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Figure 2 | Cartoon illustrating dust formation and evolution as proposed in our model 299 
(not to scale). Stardust forms in different stellar environments with ongoing nucleosynthesis 300 
and retains the unique isotope composition of its formation site. The trace element 301 
composition of AGB stardust depends on the condensation temperature of individual 302 
elements and is depleted in volatile elements compared to the bulk Solar System s-process 303 
component. Stardust in the Solar System mainly originates from low mass AGB stars that 304 
produce grains with an s-process isotope composition (red squares). In particular, Solar 305 
System stardust is sourced from high metallicity AGB stars that produce less heavy elements 306 
(Z ≥ 56) compared to the average Solar System composition. Dust from other stellar 307 
environments (blue triangles), e.g. supernovae, contribute only a minor fraction to stardust. In 308 
dense molecular clouds, dust condenses from the homogenised gas phase onto pre-existing 309 
grains forming ISM dust mantles around stardust (dark grey). Due to gravitational 310 
instabilities a part of the molecular cloud collapses and forms a protoplanetary disk 311 
surrounding a proto-sun. Thermal gradients in the protoplanetary disk preferentially destroy 312 
ISM mantles in regions closer to the Sun (Yellow regions), which results in a relative 313 
enrichment of stardust, predominantly carrying an s-process composition in lighter elements 314 
(Z<56). The composition of infalling material changes with time and/or thermal 315 
processing28,29,49. Complete homogenisation between the inner and outer Solar System is 316 
blocked by the formation of Jupiter’s core49,50, which leads to two compositionally slightly 317 
different reservoirs.  318 
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mta.hu We first compare the Sr–Ba and Ni isotope data with the
updated Torino AGB models for a 3Me, 1.5 Ze AGB star by
adopting Flat 13C-pockets (Figure 4). The K94 rate in Figure 4
refers to the lower limit of the recommended value for the
22Ne(α, n)25Mg reaction rate from Käppeler et al. (1994).

According to a recent reevaluation (Longland et al. 2012) of the
rate measurements by Jaeger et al. (2001), we reduced the K94
rate by a factor of two for the 22Ne(α, n)25Mg reaction in the
models presented in Figure 4. In general, the updated Torino
models that are constrained by the Sr–Ba grain data, i.e., that
fall within the purple box in Figure 4(a) (corresponding to the
most probable grain compositions), are in good agreement with
the constrained old Torino models reported by Liu et al. (2015).
The best match with the grain data in Figure 4(a) corresponds
to 3Me, 1.5 Ze AGB model predictions that adopt a Flat
13C-pocket of 2×10−3Me in the ST case. In comparison, Liu
et al. (2015) showed that with a Flat 13C-pocket of the same
pocket mass, the best match with the grain data was given by
2Me, 0.5 Ze AGB model predictions in the D3 case.17

Although the constrained amount of 13C in the latter is a
factor of three lower than that in the former, the corresponding
stellar metallicity is also a factor of three lower, thus meaning
the same neutron-to-seed ratio, i.e., the same ratio of the
amount of 13C to the stellar metallicity. The difference between
the constrained amounts of 13C can, therefore, be well
explained by the fact that the s-process efficiency is a linear
function of the neutron-to-seed ratio.

Figure 2. 13C mass fraction (X (13C)) is plotted against the stellar mass in units of Me proceeding from the bottom of the H-envelope (right) to the He-intershell (left)
of an AGB star. The stellar mass coordinate at the interface of the two layers is defined as zero. Different 13C profiles are explained in the text and shown as different
colored lines. A smaller Trippella pocket (3.3×10−3 Me) in the D3 case, which might arise from a weaker magnetic field or interactions between magnetic and
hydrodynamic effects, is shown in (b) to illustrate how the mass fraction and the mass extension are varied in Torino models to test their effects on s-process model
predictions. The three zones of the Exponential 13C-pocket are labeled in yellow (Zone-I), green (Zone-II), and red (Zone-III) in (c) in logarithmic scale.

Figure 3. Four-isotope plot of δ88Sr vs. δ138Ba values for presolar MS SiC
grains from Liu et al. (2015) and Stephan et al. (2018). The 2D joint histogram
of the data is shown using a yellow-to-blue color scheme to reflect the grain
density, and the number next to the color scheme represents the corresponding
number of grains. The grain-concentrated region is highlighted by a purple box.

