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Abstract

The CERN n_TOF facility is a research infrastructure specifically designed for studying
neutron-induced nuclear reactions. Pulsed white neutron beams are delivered toward
three experimental areas, two of them at different baselines to apply the time-of-flight
technique, and another one very close to the neutron source for activation studies. High
intensity and high neutron energy resolution make n_TOF a unique facility. A major
component of the physics program at n_TOF is dedicated to the measurement of key
neutron induced reactions for nuclear astrophysics, relevant to nucleosynthesis in stars, the
Big Bang primordial nucleosynthesis as well as Cosmochronology. A review of the relevant
results obtained at the n_TOF facility is reported, together with details of challenging new
measurements in preparation.

Keywords: nuclear astrophysics; nuclear reactions; neutron physics

1. Introduction

Neutron cross-section measurements are important in several areas of fundamental
and applied nuclear physics, including nuclear astrophysics. Understanding how the
chemical elements are formed is key to comprehend the evolution of the Universe. Hy-
drogen, Helium, and small amounts of Lithium were produced in the period between
about 100 s and 20 min after the Big Bang [1-4]. This period of primordial nucleosynthesis
was followed by galactic condensation and the formation of stars. Heavier elements are
then formed in stars, and in particular, the production of elements from Iron to Uranium
arises almost exclusively from neutron capture processes, which occur during quiescent
stellar evolution or in dramatic explosive scenarios such as supernovae or neutron star
mergers [5-13]. The slow neutron capture process (s-process) contributes about half of
the elemental abundances between Iron and Bismuth in our solar system [14-16]. During
the process, neutron densities are 1, < 10% cm ™3 and stellar temperatures T range from
108-10° K. The nucleosynthesis path closely follows the line of stability since f-decay is
generally faster than neutron capture. The main component of the s-process, producing
mainly isotopes between Zr and Bi, occurs in the Asymptotic Giant Branch (AGB) phase
of low mass stars (M < 8Mg) [17,18], after He core burning is exhausted and H- and
He burning continues in shells around an inert C/O core. The weak component of the
s-process takes place in massive stars (M 2 8-10 M) during He core and C shell burning
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phases and contributes mainly to elemental abundances from Fe to Zr [19,20]. The weak
s-process component should be considered as the direct product of the activation of the
22Ne(x, n)25Mg reaction as a source of free neutrons.

In contrast, the rapid neutron capture process (r-process) takes place in stellar explosions
at neutron densities 1, > 10 cm 3 and temperatures T > 10° K. Neutron capture reactions
occur fast, and the reaction path proceeds far from stability involving short-lived, exotic nuclei.

A number of metal-poor stars show an abundance pattern that cannot be explained by
the s- or the r-process. Their peculiar abundance pattern may be explained by an interme-
diate neutron capture process (i-process) [21], with neutron concentrations intermediate
between the s- and r-processes (1, ~ 1012-10'® cm~3).

A progress in the quantitative description of the neutron-capture processes can be
achieved by an interdisciplinary approach involving improved nuclear physics input,
stellar models, observations of stellar spectra, and isotopic analysis of meteorites. Relevant
advances in stellar evolutionary codes, taking into account additional physics aspects,
e.g., the role played by magnetic fields [22], and new high-quality data from astronomical
observations need to be complemented by high precision measurement of neutron-induced
reactions, with target uncertainties of 5% or lower. The neutron beam delivered at the
n_TOF facility is well tailored to fully cover the neutron spectrum up to ~500 keV, the
stellar energy range of interest for the different nucleosynthesis processes considered.

This article will present the nuclear astrophysics program at the CERN n_TOF facility
since its inception and the impact results have made on nuclear astrophysics research and
will mention the planned improvements of the facility. The list of performed measurements,
dedicated to several aspects of nuclear astrophysics, is reported in Tables 1 and 2.

Table 1. List of isotopes relevant for nuclear astrophysics for which (n, ) measurements have been
performed at n_TOF since its inception.

Isotope Astrophysical Implications

Measured Energy Range Detectors Used Ref.

Impact on abundance of cosmic gamma ray

Mg emitter 20 Al 0-700 keV CeDs [23]
2SMg Constraints for the 22Ne(a, n), neutron poison 0-550 keV Ce¢Dg [23]
26Mg Neutron poison 0-500 keV C¢Dg [23,24]
28g; Isotopic abundar.lces in presolar grains, Under Analysis CeDg, STED [25]
nucleosynthesis in massive stars
29g; Isotopic abund.ar'lces in Presolar grains, Under Analysis CeDg, STED [25]
nucleosynthesis in massive stars
30g; Isotopic abund'ar'lces in presolar grains, Under Analysis C¢De, STED [25]
nucleosynthesis in massive stars
WAr Nucleosynthesis processes involving noble gases Under Analysis CgDg, STED [26]
SiFe Seeds of the s-process nucleosynthesis path 0-400 keV CsDg [27]
57Fe Seeds of the s-process nucleosynthesis path 0-400 keV CeDg [27]
BNi s-process nucleosynthesis in massive stars 0400 keV CsDg [28]
62N s-process nucleosynthesis in massive stars 0-200 keV Ce¢Dg [29]
03Ni Branching point 0-270 keV C¢Dg [29,30]
64N s-process nucleosynthesis in massive stars Under Analysis Ce¢Dg [31]
Ge s-Only isotope, test for s-process nucleosynthesis  0-300 keV CsDg [32]
2Ge s-process nucleosynthesis in massive stars 0-300 keV CeDg [33]
3Ge s-process nucleosynthesis in massive stars 0-300 keV CeDg [34]
74Ge s-process nucleosynthesis in massive stars 0-70 keV CgDg [35]
76Ge s-process nucleosynthesis in massive stars 0-52 keV CeDg [36]
77Se s-process nucleosynthesis in massive stars 0-51 keV CsDg [37]
78Ge s-process nucleosynthesis in massive stars 0-70 keV CeDg [38]
7Se Branching point Under Analysis STED [39]
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Table 1. Cont.

