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Abstract The need for nuclear data for astrophysics appli-
cations challenges experimental techniques as well as the
robustness and predictive power of present nuclear models.
Most of the nuclear data evaluations and predictions are still
performed on the basis of phenomenological nuclear mod-
els. In the last decades, important progress has been achieved
in fundamental nuclear physics, making it now feasible to
use more reliable, but also more complex microscopic or
semi-microscopic models in the evaluation and prediction of
nuclear data for practical applications. In the present contri-
bution, the reliability and accuracy of recent nuclear theories
are discussed for most of the quantities needed to estimate
reaction cross sections and beta-decay rates, namely nuclear
masses, nuclear level densities, gamma-ray strength, fission
properties and beta-strength functions. It is shown that nowa-
days, mean-field models can be tuned at the same level of
accuracy as the phenomenological models, renormalized on
experimental data if needed, and therefore can replace the
phenomenological inputs in the prediction of nuclear data.
While fundamental nuclear physicists keep on improving
state-of-the-art models, in particular the shell or ab-initio
models, nuclear applications could make use of their most
recent results as quantitative constraints or guides to improve
the predictions in energy or mass domain that will remain
inaccessible experimentally.

1 Introduction

Among the various fields in nuclear astrophysics, stellar evo-
lution and nucleosynthesis are clearly the most closely related
to nuclear physics. The imprint of nuclear physics can be
found in the origin of almost all nuclides produced in the Uni-
verse and is a fundamental ingredient to estimate the energy
generation in stars [1,2]. Impressive progress has been made
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for the last decades in the different fields related to nucle-
osynthesis and stellar evolution, especially in experimental
and theoretical nuclear physics, as well as in ground-based
or space astronomical observations and astrophysical mod-
ellings. In spite of that success, major problems and puzzles
remain. In particular, experimental nuclear data only cov-
ers a minute fraction of the whole set of data required for
nucleosynthesis applications. Reactions of interest often con-
cern unstable or even exotic (neutron-rich, neutron-deficient,
superheavy) species for which no experimental data exist. In
addition, a large number (thousands) of unstable nuclei may
be involved for which many different properties have to be
determined (Fig. 1). The energy range for which measure-
ments are available is also restricted to the small range reach-
able by present experimental setups. An additional serious
difficulty comes from the fact that the nuclei are immersed
in a stellar environments which may have a significant impact
on their static properties, the diversity of their transmutation
modes, some of which are not observable in the laboratory,
and on the probabilities of these modes. The description of
nuclei as individual entities has even to be replaced by the
construction of an equation of state at the high temperatures
and/or densities prevailing in the cores of exploding stars and
in compact objects (neutron stars). To fill the gaps, theoretical
predictions are the only choice.

Nuclear reactions and decays 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 primor-
dial or cosmological (Big-Bang) level as well as inside the
stars throughout galactic evolution. On the other hand, spal-
lation reactions are important in diluted and cold medium, as
the interstellar medium, through the interaction with galactic
cosmic rays (GCR), and at the surface of stars or in their sur-
roundings through interaction with energetic stellar particles

[4].
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Fig. 1 Schematic representation in the (N, Z) plane of the different
nuclear astrophysics applications, including nucleosynthesis processes,
composition and structure properties of neutron stars (NS). For each
process, the nuclear needs are listed. The open black squares corre-
spond to stable or long-lived nuclei, the yellow squares to the nuclei for

The primordial Big-Bang nucleosynthesis (BBN) is respon-
sible for the bulk He content of the Universe as well as for
the synthesis of some other light nuclei, like D, *He and "Li
[5]. All the other nuclides, as well as a fraction of the Galac-
tic 7Li, and maybe 3He, 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 GCR (accelerated CNO nuclei)
with the interstellar medium (mainly protons and -particles)
are invoked [4]. In stars, the thermonuclear reactions can be
induced by charged particles (proton or «-particles) or neu-
trons. 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 excessive Coulomb barrier) to play a sig-
nificant role in stellar environments. 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 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 do not contribute
to the nuclear energy production, though they may, in spe-
cific scenarios, contribute to temperature evolution, the light
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which masses have been measured and are included in the 2020 atomic
mass evaluation (AME) [3]. 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 Ref. [1] and in Sect. 2

curve and mass ejection, as for example in the case of NS
mergers [6,7].

The origin of most of the elements lighter than those of
the Fe group have been explained, mainly thanks to the direct
link between their nucleosynthesis and the energetic evolu-
tion of stars [2,8,9]. However, the synthesis of nuclei heav-
ier than Fe is far from being well understood at the present
time. The major mechanisms called for to explain the pro-
duction of the heavy nuclei are the slow neutron-capture pro-
cess (or s-process) [10—14], occurring during the hydrostatic
stellar burning phases, the intermediate neutron-capture pro-
cess (or i-process) taking place mainly in low-metallicity
asymptotic giant branch (AGB) stars or rapidly accreting
white dwarfs [15-21], the rapid neutron-capture process (or
r-process) believed to develop during NS mergers or poten-
tially, the explosion of a star as a supernova [1,22,23], and the
p-process occurring in core-collapse supernova (CCSN) or
Type-Ia supernovae (SNIa) [24-26]. These nucleosynthesis
processes are shortly summarized in Sect. 2.

Strong, weak and electromagnetic interaction processes
play an essential role in nuclear astrophysics. As shown in
Fig. 1, a very large amount of nuclear information is nec-
essary in order to model the various nucleosynthesis and
stellar evolution processes. These concern the decay prop-
erties of a large variety of light to heavy nuclei between the
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proton and neutron drip lines, including the S-decay or elec-
tron capture rates as well as o-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 pro-
tons 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 (12C, 190) are also of direct impact during C
and O-burning phases. These charged-particle induced reac-
tions are described in Sect. 3.1. 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. [27]. When
dealing with neutron capture s-, i- and r-processes of nucle-
osynthesis, experimental cross sections are only available
for stable nuclei, so that resort to theory is needed in many
cases. These are detailed in Sect. 3.2. When not available
experimentally, reaction or decay rates need to be estimated
theoretically and to do so additional nuclear properties, such
as ground state structure properties, nuclear level densities
(NLD), optical potentials, y-ray strength functions, fission
properties or B-strength functions, need to be derived, as dis-
cussed in Sect. 4. Since f-decays play a fundamental role
for nucleosynthesis applications, models available for large-
scale calculations and application to the r-process nucleosyn-
thesis, in particular, are rapidly described in Sect. 5. Finally,
conclusions are drawn in Sect. 6.

