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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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cant for MATXSR. It was necessary to modify the MATXS format to allow all
the details of these decomposed matrices to be preserved. This, in turn, causes

problems for codes that use MATXS input like TRANSX and BBC.13

B. MATXS Changes

The necessity to make one change to the MATXS format created the oppor-
tunity to make other changes. One of the problems with the original MATXS
format was that it was difficult to insert a new material or replace an old material
in an existing library. This was due to the organization of the library by “data
types.” All the neutron scattering data for all materials was stored together,
followed by the photon production data for all materials, and so on. We decided
to change the organization so that all data types for a given material were stored
together, followed by all data types for the next material, and so on. This made
it much easier to write a version of the BBC library-maintenance code with the

following advanced capabilities.
e Insertion of one or more new materials at any point in the library.
e Deletion of materials.
¢ Replacement of any material with a new version.

o Extraction of a subset of the materials on a library to make a new smaller
library.

Listing, indexing, and conversion between binary and BCD modes.

The extraction option can be used to speed up TRANSX runs for a class of
problems by reducing the amount of data TRANSX has to read for each run.

C. Other GROUPR Changes

Other changes to GROUPR include some new group-structure and weight-
function options, several small repairs to the coding (thanks are due to Peter
Laughton of AECL Canada and to Caroline Raepsaet of CEA-DMT Saclay for
some of these), a number of improvements to the flux calculator developed at
Los Alamos or suggested by John Rowlands (Winfrith and Cadarache), and
an update to allow tabulated angular distributions in File 6 contributed by M.
Konieczny of the Culham Laboratory.
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The current list of future projects for GROUPR follows.

e Fix File 6 processing to allow multiple subsections for an emitted particle.
This option is found in ENDF/B-VI °F.

e Fix File 5 processing to allow multiple tabulated emission laws for a neu-
tron. This case is found in JEF-2. A draft update for this problem is
available (Dean, Winfrith).

o Repair some problems in the treatment of charged-particle elastic scattering
reported by Vontobel of the Paul Scherrer Institute.

V. MONTE CARLO PROCESSING

The capability to prepare ENDF-6 evaluations for use by the Los Alamos
Monte-Carlo code MCNP1! has been delayed significantly beyond our original
targets, and neither NJOY nor MCNP are currently able to take full advantage
of the new evaluation in ENDF/B-VI. Part of the problem is that the effects
of ENDF-6 features propagate throughout the entire system. MCNP has to be
changed to take advantage of File 6 distributions, the ACE format has to be
changed to deliver the data to MCNP, and the ACER module of NJOY has to
be changed to prepare the new ACE file. The following were our targets:

e MCNP should be able to sample from all the neutron energy-angle distri-
butions available in File 6.

e MCNP should be able to sample from all the photon production data,
whether given in the old File 12/13/14/15 style or given in File 6.

e MCNP should have a full probability-table treatment available for unre-
solved region cross sections.

e MCNP should be able to handle the extremely large tabulations of reso-
nance cross sections found in some of the new ENDF/B-VI evaluations.

¢ The ACER module of NJOY, which is used for producing ACE-format
libraries for MCNP, should be improved so that it could be used more
easily away from Los Alamos.

We started this process with a major update to ACER in version 89.60 in
May of 1990. This version was intended to attack the last target in the above
list. It broke up the large subroutines into smaller ones, handled many Hol-
lerith/character data type problems, solved many problems arising from mixed
real and integer data in arrays, and provided capabilities to work with Type
1, Type 2, and Type 3 libraries. It also added a capability to produce ACE

18



dosimetry files, and it added the first part of a new capability to produce ACE

photoatomic files.

Of course, a massive change like this is hard to do without making mistakes
and omissions. We found a number of them on our own, and many others were
kindly reported to us by Margarete Mattes of U. Stuttgart, Peter Vontobel of
the Paul Scherrer Institute, and Max Lazo of SAIC/Albuquerque and the Sandia
National Laboratory (SNL). These changes will mostly be found in version 91.25
dated 6 December 1991.

A. Using File 6 in MCNP

It still remained to attack the first three targets in the above list. ACER
in NJOY 89 already had limited capabilities to work with File 6 if the Kalbach
law was used to represent the energy-angle distribution for the emitted neutrons.
It also had the capability to extract photon production data from the sections
of File 6 and to write it into the ACE file using the existing “detailed photon
production” format. The ACE format for this data was called “Law 44.” A patch
existed for MCNP that allowed the code to sample from the neutron energy-
angle distributions and from the detailed photon-production data. However, we
were not able to work with the energy-angle-energy representation used in the
LLNL evaluation of °Be, with the lab Legendre representation used in the ORNL
evaluations, or with the phase-space representation used for the (n,2n) reaction

in ?H.

Some work was done on the °Be case in early 1991 by Bob Seamon and Bob
Little at Los Alamos. They defined a new ACE format for the data, prepared
the cross sections in the new format, modified MCNP to sample from the new
data, and tested the entire package. The ACER module of NJOY has not been
upgraded to prepare this new format as yet. No work has been done in either
MCNP or NJOY for handling the phase-space distribution used by the ENDF/B-

VI evaluation for 2H.

A more important need is the ability to handle the ORNL evaluations for
important materials like iron, the components of stainless steels, copper, and lead.
These evaluations give the energy-angle distributions for secondary neutrons as
laboratory Legendre expansions for each E—E' transfer. It is difficult for a
Monte-Carlo code to sample from the Legendre distribution, but it is easy to

sample from the Kalbach distribution.® This suggests that one should convert
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the Legendre data into an equivalent Kalbach function. If the Kalbach formula
really provides a universal function for representing these angular distributions
(as it claims), the converted distribution should be as good or better than the
original one (better because truncation oscillations in the Legendre expansion
would be eliminated). Methods for making this conversion have been developed

by Arnie Sierk at Los Alamos and included in version 91.32.

Basically, Kalbach claims that the angular distributions in the center-of-mass

for emitted particles can be represented well by the the function

fp) = ﬁf};(@[cosh(aa) + rsinh(ap)] , (1)

where a is a simple function of mostly E’, and r is the preequilibrium fraction.
When r=0, evaporation dominates, and f(x) is an even function. When r=1I,
preequilibrium processes dominate, and f(u) shows a strongly forward-peaked
behavior. Our method starts with the angular distribution from the ORNL
evaluation and computes the values of the forward and backward scattering in
the CM frame. The parameters r and a are then chosen to reproduce these two
values. A typical example of the type of fit obtained is shown in Figure 2. The
functions r(E, E’) and a(E, E') that result from this process are written out on
the ACE file using Law 44 just as if the original evaluation had used the Kalbach

representation.

The advantage of this approach is that no additional changes have to be made
to MCNP or the ACE format. The large set of new evaluations from ORNL is
immediately available to the MCNP user.

B. Using Probability Tables in MCNP

The second and third targets in our original MCNP list can both be at-
tacked by using probability tables. ENDF evaluations represent the unresolved-
resonance range by giving average resonance parameters and specifying the dis-
tribution function for each of the parameters. In RECONR, these parameters
are used to compute the expectation value for the total cross section as it would
be observed in a thin sample or a dilute mixture. In the past, only this infinitely-
dilute cross section has been made available in ACE libraries. Thus, the effects of

self-shielding in the unresolved range, which are important in many applications,
have been neglected by MCNP.
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Figure 2: Example of fitting the Kalbach function to Legendre distri-
butions. Note the nearly isotropic behavior at low outgoing energy (£')
and the forward-peaked behavior at high outgoing energy.

A number of years ago, Lee Carter of the Hanford Engineering Development
Laboratory (HEDL) developed a patch to allow MCNP to use the probability
table method pioneered by Levitt.12 Jacek Arkuszewski of the Paul Scherrer
Institute also worked on this patch during and after a visit to Los Alamos. The
method is based on the following argument. If the width of the resonances is small
with respect to the average energy loss in scattering (the NR approximation),
neutrons appear in a given energy range with energies that are not correlated
with the positions of resonances in that range. The probability of that neutron
seeing any particular value of the cross section can then be chosen randomly from
the appropriate distribution, or “probability table.” We developed the PURR
module of NJOY to produce the probability tables from ENDF evaluations. Bob
Little of Los Alamos developed the methods to patch the results of PURR into
MCNP. Unfortunately, this technology has never been developed to the point at
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which it can be included as a standard pért of the MCNP system. This final

step needs to be made in the near future. .

In preparation, we have recently made a major upgrade to PURR. The main
feature of this upgrade is to treat all the temperatures at once in order to preserve
the correlations in the cross sections. This means that a neutron that samples
a particular cross section in a region at temperature T; will see a related cross
section if it travels into another region where the temperature is T;. PURR now
writes all its results on the PENDF tape using a specially defined format in File
2 with MT=153. ACER has been modified to watch for this section. Additional
coding must still be added to extract the probability tables from the PENDF
tape and to load them into the ACE file.

Several of the evaluations of ENDF/B-VI have dramatically improved their
resonance representation by pushing the boundary between the resolved and
unresolved range to higher energies. For example, the ENDF/B-V evaluation
of 33U used a breakpoint of 82 eV, and the new ENDF/B-VI evaluation uses
2.5 keV. This means that a very large number of energy points are needed to
represent the resolved-energy range on the PENDF file. These huge resonance
tabulations can load down MCNP and make library transfer and storage very
expensive, especially when workstations are used to run MCNP instead of large
supercomputers. The obvious way to alleviate this problem is to convert the
high-energy part of the resolved-range tabulation into probability tables that use
the same format as the unresolved-range tables produced by PURR. These tables
can then be used by the existing unresolved patch for MCNP. As long as the NR
approximation conditions used to justify the probability table method remain
valid, this step of converting point cross sections into probability tables should
cause little degradation in the accuracy of the MCNP results.

