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Cross section measurements of neutron elastic and inelastic scattering on 54Fe
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Scattering experiments were performed at the Geel Electron Linear Accelerator (GELINA) to determine the
differential cross sections of neutron elastic and inelastic scattering on 54Fe, using a highly enriched sample.
Neutron energies were calculated via the time-of-flight technique. The scattered neutrons were detected using
the ELastic and Inelastic Scattering Array (ELISA), a spectrometer consisting of 32 liquid organic scintillators,
able to separate neutron and photon induced events via pulse-shape analysis. The detectors are mounted at
eight specific angles with respect to the neutron beam direction to allow the concurrent calculation of both
the differential and the integral cross section using the Gauss-Legendre quadrature rule. For elastic scattering,
angular distributions and integral cross sections were produced in the energy range from 1 to 8 MeV, whereas for
inelastic scattering, partial differential and angle integrated cross sections were estimated from the first excited
state of 54Fe in the energy range from 2.5 to 5.5 MeV. The results are compared with the available experimental
and evaluated nuclear data, as well as with theoretical calculations performed with the TALYS 1.9 and EMPIRE
3.2 codes.
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I. INTRODUCTION

Iron is a major structural material used in a variety of
nuclear applications. In nuclear power reactors, iron is used to
make pressure vessels and structural supports for the reactor
core due to its corrosion resistance, strength, and ability to
maintain structural integrity even at high temperatures. During
reactor operation the steel alloy components are exposed to a
high neutron flux, thus accurate neutron cross section data,
that are used in neutron transport models, are indispensable
for safe and reliable operation.

Sensitivity and uncertainty studies have shown that uncer-
tainties on the evaluated data of neutron cross sections on
iron have a big impact on the most significant integral pa-
rameters related to the development of innovative reactor
systems [1]. As indicated in [2], neutron elastic scattering on
iron nuclides is a major contributor to the uncertainty of the
coolant expansion coefficients for the MYRRHA reactor [3].
Specifically, for the 54Fe(n, n) reaction, it is stated that relative
uncertainties up to 500% are observed in the JEFF-3.3 [4]
evaluation in the MYRRHA relevant energy range (0.1 keV to
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4.0 MeV). In an effort to address these uncertainties, iron was
included in the Collaborative International Evaluated Library
Organization (CIELO) [5] project. It was realized that even
though 56Fe amounts for 91.8% of natural iron, validation
results are sensitive to the minor iron isotopes 54Fe (5.8%),
57Fe (2.1%), and 58Fe (0.3%) in both the resolved resonance
and fast neutron energy region. Furthermore, concerns were
expressed about the angular distributions of the elastic and
inelastic scattering channels, data that are playing a crucial
role in shielding, reflection and leakage. Especially for elastic
scattering, the lack of angular distributions below 4 MeV
was emphasized, since it was concluded that these data are
important in calculating criticality and deep penetration ex-
periments [6]. Scattering cross sections and neutron angular
distributions of iron isotopes are also subjects under study by
the International Nuclear Data Evaluation Network (INDEN)
[7] as a continuation of the CIELO project.

Theoretical calculations in the energy range from 1 to
8 MeV are known to perform poorly in the Cr-Ni region
[8]. In the case of the iron isotopes, resonances are causing
strong fluctuations on the cross sections in this neutron energy
range. On the one hand, the current resolved resonance range
evaluation methodology using the R-matrix theory is only able
to properly reproduce the experimental cross sections up to
700 keV neutron incident energy, and on the other hand sta-
tistical model calculations using the Hauser-Feshbach theory
are able to reproduce well the continuum cross section only
above 6 MeV neutron energy [9]. Since both theoretical ap-
proaches are not performing well in the energy range of 1 to
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TABLE I. Elastic scattering data available in the EXFOR library
[10]. The name of the first author, the year of publication, the neutron
energy range under study, the quantity (CS and/or DA), and the
number of points are listed.

En range
Reference (MeV) Quantity (Points)

Rodgers (1967) [12] 2.33 CS(1) DA(5)
Boschung (1971) [13] 4.04–5.60 CS(3) DA(30)
Fedorov (1973) [14] 2.90 DA(8)
Kinney (1974) [15] 5.50–8.50 CS(3) DA(62)
Korzh (1977) [16] 1.50–3.00 CS(4) DA(35)
El-Kadi (1982) [17] 7.96–13.90 CS(4) DA(105)
Korzh (1987) [18] 5.00–7.00 CS(3) DA(39)
Guenther (1989) [19] 1.30–3.97 DA(370)
Vanhoy (2018) [20] 2.00–6.00 DA(121)

6 MeV, accurate experimental data in this region are the only
way to sufficiently constrain the uncertainties on the current
evaluated data files of iron.

Even though natural iron and 56Fe are among the most
measured materials, experimental data for the minor isotopes
are limited. In the case of elastic scattering on 54Fe, only
a handful of experimental data are available in the EXFOR
[10] library for neutron incident energies higher than 1 MeV
(Table I). On the one hand, for the elastic scattering cross
section (CS), only a few scattered points are available in the
energy range from 1 to 8 MeV, measured with quasimonoen-
ergetic neutron beams. In some cases the uncertainties of these
values reach 17% and discrepancies between the different data
sets are also observed. On the other hand, the differential cross
section with respect to angle (DA) has been measured only for
a small number of neutron energies.

For inelastic scattering, several experimental data are avail-
able in EXFOR, based on either neutron or γ spectroscopy.
In Table II the data sets that correspond to the partial cross
section (CSP) and differential cross section (DAP) from the
first excited state of 54Fe (Ex = 1.408 MeV) are listed. Only a
few of these experiments produced inelastic cross sections for
energies higher than 4 MeV, mostly experiments based on
neutron spectroscopy, since γ spectroscopy is affected by the
not so well known level scheme of 54Fe [11] above this energy,
resulting in unknown levels feeding the first excited state and
thus affecting the subsequent deexcitation via the emission of
the 1.408 MeV γ ray.

