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Angular distribution measurements of neutron elastic scattering on natural carbon
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The angular distributions of neutron elastic scattering on natural carbon were studied in the fast neutron
energy region between 1 and 8 MeV. The experiments were carried out at the white neutron source of the
Geel Electron Linear Accelerator (GELINA) facility by using thin and thick natural carbon samples. This work
demonstrates the need for using thin samples to avoid strong multiple scattering effects. Neutrons and γ rays
from scattering were detected using the ELastic and Inelastic Scattering Array (ELISA), a setup consisting of
32 liquid organic scintillators. The n-γ separation was achieved via pulse-shape analysis. For each sample a
different approach in methodology is studied, one based on a global response function model and another one
based on a per-detector model. The detectors are placed at eight different detection angles between 16◦ and 164◦

with respect to the neutron beam direction, allowing the simultaneous calculation of both the differential and the
integral cross section by implementing the Gauss-Legendre quadrature rule. The neutron flux was measured with
a 235U ionization chamber. The angular distributions were extracted relative to the 235U(n, f ) cross section. The
results are compared with other experimental data available in the EXFOR library, along with the most recent
nuclear data evaluations. The angle-integrated cross sections are in excellent agreement with the nuclear data
evaluations and for the angular distributions, ENDF/B-VIII.0 is better reproducing the experimental data in all
eight detection angles.

DOI: 10.1103/PhysRevC.110.034609

I. INTRODUCTION

Carbon is an important material, present in a broad spec-
trum of nuclear technology applications. In nuclear reactors,
graphite is used as moderator and reflector due to its excellent
neutron scattering properties and high thermal conductivity.
Additionally, carbon fiber-reinforced materials are considered
an attractive choice for use in structural components of next-
generation reactors [1–3]. Therefore, accurate neutron data
are essential for the design, safe operation, and development
of advanced reactor systems, especially in the energy region
from hundreds of keV to few MeV.

In many laboratories, measurements of the cross section of
neutron elastic scattering by carbon are used to calibrate
detectors, monitor their stability, and validate experimental
results. It is well matched for such applications because the
cross section is reliably known with an uncertainty below
1% up to 4.8 MeV incident neutron energy. Furthermore, the
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differential cross section is proposed as a standard by the
IAEA, for neutron energies below 1.8 MeV [4].

When it comes to the nuclear data evaluations of carbon,
two different approaches have been adopted in the recent
years. In the JEFF-3.3 evaluated library [5], released in 2017,
only one file that corresponds to the elemental cross section is
available, based on the ENDF/B-VI.1 evaluation by Fu [6,7]
for incident neutron energies below 20 MeV. In the ENDF/B-
VIII.0 library [8], released in 2018, separate files for the
isotopic description of the cross section for both 12C (98.94%)
and 13C (1.06%) are provided. This is the first ENDF/B ver-
sion providing isotopic instead of elemental cross sections for
the case of carbon and it was achieved by performing a de-
tailed R-matrix analysis for the description of the 13C system
using the EDA code [9], resulting in a new evaluation for the
neutron cross sections of 12C at energies below 6.5 MeV [10].
Additionally, changes were made in the Legendre coefficients
that represent the angular distributions of neutron elastic and
inelastic scattering. More recently, the JENDL-5 evaluated
library [11], released in 2021, also provided an evaluation of
both isotopes. The same methodology was followed, perform-
ing an R-matrix analysis for the 13C compound system using
the AMUR code [12] and fitting the experimental total cross
sections up to 4.4 MeV (inelastic scattering threshold). At the
same time, the Legendre coefficients for the elastic scattering
were carefully monitored in order to reproduce experimental

2469-9985/2024/110(3)/034609(11) 034609-1 Published by the American Physical Society

https://orcid.org/0009-0008-6455-9125
https://orcid.org/0000-0003-4282-9127
https://orcid.org/0000-0002-0016-3235
https://orcid.org/0000-0003-0175-8334
https://orcid.org/0000-0001-9465-9639
https://ror.org/01rs1gy10
https://ror.org/03cx6bg69
https://ror.org/05r3f7h03
https://ror.org/040af2s02
https://ror.org/02ef88m96
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.034609&domain=pdf&date_stamp=2024-09-11
https://doi.org/10.1103/PhysRevC.110.034609
https://creativecommons.org/licenses/by/4.0/


G. GKATIS et al. PHYSICAL REVIEW C 110, 034609 (2024)

TABLE I. Neutron elastic scattering cross section data available
in the EXFOR library [13], in chronological order. 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.

