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2Instituto de Física Corpuscular, CSIC—Universidad de Valencia, Valencia, Spain

3European Organization for Nuclear Research (CERN), Switzerland
4Universidad de Sevilla, Sevilla, Spain

5Charles University, Prague, Czech Republic
6Konkoly Observatory, HUN-REN, Konkoly Thege Miklós út 15-17, H-1121 Budapest, Hungary

7MTA Centre of Excellence, Budapest, Konkoly Thege Miklós út 15-17, H-1121, Hungary
8E. A. Milne Centre for Astrophysics, University of Hull, Hull, United Kingdom

9NuGrid Collaboration,‡
10Paul Scherrer Institut (PSI), Villigen, Switzerland
11Institut Laue-Langevin (ILL), Grenoble, France

12University of Lodz, Lodz, Poland
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Asymptotic giant branch stars are responsible for the production of most of the heavy isotopes beyond Sr
observed in the solar system. Among them, isotopes shielded from the r-process contribution by their stable
isobars are defined as s-only nuclei. For a long time the abundance of 204Pb, the heaviest s-only isotope, has
been a topic of debate because state-of-the-art stellar models appeared to systematically underestimate its
solar abundance. Besides the impact of uncertainties from stellar models and galactic chemical evolution
simulations, this discrepancy was further obscured by rather divergent theoretical estimates for the neutron
capture cross section of its radioactive precursor in the neutron-capture flow, 204Tl (t1=2 ¼ 3.78 yr), and by
the lack of experimental data on this reaction. We present the first ever neutron capture measurement on
204Tl, conducted at the CERN neutron time-of-flight facility n_TOF, employing a sample of only 9 mg of
204Tl produced at the Institute Laue Langevin high flux reactor. By complementing our new results with
semiempirical calculations we obtained, at the s-process temperatures of kT ≈ 8 keV and kT ≈ 30 keV,
Maxwellian-averaged cross sections (MACS) of 580(168) mb and 260(90) mb, respectively. These figures
are about 3% lower and 20% higher than the corresponding values widely used in astrophysical
calculations, which were based only on theoretical calculations. By using the new 204Tl MACS, the
uncertainty arising from the 204Tlðn; γÞ cross section on the s-process abundance of 204Pb has been reduced
from ∼30% down to þ8%= − 6%, and the s-process calculations are in agreement with the latest solar
system abundance of 204Pb reported by K. Lodders in 2021.

DOI: 10.1103/PhysRevLett.133.052702

Since the observation of technetium in the stellar
atmosphere of R-Andromedae [1] and the emergence of
the subsequent theory of synthesis of elements in stars
[2,3], the study of asymptotic giant branch (AGB) stars has

played an important role in disentangling the origin of the
elements beyond iron. Indeed, due to the activation of the
slow neutron-capture process (s process), AGB stars are
one of the main sources of nuclei heavier than Sr [4–6]. The
solar isotopic composition is the best known abundance
distribution, and it is a crucial benchmark to study the
galactic chemical evolution (GCE) of the Milky Way [7–9].
In particular, the isotopic pattern of heavy elements is
derived mainly from Ivuna-type carbonaceus (CI) chon-
drites analysis, and its precise measurement is a very active
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field of research [10]. This pattern is the result of
GCE driven by multiple generations of stars and different
nucleosynthesis mechanisms. However, it is possible to
identify nuclei that are produced almost entirely by the s
process, since they are shielded from contributions of the
rapid neutron-capture process (r process), which is the
other main mechanism contributing to the formation of
heavy nuclei [11]. These so-called s-only isotopes play a
pivotal role in studying the s-process nucleosynthesis in
AGB stars and in validating stellar models at different
metallicities [7,12–15]. 204Pb is the heaviest s-only isotope
and thus it serves to benchmark state-of-the-art AGB
models in the heavy-mass region around neutron magic
number N ¼ 126, corresponding to the s-process peak in
the Pb-Bi region. Also, 204Pb is the single lead isotope that
preserves its primordial abundance, thus enabling the Pb-
Pb chronometry of the early Solar System [16,17]. As it can
be inferred from Fig. 1 the production of 204Pb is directly
affected by the interplay between the β−-decay rate and the
neutron capture cross section of the unstable 204Tl
(t1=2 ¼ 3.78 yr), which acts as a branching point in the
s-process path. Until now, apart from a transmission
measurement from 1968 [18] in the 0.2 eV to 1 keV
energy range, only theoretical calculations of the
Maxwellian-averaged cross section (MACS) of 204Tlðn; γÞ
were available [19]. The latter differ from each other by
more than a factor of 2 at kT ¼ 30 keV, i.e., from 97 mb
[20] to the value of 224(78) mb estimated by TENDL-2021
[21]. An estimation of 134� 40 mb was obtained from the
interpolation of time-of-flight (TOF) measurements of the
neighboring isotopes 203Tl and 205Tl at ORNL [22]. Finally,
the value of 215� 38 mb recommended by the KADoNiS

