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A RE-EVALUATION OF NATURAL IRON NEUTRON AND GAMMA-RAY PRODUCTION

CROSS SECTIONS — ENDF/B MATERJIAL 1124
S. K. Penny and W. E. Kinney

Abstract

Recent data and good agreement between calculated and experimental cross sections prompted the
re-evaluation of natural iron neutron and gamma-ray produciion cross sections for ENDF/B use with
the aim of improving angular distributions and extending inelastic level excitation cross sections,
Calculations are described and are shown to be in good agreement with experimeni. Below 2 MeV,
neutron elastic scattering cross sections and cross sections for inelastic scattering to levels in 565%e are
obtained from experimental results. Above 2 MeV, neutron elastic scattering cross sections and cross
sections for inelastic scattering to levels in 56Fe up to an excitation energy of 4.116 MeV are obtained
from calculations. Cross sections for inelastic scattering to the continuum are obtained from fits to
experimental results. The total cross sections are the evaluated cross sections of lrving and Straker
from 330 keV to 15 MeV and those of the UK. evaluation DFN-91 from 10™ eV 1o 330 keV. The
(n,p) and (n,®) cross sections were taken from the UK. evaluation DFN-91, while the (n,2n) cross
sections are those of ENDF/B material 1122, The (n,y) cross sections were taken from U.K. DEN-91,
The gamma-ray production cross sections and associated gamma-ray spectra were calculated from the
evalnated (n,n’) and (n,¥) cross sections fogether with known and assumed branching ratios, The

evaluated cross sections are presented in graphical form.

I. INTRODUCTION

Previous ENDF/B* evaluations of natural iron
neutron cross sections have been found to be deficient
in at least two respects:' the partial inelastic cross
sections are not given above 5 MeV, and the elastic
scattering angular distributions above 4.6 MeV do not
agree well with experiment at and beyond the tirst
minimum.

Neutron elastic and inelastic scattering cross sections
above 4 MeV have recently been measured,’*? and
model calculations have been found to be in good
agreement with the data. Macklin ef a/.” have recently
taken preliminary data with fine resolution on the
excitation of the 0.846-MeV level in °®Fe from
threshold to 2 MeV.,

In view of the calculational successes and {he new
data, we have re-evaluated natural iron neutron cross
sections with the intention of improving angular
distributions, inelastic level excitation cross sections,
cross sections for inelastic scattering into the con-
tinuum, inelastic gamma-ray production cross sections,
and the associated gamma-ray spectra. Qutside these
areas we have borrowed freely from previous evalua-
tions and cross-section sets, notably from the UKAEA

*Eyvaluated Nuclear Data File of the National Neutron Cross
Section Center, Brookhaven National Laboratory.

Nuclear Data Library and the evaluation of the total
cross section by Irving and Straker.* Table T lists these
borrowed evaluations. When more than one evaluation
is listed in Table I then the evaluations are identical.

The element iron has four naturally occurring iso-
topes. *°Fe is the dominant isotope in determining the
neutron cross sections of the element, and the other
isotopes make only minor contributions. The fractional
abundances and associated isotopic masses® are given in
Table II.

Table L. List of Evaluations Having Some Data Identical
With Present Evaluation — ENDF-MAT-1124

Reaction Evaluation
Total 107% eV 10 330 keV UK DFN-91
330 keV to 15 MeV ENDF MAT-1101
(n,2n) ENDT MAT-1108
ENDF MAT-1122
(n,y) UK DEN-91
(n,p) UK DFN-64
ENDF MAT-1101
UK DEN-91
(n.@) UK DFN-64
ENDF MAT-1101
UK DFN-91




Table . Abundances and Masses of Iron Isotopes

Isotopes Abundance Mass
S4Fe 0.0582 53.93962
S6fe 0.9166 55.93494
STpe 0.0219 56.93540
58pe 0.0033 57.93328

Table HI. Neutron Reaction Q Values for Iron Isotopes

Reaction . 56Q Value (Mes\;) Py

Fe Fe Fe Fe
(ny) +9.2987 +7.6415 +10.0424 +6.5848
(n,n") —1.4330 -0.846 —0.0144 -0.814
(n,p) +0.0890 -2.9191 -1.9130 —5.7140
(n,@) +0.8484 +0.3220 +2.4017 -1.3868
(n,2n) -13.6189 -11.2040 —7.6415 —10.0424
(n,d) ~6.6272 —7.9651 --8.3362 —9.7310
(n,t) -12.4220 -11.9319 -9.3492 -12.1212
(n,3He) -7.6947 -10.5348 -11.9224 -13.7164
(n,an) —8.4212 —7.6194 —7.3195 ~7.6407
(n,pn) —8.8517 -10.1896 -10.5607 —11.9555
(n,2p) -7.4714 -11.9990 —-11.3921
(n,20) -8.0971 -8.8259 ~5.5230 -9.1867

Numerous neutron interactions with the iron isotopes
are energetically possible for neutrons with energies less
than 15.0 MeV, the upper energy limit of this study.
The Q values for possible reactions are given in Table
I.°

Only a few of the reactions listed in Table HI have
significant cross sections in the energy range in this
study. The (n,y) reaction was included for all the
isotopes. The (n.p), (n,&), and (n,2n) neutrons were
included only for 5*Fe and ®®Fe. The inelastic scatter-
ing cross section included the contribution of 5 ¢Fe and
only that due to the excitation of the first level in
S4Fe.

Because of the strong reliance we have placed on
calculations, we shall first discuss them and compare
calculated results with experiment. The evaluated nen-
tron cross sections are discussed in Section Il and
the gamma-ray production cross sections are discussed
in Section IV. We present as many of the evaluated
cross sections as possible in graphical form, dispensing
with tables which may readily be obtained from the
ENDF/B magnetic tape.

