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Abstract

Nuclear astrophysics aims to understand the origin of elements and the role of
nuclear processes in astrophysical events. Nuclear reactions and reaction rates
depend strongly on nuclear properties and on the astrophysical environment.
Nuclear inputs for stellar reaction rates involve a variety of nuclear proper-
ties, theoretical models, and experimental data. Experiments providing data
for nuclear astrophysics range from stable ion beam direct measurements to
radioactive beam experiments employing inverse kinematics or indirect methods.
Many properties relevant for astrophysical calculations, such as nuclear masses
and B-decays, have also been intensively studied. This contribution shortly
introduces selected astrophysical processes, discusses the related nuclear data
needs, and gives examples of recent experimental and theoretical efforts in the
field.

4.1 Origin of Elements and Nucleosynthesis Processes

4.1.1 The Composition of the Universe

Our knowledge of the composition of the Universe in general, and of our Solar
System in particular, results almost entirely from the analysis of electromagnetic
spectra originating from the various observable sources in the Universe, i.e., the

A. Kankainen (P)
Department of Physics, University of Jyviskyld, Jyviskyld, Finland
e-mail: anu.kankainen@jyu.fi

S. Goriely
Institut d’ Astronomie et d’ Astrophysique, Université Libre de Bruxelles, Brussels, Belgium
e-mail: sgoriely @astro.ulb.ac.be

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 141
S. M. Lenzi, D. Cortina-Gil (eds.), The Euroschool on Exotic Beams, Vol. VI,
Lecture Notes in Physics 1005, https://doi.org/10.1007/978-3-031-10751-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-10751-1_4&domain=pdf

 66 3974 a 66
3974 a
 
mailto:anu.kankainen@jyu.fi

 66 4265
a 66 4265 a
 
mailto:sgoriely@astro.ulb.ac.be

 746 4621 a 746
4621 a
 
https://doi.org/10.1007/978-3-031-10751-1_4

142 A. Kankainen and S. Goriely

galaxies, the interstellar medium, and the stars of all types (including first of all, our
sun) but also from the minute portion of matter which is accessible to the human
kind, i.e., meteorites, planets (the Earth and the Moon in particular), energetic solar
particles, and the galactic as well as extra galactic cosmic rays. Information provided
by such sources on the present composition of the Universe can be found in Refs. [1-
4].

One of the fundamental developments resulting from the various observations
performed for the last decades is found in the determination of the composition of
our own Solar System at the time of its formation some 4.6 billion years ago [5-8]. It
is principally based on a special class of meteorites called carbonaceous chondrites
of type CII1, considered as the most unaffected sample of matter accessible to
man and representative of the primitive solar material. The analysis of the solar
spectrum is in good agreement with the meteorite analysis and helps in addition to
determine the abundances of some volatile elements, such as H, He, C, N, O, and Ne,
which cannot be measured in meteorites reliably. In some cases (Ar, Kr, Xe, Hg), it
remains difficult to extract accurate abundances from observational data, and some
theoretical consideration is then required. From the primitive solar composition, it
is possible to understand the differences observed today in the various constituents
of the Solar System calling for the numerous physico-chemical and geological
processes having taken place for the last 4.6 billion years. If the elementary
composition appears relatively diversified among the various constituents of the
Solar System, a very high homogeneity of the isotopic composition is found. For
this reason, the isotopic composition of the terrestrial matter is generally used
to determine the abundance of the nuclides in the Solar System. The resulting
abundance distribution is shown in Fig. 4.1.

Figure 4.1 presents some interesting features. In particular, H and He are the
most abundant species in the Solar System. In contrast, Li, Be, and B are extremely
underabundant in comparison with the neighboring elements. For nuclei heavier
than C, the abundances decrease with increasing atomic numbers A. On top of this
general decreasing trend, there are superimposed abundance peaks, with the most
prominent peak found for Fe. For A < 56, secondary peaks every multiple of 4
can be seen, while above Fe a large peak is observed around 80 < A < 90 and
two double peaks at A = 130-138 and A = 195-208. In the A = 50 region,
the abundances are also characterized by a saw feature. Such features, as well as
the other remarkable features seen in Fig. 4.1, have been recognized since the early
analysis of these curves as bearing the signature of specific nuclear properties.

For practical reasons, but also to highlight the link between observations and
nucleosynthesis models, it is of particular relevance to divide the abundance curve
of the elements heavier than iron into three distributions associated with the stable
nuclides located at the bottom of the valley of S-stability, on the neutron-rich side of
the valley, and on the neutron-deficient side. For even values of A, many isobars can
exist; in this case, the stable most neutron-rich isobar is called r-nucleus and the most
proton-rich p-nucleus. The s-nuclei are located between these two isobars, (i.e., at
the bottom of the valley). When only one isobar exists, it is usually classified as an
sr mix nucleus. The actinides are considered as being of r type. This denomination
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Fig. 4.1 Distribution of isotopic abundances characteristic of our Solar System at the time of
formation [7]. The insert shows the decomposition of the Solar System distribution into the s-, r-,
and p-abundances for elements heavier than iron [9-11]

is strongly related to the identification of the different mechanisms responsible for
the production of the s-, r-, and p-nuclei, i.e., the so-called s-process (for slow),
r-process (for rapid), and p-process (for proton). After performing such a nuclear
decomposition (see, e.g., [9]), it is found that the double peak structure observed in
Fig.4.1 is now divided into two components, the “heavy” peaks at A = 138 and
A = 208 attributed to the s-process and the “light” r-process peaks at A = 130
and A = 195 (see Fig.4.1). The p-nuclei are in contrast about 100-1000 times less
abundant than their s and r isobaric counterparts.

Let us finally mention that if the bulk of the Solar System material is found to be
of a very high isotopic homogeneity, a small portion of this material (<10™*Mg),
where Mg is the mass of the Sun) is characterized by a variety of more or less
different isotopic compositions. These so-called isotopic anomalies are observed
either in meteoritic material which condensed in the solar nebula or in grains
probably of circumstellar origins. These grains were formed around stars of various
types and survived the protosolar nebula and their inclusion within meteorites.
While the Solar System composition illustrated in Fig. 4.1 is considered as resulting
from a perfect mix of the ashes produced by a large number of nucleosynthetic
events that took place in the Galaxy during the ~10!° years preceding the Solar
System formation, the isotopic anomalies are believed to be caused by a relative
small number of events. The analysis of some anomalies due to the in situ
radioactive decay of short-lived nuclides (with half-lives of 10° < 1 2 S 103 yr)
can even provide severe constraints on the time elapsed between their production
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and their injection in the Solar System in formation. More information on the
isotopic anomalies can be found in the review papers [12—14].

The Solar System is the object of the Universe that provides us with the
most complete set of observational data concerning the elements and isotopes
abundances. A myriad of information exists nevertheless on the composition of
other objects which emphasizes features similar to our solar abundances, as well
as a large diversity. Diversity is found not only among objects belonging to different
classes but also among objects of the same type. In particular, the abundances
observed at the stellar surface can vary with the age of the star, its location in
the Galaxy, or its spectral type. Two major effects are found responsible for this
abundance diversity: stellar evolution and the chemical evolution of the Galaxy.

4.1.2 Nucleosynthesis Models

One of the most fundamental questions astrophysics tries to answer concerns the
present and past composition of the Universe and of its many constituents. The
theory of nucleosynthesis aims at identifying the various processes that can be
invoked to explain the origin of the nuclides observed in nature, as well as the
astrophysical sites capable of providing the conditions required for these processes
to take place. The works of [15, 16] represent milestone in this field.

Nuclear reactions represent the fundamental ingredients of all nucleosynthesis
models. Two major classes of nuclear reactions are invoked: the thermonuclear
reactions and the non-thermal transformations also known as spallation reactions.
Thermonuclear reactions took place at the level of the primordial or cosmological
(Big Bang) level as well as inside the stars all along the galactic evolution up to date.
On the other hand, spallation reactions are important in diluted and cold medium, as
the interstellar medium, through the interaction with galactic cosmic rays (GCRs),
and at the surface of stars or in their surroundings through interaction with energetic
stellar particles [17].

The primordial Big Bang nucleosynthesis (BBN) is responsible for the bulk He
content of the Universe as well as for the synthesis of some other nuclei, like D,
3He, and "Li. All the other nuclides, as well as a fraction of the galactic 7Li, and
maybe *He, result from thermonuclear reactions taking place inside the stars. The
only exceptions concern the °Li, Be, and B nuclei for which spallation reactions
from the nuclear interaction of GCRs (accelerated CNO nuclei) with the interstellar
medium (mainly protons and «-particles) are invoked [17].

In stars, the thermonuclear reactions can be induced by charged particles (proton
or o-particles) or neutrons. In the former case, the reactions mainly take place on
light or medium heavy nuclei A < 60-70, since the reactions involving heavier
species are not probable enough (because of the too high Coulomb barrier) to play
a significant role in realistic stellar environments (cf. Sect.4.2). The importance of
the charged particle-induced reactions is twofold. First, they are fundamental for
the energy production enabling the star to counterbalance its energy loss (energetic
equilibrium), and second, they locally modify the stellar content where they take
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place. The neutron-induced reactions are obviously not restricted to species lighter
than Fe, since no Coulomb barrier exists in this case. However, these reactions never
contribute to the nuclear energy production.

The origin of most of the elements lighter than those of the Fe group has been
explained, mainly thanks to the direct link between their nucleosynthesis and the
energetic evolution of stars [18-20]. However, the synthesis of nuclei heavier than
Fe is far from being well understood at the present time. The major mechanisms
called for to explain the production of the heavy nuclei are the slow neutron-capture
process (or s-process), occurring during hydrostatic stellar burning phases, the rapid
neutron-capture process (or r-process) believed to develop during the explosion of
a star as a supernova or during the coalescence of two-neutron stars (NSs) or a
NS and a black hole (BH) in a binary system, and the p-process occurring in core-
collapse supernova (CCSN) or Type la supernovae (SNIa). Recently, an intermediate
neutron-capture process (or i-process) has also been proposed to explain observed
abundances in low-metallicity stars. More information on these four nucleosynthesis
processes is given in Fig. 4.2 and below.