v0.3 database [19], commonly used as reference for nucleo-
synthesis calculations, corresponds to a previous theoretical
calculation by Bao et al. obtained with the NON-SMOKER

code [23]. Note that the uncertainty of 18% quoted there is
rather questionable in view of the large discrepancies
among different theoretical estimates [19].

Previous nucleosynthesis calculations based on the
KADoNiS v0.3 204Tl MACS found a systematic under-
production of the solar abundance of 204Pb [12,14,15,24].
Some of the missing 204Pb could have been produced by the
γ process in supernovae [25–27]. However, the origin of
this process in stars is still matter of debate and its GCE
contribution to 204Pb still remains rather uncertain [28].
Another possible explanation of the predicted deficiency
could be a yet unidentified fractionation mechanism oper-
ating in the early solar system. By comparing the observed
solar abundances with nearby solar twins, Gonzalez [29]
suggested the corrections to the elemental meteoritic
abundances needed to take this effect into account. For
the case of Pb, this led to a reduction of the Pb/Sm
elemental ratio of log10ðPb=SmÞ ¼ −0.1.
As described by Bisterzo et al. [15], a reliable assess-

ment of additional nucleosynthesis contributions to 204Pb
from other stellar sources and/or fractionation effects has
been hindered by the uncertainty in the thermal dependency
of the β−-decay rate [30,31], and most importantly, by the
large uncertainty in the neutron capture cross section of
204Tl and the lack of experimental data.
However, direct measurements on radioactive isotopes

are very challenging. When the reaction product is stable
and thus the sensitive activation technique cannot be
applied, the TOF technique represents the only alternative.
Thus far, from the 21 key s-process branching nuclei
discussed by Käppeler et al. [5], it has been successfully
applied only to 63Ni [32], 79Se [33], 151Sm [34], and
171Tm [35]. Of these nuclei only the last has a very short
half-life (1.92 yr) comparable to that of 204Tl.
In this work, the 204Tl sample was produced from a

machine-pressed pellet of Tl2O3 containing 225 mg of
thallium, enriched up to 99.5% in 203Tl. This pellet was
irradiated for 55 days in the high flux reactor of the Institute
Laue Langevin (ILL). From the initial seed composition
and the irradiation parameters, the content of 204Tl at the
time of the experiment was calculated to be 9.0(5) mg,
corresponding to an enrichment of 4.0(2)%. Prior to the
irradiation at ILL, the pellet had been enclosed in a sealed
quartz capsule in order to avoid any loss of material. The
capsule was cylindrical in shape, with a length of 30 mm,
an external diameter of 8 mm, and 1 mm thick walls.
The capture experiment was performed at the CERN

neutron time-of-flight facility, n_TOF [36]. At n_TOF
pulses of neutrons are produced by the spallation reactions
induced by a 20 GeV=c proton beam impinging a massive
lead target, with the neutron energy En determined by
applying the TOF technique. The experiment was con-
ducted at the 185 m neutron beam line of the Experimental
Area 1 (EAR1). This beam line offers the best combination
among all current world TOF facilities in terms of high
instantaneous neutron flux and long flight path [37], which
allows us to achieve a resolution of ΔEn=En ¼ 10−3 or
better in the En range between 1 eV and 10 keV [36].

