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A neutron inelastic scattering experiment was performed on an enriched 57Fe sample at the
GELINA (Geel Electron Linear Accelerator) neutron source using the GAINS (Gamma Array for
Neutron Inelastic Scattering) spectrometer. Several γ-production cross sections were determined,
but the first transition (14.4 keV) could not be detected due to the steadily increased γ background
at low energies. Consequently we use an interplay between experimental data and carefully tuned
theoretical calculations to generate the total inelastic cross section.

PACS numbers: 25.40.Fq, 29.30.Kv, 27.40.+z

I. INTRODUCTION

Iron is undoubtedly a key structural material for the
development of any nuclear facility. The Collabora-
tive International Evaluated Library Organization Pi-
lot Project (CIELO), a subgroup of the Working Party
on International Nuclear Data Evaluation Co-operation
(WPEC) of the Nuclear Energy Agency [1] focuses on
the evaluation of the most abundant isotope, 56Fe, while
an entry of the High Priority Request List (HPRL) [2]
hosted by the same agency is dedicated specifically to
the neutron inelastic scattering measurements on 56Fe.
Having recently published an article describing a high
precision cross section measurement of the 56Fe(n, n′)
reaction [3], we report now on an experiment on the mi-
nor isotope 57Fe.
Four stable iron isotopes exist, with the following natu-

ral abundances: 54Fe - 5.85(11)%, 56Fe - 91.75(11)%, 57Fe
- 2.12(3)%, and 58Fe - 0.28(1)% [4]. The fist excited level
in the major isotope 56Fe is at 846.8 keV [5] and there-
fore, at energies lower than 861 keV neutron moderation
can occur in natFe only through elastic scattering (much
less effective) or through inelastic scattering on the mi-
nor isotopes. 57Fe has 4 excited levels below 861 keV [6]
while 54Fe has none [7]. Moreover, the neutron mod-
eration through inelastic scattering on 57Fe produce γ
radiation that has to be taken into account in the energy
balance of the reactors.
The current experiment was particularly challenging

due to two major difficulties. First, the availability of
sufficient enriched iron was a serious issue. Second, the
energy of the first excited level in 57Fe is as low as
14.4 keV [6] and the γ decay from this state could not be
observed with our experimental setup. Both experimen-
tal limitations will be discussed in detail.
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A previous measurement performed at the Oak Ridge
Electron Linear Accelerator (ORELA) operated by Oak
Ridge National Laboratory (ORNL) is reported in
Ref. [8]. The authors used a 22.19-m flight path and
one Ge(Li) detector placed at 125◦ with regard to the in-
coming neutron beam and measured a significant number
of γ-production cross sections from the (n, n′), (n, 2n)
and (n, α) channels. We will compare our results with
the cross sections reported in Ref. [8].
The present article is organized as follows: after a short

overview of the experimental setup, Section III empha-
sizes the particularities of this measurement. Section IV
shortly reviews several theoretical aspects and Section V
discusses extensively the experimental results.

II. EXPERIMENTAL SETUP

The experimental setup is very similar to the one used
in several previous measurements [9–11]. It consists of
the neutron source GELINA (Geel Electron Linear Ac-
celerator) [12], the HPGe array GAINS (Gamma Array
for Inelastic Neutron Scattering) [13] and a 235U fission
chamber [14] used for data normalization.
The neutron source GELINA operated by the Joint

Research Centre of the European Commission in Geel,
Belgium is a linear accelerator shooting high-intensity
electron pulses on a rotating depleted uranium target.
A compression magnet allows the reduction of the pulse
length to about 1 ns, thus defining the unique time reso-
lution of the facility [15]. Following bremsstrahlung and
(γ, n) reactions, neutrons are produced together with a
very intense γ flash. The neutron flux is significant for
energies ranging from ≈70 keV to ≈18 MeV. During the
present measurement GELINA was operated at a repeti-
tion rate of 800 Hz.
The GAINS array was centered around the 57Fe sample

located at the end of an 198.684-m flight path. Although
the setup can accommodate up to 12 HPGe detectors (see
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FIG. 1: (Color online) Gamma Array for Inelastic Neutron
Scattering (GAINS), the HPGe-based spectrometer used in
the current experiment.

Fig. 1), only 6 HPGe detectors placed at 110◦ and 150◦

with regard to the incoming neutron beam were used in
the current data analysis. This choice of angles specific
to GAINS allows an optimal integration of the angular
distribution of the γ rays using a Gauss quadrature as
described in Ref. [16].
At the sample position the neutron beam was col-

limated to a diameter of 61 mm. The enriched iron
sample was larger than the beam and had an effective
areal density of 0.491(5) g/cm2 (i.e. a thickness of about
0.67 mm). It contained 90.50(30)% 57Fe, 9.15(30)% 56Fe,
0.25(2)% 54Fe, and 0.10(1)% 58Fe. The sample did not
have a uniform shape and it presented rounded edges.
Therefore, in calculating the effective areal density of the
portion of the sample that was exposed to the neutron
flux we assumed that this region was 3(1)% thicker than
the average areal density obtained by weighting the sam-
ple and measuring its area. All cross section values calcu-
lated in the current work took into account the isotopic
content and the shape of the sample and the reported
values correspond to pure 57Fe.
We note that the sample procurement was one of the

key issues of the current experiment, as the price of such
quantity of 57Fe-enriched iron is not negligible. It was
provided by the Isotope Office of the Oak Ridge National
Laboratory.
The neutron flux was monitored using a 235U fission

chamber placed at a distance of 197.214 m from the neu-
tron source, about 1.5 m before the sample. The total

FIG. 2: Low excitation energy level scheme of 57Fe according
to Ref. [6]. γ-production cross sections were determined for
the transitions drawn with continuous lines.

thickness of the 235U layers is 3.0896(1) mg/cm2 and their
diameter (≈70 mm) is larger than the beam. All correc-
tions discussed in Ref. [14] were properly applied to the
neutron flux calculation. The standard 235U(n, f) cross
section [17] was used to normalize our results.