Isotope Astrophysical Implications Measured Energy Range Detectors Used Ref.
80ge s-process nucleosynthesis in massive stars 0-70 keV CeDg [40]
875y 87Rb /87Sr cosmochronometer Under Analysis C¢Dg, STED [41]
89y Bottleneck around N = 50 0-95 keV CeDg [42]
N07zr Bottleneck at N = 50 0-70 keV C¢Dg [43]
Nzr Bottleneck at N = 50 0-26 keV C¢Dg [44]
27r Bottleneck at N = 50 0-81 keV CeDg [45,46]
Bzr Bottleneck at N = 50 0-8 keV CeDs [47]
Azr Bottleneck at N = 50 0-60 keV CeDg [48]
%7y Branching at >Zr 0-40 keV Ce¢Dg [49]
94NDb Branching point Under Analysis CeDg, STED [50]
2Mo Disgntangling s-, I-, p-process contributions to Under Analysis C4Dg, STED [51]
Mo isotopes
%Mo Mo abundances in presolar grains Under Analysis CeDg, STED [52]
%Mo s-process nucleosynthesis in AGB stars Under Analysis CsDg, STED [52]
%Mo Diseptangling s-, I-, p-process contributions to Under Analysis C¢D¢, STED [51]
Mo isotopes
Mo Disgntangling s-, I-, p-process contributions to Under Analysis C4De, STED [51]
Mo isotopes
BMo Disgntangling s-, -, p-process contributions to Under Analysis C4Dg, STED [51]
Mo isotopes
100 [ Disgntangling s-, I-, p-process contributions to Under Analysis C¢Dg, STED [51]
Mo isotopes
121g}, Constraints on the s-nucleosynthesis path Under Analysis CeDg [53]
122g, Constraints on the s-nucleosynthesis path Under Analysis CeDg [53]
13914 Bottleneck at N = 82 0-9 keV C¢Dg [54]
140Ce Bottleneck around N = 82 0-65 keV C¢Dg [55,56]
146Nd  s-process nucleosynthesis in AGB stars Under Analysis STED [57]
151Sm  Branching point 0-1 MeV CeDg [58,59]
1%4Gd s-only isotope, test for s-process nucleosynthesis 0-300 keV CsDg [60]
160Gq s-process nucleosynthesis in AGB stars Under Analysis CeDg [61]
164Ey s-only isotope, test for s-process nucleosynthesis ~ Under Analysis CsDg [62]
71Tm Branching point 0-1 keV CeDg [63]
176yp s-process nucleosynthesis in AGB stars 0-21 keV CsDg [64]
186(g 187Re /1870s cosmochronometer 0-1 MeV CeDg [65,66]
1870s 187Re /1870s cosmochronometer 0-1 MeV CgDg [65,66]
1880g 187Re /187Os cosmochronometer 0-1 MeV CeDg [65,66]
197 Au Standard (n, 7y) cross section 0-400 keV CeDg, TAC [67,68]
2047 Branching point 0-1 keV CeDg [69]
20577 Part of branching point at A = 204 0-100 keV CeDg [70]
204pp Termination of s-nucleosynthesis path 0440 keV CsDg [71]
206pp Termination of s-nucleosynthesis path 0-620 keV CeDg [72]
207pPp Termination of s-nucleosynthesis path 3-320 keV C¢Dg [73]
209B4 Termination of s-nucleosynthesis path 0-23 keV CeDg [74]

Table 2. List of isotopes relevant for nuclear astrophysics for which (n, p) and (n, ) measurements

have been performed at n_TOF since its inception. Measurements were performed by means of

solid-state silicon detectors.

Isotope Astrophysical Implications Measured Energy Range Ref.
(n, p) reactions

"Be Cosmological Lithium Problem 0-325 keV [75]
4N Neutron poison 0-800 keV [76]
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Table 2. Cont.

Isotope Astrophysical Implications Measured Energy Range Ref.
26A] Cosmic y-ray emitter 0-150 keV [77]
>150 keV
Under Analysis
0K Radiogenic heating of Earth-like exoplanets  Under Analysis [78]
(n, ) reactions
"Be Cosmological Lithium Problem 0-10 keV [79]
26A1 Cosmic 7y-ray emitter 0-150 keV [80]
>150 keV
Under Analysis
40K Radiogenic heating of Earth-like exoplanets ~ Under Analysis [78]
410, Short-lived radionuclei in Early Solar Under Analysis [81]
System

2. The n_TOF Facility

The neutron time-of-flight facility n_TOF is a neutron source that has been oper-
ating at CERN since 2001 [82,83]. Neutrons are produced by spallation reactions of a

20 GeV/c pulsed proton beam hitting a massive lead block. With a conversion ratio of

about 300 neutrons per proton, each beam pulse consisting today of 8.5 x 10!2

015

protons
yields a neutron flux of 2 x 10™ neutrons per pulse. This high instantaneous neutron
flux leads to excellent suppression of backgrounds unrelated to the neutron beam, such as
sample radioactivity [84,85].

Charged particles are removed from the neutron beam by sweeping magnets, and
neutrons and ultra-relativistic particles outside the beamlines are suppressed by heavy
concrete walls and a massive iron shielding. Water moderators shape the initially fast
neutron spectrum into wide energy fields, spanning over 12 orders of magnitude, from
meV up to the GeV range, with a nearly 1/E isolethargic flux dependence up to 1 MeV.
As shown in Figures 1 and 2, neutrons are delivered through vacuum pipelines to three
experimental areas (EAR): EAR1 at ~185 m, EAR2 at ~20 m, and the near EAR (NEAR)
at ~3 m distance from the spallation target. The collimation process provides a nearly
symmetric Gaussian-shaped beam profile at the sample position.

Magnet

_——————— \_\_____?E
-~

Figure 1. Layout of the CERN n_TOF facility, including details of EAR1 and EAR2 flight path.

The EAR1 and EAR2 experimental areas are dedicated to neutron cross-section mea-
surements using the time-of-flight technique, where the kinetic neutron energy E; for each
capture event is deduced by measuring the time between production of the neutron and
neutron-induced reaction. The long flight paths lead to excellent neutron energy resolution, in
particular in EAR1; a short proton pulse width of 7 ns RMS enables a resolution from 0.03% at
1 eV to 0.3% at 100 keV. While the shorter flight path at EAR2 reduces the available neutron
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energy resolution, the higher neutron flux makes it particularly well suited for measurements
on small and/or radioactive samples, even when the mass of the sample is just a few mg.
The NEAR experimental area is mainly used for neutron activation measurements, where an
energy-integrated cross section is measured by irradiation and subsequent radioactive decay
counting [86]. In this area, a typical neutron flux up to 10! n/cm?/year is available.

EAR2

Shielding

NEAR neutrons

Station

Figure 2. A scheme of the NEAR station. The bottom part in the red box shows an upstream view
with respect to the beam direction.

The combination of these features makes n_TOF a unique facility, allowing for per-
forming measurements with unprecedented accuracy and resolution on stable isotopes, as
well as for investigating neutron-induced reactions on short-lived unstable nuclei.

3. Experimental Setups

This section describes the detection setups used today for measurements of astrophys-
ical interest, in particular y-ray detectors and solid-state detectors.

