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Nuclear astrophysics at n_TOF: focus on neutron sources in stars

C. Massimi">*, O. Aberle?®, V. Alcayne?, S. Altieri*®, S. Amaducci’, J. Andrzejewski®, V.
Babiano-Suarez’, M. Bacak?, J. Balibrea’, C. Beltrami®, S. Bennett'?, A. P. Bernardes?, E.
Berthoumieux!!, R. Beyer'?, M. Boromiza'?, D. Bosnar'4, M. Caamafio'®, F. Calvifio'®, M.
Calviani®, D. Cano-Ott*, A. Casanovas'®, F. Cerutti®, G. Cescutti'”!®, E. Chiaveri>'’, P.
Colombetti'***, N. Colonna®!, P. Console Camprini-**, G. Cortés'® , M. A. Cortés-Giraldo?, L.
Cosentino’, S. Cristallo?*?, S. Dellmann?, M. Di Castro, S. Di Maria?, M. Diakaki’®, M. Dietz*’,
C. Domingo-Pardo’, R. Dressler*’, E. Dupont!!, I. Duran'®, Z. Eleme®!, S. Fargier®, B.
Fernandez?®, B. Fernandez-Dominguez'®, P. Finocchiaro’, S. Fiore??32, V. Furman®, F. Garcia-
Infantes®*, A. Gawlik-Ramiega ®, G. Gervino'*?, S. Gilardoni®, E. Gonzalez-Romero*, C.
Guerrero®®, F. Gunsing!!, C. Gustavino®?, J. Heyse®, W. Hillman'®, D. G. Jenkins®¢, E. Jericha®’,
A. Junghans'?, Y. Kadi®, K. Kaperoni?®, G. Kaur!!, A. Kimura®, I. Knapov4*°, M. Kokkoris®®,
Y. Kopatch®}, M. Krticka®®, N. Kyritsis?®, I. Ladarescu’, C. Lederer-Woods*, J. Lerendegui-
Marco’, G. Lerner’, A. Manna'?, T. Martinez*, A. Masi®, P. Mastinu*', M. Mastromarco?!"*?, E.
A. Maugeri®, A. Mazzone?!"®, E. Mendoza®*, A. Mengoni**! , V. Michalopoulou®®, P. M.
Milazzo'”, R. Mucciola?**, F. Murtas®, E. Musacchio-Gonzalez*', A. Musumarra®®*’ | A.
Negret'®, A. Pérez de Rada®, P. Pérez-Maroto®*, N. Patronis’!, J. A. Pavon-Rodriguez?’, M. G.
Pellegriti®®, J. Perkowski®, C. Petrone'’, E. Pirovano?, J. Plaza*, S. Pomp™®, 1. Porras®*, J.
Praena**, J. M. Quesada®®, R. Reifarth?®, D. Rochman®’, Y. Romanets®’, C. Rubbia®, A. Sanchez-
Caballero*, M. Sabaté-Gilarte®, P. Schillebeeckx®’, D. Schumann®’, A. Sekhar!®, A. G. Smith'°,
N. V. Sosnin*’, M. E. Stamati®!, A. Sturniolo'®, G. Tagliente?!, A. Tarifefio-Saldivia’, D.
Tarrio*, P. Torres-Sanchez**, E. Vagena®!, S. Valenta®, V. Variale?!, P. Vaz?’, G. Vecchio’, D.
Vescovi?®, V. Vlachoudis®, R. Vlastou?®, A. Wallner'?, P. J. Woods*’, T. Wright!°, R. Zarrella!*,
P. Zugec'*, The n_TOF Collaboration (www.cern.ch/ntof)

!Istituto Nazionale di Fisica Nucleare, Sezione di Bologna, Italy
’Dipartimento di Fisica e Astronomia, Universita di Bologna, Italy
SEuropean Organization for Nuclear Research (CERN), Switzerland
“Centro de Investigaciones Energéticas Medioambientales y Tecnolégicas (CIEMAT), Spain
Sstituto Nazionale di Fisica Nucleare, Sezione di Pavia, Italy
®Department of Physics, University of Pavia, Italy
7INFN Laboratori Nazionali del Sud, Catania, Italy
8University of Lodz, Poland
°Instituto de Fisica Corpuscular, CSIC - Universidad de Valencia, Spain
1University of Manchester, United Kingdom
"CEA Irfu, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
2Helmholtz-Zentrum Dresden-Rossendorf, Germany
3Horia Hulubei National Institute of Physics and Nuclear Engineering, Romania
“Department of Physics, Faculty of Science, University of Zagreb, Zagreb, Croatia
BUniversity of Santiago de Compostela, Spain
18 Universitat Politécnica de Catalunya, Spain
[stituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy
8Department of Physics, University of Trieste, Italy
DIstituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy
20Department of Physics, University of Torino, Italy
2l stituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy
?2Agenzia nazionale per le nuove tecnologie (ENEA), Italy
BUniversidad de Sevilla, Spain
H[stituto Nazionale di Fisica Nucleare, Sezione di Perugia, Italy
Z[stituto Nazionale di Astrofisica - Osservatorio Astronomico di Teramo, Italy