4.1.2.1 The s-Process

For the last decades, an extremely intense amount of work has been devoted to
the s-process of nucleosynthesis called to explain the origin of the stable nuclides
heavier than iron located at the bottom of the valley of nuclear stability [22-25].
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Fig. 4.2 Schematic representation in the (N, Z) plane of the different astrophysical sites respon-
sible for the synthesis of the stable nuclides. The nucleosynthetic contributions by BBN and by
GCR are also displayed. The open black squares correspond to stable or long-lived nuclei, and the
open yellow squares to the nuclei with experimentally known masses [21]. Nuclei with neutron or
proton separation energies tending to zero define the neutron or proton “drip lines” (solid black
lines), as predicted from a mass model. More details can be found in [4] (Modified from Ref. [4])



146 A. Kankainen and S. Goriely

Even though the observation of the radioactive Tc in stellar envelopes clearly proves
that the s-process takes place during hydrostatic burning phases of a star, it remains
difficult to explain the origin of the large neutron concentrations required to produce
s-elements. Two nuclear reactions are suggested as possible neutron sources, i.e.,
13C(a,n)'°0 and 2*Ne(a,n)>Mg. These reactions could be responsible for a large
production of neutrons during given burning phases, namely, the core He-burning
of massive stars (heavier than 10 M) and the shell He-burning during the thermal
asymptotic giant branch (AGB) instabilities well-known as thermal pulses (TP) of
low- and intermediate-mass stars (lower than typically 10 M).

As reviewed in great detail by Karakas and Lattanzio [24], the s-process in AGB
stars is thought to occur in their He-burning shell surrounding an inert C-O core,
either during recurrent and short convective TP episodes or in between these pulses.
A rather large diversity of s-nuclide abundance distributions are predicted to be
produced. A fraction of the synthesized s-nuclides (along with other He-burning
products) could then be dredged up to the surface shortly after each pulse. In low-
mass AGB stars (less than 3 M), it is generally considered that the necessary
neutrons for the development of the s-process are mainly provided by '3C(a,n)!0,
which can operate at temperatures around (1~1.5) x 108 K. The efficiency of this
mechanism is predicted to be the highest in stars with metallicities [Fe/H] lower
than solar ([Fe/H] < 0). The astrophysical models underlying the thermal pulse
scenario are still quite uncertain, in particular in the description of the mechanisms
that could be at the origin of the neutron production. The neutron production in
these locations depends sensitively on the mechanism of proton ingestion into
underlying He-rich layers in amounts and at temperatures that allow the operation of
the 12C(p,)/)13N(,B+)13C(oc,n)160, while the production of 14N by 13C(p,y)MN is
inefficient enough to avoid the hold-up of neutrons by the '*N neutron poison. TP-
AGB models including empirical diffusive overshoot have been relatively successful
to explain such a partial mixing of protons from the H-rich envelope into the C-rich
layers during the third dredge-up [24, 25], but it remains difficult to model such
mixing mechanisms in common one-dimensional models.

Massive stars, and more specifically their He-burning cores and, to some extent,
their C-burning shells, are also predicted to be s-nuclide producers through the
operation of the 2>Ne(«,n)>>Mg reaction. This neutron source can indeed be active
in these locations that are hotter than the He shell of AGB stars. In addition,
22Ne burning can also be activated in the C-burning shell of massive stars. Many
calculations performed in the framework of realistic stellar models come to the
classical conclusion that this site is responsible for a substantial production of
the 70 < A < 90 s-nuclides and can in particular account for the Solar System
abundances of these species. It has also been shown that rotation can significantly
increase the efficiency of the s-process, especially at low metallicity [26-28].
Because of the rotational mixing operating between the H-shell and He-core during
the core helium burning phase, the abundant 'C and '°O isotopes in the convective
He-burning core are mixed within the H-shell, boosting the CNO cycle and forming
primary '#N that finally leads to the synthesis of extra 2*Ne, hence an increased
neutron production.
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4.1.2.2 The r-Process

The r-process of stellar nucleosynthesis is called for to explain the production of
the stable (and some long-lived radioactive) neutron-rich nuclides heavier than iron
that are observed in stars of various metallicities, as well as in the Solar System.
Reviews can be found in Refs. [4,11,29].

Nuclear physics-based and astrophysics-free r-process models of different levels
of sophistication have been constructed over the years. They all have their merits
and their shortcomings. The ultimate goal was to identify realistic sites for the
development of the r-process. For long, the core-collapse supernova of massive
stars has been envisioned as the privileged r-process location. One- or multi-
dimensional spherical or aspherical explosion simulations in connection with the
r-process nucleosynthesis are reviewed in Refs. [4,11,29]. Progress in the modeling
of type II supernovae and y-ray bursts has raised a lot of excitement about the
so-called neutrino-driven wind environment. However, until now a successful r-
process cannot be obtained ab initio without tuning the relevant parameters (neutron
excess, entropy, expansion timescale) in a way that is not supported by the most
sophisticated existing models [30,31]. Although these scenarios remain promising,
especially in view of their potential to contribute to the galactic enrichment signif-
icantly, they remain affected by large uncertainties associated mainly with the still
incompletely understood mechanism responsible for the supernova explosion and
the persistent difficulties to obtain suitable r-process conditions in self-consistent
dynamical explosion and NS cooling models [30, 32, 33]. In particular, a subclass
of CCSNe, the so-called collapsars, corresponding to the fate of rapidly rotating
and highly magnetized massive stars and generally considered to be at the origin
of observed long y-ray bursts, could be a promising r-process site [34-36]. The
production of r-nuclides in these events may be associated with jets predicted to
accompany the explosion or with the accretion disk formed around a newly born
central BH [37].

Since early 2000s, special attention has been paid to NS mergers as r-process
sites following the confirmation by hydrodynamic simulations that a non-negligible
amount of matter could be ejected from the system. Newtonian [38], conformally
flat general relativistic [39, 40], as well as fully relativistic [41,42] hydrodynamic
simulations of NS-NS and NS-BH mergers with microphysical equations of state
have demonstrated that typically some 1073 M up to more than 0.1 Mg can
become gravitationally unbound on roughly dynamical timescales due to shock
acceleration and tidal stripping. Also the relic object (a hot, transiently stable
hypermassive NS followed by a stable supermassive NS, or a BH-torus system),
can lose mass through outflows driven by a variety of mechanisms [40].

Simulations of growing sophistication have confirmed that the ejecta from NS
mergers are viable strong r-process sites up to the third abundance peak and
the actinides. The r-nuclide enrichment is predicted to originate both from the
dynamical (prompt) material expelled during the NS-NS or NS-BH merger phase
and from the outflows generated during the post-merger remnant evolution of the
relic BH-torus system. The resulting abundance distributions are found to reproduce
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very well the Solar System distribution, as well as various elemental distributions
observed in low-metallicity stars [29]. In addition, the ejected mass of r-process
material, combined with the predicted astrophysical event rate (around 10 My ™!
in the Milky Way) can account for the majority of r-material in our Galaxy. A
further piece of evidence that NS mergers are r-nuclide producers indeed comes
from the very important 2017 gravitational wave and electromagnetic observation
of the kilonova GW170817 [43,44].

Despite the recent success of nucleosynthesis studies for NS mergers, the details
of r-processing in these events are still affected by a variety of uncertainties, both
from the nuclear physics and astrophysics point of view. In particular, it has been
shown that weak interactions may strongly affect the composition of the dynamical
ejecta and thus the efficiency of the r-process [42,45-47].

The r-process nucleosynthesis is also important for understanding the origin of
the radionuclides that could be used to estimate an approximate age of the Galaxy,
the so-called radio-cosmochronometers. The stellar production of heavy elements
requires a detailed knowledge not only of the astrophysical sites and physical
conditions in which the processes take place but also of the chemical evolution of
the Galaxy.

4.1.2.3 The i-Process

The s- and r-processes introduced very early in the development of the theory of
nucleosynthesis have to be considered as the end members of a whole class of
neutron-capture mechanisms. Supported by some observations that were difficult
to reconcile solely with a combination of the s- and r-processes, a process referred
to nowadays as an intermediate or i-process has been put forth, with neutron
concentrations in the approximate 10'? to 10'® neutrons/cm? range. The mechanism
envisaged to be responsible for this production is the ingestion of protons in He-
and C-rich layers, leading to the production of '3C through '>C(p,y)!3N(g+)13C
followed by a substantial production of neutrons through '*C(a,n)!®0. This is
analogous to the mechanism already considered to be active in TP-AGB stars
(Sect.4.1.2.1), but the higher neutron concentrations are expected to result from
the very low metallicity of the considered stars and the activation of *C(a,n)!°0 in
convective regions at higher temperatures (typically ~2.5 x 103 K).

Various numerical simulations have been proposed to host i-process conditions.
These include the proton ingestion during core He flash in very low-metallicity low-
mass stars, during the thermal pulse phase of massive AGB (super-AGB) stars of
very low metallicity, during the post-AGB phase (“final thermal pulse”), during
rapid accretion of H-rich material on white dwarfs, or during shell He-burning
in massive very low-metallicity population II or III stars. While the contribution
of the i-process to the global galactic enrichment and more particularly to our
Solar System remains unclear, it is needed to explain the heavy element patterns
observed in peculiar stars, several carbon-enhanced metal-poor (CEMP) stars with
simultaneous presence of s-elements and Eu (so-called CEMP-1/s) stars, as well as
Sakurai’s object V4334 Sgr. More information can be found in Refs. [48-53].
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4.1.2.4 The p-Process

The p-process of stellar nucleosynthesis is aimed at explaining the production of
the stable neutron-deficient nuclides heavier than iron that are observed in the Solar
System and up to now in no other galactic location (for a review see [10]). Various
scenarios have been proposed to account for the bulk p-nuclide content of the Solar
System, as well as for deviations (“anomalies”) with respect to the bulk p-isotope
composition of some elements discovered in primitive meteorites. In contrast to the
s- and r-processes calling for neutron captures to explain the production of heavy
elements, the p-isotopes are produced by photodisintegration reactions on already
synthesized s- and r-nuclei. These photoreactions involve (y,n), (y,p), and (y,«)
reactions at stellar temperatures of the order of 2-3 x 10° K.

