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Motivation Formation of the elements

Elements that formed during Big Bang nucleosynthesis
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Motivation Formation of the elements

The rest of the elements – what’s left to explain

H
Hydrogen
1s¹

1.008 1
+1
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2.201312.0

Li
Lithium
1s² 2s¹

6.94 3
+1
−1

0.98520.2

Be
Beryllium
1s² 2s² 

9.0122 4
+2

1.57899.5

Na
Sodium
[Ne] 3s¹

22.990 11
0.93495.8

Mg
Magnesium
[Ne] 3s²

24.305 12
+2
+1

1.31737.7

K
Potassium
[Ar] 4s¹

39.098 19
+1

0.82418.8

Ca
Calcium
[Ar] 4s²

40.078 20
+2

1.00589.8

Rb
Rubidium
[Kr] 5s¹

85.468 37
+1

0.82403.0

Sr
Strontium
[Kr] 5s²

87.62 38
+2

0.95549.5

Cs
Cæsium
[Xe] 6s¹

132.91 55
+1

0.79375.7
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Barium
[Xe] 6s²

137.33 56
+2

0.89502.9
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Francium
[Rn] 7s¹

(223) 87
+1
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Radium
[Rn] 7s²
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+2

0.90509.3
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Scandium
[Ar] 3d¹ 4s²
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+3
+2
+1

1.36633.1

Y
Yttrium
[Kr] 4d¹ 5s²

88.906 39
+3
+2
+1

1.22600.0

La
Lanthanum
[Xe] 5d¹ 6s²

138.91 57
+3
+2

1.10538.1

Ac
Actinium
[Rn] 6d¹ 7s²

(227) 89
+3

1.10499.0
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Ce
Cerium
[Xe] 4f¹ 5d¹ 6s²

140.12 58
+4
+3
+2

1.12534.4

Th
Thorium
[Rn] 6d² 7s²

232.04 90
+4
+3
+2

1.30587.0

Pr
[Xe] 4f³ 6s²

140.91 59
+4
+3
+2

1.13527.0

Nd
Neodynium
[Xe] 4f⁴ 6s²

144.24 60
+3
+2

1.14533.1

Pa
Protactinium
[Rn] 5f² 6d¹ 7s²

231.04 91
+5
+4
+3

1.50568.0

U
Uranium
[Rn] 5f³ 6d¹ 7s²

238.03 92
+6
+5
+4
+3

1.38597.6

Pm
Promethium
[Xe] 4f 6s²

(145) 61
+3

540.0
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Samarium
[Xe] 4f⁶ 6s²

150.36 62
1.17544.5

Np
Neptunium
[Rn] 5f⁴ 6d¹ 7s²

(237) 93
+7
+6
+5
+4
+3

1.36604.5

Pu
Plutonium
[Rn] 5f⁶ 7s²

(244) 94
+7
+6
+5
+4
+3

1.28584.7

Eu
Europium
[Xe] 4f⁷ 6s²

151.96 63
+3
+2

547.1

Gd
Gadolinium
[Xe] 4f⁷ 5d¹ 6s² 

157.25 64
+3
+2
+1

1.20593.4

Am
Americium
[Rn] 5f⁷ 7s²

(243) 95
+6
+5
+4
+3
+2

1.30578.0

Cm
Curium
[Rn] 5f⁷ 6d¹ 7s²

(247) 96
+4
+3

1.30581.0

Tb
Terbium
[Xe] 4f⁹ 6s²

158.93 65
+4
+3
+1

565.8

Dy
Dysprosium
[Xe] 4f¹ 6s²

162.50 66
1.22573.0
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[Rn] 5f⁹ 7s²

(247) 97
+4
+3

1.30601.0

Cf
Californium
[Rn] 5f¹ 7s²

(251) 98
1.30608.0

Ho
Holmium
[Xe] 4f¹¹ 6s²

164.93 67
+3

1.23581.0

Er
Erbium
[Xe] 4f¹² 6s²

167.25 68
+3

1.24589.3

Es
Einsteinium
[Rn] 5f¹¹ 6s²

(252) 99
1.30619.0

Fm
Fermium
[Rn] 5f¹² 7s²

(257) 100
1.30627.0

Tm
Thulium
[Xe] 4f¹³ 6s²

168.93 69
1.25596.7

Yb
Ytterbium
[Xe] 4f¹⁴ 6s²

173.05 70
603.4

Md
Mendelevium
[Rn] 5f¹³ 7s²

(258) 101
1.30635.0
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Nobelium
[Rn] 5f¹⁴ 7s²