For the above mentioned reasons, new experimental data
on scattering cross sections are crucial for clearing out dis-
crepancies between experimental data, lowering uncertainties
on the current evaluated libraries of iron, and finally assisting
in the development of optical models used for predicting cross
sections of iron isotopes. The aim of this work is to produce,
for the first time, high-resolution cross sections and neutron
angular distributions for both elastic and inelastic scattering
on 54Fe in the fast neutron energy region (1 to 8 MeV), using
a highly enriched sample, a white neutron source coupled
with the time-of-flight technique, and a detection setup con-
sisting of liquid organic scintillators for an accurate neutron
spectrometry.

TABLE II. Partial inelastic scattering cross sections from the first
excited level of 54Fe, available in EXFOR [10]. The name of the first
author, the year of publication, the neutron energy range under study,
the quantity (CSP and/or DAP), and the number of points are listed

En range
Reference (MeV) Quantity (Points)

Rodgers (1967) [12] 2.33 CSP(1) DAP(5)
Tsukada (1969) [22] 2.65–3.26 CSP(1) DAP(22)
Boschung (1971) [13] 4.04–5.60 CSP(14) DAP(29)
Fedorov (1973) [14] 2.90 CSP(1) DAP(8)
Kinney (1974) [15] 5.50–8.50 CSP(3) DAP(64)
Almen-Ramström [23] 2.50–4.50 CSP(9)
(1975)
Korzh (1977) [16] 2.00–3.00 CSP(3) DAP(27)
El-Kadi (1982) [17] 7.96–13.9 CSP(4) DAP(104)
Guenther (1986) [19] 1.30–3.97 CSP(60)
Korzh (1987) [18] 5.00–7.00 CSP(3) DAP(39)
Mittler (1987) [24] 1.46–3.69 CSP(29)
Olacel (2018) [25] 1.41–18.00 CSP(326)
Vanhoy (2018) [20] 2.25–6.00 DAP(107)

II. EXPERIMENTAL CONDITIONS

The experiments were carried out at the GELINA neu-
tron time-of-flight facility of the JRC-Geel [21]. The facility
consists of an electron linear accelerator, a neutron produc-
ing target, and flight paths where the various experimental
setups are installed. Short electron bursts of 2 ns duration
are impinging on a depleted uranium disk (neutron pro-
ducing target), producing photons via the bremsstrahlung
process and then neutrons through photonuclear (γ , n),
(γ , f ) reactions in the uranium nuclei. The primary neutrons
have an evaporation spectrum and are emitted isotropically.
They enter the flight path either directly (DFC, direct flux
configuration) or after moderation (MFC, moderated flux
configuration). Here the direct flux configuration was used,
supplying a neutron beam with energies from 100 keV to
almost 10 MeV.

The experimental setup used in this work is placed at flight
path 1, at 108◦ with respect to the electron beam direction.
The sample is placed 27.037 m away from the neutron source.
Inside the flight tube a collimation system is installed to define
the size of the beam. The collimators consist of layers of spe-
cially chosen materials absorbing different components of the
beam. These materials are lithium epoxy for the absorption of
slow neutrons, copper for fast neutrons, and lead for photons.
Furthermore, two filters, one made out of depleted uranium
and the other one out of boron carbide, are placed in the flight
path tube, at the exit of the target hall, in order to minimize the
intensity of the bremsstrahlung and the thermal neutron com-
ponent. The beam size was measured at the sample position
using a photographic film, resulting in 4.9(2) cm diameter.

The highly enriched 54Fe sample used in the present work
was leased from the Isotope Office of Oak Ridge National
Laboratory. The isotopic composition and the geometrical
characteristics of the sample are listed in Table III. The esti-
mated areal density of the 54Fe sample was 0.954 g/cm2 with
a 2% uncertainty.
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TABLE III. Properties of the 54Fe sample. Isotopic composition
and geometrical characteristics.

Fe isotope 54Fe 56Fe 57Fe 58Fe

Abundance (%) 97.68(7) 2.24(6) 0.04(1) 0.04(1)
Mass (g) 19.494(10)
Diameter (mm) 51.00(51)
Thickness (mm) 1.30(1)
Molar mass (g/mol) 53.987(2)
Density (g/cm2) 0.954(18)

Two types of measurements were performed. One with
the sample in the beam (sample-in), that lasted almost 360
hours, and a second one without the sample (sample-out) for
a duration of 330 hours. The sample-out measurement was
carried out in order to determine the background contribution
from in-beam neutrons that scattered once or multiple times
in the air and surrounding materials and then got detected by
one of the scintillators.

III. THE ELISA SPECTROMETER

For the detection of the scattered neutrons, the ELastic
and Inelastic Scattering Array (ELISA) was used [26–28].
The spectrometer consists of two main parts: 32 liquid or-
ganic scintillators for the detection of the scattered neutrons,
and a 235U fission chamber for the measurement of the neu-
tron flux. The setup is designed for the measurement of
elastic and inelastic scattering cross sections and angular
distributions.

Two different types of commercially available liquid or-
ganic scintillators, manufactured by Scionix, are used. Half
of the detectors (model 51A51/2MQOE1-EJ301-NX) use the
EJ301 scintillator material (NE213 equivalent) [29] and the
other half use the EJ315 one (model 51A51/2MQOE1-EJ315-
NX; C6D6 type) [30]. The detectors have a cylindrical shape
with a liquid cell of 5.08 cm height and of 2.54 cm ra-
dius, filled up to 97% with the corresponding hydrocarbon
liquid. These are fast scintillators with a time resolution be-
low 1 ns. They are suitable for neutron spectrometry since
photon/neutron separation can be achieved via pulse shape
analysis. The reason behind using two different types of de-
tectors, hydrogen (EJ301) and deuterium (EJ315) based, is
that the detected neutrons create two different pulse height re-
sponses which provides a cross-check between the two types,
which assists in the discovery of systematic errors during the
data analysis. In the ELISA setup (Fig. 1), the scintillators
are split into four sets of eight detectors each, mounted at
specific angles with respect to the neutron beam direction (Ta-
ble IV). The detection angles have been carefully chosen so
that their corresponding cosines match the zeros of the Legen-
dre polynomial of the eighth order. This allows the calculation
of the integral cross section σ using the Gauss-Legendre
quadrature rule

σ = 2π

8∑
i=1

wi
dσ

d�
(cos θi ), (1)

FIG. 1. The ELISA spectrometer. The neutron beam comes from
the right, passing through the fission chamber located behind the lead
wall and then it reaches the scattering sample. Here the lead wall acts
as the last collimator.

where dσ
d�

(cos θi ) is the differential cross section as a function
of the scattering angle θi, and wi are the corresponding weight
factors (Table IV).

