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Although an important effort has been devoted in the last decades to the measurement of the de-
cay half-lives and reaction cross sections, major astrophysics applications, such as the nucleosynthesis
of the heavy elements, involve so many exotic nuclei for which so many different properties need
to be known that only theoretical predictions can fill the gaps. For nucleosynthesis applications, the
nuclear ingredients to the reaction or weak interaction models should preferentially be estimated from
microscopic global predictions based on sound and reliable nuclear models which, in turn, can compete
with more phenomenological highly-parametrized models in the reproduction of experimental data.
The latest developments made in deriving the nuclear inputs of relevance in astrophysics applications
are reviewed. It mainly concerns nuclear structure properties (atomic masses, deformations, radii,
etc.), nuclear level densities, nucleon- and «a-nucleus optical potentials, v-ray and (B-decay strength
functions. Emphasis is made on the possibility of making use of reliable microscopic models for
practical applications.

XoTsl B INOCIENHUE JECATWICTHS MHOTO YCWIHMII ObUIO NOCBSINEHO H3MEPEHUI0 BPEMEH KU3HU
U CeUeHUil pe KIUii, OCHOBHbIE CTpO(U3MUECKHE IPUIOXKEHHs, T KHe K K HyK/ICOCHHTE3 TSKENbIX
9JIEMEHTOB, BKJIIOY I0T T K MHOTO ®K30THYECKHX sfiep ¢ OOIBIINM KOJIHYECTBOM CBOWCTB, KOTOPBIE He-
00XOMMO 3H Tb, YTO TOJIBKO TEOPETHYECKHE MPEACK 3 HHUSL MOIYT [ Th HEOOXOANUMYI0 HH(OPM LHIO.
B npmtoxeHnH K HYKJIGOCHHTE3Y siiepHble KOMIIOHEHTHI B pe KIIMOHHBIX MOJEINSAX M MOJENIX ¢l 6oro
B3 HMOJEICTBUS JOKHBI, IJT BHBIM OOp 30M, OLEHUB ThCS COINT CHO MHKPOCKOIMYECKHM IT100 JIBHBIM
MpeICK 3 HUAM, OCHOB HHBIM H H JEXKHBIX U IPOBEPEHHBIX SIEPHBIX MOJENAX, KOTOpBIE, B CBOIO
o4epesib, MOTYT KOHKYPUPOB Tb B OIMC HUHM 3KCIEPUMEHT JbHBIX [ HHBIX C (peHOMEHOJIOTHYECKUMH
MOJEIISIMH, HCIIOJB3YIOIIMMH OTPOMHOE KOJIMYECTBO II p MeTpoB. O630p IOCBAINEH HOBEHIINM 10-
CTUXEHUSM, NOTyYCHHBIM TIPU BBIBOJE SIEPHBIX KOMIIOHEHT, UMEIOLIHUX 3H YEHHE B CTPO(U3MYECKHX
npunoxeHudx. OHHM, [T BHBIM 0Op 30M, CBSI3 HBI CO CBOICTB MU SIIEPHOU CTPYKTYPBI ( TOMHBIE M CCBI,
JgedopM MU, P JUYCHI U T.[.), INIOTHOCTBIO SIEPHBIX YPOBHEH, HYK/IOHHO- M O-SI€PHBIM ONTHYECKUM
HOTEHLM J1 MH, 7y-Ty4eBOil U [B-p CH [IHOH CHIOBBIMH (DYHKLHSMH. AKIIEHT el €TCS H BO3MOXHOCTH
UCTIONB30B HHS JOCTOBEPHBIX MHUKPOCKONMYECKUX MOJENEH H Ip KTHKE.

INTRODUCTION

Nuclear astrophysics is a vastly interdisciplinary field. There is a large num-
ber of different physical problems invoked calling for a variety of different and
complementary research fields (for a review, see [1,2]). Impressive progress has
been made for the last decades in the various fields related to nuclear astrophysics.
Factors contributing to these rapid developments include progress in experimental
and theoretical nuclear physics, as well as in ground-based or space astronomical
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observations and astrophysical modellings. In spite of that success, major prob-
lems and puzzles remain, which challenge continuously the nuclear astrophysics
concepts and findings. To put them on a safer footing requires in particular a
deeper and more precise understanding of the many nuclear physics processes
operating in the astrophysical environment. Among the numerous objectives in
nuclear astrophysics, let us mention some major issues:

o the nature, structure, composition and evolution of objects such as low- and
intermediate-mass stars, massive stars, supernovae of type I or II, white dwarfs,
neutron stars, novae, X-ray bursts, ~y-ray bursts, ...

e the nucleosynthesis of elements lighter than iron, and in particular species
like 3He, "Li, 15N, 19F, 28Na, 26Al, in low- and intermediate-mass stars, massive
stars, novae, supernovae of type [ or II, ...

e the nucleosynthesis of elements heavier than iron by

— the slow neutron-capture process (or s process) in low- and intermediate-
mass AGB stars and massive stars,

— the rapid neutron-capture process (or r process) possibly, in exploding
massive stars or neutron star mergers, and

— the p process in the oxygen/neon layers at the presupernova stage or
during the stellar explosion of massive stars.

All these questions raise major nuclear challenges that up to now have been
addressed in a more or less satisfactory way. Astrophysics needs in nuclear
data are defined by the astrophysics modelling and by the sensitivity of the
astrophysics predictions to the nuclear input. Depending on the level of reli-
ability of the astrophysics model, a relevant answer about the impact of nu-
clear uncertainties on the astrophysics observables can be given. Our ability
to model astrophysics sites varies with the complexity to describe numerically
the corresponding physical mechanisms. Schematically, four classes of mod-
els can be defined according to their level of reliability: (i) state-of-the-art 3-D
self-consistent parameters-free models, (ii) realistic self-consistent 1-D models,
(iii) parametrized (semirealistic) 1-D models and (iv) phenomenological fully-
parametric site-independent models. Nowadays, almost no astrophysics simu-
lation is performed on the basis of 3-D self-consistent models, and as regards
nuclear uncertainties, not a single study has ever been made in such refined
calculations. Major modelling difficulties still need to be solved, in particu-
lar in the description of convection, radiation and neutrino transport, plasma
equation of state, mass loss by stars, rotation and magnetic effects, ... For
this reason, in all the still-open nuclear astrophysics questions, nuclear physics
must be regarded as a necessary, but not a sufficient condition to solve the
problems. This fundamental issue should be kept in mind when estimating the
importance of nuclear physics for astrophysical applications. Extensive stud-
ies about the impact of nuclear physics, for example, on nonexplosive H- and
He-burning phases can be found in [3], explosive nucleosynthesis in type II
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supernovae in [4], s-process nucleosynthesis in [5-7], r-process nucleosynthe-
sis in [8-10], nucleo-cosmochronometry in [11-13], p-process nucleosynthesis
in [10,14-16].

Strong, weak and electromagnetic interaction processes play an essential role
in nuclear astrophysics (for a review, see [2]). Nuclear reactions concern ther-
monuclear as well as spallation reactions. The thermonuclear reactions taking
place in stars include the capture of nucleons or « particles at relatively low
energies (far below 1 MeV for neutrons and the Coulomb barrier for charged
particles). They are of pivotal importance for the stellar energy balance, as well
as for the bulk composition of the galaxies and for the peculiar abundances ob-
served at the surface of stars of certain classes. The spallation reactions act in low
temperature and density media through the interaction of particles (nonthermally)
accelerated up to energies in excess of some tens of MeV per nucleon with the
interstellar medium, or with the material (gas or grains) at stellar surfaces or
in circumstellar shells. [-decay rates, as well as electron or positron captures
are also fundamental for our understanding of specific scenarios in stellar evo-
lution (e. g., presupernova and supernova models) and nucleosynthesis (e. g., the
r process). Although important effort has been devoted in the last decades to
measure decay half-lives and reaction cross sections, major difficulties related to
the specific conditions of the astrophysical plasma remain, and only theoretical
predictions can fill the gaps. Charged-particle induced reactions at stellar energies
(far below the Coulomb barrier) have cross sections that are not too low to be
measured at the present time. Stellar reactions often concern unstable or even
exotic (neutron-rich, neutron-deficient, superheavy) species for which no experi-
mental data exist. Given astrophysical applications (e. g., the r or p processes of
nucleosynthesis) involve a large number (thousands) of unstable nuclei for which
many different properties have to be determined (including ground and excited
state properties, strong, weak and electromagnetic interaction properties). In high-
temperature environments, thermalization effects of excited states by electron or
photon interactions, as well as ionization effects significantly modifies the nuclear
properties in a way that it remains difficult or almost impossible to simulate in
the laboratory. For example, electron screening in the laboratory conditions com-
plicates the experimental determination of the bare cross section characterizing
the ionized stellar environments. The contribution of thermally populated excited
states, as well as atomic effects in the strongly ionized stellar plasma can modify
by orders of magnitude the laboratory [3-decay and electron capture half-lives. Fi-
nally, in high-density environments, the basic definition of the nucleus is lost and
nuclear binding must be understood in terms of a nuclear equation of state. For
all these specificities found in astrophysical plasmas, theoreticians are requested
to supply reliable determination of all relevant quantities to the experimentally
unreachable energy and mass regions. For some specific applications (e. g., the r
process), almost no experimental data are available at all.
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To fulfill these specific requirements, when estimating the different nuclear
inputs for astrophysics applications, two major features of the nuclear theory must
be contemplated, namely its microscopic and universal aspect. A microscopic de-
scription by a physically sound model based on first principles ensures a reliable
extrapolation away from experimentally known region. On the other hand, a
universal description of all nuclear properties within one unique framework for
all nuclei involved ensures a coherent prediction of all unknown data. For these
reasons, when the nuclear ingredients to the reaction (e. g., Hauser—Feshbach) or
weak interaction (e. g., the Quasiparticle Random Phase Approximation or QRPA)
models cannot be determined from experimental data, use is made preferentially
of microscopic or semimicroscopic global predictions based on sound and reli-
able nuclear models which, in turn, can compete with more phenomenological
highly-parametrized models in the reproduction of experimental data. The se-
lection criterion of the adopted model is fundamental, since most of the nuclear
ingredients in rate calculations need to be extrapolated in an energy and mass
domain out of reach of laboratory measurements, where parametrized systematics
based on experimental data can fail drastically. Global microscopic approaches
have been developed for the last decades but almost never used for practical
applications, because of their lack of accuracy in reproducing experimental data,
especially when considered globally on a large data set. On the other hand,
as we defined the astrophysical models according to their reliability, different
classes of nuclear models can be contemplated, starting from local macroscopic
approaches up to global microscopic approaches. We find in between these two
extremes, approaches like the classical (e. g., liquid drop, droplet), semi-classical
(e. g., Thomas—Fermi), macroscopic-microscopic (e. g., classical with microscopic
corrections), semimicroscopic (e. g., microscopic with phenomenological correc-
tions) and fully microscopic (e. g., mean field, shell model, self-consistent QRPA)
approaches. Characterizing the earlier stages of the microscopic models history,
it could be stated in a very schematic way that the higher the degree of so-
phistication, the less accurate the model reproduced the bulk set of experimental
data. The classical or phenomenological approaches are highly parametrized and
therefore often successful in reproducing experimental data, or at least they have
been much more accurate than microscopic calculations. The lower accuracy
obtained with microscopic models has originated both from their deficiencies and
computational complications making the determination of free parameters by fits
to experimental data time-consuming. This reliability vs accuracy character of
nuclear theories is detailed below for most of the relevant quantities needed to
estimate reaction or (-decay rates, namely nuclear masses, nuclear level den-
sities, optical potentials, y-ray and [(-decay strength functions. Nowadays, the
status of the consistently microscopic models is gradually changing, as they have
achieved a mature state of development. They also can be tuned at the same
level of accuracy as the phenomenological models, and therefore could replace
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the phenomenological inputs little by little in practical applications. The needs
for further theoretical investigations in each of these fields are also stressed in the
following sections.

1. GLOBAL MICROSCOPIC MODELS
FOR REACTION RATE CALCULATIONS

1.1. Reaction Models. Various models have been developed in order to com-
plement the experimental information on reaction cross section when necessary.
Concerning reactions on light species, the microscopic cluster model, based on a
first-principle approach, has become an established tool to perform the necessary
extrapolations at the low energies of relevance in astrophysics. In that model,
the nucleons are grouped into clusters. Keeping the internal cluster degrees of
freedom fixed, the totally antisymmetrized relative wave functions between the
various clusters are determined by solving the Schrédinger equation for a many-
body Hamiltonian with an effective nucleon-nucleon interaction. When compared
with most others, this approach has the major advantage of providing a consis-
tent, unified and successful description of the bound, resonant, and scattering
states of a nuclear system. The microscopic cluster model remains superior to
other frequently used extrapolation procedures. It has been applied to many astro-
physically important reactions involving light systems, and been very successful
in determining low-energy cross sections. Despite these successes, more effort in
that direction are obviously needed.

As far as reaction on heavier nuclei are concerned, most of the cross-section
calculations for nucleosynthesis applications are based on the statistical model
of Hauser-Feshbach [17,18]. Such a model makes the fundamental assump-
tion 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 re-
leasing the energy by particle emission or 7 deexcitation. 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. However,
when the number of available states in the compound system is relatively small,
the validity of the Hauser—Feshbach predictions has to be questioned, the cap-
ture process being possibly dominated by direct electromagnetic transitions to a
bound final state rather than through a compound nucleus intermediary. Direct
reactions are known to play an important role for light or closed shell systems
for which no resonant states are available. It has also been shown through a
simple analytical model [19] that the direct capture contribution may dominate
the statistical contribution for heavy neutron-magic targets with low enough neu-
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tron binding energy. The direct neutron capture rates have been systematically
estimated for all exotic neutron-rich nuclei produced by the r process [9]. The
corresponding direct capture rates are calculated within a microscopic model
based on the neutron potential of [20] and making use of the excited level spec-
trum in the residual nucleus predicted by a combinatorial model of nuclear level
densities [21]. The resulting single-particle configuration is assumed to be char-
acterized by an average spectroscopic factor as infered from systematics based
on experimental (d,p) reactions. In this approach, the direct capture rates are
found to be proportional to the number of levels of energy lower than the neu-
tron binding energy. Consequently, the direct capture mechanism is often not
negligible compared with the compound nucleus process for nuclei close to the
valley of stability. Neutron-rich nuclei present direct capture rates which show
large variations according to the allowed or forbidden E1 transitions available
between the initial and final systems. The direct capture model still suffers from
large uncertainties stemming essentially from the predicted excitation spectrum
of the residual nucleus. This includes the energy, spin, parity and spectroscopic
factors of all the levels below the neutron binding energy. A full knowledge of
these quantities is required to improve the predictive power of the direct capture
model. More experimental data as well as improved microscopic models are
requested.