The mechanics of converting point cross sections to probability tables have
been developed for the probability-table option of TRANSX.13 The next step is
to incorporate these methods into ACER as a thinning option, and to link the
results into the ACE file as if they had come from PURR.

C. Developments Needed for Monte Carlo

The additional developments still needed for MCNP and the Monte-Carlo
part of NJOY are listed below.
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e Add a capability to sample from phase-space distributions to MCNP and
add an appropriate format to the ACE file specifications.

e Add coding to process phase-space distributions and the type of distribu-
tion used for °Be to the ACER module of NJOY.

¢ Add coding to copy the probability tables from MT153 on the PENDF tape
into the ACE library. Also provide code to print on the output listing.

e Add an additional thinning method in ACER, which will convert high-
energy resonance cross sections into probability tables, write them on the
ACE file, and print them on the output listing.

e Finish the photoatomic section of ACER by providing a method of pro-
ducing tables of fluorescence photons and electrons. MCNP may have to
be modified to accept more detailed fluorescence data.

VI. PHOTOATOMIC DATA

New photoatomic data are included in ENDF/B-VI as supplied by LLNL.
These data include subshell cross sections not previously included in ENDF pho-
ton interaction libraries. In addition, Livermore has recently released! data
on fluorescence yields and electron energy deposition that will allow the user to

make accurate photon transport and heating calculations at low photon energies.

Photoatomic data are processed into multigroup form by the GAMINR mod-
ule. We were able to generate libraries for the 12-, 24-, 42-group structures
with no difficulty. These libraries include the basic photoatomic cross sections
and matrices for coherent scattering, incoherent scattering, and pair production.
Photoelectric absorption is treated as a photon disappearance reaction, resulting
in local heating only. The new fluorescence data from LLNL should allow us to
convert the photoelectric absorption reaction into a transfer matrix. The fluores-
cence photons produced by this matrix could then be transported to cause other

reactions elsewhere in the system.

Photoatomic data are processed into Monte-Carlo form by ACER. The cur-
rent version of the code can successfully process the cross sections and tables
for coherent scattering, incoherent scattering, and pair production. The code
currently ignores fluorescence. Therefore, the new cross sections would have to
be merged with the fluorescence tables from the existing MCNP libraries to be
useful at this time. The next step would be to redesign the fluorescence treat-
ment in MCNP, the library format that supplies data for the treatment, and the
coding in ACER that produces the photoatomic data in order to take advantage
of the new data from LLNL.
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In the existing system, MCNP handles fluorescence, but it is ignored in multi-
group calculations. This sometimes leads to noticeable differences between Monte
Carlo and Sy results. The steps outlined above would remove this shortcoming
from the multigroup libraries and improve the Monte-Carlo libraries in such a

way that the two different kinds of calculations would be consistent.

VII. PLOTTING

The ability to make good, publication-quality graphs of nuclear data is very
important. It can even be considered to be a part of the QA environment, because
errors are often easier to find from graphs than in any other way. However, plot-
ting is normally very machine-dependent, and it can be very expensive to install
the many systems required to deal with all codes. Luckily, a default standard is
beginning to appear. Almost everyone seems to have access to a PostScript15
compatible printer these days. Many workstations (and even personal computers
as small as a 386 VGA notebook) are capable of displaying PostScript graphics
on their screens. In addition to being the least expensive way to display graphics,

PostScript is also the best way, with the richest selection of drawing operations

and fonts of any system.

Therefore, we have decided to modernize and unify the graphics sections of
NJOY by supplying the output in PostScript format. The main principle used
to design computer codes that are easy to transport to other systems is to push
the machine-dependent parts to as low a level as possible. For example, most of
the machine-dependent coding is NJOY is contained in a few subroutines in the
NJOY section of the system. The ultimate extension of this principle is to push
the plotting work entirely out of NJOY. The system currently contains three
modules that produce graphics.

DTFR This module draws its own axes and characters based on fairly old meth-
ods. It has had the advantage of being easy to adapt to other systems
because the interface is on the vector level. The results are not publication
quality.

COVR Fairly nice shaded contour graphs of the correlation matrix and graphs
of the variances along both axes are produced using DISSPLA.

PLOTR This module can generate a number of two-dimensional and three-
dimensional plots of ENDF, PENDF, GENDF, as well as experimental
data, including overlays of different curves and flexible titles, curves tags,
or legends. DISSPLA is used; the results are close to publication quality.
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Although DISSPLALS is available at a number of the larger computer centers, not
everyone has it. In addition, it is very expensive to install on workstations, and
it is possible to produce better quality output with the less expensive PostScript
approach.

Our first step has been to convert the PLOTR module of NJOY into a stand-
alone code that reads a simple text input file similar to the current PLOTR input
for experimental data and produces the plots directly in PostScript format. These
PostScript files can then be sent to a printer, or they can be viewed on a screen
if you have suitable software. The next step is to modify each of the three NJ 10)'¢
modules listed above to write the text interface file instead of generating graphs

directly.

When this process is finished, NJOY will not contain any graphics calls at
all, and all the complexities associated with mounting graphics libraries will be
gone. The stand-alone PLOTR code can be used to produce plots in PostScript,
or it could be modified to use other systems such as. GKS. In fact, we have a
version that has been converted to C and equipped with an OpenLook window
system. This allows graphs produced by NJOY to be viewed and modified using

the mouse on a Sun workstation.

VIII. REVISION CONTROL AND QA

Nuclear cross sections are needed in many programs that are forced to op-
erate under strict Quality Assurance (QA) procedures. Although “grandfather”
clauses have allowed existing code systems like NJOY to be used in QA environ-
ments, there are strong pressures to make NJOY comply with QA rules. There
are a number of different formal QA documents currently available, such as the
US national standards published by the American National Standards Institute
and the Institute of Electrical and Electronic Engineers (ANSI/IEEE series), the
DOE NQA series for nuclear activities (DOE Order 5700.6c, “Quality Assur-
ance”), and even local versions such as the “Los Alamos National Laboratory

Quality Assurance Manual.”

All of these various standards share some coirnmon principles, one being that
is is necessary to carefully control changes to computer codes in order that it
always be possible to determine exactly what version was used for any given

task. This principle has the following four components:
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A history of all the changes to the computer code that allows its state at
any particular time to be reconstructed.

e Labeling of code listings and job output listings that allows the version
used for any task to be determined.

e Documentation of the reasons for and results of each set of changes to the
code.

e Protection of source code and change history records against loss, damage,
or tampering.

The last two jobs can only be performed by the people who maintain the code,
and strict administrative guidelines are often established to make sure that the
jobs are performed. The first two tasks (and some aspects of the third) should

be delegated to a computer code.

A number of such codes have been used in the past in the nuclear indus-
try. The UPDATE codel? is widely available on CDC and Cray systems, and
the similar HISTORIAN code!8 can be purchased for a number of computer
systems. The problem with these commercial systems is that no one code is
available universally, and there is no uniform “update” system that all users can
be expected to have. If the system is not uniform, it is difficult to send out
modification sets and have a reasonable hope that they will be used correctly by
everyone. For the NJOY 89 distribution, we tried to solve this problem by in-
cluding an UPDATE emulator.19 Unfortunately, this code attempted to emulate
so many of the features of UPDATE that it became fairly complex and hard to
port to different machines. In addition, the line numbering sometimes came out
differently on different machines, especially for updates made on top of previous

updates.

In order to solve these problems, we have designed a new UPDATE-type code
for NJOY 91 called UPD.20 By leaving out many of the features of its ancestor,
we have been able to make UPD so simple that it is easy to port to any computer.
UPD works directly on the code’s “source” file using a file of update “idents”
similar to the ones used with the UPDATE system. There is no equivalent to the
binary program libraries used by UPDATE and HISTORIAN. UPD produces
compiler input files (CPL) and special listing files (LST) directly.

The UPD code is used together with a detailed revision procedure to provide
history information, version labeling, and limited modification comments. A
typical example of an UPN file to modify NJOY 91.0 might look like this.
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*CPL
*SET SW
«IDENT UP1
+/ BROADR -- 11 MAR 92 —- CHANGE SIZE OF MAIN CONTAINER ARRAY
«D BROADR.101
COMMON/BSTORE/A(50000)
*D BROADR. 106
NAMAX=50000
*IDENT VERS
+/ UPDATE VERSION NUMBER AND DATE TO CORRESPOND TO LAST IDENT
*D NJOY.8
c * VERSION 91.1 -- 11 MAR 92
*D NJOY.326
DATA VERS/’ 91.1'/

The first line requests that a compiler input file (CPL) be produced. The sec-
ond tells UPD to activate the short-word options (SW) contained in *IF SW...
constructs in the source code. The third line starts a set of code modifications.
The first set of updates must be called UP1, and it advances the version number
of the code from 91.0 to 91.1. The first line (or lines) in the “ident” must be
a comment that gives the name of the module, the date, and a description of
the change in exactly the style shown. Using this style enables one to scan for
changes with a text editor. The ident called VERS must be present. It changes
the version and date comment on the source listing, and it changes the VERS
constant that is used to label the output listings from NJOY. Note that these
procedures satisfy the “history” and “labeling” requirements discussed above as
necessary for any QA environment, and the comment card satisfies at least part

of the “documentation” requirement.

If you should need to change the size of the container array in BROADR
again at some later date, you cannot simply go back and edit the lines in ident
UP1. This would destroy the history and make it impossible to determine the
exact configuration of the code that was used on any particular date. Instead,
you would add a new ident, for example UP2, that refers to line numbers like
UP1.4 and UP1.6 instead of BROADR.101 and BROADR. 106.