(259) 102
1.30642.0

Lu
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[Xe] 4f¹⁴ 5d¹ 6s²

174.97 71
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Ti
Titanium
[Ar] 3d² 4s²

47.867 22
+4
+3
+2
+1
−1

1.54658.8

V
Vanadium
[Ar] 3d³ 4s²

50.942 23
+5
+4
+3
+2
+1
−1

1.63650.9

Zr
Zirconium
[Kr] 4d² 5s²

91.224 40
+4
+3
+2
+1

1.33640.1

Nb
Niobium
[Kr] 4d⁴ 5s¹

92.906 41
+5
+4
+3
+2
−1

1.60652.1

Hf
Hafnium
[Xe] 4f¹ 5d² 6s²

178.49 72
+4
+3
+2

1.30658.5

Ta
Tantalum
[Xe] 4f¹⁴ 5d³ 6s²

180.95 73
+5
+4
+3
+2
−1

1.50761.0

Rf
Rutherfordium
[Rn] 5f¹⁴ 6d² 7s²

(261) 104
+4

580.0

Db
Dubnium

(262) 105
+5

Cr
Chromium
[Ar] 3d 4s¹

51.996 24
+6
+5
+4
+3
+2
+1
−1
−2

1.66652.9

Mn
Manganese
[Ar] 3d 4s²

54.938 25
+7
+6
+5
+4
+3
+2
+1
 …
−3

1.55717.3

Mo
Molybdenum
[Kr] 4d 5s¹

95.95 42
+6
+5
+4
+3
+2
+1
−1
−2

2.16684.3

Tc
Technetium
[Kr] 4d 5s²

(98) 43
+7
+6
+5
+4
+3
+2
+1
−1
−3

1.90702.0

W
Tungsten
[Xe] 4f¹⁴ 5d⁴ 6s²

183.84 74
+6
+5
+4
+3
+2
+1
−1
−2

2.36770.0

Re
Rhenium
[Xe] 4f¹⁴ 5d 6s²

186.21 75
+7
+6
+5
+4
+3
+2
+1
−1
−3

1.90760.0

Sg
Seaborgium

(266) 106
+6

Bh
Bohrium

(264) 107
+7

Fe
Iron
[Ar] 3d⁶ 4s²

55.845 26
+6
+5
+4
+3
+2
+1
−1
−2

1.83762.5

Co
Cobalt
[Ar] 3d⁷ 4s²

58.933 27
+5
+4
+3
+2
+1
−1
−2

1.91760.4

Ru
Ruthenium
[Kr] 4d⁷ 5s¹

101.07 44
+8
+7
+6
+5
+4
+3
+2
+1
−2

2.20710.2

Rh
Rhodium
[Kr] 4d⁸ 5s¹

102.91 45
+6
+5
+4
+3
+2
+1
−1

2.28719.7

Os
Osmium
[Xe] 4f¹⁴ 5d⁶ 6s²

190.23 76
+8
+7
+6
+5
+4
+3
+2
+1
−2

2.20840.0

Ir
Iridium
[Xe] 4f¹⁴ 5d⁷ 6s²

192.22 77
+6
+5
+4
+3
+2
+1
−1
−3

2.20880.0

Hs
Hassium

(277) 108
+8

Mt
Meitnerium

(268) 109

Ni
Nickel
[Ar] 3d⁸ 4s²

58.693 28
+4
+3
+2
+1
−1

1.88737.1

Cu
Copper
[Ar] 3d¹ 4s¹

63.546 29
+4
+3
+2
+1

1.90745.5

Pd
Palladium
[Kr] 4d¹

106.42 46
+4
+2

2.20804.4

Ag
Silver
[Kr] 4d¹ 5s¹

107.87 47
+3
+2
+1

1.93731.0

Pt
Platinum
[Xe] 4f¹⁴ 5d⁹ 6s¹

195.08 78
+6
+5
+4
+2

2.28870.0

Au
Gold
[Xe] 4f¹⁴ 5d¹ 6s¹

196.97 79
+5
+3
+2
+1
−1

2.54890.1

Ds
Darmstadium

(271) 110

Rg
Roentgenium

(272) 111

Zn
Zinc
[Ar] 3d¹ 4s²

65.38 30
+2

1.65906.4

Ga
Gallium
[Ar] 3d¹ 4s² 4p¹

69.723 31
+3
+2
+1

1.81578.8

Cd
Cadmium
[Kr] 4d¹ 5s²