Both the direct and statistical models have proven their ability to predict
cross sections accurately. However, these models suffer from uncertainties stem-
ming essentially from the predicted nuclear ingredients describing the nuclear
structure properties of the ground and excited states, and the strong and elec-
tromagnetic interaction properties. Clearly, the knowledge of the ground state
properties (masses, deformations, matter densities) of the target and residual nu-
clei is indispensable. When not available experimentally, this information has to
be obtained from nuclear mass models. The excited state properties have also to
be known. Experimental data may be scarce above some excitation energy, and
especially so for nuclei located far from the valley of nuclear stability. This is
why frequent resort to a level density prescription is mandatory. In the Hauser—
Feshbach formalism, the probability for particle emission is calculated by solving
the Schrodinger equation with the appropriate optical potential for the particle-
nucleus interaction. Finally, the electromagnetic de-exciation of the compound
nucleus is calculated assuming the dominance of dipole F1 transitions (the M1
transitions are usually included as well, but do not contribute significantly. They
will not be discussed further here). As schematized in Fig. 1, phenomenolog-
ical, as well as microscopic models are available for each of these ingredients.
Nowadays, microscopic models can be tuned at the same level of accuracy as the
phenomenological models, renormalized on experimental data if needed. The nu-
clear models available today to estimate all these nuclear ingredients are described
below.
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Fig. 1. Global phenomenological and microscopic theories used to estimate the ground-
and excited state properties, as well as transmission coefficients 7" of relevance in the
Hauser-Feshbach model. Details are given in the text

1.2. Prediction of Ground State Properties. Among the ground state prop-
erties, the atomic mass M (Z, A) is obviously the most fundamental quantity and
enters all chapters of nuclear astrophysics. Their knowledge is indispensable to es-
timate the rate and energetics of any nuclear transformation. Although masses for
more than about 2000 nuclei are known experimentally [22,23], important nuclear
astrophysics applications, like the r or p processes, involve exotic neutron-rich
and neutron-deficient nuclei for which no experimental data exist. The calcula-
tion of the reaction and decay rates also requires the knowledge of other ground
state properties, such as the deformation, density distribution, single-particle level
scheme, pairing force, shell correction energies, ... for which nuclear structure
theory must provide predictions. The impact of the different mass models on the
r- and p-processes predictions is discussed, for example, in [10].

Attempts to develop formulas estimating the nuclear masses of nuclei go
back to the 1935 «semi-empirical mass formula» of von Weizsicker [24]. Being
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inspired by the liquid-drop model of the nucleus, this is the macroscopic mass
formula par excellence. Improvements have been brought little by little to the
original mass formula, leading to the development of macroscopic-microscopic
mass formulas [25], where microscopic corrections to the liquid drop part are
introduced in a phenomenological way. In this framework, the macroscopic and
microscopic features are treated independently, both parts being connected exclu-
sively by a parameter fit to experimental masses. Later developments included
in the macroscopic part properties of infinite and semi-infinite nuclear matter and
the finite range character of nuclear forces. Until recently the atomic masses were
calculated on the basis of one form or another of the liquid-drop model, the most
sophisticated version of which is the «finite-range droplet model» (FRDM) [26].
Despite the great empirical success of this formula (it fits the 1888 Z > 8 masses
with an r. m.s. error of 0.689 MeV), it suffers from major shortcomings, such as
the incoherent link between the macroscopic part and the microscopic correction,
the instability of the mass prediction to different parameter sets, or the instability
of the shell correction. There is an obvious need to develop, for astrophysics
applications, a mass formula that is more closely connected to the basic nuclear
interactions [10]. Two such approaches can reasonably be contemplated at the
present time, one being the non-relativistic Hartree-Fock (HF) method; and the
other, the relativistic Hartree method, also known as the relativistic mean-field
(RMF) method. Progress in the HF and RMF mass models has been slow, pre-
sumably because of the computer-time limitations that arose in the past with
deformed nuclei. Nuclear forces are traditionally determined by fitting to the
masses (and some other properties) of less than ten or so nuclei. The resulting
forces give rise to r.m.s. deviations from the 1888 experimental masses [22]
well in excess of 2 MeV. This is far from reaching the level of precision found
by droplet-like models (around 0.7 MeV).

The result is that the most microscopically founded mass formulas of practical
use were till recently those based on the so-called ETFSI (extended Thomas—
Fermi plus Strutinsky integral) method [27]. The ETFSI method is a high-speed
approximation to the HF method based on Skyrme forces, with pairing correlations
generated by a J-function force that is treated in the usual BCS approach. In
the latest version of the ETFSI mass model (ETFSI2), eleven parameters are
found to reproduce the 1719 experimental masses of the A > 36 nuclei with an
r.m.s. deviation of 0.709 MeV [28] comparable with the one obtained with the
droplet-like formula. The ETFSI model remains an approach of the macroscopic-
microscopic type, although it provides a high degree of coherence between the
macroscopic and microscopic terms through the unifying Skyrme force underlying
both parts. A logical step towards improvements obviously consists in considering
now the HF method as such. It was demonstrated very recently [29,30] that HF
calculations in which a Skyrme force is fitted to essentially all the mass data
are not only feasible, but can also compete with the most accurate droplet-like
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formulas available nowadays. Such HF calculations are based on the conventional
Skyrme force of the form

1
vij = to(1 4+ 2 Py)d(ryy) + 1 (1 + $1Pa)2—h2{P?j5(I‘ij) +h. e} +

1 1
+t2(1 + $2Pa)ﬁpij5(rij)pij + 6t3(1 + x3P5)p70(rij) +

i

+ 3 Wo(ai + oj)pij x 0(rij)pij, (1)
and a J-function pairing force acting between like nucleons,
vpair("'ij) = qu 5("'1’]’)7 (2)

in which the density independent zero range pairing force is characterized by a
strength parameter V., allowed to be different for neutrons and protons, and also
to be slightly stronger for an odd number of nucleons (V) than for an even
number (V;[I), i.e., the pairing force between neutrons, for example, depends on
whether N is even or odd. Both mass formulas add to the energy corresponding
to the above force the Coulomb energy and a phenomenological Wigner term of
the form

2 2
EW_VWGXP{—)\<N_Z> }+V‘§V|N—Z|exp{— <£) } 3)
A o

The first competing HFBCS mass table (in which the pairing interaction is treated
in the BCS approximation) was obtained with the MSk7 Skyrme and pairing
parameters which were determined by fitting to the full data set of 1719 A > 36
masses [22] with a final r. m.s. error of 0.702 MeV.

In the case of the highly neutron-rich nuclei that are of particular interest
in the context of the r process, the validity of the BCS approach to pairing is
questionable. The BCS procedure neglects the fact that the scattering of nucleon
pairs between different single-particle states under the influence of the pairing
interaction will actually modify the single-particle states, a difficulty that be-
comes particularly serious close to the neutron-drip line, where nucleon pairs
will be scattered into the continuum. For such nuclei, this problem is avoided
in the HF-Bogoliubov (HFB) method, which puts the pairing correlations into
the variational function, so that the single-particle and pairing aspects are treated
simultaneously and on the same footing. Lately [31,32], a new Skyrme force
has been derived on the basis of HF calculations with pairing correlations taken
into account in the Bogoliubov approach, using a d-function pairing force. The
r.m.s. error with respect to the masses of all the 2135 measured nuclei of the
2001 Audi & Wapstra compilation [23] with Z, N > 8 is 0.674 MeV (see Fig. 2).
The quality of the new predictions is similar to the one obtained with HFBCS.
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Fig. 2. Comparison between measured
masses [23] and the predictions of three
mass models: @) FRDM [26]; b) FBCS [30];
¢) HFB [32]

The complete mass table, HFB-2,
has been constructed, giving all nu-
clei lying between the two drip lines
over the range Z, N > 8 and Z <120.
A comparison between HFB and
HFBCS masses shows that the
HFBCS model is a very good approx-
imation to the HFB theory, in particu-
lar for masses, the extrapolated masses
never differing by more than 2 MeV
below Z < 110. The reliability of the
predictions far away from the exper-
imentally known region, and in par-
ticular towards the neutron drip line,
is however increased thanks to the im-
proved treatment of the pairing correla-
tions. Figure 3 provides a comparison
between the HFB and FRDM predic-
tions. It demonstrates vividly that two
mass models which reproduce mea-
sured masses with comparable r. m.s.
deviations can diverge more or less
markedly in their predictions for nu-
clei far from stability. It should also be
noted that, even if the HFB and FRDM
mass parabolas present more or less the
same slope, they sometimes differ no-
ticeably in their predicted deformations
or shell structures. These differences
may have a significant impact on nu-
cleosynthesis predictions.

Although complete mass tables
have now been derived within the HFB
approach, further developments that
could have an impact on mass extrap-

olations towards the neutron drip line are still needed. Unsatisfactory feature of
the present schemes is the use of nonuniversal parametrization of pairing force

in the fitting procedure.

(More generally, it has been argued in [33] that the

present calculations of the nuclear masses are not able to reproduce the chaotic
components of the nucleons motion which may be due to particular effective
interactions.) The changes within the Skyrme—-HFB approach may be those asso-
ciated with making the pairing force density-dependent within the Lipkin—-Nogami
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Fig. 3. Mapping of the chart of the nuclides in the ranges N and Z > 8, and Z < 110
with the differences AM = Murs — MrrpwMm between the HFB and FRDM theoretical
predictions. The differences are coded as indicated in the figure

prescription. More fundamentally, mean field models need to be improved, so
that all possible observables (such as giant dipole, Gamow-Teller excitations,
nuclear matter properties) can be estimated coherently on the basis of one unique
energy-density functional or effective NN interaction. For example, empirical
values of the nucleonic effective mass or the Landau—Migdal parameters can be
in contradiction with the values deduced from the existing forces. In particular,
adding a t4 term to the Skyrme force (with a density and momentum dependent
term) is likely to reconcile the large nucleonic mass required to fit masses with
nuclear matter calculations [34].

Let us briefly mention the main approaches alternative to the ones employing
the zero-range Skyrme-like forces and finite-range Gogny forces. They are based
on different energy density functionals and effective Lagrangians. The relativistic
mean field approach incorporates a phenomenologic meson-nucleon Lagrangian.
In the application to nuclear ground state masses, the relativistic Hartree formalism
with static meson fields has been used augmented by no-sea approximation in
nucleon sector (see [35]). The masses of measured nuclei are described typically
with the r.m.s. error of about 2 MeV (no readjustment of the parameters has
been made). The extrapolation behavior is strikingly different from that of FRDM
and ETFSI models.

The quasiparticle Lagrangian model [36,37] which is an extension of Landau—
Migdal quasiparticle concept takes into account the first order energy dependence
of the nucleon mass operator and constrains imposed by self-consistent crite-
ria [38]. The energy dependence of the effective NN interaction results in
shifting the position of the neutron drip-line to substantially larger values of
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neutron-excess than the ones given by phenomenological energy-density func-
tionals with the energy-independent interactions.

The effective quasiparticle local energy-density functional (EDF) approach
(see [39] and Refs. therein) is based on the existence theorem by Hohenberg
and Kohn [40] and Kohn-Sham quasiparticle formalism. In the latest version
of the EDF proposed in [41], the volume part is fitted by fractional expression
to the equation of state (EOS) of the pure neutron matter [42] and symmetric
nuclear matter [43] up to the density p ~ 1 fm—>. The extrapolation of EOS
to higher densities preserves casuality. In inhomogeneous system, a surface
part of the EDF is to describe the finite-range and nonlocal in-medium effects
via Padé approximant for unknown expansion containing density gradients [41].
In addition to the usual Coulomb direct and exchange interaction energies, an
effective p-dependent Coulomb-nuclear correlation term is included to cure the
Nolen—Schiffer anomaly. The method allows one to describe the experimental
masses for about 100 spherical nuclei with the r. m.s. deviation of 1.2 MeV with
no readjustment of the parameters. The extrapolation of the masses to the drip
lines locates between the ETFSI and FRDM predictions.

Concomitantly, shell model calculations (e. g., in the quantum Monte Carlo
approach) provide further fundamental insight on the nuclear ground state prop-
erties of exotic nuclei. The well-known shell-model mass formulae [44] based
on the Hamiltonian consisting of the phenomenological monopole term plus real-
istic NN interaction and containing 28 parameters gives the fit to 1751 binding
energies for N,Z > 8 with r.m.s. error of 375 keV. The recent shell model
calculations have also shown that the spin-isospin dependent part of the effective
NN interaction in nuclei could lead to a change of the magic numbers N = 8,20
in the exotic neutron-rich region [45]. These effects are probably underestimated
in Skyrme—Hartree—Fock calculations because the interaction is truncated to be of
the J-function type. Future global shell-model calculations will certainly reveal
interesting properties of heavier exotic neutron-rich nuclei. As has been men-
tioned above, the various nuclear aspects are extremely complicate to reconcile
within one unique framework. Thus, the quest towards universality will most
certainly be the focus of fundamental nuclear physics research for the coming
decade.

1.3. Nuclear Level Densities. As for the determination of the nuclear ground
state properties, until recently, only classical approaches were used to estimate nu-
clear level densities (NLD) for practical applications (see [46]). Although reliable
microscopic models (in the statistical and combinatorial approaches) have been
developed for the last four decades, the back-shifted Fermi gas model (BSFG)
approximation — 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 (e. g., [47,48]). Although numerous parametrizations of
the BSFG formula are available today, only few propose a global formula applica-
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ble to the whole nuclear chart. One such efficient parametrization is given here
as an example (see [49] for more details). It corresponds to the classical BSFG
approximation of the state density p(U) and level density p(U, J) of a nucleus

(Z, A) with a given angular momen-
tum J and excitation energy U, i.e.,

_ VT
PU) = Tty — 578
% e2\/(1,(U—(5)7 (4)

2J +1
2\/27703/)

« e—(J+1/2)2/2027

p(U,J) = (U) x

(5)

where microscopic (shell, pairing
and deformation) corrections to the
binding energy are introduced in the
U-dependent NLD parameter a by
the approximation [48]

a(U) =
= a[l + 2yEmice 7Y (6)

The microscopic energy FEni. =
Eiot(Z, A)—Eyp is derived from the
experimental (or theoretical) binding
energy FEioi(Z,A) and the simple
spherical liquid drop formula

FEip =a,A+ aSA2/3 +

+ (Gsym + ass ATY3)AT? +
Z2

AL/3°

where I = (N — Z)/A. A fit to
the 1888 N,Z > 8 experimental
masses [22] (with a final r.m.s. de-
viation of only 3 MeV) leads to
the liquid drop parameters (in MeV):
a, = —15.6428, as = 17.5418,
asym = 27.9418, ass = —25.3440,
and a. = 0.70.

+ ac @)
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Fig. 4. Comparison between experimental
s-wave neutron resonance spacings Dexp at
the neutron separation energy S, and pre-
dicted values Dy derived from the use of the
ETFSI [48] (b) or of a HFBCS [52] (¢) model.
The results from the global BSFG approxima-
tion of [49] are also shown (a)

Concerning the NLD parameters, a fit to the experimental

s-neutron resonance spacings [47] gives @ = 0.101A + 0.036A42/3 (MeV™1),
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v = 0.03, 02 = 0.019445/3,/U/a, and § = 0.5, 0, —0.5 MeV for even—even,
odd-mass, and odd—odd nuclei, respectively. As shown in Fig. 4, this global
parametrization predicts experimental resonance spacings with a high degree of
accuracy [49].

However, it is often forgotten that the BSFG model essentially introduces
phenomenological improvements to the original analytical formulation of Bethe,
and consequently none of the important shell, pairing, and deformation effects are
properly accounted for in such a description. Drastic approximations are usually
made in deriving analytical formulae and often their shortcomings in matching
experimental data are overcome by empirical parameter adjustments. It is well
accepted that the shell correction to the NLD cannot be introduced by neither an
energy shift, nor a simple energy-dependent level density parameter, and that the
complex BCS pairing effect cannot be reduced to an odd—even energy back-shift
(e.g., [48]). This shortcoming is cured to some extent by adjustments of a more
or less large number of free parameters. Such a procedure introduces, however, a
substantial unreliability if predictions have to be made when experimental data are
scarce or nonexistent, as it is very often the case in certain, sometimes extended,
ranges of excitation energies, or for nuclei far from stability of importance for the
modeling of the p process and for a large variety of other applications. The lack
of measured level densities still constitutes the main problem faced by the NLD
models and the parameter fitting procedures they require, even if the number of
analyses of slow neutron resonances and of cumulative numbers of low energy
levels grows steadily. This concerns in particular the s-wave neutron resonance
spacings D at the neutron separation energy S,,. For a nucleus (Z, A+1) resulting
from the capture of a low-energy neutron by a target (Z, A) with spin Jo, D is
given by

2
= 0(SnJo +1/2) + p(Sn, Jo — 1/2)
2
= (S 1/2)

the factor of 2 in the numerator relating to the classical assumption of equal
probabilities of both parities 7 at all energies.

