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FOREWORD

New versions of the EFF, ENDF/B, FENDL and JEF evaluated data files have been released in the last
several years mainly for benchmarking purposes. All of them have adopted ENDF-6 formats for storing
data. These formats are designed for storing not only data of neutral but also charged incident particles;
they include new representations of data to allow more recent nuclear theory to be used in evaluations and
improved treatment in applications.

NJOY has been adopted by many laboratories and projects for processing ENDF-6 format data files.
Because of the new formats used in the evaluations, large parts of NJOY had to be rewritten. All modified
or new software has to undergo thorough testing before it becomes reliable. The versions of NJOY and
THEMIS presented at this seminar are the result of many severe tests in processing and the ensuing
corrections and improvements. They contain additional modules which extend their capabilities.

The aim of the seminar was to bring together authors and users of the codes and evaluated data files for
presenting the most recent developments of the codes, to discuss their performance, and to exchange
know-how on the methods and recipes best suited for an efficient processing of the most recent
evaluations.

This seminar has been suggested and encouraged by the OECD/NEA Data Bank Management Committee
and the JEF Scientific Coordination Group.

NJOY-91 has been contributed to the NEA Data Bank computer program library through the Radiation
Shielding Information Center, ORNL, Oak Ridge.
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LA-UR
HOW TO NJOY ENDF-6~

Robert E. MacFarlane

Group T-2, Nuclear Theory and Applications
Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

The new ENDF-6 format for evaluated nuclear data is being used for
ENDF/B-VIin the US and for JEF-2 in Europe. The new features of
the format have created opportunities to improve evaluations and to
incorporate new kinds of data, but they have also created headaches
for those who have to process the new libraries and use them for ac-
tual calculations. The NJOY nuclear data processing system is now
able to handle most of the features used in ENDF/B-VI, and our ex-
periences in processing this library are reported. The current status
of NJOY owes much to international cooperation, and recent contri-
butions from users around the world are reviewed. Known problems
are also listed, and some new features that are needed or under de-
velopment are discussed.

I. INTRODUCTION

The Evaluated Nuclear Data Files (ENDF) system has been very successful
in providing high quality nuclear data to many users over the last 25 years. Each
new version has introduced improvements and extensions to the formats as well
as new nuclear data evaluations. The sixth and latest version contains especially
ambitious changes in the formats.! These changes have created opportunities to
improve evaluations significantly. They also allow many new types of nuclear data
to be incorporated into ENDF-format libraries. Examples of the new features
include

e a reorganization into sublibraries to {)rovide cleaner distinctions between

data for different incident particles (neutrons, protons, etc.) or data of
different types (decay data, fission-product yield data, thermal data);

e a restructuring of reaction naming conventions to allow for charged-particle
induced reactions;

*Prepared for the OECD Seminar-Workshop on NJOY-91 and THEMIS, NEA Data Bank,
Saclay, France, 7-8 April 1992.
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e the introduction of new resonance-region formats such as Reich-Moore, Hy-
brid R-Function, and R-Matrix to take advantage of modern high-resolution
data, sophisticated fitting codes, and improved nuclear model codes;

e a new system for representing production yields and energy-angle distribu-
tions for all products of a nuclear reaction, general enough to take advan-
tage of modern nuclear model code results;

e special formats for charged-particle elastic scattering that allow full treat-
ment of nuclear scattering, Coulomb scattering, and the interference be-
tween them;

¢ new formats for representing the uncertainties in the cross sections and
distributions included in an evaluation.

However, the introduction of new evaluations that take advantage of these
features has been a problem for many users because existing applications and
processing codes have to be upgraded to take full advantage of the new fea-
tures. One such code is the NJOY nuclear data processing system.z' 34,5 At
its current version level of 91.34, NJOY has been able to process most of the
ENDF/B-VI evaluations into pointwise and multigroup forms. Our experiences

in doing this processing will be described in the following sections.

