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DATA FORMATS AND PROCEDURES |
FOR THE EVALUATED NUCLEAR DATA FILE

0. ENDF-6 PREFACE

This revision of "Data Formats and Procedures for the Evaluated Nuclear Data File, ENDF"
pertains to the version 6 of the ENDF formats. The sixth version of the ENDF/B library,
ENDF/B-VI, has been issued using these formats.

This revision is a complete reentry and reformatting of the manual into an electronic format;
in the process, editorial changes have been introduced for the purpose of standardization and
clarity. Below, is a list of important changes to the formats and procedures which appear in this

edition.

Users of this manual who note deficiencies or have suggestions are encouraged to contact
the National Nuclear Data Center.

Major revision to Manual

Section

@ o505

24
244
2.4.23
6.2.
a2l

> 1)
22 Nd

Appendin B

Appendix C
Appendix D
Appendix G

Update

Addition of MT’s for new multi-particle reactions

Paragraph added to definition for LRF=3 (Reich-Moore).
Updated to change # of boundaries allowed from 3 to 4.
Corrections to variable subscripts.

Revision to LANG = 2 (Kalbach-Mann distribution) write-up.
Addition of paragraph on LB=8 at the end of subsection o.

Addition of new MT numbers & correction of sums to include new MT
numbers

Addition of /-methane and s-methane
Addition of MT numbers for new multi-particle reactions.
Addition of NXC and MF
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0.1. Introduction to the ENDF-6 Format

The ENDF formats and libraries are decided by the Cross Section Evaluation Working Group
(CSEWG), a cooperative effort of national laboratories, industry, and universities in the U.S. and
Canada', and are maintained by the National Nuclear Data Center (NNDC).

Earlier versions of the ENDF 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). Version 6 (ENDF-6)
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®.

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. These applications control many features of the
system including the 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 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.

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.
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) is referred to as ENDF/B. 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

An evaluation is 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. Parameterization and reduction of the data to tabular form produces
an evaluated data set. 1f a 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. ENDF/B Library
The ENDF/B library maintained at the National Nuclear Data Center (NNDC) contains the
recommended evaluation for each material. Each material is as complete as possible, however,

' See page viii for a list of present and former members of CSEWG.

* ENDF-102 Data Formats and Procedures for the Evaluated Nuclear Data File, ENDF/B-V, BNL-NCS-50496
(ENDF-102), edited by R. Kinsey, 1979. (Revised by B. Magurno, November 1983).
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completeness depends on the intended application. For example, when a user is interested in
performing a reactor 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, and would then
be satisfied by an evaluation which contains only reaction cross sections.

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.

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 formats and procedures, and performance 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 included in new releases of the
ENDF/B library.

0.2.4. Experimental Data Libraries

NNDC maintains a library for experimentally measured nulear reaction data (CSISRS). In
addition to the data, the CSISRS library contains bibliographic information, as well as details
about the experiment (standard, renormalizations, corrections, efc.).

At the beginning of the evaluation process the evaluator may retrieve the available
experimental data for a particular material by direct access to the CSISRS database using the
NNDC Online Data Service’. Alternately, the data may be requested from the NNDC, and
transmitted in the form of listings, plots, and/or files which may be formatted to satisfy most
needs.

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. Processing codes
have been written which generate group averaged cross sections for use in neutronics calculations
from the ENDF library. These codes* include such functions as resonance reconstruction,
Doppler broadening, multigroup averaging, 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.

* C.L. Dunford, T.W. Burrows, Online Nuclear Data Service, NNDC/ONL-95/10, periodically updated.
* D.E. Cullen, The 1994 ENDF Pre-Processing Codes (PRE-PRO 94), IAEA-NDS-39, Rev. 8, Jan. 1994

R. E. MacFarlane, D. W. Muir, The NJOY Nuclear Data Processing System, Version 91, LA-12740-M, October
1994.
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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 (see Section 0.8) published by the
National Nuclear Data Center at the Brookhaven National Laboratory. 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.

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. The
ENDF format uses 80-character records. Parameters are written in the form of FORTRAN
variables (that is, integers start with the letters [, J, K, L, M, or N, and parameters starting with
other letters represent 1eal numbers). A complete list of all the parameters defined for the
ENDF-6 format will be found in Appendix A (Glossary).

0.3.1. Library Organization
Each ENDF evaluation is identified by a set of key parameters organized into a hierarchy.
Following. is a list of these parameters and their definitions.

library NLIB  a collection of evaluations from a specific evaluation group (e.g., NLIB
0=ENDF/B). (See Table 0.1 for the list of sublibraries).

version NVER one of the periodic updates to a library in ENDF format (e.g., NVER
6=ENDF/B-VI). A change of version usually implies a change in format,
standards, and procedures.

A revision number is append to the library/version name for each
successional revision of the data set; for example, ENDF/B-VI.2. There
is no parameter for the revision number in the format.

format NFOR format in which the data is tabulated; tells the processing codes how to
read the subsequent data records (e.g., NFOR 6 = ENDF-6).

sublibrary NSUB set of evaluations for a particular data type, (e.g. 4=radioactive decay data,
10=incident-neutron data, 12=thermal neutron scattering data). (See Table
1.1 for the complete list of sublibraries).

’ C. L. Dunford, ENDF Utility Codes, Release 6.10, NNDC/UTIL-95/1, November 1995.
® Cross Section Evaluation Working Group Benchmark Specifications, ENDF-202, 1974 (last updated 1991).
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material MAT  the target in a reaction sublibrary, or the radioactive (parent) nuclide in a
decay sublibrary; se Section 0.3.2.

mod NMOD "modification" flag; see Section 0.3.3.

file MF subdivision of a material (MAT); each file contains data for a certain class
of information (e.g., MF=3 contains reaction cross sections, MF=4 contains
angular distributions). MF runs from 1 to 99. (See Table 0.2 for a
complete list of assigned MF numbers).

section MT subdivision of a file (MF) ; each section describes a particular reaction or
a particular type of auxiliary data (e.g., MT=102 contains capture data).
MT runs from 1 to 999. (See Appendix B for a complete list of assigned
MT numbers).

0.3.2. Material (MAT)

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, designated by the symbol
MAT, which ranges from 1 to 9999’.

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, ezc.).

One hundred MAT numbers (ZZ01-ZZ99) have been allocated to each element Z, through
Z = 98. Natural elements have MAT numbers ZZ00. 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®. In the ENDF/B files, which are application oriented, the
evaluations of neutron excess nuclides are of importantance, 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, MAT numbers between 0001 and 0099 are
assigned on a special basis (see Appendix C).

0.3.3. Material modification (MOD)

All versions of a data set (i.e., the initial release, revisions, or total re-evaluations) are
indicated using the material "modification" flags. For the initial release of ENDF/B-VI, the
modification flag for each material (MAT) and section (MT) carried over from previous versions
is set to zero (MOD 0); for new evaluations they are set to one (MOD 1). Each time a change
is made to a material, the modification flag for the material is incremented by one. The

’ Different libraries may use different strategies for assigning MAT numbers; the scheme used for ENDF/B-VI is
described here.

¥ 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.
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modification flag for each section changed in the revised evaluation is set equal to the new
material modification number. If a complete re-evaluation is performed, the modification flag
for every section is changed to equal the new material "modication" number.

As an example, consider the following. Evaluator X evaluates a set of data for 2°U. After
checking and testing, the evaluator feels that the data set is satisfactory and transmits it to the
NNDC. The Center assigns the data set a MAT number of 9228 subject to CSEWG’s approval
of the evaluation. This evaluation has "modification" flags equal to 1 for the material and for
all sections. After the file is released, user Y retrieves MAT 9228 from the Center’s files, adds
it to his ENDF library as material 9228, and refers to it in 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 MOD flags of 1.

0.4. Contents of an ENDF Evaluation

As described above, the target and projectile for a reaction evaluation or the radioactive
nuclide for a decay evaluation are determined by sublibrary (NSUB) and material (MAT). The
type of data represented by a section and the products being defined are indicated by MF and
MT. The sublibraries allowed for ENDF-6 are listed in Table 0.1, following. The files (MF)
allowed are summarized in Table 0.2, and their use in the different sublibraries is discussed
following.

Table 0.1
Sublibrary Numbers and Names

NSUB IPART ITYPE Sublibrary Names

0 0 0 Photo-Nuclear Data

1 0 1 Photo-Induced Fission Product Yields

3 0 3 Photo-Atomic Interaction Data

4 0 4 Radioactive Decay Data

3 0 5 Spontaneous Fission Product Yields

10 1 0 Incident-Neutron Data

11 1 1 Neutron-Induced Fission Product Yields

12 1 2 Thermal Neutron Scattering Data
10010 1001 0 Incident-Proton Data
10011 1001 1 Proton-Induced Fission Product Yields
10020 1002 0 Incident-Deuteron Data
20040 2004 0 Incident-Alpha Data
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Table 0.2
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
14 Angular distributions for photon production
15 Energy distributions for photon production
23 Photo-atomic interaction cross sections
21 Atomic form factors or scattering functions for photo-atomic interactions
30 Data covariances obtained from parameter covariances and sensitivities
31 Data covariances for nu(bar)
32 Data covariances for resonance parameters
33 Data covariances for reaction cross sections
34 Data covariances for angular distributions
35 Data covariances for energy distributions
39 Data covariances for radionuclide production yields
40 Data covariances for radionuclide production cross sections

The following MF numbers have been retired: 16, 17, 18, 19, 20, 21, 22, 24, 25, 26.

0.4.1. Incident-Neutron Data (NSUB 10)

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 (*H, °Be), and include improved
energy-angle distributions, improved nuclear heating and damage capabilities, improved
charged-particle spectral data, and the use of R-matrix or R-function resonance parameterization.

Each evaluation starts with a descriptive data and directory, File 1 (see Section 1.1). For
fissionable isotopes, sections of File 1 can be given to describe the number of neutrons produced
per fission and the energy release from fission.

A File 2 is always given. 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.
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A File 3 is always given. The required energy range is from the threshold or from 10¢V
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 in Section 0.5 (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 contributions 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 the product A-1 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 cross
sections can be given in File 10. In the 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.
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0.4.2. Thermal Neutron Scattering (NSUB 12)

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
data and directory file (see Section 1.1). The remaining data is included in File 7. Either the
cross sections for elastic coherent scattering, if important, are derived from Bragg edges and
structure factors, or cross sections for incoherent elastic scattering are derived from the bound
cross section and Debye-Waller integral. Finally, scattering law data for inelastic incoherent
scattering are given, using the S(o,) 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 according to
the mechanism inducing fission. Currently, sublibraries are defined for neutron-induced fission
product yields, and for yields from spontaneous fission. The format also allows for future
photon- and charged-particle-induced fission. Each material starts with a descriptive data and
directory file (see Section 1.1). The remaining data is given in File 8 which contains two
sections: independent yields, and 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 (NSUB=4)

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

Each material contains two, three, or four files, and starts with a descriptive data and
directory file (see Section 1.1). For materials undergoing spontaneous fission, additional sections
in File 1 give the total, delayed, and prompt fission neutron yields. In addition, the spectra of
the delayed and prompt neutrons are given 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. File 8 contains half lives, decay modes, decay energies, and radiation spectra (see
Section 8.3). Finally, covariance data for the spectra in File 5 may be given in File 35;
covariance data for File 8 are self contained.

0.4.5. Photo-Nuclear (NSUB=0) and Charged-Particle (NSUB>10010) Sublibraries

Evaluations for incident charged-particle and photo-nuclear reactions are grouped together
into sublibraries by projectile. As usual, each evaluation starts with a descriptive data and
directory file (see Section 1.1). 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. Resonance parameter data (File 2) may be omitted 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 0.5. Explicit yields for all products (including

’  1.U. Koppel 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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photons) must be given in File 6. In addition, the charged-particle stopping power should be
given. If any of the products described 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 (NSUB 3)

Incident photon reactions with the atomic electrons'® are kept in a separate sublibrary.
These data are associated with elements rather than isotopes. Each material starts with a
descriptive data and directory file (see Section 1.1), as usual. In addition, the material may
contain a File 23 for photon interaction cross sections (1 keV to 100 MeV), and File 27 for
atomic form factors.

0.4.7. Energy and Angular Distributions of Reaction Products (Files 4, 5, and 6)

Several different options are available in the ENDF-6 format to describe the distribution 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

oWEE) = o(E) y(B) f(u,EE" / 2n (0-1)

where p is the cosine of the emission angle, E is the energy of the incident particle, E’ is the
energy of the emitted particle, 6(E) is the reaction cross section, y(E) is the yield or multiplicity
of the emitted particle, and f(p,E,E’) is the normalized distribution function in (e V-unit cosine) ™.

For simple two-body reactions, the energy of the emitted particle can be determined from
kinematics (see Appendix E); therefore,

JW.EE') = f(u,E) 8(E' - ¥)

where £ is defined by Eq. (E.5) in the Appendix.

The distribution function f(u,E) can be given as a section of File 4 with no corresponding
section in File 5, or as a section of File 6 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:

f.EE) = f(u.EE" gEE) (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.

0.2)

'“D.E. Cullen, et al., Tables and Graphics of Photon-Interaction Cross Sections from 10 eV to 100 GeV. Derived
from the LLNL Evaluated Photon Data Library (EPDL). UCRL-50400, Vol. 6 Rev. (October 1989)
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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, see Section 23).
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 File 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 File 6, MT=2 (see
Section 6.2.6).

0.5.2. 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+Continuum Emitted Particle
50-90 91 4 n

600-648 649 103 p

650-698 699 104 d

700-748 749 105 t

750-798 799 106 *He

800-848 849 107 o

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
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be represented using energy-angle correlation. Photons associated with the particle should be
given in the same section (MT) of File 6 when possible.

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=103-107 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 particle. 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 MT
*Be(a,n,)"*C 50
Fe(n,n )Fe 91
*H(d,p,)’He 600
SLi(t,d,)’Li 650
°Li(t,d,)’Li 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.

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-particle reaction."
The MT numbers which can be used are:

MT Emitted Particles MT Emitted Particles
11 2nd 32 nd

16 2n 33 nt

17 3n 34 n’He
22 no 35 nd2o
23 n3o 36 nt2o
24 2na 37 4n

25 3na 41 2np
28 np 42 3np
29 n2a 44 n2p
30 2n2a 45 npo
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MT Emitted Particles MT Emitted Particles

108 20 114 d2o
109 30 115 pd
111 2p 116 pt
112 po. 117 dat
113 20

For naming purposes, particles are always arranged in ZA order; thus, (n,np) 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,n)*He (MT=50) rather than the reaction
*H(d.not) (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 incident-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 the nonelastic MT=3 as described below.

For charged-particle sublibraries, File 6 must be used for these reactions. Photons should
be given 1in 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 MT

*H(t,n,)°He(n) 50
6Li(d,n3)7Bﬁ(3I‘IC(X.) 53
"Li(n,n,)"Li(tot) 91
"Li(t;22n)*Be(20t) 16
7Li(p,dl)(’Li(d(X) 651
*Be(o,n,)*C(3ax) 53
150(n,n)"*0(ct)2C 56

By convention, the particles are arranged in Z,A order in each set of parentheses. This leads to
ambiguity in the choice of the intermediate state. For example,

2C(n,n")*CBa)
2C(n,0)’Be(n20)

or 7Li(t,2n)*Be(2a)
’Li(t,n)’Be(n20)
"Li(t,0)*He(2not)
"Li(t,no)’He(nox)

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,

°Li(d,p,)'Li(to) E, = 7.47 MeV,

°Li(d,p,)’Li(n°Li).
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

SLi(d,p,)’Li(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:

°Li(d,p,)’Li(to) E, = 7.4700 MeV, MT=604,
°Li(d,ps)’Li(n°Li) E, = 7.4701 MeV, MT=605.

The same proton distribution would be given for MT=604 and 605. 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 multi-particle
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
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additional particles can be determined from LR or File 6.

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 o emitted (plus residual, if any)

23 3o emitted (plus residual, if any)

24 no. emitted (plus residual, if any)

25 2no emitted (plus residual, if any)

28 p emitted (plus residual, if any)

29 2o 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 *He emitted (plus residual, if any)

35 d2a emitted (plus residual, if any)

36 t2o. 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.

Reaction MT LR
SLi(n,n,)’Li(do) 51 32
"Li(n,n,)’Li(tc) 91 33
°B(n,n,,)"’B(d2) 62 35
12C(n,n)’C(3w) 52 23
'*0(n,n,)'*O(e*e)'°0 51 40
*O(n,ng)"°0O(ar)"*C 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=1 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, °Li(d,X).
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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—y+n+a, which is written
as a breakup reaction *H(d,y)’He(n) 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
3% 3nf fourth chance fission
452 Vp total neutrons per fission
455 Vy 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=19, 20, 21,
and 38. In the latter case, MT=18 is also given to contain the sum of the partial reactions.

0.5.9. Nonelastic Reaction for Photon Production

Whenever possible, the same MT number should be used to describe both the emitted
particle und the photons. However, this is usually only possible for discrete photons from
low-lyiny 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 nonelasuc 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 *He production

207 o production
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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,o) (MT=107), and
(n,n"30t) (MT=91, LR=23), the helium production cross section would be calculated using:

MT207 = MT107 + 3*xMT91.
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 H., average cosine of the angle for elastic scattering (laboratory system). Derived
files only.

252 €, average logarithmic energy decrement for elastic scattering. Derived files only.

253 Y, the average of the square of the logarithmic energy decrement, divided by 2 *

E. Derived files only.

301-450 energy release rate parameters (eV-barns) for the reaction obtained by subtracting
300 from this MT; e.g., 301 is total kerma, 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.

0.5.12. Sum Rules for ENDF
A number of ENDF reaction types can be calculated from other reactions. The rules for
these summation reactions follow.

MT Meaning: components

1 total cross sections (incident neutrons only): 2, 4, 5, 11, 16-18, 22-26, 28-37,

41-42, 44-45, 102-117.

4 total of neutron level cross sections: 50-91

18 total fission: 19-21, 38.
103 total of proton level cross sections: 600-649
104 total of deuteron level cross sections: 650-699
105 total of triton level cross sections: 700-749
106 total of *He level cross sections: 750-799
107 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, 11, 16-18, 22-26, 28-37, 41-42, 44-45, 102-117.
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0.6. Representation of Data

0.6.1. Definitions and (_onventions

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

Parameters Units

energies electron volts (eV)

angles dimensionless cosines of the angle

Cross sections barns

temperatures Kelvin

mass in units of the neutron mass

angular distributions probability per unit cosine

energy distributions probability per electron volt

energy-angle distributions probability per unit cosine per electron volt
half life 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 concentrations, 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 '*C 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. For charged particles likely
to appear in ENDF/B-VI, values in the following table should be used.

Projectile m/m,

proton 0.99862
deuteron 1.99626
triton 2.98960
*He 2.98903
‘He 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
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interpolation law to define the values between the grid points. Simple one-dimensional "graph
paper” interpolation schemes, a special Gamow interpolation law for charged-particle 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, o(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 n™ 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 m™ range,

NBT(m) is the value of N separating the m™" and the (m+1)" interpolation ranges.

The allowed interpolation schemes are given in Table 0.3.

Table 0.3
Definition of Interpolation Types

INT Interpolation Scheme

y is constant in x (constant, histogram)

y is linear in x (linear-linear)

y is linear in In(x) (linear-log)

In(y) is linear in x (log-linear)

In(y) is linear in In(x) (log-log)

special one-dimensional interpolation law, used for charged-particle cross sections
only

11-15  method of corresponding points (follow interpolation laws of 1-5)

21-25  unit base interpolation (follow interpolation laws of 1-5)

NN BN -

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

g =

Sl >

exp [‘/EL;T} 0.4)
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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 ‘

where T=0 for exothermic reactions (Q>0) and T is the kinematic threshold for endothermic .

ln"zEz
- o,E,
B T 1 0.5)
JE:-T [E-T
and
A= exp[ B l o,E, (0.6)
=

where E,, o, 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-exponential
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(E,E”). The simple "graph paper" rules are used for interpolating for f(E”)
at each E. 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(E,E’,) and f(Ej,E’jk), the interpolation takes
place along the line joining the k™ 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 E; and E;, this method is exactly
equivalent to Cartesian interpolation. The method of corresponding points is selected by using
INT=11-15, where the transformed values follow the interpolation laws INT=1-5, respectively.

The second non-Cartesian interpolation scheme allowed is unit-base interpolation. The
spectra at E; and E,,, 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 unit-base option is selected
by using INT=21-25, where the transformed values follow the interpolation laws INT=1-5,
respectively.
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Figure 0.1

Interpolation of a Tabulated One-dimensional Function
Ilustrated for the Case NP=10, NR=3
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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, TABI, and so on. These "records" normally consist of one or more 80-
character FORTRAN records. It is also possible to use binary mode, where each of the basic
structures is implemented as a 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.

0.7.1. Structure of an ENDF Data Tape

The structure of an ENDF data tape (file) 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 files, 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, 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.
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Figure 0.2
Structure of an ENDF data tape
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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 [ 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.

€) 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:

11.234567+n

11.23456tnn
depending on the size of the exponent. Both of these forms can be read by the "E11.0" 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
"1PE11.5" (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.
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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,
TABI, 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 contains the
basic control numbers MAT, MF, and MT, as well as 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. The TEXT record can be read with the following
FORTRAN statements:

READ(LIB,10)HL,MAT,MF,MT,NS
10 FORMAT(A66,14,12,13,15)

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

[MATMFEMT/ Cl1, C2, L1, L2, N1, N2] CONT

The CONT record can be read with the following FORTRAN statements:
READ(LIB,10)C1,C2,L1,L2,N1,N2,MAT MF,MT,NS
10 FORMAT(2E11.0,4111,14,12,13,15).

The actual parameters stored in the six fields C1, C2, L1, L2, N1, 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
C1 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, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND
[MAT, 0, 0/ 0.0, 0.0, 0, 0, 0, 0] FEND
[0, O, O/ 0.0, 00, 0, 0, 0, 0] MEND
[-1, 0, O/ 0.0, 00, 0, 0, 0, 0] TEND

The DIR records are described in more detail in Section 1.1.1. The only difference between
a DIR record and a standard CONT record is that the first two fields in the DIR record are blank
in character mode.
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0.7.6. LIST Records
This type of record is used to list a series of numbers B,, B,, B,, efc. 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, L1, L2, NPL, N2/ B,] LIST
The LIST record can be read with the following FORTRAN statements:

READ(LIB,10)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=1,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. TAB1 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, L1, L2, NR, NP/x, /y(x)] TAB1
The TABI1 record can be read with the following FORTRAN statements:

READ(LIB,10)C1,C2,L1,L2,NR,NP,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)
READ(LIB,30)(X(N),Y(N),N=1,NP)

30 FORMAT(6E11.0)

The limits on NR and NP vary with use (see Appendix G). With current values, the longest
possible TAB1 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 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 y/(x) at each value of z, are
given in TABI or LIST records following the TAB2 record, with the appropriate value of z in
the field designated as C2. The shorthand notation for TAB2 is

[MAT,MF,MT/ Cl, C2, L1, L2, NR, NZ/ Z_] TAB2,
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The TAB2 record can be read with the following FORTRAN statements:

READ(LIB,10)C1,C2,L1,L2,NR,NZMAT 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 TAB2 record specifies the number of incident energies at which angular
distributions are given. Each distribution is given in a LIST or TAB1 record.

0.8. ENDF Documentation

1.

BNL 8381, ENDF - Evaluated Nuclear Data File Description and Specifications, January
1965, H.C. Honeck.
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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.

LA 4549 (ENDF 102), Vol. I - ENDF Formats and Procedures for Photon Production and
Interaction Data, October 1970, D.J. Dudziak.
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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.
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for the Evaluated Nuclear Data File, ENDF/B-V, October 1979, Edited by R. Kinsey.
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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 records, each record containing up to 66 characters.

The first three records of the descriptive information contains a standardized presentation of
information on the material, projectile, evaluators, and modification status. The following
quantities are defined for MF=1, MT=451:

ZA,AWR the standard material charge and mass parameters.

LRP flag indicating 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=0, no resonance parameter data are given, but a File 2 is present
containing the effective scattering radius;

LRP=1, resolved and/or unresolved parameter data are given in File 2 and
cross sections computed from them must be added' 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 flag indicating whether this material fissions;

LFI=0, this material does not fission;

LFI=1, this material fissions.

NLIB library identifier: NLIB=0, ENDF/B.
Additional values have been assigned to identify other libraries using
ENDF format.

' 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.
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NVER
NFOR

ELIS

STA

LIS

LISO

NMOD

AWI

NSUB

TEMP

LDRV

NWD

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

library format

NFOR=6 for all libraries prepared according to the specifications given in
this manual.

excitation energy of the target nucleus relative to 0.0 for the ground state.
target stability flag

STA=0 for stable nuclei

STA=1 for unstable nuclei.

If the target is unstable, radioactive decay data should be given in the
decay data sublibrary (NSUB=4).

state number of the target nucleus.

The ground state is indicated by LIS=0.

isomeric state number.

The ground state is indicated by LISO=0. LIS is greater than or equal to
LISO.

modification number for this material:

NMOD=0, evaluation converted from a previous version;

NMOD-=1, new or revised evaluation for the current library version;
NMOD22, for successive modifications.

mass of the projectile in neutron units.

For incident photons or decay data sublibraries, use AWI=0.0.

sublibrary number

Distinguishes between particle-induced data, decay data, thermal data, and
fission product yield data using NSUB=10*IPART+ITYPE.

In this formula, [IPART=1000*Z+A defines the incident particle; use
IPART=0 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=0 only. The resulting values
of NSUB and the corresponding sublibrary names are given in Table 0.1.
target temperature (Kelvin) for data that have been generated by Doppler
broadening.  For derived data only; use TEMP=0.0 for all primary
evaluations.

special derived material flag that distinguishes between different
evaluations with the same material keys (i.e., MAT, NMOD, NSUB):
LDRV=0, primary evaluation;

LDRV21, special derived evaluation (for example, a dosimetry evaluation
using sections (MT) extracted from the primary evaluation).

number of records used to describe the data set for this material.

Each record can contain up to 66 characters.



NXC

ZSYMAM

ALAB
EDATE
AUTH
REF
DDATE
RDATE

. ENDATE

HSUB

MF
MT
NC

number of records 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
records in the section (not including SEND), and MOD is the modification
flag (see below). :
Character 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

-hyphen 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.
mnemonic for the originating laboratory(s) left adjusted in col. 12-22.
date of evaluation given in the form "EVAL-DEC74" in col. 23-32.
author(s) name(s) left adjusted in col. 34-66.
primary reference for the evaluation left adjusted in col. 2-22.
original distribution date given in the form "DIST-DEC74" in col. 23-32.
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.

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-VL
identifier for the library contained on three successive records.
The first record 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 record contains five dashes starting in col. 1, and followed by
the sublibrary identifier (see Table 0.1). For example,

eeeee DECAY DATA,"

oo PHOTO-ATOMIC INTERACTION DATA," or

eeeen INCIDENT NEUTRON DATA."
The third record contains six dashes starting in col. 1 and followed by
ENDF-6 where "6" is the library format type (NFOR).
Note: the three HSUB records can be generated by a utility program.
MF of the n™ section.
MT of the n™ section.

number of records in the n' section.
This count does not include the SEND record.
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MOD, modification indicator for the n® section.
The value of MOD, is equal to NMOD if the corresponding section was

changed in this revision. MOD, must always be less than or equal to
NMOD.

1.1.1. Formats
The structure of this section is

[MAT, 1, 451/ ZA, AWR, LRP, LFI, NLIB, NMOD] HEAD
[MAT, 1, 451/ ELIS, STA, LIS, LISO, 0, NFOR] CONT
[MAT, 1, 451/ AWI, 0.0, 0, 0, NSUB, NVER] CONT
[MAT, 1, 451/ TEMP, 0.0, LDRYV, 0, NWD, NXC] CONT
[MAT, 1, 451/ ZSYMAM, ALAB, EDATE, AUTH ] TEXT
[MAT, 1, 451/ REF, DDATE, RDATE, ENDATE ] TEXT
[MAT, 1, 451/ HSUB ] TEXT

continue for the rest of
the NWD descriptive records

[MAT, 1, 451/ b, b, MF, MT, NC,  MOD,] CONT
[MAT, 1, 451/ b, b, MF,, MT, NC,  MOD,] CONT
[MAT, 1, 451/ b, b, MFy MTyxer NCyxes MODyyc] CONT
[MAT, 1, 0/ 0.0, 0.0, 0, 0, 0, 0 ] SEND

1.1.2. Procedures

Note that the parameters NLIB, 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 3 to
compute the net cross section. For incident neutrons, every material will have a File 2. If
LRP=0, 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=1, 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-region 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.
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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=1, MT=452. Sections may also be given that specify the number of delayed
neutrons 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 LDRYV 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 data in the descriptive section must be given for every material. The first three records
are used to construct titles for listings, plots, etc., and the format should be followed closely. The
remaining records 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-energy reactions, the meaning of each MT should be carefully
explained using the notation of Section 0.5.

1.2. Number of Neutrons per Fission, v, (MT=452)

If the material fissions (LFI=1), 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),

v(B) = YN¢ CE™ (L.1)

where V(E)

the average total (prompt plus delayed) number of neutrons per fission
produced by neutrons of incident energy E(eV),

C, = the n" coefficient, and

NC the number of terms in the polynomial.

MT=452 for an energy-dependent neutron multiplicity cannot be represented by a polynomial
expansion when MT=455 and MT=456 are utilized in the file.

1.2.1. 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:

LNU test that indicates what representation of V(E) has been used:
LNU=1, polynomial representation has been used;
LNU=2, tabulated representation.

NC count of the number of terms used in the polynomial expansion. (NC<4).
C, coefficients of the polynomial. There are NC coefficients given.
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NR number of interpolation ranges used to tabulate values of V(E). (See

0.6.2.)
NP total number of energy points used to tabulate v(E). .
E. the interpolation scheme (see 0.6.2 for details).
V(E) average number of neutrons per fission.
If LNU=1, the structure of the section is
[MAT, 1, 452/ ZA, AWR, 0, LNU, 0, 0] HEAD LNU=1

[MAT, 1, 452/ 0.0, 0.0, 0, 0, NC, 0/C,, C,, ...Cyxc] LIST
[MAT, 1,0/ 0.0, 0.0, 0,0, 0, 0] SEND

If LNU=2, the structure of the section is

[MAT, 1, 452/ ZA, AWR, 0, LNU, 0, 0] HEAD LNU=2
[MAT, 1, 452/ 0.0, 0.0, 0, 0, NR, NP/E,/ V(E)] TABI
[MAT, 1,0/ 0.0, 0.0, 0, 0, 0, 0] SEND

1.2.2. Procedures .

If a polynomial representation (LNU=1) has been used to specify V(E), this representation
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.

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 e delayed neutrons
from fission is given, the average number of delayed neutrons per fission ( v,) must be added
to Vv, 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 polynomial representation (LNU=1) is used with NC=1 and C,
= Vi There is no energy dependence.

1.3. Delayed Neutron Data, v, (MT=455)

This section describes the delayed neutrons resulting from either particle induced or

sp_ontancous fission. The average total number of delayed neutron precursors emitted per fission,

V4 1s given, along with the decay constants, A;, for each precursor family. The fraction of V4
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 tabulating vd(E) at
a series of neutron energies using the same format as for MT=452. For spontaneous fission
LNU=1 is used with NC=1 and C,= v, 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
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the precursor families, V(B = E.WF V(B
=1 ?

where NNF is the number of precursor families. The fraction of the total, P,(E), emitted for each
family is given in File 5 (see section 5) and is defined as

P '(E‘) = E(E) .
vAE)
1.3.1. Formats
The following quantities are defined.
LNU test indicating which representation is used:

LNU=1 means that polynomial expansion is used;
LNU=2 means that a tabulated representation is used.