III. EXPERIMENTAL PARTICULARITIES
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FIG. 3: Background level in γ spectra around 14 keV.

As briefly mentioned in the introduction, besides the
availability of the enriched sample, the main difficulty
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of the current experiment was related to the particular
structure of the 57Fe nucleus. The low excitation energy
region of the evaluated level scheme from Ref. [6] is dis-
played in Fig. 2. Continuous lines represent transitions
that were measured in the current experiment and for
which we built the γ-production cross sections. As shown
in Fig. 2, the first excited level in 57Fe lies at 14.4 keV and
the decaying transition, having a conversion coefficient of
8.56(26), could not be detected (see below). Moreover,
the half-life of this level is 98.3 ns, partially decorrelating
the time of the reaction from the 14.4-keV γ emission.
Fig. 3 displays the low energy region of two γ spectra

recorded by one of our detectors. The continuous line
shows the spectrum from a 57Co source while the dot-
ted line represents the scaled spectrum recorded online
from the 57Fe(n, nγ) reaction. The 57Co source popu-
lates through electron capture decay the excited levels in
57Fe and therefore the γ lines are the same as those from
the inelastic scattering of neutrons on 57Fe. We carefully
tuned the data acquisition electronics lowering all thresh-
olds as much as possible and indeed, on the spectrum
acquired from the 57Co source the 14.4-keV transition is
clearly visible together with a 7-keV X ray. Nevertheless,
those peaks are completely covered by the background in
the 57Fe(n, nγ) spectrum.
Most probably, the steady background increase at very

low γ energy in our (n, nγ) spectra is caused by the neu-
trons scattered on the sample or in the air that interact
elastically with germanium nuclei from the crystals of
our detectors. Following such an interaction the recoil
energy of the Ge nucleus is deposited inside the crystal
and detected as a low-amplitude signal. This neutron-
induced background, correlated in time with the neutron
pulses, prevents the detection of the low energy γ rays
of interest. We also note that the absorption coefficient
of the 14.4-keV γ rays in iron is very high and therefore
this radiation was strongly absorbed in the sample: such
low-energy photons could penetrate only through a very
thin layer of 20-30 µm while the rest of the target did not
contribute. Consequently we were not able to build the
γ-production cross section for the 14.4-keV transition.

IV. THEORETICAL CONSIDERATIONS

Considering the experimental limitations described in
the previous section, a theoretical support is required
not only to validate but also to complete our measure-
ments in order to predict the total inelastic cross sec-
tion for the 57Fe(n, n′) reaction. For this purpose, two
well known model codes have been employed - empire-
3.2 (Malta) [18, 19] and talys 1.8 [20]. Both codes
are used worldwide for nuclear reaction studies and for
nuclear data evaluation. They are well maintained and
benefit from constantly updated reaction models. Model
parameters are retrieved from RIPL-3 (Reference Input
Parameter Library) [21] and from the internal systemat-
ics. Being used in nuclear data evaluations, these model

codes have the tools to compensate the deficiencies of
models and parameters preserving the consistency of the
calculations.
In talys and empire the cross section of γ emission

in a transition between an initial discrete level Li and a
final level Lf (σn,n′

i
γi,f

), is calculated as the product of

the population cross section of the level Li (σn,n′

i
) and

the branching ratio of the γ ray emitted in the Li → Lf

transition (bγi,f
). The population cross sections are ob-

tained using nuclear reaction models while the branching
ratios are mainly the results of experimental studies on
the nuclear structure

σn,n′

i
γi,f

= σn,n′

i
bγi,f

. (1)

In a nuclear reaction, there are two contributions to
the population of a discrete excited level: one coming di-
rectly from the reaction (the so-called side-feeding) and
the other coming from the γ cascade from the levels
above, situated in the discrete or in the continuum re-
gion. In a process such as (n, nγ), three reaction mech-
anisms can contribute to the side feeding of the residual
nucleus in a discrete excited level: the direct interaction
(σDI

n,n′

i
), the preequilibrium emission (σPE

n,n′

i
) and the com-

pound nucleus formation (σCN
n,n′

i
). The calculation of the

γ-transition cross sections from the continuum to the dis-
crete region σn,ncγc,i

uses level densities and γ-strength
functions provided by closed formulas or by microscopic
predictions. Adding all these contributions, the popula-
tion cross section of a discrete excited level reads

