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 A B S T R A C T

The neutron induced fission of 235U is a very important reaction for nuclear technology applications and for 
the design of future systems to produce clean and safe energy. In addition, it is used as a reference reaction for 
neutron cross-section measurements, thus, its cross section is needed with a high accuracy over a wide energy 
range. In this work, the measurement for the 235U(n,f) reaction was carried out at the n_TOF facility located 
at CERN, at experimental area EAR-2. The standard 10B(n, 𝛼) reaction was used as reference, while a setup 
based on the gaseous Micromegas detectors was implemented for the detection of the fission fragments and 
𝛼 and 7Li-particles of the two reactions, respectively. In order to determine the thickness of the 10B sample 
NRA measurements were carried out at the National Center for Scientific Research ‘‘Demokritos’’.
1. Introduction

235U is the most important isotope in nuclear applications and the 
only naturally occurring fissile nuclide. The neutron induced fission 
cross section of 235U is widely used as a reference reaction in nuclear 
cross-section measurements over a wide energy region, nevertheless, it 
is only considered a standard at the thermal point, in the cross-section 
integral between 7.8 to 11 eV and between 150 keV to 200 MeV (Carl-
son et al., 2018). Experimental data of the n_TOF collaboration pointed 
out an overestimation of the evaluated neutron induced fission cross 
section of 235U in the energy region 10 to 30 keV (Barbagallo et al., 
2013), which is why a dedicated measurement was performed at the 
n_TOF collaboration to explore this issue (Amaducci et al., 2020), 
using a setup based on in-beam silicon detectors and implementing two 
standard reactions as references (6Li(n,t) and 10B(n, 𝛼)). The results of 
this work showed an overestimation in the evaluated libraries of the 
cross-section values between 9 and 18 keV by 5% (Amaducci et al., 
2019). The analysis of the same experimental dataset in the energy 
region from 18 meV to 10 keV showed discrepancies between the 
experimental data and the evaluated libraries at few eV, in the energy 
region between 20 and 80 eV and in the region of 2 keV (Mastromarco 
et al., 2022).

Additional data for the 235U(n,f) reaction using the standard 10B(n, 
𝛼) reaction as reference have become available from experimental areas 
EAR-1 and EAR-2 of the n_TOF facility, from the reference targets used 
2 
in the measurement of the 243Am(n,f), the data of the latter work being 
currently under analysis. The measurement was conducted using the 
gaseous Micromegas detectors, with the 10B target being the first target 
incident to the neutron beam, followed by the 235U one. Taking into 
account the importance of the 235U(n,f) reaction, it was decided to 
analyze these data in order to extract the cross section and further assist 
future evaluations. The main advantages of this measurement is the 
almost 2𝜋 efficiency of the detector, rendering any correction for the 
efficiency of the setup negligible and the combination of the results 
from two experimental areas, will eventually reduce the systematic 
uncertainty of the results.

In this work, cross-section results from the experimental area EAR-2 
for energies lower than 2 eV will be presented. The experimental pro-
cedure will be presented, in addition to NRA measurements in order to 
estimate the mass of the 10B sample and its inhomogeneity, performed 
at the National Center for Scientific research N.C.S.R. ‘‘Demokritos’’ and 
extensive Monte Carlo simulations using the FLUKA code (Böhlen et al., 
2014), in order to reproduce the experimental amplitude spectra of the 
targets. These simulations are the key for absolute cross-section results, 
since they introduce the main systematic uncertainty in the results.

2. Experimental setup

The experiment was performed at the neutron time-of-flight facility 
n_TOF at CERN (Barbagallo et al., 2013; Guerrero et al., 2013). At 
n_TOF the neutrons are produced via the spallation process of high 
energy protons impinging on a Pb target. A white neutron source is 
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produced from this interaction with energies ranging from thermal 
up to few hundred of MeVs. The neutrons arrive at three different 
experimental areas, namely EAR-1, EAR-2 and the recently commis-
sioned NEAR station. Each area is located at a different distance from 
the spallation target, giving this way different characteristics to the 
neutron beam. EAR-1 is located 185 m horizontally from the spallation 
target, providing excellent neutron energy resolution. On the other 
hand, experimental area EAR-2 is located 19 m from the spallation 
target, having this way higher instantaneous neutron flux with the 
cost of neutron energy resolution, rendering however the area suitable 
for measurements of lower cross sections, lower mass samples and 
radioactive ones, since a better signal-to-noise ratio can be achieved 
there. The recently commissioned NEAR station is placed only 3 m from 
the center of the spallation target, providing this way much higher 
instantaneous neutron flux, with the goal to measure reactions that 
cannot be measured in the other to areas, because of the low cross 
section or the very low mass or both.

