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Abstract. The radiative direct capture of neutrons is calculated within the potential model. The uncertainties related to
the choice of the neutron-nucleus interaction potential and the
prediction of the excitation spectrum in the residual nucleus
are discussed. The allowed direct E1-type transitions to all the
excited states predicted by a combinatorial model of nuclear
level densities are calculated with the introduction of an average spectroscopic factor. The resulting direct contribution to the
neutron capture rate is estimated for all the neutron-rich nuclei
potentially involved in the r-process nucleosynthesis and compared with the statistical compound nucleus contribution. The
total radiative capture cross section is approximated and used
in parametric r-process calculations to study the impact of the
direct capture mechanism on the r-process nucleosynthesis.
Key words: nuclear reactions; nucleosynthesis; abundances –
stars: supernovae

1. Introduction
The rapid neutron-capture process, or r-process, is one of the
main mechanisms able to explain the synthesis of the stable
nuclides heavier than iron observed in nature. The r-process
is believed to take place in environments characterized by high
20
−3
neutron densities (Nn >
∼ 10 cm ), such that successive neutron captures can proceed into neutron-rich regions well off the
β-stability valley. This process produces nuclei with decreasing
neutron binding energies, and consequently faster (γ, n) pho9
todisintegration, which at high temperatures (T >
∼ 10 K) are
able to compete with the slowing-down (n, γ) reactions. With
timescales usually thought to be much longer than the characteristic timescale of the (n, γ) and (γ, n) reactions, the β-decays
finally drive material to higher Z elements. To calculate the
changes in abundance of the heavy nuclei as a result of these
high neutron fluxes and high temperatures, a nuclear reaction
network including all neutron captures, photodisintegrations,
β-decays, as well as β-delayed processes, fission processes and
α-decays must be used. Because of the formidable task to solve
Send offprint requests to: S. Goriely

such a problem and to determine the neutron capture and photodisintegration rates for some 3000 (mostly unknown) neutronrich nuclei, simplifying assumptions are usually made. The simplest and most widely used form of the r-process, commonly referred to as the canonical model, assumes that the neutron density and temperature not only remain constant over the whole
time scale τirr of the neutron irradiation, but also that they are
high enough, so that strong and electromagnetic interactions
can occur on a much shorter time scale than the weak interactions. Under such conditions, an (n, γ) − (γ, n) equilibrium
can be reached for each isotopic chain, before any β-decay can
take place. This assumption, also known as the waiting point
approximation (WPA), has the major numerical advantage of
replacing a set of about 3000 coupled differential equations by
a system of about 80 simple equations, describing the abundance flow from one isotopic chain to the next. Moreover, the
abundance ratio of 2 isotopes can now be expressed by the well
known Saha equation depending on the temperature, partition
functions and the neutron separation energies only (Seeger et al.,
1965). Therefore, the WPA present the considerable advantage
of being independent of the uncertainties related to the determination of the neutron capture and photodisintegration rates.
Nevertheless, the validity of the WPA is a very subtle issue. In
order to assess the consistency of the approximation made, a reliable estimate of these neutron capture and photodisintegration
rates is mandatory. For this reason, the validity of the WPA has
recently been studied (Goriely and Arnould, 1996). However,
such an analysis still remains highly affected by the uncertainties related to the nuclear physics considered, and in particular
to a reliable prediction of the (n, γ) rates.
So far, all the r-process calculations have made use of
neutron capture rates evaluated within the statistical model of
Hauser-Feshbach (Thielemann, et al., 1986). Such a model
makes the fundamental assumption that the capture process
takes place with the intermediary formation of a compound nucleus (CN) in thermodynamic equilibrium. The energy of the
incident particle is then shared more or less uniformly by all
the nucleons before releasing the energy by particle emission or
γ-de-excitation. The formation of a compound nucleus is usually justified by assuming that the level density in the compound
nucleus at the projectile incident energy is large enough to ensure an average statistical continuum superposition of available
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resonances (e.g. Satchler, 1980). 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 neutron capture 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 (Mengoni et
al., 1995; Beer et al., 1996). It has also been shown through a
simple analytical model (Mathews et al. 1983) that the direct
capture (DC) contribution may dominate the statistical contribution for heavy neutron-magic targets with low enough neutron
binding energy. The direct neutron capture rates have unfortunately never been estimated for exotic neutron-rich nuclei as
those produced by the r-process. Thus, the relative importance
of the direct mechanism with respect to the statistical contribution remains cumbersome.
The present work aims at estimating in a microscopic model
the influence of the direct neutron captures on the r-process nucleosynthesis. For this purpose, the potential model of direct
captures is used, as described in Sect. 2. Emphasis is put on
the uncertainties related to the determination of the neutronnucleus interaction potential, and the excitation spectrum of the
residual nucleus. In particular, our choice to estimate such a
spectrum with a combinatorial model of nuclear level densities
is discussed. The direct neutron capture cross section of all the
nuclei potentially involved in the r-process nucleosynthesis is
calculated in Sect. 3, and compared with the CN contribution
obtained with the popular Hauser-Feshbach model. The total
(n, γ) rate is then approximated taking into account the possible overestimate of the CN model predictions for neutron-rich
nuclei. Finally, in Sect. 4, r-process calculations are performed
in the framework of the single- and multi-event model and the
influence of the newly-derived (n, γ) rates on the r-process abundance distribution is analyzed in detail.
2. The potential model of the direct radiative capture of neutrons
Many works on neutron capture reactions (e.g. Lane and Lynn,
1960; Lynn, 1968; Satchler, 1983) have been devoted to the description of the DC mechanism, in which the incoming neutron
is scattered directly into a final bound state without forming a
compound nucleus. In a general way, the total DC cross section
of a nucleus (Z, N ) can be expressed as
X
Cf2 Sf σfDC (E) ,
(1)
σ DC (E) =
f