2 Stellar evolution and nucleosynthesis
2.1 Stellar burning stages

As pictured very schematically in Fig. 2, the evolution of
the central regions of stars follows successive “controlled”
thermonuclear burning stages where mechanical and energy
equilibrium are established, and of phases of slow quasi-
equilibrium gravitational contraction. The latter phases trig-
ger a temperature increase, while the former ones produce
nuclear energy through charged-particle induced reactions
leading at the same time to a change of the core compo-
sition. The sequence of nuclear burning episodes develops
in time with nuclear fuels of increasing charge number Z
and at temperatures increasing from several tens of 10° K to
about 4 x 10° K [2,8,9,28,29]. Concomitantly, the duration
of the successive nuclear-burning phases decreases in a dra-
matic way. This situation results from the combination of a
decreasing energy production when going from H burning to
the later burning stages and an increasing neutrino produc-
tion, and the consequent energy losses, with temperatures
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Fig. 2 Highly schematic representation in a classical one-dimensional
approximation of the evolution of the internal structure of a spherically-
symmetric massive star with M ~ 25 Mg (Mg is the mass of the Sun)
with initial composition similar to the solar one.The shaded zones cor-
respond to nuclear burning stages. A given burning phase starts in the
central regions (the central temperatures 7. and densities p,. are indi-
cated at the bottom of the figure), and then migrates into thin periph-
eral burning shells. In between the central nuclear burning phases are
episodes of gravitational contraction (downward arrows). The chem-
ical symbols represent the most abundant nuclear species left after
each nuclear-burning mode (“Fe” symbolizes the iron-peak nuclei with
50 < A < 60). In the depicted illustration, the star eventually explodes
as a supernova. The most central parts may leave a “residue,” while the
rest of the stellar material is ejected into the interstellar medium, where
it is observed as a supernova ‘“remnant”

in excess of about 5 x 108 K. The various hydrostatic and
explosive nuclear burning modes from hydrogen to silicon
burning and the corresponding energy production and nucle-
osynthesis are described in detail in Refs. [2,8,9,29].

2.2 The s-process

For the last decades, an extremely intense amount of work
has been devoted to the slow neutron-capture process (or s-
process) of nucleosynthesis called for to explain the origin
of the stable nuclides heavier than iron located at the bottom
of the valley of nuclear stability [10-13].

Even though the observation of the radioactive Tc element
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 concentra-
tions required to produce s-elements. Two nuclear reactions
are suggested as possible neutron sources, i.e. '>C(a,n)'°0
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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 AGB
instabilities — known as thermal pulses (TP) — of low and
intermediate mass stars (lower than typically 10 M).

As reviewed in great detail in Ref. [12], the s-process in
AGB stars is thought to occur in their He-burning shell sur-
rounding a nuclearly 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. A fraction of the synthesized s-nuclides (along
with other He-burning products) could then be dredged-up
to the surface shortly after each TP. In low-mass AGB stars
(less than typically 3 Mg), 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 metal-
licities lower than solar ([Fe/H] <« 0). The astrophysical
models underlying the TP 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 pro-
duction in these locations depends sensitively on the mech-
anism of proton ingestion into underlying He-rich layers in
amounts and at temperatures that allows the operation of the
2C(p,y)BN(BT)3C(e,n)'®O where the production of '“N
by B3C(p,y)'*N is inefficient enough to avoid the hold-up of
neutrons by the '“N neutron poison. TP-AGB models includ-
ing empirical diffusive overshoot have been relatively suc-
cessful to explain such a partial mixing of protons from the H-
rich envelope into the C-rich layers during the third dredge-up
[12,13,30], but it remains difficult to model consistently 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(ar,n)>Mg. This neutron source can indeed be active
in these locations that are hotter than the He shell of AGB
stars. In addition, 2>Ne burning can also be partially activated
in the carbon burning shell of massive stars. Many calcula-
tions 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 sig-
nificantly affect the efficiency of the s-process, especially at
low metallicity [14,31,32]. Because of the rotational mixing
operating between the H-shell and He-core during the core
helium burning phase, the abundant '>C and '°0O 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 22Ne, hence an increased neu-
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tron production with respect to what is found in non-rotating
massive stars. In this case, s-process nuclei beyond A = 90
up to the second s-process peak A =~ 138 can be effectively
produced.

2.3 The i-process

The s- and r-processes introduced very early in the develop-
ment of the theory of nucleosynthesis have to be considered
as the end members of a whole class of neutron capture mech-
anisms. 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 the intermediate process
(or i-process) has been put forth, with neutron concentrations
in the approximate 10'3 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, lead-
ing to the production of '3C through 2C(p,y)3N(sH)13C
followed by a substantial production of neutrons through
13C(a,n)'0. This is analogous to the mechanism already
considered to be active in TP-AGB stars (Sect. 2.2), but the
higher neutron concentrations are expected to result from the
very low metallicity of the considered stars and the activation
of 3C(a,n)!%0 in convective regions at higher temperatures
(typically ~ 2.5 x 103 K).

Various numerical scenarios have been proposed to host
such conditions. These include the proton ingestion during
core He flash in very low-metallicity low-mass stars, during
the TP phase of massive AGB (super-AGB) stars of very low
metallicity, during the post-AGB phase (“final TP”), during
rapid accretion of H-rich material on white dwarfs, or during
shell He burning in massive very low-metallicity Population
IT or IIT 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 pres-
ence of s elements and Eu (so-called CEMP-r/s) stars, as well
as the Sakurai’s object V4334 Sgr. More information can be
found in Refs. [16-20].