Several approximations used to obtain the NLD expressions in an analytical
form can be avoided by quantitatively taking into account the discrete structure
of the single-particle spectra associated with realistic average potentials [50]. In
this approach, the intrinsic J-independent level density is expressed as

D for Jy > 0,

@)

D for Jy =0,

eS(U)
N v
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and the T-dependent entropy S and excitation energy U are derived from the
summation on the doubly degenerate single-particle levels 5’; (with blocking
effect for odd nucleon systems)

E¥/T
— _ ok q
S(T)72q§p§k:1n [l-l-exp( EFT)] + gy 7o S
U(T) = E(T) — E(T = 0), (11)
where the total energy is given by
ek — ) EF A?
E(T) = Fll- 2 "Ztanh | =L || - 2 12
(T) q;pzk:eq[ 7 tan <2T> ek (12)

and E(’; =/ (ek — X\)? + A2 is the quasiparticle energy. The lengthy expression

for the determinant D(7T') can be found in [51]. The usual T-dependent BCS
equations determine the gap parameter A, and the chemical potential A, as a
function of the constant pairing strength G,

k k
B € — Aq Eq
Ny = gk [1 E!f tanh <2T , (13)
2 1 Ek
= = —tanh | =Z |. 14
G, 2 gt <2T> (14)

k q

The J dependence is obtained in the usual Gaussian approximation (Eq. (5))
with the spin cut-off parameter for axially-deformed nuclei derived from the
summation on the projection on the symmetry axis of the single-particle angular

momentum wf;

k
o2(T) :% ST % Wk sech? <§—%> (15)

q=n,p k

This approach has the advantage of treating in a natural way shell, pairing,
and deformation effects on all the thermodynamic quantities. The computation
of the NLD by this technique corresponds to the exact result that the analyti-
cal approximation tries to reproduce, and remains by far the fastest and most
reliable method for estimating NLD (despite some inherent problems related to
the choice of the single-particle configuration and pairing strength). A NLD for-
mula based on the ETFSI ground state properties (single-particle level scheme
and pairing strength) has been proposed in [48]. Though it represents the first
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global microscopic formula which could decently reproduce the experimental
neutron resonance spacings, some large deviations, for example in the Sn region,
are found (see Fig. 4). These deficiencies are cured in the new HFBCS-based
model [52] which predicts all the experimental s-wave resonance spacings with an
accuracy of typically a factor of about 2, which is comparable to the one obtained
by the phenomenological BSFG formula (Fig. 4). The microscopic NLD formula
also gives reliable extrapolation at low energies where experimental data on the
cumulative number of levels is available. Furthemore, the microscopic model is
renormalized on experimental (neutron resonance spacings and low-lying levels)
data to account for the available experimental information. The HFBCS-based
model can now be used in practical applications with a high degree of reliability.
NLD’s are provided in a tabular form in order to avoid the loss of precision with
analytical fits.

In spite of the good aforementioned agreement between the BSFG and
HFBCS-based level density predictions when experimental data are available,
Fig. 5 shows that large differences may exist between them for nuclei located far
from the line of nuclear stability. Important effort still has to be made to improve
the microscopic description of collective (rotational and vibrational) effects, and
the disappearance of these effects at increasing energies. Coherence in the pairing
treatment of the ground- and excited-state properties also needs to be worked out
more deeply. Global combinatorial calculations (e. g., [53]) will also increase the
reliability of the NLD predictions for exotic nuclei. Experimental information, as

Z .

100 F

80

60 F = <3
L = 3<r<10

A0 10<r<100
L L =

zo.ﬁllp mm > 100
!'-J.lllJlLll!JllJll!lllJlI
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N

Fig. 5. Comparison between the state densities w(U) (see Eq. (9)) at the neutron separation
energy U = S, calculated by the HFBCS and BSFG models already selected in Fig. 4.
The values of r displayed for all nuclides in the ranges N and Z > 8 and Z < 110 located
between the proton and neutron drip lines are defined as r = 10! 1°8(wnFBCs/wBsra)l g
values are coded as indicated in the figure
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provided by the primary v-ray spectra (e. g., [54]) will strongly help in the near
future to orientate microscopic models.

1.4. Optical Potential. Due to the specific requirements in astrophysics,
the phenomenological potential of Woods—Saxon type has been replaced by
the nucleon-nucleus optical potential [20, 55] derived from a Reid’s hard core
nucleon—nucleon interaction by applying the Briickner—Hartree—Fock approxima-
tion. This so-called JLM potential has recently been updated by [56] who em-
pirically renormalized the energy dependence of the potential depth to reproduce
scattering and reaction observables for spherical and quasispherical nuclei between
40Ca and 2%9Bi in a large energy range from the keV region up to 200 MeV. The
resulting real (V') and imaginary (W) components of the JLMB nucleon (upper
sign for neutrons and lower for protons) potential

V(E) = \v(E) {VO(E) + v gzi_g’; Vl(E)} : (16)
W(E) = \w(E) [WO(E) + A, % Wl(E)] (17)

are expressed as a function of the density distributions p, and the isoscalar (V) and
isovector (W) potentials to ensure the Lane consistency, i.e., the isospin sym-
metry. The isoscalar normalization coefficients Ay, y, are determined mainly on
elastic scattering differential cross sections and the isovector coefficients Ay, on
quasi-elastic (p,n) scattering observables. The resulting parametrization is char-
acterized in particular by an isovector component of the imaginary part which
is about 50 % larger than the original contribution of [20]. At large neutron
excesses, this enhancement reduces the imaginary component, i.e., the neutron
absorption channel, and consequently the radiative neutron capture cross section.
The weakness of the present BHF approaches lies in the fact that the asymmetry
component of the JLMB semimicroscopic model is obtained by differentiating a
symmetric nuclear BHF matter calculation with respect to the asymmetry para-
meter. Future BHF calculations of the asymmetric nuclear matter, such as [57],
would be most useful to test this crucial effect at large neutron excesses. This
semimicroscopic potential gives satisfactory results, though some improvements
might be required in the low-energy description of the potential and the treatment
of deformed nuclei.

Regarding the a-nucleus optical potential, the situation is less optimistic.
This results from the lack of a large enough body of experimental data for sub-
Coulomb cross sections combined with the difficulties to construct global and
reliable a-nucleus optical potential. These theoretical problems are magnified by
the fact that, at the sub-Coulomb energies of astrophysical relevance, the reaction
rate predictions are highly sensitive to these potentials through the corresponding
a-particle transmission coefficients. Global potentials of the Woods—Saxon type
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(e.g., [58]) mainly determined on the basis of elastic scattering data at energies
above the Coulomb barrier have been found to give rise to poor predictions when
extrapolated at low energies, as shown by the **Sm(c, v)'*®Gd experiment [59].

An attempt to develop a global a-nucleus optical potential to describe scat-
tering and reaction cross sections in the low energy region (F < 20 MeV) with
relevance to astrophysics has been developed in the Woods—Saxon [60] and dou-
ble folding [61,62] approaches. In the latter, the real part of the optical potential
is obtained by the double-folding procedure using the M3Y nucleon—nucleon
interaction [63], i.e.,

VaeR,E) = [ [ oy )or(rr)vea (B, =
=pp+pr,s=|R+r, —rp|)dr,d®rr, (18)

where p,(r,) and pr(rr) are the density distributions of the projectile and target,
respectively; R is the separation of the centres of mass of the target and the
projectile, and veg is the effective NN interaction, which depends on energy F
and local densities p, and pr. As « is a spinless particle, only the isoscalar
veg(S = 0,7 = 0) component of the effective interaction is considered. The
M3Y effective interaction is given

veit (B, p, s) = g(E, 5)f(E, p) (19)
with
o(E, 5) = 7999 5P 1=4) 21346Xpé_5i'55) +Jo(BE)i(s),  (0)
where the single nucleon exchange term Jyg is
Joo(E) = —276(1 — 0.005E,/A,) (21)

and E, /A, is the energy per nucleon of the projectile. The density dependence
is obtained by means of

flp) = Cll+ae "], (22)

where the energy-independent parameters C, «, and 3 are determined by fitting
the volume integral of veg(E, p, s) to the strength of the real G-matrix effective
interaction obtained from Brueckner—Hartree—Fock calculations for nuclear matter
of various densities p and at various energies [20].

As far as the imaginary part is concerned, large uncertainties on the theoretical
formulation still exists. In particular, the volume or surface character of the
potential is still difficult to ascertain. The imaginary part is the most of the time
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described by a Woods—Saxon form with energy-independent geometry parameters.
Three types of imaginary potentials were constructed by [62] from the assumption
of volume or surface absorption, or from the adoption of the so-called dispersion
relations that link the real and imaginary parts of the optical potential. The
diffuseness and radius of these potentials have been chosen to be constant or to
depend on the mass number. The energy dependence of the depth of the volume
and surface terms of the imaginary potential is given by a Fermi-type function
instead of the conventional Brown—Rho parametrization, and the parameters are
adjusted to reproduce the experimental scattering and reaction data.

The three resulting global a-nucleus optical potentials derived by [62] are
able to reproduce the bulk of the existing experimental data at low sub-Coulomb
energies. However, experimental data at low energies [scattering data, a-capture
or (n,«a) cross sections] are scarce, particularly for masses A > 100, making
the predictive power of the new parametrizations still uncertain. Cross sections
predicted with the different potentials can differ by more than one order of
magnitude at energies of relevance in astrophysics. The different potentials can
be regarded as providing the uncertainty level up to which we are able today to
predict globally a-induced reaction cross sections. Additional experimental data,
extending over a wide mass range (especially low-energy radiative captures in
the specific mass range A ~ 100 and A ~ 200), are of paramount importance to
further constrain the determination of a reliable global a-nucleus optical potential
at low energies. Much theoretical and experimental work remains to be done in
this area.

1.5. y-Ray Strength Function. The total photon transmission coefficient from
a compound nucleus excited state is one of the key ingredients for statistical cross
section evaluation. It strongly depends on the low-energy tail of the giant dipole
resonance (GDR), which generally dominates on the M1 transition. The photon
transmission coefficient is most frequently described in the framework of the
phenomenological generalized Lorentzian model [64—66]. In this approximation,

SNZe21+ el Tapr(ey)ed
TEi1(ey) = CoTX > S

3 A he me® (€2 — Edpp)? +Tgpr(ey)e?’

(23)

where Egpr and I'gpr are the energy and width of the GDR; m is the nucleon
mass and x ~ 0.2 is an exchange-force contribution to the dipole sum rule. This
model is even the only one used for practical applications.

The Lorentzian GDR approach suffers, however, from shortcomings of var-
ious kinds. On the one hand, it is unable to predict the enhancement of the E'1
strength at energies below the neutron separation energy demonstrated by nuclear
resonance fluorescence experiments [68]. This departure from a Lorentzian profile
may manifest itself in various ways, and especially in the form of the so-called
pygmy FE1 resonance which is observed in fp-shell nuclei, as well as in heavy
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spherical nuclei near closed shells (Zr, Mo, Ba, Ce, Sn, and Pb). On the other
hand, even if a Lorentzian function provides a suitable representation of the F'1
strength, the location of its maximum and its width remains to be predicted from
some underlying model for each nucleus. For astrophysical applications, these
properties have often been obtained from a droplet-type of model [69]. This ap-
proach clearly lacks reliability when dealing with exotic nuclei as those involved
in the r process. In view of the fact that the GDR properties and low-energy
resonances may influence substantially the predictions of radiative capture cross
sections, it is clearly of substantial interest to develop models of the microscopic
type which are hoped to provide a reasonable reliability and predictive power for
the E'1-strength function. Attempts in this direction have been conducted within
models like the thermodynamic pole approach [47], the theory of finite Fermi
systems or the QRPA approximation [67]. The spherical QRPA model making
use of a realistic Skyrme interaction (the Sly4 Skyrme force) has even been used
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Fig. 6. Comparison of the QRPA predictions (solid line) with the experimental photoab-
sorption cross sections [71] (circles) for 82Ge (a), ¥ Ta (b), 2°°Bi (¢), and 2%°U (d).
The QRPA peak energies were slightly renormalized to reproduce the experimental GDR
energy. The dash line shown for 233U corresponds to the cross section recommended by
the Obninsk evaluated photonuclear library [71]
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recently for large-scale derivations of the E'1-strength function [70]. This global
calculation predicts the location of the GDR energy in close agreement with ex-
perimental data, the r.m.s. deviation of the predictions from measurements for
84 nuclides amounting to about 300 keV only. The final E'1-strength functions
are obtained by folding the QRPA strengths with a Lorentzian function to take the
deformation effects and the damping of the collective motion into account. The
QRPA FE'1-strength functions reproduce satisfactorily the photoabsorption [47,71],
as well as the average resonance capture data at low energies [65]. We illustrate
in Fig. 6 how the QRPA calculation reproduces the photoabsorption cross sections
of four (spherical and deformed) nuclei in the whole GDR region [71]. In partic-
ular, the GDR energy and width, as well as the double peak structure observed
experimentally are rather well reproduced by the QRPA model.
The aforementioned QRPA cal- 25

culations have been performed for - Sn

all the 8 < Z < 110 nuclei lying 5 20f

between the two drip lines. In the = 155_

neutron-deficient region, as well as 5 E

along the valley of § stability, the < 10F

QRPA distributions are very close to 5‘; F

a Lorentzian profile. Significant de- ToSE A4=115

partures from a Lorentzian are found : ffl IFEPEPEPI IPRPEEPE B
0 5 10 15 20 25

for neutron-rich nuclei. In particu-
lar, QRPA calculations show that the
neutron excess affects the spreading

E, MeV

. ; Fig. 7. E'1-strength function for the Sn isotopic
of the isovector dipole strength, as chain predicted by the QRPA with the SLy4
well as the centroid of the strength Skyrme force. Only isotopes ranging between
function. The energy shift is found 4 = 115 and A = 150 by steps of AA = 5
to be larger than predicted by the are displayed

usual A=1/% or A=1/3 dependence

given by the phenomenological liquid drop approximations [69]. In addition,
some extra strength is predicted to be located at sub-GDR energies, and to in-
crease with the neutron excess. The more exotic the nucleus, the stronger this
low-energy component. This is illustrated in Fig. 7 for the E'1-strength function
in the Sn isotopic chain. Among the 8 distributions shown in Fig. 7, only the
A = 150 one corresponds to a deformed configuration responsible for the double
peak structure. For the A > 140 neutron-rich isotopes, an important part of
the strength is concentrated at low energies (E' < 5—7 MeV). Phenomenological
models are unable to predict such low energy components, whatever their col-
lectivity is. In particular for 1°°Sn, all phenomenological systematics (as used
for cross section calculation) predict a ~-ray strength peaked around 15 MeV
with a full width at half maximum of about 4.5 MeV [47] which is obviously
very different from the microscopic estimate (Fig. 7). The above-described fea-
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ture of the QRPA E'1-strength function for nuclei with a large neutron excess is
found to be qualitatively independent of the adopted effective interaction [70].
Even if the low-lying strength represents only about a few percent of the to-
tal E'1 strength, it can produce an increase by up to an order of magnitude of
the radiative capture rate by some exotic neutron-rich nuclei and influence the
production of neutron-rich nuclei by the r process [66,70]. Future HFB-QRPA
calculations including deformation effects will hopefully increase the reliability
of the present predictions. The microscopic treatment of the spreading width is
of great importance [72].