112.41 48
+2

1.69867.8

In
Indium
[Kr] 4d¹ 5s² 5p¹

114.82 49
+3
+2
+1

1.78558.3

Hg
Mercury
[Xe] 4f¹⁴ 5d¹ 6s²

200.59 80
+4
+2
+1

2.001007.1

Tl
Thallium
[Xe] 4f¹⁴ 5d¹ 6s² 6p¹

204.38 81
+3
+1

1.62589.4

Cn
Copernicium

(285) 112

Nh
Nihonium

(284) 113

Ge
Germanium
[Ar] 3d¹ 4s² 4p²

72.630 32
+4
+3
+2
+1
−4

2.01762.0

As
Arsenic
[Ar] 3d¹ 4s² 4p³

74.922 33
+5
+3
+2
−3

2.18947.0

Sn
Tin
[Kr] 4d¹ 5s² 5p²

118.71 50
+4
+2
−4

1.96708.6

Sb
Antimony
[Kr] 4d¹ 5s² 5p³

121.76 51
+5
+3
−3

2.05834.0

Pb
Lead
[Xe] 4f¹⁴ 5d¹ 6s² 6p²

207.2 82
+4
+2
−4

2.33715.6

Bi
Bismuth
[Xe] 4f¹⁴ 5d¹ 6s² 6p³

208.98 83
+5
+3
−3

2.02703.0

Fl
Flerovium

(289) 114

Mc
Moscovium

(288) 115

Se
Selenium
[Ar] 3d¹ 4s² 4p⁴

78.971 34
+6
+4
+2
−2

2.55941.0

Br
Bromine
[Ar] 3d¹ 4s² 4p

79.904 35
+7
+5
+4
+3
+1
−1

2.961139.9

Te
Tellurium
[Kr] 4d¹ 5s² 5p⁴

127.60 52
+6
+5
+4
+2
−2

2.10869.3

I
Iodine
[Kr] 4d¹ 5s² 5p

126.90 53
+7
+5
+3
+1
−1

2.661008.4

Po
Polonium
[Xe] 4f¹⁴ 5d¹ 6s² 6p⁴

(210) 84
+6
+4
+2
−2

2.00812.1

At
Astatine
[Xe] 4f¹⁴ 5d¹ 6s² 6p

(210) 85
+1
−1

2.20890.0

Lv
Livermorium

(292) 116

Ts
Tennessine

117

Kr
Krypton
[Ar] 3d¹ 4s² 4p⁶

83.798 36
3.001350.8

Xe
Xenon
[Kr] 4d¹ 5s² 5p⁶

131.29 54
2.60

Rn
Radon
[Xe] 4f¹⁴ 5d¹ 6s² 6p⁶

(220) 86
1037.0

Og
OganessonOganesson

(294) 118

B
Boron
1s² 2s² 2p¹

10.81 5
+3
+2
+1

2.04800.6

Al
Aluminium
[Ne] 3s² 3p¹

26.982 13
+3
+1

1.61577.5

C
Carbon
1s² 2s² 2p²

12.011 6
+4
+3
+2
+1
−1
−2
−3
−4

2.551086.5

N
Nitrogen
1s² 2s² 2p³

14.007 7
+5
+4
+3
+2
+1
−1
−2
−3

3.041402.3

Si
Silicon
[Ne] 3s² 3p²

28.085 14
+4
+3
+2
+1
−1
−2
−3
−4

1.90786.5

P
Phosphorus
[Ne] 3s² 3p³

30.974 15
+5
+4
+3
+2
+1
−1
−2
−3

2.191011.8

O
Oxygen
1s² 2s² 2p⁴

15.999 8
+2
+1
−1
−2

3.441313.9

F
Fluorine
1s² 2s² 2p

18.998 9
−1

3.981681.0

S
Sulfur
[Ne] 3s² 3p⁴

32.06 16
+6
+5
+4
+3
+2
+1
−1
−2

2.58999.6

Chlorine
[Ne] 3s² 3p

35.45 17
+7
+6
+5
+4
+3
+2
+1
−1

3.161251.2

Ne
Neon
1s² 2s² 2p⁶

20.180 10
2080.7

Ar
Argon
[Ne] 3s² 3p⁶

39.948 18
1520.6

He
Helium
1s²

4.0026 2
2372.3

1170.4
+8
+6
+4
+2

+2
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Motivation Formation of the elements