2.4 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. [1,22,23].
Nuclear-physics-based and astrophysics-free r-process
models of different levels of sophistication have been con-
structed over the years [33]. They all have their merits and
their shortcomings. The ultimate goal was to identify real-
istic sites for the development of the r-process. For long,
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the CCSN of massive stars has been envisioned as the privi-
leged r-process location. One- or multi-dimensional spherical
or aspherical explosion simulations in connection with the
r-process nucleosynthesis are reviewed in Refs. [1,22,23].
Progress in the modelling of CCSNe and y-ray bursts has
raised a lot of excitement about the so-called neutrino-driven
wind environment [34]. However, until now a successful r-
process cannot be obtained ab initio without tuning the rele-
vant parameters of the neutrino-driven wind (neutron excess,
entropy, expansion timescale) in a way that is not supported
by the most sophisticated existing models [35,36]. Although
these scenarios remain promising, especially in view of their
potential to contribute to the Galactic enrichment signifi-
cantly, they remain affected by large uncertainties associ-
ated mainly with the still incompletely understood mech-
anism responsible for the CCSN explosion and the persis-
tent difficulties to obtain suitable r-process conditions in
self-consistent dynamical explosion and NS cooling mod-
els [35,37]. 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 gamma-ray bursts, could
be a potential r-process site [38—40]. The production of r
nuclides in these events may be associated with jets predicted
to accompany the explosion [41,42], or with the accretion
disk forming around a newly born central black hole (BH)
[43].

Since early 2000, 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 [44],
conformally flat general relativistic [45,46], as well as fully
relativistic [47-51] hydrodynamical simulations of NS-NS
and NS-BH mergers with microphysical equations of state
have demonstrated that typically some 1073 Mg, up to more
than 0.1 M, can become gravitationally unbound on roughly
dynamical timescales due to shock acceleration and tidal
stripping. Also the relic object (a hot, transiently stable hyper-
massive NS followed by a stable supermassive NS, or a BH-
torus system), can lose mass through outflows driven by a
variety of mechanisms [46].

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 from both the dynami-
cal (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
well the solar system distribution, as well as various elemen-
tal distributions observed in low-metallicity stars [23]. 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 fundamental observational piece of evidence
that N'S mergers are r-nuclide producers indeed comes from
the very important 2017 gravitational-wave and electromag-
netic kilonova detection of the GW170817 event [52-54].
Despite the recent success of nucleosynthesis studies for
NS mergers, the details of r-processing in these events is still
affected by a variety of uncertainties, both from the nuclear
physics and astrophysics aspects. The r-process nucleosyn-
thesis 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.

2.5 The p-process

The p-process of stellar nucleosynthesis is aimed at explain-
ing 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
Ref. [25]). 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 primi-
tive meteorites. In contrast to the s-, i- and r-processes calling
for neutron captures to explain the production of heavy ele-
ments, the p isotopes are produced by photodisintegration
reactions on already-synthezised s and r nuclei. These pho-
toreactions involve (y,n), (y,p), and (y,«) reactions at stellar
temperatures of the order of 2-3 x10° K.

The p nuclides are mostly produced in the final explosion
of amassive star (M = 10 M) asaCCSN orin pre-explosive
oxygen burning episodes [25]. 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
[24,26]. The seeds for the p-process are provided by the s-
process that develops before the explosion during core He-
burning (see Sect. 2.2). In this way the O-Ne layers that
experience the p-process are initially enriched in 70 < A <
90 s-nuclides for solar metallicity stars. For rotating stars
of sub-solar metallicity (typically around Z = 1073), the
s-process yields up to the second peak A ~ 138 can be
significantly increased [14], enhancing at the same time the
p-process yields during the CCSN explosion [55].

SNIa have also been suggested as a potential site for the p-
process [56]. The p-process nucleosynthesis possibly accom-
panying the deflagration or delayed detonation regimes has
been mainly studied in 1D simulations and shown to give
rather similar overabundances as CCSN models [25,57].
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 trans-
ferred to the white dwarf being missing.

@ Springer



16 Page 6 of 16

Eur. Phys. J. A (2023) 59:16

Despite the fact that p nuclei can be produced consis-
tently 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 promis-
ing nucleosynthesis source [58]. Such an object is made of
a carbon-oxygen white-dwarf with sub-Chandrasekhar mass
(M < 1.4My) 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 environ-
ment produce neutrons that are immediately captured by
neutron-deficient nuclei [59].

3 Reaction rates of astrophysical interest
3.1 Charged-particle induced reactions

In a given astrophysical location, two factors dictate the vari-
ety of nuclear reactions that can act as energy producers
and/or as nucleosynthetic agents. The abundances of the reac-
tants have obviously to be high enough, and the lifetimes of
the reactants against a given nuclear transmutation have to
be short enough for this reaction to have time to operate dur-
ing the evolutionary timescale of the astrophysical site under
consideration.

The probability of a thermonuclear reaction in an astro-
physical plasma is strongly dependent on some specific prop-
erties 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 thermody-
namic equilibrium. In such conditions, all nuclear species
obey a Maxwell-Boltzmann distribution of energies, from
which it is easily inferred that the relative energies of the
reaction partners also obey such a distribution. 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 max-
imum, generally referred to as the Gamow peak (see e.g.
Ref. [2]). It is centered on the “most effective energy” given
by Eg = 0.1220(Z%Z§,u)1/3 T92/3 MeV, where Z|, Z; are the
charge numbers and u the reduced mass, and Ty the tempera-
ture 7 expressed in 10° K. The Gamow peak is characterized
by a width approximated by A = 4(EokgT/3)'/?, where
kp is the Boltzmann constant. The reactions thus mostly
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occur in the approximate window from Eqg —nA to Eg +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 kp7T and much lower than the Coulomb bar-
rier. For these reasons, the sequence of hydrostatic burning
episodes is characterized 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 pro-
tons or «-particles which offer the lowest Coulomb barriers.
A limited number of fusion reactions involving heavy ions
(12C, 16O) are also of great importance [2,8,9].

