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Abstract. The W isotopic compositions have been investigated within the classical approach to the s-
process nucleosynthesis. The Maxwellian averaged neutron capture cross-sections (MACS) adopted in
the calculation are obtained from the TALYS-1.9 code with four nuclear level density models: the
constant temperature plus Fermi gas, the back-shifted Fermi gas, the generalised superfluid, and the
microscopic method of Goriely. The results show that the uncertainty from MACS values is already
propagated in the W isotopic ratios, and the generalised superfluid prediction exhibits the largest
deviation from the observed '2W/'%W ratio. In addition, since branching points have not been
considered in this work, the MACS values of the 2W(n,y)!%W reaction are found not to affect the

estimated 83W/184W ratio.
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1 Introduction

In 1957, Burbidge et al. [1] and Cameron [2]
independently and thoroughly described nuclear
processes forming the atomic nuclei located
beyond the iron peak. In these studies, heavy
element compositions were assumed to be created
via neutron capture reactions, particularly the
rapid (1) and slow (s) processes. The s (1) neutron
capture produces neutron-rich nuclei with a slow
(rapid) time scale compared with the 3-decay rate,
and these reactions take place in an environment
with a very high-neutron density such as an
asymptotic giant branch (AGB) phases [3], or the
stellar explosions [4]. However, several observed
proton-rich isotopes could not be produced via
neutron capture processes, and a proton capture
(p) process is, instead, responsible for creating
their abundances. Over the decades, these two
articles [1, 2] still hold in their description of the

stellar processes, and their fundamental features
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are extensively used today.

This paper is devoted to the s-process in the
Ta-W region. For the s-process occurring in AGB
stars, the 1¥C(a,n)'%O reaction is the major neutron
source, which operates during the inter-pulse
period with a radiative condition at temperatures
of approximately 0.9 x 108 K (kT ~ 8 keV). It thus
leads to an efficient s-process [5, 6]. A second
marginal neutron source originates from the
2Ne(a,n)®Mg reaction at the base of the
convective zone. Despite a very short-time
activation compared with that of the *C source,
the second neutron burst with higher neutron
density and temperatures of approximately 3.0 x
10° K (kT ~ 23 keV) also has an impact on final
abundances and isotopic ratios, in particular,
nuclei at branching points along the s-process
path [6].

The tantalum isotope has two branching
points with atomic numbers of 182 and 183 [7]. At
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the branching point '%Ta, the s-process flow
produces 182\, 183W, and 184W via
182Ta(ﬁ,v)lSZW(Tl,Y)183W(n,Y)184W.

when the second burst of neutrons is activated,

Meanwhile,

182Ta preferably captures a thermal neutron and
generates '8Ta. After being created by slow
neutron capture of !%Ta, the isotope '$Ta
undergoes [-decay and leads to the formation of
184W. Consequently, these branch point isotopes
strongly affect the tungsten isotopic ratios, which
can be determined by using either stellar
evolution models (see, for example, the FRUITY
database [8]) or a classical analysis. The latter
method consists of a formulation in terms of
(0i)Nsi products, where Nsi is the fractional s-

abundance of nucleus i, and (o)) is its Maxwellian

averaged neutron capture cross-sections (MACS)
[9]. MACS within the classical formula are
evaluated at the neutron energy equal to 30 KeV
and can be used to determine stellar reaction
rates. This approach was found to be a useful tool
for calculating the s-process abundances in the
solar system [5]

despite its simple and

straightforward description.

Avila et al. reported the W isotopic
compositions measured in stardust SiC grains
from the Murchison meteorite, and the results
were compared with

s-process  synthesis

calculations [7]. The comparisons show
anomalous W isotopic ratios lower than those
These

discrepancies reflect that nuclear inputs and

observed from the solar system.
nucleosynthesis calculations should continue to
be improved to provide a reliable description of
the abundance distribution. The impact of nuclear
parameters on the final abundances studied in
Ref. [10] has shown that uncertainties from
neutron capture rates of heavy isotopes produce
an average error in a range from 10 to 25%.
Notably, the percentage significantly increases for
nuclei at the branching points [11]. Recommended

MACS values of nuclei relevant to the s-process

40

nucleosynthesis can be found in the compilation
by Bao et al. [12], or the Karlsruhe Astrophysical
Database of Nucleosynthesis in Stars (KADoNiS),
version 0.3 [13]. However, the latter database
provides an uncertainty of 25% for their
recommended MACS values, determined by
averaging recent evaluations (see, for example,
TENDL-2015 [14]). Hence, regardless of the
current full MACS data, the effect of calculated
MACS values within microscopic nuclear reaction
models on W isotopic ratios presented here is
particularly important for understanding neutron

capture astrophysics.