Stellar nucleosynthesis – the three main processes (Burbidge et al., 1957)
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Motivation Origin of the Solar System

Solar System formation from average material in Milky Way

Formation of the first Solar System solids:
4.567 Ga ago
Composition of the solar nebula defined by
galactic chemical evolution (GCE)
GCE of Milky Way prior to Solar System
formation: ∼ 9 Ga

Understanding the origin of the Solar System
requires knowledge on how the formation took

place and where its material originated
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Motivation Origin of the Solar System

The witnesses of the early Solar System

Meteorites
Unaltered, primitive meteorites
Analyze solar nebula composition
Short-lived radionuclides to
inform early Solar System timing

Presolar grains
Incorporated into meteorite
parent bodies
Bona fide stardust
Recorded the composition of
their parent star

Allende
CV3
chondrite

Presolar
SiC grain
from
Murchison
CM2
chondrite
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Motivation Stardust grains

Presolar grains: stellar remnants
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Motivation Stardust grains

Presolar stardust and their parent stars

δ-units: Deviation from solar (‰)
Presolar grains identified by their extreme
isotopic composition
SiC grains: best studied samples
Classified by analyzing their Si, C, and N
isotopic composition
Carry their parent stars isotopic
composition
Hands-on astrophysics samples

Galactic chemical evolution
Stellar nucleosynthesis
Transport processes in the interstellar
medium

be used to study stellar nucleosynthesis. One of the reasons that
SiC is so widely studied is that its crystal structure accepts a number
of minor and trace elements. In addition to silicon, carbon and
nitrogen, the isotopic compositions of neon, magnesium, calcium,
titanium, chromium, iron, nickel, strontium, zirconium, molybde-
num, ruthenium, and barium have been measured in individual
presolar SiC grains. While some of these elements have been mea-
sured by ion microprobe, advanced techniques such as resonant
ionization mass spectrometry (12, 40) are needed to measure many
of the heavy elements. Graphite is also widely studied, because in-
clusions of refractory carbides allow measurement of individual
graphite grains and, with the highest resolution instruments, even

individual subgrains within graphite. Oxides are somewhat more
difficult to fully isotopically characterize. The most common miner-
als among presolar silicates are olivine and low-calcium pyroxene,
which tend to have very low concentrations of elements other than
their major constituents (oxygen, magnesium, silicon, and iron).

Presolar grains often show the effects of decay of extinct radio-
nuclides. Among the short-lived radionuclides whose presence has
been inferred are 26Al (T1∕2 ¼ 7.1 × 105 y), 41Ca (T1∕2 ¼
1.03 × 105 y), 44Ti (T1∕2 ¼ 59 y), 49V (T1∕2 ¼ 331 d), 93Zr (T1∕2 ¼
1.5 × 106 y), 99Tc (T1∕2 ¼ 2.13 × 105 y), and 135Cs (T1∕2 ¼ 2.3 ×
106 y). The inferred presence of 49V in supernova SiC grains is
particularly interesting, as it implies grain condensation within a
couple of years of the explosion (41), but is also equivocal. Early
condensation of dust has been observed around supernova 1987A,
but the 49Ti excesses used to infer the presence of 49V in presolar
grains may have other origins within supernovae (20).

Stellar Sources
Types, abundances, sizes, and stellar sources of stardust are
shown in Table 1. Information comes from similar tables in recent
reviews (35, 42).