The p-nuclides are mostly produced in the final explosion of a massive star
(M Z 10 Mg) as a CCSN or in pre-explosive oxygen-burning episodes [10]. The
p-process can develop in the O-Ne layers of the massive stars explosively heated to
peak temperatures ranging between 1.7 and 3.3 x 10° K [54,55]. The seeds for the
p-process are provided by the s-process that develops before the explosion in these
stellar mass zones. In this way, as explained above, the O-Ne layers that experience
the p-process are initially enriched in 70 < A < 90 s-nuclides.

SNIa have also been suggested as a potential site for the p-process. The p-process
nucleosynthesis possibly accompanying the deflagration or delayed detonation
regimes has been mainly studied in 1D simulations [56,57] and shown to give rather
similar overabundances as CCSN models [10, 58]. However, the predicted SNIa p-
nuclide yields suffer from large uncertainties affecting the adopted explosion models
as well as the s-seed distributions, detailed information on the composition of the
material that is pre-explosively transferred to the white dwarf being missing.

Despite the fact that p-nuclei can be produced consistently with solar ratios
over a wide range of nuclei in such scenarios, there remain deficiencies in a few
regions, most particularly in the Mo-Ru region where the p-isotopes are strongly
underproduced. This fact motivates the search for alternative or additional ways
to produce these nuclides. In particular, proton capture and photodisintegration
processes in helium star cataclysmics have been suggested as a promising nucleo-
synthesis source [59]. Such an object is made of a carbon-oxygen white dwarf
with sub-Chandrasekhar mass (M < 1.4Mg) accumulating a He-rich layer at its
surface. An alternative site proposed to explain the origin of the Mo and Ru p-
nuclei is the p-rich neutrino-driven wind in CCSNe where antineutrino absorptions
in the proton-rich environment produce neutrons that are immediately captured by
neutron-deficient nuclei [60].

4.2 Nuclear Physics Aspects of Nucleosynthesis

4.2.1 Nuclear Reactions of Astrophysical Interest

In a given astrophysical location, two factors dictate the variety of nuclear reactions
that can act as energy producers and/or as nucleosynthetic agents. The abundances
of the reactants have obviously to be high enough, and the lifetimes of the reactants
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against a given nuclear transmutation have to be short enough for this reaction to
have time to operate during the evolutionary timescale of the astrophysical site
under consideration. The probability of a thermonuclear reaction in an astrophysical
plasma is strongly dependent on some specific properties of this plasma. In this
respect, two key guiding features are the distribution of the energies of the reacting
partners and the reaction cross section at a given energy. First, the reacting nuclei
are, locally at least, in a state of thermodynamic equilibrium. In such conditions, all
nuclear species obey a Maxwell-Boltzmann distribution of energies, from which it
is easily inferred that the relative energies E,, = ; uv? of the reaction partners also
obey such a distribution (where v is the relative velocity between the interacting
nuclei 1 and 2 and = mmy/(m1 + m2) their reduced mass). While in laboratory
experiments, the target nuclei (T) are typically at rest and the projectiles (P) impinge
into the target nuclei at a certain laboratory energy Ej,p, in stellar environments
the relative energy is more relevant. Therefore, laboratory experiments should be
expressed as a function of the center-of-mass energy E., = [Mt/(Mp + MT)] X
Ejqp, where Mp and M7 refer to the atomic masses of the projectile and the target
(at rest), respectively.

Second, the reaction cross section between charged nuclei is dominated by the
probability of penetration of the Coulomb barrier of the interacting nuclei. As a
result, the effective reaction rate is obtained by integrating the strongly energy-
dependent reaction cross sections over the whole Maxwell-Boltzmann energy range.
The resulting integrant exhibits a strong maximum, generally referred to as the
Gamow peak. It is centered on the “most effective energy” given by

Eo = 0.1220(Z3 Z31)' T, (MeV) (4.1)

where Z1 and Z; are the proton numbers, u the reduced mass (in units of ©), and Ty
the temperature 7 expressed in GK (10° K).
The Gamow peak is characterized by a width approximated by

A = 4(EokpT/3)'/? = 0.2368(23231)"/°T,° (MeV) 4.2)

where kp is the Boltzmann constant [19].

The reactions thus mostly occur in the approximate window from Eg — nA to
Ey + nA (n = 2-3), assuming the possible role of resonances is small. For this
reason, the energy range of astrophysical relevance for reactions between charged
particles is largely above the thermal energy kg T and much lower than the Coulomb
barrier. For these reasons, the sequence of hydrostatic burning episodes is character-
ized by a limited number of reactions between nuclei with increasing charges, from
H-burning to Si-burning, and the charged-particle-induced thermonuclear reactions
of relevance concern mainly the capture of protons or a-particles which offer the
lowest Coulomb barriers. A limited number of fusion reactions involving heavy
ions (12C, 1°0) are also of great importance.

The considerations above lead to the most effective energy Eg in the case of
reactions between charged particles but do not apply to neutron captures in view of
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the absence of Coulomb barriers. In this case it can be shown that the most effective
energy is of the order of kpT. It has also to be noted that, in contrast to reactions
involving charged reactants, the captures of neutrons do not contribute to the energy
budget of a star, but are essential players in the synthesis of nuclides heavier than
iron through the s-, i-, and r-processes (see Sects. 4.1.2.1-4.1.2.2).

In non-explosive conditions, like in the quiescent phases of stellar evolution
which take place at relatively low temperatures, most of the reactions of interest
concern stable nuclides. Even so, the experimental determination of their charged-
particle-induced cross sections faces enormous problems and represents a real
challenge [19]. This relates directly to the smallness of the cross sections due to
the fact that Eq lies well below the Coulomb barrier. As a consequence, the cross
sections can dive into the nanobarn to picobarn range.

In explosive situations, the temperatures are typically higher than in the non-
explosive cases. The corresponding increase of the effective energies Eq gives rise
to a higher probability of penetration of the Coulomb barriers and consequently
larger cross sections. The price to pay to reach this higher energy domain is huge,
however. The nuclear flows indeed depart from the bottom of the valley of nuclear
stability and involve more or less unstable nuclei, sometimes all the way very close
to the nucleon drip lines (see Fig. 4.3).

100 - p-process: ~2000 nuclei OO
[| (1n),(,p),(7,0),n-,p-,c-captures, B+EC | &S
Z [
80: s-process: ~400 nuclei e drip
(ny), B, B*EC
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0% GeR: Li-Be-B |

0| cNotp/e | 50 100 150 200
N

Fig. 4.3 Schematic representation in the (N, Z) plane of the different nuclear data needs for
nucleosynthesis applications. The open black squares correspond to stable or long-lived nuclei,
and the open yellow squares to the nuclei with experimentally known masses [21]. Nuclei with
a neutron or proton separation energies tending to zero define the neutron or proton “drip lines”
(solid black lines), as predicted from a mass model. See text for more details and Ref. [4] (Modified
from Ref. [4])
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For -decays as well as reaction rates, thermally populated nuclear excited states
can contribute to the effective stellar rates. The population of the i’/ excited state
with an excitation energy E; at temperature 7' can be derived as

giexp(—E;/kpT)

. , 43
S, g exp(—E;/kpT) (43)

where g; = 2J; + 1 is the statistical weight and J; the spin of the state i. The
denominator is called the partition function G. Often a normalized partition function
G"™™ = G/go = 1/Py is used to describe the thermal excitations. If G™™ = 1,
only the ground state is populated (Pp = 1). The thermalization effect is especially
noticeable in the case of endothermic reactions on targets with low-lying excited
states from which the exit particle channels are greatly favored with respect to
the ground state due to restrictions imposed by spin conservation selection rules.
The 0% isomeric state at 228 keV in 2°Al is a good example in this respect. It
is much shorter-living, with 1, = 6.3460(8) s, than the 5% ground state with
tip = 7.17 x 107 y. The effective lifetime of 2°Al decreases by many orders of
magnitude when moving from 0.2 GK to 1.0 GK due to the thermal excitations
populating the isomer [61-64]. In many astrophysical conditions, some isomers may
not be thermally populated and act as a separate species with respect to the ground
state. The role of astrophysically important isomers has been recently discussed,
e.g., in Ref. [65].

In stellar environments, target nuclei at high temperatures have typically no or
only a few bound electrons. Instead, they are surrounded by a sea of free electrons.
This ionization gives rise to various effects. It has first the obvious effect of reducing
the probability of capture of bound electrons but opens the possibility to capture free
electrons from the surrounding continuum. A less trivial consequence of ionization
relates to the possible development of the process of “bound-state S-decay,” for
which the emitted electron is captured in an atomic orbit previously vacated (in
part or in total) by ionization. In addition, the reaction rates for charged particle
reactions are different from the rates of bare nuclei due to the electron screening.
The screening is also present in the laboratory experiments where target nuclei are
surrounded by bound atomic electrons. Hence, the measured reaction rates have
to be corrected for the electron screening effect to obtain reaction rates between
bare nuclei. Finally, in stellar plasmas, a specific electron screening correction
has to be applied and can drastically affect the cross sections for bare nuclei
[66, 67]. This correction arises because of the ability of a nucleus to polarize its
stellar surroundings. As a result, the Coulomb barrier seen by the reacting nuclei is
modified in such a way that the tunneling probability, and consequently the reaction
rate, increases over its value in vacuum conditions. Different formalisms have been
developed depending on the ratio of the Coulomb energy of reacting nuclei to the
thermal energy. Weak screening applies if this ratio is well below unity, while a
strong screening is obtained when this ratio is well in excess of unity. In this case,
a very large increase of the reaction rates is predicted. The limiting situation of
strong screening is reached when solidification of the stellar plasma leads to the
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special pycnonuclear regime [66, 67]. In this case, the reactions are not governed
by temperature like in the thermonuclear regime, but instead by lattice vibrations
in dense Coulomb solids. This limiting regime can be approached e.g. at the high
densities and low temperatures prevailing in white dwarfs.