Reference En range (MeV) Quantity (Points)

Macphail (1940) [14] 2.34-2.80 CS(6)
Little Jr. (1955) [15] 2.70 DA(9)
Jennings (1955) [16] 4.40 DA(1)
Walt (1955) [17] 4.10 CS(1) DA(8)
Willard (1955) [18] 0.55-1.50 CS(3) DA(25)
Muehlhause (1956) [19] 1.66 DA(35)
Beyster (1956) [20] 7.00 DA(105)
Langsdorf Jr. (1957) [21] 0.03-1.78 CS(34) DA(370)
Wills Jr. (1958) [22] 1.45-4.10 DA(107)
Hosoe (1959) [23] 2.85-3.00 DA(56)
Haddad (1959) [24] 6.00-7.00 CS(3) DA(30)
Bostrom (1959) [25] 4.21-7.58 CS(3) DA(38)
Lane (1961) [26] 1.96-2.24 DA(256)
Lane (1969) [27] 0.50-2.00 CS(39) DA(243)
Perey (1969) [28] 4.60-8.56 CS(13) DA(265)
Ahmed (1970) [29] 0.50-2.00 DA(427)
Mcdaniel (1972) [30] 7.48 DA(13)
Galati (1972) [31] 3.03-6.94 DA(476)
Knox (1973) [32] 2.63 CS(1) DA(8)
Velkley (1973) [33] 7.20-9.00 DA(106)
Hollandsworth (1975) [34] 7.55 DA(6)
Perey (1978) [35] 5.22-8.69 CS(40) DA(670)
Smith (1979) [36] 1.50-3.99 CS(31) DA(438)
Pirovano (2019) [37] 1.99-7.99 CS(140) DA(1120)
Ramirez (2022) [38] 0.50-7.96 CS(66) DA(739)

data of the differential cross section with respect to angle.
Even though in all these evaluations special care was given
to reproduce the standard cross section until 1.8 MeV, dis-
crepancies in the neutron angular distributions up to 22% are
observed above this energy.

In Table I the experimental data available in the EXFOR
[13] library for the cross sections of neutron elastic scatter-
ing on natural carbon in the incident neutron energy range
between 1 and 8 MeV are presented. An in-depth examination
of the existing data reveals numerous issues. For the elastic
scattering cross section (CS), it is observed that only a few
data sets are available, each one covering different parts of
the energy range with limited to zero overlap between the
different experiments. Especially in the energy range from 4
to 6 MeV, only a handful of cross section values are reported,
with uncertainties reaching 20%, not accurate enough to suffi-
ciently describe the cross section in this region. In the case of
the angular distributions (DA), even though more experimen-
tal data are available, the energy and angle coverage is limited
due to the fact that all the reported measurements have been
performed with quasi-monoenergetic neutron beams, and a
few detectors placed in specific detection angles. Additionally,
discrepancies of the order of 25% between the different data
sets are observed.

The objective of this work is to provide, for the first time,
high-resolution cross section data of neutron elastic scattering

TABLE II. Dimensions and areal densities of the two natural
carbon samples used at the two experiments.

Sample Thick Thin

Mass (g) 130.42(1) 27.70(1)
Diameter (mm) 100.0(1) 100.0(1)
Thickness (mm) 9.9(1) 2.0(1)
Areal mass density (g/cm2) 1.661(3) 0.352(1)
Areal atom density (atoms/barn) 0.0832(2) 0.0176(1)

on natural carbon in the fast neutron energy region (1 to
8 MeV). These new data will play a crucial role in clear-
ing out discrepancies between experimental data, and assist
in the further development of the current evaluated libraries
of carbon. Two measurements were performed, using two
high purity natural carbon samples, a thick (Ref. [39]) and
a thin one, a white neutron source, and a detection setup
consisting of 32 liquid organic scintillators for the detection
of the scattered neutrons, which will be described in the next
section.