2. TOWARDS A SELF-CONSISTENT PREDICTION
OF WEAK INTERACTION RATES

Weak interaction rates are important ingredients in the modeling of prac-
tically all stellar processes — the hydrostatic burning of massive stars, late
(pre-supernova) stage of their evolution, production of heavy elements in stel-
lar nucleosynthesis via s, p, r, 7p processes. We will limit ourselves here to the
problem of large-scale predictions of the weak interaction rates for the model-
ing of the heavy elements nucleosynthesis via the r process. In Secs.2,4, we
will give a detailed overview of the existing approaches to the 3~ -decay and
Ve (D, )-capture rates, discuss the main unsolved problems, and demonstrate the
performance of the models comparing their results with available experimental
data. A discussion of the shell-model results concerning the electron capture and
[~ decay, as well as the inelastic v.(7.) scattering on the presupernova phase of
massive stars can be found in the review [73].

The canonical model which assumes that the r process is governed by the
multiple neutrons captures and successive 5~ decays at stellar environments [74]
gives only a general picture of the r process. According to currently favored
scenario, the plausible r-process site might be related to the so-called neutrino-
driven wind [75-77] blown out the surface of hot proto-neutron star after core
collapse of a type II supernova. The neutrino-heated supernova ejecta appear
to be a promising site for nucleosynthesis of heavy elements, in spite of the
numerous modeling difficulties that still remain to be overcome. The shock-
heated (dissociated) helium shells in type II supernovae [78], and neutron star
mergers [79] are actively studied as alternative sites. In all these models it is
assumed that the ejected material is exposed to extreme fluxes of the neutrinos of
all flavors.

In addition to numerous problems in the quest of the astrophysical site for
the r process, nuclear physics uncertainties are still high. To perform a network
calculation of the elemental production in the r process, the knowledge of the
properties of thousands of (mostly unknown) neutron-rich nuclei is required (see
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Introduction). Those include the characteristics of strong, electromagnetic and
weak interaction processes. In particular, 5~ decays play a key role since they
are the major mechanism for driving the material to heavier elements and for
setting the r-process time scale. In the case where the r process takes place
in a neutrino-rich environment, charged-current electron neutrino capture could
amplify the effect of 3~ decays. It could also change the r-abundance distribution
by subsequent v-induced neutron spallation [80]. Hence, it is of great importance
to make reliable predictions of nuclear weak interaction rates for very neutron-
rich nuclei. Parametrized nuclear models exclusively fitted to experimental data
close to the [-stability line are not expected to give rise to reliable extrapolations
at extreme isospin values. As already emphasized in Introduction, the r-process
nucleosynthesis calculations depend both on nuclear masses and [ rates, so it is
crucial that the predictions of the §-decay and v.-capture rates are based on the
same ground state description as the one used to estimate the reaction rates, and
in particular the nuclear masses.

2.1. 3-Strength Function and (3-Decay Rates. The elementary particles
weak interaction rates are adequately calculated within the Standard model of
electroweak interaction. The smallness of the weak interaction couplings between
the quarks and leptons justifies the treatment of the weak processes involving
atomic nuclei (semileptonic processes) in the lowest-order approximation. For
this reason, the treatment of weak nuclear processes rates reduces to a nuclear
structure problem. It is convenient to introduce the (-strength function, i.e., the
spectral distribution of the 3-decay transition matrix elements.

The total half-life of the 3~ -decay process Az (J™) — Az 1(J'™ ) +e™ + 7,
in the (-strength function formalism is calculated as

Qp
dwfo(Z,w) Y (K)Sn(w,),  (24)

n

]./T1/2 == Dil(GA/GV)Q‘/O

where w stands for the (3-decay transition energy; Qz- = AB + 0.782 MeV is
the 3-decay energy window; B is the difference of total nuclear binding energies
of the parent and daughter nuclei, and ~ is the width of individual excitation
which may be introduced to simplify the numerical calculations. Notice, though
the excitation energies in the daughter nuclei are used for the experimental decay
schemes, the adequate variables within the RPA-type approaches are the 3-decay
transition energy w relative to the parent nucleus ground state and the electron
energy. The total half-life depends directly on the (g value only for the case of
the g.s.-to-g.s. transition, otherwise it depends on the energies of the strongest
transitions with the lowest degree of forbiddeness. The sum contains the Gamow—
Teller (GT) term with J = 1 and the first-forbidden (FF) terms with J = 0,1, 2.
For the GT and nonunique FF decays (k.7—o,1) = 1, and for the unique FF decays,
(kj=2) = f1/fo, with the Fermi integral f; calculated as in [81]. The integrated
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lepton (e, 7, ) phase-space volume for allowed transitions
Wrnax
fo= / F(Z,W)pW (Winax — W)?dW (25)
mec?

incorporates the Coulomb and finite-size corrections [82]. The nuclear structure
effects are incorporated in the corresponding 3-decay strength functions S, (w, 7).

In early works, the strength functions for large-scale astrophysical applica-
tions have mostly been treated empirically. The first large-scale evaluation of the
[~ -decay rates for the heavy nuclei involved in the 7 process was made by [74]
making use of an energy independent (3-strength function and the allowed tran-
sition approximation. In later works, statistical arguments were used to justify
a smooth energy dependence of the (-strength function taken to be proportional
to the level density of low-lying states in the daughter nucleus [83]. However,
the numerous measurements including the recent RIB experiments have shown
that the (-strength function presents a typical resonance structure which is quite
pronounced in spherical nuclei and is more spread out in deformed ones. Such a
nonstatistical behaviour originates from the basic selection rules and modification
of the (-strength function due to the effects of the pairing and effective NN
interactions (for review see [84]). This gives natural grounds for microscopic
approaches to nuclear weak processes.

2.2. Global Models for 3-Decay Calculations. Turning to the global, unified
approaches relying on the microscopic nuclear structure models was a principal
step forward in the analysis of stellar nucleosynthesis. In general, the models for
global calculations of the 8-decay rates created in the last decades can be divided
as the parametric «gross theory»-like models, microscopic models with empirical
mean-field potentials, and self-consistent mean-field models.

The first parametric model for 3 rates which attempted to combine the single-
particle and statistical arguments in a phenomenological way is the so-called
«gross-theory» [85]. Within this framework, the [-strength function of extreme
single-particle model is folded over the Fermi gas level density corrected for the
pairing and shell effects. On top of that, the smooth contributions of the tail of
the giant GT, spin-dipole and (A, N—!) resonances are also included in a purely
parametric way. A Gaussian or Lorentz shape is adopted for these resonances
with an energy, position, strength, and width fitted to the available experimental
data, the sum rules, and finally the measured half-lives. Recent improvements in
the so-called GT2 and semi-gross theory [86,87] use an updated mass formula
and give a better account for the shell and pairing effects. The limitations of
the method are intrinsically related to its «micro-statistical» origin. As for the
specific nuclear structure concept of the model, it has a serious deficiency of
neglecting the coherent effects due to the effective NV interaction. The single-
particle model eventually overestimate the 3-decay energies and strengths of the
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high-energy [ transitions. Thus the «gross-theory»-like parametrizations tend
to underestimate the (-decay half-lives. Up to now, the later versions of the
«gross theory» [86,87] have been used for the practical applications because of
their accurate reproduction of the experimental data and available extrapolation
to unknown nuclei.

The hybrid approaches based on a mixture of the microscopic and statistical
inputs offer successful parametrizations in the regions relatively close to the
(-stability line. However, the reliability of their extrapolation far off stability
can be questioned. From general considerations, the more consistent the model,
the less parameters are involved and the sounder the extrapolation away from the
stability line. Of course, it is not just the microscopic origin of the model that can
solve the problem. For a reliable global prediction of all weak rates (including
for experimentally unreachable nuclei), a sufficiently extended nuclear structure
framework needs to be developed.

o First, as already has been stressed, the [-strength function calculations
should be based on the self-consistent ground state description, namely on the
same, as used to calculate the nuclear masses. This is especially important for the
modeling of the isotopic composition of the elements produced in the r process
which depends both on nuclear masses and [ rates.

e Second, to use the key advantage of the self-consistent approach, the model
should employ a universal (A-independent) spin-isospin NN interaction, as well
as universal (and energy independent) quenching factors. To allow that, the model
should operate with unrestricted single-particle basis. This feature of the model
is of prime importance for large-scale calculations.

e Third, it is crucial for the $-decay model to predict the correct amount of
both the integral strength, and its spectral distribution within the ()3 window. In
fact, the constraints are even more strict, since one needs to describe properly both
the low energy 3~ -strength distribution and the correct position and strengths of
the GT and spin-multipole resonances in the continuum for calculating the (v, e™)
rates (see Sec. 2.6).

While the independent particle model gives too much 3 strength in the Qg
window, the use of pure repulsive contact interaction in RPA calculations system-
atically underestimates the 5~ strength (which for most of the nuclei normally
constitutes only a few percent of the lkeda sum-rule!) resulting in too long
half-lives [95]. The reasonable effective spin-isospin NN interactions in the
particle-hole (ph) and particle-particle (pp) channels should provide an appropri-
ate balance between the repulsive and attractive components, as well as between
its contact and finite-range parts.

The possibility for microscopic large-scale predictions of the 3-decay half-
lives has been already demonstrated in [96] where the authors developed a
schematic three-level (RPA-like) model in the framework of the finite Fermi sys-
tem theory (FFS) [97]. In this simplified model, an advantage however was taken
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of the universal Landau—Migdal effective VIV interaction with the single parame-
ter ¢’ being constrained from SU(4)-symmetry arguments. In the recent years,
two fully microscopic approaches have been used for the large-scale calculation
of weak rates for astrophysical applications — the shell model and the quasi-
particle random-phase approximation (QRPA). The advantage of the shell-model
is the possibility of taking into account the detailed structure of the 3-strength
functions. On the other hand, the QRPA models have basically no limitations in
calculating heavy and even superheavy nuclei.

Up to now, the shell-model calculations have been performed for electron
capture and (3-decay rates [73] for nuclei of importance in the modeling of
the pre-supernova stage of massive stars, as well as for specific neutron-rich
nuclei along the isotones at N = 50,82 [88] and also N = 126 [89]. The
«no-core» shell-model calculations using the effective interactions and multi-A£)
model space are feasible for the GT decay of light nuclei [90]. For heavier
nuclei, the determination of the GT strength distribution requires such a large
shell-model diagonalization (accounting for all correlations among the valence
nucleons in a major oscillator shell) that a truncation of the basis complemented
by a renormalization of the GT [-decay operator is inevitable. Since the FF
decays involve different oscillator shells, a multi-A€) treatment is needed in this
case. A restricted «valence-core» calculation of the forbidden decays in the tin
and lead region was performed by [91]. The shell model with continuum has
also been applied to the § decay of light nuclei [92]. The recently developed
density matrix renormalization group method [93] could be helpful for large-scale
shell-model calculations. The generic problem related to the self-consistency of
the multi-A£) shell-model calculations has been discussed in [94].

As the QRPA approach is free of the above-mentioned limitations, it is
probably the most suited for dealing with heavy nuclei, and for predicting their
half-lives in particular. Several types of large-scale QRPA-type calculations of
weak rates can be found in the literature. The first QRPA-type models for the
(B*-decay half-lives rely on schematic (separable) effective NN interactions and
(empirical) deformed single-particle potentials [98]. This was an important step
which has made the large-scale calculations of the weak rates feasible even for
limited computer powers at that time. The RPA model of the allowed (3 de-
cay by [99] is based on the macroscopic-microscopic finite-range droplet mass
model (FRDM) [26]. It has been used later for an extensive calculations of
(-decay observables. However, a closer confrontation of the (-decay charac-
teristics with recent experimental data on short-lived nuclei [100] reflects the
generic deficiencies of the BCS + RPA-type models [98,99]. The first one con-
cerns the calculation of the half-lives in terms of the excitation energy relative to
the daughter nucleus ground state. Clearly, the latter cannot be properly defined
for empirical mean-field potentials, as the total binding energies of the parent and
daughter nuclei in Eq. (24) should be calculated self-consistently.
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The second one is the neglecting of the isosinglet effective NV interaction
(proton-neutron 7' = 0 pairing or pp interaction) which should normally be pre-
sented in the dynamic charge-exchange QRPA equations [97,106,109] alongside
with the ph effective interaction. (Note, the isotriplet 7 = 1 pairing between
like particles has already been incorporated at the BCS level.) Omitting this
specific NN interaction channel leads to spurious amplification of the odd-even
effects the total 5-decay half-lives. In contrary, with the pp interaction in effect,
the scale of the experimental odd—even staggering of the half-lives can be cor-
rectly reproduced. The reason is that the 7" = 0 pairing increases drastically the
(BT -decay half-lives [101,102] and reduces significantly the S~ -decay half-lives
due to a small (few percent) decrease of the giant GT resonance matrix ele-
ment which correspondingly causes an increase of the GT strength in the Qg
window [103].

Recently, the FRDM-based model has been extended to include the contribu-
tion of the FF decays. The resulting FRDM-hybrid model by [104] treats the GT
transitions within the RPA; and the FF transitions, within the statistical «gross
theory» framework. Since this inconsistent procedure brings macroscopic correc-
tions to the original «microscopic» BCS + RPA model [98], it is hard to interpret
the results obtained.

In the analogous model by [105] based on the deformed Nilsson+ BCS for-
malism, the complete QRPA equations are solved using the restricted single-
particle basis and separable NN interactions both in the ph and pp channels.
Since the universal parametrization of these interactions in a wide mass region is
problematic, a direct fitting to the experimental half-lives is performed (separately
for each isotopic chain). An important extension of the model [107] includes the
contribution of the configurations more complex than 1plh. Also the unique FF
transitions are included in a microscopic way in [108] (this simplest forbidden
decay channel is important in special cases only).

One has to mention that much more extended version of the approach with
separable N N interaction is given by the well-known quasiparticle-phonon model
(QPM) [109] with the complex configurations taken into account. It offers a
possibility for a systematic study of the impact of the two- and three-phonon
configurations on the weak interaction rates. An early version of the model has
been used to calculate the 3" -decay strength functions of selected nuclei in [110].
The approach has been extended to employ the finite rank separable approximation
for the Skyrme-type interaction with a possibility of structure calculations in large
ph spaces [111]. So far, the full version of the QPM has not been applied to
large-scale calculations of the weak rates.

2.3. Towards the Self-Consistent 5-Decay Model. The ultimate model of
the (3-decay properties for astrophysical applications should be self-consistent.
The ingredients of the approach are the self-consistent mean-field potential (for
the ground-state properties) and the universal effective NV interaction (for de-
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scription of the excited states), the both being originated from the unique nuclear
energy-density functional. The concept is inspired by the energy-density func-
tional theory based on a general property of the systems of interacting electrons,
known as the Hohenberg—Kohn theorem [40]. For nuclear many-body system,
the phenomenological density functional can be constructed in the local density
approximation (see, i.e., [39] and Refs. therein) which, in principle, gives a
possibility of describing ab initio the properties of nuclear ground and excited
states. A substantial amount of work in this direction which has been done in the
last decades is well reviewed in the literature.

The first self-consistent (HFBCS + CQRPA) model for the (-decay half-
lives has been developed in [113] in the framework of the self-consistent finite
Fermi system theory (SFFS) [114]. Below we briefly overview the basics of the
HFBCS + CQRPA approach to the 3-decay strength functions.

