
9.4 DESCRIPTION OF EVALUATIONS FOR 5 * -5 6• 5 7-5 8 Fe
PERFORMED FOR ENDF/B-VI*

D. C. Larson, C. Y. Fu, and D. M. Hetrick
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-6356

U. S. A.

ABSTRACT

Isotopic evaluations for 5A•56•57-58Fe performed for ENDF/B-VI are briefly
reviewed. The evaluations are based on analysis of experimental data and
results of model calculations which reproduce the experimental data.
Evaluated data are given for neutron induced reaction cross sections,
angular and energy distributions, and for gamma-ray production cross
sections associated with the reactions. File 6 formats are used to
represent energy-angle correlated data and recoil spectra. Uncertainty
files are included for the major cross sections. A detailed evaluation is
given for 56Fe and results of calculations for the major reactions are used
for evaluations of the minor isotopes, with particular attention paid to
inelastic scattering to the low-lying levels in 57Fe.

1. INTRODUCTION

Separate evaluations have been done for each of the stable isotopes of
iron. In this report, we briefly review the structure of the evaluations,
describe how the evaluations were done, and note the major pieces of data
considered in the evaluation process. Experimental data references were
obtained primarily from CINDA, but also from the literature and reports.
The data themselves were mostly obtained from the National Nuclear Data
Center at Brookhaven National Laboratory and, occasionally, from the
literature and reports. The TNG nuclear model code (FU79.SH86), a
multistep Hauser-Feshbach code which includes precompound and compound
contributions to cross sections, angular, and energy distributions in a
self-consistent manner, calculates gamma-ray production, and conserves
angular momentum in all steps, was the primary code used for these
evaluations. Extensive model calculations were performed with the goal of
simultaneously reproducing experimental data for all reaction channels with
one set of parameters. This ensures internal consistency and energy
conservation within the evaluation. In the case of reactions for which
sufficient data were available, a Bayesian analysis using the GLUCS code
(HE80) was frequently done, using ENDF/B-V or the TNG results as the prior.
In cases where insufficient data were available for a GLUCS analysis, and
the available data were deemed to be accurate, but in disagreement with the
TNG results, a smoothed-curve representation of the data was used for the
evaluation. A similar method was also used for cross sections where
resonant structure was felt to be important, but resonance parameters were
not used. The final evaluation is thus a combination of TNG results (used
where extrapolation and interpolation was required, and where data sets
were badly discrepant), GLUCS results (used where sufficient data existed
to do an analysis), and smoothed curves. Since iron is a very important
material in fission and fusion reactors, much effort has gone into its
evaluation (and analysis of the evaluations) over the past years, and
results of this effort are reflected in the fine tuning done for ENDF/B-VI.
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In Section 2 the resonance parameters are discussed; Section 3 contains a
description of the major cross sections included in the evaluation; Section
4 is devoted to angular distributions; Section 5 to energy-angle correlated
distributions; Section 6 to gamma-ray production cross sections; and
Section 7 describes the uncertainty files.

Much of this information is abstracted from Refs. FU80, FU82, FU86, and
FU87. As of this writing, the various pieces of the evaluations are being
reviewed, modified if necessary, and assembled into full evaluations using
the ENDF/B-VI formats, and will be submitted by May 1988 to the Cross
Section Evaluation Working Group (CSEWG) for inclusion in ENDF/B-VI.

2. RESONANCE PARAMETERS

Resonance parameters for 5 4> 5 6> 5 7Fe were taken from an evaluation of iron
resonance parameters up to 400 keV by Perey and Perey (PE80). A total of
312 s-, p-, and d-wave resonances were included. The analysis was based on
sets of existing resonance parameters, and an attempt was made to sort out
the resonances seen in transmission measurements with different energy
resolution, and reconcile them with resonances seen in capture
measurements. Spin and parity information was available for some
resonances in 56Fe from high-resolution scattering measurements.
Resonances in 58Fe were taken from the ENDF/B-V dosimetry file.

