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ABSTRACT

High-resolution nentron measurements for **Fe-enriched iron targets were made
at the Oak Ridge Electron Linear Accelerator (ORELA) in transmission below 20
MeV and in differential elastic scattering below 5 MeV. Transmission measurements
were also performed with a natural iron target below 160 keV. The transmission
data were analyzed from 5 to 850 keV with the multilevel R-matrix code SAMMY
which uses Bayes’ theorem for the fitting process. This code provides energies
and neutron widths of the resonances inside the 5- to 850-keV energy region, as
well as possible parameterization for resonances external to the analyzed region to
describe the smooth cross section from a few eV to 850 keV. The resulting set of
resonance parameters yields the accepted values for the thermal total and capture
cross sections.

The differential elastic-scattering data at several scattering angles were com-
pared to theoretical calculations from 40 to 850 keV using the R-matrix code
RFUNC based on the Blatt-Biedenharn formalism. Various combinations of spin
and parity were tried to predict cross sections for the well defined ¢ > 0 resonances;
comparison of these predictions with the data allowed us to determine the most
likely spin and parity assignments for these resonances.

The results of a capture data analysis by Corvi et al. (COR84), from 2 to 350
keV, were combined with our results to obtain the radiation widths of the resonances
below 350 keV observed in transmission, capture, and differential elastic-scattering
experiments.

The distribution of the reduced widths of the 33 s-wave resonances is consistent
with a Porter-Thomas distribution and the distribution of the nearest neighbor
spacings agrees with a Wigner distribution. The average s-wave level spacing is
equal to 25.4 + 2.2 keV. The Porter-Thomas distribution and the Fermi-gas model
suggest that several s-wave levels may have been missed but the Dyson-Metha Aj;
statistics test fails to confirm this possibility. The distributions of the reduced
neutron widths for the £ = 1 and £ = 2 resonances were also consistent with Porter-
Thomas distributions.

Even though modulations are observed in the staircase plot of the reduced s-
wave level widths, and in the plot of the Lorentz-weighted strength function, these
modulations do not provide a clear indication of the presence of doorway states
because of the small number of s-wave resonances. The s-wave strength function is
equal to (2.3 +0.6) x 10™4.

The mean values and standard deviations of the distributions of the radiation
widths are 0.92 £ 0.41 eV for the s-wave resonances, 0.45 £ 0.23 e\ . »r the p-wave
and 0.75 £ 0.27 eV for the d-wave resonances. The correlation coefficient between
the s-wave reduced neutron widths and radiation widths using the parameters of
the 10 s-wave resonances below 300 keV is equal to 0.29 £ 0.15: a markedly smaller
value than the ones found for other nuclides in this mass region.
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1. INTRODUCTION

The cross sections of structural materials in the iron region are important in
reactor applications because of the stainless steels that are used. The ENDF/B-V

evaluation of the 5%Fe resonance parameters (PER80), based on previous Oak Ridge
Electron Linear Accelerator (ORELA) measurements (PAN75, ALL76, and KINT76),
covered the energy region below 400 keV. In this report the resonance analysis 1s
extended to 850 keV. The neutron widths and the spin and parity assignments of
resonances are based on new ORELA 200-m transmission and differential elastic-
scattering measurements. The results of the 3¢ Fe capture analysis up to 350 keV by
Corvi et al. (CORB84) were combined with the results of our analysis to determine
the radiation widths of the resonances from 2 to 350 keV.

As found in the analysis of the 38Ni transmission data up to 813 keV (PERS8S),

the *®Fe transmission data were properly fitted up to 850 keV by using a different
channel radius for the p-wave channel than for the s- and d-wave channels.

The experimental procedures used in the transmission and differential elastic
measurements are described in Sect. 2 with discussions of the various background
and deadtime corrections. Details on the analysis of the transmission data from 5
to 850 keV and on the use of some low energy data in the fitting process to insure
that the final resenance parameters would produce acceptable thermal scattering
cross sections are reported in Sect. 3.1. In Sect. 3.2 the usefulness of the elastic-
scattering data in the determination of the spin and parity of some ¢ > 0 resonances
is illustrated for two energy regions. ‘

The results of our analysis combined with those of the capture data analysis
of Corvi et al. (CORB84) are presented in Sect. 4. Our resonance parameters are
compared with those reported in earlier publications in Sect. 5 and the behavior of
the average resonance parameters are discussed in Sect. 6.



2. DATA ACQUISITION AND DATA PROCESSING

2.1 TRANSMISSION MEASUREMENTS

2.1.1 Data Acquisition

Two transmission measurements were made by the time-of-flight techinique using
neutron pulses from the ORELA water-moderated tantalum target. One measure-
ment used unmoderated neutrons directly from the target and the other measure-
ment used moderated neutrons. The two measurements were made at the 200-m
flight path with two different samples (see Table 1) and different detectors.

- Table 1. Summary of Data Analyzed

Burst Average sample
Sample Energy range Flight path width thickness

(keV) _ (m) (ns) (at/b)
Analyzed transmission data
Natural Fe 5 to 120 201.583 1 0.005 7 0.2144 4 0.0005
56 e 120 to 850 201.575 4+ 0.005 4.5 0.2227 + 0.0005 |
Analyzed differential elastic scattering data
56Fe 40 to 850 200.191 +0.014 6 0.0677 £ 0.‘0020
Geel capture data and analysis (COR84)
56 Fo 1 to 350 58. 4.4 0.015

The measurement with moderated neutrons was made on a natural iron sample
weighing 4236.5 g with a thickness of 0.2144 £0.0005 at/b. Th.. electron beam burst
was 7 ns wide, producing a beam power of 10 kW at 800 Hz. Transmission data
from 2 to 163 keV were obtained using a 1-cm-thick, 9- by 9-cmm NE-110 scintillator
epoxy-coupled to two 12.5-cm-diameter RCA 8854 photomultipliers (PM). This bare
(non-coated) scintillator is mounted in a 0.025-mm-thick, 17.8-cm-diameter Mylar
reflecting cylinder. Each PM is biased below the single photoelectron level and a
coincidence is required between the outputs of the two PMs to eliminate counts due
to PM noise and reduce the effects of after-pulsing. The detector has an efficiency of
~40% at 15 keV. Details on this detector can be found in Ref. HAR88. In addition
to the shadow bar (2.5 cm each of uranium, thorium and tantalum) shadowing the
tantalum part of the target, three filters were inserted in the neutron beam at 5 m:
a 0.3 g/cm? 9B filter to reduce overlap neutrons and a 0.73-cm-thick uranium filter
plus a 1.27-cm-thick lead filter to reduce the intensity of the gamma flash from the
target.

LT



DATA ACQUISITION AND DATA PROCESSING 3

The transmission measurement on a *®Fe sample (2.380-cm diameter) was made
with an “effective” sample enrichment of 99.92% 56Fe achieved by the use of a 0.025-
cm-thick foil of natural iron in the vpen beam to compensate for the 5*Fe in the
92.997 g of iron enriched to 99.87% in 5%Fe. The sample thickness of %¢Fe was
0.2227 & 0.0005 at/b. Unmoderated neutrons from the tantalum target were used.
The electron beam burst was 4.5-ns wide producing a beam power of 6 kW at 800
Hz. The measurements covered the energy region from =100 keV to 20 MeV. A
2.5-cm-thick, 5.2- by 8.9-cm NE-110 scintillator also mounted between two RCA
8854 photomultipliers was used as the detector. Two filters were inserted in the
beam at 5 m: a 0.3 g/cm? 1°B filter and a 4.4-cm-thick uranium filter.

For both transmission measurements the neutron beam was collimated so that
all neutrons passed only through the scintillator. The detectors were gated off
during the gamma flash and the succeeding =35 us for the natural iron sample
measurement, and ~3 us for the 5°Fe sample measurement, to eliminate possible
extraneous events due to phototube afterpulsing.

‘ Data were acquired using an EG&G time digitizer and stored in one of the
ORELA Data Acquisition Computers (BET69).

2.1.2 Data Reduction

The data were first corrected for the deadtime (1104 ns) of the digitizer and
then corrected for the backgrounds. ‘

During the transmission measurements using water-moderated neutrons two
sources of background were monitored: (1) a background arising from 2.2-MeV
amma rays produced by neutron capture in the water moderator of the target;
(2) a time and beam independent room background. To aid in the determination
of these backgrounds and to optimize the signal-to-background ratio, four separate
pulse-height spectra were recorded. At low energies (below 5 keV) the background
is mainly (90%) due to a constant time independent background. At high energies
it is mostly due to 2.2-MeV gamma rays from the moderator (~70% at 100 keV).
For these operating conditions, the signal to background ratio for the open beam 1s
greater than 1000 above 20 keV, 100 at 5 keV and 30 at 2.8 keV. See Ref. LARS3
for more details on corrections for these backgrounds.

The transmission data using unmoderated neutrons were corrected only for
a time-independent background (determined at long times) since there was little
neutron capture in the narrow water-cooling channels in the tantalum target. This
constant background for the open beam is less than 0.3% above 180 keV.

2.2 DIFFERENTIAL ELASTIC SCATTERING MEASUREMENT

2.2.1 Data Acquisition

The scattering measurement was also done with the time-of-flight technique
using neutron pulses from the ORELA water-moderated tantalum target. The 200-
m flight path was used (see Table 1) and the filters and collimators allowed both
unmoderated and moderated neutrons to reach the sample.



4 DATA ACQUISITION AND DATA PROCESSING

The scattering measurement was made using 123.4 g of iron enriched to 99.87%
in 5*Fe. The samplc was a hollow cylinder 6.35-cm high with a 3.0-cm outside
diameter aud a wall thickness of 0.282 £ 0.005 cm. The cylinder was susp~nded
at the center of a 183-cm-diameter scattering chamber whiclh was evacuateu and
isolated from the flight-path beam tube by ineans of a 0.025-cm Mylar entrance
windowr.

The scattering data were nbtained with a 0.3 g/cm? 1B filter to eliminate low-
en-rgy neutrons associated with the previous burst and with two other filters to
reduce the intensity of the gamma flash fromn the target: one made of uranium,
N.73-cm thick, covered the whole beam; the other composed of three 2.5-cm-thick
layers of uranium, thorium and tantalum shadowed only the tantalum part of the
target.

The electron beam burst width was 6 ns producing a beam power of 10 kW at

30C Hz. The measurement covered the energy region from approximately 10 keV
to 5 MeV.

Six neutron detectors were located 19.1 cm from the center of the chamber at
angles of 39°, 55°, 90°, 120°, 140°, and 160° from the direction of the incident neu-
tron beam. Each neutron detector consisted of a 7.62-cm-long by 4.32-cm-diameter
cylinder of NE-110 which was viewed at each end by RCA 8850 photomultiplier
tubes Aaditional details of the experimental arrangement for these scattering mea-
surements can be found in reference HORS6.

The threshold for each phototube was set below the single photoelectron level,
and a fast coincidence between the two tubes of each detector was required to define
an event. The summed anode signals were split into two pulse-height windows and
an 45,000 channel time-of-flight (TOF) spectrum was taken for each window. The
lower window was from threshold to abous 14 photoelectrons, which corresponds
to 160 keV proton energy fcv this detector. The upper window was for summed
pulses greater than 14 photoc'ectrons. The two TOF spectra for a detector had
equal counts at abcut 300 keV ncutron energy. The relative efficiencies vs energy
of the six detectors were ceterinined from series of measurements using a carbon
scatterer.

The fast outputs of the six detectors were multiplexed to provide the stop signal
and to set a four-bit tag generator of an EG&G clock. The system was designed so
{aat each detector could record a maximuin of only one event from each accelerator
burs¢ (i.e., 800 s™'). The data had to be corrected for deadtime which was caused
predominantly by detection of the gamma flash scattered by the sample. A second
EG&G time digitizer was modified so as to provide a seven-bit tag generator, and
this was operated in parallel with the other time digitizer but with considerably
fewer TOF channeis. This allowed direct measurement of the gamma-flash events
recorded by each detector, i.e., singly or in any multiple coincidence.

Data were also taken with one of the detectors placed in the direct beam to
measure the product of the flux and the detector efficiency as a function of neutron
energy.



DATA ACQUISITION AND DATA PROCESSING 5
2.2.2 Data Reduction

All spectra were normalized by means of a neutron monitor detector. After
correcting for deadtime and a constant room background, the scattering spectra
were divided by the spectrum from the in-beam detector to remove the energy
dependence of the incident flux and detector efficiency. The data were not corrected
for multiple scattering in the sample but were corrected for geometrical factors to
deduce a relative differential scattering cross section with an uncertainty of ~5%.



3. DATA ANALYSIS

3.1 TRANSMISSION DATA ANALYSIS

The transmission data were analyzed with the multilevel R-matrix Reich-Moore
(REI58) formalism code SAMMY (LARB80-90). SAMMY is a constrained least-
squares code which uses Bayes’ theorem for t..z fitting process. By using Bayes’
equations, various data sets can be analyzed sequentially to yield a result equivalent
to the simultaneous analysis of these data sets.

The iron data analysis documented in this report is similar to previously pub-
lished analyses of *®Ni (PER38) and ®°Ni (PER83) nuclei; these publications should
be consulted for more details. Complete documentation on Bayes’ theorem, and on
the formalism used in the code SAMMY with details on the code itself and specific
examples, are given in Ref. LARS0-90.

Two main data sets were analyzed between 5 and 850 keV. From 5 to 120 keV
the transmission data analyzed were those obtained with the natural iro:: sample,
and from 120 to 850 kev with the enriched %¢Fe sample. As noted earlier, both
experiments used the 200-m flight path. The main characteristics of the experi-
ments are given in Table 1. Details of the experimental setups and of the various
corrections applied during the data reduction process were reported in Sect. 2.1.