NC number of terms in the polynomial expansion. (NC<4)

NR number of interpolation ranges used. (NR<20)

NP total number of energy points used in the tabulation of Vd(E).

Eiu interpolation scheme (See Section 0.6.2)

Vd(E) total average number of delayed neutrons formed per fission event.
NNF number of precursor families considered.

A decay constant (sec) for the i* precursor.

The structure when values of Vd are tabulated (LNU=2) is:

[MAT, 1,455/ ZA, AWR, 0, LNU, 0, 0] HEAD LNU=2
[MAT, 1, 455/ 0.0, 0.0, 0, 0, NNF, 0/ A,, Ay,..Axs] LIST
[MAT, 1,455/ 0.0, 0.0, 0, 0, NR, NP/ E,/ v,(E)] TABI
[MAT,1, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

If LNU=1 (spontaneous fission) the structure of the section is:

[MAT, 1, 455/ ZA, AWR, 0, LNU, 0, 0] HEAD  LNU=1
[MAT, 1,455/ 0.0, 0.0, 0, 0, NNF, 0/ A,, Ay.. Agns] LIST
[MAT, 1, 455/ 0.0, 0.0, 0, 0, 1, 0/ v,] LIST
[MAT, 1, 0/ 0.0, 00, 0, 0, 0, 0] SEND

1.3.2. Procedures _

When tabulated values of V,(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.

The probability of producing the precursors for each family and the energy distributions of
neutrons produced by each precursor family 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 (A, <A,<....<Ayxp,

For spontaneous fission, the polynomial form (LNU=1) is used with only one term (NC=1,
Ci= Vvy.

If MT=455 is used, then MT=456 must also be used as well as MT=452.
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1.4. Number of Prompt Neutrons per Fission, v (MT=456)

If the material fissions (LFI=1), a section spec1fy1ng the average number of prompt neutrons
per fission, v,, (MT=456) can be given using formats identical to MT=452. For particle induced
fission, v, is given as a function of energy. The prompt Vv for spontaneous fission can also be
given usmg MT=456, but there is no energy dependence.

1.4.1. Formats
The following quantities are defined:

LNU test indicating what representation of v, »(E) has been used;
LNU=1, polynomial representation has been used;
LNU=2, tabulated representation.

NC count of the number of terms used in the polynomial expansion (NC«4)
NR number of interpolation ranges used to tabulate values of V. »(E). (See
' 0.7.7.)
NP total number of energy points used to tabulate ;P(E).
E., interpolation scheme (see section 0.6.2.)
V,,(E) average number of prompt neutrons per fission.

If LNU=2, (tabulated values of V), the structure of the section is:

[MAT, 1, 456/ ZA, AWR, 0, LNU, 0, 0) HEAD  LNU=2
[MAT, 1, 456/ 0.0, 0.0, 0, 0, NR, NP/E, / V(E)] TAB1
[MAT, 1, 0 /0.0, 0.0, 0, 0, 0,0] SEND

If LNU=1 (spontaneous fission) the structure of the section is:

[MAT, 1, 456/ ZA, AWR, 0, LNU, 0, 0] HEAD LNU=1
[MAT, 1, 456/ 0.0, 0.0, 0, 0, 1, 0/ v ] 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 Vv, (E) should be given that cover any energy range in which the fission cross
section is given in Flle 2 and/or File 3. The values of Vv »(E) given in this section are for the
average number of prompt neutrons produced per fission event The energy independent v, for
spontaneous fission is given using LNU=1 with NC=1 and C,= Vv, as described for MT = 452

If MT=456 is specified, then MT=455 must also be specified as well as MT=452.
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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 neutrinos 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-down 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 applications, but is part of the Q-value. As far
as the betas are concerned, prompt betas, being charged, deposit their energy locally with the
fragments, and their prompt energies are correctly included with the fragment energies.

ET sum of all the partial energies which follow.
This sum is the total energy release per fission and equals the Q value.
EFR kinetic energy of the fragments.
ENP kinetic energy of the "prompt" fission neutrons.
END kinetic energy of the delayed fission neutrons.
EGP total energy released by the emission of "prompt" ¥ rays.
EGD total energy released by the emission of delayed vy rays.
EB total energy released by delayed P’s.
ENU energy carried away by the neutrinos.
ER ET - ENU (the total energy less the energy of the neutrinos).

This ER is equal to the pseudo-Q in File 3 for MT=18.

All of these energies are given for an incident energy of zero.
E(0) = E(EINC) + 3E, (1.2)

where E, is any of the energy release components.
E,(0) is the value at EINC =0
E,(EINC) is the value at incident energy EINC

EINC = 0 is fictitious and represents an artifice by which it is possible to recover the values at
any EINC.

The OE,’s are given by the following:

OET = - (1.0S7EINC - 8.07( v(EINC) - v(0))

OEB = 0.075EINC

OEGD = 0.075EINC

SENU = 0.100EINC

8EFR = 0 B
S8ENP = -(1.307EINC - 8.07( V(EINC) - v(0))
SEGP = 0
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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, 0] 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, 0] 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 File 3.

Other components are not so readily determined or checked. The procedure should be that
File 5 and File 15 data take precedent, whenever available. That is, "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, 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 burnup-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=151. 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 1.1):

LRP=-1 no File 2 is given. Not allowed for incident neutrons.

LRP=0 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=1 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, I',. This width is
given explicitly in the unresolved resonance region, and implicitly in the resolved
region. In the latter region, it is permissible for the total width to exceed the sum of
the neutron, radiative capture, and fission widths. The difference is interpreted as the
competitive width:

I‘x=F—(I‘n+I‘Y+I‘f)

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 competitive 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 ZAl 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 the unresolved resonance region, the evaluator may, optionally, specify a different procedure, which uses the

unresolved resonance parameters in File 2 solely for the purpose of computing an energy-dependent self-shielding
factor. This option is governed by a flag, LSSF, defined in Section 2.3.1, and discussed in Section 2.4.21. When
this option is specified, File 3 is used to specify the entire infinitely-dilute cross section, and the function of File
2 is to specify the calculation of self-shielding factors for shielded pointwise or multigroup values.
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In addition to these parameterized 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.

The resolved resonance region (RRR) is one in which resonance parameters for individual
resonances are given. Usually this implies that experimental resolution is good 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 the
evaluator 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.

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
interpretation 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
contribution, 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.

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°¢V). See Section 2.4 for a more
complete discussion of backgrounds.
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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=1 single-level Breit-Wigner; (no resonance-resonance interference; one single-channel
inelastic competitive reaction is allowed).

LRF=2 multilevel Breit-Wigner (resonance-resonance interference effects are included 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).

Because only four parameters are specified per resonance, it is not possible to
rigorously describe resonances with two different values of the channel spin, as
happens when the target spin and the orbital angular momentum are greater than zero.

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=5 General R-matrix? (multilevel multichannel R-matrix with competitive reactions).

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=1 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 permitted, designated by the flag LRF.
With the first option, LRF=1, 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.

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 number of isotopes in the material (NIS<10).
ZAl (Z,A) designation for an isotope.
ABN abundance of an isotope in the material.
This is a number fraction, not a weight fraction, nor a percent.
LFW flag indicating whether average fission widths are given in the unresolved

resonance region for this isotope:
LFW=0, average fission widths are not given;
LFW=1, average fission widths are given.

NER number of resonance energy ranges for this isotope.

2 Not for the faint of heart, but will handle anything. Really a generalized Reich-Moore formalism.
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EL
EH
LRU

LRF

NRO

NAPS

lower limit for an energy range’.

upper limit for an energy range’.

flag indicating whether this energy range contains data for resolved or
unresolved resonance parameters:

LRU=0, only the scattering radius is given (LRF=0, NLS=0, LFW=0 is
required with this option);

LRU=1, resolved resonance parameters are given.

LRU=2, unresolved resonance parameters are given.

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

LRF=1, 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=1, 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.

flag designating possible energy dependence of the scattering radius:
NRO=0, radius is energy independent;
NRO=1 (not allowed in the ENDF/B-VI library)*.
flag controlling the use of the two radii, the channel radius a and the
scattering radius AP.
If NRO=0 (AP energy-independent)

NAPS=0 Calculate a from the equation

a =0.123 AWRI'? + 0.08,

and read AP as a single energy-independent constant on the subsection

CONT (range) record. Use a in the penetrabilities and shift factors, and

AP in the hard-sphere phase shifts.

NAPS=1 Do not use the above equation. Use AP in the penetrabilities

and shift factor as well as in the phase shifts.

For NRO=1 (AP energy-dependent), if:

NAPS=0, calculate a from the above equation and use it in the

penetrabilities and shift factors. Read AP(E) as a TAB1 quantity in each

subsection and use it in the phase shifts.

* These energies are the limits to be used in calculating cross sections from the parameters. Some resolved
resonance levels, e.g., bound levels, will have resonance energies outside the limits.

* Formerly used for radius expressed as a table of energy, radius pairs.
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NAPS=1, read AP(E) and use it in all three places, P, S, ¢,

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) record 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, 0] HEAD (NIS=1)
[MAT, 2, 151/ ZAI, ABN, 0, LFW, NER, 0] CONT (ZAl=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, 0] CONT (NLS=0)
[MAT, 2,0/ 0.0, 0.0, 0,0, 0, 0] SEND
[MAT, 0,0/ 0.0, 0.0, 0,0, 0, 0] FEND
If resonance parameters are given, the structure of File 2 is as follows:
[MAT, 2, 151/ ZA, AWR, 0, 0, NIS, 0] HEAD
[MAT, 2, 151/ ZAl, ABN, 0, LFW, NER, 0] 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)

[MAT, 2, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)

<Subsection for the second energy range for the first isotope>

[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, 0] 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.
The specifications for the subsections which include resonance parameters 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, 0] 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=0, the "range" record 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, O, NR, NP/ E,/ AP(E)] TABI

If NAPS is O or 1 the value of AP on the next record 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.
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2.2. Resolved Resonance Parameters (LRU=1)

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=1, given in the CONT (range) record, indicates that resolved
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
AP

NLS

AWRI
QX

LRX

NRS
ER

GT
GN
GG
GF
GX

2.6

spin, I, of the target nucleus.

scattering radius in units of 10'%cm. For LRF=1-4, it is assumed to be
independent of the channel quantum numbers.

number of /-values (neutron orbital angular momentum) in this energy region.
For LRF=1-4, 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, NLS<4.

ratio of the mass of a particular isotope to that of a neutron.

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 conversion 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=0.0 if LRX=0.

value of /.

flag indicating whether this energy range contains a competitive width:
LRX=0, no competitive width is given, and " =T, + [+ I'; in the resolved
resonance region, while <I',>=0 in the unresolved resonance region;
LRX=1, a competitive width is given, and is an inelastic process to the first
excited state. In the resolved region, it is determined by subtraction, I' =T -
([, + T, + T

LRX must be 0 for LRF=3 or 4.

number of resolved resonances for a given /-value. (NRS<600.)

resonance energy (in the laboratory system).

floating point value of J (the spin, or total angular momentum of the
resonance).

resonance total width, I', evaluated at the resonance energy ER.

neutron width evaluated at the resonance energy ER.

radiation width, I“Y, a constant.

fission width, I';, a constant.

competitive width, I',, evaluated at the resonance energy ER.

It is not given explicitly for LRF=1 or 2 but is to be obtained by subtraction,
GX = GT - (GN+ GG + GF), if LRX®0.



a channel radius, in 10"* 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 Appendix D), or read from the position usually
assigned to the scattering radius AP.

2.2.1.1. SLBW and MLBW (LRU=1, LRF=1 or 2)
The structure of a subsection is:
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/ E,/ AP(E)] TAB1 if NRO#0
[MAT, 2, 151/ SPI, AP, 0, 0, NLS, 0] CONT
Use AP=0.0, if AP(E) is supplied and NAPS=0 or 1.
[MAT, 2, 151/ AWRI, QX, L, LRX, 6*NRS, NRS/
ER,, AJ,, GT,, GN,, GG,, GF,,
ER,, AJ,, GT,, GN,, GG,, GF,,

ERngss Alnrss GTnrss GNags, GGngs, GFygrs] LIST

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=1, LRF=3)
Four additional quantities are defined:

LAD flag indicating whether these parameters can be used to compute angular
distributions.
LAD=0 do not use
LAD=1 can be used if desired. Do not add to file 4.

NLSC 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.1.5.and D.1.6.5. (NLSC=NLS).

APL [-dependent scattering radius.

If zero, use APL=AP.
GFA first partial fission width, a constant.
GFB 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=1 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.
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The structure for a subsection is:

[MAT, 2,151/ 0.0, 0.0, 0, 0, NR, NP/E,/ AP(E)] TABI if NRO#0
[MAT, 2, 151/  SPI, AP, LAD, 0, NLS, NLSC] CONT
[MAT, 2, 151/ AWRI, APL, L, 0, 6 *NRS, NRS/

ER,, Al,, GN, GG, GFA, GFB,

ER, Al, GN, GG, GFA, GFB,,

ERpgs: Alxrsy GNigrsy GGpngrss GFApgs, GFBygrs] LIST
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=1,LRF=4)

For the case of (LRU=1, LRF=4) additional quantities are defined:

LI flag to indicate the kind of parameters given:
LI=1, total widths only
LI=2, fission widths only
LI=3, total and fission widths
LI=4, radiative capture widths only
LI=5, total and capture widths
LI=6, fission and capture widths
LI=7, total, fission, and capture widths.

NX 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 manner following .
O (background) = C/NE (AT, + AT,/E + AT,/E* + AT/E’ + BT,E + BT,E?)
where C = ntk? = n/k* and k is defined in Appendix D.
The background terms for the fission and radiative capture cross sections are
calculated in a similar manner.
NX=2, background constants are given for the total and capture cross
sections.
NX=3, background constants are given for the total, capture, and fission cross
sections.

NJS number of sets of resolved resonance parameters (each set having its own
J-value) for a specified /.

NLJ number of resonances for which parameters are given, for a specified AJ and
L

AT,, AT,, AT,, AT, BT,, BT, background constants for the total cross section.
AF,, AF,, AF;, AF,, BF,, BF, background constants for the fission cross section.

AC, AC, AC,, AC, BC, BC, background constants for the radiative capture cross
section.




DET

r

DEF,
DEC,
DWT
DWF,
DWC
GRT
GIT,

GRF,
GIF,

GRC
GIC

r

r

r

r

r

‘resonance energy, (p), for the total cross section.
Here and below, the subscript r denotes the ™ resonance.

‘resonance energy, (p), for the fission cross section.
‘resonance energy, (u), for the radiative capture cross section.
Svalue of T/2, (v), for the total cross section.

Svalue of I'/2, (v), for the fission cross section.

Svalue of I/2, (v), for the radiative capture cross section.
symmetrical total cross section parameter, G'.

asymmetrical total cross section parameter, H..

symmetrical fission parameter, G,
asymmetrical fission parameter, H'.

symmetrical capture parameter, G.
asymmetrical capture parameter, H.

The structure of a subsection for LRU=1 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/
optional record for

[MAT, 2, 151/
[MAT, 2, 151/

[MAT, 2, 151/
[MAT, 2, 151/

0.0, 0.0, 0,0, NR, NP/E,/AP(E)] TABI
energy-dependent scattering radius.

SPI, AP, 0, 0, NLS, 0] CONT

AWRI, 0.0, LI, 0, 6*NX, NX/

AT,, AT, AT, AT, BT, BT,

N < —— , BF,

AC,, S — , BC,] LIST

0.0, 0.0, L, 0, NIJS 0] CONT(/)

AJ, 00, 0, 0, 12*NLJ, NLJ/

DET,, DWT, GRT,, GIT, DEF, DWF,
GRF,, GIF,, DEC, DWC, GRC, GIC,
DET,, DWT,, -------

DET,, SV —

-, GICy,] LIST

The last LIST record is repeated for each J-value (there will be NJS such LIST records). A new

CONT (/) record w
then the quantities

ill be given which will be followed by NJS LIST records. Note that if NX=2
AF,, ----, BF, will not be given in the first LIST record. Also, if LI#7 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 Adler-Adler parameters for the scattering cross
section. The latter is obtained by subtracting the capture and fission cross sections from the total.

5 Note: DET=DEF=DEC, and DWT=DWF=DWC,. The redundancy is an historical carryover.
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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 formalism. Such interference is represented implicitly by the asymmetric terms
in the fission and capture cross sections.

2.2.1.4. General R-Matrix, GRM® (LRU=1, LRF=5)

For the case of (LRU=1, 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 flag to specify whether the shift function will be calculated from the usual
formulas (ISH=1) or set equal to zero (ISH=0).
The latter choice is recommended.

NML total number of entries in the MT-list.

RNSM number of summed-MT (SMT) values specified in the evaluation;
floating-point number.

SMT floating point value of summed-MT for a reaction.

AWT nuclear mass (not a ratio) of the outgoing particle for an SMT.

AZP atomic number (charge) of the outgoing particle for an SMT.

+SPP 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 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 atomic number (charge) of the daughter nucleus for an SMT.

RNPM number of particular-MT (PMT) values for a summed-MT; floating-point
number.

PMT floating-point value of particular-MT for an summed-MT.

+SPD spin and parity of the daughter nucleus for a particular-MT; signed quantity.

+Q Q-value for a particular-MT; signed quantity.

LAD flag indicating whether these parameters can be used to compute angular
distributions
LAD=0, do not use,
LAD=1, can be used, if desired.

NCP number of channels for a particular-MT; floating-point number.

° This formalism is more accurately described as "expanded Reich-Moore".
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CI channel index.

. The floating-point value of a unique integer assigned to a channel. This
integer is equivalent to the full set PMT, J, &, /, 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,, AWT, AZP, +SPP, AWD,
AZD, RNPM, PMT, +SPD, *Q, NCP,

'e) e A Clycy,
PMT, #SPD, +Q, NCP, CI, CL,
CI3, ............................................................ CINCP’

............... repeat PMT’s for SMT,...........
PMTypy, £SPD, 1Q, NCP, CI,, Cl,,
P TESURRP S Clycps
SMT,, AWT, AZP, iSPP, AWD, AZD,
RNPM, PMT,, +SPD, 1Q, NCP, (I,

5 R - Clyces

PMT,, 1SPD, 1Q, NCP, (I, (I,

CLs,  ovrcvuvecansnsmmmamarsnssnssmmmmssnscnnsstnane smsnnsnds Clyep
............... repeat PMT’s for SMT,...........

PINE T g v s sussareaos st narsassn ss 33 AR RS AT
..... repeat SMT entries until all RNSM values

. have been specified ........c..ccocceeviiinnennn.

.............................................................. Clycp] LIST

to specify the SMT-PMT-channel structure of the overall calculation.

2.2.1.4.2. Spin-Group List
The spin-group list, which follows the MT-list:

NLS 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 number of spin-groups in the evaluation.
+A]J spin and parity of a spin-group; signed quantity, the sign specifying the parity.
ISG spin-group index; 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, ...
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NCS 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 total number of channels in the evaluation; floating-point number.
AL floating point value of the orbital angular momentum /.
Enter zero for capture and fission channels.
AS floating point value of the channel-spin s.
Enter zero for capture and fission channels.
NRS number of resonances in a spin-group.
NRS varies from group to group.
RI resonance index; floating-point value of a unique integer assigned to a
resonance.
NRT total number of resonances in the evaluation.
+ER resonance energy; signed quantity.
GG capture width.

This-value is used as the eliminated width.

+AG reduced-width amplitude, in the laboratory system; signed quantity which is
a factor of V(A+1)/A larger than the conventional center-of-mass amplitude, v.

The spin-group list has the following structure:

[MAT, 2, 151/ 0.0, 0.0, 0, 0, NSG, 0] CONT
to specify the number of spin-groups.

[MAT, 2, 151/  +AJ, 0.0, ISG=1, 0, 4xNCS, NCS/
Cl=l, PMT, AL, AS, Cl=2, PMT,
AL, AS,  CI=3, oo, CI=NCS,

PMTycs, Alycs,s ASycs,] 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=1)

[MAT, 2,151/ 0.0, 0.0, 0, 0, NRS*(NCS+3), NRS,/
RI=1, ER,, GG, #AG,, *AG,, %AG,,,

.................... repeat resonance parameters ...................

RI=NRS,, ERys,, GGyrs;) TAGygs,,15eeeeeeeee

TAGyRs; 35 orererrrrreriernneesenninene. +AGygs,nes] 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/  zAJ), 0.0, ISG=2, 0, 4*NCS,, NCS,/
CI=NCS,+1, PMT, AL, ASq, CI=NCS,+2, PMT,
AL, ASq, CI=NCS 43, ..
.............. CI=NCS,+NCS,,
. PMT, AL, AS] 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,*(NCS+3), NRS,/
RI=NRS,+1, ERg, GGy, tAGy,, AGg., ....

RI=NRS,+NRS,, ERg;, GGg,, tAGg;;, tAGg,, .......
.............. +AGgncs] LIST
to specify the indices, energies, capture widths, and reduced-width amplitudes for the
resonances in the second spin-group.

...............................................................................................

Repeat the above LISTs 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 £AGygrncs. The last channel index
specified will be CI=NCT.

2.2.1.4.3. Background R-Matrix List

The following quantities are defined for the background-R-matrix list, which, if present,
follows the spin-group list:

NTP flag to identify a CONTROL record for the background-R-matrix list, NTP=1.

LBK flag to identify the type of background-R-matrix parameterization.
LBK=1 denotes a tabulated function,
LBK=2 is logarithmic,
LBK=3 is statistical.

NBK number of tabulated background R-matrix elements supplied.

NCH number of channels to which a particular background R-matrix element
applies.

Cl1 channel index.

RRB real part of a tabulated background R-matrix element.

IRB imaginary part of a tabulated background R-matrix element.

NLG number of logarithmically-parameterized background R-matrix elements
supplied.

RO,R1, R2, S0, S1, EU, ED logarithmic parameters for an R-matrix element.
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NST number of statistically-parameterized background R-matrix elements supplied.
RIN, SF, INT, EBAR, AVGG 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, 0] CONT
to specify the number of tabulated background R-matrix elements, RBK(n), supplied. NTP=1,
LBK=1.

[MAT, 2, 151/ 0.0, 0.0, 0,0, NCH, 0/
Cl;, CL, .cccvvnnnees Clycul LIST
to specify which channels use the following tabulated background R-matrix element. NCH=>1.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,_/ RRB(E)] TABI
to specify the real part of a tabulated background R-matrix element.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IRB(E)] TAB1
to specify the imaginary part.
Repeat the channel-index LIST and the two TAB1 records until all NBK functions have been
specified.
[MAT, 2, 151/ 0.0, 0.0, NTP, LBK, NLG, 0] CONT
to specify the number of logarithmically-parameterized background R-matrix elements
supplied. NTP=1, LBK=2.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NCH, 0/
Clis Cly,y oo Clycyl LIST

to specify which channels use the following logarithmically-parameterized background
R-matrix element. NCH>1.

[MAT 2, 151/ 0.0, 0.0, 0, 0, 7, 0o
RO, R1, R2, SO, S1, EU, ED] LIST
to specify 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, NST, 0] CONT
to specify the number of statistically-parameterized background R-matrix elements supplied.
NTP=1, LBK=3.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NCH, 0/
L. Ty sswmmens. Clyca] LIST

to specify which channels use the following statistically-parameterized background R-matrix
element. NCH>1.




[MAT, 2, 151/ 0.0, 00, O, O, 5, 0
RIN, SF, INT, EBAR, AVGG] LIST
to specify the statistical parameters.

...........................................................

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. Phase-Shift List
The following quantities are defined for the phase-shift list:
NTP flag to identify a CONTROL record for the phase-shift list, NTP=2.
NPS number of non-hard-sphere phase shifts specified.
NHS number of channels which require hard-sphere phase shifts.
NF number of channels not requiring a phase shift.
(Fission, since capture is calculated by subtraction.)
NCH number of channels to which a particular phase shift applies.
Cl channel index. _
RPS real part of a tabulated non-hard-sphere phase shift.
IPS 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, NFJCONT
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/
Cly; Cly s Clycyl LIST
to specify which channels use the following tabulated phase shift. NCH=1.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RPS(E)] TABI
to specify the real part of the phase shift.
[MAT, 2. 151/ 0.0, 0.0, 0, 0, NR, NP/ E,/ IPS(E)] TABI
to specify the imaginary part.

Repeat the channel-index LIST and two TABI records until all NPS phase shifts have been
specified. Omit these lists if NPS=0.

............................................................

[MAT, 2, 151/ 0.0, 0.0, 0, 0, NCH, 0/
i I FS—— Clyysl LIST
to specify which channels use hard-sphere phase shifts. Omit this list if NHS=0.




Cli, CL, eeererenssimmen Clyg] LIST
to specify which channels do not use phase shifts, Q=1. Omit this list if NF=0.

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.

[MAT, 2, 151 0.0, 0.0, 0, 0, NF, 0/ .

2.2.1.4.5. Penetrability List

The following quantities are defined for the penetrability list:

NTP flag to identify a CONT record for the penetrability list, NTP=3.

NPE number of charged-particle penetrabilities specified.

NHS number of channels which require hard-sphere penetrabilities.

NF number of (fission) channels not requiring penetrabilities, or more precisely,
that have P=1.

NCH number of channels to which a particular penetrability applies.

CI channel index.

| tabulated charged-particle penetrability.

The penetrability list has the following structure:
[MAT, 2,151/ 0.0, 0.0, NTP, NPE, NHS, NF] CONT
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/
Cl, CL, e Clycg] LIST
to specify which channels use the following tabulated penetrability.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/ E,/ P(E)] TABI
to specify the first tabulated penetrability.
Repeat the channel-index LIST and the TABI record until all NPE penetrabilities have been
specified. Omit these lists if NPE=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NHS, 0/
Cl; Cly sscisonn Clyys] LIST
to specify which channels use hard-sphere penetrabilities. Omit this list if NHS=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NF, 0/
Cl, CL, e Cll LIST
to specify which channels do not use penetrabilities, P=1. Omit this list if NF=0.
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. Channel-Radius List

The following quantities are defined for the channel-radius list, which follows the
penetrability list:

AC channel radius.

NTP flag to identify a CONT record for the channel radius list, NTP=4.
NAC number of different channel radii supplied.

NCH 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, 0] CONT
to specify an optional channel radius, and the number of radii supplied. If NAC=1, omit the
following LIST and use the value in position 1 for all channels. If NAC>1,
[MAT, 2, 151/ AC,, 0.0, 0, 0, NCH,, 0/
61 (TR 61 [FERAR—— Clyai] LIST
to specify the channels using the value AC,.
[MAT, 2, 151/ AC,, 0.0, 0, 0, NCH,, 0/
Cl, CI,, ... Clycg,] LIST
to specify the channels using the value AC,.

Repeat LIST’s until all NAC values have been specified.

2.2.1.4.7. Boundary-Condition List
The following quantities are defined for the boundary-condition list, which follows the radius
list:
BC boundary-condition parameter.
NTP flag to identify a CONT record for the boundary-condition list, NTP=5.
NBC number of different boundary-condition parameters supplied.
NCH 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, 0] CONT
to specify an optional boundary-condition parameter, and the number of boundary-condition
parameters supplied.

If NBC=1, omit the following LIST and use the value in position 1 of the preceding record
for all channels.

If NBC>1, then

[MAT, 2, 151/ BC,, 0.0, 0, 0, NCH,, 0/
) WERY & FER—— Clya] LIST
to specify the channels using the value BC,.
[MAT, 2, 151/ BC,, 0.0, 0, 0, NCH,, 0/
Cl, CL, e Clycy,] LIST
to specify the channels using the value BC,.

Repeat LIST’s until all NBC values have been specified.
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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 o, together with the /-value, determine the channel parity, so it is common to suppress explicit
reference to m. As a label, J usually means Jx, 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 Number of PMT’s Summed-MT-values,
available SMT
2 elastic scattering 1 2
18 fission 1 18
S1 -90 inelastic levels 40 4
102 radiative capture 1 102
600 - 649 n,p levels 50 103
650 - 699 nd levels 50 104
700 - 749 n,t levels 50 105
750 - 799 n,’He levels 50 106
8OO - 849 n,*He levels 50 ' 107

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 . The above table also lists the
MT-value for the complete reaction, obtained by summing the PMT-reactions in each category.
These are referred to as SMT’s, for "summed MT-value." In the GRM format, there is an MT-list
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
hierarchical 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.

Radiauive capture, MT=102, is treated as an eliminated channel in Reich-Moore 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,

’ This notation follows Lane and Thomas, Reference 9.
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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:

... SMT=102. 0. 0. 0. 0. 0. 1. PMT=102. 0. 0. NCP=0. (NEXT SMT) ..

The capture width introduces an imaginary component into the otherwise real R-matrix, 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=1, 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, 39.930789,
28.0, 1.0, 2.0, 0.0, 0.0, 6.0,

1.0, 2.0, 3.0, 4.0, 5.0, 6.0] 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, 2.0, 1.00866, 0.0, 0.5, 235.043928,
92.0, 1.0, 2.0, -3.5, 0.0, 6.0,
1.0, 2.0, 3.0, 4.0, 5.0, 6.0,
102.0, 0.0, 0.0, 0.0, 0.0, 0.0,
1.0, 102.0, 0.0, 0.0, 0.0, 18.0,
0.0, 0.0, 0.0, 0.0, 0.0, 1.0,
18.0, 0.0, 0.0, 2.0, 7.0, 8.0] LIST

to specify six scattering channels, labelled 1-6, radiative capture (no channels), and two
fission channels labelled 7 and 8. The sizes of the Jt sub-matrices which need to be
inverted are specified in the spin-group list. The MT-list only specifies the hierarchical
structure of the calculation.

2.2.1.5.3.Channels in the spin-group list

In addition to @, 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 = into spin-groups and the quantum numbers are specified in the spin-group list. Each
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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-scattering
cross section, and even more "empty" channels will be required if angular distributions 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, v, are signed real quantities. They are related to the ordinary
widths by the relation I'=2Py’. 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 format. For fission channels, P=1 and
I=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=1, LRF=6)
The following quantities are defined.

LAD flag indicating whether these parameters can be used to compute angular
distributions.
LAD=(, do not use
LAD=1, can be used, if desired. Do not add to file 4.

NGRE number of radiative capture reactions, 0SNGREX<I.
NFRE number of fission reactions, 0SNFRE<].

NIRE number of inelastic scattering reactions, 0SNIRE<4.
NCRE number of charged-particle reactions, 0<SNCRE<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.

MTRELLMTRE2, MTRE3, MTRE4 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 nd

105 n,t

106 n,’He

107 n,a
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Since the input format is set up for four reactions, use zeros for the
unspecified reaction MTRE values, if fewer than four are specified.

GG energy-independent partial width for capture, I,
This-value should be zero if NGRE=0.
GF energy-independent partial width for fission, I5.

This-value should be zero if NFRE=0.

GRE1, GRE2, GRE3, GRE4 partial widths [';(IE|l) for each of the four specified
reactions, evaluated at the resonance energy ER.
As usual in this manual, I';, without parentheses, denotes an energy-
dependent quantity.

GE eliminated width, GE=GG+GF+GRE1+GRE2+GRE3+GRE4, evaluated at ER.

QRE1, QRE2, QRE3, QRE4 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 (see page D.40).

ALREl1, ALRE2, ALRE3, ALRE4 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 floating point value of s (the channel spin).

AC channel radius (depends on Jis, etc.) in 10"%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 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).

PCP(E) charged-particle penetrability.
Four such functions will be supplied for each of the NCRE 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 interpolation. 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 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.




NLSC

NSS
NJS
NLSJ

LBK

RO(E)

RRO(E)
IRO(E)
LPS

PS(E)

RPS(E)
IPS(E)

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).

number of different s-values (channel-spin) for a given [-value.
number of different J-values for a given pair of /- and s-values.

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.

A flag to signal the presence of a background R-function in a particular
channel, /s].

