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Double-differential-cross-section measurements of neutron scattering on **Fe
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Measurements of neutron elastic and inelastic scattering on *Fe were performed at the Geel Electron Linear
Accelerator (GELINA) of the EC-JRC. A highly enriched *°Fe scattering sample was used to minimize the
contribution of minor iron isotopes, ensuring the extraction of precise scattering cross-section data. The time-
of-flight technique was utilized to determine the neutron incident energies, with scattered neutrons detected
using the ELastic and Inelastic Scattering Array (ELISA), consisting of 32 liquid organic scintillators capable
of neutron-photon discrimination via pulse-shape analysis, while a 23U fission chamber was used to monitor
the neutron fluence. The detectors are arranged into four arms, each comprising eight detectors at fixed angular
positions relative to the neutron beam direction, facilitating the computation of both the angular distributions
and the integral cross sections with the Gauss-Legendre quadrature. For elastic scattering, angular distributions,
integral cross sections, and Legendre coefficients were determined across the energy range of 1 to 8 MeV. In the
case of inelastic scattering, partial differential and angle-integrated cross sections from the first and the second
excited states of *Fe were extracted in the energy regions from 2 to 5 MeV and from 3 to 6 MeV, respectively.
Additionally, the total cross section was estimated in the energy interval from 2 to 2.5 MeV. The results of
this work were compared with available experimental data, the most recent evaluated nuclear data libraries, and

theoretical calculations performed using the TALYS 1.9 code.

DOLI: 10.1103/b5n2-9kxn

I. INTRODUCTION

Iron is used in various applications within the nuclear
industry, primarily due to its favorable mechanical and ther-
mal properties. As a structural material, iron and its alloys
are widely employed in the construction of nuclear reactors
and other nuclear facilities. Due to their strength, corrosion
resistance, and ability to maintain structural integrity even
at high temperatures, iron-based materials are suitable for
the construction of pressure vessels, structural supports for
the reactor core, steam generators, piping systems, and other
components inside a nuclear power plant [1-3]. This means
that the steel alloy components are exposed to intense neutron
flux during reactor operation. Additionally, these materials are
used in the design of casks and containers for the storage
and transportation of spent nuclear fuel [4]. These contain-
ers provide structural integrity and radiation shielding to
ensure the safe handling and storage of radioactive materi-
als. For these reasons, and to support the accurate modeling
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of neutron interactions within reactors and shielding sys-
tems, precise neutron cross-section data for iron are essential
for reliable neutron transport simulations, reactor perfor-
mance optimization, and the development of advanced nuclear
systems.

Elemental iron consists of four naturally occurring sta-
ble isotopes, with *°Fe being the most prevalent, comprising
91.75% of natural iron [5]. Even though iron is a com-
mon structural material in nuclear technology applications,
its neutron-induced reaction cross sections remain very diffi-
cult to evaluate. Despite their importance, evaluations of iron
available from various nuclear data libraries exhibit limita-
tions in certain energy ranges and reaction channels relevant
to advanced reactor applications. Uncertainty and sensitiv-
ity analyses have demonstrated that inaccuracies in neutron
cross-section data for iron can significantly influence key
integral parameters critical to the design and operation of
advanced reactor systems [6,7]. As an example, as highlighted
in Ref. [8], the °Fe elastic scattering cross section has been
shown to significantly contribute to the uncertainty in key
reactor parameters for the Versatile Test Reactor (VTR), a pro-
posed 300 MWth sodium-cooled fast reactor [9]. It is stated
that a relative uncertainty of 5-10% in the elastic scattering
cross section of °Fe influences critical parameters such as
the core multiplication factor and various reactivity feedback
coefficients, which are essential for reactor design and perfor-
mance assessment.
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TABLE L Elastic scattering data of *°Fe available in the EXFOR
library [17]. The name of the first author, the year of publication, the
neutron energy range under study, the quantity (CS, cross section;
DA, Differential cross section with respect to angle), and the number
of points are listed.

Ref. E, range (MeV) Quantity (Points)
Rodgers (1967) [18] 2.33 CS(1) DA(5)
Kinney (1968) [19] 4.60-7.57 CS(7) DA(85)
Boschung (1971) [20] 5.05-5.58 CS(2) DA(19)
Morozov (1972) [21] 1.80 DA(17)
Korzh (1977) [22] 1.50-3.00 CS(4)

Schweitzer (1978)  [23] 1.50-3.00 CS(1) DA(12)
El-Kadi (1982) [24] 7.96-13.90 CS(4) DA(104)
Ramirez (2017) [25] 0.80-7.96 CS(20) DA(192)

To tackle these issues, *°Fe was one of the six isotopes
studied in the Collaborative International Evaluated Library
Organization (CIELO) project [10], whose results were in-
corporated into the ENDF/B-VIIL.O [11] evaluation. A key
concern identified was the lack of experimental angular distri-
butions for elastic scattering on iron below 4 MeV, an energy
region where theoretical models such as R-Matrix and Hauser-
Feshbach become unreliable due to the complex structure
of overlapping resonances observed in medium-mass nuclei
[12-14]. These data are critical for reactor criticality and
shielding calculations. Currently, the nuclear data for iron are
under study by the International Nuclear Data Evaluation Net-
work (INDEN) [15], as a continuation of the CIELO project,
with the most recent results incorporated into the ENDF/B-
VIII.1 evaluation [16] released in 2024. Despite progress
made, further refinement requires high-resolution measure-
ments in this energy region, where theoretical modeling alone
is insufficient to constrain nuclear data for iron.

Although natural iron has been extensively measured, ex-
perimental data for individual isotopes, including *°Fe, remain
limited in the fast neutron energy region. For the elastic scat-
tering on Fe (see Table I), there are more measurements
available for the differential cross section with respect to
angle (DA) than for the elastic scattering cross section (CS),
but these data are still sparse. All of the available experi-
mental data for both DA and CS were obtained by using
quasimonoenergetic neutron beams. While some datasets for
the elastic scattering cross section in the range 1-8 MeV
exist, they are limited and exhibit uncertainties reaching up to
20%. For the inelastic scattering on *°Fe, several experimental
datasets are available in EXFOR, based on neutron or y-ray
spectroscopy. In Tables II and III the available partial cross
sections (CSP) and differential cross sections (DAP) for the
first (E, = 0.8468 MeV) and the second (E, = 2.0851 MeV)
excited states of *°Fe are presented. However, only a limited
number of experiments provide inelastic cross sections for
neutron energies above 4 MeV, most of which rely on neutron
spectroscopy. This is due to the challenges associated with
y-ray spectroscopy, particularly the complex level scheme
of °Fe at higher energies, which complicates the identifi-
cation of levels feeding the first and second excited states.

TABLE II. Partial inelastic scattering cross sections from the
first excited level of *°Fe (0.8468 MeV), available in EXFOR [17].
The name of the first author, the year of publication, the neutron
energy range under study, the quantity (CSP, Partial cross section;
DAP, Partial differential cross section with respect to angle), and the
number of points are listed.

Ref. E, range (MeV) Quantity (Points)
Stelson (1952) [26] 1.87 DAP(1)
Weddell (1956) [27] 6.5 DAP(1)
Cranberg (1956) [28] 2.25-2.45 DAP(26)
Kardashev (1962) [29] 1.00-3.95 CSP(12)
Bredin (1964) [30] 1.95 DAP(10)
Gilboy (1965) [31] 2.01-3.99 CSP(4)
Tucker (1965) [32] 0.864-1.10 CSP(@31)
Smith (1966) [33] 1.13-1.50 CSP(26)
Rodgers (1967) [18] 2.33 CSP(1) DAP(5)
Degtjarev (1967) [34] 1.37-3.76 CSP(7)
Kinney (1968) [19] 4.60-7.55 CSP(7) DAP(85)
Barrows (1968) [35] 2.90 CSP(1)
Tsukada (1969) [36] 1.37-3.26 DAP(73)
Rogers (1971) [37] 0.92-1.79 CSP(10)
Boschung (1971) [20] 5.05-5.58 CSP(2) DAP(19)
Tomita (1973) [38] 1.43-2.15 DAP(225)
Elbakr (1973) [39] 0.891-1.74 CSP(8)
Konobeevskii (1974) [40]  0.862-1.18 CSP(67)
Korzh (1975) [41] 1.50-3.00 CSP(4)
Almen-Ramstrom [42] 2.02-4.50 CSP(11)

(1975)
Mittler (1975) [43] 0.878-3.96 CSP(36)
Korzh (1977) [22] 1.50-3.00 CSP(4) DAP (34)
Lebedev (1977) [44] 4.70 DAP (3)
Schweitzer (1978)  [23] 3.40 CSP(1) DAP(12)
Salama (1981) [45] 2.02-3.96 CSP(6) DAP (100)
Nemilov (1982) [46]  0.893-5.00 CSP(32)
El-Kadi (1982) [24]  7.96-13.90 CSP(4) DAP(89)
Negret (2013) [47] 0.861-4.50 CSP(645)
Beyer (2014) [48] 0.847-9.56 CSP(30)
Ramirez (2017) [25] 1.50-7.96 CSP(14) DAP (180)
Vanhoy (2018) [49] 1.50-4.70 CSP(17)
Pirovano (2019) [50] 1.99-6.01 DAP(1530)

Consequently, the y-ray emission pathways, which are cru-
cial for accurate data interpretation, are affected, making the
inelastic scattering data above 4 MeV more uncertain. The
status of inelastic scattering cross-section data on “°Fe has led
to its inclusion on the High Priority Request List (HPRL) of
the OECD/NEA Data Bank [51]. The targeted uncertainty for
Accelerator-Driven Minor Actinides Burners is 2%, while for
European Fast Reactors, it is 7-9%.