Of course, users are free to use their own schemes for numbering experimental
or local changes to NJOY. When an experimental update has been finalized, it
can be sent to Los Alamos for incorporation into a future release. We will
periodically release “minor” versions, such as 91.13, 91.34, etc., and when the
update set gets too large, we will release a new “major” version, such as NJOY
93.
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IX. CONCLUSIONS

The NJOY code has been used successfully to produce multigroup nuclear

data and photoatomic data from ENDF/B-VI, and it is almost ready to be
used to generate libraries for the MCNP Monte-Carlo code. Thanks to generous

cooperation from the users of NJOY, the code is gaining reliability and new ca-

pabilities. In addition to those mentioned in the text, the following people have
contributed recently: Harm Gruppelaer (ECN/Petten), Fred Mann (Westing-
house Hanford), Clas Gragg (Studsvik), Mike Milgram (Chalk River), Ian Gauld
(Whiteshell), Doug Muir (IAEA), Claes Norborg (NEA-DB), and Enrico Sartori
(NEA-DB). Finally and specially, Denise George of Los Alamos has made major

contributions to the success of the NJOY processing system.
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Summary

This paper briefly describes the generation of nuclear data for the European Cell Code ECCO. It shows
how the codes NJOY and CALENDF are applied. As the data are taken from more than one code, it
is important to check that the data are both correct and consistent. The code Merge amalgamates the
output from both codes. The code CRECCO writes the group constants to the ECCO nuclear data
library. Both codes perform many checks which are described. As a resuit of these checks
improvements have been made to NJOY, CALENDF and the JEF2 evaluated nuclear data. Examples
are given. We conclude that the Quality Assurance of the nuclear data in the ECCO libraries is greatly
enhanced by the use of these checking tools. -
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1. Introduction

In the framework of the European Fast Reactor Collaboration (1) the core physics programme (AGT3)
includes a project to generate a common cell code called ECCO (2). ECCO requires multi-group cross

sections in fine (Au~1 /120) and broad (Au~1/2) energy groups. This paper firstly describes how these
data are generated. It then specifies the role of NJOY (3)/THEMIS (4) and CALENDF (5) in generating
the required group constants.

NJOY and THEMIS output group data on a GENDF file. CALENDF has its own output structure. The

MERGE code is used to add CALENDF output to the GENDF to form a GENDF* file. During this
operation common data generated from both codes are processed and compared.

The data on the GENDF* are added to the ECCO library by the CRECCO code. This performs several
consistency checks.

The main purpose of this paper is to describe the checks performed by MERGE and CRECCO. It then
demonstrates through examples, how the checking procedure has highlighted problems in NJOY,
THEMIS, CALENDF, and in the JEF2 evaluated data. The paper shows how NJOY/THEMIS have
been used to check CALENDF and vice versa. It also shows how, by processing ENDF/B-6 format
data with two different codes, one can help improve the evaluated data.

2. ECCO Data Generation

2.1 Quantities Required

ECCO requires neutron cross sections and scatter matrices covering the energy range 20 MgV -
1.0E-5 eV. ltis intended to use ECCO for fast reactor calculations but an ability to study slowing down
spectra in the resonance region to help validate thermal reactor methods has necessitated the

production of low energy data. Libraries of fine group (Au=1/1 20) constants are generated for the

more important nuclides for use in reference calculations. Broad group (AU=1/2) libraries are

generated by consistently condensing the fine group data using a code called CONDENA. Data for
less important substances are generated and added to this library.

Primary cross sections are defined as those needed by ECCO to calculate neutron fluxes and
components of neutron balance. (e.g. total, transport, v*fission and capture). Four of these lead to
neutron sources. Scattering matrices (up to P5 for reactor shielding purposes) are needed for elastic
(fast and thermal), inelastic (high energy), and n,Mn (the summation of all multi neutron production
except fission). Fission spectra are required for each fissionable nuclide and can, if desired, be
specified at particular incident neutron energies. Response functions include the potential for such
items as KERMA, displacement cross sections, and isotope activation. In addition gamma source data
for capture, fission and inelastic are desired.

Resonance self shielding in ECCO uses sub-group probabilities and cross sections because they can
be used explicitly in calculations for complex geometries whereas “Bondarenko” shielding factors
require equivalence relationships to be formulated.

2.2 JEF2 Library Generation

The writing and testing of ECCO has made use of the FGL5 (6) library which was generated from the
United Kingdom Nuclear Data Library - UKNDL (7). Meanwhile methods for generating new libraries
based on JEF2 (8) have been developed. These were described at the last NJOY seminar (8) and at
PHYSOR (10). Figure 1 shows the overall generation route. We are generating data in 1968 energy
groups so all generation must be automated and checked. The function of each module in the
generation route will be explained in the sections below. It can be seen however that the cross
sections and scatter matrices generated by NJOY/THEMIS are joined to the resonance shielding sub-
group data from CALENDF by the MERGE code. The infinite dilution cross sections are produced by
both codes and can be compared within a tolerance. The sub-group data can be reformed into
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Bondarenko shielding data at fixed backgrounds and similarly compared. The joined and adjusted data
must be inverted in energy before being added to the direct access ECCO library.

The numbers following module and data names indicate the current versions. In the case of
NJOY89.62 the extra “w” indicates the presence of local enhancements. These have all been made
available to R.McFarlane for inclusion in NJOY91 and to THEMIS programmers (11).

Within the unresolved resonance region the data from NJOY cannot be compared directly with that
from CALENDF. The UNRESR module of NJOY generates shielded cross sections using an analytic
method. The CALENDF code generates sub-region ladders. Group data at the 1/120 lethargy level will
not compare. However at the 1/2 lethargy level the random structure from the ladders should “average
out” to the accuracy required. Therefore the generation route is extended as in Figure 2. The UNRESR
module outputs a PENDF file containing the shielded cross sections at energy points. In Figure 1 these
were averaged into 1/120 lethargy width cross sections. A second GROUPR run can thus be
appended to produce 1/2 lethargy data using the same weighting function. The CALENDF code has
generated sub-group resonance shielding data in the 1/120 lethargy structure. These are used to form
moments of the total cross sections which are condensed in the COLLAPSE code. COLLAPSE refits
sub-group parameters to these moments. A second MERGE run can then be made but this time only
the checks are of interest (The joined file is not kept).

At Winfrith JEF2, and all other ENDF/B format libraries, are split into “tapes” each containing the
evaluation for a single nuclide. The files are maintained as compressed 80 byte records. This allows
the UNIX “uncompress” command to be used to create files for either scanning or processing without
significant delay. The generation route in Figure 1 (and Figure 2, if unresolved data are present) is
applied to each nuclide.

3. Role of the Processing Codes

3.1 NJOY/THEMIS

NJOY is used to generate components of infinite dilute primary cross sections, scatter matrices and
response functions. Bondarenko shielded cross sections are only generated for checking purposes
and are not used on ECCO libraries. No use is made of NJOY’s output modules (except MODER). The
CRECCO code is used to form all quantities on the ECCO library from the components. NJOY does
not generate sub-group resonance self shielding factors.

The NJOY modules used are:-

MODER - to transform the mode of ENDF, PENDF files between formatted and
unformatted as needed.

RECONR - to process resonance parameters to form OK files on a unified energy grid.

BROADR - to Doppler broaden the files to temperatures between 293.16 and 5700K.

THERMR - to generate free gas thermal scattering data.

HEATR - to generating components of heating and damage for use in response
functions (not used in the current libraries).

UNRESR - to form shielded point data in the unresolved resonance region.

GROUPR - to form group cross sections and scattering matrices.

Thermal scattering data for bound isotopes (so far H in H,O) are generated by inputting PENDF files,
processed by M Mattes at IKE Stuttgart, into the GROUPR module. These files are being released as
part of JEF2.2.
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NJOY89.62 has been installed using double precision on SUN4 workstations at Winfrith (12). We
make use of the -r8 option of the SUN FORTRAN 77 compilers to allow double precision INTEGERS
and REALS. Initial studies (13) made use of TOOLPACK facilities (14) to automate double precisioning
of the source code. The double precisioning took about one week for MODER, RECONR, BROADR,
UNRESR, THERMR and GROUPR. The resultant coding was very different from the initial
international source. We thus rejected the TOOLPACK method because we could not install or send
out internationally compatible UPDATE changes. However TOOLPACK or similar automated tools
would be valuable to the NJOY authors if revised modern source coding is to be generated and
released.

We needed to use double precision in order to generate point cross sections to 0.1% (ERR=0.001)
with 9 significant figures. These tolerances are needed to represent the higher energy resolved
resonances in many of the JEF2 files (particularly U238). The results of our precision studies and all
other changes have been made available to co-workers at Saclay. Therefore the ECCO libraries
generated at Cadarache using THEMIS should be consistent with those generated using NJOY at
Winfrith.

32 CALENDF

CALENDF is used to generate infinite dilute primary cross sections and sub-group resonance self
shielding factors. Reactions processed are:- TOTAL, ELASTIC, TOTAL INELASTIC, (n,Mn), FISSION
and PARASITIC ABSORPTION. In later sections these are referred to as the “CALENDF reactions”.
As the code mainly considers resonance region nuclear data, processing of many different sub-
components of these reactions is not performed, e.g. (n,2n), second chance fission, inelastic levels,

(n,p) and (n,0). However all reactions on ENDF/B-6 files are included within one of the six reactions

processed. Also the TOTAL cross section is the sum of all partials. Scatter matrices, fission spectra,
the mean number of emitted neutronsffission and response functions are not generated by CALENDF.

