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Abstract. The rapid neutron-capture process, or r-process, is known to be of fundamental importance
for explaining the origin of approximately half of the A > 60 stable nuclei observed in nature. Despite
important efforts, the astrophysical site of the r-process remains unidentified. Here we study r-process
nucleosynthesis in a material that is dynamically ejected by tidal and pressure forces during the merging of
binary neutron stars. r-process nucleosynthesis during the decompression is known to be largely insensitive
to the detailed astrophysical conditions because of efficient fission recycling, producing a composition that
closely follows the solar r-abundance distribution for nuclei with mass numbers A > 140. Due to the
important role played by fission in such a scenario, the impact of fission is carefully analyzed. We consider
different state-of-the-art global models for the determination of the fission paths, nuclear level densities
at the fission saddle points and fission fragment distributions. Based on such models, the sensitivity of
the calculated r-process abundance distribution is studied. The fission path is found to strongly affect the
region of heavy nuclei responsible for the fission recycling, while the fission fragment distribution of nuclei
along the A � 278 isobars defines the abundance pattern of nuclei produced in the 110 � A � 170 region.
The late capture of prompt fission neutrons is also shown to affect the abundance distribution, and in
particular the shape of the third r-process peak around A � 195.

1 Introduction

The r-process, or the rapid neutron-capture process, of
stellar nucleosynthesis is invoked to explain the pro-
duction of the stable (and some long-lived radioactive)
neutron-rich nuclides heavier than iron that are observed
in stars of various metallicities, as well as in the solar sys-
tem (for a review, see ref. [1]). In recent years, nuclear
astrophysicists have developed more and more sophisti-
cated r-process models, trying to explain the solar system
composition in a satisfactory way by adding new astro-
physical or nuclear physics ingredients. The r-process re-
mains the most complex nucleosynthetic process to model
from the astrophysics as well as nuclear-physics points of
view. The site(s) of the r-process is (are) not identified yet,
all the proposed scenarios facing serious problems. Com-
plex —and often exotic— sites have been considered in
the hope of identifying astrophysical conditions in which
the production of neutrons is large enough to give rise to a
successful r-process. Progress in the modelling of type-II
supernovae and γ-ray bursts has raised a lot of excite-
ment about the so-called neutrino-driven wind environ-
ment. However, until now a successful r-process cannot be
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obtained ab initio without tuning the relevant parameters
(neutron excess, entropy, expansion timescale) in a way
that is not supported by the most sophisticated existing
models [2,3]. Although these scenarios remain promising,
especially in view of their potential to significantly con-
tribute to the galactic enrichment [4], they remain handi-
capped by large uncertainties associated mainly with the
still incompletely understood mechanism that is respon-
sible for the supernova explosion and the persistent dif-
ficulties to obtain suitable r-process conditions in self-
consistent dynamical explosion and neutron-star cooling
models [3,5,6]. In addition, predictions of the detailed
composition of the ejected matter remain difficult due to
the remarkable sensitivity of r-process nucleosynthesis to
uncertainties of the ejecta properties [1].

Early in the development of the theory of nucleosyn-
thesis, an alternative to the r-process in high-temperature
supernova environments was proposed. It relies on the fact
that at high densities (typically ρ > 1010 g/cm3) matter
tends to be composed of nuclei lying on the neutron-rich
side of the valley of nuclear stability as a result of free-
electron captures [7]. The astrophysical plausibility of this
scenario in accounting for the production of the r-nuclides
has long been questioned. It remained largely unexplored
until the study of the decompression of cold neutronized
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matter resulting from tidal effects of a black hole (BH)
or a neutron star (NS) on a NS companion in a binary
system [8–10].

Recently, special attention has been paid to NS merg-
ers following the confirmation by hydrodynamic simula-
tions that a non-negligible amount of matter, typically
about 10−3 to 10−2M�, can be ejected [11–20]. In con-
trast to the supernova site, investigations with growing
sophistication have confirmed NS merger ejecta as viable
sites for strong r-processing [1,15–18,20–25]. In particular,
recent nucleosynthesis calculations [18] show that the com-
bined contribution of both the dynamical (prompt) ejecta
expelled during the binary NS-NS or NS-BH merger, as
well as the neutrino and viscously driven outflows gen-
erated during the post-merger remnant evolution of the
relic BH-torus systems lead to the production of r-process
elements from A � 90 up to thorium and uranium with
an abundance distribution that reproduces extremely well
the solar distribution, as well as the elemental distribution
observed in low-metallicity stars [27–29]. Note, however,
that the relativistic NS-NS merger simulations of ref. [20]
for a soft nuclear Equation of State (EOS) shows a signif-
icant impact of neutrino reactions on the electron fraction
Ye in the dynamical ejecta of cases with delayed collapse
of the merger remnant. In this case, in addition to heavy r-
process elements (A > 140), nuclei with lower mass num-
bers may also be created in the dynamical ejecta. It is
still unclear whether the observed effects apply similarly
strongly to all high-density EOSs and all binary systems
that lead to a delayed collapse of the merger remnant.

The ejected mass of r-process material, combined with
the predicted astrophysical event rate (around 10−5 y−1

in the Milky Way [26]) can account for the majority of
r-material in our galaxy [15,16]. Nearly all of the ejecta
are converted to r-process nuclei, whose radioactive de-
cay heating leads to potentially observable electromag-
netic radiation in the optical and infrared bands [23,30]
with 100–1000 times fainter peak brightnesses than those
of typical supernovae and durations of only days [15,16,
24,31]. These “macronovae” or “kilonovae” are intensely
searched for (with a recent, possible first success [32,33]);
their unambiguous discovery would constitute the first de-
tection of r-material in situ. Despite the successful nucle-
osynthetic properties of NS mergers, the first galactic evo-
lution models [4] tend to disfavour compact object merg-
ers as a potential r-process site because of their incapacity
to explain the existence of very low-metallicity r-process–
rich stars due to time delay between the binary system
formation and its coalescence. In addition, the significant
amount of r-process material ejected by a single NS merger
event leads to a large scatter in r-process enrichment that
did not seem to be confirmed by observations. However, re-
cent studies [34–39] have reconsidered the galactic or cos-
mic chemical evolution of r-process elements in different
evolutionary contexts, and although they do not converge
towards one unique quantitative picture, most of them ar-
rived at the conclusion that double compact star mergers
may be the major production sites of r-process elements.

In this specific r-process scenario, the number of free
neutrons per seed nuclei can reach a few hundred. With

such a neutron richness, heavy fissioning nuclei can be
produced. For this reason, in this astrophysical site, fis-
sion plays a fundamental role, more particularly by i) re-
cycling the matter during the neutron irradiation (or if
not, by allowing the possible production of super-heavy
long-lived nuclei, if any), ii) shaping the r-abundance dis-
tribution in the 110 ≤ A ≤ 170 mass region at the end of
the neutron irradiation, iii) defining the residual produc-
tion of some specific heavy stable nuclei, more specifically
Pb and Bi, but also the long-lived cosmochronometers Th
and U, and iv) heating the environment through the en-
ergy released. Fission probabilities remains, however, ex-
tremely difficult to predict and consequently the impact
of the fission processes on the r-process nucleosynthesis
difficult to ascertain. In this paper, we present in sect. 2
recent r-process calculation in NS mergers and in sect. 3
some recent determination of the fission probabilities as
well as fission fragment distribution (FFD). In sect. 4, we
study the sensitivity of the various fission ingredients on
the r-abundance distribution resulting from the prompt
ejection of the NS merger material. In sect. 5, the un-
certainties affecting the other two main nuclear inputs to
nucleosynthesis predictions, i.e. the neutron capture and
β-decay rates, are briefly discussed. The impact of fission
on the nucleosynthesis of the Th and U cosmochronome-
ters are discussed in sect. 6. Conclusions are drawn in
sect. 7