3.1. C¢Dg¢ Liguid Scintillators

Deuterated benzene CgDg liquid scintillators have been used successfully for several
decades to measure radiative capture cross section. They are insensitive to scattered
neutrons, which is one of the most important background components in this type of
measurements, and have a fast response time in the ns range. The n_TOF setup has
been developed in-house to minimize neutron sensitivity [87,88]. The C¢Dg liquid (of
about 1 L volume) is contained in a cylindrical low mass carbon fiber housing. The low
neutron capture cross sections of both carbon and deuterium ensure a low contribution
from sample scattered neutrons to the background. The design is based on detailed Monte
Carlo simulations of all detector components and reduction of materials to the smallest
possible level around the scintillator cells. This enables measurements on nuclei with small
capture cross sections (e.g., magic nuclei) and/or nuclei with high scattering to capture
ratios. A set of these detectors around the sample position in EAR1, where they are typically
used, is shown in Figure 3.
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The detectors detect at most one y-ray per capture cascade, and the detection efficiency
is accounted for by employing the Total Energy Detection technique [89]. To detect capture
events independent of the cascade multiplicity, the intrinsic efficiency of detectors has to be
corrected such that it is linearly increasing with -ray energy. The required proportionality
is achieved via the Pulse Height Weighting Technique, an off-line modification of the

response function of the detector [90,91].

Figure 3. A set of C4Dg liquid scintillators around the sample position at EART.

3.2. The Segmented Total Energy Detector

The high instantaneous neutron flux at EAR2 results in high counting rates in above-
mentioned carbon-fiber housed Cg¢Dg detectors, causing pile-up effects, high dead time
corrections, and gain shifts. This motivated the development of the Segmented Total Energy
Detector (sTED), consisting of an array of small volume C4Dg modules [92] (see Figure 4).
Each sTED module has an active volume of 0.044 L, which is about 23 times smaller than
the active volumes of C¢Dg detectors. Neutron capture cross-section measurements up to
400 keV neutron energy have been successfully performed with this setup.

Figure 4. The sTED array consisting of eight modules.
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3.3. The Total Absorption Calorimeter

The total absorption calorimeter (TAC) is installed at EAR1 and consists of 40 BaF;
crystals arranged in almost 47t geometry (see Figure 5), resulting in a capture detection
efficiency of close to 100%. The crystals are contained in °B loaded carbon fiber capsules,
coupled to XP4512B photomultipliers and purpose designed voltage dividers. Since this
setup has higher neutron sensitivity compared with the C¢Dg-type detectors, the samples
are surrounded by a neutron absorber, which moderates and absorbs sample scattered
neutrons. The calorimeter can be used to select the y-ray cascade from neutron capture
using total deposited energy and therefore can be used to suppress background due to

y-rays originating from other processes [93].

Figure 5. The total absorption calorimeter. The two hemispheres are closed during measurements.

3.4. Solid-State Detectors

While most neutron-induced reactions relevant in nuclear astrophysics are radiative
capture reactions, there are a number of reactions producing light charged particle reactions.
Several detection setups consisting of silicon strip detectors have been developed for this
purpose. For the detection of outgoing charged particles, the AE-E technique has been used
when possible, allowing particle identification. These setups are described in more detail
in Sections 8 and 10.

4. The Relevant Role of Neutron Capture Cross Sections Along the
Nucleosynthesis Path

The abundances produced in the nucleosynthesis processes are essentially determined
by the neutron capture cross sections of the involved isotopes. The stellar neutron cap-
ture rate can be defined as the neutron capture cross section o(E;) integrated over the
neutron velocity distribution, (00) = [;~ co®(v)dv. The velocity distribution ®(v) of
the neutron flux is described by a Maxwell-Boltzmann form [94], because neutrons are
quickly thermalized in the He burning stellar plasma, where the nucleosynthesis process
takes place.

For a given isotope of mass A, the term (0v) can be expressed as 04 vt by introducing
the Maxwellian-averaged capture cross section (MACS) o4 for the isotope of mass A and
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the mean thermal neutron velocity vr. Once the neutron capture cross sections are known

for all relevant energies, MACS can be calculated for different stellar temperatures T to

take into account the different stellar scenarios.

However, experimental data alone are not sufficient for a full definition of the reaction
rate. In fact, in a stellar environment, the high s-process temperatures imply that nuclei
might be excited by the intense and energetic thermal photon bath. For nuclei with excited
states at low energies (say, <100 keV), this may result in a significant thermal population of
the low-lying levels. From experiments, we have only the cross section for nuclei in their
ground state, which represent only a part of the information required to derive the stellar
rate. To recover the missing information, an estimation of the so-called Stellar Enhanced
factor (SEF), i.e., the ratio between MACS at stellar environments and at ground state, can
be calculated from theory [95].

In addition, one should consider that the ground-state MACS can be calculated by
folding the capture cross section with the respective thermal neutron spectrum at the
s-process site. To cover all possible thermal energy ranges, cross-section data should be
available over a sufficiently wide neutron energy range, starting at about 100 eV and
extending to about 500 keV to account for the highest temperatures reached during shell
carbon burning in massive stars. In some instances, the energy range accessible via direct
experimental measurements is limited to the “resolved resonance region”, which could be
limited in the higher energy range. To complement for the missed neutron energy range,
it is necessary to adopt a theoretical modeling of the capture reaction process. The use of
cross sections from evaluated data libraries can be adopted in most cases.

MACSs are the main player in driving the s-process nucleosynthesis path including
the particular feature of so-called critical points. The following are the two kinds of these
critical points:

1.  The relatively small neutron capture cross section of nuclides with neutron magic
numbers plays a crucial role along the nucleosynthesis path because they act as
bottlenecks. The abundance N4 of a stable isotope of mass A is determined by the
respective rates for production and destruction, as follows:

AN 4

;= A Np+04-1-Ng_1.

In a steady-state situation (typical of the s-process) with dN4/dt = 0, the product
o4 - Ny is constant for all A. Indeed, the o4 - N4 distribution appears roughly constant
in mass regions between magic neutron numbers (50, 82, 126), thus indicating that
assumed flow equilibrium is at least partly reached. On the contrary, the very small
neutron capture cross sections of neutron magic isotopes limit the reaction flow and
give rise to structures in the o4 - N4 distribution. As a consequence, three main peaks
are present in the elemental abundance distribution close to neutron magic numbers.

2. The branchings on the s-process path occurs due to unstable isotopes with a relatively
long half-life (t1/5) larger than about a year. The neutron capture process can proceed
or not through these isotopes strictly depending on the stellar conditions (temperature
and neutron density).