CALENDF is able to process JEF2 files containing resonance parameters and PENDF files from
NJOY. It has its own resonance reconstruction procedures in the resolved resonance region and sub-
range ladder generation in-the unresolved region. Doppler broadening to one temperature is also
considered. Therefore to generate ECCO data six runs have to be made. Each operates on the ENDF/
B resonance parameters.

A noticeable difference in principle between NJOY and CALENDF is applied during the processing.

CALENDF users specify a single accuracy to which they require their sub-group constants. A linked
accuracy for resonance reconstruction and Doppler broadening is formed. Resonances are
reconstructed using “the best” formalism determined by the resonance spacing (usually Reich-Moore)
rather than the formalism specified by the evaluator. Related accuracy is applied to reconstruction of
different categories (I states) of resonances. Cubic interpolation is assumed to apply between points.

NJOY users can specify an accuracy for each processing stage. Resonances are reconstructed using
the formalism specified by the LRF trigger set by the evaluator. This assumes the evaluator has fully
considered all approximations involved in using the representation, e.g. muitilevel Breit-Wigner. Cross
sections are reconstructed using the evaluators’ interpolation scheme. This excludes cubic
interpolation. The final energy grid for point data is unified between reactions and fine enough to allow
trapezoidal integration on a linear scale to form group constants.

In generating ECCO libraries the JEF? resonance parameters have been fed into CALENDF and
NJOY/THEMIS. Therefore all differences in processing apply to any common constants generated. By
comparing output from NJOY and CALENDF we should highlight problems in either code and in the
evaluated nuclear data file.

3.3 MERGE (15),(16)

At the early meetings to discuss the production of nuclear data for ECCO, we were faced with two
main problems. We could generate all the nuclear data required using NJOY and CALENDF. We had
defined a structure for the final library and tested it using FGLS5 in ECCO. How did we write the ECCO
library and how did we make sure that the data were correct?
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We decided to split the problem into two parts. Firstly we would join NJOY and CALENDF output and
make sure the data for each reaction were consistent. Secondly we would invert the data in energy
and add it to the ECCO library. At the same time we would make sure that there was consistency
between the data for different reactions. The first part was fulfilled when G.Panini and P.Peerani at
ENEA Bologna wrote MERGE; the second when C.Eaton wrote CRECCO at Winfrith. Both codes
were used at Winfrith and Cadarache to generate libraries.

We had to transfer data between MERGE and CRECCO. As the project was international, we also had
to transfer data between establishments. The structure of the GENDF from NJOY was clearly defined
and understood. It does not however include a specification for storage of sub-group data. We
therefore consulted R.McFarlane and agreed to extend the GENDF in the manner shown in Figure 3 to
give a GENDF* file. The structure for storing the sub-group resonance shielding data (MF=50) is
based on that for storing cross sections (MF=3). On the first heading record, we set the number of
Legendre moments (NLTP) to unity and replace the term defining the number of background cross
sections by MAXNOR - the maximum number of sub-groups in any incident group. On the second,
group dependent, heading record we set the number of secondary positions (NG2) to 2 to indicate the
presence of a sub-group probability and a cross section. We replace the index to the next non-zero
group (IG2LO) by the number of sub-groups needed in this incident group (NOR). On the record
containing the sub-group data, the sub-group probability (PROB(IORY)) replaces the flux and the sub-
group cross section (SIGMA(IORY)) replaces the background dependent cross section. We hope this
format is suitable for the storage of all sub-group data generated in any future NJOY modules.

Consideration was next given as to how to make sure data are correct.

Firstly the ZA, MAT, temperatures and group boundaries from the NJOY GENDF and CALENDF's TP
output files are confirmed to be equal, i.e. the user is giving MERGE the correct input data sets.

Secondly infinite dilute cross sections are formed from the sub-group parameters on the TP file thus:-

G (oo = g9G_ gG
UR()—ZP-CRQ

geG
Where
R indicate reactions
G incident groups
g  sub-groups
G cross-section
P  sub-group probability (weight)

Similar infinite dilute cross sections for the same reactions are formed by summing appropriate data
from the GENDF input file. Infinite dilute cross sections are then compared. Relative fractional group
and reaction dependent ratios are stored.

Thirdly similar shielded data are formed from the sub-group parameters on the TP file thus:-

gG_gG
P SEY
aG
(O'T +co)

G _ g€G
CR(GO) =

pec
aG
(0T + 00)

geG
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Where terms defined above apply and:-

o is the background cross section per atom defined in the
input to NJOY
T indicates the Total reaction

These are compared with values read from the GENDF. This time however there is no need to store
the ratios.

Printed output tables are produced for groups where the relative differences are greater than a user
tolerance. A summary line indicates the number of groups with differences. Only the summary line is
produced for shielded cross sections. Figure 4 contains a sample output and Table 1 shows the
formation of the “CALENDF reactions” from the components on the GENDF.

The results in Figure 4 show significant differences in the UNRESOLVED resonance region. These are
caused by the structure from the ladder generation in CALENDF which is not present in UNRESR. The
user is expected to ignore these differences and to check the data in this region using the method
shown in Figure 2 above. If significant differences are present outside of this region they must be
justified if the GENDF* is to be used.

There will be small differences between the cross sections generated by NJOY and CALENDF.
MERGE has an input option to allow the user to define which data are “correct” in any energy range.
Once this decision has been made all data on the GENDF* must be corrected.

Corrections are formed for each of the “CALENDF reactions”. (When NJOY is “correct” these are
unity.) Relative fractional group and reaction dependent ratios are then applied sequentially to all
reactions. Table 2 shows the remedial action taken when CALENDF is deemed to be “correct”. The
reaction dependent scaling is also applied to the appropriate scatter matrices. Here it is assumed that
the reaction cross section is changed rather than the emergent energy distribution.

Certain improvements are needed to the actions in Table 2. For some minor reactions the production
matrix is not scaled and should be. The (n,3n+f) cross section and matrix should be scaled.
(n,absorption) (MT=27) and total capture (MT=101) are rarely found on evaluations but when present
they should be scaled.

Resonance self shielding is not normally applied when thermal scattering is present in ECCO libraries
(below 4eV). However, if it is present, MERGE applies a correction formed using the ratio of the static
nucleus elastic cross sections from NJOY and CALENDF. This is probably suitable when the free gas
model applies. For bound nuclei (e.g. C in Graphite) it assumes that the static nucleus “correction” can
be linearly applied to the bound cross section and matrix. In it's attempt to scale all thermal scattering
data from both ENDF/B-IV (MT=201-230) and ENDF/B-V (MT=221-236) it ends up wrongly scaling
ENDF/B-VI particle production data (MT=201-207). This should be corrected.

When NJQY is “correct” sub-group cross sections are changed to preserve the infinite dilute cross
section (i.e. the change is assumed to apply to the overall cross section in the group rather than to the
shape in any part of the group).

One further data manipulation can be made in a MERGE run. If the NJOY calculation requested high
order Pn scatter matrices, some or all of these can be dropped for any combination of reactions. This
allows data intended for reactor shielding calculations to be applied to core physics studies.

Any extra data found on the GENDF file is transferred, without change, to the GENDF*. Therefore
gamma source data are assumed to be correctly generated by NJOY. These are yet to be processed
for ECCO libraries and MERGE will require improvement to correct these to account for changes in
included neutron cross sections.

34 CRECCO (17),(18),(19)

Having generated a GENDF* file containing all the best reaction data that NJOY and CALENDF can
produce, we must add these to a new or existing ECCO direct access library. The CRECCO code
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performs this function by processing each reaction as it is read from the GENDF* (or GENDF). The
function can, however, be divided into the following sections. Firstly make sure there is consistency
between reactions at all energies. Secondly invert the data so that group 1 corresponds to high energy.
Thirdly form all primary cross sections, scatter matrices, and response functions from components
inverted from the GENDF*. Finally write these to the ECCO library (altering the self defining library
contents at the same time).

ECCO requires Primary cross sections including sub-group resonance shielding data, scatter matrices
for elastic, inelastic and (n,Mn), and various response functions. At present response functions are all
individual reactions excluding total, elastic, inelastic, total fission, inelastic levels and parasitic
absorption. Heating, gamma source and special response functions like fotal Helium production may
be added later. Primary cross sections are defined thus:-

Primary Reactions Reactions Summed from GENDF* (MT’s)
TOTAL Sum of Primaries listed below (Inc. MTHERM)
ELASTIC 2 or MTHERM

INELASTIC 22, 23, 28, 29, 32-36, 51-91

n,Mn 16, 17, 24, 25, 30, 37, 41, 42

FISSION 18 (if present) or 19, 20, 21, 38

CAPTURE ; 102-109, 111-116

Transport and v*fission primary cross sections are also formed.

Matrices are defined thus:-

Matrices Reactions Summed from the GENDF* (MT’s)

ELASTIC 2 or MTHERM
INELASTIC 22, 23, 28, 29, 32-36, 51-91
n,Mn 16,17, 24, 25, 30, 37, 41, 42

Consistency must be preserved between these types of data. The checks performed can be divided
into four categories and are defined in Figure 5. It should be noted that our main function is to create a
consistent ECCO library and not to fully check the contents of the GENDF*.

CRECCO has three levels of tolerance on its checks. If differences are above 1% it should stop
(switched off at present!) with an error message. If differences are above 0.01% a message is printed.
Standard corrective action is applied to certain cross sections so that the library data are consistent.

4. Problems Encountered

The previous sections describe how ECCO libraries are produced and the verification checks used.
The checks have highlighted various types of problem.

