shielding codes. For these materials,

the potential scattering cross section computed from File 2 must not be added to the cross

section given in File 3. The File 3 data for such materials comprise the entire scattering

cross section.
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In certain derived libraries, the resonance cross sections have been reconstructed and

stored in File 3. Such files may have LRP=O as described in the preceding paragraph.

Alternatively, they may have LRP=2 and include a full File 2 with complete resonance

parameters. In this case, resonance cross sections or self-shielding factors computed from

File 2 are not to be combined with the cross sections in File 3.

3.4. Procedures for Incident Neutrons

Cross section data for nonthreshold reaction types must cover the energy range from a

lower limit of 10 s eV to an upper limit of at least 20 MeV for all materials. For

nonthreshold reactions, a cross section value must be given at 0.02S3 eV. The limit on the

number of energy points (NP) to be used to represent a particular cross section is 10,000.

The evaluator should not use more points than are necessary to represent the cross section

accurately.

The choice of data to be included in an evaluation depends on the intended applica-

tion. For neutron sublibraries, it is natural to define "transport" evaluations and "reaction"

evaluations. The transport category can be further subdivided into "low-energy transport"

and "high-energy transport."

A reaction evaluation will contain File 1, File 2, File 3, and sometimes File 32 and/or

File 33. File 2 can contain resonance parameters. If radioactive products must be described,

Files 8 ,9 ,10,39, and/or 40 may be present. File 3 may tabulate one or more reaction cross

sections. The total cross section is not usually well defined in reaction evaluations since

they are incomplete. Examples of this class of evaluations include activation data and

dosimetry data.

A low-energy transport evaluation should be adequate for calculating neutron trans-

port and simple transmutations for energies below about 6-10 MeV. Photon production and

covariance data should be included when possible. Typical evaluations will include Files 1,

2, 3, 4, 5, and sometimes Files 8, 9, 10, 12, 13, 14, 15, 31, 32, 33, 34, 35, 39, and/or 40.
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Resonance parameters will usually be given so that self shielding can be computed.

Charged-particle spectra (MT=600-849) and neutron energy-angle correlation (MF=6) will

usually not be given. File 3 should include all reactions important in the target energy

range, including the total (MT=I) and elastic scattering (MT=2). Other reactions com-

monly included are inelastic scattering (MT=4,51-91), radiative capture (MT=102), fission

(MT=18,19-21,38), absorption (MT=103,104,105,...), and other neutron emitting reactions

such as MT=16,17,22,28,.... Specific procedures for each reaction are given below.

Examples of this class of evaluations include fission-product data and actinide data.

A high-energy transport evaluation should be adequate for calculating neutron trans-

port, transmutation, photon production, nuclear heating, radiation damage, gas production,

radioactivity, and charged-particle source terms for energies up to at least 20 MeV. In some

cases, the energy limit needs to be extended to 40-100 MeV. These evaluations use Files 1,

2, 3 ,4 ,5 , 6 ,12,13, 14, 15, and sometimes 8, 9,10, 31, 32, 33, 34, 35, 39, and/or 40. Once

again, File 3 should give cross sections for all reactions important in the target energy

range, including MT=I and 2. This will normally include many of the reactions mentioned

above plus the series MT=600-849. At high energies, some reactions may be combined

using the "complex reaction" identifier MT=5. File 6 will normally be needed at high

energies to represent energy-angle correlation for scattered neutrons and to give particle

and recoil energies for heating and damage calculations. Special attention to energy

balance is required. High-energy evaluations are important for materials used in fusion

reactor designs, in shielding calculations, and in medical radiation-therapy equipment

(including the components of the human body).

3.4.1. Total Cross Section (MT=I)

The total is often the best known cross section, and it is generally the most important

cross section in a shielding material. Considerable care should be exercised in evaluating

this cross section and in deciding how to represent it.
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Cross section minima (potential windows) and cross section structure should be

carefully examined. Sufficient energy points must be used in describing the structure and

minima to reproduce the experimental data to the measured degree of accuracy.

The total cross section, as well as any partial cross section, must be represented by

10,000 incident energy points or fewer. The set of points or energy mesh for the total cross

section must be a union of all energy meshes used for the partial cross sections. Within the

above constraints, every attempt should be made to minimize the number of points used.

The total cross section must be the sum of MT=2 (elastic) and MT=3 (nonelastic). If MT=3

is not given, then the elastic cross section plus all nonelastic components must sum to the

total cross section.

The fact that the total cross section is given at every energy point at which at least one

partial cross section is given allows the partial cross sections to be added together and

checked against the total for any possible errors. In certain cases, more points may be

necessary in the total cross section over a given energy range than are required to specify

the corresponding partial cross sections. For example, a constant elastic scattering cross

section and a 1/v radiative capture cross section could be exactly specified over a given

energy range by log-log interpolation (INT=S), but the sum of the two cross sections would

not be exactly linear on a log-log scale. If a precise total cross section is required between

the energy points provided, it is recommended that the total be calculated from the sum of

the partials rather than interpolated directly from MT=I.

3.4.2. Elastic Scattering Cross Section (MT=2)

The elastic scattering cross section is generally not known to the same accuracy as the

total cross section. Frequently, the elastic scattering cross section is obtained by subtract-

ing the nonelastic cross section from the total cross section. This procedure can cause

problems. The result is a.i elastic scattering cross section that contains unreal structure.

There may be several causes. First, the nonelastic cross section, or any pan thereof, is not
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generally measured with the same energy resolution as the total cross section. When the

somewhat poorer resolution nonelastic data are subtracted from the total, the resolution

effects appear in the elastic cross section. Second, if the evaluated structure in the

nonelastic cross section is incorrect or improperly correlated with the structure in the total

cross section (energy-scale errors), an unrealistic structure is generated in the elastic

scattering cross section.

The experimental elastic cross section is obtained by integrating measured angular

distributions. These data may not cover the entire angular range or may contain contribu-

tions from nonelastic neutrons. Such contamination is generally due to contributions from

inelastic scattering to low-lying levels that were not resolved in the experiment. Care must

be taken in evaluating such results to obtain integrated cross sections. Similarly, experi-

mental angular distribution data can also cause problems when used to prepare File 4.

3.4.3. Nonelastic Cross Section (MT=3)

The nonelastic cross section is not required unless any part of the photon production

multiplicities given in File 12 uses MT=3. In this case, MT=3 is required in File 3. If

MT=3 is given, then the set of points used to specify this cross section must be a union of

the sets used for its partials.

3.4.4. Inelastic Scattering Cross Sections (MT=4,51-91)

A total inelastic scattering cross section (MT=4) must be given if any partials are

given; that is, discrete level excitation cross sections (MT=51-90), or continuum inelastic

scattering (MT=91). The set of incident energy points used for the total inelastic cross

section must be a union of all the sets used for the partials.

Values should be assigned to the level excitation cross sections for as many levels as

possible and extended to as high an energy as possible. Any remaining inelastic scattering

should be treated as continuum. In particular, low-lying levels with significant direct

interaction contributions (such as deformed nuclei with O+ ground states) should be
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extended to the upper limit of the file (at least 20 MeV) in competition with continuum

scattering. The secondary energy distribution for such neutrons resembles elastic scattering

more than an evaporation spectrum.

Level excitation cross sections must start with zero cross section at the threshold

energy. If the cross section for a particular level does not extend to the upper limit for the

file (e.g., 20 MeV), it must be double-valued at the highest energy point for which the

cross section is non-zero. The second cross section value at the point must be zero, and it

should be followed by another zero value at the upper limit. This will positively show that

the cross section has been truncated.

If LR=O, a particular section (MT) represents (n,n'gamma). The angular distribution

for the scattered neutron must be given in the corresponding section of File 4 or 6. The

associated photons should be given in a corresponding section of File 6 or 12, if possible.

If the inelastic photons cannot be assigned to particular levels, they can be represented

using MT=4 in File 6, 12 or 13. When inelastic photons cannot be separated from other

nonelastic photons, they can be included in MF= 13, MT=3.

A LR flag greater than zero indicates inelastic scattering to levels that de-excite by

breakup, particle emission, or pair production rather than by photon emission (see Section

0.6)*. If LR=I, the identities, yields, and distributions for all particles and photons can be

given in File 6. If LR>1, angular distributions for the neutron must be given in File 4, and

distributions are not available for the emitted particles. In this case, photon production is

handled as described above for LR=O.

If a particular level decays in more than one way, then File 6 can be used or several

sections can be given in File 3 for that level. Consider the case in which an excited state

sometimes decays by emitting a proton, and sometimes by emitting an alpha particle. That

*LR=31 is still allowed, however, to uniquely define the y-decay when using MF=3. and MF= 12
(or IS) and MF=4.
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part of the reaction that represents (n,n'a) would use LR=22, and the other part would be

given the next higher section number (MT) and would use LR=28 (n,n'p). The angular

distribution for the neutron would have to be given in two different MT numbers in File 4,

even though they represent the same neutron. The sections must be ordered by decreasing

values of QI (increasing excitation energy).

3.4.5. Fission (MT=18,19-21,38)

The total fission cross section is given in MT= 18 for fissionable materials. Every

attempt should be made to break this cross section up into its various parts: first-chance

fission (n,f), MT=19; second-chance fission (n,n'f), MT=20; third-chance fission (n,2nf),

MT=21; and fourth-chance fission (n,3nf), MT=38. The data in MT= 18 must be the sum of

the data in MT=19, 20, 21, and 38. The energy grid for MT=18 must be the union of the

grids for all the partials.

If resolved or unresolved resonance parameters are given in File 2, the fission cross

section computed from the parameters must be included in both MT= 18 and MT=I 9.

The Q value for MT=I8,19,20,21, and 38 is the energy released per fission minus the

neutrino energy. It should agree with the corresponding value given in MT=458 in File 1.

Secondary neutrons from fission are usually stated to be isotropic in the laboratory

system in File 4. Energy distributions are given in File S. The complex rules associated

with the partial fission reactions are described in Section S.

3.4.6. Charged-Particle Emission to Discrete and Continuum Levels (MT=600-849)

The (n,p) reaction can be represented using a summation cross section, discrete levels,

and a continuum (MT= 103, 600-648, and 649) in the same way that the (n,n') reaction is

represented using MT=4, 51-90, and 91 (see Section 3.4.4). Similarly, (n,d) uses MT=104

and 650-699, and so on for t, 3He, and a. Of course, MT=600, 650, 700, etc., represent the

ground state and would not have corresponding sections in the photon production files,

unless the LR flag > 0 (such as in the 10B(n,t)8Be reaction).
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3.5. Procedures for Incident Charged Particles and Photons

For incident charged particles sublibraries 10010 and up are used (see Table 1.1). For

photonuclear data sublibrary 0 is used while incident photon reactions with atomic

electrons are specified in sublibrary 3. Procedures for incident charged particles are

generally the same as for neutrons as given in section 3.4. The exceptions are noted below.

3.5.1. Total Cross Sections

The total cross section is undefined for incident charged particles. MT=I should be

used for the photo-nuclear total cross section, while MT=SOl is used for the total atomic

photon interaction cross section.

3.5.2. Elastic Scattering Cross Sections

As discussed in detail in Section 6.2.6, it is not possible to construct an integrated

cross section for charged-particle elastic scattering because of the Coulomb term. There-

fore, a is either set to 1.0 or to a "nuclear plus interference" value using a cutoff angle. The

first and last energy points used for MT=2 in File 3 define the range of applicability of the

cross section representation given in File 6. The cross section need not cover the complete

range from 10 s eV to 20 MeV. MT=2 is used for the elastic scattering cross section for all

incident particles and photons (resonance fluorescence). For photons MT=502 and 504 are

used for coherent and incoherent atomic scattering, respectively.

3.5.3 Inelastic Scattering Cross Sections

The inelastic cross section procedure for incident charged particles and photons are

the same as for neutrons. The following MT combinations should be used.
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Incident Particle

Y

n

P

d

t

3He

MT's for Excited States MT's for Total Inelastic a

undefined 102

51-91 4

601-649 103

651-699 104

701-749 105

751-799 106

801-849 107a

3.5.4 Stopping Power

The total charged-particle stopping power in eVxbarns is given in MF=3, MT=500.

This is basically an atomic property representing the shielding of the nuclear charge by the

electrons, but it should be repeated for each isotope of the element. It is a "total" stopping

power in that most tabulations implicitly include large-angle coulomb scattering that is also

represented here in File 6. In practice, this contribution is probably small enough to keep

double counting from being a problem. At low particle energies, mixture effects are

sometimes noticeable. They are not accounted for by this representation.
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4. FILE 4, ANGULAR DISTRIBUTIONS OF SECONDARY PARTICLES

4.1. General Description

File 4 is used to describe the angular distribution of emitted particles. It is used for

reactions with incident neutrons only, and should not be used for any other incident

particle. Angular distributions of emitted neutrons should be given for elastically scattered

neutrons, and for the neutrons resulting from discrete level excitation due to inelastic

scattering. However angular distributions must also be given for particles resulting from

(n,n' continuum), (n,2n) and other neutron emitting reactions. In these cases the angular

distributions will be integrated over all final energies. File 4 may also contain angular

distributions of emitted charged particles for a reaction where only a single outgoing

charged particle is possible (MT=600 through 849, see section 3.4.6). Emitted photon

angular distributions are given in File 14 when the particle angular distributions are given

in File 4.

The use of File 6 to describe all emitted particle angular distributions is preferred

when charged particles are emitted or when the emitted particle's energy and angular

distributions are strongly correlated. In these cases, Files 4 and 14 should not be used.

In some cases, it may be possible to compute the angular distributions in the resolved

range from resonance parameters (see section 2.4.22 for further discussion). In such cases,

the computed distributions may be preferable to the distributions from File 4 for deep

penetration calculations. However, for many practical applications, the smoothed distribu-

tions in File 4 will be adequate.

Angular distributions for a specific reaction type (MT number) are given for a series

of incident energies, in order of increasing energy. The energy range covered should be the

same as that for the same reaction type in File 3. Angular distributions for several different

reaction types (MT's) may be given in File 4 for each material, in ascending order of MT

number.
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The angular distributions are expressed as normalized probability distributions, i.e.,

l

f(H,E)dn = 1 ,J- l

where f(fi,E)d|i is the probability that a particle of incident energy E will be scattered into

the interval d|i about an angle whose cosine is u,. The units of f(n,E) are (unit cosine)"1

Since the angular distribution of scattered neutrons is generally assumed to have azimuthal

symmetry, the distribution may be represented as a Legendre polynomial series,

«Ï

where u, = cosine of the scattered angle in either the laboratory or the cen-

ter-of-mass system;

E

O8(E)

= energy of the incident particle in the laboratory system;

= the scattering cross section, e.g., elastic scattering at energy E as given

in File 3 for the particular reaction type (MT);

/ = order of the Legendre polynomial;

a(|i,E) = differential scattering cross section in units of barns per steradian;

a; = the f** Legendre polynomial coefficient and it is understood that

ao = 1.0.

The angular distributions may be given in one of two representations, and in either the

CM or LAB systems. In the first method the distributions are given by tabulating the

normalized probability distribution, f(n,E), as a function of incident energy. Using the

second method, the Legendre polynomial expansion coefficients, &fiE), are tabulated as a

function of incident neutron energy.

Absolute diffential cross sections are obtained by combining data from Files 3 and 4.

If tabulated distributions are given, the absolute differential cross section (in bams per

steradian) is obtained by
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os(E)

where as(E) is given in File 3 (for the same MT number) and f(|i,E) is given in File 4. If

the angular distributions are represented as Legendre polynomial coefficients, the absolute

differential cross sections are obtained by

2/+1^ - a / ( E ) P , ( n ) ,

where O5(E) is given in File 3 (for the same MT number) and the coefficients a,(E) are

given in File 4.

Also, a transformation matrix may be given in File 4 that can be used to transform a

set of Legendre expansion coefficients, which are given to describe elastic scattering

angular distributions, from one frame of reference to the other. The Legendre expansion

coefficients â (E) in the two systems are related through an energy-independent transforma-

tion matrix, Uj1n, and its inverse, UJ :̂

NM
(E) = U

m=0 /m

and

NM
(E) =

m=0

Expressions for th# matrix elements of U and U"1 may be found in papers by Zweifel

and Hurwitz(1) and Amster<2). Transformation matrices for nonelastic reactions are not

incident energy independent and are not given in File 4.

1. RF. Zweifel and H. Hurwitz, Jr., J. Appl. Phys. 25, 1241 (1954).

2. H. Amster, J. Appl. Phys. 29, 623 (1958).
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The transformation matrix if included, should be square, with the number of rows

equal to NM + 1 where NM is the maximum order of the Legendre polynomial series used

to Ascribe any elastic angular distribution in this File. The transformation matrix is given

as an array of numbers, VK, where K = I, , NK, and NK = (NM + I)2, and where K = I +

/ + m (NM + 1). The values of K indicates how the (/,m)1 element of the matrix may be

found in array VK. This means that the elements of the matrix Uj m or U71 are given

column-wise in the array VK:

U0,0 U0,l U0,NM

Ui,o u u u1>NM

UNM,0 UNM,1 UNM,NM

4.2. Formats

File 4 is divided into sections, each containing data for a particular reaction type (MT

number) and ordered by increasing MT number. Each section always starts with a HEAD

record and ends with a SEND record. If the section contains a description of the angular

distributions for elastic scattering, the transformation matrix is given first (if present) and

this is followed by the representation of the angular distributions.

The following quantities are defined.

LTT is a flag to specify the representation used and it may have the following

values:

LTT = 0, all angular distributions are isotropic,

LTT = 1, the data are given as Legendre expansion coefficients, afiE);

LTT = 2, the data are given as normalized probability distributions, f(n,E).
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LI is a flag to specify whether all the angular distributions are isotropic:

LI = 0, not all isotropic,

LI = 1, all isotropic.

LCT is a flag to specify the frame of reference used:

LCT = 1, the data are given in the LAB system;

LCT = 2, the data are given in the CM system.

LVT is a flag to specify whether a transformation matrix is given for elastic

scattering:

LVT = 0, a transformation matrix is not given (always use this value for all

non-elastic scattering reactions);

LVT = 1, a transformation matrix is given.

NE is the number of incident energy points at which angular distributions are

given (NE < 1200).

NL is the highest order Legendre polynomial that is given at each energy

(NL < 20).

NK is the number of elements in the transformation matrix (NK < 441). NK =

(NM + I)2.

NM is the maximum order Legendre polynomial that will be required (NM < 20)

to describe the angular distributions of elastic scattering in either the cen-

ter-of-mass or the laboratory system. NM should be an even number.

VK are the matrix elements of the transformation matrices:

VK = VJ^n if LCT = 1 (data given in LAB system); and

VK = U / m if LCT = 2 (data given in CM system).

NP is the number of angular points (cosines) used to give the tabulated probabil-

ity distributions for each energy (NP < 101).

10-01-91
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Other commonly used variables are given in the Glossary (Appendix A).

The structure of a section depends on the values of LTT (representation used, a,(E) or

f((i,E)), and LVT (transformation matrix given?), but it always starts with a HEAD record

of the form

[ZA, AWR, LVT, LTT, 0, O]HEAD.

4.2.1. Legendre Polynomial Coefficients and Transformation Matrix Given: LTT = I,

LVT = I, and LI = 0

When LTT = 1 (angular distributions given in terms of Legendre polynomial coeffi-

cients) and LVT = 1, the structure of a section is

[MAT, 4, MT/ZA, AWR, LVT, LTT, 0,O]HEAD LTT = 1, LVT = I

[MAT, 4, MT/0.0, AWR, LI, LCT, NK, NM/VJLIST LI = 0

[MAT, 4, MT/0.0, 0.0, 0, 0, NR, NE/Eint]TAB2

[MAT, 4, MT/T , E1; , LT, 0 , NL, O/afEJLIST

[MAT, 4, MT/T , E2 , LT, 0 , NL, 0/ aj[E2)]LIST

[MAT, 4, MT/T , ENE, LT, 0 , NL, 0/ aj[ENE)]LIST

[MAT, 4, 0 /0.0, 0.0, 0 , 0 , 0 , O]SEND

Note that T and LT refer to temperature (in °K) and a test for temperature dependence,

respectively. These values are normally zero, however.

4.2.2. Legendre Polynomial Coefficients Given and the Transformation Matrix Not

Given: LTT = I, LVT = 0, and LI = 0

If LTT = 1 and LVT = 0, the structure of a section is the same as above, except that the

second record (a LIST record) is replaced by

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, 0] CONT. LI = 0

10-01-91
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This form is always used for angular distributions of nonelastically scattered particles

when Legendre polynomial expansion coefficients are used.

4.2.3. Tabulated Probability Distributions and Transformation Matrix Given: LTT =

2, LVT = 1, and LI = 0

If the angular distributions are given as tabulated probability distributions, LTT = 2,

and a transformation matrix is given for elastic scattering, the structure of a section is

[MAT, 4, MT/ZA, AWR, LVT, LTT, 0, O]HEAD LVT = 1, LTT = 2

[MAT, 4, MT/0.0, AWR, LI, LCT, NK, NM/VK]LIST LI = 0

[MAT, 4, MT/0.0, 0.0, 0 , 0 , NR, NE/Eint]TAB2

[MAT, 4, MT/T , E1 , LT, 0, NR, NP/Ujnt/f(p,,E,)]TABl

[MAT, 4, MT/T , E2 , LT, 0, NR,

[MAT, 4, MT/T , E ^ , LT, 0 , NR,

[MAT, 4, 0 /0.0, 0.0, 0 , 0 , 0 , O]SEND

T and LT are normally zero.

4.2.4. Tabulated Probability Distributions Given and Transformation Matrix Not

Given: LTT = 2, LVT = 0, and L I - O

The structure of a section is the same as above, except that the second record (a LIST

record) is replaced by

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, O]CONT. U = O

This form is always used for angular distribution of nonelastically scattered neutrons when

tabulated angular distributions are given.

4.2.5. All Angular Distributions Isotropic:

LTT = 0, LVT = 0, LI = 1
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When all angular distributions for a given MT are assumed to be isotropic then the

section structure is:

[MAT, 4, MT/ZA, AWR, LVT, LTT, 0,O]HEAD LVT = 0, LTT = 0

[MAT, 4, MT/0.0, AWR1 LI, LCT, 0,O]CONT LI = 1

[MAT, 4, 0 /0.0, 0.0, 0, 0, 0, O]SEND

4.3. Procedures

The angular distributions for two-body reactions should be given in the CM system

(LCT s 2). It is recommended that other reactions (such as continuum inelastic, fission,

etc.) should be given in the Lab system. AU angular distribution data should be given at the

minimum number of incident energy points that will accurately describe the energy

variation of the distributions. Legendre coefficients are preferred unless they can't give an

adequate representation of the data.

When the angular distributions are represented as Legendre polynomial coefficients,

certain procedures should be followed. Enough Legendre coefficients should be used to

accurately represent the recommended angular distribution at a particular energy point and

ensure that the interpolated distribution is everywhere positive. The number of coefficients

(NL) may vary from energy point to energy point; in general, NL will increase with

increasing incident energy. A linear-linear interpolation scheme (INT = 2) must be used to

obtain coefficients at intermediate energies. This is required to ensure that the interpolated

distribution is positive over the cosine interval from -1.0 to +1.0; it is also required because

some coefficients may be negative. In no case should NL exceed a value of 20. If more

than 20 coefficients appear to be required to obtain a non-negative distribution, a con-

strained Legendre polynomial fit to the data should be given. NL = 1 is allowed at low

energies to specify an isotropic angular distribution.

When angular distributions are represented as tabulated data, certain procedures

should be followed. Sufficient angular points (cosine values) should be given to accurately
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represent the recommended distribution. The number of angular points may vary from

distribution to distribution. The cosine interval must be from —1.0 to +1.0. The interpolation

scheme for f(n,E) vs. n should be log-linear (INT = 4), and that for f(M-,E) vs. E should be

linear-linear (INT = 2).

Accurate angular distributions for the thermal energy range can be obtained by using

File 7 or a detailed free-gas calculation. File 4 contains distributions for stationary free

targets only.

The formats given above do not allow an energy-dependent transformation matrix to

be given, so transformation matrices may not be given for nonelastic scattering reaction

types. When a processing code wishes to transfer inelastic level angular distributions

expressed as Legendre polynomial coefficients from the Lab to the CM system, or CM to

LAB, a distribution should be generated and transformed point-wise to the desired frame of

reference. The pointwise angular distributions can then be converted to Legendre polyno-

mial coefficients in the new frame of reference.

The formats given above do not allow both Legendre polynomial coefficients and

tabulated data to represent angular distributions for a given reaction type (MT number). If

tabulated data are required to describe highly structured elastic scattering angular distribu-

tions at high energies, tabulated data must also be used to describe elastic scattering

angular distributions at low energies.

4.4. Procedures for Specific Reactions

4.4.1. Elastic Scattering (MT = 2)

1. A transformation matrix may be given in File 4 for elastic scattering. In general this

matrix is no longer required in ENDF/B because it is no longer needed in data processing

codes. If the angular distributions are given for the CM system, the matrix should be for

CM to LAB conversion. The parameter NM should be even, and it must be equal to or
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greater than Z1113x used in any of the angular distributions (if Legendre coefficients are

given). The parameter NK is equal to (NM + I)2.

2. Legendre polynomial representations should be used for elastic scattering angular

distributions and discrete channel scattering and must be given in the CM system. When

this representation is given, the maximum order of the polynomial for each incident energy

should be even and Z1112x must be £20.

3. Care must be exercised in selecting an incident energy mesh for certain

light-to-medium mass materials. Here it is important to relate any known structure in the

elastic scattering cross section to the energy dependent variations in the angular distribu-

tions. These two features of the cross sections cannot be analyzed independent of one

another. Remember, processing codes operate on MT = 2 data given in Files 3 and 4.

(Structure in the total cross section is not considered when generating energy transfer

arrays.) It is better to maintain consistency in any structure effects between File 3 and File

4 data than to introduce structure in one File and ignore it in the other.

4. Consistency must be maintained between angular distribution data given for elastic

and inelastic scattering. This applies not only to structural effects but also to how the

distributions were obtained. Frequently, the evaluated elastic scattering angular distribu-

tions are based on experimental results that at times contain contributions from inelastic

scattering to low-lying levels (which in turn may contain direct interaction effects). If

inelastic contributions have been subtracted from the experimental angular distributions,

this process must be done in a consistent manner. The same contributions must be

subtracted from both the integrated elastic scattering and the angular distribution. Be sure

that these contributions are included in the inelastic scattering cross section (both inte-

grated data and angular distributions). This is particularly important when the inelastic

contributions are due to direct interaction, since the angular distributions are not isotropic

or symmetric about 90* but they are generally forward peaked.
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5. Do not use an excessive number of incident energy points for the angular distribu-

tions. The number used should be determined by the amount of variation in the angular

distributions.

6. An incident energy point must be given at 10"5 eV. A point must be given at the

highest energy point for which the angular distribution is isotropic. The highest incident

energy must be the highest energy for which cross section data are given in HIe 3, at least

20 MeV.

7. In the case of neutrons a relationship exists between the total cross section and the

differential cross section at forward angles (Wick's limit or optical theorem).

w = (3.0560 x 10"*E0)
(1+AWR)

f J = - ,
steradian

where E0 is in eV and O1. in barns. Care should be taken to observe this inequality,

especially at high energies.

4.4Jl. Inelastic Scattering Cross Sections

1. Do not give angular distribution data for MT = 4.

2. Always give angular distribution data for any of the following if they are given in

File 3: MT = 51, 52, 53, .... 91.

3. Discrete channel (two body) angular distributions (e.g., MT = 2, 51 - 90, 701...)

should be given as Legendre coefficients in the CM system.

4. The continuum reaction (MT = 91), should be in the LAB system.

5. Isotropic angular distributions should be used unless the degree of an isotropy

exceeds 5%. If any level excitation cross sections contain significant direct interaction

contributions, angular distributions are very important.

6. Use the precautions outlined above when dealing with level excitation cross

sections that contain a large amount of structure.
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7. Do not overcomplicate the data files. Restrict the number of distributions to the

minimum required to accurately represent the data.

4.4.3. Other Neutron Producing Reactions

Neutron angular distribution data must be given for all other neutron producing

reactions, such as fission, (n.n'a) or (n,2n) in File 4 or File 6. File 4 is only appropriate if

the distributions are fairly isotrr >ic without strong preequilibrium components. The

laboratory system should be used.

4.4.4. Charged-Particle Producing Reactions

Distributions for charged-particles from two-body reactions in the 600 series can be

given in File 4 using the CM system, if desired. (Continuum reactions where only one

charged particle is possible (e.g. 649, 699, etc.) can also be given in File 4 using the LAB

system. If angular data is needed for more complex reactions, File 6 is more appropriate.)
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5. FILE 5, ENERGY DISTRIBUTION OF SECONDARY PARTICLES

5.1. Gener:i Description

File 5 is used to describe the energy distributions of secondary particles expressed as

normalized probability distributions. File 5 is for incident neutron reactions and spontane-

ous fission only, and should not be used for any other incident particle. Data will be given

in File 5 for all reaction types that produce secondary neutrons, unless the secondary

neutron energy distributions can be implicitly determined from data given in File 3 and/or

File 4. No data will be given in File S for elastic scattering (MT = 2), since the secondary

energy distributions can be obtained from the angular distributions in File 4. No data will

be given for neutrons that result from excitation of discrete inelastic levels when data for

these reactions are given in both File 3 and File 4 (MT = Sl, 52, ..., 90.

Data should be given in File 5 for MT = 91 (inelastic scattering to a continuum of

levels), MT = 18 (fission), MT = 16 (n,2n), MT = 17 (n,3n), MT = 455 (delayed neutrons

from fission), and certain other nonelastic reactions that produce secondary neutrons. The

energy distribution for spontaneous fission is given in File 5 (in sublibrary 4).

File 5 may also contain energy distributions of secondary charged particle for

continuum reactions where only a single outgoing charged particle is possible (MT = 649,

699 etc.). Continuum photon distributions should be described in File 15.

The use of File 6 to describe all particle energy distributions is preferred when several

charged particles are emitted or the particle energy and angular distribution are strongly

correlated. In these cases files 5 and 15 should not be used.

Each section of the file gives the data for a particular reaction type (MT number). The

sections are then ordered by increasing MT number. The energy distributions p(E -» E'),

are normalized so that

J» mix

n

p(E -» E')dE' = 1 .
o
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where E'max is the maximum possible secondary particle energy and its value depends on

the incoming particle energy E and the analytic representation of p(E —* E'). The second-

ary particle energy E1 is always expressed in the laboratory system.

The differential cross section is obtained from

where G(E) is the cross section as given in File 3 for the same reaction type number (MT)

and m is the neutron multiplicity for this reaction (m is implicit; e.g., m = 2 for n,2n

reactions).

The energy distributions p(E -» E') can be broken down into partial energy distribu-

tions, fk(E —» E'), where each of the partial distributions can be described by different

analytic representations;

NK

p(E -> E') = X P k ( E ) ^ - • E ' ) -
Ic=I

and at a particular incident neutron energy E,

NK

X Pk^) = l >
k=l

where Pk(E) is the fractional probability that the distribution fk(E -» E*) can be used at E.

The partial energy distributions fk(E -» E') are represented by various analytical

formulations. Each formulation is called an energy distribution law and has an identifica-

tion number associated with it (LF number). The allowed energy distribution laws are

given below.
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Secondary Energy Distribution Laws

LF = 1, Arbitrary tabulated function:

f(E -> E1) = g(E -> E').

A set of incident energy points is given, E and g(E -> E') is tabu-

lated as a function of E'.

LF = S, General evaporation spectrum:

f(E -> E') = g[EV0(E)].

6(E) is tabulated as a function of incident neutron energy, E;

g(x) is tabulated as a function of x, x = E'/6(E).

LF = 7, Simple fission spectrum (Maxwellian):

I is the normalization constant,

i = e3/2 H r erf (V(E-uye) - V(E - uye.

6 is tabulated as a function of energy, E;

U is a constant introduced to define the proper upper limit for the

final particle energy such that 0 £ E* £ E - U.
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Secondary Energy Distribution Laws

LF = 9, Evaporation spectrum:

I is the normalization constant,

6 is tabulated as a function of incident neutron energy, E;

U is a constant introduced to define the proper upper limit for the

final panicle energy such that 0 £ E' ^ E - U.

LF = 11, Energy dependent Watt spectrum:

ç-E'/a
f(E -» E') = —-— SUIh(VbE7) .

I is the normalization constant,

•«Î

- a exd - I J [sinh
L \ a /J

a and b are energy dependent;

U is a constant introduced to define the proper upper limit for the

final particle energy such that 0 < E1 ^ E - U.
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Secondary Energy Distribution Laws

LF = 12, Energy dependent fission neutron spectrum (Madland and Nix):

f(E -> E') = I [g(E'jEFL) + g(E'jEFH)] ,

where

g(E',EF) = ! — = U12E1(U2) - U^E1(U1) + 7(3/2,u2) - 7(3/2,U1)] ,
3(EF TM)1" L J

U1 =

-\|ËF) /TM ,

EFL and EFH are constants, which represent the average kinetic energy per nucléon of the

average light and heavy fragments, respectively. TM depends upon the incident neutron

energy, E1(X) is the exponential integral, and y(a,x) is the incomplete gamma function. The

integral of this spectrum between zero and infinity is one. The value of the integral for a

finite integration range is given in Sec. 5.4.11.

The data are given in each section by specifying the number of partial energy

distributions that will be used. The same energy mesh should be used for each one. The

partial energy distributions may all use the same energy distribution law (LF number) or

they may use different laws.

Note: Distribution laws are not presented for LF = 2, 3, 4, 6, 8, or 10. Those laws are no
longer used.
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5.2. Formats

Each section of File S contains the data for a particular reaction type (MT number),

starts with a HEAD record, and ends with a SEND record. Each subsection contains the

data for one partial energy distribution. The structure of a subsection depends on the value

of LF (the energy distribution law).

The following quantities are defined

NK is the number of partial energy distributions. There will be one

subsection for each partial distribution.

U a constant that defines the upper energy limit for the secondary particle

so that 0 £ E' £ E - U (given in the Lab system).

6 is an effective temperature used to describe the secondary energy

distribution for LF = 5, 7 or 9.

LF is a flag that specifies the energy distribution law that is used for a

particular subsection (partial energy distribution). (The definitions for

LF are given in Section 5.1.).

pk(EN) is the fractional part of the particular cross section that can be

described by the kth partial energy distribution at the N * incident

energy point.

NK

NOTE: S PkW = 1 0 '
k=l

fk(E -> E') is the k partial energy distribution. The definition depends on the

value of LF.
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NR is the number of interpolation ranges.

NP is the number of incident energy points at which Pfc(E) is given.

a,b are parameters used in the energy dependent Watt spectrum, LF = 11.

EFL, EFH are constants used in the energy-dependent fission neutron spectrum

(Madland and Nix), LF = 12.

TM is the maximum temperature parameter, TM(E), of the energy-depend-

ent fission neutron spectrum (Madland and Nix), LF = 1 2 .

NE is the number of incident energy points at which a tabulated distribu-

tion is given.

(NE < 200.)

NF is the number of secondary energy points in a tabulation.

(NF <£ 1000.)

The structure of a section has the following form:

[MAT, 5, MT/ZA, AWR, 0, 0, NK, O]HEAD

<subsection for k = 1>

<subsection for k = 2>

<subsection for k = NK>

[MAT, 5, 0 /0.0, 0.0, 0, 0, 0, O]SEND

The structure of a subsection depends on the value of LF. The formats for the various

values of LF are given below.
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LF = I, Arbitrary tabulated function

[MAT, 5, MTZ 0.0 , 0.0 , 0, LF=I , NR ,

[MAT, 5, MTZ 0.0 , 0 . 0 , 0, 0 , NR , NEZE1n, ]TAB2

[MAT, 5, MTZ 0.0 , E1 , 0, 0 , NR ,

. , E\ , g(E,->E'2) , E'3

, g(Et-»E'NF) ]TAB1

[MAT, 5, MTZ 0.0 , E2 , 0, 0 , NR , NFZE1J111Z

E 2 , g(E2-»E2) , E 3

]TAB1

[MAT, 5, MTZ T , E N E , LT , 0 , NR ,
1 E 2 , g(ENE-^E'2) , E 3 , g(ENE->E'3),

E tffTS ^P* \ IfA

NF » S v 1 1 N E ^ " NF' J* ***" '

Note that the incident energy mesh for pk(E) does not have to be the same as the E

mesh used to specify the energy distributions. The interpolation scheme used between

incident energy points, E, and between secondary energy points, E1, should be linear-linear.

LF = 5, General evaporation spectrum

[MAT, 5, MTZ U, 0.0, 0, LF = 5, NR,

[MAT, 5, MTZ0.0, 0.0, 0, 0, NR,

[MAT, 5, MTZ0.0, 0.0, 0, 0, NR, NFZx111Vg(X)]TABl x = E1ZO(E)
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LF = 7, Simple fission spectrum (Maxwellian)

[MAT, 5, MT/ U, 0.0, 0, LF = 7, NR, NP/Einl/p(E)]TAB 1

[MAT, 5, MT/0.0, 0.0, 0, 0, NR, NE/Ein,/8(E)]TAB 1

LF = 9, Evaporation spectrum

[MAT, 5, MT/ U, 0.0, 0, LF = 9, NR, NP/Eim/p(E)]TABl

[MAT, 5, MT/0.0, 0.0, 0, 0, NR, NE/Eint/6(E)]TAB1

LF = 11, Energy dependent Watt spectrum

[MAT, 5, MT/ U, 0.0, 0, LF = 11, NR, NP/Eint/p(E)]TAB 1

[MAT, 5, MT/0.0, 0.0, 0, 0, NR, NE/Eint/a(E)]TABl

[MAT, 5, MT/0.0, 0.0, 0, 0, NR, NE/Eint/b(E)]TABl

LF = 12, Energy-dependent fission neutron spection (Madland and Nix)

[MAT, 5, MT/0.0, 0.0, 0, LF = 12, NR, NP/Ein,/p(E)]TABl

[MAT, 5, MT/EFL.EFH, 0, 0, NR, NE/Einl/TM(E)]TAB1

Note that no formats have been described for LF = 2, 3, 4, 6, 8, or 10. These laws are

no longer defined.

S3. Procedures

As many as three different energy meshes may be required to describe the data in a

subsection (one partial distribution). These are the incident energy mesh for pk(E), the

incident energy mesh at which secondary distributions are given, fk(E-»E), and the

secondary energy mesh for fk(E—»E'). It is recommended that a linear-linear or a linear-log

hrsrpolation scheme be used for the first two energy meshes, and a linear-linear interpola-

tion for the last energy mesh.

Double energy points must be given in the incident energy mesh whenever there is a

discontinuity in any of the Pk(E) 's (this situation occurs fairly frequently). This energy

mesh must also include threshold energy values for all reactions being described by the

pk(E)'s. Zero values for pk must be given for energies below the threshold (if applicable).
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Two nuclear temperatures may be given for the (n,2n) reaction. Each temperature, G,

may be given as a function of incident neutron energy. In this casp p,(E) = P2(E) = 0.5. A

similar procedure may be followed for the (n,3n) and other reactions.

A constant, U, is given for certain distribution laws (LF = 5, 7, 9, or 11). The constant,

U, is provided to define the proper upper limit for the secondary energy distribution so that

0 < E1 < E - U. The value of U depends on how the data are represented for a particular

reaction type. Consider U for inelastic scattering:

Case A The total inelastic scattering cross section is described as a continuum.

U is the threshold energy for exciting the lowest level in the residual

nucleus.

Case B For the energy range considered, the first three levels are described ex-

plicitly (either in File 3, MT = 51, 52, and 53, or in File 5, and the

rest of the inelastic cross section is treated as a continuum. U is the

threshold energy (known or estimated) for the fourth level in the resid-

ual nucleus.

If the reaction being described is fission, then U should be a large negative value (U =

-20.0 x 106 eV to -30 x 106 eV). In this case neutrons can be born with energies much

larger than the incident neutron energy. It is common practice to describe the inelastic cross

section as the sum of excitation cross sections (for discrete levels) for neutron energies up

to the point where level positions are no longer known. At this energy point, the total

inelastic cross section is treated as a continuum. This practice can lead to erroneous

secondary energy distributions for incident neutron energies just above the cutoff energy. It

is recommended that the level excitation cross sections for the first several levels (e.g., 4 or

5 levels) be estimated for several MeV above the cutoff energy. The continuum portion of

the inelastic cross section will be zero at the cutoff energy, and it will not become the total

inelastic cross section until several MeV above the cutoff energy.
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It is recommended that the cross sections for excitation of discrete inelastic levels be

^•scribed in File 3 (MT = 51, 52, ..., etc.). The angular distributions for the neutrons

resulting from these levels should be given in File 4 (same MT numbers). The secondary

energy distributions for these neutrons can be obtained analytically from the data in Files 3

and 4. This procedure is the only way in which the energy distributions can be given for

these neutrons. For inelastic scattering, the only data required in File 5 are for MT = 91

(continuum part).

5.4. Additional Procedures

5.4.1. General Comments

1. Do not give File 5 data for the discrete level excitation data given in File 3 as MT =

51, 52,.... 90. If MT = 91 is given in File 3, a section for MT = 91 must be given in File 5 or

File 6. A section must also be given in File 5 or File 6 for all other neutron producing

reactions. Continuum energy distributions for emitted protons, deuterons etc., may be

given in MT = 649 etc, and for photons, in File 6 or File 15. When more than one particle

type is emitted, File 6 should be used to assure energy conservation.

2. Care must be used in selecting the distribution law number (LF) to represent the

data. As a rule, use the simplest law that will accurately represent the data.

3. A section in File 5 must cover the same incident energy range as was used for the

same MT number in File 3. The sum of the probabilities for all laws used must be equal to

unity for all incident energy points.

4. If the incident neutron energy exceeds several MeV, pre-equilibrium neutron

emission can be important, as illustrated from high resolution neutron and proton spectra

measurements and analysis of pulsed sphere experiments. In these cases either tabulated

spectra or "mocked-up" levels can be constructed to supplement or replace simple evapora-

tion spectra.
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5. Note that prompt fission spectra are given under MT = 18, 19, 20, 21, and 38. The

delayed fission spectra are given under MT = 455. The energy distribution for prompt

spontaneous fission is given in File 5 for MT = 18, but in sublibrary 4. It is used with v

from File 1 (MT = 456) to determine the prompt spontaneous fission spectrum. The

delayed spontaneous fission spectrum is determined from vd from File 1 (MT = 455) and

the delayed energy spectrum in File 5 MT = 455. Note that for the specification of

spontaneous spectra no cross sections from File 3 are required.

5.4.2. LF = 1 (Tabulated Distributions)

Use only tabulated distributions to represent complicated energy distributions. Use the

minimum number of incident energy points and secondary neutron energy points to

accurately represent the data. The integral over secondary neutron energies for each

incident energy point must be unity to within four significant figures. All interpolation

schemes must be with linear-linear or log-linear (INT = 1, 2, or 3) to preserve probabilities

upon interpolation. All secondary energy distributions must start and end with zero values

for the distribution function g(E-»E').

5.4.3. LF = 7 (Maxwellian Spectrum)

A linear-linear interpolation scheme is preferred for specifying the nuclear tempera-

ture as a function of energy.

5.4.4. LF = 9 (Evaporation Spectrum)

An evaporation spectrum is preferred for most reactions. Care must be taken in

describing the nuclear temperature near the threshold of a reaction. Nuclear temperatures

that are too large can violate conservation of energy.

5.4.5. LF = 11 (Watt Spectrum)

A linear-linear interpolation scheme is preferred for specifying parameters a and b as a

function of energy.
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5.4.6. LF = 12 (Madland-Nix Spectrum)

A log-log interpolation scheme may be used for specifying the parameter TM as a

function of incident neutron energy.

5.4.7. Selection of the Integration Constant, U

1. When LF = 5, 7, 9, or 11 is used, an integration constant, U is required. This

constant is used in defining the upper energy limit of secondary neutrons; i.e., E'max = En -

U, where En is the incident neutron energy. U is a constant for the complete energy range

covered by a subsection in File 5 and is given in the LAB system.

2. U is negative for fission reactions. The preferred value is -20 MeV.

3. In practice, U can be taken to be the absolute value of Q for the lowest level

(known or estimated) that can be excited by the particular reaction within the incident

energy range covered by the subsection. U is actually a function of the incident neutron

energy, but it can be shown that it is always greater than the absolute value of Q and less

than the threshold energy of the reaction. At large AWR, since E1n and IQI are approxi-

mately equal, either could be used but the absolute value of Q is preferred. At small AWR,

using IQI for U is the best approximation and must be used.

4. The following four cases commonly occur in data files; procedures are given for

obtaining U values.

Case A: The complete reaction is treated as a continuum.

U = - Q

where Q is the reaction Q-values.

Case B: The reaction is described by excitation of three levels (in File 3 as MT s Sl,

52, 53) and a continuum part where Q4 is the known or estimated Q-value for the founh

level.

U = -Q4
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Case C: The reaction is described by excitation of three levels (in File 3 as MT = 51,

52, and 53) and a continuum part which extends below the threshold for MT = 51. If, for

example, the reaction is a 3-body breakup reaction, use

U = -Q

where Q is the energy required for 3-body breakup.

Case D: The reaction is described by excitation of the first three levels (in File 3 as

MT = Sl, 52, S3) for neutron energies from the level thresholds up to 20 MeV, excitation of

the next five levels (in File 3 as MT = 54,..., 58) from their thresholds up to 8 MeV, and by

a continuum part that starts at 5 MeV.

In this case two subsections should be used, one to describe the energy range from S to

8 MeV and another to describe the energy region from 8 to 20 MeV. In the first subsection

(5 - 8 MeV),

U = -Q9,

and the second (8 - 20 MeV),

U = -Q4.

5.4.8. Multiple Nuclear Temperatures

Certain reactions, such as (n,2n), may require specification of more than one nuclear

temperature. 6(E) should be given for each neutron in the exit channels; this is done by

using more than one subsection for a reaction. The U value is the same for all subsections.

The upper energy limit is determined by the threshold energy and not by level densities in

the residual nuclei.

5.4.9. Average Energy for a Distribution

The average energy of a secondary neutron distribution must be less than the available

energy for the reaction:

,. 1 + AWR ^
E + QE avail = E +

 A W R
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where Eavaj] is greater than the neutron multiplicity times the average energy of all the

emitted neutron vE', where v is the multiplicity. The mean energy should be calculated

from the distribution at each value of E. This mean is analytic in the four cases given

below.

LF Ê'

9 29 I I 6 ;

l l fab^r11 2laeXp 1"4Jf
^ b (. ab̂ i
- I 3 + T j

erf

i r— ( E-IAf IE-U I lab , 1
- 3a2 Vab exp I — JN cosh ^b(E-U) - 4— sinh ^b(E-U)

a ( E-U^rrE-U ab> , i , 1
- 2az exp I 1 I + -j-1 sinh Vb(E-U) - Vb(E-U) cosh Vb(E-U)

12 ^ (EFL + EFH) + | TM

U is described in Section 5.3. The analytic functions for I are given in Section 5.1 for

LF = 7, 9, and 11. For LF = 12, Section 5.4.10 gives the method for obtaining the integral

of the distribution function.
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5.4.10. Additional Procedures for LF = 12, Energy-Dependent Fission Neutron

Spectrum (Madland and Nix)

1. Integral Over Finite Energy Range [a,b]

Set a = ^TM , P = -\|ÊF ,

A = (-y/à" + p)2/a2 ,

B = (̂ b + P ) V ,

A' = (^i - pf/a2 ,and

B' = (Vb - P ) V .

Then, the integral is given by one of the following three expressions depending on the

region of integration in which a and b lie.

Region I (a > EF, b > EF)

3(ET TM)l/2 I" g(E'jEF)dE' =
•*a

[(I A " 2 - I OCPB2JE1(B) - ( | CC2A*2 - I CCPA2JE1(A)]

- [ g A « + \ aPB'2)El(B') - ( I a V 5 * + \ aPA'2)El(A')]

+ [(a2B - 2apBlû) l(3/23) - (a2A - 2apA1/2)

- [(a2B' + 2aPB'1/2) i&2&) - (a
2A' + 2aPA/1/2)

- I a2 [-K5/23) - T(5/2,A) - T(5/2,B'") +

- r «# [e~B(l + B) - e~A(l + A) + e"B'(l + B7) - e"A'(l + A')] •
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Region II (a < EF, b < EF)

3(ET TM)1/2 g(E',EF)dE' =

- [ g a2B-5'' - I aPB'2JElCB') - g « V » - \ aPA'2JE1(A')]

+ Ha2B - 2aPB1/2) 7(3/23) - (a2A - 2apA1/2) 7<3/2,A)]

- [(a2B' - 2aPB/1/2) 7(3/23') - ( a V - 2aPA'1/2) 7(3/2X)]

- I a2 [7(5/23) - 7(5/2A) - 7(5/23') + 7(5/2^')]

- I ap [e"B(l + B) - e"A(l + A) - e-
B'(l + B') + e-

A '(l + A')]
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Region III (a < EF, b > EF)

3(ET TM)1/2 g(E',EF)dE' =
^a

[g<x2B5'2 - i«BB2)E l(B) - g a 2 ^ - \ «BA2)El(A)]

- j g a 2 B l 5 / 2 H- i CsBB-2JE1(B
1) - ( f a V 5 ' 2 - i CCBA12JE1(A

1

+ [(a2B - 2aBB1/2) 7(3/23) - (a2A - 2aBA1/2

- [((X2B' + 2aBBll/2)7(3/2)B
t) - ((X2A1 - 2aBAtl/2

- I a2 M5/23) - 7(5/2A) - 7(5/2^') + 7(5/2,A')]

- f «P [e~B(l + B) - e"A(l + A) + e-B '(l + B') + e"
A '(l + A')-2] -

The expression for Region III would be used to calculate a normalization integral I for the

finite integration constant U, if a physical basis existed by which U could be well

determined.
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6. FILE 6, PRODUCT ENERGY-ANGLE DISTRIBUTIONS

6.1. General Description

This file is provided to represent the distribution of reaction products (i.e., neutrons,

photons, charged particles, and residual nuclei) in energy and angle. It works together with

File 3, which contains the reaction cross sections, and replaces the combination of File 4

and File 5. Radioactive products are identified in File 8. The use of File 6 is recommended

when the energy and angular distributions of the emitted particles must be coupled, when it

is important to give a concurrent description of neutron scattering and particle emission,

when so many reaction channels are open that it is difficult to provide separate reactions,

or when accurate charged-particle or residual-nucleus distributions are required for particle

transport, heat deposition, or radiation damage calculations.

For the purposes of this file, any reaction is defined by giving the production cross

section for each reaction product in barns/steradian assuming azimuthal symmetry:

o>,E,E') = o(E) yj(E) ^ ,E 1 E') / 2% (6.1)

where i denotes one particular product, E is the incident energy, E' is the energy of the

product emitted with cosine \i, a(E) is the interaction cross section (File 3), y{ is the

product yield or multiplicity, and fj is the normalized distribution with units (eV-unit

cosine)'1 where

i dE' J du fi0i3£') = 1 (6.2)

This representation ignores most correlations between products and most sequential

reactions; that is, the distributions given here are those which would be seen by an

observer outside of a "black box" looking at one particle at a time. The process being

described may be a combination of several different reactions, and the product distributions

may be described using several different representations.
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6.2. Formats

The following quantities are defined for all representations.

ZA,AWR have their usual meanings.

LCT is the reference system for secondary energy and angle; if LCT=I,

laboratory (LAB) coordinates are used for both; if LCT=2, the cen-

ter-of-mass (CM) system is used. The incident energy is always given

in the LAB system.

NK is the number of subsections in this section (MT). Each subsection

describes one reaction product. There can be more than one subsection

for a given particle or residual nucleus (see LIP).

ZAP is the product identifier 1000*Z+A with Z=O for photons and A=O for

electrons and positrons. A section with A=O can also be used to

represent the average recoil energy or spectrum for an elemental target

(see text).

AWP is the product mass in neutron units.

