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Radioactive nuclei with lifetimes on the order of millions of years can reveal the
formation history of the Sun and active nucleosynthesis occurring at the time and
place of its birth*2. Among such nuclei whose decay signatures are found in the oldest
meteorites, >*Pb is a powerful example, as it is produced exclusively by slow neutron
captures (the s process), with most being synthesized in asymptotic giant branch
(AGB) stars®>®. However, making accurate abundance predictions for 2Pb has so far
beenimpossible because the weak decay rates of 2°Pb and 2Tl are very uncertain

at stellar temperatures®’. To constrain these decay rates, we measured for the first
time the bound-state 3~ decay of fully ionized 2*TI®", an exotic decay mode that only
occursin highly charged ions. The measured half-life is 4.7 times longer than the
previous theoretical estimate® and our 10% experimental uncertainty has eliminated
the main nuclear-physics limitation. With new, experimentally backed decay rates,

we used AGB stellar models to calculate **Pb yields. Propagating those yields with
basic galactic chemical evolution (GCE) and comparing with the 2*Pb/?**Pb ratio

from meteorites® ™

,we determined the isolation time of solar material inside its

parent molecular cloud. We find positive isolation times that are consistent with the
other s-process short-lived radioactive nuclei found in the early Solar System. Our
results reaffirm the site of the Sun’s birth as along-lived, giant molecular cloud and
support the use of the 2*Pb-**Tl decay system as a chronometer in the early Solar

System.

The presence of radioactive nuclei with astrophysically short half-
lives—roughly between 1 and 100 Myr—at the time of the formation
of the first solids in the early Solar System is well documented from
the laboratory analysis of meteorites and the incorporated mineral
inclusions'?. As the Sun is roughly 4.6 billion years old, these nuclei
have now fully decayed. However, their live abundances in the early
Solar System—in the form of ratios to a stable isotope of the same
element—can be derived from measurable excessesin the abundances
of their decay-daughter nuclei (prescription in Methods). This abun-
dance snapshot provides usinformation on the nucleosynthetic events
before the formation of the Solar System, as well as details on the chro-
nology of early Solar System evolution? ™. For example, the decay time

required for the abundanceratio predicted in the interstellar medium
(ISM) toreach the ratio measured in meteorites canrepresent the iso-
lation time of Solar System material inside its parent molecular cloud
before the birth of the Sun'',

Among the 18 measurable short-lived radionuclides produced in
stellar environments, four are produced by slow neutron captures
(the s process) in AGB stars:’Pd (t,,, = 6.5(3) Myr), **Cs (1.33(19) Myr),
82Hf (8.90(9) Myr) and 2*°Pb (17.0(9) Myr)Y. Although the first three
(and their stable reference isotopes, 1°°Pd, **Cs and ®°Hf) can also
be produced by rapid neutron captures (the r process), >“Pb and its
stable reference isotope 2°*Pb are shielded from the B™-decay chains
of r-process production by stable 2°*Hg and ***TI (see Fig. 1a). From
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Fig.1|s-processreaction patharound Tland Pb. a,**Pbissituated at the end
ofthes-process path, represented by the sequence of n captures and 3 decays
shown by the blue arrows. Galactic production of **Pbis exclusive to the s
process, which makes it unique among short-lived radionuclides. b, Low-lying
nuclear structure of the 2°Pb-***TI system. Decay of neutral 2>Pb proceeds

by electron capture from the ground state (purple) or fromthe excited state

predictions of the evolution of the galactic abundances of '’Pd, **Cs
and '®Hf, self-consistent isolation times in the range 9-26 Myr have
been obtained™. This relatively high range confirms that the Sun was
born in a giant molecular cloud, such as Scorpius-Centaurus OB2
(ref.19) and the Orion molecular cloud complex®, with along lifetime
and nursing many stellar generations. This conclusion relies on the
proposed scenario that the last r-process event to have contributed the
r-process short-lived radionuclides (**’I,**Pu and 2’Cm) to the preso-
lar material occurred 100-200 Myr before the formation of the first
solids*?2, This longer time period would greatly suppress the r-process
contribution for the s-process short-lived radionuclides, ’Pd,*Cs and
182Hf,2%Pb represents a critical test for this scenario, given that it does
not have any r-process contribution.

A notable issue that has prevented the use of 2*>Pb as a cosmochro-
nometer is the temperature dependence of its decay rate, as noted
by Blake and Schramm® soon after introducing the chronometer in
1973 (ref. 23). The bound-electron capture from the ground state of
205pp (spinand parity 5/2°) to the ground state of °°T1 (1/2") is strongly
suppressed owing to the very different structures of the two states,
resulting in the long half-life of 17 Myr at terrestrial temperatures.
However, *Pb has a low-lying, first excited state at 2.3 keV with aspin
and parity of 1/27, shown in Fig. 1b. No suppression resulting from the
nuclear structure occurs for decay from this 1/2” excited state, result-
ingin a decay rate that is 5-6 orders of magnitude faster than from
the 5/2” ground state. Blake and Schramm® realized that the stellar
temperatures achieved in AGB stars will thermally populate this spin-
1/2 excited state, causing most synthesized *>Pb to decay before it can
be ejected from the star into the ISM.

Yokoi et al.” countered in1985 that, at s-process temperatures, the
bound-state B~ decay of **Tl could produce enough **Pb to compete
with the enhanced stellar decay rate. Although the B~ decay of 2°°TI
to the continuum is not energetically allowed, 3~ decay to a bound
state is possible if the 3 electron is created directly in the K shell of
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(magenta) ifthermally populated. In fully ionized conditions (showninred),
bound-state B~ decay of 2 TI®** occurs (green) by decay to the 2.3-keV excited
state. All half-lives are partial half-lives for that specific transition, but it should
benoted that the 2.3-keV excited state is never populated in aneutral atom, and
fulltemperature-dependent and density-dependent rates need to be used.

the daughter nucleus®?. The binding energy of this bound state
becomes available for the decay, making the Q value positive with
Q Bk = 31.1(5) keV (derivationin Methods) (refs. 26-28). However, the
Kshellis only unoccupied in 80+and 81+ charged ions of T, so if the
nucleus exists in these high charge states, then bound-state 3~ decay
becomes possible and 25TI38* decays overwhelmingly to the 2.3-keV
excited state of 2°Pb®"/8"* (see Fig. 1b).

The temperatures required to populate such high charge states
of 2Tl in the stellar plasma are reached at the s-process site in AGB
stars. In fact, the layer between the H-burning and He-burning shells,
in which the ®C(«, n)**0 and *Ne(x, n)*Mg neutron sources are acti-
vated, ranges in temperature from 90 to 370 MK (7.8-31.9 keV)>. The
205T| bound-state B -decay rate is expected to compete with the 2*Pb
excited-state decay rate over exactly this temperature range, and
when neutron captures are included, the specific temperature and
density trajectory throughout this intershell region will determine
which element dominates. This dynamic, temperature-dependent
decay pairing has been modelled using increasingly complex stellar
physics”?, but accurate yield predictions have been hampered by
the fact that both decay rates are theoretically uncertain by orders of
magnitude.

The weak decay rates of both 2°Pb and **Tlunder stellar conditions
are determined by the same transition between the spin-1/2 states.
Measuring the half-lifein either direction provides us with the nuclear
matrix element of the transition, which will allow us to calculate precise
astrophysical decay rates. The nuclear matrix element quantifies the
wavefunction overlap between initial and final states in a decay, describ-
ing how similar the two nuclear configurations are and, therefore, how
easy it is for the nucleus to decay. In the laboratory, the 2°Pb excited
state decays to the ground state through aninternal conversion with
a half-life of 24 ps (ref. 30). Thus, measuring the bound-state 3~ decay
of 2°TI8" is the only way to directly measure the weak nuclear matrix
element between the two states.



205T] experiment

The measurement of the bound-state B~ decay of **TI®"* was proposed
inthe1980s and was one of the motivational cases* for the construction
of the experimental storage ring (ESR)*? at GSI Helmholtzzentrum fiir
Schwerionenforschung in Darmstadt. However, this experiment was
extremely challenging and, in spite of being on the highest priority
list at GSI, could only be accomplished now, 40 years after its incep-
tion. To measure the bound-state B~ decay, **Tl nuclei needed to be
fully stripped of electrons and stored for several hours to accumulate
enough decay statistics. Creating a thallium ion beam is problematic
asitsvapoursare highly toxic, resulting in prohibitive safety considera-
tions for mostion sources. To circumvent this, we created **TI** ions
by means of a nuclear reaction known as projectile fragmentation, in
which nucleons are removed from the projectile nuclei by a collision
withalight target. We used a?*Pb primary beam accelerated to 678 MeV
per nucleon (81.6% of the speed of light) using the entire accelerator
chainat GSI® and then collided the beam with a °Be target. The result-
ing fragmentation was dominated by the knockout of a few nucleons,
with 2°Tl produced by one-proton knockout. The 81+ charge state
was isolated by the fragment separator (FRS) using magnetic dipole
separation before and after energy-loss selection as the beam passed
through an energy degrader (Bp,-AE-Bp,) (ref. 34). The layout of GSI
and the accelerator systems used to create, purify and store the 25 TI®"
ionsare shownin Fig. 2a.

Heavy-ion storage rings are uniquely capable of storing millions of
fully stripped heavy ions for several hours, during which the ions are
steeredinto cyclictrajectories andleft torevolve. The combination of
the FRSand the ESRis at present the only facility that can provide stored,
fully stripped **TI®" ions. These ions were injected into the storage ring
and about 99.9% of critical **Pb®"* contaminants co-produced during
projectile fragmentation was blocked using slits at the exit of the FRS.
To achieve more than 10° orbiting >*TI®" jons, up to 200 injections
were accumulated in the storage ring. The ions were then continu-
ously cooled by a beam of monoenergetic electrons and stored for
up to10 h, allowing decays to accumulate. These long beam lifetimes
were achieved by operating the entire ring at ultrahigh-vacuum condi-
tions of <10™ mbar. The stacking and storage of *>TI®"" ions is shown
inFig.2b.