2 NS merger simulations and the r-process

The NS-NS merger simulations considered in the present
paper were performed with a general relativistic Smoothed
Particle Hydrodynamics scheme [14,16,40] representing
the fluid by a set of particles with constant rest mass,
the hydrodynamical properties of which were evolved ac-
cording to Lagrangian hydrodynamics, keeping the elec-
ton fraction (Ye) of fluid elements fixed. The Einstein
field equations were solved assuming a conformally flat
spatial metric. It was shown in refs. [16,18] that if the
amount of mass ejected, the ejecta velocity and the lumi-
nosity of the optical transient depend sensitively on the
adopted NS mass ratios or EOS, invariably, more than
95% of the ejected material is predicted to be r-process
rich with a distribution that is virtually identical for all
the systems (at least assuming neutrino effects do not sig-
nificantly affect the electron fraction distribution [20]).
For this reason, in the present analysis, only the sym-
metric 1.35M�–1.35M� system with the DD2 EOS [41]
and a resolution of about 550000 particles is considered.
Note that the 1.35M�–1.35M� case is of particular inter-
est since, according to population synthesis studies and
pulsar observations, it represents the most abundant sys-
tems [42]. The corresponding NSs have radii of ∼ 13.2 km
and the mass ejected from the system is about 3 10−3M�
(see ref. [16] for more details on the gross properties of
the ejecta and the influence of the EOS). Note that the
maximum NS mass resulting from this EOS amounts to
2.4M� in agreement with recent observations of a 2M�
NS [43,44].
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The ejected “particles” (i.e. mass elements) originate
mostly from two different regions in the inner crust of the
initial stars. About ∼ 75% of the material are squeezed
out from the contact interface of the NSs. The remain-
ing 25% are ejected from the near-surface regions close to
the orbital plane. All ejecta have low Ye ranging between
0.015 and 0.050. For the first 27ms the density history
is consistently followed by the numerical simulation. Af-
terwards the escaping ejecta are assumed to expand freely
with constant velocity. The radii of the ejecta clumps thus
grow linearly with time t and their densities drop like 1/t3

(for more details, see refs. [15,16]).
The ejected matter is initially cold, but most of it gets

shock-heated just prior to the ejection to temperatures
above 1MeV. As soon as the expansion takes place, the
temperature drops. Later shocks can reheat the matter
and increase the density. After the drip density is reached
(ρdrip � 4.2× 1011 g/cm3), a complex temperature profile
is still present due to the interaction between the various
mass elements. Mass elements with very different density
and temperature profiles are found in the relativistic sim-
ulations, leading to potential variations in the concomi-
tant nucleosynthesis. When the density has dropped below
the drip density and the temperature has dropped below
1010 K, the nucleosynthesis starts to be followed with a
full reaction network (see below). The initial composition
is then determined from the nuclear statistical equilibrium
at the given density, temperature and electron fraction.
The temperature evolution is further determined on the
basis of the laws of thermodynamics, allowing for possible
nuclear heating through β-decays, fission, and α-decays,
as described in ref. [10].

For each simulation, about 200 representative trajec-
tories are processed, which roughly correspond to about
one sixth of the total ejecta. Comparing the final abun-
dance distributions for about 200 and the full set of 1200
fluid-element histories reveals a very good quantitative
agreement, which proves that a properly chosen sample
of about 200 trajectories is sufficient to be representative
for the total amount of unbound matter.

The r-process nucleosynthesis is calculated with a re-
action network including all 5000 species from protons
up to Z = 110 lying between the valley of β-stability
and the neutron drip line. All charged-particle fusion re-
actions on light and medium-mass elements that play a
role when the nuclear statistical equilibrium freezes out
are included in addition to radiative neutron captures and
photodisintegrations. The reaction rates on light species
are taken from the NETGEN library, which includes all
the latest compilations of experimentally determined re-
action rates [45]. Experimentally unknown reactions are
estimated with the TALYS code [46–48] on the basis of the
Skyrme Hartree-Fock-Bogolyubov (HFB) nuclear mass
model, HFB-21 [49]. On top of these reactions, β-decays
as well as β-delayed neutron emission probabilities are
also included, the corresponding rates being taken from
the updated version of the Gross Theory [50] based on
the same HFB-21 Q-values. As shown below, fission pro-
cesses, including neutron-induced, spontaneous, β-delayed
and photofission are carefully introduced in the network

together with the corresponding FFD. Note that all fis-
sion products with a yield larger than typically 10−5 are
linked to the parent fissioning nucleus in the network cal-
culation, i.e. about 500 fission fragments are included for
each fissioning nucleus. The n-rich fission fragments lo-
cated outside the network, i.e. across the neutron drip
line, are assumed to instantaneously emit neutrons down
to the neutron drip line. The total mass fraction as well as
number of nucleons is conserved at all time and the emit-
ted neutrons are recaptured consistently by all the exist-
ing species. Finally, α-decays are taken into account for
all heavy species, the rates being extracted from ref. [51].

3 Fission calculation

Since its discovery, fission has always been an active field
of research both regarding its purely theoretical challenge
and its practical applications. Almost all existing evalu-
ations of the neutron-induced fission cross sections rely
on the multiple-humped fission penetration model where
barriers are described by inverted decoupled parabolas.
Such approaches consider all ingredients as free parame-
ters in order to be able to achieve more or less accurate
fits to experimental cross sections [52,53]. Although such
adjustments respond to the needs of some nuclear applica-
tions, their predictive power remains poor due to the large
number of free parameters; these methods cannot be used
in applications requiring a purely theoretical description
of fission for experimentally unknown nuclei, such as nu-
clear astrophysics. For this reason, the prediction of fission
cross section is far from being satisfactory nowadays. Re-
cent studies aim at providing sounder descriptions of some
of the basic nuclear ingredients required to describe fission
cross sections. These concern in particular fission barriers
(or more generally fission paths) and nuclear level den-
sities (NLD) at the fission saddle points, but also fission
fragment distribution, including the average number of
emitted neutrons. Recently, such nuclear ingredients have
been systematically determined in the framework of nu-
clear astrophysics applications, as described below.

3.1 Fission path

Detailed fission paths have been recently determined on
the basis of the Skyrme-HFB model [54] which has proven
its capacity to estimate the static fission barrier heights
with a relatively high degree of accuracy. The HFB
model corresponds to a standard mean-field calculation
based on an effective Skyrme interaction. Of particular
interest for fission application, the calculation includes
all axially symmetric quadrupole, octupole and hexade-
capole deformation degrees of freedom, as well as a semi-
microscopic quadrupole correlation energy based on the
cranking model. Note that such a cranking approximation
of the rotational correlation energy has been shown [55]
to agree with the exact calculation of Bender et al. [56]
and reproduce fairly well experimental moments of iner-
tia. It also includes a high-deformation part for the vi-
brational correction that is not absorbed into the Skyrme
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Fig. 1. (Color online) Deviations between the empirical fis-
sion barriers [61] and those predicted by the HFB-14 (squares)
and FRLDM (circles) model for the primary (left panel) and
secondary (right panel) barriers for nuclei with 88 ≤ Z ≤ 96.

part of interaction, as detailed in ref. [54]. This quadrupole
correlation energy has also been shown to be in rather
good agreement with the 5-dimensional collective Hamil-
tonian results obtained with the Gogny D1M interaction
for all even-even nuclei [49]. The strong deformation de-
pendence of this quadrupole correlation energy turns out
to be crucial for a proper description of the nuclear sur-
face at large deformations [54]. Also note that for odd
number of nucleons, the equal filling approximation [57]
is adopted for the fission path calculation, as done in the
HFB mass model. It should be emphasized that the HFB
calculation of fission path is based on the BSk14 Skyrme
interaction and represents an extension calculation in the
deformation plane of the HFB-14 mass model that repro-
duces all experimental atomic masses with a high accu-
racy, namely with an rms deviation of 0.739MeV with
respect to the 2353 known masses in the 2012 atomic
mass evaluation [58]. Clearly, more sophisticated calcula-
tion of fission barriers, including finite-range interactions
or correlation energies based on the generalized coordi-
nate method exist (see in particular refs. [59,60]), but the
HFB-14 model has the merit to provide fission paths for
all the 2000 nuclei of interest for the r-process simulations
and has shown its capacity to reproduce fairly accurately
all ground state energies and other nuclear structure prop-
erties. The fission barriers determined within the HFB-14
model [54] reproduce the 52 primary empirical barriers
(i.e. the highest barriers of prime interest in cross section
calculations) of nuclei with 88 ≤ Z ≤ 96 with an rms de-
viation as low as 0.67MeV. A similar accuracy is obtained
(0.65MeV) for the secondary barriers. The HFB-14 bar-
riers are compared with the empirical ones [61] in fig. 1
where differences up to 1MeV on the highest barrier can
be observed. The HFB-14 model generally overestimates
the height of the primary barrier, so that a global de-
crease of the energy surface may be required (see sect. 3.3).
Similar deviations are obtained within the macroscopic-
microscopic approach with the Finite-Range Liquid Drop
Model (FRLDM) [62], in particular for primary barriers
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Fig. 2. (Color online) Deviations between 45 empirical pri-
mary fission barriers [61] and those predicted by the HFB-
14 [54], FRLDM [62], ETFSI [63], MS99 [64] and HM80 [65]
global models for 88 ≤ Z ≤ 96.