σn,n′

i
= σDI

n,n′

i
+ σPE

n,n′

i
+ σCN

n,n′

i
+

Nd∑

h>i

σn,n′

h
bγh,i

+ σn,ncγc,i
,

(2)
where Nd is the number of discrete levels considered in
the calculation. The continuum starts just above level
Nd.
Note that this expression neglects the effect of nuclear

deformation on the calculated σCN
n,n′

i
cross section. Such

effects have been discussed in Refs. [22, 23], and are ex-
pected to be very small for an odd-even iron nucleus like
57Fe. Equations (1) and (2) show that the (n, nγ) cross
sections are sensitive to three different reaction models
and parameters, but also to the target nuclear structure
and level scheme. Consequently, the description of these
experimental cross sections is a very challenging test for
the reaction model codes.
In the case of iron isotopes, the theoretical prediction

is particularly difficult because large fluctuations in the
total cross section were experimentally observed up to
almost 5-6 MeV incident energy. Similar fluctuations ap-
peared in our 56Fe(n, nγ) measurement [3], and were also
reported in the high-resolution elastic measurements by
Kinney and McConnell [24]. Statistical codes such as
talys and empire are based on the optical model which
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FIG. 4: (Color online) Production cross sections for the γ rays emitted following the 57Fe(n, nγ) reaction. The gray bands
from panels (a) and (b) represent total uncertainty limits. Data are compared with the results of a previous measurement [8]
and with talys and empire calculations using default parameters.

can only describe an average of these resonance struc-
tures. Additionally, the customary coupled-channel op-
tical model applied to iron isotopes faced problems re-
lated to the nuclear structure of these nuclei (e.g., the
averaged measured total cross sections on 56Fe is about

≈1 b, which is about 30-40% lower than the value calcu-
lated using a typical optical model). These aspects are
confirmed by the present calculations (as will be shown
in Section V) and by other ongoing studies within the
CIELO project [1, 25, 26].
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V. RESULTS AND DISCUSSIONS

The primary results of our experiment are the γ-
production cross sections. After identifying in our mea-
sured spectra the peaks corresponding to transitions in
57Fe and after selecting only those transitions that seem
to be less affected by background we built the produc-
tion cross section for 10 γ rays. These are represented
by black lines in Fig. 2. The γ-production cross section
of the 846.8-keV transition excited in the 57Fe(n, 2n) re-
action was deduced by corroborating the current data
with those from a previous measurement [3]. Further, we
built the 136.5-, 366.8- and 706.4-keV level cross sections
based on their population and decay patterns. Finally,
we employed the reaction code empire to deduce the to-
tal inelastic cross section.

A. 57Fe(n, n′)57Fe γ-production cross sections

1. Experimental results

Figure 4 displays the γ-production cross sections for 10
transitions decaying from 7 levels with excitation energies
between 136.5 and 1356.8 keV. Our results are compared
with previous data reported in Ref. [8] but also with de-
fault talys and empire calculations mentioned above.
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FIG. 5: (Color online) Production cross sections for the 122.1-
keV γ ray: comparison of the results obtained using the
present 57Fe-enriched sample (black line), the one obtained
in a previous experiment using a natFe target (green line) [3]
and the result from Ref. [8] (blue dots). The cross sections
obtained with the natFe target are only relative values.

In order to reduce the statistical uncertainties we
grouped several time bins thus sacrificing the neutron en-
ergy resolution. Nevertheless, the number of points dis-
played for each γ-production cross section remains high
compared to the previous measurement.
Significant differences exist between our results and

the previous measurement performed at ORNL. The de-
cay of the second excited level in 57Fe (EL=136.5 keV,

Jπ = 5/2−) occurs through a strong γ transition of
122.1 keV and a much weaker γ ray of 136.5 keV. The
ORNL measurement [see Fig. 4(a) and (b)] shows in both
cases double-humped shapes for the γ-production cross
sections suggesting a strong population of the level at
small neutron energies and then an even stronger popu-
lation in the quasi-continuum region. On the contrary,
our cross sections increase almost continuously with neu-
tron energy up to En ≈10 MeV. We note that, above this
energy, the apparent further increase of the 136.5-keV γ-
production cross section seems an artificial artifact due
probably to a contamination component; also, the last
three points from Fig. 4(b) are affected by high uncer-
tainties. The same remark is also valid for the 352.4-keV
transition: the last 4 points of that γ production cross
section, corresponding to En ≥7 MeV, are affected by
large uncertainties and therefore they should be disre-
garded. Indeed, the apparent increase of the cross section
in that energy region constitutes an unphysical feature
that should not be considered when the comparison with
the theoretical calculations is performed. The default
talys and empire calculations seem to reproduce the
first bump of the two cross sections observed in Ref. [8]
but in the range En=2.5-9 MeV they are very close to
our result.

In order to get additional insight in the shape differ-
ence between our 122.1-keV γ-production cross section
and the one reported in Ref. [8] we revisited the data col-
lected during a previous measurement using a natFe sam-
ple [3]. The old experiment was performed with GAINS
at GELINA a few years ago employing only four HPGe
detectors. Unfortunately, due to the fact that our main
goal at that time was to study the 56Fe(n, nγ)56Fe re-
action where the γ-ray energies are significantly higher,
the electronic threshold we set in that experiment did
not allow us to determine accurately the detector efficien-
cies at Eγ=122.1 keV. Therefore, although the 122.1-keV
peak is visible in the spectra, the absolute cross sections
could not be determined. Nevertheless, we could deter-
mine the shape of the γ-production cross section that is
compared in Fig. 5 with the present measurement and
with the result from Ref. [8]. The fact that the shape
seems to overlap better with the present measurement
rises our confidence (also in this case the comparison
above En ≈10 MeV should be disregarded as the values
have large uncertainties).