II. NEUTRON CROSS-SECTION CALCULATIONS
AND COMPARISON WITH EXPERIMENT

Calculation of Neutron Elastic and Inelastic
Scattering Cross Sections

Central to the calculation of neutron elastic and
inelastic scattering cross sections is the optical model.”
Optical model fits to elastic scattering data yield optical
model parameters which can be used to interpolate and
extrapolate elastic differential cross sections to energies
and angles at which no measurements have been made.
These optical model parameters are also nsed to
compute penetrabilities in statistical model calcu-
lations® 7'® of compound nucleus contributions to
elastic and inelastic scattering. Finally, the parameters
are used to calculate the distorted waves in a Distorted-
Wave-Born-Approximation (DWBA)'' calculation of
direct interaction contributions to inelastic scattering.

In the fitting of the elastic scattering data to find the
best optical model parameters, some estimate must be
made for the compound nucleus contributions to elastic
scattering. This is done initially by performing statisti-
cal model calculations with more-or-less standard opti-
cal model parameters. The elastic data are then fitted to
find the best first-iteration parameters, and another set
of statistical model calculations are performed with
these parameters. If the compound elastic contributions
differ significantly from the starting values, the iter-
ation is repeated and continued to convergence.

Differential Elastic Scaitering Cross Sections

To obtain the optical model real and imaginary
potential depths as a linear function of incident neutron
energy, we fitted ORNL data from 4.60 to 8.56 MeV !
using the code GENOA,'? varying only the constant
parts of the potential depths, with the other parameters
fixed at values given in Table IV. Two iterations were

Table 1V. Optical Model Parameters for Neutron Channels

Real weil depth 53.95 - 0.267 ef (MeV)

Real well radius 1.166 f

Real well diffuseness 0.646 f
Imaginary well depthi 7.401 (MeV)
Imaginary well radius 1.225f
Imaginary well diffuseness 0.6259 f
Spin orbit well depth 6.523 MeV
Spin orbit well radius 1.166
Spin orbit well diffuseness 0.646 f

TF is incident neuiron energy (MeV) in laboratory system.
iWoods—Saxon derivative.



required for convergence of the compound elastic cross
sections. The calculated elastic angular distributions are
compared with experimental data in Fig. 1 where the
calculated values have been normalized to integrals of
the experimental data at each energy. The abbreviations
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we use, the energies, the energy spreads, and the
reference numbers for the investigators whose data are
shown are given in Table V. The calculated values agree
with the ORNL data as they should. The calculations
are lower than the broad resolution DUKE data beyond
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Fig. 1. A Comparison of Calculated and Experimental Differential Elastic Scattering Cross Scctions. WICK indicates Wick’s Limit.



the first minimum at 6.05 MeV and also are lower than
the STUD data around the first minimum at 8.05 MeV.
It is interesting that the calculations extrapolate so well
to 14.5 MeV, matching the second minimuin, although
the first minimum is not well described and the
structure in the calculations beyond 100° is not evident
in the data.

Table V. The Abbreviations, Energies, and Reference
Numbers for Investigatois Whose Elastic Scattering
Data are Compared With Calculations

Abbreviation Energy (MeV) Reference

WEST
DUKE
STUD

5.00 + 0.10 13
6.05 £ 0.23 14

4.56 + 0.05 2
7.05 = 0.09
8.05 = 0.09

4.70 = 0.09 15

2.52 20.047 16
3.00+0.043
3.50 = 0.040
4.00 = 0.037
4.50 + 0.033
5.00 % 0.030
14.5 + 0.4 17

4.60 = 0.05 1
5.00 + 0.05
5.44 + 0.17
6.53 £ 0.03
7.54 = 0.06
8.56 £ 0.08
4.19 + 0.08
4.46 = 0.07
5.18 £ 0.05
5.50+0.05
6.00 = 0.13
6.13 = 0.04
6.37 £0.13
7.60 = 0.10
8.50 + 0.08
8.56 = 0.05

ALD 0.98 + 0.10 18
1.40 = 0.09
1.61 + 0.08
1.79 £ 0.08
1.99 + 0.07
2.01 £ 0.07
2.20+£0.07
2.39 £ 0.07
2.61 £ 0.06
2.81 + 0.06
3.01 £ 0.06
3.06 £ 0.06
3.99 = 0.06

TEXN
LASL

ORNL

Cross Sections for Inelastic Scattering
to Discrete Levels in 5¢Fe

Cross sections for inelastic scattering to °°Fe discrete
levels by compound nucleus formation and decay were
computed by statistical model theory with the com-
puter code HELENE.'® This code incorporates the
Hauser-Feshbach statistical model® with Porter-Thomas
width-fluctuation corrections.” Competition with con-
tinuum states is taken into account as well as competi-
tion from other reactions. The penetrabilities are
computed directly from an optical model with no
spin-orbit coupling. The 41 levels that were used for
$®Fe are listed in Table VI, together with the spins and
parities used in the calculations.”® Competition from
(n,@) and (n,p) reactions was included, the character-
istics of the levels in the **Cr and * ®Mn residual nuclei
being given in Table VIL.?'-2? This competition was
not significant for neutron energies below 7 MeV. The
optical model parameters for the neutron channels were
those shown in Table IV; the o and p-channel
parameters are listed in Table VIII.??*?* The con-
tinuura cutoff energies were 5.25 MeV, 2.782 MeV, and
0.213 MeV, respectively, for the n-, a-, and p-channels.

Table VI. Energy Levels of 56pe

Energy (MeV) m Energy (MeV) I
0.000 0+ 4.296 0+
0.846 2+ 4,388 2+
2.084 4+ 4.450 (2+)*
2.654 2+ 4.501 3+
2.939 O+ 4.531 3-
2.957 2+ 4.545 (2+)
3.119 1+ 4.602 (0+)
3.122 4+ 4.650 (3-)
3.368 2+ 4.676 3-)
3.388 6+ 4.728 (1-)
3.445 3+ 4.866 2+)
3.450 1+ 4,871 (3-)
3.600 0+ 5.017 (3

(3.601) () 5.032 2+)
3.605 2+ 5.044 (2+)
3.747 6+ 5.130 (4+)
3.829 2+ 5.135 (3-)
3.856 3+ 5.191 (1-)
4.046 4+ 5.196 4+)
4.099 3+ 5.243 (33
4.116 4+

*Assumed spins and parities are enclosed in parentheses.