(an rms deviation of 0.77MeV being obtained with re-
spect to empirical barriers). In contrast, for secondary
barriers, rather larger deviations are found by FRLDM
with an rms deviation of 1.41MeV. Such a large differ-
ence may obviously have a significant impact on fission
probabilities. However, at this stage, no theoretical mod-
els can claim to provide predictions of barrier heights
with a global accuracy better than 0.5–1MeV (in the best
case). As shown in fig. 2, similar types of deviations are
found with the other global models available. These con-
cern the Extended-Thomas-Fermi plus Strutinsky Integral
(ETFSI) model [63], the Thomas-Fermi model [64] (here-
after MS99) as well as the droplet model of Howard and
Möller [65] (hereafter HM80). With respect to the 45 em-
pirical primary fission barriers1 shown in fig. 2, the rms
deviation amounts to 0.6MeV for HFB-14, 0.81MeV for
FRLDM, 0.57MeV for ETFSI, 0.82MeV for MS99 and
0.66MeV for HM80. This comparison clearly shows that
there is still a lot of room for improvement of global models
in the prediction of fission barriers. Additional work within
the Skyrme HFB framework has recently been performed,
but without including corrections beyond mean field [66].
Such corrections are strongly deformation dependent, so
that they influence not only the predictions at the fission
saddle points but also in the isomeric well.

In comparison with other available compilation of fis-
sion barriers, HFB-14 barrier predictions are relatively
high, as shown in fig. 3. Already for nuclei close to the
stability, the HFB-14 are higher than those predicted
by the FRLDM model [62] which drops below 5MeV
for N > 155. For exotic neutron-rich nuclei across the
N = 184 shell closure, HFB-14 fission barriers are com-
pared in fig. 3 with the ETFSI and MS99 predictions.
HFB-14 barriers show a pronounced shell effect around
N = 184, though less than does the ETFSI barriers which
are usually higher, except in the N � 170 region. In

1 This subset for 45 nuclei out of 52 accounts for barriers
that have been provided by all the above-mentioned models.
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HFB-14, ETFSI [63] and MS99 model [64] barriers for Z = 92,
94 and 96 isotopes up to the neutron drip line.

contrast, the MS99 barriers are by far the lowest with
heights between 3 and 5MeV for the most exotic nuclei.
These differences can have a significant impact on fission
rate (sect 3.3) as well as nucleosynthesis (sect. 4) predic-
tions. Note that for neutron-rich nuclei with Z � 100 and
lying close to the neutron drip line, only HFB-14 barriers
are available.

The HFB-14 fission path projected on the quadrupole
deformation are illustrated in the upper panel of fig. 4
for the Cm isotopes close to the valley of β stability. The
fission path corresponds to the most gently climbing or
steepest descending path found and projected along one
deformation parameter, namely the quadrupole deforma-
tion β2 (see ref. [54] for more details). Note that more so-
phisticated ways to estimate the fission path exist, in par-
ticular on the basis of the least-action principle (see, e.g.,
refs. [59,60,67]), which are known not to affect drastically
fission barrier heights, but have a drastic impact on fis-
sion half-lives. The fission path for these nuclei appears to
be well represented by a traditional double-humped bar-
rier, at least locally close to the saddle point deformations.
The situation can be quite different as soon as we depart
from the valley of stability. As shown in the middle and
lower panels of fig. 4, the fission path for exotic neutron-
rich nuclei cannot, in general, be simply approximated by
a double-humped barrier with parabolic shapes. To es-
timate the transmission coefficients with fission barriers
deviating from the simple inverted parabolic picture, the
full WKB method needs to be applied [68].

The fission paths have been estimated within the HFB
model with BSk14 Skyrme force for all nuclei with 90 ≤
Z ≤ 110 lying between the valley of β-stability and the
neutron drip lines, i.e. about 2000 nuclei. The primary
barriers are shown in fig. 5. All the fission paths are avail-
able in a table and graphical format in the BRUSLIB nu-
clear library [45]. In the present study, only the HFB-14
and MS99 sets of fission barriers are considered, since they
represent the only data publicly available covering all the
Z ≤ 110 nuclei from the valley of β-stability to the neutron
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drip line. The HM80 macroscopic-microscopic model has
also been applied to the large-scale calculation of fission
barriers for neutron-rich nuclei up to N = 184 [65] but
is restricted to Z ≤ 100 elements and cannot be applied
to nucleosynthesis for this reason. Similarly, the FRLDM
compilation [62] does not include nuclei up to the neutron
drip line.

3.2 NLD at the saddle points

The above-mentioned HFB calculations also provide all
the necessary ingredients to estimate the NLD. On the
basis of the single-particle scheme and pairing strength of
the same HFB-14 model that was used to determine the
HFB-14 mass table and the fission path, a very satisfac-
tory prediction of the NLD in the ground-state configu-
ration was obtained within the combinatorial method at
the neutron binding energy for both the s- and p-wave
data [69]. The very same model has been used to estimate
coherently the spin- and parity-dependent NLD at the fis-
sion barriers on the basis of the HFB-14 single-particle
level scheme and pairing strength at the corresponding de-
formations of both the inner and outer saddle points (more
details can be found in refs. [45,61]). It should, however,
be mentioned that if the NLD is rather well constrained
by the HFB structure properties (though still affected by
the complicated task to determine the saddle point de-
formation), the inclusion of the phonon excitations is still
subject to a rather large uncertainty. Due to the lack of
observables, the same prescription is used for the saddle
points as for the ground state, i.e. a total of 3 phonons
have been coupled to the excitation configurations of max-
imum 4 particle-holes. Quadrupole, octupole and hexade-
capole phonons are included, their energies being assumed
identical to those of the ground state. This prescription
leads to a damping of the NLD vibrational enhancement
factor at a relatively low energy (typically 10MeV). This
damping prescription, especially on the ground-state NLD
of the target nucleus, can have a rather large impact on
the first-chance fission cross section at energies above typ-
ically 10MeV [61,69]. Finally, note that the second and
third saddles as well as the second minimum are found to
be left-right asymmetric within the HFB framework. For
these reasons, the NLD are multiplied by a factor 2 [61]. In
contrast, the inner barrier and first isomer may be triaxial,
as suggested by mean-field calculations [59,66], though in
the HFB-14 approach, it has been estimated within the
approximation of an axial symmetry. For those cases, the
corresponding enhancement factor as given in ref. [61] (see
their eq. (209)) needs to be considered.

The combinatorial model has been shown [69] to give
rise to some complex structures linked to the shell, pair-
ing, and deformation effects, in contrast to the smooth
behaviour of phenomenological expressions traditionally
used [70]. Such complex structure remains to be confirmed
since they may well represent some artifacts linked to
missing correlations [71]. There is, however, no direct ex-
perimental data that can be used to test NLD at the saddle
points. The combinatorial NLD at the ground state and

fission saddle points have been tested in the calculation
of neutron-induced fission cross section [68] and shown
to lead to satisfactory agreement with experimental data.
The NLD at the fission saddle points for all nuclei with
90 ≤ Z ≤ 110 from the valley of β-stability to the neutron
drip line can be found in a table and graphical format in
the BRUSLIB library [45].

3.3 Fission rates

The neutron-induced fission cross sections and astrophys-
ical rates have been estimated on the basis of the TALYS
code [46–48]. TALYS is a software for the simulation of
nuclear reactions, which includes many state-of-the-art
nuclear models to cover all main reaction mechanisms
encountered in light particle-induced nuclear reactions.
TALYS provides a complete description of all reaction
channels and observables and in particular takes into ac-
count all types of direct, pre-equilibrium, and compound
mechanisms to estimate the total reaction probability as
well as the competition between the various open chan-
nels. The code is optimized for incident projectile ener-
gies, ranging from 1 keV up to 200MeV on target nuclei
with mass numbers above 12. It includes photon, neutron,
proton, deuteron, triton, 3He, and α-particles as both pro-
jectiles and ejectiles, and single-particle as well as multi-
particle emissions and fission.

Many of the TALYS default input parameters are
taken from the RIPL database [61] (e.g. nuclear masses,
low-energy discrete levels, gamma widths, resonance spac-
ings), but for experimentally unknown nuclei, micro-
scopic or semi-microscopic nuclear models have been
adopted [45]. The above-mentioned fission ingredients
have been tested in neutron-induced fission cross section
calculations [68,73]. An uncertainty of the order of 1MeV
on the fission barrier height is known to have a significant
impact on the fission cross section. For data evaluation
purposes, it is possible to adjust the nuclear ingredients
to reproduce at best the cross sections. In particular, the
inner and outer barrier heights can be scaled coherently,
without modifying the fission path topology, and the NLD
at each saddle points renormalized in a way similar as done
with the ground-state NLD [69].