During the storage time, the parent **TI®"" ions decayed by bound-
state B~ decay to 2*Pb®"* daughter ions. Because the B electron was
created inabound state of the2Pb nucleus, the daughterions had the
same charge state as the > TI®" parent ions, so the mass-to-charge ratio
changed only by the Q value of the decay, that s, only 31.1(5) keV. With
such a small mass difference, the two beams of parent and daughter
ions were mixed together and thus indistinguishable. Hence, to count
the number of decayed ions, an argon gas-jet target was turned on at
the end of the storage period that interacted with the entire beam,
which stripped off the bound electron from the 2°Pb®"* daughter ions,
leaving them in the 82+ charge state.

The growth of the 2*Pb/?*Tl ratio with storage time is determined
by the bound-state B~ decay of 2’TI®"" ions, as no other decay modes
were possible. Because the half-life is much longer than our stor-
age times, the observed growth is well approximated by the linear
relation:

NPb(ts) _m l loss _ 4 loss

NTl(ts) - % ts 1+2(/1T1 APb )ts
Nop(0)
N+ (0)

(0))

+ expl(Ary™ - Apy™) ],

inwhich Nis the number of *Pb or **Tlions, ¢, is the storage time, A,
isthe bound-state p~-decay rate of 2 TI®"* and y =1.429(1) is the Lorentz
factor for conversion into the laboratory frame. The effects of beam
losses owing to electron recombination in the storage ring, given by

Electron

9 )
a Be production target cooler

Fragment beam including
205-|-|81+ and EDEPb81+

R Schottky E‘
h detector Fi

&
X}}“::Mmtemal

i target
l Synchrotron accelerator FRS ESR
[}
Y
A\ Acceleration to
\ 678 MeV per nucleon g,f
AN
Tag ~
e
\ 206Pb67+ beam
from UNILAC
b 25 25
I
Accumulation Storage period Gas target
20 stripping 1o0
Measurement
window

20581 205, 81
TI”™" and *°Pb°""

(4]
205pp2+ jon number (x10°%)

205, 82
Pb***

05 - 105

— 2057)/pp®™* jon number (x10)

. . " . L .
-2,000 0 2,000 4,000 6,000 8,000 10,000

Time (s)
(]
221 .
4 Raw statistical error
1 Estimated contamination variation I
20+
e 18| %
=
= 18] % %
=
> 14} %
£ % % Ay, = 2.76(25)(13)5y x 10 87
ter § % % tyo = 2913 days
1.0 F
0 2 4 6 8 10

Storage time (h)

Fig.2|%°*Tlexperiment setup and results. a, A>°°Pb®* beam was accelerated
by the SIS-18 synchrotron and projectile fragmentation produced **TI*" ions
that were selected by the FRS and stored in the ESR. Copyright, GSI/FAIR. b, lon
intensity monitoring shows the accumulation and storage of 2°TI*" ions, as
well as the revelation of 2°Pb®?* daughterions once the gas target is turned on.
Note that the 2°>Pb%%* intensity is scaled by 10> so that it is visible. ¢, The observed
ratio of 22°Pb®" to 2>TI®" ions for 16 storage runs is shown, alongside the best fit
ofequation (1) (blueline). Error bars are 1o Gaussian.

A must be included when solving the differential equation, although
only the difference between these loss rates affects the ratio.

The best fit of equation (1) to the 16 storage runs is shown in Fig. 2c
andyielded an observed decay rate of 1 5 =2.76(25) gy (13)qys; ¥ 10857
The uncertainties from statistics and corrections are given at 1o and
were propagated with Monte Carlo resampling (10° samples) to handle
the correlation of some corrections between storage times. The
statistical uncertainty is dominated by the variation in the 2°Pb%"*
contamination from the fragmentation reaction, whose extreme kin-
ematictails extended beyond the collimating slitsand made itinto the
storage ring (details in Methods).

The measured decay rate is equivalent to a half-life of 29133 days,
or log( ft) =5.91(5). The quantity ft is often used to describe the mag-
nitude of the transition, asitis inversely proportional to the square of
the nuclear matrix element, thus removing the phase-space depend-
ence of the decay rate. Theoretical predictions for the log( ft) of the
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bound-state B~ decay of *TI*** have been made from systematic extrap-
olation of nearby nuclei, yielding a range of values: log(ft) =5.1-5.8
(refs. 35-40). Our measured value is larger than that predicted from
systematic extrapolation, highlighting the importance of our experi-
mental result and the improved uncertainty of the **Pb-?>Tl decay
scheme. We note that 2Tl can be used for detecting solar pp neutri-
nos*. The half-life measured here can be used to constrain the neutrino
capture cross-section, which will be reported elsewhere*.

New weak decay rates

The B-decay rates of **Pb and ***Tlin stellar plasma that have been used
by most astrophysical models of 2Pb production were calculated by
Takahashi and Yokoi®. Their rates were based on an extrapolated
log(ft) = 5.4 and a (now outdated) Qﬁb =40.3 keV, yielding a half-life of
58 days. Our experimental half-life is 4.7 times longer, resulting in
reduced decay rates for both the excited-state decay of 2*Pb and the
bound-state ~ decay of 25TI8%/8%",

To calculate revised temperature-dependent and density-dependent
astrophysical decay rates for 2°Pb and >**Tl, we followed the prescrip-
tion for handling 3-decay rates of highly ionized heavy atoms out-
lined in ref. 43. To calculate the decay rate at a given temperature
and density, the distribution of 2°Pb and ?**Tl ions in the plasmais
computed using the Saha equation, accounting for the Coulomb
interaction of the ion with free electrons that reduces the ionization
potential. The population of excited nuclear states is assumed to fol-
low Boltzmann statistics. The total decay rate for each isotope is the
weighted sum of decays from the nuclear excitation and ionization
populations. Our rates are based on a shell-model calculation of all the
relevant matrix elements calibrated to the measured rates and hence
accounts for the full phase-space dependence of forbidden decays
(see Methods).

Our new recommended rates are plotted in Fig. 3a and include
both continuum and bound contributions. The thermal popula-
tion of the 2.3-keV excited state substantially enhances the bound-
electron-capture rate of 2Pb from temperatures of 2 MK to roughly
50 MK. Above 50 MK, the rate decreases owing to increasing ioniza-
tion, whichreduces the available bound electrons tobe captured. The
magnitude of this decrease depends on the density, asincreased den-
sity both suppresses ionization and increases the rate of continuum
electron capture. The opening of the bound-state 3-decay channel is
simply proportional to the number of ions inthe 80+/81+ charge states
and occurs at higher temperatures for higher densities owing to the
suppression of ionization.

InFig. 3b, our rates are compared with the rates used at present in
stellar models: those tabulated by Takahashi and Yokoi® (on which the
extrapolated rates used in the FRUITY models* are based) and those
recommended in the NETGEN library* (taken fromref. 46). Note that
the diverging behaviour at low temperatures between FRUITY and
NETGEN is because of the different space of linear interpolation to the
terrestrial value (log versus linear, respectively). Relative to these previ-
ousrates, our new rates represent aconsiderable step forward. As well
asbeing based on the new, longer, experimental half-life of 2TI®"*, we
have alsoimplemented the Q value from the latest Atomic Mass Evalu-
ation?, based primarily on the measurementsinref. 47, and expanded
the range and resolution of the temperature and density grid with
modern computing power to 7= 0.5-500 MK and n, =10*-10% cm.

Alongside the new weak rates, we have also revised the neutron-
capture cross-sections for nine crucial isotopes, namely, 2°***Hg,
203205T] and 2042°¢Pb, to supplement the Karlsruhe Astrophysical
Database of Nucleosynthesis in Stars (KADoNiS)*® that is used by
stellar models. These new recommendations, which include new
experimental constraints and revised semiempirical estimates (see
Methods), ensured that our predicted >*Pb yields are as up to date
as possible.

324 | Nature | Vol 635 | 14 November 2024

a 1 10%

— 20Pp electron capture
- 205T| pound-state B~ decay - ’; ’/ =

107

10%

Decay rate (year™)

10*

Electron number density (cm™)

107 L . L L 10
1 5 10 50 100 500
Temperature (MK)
b 10’
—— This work —— 205pp electron capture =
10° b NETGEN - - - 2957| pound-state B~ decay "
1o | — FRUITY Al
3 Takahashi & Yokoi - o SR
T (1987) Q—_—
§ L Ne= 107 cm™
E 10
g 4ot
>
@
& 10°
o
10°
107 ']
10% L I L I
1 5 10 50 100 500

Temperature (MK)

Fig.3 | Temperature-dependent and density-dependent decay rates for
205pp and 2°°Tl. a, Our new weak decay rates across astrophysically relevant
conditions. The 2Pb rate increases with thermal population of the 2.3-keV
excited state, whereas the bound-state p~-decay channel opens as K-shell
ionized states are populated (7> 50 MK). b, Our new rates compared with the
originalrates publishedinref. 8, theirinterpolationasusedin the FRUITY
models* and the ratesrecommendedin the NETGEN library*, for n,=10% cm™.