Given the challenges mentioned above, acquiring new
experimental data on scattering cross sections is essential
for addressing discrepancies in the existing ones and re-
ducing uncertainties in the evaluated nuclear data libraries
of iron. The aim of this study is to provide, for the first
time, high-resolution data of cross sections and neutron an-
gular distributions for both elastic and inelastic scattering
on °Fe in the fast neutron energy range. To achieve this,
a highly enriched °Fe sample was used along with a white
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TABLE III. Partial inelastic scattering cross sections from the
second excited level of *°Fe (2.0851 MeV), available in EXFOR [17].
The name of the first author, the year of publication, the neutron
energy range under study, the quantity (CSP, Partial cross section;
DAP, Partial differential cross section with respect to angle), and the
number of points are listed.

Ref. E, range (MeV) Quantity (Points)
Weddell (1956) [27] 6.5 DAP(1)
Kardashev (1962) [29] 1.00-3.95 CSP(6)
Gilboy (1965) [31] 2.01-3.99 CSP(3)
Tucker (1965) [32] 0.864-1.10 CSP(23)
Degtjarev (1967)  [34] 1.37-3.76 CSP(4)
Kinney (1968) [19] 4.60-7.55 CSP(12)
Barrows (1968) [35] 2.90 CSP(1)
Tsukada (1969) [36] 1.37-3.26 DAP(34)
Boschung (1971)  [20] 5.05-5.58 CSP(2) DAP(19)
Korzh (1975) [41] 1.50-3.00 CSP(1)
Almen-Ramstrom  [42] 2.02-4.50 CSP(7)

(1975)
Mittler (1975) [43] 0.878-3.96 CSP(21)
Korzh (1977) [22] 1.50-3.00 CSP(1) DAP(9)
Nemilov (1982) [46] 0.893-5.00 CSP(7)
Negret (2013) [47] 0.861-4.50 CSP(288)
Beyer (2014) [48] 0.847-9.56 CSP(14)
Ramirez (2017) [25] 1.50-7.96 CSP(6)
Vanhoy (2018) [49] 1.50-4.70 CSP(13)

neutron source and the time-of-flight method, while the scat-
tering events were detected using an array of liquid organic
scintillators.

II. EXPERIMENTAL CONDITIONS

The experiments were conducted at the Geel Electron
Linear Accelerator (GELINA) neutron time-of-flight facility,
operated by the Joint Research Centre of the European Com-
mission in Geel (EC-JRC Geel) [52,53]. GELINA provides
pulsed white neutron beams using a linear electron accelera-
tor. In this process, electrons are accelerated to high energies
and directed in short bursts of approximately 2 ns onto a
depleted uranium disk, which serves as the neutron-producing
target. The interaction of the electrons with the target material
generates photons through the bremsstrahlung process, fol-
lowed by neutron production via photonuclear reactions, such
as (y,n) and (y, f) in U nuclei. The resulting neutrons
exhibit a broad energy spectrum, extending from a few keV
to nearly 20 MeV, and are emitted isotropically. The neutrons
are collimated and guided along specific flight paths to the
experimental setups positioned at designated measuring sta-
tions. For this study, the direct flux configuration was used,
delivering an unmoderated neutron beam ideal for fast energy
range measurements.

For this experiment, a highly enriched °Fe sample was
used. The properties of the sample are summarized in
Table IV. The measured areal density of the sample was
8.78 x 1073 g/cm? with a 0.2% uncertainty. The scattering
sample was positioned 27.037(5) m from the neutron-

TABLE IV. Isotopic composition and geometrical characteristics
of the enriched °Fe scattering sample used in the present work.

Fe isotope Fe SFe STFe BFe
Abundance (%) 0.16(1) 99.77(1) 0.07(1) <0.01
Mass (g) 31.396(10)

Diameter (mm) 70.068(1)

Thickness (mm) 1.00(1)

Molar mass (g/mol) 55.935(1)

Areal Density (g/cm?) 0.814(2)

Areal Density (atoms/barn) 0.00878(1)

producing target, precisely at the spectrometer’s sample
location, at a 29.5(1)-cm distance from the detectors. The
neutron beam diameter at the sample position was determined
using a photographic film and measured to be 4.9(2) cm. Two
sets of measurements were conducted: one with the sample in
the neutron beam (sample in) for approximately 500 hours and
another without the sample (sample out) lasting 350 hours.
The purpose of the sample-out measurement was to evaluate
the background contribution from neutrons scattering in the
air and surrounding materials before reaching the detectors.

III. THE ELISA SPECTROMETER

The ELastic and Inelastic Scattering Array (ELISA) was
utilized to detect the scattered neutrons (Fig. 1). The spec-
trometer is one of the several experimental setups installed
at the GELINA facility and is used for high-resolution mea-
surements of neutron elastic and inelastic scattering cross
sections and angular distributions in the fast neutron energy
range. The setup is extensively detailed in Refs. [50,54-59];
here only a brief overview of the main components is
provided.

The setup consists of two main components: 32 liquid
organic scintillators for detecting scattered neutrons, and a
25y fission chamber for measuring the neutron flux. The
scintillators are arranged in four arms, each consisting of eight
detectors, positioned at specific angles relative to the neutron

FIG. 1. Photograph of the ELISA spectrometer. The neutron
beam enters from the right, passes through the fission chamber be-
hind the lead wall, and then reaches the scattering sample. The lead
wall functions as the final collimator.
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TABLE V. Detection angles relative to the neutron beam direction, along with their calculated cosines and assigned weights. The
uncertainties associated with the detection angles reflect the precision in the assembly of the detector support frame.

Angle (def)  163.8(1) 142.8(1) 121.7(1) 100.6(1) 79.4(1) 58.3(1) 37.2(1) 16.2(1)
Cosine —0.9603(5) —0.7967(11)  —0.5255(15)  —0.1834(17) 0.1834(17) 0.5255(15) 0.7967(11) 0.9603(5)
Weight 0.1012 0.2224 0.3137 0.3627 0.3627 0.3137 0.2224 0.1012

beam direction (Table V). The detection angles are meticu-
lously selected so that their corresponding cosines align with
the zeros of the Legendre polynomial of the eighth order,
which enables the calculations of the integral cross section us-
ing the Gauss-Legendre quadrature rule:

8
doey/inl
Octm(E) =21 Y wi— L (E. 6;). $))
i=1
where %(E , 0;) is the differential elastic or inelastic neu-

tron scattering cross section as a function of the detection
angle 6;, and w; are the corresponding weighting factors.

The two arms of the ELISA spectrometer are equipped
with detectors using the EJ301 scintillation material [60], in
which neutron detection is based on n-p scattering, while
the other two arms use the EJ315 scintillation material [61],
which relies on n-d scattering for neutron detection. These
scintillators have fast timing properties and can achieve a
time resolution of under 1 ns, making them well suited for
time-of-flight measurements. Additionally, they are highly ef-
fective for neutron spectrometry, as photons and neutrons can
be distinguished through pulse-shape analysis. The choice of
two different detector types, proton based (EJ301) and deu-
terium based (EJ315), is because of the different pulse height
responses produced by each detector. In the case of EJ301,
the pulse height response follows a flat distribution, due to the
isotropic nature of n-p scattering in the center-of-mass frame.
In contrast, for EJ315, n-d scattering is not isotropic, resulting
in a dominant backscattering peak in the pulse height distribu-
tion. This difference between the two detector types serves as
a cross-check and helps to identify potential systematic errors
during data analysis.

The fission chamber contains eight UF, deposits on five
aluminum foils (84 mm in diameter, 20 um thick), produced
at the JRC-Geel via evaporation. Each deposit is shaped by
a 70-mm evaporation mask. The total areal density of 23U
across all deposits was measured at 4095(12) ug/cm? using o
counting. Two single-sided foils are positioned at the front and
back, while three double-sided foils are spaced 14 mm apart
in the middle. Each deposit faces a 25-um-thick aluminum
anode, placed at a distance of 7 mm, for the collection of
the charge deposited by the fission fragments. The chamber is
filled with P10 gas at atmospheric pressure. The neutron flu-
ence is determined by correlating the fission fragment counts
with incident neutrons using the >*>U(n, f) standard reaction
cross section as described in Ref. [59]. In Fig. 2, the neutron
fluence that impinged on the °Fe scattering sample during the
measurement is presented, as extracted following the analysis
described in Ref. [57].