If LBK=0, no background R-function will be given.

If LBK=1, the real and imaginary parts of the background R-function will be
given as tabulated functions.

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.

real part of RO(E).

imaginary part of RO(E).

flag to signal the presence of optical-model phase shifts to be used instead of
the hard-sphere values.

LPS=0, no optical-model phase shifts will be given, and the hard-sphere
values will be used.

LPS=1, 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.

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).

real part of PS(E).

imaginary part of PS(E).

The structure of a subsection for HRF (Hybrid R-function) is the following:
[MAT, 2, 151/ 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.
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[MAT, 2, 151/ 0.0, 0.0, MTRE1, 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, QRE1, QRE2, QRE3, QRE4] LIST
to specify the Q-value for each reaction.

[MAT, 2, 151/ AWRIC, 0.0, 0, 0, NR, NP/E,/ PCP(E)] TABI

to specify a mass ratio and a charged-particle penetrability for the first charged-particle
reaction, for /=0. Omit if NCRE=0.

[MAT, 2, 151/  AWRIC, 0.0, 0, 0, NR, NP/E,/ PCP(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/E,/ PCP(E)] TABI

to specify a mass ratio and a charged-particle penetrability for the first charged-particle
reaction, for /=2.

[MAT, 2, 151/ AWRIC, 0.0, 0, 0, NR, NP/E,/ PCP(E)] TABI

to specify a mass ratio and a charged-particle penetrability for the first charged-particle
reaction, for /=3.

[MAT, 2, 151/ AWRIC, 0.0, 0, 0, NR, NP/E,/ PCP(E)] TABI

to specify a mass ratio and a charged-particle penetrability for the second charged-particle
reaction, for /=0.

[MAT, 2, 151/ AWRIC, 0.0, 0, 0, NR, NP/E,/ PCP(E)] TAB1
to specify a mass ratio and a charged-particle penetrability for the last charged-particle
reaction, for /=3. A total of 4*NCRE penetrabilities will be supplied.
[MAT, 2, 151/ AWRI, 0.0, L,, 0, NSS, 0] CONT
to specify the first /-value and the number of its associated s-values.
[MAT, 2, 151/  AS,, 0.0, 0, 0, NJS, 0] 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.
[MAT, 2, 151/  AJ,, AC,, LBK, LPS, 12*NLSJ, NLSJ/
ER,, GN,, GG,, GF,, GREl, GRE2,,
GRE3,, GRE4,, ALRE1l,, ALRE2,, ALRE3,, ALRE4,,
parameters for the first resonance in this channel
ER,, GN,, GG,, GF,, GREl,, GRE2,,
GRE3,, GRE4,, ALRE1l,, ALRE2, ALRE3, ALRE4,
parameters for the second resonance in this channel.
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ERyisiy GNyis, GGyis;y GFuispy GREly g, GRE2y

GRE3y.s;, GRE4y 5, ALREly g, ALRE2y g, ALRE3,;, ALRE4,, (] LIST
parameters for the last resonance in this channel.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/ E_/ RRO(E)] TABI
to specify the real part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/IRO(E)] TAB1
to specify the imaginary part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RPS(E)] TAB1
to specify the real part of the optical-model phase shift in this channel. Omit if LPS=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,_/IPS(E)] TABI
to specify the imaginary part of the optical-model phase shift in this channel. Omit if
LPS=0.
[MAT, 2, 151/  AJ,, AC,, LBK, LPS, 12*NLSJ, NLSJ/
second J-value for this /,s pair, and resonance parameters for this channel.

ER,, GN,, GG,, GF,, GREl,, GRE2,,

GRE3,, GRE4,, ALREl,, ALRE2,, ALRE3,, ALRE4,
parameters for the first resonance in this channel

ER,, GN,, GG,, GF,, GREl,, GRE2,,

GRE3,, GRE4,, ALREIl,, ALRE2, ALRE3, ALRE4,
parameters for the second resonance in this channel

ERNLSJ’ GNNLSJ’ GGNLSJ’ GFNLSJ’ GREINLSJ’ GREZNLSJ’

GRE3y5;, GRE4y 55, ALREl ;, ALRE2y i, ALRE3;, ALRE4y, ;] LIST
parameters for the last resonance in this channel.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RRO(E)] TABI
to specify the real part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IRO(E)] TABI
to specify the imaginary part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RPS(E)] TABI
to specify the real part of the optical-model phase shift in this channel. Omit if LPS=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IPS(E)] TAB1
to specify the imaginary part of the optical-model phase shift in this channel. Omit if
LPS=0.
[MAT,2,151/ AS,, 0.0, 0, 0, NJS, 0] CONT(s)
second s-value.
[MAT,2,151/ AJ,, AC,, LBK, LPS, 12*NLSJ, NLSJ/
first J-value for AS,

ER,, GN,, GG,, GF,, GREl,, GRE2,

GRE3,, GRE4,, ALRE1,, ALRE2,, ALRE3,, ALRE4,,
parameters for the first resonance in this channel




ER,, GN,, GG,, GF,, GREl,, GRE2,,
GRE3,, GRE4,, ALRE1l,, ALRE2,, ALRE3, ALRE4,,
parameters for the second resonance in this channel

ERyisp GNyisis GGyisiy GFyisiy GRElys;, GRE2y s
GRE3,5;, GRE4y g, ALREly g, ALRE2 ;, ALRE3,; 5, ALRE4; ] LIST
parameters for the last resonance in this channel.

[MAT,2,151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RRO(E)] TAB1

to specify the real part of the background R-function in this channel. Omit if LBK=0.
[MAT,2,151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IRO(E)] TAB1

to specify the imaginary part of the background R-function in this channel. Omit if LBK=0.
[MAT,2,151/ 0.0, 0.0, 0, O, NR, NP/ E,/ RPS(E)] TAB1

to specify the real part of the optical-model phase shift in this channel. Omit if LPS=0.
[MAT,2,151/ 0.0, 0.0, 0, O, NR, NP/E,/ IPS(E)] TABI

to specify the imaginary part of the optical-model phase shift in this channel. Omit if
LPS=0.

When the last J-value is complete, start a new [-value:
[MAT,2,151/ AWRI, 0.0, L,, 0, NSS, 0] CONT(/)
[MAT,2,151/ AS,, 0.0, 0, 0, NJS, 0] CONT(s)
[MAT,2,151/ AJ,, AC,, LBK, LPS, 12*NLSJ, NLSJ/
ER,, GN,, GG,, GF,; GREl,, GRE2,,
GRE3,, GRE4,, ALRE1l,, ALRE2,, ALRE3,, ALRE4,,
parameters for the first resonance in this channel for the new [-value.

ER,, GN,, GG,, GF,, GREl,, GRE2,
GRE3,, GRE4,, ALREl,, ALRE2, ALRE3, ALRE4,,
parameters for the second resonance in this channel

ERnisir GNaisir GGaisis GFaispy GRElyg,, GRE2y ),

GRE3y s, GRE4y ;, ALRE ] 5;, ALRE2 g, ALRE3;, ALRE4 ;] LIST
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RRO(E)] TABI
to specify the real part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IRO(E)] TABI
to specify the imaginary part of the background R-function in this channel. Omit if LBK=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ RPS(E)] TAB1
to specify the real part of the optical-model phase shift in this channel. Omit if LPS=0.
[MAT, 2, 151/ 0.0, 0.0, 0, 0, NR, NP/E,/ IPS(E)] TABI
to specify the imaginary part of the optical-model phase shift in this channel. Omit if
LPS=0.

Continue until all the /-values are exhausted.
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2.3. Unresolved Resonance Parameters (LRU=2)

2.3.1. 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 LRF. 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 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):

SP1 spin of the target nucleus, I.
AP scattering radius in units of 10™? cm.

No channel quantum number dependence is permitted by the format.
LSSF 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 the
self-shielding factors, as discussed in Section 2.4.21.

NE number of energy points at which energy-dependent widths are tabulated.
(NE<250).

NLS number of /-values (NLS<3).

ES, energy of the i point used to tabulate energy-dependent widths.

L value of /.

AWRI ratio of the mass of a particular isotope to that of the neutron.

NJS number of J-states for a particular /-state. (NJS<6)

Al floating-point value of J (the spin, or total angular momentum of the set of
parameters).

D average level spacing for resonances with spin J.
(D may be energy dependent if LRF=2.)

AMUX number of degrees of freedom used in the competitive width distribution.

(Assuming it is inelastic, 1.0SAMUX<2.0, determined by whether the spin of
the first excited state is zero or not.)®

® See Appendix D. Section D.2.2.6.
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. AMUN number of degrees of freedom in the neutron width distribution.

(1.0AMUNZ2.0)

AMUG number of degrees of freedom in the radiation width distribution.
(At present AMUG = 0.0. This implies a constant value of I".)

AMUF number of degrees of freedom in the fission width distribution.
(1.0AMUF<4.0)

MUF integer value of the number of degrees of freedom for fission widths.
(1sMUF<4)

INT defines the interpolation scheme to be used for interpolating between the

cross sections obtained from average resonance parameters. Parameter
interpolation is discussed in the Procedures Section 2.4.2.

GNO average reduced neutron width.
It may be energy-dependent if LRF=2.
GG average radiation width.
It may be energy-dependent if LRF=2.
GF average fission width.
It may be energy-dependent if LRF=1 or 2.
GX 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=1 or LRF=2. If LRF=1, only the fission
width is given as a function of energy. If LRF=1 and the fission width is not given (indicated

. by LFW=()), then the simplest form of a subsection results. If LRF=2, energy-dependent values
may be given for the level density, competitive width, reduced neutron width, radiation width,
and fission width. Three sample formats are shown below (all LRU=2).

A. LFW=0 (fission widths not given),
LRF=1 (all parameters are energy-independent).
The structure of a subsection is:

IMAT. 2. 151/  SPI, AP, LSSF, 0, NLS, 0] CONT
[MAT. 2. 151/  AWRI, 0.0, L, 0, 6*NJS, NJS/
D, Al,, AMUN,, GNO, GG, 0.0
D,, Al, AMUN, GNO, GG, 0.0

Dyss Alniss AMUNyys, GNOyjs, GGyys, 0.0] 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.

. ° The structure of a section was defined previously, and covers both resolved resonance and unresolved resonance
subsections.
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B. LFW=1 (fission widths given),
LRF=1 (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] CONT
ES, ES,, ES, . ., .
w o w . ESgl LIST
[MAT, 2, 151/ AWRI, 0.0, L, 0, NJS, 0] CONT
[MAT, 2, 151/ 0.0, 0.0, L, MUF, NE+6, 0/
D, AJ, AMUN, GNO, GG, 0.0,
GF,, GF,, GFj, wooovvooooesornrnnnnn,
......................................... GFy] LIST

The last LIST record is repeated for each J-value (there will be NJS such LIST records). A
new CONT(/) 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 the 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.

C. LFW=0 or 1 (does not depend on LFW).
LRF=2 (all energy-dependent parameters).
The structure of a subsection is:

[MAT, 2, 151/ SPI, AP, LSSF, 0, NLS, 0] CONT
[MAT, 2, 151  AWRI, 0.0, L, 0, NJS, 0] CONT
[MAT, 2, 151/ Al, 0.0, INT, 0, (6*NE)+6, NE/

0.0, 0.0, AMUX, AMUN, AMUG, AMUF,

ES,, D,, GX,, GNO,, GG, GF,

ES,, D,, GX,, GNO,, GG, GF,

ESwes Dyey GXyp, GNOyp, GGyp, GFye] LIST

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.
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2.4. Procedures for the Resolved and Unresolved Resonance Regions

CONTENTS OF THIS SECTION

Abbreviations

Interpolation in the Unresolved Resonance Region

Unresolved Resonances in the Resolved Resonance Range

Energy Range Boundary Problems

Numerical Integration Procedures in the Unresolved Resonance Region
Doppler-Broadening of File 3 Background Cross Sections

Assignment of Unknown J-values

Equivalent Single-Level Representations

Use of the Reich-Moore Formalism

Competitive Width in the Resonance Region

Negative Cross Sections in the Resolved Resonance Region

Negative Cross Sections in the Unresolved Resonance Region

Use of Two Nuclear Radii

The Multilevel Adler-Gauss Formula for MLBW

Notes on the Adler Formalism

Multilevel Versus Single-level Formalisms in the Resolved and Unresolved
Resonance Regions

Preferred Formalisms for Evaluating Data

Computer Time for Generating MLBW Cross Sections
Amplitude-Squared Form of the MLBW Formulas

Degrees of Freedom for Unresolved Resonance Parameters

Procedures for the Unresolved Resonance Region

Procedures for Computing Angular Distributions in the Resolved Resonance Range
Cpmpleteness and Convergence of Channel Sums

Channel Spin and Other Considerations

2.4.1. Abbreviations

UR(R) - unresolved resonance (region)
RR(R) - resolved resonance (region)
RRP - resolved resonance parameter(s)
URP - unresolved resonance parameter(s)
SLBW - single-level Breit-Wigner
MLBW - multi-level Breit-Wigner
MLAG - multi-level Adler-Gauss

UCS - unresolved cross section(s)

2.4.2. Interpolation in the Unresolved Resonance Region (URR)
For energy-dependent formats (LRF=2, or LRF=1 with LFW=1), 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
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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 approximately 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=1, LFW=0). 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.

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 multigroup 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 what 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
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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 exphcltly one
cutoff-point must serve for all /-values.

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 four different kinds of boundaries under current procedures which

permit multiple RRR’s:

1. between a low-energy File 3 representation (range 1) and EL for the RRR (range 2),

2. between successive RR ranges,

3. between the highest RRR and the URR,

4. between EH for the URR and the high-energy File 3 representation.
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 kernel-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 broadened from absolute zero. A
kernel treatment of range 1, or no broadening at all, will be discontinuous with a -y 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.

Discontinuities will occur between successive RRR’s, unless the evaluator takes pains to
adjust the "outside" resonances for each RRR to produce continuity at absolute zero. If the
unbroadened cross sections in two successive RRR’s are broadened separately, the discontinuity
will be preserved, and possibly enhanced. These discontinuities are not believed to be
technologically significant.

A discontinuity at #3 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% 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 #4 should be small, since both the URR and the high-energy range represent
rather smooth cross sections, and the opportunity for error ought to be small. Anything over 5%

' This refers to the discontinuity between the average cross section in the RRR, and the dilute (unshielded)
pointwise cross section in the URR, which has been generated from the URR parameters. If the self-shielding
factor option has been chosen (LSSF=1, 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.
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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 penetrability. 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 about 500 eV, as given by 0.2xE=100%1. 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 compensate 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 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 self-shielded 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-ordinate method can
be used and it has been shown that the scheme in MC?-II, Reference 2, produces results differing
by up to several percent from G-H. The MC?-1I subroutine', is the recommended procedure.

'" This subroutine was provided by H. Henryson, II (ANL).
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The M. Beer, Reference 3, analytical method has also been suggested, and is quite elegant,
but unfortunately will not treat the general heterogeneous case.

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 Doppler-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 between-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 K data.
b.) Add File 2 and File 3.
c.) Sollbrig-broaden the result to operating temperature.

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 W- and Yx-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 kelvin, they get broadened twice.

A simple way to reduce the impact of this procedure without altering the representation of
the data is to 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 "double-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 A.W. Solbrig, Am. J. Phys. 24 (1961) 257
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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 2gl, for the others. If this number is assumed to be I',, one incurs an error of
uncertain magnitude, depending on how different

2J+1
& “2el)
is from 1/2, how large I', is relative to the other partial widths, and how important resonance-
resonance interference is.

It is recommended that evaluators assign J-values to each resonance, in proportion to the
level density factor 2J+l. 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=1/2, rather than its true value. Mixing of the
J=I resonances with the physically correct 1+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,

Opm = ggj VAo + AR ance? @2.1)

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 does 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, multichannel fission cross
section in pseudo-SLBW format, permitting y,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 absolute values of the partial
fission widths are added together to form I',. (Alternatively, convert Reich-Moore to
Adler-Adler, and use the equivalence for that formalism).
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3. Adler-Adler. Reasonable success in converting A-A parameters for *'Pu and **’U was
obtained using a method described 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 may 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 - and x-functions for Doppler
broadening.

The computer code POLLA, Reference 5, 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", the Reich-Moore code RAMPI, 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, provided that the evaluator has included this shift factor when the
calculation was performed.

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 MC? procedures, 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=0", a quite arbitrary

3 M.R. Bhat, BNL-50296 (ENDF 148) ENDF/B Processing Codes for the Resonance Region, June, 1971,
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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 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=0)
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 usually 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 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 File 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
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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 <I".,> 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 the resolved
resonance region. Again, the scattering cross section per se may not be important, but the biased
total cross section may adversely affect calculated reaction rates.

2.4.13. 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 8) in File 2, which must be
given even if no resonance parameters are given, while the latter is defined by

a= 0.123 AWRI"*+ 0.08 in units of 10"'? cm.

(Strictly speaking, this formula should use the target mass, A'”, 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=0, 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 (p'?, p*? ,,). This implies that one would require a
different scattering radius for each of these states.

For the special case of s-waves, only two J-values are possible, namely 1+1/2, commonly
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denoted J, and J_. 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 P,(ka) and the shift factors S,(ka), but to use the
scattering radius to calculate the hard-sphere phase shifts ¢,(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 A'” 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:

omy () = 0pM(E),

o¥PYE) = oSV E), (2.2)
NLS-1

MLBW(E) - ast(E) ; ‘-’LARRI(E)’
-0

where RRI labels the resonance-resonance-interference term for a given /-value:

Nyr1ooor, T, [(E-E')YE-E’)+T,T,/4]
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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 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 (2.3) to
a form with only a single Breit-Wigner denominator. Most recently, deSaussure, Olsen, and
Perez (Reference 6) have written it compactly as

7~ o GT+2H/E-E")

(2:3)

- , here
¥ EEran "
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The authors 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 G,T, to the symmetric part of the
SLBW formula, T,? cos2¢, - 2T, (T, - T,,) sin’},

and 2H, to the coefficient of (E-E") in the asymmetric part, 2T, sin2¢, .
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Since G, and H, 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 resonances are all treated as s-wave
(shifts of zero, penetrabilities of \NE), and the total widths are taken constant, then G,/k* and
H,/k* become independent of the neutron energy and consume a negligible amount of computing
time so that MLBW and SLBW become equivalent in that respect.

The amplitude-squared form of MLBW, Section 2.4.19, also reduces computing time.

2.4.15. Notes on the Adler Formalism
Questions concerning the ENDF/B treatment of the Adler formalism are enumerated
below'®, together with recommended procedures for handling them:

1. The resonance energy p and total half-width v are the same for each reaction for a given
resonance in the Adler formalism, but, for the October 1970 version of ENDF-102, the formulae
on 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; the remedy is to constrain the equalities DETy=
DEF,= DEC, and DWTy = DWF, = DWC,. 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
sub-regions, and each is analyzed separately. This avoids problems with contributions from
distant resonances, but requires that the polynomial background be tailored to each sub-region.
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 background can
be put into File 3, point-by-point.

3. The ENDF/B formats formerly permitted incomplete specification of the cross sections. The
allowed values of LI were 5 (total and capture widths); 6 (fission and capture); and 7 (total,
fission. and capture). LI=6 leaves the scattering (and total) undefined and LI=5 is deficient for
fissile elements. LI=6 is now restricted to ENDF/A, and LI=5 should be used only for non-fissile
elements.

4. The nomenclature for the G’s and H’s is not entirely consistent among different authors. The
Adlers use for the total cross section the definitions:
G, = a cos(2ka)+ P sin(2ka) ;
H, = B cos(2ka)- a sin(2ka) ;
and then the combination
vG, + (- E) H,.
For the reaction cross sections there are no phases, and they write
VG, + (p- E) H,  (capture);
VG, + (u - E) H; (fission);

' The following is a condensation and updating of the Appendix in the June, 1974, Minutes of the Resonance Region
Subcommittee.
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G and H are properly designated as "symmetrical" and "asymmetrical" parameters. This
manual changes o to G, and to H,, viz:

VI[G, cos(2ka) + H, sin(2ka)] + (p - E) [H, cos(2ka) - G, sin(2ka)]
These G,’s and H,’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

¢ into their definition, but otherwise leave the formalism unchanged.
Users and evaluators should adhere to the definitions in this manual.

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 the
frequent occurrence of negative scattering cross sections, when two or more resonance-potential
interference terms overlap, SLBW should not be used to compute pointwise 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 I'/D 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 evaluation 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 threshold 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, and allow treating
resonances with both />0 and I>0.

Multi-channel multilevel fitting is also feasible for light elements, and permits the
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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.

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 fissile materials, 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 computing time and all
require kernel broadening, although MLBW lends itself to the ,x-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, 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, apart from the case where both />0 and I>0.

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-channel interference, and
this is unlikely to change. Reich-Moore evaluations can be converted to Adler format for
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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 ¥ and ), 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 reactions: R-matrix,
using the format LRF=5 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 G,- and H,-coefficients.

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 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 muin drawback to the above equations is that they do not admit Doppler-broadening
with y- and yx-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.
_Itis common to give the channel spin, s, which is the vector sum of I and i, plus J = s +
[, 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 Y, the reduced width amplitude, where a gives the identity of the emitted particle, the
state of excitation of the daughter nucleus, etc.
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The partial width for the channel is:
Dagins = 2Pagins ’YngiJls

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 NI 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 I' = X I.. [X. means a sum over all channels]. The argument from statistical
compound nucleus theory is that the y,’s are random variables, normally distributed with zero
mean and equal variance. The population referred to is the set of y,’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 variates. 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 = [£1/2. If I = 0, there is
only one channel, s =i = 1/2. Hence the restriction, 1.0SAMUNS< 2.0. AMUN is the quantity
M5, 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 <I' > is the sum of two equal average partial widths. In
Appendix D this factor of two is absorbed into the definition of <I',>, through the use of a
multiplicity which is the number of channel spins, 1 or 2.

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 suggested in
previous versions of ENDF-102. This implies a constant from resonance to resonance, since the
chi-squared distribution approaches a delta function as N—eo. 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 = p;;, where J is the spin of the resonance, and [/ is the orbital angular
momentum of the inelastically scattered neutron. Since the daughter nucleus may have a spin
I different from the target spin I, / may be different from / and the number of channel spin
values p;; may be different from py;;.

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.)
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4. The fission value should be given as 1.0SAMUF<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 same energy grid must be used for all J- and /-values. The
grids may be different for different isotopes. Unresolved resonance 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" procedure:

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 parameters 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 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 in File 2.
The following caution should be noted by evaluators in choosing this option:
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Because File 3 is energy-varying, it inherently has the possibility to energy-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 insure 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
additional 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 formalisms 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.1.5.2), or the HRF
format (Section D.1.6.1), then the angular distributions 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 Biedenharn ("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 anisotropic 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
(Uy,), 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 distributions. 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 Biedenharn Legendre coefficients
will differ from both of the above representations.

This raises the question of whether the B&B average will be better or worse than the others.
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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 representation. 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 uncertain. For this case, one
might find that errors in the "minor" resonances canceled 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 1200 angular distributions, which
is usually not enough to represent a fully-detailed B&B representation. The recommended
ENDEF/B procedure is for the evaluator to provide an under-1200-energy-point representation in
File 4, and to signal the user with LAD whether he can independently generate o(6) on a finer
energy mesh.

For the File 4 representation, the evaluation should smooth the data so as to preserve
significant structure in the first Legendre coefficient, or p. 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 evaluator has approved
this procedure (LAD=1), or that it is either of unknown quality or known to be poor (LAD=0).
In the case of LAD=0, 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 distribution in File
4. Preserve significant structure in p.

2. If the B&B angular distributions were not examined, or if they were examined and found
to be inaccurate, supply LAD=0 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=1,
and describe the evaluation procedures in the documentation.
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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-resonant" 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-il <'s < I+i.

The channel spin couples to the orbital angular momentum to form the total angular
momentum J, with the values:
l-sl < J < [+s.

If I>0 and />0, the same J-value may occur for each of the two channel spins, I+1/2, and
each of these J-values must be separately summed over. A width I'; is a sum of the two
components, I'; ; and ', ;, 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 an effect.

The channel sums are infinite, 1
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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 resonances 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
l-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.

The Hybrid R-function and General R-matrix formalisms share the current restriction, NLS<4
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(I=0-3), so that if g-waves (/=4) are needed at 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
I-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.1.6.5, besides
having more complicated sums, the range of /-values is much greater, the requirement being that
the angular distributions converge 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 B,
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=0 and /=0, no information is required beyond the T';; which are usually provided.
If 1=0, 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 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.
ru = I‘IJP’ - 1‘1&:’

Since only the sum is required, the evaluator is spared the necessity of specifying the
separate s-values. This converts an (/,s,J) formalism into an (/,J) formalism. The same
effect can be achieved by assuming that I=0, a popular assumption often made independently
of the truth, as in many optical model calculations.
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The convergence criterion is more transparent, because the potential-scattering cross section
splits off from the resonance and interference terms, as

4 .
;’; @l+1)sin’¢, .

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.

The resonance profiles are expressible in terms of symmetric and asymmetric Breit-Wigner
shapes, and thus admit .,y 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 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 standard material charge and mass parameters.

QM 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=[(m,+m,)-(m,+m_+...+m)](9.315016x 10?) if the masses are in amu.
(See paragraph 3.3.2.)

QI reaction Q value for the (lowest energy) state defined by the given MT
value in a simple two-body reaction or a breakup reaction. 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=0). (See paragraph 3.3.2.)

LR complex or "breakup" reaction flag.
Indicates that additional particles not specified by the MT number will be
emitted. See Sections 0.5.5 and 3.4.4.

NR,NP,E, standard TAB1 parameters.

o(E) 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, 0] HEAD
[MAT, 3, MT/ QM, QI, 0, LR, NR, NP /E, / o(E)] TABI
[MAT, 3,0/ 0.0, 0.0, 0, 0, 0, 0] 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°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.
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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™'°
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 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 realistically 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=5), 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 o+’Be—n+X. After
the neutron has been emitted, the compound system is ?C with QM=5.702 MeV and energy
levels (E,) 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.

Reaction QM QI EX MT
*Be(at,ny)'*C 5.702 5.702 0. 50
*Be(at,n,)'*C 5.702 1.263 4.439 51
*Be(at,n,)*C(3ax) -1.573 -1.952 7.654 52
*Be(a,n;)'’C(30) -1.573 -3.939 9.641 53
*Be(a,n)*C(3a) -1.573 -1.573 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 '*C. Note the value used for Q.
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3.3.3. Relationship Between File 3 and File 2

If File 2 (Resonance Parameters) contains resolved and/or unresolved resonance parameters
(LRP=1), 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=1, 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=0) 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.

In certain derived libraries, the resonance cross sections have been reconstructed and stored
in File 3. Such files may have LRP=0 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 non-threshold reaction types must cover the energy range from a
lower limit of 10” eV to an upper limit of at least 20 MeV for all materials. For non-threshold
reactions. a cross section value must be given at 0.0253 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 application. 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 und/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 transport 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 §, 9, 10, 12, 13, 14, 15, 31, 32, 33, 34, 35, 39, and/or 40. 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=1) and
elastic scattering (MT=2). Other reactions commonly included are inelastic scattering
(MT=4,51-91), radiative capture (MT=102), fission (MT=1§,19-21,38), absorption
(MT=103,104,105....), and other neutron emitting reactions such as MT=16,17,22,28,.... Specific
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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 transport,
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=1 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=1)

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.

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=5), 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=1.

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 subtracting the
nonelastic cross section from the total cross section. This procedure can cause problems. The
result is an elastic scattering cross section that contains unreal structure. There may be several
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causes. First, the nonelastic cross section, or any part thereof, is not 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 contributions
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, experimental 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 0" ground states) should be 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=0, 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.
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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=1,
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=(.

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 part
of the reaction that represents (n,n’ot) 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=19.

The Q value for MT=18, 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 5. The complex rules associated with the partial
fission reactions are described in Section 5.

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, *He, and o.. Of course, MT=600, 650, 700, etc., represent the ground state and would
not have corresponding sections in the photon production files, unless the flag LR>0 (such as in
the '°B(n,t)®Be reaction).

' LR=31 is still allowed, however, to uniquely define the y-decay when using MF=3, and MF=12
(or 15) and MF=4.
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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=1 should be used
for the photo-nuclear total cross section, while MT=501 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. Therefore, © 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°
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 procedure for inelastic cross section for incident charged particles and photons is the
same as for neutrons. The following MT combinations should be used.

Incident Particle MT’s for Excited States MT’s for Total Inelastic o
Y undefined 102
n 51-91 4
P 601-649 103
d 651-699 104
t 701-749 105
*He 751-799 106
o 801-849 107

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 which 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 distributions 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.

The angular distributions are expressed as normalized probability distributions, i.e.,

f_llf(u,E)dp =1,

where f(p,E)dp is the probability that a particle of incident energy E will be scattered into the
interval dp about an angle whose cosine is p. The units of f(u,E) are (unit cosine)" Since the
angular distribution of scattered neutrons is generally assumed to have azimuthal symmetry, the
distribution may be represented as a Legendre polynomial series,

fwB) = ??E_)"("’E) - o 2 &Py 4.2)
where p = cosine of the scattered angle in either the laboratory or the center-of-mass
system
E = energy of the incident particle in the laboratory system
o,(E) = 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
o(p,E) = differential scattering cross section in units of barns per steradian
a = the /™ Legendre polynomial coefficient and it is understood that a, = 1.0.
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The angular distributions may be given by one of two methods, and in either the center-of-
mass (CM) or laboratory (LAB) systems. Using 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, a,(E), are tabulated as a
function of incident neutron energy.

Absolute differential cross sections are obtained by combining data from Files 3 and 4. If
tabulated distributions are given, the absolute differential cross section (in barns per steradian)
is obtained by

o

BB 4.3)

o(u,E) = >

where G,(E) is given in File 3 (for the same MT number) and f(u,E) is given in File 4. If the
angular distributions are represented as Legendre polynomial coefficients, the absolute differential
cross sections are obtained by

o(p,E) = o;(nE) EZI(; 2lz+lat(E)P,(p) 4.4

where G(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
a(E) in the two systems are related through an energy-independent transformation matrix, U,
and its inverse, U™, :

aHB) « T U0 B @5)
and
B = Yok Uim o' (B (4.6)

Expressions for the matrix elements of U and U may be found in papers by Zweifel and
Hurwitz' and Amster’. Transformation matrices for nonelastic reactions are not incident energy
independent and are not given in File 4.

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 describe
any elastic angular distribution in this file. The transformation matrix is given as an array of
numbers, Vi, where K = 1,...NK, and NK = (NM + 1)?, and where K =1 + [+ m (NM + 1).
The value of K indicates how the (/,m)" element of the matrix may be found in array Vi. This
means that the elements of the matrix U,,, or U",,, are given column-wise in the array Vy:

' P.F. Zweifel and H. Hurwitz, Jr., J Appl.Phys. 25, 1241 (1954).
> H. Amster, J.Appl.Phys. 29, 623 (1958).
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Uo‘o, ........ UO,NM
U 1,00 Y11 ceceecee U 1.NM
UNM,O’ UNM,]’ """ 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

LI

LCT

LVT

NE

NL
NK
NM

Vk

NP

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, a,(E)

LTT = 2, the data are given as normalized probability distributions, f(p,E)

flag to specify whether all the angular distributions are isotropic
LI = 0, not all isotropic

LI = 1, all isotropic

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

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

number of incident energy points at which angular distributions are given
(NE<1200)

highest order Legendre polynomial that is given at each energy (NL<20)
number of elements in the transformation matrix (NK<44l) NK = (NM + 1)*
maximum order Legendre polynomial that will be required (NM<20) to describe

the angular distributions of elastic scattering in either the center-of-mass or the
laboratory system. NM should be an even number.

matrix elements of the transformation matrices

Vg =U",,, if LCT = 1 (data given in LAB system)

Vx = U,,,, if LCT = 2 (data are given in CM system)

number of angular points (cosines) used to give the tabulated probability
distributions for each energy (NP<I0l)

Other commonly used variables are given in the Glossary (Appendix A).
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The structure of a section depends on the values of LTT (representation used, a,(E) or f(p,E)),
and LVT (transformation matrix given?), but it always starts with a HEAD record of the form

[ZA, AWR, LVT, LTT, 0, 0] HEAD.