The transmission data from the original data files were averaged whenever it
was possible to do so without compromising any information. The number of data
points was reduced on average by a factor of 30 for the natural iron data below 120
keV and by a factor of 3 above 120 keV for the 56 Fe data. This reduced number of
data points allowed us to submit each of the data sets in a single run of the code

SAMMY.

The narrow, isolated resonances of the minor iron isotopes which would not
affect the determination of the ®6Fe resonance parameters were removed from the
natural iron data file (however the narrow resonance at 53.57 keV in %*Fe was
not eliminated since it was unresolved from the °®Fe resonance at 53.56 keV). The
parameters of the wide resonances which contribute to the smooth cross section were

included in the parameter file and adjusted along with the 5®Fe isotope resonance
parameters to optimize the fit to the transmission data.

Due to the low inelastic-scattering threshold (14.4 keV) of the 37 Fe isotope, the
inelastic-scattering contribution to the transmission data is significant and cannot
be ignored. It was simulated by assigning very large values to the radiation widths

of the wide 5"Fe s-wave resonances as recommended by M C. Moxon in his natural
iron analysis from 0.3 to 50 keV (MOX88).

Also present in the natural iron sample is a small *Mn impurity (x0.13%)
which contributes slightly to the smooth cross section of our data. Therefore, the
parameters recommended for the large s-wave resonances for this isotope in Ref.
MUGS8I1 were included in our parameter file, along with the parameters of the large
resonances of the minor iron 1sotopes (54, 57 and 58).

The initial input resonance narameter file included, below 120 keV, resonance
parameters for all previously reported resonances in natural iron (except for the

6



DATA ANALYSIS 7

narrow resonances of the minor iron isotopes), the parameters of the large s-wave
- resonances of the *Mn impurity and, above 120 keV, only the resonance param-
eters of the 5%Fe isotope. Uncertainties were assigned to the adjusted parameters.
The resonances external to the energy region analyzed are represented by fictitious
resonances outside the energy range of this analysis.

All resonances showing the characteristic interference pattern of s-waves were
assigned as s-waves. The *®Fe differential elastic scattering data were used to con-
firm the s-wave assignments and to assign the spin and parity of £ > 0 resonances
whose neutron widths were large enough for them to be observed in this experiment
(see Sect. 3.2). We also assigned spins and parities to the narrow resonances even
though most of the assignments are, at best, uncertain and often arbitrary.

A Gaussian resolution function was used in the transmission data analysis with
the code SAMMY. This Gaussian resolution is a function of the electron burst
width, At, and of the spread of the flight-path length distribution, AL. Because
of the relatively small energy range of the natural iron data analysis AL could
be kept constant at the value of 45 mm determine. by fitting narrow resonances.
With this value of AL the effective Gaussian resolution (full width half maximum,
FWHM) calculated for these data is 1.5 €V at the incident neutron energy of 5 keV,
increasing to 54 eV at 120 keV.

In the case of the 5°Fe data it became evident in the course of the analysis
that the resolution width calculated with a constant value for the spread of the
flight-path length distribution would not allow a good fit to the transmission data
over the complete energy range. The energy dependence of AL was investigated
by F. G. Perey and S. N. Cramer (PER90). Their Monte-Carlo calculations of
the flight-path length distribution for the ORELA tantalum target indicate that
AL decreases linearly with energy in the range 100 keV to 1 MeV. Consequently a
linear energy dependence for AL was included in the code SAMMY::

AL=aE+b

The parameters a and b used in the analysis of the 56Fe data, obtained from the
Monte-Carlo calculations, are:

a=~22x10"% m/eV
and b= 5.95 x 107 m.

These values yield a AL of 56.9 mm at 120 keV and 40.8 mm at 850 keV. The

c%_rresponding effective Gaussian resolution widths are equal to 52.7 eV and 537
e

In the analysis of **Ni (PER8S8) it was found that a single channel radius was
inadequate to describe the transmission data when the analysis was extended above
200 keV. A good fit to the data was achieved with the radius for the p-wave 30%
smaller than the radius for the s- and d-wave resonances. For the present analysis
two radii were also used; the final values obtained with the code SAMMY are 5.437
fm for the s- and d-waves resonances and 4.893 fm for the p-waves. Although the
two radii differ by only 10% for the 5Fe data :he x2 per degree of freedom is 23%
smaller than when a single adius is used.



8 DATA ANALYSIS

During the process of fitting the transmission data with the code SAMMY, a
normalization factor and a background correction, both energy independent, were
allowed to be adjusted for each data set. Background corrections were determined
to be negligible for both data sets. No normalization correction was necessary for
the natural iron transmission data, but a 1.0225 + 0.0005 normalization factor was
needed for the *Fe transmission data. The reason for such & large renormalization
of the data is presently unknown.

In order to insure that the resonance parameters based upon the analysis of
the 200-m data would produce acceptable thermal scattering cross sections, data in
four small energy intervals between 20 eV and 2 keV were also used in the fitting
process. These data were based upon transmission measurements made with a ®Li-
glass detector at 17 and 80-m flight paths. The data used in this low-energy region
and the theoretical cross section generated from the final resonance parameters,
given in Tables 2 and 3, are shown in Fig. 1 (excluding the 1.15-keV resonance).
The thermal total cross section generated from the °6Fe parameters of Table 2
is equal to 14.64 b, which is in good agreement with the value of 15.05 + 0.50 b
recommended in Ref. MUGS81 for the sum of the thermal neutron scattering and
capture cross sections.

15
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Fig. 1. Data below 2 keV used in the SAMMY fitting process. The smooth line is
the plot of the theoretical cross section calculated with combined parameters of Tables 2 and 3,
excluding the 1.15-keV resonance.
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The fit to the natural iron data (from which the narrow isolated resonances
of the minor iron isotopes were removed) obtained with the combined parameters
of Tables 2 and 3 are shown in Figs. 2 through 5. The large resonances of the
non-*¢Fe isotopes and of the *Mn impurity which contribute to the smooth cross
section are identified in the upper plots. The lower plots show details of the narrow
36Fe resonances from the upper plots. In Figs. 6 through 11 the 3%Fe data, from
120 to 850 keV, are compared with the theoretical cross sections calculated with
the parameters of Table 2 obtained with the code SAMMY.

3.2 DIFFERENTIAL ELASTIC SCATTERING DATA ANALYSIS

The differential elastic-scattering measurements were used as the principal tool
to determine the spin and parity of the £ > 0 resonances. The main characteristics
of the experiment are given in Table 1. Details of the experimental setup and of
the various corrections applied during the data reduction process were reported in
Sect. 2.2, The theoretical calculations of the cross section at six scatterir.g angles
were compared to the experimental data. Various combinations of spins and parities
were tested; the combination which yielded the best agreement with the data was
adopted.

The theoretical cross sections were calculated as a function of the incident neu-
tron energy with the R-matrix code RFUNC (PER89), which is based on the Blatt-
Biedenharn formalism (BLA52). Doppler broadening and experimental rusolution
are taken into account. The Gaussian resolution width in this experiment is 30 eV
at a neutron incideut energy of 50 keV and 815 ev at 850 keV: ~50% larger than for
the transmission data. The code includes approximate corrections for attenuation
and multiple scattering in the sample. The same channel radii determined in the
transmission data analysis are used in the code RFUNC.

To illustrate how the differential elastic-scattering data allows us to determine
the spin and parity of resonances seen clearly in this experiment we consider first
the region from 40 to 240 keV. The resonance parameters are reported in Table 2
and the parameters of the £ > 0 resonances are compared with those of Ref. COR85
in Table 4. Whereas we can assign definite spin and parity to 21 of the 43 observed
resonances in this 200 keV encrgy reginn, Cornelis et al., with transmission data
alone using a 200-m flight path, could assign the spin and parity only to the largest
resonauce in this energy region, at 122.8 keV, and we disagree with their assignment.

In Fig. 12 are plotted the differential elastic-scattering data and theoretical
calculations for three of the six scattering angles in a small energy region which
includes the large resonance at 122.8 keV, and two smaller ones. The transmission
data for the resonance at 122.8 keV is fitted just as well if the assignment is p, /2 or
p3/2; however, these assignments yield differential elastic-scattering cross sections
that are quite different. The thin line, which corresponds to a p, /2 assignment, does
not agree with the data at any of the three scattering angles whereas the thick line,
generated from a pj3/, assignment, is in good agreement with the data at 39° and
160° scattering angles. Even though the theoretical curves do not agree well with
the data at 90° a p3,» assignment is still clearly favored over a p, /2 assignment.

‘The next resonance at 124.2 keV illustrates the pdint that definite spin and
parity assignments can be made for narrow resonances, here only 10 eV wide, if
they are isolated. The comparison of the differential elastic-scattering data for
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the d-wave resonance at 125.2 keV with the data for the two p-wave resonances,
in Fig. 12, illustrates how p- and d-wave resonances are differentiated: the 39°
scattering angle does not provide useful information since the asyrametric shape of
the resonances are similar for both ¢-values; at 90° the shapes are different: the
£ = 1 resonances have a symmetric shape about the resonance energy whereas the
¢ = 2 resonances have an asymmetric shape; at 160° asymmetric patterns are again
observed for both ¢-values but they are reversed for a p- and a d-wave.

We now consider the 550 to 600 keV energy region. The resonance parameters
from this work and from the 400-m transmission data (from 240 to 850 keV) of
Cornelis et al. (CORB83) are compared, for this energy region, in the lower half of
Table 5. Excluding the resonance at 558.8 keV, which is fitted as a doublet in our
analysis but as a singlet in Ref. COR83, only two of our £ and J assignments agree
with the ones given by Cornelis et al. and we clearly disagree with four of their
assignments.

In Fig. 13 the total cross section and differential elastic-scattering data from
ORELA are compared with the theoretical calculations obtained from the parame-
ters of Table 2. Figure 14 differs from Fig. 13 only in the assignments of t!.e £ and J
values for the four resonances on which we disagree with Cornelis et al. and in some
values of the neutron widths since a new fit to the transmission data was performed
using these four assignments from Ref. COR83. Only these four assignments and
the s-wave associated with the first ds/, resonance, are identified on Fig. 14.

When the resonance at 561.4 keV (on top of an s-wave resonance) is fitted as
a p3/z resonance in Fig. 13, and then as a d3/; resonance in Fig. 14, the fit to the
transmission data is just slightly worsened but the agreement with the differential
elastic-scattering data is lost. This demonstrates that even in the case of a large
resonance, and especially if it interfer=s with another large one, the analysis of the
transmission data alone cannot be depended upca to provide determination of spins
and parities. The us:fulness of the differential scattering data in assigning spins and
parities is demonstrated again for the smaller but isolated resonance at 590.4 keV.

For many p-wavu resonances one can make a definite J-assignment because the
differential elastic-scattering cross section for a p, /2 and a p3/; rescnance are quite
different. However, this sensitivity is less for d3 /2 and ds ; resonances. For example,
the fit to the total cross section for the two d-wave resonances, at 569.4 and 579.9
keV, is just as good in Fig. 14 as it is in Fig. 13, and the agreement with the
differential elastic-scattering data is niarkedly worse in Fig. 14 only at the 160°
scattering angle.
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Table 2. Resonance parameters for 6Fe + n from 1 to 850 keV.

11

The transmission and differential elastic scattering data analyses were performed
with the following channel radii: '

R = 5.437 4+ 0.002 fm for the £ = 0 and ¢ = 2 resonances,
R = 4.896 £ 0.003 fm for the £ = 1 and £ = 3 resonances.

The three negative energy resonances and the six resonances above 851 keV describe
the smooth cross section in the analyzed region and are an integral part of the

parameter file. Uncertainties are given in parentheses. The notation is such that
—473. (19) means —473. £ 19.

E, I'n gTnI'y /T Ty T L Notes
(keV) (eV) (eV) (eV)

*1 ~473. (19) 308.E43 (12) 1.0 0 05 1
*2 —24. (2) 2.71E+3 (17) 1.0 0 05 1
*3 —2.44 (5) 193. (7) 0.86 0 05 1
4 1.15 61.7E-3 (9) 55.7E-3 (8)  0.574 (40) 1 05 2
5 2.35 0.21E-3 0.42E-3 (8) 0.75 2 1.5 3
6 12.45 2.8E-3 2.8E-3 ()  0.45 1 05] 3
7 17.75 14.8E-3 144E-3 (16) 0.45 1 05 3
8 20.17 4.2E-3 8.3E-3 (18) 0.75 2 1.5 3
9 22.801 (4) 0.214 (12) 0.191 (19) 1.8 (10) 1 ¢35 4

*10 27.791 (2) 1409.3 (11) 0.86 (13) 0.86 (13) 0 05

11 34.234 (1) 0.35 (2) 0.61 (6) 24 (12) 1 15] 4
12 36.725 (1) 0.57 (3) 0.271 (15)  0.52 (6) 1 05

13 38.418 (1) 0.238 (13) 0.36 (2) 0.74 (21) 1 15

14 46.0535 (2) 5.14 (8) 0.54 (3) 0.29 (2) 1 15

15 52.1397 (2) 17.29 (13) 0.77 (4) 0.39 (2) 1 15

16 53.561 (1) 1.12 (5) 0.38 (2) 0.58 (5) 1 05

17 53.68 0.037 0.034 (8) 0.45 1 05) 3
18 59.2318 (2) 4.81 (8) 0.82 (5) 0.45 (3) 1 15

19 63.474 (1) 0.80 (3) 0.65 (4) 0.55 (6) 1 15

20 72.988 (1) 0.28 (2) 0.77 (8) 3.1 (22) 2 2.5 4

*21 74.029 (1) 611.5 (8) .59 (8) 0.59 (8) 0 05

22 77.082 (1) 3.52 (12) 0.28 (2) 0.31 (2) 1 05

23 80.8419 (2) 11.78 (11) 2.07 (11) 0.73 (4) 2 25

*24 83.628 (1) 1215.1 (13) 0.54 (8) 0.54 (8) 0 05

25 90.3379 (4) 22.0 (3) 0.83 (5) 0.42 (3) 1 [1.5)