These isotopes provide unique tracers and allow for a deep investigation of the star
physical conditions and complicated details of stellar nucleosynthesis. Neutron-capture
measurements on these isotopes, in combination with stellar spectroscopy and isotopic
analyses of primitive meteorites, can help to better understand the role of stellar mass,
rotation, or metallicity; to constrain the properties of non-convective mixing in stellar
interiors; and to refine our understanding of galactic chemical evolution. Measurements of
isotopes belonging to these two groups are detailed in the next two sections.
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5. Bottlenecks Along the Nucleosynthesis Path
5.1. The Nucleosynthesis Path Around the Neutron Magic Number N = 50

The first s-process peak is located around Sr, Y, and Zr that have isotopes with N ~ 50.
Neutron capture cross sections on N = 50 nuclides are small, and thus strongly influence
the production of all heavier elements (at least) up to the second s-process peak, around
the neutron magic number of 82 (the third peak is represented by Pb and Bi, near N = 126).
In addition, the A = 90 region represents a border between different components of the
s-process, the main one responsible for the production of elements with A > 90 and the
weak one dominantly responsible for abundances of elements with A < 90. The neutron
capture on 8%Y, all the stable Zr isotopes, and the unstable *3Zr has been investigated at
EARI1 of n_TOF [43-49]. The neutron magic nucleus *°Zr and the stable isotopes ! Zr,
927y, and %*Zr are all predominantly of s-process origin. As far as the unstable isotopes
9371 and ?°Zr are concerned, the first one can be considered as stable on the time scale of
the s-process because of its long half-life of 1.5 Myr. In contrast, °Zr represents a true
branching point, where the reaction flow splits. The short half-life of ®Zr (t; ;, = 64 days)
prevents a large part of the reaction flow from reaching %Zr. On the other hand, during
thermal pulses in AGB stars, neutron densities produced by ??Ne(a, n) reactions can reach
101-10'2 cm 3, sufficient to produce *°Zr. However, *Zr is destroyed by neutron capture
during the hydrogen shell burning phases where neutron densities from the 3C(a, n)
neutron source are too small to produce *Zr.

While the isotopic ratios of most elements can only be inferred from terrestrial material,
which represents an average of many sources, Zr isotope ratios can also be determined for
individual sources, either by analyses of microscopic dust grains of presolar origin or by
spectroscopy of the band structure of ZrO in cool AGB stars [96]. Presolar grains can be
recovered from primitive meteorites. Laboratory analyses of these um-sized grains have
revealed isotopic patterns completely different from those of the bulk of solar system mate-
rial. Since isotopic compositions can only be modified by nuclear reactions, stardust grains
carry the signature of their formation environments around different types of astrophysical
objects, from giant stars to novae and supernovae. The cross section obtained at n_TOF
have been used to calculate isotopic ratios of different Zr isotopes produced in stars, and
improved agreement between stellar models and measured isotopic ratios of grains has
been reached [97].

5.2. The Nucleosynthesis Path Around the Neutron Magic Number N = 82

The second s-process peak is shaped by the neutron magic N = 82 nuclei from Ba to
Nd, and their cross sections determine the s-process abundances from Ba up to Pb. Several
isotopes belonging to this region have also been investigated at n_TOF.

52.1. % La(n,v)

High-accuracy cross section on the most abundant isotope of Lanthanum, '*La, has
been obtained at n_TOF [54]. This included neutron resonance parameters and MACS at
s-process temperatures between kT = 8 and 30 keV. Lanthanum isotopic abundances can
be measured at stellar spectra with good accuracy; hence, accurate cross sections are key to
compare stellar model predictions to measured ones in different types of stars. In particular,
transition probabilities and hyperfine structure constants of several *La levels have been
accurately measured in stellar absorption spectra, and its abundance can be determined
in stars of different metallicities [98]. These analyses of abundances depend sensitively
on the MACS at the typical temperatures of the astrophysical site of the main s-process.
Resonance parameters have been determined with high accuracy and show differences
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with respect to the previous experimental data; related nuclear quantities have then been
extracted with improved accuracy.

5.2.2. 40Ce(n, )

For a long time, model predictions have been in disagreement with astrophysical
observations of abundances of *°Ce in some low-mass (<2M), low-metallicity globular
cluster stars (present in the galactic disk), while all neighboring isotopes (Ba, La, Pr, and
Nd) are well described [99]. Cerium abundances are derived from high-resolution spectra,
characterized by extremely small observational errors. Given this puzzling situation, a
high-accuracy measurement was proposed and performed at n_TOF in order to investigate
if this disagreement might be ascribed to an overestimation of the *°Ce MACS at stellar
temperatures, corresponding to kT from 8 to 35 keV [55,56]. An unprecedented combination
of a high-purity sample (enriched in *°Ce to 99.4%) and low neutron sensitivity of in-house
developed C¢Dg detectors was set up. The obtained MACS is surprisingly 40% higher than
previously accepted values [100], while stellar model calculations asked for a reduction
around 20% of the s-process contribution. The n_TOF results, going in the opposite
direction, thus even worsened the disagreement between predictions and observations,
questioning the reliability of spectroscopic abundances or, eventually, pointing to the
presence of the i-process contributing to shape the observed stellar surface distributions.

5.3. The Nucleosynthesis Path Around the Neutron Magic Number N = 126 and the End of the
s-Process Nucleosynthesis

Pb isotopes and 2%Bi are the heaviest isotopes produced by the s-process, and they
are mostly produced in low-metallicity AGB stars. In particular, Bi is the last element
synthesized, further neutron captures on this isotope are recycled back to 206207208} via
a-decays (see also Figure 6). Relative abundances of different Pb isotopes depend on T
and n, of the stellar site because of the presence of branching points in Hg and TI, and
an accurate knowledge of all relevant MACSs allows for discriminating different stellar
conditions. In addition, an accurate determination of Pb and Bi abundances produced in the
s-process allows for disentangling the s-process contribution from radiogenic production
(by decays from actinides produced by the r-process). Neutron captures on 2%°Pb, 207Pb,
208Pb, and 2%Bi have been measured at n_TOF EAR1, and high accuracy results have been
discussed for their astrophysical implications in several papers [72-74].