The data acquisition system used for the scintillators is a
digitizer based system consisting of eight cards with four in-
put channels each. They are commercially available digitizers
manufactured by SP Devices (model ADQ14DC-4A-VG-
PXIe). They have a 14-bit amplitude resolution and 500 MS/s
sampling rate (where MS denotes 106 samples). For the
synchronization of the digitizer clocks an external 10 MHz
reference is provided by a clock generator. The acquired data,
i.e., waveforms and their corresponding timestamps are saved
for offline processing.

The fission chamber contains a set of eight UF4 deposits on
five aluminum foils of 84 mm diameter and 20 µm thickness.
The deposits were manufactured at the JRC-Geel, using the
evaporation technique. The isotopic composition of the mate-
rial used for the manufacturing of the deposits is presented in
Table V. The diameter of the deposits is 70 mm, determined
by the evaporation mask that was used. The total areal density
of 235U was experimentally determined by alpha counting
and it was found to be 4095(4) µg/cm2. Two single-sided
foils are placed in the front and the back of the chamber,

TABLE IV. Detection angles with respect to the neutron beam
direction, the calculated cosines, and the corresponding weights used
for the implementation of the Gauss-Legendre quadrature rule. The
uncertainty of the detection angles represents the accuracy in the
construction of the frame supporting the detectors.

# Angle (deg) Cosine Weight

1 163.8 (1) −0.9603 (5) 0.1012
2 142.8 (1) −0.7967 (11) 0.2224
3 121.7 (1) −0.5255 (15) 0.3137
4 100.6 (1) −0.1834 (17) 0.3627
5 79.4 (1) 0.1834 (17) 0.3627
6 58.3 (1) 0.5255 (15) 0.3137
7 37.2 (1) 0.7967 (11) 0.2224
8 16.2 (1) 0.9603 (5) 0.1012
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TABLE V. Isotopic composition of the UF4 primary material.

U isotope 233U 234U 235U 236U 238U

Abundance (%) 0.001 0.036 99.94 0.011 0.013

facing forward with respect to the neutron beam, and three
double-sided foils are placed in the middle, each with a 14 mm
distance between them. Each deposit faces the corresponding
anode, i.e., a 25 µm thick aluminum electrode, placed at a
distance of 7 mm for the recording of the fission fragments.
The fission chamber is filled with P10 gas at atmospheric
pressure.

The data acquisition system used for the fission chamber is
based on nuclear instrumentation module (NIM electronics).
First, the recorded signals pass through a charge integrating
preamplifier (CSTA2HV) and then are split in two directions.
In one direction, the signal passes through a spectroscopic
amplifier (Ortec 671) and from there continues to an analog-
to-digital converter (ADC, FAST ComTec 7072). In the other
direction, the signal passes first through a fast filter ampli-
fier (Ortec 579), then a constant fraction discriminator (CFD,
Ortec 584), and ends up at a time-to-digital converter (TDC,
developed at the JRC). The information coming from the ADC
and the TDC are synchronized in time for each incoming
signal using a multiplexer (MMPM, developed at the JRC)
and gets stored for offline analysis.

IV. ANALYSIS

A detailed description of the core of the analysis procedure
for data obtained with the ELISA spectrometer is given in
[31], here only a short presentation of the most important parts
is given.

The first step of the data analysis is processing of the
signals recorded by the scintillators. For every produced
waveform the total integrated charge (light output equivalent)
and the corresponding time stamps are extracted. A correc-
tion is implemented to the time stamps, to improve the time
resolution using the constant fraction discrimination (CFD)
algorithm [32–34]. To distinguish neutrons from photon in-
duced events short (QS) and long (QL) intervals of the signal
are made (Fig. 2). The pulse shape discrimination (PSD) fac-
tor is defined as the ratio of the integral of the tail (QL–QS)
to the long interval (QL). In Fig. 3, the resulting pulse shape
discrimination spectrum is presented with respect to the light
output, for one of the EJ301 detectors [35–37].

Once all signals are processed, the next step is the charac-
terization of the detector’s response function R(L, E ), which
represents the probability of a particle with an energy E
producing a light pulse with amplitude L. The method fol-
lowed in the present work was a combination of measurement
and Monte Carlo simulation as described in [38–41]. The
characterization of the detectors is repeated for every dif-
ferent experimental campaign at the ELISA spectrometer, in
order to monitor the stability of the detectors and identify
problems that might have occurred during the measure-
ments. First, a set of calibration measurements using γ -ray

FIG. 2. Example of a recorded signal. The time correction based
on the CFD algorithm, along with the intervals for the pulse shape
discrimination are presented.

sources were performed. The sources that were used and their
properties are presented in Table VI. They were placed in
the sample position of the spectrometer, 29.5(1) cm away
from the detectors. Then, detailed Monte Carlo simulations
of these measurements were carried out. To this end, the
MCNP6.2 [42,43] code was used. A detailed description of
the geometry of the detectors was given as input and the
sources were defined as isotropic with the same properties
and geometrical characteristics as the ones used in the ac-
tual measurements. The light output distributions produced
by each source from the simulations were then folded with
the resolution function given in [31] and fitted to the corre-
sponding experimental light output histograms. Via this fit, the
parameters for the resolution function for each detector were
obtained.

For the neutron response, the non-linear behavior of the
light output produced by charged particles heavier than the
electron, in the present case protons (EJ301) and deuterons

FIG. 3. The two-dimensional pulse shape discrimination (PSD)
spectrum as a function of the light output (L) for one of the EJ301
detectors. The black line (DISCRIM.) represents the optimal sepa-
ration point between neutron (upper part) and photon (lower part)
induced events.
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TABLE VI. Characteristics of the γ -ray sources. The half-life,
the activity, the energy of the emitted γ rays, and the corresponding
energy of the Compton edge are given for each isotope.