26 92.708 (1) 1.80 (8) 1.06 (6) 0.75 (6) 2 [1.5)

27 92.928 (2) 0.76 (11) 0.56 (4) 0.44 (6) 1 15

28 96.194 (2) 0.92 (8) 0.44 (8) 0.29 (7) 2 15

29 96.3457 (4) 14.6 (3) . 0.56 (6) 0.58 (6) 1 [0.5]

30 96.630 (1) 2.16 (8) 1.33 (12) 0.96 (13) 2 [1.5)

31 102.698 (1) 27.9 (3) 0.65 (6) 0.33 (3) 1 15
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Table 2. Continued

Ep | gy /T r, eogb Notes
(keV) (eV) (eV) (eV)
32 103.087 (2) 0.64 (12) 0.75 (6) 0.90 (30) 1 15
3. 105.942 (1) 3.46 (12) 1.34 (9) 0.83 (7) 2 [1.5]
34 112.719 (1) 6.59 (18) 1.02 (7) 0.55 (4) 2 15
35 121.02 0.034 0.032 (27) 045 1 0.5 3
36 122.60 0.073 0.126 (44) 045 1 1.5 3
37 122.801 (1) 61.9 (7) 0.59 (7) 0.30 (3) 1 15
38 124.187 (2) 10.2 (5) 0.59 (5) 0.63 (6) 1 05
39 125.175 (1) 12.9 (4) 1.16 (8) 0.61 (4) 2 15
*40 129.861 (2) 588. (3) 0.57 (8) 0.57 (8) 0 05
41 130.17 0.90 0.82 (12) 0.75 2 1.5 3
42 140.479 (4) 2735. (6) 1.58 (24) 1.58 (24) 0 05
43 141.15 0.62 0.68 (17) 0.75 2 1.5 3
44 142.31 0.95 0.61 (11) 0.45 1 15 3
45 149.83 0.14 0.21 (3) 0.45 1 15 3
46 153.945 (4) . 5.0 (5) 0.56 (5) 0.63 (6) 1 [0.5]
47 161.778 (2) 6.7 (4) 1.13 (9) 0.62 (5) 2 [1.5
48 169.127 (2) 21.6 (8) 1.67 (25) 0.87 (13) 2 15
*49 169.275 (2) 962. (3) 1.00 (14) 1.00 (14) 0 05
50 173.19 2.0 0.22 (5) 0.25 (5) 1 o05]
51 173.688 (1) 38.8 (7) 0.48 (7) 0.24 (3) 1 15
52 175.89 0.08 0.13 (5) 0:45 1 1.5 3
53 179.766 (1) 16.9 (5) 0.49 (7) 0.25 (4) 1 15
54 181.08 6.4 (7) 0.50 (25) 0.54 (25) 1 0.5 5
55 181.185 (1) [29.2 (5) [2.36 (25) 0.81 (8) 2 25 5
56 187.088 (4) 6.0 (4) 0.54 (13) 0.28 (7) 2 [1.5)
*57 187.737 (4) 3620. (7) 1.02 (25) 1.02 (25) 0 05
58 188.07 0.056 0.10 (5) 0.45 1 1.5 3
59 189.97 24. (2) 0.28 (10) 0.28 (10) 1 0.5 5
60 190.02 (1) [14.2 (18) [0.61 (10) 0.31 (5) 2 [1.5] 5
61 193.015 (2) 20.9 (7) 1.15 (10) 0.39 (4) 2 25
62 195.747 (2) 72.7 (14) 0.54 (7) 0.54 (7) 1 05
63 201.581 (1) 32.8 (7) 1.63 (14) 0.84 (7) 2 15
64 203.80 0.042 0.079 (33)  0.75 2 1.5 3
65 205.95 1.41 (11) 1.05 (10) 0.47 (6) 2 [2.5]
66 207.997 (2) 12.5 (5) 0.68 (8) 0.35 (4) 1 15
67 208.83 0.15 0.22 (7) 0.45 1 15 3
68 209.72 0.06 0.11 (4) 0.75 2 15 3
69 210.699 (3) 5.9 (3) 1.16 (12) 0.41 (4) 2 25
70 215.98 0.26 0.3 (6) 0.45 1 1.5] 3
*71 220.586 (2) 1267. (4) 1.68 (21) 1.68 (21) 0 0.5
72 221.844 (5) 8.7 (6) 0.43 (9) 0.22 (5) 1 [1.5]
73 223.69 1.3 (6)° 1.02 (10) 0.84 (28) 2 1.5
74 225.855 (2) 56.2 (12) 0.89 (11) 0.90 (11) 1 [0.5]
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Table 2. Continued
Eo I'n glnly/T¢ Iy ¢ J* ' Notes
(keV) (eV) (eV) (eV)

75 229.91 0.42 0.54 (8) 0.75 [2 1.5 3

76 232,550 (2) 25.4 (6) 2.22 (19) 1.16 (10) 2 15

77 234.893 (1) 31.7 (5) 2.38 (18) 0.81 (6) 2 25

78 241.625 (2) 11.6 (4) 3.46 (26) 1.28 (11) 2 25

79 243.41 0.11 0.18 (6) 0.45 1 1.5 3
*80 244,991 (1) 487. (3) 0.60 (10) 0.60 (10) 0 05 ‘

81 246.34 0.16 0.12 (12) 0.45 1 6.5] 3

82 252.49 0.25 0.16 (8) 0.45 1 o0.58] 3

83 - 253556 (1) 42.1 (6) 1.74 (19) 0.59 (6) 2 25

84 256.158 (5) 5.4 (4) 1.08 (12) 0.60 (7) 2 [1.5)

85 259.902 (3) 13.1 (5) 0.68 (10) 0.35 (5) 1 15

86 260.76 0.09 0.16 (7) 0.75 2 15] 3

87 263.641 (1) 125.6 (14) 0.56 (11) 0.56 (11) 1 05

83 264.34 1.0 (5)° 0.29 (12) 0.41 (25) 1 0.5)

89 267.044 (1) 78.7 (6) 0.98 (19) 0.33 (6) 2 25

90 267.693 (8) 7.0 (5) 0.77 (30) 0.87 (38) 1 [0.5)

91 269.772 (1) 158.3 (14) 0.41 (11) 0.41 (11) 1 05

92 274.69 0.56 6.25 (14) 0.45 [1 0.5] 3
*93 276.336 (1) 228.8 (19) 6.52 (11) 0.26 (6) 1 15

*94 277.206 (6) 3650. (9) 0.80 (19) 0.80 (19) 0 05

95 280.988 (5) 8.9 (5) 1.70 (19) 0.94 (10) 2 [1.5]

96 283.05 4.8 (4) 0.64 (32) 0.74 (43) 1 [0.5)

97 283.985 (3) 9.3 (4) 1.40 (19) 0.49 (7) 2 25

98 285.550 (2) 17.7 (5) 2.15 (21) 0.75 (7) 2 25

99 288.765 (2) 31.5 (8) 1.38 (17) 0.71 (9) 2 15

100 290,415 (2) 33.9 (7) 0.75 (17) 0.38 (9) 1 15 5
101 290.74 3.6 (3) [0.80 (17) 0.45 (9) 2 1.5] 5
102 293.225 (2) 197.6 (20) 0.69 (11) 0.69 (11) 1 05

103 295.88 0.33 0.38 (11) 0.45 1 1.5] 3
104 299.974 (2) 28.1 (6) 1.51 (18) 0.78 (9) 2 15

105 302.99 0.15 0.22 (11) 0.45 1 1.5 3
106 304.493 (3) 18.3 (6) 0.81 (14) 0.41 (7) 1 15

107 306.32 0.33 0.19 (12) 0.45 1 0.5 3
108 306.99 1.0 (5)° 0.71 (30) 0.55 (39) 1 18]

109 310.980 (1) 144.5 (15) 1.18 (16) 1.19 (16) 1 05

110 312.84 1.7 (8)° 0.41 (13) 0.54 (24) 1 0.5

111 314.744 (1) 52.9 (6) 3.36 (29) 1.14 (10) 2 25
*112 317.909 (6) 7118. (12) 0 05 6
113 321.779 (7) 9.9 (6) 1.23 (22) 0.66 (13) 2 [1.5]

114 324,013 (10) 10.5 (8) 0.32 (16) 0.33 (17) 1 [0.5]
*115 331.447 (2) 327.5 (25) [0.60 (20) 0.60 (20) 0 05 5
*116 331.510 [ 27.0 (13) 0.83 (20) 0.42 (10) 2 15 5
117 334.417 (2) 4.2 (4) 1.77 (20) 0.69 (9) 2 [2.5)
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Table 2. Continued

Ep s glnly/T? Iy e g Notes
(keV) (eV) (eV) (eV)

“118 340.770 (1) [132.8 (10) [0.90 (27)  0.45 (14) 1 15 5
119 341.059 {3) 30.5 (11) 0.95 (27)  0.48 (14) 2 [1.5] 5
120 341,766 (12) 3.8 (3) 1.24 (22) = 0.74 (16) 1 1.5)
121 344.753 (2) 45.2 (8) 1.63 (22)  0.83 (11) 2 15
*122 348.904 (1) 256.2 (13) 1.23 (19)  0.62 (10) 1 15
123 350.322 (1) 93.1 (9) 1.96 (25)  0.99 (13) 2 15
124 353.768 (2) 34.6 (7) 2 1.5 7
125 356.705 (7) 8.4 (6) 2 [1.5]
*126 357.263 (3) 2205. (11) 0 05
*127 361.078 (6) 7775. (16) 0 0.5
128 1362.716 (2) 93.6 (15) 1 15
129 366.797 (5) 13.6 (7) 2 25
130 373.747 (4) 5.4 (10) 2 [1.5)
131 377.247 (11) 5.1(8) 1 1.5)
132 379.184 (2) 47.6 (9) 2 1.5
*133 381,360 (9) 12.33E43 (2) 0 0.5
134 385.93 2.0 [2 2.5]
135 386.849 (3) 89.9 (16) 1 15
136 393.523 (5) 54.6 (21) 1 05
137 401.787 (2) 148.2 (14) 2 1.5
138 403.134 (2) 621.0 (24) 1 15
*139 405.408 (4) 2329. (9) 0 0.5
*140 418.183 (2) [748. (4) 1 15
141 419.118 53.8 (12) 2.25
142 428.604 (9) 22.4 (17) 1 [0.5]
143 431.001 (16) 5.8 (7) 2 [1.5)
144 434.777 (2) 140.6 (14) 2 15
*145 438.296 (4) 1918. (8) 0 05
146 438.687 [ 13.7 (11) 2 [1.5]
147 439.517 10.3 (17) 1 [0.5)
148 448.217 251. (5) 1 0.5
149 448.811 (2) [236.3 (21) 2 25
150 451.288 (2) 93.5 (14) 1 15
151 455.170 (15) 7.7 (9) 2 [1.5]
152 457.040 (4) 97.0 (23) 1 05
153 458.045 (2) 145.0 (15) 1 15
154 460.275 (16) 6.9 (7) 2 [1.5]
155 464.379 (2) 72.3 (9) 2 2.5
156 468.656 11.4 (13) 1 0.5
*157 469.934 (4) 2566. (9) 0 0.5
158 481.158 (2) 133.1 (12) 2 25
159 485.330 (8) 41.4 (20) 1 05
160 487.560 (14) 9.7 (14) 2 [1.5]
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Table 2. Continued ‘
Eo Ty gl'nly /T8 'y e gt Notes
 (keV) (eV) (eV) (eV)
161 489.815 179.0 (24) 1 15
162 490.568 (2) [418.1 (31) 2 15
163 493.824 (5) 42.8 (13) 2 1.5
*164 499:316 (2) 110.3 (12) 2 15
*165 500.194 (4) 1726. (8) 0 05
*166 503.405 (2) - 147.5 (14) 2 25
167, 508.268 (13) 24.7 (19) 1 05
*168 511.675 (2) 512.1 (28) 1 15
*169 513.201 (4) 310. (6) 1 [0.5]
170 513.385 [ 52.3 (20) 3 2.5
17 514.705 (8) 20.8 (12) 2 [1.5)
172  523.042 (22) 6.5 (8) 2 1.5)
173 527.396 (2) 90.0 (12) 2 25
174 531.855 (2) 98.5 (11) 2 25
175 533.558 (4) 72.5 (14) 1 15
*176 535.921 (3) 255.5 (35) 0 05
*177 538.737 (2) 459.6 (27) 1 15
178 543.98 21.3 (19) 1 o0.5]
179 544.413 (3) [131.8 (17) 1 15
180 545.653 308.8 (18) [2 2.5
181 545.773 [268. (4) - [0 o0.5]
182 552.500 (3) 61.0 (11) 2 25
183 556.76 12.0 2 [1.5)
184 558.783 [149.7 (16) 2 25
*185 558.854 (4) 854. (6) 1 05
*186 561.015 (8) [1500. (10) 0 05
*187 561.394 (4) 376. (4) 1 15
188 565.497 (4) 49.8 (12) 2 [2.5)
189 | 567.350 (20) 17.3 (19) 1 [0.5]
190 569.399 (3) 86.6 (12) 2 25
191 575.212 87.1 (27) 0 05
*192 577.419 (3) 1456. (5) 1 15
193 579.878 (2) 162.1 (15) 2 25
194 581.068 (28) 12.9 (19) 1 0.5]
195 590.416 (4) 68.3 (12) 2 25
196 591.424 (22) 8.2 (15) 2 1.5
197 595.136 (4) 186. (4) 1 05
198 595.894 (5) 65.2 (16) 2 15
199 598.024 (23) 12.4 (22) [1 0.5
200 603.591 (4) 83.4 (15) 1 15
201 607.945 (32) 11.3 (16) [1 0.5]
202 610.150 (7) 24.9 (10) 2 [2.5]
203 613.111 8.4 (10) [2 1.5
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Table 2. Continued