In the present work the experiment was performed at both experi-
mental areas EAR-1 and EAR-2 with the use of Micromegas detectors, 
using the fission collimator with a diameter of 6 cm. The Micromegas 
detector is a gas detector consisting of three parts, the drift electrode, 
which is the target itself, the mesh electrode, which is a Cu plate with 
35 μm holes on it and the anode electrode which is a Cu plate. The volt-
ages applied in the three electrodes, create two electric field regions, 
one weak (≈1 kV/cm) located between the drift and the mesh electrode, 
the drift region, and one strong (≈50 kV/cm) located between the mesh 
and the anode electrode, the amplification region. Each detector is 
coupled with one sample, while all samples and detectors are placed in 
an aluminum chamber, filled with gas Ar:CF4 (90:10) kept at constant 
pressure and room temperature, which is then placed in the neutron 
beam. This way all samples are measured simultaneously, under the 
same experimental conditions.

When a reaction occurs from the interaction of the neutron beam 
with the sample, two charged particles are created, namely a heavy and 
a light fission fragment in the case of the 235U target and one 𝛼 and one 
7Li nucleus in the case of the 10B target, with one of two products of 
each reaction entering the detector gas, while the other escapes due 
to the kinematics. The charged particle creates secondary electrons as 
it moves along the drift region, which are drifted through the mesh 
holes guided from the electric field. The electrons are meeting there a 
much higher electric field and are creating additional electrons through 
avalanches. The signal, which is proportional to the energy deposited 
in the drift region, is collected from the mesh electrode.

The waveform of the signals is recorded through fast analog-to-
digital converters and then analyzed in order to extract the amplitude 
and time-of-flight of each pulse, with the latter being converted to the 
energy of the neutron which caused each event.

2.1. Samples

The samples used for the measurements were produced at JRC-
Geel (Sibbens et al., 2020). The boron sample was natural boron 
deposited on an Al backing consisting of 81.1% 11B and 19.9% 10B, 
which does not pose a problem in the measurements since no neutron-
induced charged particle reaction is open below 7.2 MeV for 11B, while 
the 235U target had an enrichment of 99.934%. The diameter of both 
235U and 10B samples was 6 cm, thus the samples being completely 
covered by the neutron beam.

The 235U sample was characterized at the target preparation labo-
ratory of JRC-Geel. The activity was determined by 𝛼-particle count-
ing at a defined solid-angle (Pommé et al., 2003) and was found to 
be 9.80(5) Bq corresponding to a mass equal to 122.6(6) μg. The 
contribution from the 234U, 236U and 238U decay was derived from 
the isotopic composition of the base material determined by mass 
spectrometry and the following mass ratios were found: 235𝑈/U = 
0.999336(7), 234𝑈/U = 0.00035973(38), 236𝑈/U = 0.00009629(27) 
3 
and 238𝑈/U = 0.000207(7), which have a negligible contribution in 
the counting spectrum of the 235U(n,f) reaction. Additional information 
on the preparation and the characterization procedure can be found 
in Michalopoulou et al. (2023).

For the characterization of the boron target the Nuclear Reaction 
Analysis (NRA) technique was used. The mass of 11B was estimated 
via the 11B(p, 𝛼0) reaction, while the 10B mass was found according 
to the known isotopic ratio of the two isotopes in natural boron. More 
information on the NRA technique and the implemented differential 
cross sections can be found in Kokkoris et al. (2010).