Table VIL. Energy Levels of 53Crand *®Mn

Table IX. Continuum Level Density Parameters

53¢y $6Mn
Energy MeV) Jm Energy (MeV) Jm
0.000 3/2— 0.000 3+
0.565 12— 0.026 2+
1.008 5/2- 0.110 1+
1.285 (7/2-)*
1.537 7/2-)
1.971 3/2-)
2.169 (1/2-)
2.227 (5/2-)
2.324 3/2—
2.454 (1/2-)
2.664 (5/2-)
2.667 1/2-)
2.715 3/2-)

*Assumed spins and paritics are enclosed in parentheses.

Table VIIl. Optical Model Parameters for Alpha
Particle and Proton Channels

56pe 53¢ 56Mn
€, (MeV) 9.2 3.2 4.6
€y (MeV) 0.8 ~0.71 ~1.19
T (MeV) 1.26 141 1.07
a(Mevh 6.75 5.88 7.27
b 0 0 0
cMevTh 8.77 7.37 9.45
A (MeV) 2.81 1.35 0

Alpha Proton

Real well depth 78.60 (McV) 46.60 (MeV)

Reul well radius 1.58 ¢ 1.28
Real well diffuseness 0.48 f 0.65f
Tmaginary well depth 1550 Mev)T 10,00 (Mev) ¥
Imaginary well radius 1.58f . 1.28 f
Imaginary well diffuseness 048 ¢t 0.53f

TWoods-Saxon.
*Woods-Saxon desivative,

The continuum level density parameters are given in
Table 1X.'?-%% The cross sections for exciting the
continuum were calculated only for competition with
discrete levels. The evaluated cross sections for exciting
the continuum as discussed in Section I were deter-
mined experimentally.

The 0.846-MeV and 4.531-MeV levels in *°Fe may be
excited by direct interaction (DI) as well as by
compound nucleus formation and decay (CN). A
DWBA calculation was performed with the code
JULIE?® using optical model parameters of Table IV
and a deformation parameter of 0.26 for the 0.846-
MeV level and 0.2 for the 4.531-MeV level to account
for the DI contributions.** Assuming independence of
DI and CN processes, the calculated DI and CN cross

sections were added to give the cross sections for
inelastic scattering to these levels.

The calculated differential cross sections for inelastic
scattering to the 0.846-MeV level in *®Fe is compared
with experimental results in Fig. 2 where agreement is
seen to be reasonable. The DI contribution increases
while the CN contribution decreases with increasing
energy, the scattering being all DI at 14.5 MeV and the
angular distribution being highly anisotropic. The caleu-
lated differential cross sections for inelastic scattering
to higher levels agreed with experimental data within
the experimental errors.

Calculated level excitation cross sections for inelastic
scattering to resolvable levels and groups of levels in
*>®Fe are compared with experimental results in Fig. 3
where agreement is seen to be good.

Nonelastic and Integrated Elastic Cross Sections

Experimental measurements have been made of both
the nonelastic and the integrated elastic cross sections
for natural iron and there is some interest in comparing
the corresponding evaluated cross sections with the
experimeantal results.

Figure 4 compares the evaluated nonelastic cross
section as a function of energy from 1 to 15 MeV with
experimental measurements of the nonelastic cross
section as given in reference 27. The evaluated non-
elastic cross section was averaged over 50-keV intervals
for the purpose of this comparison. From 1 to 2.1 MeV,
the nonelastic cross section is made up almost entirely
of the cross section for inelastic scattering to the
0.846-MeV level in *®Fe. This evaluated inelastic cross
section in this energy range is based on the high
resolution preliminary experimental data of Macklin® ef
al. as described in Section 1. From 2.1 to 9 MeV the
nonelastic cross section is essentially equal to the total
inelastic cross section. In this energy range the evalu-
ated cross sections for inelastic scattering to discrete



levels were calculated as described above while those for
inelastic scattering to the continuum were obtained
from experimental data as discussed in Section lI.
Above 9 MeV (n,2n), (n,p), and (n,a) reactions start
to contribute to the nonelastic cross section, and
in this energy range the cross section for inelastic

Ex= 0.8U6 MeV

scattering to the continuum was adjusted so that the
evaluated nonelastic cross sections would agree with the
experimental results. The fact that the evaluated non-
elastic cross section is lower than the experimental data
from 2 to 3 MeV implies a discrepancy between the
nonelastic and the partial inelastic experimental cross
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Fig. 2. A Comparison of Calculated and Experimental Differential Cross Sections Per Atom of Natural Iron for Inelastic Scatter-

ing to the 0.846-MeV Level in S6Fe.



sections in this energy region. The nonelastic meas-  time-of-flight experiments. The time-of-flight data re-
urements were made by the sphere transmission tech-  quire simpler corrections than do the sphere trans-
nique, whereas the partial inelastic data result from  mission data and should yield the better cross sections.
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Fig. 4. A Comparison of Evaluated and Experimental Nonelastic Cross Sections.

The integrated elastic scattering cross section is
obtained experimentally by measuring the differential
elastic scattering cross section at a nuinber of angles and
then fitting the data by least squares to a Legendre
series to find the integrated cross section. The ENDF/B
elastic scattering cross section is defined as the differ-
ence between the total and the nonelastic cross sec-
tions.

The evaluated elastic scattering cross section for
natural iron as a function of energy is compared with

experimental data in Fig. 5. The experimental data were
obtained from a SCISRS listing* of the available data
and from reference 1. The evaluated cross section was
averaged over 50-keV intervals for the purpose of
comparison. It is in reasonable agreement with the
experimental results except in the energy region from 5
to 7 MeV where it is ~10% higher than the data.