where E is the energy of the incident neutron and the sum
runs over all the available final states f of the residual nucleus.
Cf is the isospin Clebsh-Gordan coefficient and Sf the spectroscopic factor, describing the overlap between the antisymmetrized wave function of the initial system (Z, N ) + n and the
final state f in (Z, N + 1). Eq. 1 emphasizes the importance
of the single-particle configuration of the final state (for which
Sf ' 1) in the direct transition, other configurations leading
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to a negligible spectroscopic factor. The DC cross section σfDC
for the emission of electric dipole radiation (we will restrict
ourself to the major E1 transition, as explained below) to the
final state f is obtained (Christy and Duck, 1961; Baye and
Descouvemont, 1985) from
σfDC (E) =

16π 3 2
2
k ē | QE1
i→f (E) | ,
9h̄ γ

(2)

where kγ = γ /h̄c is the wave number of the emitted γ-ray (of
energy γ ) and ē = −eZ/A is the E1 effective charge for neutrons. The matrix element, corresponding to the overlap of the
initial scattering wave function in the entrance channel Ψi , the
bound-state wave function Ψf and the electric dipole operator
T E1 , is given by
E1
QE1
| Ψi (E)i = Ali lf Ili lf (E) .
i→f (E) = hΨf | T

(3)

Ali lf corresponds to the angular part depending on the initial
(li ) and final (lf ) angular momentum of the transition and its expression can be found, for example, in Christy and Duck (1961).
Ili lf is the radial overlap that can be expressed as a function of
the radial part of the entrance unit-flux scattering wave function
wli (r, E) and of the final-state wave function ulf (r):
Z ∞
ulf (r) r wli (r, E) dr.
(4)
Ili lf (E) =
0

The initial and final wave functions are determined within the
potential model by solving the respective Schrödinger equations, in which the same analytical form of the potential is used
for both channels. In particular, the depth of the potential is
scaled in order to reproduce, in the final system the exact binding energy of the state f , and in the initial system the so-called
volume integral per nucleon (if known) defined by
Z
1
JV (E)
=−
V (r, E)d3 r ,
(5)
A
A
where A is the atomic mass and V the potential in the entrance
channel. Different types of potential have been constructed, all
of them presenting their own features. As it is classically assumed, we will neglect in the present study the imaginary part
of the potential, which is thought to give a negligible contribution to the total cross section for nuclei with low neutron
separation energy, because of the small flux into reaction channels. The DC mechanism is essentially a peripheral interaction
taking place on the nuclear surface. Different potentials are usually characterized by different radii and diffusenesses, and are,
therefore, expected to lead to different predictions of the DC
cross section, especially for incoming s-wave neutrons1 .
To estimate the sensitivity of σ DC to the choice of the
interaction potential, we consider here 4 different potentials,
namely a Woods-Saxon (WS) potential (Wilmore and Hodgson,
1964), the real part of the optical potential (OP) of Jeukenne et
1

In the case of incident p-wave neutrons, Mengoni et al. (1995)
showed that the DC cross section was relatively insensitive to the
neutron-nucleus potential.
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Fig. 1. Comparison of the experimental (crosses) neutron capture cross
section on 48 Ca with the DC predictions obtained with the 4 different
potentials, as described in the text.

al. (1977), the ground-state single-particle potential of the Extended Thomas-Fermi plus Strutinsky Integral (ETFSI) model
of Aboussir et al. (1995) and a folding potential with the densitydependent DDM3Y nucleon-nucleon interaction (Kobos et al.,
1984). The radiative DC cross section of 48 Ca(n, γ)49 Ca has
been calculated using the 4 above-mentioned potentials and all
the experimentally available data, such as the the energy, spin,
parity and spectroscopic factor of each excited state of 49 Ca
(Uozumi et al., 1994). The influence of the potential form on
σ DC can be observed in Fig. 1, where no prior renormalization
of the potential depth of the initial system is performed. As a
consequence, they all predict different values of the volume integral, namely JV /A[MeVfm3 ] = −508, −452, −422, −463 for
WS, OP, ETFSI and DDM3Y, respectively, and large deviations
among them (reaching a factor of 30) can be seen. In contrast,
in Fig. 2, the same potentials are used, but renormalized in such
a way that they all fit the volume integral deduced from the experimental scattering length data, i.e JV /A = −436.9MeV fm3
(Krausmann et al., 1996)2 . In this case, deviations within a factor of 2 are obtained when using the different potentials. This
result reflects the well-known rule that cross sections calculated
from various potentials are rather insensitive to their detailed
form provided that they all have the same volume integral per
nucleon.
However, when dealing with exotic nuclei as those involved
in the r-process nucleosynthesis, no experimental data concerning the volume integral are available, and the use of a potential
2

Note that the so-called experimental volume integral has been derived making use of the DDM3Y potential, which therefore shows a
better agreement with experimental cross sections.