In non-explosive conditions, like in the quiescent phases
of stellar evolution which take place at relatively low tem-
peratures, most of the reactions of interest concern stable
nuclides. Even so, the experimental determination of their
charged-particle induced cross sections face enormous prob-
lems, and represent a real challenge [2]. This relates directly
to the smallness of the cross sections due to the fact that Eg
lies well below the Coulomb barrier. As a consequence, the
cross sections can dive into the nanobarn to picobarn range.
Much experimental and theoretical effort has been devoted
to the reactions involved in the H- and He-burning modes.
They are available in various compilations [60-62].

In explosive situations, the temperatures are typically
higher than in the non-explosive cases. The corresponding
increase of the effective energies E( gives rise to a higher
probability of penetration of the Coulomb barriers, and con-
sequently larger cross sections. The price to pay to reach
this higher energy domain is huge, however. The nuclear
flows indeed depart strongly from the bottom of the valley
of nuclear stability, and involve unstable nuclei, sometimes
very close to the nucleon drip lines (see Fig. 1).

Finally, in stellar plasmas, a specific electron screening
correction has to be applied, which can drastically affect the
cross sections for bare nuclei [63,64]. This correction arises
because of the ability of a nucleus to polarize its stellar sur-
roundings. As aresult, the Coulomb barrier seen by the react-
ing nuclei is modified in such a way that the tunneling prob-
ability, 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 solidi-
fication of the stellar plasma leads to the special pycnonuclear
regime [63,64]. 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
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regime can be approached, e.g. at the high densities and low
temperatures prevailing in white dwarfs.

3.2 Neutron captures of astrophysical interest

The considerations above leading to the most effective energy
in the case of reactions between charged particles do of
course not apply to neutron captures in view of the absence of
Coulomb barriers. In this case it can be shown that the most
effective energy is of the order of kp T, i.e. for the various
s-, i- or r-processes in the range of 10-100 keV. Measure-
ment of neutron capture cross sections (especially radiative
neutron captures, as well as (n, p) and (n, «) reactions, and
neutron-induced fission) at such energies of astrophysical
interest have been under very active investigation over the last
decades at a variety of facilities [2,65,66]. Various neutron
production techniques as well as a diverse cross section mea-
surement methods have been adopted. A successful feature is
related to the property that neutrons produced by "Li(p,n)’Be
have an energy spectrum that closely resembles the thermal-
ized Maxwellian stellar spectra in typical s-process condi-
tions. The most suitable experimental procedures depend
notably on the stability/instability of the targets and reac-
tion products. Only the cross sections for the stable nuclides
are known nowadays with a very good accuracy [67]. Experi-
mental data are also available for some nuclides located close
enough to the valley. The use of inverse reactions, particularly
photodisintegrations, can help for constraining such data. At
this point, one has to remember, however, that the experimen-
tal accuracy presently reached concerns the capture of neu-
trons by nuclei in their ground states, and is affected by the
contribution to the reactions of target excited states, which
can be evaluated by theory only. Some attempts to study
the contribution of excited states have started with dedicated
measurements of the super-elastic scattering cross sections
on long-lived metastable states [68,69]. When not available
experimentally, neutron capture rates need to be estimated
theoretically, as discussed in Sect. 4.

4 Theoretical determination of reaction rates

As far as theory is concerned to complement missing exper-
imental cross sections, most of the calculations for astro-
physics 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 inter-
mediary formation of a compound nucleus (CN) in thermo-
dynamic 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 CN 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 statis-
tical continuum superposition of available resonances. The
statistical model has proven its ability to predict cross sec-
tions accurately, within typically 50% for the particular case
of radiative neutron captures. However, this model suffers
from uncertainties stemming essentially from the predicted
nuclear ingredients describing the nuclear structure proper-
ties of the ground and excited states, and the strong and elec-
tromagnetic interaction properties. Our capacity to predict
reliably all these ingredients, i.e. the nuclear structure prop-
erties (masses, deformations, matter densities), the NLD, the
optical potential, the y -ray strength function, the fission prop-
erties, especially for exotic neutron-rich nuclei, are discussed
below. The availability of experimental data as well as the
various models developed are reviewed in Refs. [70-72].

When the number of available states in the CN is relatively
small, the capture reaction is known to be possibly domi-
nated by direct electromagnetic transitions to a bound final
state rather than through a compound nucleus intermediary.
This direct capture (DC) proceeds via the excitation of only
a few degrees of freedom on much shorter time scale reflect-
ing the time taken by the projectile to travel across the target.
This mechanism can be satisfactorily described with the per-
turbative approach known as the potential model [73-77].
It is now well accepted that the DC 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 2-3 orders of magnitude larger
than the one obtained within the Hauser—Feshbach approach
traditionally used in nucleosynthesis applications. Signifi-
cant uncertainties still affect the DC predictions. These are
related to the determination of the nuclear structure ingre-
dients of relevance, i.e the nuclear mass, spectroscopic fac-
tor, neutron-nucleus interaction potential and excited level
scheme. A special emphasis needs to be put on the determi-
nation of the low-energy excitation spectrum with all details
of the spin and parity characteristics. This can be deduced
from a NLD model, but not a statistical approach. An impor-
tant effort needs to be made to improve the prediction of
such nuclear inputs within reliable microscopic models. The
transition from the CN to the DC 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 [78].

For specific applications such as nuclear astrophysics,
a large number of data needs to be extrapolated far away
from the experimentally known region. In this case, two
major features of the nuclear theory must be contemplated,
namely its reliability and accuracy. A microscopic descrip-
tion by a physically sound model based on first principles
ensures a reliable extrapolation away from experimentally
known region. For this reason, use is made preferentially of
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microscopic or semi-microscopic global predictions based
on reliable nuclear models which, in turn, can compete
with more phenomenological highly-parametrized models in
the reproduction of experimental data. Global microscopic
approaches have been developed for the last decades, tuned
to provide estimates at the same level of accuracy as the phe-
nomenological models, and renormalized on experimental
data when needed. Such models can now replace the phe-
nomenological inputs in astrophysical applications for which
nuclear properties need to be predicted [80]. The impact
of such microscopic or semi-microscopic global predictions
with respect to more phenomenological approaches are illus-
trated in Fig. 3 for the neutron capture reaction rates along
the Yb isotopic chains and seen to reach deviations of a few
orders of magnitude when considering the most neutron-rich
Yb isotopes. Such effects are further discussed below. Some
of these theoretical models are described below for the vari-
ous ingredients of interest in reaction rate calculations.