*Obtained from National Neutron Cross Section Center,
Brookhaven National Laboratory, in March 1970.
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1. THE EVALUATED NEUTRON CROSS SECTIONS

The Total Cross Section

The total cross section was taken from two previous
evaluations. The evaluation of Irving and Straker? was
adopted for the energy range 330 keV to 15 MeV.
These data were taken from the experiments of
Cierjacks et al.,?® Carlson and Cerbone,?” and Barnard

et al*° Trving and Straker concentrated on eliminating
unnecessary points in the experimental data, distin-
guishing actual structure from statistical fluctuations.

The evaluation of the United Kingdom (DFN-91°")
was adopted for the energy range 107° eV to 330 keV.
These data reflect the capture measurements of
Hockenbury ez al.>? Further discussion may be found
in the section for the capture cross section. The data are
shown in Figs. 616,
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The Elastic Scattering Cross Section Table X. Encigies, Resolutions, and References for Natural

Iron Neutron Elastic Differential Cross-Section

. . . Measutements Between 1.23 and 4 MeV
The Integrated Elastic Scattering Cross Section

. . . . : eferenc

The elastic scattering cross section was obtained by £, MeV Reference
subtracting the nonelastic from the total cross section. 1.37 + 0.01 37
The resulting elastic scattering cross section is shown in 1.48 + 0.04 38
Figs. 17-27. 1.58 £ 0.04 38
1.66 +0.04 38
1.71 £ 0.01 37
Angular Distributions of Elastically Scattered Neutrons 2.01+0.01 37
as , o 220+ 0.06 39
Cox”” has measured elastic angular distributions from 225 + 0.05 40
0.68 to 1.23 MeV with a resolution of +10 keV in 245+ 005 40
9-keV steps. Wells er al®* have also measured the 2.50 £ 0.10 41
differential elastic cross section from 0.75 to 0.98 MeV igg * 8815 3;

.
i 3 i + : 6 anele 00+ 0.02

wnth‘a 16801’!1{10[] of 35 keV, but at only 4--6 angles. 320 ¢ 0.05 4
Outside this energy interval the data are relatively 3.26 + 0.01 37
scarce. Measurements have been made at 0.3%° and 0.5 3.66 = 0.20 43
MeV3%  with resolutions of *12.5 and +25 keV, 3.67 £ 0.05 15
respectively. Energies and resolutions at which data 3.70= 0.10 44
4.00 + 0.025 2

have been taken between 1.23 and 4 MeV are listed in

Table X.
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We fitted the differential cross sections between 0.3
and 4 MeV by least squares to a Legendre series,
plotting the data with the fits to ensure adequate
fitting. Py was sufficient below 2 MeV, while P; and Py
had to be used above 2 MeV. Because of the larger
energy range and data taken at eight angles rather than
at 4—6 angles, we used Cox’s data rather than that of
Wells, drawing a smooth curve by eye through the data.
We also used the results at 0.3 and 0.5 MeV. The
coetficients resulting from our Legendre fits to the data
and the curves we drew to represent them for ay, a»,
and a3 from 0.3 to 1.3 MeV are shown in Fig. 28 where
the a’s are defined by

Lot

() =1, -

1=0

Py ()

where
f(u) = the probability of scattering into du about g,

u=the cosine of the center-of-mass scattering
angle,

Py(w) = the I, Legendre polynomial,

do =].

Above 1.23 MeV, the Legendre coefficients obtained
by optical model and statistical model calculations
yielded as reasonable a curve as one could draw to
represent the data for coefficients a; through as. We
did adjust the computed a; and a, to give a better fit to
what data are available. There is no doubt that the
fluctuations in Cox’s data extend both above and below
his energy interval but in the absence of data similar to
his, a smoothing of the data seems most reasonable. The
coefficients from 0.3 to 4 MeV are plotted along with
the results of fits to the experimental data in Fig. 29.

Above 4 MeV, the real and imaginary potentials for
the optical model were obtained by fits to experimental
data; hence, the Legendre coefficients describing the
calculated results are tied directly to experiment. The
Legendre coefficients from 0.3 to 15 MeV are plotted
in Fig. 30.
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The Cross Sections for Inelastic Scattering
to the 0.846-MeV Level in *®Fe

Integrated Cross Section

Macklin er @l® have recently taken data on the
excitation of the 0.846-MeV level in S°Fe from
threshold to >2 MeV with the best energy resolution to
date, t~3 keV at 1-MeV neutron energy. These data
have yet to be reduced to cross sections. Barnard er
al.®? measured the excitation of this Jevel from 0.94 to
1.50 MeV with an energy resolution of +~7 keV.

We normalized Macklin’s data to the resulis of
Barnard et al. below 1.5 MeV. From 1.5 to 2.12 MeV
we normalized to the £35-keV resolution measurements
of Gilboy and Towle.' ®

Above 2.12 MeV, the evaluated cross sections are a
result of calculations as described in Section H.

Angular Distribution

We relied exclusively on calculations to provide the
angular distributions for scattering to the 0.846-MeV
level in *®Fe over the entire incident neutron energy
range. The CN and DI contributions were separately
fitted by least squares to Legendre polynomial series,
the coefficients weighted by the ratio of the partial (CN
or DD-to-total (CN + DI) inelastic cross sections, and
added to arrive at the coefficients for the combined
distributions. The coefticients are plotted as a function
of energy in Fig. 31 and result in the angular distri-
butions which were shown in Fig. 2.

The Cross Section for Inelastic Scattering
to the 1.408-MeV Level in *>*Fe

Integrated Cross Section

Even though **Fe is but 4.82% abundant in natural
iron, the 1.408-MeV level is sufficiently excited so that
it should be considered. This level is 2*and, as with the
0.846-MeV level in S¢Fe, may be excited by direct
interaction as well as by compound nucleus formation
and decay.