The measurement was performed at the 5.5 MV Tandem accelerator 
of N.C.S.R. ‘‘Demokritos’’ in Athens, Greece. 2619 keV protons were 
guided to a goniometric chamber, where the boron target was placed. 
The energy of the proton beam was verified by the well-known 999.89 
keV resonance of the 27Al(p, 𝛾) reaction, with the use of a HPGe 
detector for the detection of the 1779 keV 𝛾-ray (1st excited state of 
the compound 28Si nucleus). The produced 𝛼-particles were detected 
with the use of a Si surface barrier detector placed at 160◦ with respect 
to the proton beam. The current on the target did not exceed 200 nA 
throughout the measurement to avoid any possible thermal effects or 
degradation of the target. The program SIMNRA (Mayer, 1997) was 
used for the analysis of the experimental spectra, where the known 
differential cross-section data for the 11B(p, 𝛼0) reaction combined with 
evaluated stopping power data for protons and alphas from Ziegler–
Biersack–Littmark (Ziegler et al., 1985) were used. The thickness of 
the boron target was adjusted in order to accurately reproduce the 
experimental spectrum. From the analysis the thickness of 10B in the 
target was found 0.059 ±0.002 μg/cm2. A typical experimental spec-
trum along with the simulated one are presented in Fig.  1, along with 
the peak identification. It can be seen that the alpha peak is slightly 
shifted in energy, due to the fact that the calibration of the detectors 
was done with protons. The pile-up has been taken into account in the 
simulations using the accurate model incorporated in the code (Mayer, 
1997), however the triple pile-up which occurs between channels ≈595-
750 is not taken into account by the simulations, which explains the 
difference between the experimental and the simulated spectra in this 
region. However, this does not pose a problem for the estimation of 
the target thickness, since no background from the triple pile-up is 
introduced under the 11B(p, 𝛼0)8Be peak.

Since the counting rate of the 11B(p, 𝛼0) reaction did not allow for 
the lateral inhomogeneity study of the 11B target, a thick 11B target was 
used instead. This thick target was prepared at JRC-Geel with the same 
technique as the thin one and was also used in measurements at CERN. 
For the homogeneity tests, four different measurements were taken, 
equally distant from the geometrical center of the thick 11B target and 
the lateral inhomogeneity did not exceed 5% in all cases, with respect 
to the central value.

3. Data analysis

The data analysis procedure aims at the recognition of the arrival 
time of each pulse, which is estimated relative to the 𝛾-flash peak 
and the corresponding amplitude. The analysis is performed with a 
pulse shape analysis routine (PSA) (Žugec et al., 2016). A detailed 
description on the analysis procedure used in this type of experiments 
can be found in Michalopoulou et al. (2023). The experimental data are 
recorded in the so-called movies, where each movie corresponds to a 
different neutron bunch. The first peak in the movie is the 𝛾-flash peak, 
which corresponds to a high energy deposition on the detector from 
𝛾-rays, high energy relativistic particles and high energy neutrons, all 
results from the spallation process. The time-of-flight of each pulse can 
be uniquely identified from the difference in the arrival time of each 
pulse from the 𝛾-flash peak. The amplitude of each pulse can also be 
determined from the PSA. An amplitude spectrum for the 10B target is 
shown in Fig.  2.
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Fig. 1. Experimental spectrum taken at 160◦ for E𝑝,𝑙𝑎𝑏 = 2619 keV (black line) and the simulated spectrum with the SIMNRA code (red line). The 11B(p, 𝛼0) is present in the 
spectrum, as well as the 27Al(p, 𝛼0) from the backing of the target.
Fig. 2. Amplitude spectrum of the 10B target for energies between 0.0245 to 0.0251 eV, from experimental area EAR-2.
3.1. FLUKA simulations

The energy deposition in the Micromegas detector was studied via 
Monte-Carlo simulations performed with the FLUKA code (Böhlen et al., 
2014), in order to reproduce the experimental amplitude spectra via 
the simulations. This is an important part of this work, in order to 
deduce absolute cross-section values for the 235U(n,f) reaction, which 
can be compared to values normalized in the thermal point and in the 
integral between 7.8 to 11 eV, minimizing this way the systematic un-
certainty of the final results. The simulations are necessary to estimate 
4 
the amplitude cut correction, which is introduced in the analysis in 
order to exclude noise in the lower channels, plus 𝛼-particles from the 
radioactivity of the targets in the case of 235U.

In the simulations the energy deposition in the Micromegas drift gap 
was estimated for the 10B and 235U targets respectively, since the signal 
of each event is proportional to the energy deposition of the charged 
particle (𝛼, 7Li or fission fragment) in the drift region. In the case 
of the 235U target the kinetic energy, atomic mass and mass number 
of the fission fragments were generated via the GEF code (Schmidt 
et al., 2016), while an isotropic emission of the fission fragments was 
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Fig. 3. Simulated energy deposition of fission fragments for the 235U target (red line), compared with the experimental one from experimental area EAR-2 (black line).
Fig. 4. Cross-section of the 235U(n,f) reaction from the EAR-2 measurement, estimated using standard 10B(n, 𝛼) reaction as reference in the energy region 0.6 to 0.8 eV in 100 
bpd, along with the latest experimental data available in EXFOR and the evaluated libraries ENDF/B-VIII.1 and JEFF-3.3.
assumed. A more detailed description on how the simulations were 
performed in the case of the 235U target is presented in Michalopoulou 
et al. (2023). In the case of the 10B sample a mono-energetic neutron 
beam can be used as the primary beam or the charged products of the 
reaction can be simulated by a user-defined source routine, with the 
energies expected from the kinematics of the reaction, while no angular 
distribution is assumed.