AGB stellar models

Thesprocessin AGB stars s driven by two neutron sources®. Recurrent
episodes of partial mixing at the interface of the H-rich convective
envelope and He-rich shell cause '>C and protons to mix and produce
3C,aneutronsource, by means of ®C(x, n)*O for temperatures above
90 MK. This reaction produces a large number of neutrons (with
relatively low neutron densities of about 10’ cm™) during the long
(approximately 10* years) intervals of H-shell burning, between peri-
odicthermonuclear He-burning runaways of the He-rich shell (thermal
pulses). The contribution of the *C neutron source to the production
of 2%Pb is of little importance however, because electron densities
(on the order of 107-10?® cm™) and temperatures (on the order of
100 MK) are such that *Pb decay is activated over the long intervals
between thermal pulses, whereas 2> Tl decay is not. The bulk of 2*Pb is
instead produced during the thermal pulses, for which the temperature
canreachabove 300 MK, resulting in amarginal neutron flux produced
by the ?Ne(x, n)*Mg reaction (with relatively high neutron densities
up to around 10* cm™) and lasting several years. During this neutron
flux, the complex interplay between decays and neutron captures on
204205pp and 203294295T] results in a2*Pb/2°*Pb ratio on the order of unity.
The finalabundances available to be dredged up to the stellar surface,
by means of the recurrent third dredge-up episodes that occur after
eachthermal pulse, are set during the phase between the end of each
thermal pulse and the start of the following dredge-up. In this phase,
no neutronsare available but>*Tland ?>*Pb continue to decay accord-
ingtothelocal temperature and electron density. Once carried to the
convective envelope, the2°Pb abundance is preserved and ejected in
the ISM by means of stellar winds.



To calculate quantitatively the total amount of 2°Pb ejected by
AGB winds (that is, the stellar yield), we have implemented the new
weak rates into AGB models of solar metallicity in the mass range
2.0-4.5 solar masses using the Monash stellar evolution and nucleo-
synthesis tools*’. We found that the yield of **Pb increases by a factor
of roughly 3.5-7.0 (the exact value depending on the stellar mass and
metallicity) compared with using the rates tabulated in the NETGEN
database®. As well as the Monash models, we also computed FUNS
stellar evolution models*® (used to produce the FRUITY database**) and
NuGrid models®™. Each model had a different response to our newrates,
bothbecause each model used aslightly different original grid for the
decayrates (see Fig.3b) and because each model operates at adifferent
temperature during the crucialinterval between the thermal pulse and
the third dredge-up owingto avariety of astrophysical considerations
(described in Methods). The revised neutron cross-sections changed
the yields by less than 10%.

205pp in the early Solar System

The AGBstars that we modelled (2.0-4.5 solar masses) are those respon-
sible for the production of Pb s-process abundancesin the Galaxy***2. To
simulate production from a stellar population, we weighted our 2*Pb
yields by theinitial stellar mass using Salpeter’s mass function (a basic
power-law description of the mass distribution of a stellar population)
and derived an average **Pb/***Pb productionratio of P= 0.167. From
this productionratio, the 2 *Pb/***Pbratio in the ISM, at the galactic age
Tea = 8.4 Gyr corresponding to the birth of the Sun’®, is represented by
the steady-state abundance reached by the balance between produc-
tion events and radioactive decay. This ratio is given by:

205 Pb

T
204 =KxPx 2% (2)

Pb TGaI ’
ISM

inwhich 7,05 = 24.5 Myr is the mean lifetime of >Pb and the parameter
K=2.3represents the effect of various features of galactic evolution®
(see Methods for an analysis of the uncertainties of the value of K). The
derived ISM%5Pb/2**Pb ratiois (1.10/339) x 1073 for which the statistical
uncertainties are given atloand derived from a previous Monte Carlo
statistical analysis of the fact that the production rate from starsis a
stochastic and unevenly distributed process®.

The time required for the ISM ratio to decay to the value measured
in meteorites is the interval between the isolation of the Sun’s parent
molecular cloud from further enrichment to the formation of the first
solidsinthe early Solar System. For the meteoritic value, we used both
1.8(12) x 107 as recommended in ref. 9, which covers the full range of
20 uncertainties when combining the results by two separate experi-
ments on two types of meteorite (primitive carbonaceous chondrites
and iron meteorites)'®", and the original value 0f1.0(4) x 10 from the
carbonaceous chondrites. The derived time intervals span physical
(positive) values for 25% and 78% of the probability density for the full
range and carbonaceous chondrites value, respectively, as shown in
Fig. 4, which were impossible to obtain with the Monash calculations
using the previous decay rates from the NETGEN compilation. The posi-
tive isolation times for?*Pb are in agreement with those derived from
197pd and "82Hf, especially when considering the valuesin the lower range
of the 2*Pb/***Pb ratio in the early Solar System provided by the original
analysis of carbonaceous chondrite meteorites'. The recommended
mean value can also provide a consistent solution when considering
the uncertainties related to K.

With the newly measured value of bound-state 3"-decay half-life for
205T8* and our improved astrophysical rates, a self-consistent scenario
for the s-process short-lived radionuclides in the early Solar System
is found, which was not possible before. From this initial analysis, the
proposed scenario of the Sun forming inside a giant molecular cloud,
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Fig.4 |Probability density functions forisolation timebefore the early
Solar System. The ISMratio for eachisotope was computed using equation (2)
withK=2.3. The width of the 2°Pb distribution originates in roughly equal
parts from the stochasticuncertaintyintheISMratio and the uncertaintyin
the meteoritic value (the standard early Solar System (ESS) value fromref. 9in
cyanversus the carbonaceous chondrites (CC) ESS value fromref. 10 inblue).
The meteoritic values for '’Pd/'°*Pd and "*?Hf/"*°Hf are better constrained

(1o ~2-3%) than that of 2°Pb/?**Pb (20-33%), so only the stochastic uncertainty
isnotable. (The'**Cs/™Csratiois discussed in Methods only, as**Cshasa
substantially (approximately 10-20 times) shorter half-life than the three
isotopes shown here and needs to be treated differently).

withamuchlongerisolationtime than other star-forming scenarios, has
withstood the test from 2*Pb. Improving the 2*Pb/?**Pb ratio derived
for the early Solar System will transform 2*Pb from a short-lived radio-
nuclide thatis consistent to one that can authoritatively constrain pos-
sible scenarios for the birth of our Sun. Furthermore, the agreement we
found between our predicted initial>*Pb abundance and the range of
values inferred from carbonaceous chondrite meteorites'® supports
the use of the 2Pb-?*Tl decay system to study the early Solar System
chronology of processes that can produce variability in the Pb/Tlratios.
These processes include evaporation owing to thermal processing,
crystallization of asteroid cores and spatial separation (differentiation)
of different elements inside planets.
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Methods

Qvalue for 20°TI3*
The Qvalue for the bound-state B~ decay of 2TI®" is given by

Qp, 81+ K, E*) == Qg ~ E*~ |AB| + B =3L1(5) keV. 3)

The Q value of the electron-capture decay of the ground state
of neutral **Pb is Q. = 50.6(5) keV (ref. 26). The energy of the first
excited state of 2Pbis E* = 2.329(7) keV (ref. 27). The difference in the
total atomic binding energy between Tl and Pb is AB, =17.338(1) keV
and the effective ionization energy of the K shell of bare 2°Pb%*" is
B =101.336(1) keV (refs. 28,55-57). All uncertainties are 1o Gaussian.

Experimental details

We would like to emphasize that the production and storage (for
extended periods of time) of fully ionized 2Tl beams is only possible
atpresentat the GSlI facilitiesin Darmstadt. Because **Tlis stable and
abundanton Earth, the easiest solutionwould be to directly produce a
primary beam fromanionsource, aswas donein the firstbound-state
B-decay studies on ‘stable’ **Dy (ref. 58) and **Re (ref. 59). However,
owingtoits poisonous vapour, using thallium at GSlis not permitted.
Various approaches have been investigated since the 1990s, such as
installingadedicated single-use source, but allwere found to be imprac-
tical. Hence, the only solution was to produce asecondary beam of Tl
inanuclear reaction. This production process was demonstrated in
ref. 60 by creating >’ TI®"* from a 2°®Pb beam; however, the investigators
required much lower beamintensity than the present experiment and,
because of amuch higher Q value, were able to observe contaminants
directly. Our use of asecondary beamintroduces serious complications
compared with the methods used in refs. 58,59—whose measurement
methods are more directly comparable—owing to the production of
daughter contaminants that are mixed with the parent beam.

Production and separation of 2°°TI®" ions. According to varying
predictions in the literature®°, the experiment was planned to be
sensitive to the bound-state B~-decay half-life of 2Tl of up to one year.
This required at least roughly 10° stored, fully ionized **TI®" ions per
measurementcycle. Only recently have theadvancesinionsource tech-
nology and athorough optimization of the GSlaccelerator chain, which
includesthelinear accelerator UNILAC and the heavy-ion synchrotron
SIS-18, enabled accelerated lead beams with areasonably high intensity
of 2 x10° particles per spill.

A sample of enriched 2°*Pb was used in the ion source. 2°Pb beams
were accelerated by the SIS-18 to relativistic energies of 678 MeV per
nucleon. This energy was specifically selected to enable stochastic
cooling in the ESR (see below). After acceleration, 2*Pb beams were
extracted from the SIS-18 within a single revolution, yielding 0.5-ps
bunchesthat were transported to the entrance of the FRS**. Here they
were impinged on a production target composed of 1,607 mg cm™
of beryllium with 223 mg cm™ of niobium backing. The niobium was
used to facilitate the production of fully stripped ions, which domi-
nated the charge-state distribution. All the matter used in the FRS was
thick enough to assume that the emerging ions followed equilibrium
charge-state distributions®'.

In the projectile fragmentation nuclear reaction, numerous frag-
ments are created by removing nucleons fromthe projectile. The corre-
sponding cross-sections rapidly decrease with the number of removed
nucleons®. The primary challenge for our experiment was to eliminate
the daughter ions of the studied bound-state B~ decay, 2Pb®"", which
are amply produced in the reaction through single-neutron removal.
Allother contaminants were either easily eliminated in the FRS or well
separated in the ESR, and were thus not critical.