Source T1/2 (yr) Ad (kBq) Eγ (keV) Ec (keV)

137Cs 30.05 365.57 662 477
207Bi 32.90 359.78 570 394

1064 858
1770 1547

22Na 2.61 139.22 511 341
1275 1062

232Th 1.4×1010 N.A. 2615 2382
AmBe 432.60 N.A. 4438 4196

(EJ315) needs to be considered. In the present work, the
empirical formula

L(Er ) = A1Er + A2E2
r

Er + A3
, (2)

provided by Kornilov et al. [40], was used for the descrip-
tion of the light output distributions, where Er is the recoil
energy of the charged particle, and A1, A2, A3 are parameters
determined for each detector individually. These parameters
can only be determined experimentally. For that, a dedicated
experiment was performed at the ELISA spectrometer using
a natural carbon sample. Carbon was chosen for its high
inelastic threshold of 4.81 MeV, meaning that below this
energy only neutrons that are scattered elastically arrive at
the detectors. Short time-of-flight intervals of 5 ns, that cor-
respond to narrow energy ranges, were selected, and for each
one of these neutron energies the corresponding simulated

light output distribution was fitted to the experimental one.
In the end, the different parameters obtained from each en-
ergy were fitted to extract a set of values that would work
best for the whole neutron energy range. With this method,
a model describing the response function was developed for
each detector individually. This model was then implemented
in the 54Fe data analysis, an example of which is presented
in Fig. 4. After acquiring the neutron time-of-flight spectra
for each detector the background contribution needs to be ex-
tracted. In the current experiment, background related events
are generated when beam neutrons interact one or more times
in the air and surrounding materials and then arrive in the
detectors. To account for this contribution, a measurement
without the sample was performed and was subtracted from
the one with the sample in place. To account for the differ-
ence in measurement time between sample-in and sample-out
measurements, a normalization factor was calculated based
on the fission events recorded in the ionization chamber. On
average the background component accounted for 40% of the
recorded events in each detector. Following the removal of
photon induced events and the background contribution, the
separation between events coming from elastic and inelastic
scattering took place. To do that, each time-of-flight spectrum
was split in small intervals of 5 ns duration and their corre-
sponding light output distributions were analyzed. In Fig. 4
examples of such light output distributions are presented for
both type of detectors placed at four different detection angles.
In this case the time-of-flight (t.o.f.) interval (1060 to 1065 ns)
corresponds to an incident neutron energy range from 3.47
to 3.50 MeV. Via kinematic calculations, it is possible to
determine the energy of the neutron that was scattered elas-
tically Eel or inelastically Einl for every t.o.f. interval. These

FIG. 4. Light output distributions for the time-of-flight interval from 1060 to 1065 ns. The graphs correspond to four different detection
angles for both the EJ301 (n, p) [(a) to (d)] and EJ315 (n, d ) [(e) to (h)] detectors. The experimental values (exp) are presented along with
their associated response (model) and their different components from elastic scattering (el) and inelastic scattering (inl) from the first excited
stated of 54Fe (1.408 MeV).
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FIG. 5. MCNP version of the ELISA spectrometer. In the ge-
ometry, the sample holder, the 54Fe disk, the 32 liquid organic
scintillators, and their respective mounting are included.

two different neutron energies generate different light output
distributions that overlap as seen in Fig. 4. For the elastic
scattering, a threshold is applied to cut out contribution from
inelastic scattering induced events. This threshold is placed at
the maximum light output produced by an inelastic event tak-
ing into account the resolution broadening of the detector and
is calculated using Eq. (2). The detector’s modeled response
R(L, Eel ) for neutrons with energy Eel is scaled by a factor
(λ) to match the experimental data above the threshold, and
the resulting distribution Rfit (L, Eel ) = λ R(L, Eel ) describes
the contribution of elastic scattering events to the total light
output distributions. The number of elastic scattering events
is then extracted using

Nel(t.o.f., θ ) = 1

ε(Eel )|Lthr 	�

∫
Lthr

Rfit (L, Eel )dL, (3)

where Nel is the number of elastic scattering events per 5 ns
t.o.f. interval and detection angle, 	� is the detector opening
angle, and ε(Eel )|Lthr is the efficiency of each detector as a
function of the detected neutron energy Eel calculated for
the threshold value Lthr using ε(Eel )|Lthr = ∫

Lthr
R(L, Eel )dL.

The same procedure was followed for the inelastic scatter-
ing events coming from the first exited state of 54Fe, by
applying the appropriate threshold for the second excited
state and subtracting the contribution of the elastic scattering
events.

The obtained numbers of neutron induced events for the
different scattering processes were corrected for multiple
scattering effects before being used in the cross section calcu-
lation. The multiple scattering contribution is generated from
beam neutrons that interact two or more times in the 54Fe sam-
ple and then reach one of the detectors. In the present work,
the correction factor for such events ( fmsc) was calculated via
Monte Carlo simulations using the MCNP6.2 code. In the
simulation, the full geometry of the spectrometer was given
as input (Fig. 5), and the description of the neutron source
was based on the actual properties of the beam during the
measurement. The PTRAC option of MCNP was selected as
output where the history of each neutron arriving in any of the

FIG. 6. Full pulse height histogram of the 54Fe sample-in mea-
surement. The experimental counts (black) are presented along with
the corresponding threshold (red) and the plateau region (green) that
was used for the linear fit.

detectors is recorded. Then, the number of neutron events that
interacted more than once with the sample and then arrived
at any detector was written down, and the correction factor
was defined as the ratio of the detected multiple scattering
events to the total number of detected events. This method
provides a time-of-flight dependent correction for every de-
tector individually and is applied to the differential scattering
yield using

N ′
el/inl(t.o.f., θ ) = (1 − fmsc)Nel/inl(t.o.f., θ ), (4)

where Nel/inl is the initial number of elastic/inelastic scattering
events per 5 ns t.o.f. interval and detection angle, and N ′

el/inl is
the final number of elastic/inelastic scattering events. With
the PTRAC option of MCNP the isotope with which the
neutrons interacted is also recorded, which also allows for the
identification of events that interacted with the other Fe iso-
topes in the sample and then reached any of the detectors. The
same method as the one for the multiple scattering contribu-
tion [Eq. (4)] was followed to correct for the contamination of
the minor Fe isotopes in the 54Fe sample. This contamination
factor ( fcon) was found to be less than 1% of the recorded
neutron events at each detection angle over the whole neutron
energy region.