LIP is the product modifier flag. Its main use is to identify the isomeric state

of a product nucleus. In this case, LIP = 0 for the ground state, LIP = 1 for

the first isomeric state, etc. These values should be consistent with LISO

in File 8, MT = 457. In some cases, it may be useful to use LIP to distin-

guish between different subsections with the same value of ZAP for light

particles. For example, LIP = 0 could be the first neutron out for a se-

quential reaction, LIP = 1 could be the second neutron, and so on. Other

possible uses might be to indicate which compound system emitted the

particles, or to distinguish between the neutron for the (n,np) channel and

that from the (n,pn) channel. The exact meaning assigned to LIP should

be explained in the File 1, MT = 451 comments.
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LAW distinguishes between different representations of the distribution func-

tion, f;: LAW=O, unknown distribution; LAW=I, coniinuu;» energy-an-

gle distribution; LAW=2, two-body reaction angular distribution;

LAW=3, isotropic two-body distribution; LAW=4, recoil distribution of

a two-body reaction; LAW=5, charged-particle elastic scattering;

LAW=6, n-body phase-space distribution; and LAW=7, laboratory an-

gle-energy law.

NRJSJPJEJ111 are the usual TABl parameters.

A section of File 6 has the following form:

[MAT, 6, MT/ ZA, AWR, 0, LCT, NK, O]HEAD

[MAT, 6, MT/ ZAP, AWP, LIP, LAW, NR, NP/ Ej111 / yj(E)]TABl

!T.AW-dependent structure for product 1]

repeat TABl and LAW-dependent structures

for the rest of the NK subsections

[MAT, 6, MT/ 0.0, 0.0, 0, 0, 0, O]SEND

FOe 6 should have a subsection for every product of the reaction or sum of reactions being

described except for MT = 3, 4, 103-107 when they are being used to represent lumped

photons. The subsections are arranged in the following order: (1) particles (n, p, d, etc.) in

order of ZAP and LIP, (2) residual nuclei and isomers in order of ZAP and LIP, (3)

photons, and (4) electrons. The contents of the subsection for each LAW are described

below.

6.2.1. Unknown Distribution (LAW=O)

This law simply identifies a product without specifying a distribution. It can be used

to give production yields for particles, isomers, radioactive nuclei, or other interesting
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nuclei in materials which are not important for particle transport, heating, or radiation

damage calculations. No law-dependent structure is given.

6.2.2. Continuum Energy-Angle Distributions (LAW=I)

This law is used to describe particles emitted in multi-body reactions or combinations

of several reactions, such as scattering through a range of levels or reactions at high

energies where many channels are normally open. For isotropic reactions, it is very similar

to File 5, LF=I except for a special option to represent sharp peaks as "delta functions" and

the use of LIST instead of TABl.

The following quantities are defined for LAW=I:

LANG is an indicator which selects the angular representation to be used; if

LANG=I, Legendre coefficients are used, if LANG=2, Kalbach-Mann

systematics are used, and if LANG=I 1-15, a tabulated angular distri-

bution is given using NA/2 cosines and the interpolation scheme

specified by LANG minus 10 (for example, LANG=12 selects lin-

ear-linear interpolation.

LEP selects the interpolation scheme for secondary energy; LEP=I for

histogram, LEP=2 for linear-linear, etc.

NR,NE3ntt 2^ ^ normal TAB2 parameters. INT = 1 is allowed (the upper limit

is implied by File 3), INT = 12-15 is allowed for corresponding-point

interpolation, and INT = 21-25 is allowed for unit base interpolation.

NW is the total number of words in the LIST record; NW=NEP*(NA+2).

NEP is the number of secondary energy points in the distribution.

ND is the number of discrete energies given. The first NDSO entries in the

list of NEP energies are discrete, and the remaining (NEP-ND)>0

entries are to be used with LEP to describe a continuous distribution.

Discrete primary photons should be flagged with negative energies.
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NA is the number of angular parameters. Use NA=O for isotropic distribu-

tions (note that all options are identical if NA=O). Use NA=I with

LANG=2 (Kalbach-Mann).

The structure of a subsection is

[MAT, 6, MT/ 0.0, 0.0, LANG, LEP, NR, NE/ E

[MAT, 6, MT/ 0.0, E1, ND, NA, NW, NEP/

F 1 , ^ (E 1 F 1 ) , I)1(E11E1). ... b^CEjJE'!),

F 2 , boCEjJE'a)

- - bNA(EWlLIST

continue with LIST structures for the rest

of the NE incident energies

where the contents of the b; depend on LANG.

The angular part of fj can be represented in several different ways (see LANG). If

LANG=I, Legendre coefficients are used as follows:

NA

r=o

2/+1
2

(6.3)

where NA is the number of angular parameters, and the other parameters have their

previous meanings. Note that these coefficients are not normalized like those for LAW=2;

instead, fo(E3') gives the total probability of scattering from E to F integrated over all

angles. This is just the function g(E3") normally given in File 5. The Legendre coefficients

are stored with f0 in b0, fj in b l t etc.

For LANG=2, the angular distribution is represented by using the Kalbach-Mann

systematics in the extended form developed by Kalbach in 1987. The distribution is given

as a function of the precompound fraction r, where r goes from 0.0 to 1.0. The parameter r

is usually computed by a model code although it can be chosen to fit experimental data.
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The Kalbach-87 distribution is represented by

f0i3,E') = ^(E1E') b ^ T T [COSh(HH) + r(E,E') sinh(an)] 1

where r(E,E') is the compound fraction as given by the evaluator and a(E,E') is a simple

parameterized function that depends mostly on the CM emission energy E1, but also

depends slightly on particle type and the incident energy at higher values of E.

According to Kalbach,

a(V>a) = C1X1 + 0 ^ l + C 3 M a ^

where

X3 = E3Ve8

E3 = minimum (e
a>^t3)

e,, = E' (in MeV) + Sb

C2 = 1.8XlO"6

E13 = 41 MeV

X1 =

E1 =

ea = ]

C i =

C3 =

E a =

M n =

M d =

10TL =

md =

E l eb / ea

minimum (ea^tl)

EQ^1 (in MeV) + S

0.04

6.7xlO"7

130 MeV

1

1

1/2

1

m^ = 1 m a = 2

S 3 and S b ar the separation energies for the incident and emitted particles respectively,

neglecting pairing and other effects for the reaction A + a - » c - » B + b:
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Sa = 15.68 [Ac - AA] - 28.07
Ac A A

- 18.56 - (V. + 33.22
(Nc ~

- 0.717
J-

1

(Acf

z2

+ 1.211
72 ^l

_ J

and

Sb = 15.68 [Ac - A 8 ] - 28.07
A c

- 1836 [(\f ~ + 33.22

(Nc-Zcf
4

- 0.717 1 1

l(Acf ( V J
+ 1.211

A
c AB

- I1.

where I is the energy required to break the incident or emitted particle into its constituent

nucléons.
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a or b I3 or Ib (MeV)

d 2.22

t 8.48
3He 7.72

a 28.3

The parameter fo(E,E') has die same meaning as f0 did in Eq. (6.3); that is, the total

emission probability for this E and E'. The parameter NA is always 1 for LANG=2, and f0

and r are stored in the positions of b0 and bj, respectively.

For LANG=11-15, a tabulated function is given for f(|i) using the interpolation

scheme defined by LANG minus 10. For example, if LANG=12, use linear-linear interpo-

lation (don't use log interpolation with the cosine). The cosine grid of NA/2 values, u.j,

must span the entire angular range open to the particle for E and E', and the integral of f(|i)

over all angles must give the total emission probability for this E and E! (that is, it must

equal f0, as denned above). The value of f below H1 or above HNA/2 is zero. The tabulation

is stored in the angular parameters as follows:

b i = V-i .

b2 = 0.5*f1(n1)/f0 ,

b 3 =

b N A = o.5*fN A y 2otN A / 2yf0 .

The preferred values for NA are 4, 10, 16, 22, etc.

In order to provide a good representation of sharp peaks, LAW=I allows for a

superposition of a continuum and a set of delta functions. These discrete lines could be

used to represent particle excitations in die CM frame because the method of correspond-

ing points can be used to supply the correct energy dependence. However, the use of
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LAW=2 together with MT=50-90, 600-650, etc., is preferred. This option is also useful

when photon production is given in File 6.

6.2.3. Discrete Two-Body Scattering (LAW=2)

This law is used to describe the distribution in energy and angle of panicles described

by two-body kinematics. It is very similar to File 4, except its use in File 6 allows the

concurrent description of the emission of positrons, electrons, photons, neutrons, charged

particles, residual nuclei, and isomers. Since the energy of a particle emitted with a

particular scattering cosine \i is determined by kinematics, it is only necessary to give

= J dE' fjOi.E.E')

NL 2/+1
O5 Z ®

where the Pj are the Legendre polynomials with the maximum order NL. Note that the

angular distribution pj is normalized.

The following quantities are defined for LAW=2:

LANG is a flag that indicates the representation: LANG=O, Legendre expan-

sion; LANG=12, tabulation with Pj((j.) linear in ji; or LANG=H,

tabulation with In ps linear in |x.

NR^EJEjjjj are the standard TAB2 parameters.

NL for LANG=O, NL is th highest Legendre order used; for LANG>0, NL

is the number of cosines tabulated.

NW is the number of parameters given in the LIST record: for LANG=O,

NW=NL; and for LANG>0, NW=2*NL.

A1 are the Legendre coefficients (LANG=O) or the n,Pj pairs for the

tabulated angular distribution (LANG>0).

The format for a subsection with LAW=2 is
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[MAT, 6, MT/ 0.0, 0.0, 0, 0, NR, NE / E

[MAT, 6, MT/ 0.0, E1, LANG, 0, NW, NL/A,(E)]LIST

continue with LIST records for the

rest of the incident energies

Note that LANG=O is very similar to File 4, LTT=I, and LVT=O. The tabulated option is

similar to File 4, LTT=2, LVT=O. except that a LIST record is used instead of TABl. The

kinematical equations require AWR and AWP from File 6 and QI from File 3.

LAW=2 can be used in sections with MT=50-90, 600-648, 650-698, etc. only, and the

center-of-mass system must be used (LCT=2j.

6.2.4. Isotropic Discrete Emission (LAW=3)

This law serves the same purpose as LAW=2, but the angular distribution is assumed

to be isotropic in the CM system for all incident energies. No LAW-dependent structure is

given. This option is similar to LI=I in File 4. The energy of the emitted particle is

completely determined by AWR and AWF in this section and QI from File 3.

6.2.5. Discrete Two-Body Recoils (LAW=4)

If the recoil nucleus of a two-body reaction (e.g., nn\ pn) described using LAW=2 or 3

doesn't break up, its energy and angular distribution can be determined by kinematics. No

LAW-dependent structure is given. If isomer production is possible, multiple subsections

with LAW=4 can be given to define the energy-dependent branching ratio for the

production of each excited nucleus. Finally, LAW=4 may be used to describe the recoil

nucleus after radiative capture (MT=102), with the understanding that photon momentum

at low energies must be treated approximately.
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6.2.6. Charged-Particle Elastic Scattering (LAW=5)

Elastic scattering of charged particles includes components from Coulomb scattering,

nuclear scattering, and the interference between them.

The Coulomb scattering is represented by the Rutherford formula and electronic

screening is ignored. Define acd(|i,E) as the differential Coulomb scattering cross section

(barns/sr) for distinguishable particles, aci(n,E) as the cross section for identical particles,

E as the LAB energy of the incident particle (eV), \i as the CM scattering cosine, irjj as the

incident particle mass (AMU), Z1 and Z2 as the charge numbers of the incident particle and

target, respectively, s as the spin (identical particles only, s=0, 1/2, 1, 3/2, etc.), A as the

target/projectile mass ratio, k as the particle wave number (barns"1/2), and T| as the

dimensionless Coulomb parameter. The cross sections can then be written

(6.5)

and

(6.6)

where

k = [(4.78453xl0~6)m1E]1/2

and

Tl =
1/2

(6.7)

(6.8)

Note that A = I and Z1 = Z 2 for identical particles.

The net elastic scattering cross section for distinguishable particles may be written as
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H i
Re sexp (•a * ? 2/+1

fcO
P/ji)

/=o
¥E> (6.9)

and the cross section for identical particles is

+ ( - l ) ' (Hi ) exp ^ i /n - a,(E)

NL

fc=O
(6.10)

where the â  are complex coefficients for expanding the trace of the nuclear scattering

amplitude matrix and the bj are real coefficients for expanding the nuclear scattering cross

section. The value of NL represents the highest partial wave contributing to nuclear

scattering. Note that CTei(-ji3) = o e i(n3).

The three terms in Eqs. (6.9) and (6.10) are Coulomb, interference, and nuclear

scattering, respectively. Since an integrated cross section is not defined for this representa-

tion, a value of 1.0 is used in File 3.

When only experimental data are available, it is convenient to remove the infinity due

to ac by subtraction and to remove the remaining infinity in the interference term by

multiplication, thereby obtaining the residual cross sections

aRd(ji,E) = (6.11)
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and

ORi(n,E) = ( l -

Then CTn can be given as a Legendre polynomial expansion in the forms

NL 2 . ,

oRd<H>E) = £ -T- c<d(E
MO A

and

"U/+1
= X -T- CS'

I=O ^

(6.12)

(6-13)

(6.14)

A cross section value of 1.0 is used in File 3.

Because the interference term oscillates as \i goes to 1, the limit of the Legendre

representation of the residual cross section at small angles may not be well defined.

However, if the coefficients are chosen properly, the effect of this region will be small

because the Coulomb term is large.

It is also possible to represent experimental data using the "nuclear plus interference"

cross section and angular distribution in the CM system defined by

J1ItIMX

, (6.15)-L
*Tnmand

PN1(H£) = •

- oc(u,E)

(6.16)

0, otherwise ,

where H1115n is -1 for different particles and 0 for identical particles. The maximum cosine

should be as close to 1.0 as possible, especially at high energies where Coulomb scattering

is less important. The Coulomb cross section ac(n,E) is to be computed using Eqs. (6.5) or

(6.6) for different or identical particles, respectively. The angular distribution pNI is given

in File 6 as a tabulated function of p., and a^CE) in barns is given in File 3.

The following quantities are defined for LAW=S:
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SPI is the spin of the particle. Used for identical particles (SPI=O, 1/2, 1,

etc.).

LIDP is a flag that indicates that the particles are identical when LIDP=I;

otherwise, LIDP=O.

LTP is a flag that indicates the representation: LTP=I, nuclear amplitude

expansion (Eq. 6.1S); LTP=2, residual cross section expansion as

Legendre coefficients (Eq. 6.16 through 6.19); LTP=12, nuclear plus

interference distribution with p w linear in \x (Eq- 6.20 and 6.21); or

LTP=14, tabulation with In Pjn linear in \i (Eq. 6.20 and 6.21).

NR1NEjEj111 are the standard TAB2 parameters.

NL for LTP<2, NL is the highest Legendre order of nuclear partial waves

used; for LTP<2, NL is the number of cosines tabulated.

NW is the number of parameters given in the LIST record: for LTP=I and

LIDP=O, NW=4*NL+3; for LTP=I and LIDP=I, NW=3*NL+3; for

LTP=2, NW=NL+1; and for LTP>2, NW=2*NL.

A (̂E) are the coefficients (aj, bj, or C1 as described below) in barns/sr or n,p

pairs with p dimensionless.

A subsection for LAW=5 has the following form:

[MAT, 6, MT/ SPI, 0.0, LIDP, 0, NR, NE/ E^TAB^

[MAT, 6, MT/ 0.0, E1, LTP, 0, NW, NL/ A1(Ei)]LIST

continue with LIST records for the

rest of the NE incident energies.

The coefficients in the text of the LIST are organized as follows:
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LTP=I and LIDP=O,

b0, b r ... b2NL, Ra0, Ia0, Ra1, Ia1, ... Ia

LTP=I and LIDP=I,

D0, b r ... b ^ , Ra0, Ia0, Ra1, Ia1, ... Ia

LTP=2,

C0, C1, ... C1^; and

LTP>2,

6.2.7. N-Body Phase-Space Distributions (LAW=6)

In the absence of detailed information, it is often useful to use n-body phase-space

distributions for the particles emitted from neutron and charged- particle reactions. These

distributions conserve energy and momentum, and they provide reasonable kinematic limits

for secondary energy and angle in the LA8 system.

The phase-space distribution for particle i in the CM system is

pfM
(6.17)

where E?13* is the maximum possible CM energy for particle i, \i and E' are in the CM

system, and the Cn are normalization constants:

4
\2 '

105

and

C5 =

32(Ej"351)

256

7/2

(6.28)

(6.19)

(6.20)

In the laboratory system, the distributions become

3n/2-4
(6.21)
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where E Q ^ is the energy of the CM motion in the laboratory, and u. and E1 are in the LAB

system. In the general case, the range of both E1 and \i is limited by the condition that the

quantity in curly brackets remain non-negative.

The value of Ej"" is a fraction of the energy available in the CM

M-nij

~ M ~ E a '
(6.22)

where M is the total mass of the n particles being treated by this law. Note that M may be

less than the total mass of products for reactions like

a + 9Be -> n + 3a

where the neutron can be treated as a two-body event and the alphas by a 3-body

phase-space law. The parameter APSX is provided so that Ej"18* can be determined without

having to process the other subsections of this section.

The energy available in the CM for one-step reactions is

E + Q , (6.23)

where nij. is the target mass, nv is the projectile mass, E is the LAB energy, and Q is the

reaction QI value from File 3. For two-step reactions like the one discussed above, Ea is

just the recoil energy from the first step.

The following quantities are defined for LAW=6:

AFSX the total mass in neutron units of the n particles being treated by the law.

NPSX the number of particles distributed according to the phase-space law.

Only a CONT record is given

[MAT, 6, MT/ APSX, 0.0, 0, 0, 0, NPSX]CONT.

6.2.8. Laboratory Angle-Energy Law (LAW = 7)

The continuum energy-angle representation (LAW=I) is good for nuclear model code

results and for experimental data that have been converted to Legendre coefficients.
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However, since experiments normally give spectra at various fixed angles, some evaluators

may prefer to enter data sorted according to (E,|i,E"), rather than the LAW=I ordering

(E.E\ji).

The following quantities are defined for LAW=7:

NR,NE,Eint are the normal TAB2 parameters for incident energy, E.

NRM,NMU,Hjnt are the normal TAB2 parameters for emission cosine, \L.

NRP.NEPJE'int are the normal TABl parameters for secondary energy, E'.

The structure of a subsection is:

[MAT, 6, MT/ 0.0, 0.0, 0, 0, NR, NE/E}nt]TAB2

[MAT, 6, MT/ 0.0, E1, 0, 0, NRM, NMU/u,mt]TAB2

[MAT, 6, MT/0.0, u.,, 0, 0, NRP,

E1,, «mA.E' , ) , E'2, «11,3,^2). -.

continue with TAB2 structures for the rest of the NMU emission cosines.

continue with TAB2/TAB1 structures for the rest of the NE incident energies.

where f Q i ^ f ) is defined as in Eq. (6.1).

Emission cosine and secondary energy must be given in the laboratory system for

LAW=7. Also, both variables must cover the entire angle-energy range open to the emitted

particle.

6.3. Procedures

FQe 6 and incident charged particles are new for ENDF/B-VI, and it will take time for

detailed procedures to evolve. The following comments are in tended to clarify some

features of the format.
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6.3.1. Elastic Scattering

For ENDF/B-VI, neutron elastic scattering is represented by giving a cross section in

File 3, MT=2 (with resonance contributions in File 2) and an angular distribution in File 4,

MT=2. This representation is compatible with previous versions of the ENDF format.

Charged-particle elastic scattering uses MF=3, MT=2, and MF=6, MT=2, but the cross

section in File 3 is set equal to 1.0 at all energies represented using LTP=I and LTP=2. For

LTP=12 and LTP=14, File 3 must contain ONI(E) in bams. The elastic File 6 uses LAW=5.

Whenever possible, the nuclear amplitude expansion should be used. Note that the a

and b coefficients are not independent, being related by their mutual dependence on the

nuclear scattering amplitudes, which are themselves constrained by unitarity and various

conservation conditions. Thus, any attempt to fit data directly with expressions (6.9) or

(6.10) would underdetermine the a's and b's, giving spurious values for them. The only

feasible procedure is to fit the experimental data in terms of a direct parametrization of the

nuclear scattering amplitudes (phase shifts, etc.) and extract the a and b coefficients from

them.

The second representation (LTP=2) can be used when an approximate direct fit to the

experimental data is desired. The simple pole approximation for the Coulomb amplitude

implied by this representation becomes increasingly poor at lower energies and smaller

angles. Since the deficiencies of the approximation are masked by the dominance of the

Rutherford cross section in the same region, however, one could expect a reasonable

representation of the net scattering cross section at all energies and angles, provided that

the coefficients C1 are determined by fitting data excluding the angular region where the

Rutherford cross section is dominant.

Tabulated distributions (LTP=12 or 14) are also useful for direct fits to experimental

data. In this case, the choice of the cutoff cosine is used to indicate the angular region

where Rutherford scattering is dominant.
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Figures 6.1 and 6.2 illustrate a typical cross section computed with amplitudes and the

corresponding residual cross-section representation.

6.3.2. Photons

Emitted photons are described using a subsection with ZAP=O. The spectrum is

obtained as a sum of discrete photons (delta functions) and a continuum distribution

packed into one LIST record. The discrete photons (if any) are given first. They are

tabulated in order of decreasing energy, and their energy range may overlap the continuum.

The continuum (if any) is given next, and the energies must be in increasing order.

Corresponding-point or unit-base interpolation is applied separately to the discrete and

continuum segments of the record. A separate angular distribution can be attached to each

discrete photon or to each energy of a distribution, but the isotropic form (NA=O) is

usually adequate.

Figure 6.1

Example of Chargcd-Particle Elastic Scattering Cross Section
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Figure 6.2

Example of Residual Cross Section for Elastic Scattering
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For a two-body discrete-level reaction, all the discrete photons produced by cascades

from the given level should be included under the same reaction (MT) so that the reaction

explicitly conserves energy. This scheme also gives simple energy-independent yields and

simple spectra. If the level structure is not known well enough to separate the contributions

to the intensity of a particular photon by reaction, the photons can be lumped together in a

summation MT with the restriction that energy be conserved for the sum of all reactions.

As an example, consider the typical level structure for the reaction A(i,p)R shown in

Figure 6.3. Assume that the secondary protons are described by discrete levels in

MT=600-603 and a continuum in MT=649. As many discrete photons as possible should be

given with their associated direct level. Thus, the production of Y1 arising from direct

excitation of the first level should be given in MT=601 (the yield will be 1.0 in the absence

of internal conversion).
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Figure 6.3

Typical Level Structure for Proton-Induced Photon Production
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Photons (Y1, Y2' a nd Y3) should be given in MT=602 using the simple constant yields

computed from the branching factors and conversion ratios. This process should be

continued until the knowledge of the cascades begins to get fuzzy. AU the remaining

production of Y1. Y2> ?3> ̂ d all photons associated with higher levels (603 and 649 in this

case), are then given in the redundant MT=I 03 using energy-dependent yields and a

combination of discrete bins and a continuous distribution.

Photons produced during multi-body reactions should also be tabulated under the

reaction MT number so that each reaction independently conserves energy when possible.

If necessary, the photons can be lumped together under the redundant MT=3 as long as

energy is conserved for the sum of all reactions.

6.3.3. Particles

Isotropic or low-order distributions are often sufficient for the charged particles

emitted in continuum reactions because of their short ranges. The an gular distributions of

emitted neutrons may be needed in more detail because of their importance in shielding

calculations.
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Note that the angular distributions of identical particles must be symmetric in the CM

system; this is true whether the identical particles are in the entrance channel or the exit

channel. Symmetry is enforced by setting all odd Legendre components to zero, or by

making Pj(Ji)=PjBi).

6.3.4. Neutron Emission

It is important to represent the spectrum of emitted neutrons as realistically as possible

due to their importance for shielding, activation, and fission. Small emission probabilities

for low-energy neutrons may acquire increased importance due to the large cross sections

at low energies. However, many modern evaluations are done with nuclear model codes

that represent emission in energy bins (that is, histograms). Direct use of such calculations

would severely distort the effects of emitted neutrons (although the representation would

be reasonable for emitted charged particles). In such cases, the evaluator should fit a

realistic evaporation shape to his low-energy neutron emission and use this shape to

generate additional points for the energy distribution.

6.3.5. Recoil Distributions

The energy distribution of the recoil nucleus is needed to compute radiation damage

and should be provided for structural materials whenever possible. Nuclear heating

depends on the average recoil energy, and an average or full distribution should be

provided for all isotopes that are used in reasonable concentrations in the common

applications. All recoil information can be omitted for minor isotopes that only affect

activation. Recoil angular distributions are rarely needed. Particle, photon, and recoil

distributions taken together should conserve energy.

To enter only recoil average energy, use NEP=I and ND=I; the recoil spectrum

becomes a delta function at the average energy. Average energy must be entered even

though it can be computed from the other distributions.
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6.3.6. Elements as Targets

Targets which are elements can be represented by using a ZA with A=O as usual. An

attempt should be made to tabulate every product of a reaction with an element. As an

example, "31FeCn^n) will produce 53Fe and 55Fe in addition to more 56Fe and 57Fe. The

product yields in File 6 can be convened to production or activation cross sections for each

of these species without having recourse to isotopic evaluations. However, it would be

difficult to give a recoil spectrum for each of these nuclei in full detail. Therefore, the

evaluator is allowed to give a single total recoil spectrum with ZAP=ZA, where A=O. The

yield should be 1.0 and AWP should be an appropriate average recoil mass. This

subsection is redundant, and the user should be careful to avoid double counting.

63.7. CM versus LAB

Some energy-angle distributions show relatively sharp features (from levels) superim-

posed on a smoother continuum (see Figure 6.4). If such a distribution is given in the CM

Figure 6.4

Typical Energy Spectrum Showing Levels on a Continuum
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system, the position of these peaks in E1 is independent of the scattering angle as shown in

Eq. (C.5). This helps assure that the angular distribution given for each E and E1 will be

fairly simple. Further more, the E' for a given sharp peak is a linear function of incident

energy E, thus the corresponding-point or unit-base interpolation schemes can be set up to

follow the peak exactly. Sharp lines can be represented as delta functions as described for

photons, or a more realistic width and shape can be given in tabulated form.

Therefore, the CM system should be used for representing secondary energy and

scattering angle whenever relatively sharp features are found, even for reactions with three

or more particles in the final state. The transformation to LAB coordinates is made by

doing vector sums of the emitted particle CM velocities and the LAB velocity of the center

of mass of the initial colliding system.

Experimental data are usually provided at fixed angles in the LAB system. It may

often be difficult to convert the data to constant energies in the CM system as recom-

mended by this format. However, transport calculations require data for the full range of

angle and energy, and full ranges are required to get accurate values of the integrated cross

sections from the experimental distributions. The most accurate way to do this process of

interpolation and extrapolation is probably to model the distribution in the CM and adjust it

to represent the LAB data. The numbers recommended for this format automatically arise

from this process.

6.3.8. Phase Space

Comparison of experimental data with a phase-space prediction will often show

overall qualitative agreement except for several broad or narrow peaks. It is desirable to

represent those peaks using LAW=2 or 3. The remainder may bfi small enough to represent

reasonably well with one of the phase-space laws.

In the absence of complete experimental data, it is recommended that the evaluator

supply a phase-space distribution. This assures that energy will be conserved and gives



6.25

reasonable kinematic limits on energy and angle in the laboratory system. Later compari-

sons between the evaluation and data may indicate possible improvements in the evalua-

tion.
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7. FILE 7, THERMAL NEUTRON SCATTERING LAW DATA

7.1. General Description

File 7 contains neutron scattering data for the thermal neutron energy range (E < 5

eV) for moderating materials. Sections are provided for elastic (MT = 2) and inelastic (MT

= 4) scattering. Starting with ENDF-VI, File 7 is complete in itself, and Files 3 and 4 are

no longer required to obtain the total scattering cross section in the thermal energy range.

7.2. Coherent Elastic Scattering

The coherent elastic scattering from a powdered crystalline material may be repre-

sented as follows:

(7.1)(E -» E',H,T) = I X *i CT)S(H - Hj) 8(E - E') /2*

where

(7.2)

In these formulas,

E is the incident neutron energy (eV),

E* is the secondary neutron energy (eV),

]i is the cosine of the scattering angle,

T is the moderator temperature (K),.

Ej are the energies of the Bragg edges (eV),

Sj are proportional to the structure factors (eV-bams), and

jij are the characteristic scattering cosines for each set of lattice planes.
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The Bragg edges and structure factors can be calculated from the properties of the crystal

lattice and the scattering amplitudes for the various atoms in the unit cell. As an example,

the HEXSCAT code* can be used for hexagonal lattices.

The quantity actually given in the file is

S(E,T) =
Ei<E

_ _ (7.3)

which is conveniently represented as a stair-step function with breaks at the Bragg edges

using histogram interpolation.

7.2.1. Formats for Coherent Elastic

The parameters to be used to calculate coherent elastic scattering are given in a section

of File 7 with MT = 2. The following quantities are defined:

ZA5AWR standard charge and mass parameters.

LTHR is a flag indicating which type of thermal data is being represented.

LTHR = 1 for coherent elastic scattering.

Tj is the temperature (K).

is a flag for temperature dependence. The data for the first temperature

are given in a TABl record. The data for subsequent temperatures are

given in LIST records using the same independent variable grid as the

TABl record.

is a flag to tell how to interpolate between the previous temperature and

this temperature. The values are the same as for INT in standard TABl

records.

NR,EEnt are the standard TABl parameters. Use INT = 1 (histogram).

NP is the number of Bragg edges given.

LT

LI

•Y.D. Naliboff and J.V. Koppel, "HEXSCAT: Coherent Scattering of Neutrons by Hexagonal
Laiiices," General Atomic report GA-6026 (1964).
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The structure of a section is

[MAT, 7, 2/ZA, AWR, LTHR, 0, 0, 0] HEAD LTHR = 1

[MAT, 7, 2/T0, 0., LT, 0, NR NP/Einl/S(E, T0)] TABl

[MAT, 7, 2/T1, 0., LI, 0, NP, 0/S(E1, T1)I LIST

repeat LIST for T2, T3, - T L T + 1 .

[MAT, 7, 0/0.0, 0.0, 0 0 0 O]SEND

TJZJ1. Procedures for Coherent Elastic

The coherent elastic scattering cross section is easily computed from S(E1T) by

reconstructing an appropriate energy grid and dividing S by E at each point on the grid. A

discontinuity should be supplied at each Ej, and log-log interpolation should be used

between Bragg edges. The cross section is zero below the first Bragg edge.

The function S(E1T) should be defined up to S eV. When the Bragg edges get very

close to each other (above 1 eV), the "stair steps" are small. It is permissible to group

edges together in this region in order to reduce the number of steps given while still

preserving the average value of the cross section. Either discrete-angle or Legendre

representations of the angular dependence of coherent elastic scattering can be constructed.

It is necessary to recover the values of Sj(T) from S(E,T) by subtraction.

7 3 . Incoherent Elastic Scattering

Elastic scattering can be treated in the incoherent approximation for partially ordered

systems like ZrHx and polyethylene. The differential cross section is given by

E',H,T) = £ - E') , (7.4)

where
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0"b is the characteristic bound cross section (barns),

W1 is the Debye-Waller integral divided by the atomic mass (eV"1),

and all the other symbols have their previous meanings. The integrated cross section is

easily obtained:

gb f 1 - e
(7.5)

Note that the limit of a for small E is ab.

7.3.1. Format for Incoherent Elastic

The parameters for incoherent elastic scattering are also given in a section of File 7

with MT = 2, because coherent and incoherent representations never occur together for a

material. The following quantities are defined:

ZA,AWR have their standard definitions.

LTHR is a flag indicating which type of thermal data is being represented.

LTHR s 2 for incoherent elastic.

NP is the number of temperatures.

SB is the characteristic bound cross section (barns), and

W(T) is the Debye-Waller integral divided by the atomic mass (eV"1) as a

function of temperature (K).

The structure of a section is

[MAT, 7, 2/ZA, AWR, LTHR, 0, 0, 0] HEAD LTHR=2

(MAT, 7, 2/SB, 0., 0, 0, NR, NPAi111ZW(D] TABl

[MAT, 7, 0/0.0, 0.0, 0 0 0 0] SEND

7.3.2. Procedures for Incoherent Elastic

This formalism can be used for energies up to S eV.
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For some moderator materials containing more than one kind of atom, the incoherent

elastic cross section is computed as the sum of contributions from two different materials.

As an example, H in ZrHx is given in MAT0007, and Zr in ZrHx is given in MAT0058.

7.4 Incoherent Inelastic Scattering

Inelastic scattering is represented by the thermal neutron scattering law, S(oc,p,T), and is

defined for a moderating molecule or crystal by

where (NS + 1 ) types of atoms occur in the molecule or unit cell (i.e., for H2O, NS = 1) and

M n is the number of atoms of the nl type in the molecule or unit cell.

T is the moderator temperature (°K),

E is the incident neutron energy (eV),

E' is the secondary neutron energy (eV),

P is the energy transfer, p = (E1 - E)/kT,

a is the momentum transfer, a = (E1 + E - 2\i^jEE?)/AQkT,

An is the mass of the n type atom, A1 is the mass of the principal scattering atom

in the molecule,

<?bn is the bound atom scattering cross section of the n th type atom,

(7-7)

a f n is the free atom scattering cross section of the n th type atom,

k Boltzmann's constant, and

Ji is the cosine of the scattering angle (in the lab system).

10-01-91
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The data in File 7 for any particular material contain only the scattering law for the

principal scatterer, S0(a,p,T), i.e., the O1 atom in the molecule. These data are given as an

arbitrary tabulated function. The scattering properties for the othsr atom types (n = 1,2, ...,

NS) are represented by analytic functions. Note that the scattering properties of all atoms

in the molecule may be represented by analytic functions. In this case, there is no principal

scattering atom.

In some cases, the scattering properties of other atom types in a molecule or crystal

may be described by giving S0(a,p,T) in another material. As an example, H in ZrHx and

Zr in ZrHx are given in separate MATs.

For high incident energies, a and/or |3 values may be required that are outside the

ranges tabulated for S(a,P). In these cases, the short-collision-time approximation should

be used as follows:

SSCT(a,p,T) =

pi
2/

T

(7.8)

where TeK(T) is the effective temperature, and the other symbols have their previous

meanings.

The constants required for the scattering law data and the analytic representations for

the non-principal scattering atoms are given in an array, B(N), N = I, 2..., NI, where NI =

6*(NS + 1). Six constants are required for each atom type (one card-image record). The

first six elements pertain to the principal scattering atom, n = O. The elements of the array

B(N) are defined as

B(I) = M0Oj0, the total free atom cross section for the principal scattering atom. If

B(I) = 0.0, there is no principal scattering atom and the scattering proper-

ties for this material are completely described by analytic functions for

each atom type in this material.

lU-01-91
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B(2) = e, the value of E/kT above which the static model of elastic scattering is

adequate (total scattering properties may be obtained from MT = 2 as given

in Files 2 and 4 of the appropriate materials).

B(3) = A0, the ratio of the mass of the atom to that of the neutron that was used to

compute a (a = (E' + E - 2(J. ̂ EE7VA0 kT).

B(4) = Emax, the upper energy limit for the constant aro (upper energy limit in

which S0 (a,p,T) may be used).

B(S), not used.

B(6) = M0, the number of principal scattering atoms in the material (for example,

M0 = 2 for H2O).

The next six constants specify the analytic functions that describe the scattering

properties of the first non-principal scattering atom, (n = 1); i.e., for H2O, this atom would

be oxygen if the principal atom were hydrogen.

B(7) = a t, a test indicating the type of analytic function used for this atom type.

ax = 0.0, use the atom in SCT approximation only (see below).

at = 1.0, use a free gas scattering law.

a, = 2.0, use a diffusive motion scattering law.

B(8) = M1Gf1, the total free atom cross section for this atom type.

B(9) = A1, effective mass for this atom type.

B(IO) = 0.0, B(IO) is not used.

B(U) = 0.0, B(Il) is not used.

B(12) = M1, the number of atoms of this type in the molecule or unit cell.

The next six constants, B(13) through B(18), are used to describe the second non-

principal scattering atom (n = 2), if required. The constants are defined in the same way as

for n = 1; e.g., B(13) is the same type of constant as B(7).
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A mixed S(a,P) method has sometimes been used (see BeO, benzine, UC, and UO2 in

the existing thermal evaluations). Using BeO as an example, the S(a,P) for Be in BeO was

combined with that for O in BeO and adjusted to the Be free-atom cross section and mass

as a reference. The mixed S(a,P) is used for the principal atom in Eq. (7.6) as if NS were

zero. However, all of the NS + 1 atoms are used in the SCT contribution to the cross

section.

The scattering law is given by tabulating S(a,j},T) for a series of P values. For each p

value, the function versus a is given for a series of temperatures. Thus, the looping order is

actually first p, then T, then a. S(a,P) is normally a symmetric function of p and only

positive values are given. For ortho- and para-hydrogen and deuterium, this is no longer

true. Both negative and positive values must be given in increasing value of P, and the flag

LASYM is set to one.

In certain cases, a more accurate temperature representation may be obtained by

replacing the value of the actual temperature, T, that is used in the definition of a and p

with a constant, T 0 (T0 = 0.02S3 eV or the equivalent depending on the units of

Boltzmann's constant). A flag (LAT) is given for each material to indicate which tempera-

ture has been used in generating the S(a,P) data.

For down scattering events with large energy losses and for low tempei-atures, p can

be large and negative. The main contribution to the cross section comes from the region

near a+P = O. Computer precision can become a real problem in these cases. As an

example, for water at room temperature, calculations using eq. (7.6) for inciùent neutrons

at 4 cV require working with products like e80 x 10"34. For liquid hydrogen at 20 degrees

Kelvin and for 1 eV transfers, the products can be e300 x 10'130. These very large and small

numbers are difficult to handle on most computers, especially 32-bit machines. The LLN

flag is provided for such cases: the evaluator simply stores /n S instead of S and changes

the interpolation scheme accordingly (that is, the normal log-log law changes to log-lin).
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Values of S = 0.0 like those found in the existing ENDF/B-III thermal files really stand for

some very small number less than 10"32 and should be changed to some large negative

value, such as -999.

7.4.1. Formats for Incoherent Inelastic

The parameters for incoherent inelastic scattering are given in a section of File 7 with

MT = 4. The following quantities are defined:

LAT is a flag indicating which temperature has been used to compute a and (3

LAT = 0, the actual temperature was used.

LAT = 1, the constant T0 = 0.0253 eV has been used.

LASYM is a flag which indicates whether an asymmetric S(a,f)) is given

LASYM = 0 S is symmetric.

LAT = 1 S is asymmetric.

LLN is a flag which indicating the form of S(a,p) stored in the file

LLN = 0 S is stored directly.

LLN = 1 In S is stored.

NS is the number of non-principal scattering atom types. For most moderating

materials there will be (NS + 1) types of atoms in the molecule (NS < 3).

NI is the total number of items in the B(N) list. NI = 6*(NS + 1).

B(N) is the list of constants. Definitions are given above (Section 7.4).

NR is the number of interpolation ranges for a particular parameter, either p or

a.

LT is the temperature dependence flag. The data for the first temperature are

given in a TABl record, and the data for the LT subsequent temperatures

are given in LIST records using the same a grid as for the first temperature.
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NT

leff0

LI is the interpolation law to be used between this temperature and the

previous one. Values of LI are the same as those specified for INT in a

standard TABl interpolation table.

is the total number of temperatures given. Note that NT = LT + 1.

is a table of effective temperatures (K) for the short-collision-time approxi-

mation given as a function of moderator temperature T(K) for the principal

atom.

is a table for effective temperatures for the first non-principal atom. Given

if aj = 0.0 only,

and Te f I 3 are similarly defined,

is the total number of P values given.

is the number of a values given for each value of P for the first temperature

described, NP is the number of pairs, a and S(a,p), given,

and OJ111 are the interpolation schemes used.

The structure of a section is

[MAT, 7, 4/ZA, AWR, 0, LAT, LASYM, 0] HEAD

[MAT, 7, 4/0.0, 0.0, LLN, 0, NI, NS/B(N)] LIST

[MAT, 7, 4/0.0, 0.0, 0, 0, NR, NB/p i m] TAB2

[MAT, 7, 4/T0, P1, LT, 0, NR, NP/<xim/S(a, P1, T0)] TABl

[MAT, 7, 4/T1, P1, U 0, NP, 0/S(a, P1, T1)] LIST

TeB2

NB

NP

i*mt

continue with LIST records for

T2, T3, .«TLT+1

[MAT, 7, 4/T0, P2, LT, 0, NR, NP/a i m/S(a, P2, T0)] TABl
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continue with TABl and LIST records for remaining values of P and T

[MAT, 7, 4/0., 0., 0, 0, NR, NT/Tint/Tefro(T)] TABl

Continue with TABl records for Teffl, Teff2 and/or

Tef{3 if the corresponding value of ap ^2, or % in

B(7), B(13), or B(19) is zero.

[MAT, 7, 0/0.0, 0.0, 0 0 0 0] SEND

If the scattering law data are completely specified by analytic functions (no principal

scattering atom type, as indicated by B(I) = 0), tabulated values of S0(a,p) are omitted and

the TAB2 and TABl records are not given.

7.4.2. Procedures for Incoherent Inelastic

The data in MF = 7, MT = 4 should be sufficient to describe incoherent inelastic

scattering for incident neutron energies up to S eV. The tabulated S(a,P) function should be

useful to energies as high as possible in order to minimize the discontinuities that occur

when changing to the short-collision-time approximation. The P mesh for S(a,P) should be

selected in such a manner as to accurately represent the scattering properties of the material

with a minimum of P points. The a mesh at which S(a,p) is given should be the same for

each value of p and for each temperature.

Experience has shown that temperature interpolation of S(a,P) is unreliable. It is

recommended that cross sections be computed for the given moderator temperatures only..

Data for other temperatures should be obtained by interpolation between the cross sections.
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8. FILE 8, RADIOACTIVE DECAY AND FISSION PRODUCT YIELD DATA

Information concerning the decay of the reaction products (any MT) is given in this

file. In addition, fission product yield data (MT=454 and 459) for fissionable materials (see

Section 8.2) and spontaneous radioactive decay data (MT=457) for the nucleus (see

Section 8.3) are included. See descriptions of File 9 and File 10 for information on

isomeric state production from the various reactions. Since a reaction may result in more

than one unstable end product, data for the most important product should be entered,

while others are allowed.

8.1. Radioactive Nuclide Production

For any isotope, sections may be given which specify that the end product from ths

interaction of any incident particle or photon is radioactive. Information is given for any

MT by identifying the end products in the reaction by their ZAP (ZA for the product), and

noting how these end products decay. A section will contain only minimal information

about ths chain which follows each reaction. One or more isomeric states of the target cr

the radioactive end product isotope will be described.

The following quantities are defined:

ZA is the designation of the original nuclide (ZA = 100OZ + A).

ZAP is the designation of the nuclide produced in the reaction (ZAP = 1000Z +•

A).

MATP is the material number for the reaction product (ZAP).

NS is the total number of states (LFS) of the radioactive reaction product for

which decay data are given.

LMF is the file number (3, 6, 9, or 10) in which the multiplicity or cross section

for this MT number will be found.

LIS is the state number (including ground and all levels) of the target (ZA).

LISO is the isomeric state number of the target.
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LFS is the level number (including ground and all levels) of the state of ZAP

formed by the neutron interaction (to be given in ascending order).

ELFS is the excitation energy of the state of ZAP produced in the interaction (in

eV above ground state).

NO is a flag to denote where the decay information is to be given for an

important radioactive end product.

NO = 0, complete decay chain given under this MT.

NO = 1, decay chain given in MT = 457 in MATP.

ND is the number of branches into which the nuclide ZAP.decays.

HL is the half-life of the nuclide ZAP in seconds.

ZAN is the Z and mass identifier of the next nuclide produced along the chain.

BR is the branching ratio for the production of that particular ZAN and level.

END is the end-point energy of the particle or quantum emitted (this does not

include the gamma energy, following beta decay, for example).

CT is the chain terminator which gives minimal information about the formation

and decay of ZAN. The hundreths digits of CT designate the excited level in

which ZAN is formed. The condition 1.0 < CT < 2.0 indicates that the chain

terminates with ZAN, possibly after one or more gamma decays. The

condition CT > 2.0 indicates that ZAN is unstable and decays further to

other nuclides. For example, consider the nuclide (ZAP) formed via a

neutron reaction (MT number) in a final state (LFS number); ZAP then

decays to a level in ZAN; the level number is part of the CT indicator and

includes nonisomeric states in the count. The following examples may help

explain the use of CT:

CT = 1.00 ZAN was formed in the ground state which is stable.
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CT = 1.06 ZAN was formed in the sixth excited state; the sixth state

decayed to the ground state which is stable.

CT = 2.00 ZAN was formed in the ground state which is unstable. (No

delayed gammas are associated with the formation and decay

of this particular ZAN.) The next decay in the chain is

specified under the RTYP.

CT = 2.11 ZAN was formed in the 11th excited state but the chain does

not terminate with that ZAN. The next decay in the chain is

specified under the RTYP.

It is readily apparent from the above that CT = "1 ." indicates that the chain terminates

with that particular ZAN and CT = "2." means that one or more decays are involved before

stability is reached. Note, however, that stability can be reached instantaneously upon

occasion with the emission of one or more light particles. The hundreths digits of the CT

(06) indicate the state (sixth) in which ZAN is formed.

RTYP is the mode of decay using the same definitions specified in MT = 457 (see

Section 8.3 of this report). As an example, consider MT = 102. Then RTYP

= 1.44 would be interpreted as follows:

The first two columns of the RTYP (1.) indicates B' decay of ZAP; the third

and fourth columns (44) indicate that the nucleus ZAN (formed in the B"

decay) then immediately emits two a particles.

This example is represented by the following reaction:

+ 8IJ (ground state)

B" (MT = 102)

2.94 2*,0

2a

n + 7Li -*
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For this example:

ZA(7Li) = 3.007 + 03 LIS(7Li) = 0 LISO(7Li) = 0

ZAP(8Li) = 3.008 + 03 LFS(8Li) = 0

ZAN(8Be) = 4.008 + 03 CT(8Be) = 2.01

Since 8Be has a half-life of the order of compound-nucleus formation times, decay

data for MT = 457 are not required, and the complete chain can easily be

represented and read from the information given here.

8.1.1. Formats

The structure of each section always starts with a HEAD record and ends with a SEND

record. Subsections contain data for a particular final state of the reaction product (LFS).

The number of subsections NS is given on the HEAD record for the section. The

subsections are ordered by increasing value of LFS.

The structure of a section is:

[MAT, 8, MT/ZA, AWR; LIS, USO, NS, NO]HEAD

<subsection for LFS x>

<subsection for LFS2>

<subsection for

[MAT, 8, 0/0.0, 0.0; 0, 0, 0, O]SEND

For NO=O the structure of the subsection is:

[MAT, 8, MT/ZAP, ELFS; LMF, LFS , 6*ND, MATP/

HL(I), RTYP(I), ZAN(I), BR(I), END(I), CT(I)

HL(2), RTYP(2), ZAN(2), BR(2), END(2), CT(2)

HL(ND), RTYP(ND), ZAN(ND), BR(ND), END(ND), CT(ND)] LIST
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If NO=I, then the reaction gives rise to a significant product which is radioactive, and

the evaluator wishes only to identify the radioactive product. The evaluator must supply

MF=8, MT=457 data elsewhere to describe the decay of the product. It is understood that the

cross section for producing this radioactive product can be determined from the data in File

3, 6, 9, or IO depending upon the value of LMF.

For NO=I, the structure of the subsection is:

[MAT, 8, MT /ZAP, ELFS; LMF, LFS, O, MATP]CONT

8.1.2. Procedures

1. Data should be given for all unstable states of the reaction product nucleus for which

cross sections are given in File 3 or File 10 or multiplicities in File 6 or File 9. No

information of this type is allowed in evaluations for mixtures of elements, molecules, or

elements with more than one naturally occurring isotope.

2. In order to provide more general usefulness as these files are being constructed, the

following procedures are mandatory. For each reaction type (MT), File 6 yields, File 9

multiplicities or File 10 cross sections must be provided, except when LMF=3.

3. If the ENDF/B file also contains a complete evaluation of the neutron cross sections

for the reaction product nucleus (ZAP, LIS), then the radioactive decay data for the

evaluation of (ZAP, LIS) found in MF=8, MT=457 must be consistent with the decay data in

this section.

4. The method for calculating the nuclide production cross section is determined by the

choice of LMF:

LMF = 3 implies that the production cross section is taken directly from the correspond-

ing sections in File 3.

LMF = 6 implies that the production cross section is the product of the cross section in

File 3 and the yield in File 6.

10-01-91
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LMF = 9 implies that the production cross section is the product of the cross section in

File 3 and the multiplicity in File 9.

LMF = 10 implies that the production cross section is given explicitly in File 10 (in

bams).

8.2. Fission Product Yield Data (MT = 454 and MT = 459)

MT numbers 454 and 459 specify the energy-dependent fission product yield data for

each incident particle or photon. These MT numbers can also be used to identify yields for

spontaneous fission. A complete set of fission product yield data is given for a particular

incident neutron energy. Data sets should be given at sufficient incident energies to

completely specify yield data for the energy range given for the fission cross section (as

determined from Files 2 or 3). These data are given by specifying fission product identifiers

and fission product yields.

MT=454 is used for independent yields (YI) and MT=459 is used for cumulative yields

(YC). The formats for MT=454 and MT=459 are identical. Independent yields (YI) are

direct yields per fission prior to delayed neutron, beta, etc. decay. The sum of all independ-

ent yields is 2.0 for any particular incident neutron energy. Cumulative yields (YC) are

specified for the same set of fission products. These account for all decay branches,

including delayed neutrons.

The fission products are specified by giving an excited state designation (FPS) and a

(charge, mass) identifier (ZAFP). Thus, fission product nuclides are given, not mass chains.

More than one (Z,A) may be used to represent the yields for a particular mass chain.

The following quantities are defined

NFP is the number of fission product nuclide states to be specified at each

incident energy point (this is actually the number of sets of fission product

identifiers - fission product yields). (NFP < 2500.)

ZAFP is the (Z,A) identifier for a particular fission product. (ZAFP = ( 1000Z + A).

10-01-91



8.7

FPS is the state designator (floating-point number) for the fission product nuclide

(FPS = 0.0 means the ground state, FPS = 1.0 means the first excited state,

etc.)

YI (MT=454) is the independent yield for a particular fission product prior to

particle decay.

DYI (MT=454) is the ICT uncertainty in YI.

YC (MT=459) is the cumulative yield.

DYC (MT=459) is the I o uncertainty in YC.

Cn(Ej) is the array of yield data for the i* energy point. This array contains NFP

sets of four parameters in the order ZAFP, FPS, YI, and DYI in MT=454 and

ZAFP, FPS, YC, and DYC in MT=459.

NN is equal to 4*NFP, the number of items in the Cn(E1) array.

Ej is the incident neutron energy of the 1th point (eV).

LE is a test to determine whether energy-dependent fission product yields are

given:

LE = 0 implies no energy-dependence (only one set of fission product yield

data given);

LE > 0 means that (LE + 1) sets of fission product yield data are given at

(LE + 1 ) incident neutron energies.

Ij is the interpolation scheme (see Appendix E) to be used between the Ej - 1

and Ej energy points.

8.2.1. Formats

The structure of a section always starts with a HEAD record and ends with a SEND

record. Sets of fission product yield data are given for one or more incident energies. The

sets are ordered by increasing incident eneigy. For a particular energy the data are presented

by giving four parameters (ZAFP, FPS, YI, and DYI in MT=454 and ZAFP, FPS, YC, and
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DYC in MT 459) for each fission product state. The data are first ordered by increasing

values of ZAE1P. If more than one yield is given for the same (Z,A) the data are ordered by

increasing value of the state designator (FPS).