The ground state properties are calculated from the self-consistent mean field
which is the first functional derivative of the interaction energy with respect
to the normal density, while the pairing potential is obtained as the functional
derivative of the pairing energy with respect to the anomalous nucleon density.
The total interaction energy of superfluid nucleus, Eiy[p, v] = [ dr eing(r; [p, V]),
is a functional of two densities: the normal, p(r), and the anomalous, v(r). Self-
consistent calculation with such a functional looks like the standard variational
HFB procedure in which the single-particle Hamiltonian takes the form

_(h—p A
where
2 X X
h = P_ + 5E1nt [P; V] ’ A — _5E1nt[p7 V] ) (27)
2m op ov

These equations were solved iteratively. Note that h contains the free kinetic
energy operator (the quasiparticle effective mass m* being equal to the bare
nucleon mass m). The interaction energy density is represented as

€int = €main T €coul + Esl + Epair, (28)

where e,,,in contains the volume isoscalar and isovector contributions and also
the surface isoscalar and isovector interaction energies generated by the density-
dependent finite-range forces. The Coulomb interaction energy density ecou
takes the usual form and includes the exchange part in the Slater approxi-
mation, while the spin-orbit term £ in (4) comes from spin-orbit o (x +
K'T172)[V10(r1 — ra2) x (p1 — p2)|(o1 + o2) and velocity and spin-dependent
x (g1 + ¢17172)(0102)(p1p2) interactions (for details see [39]). The last term
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in (4) is the pairing energy density epair = 1/2vF v, where v is the anom-
alous nucleon density and F'¢ is an effective force in the particle—particle channel
chosen in the density-dependent form as

F&(r12) = —4Ny ' f4(2)d(r12), (29)

where Ny = 150 MeV fm? is the inverse half-density of states at the Fermi
surface in equilibrium nuclear matter. The f¢(z) is a dimensionless strength
treated in the local density approximation as a (local) functional of the isoscalar
density = = (pp + pn)/2po, where the p,, (,y are the proton (neutron) densities.
This is expressed in a Skyrme-like form [39]

fo (@) = f& + hai(x), (30)

where f&_ is negative (attractive in the pp channel); h*x?(r) is positive with ¢ =
2/3 (a repulsive short-range part), the gradient term is omitted. The superscript
¢ refers to the energy cut-off parameter. It defines the number of single-particle
levels taken into account when evaluating the anomalous Green functions and,
correspondingly, when solving the equations for the pairing fields A(r) and
chemical potentials u, as well as the QRPA equations for the excited states. In
the case of the density dependent pairing, a local cut-off treatment of the pairing
energy density [39] helps one to avoid the problem of the choice of the cut-off
energy. An efficient pairing regularization procedure has been suggested recently
in [135]. In the case when density-dependence is omitted, pairing is being treated
in a diagonal approximation on the basis corresponding to the ecyroff = 15 MeV.
Then the pairing strength parameter f¢ = 0.33—0.40 is chosen to reproduce the
empirical matrix elements of the pairing potential A7,

The calculations of the ground state properties are performed with the DF3
density functional [39] and the recently derived options of the Skyrme force
SkSC17 [121] and MSk7 [30]. An additional self-consistency condition [130] is
used to remove a spurious isospin mixing for Fermi transitions. The excited states
are treated within the CQRPA-like framework of the SFFS with exact treatment
of the ph continuum, density-dependent pairing, and finite-range effective NN
interactions in both the ph and pp channels [113,121, 125, 126].

The CQRPA equations for the finite Fermi system with pairing correla-
tions [114], involve the ph, pp, and hole-hole (hh) blocks. Assuming that the
effective NN interaction is nonretarded, these equations can be written in terms
of the density matrix variations p; in the external field Vo

Vi =gV + > ((Fixpin))- Gb
k
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The density matrices are related to the effective fields by

pi =Y ((AxVi)), (32)

k

and to a linear response theory by

pi =50+ _(AwFipr))- (33)
k

Here the 3-by-3 matrix formalism of [115] is used; p = [ de/(27i)Ri(r, 156, w),
Rj = (0G,6F12,6G"), (j = 0,1,2, h) being the variations of the normal, anom-
alous and hole Green functions in the external fields V,°. (Each pair of external
brackets indicates the integration on the spatial coordinates and a summation on
the total spins.)

The effective field supermatrix V; consists of the ph vector V (a variation
of the nonsingular term of the mass operator Y in the external field Vo), as well
as of the pp and hh vectors dV), d®) (variations of the gaps A1), A®). The
universal medium renormalization of the external fields of a different symmetry
(beyond the QRPA-type correlations) is taken into account via the quasiparticle
local charge operators é,; = e,[Vi’*®]. The so-called «quenching factor», Q =
eqsloT]? = (9a/Ga)?, is usually introduced in order to suppress the spin-isospin
fields in the nuclear medium. The smaller @), the less strength contained in the
low-energy part (w < er) of the spin-isospin response, and therefore the longer
the 3-decay half-lives.

In Egs. (31)-(33), the effective NN interaction F which consists of the ph
component F'“ coming from the normal part of the density functional (DF) and
of the pp and hh components F¢ is connected to pairing energy density. For
the [-decay properties, the most important contribution comes from the spin-
isospin effective NN interaction (the velocity-dependent terms are not included
to F). In the fully self-consistent approach it should be determined as the second
functional derivative of the interaction energy with respect to the normal and
pairing densities. The spin-dependent (time-odd) component of the DF responsible
for spin-polarization properties and its scalar (time-even) part which characterizes
the ground state properties are interconnected through the density dependence of
the interaction. Although most of the parameters of the spin-isospin part are
independent of the others, they are constrained by the values of the parameters
defining the scalar part of the energy-density functional [39]. This results in
some restrictions in applications of the fully self-consistent approach. The spin-
isospin parameter ¢’ derived from the available Skyrme forces in Landau limit
turns out to be much lower than its empirical value [121,127]. The alternative
spin-dependent energy-density functional has not been developed yet for spin-
unsaturated nuclei [39, 128].
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A strategy for the large-scale calculations is found in the fact that the ground
state properties are rather insensitive to the spin and spin-isospin-dependent com-
ponents of the DF (except for the spin-orbit term). In a first approximation, the
scalar and spin-isospin components of the energy-density functional can be decou-
pled and the effective N N interactions in the spin-isospin channels may be defined
not as the second variance of the DF, but introduced independently [113]. This as-
sumption spoils the formalism consistency, but can be shown to have an insignifi-
cant impact on the ground state properties. On the other hand, it has the advantage
of enabling the use, in the QRPA-part of the calculation, of the well-founded spin-
isospin effective NV interaction of the FFS theory [114] which is assumed to
be A-independent. In the case of the DF + CQRPA approach, the Landau—Migdal
constant is renormalized with respect to one derived from the Skyrme force pa-
rameters, and turns out to be very close to the empirical value, thereby ensuring
a reliable description of the GT strength function in the whole energy scale.

The spin-isospin effective NN interaction in the particle-hole (ph) channel
written in the transferred momenta (k) space is

5 (o1k)(o2k)
k2 + m2 + Pa(k?)
2 [o1k][o2K]
+90Cqp kQ_'_mg T1T2.

FY = 4NO_1 Joo102 + gre
(34)

Here, Ny = 150 MeV fm? is the normalization factor; g, = —27/Ny (f2/m2),

9o = —2m/No (f2/m2), where mx(m,) and fr(f,) are the bare pion (o-meson)

mass and the TN N (9N N) coupling constants, respectively. The pion irreducible

polarization operator in the nuclear medium Pa (k?) takes care of the virtual A

isobar—nucleon hole excitations. The contact part of the effective spin-isospin

interaction Eq. (14) is governed by the Landau-Migdal constant g;. The operator
2

€2, = @ = eqlo7]? is assumed to describe the quenching of the pion-nucleon

vertex [114]. The operator egg is defined from the condition that the oNN

coupling strength is g, = 0.492‘“re due to the short-range NN correlations.

The one-w and one-p exchange terms modified by the nuclear medium are
important in describing the magnetic properties of nuclei and the nuclear spin-
isospin responses. The competition between the one-pion attraction g, < 0 and
spin-isospin repulsion g{, > 0, determines a degree of «softness» of the pionic
modes in nuclei that influences directly the 3-decay half-lives. So far, two basic
sets of FFS parameters have been found to describe satisfactory the spin-isospin
nuclear properties: (A) @ = 0.81, g/ = 0.9—1.0 derived from the magnetic mo-
ments [114], which allows for a moderately soft m-modes [116]; (B) Q = 0.64,
g/ = 1.0—1.1 derived from observed GT and M1 strength distributions [117,130].
A strong quenching excludes the existence of soft m-modes. The recent analysis
of (p,n) reaction spectra at F, = 295 MeV [119] and excitation energies up to
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E, < 50 MeV gives some evidences for () = 0.93+0.05, i. e., of a lower quench-
ing than previously expected from the old (p,n) data at £, < 30 MeV [118].
The experimental uncertainties remain still large, and both sets should be applied
in the calculations of the (3-decay half-lives.

In a general case, the spin-isopsin (I' = 0) effective NN interaction in the
pp channel can be chosen in a form similar to the one for 7' = 1 pairing:

FS,(r12) = —=4AN; 'Gy(2)d(r12)  (JT=07,17,...). (35)

The G¢(x) is a dimensionless strength depending on the isoscalar density x =
(pp + pn)/2po, where the p, () are the proton (neutron) densities. This is
expressed in a Skyrme-like form G*(z) = g; + hx9(r), where g; is negative
(attractive in the pp channel), h*z?(r) is positive with ¢ = 2/3 (a repulsive
short-range part) [39]. The superscript £ refers to the energy cut-off parameter. It
defines the number of single-particle levels taken into account when evaluating the
anomalous Green functions and, correspondingly, when solving the equations for
the pairing fields A(r) and chemical potentials y, as well as the QRPA equations
for the excited states. In the case of the density dependent pairing, a local cut-
off treatment of the pairing energy density [39] helps to avoid the problem of
the choice of the cut-off energy. An increase of gé leads to shorter 3~ -decay
half-lives and softer (p,n) spectra (longer 37 -decay half-lives and harder (7, p)
spectra) [101-103]. This allows us to select gé = 0.3 = 0.5 for the density-
independent pairing (with Fey o = 15 MeV) from the recent (n, p) reaction data
in the Fe-Co-Ni region (see [147] and Refs. therein).

The QRPA-propagator supermatrix A is obtained by integrating various pair
products of the Green functions over the energy variable €. To avoid the
ph-basis truncation (inevitable in the A representation), Eqs. (31) can be solved in
the mixed (r, A)-approximation. The idea of the method is physically transparent:
the nuclear pairing is important within the «valence A-space» only. It is defined
as uT —§& <e < "+ &, where y” are the neutron and proton chemical potentials.
The corresponding part of the propagator L is constructed in the A\ space and
transformed to the r space. For the states far from the Fermi surface the prop-
agator matrix degenerates into a single ph propagator A of the system with no
pairing. It is calculated via the Green functions constructed in the r space which
allows the exact inclusion of the ph continuum. Thus, the full propagator reads

A(r,r';w) = Alr,r';w) + Z[Lpn(w) -
— Apn ()]}, (r1)p (r1)pn (x2) 05 (r2),  (36)

where @, are the single-particle wave functions, and flpn term, i.e., the part of
the propagator A corrected for the pairing contribution is subtracted to avoid a
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double counting. The (7, \) approximation was firstly developed for the non-
charge-exchange case in [115], and then extended for the charge-exchange exci-
tations in [103] (for the complete formulae including the important case of the
odd-A nuclei see [112]).
For the decay to the states with Qg —w > S, it is convenient to use the
partial (3-strength functions
(2J+1)

S48 = PR [ S w37

here S, is the neutron separation energy in the daughter nucleus; p = N Im (AV)
are the density matrices of Eq.(32) (the explicit formulae involving the ph, pp,
and hh component can be found in [112]). The transition density is normalized
on the matrix element of the transition |0) — |s)

| Mos 2= (27 + 1) | eJ=SVETE5 () pl B2 (r, we) [P= / ST (w,y)dw.  (38)
Awsg

Here, the energy interval Awg = T'esc + 47y includes the state |s) located within
the 3-decay window, I'cs. being the corresponding escape width; and I't = 4+ is
the artificial width of the individual excitation which may be introduced in order
to simplify numerical integration. After the strength function S3"%(w) has been
found, the total half-lives can be evaluated from Eq.(24). One has to stress that
no direct fitting to the experimental half-lives is performed.

Due to the computational limitations, only the ETFSI + CQRPA version of the
self-consistent model elaborated in [120] has been applied so far to the coherent
large-scale predictions of nuclear masses, 5~ -decay rates, and v.-capture rates
in [121,122], as well as v.-capture rates in [123]. The self-consistent treatment
within the ETFSI model of the ground state properties and consideration of the
pp effective interaction resulted in a more realistic evaluation of odd—even effects
in the total half-lives [113,120,121] compared to the FRDM Tables [99]. As it
has been long argued, the relative contribution of the GT and FF 3 decays may
vary in the vicinity of the Z > 50 nuclei near N = 82 and for the nuclei near
N =126 [121,129]. However, so far no microscopic large-scale calculations of
the half-lives have been performed beyond the allowed (3-decay approximation.

After the first competitive HFBCS mass table has appeared [30], the corre-
sponding HFBCS + CQRPA model for the weak rates has been suggested in [125,
126]. It is based on the ground state description given by the Skyrme-MSk7
force [30] or alternatively DF3 density functional [39, 113]. The important fea-
ture of the method is that contribution of both the GT and FF transitions is
considered microscopically. The allowed GT and first-forbidden decays from the
parent nucleus ground state |¢) to the final states |f) of the daughter nucleus de-
pend on seven 3 moments related to the nuclear matrix elements of the following
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operators

o,

V5, [O‘I‘] (O)a

a,r, [o’r](l)7

[or]®,

where o are the Pauli spin matrices, and the rank of the tensor operators [or]()
is defined by the momentum |J; — J;| < J < |J; + J| transferred to the daughter
nucleus. Allowed and unique transitions involve only single  moments, while
the 0 rates of the nonunique decays are determined by incoherent (and mutually
cancelling) contribution of different 5 moments. Besides, for J = 0, 1 transitions,
the relativistic vector operator « and axial charge operator ~5 should be included
alongside with the space-like operators. This brings serious difficulties. First, it
was shown on the basis of the chiral symmetry and soft-pion limit that (+5) vertex
is amplified in the nuclear medium due to the meson-exchange currents and the
effective NN interactions [124] but the details have not been well established.
Second, in a nonrelativistic limit the former corresponds to the velocity-dependent
fields P/2M and o P /2M, where P = P, + Py is the total momentum transferred
to the nucleus, and M is the bare nucleon mass. Thus, the consistent treatment
of the medium induced fields requires taking into account the velocity-dependent
and two-body spin-orbit effective NN interactions. This complicates the QRPA
equations substantially.

A convenient approximation to be used in global calculations of total half-
lives is to replace «, s by the space-dependent fields. The exact nonrelativistic
relation for the matrix element of the time-like operator

(@) =&/ e - Ay (ir) (39)

can be applied which reflects the conservation of the nuclear vector current (NVC).
In a fully self-consistent approach a precise cancellation of all the terms except
the averaged Coulomb potential takes place, thus the translation factor A; reads:

EA = wip + g (40)

For the operator 5 and its space-like counterpart or, no analogous exact rela-
tion exists due to the partial conservation of the axial current. The self-consistent
FFS sum rule approach [130] can be used to approximate the operator v5 by the
space-like operator or taking into account the medium corrections [126]. With
the resulting set of the space-dependent external fields, the large-scale calculations
of the B-decay half-lives are feasible. For the nuclei at N = 50, 82, 126, the first
systematic calculations including the contribution of the GT and FF transitions
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on the same microscopic footing have been performed within the self-consistent
HFBCS + CQRPA in [125,126].