Once the scattering yields have been determined, the
neutron fluence impinged on the 54Fe sample needs to be
calculated. This is achieved by analyzing the ionization cham-
ber data. The neutron fluence is extracted using the standard
cross-section of the neutron induced fission on 235U and is
determined using [44]


(E ) = YFC(E )

εFC σ235U(n, f ) ρ235U Ab
, (5)

where YFC(E ) is the total number of fission fragments above
threshold (Fig. 6) as a function of the neutron energy E , εFC is
the detection efficiency of the fission chamber, σ235U(n, f ) is the
neutron induced fission cross section of 235U, ρ235U is the areal
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FIG. 7. Neutron fluence impinged on the 54Fe sample with re-
spect to the neutron incident energy. It corresponds to the total
duration of the sample-in measurement that amounts to 360 hours.

density of the 235U deposits in atoms per unit surface, and Ab

is the cross-sectional area of the neutron beam. The detection
efficiency was determined using

εFC = YFC

YFC + YA + YB
, (6)

where YA is the number of fission fragments below the thresh-
old, determined with a linear fit of the counts in the plateau
region and extrapolating to zero amplitude, and YB is the
number of fission fragments that were stopped in the 235U
deposits, determined using the method described in [45]. The
resulting neutron fluence for the sample-in measurement is
presented in Fig. 7.

FIG. 8. Angle-integrated cross section of neutron elastic scattering on natC as a function of the neutron incident energy compared to other
experimental data available in the EXFOR library [10,46–57], and the JEFF-3.3 evaluation [4] folded with the experimental energy resolution
of the measurement.

TABLE VII. Systematic uncertainties of the 54Fe data analysis.

Contribution Uncertainty

Sample areal density 2%
Fission chamber efficiency 1%
235U(n, f ) cross section 1.1–1.2%
235U deposits mass 0.001%
Multiple scattering correction 4–6%
Contamination of minor Fe isotopes <1%

Upon the determination of all the different components, the
differential cross section was calculated using

dσ

d�
(E , θ )el/inl = N ′

el/inl(E , θ )

	�
(E )ρT Ab
, (7)

where E is the neutron incident energy, N ′
el/inl is the corrected

number of elastic/inelastic scattering events, 	� is the de-
tector’s solid angle, 
(E ) is the neutron fluence, ρT is the
areal density of the 54Fe sample, and Ab is the cross-sectional
area of the neutron beam, which is canceled out by combining
Eqs. (5) and (7). Then the angle-integrated cross section was
calculated using Eq. (1). The corresponding total uncertainty
of the resulting cross section was calculated by uncertainty
propagation using the root-sum-square method, taking into
account all individual contributions. In principle the final un-
certainty was extracted by calculating the square root of the
sum of the squares of the partial derivatives multiplied by
the corresponding uncertainties. The statistical uncertainty of
the cross section results from the number of scattered neu-
trons from the 54Fe sample that arrived in the detectors and
the fission fragment yield of the 235U deposits. The various
systematic contributions in the data analysis are presented in
Table VII.
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FIG. 9. Differential cross sections of neutron elastic scattering on 54Fe as a function of the neutron incident energy at eight detection angles.
The experimental cross sections are compared with the evaluated values provided by JEFF-3.3 [4] and ENDF/B-VIII.0 [58] folded with the
experimental energy resolution. The experimental total uncertainties are shown with shadow bars.

V. VALIDATION OF THE ANALYSIS

For the validation of the whole analysis procedure, the
cross section of neutron scattering by a purely scattering
natural carbon sample was calculated. As mentioned above,
a dedicated experiment was performed at GELINA with the
ELISA spectrometer using a natural carbon sample, in order to
determine the parameters of the light output function [Eq. (2)]
used in the neutron response models. Carbon is a very well
suited candidate for this validation since the differential cross
section of neutron elastic scattering by carbon is a standard for
En � 1.8 MeV and the elastic scattering cross section is well
known up to 6.45 MeV neutron energy with an uncertainty
of � 1% [59].

The scattering sample that was used in the experiment
was a 27.70(1) g graphite disk with 2 mm thickness and

100 mm diameter. The calculated areal density of the sam-
ple was 1.761(3) g/cm3. The experiment lasted almost 600
hours: 360 hours of sample-in and 240 hours of sample-out
measurements. The total integrated neutron elastic scattering
cross section is shown in Fig. 8 along with the JEFF-3.3
evaluation, and the available data in the literature. The cross
section of elastic scattering by carbon has sharp resonances at
2.816 and 4.937 MeV neutron energies that were not resolved
with the current energy resolution of the spectrometer. In
response to that, the JEFF-3.3 evaluation was folded with the
experimental resolution. The results obtained with the ELISA
spectrometer are compatible within uncertainty with the val-
ues given in the JEFF-3.3 evaluation over the whole neutron
energy range. The total uncertainty of the values varies from
3% to 8% and is mainly due to the statistics of the experiment.
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FIG. 10. Comparison of differential cross sections of neutron elastic scattering on 54Fe as a function of the cosine of the scattering angle θ ,
with data available in literature and the angular distributions provided in the JEFF-3.3 and ENDF/B-VIII.0 evaluations [4,58]. Six t.o.f. inter-
vals of 5 ns have been selected, that correspond to the following neutron energy ranges: (a) E = 1.494–1.503 MeV, (b) E = 2.493–2.513 MeV,
(c) E = 3.499–3.532 MeV, (d) E = 4.973–5.030 MeV, (e) E = 5.938–6.012 MeV, (f) E = 6.929–7.023 MeV.

The agreement between the experimentally determined
cross section and the evaluated values demonstrates that
the response function models that were developed in the
framework of this analysis and then used in the 54Fe data
are able to properly reproduce the experimental light output
distributions.