210pg 211pg

211Bj
vi 172.2m

204pp 205pp 206pp

1.4 15 Myr 24.1
Z I'y 2037 2041 205T|
29.5 3.78 yr 70.5

202Hg 203Hg 204Hg
29.9 46.59d

6.9

D e —————

N

Figure 6. Schematic chart of nuclei at the termination of the s-process. Red arrows correspond to the
main s-process path, while the blue ones indicate a path only enhanced during high temperature and
high neutron density events. Orange arrows refer to a decays.
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6. Branching Points

Radioactive isotopes along the s-process nucleosynthesis path can act as branching
points, where neutron capture and S-decay compete. The abundances of the nuclei in
the vicinity of a branching point depends strongly on the individual cross sections, neu-
tron density of the star, and—in case the half-life of the branching point is temperature
dependent—stellar temperature. Hence, if the s-process abundances affected by a branch-
ing point are known (for example, for s-only isotopes), knowledge of the cross sections can
provide information on stellar neutron densities and/or stellar temperatures, thus helping
in identifying the mass of the progenitor. The radioactivity of samples corresponding to
branching points makes them particularly challenging to measure, as usually, only very
small amounts of sample material can be obtained. In addition, for radiative neutron
capture experiments, the capture cascade y-rays need to be separated from any <y-rays from
radioactive decay. The high instantaneous neutron flux achieved at n_TOF experimen-
tal areas makes it one of the best-suited facilities in the world for measuring radioactive
samples. In fact, higher fluxes can compensate when a minor amount of sample mass is
available [39]. The time in which the n_TOF detection system acquires signals is only a
fraction of a second (<100 ms), and this fact improves the signal-to-radiative-noise ratio.

A list of the most relevant branching points in the s-process can be found in Table III
of Ref [11]. As reported in the recent review article [101], several of the isotopes listed
there have been successfully measured (often for the first time) at the n_TOF facility. The
following subsections briefly describe each case.

6.1. ©Ni(n, )

As already mentioned, abundances between Fe and Zr are mainly produced by the
weak s-process component in massive stars. At the end of He core burning, the neutron
source 2?Ne(x, n)ZSMg is activated at temperatures around 0.3 GK, with neutron densities
of n, ~ 107 cm~3. Due to such low n,, more than 90% of ®*Ni (terrestrial ¢, /2 =101 yr)
B-decays to ®3Cu. During the later C shell burning phase, temperatures rise to about 1 GK,
and the neutron densities reached are orders of magnitude higher, n, ~ 101112 cm 3,
Although the stellar ®3Ni half-life reduces to a few years at these high stellar temperatures,
3Ni behaves like a stable isotope due to the high neutron densities. **Ni is produced
by 03Ni(n, ) reactions, and ®3Cu abundances from this later burning phase come from
radiogenic decay of the accumulated ®*Ni. Hence, the abundances of **Ni and the two
stable Cu isotopes ®3¥%Cu sensitively depend on ®*Ni neutron capture cross sections [102].
The nucleosynthesis path in the Ni-Cu—Zn region is shown in Figure 7.

The neutron capture cross section on ®*Ni has been measured for the first time at stellar
neutron energies at EAR1 [30]. The ®*Ni sample used in the measurement was produced
already in the 1980s by bombarding enriched ®*Ni at a high-flux reactor at the Institute
Laue-Langevin (ILL) in Grenoble (France) [103], yielding an enrichment of about 10% in
Ni, corresponding to a mass of about 110 mg. The energies and strengths of 12 new
200 keV were obtained, which allowed for obtaining MACS over
the entire energy range of interest, from kT = 5 to 100 keV. Stellar models of massive star

resonances for E,;, <
nucleosynthesis using the new MACS predicted higher abundances by about 20% for ®4Ni,
while %3Cu is depleted by about 15% with respect to previous predictions.

The measurement was complemented with the measurement of the neutron cap-
ture cross section on stable ®Ni for a reliable evaluation of this dominant background
component in the data [29].
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Figure 7. Schematic chart of nuclei in the Ni-Cu-Zn region. Red arrows correspond to the s-process
path during He core burning, while the blue ones indicate the s-process path in the later C shell
burning phase, where neutron densities are orders of magnitude higher.

6.2. 7Se(n, v)

The capture cross section of 79Ge, never measured before, determines the reaction flow
of the s-process in the Se-Br—Kr region. This key quantity fixes the relative abundance of the
s-only isotopes 8°Kr and 82Kr. Their abundance ratio is well characterized in presolar grains,
and reliable constraints for the s-process site conditions can be investigated from it, in
particular considering that the 7Se half-life is very sensitive to the stellar temperature [104].

The main obstacle in the past to perform this measurement was the limitation
in the available sample mass and detection sensitivity, given the terrestrial half-life of
3.25 x 10° years. The sample used in the measurement contained only 3 mg of 7?Se, the
rest being a total of about 4 g of Pb, Al, and 78Se. It was obtained by irradiating PbSe
(Lead selenide) at ILL and inserted into an aluminum case. Although the 78Se(n, 7)7°Se
reaction in PbSe produced only a tiny amount of 7Se, it could be studied for the first time
atn_TOF [39].

The data at n_TOF have been taken in both experimental areas EAR1 and EAR?2, with
an ancillary measurement on the 78Se isotope in order to discriminate 78Se resonances, as
shown in Figure 8. Data are in a preliminary phase of analysis.
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Figure 8. Comparison of measured counts from 79Se(n,7)8Se and 78Se(n,v)”?Se reactions.
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6.3. %*Nb(n, v)

The neutron capture cross section of the radioactive %Nb isotope (t1 /2 =2.04 x 10* years)
plays a decisive role in determining the s-process production of **Mo in AGB stars, which
currently cannot be reproduced by stellar models [105]. Moreover, moving through the
Zr-Nb-Mo region, the neutron capture cross section of Nb addresses the different compo-
nents of the nucleosynthesis s-processes (weak and main) that take place at different stars:
weak component in massive stars (with mass in excess of 8-10 M) and main component in
lower-mass stars.

Before the measurement performed at n_TOF, only two resonances were previously
measured using the neutron transmission method. The measurement performed at n_TOF
EAR?2 could only rely on about 2 x 10'° atoms of **Nb (about 3 mg), based on hyper-pure
93Nb material activated at the ILL high-flux reactor.

Thanks to a state-of-the-art detection system (based on the sTED array [92]) and the
performance of the high flux beamline at EAR2 [106,107], resonances for E,, < 1 keV could
be measured. Preliminary data of ongoing analysis indicate the observation of about
10 resonances in this energy range. Detailed analysis of them should provide enough
information for the evaluation of MACS at relevant kT.

6.4. 151Sm(n, )

The ®'Sm(n, ) study was the very first measurement performed at the n_TOF
EART1 [58,59]. '°1Sm with t; ,, ~ 90 years is one of the main branch point isotopes along
the main s-process component. The competition between neutron capture and p-decay
leads to a split of the reaction path at >!Sm, followed by a second branching at 1>*Eu. The
additional nearby branching points 1>>1Eu and !>3Gd are of minor importance, and the
branchings at 1°!Sm and ®*Eu determine the abundances of the s-only isotopes 1>2Gd and
1%4Gd, respectively. Since the B-decay rate of 1°!Sm depends on temperature, this branching
can be used to constrain thermodynamic conditions (temperature and neutron density
profiles) during the main s-process in AGB stars from the local abundance pattern in this
mass range.