The only attempt of fully self-consistent HFB + QRPA calculation has been
done in [127] who used the Skyrme energy-density functional to estimate the
allowed 3~ -decay rates of spherical even—even semimagic nuclides with N = 50,
82, and 126. In [127] the HFB + QRPA equations are treated on the finite basis
of the canonical states. The advantage of the approach is using the same Skyrme
(SkP) effective NN interaction in both the ph and pp channels. However, the
value of the Landau-Migdal spin-isospin parameter ¢’ derived from the SkP
force is much lower than the empirical value. Consequently, the GTR position
is predicted to be lower by about 2 to 3 MeV than experimental data. To com-
pensate for this deficiency in the half-life calculations, a rather strong A-dependent
pp interaction is considered. For practical astrophysical purposes, it will cause
problems in estimating the decay properties and v.-capture-rates of thousands
of nuclei. (A detailed study of the above-mentioned «g’-problem» in the fully
self-consistent calculations can be found in [128].) For the [-decay half-lives,
the results by [127] are close to those of [121], provided the same effective pp
interaction and quenching factor are adopted.

To conclude the overview of the microscopic models for nuclear weak-
interaction rates, let us also mention their main deficiencies which may influence
the astrophysical predictions. The most important one concerns the pairing inter-
action of use in the ground state masses calculations and in dynamics calculations
of the (-strength function. The point at weakness here is the lack of universal
parametrization of the pairing interaction. Moreover, as both the BCS and HFB
calculations with commonly used d-function pairing diverge respective to the ac-
tive space size, they need to be complemented with a cut-off in the single-particle
space (for BCS) or in the quasiparticle space (for HFB). This cut-off could be
considered, as purely computational procedure, however it effectively accounts
for missed physical mechanism of phonon exchange providing the long-range
behavior of the pairing interaction. For density-dependent pairing a local cut-off
treatment of the pairing energy density [39] or a pairing regularization suggested
recently in [135] helps to avoid the above-mentioned «nonconvergence»-problem.
Another unsatisfactory feature of the BCS pairing — the existence of nonphysical
neutron gas very close to the neutron drip-line [134] — is removed within the
HFB which properly takes into account the scattering of the nucleon pairs to
continuum.

A nonuniversal treatment of the pairing force influences the predictions of
both the ground state properties (nuclear masses) and [3-decay rates. An interplay
of the deformation and nuclear pairing effects is responsible for the quenching of
single-particle spectra gaps at canonical neutron magic numbers in very neutron-
rich nuclei (shell gap quenching) [138]. A simple signature of neutron shell
closures related to the nuclear masses is given by the two-nucleon shell gap
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§(Z,N) = S2n(Z,N + 2) — S2,,(Z, N). The measured nuclear masses at N =
20, 28, and 50 show that the corresponding magic gaps 6(Z, N) decrease with
decreasing Z — an indication of the quenching which sets in near the neutron
drip-line. For N = 82, 126, however, no definite conclusion can be drawn from
the available experimental data. Clearly, all the existing theoretical predictions of
nuclear masses depend crucially on the adopted concept of nuclear pairing.

The ground state pairing has been shown to modify the §-strength function
and, thus total -decay half-lives [113]. Due to the additional dependence of
the phase space on the S, value, the 5-delayed neutron emission is even more
sensitive to pairing. The BCS-based estimate of this effect has been done in [136]
where the constant pairing has been used, and the case of 7I nucleus with a small
(Qs — Sp)-window has been considered. The systematic study of the impact of
the density-dependent pairing on the total 5-decay half-lives and delayed-neutron
branchings (P,) in very neutron-rich nuclei is of importance.

So far, the microscopic large-scale calculations of masses [30,31,39] and
weak interaction rates [113, 121, 125, 127] have used phenomenological energy-
density functionals corresponding to the energy-independent effective NN inter-
actions. One of the alternatives is to construct the energy-dependent effective
NN interaction from the vacuum N N-scattering amplitude. The calculation of
the ground-state masses [137] using the quasiparticle Lagrangian version of the
self-consistent FFS [36] with energy-dependent effective NN interaction shows
that for small values of the neutron chemical potential, the parameters of the
effective VIV interaction, and consequently the self-consistent mean fields, vary
strongly. As a result, the neutron drip-line position shifts to very large values of
the neutron excess [137]. With the «modified» neutron drip-line, a role of for-
bidden decays may increase, as the driving operators contain the factor r/Rg. In
this situation, a possible existence of superallowed Fermi, as well as accelerated
Gamow-Teller and first-forbidden (3 decays may be anticipated in doubly-magic
drip-line systems.

In spite of the remaining difficulties, an important progress has been achieved
in the step-by-step transition from the phenomenological models towards to the
self-consistent description and prediction of the [ properties. In the future,
a substantially improved spherical QRPA approach can possibly be used for
practical applications. Based on the self-consistent predictions for the ground
state properties within the coordinate-space HFB [39], the excited states can be
treated in the continuum linear response theory [131,132]. The QRPA based
on the canonical basis of the relativistic HFB has been developed in [133].
For the ground state pairing, well defined basis regularization schemes can be
used [39,135]. Though the QRPA models used for large-scale calculations of the
strength functions have considered so far simple ph configurations, this limitation
is not a principal one and can be removed. A fully self-consistent Hartree—Fock—
Bogoliubov (HFB) or even HFBCS plus CQRPA approach applicable to large-
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scale calculations of the ground state and 3-decay properties of deformed nuclei
has not been achieved yet (mainly for technical complexity and computational
limitations).

For readers convenience, the existing microscopic global approaches to the
weak rates are summarized in Table 1 which contains a short description of the
methods, their applicability limits and some important details of the calculations.
Let us now discuss the performance of the microscopic 3-decay models for the
r-process relevant nuclei. Below, we give a detailed comparison between the
different approaches and available experimental data. In comparing the results,
it should be clearly realized how the model parameters have been found: either
by a direct local fit to the experimentally available half-lives, or by a global fit
of the (universal) IV N-interaction parameters to the other spin-isospin properties

(like energy positions of the spin-isospin resonances, magnetic moments, .. .).

Table 1. The global microscopic approaches to the weak interaction rates

Method The ground state NN interaction Details
FRDM +RPA Empirical potential, |ph: separable |T}/2, (GT-approximation)
[99] BCS +folded Yukawa |pp: no all A
no direct fitting to the 77 /2
BCS + QRPA Empirical potential, |ph: separable T /2, (GT)
[105] BCS + Nillson pp: separable all A
local fitting to the T} /o
SM [88] 0 — hw pf-shell T /2, (GT)
KB3 N = 50,82,126
local fitting of Ga/Gv
WS +RPA [158] | Empirical potential, |ph: d-force Ove
Woods—-Saxon local fitting of the
WS potential
ETFSI + CQRPA | Self-consistent, ph: § +m Ty /2, (GT)
[121] Skyrme-ETFSI pp: 0 800 quasi-spherical
nuclei (B2 <0.1)
O-Ugs O'DE,
all A
no direct fitting to the T3/
DF + CQRPA Self-consistent, ph: 6 +7+p |T1,2, (GT+FF)
[113] DF3 [39, 113] pp: density-dep. | 800 quasi-spherical
nuclei (G2 <0.1)
no direct fitting to the 77 /2
HFB + QRPA Self-consistent, Self-consistent, | T} /2, (GT)
[127] Skyrme Skyrme N = 50,82,126
local fitting of the
pp interaction
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2.4. GT and FF Decays Near the Closed Shells. Of course, the theoretical
studies for nuclei far off stability need a rigid experimental verification. Experi-
ments using a new generation of the radioactive ion beam facilities are crucial in
validating the existing theories. Great attention has been paid to the nuclei near
the closed shells at Z = 28, N =50; Z =50, N =82; and Z = 82, N = 126
providing an important benchmarks for theoretical models. The high precision
data for short-lived Ni isotopes near "®Ni [139], 217129 Ag isotopes [140] and
133-1379n [142] have been measured at RILIS (CERN), which benefits from the
high isotopic and isobaric selectivity reached by a laser ion source and by mass
spectroscopy, respectively. The current experimental studies in the neutron-rich
and neutron-deficient lead regions [143,144] are very important for studying the
nuclear structure at extreme neutron-proton asymmetry, as well as for elucidating
the weak interaction and (-decay theories.

The neutron-rich nuclei near the clo-
sed-shells at N = 50, 82, and 126 pro-
vide a clear case for the application of
the CQRPA model, for a comparison of
different methods, and for experimental
checks. First, they are not extreme drip-
line systems (S, ~ 2.0—3.0 MeV > A,
where A is the pairing potential), there-
fore an application of the mean-field ap-
proach should not yield too large errors.
Second, most of these nuclei are spherical,
hence their $-decay half-lives are very sen-
sitive to nuclear structure effects. Third,

4 the nuclei with Z ~ 28 near "®Ni and
Fig. 8. The experimental f-decay half- 7 = 50 near 132Sn, as well as the ones near

lives for the Ni isotopes compared to the Z m~ 60-80 at N = 12§ undergo h}llgh-
calculations with the DF3 and Msk7 g.s. energ'y. GT and/or FF ( decays. In these
description (Q = 0.81): M, curve I — conditions, the spherical, 1p1h-QRPA ap-
DF3+CQRPA for allowed transitions; Proaches accounting for the allowed and

T\, ms

o, curve 2 — DF3+CQRPA for al- FF transitions should have a reasonable ac-
lowed and first-forbidden transitions; curacy in predicting the 5-decay half-lives.
A, curve 3 — MSk7+CQRPA for al- Though the «thumb rule» is that the
lowed transitions; ¥, curve 4 — experi- 3-decay half-lives become longer as closed
mental data from [139] (sub)shells are approached, the T),, are

found to be sensitive to the specific shell
sequence and the partial occupancy of the proton orbital which is mainly due
to the interplay of the GT and high-energy FF transitions near the specific shell
closures. It can be well seen when analyzing the evolution of the 3-decay patterns
in the nuclei from N =~ 50; Z < 28, Z 2z 28 regions (for instance in Fe, Co
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isotopes and Ni, Cu isotopes) and from N ~ 82; Z < 50, Z > 50 regions (for
instance in Ag, Cd isotopes and Sn, Sb isotopes).

According to the available experimental [139] and predicted [99, 121] decay
schemes, the nuclei in the vicinity of Z = 28, N = 50 shell sequence undergo
fast high-energy GT decays which are built mainly on the simple shell-model con-
ﬁgurations l/1f7/2’5/2 — 7T1f7/2’5/2 and Vlgg/Q — ngg/Q. The first-forbidden
decays are due mainly to the vlgg/o — 7lf7/2 and v1fs5/; — mlds/ transi-
tions with the energies close to that of the GT decays. In Fig. 8 we show our
predictions for Ni isotopes obtained including the first-forbidden decays. Two dif-
ferent ground state descriptions are used, the DF3 and MSk7-based calculations
being in better agreement with the experimental data than our previous ETFSI
results [121]. Note that this improvement results, in part, from the reduction of
the half-lives caused by the stronger effective pp interaction used in the present
calculations. It is seen from Fig. 8 that the first-forbidden transitions are of little
effect for nuclei near Z = 28, N = 50. In this region, a number of GT and FF
transitions with comparable energies exist, with the GT decay channel dominance.
It is of importance that the high-energy GT transitions exist both at Z < 28 and
at Z = 28—29. Thus, even when the 71 f; /5 orbital is completely blocked, still
many high-energy GT transitions remain open.

T, ms T\, ms
1000
L 1000
- Cd C
[ =
[ —I_
- I 1
2
- 100
100 [~ I C
i T—m
N I U I | PR I U I B |
124 126 128 130 132 120 122 124 126 128 130
A A

Fig. 9. The experimental (-decay half-lives for the Cd isotopes taken from the
NUBASE [100,141] (A, curve ) compared to the DF3 + CQRPA calculations (H, curve 2)

Fig. 10. The calculated total half-lives for the Ag isotopes: B, curve / — DF3+ CQRPA
for pure GT decays; o, curve 2 — DF3 + CQRPA [125,126] with the GT and FF transitions
included; A, curve 3 — the results by Hybrid-model by [104] with the GT decays included
within the RPA and FF decays within the «gross theory». The experimental (V, curve 4)
and estimated data are from NUBASE [100, 140]
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Unlike Z ~ 28 region, for the Z < 50, N ~ 82 nuclei, the high-energy
GT transitions to the major 1mgg o-orbital dominate the total half-life. Our
calculations including the FF transitions [125, 126] show a moderate influence
of the FF transitions for nuclei in Z < 50, N = 82 region. As is seen from
Figs.9, 10, the FF transitions provide a factor of 1.5-2 acceleration of the (3
decays for the Cd and Ag isotopes. By contrast, in the region with Z 2 50,
N = 82, the high-energy FF transitions are found to give a stronger contribution
Ty S to the total half-lives than the low-energy
GT decays [125,126,129, 142]. Indeed,
10 b Sn for Z = 50-51, N ~ 82 nuclei, the

/ only high-energy GT (3 transition involv-

i \ ing the major 1mgg,, orbital is fully
B blocked. Due to the phase space ef-
fect, the high-energy forbidden transi-

tions related to the v2f7/0 — wlgy/o,

Vfr2 — m2ds/p configurations domi-

nate the total half-life. For nuclei with
Z > 52 and N = 82, the 1mgg /o orbital
is freed due to pairing correlations but
the related GT strength is reduced by the

33 134 135 136 137 138 factor (1—vf ).

4 Earlier =~ measurements in  the

133,1349p  ag well as recent RILIS CERN

Fig. 11. The calculated total half-lives experiments in 133-137Gn  demonstrate

for the Sn isotopes: M, curve I — clearly the existence of the high-energy

FRDM +RPA for pure GT decay [99]; FF and low-energy GT transitions. For

e, curve 2 — DF3+CQRPA with the the Sn isotopes (Fig. 11), the FRDM cal-

GT and FF decays .ind“ded [126];  culations [99] performed in the allowed

A. curve 3 — experimental data are . angition approximation strongly overes-

from [142] timate the experimental half-lives. In-

clusion of the FF transitions brings the

calculated half-lives into a fairly good agreement of our calculations with the

experiment (Fig. 11), and shows that the Coulomb decay mechanism dominates
in these nuclei.

2.5. Model Predictions Near N = 50, 82, 126. Now let us turn to the
calculations for the r-process relevant nuclei near the N = 50, 82, 126 closed
neutron shells. The HFBCS + CQRPA results [125,126] show that the effect of
FF transitions is small in Z ~ 28, N = 50 region (notice that spherical approach
may fail in this region). For nuclei with N = 82, Z < 50, the experimental
benchmarks at 12°Ag, 139Cd, 13'In were obtained in a series of RIB experiments
at RILIS CERN [145]. It is of interest to confront these experimental data with
the predictions made within the different theoretical approaches. The FRDM-RPA
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calculations (not shown in Fig. 12), with a nonconsistent treatment of the ground
state properties and ignoring the pp-effective NN interaction, give an odd—even
effects which are not supported by the existing experimental data [145]. In the
N = 82, Z < 50 region, the ETFSI calcu-
lations [121] (also not shown) overestimate
the experimental half-lives by about a factor
of two. It is mainly due to the pp-interaction
strength gé used in [121] which was extracted
from the old experimental data on the (p,n)-
and (n,p)-reactions spectra [146], the lat-
est TRIUMF experiments [147] leading to a
higher value of g¢. The results of systematic |,
calculations of the (-decay half-lives [125]
with a stronger pp interaction, as well as with
the GT and FF transitions taken into account
(Fig. 12) show a much better agreement with
available experimental data than the previous E
ETFSI results [121]. The calculations includ- 38 40 42 44 46 48 50
ing the FF decays show a slight odd—even z
effect which is in agreement with available
experimental data.