II. EXPERIMENTAL CONDITIONS

A. Neutron source

The measurements were performed at the GELINA neutron
time-of-flight facility of the European Commission’s Joint
Research Centre in Geel (EC-JRC Geel) [40,41]. GELINA
employs a linear electron accelerator to produce pulsed white
neutron beams. In practice, electrons are accelerated and then
directed to a depleted uranium disk (neutron producing target)
in pulses of 2 ns duration. The interaction between the high-
energy electrons and the target material produces photons
via the bremsstrahlung process and then neutrons via pho-
tonuclear reactions in the uranium nuclei [238U(γ , n)-238U(γ ,
f )]. The produced neutrons cover a broad energy spectrum
up to 20 MeV. They are emitted isotropically, and then are
collimated to form beams directed to the different measuring
stations.

B. Carbon samples

For the experiments, two high purity carbon samples were
used. Table II presents the characteristics of the samples. The
estimated areal densities of the thick and the thin targets were
1.661(3) g/cm2 and 0.352(1) g/cm2, respectively. The reason
behind choosing targets of different thickness was to study the
multiple scattering effect. The graphite samples were placed
at a 27.037(5) m distance from the neutron producing target,
at the sample position of the spectrometer, 29.5(1) cm away
from the detectors. The neutron beam diameter at the sample
position was measured using a photographic film and was
found to be 4.9(2) cm.

C. ELISA spectrometer

For the detection of the scattered neutrons the ELISA
(ELastic and Inelastic Scattering Array) spectrometer was
employed (Fig. 1). The setup is described in detail in
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FIG. 1. The ELISA setup, placed at the 30 m station of flight path
1. The neutron beam comes from the right, passes through the fission
chamber located behind the lead wall, and reaches the scattering
sample.

Refs. [37,39,42–44], here only a short report of the main
parts is given. The spectrometer consists of 32 liquid organic
scintillator detectors. For half of the detectors the neutron
detection is based on the n-p scattering (EJ301 scintillator
material) while the other half is utilizing the n-d scattering
(EJ315 scintillator material). These scintillators possess high
speed and exhibit a time resolution of less than 1 ns, making
them ideal for time-of-flight measurements. Also, they are
well suited for neutron spectrometry because distinguishing
between photons and neutrons can be accomplished through
pulse shape analysis.

In the setup, the detectors are positioned in four sets of
eight scintillators each, mounted at specific angles with re-
spect to the neutron beam direction (Fig. 2). The detection
angles were chosen so that their respective cosines reproduce
the zeros of the Legendre polynomials of the eighth order.
This allows the calculation of the angle integrated cross sec-
tion σel(E ) using the Gauss-Legendre quadrature method:

σel(E ) = 2π

8∑
i=1

wi
dσel

d�
(E , θi ), (1)

where dσel
d�

(E , θi ) is the differential elastic neutron scattering
cross section as a function of the detection angle θi, and wi are
the corresponding weighting factors.

FIG. 2. Schematic of one of the four sets with the eight detec-
tors mounted at specific detection angles. A full description of the
measurement geometry is given in Ref. [39].
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FIG. 3. Neutron fluence impinged on the natural carbon samples
with respect to the incident neutron energy. The curves correspond
to the total duration of the sample-in measurements that amounts
to 120 hours for the thick (red line) and 360 hours for the thin
(blue line) samples.

For the measurement of the incident neutron flux a 235U
ionization chamber is placed at 1.37 m upstream the sample
position. Inside the chamber 8 UF4 deposits on five alu-
minum foils are included. The deposits have a diameter of
70 mm and the total areal density of 235U in the chamber is
4095 (4) µg/cm2, which was experimentally determined via
α counting. As described in Ref. [39] the incident neutron
fluence is calculated relative to the standard 235U(n, f ) reac-
tion cross section by correlating the fission fragment counts
recorded in the chamber with the number of incident neutrons.
In Fig. 3 the neutron fluence impinged on the carbon samples
during the measurements is presented.

The data acquisition system for the detectors is based
on digitizers. The signals from the scintillators are read out
by ADQ14DC-4A-VG-PXIe digitizers running at 500 MS/s
sampling frequency and with 14-bit amplitude resolu-
tion. For the data acquisition system of the ionization
chamber conventional NIM electronics were utilized. All
acquired data are saved in list-mode files for offline
analysis.