Fig. 2. Same as Fig. 1, when all the potentials in the entrance channel
are scaled to reproduce the volume integral JV /A = −436.9MeVfm3

with arbitrary strength in the entrance channel could have an
important impact on the DC cross section. Although little potentials are constructed in order to lead to good predictions of
the volume integral, this requirement has been carefully kept
in mind by Jeukenne et al. (1977) who determined their OP in
order to reproduce the experimental volume integrals and root
mean square radii in a wide range of the periodic table. For this
reason, if no prior renormalization is performed (Fig. 1), the
OP clearly gives the best agreement with the experimental data
with respect to the other potentials considered. In addition, the
OP of Jeukenne et al. (1977) is also a popular choice made in
most of the Hauser-Feshbach calculations of radiative capture
cross sections of neutrons, especially for nuclear astrophysics
applications. Assuming that both CN and DC mechanism contribute to the neutron capture, only a coherent treatment of both
parts could ensure a reliable prediction of the total (n, γ) cross
section. This implies, of course, the consideration of the same
interaction potential. Another interesting choice would be the
ETFSI potential. As a matter of fact, the ETFSI model is based
on a realistic potential derived from a Skyrme-type effective
interaction which has shown its ability to reproduce other nuclear properties, such as the nuclear masses. For this reason, the
ETFSI might be well suited to the estimate of the volume integral at low energies (although it is independent of the incident
neutron energy), and more obviously of the final wave functions.
Nevertheless, we will restrict ourselves to the use of the OP of
Jeukenne et al. (1977) for the reasons mentioned above. It should
be noted that the same potential is used for the description of the
initial and final systems. In particular, the final potential is deduced from the OP prescription at zero energy (the scaling factor
introduced to fit the binding energy of the final states is limited
to a maximum ratio of 1.3, so that no exaggerate normalization
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of the OP depth is considered). Finally, forbidden transitions
to already occupied states in the final nucleus are avoided by
considering the single-particle configuration predicted by the
ETFSI model.
A second important aspect in the calculation of the DC crosssection concerns the determination of the excited spectrum of
the final system, as shown by Eq. 1. Such a prediction represents
without doubt the most critical part of the calculation when dealing with experimentally unknown nuclei. It is well accepted that
the predictions of the DC potential model are in qualitatively
good agreement with experimental results as long as all the
details of the excitation spectrum (energy, spin, parity and spectroscopic factor) are known experimentally, as seen in Fig. 23 .
However, when dealing with nuclei for which a complete set of
experimental data (especially regarding the characteristics of the
excitation spectrum) is not available, huge discrepancies are expected. As a matter of fact, at least for light systems, the main DC
contributions to the cross section are generally resulting from
transitions to the ground state or to a small number of low-lying
states, provided the selection rules authorized the considered
electromagnetic transitions. The uncertainties related to the exact determination of the spin and parity of these levels (and to a
lower extent, their energy) can modify the DC contribution by
many orders of magnitude. The selection rules depend on the
exact spin and parity differences between the initial and final
states and act as a real switch, turning on or off the direct capture. The smaller the number of contributing levels, the larger
the impact of an erroneous spin and parity affectation will be.
In a similar way, the energy of the final state can also allow or
forbid a transition according to its relative location with respect
to the neutron separation energy. The larger the Q-value of the
transition, the larger the contribution to the final cross section
(see Eq. 2).
As mentioned above, the main contributing levels in the
residual nucleus are characterized by a single-particle configuration for which Sf ' 1. For this reason, most of the previous
studies have tried to predict the DC cross section assuming a
1 neutron particle-hole configuration deduced from the singleparticle level scheme (e.g. Oberhummer et al., 1995). Unfortunately, this approach lead to large deviations (reaching several
orders of magnitude) between the predicted DC cross sections
and experimental data, because of the remarkable sensitivity of
the cross section to the exact determination of the very few available final states. Moreover, different nuclear structure input lead
inevitably to considerable scattered predictions. To avoid such
difficulties related to the single-particle approach, we consider
here all the possible nucleon excitations, as described by nuclear
level density models. In this case, the full single-particle strength
is fragmented among the different levels, so that to each of them
should be attributed its corresponding spectroscopic factor, or
in a first approximation an average spectroscopic factor. The
Other comparisons of experimental (n, γ) cross-sections with the
DC potential model predictions can be found for example in Mengoni
et al. (1995) or Oberhummer et al. (1995).