Our γ-energy resolution did not allow the separation
of the 990.1-keV γ ray emitted from the 1356.8-keV level
from the 992.7-keV γ ray decaying from the 1007.1-keV
level. Therefore the production cross section displayed in
Fig. 4(g) represents the sum of the two transitions and
the comparison is also made with the sum of the two
theoretically calculated γ-production cross sections.

Based on the strange shape and very high values of the
1061.6-keV γ-production cross section from the (n, n′)
channel, the authors of Ref. [8] speculated that a tran-
sition with the same energy was also excited in the
57Fe(n, p)54Cr reaction. This hypothesis was not con-



6

firmed by other experiments investigating the structure
of 54Cr. Our γ-production cross section for the 1061.6-
keV transition shown in Fig. 4(h) is indeed smaller and
has a different shape compared to the one from Ref. [8].

2. Modeling of the γ-production cross sections

The two theoretical calculations performed with the
talys and empire codes using default parameters shown
in Fig. 4 are pretty similar mainly because both codes use
the same global optical potential for neutrons developed
by Koning and Delaroche (RIPL-2405 [27]). The differ-
ences may be caused by the different treatment of the
widths fluctuation, of the preequilibrium emission exci-
ton model, level densities, etc. However, there is a sig-
nificant difference related to the way the two codes treat
the γ decay of the levels for which no branching ratios
are provided. In such cases empire considers transitions
directly to the ground state, while talys makes educated
assumptions regarding possible transitions. In 57Fe there
is a level with the excitation energy of 1139.9 keV and
no branching ratio whose existence is questioned by the
structure evaluators [6] (see Fig. 2). In the Level seg-
ment of RIPL-3 [21] used by empire the spin and parity
of this level is Jπ = 3/2+. In the structure file used
by talys it has Jπ = 9/2− and it is considered by the
code to decay through two equally-probable transitions
towards the 706.4- and the 136.6-keV, 5/2− states. This
explains the significant difference between the predictions
of the two codes for the 692-keV γ-production cross sec-
tion. We consider that talys assumptions are not sus-
tainable: the two γ transitions of 433.5 and 1003.4 keV
from the 1139.9-keV level should have, according to the
same talys calculation, cross sections reaching ≈0.05 b
for En ≈10 MeV, a strength comparable with the one
of the 366.8-keV γ ray that we measured. However, we
did not observe in our spectra such peaks at 433.5 or
1003.4 keV.
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FIG. 6: (Color online) Neutron nonelastic cross section on
57Fe calculated with empire, compared to the values from
the evaluated libraries JEFF-3.2 and ENDF/B-VII.1.

In general, the model calculations follow the shape of
the experimental data, except for the significant overes-
timation below incident energies around 3 MeV. In order
to understand the origin of these discrepancies, a full
analysis of all available experimental data from the ex-
perimental database EXFOR [28] and most recent eval-
uations have been performed using the empire code.

The nonelastic cross section calculated using empire
is compared in Fig. 6 to the evaluations from The Eval-
uated Nuclear Data File, ENDF/B-VII.1 [29] and The
Joint Evaluated Fission and Fusion File, JEFF-3.2 [30]
(we mention that in the energy range 150 keV - 5 MeV the
nonelastic and inelastic cross sections are almost identi-
cal). The first thing to be noticed is that the empire
default calculation coincides with the JEFF-3.2 evalua-
tion. Indeed, JEFF-3.2 is based on talys calculations
and that both talys and empire are using for iron iso-
topes as default a spherical optical model with the Kon-
ing Delaroche regional optical potential [27]. Considering
that the nonelastic cross section depends exclusively on
the optical model, one can understand why the two codes
produce identical results.

The second aspect shown by Fig. 6 is that empire and
JEFF-3.2 overestimate ENDF/B-VII.1 in the same en-
ergy range where the present experimental (n, nγ) data
are overestimated by the theoretical predictions. Accu-
rate description of the measured cross section in this en-
ergy region requires an optical model potential that de-
pends on the incident partial wave [32]. There is no global
optical potential describing properly the neutron inter-
action with the nuclei in the iron region. For example,
coupled channels calculations performed with the ded-
icated optical model potential RIPL-615 [33] produced
similar results at low incident energies as those using the
regional spherical optical potential RIPL-2405 [27]. For
the purpose of this paper, we decided to describe the di-
rect interaction with the spherical optical model (using
the optical potential RIPL-2405) and the distorted wave
Born approximation, and to adjust the resulted nonelas-
tic cross section to fit the measured (n, nγ) cross sections
at low energies. For the other reaction mechanisms we
used the pre-equilibrium exciton model and the Hauser-
Feshbach statistical model [34] with the width fluc-
tuation correction proposed by Hoffman-Richert-Tepel-
Weidenmüller (HRTW) [35]. Gilbert-Cameron compos-
ite formula was employed for the level densities and the
modified Lorentzian model (MLO1) was selected for the γ
strength functions. The model parameters were retrieved
from RIPL-3 [21].

