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Production of heavy elements
• Nuclei with atomic mass, A > 56 (e.g. Zr, Sr, Ba, Eu, Pb)
• Proton number, Z, is large, so the electrostatic repulsion
inhibits charged particle reactions (except for proton addition
under speciﬁc conditions)
• Most heavy nuclei are formed by neutron addition onto Fepeak elements
• Neutron capture processes are secondary, that is, require seed
nuclei (e.g. 56Fe) already present in the star
• The solar abundance distribution is characterized by peaks
that can be explained by the
– Rapid neutron capture-process (r-process)
– Slow neutron capture-process (s-process)
– p-process nuclei are much less abundant than r, s-process nuclei

The slow neutron-capture process
The s process is responsible for the
production of about half the
abundances of elements heavier
than iron in the Galaxy.

s-process peaks
During the s process:
Nn ~ 107 n/cm3
t(n,g) >> tb

Chart of the Nuclides
The further a nucleus is from the valley of nuclear stability, the more
unstable it is to β± decay i.e. the shorter is its half-life

From Frank Timmes website

The s-process
• Whether the s or r-process occurs depends on the neutron
ﬂux; either case we have X(n,γ)Y reactions
• The s-process operates in conditions characterised by low
neutron densities, typically ~108 neutrons per cubic cm
• Add neutrons slowly, so that unstable nuclei generally have
time to β-decay before capturing another neutron
•
•
•
•

Produces nuclei along the “valley of beta-stability”
Start with Fe-peak elements as they are very abundant
All s-process elements are secondary elements
Example of s-process elements include Sr, Zr, Nb, Ba, La where the dominant isotopes are produced by the s-process
• Some isotopes are only produced by the s-process, examples
include 86Sr, 96Mo, 104Pd, 116Sn

The s-process path
p-process nuclei - proton rich!
The unstable Tc is observed in stars!
S-only isotope

r-process isotope

s-process branching point

Magic Numbers
• Solar abundance distribution constrained by nuclei with a
magic number of neutrons n = 50, 82, 126 (for lighter
elements n = 2, 8, 20, 28)
• A nuclei composed of a magic number of protons AND
neutrons is very stable, doubly magic e.g. 16O, and 208Pb with
p = 82 and n = 126
• Explained when nuclei are described as systems ruled by
quantum mechanics, as done for atomic systems
• Nuclei with magic number of neutrons very stable against
neutron capture (low cross section)
• Act as bottlenecks, and are seen as s-process peaks
• The r-process peaks are produced by the decay of unstable
nuclei with a magic number of neutrons
• Note that 56Ni, made in abundance by SN, is doubly magic!

Neutron sources for the s-process
• There are two important neutron sources available
during He-burning
• 1) 12C(p, γ)13N(β+ν)13C(α,n)16O
– Requires the presence of both H and He in a He-burning
region when normally there is no hydrogen
– Requires mixing of protons into He-burning region
– Occurs at T ~ 100 x 106 K, so in between thermal pulses,
and under radiative conditions (t ~ 104 years)
– Dominant neutron source in low-mass AGB stars (1 to
3Msun stars)
– He-shell ﬂashes imply many exposures to neutron source,
produces heavy s-process elements A > 80

Neutron sources: 22Ne source
• 2) 14N(α,γ)18F (β+ν)18O(α,γ)22Ne(α,n)25Mg
–
–
–
–
–
–

Plenty of 14N le: over from CNO cycling to produce the
22Ne
Occurs during thermal pulses when the temperature
exceeds about 300 x 106 K, under convective conditions
These temperatures are not reached in the He-shells of
low-mass AGB stars, except perhaps in the last few TPs
So only in:
a) the cores of massive stars ( M > 12 Msun)
b) massive AGB stars (~3 to 8Msun) during He-shell
ﬂashes

Theoretical models
Typical neutron
density proﬁle in
time:

Low mass

Neutron source

13C(a,n)16O

Maximum
neutron density

108 n/cm3

1013 n/cm3

Timescale

10,000 yr

10 yr

Neutron exposure

0.3 mbarn-1

(at solar metallicity)

Intermediate mass
22Ne(a,n)25Mg

0.02 mbarn-1

Theoretical models: the neutron sources
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proton
diffusion

13C(α,n)16O
22Ne(α,n)25Mg

Theoretical models: the neutron sources
Low mass AGBs
Intermediate mass AGBs
Lower temperature ~4.5 M
Higher temperature
Larger intershell mass
Smaller intershell mass

proton
diffusion

13C(α,n)16O
22Ne(α,n)25Mg

The 13C(a,n)16O neutron source
• Stars of spectral type MS, S, SC and C-type are
observed to be rich in carbon and heavy element
produced by the s-process (Burbidge, Burbidge,
Fowler & Hoyle 1957)
• These stars are low-mass, between ~1 to 3Msun
which means the 22Ne source not really active
• Neutron source: 13C(α, n)16O (e.g. Abia et al. 1999)
• He-shell is ashes of H-burning: 98% He, 2% 14N,
some 13C
• Models have shown that this amount is not enough
to account for s-process enhancement of S and Ctype stars (Gallino et al. 1998)