FIG. 1. Schematic view of the chart of nuclei at the termination
of the s process. The arrows correspond to the main s-process
path, with dashed arrows depicting paths strongly enhanced
during high temperature and high neutron density events.
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The neutron capture yield was measured by detecting the
prompt deexcitation γ rays emitted after each capture event,
employing the n_TOF standard setup of four C6D6 liquid
scintillation detectors [38], which are optimized to mini-
mize their neutron sensitivity [39]. Lead foils were placed
on the detectors to reduce the impact of the low energy
bremsstrahlung γ rays arising from the 204Tl decay. The γ-
ray cascade detection efficiency was rendered proportional
to the total energy of the cascade EC, and thus independent
of the particular deexcitation path of the cascade, by
applying the pulse height weighting technique (PHWT)
[40–42]. The application of the PHWT required detailed
MC simulations of the detection setup response to a wide
range of γ-ray energies, performed with the GEANT4 toolkit
[43–45]. After applying the PHWT, the experimental
capture yield can be expressed as

YexpðEnÞ ¼ fth · fN ·
CwðEnÞ − BwðEnÞ

ϕðEnÞ · EC
: ð1Þ

Here, CwðEnÞ and BwðEnÞ are the weighted total and
background counts, respectively, while ϕðEnÞ is the neu-
tron fluence, derived from the energy dependence of the
n_TOF neutron flux [46].
The background counts, BwðEnÞ, had two dominant

components, which were assessed separately. The counts
generated by the activity of the sample were evaluated by
acquiring data with the sample and without neutron beam.
The second, beam induced background component, mostly
originating from the capture of beam neutrons scattered
mainly by the sample quartz container, was evaluated by
measuring an identical empty container.
The absolute normalization factor, fN, accounts for the

fraction of beam intersecting the sample. For the 204Tl-
enriched sample, the determination of fN required us to
consider the spatial distribution of activated material inside
the capsule and thus, fN was obtained in a two-step process.
First, a separate measurement using a highly enriched 203Tl
sample was conducted to determine the capture area Ar of
203Tlðn; γÞ resonances. Ar is defined as [47]

Ar ¼ 2π2ƛ2gJ
ΓnΓγ

Γn þ Γγ
; ð2Þ

where ƛ ¼ λ=2π is the reduced deBrogliewave length of the
neutron, gJ is the resonance spin factor, andΓγ andΓn are the
radiative and the neutron widths, respectively.
Because mass and geometry were precisely known for

the 203Tl sample, the 203Tlðn; γÞ yield could be determined
accurately by applying the conventional saturated reso-
nance method using the well-known 4.9 eV resonance in
197Au [48,49], and the fact that the neutron flux of n_TOF
EAR1 is known with an accuracy of 2% or better in the
energy range between 1 eVand 10 keV [46]. Further details
of the experimental setup and the analysis results for the

203Tlðn; γÞ measurement will be given in a separate pub-
lication [50].
Afterwards, fN could be obtained for the 204Tl-enriched

sample by fixing the Ar of the newly measured four
strongest 203Tl resonances, which featured prominently
in the yield due to the dominant content (96%) of 203Tl.
Lastly, fth in Eq. (1) accounts for the part of the capture

spectrum missing under the pulse-height detection
threshold, and it was calculated from MC simulations of
the deexcitation cascades of 197Auðn; γÞ, 203Tlðn; γÞ, and
204Tlðn; γÞ [51]. Despite the relatively high threshold of
600 keV, necessary to reduce further the bremsstrahlung
background arising from the 204Tl β−-decay, the corre-
sponding correction factors were less than 3% owing to the
similarity in pulse-height spectra between the two Tl
isotopes and gold.
For all samples, the resonance parameters were deter-

mined by analyzing Yexp with the Bayesian R-matrix code
SAMMY [52]. Once the normalization procedure was
applied, a capture yield for 204Tlðn; γÞ could be obtained
via Eq. (1). The 204Tl enrichment and its associated
uncertainty were evaluated by fitting the concentration of
the daughter 204Pb in the experimental yield, using the
strongest resonance of 204Pb and the corresponding param-
eters from Ref. [53].
A total systematic uncertainty of 12% was estimated for

the experimental 204Tlðn; γÞ MACS calculated from reso-
nances directly measured; partial contributions are sum-
marized in Table II in the Supplemental Material [78].
The R-matrix analysis allowed us to identify eleven