The Hauser-Feshbach (HF) formulation [15]
has been extensively used for evaluating MACS
values in the s-process nucleosynthesis
calculation, wherein the nuclear level density
(NLD), the radiative strength function (RSF), and
the neutron optical model potential (n-OMP) are
essential nuclear input parameters. Although the
last decades have seen enormous progress in
experimental studies of the NLD [16, 17], the
available data is not adequate for modelling
stellar evolution because of a vast reaction
network consisting of about a thousand isotopes
participating in the s-process [18]. Because of this,
the former input has been theoretically estimated
with phenomenological methods [19-21] and

microscopic approaches [22-24].

In the present paper, we study the impact
of calculated MACS values of 18W(n,y)8W
within different NLD models on W isotopic
compositions. The selected NLD theories used in
the calculation consist of the constant temperature
plus Fermi gas (FG) [19], the back-shifted Fermi
gas (BSFG) [20], the generalised superfluid (SF)
[21], and the microscopic nuclear level densities
based on Skyrme force models (Goriely-Skyrme)
[22]. The four NLD models are used as inputs to
the TALYS-1.9 code [14] to obtain the radiative

neutron capture cross-sections of 2W(n,y)8W
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and corresponding MACS predictions. The latter
results are employed to calculate W isotopic
compositions by using the classical stellar model
of the s-process. Our paper is organized as
follows: The theoretical aspects of MACS and the
classical approach to the s-process calculation are
briefly reviewed in Section 2. In Section 3, we
plotted the numerical results of neutron capture
cross-sections and MACS values within different
models of NLD and compared with those taken
from the literature [12, 25]. In addition, the
comparisons of the evaluated W isotopic ratios of
182W/1W and 18W/18W with the observed solar
ratios [26]

conclusions are outlined in Section 4.

are also presented. Finally, the

2 Maxwellian-averaged cross-
sections and the classical s-process
model

The average cross-sections for a Maxwellian

spectrum are read as opcs(kKT) = {ov) [27], where

vr
k, T, and vr are the Boltzmann constant, the

temperature of the system, and the relative
velocity of a target and neutrons, respectively.
The mean thermal velocity vy has the form v =
J2kT /u, where the reduced mass of the target-
neutron system, p, equals mym,/(m, + m;), and

m1 and m, are the masses of the neutron and the

target. The Maxwellian-averaged cross-sections

are then given by [28]

2 *© E
omacs(kT) = = (kT)~? J a(E)Eexp <— —) dE, (1)

Vi 0 kT

where E is the energy in the center-of-mass frame.

The classical s-process model was first
described in detail by Clayton et al. [29]. They
reported that the s-process abundances found in
nature could be computed by adopting an
exponential distribution of neutron exposures

56
main'NQ

o(t), p(v) = ¢ exp (— i), with t being the

To

time-integrated neutron flux. The fraction Guain
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of the observed iron abundance N2°, which is
required as seed, has the value of G, = 0.057

[9], and the mean neutron exposure, t,=0.295 mb-.

In such a case, one can obtain an analytical
solution if the neutron capture rates’ possible time
dependence A, = N,{(o)v; is ignored, where N,
is the neutron density. Specifically, the
temperature and neutron density N,, are assumed
constant throughout the s-process. The product of
the stellar cross-section and the s-abundance can

then be expressed as [9]

G oo N56 A 1 -1
(@) ayNsay = —2—2- n (1 +—) ¢
@@ To i=56 To{o): 2
In  the  s-process  nucleo-synthesis

calculation, we select the appropriate nuclei
located in the s-path from 5¢Fe to 'W. It is found
that the neutron capture flow is in equilibrium
among the magic neutron numbers, and the
(o) Nsca)
Furthermore, as stated in Ref. [9], 0.04% of the 5¢Fe

abundance in nature is considered as a seed, and

curve is almost unchanged.

each seed nucleus captures about 15 neutrons.
This finding implies that the main s-process
component is produced in low-mass thermally
pulsing AGB stars [6]. Over decades, the classical
approach has well described this main component
for isotopes of masses numbers in the range of 88—
208 [5].

3 Numerical calculations and
discussions

In this section, we numerically calculate W
isotopic compositions from the NLD data derived
from the FG, BSFG, SF, and Goriely-Skyrme
methods. Firstly, the obtained NLD parameters of
the four models were used to compute the
182W(n,v)'8W capture cross-sections. As shown in
Fig. 1, the agreement between the cross-section
estimated with the Goriely-Skyrme approach and
the experiments is satisfactory in the neutron

energy range less than 0.1 MeV. In addition, in

41



Nguyen Nhu Le

this region, the two predictions of the FG and
BSFG methods produce almost the same results,
which also slightly derivate from the experimental
curve; whereas, large discrepancies are observed
for the calculation based on the SF model. In the
higher energy region, the estimated neutron
capture cross-sections adopting the four NLD
models are similar, and both methods under-
predict the data. It turns out that the influence of
NLD models on thermal-neutron capture cross-
sections is less pronounced at neutron energies
between 0.1 and 1 MeV. The resulting cross-
sections are then used to calculate MACS values
through Eq. (4).