* Corresponding author: Cristian.Massimi@bo.infn.it



C. Massimi et al. HNPS Advances in Nuclear Physics vol. 29, pp. 8-12 (2023) doi: 10.12681/hnpsanp.5092

HNPS2022

2Goethe University Frankfurt, Germany
27 Instituto Superior Técnico, Lisbon, Portugal
?National Technical University of Athens, Greece
Y Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
30Paul Scherrer Institut (PSI), Villigen, Switzerland
3 University of loannina, Greece
3 [stituto Nazionale di Fisica Nucleare, Sezione di Romal, Roma, Italy
33 Joint Institute for Nuclear Research (JINR), Dubna, Russia
$University of Granada, Spain
¥ European Commission, Joint Research Centre (JRC), Geel, Belgium
35University of York, United Kingdom

S7TU Wien, Atominstitut, Stadionallee 2, 1020 Wien, Austria

3 Japan Atomic Energy Agency (JAEA), Tokai-Mura, Japan
3 Charles University, Prague, Czech Republic

“School of Physics and Astronomy, University of Edinburgh, United Kingdom
#“IINFN Laboratori Nazionali di Legnaro, Italy
“Dipartimento Interateneo di Fisica, Universita degli Studi di Bari, Italy
“Consiglio Nazionale delle Ricerche, Bari, Italy
“Dipartimento di Fisica e Geologia, Universita di Perugia, Italy
INFN Laboratori Nazionali di Frascati, Italy
“[stituto Nazionale di Fisica Nucleare, Sezione di Catania, Italy
“’Department of Physics and Astronomy, University of Catania, Italy
“Uppsala University, Sweden

Abstract Since 2001, the neutron time-of-flight facility n TOF at CERN has carried out a large
number of cross section measurements of interest for several research fields, including Nuclear
Astrophysics. The results of these measurements have improved our knowledge on the nucleosynthesis
of chemical elements. Particularly relevant for the s-process, reported cross sections were used to
constrain the Big Bang nucleosynthesis, to benchmark stellar models against nucleosynthesis in quiet and
explosive scenarios, to interpret meteoritic abundances, as well as to study the neutron source reactions
in Red Giant stars. After a brief description of the n_TOF facility and the related astrophysical program,
the research activities about the *C(c,n)'°0 and ?>Ne(o.,n)*>Mg neutron source reactions are discussed.

Keywords  s-process, n_TOF, cross section

INTRODUCTION

Neutron-induced reactions play a relevant role in understanding Big Bang and stellar nucleosynthesis.
While BBN accounts for the formation of light elements up to ’Li, stellar nucleosynthesis is
responsible for the formation of heavier elements. It is well-established [1, 2] that the production of
elements heavier than iron (A>60) is based on (n,y) reactions, and subsequent [} decays.
Approximately half of the elemental abundances beyond iron are produced by the s-process during
quiet burning phases in Red Giants stars, the rest being produced by the r-process in stellar explosion
events.

The s-process reaction flow proceeds via a sequence of radiative neutron captures and B-decays
from a distribution of seed nuclei around iron, thus building up elements from Fe to Bi. In particular,
in the s-process nucleosynthesis (characterized by a low neutron density) B-decay rates are faster than
radiative neutron capture rates, and therefore the s-process path follows the valley of 3 stability on the
chart of nuclei.

In some cases, (n,p) and (n,o) reactions are also important. In fact, these reactions on a few light
elements (for instance, "N, Mg, *Al) can sizably modify the neutron distribution in the stellar
interiors, thus affecting the efficiency of the s-process in synthesizing heavy elements. On the other
hand, (n,p) and (n,a) reactions are of some relevance in the modelling of Big Bang nucleosynthesis or
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for the study of particular topics, as in the case of the stellar production of the 2°Al gamma ray emitter
observed in our galaxy.

The experimental observable of interest to Big Bang and stellar nucleosynthesis is the neutron-
induced cross section averaged over the stellar neutron-energy distribution, typically referred to as
Maxwellian averaged cross section (MACS). So far at n TOF, MACS were determined via time-of-
flight (TOF). This technique is based on the measurement of energy-dependent cross sections over a
wide energy region, and subsequent calculation of the MCAS at different temperatures, namely
between £7=5 and 100 keV. In the last 20 years, the n_ TOF collaboration has provided accurate
nuclear data on a large number of intriguing physics cases (see for instance ref. [3] and references
therein). In the near future, the effort will be on activation measurements as well.