17 Note that as will be discussed in Section 4.4, updated Torino model
predictions for a 3 Me, 1.5 Ze AGB star are almost identical to those for a
2 Me, 1.5 Ze AGB star. Thus, the difference between the constrained amounts
of 13C discussed here is mainly caused by the different stellar metallicities, i.e.,
0.5 Ze versus 1.5 Ze.
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P. E. Nissen et al.: High-precision abundances of elements in solar-type stars

Fig. 2. Difference between photometric and spectroscopic gravities as a
function of [Fe/H]. The line shows the fit to the data given by Eq. (4).

means that the GARSTEC models are less sensitive to the varia-
tions in [α/Fe] from high values in metal-poor stars to low values
in metal-rich stars.

Stellar ages could also have been derived by using spec-
troscopic gravities instead of luminosities as in Papers I and II,
where the available Hipparcos parallaxes did not allow a deter-
mination of L with sufficient precision. Conversely, we can make
a comparison between luminosities and spectroscopic gravities
by calculating a ‘photometric’ gravity from the expression

log g (phot) = 4.438 + log
M

M!
+ 4 log

Teff

Teff,!
− log

L

L!
. (3)

The average difference between the photometric gravity and the
spectroscopic gravity is −0.003 dex with an rms deviation of
0.016 dex, which can be explained by the estimated errors of the
spectroscopic gravities. As seen from Fig. 2, there is, however, a
slight trend of the difference with [Fe/H]:

∆log g = −0.002 (±0.002)+ 0.038 (±0.013) · [Fe/H], (4)

as found from a linear regression to the data.
We have first investigated if the trend of ∆log g with [Fe/H]

arises because the MARCS models applied for the determination
of spectroscopic gravities have a constant helium-to-hydrogen
ratio y = NHe/NH = 0.085, whereas the He abundances of the
stars depends on [Fe/H] and age. Helium does not contribute to
opacity or electrons in solar-type stars but increases the mean
molecular weight by a factor of 1+4y and atomic pressure by
a factor of 1+y relative to the contributions from hydrogen.
As shown by Strömgren et al. (1982, Eq. 12), a change in the
helium-to-hydrogen ratio from y1 to y2 has the same effect on
line strengths as a change in gravity from g1 to g2, where

g2 = g1
1 + 4y1

1 + y1

1 + y2

1 + 4y2
, (5)

provided that the electron pressure is much smaller than the
gas pressure as in the upper layers of the atmospheres of solar-
type stars. This equation was used to calculate corrected spectro-
scopic gravities using y1 = 0.085 and y2 values corresponding to
the helium mass fractions in Table 1. The correction goes, how-
ever, in the wrong direction and increases the slope of ∆log g
versus [Fe/H] by nearly a factor of two. Hence, there must be
other systematic errors in the analysis depending on [Fe/H],
most likely 3D non-LTE effects on the relative strengths of Fe i
and Fe ii lines, but deviations from assumptions related to the
ASTEC models, such as ∆Yi/∆Zi = 1.4 and a constant mixing
length parameter could also play a role.

While the trend of ∆log g (phot.− spec.) with [Fe/H] is an
interesting problem, it has only a small effect on the derived

Fig. 3. [Fe/H] versus stellar age. The stars have been divided in two
groups: an old sequence shown with filled red circles and a younger
sequence shown with filled blue circles. Two stars (HD 59711 and
HD 183658) having intermediate ages are shown with filled black cir-
cles and the Sun with the ! symbol. The components of the visual
binary star, ζ Reticuli, are marked with black squares and the Na-rich
stars, HD 13724 and HD 189625, with yellow squares.

ages and abundances. If spectroscopic gravities are used in the
age determination instead of luminosities, the ages of young,
metal-poor stars change by about −0.5 Gyr and ages of young,
metal-rich stars by ∼ +0.5 Gyr. For older more evolved stars,
the changes are smaller. Concerning [X/Fe] abundance ratios,
the largest effects of using photometric instead of spectroscopic
gravities are on the order of ±0.005 dex in the case of C, O, Mg,
and Y. These changes are well within the estimated uncertainty
of the abundances (see Table 3).