CRECCO's checks verify adjustment made by MERGE noting that both NJOY and CALENDF should
preserve consistency between component and total reactions. It also checks NJOY’s consistency in
forming scatter matrix terms. In this latter respect we are investigating the processing of U238 inelastic
continuum from the ENDF/B-VI evaluation.
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At various times, the checks in MERGE have shown problems in the JEF2 evaluated data, the
THEMIS installation, the physics in NJOY and in the physics in CALENDF. Most of these have now
been solved but we give an example of each in order to demonstrate that the consistency checks can
promote improvement in all aspects of the work.

4.1 JEF2 Evaluated Data.

The JEF2.1 file for Ni58 was based on the EFF file. Resolved resonances were represented by
multilevel Breit-Wigner (MLBW) parameters. The file was processed at Cadarache using CALENDF
and NJOY. MERGE results showed significant discrepancies. CALENDF had assumed Reich-
Moore(RM) formalism. P.Ribon presented graphs showing the significant differences in his processing
with both RM and MLBW representations. As a result M.Sowerby (20) replaced the MLBW formalism
by BM for all Cr and Ni isotopes. Ironically the ENDF/B-VI evaluation for Ni58 is now included in
JEF2.2 and RM parameters are present.

4.2 THEMIS Installation

After differences between CALENDF and THEMIS results had shown large differences at the
boundary of resolved and unresolved resonances in U235, repeat runs with NJOY failed to show an
effect.

The energy grid from the BROADR module of NJOY is recreated to a maximum of 7 significant figures
by virtue of the subroutine DIGITS (11). As requests for 8 figure accuracy had been made double
energy points could be seen in the file. Improvements to the THEMIS installation removed the
problem.

4.3 Physics of NJOY

A large difference was seen between NJOY and CALENDF results for Fe56 capture in the 1.1497 KeV
P wave resonance. The ENDF/B-VI Fe56 file was being used to compare data with JEF2.1. There had
been no problem with JEF2.1 files and the CALENDF results for ENDF/B-VI were similar to those for
JEF2.1. Thus NJOY’s processing was suspect.

The resonance parameters. in both evaluations were compared. Both files contained energy
independent scattering radii (NRO=0 -see page 2.6 of reference 21) but the ENDF/B-VI file contained
a trigger NAPS set to unity instead of 0. By setting NAPS to 0 the JEF2.1 file defined the channel

1

radius “a" used in penetrabiliies and shift factors by a = 0.123A% +0.8 , instead of using the
scattering radius. Both files contained RM parameters with different scattering radii for S and P wave
resonances. The combination of NAPS=1 and ‘/* dependent scattering radii gave incorrect results from
NJOY. Rowlands and Eaton made improvements to RECONR which were later published in reference
1.

The need to set NAPS to 1 is now in question. Tests at Winfrith indicate trivial effects on the resuits.
lronically the JEF2.2 Fe56 file now contains NAPS=1 as does ENDF/B-VI revision 1. NJOY, with
Rowland’s improvements, should give similar results for both files. These resuits should be similar to
those obtained with NAPS=0!

4.4 Physics of CALENDF

Recent MERGE results from a JEF2 U238 calculation had shown NJOY/CALENDF differences around
10eV. These were traced to CALENDF’s use of an accuracy dependent algorithm to define the eneryy
grid. Narrow weak P wave resonances were described by fewer points than strong broad S wave
resonances. Although there was some debate as to the need to represent the particular resonance by
more points, study of the energy representation promoted improvements to CALENDF.

5. Conclusions

The paper shows how the NJOY and CALENDF codes have been applied for the generation of ECCO
libraries. It shows how the MERGE code joins NJOY and CALENDF output. The structure of the joined
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GENDF* file is described. We recommend this structure is used and enhanced for any future NJOY
development with sub-group resonance self shielding data. The writing of ECCO libraries with the
CRECCO code is described. Consistency checks in MERGE and CRECCO are shown to improve the
evaluated nuclear data, the processing codes CALENDF, NJOY and THEMIS, and the resultant ECCO
libraries.
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Figure 1 Production of ECCO Fine Group Library from JEF2
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Figure 2 Extended Generation Route in the Unresolved Resonance Region
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Figure 3 Structure of the GENDF*

Group Bounds MF = 1, MT = 451
Reaction Cross Sections MF=3,MT=1,2,...... etc.
Scatter Matrices MF=6 MT=2,16,17,51, ...... etc.
Response Functions etc.
€.g. gamma source MF=16,MT=4,102,...... etc.
Sub-Group Data MF = 50, MT = 1 Total
Elastic
Inelastic
15* (n,Mn)
18 Fission
101 Absorption

* No sub-group data are kept for (n,Mn) at present.

Sub-Group Data Structure

The file 50 structure is very similar to that of the cross-section file (file 3). Each section starts with a
“CONT" record giving:

ZA

AWR
NLTP
MAXNOR
LRFLAG
NGN

Standard Material Identifier

Atomic Weight Ratio

Number of Legendre Components in Probability Tables (always 1)
Maximum order of Probability Tables

Break-up Identifier

Number of Groups

This is followed by a series of “LIST" records, one for each group with available sub-group data:

TEMP
0.
NG2
NOR
NwW

IG
A(NW)

Material Temperature

Zero

Number of Secondary Paositions (always 2)
Probability Table Order for Current Group
Number of Orders in LIST (NLTP*NG2*NOR)
Group Index for this Record

Data for LIST (NW words), whose content is
(PROB(IOR), SIGMA(IOR), IOR = 1,NOR)

The last group is always required and is followed by a SEND record. The file ends with a FEND record.
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: 238
Figure 4 Sample MERGE Output for U=°° (Room Temperature Only).
KRR AR R KRR PROBABILITY TABLES READ FROM UNIT 21
MATERIAL IDENTIFIER (2ZA) - 92238.
MATERIAL IDENTIFIER {MAT) - 9237
MATERIAL TEMPERATURE - 293.
NUMBER OF GROUPS bl 1968 FROM 1.1000E-04 TO 1.9640E+07 EV
GROUP STRUCTURE :
1.9640E+07 1.9477E407 1.9316E+07 1.91S5SE+07 1.8S96E+07 1.B8839E+07 1.8682E+07 1.8527E+07 1.8374E+07
1.8221E+07
1.8070E+07 1.7920E+07 1.7771E407 1.7624E+07 1.7478E+07 1.7333E+407 1.7189E+07 1.7046E+07 1.690SE+07
1.6764E+407
1.6625E+07 1.6487E+07 1.6350E+07 1.6215E+07 1.6080E+07 1.5947E+07 1.5814E+07 1.5683E+07 1.5553E+07
1.5424E407
2.0914E-01 1.9881E-01 1.8900E-01 1.8000E-01 1.6971E-01 1.6000E-01 1.5303E-01 1.4637E-01 1.4000E-01 1.3400E-
01
1.1500E-01 1.0000E-01 9.S000E~02 8.0000E-02 7.7000E-02 6.7000E-02 5.8000E-02 S5.0000E-02 4.2000E-02 3.S5000E-
02
3.0000E-02 2.S5000E-02 2.,0000B~02 1.5000E-02 1.0000E-02 6.9000E-03 S.0000E-03 3.0000E-03 1.1000E-04
AKARKAAA KA GENDF READ FROM UNIT-19
MATERIAL IDENTIFIER.(2A) - 92238.
MATERIAL IDENTIFIER (MAT) - 9237
MATERIAL TEMPERATURE - 293.
NUMBER OF DILUTIONS - 8
NUMBER OF GROUPS - 1968 FROM 1.1000E-04 TO 1.9640E+07 EV
DILUTIONS :
1.0000E+10 1.0000E+03 3.0000E+02 1.0000E+02 5.0000E+01 2.0000E+01 1.0000E+01 1.0000E+00
GROUP STRUCTURE : .
1.1000E-04 3.0000E-03 S.0000E-03 6.3000E-03 1.0000E-02 1.S000E-02 2.0000E-02 2.S000E-02 3.0000E-02 3.S000E-
02
4.2000E-02 S5.0000E-02 5.8000E-02 6.7000E-02 7.7000E-02 B8.0000E-02 9.5000E-02 1.0000E-01 1.1500E-01 1.3400E-
01
1.4000E-01 1.4637E-01 1.5303E-01 1.6000E-01 1.6971E-01 1.8000E-01 1.8900E-01 1.9881E-01 2.0314E-01 2.2000E-
ol
1.5553E+07 1.5683E+07 1.5814E+07 1.5947E+07 1.6080E407 1.621SE+07 1.6350E+07 1.6487E+07 1.6625E+07
1.6764E+07
1.690SE+07 1.7046E+407 1.7189E4+07 1.7332E+07 1.7478E+07 1.7624E+07 1.7771E+G7 1.7920E+07 1.8070E+07
1.8221E+07
1.8374E+07 1.8527E+07 1.8682E+07 _1.8839E+07 1.8996E+407 1.9155E+07 1.9316E+07 1.9477E+07 1.9640E+07

AR AR AR R

TEST ON INFINITE DILUTION CROSS SECTIONS

MAXIMUM VALUE OF BACKGROUND CROSS SECTION IN GENDF TAPE = 1.000E+10
COMPARISON ON CROSS SECTION MT= 1

LIST OF DIFFERENCES GREATER THAN 0.0100

(ASSUMED AS INFINITE)