4.2.1. Legendre Polynomial Coefficients and Transformation Matrix Given: LTT=1, LVT=1,
and LI=0
When LTT=1 (angular distributions given in terms of Legendre polynomial coefficients) and
LVT=1, the structure of the section is

[MAT, 4, MT/  ZA, AWR, LVT, LTT, 0, 0] HEAD LVT=1, LTT=1
[MAT, 4, MT/ 0.0, AWR, LI, LCT,NK, NM/V,] LIST  LI=0

[MAT, 4, MT/ 0.0, 0.0, 0,0, NR, NE/E,] TAB2

[MAT, 4, MT/ T, E,, LT, 0, NL, 0/ a(E,)] LIST

[MAT, 4, MT/ T, E,, LT, 0, NL, 0/ a(E,)] LIST

[MAT, 4, MT/ T, Ey, LT, 0, NL, 0/ a(Eyg)] LIST
[MAT, 4,0/ 0.0, 0.0,0, 0, 0, 0] 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=1, 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

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, 0] HEAD LVT=1, LTT=2
[MAT, 4, MT/ 0.0, AWR, LI, LCT, NK, NM/V,] LIST LI=0

[MAT, 4, MT/ 0.0, 0.0, 0, 0, NR, NE/E,_] TAB2

[MAT, 4, MT/ T, E, LT, 0, NR, NP/p,/f(u,E,)] TABI

[MAT, 4, MT/ T, E,, LT, 0, NR, NP/p,/f(p,E,)] TABI

[MAT, 4, MT/ T, Eg, LT, 0, NR, NP/ p,/ f(n,Ey)] TABI
[MAT, 4,0/ 0.0, 0.0, 0, 0, 0, 0] SEND

T and LT are normally zero.
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4.2.4.Tabulated Probability Distributions Given and Transformation Matrix Not Given:
LTT=2, LVT=0, and LI=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

This form is always used for angular distributions of nonelastically scattered neutrons when
tabulated angular distributions are given.

4.2.5. All angular Distributions are Isotropic: LTT=0, LVT=0, LI=1
When all angular distributions for a given MT are assumed to be isotropic then the section
structure 1is:

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 0] HEAD LVT=0, LTT=0
[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, 0] CONT LlI=I
[MAT, 4,0/ 0.0, 0.0, 0, 0, 0, O]JSEND

4.3. Procedures

The angular distributions for two-body reactions should be given in the CM system (LCT=2).
It is recommended that other reactions (such as continuum inelastic, fission, etc.) should be given
in LAB system. All 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 cannot give an adequate representation of the data.

When the data 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 to 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 constrained 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 tabular data, certain procedures should be
followed. Sufficient angular points (cosine values) should be given to accurately 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(p,E)
vs. n should be log-linear (INT=4), and that for f(u,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 system, a
distribution should be generated and transformed point by point to the desired frame of reference.
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The pointwise angular distributions can then be converted to Legendre polynomial 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 distributions 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 center-of-mass system, the matrix should be for
CM to LAB conversion. The parameter NM should be even, and it must be equal to or
grater than /[, used in any of the angular distributions (if Legendre coefficients are given).
The parameter NK is equal to (NM + 1)%

2. Legendre polynomial representations should be used for the 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 /_,, 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 distributions. These two features
of the cross sections cannot be analyzed independent of one another. Remember, processing
codes operate on MT=2 data are given in Files 3 and 4. (Structure of 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 distributions
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 integrated 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.

5. Do not use an excessive number of incident energy points for the angular distributions. The

number used should be determined by the amount of variation in the angular distributions.




An incident energy point must be given at 10° 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 File 3, at least 20 MeV.

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).

AWRZ (GT)Z barns

©) - (30560<10°E :
AP = ey o) (1+AWR)? steradian

where E; is in eV and o; in barns. Care should be taken to observe this inequality,
especially at high energies.

4.4.2. Inelastic Scattering Cross Sections

L
o8

3

A

Do not give angular distribution data for MT = 4.

Always give angular distribution data for any one of the following if they are given in File
3: MT = 51 through 91.

Discrete channel (two body) angular distributions (e.g., MT = 2, 51 - 90, 701...) should be
given as Legendre coefficients in the CM system.

The continuum reaction (MT = 91) should be given in the LAB system.

Isotropic angular distributions should be used unless the degree of the isotropy exceeds 5%.
If any level excitation cross sections contain significant direct interaction contributions,
angular distributions are very important. _

Use the precautions outlined above when dealing with the level excitation cross sections that
contain a large amount of structure.

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 1sotropic without strong pre-equilibrium components. The LAB system should be used.

4.4.4. Charged-Particle Producing Reactions

Distnbutions 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. General 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 spontaneous
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 5 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=51, 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 fOE'_ pE-E)dE =1,

where E’_,, 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 secondary particle
energy E’ is always expressed in the laboratory system.

The differential cross section is obtained from

do(E-E) _ pyo(E)p(E-E') (5.2)

dE'
where O(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 distributions,
f(E—E’), where each of the partial distributions can be described by different analytic
representations;

NK
P(E-E’) = kE PyE) f(E-E) (3.3)
=1

and at a particular incident neutron energy E,

NK
;1 PUE) =1

where p,(E) is the fractional probability that the distribution f,(E—E’") can be used at E.

|



The partial energy distributions f,(E—E’) are represented by various analytical formulations.
Each formulation is called an energy distribution law and has an identification number associated .
with it (LF number). The allowed energy distribution laws are given below.

Secondary Energy Distribution Laws

LF =1, Arbitrary tabulated function:
fIE-E") = g(E-E")

A set of incident energy points is given, E and g(E—E’) is tabulated as a function
of E".

LF

I
ol

General evaporation spectrum:
f(E-E") = gIE"|8(E)]

B(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):

f(E_,E') = @ e E8E

I is the normalization constant,

I =% ?etﬂ,/(E—US/e) - J(E-UH/8 e E-Ure

B 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.
LF=9, Evaporation spectrum:

NE-E) = £ o-Ene

I is the normalization constant,

I=¢ l—e“E'W"(l +_E;U)

B is tabulated as a function of incident neutron 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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LF =11,

LF = 12,

Energy dependent Watt spectrum:

fEE-E) = & (VBE))

I is the normalization constant,

1 'rra3b
2

L

Bl ) A E

~aexp [—— [sinhyBE-T)]

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 < E’ < E-U

Energy dependent fission neutron spectrum (Madland and Nix):
FE-E) = J{g(E'EFL) + g(E"EFH)|

where
’ 1
8(E'.EF) - W[ E\(u)) ~u,"E,(u,) +Y(32,4) - Y(3/2,1) |
u, = (\/El_ - \/EF)Z/IM
u, = YE + VEFY|TM

EFL and EFH are constants, which represent the average kinetic energy per
nucleon of the average light and heavy fragments, respectively.

TM depends upon the incident neutron energy,

E,(x) is the exponential integral,

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. 5.4.10.

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. These laws are no
longer used.
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5.2.

distribution law).

Formats

Each section of File 5 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

The following quantities are defined.

NK

U

LF

Pu(Ey)

f(E—E’)

NR
NP
a,b
EFL,EFH

™
NE

NF

number of partial energy distributions.
There will be one subsection for each partial distribution.

constant which defines the upper energy limit for the secondary particle so
that 0 < E’ <E - U (given in the LAB system).

effective temperature used to describe the secondary energy distribution for
LF=5,7, or 9.

flag specifying the energy distribution law used for a particular subsection
(partial energy distribution). (The definitions for LF are given in Section
S.l.)

fractional part of the particular cross section which can be described by the
k™ partial energy distribution at the N* incident energy point.

NOTE: M
-1
k™ partial
energy distribution.
The definition depends on the value of LF.

number of interpolation ranges.
number of incident energy points at which p,(E) is given.
parameters used in the energy dependent Watt spectrum, LF = 11.

constants used in the energy-dependent fission neutron spectrum (Madland
and Nix), LF = 12.

maximum temperature parameter, TM(E), of the energy-dependent fission
neutron spectrum (Madland and Nix), LF =12.

number of incident energy points at which a tabulated distribution is given.
(NE<200.)

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, 0] HEAD

5.4

<subsection for k = 1>
<subsection for k = 2>

<subsection for k = NK>

[MAT, 5, MT/ 0.0, 0.0, 0, 0, 0, 0] SEND




The structure of a subsection depends on the value of LF. The formats for the various values
of LF are given below.

LF = 1, Arbitrary tabulated function
[MAT,5,MT/ 0.0, 0.0, 0, LF=1, NR, NP/E,] TABI
[MAT,5,MT/ 0.0, 0.0, 0, O, NR, NEJE,,] TAB2
[MAT,5,MT/ 0.0, E, 0, 0, NR, NFE’,/

[MAT,S,MT/ O~O7 Ez, 09 Oa NR> NF/E’int/

E’,,g(E,—E"), E,,g(E,>E"), E';,,g(E,—E"),

————————————————————— - """"""E’NF’g(EZAE,NF)] TAB]
[MAT,5MT/ T, Ey, LT, 0, NR, NF/E/

E’,,g(Exg—E"), E'2.8(Exe—E"), E'3,g2(Exg—E"),

........... B2 Exg—E )] TABI

Note that the incident energy mesh for p,(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, E’, should be linear-linear.

LF = 5, General evaporation spectrum
[MAT, 5,MT/ U, 0.0, 0, LF=5, NR, NP/E,/ p(E)] TABI
[MAT, 5MT/ 0.0, 0.0, 0, 0, NR, NE/E,/ 6(E)] TABI
[MAT, 5,MT/ 0.0, 0.0, 0, 0, NR, NF/x,/ gx)] TAB1 x =E/8(E)

LF = 7, Simple fission spectrum (Maxwellian)

[MAT, 5MT/ U, 0.0, 0, LF=7, NR, NP/E,/ p(E)] TABI
[MAT, 5MT/ 0.0, 0.0, 0, 0, NR, NE/E,/ 6(E)] TABI

LF = 9, Evaporation spectrum

[MAT, 5MT/ U, 0.0, 0, LF=9, NR, NP/E,/ p(E)] TABI
[MAT, 5MT/ 0.0, 0.0, 0, 0, NR, NE/E,/ 6(E)] TABI

LF = 11, Energy-dependent Watt spectrum
[MAT, 5,MT/ U, 0.0, 0, LF=11, NR, NP/ E,/ p(E)] TABI
[MAT, 5,MT/ 0.0, 0.0, 0, 0, NR, NE/E,/ a(E)] TABI
[MAT, 5,MT/ 0.0, 0.0, 0, 0, NR, NE/E,/ b(E)] TABI

LF = 12, Energy-dependent fission neutron spectrum (Madland and Nix)

[MAT, 5,MT/ 0.0, 0.0, 0, LF=12, NR, NP/E,/ p(E)] TABI
[MAT, S,MT/ EFL, EFH, 0, 0, NR, NE/E,/ TM(E)] TABI
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5.3. 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 p,(E), the incident
energy mesh at which the secondary neutrons are given, f,(E—E’), and the secondary energy
mesh for f,(E—E’). It is recommended that a linear-linear or a linear-log interpolation scheme
be used for the first two energy meshes, and a linear-linear interpolation 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 p,(E)’s (this situation occurs fairly frequently). This energy mesh
must also include threshold energy values for all reactions being described by the p,(E)’s. Zero
values for p, must be given for energies below the threshold (if applicable).

Two nuclear temperatures may be given for the (n,2n) reaction. Each temperature, 6, may
be given as a function of incident neutron energy. In this case p,(E) = p,(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 < E’
<E - U. The value of U depends on how the data are represented for a particular reaction type.
Consider U for elastic 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 explicitly (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 residual nucleus.

If the reaction being described is fission, then U should be a large negative value (U =
-20.0x10° eV to -30x10° 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.

It is recommended that the cross sections for excitation of discrete inelastic levels be
described in File 3 (MT = 51, 52, ..., etc.). The angular distributions for the neutrons resulting
from these levels should be given in File 4 (the 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 Files 5 are for MT = 91 (continuum part).
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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 evaporation spectra.

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 v, 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 linear-log (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 temperature as a
function of energy.

5.44. 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.
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5.4.5. LF = 11 (Watt Spectrum)

A linear-linear interpolation scheme is preferred for specifying the parameters a and b as a

function of energy.

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’,,. = E, - U, where E,
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.

U is negative for fission reactions. The preferred value is -20 MeV.

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 E,, and IQ| are approximately 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.

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 = 51, 52,
53) and a continuum part where Q, is the known or estimated Q-value for the
fourth level.

U=-Q

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

== ;
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=51, 52, 53) 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 5 to 8 MeV and another to describe the energy region from 8 to 20 MeV.
In the first subsection (5 - 8 MeV),

U =-Q,
and the second (8 - 20 MeV),

U=-Q,




5.4.8. Multiple Nuclear Temperatures

Certain reactions, such as (n,2n), may require specification of more than one nuclear
temperature. 8(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
o =+ —gm @ -

where E, ; is greater than the neutron multiplicity times the average energy of all the emitted
neutron v E’, 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 E’

3. o (E-UW g
Z9-— (E-Uye
7 2 1 ( 0 ) ¢
_ & (E-U) v
9 20 T ( 5 )e

,{ EU_ Lb]wq{ EU, ge]
11 I{am{ab) \a\42\4\4
a0 T e

a
a

(E-V - ) T - mcoshm]}
- %(EFL+EFH) +§ ™

a

U is described in Section 5.3. The analytic functions for I are given in Section 5.1 for LF
=7,9, 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)

Integral over finite energy range [a,b].

Set: «=yIM,p = JEF
A = (Ja+p)yla®
B = (/b +p)/a?
A’ = (fa-pe?
B’ = (/b-p)/a?

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)"[ 'g(E".EFME' -
[(Z a?B? - la ﬁBz)El(B) - (_z.azA 5P - —;-a pA 2)EI(A)]
[(2 2B15f2 o aBBIZ)E (B,) (zaZAISIZ 4 %a BA'Z)EI(A')]

+[@®B-2apB*?)y (3/2,B) - (a’A -2a pA ?)y(3/2,4)]
~[(a®B’ +2apB'?)y(3/2,B") -(a?A’ +2a pA"?)y(3/2,A")]
—;az[v (5/2,B) - y(5/2,4) - v (5/2,B") + y(5/2,A")]

-%a Ble B1+B)-e4(1+A) +e B(1+B')-e 4 (1+A4"))

Region II (a < EF, b < EF)
3(ET TM)" [ 'g(E'.EFME' -
(ZazBm-lasz EB) - (ZaZAm-lupAZ)E (A)]
5 2 1 5 2 !

(2425, 1 ) (242452, 1 2 ;
(SaB LapB )EI(B) (SaA Lapa )E,(A)]

+[(@®B -2apB'?)y (3/2,B) - (a?A - 2aBA ?) y(3/2,4)]
~[(@?B’ -2apB'*?)y(3/2,B") -(a’A’ -2a pA""?)y(3/2,A")]

-2y S/2.B) -y (S2.4) Y512, V(514"

—%a Ble B(1+B) - 4(1+A) +e B(1+B) +e 4 (1+4")]
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Region III (a < EF, b > EF)

3(ET TM)" "g(E'.EFdE -

2 1 2 1
(3 aZBS”—EaBBz)El(B) - (guzAsﬂ-EapAz)El(A)]

22 15f2+_]; 2 1_22 IS[2+1 2 '
(SaB 2a|3B )EI(B) (SaA 2aﬁA )EI(A)}

+[(@®>B -2apB'?)y (3/2,B) - (a’A -2a BA '?)y(3/2,4)]
~[(@?B’ +2apB''?)y(3/2,B") - (a’A’ +2a BA"?)y(3/2,A")]

-2ty S/2.B) - v(S12.4) ~YS2B) + V(S[2A)

——;—u Ble B(1+B) -eA(1+A) +e B(1+B") +e A (1+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:

ow.EE") = o) y(E) f(».EE) | 2n (6.1)

where i denotes one particular product, E is the incident energy, E’ is the energy of the product
emitted with cosine p, o(E) is the interaction cross section (File 3), y; is the product yield or
multiplicity, and f; is the normalized distribution with units (eV-unit cosine)' where

[dE' [du f(w.EE) = 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.

6.2. Formats

The following quantities are defined for all representations.

ZA,AWR standard material charge and mass parameters.

LCT reference system for secondary energy and angle (incident energy is always
given in the LAB system).
LCT=1, laboratory (LAB) coordinates used for both;
LCT=2, center-of-mass (CM) system used for angle

NK 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 product identifier 1000*Z+A with Z=0 for photons and A=0 for electrons and
positrons.
A section with A=0 can also be used to represent the average recoil energy
or spectrum for an elemental target (see text).

AWP product mass in neutron units.
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LIP

LAW

NRNPE

“int

A section of File 6

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, distinguish between different
subsections with the same value of ZAP for light particles. For example,
LIP=0 could be the first neutron out for a sequential 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.

distinguishes between different representations of the distribution function, f;:
LAW=0, unknown distribution;

LAW=1, continuum energy-angle 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 angle-energy law.

standard TAB1 parameters.
has the following form:

IMAT. 6. MT/ ZA, AWR, 0, LCT, NK, 0] HEAD
IMAT. 6. MT/ ZAP, AWP, LIP, LAW, NR, NP/E,/y,E)] TABI

IMAT. 6. MT/

[LAW-dependent structure for product 1]

repeat TAB1 and LAW-dependent structures
for the rest of the NK subsections

0.0, 0.0, 0, 0, 0, 0] SEND

File 6 should have a subsection for every product of the reaction or sum of reactions being

described except fo

r 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 D
This law simpl

istribution (LAW=0)
y identifies a product without specifying a distribution. It can be used to give

production yields for particles, isomers, radioactive nuclei, or other interesting nuclei in materials
which are not important for particle transport, heating, or radiation damage calculations. No
law-dependent structure is given.
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6.2.2. Continuum Energy-Angle Distributions (LAW=1)

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=1
except for a special option to represent sharp peaks as "delta functions" and the use of LIST

instead of TABI.

The following quantities are defined for LAW=1:

LANG

LEP

NR,NE,E

NW
NEP
ND

NA

int

indicator which selects the angular representation to be used; if

LANG=1, Legendre coefficients are used,

LANG=2, Kalbach-Mann systematics are used,

LANG=11-15, a tabulated angular distribution is given using NA/2 cosines
and the interpolation scheme specified by LANG minus 10 (for example,
LANG=12 selects linear-linear interpolation).

interpolation scheme for secondary energy;
LEP=1 for histogram,
LEP=2 for linear-linear, etc.

standard TAB2 parameters.

INT =1 is allowed (the upper limit is implied by file 3),
INT = 12-15 is allowed for corresponding-point interpolation,
INT = 21-25 is allowed for unit base interpolation.

total number of words in the LIST record; NW=NEP*(NA+2).
number of secondary energy points in the distribution.

number of discrete energies given.

The first ND>0 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.

number of angular parameters.

Use NA=0 for isotropic distributions (note that all options are identical if
NA=0).

Use NA=1 with LANG=2 (Kalbach-Mann).

The structure of a subsection is

[MAT, 6, MT/ 0.0, 0.0, LANG, LEP, NR, NE/E,] TAB2
[MAT, 6, MT/ 0.0, E,, ND, NA, NW, NEP/

E’;, by(ELE’), by(EE),... by,(EE/)),
E’,, by(ELE), ....

continue with LIST structures for the rest
of the NE incident energies

where the contents of the b, depend on LANG.
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The angular part of f; can be represented in several different ways (denoted by LANG).

LANG=1
If LANG=1, Legendre coefficients are used as follows:

fwEE) = ¥4 2L fEE) Py 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 discrete two-body
scattering (LAW=2); instead, f(E,E’) gives the total probability of scattering from E to E’
integrated over all angles. This is just the function g(E,E’) normally given in File 5. The
Legendre coefficients are stored with f, in by, f; in b,, etc.

LANG=2
For LANG=2, the angular distribution is represented by using the Kalbach-Mann systematics
in the extended form developed by Kalbach in 1987 and documented in Reference 1, hereinafter
referred to as KA87. This formulation addresses reactions of the form
A+a—->C->B+b,

where: A is the target, a is the incident projectile,
C 1s the compound nucleus,
b is the emitted particle, B is the residual nucleus.

The following quantities are defined:
B, energy of the incident projectile a in the laboratory system

g, entrance channel energy, the kinetic energy of the incident projectile a and the
target particle A in the center-of-mass system:
AWR,
AWR,+AWR,

€, = E, x

& emission channel energy, the kinetic energy of the emission particle b and the
residual nucleus B in the center-of-mass system
E, energy of the emitted particle in the center-of-mass system:
AWR
Eb = eb X —_2__.__.
AWRy+AWR,

o, cosine of the scattering angle of the emitted particle b in the center-of-mass system

It is required that LCT=2 with LANG=2.
The KAR87 distribution is represented by

a(E,E,)
EED = f(EE) | ———=——— [cosh@(E, +r(E_E,) sinh(a(E
fupELEp = foE Ep smb(a(E, Ep) [cosh(@(EEp) up) +T(Eg,Ep) sinh@(EEp np)
where r(E,,E,) is the pre-compound fraction as given by the evaluator and a(E_E,) is a simple
parameterized function that depends mostly on the center-of-mass emission energy E,, but also

depends slightly on particle type and the incident energy at higher values of E,.

(6.4)
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The center-of-mass energies and angles E, and p, are transformed into the laboratory system
using the expressions

A RN By 2 R A e o

E
bem” AWR,+AWR,? @’ AWR AWR,

M “ b Ea,lab
Alaby = bem ™ AWRA+AWR Eyus

The pre-compound fraction r, where r goes from 0.0 to 1.0, is usually computed by a model code,
although it can be chosen to fit experimental data.
The formula for calculating the slope value a(E,.E,)" is:

Epjp =
(6.5)

a(E,Ep) = CX, + CX; + C,M,myX;

where
eazea+sa ebze’b+8b
R, = minimum(e,,E,,) R, = minimum(e,,E,,)
X, =Reye, X5 = Ryey/e,
C, = 0.04/MeV C, = 1.8x10°/MeV*
C, = 6.7x10"/MeV*
E,, = 130 MeV E; =41 MeV
M, =1 M, =1
M, =1 M,=0
m, = 1/2 m, = 1
my; =1 m, =1
M3y, = 1 mg =

S, and S, are the separation energies for the incident and emitted particles, respectively,
neglecting pairing and other effects for the reaction A + a - C — B + b. The formulae for the
separation energies® are:

N,-Z) (Ny-Z,7

S, = 15.68[4,-4,) - 28.07

Ac AA
N _ 2 _Z 2
-18.56[A§"—Aj”]+33.22( 2y WNp-Zy
AP AL
2 2 ZZ
omn| Ze 2|, yon|% Za) 1,
Acw a Ac AA

' As found on pages 56-57 of Reference 1.
? Based on formula on page 24 of Reference 1.
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and
N,-Z) (Ng-Zp?

Sp = 15.68[4,-Ay] - 28.07

Ac AB
= 2 o 2
-18.56[A%° -AfP|+33.22 WNe-2)" (Np-Zp
AT AP
2 Z2 22 2
gl - | qopl-—2 -] _ ]
AP AP 4, 4,

where
S, and S, are the separation energies given in MeV,
the subscripts A, B, and C refer to the target nucleus, the residual nucleus, and the
compound nucleus, as before,
the quantities N, Z, and A are the neutron, proton, and mass numbers of the nuclei,
I, and I, are the energies required to break the incident and emitted particles into their
constituent nucleons, as taken from the following table.

aorb L or I, (MeV)
n 0.0
p 0.0
d 2.22
t 8.48
*He 772
o 28.3

The parameter f,(E,,E,) has the same meaning as f, in Eq. (6.3); that is, the total emission
probability for this E, and E,. The number of angular parameters (NA) is always 1 for
LANG=2, and f; and r are stored in the positions of b, and b,, respectively.

This formulation uses a single-particle-emission concept; it is assumed that each and every
seconday particle is emitted from the original compound nucleus C. When the incident projectile
a and the emitted particle b are the same, S, = S,, regardless of the reaction. For incident
projectile z, if neutrons emitted from the compound nucleus C are detected, there will be one and
only one S, appropriate for all reactions, for example, (z,na), (z,n3), (z,2ne), (z,np), (z,2n2a1),
and (z,nt2a). Furthermore, if the incident projectile is a neutron (z=n in previous examples), then
S, = S, in all cases; even for neutrons emitted in neutron-induced reactions, S, and S, will be
identical.

LANG = 11-15

For LANG=11-15, a tabulated function is given for f{u) using the interpolation scheme
defined by LANG minus 10. For example, if LANG=12, use linear-linear interpolation (don’t
use log interpolation with the cosine). The cosine grid of NA/2 values, p,, must span the entire
angular range open to the particle for E and E’, and the integral of f{) over all angles must give
the total emission probability for this E and E’ (that is, it must equal f,, as defined above). The
value of f below py,, or above ny,, is zero.
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The tabulation is stored in the angular parameters as follows:

bo =f0’
b, =p,
b, = 0.5%,(u,)/fps

b; =,

baa = 0.5% u2(kna)ifo-

The preferred values for NA are 4, 10, 16, 22, etc.

In order to provide a good representation of sharp peaks, LAW=1 allows for a superposition
of a continuum and a set of delta functions. These discrete lines could be used to represent
particle excitations in the CM frame because the method of corresponding points can be used to
supply the correct energy dependence. However, the use of 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 particles 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 p
is determined by kinematics, it is only necessary to give

p(wB) = [dE’ f(u,EE)

(6.6)
NL
=05+ 3 2L a® P
+1

where the P, are the Legendre polynomials with the maximum order NL. Note that the angular
distribution p; is normalized.
The following quantities are defined for LAW=2:
LANG flag that indicates the representation:
LANG=0, Legendre expansion;
LANG=12, tabulation with p,(u) linear in p;
LANG=14, tabulation with /n p;, linear in p.

NR,NE,E, , standard TAB2 parameters.

NL for LANG=0, NL is th highest Legendre order used;
for LANG>0, NL is the number of cosines tabulated.
NW number of parameters given in the LIST record:

for LANG=0, NW=NL;
for LANG>0, NW=2*NL.

A, for LANG=0, the Legendre coefficients,
for LANG>0, the, p,p; pairs for the tabulated angular distribution
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The format for a subsection with LAW=2 is

[MAT, 6, MT/ 0.0, 0.0, 0, 0, NR, NE/E,] TAB2
[MAT, 6, MT/ 0.0, E,, LANG, 0, NW, NL/ A(E)] LIST

continue with LIST records for the
rest of the incident energies

Note that LANG=0 is very similar to File 4, LTT=1, and LVT=0. The tabulated option is similar
to File 4, LTT=2, LVT=0, except that a LIST record is used instead of TAB1. 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=2).

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=1 in File 4. The energy of the emitted particle is completely
determined by AWR and AWP 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.

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 the following parameters

O.4(1,E) differential Coulomb scattering cross section (barns/sr) for distinguishable
particles

o.(p,E) cross section for identical particles

E energy of the incident particle in the laboratory system (eV)

p cosine of the scattering angle in the center-of-mass system

m, incident particle mass (AMU)

7y and. Z, charge numbers of the incident particle and target, respectively

S spin (identical particles only, s = 0, 1/2, 1, 3/2, etc.)

A target/projectile mass ratio

k particle wave number (barns /%)

n dimensionless Coulomb parameter
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The cross sections can then be written

1 ;
; ' 0cg(.E) = —1

kZ(l_u)Z (6'7)
and
2% [1+p?  (-)Z 1+
Ey = n o i+p
B - o | O cosn(lnl_")J (6:8)
where
_ A 1n
k = A [(4.78453x10)m,E | (6.9)
and
n = Z,Z,[(2.48058x10 m /E]'"? (6.10)

Note that A = 1 and Z, = Z, for identical particles.
The net elastic scattering cross section for distinguishable particles may be written as

0 4(B.E) = a4(u.E)

(6.11)

_2n % 2l+1
= Re {exp (lnln 5 ) E a(E) P,(p)}

& +§ 211 bk Pyw)

and the cross section for identical particles is

od(P,E) = Ud(P’E)

L
_Z_nRe&
1-p? =2

NL
4l+1
% S5 BE Py

(1+u)em[lnln 5 ) -nfa- u)exp(xnlnlz“)]ﬂ*la,(E)P,( )} 16:42)

Where the a, are complex coefficients for expanding the trace of the nuclear scattering amplitude
matrix and the b, 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
O,(-n,E) = 0,(p,E).
The three terms in Egs. (6.11) and (6.12) are Coulomb, interference, and nuclear scattering,
respectively. Since an integrated cross section is not defined for this representation, a value of
1.0 1s used in File 3.
When only experimental data are available, it is convenient to remove the infinity due to o,
‘ by subtraction and to remove the remaining infinity in the interference term by multiplication,
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thereby obtaining the residual cross sections

opa(hE) = (1-W)[0u(h.E) - 0,g(h.E)] (513}
and
op(E) = (1-pD[0 (w.E) ~ o (.E)] (6%
Then oy can be given as a Legendre polynomial expansion in the forms
AL
opa(b.E) = f\:: 5~ CuEP ) (6.15)
=0
and
= 4l+1
op(p.E) = IE 5 CuEPy (W) (6.16)
=0

A cross section value of 1.0 is used in File 3.

Because the interference term oscillates as p 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

Fraax

om(E) = [ [0, mE) - o (w.E)dn
ol (6.17)
and
o (P’E) -0 (P,E)
E = e (4
Pni(1.LE) omg(E) s Pgin S B S Boay (6.18)
=0, otherwise

where p_,, is -1 for different particles and O 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 o,(p,E) is to be computed using Egs. (6.6) or (6.7) for
different or identical particles, respectively. The angular distribution py, is given in File 6 as a
tabulated function of p, and 6(E) in barns is given in File 3.

The following quantities are defined for LAW=5:

SPI spin of the particle. Used for identical particles (SPI=0, 1/2, 1, etc.).
LIDP flag that indicates that the particles are identical when LIDP=1; otherwise,
LIDP=0.
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LTP flag that indicates the representation:
. LTP=1, nuclear amplitude expansion (Eq. 6.19);
LTP=2, residual cross section expansion as Legendre coefficients (Eq. 6.20
through 6.23);
LTP=12, nuclear plus interference distribution with py, linear in p (Eq. 6.24
and 6.25);
LTP=14, tabulation with In Py, linear in p (Eq. 6.24 and 6.25).

NR,NE,E,, 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 number of parameters given in the LIST record:
for LTP=1 and LIDP=0, NW=4*NL+3;
for LTP=1 and LIDP=1, NW=3*NL+3;
for LTP=2, NW=NL+1; and for LTP>2, NW=2*NL.
A(E) coefficients(a;, b;, or c; as described below) in barns/sr or p,p pairs with p

dimensionless.

A subsection for LAW=5 has the following form:

IMAT. 6. MT/ SPI, 0.0, LIDP, 0, NR, NE/E,] TAB2
[MAT. 6. MT/ 0.0, E,, LTP,0, NW, NL/ A,(E))] LIST

continue with LIST records for the
. rest of the NE incident energies.

The coetticients in the text of the LIST are organized as follows:
LTP=1 and LIDP=0,
b. b, ..bw, Rag, Iay, Ra, la,, ...Jay;
LTP=1 and LIDP=1,
Bis By by s Rag Tag Ray, 18, wulag:
LTH=2.
Cow Uy oo Oy and
LTP>2,
By Pai(tp)s o Bes Pri(Pae)-

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 LAB system.