The structure for a section is

[MAT, 8, MT/ZA, AWR; LE + 1, 0, 0, O]HEAD

[MAT, 8, MT/E,, 0.0; LE, 0, NN, NFPZCn(E1)ILIST

[MAT, 8, MTZE2, 0.0; I , 0, NN, NFPZCn(E2)ILIST

[MAT, 8, MTZE3, 0.0; I , 0, NN, NFPZCn(E3)]LIST

[MAT, 8, 0Z0.0, 0.0; 0, 0, 0, O]SEND,

where MT = 454 for independent yield data and MT = 459 for cumulative yield data. There

are (LE + 1) LIST records.

8.2.2. Procedures

The data sets for fission product yields should be given over the same energy range as

that used in Files 2 and/or File 3 for the fission cross section. The yields are given as

fractional values at each energy, and normally the independent yields will sum to 2.0.

This format provides for the yields (YI or YC) to each excited state (FPS) of the nuclide

designated by ZAFP, and hence accommodates the many metastable fission products having

direct fission yields. Data may be given for one or more fission product nuclide states to

represent the yield for a particular mass chain. If independent yield data are given for more

than one nuclide, the yield for the lowest Z (charge) nuclide state for a particular mass chain

should be the same as the cumulative yield in MT=459, and all other independent yields for

this same chain should be direct yields.
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The direct fission product yields are those prior to delayed neutron emission; for this

reason, the summation of independent yields over the nuclides in each mass chain does not

necessarily equal the isobaric chain yield. The cumulative yield for each nuclide (ZAFP,

FPS) can be determined by use of the branching fractions in MT=457 or directly from

MT=459.

Yields for the same fission product nuclides should be given at each energy point. This

will facilitate interpolation of yield data between incident energy points. Also, a linear-linear

interpolation scheme should be used.

8.3. Radioactive Decay Data (MT=457)

The spontaneous radioactive decay data are given in Section 457. This section is

restricted to single nuclides in their ground state or an isomeric state. (An isomeric state is a

"long lived" excited state of the nucleus.) The main purpose of MT=457 is to describe the

energy spectra resulting from radioactive decay and give average parameters useful for

applications such as decay heat, waste disposal, depletion and buildup studies, shielding, and

fuel integrity. The information in this section can be divided into three parts:

a. General information about the material

ZA is the designation of the original (radioactive) nuclide (=1000Z+A).

AWR is the ratio of the LJS state nuclide mass to that of neutron.

LIS is the state of the original nuclide (LIS=O, ground state, LIS=I, first

excited state, etc.).

LISO is the isomeric state number for the original nuclide (LISO=O, ground

state; LJSO=I, first isomeric state; etc.).

Ty2 is the half-life of the original nuclide (seconds).

Enxn is the average decay energy (eV) of "x" radiation for decay heat applica-

tions. The "p," "7," and "a" energies are given in that order with space

reserved for zero "P" or "y entries. See procedures for precise definitions

of "P", "Y' and "a."
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SPI is the spin of the nuclide in its LIS state.

(SPI = - 77.777 = SPIN UNKNOWN)

PAR is the parity of the nuclide in its LIS state (±1.0).

b. Decay mode information - for each mode of decay:

NDK is the total number of decay modes given (cannot be zero).

RTYP is the mode of decay of the nuclide in its LIS state.

Decay modes defined:

RTYP Mode of decay

0.

1.

2.

3.

4.

5.

6.

7.

10.

Y

P-
ex., (P+)

IT

a

n

SF

P
_

y-ray (not used in 457)

Beta decay

Electron capture and/or positron emission

Isomeric transition (will in general be present

only when the state being considered is an

isomeric state)

Alpha decay

Neutron emission {not "delayed neutron de-

cay" considered below)

Spontaneous fission

Proton emission.

Unknown origin.

Multiple particle decay is also allowed using any combination of the above RTYP variables

as illustrated in the following examples:
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RTYP Mode of decay

1.5 P",n Beta decay followed by neutron emission

("delayed neutron decay")

1.4 P",a Beta decay followed by alpha emission (N-16

decay)

2.4 P+,a Positron decay followed by alpha emission.

RFS is the isomeric state flag for daughter nuclide. (RFS=0.0, ground state;

RFS=LO, first isomeric state; etc.)

Q is the total decay energy (eV) available in the corresponding decay

process. (This is not necessarily the same as the maximum energy of the

emitted radiation. In the case of an isomeric transition Q will be the

energy of the isomeric state. For both P+ and p*. Q equals the energy

corresponding to the mass difference between the initial and final atoms.)

BR is the fraction of the decay of the nuclide in its LIS state which proceeds

by the corresponding decay mode. (e.g. If only p" occurs and no isomeric

states hi the daughter nucleus are excited then BR = 1 . 0 for P* decay).

c. Resulting radiation spectra

NSP is the total number of radiation types (STYP) for which spectral informa-

tion is given (NSP may be zero).

STYP is the decay radiation type

Decay radiations defined:
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ER

RI

RP

STYP

O.

1.

2.

4.

5.

6.

7.

8.

9.

Radiation type

Y

P"
ex..

a

n

SF

P

e"

X

(P+)

Gamma rays

Beta rays

Electron capture and/or positron emission

Alpha particles

Neutrons

Spontaneous fission fragments

Protons

"Discrete electrons"

X-rays and annihilation radiation (photons

not arising as transitions between nuclear

states)

is the discrete energy (eV) of radiation produced (E- Ep , E e c , etc.)

is the intensity of discrete radiation produced (relative units)

is the spectrum of the continuum component of the radiation in units of

probability/eV such that jRP(E)dE = 1

TYPE is the type of transition for beta and electron capture

Types Defined:

TYPE Spectrum Definition

0.0 not required for STYP

1.0 allowed, nonunique

2.0 First-forbidden unique

3.0 Second-forbidden unique
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RICC is the total internal conversion coefficient (STYP=O-O only)

RICK is the K-shell internal conversion coefficient (STYP=0.0 only)

RICL is the L-shell internal conversion coefficient (STYP=O-O only)

RIS is the internal pair formation coefficient (STYP=O-O)

positron intensity (STYP=2.0)

0.0 (Otherwise)

LCON* is the continuum spectrum flag

LCON = 0, no continuous spectrum given

LCON = 1, only continuous spectrum given

LCON = 2, both discrete and continuum spectra

is the number of entries given for each discrete energy (ER)

is the continuum spectrum normalization factor (absolute intensity/rela-

tive intensity)

is the discrete spectrum normalization factor (absolute intensity/relative

intensity)

is the total number of tabulated discrete energies for a given spectral type

(STYP)

is the average decay energy of radiation produced

NR is the number of interpolation ranges for the continuum spectrum

NP is the number of points at which the distribution will be given

Ej111 i s the interpolation scheme for the cont inuum spectrum

N K is the number of partial energy distr ibutions when L C O N = 5 i s used.

A is the uncertainty in any quantity.

N T

FC*

FD*

NER

ER"AV

'Spontaneous v For RTYP = 6. and STYP = 5., LCON = i and FC = V and FD = Vd-

••For STYP = 2, this is the average position energy, for STYP = 4, this includes energy of recoil
nucleus.



8.14

LB

NPP

LCOV is the flag whose value determines whether covariance data are given for

continuum spectrum data. (LCON = 1 or 2.)

LCOV=O no covariance data given

LCOV=I covariance data given

is the flag whose numerical value determines the meaning of the numbers

given in the array {Ek, Ffc}. (Only LB=2 presently allowed. See chapter

33).

is the number of pairs of numbers in the [E^, Fk} array,

j^, Fk} is an array of pairs of numbers, referred to as an F^ table. In each Efc table

the first member of a pair is an energy, Ek, the second member of the pair, Fk, is a number

associated with the energy interval between the two entries Ek and F^+1.

The F^ table must cover the complete range of secondary particle energies. Some of

the Fj.'s may be zero, as must be the case below threshold for a threshold reaction, and the

last value of F in an E table must be zero or blank since it is not defined.

The meaning of the Fk values in the F^ table for the allowed LB=2 is as follows:

LB=2 Fractional components fully correlated over all Efc intervals

COV ? Sf Fk Fk, X5 Xj

table

I Sf Fk Fk, X5 Xj

where S^=I when the energy Ej is in the interval Ek to F^+1 of the

=0 otherwise

Here Xj is the normalized spectral intensity at decay particle emitted kinetic energy range

Ej obtained from the {E,RP} TAB 1 record indicated.

8.3.1. Formats

The structure of this section always starts with a HEAD record and ends with a SEND

record. This section is divided into subsections as follows:
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[MAT.8,457/ ZA, AWR, LIS,

[MAT.8,457/ T1/2, AT1/2. O,

[MAT.8,457/ SPI, PAR. 0,

RTYP1, RFS1, Q1.

LISO, 0, NSP ] HEAD

0, 6, 0 /

AEy, E v « , AE»a» ] LIST

0, 6*NDK, NDK /

AQ1, BR1, ABR1

R T Y P NDK' ' °-NDK' A0-NDK> BRNDK»

<Subsection for Spectrum^

<Subsection for Spectruin2>

L I S T

[MAT.8,0 /

The structure

[MAT,8,457/

[MAT,8,457/

0.0.

<Subsection for SpectrumNSp>

0.0,

of a subsection is:

0.0,

FD,

ER1,

STYP,

AFD,

AER1,

0, 0. 0,

LCON, 0,

ERAV, AERAV,

0, 0,

6,

FC.

NT,

0

NER

AFC

0

] SEND

] LIST

/ (omit if

LCON=I)

RTYP1, TYPE1, RI1, ARI1, RIS1, ARIS1

RICC1, ARICC1, RICK1, ARICK1, RICL1, ARICL1 ] LIST

, 0. 0. NT, 0 /ER1NER'

R T Y P NER' T Y P ENER'R INER' A R INER' " ] LIST
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[MAT.8,457/ RTYP, 0.0, 0, LCOV, NR, NP

[MAT,8,457/ 0.0,

/

0.0, 0,

/ (omit if

LCON=O)

RP(E)] TABl

LB, 2*NPP, NPP/C^jy] LIST

(omit if LCOV=O or

LCON=O)

8.3.2. Procedures

1. The initial state of the parent nucleus is designated by LISO which equals O for the

ground state and equals n for the nth isomeric state. Only isomeric states are included in the

count of LISO. (In other files isomeric and non-isomeric states may be included in the count

of levels.)

2. The average decay energy Erx» for decay heat application is given for three general

radiation types, E»D», E»y», and E»a». The sum of these three quantities is the total average

(neutrino energies excluded) energy available per decay to the decay heat problem. The three

quantities are more precisely defined as

= EelecL

= Ephot
Ex-ray + Eann. rad.

= E a + ESF + E p + En>

where E™» (EelecL) means the average energy of all "electron-related" radiation such as p",

P+, conversion-electrons, Auger, etc. The quantity R y (Ephot) means the average energy of

all "electromagnetic" radiations such as gamma rays, x-rays, and annihilation radiation. The

quantity Ern- is the average energy of all heavy charged particles and delayed neutrons.

Era», E»yr, and E»a» must be specified in that oider with space reserved for zero or

unknown information. The average alpha energy, E , also includes the recoil energy but the
MR

alpha energy alone can be separated out by the usual factor where Mp and M_ are
M R + M a

the recoil nucleus and alpha masses respectively.
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3. The symbol RTYP indicates the mode of decay as determined by the initial event. A

nucleus undergoing beta decay to an excited state of the daughter nucleus which subse-

quently decays by gamma emission is in the beta decay mode. RTYP = 0.0 is not allowed in

MT = 457 (although used under 8.1).

An isomeric state of the daughter nuclide resulting from the decay of parent nuclides is

designated by RFS following the procedures used for LISO. Q represents the total energy

available in the decay process and is equal to the energy difference available between the

initial and final states (both of which may be isomeric). The branching ratio BR for each

decay mode is given as a fraction and the sum over all decay modes must equal unity.

Multiple particle emission is also allowed by using any combination of the RTYP variables.

This will account for particle emission from nuclear states excited in the decay of the parent

("delayed-particle" emission) whose half-lives are too short to warrant separate entry in the

file. It will also allow users and processing codes to identify the various intermediate states,

without having to examine all the spectrum listings to determine radiation types. The

multiple-particle RTYP should be constructed in the order in which the particles are emitted,

(e.g. RTYP =1 .5 indicates p* decay followed by neutron emission).

4. The source-of-radiation should be specified for each spectral line or continuous

spectra. The source of radiation is a floating point integer corresponding to the RTYP

definitions. If the source-of-radiation is not known RTYP = 10. should be used.

5. The energy spectra should be specified if they are known and identified by STYP.

Gamma spectra are described using STYP = 0.0. Relative intensities and errors in the

relative intensity should be specified. Absolute normalization is made through multiplication

by FC and FD. If absolute discrete spectra are given FD must equal unity. The radiation

intensity should total the contributions from all decays leading to radiation within a

particular decay type, STYP, having an energy Er ± AEr-
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a. For gamma ray emission (STYP = 0.0), no other information is required if X,

Auger electron, conversion electron, and pair formation intensities have not

been calculated for these transitions. In this case NT = 6.

The amount of additional information depends upon the detail in which quan-

tities were obtained for inclusion in STYP = 8. or 9. spectra, and the number of

decay modes. (This detail will also be reflected in the uncertainties assigned in

STYP = 8. or 9. spectra.) If only the total conversion electron emission is

calculated, RICC and ARICC should be included and NT is specified as 8. If

contributors from the individual K, L, and M shells are calculated, the K and L

shell conversion coefficients should be included and NT = 12. In the rare case

(Le., 1^N), where internal pair formation is needed, the internal pair formation

coefficient should be included as the quantities RIS and ARIS.

b. For electron capture (STYP = 2.) the quantity RIS is 0.0 provided Ee c <, 1.022

MeV. If positron emission is energetically possible, RIS and ARIS must be

specified (as In4. and AIo+).

c. The spectra should be ordered in increasing values of STYP, and discrete

spectral data should be specified before continuous spectra.

d. For STYP = 5. (spontaneous fission neutrons) LCON = O, NER = 0, and EAV

and AEAV should be given.

e. For STYP = 6. (spontaneous fission fragments) LCON = 0, NER = 0, and ESF

and AEgp should be given.

6. The specification of data uncertainties is an important quantity which is difficult to

represent in a simple way. Although a one sigma variance is desired, a number should be

entered that at least indicates qualitatively how well the parameter is known.

For STYP = 8. and 9., AE will reflect the detail in which these values were derived. For

example, if only the total conversion electron emission has been calculated, AE would be the

spread between K-ccnversion and M-conversion electron energies. If a very detailed
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calculation has been made, AE would reflect the uncertainties in the electron binding energy

and the transition energy.

7. The spontaneous fission spectrum is specified using MF = S in sublibrary 4 (no

incoming projectile).

8. Every effort should be made to determine the spin and parity of the original nucleus,

either by experimental evidence or by strong theoretical arguments. If the spin cannot be

determined, it should be reported as -77.777; if the parity cannot be determined it should be

reported as zero.

9. Because the continuum spectrum is normalized, the absolute covariance matrix of a

multicomponent normalized spectrum processed from this file must have zero for the sum of

each row and column. (Processing codes should perform this check.)

Since the covariance form for radioactive product spectra is confined to LB = 2,

meeting this test is equivalent to the following condition on the Fk of the E1. covariance

table:

S k Fk yk = 0 , where

A+1

yk = RP(E) dE ,

and yk is the energy spectrum on the uncertainty evaluation grid. £yk = 1. If the initial Fk

do not meet this condition, the corrected values Fk are given by:

Note that unlike the case for File 33, some of the Ffc will be negative. Also, the processed

multigroup correlation matrix will show some off-diagonal components that are -1 as well as

others that are +1.
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When a processing code constructs the absolute covariance V01n on the user's energy

grid Em, the simplest relations to use are

Vmn = °m°n ' W n e r e

- E n+1

= 1 'F(E) RP(E) dE , and

the integral is easy because F(E) is piecewise continuous on the ^ grid. By this construction

we are assured .that the null sum condition will be retained for the covariance matrix of the

processed multigroup spectrum.
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9. FILE 9, MULTIPLICITIES FOR PRODUCTION OF RADIOACTIVE NUCLIDES

9.1. General Description

Neutron activation cross sections can be obtained by the use of multiplicities in File 9.

The multiplicity represents that fraction of the cross section in File 3 which produces the

LFS state in the daughter nucleus. The multiplicities are given as a function of energy, E,

where E is the incident neutron energy (in eV) in the laboratory system. They are given as

energy-multiplicity pairs. An interpolation scheme must be given to specify the energy

variation of the data for incident energies between a given energy point and the next higher

energy point.

File 9 is divided into sections, each section containing data for a particular reaction

type (MT number). The sections are ordered by increasing MT number. Within a section

for a given MT are subsections for different final states of the daughter product (LFS). File

9 is only allowed for evaluations which represent data for single nuclides.

9.2. Formats

File 9 is made up of sections where each section gives the multiplicity for a particular

reaction type (MT number). Each section always starts with a HEAD record and ends with

a SEND record. For File 9, the following quantities are defined:

LIS is an indicator to specify the level number of the target.

LFS is an indicator to specify the level number of the nuclide (ZAP) (as defined

in MF=8) produced in the reaction (MT number).

LFS = 0 the final state is the ground state.

LFS = 1 the final state is the first excited state.

LFS = 2 the final state is the second excited state.

LFS = 98 an unspecified range of final states.
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QM is the mass-difference Q value (eV) defined as the mass of the target and

projectile minus the mass of the residual nucleus in the ground state and

masses of all other reaction products; :hat is, for a+A->b+c+...+B,

QM=[(ma+mAHmb+mc+»+mB)] x (9.315016xl08) if the masses are in

amu.

QI is the reaction Q value (eV) for the state described by the subsection. For

isomeric states it is defined as QM minus the residual excitation energy of

the isomer. For the ground state QI=QM.

NS is the number of final states for each MT for which multiplicities are to be

given.

NR is the number of energy ranges. A different interpolation scheme may be

given for each range. CNR £ 20).

NP is the total number of energy points used to specify the data (NP £ 5000).

Ej111 is the interpolation scheme for each energy range. (For details, see Section

0.6.2.)

Y(E) is the multiplicity for a particular reaction type at incident energy E(eV).

Data are given for energy-multiplicity pairs.

The structure of a section is:

[MAT, 9, MT/ZA, AWR, LIS, 0, NS, 0] HEAD

<NS subsections, one for each value of LFS>

[MAT, 9, 0/0.0, 0,0, 0, 0, 0, 0] SEND

The structure of a subsection is:

[MAT, 9, MT/QM, QI, 0, LFS, NR, NP/E^/YffflTABl

9.3. Procedures

Multiplicities must be given in File 9 for those reactions described in MF=8 which

have LMF=9 in the LIST record of the subsection for that particular MT number and value



9.3

of LFS. The multiplicities in File 9 describe the fraction of the cross section which

produces the LFS state in the daughter nucleus. For a reaction represented by resonance

parameters in File 2, File 10 cannot be used; only multiplicities in File 9 are allowed.

The data in File 9 must cover the entire energy range for each reaction in File 3 from

threshold to 20 MeV. That is, multiplicities cannot be used over a portion of the incident

neutron energy range with cross sections covering an other portion. For negative Q

reactions, the first energy point should be at the threshold given in File 3. If a subsection

QI is not equal to the QI in File 3, the multiplicity should be given as zero up to the energy

point corresponding to the threshold of the subsection.

The set of points or energy mesh used for the total cross section in File 3 must include

the union of all energy meshes in File 9 for each MT number. Although 10000 incident

energy points are allowed for the total cross section, every attempt should be made to

minimize the number of points in File 9.

The multiplicities in File 9 should be equal to or less than unity since the cross

sections to be generated must be equal to or less than the cross sections in File 3 for each

MT number.

In summary, the proper procedure would be to not enter data in MF=8 and given MT

until the File 9 multiplicities (or File 10 cross sections) are added to the evaluations. That

is, every MT number (except MT=454,457, or 459) in MF=8 with LMF=9 as an indicator

in the LIST record of the subsection for that particular MT and value of LFS must have the

corresponding multiplicities in File 9.
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10. FILE 10, CROSS SECTIONS FOR PRODUCTION OF RADIOACTIVE

NUCLIDES

10.1. General Description

Neutron activation cross sections [such as the (n,p) and (n,2n) cross sections] and

cross sections for a particular state of a radioactive target are given in File 10. These cross

sections are given as a function of energy, E, where E is the incident particle or photon

energy (in eV) in the laboratory system. They are given as energy-cross-section pairs. An

interpolation scheme must specify the energy variation of the data for energies between a

given energy point and the next higher energy point.

File 10 is divided into sections, each section containing the data for a particular

reaction type (MT number). The sections are ordered by increasing MT number. Within a

section for a given MT are subsections for different final states (LFS) of the daughter

product nucleus. File 10 is allowed only for evaluations which represent the data for single

isotopes.

10.2. Formats

File 10 is made up of sections where each section gives the cross section for a

particular reaction type (MT number). Each section always starts with a HEAD record and

ends with a SEND record. For File 10, the following quantities are defined:

LIS is an indicator to specify the level number of the target.

LFS is an indicator to specify the level number of the nuclide (ZAP) produced in

the reaction (MT) number.

LFS = 0 the final state is the ground state.

LFS = 1 the final state is the first excited state.

LFS = 2 the final state is the second excited state.

LFS = 98 an unspecified range of final states.
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QI

NS

NR

NP

F-,
nt

QM is the mass-difference Q value ^V) defined as the mass of the target and

projectile minus the mass of the residual nucleus in the ground state and

masses of all other reaction products; that is, for a+A->b+c+...+B,

QM=[(ma+mAHmb+inc+...+mB)] x (9.315016xl08) if the masses are in amu.

is the reaction Q value (eV) for the state desccribed by the subsection. For

isomeric, states it is defined as QM minus the residual excitation energy of

the isomer. For the ground state QI=QM.

is the number of final states for each MT for which cross sections are to be

given. 10

is the number of energy ranges. A different interpolation scheme may be

given for each range. (NR < 20).

is the total number of energy points used to specify the data (NP < 10000).

is the interpolation scheme for each energy range. (For details, see Section

0.4.3.)

G(E) is the cross section in bams for a particular reaction type at incident energy

E (eV). Data are given for energy, cross-section pairs.

The structure of a section is:

[MAT, 10, MT/ZA, AWR, LIS, 0, NS, 0] HEAD

<NS subsections, one for each value of LFS>

[MAT, 10, 0/0.0, 0.0, 0, 0, 0, 0] SEND

The structure of a subsection is:

[MAT, 10, MT/QM, QI, 0, LFS, NR, NP/E.m/o(E)]TABl

10.3. Procedures

Isomer production cross sections must be given in File 10 for those reactions

described in MF=8 which have LMF=IO in the LIST record of the subsection for that

particular MT number and value of LFS. The data in File 10 are the cross sections for the
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production of a final state (LFS) of the daughter product nucleus. For a reaction repre-

sented by resonance parameters in File 2, File 10 cannot be used; only multiplicities in File

6 or File 9 are allowed.

The data in File 10 must cover the entire energy range for each reaction from the

threshold of the subsection in File 10 up to 20 MeV. That is, cross sections cannot be used

over a portion of the incident neutron energy range with multiplicities covering another

portion. For negative Q reactions, the first energy point should be at the threshold of the

subsection in File 10 and the cross section at this point must be zero.

The set of points or energy mesh used for the total cross section in File 3 must be the

union of all energy meshes in File 10 for each MT number. Although 10000 incident

energy points are allowed for the total cross section, every attempt should be made to

minimize the number of points in File 10.

Using the 93NbGi^n)92Nb cross section as an example, only the cross section for the

production of the 10.16 day isomer in 92Nb would appear under MT= 16 with LIS=O and

LFS=I in File 10. The sum of all partial cross sections for the (n,2n) reaction would still be

found in File 3 under MT=16 [note that this is the only (n,2n) cross section required for

neutron transport calculations]. It should be noted, however, in this particular case, that the

evaluator would have the choice of using energy-dependent multiplicities in File 9 instead

of cross sections in File 10.

The cross sections which appear in File 10 an redundant; that is, they should not be

included in the check sum for the total cross section. The cross sections in File 10 must be

equal to or less than the cross sections for that MT number which appear in File 3.

In summary, the proper procedure would be to not enter data in MF=8 and given MT

until the File 10 cross sections (or File 9 multiplicities) are added to the evaluations. That

is, every MT number (except MT=454, 457, or 459) with LMF=IO as an indicator in the

LIST record of the subsection for that particular MT and value of LFS must have the

corresponding cross sections in File 10.
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U. FILE U, GENERAL COMMENTS OF PHOTON PRODUCTION

Photon production data not represented in MF=O may be presented in four distinct

files.

File Description

12 Multiplicities and transition probability arrays

13 Photon production cross sections

14 Photon angular distributions

15 Continuous photon energy spectra

With the exception of File 12, all the files are closely analogous to the corresponding

neutron data files with the same number (modulo 10). The purpose of File 12 is to provide

additional methods for representing the energy dependence of photon production cross

sections. The allowed reaction type (MT) numbers are the same as those assigned for

neutron reactions. Files 1 through 7. However, they may have somewhat different meanings

for photon production that require additional explanation in some cases:

(1) MT = 3 should be used in Files 12 through 16 to represent composite cross

sections, that is, photon production cross sections from more than one reaction

type that have been lumped together.

(2) There is no apparent reason to have redundant or derived data for the photon

production files, as is the case for the neutron files, i.e., MT = 3, 4, etc.

Therefore, to avoid confusion, the join of all sections of Files 6, 12 and 13

should represent the photon production, with each section being disjoint from

all others.
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(3) Using Figure 11.1 as a guide, let us consider how one might represent inelastic

y-ray production. The differential cross section for producing 7-ray of energy

E resulting from the excitation of the mQth level of the residual nucleus and

the subsequent transition between two definite levels (j —» i), which need not

be adjacent, including the effects of cascading from the mQ - j levels higher

than j , is

Jg. (ErE,m0)ij) =

where

O1n (E) = cross section for exciting the moth level with incident

particle energy E, taken from file 3 for MT correspond-

ing to the moth level,

Si E - (Ej ~ Ei)J = delta function defining the discrete gamma of energy

E^ that results from the transition level j to level i,

= the probability that a gamma ray of energy of E is

emitted in the transition from level j to i, taken as the

gamma ray branching ratio of j -» i,

= probability that the nucleus initially excited at level

mo will deexcite to level j in a transitions, where a

ranges from 1 to mo - j ,

AJi

R
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1T1 "V2""1 j a

and

TPfc, = probability of the residual nucleus having a transition

to the /th level given that it was in the excited state

corresponding to the Jfcth level, i.e. the branching ratio for

a gamma ray transition from the £ - W level.

In general, R^ja is the sum of the products of a transition probabilities

(branching ratios) leading from level m0 through a intermediate levels to level

j . In the example shown for iiiitial excitation of level m0 = 5 and interest

being in the resulting Y-ray due to transition between levels 2 and 1

~ el)J, the relevant quantities are

= TP 5 4 • TP42 + TP 5 3 • TP3 2 = 0 + 0 = 0

for this example, and

^n0J3 = TPiVn1 TPm11H2 TPm2J = "^54 ' ^ 4 3 ' ^ 3 2

If m o and j are separated by many levels, the scheme becomes very involved.
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Fig. 11.1 Inelastic scattering gamma-ray production.

We aie at once beset by the problem that no clear choice of ENDF representa-

tion in terms of section number is possible. The data may naturally be

identified with both the m * level and the j * level. To avoid this problem, we

can sum Eq. (1) over mQ:

1 /r» dff
r=- V^y^1^) = X — r C f̂̂ ' 111O1'11!) . (2)

where N is the highest level that can be excited by a neutron of incident energy

E {i.e., E N £ AWR/(AWR + E)}. This gives a de-excitation cross section that

can single out a definite q-ray transition and has the advantage when experi-

mental data aie to be represented. The de-excitation cross section is identified

with the j level. Alternatively, we can sum Eq. (1) over i and j :

da-

—
y

mo j-1

J=I i=0
i j) . (3)
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This gives an excitation cross section that can single out a definite excited

state and has the advantage when calculated data are to be represented. The

excitation cross section is identified with the mo level. If Eq. (2) is summed

over i and j , or if Eq. (3) is summed over mô then

i oy» - £ ^ W -
(4)

I S s;
This gives a cross section for all possible excitations and transitions and thus

corresponds to the total inelastic neutron cross section for discrete levels. It is

recommended that MT = 4 be used for the data represented by Eq. (4), as well

as for the continuum. If, however, it is expedient or useful to use MT = 51

through 91, then one must use either the de-excitation cross sections of Eq. (2)

or the excitation cross sections of Eq. (3), but not both. A restriction is

imposed if the transition probability array option is used and if the entire

neutron energy range is not covered by the known transition probabilities.

Then, for MT = 51 through 90 in File 12 to be used for the remaining neutron

energy range, a representation by excitation multiplicities must be used.

The integrated cross sections of File 13 are obtained by integrating Eqs. (1)

through (4) over E^

(4) The remarks in Item (3) apply for discrete rays from (n,py), (n,dy), (n,ty),

(n,3Hey), and (n,ay) reactions, and the use of MT = 103, 101, 105, 106, and

107 is recommended for these cases.
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12. FILE 12: PHOTON PRODUCTION MULTIPLICITIES AND TRANSITION

PROBABILITY ARRAYS

File 12 can be used to represent the neutron energy dependence of photon production

cross sections by means of either multiplicities or transition probability arrays. Both

methods rely upon processing codes that use neutron cross sections from File 2 and/or File

3 to generate absolute photon production cross sections.

Multiplicities can be used to represent the cross sections of discrete photons and/or the

integrated cross sections of continuous photon spectra. The MT numbers in File 12

designate the particular neutron cross sections (File 2 and/or File 3) to which the

multiplicities are referred. The use of multiplicités is the recommended method of

presenting (n,y) capture y-ray cross sections, provided, of course, that the (n,y) cross

section is adequately represented in File 2 and/or File 3.

For well-established level decay schemes, the use of transition probability arrays

offers a concise method for presenting (n,xy) information. With this method, the actual

decay scheme of the residual nucleus for a particular reaction (defined by MT number) is

entered in File 12. This information can then be used by a processing code together with

discrete level excitation cross sections from File 3 to calculate discrete y-ray production

cross sections. This option cannot be used to represent the integrals of continuous photon

spectra.

12.1. Formats

Each section of File 12 gives information for a particular reaction type (MT number),

either as multiplicities (L0 = 1) or as transition probability arrays (L0 = 2). Each section

always starts with a HEAD record and ends with a SEND record.

12.1.1. Option 1 (L8 = 1): Multiplicities

The neutron energy dependence of photon production cross sections is represented by

tabulating a set of neutron energy and multiplicity pairs (EtY (̂E)J for each discrete
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photon and for the photon energy continuum.* The subscript k designates a particular

discrete photon or a photon continuum, and the total number of such sets is represented by

NK.

The multiplicity or yield y^ÇB) is defined by

yk(E) = o(E)
(photons)

where E designates neutron energy and C(E) is the neutron cross section in File 2 and/or

File 3 to which the multiplicity is referred (by the MT number). For discrete photons, c£

(E) is the photon production cross section for the discrete photon designated by k. For

photon continua, o£ (E) is the cross section for the photon continuum integrated over

photon energy. In the continuum case,

f dCTk

J dg; «r

J a(E) yk = J
where Ey designates photon energy (cV),

do?

is the absolute photon energy distribution in barns/eV, and y^CEy «- E) is the relative

energy distribution in photons/eV. The quantity y^fEy «- E) can be broken down further as

*There should be no more than one energy continuum for each MT number used. If the decompo-
sition of a continuum into several pans is desired, this can be accomplished in File 15.
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yk(EY <r- E) = yk(E) E)

which results in the requirement that

J fk(EY «- E)dEy = 1.

Any time a continuum representation is used for a given MT number in either File 12 or

13, then the nonnalized energy distribution fk (Ey <- E) must be given in File IS under the

same MT number.

As a check quantity, the total yield NK

NK
Y(E) =

k=l
(Photons)

is also tabulated for each MT number if NK > 1.

The structure of a section for L0 = 1 is

[MAT.12.MTZZA, AWR, L0 = 1, 0, NK, O]HEAD

|MAT,12,MT/0.0, 0.0, 0, 0, NR,

<subsection for k = 1>

<subsection for k = 2>

<subsection for k = NK>

[MAT,12,0Z0-0, 0.0, 0, 0, 0, O]SEND ,

•If the total number of discrete photons and photon continua is one (NK = 1), this TABl record
is omitted.
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and the structure of each subsection is

[MAT,12,MT/EGk, ESk, LP, LF, NR, NP/Eim/yk(E))TAB 1 ,

where

NK the number of discrete photons including the continuum.

ESk the energy of the level from which the photon originates. If the level is

unknown or if a continuous photon spectrum is produced, then ESk = 0.0

should be used.

EGk the photon energy for LP = 0 or 1 or Binding Energy for LP = 2. For a

continuous photon energy distribution, EGk s 0.0 should be used.

LP indicator of whether or not the particular photon is a primary:

LP = 0, origin of photons is not designated or not known, and the photon

energy is EGk;

LP = 1, for nonprimary photons where the photon energy is again simply

EGk; and

LP = 2, for primary photons where the photon energy EGk is given by

LF the photon energy distribution law number, which presently has only two

values defined:

LF = 1, a normalized tabulated function (in File IS), and

= 2, a discrete photon energy.

12.1.2. Option 2 (LB = 2): Transition Probability Arrays

With this option, the only data required are the level energies, de-excitation transition

probabilities, and (where necessary) conditional photon emission probabilities. Given this

information, the photon energies and their multiplicities can readily be calculated. Photon

production cross sections can then be computed for any given level from the excitation
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NS

cross section in File 3, along with the transition probability array. Similarly, multiplicities

and photon production cross sections can be constructed for the total cascade. For any

given level, the transition and photon emission probability data given in the section are for

photons originating at that level only; any further cascading is determined from the data for

the lower levels.

Now define the following variables.

LG, = 1,simple case (all transitions are y emission).

= 2, complex case (internal conversion or other competing processes oc-

cur).

number of levels below the present one, including the ground state. (The

present level is also uniquely defined by the MT number and by its en-

ergy level.)

number of transitions for which data are given in a list to follow (i.e.,

number of nonzero transition probabilities), NT £ NS.

energy of the ith level, i = 0,1,2... NS. (ES0 sO.O, the ground state.)

TPNS j , the probability of a direct transition from level NS to level i, i =

0,1,2... (NS-I).

G P N S 4 ' m e Probability that, given a transition from level NS to level i,

the transition is a photon transition (i.e., the conditional probability of

photon emission).

Bj an array of NT doublets or triplets depending on LG value.

Note that each level can be identified by its NS number. Then the energy of a photon

from a transition to level i is given by Ey = ESNS - ES1, and its multiplicity is given by

y(Ey <- E) = (TPj) (GPj). It is implicitly assumed that the transition probability array is

independent of incident neutron energy. The structure of a section for L0 = 2 is

NT

ES;

TPs

GPj
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[MAT,12,MT/ZA, AWR, L0=2, LG, NS, O]HEAD.

[MAT,12,MT/ESNS, 0.0, LP, 0, (LG+1)*NT, NT/Bj]LIST.

[MAT,12,0/ 0.0, 0.0, 0, 0, 0, O]SEND.

If LG = 1, the array B{ consists of NT doublets {ESj.TP;}; if LG = 2, it consists of NT

triplets {ESj.TPj.GPj}. Here the subscript i is a running index over the levels below the

level for which the transition probability array is being given (i.e., below level NS). The

doublets or triplets are given in decreasing magnitude of energy ES;.

12.2. Procedures

1. Under Option 1, the subsections are given in decreasing magnitude of EG1..

2. Under Option 1, the convention is that the subsection for the continuum photons,

if present, is last. In this case, the last value of EGk (EG14x) is set equal to 0.0, and logical

consistency with Procedure 1 is maintained.

3. Under Option 1, the values of EGk should be consistent to within four significant

figures with the corresponding EGk values for the FUe 14 photon angular distributions.

This allows processing and "physics" checking codes to match photon yields with the

corresponding angular distributions.

4. Under Option 1, ESk is the energy of the level from which the photon originates.

If ESk is unknown or not meaningful (as for the continuous photon spectrum), the value

0.0 should be entered.

5. If capture and fission resonance parameters are given in File 2, photon production

for these reactions should be given by using Option 1 of File 12, instead of using photon

production cross sections in FUe 13. This is due to the voluminous data required to

represent the resonance structure in File 13 and the difficulty of calculating multigroup

photon production matrices from such data.

6. Under Option 1, the total yield table, Y(E). should exactly span the same energy

range as the combined energy range of all the yk(E). Within that range,
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NK

k=l

should hold within four significant figures.

7. The excitation cross sections for all the levels appearing in the transition probabil-

ity arrays must, of course, be given in File 3.

8. The join of all sections, regardless of the option used, should represent the photon

production data, with no redundancy. For example, MT = 4 cannot include any photous

given elsewhere under MT = 51 through 91. Likewise, there can be no redundancy between

Files 12 and 13.

9. If only one energy distribution is given under Option 1 (NK = 1), the TABl record

for the Y(E) table is deleted to avoid repetitive entries.

10. Data should not be given in FOe 12 for reaction types that do not appear in Files 2

and/or 3.

11. Under Option 2, the level energies, ESj, in the transition probability arrays are

given in decreasing magnitude.

12. The MT numbers for which transition probability data are given should be for

consecutive levels, beginning at the first level, with no embedded levels omitted.

13. The energies of photons arising from level transitions should be consistent within

four significant figures with the corresponding EGk values in File 14. Therefore, care must

be taken to specify level energies to the appropriate number of significant figures.

14. Under Option 2, the sum of the transition probabilities (TPj) over i should equal

1.0000 (that is, should be unity to within five significant figures).

15. The limit on the number of energy points in any tabulations of Y(E) or y^ÇE) is

1000. This is an upper limit that will rarely be approached in practice because yields are

normally smoothly varying functions of incident neutron energy.

16. The limit on the number of interpolation regions is 10.
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17. Tabulations of nonthreshold data should normally cover at least the energy range

10~5 eV < E < 2 x 107 eV, where practical. Threshold data should be given from threshold

energy up to 2 x 107 eV, where practical.

18. Transition Probability Arrays for (n,n'y) photons.

a. The use of transition probability arrays (File 12, L0 = 2) is a convenient way

to represent a portion of the y-rays produced by de-excitation of discrete levels

populated by (n,n'Y) and other reactions.

b. Several conditions must be met before this representation can be used. Level

excitation cross sections (given in File 3 as MT = 51,...) must be given from

threshold energies up to the same maximum energy (no exceptions). Decay

properties of all n levels must be known. The information given in File 12

must be consistent with data given in File 3.

c. Usually, not all the conditions can be met. Part of the problem is the

recommendation that level excitation cross sections for the first few levels be

given for neutron energies up to 20 MeV. It is seldom that all level data can be

given for neutron energies up to 15 MeV.
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13. FILE 13: PHOTON PRODUCTION CROSS SECTIONS

The purpose of File 13 is the same as that of File 12, namely, it can be used to

represent the neutron and photon energy dependence of photon production cross sections.

In File 13, however, absolute cross sections in barns are tabulated, and there is no need to

refer to the neutron files.

13.1. Formats

As in File 12, each section in File 13 gives information for a particular reaction type

(MT number). Each section always starts with a HEAD record and ends with a SEND

record.

The representation of the energy dependence of the cross sections is accomplished by

tabulating a set of neutron energy-cross section pairs JE1CT^(E)J for each discrete photon

and for the photon energy continuum. The subscript k designates a particular discrete

photon or the photon continuum, and the total number of such sets is NK. For discrete

photons, c£ (E) is the photon production cross section (b) for the photon designated by k.

For the photon continuum, C (̂E) is the integrated (over photon energy) cross section for

the photon continuum* designated by k. In the continuum case,

barns

d a k

where Ey designates photon energy (eV), and -=- (E^ <- E) is the absolute photon energy

distribution in b/eV. The energy distribution can be further broken down as
doï
— ( E y ^ E) = Gl(E) fk (E 7 *- E ) ,

1

*Theie should be no mere than one energy continum for each MT number used. If the decomposi-
tion of a continuum into several parts is desired, this can be accomplished in File 15.
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which obviously requires that

E) = 1

Any time a continuum representation is used for a given MT number in File 13, the

normalized energy distribution, f^ÇBy *- E), must be given in File 15 under the same MT

number.

As a check quantity, the total photon production cross section,

ofOT(E) =
NK

Ic=I

is also tabulated for each MT number, unless only one subsection is present (i.e., NK = 1 ) .

The structure of a section in File 13 is

? [MAT,13,MT/ZA, AWR, 0. 0, NK. O]HEAD

[MAT.13.MT/0.0. 0.0, 0, 0, NR, NP/Einl/<40T(E)]TABl*

<subsection for k = 1>

<subsection for k = 2>

<subse,ction for k = NK>

[MAT.13,0/0.0, 0.0, 0, 0, 0, O]SEND

and the structure of each subsection is

[MAT,13,MT/EGk, ESk, LP, LF, NR, NP/Eim/a£(E)]TABl ,

where

*If the total number of discrete photons and photon continua is one (NK = 1), this TABl record
is omitted.
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NK

ESk

EGk

LP

the number of discrete photons including the continuum.

the energy of the level from which the photon originates. If the level is

unknown or if a continuous photon spectrum is produced, then ESk = 0.0

should be used.

the photon energy for LP = 0 or 1 or Binding Energy for LP = 2. For a

continuous photon energy distribution, EGk = 0.0 should be used.

indicator of whether or not the particular photon is a primary:

LP = 0, origin of photons is not designated or not known, and the photon

energy is EGk;

LP = 1, for nonprimary photons where the photon energy is again simply

EGk; and

LP = 2, for primary photons where the photon energy EGkis given by

^ - „ „ AWR „
E G E G E

LF the photon energy distribution law number, which presently has only two

values defined:

LF = 1, a normalized tabulated function (in File 15), and

= 2, a discrete photon energy.

13.2. Procedures

1. The subsections are given in decreasing magnitude of EGk.

2. The convention is that the subsection for the continuum photons, if present, is

last. In this case, EG,^ = 0.0.

3. The values of EGk should be consistent to within four significant figures with the

corresponding EGk values in File 14.

4. ESk is the energy of the level from which the photon originates, if known.

Otherwise ESk = 0.0.
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5. If capture and fission resonance parameters are given in File 2, the corresponding

photon production should be given by using Option 1 of File 12, instead of using

photon production cross sections.

6. The total photon production cross section table, o^0T(E), should exactly span the

same energy range as the combined energy range of all the CT^(E). Within that

range,

NK

k=l

should hold within four significant figures. If only one energy distribution is

given, either discrete or continuous (NK =1), the TABl record for the O^Q-J. (E) is

deleted.

7. The join of all sections in Files 12 and 13 combined should represent the photon

production data with no redundancy. For example, MT = 4 cannot include any

photons given elsewhere under MT = 51 through 91.

S. The limit on the number of energy points in a tabulation for any photon

production subsection is 1000. This is an upper limit; in practice, the minimum

number of points possible should be used. If there is extensive structure, the use

of File 12 should be seriously considered, because yields are normally much

smoother functions of incident neutron energy than cross sections.

9. The limit on the number of interpolation regions is 10.

10. Tabulations of nonthreshold data should nonnally cover at least the energy range

10"5 eV S E S 2 x 107 eV, where practical. Threshold data should be giv-n from

threshold energy up to 2 x 107 eV, where practical.
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13.3. Preferred Representations

1. The recommended representation for (n,n'y) reactions is photon production cross

sections (File 13) using MT = 4. All discrete and continuum y rays are given in a

series of subsections.

2. Photon production cross sections resemble the frequently measured or reported

results.

3. The use of MT = 4 eliminates confusion about whether the data represent an

excitation or de-excitation cross section (see File 11).

4. If for any reason MT = 51, 52 ... is used, it is understood that these data represent

de-excitation and not excitation cross sections (see 3 above). MT = 51, 52, ... in

File 3, of course, means excitation cross sections.

5. Combined use of MT = 4 and MT = 51, 52, ... is not allowed.

6. Above a certain energy point it probably will not be possible to separate the

various components of the total y production cross section. When this happens, it

is preferred that the data be given as MT = 3.

7. All other reactions. Data for other reactions should be given as photon production

cross sections (File 13) using the appropriate MT numbers. The same general

rules outlined above should be used.
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14. FILE 14: PHOTON ANGULAR DISTRIBUTIONS

The purpose of File 14 is to provide a means for representing the angular distributions

of secondary photons produced in neutron interactions. Angular distributions should be

given for each discrete photon and photon continuum appearing in Files J2 and 13,-even if

the distributions are isotropic.

The structure of File 14 is, with the exception of isotropic flag (LI), closely analogous

to that of File 4. Angular distributions for a specific reaction type (MT number) are given

for a series of incident neutron energies in order of increasing neutron energy. The energy

range covered should be the same as that for the data given under the corresponding

reaction type in File 12 or File 13. The data are given in ascending order of MT number.

The angular distributions are expressed as normalized probability distributions, that is,

J pk(uJE)du = 1 ,

where pk((i3) is the probability that an incident neutron of energy E will result in a

particular discrete photon or photon energy continuum (specified by k and MT number)

being emitted into unit cosine about an angle whose cosine is u.. Because the photon

angular distribution is assumed to have azimuthal symmetry, the distribution imy be

represented as a Legendre series expansion,

2K
 d a l

NL

= I -Jffi)
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where

H = cosif.s ot the reaction angle in the lab system.

E = energy of the incident neutron in the laboratory system, and

= photon production cross section for the discrete photon or photon contin-

uum specified by k, as given in either File 13 or in Files 2, 3, and 12

combined.

Z = order of the Legendre polynomial.

V

k = differential photon production cross section in barns/steradian.
dQ

aj?(E) = the /-th Legendre coefficient associated with the discrete photon or photon

continuum specified by k. (It is understood that aQ(E) = 1.0.)

af (E) = f pk0i,E)
J-l

Angular distributions may be given in File 14 by tabulating as a function of incident

neutron energy either the normalized probability distribution function, pk(nrE), or the

Legendre polynomial expansion coefficients, a*(E). Provision is made in the format for

simple flags to denote isotropic angular distributions, either for a block of individual

photons within a reaction type or for all photons within a reaction type taken as a group.

Note that File 14 assumes separability of the photon energy and angular distributions

for the continuum spectrum. If this is not the case, File 16 (analogous to File 6) must be

used instead of Files 14 and 15. (Since File 14 implicitly specifies an energy-angle

distribution for discrete photons, File 16 is required only for the continuum spectrum.

14.1. Formats

As usual, sections are ordered by increasing reaction type (MT) numbers. The

following definitions are required.
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LI = O, distribution is not isotropic for all photons from this reaction type, but

may be for some photons.

= 1, distribution is isotropic for all photons from this reaction type.

LTT = 1, data are given as Legendre coefficients, where aQ(E) = 1.0 is under-

stood.

= 2, data are given as a tabulation.

NK = the number of discrete photons including the continuum (must equal the

value given in File 12 or 13).

NI number of isotropic photon angular distributions given in a section (MT

number) for which LI = 0, i.e., a section with at least one anisotropic

distribution.

NE number of neutron energy points given in a TAB2 record.

NL; highest value of / required at each neutron energy Ej.

ESk the energy of the level from which the photon originates. If the level is

unknown or if a continuous photon spectrum is produced, then ESk = 0.0

should be used.

EGk the photon energy as given in File 12 or 13. For a continuous photon

energy distribution, EGk, = 0.0 should be used.

a. LI = 1: Isotropic Distribution

If LI = 1, then all photons for the reaction type (MT) in question are assumed to be

isotropic. This is a flag that the processing code can sense, and thus needless isotropic

distribution data are not entered in the file. In this case, the section is composed of a

HEAD card and a SEND card, as follows:

[MAT,14,MT/ZA, AWR, U=I, 0, NK, O]HEAD

[MAT,14,0/0.0, 0.0, 0, 0, 0, O]SEND .
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b. LI = O: Anisotropic Distribution

If LI = 0, there are two possible structures for a section, depending upon the value

ofLTT.

i. LTT = 1: Legendre Coefficient Representation

The structure of a section with LI = 0 and LTT = 1 is

[MAT,14,MTZZA, AWR, LI=O, LTT=I, NK, NI]HEAD

<subsection for k = 1>

<subsection for k = 2>

<subsection for k = NK>

[MAT.14,0/0.0, 0.0; 0, 0, 0, O]SEND .

The structure of each record in the first block of NI subsections, which is for

the NI isotropic photons, is

[MAT,14,MT/EGk, ESk, 0, 0, 0, O]CONT .

There is just one CONT record for each isotropic photon. (The set of CONT

records is empty if NI = 0.) The subsections are ordered in decreasing magnitude of EGk

(photon energy), and the continuum, if present and isotropic, appears last, with EGk s 0.0.

This block of NI subsections is then followed by a block of NK-NI subsections

for the amsotropic photons in decreasing magnitude of EGk. The continuum, if present and

anisotropic, appears last, with EGk = 0.0. The structure for the last NK-NI subsections is

[MAT,14,MT/EGk, ESfc, 0, 0, NR,

[MAT.14.MTZ0.0, E1, 0, 0, NL1, O
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[MAT,14,MT/0.0, E2, O, 0, NL2, 0/af (E2)JLIST

[MAT.14.MT/0.0, ENE, 0, 0, NLNE, O/a^E

Note that lists of the ajf(E) start at / = 1 because a (̂E) s 1.0 is always

understood.

ii. LTT = 2: Tabulated Angular Distributions

The structure of a section for LI = 0 and LTT = 2 is

[MAT.14.MT/ZA, AWR, LI=O, LTT=2, NK, NI]HEAD

<subsection for k = 1>

<subsection for k = 2>

<subsection for k = NK>

[MAT,14,0/0.0, 0.0, 0, 0, 0, O]SEND .

The structure of the first block of NI subsections (where NI may be zero) is the

same as for the case of a Legendre representation; i.e., it consists of one CONT record for

each of the NI isotropic photons in decreasing magnitude of EGk. The continuum, if

present and isotropic, appears last, with EGk s 0.0.

The structure of the first NI subsections is

[MAT,14,MT/EGk, ESk , 0, 0, 0, O]CONT .

This block of NI subsections is then followed by a block of NK-NI sub-sec-

tions for the anisotropic photons, again in decreasing magnitude of EGk, with the

continuum, if present and anisotropic, appearing last, with EGk = 0.0.
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The structure of the last NK-NI subsections is

[MAT,l4,MT/EGk, ESk, 0, 0, NR, NE/Eim]TAB2

[MAT.14.MT/0.0, E1, 0, 0, NR, NP/u int/pk(n3,)]TABl

[MAT,14,MT/0.0, E2, 0, 0, NR, NP/uim/pk(u,E2)]TABl

[MAT.14.MT/0.0, E N ^ 0, 0, NR,

14.2. Procedures

1. The subsections are given in decreasing magnitude of EGk within each of the

isotropic and anisotropic blocks.

2. The convention is that the subsection for the continuous photon spectrum, if

present, appears last in its block. In this case, EGNK = 0.0.

3. The values of EGk should be consistent within four significant figures with the

corresponding EGk values in File 12 or 13. File 12, Option 2 (transition probability

arrays), the values of EGk are implicitly déterminée „/ the level energies.

4. ESk is the energy of the level from which the photon originates, if known.

Otherwise, ESk = 0.0 (as is always the case for the continuum).

5. Data should not appear in File 14 for photons that do not have production data

given in File 12 or 13. Conversely, for every photon appearing in File 12 or 13 an angular

distribution must be given in File 14. The neutron energy range for which the angular

distributions are given should be the same as that for which the photon production data are

given in File 12 or 13.

6. For LTT = 1 (Legendre coefficients), the value of NL should be the minimum

number of coefficients that will reproduce the angular distribution with sufficient accuracy

and be positive everywhere. In all cases, NL should be an even number, £ 20.
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7. The TABl records for the pk(|i,Ej) within a subsection are given in increasing

order of neutron energy, E4.

8. The tabulated probability functions, pk(|i,Ei), should be normalized within four

significant figures (to unity).