204Tlðn; γÞ resonances, all below En ¼ 4 keV. A problem is
that higher En are involved in s-process nucleosynthesis in
low mass AGB stars. Most of the neutrons are produced by
the 13Cðα; nÞ16O reaction in the radiative 13C pocket, in the
upper part of the He intershell region, at temperatures
corresponding to thermal energies of kT ≈ 8 keV. A
smaller amount of neutrons are also released by the partial
activation of the 22Neðα; nÞ25Mg reaction at the bottom of
the He intershell, where kT ≈ 25–30 keV is reached during
the recurrent convective thermal pulse (TP) events triggered
by He fusion [6,54,55]. During TPs, the 22Neðα; nÞ25Mg
may generate neutron densities in the order of nn ∼
1010–1011 cm−3 (orders of magnitude higher than in the
13C pocket), and allows us to open several branching points
along the s-process path [15,56,57].
To extend the MACS up to kT ≈ 30 keV a methodology

similar to that described in Ref. [35] was applied. From new
average resonance parameters determined in the present
experiment, and the simulation of random resonance
sequences, the fraction of the total MACS at higher kT
energies that could be measured in our experiment was
determined.
Combining these calculated fractions with the directly

measured contributions, the total MACS at each kT energy
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was determined including its uncertainty. Further details on
the procedure, the determination of average parameters,
and the evaluation of the MACS uncertainty are provided in
the Supplemental Material.
The total MACS as a function of kT is shown in

Fig. 2. We obtained values of 580(168) mb and 260
(90) mb at kT ¼ 8 keV and 30 keV, respectively (see
the Supplemental Material for the values at other kT). Note
that the observable contribution corresponds to about 25%
in the first case, and 5% in the latter. The expected value of
the total MACS at kT ¼ 30 keV is about 20% higher than
the KADoNiS v0.3 recommended value of 215 mb from Bao
et al.. The theoretical expected values of 175 mb from
Rauscher and Thielemann [58] and 224 mb from TENDL-
2021 [21] remain compatible within the quoted uncertainty.
This is not the case for the values calculated by Harris
(97 mb) [20] and Macklin (134 mb) [22]. In Figure 2 the
shadowed region is used to represent the range of previous
theoretical estimations, with the upper bound defined by
TENDL-2021 and the lower bound by the value of Harris at
30 keV and its extrapolation to other kT by employing the
energy dependence of TENDL-2021. The cross symbol
corresponds to the values by Bao et al. [23].
To study the impact of the new 204Tl MACS in the

production of 204Pb s-process nucleosynthesis, calculations
were performed using NuGrid postprocessing codes
applied to AGB stellar evolution simulations from
MESA [59,60]. Our calculations, in which only the
204Tlðn; γÞ cross section was varied, included the simula-
tions of the full AGB stage for stars with initial masses
1.65, 2, 3, and 4M⊙, all with metallicity Z ¼ 0.006, which
approximately corresponds to between one half and one
third of the present value [10,61,62]. It is worth noting that
although the present solar system s-process abundances are
the outcome of the contribution of multiple generations of
stars of different masses and metallicities [7,8,14,24], GCE
calculations have confirmed that the dominant contribution
to 204Pb comes from the so-called main component of the s

process originating from low-mass AGB stars in the mass
range of 1.5 to 3M⊙, with a minor contribution of only 2%
expected from very low metallicity (Z < 0.001) AGB
stars [7].
Hence, a more representative description of the main

s-process abundances was obtained by calculating a
weighted average (WA) of the 1.65, 2, and 3M⊙
NuGrid yields, applying the weights obtained from
Salpeter’s initial mass function (IMF) [63]. The weights
assigned to each of the NuGrid models corresponded,
respectively, to the fraction of stars between 1.5 and
1.8M⊙, between 1.8 and 2.5M⊙, and between 2.5 and
3.5M⊙, all normalized to the integral between 1.5
and 3.5M⊙.
The value of the WA was also compared to the simple

average (SA) of the production yields of 1.65 and 3M⊙
AGB stars of half-solar metallicity, similar to the approach
employed in the past to reproduce s-process abundances
[12,15]. Note that no significant differences are expected in
terms of s-process nucleosynthesis when using 1.65M⊙
instead of the 1.5M⊙ employed in [12]. To directly
compare the calculated s-process yields with the solar
s-only abundances, the 204Pb yields are normalized to the
production of the unbranched s-only isotope 150Sm.
This normalization is commonly used to directly compare
s-process nucleosynthesis calculations with solar abundan-
ces [15,24,56]. Here, the use of the ratio ρN ¼
Nð204PbÞ=Nð150SmÞ allows one to have a preliminary
estimate about the impact of the new MACS on the
expected s-process production of 204Pb before performing
more detailed GCE calculations. Indeed, by means of this
ratio the impact of some of the stellar physics and nuclear
uncertainties equally affecting the production of both 150Sm
and 204Pb can be minimized [15].
Fig. 3 shows the ratio ρN in the star envelope at the end of