4.2.2 DataNeeded for the Various Nucleosynthesis Processes

Strong, weak, and electromagnetic interaction processes play an essential role
in nuclear astrophysics. As shown in Fig.4.3, a very large amount of nuclear
information is necessary in order to model the various nucleosynthesis processes.
These concern the decay properties of a large variety of light to heavy nuclei
between the proton and neutron drip lines, including the S-decay or electron capture
rates as well as «-decay or spontaneous fission probabilities for the heavy species.
For the nuclei lighter than iron, most of the reactions involved during the BBN or the
H- to Si-burning stages concern the capture of protons and «-particles at relatively
low energies (far below 1 MeV for neutrons and the Coulomb barrier for charged
particles). A limited number of fusion reactions involving heavy ions (!2C, 1°0)
are also of direct impact during C and O-burning phases. The nuclear data needed
to explain the Li-Be-B nucleosynthesis is quite different since it mainly involves
spallation reactions between CNO nuclei accelerated at high energies interacting
with the interstellar H and He. A review of the relevant reactions and the precision
at which they are needed can be found in Ref. [68].

In addition to reaction rates, some nuclear structure properties, in particular the
nuclear mass, may play a key role in nucleosynthesis applications. More specifically,
if the r-process nucleosynthesis takes place at sufficiently high temperatures 7 and
high neutron densities N,, the neutron captures and their inverse photodisintegra-
tions become much faster than = decays [69]. In this case, a (n,y) = (y,n)
equilibrium may be established, and the abundances within each isotopic chain
determined by the Saha equation (see, e.g., Ref. [10]):

N(A+1,2) ( 2N 20A+1,2) +1
N(A,Z) — "\ 2mukgT QIA, )+ 1) 21, + 1)

G"™M(A + 1, Z)eQn,y/(kBT), (4.4)
Ghom (A7)
where Q,, = [m(A,Z) +m, —m(A+1, Z)]c? is the Q-value for a neutron
capture on nucleus (A, Z) or, in other words, the neutron separation energy S, of
the nucleus (A + 1, Z), 0, (A, Z) = S,(A + 1, Z). Equation 4.4 highlights the
importance of nuclear masses in defining the r-process path at a given time. In NS
merger models, the r-process may take place at relatively low temperatures [39],
and, at some point, the neutron captures will freeze out, so that the (n, y) &= (y, n)
equilibrium is not expected to be established all along the irradiation time. In
this case, the abundances cannot be determined simply using Eq. 4.4 but become
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sensitive to the neutron capture and photoneutron reaction rates. Nuclear masses
remain, however, key in estimating the competition between neutron captures,
photoneutron emissions, and B-decays.

Fission may also play an important role during the r-process nucleosynthesis
though the exact role played by fission on r-abundance distribution strongly
depends on the hydrodynamic modeling of the initial neutron richness found in
the astrophysical plasma. In astrophysical sites characterized by a large initial
neutron richness, e.g., in NS-BH mergers, fission may play a fundamental role,
more particularly by (i) recycling the matter during the neutron irradiation (or if
not, by allowing the possible production of superheavy long-lived nuclei, if any);
(ii) shaping the r-abundance distribution in the 110 < A < 170 mass region at
the end of the neutron irradiation; (iii) defining the residual production of some
specific heavy stable nuclei, more specifically Pb and Bi, but also the long-lived
cosmochronometers Th and U; and (iv) heating the environment through the energy
released [40, 70-72]. In addition to spontaneous fission, neutron-induced and B-
delayed fission processes are important for the r-process. In the neutron-induced
fission, the additional energy required to overcome the fission barrier is provided by
neutrons. In the S-delayed fission mode, the S-decay may lead to an excited state
with an excitation energy E) close to the fission barrier height By in the daughter
nucleus.

Although important effort has been devoted in the last decades to measure
reaction cross sections or nuclear structure properties of astrophysical interest (see
Sect. 4.3), experimental data only covers a minute fraction of the whole set of data
required for nucleosynthesis applications. Reactions of interest often concern unsta-
ble or even exotic (neutron-rich, neutron-deficient, superheavy) species for which
no experimental data exist. Given applications (in particular, the nucleosynthesis of
elements heavier than iron) involve a large number (thousands) of unstable nuclei
for which many different properties have to be determined. Finally, the energy range
for which experimental data is available is restricted to the small range reachable by
present experimental setups. To fill the gaps, only theoretical predictions can be
used, as discussed in Sect. 4.4.

4.3  Nuclear Astrophysics with Radioactive Beams

In order to model various nucleosynthesis processes (see Sect. 4.1.2), different types
of nuclear data are needed as discussed in Sect.4.2.2. For lighter nuclei, the key
reactions concern proton and alpha captures. For quiescent hydrogen and helium
burning, the relevant temperatures are on the order of 10-100 MK, corresponding
to center-of-mass energies less than (or around) 100 keV, far below the Coulomb
barriers. As a result, the reaction cross sections for the relevant proton and alpha
captures are very low. This poses several challenges. Typically the experiments
have not yet reached the relevant energy region but provide cross sections at higher
energies, requiring extrapolations down to the relevant energies. Natural background
is a major limiting factor for the experiments. Therefore, many direct measurements
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for stellar burning are nowadays carried out in underground laboratories or other
low-background locations. A recent review [73] summarizes the status of these
experiments. Here we focus on experiments employing radioactive beams for
nuclear astrophysics. Free neutrons are radioactive with a half-life of around 10
mins, but we will not discuss experiments involving neutron beams, which are
very important, for example, for the s-process. The status of experiments utilizing
neutron beams for astrophysics has been reviewed, for example, in Refs. [73,74].

4.3.1 Nuclear Reactions in Inverse Kinematics with Radioactive
Beams

Many reactions on radioactive nuclei are usually easier to study in inverse kine-
matics with a radioactive beam on a stable target. As an example, proton-capture
reactions can be studied with a radioactive beam on a hydrogen target instead of
using normal kinematics, i.e., a proton beam on a radioactive target. For shorter-
lived nuclei, inverse kinematics is the only option available. The same applies to
other reactions involving radioactive nuclei.

Let us consider the reaction 2°Al(p, y)?’Si as an example. This reaction is
relevant for the abundance of the cosmic y-ray emitter 2°Al and the observation of
its 1809-keV y-rays with space-based telescopes, such as INTEGRAL [75]. Due to
the relatively long half-life of 20Al, #; 2 ="117Tx 107 y, a study in normal kinematics
is also feasible. The reaction was investigated using proton beams with laboratory
energies from 170 keV to 1.5 MeV in the 1980s [76]. Later, it was revisited using the
DRAGON recoil separator at TRIUMF and employing a radioactive 2® Al beam with
laboratory energies of 5.226 MeV and 5.122 MeV [77]. There, 2°Al was produced
with a 70-p A proton beam on a SiC target.

Radioactive beams for inverse kinematics studies can be produced via nuclear
reactions, such as fusion evaporation, fragmentation, or fission, but specific beams
can be created using long-lived isotopes extracted from radioactive waste [78]. For
example, “*Ti (T} 2 = 85y) was extracted from the copper beam dump used for the
590-MeV protons at the Paul Scherrer Institute and later utilized in an experiment at
ISOLDE (CERN) [79]. Beam intensities up to around 2 x 106 particles per second
were delivered and accelerated to 2.1 MeV/u at REX-ISOLDE before impinging
into a helium target [79]. The experiment provided an upper limit estimate for the
HTi(a, p)47V reaction cross section within the Gamow window. The limit is at least
a factor of 2.2(13) lower than given by the Hauser-Feshbach calculation with the
NON-SMOKER reaction code. This brings the calculated **Ti abundances closer to
the observations of the **Ti yields in Cas A [80,81] and SN1987A [82] supernova
explosions.

Studies of proton captures on light- or intermediate-mass nuclei usually focus
on the determination of resonance strengths wy because the total reaction rate is
typically dominated by a few resonances. The resonance strength for a proton-
capture reaction on a target nucleus with spin Jr, leading to a resonant state with
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spin Jres, is determined as

Qles+1) T,

= , 4.5)
QJy+1)QJIr +1)T, +T,

wy

where J), is the proton spin (1/2) and the I'), and I', are the proton and gamma
partial widths for the resonance, respectively. From Eq.4.5, it is clear that at low
resonance energies, where the probability for the proton emission is still low (I', K
'), the resonance strength is almost entirely determined by the proton width I"p,.
It can be written as I', = C2S T, where C2S is the spectroscopic factor of
the state and I'j, 5, the single-particle proton width obtained, e.g., via shell-model
calculations.

Estimates on relevant spectroscopic factors can be obtained using surrogate
methods. Instead of proton captures, the relevant states can be explored via
(d, n) proton-transfer reactions. Recently, many studies on this topic have been
carried out at the National Superconducting Cyclotron Laboratory. For example,
the 2°Al(p, y)?’Si reaction was studied using a 30 MeV/u 26 A13+ beam on a
deuterated polyethylene, (C D,),, target. Spectroscopic factors for states close to the
proton threshold in 2’Si were obtained by comparing the experimentally determined
cross sections to the theoretical predictions for the reaction 26 A1(d, n)?7Si [83]. The
results were in agreement with a previous (*He, d) study [84], supporting the feasi-
bility of the method. The surrogate technique using (d, n) proton-transfer reactions
has been applied to the bottleneck reaction in the nova nucleosynthesis,’°P(p, y)
[85], and for the key reaction to bypass the waiting-point nucleus “°Ni in type I
X-ray bursts, °Ni(p, y)>’Cu [86].