The scintillator data acquisition system (DAQ) is based
on a digitizer system consisting of eight cards, each with

four input channels. These digitizers (SP Devices, model
ADQ14DC-4A-VG-PXIe) offer a 14-bit amplitude resolution
and a 500 MS/s sampling rate. Synchronization is ensured via
an external 10-MHz reference signal from a clock generator,
and the acquired waveforms and time stamps are stored for
offline analysis. For the fission chamber, data acquisition is
handled using NIM electronics, which process the fission
fragment signals before digitization.

IV. ANALYSIS

The data analysis method for the ELISA spectrometer
is detailed in Refs. [54,57]. A brief overview of the key
components of the analysis is presented below. The neutron
differential elastic or inelastic scattering cross section was
calculated using the following expression:

doel/in (E.0) = N jin (E, 0) 7
a9 AQpr D(E)A,

2

where E is the incident neutron energy, N, ;, represents the
corrected count of elastic or inelastic scattering events, A2 is
the detector’s solid angle, pr is the areal density of the sample
in atoms/barn (Table V), ®(E) is the neutron fluence (Fig. 2),
and A, is the cross-sectional area of the neutron beam, which
is accounted for in the calculation of the neutron fluence and
thus cancels out. The angle 6 will henceforth implicitly refer
to the eight angles in the ELISA setup.

In the first stage of the data analysis, the digitized scin-
tillator signals are processed. For each recorded waveform,
the total charge and the corresponding time stamp are

T T
Neutron fluence —

dd/dE (10° cm™ MeV?)
- =
[o¢] N (@)}
T T T

D
T
!

0 1 1
0.1 1 10

E, (MeV)

FIG. 2. The neutron fluence on the **Fe sample as a function
of incident neutron energy, corresponding to a total measurement
duration of 500 hours.
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FIG. 3. The time-of-flight spectra from an EJ315 detector placed
at the 16.2° detection angle. The graph shows the total recorded
events (black line) alongside the neutron (red line) and photon
(green line) events, which were distinguished using pulse-shape
discrimination.

extracted. To improve time resolution, the time stamps are
corrected using the constant fraction discrimination (CFD)
algorithm [62-64]. The events recorded by the scintillators
during the measurements consist of a combination of neu-
trons from elastic or inelastic scattering on the sample, and
photons from bremsstrahlung scattering, or y rays emitted
via inelastic scattering or neutron capture on the sample and
surrounding materials. To differentiate between neutron- and
photon-induced events, the charge integration method was
applied [65-67]. Signals were integrated over both short and
long time intervals, and the pulse shape discrimination (PSD)
factor was defined as the ratio of the integral of the pulse
tail to the total integrated charge. In Fig. 3 an example of
the resulting time-of-flight histogram after the pulse-shape
discrimination for an EJ315 detector positioned at 16.2° is
presented. It is observed that the time-of-flight spectrum ex-
hibits a distinct peak at around 91 ns, which represents the
arrival time of bremsstrahlung photons at the detectors (so-
called y flash). The FWHM of the y-flash peak, serving as
the lower limit for time resolution, was measured at 10 ns for
the detectors in the ELISA setup during this experiment. At
the given distance from the source, a time resolution of 10 ns
corresponds to a 10-keV energy resolution at 1 MeV, 53 keV
at 3 MeV, 113 keV at 5 MeV, and 189 keV at 7 MeV.

After signal processing, the next step is to characterize
the detectors’ response function R(L, E'), which represents
the probability that a particle with energy E produces a light
pulse of amplitude L. This study utilizes a combination of
experimental measurements and Monte Carlo simulations, as
described in Refs. [68—71]. Before each new experiment at the
ELISA spectrometer, the detectors undergo a full characteri-
zation to ensure stability and identify any potential issues that
may have arisen during the measurements.

Starting with the response to y rays, the light output
produced by electrons for the scintillators used at ELISA is

described by the linear function
L(E,) = A1 (E. + Ao), 3)

where A; is an arbitrarily chosen scaling parameter set to 1
in the present work, following the convention of measuring
light in terms of equivalent electron energy deposition [72],
and Ay is an energy offset set to —5 keV, accounting for the
quenching effects in the scintillators at small energies [73].
Calibration measurements were conducted at the start of and
throughout the experiments using five y-ray sources (*’Cs,
207Bj, 2Na, 232Th, and AmBe) to monitor detector stability.
Additionally, Monte Carlo simulations of these measurements
were performed using the MCNP6.2 code [74,75]. The simu-
lated light output distributions for each source were folded
with the resolution function and then fitted to the correspond-
ing experimental light output histograms. This fitting process
allowed for the determination of the final resolution function
parameters for each detector.

To accurately determine the neutron response, it is essential
to account for the nonlinear light output behavior of charged
particles heavier than electrons, in this case, protons (EJ301)
and deuterons (EJ315). In this work, the empirical formula
proposed by Kornilov et al. [70] was employed to describe
the light output distributions:

AE?
E,. +A; ’

where E, represents the recoil energy of the charged particle,
and A, A;, and Ajz are detector-specific parameters that must
be determined experimentally. To achieve this, a dedicated
calibration experiment was conducted at the ELISA spectrom-
eter using a natural carbon sample. Carbon was selected due
to its high inelastic scattering threshold (4.81 MeV), ensuring
that only elastically scattered neutrons reach the detectors
below this energy. By selecting short time-of-flight intervals
(10 ns) corresponding to narrow neutron energy ranges, the
simulated light output distributions were systematically fit-
ted to the experimental data at each energy. The extracted
parameters from these individual fits were then combined
to obtain a set of values best suited for the entire neutron
energy range. This approach allowed for the development of a
response function model individually for each detector, which
was subsequently incorporated into the °Fe data analysis. An
example of this implementation is shown in Fig. 4.

Once the neutron time-of-flight spectra were obtained for
each detector, the next step involved subtracting the back-
ground contribution. Background events primarily originate
from neutrons scattered on air and surrounding materials be-
fore reaching the detectors. To account for this, a reference
measurement was performed without the sample, and the re-
sulting background spectrum was scaled and subtracted from
the sample-in data. The normalization factor was determined
based on the fission fragment counts recorded in the ionization
chamber. On average, background events constituted approx-
imately 30-40% of the recorded signals in each detector. In
Fig. 5, the experimental neutron background at the 163.8° de-
tection angle is compared to the corresponding simulated one.
The simulated background represents only beam neutrons that
scattered on air and then reached the detector. This component

L(E,) = A\E, + @)
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FIG. 4. Light output distributions for the time-of-flight interval from 976 to 986 ns. The graphs correspond to the same four different
detection angles for both the [(a)—(d)] EJ301 (n,p) and [(e)—(h)] EJ315 (n,d) detectors. The experimental values (exp) are presented along with
their associated response (model) and their different components from elastic scattering (el), and inelastic scattering from the first, second, and
third excited states (inl-1, inl-2, inl-3). The corresponding neutron energies after an elastic (E), and inelastic scattering from the first, second,

and third levels (Eiy.1, Ein2, Ein3) are also given in the graphs.

was extracted using the MCNP6.2 code and the PTRAC output
option. It is observed that the two background spectra are
in agreement within the uncertainty of the simulation, which
validates the fact that the majority of the background events
are generated from neutron scattering in the air.

Following the discrimination of photon-induced events and
the subtraction of background contributions, the final step

50 B T R T T T T T T
Simulation —
[Experiment — ]
40| -
- i i
C
‘S 30+ .
)
B L i
= 20} i
©
IS L i
©
10+ s
1000 1500 2000 2500
TOF (ns)

FIG. 5. Comparison between the experimental and the simulated
neutron background at the 163.8° detection angle.

was to separate elastic and inelastic neutron scattering events.
To achieve this, the time-of-flight spectrum was divided into
10-ns intervals, and the corresponding light output distribu-
tions were analyzed. Figure 4 illustrates examples of these
distributions for both types of detectors positioned at four
different angles. The selected time-of-flight window (976—
986 ns) corresponds to an incident neutron energy range of
4.05-4.14 MeV. Through kinematic calculations, the energies
of neutrons scattered elastically (E.) or inelastically (Eiy)
were determined for each time-of-flight (TOF) interval. These
two types of events produce distinct but overlapping light out-
put distributions (see Fig. 4). To isolate the elastic scattering
component, a threshold was applied to exclude inelastic scat-
tering contributions. This threshold was set at the maximum
light output expected from an inelastic event, considering the
detector’s resolution broadening. The modeled detector re-
sponse R(L, E,) for neutrons with energy E.| was scaled by a
factor (1) to match the experimental data above the threshold.
The resulting function, R (L, E.;) = A R(L, E¢) describes the
contribution of elastic scattering events to the total light output
distribution. The number of elastic scattering events was then
determined using the expression

1

Nyg(TOF,0) = ———
al )= E) Lo AS

/ Ru(L. En)dL,  (5)
L(hr
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FIG. 6. Multiple scattering correction percentage as a function of
the incident neutron energy across all eight detection angles.

where N, represents the number of elastic scattering events
per 10-ns time-of-flight interval and detection angle, A is
the detector’s solid angle, and e(E )|, denotes the detec-
tion efficiency at the threshold light output Ly,, calculated
using €(Ee))| Ly = f Lo R(L, E;) dL. The same approach was
applied to extract inelastic scattering events corresponding to
the first and the second excited states of *°Fe. In this case,
additional thresholds were introduced to remove events from
the different excited states, while the elastic scattering contri-
bution was subtracted accordingly.