The fission transmission coefficients are estimated
within the so-called WKB approximation, as detailed in
ref. [68]. Of relevance in such calculation is also the cal-
culation of the collective inertial mass which is not es-
timated from the HFB calculation at the present time,
but approximated by the semi-empirical expression μ =
0.054 A5/3 MeV−1 and assumed to be independent of the
deformation parameter. Future global calculations should
consistently consider the HFB estimates of the inertial
mass. We compare in fig. 6 the experimental neutron-
induced fission cross sections for the different U isotopes
with the calculation based on the renormalized micro-
scopic input. It should be stressed that these calculations
have been performed in the 1 keV to 30MeV range making
a coherent use of one unique set of renormalization param-
eters independently of the channel or target considered.
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Fig. 6. Neutron-induced fission cross sections (solid line) obtained with renormalized HFB fission paths and HFB plus combi-
natorial NLD. The dotted line corresponds to the fit of the Bruyères-le-Châtel group [53]. Experimental data are taken from
the EXFOR library [72].

The use of one unique set of input parameters to describe
all channels for all U isotopes also enhances the credi-
bility of the physics behind such a calculation. In fig. 6,
the cross sections are also compared with the optimal fit
obtained by the Bruyères-le-Châtel group [53]. These fits
correspond to some of the best ones that can be achieved
nowadays on the basis of highly parametrized phenomel-
ogical models. Note, however, that the number of free pa-
rameters in such evaluations is about five times larger than
the number of renormalization parameters used in the mi-
croscopic approach (more details can be found in ref. [73]).
Including additional parameters, such as discrete transi-
tion and class-II/III states, and further improving the de-
scription of the transmission and absorption through the
barrier, should lead to cross section fits that are of the
same level accuracy as the best phenomenological calcu-
lations available today. Microscopic models are, however,
in essence very different than the phenomenological mod-
els traditionally used, so although similar fits to known
data are achieved, non-negligible differences may be ex-
pected for nuclei, energy ranges, or reaction channels for
which no data exist. Such a test on the fission ingredients
shows that the various inputs can be tuned to reproduce at
best experimental data in one unique coherent framework,

which was far from being obvious a priori. It represents a
necessary condition for judging the quality of the fission
ingredients.

Now turning to the prediction of fission cross section,
if use is made of the default HFB fission paths and NLD,
cross section can be estimated within more or less of factor
of 10 with respect to experimental data [68]. The largest
uncertainty obviously comes from the 0.5–1MeV uncer-
tainty on the barrier height and is inherent to all the ex-
isting barrier height calculation. However, we show in fig. 7
that it is possible to improve significantly the cross sec-
tion calculation by introducing for each reaction a renor-
malization of the HFB energy surface by a deformation-
independent parameter adjusted on experimental cross
sections [68]. Some systematics can be deduced from such
a renormalization procedure. An optimized fit within the
0.01 ≤ E ≤ 10MeV energy range is obtained with a con-
stant renormalization factor amounting to 0.86, 0.89, 0.94
and 1.02 for nuclei with even-even, even-odd, odd-even
and odd-odd numbers of protons and neutrons, respec-
tively. Based on such a systematics, it can be seen in fig. 7
that the prediction of experimental data becomes rather
satisfactory, at least in astrophysical standards, and of the
same overall quality as the calculations performed with all
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Fig. 7. Neutron-induced fission cross sections, for a sample of 8 actinides, obtained with the HFB fission path and HFB plus
combinatorial NLD when the fission paths are renormalized by one optimized parameter for each nucleus (solid line) [68] or by
the systematics given in the text (dotted line). Experimental data are taken from the EXFOR library [72].

the adjusted RIPL-3 recommendations [61]. The overall
default deviation by a factor of more than 10 is reduced
to less than a factor of 3. More details can be found in
refs. [61,68]. Similar calculations based on the inverted
parabola double-humped fission path and Fermi-gas–type
NLD can be found in ref. [74].

Based on such a global renormalization procedure, all
the neutron- and photo-induced reaction rates of astro-
physical interest have been estimated for all nuclei with
90 ≤ Z ≤ 110 from the valley of β-stability to the neutron
drip line and can be found in a table and graphical for-
mat in the BRUSLIB library [45]. Similarly, the β-delayed
and spontaneous fission rates have been estimated on the
basis of the same fission barrier penetration calculation
as predicted by the TALYS code [68]. The β-delayed fis-
sion rate is estimated taking into account the full compe-
tition between the fission, neutron and photon channels,
weighted by the population probability given by the β-
decay strength function, i.e.

λβdf =
(gA/gV )2eff

D

∫ Qβ

Bf

Γf

Γf +Γn+Γγ
Sβ(E)f0(Qβ − E)dE,

(1)
where Bf is the fission barrier, Qβ the β-decay Q-value
and Sβ the β-decay strength function estimated within the
Gross Theory [75]. For the phase space factor f0, the fac-
tor D and the vector gV and axial vector gA coupling con-
stants, we refer to ref. [76]. Γf , Γn, Γγ are the fission, neu-
tron emission and electromagnetic de-excitation widths,
respectively, at a given energy E which have been calcu-
lated consistently with the TALYS reaction code. Only few
experimental data exist on β-delayed fission probabilities,
especially on the neutron-rich side where the probability

hardly exceeds some 10−5 [78]. In these circumstances, it
remains difficult to test the predictive power of the the-
ory, especially when so many nuclear ingredients come into
play.

The spontaneous fission rate is deduced from the well-
known formula λSF = f0P where P is the barrier pene-
trability of the ground state calculated with the TALYS
code and f0 = ω0/2π the frequency of oscillations in the
fission mode for the ground state in the first well at the
energy �ω0 � 0.75MeV. It remains difficult to reproduce
globally experimental spontaneous fission half-lives in the
whole known region, i.e. on the proton- and neutron-rich
sides of the valley of β-stability, as well as for the light-
est very long-lived or the super-heavy nuclei. A modifi-
cation of the fission barrier by typically 1MeV can affect
the half-live up to 9 orders of magnitude. As far as the
r-process applications are concerned, spontaneous fission
usually impact the abundances in a binary way, i.e. either
the half-live is so long that it does not affect the decay or
it is so fast that it drives the fission recycling, regardless
of the other competing channels.

The main fission regions by one of these four fission
processes are illustrated in fig. 8, when use is made of the
above-mentioned nuclear inputs, in particular the HFB-
14 fission paths (lower panel). Note that above Z = 110,
HFB-14 model predicts low fission barriers and fission to
dominate the decay of all neutron-rich nuclei [77]; the ar-
tificial Z = 110 limit is consequently an excellent approx-
imation, as shown in ref. [77]. In order to perform sensi-
tivity calculations, a similar calculation is made based on
the MS99 fission barriers [64]. Since only primary barri-
ers are available in this case, all the HFB-14 fission paths
are scaled, so that for each nucleus the highest barrier
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corresponds now to the highest MS99 barrier [64]. The
latter usually predicts lower barriers than the mean-field
approach (see fig. 3), so that many more nuclei are found
to be affected by fission processes when use is made of the
MS99 barriers, as shown in fig. 8. Note that MS99 barriers
may not always be available for very exotic n-rich nuclei
close to the neutron drip line, especially for Z ≥ 106.
In this case, the HFB-14 barriers are adopted. This ex-
plains the relatively similar (and fast) fissioning region for
Z ≥ 103 at the neutron drip line (fig. 8; see also fig. 5).

3.4 Fission fragment distribution

The FFD plays a key role in nucleosynthesis simula-
tions since it defines the light species that will be pro-
duced by the fission recycling (see sect. 4). Both the Z-
and A-dependencies of the fragment distribution need
to be determined for all potentially fissioning nucleus.
Since the widely used Gaussian model of Kodoma and

Takahashi [75], a number of new global scission-point
models have recently been proposed and extended to ex-
otic nuclei for astrophysical applications.

The first model considered here, the so-called SPY
model, corresponds to a renewed statistical scission-point
model based on microscopic ingredients [79]. The scission-
point description is well suited to assess theoretically
the energy distributions including kinetic, excitation, and
available energy for each couple of primary fission frag-
ments since their properties (mass, nuclear charge, . . . )
are fully defined at this point and do not evolve any-
more. The main ingredient in the SPY model is the in-
dividual potential energy of each fission fragment as a
function of its axial deformation. This quantity is esti-
mated within the Gogny-HFB mean-field approach and is
compiled in the AMEDEE database [80] for more than
8000 nuclei. Based on the assumption of a statistical equi-
librium, the probability of a given fragmentation is re-
lated to its available state. Once the available energies
are calculated for each fragmentation, a microcanonical
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description including nuclear Fermi gas state densities is
used to determine available phase space, hence the main
fission fragment observables, more particularly mass and
charge yields, kinetic energy and excitation energy of the
fragments. The symmetric-asymmetric mass splitting is
defined on the basis of a careful calculation of the available
energy at scission. It was shown [79] that a detailed en-
ergy balance at scission, involving a complete microscopic
description of the nuclear structure of the two fragments,
is able to explain qualitatively the evolution from asym-
metric to symmetric fragmentation for intermediate mass
nuclei as well as heavy actinides. The number of evapo-
rated neutrons is deduced from the mean excitation energy
of each fragment.