3
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total DC cross section is then expressed as
σ DC (E) =

x
X
f =0

Cf2 Sf σfDC (E)

Z

2

+hC Si

Sn

X

Ex J ,π
f
f

ρ(Ef , Jf , πf ) σfDC (E) dEf ,

(6)

where x corresponds to the last experimentally known level of
excitation energy Ex (smaller than the neutron separation energy Sn ). Above Ex , the summation is replaced by a continuous
integration over the spin (J)- and parity (π)-dependent level density ρ, and the spectroscopic factor and isospin Clebsh-Gordan
coefficient by an average quantity hC 2 Si. Different models of
nuclear level densities are now available, although most of them
are based on the statistical approach which does not enable a detailed description, especially at low energies, of the spin and parity distributions. Because of the high sensitivity of the DC cross
section to these quantities, only the microscopic combinatorial approach seems appropriate. In particular, the combinatorial
Monte Carlo technique derived by Cerf (1994) has been shown
to be a reliable tool for calculating spin- and parity-dependent
level densities with a sufficient accuracy and a short computation time which enable an exact treatment of the BCS pairing
and its application to large-scale calculations. This method predicts relatively well the experimental neutron spacing data at
the neutron separation energy for spherical nuclei, but tends to
underestimate the level density in deformed nuclei, because of
its neglect of deformation and collective effects. We consider as
standard input for the combinatorial method the realistic ETFSI
single-particle level scheme in order to obtain an evaluation
of the excitation spectrum as coherent as possible with other
ingredients in the calculation (which are all based on ETFSI
predictions of nuclear structure properties). Finally, as classically done when dealing with experimentally unknown nuclei,
the ground-state spins and parities are determined from ETFSI
single-particle configuration applying the simple Nordheim’s
rule.
So far, the determination of the spectroscopic factor remains
an unsolved problem. Closed shell nuclei often have low-lying
levels with a high-purity single-particle configuration, but away
from magic numbers, or at increasing excitation energy, residual interactions, as well as couplings of the single-particle motion to other degrees of freedom, distribute the spectroscopic
strength of a single-particle state among several nuclear levels.
Experimental (d,p) reactions clearly show the spreading and
fragmentation of the single-particle states which give a continuous spectroscopic strength if the fragmentation width is larger
than the spacing of the single-particle states (e.g. Back et al.,
1974). In this case, it seems legitimate to approximate the spectroscopic factor by an average value hC 2 Si. As classically done
in nuclear astrophysics (e.g. Caughlan and Fowler, 1988), but
without a rigorous physical justification, we adopt hC 2 Si = 0.1.
Finally, let us note that all the calculations assume a spherical symmetry. Deformations can play an important role in DC
mechanism by modifying the single-particle configuration or
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slowing down the process when nucleon reordering is necessary (Rauscher et al., 1995). However, due to the large uncertainties already existing in the spherical approximation of the
DC model, as well as the nuclear level density model, it seems
presumptuous to treat deformation in detail at the moment. We
will neglect deformation effects in the whole nuclear chart. In
the same spirit, we only consider E1-type transitions which are
dominant, if allowed. If no E1-transition is possible, M 1- or
E2-transitions can then take over, but give rise to much smaller
neutron capture rates which are expected to be negligible in
comparison with β-decay rates, at least for neutron-rich nuclei.
In this respect, there is little significance for r-process applications to determining transitions slower than the E1 one.
3. Total neutron capture rates of neutron-rich nuclei
3.1. The radiative DC cross section
All the nuclei potentially involved in the r-process nucleosynthesis, i.e lying in the nuclear chart (with 20 ≤ Z ≤ 92) between the valley of β-stability and the neutron-drip line predicted by ETFSI mass model, are considered. The DC contribution is calculated as explained in the previous section, making
use of experimental excitation spectrum when available (Eq. 6).
Fig. 3 shows the calculated Maxwellian averaged DC rates,
Na hσviDC (where Na is the Avogadro number, and v the relative velocity between target and projectile) at T9 = 1.5 (where
T9 denotes the temperature in 109 K) for the 3100 neutron-rich
nuclei. It is of interest to see that, in contrast to previous calculations (Mathews et al., 1983), the DC rates decrease with decreasing neutron separation energies, as does the CN contribution.
This result is to be expected since the number of levels with excitation energy smaller than Sn decreases with decreasing Sn ,
and with it, the DC cross section. In the present approach, the
transitions to low-lying levels are not the only ones to contribute
to the total cross section. The high-lying levels have a relatively
small contribution to σ DC due to the small kγ in Eq. 2, but
the exponentially rising number of levels with increasing excitation energy compensates this effect in some respect. This
is shown in Fig. 4 where the DC rate is plotted as a function
of the total number of levels within the [0, Sn ] range. The DC
rate is clearly proportional to the number of available levels,
and therefore does not only depend on transitions to low-lying
states. A lower limit of 10−5 cm3 s−1 mol−1 imposed on the DC
rates (as seen in Figs. 3 and 4) indicates that for some nuclei
with low Sn the DC rates can become negligible, the selection
rule forbidding the E1-type transition to any of the available
excited levels. This interesting feature is independent from our
adopted value of the average spectroscopic factor and is more
significantly illustrated in Fig. 5 where in the (N, Z) plane the
half-lives against neutron capture, τn = 1/Nn hσviDC , is estimated for a typical neutron density of Nn = 1027 cm−3 . At such
a density, many nuclides close to the neutron drip line have a
neutron capture half-life longer than 1 ms or even 1 s. In particular, many neutron-rich isotopes of the same element (e.g. Kr, Ba,
Yb), show the same hinderance against direct neutron capture.