The simulated spectra are calibrated from energy to channels and 
then convoluted with a skewed gaussian function in order to reproduce 
the experimental ones. The comparison between the experimental and 
simulated spectra from the experimental area EAR-2 data for the 235U 
target is shown in Fig.  3.
5 
3.2. Estimation of neutron energy

An important part of the data analysis is the conversion of the 
neutron time-of-flight, corresponding to a specific event detected, into 
the neutron energy. The time-of-flight is estimated relative to the 𝛾-
flash peak during the pulse shape analysis. This conversion is crucial 
for two reasons: first, the counts recorded in a given time-of-flight 
interval must be accurately converted to the correct energy; second, 
because this study involves a relative measurement, the cross-section 
of the standard 10B(n, 𝛼) reaction – evaluated at the correct energy 
– must be considered in order to estimate the neutron flux. However, 
after their production, neutrons travel a certain distance within the 
spallation target, known as the moderation length. This moderation 
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Fig. 5. Cross-section of the 235U(n,f) reaction from the EAR-2 measurement, estimated using standard 10B(n, 𝛼) reaction as reference in the energy region 1.4 to 1.9 eV in 100 
bpd, along with the latest experimental data available in EXFOR and the evaluated libraries ENDF/B-VIII.1 and JEFF-3.3.
length is not a fixed value but rather a distribution that depends on 
the neutron energy. To accurately convert the neutron time-of-flight to 
energy, the following methodology was applied in this work: the time-
of-flight spectrum from the 235U targets was matched to the resonance 
energies known from the ENDF/B-VIII.1 (Brown et al., 2018) library. 
From this match, an equivalent constant flight path was determined, 
optimized to reproduce the resonance energies in the 1 to 100 eV 
range, with an accuracy better than 1% at all resonance points. Using 
this equivalent flight path, the corresponding flight path length for the 
boron sample was then calculated based on the known geometrical 
distance between the two targets inside the chamber. Nevertheless, to 
precisely analyze the resonances, the facility’s resolution function must 
also be taken into account through a resonance analysis code, which is 
planned for future work.

4. Results and discussion

The results for the 235U(n,f) cross section from the experimental 
area EAR-2 measurement using the standard 10B(n, 𝛼) reaction as 
reference are presented in Figs.  4 and 5, normalized to the standard 
integral cross section between 7.8 and 11 eV using 100 bins per decade 
(bpd). Two energy regions are presented in this work, from 0.6 to 0.8 
eV and from 1.4 to 1.9 eV, where no resonances are present. Additional 
analysis with a resonance analysis code, such as SAMMY (Larson, 
2008), taking into account the response function of experimental area 
EAR-2 is required in order to extract information of the resonances 
and the regions close to them. This work will be carried out in the 
future. The results are presented along with only the latest available 
experimental data in EXFOR (Otuka et al., 2014), namely the data 
of Amaducci et al. (2019), Paradela et al. (2016) and Guerrero et al. 
(2012) and the evaluated libraries ENDF/B-VIII.1 (Brown et al., 2018) 
and JEFF-3.3 (Plompen et al., 2020).

As seen in the figures, the results of this work are in very good 
agreement with the ENDF/B-VIII.1 library in the energy region 0.6 to 
0.8 eV, while the JEFF-3.3 evaluation is slightly higher than ENDF/B-
VIII.1 and the present work. In the energy range 1.4 and 1.9 eV, 
the data of this work are in better agreement with the ENDF/B-VIII.1 
library up to ≈1.55 eV, while at higher energies the data are in better 
agreement with the JEFF-3.3 library.
6 
It is observed in these two energy regions that discrepancies exist 
on the latest evaluated libraries of the well known reaction 235U(n,f), 
highlighting the need for measurements in order to improve the eval-
uations and make it possible to extend the energy region where it is 
considered a standard.

With the use of a resonant analysis code, the 235U(n,f) reaction 
can be studied in the region of the resonances, providing new data 
there. Lastly, the comparison between the experimental data from 
experimental areas EAR-1 and EAR-2 will also minimize systematic 
uncertainties.
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