Ey I'n gy /T I'y ¢ gt Notes
(keV) (eV) (eV) (eV)
204 613.936 (R 2642, (14) 0 05
205 614.141 82.2 (18) 2 [1.5]
*206 614.873 (5) 300. (5) 1 05
207 615.971 19.9 (15) 2 [1.5]
208 623.441 [ 14.9 (22) 1 0.5)
209 623.892 (10) 20.5 (11) 2 25
210 626.694 (8) 36.3 (15) 1 15
211 629.044 (30) 14.6 (28) 1 [0.5]
212 631.138 (3) 137.9 (18) 2 1.5
213 633.473 (5) 160.7 (33) 1 05
214 636.495 (9) 35.3 (15) 2 1.5]
215 637.491 (2) 163.7 (14) 2 25
216 641.535 .(10) 58.1 (27) 1 05
217 644.187 (7) 43.5 (15) 1 15
218 645.98 " 58.9 (18) 1 15
*219 646.665 (2) | 667.3 (24) 2 25
220 653.540 (2) 259.4 (22) 1 15
221 654.900 — 21.6 (24) 1 0.5)
222 655.640 169.8 (24) 2 [2.5)
223 655.830 165. (8) 1 05
224 656,230 | 22.6 (20) 1 1.5
225 657.826 (3) [487. (5) 1 15
226 658.559 202. (4) 2 15
227 663.406 (28) 9.0 (12) 2 1.5]
228 665.597 (4) 121.9 (20) 1 15
229 665.655 (22) 27.96E+3 (7) 0 05
230 668.058 (24) 11.8 (14) 2 1.5
231 671.281 (3) 212.1 (25) 2 15
232 672.961 (9) 51.7 (20) 2 [1.5)
233 680.675 (9) 35.1 (14) 2 [2.5]
234 681.473 (11) 75.5 (35) 1 [0.5)
235 683.944 (16) 21.9 (16) 2 [1.5]
236 685.192 (3) 204.4 (18) 2 25
237 688.658 9.7 (18) 1 0.5]
238 689.605 (3) 240.0 (24) 1 15
239 691.108 (3) 133.2 (15) [2 2.5] 7
*240 693.506 (5) 1727. (19) 0 0.5
*241 695.628 l:496. (6) 2 15
*242 696.188 599. (6) 1 15
243 702.345 (14) 24.3 (15) 2 [1.5]
244 - 705.197 (11) 16. (4) 1 0.5]
245 708.155 (11) 5.6 (13) 1 1.5]
*246 710.659 (20) 20.94E+3 (7) 0 05
247 714.345 (8) 61.7 (20) 2 1.5
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Table 2. Continued
Eo Ty gl /T ry T L Notes
(keV) (eV) (eV) (eV)

248 715.727 (8) 63.1 (21) 1 15

*249 717.008 (5) 708. (9) 1 05

250 721.336 148.2 (30) 2 [1.5]

251 721.877 (5) | [155.8 (28) 1 15

*252 727.834 (3) 671. (4) 2 2.5 7
253 731.818 (5) 90.3 (17) 2 2.5 ‘
*254 737.726 646. (11) 1 15

*255 737.856 [329. (7 2 25

256 739.534 (9) 52.6 (19) 2 [1.5)

*257 741.680 (10) 5719. (27) 0 0.5

258 744.98 [ 44, (4) 0.8

259 745.685 (4) 220.6 (31) . 1 15

*260 750,192 (3) 690. (7) 1 15

*261 752.706 (7) 2462. (24) 0 05

*262 756.281 (3) 1039. (5) 2 25 7
263 759.175 (9) 74.6 (24) 1 15

264 765.013 (5) 132.5 (24) 2 [1.5]

265 765.725 38.9 (33) [1 0.5]

*266 766.724 (3) 835. (5) 1 15 7
267 769.537 (9) 3957. (23) 0 0.5

268 770.225 35.6 (35) 1 0.5

269 770.916 (4) 351.1 (33) 1 15

270 772.311 (13) 52.0 (26) 2 [1.5]

271 778.081 (6) 162.0 (29) 2 15

272 779.435 [ 34. (4) [1 o0.5]

273 780.456 (4) 489, (4) 2 15

274 782.84 [250. (8) 2 [1.5]

275 782.85 87. (7) 2 23]

276 785.27 [166. (8) 1 0.5

277 785.60 134.4 (29) 1 1.5]

*278 786.27 1629. (27) 1 05

279 786.52 113. (4) 2 1.5

280 786.97 98.0 (34) 2 1.5]

*281 787.27 .| 1384. (16) 0 05

*282 788.974 (3) | 997. (7) 2 25

283 794.020 (5) 185.9 (30) 2 [1.5]

284 795.394 89. (5) 1 [0.5]

285 795.944 40.2 (27) 2 [1.5]

286 798.19 (4) 11.3 (23) [2 1.5

287 801.419 (22) 52. (4) 1 [0.5]

*288 804.532 (3) 681. (5) 2 1.5

289 806.575 (5) 204.2 (30) 1 15

290 814.464 (6) 453, (8) 1 05
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Table 2. Continued

Fo Tn gy /T ry e gb Notes
(keV) (eV) (eV) (eV)
291 816.33 [182. (4) 2 15
292 816.858 (5) | 314. (4) 1 15
293 818.54 ™ 29. (4) 1 0.5
294 819.14 63. (5) 1 o0.5)
295 820.144 (4) [ 170.4 (23) 2 25
296 821.504 (26) 42. (4) 1 [0.5]
*297 825.678 (9) 263. (10) 0 05
*298 825.86 | 229. (6) 1 15
*299 828.632 (3) 679. (4) 2 25
300 833.762 (8) 245. (6) 1 05
*301 835.798 (3) 536.4 (32) 2 25
302 838.340 (12) 44.5 (18) 2 2.5]
*303 839.308 (6) 2411. (25) 0 05
*304 845.452 (3) 885. (5) 2 25
305 850.377 (9) 63.4 (20) 2 2.5]
306 851.92 121.8 2 25 1
*307 856.2 3.47TE+3 (32) 0 0.5 1
308 865.4 802. 2 25 1
*309 883. 2.87E+3 (42) 0 05 1
*310 893. (4) 28.2E+3 (32) 0 05 1
*311 1283. (19) 740.E+3 (24) 0 05 1

*Denotes that parameters Ep and 'y, for this resonance were adjusted during the final fit to the
transmission data with the code SAMMY. The covariance matrix associated with the uncertainties
on these adjusted parameters is available from the authors.

%The capture kernels and their uncertainties were taken from the Geel capture measurements
and analysis (COR84).

bSquare brackets are used to indicate that the assignment is uncertain.

°Parameter adjusted by trial and error. A 50% uncertainty was estimated.

Note 1. Fictitious resonance outside the range of our analysis.

Note 2. These parameters and their uncertainties are from Ref. PERSS.

Note 3. Resonance seen in Geel capture data (COR84) but not in our transmission data.
The radiation width, I, was set equal to 0.45 eV for £ = 1 resonance and to 0.75 eV for £ = 2
resonances. The corresponding value of the neutron width, Iy, was checked to be consistent with
our transmission data.

Note 4. The neutron width, I'n, and the radiation width, I'y, were both determined by the fit
to the transmission data. The capture kernel is in good agreement with the value obtained from
the Geel capture data (CORS84).

Note 5. Unresolved resonance in the capture data. See Sect. 4.1 for the determination of the
capture kernels.

Note 6. This s-wave resonance was not analyzed by Corvi et al. (COR84).
Note 7. Probably a multiplet.
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Table 3. Resonance parameters of the large s-wave resonances for the minor
iron isotopes and for the 55Mn impurity, used in the analysis of the natural iron
transmission data from 5 to 120 keV. 'lyhe combined parameters of this table with
those of Table 2 were used to generate the fits to the total cross section shown in
Figs. 1 to 5. Channel radii used in the calculation were 4.0 fm for the %4Fe isotope,
5.3 fm for the 5"Fe isotope, and 5.2 fm for the *®Fe and %*Mn isotopes.

E, (keV) 'y (eV)® Ty (eV) ¢ J Isotope Notes
-40.30 18377, 2.00 0 0.5 54 Fe 1
3.954 224, 1.14 0 0.0 57Fe 1
6.266 441, 1.32 0 1.0 57Fe
7.786 1166. 2.10 0 0.5 54 g
10.433 340. 1.60 0 0.5 58 Fe
20.90 934. 0.75 0 2.0 55Mn 2
27.10 420, 0.75 0 3.0 55Mn 2
29.10 3482, 4750. 0 1.0 57 Fe 3
35.40 1370. 0.75 0 3.0 55Mn 2
35.60 1320. 0.75 0 2.0 55Mn 2
41.05 454, 0.75 0 3.0 55Mn 2
41.52 762. 2000. 0 1.0 57 Fe 3
43.70 6447. 2.20 0 0.5 58 Fe
47.124 426, 2.00 0 1.0 57 Fe
52.950 2173. 2.00 0 0.5 54 e
53.57 3.4 0.50 1 1.5 54pe
56.01 8194. 2.00 0 0.0 57 e
[57.55 557. 0.75 0 3.0 55 \Mn 2
57.70 518, 0.75 0 2.0 55Mn 2
60.00 624. 0.75 0 2.0 55Mn 2
61.33 3995, 300. 0 1.0 57Fe 3
64.55 926. 0.75 0 3.0 55Mn 2
66.85 219. 0.75 0 3.0 55Mn 2
67.01 2104, 1.00 0 0.5 58 e
70.10 864. 0.75 0 2.0 55Mn 2
71.91 1720. 2.00 0 0.5 54 Fe
77.50 1997. 1000. 0 1.0 57Fe 4
81.73 396. 0.75 0 2.0 55Mn 2
[93‘84 203, 2.00 0 1.0 57 Fe
94.20 12625. 7.70 0 0.5 58 Fe
97.05 240. 0.75 0 2.0 55Mn 2
[98.799 544. 2.00 0 0.5 54Fe
98.85 1500. 0.75 0 3.0 55Mn
105.70 2196. 0.75 0 2.0 55Mn 2
[109.50 2765. 1.30 0 1.0 57 Fe
110.20 1127. 1550. 0 1.0 57Fe 3
111.65 3600. 0.75 0 2.0 55Mn 2
125.00 1514. 2.00 0 1.0 57 Fe 1
126.00 3073. 2.00 0 0.0 57 Fe 1
129.50 4260, 4000. 0 1.0 57Fe 1
130.20 1892. 2.00 0 0.5 S4p. 1
147.60 1892. 2.00 0 0.5 54 e 1
189.50 35212. 2.00 0 0.5 54 Fe 1
244 .68 17357. 2.00 0 0.5 54 e 1

¢ These parameters were adjusted by the code except for resonances with Note 2.

See Notes on next page.
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Table 3. Continued

Note 1. Fictitious resonances outside the energy range of the natural iron analysis. These res-
onances are needed to describe the smooth cross section in the region analyzed; they are therefore
an integral part of the parameter file.

Note 2. Neutron widths, I'n, and average radiation widths, I'y, from Mughabghab et al.
(MuGs1).

Note 3. The values for the radiation widths, I'y, are from the natural iron analysis of M. C.
Moxon (MOX88). These large values are necessary to simulate inelastic scattering. The neutron
widths were readjusted to fit our data but do not differ significantly from Moxon’s values.

Note 4. The radiation width, I'y, was adjusted, starting from the value of 750 eV given by
M. C. Moxon (MOX88). Note 3 also applies.
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Table 4. Comparison of resonance energies and neutron widths, times the
statistical weight g, for £ > 0 resonances observed in our transmission data
and in the 200-m Geel transmission data, between 40 and 240 keV. Uncer-
tainties are given in parentheses. The notation is such that 10.4 (12) means

10.4 +1.2.

Present Work

Cornelis et al. (CORS85)

E, (keV) gT', (eV)* g6 Jb E, (keV) ¢T, (eV)* £ Jb
46.0535 1028 (16) 1 1.5 46.089 104 (12) £>0
52.1397 3458 (26) 1 1.5 52,172 252 (6) [1 1.5]
53.561 2.24 (10) [1 0.5]

59.2318  9.62 (16) 1 1.5 59.259 7.8 (6) £>0
63.474 1.60 (6) [1 1.5]
72.988 0.84 (6) [2 2.5]
77.082 352 (12) 1 0.5
80.8419 3534 (33) 2 2.5 80.879  25.9 (4) £>0
90.3379  44.0 (6) 1 [1.5] 90.374 345 (7). £>0
92.708 3.60 (16) 2 [1.5]
92.928 1.52 (22) 1 1.5]
96.194 1.84 (16) [2 1.5]
96.3457  14.6 (3) 1 [0.5] 96.385  12.6 (3) £>0
96.630 4.32 (16) 2 [1.5] 96.655 7.0 (10) £>0

102.698  55.8 (6) 1 1.5 1102.74 448 (7) [1 0.5
103.087 1.28 (24) [1 1.5]

105.942 6.92 (24) 2 [1.5]

112,719 13.2 (4) 2 15 112.75  11.0 (10) £>0
122.801° 1238 (14) 1 15 122.82 1034 (11) 1 0.5
124.187°  10.2 (5) 1 05 124.20 50 (13) £>0
125.175¢ 25 8 (8) 2 1.5 125.19  17.0 (7) £>0
153.945 0 (5) 1 [0.5]

161.778 134 (8) 2 [1.5] 161.84  10. (5) £>0
169.127 432 (16) 2 1.5
173.19 2.0 1 0.5
173.688  77.6 (14) 1 1.5 173.69  62.1 (11) £>0
179.766 33 8 (10) 1 15 179.79  17.8 (16) £>0
181.08 4 (7) (1 0.5]

181.185 81 6 (15) 2 25 181.17 703 (11) £>0
187.088  12.0 (8) 2 [1.5]

189.97 r24 (2) 1 0.5]

190.02 8. (4) 2 [1.5] 190.00  50.9 (11) £>0
193.015 6” 7(21) 2 25 192.98  37.2 (8) £>0
195.747 727 (14) 1 0.5 195.76  71.5 (13) £>0
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Table 5. Comparison of resonance energies and neutron widths, times the statis-
tical weight g, for £ > 0 resonances observed in our transmission data and in Geel

and Karlsruhe data, between 500 and 600 keV.