The number of neutron-induced events corresponding to
different scattering processes was corrected for multiple
scattering effects before being used in the cross-section cal-
culations. Multiple scattering occurs when beam neutrons
interact more than once within the *°Fe sample before reach-
ing a detector. In this study, the correction factor (fis.) for
such events was determined through Monte Carlo simula-
tions using the MCNP6.2 code. The simulation incorporated
the complete spectrometer geometry and accurately modeled
the neutron source properties based on the experimental con-
ditions. The PTRAC feature of mcnpwas employed to track
the history of each neutron detected, identifying events where
neutrons underwent multiple interactions within the sample
before recorded. The correction factor was then calculated
as the ratio of these multiple scattering events to the to-
tal detected events, allowing for a time-of-flight-dependent
correction for each detector (see Fig. 6). The corrected dif-
ferential scattering yield was obtained using

N/t (TOF, 6) = (1 — funse) - Netyim(TOF, 6),  (6)

where Nj/in represents the uncorrected number of elastic or
inelastic scattering events per 10-ns time-of-flight interval and
detection angle, while N, ;,, denotes the corrected values.
Once all individual components were determined, the
differential cross sections were computed using Eq. (2),
followed by the calculation of the angle-integrated cross sec-
tions via Eq. (1). Given that each scattering angle at the
ELISA spectrometer was covered by four detectors, the final
cross-section values for each angle were obtained by averag-

TABLE VI. List of the systematic uncertainties associated with
the *°Fe data analysis.

Contribution Uncertainty

Sample areal density 0.2%
Fission chamber efficiency 1%

23U(n, f) cross section 1.1-1.2%
235U deposits mass 0.3%
Multiple scattering correction 3-7%

ing the results from all four detectors, while ensuring that
common uncertainty components were accounted for sep-
arately and not averaged. The total uncertainty associated
with the calculated cross sections was determined through
uncertainty propagation using the root-sum-square method.
This involved summing the squares of the partial derivatives
of each contributing parameter, weighted by their respective
uncertainties, and taking the square root of the total sum. The
statistical uncertainty was primarily influenced by the number
of scattered neutrons detected and the fission fragment yield
from the 23U deposits. Additionally, systematic uncertainties
arising throughout the data analysis process are summarized
in Table VI.

To validate the analysis procedure, the neutron elastic
scattering cross section of natural carbon was determined.
Carbon serves as an excellent reference since its differential
elastic scattering cross section is considered a standard be-
low 1.8 MeV and the elastic scattering is well known up to
6.45 MeV with an uncertainty below 1% [76]. As previously
stated, a specialized experiment was conducted at ELISA
using a natural carbon sample to determine the parameters of
the light output function [Eq. (4)] for the neutron response
models.

The integrated elastic scattering cross section is shown
in Fig. 7, along with the JEFF-3.3 [77] and ENDF/B-VIII. 1
[16] evaluations. To account for the spectrometer’s energy

4 T T T T T T T T T T T T T
This work —e—
- JEFF-3.3 — A
ENDF-B/VIII.1
§ ]
C
©
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wn
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1 2 3 4 5 6 7 8
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FIG. 7. Angle-integrated cross section of neutron elastic scatter-
ing on ™ as a function of the neutron incident energy compared to
the JEFF-3.3 [77] and ENDF/B-VIII.1 [16] evaluations folded with
the experimental energy resolution of the measurement [78].
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FIG. 8. Differential cross sections of neutron elastic scattering on °Fe 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 [77] and ENDF/B-VIII.1 [16] folded with the
experimental energy resolution. The experimental total uncertainties are shown with shaded curves.

resolution, the evaluations were folded accordingly. The re-
sults are in excellent agreement with both evaluations across
the full neutron energy range, with a total uncertainty varying
between 3% and 8%, primarily due to statistical limitations.
This agreement confirms the reliability of the response func-
tion models developed in this work, as well as the overall
analysis procedure, supporting its validity for application to
the °Fe data analysis.

V. ELASTIC SCATTERING CROSS SECTION

The differential cross sections of neutron elastic scattering
on °Fe are presented in Fig. 8 with respect to the incident
neutron energy for the eight different detection angles, in
the energy range 1-8 MeV. The results are compared with
the JEFF-3.3 and ENDF/B-VIIL.1 evaluations folded with
the experimental energy resolution. In the case of the *°Fe
evaluations, ENDF/B-VIIL.1 is strongly based on "'Fe high-
resolution measurements. Specifically, in the energy range
from 1 to 2.2 MeV the angular distributions correspond to
refitted Kinney e al. [79] "'Fe data. In the energy range
from 2.2 to 4 MeV the angular distributions were taken from
Smith et al. [80] and above 4 MeV neutron incident energy
the distributions are based on calculations performed with the
EMPIRE [81] code. The JEFF-3.3 angular distributions were

adopted by the JEFF-3.0 version which originates from the
EFF-2.4 evaluation, updated by Pronyaev et al. [82]. The same
approach as the one in ENDF/B-VIII.1 was followed, i.e., the
high-resolution data from ORELA by Kinney et al. [79] were
used up to 2.5 MeV. These data are given in 1-keV steps, were
converted into relative Legendre coefficients, and the resulting
coefficients oj—aq4 were used to create the file that correctly
describes the fine structure of the elastic scattering angular
distribution in the unresolved resonance range. In the energy
region 2.5-4 MeV the data from ANL by Smith et al. [80]
were used, and for energies above 4 MeV the evaluation is
based on theoretical calculations. There is a relatively good
agreement between experimental and evaluated values over
the whole neutron energy range. Especially in the 1-3-MeV
energy region, where the angular distributions are fluctuating
a lot, the agreement between experiment and evaluations,
both in cross-section behavior and/or trend and magnitude,
is very good within the uncertainties. In the case of the 58.3°
detection angle above 4 MeV, the experimental cross section is
systematically higher than the values proposed by the evalu-
ations. Similar behavior of the cross section in this detection
angle has been observed in previous measurements on iron,
"Fe in Ref. [50] and *Fe in Ref. [59], making this the
third measurement of iron where discrepancies have been ob-
served in this detection angle, suggesting possible issues in the
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FIG. 9. Comparison of differential cross sections of neutron elastic scattering on **Fe as a function of the cosine of the scattering angle 6,
with data available in the EXFOR [17] library and the angular distributions provided in the JEFF-3.3 [77] and ENDF/B-VIII.1 [16] evaluations.
Six 10-ns TOF intervals have been selected. The corresponding incident neutron energy is reported in each graph.

evaluated angular distributions of iron. The total uncertainties
of the differential cross sections vary from 3% to 20%, and
are mainly generated from the duration of the experiments and
their related statistics.

In Fig. 9, the differential cross section is presented as a
function of cos 6 and compared with data from the EXFOR
library, as well as angular distributions from the JEFF-3.3 and
ENDEF/B-VIIIL.1 evaluations. Six 10-ns time-of-flight intervals
were selected to cover most of the neutron energies reported
in EXFOR (Table I) within the 1-8-MeV range. Overall, the
results of this study show good agreement with previously
published experimental data, particularly aligning with the
recent measurements by Ramirez et al. [25] using quasi-
monoenergetic neutron beams. For neutron energies below
3 MeV [see Figs. 9(a) and 9(b)], although the evaluations fol-
low a similar trend, discrepancies in cross-section magnitudes
are observed. At higher energies, JEFF-3.3 appears to better
reproduce the experimental results compared to ENDF/B-
VIII.1, showing consistency with both this work and most of
the EXFOR data.