The second model considered here is the phenomeno-
logical model GEF [81–83], which estimates the proper-
ties of the fission fragments and the emitted neutrons and
photons in a global and semi-empirical way. The descrip-
tion of the fissioning system is based on the microscopic-
macroscopic approach, where the microscopic properties
are essentially determined by the shell effects of the frag-
ments and only the macroscopic properties of the fission-
ing system are taken into account. The GEF model relies
on an empirical description of the macroscopic stiffness
parameters in the relevant normal modes and empirically
derived fragment shells. The scission-point model is ap-
plied with inclusion of dynamical effects to include the
impact of inertia along the fission trajectory. The influ-
ence of quantum mechanics, in particular the zero-point
motion, is included to model the collective degree of free-
dom, which are treated as an harmonic quantum oscilla-
tor coupled to a heat bath. The parameters of the quan-
tum oscillators are derived from experimental data. The
yields of the different fission channels and their proper-
ties are attributed to the number of relevant states above
the potential-energy landscape on the fission path at the
moment of dynamical freeze-out. The excitation-energy-
sorting mechanism determines the prompt neutron yields
and the odd-even effect in fission-fragment yields of even-
Z and odd-Z systems. The neutron evaporation is cal-
culated with a Monte Carlo statistical approach using
level densities from empirical systematics and binding en-
ergies with theoretical shell effects with gamma compe-
tition included. The GEF model has proven its capacity
to describe experimental FFD extremely well, at the ex-
pense of introducing empirical adjustments. For this rea-
son, the GEF predictions are originally restricted to nu-
clei which are not too neutron-rich, i.e. A/Z < 2.8 and
N < 170. We took however the liberty to extend the
predictions up to the neutron drip line. More details on
the GEF model can be found in [81–83] and references
therein.

Both the SPY and GEF models predict significantly
different FFDs, as illustrated in fig. 9 where the mass
yields of A = 278 isobars of particular relevance for
the r-process (see sect. 4) are shown. In the GEF case,
the fragment distribution are essentially symmetrical for
these particular fissioning nuclei (except for Z = 97–99),
whereas a 4-peak distribution is predicted by SPY for all
the corresponding isobars. Similar patterns are seen both
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Fig. 9. (Color online) FFDs predicted by the GEF (upper
panel) and SPY models (lower panel) for 8 A = 278 isobars. In
the latter case, the 8 FFD have more or less the same 4-humped
pattern.

in the mass distribution and in the charge distributions.
During the neutron irradiation, elements down to Sr may
be recycled from the fission. SPY doubly asymmetric frag-
ment distributions can be traced back to the predicted
Gogny-HFB potential energies at large deformations for
the neutron-rich fragments favored by the A � 278 fis-
sion [17]. Additional detailed Gogny-HFB calculations of
the potential energy surface in the parent fissioning nu-
cleus have confirmed qualitatively the theoretical predic-
tion of these two asymmetric fission modes [17,84]. Such a
new type of fission mode has however never been observed
experimentally yet for experimentally accessible nuclei.

In fig. 10, we compare the SPY and GEF model predic-
tions of the charge FFD for 5 neutron-rich isotopes of Hs
(Z = 108) close to the neutron drip line. These nuclei are
representative of the fissioning nuclei during the neutron
irradiation (see sect. 4 and fig. 8). Significantly different
distributions are observed with a smooth GEF asymmetric
charge distribution, while the SPY model predicts either
a symmetric (A = 342) or a triple-hump charge distribu-
tion (A = 350). Both distributions show that the fission
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Fig. 10. (Color online) Charge FFDs predicted by the GEF
(upper panel) and SPY models (lower panel) for 5 even-even
neutron-rich isotopes of Hs (Z = 108) close to the neutron drip
line.

recycling of such fissioning nuclei can produce elements as
light as Ru to Cd, which have a neutron drip line predicted
by the HFB mass models beyond the N = 82 shell closure.
As a consequence, during the neutron irradiation, their fis-
sion recycling cannot contribute to a possible enrichment
in the N = 82, A = 130 mass region corresponding to the
second r-process peak, as discussed below.

Finally, we show in fig. 11 the SPY and GEF predic-
tions of the average number of evaporated neutrons for
each spontaneously fissioning nucleus. This average num-
ber is seen to reach, for both models, values of about four
for the A � 278 isobars and maximum values of ∼ 14 for
the heaviest Z � 110 nuclei lying at the neutron drip line.
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Fig. 11. (Color online) Representation in the (N, Z) plane of
the average number ν of prompt neutrons predicted by the SPY
(upper panel) and GEF (lower panel) models to be emitted
from the ground state fission of a nucleus of charge Z and
neutron number N .

4 Impact of fission on nucleosynthesis
calculations

Based on the NS merger simulation and the r-process nu-
cleosynthesis calculation, as described in sect. 2, it is pos-
sible to estimate the role of fission, at least in this specific
r-process scenario. Due to the specific initial conditions
of high neutron densities (typically Nn � 1033−35 cm−3

at the drip density), the nuclear flow during most of the
neutron irradiation will follow the neutron drip line and
produce in tens of ms the heaviest drip-line nuclei (see
upper panel of fig. 12). However, for drip-line nuclei with
Z ≥ 103, neutron-induced as well as spontaneous fission
becomes efficient (at least according to the HFB-14 predic-
tions, see fig. 8) prohibiting the formation of super-heavy
nuclei and recycling the heavy material into lighter frag-
ments which will restart capturing the free neutrons. For
such heavy fissioning nuclei, the charge distribution of the
fission fragments (see fig. 10) reaches elements typically
above Ru (Z = 44) for which the neutron drip line is pre-
dicted by the HFB mass model to be beyond the N = 82
shell closure (see fig. 12). Due to the large neutron irra-
diation, all fission fragments re-capture neutrons bringing
the nuclear flow back to the neutron drip line, so that the
fission recycling of these Z � 103 nuclei hardly contributes
to a significant production of the second N = 82 r-process
peak (see in particular the middle panel of fig. 12). De-
pending on the expansion velocity of the trajectory, fis-
sion recycling can take place two to three times before the
neutrons are exhausted, as illustrated by the time evo-
lution of the average mass number in fig. 13 for a given
representative trajectory. During the irradiation time, the
matter is heated by the radioactive decay of β-unstable nu-
clei, but also by the fission processes which provide first
around 30% of the total heating rate at early times, as
shown in fig. 14. After several hundred of ms, the den-
sity has dropped by a few orders of magnitude and the
neutron density experiences a dramatic fall-off when neu-
trons get exhausted by captures. During this second phase
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Fig. 12. (Color online) Representation in the (N, Z) plane of
the r-process nuclear flow in a given mass elements ejected from
the 1.35–1.35M� NS merger. The nuclear flow is colour coded
in terms of the mass fraction of nuclei (in log scale) at three
different times: 0.1 s (upper panel), 1 s (middle panel) and 1.2 s
(lower panel) after ejection. The corresponding temperature T
(in GK) and the neutron density Nn (in cm−3) are also given
in the panels. The open squares depict the valley of β-stability,
the double lines the neutron and proton magic numbers and
the solid line the HFB-21 neutron drip line.

(see middle and lower panels of fig. 12), the nuclear flow
around the N = 126 and N = 184 regions follows the
isotonic chains. When the neutron density reaches some
Nn = 1020 cm−3, the timescale of neutron capture for the
most abundant N = 126 and N = 184 nuclei becomes
larger than a few seconds, and the nuclear flow is dom-
inated by β-decays back to the stability line (as well as
fission and α-decay for the heaviest species). During this
phase, the heating rate is dominated by the fission pro-
cesses, mainly β-delayed fission and spontaneous (fig. 14).
Note that photo-fission rarely plays a key role, except for
a few specific trajectories which are still hot enough at the
time fission takes place, i.e. after a few hundreds of ms.
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The final composition of the ejecta during the neutron
star merging is shown in fig. 15. This distribution is found
to be insensitive to many astrophysical conditions, in par-
ticular the initial abundances, the NS masses, the quantity
of matter ejected or the EOS [16]. This robustness, which
is compatible with the uniform, solar-like abundance pat-
tern of the elements observed in metal-poor stars [27–29],
is linked to the fission recycling. In contrast, the distribu-
tion is rather sensitive to the adopted nuclear models, as
summarized in fig. 16 and detailed in the present section.
Our standard case shown in fig. 15 is obtained with the
nuclear models described in sect. 2, including in particular
the fission rates based on the HFB-14 fission paths and the
FFDs and average number of prompt neutrons predicted
by the SPY scission model.