For each sample two different kind of measurements were
carried out. One where the sample was placed in the beam
path (sample-in) lasted 120 hours for the thick and 360 hours
for the thin sample, and the other without the sample (sample-
out) lasted 120 hours for the thick and 240 hours for the
thin sample. The sample-out measurements were performed
in order to determine the contribution of in-beam neutrons
scattered in the air and surrounding materials and then reach-
ing one of the detectors. In both experiments, the sample-in
and sample-out irradiation times are almost equally long to
ensure that background subtraction will not dominate the
uncertainty. The big difference in the measurement time of
the two samples (the measurement of the thick sample was
one-third that of the thin one) was due to the thick sam-
ple’s fivefold greater mass resulting in satisfactory statistics
faster.
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III. ANALYSIS

The neutron differential elastic scattering cross section was
calculated via the expression

dσel

d�
(E , θ ) = N ′

el(E , θ )

��ρT 
(E )Ab
, (2)

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

counts of elastic scattering events, �� is the detector’s
solid angle, ρT is the areal density of the carbon sample in
atoms/barn (Table II), 
(E ) is the neutron fluence (Fig. 3),
and Ab is the cross-sectional area of the neutron beam, which
is also included in the calculation of the neutron fluence and
therefore is canceled out. Throughout the text, angle θ will
implicitly represent the eight angles of the ELISA setup.

The elastic scattering reaction yield was determined by
analyzing the scintillator data. The method to analyze data
obtained with the ELISA spectrometer is described in detail in
Refs. [37,39], here only a brief overview of the most important
components of the analysis is provided.

A. Signal processing

The initial phase of the data analysis involves the pro-
cessing of the signals from the scintillators recorded by the
digitizers. For each waveform, the total charge and the related
timestamp are obtained. To enhance time resolution, a correc-
tion is applied to the timestamps using the constant fraction
discrimination algorithm (CFD) [45–47]. The events recorded
by the scintillators during the measurements are a mix of
neutrons coming from elastic or inelastic scattering on the
sample, and photons from the bremsstrahlung scattering on
the sample, or from γ rays emitted via the inelastic scattering
or neutron capture on the sample or the materials around the
spectrometer. To discriminate between photon and neutron
induced events the charge integration method was used. The
signals were integrated over short and long time intervals,
and the pulse shape discrimination (PSD) factor was defined
as the ratio between the integral of the tail of the pulse to
the total integrated charge [48–50]. In Fig. 4 an example of
the time-of-flight distribution after applying the pulse shape
discrimination for one of the detectors placed at the 100.6◦
detection angle is presented.

B. Detectors characterization

After the completion of signal processing, the subsequent
stage involves characterizing the response function R(L, E )
of the detectors, which signifies the likelihood of a particle
with energy E generating a light pulse with amplitude L. The
methodology employed in this study combines measurements
and Monte Carlo simulations as detailed in Refs. [51–54]. For
every new experiment performed at the ELISA spectrome-
ter, the detectors undergo a new complete characterization.
This process is crucial for evaluating detector stability and
detecting any issues that may have emerged during the mea-
surements.

Starting with the parametrization of the resolution func-
tion, a set of calibration measurements using five γ -ray
sources (137Cs, 207Bi, 22Na, 232Th, AmBe) were carried out
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FIG. 4. Time-of-flight spectra from one of the detectors placed at
the 100.6◦ detection angle during the thin sample measurement. The
total number of recorded events (black line) along with the number
of neutron (red line) and photon (green line) events individually,
resulting from the pulse shape discrimination, are presented.

at the beginning and during the experiments to check the sta-
bility of the detectors. Additionally, Monte Carlo simulations
of these measurements were performed using the MCNP6.2
code [55,56]. The simulated light output distributions were
then fitted to the experimental data. In Fig. 5 an example of
this procedure is presented for the case of the 207Bi source for
one of the EJ301 detectors. Through this fitting process, the
final parameters for the resolution function specific to each
detector were derived.