4.1 Nuclear masses

Among the ground state properties, the atomic mass is obvi-
ously the most fundamental quantity (for a review on atomic
masses, see e.g. [81]). 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 experi-
mentally, these quantities need to be extracted from a mass
model which aims at reproducing measured masses as accu-
rately as possible, i.e typically with a root-mean-square (rms)
deviation of about 800 keV. The importance of estimating
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all ground state properties reliably should not be underes-
timated. For example, the NLD of a deformed nucleus at
low energies (typically at the neutron separation energy) is
predicted to be about 30—50 times larger than of a spherical
one due principally to the rotational enhancement. An erro-
neous determination of the deformation can therefore lead
to large errors in the estimate of radiative capture cross sec-
tions. For this reason, modern mass models not only try to
reproduce at best experimental masses and mass differences,
but also charge radii, quadrupole moments, giant resonances,
fission barriers, shape isomers, infinite nuclear matter prop-
erties [81,82].

With a view to their astrophysical application in neutron-
rich environments, a series of nuclear-mass models has 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 approx-
imation, the last one being HFB-32 [83]. In those HFB mass
models, all the model parameters are fitted to essentially
all the experimental mass data. While the first HFB-1 mass
model aimed at proving that is was possible to reach a low
root-mean-square (rms) deviation with respect to all experi-
mental masses available at that time, most of the subsequent
models were developed to systematically explore the parame-
ter space 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 descrip-
tion of the pairing interaction, the spin-orbit coupling or the
nuclear matter properties, such as the effective mass, the sym-
metry energy and the stability of the equation of state.
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With respect to the 2457 measured masses for Z, N > 8
nuclei [3], the 32 HFB mass models give an rms devia-
tion ranging between 0.52 MeV for HFB-27 and 0.82 MeV
for HFB-1. Recently, a new family of Skyrme-HFB mod-
els (BSkG) has been constructed using a three-dimensional
coordinate-space representation, allowing for both axial and
triaxial deformations during the adjustment process [84,85].
In particular, while nuclei with an odd number of nucle-
ons were traditionally described within the so-called equal
filling approximation, the BSkG2 mass model treats them
on the same footing as even-even nuclei by breaking time-
reversal symmetry, yielding an rms deviation of 0.68 MeV
with respect to the 2457 known masses. These rms deviations
can be compared to those obtained with other global mass
models, such as the Gogny-HFB mass model with the DIM
interaction [86] characterised by an rms of 0.81 MeV or the
2012 version of the finite-range droplet model (FRDM12)
[87] with 0.61 MeV. However, when dealing with nuclei far
away from stability, deviations between the HFB mass pre-
dictions can become significant, not only in the rigidity of the
mass parabola, but also in the description of the shell gaps
or pairing correlations [88]. The 1o variance between the 32
HFB mass tables (with respect to the HFB-24 mass model)
amounts to about 3 MeV, the largest deviations being found
at the neutron drip line for the heaviest species. Such uncer-
tainties can be interpreted as the model uncertainties (due
to model defects) inherent to the given HFB model [89].
These model uncertainties have been shown to be signifi-
cantly larger than the statistical uncertainties, i.e. those asso-
ciated with local variations of the model parameters in the
vicinity of an HFB minimum [88], as estimated using a vari-
ant of the Backward-Forward Monte Carlo method [90] to
propagate the uncertainties on the masses of exotic nuclei
far away from the experimentally known regions (note that
this method considers only parameter sets that give rise to
masses in reasonable agreement with experiments for all
known nuclei).

Many effective interactions have been proposed to esti-
mate nuclear structure properties within the relativistic or
non-relativistic mean-field approaches [91]. Except the BSk
and BSkG forces at the origin of the above-mentioned HFB
mass models and the DIM interaction at the origin of the
Gogny-HFB mass model [86], none of the other Skyrme or
Gogny interactions have been fitted to the complete 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 pop-
ular SLy4 force give an rms deviation of the order of 5 MeV
[92]. Even the UNEDFO and UNEDF1 interactions [93,94]
fitted to about 72 nuclear masses end up with an rms deviation
of 1.36 and 2.07 MeV on the full set of known data. With such
a low accuracy, these mass models should not be used for 1-
process applications. Other global mass models have been

developed, essentially within the macroscopic-microscopic
approach, but this approach remains unstable with respect
to parameter variations, as shown in the framework of the
droplet model [95] and as illustrated in Fig. 4 between the
FRDM12 [87] and WS4 [96] mass models, especially when
approaching the neutron drip line. In addition, this approach
suffers from major shortcomings, such as the incoherent link
between the macroscopic part and the microscopic correc-
tion or the instability of the shell correction [81,82]. For
this reason, more fundamental approaches, such as the mean
field, are needed for astrophysical applications. The impact
of mass models on the reaction rates along the Yb isotopic
chain is illustrated in Fig. 3 (upper left panel) where devi-
ations reaching 5 orders of magnitude can be observed for
the most exotic neutron-rich Yb isotopes using HFB-31 [83]
instead of the WS4 [96] masses.

When considering mass models obtained in relatively dif-
ferent frameworks, e.g the Skyrme-HFB or Gogny-HFB,
large deviations are found in the mass predictions away from
the experimentally known region. For example, as shown in
Fig. 4, deviations up to typically == 5 MeV can be observed for
exotic nuclei between HFB-31 [83] and D1M [86] or BSkKG2
[85] mass predictions, especially around the N = 126 and
184 shell closures. Neutron capture rates can consequently
deviate by a few orders of magnitude with such mass dif-
ferences, essentially due to different local variations in the
pairing and shell description. Such deviations by far exceed
what is acceptable for nucleosynthesis applications. For this
reason, further improvements of mass models 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 [97,98] and a proper treat-
ment of odd-A and odd-odd nuclei with time-reversal sym-
metry breaking [85]. Such models should reproduce 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 27 energies,
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 NS,
like their maximum mass or mass-radius relations [99,100].