The UK-evaluated cross section below 3 MeV was
used where there is considerable structure.* Since the
54 Fe level structure is not too dissimilar to-that of
56Fe, we normalized the cross section for the 0.846-
MeV level in > Fe to the UK. results below 3 MeV and
used the normalized results from 3 to 15 MeV for the
"4 Fe 1.408-MeV level. The cross section for this level is
shown in Fig. 32.

Angular Distribution

While the angular distribution of neutrons inelas-
tically scattered to the 1.408-MeV level in *Fe very
likely resembles that of neutrons scattered to the
0.84G6-MeV level in 3®Fe, we have taken the distri-
bution to be isotropic at all energies.

Cross Sections for Inelastic Scattering to
Levels in *° Fe With E, >0.846 MeV

Integrated Cross Sections

There are eighteen levels in *®Fe with 0.846 <E, <
4.116 MeV which were resolvable in the ORNL data'
either as individual levels or as groups of levels. As
discussed previously, calculational results are in ex-
cellent agreement with experiment. Calculated values
for each of the 18 levels were therefore used in the
evaluation and are shown in Figs. 32-35.

Angular Distributions

The angular distributions calculated by a statistical
model, as described previously, were used for neutrons
inelastically scattered to each of the 18 levels in S®Fe
with 0.846 < E < 4116 MeV. While Py, was
necessary 1o describe some of the distributions, the
coefficients of odd polynomials are zero because of the
symmetry about 90°. Typical behavior of the coef-
ficients as a function of energy is shown in Fig. 36 for
scattering to levels of spins 0, 1, 2, and 3.

The Cross Section for Inelastic Scattering
to the Continuum

It has been observed' that below an excitation energy
of ~7 MeV inelastic scattering into the “continuum”
shows structure and is not well described by an
evaporation model. As suggested by evaporation theory,
however, if the cross section for scattering into the
continuum js divided by the outgoing neutron energy E'
then the plot of the quantity o/E’ versus excitation
energy, E,, is similar in shape at various incident
neutron energies. Above an excitation energy of 7 MeV
an evaporation model was found to apply.

That portion of the continuum which shows structure
extends from E, = 4.1875 MeV where groups of
discrete levels cease being resolvable in the experimental
data to E, = 7.0125 MeV where an evaporation model
starts to represent the data. The continuum data were
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reduced to cross sections summed over 25-keV intervals
in excitation energy, 0(E~E,)AE . By comparing
o(E~E, )AE, /E'versus E, from data taken at E = 6.44,
7.54, and 8.56 MeV, it was found that the cross
sections at energy E could be related to those at 8.56
MeV by

o(E~E,)AE, [E' = [0(8.56-E,)AE, [E']

X exp[0.681(8.56-E)] . H

Above E, 7.0125 MeV the cross section could
reasonably well be represented by

(2)

Now the average laboratory energy of a neutron
inelastically scattered to E in the continuum assuming
isotropic scattering is

A

1+A

E (3

X

A = mass number.

Converting Eq. (2) to a Maxwellian by substituting
for E, from Eq. (3) yields

o(F—~E") = 41 X 36 exp[0.681(8.56-E)]

1+A)eE
X exp[0.936 (LA—)‘L 7.0125)}

1+A) ,
X E exp{-0.936 (I+A) E' | (mb/MeV)  (4)
1+A?
where & = - .
(1+A)?

Even though it is physically impossible for the average
E' to reach O since this requires backward scattering in
the center of mass, its minimum value differs little from
0 so we shall allow it to be so. Equation (4) can now be
used to arrive at the Maxwellian probability for
scattering from E to dE' about E':

E'eAE'/e

p(EE) == (5)

32

where
1=02%|1. e-(aE-U)/e<l +9ﬂ>
)
8 = 1.0496 MeV

U =6.8895 MeV.

Note that ENDF procedures do not consider a
constant o multiplying the incident energy E. It must
be included for proper normalization.

Integrated Cross Section

To obtain the cross section for scattering into the
continuum we performed the integration

aE-4.1140 g
f —E'dF’,
El

[+]
as a function of E up to 9 MeV.

Above @ MeV we adjusted the cross section for
inelastic scattering into the continuum so that the
nonelastic cross section obtained by swumming the
evaluated partial cross sections would agree with experi-
ment.>” The cross section for scattering into the
continuum is shown in Fig. 37.

Angular Distribution

Experimental data' indicate isotropic-angular distri-
butions for neutrons scattered into the continuum, and
that is the distribution we have used.

Energy Distribution

As discussed above, the continuum was divided into
two regions in excitation energy E,. The first, for
which 4.1875 MeV < E, < 7.0125 MeV, shows
structure and is tabulated every 0.1 MeV in incident
neutron energy from 4.4 to 15 MeV. The outgoing
neutron probabilities are given for energy bins 0.05-
MeV wide and boundaries on multiples of 0.05 MeV.
The second region, for which E, > 7.0125 MeV, is
describable by the Maxwellian discussed above.

Typical secondary neutron energy distributions for
several incident energies are shown in Fig. 38.

The Total Inelastic Cross Section

The total inelastic cross section obtained by summing
the cross sections for inelastic scattering to discrete
levels and to the continuura is shown in Figs. 39—-44.
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The Capture Cross Section

The capture cross section was takeg from the UK.
evaluation (DFN-91).>! These data were obtained by
the U.K. in the energy range 1 keV to 60 keV by using
resonance parameters based on the measurements of
Hockenbury er al®? These data are, in general, lower
than the data of DFN-64 and consequently lower than
those of ENDF-1101* and ENDF-1108.*° The UK.
adopted J. J. Schimidt’s*® evaluation below 1 keV and
above 60 keV except that above 60 keV a constant
value of 9 mb was assumed which joins smoothly to
Schmidt’s curve just above 100 keV. The data are
shown in Figs. 45-48.