Owing to the reaction kinematics, as well as energy and angular
straggling in the target®®*, the broad secondary beams of 2*TI8"" and

205pp®!* jons were indistinguishable after the target. The FRS was tuned
such that the beam of 2*TI®"" was centred throughout the separator;
see Fig. 2a. At the middle focal plane of the FRS, a wedge-shaped,
735 mg cm~ aluminium energy degrader was placed. The stopping
power of relativisticions in matter depends mostly on their Z* (ref. 66),
and this differential energy loss introduced a spatial separation of
205T[8* and 2°°Pb® on the slits in front of the ESR, despite the broad
momentum spread of the beams. Using a thicker degrader improved
the separation but at the cost of reduced transmission of the ions of
interest. Even with this spatial separation, 2>Pb®"* ions could not be
completely removed and the amount of contamination could only be
quantitatively estimated in the offline analysis (see below). Roughly 10*
25T 8 jons were injected into the ESR per SIS-18 pulse, with approxi-
mately 0.1% **Pb®"* contamination.

Cooling, accumulation and storage. The ions were injected on an
outer orbit of the ESR, where the beam was stochastically cooled®” 8,
Outer versusinner orbits of the ESR refers to the wide horizontal accept-
ance of the ring and can be adjusted by ramping the dipole magnets.
Stochastic cooling operates at a fixed beam energy of 400 MeV per
nucleon. Hence, the energy of the primary beam was selected such
that the 2TI®™ jons had a mean energy of 400 MeV per nucleon after
passing through all the matterinthe FRS. Aradio-frequency cavity was
then used to move the cooled beamto the inner part of the ring,inwhich
several injections were stacked. On the inner orbit, the accumulated
beam was continuously cooled by a monoenergetic electron beam
produced by the electron cooler®. Up to 200 stacks were accumulated.
Once the accumulated intensity was sufficient, the beam was moved
by the radio-frequency cavity to the middle orbit of the ring, where it
was stored for time periods ranging from 0 to 10 h.

The cooling determined the velocity of the ions. Owing to the
Lorentz force, the orbit and revolution frequency of the cooled ions
were defined only by their mass over charge (m/qg) ratio. Stored **TI®",
205pb* and 2°°Pb®*" ions were subject to several processes:

« Recombination in the electron cooler: if a 2°TI®" or 2°Pb®"" ion cap-
tured anelectron, its charge state was reduced to g = 80+and its orbit
was substantially altered, causing it to be lost from the ESR accept-
ance. Similar electron recombination for 2°Pb®*" ions reduced their
charge state to g = 81+, where they returned to the main beam and
remained in the ESR. To minimize the recombination rate, the density
of electrons in the cooler during the storage time was set to 20 mA,
which was found to be the minimum value to maintain the beam.
Collisions with the rest-gas atoms: in such collisions, ?TI®** and **Pb®"*
ions underwent charge-exchange reactions. If a2 TI®" or 2Pb®™* ion
captured an electron, it was lost from the ring (as above). If a2*Pb%*
ion lost an electron, it remained stored in the ESR on an inner orbit.
Capture of an electron by ?*Pb%** moved it to the main beam at g = 81+.
Thanks to the ultrahigh vacuum of the ESR, the collision rate was low,
as demonstrated by the achieved storage times of up to10 h.
Bound-state B~ decay of *°*TI®"": this is the process of interest. As noted
previously, the mass difference (Qvalue), between > TI¥"* and 2*Pb%"*
isonly 31 keV, which meant that both beams completely overlapped
inthe ESR and remained stored on the central orbit.

The?®TI®" loss rate during storage as a result of all of the above pro-
cesses was determined to be A{7°=4.34(6) x10° s}, corresponding to
a beam half-life of 4.4 h. The 2*Pb®" loss rate was determined by a
theoretical scaling of the relative radiative recombination rates, result-
ingin a differential loss rate of A{y™ —1p2% = 3.47(5),, (87)yys x10°° s\,

Detection. The 2Pb®* jons detected at the end of the storage period
consisted of both ions created by bound-state 3~ decay and the con-
tamination transmitted from the FRS. The only way to separate the
few 2°Pb®!* ions from the vast amount of 2 TI®** ions was to remove the
bound electron from 2*Pb®"*, This was done by using the supersonic
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Ar gas-jet target that is installed in the ESR””.. The density of Ar gas
was about 10 atoms cm™ and it was switched on for 10 min. During
this time, to keep the beam together, the density of the electronsin
the cooler had tobeincreased to200 mA. Charge-exchange reactions
and different recombination rates had to be taken into account; see
the analysis details below. **Pb®* ions produced during this stripping
were moved to the inner orbit of the ESR, where they were cooled and
counted non-destructively.

Several detectors were implemented throughout the experiment:
« Acurrent comparatoris aninductive device to measure the total cur-
rent produced by the stored beam. It is permanently installed at the
ESR for diagnostics purposes and is sensitive to beam intensities in
excess of about 10* particles. This detector was used to continuously
monitor the high-intensity 2TI®" beam assuming that the contribu-
tion from all other contaminants was negligible.
Multiwire proportional chambers are position-sensitive, gas-filled
detectorsinstalledin special pockets separated from the ESR vacuum
by 25-um, stainless-steel windows’?. These detectors were used to
count produced g = 80+ ions to determine the charge-changing
cross-section ratio (see below) and for acomplementary measure-
ment of the beam lifetime during the crucial gas-stripping phase.
Anon-destructive Schottky detector was used to continuously moni-
tor frequency-resolved intensities of individual ion species through-
out the entire experiment without interruptions. This detector
features a cavity of air separated from the ring vacuum by a ceramic
gap”. Relativisticions that pass by induce an electric field in the cavity.
Theionsrevolved atabout 2.0 MHz, whereas the cavity was resonant
atabout 245 MHz, meaning that the detector was sensitive to roughly
the 125th harmonic. The Fourier transform of the amplified noise
from the cavity yielded a noise-power-density spectrum, of which
an example spectrum is shown in Extended Data Fig. 1, in which the
frequencies of the peaks corresponded to the m/gratios of the stored
ion species™, whereas the intensities were proportional to the cor-
responding number of stored ions””. The Schottky detector had a
wide dynamic range, meaning that the detector itself is sensitive to
very low as well as very high excitation amplitudes without any distor-
tion, eveninthe same spectrum. This allows the Schottky detector to
monitor millions of ions while still being sensitive to single ions”’,
Unfortunately, in this experiment, the detector was saturated for
high-intensity beams and had to be cross-calibrated with the current
comparator.

Determination of the bound-state B -decay rate

The number of **TI®" jons in the ESR decreased exponentially through-
out the storage period owing to radiative electron recombination in
the electron cooler and charge-changing collisions with the rest-gas
atoms, resulting in >>TI®%" ions that left the acceptance of the storage
ring. The growth of 2°Pb®"* daughters must then be solved with a dif-
ferential equation: the details are provided in ref. 79. The full solution
to the differential equationsis

A, /Y
gy + A" = gy

New (£) _ | Nop(0)
N (&) Nr(0)

exp((Ag, /v +An™ = App™)t) @
ey
Ayl + A=A

with the same notation as in equation (1). The storage ring loss rate
A was determined from the exponential decrease (Fig. 2b shows an
example measurement) whereas /1,;'3SS was scaled using a theoretical
calculation from A;;*°. Using a Taylor series expansion and noting
that 1, < (9% — 10955 this full solution can be well approximated by

equation (1), with <0.2% difference over our storage lengths.

The ion intensity inside the storage ring was monitored by the
Schottky detector described above, in which the noise-power density
integrated over a peak (SA) inthe spectrumis directly proportional to
theion number of that species. Thus, the ratio of the number of 2*>Pb®"*
daughterions to the number of 2TI®" parentionsis equivalent to the
ratio of respective Schottky integrals, after several corrections have
been applied:

pr(ts) - SAPb(ts) 1 1 sTl(tS) astr+0rec
Np(t)  SAq(t) SC(t) RC gpy(ty) Oy,

. )

There are four corrections that need to be implemented:

1. The saturation correction SC corrects for an observed saturation
of the Schottky DAQ system’® at large noise-power densities owing
to amismatched amplifier switch. This correction was determined
individually for each measurement by calibrating the observed
non-exponential decay against the exponential decay constant meas-
uredinthe multiwire proportional chamber. The uncertainty in this
correction was dominated by the calibration fit, so is a systematic
uncertainty.

2. The resonance correction RC accounts for the resonance response
of the Schottky detector, which resulted in an amplification of the
noise-power density at the **TI®" frequency when compared with the
205pp32* frequency. This correction was extracted by observing the
Schottky area change at the orbit shift after accumulation. Because
itisaproperty of the Schottky detector, the correction was applied
globally and is also a systematic uncertainty.

3. The interaction efficiency € corrects for the number of ions that
interacted with the gas target before the Schottky measurement, ac-
counting for the loss of **TI*"* owing to electron recombination and
the proportion of 2Pb®"* that were stripped to the 82+ charge state.
This correction was determined from the multiwire proportional
chamber event rate and was highly correlated with the gas target
density, and so was applied individually. As a result, it contributed
to the statistical uncertainty of the measurement.

4. The charge charge-changing cross-section ratio (o; + 9,)/0,, which
corrects for any >*Pb daughter ions lost to electron recombination
rather than stripping in the gas target. This correction was deter-
mined by counting both atomic reaction channels using a 2°Pb®"*
beam. This is a physical constant and so was applied globally, con-
tributing to the systematic error.

Full details on these corrections are discussed in refs. 79,80 and in
the upcoming thesis of G. Leckenby. Intermediate and result data after
these corrections have been applied are available in ref. 81.