Upon extracting the differential cross sections for elas-
tic scattering, the corresponding Legendre coefficients were
also calculated. To achieve this, the cross sections were
transformed from the laboratory frame to the center-of-mass
frame, and fitted using the following Legendre polynomial
expansion:

d
T (En0) = 3" c(En)P (cos ), )
1=0
where j—g represents the differential cross section in the

center-of-mass frame, «; are the Legendre polynomial coef-
ficients treated as free parameters in the fit, and P, are the

corresponding Legendre polynomials. The maximum value of
I was determined by requiring that the 2/ NDF (number of
degrees of freedom) of the fit did not decrease upon increas-
ing the order from / to / 4+ 1. The complete set of extracted
Legendre coefficients is provided in Appendix. The results
of this fitting process are shown in Fig. 10, for four selected
incident neutron energies. From the fitted coefficients, the
mean anisotropy & was also calculated to characterize the
angular distribution. This quantity provides a compact and
meaningful representation of the scattering angle distribution,
indicating the average cosine of the scattering angle in the
center-of-mass frame. It is especially relevant in neutron trans-
port calculations, where 1t influences the balance between
forward and backward scattering. In the evaluated nuclear data
file, the angular distributions in the center-of-mass frame are
reconstructed using the following expression:

I=n

21 +1
Fu B = Y S AiEDR(R) ®)

=0

in which §; are the normalized Legendre coefficients with
Bo = 1.0. Based on Eq. (8), the mean anisotropy is given by

1
_ / Flus Eppdp = Bi(Ey). ©)
-1

The calculated experimental mean anisotropy is presented in
Fig. 11 along with the mean anisotropies from the JEFF-3.3
and ENDF/B-VIII.1 evaluations folded with the experimental
energy resolution. It is observed that at low energies, be-
low 2 MeV, the experimental anisotropy of this work is in
very good agreement with JEFF-3.3, while ENDF/B-VIIL.O
suggests lower values. However, as the energy increases, the
mean anisotropy of ENDF/B-VIIL.O seems to more closely
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FIG. 10. Angular distributions of neutron elastic scattering on **Fe for 1.5-, 2.5-, 3.5-, and 4.5-MeV incident neutron energies along with

their corresponding Legendre polynomial fits.

follow the experimental trend. From 4 MeV and above, the
JEFF-3.3 evaluation shows better agreement with the results
of this work within the uncertainties.

Figure 12 presents the angle-integrated neutron elastic
scattering cross section, comparing the results with data from
the EXFOR library and the JEFF-3.3 and ENDF/B-VIII.1
evaluations, both adjusted for the experimental resolution.
In these evaluations, the elastic cross section is derived by
subtracting all other partial cross sections from the total. To
ensure consistency, the ENDF/B-VIII.1 evaluation was broad-
ened to a 0.3% resolution, aligning well with Kinney et al.
[19] in the 4-8-MeV range. Above the resonance region, up

to 10 MeV, both evaluations adopt the JEFF-3.2 total cross
section, based on the Vonach-Tagesen model with fluctuation
corrections from Berthold ef al. [83], including adjustments
for minor isotopes. Despite following the same approach
for deriving the total cross section, discrepancies between
JEFF-3.3 and ENDF/B-VIIIL.1 appear in their elastic cross
sections due to differences in the estimation and subtraction
of the nonelastic contributions. The results of this study align
well, within uncertainties, with previous experimental data
available in EXFOR, especially with the recent measurements
by Ramirez et al. [25]. In the 1-3-MeV fluctuating region,
the present results follow a similar trend to the evaluations,
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FIG. 11. Comparison of the experimental mean anisotropy it as a function of neutron incident energy with the corresponding values from
the JEFF-3.3 [77] and ENDEF/B-VIIIL.1 [16] evaluated nuclear data libraries. The evaluated distributions have been folded with the experimental

energy resolution to allow for direct comparison.
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FIG. 12. Angle-integrated cross section of neutron elastic scatte
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] and ENDF/B-VIII.1 [16] libraries folded with the experimental energy
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measurement divided by the experimental uncertainty (§o).

though they are slightly higher in some cases. From 4 to
8 MeV, where the evaluations diverge, the results of this work
lie between them, showing better agreement with ENDF/B-
VIIL.1 in the 3-4-MeV range and with JEFF-3.3 between
4 and 8 MeV [see Fig. 12(c)]. The total uncertainty of the
experimental cross section ranges between 3% and 6%.

VI. INELASTIC SCATTERING CROSS SECTION

The angular distributions of neutron inelastic scattering
from the first excited state of *°Fe (0.847 MeV), in the en-
ergy range from 2 to 5 MeV, are presented in Fig. 13. The
cross sections are given with respect to the neutron incident
energy at the eight different detection angles. The results are
compared with the JEFF-3.3 and ENDF/B-VIIIL.1 evaluated
libraries folded with the experimental energy resolution. In the
evaluated datasets, from the inelastic scattering threshold up
to 4 MeV neutron incident energy, fluctuations were imposed
in the angular distributions of the first and the second excited
states of °Fe based on the total inelastic scattering cross
section data by Dupont et al. [84] and Negret et al. [47]. Above
4 MeV neutron incident energy the angular distributions of
both evaluations are based on statistical model calculations. In
most of the detection angles the measured values are slightly
higher than the ones provided by the JEFF-3.3 and ENDF/B-
VIIIL.1 evaluations over the whole neutron energy range. In
comparison to the evaluations, the better agreement within the

experimental uncertainties is observed with ENDF/B-VIII.1.
The highest statistical uncertainties occur in the data of the
two forward detectors, primarily due to the opposing behav-
ior of the cross sections at these angles. While the elastic
scattering cross section increases and becomes the dominant
reaction, the inelastic component decreases. For these two
detection angles, near the 2-MeV threshold in the present
measurement, the cross sections appear to be significantly
underestimated compared to the evaluations. Given that the
inelastic scattering in these angles corresponds to a small
portion of the light output distribution [see Figs. 4(d) and
4(h)] in this energy region, a study was conducted to assess
the impact of the response function model parameters on the
final results. Based on this analysis, the associated uncertain-
ties were adjusted accordingly. The total uncertainties range
from 5% to 35%. Reducing these uncertainties would require
significantly longer measurement times.

In Fig. 14 the differential inelastic scattering cross sec-
tions are presented as a function of the cosine of the detection
angle 6, and compared with the majority of data available in
the literature in the overlapping energy region and the JEFF-
3.3 and ENDF/B-VIII.1 evaluations. Six 10-ns TOF intervals
have been selected, covering a big part of the incident neu-
tron energies that have been measured in other experiments
reported in EXFOR (Table II). Based on Fig. 14 issues are
observed in the current state of the angular distributions of
neutron inelastic scattering on °Fe. Discrepancies between
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FIG. 13. Differential cross sections of neutron inelastic scattering from the first excited state of *°Fe as a function of the incident neutron
energy at the eight detection angles. The experimental cross sections are compared with the evaluated values provided by the JEFF-3.3 [77]

T T
This work —e— |

JEFF-3.3 —

,, ENDF/B-VIIL1 — i

(b) 142.8°

and ENDF/B-VIII.1 [16] libraries folded with the experimental energy resolution.

200 T T T 200 T T T 150 T T T
B Tomita (1973) | B Cranberg (1956) - | Korzh (1977)
JEFF-3.3 — Tsukada (1969) - Salama (1981) + -
150} ENDF/B-viIl.L — 7 150F 1 100k |
- l This work @ 1 %
100 ¢ ° .
o q G 5 50 VvV v ALY
Lsoffvy vy "V v 47 o 4 [ |
£ T (a) E,=2.0MeV (c) E,=3.0MeV
G 1 1 1 1 1 1
2 . . 100 . . . 75 . . .
_8 Schweitzer (1978) | 1 Kinney (1968) -+
100k Ramirez (2017) i i 7
Pirovano (2019) ©
r (e) E,=4.0MeV
1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos(0)

FIG. 14. Comparison of differential cross sections of neutron inelastic scattering from the first excited state of *°Fe as a function of the
cosine of the scattering angle 6, with data available in the EXFOR [17] library and the angular distributions provided in the JEFF-3.3 [77] and
ENDEF/B-VIIIL.1 [16] evaluations. Six 10-ns TOF intervals have been selected. The corresponding incident neutron energy is reported in each
graph. To optimize the visual clarity of the figure, each dataset or evaluation is labeled in only one of the subplots.
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FIG. 15. Angle-integrated cross section of neutron inelastic scattering from the first excited state of 3Fe as a function of the incident
neutron energy compared with the data available in the EXFOR library [17], and the JEFF-3.3 [77] and ENDF/B-VIII.1 [16] libraries folded
with the experimental energy resolution. Experiments where the y ray from the deexcitation of the first excited state is detected are labeled
with “—9”, whereas those where the neutron is detected are labeled with “—n”.

the two evaluations, but also between different experiments,
are noted. The results of this work are in agreement in some
cases with values reported in other experiments. For the 10-ns
TOF intervals that correspond to neutron incident energies
below 3 MeV the evaluations clearly deviate from the major-
ity of the experimental cross sections. In the energies above
3 MeV there is a relatively better agreement between eval-
uations and experiments, including the results of this work,
although it is clear that further investigation is needed to
assess the quality of both the evaluated and the experimental
angular distributions in this energy region.