The current status of NJOY owes much to international cooperation. Users
around the world have been very helpful in finding problems and suggesting solu-
tions. Many of these contributions will be noted in the following sections. With
so many NJOY installations doing active work, the procedures used for revision
control and quality assurance (QA) become very important. These procedures
are still under development, and their current status will be described in one of

the following sections.

Finally, a code system like NJOY never seems to be finished. A number
of shortcomings have shown up in the processing of ENDF/B-VI and JEF-2.
In addition, there are a number of improvements that should be made to the
methods used in NJOY. Some of these problems will be described in the following

sections.

II. ENDF/B-VI

The ENDF/B-VI library and the first modification set to it (VI.1) have both
been released and are freely available. (Please note the convention that ENDF/B-
VI refers to the US library and ENDF-6 refers to the format, which is also used
by other libraries such as JEF-2.) Many of the materials in the library have been
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converted from earlier ENDF/B-V evaluations, and some of the new evaluations
use formats that are basically the same as the ENDF/B-V format. There are no

new problems associated with processing these materials.

The new materials in ENDF/B-VI that use the new capabilities of the ENDF-
6 format fall into a few classes depending on where the evaluation was performed
and what special features of the format were used. Especially significant are the
evaluations from the Oak Ridge National Laboratory (ORNL), the Lawrence Liv-
ermore National Laboratory (LLNL), and the Los Alamos National Laboratory
(LANL).

Class 1 The ORNL evaluations for 5°=54Cr, %*Mn, %4-%8Fe, %8-64Ni, %65Cy, and
206-208pL,  which use a Reich-Moore resonance representation and a lab
Legendre representation for File 6 energy-angle distributions.

Class 2 The ORNL evaluation for 1°F, which is similar to the class above except
that it uses a special representation for the (n,2n) reaction in File 6.

Class 3 The LLNL evaluation for °Be, which uses the angle-energy ordering
option to describe the (n,2n)2a neutrons and « particles in File 6.

Class 4 The LANL evaluation for 2H, which uses a phase-space distribution for
the (n,2n) reaction in File 6.

Class 5 The LANL evaluation for 1! B, which gives the distributions of secondary
neutrons in File 6, but which does not have charged-particle distributions.

Class 6 The fissionable materials that use new resonance representations and/or
File 6. These include 2'Np, 23%U, 28U, and 2*°Pu, with contributions from

LANL, ORNL, and Harwell.

Class 7 The LANL translations of the old ENDF/B-III thermal moderator eval-
uations into ENDF-6 format.

III. POINTWISE PROCESSING

The normal procedure used for ENDF/B-VI processing at Los Alamos starts
by breaking up the ENDF “tapes” received from the National Nuclear Data Cen-
ter at the Brookhaven National Laboratory into separate materials and storing
them in a hierarchical storage system with paths like “/endf/6/neutron/u/235”
or “/endf/6/thermal/h20.” Clearly, the third field is the ENDF-6 sublibrary
name, the fourth is the chemical name, and the last is the isotope name (or
“nat”). Each of these material files is then sent through the sequence of NJOY
modules RECONR, BROADR, UNRESR, HEATR, and THERMR to generate a

pointwise version of the material. These so called “PENDF” files are stored in the
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file system using paths like “/pendf/6/u/235.” Problems introduced by ENDF-6
occur mostly in resonance reconstruction, heating and damage calculations, and

thermal-scattering calculations.

A. Resonance Reconstruction

Processing logic for the Reich-Moore resonance representation was included
in NJOY 89, and it was checked against the SAMMY codeb used to prepare
Reich-Moore resonance tabulations at Oak Ridge and against other codes during
the code comparisons exercises initiated by D. E. “Red” Cullen when he was at
the IAEA. These exercises are now being continued by Srinivasan Ganesan during
his tenure at the IAEA Nuclear Data Section. Careful studies of the results of
resonance reconstruction using RECONR by Ganesan hinted at some problems.
Further studies by Cullen and by Eaton, Dean, and Rowland at Winfrith revealed

two errors:

e Duplicate J values were being treated incorrectly in the Reich-Moore sec-
tion. This resulted in incorrect values of the potential scattering cross
section. It was fixed in version 91.2 using a patch supplied by Charles
Dunford of the National Nuclear Data Center.