Present work

Cornelis et al. (COR83)

Cierjacks et al. (CIE78)

E, gln  £2 Jo E, g £ J E, gl £ J
(keV) (eV) (keV) (eV) (keV) (eV)
503.405  443. 2 25 503.23 452. 2 1.5 502.84 1200. 1 1.5
508.268 247 1 0.5 508.08 20 £>0 507.78 <120. [1.5)
511.675 1024. 1 1.5 511.55 1028. 1 1.5 511.24 840. 1 1.5
513.201  [310. 1 [0.5) 513.16  400. 2 1.5 512.72 260. 1 05
515.298 [157. 3 2.5
514.705 416 2 [1.5) 514.59 40. £>0 514.16 <60. £>0
523.042 13.0 [2 1.5
527.396  270. 2 25 527.24 266. 2 1.5 526.99 150. 1 0.5
5. 855  296. 2 25 53173 256. 2 1.5 531.45 320, 1 15
533.,58 1450 1 1.5 533.39 156. 1 0.5 533.17 120. 2 15
538.737  919. 1 15 53861 800. 1 1.5 538.28 920. 2 15
543.98 [ 21.3 [1 0.5
544.413 | 2636 1 1.5 544.30 236. £>0 544.02 190. 1 05
545.653 [926. 2 2.5] 545.54 1038. 1 1.5 545.27 920. 2 15
545.773 | 268. [0 0.5]
547.02 12 £>0
552.500 1830 2 2.5 552.33  168. £>0 552.06 200. 1 0.5
556.76 240 2 [1.5) 556.20 <60. £>0
558.783 [449. 2 25
558.854 | 854. 1 05 558.62 1018. 1 1.5 558.41 940. 1 1.5
561.394  752. 1 15 561.41> 922. 2 15 561.01 400. 1 1.5
565.497  149. 2 [2.5) 565.29 100. £>0 565.02 120. 1 05
567.350 173 1 [0.5] 567.17 30. £>0
569.399°  260. 2 25 569.30° 192. 2 15 568.94 300, 2 15
57135 <60. £>0
574.98 260. 1 0.5
577.419  2912. 1 15 577.27 2940. 1 1.5 576.79 1400. 2 1.5
577.37 200, 1 05
579.878°  486. 2 25 579.79° 410. 2 1.5 579.12 340. 1 05
581.068 129 1 0.5]
587.94  <70. £>0
590.416°  205. 2 25 590.24®> 220. 1 05 589.93 200 1 0.5
591.424 16.4 [2 1.5 591.30 15. £>0 59095 <70. £>0
595.136  186. 1 05 59496 170. 1 05 594.72 150. 1 05
595.894 1304 2 1.5 595.64 120. £>0 595.40 130. 0 05
598.024 124 [1 0.5 597.80 8. £>0 598.74 <70. £>0

?Square brackets are used to indicate that the assignment is uncertain.
®Spin and parity assignments are discussed in Sect. 3.2.
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Fig. 12. Theoretical differential elastic-scattering cross sections calculated with
the ¢ and J values assigned in this work (thick line) and with those assigned in
- Ref. CORS85 (thin line) compared with data for three scattering angles. Transmission
data are equally well fitted when the 122.8-keV resonance is either a p;/, or a p3/, resonance;
however, the elastic-scattering data clearly favor the p3/, assignment.
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Table 4. Continued

Present Work Cornelis et al. (COR85)

E, (keV) gTy (eV)* £ Jb E, (keV) gD, (eV)* &b Jb
201581 656 (14) 2 15 201.56  48.4 (2) £>0
205.95 42 (3) 2 [25 |
207.997  25.0 (10) 1 15 208.03  17. (4)  £>0
210.609  17.7 (9) 2 2.5 210.63  13. (3)  £>0
221.844  17.4 (12) 1 [L.5]

223.69 2.6 (12) [2 1.5]

225.855  56.2 (12) 1 [0.5] 225.84  58. (10) £>0
232.550 508 (12) 2 1.5 232.52  30. (10) £>0
234.893  95.1 (15) 2 2.5 234.87  70. (5)  £>0

“Statistical uncertainties are given in parentheses.

®Square brackets are used to indicate that the assignment is uncertain.

“Spin and parity assignments are discussed in Sect. 3.2. Theoretical calculations
are compared with the differential elastic scattering data in Fig. 12.
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Fig. 13. In the upper plot the theoretical total cross section, calculated with pa-
rameters in Table 2, is compared with the data. Parentheses are used to indicate uncertain
¢ and J assignments. These assignments were made using the differential elastic-scattering data
shown in the three lower plots.
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Fig. 14. This figure is the same as Fig. 13 except that the { and J assignments
of four £ > 0 resonances were set to the values assigned in Ref. CORS83 (see Table 5).
The assignments for the other resonances, not specified here, were kept the same as in Fig. 13.
The ORELA transmission data were fitted using this new set of assignments and the total cross
section calculated with the resulting parameters is compared with the data in the upper plot.
The theoretical differential elastic-scattering cross scctions are compared with the data, at three
different angles, in the lower part of the figure. The agreement with the differential elastic-
scattering data is now clearly unsatisfactory, especially at 90° and 160° scattering angles, for
three of the four resonances.



4. RESULTS

Results of the simultaneous analyses of the transmission and differential elastic-
scattering data, described in Sect. 3, were combined with the results of the 3¢Fe
capture data analysis of Corvi et al. (COR84) which extends to 350 keV. The
resonance parameters obtained from our analyses, the capture kernels {from Ref.
COR®&4 and the parameters of the 1.15-keV resonance from Ref. PER86 are given
in Table 2. The parameters of the large resonances of the minor iron isotopes and
of a smail ®**Mn impurity present in the natural iron sample (used in obtaining the
transmission data analyzed below 120 keV) are given in Table 3.

In Table 2 parameters for 302 resonances are reported in the 1- to 850.4-keV
energy range and for 9 fictitious resonances given outside that energy range. The
groups of resonances corresponding to each figure, Figs. 2 to 11, are separated
by a blsunk line. The resonance number is in the first column. A star next to
the resonance number indicates that the parameters of this resonance were among
the 139 parameters that were adjusted in the last fit to the transmission data
with the code SAMMY. The covariance matrix associated with these 139 adjusted
parameters is available from the authors. The next four columns show the energies
of the resonances, the neutron widths, the capture kernels from Ref. COR84 (except
for 3 resonances as discussed below) and the radiation widths. Each parameter is
followed by its uncertainty in parentheses.

The orbital angular momentum, ¢, and the spin, J, for each resonance are given
in columns 6 and 7. Square brackets indicate uncertain assignments. The numbers
in the last column correspond to notes found at the end of the table. Brackets in
columns 3 and 4 are used to indicate multiplets in transmission or capture data.

In Table 3 the energy parameters, the neutron widths, and the radiation widths
of the resonances of the minor iron isotopes and of the 5°Mn impurity, present
in the natural iron sample, are given in the first 3 columns. The orbital angular
momentum and the spin for each resonance are in columns 4 and 5. The isotopes
are identified in column 6 and notes are given in the last column.

Note 1, 1n both Tables 2 and 3, is used to indicate fictitious resonances outside
the range of our analysis. These resonances are an integral part of our parameter
set since they simulate the smooth cross section generated by all the resonances
external to the energy region analyzed, but whose tails extend into the energy
region of interest.

The resonance at 1.15 keV was the subject of a special NEANDC task force.
The parameters given in Table 2 for this resonance result from the work of this task
force. See Ref. PERS86 for details.

4.1 CAPTURE KERNELS AND RADIATION WIDTHS

The main characteristics of the Geel capture experiment are given in Table 1.
Experimental details and data reduction techniques are given in Refs. COR82 and
CORB4. We used the capture kernels from the most recent analysis of these data,
which were normalized to the capture area in the 1.15-keV resonance as determined
from the transmission measurements (COR84). In this experiment an improper
weighting function was used (COR88) and to normalize the data to the capture
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area of the 1.15-keV resonance does not necessarily give the exact correction for
this improper weighting function. Therefore, these data are being reanalyzed with
the appropriate weighting function (CORB89).

For resonances with large neutron widths the capture kernels are essentially
given by the product of the radiation widths, I'y, and the weighting factors, g.
Therefore, unless we use different spin and parity assignments, our radiation widths
are the same as in Ref. COR84. For most other well-defined resonances the radiation
widths could be slightly different, even when the same assignment was used, due to
small differences in the values of the neutron widths.

Twenty-six of the resonances reported in Table 2, below 350 keV, were seen
in the capture data but were undetected in our transmission or differential elastic-
scattering data due to their very small neutron widths. The energy parameters of
these 26 resonances were slightly readjusted from the values given in Ref. COR84
to be consistent with our energy scale. These resonances are indicated by note 3.
The capture kernels for these resonances are well defined by the capture data anal-
ysis but the radiation widths, and the spin and parity assignments, are arbitrary
provided the corresponding neutron widths are sufficiently small that no resonance
dips are observed in the transmission data for these resonances. The radiation
widths reported in Table 2 for these resonances are the average values of 0.45 eV
or 0.75 eV determined from the isolated and well-defined p- and d-wave resonances
respectively, as explained in Sect. 6.5.

As previously mentioned, for 3 narrow resonances (Nos. 9, 11 and 20) the capture
kernels are not from Ref. COR84 but were obtained from our transmission data
analysis (Note 4 in Table 2). Both neutron and radiation widths were adjusted to
fit the data. For these resonances the neutron widths are about 10 times smaller
than the radiation widths so the capture kernels are well determined by the values
of I'y. The capture kernels values obtained from our transmission data are in good
agreement with those obtained by Corvi et al. from their capture experiment.

Five resonances which were analyzed as singlets in the capture data were found
to be doublets in transmission. In only one instance were the two resonances fully
resolved {Nos. 100 and 101). Note 5 in Table 2, which is always found on two
consecutive lines, indicates that the capture kernels assigned to the members of the
doublet add up to the value found in the capture data analysis. The division was
not entirely arbitrary in the sense that we assigned a larger portion of the kernel
to a d-wave than to a p-wave level so that the radiation widths, whenever possible,
are close to the average values of T,

An example is the doublet around 180 keV (resonances No. 54 and 55). Around
that energy only one resonance was identified by Corvi et al., for which a capture
kernel of 2.86 + 0.25 eV was given. If 0.50 eV is assigned to the first resonance and
2.36 eV to the second one, the radiations widths are 0.54 4+ 0.25 eV for the P1/2
resonance and 0.81 + 0.08 eV for the ds/; resonance, which are in good agreement
with the average radiation widths. In view of the weak criteria used to divide the
capture kernel we assign to each part of the kernel the same uncertainty of 0.25 eV
which was assigned to the total value.
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4.2 DISCUSSION OF THE UNCERTAINTIES

The uncertainties given in Table 2 for the energy parameters and the neutron
widths are from the output of the code SAMMY except for the four narrow reso-
nances (Nos. 73, 88, 108 and 110) for which the neutron widths were adjusted by
trial and error and a 50% uncertainty assigned. In this analysis all uncertainties
calculated by the code SAMMY are statistical uncertainties and do not include
estimates of systematic uncertainties.

As mentioned earlier, a star (*) at the beginning of a line indicates that the
energy and the neutron width of this resonance were adjusted in the last run of
SAMMY. The full covariance matrix for these adjusted parameters is available
from the authors. The uncertainties reported on the energy parameters and neu-
tron widths of the other resonances were obtained with the code SAMMY during
preliminary analyses.

The systematic uncertainty of ~0.01% on the absolute energy scale is not in-
cluded in the standard deviation associated with the energy prameters given in the
first column of Table 2.

The uncertainties on the radiation widths given in Table 2 were propagated
from the uncorrelated uncertainties on the capture kernels, given in Ref. COR84,
and the uncertainties on the neutron widths.

Background and normalization parameters were adjusted in the fitting process.
Residual backgrounds were found to be negligible: (—1.840.2) x 10~* for the natural

iron transmission data and (—2.34+0.1) x 10~3 for the *Fe transmission data. While
renormalization of the natural iron data was not required (1.0012 + 0.0008), in the

case of the *°Fe data a renormalization larger than expected (1.0225 -+ 0.0005) was
necessary and is not presently understocd.

4.3 SPIN AND PARITY ASSIGNMENTS

In the transmission data analysis from 5 to 850.4 keV, 32 resonances show the
characteristic potential interference pattern of s-waves and were assigned as s-wave
resonances. One assigned s-wave resonance, at 545.77 keV, which is part of a
doublet, does not clearly show this characteristic potential interference pattern and
therefore has an uncertain s-wave assignment. This leaves 242 resonances with an
angular orbital momentum larger than zero.