In addition to (d, n) reactions, relevant information on the resonance states in
explosive hydrogen burning scenarios, such as novae and type I X-ray bursts, is
obtained via many other methods. §-delayed proton and gamma emissions provide
data on the gamma and proton widths of the resonance states. However, 8-decay
selection rules limit the resonant states that are populated. For example, S-decay
of 31Cl populates excited states in 3'S that further de-excite via gamma and proton
emissions. Thus, the resonant states in the reaction 30P(p, y)31$ can be studied
inversely via B-decay. The B-decay studies have, e.g., indicated a strong 3/2%
resonance at 6390 keV in 'S [87]. Information on the excitation energies, spins,
and parities of the resonance states is also obtained via high precision gamma
spectroscopy and transfer-reaction studies, e.g., employing (*He, 7) reactions. These
studies are not limited by such selection rules like B-decay experiments and
therefore cover a larger set of states.

4.3.2 Properties of Exotic Nuclei with Radioactive Beams
Many astrophysical processes proceed via exotic radioactive nuclei as discussed in

Sect.4.1.2. Progress in radioactive beam facilities and measurement techniques has
opened new possibilities to study, e.g., nuclei relevant for the r- and i-processes
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traversing through neutron-rich nuclei. For the r-process, many nuclei will remain
experimentally inaccessible and require solid nuclear models (see Sect. 4.4). Exper-
imental data are, however, essential for testing the existing nuclear models and their
applicability in different regions of the nuclear chart. The following subsections
give a brief overview on experimental techniques and recent experimental results on
nuclear properties relevant for nuclear astrophysics, in particular for the r-process.

4.3.2.1 Masses of Exotic Nuclides and Related Techniques
Nuclear masses play a key role in the modeling of astrophysical processes. The
reaction Q value, i.e., the energy required for, or released in a reaction, is determined

by nuclear masses, Q = Zi m; — Zf mf> c%, where m; and my are the mass

values for the initial and final states of a reaction. The Q values have a strong effect
on reaction and decay rates and therefore have to be known rather precisely for
accurate nuclear reaction network calculations.

In practice, experiments determine atomic masses M (A, Z) = m(A, Z)+Zm,—
B.(A, Z) /c2, where B.(A, Z) is the total electron binding energy for an atom
with mass number A, proton number Z, and nuclear mass m(A, Z). The effect of
electron binding energy is usually small though it may contribute, e.g., for low-
energy resonant captures involving fully stripped atoms in stellar plasma [88]. As
the proton number conserves in nuclear reactions, the electron masses cancel out in
the estimate of the Q value. Only for BT decays, the electron masses need to be
taken into account in the Q-value calculation.

4.3.2.2 Penning-Trap Mass Spectrometry

Several mass measurement methods are used to determine masses of radioactive
nuclei. Penning-trap mass spectrometry is the most precise technique at the moment.
In a Penning trap, ions are confined radially by a strong, homogeneous magnetic
field B and axially by a quadrupolar electric field. The ions have three eigenmotions,
axial motion with a frequency v, and two radial motions with the reduced cyclotron
v+ and magnetron v_ frequencies. For an ion with charge ¢ and mass m in an ideal
Penning trap, the two radial motions sum up to the cyclotron frequency v,:

Lag (4.6)

Ve =V4 +V_ =
2w m

In reality, there are misalignments, e.g., in the magnetic field axis or imperfections
in the quadrupolar electric field. The invariance theorem [89,90] holds even for these
more realistic conditions, coupling the three eigenmotions together:

vg = vi +v2 + vzz. “4.7)
Traditionally, Penning traps have utilized the time-of-flight ion cyclotron reso-

nance (ToF-ICR) method [91,92] to determine ion’s cyclotron resonance frequency.
In this method, the ions are excited using a quadrupolar radiofrequency pulse with
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a frequency vgr and a specific amplitude and duration. The vgF is scanned around
the expected v.. When vgr = v, the ions are in resonance and gain most energy.
This results in the shortest time of flight when the ions are extracted from the trap
through a strong magnetic field gradient to an ion detector, typically a microchannel-
plate (MCP) detector. The magnetic field strength B is determined by performing a
similar measurement with a reference ion which has a well-known mass in literature.
The ToF-ICR method takes a rather long time as several frequency points have to be
measured around the cyclotron resonance frequency in order to fit the resonance
curve to the data. An example of a TOF-ICR spectrum is given in the bottom
panel of Fig.4.4. The quadrupolar excitation times range from around 50 ms up
to around 1600 ms, and the total measurement cycle typically takes ~400-1200 ms.
Therefore, the Penning-trap mass spectrometry is often limited to nuclei with half-
lives longer than ~100 ms. However, in specific cases, where the production rates
are high enough, measurements of shorter-living nuclides can also be done with the
ToF-ICR method.
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Fig. 4.4 Examples of ToF spectra measured for '2Eu* ions using a 25-350-25ms (on-off-on)
excitation pattern (top) and 1600-ms continuous quadrupolar excitation. The shorter excitation
time (top panel) was not sufficient to resolve the low-lying isomeric state from the ground state.
In the bottom panel, the cyclotron resonance frequency for the ground state is located at the
minimum time of flight indicated with a vertical line at zero. The isomeric state is located at a lower
frequency, indicated by the other vertical line. The red curve is a fit to the theoretical lineshape.
The fit requires several measured data points (shown in black) around the cyclotron frequency
(Reprinted from Ref. [95] with permissions from the American Physical Society)
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A slightly higher precision is achieved with the so-called Ramsey method
[93, 94], where instead of a continuous quadrupole excitation, time-separated
oscillatory fields are applied. In other words, two excitation pulses, each with a
rectangular envelope, are applied with a certain time in between when the excitation
is off. An example of a Ramsey type of a resonance is given in the upper panel
of Fig. 4.4. There, '>Eu™ ions have been studied using a 25-350-25ms (on-off-on)
excitation pattern (see the top panel of Fig. 4.4). It yields a better precision compared
to a 400-ms continuous quadrupolar excitation; however, the resolving power is still
not sufficient to resolve the low-lying isomeric state from the ground state. This
is achieved with a 1600-ms quadrupolar excitation shown in the bottom panel of
Fig.4.4. It also illustrates how the resolving power of a Penning trap is proportional
to the excitation time. The longer the excitation time, the better the resolving power.

The phase-imaging ion cyclotron resonance (PI-ICR) method [96, 97] provides
around 40 times better resolving power than the ToF-ICR method. The method
is superior in resolving low-lying isomeric states from the ground states, often
useful for accurate mass measurements. The frequencies vi for the radial ion
motions are obtained from the phase ¢+ the ion accumulates after time t:vy =
d&;ﬁnn , where n is the number of full revolutions ion does during the time ¢. The
phase is determined using a position-sensitive MCP detector. Finally, the cyclotron
frequency is computed as a sum of the two radial frequencies (see Eq.4.6), and the
mass is derived from the frequency ratio similar to the ToF-ICR method. The benefit
of the PI-ICR method is that every ion counts, i.e., instead of scanning a broad
range of frequencies around the cyclotron frequency, every measured ion adds to
the phase spot in the 2D image of the ion motion. Figure 4.5 shows an example
of a PI-ICR measurement. The PI-ICR method is also applicable to cases with low
yields, such as superheavy nuclides [98]. In addition to the ToF-ICR and PI-ICR,
Fourier-transform ion cyclotron resonance (FT-ICR) method [99] can be applied in
Penning traps; however, it has not yet been widely used for studies of radioactive
nuclides due to its complexity. For a recent review on Penning-trap measurements,
see, e.g., Refs. [100, 101].

4.3.2.3 Multi-Reflection Time-of-Flight Mass Spectrometers
Multi-reflection time-of-flight (MR-ToF) [102] mass spectrometers offer a faster
way to determine masses of exotic nuclides than Penning traps. The method also
saves measurement time as several nuclides can be measured at once. The ions
injected into a MR-ToF are typically prepared in a radiofrequency quadrupole cooler
and buncher at a potential V. They gain a kinetic energy Ei;p. = qV = mv?/2,
where v is the velocity of the ions. As a result, for the same flight path, the flight
time ¢ is inversely proportional to the ion’s velocity, ¢ oc 1/v o +/(m/q), and can
be determined as

m
t:a\/ +b, (4.8)
q
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Fig. 4.5 Anexample of a PI-ICR measurement of '92Eut ions. The image of the cyclotron motion
of 1©2Eu is magnified and projected onto a position-sensitive detector located outside the Penning
trap. The two detected ion spots correspond to the ground and isomeric state of '2Eu. The blue
squares show the total number of ions in each bin, darker shading indicating more ions. The red dots
show the centers of the cyclotron motion images of the ground and isomeric states and the center
of the precision trap. The number of ions projected on the x and y axes is also shown. Positions can
be fitted even with a moderate statistics because every ion contributes to the determinations of the
spot positions from which the phases, and eventually the cyclotron frequency ratios are determined
(Reprinted from Ref. [95] with permissions from the American Physical Society)

where a and b are device-specific parameters. The achieved precision is typically
somewhat lower than in Penning-trap mass spectrometry, and the resolving power
is not sufficient to resolve low-lying isomeric states (E <100 keV). Due to the
simple and cost-effective solution for fast and precise mass measurements, MR-ToF
mass spectrometers are nowadays widely used in accelerator laboratories around
the world. MR-ToF mass spectrometers, e.g., at ISOLDE/CERN [103], at the FRS
Ion Catcher in GSI/FAIR [104, 105], and at the TITAN facility in TRIUMF [106],
have been utilized for nuclear astrophysics studies. An example of a MR-ToF
measurement is shown in Fig. 4.6.