4. Results

In this section, we first show that there are indications of two dis-
tinct sequences in the age-metallicity and [X/Fe]-age diagrams.
Next we discuss possible 3D, non-LTE effects on the results. Fur-
thermore, we present the [Sr/Mg]- and [Y/Mg]-age relations and
discuss their dependence on metallicity with particular emphasis
of a puzzling deviation of the visual binary star, ζ Reticuli.

4.1. [Fe/H] and [X/Fe] versus stellar age

The relation between [Fe/H] and stellar age is shown in Fig. 3.
As seen, the stars tend to be distributed in two populations: i.e.
an old sequence (red filled circles) reaching [Fe/H] ∼ +0.3 at
an age of ∼ 7 Gyr and a younger sequence (blue filled circles)
stretching from [Fe/H] $ −0.3 at 6 Gyr to [Fe/H] $ +0.2 at
∼ 1 Gyr. Because stars were selected to have 5600 K < Teff <
5950 K, there may be a bias against old metal-rich stars in the up-
per right corner of the figure and against young metal-poor stars
in the lower left corner, but we see no selection effects that could
explain the dearth of stars at intermediate ages. Furthermore, al-
though there may be systematic errors affecting the relative ages
of stars with different metallicities as discussed above, these er-
rors do not affect the differential ages of stars at a given [Fe/H].
The sample is, however, small, so it could be accidental that there
are so few stars between the two populations. Clearly, the pos-
sible existence of two distinct sequences in the age-metallicity
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Fig. 17. Age-metallicity diagram for dwarf stars with ages determined
from Kepler short-cadence observations of individual oscillation fre-
quencies by Silva Aguirre et al. (2015, 2017).

oscillation frequencies are available from Kepler short-cadence
observations (Huber et al. 2013; Lund et al. 2017) is more in-
teresting in this connection. Silva Aguirre et al. (2015) analysed
33 such stars with planets and Silva Aguirre et al. (2017) 66
stars without known planets, the so-called LEGACY sample.
They obtained age uncertainties of 10-15 % from the astero-
seismic data. Metallicities are, on the other hand, not very pre-
cise for many of these stars; ten stars have [Fe/H] determined
from high S/N HARPS-N spectra with a precision of ∼0.02 dex
(Nissen et al. 2017), but for the rest [Fe/H] was derived from
low S/N spectra with a precision of ∼ 0.10 dex. Nevertheless,
the age-metallicity diagram for the Kepler dwarfs (see Fig. 17)
gives support to the existence of an old and a young sequence
with a deficit of stars in between, although details such as the
[Fe/H]- age slope for the two populations and the width of their
separation are somewhat different from the corresponding fea-
tures in the ASTEC age-metallicity diagram. The deficit of stars
at intermediate ages was in fact noted by Silva Aguirre et al.
(2015) but was ascribed to a selection effect, namely that detec-
tion of oscillations by Kepler is favoured for the brighter stars,
either young F-type or old evolved G-type stars. After addition of
the LEGACY sample, Fig. 17 includes, however, ten unevolved
(4.27 < log g < 4.50), cool (5500 K < Teff < 6150 K stars
with ages corresponding to those of the young sequence. Stars
with intermediate ages are more evolved and have larger oscilla-
tion amplitudes. Therefore, it is unlikely that the deficit of stars
at intermediate ages is a selection effect. The absence of stars
younger than ∼ 1.5 Gyr is on the other hand a selection bias;
Such stars lie either close to the ZAMS and have low oscillation
amplitudes or are warmer than Teff ∼ 6600 K, the temperature
limit of the Kepler dwarf sample.

As a possible explanation of the two age sequences in Fig. 3
we have considered the ”two-infall" chemical evolution model
of Chiappini et al. (1997) as revised by Grisoni et al. (2017).
This model assumes two main episodes of infalling gas onto the
Galactic disk corresponding to the formation of respectively the
thick and the thin disk. Spitoni et al. (2019, 2020) have recently
compared the predictions of this model with APOGEE chemi-
cal abundances and seismic ages of K giants in the APOKASC
sample (Silva Aguirre et al. 2018) and have shown that a signif-
icant delay of 4.5 to 5.5 Gyr between the two episodes of gas
accretion is needed to explain the data. The corresponding star

Fig. 18. Comparison of the [Fe/H]initial-, [O/Fe]-, and [Mg/Fe]-age rela-
tions with predictions from the two-infall chemical evolution model.