VI. ELASTIC SCATTERING CROSS SECTION

The results for the differential cross section of neutron
elastic scattering on 54Fe are presented in Fig. 9 with respect
to the incident neutron energy for eight different detection
angles, in the energy range from 1 to 8 MeV. The results
are compared with the values provided by the JEFF-3.3 and
ENDF/B-VIII.0 [58] evaluations folded with the experimen-
tal energy resolution. For the evaluated differential cross
sections, ENDF/B-VIII.0 has adopted optical model calcu-
lations, above 1 MeV neutron incident energy, produced by
the EMPIRE nuclear reaction code [60], while JEFF-3.3 used
a Legendre representation for energies below 20 MeV, based
on the sum of calculated Legendre coefficients for compound
nucleus and shape-elastic scattering. The difference between
the adopted methods of the evaluations explain the differ-
ence in the shape of the resulting cross sections, where the
ENDF/B-VIII.0 cross sections are following a smooth trend,
while the JEFF-3.3 cross sections have a fluctuating behavior.
There is an overall good agreement between experimental and
evaluated values over the whole neutron energy range. Only in
the case of 58.3◦, for energies approximately above 2 MeV, is
the experimental cross section systematically higher than the
values proposed by the evaluation. The same issue was also
observed in [26], in a comparison of experimental differential

cross section of neutron elastic scattering on natFe at 58.3◦ and
evaluated values proposed by ENDF/B-VIII.0. Meanwhile, in
the case of the natC(n, n) validation measurement the resulting
cross section at 58.3◦ was in good agreement with the well
known evaluated values, so this consistency between 54Fe and
natFe at 58.3◦ indicates possible issues with the evaluations of
neutron angular distributions on Fe isotopes. For the differen-
tial cross sections the total uncertainties vary from 5% to 25%,
and are mainly generated from the duration of the experiments
and their related statistics. The highest uncertainties, above
15%, are observed in the energy range between 6 and 8 MeV
at backward angles, where the cross section is reaching very
low values due to the fact that elastic scattering on Fe is a
forward-peaked reaction.

In Fig. 10, the differential cross section is given as a
function of the cosine of the detection angle θ . The data
are compared with values available in the EXFOR library
and the angular distributions provided by the JEFF-3.3 and
ENDF/B-VIII.0 evaluations. Six t.o.f. intervals of 5 ns have
been selected, that cover most of the neutron incident energies
measured in other experiments reported in EXFOR (Table I).
In general, there is a satisfactory agreement between the cross
section values calculated in this work and the experimental
data available in literature. The results are in agreement with
the latest measurement performed by Vanhoy et al. [20] us-
ing quasimonoenergetic neutron beams. Also, in the energy
intervals above 2.5 MeV for the cosine that corresponds to the
58.3◦ (0.5255) detection angle, it is observed again that the
cross section values calculated in this work are higher than the
ones reported in JEFF-3.3, and ENDF/B-VIII.0 evaluations,
but values from other experiments also support higher cross
sections in this region.
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FIG. 11. Angle-integrated cross section of neutron elastic scattering on 54Fe as a function of the neutron incident energy compared with
data available in the EXFOR library [10], and the JEFF-3.3 and ENDF/B-VIII.0 evaluations [4,58] folded with the experimental energy
resolution of the measurement.

The angle-integrated neutron elastic scattering cross sec-
tion is presented in Fig. 11. The results are compared with
the data available in the literature, JEFF-3.3 and ENDF/B-
VIII.0 evaluations folded with the experimental resolution of
the measurement. In the JEFF-3.3 evaluation, the elastic scat-
tering cross section was calculated by subtracting the optical
model based nonelastic cross section from the evaluated total
cross section, which was purely based on the experimental
data of Carlton et al. [61], while the ENDF/B-VIII.0 eval-
uated values were produced using the EMPIRE code. The
results of this work are in overall good agreement with the few
previous experimental values available in the EXFOR library
and the JEFF-3.3 and ENDF/B-VIII.0 evaluations, especially
in the energy region between 1 and 3 MeV where reso-
nances are causing big fluctuations in the cross section. This
agreement validates the evaluation methodology employed in
JEFF-3.3, which involved the combination of high-resolution
transmission data and optical model calculations to extract the
elastic scattering cross section. The total uncertainty of the
angle-integrated cross section varies between 5% and 8%.

VII. INELASTIC SCATTERING CROSS SECTION

The results for the differential cross section of neu-
tron inelastic scattering from the first excited state of 54Fe
(1.408 MeV), in the energy range from 2.5 to 5.5 MeV, are
presented in Fig. 12. The cross sections are given with respect
to the neutron incident energy at eight different detection
angles. The values are compared with the ENDF/B-VIII.0
evaluated library, which is based on optical model calcu-
lations using the EMPIRE code. For most of the detection
angles the measured values are slightly higher than the ones
provided by ENDF/B-VIII.0 over the whole neutron energy
range. The total uncertainties range from 7% to 50%. Just
as in elastic scattering, high uncertainties, above 20%, are
observed in the two forward detectors for energies above

4 MeV. The reason for that is the fact that the inelastic scat-
tering yield is extracted after the subtraction of the elastic
scattering component in the corresponding light output dis-
tribution (see Fig. 4). At these angles, the inelastic scattering
cross section is decreasing but the elastic scattering one is
increasing with the neutron energy, reaching values 20 times
higher than the inelastic scattering one, making it the pre-
dominant reaction in this energy range. In this case, the only
way to lower the uncertainties is by performing much longer
measurements.

In Fig. 13 the differential cross section is presented as a
function of the cosine of the detection angle θ , and compared
with data available in the literature and the ENDF/B-VIII.0
evaluation. Similarly to elastic scattering, six t.o.f. intervals
of 5 ns have been selected, covering again most of the neutron
incident energies that have been measured in other experi-
ments reported in EXFOR (Table II). In the first three t.o.f.
intervals [(a) to (c)], even though discrepancies are observed
between the results and the experimental values from the
EXFOR library, there is a relatively good agreement between
the cross sections calculated in this work and the values
provided by the ENDF/B-VIII.0 evaluation. In the remaining
t.o.f. intervals [(d) to (f)] the results are systematically higher
than ENDF/B-VIII.0, but in agreement within uncertainty
with the other experimental values, over all detection
angles.