When the differential elastic-scattering data are compared to the theoretical
calculations, as explained in Sect. 3.2, spin and parity assignments for many of the
242 £ > 0 resonances can be made. The orbital angular momentum L can definitely
be assigned to 184 resonances, i.e., to 76% of the £ > 0 resonances analyzed in
the transmission data: 85 are p-wave and 99 are d-wave resonances. The 58 reso-
nances which cannot be given a definite £-assignment are either narrow resonances
or part of a multiplet. Resonances with a neutron width too small to produce un-
ambiguous characteristic patterns in differential scattering cross-section plots (and
the resonances seen only in the capture data) are given a p, /2 assignment by default,
except if, below 350 keV, a higher spin is required to accommodate a particularly
large capture area.
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The spin J of 81% of the 85 p-wave resonances can be assigned with some
degree of confidence (23 resonances have a spin of 1/2 and 46 a spin of 3/2). A
smaller proportion (63%) of the 99 d-wave resonances could be given a definite spin
assignment (25 have a spin of 3/2 and 37 a spin of 5/2). It is interesting to note
that for each orbital angular momentum the number of resonances with a definite
J-assignment is in agreement with the (2J + 1) rule. However the number of p-
or d-wave levels, with definite J assignments, is much less than predicted by the
(2J 4 1) rule, based on the assigned 33 £ = 0 resonances. This was expected since

- the total number of £ > 0 resonances with a definite spin and parity assignment is

only 54% of the £ > 0 resonances analyzed in transmission data. In addition, in the
2 to 350-keV energy interval alone 26 narrow resonances, of which none of the spin
and parity assignments could be certain, were observed in the capture data and
not in the transmission data. This leads us to conclude that many more narrow
resonances were not seen in our transmission data above 350 keV where no capture
data were analyzed.

Considering all the £ > 0 resonances given in Table 2 we find 140 assigned p-
wave resonances and only 128 d-wave resonances whereas according to the (2J 4+ 1)
rule, starting from 33 s-wave resonances we should have 99 p-wave and 165 d-wave
levels. The larger than predicted fraction of p-wave resonances assigned in Table 2

is a consequence of the fact that many narrow resonances were assigned as p-wave
by default. :

4.4 THERMAL CROSS SECTIONS

The thermal capture cross section reported by Mughabghab et al. (MUGS81)
for *®Fe is 2.59 + 0.14 b. The first s-wave resonance at 27.8 keV contributes only
0.04 b to the thermal capture cross section and the other observed s-wave resonances
contribute less than 0.01 b. The difference of 2.54 b should be attributed to bound
levels. The radiation widths of the three s-wave bound levels were chosen so that
they generate the missing 2.54 b and are consistent with the average value of 0.92 eV,
with a standard deviation of 0.41 eV, found for unbound levels (gsee Sect. 6.5).

The final 56 Fe resonance parameters of Table 2 also correctly predict the thermal
total cross section as recommended in Ref. MUGS81 (see Sect. 3.1).



5. COMPARISON WITH RESULTS
FROM PREVIOUS ANALYSES

The resonance parameters from our analysis will first be compared with those
obtained at Geel from two transmission data analyses, performed by Cornelis from
Antwerp and Mewissen and Poortmans from Mol, which cover the energy range
from 40 to 850 keV (COR83 and COR85). We will also compare our parameters
with earlier ORELA results that had been extensively used in the ENDF/B-V
evaluation (PER80): a 200-m transmission data analysis up to 500 keV (PAN75)
and an analysis of 40-m differential elastic-scattering data up to 400 keV (PERTT).
Finally we will compare some of our s-wave resonance parameters and spin and
parity assignments with those given in the total and differential elastic-scattering
data analysis performed by Cierjacks and Schouky (CIE78) at Karlsruhe. Their
analysis overlaps the present work only in the 450- to 850-keV energy region.

5.1 COMPARISON WITH GEEL RESULTS

The Geel transmission data are the results of two experiments. The first exper-
iment was performed with a 400-m flight path and a neutron burst width of 4.5 ns.
It covered the energy range from 240 keV to 19 MeV. Details of the experimen-
tal setup and of the data analysis from 240 to 850 keV are given in Ref. CORS83.
Characteristics of the second experiment and results of the analysis, which covers
the energy range from 40 to 240 keV, are not yet published and were the subject of
a private communication (COR85). This experiment was performed with a 200-m
flight path and a burst width of 14.5 ns. These two sets of data were analyzed with
the R-matrix multi-level code MULTI using a single channel radius of 5.0 f.

In Table 6 our s-wave resonance parameters are compared with those from the
Geel analyses. Below 240 keV their energy parameters are systematically higher
than ours by as much as 0.04% but generally lower above 240 keV by up to 0.14%
for the large s-wave resonance at 665.65 keV. As shown in the last column of Table 6,
the neutron widths are in good agreement below 240 keV (less than 4% discrepancy)
but some large discrepancies, between 20% and 40%, are observed for five of the 23
s-wave resonances reported in both analyses above 240 keV.

In our analysis the transmission data for the resonance around 545.7 keV is well
fitted as a doublet composed of an s-wave resonance and a d-wave resonance (see
Fig. 10), but this doublet fails to reproduce the differential elastic-scattering data.
Therefore, the assignments for both resonances are uncertain. In the Cornelis et
al. analysis this resonance is fitted as a single large resonance with a definite P3/2
assignment (see Table 5) but the minimum in their data around 545 keV is not well
fitted. From our differential elastic scattering data this resonance is definitely not
a single ps /o resonance.

The s-wave resonance reported by Cornelis et al. at 737.11 keV is, in our
analysis, a py/, resonance as required by the elastic-scattering data. In the 4 keV
energy interval from 785 to 789 keV, a seven-resonance multiplet which includes an
s-wave resonance at 787.27 keV was required to describe the data. Cornelis et al.
do not include a s-wave resonance in their analysis of this energy interval and fail
to reproduce the two minima in the data around 782 and 785 keV.
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Table 6. Parameters for s-wave resonances from Table 2 compared with results of
Geel analyses.  Uncertainties are given in parentheses. The notation is such that

1.409 (1) means 1.409 % 0.001.

Cornelis et al.

Present Work (CORB85 and COR83)
E, (keV) T (keV)® E, (keV) T, (keV)? Lo (ORNL
Iy (Geel)

27791 1.400 (1)

74.029  0.6115 (8) 74.055  0.6317 (28) 0.97

83.628  1.215 (1 83.665 1.243 (4 0.98
129.861  0.588 (3 : 129.89 0.583 (3 1.01
140.479  2.735 (6 140.52 2.691 (7 1.02
169.275  0.962 (3 169.26 0.968 (4 0.99
187.737  3.620 (7 187.79 3.525 (9 1.03
220.586  1.267 (4 220.58 1.214 (5 1.04
244901 0487 (3) 24492 0.435 (60) 1.12
277.206  3.650 (9 277.15 3.55 (30 1.03
317.909  7.118 (12) 318.20 7.00 (70 1.02
331.447  0.328 (3) 331.38 0.30 (30 1.09
357.263  2.205 (11 357.32 1.80 (18 ‘ 1.23
361.078  7.775 (16 361.33 8.60 (80 0.90
381.360 12.33 (2) 38179 12,6 (12) 0.98
405.408  2.329 (9 405.37 2.63 (26 0.89
438.296 1.918 (8 438.20 1.52 (15 1.26
469.934  2.566 (9 469.70 3.09 (30 0.83
500.194  1.726 (8 500.15 1.58 (16 1.09
535.921  0.256 (4 535.77 0.259 (26) 0.99
545.773¢ 0.268 (4

561.015  1.500 (10) 561.22 1.36 (20 1.10
675.212  0.087 (3) 575.08 0.069 (7 1.26
613.936  2.642 (14) 613.70 2.49 (50 ‘ 1.06
665.655 27.96 (3) 664.74 286 (25) 0.98
693.506  1.727 (19) 693.30  1.79 (18) 0.96
710.659 20.94 (7) 70991  21.0 (20; 1.00

' 737.11 0.48 (6

741.680  5.719 (27) 741.58 5.72 (60 1.00
752.706  2.462 (24 752.40 1.74 (18 1.41
769.637  3.957 (23 769.06 4.70 (50 0.84
787.27 1.384 (16

825.678  0.263 (10 825.41 0.42 (6) 0.63
839.308  2.411 (25 838.99 2.20 (22) 1.10

“Statistical uncertainties are given in parentheses.

bAbove 240 keV, uncertainties seem to include a systematic contribution.

“Uncertain s-wave assignment
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- Comparison of some of the parameters for the non s-wave resonances is shown in
Tables 4 and 5 given earlier in Sect. 3.2 (see pages 31 and 34). The £ > 0 resonances
from the Geel 200-m data analysis are compared with our £ > 0 resonances between
40 and 240 keV in Table 4. In this energy interval we find 16 more isolated £ > 0
resonances than Cornelis et al. (39 versus 23) and we also find it necessary to
replace two of their resonances by doublets in order to obtain a good fit to our
transmission data. Below 120 keV where our transmission measurements were done
with & natural iron sample, it is possible that the nine resonances seen in our data,
but not reported by Cornelis et al., are from minor iron isotopes. However, all
of these resonances were also clearly observed in the %6Fe capture data analyzed
by Corvi et al., thus confirming that they are 5%Fe resonances. For most of the
resonances our values of ¢I';, are significantly larger than in the Geel analysis. The
spin and parity assignments in this energy region were discussed earlier in Sect. 3.2.

Roughly 20% more £ > 0 resonances were observed in our 200-m transmission
data between 240 and 850 keV than in the Geel 400-m data. A sample of resonance
parameters in a 100-keV region, from 500 and 600 keV, is given in Table 5. Three
of the six resonances reported in our analysis, but not in the Geel analysis, are part
of doublets. However, the three small isolated resonances at 523.02, 556.76 and
581.07 keV, even though clearly seen in our data (see Fig. 10), were not reported by
Cornelis et al. Comparison of the J™ assignments is meaningful for resonances with
unambiguous assignments in both analyses. This is the case for 72 ¢ > 0 resonances
between 240 and 850 keV. Among those 72 assignments we agree with 45 of the
Geel assignments and disagree with 27. The J™ assignments for the resonances in
the 550- to 600-keV region were discussed in detail in Sect. 3.2 where it was shown

that Geel assignments that differ from ours are inconsistent with our differential
elastic-scattering data.

5.2 COMPARISON WITH PREVIOUS ORELA RESULTS

5.2.1 Transmission

A natural iron transmission experiment previously performed at ORELA
(PANT5) also used the 200-m flight path. The data were analyzed from 20 to
500 keV with an R-matrix multi-level code for the s-wave resonances and inter-
fering £ > 0 resonances, and with a Harvey-Atta area analysis code for the £ > 0
non-interfering resonances.

Our s-wave resonance parameters are compared with those of Pandey et al. in
Table 7. In general their energy parameters are lower than ours and their neutron
widths are systematically larger with the exception of four resonances. For the
resonances around 405 and 438 keV the neutron widths reported by Pandey et al.
are more than twice as large as the values obtained in our analysis. Above 350 keV,
where there is strong interference between large s-wave resonances, their fit to the
transmission data is very poor.

Pandey et al. reported 80 £ > 0 resonances in the 20 to 500 keV energy range
whereas, in that same energy range, we analyzed 126 £ > 0 resonances.
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Table 7. Parameters for s-wave resonances from Table 2 compared
with earlier results. Uncertainties are given in parentheses.
The notation is such that 1.409 (1) means 1.409 + 0.001.

Present work Pandey et al. (PANT75) Cierjacks et al. (CIE78)
E, (keV) T, (keV)® E, (keV) Ty (keV) E, (keV) I'n (keV)
27.791 1.409 (1 27.66  1.50 (5
74.029  0.6115 (8 73.98  0.53 (2
83.628 1.215 (1 83.65 1.30 (5
129.861  0.588 (3 129.8 0.60 (5
140.479 2,735 (6 140.4 2.80 (5
169.275  0.962 (3 169.2 1.0 (1
187.737  3.620 (7 187.6 3.7 (1
220.586  1.267 (4 220.5 0.99 (5
244.991  0.487 (3 245.0 0.59 (2
277.206  3.650 (9 276.6 43 (1
317909  7.118 (12) 317.0 8.8 (5
331.447  0.328 (3) 331.2 0.32 (5
357.263 2.205 (11 356.9 3.60 (30)
361.078 7.775 (16 362.0 6.7 (5)
381.360 12.33 (2 380.9  13.8 (14)
405.408 2.329 (9 403.5 7.7 (7
438.296  1.918 (8 437.0 4.7 (4
469.934 2.566 (9 469.2 3.2 (3 469.46 1.76
500.194 1.726 (8 499.96 1.12
535.921  0.256 (4 535.52 0.18
545.773%  0.268 (4)
561.0156  1.500 (10) 560.51 1.96
575.212  0.087 (3) - 575.50 0.55
595.40°¢ 0.13
602.87°¢ 0.15
609.55%¢ 0.10
613.936  2.642 (14) 613.38 2.47
665.655 27.96 3) ' 665.36 24.3
693.506  1.727 (19) 692.84 1.94
710.659 20.94 (7) 716.4 27.8
741.680  5.719 (27 741.62 8.9
752.706 -+ 2.462 (24 752.61 9.6
769.537  3.957 (23 769.30 6.66
187.27 1.384 (16 784.59 1.42
| - 818.15¢ 0.90
825.678  0.263 (10) 824.77 0.35
839.308 2411 (25) 839.86 1.90

“Statistical uncertainties are given in parentheses.

Uncertain s-wave assignment. ‘

‘Resonance identified as a £ > 0 resonance in the present work.

‘Resonance identified as a multiplet of £ > 0 resonances in the present work.
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5.2.2 Differential Elastic Scattering

Elastic-scattering angular distributions from natural iron were measured from
20 to 500 keV by W. E. Kinney and F. G. Perey (KIN77) using a 40-m flight path.
The data, which were reported as five Legendre coeflicients as a function of energy,
were analyzed between 40 and 400 keV using an R-function formalism (PERT77).
The spins and parities of 60 £ > 0 resonances were assigned, of which 44 were
confirmed by the present work but 15 were found to be different due likely in large
part to higher resolution of the new data. A resonance at 182.25 keV, reported by
Pandey et al. and also by Kinney and Perey, was not seen in our new data.