A comparison of the MACS values at the s-
process energy of 30 keV, obtained by employing
the four NLD theories, with the data extracted
from the compilation by Bao et al. [12] is shown in
Fig. 2a. The MACS values predicted via the FG,
BSFG, SF, and Goriely-Skyrme methods are 273.8,
283.2, 306.2, and 264.2 mb, respectively. A
remarkable agreement with the recommended
MACS value of 274 mb is found in the estimation
of the FG model. Additionally, the BSFG and
Goriely-Skyrme also describe the
experiments well, with an error of less than 4%,
while the deviation from the data of SF results is

results

the largest, with an error being approximately
12%. These findings are reasonably obtained since
the MACS values in Eq. (1) are proportional to the
neutron capture cross-section, as we can collate
Fig. 1 with Fig. 2a.
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Fig. 1. (Color online) 82W(n,y)!83W capture cross-sections as functions of thermal neutron energy. Calculated results
within the FG (dotted line), BSFG (dashed line), SF (dot-dash line), and Goriely-Skyrme (solid line) models of NLD
are compared with those taken from the experiments [25]
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Fig. 2. (Color online) (a) MACS values at 30 keV for the 82W(n,y)®W reaction are calculated by applying different
NLD models. Experimental data (dotted line) taken from Ref. [12]; (b) The #2W/1%W ratio plotted against the
18W/184W ratio for different MACS values in Fig. 2a. Experimental data extracted from [26]
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The theoretical MACS estimations and the
data recommended by Bao are now used as inputs
to the s-process nucleosynthesis formula given in
Eq. (2), and the obtained W isotopic compositions
are illustrated in Fig. 2b. The number of the seed
nuclei N¥° and the solar W isotopic ratios are
extracted from Ref. [26]; whereas, the MACS
values for nuclei along the s-path from 3Fe to
182Ta are collected from Bao’s data. As expected,
the uncertainty of the MACS values is already
propagated in the W isotopic ratios. Notably,
there is a significant difference between the
182W/184W ratio computed with the SF theory and
those measured (Fig. 2b), and the others fit the
data well. Furthermore, the 8W/184W ratio is
unaffected by the MACS values calculated in this
work, and it is lower than the solar ratio because
the branching points at '%Ta and '%Ta have not
been considered so far. As the second neutron
source of 2Ne operates with a higher neutron
density, these branching points are activated,
resulting in a small change of the Ta isotopic
abundances. However, to obtain the final W
isotopic abundances with the treatment of
branching, one has to determine the initial
abundances left from the previous ¥C “pocket”
phase, which is only calculated in stellar evolution
models.

4 Conclusions

We have used NLD calculations within the FG,
BSFG, SF, and Goriely-Skyrme approaches as
inputs to the TALYS code, and the obtained
results are the cross-sections of radiative neutron
capture reactions on the W nucleus,
corresponding to MACS predictions and W
isotopic compositions. Among the four NLD
models, the microscopic Goriely-Skyrme shows a
good agreement with the neutron capture cross-
section data. At neutron energies in the region
from 0.1 to 1 MeV, both theoretical estimations are
lower than those of the data, and the impact of
different NLDs on the
insignificant. Next, the computed MACS values

for the 82W(n,v)'8W reaction show that the FG,

cross-sections  is
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BSFG, and Goriely-Skyrme models fit the data
taken from the compilation by Bao et al. At the
same time, the most significant discrepancy is
observed for the SF model. The W isotopic
compositions are evaluated by using different
MACS estimations and data. Within the classical
s-process model framework, the W isotopic ratios
are evaluated by wusing different MACS
estimations and data. It is found that the MACS
values of the W(n,y)'$W reaction primarily
affect the final 2W/184W ratio, and the most
significant deviation from the natural ratio is in
the case of SF input. Besides, no deviations in the
183W/184W ratio are visible since branching has not
been considered. Hence, the final 182W/18W ratio is
strongly influenced by the MACS values and the
NLD models. The classical s-process is found to
provide a good description of the s-only isotopes.
the final

branching problems, stellar evolution models

For calculating abundances with
should be used, where the neutron densities and
temperatures in the inter-shells of stars and thus

branching ratios are known.
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