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Abstract. Neutron capture cross sections are one of the fundamental nuclear data in
the study of the s (slow) process of nucleosynthesis. More interestingly, the competition
between the capture and the decay rates in some unstable nuclei determines the local
isotopic abundance pattern. Since decay rates are often sensible to temperature and
electron density, the study of the nuclear properties of these nuclei can provide valuable
constraints to the physical magnitudes of the nucleosynthesis stellar environment. Here
we report on the capture cross section measurement of two thallium isotopes, 2°4T1
and 2°°T1 performed by the time-of-flight technique at the n_.TOF facility at CERN.
At some particular stellar s-process environments, the decay of both nuclei is strongly
enhanced, and determines decisively the abundance of two s-only isotopes of lead,
204p and 2%°Pb. The latter, as a long-lived radioactive nucleus, has potential use
as a chronometer of the last s-process events that contributed to final solar isotopic
abundances.

1. Introduction

Approximately half of the solar elemental abundances heavier than iron are produced
by the so-called s-process of stellar nucleosynthesis. This is characterized by successive
neutron capture and beta decay reactions, following the path of the valley of stability.
An up to date review of the s-process, including a detailed analysis of the stellar scenarios
where it occurs, can be found in [1]. Elements with A > 90 are mainly produced in the
main s-process, which takes places in the Asymptotic Giant Branch (AGB) phase of low
mass (1.5—3 M), thermally pulsating stars. During the AGB phase, s-process happens
in two main environments, characterized by different physical conditions. Between two
Thermal Pulse (TP) episodes, H is burned radiatively in a shell at the bottom of the
convective envelope. In the ashes of the H-burning shell, conditions are such that a *C
pocket forms, and neutrons are released by the 13C(oz,n) reaction. When temperature
approaches ~ 0.9-10% K (corresponding to kT ~ 8 keV ), neutron densities of ~ 107 cm™3
trigger the s-process. But in the recurrent TP episodes, the convective flash fusion of
the accumulated He-shell during the interpulse rises the temperature up to ~ 3 - 10%
K (corresponding to kT ~ 26 keV). This enables the release of neutrons by the partial
activation of the **Ne(a,n) reaction. Although these events last for a few years, neutron
densities can reach up to ~ 10 em™3, changing the isotopic patterns around some
particular isotopes.

Along the s-process path, some nuclei are radioactive, with half-lives from a few
years to thousands of years. In these, the neutron capture rates may compete with their
decay rates. In some cases, the high temperature reached during the TP can enhance
the decay of this nuclei, changing considerably their capture-to-decay ratio. When
this occurs, the usual path of the nucleosynthesis process is changed, which affects
the abundances of stable nuclei immediately following the unstable species. Hence, by
affecting local isotopic ratios, these nuclei -which receive the name of branching points-
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Figure 1: The s-process in its termination area, in the mass region A = 203 — 210.
Thick red arrows represent the main s-process path, while thin arrows indicate secondary
paths. From ~ 1.6 -10% K, a temperature which is easily reached and surpassed during
TP events, the 2°T1 decay becomes relevant, and even exceeds that of 2**Pb.

become probes of the stellar conditions where they are produced. However, to achieve
that it is necessary to know their neutron capture cross section, and 5~ decay rates.

2471 and 2°TI1 are relevant branching points because of their situation in the
endpoint of the s-process path (figure 1). This region, which comprises nuclei with
A = 203 — 210, is of special interest. Due to the proximity of the neutron shell
closure, 2°°T1, 2%Pb, 2O7Ph, and especially the double magic nucleus ***Pb, form the
third s-process peak of abundances. In addition, **Pb and the radioactive ***Pb are
produced only by the s-process. The latter, with a half-life of 17.3 My, has several
cosmochemical applications [2]. On top of that, it has the potential to be used as a
chronometer of the last s-process events that contributed to the Solar System [3][4].
The TP physical conditions enhance strongly the decay of 2Tl to 2**Pb, and activate
that of the terrestrially stable 2**T1 to 2*’Pb, by bound state 5~ decay [3]. Therefore,
the capture cross section of both, by competing with their decay rate, is crucial to
determine the final abundances of ?**Pb and **Pb.

In this work we present the neutron capture experiments on 2°*T1 and 2°°TIl
performed at the n_TOF facility at CERN, in the neutron energy range of astrophysical
interest (1 eV to 100 keV). The experiments were carried out in 2015 and 2018,
respectively.
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2. Experiment

2.1. Samples

The sample employed to measure the 2%4T I(n,y) reaction was a 260 mg pellet of T1,03,
enriched up to 4% in 2**T1 by neutron irradiation in the ILL (Grenoble) nuclear reactor.
The total mass of 2°*T1 at the time of the experiment was 9 mg. It was encapsulated in
a quartz ampoule to reduce the g radiation, which caused a secondary bremsstrahlung
background. Total 2**T1 activity at the time of the experiment was 150 GBq, in addition
to 370 kBq of ®°Co. The presence of the latter arose from activation of a small impurity
(< 0.3 ppm) of natural Co in the TlyO3 seed pellet. The two gamma rays, with energies
1.17 and 1.33 MeV, coming from the ®**Co decay were the main contributor to photon
background at energies above 800 keV. Another issue was that, after irradiation, there
was high uncertainty in the exact sample position in the quartz container, and close
manipulation was not possible. Therefore, in order to guarantee that most of the sample
would be irradiated upon insertion in the neutron beam, a remote gamma-ray scanning
of the ampoule was carried out. More details can be found in [5].