NCON NGROUP EINF ESUP SIGMA GENDF SIGMA P.T. DELTA
bottom of Resolved (1E-5 eV)
1 173 6.530140E+00 6.584790E+00 5.225392E+02 5.092135E+02 0.0262
2 177 6.751480E400 6.807980E+00 8.117991E+02 8.220861E+02 -0.0125
3 225 1.007200E+01 1.015630E+01 1.064140E+01 1.036561E+01 0.0266
4 226 1.015630E+01 1.024130E+01 1.368821E+01 1.413787E+401 -0.0318
5 227 1.024130E+401 1.032700E+01 1.25626SE+01 1.223030E+01 0.0272
6 228 1.032700E+401 1.041340E+01 1.01168BE+01 1.022439E+01 -0.0105
7 304 1.9454B0E+01 1.961760E+01 8.414828E+00 8.318291E+00 0.0116
top of Resolved (10 KeV)
bottom of Unresolved (10 KeV)
3] 1053 $.994220E+03 1.007780E+04 1.509713E+01 1.700607E+01 -0.1123
9 1054 1.007780E+04 1.016220E+04 1.544686E+401 1.707930E+01 -0.0956
10 1055 1.016220E+404 1.024720E+04 1.543226E+01 1.572575E+01 -0.0187
11 1056 1.024720E+04 1.033300E+04 1.541754E+401 1.347444E+01 0.1442
'180 1303 7.893890E+04 7.950000E+04 1.242607E+01 1.225099E+01 0.0143
181 1304 7.950000E+04 7.959940E4+04 1.241865E+01 1.340283E+01 -0.0734
182 1309 B.229750E+04 8.250000E+04 1.236788E+01 1.29322BE+01 -0.0436
183 1310 B8.250000E+04 8.298610E+04 1.236172E+401 1.212528E+01 0.0195
top of Unresolved (300 KeV)
SUMMARY 183 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 1.000E+10 BARNS
SUMMARY 184 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 1.C00E+03 BARNS
SUMMARY 177 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 3.000E+02 BARNS
SUMMARY 191 DIFFERENCES GREATER THAN (.0100 IN CROSS SECTION 1 AT DILUTION 1.000E+02 BARNS
SUMMARY 191 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION S.000E+01 BARNS
SUMMARY 183 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 2.000E+01 BARNS
SUMMARY 192 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 1.000E+01 BARNS
SUMMARY 225 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 1 AT DILUTION 1.000E+0C BARNS
COMPARISON ON CROSS SECTION MT= 2
LIST OF DIFFERENCES GREATER THAN 0.0100
NCON NGROUP EINF ESup SIGMA GENDF SIGMA P.T. DELTA

bottom of Resolved (1E-5 eV)
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Figure 4 Sample MERGE Output for U8 (Room Temerature Only). (Continued)

1 172 6.475950E+400 6.530140E+00

4 173 6.530140E+00 6.584790E+00

3 308 2.011430E+01 2.028260E+01

4 375 3.515480E+01 3.544900E+01

S 449 6.513280E+01 6.567790E+01

6 575 1.861270E+02 1.876850E+02

7 1053 9.994220E+03 1.007780E+04

8 1054 1.007780E+04 1.016220E+04

9 1055 1.016220E+04 1.024720E+404

10 1056 1.024720E+404 1.033300E+04

185 1303 7.893890E+04 7.950000E+04

186 1304 7.950000E+04 7.959940E+04

187 1309 8.229750E+04 8.250000E+04

188 1310 8.250000E+04 6.298610E+04

SUMMARY : 188 DIFFERENCES GREATER THAN O

SUMMARY : 184 DIFFERENCES GREATER THAN ©

SUMMARY : 176 DIFFERENCES GREATER THEN 0

SUMMARY : 1B9 DIFFERENCES GREATER THAN O

SUMMARY : 187 DIFFERENCES GREATER THAN O

SUMMARY : 185 DIFFERENCES GREATER THAN O

SUMMARY : 188 DIFFERENCES GREATER THAN O

SUMMARY : 225 DIFFERENCES GREATER THAN O.
COMPARISON ON CROSS SECTION MT= 4

LIST OF DIFFERENCES GREATER THAN 0.0100

NCON NGROUP EINF ESUP
1 1235 4.479100E+04 4.516580E+04
2 1236 4.516580E+04 4.,554380E+04
3 1237 4.554380E+04 4.592480E+04
4 1238 4.592490E+04 4.630920E+04

29 1303 7.893B890E+04 7.950000E+04
30 1304 7.950000E+04 7.959940E+04
31 1309 8.229750E404 B8.250000E+04
32 1310 8.250000E+04 8.298610E+04
33 1468 3.019740E+05 3.045010E+05
34 1469 3.045010E+05S 3.070490E+05
35 1862 8.0519B80E+06 8.119360E+06
36 1863 8.119360E+06 8.187310E+06
37 1864 8.187310E+406 8.255820E+06
38 1865 8.255820E+06 8.324910E+06
39 1866 8.324910E+06 8.394570E+06

SUMMARY : 39 DIFFERENCES GREATER THAN O.

COMPARISON ON CROSS SECTION MT= 18

LIST OF DIFFERENCES GREATER THAN 0.0100

NCON NGROUP EINF ESUP
1 12 5.000000E-02 5.800000E-02
2 13 5.800000E-02 6.700000E~02
3 14 6.700000E-02 7.700000E-02
4 15 7.700000E~02 8.000000E-02
5 16 8.000000E-02 9.500000E-02

99 205 8.525790E+400 8.597140E+00
100 206 8.597140E+400 8.669080E+00
101 321 2.241570E+01 2.260330E+01
102 457 6.962300E+01 7.020570E+01
103 1069 1.141970E+04 1.151530E+04
104 1071 1.161160E+04 1.1708B0OE+04
105 1089 1.349080E+04 1.360370E+04
106 1097 1.442080E+04 1.454150E+04
183 1399 1.727760E+05 1.742240E+0S
184 1400 1.742240E405 1.756820E405
1895 1402 1.771520E+05 1.786340E+405
186 1403 1.786340E+05 1.801290E+05

.0100
.0100
.0100
.0100
.0100
.0100
.010C

0100

0100

9.187544E-01
1.432428E+01
1.921370E-01
9.256822E-02
7.405729E+00
7.790667E-01

1.437922E+01
1.473145E+01
1.471905E+01
1.470655E+01

1.182281E+401
1.181416E+01
1.174500E+01
1.173678E+01

IN CROSS
IN CROSS
IN CROSS
IN CROSS
IN CROSS
IN CROSS
IN CROSS
IN CROSS

SIGMA GENDF

9.855690E-05
3.426875E-03
8.355411E-03
1.332365E-02

3.931058E-01
3.961534E-01
4.189223E-01
4.215907E-01

1.142908E+400
1.146662E+00
1.076593E+00
1.054006E+00
1.031237E+00
1.008285E+00
9.851258E~01

IN CROSS

SIGMA GENDF

8.100579E-06
7.53676BE-06
7.027B70E-06
6.721292E-06
6.397132E-06

2.540936E-07
2.598065E-07
5.516603E-06
5.613660E-07

3.309912E-02
1.032833E-04
2.301911E-04
5.380827E-04

5.644161E-05
2.244946E-04
6.402826E-05
1.98985S8E-04

9.561961E-01 -0.0392
1.357304E+01 0.0553
1.878488E-01 0.0228
8.785335E-02 0.0537
7.321291E+00 0.0115
7.674461E-01 0.0151
1.634154E+01 -0.1201
1.627425E+01 -0.0948
1.49811SE+01 -0.0175
1.283793E+01 06.1456
1.165335E+01 0.0145
1.276597E+01 -0.0746
1.225853E+01 -0.0419
1.152145E+401 0.0187

SECTION 2 AT
SECTION 2 AT
SECTION 2 AT
SECTION 2 AT
SECTION 2 AT
SECTION = 2 AT
SECTION 2 AT
SECTION 2 AT

SIGMA P.T.

1.083912E-03
1.557417E-03
9.54761SE-03
1.214752E-02

3.858933E-01
4.368612E-01
4.441788BE-01
4.111450E-01

1.122019E+00
1.126292E+00
1.064089E+00
1.035849E+00
1.011083E+00
9.894470E-01
9.705805E-01

SECTION

SIGMA P.T.

8.014507E-06
7.43%469E-06
6.931059E-06
6.612724E-06
6.287293E-06

2.492915E-07
2.566755E-07
5.442871E-06
5.670663E-07

2.821750E-02
B8.807844E-05
1.956022E-04
4.564433E-04

top of Resolved (10 KeV)
bottom of Unresolved (10 KeV)

top of Unresolved (300 KeV)

DILUTION 1.000E+10 BARNS
DILUTION 1.000E+03 BARNS
DILUTION 3.000E+02 BARNS
DILUTION 1.000E+02 BARNS
DILUTION 5.000E+01 BARNS
DILUTION 2.000E+01 BARNS
DILUTION 1.000E+01 BARNS
DILUTION 1.C00E+00 BARNS

DELTA

-0.9091
1.2004
-0.1249
0.0968

0.0187
-0.0832
-0.0563

0.0254

0.0186
0.0181
0.0118
0.0175
0.0199
0.01%0
0.0150

bottom of Unresolved (10 KeV)

top of Unresolved (300 KeV)

4 AT DILUTION 1.000E+10 BARNS

DELTA

©.0107
0.0131
0.0140
0.0164
0.0175

0.0193
0.0122
0.0135
-0.0101

0.1730
0.1726
0.1768
0.1789

3.431807E-05 0.6447

2.692144E-04

-0.1661

3.935897E-05 0.6268

2.300741E-04

45

-0.1351

bottom of Resolved (1E-5 eV)

all differences < 3%

top of Resolved (10 KeV)
bottom of Unresolved (10 KeV)



Figure 4 Sample MERGE Output for U238 (Room Temerature Only). (Continued)

top of Unresolved (300 KeV)