There is a significant difference between the treatment
of the γ decay of the levels in the discrete and in the
continuum region. The γ decay of a discrete level is
fully defined by the level scheme which provides energies,
spins, parities, branching ratios, and internal conversion
coefficients obtained mainly on an experimental basis. In
continuum, the decay of a level with a given spin and par-
ity within an energy bin populates lower energy bins and
discrete levels according to the γ strength functions and
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the spin and parity selection rules. As the description of
γ transitions in the discrete spectrum is much more accu-
rate than of the γ cascade from continuum, it is desirable
to consider the number of discrete levels Nd as large as
possible. Unfortunately, this number is limited by the
completeness of the decay scheme. Most reaction codes
derive the parameters of the level densities from the fit
of the cumulative number of the low lying levels. If the
matching between the discrete and continuum spectrum
is in a region with missing levels, the level density is sig-
nificantly affected. For the present calculations we used
Nd=25 levels to have a right behavior of the level density,
hence of the inelastic and other competing channels cross
sections.

Figure 7 displays the production cross sections of the
122.1- and 692.0-keV photons calculated with empire us-
ing Nd=25 levels (full curve) and Nd=100 levels (dashed
curve). For a better understanding of the impact of the
number of discrete levels on the population cross section,
we mention that at low energies, just above the thresh-
old, the contribution of the side feeding dominates while
at high energies the γ cascade from continuum is more
important. In the latter the impact of the level density
description is the dominant factor, a higher level density
resulting in larger calculated cross sections. In between,
the contributions of the γ decay of the discrete states
play the most significant role. The (n, nγ) cross sections
measured in the present experiment could be divided in
two categories: with the maximum at intermediate en-
ergies and with the maximum around En=8 MeV, just
below the (n, 2n) threshold. From the shape of these
cross sections one can deduce which population mech-
anism is more important for each level: for the 136.5-
, 1007.1- and the 1197.8-keV levels the γ cascade from
continuum (transitions from levels with high excitation
energies) dominates, while for the 366.8-, 706.4- and the
1356.8-keV states the γ cascade initiated from discrete or
continuum levels with lower excitation energies is more
significant. This explains the different impact of increas-
ing the number of discrete levels on the 122.1- and 692.0-
keV transitions shown by Fig. 7. In the case of the 122.1-
keV transition, the decrease at high energies is caused by
the missing levels, and by the level density lowered be-
cause of the automatic fit of the cumulative number of
levels. In case of the 692.0-keV γ ray, the increase of
the population cross section at intermediate energies is
due to the higher number of transitions in the discrete
spectrum.

In conclusion, the differences between the default em-
pire calculations and our measured data have three
causes: deficiencies in the reaction modeling, in the dis-
crete level scheme, and in the experimental data. Our
next goal was to tune the empire calculations in order
to reproduce as well as possible the available measured
data and to use the consistency of the model calculation
to derive the production cross section of the 14.4-keV γ
ray which could not be measured. Two adjustments were
applied:

(i) The nonelastic cross section was adjusted with
an energy dependent factor varying from 0.7 at
0.1 MeV to 1 at 3 MeV in order to correct the opti-
cal model prediction. We remind that this is a res-
onance region which cannot be properly described
by optical and statistical models. The adjustment
factor was selected to improve the agreement be-
tween the calculated and the measured production
cross sections for the 122.1-keV γ ray (which rep-
resents the highest contribution to the population
of the first excited level) in this energy range. By
imposing this experimental constraint, the resulted
nonelastic cross section gets closer to the ENDF/B-
VII.1 evaluation (see the dashed curve in Fig. 6).
The correction of the nonelastic cross section im-
proves the agreement between the empire calcula-
tions and our measured data at low energies. Usu-
ally, any adjustment of the nonelastic cross section
requires a compensating adjustment of the elastic
contribution to preserve the total cross section. In
this case, the consequence of the nonelastic cross
section reduction is that the calculated total cross
section represents a better average of the resonant
experimental total cross section in the mentioned
energy range.

(ii) Some of the level population cross sections have
been adjusted to compensate the impossibility of
considering a large number of transitions between
discrete levels and at the same time to start the
continuum in an energy range without missing lev-
els. This adjustment might also compensate for
wrongly assigned spins, parities and branching ra-
tios in the level scheme. In most of the cases, the
agreement between the experimental data and the
model prediction (the full curves in Fig. 8) improves
significantly. We underline that any change of the
partial inelastic cross sections is automatically com-
pensated by a change of the competing channels,
mainly the compound elastic cross section, so that
the compound nucleus cross section is conserved.