Estimated contamination variation

One source of error that could not be independently determined
was the variation in the amount of contaminant **Pb®" ions injected
into the storage ring from the projectile fragmentation reaction.
The presence of the contamination is obvious from the non-zero
t=0intercept, as seen in Extended Data Fig. 2, but variation in that
contamination is impossible to measure and account for without
purging the 2°TI¥"* beam using the gas target, which would reduce
intensities and hence the accumulated signal. Initially, we expected
any variation in the contaminant yield to be negligible. However, by
cutting away everything but the extreme tails of the *°Pb®"* fragmen-
tation distribution, the impact of instabilities in the yield becomes
notable. The presence of unaccounted uncertainty in the datais obvi-
ous, both visually when considering the residuals in Extended Data
Fig. 2a and noting that the 95% confidence interval for 14 degrees of
freedom is x> =[6.6, 23.7], whereas our data have y*>=303. We have
exhausted all other possibilities of stochastic error and thus conclude
that we must estimate the variation of contaminant ***Pb®"* from the
dataitself.



Appealing to the central limit theorem, we assume that the con-
tamination variation is normally distributed. To estimate the missing
uncertainty from the data, the y*(v = 14) distribution was sampled for
each Monte Carlorunand thenavalue for the missing uncertainty was
determined by solving the following x* for our data:

(data; — model,)?
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in which o, is the estimated contamination variation and g, is the
statistical uncertainty from all other sources. Note that the growth
factor exp[(A™ - 2,2 ¢] is included to account for how the initial
contamination evolves with storage time. This growth factorisrequired
to ensure that the terms of the sum follow a unit normal distribution
tosatisfy the requirements of a > distribution. Thus, for eachiteration
of the Monte Carlo error propagation, a different value of x*is used to
estimate the missing uncertainty to account for the stochastic nature
of the distribution. The code for this Monte Carlo error propagation
isavailableinref. 82.

Theerror-propagation method described above was double-checked
by performing a Bayesian analysis considering the systematic uncer-
tainties as prior distributions®5, which confirmed our Monte Carlo
method within the quoted uncertainties.

205pb and >°*Tl weak rates calculation
The bound-state B"-decay rate, A4, of fully ionized 205T18 with the
production of an electron in the K shell is given by

_In(2)
b K
with K = 2Ft=6144.5(37) s the decay constant determined by meas-
urements of super-allowed  decay®, f = nQébﬁéBK/ng the phase
space for bound 3~ decay with QBb the Q value given in equation (3),
m,the electron mass, B the Coulomb amplitude of the K-shell electron
wavefunction and By the exchange and overlap correction®. Using
,BEBK =5.567 for hydrogen-like 2*Pb®"* computed with the atomic code
fromref. 88, we have f = 0.032(1), which—together with the measured
decay rate—gives a value for the nuclear shape factor for bound 3~
decay Cy =7.6(8) x 107, corresponding to log(ft) =log(K/C,) =5.91(5).

Following the B-decay formalism of refs. 87,89, the nuclear shape
factor can be expressed as a combination of different first-forbidden
matrix elements. Although the value of the matrix elements connecting
the?®TI(1/2%) and **Pb(1/2") statesisindependent of the weak process
considered, they appear in different combinations forbound 3~ decay
of 2Tl and continuous and bound-electron capture of 2Pb. To dis-
entangle the individual nuclear matrix elements, we have performed
shell-model calculations using the code NATHAN?® and the Kuo-
Herling interaction* (for details, see R.M., T.N. & G.M.-P., manuscript
in preparation).

Depending on the stellar conditions, **Tland **Pb ions will be pre-
sent in different ionization states. To determine their population, we
follow the procedureinref. 43. However, we have revised the treatment
of the Coulomb energy of the ion in the stellar plasma. We treat the
multicomponent stellar plasma within the additive approximation,
thatis, all of the thermodynamic quantities are computed as a sum of
individual contributions for each species. Furthermore, we assume that
theelectrondistributionis not affected by the presence of chargedions
(uniform background approximation). Under these approximations,
the energy of the ion in the stellar plasma can be obtained by®!
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with £ythe energy of theionin vacuum, Z;the net charge of theion, n,
the electron density and f.(/;) the Coulomb free energy perionin units
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of ki T that we approximate following equation (2.87) in ref. 92.
We note that, in our approximation, the Coulomb energy of anionin
the stellar plasma depends only on the net charge of theion and is
independent of the internal structure of the ion. Hence, all states with
the same net charge are corrected in the same way. Under this approx-
imation, Coulomb corrections only affect processes in which the net
charge of theionis modified. Thisincludes ionization and continuous
electron capture, whereas bound-electron capture and bound 3~ decay
are not modified. We differ in the treatment of the latter from ref. 43.
The effective ionization energy of a specific ionic state in the stellar
plasma is reduced by an amount Ax(Z) = uc(Z;+1) — u(Z) (we notice
that u is negative with our definition and grows in magnitude with
increasing Z)). This reductionis denoted as depletion of the continuum
inref. 43.Similarly, the Q value for continuous electron capture onan
ion with net charge Z;changes by an amount AQ. = u.(Z) - uc(Z;— 1).
After accounting for these corrections, the different stellar weak
processes are computed using the standard expressions (see, for
example, ref. 43).

Extended Data Fig. 3 compares the weak rates connecting ?>*Pb and
205T] for two different electron densities, n, = 10* cm>and n, =107 cm™,
asafunction of temperature. We find that electron-capture processes
on?Pb are dominated by bound-electron capture except at very high
densities n, > 10 cm™. At very low temperatures, the capture rate
approaches the laboratory value A, = 4.1(2) x 10 ® year™ plus a cor-
rection owing to continuous electron capture at high electron densi-
ties. With increasing temperature, the rate increases as a result of the
thermal population of the 1/2” excited state of 2°Pb. Bound-electron
capture proceeds mainly from L-shell electrons and it is suppressed
once the temperature is high enough for?*Pb to be at ionization states
for which the L-shell orbits are empty, T2 50 MK. At these conditions,
holesintheK shell start to appear and bound B~ decay of ***TIbecomes
the dominating weak process once the temperaturereaches 72100 MK.

Revised (n, y) cross-sections

Recommended (n, y) cross-sections for s-process energies (kT =

5-100 keV) are available as Maxwellian-averaged cross-sections for

nucleiin the ground-state from the KADoNiS database®. The available

version 0.3 (ref. 94) was last updated around 2009. A partial, however
incomplete, update to KADoNiS v1.0 was done in 2014 (ref. 48). For
this publication, the neutron-capture cross-sections of nine isotopes
were revisited and new recommended values with the latest experi-
mental datawere provided (Extended Data Table1). Thisincluded the
stable isotopes *“Hg, 2**Hg, 2°*Tl, 2°°TI, **Pb and *°°Pb, as well as the
radioactive isotopes ***Hg, ***Tl and ®°Pb. For the stellar-abundance
calculations, the recommended Maxwellian-averaged cross-section
values have to be multiplied by the (temperature-dependent) stellar
enhancement factor (SEF) to simulate the impact of the population
of excited states in a stellar plasma. These values are listed for each
isotope in the KADoN:iS v1.0 database but, for ease of access, we give

the SEF of the nine isotopes here discussed in Extended Data Table 1.

It should be emphasized that, to identify whether a given cross-
sectionmeasuredinthelaboratory (inthe ground state) canalso help
constrain the stellar cross-section (captures from excited states),

Rauscher et al.”* have introduced the ground-state contribution X.

This factor Xis also given in the latest KADoNiS version and is shown

in Extended Data Table 1. A large deviation from 1 implies that the

(unmeasured) contributions from excited states have alarger impact

on the stellar cross-section.

For the six stable nuclei, revised experimental information was
included as follows:

« 22Ho: the kT =30 keV activation data and its uncertainty®® has
been renormalized by f=1.0785 to the new ’Au(n, y)*®Au value at
this energy and extrapolated with the energy dependencies from
the JEFF-3.1 (ref. 97), JENDL-3.3 (ref. 98) and ENDFB/VII.1 (ref. 99)
libraries.
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+ 20*Hg: same procedure as for 2°2Hg (ref. 96) but the experimental
uncertainty of 47% was used for the whole energy range. The librar-
ies JEFF-3.3 (ref. 100) and ENDF/B-VIIIL.O (ref.101) were excluded, as
they show unphysical trends at energies below 1 keV. Only the energy
dependencies of TENDL-2019 (ref. 102) and JEFF-3.0A (ref. 103) were
used for the extrapolations.

203T]: the new recommended values are an average of recently evalu-
ated datalibraries (TENDL-2019 (ref. 102),JEFF-3.3 (ref. 100),JEFF-3.0A
(ref. 103) and ENDF/B-VIILO (ref. 101)). These libraries include the only
available experimental time-of-flight datafrom1976. The uncertainty
is estimated as the standard deviation between the four libraries.
205T]: only the ENDF/B-VIILO (ref. 101) data reproduce previous meas-
urements and were used for the recommendation. A 25% uncertainty
was assumed for the whole energy region.

204ph: the new recommended values are based on the time-of-flight
measurement by ref. 104 and have been included in JENDL-4.0
(ref. 105) over the whole energy range. An uncertainty of 5% was
assumed, slightly higher than the uncertainties of 3.0-4.4% from
the experiment.

206pp: the new recommended values are based on the two time-of-
flight measurements'®*’ up to kT = 50 keV and the respective uncer-
tainty was used. Beyond that energy, an average of recently evaluated
data libraries (JEFF-3.3, JENDL-4.0, JEFF-3.0A and ENDF/B-VIII.O)
gives agood representation, and an uncertainty of 7% was used for
kT=50-100 keV.