 An incorrect channel radius was being used in connection with the NAPS=1
option for Reich-Moore parameters. This resulted in incorrect peak cross
sections for resonances in material like 6Fe. It was fixed in version 91.15
using code contributed by Winfrith.

Several other small changes were made in RECONR, including patches submitted
by Margarete Mattes of U. Stuttgart, Caroline Raepsaet of CEA, and Gian Carlo
Panini of ENEA Bologna.

The current version of the RECONR module (91.28) has been used to process
all of the materials in ENDF /B-VI successfully. However, there are still several

improvements that need to be made:

* Improve accuracy on short-word machines. Current methods allow 7 digits
of accuracy on Sun or VAX, but only six on IBM machines. There are
energy regions where as many as 8 significant digits might be necessary.

* Repair the Hybrid R Function representation. Problems have been re-
ported by Harold Knox of Westinghouse when processing the new ORNL
evaluation for Si-28.

e Add coding to handle the Generalized R-Matrix formalism. This may be
needed for high-quality light-isotope evaluations in the future.
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e Process resonance parameters to produce detailed angular distributions in
the resonance range. This step is possible using the new evaluations from
ORNL, and improved angular distributions might be important for deep-
transport problems.

B. Heating and Damage

A number of the new features of the ENDF-6 File 6 were chosen to improve
the calculation of nuclear heating (KERMA) and radiation damage (or DPA),
which was very difficult with earlier versions of the ENDF libraries because of
energy-balance problems.7' 8 These earlier versions of ENDF did not have the
explicit distributions for the emitted charged particles, including the recoil nu-
cleus, that are allowed in ENDF-6. Thus, it was necessary to compute the energy
deposited in charged products by subtracting the neutron and photon energies
from the energy available. This procedure requires extraordinary accuracy in
maintaining energy conservation for all parts of the evaluation because these
differences are often relatively small. Modest problems with interpolation and
problems determining the effective available energy for elements would often be

magnified into negative or absurdly large heating values.

However, the charged particles can be represented explicitly in an evaluation
using ENDF-6. It is then straightforward to obtain the heating by summing up
the contributions from all the particles for each reaction. These distributions are
normally calculated using nuclear model codes, and an example of the kind of
improvement obtained for the ORNL evaluation of copper is shown in Figure 1.
(The elemental heating value from the isotopic values for 63.65Cu with the new
MIXR module available in NJOY 91.)

The HEATR runs went well for the materials in Class 1 and 2, which have very
complete File 6 data that were explicitly adjusted to conserve energy for every
reaction. The dramatic improvements in the heating cross sections provided by
these ORNL evaluations for the important materials of iron, nickel, chromium,
copper, and lead is one of the major advantages that ENDF/B-VI has over its
predecessor. The HEATR runs also went well for 9Be because HEATR is able
to process the secondary distributions for the « particles given in the “Law 77
ordering E, y1, E'. Similarly, 2H in Class 4 was easy to process because the energy
of the secondary proton from the (n,2n) reactions is determined by the phase-

space law used in File 6.
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Figure 1: KERMA comparison for elemental copper in ENDF/B-VI
(solid) and ENDF/B-V idashed). The improvement was made possible
by using a nuclear model code to do careful evaluations for the individ-

ual isotopes and by using File 6 to give the distributions for all charged
reaction products.

The case of !B from Class 5 was more difficult. This material contains a File
6 description of the emitted neutrons, but the subsections for charged particles
and the recoil nucleus were not included. HEATR drops back to using an energy-

balance calculation. A future revision will remove this fault.

Because the heating for the materials in Class 6 is dominated by fission,
accurate treatments of recoil from other reactions is not very important. These

evaluations describe only emitted neutrons in File 6, and HEATR uses energy-
balance to obtain the KERMA.