For the 205T1(1{1,ﬂy) measurement, a >99% enriched T1,03 sample had been prepared.
However, in the first hours of measurement a high contamination of bromine was
identified in the data. Bromine isotopes have very high number of capture resonances
in the same range of 2**Tl, and thus the measurement was not feasible under these
conditions. Fortunately, thanks to the radiochemistry laboratory of PSI an alternative
sample of natural thallium could be produced in time for the experiment. Natural
thallium contains 70.5% of 2%T1 whereas the remaining 29.5% is 2**T1. The latter
has a high capture cross section as well, but it had been measured recently for the
204T] campaign. Furthermore, capture resonance spacing is relatively high in thallium
isotopes, and thus the chance of overlapping resonances is low. The final sample had
a mass of 3.6 g of "TI1, which corresponds to 2.6 g of ***T1. It was pressed into a
cylindrical pellet of radius 1 c¢m, and thickness of 2 mm. Due to the high toxicity of
thallium, it was enclosed in a PEEK capsule for the experiment.

2.2. Measurement and analysis methods

The capture experiments were conducted at the n.TOF Experimental Area 1 (EARI).
At n_TOF neutrons are produced by impinging pulses of 7-10*? protons, accelerated to
20 GeV/c by the Proton Synchrotron (PS), in a lead target. In the ensuing spallation
reactions, about 300 neutrons per proton are released, which makes n_ TOF the most
luminous facility of its kind. The energy of the neutrons is determined by the time-
of-flight technique at the experimental area. Thanks to the long flight path of 184
m, a very high resolution in neutron energy is attained in a wide energy range. The
prompt gamma rays that follow the neutron capture are counted by means of four CgDg
detectors, which have been optimized specifically for a very low neutron sensitivity.
The raw counting rate is converted into reaction yield by applying the Pulse Height
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Weighting Technique [6][7], and the absolute yield normalization is obtained by applying
the gold saturated resonance method [8]. Background signals are subtracted from the
yield, but this requires identifying the different sources. First of all, for 2**T1 the huge
photon background coming from the sample activity is measured by recording data
without beam. There are two other sources of background photons, which are estimated
separately: those coming in the beam and scattered by the sample, and those produced
by the capture, anywhere in the experimental hall, arising from neutrons previously
scattered in the sample. In the first case, the background is estimated by employing
a natural lead sample, which is a high photon scatterer. In the second case, a light
element like ™ C which scatters mostly neutrons, is employed. Finally, the contribution
of the different sample containers was measured using dummy samples. The n TOF
neutron flux is known with a 2% precision from 100 ¢V to 10 keV, and with a 5% in the
10 to 100 keV range [9]. The neutron counting rate is continuously monitored along the
measurement by four silicon detectors.

The capture yield, in the Resolved Resonance Region (RRR), has been analysed
with the bayesian R-Matrix analysis tool SAMMY [10]. In the RRR, SAMMY
reconstructs the theoretical cross section using the Reich-Moore approximation to the R-
Matrix formalism. It includes corrections for thermal broadening and sample thickness
effects, like multiple-scattering and self-shielding.

3. Preliminary results and outlook

We report here on the first time ever direct measurement of ***T1 capture resonances
up to 1 keV. R-Matrix fits of the resonances, compared to those predicted by the
evaluations, are plotted in figures 2 and 3. Final determination of the resonance areas,
limited up to a few keV, is being currently carried out. The main challenge for the
analysis is the very low total mass of 2**T1 present, together with the dominant presence
of %3T1 resonances (figure 3). We expect that the new data will be useful to set an upper
limit to evaluated cross section libraries, and will aid future calculations of the cross
section for astrophysical applications.

Concerning the **T1(n,y) measurement, a preliminary analysis of the yield shows
that clear identification of capture resonances is possible up to at least 100 keV (figure
4). Additionally, we expect to provide an averaged cross section for the Unresolved
Resonance Region beyond 100 keV. All this combined together, should allow for a
reliable determination of the Maxwellian Averaged Cross Section (MACS) at 25-30
keV, the range of kT temperatures reached during the TP stellar events, when the
decay of 2®°TI to *®Pb is more strongly enhanced. It is opportune noting here that a
measurement of the bound state 3~ decay of highly ionized ?**TI is scheduled for next
year at the Experimental Storage Ring (ESR) at GSI (Germany) [11]. The knowledge
of both the decay rate and the capture cross section should allow for a comprehensive
analysis of the role of the ?*T1 during s-process nucleosynthesis.
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Figure 2: Fit with SAMMY of the 122 eV resonance of ***T1(n,y) in the ***Tl-enriched
sample data (red solid line). For comparison, the evaluated cross section for the JEFF-
3.3 (based on TENDL-2015) and TENDL-2017 evaluations is also plotted.
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Figure 3: Fit of the ?**Tl(n,y) resonances at 789 and 915 eV. The green dashed line
corresponds to a fit without 2°T1 resonances of the ***Tl-enriched sample data. The
resonances at 842 and 857 eV belong to capture in 2**T1.
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Figure 4: (a): Yield of the **Tl(n,y) reaction in the range from 2 to 20 keV. A Very
preliminary fit of 2°°T1 capture resonances is plotted (solid red line), using the ENDF /B-
VIIL.O evaluation. The green dashed line are ***T1 capture resonances, employing the
data from the 2015 ***Tl(n,y) n.TOF measurement. (b) The experimental ***T1(n,y)
yield close to 100 keV, where resonances are clearly visible at 89, 99 and 102 keV.
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