For the neutron response, experimental light output dis-
tributions for quasi-monoenergetic neutrons were obtained
by selecting short time-of-flight intervals of 5 ns duration.
Equivalent simulated distributions were calculated utilizing
the MCNP6.2 code. Subsequently, the simulated neutron
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FIG. 5. Fit of the simulated resolution-folded response (red line)
to the experimental data (black points) for the 207Bi source, for an
EJ301 detector. The three peaks correspond to the Compton edges of
the three primary γ rays emitted by 207Bi.
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FIG. 6. Light output distributions from the thick [(a) and (b)] and
thin [(c) and (d)] sample measurements. The graphs correspond to
two different detection angles coming from the two different detector
types (EJ301 and EJ315) for incident neutron energies 4.33 � En �
4.38 MeV. The experimental data (black points) are presented along
with their associated response models Rfit (L, Eel ) (red line).

response was fitted to the experimental data and a set of
parameters describing the light output function provided by
Kornilov et al. [53] was extracted for every neutron energy.
Ultimately, the diverse sets of parameters acquired from each
energy interval were fine-tuned to derive a set of values op-
timized for the entire neutron energy range. In the case of
the thick sample data two global models were developed, one
for all the EJ301 and another one for all the EJ315 detectors,
while for the thin sample data a different response function
model was developed for each detector separately. In Fig. 6 an
example of the resulting simulated detector response models
for the thick and thin sample measurements are presented for
a specific 5 ns interval, from 949 to 954 ns, that corresponds
to neutron incident energies between 4.33 and 4.38 MeV.

C. Neutron elastic scattered events

Before extracting the number for neutron elastic scattering
events, the background contribution needs to be taken into
account. Events related to background are generated when
beam neutrons interact one or more times in the air and
surrounding materials before reaching the detectors. To ad-
dress this contribution, measurements without the samples
(sample-out) were conducted and then subtracted from the
measurements with the samples in place (sample-in). The two
different measurements were normalized based on the number
of fission fragments recorded in the ionization chamber.

Once the neutron time-of-flight spectra have been ex-
tracted, following the removal of photons and background
contribution, the separation between events coming from elas-
tic and inelastic scattering took place. Since 12C has the
inelastic scattering threshold at 4.4398 MeV, neutrons with
an incident energy above that threshold can be also scattered
inelastically. To achieve a proper separation between detected
neutrons originating from the different scattering processes,
every light output distributions that corresponds to every 5 ns
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FIG. 7. Light output distributions for the incident neutron ener-
gies 6.95 � En � 7.05 MeV from the thick [(a) and (b)] and thin
[(c) and (d)] sample measurements. The experimental values (exp)
are presented along with their associated response models (model)
and their different components from elastic (el) and inelastic (inl-1)
scattering from the first excited state of 12C.

time-of-flight interval was carefully analyzed. In Fig. 7 ex-
amples of such light output distributions from both the thick
and thin sample measurements are presented, for each type of
detector, placed at two different detection angles. The chosen
time-of-flight interval (750 to 755 ns) corresponds to incident
neutrons with energies above the inelastic scattering thresh-
old, specifically between 6.95 and 7.05 MeV. By performing
kinematic calculations, the energies of the neutrons that were
scattered elastically Eel or inelastically Einl for every time-
of-flight interval was determined. The two different neutron
energies generate a different light output distribution that
overlap in each 5 ns time-of-flight interval as seen in Fig. 7.
The contribution from inelastic scattering induced events was
excluded by applying a proper threshold. The threshold is
placed at the maximum light output produced by an inelastic
event taking into account the resolution broadening of the
detector. The number of elastic scattering events is then ex-
tracted using the formula

〈Nel〉�t (θ ) = 1

ε(Eel )|Lthr ��

∫
Lthr

Rfit (L, Eel )dL, (3)

where 〈Nel〉�t is the number of elastic scattering events per
�t = 5 ns time-of-flight interval and detection angle, ��

is the detector opening angle, and ε(Eel )|Lthr is the intrinsic
efficiency of each detector with respect to the detected neu-
tron energy Eel calculated for the threshold value Lthr using
ε(Eel )|Lthr = ∫

Lthr
R(L, Eel )dL.