In Fig. 12, we compare also the re-

T\, ms

100 |

Fig. 12. The total half-lives for
the N = 82, Z < 50 isotones:
B, curve /| — DF3+CQPA (Q =

sults of the DF+CQRPA [125, 126] with
the HFB calculations [127]. These results
were obtained with one and the same pp-
interaction strength gé but with different
quenching (@) = 0.81 and 0.64, respectively).
In both the approaches the quenching fac-
tor is the same which enters the Ikeda sum

0.81) — with only GT transitions in-
cluded; e, curve 2 — DF3+ CQRPA
with the GT and FF transition in-
cluded; A, curve 3 — SM — shell-
model results for pure GT decay [88]
(Q = 0.55); ¥ — HFB — results
for pure GT decay [127] (Q = 0.64).

The experimental data (4, curve 4)

rule. Thus, the lower quenching of @ = 0.81 are from [100]

would drive the HFB results in closer agree-
ment with our results and the experimental
data. Note that for the shell-model calculations [88], the quenching factor Q)
is related to the model space of use, but it is not directly connected to the
quenching of the Ikeda sum rule. However, reducing the quenching and inclu-
sion of the FF transitions would drive the results of [88] below the experimental
data (Fig. 12).

In contrast, in the region near Z ~ 60—75 and N = 126, the role of the
FF decays is found to be decisive. These nuclei undergo high-energy FF decays
related to the v14y3/5 — wlhyy o configuration. At the same time, the unper-
turbed 3-decay energy of the main GT decay configuration v1iy3/5 — wliyy o is
low (about 1 MeV). Thus, it is clearly seen in Fig. 13 that the behavior of the



1416 BORZOV I.N., GORIELY S.

half-lives for the GT and GT +FF transitions reflects the blocking of the 17gg o
and 17hyy /o levels with increasing Z.
Ty, ms In Fig. 13 a comparison is presented
with the shell-model calculations [88] per-
formed in the allowed transition approx-
imation and with ¢Q = 0.55. It is seen
that the inclusion of the FF transitions
results in noticeably shorter half-lives in
the N = 126 region. The difference
with the allowed-transition approximation
amounts to typically a factor of 5 to 10,
and is more pronounced for heavier nu-
clei approaching the closed proton shell
at Z = 82. Note that the shell-model
half-lives of [89] would be shorter if the
FF decays were included and/or a smaller
quenching used. The shorter half-lives
predicted for N = 126 should have the
implications on the r-process nucleosyn-
thesis in this region (see discussion in the

100 -

Fig. 13. The total half-lives for the
N = 126 chain: W, curve ] —
DF3 + CQRPA calculation for the GT de-
cay only; e, curve 2 — DF3+CQRPA
calculation with the GT +FF decays in-
cluded; A, curve 3 — the shell-model
calculation [89]. The half-lives against
(Ve, €7 )-capture (calculated with L =
10%* erg - s7%, R = 100 km) are also
given for T}, = 4 MeV [121] (V, curve 4)

next section).

Though, it is hard to experimentally
check these theoretical predictions at the
time being, a comparison can be per-
formed with the current experimental data
for the neutron-rich nuclei in the region
«east» of 298Pb [143,144]. In Fig. 14,
the experimental half-lives in the Bi iso-
topes [100, 143, 144] are confronted to

and T, = 8 MeV (4, curve 3) [158] the predictions from different global ap-

proaches [86,99, 104,126, 127]. The total
half-lives for the GT decay calculated within the FRDM + RPA model [99] over-
estimate the experimental ones by orders of magnitude. The scale of the odd-even
effects predicted by this model is generally too large because of the nonconsistent
treatment of the ground state properties and pairing correlations, and also due to
the pn-effective interaction is not included in [99].

The results of statistical calculations [86] with a parametric description of
the forbidden transitions, vary significantly from the odd-A to even nuclei. Also
shown in Fig. 14 are the results from the recent «micro-statistical» version of the
FRDM model [104]. This model provides shorter total half-lives than the ones
calculated for the GT decay in [99]. However, a strong renormalization of the GT
half-lives, for example in 2'6Bi, is hard to explain from microscopic arguments.
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Ty s

104 £
Fig. 14. The (-decay half-lives for Bi iso- i
topes predicted from different approaches: L
M, curve /| — statistical «gross-theory» with 13 |
the GT and FF transitions included in a para- 2
metric way [86]; e, curve 2 — DF3+ CQRPA
with the GT and FF decays included micro- 5
scopically [126]; A, curve 3 — FRDM+RPA 107 F
for pure GT decay [99]; V¥, curve 4 — the i
hybrid-model [104] with GT decays included in -
the RPA and FF decays in the «gross-theory»; 10! F
4+, curve 5 — Nillson+ QRPA for pure GT F
decays [105]. The experimental data are taken [
from the NUBASE [100] and recent measure- 215 216 217 218 219 220 221
ments by Leuven group [143,144] A

It may well come from the inconsistency in the microscopic and «gross-theory»
inputs which is unavoidable in the hybrid models.

The QRPA calculations by [105] are over-parametrized compared to the
BCS-RPA calculations by [99], as the strengths of the separable ph and pp NN
interactions are (locally) fitted to the experimentally known half-lives at each
isotopic chain which is a purely empirical procedure. On the other hand, as the
odd-even behavior of the half-lives calculated in [105] is reasonable (the 7' = 0
paring has been included), such a procedure may in some cases give a sound
extrapolation to the closest experimentally unknown nuclei. However, as the FF
transitions have not been included, it is quite natural that the calculations by [105]
overestimate the experimental half-lives in the region of Bi isotopes.

Our calculated half-lives show a fairly regular behavior with some underes-
timate of the experimental total half-lives (Fig. 14). The calculation may still be
oversimplified in the specific region «east» of 208Pb, especially if the AJ = 0
transitions dominate in the decay schemes. This is mainly due to the neglect
of the velocity-dependent terms in the effective NIV interaction and to the use
of the Coulomb (£) approximation. However, in general, the results are in a
qualitative agreement with available experimental data on total half-lives. Thus,
the calculations may provide a guidance for new experiments in this region of
the nuclear chart.

2.6. Neutrino Capture Rates. In neutrino-rich environments, like in the so-
called neutrino-driven wind characterizing the neutrino heated ejecta at the surface
of the proto-neutron star after the core collapse of a type II supernova [76,77],
the neutrino interaction with the stellar material must be taken into account. The
universality of the weak interaction and existence of weak equilibrium in the
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core impose a rough equipartition of energy between the v,,z = u, 7 and Ve, v,
neutrino species. In contrast, a subsequent decoupling of the neutrinos from
the matter is strongly flavor dependent. The v,, 7, species does not interact
with the nucleons of the proto-neutron star via charged-current reactions, their
cross sections for scattering off the electrons are also smaller than for v, and 7,
species. Thus, the v,, 7, decouple deepest in the proto-neutron star (at smaller
radius and higher temperatures) and have higher energies than electron neutrinos
and antineutrinos. As the matter near the surface of proton-neutron star is partially
deleptonized and neutron-rich, the v, which are captured by the neutrons are last
to decouple. Hence, they have the smaller energy than 7. which interact with
protons. Such energy hierarchy is established near the surface of nascent neutron
star (the so-called neutrinosphere) after the neutrinos have been diffused out the
core. The transport calculations by [148] correspond to the following hierarchy
of average neutrino energies F,, ~ 11 < Ej;, ~ 16 < E,,‘M ~ E;‘W ~ 25 MeV.
To estimate the chemical transmutation in such a neutrino-rich environment,
the v captures on heavy nuclei must be determined. These include the charged
and neutral current interactions which need to be estimated consistently within the
same framework as the nuclear masses and (-decay rates. The spectrum-averaged
cross section of the electron neutrino capture in the stellar environment reads

Elrlnax

@) =47 [ () ou(BNIE.. 1)
En

where Ey, = |AMz 71| is the reaction energy threshold for stable nuclei (Ey, =

0, otherwise). The neutrino energy spectrum ¢(F, ) is taken as

=C Ey .
T3 exp[(E,/Ty) —a] +1
T, is the neutrino temperature; C' normalizes the spectrum to unit flux; o = 0
corresponds to a black body spectrum; o« = 3 has been derived from the transport
calculations [148].
Electron neutrino capture v, + Az (J™) — e~ + Azy1(J'™ ) which takes
place through weak charged current can be seen as an inelastic scattering process
with a discrete energy spectrum of the emitted electron

E.=E, +Q — wy +m.c?, (43)

o(Ey) (42)

here and below the notation () = AMy 7,1 is used for convenience. The
neutrino-energy-dependent cross section is derived within the standard semi-
leptonic scattering framework [149]. The expression for the cross section of
inclusive reaction v; + |i) =1~ + | f) reads

oy = /d3pz5(Ez + By — By — B,)[{1(po) [ Hegr v (p)) (44)
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where F, is the incident neutrino energy; Ej, p; are the final energy and momen-
tum of the lepton (I = e, p); E;(Ey) is the energy of the initial (final) nuclear
state. We will follow [150], where Eq. (44) has a form convenient for using the
(-like strength function formalism. The effective single-particle Hamiltonian is
derived by carrying out the Foldy—Wouthausen transformation and retaining terms
up to order (|g|/M)3 (M is the nucleon mass and ¢ is the momentum transfer),
the terms with Py /M corresponding to the nucleon motion in the initial states
are omitted. The finite momentum transfer dependence of the cross section is of
importance for the high supernova neutrino temperatures.
If the nuclear recoil effects are ignored, one has

1

o = oo / dop B F(Z;, Ey) / d(cos (6))S5(g,w), (45)

-1

where 09 = G?/2mcos? (O¢); G and Oc are the Fermi constant of universal
weak interaction and Cabibbo angle; P, and FE; are the momenta and energies
of outgoing leptons, 6 being the angle between the momenta of the lepton and
the neutrino; w = Fy — E; is the energy of nuclear transition; F(Z f,El) is
the Fermi function taking into account the Coulomb distortion of the outgoing
lepton wave function due to its final state interaction with the daughter nuclei
with the charge Z;. (For high-energy v, neutrinos, the «effective momentum
approximation» [159] is used, and for the case of v, the interpolation between
this and standard Fermi approximation can be used [158].) The nuclear structure
effects are incorporated to the strength function Sg(g,w) which in the notations
of [150] reads

Sp(q,w) = MpSp + MaoSco + Ma2A, (46)

where the kinematics coefficients M; depend on the four-momentum transfer to
the nucleus and standard nucleon form factors entering the H.g in the case when
the second-class current form factors are ignored. The strength functions Sp
and Sgo are the sums of nuclear responses to the external fields of the isospin
type Vo ~ 7—ji(qrk)Yi(7x) and of spin-isospin type Vo ~ 7_ 7 (qri)[oYi(7k)]”,
while A stands for spin-isospin interference term. The transition operators in
Eq. (46) that satisfy the selection rules AJ = 0,1; Am = + correspond to the
allowed-type operators; while all the others, to the forbidden type. In the original
scheme proposed by [150] the single-particle response functions have been used.
However, the formalism allows for including the medium effects through the
corresponding strength functions calculated in the RPA or QRPA framework (for
details see [150,151]).

In the low energy limit with ¢ — 0, Egs. (44), (45) are reduced to a familiar
expression of the allowed transition approximation which is applicable for low
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neutrino temperatures

1

7w Bn) = T

E,+Q
X / peEF(+2Z, A E.) [GY Sp(we) + G4 Sar(wa)] dws.  (47)
0

The plus sign in the Fermi function refers to the v-capture and Sg (Sgr) is
the strength function of the Fermi (Gamow-Teller) transition. In Eq. (47), the
integration over the excitation energy in the daughter nucleus w, = @ — w runs
over all energetically possible final states in the daughter nucleus. For stable
nuclei (@ < 0), the v-induced excitation of the states in the daughter nucleus
corresponds to nuclear transitions with a negative Q-value (w < mec?). For
unstable nuclei (@ > 0), we consider the contributions of both the vr-induced
excitations (w < mec?) and the v-mediated de-excitations (w > m.c?), where
lepton final states correspond to nuclear transitions to the discrete states in the
daughter nucleus with a positive @)-value.

Finally, the flux-dependent neutrino capture rate at the distance R from the
centre of neutron star can be estimated as (e. g., [153])

~ L, MeV\ /100 km (@) .
Ay 497 (1051 erg-s—l) ((Eu)> < R > <10—41 cm2> s, @Y

where L, is the neutrino luminosity. The average electron neutrino energy for
the distribution given in Eq. (42) is (E,) = 3.157), for &« = 0 and (E,) = 3.99T,,
for o« = 3. It is seen that the neutrino capture rate is directly proportional to the
neutrino flux streaming out of the proton-neutron star. Therefore it is R-dependent
quantity, unlike the (-decay rate.

The detailed and physically transparent consideration of the physics of v,
and 7, captures on heavy nuclei in the context of the post-core bounce supernova
environment can be found in [157]. Due to the relatively high mean energies
of supernova neutrinos, the main contribution to the spectrum-averaged cross
sections comes from the IAS, GT and AL = 1 charge-exchange resonances.
However, the charge-exchange strength functions are treated in [157] within the
«gross-theory», thus remaining valid for nuclei relatively close to the (-stability
line. Moreover, the contribution of low-lying «pygmy» resonances for stable
nuclei has been ignored and v-mediated de-excitation in unstable nuclei neglected.
For stable nuclei, a low-lying pygmy-resonance contribution to the (v — A)-cap-
ture cross sections has been considered by [154] making use of a schematic
three-level FFS-based model. A calculation of the neutrino capture rates in the
neutrino detector nuclei has been performed in the optical-shell model [155] and
self-consistent model based on the energy-density functional and CQRPA [112].
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In [151], the charged-current neutrino reactions on '2C, 160, and 2°®Pb have been
considered in the formalism of [150] with the §-strength functions calculated from
the RPA, QRPA, and shell-model. The RPA calculations of the (v, — A) cross
sections with the GT and FF transitions taken into account have been performed
in [156] for three representative nuclei near N = 50, 82, 126.

Within the same ETFSI+ CQRPA framework, as for the (-decay rates, the
model for charged-current neutrino capture has been developed in [122]. A
corresponding large-scale calculation of the neutrino energy-dependent and spectra
averaged cross sections has been performed for all stable and unstable neutron-
rich nuclei with 26 < Z < 92 and neutron numbers from N = Z 4 1 to the
neutron drip-line in [121] (see also www.astro.ulb.ac.be). In the ETFSI+ CQRPA
approach to the charged-current neutrino capture, the GT strength function is
calculated for the excitation energy range from the ground state of the daughter
nucleus up to about 40 MeV. The IAS energies are taken from the experimental
systematics of Coulomb displacement energies [161]. The Fermi strength included
in the IAS of the daughter nucleus is taken as M2 = N — Z.