Figure 8 compares these tuned empire calculations
with our experimental results. The dashed lines repre-
sent the calculations after the correction of the nonelas-
tic cross section but before adjusting the level popula-
tion cross sections while the continuous lines represent
the best-tuned calculations.
We will further analyze each transition starting with

those decaying from the highest levels. The double-
humped shape of the Eγ=650.4 keV calculated produc-
tion cross section and the comparison with the measured
data [Fig. 8(j), the dashed curve] suggest a good descrip-
tion of the side-feeding (represented by the first hump), a
good description of the γ cascade from continuum (rep-
resented by the second hump), but a too small contri-
bution or no contribution at all from the γ transitions
among discrete levels (indicated by the dip of the excita-
tion function in the energy range 2.4 - 10 MeV). Indeed,
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FIG. 7: (Color online) The impact of the number of discrete levels on the empire calculated production cross sections of the
(a) 122.1- and (b) 692.0-keV γ transitions. The continuous lines correspond to Nd=25 levels while the dashed ones are obtained
using Nd=100.

according to the Levels Segment in RIPL-3, none of the
first Nd=25 levels decays to the 1356.8-keV level. In fact,
in the entire scheme, there are only four levels feeding this
state (at 3.18, 3.32, 4.13 and 4.92 MeV) and their contri-
butions are small. As there are no arguments to include
additional decays in the level scheme, we increased the
partial inelastic compound nucleus cross section in order
to reproduce the measured data (see the full curve from
Fig. 8).

The 650.4-keV γ ray represents the most important
transition among discrete states populating the fourth
excited level at 706.4 keV, and therefore the 692.0-keV
calculated γ-production cross section underestimates the
measured data mostly in the same energy range. Accord-
ing to the experimental data, the calculated population
of the 706.4-keV level is too small on the entire energy
range suggesting either a too small side feeding or, more
likely, missing decays of levels just above.

The 1061.6-keV calculated γ-production cross section
describes reasonably well the measured data. One can
notice a slight overestimation in the energy range 2-
3 MeV caused either by a too high side-feeding or by
too high branching ratios, and an overestimation around
8 MeV caused by an overestimated contribution of the γ
cascade from continuum. We mention that by increas-
ing the number of discrete levels, the structure around
4 MeV is better reproduced.

The 898.4-keV γ-production cross section calculated
with empire follows well the trend of the measured data.

The calculated 366.8-keV γ-production cross section
follows the trend of the measured data, but underesti-
mates them starting from energies lower than the excita-
tion energy of the last discrete level. This suggests that
some decays which populate this level are missing or have
too low intensities. Adjusting the population of the third
excited level in this region to fit these data is not enough
to describe also the experimental data for the 352.4-keV
transition which remains underestimated.

Finally, the 122.1-keV transition represents the most

important contribution to the population of the first ex-
cited level coming from a discrete state. It is important
to stress out the insignificant impact on the population of
this level of the changes we did on the population of the
levels above. The model calculation overestimates the
experimental data above En=5 MeV. This happens also
for the 136-keV transition, but it is less visible because
of the dispersion of our experimental data in this energy
range. The most probable cause of this disagreement is a
too strong contribution of the γ cascade from continuum
to the population of the second excited level. Other for-
mulations and parameters of the γ strength function and
of the level density function do not improve the agree-
ment.

B. Branching ratios in 57Fe

TABLE I: Branching ratios in 57Fe. The present results are
compared with values from the evaluated level scheme [6].

EL Eγ Branching ratio

(keV) (keV) ENSDF ([6]) Present result

Unweighted avg. Weighted avg.

136.5 122.1 100(10) 100 100

136.5 12.0(12) 12.32(17) 12.29(21)

366.8 352.4 100(11) 100 100

366.8 17.7(20) 14.2(3) 14.3(2)

In two cases, two γ rays decaying from a level were
detected, allowing calculation of the branching ratio.
In order to do so we determined the ratio of the two

cross sections for each value of the incident neutron en-
ergy. The resulting ratios were then averaged using a
weighted and an unweighed averaging procedure while
excluding the discrepant values. Table I compares our
results with the evaluated values from Ref. [6]. For the
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FIG. 8: (Color online) Production cross sections for the γ rays emitted following the 57Fe(n, nγ) reaction. Comparison of
the tuned empire calculations with our experimental results. The dashed lines display the calculation results after adjusting
the nonelastic cross section but before adjusting the level population cross sections while the continuous lines represent the
best-tuned calculations. See the text for details.

transitions starting from the 136.5-keV level our branch-
ing ratios are in agreement with the previous values while
the uncertainty is much smaller. For the transitions
starting from the 366.8-keV level the difference between

our result and the previously evaluated branching ratios
is just at the limit of the uncertainty range.

Fig. 4(f and g) displays also the production cross sec-
tions of two γ rays decaying from the 1007.1-keV level.
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TABLE II: Level cross section formulas and ranges. The coefficients of the γ-production cross sections σγ(En) were calculated
using branching ratios and conversion coefficients from Ref. [6].

Formula Range (keV)

σ136.5
L (En) = 1.160(103)σ122.1

γ (En)− 0.092(11)σ352.4
γ (En)− σ870.7

γ (En) 138.89 - 2011.65

σ366.8
L (En) = 1.269(112)σ352.4

γ (En)− 0.017(3)σ692.0
γ (En) 373.26 - 1656.09

−0.047(32)σ870.7
γ (En)− σ898.4

γ (En)− 0.43(7)σ650.4
γ (En)

σ703.4
L (En) = 1.184(113)σ692.0

γ (En)− σ1061.6
γ (En)− σ650.4

γ (En) 718.93 - 1656.09

Unfortunately, as already mentioned, the peak corre-
sponding to the 992.7-keV transition overlaps in our spec-
tra with the one of the 990.1-keV γ ray decaying from the
1356.8-keV excited level. Due to this fact we could not
determine also the branching ratio of the 992.7-keV γ ray.
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FIG. 9: (Color online) 846.8-keV γ production cross sections
from the 57Fe(n, 2n)56Fe reaction. The blue curve displays
the raw cross section we measured. The purple line is the
56Fe(n, nγ) cross section from Ref. [3] scaled for the relative
abundance of 56Fe and 57Fe in our target. The black line
represents our final result (together with the gray uncertainty
band) compared with the talys default calculation displayed
in green and the tuned empire calculations in red.