Asymptotic Giant Branch Stars. About 90% of presolar SiC grains
have isotopic characteristics suggesting formation around AGB
stars. These stars represent a late phase of the normal stellar
evolution of stars with initial masses of 1.5 to 4 solar masses. At
this point, low-mass stars have burned hydrogen and helium to
yield an inert core of carbon and oxygen, over which are layers
that burn hydrogen to helium and helium to carbon. Outside of
these burning layers is an extended stellar envelope. AGB stars
produce carbon and s-process elements. Most of the time, these
stars burn hydrogen at the base of the envelope. Eventually,
helium builds up and reaches temperatures and pressures high
enough to initiate the triple-α reaction, in which helium is burned
to carbon. The latter burning phase occurs episodically, causing a
thermal pulse that dredges freshly made 12C and s-process heavy
elements into the well-mixed envelope (43). Stars also lose sig-
nificant mass during the AGB phase. Mainstream SiC, graphite
with heavy element carbides, and group I oxide and silicate grains
have the isotopic, chemical, and textural characteristics expected
from ejecta from AGB stars. Enrichments in s-process isotopes
of heavy elements are in excellent agreement with models of

-1,000
-1,000

1,000

2,000

1,000 2,000 3,000

Fig. 2. Silicon isotopic compositions of presolar SiC, graphite, and silicates. The full range of isotopic compositions is shown in the inset. The solid lines denote
terrestrial silicon isotopic composition, presumed to be the same as solar composition. Data from the Presolar Grain Database (15) with a few updates from
recent literature (17, 24–27). δxxSi ¼ ½ðxxSi∕28SiÞsample∕ðxxSi∕28SiÞEarth − 1% × 1000.

Fig. 3. Oxygen isotopic compositions of presolar oxides and silicates. The
recently measured solar oxygen isotopic composition, although distinctly dif-
ferent from that of the Earth, Moon, and most meteorites (59), is seen to be
only slightly displaced from SMOW (Standard Mean Ocean Water) on this
log-log plot. Data from the Presolar Grain Database (15).

19144 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1013483108 Davis

Davis (2011)
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Motivation Stardust grains

Presolar stardust and their parent stars

δ-units: Deviation from solar (‰)
Presolar grains identified by their extreme
isotopic composition
SiC grains: best studied samples
Classified by analyzing their Si, C, and N
isotopic composition
Carry their parent stars isotopic
composition
Hands-on astrophysics samples

Galactic chemical evolution
Stellar nucleosynthesis
Transport processes in the interstellar
medium

Davis (2011)
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Measurement techniques Classification by NanoSIMS

Classification: Analyzing the grain’s C, Si isotopic compositions

Analyze the isotopic composition
of Si, C, (N) in SiC grains
NanoSIMS: Nanoscale Secondary
Ion Mass Spectrometer
Secondary ions analyzed
→ prone to isobaric interferences
Ideal instrument to measure
major isotopic composition
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Trace element isotopic analyses

Resonance Ionization Mass
Spectrometry (RIMS)
Most sensitive technique
available for atom-limited
samples
Up to ∼ 40% useful yield
Only two instruments worldwide
that analyze presolar grains

LION at Lawrence Livermore
National Laboratory
CHILI at the University of
Chicago
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Trace element isotopic analyses

Resonance Ionization Mass
Spectrometry (RIMS)
Most sensitive technique
available for atom-limited
samples
Up to ∼ 40% useful yield
Only two instruments worldwide
that analyze presolar grains

LION at Lawrence Livermore
National Laboratory
CHILI at the University of
Chicago

Savina and Trappitsch (2019)
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Reflectron

Detector plus optics

Focusing optics

Ti:sapphire lasers
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Reflectron

Detector plus optics

Focusing optics

Ti:sapphire lasers

Ion pulse / Desorption pulse
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Target Extractor Reflectron

Detector plus optics

Focusing optics

Ti:sapphire lasers

+
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Measurement techniques Isotope analyses by resonance ionization mass spectrometry (RIMS)

Simultaneous analysis of Fe and Ni by RIMS
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Stellar evolution and nucleosynthesis The life of a star

Hydrostatic equilibrium – Gravity vs. nuclear burning
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Stellar evolution and nucleosynthesis The life of a star

Stellar lifetimes – the James Dean syndrome

Mass luminosity relationship

L ∝ M3.5

Stellar lifetimes τ depends on fuel availability

τ ∝ M

τ ∝ L−1

Sun can burn ∼ 10% of its H
τ ≈ 10 Gyr

τ = 10 Gyr
(
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Stellar evolution and nucleosynthesis The life of a star