The results of the angle-integrated neutron inelastic scat-
tering cross section from the first excited state of Fe are
presented in Fig. 15 in the energy range from 2 to 5 MeV. The
results are compared with the data available in the literature,
and the JEFF-3.3 and ENDF/B-VIII.1 evaluations folded with
the experimental energy resolution. The total uncertainty of
the cross section varies between 5% and 16%. There is a
good agreement within uncertainties with the ENDF/B-VIII.1
evaluation in the energy range from 2 to 3 MeV. The JEFF-3.3
evaluation seems to support a lower cross section over the
whole neutron energy region in contrast with the majority
of the experimental data in EXFOR. In comparison with the
data available in the literature, there is an overall good agree-
ment within uncertainty with almost all other experiments.
It is important to mention that the results of this work are
in agreement within uncertainty with the most recent exper-
iments performed by Vanhoy ef al. [49] and Ramirez et al.
[25] using quasimononergetic beams at the tandem facility of
the University of Kentucky, with the data of Beyer et al. [48]
from an experiment that was performed at the nELBE facility,
but also with another high-resolution measurement performed
at GELINA by Negret et al. [47] using y spectrometry by
employing the GAINS spectrometer.

In addition to the partial inelastic scattering cross sec-
tion from the first excited state, an effort was made to extract
information from the second excited state as well. Similar to

the calculation of the inelastic scattering from the first excited
state, the yields that correspond to the inelastic scattering from
the second level were extracted by subtracting the contribu-
tions of elastic and inelastic scattering from the first level
(see Fig. 4), which significantly increased the uncertainties
of the resulting cross sections. In the end, partial inelastic
scattering cross sections from the second excited state of
3Fe (2.0851 MeV) were produced in the energy range from
3 to 6 MeV, although the uncertainties of these results are
considerably high, especially for the angular distributions of
the forward angles. The angular distributions in the energy
range from 3 to 6 MeV are presented in Fig. 16. The total
uncertainties range from 10% to 70%. The cross sections are
given with respect to the neutron incident energy at the eight
different detection angles. The results are compared with the
JEFF-3.3 and ENDF/B-VIII.1 evaluated libraries folded with
the experimental energy resolution. In most of the detection
angles the results are in agreement with the evaluations within
the uncertainties. In some angles (100.6°, 79.4°, 58.3°) above
4-MeV neutron incident energies the results of this work are
systematically higher than the evaluations.

In Fig. 17 the differential inelastic scattering cross sec-
tions are presented as a function of the cosine of the detection
angle 6 and compared with the few experimental data avail-
able in the literature (see Table III) in the overlapping energy
region and the JEFF-3.3 and ENDF/B-VIII.1 evaluations. In
the 10-ns interval, that corresponds to 3.25 MeV neutron
incident energy [Fig. 17(a)], ENDF/B-VIIL.1 seems to follow
the data of Tsukada et al. [36], while the results of the present
work are in better agreement with the JEFF-3.3 evaluation. In
the two remaining 10-ns TOF intervals only data by Boschung
et al. [20] are available for neutron incident energies at 5.05
and 5.58 MeV. In those cases, the results of this work suggest
higher cross sections in comparison to the data of Boschung
and both the evaluations.

The angle-integrated neutron inelastic scattering cross sec-
tion from the second level of **Fe is presented in Fig. 18 in the
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FIG. 16. Differential cross sections of neutron inelastic scattering from the second excited state of *°Fe as a function of the incident neutron
energy at the eight detection angles. The experimental cross sections are compared with the evaluated values provided by the JEFF-3.3 [77]
and ENDF/B-VIIIL.1 [16] libraries folded with the experimental energy resolution.

energy range from 3 to 6 MeV. The data are compared with the
experimental cross sections available in the EXFOR library,
and the JEFF-3.3 and ENDF/B-VIII.1 evaluations folded with
the experimental energy resolution. The total uncertainty of
the cross section varies between 20% and 45%. An agreement
within uncertainties with the ENDF/B-VIIL.1 evaluation in
the energy range from 3 to 4 MeV is observed, while the

JEFF-3.3 evaluation seem to support a lower cross section in
this region. Above 4 MeV, JEFF-3.3 supports a higher cross
section than ENDF/B-VIIIL.1, although both evaluations are
underestimated in comparison with the results of the present
work. In comparison with the data available in EXFOR, there
is an overall good agreement within uncertainty with almost
all other experiments, even though the present results seem to
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FIG. 17. Comparison of differential cross sections of neutron inelastic scattering from the second excited state of **Fe as a function of the
cosine of the scattering angle 6, with data available in the EXFOR [17] library and the angular distributions provided in the JEFF-3.3 [77]
and ENDF/B-VIII.1 [16] evaluations. Three 10-ns TOF intervals have been selected. The corresponding incident neutron energy is reported in

each graph.
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FIG. 18. Angle-integrated cross section of neutron inelastic scattering from the second excited state of *°Fe as a function of the neutron
incident energy compared with data available in the EXFOR library [17], and the JEFF-3.3 [77] and ENDF/B-VIIL.1 evaluations [16].
Experiments where the y ray from the deexcitation of the second excited state is detected are labeled with “—y”, whereas those where

the neutron is detected are labeled with “—n”.

have the highest uncertainties compared to the cross sections
from other experiments. Similar to the results from the first
excited state, there is a good agreement within uncertainty
with the most recent data by Vanhoy et al. [49] and Ramirez
et al. [25], with the data of Beyer et al. [48], and also with the
high-resolution data of Negret et al. [47], although in absolute
values the present cross sections are systematically higher.

VII. TOTAL CROSS SECTION

Considering the overlapping energy region between the
1-8-MeV elastic scattering cross section, the 2—5-MeV partial
inelastic scattering cross section from the first excited state,
and the 3-6-MeV partial inelastic scattering from the second
excited state that were extracted from the present experiment,
there are some tests that can be made to validate the quality of
the results. In the present work, the narrow energy region from
2 to 2.5 MeV was chosen to compare the results with the total
cross section of °Fe. Taking into account the different reac-
tion channels open in this energy region (see Fig. 19), the two
dominant reaction mechanisms are the elastic scattering and
the inelastic scattering from the first excited state. Other reac-
tion channels are open in this region too, specifically the (n, y)
and (n, n5), but their contribution to the total cross section was
considered negligible in this test since the cross section of
these reactions in this energy region is almost two orders
of magnitude lower than the elastic scattering cross section.
Nevertheless, the contribution of the (n, y) reaction, although
negligible, was taken from the JEFF-3.3 evaluation and was
added with the elastic and inelastic scattering cross sections of
the present work. The extracted total cross section of “°Fe in
the energy region from 2 to 2.5 MeV is presented in Fig. 20
along with the total cross sections reported in the EXFOR
library by Harvey et al. [85] and Cornelis et al. [86], and
the JEFF-3.3 and ENDF/B-VIII.1 evaluations folded with the
experimental energy resolution. As mentioned above, both
ENDF/B-VIIIL.1 and JEFF-3.3 evaluations of the total cross

section are based on the Berthold et al. [83] " Fe transmission
data, corrected for the contribution of the minor isotopes;
thus, the resulting cross sections from both evaluations are
identical. It is observed that the results of this work are in
relatively good agreement within uncertainty with the data of
Harvey et al. [85] and Cornelis et al. [86] above 2.25 MeV
neutron incident energy, experiments which were performed
with enriched *°Fe samples. The total cross section of this
work is underestimated over the whole neutron energy range
by the evaluated cross sections, with limited agreement within
uncertainties in the energy range above 2.2 MeV.

VIII. THEORETICAL CALCULATIONS

The results of this work are compared with theoretical
reaction calculations carried out using the TALYS 1.9 [87,88]

102 — — ——
(n,n) — (n,n'3)
(n,n'y) (n,y)
10t (n.n'y) —  (np) — |
510° ) -
9]
b
01071
w0
e
]
1072
103 | |
1 2

FIG. 19. JEFF-3.3 [77] cross sections of the different reaction
channels open in the 1 to 8 MeV energy region for Fe. The red
lines illustrate the energy region in which the experimental total cross
section was calculated.
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FIG. 20. Total cross section of Fe as a function of the incident neutron energy compared with the data available in the EXFOR library
[17], and the JEFF-3.3 [77] and ENDF/B-VIIIL.1 [16] libraries all folded with the experimental energy resolution.

code. The objective of these calculations is to evaluate the
predictive limitations of the statistical models, particularly in
the neutron energy range covered by the ELISA spectrometer
(1-8 MeV), by performing calculations on the one hand using
exclusively default parameters and on the other hand using
parameters determined from microscopic models. It should
be emphasized that in all calculations none of the parameters
were fitted on the present data. The calculations covered a
neutron incident energy range from 100 keV to 20 MeV.

The “TALYS def.” calculation was conducted using the
default parameters of the code. The optical model was based
on the Koning-Delaroche potential [13], while discrete level
information was taken from the Reference Input Parameter
Library (RIPL-3) [89]. For levels with unknown spin, parity,
or branching ratios, the code assigned values based on statisti-
cal rules. The level density was described using the default
Constant-Temperature Model (CTM) introduced by Gilbert
and Cameron [90], and the y decay was modeled using the
phenomenological y-strength function by Kopecky and Uhl
[91].