The phase-space distribution for particle i in the CM system is

PMuEE) = CJE (E™-Ef™* (6.19)
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where E™* is the maximum possible CM energy for particle i, p and E” are in the CM system,
and the C, are normalization constants:

Cy = n(E‘;,.x)z (6.20)
c, - —32(;,.0:*)’” 6.21)
and
c, - —141:?;;‘)5 (6.22)
In the laboratory system, the distributions become
PP EE) = Co/E|E™ - (Ecy+E -2 p/EgyE " (6.23)

where E.y is the energy of the CM motion in the laboratory, and p and E’ are in the LAB
system. In the general case, the range of both E” and p is limited by the condition that the
quantity in curly brackets remain non-negative.
The value of E™ is a fraction of the energy available in the CM,
max  M-my
E™ = 7 LEa (6.24)

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
o +°Be = 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 E™* can be determined without having to process
the other subsections of this section.
The energy available in the CM for one-step reactions is

m
E -—T E.
@ ey Q (6.25)

where my is the target mass, m, 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, E, is just the
recoil energy from the first step.

The following quantities are defined for LAW=6:

APSX total mass in neutron units of the n particles being treated by the law.

NPSX 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
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6.2.8. Laboratory Angle-Energy Law (LAW = 7)

The continuum energy-angle representation (LAW=1) is good for nuclear model code results
and for experimental data that have been converted to Legendre coefficients. However, since
experiments normally give spectra at various fixed angles, some evaluators may prefer to enter
data sorted according to (E,p,E’), rather than the LAW=1 ordering (E,E’,n).

The following quantities are defined for LAW=7:

NR,NE,E, normal TAB2 parameters for incident energy, E.
NRM,NMU,u;,, normal TAB2 parameters for emission cosine, p.
NRP,NEP,E",, normal TABI parameters for secondary energy, E’.

The structure of a subsection is:

[MAT, 6, MT/ 0.0, 0.0, 0, 0, NR, NE/E,] TAB2
[MAT, 6, MT/ 0.0, E,, 0, 0, NRM, NMU/ p,,] TAB2
[MAT, 6, MT/ 0.0, p,, 0, 0, NRP, NEP/E’,/
E',, f(u.E.E)), E, f(u,E.E,), ..
E'xge (0,E,E xgp)] TAB1

continue with TAB2 structures for the rest of the NMU emission cosines.

where f(u,E,E’) 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

File 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.

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=1 and LTP=2. For
LTP=12 and LTP=14, File 3 must contain O(E) in barns. 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 (6.13) or (6.14) 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
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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 C, 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.

Figures 6.1 and 6.2 illustrate a typical cross section computed with amplitudes and the
corresponding residual cross-section representation.

500 T T T T T
- p+ 3He elastic
L 400 |- 10 MaV =l
F-]
E
= -
S 300
=
Q
w
[}
o
& 100 =
(&)

0 1 ] ] 1 |
o} 30 80 90 12Q 180 t80

c.m. SCATTERING ANGLE (deg)

Figure 6.1
Example of Charged-Particle Elastic Scattering Cross Section

6.14




0.3 T T T T T

p-r’Hc elastic
10 MeV

-0.1 1 1 ! I |
0.0 30 60 90 120 130 180

¢.m. SCATTERING ANGLE (deg)

Figure 6.2
Example of Residual Cross Section for Elastic Scattering

6.3.2.Photons

Emitted photons are described using a subsection with ZAP=0. 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=0) is usually adequate.

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 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

Photons (y;, v,, and ;) 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. All the remaining production of 7,, v,,
s> and all photons associated with higher levels (603 and 649 in this case), are then given in the
redundant MT=103 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 angular distributions of emitted neutrons
may be needed in more detail because of their importance in shielding calculations.

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 p,(u) =
pi(-p).

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.
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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=1 and ND=1; 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.

6.3.6.Elements as Targets

Targets which are elements can be represented by using a ZA with A=0 as usual. An
attempt should be made to tabulate every product of a reaction with an element. As an example,
"Fe(n,2n) will produce *Fe and *Fe in addition to more *Fe and *’Fe. The product yields in
File 6 can be converted 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=0. 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.

6.3.7. CM versus LAB

Some energy-angle distributions show relatively sharp features (from levels) superimposed
on a smoother continuum (see Figure 6.4). If such a distribution is given in the CM system, the
position of these peaks in E’ is independent of the scattering angle as shown in Eq. (C.5). This
helps assure that the angular distribution given for each E and E” 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.
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Figure 6.4
Typical Energy Spectrum Showing Levels on a Continuum

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 recommended 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 be small enough to represent reasonably well with
one of the phase-space laws.
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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 reasonable
kinematic limits on energy and angle in the laboratory system. Later comparisons between the
evaluation and data may indicate possible improvements in the evaluation.

REFERENCES

1. C.Kalbach, Systematics of Continuum Angular Distributions: Extensions to Higher Energies,
LA-UR-87-4139 (1987) Los Alamos National Laboratory.
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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/B-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 represented as
follows:
Ex<E

do_ g g7y -1 S BE-E"
Edg EEwD = § LT SDdw-u)sE-Er (7.1)
where
_ 1 _ 2Et
B = E (7.2)

In these formulas:

= incident neutron energy (eV),
secondary neutron energy (eV),
cosine of the scattering angle,
moderator temperature (K),
’ energies of the Bragg edges (eV),
i proportional to the structure factors (eV-barns),
B, = characteristic scattering cosines for each set of lattice planes.

~

m—a*= mm
nmn

j72]
Il

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
E<E

SED = 3 s(D (7.3)
=1

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:

ZA,AWR standard charge and mass parameters.

' Y.D. Naliboff and J.V. Koppel, HEXSCAT:Coherent Scattering of Neutrons by Hexagonal Lattices, General
Atomic report GA-6026 (1964).
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flag indicating which type of thermal data is being represented.
LTHR=1 for coherent elastic scattering.

temperature (K).
flag for temperature dependence.
The data for the first temperature are given in a TAB1 record. The data for

subsequent temperatures are given in LIST records using the same
independent variable grid as the TAB1 record.

flag indicating how to interpolate between the previous temperature and
current temperature.
The values are the same as for INT in standard TAB1 records.

NR,E standard TAB1 parameters. Use INT=1 (histogram).
NP number of Bragg edges given.

The structure of a section is

[MAT, 7,2/ ZA, AWR, LTHR, 0, 0, 0 HEAD  LTHR=I
[MAT, 7,2/ T, 0.0, LT, 0, NR, NP/E,/ S(E.T,)] TABI
[MAT, 7,2/ T, 00, LI, 0, NP, 0/ S(E,T)] LIST

[MAT, 7,0/ 0.0, 0.0, 0, 0, 0, 0] SEND

7.2.2. Procedures for Coherent Elastic

The coherent elastic scattering cross section is easily computed from S(E,T) by
reconstructing an appropriate energy grid and dividing S by E at each point on the grid. A
discontinuity should be supplied at each E;, and log-log interpolation should be used between
Bragg edges. The cross section is zero below the first Bragg edge.

The function S(E,T) should be defined up to 5 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 s,(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
such as ZrH, and polyethylene. The differential cross section is given by
d%o
dEdQ

(E-E"uT) = %e'wm"'”)b(u)ﬁ(E-E') (7.4)

where
o, is the characteristic bound cross section (barns),
W’ is the Debye-Waller integral divided by the atomic mass (eV™),
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and all the other symbols have their previous meanings. The integrated cross section is easily
obtained:

_ Op| 1-e 4EW
o(E) = E( SEW ) (7.5

Note that the limit of ¢ for small E is o,.

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 standard material charge and mass parameters.

LTHR flag indicating which type of thermal data is being represented.
LTHR=2 for incoherent elastic.
NP number of temperatures.
SB characteristic bound cross section (barns)
W'(T) Debye-Waller integral divided by the atomic mass (eV"') 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, 0, NR, NP/ T,/ W/(T)] TABI
[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 5 eV.

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 ZrH, is given in MAT 0007, and Zr in ZrH, is given in MAT 0058.

7.4 Incoherent Inelastic Scattering
Inelastic scattering is represented by the thermal neutron scattering law, S(c.,3,T), and is
defined for a moderating molecule or crystal by

a* S M, n%n | E’ -BR2
deE (E E 'Ky T‘) n§ 4‘RT f € Sn(a’B’D (76)

where (NS+1) types of atoms occur in the molecule or unit cell (i.e., for H,0, NS=1) and
M, number of atoms of n-type in the molecule or unit cell
moderator temperature (°K)
incident neutron energy (eV)
secondary neutron energy (eV)
energy transfer, p = (E"-E)kT
momentum transfer, o = (E'+E-2p sqrt(EE")/AkT

R ™ E =
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A, mass of the n type atom
A, is the mass of the principal scattering atom in the molecule,

Opn bound atom scattering cross section of the n type atom
2
An*’l (7 7)
O, =0 :
bn fn An
Gty free atom scattering cross section of the n" type atom
k Boltzmann’s constant
u cosine of the scattering angle (in the lab system)

The data in File 7 for any particular material contain only the scattering law for the principal
scatterer, S(o.,8,T), i.e., the 0" atom in the molecule. These data are given as an arbitrary
tabulated function. The scattering properties for the other atom types (n=1,2,...NS) are
represented by analytical functions. Note that the scattering properties of all atoms in the
molecule may be represented by analytical 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 Sy(c,3,T) in another material. As an example, H in ZrH, and Zr in ZrH, are
given in separate MATS.

For high incident energies, o and/or  values may be required that are outside the ranges
tabulated for S(o,). In these cases, the short-collision-time (SCT) approximation should be used
as follows:

Qal-B°T , 11
o 1]

HalT (D 2

SSCT(G,B,D - (7'8)

4-rt|cz|T‘%’;(T~‘Z

where T (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=1,2,...,NI, where NI = 6(NS+1).

Six constants are required for each atom type (one 80-character record). The first six elements

pertain to the principal scattering atom, n=0.

The elements of the array B(N) are defined as:

B(1) = Mf,, the total free atom cross section for the principal scattering atom.
If B(1) = 0.0, there is no principal scattering atom and the scattering properties
for this material are completely described by the analytic functions for each
atom type in this material.

B(2) = ¢, 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
File 2 or 3 and File 4 of the appropriate materials).

B(3) = A,, the ratio of the mass of the atom to that of the neutron that was used to

compute O.

a=£+£-j_u@kr
0
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B4) = E,. the upper energy limit for the constant G, (upper energy limit in which
So(c,B,T) may be used).
B(5) not used.

B(6) = M,, the number of principal scattering atoms in the material.
(For example, M = 2 for H,0).

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 H,0, this atom would be oxygen if the
principal atom were hydrogen.

B(7) = a,, a test indicating the type of analytic function used for this atom type.
a, = 0.0, use the atom in SCT approximation only (see below).
a, = 1.0, use a free gas scattering law.
a, = 2.0, use a diffusive motion scattering law.

B(8) = M,0y, the total free atom cross section for this atom type.

B(9) = A,, effective mass for this atom type.

B(10) = 0.0, B(10) is not used.

B(11) = 0.0, B(11) is not used.

B(12) = M,, 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).

A mixed S(a.,) method has sometimes been used. Using BeO as an example, the S(a.,p)
for Be in BeO is combined with that for O in BeO and adjusted to the Be free-atom cross section
and mass as a reference. The mixed S(c,) 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 S(o,B,T) for a series of B values. For each B value, the
function versus [ is given for a series of temperatures. Thus, the looping order is actually first
B, then T, then o.. S(o.,B) is normally a symmetric function of 8 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 B 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 o and B with a constant,
T, (To = 0.0253 eV or the equivalent depending of the units of Boltzmann’s constant). A flag
(LAT) is given for each material to indicate which temperature has been used in generating the
S(,P) data.

For down scattering events with large energy losses and for low temperatures, § can be large
and negative. The main contribution to the cross section comes from the region near o + § =
0. Computer precision can become a real problem in these cases. As an example, for water at
room temperature, calculations using eq. (7.6) for incident neutrons at 4 eV require working with
products like €**x10™. For liquid hydrogen at 20 degrees Kelvin and for 1 eV transfers, the
products can be €’®x10"*. 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). Values of S = 0.0 like those found in the existing
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ENDF/B-III thermal files really stand for some very small number less than 10* 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:

7.6

LAT

LASYM

LLN

NS

NI
B(N)
NR

LT

l.l

NT

Trmi

rreﬂ'l*’l eff2y l efr3

NB
NP

Binl’ aml

flag indicating which temperature has been used to compute o and 3
LAT=0, the actual temperature has been used.

LAT=1, the constant T, = 0.0253 eV has been used.

flag indicating whether an asymmetric S(a.,p) is given

LASYM=(, S is symmetric.

LASYM=1, S is asymmetric

flag indicating the form of S(a,B) stored in the file

LLN=0, S is stored directly.

LLN=1, In S is stored.

number of non-principal scattering atom types.

For most moderating materials there will be (NS+1) types of atoms in the
molecule (NS<3).

total number of items in the B(N) list.

NI = 6(NS+1).

list of constants.

Definitions are given above (Section 7.4).

the number of interpolation ranges for a particular parameter, either  or
o 9

temperature dependence flag.

The data for the first temperature are given in a TAB1 record, and the data
for the LT subsequent temperatures are given in LIST records using the
same o grid as for the first temperature.

interpolation law to be used between this and the previous temperature.
Values of LI are the same as those specified for INT in a standard TABI
interpolation table.

total number of temperatures given.
Note that NT = LT+1.

table of effective temperatures (K) for the short-collision-time
approximation given as a function of moderator temperature T(K) for the
principal atom.

table for effective temperatures for the first,
non-principal atom. Given if a, = 0.0 only.

total number of B values given.

number of o values given for each value of P for the first temperature
described, NP is the number of pairs, o and S(c,3), given.

interpolation schemes used.

second, and third




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/B,] TAB2

[MAT, 7,4/ T, B, LT, 0, NR, NP/ a,/ S(o,B,,T,)] TABI
[MAT, 7,4/ T, B, LI, 0, NP, 0/S(o,B,,T)] LIST

continue with LIST records for T,,T;,...T; 1,

[MAT, 7,4/ T, B, LT, 0, NR, NP/ o,/ S, T,)] TABI

[MAT, 7, 4/ 0.0, 0.0, 0, 0, NR, NT/ T,/ Tew(T)] TAB1

value of a,, a,, or a, in B(7), B(13), or B(19) is zero.

[MAT, 7, 0/ 0.0, 0.0, 0, 0, 0, O] SEND

If the scattering law data are completely specified by analytic functions (no principal
scattering atom type, as indicated by B(1)=0), tabulated values of S(o,) are omitted and the
TAB2 and TABI1 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 5 eV. The tabulated S(a.,f3) 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 8 mesh for S(a,) should be selected in such a manner
as to accurately represent the scattering properties of the material with a minimum of B points.
The o mesh at which S(c,p) is given should be the same for each B value of and for each
temperature.

Experience has shown that temperature interpolation of S(a,) 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 the
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 the chain
which follows each reaction. One or more isomeric states of the target or the radioactive end
product isotope will be described.

The following quantities are defined:

ZA designation of the original nuclide (ZA = 1000Z + A).

ZAP designation of the nuclide produced in the reaction (ZAP = 1000Z + A).

MATP material number for the reaction product (ZAP).

NS total number of states (LFS) of the radioactive reaction product for which
decay data are given.

LMF file number (3, 6, 9, or 10) in which the multiplicity or cross section for this
MT number will be found.

LIS state number (including ground and all levels) of the target (ZA).

LISO isomeric state number of the target.

LFS level number (including ground and all levels) of the state of ZAP formed by
the neutron interaction (to be given in ascending order).

ELFS excitation energy of the state of ZAP produced in the interaction (in eV above

ground state).

NO flag denoting 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 number of branches into which the nuclide ZAP decays.

HL half-life of the nuclide ZAP in seconds.

ZAN Z and mass identifier of the next nuclide produced along the chain.

BR branching ratio for the production of that particular ZAN and level.

END end-point energy of the particle or quantum emitted (this does not include the

gamma energy, following beta decay, for example).
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8.2

CT

RTYP

chain terminator which gives minimal information about the formation and
decay of ZAN.

The hundredths digits of CT designates the excited level in which ZAN is
formed. :

1.0 £ CT < 2.0 indicates that the chain terminates with ZAN, possibly after
one or more gamma decays.

CT 2 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 non-isomeric 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.

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 mode of decay using the same definitions specified in MT=457 (see
Section 8.3).

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
decay) then immediately emits two o particles.

This example is represented by the following reaction:

n + 'Li — 7y + %Li (ground state)
B MT=102) -

A
2.94 2°.0
8Be

200




For this example:

ZA(Li) = 3.007 + 03 LIS(Li) = 0 LISO(Li) = 0
ZAP(’Li) = 3.008 + 03 LESCLi) =0
ZAN(’Be) = 4.008 + 03 CT(Be) = 2.01

Since Be 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, LISO, NS, NO ] HEAD
<subsection for LFS,>
<subsection for LFS,>

<subsection for LFS >
[MAT, 8, 0/ 0.0, 0.0, O, O, O, O ] SEND

For NO=0 the structure of the subsection is:

[MAT, 8, MT / ZAP, ELFS, LMF, LFS, 6*ND, MATP /
HL(1), RTYP(1l), ZAN(1), BR(1l), END(1l), CT(1)
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

If NO=1, 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=§,
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 10 depending upon the value of LMF.

For NO=1, the structure of the subsection is:

[MAT, 8, MT / ZAP, ELFS, LMF, LFS, 0, 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
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(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 corresponding

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.

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 barns).

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 independent 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 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 (Z,A) identifier for a particular fission product. (ZAFP = (1000Z + A).

FPS 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), independent yield for a particular fission product prior to particle
decay.

DYI (MT=454) 10 uncertainty in YI.

YC (MT=459) cumulative yield.

DYC (MT=459) 10 uncertainty in YC.

C.(E) array of yield data for the i energy point.

This array contains NFP sets of four parameters in the order ZAFP, FPS, Y],
and DYI in MT=454 and ZAFP, FPS, YC, and DYC in MT=459.

NN number of items in the C,(E,) array, equal to 4*NFP.
E, incident neutron energy of the i point (€V).
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LE test to determine whether energy-dependent fission product yields given:
LE = 0, implies no energy-dependence (only one set of fission product yield
data given);

LE > 0, indicates that (LE + 1) sets of fission product yield data are given at
(LE + 1) incident neutron energies.

. interpolation scheme (see Appendix E) to be used between the E_, and E;
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 energy. 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 DYC in MT
459) for each fission product state. The data are first ordered by increasing values of ZAFP.
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, O, 0 ] HEAD

[MAT, 8, MT / E,, 0.0, LE, O, NN, NFP / C,(E,) ] LIST
[MAT, 8, MT / E,, 0.0, I, O, NN, NFP / C,(E,) ] LIST
[MAT, 8, MT / E,, 0.0, I, O, NN, NFP / C,(E,) ] LIST

[MAT, 8, O / 0.0, 0.0, O, O, O, 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.

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.
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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 designation of the original (radioactive) nuclide (=1000Z+A).

AWR ratio of the LIS state nuclide mass to that of neutron.

LIS state of the original nuclide (LIS=0, ground state, LIS=1, first excited state,
etc.).

LISO isomeric state number for the original nuclide (LISO=0, ground state;
LISO=1, first isomeric state; etc.).

T half-life of the original nuclide (seconds).

E.. average decay energy (eV) of "x" radiation for decay heat applications. The

"B","y", and "a" energies are given in that order with space reserved for zero
"B" or "y" entries. See procedures for precise definitions of "B", "y" and "o."

SP1 spin of the nuclide in its LIS state.
(SPI = - 77.777 = SPIN UNKNOWN)
PAR parity of the nuclide in its LIS state (£1.0).
b. Decay mode information - for each mode of decay
NDK total number of decay modes given (cannot be zero).
RTYP mode of decay of the nuclide in its LIS state.

Decay modes defined:
RTYP Decay Mode

0. Y Y-ray (not used in MT457)

1. B Beta decay

2 e.c., (B*) Electron capture and/or positron emission

3. IT Isomeric transition (will in general be present only when
the state being considered is an isomeric state)

4. o Alpha decay

5. n Neutron emission (not delayed neutron decay, below)

6. SF Spontaneous fission

7. p Proton emission

10. - Unknown origin

Multiple particle decay is also allowed using any combination of the above
RTYP variables as illustrated in the following examples:
RTYP Decay Mode
1.5 B,n Beta decay followed by neutron emission (delayed
neutron decay)
1.4  fB,a Beta decay followed by alpha emission (**N decay)
24 BLo Positron decay followed by alpha emission. .
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RFS

BR

isomeric state flag for daughter nuclide.
RFS=0.0, ground state;
RFS=1.0, first isomeric state, etc.

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 B" and 3", Q equals the energy corresponding to the
mass difference between the initial and final atoms.)

fraction of the decay of the nuclide in its LIS state which proceeds by the
corresponding decay mode, e.g., if only " occurs and no isomeric states in
the daughter nucleus are excited then BR = 1.0 for § decay.

Resulting radiation spectra

NSP

STYP

ER
RI
RP

total number of radiation types (STYP) for which spectral information is
given (NSP may be zero).

decay radiation type

Decay radiations defined:

STYP  Radiation type

0 Y Gamma rays

1. B Beta rays

2. e.c., (B*) Electron capture and/or positron emission

4. o Alpha particles

o 8 n Neutrons

6. SF Spontaneous fission fragments

7 P Protons

8. & "Discrete electrons”

9. X X-rays and annihilation radiation (photons not arising

as transitions between nuclear states)
discrete energy (eV) of radiation produced(E, Eg E, . ,etc.)
intensity of discrete radiation produced (relative units)

is the spectrum of the continuum component of the radiation in units of
probability/eV such that /RP(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, non-unique

2.0 First-forbidden unique

3.0 Second-forbidden unique
RICC total internal conversion coefficient (STYP=0.0 only)
RICK K-shell internal conversion coefficient (STYP=0.0 only)
RICL L-shell internal conversion coefficient (STYP=0.0 only)
RIS internal pair formation coefficient (STYP=0.0)

positron intensity (STYP=2.0)
0.0 (Otherwise)

LCON 'continuum spectrum flag
LCON = 0, no continuous spectrum given
LCON = 1, only continuous spectrum given
LCON = 2, both discrete and continuum spectra

NT number of entries given for each discrete energy (ER)

FC 'continuum spectrum normalization factor (absolute intensity/relative intensity)
FD 'discrete spectrum normalization factor (absolute intensity/relative intensity)
NER total number of tabulated discrete energies for a given spectral type (STYP)
ER,y *average decay energy of radiation produced .
NR number of interpolation ranges for the continuum spectrum

NP number of points at which the distribution will be given

Ei interpolation scheme for the continuum spectrum

NK number of partial energy distributions when LCON = 5 is used.

A is the uncertainty in any quantity.

LCOV flag indicating whether covariance data are given for continuum spectrum

data. (LCON =1 or 2.)
LCOV=0, no covariance data given
LCOV=1, covariance data given

LB flag indicating the meaning of the numbers given in the array{E,,F, }. (Only
LB=2 presently allowed, See chapter 33).
NPP number of pairs of numbers in the {E,,F,} array.

{E\.F¢} 1s an array of pairs of numbers, referred to as an E, table. In each E, table the first
member of a pair is an energy, E,, the second member of the pair, F,, is a number associated
with the energy interval between the two entries E, and E,,,.

' Spontaneous v for RTYP = 6. and STYP = 5., LCON = 1 and FC = v, and FD = v,
* For STYP = 2, this is the average positron energy, for STYP = 4, this includes energy of recoil nucleus. .
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The E, table must cover the complete range of secondary particle energies. Some of the F,’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 F, values in the E, table for the allowed LB=2 is as follows:

LB=2 Fractional components fully correlated over all E, intervals

COVX,X) = 3 SIS} F F XX,

where S*

1 when the energy E; is in the interval E, to E,,, of the E, table
0 otherwise

Here X, is the normalized spectral intensity at decay particle emitted kinetic energy range E,
obtained from the {E,RP} TABI1 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:
[MAT, 8, 457 / ZA, AWR, LIS, LISO, 0, NSP ] HEAD
[MAT, 8, 457 / T,,,, AT,,, O, O, 6, 0 /
E.., AEg, E.,, AE.,., E
[MAT, 8, 457 / SPI, PAR, 0, 0, 6*NDK, NDK /
RTYP,, RFS,, Q,, AQ,, BR,, ABR,,

A E., ] LIST

ne 1

RTYPuy, RPSyys OQurer AQunr BRusxs ABRg; 1 LIST
<Subsection for Spectrum,>
<Subsection for Spectrum,>

<Subsection for Spectrumygy>
[MAT, 8, 0 / 0.0, 0.0, O, O, O, O ] SEND

The structure of a subsection is:

[MAT, €, 457 / 0.0, STYP, LCON, 0, 6, NER /
FD, AFD, ER,,, AER,,, FC, AFC ] LIST
[MAT, 8, 457 / ER,, AER,, 0, 0, NT, 0 /
RTYP,, TYPE,, RI,, ARI,, RIS,, ARIS,
RICC,, ARICC,, RICK,, ARICK,, RICL,, ARICL, ] LIST

ERyr, AERg,, O, O, NT, 0 /
RTYPn, TYPEw:, RIga, RIgg, ---- 1 LIST

(omit these LIST records if LCON=1)
[MAT, 8, 457 / RTYP, 0.0, O, LCOV, NR, NP / E,. / RP(E) ] TAB1l
(omit if LCON=0)
[MAT, 8, 457 / 0.0, 0.0, O, LB, 2*NPP, NPP / (EF,) ] LIST
(omit if LCOV=0 or LCON=0)
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8.3.2. Procedures
1.

8.10

The initial state of the parent nucleus is designated by LISO which equals 0 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.)

The average decay energy E.,. for decay heat application is given for three general radiation
types, E.., E.., and E.,.. 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

Eg = Ege = Eg+ Eg + E,_ +..

E 4 = _E‘v + Ex~ray +_Eann.ra¢ + ..

Ew= E,, = E,+ Ex+ E, + E,

where E.. ( E,,) means the average energy of all "electron-related" radiation such as 3,
B* conversion-electrons, Auger, etc. The quantity E.., ( E,) means the average energy
of all "electromagnetic" radiations such as gamma rays, x-rays, and annihilation radiation.
The quantity E.. is the average energy of all heavy charged particles and delayed neutrons.

Eg, E.. and E., must be specified in that order with space reserved for zero or
unknown information. The average alpha energy, E.,., also includes the recoil energy but
the alpha energy alone can be separated out by the usual My/(My +M,,) factor where My and
M, are the recoil nucleus and alpha masses respectively.

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
subsequently 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 = L.5 indicates decay followed by neutron emission).

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.




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 E +AE,.

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 quantities 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 (i.e.,'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 E, _<1.022 MeV. If
positron emission is energetically possible, RIS and ARIS must be specified (as Ig,and
Alg,).

B+

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 = 0, NER = 0, and EAV and
AEAYV should be given.

e. For STYP = 6. (spontaneous fission fragments) LCON = 0, NER = 0, and ESF and
A Egg should be given.

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-conversion and M-conversion electron energies. If a very detailed
calculation has been made, AE would reflect the uncertainties in the electron binding energy
and the transition energy.

The spontaneous fission spectrum is specified using MF = 5 in sublibrary 4 (no incoming
projectile).

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.
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8.12

component normalized spectrum processed from this file must have zero for the sum of each
row and column. (Processing codes should perform this check.)

Because the continuum spectrum is normalized, the absolute covariance matrix of a multi- .

Since the covariance form for radioactive product spectra is confined to LB = 2, meeting this
test is equivalent to the following condition on the F, of the E, covariance table:

Zkayk=o’
E,
here, = [ RP(E) dE
where, y, fE, (&)

and y, 1s the energy spectrum on the uncertainty evaluation grid. Xy, = 1. If the initial F,
do not meet this condition, the corrected values F”, are given by:

F', = F, - 5, Fy,

Note that unlike the case for File 33, some of the F,” 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.

When a processing code constructs the absolute covariance V,, on the user’s energy grid E_,
the simplest relations to use are

V =o0,0

mn m-n’

whers o, = [**'F(E)RP(E)dE

and the integral is easy because F(E) is piece-wise continuous on the E, grid. By this
construction we are assured that the null sum condition will be retained for the covariance
matrin of the processed multigroup spectrum.




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 indicator to specify the level number of the target.

LFS 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.

QM 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=[(m,+m,)-(m,+m_+...+m)] x (9.315016x10%) if the masses are in
amu.

QI 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 number of final states for each MT for which multiplicities are to be
given.
NR number of energy ranges.
A different interpolation scheme may be given for each range. (NR<20).
NP total number of energy points used to specify the data (NP<5000").
. ' 10,000 energy points are allowed for the total cross section.
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E.. 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,/ Y(E)] TABI

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 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 indicator to specify the level number of the target.

LFS 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.

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=[(m,+m,) - (my+m_+...+my)]x(9.315016x10%) if the masses are in
amu.

reaction Q value (eV) for the state described by the subsection.

For isomeric, states QI is defined as QM minus the residual excitation
energy of the isomer.

For the ground state, QI=QM.

number of final states for each MT for which cross sections are to be
given.

number of energy ranges.
A different interpolation scheme may be given for each range. (NR<20).

total number of energy points used to specify the data (NP<10000).

interpolation scheme for each energy range.
(For details, see Section 0.4.3)
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o(E) cross section in barns 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,/ o(E)] TABI

10.3. Procedures

Isomer production cross sections must be given in File 10 for those reactions described in
MF=8 which have LMF=10 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 production of a final state
(LFS) of the daughter product nucleus. For a reaction represented 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 °’Nb(n,2n)”’Nb cross section as an example, only the cross section for the
production of the 10.16 day isomer in **Nb would appear under MT=16 with LIS=0 and LFS=1
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 are 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=10 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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11. FILE 11. GENERAL COMMENTS OF PHOTON PRODUCTION

Photon production data not represented in MF=6 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 File 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.

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.

Using Figure 11.1 as a guide, let us consider how one might represent inelastic y-ray
production. The differential cross section for producing y-ray of energy E, resulting from
the excitation of the m,"™ level of the residual nucleus and the subsequent transition between
two definite levels (j—1), which need not be adjacent, including the effects of cascading from
the my-j levels higher than j, is

do . <
HE(E,{,E,MO,IJ) =3 [EY_(BI-S‘)]AJ'O%(E)‘;I R”'n Ja (11.1)

where

Om,(E) = cross section for exciting the my" level with incident particle energy E,
taken from file 3 for MT corresponding to the m,™ level,

O[E,(g-€;)] = delta function defining the discrete gamma of energy E, that results from
the transition level j to level i,

A; = 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,

Ry i = probability that the nucleus initially excited at level m, will deexcite to
level j in o transitions, where o ranges from 1 to my-j,

mﬁ—l ”'l_l '"--z‘l j [
- m;_,my

my=a+(j-1) my=a+(j-2) m,_=j+1 m,=f E



TP, = probability of the residual nucleus having a transition to the /™ level
given that it was in the excited state corresponding to the k™ level, i.e. the
branching ratio for a gamma ray transition from the k—/ level.

In general, R, is the sum of the products of o transition probabilities (branching ratios)
leading from level m, through intermediate levels to level j. In the example shown for initial
excitation of level my=5 and interest being in the resulting y-ray due to transition between
levels 2 and 1 [Ey = E,, = (g,-¢,)], the relevant quantities are

Rm{)jl = TPmOj = TP,

Rmm'Z = TP yom TPmlj + TPl Tszj = TPy TP+ TPy, TP, =0+ 0=0
for this example, and

Rm0j3 = TP nout, TPutme Tszj = TPy, - TP,y TP;,

If m; and j are separated by many levels, the scheme becomes very involved.