5.3 COMPARISON WITH KARLSRUHE RESULTS

Measurements of transmission and differential elastic-scattering cross sections
for natural iron at ten scattering angles were reported between 450 keV and 3 MeV
by Cierjacks and Schouky (CIE78). These data were analyzed up to 900 keV. Spins
and parities for 117 resonances were assigned and then used by them in fitting their
transmission data.

The s-wave resonance parameters from the present analysis and those of Cier-
jacks and Schouky are compared in Table 7 in the region from 450 to 850 keV,
where the 2 analyses overlap. Four resonances identified as s-wave resonances in
Ref. CIET78 are definitely £ > 0, or multiplets of £ > 0 resonances, in the present
work. The resonance we report at 545.77 keV, which has an uncertain s-wave as-
sigament, is not seen in the Karlsruhe data. Their energy parameters are lower
than ours for 11 of the 15 s-wave resonances observed in both data sets, however
the large resonance around 710 keV is almost 6 keV higher in energy in their analysis
than in the present work. Eleven of the 15 neutron widths differ by more than 25%
from our values and the neutron widths of the resonances at 575 and 752 keV are,
respectively, six and four times larger than the values we obtained in our analysis.
The fit to their transmission data is not shown; therefore, we are unable to compare
their data and their fit with ours.

From 450 to 850 keV the Karlsruhe analysis specifies J™ assignments for 84
£ > 0 resonances but above 770 keV we are unable to match their £ > 0 resonances
with ours. In the 450- to 770-keV energy interval where Cierjacks and Schouky
claim to determine the J™ of 70 £ > 0 resonances, 56 of them unambiguously, we
agree with only 14 of their assignments and definitely disagree with 33. In Table 5
we compare parameters of the ¢ > 0 resonances obtained in their analysis with our
parameters, in a 100-keV region from 500 to 600 keV. In this small region we agree
with only four of their assignments and definitely disagree with 12. Few details are
available concerning the Karlsruhe data and analysis; therefore, reasons for these
large discrepancies cannot be determined.
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6. DISCUSSION AND EXTRACTION
OF AVERAGE PARAMETERS

6.1 REDUCED NEUTRON WIDTH DISTRIBUTION

6.1.1 £ = 0 Resonances

The distribution of the normalized reduced neutron widths of the 33 s-wave
resonances observed in the transmission data analysis from 5 to 850 keV is repre-
sented by the histogram in Fig. 15a. Such data are usually assumed to follow a
Porter-Thomas distribution (POR56).

The reduced neutron width at 1 eV for a s-wave resonance is given by

M =r,1lev /E, ,

where E, is the neutron energy in eV.

The Porter-Thomas density function is:
P(z) = 2(rz)" 2 e "/%

where £ =T/ < T? > and < 'Y > is the average reduced neutron width.

The smooth curve in Fig. 15a is the Porter-Thomas density function normalized
to give 28 levels under the curve above 0.1, equal to the observed number of levels
above that value of I'?/ < T' > where we assume that no s-wave resonance was
missed. The total number of levels under the Porter-Thomas distribution curve
when such a normalization factor is used is 37.3 levels. Since only 33 s-wave reso-
nances were observed we conclude that up to four narrow s-wave resonances could
have been missed.

Given the small number of observed levels it is difficult to ascertain if the reduced
level widths follow a Porter-Thomas distribution. However, as a further test the
averzge value of (I} / < I'% >)? was calculated and found to be equal to 2.6 + 1.2
which is consistent with the value of 3 obtained for a Porter-Thomas distribution.

The average reduced neutron width, < I'’ >, is equal to 5.9 eV with an uncer-
tainty of 1.3 eV due to the finite sample of 33 levels.

6.1.2 ¢/ > 0 Resonances

As noted previously in Sect. 4.3, 140 resonances in Table 2 were given a p-
wave assignment whereas only 128 were assigned as d-waves. Since many narrow
resonances were given a p-wave assignment by default we suspect that too many
rescnauces were assigned as p-wave and that most of those mistakenly assigned are
narrow resonances. However in the case of the 29 narrow resonances with uncertain
d-wave assignments, these assignments were chosen as most probable on the basis
of the elastic-scattering data or because of large capture areas; this leads to an
underestimation of d-wave levels.

46
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Comparison of the reduced neutron width distribution for all the assigned p- or
d-wave levels with a Porter-Thomas distribution provides information on how much
we over- or underestimated the number of levels.

The reduced neutron widths at 1 eV for the p- and d-wave levels are given by:
I'L =Tny/1eV /E,[1 +(1/k*R?)] forf=1
and I'2 =T,+/1 eV /E,[1 + (3/k*R?) + (9/k*R*)] for £=2

where E, is the neutron energy in eV, k is the wave number and R the channel
radius.

When the normalized distribution for the 140 assigned p-wave levels, calculated
with an average reduced neutron width of 0.53 eV, was compared to a Porter-
Thomas distribution normalized to the number of p-wave levels corresponding to
values of I'},/ < T'} > larger than 0.2, we arrive at an overestimation of at least
15 levels. Assuming that these 15 levels are narrow resonances, having values of
I'y/ < Tr > smaller than 0.2, we can evaluate a more realistic average reduced
width and generate a new histogram for the distribution of the 140 p-wave reduced
widths normalized to this new average value. This histogram was again compared
to a Porter-Thomas distribution to obtain a better estimate of the expected number
of p-wave levels. Through such successive approximations we came to the conclusion
that we had assigned approximately 21 too many narrow levels as p-wave. The new
average reduced width calculated with 119 p-wave levels is 0.61 eV.

Using successive approximations for the d-wave levels, as described above for
the p-wave levels, we determined that 20 d-wave levels could have been missed.
That the number of possibly missed d-wave levels is close to the number of p-wave
levels found in excess is purely coincidental. However, the fact that they are so
close indicates that the distribution of the reduced widths for the £ = 1 and ¢ = 2
resonances agree with Porter-Thomas distributions.

The histograms of the assigned levels normalized to the corrected average re-
duced width of 0.61 eV for the p-wave levels and 3.0 eV for the d-wave levels are
shown in Fig. 16. The Porter-Thomas distributions are normalized to the number
of assigned levels corresponding to values of 'Y/ < T'Y > larger than 0.2. The
integrals under the Porter-Thomas distribution curves, from 0 to oo, are 119 levels
for £ = 1 and 148 levels for £ = 2. The corresponding total strengths are 72.7 eV
and 448 eV respectively.

6.2 S-WAVE LEVEL SPACINGS

The average level spacing for the s-wave resonances, )y, obtained from the 33
s-wave resonances reported in Table 2 is 25.4 keV with an uncertainty of 2.2 keV
due to the finite sample of 32 spacings. In Table 8 our estimated average level
spacing is compared with values obtained from earlier analyses and from the BNL
evaluation of neutron resonance parameters by Mughabghab et al. (MUGS1).
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Table 8. Resonance parameter statistics for s-wave
resonances compared with results of three earlier analyses
and with recommended values of Mughabghab et al.

Energy range D, So
Source (keV) (keV) (10%)
Present work 5-850 2541+ 2.2 23106
Present work 5-360 1.7+ 0.7
Cornelis et al.
(COR83 and CORS5) 40-850 25.5¢

Cornelis et al. (COR83) 240-850 26+0.8
Cierjacks et al. (CIE78) 450-900 19.6 £ 1.8 26408
Pandey et al. (PANT75 10-500 25. 5. 26+09
Pandey et al. (PANT75 10-200 1.94+0.9
Mughabghab et al. (MUGR&1) 1-900 17. £2. 26+£0.6

“Not reported by Cornelis et al. This value was calculated from their parameters
reproduced in Table 6.

Average level spacings were not reported by Cornelis et al. (CORS83 and
COR&S5). The value of Dy given in Table 8 was calculated from their resonance pa-
rameters reproduced in Table 6. This value of Dy and the one reported by Pandey
et al. (PAN75) are in good agreement with our result. No correction was applied
to any of these values of Dy for possibly missed levels. The value of Dy reported
by Cierjacks et al. (CIE78), 19.6 £ 1.8 keV, is noticeably smaller than our value,
due to the misassignment of 4 s-wave resonances as shown in Table 7, where their
parameters are compared to ours from 450 to 850 keV. The even smaller value of
17+ 2 keV recommended by Mughabghab et al. (MUGS1) is inconsistent with the
39 s-wave resonances they report in the 1- to 900-keV energy region. Such a small
value for Dy would assume that 15 s-wave levels were missed. This assumption
was confirmed neither by our analysis nor by the Cornelis et al. analysis of high
resolution transmission data.

The normalized distribution of the s-wave nearest neighbor spacings is compared
to the Wigner distribution (WIGS7) in Fig. 15b. The Wigner density function is
expressed as:

1 1 2

P(z) = §7rxe"3”

where 2 = dy/Dy. dy is the spacing between neighboring s-wave levels and Dy is
the s-wave average level spacing . The Wigner distribution was normalized to the
area under the histogram.

__The normalized distribution of the s-wave level spacings shown by the histogram
in Fig. 15b is in good agreement with the Wigner distribution as confirmed by the
values of their second moments. The average value of (dy/Dy)? for the observed
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resonances was found to be equal to 1.23 4 0.19 which is consistent with the value
of 1.27 for a Wigner distribution.

6.3 LEVEL DENSITIES

The results of our transmission and differential elastic-scattering data analysis
are compared with the prediction of the Gilbert and Cameron level density model

(GILE5).

Gilbert and Cameron started from a Fermi-gas model of the nucleus which was
modified to take into account the pairing energy and possible shell model effects,
using an effective excitation energy U instead of the actual excitation energy E.
The density of levels of total angular momentum J at an excitation energy U is
given by

- _ exp[2val] (27 +1) . epl=(J + 1/2)%/207]
p( 9 ) - 12&1/4(]5/4 2\/§ 03 )

where a is the Fermi-gas constant and o? is the spin cutoff parameter. The effective
excitation energy U is related to the actual excitation energy E above the ground
state by the relation U = E — A where A is a pairing correction inferred from
odd-even mass differences.

In the Fermi-gas model the spin cutoff parameter o2 is given by:
0% ~ q2A2/3\/aU .

where ¢? is related to the mean square of the projection of the total angular momen-
tum of the states around the Fermi level. Following Facchini and Saetta-Menichella
gFACGS) we adopt the value of 0.146 for ¢%. The value of 1.54 MeV for A was taken
rom Gilbert and Cameron.

The Fermi-gas constant a was obtained using the computer code LEVDEN
(LARS8B) based upon the number of s-wave resonances observed in a given energy
interval. If we assume that no s-wave levels were missed in the 0- to 850-keV energy
interval then the 33 observed levels result in a value of a equal to 7.66 MeV~! and
the model predicts that only 229 p- and d-wave levels should have been observed.
This value is much smaller than the 267 observed levels. In fact we would expect the
model to predict more levels than we observed since levels must have been missed, in
particular above 350 keV where capture data were not available. We are assuming
that, due to penetrabilities, very few f-wave levels could be observed. From the
Porter-Thomas distribution of reduced level widths (Sect. 6.1) we estimate that
there are possibly four missing s-wave levels. With 3744 s-wave levels the value of
a increases to 7.80 £ 0.14 MeV~! and the number of p- and d-wave levels predicted
rises to 257 £ 28. The cumulative number of observed levels is compared to this
prediction in Fig. 17 (full line). Due to missed levels, the level density model curve
should be above the data points. The dashed line was obtained assuming 41 s-wave
levels. It is unlikely that 20% of s-wave levels were missed.
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of incident neutron energy. Circles represent the number of observed levels. Lines represent
the numbers of levels predicted by the Fermi-gas model (Gilbert and Cameron formula). Full lines

are obtained assuming four missing s-wave levels and dashed lines assuming eight missing s-wave
levels.
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The Porter-Thomas distribution (Sect. 6.1) and the Fermi-gas model suggest
that several s-wave levels may have been missed. The Dyson-Metha Aj statistics
test (DYS63) is often used to test for missing levels. When applied to our data
in the range 0 to 850 keV the measured value of Ay is 0.299 compared with a
predicted value of 0.347 #+ 0.110. Therefore, this test fails to indicate that any s-
wave levels were missed. In fact the angular momentum of the resonance at 545.77
keV is questionable and if a £ > 0 rather than a ¢ = 0 assignment is given to
this resonance the value of Az calculated with the 32 remaining s-wave resonances
increases to 0.332 compared with a predicted value of 0.344 £+ 0.110. The difference
between the calculated and the predicted values of Aj is, in this case, only 10%
of the standard deviation whereas it was 40% when the 33 resonances were used.
Therefore, the statistics test provides a weak indication that this resonance could
possibly be a £ > 0 resonance.

In Fig. 18 the histogram shows the cumulative number of the observed s-wave
levels, the full line is the linear approximation corresponding to the Ajz statistics
and the dashed line represents the fit to the same data using the Fermi-gas model.
In both calculations the 33 observed s-wave levels were used in the fitting process.
Note that the curvature occurring in the Fermi-gas model does not follow the data
trend as well as the straight line corresponding to the Aj statistics.

It would seem that the observed number of levels of various angular momenta
are not consistent with the Gilbert and Cameron level density model.

Blokhin and Ignatyuk have reported (BLO76) that under certain conditions the
level density could be parity-dependent. Let us assume that below 350 keV we have
missed only a few levels and that most spins and parities were correctly assigned,
even though some p-assignments are arbitrary as discussed in Sect. 4.3. Given that
there are 12 s-wave levels below 350 keV, the number of d-wave levels predicted by
the Gilbert and Cameron formula agrees with the number of observed d-wave levels

48 vs 45) whereas about twice as many p-wave levels are observed than predicted
63 vs 32). If such an enhancement of negative-parity levels is applied to the full
energy range of the analysis the model would predict 52 more p- and d-wave levels
than observed. It is reasonable to assume that most of these 52 levels were missed
in the 350- to 850-keV energy region where no capture data were available, This
would imply that above 350 keV 22% of the levels were missed which is consistent
with what was observed below 350 keV where 24% of the levels seen in the capture
data were too narrow to be detected in the transmission data.