Future improvements should also take full advantage of
the progress made in ab-initio methods in medium mass
nuclei [101], such as many-body perturbation theory [102],
self-consistent Green’s function [103,104], coupled clus-
ter [105], and in-medium similarity renormalization group
[106]. These methods that used to be constrained to the
description of nuclear properties for the A < 100 region,
have now been extended successfully up to the Z = 50 region
[107], starting solely from the knowledge of the fundamen-
tal two- and three-nucleon forces. If these ab-initio calcu-
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lations have not reached yet the level of accuracy required
in astrophysical applications, they may provide crucial guid-
ance with the calculation of a few extremely exotic cases that
could in the future constrain mean-field models.

4.2 Nuclear level densities

NLD play an essential role in reaction theory. Experimen-
tal information on NLD are usually restricted to low-lying
levels, s- and p-wave resonance spacings [70, 108], inelastic
proton scattering [109] or model-dependent data extracted
from the Oslo method [110]. Until recently, only classical
analytical models of NLD were used for practical applica-
tions. In particular, the back-shifted Fermi gas model (BSFG)
—or some variant of it — remains the most popular approach to
estimate the spin-dependent NLD, particularly in view of its
ability to provide a simple analytical formula [70,111]. How-
ever, none of the important shell, pairing and deformation
effects are properly accounted for in any analytical descrip-
tion and therefore large uncertainties are expected, especially
when extrapolating to very low (a few MeV) or high ener-
gies (U 2 15MeV) and/or to nuclei far from the valley of
B-stability. Several approximations used to obtain the NLD
expressions in an analytical form can be avoided by quantita-
tively taking into account the discrete structure of the single-
particle spectra associated with realistic average potentials.
This approach has the advantage of treating in a natural way
shell, pairing and deformation effects on all the thermody-
namic quantities [112]. Large scale calculations of NLD for
nearly 8500 nuclei were also performed in the framework
of the combinatorial method [113,114] and has proven its
predictive power. One of the main advantages of the com-
binatorial approach is to provide not only the NLDs tabu-
lated as a function of the excitation energy, but also the spin
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and parity distributions without any statistical assumption. In
particular, it provides naturally non-Gaussian spin distribu-
tions as well as non-equipartition of parities which are known
to have a significant impact on cross section predictions at
low energies. Recent developments can now coherently take
into account, for deformed nuclei, the transition to sphericity
on the basis of a temperature-dependent Hartree-Fock cal-
culation which provides at each temperature the structure
properties needed to build the level densities [114]. These
combinatorial models have proven their capacity to repro-
duce experimental data in a satisfactory way, in particular
the s- and p-wave resonance spacings, cumulative number of
low-lying level, and low-energy total NLD.

The impact of the NLD model on radiative neutron cap-
ture rates is illustrated in Fig. 3 (upper right panel) where
the calculations have been performed either with the HFB
plus combinatorial model [113] or the constant temperature
(CT) plus Fermi Gas model [111]. Deviations up to a factor
of 10 are found with a strong odd-even pattern. This shows
how sensitive the neutron capture rates can be with respect to
the NLD predictions. Still several improvements remain to
be addressed, in particular at the lowest energies below the
neutron separation energy, such as correlation effects, the
treatment of the coupling between particle-hole and vibra-
tional excited states, or the effect of triaxiality.

4.3 Optical potential

Though the phenomenological nucleon-nucleus optical poten
tial of Woods—Saxon type [115] is still commonly used for
astrophysical application, it is often replaced by the more
microscopic potential derived from a Reid’s hard core nu-
cleon-nucleon interaction by applying the Briickner—Har-
tree—Fock approximation [116]. This so-called JLM poten-
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tial has been updated by Bauge et al. [117] (hence JLMB)
who empirically renormalized the energy dependence of the
potential depth to reproduce scattering and reaction observ-
ables for spherical and quasi-spherical nuclei between *°Ca
and 29Bi in a large energy range from the keV region up to
200 MeV. In this JLMB approach, the renormalization fac-
tors are rather well constrained by experimental data, except
the low-energy regime of the Ay, factor affecting the isovec-
tor imaginary component. The major constraint imposed on
the isovector component comes from the quasi-elastic (p, n)
scattering data as well as the angle-integrated quasi-elastic
(p, n) cross sections to the isobaric analog states at energies
above some 20 MeV. For lower energies, the Ay, factor was
extrapolated from the confident region around 20 MeV to a
constant value of approximately 1.5. Due to the lack of scat-
tering data in the keV region, the low-energy extrapolation
of the Ly, factor remained essentially unconstrained.

It was shown that the isovector contribution to the imagi-
nary component can be adjusted on experimental s-wave neu-
tron strength function data ranging between 1 and 100 keV
[118]. To describe the isospin dependence, a 30% increase
of Aw, at energies below 1 MeV with respect to the JLMB
value was considered in Ref. [118]. This modified potential
(JLMB#*) has been shown to improve the isospin dependence
of the known s-wave neutron strength function of the long Sn
and Te isotopic chains [118]. As observed in Fig. 3 (lower
left panel), for the YD isotopic chain, the potentials have
in general a negligible impact on the radiative neutron cap-
ture cross section since within the statistical approach the
(n, y) channel is essentially dependent on the photon trans-
mission coefficient. However, the experimental constraints
introduced with JLMB* may have a drastic impact on the
neutron capture rate. At large neutron excesses, the enhanced
Aw, factor strongly reduces the imaginary component, i.e. the
neutron absorption channel, and consequently the radiative
neutron capture cross section. In particular, it can be seen
that, for Yb isotopes with N 2 135, the rates obtained in
JLMB* rapidly drop, leading to a totally insignificant res-
onant neutron capture. Before drawing any firm conclusion
on the neutron capture by very neutron-rich nuclei, such a
renormalisation of the isovector component of the imaginary
potential in the keV region needs to be further constrained
by additional theoretical and experimental works.