Fig. 3. Variation with Sn of the DC contribution to the
Maxwellian-averaged (n, γ) rate calculated for 3100 neutron-rich nuclei at T9 = 1.5. A lower limit of 10−5 cm3 s−1 mol−1 is imposed.

It mainly corresponds to the large decrease of the level density
at low energy (due to pairing or shell effects) and to the resulting
small number of allowed transitions. Most of them do not fulfill
the E1 selection rules, because of the appearance of an high-spin
state (such as 1i13/2 in 180 Yb). However, it should be noted that
level crossings resulting from deformation effects could modify
the spin and parity predictions of the low-lying states, and thus
transform the forbidden into allowed transitions. A canonical
r-process path at T9 = 1.5 and Nn = 1027 cm−3 (i.e characterized by the astrophysical parameter Sa0 = 2.2 MeV–for more
details, see Goriely and Arnould, 1992) is also represented in
Fig. 5. The implication of these low DC rates on the r-process
nucleosynthesis is discussed in Sect. 4.

3.2. Comparison of the DC cross section with the CN contribution
The CN contribution to the (n, γ) rate is calculated within the
Hauser-Feschbach model (Thielemann et al., 1986) for which
all the nuclear structure properties are taken from the ETFSI
model. In particular, the nuclear level density is derived within
the microscopic approach of the statistical model based on the
same ETFSI single-particle levels as for the DC part (at least for
spherical nuclei). It should be noted that the combinatorial is not
used in this case, because of its inability at the moment to treat
deformed nuclei correctly. The statistical model also presents
the advantage of taking into account rotational and vibrational
enhancements, as well as the disappearance of deformation at
increasing excitation energies. As a consequence the statistical
approach shows much closer agreement with experimental data
than does the combinatorial model. The complete level density
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Fig. 4. Same as Fig. 3, but as a function of the total number of levels
in the [0, Sn ] range.
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Fig. 6. ratio of the DC to CN contributions to the Maxwellian-averaged
(n, γ) rates of the 3100 neutron-rich nuclei at T9 = 1.5.

rate to behave in a similar way as does the CN rate, i.e proportionally to the level density. Of course, many uncertainties
related, in particular, to the estimate of the excitation spectrum
and the spectroscopic factor, still affect the DC predictions, and
further improvements of the microscopic model are required
before drawing conclusions on the relative contributions of the
DC and CN rates. In particular, the amplitude of the adopted average spectroscopic factor is subject to discussion. In contrast to
the nuclei close to the valley of β-stability, the very neutron-rich
nuclei present a DC rate with a much more scattered behaviour
with respect to the CN rate. For these exotic nuclei, the question
of the reliability of the CN model is also bound to arise.
Fig. 5. Representation in the (N, Z) plane of the nuclides with a half-life
against neutron DC larger than 1s (full squares) or ranging between 1ms
and 1s (open squares) for Nn = 1027 cm−3 and T9 = 1.5. The upper left
line corresponds to a canonical r-process path in the same thermodynamic conditions. The right line indicates the ETFSI prediction of the
neutron drip line. The crossed squares represent the stable isotopes.

prescription adopted here is described in detail in Arnould and
Tondeur (1981) and Goriely (1996).
Fig. 6 compares the direct with the statistical contributions
to the Maxwellian-averaged radiative capture rate (at T9 = 1.5)
for the 3100 neutron-rich nuclei. Close to the valley of stability, the DC rate appears to reach 1 to few tens of percent of
the CN prediction. This conclusion is of course bound to our
assumption hC 2 Si = 0.1, a lower value leading to a smaller
DC contribution. In this case, it contradicts the usual idea that
the DC contribution is by far negligible compared with the CN
counterpart for heavy stable nuclei. The large DC contribution
comes mainly from the high-lying states which lead the DC

3.3. The total neutron capture cross section
Direct and compound nuclear reactions are known not to be
mutually exclusive. Both mechanisms may contribute to the radiative capture of a neutron. For this reason, the total capture
rate is often taken as the simple sum of both contributions, neglecting all possible interferences between them. In the popular
picture of Mathews et al. (1983), the CN contribution is by far
dominant for nuclei close to the valley of stability and decreases
rapidly when considering more and more neutron-rich isotopes
(especially when crossing a magic neutron number), while the
DC remains almost constant; in this case, the transition from
the CN regime to the DC one takes place rapidly within an isotopic chain and the total cross section can be relatively well
approximated by the sum of both contributions. However, in
our present approach, both parts are roughly proportional to the
level density in the residual nucleus and decrease similarly as
a function of the neutron excess. No fast transition from one
regime to another is observed.
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Moreover, for nuclei with closed neutron shells or small neutron binding energies, the number of available resonances is very
low, so that the statistical model of Hauser-Feschbach cannot be
applied. To justify the use of the CN approach, it is usually requested that the available resonance states are ”numerous” and
that their widths and energies are randomly distributed within
the contributing energy interval ∆E. However, no detailed study
has been done so far to quantify this high-level-density rule. It
should also be reminded that the CN approach always assumes
the existence of dominant s-wave resonances, because of the
Gaussian spin distribution of the level density inherent to the
statistical model. Therefore, we consider here the CN model to
be valid if the level density is high enough to ensure that no spurious s-wave resonance is introduced in the excitation spectrum,
or quantitatively that the number of levels with the most probable spin in the energy interval ∆E is equal to the arbitrary value
of 10. This corresponds to a total nuclear level density at Sn of
ω ∗ ' 6000 MeV−1 for ∆E = 250 keV. If the total level density
at the neutron binding energy is smaller than ω ∗ , only few CN
resonances should be considered in a R-matrix-type calculation,
or even in a more simple Breit-Wigner approach. Another possible approach would be the so-called pre-equilibrium process
characteristic of high-energy collisions where particles can be
emitted after the first direct interaction, and before the statistical equilibrium can be reached. In our case, the non-attainment
of the statistical equilibrium is essentially due to the decrease
of the number of available resonances. Unfortunately, none of
these models have been applied to the determination of the neutron capture cross sections of neutron-rich nuclei. Therefore, we
adopt in the present work a more phenomenological approach
and estimate the total neutron capture rate by
hσvi = hσviDC + hσviCN