Recent high resolution transmission, capture and scattering data for 56Fe
are available from ORELA and are currently being analyzed with the R-Matrix
code SAMMY to obtain a consistent set of resonance parameters. This work
will be incorporated in the ENDF/B-VI 56Fe evaluation as late as possible,
to allow the analysis to be pushed to as high a neutron energy as time
permits. Resonance parameters for the other isotopes will be unchanged.

3. CROSS SECTIONS

In this section we briefly describe contents of the files containing cross
sections for the more important reactions. The total cross section for the
minor isotopes above the resonance region was taken from an ORELA
measurement for natural iron. For 56Fe, results of an ORELA high-
resolution transmission measurement (which covered the energy range from 5
keV to 40 MeV and was used for the resonance parameter analysis) were used
to 20 MeV. There are many data sets available for inelastic scattering to
the first excited level in 56Fe at 847 keV, including high resolution data
showing resonant structure. Below 2 MeV the evaluation is based on the
data of Kinney and Perey (KI77) and Voss et al. (V071) . Above 2 MeV
several data sets were used, and the evaluated curve was adjusted within
experimental uncertainties based on integral results and a consistent
nuclear model analysis with TNG. Inelastic scattering cross sections to
higher-lying levels in 56Fe are based on a TNG analysis of experimental
data and include a direct-reaction contribution to many of the levels.
Inelastic scattering to the lowest few levels of 5 A' 5 7- 5 8Fe is also
included in evaluations of those isotopes. In particular, inelastic
scattering to the first three levels in 57Fe occurs at neutron energies
below the first level in 56Fe and is known to be an important energy loss
mechanism when neutrons impinge upon natural iron. Above the discrete
levels, inelastic scattering is represented by a continuum given in 3/91.
Precompound effects are included both in the cross section and the angular
and energy distributions.

The 56Fe(n,p) reaction has several data sets available, and a GLUCS
analysis was done which included this reaction. Results of that analysis
were used in the evaluation of this cross section. This cross section was
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also well reproduced by the TNG results. Evaluation of the (n,p) reaction
for the minor isotopes was taken from TNG results. There are no
measurements of the 56Fe(n,a) cross section via activation, since the
product 53Cr is stable. Thus, this cross section is taken from results of
the TNG analysis, which is in good agreement with measured alpha production
spectra, and agrees well with measured fission-spectrum averages. Cross
sections for the (n,a) reaction on the minor isotopes were also taken from
the TNG calculations.

Experimental data for the (n,2n) reaction are available for natural iron.
Figure 1 shows results of the TNG calculations for 56Fe compared with
available data and with earlier evaluations. The TNG calculated result is
used for the present evaluation.

Cross sections for important tertiary reactions are given for 56Fe, based
on results of the TNG calculations.

4. ANGULAR DISTRIBUTIONS

High resolution elastic scattering data is available up to 1.23 MeV (KI77)
and is used for the evaluation. A Legendre polynomial representation in
the center-of-mass system is used. From 1.23 to 20 MeV the evaluation is
based on a number of data sets and results of optical model calculations
(FU80). Angular distributions are given for inelastic scattering to each
level in 5 6Fe, are taken from the TNG calculations, and most include a
direct interaction component. Inelastic scattering to low-lying levels in
the minor isotopes are assumed isotropic. Angular distributions for
inelastic scattering from the continuum and for other neutron-producing
reactions are correlated with outgoing energy and given in File 6.