Contnuum
Incidcnt N cutron Encrgy
F— 878 »
m 5 ¢
. 0 ¥sa | LTS . !
1 £4
Y 4a Ly e
mz J 3 3
| ¥ 3a ¥ 3b
My ¥ " 2 ‘2
T, 5
b 3 0 Ground Staxc

Figure 11.1. Inelastic scattering gamma-ray production.

We are at once beset by the problem that no clear choice of ENDF representation 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. (11.1) over my;

9%\ E Eijy =% 9 (E Em i
E ¥ 9J) ""%’ EE_( [ ks o’J) (11.2)

Y Y

where N is the highest level that can be excited by a neutron of incident energy E {i.e., ey
< AWR/(AWR +E)}. This gives a de-excitation cross section that can single out a definite
Y-ray transition and has the advantage when experimental data are to be represented. The
de-excitation cross section is identified with the j* level.




Alternatively, we can sum Eq. (11.1) over i and j:

My j-1
(EV,E my) =

do,
E Emij 11.3

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 my® level. If Eq. (11.2) is summed over i and j, or if Eq. (11.3) is
summed over m, then

do i
a5 ErP z: (E,Ema-

N g (11.4)
Yy E E,ij) .
j1 0
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. (11.4), 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. (11.2) or the excitation cross sections of Eq. (11.3), 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. (11.1) through (11.4) over E..

The remarks in Item 3 apply for discrete rays from (n,py), (n,dy), (n,ty), (n,’Hey), (n,ory)
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 multiplicities 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 (LO=1) or as transition probability arrays (LO=2). Each section always starts
with a HEAD record and ends with a SEND record.

12.1.1. Option 1 (LO=1): Multiplicities

The neutron energy dependence of photon production cross section is represented by
tabulating u set of neutron energy and multiplicity pairs {E,y,(E)} for each discrete 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 muluplicity or yield y,(E) is defined by

ok

o(E)

where E designates neutron energy and o(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, 6](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.

Y(E) = (photons) (12.1)

' There should be no more than one energy continuum for each MT number used. If the decomposition of a
continuum into several parts is desired, this can be accomplished in File 15.
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In the continuum case,

b |
dUk

——(E_-E)dE
ye = B de* - (12.2)
o(E) o(E)
_ Io(E)y(E,~E)dE, _  pm=
- v~ EBdE,
where
E, designates photon energy (eV),

do}
¥l

Y

is the absolute photon energy distribution in barns/eV, and y,(E,«E) is the relative energy
distribution in photons/eV. The quantity y,(E,«~E) can be broken down further as

Y(E—E) = y(E) f(E\<-E) ,

which results in the requirements that g
[" KE-EdE, =1.

Any time a continuum representation is used for a given MT number in either File 12 or 13, then
the normalized energy distribution f, (E,«<~E) must be given in File 15 under the same MT
number.

As a check quantity, the total yield NK

NK
Y(E) = g Y«E) (photons)

is also tabulated for each MT number if NK>1.
The structure of a section for LO=1 is

[MAT, 12, MT/ ZA, AWR, LO=1, 0, NK, 0] HEAD
[MAT, 12, MT/ 0.0, 0.0, 0, 0, NR, NP/E ./ Y(E)] TAB1?
<subsection for k=1>
<subsection for k=2>

int

<subsection for k=NK>
[MAT, 12, 0/ 0.0, 0.0,0, 0, 0, 0] SEND,

and the structure of each subsection is
[MAT, 12, MT/ EG,, ES,, LP, LF, NR, NP/E,,/ y(E)) TABI,

2 If the total number of discrete photons and photon continua is one (NK=1), this TAB1 record is omitted. ‘
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NK
ES,

EG,

LP

LF

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 ES, = 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, EG, = 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 EG,;

LP=1, for non-primary photons where the photon energy is again simply
EG,;

LP=2, for primary photons where the photon energy EG,” is given by

EG’, - EG,;%E,,

the photon energy distribution law number, which presently has only two
values defined: ’

LF=1, a normalized tabulated function (in File 15), and

LF=2, a discrete photon energy.

12.1.2. Option 2 (LO=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 cross
sections 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

NS

NT

ES

LG=1, simple case (all transitions are yy emission).
LG=2, complex case (internal conversion or other competing processes
occur).

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
energy 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 i* level, i=0,1,2... NS.
(ES = 0.0, the ground state.)
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TP, TPys;, the probability of a direct transition from level NS to level i,
1=0,1,2... (NS-1).

GP, GPys,;, the 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).

B, 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 E, = ES\ - ES,, and its multiplicity is given by y(E,«E) = (TP)
(GP). It is implicitly assumed that the transition probability array is independent of incident
neutron energy. The structure of a section for LO=2 is

[MAT, 12, MT/ ZA, AWR, LO=2, LG, NS, 0] HEAD
[MAT, 12, MT/ ESys 0.0, LP, 0, (LG+1)*NT, NT/B ] LIST.
[MAT. 12,0/ 0.0, 0.0, 0, 0, 0,0 ] SEND.

If LG=1, the array B, consists of NT doublets {ES,TP,}; if LG=2, it consists of NT triplets
{ES,,TP.GP,}. 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 EG,.

2. Under Option 1, the convention is that the subsection for the continuum photons, if present,
i1s last. In this case, the last value of EG, (EGyg) is set equal to 0.0, and logical consistency
with Procedure 1 is maintained.

3. Under Option 1, the values of EG, should be consistent to within four significant figures
with the corresponding EG, values for the File 14 photon angular distributions. This allows
processing and "physics” checking codes to match photon yields with the corresponding
angular distributions.

4. Under Opuon 1, ES, is the energy of the level from which the photon originates. If ES, 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 File 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 y,(E). Within that range,

NK
Y(E) = kE)’k(E)
=1

should hold within four significant figures.
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10.

11

12.

13.

14.

15.

16.
17.

18.

The excitation cross sections for all the levels appearing in the transition probability arrays
must, of course, be given in File 3.

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 photons given elsewhere
under MT=51 through 91. Likewise, there can be no redundancy between Files 12 and 13.

If only one energy distribution is given under Option 1 (NK=1), the TAB1 record for the
Y(E) table is deleted to avoid repetitive entries.

Data should not be given in File 12 for reaction types that do not appear in Files 2 and/or
3.

Under Option 2, the level energies, ES,, in the transition probability arrays are given in
decreasing magnitude.

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.

The energies of photons arising from level transitions should be consistent within four
significant figures with the corresponding EG, values in File 14. Therefore, care must be
taken to specify level energies to the appropriate number of significant figures.

Under Option 2, the sum of the transition probabilities (TP,) over i should equal 1.0000 (that
is, should be unity to within five significant figures).

The limit on the number of energy points in any tabulations of Y(E) or y,(E) 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.

The limit on the number of interpolation regions is 10.

Tabulations of non-threshold data should normally cover at least the energy range 10° eV
< E <2x10” eV, where practical. Threshold data should be given from threshold energy up
to 2x10’ eV, where practical.

Transition Probability Arrays for (n,n”y) photons.

a. The use of transition probability arrays (File 12, LO=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 SECTION

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 {E,0/(E)} 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 in NK. For discrete photons, 6)(E) is the
photon production cross section (b) for the photon designated by k. For the photon continuum,
o/(E) is the integrated (over photon energy) cross section for the photon continuum' designated
by k. In the continuum case,

oi(E) = (E,~E)dE, bams (13.1)

e

where E, designates photon energy (eV), and do, «/dE, (E«E) is the absolute photon energy
dlstrlbutlon in b/eV. The energy distribution can be furthcr broken down as

dOk
dE,

v

——(E ~E) = o}(E) f(E ~E) , (13.2)

which obviously requires that

[5fuE ~E)dE, = 1.

Any time a continuum representation is used for a given MT number in File 13, the normalized
energy distribution, f,(E,«<E), must be given in File 15 under the same MT number.
As a check quantity, the total photon production cross section,
NK

o dE) = ; oi(E) (bams) , (13.3)
=1
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, 0] HEAD

[MAT, 13, MT/ 0.0, 0.0, 0, 0, NR, NP/E_/ o! (E)] TABI?
<subsection for k=1>
<subsection for k=2>
<subsection for k=NK>

[MAT, 13,0/ 0.0, 0.0, 0, 0, 0, 0] SEND

' There should be no more than one energy continuum for each MT number used. If the decomposition of a
continuum into several parts is desired, this can be accomplished in File 15.

% If the total number of discrete photons and photon continua is one (NK=1), this TAB1 record is omitted.
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and the structure of each subsection is

[MAT, 13, MT/ EG,, ES,, LP, LF, NR, NP/E,/ c)(E)] TABI,

where
NK number of discrete photons including the continuum.
ES, energy of the level from which the photon originates.
If the level is unknown or if a continuous photon spectrum is produced,
then ES,=0.0 should be used.
EG, photon energy for LP=0 or 1 or Binding Energy for LP=2.
For a continuous photon energy distribution, EG,=0.0 should be used.
LP indicates 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 EG,;
LP=1, for non-primary photons where the photon energy is again simply
EG;;
LP=2, for primary photons where the photon energy EG’, is given by
. _ . AWR
EG’, = EG, ——AWR+1E"
LF photon energy distribution law number, which presently has only two

values defined:
LF=1, a normalized tabulated function (in File 15), and
LF=2, a discrete photon energy.

13.2. Procedures

1.
2

132

The subsections are given in decreasing magnitude of EG,.

The convention is that the subsection for the continuum photons, if present, is last. In this
case, EG = 0.0.

The values of EG, should be consistent to within four significant figures with the
corresponding EG, values in File 14.

ES, is the energy of the level from which the photon originates, if known. Otherwise ES,
= 0.0.

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.

The total photon production cross section table, o](E) should exactly span the same energy
range as the combined energy range of all the ¢)(E). Within that range, ’
NK

oilE) = gj ol(E)

1

should hold within four significant figures. If only one energy distribution is given, either
discrete or continuous (NK=1), the TABI record for the 6),(E) is deleted.




10.

The join of all sections in File 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.

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.

The limit on the number of interpolation regions is 10.

Tabulations of non-threshold data should normally cover at least the energy range 10”° eV

< E <2x10’ eV, where practical. Threshold data should be given from threshold energy
up to 2x10” eV, where practical.

13.3. Preferred Representations

L

The recommended representation for (n,n"y) reactions is photon production cross section (File
13) using MT=4. All discrete and continuum 7y rays are given in a series of subsections.

2. Photon production cross sections resemble the frequently measured or reported results.

The use of MT=4 eliminates confusion about whether the data represent an excitation or
de-excitation cross section (see File 11).

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.

Combined use of MT=4 and MT=51, 52, ... is not allowed.

. 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.

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 rule 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 12 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,
s f_ll Pyw.E)dp =1,

where p,(p,E) 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 p. Because the photon angular distribution is assumed
to have azimuthal symmetry, the distribution may be represented as a Legendre series expansion,

doj,
Pw.E) = =X (@.E)
ol(E) 90
NL
_ 21;101"(51’1(#) (14.1)
=0
where
p = cosine of the reaction angle in the lab system,
E = energy of the incident neutron in the laboratory system,
o/(E) = photon production cross section for the discrete photon or photon continuum
specified by k, as given in either File 13 or in File 2, 3, and 12 combined,
[ = order of the Legendre polynomial,
do//dQ = differential photon production cross section in barns/steradian,
aj(E) = the [-th Legendre coefficient associated with the discrete photon or photon

continuum specified by k. (It is understood that a;(E) = 1.0.)
afE) = [’ pyw.E)Py(wdy

Angular distributions may be given in File 14 by tabulating as a function of incident neutron
energy either the normalized probability distribution function, p(u,E), or the Legendre
polynomial expansion coefficients, af(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).
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14.1. Formats

As usual, sections are ordered by increasing reaction type (MT) numbers. The following
definitions are required.

LI

LTT

NK

NI

NE
NL;

ES,

LI=0, distribution is not isotropic for all photons from this reaction type,
but may be for some photons.

LI=1, distribution is isotropic for all photons from this reaction type.
LTT=1, data are given as Legendre coefficients, where af(E) = 1.0 is
understood.

LTT=2, data are given as a tabulation.

number of discrete photons including the continuum (must equal the value
given in File 12 or 13).

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.

number of neutron energy points given in a TAB2 record.

highest value of / required at each neutron energy E..

the energy of the level from which the photon originates.

If the level is unknown or if a continuous photon spectrum is produced,
then ES,=0.0 should be used.

the photon energy as given in File 12 or 13.

For a continuous photon energy distribution, EG,,=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, LI=1, 0, NK, 0] HEAD

[MAT, 14, 0/

0.0, 0.0, 0, 0, 0, 0] SEND

b. LI=0: Anisotropic Distribution
If LI=0, there are two possible structures for a section, depending upon the value of LTT.

i. LTT=1: Legendre Coefficient Representation
The structure of a section with LI=0 and LTT=1 is

[MAT, 14, MT/ ZA, AWR, LI=0, LTT=1, 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, 0] SEND
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The structure of each record in the first block of NI subsections, which is for the NI

. isotropic photons, is

[MAT, 14, MT/ EG,, ES,, 0, 0, 0, 0] 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 EG, (photon
energy), and the continuum, if present and isotropic, appears last, with EG,=0.0.

This block of NI subsections is then followed by a block of NK-NI subsections for the
anisotropic photons in decreasing magnitude of EG,. The continuum, if present and
anisotropic, appears last, with EG,=0.0. The structure for the last NK-NI subsections is

[MAT, 14, MT/ EG,, ES,, 0, 0, NR, NE/E,] TAB2
[MAT, 14, MT/ 0.0, E,, 0, 0, NL,, 0/ a%E,)] LIST
[MAT, 14, MT/ 0.0, E,, 0, 0, NL,, 0/ af(E,)] LIST

IMAT/14MT/ 0.0, Ey;, 0, 0, NLy;, 0/ a“(Eyg)] LIST
Note that lists of the af(E) start at /=1 because a*(E) = 1.0 is always understood.

ii. LTT=2: Tabulated Angular Distributions
The structure of a section for LI=0 and LTT=2 is
IMAT, 14, MT/ ZA, AWR, LI=0, 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, 0] SEND

The structure of the first block of NI subsection (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 nvotropic photons in decreasing magnitude of EG,. The continuum, if present and
isotropic. appears last, with EG, = 0.0.

The structure of the first Ni subsections is

[MAT. 14, MT/ EG,, ES,, 0, 0, 0, 0] CONT

This block of NI subsections is then followed by a block of NK-NI subsections for the
anisotropic photons, again in decreasing magnitude of EG,, with the continuum, if present
and anisotropic, appearing last, with EG, = 0.0.

The structure of the last NK-NI subsections is

[MAT. 14, MT/ EG,, ES,, 0, 0, NR, NE/E,] TAB2

[MAT, 14, MT/ 0.0, E,, 0, 0, NR, NP/ p_/ p.(n,E,)] TABI

[MAT, 14, MT/ 0.0, E,, 0, 0, NR, NP/p,/ p.(n,E,)] TABI

. [MAT. 14, MT/ 0.0, Ey, 0, 0, NR, NP/ p,/ p.(n.Exg)]TAB1
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14.2
1.

10.

11.

12.

13.

14.4

. Procedures

The subsections are given in decreasing magnitude of EG, within each of the isotropic and
anisotropic blocks.

The convention is that the subsection for the continuous photon spectrum, if present, appears
last in its block. In this case, EGy = 0.0.

The values of EG, should be consistent within four significant figures with the corresponding
EG, values in File 12 or 13. File 12, Option 2 (transition probability arrays), the values of
EG, are implicitly determined by the level energies.

ES, is the energy of the level from which the photon originates, if known. Otherwise,
ES,=0.0 (as is always the case for the continuum).

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.

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.

The TABI records for the p,(p,E;) within a subsection are given in increasing order of
neutron energy, E,.

The tabulated probability functions, p,(p,E;), should be normalized within four significant
figures (to unity).

The interpolation scheme for p,(p,E) with respect to E must be linear-linear or log-linear
(INT=2 or 4) to preserve normality of the interpolated distributions. It is recommended that
the interpolation in p be linear-linear (INT=2).

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.

The minimum amount of data should be used that will accurately represent the angular
distribution as a function of both m and E.

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.

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%.




15. File 15. CONTINUOUS PHOTON ENERGY SPECTRA

File 15 provides a means for representing continuous energy distributions of secondary
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(E,«E), are in units of eV"' and are normalized so that

[F" fE,-E)dE, =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 distributions
f(E,«~E) can be broken down into the weighted sum of several different normalized distributions
in the following manner:

NC
AE,-E) = j}:p,(E) 8E-E) (N, (15.1)
=1
where
NC = the number of partial distributions used to represent f(E «E),
g(EE) = the j* normalized partial distribution in the units eV | and
p(E) = the probability or weight given to the j* partial dxstnbution, g{(E,«E).

The following normalization condition is imposed.

j;lErlgf(Evo_E)dEv =
Thus, NC

ZPJ(E) =1

JA

The absolute energy distribution cross section, o"(E,«~E), can be constructed from the expression
oY(E,~E) = o'(E) f(E, -E) bfev) ,

where G"(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) = g(EY.-E) ’

where g(E,«E) represents an arbitrary tabulated function. In the future, new laws (for example,
the fission gamma-ray spectrum) may be added.

' Note that the subscript k used in describing Files 12 and 13 has been dropped from f(E«E). This is done
because only one energy continuum is allowed for each MT number, and the subscript k has no meaning in File
15. Itis, in fact, the NK" subsection in File 12 or 13 that contains the production data for the continuum.
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15.1. Formats

The structure of a section is

[MAT, 15, MT/ ZA, AWR, 0, 0, NC, 0] HEAD
<subsection for j=1>
<subsection for j=2>

<subsection for j=NC>
[MAT, 15,0/ 0.0, 0.0, 0, 0, 0, 0] SEND
For LF=1, the structure of a subsection is
[MAT, 15, MT/ 0.0, 0.0, 0, LF=1; NR, NP/ E,,/ p,(E)] TABI
[MAT, 15, MT/ 0.0, 0.0, 0, 0, NR, NE/ E, ] TAB2
[MAT, 15, MT/ 0.0, E,, 0, 0, NR, NP/ E, i/ g(E,«<E,;)] TABI1
[MAT, 15, MT/ 0.0, E,, 0, 0, NR, NP/ E,,,/ g(E«E,)] TABI1

[MAT. 15, MT/ 0.0, Eyg, 0, 0, NR, NP/ E, ,/g(E«Ey)] TABI

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

para

llel those in File 5 for LF=5, 7, 9, and 11. When histogram representations are used

(interpolanion scheme, INT=1), 0.25 to 0.5-MeV photon energy bands should be used. The
incident energy ranges must agree with data given in file 12 and/or 13. Other procedures are the
same as those recommended for File 5 data (tabulated distribution).

15.2
1.
2.

15.2

. Procedures
Photon energies, E,, within a subsection are given in order of increasing magnitude.

The TABI records for the g(E,«E;) within a subsection are given in increasing order of
neutron energy, E.

The tabulated functions, g(E,«E)), should be normalized to unity within four significant
figures

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(E,«~E) must be linear-linear or log-linear with respect to E.

. The neutron energy mesh should be a subset of that used for the y\k(E) tabulation in File

12 or for the olk(E) tabulation in File 13, and the energy ranges must be identical.
However, the neutron energy mesh for p,(E) need not be the same as that for g(E «E), as
long as they span the same range.




. 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 mu1t1phclty or
production cross section.

. Use the minimum amount of data that will accurately represent the energy distribution as a
function of both E, 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 distribution will always
have a nonzero component up to the maximum energy at which either of the original
distributions has a non-zero component.

. The limit on the number of neutron energy points for either p,(E) or g(E,«<—E) is 200. The
limit on the number of photon energy points for g(E,«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. File 23 is analogous to File 3 and contains
the "smooth" cross sections. File 27 contains the coherent scattering form factors and incoherent
scattering functions (see Chapter 27).

Secondary energy-angle distributions may be described in File 6. For Compton scattering
at higher energies (21 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 500 and 600 series. Several common photon interactions have been
assigned MT numbers:

MT Reaction Description

501 Total photon interaction cross section

502 Coherent scattering

504 Incoherent scattering

515 Pair production, electron field

516 Pair production, nuclear and electron field (i.e., pair plus triplet production)
517 Pair production, nuclear field

522 Photoelectric absorption

534-572 Photoelectric subshell absorption

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, Ey, where Ey is the energy of
the incident photon (in €V). 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

ZA,AWR standard material charge and mass parameters.
EPE Photoelectric edge energy (eV).

Value is zero if not a photoelectric subshell absorption cross section.
EFL Fluorescence yield (eV/photonization).

Value is zero if not a photoelectric subshell absorption cross section.
NR,NP.E, , standard TAB1 parameters (see Section 1.3.1).
o(E) cross section (barns) for a photon of energy E given as a table of NP

energy-cross section pairs.
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The structure of a sections is

[MAT, 23, MT/ ZA, AWR, 0, 0, 0, 0] HEAD

[MAT, 23, MT/ EPE, EFL, 0, 0, NR, NP/ E,/ o(E)] TAB1
[MAT, 23, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

. Procedures

Values are usually for elements; hence, except for monoisotopic elements, ZA=Z x 1000.0;
also, AWR should be for the naturally occurring element.

Photoelectric edges will not be multi-valued. The edge will be defined by two energies
differing in the fourth or fifth significant figure.

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.

4. Interpolation is normally log-log (INT=5).

23.2

Kerma factor (energy deposition coefficients) libraries will normally be local because there
is no universal definition. The application will determine whether annihilation or other
radiation fractions are subtracted.




27. FILE 27. ATOMIC FORM FACTORS OR SCATTERING FUNCTIONS

The ENDF system for neutron and photon production data allows two alternatives for storing
angular distribution data. One is by probability per unit cos® vs. cosf, 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

duj (E,E, 1Y)

o doEE W
dp = S(Q»Z)—“—?— s

(27.1)

where
do./dp = the Klein-Nishina cross section which can be written in a closed form.
S(q;Z) = the incoherent scattering function. At high momentum transfer (q), S
approaches Z. In the other limit, S(0,Z) = 0.

q = the momentum of the recoil electron (in inverse angstroms').
{ g 2 r m
- (2]
¢ ¢ (27.2)
where
o = E, /my?,
E, = scattered photon energy,
p = cos6.

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
sections. The user will then generate the cross sections for the appropriate cases by
calculating q’s, looking up the appropriate values of S, and substituting them in the above
formula.

. Coherent Scattering. The coherent scattering cross section is given by

&Lﬁ@ = nro(L+p)[(F(g:2) + F' (B + F(E)], (27.3)
where
q = af[2(1-p)]"?, the recoil momentum of the atom (in inverse angstroms, see note
on previous page),
Ta = e*/myc? , the classical radius of the electron.
F(E) = the real anomalous scattering factor.
F”(E) = the imaginary anomalous scattering factor.

' In ENDF, q is given in inverse angstroms as customarily reported in the literature. The above equations show
q in "natural" mc units. Inverse angstroms, sin(6/2)/y, can be converted to mc units by the factor
2x12398.1/511006. = 0.0048524.
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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.

27.1. Formats

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, 0] HEAD

[MAT, 27, MT/ 0.0, Z, 0, 0, NR, NP/ q,,/ H(q;Z)] TAB1

[MAT, 27,0/ 0.0, 0.0, 0, 0, 0 0] 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, 0] HEAD

[MAT, 27, MT/ 0.0, Z; 0, 0, NR, NP/E,,/ F(E)] TAB1

[MAT, 27,0/ 0.0, 0.0; 0, 0, 0O 0] 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.
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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-1V, 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/V-IV, a Data Covariance Subcommittee 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 due to 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 "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 file
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 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: propagation 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. 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.

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
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and 10), energy distributions (File 4) and angular distributions (File 5). There is also the
capability to represent data covariances obtained from parameter covariances and sensitivities.
The ability to represent cross section uncertainties is rather complete, while in the other cases
there are restrictions. In some cases such as inelastic scattering one may employ the subterfuge
of pseudo-discrete levels to treat a continuum using the formats and procedures of File 3 and 33.

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 simplify 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 the past to achieve the primary
purpose without attempting to provide greater covariance 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 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. The new file-30 format provides an alternate way to avoid the effects
of artificial energy boundaries.




It is appropriate to define uncertainty quantities'. 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 variable 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 "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> = [X fX) 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> + 8X, where <§X>=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. That width is a
property of the experiments, not of the cross section quantity, so one cannot in the usual sense
"measure” nuclear 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 and ENDF-6 formatted cross
section and some more-recently realized "better" evaluation, or any cross-section imprecision
induced by ENDF-6 procedures, or the widths of any physical distributions such as the fission
neutron muluplicity 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 6X = X - <X>.

" The treatment below is paraphrased from R. Peelle, pp 14-18, Sensitivity and Uncertainty Analysis of Reactor
Performance Parameters, by C.R. Weisbin et al., Advances in Nuclear Science and Technology, Vol. 14, Lewins
and Becker, Eds.. Plenum Press, New York, 1982.
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COV(X)Y) = <6X dY>
= f )[ (X - X)) (Y -{Y)) f(X,Y) dX dY, the covariance between X and Y,
VARX) = COV(X,X) = <86X*>, the variance of X,
s(X) =[VAR(X)]", 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>%, and the relative
covariance, COV (X,Y)/((XXY)), are often used.

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|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.

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 sensitivities. 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 format 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
format is expected to find early application is in representing the covariances of cross sections
and secondary-particle emission spectra and angular distributions 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 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
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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 parameters and the number of sensitivities
per parameter to the minimum necessary to describe data uncertainties of 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 6, with respect to the logarithm of one of the parameters, o,

o’ = do  _ o do

An advantage of employing such derivatives is that ¢’; is expressed in exactly the same units as
o, 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 Eq. (30.7).

As discussed in detail in Section 30.1.2.3. 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 correspondence
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 o 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.
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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 normally expects to see 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 normalized 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(0) is normalized 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 y(0) (barns/steradian) at angle 6 is formed as a product,

v(8) = do/dQ = op(B) (30.2)
dy(0) _ _dp®) % do
Oe.; ? Oa; p® Oa; (30.3)

Multiplying both sides of Eq. (30.3) by o, and recalling the notation of Eq. (30.1), one gets,
Y'{6) = 0 p’i(®) + o’; p(®) (30.4)

Equation (30.4) shows, then, how the sensitivity y(0) is constructed from the data in two
different subsections (0”; and p”,) of File 30, plus data (o and p) from Files 3 and 4, respectively.
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

Just as one is permitted to employ a Legendre representation of p(6) in File 4, one is
permitted in File 30 to use a Legendre expansion to represent p’(0). In fact, if it reduces the size
of the files. 1t 1s preferable to use Legendre moments for p’(0), 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’(0) 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 Y. 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’,8) 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, p’, = p’(E,0). It is conceivable that p’, for some parameter
will exhibit more severe angle-energy correlations than p(E’,0) 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
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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 information will in general occupy more space
than the approximate treatment in Files 4 and 5, this option should be exercised only on those
parameters (i.e., in those sections) where it is crucial.

30.1.1.3. 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 variables (or limits) of integration and the parameters of concern in File 30. One can
take advantage of this in calculating the derivatives of multigroup-averaged data with respect to
the 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 v, then

8 = [dE dE" dQ v,(EE’9) o(EE"9) , (30.5)

where w 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 c.

L%  da NEE'®) | £
&' = Zinay o,[dE dE’ da = Ww(EE’D) ,

or
8’ = [dE dE’ da v, (EE’®) o(EE"’H), (30.6)

Comparing Egs. (30.5) and (30.6), we obtain the useful result that the sensitivity of a multigroup
value to a given parameter is equal to the multigroup average of the (energy- and angle-
dependent) parameter sensitivity. Thus an ENDF processing program that calculates multigroup
cross sections, Eq. (30.5), can be used, with few modifications, to calculate the parameter
sensitivity of multigroup constants, Eq. (30.6). As mentioned in the General Description above,
this is the motivation for storing the sensitivities Y, 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=1)

The first section, MT=1, 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.
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The following quantities are defined.

NP

NDIR

NCTAB

MP,

MFSEN,MTSEN,

NC

LIBF,

MATTF,
MPF,

total number of distinct parameters.

number of CONT records in the MF=30 directory,
including the internal data-block "maker" records described below, but
excluding both the correspondence table and the SEND record.

number of CONT records in the correspondence table,
excluding the SEND record.

parameter index,

if non-zero, location of a section of data in the main body of the
evaluation (the referenced data) that are sensitive to parameter MP,.
MFSEN and MTSEN determine the formats to be used to represent the
energy- and angle-dependence of the sensitivities. For example, if the
referenced section describes a normalized angular distribution,
MFSEN=4, then any of the formats described in Chapter 4 of this
manual may be employed to describe the sensitivity of the distribution
in (MFSEN,MTSEN) to parameter MP.

number of records used to represent this sensitivity information.
These NC records constitute a single subsection of a later section of
File 30.

sublibrary number.
material number.
parameter number.

A section with MT=1 has the following structure:

[MAT, 30,
[MAT, 30,
[MAT, 30,
[MAT, 30,

[MAT, 30,
[MAT, 30,
[MAT, 30,

[MAT, 30,

1/ ZA,

1/ 0.0,
1/ 0.0,
1/ 0.0,

AWR, 0, 0, 0, NP] HEAD

0.0, 0, 0, NDIR, NCTAB] CONT

0.0, MP,, MFSEN,, MTSEN,, NC,] CONT
0.0, MP,, MFSEN,, MTSEN,, NC,] CONT

1/ 0.0,
1/ 0.0,
1/ 0.0,

0.0, MPyyr, MFSENypr, MTSENypm, NCypr] CONT
0.0, MP,, LIBF,, MATF,, NPF,] CONT
0.0, MP,, LIBF,, MATF, NPF,] CONT

1/ 0.0,

0‘0’ MPNCTAB’ LIBFNCTAB’ MATFNCTAB’ NPFNCTAB] CONT

[MAT, 30, 1/ 0.0, 0.0, 0, 0, 0, 0] SEND

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 format that is similar to the main index for this material in (MF,MT) = (1,451).

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
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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=0 is given,

[MAT, 30, 1/ 0.0, 0.0, MP, 0, 0, 0] CONT

in order to indicate the end of information concerning MFSEN-type sensitivities for parameter
MP. Similarly, following the final reference to a given value of MP in the directory, a directory
entry with MP=0 is given,

[MAT, 30, 1/ 0.0, 0.0, 0, 0, 0, 0] 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-library data covariances. These
covariances may be important in some applications, for example in uncertainty analyses
involving physical mixtures of the materials in question. 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 the different evaluation 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 of LIBF=0 is entered if the foreign sublibrary is the same as that of the current evaluation.
The correspondence table should be ordered (in ascending order) first on MP and then on LIBF,
then MATF and then MPF, respectively. No internal "maker" 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+1)/2 unique, relative covariances
RCOV(L,J) of the I parameter with the J* parameter in the form of NP separate LIST records.
This structure permits the inclusion of a large number of parameter without requiring excessive
computer storage during routine data handling. There is one such LIST record for each MP
value.