Life and death of a low-mass star (0.4M⊙ ≲ M ≲ 4M⊙)

Solar core now: T9 ≈ 15, ρ ≈ 150 g cm−3

H runs out: core contracts, H-shell burning
Envelope becomes convective
Meanwhile, the core keeps contracting
until degenerate
He is added and temperature rises
He ignites – He-flash: a thermonuclear
runaway (for M ≲ 2M⊙)
→ Energy goes into lifting degeneracy
Quiet He burning to CO core
CO core w/ He, H burning shells
H burning adds He until ignition
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Stellar evolution and nucleosynthesis The AGB phase – s-process nucleosynthesis

Asymptotic giant branch (AGB) stars

Star expands rapidly, and cools
Cycles between H and He burning
→ Thermally pulsing AGB star
AGB stars are copious dust producers
Slow neutron capture (s-) process
forms elements along the valley of
stability
Two important neutron sources:

13C(α, n)16O
22Ne(α, n)25Mg
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Stellar evolution and nucleosynthesis The AGB phase – s-process nucleosynthesis

Two neutron sources are at work

Time

M
a
ss

CO-Core

He intershell

Convective envelope

Convective pulses

s-process zone

dredge-up

dredge-up

Adopted from NuGrid Model
2M☉, Z☉, Pignatari et al. (2016)

13C(α, n)16O
Main s-process neutron source
Max < 107 n cm−3

1000s of years

22Ne(α, n)25Mg
Bottom of He intershell
Max 5 × 109 n cm−3

A few years
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Stellar evolution and nucleosynthesis The AGB phase – s-process nucleosynthesis

A more detailed look into the 13C pocket
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Stellar evolution and nucleosynthesis The AGB phase – s-process nucleosynthesis

What to look in stardust grains
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Stellar evolution and nucleosynthesis The AGB phase – s-process nucleosynthesis

Who wins: Neutron capture or β−-decay

Branching ratio fn

fn =
λn

λn + λβ

Neutron capture rate

λn = NnvT ⟨σ⟩

β−-decay rate

λβ =
ln(2)
T1/2

15 
 

 
Figure 5. Branching factors fn = ln / (ln + lb) as a function of neutron density Nn and 
temperature for nuclides relevant in molybdenum nucleosynthesis. We used temperature 
dependent b-decay rates reported by (Takahashi & Yokoi 1987) and adapted neutron capture 
cross section from KADoNiS v1.0 (Dillmann et al. 2014). The two vertical dashed lines in each 
plot at neutron densities of 107 and 5×109 cm-3 mark the expected maximum neutron densities 
caused by the 13C(a,n)16O and 22Ne(a,n)25Mg reactions, respectively, in low-mass AGB stars, 
which should take place at peak temperatures close to 1×108 K and 3×108 K (see respective 
color-coded curves in each plot). 

4.2.1. Molybdenum-92 
The p-process isotope 92Mo can under no circumstances be created in a neutron capture 

process. In contrary, the s-process destroys any initially present 92Mo, forming 93Mo, which 
either decays into 93Nb or is transformed, by another neutron capture, to 94Mo. Although the 
neutron capture cross section for 92Mo is lower than for all other molybdenum isotopes (see 
Figure 1), it is still highest among stable nuclides with magic neutron number 50, e.g., by more 
than a factor of 10 higher than for 88Sr. Therefore, 92Mo destruction by the s-process in the 
helium intershell of AGB stars is rather effective, and we have no indication for any major 92Mo 
present in mainstream grains that is not solar in composition. 