THE N_TOF FACILITY AT CERN

The neutron time-of-flight facility n TOF at CERN features two beam lines and corresponding
experimental areas and an irradiation station, named EAR1, EAR2 and NEAR, respectively. EAR1
and EAR2 are located at 185 m and 19 m from the neutron-producing target, respectively, and are
equipped with detection systems for TOF measurements. The NEAR station, conceived for activation
measurements, has been recently constructed in the proximity of the neutron-producing target. The
n_TOF facility is a white spallation source driven by the CERN proton synchrotron (PS). More in
particular, 20 GeV/c protons from the PS impinge onto a massive 80x80x60 c¢cm® Pb block [4],
producing neutrons by spallation. Fast neutrons originating from the interaction of the proton beam
with the lead target are then moderated by a water layer 5 cm thick, thus resulting in a wide neutron
energy spectrum. As a result, neutron energies span over 11 energy orders of magnitude, from meV to
GeV. The so-called instantaneous neutron flux, i.e. the number of neutrons per bunch, reaching EAR1
and EAR2 is quite high, as the result of the combination of the PS features and the ones of the
neutron-producing target.

THE NUCLEAR ASTROPHYSICAL PROGRAM AT N_TOF

Since 2001, n_TOF has produced cross section data of interest for the s-process, as well as data
for BBN and other astrophysical studies. More in detail, (n,y) cross sections were deduced as a
function of energy, using the time-of-flight method at EAR1 and EAR2. Moreover, improved
detection systems, innovative ideas and collaborations with other neutron facilities have led to a
sizable contribution of the n TOF collaboration to the research field. Particularly important was the
close collaboration with GELINA [5] at the European Commission Joint Research Center in Belgium,
SARAF [6] in Israel, ISOLDE at CERN and the Paul Sherrer Institute (PSI) in Switzerland. Several
cooperative projects were carried out in order to improve the quality of the cross-section data (see for
example, the case of "’Au [7-10], ''Tm [11] or "Be [12,13]).

In summary, results of (n,y) measurements have been reported for stable and radioactive samples
of interest to the s-process: ****Mg [14,15], 3*'Fe [16], *36263Ni [17-20], 7*7>"*Ge [21-23],
9091929394967 [24.25], PLa [26], "Ce [27], “Pm, 5'Sm [28], '**'5S1Gd [29,30], '"'Tm [31],
186.187.1880)g [32,33], 7 Au [7-10], 203204T] [34], 204206:207pp [35-37] and 2*’Bi [38] isotopes. In addition,
results on 'Be(n,a) and "Be(n,p) for the cosmological lithium problem related to BBN, as well as
26Al(n,a) and 2°Al(n,p) [39,40] relevant for the puzzle of the Al y-ray emitter in the Milky way, were
reported.



C. Massimi et al. HNPS Advances in Nuclear Physics vol. 29, pp. 8-12 (2023) doi: 10.12681/hnpsanp.5092
HNPS2022 page 11

NEUTRON SOURCE REACTIONS IN RED GIANT STARS

The main neutron source in low-mass asymptotic giant branch stars is the *C(a,n)'%O reaction
[41], which produces neutrons in radiative conditions (see, e.g., [42]). The formation of the so-called
BC-pocket, which is needed to reproduce spectroscopic observations and pre-solar grain
measurements, is highly debated. Consequently, the uncertainty of the reaction rate of *C(a,n)!®0 is
surely one source of uncertainty in the modelling of the evolution of AGB stars that must be reduced.
On the other hand, another relevant reaction for the production of neutrons — especially in massive
stars — is the ??Ne(a,n)*’Mg reaction [43]. For both reactions, the uncertainty on the reaction rate at
stellar temperature does not allow stellar models to be constrained conclusively. Direct measurements
of the *C(a,n)'®0 and ?*Ne(a,n)*Mg cross sections in the energy region of interest to the s-process
are difficult. In fact, the extremely small experimental count rate makes the experimental signature
largely dominated by background events induced by cosmic rays. To tackle this situation, one could
exploit the principle of time-reversal invariance applied to strong interaction, thus determining the
cross section of the (a,n) reactions by measuring the (n,o) reaction cross sections. Unfortunately,
these experiments are also challenging, and so far only feasibility studies have been conducted at
n_TOF.

On the other hand, C(a,n)'°O and *Ne(a,n)* Mg cross sections feature structures and
resonances, which are linked to the excited levels of the compound system (namely '"O and Mg,
respectively) formed in the nuclear reactions. The energy and spin/parity of these states can be
determined from neutron-spectroscopy. For instance, excited levels of Mg above the a-threshold,
were deduced in a joint measurement campaign between n_ TOF and GELINA [19,20]. This study
represented an important step forward in the knowledge of low-energy resonances in the
2Ne(a,,n)*Mg reaction cross section. In fact, five resonances were firmly identified below the lowest
directly observed resonance in the **Ne(o,n)*Mg cross section.

CONCLUSIONS

The quest for accurate and new nuclear data on stable and radioactive isotopes for Nuclear
Astrophysics has been partially addressed by the n_TOF initiatives carried in the past 20 years.
Current research activities will bring to publications related to several neutron-induced reactions
studies. The corresponding experimental data will be deposited in the publicly available experimental
nuclear reaction database EXFOR, as happened in the past. In the next future, the n TOF
collaboration aims at performing challenging measurements exploiting the improved characteristics of
the renovated experimental areas EAR1 and EAR2, and the new irradiation station NEAR.
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