*> The first value of MP, must be 1, the next new, non-zero value must be 2, and so on. Except for marker records,
MP, MFSAN, and MTSEN must occur in normal ENDF ascending order.
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The structure of MT=2 is as follows:

[MAT, 30, 2/ ZA, AWR, 0, 0, 0, NP] HEAD

[MAT, 30, 2/ PARM,, 0.0, 0, 0, NCS,, 1/ {RCOV(1,K), K=1,NCS,}] LIST
[MAT, 30, 2/ PARM,, 0.0, 0, 0, NCS,, 2/ {RCOV(2,1+K), K=2,NCS,}] LIST
[MAT, 30, 2/ PARM,, 0.0, 0, 0, NCS,, 3/ {RCOV(3,2+K), K=3,NCS,}] LIST

[MAT, 30, 2/ PARMy;, 0.0, 0, 0, 1, NP/ {RCOV(NP,NP)] LIST
[MAT, 30, 2/ 0.0, 0.0, 0, 0, 0, 0] SEND

Since the filing of the MP-th row of covariance matrix begins with the diagonal element,
RCOV(MP,MP), the number of matrix elements NCS,,, 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 PARM,;, 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=11-999)

Sections MT211 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. These section
number is determined by the parameter index, using the relation MT=MP+10. While evaluators
should employ the minimum number of parameters necessary, no particular limit is placed on
MP, other than the obvious one that MT may not exceed 999. The structure of a section with
MT2=11 is as follows:

[MAT, 30, MT=MP+10/ ZA, AWR, 0, 0, 0, NL] HEAD
<subsection for NSUB=1>
<subsection for NSUB=2>

<subsection for NSUB=NL>
[MAT, 30, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

NL in the HEAD record is the number of subsections in the current section.” The format
of a subsection of a section with MT211 is, with very few exceptions, the same as 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 of 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 paralle]l with the reading of the subsections of a single File
30 "source section" with MT211, a processing code could create a new ENDF-formatted

* In other words, NL is the number of referenced sections for the current parameter.
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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, each
subsection of a section with MT211 leads in principle to a complete multigroup, multi-Legendre-
table, "transfer" matrix in which the sensitivities corresponding 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. Relation of MP-values to Physical Parameters
Since the actual parameter definitions will vary from one evaluation to the next, it is clear
that choices concerning:
a) the assignment of particular MP-values to different physical parameters, and
b) what physical parameters to omit altogether,
are left to the evaluator.

30.1.3.2. Parameter Values

Because many models are nonlinear, the actual numerical values of the parameters PARM_
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 PARM, has
no effect on propagated data uncertainties, so the units of PARM, 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®, 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 of a parameter covariance matrix, one
could report in MT=2 of File 30 only the eigenvalues of the matrix and, in MT=11 and above,
sensitivities of the data to variations in the effectively-independent linear combinations of the
parameters (as summarized in the eigenvectors). If it proves feasible in individual evaluation
situations, and if it leads to a substantial reduction in the overall size of the file, evaluators are
encouraged to employ this technique.

* For example, the SSIEV routine described in B.T. Smith, et. al., Matrix Eigenvalue Routines - EISPACK Guide,
1976.
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30.1.3.4. Thinning of Sensitivity Information

The collection of sensitivities in one 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. "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 parameters employed to
calculate the evaluated data at higher energies. If the evaluator 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-dependent, 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 points EG, . The sensitivities [see Eq. (30.1)]
of the "experimentally evaluated" cross sections G to these new parameters would be a series of
triangular "hat" functions, with peak values 6(EG,). (Alternative approaches exist.)

30.1.4. Multigroup Applications of Parameter Covariances

Given the relative covariances, Rcov(o,0) =cov(ay,0)/040, from (MF30, MT@), and the
multigrouped sensitivities g’ from Eq. (30.6), it is straightforward to obtain the covariance
between one multigroup datum g, and another g,. 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 g is not an extremely nonlinear function of the parameters, we expand in a Taylor series
and retain only the first term,

R agm agn
COV(gm,gn) = % a—“t'é—u;wV(ai,aj) "

= Zvi “t“ja—%a—%co\'(a,,al)/u,u, (30.7)

= %:g'm g',d Reov(a,a)) .
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Equation (30.7) gives the desired multigroup covariance matrix in terms of the multigrouped
(logarithmic) sensitivities from Eq. (30.6) and data read directly from the second section of File
30.

In addition to 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, not involving straightforward application of Eq. (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 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(g,,g,) becomes prohibitively large (10*
items), while the sensitivity matrix g’,; (containing 500000 items) and parameter covariance
matrix Rcov(oy,0) (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) S (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 g, Eq. (30.7) can be re-written in matrix form,

D(g) = R D(o) R
Equation (30.8) can then becomes

D(y) =S [RD(a)R'] S" =T D(av) T (30.9)
The product matrix T = S R, 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 matrix
D(a). 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 Dai,(y) based on
conventional sensitivity and uncertainty analysis (i.e., based on Files 3 and 33 only) with
analogous data D,(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, File 31 contains the covariances of the average number of neutrons
per fission, given in File 1. MT=452 is 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, Vv, and the average number of prompt neutrons per fission, Vps
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. Whichever 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 a radioactive decay, the average multiplicities
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 Vv or
its covariance components. There, NC- and NI-type sub-subsections for spontaneous fission
neutron multiplicity have no energy variables present.

"NC-type" sub-subsections for spontaneous fission v, MT=452, 255, or 456, have the
following structure, using definitions given in Section 33.2.
For LTY=0:

[MAT, 31, MT/ 0.0, 0.0; 0. LTY=0, 0, 0] CONT

[MAT, 31, MT/ 0.0, 0.0; 0, 0, 2*NCI/ {CI,XMTI}] LIST

For LTY=1, 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

"NI-type" sub-subsections for spontaneous fission neutron multiplicity are allowed with LB=0
and LB=1, and 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=0 or
LB=1. (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).
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We note that in File 1 v (MT=452), v, (MT=455) and v, (MT=456) satisfy the relation:
V(E) = V4(E) + v,

Therefore, if one of these quantities is "derived" in terms of the other two, it is permissible
to use "NC-type" sub-sections with LTY=0 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.

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 ;d is much smaller than Vp, it should never be evaluated by subtracting Vp 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 formats 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 Vv for spontaneous fission of *2Cf and the V(E) for the major fissile
materials by use of NC-type sub-subsections with LTY=1, 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

File 32, MT=151, contains the variances and covariances of the resonance parameters given
in File 2, MT=151. The resonance parameters, 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.

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-5 to the Breit-Wigner representations
(LRF=1 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 representation 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.
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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.

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 apphed 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 corresponding 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. I',) 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:

[MAT, 32, 151/ ZA, AWR, 0, 0, NIS, 0] HEAD

[MAT, 32, 151/ ZAI, ABN, 0, 0, LFW, NER] CONT (isotope)
[MAT, 32, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)
<subsection for the first energy range for the first isotope>

[MAT, 32, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)

<subsection for the second energy range for the first isotope>

[MAT, 32, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)
<subsection for the last energy range for the first isotope>
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[MAT, 32, 151/ ZAI, ABN, 0, LFW, NER, 0] CONT (isotope)
[MAT, 32, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)
<subsection for the first energy range for the last isotope>

[MAT, 32, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT (range)
<subsection for the last energy range for the last isotope>

[MAT, 32,0/ 0.0, 0.0, 0, 0, 0, 0] SEND

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

Data are given for all ranges for a given isotope, 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.

If the "range" record preceding a subsection has NRO#0, 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, 0] CONT.

If the compatibility flag, LCOMP, is zero, NLS is the number of L-values for which lists of
resonances are given in a form compatible with that used in ENDF-5, 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:

DE? variance of the resonance energy in units eV>.
DN? variance of the neutron width GN in units eV
DNDG covariance of GN and GG in units eV

DG? variance of the gamma-ray width in units eV?
DNDF covariance of GN and GF in units eV?2

DGDF covariance of GG and GF in units eV2,

DF? variance of the fission width GF in units eV?.
DJDN (null) covariance of resonance J-value and GN.
DJDG (null) covariance of resonance J-value and GG.
DJDF (null) covariance of resonance J-value and GF.
DJ? (null) variance of resonance J-value.
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A complete subsection for LCOMP=0 has the following form:

<If NRO#0, a control record and NI sub-subsections for energy-dependent
covariances of the scattering radius>
[MAT, 32, 151/ SPI, AP, 0, LCOMP=0, NLS, 0] CONT
[MAT, 32, 151/ AWRI, 0.0, L, 0, 18*NRS,/
ER,; Al,, GT,;, GN,, GG,, GF,,
DE,% DN/%, DNDG,, DG,? DNDF,, DGDF,,
DF,?, DJDN,=0.0, DJDG,=0.0, DJDF,=0.0, DJ,*=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 format 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 resonances 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/ SPI, AP, 0, LCOMP=1, NLS=0, 0] CONT
[MAT, 32, 151/ AWR]I, 0.0, 0, 0, NSRS, NLRS] CONT
<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=0 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=1. 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.
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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 the covariance matrix can therefore be minimized.

The NSRS-type sub-sections have the form below for LRF=1 and 2:

[MAT, 32, 151/ 0.0, 0.0, MPAR, 0, NVS+6%NRB, /

Parameters for ER,, AlJ,, GT,, GN,, GG,, GF,,
each resonance for
which there is

covariance data. ERngrps AJngps GTyrsy GNygs, GNyrps GGygrps GFygg
Resonance parameter Virr Vizs oo Vivearengss Voo

variances and Vonparsngss Vs

covariances for all Vuparengsmparenss 0.0 0.0] LIST

resonances listed.

Note that the record first lists all the parameters of resonances in the group, for positive
identification, and then lists the covariance terms.

MPAR number of parameters per resonance in this block which have covariance
data (In order: ER, GN, GG, GF, GX, indices 1-5)

NVS number of covariance elements listed for this block of resonances,
NVS=[NRB*MPAR*(NRB+*MPAR+1)]/2.

NRB number of resonances in this block and for which resonance parameter and
covariance data are given in this sub-section.

ER lab system energy of the k™ resonance (in this block).

Al floating-point value of the spin for the k™ resonance

GT, total width (eV) for the k™ resonance. GT=GN+GG+GF+GX.

GN, neutron width of the k™ resonance.

GG, gamma-ray width for the k™ resonance.

GF, fission width of the k™ resonance.

Vs variance (eV?) or covariance matrix element, row m and column, n>m. If

JSMPAR is the parameter index (j=4 for fission width) for the k®
resonance in the block, m=j+(k-1)*MPAR. The indexing is the order
defined above under MPAR.

LRF=3, LRU=1. 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.
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LRF=4, LRU=1. The Adler-Adler resonance representation includes background constants
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 representation for Adler-Adler fits is used in other
than single-isotopes evaluations.) The inherent assumption is that covariance data will be detailed
for the largest resonances, and those representing the Adler-Adler backgrounds. It is assumed
that LI=7.

An LRF=4 NSRS sub-subsection takes the following form, using the previous definitions
where possible:

[MAT, 32, 151/ 0.0, 0.0, MPAR, 0, NVS+6*NRB, NRB/

DET,, DWT,, GRT,, GIT,, DEF,, DWF,,
Parameters for GRF,, GIF,, DEC,, DWC,, GRC,, GIC,,
each resonance in

the block.
DETiss DWThas. GRTigpp: GlTiam: DEEgs. DWFEias
GRF,zp; GIFgpy, DECges DWGCGwas: GRCygp, GIC:s,

Resonance parameter Vi Viz o Vivearegss Voo
variances for Vonparengss Vi
all resonances iy Vuparsnesmparenss 0.0 0.0] LIST

listed.

t

The Adler-Adler parameters of the selected list of resonances are given in the same
redundant style indicated in section 2.2.1.3. For LRF=4 the maximum value of MPAR is 8 and
for a given resonance the covariance matrix indexing is in the order:

p = DET = DEF = DEC, DWT = DWF = DWD =,
GRT, GIT, GRF, GIF, GRC, GIC

Format for Long-Range Covariance Sub-subsections (LRU=1). 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 (I',, T',, etc.) via
the parameter IDP, 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 LB=3 and 4 are not employed in File
32 because of LB=5 is typically much more convenient. The term COV[I(i),I,(j)] is defined
as the covariance between the I', parameters for two different resonances (indexed i and j) in the
same nuclide.
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LB=-1 Relative variance components entirely uncorrelated from resonance-to-
resonance but having constant magnitude within the stated energy intervals.

#-1
Cov[T,()T,()] = 8, Zj Sk FSP i)
=1

LB=0 Absolute covariance components correlated only within each E interval.

e-1
Cov[T, (T, ()] = ;: P FYQ
=]

LB=1 Relative covariance components correlated only within each E interval

»-1
CvI OT,D] = ¥ P FET,0 I,0)
=1

LB=2 Fractional covariance components fully correlated over all E intervals with
variable magnitude.

e-1
Cov(T, ()T ()] = k;l Pjy FQ F3 T ,6) T,0)

LB=5 Relative covariance components in an upper triangular representation of a
symmetric matrix.

CovIT,()T,0)] = g;P,'f FS T0) T,0)

Note that the F*V, F'¥, and F® parameters have the dimensions of relative covariances, the F®
are absolute covariances, and the F® 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:

[MAT, 32, 151/ 0.0, 0.0, IDP, LB, 2*NE, NE/{E, F*®}] LIST
For LB=5 the requisite format is

[MAT, 32, 151/ 0.0, 0.0, IDP, LB=5, NT, NE/{E,},{F$}] LIST
In the above:

LB indicator of covariance pattern as defined above.
NE number of energies in the parameter table for a given sub-section.
NT NE*(NE+1)/2.
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IDP 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

IDP 4

E=p
A%
GRT
GIT
GRF
GIF
GRC
- - = GIC

-
-
-

L T =]
= =}
= =

.
-

g e B g e |
=SooAm| e
S Am| e

»

>
»

0NN bW -

For LB=0, %1, 2, and 5 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. F};, Fy,, ..., F g3 Fo, Fongs Fapinea

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. Relative 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, 0, NLS, 0] CONT
[MAT, 32, 151/ AWRI, 0.0, L, 0, 6«NJS, NJS/
D, Al, GNO, GG, GF, GX,

Dys,  Alys, GNOys, GGyys, GFyys, GXiygs] LIST
<NIJS card images for each L value in successive LIST records>
[MAT, 32, 151/ 0.0, 0.0, MPAR, 0, (NPAR*(NPAR+1))/2, NPAR/
RV,,, RV, -,
"" RVI.NPAR’ =9 RNNAPR.NPAR] LIST
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 (L,J) combination. If
MPAR is given as 4 when LFW=0 on the CONT (isotope) record, then the four covariance
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matrix indices per (L,J) 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.
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 desirable 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.

L

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 corresponding limit for
File 2,

In a file 32 LCOMP=0 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
to assume positive identification.

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 <107

The energy identifiers of every NLRS-type sub-subsection must cover the entire energy range
(EL.EH) of the subsection. However, any desired covariance components may be null.

NLRS-type sub-subsections may be included in any order in LCOMP=0, LRU=1 subsections.
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Obtaining Cross Section Covariances From File 32 and File 33.

ks

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.

In LCOMP=0 subsections a non-zero variance or covariance involving the resonance spin
J (AJ) will be treated as null.

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.

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.

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 covariances in File
33 are to be combined. A means for this combination was described by deSaussure and
Marable!. (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>.

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.

In File 32, there are included three NSRS-type sub-subsections and four NLRS-type

' Nucl. Sci. Eng. 101, 285 (1989)
2 Trans. Am. Nucl. Soc. 39, 929 (1981)
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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 eV?

E, 1.0 ‘1.5 0 0.2
T, ‘1.5 4.0 0 1.0
T, S0 0 0 0

T, -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:

E, 0.5x10°® 0 0 0

I, 0 1x10° -1x10° -0.2x10°°
I, 0 -1x10® 0.0 -2.0x10°
T, 0 -0.2x10° -2.0x10° 4x10°

The third block covers I', covariances for the 30 and 40 eV resonances.

The first NLRS sub-subsection gives the I, 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 I',. The third and fourth sub-subsections cover

long-range uncertainties in I, and I’ - the example for the former might be hard for the evaluator
to defend for a real nuclide.

TABLE 32.1.
File 2 for Sample of File 32

99.280+3  2.70 +2 0 0 NIS=1 0 333332151 HEAD
99.280+ 3  1.00 +0 0 LFW=0I" NER=l 0 333332151 CONT
1.+0  5.00 +1 LRU=1 LRF=2 NRO=0 NAPS=0 333332151 CONT
1.0+ 0 0.6 +0 0 0 NLS=1 0 333332151 CONT
2.7 +2 0.0 +0 L=0  LRX=0 6*NRS=30 RS=5 333332151

-1.0+0 1540 4.04+0 33040 004+0 1.0 + 0 333332151
50+0 1.5+40 0.07+0 0.01+0 004+0 0.02+0 333332151

1.5 +;1 05+0 008+0 0.01+0 004+0 0.03+0 333332151

3.0+ 1 1.5+0 7.04+0 1.0+0 004+0 6.0 + 0 333332151

40+ 1 1.5+0 6.04+0 50+0 0.04+0 1.0 + 0 333332151 LIST
0.0+0 0.0+0 0 0 0 0 333332 0 SEND
0.0+0 0.0+0 0 0 0 0 3333 0 0 FEND
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TABLE 32.2
Sample File 32

99.280+3 270+ 2 0 0 NIS=1 0 333332151 HEAD
99.280+3 1.00+0 0 LFW=0 NER=I 0 333332151 CONT
I.+0 5.00+1 LRU=1 LRF=2 NRO=0 NAPS=0 333332151 CONT
1.0+0 0.6+0 0 LCOMP=1 NLS=0 0 333332151 CONT
2.7 +2 00+0 0 0 NSRS=3 NLRS=4 333332151 CONT
0.0+0 0.0+0 MPAR=4 16 NRB=1 333332151

-1.0+0 1.5+40 4.04+0 3040 0.04+0 1.0 + 0 333332151
1.0+0 -15+0 00+0 -02+0 40+0 0.0 + 0 333332151
-1.0+0 00+0 00+0 08+0 00+0 0.0 + 0 333332151 LIST
00+0 0.0+ 0 MPAR=4 16 NRB=1 333332151
3.0+0 1.540 0.07+0 0.01+0 004+0 0.02+0 333332151
05-6 00+0 0.0+0 0.0+0 1.0-6 -1.0 -6 333332151
-0.2-6 00+0 -20-6 40-6 00+0 0.0+ 0 333332151 LIST
00+0 0.0 +0 MPAR=2 22" NRB=2 333332151
30+1 1.5+0 7.04+0 1.0+0 0.04+0 6.0 + 0 333332151
4.0+ 1 1.5+0 6.04+0 50+0 0.04+0 1.0 + 0 333332151
20-3 00+0 0.0+0 0.0+0 1.0-3 0.0 + 0 333332151
-05-4 20-3 00+0 20-3 00+0 0.0+0 333332151 LIST
0.0+0 0.0+0 IDP=3 LB=1 2xNE=4 NE=2 333332151
-20+0 1.0-2  5.0+1 00+0 0.0+0  0.0+0 333332151 LIST
0.0+0 00+0 IDP=3 LB=-1 2xNE=8 NE=4 333332151
-20+0 1.0 -2 1.0+0 0.0+0 1.0+1 1.0 - 2 333332151 LIST
50+ 1 00+0 0.0+0 00+0 0.0+0  0.0+0 333332151 LIST
0.0+0 0.0+0 IDP=2 LB=5 NT=6 NE=3 333332151
10-5 20+1 50+1 1.0 - 4 1.0-4 2.0 - 4 333332151 LIST
0.0+0 00+0 IDP=4 LB=1 2+«NE=4 NE=2 333332151
1.0-5 40-4 50+1 00+0 0.0+0 0.0 + 0 333332151 LIST

00+0 00+0 0 0 0 0 333332 0 SEND
00+0 00+0 0 0 0 0 3333 0 0 FEND
"NVS+6+«NRB
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33. FILE 33, COVARIANCES OF NEUTRON CROSS SECTIONS

. 33.1. General Description
File 33 contains the covariances of neutron cross section information appearing in File 3.
It 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. When generating File 33, it should be remembered that major aims
are to represent adequately:
1. the variances of the group cross sections,

1i. the correlations between the cross sections of the several adjacent groups, and
lii. 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 File 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.

Table 33.1
. Analogies Between File 33 Covariances Within One Section
and Uncertainties in a Hypothetical Experiment'
File 33 Experimental Energy Dependence
short-range statistical Rapid variation
medium-range Detector Efficiency
Multiple Scattering Slowly varying
In/Out Scattering
long-range Geometry
Background More or less constant
Normalization

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 (several groups which together
cover a |- to 2-MeV range); and closer to 1% average 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 covanances within a section are related.
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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.

The following quantities are defined:

ZA,AWR standard material charge and mass parameters.

MTL A nonzero 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. ,

NL number of subsections within a section.

The structure of a section is:

[MAT, 33, MT/ ZA, AWR, 0, MTL, 0, NL] HEAD
<subsection for n = 1>
<subsection for n = 2>

<subsection for n = NL>
[MAT, 33, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

3.2.1. 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 (MAT1,MF1,MT1) of the ENDF tape. [If
MFI1=0, then in the subsection (MATI1,10,MT1.LFS1)]. The values of MAT1, XMFI] =
Float(MF1), MT1, and XLFS1 =Float(LFS1) if MF1=10, 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.

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-sections. 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.

The following quantities are defined:

XMF1 Floating point equivalent of MF for 2nd energy-dependent cross
: section of pair for which correlation matrix is given.
If MF1=MF, XMF1 = 0.0 or
blank.

XLFS1 Floating point equivalent for final excited state of 2nd energy-
dependent cross section,
For MF1=10, XLFS1 = 10; if

MF1#10, XLFS1 = 0.0 or blank. :

MATI1 MAT for 2nd energy-dependent cross section
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MT1 ' MT for 2nd energy-dependent cross section
NC number of "NC-type" sub-subsections which follow the CONT record.

NI number of "NI-type" sub-subsections which follow the "NC-type"
sub-subsections.

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/ XMFI, XLFS1, MAT1, MT1, NC, NIJCONT
<sub-subsection for n =1>
<sub-subsection for n =2>

<sub-subsection for n = NC>
<sub-subsection for n =1>
<sub-subsection for n =2>

<sub-subsection for n = NI>

3.2.2. 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.

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 subsections may be used to describe the covariance matrices in energy ranges
where the cross sections in (MAT,3,MT) can be "derive" 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.

The following quantity is defined:

LTY flag used to indicate the procedure used to obtain the covariance matrix

a.) LTY=0, "Derived Redundant Cross Sections". In File 33, the evaluator may indicate by
means of an LTY=0 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
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general the linear relationship given in an LTY=0 sub-subsection applies not only to the range
of energy specified, but also over the whole range of the file.]
The following additional quantities are defined:

El, 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.

NCI number of pairs of values in the array {CI, XMTI}?.

{CI, XMTI} The coefficient CI is associated in the pair with a value of MTI, given as

a floating point number and indicated as XMTI.
The pair of numbers indicate that, in the energy range El to E2, the
cross sections in file (MAT,3,MT), written as "*’c,,(E), were obtained
in terms of the cross sections in files (MAT,3,MTI), written as
MAT(SMTi(E), as follows:

MAT, nel MAT,
oyt (E) = iz C,xoyn (E)
=

[At the minimum, the use of an LTY=0 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 C,, and XMTI’s as MT..
The numbers CI are constant numbers over the whole range of energy El
and E2, usually + 1.

The structure of an "NC-type" sub-subsection with LTY=0 is:

[MAT. 33. MT/ 0.0, 0.0, 0, LTY=0, 0, 0] CONT
[MAT. 33, MT/ EL, E2, 0, 0, 2«NCI, NCV {CI, XMTI}] LIST

Note: In general, each subsection describes a single covariance matrix. However, when an
"NC-type” sub-subsection with LTY=0 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=1, 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 sections
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 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 File 33 the covariances that depend on "absolute"

2 The Notation {AlBI} stands for A, B;; A,, B,; ...; A, B, in a list record.
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ratio measurements to standards, evaluators may use "NC"-type sub-subsections with LTY=1, 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 that
arise may be found in the literature.’]

First we identify the covariances induced if an evaluator obtains cross section o,(E) for
(MAT,MT) within the interval (E1,E2) entirely from absolute ratio measurements to a Cross
section standard og(E) for (MATS,MTS). That is,

6,(E) = a(E) 64(E) , for (E1 <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[c,(E)] = Rvar[a(E)] + Rvar[cg(E)], for (E1 <E < E2)
Rvar[o,(E),0,(E")] = Rvar[o(E),(E")] + Rvar[c(E),05(E")],
for (E1 <E < E2) and (E1 £ E’ < E2)
Rvar{c,(E),04(E")] = Rvar[o4(E),04(E’)], for (El <E < E2) and (El < F’ < E2)

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 (MAT,MT) and (MATS,MTS) does
not depend on the covariances of the ratio determination but spans all values o the energy E’.
A cross section 0,(E) may be obtained from measurements relative to (MATS,MTS) energy
region (E1 < E < E2) and cross section 0,(E’) from (MATS’,MT’) in energy region (E1”’ < 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:
Rvar[o,(E),0,(E")] = Rvar[o(E),04(E’)], for (El <E < E2) and (E1’ < E < E2"),
zero otherwise;
Rvar[o,(E),04(E")] = Rvar[o4(E),04(E")], for (El1 <E < E2) and all E’,
zero otherwise;
Rvar[og(E),0,(E")] = Rvar[og(E),0(E")], for (E1’ < E’ < E2’) and all E,
zero otherwise;

Note that the above expressions apply when o,(E) and o,(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 ©,(E) with all cross sections correlated to the
standard relative to which it was measured. That is,

Rcov[o,(E), 0,(E’)] = Reov[og(E), 0,(E;)], for (E1 <E < E2) and all os(E"),
zero otherwise.

* W. P. Poenitz, "Data Interpretation, Objective Evaluation Procedures, and Mathematical Techniques for the
Evaluation of Energy-Dependent Ratio, Shape, and Cross Section Data", BNL-NCS-51363, Conf. on Nuclear Data
Evaluation and Techniques, p. 264, B. A. Magurno and S. Pearlstein, eds. (March, 1981)

R. W. Peele, "Uncertainties and Correlations in Evaluated Data Sets Induced by the Use of Standard Cross
Sections", NBS Special Publication 425, Conf. on Nuclear Cross Sections and Technology, p.173, R. A. Schrack
and C. D. Bowman, eds. (1975)
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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 covariances matrices.

Let the cross sections in (MAT,3,MT) be strictly "derived" in the energy range E1 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=1 sub-subsection must be used to describe, in part, the covariance matrix in the
energy range E1 to E2. (LFS=0 when MF=3). The part, or component, of the covariance
matrix represented by the LTY=1 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,[LESS]) 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
(MATMT;MAT,3,MT,0).

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 over its
complete energy range. Therefore, in the File 33 of the material MAT, in subsection contsining
the covariance of the "standard" cross section, 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=1 sub-subsection in the subsection (MATMT;
MAT,3,MT,0)] refers to a different covariance matrix than the LTY=1 sub-subsection previously
mentioned, but it can also be derived from the covariance matrix of the "standard" cross sections
in File MFS+30 subsection of the standard material MATS.

Finally, as a consequence of the evaluation of the cross sections in (MAT,3,MT) in the
energy range E1 to E2, as a "ratio" to the "standard" cross sections, there must be in the
subsection (MATS ,MTS,[LFSS]; MAT,MT) of the File (MFS+30) of the "standard" material
MATS and LTY=3 sub-subsection in the File 33 subsection (MAT ,MFT; MAT,3,MT,0)] 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 existence of any additional covariances
among cross sections using the same "standard" cross sections, 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.

The following quantities are defined:

El, 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 "standard" cross sections.

NEI number of energies that demarcate (NEI-1) regions where this
standard was employed in measurements with WEIL
WEI fractional evaluated weight.

The structure of "NC-type" sub-subsections with LTY=1,2 and 3 is:

[MAT, 33 ,MT/ 0.0, 0.0, 0, LTY, 0, 0] CONT
[MAT, 33, MT/ El, E2, MATS, MTS, 2*NEI+2, NEI/ (XMFS,XLFSS),{ELWEI}] LIST
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The number of items in the list record is 2*NEI+2. The file number that contains the standard
cross sections is the integer equivalent of XMFS, except that XMFS=0.0 is entered when MFS=3.
The value of XLFSS is always zero unless MFS=10.

The use of the format LTY=1, 2 and 3 is allowed when the cross sections given in
(MAT,3,MT) are only partially determined from ratio measurements to the "standard" cross
section. In such cases the list { E[ 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 WE,; in the interval E; < E < E,,,. The first value of E, in the sub-subsection shall equal the
El given, and E =E2.

Note A: LTY=1, 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=1
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=1
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=1 sub-subsection represents a covariance matrix which in principle
is a "square matrix" covering the ranges E1 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 E1 or E2 and of the "standard" cross sections over their complete
energy range.

In general, if cross sections in (MAT,3,MT,0) are "derived," over an energy range E1 to E2,
by "ratios" to "standard" cross sections, there will be three "NC-type" sub-subsections with
LTY=1, 2 and 3 generated in the covariance files. The LTY=1 sub-subsection is given in
the subsection (MAT,MT; MAT,3,MT,0); the LTY=2 sub-subsection is given in the
subsection (MAT,MT; MATS ,MFS,MTS,[LFSS]). Both of these sub-sections 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. There are,
however, some instances, such as the one taken in the example in section 33.4.A, where "still
another cross section: such as those in (MAT,3,MTI) are "indirectly derived" from the cross
sections in (MATS,3,MT) through evaluation of ratios of the cross sections in (MAT,3,MTI)
to those in (MAT,3,MT). In such cases an LTY=1 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
(MATSMTS,[LFSS]; MAT,MT1) of the File (MFS+30) of the material MATS.
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Note B: For purposes of discussing the covariance matrices of cross sections derived through
evaluation of ratio measurements, the label "standard" cross sections is used for the cross
sections relative to which the ratio measurements were made. 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=1, 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.

II. "NI-type" Sub-subsections

The "NI-type" sub-subsections are used to describe explicitly the various components of the
covariance matrix given in the subsection. In each "NI-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.

The following quantity is defined:

LB flag whose numerical value determines the meanings of the numbers given
in the arrays {E,, F }{E, F,}.
a. Flag LB=0-4
The following additional quantities are defined:
NP total number of pairs of numbers in the arrays {E,, F, }{E,F,}.
NT total number of numbers in the LIST record. NT=2*NP
LT number of pairs of numbers in the second array, {E,F,}.

When LT=0, the table contains is a single array {E,,F,}.
When LT#0, the table contains two arrays; the first array, {E,,F,}, has
(NP-LT) pairs of numbers in it.

{E,F.HELF;} two arrays of pairs of numbers; each array is referred to as an "E table,"
so the "E, table" and the "E, table" are defined.
In each E table the first member of a pair is an energy, E ; the second
member of the pair, F,, is a number associated with the energy interval
between the two entries E, and E

n+1°

For a values of the LB flag from 0 through 4, "NI-type" sub-subsections have the following
structure:

[MAT, 33, MT/ 0.0, 0.0, LT, LB, NT, NP/ {E,, F}{E, F,}] LIST

The E, 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 eV,
or the reaction threshold, and the last one 20x10° eV unless a large upper-energy limit has been
defined. Some of the F’s, or F,’s, may be zero, and the last value of F in an E table must be
zZero.

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 X refer to the cross section in (MAT,3,MT) at energy
E; and Y, refer to the cross section in (MAT1,3,MT1) at energy E,. The contribution of the
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sub-subsection to the covariance matrix COV(X,,Y)), having the units of "barns squared," is
defined as follows for the different values of LB:
LB=0 Absolute components correlated only within each E, interval

COV(X,Y) = Z:P,‘;’,," F,
LB=1 Fractional components correlated only within each E, interval
COV(X,Y) = gp,‘.;* E ;XY
LB=2 Fractional components correlated over all E, intervals
COV(X,Y) = Z:P,t{' Foy Froge XX,
LB=3 Fractional components correlated over E, and E, intervals
COV(X,Y) = gP}'{‘ F F, XY,
LB=4 Fractional components correlated over all E, intervals within each E, interval
k" xyl Tyl

COVX,Y) - S P F F F . XY
»Y) ,?}, k1 Y

For LB=0, 1 and 2 we have LT=0, i.e., only one E, table. For LB=3 and LB=4 we have
LT=0, i.e., two E tables, the E, and the E, tables.
The dimensionless operators P in the above definitions are defined in terms of the operator
S as follows:
jim,n,...
where S¥ =1, when E, <E, <E,_,, and
St =0, when the energy E, is outside the range of E, to E,,, of an E, table.