4.4 y-ray strength function

The total photon strength function is one of the key ingredi-
ents for statistical cross section evaluation. Many experimen-
tal techniques, such as nuclear resonance fluorescence, the
Oslo method, neutron resonance captures, the ratio method,
inelastic proton scattering or photoreaction measurements,
have been used to obtain information on the photon strength
function and are reviewed in Refs. [71,119]. It is most fre-

quently described in the framework of the phenomenological
Lorentzian-type model of the giant dipole resonance (GDR)
for both the E1 and M1 components [70,120,121]. Until
recently, this model has even been the only one used for prac-
tical applications, and more specifically when global predic-
tions are requested for large sets of nuclei.

The Lorentzian approach suffers, however, from short-
comings of various sorts. On the one hand, it is unable to
predict the observed enhancement of the E'1 strength below
the neutron separation energy (for a review, see Ref. [71]).
On the other hand, even if a Lorentzian function provides
a suitable representation of the E'1 strength, the location of
its maximum and its width must be predicted from some
underlying model for each nucleus. For astrophysics appli-
cations, these properties have often been obtained from a
droplet-type model [122]. This approach clearly lacks reli-
ability when dealing with exotic nuclei, as already demon-
strated in Refs. [22,123].

In view of this situation, combined with the fact that the
GDR properties and low-energy resonances may influence
substantially the predictions of radiative capture cross sec-
tions, it is clearly of substantial interest to develop models
of the microscopic type which will logically provide more
reasonable reliability and predictive power for the dipole
strength function. Attempts in this direction have been con-
ducted within the QRPA model based on realistic Skyrme
or Gogny interactions. Initially, the Skyrme BSk7 + QRPA
model [123] introduced some phenomenological corrections
to take the damping of the collective motion as well as the
deformation effects into account. More recently, the Gogny
D1M + QRPA model [124] allows for a consistent description
of axially-symmetric deformations and includes phenomeno-
logically beyond-mean-field corrections. Both models have
proven their capacity to reproduce experimental photoab-
sorption data relatively well [71]. QRPA approaches lead to
significant departures from a Lorentzian form, especially for
neutron-rich nuclei.

HFB + QRPA calculations of the photoabsorption stren-
gth have been extended to the determination of the de-
excitation strength function. Shell-model calculations of the
de-excitation dipole strength function [125-127] as well as
experimental data [128,129] suggest that at photon ener-
gies approaching the zero limit, the E'1 strength remains
constant while the M1 strength increases exponentially. It
has been shown that, in a first approximation, the HFB +
QRPA strength can be complemented by simple analyti-
cal expressions to account for the missing strength at the
lowest energies approaching zero [71]. These contributions
have been shown to reproduce satisfactorily experimental
data at low energies, but also to affect significantly the cal-
culation of the average radiative width as well as radia-
tive nucleon capture cross sections. Although the additional
dipole strength is located at low energies, typically below 3—
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4 MeV, it impacts the overall radiative width, especially due
to the increasing M 1 strength at decreasing photon energies.
As shown in Fig. 3, when approaching the neutron dripline,
the radiative neutron capture rate calculated with DIM +
QRPA strength [124] is seen to be a factor of about 100
larger than the one obtained with the Generalized Lorentzian
(GLO) model [130]. The most significant effects responsible
for such an increase are the low-energy E1 strength pre-
dicted for neutron-rich nuclei by the D1M + QRPA approach
and the low-energy enhancement of the M1 de-excitation
strength (the so-called M1 upbend).

However, QRPA calculations are known to fail reproduc-
ing the width (and even the position) of the GDR. To improve
the prediction of the y-ray strength function, especially at
the low energies below the neutron threshold of relevance in
radiative neutron captures, it is necessary to go beyond the
QRPA scheme by including complex configurations as well
as the coupling of single-particle with the phonon degrees
of freedom (the so-called phonon coupling) [131-136]. The
low-energy enhancement in the y-ray strength function at
very low energies (below 1-2 MeV) will need to be further
investigated, experimentally as well as theoretically.

4.5 Fission

Since its discovery, fission has always been an active field
of research both regarding its purely theoretical challenge
and its practical applications [70, 137,138]. Almost all exist-
ing evaluations of the neutron-induced fission cross sections
rely on the multiple-humped fission penetration model where
barriers are described by inverted decoupled parabolas. Such
approaches consider all ingredients as free parameters to fit
experimental cross sections [70,139]. Although such adjust-
ments respond to the needs of some nuclear applications,
their predictive power remains poor due to the large num-
ber of free parameters. Such methods should not be used
in applications requiring a purely theoretical description of
fission for experimentally unknown nuclei, such as nuclear
astrophysics. Recent studies aim at providing more reliable
descriptions of some of the basic nuclear ingredients required
to describe fission cross sections. These concern in particular
fission barriers (or more generally fission paths) and NLD at
the fission saddle points, but also fission fragment distribu-
tion (FFD), including the average number of emitted neu-
trons. Recently, such nuclear ingredients have been system-
atically determined in the framework of mean field models
for nuclear astrophysics applications, as described below.

4.5.1 Fission path
Detailed fission paths have been determined on the basis

of the mean-field model [85, 140, 141] which has proven its
capacity to estimate the static fission barrier heights with a
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relatively high degree of accuracy. The barriers determined
within the HFB-14 [140] and BSkG2 models [85] reproduce
the 45 empirical primary barriers [70] (i.e. the highest barri-
ers of prime interest in cross section calculations) of nuclei
with Z > 90 with an rms deviation as low as 0.61 MeV
and 0.44 MeV, respectively. A similar accuracy is obtained
(0.70 MeV and 0.47 MeV, respectively) for the secondary
barriers. No theoretical models can claim to provide predic-
tions of barrier heights with a global accuracy better than
0.5-1 MeV (in the best case), so that there is still a lot of
room for improvement of global models in the prediction of
fission barriers.