It would be interesting to investigate if the Blokhin and Ignatyuk model would
justify such a parity-dependence for *¢Fe.

6.4 STRENGTH FUNCTION

6.4.1 ¢/ = 0 Resonances

A plot of the cumulative sum of reduced neutron widths of observed s-wave
resonances as a function of energy is given Fig. 19. It reveals that almost 50% of
the observed strength lies in two small energy intervals that span less than 10% of
the energy range analyzed. Consequently, the s-wave strength function based upon
the total strength observed up to 850 keV, (2.3 +0.6) x 1074, is considerably larger
than the one based upon the strength observed only up to 360 keV, (1.74£0.7) x 1074,
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Fig. 18. Cumulative number of s-wave resonances as a function of incident neu-
tron energy. The histogram represents the number of observed resonances. The full line is the
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data using the Fermi-gas model. Thirty-three s-wave resonances, as observed between 0 and 850
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A comparison of the average level spacing and strength function from this work with
previously published results is given in Table 8. The two conspicuous large steps in
the staircase plot could indicate the presence of particle vibration doorway states.

If one is interested in studying modulations of the strength function in terms of
doorway states, it is convenient to average the reduced R function with a Lorentzian
weighting function (MAC80 and references herein). The poles of the Teichman-
Wigner reduced R function (TEI52) are necessarily below the energy axis, and we
have ‘ 2

R(E) = s
( ; Br— B~ i, )2

where in our case 73’ 's are the effective reduced level widths for the eliminated

channels; i.e., the capture channels. It should be noted that the sum is to be carried
over all the poles of the R function, that is to say, it should include the poles outside
the energy region analyzed. Because the poles of the reduced R function are below
the real axis, if one calculates the R function at an energy E + il, where I is a
positive number, one is calculating an average value of the R function at the energy
E. The amount of averaging that one performs is controlled by the size of I. In
the statistical model, one makes I very large compared to the average level spacing
in order to completely average over the statistical fluctuations. If the level widths
have a Porter-Thomas distribution, I must also be very large in order to effectively
average over the fluctuations. The value of the R function at a complex energy
E +1I where I >> 4?2, is usually denoted by

R(E +iI) = R(E,I) + inS(E,I) ,

where

2
= 7n,,\(E'\ —E)
R(E,I) = ; (Ex—E)Y +I?

and

S(E, D) =2 ¥ T .
' T (EA —_ E)2 + I?

Because of the factor E) — F in the numerator, R(E, I) is often identified with the
contribution of the distant levels, away from the value of E, to the average. The
absence of such a factor in the numerator of S(E, I') means that its value at energy
E is more strongly dominated by levels near energy E. S(E, I) is often called the
Lorentzian averaged strength function.

The Lorentzian average of the reduced neutron widths for 3¢ Fe calculated with a
value of I equal to 50 keV is shown in Fig. 20. A similar modulation of the Lorentz-
weighted s-wave strength function of the reduced level widths was observed for $°Nj
(PER83). Two large oscillations are clearly displayed for both nuclides. However,
because so few levels are involved in these modulations of the strength function, it
is possible that these modulations have a purely statistical origin rather than being
an indicator of doorway states.
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Fig. 20. Lorentz-weighted s-wave strength function for reduced neutron widths
averaged with I = 50 keV between 0 and 850 keV. SinT is the contribution of the 33
observed s-wave resonances inside the 0- to 850-keV region. Sgpx is the contribution of the seven
fictitious resonances outside the range of the analysis. SToraL is the sum of SinT and SgxT.

6.4.2 £ > 0 Resonances

Since the differential elastic-scattering data allowed us to assign a definite orbital
angular momentum to most of the large non-s-wave resonances it is meaningful to
determine the p- and d-wave strength functions for those large resonances. Even
though these resonances represent only about 60% of the total number of the £ > 0
resonances, they contribute most of the strength.

For the 86 resonances having a definite p-wave assignment the cumulative plot
of the reduced neutron widths is not a linear function of neutron energy, as shown
in Fig. 21a. The value of the strength function for the energy region from 400 to 850
keV, (1.140.2) x 107, is roughly twice the value of (0.51 £ 0.12) x 10~* obtained
for the energy region from 1 to 400 keV. The sum of the reduced widths is equal
to 72 eV which is in good agreement with the total strength of 73 eV predicted for
the p-wave levels in the Porter-Thomas distribution, as discussed in Sect. 6.1.2.
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function of incident neutron energy. Only resonances with definite ¢-assignment were used
to generate the histograms. Slopes of the straight lines are the strength functions S; and Ss.



DISCUSSION AND EXTRACTION OF AVERAGE PARAMETERS 59

Figure 21b shows the sum of the reduced neutron widths as a function of inci-
dent energy for the 99 d-wave resonances having a definite £-assignment. It is well
represented by a straight line, The strength function is equal to (4.8 £0.7) x 104
and the total strength of 418 eV is only 7% lower than the value obtained for the
148 d-wave resonances predicted by the Porter-Thomas distribution.

6.5 AVERAGE RADIATION WIDTHS

6.5.1 £ = 0 Resonances

The average radiation width of 0.97 eV for the s-wave resonances reported by
Corvi et al. (COR84) was calculated from 11 of the 12 s-wave resonances observed
in the 20- to 350-keV energy range. The standard deviation of the distribution is
0.42 eV. As explained in Sect. 3.3, the resonance at 318 keV is a large resonance
which was practically indistinguishable from the capture background and was not
analyzed by Corvi et al.

In Ref. CORB84 the resonance seen in capture around 331.4 keV was analyzed
as a single s-wave resonance whereas in our transmission and differential elastic-
scattering data analyses it was identified as a doublet composed of an s- and a
d-wave resonance. The capture area of 1.43 eV reported by Corvi et al. for the
single s-wave resonance was split arbitrarily between the two resonances seen in
our data. Therefore, the 0.60 ¢V which we assign to the s-wave resonance cannot
meaningfully be used in calculating the average radiation width. The new average
of 0.92 eV, with a standard deviation of 0.41 eV, was calculated using the ten s-wave
resonances below 300 keV,

The value of 1.46 eV reported in the earlier Fe evaluation (PER80) was based
upon the analysis of the ORELA capture data by Allen et al. (ALL76) up to 400
keV. In this analysis the neutron sensitivity effects were greatly underestimated.

6.5.2 £ > 0 Resonances

Only the resonances whose angular momentum and spin were determined
through analysis of the differential elastic-scattering data were used in the com-
putation of the average radiation widths for the £ = 1 and ¢ = 2 resonances. Of
these resonances we eliminated the ones which were part of a multiplet not resolved
in the capture data since, for these resonances, only the sum of the capture areas
is well determined, and not the capture area of each individual resonance in the
multiplet. The mean value of the distribution of the radiation widths of the p-wave
resonances, calculated from the parameters of 19 resonances, is 0.45 eV and the
standard deviation is 0.23 eV. For the d-wave resonances the mean value was also
calculated from 19 resonances and is 0.75 eV with a standard deviation of 0.27 eV.

Comparing the numbers given in Table 9 for each ¢-value is not straightforward
since the criteria for inclusion of resonances in the average calculations were not the
same in all three works. Corvi et al. used the spin and parity assignments from Ref.
PERB80 but included in their average calculations all the resonances seen in capture
and transmission data even if the spin and parity assignments were uncertain. Both
transmission and differential elastic-scattering data analyzed in the present work
have better cnergy resolution than the data used in the earlier iron evaluation
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(PERR80); therefore, scme spin and parity assignments were revised. Most of the
changes in the assignments were for higher spin values. This has the effect of
decreasing the radiatior. widths as shown in Table 9, where the new < I'y >’s are
17% smaller for p-wave resonances and 11% smaller for d-wave resonances than the
values reported earlier in Ref. PERSO.

The large standard deviations of the distributions are in keeping with the fact
that there are very few primary transitions in neutron capture by %¢Fe.

Table 9. Average radiation widths, < T, >, and their standard
deviations, from this work and from two earlier publications. N represents
the number of resonances used to calculate the average radiation width.

This work Corvi et al. Fe evaluation
, (COR84) (PERS0)
N «<Ty>(eV) N <TI'y>(eV) N <Ty>(eV)
0 10 0.92 4+ 0.41 11 0.97 4+ 0.42 15 1.46 + 0.60
1 19 0.45 + 0.23 35 0.55 4 0.20 27 0.54 £+ 0.16
2 19 0.75 + 0.27 31 0.77 + 0.24 23 0.84 + 0.25

6.6 CORRELATION BETWEEN 'Y AND I', FOR S-WAVE
RESONANCES

Because a correlation between the reduced neutron widths and the radiation
widths of the s-wave resonances might indicate some nonstatistical effect, for exam-
ple valence neutron capture, such correlation coefficients are frequently calculated.

From the analyses of high-resolution ORELA data for medium weight nuclides
the correlation coefficients between I'S, and I, for nine nuclides in the mass region
54 < A < 68 were reported in previous publications (Refs. PER83 and PERSS).
The correlations coefficients were all positive and ranged from 0.33 for *°Co to 0.94
for 5*Fe. In contradistinction Corvi et al. (CORB84) fail to observe any correlations

for 5%Fe; the correlation coefficient based on the 11 s-wave resonances observed in
their capture data up to 350 keV being equal to 0.08 £ 0.34.

However, as discussed earlier, our transmission and differential elastic-scattering
data analyses indicate that the ¢-wave resonance at 331 keV is a doublet unresolved
by Corvi et al. Consequently, the value of I, for this resonance is smaller than
the value used by Corvi et al. in calculating their correlation coefficient. If one
calculates the correlation coefficient based upon the ten s-wave resonances below
300 keV one obtains a value of 0.29+0.15 (if the neutron widths of Ref. COR84 are
used instead of those determined in this work the value is 0.2540.14). This relatively
low value for the correlation coefficient, compared to those for other nuclides in this
mass region, may be due to the small number of resonances upon which it is based
and is consistent with the lack of structure in the strength function below 300 keV,
as evident from Fig. 19,



7. CONCLUSIONS

In the ENDF/B-V evaluation the resonance parameters for neutron interactions

with 56Fe covered the energy region below 400 keV. The purpose of this work was to
extend the resolved resonance energy region for the ENDF /B-VI evaluation. This
report gives resonance parameters for an energy range twice as large as the one
covered in the previous evaluation. These resonance parameters provide a complete
and accurate description of the scattering cross section from thermal to 850 keV
and are consistent with the accepted values for the thermal total and capture cross
sections. Our parameters were compared with those obtained at other laboratories.

Good agreement was found between our parameters for s-wave resonances and
those of Geel (COR83 and CORS5) except for the neutron widths of five of the
~ resonances above 400 keV where the discrepancies are larger than 20%. However,
- as reported in Sect. 5.3, the agreement is very poor with the Karlsruhe parameters
(CIE78): 11 of the 15 neutron widths of the s-wave resonances analyzed above 450
keV where our two analyses overlap, differ by more than 25%; for two of those
resonances the neutron widths differ by more than 100%.

It is not clear why Cornelis and al. missed 40% of the £ > 0 resonances we
observed below 240 keV and 20% above that energy. However the neutron widths
for the £ > 0 resonances reported in both analyses are generally in good agreement.

The differential cross section data allowed us to make definite £ assignments for
69% of the 267 ¢ > 0 resonances reported between 5 and 850 keV, but a definite
J assignment could be made only for 49% of these 267 resonances. Only one-third
of our definite spin and parity assignments agree with definite assignments given
by Cornelis et al. based solely on their transmission data. Even though Cierjacks
et al. analyzed differential elastic-scattering data in addition to their transmission
data, we disagree with most of their spin and parity assignments. We also disagree
with most of their reported neutron widths for £ > 0 resonances.

The ¢ > § resonances with uncertain J assignments are mostly narrow reso-
nances or resonances which are part of a multiplet and were given a p;/, assign-
ment by default (if such an assignment did not conflict with our differential elastic-
scattering data). No attempt was made to assign spins and parities to achieve the
proportion of p- and d-wave resonances required by the (2.7 + 1) rule, however the
number of resonances assigned as p- or d-wave were compared to the number of res-
onances predicted by the (2J +1) rule. As expected, because of the p, /2 assignment,
given by default to many narrow resonances, more resonances have a p assignment
than predicted and fewer have a d assignment.

Our average level spacing for s-wave resonances is in good agreement with those
of Cornelis et al. and of Pandey et al. (PAN75) but not with the value of 19.6 +1.8
keV reported by Cierjacks et al., nor with the value of 17 2 keV recommended by
Mughabghab et al. (MUGS81). Both values are markedly lower than our value of
25.4 & 2.2 keV. The s-wave strength function for the entire range of this analysis,
from 5 to 850 keV, is (2.3:+£0.6) x 10™*, and agrees with the value of (2.6+0.8) x 10~*

reported in earlier publications.

The results from the analysis of Geel capture data by Corvi et al. (CORS4)
below 350 keV were used even 1ough their capture data are subject to revision for
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reasons given in Sect. 4.1. Radiation widths of resonances analyzed in transmission,
capture and differential elastic-scattering data were determined up to 350 keV and
the average radiation widths were compared with those reported by Corvi et al.
and by Perey and Perey (PER80). Due to the small number of resonances used
to calculate the < I'y, >’s the standard deviations are large. The only significant
difference is in the < I'y > of the s-wave resonances which is 1.5 eV in Ref. PER80
and was found to be 0.92 eV in the present work. However, this large discrepancy
is still within the standard deviations.

Our improved knowledge of the resonance parameters for neutron interaction
with ¢Fe and the extension of the energy region described by those parameters are
of significant importance in reactor calculations since it eliminates the need to deal
with a very approximate unresolved resonance formalism.
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