The measurement was performed using a sample of 156 GBq activity (206 mg), with
~90% enriched. The value extracted of the MACS at kT = 30 keV is 3.08 + 0.15 b, and
stellar models of low mass AGB stars using this MACS resulted in a consistent description
of abundances in the Sm-Eu-Gd region, indicating that assumed neutron density and
temperature profiles are consistent with isotopic abundance observations.

6.5. 1 Tm(n, )

The unstable 7Tm (t; /, of only 1.92 yr) is a part of a few branching points in the
A ~ 170 mass region, and its neutron capture cross section as a function of the neutron
energy was never measured before the experiment performed at n_TOF EAR2. A wide
collaboration between laboratories was required for the production for the first time of
more than 3 mg of 17! Tm at the ILL high-flux reactor, for the preparation of a sample at the
Paul Scherrer Institute (PSI) in Villigen (Switzerland), where a high enrichment of 98% was
achieved, and for the final measurement at CERN.

The 7'Tm(n, ) reaction is of particular interest because it affects the isotopic ratios
of the Ytterbium isotopes. 7°Yb is an s-only isotope, shielded by stable 7YEr from the
contribution of the r-process. The abundance of '7?Yb was measured in presolar SiC
grains and can be used as a test of stellar models, once the 7ITm(n, 7) cross section is
experimentally obtained. A total of 28 resonances were observed up to 1 keV of incident
neutron energy, and a MACS value at 30 keV of 570 4 220 mb has been deduced, 17% higher
than that of the Bao et al. compilation [94], used in previous astrophysical calculations.
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The new result was successfully used to solve isotopic anomalies in rare-earth elements
found in SiC grains of the Murchison meteorite [108]. In particular, the 171Yb /172Yb and
173Yb /172D isotopic ratios could be well reproduced after the new cross section measured
at n_TOF with the support of detailed modeling of the so-called third dredge-ups (TDUs)
included in updated stellar models of low-mass stars [109]. In fact, SiC grains are thought
to be synthesized after TDUs, when by-products of nuclear burning occurring in stellar
interior are mixed to the surface layer.

6.6. 2%4TlI(n, )

Between-lead isotopes 2%*Pb is the only one of pure s-process origin, because it is
shielded from the r-process by its isobar 2*Hg. Therefore, this isotope plays a pivotal role
in studying the s-process nucleosynthesis in AGB stars. This is because these nuclei can be
used to benchmark state-of-the-art AGB models by comparing nucleosynthesis calculations
with their observed abundances. Its abundance is strongly depending on properties of
a 2471 branching point, whose t;/, of 3.78 years is comparable to the time scale of the
neutron capture s-process. A challenging measurement was performed at EAR1. The 24Tl
sample for the experiment was produced from neutron irradiation of a seed sample of
203T] at the ILL high-flux reactor. The obtained 2**Tl concentration in the sample was 4%,
corresponding to a 2Tl total mass of only 9 mg (with a strong activity of 150 GBq). Thanks
to the long flight path and the consequently high energy resolution of the EAR1 neutron
beam, it was possible to resolve 11 204 capture resonances, all at E,, < 4 keV, from those
much more prominent ones of 23TI.

The extracted MACS at the s-process temperatures of kT ~ 8 keV and kT ~ 30 keV [69],
are about 3% lower and 20% higher, respectively, than the corresponding theoretical values
widely used in nucleosynthesis simulations [100]. The 204ph abundances obtained from
stellar models using the n_TOF cross sections are in agreement with the 2*4Pb abundance
measured in the solar system.

7. Neutron Sources and Poisons in the Stars

In AGB stars, the site of the main s-process, the current models consider mainly
two neutron sources: the '3C(a, n) reaction, responsible for producing the bulk of heavy
elements, and the ??Ne(a, n) reaction, only partially activated and responsible for the
activation of several branching points along the s-process path. In addition, neutron
poisons also produce interesting nucleosynthesis effects, whose evidence is testified by
stellar observations and the abundance of isotope distributions in SiC grains.

Some of the measurements performed at n_TOF were also dedicated to produce
nuclear data to accurately describe cross sections of both the neutron sources or poisons
that contribute to the neutron balance in the stellar environments.

7.1. ¥N(n, p)

The N(n, p)!*C reaction plays a key role in nuclear astrophysics because it is a
significant neutron poison in the s-process nucleosynthesis. Moreover in the CNO cycle,
the protons produced in this reaction present an additional poisoning effect weakening the
neutron source because they remove '3C nuclei through the 3C(p, 7) reaction.

The measurement at EAR1 has allowed the determination of the *N(n, p) cross section
over a wide energy range, from subthermal neutron energy up to 800 keV for the first time
and with high accuracy of about 2.5% [76]. The first two resonances (at 492.7 and 644 keV)
were resolved, and the thermal cross section (1.809 + 0.045 b) was extracted, lower than
the two most recent measurements [110,111] by more than one standard deviation, but
consistent with the evaluations.
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7.2. Mg(n, v)

The #?Ne(x, 7)**Mg and ?Ne(«, n)>>Mg nuclear reactions regulate the production of
neutrons in both massive and in AGB stars. In particular, the 22Ne(«, n)>>Mg neutron source
is activated in AGB stars during a series of convective He-shell burning episodes, so-called
thermal pulses, with temperatures as high as 400 MK. Although the contribution of the
reaction to the total neutron budget is only of 5%, the effect on final abundance pattern is
crucial: it is decisive for deriving information on neutron density and temperature in the
He-burning layers of AGB stars. A different situation is present in massive stars, where
thermal energies of ~25 and 90 keV are reached during the He-core and C-shell burning
phases, and the neutron budget is by far dominated by the ?Ne(a, n)*>Mg reaction.

The direct measurement of the 2?Ne(«, n)25Mg reaction is difficult due to the low cross
section at low energies of a particles; the neutron emission starts at E, = 570 keV [112]. To
address this limitation, indirect methods have been suggested, including the study of the
BMg(n, 7)**Mg neutron capture [24].

Measurements of this reaction performed at EAR1 of n_TOF were carried out with
highly enriched, metallic samples (97.87%), and parameters of 5 resonances were extracted
in the energy region E, < 300 keV, corresponding to an incident a-particle energy for
reactions on 22Ne from threshold to approximately 850 keV. The obtained information on
resonances was useful for calculating the upper limit of the 22Ne(a, n) reaction rates, based
purely on experimentally available information. A 30% decrease in the upper limit of the
rate with respect to the value previous present in the literature [113] has been obtained
around kT = 25 keV, a temperature at which He shell burning in low-mass AGB stars and
core He burning in massive stars takes place.