(7)

or
hσvi = hσviDC + hσviCN

1
∗

1 + (ω /ω(Sn ))1/a

,

(8)

where ω(Sn ) is the total level density at the neutron separation
energy and a is a damping parameter characterizing the disappearance of the CN contribution at level densities decreasing
below ω ∗ . Two different values of the damping parameter are
considered, namely a = 0.8 corresponding to a relatively slow
decrease of the CN contribution with ω(Sn ) and a = 0.2 describing a faster decrease. These different approximations of
the total (n, γ) rates enable us to study the competition between
neutron captures and β-decays taking place during the r-process,
allowing for an erroneous CN calculation of (n, γ) rates for very
exotic nuclei.
4. Influence of the DC on the r-process nucleosynthesis
To understand the possible impact of the DC mechanism on the
r-process nucleosynthesis, we consider first the simple canonical
model, but without making use of the WPA, i.e without assuming the a priori establishment of an (n, γ) − (γ, n) equilibrium.

A full reaction network is solved for a given set of astrophysical
parameters (T, Nn , τirr ). Full details of this non-equilibrium
canonical model can be found in Goriely and Arnould (1996).
The (n, γ) rates are calculated with Eq. 7 (referred to as case
I) and Eq. 8 with a = 0.8 (case II) or with a = 0.2 (case III).
Fig. 7 shows the abundance distribution resulting from 1 event
(T9 = 1.5, Nn = 1025 cm−3 , τirr = 0.8 s). In this example,
the r-process path (characterized by the astrophysical parameter
Sa0 = 2.8 MeV) is far enough from the neutron drip line, so that
no important effect of the DC contributions is seen in neither of
the 3 cases. In each isotopic chain, the produced nuclides have
always neutron capture and photodisintegration rates relatively
fast compared with the β-decay rates4 . On the contrary, interesting features can be observed in Fig. 8, when the r-process
path gets closer to the drip line (Sa0 = 2.2 MeV). Even at temperatures and neutron densities as high as those considered in
Fig. 8–which would have led us to believe in the establishment
of the (n, γ) − (γ, n) equilibrium–the (n, γ) rates are relatively
low, especially in case III, and the β-decays can compete with
neutron captures for many isotopes along the r-process path.
This is well illustrated in Fig. 5, where the canonical path is
seen to cross many nuclei with timescales against the neutron
DC longer than 1 ms or even 1 s. For many of these nuclei,
ω(Sn ) < ω ∗ , so that the total neutron capture rate is given by
the DC component only, and β-decays become dominant with
respect to the neutron captures. This non-equilibrium competition is the most effective where the r-process path is the closest
to the drip line, i.e. where it reaches the neutron shell closures.
Consequently, the final abundance distribution before the main
peaks (especially at A ' 115) is different than the one predicted
by the canonical equilibrium model. This feature is similar to
the non-equilibrium effect emphasized by Goriely and Arnould
(1996) at low neutron densities or temperatures. However, in
the present work, it originates from the low neutron capture
cross sections, and therefore remains at high temperatures and
neutron densities.
A second r-process model, called the multi-event r-process
model, is now considered to estimate the impact of the DC.
In such a model a given number of different non-equilibrium
canonical events are superposed in order to reproduce the solar
system r-abundance distribution as precisely as possible. When
trying to explain the origin of the solar system r-abundances,
this more elaborate model enables us to analyze the impact of
nuclear physics uncertainties, such as those related to the estimate of (n, γ) rates, not only on the final abundance distributions, but also on the thermodynamic conditions required to
produce the r-elements in solar quantity. More details, and in
particular the fitting procedure, can be found in Bouquelle et
al. (1996) and Goriely and Arnould (1996). Fig. 9 compares
the normalized solar system r-abundances with those obtained
from the best-fit superposition of the multi-event r-process restricted to the thermodynamic conditions, 1 ≤ T9 ≤ 2 (grid
steps of 0.2), 1020 ≤ Nn (cm−3 ) ≤ 1027 (grid steps of 10) and
Note that the β-decay half-lives are estimated by the revised version
of the gross theory (Tachibana et al., 1990).
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Fig. 7. r-process yield curves obtained in the framework of the
non-equilibrium canonical model for the set of physical parameters
T9 = 1.5, Nn = 1025 cm−3 and τirr = 0.8 s. The 3 curves are obtained
for the 3 different estimates of the total (n, γ) rates (see text). The top
curve corresponds to the r-process abundances (Anders et Grevesse,
1989) arbitrarily normalized.