For the three radioactive N =123 isotones *®Hg (¢,,, = 46.594 days),
204T1 (¢, = 3.783 years) and *>*Pb (¢,,, = 17.0 Myr), the KADoNiS data-
base could, so far, only provide ‘semiempirical’ estimates because no
experimental data existed. The n_TOF collaboration has now measured
204TI(n, y) for the first time'°, The new experimental data are a factor of
2 lower than the values given by TENDL-2019, ENDF/B-VIII.O and JEFF-
3.3,and afactor of up to 2 higher than the TENDL-2021 and JEFF-3.0A
values. This shows theimportance of replacing theoretical values with
experimental datawhen available, especially for astrophysical model
calculations.

For 2°*Hg and *®Pb, for which no experimental information exists,
the best approach is to take the average of the most recently revised
(recalculated) cross-section libraries and assign a large uncertainty,
commonly the standard deviation between the libraries. The (n, y)
cross-sections for theisotopes of interest for each of these libraries have
beeninvestigated, and those with unexplained ‘nonphysical’ trends
(suchas, for example, for JEFF-3.3 and ENDF/B-VIILO in the case of 2**Hg)
have been excluded for the calculation of the averaged cross-section.
For the recommended **Hg and **Pb cross-sections, the libraries used
were ENDF/B-VIIIL.O, JEFF-3.3, TENDL-2019 and TENDL-2021. However,
giventhelarge deviations between the libraries, these values should be
better constrained as soon as possible with experimental data.

The new recommended Maxwellian-averaged cross-section for
kT =5-100 keV for the nine discussed isotopes are given in Extended
Data Table 1. The listed SEFs and X factors have been extracted from
the KADoON:IS database*® and are also given for completeness, but these
values have not been changed.

The2Pb/2**Pb ratio in the early Solar System

The method to extract isotopic ratios of short-lived radioactive iso-
topes relative to a stable, or long-lived, isotope of the same element
atthetime of the formation of the first solids in the early Solar System
is founded on chemistry. It is based on a linear regression between,
on the y axis, the measured ratio of the daughter nucleus relative to
another stable isotope of the same element (for example, 2°T1/2TI)
and, on the x axis, the ratio of a stable isotope of the same element as
the short-lived radioactive isotope relative to the same denomina-
tor as the y axis (for example, 2°*Pb/?°*Tl). Data points from the same
meteorite, or meteoritic inclusion, will sample material with a variety

of **Pb/?°*Tl ratios, depending on their chemistry. If 2°°T1/2°*Tl varies
with2*Pb/?*Tl, thenit can be concluded that the correlationis driven
by the decay of **Pb, as thisisotope will chemically correlate with >*Pb.
Theslope of this correlationline (also referred to asisochrone, asall the
data points lying on it would have formed at the same time) provides
the?®Pb/?**Pb ratio at the time of the formation of the sample material
(meteorite or inclusion). Theinitial valuein the early Solar System can
bederived by reversing the radioactive decay of the ratio using the age
difference between the sample material and the first solids, that s, the
oldest meteoritic calcium-aluminiuminclusions. The sample ages can
be derived using other radiogenic systems, such as U-Pb.

Although the method is robust, the variations to be measured are
so small (in the case of 2TI/2*Tl, they may be on the third or fourth
significant digit) that the handling of the uncertainties and the removal
of isotopic variations owing to effects other than the radiogenic con-
tribution becomes particularly crucial. Among such variations, the
most prominent are those resulting from the chemical effects that
depend on the mass of the isotope. These can usually be removed by
internal calibration; however, this requires at least three isotopes to
bemeasured. Thisis notpossible for either Tl, as it only has two stable
isotopes, or Pb, because three out of its four stable isotopes are affected
by radiogenic contributions from U-Th decay chains. Furthermore,
the original Pb abundance in the sample is easily contaminated by
anthropogenic Pb. Because of these difficulties, it was not possible to
derive robust?®Pb/***Pb ratios in the early Solar System until the 2000s.
Since then, three studies have attempted to obtain reliable data from
iron meteorites™*® and carbonaceous chondrites™. Reference 10 also
measured the Pb and Cd isotopic compositions of the meteorites and
ref. 11also measured Pt. Because Cd and Pt behave similarly to Tl from
the point of view of chemistry, these data allowed the identification
and therefore elimination of samples affected by mass-fractionation
processing. Furthermore, ref. 10 also measured the Pb isotopic com-
positions to correct for terrestrial Pb contamination.

The carbonaceous chondrites data' resulted in an isochrone with
slope (1.0 + 0.4) x 107 (at 20). This is taken to be representative of the
early Solar System because these meteorites are believed to record
nebular processes. The analysed iron meteorites instead record later
formation times, typically 10-20 Myr later (which means that the slope
oftheirisochroneis, by definition, lower than that of the carbonaceous
chondrites), and—by evaluating different age determinations—it is
possible to establish whether the different data are consistent with
each other. The value measured by the isochrone of ref. 109 requires
much longer formation times (onthe order of 60 Myr) or, alternatively,
amuch lower initial value, by roughly a factor of 10, than that derived
byref.10. The value measured by ref. 11 instead provides more consist-
ent ages, in agreement with the initial value of ref. 10. However, the
y-axis intercept of the isochrone of ref. 11, that is, at the zero value of
204pb 20371, is lower by a few parts per ten thousand than that of ref. 10.
This prompted the suggestion that the actual slope of the carbonaceous
chondrites datashould be higher, thatis, (2 + 1) x 107 (at 20), such that
itsintercept would the same as the new iron meteorite data. Given
theseinherent uncertainties, it was suggested by ref. 9 to use aninitial
value that covers the range of the two studies, that s, (1.8 +1.2) x 107
(at20). We have used both the range suggested by ref. 9 and the original
unmodified slope from carbonaceous chondrites reported in ref. 10.

The previous predicted AGB upper limit for the 2*Pb/?°*Pb ISM ratio
of 5x107* (ref. 15) is in contradiction with (that is, it is lower than) the
most recent laboratory data. Our new predicted ISM value resolves this
tension, asitis roughly an order of magnitude higher, although the two
values are not directly comparable with each other. In fact, the previ-
ous upper limit represents the ratio expected from the ejecta of one
single AGB star only and without the inclusion of the main (®*C(a, 7)'°O)
neutron source, therefore, of an AGB star that would not produce
s-processisotopes. The original aim was to avoid overproduction of all
thes-processshort-lived isotopes (especially ’Pd) relative to °Alin the



scenarioinwhichasingle AGB star located near the early Solar System
would have contributed all these radioactive isotopes (see also ref. 110).
Our results and those from ref. 18 show that, instead, the s-process
isotopes have a separate origin from *Al: they are all self-consistently
explained by the chemical evolution of the Galaxy driven by the mate-
rial ejected by many different AGB stars, in agreement with the latest
205pp29*Pp laboratory meteoritic analysis. Furthermore, because our
results generally agree better with the lowest values of the range rec-
ommended at present, they support the value derived from the slope
of the original carbonaceous chondritesisochrone.

Yields from AGB star models

The AGB models were calculated to simulate s-process nucleosynthesis
inthese stars (as described in detail inref. 3) using arevised version of
the Monash nucleosynthesis tools*™, which allow detailed incorpora-
tion of the temperature and density of B-decay and electron-capture
rates. The Monash nucleosynthesis code is a post-processing tool,
which acts on a nuclear network coupled to stellar structure inputs
generated by the Monash stellar evolution code. The post-processing
method is relatively fast and works under the assumption, valid here,
that thereactionrates under investigation do not contribute to the bulk
ofthestellar energy generation. The nucleosynthesis code simultane-
ously solves the changes owing to nuclear burning and to convection,
implemented through an advective scheme. Specifically, this means
that, within convective regions (that is, the thermal pulses and the
envelope of the star), 2Tl and 2*Pb decay, while at the same time they
are mixed through different stellar layers of different temperature and
densities. The relevant (n, y) rates were included as described above
and, when compared withmodels using previous values of these rates,
the differences were onthe order of 10% or less. The rate of the debated
neutronsource 2Ne(a, n)*Mg was taken fromref. 112; see also discus-
sioninref. 113. Using the lower rate in ref. 114 resulted in less than 10%
difference.

Todetermine theyield of apopulation of AGB stars at the time of the
formation of the Sun, we considered the ejecta from stars of masses
2.0-4.5M,, thatis, those expected to contribute towards s-process
element production in the Galaxy™, for an initial composition that is
the same as the proto-solar nebula, in which Z, = 0.014 (ref. 116). We
also tested the case in which the initial metallicity of the AGB stars is
Z=0.02, as discussed further below. The resulting yields, that is, the
total ejected mass of the indicated isotope and their ratios, are listed
in Extended Data Table 2. The 2°°Pb/?**Pb ratio shows the main effect
of temperature on the production of 2*Pb. Increasing the stellar mass,
the temperature alsoincreases: the maximum temperaturereachedin
the thermal pulseincreases from 280 to 356 MK for the mass range con-
sidered in Extended Data Table 2. This means that, in the higher-mass
stars, during the activation of the 2Ne neutron source, ***Tl and **Pb
experience stronger and weaker decays, respectively (see Fig. 3, noting
that the most relevant electron density for the intershell of AGB stars
is around the 10 cm™ value, that s, on the order of 3,000 g cm™). As
described inthe main text, the two isotopes will continue to decay after
the thermal pulse is extinguished and before they are dredged up to
the envelope. The exact effect of this phase depends on the detailed
temperature and density structure of the region, as well as the time that
elapses between the thermal pulse and the following dredge-up. The
average mass yield ratio of this AGB stellar population is 0.168 (0.167
by number abundance) when using the trapezoidal rule to integrate
theyields over Salpeter’s initial mass function. In our models, stars less
than 2 M,, at this metallicity, do not eject s-process elements™; how-
ever, this resultis model-dependent. We tested the most conservative
scenario of extending the range of masses down to 1.5 M, by assuming
the same 2**Pb yield as the 2 M, model and no ejection of 2*Pb, owing
tothecolder temperature. Eveninthis extreme case, the average yield
ratio decreases by only less than 10%. Similarly, if we extended our mass
grid to reach masses of 6 M, in the conservative case in which they

ejected the same amounts of 2°*?%Pb as the 4.5 M, model, we would
obtain an increase of the final ratio by 10%. Overall, AGB stars with
masses beyond the range considered here would not have a substantial
impact on our results.