Pkt =SES!..SPSP...,

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
covariance 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 E, table (or E, table) of every
sub-subsection. Often, in addition, such relative covariance matrices are symmetric about their
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=5 sub-subsections may be used. The following definition applies for LB=5
sub-subsections:

COVX,Yp = §P/‘fkk Fomx XY,

A single list of energies {E,} is required to specify the energy intervals labeled by the
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indices k and k’. The numbers F, ,, represent fractional components correlated over the energy
intervals with lower edges E, and E,..

Since there is no need for E, tables with pairs of numbers (E,F,) like those found in
sub-subsections with LB<S5, a new structure is required for LB=5 sub-subsections.

The following quantities are defined:

NT total number of entries in the two arrays {E,} and {F,}.
NE number of entries in the array {E,} defining (NE-1) energy intervals.
LS flag indicating whether the F_,,, matrix is symmetric or not.

The structure of an LB=5 sub-subsection is:
[MAT, 33, MT/ 0.0, 0.0, LS, LB=5, NT, NE/{E,}{F,,}] LIST.

LS=0 Asymmetric matrix
The matrix elements F, ., are ordered by rows in the array {F, }:

{(Feed =F Flas o Finga s Bay s oo Fonga 5 Bagn s -0 Frpanea
There are (NE-1)? numbers in the array {F,,} and
NT = NE + (NE+1)* = NE(NE-1) + 1
LS=1 Symmetric matrix
The matrix elements F, .. are ordered by rows starting from the diagonal term in the array
{Fe}:
{Fewd =Fiu Fia oo Fiags Fag s Fangts P e
There are [NE*(NE-1)]/2 numbers in the array {F,,} and
NT = NE + [NE*(NE-1)]/2 = [NEx(NE+1)]/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:

COVX,Y) = )EP}-," Fows XY

where X, as before refers to the cross sections at E; in (MAT,3,MT) and
Y; refers to the cross section at E in (MAT1,MF1,MTI1,[LES1]).

The dimensionless operator P is as defined for other LB’s. A single "stacked" list of
energies {E,;} 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 (E,) and then the
columns (E) of the matrix with the energies corresponding to the rows given first:
(ER,ER,,....ER\,EC,EC,,...,.EC\gc).  The numbers F ., represent fractional components
correlated over the energy intervals with lower boundaries E, and E,.
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The following quantities are defined:

NT total number of entries in the two arrays {E,,} { F.,}. See below.

NER number of energies corresponding to the rows of the matrix and
defining (NER-1) energy intervals.

NEC ' number of energies corresponding to the columns of the matrix and
defining (NEC-1) energy intervals. NEC may be inferred from NT
and NER.

The structure of an LB=6 sub-subsection is:
[MAT, 33,MT/ 0.0, 0.0, 0,LB=6, NT, NER/ {Ex}{F,,}] LIST.
The matrix elements F,; are ordered by rows in the array {F, }:

{Fe.} =F,, Fia oo Fingcs Fots - Fanpcts -5 Fxeronn Freroizs oo Frer-1.8ER 1
There are (NER-1)(NEC-1) numbers in the array { F.,}. Therefore, the total number of
entries in the two arrays {E,;} and {F,,} is:

NT = NER + NEC + (NER-1)(NEC-1) = 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 (MAT,MT; 0,MT) by use
of an LB=8 sub-subsection, unless the cross section is known to be free from unresolved
underlying structure. [See section 33.3.3.].

The following quantities are defined:

NP total number of pairs of numbers in the arrays {E,, F,}{E,F,}.
NT total number of numbers in the LIST record. NT=2*NP
{E,F,} array of pairs of numbers; the first member of a pair is an energy, E,; the

second member of the pair, F,, is a number associated with the energy
interval between the two entries E, and E_,,

The format of an LB=8 sub-section is (just as for LB=0):
[MAT, 33, MT/ 0.0, 0.0, LT=0, LB=8, NT, NP/ {E,F,}] LIST

Only one E, table is required. The F, values for LB=8 have the dimension of squared cross
sections. 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 F 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 variance elements VAR, for
the LB=8 component are just F, and the off diagonal elements are zero.

In general, each F, 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 AE,. The variance contribution VAR from an LB= 8 sub-subsection to the
processed group variance for the energy group (E;, E;,) is mverscly proportional to its width AE,
when (E;E;,,) lies within (E,,E,,,) and is obtamed from the relation

VA i = Fx AE/AE]j , where E, < E, < E, <Eu,

Note that the VAR;; are variances in average cross sections. This rule suffices for arbitrary group
boundaries if subgroup boundaries are chosen to include all the E,. No contributions to
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off-diagonal multigroup covariance matrix elements are generated by LB=8 sub-subsections.

3.2.3. 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 correlations 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.)

[MAT, 33, MT/ ZA, AWR, 0, MTL, 0, NL=0] HEAD

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 File 3, 4 or 5, so
the net cross section and net scattering 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#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-section 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.

33.3.1. 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 wuniquely identified by the set of numbers:
(MATMT;MATI,MF1,MT1,[LFS1]); the first pair of numbers indicated the section and the
second set of numbers appears in the appropriate fields, XMF1, XLFS1, MATI and MT1, of the
CONT record which begins every subsection. [When MT=#10, XLFS1=0.0.]

1. The subsections within a section are ordered by increasing values of MATI. In order to
have the covariance matrices of the cross sections for which MAT1=MAT appear first in a
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section the value MATI1=0 shall be used to mean MAT1=MAT in the CONT record which
begins the subsection.

2. When there are several subsections with the same value of MATI in a section, these
subsections shall be ordered by increasing values of XMF1. When MF1=MF-30, the XMF1
field shall be entered as blank or zero. Therefore, within a given section and for a given
MATI, the subsections for MF1=MF-30 will always appear before those for other MFI
values.

3. When there are several subsections with the same value of MATI1 and MF1 in a section,
these subsections shall be ordered by increasing values of MT1 given in CONT record which
begins the subsections.

4. When MATI1=0, when according to procedure 33.3.1-b-2 means that MATI=MAT, and
XMF1=0.0 meaning MF1=MF-30, only subsections for which MT1>MT shall be given.

5. When there are several subsections with the same values of MAT1, MF1=10, and MT]I in
a section, these subsections shall be ordered by increasing values of LFS1.

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 E1 given in the LIST record. We note that by definition, if several
LTY=0 "NC-type" sub-subsections are given in a subsection, the energy ranges E1 to E2 of
the these different sub-subsections cannot overlap with each other or with any LTY=1
sub-subsection. However, in ENDF-6 formats it is permitted to have overlapping (E1,E2)
ranges for LTY21, 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
aftect the ordering of the sub-subsections within a subsection.

ro

“Nl-type” sub-subsections.  There is no special ordering requirement of "NI-type"
sub-subsections within a subsection. However, it often happens that the full energy range
ot the file 1s 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
difterent 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 subsections 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:

[MATMT; MATI1,MF1,MT1,(LFS1)]
a.) Subsections for which MATI=0. By subsections for which MAT1=0, we mean the

subsections of the class (MAT,MT; O,MFI1,MTI,[LFS1]), which according to procedure
33.3.1-b-1 implies that MATI=MAT.
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1. If there is a File 33 subsection (MAT ,MT; 0,MF1,MT1,[LFS1] with MT1£MT, there must
be within the same material the two subsections: (MATMT; 0,3,MT,0) in File 33 and
(MAT ,MT1; 0,MF1,MT1,[LMF1]) in file MF1+30. Note that the converse is not necessarily
true since the two cross sections (MAT,3,MT) and MAT,MF1,MT1,[LMF1]) may 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=0,
it contains a list of MTI given in the "NC-type" sub-subsection.

3. "NC-type" sub-subsections with LTY=0 must be given only in subsections of the type
(MATMT; 0,3,MT,0), i.e. with MT1=MT. "NC-type" sub-subsections with LTY=0, 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=1,
this sub-subsection contains values of (MATS,MFS,MTS,[LFSS]). In the same File 33, there
must be a sub-subsection (MAT ,MT; MATS ,MFS,MTS,[LFSS]). There must be another
material MATS with a File (MFS+30) containing the subsection (MATS, MTS,[LFSS];
0,MFS,MTS,[LFSS]). Note that according to procedure 33.3.3.a, given below, MATS must
be different from MAT in an "NC-type" sub-subsection with LTY=1.

5. In a subsection (MAT,MT; 0,3,MT,0), if there is an "NC-type" sub-subsection with LTY=1
which covers the energy range El to E2, in the same subsection there must be at least one
"NI-type" 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 responsible for
multiplying the covariances of the evaluated ratios by WEI* before entry into the NI-type
sub-subsections. Note that, where the weight is not unity in a given energy region, the
NI-type sub-subsections that represent the covariance data for the ratios are mixed together
without identification in File 33.

b.) Subsections for MATI1=0. If there is a File 33 subsection (MATMT;
MATI1,MF1,MT1,[LFS1]) with MAT10, similar to procedure 33.3.2-a-1, 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]; 0,MF1,MT1,[LFS1]) and (MAT1,MT1,[LFS1]; MAT,3,MT,0) in the File
(MF1+30) for material MAT]1.

33.3.3. Other Procedures

a.) "NC-type" sub-subsections with LTY=1 shall only be used with MATS=MAT. The use of
LTY=1 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.
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b.) If a single "NC-type" sub-subsection with LTY=0 is used in a subsection and there are no
"NI-type" sub-subsections, the value of E1 must be 10° eV, or the reaction threshold, and the

value of E2 must be the highest energy for which the corresponding cross section is given, at
least 2x107 eV.

c.) As a consequence of the definition of "NC-type" sub-subsections with LTY=0, 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 E1 to E2 of these "NC-type" LTY=0 sub-subsections.

d.) "NI-type" sub-subsections with LB=0 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=0, "NI-type" sub-subsections.] The
use of LB=0 "NI-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.

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 entries in their E,
and E, 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 E, and E, tables. An important quantity to note
is the union of all of the E values of the E, 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
E, and E, 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 E, 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=0 or 1 in regions of width AE, and if the file is processed to
give a multigroup covariance library with group width in that energy region AE, such that AE,
> AE,, 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 E 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=0, 1 files, or more favorably by using overlapping files with staggered energy edges.

f.) The ground rules above (see 33.2, under LT=1 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=0
or 1 describing the covariance data for that cross section. This leads to procedural requirements.

1. Evaluators of established standard cross sections should endeavor to avoid the use of any
LTY=0 or LTY=1 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
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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=0 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. Evaluators should
note that various types of cross section "shape" measurements induce additional covariance terms
that can be derived for specific situations. Within ENDF-6 formats the evaluator must include
them in Nl-type sub-subsections in the covariance files of the derived cross section.

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
covarniance 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’),
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-numbers.

m.) Lumped-reaction MT-numbers must be assigned sequentially, beginning at 851. The
sequence 1v 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 recommended
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.
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0.) 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®. The Doppler effect
in reactor applications smooths cross sections on an energy scale too 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 F, 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 LB=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 directly references the variance of
an average 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, grid with constant
weighting, the resulting variance components are just the F,. (A complete 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 F, 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 F, 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 F, 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.

Since LB=8 specifies absolute covariances, it should not be employed near reaction
thresholds. In particular, for threshold reactions having an effective threshold above 0.1 MeV,
LB=8 should not be employed for incident energies less than 1 MeV above the effective
threshold.

33.4. Examples
We illustrate here the use of File 33 by means of two concrete examples.

a. Use of LTY=1 and LTY=2 "NC-type" subsections

Let us consider the hypothetical evaluation of »*°Pu, 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 performing the hypothetical
evaluation:

* 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-section. Covariance data in such cases
may best be represented in File 30.
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Fission cross sections, MT=18
Let X, stand for the fission cross section of **Pu at the energy E,.

a. From 10° eV to an energy ES, X, was evaluated in terms of "direct" or "absolute"
measurements, A;. By this we mean that in this energy range, X, and its uncertainties are
independent of any other cross sections. In this energy range X, = A,.

b. From ES to 20 MeV, X; was evaluated by means of ratio measurements to Y, , the
fission cross section of **U, to which we assign the MAT number 1261. In this energy
range X; = R;Y,, where R, is the evaluated ratio at energy E,.

2. Capture cross sections, MT=102

Let Z, stand for the capture cross section of *’Pu at the energy E,. In this evaluation, Z, was
obtained by the evaluation of a;, the ratio of capture to fission cross sections, over the complete
range of the file. Therefore we have Z, = a,X,.

In this evaluation then, only 3 quantities were evaluated: A, from 10 eV to ES, R, from Es
to 20 MeV, and a, from 10° eV to 20 MeV. The evaluation of these quantities resulted in the
evaluation of three covariance matrices: COV(A,A)), COV(R;R) and COV(a;a). Let us now
assume that in addition it has been determined that these three different quantities are
uncorrelated, i.e., covariances such as COV(A,a;) can be neglected.

Let us denote relative covariance matrices such as COV(AA)/(AA)) as <dA,dA;>, and
similarly for the other quantities.

From 107 to ES, since X = A, and Z, = aX,, we have:

<dX;dX; = <dA;dA>
<dX;dZ; = <dA;dA>
<dZ;dZ; = <da;da> + <dA;dAp>

From ES to 20 MeV, since X, = R,Y, and Z, = 3,X|, we have
<dX;dX; = <dR;dR;> + <dY;dY>
<dX;dZ; = <dR;dR> + <dY;dY>
<dX;dY; = <dY;dY>
<dZ;,dZ; = <da;da> + <dR;dR;> + <dY;dY>
<dZdY; = <dY;dY>

We note that in the above we have expressed all of the covariance matrices of the cross
sections in terms of the covariance matrices of the evaluated quantities and the covariance matrix
of the *°U fission.

For purposes of illustrating the use of the formats we need not know the details of how the
covariance matrices <dA;dA>, <dR;dR> and <da;da> are represented. = They must be
represented by one or more "NI-type" sub-subsections having an E, table, or could be so
represented. For our purposes, we symbolically represent each one of them in terms of a single
"NI-type" sub-subsection with a single E, table:

<dA;dA> — {EfFl}
<dR;dR> — {ER},FR}}
<da;da> — {Ex,F2)




Whether one or more "NI-type" sub-subsection is used, each one of the E tables used in the

. sub-subsections can be written as:
(Ep.Ff} = {1.0E-5, F* ; ..., EA F2; ...; ES, 0.0; 2.0E+7, 0.0},
{EE,FE} = {1.0E-5, 0.0; ES, K} ; ...; Ey, Ff ;s 2.0E+7, 0.0},
{ELEK) = {1.0E-5, F; ; K ; ...; By, Fi ;...; 2.0E+7, 0.0},

the E and F values explicitly shown must have the values indicated above for this example.
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 <dA;dAp,

<dR;dR;> and <da,da;>. Eg is taken as 2x10° 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 corresponding to the LTY=2

sub-subsections of Table 33.2 must be inserted.

Table 33.2.
Example of File 33 with "NC-type" LTY=1 sub-subsections
9.42390+ 4 2.36999+ 2 0 0 0 NL=3 126433
0.00000+ 0 0.00000+ 0 MATI=0 T1=18 NC=1 NI=2 126433
0.00000+ 0 0.00000+ 0 0 LTY=1 0 0 126433

. 2.00000+ 5 2.00000+ MATS=1261 MTS=18 NT=6 NE=2 126433
0.00000+ 0 0.00000+ 0 2.00000+ 5 1.00000+ 0 2.00000+ 7 0.00000+ 0 126433
0.00000+ 0 0.00000+ 0 LT=0 LB=1 NY=14 NE=7 126433
1.00000- 5 0.00000+ 0 1.00000+ 0 2.50000- 3 3.00000+ 2 3.60000- 3 126433
3.00000+ 4 4.90000- 3 1.00000+ 5 6.40000- 3 2.00000+ 5 0.00000+ 0 126433
2.00000+ 7 0.00000+ 0 126433
0.00000+ 0 0.00000+ 0 LT=0 LB=1 NT=6 NE=3 126433
1.00000- 5 0.00000+ 0 2.00000+ 5 4.00000- 4 2.00000+ 7 0.00000+ 0 126433

18 HEAD

18 CONT

18 CONT

18 LIST

18 <dYx dYp>
18 LIST

18 <dAxx dA>
18

18

18 LIST

18 <dRx dR>
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Table 33.2. (continued)
Example of File 33 with "NC-type" LTY=1 sub-subsections.

0.00000+ 0 0.00000+ O MAT=0
0.00000+ 0 0.00000+ O 0
2.00000+ 5 2.00000+ MATS=1261
0.00000+ 0 0.00000+ 0 2.00000+ 5
0.00000+ 0 0.00000+ O LT=0
1.00000- 5 0.00000+ 0 1.00000+ 0
3.00000+ 4 4.90000- 3 1.00000+ 5
2.00000+ 7 0.00000+ O

0.00000+ 0 0.00000+ O LT=0
1.00000- 5 0.00000+ 0 2.00000+ 5

0.00000+ 0 0.00000+ MAT1=1261
0.00000+ 0 0.00000+ O 0
2.00000+ 5 2.00000+ MATS=1261
0.00000+ 0 0.00000+ 0 2.00000+ 5

0.00000+ 0 0.00000+ 0 0
9.42390+ 4 2.36999+ 2 0
0.00000+ 0 0.00000+ 0 MATI=0
0.00000+ 0 0.00000+ O 0

2.00000+ 5 2.00000+ MATS=1261
0.00000+ 0 0.00000+ 0 2.00000+ 5
0.00000+ 0 0.00000+ O LT=0
1.00000- 5 0.00000+ 0 1.00000+ 0
3.00000+ 4 4.90000- 3 1.00000+ 5
2.00000+ 7 0.00000+ O

0.00000+ 0 0.00000+ O LT=0
1.00000- 5 0.00000+ 5 2.00000+ 5
0.00000+ 0 0.00000+ O LS=1
1.00000- 5 2.53000- 2 9.00000- 2
2.21000- 3 4.84000- 4 3.62000- 4
3.10000- 4 3.04000- 4 0.00000+ 0
2.21000- 3 0.00000+ 0 0.00000+ 0

0.00000+ 0 0.00000+ (MATI1=1261
0.00000+ 0 0.00000+ O 0
2.00000+ 5 2.00000+ MATS=1261
0.00000+ 0 0.00000+ 0 2.00000+ 5
0.00000+ 0 0.00000+ 0 0

33.20

(1264,18;0.102)

MT1=102 NC=1 NI=2
LTY=1 0 0
MTS=18 NT=6 NE=2
1.00000+ 0 2.00000+ 7 0.00000+ 0
LB=1 NT=14 NE=7

2.50000- 3 3.00000+ 2 3.60000- 3
6.40000- 3 2.00000+ 5 0.00000+ 0

LB=1 NT=6 NE=3
4.00000- 4 2.00000+ 7 0.00000+ 0
(1264,18;1261,18)

MTI1=18 NC=1 NI=0
LTY=2 0 0
MTS=18 NT=6 NE=2
1.00000+ 0 2.00000+ 7 0.00000+ O
0 0 0
(1264,102;0,102)
0 0 NL=2
MT1=102 NC=1 NI=3
LTY=1 0 0
MTS=18 NT=6 NE=2
1.00000+ 0 2.00000+ 7 0.00000+ 0O
LB=1 NT=14 NE=7

2.50000- 3 3.00000+ 2 3.60000- 3
6.40000- 3 2.00000+ 5 0.00000+ O

LB=1 NT=6 NE=3
4.00000- 4 2.00000+ 7 0.00000+ O

LB=5 NT=21 NE=6
2.50000- 1 1.00000+ 0 2.00000+ 7
3.56000- 4 0.00000+ 0 4.84000- 4
6.25000- 4 2.30000- 4 0.0000+ O
0.00000+ 0 0.00000+ 0 0.00000+ O
(1264,102;1261,18)

MT1=18 NL=1 NI=0
LTY=2 0 0
MTS=18 NT=6 NE=2
1.00000+ 0 2.00000+ 7 0.00000+ O
0 0 0

126433
126433
126433
126433
126433
126433
126433
126433
126433
126433

18 CONT
18 CONT

18 LIST

18 <dYx dY>
18 LIST

18 <dAx dA>
18

18

18 LIST

18 <dRx dR>

18 CONT

18 CONT

18 LIST

19 <dYx dY>
0 SEND

126433
126433
126433
126433
126433

126433102 HEAD
126433102 CONT
126433102 CONT
126433102 LIST
126433102 <dY,x dY,>
126433102 LIST
126433102 <dAx dA>
126433102
126433102
126433102 LIST
126433102 <dRxdR,>
1254331-2 LIST
126433102 <dax da>
126433102
126433102
126433102

126433102 CONT
126433102 CONT
126433102 LIST
126433102 <dY,xdY >
126433 0 SEND




B.

Use of LTY=0, "NC-type" sub-subsections
Let us consider a hypothetical evaluation of '*C, 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=1

The total cross sections, , were evaluated over the complete energy range, with the
covariance matrix obtained, and:

<do|doj> - {(ELF},
with
{EL,F} = {1.0E-5, F] ; ...; EL, FT ;...; 2.0E+7, 0.0},

Elastic cross sections, MT=2
The elastic cross sections, o;, were "derived" up to 8.5 MeV from the "evaluated: cross

sections: o =0 -0 -0 -0,
Above 8.5 MeV the elastic cross sections were evaluated and:
<do;dc> > (E{F},
with
{E5.Ff} = {1.0E-5, 0.0; 8.5E+6, FF ; ..; EE, FE;...; 2.0E+7, 0.0},

Inelastic cross sections, MT=4
The inelastic cross sections, ¢, were evaluated from threshold, 4.8 MeV, to 8.5 MeV and:

<dodo> - {E,F},
with
(ELFY} = {1.0E-5, 0.0; 4.8E+6, FL; ... EL FL:..; 8.5E+6, 0.0; 2.0E+7, 0.0},

Above 8.5 MeV the inelastic cross sections were "derived: and:

ol=ol - of - of - ot

Capture cross sections, MT=102
The capture cross sections, , were evaluated over the complete energy range and:

<dd{dd> > {E{F},
with
{ECFS) = {1.0E-5, F ; ..; ES, FC ;... 2.0E+7, 0.0},

The (n,x) cross sections, MT=107
The (n,a) cross sections, G}, were evaluated from threshold, 6.18 MeV to 20 MeV and:

<doido}> —» (E,F},
with
{Ef,F¢} = {1.0E-5, 0.0; 6.18E+6, F* ; ...; E%, F;...; 2.0E+7, 0.0},
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In the listing given in Table 33.3 for File 33 of MAT=1274, corresponding to our example,
we have shown only one "NI-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 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 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 o
Therefore, we may consider up to 8.5 MeV that 6;' is a "derived" cross section with: o' = ol
This is permissible because MT=4 has only "NI-type" sub-subsection in this energy range.
From 8.5 MeV to 20 MeV, MT=51 was evaluated and:

<dd doi> - (ELLE)
with
{Eil,Ff'} = {1.0E-5, 0.0; 8.5E+6, Fi' 2 s E,f', Fil ;... 2.0E+7, 0.0},

b. MT=91

From 8.5 to 20 MeV, the continuum inelastic, o;', was "derived" as: 6’ = 6,- 6. However,
we cannot use this relationship for purposes of File 33 because in this energy range ol is
indicated in the file as being already "derived."

Therefore, for purposes of File 33, we must write: ©}' = o] - of - 0}’ - ©F - 0%,
which now only refers to cross sections having exclusively "NI-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.
(1274.1;0.1)

6.01200+ 3 1.18969+ 1 0 0 0 1 112733 1 HEAD
0.00000+ 0 0.00000+ 0 0 1 0 1 112733 1 CONT
0.00000+ 0 0.00000+ 0 0 1 6 3 112733 1 LIST

1.00000- 5 5.00000- 5 2.00000+ 6 2.50000- 5 2.00000+ 7 0.00000+ 0 112733 1
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 0 SEND

(1274,2;0,2)

6.01200+ 3 1.18969+ 1 0 0 0 1 112733 2 HEAD
0.00000+ 0 0.00000+ 0 0 2 1 1 112733 2 CONT
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 2 CONT

1.00000- 5 8.50000+ 6 0 0 8 4 112733 2 LIST
1.00000+ 0 1.00000+ 0 1.00000+ 0 4.00000+ 0-1.00000+ 0 1.02000+ 2 112733 2
-1.00000+ 0 1.07000+ 0 112733 2
0.00000+ 0 0.00000+ 0 0 1 8 4 112733 2 LIST

1.00000- 5 0.00000- 0 8.50000+ 6 8.00000- 6 1.50000+ 2.50000- 1 112733 2
2.00000+ 7 0.00000+ O 112733 2
0.00000+ 0 0.00000+ O 0 0 0 0 112733 0 SEND
(1274,4;,0,4)

6.01200+ 3 1.18970+ 1 0 0 0 1 112733 4 HEAD
0.00000+ 0 0.00000+ 0 0 - 1 1 112733 4 CONT
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 4 CONT
8.50000+ 6 2.00000+ 7 0 0 8 4 112733 4 LIST
1.00000+ 0 1.00000+ 0-1.00000+ 0 2.00000+ 0-1.00000+ 0 1.02000+ 2 112733 4
-1.00000+ 0 1.07000+ 2 112733 4
0.00000+ 0 0.00000+ 0 0 1 8 4 112733 4 LIST
4.80000+ 6  1.0000- 3 6.00000+ 6 1.00000- 4 8.50000+ 6 0.00000- 0 112733 4
2.00000+ 7 0.00000+ O 112733 4
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 0 SEND
(1274,102;0,102)

6.01200+ 3 1.18969+ 1 0 0 0 1 112733102 HEAD
0.00000+ 0 0.00000+ 0 0 102 0 1 112733102 CONT
0.00000+ 0 0.00000+ 0 0 1 6 3 112733102 LIST

1.00000- 5 3.60000- 3 1.00000+ 3 4.00000- 2 2.00000+ 7 0.00000+ 0 112733102
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 0 SEND

(1274,107;0,107)

6.01200+ 3 1.18969+ 1 0 0 0 1 112733107 HEAD
0.00000+ 0 0.00000+ O 0 107 0 1 112733107 CONT
0.00000+ 0 0.00000+ 0 0 0 8 4 112733107 LIST
6.18000+ 6 1.00000- 5 6.32000+ 6 1.00000- 4 7.36000+ 6 2.00000- 4 112733107
2.00000+ 7 0.00000+ O 112733107
0.00000+ 0 0.00000+ 0 0 0 0 0 112733 0 SEND
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Table 33.4.

Additional sections of File 33 which could be added to File 33 given in Table 33.3

6.01200+ 3 1.18969+ 1
0.00000+ 0 0.00000+ 0
0.00000+ 0 0.00000+ O
1.00000- 5 8.50000+ 6
1.00000+ 0 4.00000+ 0
0.00000+ 0 0.00000+ 0
1.00000- 5 0.00000+ O
0.00000+ 0 0.00000+ O

6.01200+ 3 1.18969+ 1
0.00000+ 0 0.00000+ 0
0.00000+ 0 0.00000+ O
8.50000+ 6 2.00000+ 7

1.00000+ 0 1.00000+ 0-1.00000+ 0 2.00000+ 0-1.00000+ 0 5.10000+

(1274,51;0.51)

—_—

3

0

0 0 0
0 51 1
0 0 0
0 0 2
0 1 6
8.50000+ 6 2.50000- 3 2.00000+ 7 0.00000+ O
0 0 0
(1274,91;0,91)
0 0 0
0 91 1
0 0 0
0 0 10

-1.00000+ 0 1.02000+ 2-1.00000+ 0 1.07000+ 2

0.00000+ 0 0.00000+ O
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0

_—n O O -

127433 51 HEAD
127433 51 CONT
127433 51 CONT
127433 51 LIST
127433 51

127433 51 LIST
127433 51

127433 0 SEND

127433 91 HEAD
127433 91 CONT
127433 51 CONT
127433 51 LIST
127433 51

127433 51

127433 0 SEND



34. FILE 34. COVARIANCES FOR ANGULAR DISTRIBUTIONS OF SECONDARY
PARTICLES

34.1. Introduction

File 34 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 correlations with those
in File 4, or whether one need be concerned only with correlations 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 a, Legendre coefficients even though a;, = 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 MAT1(=0) field is provided.

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.
The following quantities are defined:

ZA,AWR  standard material charge and mass parameters

LTT flag to specify the representation used, and it may have the following values
in File 34.
LTT=1, the data are given as Legendre coefficient covariances as a function of
incident energy, starting with a, or higher order coefficients.
LTT=3, the data are given as Legendre coefficients covariances as a function
of incident energy, starting with a,. (This information is redundant in the
formats, as specified below, but is considered desirable as an alarm flag.)
LTT=3 if either L or L1=0 anywhere in the Section.

NMTI1 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, NMT1] HEAD
<subsection for MT1 = MT>

<NMTI" subsection for largest MT1>
[MAT, 34, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

Each subsection begins with a control record that identifies the related MT1 and indicates
how many Legendre coefficients are covered for the angular distributions for reaction types
MT(NL) and MTI(NL), MT1>MT.

34.1



The following quantities are defined:
MT1 "other" reaction type; this subsection contains data for the covariances .

COVla,(E)),a;,(E,)] between Legendre coefficients for two reaction types at
incident energies E, and E, for various L and L1.

NL " 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 coefficient is a, if LTT=3, a,>1 if LTT=1).

NL1 number of Legendre coefficients for which covariance data are given for
reaction MT1.

L 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 and L1.

L1 index of the Legendre coefficient for reaction MT1 for this sub-subsection.

NI number of LIST records contained in this sub-subsection.

LS 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.

NT total number of items in the LIST.

For LB=0,1,2, NT=2«NE; for LB=5, NT is dependent on LS as given in
Section 33.2; for LB=6, NT=1+NER*NEC.

{Data} consists of the sequence {E,} {F,,} when LB=5, and {E,} {F,,} when LB=6. (Just
as in File 33).

A subsection has the following form:
[MAT, 34, MT/ 0.0, 0.0, MAT1=0, MTI1, NL, NL1] CONT

[MAT, 34, MT/ 0.0, 0.0, L, L1, 0, NI,] CONT'
[MAT, 34, MT/ 0.0, 0.0, LS,, LB,, NT, NE/{DATA,}] LIST

[MAT, 34, MT/ 0.0, 0.0, LSy, , LBSy,, NTSy, , NEy, /{DATAy }] LIST

[MAT, 34, MT/ 0.0, 0.0, Lys, Llygs, 0, Nlyss] CONT
[MAT, 34, MT/ 0.0, 0.0, LS,, LB,, NT, NE/{DATA,} LIST

[MAT, 34, MT/ 0.0, 0.0, LSy LBuye NTwye NEwyo/ {DATAg )] LIST

NiNss® NINss? NINss

The number of sub-subsections NSS for a given MT1 is NL*NL1, and they are ordered as
(L,L1) = (1,1),(1,2),...,(NL,NL1). (Not all L-values need be included). When MTI1=MT,

redundancy is avoided by giving each sub-subsection only once, when L1=L. In this case
NSS=NL*(NL+1)/2.

" In this first sub-section, L and L1 are the smallest values present of NL and NL1.
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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 (e.g., 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 must not be
repeated, so all sub-subsections in File 34 with L=L1=0 would contain null covariance
components. This procedure would maintain the convention that covariance components are
summed from various portions of the ENDF/B file corresponding to a particular material. (The
information contained in File 34 for L or L1 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=0 only).
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35. FILE 35. COVARIANCES FOR ENERGY DISTRIBUTIONS OF SECONDARY
PARTICLES

35.1. Introduction

File 35 contains covariance matrices for the energy distribution of secondary neutron<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>