The angle-integrated neutron inelastic scattering cross sec-
tion from the first excited state of 54Fe is presented in Fig. 14
in the energy range from 2.5 to 5.5 MeV. The total uncer-
tainty of the cross section varies between 6% and 20%. The
results are compared with the data available in the literature,
JEFF-3.3 and ENDF/B-VIII.0 evaluations. It is observed that
the results are following the trend of the evaluation values,
with a good agreement within uncertainty with JEFF-3.3,
which proposes slightly higher cross section values than
ENDF/B-VIII.0. In comparison with the other experimental
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FIG. 12. Differential cross sections of neutron inelastic scattering from the first excited state of 54Fe as a function of the neutron incident
energy at eight detection angles. The experimental cross sections are compared with the evaluated values provided by ENDF/B-VIII.0 [58].

values reported in the EXFOR library, there is an overall good
agreement within uncertainty with almost all experiments. It
is worthwhile to mention that between 3 and 4.5 MeV neutron
energies the results are in agreement within uncertainty with
another high-resolution measurement performed at GELINA
by Olacel et al. [25] using γ spectrometry by employing the
GAINS spectrometer. Above 4.5 MeV the results, although
higher in magnitude, are following the trend of the evalua-
tions, and are in good agreement with the data of Boschung
et al. [13] and Kinney et al. [15].

VIII. THEORETICAL CALCULATIONS

The results of the present work are compared with theo-
retical reaction calculations performed with the TALYS 1.9
[62,63] and EMPIRE 3.2 codes. The objective of these cal-
culations was to provide a satisfactory theoretical description

of the experimental cross sections studied in this work, while
also ensuring that the results for the other open reaction
channels are aligned with the existing experimental data. The
calculations were performed from 100 keV neutron incident
energy up to 20 MeV.

The “TALYS def.” calculation was based on the default pa-
rameters provided by the code. These parameters were tuned
in order to achieve an optimal agreement between experimen-
tal data and theoretical projections. The optical model used
is based on the Koning-Delaroche potential [8]. The discrete
levels information was taken from the Reference Input Param-
eter Library (RIPL-3) [64] and for levels with unknown spins,
parities or branching rations the code always assigned a value
based on statistical rules. For the level density description,
instead of the phenomenological model used in the default
calculation, a more microscopic approach was used, devel-
oped by Goriely on the basis of Hartee-Fock calculations
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FIG. 13. Comparison of differential cross sections of neutron inelastic scattering from the first excited state of 54Fe as a function of the
cosine of the scattering angle θ , with data available in literature and the angular distributions provided in the ENDF/B-VIII.0 evaluation
[58]. The t.o.f. intervals that have been selected correspond to neutrons energy ranges (a) E = 2.750–2.774 MeV, (b) E = 2.894–2.919 MeV,
(c) E = 2.998–3.023 MeV, (d) E = 3.973–4.014 MeV, (e) E = 4.973–5.029 MeV, (f) E = 5.455–5.521 MeV.

[65,66]. In addition, for the modeling of the γ decay, in-
stead of the phenomenological γ -strength functions model
of Kopecky and Uhl [67] used in the default calculation,
the microscopic Skyrme-Hartee-Fock-Bogoliubov model was
used [68]. The last two changes were made in order to better
reproduce the (n, p) and (n, α) reaction cross sections.

In the “TALYS mic.1-2” calculations the semi-microscopic
spherical optical model potential of Bauge et al. [69]

was used. For the level density description the most re-
cent microscopic approach based on Hartee-Fock-Bogoliubov
calculations using the Gogny force was implemented
[70], and for the γ -ray strength functions the micro-
scopic Gogny-Hartee-Fock-Bogoliubov model, developed
based on the D1M version of the Gogny force, was
used [71]. The difference between the two microscopic
calculations “mic.1” and “mic.2” lies in the normalization

FIG. 14. Angle-integrated cross section of neutron inelastic scattering from the first excited state of 54Fe as a function of the neutron
incident energy compared with data available in the EXFOR library [10] and the JEFF-3.3 [4] and ENDF/B-VIII.0 evaluations [58]. The
experiments in which the γ -ray emitted from the deexcitation of the first excited state is detected are noted with “-γ ” while the ones in which
the neutron is detected are noted with “-n”.
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FIG. 15. Comparison between the theoretical calculations of TALYS [62,63] using different sets of parameters (see text below), EMPIRE
[60] parametrized based on the ENDF/B-VIII.0 [58] evaluation, and the available experimental data in the literature for the 54Fe total, elastic,
inelastic, (n, p), and (n, α) reaction cross sections. The elastic and inelastic scattering data from this work are also included in the graphs. For
the 54Fe(n, n′

1) reaction cross section, a subplot is included focused on the neutron energy region studied in this work.

factor used for the imaginary potential of the optical model. In
the first case the default value is used, while in the second case
an energy dependent factor is used, recommended for energies
below 1 MeV.

The “EMPIRE/ENDFB8” calculation was based on the
parameters reported in the ENDF/B-VIII.0 evaluation for
54Fe. This calculation was triggered by the fact that the elastic
scattering cross section of ENDF/B-VIII.0, above 1 MeV
neutron energy, was calculated using the EMPIRE code. The
optical model potential of Koning-Delaroche was used for
neutrons and protons, while for the description of alpha par-
ticles the potential of Avrigeanu et al. was used [72]. The
optical model parameters of the potentials (real/imaginary
potential depth, diffuseness, radius), were rescaled according

to the values proposed in the evaluation file. For the pree-
quilibrium emission the PCROSS phenomenological model,
implemented in the code, was used with a mean free path
parameter set to 2.4 [73,74]. To address the correlation be-
tween incident and exit channels in elastic scattering the
model developed by Hofmann, Richert, Tepel, and Weiden-
mueller (HRTW) was used for neutron incident energies up to
12.10 MeV [75]. The modified Lorentzian (MLO1) approach
was used for the modeling of the γ -ray strength functions
[76]. The level density was calculated using the Gilbert-
Cameron (GC) model, with some of the αparameters modified
according to the evaluation [77].