D. Multiple scattering correction

The extracted number of neutron elastic scattering events
needs to be corrected for multiple scattering, i.e., beam neu-
trons that scattered twice or more in the carbon samples and
then got detected by one of the scintillators. In the current
study, the correction factor ( fmsc) was determined through
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FIG. 8. Percentage of the multiple scattering correction as a
function of the incident neutron energy, for both the thick (a) and the
thin (b) sample measurements, at the eight different detection angles.

Monte Carlo simulations using the MCNP6.2 code. The sim-
ulation input included a complete description of the geometry
of the spectrometer and the neutron source, based on the actual
beam properties during the measurement of the samples. The
MCNP-PTRAC option was exploited, to get an output with
a complete history of the neutrons that reached the detectors.
The correction factor was then determined as the ratio of de-
tected neutron events that interacted more than once with the
sample to the total number of detected events. This approach
offers a time-of-flight dependent correction for each detection
angle, and is applied to the differential scattering yield via the
formula N ′

el = (1 − fmsc)Nel. In Fig. 8 the resulting multiple
scattering correction is presented. It is observed that in the
case of the thick sample the correction is almost double com-
pared to the thin one, over the whole neutron energy range and
for all detection angles, and becomes significant for angles
close to 90◦, reaching a correction value of almost 60%.

E. Uncertainties

The total uncertainty of the final results was calculated us-
ing the law of error propagation, accounting for all individual
contributions. In Table III the different systematic uncer-
tainties that contributed in the data analysis are presented.
In the present work, the statistical uncertainty in the cross
section arises from the number of neutron elastic scattered
events from the natC samples that got detected, and the fission
fragment yield of the 235U deposits in the ionization chamber.

IV. RESULTS

The resulting angular distributions of neutron elastic scat-
tering on natural carbon, with respect to the incident neutron

TABLE III. Systematic relative uncertainties involved in the car-
bon data analysis.

Contribution Thick Thin

Sample areal density 0.2% 0.3%
Multiple scattering correction 5–9% 3–8%
Fission chamber efficiency 1%
235U(n, f ) cross section 1.1–1.2%
235U deposits mass 0.001%

energy, for the eight different detection angles, are pre-
sented in Fig. 9. The results, both for the thick and thin
sample measurements, are compared with the JEFF-3.3,
ENDF/B-VIII.0, and JENDL-5 evaluations, folded with the
experimental energy resolution. There is a relatively good
agreement between experimental and evaluated values over
the whole neutron energy range, especially for the thin sam-
ple measurements. Between the two different measurements,
discrepancies are observed for energies below 2 MeV incident
energy in some detection angles. Specifically in the back-
ward angles [Figs. 9(a)–9(c)], in the energy region from 1 to
1.2 MeV, the results coming from the thick sample data are
overestimated, the main reason for that is the fact that the two
global models developed to describe the neutron response for
all the EJ301 and EJ315 detectors in the case of the thick
sample are proven to perform poorly for low light output
distributions, i.e., neutron energies below 2 MeV [39]. Ad-
ditionally, big discrepancies between the two measurements
are observed in almost the whole neutron energy range for
the 100.6◦ and 79.4◦ detection angles. This is due to the high
multiple scattering correction for the thick sample data for the
detection angles close to 90◦ (see Fig. 8). Out of the three
evaluations included in the figure, ENDF/B-VIII.0 seems to
perform better compared to the data of this work in all de-
tection angles, while in the cases of JEFF-3.3 and JENDL-5
discrepancies are observed especially for the 100.6◦ detection
angle. The total uncertainties on the angular distributions vary
from 3% to 10% for the thick sample, and from 3% to 14%
for the thin sample.

In Fig. 10, the differential elastic scattering neutron cross
sections are given for a selection of neutron energies as a
function of the detection angle θ , along with the available data
in the EXFOR library and the cross section values provided
by the JEFF-3.3, ENDF/B-VIII.0, and JENDL-5 evaluations.
Eight 5 ns time of flight intervals have been selected for this
comparison, that cover most of the neutron incident energies
that have been reported from other experiments in the liter-
ature (see Table I). There is a good agreement between the
results of this work and the experimental values available
in the EXFOR library. The results are in agreement within
uncertainty with the most recent data reported by Ramirez
et al. (2022) [38] using quasi-monoenergetic neutron beams.
Significant discrepancies between experimental data and eval-
uations are observed only in Fig. 10(c), for the interval that
corresponds to 3 MeV incident neutron energy, where the
evaluations are following a somewhat different trend com-
pared to the majority of the experimental data. This is due
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FIG. 9. Differential cross sections of neutron elastic scattering on natC 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 [5], ENDF/B-VIII.0 [8], and JENDL-
5 [11] libraries folded with the experimental energy resolution.