9. The interpolation scheme for pk(fi,E) with respect to E must be linear-linear or

log-linear (INT = 2 or 3) to preserve normality of the interpolated distributions. It is

recommended that the interpolation in p. be linear-linear (INT = 2).

10. For LI = 1 (isotropic distribution), the parameter NK is the number of photons in

that section and should be consistent with the NK values in Files 12 and 13.

11. The minimum amount of data should be used that will accurately represent the

angular distribution as a function of both m and E.

12. If all photons for a reaction type (MT number) are isotropic, the LI = 1 flag

should be used. The use of LI = 0 and NI = NK is strongly discouraged. Likewise, isotropic

distributions should not be entered explicitly as a tabulation or as a Legendre expansion

with a*(E) = 0, / > 1.

13. Angular distributions for photons must be given for all discrete and continuum

photons. This can be done by specifying the data explicitly (by giving distributions) or

implicitly by using a flag meaning that all photons for a particular reaction (MT number)

are isotropic. Isotropic angular distributions should be specified unless the anisotropy is >

20%.
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15. FILE 15: CONTINUOUS PHOTON ENERGY SPECTRA

File 15 provides a means for representing continuous energy distributions of second-

ary photons, expressed as normalized probability distributions. The energy distribution of

each photon continuum occurring in Files 12 and 13 should be specified in File 15 over the

same neutron energy range used in Files 12 and 13. Each section of File 15 gives the data

for a particular reaction type (MT number) and the sections are ordered by increasing MT

number. The energy distributions, f(By <- E), are in units of eV"1 and are normalized so

that

f(Ey <- E) dEy = 1 ,

where E™^ is the maximum possible secondary photon energy and its value depends on the

incoming neutron energy as well as the particular nuclei involved.* The energy distribu-

tions f(Ey <— E) can be broken down into the weighted sum of several different normalized

distributions in the following manner:

NC

f(EY «- E) = <r- E ) (eV)"-1

where

NC

<- E)

Pj(E) = the probability or weight given to the j U I partial distribution, gjOEy <- E).

the number of partial distributions used to represent f(Ey <— E),

the j normalized partial distribution in the units eV1 , and

:th

*Note that the subscript k used in describing Files 12 and 13 has been dropped from f(Ey « - E).
This is done because only one eneigy continuum is allowed for each MT number, and the sub-
script k has no meaning in File 15. It is, in fact, the NK subsection in File 12 or 13 that con-
tains the production data for the continuum.
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The following normalization condition is imposed.

J ^(E 7 «- E) dE7 =

Thus,

NC

E Pj(E) = 1

The absolute energy distribution cross section, oY(EY «- E), can be constructed from the

expression

<- E) = Ot(E) f(Ey <- E) (b/eV) ,

where oY(E) is the integrated cross section for the continuum given either directly in File

13 or through the combination of Files 2, 3, and 12.

The system used to represent continuous photon energy distributions in File 15 is

similar to that used in File 5. At present, however, there is only one continuous distribution

law activated for File 15, i.e.,

gj(Ey <- E) = E) ,

where g(Ey «- E) represents an arbitrary tabulated function. In the future, new laws (for

example, the fission gamma-ray spectrum) may be added.
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15.1. Format

The structure of a section is

[MAT.15.MT/ZA, AWR, 0, 0, NC, O]HEAD

<subsection for j = 1>

<subsection for j = 2>

<subsection for j = NC>

[MAT,15,0/0.0, 0.0, 0, 0, 0, O]SEND .

For LF = 1, the structure of a subsection is

tMAT,15,MT/0.0, 0.0, 0, LF=I; NR,

[MAT.Î5.MT/0.0, 0.0, 0, 0, NR, NE/Eint]TAB2

[MAT,15,MT/0.0, E1, 0, 0, NR, NP/Ey ^g(E 7 , «- E,)]TAB1

[MAT,15,MT/0.0, E2, 0, 0, NR, NP/Ey ^g(Ey «- E2)]TAB1

[MAT,15,MT/0.0, E1^, 0, 0, NR, NP/Ey

Only one distribution law is presently available (tabulated secondary photon energy

distribution). Therefore, formats for other laws remain to be defined, but their structures

will probably closely parallel those in File 5 for LF = 5, 7, 9, and 11. When histogram

representations are used (interpolation scheme, INT = 1), 0.25 to 0.S-MeV photon energy

bands should be used. The incident energy ranges must agree with data given in Files 12

and/or 13. Other procedures are the same as those recommended for File 5 data (tabulated

distribution).
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15.2. Procedures

1. Photon energies, E~ within a subsection are given in order of increasing magni-

tude.

2. The TABl records for the g(E^ <- E4) within a subsection are given in increasing

order of neutron energy, E4.

3. The tabulated functions, g(E~ <- Ej), should be normalized to unity within four

significant figures.

4. The interpolation scheme for p=(E) must be either linear-linear or log-linear (INT

= 1, 2, or 3) to preserve probabilities upon interpolation. Like-wise, the interpolation

scheme for g(EY <— E) must be linear-linear or log-linear with respect to E.

5. The neutron energy mesh should be a subset of that used for the yNK(E) tabulation

in File 12 or for the G^g(E) tabulation in File 13, and the energy ranges must be identical.

However, the neutron energy mesh for Pj(E) need not be the same as that for g(Ey <— E), as

long as they span the same range.

6. For an MT number appearing in both File 12 and File 13, a continuous photon

energy distribution (LF = 1) can appear in only one of those files. Otherwise the

distribution as given in File 15 could not in general be uniquely associated with a

corresponding multiplicity or production cross section.

7. Use the minimum amount of data that will accurately represent the energy

distribution as a function of both Ey and E. However, do not use too coarse a mesh for E,

even if the distributions are slowly varying functions of E, since the interpolated distribu-

tion will always have a nonzero component up to the maximum energy at which either of

the original distributions has a non-zero component

8. The limit on the number of neutron energy points for either p:(E) or g(Ey <— E) is

200. The limit on the number of photon energy points for g(Hy <— E) is 1000.
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23. FILE 23: "SMOOTH" PHOTON INTERACTION CROSS SECTIONS

23.1. General Comments on Photon Interaction

Photon interaction data are divided into two files, the first of which is analogous to

File 3.

File Description

23 "Smooth" cross sections

27 Coherent scattering form factors and incoherent scattering functions

Secondary energy-angle distributions may be described in File 6. For Compton

scattering at higher energies (>1 MeV), the energy and angular distribution files would not

normally be used because a simple analytical representation of these distributions is

available. Also, provision is made for the entry of coherent scattering form factors as well

as incoherent scattering functions. The secondary energy and angular distribution files can

be used for both photon secondaries or particulate secondaries (e.g., photoneutrons).

23.2. General Description

This file is for the integrated photon interaction cross sections, including those usually

called microscopic attenuation or energy-deposition coefficients. The reaction type (MT)

numbers for photon interaction are in the SOO and 600 series. Several common photon

interactions have been assigned MT numbers:

Reaction Description

Total photon interaction cross section

Coherent scattering

Incoherent scattering

Pair production, electron field

MT

501

502

504

515

516 Pair production, nuclear and electron field (i.e., pair plus triplet pro-
duction)

517 Pair production, nuclear field

522 Photoelectric absorption

534-572 Photoelectric subshell absorption



23.2

Photon cross sections, such as the total cross section, coherent elastic scattering cross

section, and incoherent (Compton) cross section, are given in File 23, which has essentially

the same structure as File 3. These data are given as a function of energy, E , where E is

the energy of the incident photon (in eV). The data are given as energy-cross section pairs.

Each section in File 23 contains the data for a particular reaction type (MT number).

The sections are ordered by increasing MT number.

23.3. Formats

The following quantities are defined

ZA7AWR have their usual meanings

EPE

EFL

NT,NP,EINT

Photoelectric edge energy (eV). Value is zero if not a photoelectric
subshell absorption cross section.

Fluorescence yield (eV/photonization). Value is zero if not a photo-
electric subshell absorption cross section.

are standard TABl parameters.

is cross section (bams) for a photon of energy E given as a table of
NP energy-cross section pairs.

The structure of a sections is

[MAT, 23, MT/ZA, AWR; 0, 0, 0, O]HEAD

[MAT, 23, MT/EPE, EPL; 0, 0, NR, NP/ E-Ja(E)]TABl

[MAT, 23, 0/0.0, 0.0; 0, 0, 0, O]SEND .

23.4. Procedures

1. Values are usually for elements; hence, except for monoisotopic elements, ZA = Z x

1000.0; also, AWR should be for the naturally occurring element.

2. Photoelectric edges will not be multivalued. The edge will be defined by two

energies differing in the fourth or fifth significant figure.

3. The total pair production values are given for reaction type MT = 516. Reaction

type 517 is reserved for the portion of the pair production cross section due to the nuclear

field, i.e., excluding triplet production.
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4. Interpolation is normally log-log (INT = 5).

5. Kenna factor (energy deposition coefficients) libraries will normally be local

because there is no universal definition. The application will determine whether annihila-

tion or other radiation fractions are subtracted.
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27. FILE 27: ATOMIC FORM FACTORS OR SCATTERING FUNCTIONS

The ENDF system for neutron and photon production data allows two alterna tives for

storing angular distribution data. One is by probability per unit cos0 vs cosG, and the other

is by Legendre coefficients. Actually, neither of these is a "natural" method for photons.

The natural method would be atomic form factors or incoherent scattering functions. These

are discussed briefly below.

a. Incoherent Scattering. The cross section for incoherent scattering is given by

do-j (EJE'^) da (E,E',n)
S < Z )

where da^dyi is the Klein-Nishina cross section, which can be written in closed form. The

factor S(q;Z) is the incoherent scattering function. At high momemtum transfer (q), S

approaches Z. In the other limit S(O,Z) = 0. The quantity q is the momentum of the recoil

electron (in inverse angstroms*).

F (art (a'-tf12

where

a = E^m0C
2 ,

Ey= scattered photon energy, and

\i = cosB .

The angular distribution can then easily be calculated, given a table of S(q;Z) are

tabulated as a function of q in File 27. The user presumably will have subroutines available

for calculating q for energies and angles of interest and for calculating Klein-Nishina cross

*In ENDF, q is given in inverse angstroms as customarily reported in the literature. The above
equations show q in "natural" mQc units. Inverse angstroms, sin(6/2)/Y, can be converted to m.c
units by the factor 2 x 12398.1/511006. = 0.0048524.
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sections. He will then generate his cross sections for the appropriate cases by calculating

q's, looking up the appropriate values of S, and substituting them in the above formula,

b. Coherent Scattering. The coherent scattering cross section is given by

do h (EJE'^)
- ^ = TnJ (i + ^ ) [(F(q;Z) + F ( E ) ) 2 + ^ 2 ] >

where

q = a[2(l - Ji)] , the recoil momentum of the atom (in inverse angstroms, see note

on previous page), and

r0 = e2/moc
2, the classical radius of the electron.

F(E) = the real anomalous scattering factor.

F'(E) = the imaginary anomalous scattering factor.

The quantity F(q;Z) is a form factor. This quantity is also easily tabulated. At high

momentum transfer (q), F approaches zero. In the other limit F(0;Z) = Z. The anomalous

scattering factors are assumed to be isotropic. In addition, they smoothly approach zero at

1.0 MeV and can be assumed to be zero at higher energies.

An alternative way of presenting the photon scattering data, then, would be to tabulate

incoherent scattering functions and form factors. Users could then provide processing

codes to generate the cross sections from this information. The calculation is quite

straightforward and allows the user to generate all his scattering data from a relatively

small table of numbers. The incoherent and coherent scattering data should always be

presented as scattering functions and form factors, respectively, whether or not data are

included in File 6.
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27.1. Format

The structure of a section is very similar to that of File 3 (and 23) and is

[MAT,27,MT/ZA, AWR; 0, 0, 0, O]HEAD

[MAT,27,MT/0.0, Z; 0, 0, NR, NP/qint/H(q;Z)]TAB 1

[MAT,27,0/0.0, 0.0; 0, 0, 0 O]SEND.

The general symbol H(q;Z) is used for either F(q;Z) or S(q;Z) for coherent and incoherent

scattering, respectively, or for the anomalous factors

[MAT,27,MT/ZA, AWR; 0, 0, 0, O]HEAD

[MAT,27,MT/0.0, Z; 0, 0, NR, NP/Eim/F(E)]TAB 1

[MAT,27,0/0.0, 0.0; 0, 0, 0 O]SEND.

27.2 Procedures

1. Values of H (q;Z) should be entered in each case for the entire energy range for which

integrated coherent and incoherent cross sections are given in File 23. This is true even

though the respective values may be 0.0 or Z over most of the (higher) energy range.

2. The value of Z is entered in floating-point format.

10-01-91
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30. INTRODUCTION TO DATA COVARIANCE FILES

The inclusion of uncertainty estimates is intrinsic to any evaluation of physical

constants because the practical utility of a "constant" depends on whether the true

magnitude of the quantity is sufficiently close to the quoted best value. The need is now

accepted to include uncertainties in evaluated nuclear cross section files in order that the

propagated uncertainties in nuclear analytic results can be estimated. The resulting files are

called "covariance files" as a shorthand for a more complete name such as "files of nuclear

variance and covariance data." The priority for development of formats for and evaluation

of covariance data is highest where the sensitivity of important calculated results to the

quantities in the associated cross section file is high.

Until ENDF/B-IV, the only means available to evaluators for communicating the

estimated uncertainties in the evaluated data was through publication of the documentation

of the evaluations. During the preparation of ENDF/B-IV, a Data Covariance Subcommit-

tee of CSEWG was formed to coordinate the efforts at standardizing statements made about

the data uncertainties and correlations. One of the important aspects of nuclear data and of

cross sections in particular is that the various data tend to be correlated to an important

degree through the measurement processes and the different corrections made to the

observable quantities to obtain the microscopic cross sections. In many applications when

one is interested in estimating the uncertainties in calculated results based on the cross

sections, the correlations among the data play a crucial role. In principle, the uncertainties

in the results of a calculation due to the data uncertainties can be calculated provided one is

given all of the variances in and covariances among the data elements. In practice, in

addition to the uncertainties due to the basic data, the results of calculations have

uncertainties due to imperfections in the calculational models used. In some situations

"modeling uncertainties" may dominate the uncertainties in computed results; in others

they are negligible compared to the effects of microscopic data uncertainties. In principle
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"modeling uncertainties" may be reduced by improving the models, although sometimes at

large cost. The data uncertainties may also be reduced, often at large cost, by performing

better measurements, new kinds of measurements, or sometimes a more refined analysis of

existing data.

One of the requirements of the uncertainty information is that it be easily processed to

yield the (variances and) covariances for the multigroup or other "data" used directly in the

calculations. For ENDF/B-IV the principle of having the uncertainty information on the

data tape was adopted and a trial formalism was developed. This formalism has the virtue

that the information is in such a form that it can be easily processed with minor

modification to existing processing codes. Only a few evaluations of ENDF/B-IV were

issued with data covariance information in this format. Since then, considerably more work

has been done in trying to quantify data covariances within the ENDF/B formalism and

using the information for purposes of sensitivity studies. These sensitivity studies have

been made in three different areas where the data covariances play a crucial role: propaga-

tion of uncertainties to final calculated results, adjustment of data sets incorporating

information from some integral measurements, and determination of data accuracies

needed to meet targeted uncertainties in results taking into account the correlations among

the present data. The formalism and formats for representing data covariances in

ENDF/B-V were extended to cover all of the neutron cross section data in the files.

The formats and procedures exist in ENDF-6 for representing the data covariances in

fission neutron multiplicity (File 1), resonance parameters (File 2), the neutron cross

sections (Files 3 and 10), energy distributions (File 4) and angular distributions (File 5).

There is also the capability to represent data covariances obtained from parameter covari-

ances and sensitivities. The ability to represent cross section uncertainties is rather com-

plete, while in the other cases there are restrictions. In some cases such as inelastic

scattering one may employ the subterfuge of pseudodiscrete levels to treat a continuum

using the formats and procedures of Files 3 and 33.
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Since covariance files will be incomplete, the absence of covariance data in a file in

ENDF-6 formats does not imply that the uncertainty component of interest has been

evaluated as zero. Evaluators should not unintentionally enter explicit zero covariance

components into a file, since these would imply to a user that the uncertainty or correlation

has been evaluated as negligibly small.

The dominant reason for the inclusion of covariance files in the ENDF system is to

enable estimation of the nuclear data contributions to the uncertainties in calculated results

for nuclear systems having broad (neutron) spectra. Therefore, in developing the ENDF

formats the highest priority was given to attaining this goal. The ENDF covariance files are

structured to enable processing them to any energy group structure. As is explained most

fully in Chapter 33, except for LB=8 sub-subsections the stored quantities are defined to

yield the covariances between point cross sections. To enable unambiguous processing, the

magnitudes of these components are constant between the points on the defined energy

grid.

The files have a histogram appearance, but the quantities have a precise definition that

can lead to incorrect inferences if the encoded values are used for other than the primary

purpose of uncertainty propagation with broad particle energy spectra. For example, File

33 except for LB=8 sub-subsections literally implies that the cross sections at any two

points within the same energy grid interval are perfectly correlated, and that the uncertainty

is no larger for a cross section averaged over a tiny energy interval than if it were averaged

over the whole interval between grid points. The new LB=8 format allows the evaluator to

avoid this unrealistic implication. A broadly spaced energy grid was usually chosen in

ENDF/B-V to achieve the primary purpose without attempting to provide greater covari-

ance data detail than is warranted by the available information.

As indicated above, the main purpose of the covariance information in ENDF-6

formats is to permit the propagation of nuclear data uncertainties for applications with
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broad neutron spectra. Users of the file should interpret the files as they were designed. If

modifications to the covariance data must be made by users to place the data on a finer grid

without reconsideration of the uncertainties in the underlying data, those modifications

should be designed so that the original evaluator's covariance data is recovered if the

modified results are collapsed to the evaluator's energy grid.

Modifications of covariance files to a finer grid have been required in the past by

users who employ the adjustment equations to update an existing evaluation by "adding"

new data and their associated covariances. To minimize the extent to which such users will

be tempted to make ad hoc changes to covariance files, covariance evaluators for reactions

of particular importance should employ relatively fine energy meshes to reduce the

difficulties to be encountered by future evaluator-users of the covariance files. Overlapping

structures in energy and other techniques should be used to reduce the occurrence of large

changes in correlation as one crosses any arbitrary energy boundary.

It is appropriate to define uncertainty quantities.1 Each cross section or related

quantity in an ENDF file represents a physical quantity that has a definite though unknown

true magnitude. The knowledge of each such quantity X is summarized by its density

function defined so that f(X) AX is the probability that the true numerical value of X lies

in the range AX at X. The marginal density function f(X) is the average over all other

independent variables Y, Z, . . . of the overall multivariate density function for the cross

section data base. The shape of a density function depends on the experiments that have

been performed relevant to estimating the true values of the data elements. The density

function has unit normalization for each variable.

The treatment below is paraphrased from R. Peellc, pg 14-18, "Sensitivity and Uncertainty Analy-
sis of Reactor Performance Parameters," by CR. Weisbin et al.. Advances in Nuclear Science and
Technology. VoI 14. Lewins and Becker, eds., Plenum Press, New York, 1982.
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The "expected value", (g(X)), of any function g(X) is given by the average value of

that function over the marginal density function. The simplest example is the expected

value of the quantity itself:

(X) = fx f(X) dX .

In practice, one often uses the same symbol for a physical quantity, its expected value, and

its value in a particular data set. In this Chapter, the last is written X = (X) + 6X, where

(OX) = 0. In this language the cross section etc. quantities in ENDF-6 files are expected

values.

The width of the density function reflects the scatter among experimental cross section

results and/or the uncertainties ascribed to the values by the experimenters. Thaï width is a

property of the experiments, not of the cross section quantity, so one cannot in the usual

sense "measure" nuclear data covariance data. The width arises from the ambiguity with

which each underlying experimental result defines the true value. These ambiguities are

quantified as "errors" with modifiers like "systematic" or "statistical" to indicate the origin

of the ambiguities and modifiers like "standard" or "relative" to indicate the normalization

of the uncertainty quantities. Since both systematic errors and statistical counting errors

broaden the density functions of evaluated quantities, evaluated uncertainty data must

combine both types. The systematic uncertainties are harder to estimate, and are larger than

statistical counting uncertainties in most modern nuclear experiments.

The ENDF-6 Formats deal only with the expected values of quantities and the

second-degree moments of the joint density function describing the evaluator's knowledge

of the true value of the nuclear data vector. It is not necessary to assume that the density

functions are normal in shape, or otherwise, unless one must estimate the probability that

the true value lies within a certain range of the expected value. The ENDF-6 covariance

quantities are not intended to represent, and cannot well represent, any known difference

between an ENDF-6 formatted cross section and some more-recently realized "better"
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evaluation, or any cross-section imprecision induced by ENDF-6 procedures, or the widths

of any physical distributions such as the fission neutron multiplicity distribution P(v).

The following quantities are defined that relate to the second moments of the density

function. Here (X) and (Y) are cross section or related quantities in a file using ENDF-6

formats. The quantity f(X, Y) is the full density function averaged over all variables other

than X and Y. Recall that 8X = X - (X).

COV (X, Y) = (5X 8Y)

= I UX - (X))(Y - (Y))f(X, Y) dX dY, the covariance between X and Y,

VAR (X) = COV (X, X) = (SX2), the variance of X,

s(X) = [VAR (X)]1/2, the standard error or uncertainty in (X),

p(X, Y) = COV (X, Y) / {s(X) s(Y)}, the correlation coefficient between X and Y.

The relative standard error, s(X)/(X), the relative variance VAR (X)/(X)2, and the relative

covariance, COV (X, Y) / ((X)(Y)X are o f t e n «sed.

Knowledge of the covariance is crucial to the joint application of the quantities X and

Y; for example the standard error in the sum X + Y can lie anywhere between s(X) + s(Y)

and I s(X) — s(Y) | depending upon the degree of correlation between X and Y. A nonzero

covariance between two quantities can arise from a partial dependence of one upon the

other or from a common dependence upon some third uncertain quantity.
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30.1. FILE 30, DATA COVARIANCES OBTAINED FROM PARAMETER
COVARIANCES AND SENSITIVITIES

30.1.1. General Description

File 30 is provided as a means of describing the covariances of tabulated cross

sections, multiplicities, and energy-angle distributions that result from propagating the

covariances of a set of underlying parameters (for example, the input parameters of a

nuclear-model code) using an evaluator-supplied set of parameter covariances and sensitiv-

ities. Whenever nuclear data are evaluated primarily through the application of nuclear

models, the covariances of the resulting data can be described very adequately, and

compactly, by specifying the covariance matrix for the underlying nuclear parameters,

along with a set of sensitivity coefficients giving the rate of change of each nuclear datum

of interest with respect to each of the model parameters. Although motivated primarily by

these applications of nuclear theory, use of File 30 is not restricted to any one particular

evaluation methodology. It can be used to describe data covariances of any origin, so long

as they can be formally separated into a set of parameters with specified covariances and a

set of data sensitivities.

The need for a covariance fonnat of this type became clear in connection with the

R-matrix analysis of the ENDF/B-VI light-element standards. The key parameters here are

the parameters of a few high-energy resonances in the relevant compound systems.

Another area where this fonnat is expected to find-early application is in representing the

covariances of cross sections and secondary-panicle emission spectra and angular distribu-

tions due to neutron interactions in the 0.1-20 MeV range, when the data are obtained

primarily from the optical model and statistical-preequilibrium theory. Relevant parameters

here include the optical parameters, level-density prescription, preequilibrium matrix

elements, and gamma-ray strength functions.

It is shown below that multigroup averages of parameter sensitivities are identical to

the parameter sensitivities of the corresponding multigroup data. It is the latter that are
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actually needed in most applications. (See Section 30.1.4.) To take maximum advantage of

this equivalence, sensitivity information is represented in File 30 in a format that is as

close as possible to the format for the actual data, so that the sensitivities can be retrieved

and integrated by processing codes with the least possible modification.

It should be emphasized that File 30 is not intended as a repository for complete

"evaluations of parameters." In fact, to limit the bulk of the files and to minimize

processing costs, evaluators are encouraged to reduce (if possible) the number of parame-

ters and the number of sensitivities per parameter to the minimum necessary to describe

data uncertainties or practical importance. In defining the format for File 30, no attempt is

made to prejudge the parameter definitions or types of nuclear theory that may be most

appropriate or useful. Discussion of such points is obviously encouraged in the printed

documentation, but the format itself is deliberately kept totally general. One advantage of

this generality is that the results of a wide variety of evaluation methodologies can be

described using a single format. As discussed in Section 30.1.3. below, this generality also

facilitates various mathematical operations, such as diagonalizing the parameter covariance

matrix.

30.1.1.1. Definitions

In the context of File 30 the word "sensitivity" is defined as the derivative of an

evaluated quantity, call it a, with respect to the logarithm of one of the parameters, Ct1,

(30.1)3a _ 3a
, _ — Ct; _""

An advantage of employing such derivatives is that o'- is expressed in exactly the same

units as a, whether it be an actual cross section or a distribution (energy distribution, angle

distribution, double-differential quantity, etc.)- This means, among other things, that

integrations over energy and angle can be performed with minimal changes in multigroup

processing codes. The use of derivatives with respect to the logarithms of the parameters

also meshes nicely with the use of relative parameter-covariance matrices, as shown below

in Ec. (30.7).



30.9

As discussed in detail in Section 30.1.2.1. below, a subsection of one section of File

30 is employed to store the sensitivities of the data in one section (called the referenced

section) of a file elsewhere in the material of interest.

It should be emphasized that normally there will not be a direct, one-to-one correspon-

dence between the energy or angular grid in a subsection of File 30 and that used in the

referenced section. This follows from the fact that the derivatives in File 30 are not

actually the derivatives of individual data values. Rather, the collection of data in one such

subsection should form an adequate representation of the energy-and angle-dependence of

the relevant derivative function, making effective use of the standard interpolation laws.

File 30 does not permit the representation of the uncertainty in independent variables

(the floating-point numbers that define the energy and angle grids of an ENDF section).

This would seriously complicate the calculation of the uncertainty in averaged quantities,

as discussed below. Further, if C is thought of as the output of a model calculation,

quantities such as the incident energy or outgoing angle are specified by the model-code

user and have no meaningful uncertainty. In addition, File 30 may not be used to represent

uncertainty of any integer, nor the uncertainty of stand-alone (untabulated) quantities that

affect energy or angle grids, such as masses, Q-values, and the boundaries of energy

ranges. Thus, it is understood that the data fields normally used to store probability

information (cross sections, multiplicities, or normalized distributions) are used in File 30

to record sensitivity information, but that other quantities have standard (MF*30) ENDF

definitions.

30.1.1.2. Treatment of Various Data Types

Following the general guidelines stated above, subsections of File 30 describing

cross-section (as opposed to multiplicity or distribution) sensitivities would have the same

mechanical structure as sections of File 3. Of course, since sensitivities are derivatives,

many more negative numbers would appear in the floating-point data fields than one
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normally expects to see in File 3. One can treat v data in File 1 in the same way as cross

sections.

Some interesting points arise with respect to distributions, for example tabulated data

in File 4 for elastic scattering. If the derivatives of the nonnalized angular distribution p(6)

with respect to a given parameter are large, they should be described in a subsection with

(MFSEN,MTSEN) = (4,2). Note that since p(6) is nonnalized to unity by definition, the

angle integral of the sensitivities (equal to the parameter-derivative of the angle integral)

should be zero. A second important aspect of the use of two separate functions to build the

actual desired data is that, in order to build the corresponding sensitivities, the product rule

is employed. For example, the differential elastic cross section 7(6) (bams/steradian) at

angle 6 is formed as a product,

7(9) = da/dQ = a p(8) , (30.2)

so that
3y(8) 3p(6) 3a

doc- oCX- da-

Multiplying both sides of Eq. (30.3) by <Xj, and recalling the notation of Eq. (30.1), one

gets,

YjO) = a P:(8) + c[ p(8) . (30.4)

Equation (30.4) shows, then, how the sensitivity 7J(6) is constructed from the data in two

different subsections \a\ and pj) of File 30, plus data (a and p) from Files 3 and 4, respec-

tively. The generalizations needed to treat three or more separate factors are obvious.

Both to reduce the bulk and to reduce processing costs, evaluators should simply omit

reference to sections in the main evaluation that exhibit little sensitivity to a given

parameter. Such omissions will be treated as if zeroes had been entered explicitly. For

example, if the angular distributions are omitted from File 30, then the first term on the

right in Eq. (30.4) will be omitted.
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Just as one is permitted to employ a Legendre representation of p(9) in File 4, one is

permitted in File 30 to use a Legendre expansion to represent pj(9). In fact, if it reduces the

size of the files, it is preferable to use Legendre moments for pj(8), even if p(0) itself is

given in tabular form. As mentioned above p!(0) must integrate to zero, so the magnitude of

the implied zero-th Legendre moment of p|(6) is zero, not unity. These considerations of

File 4-type sensitivities can be extended in an obvious way to treat neutron spectra in File

5, isomer-ratios in File 9, photon-production multiplicities in File 12, fission-product

yields, etc.

No fundamental new problems are introduced by considering double-differential data,

as represented in File 6. In that case, p becomes a function p(E',0) of both the final energy

and angle of the outgoing particle. The only complication that this adds is that p- in Eq.

(30.4), for example, is also doubly differential, pj = p|(E',8). It is conceivable that pj for

some parameter will exhibit more severe angle-energy correlations than p(E',6) itself, so it

is permitted to represent the emission sensitivities for a given reaction in File-6 format in

File 30, even though the angle and energy distributions for that reaction are given

separately in Files 4 and 5. In this case, the entry MFSEN=6 in the File-30 dictionary

really points to both File 4 and File 5 in the main evaluation. Since the File-6 type matrix

infonnation will in general occupy more space than the approximate treatment in Files 4

and S, this option should be exercised only on those parameters (i.e., in those sections)

where it is crucial.

30.1.13. Multigrouped Sensitivities

Multigroup operations on the data in an evaluation can be summarized as the

performance of certain weighted integrations over incident energy, secondary particle type,

secondary energy, and secondary angle. Although these operations are very complicated,

there is no commonality between the variables (or limits) of integration and the nucle-

ar-mode! parameters of concern in File 30. One can take advantage of this in calculating
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the derivatives of multigroup-averaged data with respect to nuclear-model parameters. If

we introduce g as a generic group-averaged quantity (such as a single Legendre moment of

one element of a scattering matrix), which corresponds to a differential quantity y, then

g = j dE dE1 dfl T(E,E\6) CÛ(E,E\8) , (30.5)

where G) is some weighting function. As discussed below, one frequently is interested in

the uncertainty in such multigroup quantities, and to obtain this uncertainty, one will first

need to calculate the derivative of g with respect to the parameter a;.

g| = dg
 % = od J dE dE1 dQ

or

gj = J dE dE1 dfl Yj(E1E1O) ffiCE3',6) . (30.6)

Comparing Eqs. (30.5) and (30.6), we obtain the useful result that the sensitivity of a

multigroup value to a given nuclear-model parameter is equal to the multigroup average of

the (energy- and angle-dependent) parameter sensitivity. Thus an ENDF processing pro-

gram that calculates multigroup cross sections, Eq. (30.5), can be used, with few modifica-

tions, to calculate the parameter sensitivity of the multigroup constants, Eq. (30.6). As

mentioned in the General Description above, this is the motivation for storing the

sensitivities yj in a format that is as close as possible to the format of the data y.

30.1.2. Formats

File 30 is divided into sections identified by the value of MT. (In File 30, MT does not

refer to a reaction type). Each section of File 30 begins with a HEAD record and ends with

a SEND record.

30.1.2.1. Directory and Correspondence Table (MT=I)

The first section, MT=I, of File 30 consists of a "directory" that displays the contents

and ordering of information in other sections of the file, plus an optional, cross-material

"correspondence table," described below. A section with MT=I has the following structure:
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0, NPlHEAD

NDIR, NCTAB]CONT

MTSEN1, NC1]CONT

MTSEN2, NC2]CONT

[MAT,30,l/0.0, 0.0, MPN D m , MFSENNDIR, MTSENNDIR, NCNDIR]CONT

[MAT,30,l/0.0, 0.0, MP1, LIBF1, MATF1, MPF1]CONT

[MAT,30,l/0.0, 0.0, MP2, LIBF2, MATF2, MPF2]CONT

[MAT,30,l/ZA,

[MAT,30,l/0.0,

[MAT,30,l/0.0,

[MAT.30,1/0.0,

AWR,

0.0,

0.0,

0.0,

0,

0,

MP1,

MP2,

0,

0,

MFSEN1,

MFSEN2,

[MAT,30,l/0.0, 0.0, MPNCTAB, UBFNCTAB, MATFNCTAB, MPFNCTAB]CONT

[MAT,30,0/0.0, 0.0, 0, 0, 0, O]SEND

Here MP is the parameter index, the total number of distinct parameters being NP.

NDIR is the number of CONT records in the MF=30 directory, including the internal

data-block "marker" records described below, but excluding both the correspondence table

and the SEND record. NCTAB is the number of CONT records in the correspondence table,

also excluding the SEND record.

The directory serves as a guide for the processing codes and provides, in addition, a

detailed, eye-readable list of the files and sections elsewhere in the current evaluation that

are significantly sensitive to the parameters under consideration. As shown above, this

information is presented in a fonnat that is similar to the main index for this material in

(MFJtfT) = (1,451). The pair (MFSEN,MTSEN), if non-zero, points to a section of data in

the msin body of the evaluation (the referenced data) that are sensitive to the indicated

parameter, MFSEN and MTSEN also determine the formats to be used to represent the

energy- and angle-dependence of the sensitivities. Thus, for example, if the referenced

section describes a normalized angular distribution, MFSEN=4, then any of the formats
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described in Chapter 4 of this manual may be employed to describe the sensitivity of the

distribution in (MFSEN.MTSEN) to parameter MP. The parameter NC indicates the

number of card images of sensitivity information used in this description. As discussed in

Section 30.1.2.3. below, these NC records constitute a single subsection of a later section

of File 30.

In general, a given parameter will affect the data in several different sections, so the

same value of MP will appear in several consecutive entries in the dictionary. MP is higher

in the ENDF hierarchy than MFSEN, which is in turn higher that MTSEN. Within the

File-30 framework, then, MP can be considered an index to a "submaterial."

Unlike the main directory in (MF.MT) = (1,451) the File-30 directory contains internal

file-end and submaterial-end markers. That is, within the range of records describing a

given parameter MP, and following the final reference to a given value of MFSEN, an

explicit directory entry with MFSEN=O is given,

[MAT, 30, 1/ 0.0, 0-0; MP, 0, 0, O]CONT

in order to indicate the end of information concerning MFSEN-type sensitivities for param-

eter MP. Similarly, following the final reference to a given value of MP in the directory, a

directory entry with MP=O is given,

[MAT, 30,1/ 0.0, 0.0; 0, 0, 0, O]CONT

to indicate the end of information concerning the current parameter.

It may occur that the evaluated data for two different materials are sensitive to the

same parameter, or to a common set of parameters. Here "sensitive to the same parameter"

means that the same numerical value of some particular quantity was employed in

generating both evaluations. If, in addition, the numerical value thus employed has a

substantial uncertainty, then this would imply substantial cross-material and/or cross-li-

brary data covariances. These covariances may be important in some applications, for

example in uncertainty analyses involving physical mixtures of the materials in question.
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In order to represent these cross-library or cross-material covariances, the evaluator may

include a correspondence table in the first section of MF=30 to identify the common set.

The covariances of these parameters must be given in both evaluations, and the covariances

must be identical. However, since the parameter-numbering scheme need not be the same

in different evaluations, the correspondence table is also used to specify the relationship of

the numbers assigned to these parameters in the two evaluations.

The index parameter NCTAB indicates the number of CONT records appearing in the

correspondence table of the current evaluation. NCTAB may be zero, in which case the

table is omitted. If present, the table includes, in the format shown above, the sublibrary

number LIBF, the material number MATF and the parameter number MPF of a parameter

in some external, or "foreign" evaluation that is identical to parameter MP of the current

evaluation. A value OfLIBF=O is entered if the foreign sublibrary is the same as that of the

current evaluation. The correspondence table should be ordered first on MP and then on

LIBF, MATF and MPF, respectively. No internal "marker" records are included in the

correspondence table.

30.1.2.2. Covariance Matrix (MT=2)

The second section of File 30, MT=2, contains the NP(NP+l)/2 unique, relative

covariances RCOV(LJ) of the I-th parameter with the J-th parameter in the form of NP

separate LIST records. This structure permits the inclusion of a large number of parameters

without requiring excessive computer storage during routine data handling. There is one

such LIST record for each MP-value. The structure of MT=2 is as follows:
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[MAT,30,2/ZA, AWR; 0, 0, 0, NP]HEAD

[MAT,30,2/PARMp 0.0; 0, 0, NCS1, 1/{RCOV(1,K), K=I, NCS1J]LIST

[MAT,30,2/PARM2, 0.0; 0, 0, NCS2, 2/{RCOV(2,l+K), K=I, NCS2J]LIST

[MAT,30,2/PARM3, 0.0; 0, 0, NCS3, 3/{RCOV(3,2+K), K=I, NCS3J]LIST

[MAT,30,2/PARMNJ» 0.0; 0, 0,

[MAT,30,0/0.0, 0.0; 0, 0,

1, NP/{RCOV(NP,NP) J]LIST

0,O]SEND

Since the filling of the MP-th rftw of covariance matrix begins with the diagonal

element, RCOV(MP,MP), the number of matrix elements NCSMP explicitly given in the list

must be less than or equal to (NP-MP+1). if the number given is smaller than this, the

remaining covariances in that row are taken to be zero. Evaluators can take maximum

advantage of this zero-suppression feature by assigning consecutive MP-values to members

of groups of strongly correlated parameters. The numerical value PAPJMMP of the MP-th

parameter (or optionally just a zero) is entered in the first floating-point field of the LIST.

30.1.2.3. Sensitivities (MT=ll-999)

Sections MT=H and above contain the sensitivities. A single section in this range of

MT-values is the collection of all sensitivities (or subsections) relevant to a given

parameter MP. The section number is detennined by the parameter index, using the relation

MT=MP+10. While evaluators should employ the minimum number of parameters neces-

sary, no particular limit is placed on MP, other than the obvious one that MT may not

exceed 999. The structure of a section with MT=Il and above is as follows:

[MAT,30,MT=MP+10/ZA, AWR; 0, 0, 0 NL]HEAD

<subsection for NSUB=1>

<subsection for NSUB=2>
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<subsection for NSUB=NL>

[MAT,30,0/0.0, 0.0; 0, 0, 0, O]SEND

NL in the HEAD record is the number of subsections in the current section. The

format of a subsection of a section with MT=Il and above follows, with a very few

exceptions, the format of the referenced section in the main body of the evaluation. Certain

minor "bookkeeping" changes are unavoidable; for example, the MF and MT positions of a

data record will contain 30 and (MP+10), respectively, not MFSEN and MTSEN. Of

necessity, the subsections of a section of File 30 are simply abutted to one another without

intervening SEND or FEND records. In a sense, the roles of the usual SEND and FEND

records in defining data-type boundaries are taken over here by the contents of the File-30

directory. (See Section 30.1.2.1.) For example, by reading a copy of the directory in

parallel with the reading of the subsections of a single "source section" with MT=Il and

above, a processing code could create a new ENDF-formatted evaluation on a third file

from the information encountered, with MFSEN and MTSEN written into the usual MF

and MT positions, and with the required SEND, FEND, and MEND records inserted. Each

subsection of the source section must be constructed so that the sensitivity information in

section (MFSEN,MTSEN) of a new evaluation created in this way will comply, in all

mechanical details, with the correct, current ENDF formats, as described in the chapter of

this manual devoted to data of the type (MFSEN.MTSEN). Of course, requirements of

completeness (for example, the requirement that MT=2 must appear in File 4 if MT=2

appears in File 3) do not apply in this context, since the absence of such information

simply indicates small sensitivities.

Because of the application of the product rule, as described in Section 30.1.1.2. above,

eat-h subsection of a section with MT=H and above leads in principle to a complete

multigroup, multi-Legendre-table, "transfer" matrix in which the sensitivities correspond-
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ing to the referenced section are combined with regular data from the other sections of the

evaluation. These NL matrices, when summed, give the net sensitivity of all multigroup

data to parameter MP.

30.1.3. Additional Procedures

30.1.3.1. Ordering of parameters

Since the actual parameter definitions will vary from one evaluation to the next, it is

clear that choices concerning (a) the numerical ordering of the parameters within File 30,

and (b) what parameters to omit altogether, are also left to the evaluator.

30.1.3.2. Parameter Values

Because many models are nonlinear, the actual numerical values of the parameters

PARMn may be included in the file, in order to record the point in parameter space where

the sensitivities were calculated. See the discussion of this item in Section 30.1.2.2. The

value of PARMn has no effect on propagated data uncertainties, so the units of PARMn are

given only in the printed documentation. At the evaluator's option, a zero may be entered

in place of the actual parameter value.

30.1.3.3. Eigenvalue Representation

By use of eigenvalue methods (for example the SSIEV routine described in B.T. Smith

et al., Matrix Eigenvalue Routines - EISPACK Guide, 1976), it is straightforward to find a

linear transformation that diagonalizes a given covariance matrix. This is a useful method

of locating blunders (indicated by the existence of negative eigenvalues) and redundancies

(indicated by zero eigenvalues) and is recommended as a general procedure prior to

submission of any covariance evaluation. Moreover, once having performed such a

diagonalization on a parameter covariance matrix, one could renort in MT=2 of File 30

only the eigenvalues of the matrix and, in MT=Il and above, sensitivities of the data to

variations in the effectively-independent linear combinations of the parameters (as summa-

rized in the eigenvectors). If it proves feasible in individual evaluation situations, and if it
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leads to a substantial reduction in the overall size of the file, evaluators are encouraged to

employ this technique.

30.1.3.4. Thinning of Sensitivity Information

The collection of sensitivities in one subsection should form an adequate representa-

tion of the energy-and angle-dependence of the relevant derivative function, making

effective use of the standard interpolation laws. "Thinning" the sensitivity information (that

is, removing intermediate grid points) is encouraged, in order to reduce the size of the file,

but, as a general guide, such thinning should not induce changes greater than about 10% in

the reconstructed covariances.

30.1.3.5. Cross-file Correlations

The information in File 30 is considered to describe sources of uncertainty that are

independent of those described in Files 31-40. Thus, for a given set of multigroup cross

sections, the multigroup covariance matrix obtained from File 30 should be added, in a

matrix addition sense, to such a matrix derived from the other files. This is the only level

on which File 30 "communicates" with the other files.

A complication that can occur with respect to cross-file correlations is that there may

exist strong correlations (due to normalization procedures, for example) between certain

low-energy cross sections that are evaluated directly from measurements and the parame-

ters employed to calculate the evaluated data at higher energies. If the evaluatoir wishes to

describe these correlations, the covariances for the low-energy normalization reaction (and

those for other reactions strongly correlated to it) can be "moved" from File 33 to File 30.

A possible method for accomplishing this is to consider the moved data to have been

evaluated by multiplying a well-known reference cross section by an uncertain, energy-de-

pendent, correction factor. The correction factor can be assumed to have been evaluated on

some fixed, coarse energy grid, with linear interpolation applied between grid points. In

this case the "parameters" would be the values of the correction factors at the coarse-grid
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points EG1. The sensitivities [see Eq. (30.1)] of the "experimentally evaluated" cross

sections a to these new parameters would be a series of triangular "hat" functions, with

peak values G(EG;). (Alternative approaches exist.)

30.1.4. Multigroup Applications of Parameter Covariances

Given the relative covariances, Rcov(a;, ctj) = cov(ttj, ap/ajOCj, from (MF30, MT2),

and the multigrouped sensitivities gj^ from Eq. (30.6), it is straightforward to obtain the

covariance between one multigroup datum gm and another gn. It is necessary to add the

additional index to keep track of the multiplicity of data types, as well as the possible

multiplicity of materials. (See discussion of the latter point at the end of Section 30.1.2.1.)

Making the usual approximation that gm is not an extremely nonlinear function of the

parameters, we expand in a Taylor series and retain only the first term.

COV

f

. . J Out* OU? •* J

= S §Ini Snj Rcov(aj,a.) . (30.7)

Equation (30.7) gives the desired multigroup covariance matrix in terms of the multi-

grouped (logarithmic) sensitivities from Eq. (30.6) and data read directly from the second

section of File 30.

In addition tb providing a direct route to the calculation of the uncertainty of multigroup

cross sections due to parameter uncertainties, data provided in File-30 format have the

potential for additional kinds of application, which do not involve straightforward applica-

tion ofEq. (30.7). Since these issues relate to computing requirements, it is necessary to deal

with specific examples. In situations presently foreseen, the number of nuclear parameters

might be in the range of 10 to 100, so we take 50 as typical. On the other hand, it is easy to
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imagine neutronics applications where the number of individual multigroup constants

exceeds 10000. For example, if there are 3 high-threshold neutron-emitting reactions for a

given material, the number of individual cross section items might be 3 reactions x 10

"source" groups x 80 "sink" groups x 4 Legendre tables = 9600. In such cases, the data

covariance matrix cov(gm,gn) becomes prohibitively large (108 items), while the sensitivity

matrix gVj (containing 500000 items) and parameter covariance matrix RcOv(O^OCj) (with

2500 items) remain fairly manageable. Since, according to Eq. (30.7), all covariance

information content is already contained in the latter two items, it seems likely that

multigroup libraries for high-energy neutronics applications will store these items separately,

rather than in the expanded product form.

Further efficiencies are possible if the ultimate aim is to calculate the uncertainties in

a set of predicted integral quantities (dose, radiation damage, fuel-breeding ratio, etc.),

which can be denoted by a column vector y. A typical number of such quantities might also

be around 50. The covariance matrix D(y) for the integral quantities is related (again in the

first-order approximation) to the cross section covariance matrix D(g), with elements given

by Eq. (30.7), by the familiar propagation of errors relation,

D(y) = S D(g) ST , (30.8)

where S is the 50 x 10000 sensitivity matrix relating the integral quantities y to the

multigroup cross sections g. S can be obtained from standard neutronics analyses. If we

introduce a 10000 x 50 matrix R, having elements gV, Eq. (30.7) can be re-written in

matrix form,

D(g) = R D(a) RT .

Equation (30.8) can then becomes

D(y) = S [R D(a) R1] ST = T D(a) TT . (30.9)

The product matrix T = SR, which contains the direct sensitivity of the integral data to the

nuclear-model parameters, is very compact, having about the same size as the covariance
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matrix D(cc). Note that in evaluating the matrix products in Eq. (30.9) one actually never

has to calculate the full 10000 x 10000 cross section covariance matrix.

In cases where the evaluator chooses to use File 33 for certain data and File 30 for

others, there is no logical problem with adding together integral covariances D33(y) based

on conventional sensitivity and uncertainty analysis (i.e., based on Files 3 and 33 only)

with analogous data D30(y) obtained from File 30, using Eq. (30.9), because the data

covariances due to the parameter covariances are, by definition, independent of those

described in the other covariance files.
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31. FILE 31, COVARIANCES OF THE AVERAGE NUMBER OF NEUTRONS PER

FISSION

31.1. General Description

For materials that fission, in File 1, MT=452 must be used to specify v, the average

total number of neutrons per fission. MT=455 and MT=456 may be used to specify the

average total number of delayed neutrons per fission, vd, and the average number of

prompt neutrons per fission, v , respectively.

The average number of neutrons per fission is given as a function of incident energy

for induced fission. This energy dependence may be given by tabulating the values as a

function of incident neutron energy or (if MT=452 alone is used) by providing the

coefficients for a polynomial expansion as a function of incident neutron energy. Which-

ever method is used, the result is that the quantities are specified as a function of incident

neutron energy and in this sense are similar to the data given in File 3. Therefore, the

problems associated with representing the covariances of the average number of neutrons

per fission are identical to those in File 33.

For spontaneous fission, in the sublibrary for radioactive decay, the average multiplic-

ities are given by zero-order terms in polynomial expansions, and the lack of any energy

dependence is recognized in the formats.

31.2. Formats

Induced fission formats for fission neutron multiplicity in File 31, MT=452, 455, and

456, are directly analogous to those for File 33 given in Section 33.2.

Spontaneous fission formats for neutron multiplicity in File 31, MT=452, 455, and

456, are modified from those in Section 33.2 because there is no energy dependence to

express for v or its covariance components. Therefore NC- and NI-type sub-subsections for

spontaneous fission neutron multiplicity have no energy variables present.
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File 31 NC-type sub-subsections for spontaneous fission v, MT=452, 455, or 456,

have the following structure, using definitions given in Section 33.2.

For LTY=O:

[MAT, 31, MT/0.0, 0.0; 0, LTY=O, 0, 0] CONT

[MAT, 31, MT/0.0, 0.0; 0, 0, 2*NCI, NCI/{CI, XMTI)] LIST.

For LTY=I, 2, or 3:

[MAT, 31, MT/0.0, 0.0; 0, LTY, 0, 0] CONT

[MAT, 31, MT/0.0, 0.0; MATS, MTS, 4, 1/(XMFS, XLFSS)(0.0, Weight)] LIST.

File 31 NI-type sub-subsections for spontaneous fission neutron multiplicity are

allowed with LB=O and LB=I. Sub-subsections have the structure:

[MAT, 31, MT/0.0, 0.0; 0, LB, 2, 1/(0.0, F)] LIST,

where F gives the absolute or relative covariance component depending on whether LB=O

or LB=I. (See Section 33.2 of this manual for notation.)

31.3. Procedures

All procedures given in 33.3 concerning the ordering and completeness of sections of

File 33 apply to sections of File 31: (MAT,31,452), (MAT.31,455) and (MAT.31,456).

We note that in File 1 v (MT=452), v d (MT=455) and v p (MT=456) satisfy the

relation:

v(E) = vd(E) + vp(E) .

Therefore, if one of these quantities is "derived" in terms of the other two, it is

permissible to use "NC-type" sub-subsections with LTY=O to indicate that it is a "derived

redundant cross section." See section 33.2.1.a. for an explanation of this format.

If a section of File 31 is used with MT=456, there must also be a section of File 31

with MT=452.
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When a section of File 31 for either MT=452, 455 or 456 is used for induced fission,

there must be a section in File 33 for the fission cross sections, i.e., section (MAT.33,18).

Note: 1. Since vd is much smaller than vp, it should never be evaluated by subtract-

ing v from v.

2. When a polynomial representation is used to describe the data in File 1 MT=452,

the covariance file applies to the tabular reconstruction of the data as a function of energy

and not to the polynomial coefficients.

3. The ENDF-6 fonnats do not provide for covariance references between different

sublibraries except by use of File 30. Therefore it is not possible to express the covariances

between, for example, the v for spontaneous fission of 252Cf and the v(E) for the major

fissile materials by use of NC-type sub-subsections with LTY=I, 2, and 3.

4. In ENDF-6 formats there is no provision to express uncertainty in MT=455 for the

decay constants for the various precursor families.
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32. FILE 32, COVARIANCES OF RESONANCE PARAMETERS

32.1. General Description

In File 32, MT=151, the variances and covariances may be given of the resonance

parameters in File 2, MT=151. The resonance parameters in File 2, MT=ISl, used with the

appropriate resonance formulae, provide an efficient way to represent the complicated

variations in the magnitudes of the different resonant partial cross sections, compared to

the use of File 3 alone. Similarly for File 32, the use of the covariances of the resonance

parameters of individual resonances provides an efficient way of representing the rapid

variation over the individual resonances of the covariances of the partial cross sections.

The covariance data of the processed cross sections include the effects of both File 32 and

File 33 within a given energy region, similar to the way the cross sections themselves are

the sum of contributions from File 2 and File 3.

In the resonance region the covariances of the partial cross sections are often

characterized by a) "long-range" components which affect the covariances over many

resonances, and b) "short-range" components affecting the covariances of the different

partial cross sections in the neighborhood of individual resonances. The former often can

best be represented in File 33, while the latter can be given in File 32.