formation rate has a minimum at an age of ∼ 8 Gyr. A simi-
lar quenching of star formation around an age of 8 Gyr was de-
rived by Snaith et al. (2015) from the Adibekyan et al. (2012)
abundances and the Haywood et al. (2013) isochrone ages of
solar-type stars. There is also indications of a double-peaked
star formation history, although with a minimum around 6 Gyr,
from Gaia colour-magnitude diagrams (Mor et al. 2019). Fur-
thermore, several models of galaxy formation predict a quench-
ing of star formation at ages between 6 and 9 Gyr. Noguchi
(2018) suggests that high-alpha stars form during an initial phase
of accretion of cold primordial gas followed by a hiatus until the
shock-heated gas has cooled due to radiation and a new accretion
begins leading to the formation of low-alpha disk stars. Cosmo-
logical hydrodynamical simulations also point to the formation
of bimodal disks (e.g. Grand et al. 2018) possibly triggered by a
gas-rich merging satellite (Buck 2020).

Using the Markov Chain Monte Carlo (MCMC) method de-
scribed by Spitoni et al. (2020) we have made a preliminary in-
vestigation of how well the two-infall model fits the observed
[Fe/H]-, [O/Fe]-, and [Mg/Fe]-age relations. The solar neigh-
bourhood is assumed to have a metallicity of [Fe/H] = −1 at
an age of 12 Gyr at which time the first exponentially decay-
ing infall of primordial gas begins followed by a delayed sec-
ond infall of primordial gas. The main parameters of the model
are the timescales of the infalling gas, τ1 and τ2, and the de-
lay time, Tdelay. More details about the model may be found
in Spitoni et al. (2019, 2020) including assumptions about the
star formation efficiency, stellar yields, the Initial Mass Function
(IMF), and the delay of Type Ia SNe relative to Type II SNe.

The two-infall model describes the evolution of chemical
abundances in interstellar gas and should therefore be com-
pared to the initial composition of stars. Hence, the present ob-
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Fig. 2. Difference between photometric and spectroscopic gravities as a
function of [Fe/H]. The line shows the fit to the data given by Eq. (4).

means that the GARSTEC models are less sensitive to the varia-
tions in [α/Fe] from high values in metal-poor stars to low values
in metal-rich stars.

Stellar ages could also have been derived by using spec-
troscopic gravities instead of luminosities as in Papers I and II,
where the available Hipparcos parallaxes did not allow a deter-
mination of L with sufficient precision. Conversely, we can make
a comparison between luminosities and spectroscopic gravities
by calculating a ‘photometric’ gravity from the expression

log g (phot) = 4.438 + log
M

M!
+ 4 log

Teff

Teff,!
− log

L

L!
. (3)

The average difference between the photometric gravity and the
spectroscopic gravity is −0.003 dex with an rms deviation of
0.016 dex, which can be explained by the estimated errors of the
spectroscopic gravities. As seen from Fig. 2, there is, however, a
slight trend of the difference with [Fe/H]:

∆log g = −0.002 (±0.002)+ 0.038 (±0.013) · [Fe/H], (4)

as found from a linear regression to the data.
We have first investigated if the trend of ∆log g with [Fe/H]

arises because the MARCS models applied for the determination
of spectroscopic gravities have a constant helium-to-hydrogen
ratio y = NHe/NH = 0.085, whereas the He abundances of the
stars depends on [Fe/H] and age. Helium does not contribute to
opacity or electrons in solar-type stars but increases the mean
molecular weight by a factor of 1+4y and atomic pressure by
a factor of 1+y relative to the contributions from hydrogen.
As shown by Strömgren et al. (1982, Eq. 12), a change in the
helium-to-hydrogen ratio from y1 to y2 has the same effect on
line strengths as a change in gravity from g1 to g2, where

g2 = g1
1 + 4y1

1 + y1

1 + y2

1 + 4y2
, (5)

provided that the electron pressure is much smaller than the
gas pressure as in the upper layers of the atmospheres of solar-
type stars. This equation was used to calculate corrected spectro-
scopic gravities using y1 = 0.085 and y2 values corresponding to
the helium mass fractions in Table 1. The correction goes, how-
ever, in the wrong direction and increases the slope of ∆log g
versus [Fe/H] by nearly a factor of two. Hence, there must be
other systematic errors in the analysis depending on [Fe/H],
most likely 3D non-LTE effects on the relative strengths of Fe i
and Fe ii lines, but deviations from assumptions related to the
ASTEC models, such as ∆Yi/∆Zi = 1.4 and a constant mixing
length parameter could also play a role.