5. ENERGY-ANGLE CORRELATED DISTRIBUTIONS (FILE 6)

Perhaps the major improvement in the iron evaluation for ENDF/B-VI is the
use of correlated energy-angle distributions, obtained from TNG
calculations. A revision to ENDF/B-V, incorporating these correlations for
inelastic scattering from the continuum (crudely, however, due to format
limitations), was quite successful in improving agreement of calculated
results with measured values for several reactor problems. ENDF/B-VI uses
these results, translated into File 6 formats which allow for more precise
representation of the evaluated distributions. Energy-angle correlations
in the secondary neutron spectra from the (n,2n), (n,np), and (n,na)
reactions are incorporated, using File 6. Variable bin widths (SH86) have
been used for the neutron emission spectra to faithfully represent the peak
area of the spectra. These correlations are particularly important since
it is known that the angular distributions vary strongly with outgoing
neutron energy (FU86). Energy-angle correlations were also used for the
secondary neutrons from the (n,an) and (n,pn) reactions. All File 6
evaluated data are taken from the TNG calculations, which have been
compared with available data. Figure 2 shows a comparison of the TNG
results with available neutron emission data as a function of angle for
four outgoing neutron energy bins. Figure 3 shows a comparison of several
measured neutron emission spectra with the TNG results. The calculated
spectrum is broken down into its components (n,n~f) + (n,2n) +
((n,na)+(n,an)) + ((n,np)+(n,pn)).

Charged-particle and recoil spectra are also given in File 6, with
isotropic angular distributions assumed. Figure 4 shows a comparison of
the measured proton production spectrum of Grimes et al. (GR79) with the
TNG results. Again, the proton emission spectrum is broken down into its
components (n,py) + ((n,np)+(n,pn)). Figure 5 shows a similar comparison;
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this time for the alpha production spectrum. In all cases, the calculated
spectra are in good agreement with measured spectra.

As an example of the usage of File 6, consider the *°Fe(n,na) reaction. In
File 6/22, constant yields are given for the outgoing neutron, alpha and
52Cr residual, and an energy dependent yield is used for the gamma rays
associated with the (n,na) reaction. Normalized energy distributions are
given for each outgoing product, but only the outgoing neutron has a non-
isotropic angular distribution. The cross section to be used for
normalization is taken from File 3/22.

6. GAMMA-RAY-PRODUCTION CROSS SECTIONS

One of the major problems with earlier ENDF/B evaluations was a lack of
energy balance between gamma rays and particle production. For ENDF/B-VI
an effort has been made to alleviate this difficulty. Often the problem
has arisen because experimentally measured gamma-ray-production spectra
have been used directly in evaluations, without checking for energy balance
with other outgoing particles. A typical case existed for iron, where
three major sets of gamma-ray-production data existed as a function of
neutron energy: that of Orphan, et al. (OR75), Dickens et al. (DI72), and
Chapman et al. (CH76) . However, the measured data sets disagreed by as
much as a factor of two at some energies. A careful evaluation of the
data, based on a TNG analysis which attempted to simultaneously fit data
for all neutron-induced reactions as a function of incident energy, showed
little room for changing neutron production cross sections, secondary
neutron energy distributions, or secondary gamma-ray energy distributions.
Results of these calculations produced gamma-ray-production cross sections
that, while not in good agreement with any single measurement over the
entire energy range, were in reasonable average agreement and removed the
energy balance problem. Results of the TNG calculation were used for the
evaluation.

Gamma-ray-production cross sections have been given separately for each
reaction for 56Fe. Gamma rays originating from discrete inelastic
scattering in 56Fe are given by branching ratios for exact energy balance.
The same discrete gamma rays, arising from cascades of the continuum
inelastic gamma rays, are separately given in section 91. This allows
checking of energy balance for each individual reaction which could not be
done with past evaluations since gamma-ray-production spectra were given
only for the nonelastic reaction. File 6 was also chosen to represent the
continuum gamma-ray production energy distributions for consistency with
the neutron and charged-particle distributions. Isotropic angular
distributions were assumed for the gamma rays.

Capture gamma-ray yields, distributions, and recoil distributions are given
in File 6 and are based on a combination of experimental data and
calculation.

7. UNCERTAINTY INFORMATION

Uncertainty files are given only for the cross sections in File 3 and for
the resonance parameters. They are not given for energy distributions or
angular distributions. Fractional and absolute components, correlated only
within a given energy interval, are based on scatter in experimental data
and estimates of uncertainties associated with the model calculations.
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Fig. 1. Comparisons of the Fe<n,2n) cross sections of ENDF/B-V Mod-1,
ENDF/B-V Mod-3, and the present calculation with measurements.
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Various contributing components in the
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