When the material composition is dilute in the nuclide of concern and the. cross

sections are to be averaged over an energy region that includes many resonances, the

effects of "short-range" components are unimportant and the covariances of the averaged

cross sections can be well represented by processing the long-range components given in

File 33. Therefore, the covariances of the cross sections in the unresolved resonance energy

region should be given entirely by means of File 33 unless resonance self-shielding in this

energy region is thought to be of practical significance for a particular nuclide. For many

nuclides these conditions may also be valid in the high-energy portion of the resolved

resonance energy region.
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In the resolved resonance region it may be necessary to calculate covariances for the

resonance self-shielding factors to obtain the uncertainty in the Doppler effect. As another

example, one may require group cross section covariances where the groups are narrow

compared to the resonance width or where only a few resonances are within a group. In

these cases File 32 should be used. Because this situation may be important only in the

lower energy portion of the resolved resonance region, File 32 need not include the whole

set of resonances given in File 2. File 33 remains available for use in combination with File

32.

The ENDF-6 formats for File 32 are structured to maintain compatibility with those of

ENDF/B-V, and there are new features to permit representation of covariance components

among the parameters of different resonances. Covariances between resonance energies

and widths are now also allowed. While File 32 was limited in ENDF-S to the Breit-Wig-

ner representations (LRF=I or 2), in ENDF-6 formats covariances may also be given for

the Reich-Moore (LRF=3) and Adler-Adler (LRF=4) formulations. A limited representa-

tion is offered for unresolved resonance parameter covariance data. The conventions are

retained that the cross section covariances for the resonance region are combined from

covariance data in File 32 and File 33, and that relative covariances given in File 33 apply

to the cross sections reconstructed from File 2 plus File 3 when that option is specified in

File 2. (There is a partial exception for LRF=4.) Since the ENDF-6 formats do not allow a

continuous range of values for the total angular momentum J of a resonance, covariance

data for the resonance spin are no longer recognized.

Note that File 32 formats retain many restrictions. For example, there is no provision

for representing covariances between the parameters of resonances in two different

materials or in two isotopes within the same elemental evaluation. Since File 32 can

become cumbersome if many resonances are treated, evaluators will do so only for

nuclides of greatest practical importance.
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The strategy employed for File 32 is similar to that for smooth cross sections in that

the variance of a resonance parameter or the covariance between two such parameters can

be given as a sum of several components. Some contributions can be labeled by resonance

energy and parameter type, while others can arise from long-range covariances among

parameters of the same type for different resonances in the same isotope. The latter are

labeled by energy bands, and the same uncertainty characteristic is applied to the indicated

parameter of all the File 2 resonances in a given band.

The idea of assigning the same relative covariance to all parameters of a given type in

an energy region has limited validity. One limit arises because long-range uncertainties in

reaction yields don't generally carry over proportionately to uncertainties in the corre-

sponding reaction widths. However, gamma-ray widths are sometimes known only for

resonances at low neutron energy, and then the average of these values is used for the

resonances at higher energy. This situation motivates formats resembling File 33 except

that a relative uncertainty in the file applies to the indicated parameter (e.g. !"„)' of every

resonance in the indicated energy range. The approach here is to allow the long range

correlations to extend over any energy interval in which consistent resolved resonance

formulations are utilized.

The definitions of common quantities are as given in Chapter 2.

32.2. Formats

The format for File 32, MT=151, parallels the format for File 2, MT=151, with the

restriction to LRF = 1, 2, 3, or 4 for LRU = 1 (resolved parameters) and to LRF = 1 for

LRU = 2 (unresolved parameters). The general structure of File 32 is as follows:
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[MAT,32,151/ZA, AWR, O, 0, NIS, O]HEAD

[MAT.32.151/ZAI, ABN, 0, 0, LFW, NER]CONT (isotope)

[MAT,32,151/EL, EH, LRU, LRF, NRO, NAPS] (range)

<subsection for the first energy range for the first isotope>

[MAT.32.151/EL, EH, LRU, LRF, NRO, NAPS] (range)

<subsection for the second energy range for the first isotopo

[MAT,32,151/EL, EH, LRU, LRF, NRO, NAPS] (range)

<subsection for the last energy range for the first isotopo

[MAT,32,151/ZAI, ABN, 0, 0, LFW, NER]CONT (isotope)

[MAT,32,151/EL, EH, LRU, LRF, NRO, NAPS] (range)

<subsection for the first energy range for the last isotopo

[MAT.32.151/EL, EH, LRU, LRF, NRO, NAPS] (range)

<subsection for the last energy range for the last isotopo

[MAT,32,0/0.0, 0.0, 0, 0, 0, O]SEND

[MAT.0,0/0.0, 0.0, 0, 0, 0, O]FEND

The data are given for all ranges for a given isotope, and then for successive isotopes.

The data for each isotope start with a CONT (isotope) record; those for each range with a

CONT (range) record. File segments need not be included for all isotopes represented in

the corresponding File 2.
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If the "range" record preceeding a subsection has NRO * O, indicating that the energy

dependence of the scattering radius is given in File 2, the initial file segment within the

subsection has the form:

[MAT,32,151/0.0, 0.0, 0, 0, 0, NI]CONT

<NI sub-subsections as defined in Chapter 33.2 for the energy-dependent

covariances of the scattering radius>

The next record of a subsection (the first record if NRO = 0 has the form:

[MAT,32,151/SPI, AP, 0, LCOMP, NLS, O]CONT.

If the compatibility flag, LCOMP = 0, NLS is the number of L-values for which lists of

resonances are given in a form compatible with that used in ENDF-S as described in Section

32.2.1 below. If LCOMP * 0, then NLS = 0 and subsection formats are as shown in Sections

32.2.2 and 32.2.3.

32.2.1 Compatible resolved resonance subsection format.

This format differs from that used for ENDF-5 only in that covariances of the

resonance spin are all zero. It is applicable only for resolved parameters (LRU =1) and for

the Breit-Wigner formalisms (LRF = 1 or 2). The following covariance quantities are

defined:

DE2 The variance of the resonance energy in units eV2.

DN2 the variance of the neutron width GN in units eV2.

DNDG the covariance of GN and GG in units eV2.

DG2 The variance of the gamma-ray width in units eV2.

DNDF the covariance of GN and GF in units eV2.

DGDF the covariance of GG and GF in units eV2.

DF2 the variance of the fission width GF in units eV2.

DJDN the (null) covariance of resonance J-value and GN.

DJDG the (null) covariance of resonance J-value and GG.
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DJDF the (null) covariance of resonance J-value and GF.

DJ2 the (null) variance of resonance J-value.

A complete subsection for LCOMP = O has the following form:

<If NRO * O, a control record and NI sub-subsections for energy-dependent

covariances of the scattering radius>

[MAT,32,151/SPI, AP, O, LCOMP=O, NLS, O]CONT.

[MAT.32.151/AWRI, 0.0, L, 0, 18*NRS, NRS/

ER1, AJ1, GT1, GN1, GG1, GF1,

DNj, DNDG1, DGf, DNDF,, DGDF1,

DJDN1=O-O, DJDG,=0.0, DJDF1=O-O, DjJ=0.0 0.0

<three physical records for each resonance through resonance NRS>]LIST.

<a similar list record for each additional value of L through NLS>.

Note that in this compatible fonnat no covariance can be given between parameters of

different resonances even if they overlap.

32.2.2 General resolved resonance subsection formats.

Following the record that starts with the target spin, SPI, if it states LCOMP * 0, the

next card of a subsection defines for that isotope and energy range how many (NSRS)

sub-sections will occur for covariances among parameters of specified reson?nces and how

many (NLRS) sub-sections are to contain data on long-range parameter covariances. The

complete structure of an LCOMP = 1 subsection is as follows:

<If NRO •*• 0, a control record and NI sub-subsections for energy-

dependent covariances of the scattering radius>

[MAT,32,151/SPL AP, 0, LCOMP=I, NLS=O, O]CONT

[MAT,32,151/AWRL 0.0, 0, 0, NSRS, NLRS]CONT
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<NSRS sub-subsections each giving covariances among specified parameters

of enumerated sets of resonances>

<NLRS sub-subsections each giving long-range covariances contributions

for stated energy regions for a particular type of resonance parameter>

Covariance formats for NSRS-type sub-subsections

The formats here differ from the LCOMP = O formats of Section 32.2.1 in that

covariance between parameters of different resonances appear, resonance representations

LRF = 1 to 4 are allowed, there is no segregation by L-value, and the number of parameters

considered per resonance is declared in each sub-subsection primarily to avoid tabulating

zero covariances for fission widths in files concerning structural materials. The listed

resonances must be present in File 2, but there is no requirement that all resonances be

included in File 32 that are given in File 2.

The following paragraphs cover the formats for the NSRS sub-subsections for the

various (LRF) resonance formulations for resolved parameters (LRU =1). LRF = 1 through

4 are allowed.

LRF=1,2, LRU=I. These cases have the same formats. All the resonances for which

covariances are to be included are divided into blocks. Covariances between parameters can

only be included for resonances in the same block. (A given resonance can appear in more

than one block.) A sub-subsection covers the data for a block. Within each such block, the

parameters are given of those resonances for which covariances are included, and the upper

triangular representation of the parameter covariance matrix is included for the whole block

of resonances. For each block one specifies the number MPAR of parameters to be included

for each listed resonance in the block, since for most cases there is for example no fission

width and the size of die covariance matrix can therefore be minimized.
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The NSRS-type sub-subsections have the form below for LRF=I and 2:

[MAT.32,151/0.0, 0.0, MPAR, 0, NVS+6*NRB,NRB/

Parameters for
each resonance for
which there is co-
variance data.

Resonance parame-
ter variances and
covariances for all
resonances listed.

ER1, AJ1 GT1, GN1, GG1, GF1,

„ GN N R 8 , GG

'11* v 1,MPAR*NRB
Vn

1 2 ,

' MPAR*NRB,MPAR*NRB'

NRB' G F N R B '

V 2 2 '
V33,

0.0, 0.O]LIST

Note that the record first lists all the parameters of resonances in the group, for positive

identification, and then lists the covariance terms.

MPAR is the number of parameters per resonance in this block which have covari-

ance data (In order: ER, GN, GG, GF, GX^-indices 1 - 5)

NVS

NRB

ERk

GT,,

is the number of covariance elements listed for this block of resonances,

NVS=[NRB*MPAR*(NRB*MPAR+l)]/2.

is the number of resonances in this block and for which resonance parameter

and covariance data are given in this sub-section.

is the lab system energy of the k resonance (in this block).

is floating-point value of the spin for the k* resonance

is total width (eV) for the k* resonance. GT = GN+GG+GF+GX.

GNfc is the neutron width of the k* resonance.

GGfc is the gamma-ray width of the k resonance.

GFV is the fission width of the k resonance.
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V111n is the variance (eV ) or covariance matrix element, row m and column,

n>m. If j<MPAR is the parameter index (j=4 for fission width) for the k*

resonance in the block, m = j + (k-l)*MPAR. The indexing is in the order

defined above under MPAR.

LRF=3, LRU=I. The representation for the Reich-Moore resonance formulation is

very similar. The listing of the parameters among which covariance terms are allowed takes

the form used in File 2, namely

ER, AJ, GN, GG, GFA, GFB .

Similarly, in interpreting the indices for the covariance matrix of the parameters in a

given block of resonances, the order when LRF=3 is ER, GN, GG, GFA, GFB and the

largest possible value of MPAR is 5.

LRF=4, LRU=I. The Adler-Adler resonance representation includes background con-

stants as well as resonance parameters. The uncertainty in the background constants is to

be treated indirectly just as the smooth background given in File 3. (That is, in the energy

region EL, EU for LRF=4 any relative uncertainty data in File 33 applies to the sum of the

cross section in File 3 and the contribution of the cross sections computed from the

Adler-Adler background constants. Great care will be required if this uncertainty represen-

tation for Adler-Adler fits is used in other than single-isotope evaluations.) The inherent

assumption is that covariance data will be detailed for the largest resonances, and that one

can safely ignore covariances between the parameters of those resonances and those

representing the Adler-Adler backgrounds. It is assumed that LI=7.
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An LRF=4 NSRS sub-subsection takes the following form, using the previous defini-

tions where possible:

[MAT.32,151/0.0, 0.0, MPAR, 0, NVS+12*NRB,NRB/

Parameters for
each resonance in
the block.

Resonance param-
eter variances for
all resonances list-
ed.

DET1, DWT1, GRT1, GIT1, DEF1, DWF1,
GRF1, GIF1, DEC1, DWC1, GRC1, GIC1,

, G R T N ^ , G I T ^ , D E F N ^ ,

G R F NRB' G I FNRB' D 2 C N R B ' D W C N R B ' GRCNRB> G I CNRB'

V 12 ' - V1,MPAR»NRB '
V2,MPAR*NRB'

VMPAR*NRB,MPAR*NRB'

V33, ...
0.0, 0.0/LIST)

The Adler-Adler parameters of the selected list of resonances are given in the same

redundant style indicated in page 2.13 of ENDF-102. For LRF=4 the maximum value of

MPAR is 8 and for a given resonance the covariance matrix indexing is in the order:

H = DET = DEF = DEC, DWT = DWF = DWD = v,

GRT, GIT, GRF, GIF, GRC, GIC

Formats for Long-Range Covariance Sub-subsections (LRU=I). Here are described the

forms that the sub-subsections may take to represent long-range (in energy) covariances

among parameters of a given type. The strategy is to use formats that resemble those for

File 33 but refer to a particular parameter and equally to all resonances of a given isotope

within the indicated energy regions.

Here each sub-subsection must identify the resonance parameter considered

(*~n» *V etc-) via the parameter IDE, indicate the covariance pattern via a value of LB, and

give the energy regions and covariance components. The following table defines the

permitted values of LB. Note the definition of one LB value not defined in File 33, and that
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LB=3 and 4 are not employed in File 32 because of LB=5 is typically much more

convenient. The term Cov[ra(i), Fn(J)J j s defined as the covariance between the F a

parameters for two different resonances (indexed i and j) in the same nuclide.

LB = -1 Relative variance components entirely uncorrelated from resonance-to-

resonance but having constant magnitude within the stated energy inter-

vals.

NE-I

cov[ra(i), ra(j)] = 8ij 2 $ F £ > I*©
k=l

LB = 0 Absolute covariance components correlated only within each E^ interval.
NE-I

o>v[ra(i), raa)] = g PjJ Fg
LB = 1 Relative covariance components correlated only within each Efc interval

NE-I

cov[ro(i), ra(j)] = £ FjJ Fg ra(i) ^ .

LB = 2 Fractional covariance components fully correlated over all Ek intervals

with variable magnitude.

NE-I

cov[ra(i), ra(j)] = rg, ra(i) raa)
LB = 5 Relative covariance components in an upper triangular representation of a

symmetric matrix.

cov[ra(i), rao)] =
IcJC

ra(i) ra(j;

Note that the F('1}, FC1), and F(5) parameters have the dimensions of relative covari-

ances, the Ft0' are absolute covariances, and the F(2) are relative standard deviations.

The S and P are dimensionless operations defined in Section 33.2.

The sub-subsection format for LB =—1, 0, 1, or 2 is:
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[MAT,32,151/0.0, 0.0, IDP, LB, 2*NE, NE/ LIST

LIST

For LB = 5 the requisite format is

[MAT,32,151/O.O, 0.0, IDP, LB = 5, NT, NE/

In the above:

LB is the indicator of covariance pattern as defined above.

is the number of energies in the parameter table for a given sub-section,

is NE*(NE+l)/2.

is the identification number of a resonance parameter type. This index

depends on the resonance formulation used, as summarized in the table

below. This table is consistent with the order of parameters used in the

NSRS-type sub-subsections to define the parameter covariances included,

the first NPAR parameters in the list for the given LRF value.

LRF

NE

NT

IDP

IDP 1

1

2

3

4

5

6

7

8

fa

fb

V

GRT

GIT

GRF

GIF

GRC

GIC

For LB = 0, ± 1, 2, and S the energy values in the tables are monotonically increasing

and cover the range EL to EH. For LB = 5 the F-values are given in the upper triangular

representation of a symmetric matrix by rows, i .e .F1 1 , F 1 2 , -•• ,F1 NE_;

22» NE-1: FNE-1.NE-1 "
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32.2.3 Unresolved resonance subsection format (LRU=2)

For the unresolved resonance region a simplified covariance formulation is permitted.

For the purposes of covariance representation, no energy dependence is specified for the

average parameter relative covariances, even though in file 2 the unresolved region may be

represented with energy-dependent average Breit-Wigner parameters using LRF = 2. Rela-

tive covariance elements are tabulated, unlike the cases above.

If the evaluator wishes to represent the relative covariance of the unresolved resonance

parameters, the subsection for a given isotope has the following form.

[MAT,32,151/SPI, AP, =0, NLS, O]CONT

[MAT,32,151/AWRI, 0.0, L, 0, 6*NJS, NJS/

D1, AJ1, GNO1, GG1, GF1, GX1,

0NJS' A1NJS' GNONJS> 0 0 N J S ' G FNJS' G XNJS

<NJS card images for each L value in successive LIST records>

[MAT,32,151/0.0, 0.0, MPAR, 0, (NPAR*(NPAR+1))/2,NPAR/

RV11, RV12,

— R V 11,NPAR' -

MPAR is the number of average parameters for which relative covariance data are given

for each L and J, in the order D, GNO, GG, GF, and GX, for a maximum of 5. That is,

relative covariance values for the first MPAR of these are tabulated for each (L1J)

combination. If MPAR is given as 4 when LFW=O on the CONT (isotope) record, then the

four covariance matrix indices per (L1J) combination represent D, GNO, GG, and GX.

NPAR = MPAR*(sum of the values of NJS for each L).

The LSSF flag is defined in Section 2.3.1.
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RV-, the relative covariance quantities among these average unresolved parameters for

the given isotope. The final LIST record contains the upper triangular portion of the

symmetric relative covariance matrix by rows.

32.3 Procedures

As indicated earlier, it is desiuble to utilize File 32 when self shielding is important or

when only a few resonances fall within an energy group of the processed cross sections. It

is believed that in most cases the covariances the evaluator needs to represent will not use

many of the available File 32 options. One does not expect to find covariance data in File

32 for all the resonance parameters in File 2.

Correspondence Between Files 2 and 32. Completeness of File 32.

1. The overall energy range for a given isotope in File 32 is nested within the

corresponding range of File 2. In either case, there may be several energy range control

records. The following rules apply separately for each isotope:

a) The smallest lower range limit EL for files 2 and 32 must agree.

b) The highest upper range limit EH for File 32 may be smaller than or equal to

that for File 2.

c) In File 32 as in File 2, the energy ranges of the subsections may not leave gaps.

Subsections with LRU = 1 may overlap if consistent resonance formulations are referenced

(LRF = 1 or 2).

d) An unresolved energy region (LRU = 2) may be used in File 32 if one is

employed in File 2. If one is used, its lower energy range limit must equal the correspond-

ing limit for File 2.

2. In a File 32 LCOMP=O subsection, any selection of the resonances shown in File 2

with LRF = 1 or 2 must be listed in order of increasing energy. The resonance energy given

in File 32 shall agree with that in File 2 for the same resonance to a relative tolerance of

<10'5 to assure positive identification.
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3. In LCOMP * 0, LRU = 1 subsections, any selection of the resonances shown in

File 2 for consistent resonance formulations may be listed in NSRS-type sub-subsections.

The listed resonances should be in order of increasing energy within each block, and the

blocks should be arranged by order of increasing energy for the lowest-energy resonance in

the block. A given resonance may appear in more than one block. The resonance energy

given in File 32 shall agree with that in File 2 for the same resonance to a relative tolerance

of <10'5.

4. The energy identifiers of every NLRS-type sub-subsection must cover the entire

energy range (EL1EH) of the subsection. However, any desired covariance components

may be null.

5. NLRS-type sub-subsections may be included in any order in LCOMP * O, LRU =

1 subsections.

Obtaining Cross Section Covariances From File 32 and File 33.

1. Outside the combined energy range covered by File 32, whether in part or all of the

energy range covered by File 2, the covariance data in File 33 refers to the cross sections

reconstituted from File 2 plus File 3 according to the value of the LSSF flag.

2. In LCOMP=O subsections a non-zero variance or covariance involving the reso-

nance spin J (AJ) will be treated as null.

3. When File 32 is present for a resolved resonance range (LRU = 1), the covariances

among the effective cross sections in the region are obtained by combining data from Files

32 and 33.

a) A resonance parameter covariance matrix is developed by summing all the

contributions for each resonance from the File 32 subsections with LRU = 1.

b) The resonance parameter covariance file is processed to obtain the covariance

data of effective cross sections implied by File 32. (This data will in general be a function

of isotopic dilution and temperature.) Covariance for the various isotopes are summed with

appropriate weights if the evaluation is an "elemental" one.
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c) Covariances derived from File 32 are summed with those given in File 33. With

one exception, relative covariances given in File 33 apply to the effective cross sections

reconstituted from File 2 and File 3. In that exception, when the Adler-Adler (LRF=4)

resonance formulation is employed, any relative covariances in File 33 for that energy region

apply to the sum of the cross section from File 3 with the smooth background given for the

LRF=4 resonance data.

4. When File 32 is present for the unresolved resonance range (LRU=2), covariance

data for the region are obtained as follows:

a) File 33 covariance data for this energy region are taken to represent the

covariances of evaluated average cross sections for "infinite isotopic dilution."

b) To obtain covariances among effective cross sections for material dilutions such

that uncertainties in self shielding can become important, the effects of the unresolved

resonance parameter covariances in File 32 and the evaluated average cross section covari-

ances in File 33 are to be combined. A means for this combination was described by

deSaussure and Marable, ORNL, in a memorandum distributed at the CSEWG meeting of

May, 1981 (Nucl. Sci. Engr. KH, 285 (1989). (Note that covariances of the effective cross

sections in one test case were not much affected by uncertainties in the average parameters.

See B.L. Broadhead and H.L. Dodds, ANS Transactions Vol. 39, p. 929, December 1981.)

Example For Mat 3333.

The nucleus of concern in this example has resonances represented by LRF=2 for the

energy range (1,50). Five (5) resonances are given in File 2, one of which lies at negative

energy, but the resonance at 15 eV is considered only relative to long-range uncertainties.

Table 32.1 shows the File 2 for the example, and Table 32.2 shows the corresponding File

32.
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In File 32, there are included three NSRS-type sub-subsections and four NLRS-type

sub-subsections. Of the former, the first refers only to the negative energy resonance and

indicates the following parameter covariance contribution for that resonance, in eV2

1.0

-1.5

0

-0.2

-1.5

4.0

0

-1.0

0

0

0

0

-0.2

-1.0

0

0.8

This block is mostly to express the negative correlation between neutron width and apparent

resonance energy for this guessed resonance.

The second sub-subsection refers only to the 5-eV resonance, and conveys the following

covariance contribution:

00.5x10"

0

0

0

1x10"°

-IxIO"6

-0.2XlO"6

0

- lx lO H

0.0

-2.0x10"

0

-0.2xl0H

-2.0xl0H

4x10"

The third block covers Tn covariances for the 30 and 40 eV resonances.

The first NLRS sub-subsection gives the T uncertainty correlated among all the

resonances. The value is assumed to have been determined solely by analysis of the 5-eV

resonance. Note that the variance for the 5-eV resonance generated by the sub-subsection

fills the "hole" in the table just above (with the value 16x10"*). The second sub-subsection

expresses the expected resonance-to-resonance uncorrelated fluctuation in IV. The third and

fourth sub-subsections cover long-range uncertainties in Fn and Tf - the example for the

former might be hard for the evaluator to defend for a real nuclide.
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Table 32.1. FILE 2 FOR EXAMPLE OF FILE 32

99.280+

99.280+

1. +

1.0 +

2.7 +

-1.0 +

5.0 +

1.5 +

3.0 +

4.0 +

0.0 +

0.0 +

3

3

0

0

2

0

0

1

1

1

0

0

2.70

1.00

5.00

0.6

0.0

1.5

1.5

0.5

1.5

1.5

0.0

0.0

+ 2

+ 0

+ 1

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

LRU=

L=

4.04 +

0.07 +

0.08 +

7.04 +

6.04 +

0

0

1

0

0

0

0

0

0

0

0

0

LFW=

LRF=

LRX=

3.0 +

0.01 +

0.01 +

1.0 +

5.0 +

0

0

2

0

0

0

0

0

0

0

0

0

NIS=

NER=

NRO=

NLS=

1

1

0

1

6»NRS=30

0.04 +

0.04 +

0.04 +

0.04 +

0.04 +

0

0

0

0

0

0

0

NAPS=

NRS=

1.0 +

0.02 +

0.03 +

6.0 +

1.0 +

03333

03333

03333

03333

53333

03333

03333

03333

03333

03333

03333

03333

2151

2151

2151

2151

2151

2151

2151

2151

2151

2151

2 0

0 0

HEAD

CONT

CONT

CONT

LIST

SEND

FEND



32.19

99.280+ 3

99.280+ 3

1.

1.0

2.7

0.0

-1.0

1.0

-1.0

0.0

5.0

OJ

-0.2

0.0

3.0

4.0

2.0

-OJ

0.0

-2.0

0.0

-2.0

5.0

0.0

1.0

0.0

1.0

0.0

0.0

+ 0

+ 0

+ 2

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

- 6

- 6

+ 0

+ 1

+ 1

- 3

- 4

+ 0

+ 0

+ 0

+ 0

+ 1

+ 0

- 5

+ 0

- 5

+ 0

+ 0

2.70

1.00

5.00

0.6

0.0

0.0

U

-1-5

0.0

0.0

U

0.0

0.0

0.0

IJ

U

0.0

2.0

0.0

1.0

0.0

1.0

0.0

0.0

2.0

0.0

4.0

0.0

0.0

•NVS+6*NRB

+ 2

+ 0

+ 1

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

- 3

+ 0

- 2

+ O

- 2

+ O

+ O

+ 1

+ 0

- 4

+ O

+ 0

Table

0

0

LRU= 1

0

0

MPAR= 4

4.04

0.0

0.0

+ 0

+ 0

+ 0

MPAR= 4

0.07

0.0

-2.0

+ 0

+ 0

- 6

MPAR= 2

7.04

6.04

0.0

0.0

5.0

1.0

0.0

5.0

5.0

+ 0

+ 0

+ 0

+ 0

IDP= 3

+ 1

IDP= 3

+ 0

+ 0

IDP= 2

+ 1

IDP= 4

+ 1

0

0

32.2. SAMPLE FILE 32

0

0

LRF= 2

LCOMP= 1

3.0

-0.2

0.8

0.01

0.0

4.0

1.0

5.0

0.0

ZO

0.0

]

0.0

0.0

1.0

0.0

0

+ 0

+ 0

+ 0

+ 0

+ 0

- 6

+ 0

+ 0

+ 0

- 3

LB= 1

+ 0

LB= -1

+ 0

+ 0

LB= 5

- 4

LB= 1

+ 0

0

0

NIS= 1

NER= 1

NRO= 0

NLS= 0

NSRS= 3

16*

0.04 + 0

4.0 + 0

0.0 + 0

16*

0.04 + 0

1.0 - 6

0.0 + 0

22*

0.04 + 0

0.04 + 0

1.0 - 3

0.0 + 0

2*NE= 4

0.0 + 0

2*NE= 8

1.0 + 1

0.0 + 0

NT= 6

1.0 - 4

2*NE= 4

0.0 + 0

0

0

NAPS=

NLRS=

NRB=

1.0 +

0.0 +

0.0 +

NRB=

0.02 +

-1.0

0.0 +

NRB=

6.0 +

1.0 +

0.0 +

0.0 +

NE=

0.0 +

NE=

1.0

0.0 +

NE=

2.0

NE=

0.0 +

033333 2151 HEAD

033333 2151 CONT

033333 2151 CONT

033333 2151 CONT

433333 2151 CONT

133333 2151

033333 2151

033333 2151

033333 2151 UST

133333 2151

033333 2151

633333 2151

033333 2151 LIST

233333 2151

033333 2151

033333 2151

033333 2151

033J33 2151 LIST

233333 2151

033333 2151 UST

433333 2151

233333 2151 UST

033333 2151 UST

333333 2151

433333 2151 UST

233333 2151

033333 2151 UST

033333 2 0 SEND

03333 0 0 FEND
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33. FILE 33, COVARIANCES OF NEUTRON CROSS SECTIONS

33.1 General Description

The covariances of neutron cross section information appearing in File 3 are given in

File 33. File 33 is intended to provide a measure of the "accuracies and their correlations"

of the data in File 3 and does not indicate the precision with which the data are entered in

the File 3. Since ENDF/B represents our knowledge of the microscopic data, the File 33 is

used to give the covariances of these microscopic data. However, it should be stressed that

for most practical applications to which the files are intended the data will be processed

into multigroup variance-covariance matrices. While generating File 33 it should be

remembered that major aims are to represent adequately:

i. The variances of the group cross sections,

ii. The correlations between the cross sections of the several adjacent groups, and

iii. The long-range correlations among the cross sections for many groups.

Table 33.1 illustrates a typical relation of these three covariances with experimental

uncertainties.

These primary considerations and the inherent difficulties associated with quantifying

uncertainties should dictate the level of detail given in Files 33.

In the resolved resonance region, some of the covariances of the cross sections may be

given through the covariances of the resonance parameters in File 32. In this case, the

long-range components of the covariance matrix of the cross sections which span many

resonances may be given in File 33, since often the most important components of the

matrix are long-range.
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Table 33.1

Analogies Between File 33 Covariances Within One Section
and Uncertainties in a Hypothetical Experiment*

File 33

short-range

medium-range

long-range

Experimental

statistical

Detector Efficiency

Multiple Scattering

In/Out Scattering

Geometry

Background

Normalization

Energy Dependence

Rapid variation

Slowly varying

More or less constant

Example: If we had a 2% uncertainty due to statistics (short-range), 2% due to multiple

scattering (medium-range) and, 1% due to geometry (long-range), we would cite

a 3% uncertainty for a discrete measurement (one group covering a small energy

range); =2.5% over an energy range encompassing several measurements (sev-

eral groups which together cover a 1- to 2-MeV range); and closer to 1%

averaged over the entire energy range.

* As with all analogies, this should be used with care. It is designed to show in a familiar way of thinking
how the covariances within a section are related.

33.2 Formats

File 33 is divided into sections identified by the value of MT. Within a section, (MAT,

33,MT), several subsections may appear. Each section of File 33 starts with a HEAD

record, ends with a SEND record, and has the following structure:

[MAT,33,MT/ZA, AWR, 0, MTL, 0, NL]HEAD

<subsection for n| = 1>

<subsection for n, = 2>
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<subsection for nj = NL>

[MAT,33,0/0.0, 0.0, 0, 0, 0, O]SEND

NL in the HEAD record denotes the number of subsections within a section. A non-

zero value of MTL is used as a flag to indicate that reaction MT is one component of the

evaluator-defined lumped reaction MTL, as discussed in paragraphs at the end of 33.2. and

33.3. below; in this case, no covariance information subsections are given for reaction MT

and NL = 0.

Subsections

Each subsection of the section (MAT,33,MT) is used to describe a single covariance

matrix. It is the covariance matrix of the energy-dependent cross sections given in section

(MAT,3,MT) and energy-dependent cross sections given in section (MATl,MFl,MTl) of

the ENDF tape. [If MFl=IO, then in the subsection (MATl,10,MTl,LFSl)] The values of

MATl, XMFl=Float(MFl), MTl, and XLFSl=Float(LFSl) if MFl=IO, are given in the

CONT record which begins each subsection. Each File 33 subsection is therefore identified

with a unique combination of values (MAT,MT) and (MAT1,MF1,MT1,[LFS1]), and we

may use the notation (MAT,MT;MAT1,MF1,MT1,[LFS1]) to specify a subsection. When

MFl*10, XLFSl shall be set to 0.0 or a blank. When MFl=MF (3 in this case), the XMFl

field shall be entered as blank or 0.0.

Each subsection may contain several sub-subsections. Two different types of sub-

subsections may be used; they are referred to as "NC-type" and "NI-type" sub-subsections.

Each sub-subsection describes an independent contribution, called a component, to the

covariance matrix given in the subsection. The total covariance matrix given by the

subsection is made up of the sum of the contributions from the individual sub-subsections.
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The structure of a subsection describing the covariance matrix of the cross sections

given in the ENDF/B tape (MAT.3.MT) and (MAT1,MF1,MT1,[LFS1]) is:

[MAT.33.MT/XMF1, XLFSl, MATl, MTl, NC, NI]CONT

<sub-subsection for nc = 1>

<sub-subsection for nc = 2>

<sub-subsection for nc = NC>

<sub-subsection for nj = 1>

<sub-subsection for n-, = 2>

<sub-subsection for n; = NI>

NC is the number of "NC-type" sub-subsections which follow the CONT record.

NI is the number of "NI-type" sub-subsections which follow the "NC-type" sub-

subsections.

Sub-subsections

The "NC-type" and "NI-type" sub-subsections have different structures.

The "NC-type" sub-subsections may be used to indicate that some or all of the

contributions to the covariance matrix described in the subsection are to be found in a.

different subsection of the ENDF/B tape. The major purpose of the "NC-type" sub-

subsections is to eliminate from the ENDF/B tape a large fraction of the mostly redundant

information which would otherwise be needed if only "NI-type" sub-subsections were

used.
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The "NI-type" sub-subsections are used to describe explicitly various components of

the covariance matrix defined by the subsection.

I. "NC-type" Sub-subsections

The "NC-type" sub-subsections may be used to describe the covariance matrices in

energy ranges where the cross sections in (MAT.3.MT) can be "derived" in terms of other

"evaluated" cross sections in the same energy range. In the context of File 33, and for

purposes of discussing "NC-type" sub-subsections, we define an "evaluated" cross section,

in a given energy range, as one for which the covariance matrix in that energy range is

given entirely in terms of "NI-type" sub-subsections. The covariance matrices involving

the "derived" cross sections may be obtained in part in terms of the covariance matrices of

the "evaluated" cross sections given elsewhere in File 33.

a. LTY=O, "Derived Redundant Cross Sections"

In File 33 the evaluator may indicate by means of an LTY=O sub-subsection

that in a given energy range the cross sections in (MAT,3,MT) were obtained as a linear

combination of other "evaluated" cross sections having the same MAT number but different

MT values. By the definition of "evaluated" the covariances of these cross sections are

given in File 33 wholly in terms of "NI-type" sub-subsections. [In general the linear

relationship given in an LTY=O sub-subsection applies not only to the range of energy

specified, but also over the whole range of the file; however, it may not be the method

whereby the cross sections were obtained over the whole energy range of the file.]

The structure of an "NC-type" sub-subsection with LTY=O is:

[MAT,33JV1T/O.O, 0.0, 0, LTY=O, 0, O]CONT

[MAT,33,MT/E1, E2, 0, 0, 2*NCI, NCI/ (CI, XMTI)]LIST

In the LIST record, El and E2 define an energy range (eV) where the cross

sections given in the section (MAT,3,MT) were "derived" in terms of other "evaluated"

cross sections given in the sections (MAT,3,MTI)s.
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NCI is the number of pairs of values in the array (CI, XMTI).*

{CI, XMTI] are pairs of numbers. The coefficient CI is associated in the pair

with a value of MTI, given as a floating point number and indicated as XMTI. The pairs of

numbers indicate, in the energy raage El to E2, that the cross sections in file (MAT,3,MT),

written as MAT<TMT (E), were obtained in terms of the cross sections in files (MAT,3,MTI),

written as
MAT_ (E), as follows:

NCl

[At the minimum, the use of an LTY=O sub-subsection implies that the evaluator wishes

the corresponding covariance components to be derived as if this expression were valid.]

In this expression we have written the CI's as C1, and XMTTs as MT1. The

numbers CI are constant numbers over the whole range of energy El to E2, usually ± 1.

Note: In general each subsection describes a single covariance matrix. How-

ever, when an "NC-type" sub-subsection with LTY=O is used in a subsection, portions of

NCI+1 covariance matrices are implied and these are not explicitly given as subsections in

the File 33 (see procedure 33.3.2-a-3). In such cases the subsection may be thought of as

describing in part several covariance matrices.

b. LTY=I, 2 and 3, "Covariances of Cross Sections Derived via Ratio

Measurements to Standard Cross Sections".

Many important cross sections of ENDF/B are based on measurements of

cross section ratios. When an evaluated cross section is obtained from such measurements,

covariances so generated between the cross sections for the two reactions may become

important. This is a primary origin of ENDF-6 covariances linking cross sections for

•The notation {AI.BI1 stands for A, , B,; A2. B2; ...; A,, Bj in a LIST record.
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different materials. As seen below, these covariances depend on the covariances of the

standard cross section and on the covariances of the evaluated cross section ratios to those

standards. When the resulting multigroup covariance files are utilized, the covariances of

the ratios themselves play an important role if the performance of some system depends on

the relative magnitude of two cross sections. In order efficiently to represent in Files 33 the

covariances that depend on "absolute" ratio measurements to standards, evaluators may use

"NC"-type sub-subsections with LTY=I, 2, and 3 in appropriate File 33 subsections. [In

other cases of covariance components induced by ratio measurements, it is necessary for

the evaluator to represent the covariance components explicitly using NI-type sub-

subsections. Expressions for the covariance components that arise may be found in the

literature.1]

First we identify the covariances induced if an evaluator obtains cross section

oa(E) for (MAT1MT) within the interval ( E l f 2) entirely from absolute ratio measurements

to a cross section standard O3(E) for (MATS1MTS). That is,

oa(E) = Ct(E) CT8(E), for (El S E < E2) .

The evaluated ratio itself is assumed to be independent of the standard cross section

evaluation because the relevant measurements are similarly independent. If so, then

Rvar[ca(E)] = Rvar[a(E)] + Rvar[as(E)], for (El < E < E2);

Rcov[oa(E), CT3(E
1)] = Rcov[a(E), a(E')] + Rcov[CTs(E), CT8(E

1)], for

(El S E < E2) and (El S E" < E2);

Rcov[CTa(E), CT5(E
1)] = RCOV[CTS(E), CT3(E')], for (El S E < E2).

W. P. Poenitz, "Data Interpretation, Objective Evaluation Procedures, and Mathematical Techniques
For The Evaluation Of Energy-Dependent Ratio, Shape, and Cross Section Data,* Brookhaven Na-
tional Laboratory Publication BNL-NCS-51363, Conf. On Nuclear Data Evaluation Methods And
Techniques, p. 264, B. A. Magumo and S. Pearlstein, eds., (March, 1981). R. W. Peelle, "Uncer-
tainties and Correlations in Evaluated Data Sets Induced by Use Of Standard Cross Sections", NBS
Special Publication 425, Conference on Nuclear Cross Sections and Technology, p. 173, R. A.
Schrack and C. D. Bowman, eds., (1975).
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Rvar and Rcov are the relative variance and relative covariance defined in Chapter 30, and

the values generated by the specified ratio evaluation are zero outside the specified ranges.

The variance and covariance terms in (MAT.MT) depend on those for both the standard and

the ratio, and only for energies in ranges where the cross section is specified to depend on

this standard. However, the covariance matrix between the cross sections (MAT1MT) and

(MATS1MTS) does not depend on the covariances of the ratio determination but spans all

values of the energy E1.

A cross section O3(E) may be obtained from measurements relative to (MATS,

MTS) in energy region (El £ E < E2) and cross section ob(E') from (MATS',MT') in

energy region (El1 S E ' < E2"). If the cross sections for the two standards are correlated

and the two sets of ratio measurements are uncorrelated, then one obtains the additional

results:

Rcov[aa(E), Ob(E')] = Rcov[os(E), O5-(E
1)], for (El ^ E < E2) and

(El' S E' < E2"), zero otherwise;

Rcov[aa(E), cs.(E')] = Rcov[as(E), os.(E')], for (El £ E < E2) and all E1,

zero otherwise; and

Rcov[as(E), ab(E')] = Rcov[os(E), O5-(E')], for (El' £ E' < E2') and all E,

zero otherwise.

Note that the above expressions apply when O3(E) and ob(E') refer to the same (MAT.MT)

for which cross sections are obtain by ratios to different standards in the two energy

regions.

The most far-reaching relationship correlates oa(E) with all cross sections

correlated to the standard relative to which it was measured. That is,

Rcov[oa(E), GxCE')] = RcOV[O5(E), Ox(E
1)], for (El S E < E2) and all

Ox(E'), zero otherwise.



33.9

The right side may nonzero for many (MATX.MTX), and discretion may be required to

avoid generation in cross section processing of negligible but nonzero multigroup covari-

ance matrices.

Let the cross sections in (MAT,3,MT) be strictly "derived" in the energy range

El to E2 through the evaluation of ratio measurements to the "evaluated" cross sections

given in (MATS,MFS,MTS,[LFSS]), referred to also as the "standard" cross sections for

this "ratio evaluation". Then in the subsection (MAT,MT;MAT,3,MT,0) of the File 33 for

the material MAT, an LTY=I sub-subsection must be used to describe in part the

covariance matrix in the energy range El to E2. (LFS=O when MF=3) The part, or

component, of the covariance matrix represented by the LTY=I sub-subsection is obtained

by the user from the covariance matrix of the "standard" cross sections in the File (MFS+

30) subsection (MATS,MTS,[LFSS];MATS,MFS,MTS,[LFSS]) of the material MATS. The

other part, or component, of the covariance matrix comes from the evaluation of the

"ratios" and is given explicitly, over the range El to E2, by means of "NI-type" sub-

subsections in the File 33 subsection (MAT,MT;MAT,3,MT,0). In addition, since this

method of evaluation introduces a covariance of the "derived" cross sections in (MAT.3,

MT) over the energy range El to E2 and the "standard" cross section in (MATS,MFS,MTS,

[LFSS]) over its complete energy range, in the File 33 of the material MAT, in subsection

(MAT,MT;MATS,MFS,MTS,[LFSS]), there must be an LTY=2 sub-subsection to represent

this covariance matrix. This LTY=2 sub-subsection [which contains the same information

as the previously given LTY=I sub-subsection in the subsection (MAT,MT;MAT,3,MT,0)]

refers to a different covariance matrix than the LTY=I sub-subsection previously men-

tioned, but it can also be derived from the covariance matrix of the "standard" cross

sections in the File MFS+30 subsection (MATS,MTS,[LFSS];MATS,MFS,MTS,[LFSS]) of

the "standard" material MATS. Finally, as a consequence of the evaluation of the cross

sections in (MAT,3,MT) in the energy range El to E2, as a "ratio" to the "standard" cross
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sections in (MATS,MFS,MTS,[LFSS]), there must be in the subsection (MATS1MTS,

[LFSS];MAT,MT) of the File (MFS+30) of the "standard" material MATS an LTY=3 sub-

subsection [which also contains the same information as the previously given LTY=I sub-

subsection in the File 33 subsection (MAT,MT;MAT,3,MT1O)] which serves in the material

MATS the same role as the LTY=2 sub-subsection in the material MAT since they describe

the same covariance matrix. In addition, the LTY value of 3 serves as a "flag" to the user,

and the processing codes, to indicate existance of any additional covariances among cross

sections using the same "standard" cross sections (MATS,MFS,MTS,[LFSS]), covariances

not explicitly given in the covariance files. These additional covariance matrices can be

derived from the appropriate LTY=3 sub-subsections and the covariance matrix of the

"standard" cross sections in the File (MFS+30) subsection (MATS,MTS,[LFSS];MATS,

MFSJvlTS.DJSS]).

The structure of "NC-type" sub-subsections with LTY=I,2 and 3 is:

[MAT,33,MT/0.0, 0.0, 0, LTY, 0, O]CONT

[MAT.33.MT/E1, E2, MATS, MTS, 2*NEI+2, NEI/(XMFS,XLFSS),{EI,

WEI}]LIST

In the LIST record, El and E2 define an energy range where the cross sections

given in the section (MAT,3,MT) were obtained to a significant extent in terms of ratio

measurements to "evaluated" cross sections given in section (MATS,MFS,MTS,[LFSS]).

The number NEI is the number of energies that demark (NEI-1) regions where this

standard was employed in measurements with fractional evaluated weight WEI. The

number of items in the list record is 2*NEI+2. The file number that contains the standard

cross section is IFIX(XMFS), except that XMFS=O-O is entered when MFS=3. The value of

XLFSS is always zero unless MFS=IO.

The use of the format LTY=I, 2 and 3 is allowed when the cross sections

given in (MAT,3,MT) are oniy partially determined from ratio measurements to the cross



33.11

sections given in (MATS,MFS,MTS,[LFSS]). In such cases the list {El, WEI} indicates the

fractional weight of the ratio measurements to this standard in the evaluation of the cross

sections in (MAT,3, MT). That fractional weight is WE1 in the interval E4 < E < Ei+1. The

first value of E; in the sub-subsection shall equal the El given, and ENE, = E2.

Note A: LTY=I, 2 and 3 sub-subsections are all used as flags in subsections to

represent relative covariance matrix components obtained from the relative covariance

matrix of the "standard" cross sections that is given in a File 33, 31, or 40. There is,

however, as seen in the formulae above, a major difference between covariance matrices

obtained with LTY=I sub-subsections and those obtained from LTY=2 and 3 sub-

subsections. This difference results from the definition of their use given above. LTY=2

and 3 sub-subsections are always used in subsections where one of the cross sections

involved is the "standard" cross section used. The LTY=2 subsection appears in the File 33

[in the present case] of the material whose cross sections are "derived," whereas the LTY=

3 sub-subsection appears in the File (MFS+30) of the material whose cross sections are the

"standard"; LTY=I sub-subsections always appear in subsections describing covariance

matrices of cross sections "derived" from a "standard" and no LTY=2 or 3 sub-subsections

may appear in such subsections. An LTY=I sub-subsection represents a covariance matrix

which in principle is a "square matrix" covering the ranges El to E2. An LTY=2 or 3 sub-

section describes in principle a "rectangular matrix": the covariance matrix of the "derived"

cross sections over the energy range El to E2 and of the "standard" cross sections over their

complete energy range.

In general, if cross sections in (MAT,3,MT0) are "derived," over an energy

range El to E2, by "ratios" to "standard" cross sections in (MATS,MFS,MTS,[LFSS]), there

will be three "NC-type" sub-subsections with LTY=I, 2 and 3 generated in the covariance

files. The LTY=I sub-subsection is given in the subsection (MAT,MT;MAT,3,MT,0); the

LTY=2 sub-subsection is given in the subsection (MAT1M^MATS1MFS1MTS7[LFSS]) .
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Both of these subsections are given in the File 33 of the material MAT of the "derived"

cross sections (MAT,3,MT). The LTY=3 sub-subsection is given in the subsection (MATS,

MFS,MTS,[LFSS];MAT,3,MT,0) which is in the File (MFS+30) of the material MATS of

the "standard" cross sections (MATS,MFS,MTS,[LFSS]). There are, however, some in-

stances, such as the one taken in the example in section 33.4A, where "still another cross

section" such as those in (MAT,3,MT1) are "indirectly derived" from the cross sections in

(MATS,3,MTS) through evaluation of ratios of the cross sections in (MAT,3,MT1) to those

in (MAT,3,MT). In such cases an LTY=I sub-subsection will also be used in the subsections

(MAT,MT1;MAT,MT1) and (MAT,MT;MAT,MT1) and LTY=2 sub-subsection will also be

used in the subsection (MAT,MT1;MATS,MFS,MTS,[LFSS]). All three of these subsections

are in the File 33 of the material MAT. Corresponding to the LTY=2 sub-subsection in the

subsection (MAT,MT1;MATS,MFS,MTS,[LFSS]) of the File 33 of the material MAT, there

will also be an LTY=3 sub-subsection in the subsection (MATS,MTS,[LFSS];MAT,MT1) of

the File (MFS+30) of the material MATS.

Note B: For purposes of discussing the covariance matrices of cross sections

derived through evaluation of ratio measurements, the label "standard" cross sections was

used for the cross sections relative to which the ratio measurements were made and the

symbol (MATS,MFS,MTS,[LFSS]) was used for these cross sections. The cross sections

for which the label "standard" was used may be any "evaluated" cross sections of ENDF/B

and are not restricted to the special set of "standard cross sections" maintained in the

ENDF/B library. The "standard cross sections of ENDF/B" are the preferred ones to use for

ratio measurements in order to minimize the magnitude of the covariance matrix elements

obtained from LTY=I, 2 and 3 sub-subsections. However, they may not always be the ones

which were used in the data available to evaluators to perform evaluations.
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II. "Nl-type" Sub-subsections

The "Nl-type" sub-subsections are used to describe explicitly the various compo-

nents of the covariance matrix given in the subsection. In each "Nl-type" sub-subsection

there is a flag, the LB flag. The numerical value of LB indicates whether the components

are "relative" or "absolute," the kinds of correlations as a function of energy represented by

the components in the sub-subsection, and the structure of the sub-subsection,

a. Flag LB = 0 - 4

For values of the LB flag from 0 through 4, "Nl-type" sub-subsections have the

following structure:

[MAT,33,MT/0.0, 0.0, LT, LB, NT, NP/{Ek, Fk}{Eh F1]] LIST

LB is a flag whose numerical value determines the meanings of the numbers given

in the arrays {Ek, FjçHEj, F7).

NP is the total number of pairs of numbers in the arrays {Ek, Fk}{Ej, Fj).

NT is the total number of numbers in the LIST record. NT = 2*NP

LT is the number of pairs of numbers in the second array, (Ey, F1).

LT may be zero, in which case we have a single array {Ek, Fk}. When CIVO, we

have two arrays and the first one, {Ek, Fk} , has (NP-LT) pairs of numbers in it.

{Ejp Fk} [E1, F1] are two arrays of pairs of numbers. Each array is referred to as an

"E table," so the "Ek table" and the "E7 table" are defined. In each E tabie the first member

of a pair is an energy, En; the second member of the pair, Fn, is a number associated with

the energy interval between the two entries En and En+1.

The Ek table, and the E, table when present, must cover the complete energy range

of the File 3 for the same (MAT.MT). The first energy entry in an E table must therefore be

10"5 eV, or the reaction threshold, and the last one 20 x 106 eV unless a larger upper-energy

limit has been defined. Some of the Fk's, or Ffs, may be zero, and the last value of F in an

E table must be zero.
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We now define the meaning of the F values entered in the E tables for different

values of LB. [Note that the units of F vary.] Let Xj refer to the cross section in (MAT,3,

MT) at energy Ej and Yj refer to the cross section in (MAT1,3,MT1) at energy Ej. The

contribution of the sub-subsection to the covariance matrix COV(X1-Yj), having the units

of "barns squared," is defined as follows for the different values of LB:

LB=O Absolute components correlated only within each Ek interval

COV(X11Yp = X Pg
k

LB=I Fractional components correlated only within each Efc interval

g Fxy,k X1 Yj

LB=2 Fractional components correlated over all Ek intervals

COV(X11Yj) =
K1JL

Fxy,k F x y k , X1Yj

LB=3 Fractional components correlated over Ek and E/ intervals

COV(X15Yp = X Pj* Fx>k F y , X i Y j

LB=4 Fractional components correlated over all Ej intervals within each Ek interval

COV(X11Yp = X P g r Fk F*y./ 1 V X1Yj .

For LB=O, 1 and 2 we have LT=O, Le., only one Ek table. For LB=3 and LB=4 we

have LT^O, i.e., two E tables, the Ek and the E/ tables.

The dimensionless operators P in the above definitions are defined in terms of the

operator S as follows:

pi;k,/,... _ nk Q/ ortiç-n
1JIm1Ii,... = a i 5 i - b j 5J " •

where

SJf = 1 when E k S E1 < Ek + 1 and

S^ s O when the energy E1 is outside the range of Ek to E1^+1 of an Efc table.
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b. Flag LB = 5

It is often possible during the evaluation process to generate the relative covariance

matrix of some cross sections averaged over some energy intervals. Such relative covari-

ance matrices may be suitable for use in File 33. Although the use of LB=3 sub-

subsections allows the representation of such matrices one row (or one column) at a time,

this method of representation is very inefficient. One sub-subsection must be used for each

row (or column) and the same energy mesh is repeated in the Ek table (or E/ table) of every

sub-subsection. Often, in addition, such relative covariance matrices are symmetric about

lheir diagonal and there is no way to avoid repeating almost half of the entries with LB=3

sub-subsections. In order to allow such relative covariance matrices to be entered into the

files efficiently, LB=S sub-subsections may be used. The following definition applies for

LB=5 sub-subsections:

COV(Xj1Yj) - £ P g FxyXk X iYj
fc,k

A single list of energies {Ek} is required to specify the energy intervals labeled by

the indices k and k\ The numbers F kJc represent fractional components correlated over

the .energy intervals with lower edges Ek and Ek..