In the “TALYS mic.1-2” calculations, the semimicro-
scopic spherical optical model potential developed by Bauge
et al. [92] was employed. The level density was described
using the latest microscopic approach based on Hartree-
Fock-Bogoliubov calculations with the Gogny force [93].
For the y-ray strength functions, the Gogny-Hartree-Fock-
Bogoliubov model was applied, utilizing the DIM version
of the Gogny force [94]. The distinction between the two
microscopic calculations, “mic.1” and “mic.2”, lies in the nor-
malization factor of the optical model’s imaginary potential.
While “mic.1” uses the default value, “mic.2” incorporates an
energy-dependent factor, specifically recommended for neu-
tron energies below 1 MeV.

Figure 21 presents the theoretical calculations for the to-
tal, elastic, inelastic, and (n,p) reaction cross sections of
3Fe, compared with the results of this work and existing
experimental data. To facilitate comparison, the total cross-
section measurements were averaged over 100-keV energy
bins. For the *°Fe(n,tot) reaction [Fig. 21(a)], the calculations

are compared against the high-resolution measurements of
Harvey et al. [85] and Cornelis et al. [86]. Below 4 MeV
neutron energy, only the microscopic calculations show
reasonable agreement with experimental values. Above this
energy, the “TALYS def.” calculation provides a better match
to the data, while the microscopic models deviate more sig-
nificantly in magnitude. Notably, only at neutron energies
exceeding 14 MeV does the “TALYS mic.2” calculation con-
verge with the Cornelis et al. data.

In Fig. 21(b), the calculated elastic scattering cross sec-
tions are compared with the results of this work and data
from the EXFOR library. Below 2 MeV, the theoretical models
predict higher cross sections than those obtained in this study.
Between 2 and 8 MeV, the “TALYS def.” calculation agrees
with the experimental data within uncertainties, whereas the
microscopic models perform poorly in this energy range.
Above 8 MeV, “TALYS def.” continues to align well with
both the trend and magnitude of the sparse experimental data
available, while the microscopic calculations appear signifi-
cantly underestimated. For inelastic scattering cross sections,
both total [Fig. 21(c)] and partial [Figs. 21(e) and 21(f)],
the theoretical predictions follow the general trend of the
experimental data. However, in the total inelastic cross sec-
tion, the calculations yield higher values than the EXFOR data
between 6 and 12 MeV, where the cross section reaches its
peak. In the case of partial inelastic scattering from the first
excited state of *°Fe, good agreement is observed between the
theoretical models, the present results, and literature data over
the whole energy region, while for the second excited state
the calculations agree well with the data in EXFOR and the
results of the present work within uncertainties.

For the (n,p) reaction [Fig. 21(d)], the calculated cross
sections are compared with experimental data from the EX-
FOR library [95-142] and the IRDFF-II evaluation [143], as
3Fe(n,p) is considered a dosimetry standard reaction. The
microscopic calculations show good agreement with the ex-
perimental data up to 10 MeV but underestimate the cross
section by up to 50% at higher energies. Meanwhile, the
“TALYS def.” calculation follows the overall trend of the
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FIG. 21. Comparison between the theoretical calculations of TALYS [87,88] using different sets of parameters and the available experimental
data in the literature for the °Fe total, elastic, inelastic, and (, p) reaction cross sections. The elastic and inelastic scattering data from this
work are also included in the graphs. For the **Fe(n, ) and **Fe(n, 1) reaction cross sections, subplots are included focused on the neutron

energy regions studied in this work.

IRDFF-II evaluation but overestimates the cross section be-
tween 7 and 12 MeV and underestimates it in the 16-20iMeV
range.

IX. CONCLUSIONS

A new experiment was conducted at GELINA to mea-
sure neutron angular distributions and cross sections for
the ®Fe(n, n) and *°Fe(n, n’) reactions in the fast neutron
energy range. The ELISA spectrometer, consisting of 32
liquid organic scintillators, was used for neutron detection.
The analysis procedure included response function model-
ing for each detector, pulse-shape discrimination, background
subtraction, elastic and inelastic separation via kinematic cal-
culations, multiple scattering corrections, and neutron fluence
determination. The methodology was validated by success-
fully reproducing the well-known "C(n, n) reaction cross
section. The final results were compared with available EX-

FOR experimental data and the JEFF-3.3 and ENDF/B-VIII. 1
evaluations.

For elastic scattering, this work provides the first high-
resolution dataset in the 1-8-MeV range. The Legendre
coefficients were extracted to characterize the angular dis-
tributions. The uncertainties range from 3% to 20% for the
differential cross section and from 3% to 6% for the angle-
integrated cross section. The results are in overall agreement
with JEFF-3.3, ENDF/B-VIIIL.1, and previous experimental
data above 2 MeV. For inelastic scattering, cross sections were
obtained for both the first and second excited states. The
first excited state results cover the 2.0-5.0-MeV range, with
uncertainties from 3% to 35% for the differential cross sec-
tion and 6% to 20% for the angle-integrated cross section.
The second excited state results range from 3.0 to 6.0 MeV,
with uncertainties from 10% to 70% for the differential cross
section and 20% to 45% for the angle-integrated cross section.
Forward angles exhibit higher uncertainties due to the compet-
ing elastic and inelastic cross sections. While the differential
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cross sections are slightly higher than ENDF/B-VIIL.1, the
angle-integrated results align well with JEFF-3.3 and theoreti-
cal predictions up to 4 MeV. Additionally, an estimation of the
total cross section was extracted in the 2-2.5-MeV range, fur-
ther validating the results. Finally, the results were compared
with theoretical calculations from TALYS 1.9. The “TALYS
def” calculation demonstrates good agreement with experi-
mental data, particularly for elastic and total cross sections.
Microscopic models (“TALYS mic.1-2”) tend to underesti-
mate the cross section in certain energy ranges, emphasizing
the need for further refinements in nuclear reaction model-
ing. This comparison with theoretical predictions using talys
highlights the limitations of these models in accurately repro-
ducing neutron scattering cross sections, particularly within
the energy range covered by the ELISA spectrometer, rein-
forcing the importance of precise experimental data.
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DATA AVAILABILITY

All the data produced from this work will become available
via the EXFOR (Experimental Nuclear Reaction Data) library.

APPENDIX: LEGENDRE COEFFICIENTS

The extracted Legendre polynomial coefficients are given
in Table VII. The values are in millibarns per steradian for the
center-of-mass frame. The corresponding uncertainty of each
value originates from the fit of Eq. (7) to the experimental
data. The integrated cross section can also be calculated via
4mag. The reported incident neutron energy is in the labora-
tory system.

044603-18



DOUBLE-DIFFERENTIAL-CROSS-SECTION ... PHYSICAL REVIEW C 112, 044603 (2025)

TABLE VII. Legendre polynomial coefficients in millibarns per steradian for the center-of-mass system. The incident neutron energies are
for the laboratory system.

En [o%)) (03] (0%} [0%] (073 Qs (073
1.0099 179 +3 185+7 178 £ 8 62+9 —4+10 20+£9

1.0202 120+ 4 89+8 137£9 27+£10

1.0307 195+5 11+10 150 £ 12

1.0414 267+ 6 154 £13 226 + 14

1.0522 226 £9 220 £ 18 169 £ 18

1.0632 236 £6 213+ 12 253 +£12

1.0744 201 +4 219+8 266 £9 53+9 —28+9

1.0858 152 4+2 176 £ 4 186 £ 5 46+ 4

1.0973 140 +£2 151 +4 138 £5 26£5 —8+£5

1.1090 129+ 1 100 +£3 144£3 44+3

1.1209 193 +3 115+7 233 +£8 7248

1.1330 17143 115+5 193+ 6 92+6

1.1453 170 +3 117+7 191+8 49+9 28 £10 8§+11 —15+12
1.1578 147+2 94 +£5 194£5 44+6

1.1705 134 +3 4+6 179 +£7

1.1834 179 £3 66 + 6 206 +7 72 +8 418 13+10

1.1966 153+ 6 55+12 188 + 14

1.2099 188 £ 12 53+23 224 + 30

1.2235 219+2 71+4 270+ 5 92+5 122+ 6 15+7 —224+7
1.2373 220+5 87£10 242+ 12 166 £ 14 65+ 13