187 1504 4.076220E+05 4.110330E+0S 2.627194E-04 2.658631E-04 -0.0118
188 1505 4.110330E+05 4.144730E+05 2.66917SE-04 2.702667E-04 -0.0124
189 1525 4.855780E+05 4.896420E+05 3.463567E-04 3.422180E-04 0.0121
190 1526 4.896420E+0S 4.937390E+05 3.562426E-04 3.514653E-04 0.0136
191 1527 4.93733%0E+05 4.978710E+05 3.662181E-04 3.620494E-04 0.0115
192 1551 6.030540E+05 6.081010E+05 6.518813E-04 8.395356E-04 0.0147
193 1552 6.0B1010E+05 6.131890E+0S 8.785029E-04 8.579989E-04 0.0239
194 1553 6.131890E+05 6.183210E+05S $.053392E-04 8.888525E-04 0.0185
19S 1556 6.287120E+05 6.339730E+05 1.097925E-03 1.109223E-03 -0.0102
196 1570 7.065120E+05 7.124240E+0S 1.879103E-03 1.856975E-03 0.0119
187 1592 8.486730E+05 8.557750E+05 7.442026E-03 7.347221E-03 0.0129
198 1593 B8.557750E+05 8.629360E+05 8.290339E-03 8.048776E-03 0.0300
199 1594 8.629360E+05 8.701570E+0S 9.153758E-03 8.897002E-03 ©.0289
200 1585 B8.701570E+40S 8.774390E+05 1.002417E-02 9.868719E-03 08.0158
SUMMARY : 200 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 1.000E+10 BARNS
SUMMARY : 199 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 1.000E+03 BARNS
SUMMARY : 200 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 3.000E+02 BARNS
SUMMARY : 199 DIFFERENCES GREATER THAN 0.0160 IN CROSS SECTION 18 AT DILUTION 1.000E+02 BARNS
SUMMARY : 198 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION S$.000E+01 BARNS
SUMMARY : 201 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 2.000E+01 BARNS
SUMMARY : 200 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 1.000E+01 BARNS
SUMMARY : 201 DIFFERENCES GREATER THAN 0.0100 IN CROSS SECTION 18 AT DILUTION 1.000E+00 BARNS

COMPARISON ON CROSS SECTION MT= 101:

LIST OF DIFFERENCES GREATER THAN 0.0100

NCON NGROUP EINF ESUP SIGMA GENDF SIGMA P.T. DELTA
bottom of Resolved (1E-5 eV)

1 13 5.800000E~02 6.700000E~02 1.743885E+00 1.722820£E+00 0.0122
2 14 6.700000E-02 7.700000E-02 1.627232E+00 1.606220E+00 0.0131
3 15 7.700000E-02 8.000000E-02 1.556999E+00 1.533246E+00 0.0155
4 16 8.000C00E-02 9.500000E-02 1.482796E+00 1.458714E+00 0.0165
S 17 9.500000E-02 1.000000E-01 1.402040E+00 1.377862E+00 0.0175
6 18 1.000000E-01 1.150000E-01 1.340993E+00 1.316419E+00 0.0187
7 19 1.150000E-01 1.340000E-01 1.251129E+00 1.226204E+00 0.0203
8 20 1.340000E-01 1.400000E-01 1.190193E+00 1.165691E+00 0.0210
9 21 1.400000E-01 1.463700E-01 1.165661E+00 1.1431195E+00 0.0214
10 22 1.463700E-01 1.530300E-01 1.140776E+00 1.117226E+00 0.0211
11 23 1.530300E-01 1.600000E-01 1.117054E+00 1.093657E+00 0.0214
12 24 1.600000E-01 1.697100E-01 1.09094SE+00 1.067525E+00 0.0219
13 25 1.697100E~01 1.800000E-01 1.060791E400 1.038209E+00 0.0218
14 26 1.800000E-01 1.890000E-01 1.034059E+00 1.011803E+00 0.0220
15 27 1.890000E-01 1.988100E-01 1.010363E+00 9.886252E-01 0.0220
16 28 1.988100E-01 2.091400E-01 9.859623E-01 9.649609E-01 0.0218
17 29 2.091400E-01 2.200000E-01 9.630913E-01 9.423573E-01 0.0220
18 30 2.200000E-01 2.335800E-01 9.391338E-01 9.186853E-01 0.0223
19 31 2.335800E-01 2.480000E-01 9.131529E-01 B8.936812E-01 0.0218
20 32 2.480000E-01 2.635100E-01 8.883456E-01 8.691918E-01 0.0220
21 33 2.635100E-01 2.800000E-01 8.641190E-01 8.456513E-01 0.0218
22 34 2.800000E-01 3.000000E-01 8.391077E-01 8.213248E-01 0.0217
23 35 3.000000E-01 3.145000E-01 8.172723E-01 8.000087E-01 0.0216
24 36 3.145000E-01 3.200000E-01 8.057815E-01 7.885626E-01 0.0218
25 37 3.200000E-01 3.346600E-01 7.950320E-01 7.778623E-01 0.0221
26 38 3.346600E-01 3.500000E-01 7.791367E-01 7.626781E-01 0.0216
27 39 3.500000E-01 3.699300E-01 7.623643E-01 7.460872E-01 0.0218
28 40 3.699300E-01 3.910000E-01 7.43977SE-01 7.284488E-01 0.0213
29 41 3.910000E-01 4.000000E-01 7.315924E-01 7.161513E-01 0.0216
30 42 4.000000E~01 4.139900E-01 7.224546E-01 7.075020E-01 0.0211
31 43 4.139900E-01 4.330000E-01 7.105080E-01 6.957851E-01 0.0212
32 44 4.330000E-01 4.496800E-01 6.981078E-01 6.837235E-01 0.0210
33 45 4.496800E-01 4.670100E~01 6.874427E-01 6.730545E-01 0.0214
34 46 4.670100E-01 4.850000E-01 6.764266E-01 6.626219£-01 0.0208
35 47 4.850000E-01 5.000000E-01 6.666449E-01 6.534313E-01 0.0202
36 48 5.000000E-01 5.196200E-01 6.575294E-01 6.443360E-01 0.0205
37 49 5.196200E-01 5.315800E-01 6.495728E-01 6.364319E-01 0.0206
38 50 5.315800E-01 5.400000E-01 6.444444E-01 6.315330E-01 0.0204
39 51 5.400000E-01 5.669600E-01 6.360840E-01 6.236040E-01 0.0200
40 52 5.669600E-01 5.952B00E-01 6.239359E-01 6.118510E-01 0.0138
41 53 5.952800E-01 6.250000E-01 6.120358E-01 6.004249E~01 0.0193
42 54 6.250000E-01 6.531500E-01 6.014426E-01 5,900152E-01 0.01%4
43 $5 €.531500E-01 6.825600E-01 5.91613%E-01 5.804381E-01 0.0183
44 56 6.825600E-01 7.050000E-01 $.830823E-01 5.723991E-01 0.0187
45 57 7.050000E-01 7.415S500E-01 5.744914E-01 $.639688E-01 0.0187
46 58 7.415500E-01 7.800000E-01 5.640523E-01 5.541575E-01 6.0179
47 s9 7.800000E-01 7.900000E~01 5.579277E-01 $.4B81108E-01 0.0179
48 60 7.900000E-01 8.194500E-01 5.53051BE-01 5.436519E-01 0.0173
49 61 8.194500E-01 8.500000E-01 5.463057E-01 5.371851E-01 0.0170
50 62 8.500000£-01 8.600000E-01 5.419309E-01 5.330144E-01 0.0167
51 €3 8.600000E-01 8.764250E~-01 5.390987E-01 5.304304E-01 0.0163
52 64 8.764250E-01 9.1C0000E-01 5.3435%4E-01 5.257902E-01 0.0163
53 65 ~.100000E-01 9.300000E-01 $.295034E-01 5.209918E-01 0.0163
54 66 9.300000E-01 9.500000E~01 5.258B867E-01 5.176432E-01 0.0159%
55 67 9.500000E-01 9.720000E-01 $.220960E-01 5.143027E-01 0.0152
56 68 9.720000E-01 9.860000E-01 5.190761E~01 5.115508E-01 0.0147
57 69 9.860000E-01 9.960000E~01 5.171928BE-01 $.097880E-01 0.0145
58 70 9.960000E-01 1.020000E+00 5.147176E-01 5$.074095E-01 0.0144
59 71 1.020000E+00 1.035000E+00 S$.120809E-01 5.047356E-01 0.0146
60 72 1.035000E+00 1.04S000E+00 5.103956E~01 5.030884E-01 0.0145
61 73 1.045000E+00 1.071000E+00 5.079798E-01 5.008286E-01 0.0143
62 74 1.071000E+00 1.080000E+00 5.056168E-01 4.986703E-01 0.0139%9
63 75 1.080000E+00 1.097000E+00 5.038694E-01 4.971552E-01 0.0135
64 76 1.087000E+00 1.110000E+00 5.018678E-01 4.3954506E-01 0.0130
[3] 77 1.110000E+00 1.123000E+00 5$.003951E-01 4.940283E-01 0.0129
66 78 1.123000E+00 1.150000E+00 4.982578E-01 4.919508E-01 0.0128
67 79 1.150000E+00 1.170000E+00 4.957375E-01 4.896019E-01 0.0125
68 80 1.170000E+00 1.202060£+00 4.929536E-01 4.871950E-01 0.0118
69 81 1.202060E+00 1.235000E+00 4.896664E-01 4.842509E-01} 0.0112
70 82 1.235000E+00 1.267080E+00 4.869031E-01 4.814108E-01 0.0114
71 83 1.267080E+00 1.300000E+00 4.841717E-01 4.787738E-01 0.0113
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Sample MERGE Output for U2 (Room Temerature Only). (Continued)

Figure 4
72 B4
73 -3
74 86
75 112
76 113
77 114
78 115
79 116
80 117
81 118
82 119
83 120
84 121
85 135
86 136
87 137
88 173
89 177
90 195
91 196
92 200
93 201
94 202
95 203
96 204
97 205
98 206
99 221