to the quick change in the shape of the differential cross
section in both backward and forward angles in this energy
region. The cross section is falling rapidly from 2.9 to 3 MeV,
where it reaches the minimum value, and then increases fast
from 3 to 3.5 MeV. The resolution of the current measure-
ments is not good enough to properly describe this dip in
the cross section. In Fig. 11 the proposed cross sections of
the ENDF/B-VIII.0 evaluation for the lowest (2.981 MeV)
and the highest (3.007 MeV) neutron energies of the 5 ns
time of flight interval chosen to describe the cross section at

3 MeV are presented along with the experimental results. The
strong fluctuating behavior of the cross section is observed.
As expected, due to the limitations of the resolution of the
measurement, the experimental results are lying in the middle
of the proposed values by ENDF/B-VIII.0.

The results of the angle-integrated neutron elastic scat-
tering cross sections are presented in Fig. 12. The data are
compared to the available cross sections data in the EXFOR
library and the evaluated values provided by the JEFF-
3.3, ENDF/B-VIII.0, and JENDL-5 libraries folded with the
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FIG. 11. Comparison of the differential cross sections for
the 5 ns interval that corresponds to the neutron energy range
En = 2.981–3.007 MeV.

experimental energy resolution. The results of this work are
in good agreement, within uncertainties, with the other ex-
perimental values and the evaluation libraries. The effect of
the discrepancies on the angular distributions reported earlier
between thick and thin sample for energies below 2 MeV is
also observed here, because in the case of the thick sample
data the resulting angle-integrated cross section is underes-
timated. The total uncertainties on the angle-integrated cross
sections varied from 5% to 10% for the thick sample, and from
3% to 8% for the thin sample.

V. CONCLUSIONS

In this study, new measurements of the double differential
cross section of neutron elastic scattering on natural carbon
were carried out at the GELINA time-of-flight facility. The
ELISA spectrometer was employed, a setup consisting of 32
liquid organic scintillators for the detection of the scattered
neutrons, and a 235U ionization chamber for the measurement
of the neutron flux. Two natural carbon samples with different
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experimental energy resolution.

thicknesses were used in order to study the effect of the mul-
tiple scattering in the final results. The data analysis is shortly
described. The process includes the modeling of the response
functions of the detectors by combining measurements and
Monte Carlo simulations, special treatment of the recorded
signals, the subtraction of the background contribution based
on the sample-out/sample-in measurements, the extraction
of the neutron scattered yield, and the correction for mul-
tiple scattering via Monte Carlo simulations. Two different
methodologies were studied related to the development of the
response functions of the scintillators, one where a global
model was developed for each type of detector (two models
in total), and an other one based on a per-detector model (32
models in total). This work illustrates the better performance
of the per-detector models for low neutron energies, i.e., low
light output distributions. The differential cross section was
calculated at 8 detection angles using Eq. (2) and the inte-
gral cross section using the Gauss-Legendre quadrature rule
Eq. (1). Discrepancies in the angular distributions between
thick and thin sample data are observed, especially in angles
close to 90◦ where the multiple scattering correction is becom-
ing significant in the case of the thick sample. This indicates
the need for using thin samples during these kind of measure-
ments. The final results were compared to the data available

in the EXFOR library and the JEFF-3.3, ENDF-B/VIII.0, and
JENDL-5 evaluations.

These were the first experimental measurements providing
high-resolution data for neutron elastic scattering on natural
carbon in the energy range of 1 to 8 MeV. The total uncertain-
ties vary from 3% to 14% for the differential cross sections,
and from 3% to 10% for the angle integrated cross section.
The results of the thin sample are in overall good agreement
with the other experimental data available in the EXFOR
library and the most recent nuclear data evaluations, with
ENDF/B-VIII.0 having the best agreement. The new values,
mainly the thin sample data, can be used in future evaluations
and assist in the extension of the standard cross section to
energies above 1.8 MeV.
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