The A = 195 abundance peak related to the N = 126
shell closure is found to be produced in solar proportion
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Fig. 15. (Color online) Final abundance distribution of the
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Fig. 16. (Color online) Schematic representation on the way
the nuclear input influences the calculated r-process abun-
dances in the different mass regions. For each region, the main
nuclear ingredients affecting the predictions are given. See text
for more details.

and not to be too sensitive to the fission model (except
through the capture of late neutrons emitted by fission or
β-delayed processes, see sect. 4.2), but rather sensitive to
the competition between the radiative neutron captures
and β-decays along the N = 126 isotonic chain. In con-
trast, the 110 � A � 170 nuclei originates exclusively from
the fission recycling, which takes place in the A � 278 re-
gion at the time all neutrons have been captured and the
β-decays dominate the nuclear flow. The A � 278 iso-
bar corresponds to the predominant abundance peak in
the actinide region during the irradiation phase due to
the turn-off point at the N = 184 drip-line shell closure,
as shown in the lower panel of fig. 12. The nuclei that
β-decay along the A � 278 isobar fission asymmetrically
according to the SPY FFD model, as shown in fig. 9, lead-
ing to the four-hump pattern seen in figs. 15 and 16. The

abundance strength in this 110 � A � 170 region relative
to the A � 195 peak depends in turn on the accumulation
of matter along the N = 184 and N = 126 r-process path
and consequently on the neutron captures and β-decays
taking place at these neutron shell closures. As discussed
in sect. 4.2, would 15 to 20 neutrons be emitted per fission-
ing nuclei and the FFD for the A � 278 nuclei be strongly
symmetrically peaked, the second r-process peak could be
produced by fission recycling (see sect. 4.1). These con-
ditions seem, however, not to be predicted by the most
sophisticated non-phenomenological models.

In contrast to the other regions, the production in the
A � 202 trough is sensitive to the competition between
the neutron captures and β-decays, but also to the dy-
namics of the ejection [86,87]. Indeed, in relativistic hy-
drodynamic simulations, some mass elements are found
to be ejected at high velocities, so that these fast ex-
panding mass elements might not have time to capture
all available free neutrons leading to no or only one fis-
sion cycle. Though the integrated mass associated with
a fast expansion remains small relative to the slowly ex-
panding ones, their contributions to the final abundance
distribution are found to be non-negligible, in particular
around A � 200, where their high abundances tend to
fill the trough found in slowly expanding trajectories. For
this reason, the Newtonian description of the NS merger
hydrodynamics [25] which tends to predict rather slower
expansions with respect to relativistic simulations (see dis-
cussion in ref. [16]) may give rise to different nucleosyn-
thesis predictions in this region. Note that the Newtonian
simulations also present the drawback of overestimating
the ejecta mass in general, as discussed in refs. [11,16,25].

Finally, in the present calculation, super-heavy nuclei
with Z > 110 cannot be produced due to the island of
fissioning nuclei close to the neutron drip line (fig. 8).
This unstable region with respect to fission is found with
the HFB-14 barriers. None of the other barrier compi-
lations include these neutron-rich nuclei, so that at this
stage it cannot be confirmed that the super-heavies close
to N � 250 could not be produced. Would the fission
barriers be larger, the nuclear flow could reach the next
N � 256 shell closure and pile up in this region before
fissioning. In this case, the α-, β-decays as well as the fis-
sion of A � 380 nuclei could potentially be at the origin of
super-heavy long-lived nuclei, if any, and also affect the fi-
nal r-abundance distribution [77,88]. However, there is no
calculation up to now that could confirm the production
of such species by the r-process.

4.1 Impact of the fission barrier height and FFD

As explained in sect. 3, two sets of fission barriers are
considered in the present analysis, namely the HFB-14
and the MS99 barriers. Note that in the MS99 model, the
barrier height is used to renormalize each fission path ob-
tained within the HFB-14 framework, but the NLD are
kept identical. The impact of the adopted fission model is
shown in fig. 17 where the r-abundance distribution are
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Fig. 17. (Color online) The same as fig. 15, where the squares
correspond to the r-abundance distribution obtained with the
HFB-14 fission path and corresponding fission rates and the
circles with the fission path renormalized on the MS99 fission
barriers. The SPY FFDs are used for the distributions of the
upper panel and the GEF FFDs for the lower panel.

obtained with both fission models, but also with two dis-
tinct FFDs. In the upper panel, i.e. with the SPY FFDs,
both abundance distributions are rather similar, whereas,
in the lower panel with the GEF FFDs, significant differ-
ences are found. As explained above, the 110 � A � 170
abundances originate essentially from the fission of the
nuclei that β-decay at the end of the neutron irradiation
and that were produced along the N = 184 shell closure.
In particular, the A � 278 nuclei with N = 184 corre-
spond to the most abundant species produced during the
neutron irradiation due to the bottleneck created by β-
decays along the nuclear flow. When decaying back to
the valley of stability, the fissioning nuclei first encoun-
tered along the A = 278 nuclear flow are predicted to be
the Z � 101–102 elements when considering the HFB-14
model and Z � 99 with MS99 barriers (see fig. 8). Both
regions are found to fission with the same doubly asym-
metric mode according to the SPY model (see the rather
similar FFDs in fig. 9) leading to similar r-abundance dis-
tributions (with a similar 4-hump pattern), as shown in
the upper panel of fig. 17. In contrast, the GEF model

10-4

10-3

140 150 160 170 180

M
as

s 
fr

ac
tio

n

A

Fig. 18. (Color online) Comparison between the abundance
distribution in the rare-earth region (140 ≤ A ≤ 185) ejected
from the 1.35–1.35M� NS merger with the solar distribution.
The calculated distribution is obtained with the HFB-14 fission
path and corresponding fission rates and the SPY FFDs.

finds that 278Es (Z = 99) fissions asymmetrically with a
triple-hump pattern, while 278Md (Z = 101) and 278No
(Z = 102) fission symmetrically (fig. 9). The correspond-
ing symmetric fission gives rise to the A � 140 abundance
peak in fig. 17 (lower panel) with the HFB-14 barriers
while the more pronounced triple-hump pattern can be
observed if use is made of the MS99 barriers. As shown
in fig. 18, the solar rare-earth peak around A � 165 can
be nicely explained thanks to the SPY prediction of the
FFDs, and more particularly its doubly asymmetric fis-
sion mode [17]. Freeze-out effects through the late capture
of fission neutrons also contribute to the final shaping of
the rare-earth nuclides, as discussed in sect. 4.2. This sce-
nario thus offers a consistent picture of the formation of
the rare-earth elements within an r-process scenario, as
initially suggested in ref. [89], different from alternative
suggestions for the still obscure production of these ele-
ments, for example based on the freeze-out conditions in
artificially high-entropy neutrino-driven winds [90] with
all their associated astrophysical uncertainties [1–3].

This comparison shows that the final r-abundance
distribution remains very sensitive to the fission barrier
heights and FFDs. It is consequently of prime importance
to determine both quantities on the basis of sound and
as microscopic as possible physical models. In particu-
lar, Gaussian-type parametrisations of the FFD where the
mass numbers and charges of the two main fragments are
determined from extrapolation of systematics or empiri-
cal models (as given for example in refs. [75,91]) should
be avoided, since they could give rise to any kind of fi-
nal abundance predictions for 110 ≤ A ≤ 170 produc-
tion. This is illustrated in fig. 19, where the abundance
distributions resulting from three different prescriptions
for the FFD are shown. These include the two-Gaussian
parametrisation of ref. [75], the five-Gaussian fit to chain
yields [92] extrapolated to neutron-rich nuclei and the
strongly peaked symmetric fission assuming all nuclei with
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A ≥ 257 spontaneously fission. While in the first two cases
the HFB-14 fission paths are considered to estimate the
fission rates, in the latter case, we have considered that
all exotic neutron-rich nuclei with A ≥ 257 fission, as
sometimes assumed [93], in a first approximation, from the
analysis of thermonuclear explosions that took place in the
1950s [94]. The two-Gaussian approximation [75] corre-
sponds to an asymmetric distribution where the light and
heavy main fragments are relatively close to each other,
leading to a wide distribution around A � 140. A modi-
fication of the mass number of the main mass fragments
would have a direct impact on the r-abundance distribu-
tion. For example, if we assume a purely symmetric fis-
sion taking place around A = 257, a strong single peak
emerges around A = 130 in the r-abundance distribu-
tion (fig. 19). Although this type of FFD describes rel-
atively well the A ≥ 130 solar distribution, there is no
physical reason to justify such a FFD or that all nuclei
with A ≥ 257 fission (the conditions found in thermonu-
clear explosions being fundamentally different than in NS
mergers). In contrast, the IAEA systematics [92] give rise
to an extremely spread FFD leading to a flat abundance
distribution and a relatively weak A � 195 peak. These
examples show that extrapolating experimentally based
systematics can give rise to any possible r-process distri-
bution in the 110 ≤ A ≤ 170 region. Reproducing exper-
imental FFD is a necessary condition, but definitely not
a sufficient one when applying a given model to r-process
applications. FFD distributions should definitely not be
blindly extrapolated from systematics on experimentally
known nuclei and even less tuned in order to reproduce
at best the solar system distribution, a strategy which is
sometimes followed when dealing with r-process calcula-
tions [91].