8. Primordial Nucleosynthesis

Measurements performed at n_TOF were not exclusively dedicated to the improve-
ments of nuclear data of interest of stellar nucleosynthesis, but were also useful to approach
primordial nucleosynthesis. In fact, the large discrepancy between the abundance of pri-
mordial “Li predicted by the standard theory of Big Bang Nucleosynthesis (BBN) and
the value deduced from the observation of metal-poor stars, the so-called Cosmological
Lithium Problem (CLiP) [114], representing one of the most important unresolved problems
in nuclear astrophysics, has been investigated by means of the study of the “Be(n, p) and
"Be(n, a) reactions. While primordial abundances of other nuclides are remarkably well
reproduced by BBN calculations, 7Li production is overestimated by more than a factor of
3. Possible explanations of the CLiP problem have been proposed involving several fields
as nuclear physics, astrophysics [115], astronomical observations, nonstandard cosmology,
and new physics beyond the standard model of particle physics, but at present, a fully
satisfactory solution is still pending.

The abundance of ”Li is essentially determined by the production and destruction of
7Be. Indeed, the standard BBN predicts that 95% of the primordial “Li is produced by the
electron capture decay of “Be, which happened at late times after the Big Bang, when the
Universe cooled down sufficiently and electrons and nuclei combined into atoms.

To investigate a possible nuclear physics solution to the CLiP, several measurements
have been proposed, on the basic idea that a higher rate for neutron- or charged-particle-
induced reactions on “Be leads to a lower surviving ”Be fraction and consequently to a
lower ’Li abundance.

The measurements are particularly challenging because of the high specific activity
of "Be (13 GBq/ug) and low cross sections. Moreover, in the study of the (n, p) reaction,
the small Q value of the reaction (1.64 MeV) leads to the emission of low-energy protons,
putting severe constraints on the total mass, areal density, and purity of the samples.
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The high beam luminosity in EAR2 then played a fundamental role in making these
measurements possible.

The 7Be sample materials were produced at PSI, by a radiochemical separation of ”Be
from the SINQ cooling water; separated material was then implanted on an Al backing at
CERN-ISOLDE and immediately afterwards irradiated at n_TOF [116]. Implanted target
contained only hundreds of ng of “Be, with a very high purity of 99%.

Two different experimental setups were adopted, both based on silicon detectors. As
shown in Figure 9, a telescope made of two silicon strip detectors of 20 pum and 300 pm
thicknesses for AE and E detection, respectively, was set/used for (n, p) reaction. The (n, «)
measurement was then based on the detection of both a’s emitted from the decay of ®Be. In
this case, a sort of sandwich made of two silicon detectors including the “Be sample was
placed directly in the neutron beam.

The obtained cross sections were higher than the ones traditionally used in the BBN
calculations [1], but not sufficiently high to reconcile the standard BBN Lithium yield with
astrophysical observations. The deduced reaction rate leads to a minor change of the “Li
yield, thus leaving the solution of the CLiP to other explanations.

High purity ’Be

E AE neutron beam
detectors

Figure 9. Sketch of the experimental setup used for the study of the “Be(n, p) reaction.

9. Cosmochronology

The time duration of the nucleosynthesis of the heavy elements produced by neutron
capture processes can be used to set limits on the age of the Universe [117]. Among several
cosmic clocks based on the abundances of long-lived radioactive isotopes, the 1870s /18" Re
is one of the more interesting.

The clock is based on the extremely long half-life of 1¥Re (¢, = 43.3 Gyr) against
decay to 8Os and on the fact that 8Os and 8Os are shielded against direct r-process
production. Then, thanks to the well-established s-process abundances of 1¥QOs and 87Os,
the Re/Os clock exploits the enhancement in the abundance of '¥”Os due to ' Re B-decay.

Resonance parameters and the capture cross section have been extracted from a
measurement in EAR1 in the entire range of astrophysical interest with typical uncertainties
of 5%. In practice, limits in the application of the Re/Os clock come from the dramatic
temperature dependence of the % Re half-life, from the necessary corrections to take into
account the thermal population of excited nuclear states of the 1Os isotope, and from the
reliability of the model used for galactic chemical evolution. The uncertainty on the capture
cross-section ratio of 18Os and 187Os propagates into the uncertainty of a determined age
of the Universe. Thanks to the measured data, the nuclear physics uncertainties affecting
the age obtained by the Re/Os clock were reduced to less than 1 Gyr, with a final result
including astronomical uncertainties of 15 £ 2 Gyr [65,66], in good agreement with values
obtained with different methods.
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10. Cosmic y-Ray Emitter 26Al

The cosmic 7-ray emitter 2°Al (¢, = 0.7 Myr) is of high interest in astrophysics. Its
presence in our galaxy provides evidence for ongoing nucleosynthesis, and the excess of
its daughter isotope 2°Mg observed in meteoric calcium-aluminum-rich inclusions (CAls)
indicates that 2°Al was injected in the early solar system (see e.g., [118]). 2 Al abundances
produced in massive stars (the main source of galactic 26 Al) and AGB stars sensitively
depend on 26 Al(n, p) and 26 Al(n1, a) reaction rates, in particular reactions on the ground
state of 2°Al (*°Al has also a low-lying isomer (Ey = 228 keV, T} /» = 6.4 s), which predomi-
nantly decays via f-decay, and which is not in equilibrium with the ground state below
T ~ 0.5-1 GK [119,120]. Hence, nucleosynthesis calculations treat the ground and isomeric
states as two different species at lower stellar temperatures.) [119,121]. A recent measure-
ment of these reactions at n_TOF resulted in high accuracy reaction rates for both channels
up to stellar temperatures of about 0.5 GK [77,80]. The measurement was performed at
EAR?2 using a unique 2°Al sample of ~2.6 x 10!7 atoms [122]. The purpose-built silicon
strip detection system consisted of a 20 um thick single-sided silicon strip detector (SSD)
as AE and a 50 um thick (SSD) as E detector. The setup was optimized to minimize the
detector response to the y-flash, a prompt signal induced when the proton beam hits the
spallation target, which limits the highest neutron energies which can be accessed. Neutron
cross sections up to 150 keV could be obtained from this measurement, constraining stellar
reaction rates in AGB stars. The n_TOF data were used in AGB stellar models and predicted
isotopic Al ratios agree well with observations in meteoritic inclusions originating from
AGB stars [121]. To constrain 2° Al production in massive stars, neutron data at higher
energies are required. A new measurement of these reactions was performed in 2023 with
a further optimized setup, with the aim of measuring cross sections up to E;, ~ 500 keV.
The data are currently being analyzed.