Differences appear when comparing AGB models calculated using
different evolutionary codes. This is mostly because of the fact that
different codes produce stellar models with different temperatures,
which—as seen above—has the greatest impact on the final results. To
perform this analysis quantitatively, we computed a 3 M, model of
metallicity Z= 0.02 using the Monash, FUNS and NuGrid tools. The
FUNS models have been calculated with the most recent version of
the code, whichincludes mixing induced by magnetic fields**'. These
models use as a reference the solar mixture published by Lodders"s,
withupdates fromref. 119. In the FUNS models, the nucleosynthesis is
directly calculated with the physical evolution of the structure, thus no
post-processing technique is applied. The NuGrid models are based on
thesstellar structure computed® with the stellar evolution code MESA'?°
includinga convective boundary mixing prescription at the border of
convective regions'. The solar distribution used as areferenceis given
inref.122. The detailed nucleosynthesisis calculated using the stellar
structure evolution dataas input for a separate post-processing code'?.
The FUNS results provided a2*>Pb/?**Pb ratio of 0.021, roughly a factor
of 3lower than the corresponding Monash ratio of 0.071. In the case of
NuGrid, instead, the adopted convective boundary mixing prescription
resultsin higher temperatures and, in turn, a higher2>Pb/?**Pb ratio of
0.176. With the Monash code, we also tested implementing different
opacities and initial abundances (to mimic the choices made in the
other codes) and theresults were affected by less than10%. Therefore,
the overall variation of roughly afactor of 10 between the three differ-
ent modelsis most probably because of: (1) the inclusion of overshoot
at the base of the thermal pulse in the NuGrid models, which results
in higher temperatures than the other models, and (2) the different
mass-loss rates implemented: ref. 124 in Monash, ref. 125 in NuGrid
and ref. 126 in the FUNS model.

Radioactive nucleiin GCE

The calculation of the ISM abundance ratio **Pb/?**Pb according to
equation (2) includes a factor, K, which allows us to account for the
impactofvarious galactic processes. As described in detail previously®,
current observations can be used to constrain models of the Milky Way
galaxy, including the gas inflow rate, the mass of gas, the star forma-
tionrate, the mass of stars and the core-collapse supernova and Type
la supernova rates. It is therefore possible to produce several realiza-
tions of the Milky Way galaxy that reproduce the observed ranges of
such properties, and each of these realizations will result in a different
radioactive-to-stableisotoperatio. After analysis of the possible effects,
ref. 53 provided alower limit, abest fit and an upper limit for the value
of Kof1.6, 2.3 and 5.7, respectively, which can be used in equation (2)
toaccount for galactic uncertainties. In the main text, we have focused
on the best fit K =2.3 case; here in Extended Data Fig. 4 and Extended
DataTable 3, we also show the results using the upper and lower limits.
Note thateachvalue of Krepresents a different realization of the Milky
Way galaxy, therefore time intervals can only be compared with each
other when they are calculated using the same K.

The use of equation (2) is not asaccurate as a full GCE model because
it allows for only one stellar production ratio, whereas this number
varies with stellar mass and metallicity. To check its validity, we tested
the results of using equation (2) for '’Pd/**®Pd, **Cs/**Cs and "*2Hf/**°Hf
against those of the GCE models'®. We found that the steady-state equa-
tionreproduces the more accurate, full GCE simulations that include
variable yields within 50%. Furthermore, the production ratios P cal-
culated from AGB stars are s-process production ratios. As noted in the
main text, the contribution of live r-process abundances to the s-process
short-lived radionuclides is negligible. However, the s-process produc-
tion ratio Pmust be scaled to account for the r-process contribution



Article

to the stable reference isotope. We use the s-process fraction of the
stable reference calculated for the Monash GCE models provided in
ref. 18. To do this, we multiply the s-process production ratios by the
s-process fraction of the stable reference calculated for the Monash
GCE models provided inref. 18.

All of the distributions plotted in Extended Data Fig. 4 also include
the uncertainties in the steady-state value owing to the fact that stellar
ejections are not continuous but discrete events, with a time interval
competing with the decay time. We calculated these uncertainties by
running simulations with the Monte Carlo code developed in ref. 54,
inwhich astellar ejection event consists of injecting a unit of material
into a parcel of interstellar gas with the intent to simulate the enrich-
ment of that parcel with radioactive isotopes from one or many AGB
star sources. According to the full analysis of ref. 54, the steady-state
assumption is valid for this process if the ratio of the mean life rand
theinterval §thatelapses between eachinjection eventis greater than
2. Therefore, for ’Pd/**®Pd and ®2Hf/**°Hf, we used the same choice of
parameters asref. 18, thatis, the most conservative choice § ~ 3 Myrand
7/6 = 3-4. Given its longer mean life, this assumption is also satisfied
for2®Pb. Physically, AGB winds may not have enough energy tobe able
to carry material far enough from the source to realize the relatively
short 6 assumed here (a simple calculation of § based on energy con-
servation would instead give values on the order of 50 Myr (ref. 1)).
However, other processes, such as core-collapse supernova shock
waves'” and diffusion'”®*'?’, probably contribute to further spreading
of AGB material in the Galaxy, thereby allowing it to reach more parcels
of gasinshorter time intervals.

The shorter mean life of *Cs means that this isotope would be in
steady-state equilibrium only if 6 ~ 1 Myr, in which case we can derive
lower limits for the corresponding isolation time, which are shown in
Extended Data Fig. 4. (Note that, for 6 ~ 3 Myr, only an upper limit of
the®Cs abundance can be derived; see Table 4 of ref. 54. As an upper
limitisalso only available for the early Solar System, theisolationtime is
undefined in this case). The new values for the isolation time are shorter
thanthose providedinref. 18. Thisis because of the combined effect of
therevised Tused here (1.92 Myr), which is 70% lower than the value used
inref. 18 (3.3 Myr), and the roughly two times higher production ratio
of Cs/"**Cs, owing to the new rate of the decay of **Cs (refs. 130,131),
the branching point leading to the production of **Cs.

When the value of K increases, all of the radioactive-to-stable
isotope ratios increase, according to equation (2). Therefore, as
shown in Extended Data Fig. 4, the isolation time also increases and
the increase is proportional to the mean life of each isotope, which
is why the shift is the largest for the 2°Pb distribution. The overlap
between the three distributions is the largest for K= 5.7. If we assume
that the 2*Pb/?°*Pb average mass yield ratio varies according to the
results of the FUNS and NuGrid models discussed in the previous sec-
tion (thatis, /3.4 and x2.5, respectively, relative to the Monash mod-
els), then the 2°Pb/?°*Pb time distributions in Extended Data Fig. 4
shift by =30 Myr and +22 Myr, respectively. These variations call for a
more detailed future analysis of the production of the four s-process
short-livedisotopesin different AGB models. The s-process *’Pd/"*®Pd
productionratioistypically ~0.14, asitis controlled by the ratio of the
neutron-capture cross-sections of the two isotopes, which are relatively
well known®2133, Therefore, the main challenge for nuclear-physics
inputs remain for the 2 Hf/®*°Hf ratio, which is controlled by activation
of the temperature-dependent branching point at *'Hf, a function of
the decay rate of '®'Hf (ref. 21), and the neutron density produced by
the still uncertain *Ne(x, n)*Mg reaction.

As described above, all of the calculations so far are based on the
assumption that the ratios under consideration are well represented
by the steady-state equation (2) and its associated distribution uncer-
tainties for t/6 > 2. Still, we need to consider the possibility that 6 may
instead be longer than 7. For example, if 7/6 < 0.3, thenit is statistically
more likely that the radioactive abundances we observe in the Solar

System are exclusively because of the contribution of the last event
that enriched the galactic ISM parcel from which the Sun was born®*.
This is the case for the radioactive nuclei " and 2*Cm of r-process
origin, for which é values are larger than their mean lives given the
rarity of their stellar sources®. In the case of the s-process nuclei, §
larger than 30-70 Myr would imply an origin from a single event. For
07pd and '®2Hf, it was possible to identify some AGB models that could
provide a self-consistent solution, with the best-fit event occurring
roughly 25 Myr before the formation of the first solids inthe early Solar
System'®, Here we test whether this scenario could also account for the
205ph294Ph ratios. When considering all three isotopes using the set of
Monash models with Z=0.014, stellar masses below roughly 3 M, are
not hot enough to produce as much?>Pb as needed, whereas models
above this mass typically produce too much **Pb and **?Hf, relative to
197pd, The model of mass 3 M, produces self-consistent times around
30 Myr from the last event when using K= 5.7 and the lowest 20 value
of the early Solar System 2Pb/?**Pb ratio. Overall, alast-event solution
may require more fine-tuning than the steady-state solution because,
inthis case, we do not have any galactic, stochastic uncertainty to allow
foraspreadinthederived timeintervals (asin each panel of Extended
Data Fig. 4). Also for this scenario, stellar and nuclear uncertainties
need to be carefully evaluated, together with the further constraints
that canbe derived fromthe ratios of the radioactive isotopesrelative
to each other, such as '’Pd/**2Hf and "®*Hf/**Pb (refs. 18,134).