4.3.2.4 Storage Rings
Storage rings have been used for mass measurement of exotic ions for three decades
[108]. There are two techniques utilized for mass measurements in storage rings,
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Fig. 4.6 An example of a MR-ToF measurement of '32Cd at ISOLTRAP. Time-of-flight spectrum
after 800 revolutions shows the '32Cd* peak along with isobaric ions (132Ba* and 132Cs*), used
for the calibration together with 133Cs . Gaussian fits (in red) are also shown. MR-ToF method is
suitable for measurements with low statistics (Reprinted from Ref. [107])

but both methods determine the ion’s revolution frequency f in the ring:
2
5f _ 1 8m/g) (1 vy )6v7 49
f )/;2 (m/q) Vtz v
where y = 1/ \/ 1 — (v/c)? is the Lorenz factor and y; is an ion-optical parameter of
the storage ring known as the transition energy. In practice, usually revolution times
are measured and plotted instead of the revolution frequency.

In the Schottky method, the ions are cooled with electrons to minimize the
velocity spread §v. This takes several seconds and limits the use of the Schottky
method for shorter-lived nuclei. In the isochronous mass spectrometry (IMS)
method, the ions of interest are injected with energies corresponding to y = y,
and no additional cooling is required. The benefit in the IMS method is that a
broad variety of ions can be simultaneously measured, and the method is much
faster than, e.g., Penning-trap mass spectrometry. An example of an isochronous
mass measurement is shown in Fig. 4.7. There are three main storage ring facilities
for mass measurements at the moment: Experimental Storage Ring (ESR) [109]
at GSI/FAIR, CSRe [110] in Lanzhou and R3 [111] at BigRIPS in RIKEN.
Storage rings can also be utilized for reaction cross-sectional measurements for
nuclear astrophysics, as exemplified for the “°Ru(p, y) [112] and '**Xe(p, ) [113]
reactions at the ESR ring.

4.3.2.5 Time of Flight and Magnetic Rigidity
For the most exotic and shortest-lived nuclei, masses can be determined at fragment
separator facilities utilizing the relationship between the time of flight and magnetic
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Fig. 4.7 An example of a revolution time spectrum from a storage ring measurement on proton-
rich nuclei using isochronous mode at CSRe. The red and blue peaks represent the 7z = (N —
Z)/2 = —1 and Tz = —1/2 nuclei, respectively (Reprinted from Ref. [114] with permissions
from the American Physical Society)

rigidity Bp:

t Bp
(m/q) = Ly’ (4.10)
v

where 7 is the time of flight and L is the length of the flight path. The dependence
of m/q on the time of flight can be calibrated using a set of ions with a well-
known mass. The ToF-Bp technique can only provide a modest precision of several
hundreds of keV, but it can be applied also to very short-lived nuclei (¢1,2 < us).
Although the lack of precision hinders detailed studies of nuclear structure, general
trends and large changes on the mass surface can be detected with the ToF-Bp
method as demonstrated, e.g., in Refs. [115-118].

4.3.2.6 Current Status and Recent Mass Measurements for Nuclear
Astrophysics

Table 4.1 summarizes typical precisions achieved for mass-excess values A =
(M(A, Z) — A - u)c* (where u is the atomic mass unit) using different mass mea-
surement techniques and rough half-life limitations or ranges for the experiments.
Experimental atomic mass values are evaluated regularly in the so-called atomic
mass evaluations (AME). The evaluation takes into account available experimental
mass data from various experiments. Experiments provide mass values with respect
to other nuclides, e.g., Penning-trap measurements are done with respect to a
reference nuclide, and reaction Q-values connect the reactants and products. The
AME takes into account all the connections between nuclei and does a least
squares optimization of the data, weighted by the experimental uncertainties oexp,;
asw; =1 /%2X i [119]. The optimization yields adjusted mass values tabulated in
the AME mass tables. The AME also reveals irregular or anomalous experimental
data points deviating from the otherwise smooth mass surface. The most recent
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Table 4.1 Different mass measurement techniques, typical precisions achieved for the mass-
excess values, and half-life limitations. The precision and half-life limits depend on several factors,
such as the production rates and measurement times (statistics). The values are mainly to give an
idea of the strengths and weaknesses of the methods

Method Precisions Half-lives
ToF-ICR ~0.5-50keV =100 ms
PI-ICR ~0.5-20 keV >50ms
MR-TOF ~20-150keV >10ms
Schottky MS ~1-50keV 215 (cooling)
Isochronous MS ~10-200 keV 210 s
ToF-Bp ~300-500 keV 2 below 1 s

AME is AME2020 [21]. The NUBASE evaluations on the ground and isomeric
state properties are published together with the AME, with the most recent being
NUBASE2020 [120].

Many mass measurements for nuclear astrophysics have been performed
recently. For example, masses of 22 neutron-rich rare-earth nuclei have been
studied with the JYFLTRAP Penning trap [121], 14 for the first time [95, 122].
The measurements indicated less odd-even staggering in the neutron separation
energies than predicted by the commonly used mass models for the r-process
calculations (see Sect.4.4.1). Including the new mass values in the r-process
calculations resulted in a smoother trend in the calculated r-process abundances.

The recent precision mass measurements of neutron-rich '26~132Cd isotopes
[107, 123] using the ISOLTRAP Penning trap [107] and its MR-ToF mass spec-
trometer [103] have reduced the nuclear uncertainties around the second r-process
abundance peak. Mass measurements with the MR-ToF mass spectrometer at
TITAN [106, 124] and the JYFLTRAP Penning trap [125] have provided new mass
data for the first r-process peak region.

4.3.2.7 3-Decay Experiments for Nuclear Astrophysics

B-Decay plays an essential role in neutron-capture processes. The conversion
to heavier elements is almost solely done via B~ decays, which compete with
neutron captures (and photodisintegrations for high-temperatures environment). As
a result, the B-decay half-lives serve as an important input in the nucleosynthesis
calculations.

For the r-process, dozens of S-decay half-lives have been recently determined
employing fragmentation or in-flight fission of 2*®U at GSI and at Radioactive
Isotope Beam Factory (RIBF) at RIKEN [126-130]. For given magnetic rigidity
Bp = mv/q, the fragments are identified based on (i) their energy loss AE and
(i1) time of flight through the fragment separator. The energy loss is proportional to
the proton number Z2, i.e., heavier elements leave more energy. The energy loss
is typically determined using an ionization chamber or stacked silicon detector.
The time of flight is usually determined between two scintillator detectors and
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Fig. 4.8 An example of a particle identification (PID) plot. Ions are identified based on their
proton number Z and the mass-to-charge ratio. The heaviest studied isotopes are labeled and
highlighted by a red circle (Reprinted from Ref. [127] with permissions from the American
Physical Society)

is proportional to m/g. A particle identification (PID) plot (see Fig.4.8 for an
example) typically shows the energy loss versus the time of flight but calibrated
to show the proton number Z versus A/q.

B-decay half-lives at fragment separator facilities are usually determined by
implanting the beam into a stack of silicon detectors and measuring the time
difference between the implantation and S~ particles (electrons). During the
last decade, the knowledge of the half-lives of neutron-rich nuclei has increased
substantially. The measurements at GSI and RIBF have provided around 240 half-
life values: around 20 half-lives close to 78Ni [126], 94 in the rare-earth region
[130], 110 in the N = 82 region [127], and 20 new half-lives in the N = 126 region
[128,129]. An example of a B-decay half-life measurement is shown in Fig.4.9.

B-decays can be studied also at isotope separator on-line (ISOL) facilities, but
there the selection of the isotope happens already before the beam arrives at the
detector setup. As a result, the experiments focus on one or a few isotopes during a
beamtime. On the other hand, B-decay studies at ISOL facilities can be done with
very pure beams (see Fig. 4.10). Even isomerically pure beams can be prepared, e.g.,
by using a Penning trap or selective laser ionization.
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Fig. 4.9 Half-life measurement of "°Ni at RIBF. Time distribution of the B-decay events
correlated with the implanted 7°Ni ions has been plotted. The fitting function (solid red line)
considers the activities of parent nuclei (dashed-dotted black line), 8-decay daughter nuclei (fine-
dashed blue line), Sn-decay daughter nuclei (dashed green line), and a constant background (solid
pink line). A half-life of 43.0f§:2 ms was determined for 7Ni (Reprinted from Ref. [126] with
permissions from the American Physical Society)
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Fig. 4.10 Half-life measurement of '3>In at the ISOLDE Decay Station, where the laser-ionized
135In* beam was accelerated to 40 keV and implanted into an aluminized Mylar tape at the center
of the detection setup. The time distribution relative to the proton pulse from the CERN Proton
Synchrotron Booster is shown as blue data points for the S-gated 347-keV y-ray transitions, which
belong to the 8-delayed neutron daughter '3#Sn. The radioactive beam was extracted for period 5—
230 ms, followed by the decay. The red data points represent the background (Reprinted from
Ref. [131])

B-decays are also essential during the freeze-out phase of the r-process when
matter is decaying back to stability. Prior to the freeze-out, the abundance pattern has
an odd-even effect due to the odd-even staggering of neutron separation energies.
Even-N nuclei are more abundant than their neighboring odd-N nuclei in each
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isotopic chain. This can also be seen in Eq. 4.4, where Q) , is higher for a nucleus
(A, Z) with an odd neutron number N. During the freeze-out, S-delayed neutron
emissions smoothen the abundance pattern.