C. The 846.8-keV γ-production cross section from
the 57Fe(n, 2n)56Fe reaction

Due to the particular importance of this transition,
we performed a dedicated analysis to determine the γ-
production cross section for the 846.8-keV transition ex-
cited in the 57Fe(n, 2n)56Fe reaction. As the natu-
ral abundance of 57Fe is 2.12(3)% [4], the total pro-
duction cross section for the 846.8-keV γ ray on natFe
contains, above En=8.64 MeV, a component from the
57Fe(n, 2n)56Fe reaction. Although this is not a very
high contribution (see also the discussion from Ref. [3]),
the current data represents an opportunity to estimate
it.
The blue line from Fig. 9 represents the 846.8-keV γ-

production cross section from our sample. The compo-

nent below En=8.64 MeV is due to the (n, nγ) reaction
on 56Fe (the 56Fe content in our sample was 9.15(30)%).
Indeed, by scaling the 846.8-keV γ-production cross sec-
tion reported in Ref. [3] with the relative abundances of
56Fe and 57Fe in our sample (9.15 / 90.50), we obtained
the purple line from Fig. 9. After a proper rebinding
we subtracted these two curves obtaining the black line.
This component represents therefore the 846.8-keV γ-
production cross section in the 57Fe(n, 2n)56Fe reaction.
It is compared in Fig. 9 with a theoretical calculation us-
ing the default parameters in talys and with the tuned
empire calculations which overlap almost completely.

D. Level cross sections

For three excited states in 57Fe (EL=136.5, 366.8 and
703.4 keV) we observed sufficient feeding and decaying
transitions to be able to build the level cross sections
σL(En) using the equations from Table II. The exper-
imental results are compared in Fig. 10 with the evalu-
ated cross sections from ENDF/B-VII.1 [29] and JEFF-
3.2 [30] but also with the theoretical calculations per-
formed with empire using the tuned parameters. We
note that the JEFF-3.2 evaluation overlaps perfectly with
the default talys calculations and the ENDF/B-VII.1
evaluation overlaps with the Japanese Evaluated Nuclear
Data Library, JENDL-4.0 [31].

The validity ranges from the last column of Table II
are based on the evaluated level scheme of 57Fe [6]: in
each case the lower limit is defined by the smallest neu-
tron energy required to excite the level of interest. The
higher limit represents the neutron energy required to
excite a higher-lying state that decays to the level of in-
terest through a γ transition that we could not detect.
Below this range the level cross section is by definition
zero while above it the values we provide represent only
higher limits of the real level cross sections. This is obvi-
ous in Fig. 10 where, above En≈2 MeV the experimental
curves do not follow the natural decrease shown by the
theoretical predictions and the evaluations.

Moreover, we note also that, at low neutron ener-
gies, the disagreement between JEFF-3.2 (overlapping
with the default talys calculation) and our experimen-
tal result is significant. This behavior was, however, al-
ready expected from the shape shown by the calculated
γ-production cross sections, displayed in Fig. 4: In many
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FIG. 10: (Color online) Level cross sections in the 57Fe(n, n′)
reaction. The ranges where our values are strictly correct
are listed in Table. II. Above the specified ranges our val-
ues represent higher limits of the level cross sections. The
experimental results are compared with the evaluated cross
sections from ENDF/B-VII.1 and JEFF-3.2 but also with the
tuned empire calculations. We note that the JEFF-3.2 eval-
uation overlaps perfectly with the default talys calculations
(not shown here) and the ENDF/B-VII.1 evaluation overlaps
with JENDL-4.0 (also not shown).

cases, the talys calculations show a bump in the neu-
tron energy range between 1 and 2 MeV. This feature,
although visible in the ORNL data [8] is not confirmed
by our results.
Finally, the most important observation for the aim of

this paper is the very good agreement above the reso-
nance region between the first level population cross sec-
tion predicted by empire using the present measured
data as constraint and those from ENDF/B-VII.1 and
JENDL-4.0 libraries.

E. Theoretical deduction of total inelastic cross
section using EMPIRE

The most difficult part of the present analysis is the
derivation of the total inelastic cross section by combin-
ing the empire generated 14.4-keV γ-production cross

section with the other experimentally determined cross
sections of the γ rays that populate the ground state.
Based on the level scheme (see also Fig. 2) and taking

into account the branching ratios and the conversion co-
efficients from Ref. [6], the equation used to calculate the
total inelastic cross section was:

σinel(En) =9.56(26)σ14.4
γ (En)+

1.137(15)σ136.5
γ (En)+

1(0)σ366.8
γ (En)+

0.057(24)σ692.0
γ (En)+

0.027(7)σ898.4
γ (En)

(3)