1.2513 227+£5 61 £10 264 + 11 76+ 13 22+ 14

1.2656 237+£5 89+ 11 268 £13 66 £ 15 29 £ 16 18+ 17

1.2802 243 £6 179 £ 14 338 £ 17 70 £ 18 70 £ 18

1.2949 203 £4 161+ 8 283 £ 10 92+£10 14+11

1.3100 175 +3 65+£6 223 +7 69£8 35+8

1.3253 256 £ 6 161 + 12 274 £ 14 65+ 15 56 £ 16

1.3408 226 £6 240 £ 12 246 £+ 14 71+£12

1.3567 177+ 4 211+8 238+9 59+8

1.3728 144 £ 1 107 £3 225+3 45+3 24+3

1.3892 190 £7 158 + 16 307 £ 18 98+ 19 56+ 19

1.4059 159+3 806 208 +7 737 79+8

1.4230 186 + 4 38+8 227+ 10 87+ 11 23+11

1.4403 224 +£6 76 £12 287+ 13 95+ 15

1.4579 258 +9 319+ 19 356 £22 102 £22 26 +22

1.4759 178 £ 6 260 £+ 13 297+ 15 139+ 15 34+ 14

1.4942 123 +3 103 +7 171£8 96 £9 21+9

1.5129 157+ 4 81+8 201+9 90 £ 10

1.5319 228 £4 147+ 8 294 £ 10 116 £ 11 21£11

1.5513 253 £5 272+ 12 379 £ 12 99 +£11

1.5710 176 =4 216 £ 10 283 £ 11 117 £ 11 22+11

1.5911 174 £3 150 +7 233 +8 86+9 19+9

1.6116 200+ 1 207 £ 1 272 £2 105 +2 38+2

1.6325 179+ 1 1811 251+ 1 148 + 1 45+ 1 7+1

1.6538 168 £ 1 154 +£3 238+ 4 135+ 4 52+4 6E5 —14+£5
1.6756 205+2 232+£5 3185 156 £ 6 74+ 6

1.6977 175+ 1 152+£3 24243 144 +3 29+3 —5%£3

1.7203 156 £ 1 142 £3 2113 93+4 13+4

1.7434 181 +1 135+2 253 +3 114 +3 54+3 6t4

1.7669 188+ 1 165+ 1 239+ 1 150+ 1 53+1 1+1 —1+1
1.7909 175+£2 153+ 4 256 +5 113+5 275

1.8154 165+ 1 128+ 1 219+1 84+£2 4+2 3+2 —3+2
1.8405 1831 165 +2 246 £3 60 £3 11+£3

1.8660 186 +2 163 +4 283 +5 131+6 79+6 13+7 —8+7
1.8921 171+ 1 146 +2 272 +£2 146 +2 62 +2

1.9187 225+1 148 +£2 407 £2 125+2 78+2 3+2

1.9459 213 £2 276 £5 406 £ 6 215+£6 106 £ 6 11£5

1.9736 178 £2 133+ 4 2735 1676 725

2.0020 203 +£2 189 +£5 269+ 6 184 7 62+6

2.0310 219+2 2915 372+ 6 1916 50+6 86 —-8+6
2.0606 200+ 1 255+2 3272 180 +£2 51+£2

2.0909 196 +£3 280+7 314+ 8 165+ 38 53+7

2.1218 183 +1 258 +£3 310+ 4 149+ 4 4943
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TABLE VII. (Continued.)

E, o o o) o3 oy o5 o
2.1534 180+ 1 247 +2 32743 158 +3 60+3 6+2

2.1858 175+ 1 205+3 306 +3 183 +3 63+3

2.2189 180 £ 4 219+9 300+ 11 207 £12 68+ 11 18+ 10

2.2527 158 + 1 172 +2 259 +2 164 +2 64 +2 442

2.2874 179 +3 210+ 7 297 +£8 186 +9 85+8 12+8

2.3228 193 £2 186 £5 315+7 239+7 113+7 9+9 —14+9
2.3590 183 +2 192 +3 282 +4 204 +4 91+4

2.3962 205+3 2334+7 32949 2454+9 117+£8 13£8

2.4342 204 £2 238+ 5 352+6 211 +£7 107+ 6 10+6

2.4731 21543 263 +7 385+9 246 +9 143 £8 234+7

2.5129 214 +2 263 +4 37245 251+5 126 £ 4

2.5538 24143 342+ 6 461 +7 31417 159+6

2.5956 217£2 336 £4 425+5 294 +£4 116 £3

2.6385 186 6 237+ 14 335+ 17 251+ 17 116 £ 15

2.6824 207 £5 280 +£ 12 362+ 13 258 + 14 98 £ 12

2.7275 211+£5 297 £ 12 378 £ 14 305+ 14 131 £ 11

2.7737 195+7 277 £ 17 357 £20 284 +20 131 +£17

2.8211 189 +5 255+ 12 350+ 13 255+ 14 106 + 12

2.8697 189+ 5 294 £ 13 360 + 15 270 + 14 106 £+ 12

29195 184 + 1 265 +2 364 +2 208 +2 155+2 39+2 27+2
2.9707 1815 257 £ 12 333+ 14 268 + 12 128 £ 11

3.0233 196 £ 6 271 £13 347+ 16 277 £ 16 127 £ 13

3.0773 195+ 6 296 + 14 369 + 16 271+ 16 112+ 13

3.1327 196 + 4 31249 395+ 11 337 +£12 177 £ 11 58+ 11 34+ 10
3.1896 185+ 7 292 £ 16 355+ 19 310+ 19 151+ 14

3.2481 184 +4 309 £ 10 370 £ 11 205+ 11 124 4+9

3.3083 178 £ 2 2908 +4 365+5 306 £5 143 £5 31+5 16 +4
3.3701 180+ 3 280+ 6 372+8 304 £9 148 £8 33+8 22+7
3.4337 176 £ 7 290 + 17 346 £+ 20 277 £ 19 126 £ 15

3.4991 179+ 4 311£9 364+ 11 306 £ 12 158 £ 11 31+11 18+9
3.5664 167 £1 283 +3 341+4 304+ 5 157+ 4 4+ 4 24 +4
3.6356 178 £ 2 299 +5 370 +£7 326+7 188 +7 53+7 29+6
3.7069 175+ 8 294 + 17 349 £ 21 326 £21 176 £ 16

3.7803 181 £1 315+£1 399+ 1 362+ 1 203+ 1 61 +1 2041
3.8560 189+ 1 343 £3 420+ 4 380+ 4 208 £3 55+3 30+3
3.9339 181 +3 3317 412+9 366 £9 21249 60+9 29+ 7
4.0142 180 £2 346 £ 5 424 +17 371 £7 2317 73+6 38+5
4.0970 193 +2 380+5 470 +7 415+7 266 + 6 78+ 6 35+5
4.1824 183 +3 355+8 430+ 11 393 £ 11 243 £ 10 75£10 32+8
4.2705 184 +4 356 £ 10 439 + 14 411+ 14 262 + 13 95+13 44 £ 10
4.3614 187+ 4 369+ 9 448 + 12 408 £ 13 255+ 11 88+ 11 37+9
4.4553 181 +3 351£9 434 + 12 408 £ 12 254 + 11 89+ 11 39+9
4.5522 190+ 3 375+7 470 + 10 431 +10 283 +9 97+9 40+£7
4.6523 185+3 376 £7 471+9 440+9 297 £8 114+ 8 52+6
4.7558 184 +3 378 +£7 475 + 10 440 + 10 291 +9 114+ 8 46+ 6
4.8628 186+ 6 386 £ 15 480 + 20 442 +20 290 + 18 105+ 17 40+ 13
4.9735 181 +3 381+9 479 £ 12 438 £ 12 299 £ 10 121 £ 10 52+8
5.0879 178 £7 386 + 18 481 +24 443 +24 311 +£22 134+ 19 48 + 14
5.2064 182+ 6 396 + 17 493 +22 459 +£22 319 £20 144 + 18 51+£13
5.3291 183+ 6 401 £ 15 500 £ 20 465 £ 20 321+ 18 145t 16 53+12
5.4562 178 £ 9 392 +22 499 + 30 462 £+ 30 333 +27 146 + 24 55+ 18
5.5879 178 £7 399 + 17 504 +23 469 +24 337 +£21 156 + 19 59+ 14
5.7245 171 + 14 384 + 36 487 £ 49 453 £50 326 £ 44 145 £ 40 51431
5.8661 169 + 12 377 £ 30 488 + 41 457 £ 41 343 + 36 169 + 33 68 +25
6.0131 168 + 17 379 £43 482 + 58 453 +£59 334 +£52 167 £ 47 61 £35
6.1656 167 £ 15 381 £ 38 491 £ 52 459 +53 344 + 47 176 43 65+ 32
6.3241 168 + 16 384 +43 498 £+ 58 472 £59 357 +£52 187 £ 47 72 £35
6.4888 163+ 19 374 £ 50 488 + 67 464 + 68 367 £ 63 193 £ 55 75 £ 40
6.6601 166 £ 17 382 +44 502 + 59 476 + 61 373 +£54 202 + 47 89 + 35
6.8382 163 £ 22 373 £56 492 +76 468 + 78 371 £ 71 201 + 62 86 £ 46
7.0236 160 + 23 369 £+ 60 486 + 82 453+ 83 356 £ 75 185 + 66 78 £49
7.2167 154 +22 356 £ 58 468 + 80 439 £+ 82 346 +£ 76 187 + 68 83 +50
7.4179 154 £25 355+ 66 472 +90 438 £92 352 + 88 192 +78 78 £59
7.6276 152 + 25 348 + 64 468 + 87 436 +90 359 + 87 205 £ 76 88 + 58
7.8465 153+ 24 348 £ 61 474 + 83 450 + 87 369 + 83 214+ 73 101 £ 57
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