The determination of the fission path is also sensitive to
number of degrees of freedom considered in the description
of deformation. Global calculations of fission barriers for
r-process nuclei assume axial symmetry but allow to break
reflection symmetry since the outer barrier is known to be
left-right asymmetric. Barriers are in many cases also triax-
ial and only a few calculations take such symmetry breaking
into account [85,142,143]. Some recent relativistic mean-
field studies even show that both non-axial and reflection
asymmetric shapes need to be considered simultaneously for
the description of potential energy surfaces and more partic-
ularly the outer fission barriers [85,143]. Such calculations
still need to be applied more systematically to the exotic
nuclei involved in the r-process.

4.5.2 Fission fragment distribution

The FFD as well as the number of emitted neutrons play a key
role in nucleosynthesis simulations since they define which
nuclei are produced by the fission recycling [72,144]. Both
the Z- and A-dependencies of the fragment distribution need
to be determined for all potentially fissioning nuclei. Since
the widely-used Gaussian model of Kodoma and Takahashi
[145], a number of new global scission-point models have
been proposed and extended to exotic nuclei for astrophysical
applications. These include in particular the so-called SPY
model, corresponding to a renewed statistical scission-point
model based on microscopic ingredients [146—148] and the
so-called GEF model estimating the properties of the fission
fragments and the emitted neutrons and photons in a global
and semi-empirical way [149].

Both the SPY and GEF models predict significantly dif-
ferent FFDs, as illustrated in Fig. 5 where the yields of eight
A = 278 isobars are shown. In the GEF case, the frag-
ment distributions are mostly symmetrical for these partic-
ular fissioning nuclei (except for Z = 97 — 99), whereas
a 4-peak distribution is predicted by SPY for all the corre-
sponding isobars. Such doubly asymmetric fragment distri-
butions have never been observed experimentally and can be
traced back to the predicted Gogny-HFB potential energies
at large deformations for the neutron-rich fragments favored
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by the A >~ 278 fission [144]. Detailed Gogny-HFB calcula-
tions of the potential energy surface in the parent fissioning
nucleus have found qualitatively the presence of these two
asymmetric fission modes [144], but such atypical fission
modes still need to be confirmed experimentally.

5 B-decay rates

B-decay rates play a fundamental role in nuclear astrophysics
in general [1,150]. Here, we will only focus on the applica-
tion to the r-process nucleosynthesis [22,23] since they set
the timescale of the nuclear flow and consequently of the pro-
duction of the heavy elements. Most of the nuclei involved
during the r-process neutron irradiation have yet to be discov-
ered although S~ decay half-lives are known for about 1200
nuclei [151] among the 5000 required for r-process simula-
tions. The use of theoretical models is therefore unavoidable
[22]. For a proper prediction of the r-abundances in any r-
process site, the S-decay rates need to be estimated within a
factor smaller than typically 1.5.

rates remains available for nucleosynthesis applications.
These concern the macroscopic Gross Theory (GT2) [152],
the FRDM+RPA [153], the Tamm-Dancoff approximation
(TDA) [154], the relativistic mean-field (RMF) plus QRPA
[155] or the HFB plus finite-amplitude method (FAM) [156].
The deviations between the predictions of the three GT2,
RMEF, FAM models are shown in Fig. 6 where ratios larger
than a factor of 100 are found in many neutron-rich regions
of the (N,Z) plane. In particular, for very heavy Z 2> 82
nuclei, as well as along the isotonic chains corresponding to
closed neutron shells (N = 50, 82, 126, 184), responsible
for the formation of the r-process peaks observed in the solar
system, non-negligible differences can be observed, leading
to different estimated r-process peak structures [72].

Here also, more effort is needed to include not only
the contribution of the forbidden transitions [155,156]
but also the deformation effects, the majority of nuclei
being deformed [157]. Recent studies within the fully self-
consistent proton-neutron QRPA model using the finite-
range Gogny interaction have now also taken axially sym-
metric deformations consistently into account [157], but for-
bidden transitions remain to be included. The inclusion of
finite-temperature effects as well as the phonon coupling has
also been shown to give rise to a redistribution of the Gamow-
Teller strength and impact the 8-decay half-lives of neutron-
rich nuclei significantly [158]. Further progress along all
these lines will hopefully help to improve the predictions.
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Finally, note that on the basis of the B-decay strength, the
B-delayed processes, including neutron emission and fission
for the heaviest species, need to be derived. Detailed calcu-
lations on the basis of statistical reaction codes, like TALY'S
[79], can take full account of the competition of the vari-
ous open channels (neutron, photon, fission) in the daughter
nucleus. Reaction models still need to be better exploited to
estimate the probability for such g-delayed processes.

6 Conclusion

A prodigious amount of nuclear data for thousands of nuclei
is needed for nuclear astrophysics applications. This chal-
lenges experimental techniques, but especially the robustness
and predictive power of the necessary nuclear models. For
the last decades, important progress has been achieved both
through new measurements and through the development of
improved nuclear models. Despite such effort, experimen-
tal data only cover a minute fraction of the whole set of
data required. To fill the gaps, only theoretical predictions
can be used. It is now feasible to use more reliable, but
also more complex microscopic or semi-microscopic mod-
els in the evaluation and prediction of nuclear data for astro-
physical applications. A microscopic description by a physi-
cally sound model based on first principles ensures a reliable
extrapolation away from experimentally known region, but
a necessary condition for application remains: such mod-
els should be able to compete with the often more locally
accurate, but more phenomenological highly parametrized
models in reproducing experimental data. The accuracy and
reliability of our predictions today are still far from being at
the level of the requirements of nuclear astrophysics appli-
cations. A continued effort to improve our predictions of
the reaction and B-decay rates, including their statistical and
systematic uncertainties, for nuclei far away from stability
is obviously required. Priority should be given to a better
description of the ground-state, fission and B-decay prop-
erties, but also NLD, optical potential and y-ray strength
functions. A huge amount of work is still needed to take full
advantage of the development of state-of-the-art microscopic
models in building universal models that include as much
as possible the microscopic character of quantum physics.
This effort to improve microscopic nuclear predictions is
concomitant with new development aiming at improving the
description of the reaction mechanisms, including the equi-
librium, pre-equilibrium and direct capture processes. This
theoretical work requires in parallel 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 reac-
tion models and their extrapolation far away from the valley
of B-stability.
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