Partial mixing and 13C pockets
•
•
•
•
•
•
•

Some (partial) mixing of protons down from the H-rich
envelope into the top ~1/10th of the He-intershell
The 13C neutron source operates at fairly “low” temperatures,
T ~ 100 million K
Neutrons are released in between shell ﬂashes, in the long (t
~ 104 year) H-burning phase
This is when most s-process elements are produced
The mixing mechanism and extent in mass of this 13C pocket
is currently unknown (Herwig 2005)
Rotation, gravitational waves and convective overshoot
have all been suggested
The third dredge up that follows a He-shell ﬂash then mixes
the s-process elements to the surface

Production of s-process elements

Example of models with 13C pockets
3Msun, Z =Zsolar : He-intershell, just before last TP
NO mixing:

With

13C

pocket added:

Note the large pocket of heavy elements!
Karakas, Lugaro & Gallino 2007, ApJL

Constraining the size of 13C pockets
• Comparing the results from s-process models to
abundances observed in AGB and post-AGB stars
• Can be done by comparing the results from a single
stellar model of a given mass, Z
• Or, by making a model of whole population of AGB
stars
• Allows us to constrain the mass, the 13C and 14N
(which is a neutron poison) abundance proﬁles in
the models
• For example, if the mechanism that creates the
pockets is stochastic, some spread in mass/neutron
exposure may be required
• Important for identifying the origin of the mixing

Recent progress: the 13C neutron source
ST/1.5

Single star models showed that a
large spread of 13C amounts at any
given [Fe/H] was needed to cover
spectroscopic observations: Busso
et al. (2001) use a spread of 50.

STx1.3

Stellar population synthesis
including the s process
shows that a small spread is
needed. Bonacic-Marinovic
et al. (2007) use a spread of
2.

The s-process in massive AGB stars
• Luminous, O-rich AGB stars in the LMC shows
strong bands of ZrO, indicating enhancements of
the s-process element Zr (Wood et al. 1983)
• These stars have HBB! (masses ~ 4Msun or more)
• Recent observations by Garcia-Hernandez et al.
(2006) showed that luminous OH/IR stars in our
Galaxy have enhanced Rb abundances
• Rb production is an indicator of the 22Ne neutron
source, because of a branching point at 85Rb
• Evidence seems to suggest then that massive AGB
stars do make s-process elements
• However, the contribution to galactic production
probably low (Travaglio et al. 2004)

Massive AGB stars
3Msun: Total of 21 TP
Total mass dredged = 0.09 Msun

6.5Msun: Total of 40 TP
Total mass dredged = 0.07 Msun

The average intershell mass for the 3Msun model is ~1.6 x 10-2 Msun
Average mass of the 6.5Msun: ~2.3 x 10-3 Msun
Mass of the intershell is ~7 times smaller
Require many more TDU to mix the same amount of mass to the surface

S-process contribution for Sr, Y, Mo
to the solar abundances

From Travaglio et al. (2004)

Neutron density indicators
At high neutron densities, two branching points open that allow
rubidium to be produced. At Nn=5 x 108 n/cm3 ~80% of the ﬂux goes
through 85Kr, and the branching at 86Rb opens to make 87Rb
1.

85Rb

has a high σ = 240 mb (30 keV)

2.

87Rb

is magic, has a low σ = 15 mb (30 keV)
Rb in AGB stars in an indicator of the neutron density!
86Kr, 87Rb,

and 88Sr are
all magic, with low neutron
capture cross sections
In low-mass stars: 88Sr produced
In massive AGB: 87Rb

Rubidium enhancements in AGB stars

[Rb/Fe]

Max. production factor ~ 100!

Increasing stellar mass

From D. A. Garcia-Hernandez et al. (2006, Science)

60Fe

and the early solar system

• 60Fe can be produced by the s-process in AGB stars
• Requires a high enough neutron density to activate the chain:
58Fe(n,g)59Fe(n,g)60Fe, where 59Fe is also unstable with a halflife of 44 days
• This means we need neutrons coming from the 22Ne(a,n)25Mg
reaction, where the ,maximum neutron density ~ 1013 cm-3
• Along with eﬃcient 26Al production in the envelope by HBB,
massive AGB stars could be important for polluting the early
solar system with radionuclides
• Note that 53Mn cannot be made by AGB stars, given that it is
proton rich, nor 129I and 182Hf. These are r-process nuclides
• Wasserburg et al. (2006) also explored the AGB scenario, but
concentrating on lower mass (1-3Msun) objects

Surface abundance ratios
Example: 6.5Msun, Z = Zsolar:

The evolution of s-process elements
• Busso et al. (2001), Gallino et al. (1998), Travaglio
et al. (2004)
Production factors in Heshell material that is mixed
by TDU episodes to the
envelope of AGB stars of
1.5Msun and diﬀerent
metalliicites
Upper panel: for Y, Zr, Sr
Lower panel: for Ba, Hf and
Pb in comparison to Y
From Travaglio et al. (2004)

Chemical evolution
[Ba/Fe]
Spectroscopic observations of Galactic
disk and halo stars at various metallicities
The curves represent the total s+r
process contribution for the diﬀerent
elements
Halo - dotted lines

[Eu/Fe]

Thick disk - dashed lines
Thin disk - solid lines
For the thin disk the AGB s-process
contribution also show as thick solid line
From Travaglio et al. (2004)

[Ba/Eu]

Where did the elements come from?

r and s-process peaks

From Pagel (1997): Abundances normalised to 106 Si atoms

Time evolution of their structure.