We emphasize again that in Eq. (3) the first term is
theoretically calculated while the others are purely exper-
imental. The validity range of the total inelastic cross
section extends from the threshold for the neutron in-
elastic scattering (En=14.7 keV) up to the threshold for
exciting a level that decays to the ground state and from
which we could not detect any γ ray (this level lies at
1627.3 keV [6] and the neutron energy threshold to ex-
cite it is En=1655.8 keV). However, in case of the low
neutron energies, due to small values of the neutron flux
from GELINA below En ≈300 keV combined with the
relatively small thickness of our 57Fe sample, the statis-
tical uncertainties of our cross sections are very large.
Therefore we consider that the validity of the cross sec-
tions we report in the present paper does not extend be-
low 300 keV.
Figure 11 displays the total inelastic cross section cal-

culated using Eq. (3) compared with the tuned empire
calculation. The main contributing γ-production cross
sections are also displayed, scaled with the factors from
Eq. (3). An uncertainty of 10% was attributed to the cal-
culated γ-production cross section for the 14.4-keV tran-
sition based on the level of overlap between the empire
calculations and the experimental results.
The first observation is that the total inelastic cross

section is dominated by the contribution coming from the
14.4-keV transition. Although the γ cross section is not
very large in this case, the total transition is large due to
the very large conversion coefficient, α=8.56(26) [6]. In-
deed, most of the neutron inelastic strength is collected
through the first excited state. On the other hand, at
neutron energies above 3 MeV, it is interesting to note
that in case of 57Fe there is an important difference be-
tween the 14.4-keV γ-production cross section and the
total inelastic cross section calculated by empire. This
is mainly due to the contributions from continuum that
are significant in the neutron energy region above 3 MeV.
The total inelastic cross section generated by this inter-

play between our experimental data and the dedicated,
fine-tuned theoretical calculations is not a purely experi-
mental result and for this reason it has an uncertainty of
the level of 10%. However these values represent the best
total inelastic cross sections compatible with our experi-
mental results.
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Figure 12 compares the 57Fe total neutron inelas-
tic cross section calculated using various theoretical ap-
proaches (talys with default parameters, empire with
default parameters, empire with tuned parameters) with
the evaluated libraries (ENDF-B/VII.1, JEFF-3.2 and

JENDL-4.0). We note also in this case that the default
empire and talys calculations overlap almost perfectly
with JEFF-3.2.
Further, in Fig. 12 one can observe the significant dif-

ference between the initial model prediction of the in-
elastic cross section and the final inelastic cross section
adjusted to describe the present (n, n′γ) measurements.
Even if its absolute value might have a rather large un-
certainty, the shape of the final cross section became typ-
ical for the inelastic process and similar to those of the
ENDF-B/VII.1 and JENDL-4.0 evaluations. This result
shows once again the importance of the experimental
data in constraining the model calculations, especially
for those nuclei and energy ranges where the optical po-
tentials fail to describe properly the nuclear interaction.

F. Concluding remarks

In conclusion, we measured the production cross sec-
tions for 10 γ rays excited in the 57Fe(n, n′)57Fe reac-
tion using a large volume enriched sample. Significant
discrepancies were found compared to the previous mea-
surement performed in the eighties at ORNL.
The first γ transition from 57Fe (Eγ=14.4 keV) could
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not be detected with our HPGe array due to the back-
ground level at low γ energies and therefore an interplay
between the experimental data and theoretical calcula-
tions was used to generate the total inelastic cross sec-
tion.
No γ transition decaying from the questionable 1139.9-

keV level [6] was detected in our experiment. In partic-
ular, the 433.5- and 1003.4-keV transitions assumed by
the default talys structure file were not confirmed.
Considering the scarcity of the experimental informa-

tion on the neutron induced reactions on 57Fe and the dif-
ficulties in deriving a proper optical potential to describe
these interactions, the present measurement represents
an important constraint for the nuclear data evaluation.
The adjustment of the calculated nonelastic cross sec-
tion used to describe the measured (n, nγ) cross sections
improved the overall agreement with the existing experi-
mental data and with the latest evaluations. Even if 57Fe
is a minor isotope, an accurate evaluation of its neutron
reaction data is needed to extract information on 56Fe
from the experimental data for natural iron. This sub-
ject is important for ongoing projects such as CHANDA
and CIELO.
Several options are possible in order to directly de-

termine the cross sections for the first transition: the

detection of the conversion electrons, the evacuation of
the area around the sample in order to limit the back-
ground induced by neutrons scattering on air (possibly
by using an additional beam pipe under vacuum), the
use of planar HPGe detectors. Although each of these
possibilities presents specific challenges, advantages and
disadvantages, they are all currently under investigation.
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Meth. Phys. Research A228, 217 (1985).

[16] L.C. Mihailescu, L. Olah, C. Borcea, and A.J.M Plom-
pen, Nucl. Instrum. Meth. Phys. Research A531, 375
(2004).

[17] A.D. Carlson, V.G. Pronyaev, D.L. Smith, N.M. Larson,
Z. Chen, G.M. Hale, F.-J. Hambsch, E.V. Gai, S.-Y. Oh,
S.A. Badikov, T. Kawano, H.M. Hofmann, H. Vonach,
and S. Tagesen, Nucl. Data Sheets 110, 3215 (2009).

[18] M. Herman, R. Capote, B.V. Carlson, P. Obloz̆inský,
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