Cross Sections for the (n,a), (n,p), and (n,2n) Reactions

The (n,x) and (n,p) cross sections were taken from
the UK. evaluation {(DFN-91) which were in turn

38

derived from J. J. Schmidt’s evaluation.*® The cross
sections for the (n,2n) reaction were taken from the
evalnation by Azziz et al (ENDF-1122).%°

The secondary neutron energy distribution of the
(n,2n) reaction was also taken from the evaluation of
Azziz er al. The form is Maxwellian:

f(E-+E") = NE e ~E'/6(E)

where 6§ = 0433 VE (in MeV), E is incident neutron
energy, E is emergent neutron energy, and N is a
normalization constant. The curves for the (n,x), (n,p),
and (n,2n) cross sections are shown in Figs. 49-51.

The Nonelastic Cross Section

The nonelastic cross section obtained by adding the
evaluated partial cross sections is shown in Figs. 52--62.
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Fig. 45. The Evaluated Capture Cross Section For Neutron Energies 1075 eV to 1 keV.
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Fig. 47. The Evaluated Capture Cross Section For Neutron Energies 10 to 100 keV.
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Fig. 51. The Evaluated (n,2n) Cross Section.
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Fig. 52. The Evaluated Nonelastic Cross Section for Neutzron Energies 1075 eV to 1 keV.
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Fig. 53. The Evaluated Nonelastic Cross Section for Neutron Energies 1 to 11 keV.
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Fig. 54. The Evaluated Nonelastic Cross Section for Neutron Energies 10 to 110 keV,
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Fig. 55. The Evaluated Nonelastic Cross Section for Neutron Energies 100 to 600 keV.
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Fig. 56. The Evaluated Nonelastic Cxoss Section fox Neutron Energics 500 to 750 keV.
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Fig. 57. The Evaluated Nonelastic Cross Section for Neutron Enesgies 750 keV to 1 MeV.
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Fig. 58. The Evaluated Nonelastic Cross Section for Neutron Energies 1 to 1.5 MeV.
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Fig. 59. The Evaluated Nonelastic Cross Section for Neutron Energies 1.5 to 2 MeV.
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Fig. 60. The Evaluated Nonelastic Cross Section for Neutron Energics 2 to 3 MeV.
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Fig. 61. The Evaluated Nonelastic Cross Section for Neutvon Energies 3 to 5 MeV.



NATURAL [RON

47

NON-ELRSTIC

SMOOTH NEUTRON CROSS SECTIONS

101

CROSS SECTIONS-BARNS

100 ! L .

i) i |

5.000E 06 7.000E 06

1
9,000€ 06

1.100E 07 1.300E 07 1.500E 07

ENERGY-EV

Fig. 62. The Evaluated Nonelastic Cross Section for Neutron Energies 5 to 15 MeV.

IV. GAMMA-RAY PRODUCTION CROSS SECTIONS

Ounly gamma rays resulting from neutron capture and
neutron inelastic scattering have been considered.
Gamma rays resulting from (n,a), (n,p), and (n,2n)
reactions could be important for the higher energy
range (10 MeV to 15 MeV) if the neutrons in this
energy range are abundant enough in a given shield.
However, in most shields this is not the case.

Neutron Capture Gamma-Ray Production

The multiplicities and gamma-ray energy disiributions
of gamma rays resulting from neutron capture were
calculated by White*” after intensities of primary lines
had been fitted to experimental data. White used the
code DUCAL®® to calculate the de-excitation spectra
from capture states in °°Fe and *?Fe extending from
thermal-neutron energies to 1 MeV, Inteusities of
pritnary lines were matched with experimental data of
Chrien er al,*° B. B. V. Raju er al,%° and N. C.
Rasmussen ef al.®' The rest of the spectra were

generated by the code; however, in this case most of the
binding energy resides in the primary lines. For higher
neutron energies the same parameters were used as for
the lower energy case except that the capture state was
changed. S-, p-, and d-waves were included. The states
of *Fe were obtained from the Nuclear Data Group,*?
and the states of °7Fe were obtained from the Nuclear
Data Group and a calculation by Fu.*? The branching
ratios that were not known experimentally for the
states were obtained from an ad hoc calculation which
presumes knowledge of E2/M1 and M1/E1 ratios for all
states. These were taken to be 0.2 and 0.25, respec-
tively. White then used the code AVA®? to average the
de-excitation spectra over 12 neutron energy groups
to obtain gamma-ray energy distributions and multi-
plicities for each group. The code AVA averages the
gamma-ray spectra over the capture cross section. The
capture cross section is calculated in (two energy regions
— namely, the resolved resonance region and the
unresolved resonance region. In the resolved resonance
region the resonance parameters used were then derived
trom Hockenbury’s measurements®? by the UK.3?



The resonance treatment was single-level Breit-Wigner
with no Doppler broadening. The energy groups are
broad enough so that Doppler broadening is not
important. In the unresolved region AVA incorporates a
statistical model but with no competition from inelastic
scattering, etc. This will introduce no error in this case
since the inelastic scattering for >*Fe is absent below 1
MeV and the inelastic scattering in ®®Fe introduces
only a normalization constant which should be almost
unity below 1 MeV. The statistical model was Hauser-
Feshbach with width fluctuation corrections, and the
analog of the penetrability for gamma rays was 2n times
an average radiative width times a level density given by
Gilbert and Cameron.”® The gamma-ray multiplicities
are shown in Table XI, and the probability densities of
emitting gamma rays with energies in 50-keV bins are
shown in Figs. 63-74.
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Table XI. Captuie Gamma-Ray Multiplicities

Neutron Energy Range

Multiplicity (Photons/Event)

107°-250 eV
250—500 eV
500—3000 eV
3.0--4.5 keV
4.5-6.0 keV
612 keV
12-20 keV
20-40 keV
40-60 keV
60—200 keV
200—400 keV
0.4-15 MeV

2.1630
2.1556
2.3577
2.1592
21575
2.7338
2.0939
2.7726
27917
2.6261
2.6629
2.7384

1.00E-08 KEV T0

ORNL-DWG 70-11676

2.50E-01 KEV

10 | l T | | | [ I
[ - CAPTURE CAMMA RRAYS —
1 y ~
10° L. _
>
[Fe]
~ oL d —
D
o
-
@
&l —
o
@
[«
-7
o | -
-‘ | n