In Fig. 15 the results of the theoretical calculations are
presented for the 54Fe total, elastic, inelastic, (n, p), and (n, α)
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reaction cross sections. The calculations are compared with
the results of this work and the available experimental data
in the literature. For the 54Fe(n, tot) reaction [Fig. 15(a)]
the calculations are compared with the high-resolution
measurements of Cornelis et al. [78] and Carlton et al. [61].
To make the comparison easier, the experimental data were
averaged over 100 keV energy bins. It is observed that below
4 MeV neutron incident energy the theoretical calculations
differ significantly in trend compared to the experimental data
over the whole energy region. Above 4 MeV the “TALYS def.”
calculation is able to better reproduce the experimental data,
while the “EMPIRE/ENDFB8” calculation is systematically
lower by 5% over the whole energy region. The microscopic
approach “TALYS mic.1” is in agreement with the data of
Cornelis between 4 and 20 MeV, and the “TALYS mic.2”
calculation seems to produce higher results above 10 MeV.

In Fig. 15(b) the elastic scattering cross section calcu-
lations are compared with the results of this work and the
available data in the EXFOR library. It is seen that below
2 MeV the results of both codes suggest higher cross sec-
tion values than the ones produced in this work. Between 2
and 8 MeV the “TALYS def.” and “EMPIRE/ENDFB8” cal-
culations are in agreement within uncertainty with the data of
this work, while the microscopic calculations seem to perform
poorly in this region. Above 8 MeV all calculations are in
agreement within uncertainty with the only available experi-
mental data in this region by El-Kadi et al. For the inelastic
scattering cross sections [total in Fig. 15(c) and partial in
Fig. 15(d)] the theoretical predictions follow the same trend
as the experimental data. In the total inelastic scattering both
codes produce higher cross sections compared to the EXFOR
data in the energy range between 3 and 6 MeV, where the
cross section reaches maximum values, and from 6 to 12 MeV
EMPIRE produces lower cross section than TALYS, but both
remain in agreement within the uncertainty of the experimen-
tal data. In the case of the partial inelastic scattering from the
first excited state of 54Fe, there is an overall good agreement
between the theoretical calculations, the results of this work,
and the experimental data in literature up to almost 4 MeV
neutron incident energy. Above this energy, the TALYS cal-
culations are in good agreement with the data available in
literature, while the cross section from EMPIRE falls rapidly.

For the charged particle emitting reactions [(n, p) in
Fig. 15(e) and (n, α) in Fig. 15(f)], the calculations are
again compared with the data available in the EXFOR li-
brary [79–120] and the IRDFF-II evaluation library [121]
since the 54Fe(n, p) reaction is a dosimetry standard reac-
tion cross section. For the (n, p) reaction it is observed that
the “TALYS def.” calculation follows the same trend as the
IRDFF-II evaluations and is able to reproduce the “flat” be-
havior of the cross section between 5 and 12 MeV, whereas
“EMPIRE/ENDFB8” is in agreement with the EXFOR data
only above 12 MeV. In the case of the (n, α) reaction, it
seems that both codes perform poorly from the threshold up
to 12 MeV, while at higher energies “EMPIRE/ENDFB8”
is closer to the experimental data. For both reactions, the
microscopic predictions of TALYS perform poorly over the
whole energy range.

IX. CONCLUSIONS

In this work, a new experiment was performed at GELINA
to measure the neutron angular distributions, and cross sec-
tions of the 54Fe(n, n) and 54Fe(n, n′) reactions in the fast
neutron energy range. For the detection of the scattered neu-
trons the ELISA setup was used, a spectrometer consisting of
32 liquid organic scintillators. The analysis procedure of data
obtained with the ELISA spectrometer is briefly described.
The process of modeling the response function for each de-
tector individually by combining experimental measurements
and Monte Carlo simulation is outlined. The study includes
the pulse shape analysis, the treatment of the data for the
background contribution by subtracting the sample-out from
the sample-in measurement, the elastic/inelastic separation
by using kinematic calculations, the multiple scattering cor-
rection implementing a Monte Carlo simulation of the whole
setup, and the analysis of the fission chamber data to extract
the neutron fluence impinged on the 54Fe sample. The dif-
ferential cross section was then calculated at eight detection
angles using Eq. (4) and the integral cross section using the
Gauss-Legendre quadrature rule [Eq. (1)]. The whole analysis
procedure was successfully validated using the natC measure-
ment by reproducing the well known natC(n, n) reaction cross
section. The results were compared with the data available
in the EXFOR library and the JEFF-3.3 and ENDF-B/VIII.0
evaluations.

For elastic scattering, this is the first experimental
measurement providing high-resolution data in the energy
range of 1 to 8 MeV. The total uncertainties vary from
5% to 25% for the differential cross section, and from
5% to 8% for the angle integrated cross section. The
results are in overall good agreement with the values pro-
posed by the JEFF-3.3 and ENDF/B-VIII.0 evaluations,
other experimental data available in the EXFOR library,
and the theoretical calculations above 2 MeV incident
energy.

The inelastic scattering from the first excited state of 54Fe
was also explored and good quality results were extracted in
the energy range of 2.5 to 5.5 MeV. In this case, the total
uncertainties vary from 7% to 50% for the differential cross
section, and from 6% to 20% for the angle integrated cross
section. The high uncertainties are observed in the forward
detection angles, where the difference between elastic and
inelastic scattering cross section is considerable. Also, the
calculated differential cross section are slightly higher than
the values proposed by ENDF/B-VIII.0, while for the angle
integrated results the cross section is in better agreement with
the JEFF-3.3 evaluation and the theoretical calculations up to
4 MeV.

The results were also compared with theoretical cal-
culations performed with the TALYS 1.9 and EMPIRE
3.2 nuclear reaction codes. The comparison concluded that
the phenomenological approach of the “TALYS def.”, and
“EMPIRE/ENDFB8” calculations is in good agreement with
the experimental results of this work, and also produce overall
better results than those deduced from the microscopic model
approach (“TALYS mic.1-2”).
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