Fig. 8. Same as Fig. 7, but for T9 = 1.5, Nn = 1027 cm−3 and
τirr = 0.4 s.

10 ≤ ncap ≤ 150 (grid steps of 7.5)5 . Maximum irradiation
times of τmax = 3 s are considered. The multi-event r-process
is calculated for cases I to III. They all appear to give a relatively
good fit to the solar system abundances, no significant discrepancies being observed. The normalized statistical weights of the
events involved in the fits of Fig. 9 are displayed in Figs. 10, 11
and 12 for cases I, II and III, respectively. As seen in Figs. 9-12,
the changes in the nuclear physics considered do not affect the
abundance distributions anymore, but rather the statistical distributions of the events involved. Because of a possible contribution of the α process in the production of the 70 ≤ A ≤ 100
nuclei (Takahashi et al., 1994; Woosley et al., 1994), our results in this mass region are of no significance without a prior
study of the α-process nucleosynthesis. On the one hand, the
main A ' 130 and A ' 195 peaks appear to be explained
in the three cases by similar events, characterized by r-process
paths in the 2 MeV ≤ Sa0 ≤ 3 MeV range. On the other hand,
5

ncap is the number of neutrons captured by the seed nuclei of 56 Fe.
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Fig. 9. Fit to the solar system r-abundances derived from a superposition
of non-equilibrium canonical events. The grids of considered values
of T9 , Nn and ncap are given in the main text. Cases I, II and III are
represented by full, dot-dash and dotted line, respectively. They all give
a similar fit to the solar distribution.

differences can be observed in the events responsible for the
production of the A ' 115 and A ' 140 elements. In particular, the fit to the pre-peak A ' 115 nuclei call for events
at low Sa0 values in case I, while these events are not required
anymore in case III. As already shown by Goriely and Arnould
(1996), the production of the A ' 115 nuclei can be explained
by considering non-equilibrium (i.e low-temperatures or lowneutron-densities) events or low-Sa0 -value (i.e low-temperatures
and high-neutron-densities) events. In case III, the slow neutron
captures lead to the same effects as the low-temperatures, lowdensities effects and enable the production of the pre-peak nuclei
by astrophysical events with Sa0 ' 2.7 MeV and T9 ' 1.3−1.5,
i.e the same as the one responsible for the A = 130 peak elements. In case I, such events are not effective to produce the
pre-peak elements, and high-density events with Sa0 ' 1.6 MeV
play an important role. In case III, these low-Sa0 events appear to
be more efficient in the production of the A ' 140−150 nuclei,
as seen in Fig. 11. Note that in the intermediate case II, none of
the low-Sa0 r-processes contributes significantly anymore; the
bulk solar system r-abundances are produced by events with
2 MeV ≤ Sa0 ≤ 3 MeV only, and in particular the synthesis of
A ' 115 nuclides requires events characterized by low temperatures T9 ' 1−1.1 and low neutron densities (Nn ' 1023 cm−3 ).
The production of the A > 150 r-elements in solar abundances
calls for globally the same events in cases I, II and III.
Finally, it is of interest to investigate the influence of the
newly-derived (n, γ) rates on the validity of the WPA. To do
so, we consider the same criteria as defined by Goriely and
Arnould (1996), i.e. the deviation between the final abundances
of a given canonical event (CE) obtained with the WPA (N (CE))
and without the WPA (N (NECE), where NECE stands for nonequilibrium canonical event). This deviation is expressed by the
root mean square factor
#1/2
"
ntot
1 X
2 Ni (CE)
ln
,
(9)
frms = exp
ntot
Ni (NECE)
i=1

422

S. Goriely: Direct neutron captures and the r-process nucleosynthesis

Fig. 10. Representation in the (Sa0 , ncap ) plane of the statistical weights
of the events involved in the abundance fit of Fig. 9 for case I. The contours of normalized values of 10−4 and 5 10−4 are shown by dotted
lines. The contours of 10, 100 and 1000 times larger values are represented by short dashed, long dashed and solid lines, respectively.