4.2 Impact of prompt neutron emission

If the fission process is followed by the emission of prompt
neutrons, the final r-abundance distribution may be af-
fected in a non-negligible way, in particular at freeze-out,
when most of the free neutrons have been captured. Ac-
cording to both the SPY and GEF models, the fission of
the most abundant nuclei around A = 278 is accompanied
with the emission of typically 3 to 4 neutrons (fig. 11).
Adding to the neutrons emitted by β-delayed processes,
these late fission neutrons can represent up to 80% of the
neutrons emitted when the nuclear flow decays back to
the valley of stability and are found to be dominantly re-
captured by the abundant nuclei forming the N = 126
peak. For this reason, not only the abundance distribu-
tion for A � 170 is slightly shifted to lower masses by
a few units, but the A = 196 peak which recaptures the
emitted free neutrons is shifted to higher masses, as shown
in figs. 20 and 21.

In contrast, if we artificially assume that each fission-
ing process leads to the emission of about 20 neutrons
(corresponding to the upper limits found by some mod-
els [91]), the same mechanism is found but to a much
larger extent. In particular, the A = 196 peak is shifted
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Fig. 19. (Color online) The same as fig. 15, where the r-
abundance distribution are calculated with the FFDs derived
from phenomenological prescriptions, such as the Kodoma and
Takahashi (1975) model [75], the IAEA systematics [92] or an
adjusted symmetric FFD assuming in addition all nuclei above
A = 257 fission spontaneously (see text for more details).
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Fig. 20. (Color online) The same as fig. 15, where the squares
correspond to the r-abundance distribution obtained with the
SPY FFDs with prompt neutron emission (see fig. 11) and the
circles without neutron emission (ν = 0).
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Fig. 21. (Color online) The same as fig. 15, where the squares
correspond to the r-abundance distribution obtained with the
GEF FFD with prompt neutron emission (see fig. 11) and the
circles without neutron emission (ν = 0).
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Fig. 22. (Color online) The same as fig. 15, where the circles
correspond to the r-abundance distribution obtained with the
SPY FFD without prompt neutron emission and the squares
assuming each fission process leads to the emission of ν = 20
prompt neutrons.

to A � 201 and found to be much narrower due to its
formation at later times (typically 1 sec after the start
of the r-process) when the prompt neutrons are emitted
and the temperature is rather low. As long as free neu-
trons are produced, the neutron density Nn � 1018 cm−3

is maintained during a few fractions of a second and re-
shapes the abundance distribution as shown in fig. 22.
Would the A � 278 nuclei fission symmetrically, with such
a high number of prompt neutrons emitted, the main fis-
sion products would peak around A = 129 and the second
r-process peak at A = 130 could be produced in signifi-
cant amount. There is however no reasonable FFD model
predicting that so many neutrons would be emitted by
the fission of A � 278 nuclei and that the corresponding
fission mode is purely symmetric.

The late re-capture of this fission neutron clearly af-
fects the predicted abundances. The final r-abundance dis-
tribution remains therefore rather sensitive to the number
of prompt neutrons emitted by fission processes. It is con-
sequently of prime importance to determine this quan-
tity from sound physical models (such as GEF and SPY)
rather than to use extrapolations from systematics derived
from the few experimental data available [91].

5 Uncertainties associated with neutron
capture and β-decay rates

The global abundance pattern discussed in the previous
section can also be affected by the still uncertain neutron-
capture and β-decay rates, as already discussed in refs. [17,
95]. In the present section, we briefly study the way the
neutron-capture and β-decay rates affect the abundance
distribution, and to what extent they can modify the con-
clusions drawn in sect. 4

5.1 Neutron-capture rates

During the decompression of the NS matter, the r-process
dominantly takes place at low temperatures (below typ-
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Fig. 23. Abundance distribution of the matter ejected from
the 1.35–1.35M� NS merger obtained with reaction rates cal-
culated either with HFB-21 [49], D1M [96] or FRDM [97]
masses.

ically 1GK), so that the radiative neutron capture is in
competition with β-decays rather than with the photodis-
integrations, as traditionally found in hot environments
like in the ν-driven wind [1]. Reaction rates therefore fully
enter the reaction network.

Neutron capture rates can be affected by the still un-
known nuclear inputs to the reaction model, as well as,
more fundamentally, by the description of the reaction
mechanism that is at stake for exotic neutron-rich nuclei.
Among the various nuclear ingredients, nuclear masses are
known to be of fundamental importance for the estimate of
neutron capture rates. They define the reaction Q-values
and consequently strongly affect the corresponding rates.
We study here the sensitivity of the nucleosynthesis calcu-
lation by considering the TALYS neutron capture rates es-
timated with three different sets of nuclear masses, namely
HFB-21 masses based on the Skyrme-HFB model [49],
D1M masses based on the Gogny-HFB model [96] and
the macroscopic-microscopic finite range droplet model
(FRDM) [97]. The corresponding rates include a com-
pound and a pre-equilibrium component but no direct
capture (DC) contribution (see below). Deviations up to
a factor of 107 can be found for drip line nuclei. However,
such differences are seen in fig. 23 to have a rather small
impact on the calculated r-abundances, deviations being
restricted to the A � 180 and A � 200 regions. Note that
the same β-decay rates [50] have been used in the nucle-
osynthesis calculations. Rather similar abundance distri-
butions can be explained by the mass-averaging due to
the large number of contributing trajectories, but also to
the fact that the final distribution is shaped by the com-
petition between neutron capture and β-decay for nuclei
relatively close to the valley of β-stability at the time of
the neutron freeze-out (see ref. [1] for more details). De-
spite this similarity, more work on nuclear masses and all
the relevant nuclear inputs to the reaction model (i.e. also
nuclear level densities, gamma-ray strength, optical poten-
tial, . . . ) [48] is obviously needed, in particular to improve
the prediction around the A � 195 peak.
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Fig. 24. (Color online) Abundance distribution of the matter
ejected from the 1.35–1.35M� NS merger obtained with reac-
tion rates calculated either in the CN statistical model or when
both the CN and DC contributions are included.

Concerning the reaction mechanism, when the num-
ber of available states in the compound nucleus (CN) is
relatively small, the capture reaction is known to be pos-
sibly dominated by direct electromagnetic transitions to
a bound final state rather than through a compound nu-
cleus intermediary. This DC proceeds via the excitation
of only a few degrees of freedom on much shorter time
scale reflecting the time taken by the projectile to travel
across the target. This mechanism can be satisfactorily
described with the perturbative approach known as the
potential model [98–101]. It is now well accepted that the
DC is important, and often dominant at the very low
energies of astrophysical interest for light or exotic nu-
clei systems for which few, or even no resonant states are
available. The direct contribution to the neutron capture
rate can be 2 to 3 orders of magnitude larger than the
one obtained within the Hauser-Feshbach approach clas-
sically used in nucleosynthesis applications. The impact
on 170 ≤ A ≤ 200 abundances is seen in fig. 24 to be
non-negligible, but the global distribution remains rather
similar. Further improvements of the nuclear ingredients
required for a proper description of the DC cross section,
i.e. mainly the optical potential and spectroscopic factors
in addition to the nuclear structure properties, is needed,
especially for exotic neutron-rich nuclei. More details can
be found in ref. [101].

5.2 β-decay rates

As illustrated in fig. 16, the relative strength of the A =
195 third r-process peak and the overall recycled material
in the 110 ≤ A ≤ 170 range is linked to the amount of
material accumulated in the bottleneck at the N = 126
and N = 184 shell closures, respectively. In particular,
the height of the third r-process peak is affected by the
absolute value of the β-decay rates around the N = 126
isotonic chain, since the slow β-decay sets the timescales
for the production of heavy nuclei during the expansion
of the material. As a sensitivity test, we show in fig. 25
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Fig. 25. (Color online) The same as fig. 15 where the HFB-
21+GT2 β-decay rates for the seven N = 126 isotopes with
A = 188–195 (i.e. Z = 62–69) are artificially reduced by a
factor of 2.
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Fig. 26. (Color online) The same as fig. 15 but with abundance
distributions obtained with three different models of β-decay
rates, the HFB21-GT2 [50], the FRDM+RPA [102] and the
Tamm-Dancoff approximation (TDA) [103]

our standard calculation based on the HFB-14 fission path
and the SPY FFD (fig. 15), but with β-decay rates for the
eight N = 126 isotopes with A = 188–195 (i.e. Z = 62–
69) smaller by a factor of 2. This reduction factor is well
within the uncertainty affecting the β-decay prediction of
exotic neutron-rich nuclei (though it will need to be con-
firmed), and is shown to affect directly the production of
the A = 188–195 isobaric r-elements, which show now an
abundance pattern much closer to the solar system distri-
bution.