In B-delayed neutron emission, S-decay of a nucleus (A, Z) will lead to an
excited state above the neutron separation energy S,(A, Z + 1) in the daughter
nucleus (A, Z + 1). Since the state is neutron-unbound, it will emit a neutron and
lead to a nucleus (A — 1, Z 4 1). B-delayed neutron emission (8n) was discovered
already in 1939 [132]. Later, also 8-delayed two-neutron (82n) [133], three-neutron
(B3n) [134], and four neutron (B4n) [135] decays have been discovered, leading to
nuclei (A —2,Z+1),(A—3,Z+1),and (A — 4, Z + 1), respectively. For the
r-process calculations, the B-delayed neutron emission branching ratios are relevant
to determine the flow from one mass number to another.

B-delayed neutron branching ratio measurements are nowadays based on 3He
counters located in a neutron energy moderator medium, such as polyethylene. The
detection of neutrons is based on the reaction 3He(n, p)3H, which releases 764 keV
of energy. This is easily detectable and clearly above the noise level. Neutrons are
moderated because the cross section for the used detection reaction increases with
decreasing neutron energy. The BEta-deLayEd Neutron (BELEN) counter [136]
has been designed for the FAIR DESPEC experiment. It has already been utilized
in experiments at the ion guide isotope separator on-line (IGISOL) facility [137],
where the JYFLTRAP Penning trap was used to select the ions of interest for the
B-decay studies. For example, B-delayed two-neutron emission from '3°Sb has
been studied at IGISOL [138]. More recently, a massive campaign of S-delayed
neutron emission measurements has been performed with the BRIKEN (Beta-
delayed Neutron Measurements at RIKEN) [139] setup at RIBFE. The BRIKEN
collaboration has already measured neutron emission probabilities for more than
180 nuclei. In addition to S-delayed neutron emission probabilities, S-delayed
neutrons provide a way to determine S-decay half-lives. A recent compilation on
B-delayed neutron emission summarizes the current status [140].

4.3.2.8 Neutron-Capture Rates

Neutron-capture rates on radioactive short-lived nuclei are challenging to study.
However, many factors affecting the neutron-capture rate calculations can be
investigated at radioactive beam facilities. Mass measurements provide data on
neutron-capture Q values. The $-Oslo method [141, 142] yields information on
level densities and y-ray strength functions for moderately neutron-rich nuclei.
The technique utilizes segmented total absorption y-ray spectrometers with which
both the individual y-rays and the y-ray cascade, i.e., the excitation energy, can be
determined. In order to efficiently use this method, the S-decay Q value has to be
high enough but the neutron-separation energies not too low. This maximizes the
range of states that can be detected via 8-delayed gamma cascades.

For specific cases, neutron-transfer (d, p) reactions provide information on
the key resonance states and spectroscopic factors. For example, single-particle
states in 13Sn isotopes have been studied using the '*?Sn(d, p)'33Sn reaction in
inverse kinematics [143]. The method has similarities with the (d, n) reactions in



4 Nuclear Data and Experiments for Astrophysics 167

inverse kinematics used as a surrogate for proton captures. With more intensive
radioactive beams, more possibilities will arrive to study neutron captures; however,
the single-particle structure is most pronounced closed to doubly magic nuclei such
as 132Sn. Therefore, the method is not as useful for regions far from stability where
collectivity is more pronounced.

4.3.2.9 Experiments on Fission

Although fissioning nuclei of r-process interest have not yet been studied experi-
mentally, many experiments provide essential data to test current fission models.
The current status of fission and fission experiments has been reviewed in Ref. [144]
and fission barriers of superheavy elements in Ref. [145]. In addition to these, there
have been many measurements on fission yields for various fissioning systems using
a Penning trap (see Sect.4.3.2.1) as an ion counter (see, e.g., Refs. [146, 147]).
The fission yield measurements are useful for testing the predictions from different
fission models. They also provide information on isomeric yield ratios in fission.

4.4  Theory for Nuclear Astrophysics

4.4.1 Nuclear Masses

Among the ground-state properties, the atomic mass is obviously the most fun-
damental quantity. The calculation of the reaction cross section also requires
the knowledge of other ground-state properties, such as the deformation, density
distribution, or the single-particle-level scheme. When not available experimentally,
these quantities need to be extracted from a mass model which aims at reproducing
measured masses as accurately as possible, i.e., typically with a root-mean-square
(rms) deviation of less than about 0.8 MeV. The importance of estimating all ground-
state properties reliably should not be underestimated. For example, the nuclear
level densities of a deformed nucleus at low energies (typically at the neutron
separation energy) are predicted to be significantly (about 30-50 times) larger than
those of a spherical one due principally to the rotational enhancement. An erroneous
determination of the deformation can therefore lead to large errors in the estimate of
radiative capture cross sections. For this reason, modern mass models not only try
to reproduce at the best experimental masses and mass differences but also charge
radii, quadrupole moments, giant resonances, fission barriers, shape isomers, infinite
nuclear matter properties, ... [148, 149].

With a view to their astrophysical application in neutron-rich environments, a
series of nuclear-mass models have been developed based on the Hartree-Fock-
Bogoliubov (HFB) method with Skyrme and contact-pairing forces, together with
phenomenological Wigner terms and correction terms for the spurious collective
energy within the cranking approximation (see Ref. [150] and references therein);
all the model parameters have been fitted to essentially all the experimental mass
data. While the first HFB-1 mass model aimed at proving that it was possible
to reach a low rms deviation with respect to all experimental masses available at
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that time, most of the subsequent models were developed to further explore the
parameter space widely or to take into account additional constraints. These include
in particular a sensitivity study of the mass model accuracy and extrapolation to
major changes in the description of the pairing interaction, the spin-orbit coupling,
or the nuclear matter properties, such as the effective mass, the symmetry energy,
and the stability of the equation of state.

With respect to the 2457 measured masses for Z, N > 8 nuclei [21], the 32
HFB mass models give an rms deviation ranging between 0.52 MeV for HFB-27
and 0.82 MeV for HFB-1. These rms deviations can be compared to those obtained
with other global mass models, such as the Gogny-HFB mass model with the D1M
interaction [151] characterized by an rms of 0.81 MeV or the 2012 version of the
finite-range droplet model [152] with 0.61 MeV. However, when dealing with exotic
nuclei far away from stability, deviations between the HFB mass predictions can
become significant, not only in the rigidity of the mass parabola but also in the
description of the shell gaps or pairing correlations [153]. The 1o variance between
the 32 HFB mass predictions (with respect to the HFB-24 mass model) is illustrated
in Fig.4.11 where deviations up to about 3 MeV can be found at the neutron drip
line for the heaviest species. Such uncertainties can be interpreted as the model
uncertainties (due to model defects) inherent to the given HFB model [154]. These
model uncertainties have been shown to be significantly larger than the uncertainties
associated with local variations of the model parameters in the vicinity of an HFB
minimum [153], as estimated using a variant of the Backward-Forward Monte Carlo
method [155] to propagate the uncertainties on the masses of exotic nuclei far away
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Fig. 4.11 Representation in the (N, Z) plane of the lo uncertainty corresponding to the 32
Skyrme-HFB mass models (with respect to HFB-24) for all the 8500 nuclei included in the mass
tables from Z = 8upto Z = 110
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from the experimentally known regions (note that in this method only parameter
sets giving rise to masses in reasonable agreement with experiments for all known
nuclei are considered).

Many effective interactions have been proposed to estimate nuclear structure
properties within the relativistic or non-relativistic mean-field approaches [156].
Except the BSk forces at the origin of the above-mentioned HFB mass models and
the DIM interaction at the origin of the Gogny-HFB mass model [151], none of
the others have been fitted to a large set of experimental masses. Consequently,
their predictions lead to rms deviations typically larger than 2-3 MeV with respect
to the bulk of known masses (e.g. masses obtained with the SLy4 force give an
rms deviation of the order of 5 MeV [157]). With such a low accuracy, these
masses should not be used for applications, such as the r-process nucleosynthesis.
Additionally, other global mass models have been developed, essentially within the
macroscopic-microscopic approach [152, 158], but this approach remains unstable
with respect to parameter variations, as shown in the framework of the droplet model
in Ref. [69]. In addition, this approach suffers from major shortcomings, such as the
incoherent link between the macroscopic part and the microscopic correction or
the instability of the shell correction [148, 149]. For this reason, more fundamental
approaches, such as the mean field, are needed for astrophysical applications.

When considering mass models obtained in relatively different frameworks, e.g.,
the Skyrme-HFB or Gogny-HFB mass models, still large deviations are found in
the mass predictions away from the experimentally known region. For example, as
shown in Fig.4.12, deviations up to typically £5 MeV can be observed for exotic
nuclei between HFB-31 [150] and DIM [151] mass predictions, especially around
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Fig. 4.12 Representation in the (N, Z) plane of the mass differences between HFB-31 [150] and
DIM [151] models for all the 8500 nuclei from Z =8 upto Z = 110
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the N = 126 and 184 shell closures. Neutron-capture rates can consequently deviate
by three to five orders of magnitude with such mass differences, essentially due to
different local variations in the pairing and shell description (see Sect. 4.4.3). Such
deviations by far exceed what is acceptable for nucleosynthesis applications. For
this reason, further improvements of the mass model are required. These include
development of relativistic as well as non-relativistic mean-field models but also
the inclusion within such approaches of the state-of-the-art beyond-mean-field
corrections, like the quadrupole or octupole correlations by the generator coordinate
method [159, 160] and a proper treatment of odd-A and odd-odd nuclei with time-
reversal symmetry breaking. Such models should reproduce not only nuclear masses
at best but also as many experimental observables as possible. These include charge
radii and neutron skin thicknesses, fission barriers and shape isomers, spectroscopic
data such as the 2+ energies, and moments of inertia but also infinite (neutron and
symmetric) nuclear matter properties obtained from realistic calculations as well as
specific observed or empirical properties of neutron stars, like their maximum mass
or mass-radius relations [161, 162].

