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Abstract. Sensitivity studies of the i process have identified the region around
1331 as a bottleneck for the neutron capture flow. Nuclear properties such as
the Maxwellian-averaged cross section (MACS) are key to constrain the uncer-
tainties in the final abundance patterns. With the Oslo method, we are able to
indirectly measure such properties for the nuclei involved in this process. From
the >*Sn(a, py)'?’Sb reaction data we extract the nuclear level density and y-
ray strength function for '?’Sb. The level density at higher excitation energies is
compatible with the constant-temperature model, while the y-ray strength func-
tion presents features like an upbend and a pygmy-like structure below S ,,. From
these two quantities we can calculate the MACS for the '2°Sb(n, y)'?’Sb reac-
tion using the Hauser-Feshbach formalism, and constrain its uncerainties from
the theoretical ones. Libraries such as JINA REACLIB, TENDL and BRUS-
LIB agree well with the experimental results, while ENDF/B-VIIL.O predicts a
higher rate.

1 Introduction

Burbidge et al. [1] in 1957 in their seminal paper identified the s and the r processes (standing
for the slow and rapid neutron-capture processes, respectively) as the main mechanisms be-
hind the creation of the elements heavier than iron in our universe. The two nucleosynthesis
processes produce different elemental abundance patterns, and while our Sun’s abundance
presents characteristics from both processes, in many stars only the pattern from one of these
may be observable [2]. This is the case for carbon-enhanced, metal-poor stars (CEMPs),
which may be enriched in r process elements [3], s process elements or both [4]. This last
case is challenging to explain, as the two nucleosynthesis processes are thought to happen in
different astrophysical sites, and CEMPs are thought to have formed before the interstellar
medium from them could mix. A possible solution to this problem is the introduction of the
i process. The i process stands for intermediate neutron-capture process, has neutron densi-
ties between those of the s and the r process, and was first proposed in 1977 by Cowan and
Rose [5]. Sensitivity simulations of this process are able to reproduce the abundances for
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these CEMPs-s/r (CEMPs presenting elements characteristics to both the s and r process),
and identify the region around '*°I as a bottleneck [6]. However, one of the main sources
of uncertainty lies in the correct estimation of nuclear properties such as the neutron-capture
rates of the nuclei involved in the i process. By carrying out experimental studies in the 31
region we are able to constrain uncertainties for the neutron-capture rates. This also pro-
vides useful experimental measurements of nuclear properties so that better and more precise
theoretical models may be developed, these being very important for both i and » process
simulations. This region of the nuclear chart involves many unstable, neutron-rich nuclei, for
whose it is very difficult to carry direct measurements of the (n,y) reaction cross section. For
this reason an indirect approach is used. With the Oslo method we are able to extract two
statistical properties of the nucleus, the nuclear level density (NLD) and the y-ray strength
function (GSF). The NLD and GSF are statistical properties of the nucleus, the first one be-
ing the “continuous” equivalent of counting energy levels, and the second of the reduced
transition probabilities. These are the ingredients needed in the Hauser-Feshbach formalism
(together with the optic model potential) to calculate the neutron-capture rate (see [7] and
references therein.) Here we present the results from the '?*Sn(a, py)'?’Sb experiment. By
analyzing the data with the Oslo method we obtain the NLD and the GSF of '?’Sb, part of
the 31 region. The (n,7y)'?’Sb reaction rate is then calculated, presented and compared to
known libraries.

2 The extraction of the NLD and GSF

The '?*Sn(a, py)'?’Sb reaction experiment was carried out at the Oslo Cyclotron Laboratory
for a period of five days. a 24 MeV a-beam was impinged on a self-supporting '**Sn target.
In order to use the Oslo method, we are interested in particle-y coincidences. For this reason
the reaction data was collected using a silicon particle detector (SiRi [8],) and a LaBr; y-ray
detector (OSCAR, [9]). The particle detector consists of a thin front detector (AE) and a
thicker back detector (E), and this allows us to separate the different reaction channels and
only select the (@, p) data. From the energy of the beam and that of the ejected proton, we
are able to calculate the excitation energy the resulting '2’Sb is left in, and associate it to the
coinciding y-rays from its de-excitation to the ground state. These different y-ray spectra for
each excitation energy can be plotted together in a matrix, called raw coincidence matrix.
The Oslo method is a procedure for which we can obtain the NLD and the GSF of a nucleus
starting from a raw coincidence matrix [10-12]. First the matrix has to be unfolded to get
rid of the detector response. Secondly, The first-generation matrix is obtained with a sub-
traction technique, where we only select the first y-rays from each de-excitation. The NLD
and the GSF are used to describe the nucleus in the quasicontinuum excitation energy region,
where the level density becomes so large (> 50 per MeV) that it is more useful to describe
nuclear properties statistically. These are then extracted from the first-generation matrix from
this region using a x> minimization algorithm explained in Ref. [12] and finally normalized
following the procedure described in the main article about this experiment (Ref. [13]). The
extracted NLD and GSF are shown in Figure 1. Here we see how the NLD follows an ex-
ponential curve compatible with the constant-temperature model. The GSF shows features
such as the upbend at low energies, the pygmy resonance and possibly a small structure at
~ 3 MeV. For each graph, all the available TALYS 1.95 [15, 16] models were plotted as
comparison, showing a general disagreement to the experimental data.
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Figure 1. The NLD (left) and the GSF (right) for '>’Sb. nld and str indicate the model number
obtained from TALYS 1.95 [15, 16]. The red bars in the left plot indicate the low excitation energy
regions the NLD was normalized to (see Ref. [13] for details.)
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Figure 2. The constrained MACS uncertainty
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3 The MACS

The Maxwellian-averaged cross section (MACS) is a quantity easily translatable to the
neutron-capture rate [14] and is an important nuclear input parameter for nucleosynthesis
simulations. Theoretical MACSs can be calculated with TALYS in the Hauser-Feshbach
framework by choosing a NLD, a GSF and a optical model potential. While the latter does
not influence the MACS too much, combining all the models gives an uncertainty span of
more than one order of magnitude (see Figure 2). The experiment data constrains this uncer-
tainty and is compared to common libraries such as JINA REACLIB [17], BRUSLIB [18],
TENDL [16] and ENDF/B-VIIL.O [19]. While the first three give predictions within 1o un-
certainty from the experimental result, the latter predicts values outside the 20~ uncertainty
region.
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