Let us discuss in more detail the neutrino capture cross sections calculated
in the allowed transitions approximation. The total cross sections averaged over
neutrino spectrum [148] with 7' = 4 MeV are shown with their partial components
for the Ni, Sn, and Pb-isotopic chains in Fig. 15. In stable nuclei, the IAS and
v-induced excitation components of the total cross section increase with N — Z
due to the corresponding shift of the IAS and GT resonance (GTR) down in
energy and towards the maximum of the neutrino energy spectrum (note that the
correct reference energy here is the one respective to the parent nucleus ground
state, and not the excitation energy in the daughter nucleus). For stable nuclei,
the contribution of the neutrino excitation of the low energy states in the daughter
nucleus cannot be neglected. Such a contribution is responsible for the systematic
odd—even effect in the total cross section, as illustrated in Fig. 15.

In unstable nuclei, at increasing neutron excesses, the IAS and GT-excitation
contributions to the cross section become rather smooth and insensitive to odd-
even nuclear mass differences (the capture process is of no-threshold type). At
relatively small charge numbers Z, the GT-excitation component may even de-
crease with increasing neutron numbers, at least if the super-allowed GTR is
energetically possible (note that for these nuclei the empirical systematics of the
IAS energy may fail). At the same time, the GT de-excitation component of
the cross section in unstable nuclei increases with neutron excesses, as the (g
value (and available phase-space) becomes larger. For relatively small Z, the
de-excitation part of the total cross section cannot be neglected. As is seen in
Fig. 15, for Ni isotopes, it exceeds the IAS contribution well before the neutron
drip-line is reached. This is mainly due to the increasing portion of the GT sum
rule shifted within the ()3 window at increasing N — Z values. The impact of
the de-excitation component is smaller for heavy isotopic chains (Z > 50) for
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which the super-allowed GT transition is not possible for neutron-stable nuclei.
For heavy nuclei, like Pb isotopes (Fig. 15, c), these predictions agree well with
the schematic estimate of the de-excitation contribution by [157]. In the 1328y
region, the calculated neutrino capture rates [121] are rather close to the one
derived by the shell-model calculations [153].
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Fig. 15. Reduced total neutrino capture cross sections (tot.) (V, curve /) averaged over
neutrino spectrum [148] with 7" = 4 MeV for Ni (a), Sn (b) and Pb-isotopic chains (c).
Also shown are their partial components of the IAS excitation (IAS) (O, curve 2),
v-induced excitation (gt >) (A, curve 3) and de-excitation (gt <) (o, curve 4)
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An extensive calculation of the charged-current and neutral current inelastic
neutrino scattering cross sections has been performed in [158, 160] making use
of the standard Walecka formalizm employing the momentum dependent external
field operators. The neutrino scattering cross sections are calculated assuming the
neutrino energy distributions with chemical potential of & = 0 and o = 3 and for
each of the values, temperatures 7, = 2.75 to 10 MeV. This grid of («,T') has
been used to study the effect of neutrino oscillations. To find the strength func-
tions of the IAS, GT, and FF states, the RPA problem is solved using the restricted
basis and the quenching factor () = 0.49 taken from the shell-model calculations.
The single-particle energies are obtained for an empirical Wood—Saxon potential
with parameters (locally) adjusted to the nucleon separation energies given by
the mass compilation of [44]. An additional adjustment of the hole energies has
been done to reproduce the experimental position of the IAS. (It is well known
that the IAS energy obtained in the RPA approaches is about of 1 MeV lower
than the experimental one. The problem can be solved adequately in a fully self-
consistent framework and provided the Coulomb correlation energy is properly
accounted for [39, 130].) The procedure of the adjustment of the hole energies
to reproduce the TAS position [158] leads to the A-dependent renormalization
of the Landau-Migdal strength parameter g, [121]. Together with the non-self-
consistent treatment of the single-particle energies, this influences the GT strength
function and calculated (v., e™) rates, especially for the neutrino spectra with high
average energies. Thus, the calculations of the giant GT resonances based on the
self-consistent treatment of the ground-state properties are especially important
for unstable neutron-rich nuclei. Table 2 contains the GT centroid energies for tin
isotopes calculated within the ETFSI + CQRPA [121] (the value of the ¢’ constant
of the Landau-Migdal interaction Eq. (34) was fixed to describe the position of
the GTR in 2°8Pb, and has remained unchanged for other A).

Table 2. Experimental (p,n) reaction @ values Q,, and GTR maximum energies
E. = Qpn — wpn in the tin isotopes chain in comparison with the ones calculated using
the SKSC17 Skyrme interaction [121]

Nucleus —Qpn, MeV Ez, MeV
SkSC17 | Exp. [162] | SkSC17 | Exp. [162]
1128y 7.30 7.06 8.6 8.94(25)
114gp 6.07 5.88 9.3 9.39(25)
1165n 4.55 4.71 10.2 10.04(25)
1178n 1.77 1.76 12.6 12.87(25)
1188n 3.52 3.66 10.5 10.61(25)
119gp 0.71 0.59 13.2 13.71(25)
1205 2.50 2.68 11.0 11.45(25)
1228n 1.53 1.62 12.1 12.25(25)
1248y 1.00 0.62 13.0 13.25(25)
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In general, the results of [158] with low neutrino temperatures 7, < 4 MeV
are close to the ones obtained in [121]. For these temperatures a momentum
dependence of the transition operators reduces the cross sections roughly by
20 %, while taking into account the FF contribution increases the cross sections
by about 25-50% [158]. Thus, for these temperatures (E, <12 Mev), the
contribution of the IAS and GT excitations mostly define the total cross section
of the charged-current neutrino capture. (This is in agreement with the Skyrme-
RPA calculations [163], the results of which show that FF transitions do not give
a significant contribution to the 2°*Pb(v,, e~ ) for £, < 15 MeV.) In the neutrino
oscillation scenario, the situation changes; as for the high neutrino temperatures
T, 2 8 MeV, the average neutrino energies E, > 25 MeV allow the excitation
of the spin-dipole AL = 1 resonances which increase the cross sections by a
factor up to 3 [158].

It is of importance that the total (v, — A) cross sections for both calcu-
lations [121,158] decrease almost linearly with the increasing charge number Z
(Fig. 15). This dependence is natural, first, because the shifts of the IAS and GTR
centroids down in energy (relative to the parent ground state) are roughly propor-
tional to Z. At the same time, the total strengths for the IAS and GT resonances
(dominating the total cross section) are bound by the model-independent sum
rules which are proportional to ~ (N — Z). Therefore, both the corresponding
half-lives against the (v.,e™) capture at N = 50, 82, 126 and [-decay half-lives
increase approaching the closed Z = 28, 50, 82 shells.

Now, let us turn again to Fig. 13 where we show together with the half-lives of
the nuclei at N = 126 also the calculated half-lives against the (v., e~ ) capture. In
the specific case of the neutrino wind model, the charged-current electron neutrino
captures by heavy nuclei — (v.,e”) compete with the 3 decays in driving the
material to higher Z elements. Thus, the effective «weak flow» rate is given by
Aeff = Ag + A,. The neutrino capture rates are however sensitive to the adopted
neutrino driven wind model, since they depend on the neutrino flux which scales
with the R? — the distance to the centre of the neutron star. The (v, e~ )-capture
rates would also increase if the neutrino oscillations v, = v, ; are included.

In Fig. 13, the (v.,e ™ )-capture «half-lives» are shown corrected for the
contribution of the forbidden transitions at the electron neutrino temperature
T, = 4 MeV [121], and the calculations by [158] at T, = 8 MeV in which
the complete neutrino conversion v, =V, was assumed. As is seen in Fig. 13,
even at T, = 8 MeV the (3-decay rates calculated with inclusion of the FF tran-
sitions are significantly larger than the corresponding (v., e~ ) rates for nuclides
with Z < 69. In other words, for these given temperatures and neutrino flux, §
decays dominate over charged-current electron neutrino captures. The possible
implications on the r-process nucleosynthesis in the N = 126 region which may
arise due to the shorter 5-decay half-lives should be discussed in terms of the
specific r-process model.
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The charge-current (CC) neutrino capture and neutral-current (NC) inelastic
neutrino scattering can also give rise to neutrino-induced nucleon spallation. As
the excitation energy of a daughter nucleus in the charge-current neutrino reactions
may well exceed the ()3 value, allowing the excitation, the excitation of their GT
and spin-dipole AL = 1 resonances above the neutron thresholds is possible
followed by multiple neutron emission. For instance, the average number of
emitted neutrons of 6.2 to 2.3 has been estimated in [158] for the (v.,e k(n))
reaction (17, = 4 MeV, a = 0) on the N = 126 and Z = 65—76 nuclei. For the
neutral-current v, v}, reactions due to the high average energy of the heavy-flavor
neutrino (Eum ~ 25 MeV in the case without oscillations), the excitation of the
non-charge-exchange giant resonances in the continuum causes multiple proton
and neutron emissions. The estimated average number of emitted neutrons is of
3.2 to 1.5 for the (v.,e) reaction (7, = 8 MeV, a = 0) on the N = 126,
Z = 65—T76 nuclei [158].

Due to the high Z and specific spectral properties, the heavy nuclei like
*Fe and 2°%Pb may serve as efficient neutrino-to-neutron «converters». This
gives a possibility of a high statistic detection of the supernova neutrinos and
observation of their oscillation signatures in the terrestrial neutron spallation lab-
oratories, such as recently proposed Observatory for Multiflavor Neutrinos from
Supernovae (OMNIS) and Lead Astronomical Neutrino Detector (LAND). The
detectors register the signals of the one- and two-neutron emission which fol-
low the NC neutrino excitation or/and CC neutrino dissociation of the **Fe and
208ph, The (v, n) threshold for NC scattering on 2°%Pb is quite low (7.37 MeV),
and the one for CC dissociation of 2°®Bi is only 9.77 MeV. The higher-energy
neutrinos may also cause the two-neutron emission from 2°®Pb with the threshold
of 14.98 MeV. According to the estimate by [164], a supernova at a distance
of 8 kpc produce about 780 neutrons per kT of lead for neutrinos of all flavors
(assuming the standard v spectra given by Eq. (37)). The yield of the CC events
from 20®Bi is expected to be only 47 events/per kT, but the two-neutron emission
rate of 2°®Bi is shown to be flavor specific and sensitive to the mean neutrino
energy (v temperature). With complete v, = v, oscillations in effect, the gross-
theory-based estimate predicts the increase of the channel-integrated two-neutron
signal in 2°%Pb by a factor of about 40 [164]. By contrast, the NC (v, n) threshold
in iron is rather high (11.20 MeV), and the rate of the CC processes is negligibly
small. Though, the production efficiency for iron is lower (140 neutron/per kT),
a yield should be independent of the v oscillation. Thus, both the ratio of the
one- to two-neutron signals in lead, and the one of the lead to iron signals are
sensitive to the extent of the v, = v, oscillations.

However, for high mean neutrino energy, the simplified estimate by [164]
should be verified by the consistent microscopic calculations. In this case, in
addition to IAS and GT, the important contribution comes from the AL = 1
spin-dipole charge-exchange resonances in continuum for which the empirical
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energy systematics used in [164] cannot be considered as a reliable one. Making
use of the «full» experimental strength function including the «tail» in continuum
region would be safer. In the (p,n) experiments [165] the energy splitting of the
S =0 and S = 1 components of the J™ = 1~ resonance in 2°®Pb has been found
to be 4.7 + 2 MeV, however the experimental uncertainty is still high to extract
a reliable strength function which can be used to estimate the o,,.

The microscopic calculations of the 2°®Pb(v,,e™) cross section have been
performed in [163, 166]. Their results also deviate from each other, in particular
because the strength functions of the S = 0 and S = 1 multipole charge-exchange
resonances are sensitive to the adopted spin-independent and spin-dependent N [V
interactions and especially to their density-dependence [130]. Thus, the flux-
averaged 2°8Pb(v,,e™) cross sections at (o« = 0, T' = 6 MeV) calculated within
the WS-RPA [166] are lower by a factor of 2.5 than the ones from [164]. At the
same time, the result of the self-consistent Skyrme-RPA calculations [163] which
account for the «FF transitions» with the multipolarities J < 7 is lower than the
gross-theory estimate by a factor of 2.

To summarize Sec. 2, one has to admit that, although the astrophysical en-
vironments in which the r process takes place remain to be elucidated, a reliable
prediction of the r-process elemental abundances requires an accurate knowledge
of the (-decay rates and the (v.,e™) rates for few thousands nuclei of rele-
vance. As has been shown in Sec. 2, in predicting the nuclear weak rates for the
r-process modeling one faces two specific features of the problem: a nonstatistical
origin of the 3-strength function, and the need to consider a huge number of very
neutron-rich nuclei which are experimentally unknown. For these reasons, the
performance of the CQRPA approach based on the self-consistent ground state
description is already better than of the phenomenological and simplified semi-
microscopic models. For example, the DF + CQRPA calculations [125,126] which
treat the GT and FF decays on the same footing provide more accurate description
of the recent experimental 3 half-lives of the short-lived neutron-rich nuclei. A
possibility to reliably estimate the (1., e ) cross section in the stable nucleus 2°®Pb
has been demonstrated by the self-consistent Skyrme-RPA calculation [163]. At
the same time, there is a strong need for fully self-consistent predictions of the
weak rates and of spin-isospin response in continuum. The accelerator based
B-decay experiments [142-145] and v ,-capture experiments [167,168] are of
great importance, as they put rigid constraints on the theoretical models.

CONCLUSIONS
An important effort has been devoted in the last decades to measure the decay

half-lives and reaction cross sections relevant for astrophysics. However, major
difficulties related to the specific conditions of the astrophysical plasma remain
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(charged-particle capture at low energies, large number of nuclei and properties
to consider, nuclei far from stability under extreme conditions: high-temperature
and/or high-density environments, ...). In many astrophysical scenarios, the
nuclear data of need have to be predicted exclusively by theoretical modeling.

The extrapolation to exotic nuclei or energy ranges far away from experi-
mentally known regions constrains the use of nuclear models to the most reliable
ones. Both phenomenological and microscopic approaches have to be further
improved. In a first approximation, microscopic approaches can benefit from
using phenomenological ingredients. However, even if purely phenomenological
description presents a better ability to reproduce experimental data, more attention
should be paid to developing approaches relying on the self-consistent treatment
of the ground-state properties and on the universal ansatzs for the nuclear energy-
density functional or corresponding effective NN interaction. This way, a kind
of compromise between the reliability, accuracy and applicability of the different
theories available has to be found according to the specific application considered.
In addition, further investigations should aim at describing reliably and possibly
accurately all nuclear properties within one unique framework. This universality
aspect of the microscopic predictions corresponds to one of the major challenges
of fundamental nuclear physics research for the coming decades.

Due to impressive progress in computational capabilities, microscopic mod-
els can now be adjusted to reach a level of accuracy similar to (or better than)
the phenomenological models. For specific practical applications they can be
renormalized on experimental data if needed, and replace the phenomenological
approaches little by little in practical applications. A continued efforts to im-
prove our predictions of the reaction and [3-decay rates relevant to astrophysics
are obviously required. Those include a better description of the ground-state
properties (and most particularly an improved treatment of the nuclear pairing
force), nuclear level density and the a-nucleus optical potential, as well as a
better understanding of given nuclear effects affecting exotic neutron-rich nuclei,
such as the soft dipole modes. The description of the direct capture contribution
also remains to be based on extended nuclear models. In this case, the spec-
troscopic properties below the neutron separation energy need to be estimated.
Developing fully self-consistent models for the description of 3-decay properties
of spherical and deformed nuclei is an important challenge. This continued effort
to improve and extend the microscopic nuclear predictions is concomitant with
new measurements of masses and 3-decay half-lives far away from stability, and
also of relevant reaction cross sections on stable and unstable targets.
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