Since there is no need for Ek tables with pairs of numbers (Ek.Fk) like those found

in sub-subsections with LB<5, a new structure is required for LB=5 sub-subsections. The

structure of an LB=5 sub-subsection is:

[MAT,33,MT/O.O, 0.0, LS, LB=5, NT, NE/ {Ek} {Ffck.}]LIST.

NT is the total number of entries in the two arrays (Ek) and (Fkk.).

NE is the number of entries in the array {Ek} defining (NE-I) energy intervals.

LS is a flag indicating whether the Fk k. matrix is symmetric or not.
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LS=O Asymmetric matrix

The matrix elements Fk k . are ordered by rows in the array {Fkk.}:

There are (NE-I)2 numbers in the array {Fkk.} and

NT=NE + (NE+1)2 = NE(NE-I) + 1

LS=I Symmetric matrix

The matrix elements Fk k. are ordered by rows starting from the diagonal term in

the array {Fkk.}:

'^lck1' S ^ 1 1 ' ^1.2 •""' ^1.NE-I ' *2.2 '""' *2.NE-1 • *NE-I,NE-1

There are [NE*(NE-l)]/2 numbers in the array {Fkk.} and

NT = NE + [NE*(NE-l)]/2 = [NE*(NE+l)]/2

c. Flag LB = 6

A covariance matrix interrelating the cross sections for two different reaction types

or materials generally has different energy grids for its rows and columns. The LB=6

format described below allows efficient representation of a rectangular (not square) matrix

in one LIST record with no repetition of energy grids.

The following definition applies for LB=6 sub-subsections:

COV(X11Yj) = X P g Fxy*,/ X1Yj

where Xj as before refers to the cross section at Ej in (MAT,3,MT) and Y= refers to the

cross section at Ej in (MATl,MFl,MTl,[LFSI]).

The dimensionless operator P is as defined for other LB's. A single "stacked" list

of energies {Ey} is required to specify the energy intervals with lower boundaries labeled

by the indices k and /. That is, a single array contains the energies for the rows (Ek) and

then the columns (Z1) of the matrix with the energies corresponding to the rows given first:

(ER,,ER2,...,ERNER,ECI,EC2,...,ECNEC). The numbers F . , represent fractional compo-
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nents correlated over the energy intervals with lower boundaries E^ and Ê . The structure of

an LB=6 sub-subsection is:

[MAT,33,MT/0.0, 0.0, 0, LB=6, NT, NER/ (Ey)(F^l]LIST.

NT is the total number of entries in the two arrays {E^/HF^/). See below.

NER is the number of energies corresponding to the rows of the matrix and

defining (NER-I) energy intervals.

NEC is the number of energies corresponding to the columns of the matrix and

defining (NEC-I) energy intervals. NEC may be inferred from NT and NER.

The matrix elements F1̂ / are ordered by rows in the array {Fk /}:

^k1A = F l , l 'FU'-'F lJŒC-l ; F2,l'-'F iNEC-l ;

•••;FNER-1,1'FNER-U""'FNER-1,NEC-1 *

There are (NER-I)(NEC-I) numbers in the arrray {Fk J}. Therefore, the total

number of entries in the two arrays {Ew} and {F w } is NT = NER + NEC + (NER-

I)(NEC-I) = 1 + NER*NEC.

d. Flag LB = 8, Short Range Variance Representation

A short range self-scaling variance component should be specified in each File 33

subsection of the type (MÂT, MT; 0, MT) by use of an LB = 8 subsubsection, unless the

cross section is known to be free from unresolved underlying structure. [See section 33.3.3.].

The format is just as for LB = 0.

[MAr,33,MT/ 0.0, 0.0, LT=O, LB=8, NT, NP/IE^JILIST

where NT = 2*NP.

Only one E k table is required. The Fk valves for LB=8 have the dimension of

squared cross secticns. The magnitude of the resulting variance component for a processed

average cross section depends strongly on the size of the energy group as well as on the

values of Fk in the sub-subsection. For the simplest case of a multigroup covariance matrix

processed on the energy grid of this sub-subsection with a constant weighting function, the
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< E. < Ej+1 <

variance elements VARkk for the LB=8 component are just Fk and the off diagonal

elements are zero.

In general, each Fk characterizes an uncorrelated contribution to the absolute

variance of the indicated cross section averaged over any energy interval (sub-group) AE:

that includes a portion of the energy interval AEk. The variance contribution VAR^ from an

LB=8 sub-subsection to the processed group variance for the energy group (Ej1Ej+1) is

inversely proportional to its width AEj when (Ej1Ej+1) lies within (Ek,Ek+i) and is obtained

from the relation

VARjj = Fk AE1̂ ZAEj, where

Note that the VARJ: are variances in average cross sections. This rule suffices for arbitrary

group boundaries if subgroup boundaries are chosen to include all the Ek. No contributions

to off-diagonal multigroup covariance matrix elements are generated by LB = 8 sub-

subsections.

Lumped Reaction Covariances

A lumped reaction is an evaluator-defined "redundant" cross section, defined in

File 33 for the purpose of specifying the uncertainty in the sum of a set of cross sections,

such as those for a set of neighboring discrete inelastic levels. The uncertainty in a lumped-

reaction cross section, as well as its correlations with other reactions, are given in the usual

way using the formats described above. On the other hand, the uncertainties and correla-

tions of the individual parts or components of a lumped reaction are not given.

The File-33 section for one component of a lumped reaction consists of a single

HEAD record that contains, in the second integer field, the section number MTL of the

lumped reaction to which the component contributes. (See definition of the HEAD record

at the beginning of this Section.) The value of MTL must lie in the range 851-870, which

has been reserved specifically for covariance data for lumped reactions. These MT-

numbers may not be used in Files 3, 4 or 5, so the net cross section and net scattering
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matrix for a lumped reaction must be constructed at the processing stage by summing over

the reaction components.

A list of the components of a given lumped reaction is given only indirectly,

namely, on the above-mentioned HEAD records. These special HEAD records, with MTL

ÎÈ 0 and NL = 0, form a kind of index that can be scanned easily by the processing program

in order to control the summing operation.

Except for the need to sum the cross-section components during uncertainty

processing, lumped reactions are "normal" reactions, in that all covariance formats can be

used to describe their uncertainties in MF=33, MT=MTL. For example, one expects in

general that the covariances of a lumped reaction with other reactions, including other

lumped reactions, will be given by the evaluator. Also, a lumped reaction may be

represented, using an "NC-type" sub-subsection with LTY = 0, as being "derived" from

other reactions, including other lumped reactions. However, since uncertainties are not

provided for the separate component reactions, a lumped reaction may not be represented

as being "derived" from its components.

33.3 Procedures

Although it is not necessary to have a section in File 33 for every section in File 3, the

most important values of MT for the applications to which the evaluation was intended

should have a section in File 33.

333.1 Ordering of Sections, Subsections and Sub-subsections

a. Sections

The sections in File 33 are ordered by increasing value of MT.

b. Subsections

Within a section, (MAT,33,MT), the subsections are ordered in a rigid manner. A

subsection of File 33 is uniquely identified by the set of numbers: (MAT,MT;MAT1,MF1,

MT1,[LFS1]); the first pair of numbers indicate the section and the second set of numbers
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appears in the appropriate fields, XMFl, XLFSl, MATl and MTl, of the CONT record

which begins every subsection. [When MTI*10, XLFSl=O-O.]

1. The subsections within a section are ordered by increasing values of MATl. In

order to have the covariance matrices of the cross sections for which MATl=MAT appear

first in a section the value MATl=O shall be used to mean MATl=MAT in the CONT record

which begins the subsection

2. When there are several subsections with the same value of MATl in a section, these

subsections shall be ordered by increasing values of XMFl. When MF1=MF-3O, the XMFl

field shall be entered as blank or zero. Therefore, within a given section and for a given MATl,

the subsections for MFl=MF-30 will always appear before those for other MFl values.

3. When there are several subsections with the same value of MATl and MFl in a

section, these subsections shall be ordered by increasing values of MTl given in the CONT

record which begins the subsections.

4. When MATl=O, which according to procedure 33.3.1-b-2 means that

MATl=MAT, and XMF1=O.O meaning MFl=MF-30, only subsections for which MTl £

MT shall be given.

5. When there are several subsections with the same values of MATl, MFl=IO1

and MTl in a section, these subsections shall be ordered by increasing values of LFSl.

c. Sub-subsections

When both "NC-type" and "NI-type" sub-subsections are present in a subsection,

the format requires that the "NC-type" sub-subsections be given first.

1. "NC-type" sub-sections. Several "NC-type" sub-subsections may be given in a

subsection. When more than one is given, these must be ordered according to the value of

the energy range lower endpoint El given in the LIST record. Wc note that by definition, if

several LTY=O "NC-type" sub-subsections are given in a subsection, the energy ranges El

to E2 of these different sub-subsections cannot overlap with each other or with any LTY=I
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sub-subsection. However, in ENDF-6 formats it is permitted to have overlapping (E1,E2)

ranges for LTY>1, provided that the sum of the WEI values in one subsection is no greater

than unity at any energy. The value of the LTY flag of "NC-type" sub-subsections does not

affect the ordering of the sub-subsections within a subsection.

2. "NI-type" sub-subsections. There is no sptdal ordering requirement of "NI-

type" sub-subsections within a subsection. However, it often happens that the full energy

range of the file is covered by different sub-subsections, the F-values being set to zero in

the E-tables outside the different ranges. The readability of the files is enhanced if these

different sub-subsections are grouped together by the energy range effectively covered in

the sub-subsections.

33.3.2. Completeness

As previously stated, there is presently no minimum requirement on the number of

sections and subsections in File 33. Lack of a File 33 for a reaction does not imply zero

uncertainty. However, the presence of some subsections in a File 33, as well as the

presence of some sub-subsections in a subsection, implies the presence of other subsec-

tions either in the same File 33 or the File 33 (or 31 or 40) of another material. In what

follows we shall identify the File 33 subsections by their value of the sextet:

[MATJY[T;MAT1,MF1,MT1,(LFS1)]

a. Subsections for which MATl=O

By subsections for which MATl=O, we mean the subsections of the class (MAT,

MT;O,MF1,MT1,[LFS1]), which according to procedure 33.3.1-b-l implies that MATl=

MAT.

1. If there is a File 33 subsection (MAT,MT;O,MF1 ,MTl1[LFSl]) with MTl^MT,

there must be within the same material the two subsections: (MAT,MT;0,3,MT,0) in File 33

and (MAT,MT1;O,MF1,MT1,[LMF1]) in file MF1+30. Note that the converse is not neces-

sarily true since the two cross sections (MAT.3.MT) and (MAT,MF1,MT1,[LMF1]) may
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have zero covariances between them, which are not required to be explicitly stated in the

files. (However, see the discussion in paragraph 33.3.2.b below concerning the desirability

of explicitly representing some zero covariances.) This procedure and procedure

33.3.1-b-4 guarantee that every section of File 33, (MAT,33,MT), starts with the subsection

(MAT,MT;0,3,MT,0).

2. In a subsection (MAT,MT;0,3,MT,0), if there is an "NC-type" sub-subsection

with LTY=O, it contains a list of MTI values. There must be a subsection (MAT,MT;0,3,

MTLO) for every value of MTI given in the "NC-type" sub-subsection.

3. "NC-type" sub-subsections with LTY=O must be given only in subsections of

the type (MAT,MT;0,3,MT,0), i.e. with MTl=MT. "NC-type" sub-subsections with LTY=O,

for derived redundant cross sections, imply many covariance matrices of the "derived"

cross sections and of the "evaluated" cross sections. It is a task of the processing code to

generate these covariance matrices from the information given in the File 33.

4. In a subsection (MAT,MT;0,3,MT,0) if there is an "NC-type" sub-subsection

with LTY=I, this sub-subsection contains values of (MATS,MFS,MTS,[LFSS]). In the

same File 33, there must be a sub-subsection ( M A T 1 M T J M A T S 1 M F S 1 M T S 5 [ L F S S ] ) . There

must be another material MATS with a File (MFS+30) containing the subsection (MATS,

MTS,[LFSS];O,MFS,MTS,[LFSS]). Note that according to procedure 33.3.3a, given below,

MATS must be different from MAT in an :'NC-type" sub-subsection with LTY=I.

5. In a subsection (MAT,MT;0,3,MT,0), if there is an "NC-type" sub-subsection

with LTY=I which covers the energy range El to E2, in the same subsection there must be

at least one "Nl-type" sub-subsection with F-values different from zero in this energy range

El to E2. These "Nl-type" sub-subsections represent the relative covariance matrix of the

evaluated ratio measurements. In the energy range where WEI is the relative weight given

to the evaluated ratio to the indicated standard cross section, the processing code takes into

account the value of WEI when it applies the standards covariances. The evaluator is
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responsible for multiplying the covariances of the evaluated ratios by WEI**2 before entry

into the NI-type sub-subsections. Note that, where the weight is not unity in a given energy

region, the Nl-type sub-subsections that represent the covariance data for the ratios are

mixed together without identification in File 33.

b. Subsections for MATteO

If there is a File 33 subsection (MAT,MT;MAT1,MF1,MT1,[LFS1]) with MATl^O,

similar to procedure 33.3.2-a-l, there must also be a subsection (MAT,MT;0,3,MT,0) in the

same File 33. There must also be two sub-subsections, (MAT1,MT1,[LFS1];O,MF1,MT1,

[LFSl]) and (MATLMTU[LFSlIiMAT1SJyTCO) in the File (MF1+30) for material MATl.

33.3.3. Other Procedures

a. "NC-type" sub-subsections with LTY=I shall only be used with MATS^MAT.

The use of LTY=I sub-subsections is reserved for covariance matrix components arising

out of ratio measurements of cross sections of different nuclides, i.e. different values of

MAT.

b. If a single "NC-type" sub-subsection with LTY=O is used in a subsection and

there are no "NI-type" sub-subsections, the value of El must be 10"5 eV, or the reaction

threshold, and the value of E2 must be the highest energy for which the conesponding

cross section is given, at least 2 x 1O+7 eV.

c. As a consequence of the definition of "NC-type" sub-subsections with LTY=O,

if there are any "NI-type" sub-subsections in the same subsection, the F-values in their E-

tables must be zero within the range El to E2 of these "NC-type" LTY=O sub-subsections.

d. "Nl-type" sub-subsections with LB=O shall in general be avoided and forbidden

in the case of cross sections relative to which ratio measurements have been evaluated.

[Therefore, the acknowledged "standard cross sections" shall not have LB=O, "Nl-type"

sub-subsections.] The use of LB=O "Nl-type" sub-subsections should be reserved for the

description of covariance matrices of cross sections which fluctuate rapidly and for which

details of the uncertainties in the -deep valleys" of the cross sections are important.
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e. The formats of File 33 allow for the possibility of great details to be entered in

the files if needed. The number of "NI-type" sub-subsections and the number of energy

enlries in their Ek and E7 tables will be a function of the details of the covariance matrices

available and the need to represent them in such detail. However, good judgement should

be used to minimize as much as possible the number of different entries in the Ek and E/

tables. An important quantity to note is the union of all of the E values of the Ek and E/

tables of a File 33. A reasonable upper limit of the order of a few hundred different E

values for the union of all energy entries in all of the Ek and Ej tables in a File 33 should

be considered.

Note that the evaluator's covariance values will be most readily recognized in a

processed multigroup covariance matrix when the energies in the Ek and E^ tables can be

chosen from the set of standard multigroup energy boundaries. If in the File 33 the

uncertainties in a cross section are represented using LB=O or 1 in regions of width AEj,

and if the file is processed to give a multigroup covariance library with group width in that

energy region AEa such that AE1 > AEa, the correlation patterns in ENDF-6 are defined so

that the processed group uncertainties are lowest and the intergroup correlations greatest

when an energy group of the processed covariance matrix is evenly split by a covariance

file Efc value. This behavior has alarmed some users. However, because of the correlation

pattern set up, no big anomalies arise in the uncertainty projected for an integral quantity

that is sensitive to a broad spectrum of incident particle energies. The magnitude of the

effect can be reduced by using narrower intervals in LB=O, 1 files, or more favorably by

using overlapping files with staggered energy edges.

f. The groundrules above (see 33.2, under LT=I sub-subsections) state that if cross

sections are obtained by evaluating ratio measurements to a "standard cross section," the

latter cross section should be "evaluated" in the sense that there are no NC-type sub-

subsections with LTY=O or 1 describing the covariance data for that cross section. This
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leads to procedural requirements: 1) Evaluators of established standard cross sections

should endeavor to avoid the use of any LTY=O or LTY=I sub-subsections. If the physics

of an evaluation problem should require that this rule be broken, the CSEWG should be

informed and the text documentation should call attention to the situation. 2) If an

evaluated cross section is best obtained as the ratio to a cross section in another material

that is not an established standard, than an evaluator needs to contact the evaluator of that

material to be reassured that NC-type sub-subsections will not appear in the files for the

reference cross section for the energy region of concern. Such communication is required

in any case to encourage the evaluation of the covariance data for that reference cross

section, without use of LB=O sub-subsections, and to assure that the required LTY=3 sub-

subsection will be entered. To aid the review process, a written form of this communication

should be sent to the CSEWG.

g. The ENDF-6 formats allow the evaluator to recognize the partial dependence of

a cross section on a standard cross section. This means that it is possible to recognize in

the covariance files an evaluation that utilizes some absolute data as well as ratio data to

one or more standard cross sections. Use of this capability is expected to be necessary to

properly represent some covariance information. Since processing complexity is thereby

induced, evaluators are urged to use this capability with caution, and in no case to

represent the dependence of a cross section in a given energy region on ratio measurements

to more than two standard cross sections.

h. The discussion of the covariance terms that arise from evaluated cross section

ratio measurements was based entirely on so-called absolute ratio measurements. Evalua-

tors should note that various types of cross section "shape" measurements induce addi-

tional covariance terms that can be derived for specific situations. While these terms

typically involve covariance information about the standard cross section, within ENDF-6

formats the evaluator must include them in NI-type sub-subsections in the covariance files

of the derived cross section.
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i. When cross section A is correlated to B, and cross section C is also correlated to

B even though A is uncorrelated to C, evaluators should include the file segments that

express this zero correlation to signify to reviewers and users that an unusual case is

recognized. This is the exception to the general rule that zero covariances need not be

openly expressed in the covariance files.

j . The lumping of reactions for uncertainty purposes will be useful mainly in

connection with discrete-level inelastic scattering cross sections. However, other reactions,

such as (n,n'p), (n.n'a), and (n,n' continuum), may also be treated in this way.

k. In order not to lose useful uncertainty information, reactions lumped together

should have similar characteristics. Ordinarily, the level energies of discrete inelastic levels

lumped together should not span a range greater than 30-40%, and the angular distributions

should be similar.

1. The components of a lumped reaction need not have adjacent MT-numbsrs.

m. Lumped-reaction MT-numbers must be assigned sequentially, beginning at 851.

The sequence is determined by ordering the lumped reactions according to the lowest MT-

number included among their respective components. Thus, the first value of MTL

encountered on any component-reaction HEAD record will be 851. The next new value of

MTL encountered will be 852, and so on.

n. Lumped reactions with only a single component are permitted. This is recom-

mended practice when, for example, an important discrete inelastic level is treated

individually, while all of its neighbors are lumped. Covariances for both the individual

level and the nearby lumped levels can then be placed together in sections 851-870.

o. An LB=8 sub-subsection should be included in each (MAT, MT; 0, MT)

subsection unless the cross section is known to be free from unresolved underlying

structure.*TheDopplereffectinreactorapplicationssmoothscrosssectionsonanenergy scale too

•For example, if covariance data for neutron scattering from hydrogen were to be represented in File 33,
one would expect no component that could be properly represented by an LB=8 sub-subsection. Covari-
ance data in such cases may best be represented in File 30.
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narrow to be of concern for LB=8 covariance evaluation. This sub-subsection must cover the

entire energy range of the section (threshold to at least 20 MeV). Use of zero values for Fk

in any part of this energy range should be avoided because such usage could induce the

problem of nonphysical full correlation between neighboring fine-group cross sections, the

problem that the L=8 format was designed to solve. The LB=8 format may not be used for

cross-reaction covariances.

Note that the law for processing LB=8 sub-subsections directiy references the

variance of an avarage cross section rather than the variance of a pointwise cross section. If

a fine-grid covariance matrix is developed and then collapsed to the evaluator's E k grid

with constant weighting, the resulting variance components are just the Fk. (A completed

multigroup covariance matrix cannot in general be correctly "reprocessed" to a finer energy

mesh; one must process the ENDF/B-VI covariance files).

The values of Fk may be chosen by the evaluator to account for statistical

fluctuations in fine-group average cross sections that are induced by the width and spacing

distributions of the underlying resonances. Values may also be chosen to represent the

uncertainty inherent in estimating the average cross sections for small energy intervals

where little or no experimental data exist and smoothness is not certain.

The LB=8 sub-subsections help prevent mathematical difficulties when covariance

matrices are generated on an energy grid finer than that used by the evaluator, but Fk

values must be chosen carefully to avoid accidental significant dilution of the evaluated

covariance patterns represented in the other sub-sections. If no physical basis is apparent

for choosing the Fk values, they may be given values about 1% as large on the evaluator's

grid as the combined variance from the other sub-subsections. Such values would be small

enough not to degrade the remainder of the covariance evaluation, and large enough to

assure that the multigroup covariance matrix will be positive definite for any energy grid if

the matrix on the evaluator's energy grid is positive definite.
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33.4 Example

We illustrate here the use of File 33 by means of two concrete examples.

A. Use of LTY=I and LTY=2 "NC-type" subsections

Let us consider the hypothetical evaluation of Pu-239, MAT=1264. Assume that the

decision is made that in File 33 only the fission cross sections and the capture cross

sections shall have covariances represented. The following methods were used in perform-

ing the hypothetical evaluation:

1. Fission cross sections, MT=18

Let Xj stand for the fission cross section of Pu-239 at the energy E1.

a. From 10'5 eV to an energy ES, X1 was evaluated in terms of -direct" or

"absolute" measurements, Aj. By this we mean that in this energy range, Xj and its

uncertainties are independent of any other cross sections. In this energy range Xj = Aj.

b. From ES to 20 MeV, Xj was evaluated by means of ratio measurements to

Yj, the fission cross section of U-23S, to which we assign the MAT number 1261. In this

energy range Xj = RjYj, where Rj is the evaluated ratio at energy Ej.

2. Capture cross sections, MT=102

Let Zj stand for the capture cross section of Pu-239 at the energy Ej. In this

evaluation, Zj was obtained by the evaluation of aj, the ratio of capture to fission cross

sections, over the complete range of the file. Therefore we have Z1 = ajXj.

In this evaluation then, only 3 quantities were evaluated: Aj from 10"s eV to

ES, Rj from ES to 20 MeV, and aj from 10"5 eV to 20 MeV. The evaluation of these

quantities resulted in the evaluation of three covariance matrices: COV(Aj1Aj), COV(RjJIj)

and COV(aj,aj). Let us now assume that in addition it has been determined that these three

different quantities are uncorrelated, i.e. covariances such as COV(Aj,aj) can be neglected.

COV(AjA-)
Let us denote relative covariance matrices such as as <dA;-dA:>,

AjAj J
and similarly for the other quantities.
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From 10"5 eV to ES, since X1 = A1 and Z1 = afc, we have:

<dXrdXj> = <dArdAj>

= <dAjdAj>

<dZ;dZj> = <dajdaj> + <dA;-dAp

From ES to 20 MeV, since X1 = RjY4 and Z1 = a ^ , we have:

<dXrdXj> = <dRrdRj> + <dYidYj>

<dXidZj> = <dRi-dRj> + <dYfdYj>

<dXfdYj> = <dYi-dYj>

<dZj-dZj> = <dai-daj> + <dRj-dRj> + <dYjdYj>

<dZjdYj> = <dYrdYj>

We note that in the above we have expressed all of the covariance matrices of

the cross sections in tenns of the covariance matrices of the evaluated quantities and the

covariance matrix of the U-23S fission.

For purposes of illustrating the use of the formats we heed not know the

details of how the covariance matrices <dAi-dAj>> <dRidR:> and <dai-da=> are represent-

ed. They must be represented by one or more "NI-type" sub-subsections having an Ek

table, or could be so represented. For our purposes, we symbolically represent each one of

them in terms of a single "Nl-type" sub-subsection with a single E]c table:

Whether one or more "Nl-type" sub-subsection is used, each one of the E

tables used in the sub-subsections can be written as:

= {1.0E-5, Ff ;...; E ^ j f ;...; ES, 0.0; 2.0E+7.0.0},

= {1.0E-5, 0.0; ES, Ff ;...; Ef, F* ;...; 2.0E+7.0.0},

^} = {1.0E-5, F^ ;...; E^,F|; ...; 2.0E+7, 0.0},

the E and F values explicitly shown must have the values indicated above for this example.
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In the listing given in Table 33.2 for the File 33 of MAT=1264, corresponding

to our example, we have shown with only one sub-subsection each of the matrices

<dAi-dAj> , <dRjdRj> and <daj,daj>. E s is taken as 2 x 105 eV.

Note: In the File 33 of MAT-1261 in the subsections (1261,18;1264,18) and (1261,

18;1264,102) an LTY=3 "NC-type" sub-subsection c , Tesponding to the LTY=2 sub-

subsections of Table 33.2 must be inserted.

Table 33.2. Example of File 33 with "NC-type" LTY=I sub-subsections.

NL= 3126433 18 HEAD

NI= 2126433 18 CONT

0126433 18 CONT

NE= 2126433 18 LIST

0.00000+ 0126433 18<dYj x dYj>

NE= 7126433 18 LIST

3.60000- 3126433 18<dAi x dAj>

0.00000+ 0126433 18

126433 18

NE= 3126433 18 UST

0.00000+ 0126433 18<dR| x dRj>

NI= 2126433 18 CONT

0126433 18 CONT

NE= 2126433 18 UST

0.00000+ 0126433 18-

NE= 7126433 18 UST

3.60000- 3126433 18<dAj x

0.00000+ 0126433 18

126433 18

NE= 3126433 18 UST

0.00000+ 0126433 18<dRj x dRj>

9.42390+

0.00000+

0.00000+

2.00000+

0.00000+

0.00000+

1.00000-

3.00000+

ZOOOOO+

0.00000+

1.00000-

0.00000+

0.00000+

2.00000+

0.00000+

0.00000+

LOODOO-

3.00000+

2.00000+

0.00000+

1.00000-

4

0

0

5

0

0

5

4

7

0

5

0

G

5

0

0

5

4

7

0

5

2.36999+ :

0.00000+1

0.00000+

2.00000+

0.00000+

0.00000+

0.00000+

4.90000-

0.00000+

0.00000+

0.00000+

0.00000+

0.00000+

2.00000+

0.00000+

0.00000+

0.00000+

4.90000-

0.00000+

0.00000+

0.00000+

2

0

0

7

0

0

0

3

0

0

0

0

0

7

0

0

0

3

0

0

0

0

MATl=O

0

MATS=1261

2.00000+5

LT=O

1.00000+0

1.00000+ 5

LT=O

2.00000+5

MATl=O

0

MATS=1261

2.00000+5

LT=O

1.00000+0

1.00000+ 5

LT=O

2.00000+5

0

MT1=18

LTY=I

MTS=18

1.00000+ 0

LB=I

2.50000- 3

6.40000-3

LB=I

4.00000-4

0

NC=I

0

NT=6

2.00000+ 7

NT=14

3.00000+ 2

2.00000+ 5

NT=6

2.00000+ 7

(1264,18;O.1O2)

MT1=1O2

LTY=I

MTS=18

1.00000+0

LB=I

2JO00O-3

6.40000-3

LB=I

4.00000-4

NC=I

0

NT=6

2.00000+ 7

NT=14

3.00000+2

2.00000+ 5

NT=6

2.00000+ 7

(1264.18-.1261.18)

xdYj>
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Table 33.2. Example of File 33 with "NC-type" LTY=I sub-subsections, (continued)

0.00000+ 0 0.00000+ 0 MAT1=1261 MTl=I 8 NC=I

0.00000+ 0 0.00000+ 0 0 LTY=2 0

2.00000+ 5 2.00000+ 7 MATS=1261 MTS=18 NT=6

NI= 0126433 18 CONT

0126433 18 CONT

NE= 2126433 18 LIST

0.00000+ 0 0.00000+ 0 2.00000+ 5 1.00000+ 0 2.00000+ 7 0.00000+

0.00000+ 0 0.00000+ 0

0

MATl=O

0

0 0 0

(1264,102;0,102)

0 0

MTl=102 NC=I

LTY=I 0

MTS=18 NT=6

0126433 18<dYj x dYj>

0126433 0 SEND

NL= 2126433102 HEAD

NI= 3126433102 CONT

0126433102 CONT

NE= 2126433102 U S T

1.00000+ 0 2.00000+ 7 0.00000+ 0126433102<dYi x dYj>

3126433102<dAj x dAj>

9.42390+ 4 236999+ 2

0.00000+ 0 0.00000+ 0

0.00000+ 0 0.00000+ 0

2.00000+ 5 2.00000+ 7 MATS=1261

0.00000+ 0 0.00000+ 0 2.00000+ 5

0.00000+ 0 0.00000+ 0 LT=O LB=I NT=14 NE= 7126433102 UST

1.00000- 5 0.00000+ 0 1.00000+ 0 2 JOOOO- 3 3.00000+ 2 3.60000-

3.00000+ 4 4.90000- 3 1.00000+ 5 6.40000- 3 ZOOOOO+ 5 0.00000+ 0126433102

2-00000+ 7 0.00000+ 0 126433102

0.00000+ 0 0.00000+ 0 LT=O LB=I NT=6 NE= 3126433102 U S T

1.00000- 5 0.00000+ 0 2.00000+ 5 4.00000- 4 2.00000+ 7 0.00000+ 0126433102<dRj x dRj>

0.00000+ 0 0.00000+ 0 LS=I LB=5 NT=21 NE= 6126433102 U S T

1.00000- 5 2^3000- 2 9.00000- 2 2.50000- 1 1.00000+ 0 2.00000+

2.21000- 3 4.84000- 4 3.62000- 4 3.56000- 4 0.00000+ 0 4.84000-

3.10000- 4 3.04000- 4 0.00000+ 0 6.25000- 4 2.30000- 4 0.00000+

2.21000- 3 0.00000+ 0 0.00000+ 0 0.00000+ 0 0.00000+ 0 0.00000+

(1264.102:1261,18)

0.00000+ 0 0.00000+ 0 MAT1=1261 MTl=I 8 NL=I NI= 0126433102 CONT

0.00000+ 0 0.00000+ 0 0 LTY=2 0 0126433102 CONT

2.00000+5 2.00000+7 MATS=1261 MTS=18 NT=6 NE= 2126433102 UST

0.00000+ 0 0.00000+ 0 2.00000+ 5 1.00000+ 0 ZOOOOO+ 7 0.00000+ 0126433102<dY; x dYj>

0.00000+ 0 0.00000+ 0 0 0 0 0126433 0 SEND

7126433102<dai x dap

4126433102

0126433102

0126433102
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B. Use of LTY=O, "NC-type" sub-subsections

Let us consider a hypothetical evaluation of C-12, MAT=1274. The decision is made

that in File 33 the MT values 1,2,4,102 and 107 shall have covariances represented. We shall

use the notation developed in the previous example. The following method was used in this

evaluation:

1. Total cross sections, MT=I

The total cross sections, aT, were evaluated over the complete energy range,

with the covariance matrix obtained, and:

<daTdaT>

•? pTi _ r i np_<5 pT • - pT pT . . 2 np+7 n n\

with

2. Elastic cross sections, MT=2

The elastic cross sections, op, were "derived" up to 8.5 MeV from the

"evaluated" cross sections:

with

Above 8.5 MeV the elastic cross sections were evaluated and:

<dofdof>

{Efj^} = {1.0E-5, 0.0; 8JE+6, Ff ; ...; E p f ;.„; 2.0E+7, 0.0}

3. Inelastic cross sections, MT=4

The inelastic cross sections, oj, were evaluated from threshold, 4.8 MeV, to 8.5

MeV and:
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with

ijFl} = {l.OE-5, 0.0; 4.8E-^, FÎ ;...; 4 - 4 ;...; 8.5E+6, 0.0; 2.0E+7, 0.0}

Above 8.5 MeV the inelastic cross sections were "derived" and:

oi-.f-.j '- .f-.f.

4. Capture cross sections, MT=102

The capture cross sections, CTj, were evaluated over the complete energy range

and:

with

= {l.OE-5, i f ;...; E^ F £ ;...; 2.0E+7, 0.0}

5. The (n,a) cross sections, MT=107

The (n,a) cross sections, o", were evaluated from threshold, 6.18 MeV to 20

MeV and:

with

<dof-dof>

= {l.OE-5, 0.0; 6.18E+6, F? ;...; E£, F £ ;...; 2.0E+7, 0.0} .

In the listing given in Table 33.3 for File 33 of MAT=1274, corresponding to

our example, we have shown only one "Nl-type" sub-subsection for each evaluated

covariance matrix. Again it is assumed that there are no correlations among the directly

evaluated quantities.

The above example has great similarity to the way the evaluation of C-12 was

made, the major difference being that instead of MT=4 being evaluated, the evaluation was

made for MT=51 and MT=91. Since it will illustrate some of the procedures of File 33, let
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us now consider adding to the above File 33 for MAT=1274 the covariance matrices for

MT=51 and MT=91.

a. MT=51

The inelastic scattering to the first excited state, o^\ up to 8.5 MeV is

identical to oj. Therefore we may consider up to 8.5 MeV that or1 is a "derived" cross

section with: o?1 = aj. This is permissible because MT=4 has only "Nl-type" sub-

subsection in this energy range.

From 8.5 MeV to 20 MeV, MT=51 was evaluated and:

<dof

F*1} = {1.0E-5, 0.0; 8.5E+6, Ff1 ;...; E*1, FJ 1 ;...; 2.0E+7.0.0}

with

b. MT=91

From 8.5 to 20 MeV, the continuum inelastic, o?1, was "derived" as:

a?1 = oj - o?1. However, we cannûi. use this relationship for purposes of File 33 because

oj in this energy range is indicated in the file as being already "derived."

Therefore, for purposes of File 33, we must write:

which now only refers to cross sections having exclusively "Nl-type" sub-subsections.

Therefore we may now add the sections to the File 33, MAT=1274, shown in Table 33.4, to

have a more complete File 33.
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Table 33.3. Example of File 33 with "NC-type" LTY = 0 sub-subsection.

6.012001- 3

0.00000+ 0

0.000004-0

1.00000- 5

0.00000+0

6.01200+ 3

0.00000+0

0.00000+0

1.00000-5

1.00000+0

-1.00000+0

0.00000+0

1.00000-5

2.00000+7

0.00000+0

6.01200+ 3

0.00000+0

0.00000+0

8.50000+6

1.00000+0

-1.00000+0

0.00000+0

4.80000+6

2.00000+ 7

0.00000+ 0

6.01200+ 3

1.18969+ 1

0.00000+ 0

0.00000+ 0

5.00000- 5

0.00000+ 0

1.18969+ 1

0.00000+ 0

0.00000+ 0

8.50000+ 6

1.00000+ 0 -

1.07000+ 0

0.00000+ 0

0.00000-0

0.00000+ 0

0.00000+ 0

1.18970+ 1

0.00000+ 0

0.00000+0

2.00000+ 7

1.00000,- o

1.07CGtH- 2

0.00000+ 0

1.00000-3

0.00000+ O

0.00000+ O

1.18969+ 1

0

0

0

2.00000+ 6 :

0

0

0

0

0

-1.00000+ 0

0

8.50000+ 6

0

0

0

0

0

-1.00000+0

0

6.00000+ 6

0

0

(1274,1:0,1)

0

1

1

2.50000- 5 2.00000+

0

(1274,2:0,2)

0

2

0

0

4.00000+ 0 -1.00000+

1

8.00000- 6 1.50000+

0

(1274,4:0.4)

0

4

0

0

ZOOOOO+ 0 -1.00000+

1

1.00000-4 8.5000OH

O

(1274,102;0,102)

0

0

0

6

7

0

0

1

0

8

0

8

6

0

0

1

0

8

0

8

0

0

0.00000+

1.02000+

2.5000O-

1.02000+

0.00000-

1112733

1112733

3112733

0112733

0112733

1112733

1112733

0112733

4Î12733

2112733

112733

4112733

5112733

112733

0112733

1112733

1112733

0112733

4112733

2112733

112733

4112733

0112733

112733

0112733

1 HEAD

1 CONT

1 UST

1

0 SEND

2 HEAD

2 CONT

2 CONT

2 UST

2

2

2 UST

2

2

0 SEND

4 HEAD

4 CONT

4 CONT

4 UST

4

4

4 UST

4

4

0 SEND

1112733102 HEAD
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Table 33.3. Example of File 3? with "NC-type" LTY = 0 sub-subsection, (continued)

0.(XXXKh- 0 0.00000+ C 0 102 0

0.00000+ 0 0.00000+ 0 0 1 6

1.00000- 5 ',.60000- 3 1.00000+ 3 4.00000- 2 2.00000+ 7 0.00000+

0.00000+ 0 0.00000+ 0 0 0 0

6.01200+ 3 1.18969+ 1

0.00000+ 0 0.00000+ 0

0.00000+ 0 0.00000+ 0

6.18000+ 6 1.00000- 5 6.32000+ 6 1.00000- 4 7.36000+ 6 2.00000-

2.00000+ 7 0.00000+ 0

0.00000+ 0 0.00000+ 0 0 0 0

0

0

0

(1274,107;0,107)

0

107

0

0

0

8

1112733102 CONT

3112733102 UST

0112733102

0112733 0 SEND

1112733107 HEAD

1112733107 CONT

4112733107 UST

4112733107

112733107

0112733 0 SEND

Table 33.4. Additional sections of File 33 which could be added to File 33 given in
Table 33.3

6.01200+ 3

0.00000+ 0

0.00000+0

1.00000- 5

1.00000+0

0.00000+0

1.00000- 5

0.00000+0

6.01200+ 3

0.00000+ 0

0.00000+ 0

8.50000+6

1.00000+0

-1.00000+0

0.00000+ 0

1.18969+ 1

0.00000+0

0.00000+0

8 JOOOO+ 6

4.00000+ 0

0.00000+0

0.00000+0

0.00000+0

1.18969+ 1

0.00000+0

0.00000+0

ZOOOOO+7

1.00000+ 0

1.02000+ 2

0.00000+ 0

0

0

0

0

0

8.50000+6

0

0

0

0

0

-1.00000+ 0

-1.00000+ 0

0

(1274,51;O,51)

0

51

0

0

1

2.50000- 3 ZOOOOO+

0

(1274,91:0,91)

0

91

0

0

ZOOOOO+ 0 -1.00000+

1.07000+ 2

0

0

1

0

2

6

7 0.00000+

0

0

1

0

10

0 5.10000+

0

1127433

1127433

0127433

1127433

127433

3127433

0127433

0127433

1127433

0127433

0127433

5127433

1127433

127433

0127433

51 HEAD

51 CONT

51 CONT

51 UST

51

51 UST

51

0 SEND

91 HEAD

91 CONT

51 CONT

51 UST

51

51

0 SEND
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34. FILE 34, COVARIANCES FOR ANGULAR DISTRIBUTIONS OF

SECONDARY PARTICLES

34.1 Introduction

This file contains covariances for angular distributions of secondary particles. It is

assumed that uncertainties will not be required on all quantities in File 4.

A central question is whether quantities in File 3 may have important correiations with

those in File 4, or whether one need be concerned only with correlation of angular

distribution parameters as a function of incident energy. It is judged that covariances

between the magnitude and shape are likely to be important only when theory plays a

strong role in an evaluation. When such covariances occur, the idea developed below is

that one expresses covariances with the a0 Legendre coefficients even though a0 = 1 in the

ENDF system.

Because of the simplicity of representing the covariances of Legendre coefficients

rather than normalized probability components, only the former is considered here even for

cases where File 4 has tabulated p(p.).

In ENDF-6 formats there is no provision for covariance components linking the

angular distribution parameters for different materials, though a MATl (=0) field is provid-

ed.

34.2 Formats

The general structure of File 34 follows the normal pattern, with sections for

increasing MT values. The LTT flag definition is modified from its meaning for File 4 as

follows:

LTT is a flag to specify the representation used, and it may have the following

values in File 34.

LTT=I, the data are given as Legendre coefficient covariances as a function of

incident energy, starting with a. or higher order coefficients.
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LTT=3, the data are given as Legendre coefficients covariances as a function of

incident energy, starting with a0. (This information is redundant in the

formats as specified below, but is considered desirable as an alarm

flag.) LTT=3 if either L or Ll=O anywhere in the Section.

NMTl is the number of subsections present in File 34 for various MT1>MT.

A section of File 34 for a given MT has the form

[MAT,34,MT/ZA, AWR, LVT = 0, LTT, 0, NMTl]HEAD

<subsection for MTl = MT>

<NMTl th subsection fcr largest MT1>

[MAT,34, 0/0.0, 0.0, 0, 0, 0, O]SEND

Each subsection begins with a control record that identifies the related MTl and

indicates how many Legendre coefficients are covered for the angular distributions for

reaction types MT and MTl , MT1>MT. A subsection has the following form:

[MAT,34,MT/0.0, 0.0, MATl=O, MTl, NL, NLl]CONT

[MAT,34,MT/0.0, 0.0, L,, Ll1 , 0, NI]CONT*

[MAT,34,MT/0.0, 0.0, LS1, LB1, NT1, NE1Z(DATA1J]LIST

*In this first sub-subsection L and Ll are the smallest values present of the NL and NLl.
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[MAT,34,MT/0.0, 0.0, LSNI , LBN I ] , N T N , , ^ D A T A N , J]LIST

[MAT,34,MT/0.0, 0.0, LNSS, L1 N S S , 0, NINSS]CONT

[MAT,34,MT/0.0, 0.0, LS1, LB1, NT1, NE1Z(DATA1I]LIST

[MAT,34,MT/0.0, 0.0,
NSS NSS m NSS

/
NSS

}
NSS

}]LIST

The number of sub-subsections NSS for a given MTl is NL*NL1, and they are

ordered as (L.L1) = (1,1),(1,2) (NL.NL1). Not all L-values need be included! When

MTl=MT, redundancy is avoided by giving each sub-subsection only once, when L1>L. In

this case NSS = NL*(NL+l)/2.

In the above fonnats the following definitions apply:

M T i is the "other" reaction type; this subsection contains data for the covariances

CoV[BL(E1)JaL1(E2)] between Legendre coefficients for two reaction types at

incident energies E1 and E2 for various L and L l .
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NL is the number of Legendre coefficients for which covariance data are given for

the reaction MT. (This value must be the same for each subsection.) The first is

a0 if LTT=3, a,>l if LTT=I.

NLl is the number of Legendre coefficients for which covariance data are given for

reaction MTl.

L is the index of the Legendre coefficient for reaction MT for this sub-subsection.

Note that sub-subsections need not be given for all values of L & Ll.

L l is the index of the Legendre coefficient for reaction MTl for this sub-subsection.

NI is the number of LIST records contained in this sub-subsection.

LS is a flag recognized when LB=5 to indicate whether the matrix is symmetric (1=

yes, 0=no).

LB indicates the covariance pattern as a function of incident energy. LB values 0,1,

2,5 & 6 are allowed, and are defined as for File 33 in Section 33.2 of ENDF-

102.

NT is the total number of items in the LIST, 2*NE for LB=O, 1, and 2. For LB=5 it is

dependent on LS as given in Section 33.2 of ENDF-102, and for LB=6 NT=I+

NER*NEC.

{Data} consists of the sequence {Ek} {Fkk.} when LB=5 and {Ek} {Fkl} when

LB=6. (Just as in File 33.)

34.3 Procedures

It is strongly recommended that the maximum order of the Legendre expansion for

uncertainty representation be minimized.

If there are important cases (n-p scattering) where the shape of the angular distribution

is correlated with the magnitude of the scattering cross section, the convention is that the

covariances among scattering (integrated) cross sections must be in File 33 and not
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repeated, so all sub-subsections in File 34 with L=Ll=O would contain null covariance

components. This procedure would maintain the convention that covariance components

are summed from various portions of the ENDF/B "tape" corresponding to a particular

material. (The information contained in File 34 for L or Ll nonzero is the motivation for

the present procedure.) Note that in the case of correlation between shape and magnitude of

a scattering cross section it is possible for an absorption cross section MT-value to show up

in File 34 (with L=O only).
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35. FILE 35, COVARIANCES FOR ENERGY DISTRIBUTIONS OF

SECONDARY PARTICLES

35.1 Introduction

File 5 contains data for the energy distribution of secondary neutrons in the Laboratory

system expressed as normalized probability distributions. Starting with these ENDF-6

formats, the covariance matrices of these probability distributions may be given in File 35.

Since there is usually very fragmentary information to construct the File 5, the

uncertainties in the secondary distributions are highly correlated as a function of incident

neutron energy. It is therefore proposed that only a few, 4 or 5 at most, covariance matrices

be used in each MT value in file 35 to cover the complete incident energy range. Each

covariance matrix applies to the complete secondary energy distributions for the broad

incident energy range specified, regardless of how these secondary energy distributions are

specified, or broken down into various components, in File 5. In this first attempt at dealing

with covariance matrices of secondary energy distributions, no covariances between the

different incident energy ranges will be allowed. Also, no covariances linking different

materials or reaction types are allowed. Furthermore, no covariances with information in

other files, for instance File 3 and v(E) in File 1 are allowed in File 35.

35.2 Formats

The structure of a section of File 35 is as follows:

[MAT,35,MT/0.0, 0.0, 0, 0, NK, O]HEAD

<subsection for !L= 1>

<subsection for k=NK>

[MAT,35,0/0.0, 0.0, 0, 0, 0, O]SEND

Each subsection covers a covariance matrix for an incident neutron energy range, and

the complete incident energy range is covered by the NK subsections.
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The structure of each subsection is:

[MAT,35,MT/E,,E,;LS= 1 ,LB=7;NT,NE/{ E'k}, {Fk k.} ]LIST

where

E, is the lowest incident neutron energy to which the covariance matrix in the

subsection applies.

E2 is the highest incident neutron energy to which the covariance matrix in the

subsection applies. The value of E2 in a subsection becomes the value of E, in the next

subsection.

We require a new type of LB subsection since in File 35 it is natural to specify the

covariance matrices as absolute covariances rather than relative covariances. What is

required is a type of subsection, similar to LB=5, but with entries that are absolute rather

than relative.

NT is the total number of entries in the list. NT = [NE*(NE+l)]/2.

NE is the number of enties in the array {E'k}, defining NE-I energy intervals for

outgoing neutrons.

The value of E1, in the array must be the lowest outgoing neutron energy possible at E1

and E'NE in the array must be the highest outgoing neutron energy possible at L2 and

represented in File 5.

LS=I is a flag indicating that the covariance data matrix F k k. is symmetric, the F k k.'s

are ordered by rows starting from the diagonal term

IMck'J = ^I.l»^I.2'"-^l.NE-l'^2.2'^23v"'""' NE-l.NE-l '

LB=7 is a flag indicating that the elements of the covariance matrix F k k. are absolute.

In terms of the dimensionless operators defined in Section 33.2 of ENDF-102, the

covariance between two points on the unity-normalized probability distribution is:

COV(p(E -» E1^p(E -» EV)) = XPî;k lFkk' > w h e r e

k.k'
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E, < E < E2 and the P values are define so that only the term in the sum for

E'k < E'; < E'k+1 and E'k. < Ej < E'k.+1 is non-zero.

35.3 Procedures

Because probability distributions must remain normalized to unity, covariance matrices

in File 35 must satisfy a constraint in addition to being symmetric. This constraint is that the

sums of the elements in any row of the matrix, therefore also of any column, must be zero.

Therefore, if one were to divide the outgoing energy of a distribution into n energy ranges, it

would only be necessary to give the covariance matrix of the probabilities in n-1 energy

ranges. The remainder of the full covariance matrix could be obtained from the above

constraint. There is a procedural objection to the above suggestion. It is that for the

covariance file, if no information is provided in the file, this does not imply anything as far

as the uncertainties in the data are concerned. Therefore, it is necessary to provide in File 35

redundant information for each covariance matrix of a secondary energy distribution and

require that each covariance matrix in File 35 meets the above constraint. The sum of each

row or column should be < 10'5 on the evaluator's energy grid. [Note that this condition

must also be met with processed data on the user's energy grid.]

If F^J,- are the covariance elements defined above for the normalized spectral yields Yk

on the evaluator's grid JEjjk but the above constraint has not been applied, corrected values

F j . ' may be obtained from the folowing relation.

\ k ' = Fk,k' " SkYk' " Sk'Yk + YkYk. £ S3 , where

i

The secondary energy distribution uncertainty analysis using the "hot-cold" technique

of Gerstl et al. can be based on spectral uncertainty data stored in this form. In this case the

covariance matrix is a 2 x 2 matrix for each incident energy range.
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40. FILE 40, COVARIANCES FOR PRODUCTION OF RADIOACTIVE NUCLEI

40.1 General Description

The covariances of neutron activation cross-section information appearing in File 10

are given in File 40. This file is based on File 33 which should be consulted for further

information, and on File 10.

40.2 Formats

Section

File 40 is divided into sections identified by the value of MT. Each section of File 40

starts with a HEAD record, ends with a SEND record, and has the following structure:

[MAT,40,MT/ZA, AWR, LIS, 0, NS, O]HEAD

<NS subsections, one for each LFS>

[MAT,40,MT/0.0, 0.0, 0, 0, 0, O]SEND

LIS specifies the level number of the target.

LFS specifies the level number of the nuclide (ZAP) produced in the neutron reaction

of type MT.

Subsections

Each subsection has the following structure:

[MAT,40,MT/QM, QI, 0, LFS, 0, NL]CONT

<sub-subsection for L= 1>

<sub-subsection for L=NL>

QM is the mass-difference Q value based on the ground state of the residual nucleus

and QI is the reaction Q value (eV). (See Chapter 10.)
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Sub-subsections

Each sub-subsection is used to describe a single covariance matrix. It is the covariance

matrix of the energy-dependent cross section given in section (MAT, 10, MT) with given

LFS and the energy-dependent cross sections given in section (MATl, MFl, MTl) (and for

residual nucleus level index LFSl if MFl=IO). The values of MATl, MFl, MTl, and LSFl

are given in the CONT record which begins every sub-subsection.

Each sub-subsection may contain several sub-sub-subsections. Each sub-sub-subsec-

tion describes an independent contribution to the covariance matrix given in the sub-sub-

section. The total covariance matrix in the sub-subsection is made up of the sum of the

contributions of the individual sub-sub-subsections.

The structure of a sub-subsection describing the covariance matrix of the cross

sections given in (MAT, 10, MT) LFS and (MATl, MFl, MTl) LFSl is:

[MAT,4O,MT/XMF1, XLFSl, MATl, MTl, NC, NTJCONT

<sub-sub-subsection for nc = 1>

<sub-sub-subsection for nc = NC>

<sub-sub-subsection for n5 = 1>

<sub-sub-subsection for nj = NI>

XMFl is the floating point form of MFl, the file number for the (MATl, MTl) cross

section to which the covariance data in this sub-subsection relates.

XLFSl is the floating point form of LFSl, the index of the final state for the (MATl,

MTl) cross section to which the covariance data in this sub-subsection relates.
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The formats of the sub-sub-subsection for File 40 are exactly the same as the formats

for the sub-subsections for File 33.

40.3 Procedures

The procedures for File 40 are the same as for File 33 except that File 40 has one more

level of indexing corresponding to the LFS and LFSl flags and as noted below.

40.3.1 Ordering of Sections, Subsections, Sub-subsections, and Sub-sub-subsections

A. Sections

The sections in File 40 are ordered by increasing value of MT.