4.4.2 f-Decay Rates

B-decay rates play a fundamental role in nucleosynthesis in general [4] and
more particularly for the r-process nucleosynthesis since they set the timescale
of the nuclear flow and consequently of the production of the heavy elements.
B~ -decay rates have been experimentally determined for 1213 nuclei [120] (see
Sect.4.3.2.7). For the few thousands nuclei missing in r-process nucleosynthesis
simulations, only a restricted number of global models is available. These concern
the macroscopic gross theory (GT2) [163], the FRDM+RPA [164], the Tamm-
Dancoff approximation (TDA) [165], and the relativistic mean field plus QRPA
(RMF+RRPA) [166]. Deviations between the predictions of some of these models
are illustrated in Fig. 4.13 where ratios larger than a factor of 10 are found in many
neutron-rich regions of the (V,Z) plane, especially for heavy or superheavy nuclei.

Here also, more effort needs to be devoted to improve the prediction of B-decay
rates, to include consistently not only the contribution of the forbidden transitions
[166, 167] but also the deformation effects, the majority of nuclei being deformed
[168, 169]. In particular, the first-forbidden transitions have been studied with the
finite Fermi system theory [167] and the relativistic QRPA approach [166] but both
only for spherical nuclei. Recent studies within the fully self-consistent proton-
neutron QRPA model using the finite-range Gogny interaction have now also taken
axially symmetric deformations into account [169], but forbidden transition remains
to be included and the theory to be applied to systems with an odd number of
nucleons. The inclusion of the phonon-phonon coupling has also been shown to
give rise to a redistribution of the Gamow-Teller strength and impact the S-decay
half-lives of neutron-rich nuclei significantly [170]. Further progress along all these
lines will hopefully help improve the predictions. Finally, note that on the basis
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Fig. 4.13 Representation in the (N, Z) plane of the S~ -decay rate ratios (in log scale) obtained by
three global models. Upper panel: Ratio between the HFB-21 + GT2 [163] and the FRDM+RPA
rates [164]. Lower panel: Ratio between the HFB-21 + GT2 [163] and the RMF+RRPA rates
[166]. The open squares correspond to the valley of S-stability. The double solid lines depict the
neutron and proton magic numbers

of the B-decay strength, the 8-delayed processes, including neutron emission and
fission for the heaviest species, also need to be derived [70, 140].

4.4.3 Nuclear Reactions

Most of the low-energy cross-section calculations for nucleosynthesis applications
are based on the statistical model of Hauser-Feshbach. Such a model makes the
fundamental assumption that the capture process takes place with the intermediary
formation of a compound nucleus in thermodynamic equilibrium. The energy of the
incident particle is then shared more or less uniformly by all the nucleons before
releasing the energy by particle emission or y-de-excitation. The formation of a
compound nucleus is usually justified by assuming that the level density in the
compound nucleus at the projectile incident energy is large enough to ensure an
average statistical continuum superposition of available resonances. The statistical
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Fig. 4.14 Illustration of some uncertainties affecting the prediction of the radiative neutron-
capture rates for the Yb isotopes (Z = 70), between the valley of S-stability and the HFB-21
neutron drip line; these include the sensitivity to (i) the mass model when using the HFB-21
[183] or DIM [151] models (upper left), (ii) the nuclear level densities when using the HFB
plus combinatorial [176] or the back-shifted Fermi gas (BSFG) [177] models (upper right),
(iii) the optical potential adopting a Wood-Saxon (WS) potential [173] or two variants of the
microscopic JLMB potentials [174, 175] (lower left), and (iv) the y-ray strength function derived
from either the DIM+QRPA [171] or the generalized Lorentzian (GLO) [184] models (lower
right). The9 Maxwellian-averaged rates are estimated within the Hauser-Feshbach statistical model
atT =10°K

model has proven its ability to predict cross sections accurately for medium-
and heavy-mass nuclei. However, this model suffers from uncertainties stemming
essentially from the predicted nuclear ingredients describing the nuclear structure
properties of the ground and excited states and the strong and electromagnetic
interaction properties.

The impact of different input models adopted in the calculation of the reaction
rates of astrophysical interest is illustrated in Fig.4.14. Clear mass models have
the strongest impact with deviation reaching four orders of magnitude for the most
exotic neutron-rich nuclei. Nuclear level densities are seen to affect rates within
typically a factor of 10 with a strong odd-even effect according to the way pairing
interaction is treated. The y-ray strength function may impact the prediction of
the rate up to a factor of 100, in particular depending the way the low-energy tail
of the giant E1 resonance is described, but also the low-energy M1 component
is included, both for the scissors mode and for the so-called upbend [171, 172].
Finally, the optical potential is known to have a negligible impact in the standard



4 Nuclear Data and Experiments for Astrophysics 173

case (e.g. comparing the Woods-Saxon [173] and the microscopic so-called JLMB
potential [174] in Fig.4.14), although a reduction of the imaginary potential may
have a drastic impact in reducing the absorption of neutrons by neutron-rich nuclei,
as shown when considering the JLMB* potential [175]. More details on our capacity
to predict reliably all these ingredients can be found in Refs. [4, 171, 175-178].
A review on the nuclear ingredients of relevance for the description of fission for
nucleosynthesis applications and its fundamental role in r-process calculations can
be found in Ref. [70].

When the number of available states in the compound nucleus is relatively small,
the capture reaction is known to be possibly dominated by direct electromagnetic
transitions to a bound final state rather than through a compound nucleus interme-
diary. It is now well accepted that this direct capture contribution is important and
often dominant at the very low energies of astrophysical interest for light or exotic
nuclei systems for which few or even no resonant states are available. The direct
contribution to the neutron-capture rate can be two to three orders of magnitude
larger than the one obtained within the Hauser-Feshbach approach traditionally used
in nucleosynthesis applications [178—181]. Significant uncertainties still affect the
direct capture predictions. These are related to the determination of the nuclear
structure ingredients of relevance, i.e., the nuclear mass, spectroscopic factor,
neutron-nucleus interaction potential, and excited level scheme. An important effort
will have to be devoted to further improve the prediction of such nuclear inputs
within reliable microscopic models, with a special emphasis on the determination
of the low-energy excitation spectrum, in particular the spin and parity assignments.
The transition from the compound nucleus to the direct capture mechanism, when
only a few resonant states are available, also needs to be tackled in a more detailed
way, for example, within the Breit-Wigner approach or the so-called high-fidelity-
resonance technique [182].

4.5 Summary and Outlook

One of the major issues in modern astrophysics concerns the analysis of the present
composition of the Universe and its various constituting objects. Nucleosynthesis
models aim to explain the origin of the different nuclei observed in nature by
identifying the possible processes able to synthesize them. Though the origin of
most of the nuclides lighter than iron is now quite well understood, the synthesis
of the heavy elements (i.e., heavier than iron) remains obscure in many respects,
from the astrophysics as well as nuclear physics point of views. As far as nuclear
physics is concerned, strong, weak, and electromagnetic interaction processes play
an essential role in nucleosynthesis processes.

Radioactive beam facilities have provided new ways to explore key reactions for
the nucleosynthesis of lighter elements. Many reactions have become available for
studies in inverse kinematics using radioactive beams at astrophysically relevant
energies. Surrogate reactions or S-delayed gamma and particle spectroscopy have
provided information on the properties of key resonance states. On the other hand,
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low-background facilities located underground have opened new possibilities to
study reactions relevant for quiescent hydrogen and helium burning at or near
astrophysically relevant energies.

For the synthesis of heavier elements, experiments at radioactive beam facilities
have extended our knowledge of exotic nuclei and their properties, which serve
as relevant inputs, for example, for the r-process calculations. Mass measurement
techniques, such as Penning traps, MR-ToF mass spectrometers, and storage rings,
have recently provided mass values for dozens of new neutron-rich nuclei. -
decay studies have yielded information on B-decay half-lives for several dozens
of neutron-rich nuclei. Results on B-delayed neutron branchings obtained with
the BRIKEN detector setup are coming and provide a major step forward in
the knowledge of neutron-rich nuclei. Neutron-capture rates have been probed
for specific nuclei using the $-Oslo method to determine the level densities and
y-ray strength functions. Several experiments have studied nuclear fission and
fission yields, providing data to test various fission models. With anticipated new
radioactive beam facilities, such as FRIB and FAIR, even more exotic nuclei will
become available for experiments.

Although important effort has been devoted in the last decades to measure
reaction cross sections, experimental data only covers a minute fraction of the
whole set of data required for nuclear astrophysics applications. To fill the gaps,
theoretical predictions are needed. Many astrophysics applications involve a large
number of unstable nuclei and therefore require the use of global approaches. The
extrapolation to exotic nuclei or energy ranges far away from experimentally known
regions constrains the use of nuclear models to the most reliable ones, even if
empirical approaches sometime present a better ability to reproduce experimental
data. A subtle compromise between the reliability, accuracy, and applicability of
the different theories available has to be found according to the specific application
considered.

A continued effort to improve our predictions of the reaction and S-decay rates,
including their statistical and systematic uncertainties, for nuclei far away from
stability is obviously required. The reliability of our predictions today is still far
from being at the level of the requirements in nuclear astrophysics applications.
Priority should be given to a better description of the ground-state, fission, and
B-decay properties but also nuclear level densities, optical potential, and y-ray
strength functions. A huge amount of work is still needed to make full advantage
of the development of state-of-the-art microscopic models in building global
universal models that include as much as possible the microscopic character of
quantum physics. This effort to improve the microscopic nuclear predictions is
concomitant with new development aiming at improving the description of the
reaction mechanisms, including the equilibrium, pre-equilibrium, and direct capture
processes. This theoretical work requires simultaneously new measurements of
structure properties far away from stability but also reaction cross sections on
stable targets and any experiments that can provide new insight on the numerous
ingredients of the reaction models and their extrapolation far away from stability.
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