10° El,h | | | | | Lm

1.0 2.0 3.0 0.0 5.0 6.0
GAMMA ENERGY (MEV)

8.0 9.0 10

Fig. 63. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 10 % to
250 ¢V,
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Fig. 64. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 250 to
500 eV,
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Fig. 65. Energy Distribution of Gamma Rays Resutting From the Radiative Capture of Neutrons in the Energy Range 0.5 to
3 keV,
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Fig. 66. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Meutrons in the Energy Range 3 to
4.5 keV.
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Fig. 67. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 4.5 to
6 keV,
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Fig. 68. Enetgy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 6 to
12 keV.
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Fig. 69. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Enezgy Range 12 to
20 keV.
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Fig. 70. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 20 to
40 keV.
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Fig. 71. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 40 to
60 keV.
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Fig. 72. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 60 to
200 keV,
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Fig. 73. Energy Distribution of Gamma Rays Resulting From the Radiative Capture of Neutrons in the Energy Range 200 to
400 keV.
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Fig. 74. Energy Distribution of Gamma Rays Resuliing From the Radiative Capture of Neutrons in the Enezgy Range 0.4 to 15 MeV.

Neutron Inelastic Scattering Gamma-Ray Production

Since the calculations of the inelastic scattering cross
sections described previously were successful, we de-
cided to calculate the gamma-ray production arising
from de-excitation of states excited by inelastic scattei-
ing of neutrons. We realized that the 41 nuclear states
for S®Fe used in the neutron calculations would not be
sufficient and that the use of a continuum model would
either entail undesirable approximations such as spin
and parity independence of the spectra or involve a
large data handling problem. Extensive shell-model
calculations had been performed by McGrory,* so we
naturally thought of using the states predicted by these
calculations for energies above 4 MeV. When the
cumulative number of levels was plotted versus excita-
tion energy and compared with that predicted by the
level density models which we had already used
successfully, the number of states predicted by the shell
model was found to be deficient. We then assumed that
the shell-model calculations provided levels with correct
spin-parity distribution and that the level density
formula predicted correctly the total number of levels
of all spins and parsities. Therefore, in the statistical

model calculations the excitation encrgy spectra were
divided into three regions. The first region extended to
5.25 MeV and the levels were treated as discrete levels.
The second energy region extended to @ MeV and the
levels were discrete but weighted by the number of
levels the level density formula would have predicted.
The third energy region extended beyond 9 MeV and
was considered to be a continuumn region. A total of
255 levels were used which had spins less than 6,

The computer program HELGA, which is a modifica-
tion of HELENE,'® was used to generate the gamma-
ray production data. These calculations only included
the discrete gamma-ray cascade, although a continuum
model was programmed. The gamma rays had energies
less than 9 MeV. These were collected into 50-keV
energy bins rather than treating each gamma ray
separately, The branching ratios were taken from
Henrichsen er al,2® but those that were not known
experimentally were calculated in the program by
assuming the E2/M1 and M1/E1 ratios to be 0.2 and
0.25, respectively.

The calculations were compared with measurements
made by Dickens®® for three neutron energies. These
results appeared to be in satisfactory agreement and are



shown in Tables XI-XIV, Other comparisons were
made with a measurement by Maerker and Mucken-
thaler®® and with calculations of Celnik and
Spielberg.’” The neutron energics were integrated over
a reactor neutron spectrum for these cases. The
agreement here was also satisfactory, although some 60
mbans should be added to the 1.0- to 1.5-MeV calculated
value due to *Fe. The results are shown in Table XV.
The 0.846-MeV gamma ray is anisotropic to a small
extent as indicated by the experimental results. We did
not incorporate the anisotropy because it is small and it
is probably unimportant to the calculation of secondary
gamma-ray dose as indicated by Straker.’® The pro-
duction cross sections are presented as multiplicities,

Table X1, Differential Cross Sections for Gamma-Ray
Production Via Neutron Inelastic Scattering in Iron
E =5.35MeV

Differential Cross Sections (mbns/sr.)

Experiment

£y (keV) Calculation 55° 90°

846 109.9 85.0 81.7
1038 5.4 5.7 5.7
1168+ 1175 1.5 21 2.2
1238 28.8 239 22.6
1811 2.9 9.3 10.6
2113 7.2 5.5 5.9
2523 5.2 5.3 4.5
3202 2.6 2.4 1.9
3445 + 3451 2.7 2.5 3.5
3548 3.4 2.0 2.2

relative to the total inelastic cross section in Table X VI,
and probability densities of emitting gamma rays with
energies in 50-keV bins as shown in Figs. 75--96 for the
energy range 2.122 MeV to 15 MeV. This excludes the
gamma ray from the first excited state of *?Fe. The
gamma rays from this state of **Fe and the first
excited state of ®®Fe in the energy range 0.861 MeV to
2.122 MeV are given in the evaluation as relative to
their excitation cross sections and, hence, have multi-
plicities of unity.

Table XV. Gamma-Ray Production Cross Sections
in Iron for a Reactor Spectrum (mbns)

Gamma-Ray

Energy This Maerker’s Celnik’s
Interval Calculation Experiment Calculation
(MeV)

0.5--1.0 905 600 1106
1.0-1.5 153 278

1.5-2.0 82 110 307
2.0--2.5 83 101

2.5-3.0 77 74 198
3.0-3.5 29 44 78
3.5-4.0 38 33

4.0-4.5 12.7 8.7 14

4.5-5.0 8.9 5.6

5.0-5.5 4.4 3.8 85

5.5--6.0 2.8 2.4 ’

6.0-6.5 1.7 2.1 20

6.5-7.0 0.6 <0.6 ’

Table X11. Differential Cross Sections for Gamma-Ray
Production Via Neutron fnelastic Scattering in Iron
E =640

Differential Cross Sections (mbns/st.)