While the trend of ∆log g (phot.− spec.) with [Fe/H] is an
interesting problem, it has only a small effect on the derived

Fig. 3. [Fe/H] versus stellar age. The stars have been divided in two
groups: an old sequence shown with filled red circles and a younger
sequence shown with filled blue circles. Two stars (HD 59711 and
HD 183658) having intermediate ages are shown with filled black cir-
cles and the Sun with the ! symbol. The components of the visual
binary star, ζ Reticuli, are marked with black squares and the Na-rich
stars, HD 13724 and HD 189625, with yellow squares.

ages and abundances. If spectroscopic gravities are used in the
age determination instead of luminosities, the ages of young,
metal-poor stars change by about −0.5 Gyr and ages of young,
metal-rich stars by ∼ +0.5 Gyr. For older more evolved stars,
the changes are smaller. Concerning [X/Fe] abundance ratios,
the largest effects of using photometric instead of spectroscopic
gravities are on the order of ±0.005 dex in the case of C, O, Mg,
and Y. These changes are well within the estimated uncertainty
of the abundances (see Table 3).

4. Results

In this section, we first show that there are indications of two dis-
tinct sequences in the age-metallicity and [X/Fe]-age diagrams.
Next we discuss possible 3D, non-LTE effects on the results. Fur-
thermore, we present the [Sr/Mg]- and [Y/Mg]-age relations and
discuss their dependence on metallicity with particular emphasis
of a puzzling deviation of the visual binary star, ζ Reticuli.

4.1. [Fe/H] and [X/Fe] versus stellar age

The relation between [Fe/H] and stellar age is shown in Fig. 3.
As seen, the stars tend to be distributed in two populations: i.e.
an old sequence (red filled circles) reaching [Fe/H] ∼ +0.3 at
an age of ∼ 7 Gyr and a younger sequence (blue filled circles)
stretching from [Fe/H] $ −0.3 at 6 Gyr to [Fe/H] $ +0.2 at
∼ 1 Gyr. Because stars were selected to have 5600 K < Teff <
5950 K, there may be a bias against old metal-rich stars in the up-
per right corner of the figure and against young metal-poor stars
in the lower left corner, but we see no selection effects that could
explain the dearth of stars at intermediate ages. Furthermore, al-
though there may be systematic errors affecting the relative ages
of stars with different metallicities as discussed above, these er-
rors do not affect the differential ages of stars at a given [Fe/H].
The sample is, however, small, so it could be accidental that there
are so few stars between the two populations. Clearly, the pos-
sible existence of two distinct sequences in the age-metallicity
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to reproduce simultaneously the following observational
constraints for the Milky Way disk: current SFR, gas inflow
rate, mass of gas, core-collapse and Type Ia SN rates, and total
stellar mass formed. Because the observational constraints used
to calibrate our Milky Way model have uncertainties, we also
present the two extreme models that illustrate the largest
variations we can achieve while still remaining within the
observational error bars. These extreme models are used to
define the confidence level of our isotopic ratio predictions (see
also Dauphas et al. 2003). All three models reach solar
metallicity (Asplund et al. 2009) by time te (Figure 7). The
level of uncertainties shown in Figure 6 can be applied to any
radioactive isotope with a half-life below ∼200Myr, such as
26Al and 60Fe. For longer-lived isotopes such as 238U and 232Th,
the uncertainty is likely to decrease (see Section 3.6.3 for a
discussion).

The parameters and final properties of our models are shown
in Table 1. We did not include any delay-time distribution, as
we want our results to be as general as possible. Depending on
the adopted enrichment source, a shift in the predictions should
be included following the results presented in Figure 5
(Section 3.5). To generate the SFH, we used the two-infall
prescription described in Chiappini et al. (1997). We remind
that using different prescriptions could shift the results
presented in this section (Section 3.2). An iPython Jupyter
notebook describing how to run OMEGA+ using different gas
inflow and SFHs is available on the JINAPyCEE GitHub
repository16 for further explorations.