100 222
101 224
102 225
103 226
104 227
105 228
106 229
107 230
108 231
109 232
110 233
111 234
112 236
113 237
114 238
115 239
116 240
117 241
118 304
119 321
120 342
121 343
122 399
123 400
124 404
125 405
126 406
127 415
128 416
129 434
130 435
131 445
132 460
133 461
134 462
135 491
136 497
137 537
138 546
139 547
140 550
141 551
142 555
143 556
144 609
145 611
146 614
147 623
148 624
149 625
150 645
151 656
152 657
153 664
154 677
155 696
156 740
157 810
158 822
159 1053
160 1054
i61 1055
162 1056
348 1270
349 1304
350 1309
351 1310

1.300000E+00
1.337500E+00
1.370000E+00
2.421710E+00
2.48S030E+00
2.550000E+00
2.600000E+00
2.659320E+00
2.720000E+00
2.767920E+00
2.837990E+00
2.909830E+00
2.983490E+00
4.233780E+00
4.340960E+00
4.450850E+00
6.530140E+00
6.751480E+00
7.844100E+00
7.908750E+00
8.177850E+00
8.246280E+00
8.315230E+00
8.384870E+00
8.455040E+00
8.525790E+00
8.597140E+00
9.741830E+00
9.823350E+00
9.988450E+00
1.007200E401
1.015630E+01
1.024130E+01
1.032700E+01
1.041340E401
1.050060E+01
1.058840E+01
1.067700E+01
1.076640E+01
1.085650E+01
1.103890E+01
1.113130E+01
1.122450E+01
1.131840E+01
1.141310E+01
1.150860E+01
1.945480E+01
2.241570E+01
2.670260E+40)
2.692610E+01
4.293820E+01
4.329750E+01
4.476510E+01
4.513970E+01
4.551750E+01
4.906250E+01
4.947310E+01
5.747950E+01
5.796050E+01
6.299750E+01
7.138560E+01
7.198290E+01
7.258530E+01
9.242790E+01
9.716680E+01
1.356070E+02
1.461690E+02
1.473920E+02
1.511230E+02
1.523880E+02
1.575530E+02
1.588720E+02
2.470920E+02
2.512450E+02
2.576050E+02
2.776690E+02
2.799920E+02
2.823350E+02
3.335400E+02
3.655600E+02
3.686190E+02
3.907610E+02
4.354710E+402
5.101790E+02
7.361460E+402
1.319180E+03
1.457920E+03

9.994220E+03
1.0077B0E+04
1.016220E+04
1.024720E+404

5.995980E+04
7.950000E+04
8.229750E+04
8.250000E+04

1.337500E+00
1.370000E+00
1.404560E+00
2.485030E+00
2.550000E+00
2.600000E+00
2.659320E+00
2.720000E+00
2.7673920E+00
2.83793%0E+00
2.909830E+00
2.983490E+00
3.0538020E+00
4.340960E+00
4.450850E+00
4.563530E+00
6.584790E+00
6.807980E+00
7.909750E+00
7.975340E+00
8.246280E+00
8.315290E+00
8.384870E+00
8.455040E+00
8.525790E+00
8.597140E+00
8.663080E+00
9.823350E+00
9.905560E+00
1.007200E+01
1.015630E+01
1.024130E+401
1.032700E+01
1.041340E+01
1.050060E+01
1.058840E+401
1.067700E+01
1.076640E+01
1.085650E+01
1.094730E+01
1.113130E+01
1.12245S0E+01
1.131840E+01
1.141310E+01
1.150860E+01
1.160490E+01
1.961760E+01
2.260330E+01
2.692610E+01
2.715140E+01
4.329750E+01
4.365980E+01
4.513970E+01
4.551750E+01
4.589830E+01
4.947310E+01
4.988710E+01
5.796050E+01
5.844560E+01
6.352470E401
7.198280E+01
7.258S30E+01
7.319270E401
9.320140E+01
9.797990E+01
1.367420E+02
1.473920E+02
1.486250E+02
1.523880E+02
1.536630E+02
1.588720E+402
1.602010E+02
2.491600E+02
2.533480E+02
2.597610E+02
2.799920E+02
2.823350E+02
2.846980E+02
3.363310E+02
3.68B6190E+02
3.71703CE+02
3.940310E+02
4.391150E+02
5.144490E+02
7.423070E+02
1.330220E+03
1.470120E+03

1.0077B0E+04
1.016220E+04
1.024720E+04
1.033300E+04

6.046150E404
7.959940E+04
8.250000E+04
8.298610E+04

4.813225E-01
4.78990SE-01
4.768316E-01
4.806560E-01
4.847003E-01
4.886150E-01
4.927908E-01
4.976173E-01
5.024716E-01
5.079998E-01
5.153128E-01
$.234922E-01
5.325505E-01
9.724946E-01
1.662309E+00
1.08830S8E+00
5.082147E+02
7.248172E+02
2.299632E+00
2.071159E+00
1.432392E+00
1.319458E+00
1.219760E+00
1.131325E+00
1.052568E+00
9.822225E-01
9.191818E-01
4.547951E-01
4.469408E-01
4.884272E-01
1.103162E+00
4.183986E+00
3.092164E+00
6.797043E-01
4.095557E-01
3.702652E-01
3.517667E-01
3.398523E-01
3.308826E-01
3.24060SE-01
3.180608E-01
3.420989E-01
7.206835E-01
1.130128E+00
4.673933E-01
3.059376E-01
S5.678977E+00
2.793593E+00
6.253223E-01
5.781043E-01
4.483382E-01
4.353172E-01
3.651560E-01
5.601054E-01
1.960798E-01
1.358664E-01
3.307516E-01
1.723228E-01
1.70S864E-01
1.730720E+400
2.095648E-01
4.388727E-01
1.682161E-01
4.157254E-01
5.809420E-01
1.05126SE-01
1.855232E-01
3.917011E-02
$.126762E-01
6.572126E-01
1.680840E-01
2.681002E-01
2.690206E-02
3.445532E-02
3.261404E-02
1.268787E-01
3.032659E-01
4.317404E-01
2.631647E-02
1.105893E-01
2.204599E-02
2.001924E-02
6.716761E-02
5.169766E-02
9.728437E-03
7.624171E-02
4.744998E-02

7.179049£-01
7.154069E-01
7.132028E-01
7.109813E-01

2.680667E-01
2.092866E-01
2.039435E-01
2.033354E-01

47

4.762017E-01
4.739267E-01
4.720710E-01
4.736729E~-01
4.741602E-01
4.76596SE-01
4.799415E-01
4.845441E-01
4.894844E-01
4.957862E-01
$.043335E-01
$.140779E-01
$.252441E-01
9.585949E-01
1.726255E+00
1.06B064E+00
4.956402E+02
7.344012E+02
2.273630E+00
2.046668E+00
1.414150E+00
1.298861E+00
1.196530E+00
1.10765BE+00
1.030760E+00
9.645126E-01
$.074540E-01
4.599113E-01
4.224758E-01
5.652404E-01
8.285915E-01
4.635503E+00
2.762340E+00
7.902009E-01
3.970151E-01
3.889002E-01
3.457288E-01
3.341613E-01
3.258332E-01
3.196213E-01
3.127759E-01
3.4705S3E-01
7.026650E-01
1.156295E+00
4.6085S7E-01
2.978106E-01
5.581132E+00
2.761782E+00
6.435858E-01
5.597359E-01
4.405620E-01
4.460032E-01
3.598039E-01
5.710197E-01
1.923285E-01
1.313372e-01
3.351S01E-01
1.753157E-01
1.683344E-01
1.750753E+00
2.072598E-01
4.289981E-01
1.723543E-01
4.204710E-01
5.725135E-01
1.029570E-01
1.828376E~01
3.869659E-02
5.019755E-01
6.712960E-01
1.6635338-01
2.713009E-01
2.722062E-02
3.655192E-02
3.369642E-02
1.244625E-01
2.995478E-01
4.377199E-01
2.668781E-02
1.094133E-01
2.244632E-02
1.961249E-02
6.599928E-02
5.100476E-02
1.011373E-02
7.778814E-02
4.{ 2233E-02

6.645354E-01
8.050513E-01
7.4460S3E-01
6.365099E-01

2.757342E-01
2.000153E-01
2.295526E-01
1.926754E-01

0.0108
0.0107
0.0101
0.0147
0.0222
0.0252
0.0268
0.0270
0.0265
0.0246
0.0218
0.0183
0.0138
0.0145
-0.0370
0.0197
0.0254
~0.0131
0.0114
0.0120
0.0129
0.0159
0.0194
0.0214
0.0212
0.0184
0.0129
~0.0111
0.0579
-0.1359
0.3314
-0.0974
0.11%4
-0.1398
0.0316
-0.0479
0.0175
0.0170
0.0155
0.0139
0.0169
-0.0143
0.0256
-0.0226
0.0142
0.0273
0.0175
0.0115
-0.0284
0.0328
0.0177
-0.0240
0.0149
-0.0191
0.0195
0.0345
-0.0131
-0.0171
0.0134
-0.0114
0.0111
0.0230
~0.0240
-0.0113
0.0147
0.0211
0.0147
0.0122
0.0213
-0.0210
0.0104
-0.0118
-0.0117
-0.0574
-0.0321
0.0194
0.0124
-0.0137
-0.0139
¢.0107
-0.0178
0.0207
0.0177
0.0136
-0.0381
-0.0199
-0.011S

0.0803
-0.1114
-0.0422

0.1170

-0.0278
0.0464
-0.1116
0.0553

top of Resolved (10 KeV)
bottom of Unresolved (10 KeV)

top of Unresolved (300 KeV)