the AGB stage for the individual stars and for the two
averaged combinations. Uncertainties were obtained by
averaging correspondingly those of the separate stellar
models. ρN was obtained for the MACS from this work and
also for previous calculations by Harris [20], Rauscher and
Thielemann [58], Bao et al. [23], and TENDL-2021 [21].
For simplicity, all calculated ratios have been normalized to
the expected value of the ratio in the solar system of
Lodders [10], which is derived from CI chondrites.
The MACS from this work yields a solar system

normalized ratio ρN ¼ 0.97ðþ8;−6Þ for the WA, which
is in agreement with Lodders without the need of additional
contributions to 204Pb.
We have also evaluated the impact of the uncertainty in

the thermal dependency of the β−-decay rate of 204Tl at
stellar temperatures, for which we performed additional
calculations with our MACS and the minimum and
maximum β−-decay rates provided by [31]. By summing
the MACS and the β−-decay uncertainties, we obtained a
total uncertainty range for the normalized ρN of

FIG. 2. MACS as a function of thermal energy ðkTÞ. Red solid
triangles correspond to the contribution of observed resonances,
whereas the blue solid circles represent the total MACS obtained
in this work. The gray shadowed region indicates the range
covered by previous theoretical estimations (see text for details),
with the cross highlighting the calculation by Bao et al. [23].
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(þ11; − 14) for the WA. Note that future experiments like
PANDORA [64] could provide valuable experimental
constrains to this rate. The uncertainty in the thermal
dependency for the much less frequent decay of 204Tl to
204Hg produced a negligible variation (< 0.3%) in the final
abundance of 204Pb.
It is important to remark that the 204Pb production (and

therefore the 204Pb=150Sm ratio) becomes sensitive to the
neutron density and the temperature conditions during the
TP episodes which, in turn, influence the interplay between
the MACS of 204Tl and its temperature-dependent β− decay
at this s-process branching.
In this situation, some differences arising from the new

204Tl MACS may be expected comparing different AGB
stellar models. For instance, the choice of including
convective-boundary mixing at the bottom of TPs [59]
makes the He intershell in AGB models a bit hotter than
other models without such a feature [65,66]. Among other
things, this will affect the activation of s-process branch-
ings, including 204Tl [13]. The models shown in Fig. 3 can
be used to gain some insight into these aspects. In
comparison to the 3M⊙ star, the 1.65M⊙ model reaches
lower TP temperatures. Thus, once the s-process path
reaches 204Tl lower neutron densities and capture rates
are obtained with respect to the competing β-decay
channel. This leads to a smaller spread in the 204Pb=150Sm
ratio among different 204Tlðn; γÞ cross section values in
the 1.65M⊙ model (see Fig. 3). Therefore, the final
204Pb=150Sm production ratio becomes sensitive to the
different state-of-the-art AGB stellar sets. Hence, it would
be of interest to perform similar calculations adopting the
new 204Tl MACS and its uncertainty with different AGB
models [15,65–67].

Another important uncertainty directly affecting the
neutron density is the cross section of 22Neðα; nÞ25Mg.
Presently, several experimental efforts are indeed focused
on the determination of both reactions’ cross sections
[68–71]. It is worth noting that some recent recommenda-
tions by Ota et al. [72] and Adsley et al. [68] based on
recent data [73,74], apparently point to a 22Neðα; nÞ25Mg
cross section considerably lower than previous evaluations,
including the one used in this work [75]. However, the new
values are not generally accepted yet [76] and additional
underground experiments [77] are expected to address
these discrepancies.
To conclude, the neutron capture cross section of the

s-process branching nucleus 204Tl has been measured for
the first time at energies relevant for nucleosynthesis in
AGB stars. The high thermal neutron flux of ILL and the
high resolution and luminosity of CERN n_TOF were key
to producing a sufficient amount of 204Tl and to resolving
several 204Tlðn; γÞ resonances, respectively. New AGB
nucleosynthesis calculations based on the MACS reported
here are fully consistent with the observed solar abundance
of 204Pb and provide a more stringent constraint on its
s-process contribution. Further insight on other possible
contributions to the abundance of 204Pb would require a
corresponding improvement in the MACS of 204Tl down to
a level of about 10%, which would lead to a few percent
uncertainty on the isotopic abundance of 204Pb. Within the
present experimental uncertainties, there is no need to
invoke additional nucleosynthesis mechanisms or frac-
tionation effects discussed previously in the literature in
order to explain the 204Pb abundance observed in the solar
system.
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