3.6.1. Minimizing the Isotopic Ratio

The lowest Mradio/Mstable ratio in Figure 6 was obtained by
steepening the slope of the SFH, relative to that of the best-fit
model. This was done by increasing the magnitude of the first
gas infall episode and by decreasing the magnitude of the
second one. As described in Section 3.2, the more the SFH
peaks at early time, the more a stable isotope is produced by
time te. We also increased the total stellar mass formed to
maximize the production of stable isotopes. In practical terms,

Figure 6. Evolution of the star formation rate (top-left panel), gas inflow rate (top-right panel), mass of gas (bottom-left panel), and isotopic mass ratio predicted by
our best-fit Milky Way model (blue solid line) and our two extreme models (blue dashed and dotted lines). The cyan bands at 13 Gyr are observational constraints
taken from Kubryk et al. (2015). The small horizontal thick line within those cyan bands represents the middle point of the interval.

Figure 7. Evolution of the gas metallicity (mass fraction) predicted by the three
Milky Way models presented in Figure 6. The vertical and horizontal gray solid
lines represent the time at which the Sun is assumed to form and the solar
metallicity (Z=0.014, Asplund et al. 2009), respectively.

16 https://github.com/becot85/JINAPyCEE/blob/master/DOC/OMEGA%
2B_defining_gas_inflow.ipynb
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three different independent 
realizaKons of the Milky Way

Côté et al. 2019a, ApJ
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With 107Pd, 135Cs, and 182Hf, 205Pb is also produced 
by the s process in AGB stars

Nuclear Physics:
1. First experimentally 

derived decay rates for 
205Tl

2. First Accurate 205Pb and 
205Tl decay rates  as 
func?on of stellar 
temperature and 
density! 

Leckenby et al., in prepara@on
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1. Anomalies were carried into the Solar System by a “carrier”, a 
“physical trap”, probably stardust

2. The stardust was destroyed, and the nuclear signature diluted.
Very small varia?ons ~ 10-4 – 10-5 , error bars ~ 10-6

3. How did the stardust distribute these anomalies is not fully known, 
many scenarios are proposed

Analysis of bulk meteori?c rocks has revealed 
small but widespread varia'ons in stable isotope abundances. 

Talk by Ma>as Ek
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Example: Molybdenum variations in bulk meteorites
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Example: Molybdenum varia7ons in bulk meteorites

Lugaro, Ek et al. (2023, EPJA) 

Nuclear Physics: neutron-capture 
cross secKons needed! 

Nuclear Physics: Koehler (2022, PRC) measured 
a 95Mo neutron-capture cross sec;on 30% 
higher than the standard by Winters and 

Macklin (1987, ApJ)
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Example: Ca, Ti, Cr variations in bulk meteorites

Nuclear Physics: neutron-capture cross 
secKons and decay rates needed! 
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Example: Ca, Ti, Cr varia7ons in bulk meteorites

Nuclear Physics: neutron-capture cross 
secKons and decay rates needed! 

40Ca: Dillman et al. Phys. Rev. C (2009)
42Ca, 43Ca, 44Ca: Musgrove et al., Nucl. Phys.  
(1977)
46Ca: Mohr et al., Phys. Rev. C (1999).
48Ca: Mohr et al., Phys. Rev. C (1997).
46Ti, 47Ti, 48Ti, 49Ti, 50Ti: Allen et al. Technical 
report AAEC/E402, Australian Atomic Energy 
Commission (1977).
50Ti:  Sedyshev et al., Phys. Rev. C (1999).
50Cr, 53Cr, 54Cr: M. Kenny et al., Technical report 
AAEC/E400, Australian Atomic Energy 
Commission (1977). 
52Cr: Rohr et al., Phys. Rev. C (1989)
41Ca, 45C, 51Cr : only theore/cal (n,g); latest 
decay rates from Fuller et al. 1987
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Open-source tools for Nuclear Astro/Cosmochemistry

OMEGA+ One-zone Model 
for the EvoluUon of 
GAlaxies (Côté et al. 2017)
nugrid.github.io/NuPyCEE/

developed/supported by ChETEC-INFRA 

SIMPLE Stellar Interpretation 
of Meteoritic data and Plotting 
(Pignatari et al., in preparation) 
astrohub.uvic.ca/chetec/
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