4.2.2. Molybdenum-94 
The p-process isotope 94Mo should also be consumed by neutron capture in the helium 

intershell. However, as discussed by Lugaro et al. (2003), there are three ways to generate some 
94Mo during s-process nucleosynthesis. First, it could be created via two consecutive neutron 
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Stellar evolution and nucleosynthesis Stardust analyses

Deciphering the parent star conditions with stardust measurements

δ-units: deviation of isotope ratio from
solar system average value (usually in ‰)
SiC grains can only condense in
carbon-rich areas, with C>O
Heavier-mass stars get hotter
→ Activate 22Ne neutron source more
→ Activate 96Zr production more
Additional complication: Nuclear physics
input uncertainties, e.g., 95Zr(n, γ) cross
section
Comparison of isotope with stardust
measurements allows determination of
parent stars
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Stellar evolution and nucleosynthesis Stardust analyses

Deciphering the parent star conditions with stardust measurements
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solar system average value (usually in ‰)
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Stellar evolution and nucleosynthesis Stardust analyses

Multi-element measurements to constrain the 13C-pocket

Formation, size, mass of 13C-pocket
remain poorly understood
Multi-element isotopic measurements in
individual grains can help to decipher the
physics
Study by Liu et al. (2015) for Sr, Ba →
Many possible 13C-pocket configurations
can explain the measurements
One set of model must fulfill all
measurements constraints simultaneously

abundance of 84Sr. The exclusion criteria are (1) grains with
less than 2,000 measured strontium counts and (2) grains with
only the δ(84Sr/86Sr) upper limits determined because of the
low S/N in their mass spectra. Within uncertainties, the grain
data are in good agreement with the model predictions for
carbon-rich envelopes. Thus, our derived constraints on the 13C
pockets in Table 6 are supported by δ(84Sr/86Sr) values in
mainstream SiC grains, which have total 13C masses of
(6–19) × 10−7Me for three-zone models and (8–34) × 10−7

Me for Zone II models.

4.3. Constraints from This Study: Contradictions
with Previous Conclusions?

In Liu et al. (2014b), it was found that AGB model
predictions for δ(92Zr/94Zr) decrease with increasing 13C-
pocket mass. It was concluded that a smaller Zone II 13C

pocket is preferred in explaining the close-to-solar δ(92Zr/94Zr)
values found by Nicolussi et al. (1997) and Barzyk et al.
(2007), in conjunction with δ(138Ba/136Ba) below −400‰ in a
few mainstream SiC grains found by Liu et al. (2014a). In fact,
as pointed out in our previous studies, in most of the cases it is
impossible to separate the effect of the 13C mass fraction from
that of the 13C-pocket mass by using only one tracer of the 13C
pocket (e.g., δ(138Ba/136Ba) or δ(92Zr/94Zr)).
Previously, we considered only the 13C mass fractions from

the D3 to U2 cases because the s-process efficiency of the 13C
pocket with pocket mass below 1 × 10−3Me becomes too low
to account for the range of δ(135Ba/136Ba) and δ(96Zr/94Zr) in
mainstream SiC grains. Because AGB model predictions for
δ(88Sr/86Sr) are sensitive to the 13C mass fraction, δ(88Sr/86Sr)
values in mainstream SiC grains from this study well constrain
the 13C mass fraction to lie below D1.3. Once the 13C mass

Figure 11. Four-isotope plots of δ(88Sr/86Sr) vs. δ(135Ba/136Ba). The models constrained in Table 4 are compared to the 47 mainstream SiC grain data from this study
with available correlated δ(88Sr/86Sr) and d (135Ba/136Ba) values. The K94 22Ne(α, n)25Mg rate is adopted in all model calculations.

Table 6
Further Constraints on Table 4 from δ(135Ba/136Ba) in Mainstream SiCs

Models 13C-Pocket Mass Total 13C Mass (10−7 Me)
(10−4 Me) D7.5 D6 D4.5 D3 D2 D1.5 D1.3

Three-zone 9.38 L ⋯ ⋯ 6.38 9.57 12.76 L
Three-zone_p2 18.76 L 6.38 8.50 12.76 19.14 L L
Zone-II_p2 10.6 L L 7.53 11.30 16.96 22.61 L
Zone-II_p4 21.2 L 11.28 15.08 22.61 33.92 L L

17

The Astrophysical Journal, 803:12 (23pp), 2015 April 10 Liu et al.

Liu et al. (2015)
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Conclusion & Outlook

Stardust analyses from AGB stars enable tight constraints on s-process

Existing multi-element measurements
constrain the s-process
Large uncertainties of existing
measurements
New RIMS techniques allow simultaneous,
precision measurements of Zr, Ba, and W
138Ba: Neutron magic
→ Bottle neck for neutron flux
Zr and W isotopes

On either side of Ba
Branch points to constrain activation of
22Ne neutron source
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