B. Subsections

Within a section, (MAT, 40, MT), the subsections are ordered by increasing value

ofLFS.

C. Sub-subsections

A sub-subsection of File 40 is uniquely identified by the set of numbers (MAT,

MT, LFS; MATl, MTl, MFl, LFSl); the first two numbers indicate the section, the third

indicates the subsection, while the last four indicate the sub-subsection.

1. The sub-subsections within a subsection are ordered by increasing value of

MATl. The value of MATl=O shall be used to mean MATl=MAT.

2. When there are several sub-subsections with the same value of MATl in a

subsection, these sub-subsections shall be ordered by increasing values of XMFl. When

MFl=MF, the XMFl field shall be entered as blank or zero. Therefore, within a given

subsection, the sub-subsections for MFl=MF will always appear before those for other

MFl values.

3. When there are several sub-subsections with the same value of MATl and MFl in

a subsection, these sub-subsections shall be ordered by increasing values of MTl. If

MATl=MAT and MFl=MF, then only those sub-subsections for MTl^MT shall be given.
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4. When there are several sub-subsections with the same value of (MATl, MTl,

MFl) in a subsection, these sub-subsections shall be ordered by increasing values of LFSl.

If MATl=MAT, MFl=MF, and MTl=MT, then only those sub-subsections for LFSlSLFS

shall be given. (LFSl=O implies the ground state of the product and does not imply

LFSl=LFS.)

40.3.2 Completeness

There are no minimum requirements on the number of sections, subsections, and

sub-subsections in File 40. However, the presence of certain data blocks in File 40 implies

the presence of others, either in File 33 or 40 of a referenced material. In what follows, we

shall identify the sub-subsections of File 40 by

(MAT, MT, LFS; MATl, MTl, MFl, LFSl).

The presence of this data block with MATl^MAT or MFl^lO implies the presence of

appropriate data in:

A. (MAT, MT, LFS; MAT, MT, MF=IO, LFS), in File 40 of MAT;

B. (MATl, MTl, LFSl; MATl, MTl, MFl, LFSl), in File (MF1+30) of MATl;

C. (MATl, MTl, LFSl; MAT, MT, MF=IO, LFS), also in File (MF1+30) of MATl.
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APPENDIX A

Glossary

Chapter

A the mass of the n type atom, A^ is the mass of the 7
n J r o

principal scattering atom in the molecule.

Ak [ probability of emission of a y ray of energy 11

E = £k - Ej as a result of the residual nucleus having

a transition from the k to the /l level.

â  / Legendre coefficient. 4,6,14

a,b parameters used in the Watt spectrum. 5

ABN the abundance (weight fraction) of an isotope in this 2,32

material.

AC channel radius 2

AC1, AC2, AC3, the background constants for the Adler-Adler radiative 2

AC4, BC,, BC2 capture cross section.

AF1, AF2, AF3, the background constants for the Adler-Adler fission 2

AF4, BF1, BF, cross section.

AG reduced-width amplitude 2

AJ the compound nucleus spin, J (the spin of the 2,32

resonance) (floating point).

Aj Legendre coefficients (LANG=O) or n,p4 pairs for the 6

tabulated angular distribution (LANG>0)

1U-01-91
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Chapter

AL floating point value of the angular momentum, /

ALAB Mnemonic of laboratory originating evaluation.

ALREl....ALRE4 exit-/-value for reactions

AMUF

AMUG

AiMUN

AMUX

AP

APL

APSX

AS

AT1, AT.,, AT3,

AT4, BT1, BT2

AUTH

AVGG

the number of degrees of freedom used in the fission

widtl i'Stribution.

the number of degrees of freedom used in the radiation

width distribution.

the number of degrees of freedom used in the neutron

width distribution.

the number of degrees of freedom used in the

competitive width distribution.

the scattering radius

/ dependent scattering radius

the total mass in neutron units of the n particles being

treated by LAW=6

floating point value of channel-spin s

the background constants for the Adler-Adler total

cross section.

author of evaluation,

statistical R-matrix parameter

2,32

10-01-91
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AWD

AWI

AWP

AWR

AWRI

AWRIC

AWT

AZD

AZP

bi(E,F)

Bj(N)

BC

BR

CI

atomic mass (not a ratio) of the daughter nucleus

projectile mass in neutron units

product mass in neutron units

the ratio of the mass of the atom (or molecule) to that

of the neutron.

the ratio of the mass of the particular isotope to that of

the neutron.

mass-ratio for a charged-particle exit channel (see page

D.40)

nuclear mass (not a ratio) of outgoing particle

atomic number of the daughter nucleus

atomic number of outgoing particle

representation of the angular part of fj((i,E,E')

the list of constants,

boundary-condition parameter

the branching ratio for the production of a particular

nuclide and level

channel index

Chapter

2

1

6

All

2,32

2

2

2

6

7,12

2

8

10-01-91
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CI

CONT

CT

D

DDATE

DET

DE2

DECr

DEFr

DF2

DG2

DGDF

the coefficient of the cross section for a reaction

contributing to the value of a "derived" cross section

(usually ±1.)

the coefficients of a polynomial. There are NC

coefficients given.

the array of yield data for the il energy point. There

are 4 numbers per fission product.

the smallest possible ENDF record, a "control" record

the chain indicator.

the mean level spacing for a particular J-state.

original distribution date of the evaluation.

the Adler-Adler resonance energy for the total cross

section. Here and below, the subscript r denotes the rl

resonance.

the variance of the resonance energy ER.

the resonance energy for the radiative capture cross

section.

the resonance energy for the fission cross section.

the variance of GF.

the variance of GG.

the covariance of GG and GF.

Chapter

31,33

All

8

2,32

1

2

32

2

2

32

32

32

10-01-91
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DJ'

DJDF

DJDG

DJDN

DN2

DNDF

DNDG

DWTr

DWFr

DWC

dq(Q,E)
dQ

d a k

E1

avail

Chapter

the variance of AJ. 32

the covariance of AJ and GF. 32

the covariance of AJ and GG. 32

the covariance of AJ and GN. 32

the variance of GN: 32

the covariance of GN and GF. 32

the covariance of GN and GG. 32

the value of 172, (v), used for the total cross section. 2

the value of F/2, (V), used for the fission cross section. 2

the value of 172, (v), used for the radiative capture 2

cross section.

differential scattering cross section in units of barns per 4

steradian.

differential photon production cross section in bams 14

per steradian.

energy of the incident neutron (eV). All

list of energies for a covariance file energy grid 32-40

the secondary neutron energy (eV). 5,6,7

available energy. 5

10-01-91
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"int

E"x»

EB

EBAR

ED

EDATE

EFH

EFL

EFR

EGk

EGD

EGP

EI

Chapter

the interpolation scheme for each energy range. All

(Appendix E).

the threshold energy. 3

average decay energy (eV) of "x" radiation for decay 8

heat applications.

the total energy released by delayed P's. 1

statistical R-matrix parameter 2

logarithmic parameter for a R-matrix element 2

date of evaluation. 1

constant in energy-department fission spectrum 5

constant in energy-department fission spectrum 5

the kinetic energy of the fragments. 1.5

the photon energy or Binding Energy. 12,13,14

the total energy released by the emission of delayed y 1

rays.

the total energy released by the emission of "prompt" 1

y-rays.

the energy points where the weighting of the standard 31,33

cross section is given.

10-01-91
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Chapter

EL1EH the lower and upper limits for a resonance region 2,32

energy range.

ELFS the excitation energy of the reaction product. 8

ELIS excitation energy of the target nucleus. 1

END . the kinetic energy of the delayed fission neutrons. 1

END the end point energy of the particle or quantum emitted 8

ENDATE the master file entry date (YYMMDD) 1

ENP the kinetic energy of the "prompt" fission neutrons. 1

ENU the energy carried away by neutrinos. 1

ER the total energy release due to fission minus the 1

neutrino energy.

ER the resonance energy (in the laboratory system). 2,32

ER the energy (eV) of radiation produced. 8

ERAV the average decay energy of radiation produced. 8

ESj energy of the ith level. 12

ESj, the energy of the level from which the photon 12,13,14

originates.

ES(N) the energy of the N1 point used to tabulate energy- 2

dependent widths.

ET the total energy release due to fission. 1

10-01-91
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EU

E1JE2

F(q;Z)

fi(^E,E')

fk(E -> E')

F(LB)
rx,k,k'

FC

FD

FPS

GE

GF

GF

logarithmic parameter for a R-matrix element

a range of neutron energies.

The form factor for coherent photon scattering,

the normalized product energy-angle distribution

the kth partial energy distribution. The definition

depends on the value of LF.

A normalized (to unity) photon energy distribution (or

probability density) function at incident neutron energy

E for the kth subsection within a reaction type (eVl).

covariance components correlated over the energy

interval with lower edges Ek and Ek. (exact definition

depends on the value of the LB-flag)

the continuum spectrum normalization factor,

the discrete spectrum normalization factor.

the state designator (floating-point number) for a

fission product nuclide.

eliminated width.

the fission width Tf evaluated at the resonance energy

ER.

the average fission width. This value may be energy

dependent.

Chapter

2

31,33

27

6

5

15

31-40

8

8

8

2,32
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GFA first partial fission width

GFB second partial fission width

GG the radiation width F evaluated at the resonance

energy ER.

GG the average radiation width. It is energy dependent if

LRU = 2.

GICr the asymmetrical capture parameter.

GRCr the symmetrical capture parameter.

GIFr the asymmetrical fission parameter.

GRF1. the symmetrical fission parameter.

GITr related to the asymmetrical total cross section

parameter.

GRTr related to the symmetrical total cross section parameter.

GN the neutron width F n evaluated at the resonance energy

ER.

GNO the average reduced neutron width. It is energy

dependent.

GP- j = GPj The conditional probability of phoion emission in a

direct transition from level j to level i, i < j .

GREl,...GRE4 partial widhts

Chapter

2.32

2

2,32

12

10-01-91
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GT

GX

GX

g(EY<-E)

g j(Ey«-E)

H(q;Z)

H(N)

HEAD

HL

HSUB

I

IDP

INT

the resonance total width T evaluated at the resonance

energy ER.

the average competitive reaction width.

the competitive width Tx evaluated at the resonance

energy ER

A particular class of the functions g:(E <- E) in File

15; those which are tabulatea (eV"1).

the j t h normalized partial distribution in the units eV1.

A general symbology for a form factor or incoherent

scattering function; either F(q;Z) or S(q;Z),

respectively.

the array containing the Hollerith information that

describes the particular evaluated data set.

the first record in a section

the half life of the reaction product.

library identifier (eye-readable)

the normalizing denominator (see 5.3).

the interpolation scheme (see Appendix E) to be used

between the E1-1 and Ej energy points.

resonance parameter identification number

statistical R-matrix parameter.

Chapter

2,32

2

2

15

15

27

All

8

1

5

8

2,32

2

10-U1-91



INT

INT(m)

A.ll

the interpolation scheme to be used for interpolating

between the cross-sections obtained from average

resonance parameters.

the interpolation scheme identification number used in

Chapter

2

IPS

IPS(E)

IRP

IRO(E)

ISG

ISH

k

L

LA

LAD

LANG

LASYM

LAT

tne m range.

imaginary part of a non-hard-sphere phase shift

real part of PS(E)

imaginary part of background-R-matrix element

imaginary part of RO(E)

spin group index

shift function flag

Boltzmann's constant.

the value of the /-state (neutron angular momentum

quantum number).

the value of / (for the /th coefficient).

angular distribution flag

angular distribution indicator

flag indicating asymmetry

a flag indicating which temoerature has been used to

2

2

2

2

2

2

7

2,32

6

2

6

7

7

compute a and (3.

10-01-91
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LAW

LB

LBK

LBK

LCOMP

LCON

LCOV

LCT

LDRV

LE

LEP

LF

distinguishes between different representations of fj,

the normalized product energy-single distribution

Chapter

6

a flag which determines the meanings of the F-numbers 8,31,33,34,

40

2

2

32

8

S.

4,6

LH

in the arrays

background-R-matrix parameter

background-R-function flag

flag for ENDF-5 compatible format choice

the continuum spectrum flag.

flag for covariance data.

a flag indicating which reference frame is used for both

secondary angles and energies.

material flag distinguishing different evaluations with

same material keys

a test to determine whether energy-dependent fission

product yields are given.

selects interpolation scheme for secondary energy

a flag that specifies the energy distribution law that is

used for a particular subsection (partial energy

distribution).

a flag that indicates whether this material is fissionable.

5,6,12,

13,15

10-01-91
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LFS

LFW

LG

LI

LI

LIBF

LIDP

LIP

LIS

LIS©

LIST

LLN

LMF

Chapter

an indicator that specifies the final excited state of the 3,8,9,10,40

residual nucleus produced by a particular reaction.

a flag indicating whether average fission widths are 2,32

given in the unresolved resonance region for this

isotope.

The transition probability array flag for distinguishing 12

between doublet and triplet arrays in File 12.

a flag to indicate the kind of Adler-Adler parameters 2,4,14

given. The isotropy flag in File 4 and 14.

temperature interpolation flag. 7

sublibrary where some data are sensitive to the same 30

model parameters as data in present sublibrary/material

a flag to identify identical particles for LAW=5 6

product modifier flag. 8

state number of the target nucleus (for materials that 1,3,8,9,10,40

represent nuclides).

the isomeric state number of the target nucleus,

a record used to list a series of numbers

flag indicating the form for storing S(OCp*).

the file number for this MT containing the multiplicity

or cross section.

1,8

All

7

8

10-01-91
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LNU

LP

LPS

LR

LRF

LRP

LRU

LRX

LS

LSSF

a test that indicates what representation of v(E) has

been used.

The option flag to determine whether multiplicities or

transition probability arrays are to be given in File 12.

Indicator of whether or not the particular photon is a

primary.

optical model phase shift flag

a flag to be used in the reactions MT = 51, 52, 53,....,

90, and 91, to define x in (n.n'x). (See Section 3.2.4.4.)

a flag indicating which resonance parameter

representation has been used for this energy range. The

definition of LRF depends on the value of LRU for this

energy range.

a flag that indicates that resolved and/or unresolved

resonance parameters are given in File 2.

a flag indicating whether an energy range contains data

for resolved or unresolved resonance parameters.

a flag indicating whether a competitive width is given.

a flag indicating whether the FkJc. matrix is asymmetric

or symmetric. LB=5 or 7

a flag indicating how File 2 and File 3 are to be

combined.

Chapter

1

12

12,13

2

3

2,32

2,32

2

31,33,35

2,32

10-01-91
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LT

LT

LT

LTP

LTHR

LTT

LTT

LTY

LVT

Ll

Ll

L2

Mn

MAT

Temperature dependence (see Appendix F).

a flag to specify whether temperature-dependent data

are given.

the number of pairs of numbers in the array (EJ1FJ)

a flag to represent the representation used for LAW=S

thermal data flag

a flag to specify whether Legendre or probability

representation is used.

a flag to specify whether Legendre coefficient

covariance data start with a0 coefficient

the flag used in "NC-type" sub-subsections to indicate

the procedure used to obtain the covariance matrix.

a flag to specify whether a transformation matrix is

given for elastic scattering.

an integer to be used as a flag or a test.

number of Legendre coefficients.

an integer to be used as a flag or a test.

the number of atoms of the n th type in the molecule.

material number.

Chapter

0

3,4,5,6,7

31,33

6

7

4,6,14

34

31,33

1

34

1

7

0

10-01-91
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MATF

MATP

MATS

MATl

MF

material number in which some data are sensitive to the

same parameter as in File 30 where it is listed

the material number for the reaction product.

MAT in which a pertinent standard cross section (MTS)

exists

a referenced material for covariance data

file number.

th
MFn the MF of the n section.

(MFSEN.MTSEN) point to MF.MT of a section in main body of evaluation

where data are sensitive to the indicated parameter

(MP)

MODn

MP

MPAR

MPAR

MPF

MT

MT

the modification indicator for section MF and MTn

model parameter index

number of resonance parameters in block.

number of parameters for which covariance data is

given

model parameter index given the same parameter (MP)

in another sublibrary/material

reaction type number,

covariance file section identifier

Chapter

30

8

31,33

33

0

1

30

1

30

32

32

30

0

30

10-01-91
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MTL

MTS

MTl

MT_

MUF

indicates that the associated MT is a component of the

evaluator-defined lumped reaction MTL.

reaction type number for a relevant standard cross

section

a referenced reaction type for covariance data

the MT of the nth section.

the integer value of the number of degrees of freedom

for fission widths.

MTRE1....MTRE4 MT values for inelastic or charged particle reactions

NA

NAC

NAPS

NB

NBC

NBK

NBT(n)

NC

the number of angles (cosines) at whicl the secondary

distributions are given.

number of channel radii

flag controlling use of channel radius a and scattering

radius AP

the total number of p values given.

number of boundary-condition parameters

background-R-matrix parameter

the value of N separating the mth and (m+l)th

interpolation ranges.

a count of the number of terms used in the polynomial

expansion.

Chapter

33

31,33

33

1

2

2

6

2

2,32

7

2

2

0

10-01-91
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NC

Chapter

the number of partial distributions used to represent 15

NC

NCn

NCH

NCH

NCI

NCI

NCP

NCRE

NCS

NCT

NCTAB

ND

ND

NDIR

the number of "NC-type" sub-subsections.

the number of BCD card images in a given section (the

nl section).

background-R-matrix parameter

number of channels using a specific radius

the number of reactions summed to obtain the reaction

of interest.

for a "derived" cross section, the number of reaction

types for which cross sections are combined in the

derivation

number of channels

number of charged-particle reactions

number of channels in a particular spin group

total number of channels

number of CONT records in the corresponding table

number of discrete energies

number of branches into which nuclide ZAP decades

number of CONT records in the MF=30 directory

31,33

1

2

2

1

31,33

2

2

2

2

30

6

8

30

10-01-91
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NDK

NE

NE

NE

NEI

NEP

NER

NER

NER

NF

NF

NFOR

NFP

NFRE

total number of decay modes given.

the number of energy points at which energy-dependent

widths are tabulated.

the number of incident energy points at which tabulated

distributions are given. Also the number of points at

which 6(E) is given.

number of neutron energy points given in a TAB2

record.

the number of energy points in the {EI1WEI) list.

number of secondary energy points

the number of energy ranges given for this isotope.

the total number of discrete energies for a given

spectral type (STYP).

the number of energies corresponding to the rows of an

LB=6 covariance matrix

number of channels not requiring a phase shift,

the number of secondary energy points in a tabulation,

library format

the number of fission product nuclide states to be

specified at each incident energy point.

number of fission reactions

Chapter

8

2

4,5

14,15

33

6

2,32

8

33

2

5

1

8
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NGRE

NHS

NI

NI

NI

NIRE

NIS

NJS

NK

NK

NK

NK

number of capture reactions

number of channels which require hard-sphere phase

shifts.

the total number of items in the B(N) list. NL = 6* (NS

+ D

number of isotropic photon angular distributions given

in a section (MT number) for which LI = O, i.e., a

section with at least one anisouopic distribution.

the number of "NI-type" sub-subsections.

number of inelastic reactions

the number of isotopes in this material.

the number of sets of resonance parameters (each

having the same J state) for a specified /-state.

the number of elements in the transformation matrix

NK = (NM + I)2.

the number of partial energy distributions. There will

be one subsection for each partial distribution.

the number of partial energy distributions when

LCON-5 is used

the number of discrete photons plus the photon

continuum

Chapter

2

2

14

31,33

2

2,32

2,32

5,6

12,13,14

10-01-91
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NK

NL

NL

NLG

NLl

NLIB

NLJ

NLRS

NLS

NLSC

NLSJ

NM

NMU

NML

Chapter

the number of incident, neutron energy ranges for 35

covariance representation, each with a subsection

the highest order Legendre polynomial that is given at 4,6,14

each energy.

the number of subsections within a section. 33

number of logarithmically-parameterized elements 2

number of Legendre coefficients 34

library identifier. 1

the count of the number of levels for which parameters 2

will be given.

number of subsections containing data on long-range 32

resonance parameter covariances

the number of /-values considered. A set of resonance 2,32

parameters is given for each /-value.

number of /-values for convergence 2

number of resoannces specified by /, s, and J 2

the maximum order Legendre polynomial that will be 4

required to describe the angular distributions.

number of emission cosine values for LAW=7 6

number of entries in MT list 2

10-01-91
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NMOD

NMTl

NN

NNF

NO

NP

NP

NP

NP

NPE

NPP

NPS

NPSX

NR

NRB

NRM

modification number.

number of subsections, for MTl > MT

the number of elements in the LIST record

the number of precursor families considered.

decay information flag.

the number of points in a tabulation of y(x) that are

contained in the same record.

number of charged-particle penentrabilities

the number of pairs of numbers in the { E , ^ } array

number of non-hard-sphere phase shifts

the number of particles distributed by LAW=6

the number of different interpolation intervals in a

tabulation of y(x) that are contained in the same record.

number of resonances in block.

number of interpolation intervals for emission cosine

for LAW=7

Chapter

1

34

8

1

8

All

number of Bragg edges 7

total number of distinct model parameters 30

the total number of pairs of numbers in the arrays 31,33

2

8

2

6

All

32

6

10-01-91
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NRO

NRP

NRS

NRT

NS

NS

NS

NSG

NSP

NSRS

NTP

NTP

NSS

NST

NSUB

Chapter

energy dependence of the scattering radius 2,32

number of interpolation intervals for emission energy 6

for LAW=7

the number of resolved resonances for a given /-state. 2,32

total number of resonances 2

the number of non-principle scattering atom types 7

the number of states of the radioactive reaction 8,9,10

product.

number of levels below the present one, including the 12

ground state.

number of spin groups 2

total number of spectra radiation types (STYP) given. 8

number of subsections for covariances among 32

parameters of specific resonances

control flag for the background-R-matrix list 2

control flag for the penetrability list 2

number of different s-values 2

number of statistically-parameterized background-R- 2

matrix elements

sublibrary number 1

10-01-91
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NT

NT

NT

NVER

NVS

NW

NWD

NX

NXC

N0

Nl

N2

number of transitions for which data are given in a list

to follow.

the number of entries for each discrete energy (ER).

total number of items in LIST,

library version number.

number of covariance elements for a block of

resonances

number of words in LIST record.

the count of the number of elements in the Hollerith

section.

the count of the number of sets of background

constants to be given.

an integer count of all the sections to be found in the

dictionary.

the flag to identify a reaction product which is

radioactive in its ground state.

an integer to be used as a count of items in a list to

follow except for MT 451.

an integer to be used as a count of items in a second

list to follow.

Chapter

2

33,34,35

1

32

6

1

10-01-91
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Pj(E)

P
k(EN>

pftuE)

PAR

PCP(E)

PMT

PS(E)

Q

Ql

QM

QREl,...QRE4

QX

Rmja

•th
the probability or weight given to the j partial

distribution, g;(E <— E) .

the fractional part of the particular cross section that

k1can be described by the k1 partial energy distribution

at the N incident energy point.

271 Sos(E) dQ '

the parity of the target nuclide.

charged-particle penetrability

floating point value for PMT

complex phase shift.

the reaction Q-value (eV). Q = (rest mass of initial

state - rest mass of final state.)

Total decay energy (eV) available in the corresponding

decay process. (This is not necessarily the same as the

maximum energy of the emitted radiation.)

reaction Q value

mass-difference Q value

Q-values

an effective Q value for the competitive width.

probability of de-ercitation

Chapter

15

4

8

2

2

2

3,9,10

3,9,10

3,9,10

2

2,32

11

10-01-91
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RCOV

RDATE

REF

RFS

RI

RI

RICC

RICK

RICL

RIN

RIS

RNPM

RNSM

RP

RPB

RPS

RPS(E)

10-01-91

relative covariance of model parameters

date and number of last revision REVl - followed by

month-year as in EDATE

reference to evaluation

Isomeric state flag for daughter nuclide.

resonance index.

the imensity of radiation produced (relative units).

the total internal conversion coefficient.

the K-shell internal conversion coefficient.

the L-shell internal conversion coefficient.

statistical R-matrix parameters

the internal pair formation coefficient (STYP=0.0) or

positron intensity (STYP=2.0).

number of particular-MT values

number of summed-MT values

the spectrum of the continuum component of the

radiation J RP(ER)dER = 1.

real part of background-R-matrix element

real part of a non-hard-sphere phase shift

real part of PS(E)

Chapter

30

1

8

8

8

8

2

8

2

2

8.3

2

2

2
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RTYP

R0.R1.R2

RO(E)

RRO(E)

RVy

S(a,p,T)

SF

SMT

SPD

SPI

SPP

STA

STYP

SO1Sl

T

the mode of decay of the nuclide in its LIS0 state,

logarithmic parameters for a R-matrix element

complex background R-function

real part of RO(E)

relative covariance quantitites among average

unresolved parameters

defined (for a moderating molecule) by the relation

statistical R-matrix parameter

floating point value for SMT

spin and parity for the daughter nucleus

the nuclear spin of the target nucleus, I (positive

number).

spin and parity

the target stability flag.

the decay radiation type (defined in 8.3).

logarithmic parameters for a R-matrix element

the temperature (*K) at which temperature dependent

data is given.

Chapter

8

2

2

2

32

2

2

2

2,8,32

2

1

8

2

4,5,6,7
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T

TABl

TAB2

TEMP

TM

TYPE

U

mn

WEI

XLFSl

Chapter

half-life of the original nuclide (seconds). 8

a record used for one-dimensional tabulated functions All

a record used to control the tabulation of two- All

dimensional records

target temperature 1

maximum temperature parameters 5

the probability of a direct transition from level NS to 12 i

level i, i=0,l,2,...(NS-l).

a flag indicating the type of transition for beta and 8

electron capture.

a constant that defines the upper energy limit for the 5

secondary neutron so that 0 < E1 < E - U (given in the

Lab system).

the matrix elements of the transformation matrices. 4

variance-covariance matrix element among resonance 32

parameters

the weighting of the standard cross section at a given 31,33

EI to the next given energy.

EVG(E) 5

floating point form of a final excited state number 33,40
referenced for covariance data
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XLFSS

x(n)

XMFl

XMFS

XMTI

YCDYC

Y(E)

Y(E)

YI1DYI

y(n)

Yi(E)

ZA

floating point form of LFSS, the final excited state

number of a reaction with a standard cross section

the n value of x.

floating point form of a file number referenced for

covariance data

floating point form of MFS, a file number in which a

pertinent standard cross section (MTS) may be found

the floating point equivalent of the MT number of the

reaction for which the cross section contributes to a

"derived" cross section

the cumulative yield and 1 s uncertainty for a particular

fission product.

the total multiplicity at energy E(eV). Data are given as

energy-multiplicity pairs.

the partial multiplicity at energy E(eV).

the fractional (independent) yield and 1 s uncertainty

for a particular fission product.

the n* value of y.

the product yield or multiplicity

the designation of the original nuclide (ZA =

(1000.0*Z) + A)

Chapter

31,33

0

33,40

31,33

31,33

9,12

12

8

0

6

All
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ZAI

ZAFP

ZAN

ZAP

ZSYMA

ZSYMAM

a

P

A

V(E)

e

the (Z,A) designation for an isotope.

the (Z,A) identifier for a particular fission product.

(ZAFP = (1000.0*Z) + A).

the (Z1A) designation of the next nuclide in the chain.

the (Z,A) designation of the product nuclide (ZAP =

(1000.0*Z) + A).

a Hollerith representation of the material Z-chemical

symbol — A.

a Hollerith representation of the material charge,

symbol, mass number and state

the momentum transfer, a = (E1 + E - 2]i -vËÊ)/AokT.

the energy transfer, p = (E' - E)/kT.

the uncertainty in a quantity.

delta function with Ej, E1 being energy levels of the

residual nucleus.

the total average number of neutrons formed per fission

event.

the decay constant (sec'1) for the i precursor.

a parameter used to describe the secondary energy

distribution. The definition of 6 depends on the energy

distribution law (LF).

Chapter

2,32

8

8

8

7

7

1.8

11

1

5
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a(E)

Jbn

aT(background)

the cross section (bams) for a particular reaction type

at incident energy point, E, in (eV).

the bound atom scattering cross section of the n type

atom,

Chapter

3,10

°bn = °fn A n

ththe free atom scattering cross section of the n type

atom.

photon production cross section for the discrete photon

or photon continuum specified by k.

neutron cross sections for exciting the mo level with

neutron energy E.

the scattering cross section, e.g., elastic scattering at

energy E as given in File 3 for the particular reaction

type (MT).

-p= (AT1 + AT9/E + AJE2 + AT,/E3 + BT1 *E

BT2*E2)

Wick's limit cross section in units of barns per

steradian.

cosine of the scattered angle in either the laboratory or

the center-of-mass system.

13

11

4,6,14
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APPENDIX B

Definition of Reaction Types

Reaction types (MT) are identified by an integer number from 1 through 999. Version

6 of the ENDF format supports incident charged particles and photons in a manner

consistent with the definitions of MT's used in previous versions of the ENDF format to

the extent possible. Users should beware of the few differences. In the following table,

those MT numbers restricted to neutrons incident are labelled (r.xxx); those that are

limited to incident charged particles and photons are labelled (y,xxx) and those that allow

all particles in the entrance channel are labelled (z,xxx), where x can represent any exit

particle. See Section 0.0 for complete descriptions of MT numbers. Refer to Sections 3.4

(incident neutrons) and 3.5 (incident charged particles and photons) for the list of MT

numbers that should be included in each evaluation.

For the ENDF-6 format, all particles in the exit channel are named (within the

parenthesis) except for the residual. The identity of this residual can be specified explicitly

in File 6 or determined implicitly from the MT number. In cases where more than one MT

might describe a reaction, the choice of MT number is then determined by the residual

which is the heaviest of the particles (Z,A) in the exit channel. For example, *Li(n,t)a is

represented by MT = 700, rather than by MT = 800; and MT = 32 represents the 6LKn̂ d)OC

reaction rather than MT = 22. Sequential reaction mechanism descriptions can be used,

where necessary, for reactions such as X(n,np)Y. These are described in Sections 0.5.3 and

0.5.4.
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1

2

3

MT

(n,total)

(z, non-
elastic)

(z.any-
thing)

6-9

10

11-15

16

17

18

(z,con-
tinuum)

(z,2n)

(z,3n)

(z,F)

Description

Neutron total cross section.
Sum of MT=2, 4, 5, 16-18,
22-37, 41-42, 102-116.

Elastic scattering cross section for
all incident particles.

Nonelastic neutron cross section.
Sum of MT=4, 5, 16-18, 22-26,
28-37, 41-42, 102-116.

Cross section for the production of
one neutron in the exit channel.
Sum of the MT=50-91.

The cross section for the sum of
all reactions not given explicitly in
another MT number. This is a par-
tial cross section to be added to
obtain MT=i.

Not allowed in version 6.

Total continuum cross section.
This sum cross section includes all
continuum reactions and excludes
all discrete reactions.

Unassigned.

Cross section for producing two
neutrons and a residual.t

Cross section for producing three
neutrons and a residual.

Total fission cross section for all
incident particles.
For neutrons incident, MT= 18 is
the sum of MT19, 20, 21, and 38.

Comments

Redundant.
Undefined for incident
charged particles.

Redundant.
For photon production
only.

Redundant. For incident
neutrons this is then the
neutron inelastic cross sec-
tion (MT=50 is unde-
fined).

Each particle can be iden-
tified and its multiplicity
given in File 6. Not al-
lowed in Files 4 and 5.

9Be(n,2n) in version 5

Redundant.
To be used in derived files
only.

tThe "residual" is the remainder after the reaction specified by MT has taken place
(for example, A-I after an n,2n reaction on target A). This "residual" may break up
further if LR > 0.
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19

20

21

22

23

24

25

26

27

28

29

30

MT

(n,f)

(n,nf)

(n,2nf)

(z,na)

(z,n3a)

(z,2na)

(z,3na)

(n.abs)

(z,np)

(z,n2a)

(z,2n2a)

Description

First-chance fission cross section.*

Second-chance fission cross
section.*

Comments

Third-chance
section.*

fission cross

The cross section for the produc-
tion of a neutron and alpha particle
plus a residual.

The cross section for the produc-
tion of a neutron and three alpha
particles plus a residual.

The cross section for the produc-
tion of two neutrons and one alpha
particles plus a residual.

The cross section for the produc-
tion of three neutrons and one al-
pha particle plus a residual.

Not allowed in version 6.

Absorption cross section. Sum of
MT= 18 and MT= 102 through
MT=I 16.

Cross section for the production of
a neutron and a proton plus a re-
sidual.

Cross section for the production of
a neutron and two alpha particles
plus a residual.

Cross section for the production of
two neutrons and two alpha parti-
cles plus a residual.

Was (n,2n) isomeric state
cross section in version 5.
Use file 8 and 6, 9, or 10.

Rarely used.

*Note that the partial fission crocs section are not defined for incident charged par-
ticles.
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31

32

33

34

35

36

37

38

39

40

41

42

43-45

MT

(z,nd)

(z,nt)

(z,n3He)

(z,nd2oc)

(z,nt2a)

(z,4n)

(n,3nf)

(z,2np)

(z,3np)

Description

Not allowed in version 6.

Cross section for the production
of one neutron and one deuteron
plus a residual.

Cross section for the production
of one neutron and one triton plus
a residual.

Cross section for the production
of one neutron and one 3He parti-
cle plus a residual.

Cross section for the production
of a neutron and deuteron and two
alpha particles plus a residual.

Cross section for the production
of a neutron and triton and two
alpha particles plus a Tesidual.

Cross section for the production
of four neutrons plus a residual.

Fourth-chance fission cross
section.*

Not allowed in version 6.

Not allowed in version 6.

Cross section for the production
of two neutrons and a proton plus
a residual.

Cross section for the production
of three neutrons and a proton
plus a residual.

Unassigned.

Comments

Used only as an LR Flag.

Use only as an LR flag.

Use only as an LR flag.

*Note that the partial fission cross section are not defined for incident charged
particles.



B.5

MT

46-49

50

51

52 (z,n2)

Description

Not allowed in version 6.

The cross section for the produc-
tion of a neutron, leaving the re-
sidual nucleus in the ground state.

Cross section to the first excited
state of the residual nucleus.

Cross section to the 2nd excited
state of the residual nucleus.

Comments

Cross section for describ-
ing the second neutron
from 9Be(n,2n) reactions
for excited states in ver-
sion 5.

Not allowed for incident
neutrons. Use MT=2.

90

91

92-100

101

102

103

(Z'n40>

(z,nc)

(n, disap-
pearance)

(z,7)

(z,P)

Cross section to the 40th excited
state of the residual nucleus.

Cross section for the production
of a single neutron in the contin-
uum not included in the above
discrete representation.

(Unassigned.)

Neutron disappearance cross sec-
tion.
MT=IOl is equal to the sum of
MT=102-ll6.

Radiative capture cross section.

Cross section for the production
of a proton and a residual.
If MT=600-649 are present,
MTl 03 is their sum.

Rarely used.

For incident protons there
is no MT=600.
MT= 103 is the inelastic
proton reaction.
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MT

104 (z,d)

105 (z,t)

106 (z,3He)

107 (z,a)

108 (z,2a)

109 (z,3a)

110

111 (z,2p)

112 (z,pa)

113 (z,t2a)

114 (z,d2a)

115 (z,pd)

Description

Cross section for the production of
a deuteron and a residual.
If MT=650-699 are present,
MT 104 is their sum.

Cross section for the production of
a triton plus a residual.
If MT=700-749 are present,
MT 105 is their sum.

Cross section for the production of
an 3He particle plus a residual.
If MT=750-799 are present,
MT 106 is their sum.

Cross section for the production of
an alpha particle plus a residual.
If MT=800-849 are present,
MT 107 is their sum.

Cross section for the production of
two alpha particles plus a residual.

Cross section for the producton of
three alpha particles plus a residu-
al.

(Unassigned.)

Cross section for the production of
two protons plus a residual.

Cross section for the production of
a proton and an alpha particle plus
a residual.

Cross section for the production of
a triton and two alpha particles
plus a residual.

Cross section for the production of
a deuteron and two alpha particles,
plus a residual.

Cross section for the production of
a proton and deuteron plus a resid-
ual.

Comments

For incident deuterons,
there is no MT=650.
MT= 104 is the inelastic
deuteron reaction.

For incident tritons there
isnoMT=700. MT= 105 is
the inelastic triton reac-
tion.

For incident 3He particles,
there is no MT=750. MT=
106 is the
reaction.

inelastic HE

For incident a particles,
there is no MT=800. MT=
107 is the inelastic a reac-
tion.

10-01-91



B.7

MT Description

116 (z,pt) Cross section for the production
of a proton and triton plus a resid-
ual.

117-19 (Unassigned.)

120 Not allowed in version 6.

Comments

Target destruction cross
section in version 5
[(non-elastic minus total

121-150

151 (n,RES)

153-200

201 (z JCn)

202

203

204

205

206

207

208

209

210

10-01-91

(z,Xp)

(zJCd)

(z,Xt)

(z,X3He)

(zJCoc)

(ZJCK+)

(zJC*°)

(ZJOO

(Unassigned.)

Res nance parameters that can be
used to calculate cross sections at
different temperatures in the re-
solved and unresolved energy
ranges.

(Unassigned.)

Total neutron production cross
section.

Total gamma production cross
section.

Total proton production cross sec-
tion.

Total deuteron production cross
section.

Total triton production cross sec-
tion.

Total 3He production cross sec-
tion.

Total a production cross section
section.

Total Jt+ production cross section.

Total Ti production cross section.

Total Ti" production cross section.

Incident neutrons only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.
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MT Description

211 (Z1Xu.)

212 (z,X(O

213 (Z 5 XK + )

214 (z^KSong)

0 1 S I 7 V v

216 (Z,XK")

217 (z,Xp)

218 (z,Xïï)

219-250

251 (n )

252 (n )

Total u production cross section.

Total u~ production cross section.

Total K+ production cross section.

) Total Kg » production cross sec-
tion.

j) Total K°shortj production cross sec-
tion.

Total K" production cross section.

Total anti-proton production cross
section.

Total anti-neutron production
cross section.

(Unassigned.)

pL, the average cosine of the scat-
tering angle (laboratory system)
for elastic scattering of neutrons.

Ç, the average logarithmic energy
decrement for elastic scattering of
neutrons.

253 (n )

254-300

301-450 (z,....)

10-01-91

Y, the average of the square of the
logarithmic energy decrement for
elastic scattering, divided by
twice the average logarithmic
decrement for elastic scattering of
neutrons.

(Unassigned.)

Energy release parameters, E 5 ,
for total and partial cross sec-
tions. Subtract 300 from this num-
ber to obtain the specific reaction
type identification. For example,
MT=302=(300 + 2) denotes elas-
tic scattering kerma.

Comments

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Redundant.
Derived files only.

Derived Files only.

Derived files only.

Derived files only.

Derived files only.
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MT Description

451 (z ) Heading or title information
(given only in File 1).

452 (z,....) V7, average total (prompt plus de-
layed) number of neutrons re-
leased per fission event.

Comments

453

454

455

(z )

(z )

(Unassigned.)

Independent fission product yield
data.

v,,, average number of delayed

456 (z )

neutrons released per fission
event.

v , average number of prompt
neutrons released per fission

457

458

459

(z )

(n )

(z )

event.

Radioactive decay data.

Energy release in fission for inci-
dent neutrons.

Cumulative fission product yield
data.

460-464

465-466

467-500

500

501

502

503

504

505

10-01-91

(Unassigned.)

Not allowed in version 6.

(Unassigned.)

Total charged particle stopping
power.

Total photon interaction cross sec-
tion.

Photon coherent scattering.

(Unassigned.)

Photon incoherent scattering.

Imaginary scattering factor.

Delayed and prompt neu-
trons from spontaneous
fission in version 5.
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506

507-514

515

516

517

518

519-521

522

523-531

532

533

534

535

536

537

538

539

540

541

542

MT

K

Ll

L2

L3

Ml

M2

M3

M4

M5

Description

Real scattering factor.

(Unassigned.)

Pair production, electron field.

Pair production. Sum of MT=51
517.

Pair production, nuclear field.

Not allowed in version 6.

(Unassigned.)

Photoelectric absorption

(Unassigned.)

Not allowed in version 6.

Not allowed in version 6.

(lsl/2)

(2sl/2)

(2pl/2)

(2p3/2)

(3sl/2)

(3pl/2)

(3p3/2)

(3d3/2)

(3d5/2)

Comments

Redundant.

Was MT=602 in version
5.

(y,n) reaction in version 5.

Total photonuclear cross
section in version 5.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.
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543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

MT

Nl

N2

N3

N4

N5

N6

N7

Ol

02

03

04

O5

0 6

07

08

09

Description

(4sl/2)

(4pl/2)

(4p3/2)

(4d3/2)

(4d5/2)

(4f5/2)

(4f7/2)

(5sl/2)

(5pl/2)

(5p3/2)

(5d3/2)

(5d5/2)

(5f5/2)

(5f7/2)

(5g7/2)

(5g9/2)

Comments

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.
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559

560

561

562

563

564

565

566

567

568

569

570

571

572

573-599

600

MT

Pl

P2

P3

P4

P5

P6

P7

P8

P9

PlO

PIl

Ql

Q2

Q3

fZ.D-)

Description

(6sl/2)

(6pl/2)

(6p3/2)

(6d3/2)

(6d5/2)

(6f5/2)

(6f7/2)

(6g7/2)

(6g9/2)

(6h9/2)

(6hll/2)

(7sl/2)

(7pl/2)

(7p3/2)

(Unassigned.)

Cross section for nrnr
proton leaving the residual nu-
cleus in the ground state.

Comments

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Subshell photoelectric
cross section.

Not allowed for incident
protons.
Use MT=2.
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601

602

603

604

MT

(2,P1)

(z.p2)

(2,P3)

(z.p4)

Description

Cross section for the 1st excited
state of the residual nucleus.

Cross section for the 2nd the state
of the residual nucleus.

Cross section for the 3rd state of
the residual nucleus.

Cross section for the 4th excited
state of the residual nucleus.

Comments

Was photoelectric absorp-
tion in version S. See
MT=522.

649 (z,pc) Cross section for the production
of a single proton in the continu-
um.

650 (z,d0) Cross section for production of a
deuteron leaving the residual nu-
cleus in the ground state.

651 (z,dj) Cross section for the 1st excited
state of the residual nucleus.

652 (Z^d2) Cross section for the 2nd excited
state of the residual nucleus.

Not allowed for incident
deuterons.
Use MT=2.

699 (z,dc)

700 (z,t0)

701

Cross section for the production
of a single deuteron in the contin-
uum.

Cross section for production of a
triton leaving the residual nucleus
in the ground state.

Cross section for the 1st excited
state of the residual nucleus.

Not allowed for incident
tritons.
Use MT=2.
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MT

702 (z,t2)

Description

Cross section for the 2nd excited
state of the residual nucleus.

Comments

749

750 (Z1
3Hen)

751

Cross section for the production
of a single triton in the continu-
um.

Cross section for production of a
3He particle leaving the residual
nucleus in the ground state.

Cross section for the 1st excited
state of the residual nucleus.

Not allowed for incident
3He particles.
Use MT=2.

799 (z,3Hec)

800 (z,a0)

801 (z,a,)

Cross section for the production
of a single 3He particle in the
continuum.

Cross section for production of an
a particle leaving the residual nu-
cleus in the ground state.

Cross section for the 1st excited
state of the residual nucleus.

Not allowed tor incident
a particles.
Use MT=2.

849 (z,ac)

850

Cross section for the production
of a single a paticle in the contin-
uum.

(Unassigned.)
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851-870

871-999

MT Description

For describing lumped-reaction
covariances.

Comments

(Unassigned.)

LR Flags

Many reactions are sequential in nature. That is, a particle or gamma ray may be

emitted first, then the residual nucleus decays by one or more paths. Most often, the first

stage of the reaction proceeds through a well-defined discrete state of the residual nucleus

and the angular dependence of the first emitted particle must be uniquely described. A

simple, two-body reaction is one in which the incident particle is inelastically scattered

from the target nucleus leaving the target in an excited state, which immediately decays by

gamma emission. Other excited states of the same target may, however, decay by particle

emission, electron-positron pair formation, or internal conversion. It is often necessary to

completely specify the reaction mechanism, in particular for isotopic depletion and/or

build-up calculations.

The following numbers can be used as flags to indicate the mode of decay of the

residual nucleus.

LR Description

0 or Simple reaction. Identity of product is implicit in MT. Only gamma rays
blank may be emitted additionally.

1 Complex or breakup reaction. The identity and multiplicity of all prod-
ucts are given explicitly in File 6.

22 a emitted (plus residual, if any).

23 3a emitted (plus residual, if any).

24 aa emitted (plus residual, if any).

25 2na emitted (plus residual, if any).

28 p emitted (plus residual, if any).

29 2a emitted (plus residual, if any).
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LR Description

30 n2a emitted (plus residual, if any).

31 Residual nucleus decays only by gamma emission.

32 d emitted (plus residual, if any).

33 t emitted (plus residual, if any).

34 3He emitted (plus rresidual, if any).

35 d2oc emitted (plus residual, if any).

36 t2a emitted (plus residual, if any).

39 Internal conversion.

40 Electron-positron pair formation.

Examples

1. T(d,Y)5He*( 16.39) MeV) MT= 102 LR=24 (5He decays via n + a)

2. 7Li(n,n')7Li* (0.48 MeV) MT=51 LR=31 (Residual decays by y emission)

3. 7Li(n,n')7Li* (4.63 MeV) MT=52 LR=33 (7Li* decays via t + a)

SUMMARY

Version 6 formats and procedures are recommended for all new evaluations. Version 6

format is the only format allowed for incident charged particles. It must be taken into

account, however, that many version 5 materials for incident neutrons will be carried over

without technical changes to the data.

A few files and several MT numbers are defined for the first time for version 6. A few

MT numbers allowed for 5 have now been removed and must be replaced. Other MT

numbers are allowed only in version 5 and these are not defined here—the reader is refened

to the version 5 manual. Many MT numbers above the 600 series are redefined for 6 and all

version 5 materials must be changed accordingly prior to reissue.

A few of the MT numbers are not defined for certain particles incident: for example,

MT=I is not defined for incident charged particles: MT=50 is not defined for incident
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neutrons; MT=600 is not defined for incident protons; etc. These exceptions are labeled but

should be obvious if one follows the explicit definitions closely.

Several MT numbers cannot be used with File 4 or 5; other MT numbers must have a

File 6 (Files 4 and 5 are not allowed). The changes between previous format manuals are

significant, therefore much effort has been expended to explicitly define the MT numbers

for version 6 and, hopefully to associate them with the proper files. For explicit informa-

tion on usage, see Sections 0.0, 3.4, and 3.5.
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APPENDIX C

ZA Designations of Materials and MAT Numbers

A floating point number, ZA, is used to identify materials. If Z is the charge number

and A the mass number, then ZA is computed from

ZA = (1000.0*Z) + A

For example, ZA for 238U is 92238.0, and ZA for beryllium is 4009.0. For materials other

than isotopes, the following rules apply. The MAT number is 100*Z+I where I is unique

for the isotope and its isomer state.

(1) If the material is an element that has more than one naturally occuring isotope,

then A is set to 0.0. For example, ZA for the element tungsten is 74000.0. The MAT

number is 100*Z.

(2) For compounds, the ZA is arbitrary and is calculated from ZA = MAT+100. The

MAT number assignments for compounds have the following structure.

Hydrogen (except organics)

Deuterium

Lithium

Beryllium

C (including organics)

Metals

Fuels

The presently recognized assignments are

Compound

Water

Para Hydrogen

Ortho Hydrogen

H in ZrH

1-10

11-20

21-25

26-30

31-30

51-70

71-99

MAT Number

1

2

3

7



C.2

Compound

Heavy Water

Para Deuterium

Ortho Deuterium

Bc

BeO

Be2C

Graphite

Methane

Polyethylene

Benzene

Zr in ZrH

UO2

UC

MAT Number

11

12

13

26

27

28

31

33

37

40

58

75

76
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APPENDIX D

Resonance Region Formulae

D.I. THE RESOLVED RESONANCE REGION

The following resonance formalisms are given for a particular isotope in the labora-

tory system, without Doppler broadening.

D. 1.1. Single-Level Breit-Wigner (SLBW): LRU=I, LRF=I

1. Elastic Scattering Cross Section*

NLS-I

e=o
where

CT (E) = (2e + 1) — sin"*,

NRJ r^.-2r
+ "T S Sj S ~ ;—i

k J r=i (E-E1Y+Z-Y2

The hard-sphere phase shifts §e, the wave number k, the primed resonance energy E' r

the neutron width T^, and through it the total width F r, are all functions of energy,

<*>;(E), k(E), E'r(E), Fnr(E), and Fr(E), but this dependence is not shown explicitly. Also,

each resonance parameter carries the implicit quantum numbers C and J, determined by the

appropriate entries in the ENDF/B file. In case a given pair (£,J) is compatible with two

different values of the channel spin, s, the width is a sum over the two partial channel spin

widths. This allows one to omit an explicit sum over channel spin when defining the cross

sections.

•Processing codes should sum the cross section, as shown, from 1=0 to ^=NLS-I, including any
"empty" or "non-resonant" channels, in order to get the potential-scattering contribution. If higher
i-values contribute to the scattering in the resonance region, it is the responsibility of the evalua-
tor to provide a suitable File 3 contribution. (See Sections 2.4.23 and 2.4.24.)
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2. Radiative Capture Cross Section

NLS-I

where
NR,

and r , the radiative capture width, is constant in energy.

3. Fission Cross Section

NLS-I

V»
where

NRj

k J r=i

and rfr, the fission width, is constant in energy.

4. The Competitive Reaction Cross Section. The competitive reaction cross sec-

tion, On X(E), is given in terms of analogous formulas involving rxr, the competitive width.

By convention, the cross section for the competitive reaction is given entirely in File 3, and

is not to be computed from the resonance parameters. The reason for this is that the latter

calculation can be done correctly only for a single competitive channel, since the file can

define only one competitive width.

The statistical factor g, = (2J+1)/2(2I+1) is obtained from the target spin I and the

resonance spin J given in File 2 as SPI and AJ, respectively.

The sum on t extends over all ^-values for which resonance parameters are supplied.

There will be NLS terms in the sum. NLS is given in File 2 for each isotope. By

convention, ENDF/B resonance files are limited to € = O, 1, and 2, so that the poten-

tial-scattering contribution will bs represented by hard-sphere scattering up to the energy
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where f-wave (I = 3) potential scattering starts. At that point, the evaluator may have to

supply File 3 scattering to simulate the higher /-values. He may also require a File 3

contribution at lower energies to represent any differences between hard-sphere scattering

and experiment.

The sum on J extends over all possible J-values for a particular /-value. NRj is the

number of resonances for a given pair of C and J values and may be zero. NRS is the total

number of resonances for a given /-value and is given in File 2 for each lvalue.

J=JMAX

NRS = X NR
J=JMIN

1

where

and

JMAX = / + ! + -

JMIN = / - I -

I - / - - if I > /

- e\ - -2

= GNr is the neutron width, for the r* resonance for a particular value of /

and J, evaluated at the resonance energy E r For bound levels, the absolute value [EJ j s

used.

Tr = T111(E) + Tv + Ffr + r x r is the total width, a function of energy through F111.

a n d Txr, since F^. and F f r are constant with respect to energy. The "competitive" width, F

is not entered explicitly in File 2. It is calculated from the equation:
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r.. = r - r - r - rfi at E = 5 r .xr "r "nr A Tr * fr

The following quantities are given in File 2 for each resonance:

E1. = ER, the resonance energy

J = AJ, the angular momentum ("spin") of the resonance state

I = SPI, the angular momentum ("spin") of the target nucleus

gj = statistical factor (2J+1)/2(2I+1)

= GN, the neutron width

F = GG, the radiation width

Tfr = GF, the fission width and

r r(p r |) = GT, the total width evaluated at the resonance energy. Since the competi-

tive width, Fxr, is not given, Fr should be obtained from File 2 directly, and not by

summing partial widths.