Finally, the abundances of all the isotopes considered here may have
been contributed to by nucleosynthesis occurring in the massive stars
that lived in the same molecular cloud in which the Sun formed and
ejected these nucleiwithin ashortenoughtimeto pollute their environ-
mentbefore star formation was extinguished. If such contribution was
present and substantial, it needs to be added on top of the contribution
that we have calculated here from the AGB stars that evolved before
the formation of the molecular cloud and contributed to the chemical
evolution of the Galaxy. Wolf-Rayet winds from very massive (>40 M,),
very short-lived (<5 Myr) and very rare stars may produce '’Pd and **Pb
(refs. 135,136) but not '82Hf, which requires higher neutron densities
than available in those conditions to activate the branching point at
the unstable ®'Hf. Such possible partial contribution does not seem to
be required, as GCE already provides a self-consistent solution for all
threeisotopes together. Core-collapse supernovae, instead, can eject
all three isotopes. To provide a successful combination with the GCE
contribution, atleast according toresults calculated with the Monash
models, it is required that a potential local core-collapse supernova
source produced '’Pd and *®*Hf in similar amounts asin AGB stars and
205Pb in potentially higher amounts. This may be achieved, although
other factors would play a role in the rich nucleosynthetic environ-
ment ofacore-collapse supernova, forexample, *Csis expected to be
strongly overproduced relative to the current observed upper limit'°,
and the long-standing problems of overproduction of *Mn and ®°Fe by
anearby core-collapse supernovawould need to be addressed as well.

Data availability

Intermediate and result data for the measurement of the bound-state
B decay of *TI®"* have been published in ref. 81. Source data for Fig. 3
will be published in R.M., T.N. & G.M.-P., manuscript in preparation.
Source datafor Fig.4 and Extended DataFig. 4 are provided in Extended
Data Table 3. All of the other relevant data that support the findings
of this study are available from the corresponding authors on reason-
ablerequest.

Code availability

The computer code used to analyse the half-life fit of the bound-state
B decay of TI3" from the above-mentioned result data has been pub-
lished in ref. 82. Details of the code used for the computation of the



weak decay rates willbe availablein R.M., T.N. & G.M.-P., manuscriptin
preparation. Details on the code used in Monash models can be found
inref. 49, FUNS models in ref. 50 and NuGrid models in ref. 51. The
code used to prepare Fig. 4 and Extended DataFig. 4 is also published
inref. 82.
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sensitive to variationin contamination that is unquantified elsewherein the
analysis. b, Abreakdown of the contributions of each correction to the total
uncertainty. Statistical errors arein various blue shades and systematic errors
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whichisrepresented by dashed lines asareminder thatits calculation assumes



Extended Data Table 1| New recommended Maxwellian-averaged cross-sections, SEFs and ground-state contribution
factors X used for the stellar model calculations

202 Hg 203 Hg* 204Hg 203T| 204T| 205T| 204 Pb 205 Pb* 206 Pb
kT [keV] Maxwellian-averaged cross section [mbarn]
5 200(20) 1088(713) 109(51) 580(18) 801(179) 134(34) 304(15) 686(153) 21.3(14)
10 124(11) 644(304) 63(29) 305(31) 497(134) 86(21) 166(8) 446(113) 19.4(10)
15 97(7) 481(195) 47(22) 226(42) 387(111) 70(18) 122(6) 340(78) 17.1(9)
20 83(5) 394(150) 40(19) 188(46) 326(101) 62(16) 102(5) 279(56) 15.6(8)
25 74(4) 339(125) 37(17) 166(47) 286(90) 56(14) 91(5) 240(43) 14.7(8)
30 68(4) 302(11) 35(16) 152(46) 260(90) 52(13) 84(4) 213(34) 14.2(9)
40 60(3) 254(92) 32(15) 134(42) 220(79) 46(11) 76(4) 178(23) 13.5(8)
50 55(2) 224(81) 30(14) 123(38) 198(70) 41(10) 71(4) 156(18) 12.8(8)
60 52(2) 201 (73) 29(14) 115(34) 176(63) 38(10) 68(3) 140(15) 12.2(8)
80 47(2) 171(63) 27(13) 103(29) 157(60) 33(8) 64(3) 119(12) 11.3(8)
100 44(2) 150(57) 25(12) 94(26) 137(64) 30(7) 61(3) 106(10) 10.7(7)
KT [keV] Stellar enhancement factor
5 1.000 0.987 1.000 1.000 1.000 1.000 1.000 0.972 1.000
10 1.000 0.963 1.000 1.000 1.000 1.000 1.000 0.956 1.000
15 1.000 0.939 1.000 1.000 1.000 1.000 1.000 0.946 1.000
20 1.000 0.914 1.000 1.000 1.000 1.000 1.000 0.939 1.000
25 1.000 0.890 1.000 1.000 0.998 1.000 1.000 0.933 1.000
30 1.000 0.869 1.000 1.000 0.995 0.999 1.000 0.927 1.000
40 1.000 0.835 1.000 1.000 0.985 0.996 1.000 0.919 1.000
50 1.000 0.810 1.000 0.999 0.970 0.990 1.000 0.911 1.000
60 1.000 0.792 1.000 0.997 0.952 0.981 1.000 0.903 1.000
80 1.000 0.774 0.997 0.992 0.915 0.960 1.000 0.886 1.000
100 1.002 0.776 0.991 0.989 0.886 0.942 1.000 0.869 1.000
kT [keV] Ground-state contribution factor X
5 1.000 0.943 1.000 1.000 1.000 1.000 1.000 0.850 1.000
10 1.000 0.894 1.000 1.000 1.000 1.000 1.000 0.827 1.000
15 1.000 0.869 1.000 1.000 1.000 1.000 1.000 0.822 1.000
20 1.000 0.854 1.000 1.000 1.000 1.000 1.000 0.821 1.000
25 1.000 0.842 1.000 1.000 0.999 1.000 1.000 0.822 1.000
30 1.000 0.832 1.000 1.000 0.998 0.998 1.000 0.824 1.000
40 1.000 0.816 1.000 0.999 0.992 0.991 1.000 0.827 1.000
50 0.999 0.800 0.999 0.994 0.983 0.977 1.000 0.831 1.000
60 0.997 0.783 0.997 0.984 0.971 0.955 1.000 0.833 1.000
80 0.979 0.733 0.982 0.949 0.932 0.900 1.000 0.836 1.000
100 0.940 0.663 0.949 0.898 0.868 0.837 0.999 0.835 0.998

All errors are given at 10. The form of the uncertainty is discussed in the text and references given therein. SEF and X factors are taken from the KADoNiS v1.0 database®®.
*Denotes isotopes for which no experimental information exists.
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Extended Data Table 2 | Predicted mass yields of 2°42°5pp
and their ratios from Monash models for AGB stars of solar
metallicity Z=0.014

Mass Moy 205pp 04pp  205Pp204pp
20 0002 1.09x10™ 659 x10° 0.017
2.5 0.002 5.45x 107" 1.29 x 1078 0.042
30 0002 1.35x10°  1.66x10° 0.081
35 0001 215x10°  8.28x10° 0.259
40 0001 690x10°  1.07x10° 0.645
45 00001 138x10°  297x10° 0.466

Masses are in solar units (M,,). Mey; is the free parameter in the models that leads to the forma-
tion of a ‘pocket’ rich in *C, the main neutron source by means of *C(a, n)'®0. The absolute
yields typically increase with the initial stellar mass, unless M,y is decreased. The My, trend
chosen here is suggested by both models and observations (see ref. 49 for discussion). It does
not affect the 2°°Pb/?**Pb ratios, which are mostly a function of the temperature.



Extended Data Table 3 | ISM ratios calculated (using equation (2)) and isolation times for s-process short-lived radionuclides
using the Monash models

205pb/204pb 107pd/108pd 182Hf/180Hf 135CS/13BCS
ESS ratio 1.8(12) x 1073 6.6(4) x 107 1.02(4) x 107 <28x10°
T 24.5(13) 9.4(4) 12.84(13) 1.9(3)
¢ (adopted) 3.16 3.16 3.16 1.0
T/6 7.8 3.0 4.06 1.9
s-process P 0.167 0.141 0.111 1.059
Unc. factors 0.76, 1.27 0.62, 1.46 0.67,1.39 0.53, 1.58
Value of K s-process fraction of stable reference
1.6 (min) 1 0.37 0.88 0.14
2.3 (best) 1 0.45 0.86 0.17
5.7 (max) 1 0.60 0.85 0.21

ISM ratio

1.6 (min) (7.742:4) x 10 (9.0j‘3‘:§) x 107° (2.3j8:§) x 107 (5.13;2) X 1075
2.3 (best) (1.10%939) x 102 (1.571313) x 10 (3.3*13) x 10*  (8.9'33) x 10°°
5.7 (max) (2.7j8_-§) x 1073 (5.2j§;g) x 1074 (8.03;) x 107 (2.7j;§) x 1074

Isolation time [Myr]

1.6 (min) -20.7*115 2,938 10.6%43 > 5.6%09
2.3 (best) -11.8*118 8.1+38 14.9%33 > 6.6793
5.7 (max) 10.5*115 19.338 26.4133 > 8.8%03

Uncertainty factors are 1o equivalent (that is +10 = 68.2%) to represent the probability distributions shown in Extended Data Fig. 4. Choice of & and uncertainty factors are described in the text
based on refs.18,54. ESS ratios (with 20 uncertainties) are taken from ref.1and t values from ref.17. Note that we revised the s-process production ratios P to those from Monash AGB models
computed with the most recent nuclear inputs, relative to the yields used in ref.18. The stable s-process fractions are taken from the Monash GCE models of ref.18, except for ***Pb, which is an
s-only isotope.
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