where i runs over the ntot nuclidic species i. The frms factor
are calculated for some 3000 events in the ranges 1 ≤ T9 ≤ 2,
1020 ≤ Nn (cm−3 ) ≤ 1030 and 10 ≤ ncap ≤ 150. Since frms
does not depend drastically upon ncap , it is profitable to define an average hfrms i factor for each (T9 , Nn ) couple. The
hfrms i factor provides then a direct and quantitative evaluation
of the validity of the WPA. For hfrms i <
∼ 2, the WPA can be
considered as a good approximation, while large errors can be
expected if use is made of the WPA for astrophysical conditions such that hfrms i > 2. Fig. 13 displays the equi-hfrms i
lines in the (T9 , Nn )-plane calculated with the (n, γ) rates taken
from case I and case III. In case I, the WPA remains valid in
a relatively similar region of the (T9 , Nn )-plane as described
by Goriely and Arnould (1996), since the total (n, γ) rate is
essentially given by the CN part. On the contrary, in case III,
the validity of the WPA appears to be shifted to much higher
Nn and T9 values, because of the much smaller CN contribution considered for very neutron-rich nuclei. In particular, at
temperatures T9 ≤ 1.5, the (n, γ) − (γ, n) equilibrium is never
reached, since these events are characterized by r-process paths
close to the neutron-drip line, where small neutron capture cross
sections are encountered. Of course, it should be added that all
our conclusions are affected by the remaining uncertainties in
the prediction of the β-decay rates for very exotic nuclei. The

Fig. 11. Same as Fig. 10, but for case II.

situation will hopefully be improved by the new calculations to
come in the semi-gross theory approach (Nakata et al., 1997), as
well as in the self-consistent microscopic model of finite Fermi
systems (Borzov et al., 1996).
5. Conclusions
The neutron capture reactions play a pivotal role in the r-process
nucleosynthesis. Unfortunately, the difficult task to estimate the
(n, γ) rates for the numerous neutron-rich nuclei involved in the
r-process is quite often avoided by calling for simplified assumptions, such as the WPA. However, even the WPA is bound to a
reliable estimate of the neutron capture rates to justify its applicability. Therefore, a reliable prediction of the neutron capture
rates is mandatory. We have tried to estimate the DC, as well as
the CN contributions to the radiative capture of neutrons. In particular, the DC rates are calculated within a microscopic model
based on the same potential as the one considered in the CN
model. The excited level spectrum in the residual nucleus is predicted by a combinatorial model of nuclear level densities, and
the resulting single-particle configuration is assumed to be characterized by an average spectroscopic factor. In this approach,
the DC rates are found to be proportional to the number of levels
of energy lower than the neutron binding energy. Consequently,
the DC mechanism is often not negligible compared with the CN
process for nuclei close to the valley of stability. Neutron-rich
nuclei present DC rates which show large variations according
to the allowed or forbidden E1-transitions available between
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Fig. 12. Same as Fig. 10, but for case III.

the initial and final systems. Of course, large uncertainties still
affect the DC predictions, but our results emphasize the possibility of a negligible DC rate for many neutron-rich nuclei. This
might have an important impact on the r-process nucleosynthesis.
The validity of the adopted Hauser-Feshbach model to calculate the CN rate has also to be questioned when dealing with
neutron-rich nuclei for which the number of levels at the neutron binding energy might be too low to justify the statistical
approach. A phenomenological approximation to the total neutron capture rate is prescribed considering the possibility of a
large overestimate of the CN contribution for nuclei with a low
level density at the neutron binding energy. In this case, it is
shown that the (n, γ) − (γ, n) equilibrium usually assumed in
parametric r-process models might not be fulfilled, even at high
neutron densities. A full reaction network has to be solved to
allow for the competition between β-decays, neutron captures
and photodisintegrations. R-process calculations in the framework of the single-event model indicate that the low (n, γ) rates
can affect the r-process paths, mainly where it gets close to the
neutron drip line, i.e before the N = 82, and to a lower extent
N = 126, shell closures. The final r-abundance distribution is
consequently modified before the abundance peaks. Multi-event
r-process calculations show that weak neutron captures influence also the thermodynamic conditions of the astrophysical
events called to explain the origin of the solar system r-content.
In particular, the role of r-process events leading to the production of nuclei close to the neutron drip line is modified according
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Fig. 13. Limits of validity of the WPA in the (T9 , Nn ) plane based on the
consideration of about 3000 r-process events. The events corresponding
to the values of 1.05 (circles), 2 (squares) and 10 (triangles) of the
average deviation factor hfrms i are connected with solid lines. The
full symbols are obtained with the (n, γ) rates given by case I and the
open symbols by case III.

to the total (n, γ) rates adopted. Finally, the validity of the WPA
is investigated using the newly-derived (n, γ) rates. It is shown
that at temperatures T9 ≤ 1.5, the (n, γ) − (γ, n) equilibrium
might never be reached.
The prediction of the DC and CN contributions to the neutron capture rates obviously requires further improvements before drawing conclusions on the effective impact of the neutron
captures on the r-process nucleosynthesis. We acknowledge the
large uncertainties inherent to the DC model, as well as the
CN model to estimate reliably the nuclear reaction rates for
experimentally unknown neutron-rich nuclei. In particular, the
adopted DC model still suffers from large uncertainties stemming 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 are required to improve the
predictive power of the DC model. The important effect of nuclear deformation has been neglected here, and should be taken
into account. Therefore, it appears, that our understanding of
the r-process nucleosynthesis requires an extended knowledge
of not only many nuclear structure properties (masses, deformations, shell and pairing effects, nuclear level densities, . . . ), but
also interaction properties (neutron capture rates, β-decay rates,
. . . ). Much remains to be done experimentally and theoretically.
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