Summary

Time evolution of their structure.

Summary

4He, 12C, 22Ne,

s-process elements: Zr, Ba, ...

Time evolution of their structure.

Summary

4He, 12C, 22Ne,

s-process elements: Zr, Ba, ...

At the
stellar
surface:
C>O, sprocess
enhance
ments

Summary of the s-process
• The slow-neutron capture process operates in the He-shells of
AGB stars
• During thermal pulses, the 22Ne source may operate to
produce free neutrons
• In low-mass stars, extra-mixing of protons from the envelope
into the He-intershell allows the 13C(a,n)16O reaction to
produce neutrons
• These can be captured by Fe-peak elements to make s-process
elements
• Low-mass AGB stars predicted to produce most of the sprocess elements in the Galaxy
• Some elements, such as Rb which is 50% from the r-process,
can be made by intermediate-mass AGB stars
• AGB stars make an important contribution to the chemical
evolution of galaxies

Uncertainties aﬀecting AGB stars
• Mass loss: model calculations use simple parameterized
formulae which are supposed to be an average of what is
observed (usually in the LMC, SMC). What about mass loss in
low Z models?!
• Convection: 1D models mostly use mixing-length theory. Also
numerical problem of treating convective boundaries (TDU!)
• Extra-mixing: When and where to apply? What are the
physical processes that produce it? Multi-dimensional
modelling is required!
• Reaction rates: improvements have been made but large
uncertainties remain for many important reactions e.g.
22Ne(a,n)25Mg
• Opacities: require opacities as a function of temperature and
composition

Model uncertainties
• Even with these uncertainties, the models match the
observations quite well, at least qualitatively
• Stellar evolution probably one of the most successful
theories of the 20th century…
• However, we still get many of the details wrong
• This is probably because we do not understand how
mixing and convection work in real stars (that are
3D, not 1D!)
• We also do not understand how stars lose mass
• Ways forward? Multi-dimensional computations,
high-resolution observations, 1D models with
improved physics…

Convection
• The inadequate treatment of convective regions is
probably the most important uncertainty
• This determines the evolution and nucleosynthesis
• Most use the 1D “mixing length-theory” that has
the parameter α
• Determine α by making a solar model (vary until
the solar radius is matched, at the Sun’s age)
• Why should this α be relevant for red giant
envelopes?
• Alternatives: Full spectrum of turbulence (Canuto
1996)
• Used by Ventura & D’Antona (2005a,b)

Eﬀect of uncertainties

The eﬀect of using diﬀerent convective
models (Ventura & D’Antona 2005a)

The eﬀect of using diﬀerent mass loss
(Ventura & D’Antona 2005b)

How did we treat opacities?
• For temperatures between 8000K to 500 million
K, we use the OPAL tables of radiative opacities
• But AGB stars are cool giants! With surface
temperatures as low as ~2,500 K
• At these temperatures, molecules can form,
depending on the composition of the atmosphere
• We need to include a treatment for molecular
opacities in the cooler surface layers
• Most stellar evolution modellers use the Ferguson
et al. (2005) tables of molecular opacities
• These assume a solar composition (C/O ~ 0.48)

The importance of molecules
• Molecules such as H2, water (H2O), cyanogen
(CN), carbon monoxide (CO), TiO, OH, O2, C2, N2
can form in AGB stars
• The opacity in the outer layers is determined by
the contribution from these molecules
• Along with contributions from atomic species (H,
C, N, O)
• The contribution depends on the composition of
the atmosphere
• In an O-rich environment all the carbon is locked
up in CO and C2 does not form
• In a C-rich environment, all the O is locked up in
CO and the dominant molecules are CN, C2 etc.

What happens when C/O > 1?
The opacity no longer dependent
on O-bearing molecules, now the
contribution from carbon
molecules important (e.g. CN)
Solid line: Marigo’s routine
Dashed line: opacity proﬁle
according to Alexander &
Ferguson (1994) showing H2O
bump
For T < 1800K dust is the main
contributor

From Marigo (2002)

Summary
• Go back to points raised earlier
• We do not really understand how mixing and
convection work in stars
• We also do not understand how stars lose mass
• Other uncertainties that aﬀect the models include
opacities and reaction rates
• Ways forward? Multi-dimensional computations,
more detailed observations…
• Better estimates of reaction rates
• However, even with all these problems, stellar
evolution and nucleosynthesis does a great job of
explaining many observations!