11. Future and Perspectives

The neutron time-of-flight facility n_TOF at CERN will approach the 25th anniversary in
2026. In addition to a dense experimental program, R&D activities performed there opened
the possibility to expand the fields of investigations to new, challenging measurements.

In general, MACS for studying the slow neutron capture processes requires uncertain-
ties of about 5% to match the precision of observations and requirements of stellar models;
for the present situation, see Figure 10. Since its inception, the n_TOF facility has delivered
these target accuracies for many cases. However, there are a number of reactions for which
better accuracies are required, or which have not been studied experimentally yet. In the
following, a list of recently made or planned impactful improvements to the facility and to
the experimental instrumentation is described:

1. Measurements of highly radioactive samples or samples available in low amount
of mass
As mentioned earlier, the high instantaneous neutron flux and excellent neutron en-
ergy resolution make the n_TOF facility well suited for measuring radioactive isotopes
to suppress backgrounds from radioactivity and sample impurities. In the past years,
a collaboration with several laboratories (CERN-Isolde, ILL, Joint Research Center
(JRC) Geel, Los Alamos National Laboratory (LANL), PSI) that are able to isolate
desired isotopes has been fruitfully established. In general, isotopes with half-lives
higher than about a hundred of days available in a sufficient amount can be measured
using the time-of-flight technique, while the activation technique can be applied even
in more challenging physics cases.
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relative uncertainty

One example is the first time-of-flight measurement of the 87r(n, ) reaction in 2024,
during which a small amount of 8Zr, 1.68 pg, t; /, = 83 days, was placed in EAR2 [123].
This measurement was possible thanks to an efficient collaboration between LANL for
the production of the sample material, PSI for handling and preparation of the sample,
and CERN for the time-of-flight measurement. Given this success, new isotopes have
been added to the list of possible measurements, opening a path to measure nuclei
involved in the i-process nucleosynthesis.

MACS uncertainties

15 5% range
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Figure 10. Uncertainties in the MACS for kT = 30 keV available in the Kadonis database [100]. The 5%
band shows what is typically requested by astrophysics modeling of the s-process nucleosynthesis.

MACS of stable and radioactive isotopes for which the results from n_TOF measurements have

already been published is shown.

2.

Possibility to measure gaseous samples

Thanks to an in-house developed gas cell that can resist the pressure of hundreds of
bar, a gas target, namely, “’Ar, was used for the first time in 2024 at n_TOF. Given that
nucleosynthesis processes involving noble gases (Ne, Ar and Kr) take place for kT
from few to hundreds keV, depending on the stellar conditions [124], new neutron
capture measurements can be scheduled in the near future.

An opportunity to work with liquid target will be definitely exploited too.
Installation of a neutron transmission station

A full description of parameters of individual resonances, i.e., energy, neutron and vy
widths, spin and parity, can be often extracted from the combined analysis of capture
and transmission measurements. In transmission experiments, the observed quantity is
the fraction of the neutron beam that passes through the sample without any interaction.
The transmission factor is obtained from the ratio of a sample-in and a sample-out
measurement, both corrected for dead-time effects and background contributions.
Recent tests and engineering studies have been conducted to set up a transmission
station in the neutron beamline leading to EAR1. The first measurement on >%Cu
isotopes was performed in 2025.

Use of activation measurements

Another chance to overcome the limits of measurements on isotopes available with
a very low mass and/or with a short decay time can be to exploit the activation
technique, using the high neutron fluxes available at the NEAR station. The activation
technique consists of irradiation of the sample of interest and subsequent radioactive
decay counting. Hence, this technique is limited to cases where the reaction product
is unstable.
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At the NEAR station, about 3 m from the neutron spallation target, the method of
filtering the neutron spectrum has been developed. This method allows for using ab-
sorbers in the neutron beam to create quasi-stellar neutron spectra and hence directly
measure an averaged cross section. Use of these “quasi-stellar” spectra corresponding
to different T for measurements of MACS is planned. Such measurements will be
particularly beneficial for unstable or low-mass samples, for cases in which extremely
low reaction rates are expected. Furthermore, future plans include implementing the
fast cyclic activation technique, allowing for performing activation measurements on
short-lived reaction products, particularly important for new astrophysical scenarios
such those envisaged by the i-process.

In addition, the collaboration was recently proposed to install a neutron activation
station n_ACT at the recently endorsed SPS Beam Dump Facility (BDF), which will
operate the Search for Hidden Particles (SHiP) experiment [125]. At the core of this
facility, a high-Z spallation target/dump will be located to absorb proton beams at
400 GeV /c with an intensity of 4 x 10'3 protons per proton pulse, with an average
beam power of roughly 350 kW, most of it fully deposited in the target. The expected
neutron flux at n_ACT will be about a factor 1000 higher than at the NEAR activa-
tion station. An expression of interest has been submitted to the CERN SPS and PS
Experiments Committee, and a full proposal is currently under preparation.

12. Summary

The n_TOF facility at CERN is going to celebrate a quarter of a century of its operation.
The research activities on neutron-induced reactions has delivered during these 25 years
key data for astrophysics in understanding the origin of the chemical elements in the
Universe, in particular for the slow neutron capture nucleosynthesis (s-process). Nuclear
data with unprecedented accuracy (e.g., MACS extracted with uncertainties lower than
5%) in broad energy domains are routinely produced at the n_TOF facility. Several tens
of experimental investigations relevant for astrophysics have been performed so far (see
Tables 1 and 2), and data sets have been uploaded in the Experimental Nuclear Reaction
Database (EXFOR, maintained by IAEA). More than 150 researchers representing more
than 40 research teams or institutes, primarily located within Europe, including an average
of 20 PhD students, give life to a dynamic international collaboration, ensuring a broad list
of proposals and studies on new physics cases.

Recently made and planned upgrades will further enhance the capabilities of the
facility, enabling a wider area of research. These improvements include a new transmission
station, a moderator for the NEAR station, high-pressure gas cells for gaseous targets, and
R&D of advanced detectors to widen the range of nuclear reaction channels that can be
exploited. A bright future promising even more accurate results from n_TOF is envisaged.
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Abbreviations

The following abbreviations are used in this manuscript:

AGB Asymptotic Giant Branch

CERN  European Council for Nuclear Research
CLiP Cosmological Lithium Problem
IAEA  International Atomic Energy Agency
ILL Institute Laue-Langevin

JRC Joint Research Center

LANL Los Alamos National Laboratory
MACS Maxwellian Averaged Cross Section
n_TOF neutron Time Of Flight

PSI Paul Scherrer Institute

SEF Stellar Enhanced factor

sTED  segmented Total Energy Detector
TAC Total Absorption Calorimeter
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