Similarly, fig. 26 shows the predicted abundance distri-
butions obtained with three sets of β-decay rates, namely
the HFB21-GT2 [50], the FRDM+RPA [102] and the
Tamm-Dancoff approximation (TDA) [103]. The different
rates are seen to affect essentially the third r-process peak
which can be shifted or present odd-even effects, but the
impact on the 110 ≤ A ≤ 170 abundances remains rather
limited. In particular, the production of the rare-earth
elements remains qualitatively rather robust, as already
pointed out [17].
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Here also, guided by recent and future experiments on
exotic neutron-rich nuclei, more theoretical effort needs
to be devoted to improve the prediction of β-decay
rates [104–106] in order to understand the production of
this third r-process peak in solar proportion.

6 Production of the Th and U
cosmochronometers

Some of the heaviest long-lived radioactive nuclei
produced by the r-process can be used as nucleo-
cosmochronometers [1]. In particular the abundance ratios
of Th to Eu and Th to U have been proposed for estimat-
ing the age of the oldest stars in our galaxy. More specifi-
cally, a simple comparison of the observed abundance ratio
with the production ratio can provide a stellar age esti-
mate assuming the low-metallicity star has been polluted
by a few r-process events only and the r-process is rather
universal [27,107,108].

For ages longer than the half-life of Th progenitor nu-
clei, i.e. typically hundred Myr, the Th to Eu chronometry
relates the star age T∗ to the Th abundances through the
expression

(
Th
Eu

)
obs

=
(

Th
Eu

)
r

exp
[
−T∗/τ(Th)

]
, (2)

where τ(Th) = 20.27Gy is the characteristic α-decay
timescale of Th and the subscripts obs and r refer to
the observed and r-process abundance ratios, respectively.
From eq. (2), it can be seen that the Th/Eu abundance has
to be determined within less than 16% if we hope to pre-
dict the stellar age within less than 3Gy. The r-process
production of Eu and Th is obviously model dependent
and can in addition be strongly affected by uncertainties
in the description of the fission process, as shown, for ex-
ample, in fig. 18.

Among the various chronometric pairs, the 232Th to
238U ratio has been shown to be relatively robust, in par-
ticular in comparison with the Th/Eu chronometry, i.e.
to be less affected by the still large astrophysics and nu-
clear physics uncertainties affecting our understanding of
the r-process nucleosynthesis [107,108]. This property is
principally bound to the fact that Th and U are neigh-
bour nuclei, and consequently their production ratio is not
strongly affected by unreliable extrapolation procedures,
but rather by local nuclear uncertainties, such as nuclear
masses or fission processes in the actinide region. If Th
and U lines are observed accurately and simultaneously in
metal-poor stars, an age estimate could be derived from
the expression

log
(

Th
U

)
obs

= log
(

Th
U

)
r

+ log e
(

1
τ(U)

− 1
τ(Th)

)
T∗,

(3)
where τ(U) = 6.41Gy is the characteristic α-decay time-
scale of U (this expression also assumes that all Th and U

progenitors had time to decay, or in other words that the
star is older than typically hundred My). From eq. (3), it
is found that a ±0.1 error on the observed or predicted
production ratio, log(Th/U), gives rise to a ±2.1Gy error
on T∗ or equivalently the Th/U abundance has to be de-
termined within less than 38% to predict the age of a star
within less than 3Gy.

For the various simulations performed in the present
study, where only modifications of the fission probabil-
ities and fragment distributions are considered, we find
the 232Th to 238U production ratio to lie between 1.44
and 1.78. This allows us to estimate the age of very
metal-poor stars for which both the Th and U lines have
been clearly detected and the elemental abundances ac-
curately determined. This is the case of the CS31082-
001 star [107] the age of which can be estimated to
16.0 ± 1.0Gy, adopting the observed abundance ratio of
log(Th/U)obs = 0.94 ± 0.09 [107,108]. The largest age of
17Gy is obtained when use is made of the ETFSI fission
barriers and GEF FFDs, while the smallest estimate of
15Gy is found with the use of the HFB-14 fission path and
the SPY FFDs. The fission model is consequently found
to have a modest impact on the production of these ac-
tinides, but it cannot be excluded that future improved
fission models give rise to rather different predictions. In
contrast, different neutron capture rates can more signif-
icantly affect the production of Th and U, as shown in
fig. 23, and consequently give rise to larger uncertainties
on the age determination.

7 Conclusion

Decompressed matter from binary NS mergers remains a
viable site for the r-process, which is extremely robust
with respect to many astrophysical uncertainties. This ro-
bustness, which is compatible with the unique, solar-like
abundance pattern of the elements heavier than Ba ob-
served in metal-poor stars, supports the possible creation
of these elements by fission recycling in NS merger ejecta.
However, the estimated abundance distribution remains
rather sensitive to the adopted nuclear models. The ma-
terial ejected from the dynamical merging phase is com-
posed almost exclusively of A > 140 nuclei, and in par-
ticular the A � 195 third r-process peak appears in pro-
portions similar to those observed in the solar system,
deviations resulting essentially from the still difficult task
to predict neutron capture and β-decay rates, as well as
the number of prompt fission neutrons emitted for ex-
otic neutron-rich nuclei. The situation for the lightest
110 � A � 170 species has been rather unclear up to now
and extremely dependent on fission properties, including
in particular the fission barriers and FFD. The abundance
of 110 � A � 170 nuclei is found to depend sensitively on
the fission processes affecting the isobaric chains around
A � 278 at the end of the neutron irradiation when the
abundant N = 184 nuclei decay back to the valley of sta-
bility. Both the fission probabilities and FFDs of nuclei in
this region play a crucial role in shaping the production of
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110 � A � 170 nuclei. Similarly, the production of super-
heavy nuclei during the neutron irradiation depends on
the fission properties of nuclei with typically Z � 105 at
the neutron drip line. For these reason, fission properties
need to be determined on the basis of sound and as micro-
scopic as possible nuclear models. Phenomenological, em-
pirical or systematics extrapolations in the exotic neutron-
rich region should be avoided because of their lack of pre-
dictive power. Such models could lead to any possible fi-
nal r-abundance pattern. In contrast, more work within
microscopic approaches should be devoted to estimate fis-
sion paths and NLD at the fission saddle points to improve
our predictions of the neutron-induced, β-delayed, spon-
taneous fission rates and fission yields, as much as possible
within one unique consistent framework. Mean-field model
calculations are now available and can be used to estimate
the potential energy surfaces and associated collective in-
ertia tensors for a microscopic analysis of the collective
dynamics in low-energy fission through a study of the time
evolution of the compound system on the basis of a time-
dependent Schrödinger equation [84,109–112]. Such state-
of-the-art approach has shown its ability to reproduce sev-
eral important features of fission, including the fragment
kinetic energy and mass distributions [111,112]. Moreover
new breakthroughs have recently been done [113] to de-
scribe low-energy fission up to a few MeV above the fis-
sion barrier, where statistical models cannot be applied
to treat the excitation energy. This so-called Schrödinger
Collective Intrinsic Model may improve the existing micro-
scopic models by taking the particle-vibration couplings
into account. Indeed such model is able to describe the
couplings of the individuals degrees of freedom to the nu-
cleons collective motion in a fully microscopic and quan-
tum mechanical way, without any other phenomenological
parameters than the ones included in the effective nucleon-
nucleon interaction.

Similarly, the FFD and the average number of emit-
ted neutrons need to be determined on the basis of sound
microscopic models since these ingredients directly influ-
ence the calculated abundance distribution. The unex-
pected doubly asymmetric FFD predicted by SPY also
opens new perspectives in theoretical and experimental
nuclear physics concerning specific fission modes related to
the nuclear structure properties of exotic nuclei. Dynam-
ical mean-field calculations based on the time-dependent
generalized coordinate method [109–111] should quantita-
tively confirm the fission yields predicted by SPY. Future
experiments producing fission fragments similar to those
predicted by the doubly asymmetric fission mode could
also reveal the nuclear properties of the corresponding fis-
sion fragments. Such future research as well as additional
experimental constraints on fission barriers, fission proba-
bilities and fission yields may put the nuclear predictions
of fission properties on safer grounds and help us to un-
ravel the still-unsolved mystery concerning the origin of
the r-process nuclei in the Universe.

S.G. is F.N.R.S. research associate. S.G. thanks A. Bauswein,
H.-T. Janka, S. Hilaire, S. Panebianco, J.-L. Sida and J.-F
Lemâıtre for helpful discussions and sharing their calculations.
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