For p-, d-, and higher ^-values, the primed resonance energy E'r is energy-dependent:

The fact that the shift is zero at each Er is an artifact of the SLBW formalism, and implies

a different R-matrix boundary condition for each resonance.

is the neutron wave number in the center-of-mass system, in terms of the laboratory energy,

and AWRI is the ratio of the mass of a particular isotope to that of the neutron. E is the

laboratory energy in eV.

The energy is written with absolute value signs so that the same formula can be used

for positive incident neutron energies and for negative (bound state) resonance energies.

(When inelastic scattering can occur, resonances below the level threshold are at "negative

energy" in the inelastic channel.)

10-01-91



D.5

is the shift factor,

S n = O ,
9+3p2+p4 '

S 1 = -
1

1+p2 '
S3 = -

675+90p2+6p4

225+45p2-^p4+p6 '

(The quantity p is defined below.)

For higher ^-values, S^ is defined by Equation (2.9) in Reference 1. In conventional

R-matrix theory, the shift factors are defined differently for negative energies (Reference 1,

Equations 2.11a-c). In ENDF, the positive-energy formulas are used, but the absolute value

of E is used in SLBW and MLBW. For the Hybrid R-function, Section 2.2.1.4, all shifts are

set to zero, and this is also recommended for the General R-matrix, Section D. 1.5.2.

P; is the penetration factor,

9+3p2+p4 '

P l =
1+P

2 ' 225+45p2+6p4+p6 '

For higher ^-values, the Pg are defined by Equation (2.9) in Reference 1. In conventional

R-matrix theory, the penetrabilities are zero for negative energies. The theory uses the

"theoretical" definition of a reduced width, T(E) = 2P^(E)V2, where E is a channel energy

(center-of-mass), and it suffices to say that P*(E) = 0 if E < 0.

In ENDF, the "experimental" definition is used, T(E) = r(|Er|)p^(E)/P,(|Er|), and it is

necessary to make the convention that a penetrability for a negative resonance energy is

evaluated at its absolute value. A negative kinetic energy can occur in an exit channel if the

reaction is exothermic, and in this case P-(E < 0) is zero.
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)>£ is the (negative of a) hard-sphere phase shift,

<t>0 = P •

t»x = P — t a n ^ p ,

= p - tan-1

= p — tan
. [p(15-p)2l

15-6p2

For higher /-values, the fy are defined by Equation 2.12 in Reference 1. It is not necessary

to evaluate a phase shift at negative energies.

p and p are defined as k x RADIUS, where RADIUS is defined as follows:

Let a = channel radius in units of 10~ cm

= .123 AWRI1/3 + .08; AWRI = A/1.00865*

AP = energy-independent scattering radius, which determines the low-energy

scattering cross section. It is given in File 2 following SPI.

AP(E) = energy-dependent scattering radius, given as a TABl card preceding the

"SPI AP.... NLS..." card.

If NRO = O (AP energy-independent)

NAPS = 0 p = ka ; p = k AP

NAPS = 1 p = p = k AP

If NRO = 1 (AP energy-dependent)

NAPS = 0 p = ka; p = k AP(E)

NAPS = 1 p = p = k AP(E)

NAPS = 2 p = k AP ; p = k AP(E)

D. 1.2. Multilevel Breit-Wigner (MLBW): LRU=I, LRF=2

The equations are the same as SLBW,** except that a resonance-resonance interfer-

ence term is included in the equation for elastic scattering of /-wave neutrons, ot (E):

L 1 /3•A is the target mass in amu. The channel radius, strictly speaking, involves A , and not
(AWRI) , but as long as the mass of the incident panicle is approximately unity, as it is for
neutrons, the difference is not important.
"Including the footnote on page D.I
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k2 Y gj fi à ((E-E1Z-Kr1Z2)
2) ((E-E1Z+(F5Z2)

2) •
(1)

This form, which has -NRjZ2 energy-dependent tenns and can involve a great deal of

computer time, may be written in the following fonn with only NRj tenns: (See Section

2.4.14)

where

NR1 Grrr+2Hr(E-E'r)
(2)

5
(3)

1
H r = (4)

For the user who does not require xjr- and %-broadening, the following equations,

which are mathematically identical to the MLBV equations, require less computing

time: (See Section 2.4.19)

NLS-I

<UE) = I (5)

-H
(6)

(7)
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D. 1.3. Reich-Moore (R-M): LRU = 1, LRF = 3

The derivation of these formulae is given in Reference 2. Neutron cross sections with

an exit channel c are given by

K ^ (D

In the Reich-Moore formalism one has for the scattering matrix, labelled by channel

subscripts (n in, c out, where c can be scattering, capture, or any of several partial fission

widths:

Uic = e - ^ ) [ 2 ( < I - K r 1 L - S n J , (2)

where

l/2rl/2
1

E r-E-iry2
(3)

<{>c is zero for fission and capture, <t>n = fye (defined previously) and the summation is over

the resonances r, E1. is the resonance energy; F is the "eliminated" radiation width; and

ra and rc , r are the partial widths for the r-th resonance in channels c and c\ respectively.

If we define

Pnc = 5nc " (d - 'nc

(4)

(5)

<WE) = ̂ I Sj[Re(PnO)-IPnnI
2]

K J

(6)
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fc* T T

where the inner sum is over the various fission channels, and

(7)

The phase shifts and penetrabilities are evaluated in terms of a and AP as described earlier.

The shift factor has been set equal to zero in the above equations (E r -> Er) and hence they

are strictly correct only for s-wave resonances. In the past, the Reich-Moore formalism has

been used only for low-energy resonances in fissile materials, which are s-waves. Howev-

er, it is believed that the "no-shift" formulas can be safely applied to higher l-values also,

since the difference in shape between a shifted resonance and an unshifted one at the same

energy has no technological significance.

The footnote on page D.I applies to the Reich-Moore formalism also, with an

additional complication. Since the format does not permit the specification of channel spin,

if an evaluation includes l>0 resonances for an I>0 nucleus, it is necessary for the

processing codes to include the contributions from the empty channels. It is probably

adequate to assume that the evaluator supplied values for the S=I-I/2 channels, and to use

the same potential-scattering radius in the empty 1+1/2 channels. (See Sections 2.4.23 and

2.4.24.)

D. 1.4. Adler-Adler (AA): LRU = 1, LRF = 4

The formulae, taken from References 3 and 4, are given for the total, radiative

capture, and fission cross sections. They have been slightly re-cast to make them conform

to the definitions used earlier in this Appendix. Furthermore, only the € = 0 terms are

given, consistent with current usage of this formalism. Procedures are discussed in Section

2.4.15. Since only s-waves are considered, higher I-wave contributions to the potential

scattering must be put into File 3 by the evaluator.
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1. Total Cross Section

7OJË NRS vI(Gjcos2<{»0+Hj'sin2(t>0}+(fir-
E

1=1

AT1 + AT2/E + AT3/E2 + AT4/E
3 + BT1E + BT3E2] .

2. Radiative Capture Cross Section

S-T1
t=i MV

+ AC1 + ACj/E + AC3/E2 + AC4/E
3 + BC1E + BC2E2]

3. Fission Cross Section

x —
I=I (Hr-E)2

+V2

AF1 + AF2/E + AF3/E2 + AF4/E
3 + BFjE + BF7E2] .

Although the foimat uses different names for Ji and v for each reaction, they are

equal:

DETr = DEFr = DECr =

DWTr = DWFr = DWCr = vf .
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D.1.5. General R-Matrix (GRM): LRU = 1, LRF = 5

D.I.S.I. Calculation of the R-matrix elements

The basic element in an R-matrix calculation is the contribution of a single resonance

to the R-matrix,

j^ ;

X Cm.

or in terms of the laboratory quantities defined in Section 2.2.1.4.2,

The matrix itself is obtained by summing over the appropriate ^.-values and adding in the

background R-matrix:

Rc,d = WAX + RBKcd •

If there are altogether N channels, then the calculation will involve N(N + l)/2 distinct

R-matrix elements, Rccj, since the matrix is symmetric. Those elements with different J

and IL in the two channels are zero, and the remaining ones can be rearranged in diagonal

blocks labelled by J and it. The information needed to compute the elements of each block

is contained in the spin-group list, together with the background R-matrix list which

specifies how the evaluation deals with distant-level effects.

Since the format gives the channel indices for each spin-group, i.e., each Jn

submatrix, explicitly in the spin-group list, the using code is relieved of the necessity of

doing any angular momentum bookkeeping. The evaluator needs to be concerned with the

details of the multiple sums over I, (', s, s\ and J, but the user needs only to invert the

sub-matrices specified by each spin-group, and then sum the partial cross sections

according to the MT-list. Unlike the SLBW, MLBW, and Reich-Moore formalisms, here the

burden of specifying all the necessary channels is on the evaluator, not the processing

codes.
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Following the usual procedure, the background R-matrix is assumed to be diagonal

and non-zero only in the incident neutron channels, i.e., those for which PMT=SMT=2 in

the spin-group list.

where n stands for an incident neutron channel.

Three different representations are allowed for the background R-matrix: (a) a

tabulated complex function of the energy, (b) the logarithmic parameterization used in

SAMMY,

RBKn = ROn + Rln*E + R2n*E2 - Sln * [EUn - EDn]

- [SOn + Sln*E] * *n[{EUn - E}/{E - EDJ]

and (c) a statistical parameterization using R00 (RIN), a strength function (SF), the energy

interval (INT) over which the explicit resonances are given, the interval midpoint (EBAR)

and an average gamma width (AVGG) over that interval (references 6 and 10):

RBKn = RINn + 2*SFn * [arctanh[2*{E - EBAR}/INT]

x +i * [AVGG*INT/{(IND2 - 4(E - EBAR)2}] |

D.I.S.2. Calculation of the U-matrix elements

The collision, or U-matrix, is obtained by the usual inversion formula from the

R-matrix:
U = QP1/2 [1 - R (L - B)]-1 [ l - R (L* _ B)] P~1/2 Q

Q = exp (-i0), L = S + iP

It has the same diagonal block structure as the R-matrix, but its elements are complicated

functions of all the R-matrix elements involved in the inversion. In addition to the

R-matrix elements, this step in the calculation requires phase shifts, penetrabilities, shift

factors, nuclear radii, and boundary-condition parameters. These are specified in the

following lists- or are calculated by the using code, depending on the options specified by

the evaluator.
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It is recommended that the shift factor be set to zero. In R-matrix theory, the shift

factor occurs because the underlying complete set of nuclear states on which the theory is

built do not coincide with the actual nuclear states, due to the artificial boundary condition

imposed on the former. In practice, only the form of the theory is used, and not its basic

theoretical content, so that for neutron cross section evaluation in ENDF, the shift is an

irrelevant artifact and can be ignored. It is true that a shifted and an unshifted resonance

Fitted to the same experimental data will have slight shape differences, but these will have

no technological significance. Eliminating the shift also removes one barrier to the use of

R-matrix parameters in multigroup slowing-down and self-shielding codes, which naively

assume that a resonance energy ER will be associated with a Lorentzian bump at that

energy. Anti-resonances, and strange channel-interference patterns will still cause problems

in such applications, but will at least occur in the expected locations.

It is also recommended that the boundary-condition parameter be set to zero, for the

same reason. With S = B = 0, the above formula reduces to

U = QP1'2 [1 - iRP]"1 [1 + iRP]P~1/2 Q.

which can reproduce experimental data as well as the more general form above.

It is assumed that the phase shifts in

£2 = exp (-i8)

are either hard-sphere values, or the ones defined in the phase-shift list. That is,

hard-sphere values are assumed to be included in the tabulated values, and are not to be

added by the user.

D. 1.5.3. Calculation of the channel cross sections

Each element of a U-submatrix, U c d , defines a channel-to-channel cross section,

ac,d =
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These cross sections are not observable, but are the ingredients for ones that are. The

statistical factor depends on c through J.

D. 1.5.4. Calculation of the PMT-cross sections

An observable PMT-cross section is obtained by summing the channel-to-channel

cross section over all the incident channels, and over those exit channels belonging to a

particular MT-value, PMT. Both of these summations are defined by the MT-list, which

tells which channels are incident, SMT=PMT=2, and which channels belong to each PMT.

The using code needs only to keep track of the indices, and is not required to bookkeep the

angular momentum quantum numbers.

PMT in n, d in PMT °c,d

D. 1.5.5. Calculation of the SMT-cross sections

The complete reaction cross sections, corresponding to the summed-MT's, are then

obtained by summing over the appropriate PMT's. The MT-list specifies which PMT's

belong to each SMT.
0SMT = 2PMT in SMT 0PMT

The elastic cross section, SMT=2, is the same as its only component, a(PMT=2). The

same is true of the fission cross section, SMT=PMT= 18.

D. 1.5.6. Calculation of the total cross section

The total cross section is obtained from the diagonal elements corresponding to the

incident channels. It cannot be obtained by summing partial cross sections because

radiative capture is not calculated according to the above scheme, but is treated as an

eliminated channel. Hence its cross section is not available for summing.

0TOT ~ £c in

The summations here are over all channels belonging to SMT=PMT=2.
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D. 1.5.7. Calculation of the capture cross section

This is obtained as the total cross section minus the sum of all the SMT-cross

sections:

CTCAP = 0TOT ~ SSMT 0SMT

If the eliminated width were read in as the sum of the capture width and some other

reaction width(s), the above difference cross section would correspond to the sum of those

reactions. This fact is exploited in the Hybrid R-function formalism to simplify the

treatment of competitive reactions, which often do not require the complication of a full

R-matrix treatment.

D. 1.5.8. Calculation of the absorption cross section

CABS = 0TOT ~ aSMT=2

If the inelastic cross section, OSMT_4. is not zero, it is necessary to subtract it off.

D. 1.5.9. Calculation of the angular distributions

These may be found from the Blatt and Biedenham formalism. However, the

summations required do not lend themselves to expression in terms of channel indices, the

way the integrated cross sections do. If the angular distributions are calculated directly

from the scattering amplitudes, one has to deal with magnetic quantum numbers in addition

to e, €, s, and J. If one eliminates the magnetic quantum numbers ala Blatt and Biedenham,

the sums over I, s, and J are each treated differently and do not stay together in neat

channel packages. To utilize these formulas, it is necessary to pick apart the c's and d's and

extract the quantum numbers. The format has not been optimized for that, although the

information is contained in the MT- and spin-group-lists. To use the angular distribution

formula, the code needs to perform the indicated 9-fold summation, and to locate a given

U-matrix element from its seven arguments (X1, O2, Ix, €2, S1, S2, and J. To facilitate the

summation, the limits are given explicitly in the following paragraph.
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Using a normalization in which B0 is also the angle-integrated cross section, the Blatt

and Biedenharn formula isf

d c W „ 2L+1 _ . .
d Q

71

x orfjS.aV'js' afjSjpa' Éjs'jj

x I a£2s,a'£,s' a/2sJ,,a'f!, s'J2J

where PL(H) is a Legendre polynomial in cos6aa., and Z^ j t j .sL _

) * (£.€,00; LO)1 2 1 1)(2J2 + 1) * (£,£,00; LO) W(^J/2J2; sL)

From outside to inside, the sum limits are

1. 0 < L < 2*(NLSC-1), where NLSC-I is a cutoff value chosen by the evaluator

to converge the angular distributions. (See Sections 2.4.23 and 2.4.24).

2. |I - i| < s < I + i (incident spins)

3. |I" - i'| < s' < T + i' (exit spins)

4. 0 < €{ < NLSC-I

5. 0 < C\ < NLSC-I

6. |L - ix\ <e2< min{NLSC-l, L + £,}

7. |L - e\\ < l\ < min{NLSC-l, L + C\}

8. max{|^j - s|, |«'j - s'|} < J1 < min^j + s / j + s'}

9. < J2 < s, s, L

tSum variables in curly brackets. This formula is not applicable to either capture or fission. Both
do/dfi and BL are center-of-mass quantities, in terms of laboratory widths and energies.

10-01-91



D.17

D. 1.6 Hybrid R-function (HRF): LRU=I, LRF=6

The formulae are from standard R-matrix theory, References 1,5, and 6, augmented

by the single-level Breit-Wigner fonnalism for the calculation of competitive reactions.

The mixing of the two methods is indicated by the term "hybrid." As in the previous

section, D. 1.5, R, S, and U are center-of-mass quantities, written in terms of laboratory

widths and energies.

D. 1.6.1. Elastic Scattering Cross Section

NLS-I I + 2

«=0 1, J=I

to*

I ag (E)

where S-JE) - 1 - U,,.(E)

S&.CE) =

NLSI

r=l

(N)
* 2P,sJ(|Er|)[Er-E-irer(|Er|) /2]

The eliminated width, Fer, in the denominator of the R-function is a constant, evaluated at

the resonance energy. It is the sum of the partial widths for capture and competitive

reactions (see Section 2.2.1-4). Its omitted energy-dependence has a negligible effect on

the shape of the elastic resonances. If the flag LPS is O, the phase shift 8feJ will be

calculated from the hard-sphere formulas. IfLPS=I, tabulated phase shifts will be supplied

in every channel. This permits parameterization of optical-model evaluations. Hard-sphere

values depend on the channel-dependent radius AC. The formulas of section D. 1.1 are used
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with p = p = k x AC being dependent on t, s and J. Note that the above equations are all

scalar. No matrix inversion is required. The background R-function R^j(E), if supplied,

must be tabulated, although the analytic formulae of Section 2.2.1.4.3 may be used as a

guide.

As in the footnote on page D.I, the processing codes must sum over all channels,

whether they contain resonances or not. The evaluator must specify suitable values of NLS

and NLSC to converge the cross-section and angular-distribution calculations.

D. 1.6.2. Partial Reaction Cross Sections

The following formulas are the same as SLBW, except that an explicit sum on

channel spin has been introduced, so that the same J-value can occur in two different

channels, fcjj and

NLS-I I + 2

= I I «£<*)

x can represent any of four reaction types:

a) Radiative capture

F351(E) = r^, a constant in energy

b) Fission

Tn(E) = rfr, a constant in energy. This convention is the same as that used in the

SLBW and MLBW formalisms.

c) Inelastic scattering

10-01-91
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E* is the laboratory threshold energy for exciting the p level in the target nucleus. It is

determined from the Q-value in File 2 (QREn) by

AWRI+1
E P = " AWRI Q -

P, is to be calculated using the AC values for the first channel in the file. The prime on the

F--L* cript i denotes the fact that an inelastically-scattered neutron may have a different

lvalue from the incident neutron. C is the library quantity ALREn. AWRI is the same as

for the incident neutron, because the reduced mass in an inelastic channel is (essentially)

the same as in the incident channel. P^ is zero if its argument is a negative incident energy.

If its argument is a negative resonance energy, P^ is evaluated at the absolute value of its

argument.

d) Charged-particle scattering

The charged-particle penetrability will be supplied by the evaluator as a tabulated

function of the incident neutron's laboratory energy. The conversion from the charged-par-

ticle channel energy to the neutron's energy is discussed in Section D.3.1(c). This choice of

energy eliminates the need for the user to do any conversion, and the energy-dependent

charged-particle exit width is simply

r ( E ) - r
" CPr

This choice also eliminates the need to specify an exit mass ratio, AWRIC, an exit Q-value,

or an exit channel radius, as these are incorporated by the evaluator into the tabulated

penetrability.

D. 1.5.3. Total Reaction Cross Section

This is calculated as the sum of the above partial reaction cross sections,
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In the important case that radiative capture is the only reaction specified (NFRE = NIRE =

NCRE = 0), the total reaction cross section is also the radiative capture cross section, and

is to be calculated from the R-function formula

I
NLS-I

S
frO

iE\ - y y

s=|I—
1 J=i*-s|

where

This formula is applicable also in the "trivial" case of pure elastic scattering (NGRE =

NFRE = NIRE = NCRE = 0). This formula, when applicable, eliminates all reference to the

SLBW formalism, and reduces the hybrid R-function to a "pure" R-function.

D. 1.6.4. Total Cross Section

The total cross section is calculated as the sum of the elastic scattering and total

reaction cross section defined above,

CTT® = <*aJ& + ORCE)

In the two special cases noted in 3., the total cross section may also be calculated from the

mathematically-equivalent form:

NLS-I I + 2

cT(E) = I I of 1 © , and

I % O " »°U«®) - £ S1 Re S (̂E) .

These special cases are standard R-function theory, as no use is made of the single-level

Breit-Wigner formalism (see Section D.3.3).
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D. 1.6.5. The Angular Distribution of Elastically-Scattered Particles

Scattering-matrix theory predicts an angular distribution which varies across a

resonance. For some applications this variation might be worth calculating. The general

formula of Blatt and Biedenharn, Reference 7, reduced to the present case of an R-function

that is diagonal in €, s, and J is (center of mass):

NLS-Ij '"«j—» 9L+1
— = y B1 (E)P, (cosG) bams/steradian ,
dQ , 4n L L

Lwhere

Z2 ( / l W 2 ; sL) S^11 OS) S^2(E) ,

Z (E 1 J IV 2 : SL) = V(2^1+D(2«2+1)(2J1+1)(2J2+1) (^f2OO; LO) W(J1J1^2; sL),

and i is the neutron spin (1/2). Here (£,f,00; LO) and W(^,J1^2J2; sL) are Clebsch-Gordan

and Racah coefficients, respectively. The limits on the summation variables are as follows,

from outside to inside:

1) 0 < L £ 2 (NLSC-I), where NLSC-I is the highest partial wave required to

specify the angular distribution. It may be necessary to calculate U ^ for non-res-

onant channels which contribute just hard-sphere or optical-model scattering,

2) |I - i I < s < I + I

3) 0 < ex <: NLSC-I

4) IL - *,l < £2 < min {NLSC-1, L + ^1}

5) M1 - si < J1 < Ix + s

6) max [\e2 - si, IJ1 - LIJ < J2 < min [I2 + s, J1 + L]

D.2. The Unresolved Resonance Region: LRU=2, LRF=I or 2

Average resonance parameters are provided in File 2 for the unresolved region.

Parameters are given for possible C- and J-values (up to d-wave, I=T) and the following
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parameters may be energy dependent: D^j1 Tj^j1 IV^1 Tfej, and Fx^ r . The parameters are

for the single-level Breit-Wigner formalism. Each width is distributed according to a

chi-squared distribution with a designated number of degrees of freedom. The number of

degrees of freedom may be different for neutron and fission widths and for different (/,J)

values. These formulae do not consider Doppler broadening.

D.2.1. Cross Sections in the Unresolved Region

Definitions and amplifying comments on the following are given in Section D.2.2.

a. Elastic Scattering Cross Section
NLS-I

fcO
n(E) ,

in <j= —• (2e + 1) sur<j>£

The asymmetric term in E — E'r is assumed to average to zero under the energy-averaging

denoted by < >.

b. Radiative Capture Cross Section

NLS-I

<Jn>ï(E) = X OJL(E) ,
t=0
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c. Fission Cross Section

NLS-I

lJ™< *

The sum over € in the above equations extends up to I = 2 or NLS-I (the highest

l-value for which data are given). For each value of €, the sum over J has NJS^ terms (the

number of J-states for a particular l-state). NLS and NJS are given in File 2.

The averages are re-written as

F r

^ 7
R»

r I
, and

where R - j R^j1 and Rn^i are width-fluctuation factors for capture, fission, and elastic

scattering, respectively. Associated with each factor is the number of degrees of freedom

for each of the average widths, and the integrals are to be evaluated using the MCZ-H

method.

Data given in File 2 for each (/,J) state

= AMUN, the number of degrees of freedom for neutron widths

= AMUF, the number of degrees of freedom for fission widths

= AMUX, the number of degrees of freedom for competitive widths

= AMUG, the number of degrees of freedom for radiation widths
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T , , = GX, the average competitive reaction width
XfJ

Y0 = GNO1 the average reduced neutron width
nCfJ

r . j = GG, the average radiation width

r « j = GF, the average fission width

Dej = D, the average level spacing

The average neutron widths are defined in Seciion D.2.2.2, Equation 10, where

)- Degrees of freedom are discussed in Section 2.4.20.
The average total width, at energy E, is

and all widths are evaluated at energy E. J = AJ, I = SPI, and £ = L are all given in File 2.

The penetration factors and phase shifts are functions of a or AP, as described earlier.

D.2.2 Definitions for the Unresolved Resonance Region

Editions of ENDF-102 prior to ENDF/B-V have had some errors in the "Definitions"

section of Appendix D (previously Section D.2.1). To clarify the points and facilitate

parallel reading with Gyulassy and Perkins, Reference 8, their parenthesized indices will

be used. Section D.2.3 contains a table of equivalences to the notation used in D.2.1 and

Section D.2.4 compares the present discussion with those previously given.

D.2.2.1 Sums and Averages

In an energy interval AE, let the resonances be identified by a subscript X= 1,2, —

which goes over all the resonances. The present discussion is concerned with the combina-

torial aspects of level sequences, hence X enumerates all the resonances, whether their

widths are observably large or not. One purpose of this section is to permit estimation of

missed resonances by comparing observed level densities or strength functions with the

theoretically-expected relations. The latter are concerned with the set of all resonances, and

not just those that are observable in a particular experiment.

10-01-91
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Let x denote a set of quantum numbers that label a subset of resonances in the

interval. If there are N(x) such resonances, their level density is

p(x) = N(X)/AE , (1)

and their level spacing is

D(x) = l/p(x) . (2)

If y-, is some quantity associated with each resonance, X, the sum of the y-values over

the subset x is

Xy* (3)

In this section, the summation index X is written as a subscript, and the range of the

summation is indicated by the superscript x. Equation (3) says "sum the quantity y over

every resonance in the interval AE which has the quantum numbers x.' •• sually, these

resonances will possess other quantum numbers too, but it is the set x which determines

whether they are included or not.

An average of the quantity y over the set x is
Iy) x = [1/N(X)] (4)

D.2.2.2 Reduced Widths

Reduced widths follow the experimental definition rather than the theoretical usage

T = 2Py. A partial width for the decay of a resonance into a particular channel carries

many quantum numbers, but we need only three, the total and orbital angular momenta J

and 6, and the channel spin s. The reduced neutron width, P-, (J,s), is defined by:

(5)

where vf =

v, = P2/(1 + P2) .

v2 = p4/(9 + 3p2 + p4)

and p = ka, a being the channel radius.
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Assuming additivity of partial widths,

(7)

where S 3 is a summation over the 1 or 2 possible channel-spin values. If we average over

resonances, and assume that the average partial width is independent of channel spin,*

(8)

Equation (8) introduces the multiplicity [le,, which for neutrons can have the value 1 or 2,

depending on whether the channel spin has one or two values. For I = 0, or I = 0, or J = 0,

IVj = 1- In other cases, s can take on the values I ± 1/2 subject to the additional vector

sum

~s=-t + ~f, (8a)

which may again restrict \ltj to the value one.**

The other new notation is the line through the quantum number s, meaning that the

quantity <T^(J,£)> does not depend on the value of s. This is not the same as omitting s

from the parentheses, since that defines the left-hand side quantity. This is the primary

source of confusion in previous discussions. Since ve only depends on £,

= (Tj (J)) (9)

(rj (W)) ̂  . do)

where the bar over ^Ëvg denotes some average value appropriate to the interval.

•E.g.. if I = 1/2. f i u = 1

•*This is not crue for the individual resonances.
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D.2.2.3 Strength Functions

The pole-strength function was originally introduced as an average over the R-matrix

reduced widths for a given channel, "y£. Using the experimental convention,

(H),s) = (Tj (J1S)) /D(Us) .

Since the channel spin values are uniquely determined by J and C, together with the target

spin I which is common to all the resonances, s is superfluous in defining the subset over

which the average is taken, and

( ^ ) ' J (12)

If the parity it were used as an explicit quantum number, I could be dropped,

s (v,s) = (rj (J,S))J>II/D(J,JE) (13)

because I and Jt are equivalent for labelling resonances. That is, every resonance with a

given J and Jt will have channels labelled by the same set of ^-values, whether their partial

widths are observably large or not. Some authors go one step further and drop n, so that J

means J, %, but that is an invitation to confusion.

Expressing S(£,J,s) as a sum over reduced widths gives

S[IXi) = 4 J itx (J.sVA£ (14)

where we use the assumed independence of <r£(J,é)> on s to get the same result on the

left-hand-side.

The strength function S(V) is defined as

(V) (15)= Z5S

The corresponding sum and average forms are

S(V) = 4 J Fj

10-01-91
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(18)

The next "natural" summation would be to collect the different ^-contributions to the

total width, to form S(J), but this is not what is observable. Instead one defines S(f) as a

weighted sum of the S(£,J,s>

(19)

This equation occurs in Lynn, Reference 1, as 6.126, with a confusing typographical error,

namely the index s is missing from S(l,J,s).

Actually, the strength function was introduced first in the "s-wave" form

s(0) = xf)(gr!!)x/D (* = 0) (20)

and later generalized by Saplakoglu et al. Reference 9, to the p-wave form

S(I) = (1/AE) (2€ + I)"1 Sf=1 Ur]] . (21)

For expository purposes, it is clearer to start from (19). The sum on J and s is for fixed €\

Js „ 1, J=|«-s|
(22)

It is important to note that the outer sum on channel spin is correct as written. It goes over

the values I ± - if I > -, and over the single value - , if I = 0. It is ,Mt further constrained
2m 2m 2m

by equation (8a) because now it is the "independent variable." The inner sum on J

enumerates some J-values once, and some twice, the latter occurring when both s-values

can produce that J-value. The number of times J occurs is the same | i , j that appeared

previously.
If we are summing a quantity that is independent of s, then (22) can be rewritten:

(23)
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The multiplicity \iei takes care of the sum on s, and the tilde over the sum on J, as

emphasized by Gyulassy and Perkins, Reference 8, reminds us that J goes over its full

range, "once-only":

J=

if

(24a)

(24b)*

The denominator in equation (19) can be shown to be

SJsg = 2* + 1

or, since g is independent of s

(25)

2e + 1 (26)

G-P assume, and later approximately justify by comparison to experiment, that

J,i) is also independent of J. With this, equation (19) becomes

s(*) = (2* + if1 zJsgs (e/,é) = s (e/,i) (27)

= S (*,J)/u(*,J) , (28)

using equation (16).

Note the peculiar fact that S(O and S(£,/,g) are independent of J, but S(£,J) is not.

This is a consequence of the fact that more than one channel spin value can contribute to

S(£,J), inducing a "J-dependence" in the form of a possible factor of two.

As a sum over resonances,

*Reference 8 has this written incorrectly.
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{2€ + l)"1 ZJsgS {ej,i) (29)

= {2€ + I)"1 ZJ8S^1 g F ^ (J,s)/Ae (30)

= {2e + I)"1 Zj Z £ J g F ^ (J)/Ae , (31)

The r.h.s. of (31) says to sum F^(J) over all possible values of J, which is what is meant by

equations (20) and (21). We can suppress the explicit J's and write, as in equation 21,

(32)= (1/AE) ( 2 / + I r

but we have to remember that I^ is still F^(J), and not a new quantity.

As an average, using the same convention,

= {2e + iy.-1 (*) (33)

Otherwise, all the notation is correct: D(O is the spacing of l-wave resonances without

regard to their J-values, and the average < > goes over all resonances possessing the

quantum number I, again without regard for their J-values. It is worth noting explicitly that

although S(£,J) is "almost" independent of J, this is not true of/F^(J)V As equation (18)

shows, its J-dependence is cancelled by the J-dependence of D(I1T), up to the factor \iej.

This property is what makes strength functions useful.

D.2.2.4 Level Spacings

G-P emphasize that

p(0 = S1P (W) (34)

which, together with the assumption

p(W) = K(0(2J + 1) (35)

leads to

(36)
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where

= (e + \)i{ie + 1 ) for e < I

= (I + 1)/(2I + 1 ) for € > I

(37)

and is unity if I = O or I = 0.

The reader is referred to Reference 8 for a fuller discussion but here we can point out

that, for a given parity, p(£,J) is independent of I, by definition. As noted, every resonance

with a given J and it has the same set of associated ^-channels, whether it has an observable

width or not. Hence

P(OJ) = p(2J) = p(4J) = ... (38)

J) = p(3J) = p(5J) = ...and

The further assumption of parity-independence makes p(£,J) totally independent of I.

As a result, C-P's K(O from equation (35) is independent of €, and

p(t) = C{2e + I ) O 1 ^ (39)

where C depends on the nuclear species but not on any quantum numbers.

D.2.2.5 Gamma Widths

In the limited energy range of a few keV usually covered by the unresolved resonance

region, the gamma width may be assumed to be constant and equal to that obtained from an

analysis of the resolved resonances. If, however, the energy range is rather wide, an energy

dependence as given by some of the well-known theoretical models, Reference 1, may be

built in. Since the observed gamma width is the sum of a large number of primary gamma

transitions, each assumed to have a chi-squared distribution of |i = 1, the sum is found to

have a (i > 20. In effect this implies that the gamma width is a constant, since a chi-squared

distribution with a large number of degrees of freedom approximates a S-function.
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D.2.2.6 Degrees of Freedom

For the reasons enumerated in File 2, Section 2.4.20, the following values should be

used:

1. Neutron width, 1. S AMUN < 2., and specifically, AMUN = \lej

2. Radiation width, AMUG = 0.

3. Mission width, 1. < AMUF < 4., to be determined by comparison with experiment.

Only integral values are pennitted, although non-integers occur in some analyses.

4. Competitive width, 1. < AMUX < 2., because only a single inelastic level exci-

tation is permitted as a competitive reaction. Specifically, AMUX = Û  j , where J

is 'he spin of the resonance, and t is the orbital angular momentum of the

inelastically scattered neutron. Since the daughter nucleus may have a spin T

different from the target spin, I, f may be different from I and the number of

channel spin values |i^j may be different from |X ,̂.

Definition

This is a non-equivalence. X

enumerates all resonances, r

enumerates those within a sub-

set and hence implies a set of

quantum numbers.

The neutron width, summed

over channel spin.

Not used in D.2.2, but the

same implication of I, J holds.

Penetration factor.

D.2.3 Equivalent Quantities in Sections D.1 and D.2

Symbol in D.I Symbol in D.2.1 Symbol in D.2.2

r - X

nr
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T0 '

r n W ( r n « J > > w

Average level spacing for a

subset of resonances with

given € and J.

The £-wave reduced width, av-

eraged over all resonances with

given € and J.

The average neutron width. In

practice, the energy-dependence

of this quantity is not aver-

aged, but extracted before av-

eraging.

D.2.4 Comparison with previous editions of ENDF-102

D.2.4.1 ENDF-102, October 1970 edition

1. Equation (1). DQ b s e r v e d is D(O-

2. Line 9. C is not the angular momentum of "the incident neutron." The incident

neutrons carry all angular momenta. I is the orbital angular momentum of the resonance, or

more precisely, of the channel or channels which are involved. The resonant i phase shift

will interfere with the non-resonant ones in angular distributions, but not in angle-inte-

grated cross sections.

3. Equation (2).

P1 is p(*J); pQbs is P(^; Z is Zj .

4. Equation (3). Dj is D(£,J) and the right-hand-side should have a factor W1^

5. Page D-Il . line 1. "level-spacing" means D(^J). Line 8. The statement "If we

assume the s-wave strength function is independent of J ..." presumbly means assuming

S(OJ) is independent of J, since the s-wave strength function itself, S(O), is a sum over

J-states and is therefore "independent" of J by definition.
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Equation 4 means
S(O) = S(O,J,s) =

which because U0J = 1 implies

s(0) = 0lJ/D(0j) .

Equation S is trickier because [I1, is not identically equal to 1, and the discussion

appears to give the user the option of getting D(0,J) from equation (3) and "the correspond-

ing reduced neutron width" from equation (5), or of using the ENDF/B convention,

equation (6).

The problem lies in the failure to distinguish F (̂J) from F^(J,s).

Equation (6) states the "ENDF/B convention":

p i ) = (1IS) V E v ^ .
(Here and in the following, \ E and v^ are average values appropriate to the energy

interval.)

We know that the correct relationship is

If we assume that in equation (6) is to agree with experiment, then must be

If we use a subscript E to denote an ENDF/B-convention quantity,

and now

in (5) means
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which is correct. Thus an ENDF/B reduced width (l,

experimentalist would measure.

In the notation of D.2.2., equation (6) is

will sometimes be half what an

and r^(J) is the reduced width determined by experiment.

For p-waves,

S(I) = S(lJV|llfj = (Tj(J)) U/D(1,J)HU ,

and equation (5) would read:

s

6. The October 1970 edition uses three different symbols for the reduced width.

In a unified notation:

page D-9 T ^ = (T^J))^

„. /=i

page D-Il

page D-12

D.2.4.2 Comments on ENDF-102, October 1975 edition, Section D.2.1

1. Equation (1). D^obseived is D(O-

2. Same as comment 2 on the 1970 edition; above.

3. Equation (2). Dobs is D(O; p , o b s is p(0; Sj is Sj.

4. "All allowed ^-values label the same set of resonances" means p(£,J) does not

depend on I (for given parity).

5. Equation (3). (2J + I)"1 is missing from the right hand side.

6. Page D-12, second equation:
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The quantity lgT*\ is /gIT (̂J)\ . The bracket < >e means that all J-values are

summed over. The other two brackets are for particular J-values, i.e..

7. "The strength functions for a given lvalue but different J-values" means S(£,J).

These are not all equal-it is the ratio S(é,J)l\Lgj which is independent of J.

8. Equation (6) should read:

= (Tj(W))

where F^(J) is the reduced width determined by experiment. That is, the relation involving

\igj is only valid for an average width, and hence -\/Ê V^ must also be some appropriate

average value. The quantum number s should be exhibited when |J. is used.

D.3 The Competitive Width

D.3.1 Penetrability Factor for the Competitive Width in the Resolved Resonance

Region

A. SLBW and MLBW

For these formalisms, the only physical situation which car. be handled without

approximation is that in which a single inelastic competitive process is possible, because

the formalism presently permits the definition of only one additional quantity. The most

common case will occur when inelastic scattering to the first excited state of the target

nucleus is energetically possible. Ignoring, as in the case of elastic scattering, the
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possibility that the partial widths depend on channel spin, the penetrability is identical to

that for elastic scattering, but the energy is reduced by the excitation energy of the first

excited state, corrected for recoil, so that

if E > E j , and T^(E) = 0 if E < Ej where Ej is (AWRI+1)/AWRI times the excitation

energy of the first excited state, E1J* • (Ej* = -QX in File 2).

This definition involves two conventions, both taken over from the elastic case.

One is the way in which an "experimental" reduced width Fj^ is defined in terms of the

theoretical reduced width "f, and the other is the way in which negative energy levels are

treated. Neither of these problems arises in the theory, where T = 2Py" and all quantities are

defined in terms of the channel energy. Note that the l-value to be used in the penetrability

is not that of the incident neutron, but of the "exit" inelastically-scattered neutron.

It is conceivable that an (n,a) or (n,p) reaction to the ground state of the daughter

nucleus could be open, without inelastic competition, in which case the formula for T^.

would be the same, but the P^ would be a Coulomb penetrability, and the excitation energy

Ej would be replaced by the approximate Q-value and reduced mass. The General R-matrix

and Hybrid R-function formalisms allow for this possibility (see Sections D. 1.5 and D. 1.6).

If more than one competitive process is energetically possible, then the SLBW and

MLBW formats are inadequate to give the correct energy dependence of the competitive

width, since they supply only one number, and a partial width is required for each process.

E.g., when two inelastic levels can be reached,

'-JM5D
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with appropriate modification below each threshold. Note that the exit ^-values .are

independent of the incident-neutron 0-value.

For codes that presently approximate F as a constant in the denominator, a

possible procedure is to substitute a step function

rM(E) =0 ifE<EjrM(

and then make some provision to handle the resultant discontinuity in the cross section.

Users who are unable to handle this degree of complexity, and would like to use

GTR from File 2 as the total width without regard for whether the competitive process is

energetically possible or not should at least be aware of the problem.

B. The Adler-Adler and Reich-Moore formalisms are presently directed toward

low-energy fissile materials, so no recommendations concerning the treatment of T^1 need

be given, and users can presume that it is zero.

C. General R-matrix and Hybrid R-function

These formalisms allow multiple reaction channels, in addition to the elastic

channel. The above discussion of penetrabilities pertains here also. For purposes of coding

the penetrability factor as a subroutine, one possibility is to supply six arguments, an

energy E, a Q-value Q, a mass ratio AWR, a radius R, an lvalue L, and a sentinel K.

Inside the subroutine, one calculates the threshold T = - (AWR + 1.0) Q/AWR and then

branches on K. If K = 0, signalling an "incident" energy, the penetrability will be set to 0 if

E is below threshold, but if K = 1, signalling a "resonance" energy, the penetrability will be

calculated at the absolute value of E-T. Thus an inelastic width would be calculated as

GINE(E) =
P(ER, Q=-E*, AWR, R, L, K=l)

where P is a subroutine or function statement.
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INPUT TO PL :

E1Q1AWR1R1L1K
T = -(AWR + I)*Q/AWR

YES

CALCULATE
PL ATTHE ENERGY IE-TI

K=I
K = O

RETURN W

For both the R-formalisms, the evaluator must supply any Coulomb penetrabilities

as tabulated functions of the incident neutron's laboratory energy. This choice keeps the

energy consistent with that used in all other ENDF quantities and simplifies the problem of

interpolating in the tables.

The evaluator will most likely calculate the Coulomb penetrabilities as functions

of the center-of-mass energy in the exit channel, E c m e x i t . This is related to the cen-

ter-of-mass energy in the incident channel by

cm.inc ~ cm.exit ~ ^

and the incident laboratory energy is

AWRI+1 _
AWRI cm,inc

AWRI+1 rp
AWRI L c m ' e x i t

_ o 1
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In case the evaluator obtains his Coulomb penetrabilities as functions of the

charged-particle laboratory energy, Ej a b e x i t , one more transformation is required:

AWRIC

AWRIC+1

where AWRIC is the mass ratio in the exit channel.* In this case,

AWRIC 1
ab,exit ^ JAWRI J [AWRIC+1

These formulas enable the evaluator to supply the charged-particle penetrabilities

as functions of the incident neutron's laboratory energy. This leaves to the user only the

task of incorporating the dependence on the individual resonance energies, Section D.3.1.

D.3.2 Penetrability Factor for the Competitive Width in the Unresolved Resonance

Region

Since many codes treat the average total width in the denominator of expressions like

(^VY^) as an energy-independent constant, the penetrability factor of the competitive

width needs to be handled by specifying energy-dependent unresolved resonance parame-

ters.

The formalism, which is a simple average over SBLW line shapes, takes account of

the energy-dependence of the neutron widths in the numerator, by extracting their penetra-

bility factors before the averaging is done. These then contribute to the energy-dependence

of the average cross section. The energy-dependence of the neutron width in the denomina-

tor, i.e., in F, is neglected. No such fix is readily available for the energy-dependence of

the competitive width, whose penetrability factor will involve the threshold dependence of

an inelastic cross section. The evaluator can circumvent this difficulty by specifying

energy-dependent parameters and setting <r x > = 0 below its threshold; then allowing it to

build up according to the formulas given in Section D.3.

*For an n,p reaction AWRIC = ^HauEhte/m = A W R I - b u t f o r a n n - a reaction,

AWRIC = M^g11161An0, = (AWRI - 3) /4.
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The degrees of freedom, AMUX, should be 1.0 or 2.0. (See Section 2.4.20.)

D.3.3 Calculation of the Total Cross Section when a Competitive Reaction is Specified

When a competitive reaction is specified for SBLW or MLBW and T exceeds

T + F + Fp the ENDF convention is that the scattering, capture, and fission cross

sections will be calculated from the sum of File 2 and File 3 contributions, but the

competitive reaction will be contained entirely in File 3, and no File 2 contribution should

be added to it. The reason for this is that users can avoid problems in coding up resonant

competitive widths. In the File 2 calculations, the correct total width T must be used in

order to get the correct line shape.

This puts the total cross section in a special category. If it is calculated as the sum of

CJn, Oy, (7j, Gx, then the above prescription works satisfactorily. However, if it is calculated

from the SLBW formula.

anF> = ï.
r r

m rE-EVf4I [TJl)2 '

as it is in some applications, then it will include the competitive reaction, and the user

should not add the File 3 contribution to it. The ENDF convention presumes that On t will

be calculated by summing the partial reactions.

The General R-matrix and Hybrid R-function do not have this problem. The "compet-

itive" reactions are treated normally, and File 2 and File 3 are added together for all

reactions. That is because the total width is always the sum of the explicitly-given partial

widths. Depending on what non-elastic channels are specified, the total cross section may

be calculated either as the sum of the partial cross sections, or from {l-ReU(tfsJ)}, as

described in Sections D. 1.5.6 and D. 1.6.4. If a File 3 contribution were specified for the

total cross section, then it would be added to the (1-ReU) calculation, but not to the

sum-of-parts calculation, as the latter would already include the File 3 contribution for

each partial reaction. This assumes that the File 3 total is the sum of the File 3 partials.
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APPENDIX E

Kinematic Formulas

The notation used to describe two-body kinematics is shown in Fig. E-I. The

scattering treatment used for neutrons can be generalized to charged-particle reactions by

allowing the emitted particle mass to be different from the incident particle mass (i.e., m3 *

Ta1). Applying conservation of mass, energy, and momentum gives the following non-rela-

tivistic kinematic equations:

A-?.
m,

m,

(E.1)

(E.2)

(E.3)

(E.4)

e l A2

£ i = HT

A' h

E l (1+A)2 (p2+l+2P(i) ,

(E.5)

(E.6)

(E-7)

(E.8)

(E.9)

(E. 10)
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(E.ll)

If the incident and scattered particles are the same, A'=l, and these formulas reduce to the

familiar set used for neutron scattering. The elastic reaction corresponds to A'=l and Q=O.

According to these formulas, the secondary energy distribution of the emitted particle

and the complete energy-angle distribution of the recoil nucleus are completely determined

by A, A', Q, and the angular distribution for the emitted particle.
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CM SYSTEM

m, = COSB

LAB SYSTEM

u = cos

Figure E-I

Definition of Kinematics Variables for Charged-Particle Reactions
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APPENDIX F

Summary of Important ENDF Rules

General

1. Cross sections for all significant reactions should be included.

2. The data in ENDF are specified over the entire energy range 10~5 eV to 20 MeV. It

should be possible to determine values between tabulated points with use of the interpola-

tion schemes provided.

3. All cross sections are in barns, all energies in eV, all temperatures in degrees

Kelvin, and all times in seconds.

4. Summary documentation and unusual features of the evaluation should appear in

the File 1 comments.

5. Threshold energies and Q-values must be consistent for all data presented in

different files for a particular reaction.

File 2 - Resonance Parameters

1. Only one energy region containing resolved resonance parameters can be used, if

needed.

2. The cross section from resonance parameters is calculated only within the energy

range EL to EH, although some of the resonance parameters may lie outside the range.

3. Every ENDF Material has a File 2 even if no resonance parameters are given in

order to specify the effective scattering radius.

4. In the unresolved resonance region interpolation should be done in cross section

space and not in unresolved resonance parameter space. Any INT is allowed.

5. The Breit-Wigner single-level or multilevel formalisms should be used in the

resolved resonance region unless experimental data prove that use of the other allowed

formalisms is significantly better.
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File 3 - Tabulated Cross Sections

1. All File 3 data are given in the laboratory system.

2. The total cross section MT = 1 is the sum of all partial cross sections and has an

energy mesh that includes all energy meshes for partial cross sections.

(Exceptions MT = 26, 46-49, 719, 739, 759, 779. and 799 are not included in the MT =

1.)

3. The following relationships among MT numbers are expected to be satisfied if data

are presented:

1 = 2 + 3

3 (or 1 - 2) = 4 (or 51+...91) + (6+...9+16) + 17 + 18

(or 19+...21+38) + (22+...25) + (28+...37)

+ (102+...114)

4 = sum (51+...91)

18 = sum (19+-.21) + 38

101 = sum (102+...114)

103 = sum (700+...718)

104 = sum (720+...738)

105 = sum (740+...758)

106 = sum (760+...778)

107 = sum (780+...798)

4. Threshold reactions begin at zero cross sections at the threshold energy.

Files 2 and 3

1. If there are resonance parameters in File 2, there are contributions to the total (MT

= 1) and scattering (MT = 2) cross sections and to the fission (MT = 18) and capture (MT =

102) cross sections if fission and capture widths are also given. These must be added to the
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File 3 Sections MT = 1, 2, 18, and 102 over the resonance region in order to obtain

summation values for these cross sections.

2. The cross sections in File 3 for MT = 1, 2, 18, and 102 in the resonance region are

used to modify the cross section calculated from the resonance formalisms, if necessary.

The File 3 "background" may be positive or negative or even zero if no modifications are

required. The summation cross section (File 2 + File 3) should be everywhere positive.

3. Double-value points (discontinuities) are allowed anywhere but are required at

resonance region boundaries. A typical situation for MT = 1, 2, 18, and 102 in File 3 is a

tabulated cross section from 10-5 to 1 eV, tabulated "background" to the cross sections

calculated in the resolved resonance region between ELl and EHl, tabulated "background"

to the cross sections calculated in the unresolved region between EL2 = EHl and EH2, and

tabulated cross sections from EH2 to 20 MeV. Double-value points occur at ELl, EL2, and

EH2.

4. The tabulated "background" used in File 3 to modify the cross sections calculated

from File 2 should not be highly structured or represent a large fraction of the cross

sections calculated from File 2. It is assumed that the "background" cross section is

assumed to be at 0 Kelvin. (The "background" cross section is usually obtained from room

temperature comparisions, but this should be unimportant if the "background" cross section .

is either small or slowly varying).

5. The generalized procedure for Doppler-broadening cross sections from Files 2 + 3

is to generate a pointwise cross section from the resolved resonance region on an

appropriate energy mesh at 0*K and add it to File 3. This summation cross section can be

kernel-broadened to a higher temperature.

File 4 — Neutron Angular Distributions

1. Only relative angular distributions, normalized to an integrated proba bility of

unity, are given in File 4. The differential scattering cross section in barns per steradian is
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determined by multiplying File 4 values by the File 2 + File 3 summation scattering cross

section a s divided by 2%.

2. Discrete channel angular distributions (e.g., MT = 2, 51-90,701...) should be given

as Legendre coefficients in the center-of-mass system, with a maximum of 20 higher order

terms, the last being even, in the expansion. If the angular distribution is highly structured

and cannot be represented by a Legendre expansion, a tabular angular distribution in the

CM system must be given.

3. When the elastic scattering is represented by Legendre coefficients, an energy-

independent transformation matrix must be given to perform a CM to laboratory conver-

sion.

4. Angular distributions for continuum and other reactions must be given as tabulated

distributions in the Lab system.

5. The angular distribution, whether specified as a Legendre expansion or a tabulated

distribution, must be everywhere positive.

6. Angular distribution data should be given at the minimum number of incident

energy points that will accurately describe the energy variation of the distributions.

File S — Secondary Energy Distribution

1. Only relative energy spectra, normalized to an integrated probability of unity, are

given in File S. All spectra must be zero at the end points. The differential cross section in

barns per eV is obtained by multiplying the File 5 values by the File 2 + File 3 cross

section times its multiplicity (2 for the (n,2n) reaction).

2. While distribution laws 1, 3, 5, 7, 9, and 10 are allowed, distribution laws 3 and 5

are discouraged but can be used if others do not apply.

3. The sum of all probabilities for all laws used for a particular reaction must be unity

at each incident energy.
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4. The constant U must be specified, where applicable, to limit the energy range of

emitted spectra to physical limits.
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APPENDIX G

Maximum Dimensions of Important ENDF Parameters

DefinitionSection

452

455

456

151

••

••

••

••

t t

i t

AU

i t

2

All

•t

. .

Variable

NC

NCD

NCP

NER

NIS

NRS

NLS

NE

AMUN

AMUF

NR

NP

NL

NM

NE

NP

Max

4

4

4

12

10

600

3

250

2

4

20

10000

21

20

500

101

Polynomial terms in expansicn of v

Polynomial terms in expansion of v .

Polynomial terms in expansion of v

Energy ranges

Isotopes

Resonances per P-state "for a given /-value"

/-states

Energy mesh in unresolved region

Degrees of freedom for neutron widths

Degrees of freedom for fission widths

Interpolation ranges

Mesh size

Side dimension of transformation matrix

Higher order Legendre terms

Incident energies

Angular mesh size