The final results of running HEATR on the materials of ENDF/B-VI have
been reported elsewhere.9 In general, the results were very good for ENDF/B-
VI materials that use File 6, but many materials carried over from ENDF/B-V

and some of the materials evaluated for ENDF/B-VI that don’t use File 6 have
significant energy-balance problems.
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C. Thermal Scattering

The ENDF-6 format for thermal scattering data contains a few extensions
to include subsidiary data that was missing from the original format (such as
effective temperatures for the short-collision-time approximation), and a bet-
ter representation for coherent elastic scattering. The old ENDF/B-III thermal
evaluabtions10 were converted to ENDF-6 format at Los Alamos, but no new
physics was added. It was fairly easy to process the ENDF/B-VI data using the
THERMR module of NJOY 91. Some small corrections were necessary, includ-
ing contributions from Mattes to fix some problems with cold moderators. Chris
Dean of Winfrith, Fortunato Aguilar of ININ, and Ul Decher of Combustion
Engineering submitted patches for short-word machines. The current level of

THERMR is 89.22.

The only significant problem found during thermal processing is that the
coherent elastic data for graphite in ENDF/B-VI is incorrect above 0.1 eV. We
hope to fix this soon and to make other improvements to the ENDF/B-VI thermal

evaluations.

IV. MULTIGROUP PROCESSING

Multigroup cross sections and transfer matrices for nuclear reactions are
produced by running the GROUPR module of NJOY with a particular group
structure, weighting function, Legendre order, temperature list, and o, list.
At Los Alamos, we write out the results in our file system using paths like
/1ib30/6/gendf/u235 and /1ib30/ 6/output/u235. As of this date, we have been
able to process most of the materials from ENDF/B-VI and VL.1. Table 1 summa-
rizes our work. After all the materials needed for a library have been processed,

they are assembled into a MATXS library using MATXSR.

The only ENDF/B-VI material that we have not been able to process is '°F,
which uses an unusual representation for the (n,2n) reaction in File 6. Two
subsections are given for emitted neutrons, one for the first neutron, and one for
the second. NJOY cannot currently handle this option, and we have substituted
the ENDF/B-V version of '°F into our libraries for the present.
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Table 1: Number of ENDF/B-VI and VI.1 materials that have been
processed into various libraries at Los Alamos. The notation “30x12”
means 30 neutron groups and 12 photon groups.

Library Groups  Materials
matxs10 30x12 117
matxsll 80x24 95
matxs12 69x24 140
matxs13 187x24 32
matxsi4 175x42 32

A. Constant Spectra

The most significant change made in GROUPR recently was started in 89.63
(June 1990). For low incident neutron energies, the shape of the neutron and
photon spectra from fission and the photon spectrum from radiative capture does
not depend on energy. As a result, a fission matrix for a large group structure
with many thermal groups (such as our 187-group structure) contains much re-
dundant information. Large amounts of time and storage space can be saved by
decomposing such matrices into the sum of a product of two vectors and a smaller
matrix. GROUPR does this automatically by determining the energy range in
which the spectrum shape will be constant from the ENDF file. It then computes
a single spectrum, giving the fraction of neutrons or photons appearing in each
energy group for reactions caused by neutrons in this energy range. GROUPR
also computes a production cross section for each incident-energy group that
lies in the constant range. The transfer matrix is then computed for incident-
energy groups above the constant range and all secondary-energy groups. As
an example, a 187x187 fission matrix might decompose into a 187-group spec-
trum, a 132-group production cross section, and a 53x187 matrix for a savings
of 70%. The spectrum and production cross section are added to the section in
the GENDF file for the matrix. The trick is to give the spectrum as a record
with IG=0 and to give the production cross section as a set of records for the

low-energy groups with 1G2L0=0.

The problem with this improvement is that its effects propagate into all the
other NJOY modules that use GENDF input; namely, MODER, DTFR, CC-
CCR, MATXSR, POWR, WIMSR, and PLOTR. The effects were most signifi-
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