Table X1V, Differential Cross Sections for Gamma-Ray
Production Via Neutron Inelastic Scattering in {xon
E, =850

Differential Cross Sections (mbuns/st.)

Experiment Experiment

Py (keV) Calculation 55° 90° By (keV) Calculation s o

846 106.3 88.0 82.0 846 102.2 93.4 85.1
1038 5.6 6.5 6.1 1038 7.0 7.9 6.4
1168+ 1175 1.1 2.5 2.1 1168+ 1175 0.8 2.2 1.9
1238 323 28.9 24.5 1238 39.6 34.5 311
1811 8.0 9.9 8.9 1811 6.6 9.2 8.5
2113 5.6 54 4.9 2113 4.7 4.1 3.7
2523 4.2 3.5 3.4 2523 3.6 2.4 2.2
3202 2.6 1.6 1.8 3202 34 22 1.8
3445 + 34351 2.7 2.4 2.8 3445 + 3451 3.5 1.8 1.6
3548 2.8 2.2 2.5 3548 2.1 2.0 i4
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Table XVI. Inelastic Scattering Ganuaa-Ray Multiplicities

?Ei:;f Multiplicity ﬁ;li;? Multiplicity
(MeV) (Photons/Event) (MeV) (Photons/Event)
2.122 1.000 5.200 1.983
2.240 1.031 5.440 2.011
2.500 1.080 5.740 2.054
2.740 1.200 6.000 2.087
3.000 1.310 6.440 2.159
3.340 1.539 7.240 2.300
3.700 1.678 7.670 2.407
4.000 1.764 8.000 2.480
4,500 1.886 8.560 2.605
4,750 1.929 9.090 2.711
5.000 1.963 15.000 3.904
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Fig. 76. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 2.24-MeV Neutrons.
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Fig. 77. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 2.5-MeV Neutrons.
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Fig. 78. Energy Distribution of Gamma Rays Resulting From Inelastic Scatiering of 2.74-MeV Neutrons,
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Fig. 80. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 3.34-MéV Neutrons.
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Fig. 81. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 3.7-Me'V Neutrons
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Fig. 82. Energy Distribution of Gamma Rays Resuiting From Inelastic Scattering of 4.0-MeV Neutrons.
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Fig. 83. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 4.5-MeV Neutrons.
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Fig. 84. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 4.75-MeV Neutrons.
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Fig. 85. Energy Distribution of Gamma Rays Resulting From Inelastic Scattering of 5.0-MeV Neutrons.
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V. PHOTON INTERACTION CROSS SECTIONS

Cross sections for photons interacting with iron were
obtained from an evaluation by McMaster ef al>” in
the energy range | keV to I MeV and from a
compilation by Plechaty and Terrall®® for the energy
range 1 MeV to 100 MeV. The interactions considered
were total, coherent scattering, incoherent scattering,
pair production plus triplet production, and photo-
electric. Only - the integrated cross sections were in-
corporated into the evaluation. These are shown in Figs.
97-101.

Vi. CONCLUSIONS

Previous natural iron ENDF/B evaluations have been
improved by this re-evaluation in the following areas:

I. The elastic angular distributions have been brought
into -better agreement with experiment from 0.3 to
15 MeV.

[ )

. The integrated cross sections for inelastic scattering
to discrete levels in “®Fe have been extended
beyond 5 MeV and smoothed (as appropriate to
experimental energy resolutions) by statistical model
calculations which agree with experimental data.

3. Experimental data showing resonant structure in the
integrated cross section for inelastic scattering to the
0.846-MeV level in *®Fe have been included from
threshold to 2.1 MeV.

4. Recently -observed structure in the neutron inelastic
continuum has been incorporated.

5. Gamma-ray-production cross sections and photon
interaction cross sections were included where they
had been nonexistent in previous evaluations.

Outside the above areas, previous evaluations and sets
of cross sections were combined to agree best, in our
opinion, with the latest data.
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Where experimental data are lacking or sparse, our
evaluation is necessarily weakened. More data on the
following would strengthen future evaluations:

1. Elastic scattering angular distributions below ~4
MeV. Considering the fluctuations in the total cross
section, the elastic scattering cross section and
angular distributions must also fluctuate as indicated
by Cox’s data from 0.6 to 1.2 MeV.

2. The cross sections for inelastic scattering to discrete
levels in *®Fe and ** Fe. No doubt the cross sections
for scattering to the higher levels fluctuate in a
manner similar to the fluctuations in the cross
section for scattering to the 0.846-MeV level in
S8 Fe.

3. Neutron inelastic continuum data. A constant nu-
clear temperature has been assumed here to describe
the evaporation portion of the neutron inelastic
continuum. It may well vary above 8.5 MeV.

4. Capture and inelastic gamma-ray yields. Models had
to be used here to compute the gamma-ray energy
distributions. The models
whose validity must be tested.

entailed assumptions

We made no effort to correlate the fluctuations in the
cross section for inelastic scattering to the 0.846-MeV
level in *®Fe with fluctuations in the total cross
section. Between 0.87 and 2 MeV some suspiciously
sharp and low dips appear in the elastic scattering cross
section which resuits from subtracting the nonelastic
(essentially the 0.846-MeV level inelastic cross section
in this energy region) from the total cross section.

It is difficult to say what difference the use of this
evaluation will make on reactor and shield calculations
over the use of previous evaluations. Reactor calcula-
tions probably will not be affected. In shield calcula-
tions the elastic angular distributions should make little
difference since the predominant forward peaks are
comparable in this and previous evaluations. The
improved inelastic description may produce a notice-
able effect on neutron spectra in special problems.
Gamma-ray-production cross sections were not con-
sidered in previous evaluations.

The detail put into this evaluation may be burden-
some for some applications. Whether this is offset by
better agreement between calculation and experiment
must be determined by tests.



We would appreciate being informed of any discrep-
ancies among experiments and calculations using this
gvaluation, since we plan to revise the evaluation as new
information becomes available.
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